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In recent years, the emerging organic contaminants have attracted wide attention.

Among them, pharmaceuticals and personal care products (PPCPs) have become international research hotspots. Compared with the traditional pollutants, generally,the emerging contaminants are difficult to be analyzed due to the limitation of analytical technologies and their low concentration in water. The traditional sewage treatment

Finally, I would especially like to thank my family members for their understanding and encouragement. And, also I want to say thanks to myself, for the persistence and endeavor. plants can not achieve efficient degradation and removal effects. Advanced oxidation processes (AOPs), as efficient pollutant treatment technology, have been widely used in the treatment of refractory organic pollutants such as emerging organic contaminants in water because of their strong oxidation ability, which can effectively degrade and mineralize pollutants in water. Electro-Fenton (EF) is one of the advanced electrochemical oxidation processes (EAOPs), where hydrogen peroxide (H 2 O 2 ) is in situ generated via Fenton reaction under electric field, thus decreasing the cost and avoiding the risks during the process of H 2 O 2 preparation, storage and transportation.

However, the traditional EF has two key bottlenecks: narrow pH applicability and low treatment efficiency. Graphene, as a new type of carbon material, has great potential for wastewater treatment due to its excellent conductivity and high specific surface area.

Based on this, this paper prepared graphene via electrochemical exfoliation method and synthesized graphene-based modified carbon felt electrode as EF cathode, significantly improving the yield of H 2 O 2 and efficiency of organics degradation in EF. In order to extend the application range of pH and avoid potential pollution caused by leaching metals with EF, in-situ iron-free EAOPs with cathodes modified with nitrogen-doped graphene were constructed for emerging organic contaminants removal. The mechanism of catalysis with nitrogen-doped graphene and cathode micro-interface process have been explored, illustrating the high efficient in-situ catalysis mechanism and providing references for the development of EAOPs. The main research contents and conclusions are as follows:

(1) In this work, a novel graphite felt cathode modified with electrochemically exfoliated graphene (EEGr) and carbon black was developed, presenting a very high H 2 O 2 generation rate of 7.7 mg h -1 cm -2 with relatively low energy consumption (9.7 kWh kg -1 ). Characterized by SEM, TEM, AFM, Raman, XRD and XPS, the synthesized EEGr was proved to be the 3-4 layers thin sheet with low defects. Important manufacture parameters including the ratio and loading of EEGr were optimized, and the effect of pH and cathode potential on H 2 O 2 generation as well as the stability performance of cathodes were investigated. At optimized cathode potential of -0.9 V and pH 7, the modified cathode with EEGr kept stable performance for H 2 O 2 generation, which was 2 times of the cathode without EEGr. Further explored by CV, rotating disk electrode (RDE) and contact angles, the presence of EEGr was found to accelerate the electrons transfer rate, benefit oxygen surface reaction without changing the mechanism of two-electrons ORR, which contributed to the enhanced performance of H 2 O 2 production and the possible mechanism was suggested. Finally, such graphene modified cathode demonstrated the effective performance of the degradation of four kinds of representative pollutants (Orange II, methylene blue, phenol and sulfadiazine) by EF process, proving great potential of practical application for wastewater treatment.

(2) The oxidative degradation and mineralization of imatinib (IMA), an antineoplastic drug for cancer treatment, were investigated by EF process using a graphene modified carbon felt cathode (EEGr-CF) comparatively with raw carbon felt (CF) cathode. For the first time the removal of IMA from water and the determination of absolute rate constant (4.56×10 9 M -1 s -1 ) for IMA oxidation by • OH were investigated by EF process. The effects of operating parameters including catalyst concentration and applied current on the process efficiency were considered. Complete mineralization of 34.5 mg L -1 IMA was obtained at 8 h treatment with EEGr-CF cathode while only 75% TOC removal was attained with raw CF cathode under same operating conditions. Also, the formation and evolution of the carboxylic acids during oxidation process provided better performances with EEGr-CF cathode. N atoms presented in IMA were finally released to the solution as NH 4 + and NO 3 -ions. Besides, toxicity assessment with Microtox ® method proved the formation of intermediates more toxic than IMA during mineralization process. However, solution toxicity was totally removed at the end of treatment with EEGr-CF cathode. These results showed that the EEGr-CF cathode was great potential for new emerging contaminants removal and the development of EF process for wastewater treatment.

(3) EF process can be regarded as the coupling of anodic oxidation process and homogeneous EF process. Thus, the effect of anode materials on the mineralization and electrochemical oxidation of pharmaceutical imatinib (IMA) was explored by EF and anodic oxidation (AO) processes using four kinds of anode material: Pt, DSA (Ti/RuO 2 -IrO 2 ), BDD and sub-stoichiometric titanium oxide (Ti 4 O 7 ). A series of comparison experiments including oxidative degradation kinetics of IMA, total organic carbon (TOC) decay and mineralization efficiency were conducted at pH 3 and ambient temperature. In both cases, DSA and Pt was less effective anode for the anodic oxidation and mineralization of IMA solution compared with Ti 4 O 7 and BDD anodes.

Complete mineralization of 0.1 mM (corresponding to 34.8 mg L -1 initial TOC) IMA solution was obtained both in EF and AO processes with BDD anode at 300 mA. The Ti 4 O 7 anode exhibited better performances than DSA and Pt anode, reaching 84% TOC removal efficiency in EF and 73% in AO processes at 8 h electrolysis, providing much potent cathode material as the cost-effective candidate for wastewater treatment.

Besides, the formation and evolution of five short-chain carboxylic acids (oxalic, pyruvic, oxamic, formic and acetic) and inorganic ions (NH 4 + , NO 3 -) during mineralization of IMA solution were identified and followed by ion exclusion HPLC and ion chromatography, respectively. Finally, a plausible degradation pathway of IMA by • OH was proposed according to the intermediates detected by HPLC and GC-MS.

What is important is that the relative contribution of homogeneous (generated in the bulk) and heterogeneous (formed at anode surface) hydroxyl radicals on the kinetic decay and mineralization of IMA by EF process with different anodes was explored firstly. The analysis of α ((k EF -k AO )/k AO ) value indicated that Ti 4 O 7 is a potential anode for generating heterogeneous Ti 4 O 7 ( • OH) in AO process under low current and homogeneous • OH plays the major role for TOC degradation with Pt anode.

(4) To extend the optimal pH range for EF process and avoid the addition of catalysts, synthesized N-EEGr via calcination at low temperature with NH 4 NO 3 as nitrogen resource. The prepared N-EEGr demonstrated as a highly efficient carbon based catalyst for electrochemical advanced oxidation processes (EAOPs) application to environmental remediation, which contributes superior catalytic activity for activation of H 2 O 2 to ▪ OH for organics degradation. Herein, for the first time, the in-situ metal-free EAOP with carbon felt cathode modified by N-EEGr was established. The N-EEGr-GF cathode was systematically characterized, and its electrocatalytic behavior for oxygen reduction reaction as well as the degradation performance were investigated. N-doping was found increasing the catalytic decomposition rate of organics but not changing the electrochemical generation of H 2 O 2 . ESR spectra, methanol and benzoquinone capture confirmed the existence of ▪ OH and ▪ O 2 in EAOPs, while the former played the dominant role. Compared with traditional EF process, this in-situ metal-free EAOP demonstrated 4-times higher efficiencies with a more broad suitability upon pH. In view of its competitive advantage in reusability and environmental friendliness without catalysts addition and second pollution, this process can be regarded as the competent substitution of traditional EF process for wastewater treatment.

(5) To further optimize the performances of in-situ metal-free EAOPs for organics degradation, the herbicide 2,4-dichlorophenoxiacetic acid (2,4-D) in aqueous solutions has been studied as target pollutants in the in-situ metal-free EAOPs using N-EEGr-GF cathode with ammonium nitrate as nitrogen source. Different ratios of EEGr / ammonium nitrate (1:0, 1:1, 1:3, 1:7) modified cathodes (N0-EEGr-GF, N1-EEGr-GF, N3-EEGr-GF, N7-EEGr-GF) were explored with electrochemical characterizations, and it was verified that N1-EEGr had the most significant catalytic performance for accelerating the activation of in-situ generated H 2 O 2 into hydroxyl radicals. The effects of operating parameters such as applied potential, solution pH and initial concentration of 2,4-D on the degradation efficiency with N1-EEGr-GF were investigated. High mineralization rate (88%) of 20 mg L -1 2,4-D solution was attained at pH 7 after 480 min. The N-doped graphene as catalyst was found to be more efficient in degradation performance compared with the unmodified graphite felt cathode. This in-situ metal-free EAOP using N-EEGr-GF cathode allowed extension of working pH range compared to optimal pH 3 in EF process. Finally, a plausible pathway for 2,4-D mineralization was proposed according to the identified intermediated products.
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Table 2. The values of k app of 2,4-D degradation with in-situ EAOPs. generation and EEC (c). Conditions: V=100 mL, pH=7, Potential: -0.9 V. [IMA]: 0.07 mM (34.5 mg L -1 ), V: 150 mL, pH 3, [Na 2 SO 4 ]: 50 mM. In the nature environment, organic matters are degraded by microorganisms and converted into inorganic matters. Then, the inorganic matters are synthesized through various living activities to synthesize organic matters. This material cycle belongs to the basic cycle of biogeochemistry in environment. However, some compounds such as polychlorinated biphenyls, fluorochemicals, synthetic detergents are difficult to be biodegraded in water during the recirculation. These refractory organic pollutants are difficult to be decomposed by biological metabolism under natural conditions [1,2] . These compounds have certain toxicity, persistence and wide distribution, and will be gradually concentrated through the food chain, which will cause certain harm to the natural ecological environment and human health.

The reason why refractory organic pollutants are difficult to be degraded by microorganisms is that the external conditions such as temperature, humidity, acidity and alkalinity beyond optimal conditions for biological treatment, and the most important reason is because of the chemical composition and structure of these organic pollutants. There are no enzymes for these compounds in the microbial community, making them resistant to degradation [3][4][5] . In addition, some refractory organic pollutants have certain toxicity, such as pesticides, printing and dyeing wastewater, etc. These toxicities can inhibit the growth of microorganisms and cannot be rapidly degraded.

Refractory organic pollutants are generally classified into the following categories: polycyclic aromatic hydrocarbon compounds, heterocyclic compounds, organochlorine compounds, synthetic detergents, polychlorinated biphenyls, pesticides, and dyes. In recent years, the concept of new emerging organic contaminants has further attracted people's attention [6] . New emerging organic pollutants, including persistent organic pollutants (POPs), pharmaceutical and personal care products (PPCPs), and disinfectant by-products (DBPs), are usually present in the environment at lower concentration, but have greater threat on health and ecological environments [7][8][9] .

The concept of pharmaceuticals and personal care products (PPCPs) was firstly proposed by Daughton in 1999. It refers to all pharmaceutical products (including prescription and over-the-counter drugs and biological agents), diagnostics, health products, cosmetics, disinfectants and catalysts, preservatives added during the manufacture of PPCPs [10][11][12] . At present, there are about 4,500 kinds of pharmaceuticals widely used in the field of disease prevention and treatment in human activities, such as antibiotics, analgesics, and anticancer drugs (Table 1-1). With the development of modern medical technology, the sales and use of pharmaceuticals are also increasing year by year. Taking antibiotics with serious effects on residual drugs in the environment as an example, the problem of increasingly serious drug-resistant pathogens caused by it has been widely concerned. If no effective measures are taken, it is estimated that by 2050, the problem of drug resistance will possibly lead to 10 million premature deaths a year [13] . ingestion by human or animal, only a few of the medicines have been metabolized, most of which are eventually discharged into the sewage through urine or feces in their original form; personal care products such as cosmetics are brought into the sewage pipe after bathing, swimming and other activities; in addition, some unused and expired medicines are eventually brought into urban life sewage through waste disposal and other ways [14,15] . On the other hand, in the process of manufacturing PPCPs, a large number of pollutants will be released. Because of the lack of timely and effective detection methods and strict discharge standards, a large number of wastewater and waste residues with PPCPs will be discharged into the water environment. As a developing country, China undertakes a lot of processing and production of PPCPs and related raw materials, so the pollution of PPCPs can not be underestimated.

Unlike traditional POPS, PPCPs are mostly polar, soluble in water and weak in volatility. Therefore, they do not have the characteristics of "global cycle", mainly pass through water phase transmission and food chain diffusion. Although the concentration of PPCPs in water is generally very low and exists only in microgram liters, the continuous output caused by human activities and the inefficiency of traditional treatment methods result in a large amount of PPCPs in water, which is called "pseudo persistent chemicals" [16] .

Treatment methods for new emerging organic contaminants

At present, the treatment methods for emerging organic pollutants at home and abroad can be divided into physical and chemical methods, biological methods and so on.

Physicochemical treatment

Physicochemical treatment of refractory organic pollutants mainly includes adsorption, coagulation, extraction and membrane separation.

Biological method

Biological method is the process of degrading organic matters into inorganic matters by microbial metabolisms. It can be divided into aerobic method, anaerobic method and enzymatic method. It has the advantages of no secondary pollutions, high treatment capacity and low operation cost. However, it is often necessary to provide a suitable environment for microorganisms to survive and reproduce in order to increase the efficiency of their oxidation and decomposition of organic matters. According to the characteristics of new emerging organic pollutants, there are several biological methods used at present:

Biological enhancement technology:

The biodegradability of the existing biological treatment system was improved by introducing microorganisms that can degrade refractory organic pollutants through inoculation technology. The cultivation and source of these efficient microbial strains are mainly from natural screening, construction of genetic engineering bacteria and horizontal gene transfer technology.

Anoxic denitrification technique:

In anoxic environment, denitrifying bacteria can use organic carbon as an electron donor for denitrification process, and nitrate nitrogen or nitrite nitrogen as an electron acceptor for anaerobic respiration to achieve simultaneous denitrification and organic carbon removal.

Anaerobic hydrolysis acidification pretreatment technology:

Anaerobic hydrolysis acidification pretreatment technology includes two stages: hydrolysis and acidification. For refractory organic pollutants, it can catalyze hydrolysis of macromolecule organic substances or insoluble substances into small molecules or soluble substances such as glucose and amino acids through hydrolysis stage. In the acidification stage, small molecules of carboxylic acids were formed under anaerobic conditions, which created conditions for further degradation with aerobic biochemistry.

Oxidation

Oxidation is a process of decomposing pollutants by using strong oxidants. It can be divided into chemical oxidation methods and advanced oxidation processes.

Chemical oxidation methods:

A method of oxidizing target pollutants by the loss of electrons is an oxidation. The commonly used oxidants are active manganese dioxide and hydrogen peroxide.

Advanced oxidation processes (AOPs):

Advanced oxidation processes refer to the production of hydroxyl radicals with strong oxidation ability, which is far superior to ordinary chemical oxidants. It is the strongest inorganic oxidant besides fluorine [17] , and has a very strong oxidation electrode potential (2.8 V), with directly mineralizing almost all refractory and macromolecular substances or improving the biodegradability of pollutants by peroxidation. It has a very high reaction rate constant [18] , and has certain advantages in the treatment of trace harmful pollutants in the environment. The AOPs have been successfully applied to sludge treatment [19] , coking wastewater, papermaking wastewater and other refractory industrial wastewater degradation [20] and landfill leachate treatment [21] . According to the different ways and reaction conditions of free radicals, AOPs can be divided into ultraviolet photocatalytic oxidation, electrochemical oxidation, ultrasonic oxidation, Fenton oxidation and so on [22,23] . In recent years, new types of advanced oxidation, such as persulfate oxidation and electrochemical oxidation, have attracted more and more attention.

Fenton's method was discovered in 1894. In acidic environment, Fenton reagent reaction (hydrogen peroxide and iron salt) is used to produce hydroxyl radicals with high activity and high oxidation potential to degrade organic matters. The reaction is as follows:

Fe 2+ + H 2 O 2  Fe 3+ + OH -+ • OH (1-1)
At the same time, Fe 3+ can be reduced to Fe 2+ by reacting with hydrogen peroxide, which ensures the continuity of the reaction through the regeneration of ferrous ions.

Fe 3+ + H 2 O 2  Fe 2+ + H + + • OOH (1-2)
Fenton technology has been well studied and developed for its high efficiency in the treatment of refractory organic pollutants [24][25][26] . Traditional Fenton technology has some limitations in improving the mineralization efficiency of pollutants, mainly in three aspects: firstly, Fenton reaction can produce highly active hydroxyl radicals only under acidic conditions (pH 2.8-3); secondly, it can produce a lot of iron mud pollution;

thirdly, the utilization rate of hydrogen peroxide is low [27,28] . In order to avoid the above Chapter 1 Introduction 25 shortcomings of traditional Fenton reaction, the combined treatment processes such as light Fenton, electro-Fenton and micro-electrolysis Fenton effectively improve the efficiency and application range of Fenton method for pollutants degradation [29][30][31][32][33][34] .

1.2 Developments of cathode materials for electro-Fenton process

Electro-Fenton technology

Electrochemical advanced oxidation processes (EAOPs) are environmental friendly technologies, and their applications in wastewater treatment have attracted wide attention in recent years. Among them, electro-Fenton (EF) technology is the most widely used advanced electrochemical oxidation technology, which is equivalent to the coupling of electrochemical action and Fenton method. Divalent iron ions can be produced on the anode by the action of applied electricity such as reactions (1-3). At the same time, under acidic conditions, the surface of the cathode electrode will undergo a redox reaction of two electrons, thus the dissolved oxygen in the system can be converted into hydrogen peroxide under aeration, such as reactions (1-4). The formation of ferrous ions and hydrogen peroxide can be controlled by the applied electricity and the rate of formation of hydroxyl radicals is controlled by the Fenton reaction as in reaction (1-1). Compared with the traditional Fenton method, the EF technology can better control the process of reaction, effectively avoid the storage and transportation of hydrogen peroxide and reduce costs and risks. In addition, the electricity used in the process of EF is a clean and pollution-free energy, so the whole process will not produce secondary pollution, and can be used as an environmental friendly technology for water and wastewater treatment. The reaction mechanism diagram is shown in Figure 1.1 [35] .

Fe  Fe 2+ + 2 e - (1-3) O 2 + 2H + + 2e - H 2 O 2 (1-4) Fig. 1.1
The mechanism of electro-Fenton process [35] The reactions for the degradation of pollutants by EF technology are as follows:

RH + • OH  Oxidation products (1-5)
Hydroxyl radicals are very active and decompose quickly; they can not be stored in the solution for a long time and accumulated continuously, so the hydroxyl radicals in the final reaction system will reach an equilibrium state.

Usually, the experimental parameters affecting the degradation efficiency of EF technology including pH, temperature, dissolved oxygen, catalyst concentration, current density, electrode spacing and hydrogen peroxide concentration.

As Fenton reaction, the optimum pH range of the EF technology is about 3.

Therefore, the solution pH has a great influence on the efficiency of EF process. In the traditional Fenton process, when the solution pH is high, iron ions will form iron hydroxide precipitation. At low pH, iron ions and hydrogen peroxide form a stable complex, which leads to the passivation of the catalyst, thus greatly reducing the oxidation efficiency. As shown in reaction (1-4), acidic solutions are more conducive to the formation of hydrogen peroxide. However, when the pH is too low, the enhancement of side reaction will also consume the hydrogen peroxide (1-6). In addition, when the pH of the solution is less than 3, hydrogen peroxide tends to remain stable by combining with hydrogen ions to form hydrated hydrogen ions (1-7). Because the regeneration of ferrous ions is produced via the reaction of ferric iron ions with hydrogen peroxide (1-2), too low pH is not conducive to the effective operation of EF.

Since hydrogen peroxide is very unstable in alkaline environment, when the pH is greater than 5, the EF efficiency will decrease sharply. Under neutral or high pH conditions, hydrogen peroxide can rapidly decompose into oxygen and water. The reaction rate constants are 2.310 -2 min -1 and 7.410 -2 min -1 at pH 7 and 10.5, respectively.

H 2 O 2 + 2H + + 2e - 2H 2 O (1-6) H 2 O 2 + H +  H 3 O 2 + (1-7)
For this reason, the heterogeneous EF technology, which uses solid catalysts to decompose hydrogen peroxide to produce hydroxyl radicals, has attracted great attention of researchers because it can overcome the shortcomings of traditional homogeneous EF technology which must optimize the amount of catalyst used and broaden the scope of application of solution pH. Initially, natural iron ores such as goethite and magnetite were selected as heterogeneous catalysts for wastewater treatment [36,37] . It was found that the added iron ores had the function of adjusting the solution pH, which provided the possibility for the effective treatment of neutral or acidic solutions by EF technology. Pyrite and chalcopyrite have also been successfully used to degrade drugs under neutral pH conditions and obtain high removal and mineralization rates [38][39][40] . At the same time, various iron-containing or transition metal oxides have also become a research hotspot, which have been synthesized as heterogeneous catalysts alone or effectively combined with microporous and mesoporous support materials to prepare composite electrodes of heterogeneous EF process for the degradation of pollutants [41][42][43] . Professor Qiu Jianrong of Huazhong University of Science and Technology treated Rhodamine B wastewater with gas diffusion electrode composed of nanometer iron oxide (Fe@Fe 2 O 3 ) and carbon nanotube materials. The removal efficiency reached 91.5% in 120 minutes at medium pH condition [44] . Professor Zhu Yihua of East China University of Science and Technology prepared a heterogeneous electrical Fenton cathode material (Fe-GMCA)

for the degradation of dye wastewater by using carbon aerogels prepared from iron oxide (Fe 3 O 4 ) and graphene carbon nanotubes. The removal rate of 99% can be obtained at 60 min [45] .

The applied current drives the cathodic oxygen reduction reaction to produce hydrogen peroxide. Higher applied current can increase the yield of hydrogen peroxide, thereby improving the efficiency of pollutants degradation in EF process. At the same time, high current density can also promote the regeneration of ferrous ions.

Fe 3+ + e - Fe 2+ (1-8)
Usually, when the current density increases to a certain value, the efficiency of EF process decreases with the further increase of the current density, which is due to the enhancement of side reactions in the electrolytic system. Anodic oxygen evolution (1-9) and cathodic hydrogen evolution (1-10) reactions occur at high current densities. These side effects limit the progress of reactions (1-5) and (1-8), leading to the reduction of the EF efficiency.

2H 2 O  4H + +O 2 + 4e - (1-9) 2H + +2e - H 2 (1-10)
An appropriate concentration of ferrous ions is a necessary condition for the EF process. The efficiency of EF process increases with the higher ferrous ion concentration (1-1), which enhances the degradation efficiency of pollutants. It is reported that the degradation rate of TOC in the EF process increases when the concentration of ferrous ions enhances from 0 to 1 mM. The effect of ferrous ion concentration on the degradation of 2,6-dimethylaniline in the EF process shows that the kinetic rate constant accelerates with the ferrous ion concentration increase from 1.0 mM to 1.5 mM, but when the ferrous ion concentration increases from 1.5 mM to 2.0 mM, the degradation rate does not increase significantly [46] .

The concentration of hydrogen peroxide is very important to the efficiency of EF technology. The removal rate of pollutants increases with the increasing hydrogen peroxide concentration, which is due to the higher amounts of hydroxyl radical generated (1-1). Similarly, when the concentration of hydrogen peroxide reaches a certain limit, the removal rate of pollutants will decrease due to hydroxyl radicals consuming hydrogen peroxide and other side reactions (1-11, 1-12, 1-13).

Chapter 1 Introduction 

M + H 2 O  M( • OH) + H + + e - (1-14)
Thus, the whole process can be called "paired electrocatalysis" because oxidant hydroxyl radicals can be formed in both anodic and cathodic reactions. Therefore, high oxygen evolution potential electrode materials with strong oxidation ability are often used as EF anodes.

Platinum electrode (Pt) is often selected as an anode material for the degradation of organic compounds due to its good electrical conductivity and high chemical stability (Fig. 1.2) [35] . But because of its high cost, it is seldom used in practical application. In addition to Pt electrodes, Fig. 1.2 shows several other commonly used anode materials for EF. Sopaj et al. [47] degraded sulfamethazine (0.2 mM) with boron-doped diamond (BDD) anode. At current intensity of 29.16 mA cm -2 for 4 hours, 100% TOC degradation rate was obtained. Zcan et al. [48] , Sir s et al. [49] also used EF technology with BDD anode for wastewater treatment. Prabhakaran et al. [50] and Huang et al. [51] tried to use Ti-IrO 2 -RuO 2 as anode. Stable anode DSA is also one of the commonly used anodes in recent years. Chmayssem et al. [52] used DSA (Ti/RuO 2 ) anode in EF technology for degradation of bisphenol A (150 mg L -1 ), achieving 89% removal rate at pH 3, 0.2 A for 90 minutes. The penetrating EF technology with DSA anode was used to degrade methylene blue, orange II, acetylsalicylic acid, tetracycline and 2,4-D. Under the optimum conditions, removal rates of 91%, 67%, 64%, 73% and 92% were obtained respectively [53] . In addition, in the past two years, the French Paris-Est University electrode is proved to be an efficient and stable anode material. It was found that the degradation efficiency of amoxicillin by titanium oxide electrode was similar to that of BDD electrode, but the cost was greatly reduced. It could be used as an alternative of BDD electrode with high efficiency [54,55] .

Fig. 1.2 Comparison of anodes used in electro-Fenton process [35] 1.

The development of cathodes in EF process

For the EF technology, efficient hydrogen peroxide yield is a necessary condition for high efficiency. Hydrogen peroxide is produced by cathodic reduction of dissolved oxygen or air (reaction 1-5). Cathode materials such as graphite, carbon-PTFE gas diffusion electrode, activated carbon, carbon fibers, graphite felt [30,56,57] , carbon black [58] , carbon nanotubes [59] , graphite carbon, graphene [60,61] have been reported to be used to increase the yield of hydrogen peroxide.

Although it is known that carbon electrodes can produce hydrogen peroxide by oxygen reduction reaction, Oloman and Watkinson [62] have been systematically studied in this field since 1970 through a liquid trickle bed or a packed bed electrochemical reactor filled with graphite particles. Carbon materials are non-toxic, non-polluting, with high hydrogen evolution potential and low catalytic activity for the decomposition of hydrogen peroxide, and have good conductivity and stability. Due to the low solubility of oxygen in aqueous solution (about 40 or 8 mg L -1 for pure oxygen and air at 1 atm, 25 o C respectively), gas diffusion electrodes and three-dimensional electrodes with high specific surface area are very suitable for providing a certain current intensity in practical applications.

Gas diffusion electrodes make the solution immersed on the carbon surface contact with the gas through the pore structure. The electrodes are divided into diffusion layer and catalytic layer. The diffusion layer is beneficial to the diffusion of oxygen, while the catalytic layer has a large number of active sites on its surface, which can lead to rapid oxygen reduction reaction for the generation of hydrogen peroxide. The solution is separated from the gas by conductive materials (stainless steel or nickel mesh, etc.) as the support of the substrate, thus forming a gas, liquid and solid three-phase reaction zone with a certain catalytic activity to improve the yield of hydrogen peroxide. Zhang et al. [63] enhanced cathodic hydrogen peroxide production and pollutant degradation by using gas diffusion electrode (G-GDE) based on graphene@graphite. Compared with the traditional GDE electrode, G-GDE has better oxygen reduction performance by increasing the conductivity of the electrode and the active sites of surface catalysis, doubling the production of hydrogen peroxide and increasing the degradation rate of pollutants. Carbon nanotubes (CNTs) based gas diffusion electrodes prepared by rolling process were used for the degradation of acetylsalicylic acid (ASA) in EF process. The results show that hydrogen peroxide of 805 mg L -1 can be produced at 100 mA current for 180 minutes. Under the optimum conditions, ASA can be completely removed within 10 minutes, and the TOC removal rate of solution reaches 62% [64] at 1 hour.

Microporous gas diffusion electrodes have been reported to increase cathodic hydrogen peroxide production to 0.8 mmol L -1 h -1 [65] . It is proved that the gas diffusion electrode can be used as an efficient EF cathode.

Three-dimensional electrode materials exhibit a high surface area to volume ratio, which is conducive to mass transfer and diffusion of dissolved oxygen. At the same time, the cost is low and easy to be controlled. They are often used as EF cathode materials.

For example, ACF is a three-dimensional electrode material with large adsorption capacity and good conductivity. It has high mechanical integrity and can accumulate a large amount of hydrogen peroxide. Wang et al. [66] used activated carbon fiber as cathode and Ti/RuO 2 as anode, 0.6 mmol L -1 hydrogen peroxide can be produced by 180 min reaction at 360 mA current. Compared with graphite as cathode system under the same conditions, the production of hydrogen peroxide has increased about 10 times. The EF system was used to degrade acid red 14 dyes at 0.36 A current and pH 3. After 6

hours, the TOC removal rate reached 70%. ACFs have a certain adsorption capacity, so they often interact with the EF process to improve the degradation rate of pollutants.

Zhao et al. [START_REF] Zhao | Activated carbon fiber (ACF) enhances the UV/EF system to remove nitrobenzene in water[END_REF] showed that ACFs could greatly promote the removal efficiency of nitrobenzene by UV/EF system. 98% of nitrobenzene can be removed in 20 minutes, and 90% of TOC can be removed in 5 hours.

Graphite felt electrode is one of the most widely used three-dimensional electrode materials because of its huge three-dimensional active area and excellent mechanical strength. It has great advantages in practical application and regeneration of ferrous ions.

The untreated graphite felt electrode has good conductivity, but its specific surface area and electrochemical activity are not very high, so the production of hydrogen peroxide will be limited when it is used as cathode. Therefore, the study of improving the electrocatalytic activity of graphite felt electrodes by modifying graphite felt electrodes has been reported extensively. Carbon black, carbon nanotubes, acetylene black and metal oxides have been reported to be used for modification of graphite felt. Wang et al. [START_REF] Wang | Preparation and characterization of a novel KOH activated graphite felt cathode for the electro-Fenton process[END_REF] increased the specific surface area and hydrophilicity of graphite felt cathode by calcining potassium hydroxide at high temperature. The results showed that the reaction rate (0.198 min -1 ) of using the AGF-900 electrode calcined at 900 o C as the EF cathode for the degradation of dimethyl phthalate (DMP) was about 10 times of the unmodified graphite felt cathode (0.020 min -1 ). Graphite felt can also increase its catalytic activity by high temperature activation with gaseous acetic acid [START_REF] Pan | In-situ electrosynthesis of hydrogen peroxide and wastewater treatment application: A novel strategy for graphite felt activation[END_REF] . Under the conditions of -0.7

V and pH 1, the cathode AGF1100 can produce 500 mgL -1 hydrogen peroxide in 60 minutes.

In addition, in recent years, a large number of new (modified) cathode electrodes have been reported to effectively increase the production of hydrogen peroxide and thus improve the effect of pollutants degradation by EF, especially composite cathode materials have become a research hotspot. Van et al. [START_REF] Fan | Design of an electro-Fenton system with a novel sandwich film cathode for wastewater treatment[J][END_REF] used Fe-CHI/Ni|ACF|Fe-CHI/Ni as composite cathode to remove Rhodamine B. Composite electrodes such as Fe@Fe 2 O 3 /ACF [START_REF] Li | Design of a neutral electro-Fenton system with Fe@ Fe2O3/ACF composite cathode for wastewater treatment[J][END_REF] , Cu 2 O/CNTs/PTFE [START_REF] Ai | Electro-Fenton degradation of rhodamine B based on a composite cathode of Cu2O nanocubes and carbon nanotubes[END_REF] and Fe@Fe 2 O 3 /CNT [44] were also used to degrade pollutants by EF cathode. Zhu et al. [START_REF] Hernando | Environmental risk assessment of pharmaceutical residues in wastewater effluents, surface waters and sediments[END_REF] used impregnation method and modified chitosan iron as EF cathode material. The optimum parameters for decolorization of Rhodamine B were studied.

The development of graphene-based electro-Fenton cathodes

Description of graphene

Graphene is a monolayer lamellar structure material composed of carbon atoms. It is a hexagonal honeycomb lattice planar film composed of carbon atoms and sp 2 hybrid orbits, as a two-dimensional material with only one carbon atom thickness. Graphene, which exists in nature, has always been difficult to peel out of single-layer structure. In 2004, Andre Geim and Konstantin Novoselov, two scientists from the University of Manchester, UK, obtained graphene sheets [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF] consisting of only one layer of carbon atoms by micromechanical peeling, breaking the decades-old theory that thermodynamic fluctuations do not allow two-dimensional crystals to exist freely at finite temperatures [START_REF] Mermin | Crystalline order in two dimensions[END_REF] .

1.3.2 Traditional methods for preparation of graphene 1.

Solid phase method

Graphite can be seen as a monolayer of graphene composed of numerous layers., which is bound by van der Waals force. The bonding energy between layers is about 2 eV/nm 2 , In theory, the external force required for graphite peeling is about 300 nN/um 2 [START_REF] Soldano | Production, properties and potential of graphene[END_REF] . Graphite can be peeled by ordinary tape. In 2004, Andre Geim and Konstantin Novoselov obtained single-layer graphene sheets [START_REF] Novoselov | Electric field effect in atomically thin carbon films[END_REF] by repeatedly peeling high-directional pyrolytic graphite. Later, Schleberger et al. prepared graphene sheets [START_REF] Akcöltekin | Graphene on insulating crystalline substrates[END_REF] by replacing SiO 2 substrates with insulating crystal substrates such as Al 2 O and TiO 2 . In order to further improve the yield of graphene prepared by stripping method, Kim et al.

used atomic force microscopy probe instead of traditional tape to strip high directional pyrolysis graphite, and obtained a single layer of graphene [START_REF] Zhang | Fabrication and electric-field-dependent transport measurements of mesoscopic graphite devices[END_REF] . This micromechanical force stripping method is theoretically the best way to obtain graphene with good structure and properties. However, this method has low yield, poor repeatability and high time cost, which can not meet the needs of industrialization and large-scale production.

Liquid phase method

Redox method is a liquid phase method widely used at present. Graphite oxide is produced by the reaction of natural graphite with strong oxidizing substances. Graphite oxide is dispersed into graphene oxide by ultrasonic wave. At last, oxygen-containing groups on the surface of graphene oxide are removed by adding reductant, and graphene is reduced. Hummers and Offeman, for example, react graphite with potassium permanganate in concentrated sulphuric acid to produce graphene oxide [START_REF] Jr | Preparation of graphitic oxide[J][END_REF] with a carbon-oxygen ratio of about 2:1.

Gas phase method

Chemical vapor deposition (CVD) is the representative of the gas phase method. It refers to the process of graphene formation on the surface of the matrix by the chemical reaction of the reactant under the gaseous condition by energy excitation. In 2008, Kong et al. used polycrystalline Ni as the substrate and chemical vapor deposition (CVD) to introduce highly diluted carbon-containing gases, which were decomposed into carbon atoms at high temperature and deposited on the surface of Ni plate to form graphene [START_REF] Reina | Large area, few-layer graphene films on arbitrary substrates by chemical vapor deposition[END_REF] .

The graphene film obtained by this method has a large surface area (depending on the area of the substrate) and can be directly used without post-treatment. It has excellent transparency and conductivity. High quality graphene can be obtained by this method, but the process is complex and the cost is high.

In addition to the above typical graphene preparation methods, there are ultrasonic dispersion method, organic synthesis method, plasma enhanced method and arc discharge method, each has its own advantages. The preparation of graphene, the optimization of its structure and properties, large-scale production and cost control are still the research hotspots in this field in the future.

In addition, Chinese researchers have also made great contributions to the preparation and practical application of graphene. In 2008, Bai Xuedong, National Laboratory of Condensate Physics of Chinese Academy of Sciences, and Wang Enge's team successfully explored the preparation of high quality graphene by stripping, embedding and expanding graphite (Fig. 1.3). The prepared graphene was characterized and analyzed by transmission electron microscopy (TEM). The results show that the graphene prepared by them has two orders of magnitude higher conductivity than that prepared by conventional redox graphite method, and has higher conductivity at room temperature and low temperature [START_REF] Li | Highly conducting graphene sheets and Langmuir-Blodgett films[END_REF] . Although graphene has some applications in new energy, new materials and other fields, its application in large high-end optoelectronic devices is still not ideal. The key bottleneck is that the growth rate of large single-crystal graphene is usually less than 0.4 micron/s, which makes it difficult to obtain larger graphene single crystals.

In 2017, Liu Kaihui, a researcher at Peking University and other researchers, together with the National Institute of Science and Technology of Yushan, Korea, published a paper. By transforming industrial polycrystalline copper foil into single crystal copper foil and using epitaxy growth technology and ultrafast growth technology, the world's largest (550 cm 2 ) epitaxy single crystal graphene material [START_REF] Xu | Ultrafast epitaxial growth of metre-sized single-crystal graphene on industrial Cu foil[END_REF] was successfully obtained in 20 minutes, which was extracted for fast growth of meter-grade single crystal graphene. It provides the necessary scientific basis and lays a foundation for the industrial application of graphene single crystal quantum technology.

Electrochemical exfoliation for graphene preparation

Electrochemical method means that in a certain electrolyte solution, the graphite material is used as the electrode. By applying a certain voltage to the electrode material, under the action of electric field, the ions in the electrolyte will enter into the graphite interlayer and make it expand continuously, so that graphene can be peeled off slowly.

The electrochemical preparation of graphene has obvious advantages over solid phase method, liquid phase method and gas phase method. Firstly, the electrochemical method mainly uses electricity without additional organic reagents, which is environmentally friendly. In addition, the electrochemical method can peel the graphite electrode by applying voltage to expand it. It has the advantages of high speed and low cost, and can be widely used. Graphene was prepared by electrochemical stripping with graphite as anode and platinum as cathode. After dissolving and dispersing in dimethylformamide solution (Fig. 1.4), the tablet has very high transparency (about 96%). After simple nitric acid treatment, the resistance is less than 1 kΩ sq -1 [START_REF] Ching-Yuan | High-quality thin graphene films from fast electrochemical exfoliation[END_REF] . Mir et al. [START_REF] Afkham | Size distribution of trilayer graphene flakes obtained by electrochemical exfoliation of graphite: Effect of the synthesis parameters[END_REF] prepared three-layer graphene sheets by electrochemical stripping of graphite, and investigated the influence parameters in the process of electrochemical stripping.

Nickel atom doped graphene has been reported to promote the reduction of carbon dioxide. Porous carbon materials prepared by electrochemical stripping of graphene adhering to zinc oxide particles can be used as anodes in lithium batteries [START_REF] Ma | Ultrafine nano-sulfur particles anchored on: In situ exfoliated graphene for lithium-sulfur batteries[END_REF] .

Fig. 1.3 Preparation process for graphene [START_REF] Li | Highly conducting graphene sheets and Langmuir-Blodgett films[END_REF] Fig. 1.4 Electrochemical exfoliation process for preparation of graphene [START_REF] Ching-Yuan | High-quality thin graphene films from fast electrochemical exfoliation[END_REF] 1.

Application of electro-Fenton with graphene-based cathode

The cathode is the working electrode of the electric Fenton process. In situ hydrogen peroxide production and the rate of hydroxyl radical production by reaction with catalyst depend mainly on the cathode material and its properties. Since graphene-based electrode materials have been proved to have similar properties to the above gas diffusion electrodes, graphene has been used as an electro-Fenton cathode material to produce hydrogen peroxide and degrade pollutants. Jiang et al. [START_REF] Jiang | Graphene Modified Electro-Fenton Catalytic Membrane for in Situ Degradation of Antibiotic Florfenicol[END_REF] used the catalytic membrane EF system prepared by graphene was used to degrade florfenicol, a low concentration antibiotic, with a removal rate of 90%, much better than the single electrochemical filtration process (50%) and the filtration process (27%). Graphene modified carbon felt electrode can be used as EF cathode to degrade dyes. The dyes can be completely removed within 5 minutes. Under the optimum current condition, it can be mineralized completely (94.3%) in 8 hours. The electrode has good stability and operates 10 times. The mineralization rate remains above 64.3% [START_REF] Le | High removal efficiency of dye pollutants by electron-Fenton process using a graphene based cathode[END_REF] . Mousset uses graphene-based carbon cloth as the electro-Fenton cathode. Under the same conditions, the removal rate of organic TOC is increased by about 1.7 times compared with that of unmodified carbon cloth [START_REF] Mousset | Electrocatalytic activity enhancement of a graphene ink-coated carbon cloth cathode for oxidative treatment[J][END_REF] . Zhang et al. [START_REF] Zhang | FeOOH-Catalyzed Heterogeneous Electro-Fenton System upon Anthraquinone@Graphene Nanohybrid Cathode in a Divided Electrolytic Cell: Catholyte-Regulated Catalytic Oxidation Performance and Mechanism[END_REF] used graphene-based heterogeneous electro-Fenton system to degrade rhodamine B, FeOOH/gamma-Al 2 O 3 as catalyst, sodium sulfate and magnesium sulfate as electrolyte solution respectively, and discussed the change trend of pH and degradation mechanism under different conditions.

Divyapriya [START_REF] Divyapriya | An innate quinone functionalized electrochemically exfoliated graphene/Fe 3 O 4 composite electrode for the continuous generation of reactive oxygen species[END_REF] degraded bisphenol A with graphene and iron oxide composite electrode (QEEG/Fe 3 O 4 ) by electro-Fenton system. At pH 3, 100% removal rate could be obtained in 90 minutes, 98% removal rate could be obtained under neutral conditions, and the iron leaching rate of the composite electrode was less than 1%. Graphene composite electrode Ce-Fe-graphene (Ce0/Fe0-RGO) Fenton-like system has 99% removal rate of antibiotic sulfamethazine (20 mg L-1) and 73% [START_REF] Zhong | Removal of sulfamethazine antibiotics using Ce Fe-graphene nanocomposite as catalyst by Fenton-like process[J][END_REF] degradation rate of TOC under the condition of 8 mM hydrogen peroxide and 7 pH.

Because graphene itself has high specific surface area and excellent conductivity, the electro-Fenton cathode based on graphene has great advantages in increasing the rate of electron transfer and hydrogen peroxide produced by cathodic oxygen reduction reaction. It can be used as a kind of electrode material with high activity and stability for the treatment of actual wastewater.

Contents and structure of the research

Purpose and significance of thesis research

The emergences of a large number of new organic pollutants at low concentrations in aquatic environment and their refractory character have attracted wide attention.

Electro-Fenton belongs to advanced oxidation technology, which has a good effect on the degradation of refractory organic pollutants. However, the traditional electric Fenton technology has two bottlenecks: narrow pH range and limited efficiency. This research mainly focuses on how to effectively solve these two problems and improve the performance of traditional electric Fenton. Firstly, high quality graphene was prepared by electrochemical stripping method and used to modify carbon felt electrode, which greatly improved the performance of traditional EF. Furthermore, we construct in-situ advanced oxidation technology of non-metal by using graphene modified carbon felt electrode doped with nitrogen, which can effectively expand the scope of application of pH, and do not need additional catalysts to achieve the goal of high efficiency and low consumption of pollutants treatment.

Contents of the research

In view of the above problems, this paper is divided into seven chapters, the specific structure is as follows:

The first chapter is an introduction. This paper mainly describes the research background and significance, research progress, and clarifies the main research content and organizational structure of the paper.

In the second chapter, the preparation and characterization of graphene-based modified carbon felt electrode were introduced. Graphene was prepared by electrochemical stripping method and its properties were determined by a series of characterizations. Then the carbon felt electrode was modified and optimized by the prepared graphene. The oxygen reduction reaction mechanism of the modified electrode was explored and explained by means of material characterization and electrochemical performance test.

In the third chapter, the effect of graphene modified carbon felt cathode electro-Fenton technology on the degradation of imatinib was studied. The mineralization properties of graphene modified carbon felt cathode and unmodified carbon felt cathode were compared. The effects of current intensity and iron ion concentration were investigated. The ability of graphene-based carbon felt cathode electro-Fenton technology to degrade pollutants was verified by the determination of carboxylic acid, inorganic ion and the monitoring of solution toxicity.

In the fourth chapter, the heterogeneous free radicals produced by anodic oxidation, the coupling effect between cathodic hydrogen peroxide and homogeneous free radicals produced by iron ion reaction and the comparison of degradation performance of organic compounds were studied. We degraded imatinib (IMA) in electrochemical advanced oxidation systems of four anode materials (DSA, Pt, Ti4O7, In the fifth chapter, nitrogen-doped graphene was prepared by using ammonium nitrate as nitrogen source, and the material was characterized and its electrochemical properties were tested. Carbon felt electrode was modified by N-doped graphene and its electrochemical properties were tested. Nitrogen-doped graphene modified carbon felt cathode electro-Fenton system was used to degrade pollutants and the catalytic mechanism of the electrode was explored.

In Chapter 6, nitrogen-doped graphene was used to construct in-situ advanced oxidation system. The degradation performance and energy consumption of the system were compared with those of the traditional EF system. The system was used to degrade 2,4-D, and the in-situ advanced oxidation pathway of nonmetal was deduced by the determination of carboxylic acid, inorganic ions and intermediate products.

Chapter 7 summarizes the whole paper and puts forward feasible suggestions for future research.

Chapter 2. Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene Abstract:

The development of efficient oxygen reduction reaction (ORR) cathode for hydrogen peroxide production represents an important challenge in the field of electrochemical processes and is highly demanded for chemical industries and environmental remediation application. In this work, a novel graphite felt cathode modified with electrochemically exfoliated graphene (EEGr) and carbon black was developed, presenting a very high H 2 O 2 generation rate of 7.7 mg h -1 cm -2 with relatively low energy consumption (9.7 kWh kg -1 ). Characterized by SEM, TEM, AFM, Raman, XRD and XPS, the synthesized EEGr was proved to be the 3-4 layers thin sheet with low defects. Important cathode manufacture parameters including the ratio and loading of EEGr were optimized; and the dependence of H 2 O 2 generation with pH and cathode potential as well as performance stability were investigated. At optimized cathode potential -0.9 V and pH 7, the modified cathode kept stable performance for H 2 O 2 generation during 10 cycles, which was 2 times of the cathode without EEGr. Further explored by CV, rotating disk electrode (RDE) and contact angles analysis, the presence of EEGr was found to accelerate electrons transfer rate, benefit oxygen surface reaction, but not change two-electron ORR number, which contributed to the enhanced performance for H 2 O 2 production and possible mechanism was suggested. Finally, such graphene modified cathode demonstrated effectiveness for the degradation of four kinds of representative pollutants (Orange II, methylene blue, phenol and sulfadiazine) by electro-Fenton process, proving great potential practical application for organic wastewater treatment.

Introduction

Hydrogen peroxide is highly desirable and important for many manufacturing industries such as chemicals and paper-making as well as environmental remediation since it is a versatile and environmentally friendly oxidizing agent without generation of hazardous residues upon decomposition, only oxygen and water. However, the traditional process of anthraquinone oxidation, which is a multistep process to extract H 2 O 2 from organic agents, is not regarded as a green method [1] . Thus the development of efficient method represents an important challenge, and significant efforts have been made either to reduce its synthesis cost [2,3] , or expand its application fields including environmental remediation [4] .

In the latter field, recent years, electro-Fenton, which combines with ferrous ion addition and the in-situ electrochemically generated H 2 O 2 (eq.1) has attracted much concern for its advantages such as easy-controlling, high efficiency and environmental compatibility due to the formation of highly powerful hydroxyl radicals (•OH) (eq.2).

O 2 + 2 H + + 2e - H 2 O 2 (2-1) 23 22 Fe H O Fe OH OH        (2-2)
A high yield of H 2 O 2 was prerequisite for the high efficiency of electro-Fenton.

Various cathode materials have been widely attempted such as active carbon, carbon fiber [5] , graphite felt [6][7][8] , carbon black [9] , carbon nanotubes [10] , graphite carbon and graphene [11,12] . As a commercially available material, graphite felt is regarded as one of the most widely used cathodes due to its large active surface and mechanical integrity, but still the yield of H 2 O 2 production is not satisfying, and extensive efforts via chemical, electrochemical oxidation or acidic treatment have been made [8] . Particularly, in our previous work, the graphite felt modified with carbon black could dramatically improve the H 2 O 2 generation rate up to 10 times (about 2.2 mg h -1 cm -2 ) when comparing with the pristine one [13] .

Recent years, as a new carbonaceous material, graphene, which is a Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 49 two-dimensional, one atom thick sheet composed of sp 2 carbon atoms arranged in a honeycomb structure, has been used as an efficient adsorbent or catalyst for environmental application due to its outstanding electrical conductivity and high specific surface area, which have become a very hot research area [14][15][16] . However, very few applications using it as cathode for H 2 O 2 generation have been reported [17,18] , and what's more, the yield of H 2 O 2 is still limited and the role of graphene has not been well elucidated though these cathodes modified with graphene are supposed to improve H 2 O 2 electro-generation [18,19] . For example, Xu et al. reported an average H 2 O 2 generation rate of 1.03 mg h -1 cm -2 on a graphene doped gas diffusion cathode, while Mousset et al.

showed that it was 0.64 mg h -1 cm -2 on the 3D graphene foam [18] .

These facts indicated that graphene based cathodes for H 2 O 2 production need more extensive and comprehensive studies since the synthesis of graphene and its assembly on the cathode would significantly determine the cathode characteristics. Firstly, traditional graphene synthetic methods, e.g., Hummers's method, was conventionally used for graphene synthesis, however, there are some disadvantages including extreme experimental conditions [20] , high cost [21] and possible environmental pollution, while electrochemical exfoliation of graphite (EEGr) has been reported to be a efficient method for a high production of graphene in several hours [20,22] . It would be easier to synthesize low defect graphene, expecting better cathode characteristics for H 2 O 2 generation. Secondly, the manufacture of graphene-based electrodes either with pristine graphene or use of graphene coatings over some flat substrates, till now, no attempt on three dimensional material substrates, e.g., graphite felt, has been tested. As demonstrated in our previous work [13] , it would be reasonable that a small graphene loading instead of carbon black on graphite felt would enhance the specific surface area and the conductivity of the cathode, which would further improve the performance of hydrogen peroxide production.

In this context, this work reported a novel graphene-based cathode assembly strategy for high yield of H 2 O 2 using graphite felt cathode modified with carbon black and graphene derived by a fast electrochemical exfoliation from graphite foil with an expansion time dramatically reduced to 1 min. The objectives of this study were: 1) 

Experimental

EEGr synthesis

Before electrochemical exfoliation, the graphite foils were soaked in ethanol with ultrasonic treatment for 30 min, then they were dried 24 h for ready. EEGr was electrochemically exfoliated in a beaker system with aqueous electrolyte containing 2 mL concentrated H 2 SO 4 , 10 mL KOH and 100 mL deionized water, using platinum foil sheet (11 cm 2 ) and graphite foil (24 cm 2 ) as the cathode and anode, respectively.

Firstly, a bias potential of 2.5 V was applied for 1 min of expansion time, and then, the applied bias potential was increased to 10 V for about 3-5 mins. Subsequently, the exfoliated graphene sheets were filtered with 0.22 μm membrane, and then these collected graphene flakes were dispersed into N,N-Dimethylformamide (DMF) solution with 5 min sonication. Finally, after vacuum filtration with deionized water to remove DMF, they were put into a vacuum dryer for 1 day.

Cathode modification with EEGr and carbon black

Graphite felt (22.5 cm 2 ) was used as the base cathode, carbon black and EEGr were used to modify it. With the addition of 0.14 mL PTFE, 3 mL ethanol and 2 mL deionized water, after quick shake for 15 s, a kind of seriflux was formed, which was coated onto the two sides of the graphite felt, after drying in the room temperature, the and with 0.7 L min -1 air aeration at room temperature. The modified graphite felt was selected as the cathode, and DSA (24 cm 2 ) was employed as the anode. The distance between the anode and cathode was 1 cm. At every 10 min intervals, 0.5 mL sample was taken for analyzing the concentration of H 2 O 2 .

The concentration of H 2 O 2 was measured by the potassium titanium (IV) oxalate method at =400 nm with a UV-Vis spectrophotometer (UV759, Shanghai Instrument Analysis Instrument C0., Ltd). The current efficiency (CE) for the production of H 2 O 2 was calculated with the following formula (3) [23] :

0 100% t nFCV CE Idt    (2-3)
Where n is the number of electrons transferred for oxygen reduction for H 2 O 2 , F is the Faraday constant (96,485 C mol -1 ), C is the concentration of H 2 O 2 production (mol L -1 ), V is the bulk volume (L), I is the current (A), and t is the time of electrochemical process (s).

The electric energy consumption (EEC, kWh kg -1 ) was measured by formula ( 4)

1000 s UIt EEC CV  (2-4)
Where U is the applied voltage (V), I is the current (A), t is the time of electrochemical process (h), C is the concentration of the H 2 O 2 generated (mg L -1 ), and V s is the solution volume (L).

Characterization and analytical methods

The morphology of EEGr was determined using scanning electron microscopy Different kinds of cathodes with or without EEGr were made for the RDE study, respectively. For the carbon black electrode, 7 mg carbon black with 0.9 mL ethanol and 0.1 mL PTFE was mixed, and to prepare for another working electrode, 2 mg EEGr and 8 mg carbon black powder was suspended in a mixture containing 0.9 mL ethanol and 0.1 mL PTFE, after the quick shock for 10 s, 0.01 mL of the mixture was dropped onto a glass carbon electrode (0.196 cm 2 ) and then dried at room temperature.

The selectivity for H 2 O 2 production was evaluated by the calculation of the electron transfer numbers according to the slopes of the Koutecky-Levich plots by the Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 53 following two equations:

1 2 1 1 1 k JJ Bw  (2-5) 22 12 63 0.62 oo B nFA C D   (2-6)
Where J and J k are the detected current density and kinetic current density, respectively (mA cm -2 ), w is the angular velocity (rad s -1 ), F is the Faraday constant (C mol -1 ), n is the electron transfer numbers, C 2 o is the bulk concentration of O 2 (mol cm -3 ),  is the kinematic viscosity (cm 2 s -1 ), and

D 2 o is the diffusion coefficient of O 2
in the electrolyte solution (cm 2 s -1 ).

In order to ensure the electroactive surface area of the modified graphite felts, the Randles-Sevcik equation was used as follows:

1 1 1 5 2 2 2
2.69 10

P I AD n C     (2-7) 
Where I P is the peak current (A), n is the number of electrons involving in the redox reaction (n=1), A is the area of the electrode (cm 2 ), D is the diffusion coefficient of the molecule in solution (7.610 -6 cm 2 s -1 ), C is the concentration of the probe molecule in the bulk solution (110 -5 cm 3 ) and v is the scan rate of the CV (0.01 V s -1 ).

Pollutants degradation by electro-Fenton

In order to verify the performance of cathodes, the graphite felts modified with or without EEGr were used as the cathode for pollutants degradation by electro-Fenton.

The electrolyte solution was same as the one for H 2 O 2 generation except the addition of 0.04 mM FeSO 4 .

Antibiotics are widely used in humans and animals to prevent and treat infection diseases, dyes and phenols are widely presented in many industries wastewater [24,25] ,

thus Orange II (50 mg L -1 ), methylene blue (50 mg L -1 ), phenol (50 mg L -1 ) and sulfadiazine (20 mg L -1 ) were chosen as the representative pollutants. The concentration and Total organic carbon (TOC) removal efficiency of each pollutant were detected Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 54 every 10 min intervals and the results with the two cathodes were compared with each other.

TOC was monitored by a TOC analyzer (Analytikjena multi N/C 3100, Germany)

to qualify the degree of mineralization in the electro-Fenton treatment of pollutants. The concentration removal efficiency (R%) and TOC removal efficiency (TOC%) of the pollutants were calculated according to the following equations, respectively:

0 0 (%) 100% t cc R c    (2-8) 0 0 % 100% t TOC TOC TOC TOC    (2-9)
Where c 0 , TOC 0, c t , TOC t was the initial and final value of pollutants concentration and TOC, respectively.

Results and discussion

The SEM image (Fig. 1a) revealed that the EEGr flakes were thin sheets, and all of them were laminar arrangement. The TEM image reconfirmed they were 3-4 thin laminar layers (Fig. 1b and1c). The typical AFM image (Fig. 1d) showed that, the statistical thickness of the EEGr flakes were within 3 nm. As we know, the single sheet graphene was 0.7-1.0 nm [26] , so it could be concluded that the synthesized graphene was 3-4 layers, which was consistent with TEM observation. Besides, the D/G value was 0.52, which was similar to the result of 0.54 reported by Chen et al. [27] , and was much smaller than the reduced graphene oxide (1.0-1.5) [28] , suggesting that a low defect density of EEGr was obtained. What's more, the EEGr had an intense 2D bond at around 2720 cm -1 , which

Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 55 was the evidence of sp 2 carbon materials, and 2D/G ratio was assigned to a second order two phonon process and usually used to determine the layers of graphene [28] . The 2D/G ratio of 0.76 showed that the 4 layer numbers of EEGr had low defects and few layer numbers. The XRD pattern of graphite foil and EEGr (Fig. 2a) displayed that the two materials had a strong sharp diffraction peak (002) and a weaker sharp peak (004), which were attributed to the crystalline graphitic structure [29] . It should be noted that the highest intensity peak (002) for EEGr was found to be shifted toward the lower diffraction angles (26.42°), which was 26.76° for graphite foil. The results proved that the lattice was expanded during electrochemical exfoliation [28] .

XPS presented the chemical composition of the EEGr and graphite foil (Fig. 2b):

the atomic oxygen content detected in EEGr and graphite foil was 12.88% and 8.52%, and the atomic carbon content was 81.69% and 89.49%, respectively (Table 1). The measured O/C atomic ratios thus increased from 0.095 (graphite foil) to 0.157 (EEGr), which were higher than others, 34,38 but still lower than 0.18 derived from anodic exfoliation [30] . According to the high-resolution spectrum of C 1s (Fig. 2c and Fig. 2d), a sharp peak existed at a binding energy (BE) of 284.8 eV corresponding to the sp 2 carbon (graphitic C=C species), and the other peaks at 285 eV, 286.3 eV and 287.2 eV are assigned to the sp 3 carbons (C-OH), and the carbon-oxygen groups (C-O-C, C=O), respectively [31] . Compared to graphite foil, the intensity of C-OH peak of EEGr increased a little and the C=O peak was detected in EEGr while not in graphite foil, which confirmed that part of the graphite foil was oxidized in the process of synthesis graphene. 

Optimizing the ratio and loading of EEGr on modified graphite felt cathode

The ratio and loading of EEGr on graphite felt would significantly affect the cathode characteristics and its performance for hydrogen peroxide production, thus they were optimized as two important factors in cathode manufacture. To explore the proper cathode potential, the yield of H 2 O 2 at -0.5, -0.7, -0.9 and -1.1 V were investigated. As shown in Fig. 4a, it increased with the improvement of cathode potential, reaching 426 mg L -1 (-1.1 V) at 120 min. The CE followed the same tendency with cathode potential (insert Fig. 4a), which was in agreement with literature [32] . However, EEC was found significantly increased with cathode potential.

Taking these factors into consideration, it could be concluded that -0.9 V was the optimized condition, in which the average H 2 O 2 generation rate was 3.7 mg h -1 cm -2 , which was more than 3 times of the one in a graphene doped gas diffusion electrode (GDE).

H 2 O 2 generation is dependent on pH value due to the participation of proton in H 2 O 2 electro-generation process [33] . The results in Fig. 4b showed that the yield of H 2 O 2 was the highest at pH 7, and then decreased as pH continued to increase, which was 366 mg L -1 at pH 9 and 336 mg L -1 at pH 11 with average H 2 O 2 generation rate of 7.5 and 7.2 mg h -1 cm -2 . These facts proved that pH 7 was the proper condition for H 2 O 2 generation, which was accordant with literature. One possible reason was that the residual H + reduced at the cathode with H 2 generation might be a competing reaction that decreased H 2 O 2 generation [34][35][36] . Since the conversion of dissolved oxygen to H 2 O 2 consumes protons in acidic solution, 43 Conditions: V=100 mL, pH=7, Potential: -0.9 V.

The performances (H 2 O 2 production rate, EEC and CE) of the modified graphite felt cathodes in this study were compared with literature that using graphene, or the most common graphite felt and GDE as the cathode (Table 2). Compared with all the Compared with the modified cathodes using graphite felt as the base, the modification with graphene in the present work also possessed the best performance.

For example, H 2 O 2 generation rate of 0.44 and 1.4 mg h -1 cm -2 was obtained with the modification of carbon-PTFE and anodization, respectively [37,38] . In our previous work, the H 2 O 2 generation rate on the graphite felt modified with carbon black increased to 2.2 mg h -1 cm -2 , but the energy consumption (7.5 kWh kg -1 ) was much higher than that in the present work (4.9 kWh kg -1 ).

Generally, GDE is regarded as one of the best type of cathode for H 2 O 2 production, which is also verified in The BET surface area and pore volume of unmodified graphite felt were 3.92 m 2 g -1 and 0.0026 cm 3 g -1 , while 9.83 m 2 g -1 and 0.029 cm 3 g -1 for EEGr-20 cathode. The results suggested that EEGr-20 cathode reached about 2.5 times and 11.2 times of BET and pore volume of the unmodified graphite felt cathode, respectively. Such significant improvement would be of great advantage to enhance the yield of H 2 O 2 .

The conductivity of EEGr-20 and unmodified graphite felt electrodes can be confirmed by EIS. Fig. 5b shows that each Nyquist plot includes a semicircle part and a liner part. The semicircle is an indication of the charge transfer resistance during the electrochemical reaction and the line can be attributed to the diffusion controlled Warburg impedance [41] . The results showed that EIS of unmodified graphite felt proving a fast reduction rate for H 2 O 2 production on the cathode [32] .

RDE was further used to investigate the ORR activity of the modified cathode, as shown in Fig. 5d and Fig. 5e, the current density increased with rotation rate because of the shortened diffusion layer [42] , which was consistent with literature. 27 The curves of steady-state diffusion plateau currents analyzed through Koutecky-Levich plots (inset in Fig. 5d and Fig. 5e) proved the electron number during the electrochemical processes, which was 2.25 (EEGr-0) and 2.43 (EEGr-20), showing both processes with the two electrodes were two-electron ORR processes. Therefore, EEGr introduction simply accelerated the rate of the electron transfer rather than changing the ORR mechanism, which was consistent with the results of H 2 O 2 production in Fig. 3a and Fig. 3b.

Additionally, CV of the modified graphite felts were operated in solution of [Fe(CN) 6 ] 3-/[Fe(CN) 6 ] 4-(Fig. 5f), and a 1.5-fold increase of the peak current was observed on EEGr-20, proving that the introduction of EEGr could improve the active surface of the modified electrode. According to eq. 7, the electroactive surfaces were calculated to be 171 cm 2 (EEGr-20) and 116 cm 2 (EEGr-0). The 1.5-fold improvement of the surface area should lead to a higher rate of electrochemical reactions on the cathode, which was consistent with the results in Fig. 5c.

The contact angles were commonly used to measure the hydrophilicity of carbon materials. Hydrophilicity is a critical feature for H 2 O 2 generation, generally, the higher hydrophilicity, the faster diffusion of O 2 , and thus result in a higher H 2 O 2 generation. 28 From Fig. 5g to Fig. 5i, the contact angles of three different cathodes were presented, which were 123° (unmodified graphite felt), 112° (modified graphite felt with EEGr-0) and 100° (modified graphite felt with EEGr-20), respectively. It can be seen that the hydrophilicity of modified cathode with EEGr-20 was highest, providing helpfulness to O 2 diffusion and high yield of H 2 O 2 production.

Based on the characterizations above, a possible mechanism for this ultrahigh production of hydrogen peroxide is suggested. Fig. 6 shows the schematic diagram of the ORR on the modified graphite felts with/without EEGr. The introduction of EEGr on the cathode not only accelerated the rates of electrons transfer without changing the mechanism of ORR, but also increased the cathode surface hydrophilicity to promote oxygen diffusion. What's more, the electroactive surface of cathode was also improved, which increased active site on the cathode for ORR. These factors contributed to a higher H 2 O 2 production with a lower EEC. In order to evaluate the effectiveness of the modified cathode with EEGr-20 for electro-Fenton, the degradation of a series of model organic pollutants including orange II, methylene blue, sulfadiazine and phenol were conducted. As shown in Fig. 7, almost all of the pollutants could be completely removed within 1 h, and the removal efficiencies on EEGr-20 were much better than that on EEGr-0. Their difference on TOC removal was more significant (insert Fig. 7), for example, the TOC removal efficiency of sulfadiazine was about 100% on EEGr-20, while only about 69% for EEGr-0. 

Conclusions

A novel modified graphite felt cathode with graphene by electrochemical exfoliation method was developed, which presented an ultrahigh yield of H 2 O 2 production. The EEGr was proved to be 3-4 layers with low level defects. Optimized ratio of EEGr and loading on the modified graphite felts were explored, and EEGr-20 with a loading of 11.2 mg cm -2 was the best for H 2 O 2 production. By optimizing cathode potential and pH, a significant improvement of H 2 O 2 yield of 7.7 mg h -1 cm -2 was obtained at pH 7 and -0.9 V potential. In addition, this performance kept stable after 10 cycles reuse. Possible mechanism for this high performance was suggested. Finally, the model pollutants degradation confirmed the great potential practical application for organic wastewater treatment by electro-Fenton. 

Introduction

The presence and occurrence of pharmaceuticals in the environment has garnered increasing attention during the last decades. This pollution is sourced mainly by hospital effluents, industrial and domestic wastewaters, leading to long-term adverse impacts on human health and ecosystems [1][2][3] . Conventional wastewater treatment plants are generally not capable of removing these emerging pollutants due to their high physical/chemical stability and non-biodegradable character, resulting in their discharge into the aquatic system [4][5][6] . Therefore, pharmaceuticals have been frequently detected in groundwater, surface water and even drinking water [7,8] . Although the pharmaceuticals residues in the environment are at low concentration, they are believed to bring many negative impacts on water bodies and even the development of pathogen resistance and endocrine disruption [9] .

In contrast to the conventional wastewater treatment methods, electrochemical advanced oxidation processes (EAOPs) have been proved to be an alternative for efficient removal of persistent organic pollutants from wastewater [10][11][12][13] . Among the most common EAOPs (anodic oxidation, photoelectrocatalysis and electro-Fenton) [14][15][16] , electro-Fenton (EF) process constitutes one of the most attractive technologies for effective destruction of organic contaminants [11, 17-18] in which H 2 O 2 is in-situ generated via oxygen reduction reaction (ORR) on an appropriate cathode (Eq. ( 1)).

H 2 O 2 then reacts with externally added catalytic Fe 2+ to produce hydroxyl radicals ( • OH) according to the well-known Fenton's reaction (Eq. ( 2)). Fe 3+ will be transformed to Fe 2+ according to Eq. ( 3) [17][18][19][20] , which make EF electrocatalytic since Fe 2+ is continuously regenerated.

O 2 + 2H + + 2e - H 2 O 2 (3-1) Fe 2+ + H 2 O 2  Fe 3+ + OH -+ • OH (3-2) Fe 3+ + e - Fe 2+ (3-3)
Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 75 Thus • OH is produced, which is a strong oxidizing agent (E •OH/H2O = 2.80 V/SHE) and reacts non-selectively with organic compounds leading to their mineralization [17,21] .

The effectiveness of EF process depends on several parameters such as solution pH [22,23] , applied current [24] , catalyst concentration [1,25] , electrode materials [26][27][28] , etc.

According to Eq. ( 1), cathode materials also play a key role in the ORR process for high yield of H 2 O 2 whose concentration constitutes kinetically limiting parameter. Mostly, carbonaceous materials such as carbon nanotube [29] , activated carbon fiber [30,31] ,

carbon felt (CF) [32,33] , graphene [34,35] are regarded as the suitable cathodes. Especially, CF has been chosen as one of the most used cathodes for H 2 O 2 generation because of its high specific surface and low cost.

Many attempts have been made to improve the yield of H 2 O 2 on the cathode.

Graphene, an allotrope of carbon, has many excellent properties such as high surface area, great electrical conductivity and high strength. In recent years, it has drawn much attention as a material capable of improving performances of EF process in many studies [34,[36][37][38] . However, most of the studies were operated with the graphene bought or made by chemical oxidation processes, which are expensive and dangerous [39,40] .

Given to the high cost and complicated process of preparation, our previous study has demonstrated a fast and effective method to produce graphene. Especially, CF modified with this electrochemically exfoliated graphene (EEGr) was proved capable of providing very high yield of H 2 O 2 (7.7 mg h -1 cm -2 ) compared with other cathodes [41] .

On the other hand, the pharmaceutical imatinib (IMA) constitutes an interesting target pollutant to be studied since it is one of largely used antineoplastic drugs for cancer treatments, with inhibition of cell growth or killing cancer cells via the interactions with DNA function and cell signaling [42][43][44][45] . Though this anti-cancer drug are usually at trace concentration (ng L -1 ), it drew our special attention to be selected for this study.

In this context, we used the CF modified with EEGr as cathode (EEGr-CF) for the electrochemical oxidation of IMA in EF process, and provided a thorough assessment of formation and evolution of short-chain carboxylic acids as ultimate organic end-products before mineralization stage [1] and inorganic ions as mineral end-products formed during EF process were investigated. Finally, the change in solution toxicity during EF treatment was assessed using Microtox ® method. 

Materials and methods

Preparation and characterization of EEGr-CF cathode

The EEGr-CF cathode (3 × 4 cm 2 ) was prepared using raw CF as the base cathode modified with EEGr and carbon black [41] . The powder was mixed with 0.14 mL PTFE, 3 mL ethanol and deionized water with quick shake for 10 s to form a kind of seriflux, which was homogeneously coated onto the two sides of the raw CF cathode and was annealed for 30 min at 360 o C.

Instruments and analytical procedures

The decay kinetics of IMA was monitored by UPLC (Thermo Scientific, USA) equipped with diode array detector and a RP-18 Hypersil column (1.9 μm, 100 mm × 2.1 mm). The composition and flow rate of mobile phase were set as follow: water (1% acetic acid)-methanol (1% acetic acid) (70:30, v/v) and flow rate of 0.1 mL min -1 . The detector was set at 267 nm. Short-chain carboxylic acids generated during EF treatment of IMA were followed by ion-exclusion HPLC using a HPX-87H ion exclusion column The changes in solution TOC (total organic carbon) was measured by Shimadzu V CSH TOC analyzer to assess the mineralization rate of IMA solution and determine the mineralization current efficiency (MCE) of the process which was calculated using the following equation ( 4) [46,47] . Where n represents the number of electrons consumed per IMA molecule during mineralization and was taken as 124 according to mineralization reaction given in Eq. (5) assuming that majority of the N contains in IMA was released as NH 4 + [48] , F is the Faraday constant (96485 C mol -1 ), V s is the volume of electrolyte solution (L), △ (TOC) exp means the TOC decay at t time, 4.32×10 7 represents a conversion factor to homogenize units (3600 s h -1 × 12000 mg of C mol -1 ), m is the number of carbon atoms of IMA (29),

I
is the current applied (A) and t is the electrolysis time (h). of cathode related to the cost effectiveness of the process. This parameter was calculated in the unit of kWh energy per g TOC removal during mineralization experiments and calculated as following [17] :

() ts UIt EC TOC V   (3-6)
where U is the average cell voltage (V), I is the current (A) applied, t is the electrolysis time (h), △ (TOC) t represents the TOC decay at time t and V s is the solution volume (L).

The absolute (second order) rate constant (k IMA ) for oxidation reaction of IMA by

• OH was determined using competition kinetics method. The 4-hydroxybenzoic acid (4-HBA) was taken as competitor since the rate constant of the reaction between this compound and • OH is well known (k 4-HBA = 2.19 × 10 9 M -1 s -1 ) [16] . The method consists of the simultaneous degradation of pollutant under study and standard competitor (IMA and 4-HBA, respectively in this study) at equal concentration. The absolute rate constant of oxidative degradation of IMA with • OH was then calculated according to equation ( 7) [49] . It is noted here that the production of heterogeneous 

k k k k    (3-7)
Finally, the evolution of acute toxicity of the IMA solution during mineralization Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 80 experiments was monitored by Microtox ® method [11] . The toxicity was measured as inhibition percentage of bioluminescence of marine bacteria Vibrio fischeri after adjusting the pH of samples withdraw during treatment to 7.0-7.5 with 0.01-0.1 mM NaOH solution. Inhibition percentages were measured after 5 and 15 min of exposure to Vibrio fischeri bacteria. enhancing the degradation rate of IMA. However, there is not much difference on IMA removal for 0.1 and 0.2 mM catalyst concentration. This fact can be related to the acceleration of the rate of parasitic reaction (Eq. ( 8)) that have a relatively high reaction rate (k = 3.2 × 10 8 M -1 s -1 ) become competitive at high Fe 2+ concentration to waste • OH and thus diminishing the degradation rate of IMA [17,25] . Besides, as shown in the inset of the Fig. 1(a), the apparent rate constants for oxidative degradation of IMA, determined following a pseudo-first order kinetic model, were similar (0.10 and 0.11 min -1 ) for 0.1 and 0.2 mM Fe 2+ concentration respectively (Table 2). These findings are Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 81 in agreement with previous reports [17,24] . From the analysis of these results one can notice that the value of 0.1 mM Fe 2+ was optimal for EF degradation of IMA, and was selected as the catalyst concentration for the following experiments.

Results and discussion

Fe 2+ + • OH  Fe 3+ + OH - (3-8)
On the other hand, the degradation kinetics of organics pollutants in EF process is mainly dominated by the average generation rate of H 2 O 2 on the cathode, which governs the rate of Fenton reaction and the production rate of homogeneous • OH in solution bulk.

However, the optimal yield of H 2 O 2 depends on the key parameters such as current applied and cathode materials [26,27] . Therefore, the effect of current on the degradation efficiency of IMA was explored under 0.1 mM Fe 2+ (as catalyst) with different current densities (4.16, 8.33, 16.66 and 33.33 mA cm -2 ), and the results were depicted in Fig.

1 (b). The decay kinetics of IMA was enhanced with enhancement of current density until 16.66 mA cm -2 due to the production of more H 2 O 2 (Eq. ( 1)) and optimal concentration for catalyst (Fe 2+ ) regeneration (Eq. ( 3)), resulting in a higher yield of homogeneous • OH in solution via reaction (2). However, the results of IMA decay decreased with the applied current density increasing from 16.66 to 33.33 mA cm -2 , in the same way as the rate constants in inset, diminishing from 0.14 min -1 (16.66 mA cm -2 ) to 0.05 min -1 (33.33 mA cm -2 ). This phenomenon can be explained that some side reactions Eq. (9-10) would be enhanced as the increase of current density, thus leading to the competition with IMA oxidative degradation [26] . Taken higher mineralization efficiency into consideration, the current density of 16.66 mA cm -2 can be regarded as the optimal value for IMA degradation under the operating conditions selected. The significantly high performance of EEGr-CF cathode in IMA degradation can be explained by its higher efficiency in H 2 O 2 generation rate (Eq. ( 1)). As well, the yield of H 2 O 2 generation controls the rate of Fenton reaction and consequently the formation rate of homogeneous • OH in the medium [26] . Therefore, the results of H 2 O 2 generation on both cathodes were studied as comparison and showed in Fig. 2 Further, the absolute rate constant of IMA degradation by • OH in EF process with EEGr-CF cathode was determined by using competition kinetics method [16,50] . This experiment was operated at 5 mA cm -2 in order to avoid side reactions under high currents [26] . In this experiment, 4-hydroxybenzoic acid (4-HBA), with a well-known absolute rate constant (k 4-HBA = 2.19×10 9 M -1 s -1 ) [51] , was regarded as standard competitor with IMA for reaction with • OH. The concentration of 4-HBA and IMA (0.07 mM each) was followed by HPLC analysis during 30 min of treatment. The results in Fig. 3(a) present that the removal efficiency of 4-HBA and IMA was 45% and 73%, respectively. According to the slope of the curve of Fig. 3(b) and the Eq. ( 7), the absolute (second order) rate constant for oxidation of IMA by • OH was calculated to be 4.56 × 10 9 M -1 s -1 , showing that the degradation rate of IMA with EEGr-CF was quick and in agreement with the results of Fig. 2(a). To the best of our knowledge there is no k IMA value already reported in the literature for comparison. It is well known that degradation of organic pollutants with AOPs can lead to the formation of intermediates even more toxic than the initial contaminants, thus leading to various environmental problems [49,52] . To avoid the presence of toxic intermediates in the solution, the treatment is extended until almost complete mineralization.

2H + + 2e - H 2 (3-9) 2H 2 O  O 2 + 4e -+ 4H + (3-10) ( 
To clarify the efficiency of raw CF and EEGr-CF cathodes in mineralization of IMA, comparative experiments were performed under the same operating conditions (Fig. 4). In both cases, the mineralization of IMA enhanced with the increasing current densities, up to 16.66 mA cm -2 with the maximum values of TOC removal.

Subsequently, for currents higher than 33.33 mA cm -2 , in contrast, the TOC removal curves had much lower slope than the former one, with poorer mineralization efficiencies at the end of treatments. These phenomena were similar to the results of already published reports [28] . The tendency of decreasing efficiency of TOC removal is due to the intensification of side reactions given in Eq. (11-12) under high current conditions, which competes with the formation of H 2 O 2 generation (Eq. ( 1)) on the cathode. By comparison, Fig. 4(b) shows that the mineralization efficiency of IMA with EEGr-CF was significantly better than that obtained with raw CF cathode (Fig. 4(a)).

The TOC of IMA solution can be almost completely removed under 16.66 mA cm -2 current density at 480 min with EEGr-CF, whereas only 75% TOC removal could be achieved with raw CF under the same conditions. What's more, the curves in Fig. 4(b) have sharper slope than the ones in Fig. 4(a), especially with the current intensity of 8.33 and 16.66 mA cm -2 , which also illustrates that the decay rate of TOC with EEGr-CF is better than CF electrode.

O 2 + 4e -+4H +  2H 2 O (3-11) H 2 O 2 + 2e - 2OH - (3-12)
The results of Fig. currents, which can be attributed to the depletion of • OH consumed by a wasting reaction (Eq. ( 13)) and energy consumption by H 2 evolution reaction (Eq. ( 9)) [53,54] .

For comparison, the results highlights that MCE with EEGr-CF cathode was much higher than that of raw CF cathode. For instance, the MCE values for 33.33 and 58.33 mA cm -2 with EEGr-CF were two times of that with raw CF cathode, and in both cases, MCE curves increased to a maximum values at the beginning of the electrolysis, suggesting a quick degradation of intermediates by • OH generated in solution.

Afterwards, the gradually decreasing MCE values were due to the formation of some recalcitrant by-products hardly oxidizable such as short chain carboxylic acids [25] and the increase of the amount of organic matters in the solution. Meanwhile, the value of EC calculated according to Eq. ( 6) and determined in unit of kWh energy per g TOC removed during EF process, is another important parameter.

The results in Fig. 5 present the EC evolution during IMA degradation with different cathodes in this study. Obviously, during the mineralization process, the EC increased significantly with the higher currents along with the electrolysis time. At low current densities (4.16, 8.33 mA cm -2 ), EC values were pretty low (< 1.5 kWh (g TOC) -1 ), however, they increased significantly for 16.66 and 33.33 mA cm -2 . For instance, the EC values of EF process with raw CF cathode were 8.1, 8.2, 11.0, 13. According to the results above, the graphene-based cathode (EEGr-CF) provides a better performance in IMA degradation by EF process, as it is capable of remarkably accelerating the rate of organics mineralization due to the higher yield of H 2 O 2 generation and consequently higher ability of producing • OH contributing thus to the quick destruction of organic pollutants [55] .

Identification and evolution of carboxylic acids during EF treatment of

IMA

During the oxidative degradation of organic pollutants by EAOPs, intermediate products formed are then generally converted to highly oxidized products that are not stable and leads to the formation of short-chain carboxylic acids under oxidative cleavage action of  OH. These acids constitute the last organics before complete mineralization and react hardly with  OH. The formation and evolution of the carboxylic acids was followed by ion-exclusion chromatography (as explained in sub-section of 2.4) and the results are depicted in Fig. 6. Seven carboxylic acids (oxalic, glycolic, maleic, acetic, pyruvic, oxamic and formic acids) were identified and quantified during EF process with two different cathodes (CF and EEGr-CF), glycolic and maleic acids were measured at trace levels and were not presented in the curves. As shown in Fig. 6, oxalic acid was the major carboxylic acid in both cases. Its concentration reached the maximum value of 0.07 mM at 120 min in DSA/CF cell and 0.1 mM at 100 min in DSA/EEGr-CF cell, respectively. It can be seen that these acids were generated from the beginning of oxidation process and accumulated with electrolysis time until reaching the maximum values, providing much differences with two different cathodes. The maximum values of formic, oxamic and pyruvic acids appeared early with EEGr-CF cathode than that with raw CF cathode. Subsequently, the following decrease rate of carboxylic acids were slow because that carboxylic acids are much less reactive with hydroxyl radicals compared to aromatics [11] . Finally, both acids were completely mineralized with EEGr-CF cathode, while which still remained obviously in solution with raw CF cathode at the end of the treatment time of 8 h. The Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 89 results of carboxylic acids were in agreement to the tendency of TOC removal depicted in Fig. 4. The higher values of TOC with raw CF cathode at 8 h were due to the certain amount of carboxylic acids remaining in solution. Besides, it can be observed that during the process of IMA mineralization, the degradation rates of carboxylic acids with EEGr-CF were higher compared to that with raw CF cathode. These results highlight again the greater ability of EEGr-CF cathode in mineralization of organic pollutants compared to the raw CF cathode in EF process. 

Evolution of inorganic ions during electro-oxidation of IMA

The identification of released inorganic ions is an important signal during the mineralization of organics [56] . IMA contains N atoms that can be oxidized to inorganic ions such as NH 4 + , NO 2 -and NO 3 -. The formation and evolution of the concentration of these ions were studied with cells having raw CF and EEGr-CF cathodes. NH 4 + was the major inorganic ion in both cases compared to NO 3 -, whereas NO 2 -was not detected in this study. The maximum concentration of NH 4 + and NO 3 -was 0.39 and 0.04 mM with EEGr-CF cathode at the end of treatment time (480 min). The sum of these two ions reached 88% of the total expected nitrogen concentration (0.49 mM), and remaining of the undetected nitrogen can be explained by the presence of other unidentified nitrogen containing intermediates in the solution or lost in certain volatile nitrogen containing compounds [57] . As comparison, the concentration of nitrogen detected with raw CF cathode was 0.33 mM NH 4 + , 0.02 mM NO 3 -and 0.04 mM oxamic acid; the total nitrogen detected being 80% of the theoretical nitrogen present in initial IMA solution.

The results shown in Fig. 6(a) show that oxamic acid remains at a significant concentration at the end of electrolysis time, which proves the lower mineralization performance of the raw CF compared to EEGr-CF cathode. These results were in agreement with TOC removal efficiency of both cathodes in Fig. 4. The relatively higher residual TOC value of Fig. 4(b) at the end of electrolysis with raw CF cathode could be attributed to its relatively lower mineralization power in oxidation of short-chain carboxylic acids compared to EEGr-CF cathode, illustrating again the superior performance of the latest cathode in IMA degradation by EF process. During degradation of organic pollutants by AOPs/EAOPs, the toxicity of solution may be higher than that of initial solution due to the formation of toxic intermediates [58] .

In this study, the change tendency of toxicity of 0.07 mM (34.5 mg L -1 ) IMA solution during EF process with raw CF and EEGr-CF cathodes at 16.66 mA cm -2 was monitored by Microtox ® method by measuring the bioluminescence inhibition of marine bacteria Vibrio fischeri. The results presented in Fig. 8 show that the initial bioluminescence inhibition of IMA solution was about 60%, and significantly increased at the beginning of the electrolysis in both cases, illustrating that the formed aromatic intermediates are more toxic than initial IMA solution. In the case of EEGr-CF, the maximum inhibition value of 100% was obtained at 60 min, which was early than the one with raw CF (120 min) due to the quicker mineralization of formed intermediates. Subsequently, the toxicity of solution in both cases was decreased gradually along with degradation of 

Conclusions

In this paper, the efficiency of EF process for the degradation and mineralization of IMA with graphene-based cathode (EEGr-CF) was explored and compared with results of obtained with raw CF cathode. Kinetic decay of IMA obeyed a pseudo-first order reaction and a pretty high absolute rate constant value for oxidation reaction of IMA by  OH was obtained as 4.56×10 

Introduction

The environment pollution by pharmaceuticals was firstly brought to public's attention in 1990s when some pharmaceutical residues were detected in drinking water across Europe [1] . With the development of analytical methods, more and more kinds of pharmaceuticals have been discovered in the environmental samples of surface water, groundwater, urban wastewater and also top water [2,3] , usually at pretty low levels of ng L -1 or μg L -1 [4,5] . The sources of pharmaceuticals in the aquatic water have been extensively reviewed [6,7] , including inappropriate disposal and leaching of medications by pharmaceutical industries, hospitals, households and animal farming fields [8,9] . In general, many pharmaceuticals are not absolutely belong to the kind of persistent organic pollutants, most of which can be potentially degraded or bio-transformed [10][11][12] ,

which are usually regarded to be the pseudo-persistent pollutants due to their continuous release into aquatic waters, which are not efficiently destroyed in many wastewater treatment plants (WWTPs) and therefore released to the natural water bodies [13][14][15] .

Imatinib (IMA) as one of the major pharmaceutical used for treating leukemia, has caught attention due to the large consumption for increasing cancer cases [16] . Since it is designed to be relatively stable in biological environment and has a strong affinity to biological receptors, usually will be excreted within 24 h after usage, leading to high level of concentrations in municipal wastewater and then in natural water stream and therefore constitute a great threat to human beings and ecosystems [17,18] .

Due to the persistence of pharmaceuticals and lacking efficiency of conventional WWTPs [19,20] , many advanced treatment methods have been attempted to effectively degrade different kinds of pharmaceutical pollutants [21][22][23][24][25] . Among the technologies employed so far, advanced oxidation processes (AOPs) are considered to be great potential for the treatment of various emerging contaminants, involving in-situ generated highly reactive oxygen species with low selectivity such as hydroxyl radicals [26, 27] . However, when it comes to the practical application, complicated process control, long treatment time and high energy cost are usually the major hurdles faced [28] . As one of the AOPs, Fenton treatment has presented its proves for the quasi-complete Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 100 mineralization of trace-level pharmaceutical pollutants from water [29] . However, the large consumption of H 2 O 2 along with generation of quantities of iron sludge during the process strongly restricted its successful implementation for practical applications.

During the decades, new kinds of AOPs based on the electrochemical technology, namely electrochemical advanced oxidation processes (EAOPs) have been developed

for remediation of environmental pollution [27,30,31] . Compared with AOPs, EAOPs provide some special advantages such as high efficiency, easy handling, safety and most importantly the use of electron used a clean reagent [32,33] instead of chemicals.

Electro-Fenton (EF) and anodic oxidation (AO) are the most representative two EAOPs, where • OH is generated homogeneously in the bulk solution and heterogeneously at the anode surfaces [27,[34][35][36][37][38][39][40][41][42] . In the EF process, • OH, the second most strong oxidant after flour ((E •OH/H2O = 2.80 V/SHE), is produced electrocatalytically through the Fenton reaction (Eq.( 1)), and reacts non-selectively with organics leading to their mineralization [27,43] . In this process, the H 2 O 2 is in-situ generated via oxygen reduction reaction (Eq. ( 2)) on the cathode, meanwhile, along with the regeneration of Fe 2+ through electro-reduction of Fe 3+ (Eq. ( 3)), which guarantees the electrocatalytically continuous generation of • OH during the process [27,32] .

Fe 2+ + H 2 O 2  Fe 3+ + OH -+ • OH (4-1) O 2 + 2H + + 2e - H 2 O 2 (4-2) Fe 3+ + e - Fe 2+ (4-3)
AO is another EAOPs for degradation of organic pollutants in which heterogeneous hydroxyl radicals (M( • OH)) are generated from oxidation of water on the surface of anode (Eq. ( 4)) [34,38] . This process has also been successfully applied to the treatment of pharmaceuticals wastewater [44,45] . In the case of using an appropriate anode material (M) in EF process, homogeneous ( • OH) and heterogeneous (M( • OH)) are generated simultaneously enhancing oxidation power of the process according to the Eq.

(5) [46] .

M + H 2 O  M( Therefore, the anode material plays a significant role on the efficiencies of EAOPs (EF and AO). Various materials have been used as anodes for oxidative degradation of organic pollutants such as Pt, DSA (dimensionally stable anode), BDD (boron-doped diamond) [47] , PbO 2 [48] , graphite, TiO 2 , IrO 2 and others [23,49] . Among those, the BDD was reported to be more potent anode for mineralization of organics because of its high O 2 evolution overpotential, high stability and availability of physisorbed M( • OH) [50][51][52] .

Though BDD anode can significantly enhance the efficiency of EAOPs, its highly expensive cost is a big drawback for large scale application. Recent years, another non-active anode, namely the sub-stoichiometric titanium oxides, Ti 4 O 7 , has been investigated and proved to be a promising alternative to BDD for EAOPs due to the weak adsorption of generated Ti 4 O 7 ( • OH) on its surface, high electrical conductivity, chemical stability and lower cost [53,54] . Some researchers, including our group, have explored the performance of this anode at low currents in EF and AO processes [55,56] ; however, there is no systematic works showing the comparative performance of Ti 4 O 7 against other conventional anodes in oxidation of pharmaceuticals at high current conditions.

In this study, the treatment of solutions containing the pharmaceutical IMA by EF and AO processes was investigated with four different anodes (DSA, Pt, Ti 4 O 7 , BDD).

Carbon felt (CF) [57,58] , as one of the most popular electrodes, was used as cathode in all of the experiments. A series of comparative experiments were carried out to determine the efficiency of each anode on the basis of degradation kinetics of IMA, total organic carbon (TOC) removal of its aqueous solution and energy consumption related to each anode. Formation and evolution of short-chain carboxylic acids as end-products before complete mineralization and inorganic ions released to the solution during mineralization experiments were analyzed. What's more, the intermediates generated during mineralization of IMA were identified by gas chromatography-mass spectrometry (GC-MS) technique and a plausible degradation pathway of IMA by  OH was proposed. To our knowledge, the oxidative degradation mechanism of IMA by  OH Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 102 generated in EAOPs was not already reported. Finally, the change in acute toxicity of IMA solution during EF treatment was assessed by using Microtox ® method. (resistivity of 18 MΩ cm -1 ) obtained from a Millipore Milli-Q system (Molsheim, France). Potassium hydrogen phthalate (99.5%) used for the calibration of TOC value was purchased from Shimadzu (France).

Materials and methods

Electrolytic system

The experiments were operated in a 250 mL undivided electrolytic cell with four different anodes (4 cm × 6 cm) and CF cathode (14 cm × 5 cm × 0.5 cm). The CF was obtained from MERSEN (France), and the anodes were purchased as: Pt from Goodfellow (Lille, France), DSA from GuangJiDian Liability Company (China), and BDD from CONDIAS GmbH (Germany). The sub-stoichiometric titanium oxide (Ti 4 O 7 )

was provided by Saint-Gobain Research Provence (France). Anodes were centered in the electrolytic cell surrounded by CF cathode, which cover the inner wall of the cell.

During the electrolysis, solutions were kept homogeneous with magnetic stirring.

Electrolysis of IMA (0.07 mM) in EF process was performed at pH 3 which is regarded as the optimal value [25,26] . The electrooxidation experiments were carried out with a series of current ranging from 100 to 500 mA at room temperature. Samples were Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 103 taken during electrolysis at pre-set intervals for kinetics decay of IMA TOC measurements, carboxylic acids and inorganic ions analyses. For AO process, all of the experimental conditions were same except without Fe 2+ (catalyst of EF process).

Experiments were carried out triplicate and the mean values are reported on the figures.

Electrochemical measurements and analysis

The decay in initial concentration of IMA (0.07 mM) during kinetic experiments was monitored by uHPLC (Ultimate 3000, Thermo Scientific) using a DAD detector and coupled with a RP-18 Hypersil column (1.9 μm, 10 cm × 2.1 mm). The mobile phase was set as: water (1% acetic acid)-methanol (1% acetic acid) ( 70 The TOC decay measurements were monitored by Shimadzu V CSH TOC analyzer and the results obtained were used for the calculation of TOC removal efficiency (Eq. ( 6)), energy consumption (EC) (Eq. ( 7)) and mineralization current efficiency (MCE) (Eq. ( 8)): Besides, the evolution of the acute toxicity of IMA solution during the mineralization process was monitored and assessed by Microtox ® method based on the measure of luminescence inhibition of bacteria Vibrio fischeri.

Results and discussion

Decay kinetics of IMA

The kinetics of oxidative degradation and mineralization of pollutants in EF and AO processes mainly dominated by the yield of in-situ generated H 2 O 2 on the cathode Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 105 and the nature of anode, respectively. When using an appropriate (non-active) anode in EF process, the nature of both cathode and anode are important: The average generation rate of H 2 O 2 on cathode (Eq. ( 2)) determines the rate of Fenton reaction (Eq. ( 1)) and therefore governs the amount of homogeneous • OH generated in solution while the anode material plays a significant role in the generation of heterogeneous hydroxyl radicals (M( • OH)) on the surface of anode (Eq. ( 4)). In spite of the prevailing effect of both electrodes on the performance of organics removal, current applied, concentration of catalyst (EF) and solution pH are also important parameters in EAOPs.

First, preliminary experiments were designed to found the optimized value of Fe 2+ (as catalyst). All of the experiments were then conducted at proper pH 3 and a catalyst concentration fixed to 0.1 mM (only in EF process), focusing on the effects of current on the degradation of organics in EF and AO processes with different anodes. processes. A series of current ranging from 50 to 500 mA were explored in both cases.

Results show that whatever the process (EF or AO), the decay of IMA concentration is enhanced when increasing the value of current due to higher H 2 O 2 generation on the cathode (Eq. ( 2)) and regeneration rate of Fe 2+ (Eq. ( 3)) resulting in higher concentration of homogeneous • OH in solution via Fenton reaction (Eq. ( 1)). In the case of AO, high currents promote the formation of M( • OH). Besides, the performance of IMA removal in EF process was much better than that in AO process because of two sources of hydroxyl radical in the former case. It is noteworthy that IMA is completely disappeared from the solution within 40 min in EF process with DSA anode (Fig. 1(a))

while it still remained in AO process even after 120 min electrolysis with currents of 50, 100, and 200 mA (Fig. 1(b)). The kinetic decay rate of IMA was almost two times lower in AO than in EF under 50 and 100 mA (Table 1), thus illustrating that the homogeneous • OH in solution is remarkably efficient than the heterogeneous DSA( • OH) for complete oxidation of IMA.

The performances relative to the oxidative degradation of IMA with Pt anode (Pt/CF cell) under the same experimental conditions are depicted on Figs. 1(c) and 1(d).
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The decay rate of IMA concentration increased with the increasing current. Slightly higher efficiencies were obtained compared to the results of DSA/CF cell under the same currents (Fig. 1(a)). For instance, with the applied currents of 300 and 500 mA, the complete oxidative degradation of IMA was obtained at 20 min and 15 min, respectively, in Pt/CF cell (Fig. 1(c)), while it needed 35 min in DSA/CF cell (Fig. 1(a)).

Similarly, the decay rate of IMA in Pt/CF cell during AO process was slightly higher than that of DSA/CF cell. This slight advantage is due to the different adsorption characteristics of anodes: The DSA is a slightly more active anode than Pt, resulting in more strongly adsorbed DSA( • OH) on the surface of anode than Pt( • OH). previous report [55] where the currents of significantly low range of 10-120 mA were tested. Under the condition of high current, the decline in degradation efficiency can be explained by two reasons: The first is the intensification of competitive side reactions (Eqs. ( 10) and ( 11)) competing with mineralization of IMA during the EF process [27] .

The results obtained with

The second one can be related to the surface modification of the Ti 4 O 7 anode due to its oxidation to TiO 2 under high currents leading to the loss of process efficiency. The loss of efficiency with increasing current was also observed in AO with 200, 300, 500 mA for the same reasons. Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 108 with electrolysis time follows pseudo-first order kinetics under the currents applied from 50 to 500 mA (Table 1). The results show clearly that the degradation kinetics is significantly higher in BDD/CF cell compared to the previous results. For instance, complete disappearance of IMA take place at 10 min in EF process which is strongly shorter than DSA/CF, Pt/CF and Ti 4 O 7 /CF cells. When comparing with Ti 4 O 7 /CF, the main difference is the continuous enhancement of degradation kinetics with rising applied current value. The greater performance of BDD anode in IMA degradation canbe explained by the higher O 2 evolution overpotential allowing to generate high amounts of BDD( • OH), which is weakly physisorbed and more available to react with organic compounds [46] .

According to the analysis above, homogeneous • OHs generated in bulk solution play a dominant role in the degradation of organics during EF process compared to the limited contribution of heterogeneous M( • OH). Especially, the performances of Ti 4 O 7 and BDD anodes are much better than DSA and Pt anodes, due to the higher O 2 evolution overpotential and weaker ability of chemisorbed M( • OH) of the formers anodes.

Comparison of the mineralization power of different anodes

The potential of anode materials for mineralization of 0.07 mM (corresponding to 24.1 mg L -1 initial theoretical TOC) of IMA solutions was studied under a series of applied current from 50 to 500 mA. The complete mineralization of organics usually needs a significantly long electrolysis time along with a complicated process. Therefore all of the experiments for TOC removal of IMA solutions were kept for 8 h.

The results of TOC decay in DSA/CF cell (Fig. 2(a)) illustrate that the TOC removal rate is improved with the increasing applied current in the range of 50-300 mA in EF process with maximum TOC removal value of 61% obtained for 300 mA. Further increase in current to 500 mA was resulted in a very few enhancement in TOC removal efficiency. In spite of regular increase with rise of current, TOC removal rates obtained with AO process (Fig. 2(b)) are significantly lower than those obtained in EF process.

Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 109 These results highlight that the homogeneous • OH generated in solution contributed to the relatively high results of TOC removal rates obtained in EF process. As can be seen in Figs. 2(c) and 2(d), the performances of IMA mineralization with Pt/CF cell revealed a better TOC removal efficiency compared to DSA/CF cell. Similar TOC decay kinetics was observed with optimal current value of 300 mA resulting in 78% TOC removal efficiency (Fig. 2(c)). Rising current to 500 mA gave a very few enhancement (80%) in TOC removal. AO process provided almost two times lower TOC decay efficiencies for all currents compared to EF process, reaching the maximum value of 45% with 500 mA after 8 h electrolysis. the BDD anode due to its high O 2 overpotential and weak sorption of formed radicals [26] . The remarkable performances of TOC removal with BDD in both processes were in agreement with the results of kinetics experiments (Figs. 1(g) and 1(h)).

The evolution of MCE% corresponding to mineralization experiments was explored in Fig. 3. In DSA/CF cell, the MCE% values for EF and AO processes (Figs.

3(a) and 3(b)) show regular trends, with maximum values obtained for the lower currents of 50 mA. The MCE values for EF (Fig. 3(c)) and AO (Fig. 3(d)) processes with Pt anode were both higher compared with those obtained with DSA anode. These results are in agreement with the literature [46] reporting the TOC removal efficiency with Pt anode at the same condition. The MCE% values both in EF and AO processes with Ti 4 O 7 anode (Figs.

3(e) and 3(f)) were more than two times of those obtained with DSA anode. With BDD anode, the trend of MCE curves was similar to TOC removal, as well as decreasing with the high currents due to the gradual enhancement of side reactions (Eqs. ( 12) and ( 13)) consuming the generated • OH [55] . Generally, it can be regarded that, in EF process, the organics are degraded and mineralized via the combined effect of homogeneous • OH in solution and heterogeneous M( • OH) on the anode surface. In order to further explore the effect of anode materials on the contribution of heterogeneous and homogeneous radicals to kinetics decay of IMA and TOC degradation, the corresponding apparent rate constants (k app in min -1 ) with four kinds of anodes were calculated assuming first-order reaction kinetics and presented in Tables 1 and2. Here we chose α as the value of (k 1 -k 2 )/k 2 , assuming that there is no other reactions in the process to sketchily reflect the function of • OH and M( • OH) with current for kinetics decay of IMA and TOC removal, where k 1 and k 2 represents the apparent rate (k app ) in EF and AO process, respectively. Fig. 4(a) shows that generally the value of α decreased with the rising current, suggesting that the effect of heterogeneous • OH for IMA removal was enhanced with the increasing currents. The results depicted in Fig. illustrate that the effect of homogeneous • OH for TOC removal was the highest with Pt anode under the same condition of current. The analysis of α value provides more information about the contribution made by homogeneous or heterogeneous hydroxyl radicals to oxidation kinetics of IMA and TOC removal of its solution in EF process.

In the EAOPs, high applied currents could generally improve the mineralization efficiency but also at the same time usually lead to the decrease in MCE% because of the intensification of side/wasting reactions and also formation of intermediates hardly oxidizable such as carboxylic acids [59] . Therefore, another important parameter is the electrical energy consumption (EC) that will be taken into consideration in comparison of mineralization performance according to the (Eq. ( 7)). As depicted in Fig. 5, the trend in evolution of EC as a function of time clearly shows that the applied current affects significantly this parameter; it is mostly enhanced as the current increasing from 50 to The complete mineralization of organics in EAOPs is accompanied by the formation of aromatic intermediates, inorganic ions and short chain aliphatic carboxylic acids [60] . During the electrochemical oxidation, the N atoms contained in IMA molecule would be released into the solution as inorganic ions NH 4 + , NO 3 -and NO 2 -via cleavage of covalent bonds, which can be regarded as an important signal of IMA mineralization. 
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The concentration of nitrogen ions evolved with BDD anode was presented in Fig. 6. NO 2 -ion was not detected in the solution. It can be observed that the concentration of NH 4 + released to the solution is much higher than that of NO 3 -in solution along with the electrolysis time. At the early stage of the experiment, concentration of NH 4 + and NO 3 -increased quickly and gradually reached to a plateau, with generation of 0.58 mM NH 4 + and 0.09 mM NO 3 -in the solution. The sum of NH 4 + and NO 3 -represents 95% of the nitrogen expected for the theoretically complete mineralization of IMA. The little loss in mass balance could be explained with the formation of gaseous nitrogen compounds such as N 2 and N 2 O 5 [46] . The relatively high concentration of the NH 4 + can be related to the progressive cathodic reduction of formed NO 3 -. The identification and evolution of carboxylic acids during the mineralization of IMA solution with BDD anode in EF process was shown as Fig. 7. The plots illustrate Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 119 that five kinds of carboxylic acids were identified and followed with the ion-exclusion chromatography. The well-defined peaks corresponding to oxalic, pyruvic, oxamic, formic and acetic acids were detected at the retention time of 7.0, 8.6, 10.7, 12.4 and 14.9 min, respectively. The concentration of these carboxylic acids accumulated quickly at the early stage of the electrochemical oxidation (60-120 min), and gradually decreased with the electrolysis time. Among which, oxalic acid, the ultimate product of the oxidation of aromatic intermediates [61,62] , was obtained at a maximum concentration during the EF process for IMA mineralization. Also, formic, acetic and oxamic acids reached maximum values at 40, 120 and 60 min, respectively. It is noted that the concentration of formic and oxamic acids were detected as trace level in the EF process with BDD anode at treatment time of 8 h demonstrating high performance of BDD anode in the mineralization of IMA in agreement with the results of TOC removal kinetics (Fig. 7). The intermediates products formed during mineralization of IMA were detected and identified with GC-MS and HPLC (Table 3) analyses. Based on identified intermediates, a plausible scheme of IMA degradation by hydroxyls radicals generated in EF process with BDD anode has been established (Fig. 8), assuming that the detected products are representative of the complicated mixture of the degradation intermediates.

In this way and according to the analysis of detected intermediates, compound (I) was formed from demethylation of the methylamine group of IMA in agreement with the literature [63] . Further attack of • OH to C-N bond leads to the formation of compounds (II) and (III). These two identified intermediate products are the same as the results reported by Turkay et al. [64] . Subsequent progressive oxidative breaking of aromatic rings generates aliphatic compounds (IV) -(VIII) which then oxidized by • OH/M( • OH)

to short-chain carboxylic acids [65] , which are finally mineralized into CO 2 and water. 

Assessment of acute toxicity during EF degradation of IMA solution

The evolution of acute toxicity of 0.07 mM (34.5 mg L -1 ) IMA solution over electrolysis time during EF process with BDD anode at 300 mA was investigated via monitoring the bioluminescence inhibition of V. fischeri bacteria using Microtox ® method. As depicted in Fig. 9, the inhibition percentage increased to a maximum values Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 123 at the early electrolysis stages (60-120 min), illustrating the formation of intermediates more toxic than IMA [25] . The bioluminescence inhibition percentage increased up to 100% at 60 min, whereafter, it decreased with the electrolysis time. The inhibition profile in Fig. 9 shows that the maximum inhibition value was followed by a sharp decrease, with obtaining minimum value of 3.6% (after 15 min exposition) after 120 min of the electrolysis time. The drastic decay in toxicity was owing to the further mineralization of toxic intermediates into the non-toxic compounds in agreement with the TOC decay results depicted in Fig. 9. The data of toxicity evolution of IMA solution with BDD anode demonstrates again the high oxidation and mineralization performance of BDD anode for wastewater treatment. 

Conclusions

The comparative efficiency of different anode materials, i.e., DSA, Pt, Ti 4 O 7 and BDD, for advanced oxidation processes EF and AO were systematically investigated taking the anti-cancer drug IMA as target pollutant. The kinetics decay of IMA Formation and evolution of carboxylic acids and aromatic intermediates during electrolysis were assessed. Almost complete release of organic N as inorganic ions (NH 4 + and NO 3 -) into solution and removal of acute toxicity also confirmed the outstanding behavior of BDD anode for effective treatment of wastewater contaminated by persistent organic pollutants.

Introduction

Numerous innovative and comprehensive researches provide an extensive understanding on traditional and advanced techniques used for water and wastewater treatment [1][2][3][4][5] . Among these methods, advanced oxidation processes (AOPs) are usually applied to remove refractory organic pollutants whenever conventional oxidation techniques are inefficient and insufficient, thereby requiring the consumption of excessive reactants that makes the treatment far less cost-affordable [4,[6][7][8] . Thanks to the in-situ electrochemical generation of reactants including powerful hydroxyl radicals ( ▪ OH), electrochemical advanced oxidation processes (EAOPs) have attracted ever-increasing attention because of their advantages of high-efficiency, environmental friendliness and economic feasibility [9] . In particular, electro-Fenton (EF) has been one of the most popular EAOPs, in which H 2 O 2 generated by oxygen cathodic reduction (eq. 1) reacts with the added Fe 2+ to form powerful ▪ OH (eq. 2) [4,10,11] .

O 2 + 2H + + 2e - H 2 O 2 (5-1) 
Fe 2+ + H 2 O 2  Fe 3+ + OH -+ • OH (5-2)
Over the past decades, EF has demonstrated remarkable potential for the decontamination of organic pollutants such as toxic and persistent pesticides, synthetic dyes, pharmaceuticals and personal care products (PPCPs) and various industrial pollutants [6,[12][13][14][15][16] . Cathode material is confirmed to be one of the most important parameters affecting EF performance since it determines the electrochemical generation of H 2 O 2 through oxygen reduction reaction (ORR) [17,18] .

Besides air diffusion cathodes with high yield of H 2 O 2 [19, 20] , graphite felt is perhaps one of the most widely studied carbonaceous cathodes due to the special advantages such as high H 2 evolution over-potential, low cost and non-toxicity [6] . Though great efforts have been devoted to improve cathode efficiency by electrochemical/chemical modification or nano-structured doping [21][22][23][24][25] , there are still two intrinsic drawbacks seemed unavoidable for EF.

One is the optimal pH range for EF is very limited as narrow as 2.5-3.5

(probably near 3), avoiding the formation of coagulation at high pH condition and some side effects in strong acid medium [26][27][28][29][30] . This would increase the treatment cost.
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Heterogeneous catalyst such as iron minerals or transition metal ions on solid supports usually suffer from catalyst falling off or dissolution, leading to the cathode activity inactivation and metal ions pollution [10] . Recently, it has been reported that carbon material could be efficient catalyst for decomposition of the added H 2 O 2 toward ▪ OH [32] . Therefore, to overcome the aforementioned two drawbacks existing in traditional EF and improve the eco-friendliness of EAOPs, developing highly efficient metal-free carbon based catalyst for the in-situ generation of free radicals from the decomposition of electrochemical generated H 2 O 2 would be more promising for application, though still is a big challenge.

Herein, for the first time, an efficient in-situ metal-free EAOPs for organic pollutant degradation was established based on the graphite felt cathode modified with N-doped graphene (N-EEGr-GF), which provided ultrahigh yield of H 2 O 2 (6.2 mg h -1 cm -2 ) in ORR. The N-EEGr was synthesized via calcination of ammonium nitrate and graphene (EEGr) derived from electrochemical exfoliation of graphite foil.

Such in-situ metal-free EAOPs exhibited a more wide suitability on pH, and higher efficiency compared with traditional EF, while without iron sludge production and additional catalysts except for cheap air, therefore N-EEGr-GF should be a promising cathode material in the development of metal-free EAOPs for environmental remediation.

Experimental

Synthesis of N-EEGr

Ammonium nitrate was selected as nitrogen resource for N-EEGr. The EEGr was derived from electrochemical exfoliation of graphite foil [21] , and was mixed with ammonium nitrate (mass ratio 1:1) in ethanol solution, stirring for 30 min and then was heated at 55 o C to evaporate ethanol. Finally, the dried mixed powder was calcinated at 360 o C for 1 h in a furnace under nitrogen atmosphere. The obtained N-EEGr was used to modify GF cathode for high yield of in-situ H 2 O 2 generation in EAOPs. Details about the preparation of EEGr-GF, N-EEGr-GF electrodes and electrochemical detections are presented in supporting information.
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Physical Characterization

The morphology of N-EEGr was analyzed by scanning electron microscopy (SEM) (LEO-1530VP, Germany). Raman spectra were determined with a Renish Modular Raman spectrometer equipped with a Stellar Pro Argon-ion laser at 514 nm (50 mW). X ray diffraction (XRD) (XRD-7000, Shimazduo) and X-ray photoelectron spectroscopy (XPS) (Krato-ultra DLD, Shimazduo) using Mono Al Ka radiation ( hυ = 1486.7 eV) were used to detect the crystalline structure of N-EEGr.

Electrochemical Measurements

Rotating disk electrode (RDE) was used to detect the oxygen reduction activity of N-EEGr in saturated O 2 solution at a scan rate of 20 mV s -1 by AUTOLAB (PGSTAT100) with saturated calomel reference electrode (SCE). Electron transfer numbers were calculated according to the slopes of the Koutecky-Levich plots to determine the selectivity for H 2 O 2 production: [33] 1 2 (5-4

1 1 1 k JJ Bw  (5-3) 
Where J and J k are the detected current density and kinetic current density, respectively (mA cm -2 ), w is the angular velocity (rad s -1 ), n is the electron transfer numbers, F represents the Faraday constant (96485 C mol -1 ), C 2 o is the bulk

concentration of O 2 (1.2×10 -6 mol cm -3 ), D 2 o
is the diffusion coefficient of O 2 in the electrolyte solution (1.9×10 -5 cm 2 s -1 ) and  is the kinematic viscosity (0.01 cm 2 s -1 ).

Catalytic Activity Measurements

The performance of N-EEGr-GF was tested in a 100 mL reactor containing 50 mg L -1 phenol. The anode and cathode were DSA (2.5×5 cm 2 ) and N-EEGr-GF electrode (2.5×4 cm 2 ), with a distance of 1 cm. The concentration of phenol was analyzed by HPLC (U3000, Thermo Scientific, USA, C18 column, 5 μm, 4.6×250 mm ) with diode array detector (wavelengths at 270 nm). The analytical conditions were as follows: the mobile-phase was 60% methanol and 40% water with a flow rate of 0.3 mL min -1 . The degradation of phenol with different electrode was also Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 134 evaluated by the pseudo-first-order reaction rate constant (k).

Besides, electron spin resonance (ESR) was used to detect the existence of free radicals with 5,5-dimethyl-1-pyrroline N-oxide (DMPO) as trapping agent [32]. The sample of 0.32 mL was mixed with 0.08 mL DMPO (4:1) thoroughly for 30 s and then transferred to a capillary tube for detection. For quantitative calculating of ▪ OH produced by electrodes, dimethyl sulfoxide (DMSO) trapping and 2,4-dinitrophenylhydrazine (DNPH) were used to form a kind of corresponding hydrazone (HCHO-DNPH) and detected by HPLC ( U3000, Thermo Scientific, USA, C18 column, 5 μm, 4.6×250 mm ) with a diode array detector (wavelengths at 355 nm) [34,35] . Methanol and water (60:40, v/v) was selected as the mobile phase with a flow rate of 0.3 mL min -1 .

Results and discussion

Material characterization

Figure 1a presents the SEM images of EEGr (inset) and N-EEGr, both are thin sheet with several crumpled layers. The surface of N-EEGr was a little flat and smooth than that of EEGr, which was due to the reduction of some oxygen functional groups in EEGr during calcination under nitrogen atmosphere [36] . The XRD characterization showed that EEGr was oxidized during electrochemical exfoliation because of the presence of peak at 2θ = 12.3° (Figure 1b). Conversely, it was disappeared in N-EEGr, indicating that EEGr was further reduced due to the calcination under nitrogen atmosphere [36,37] . Raman spectrum of the samples revealed two peaks at around 1350 (D band) and 1582 cm -1 (G band), which are typical characteristics of graphene (Figure 1c). Moreover, the I D /I G ratios of EEGr and N-EEGr were detected to be 0.52 and 0.67, respectively, showing that I D /I G increased due to the reduction and nitrogen doping [38] , which was similar to the results in literature [37] . Therefore the defective degree of N-EEGr was higher than EEGr, possibly because of the interruption caused by nitrogen doping on the well-ordered sp 2 -hybridized graphene [39] .

Figure 1d shows the XPS spectrum of EEGr and N-EEGr samples, with C/O ratios of 20.6 and 35.4, respectively. N 1s peaks around the binding energy of 400 eV were detected for the two samples, presenting 0.42 and 1.49 at% N doping, which was

Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 135 similar to NG-20 (0.5-1.8 at%) in report [39]. It should be noted that the N content in EEGr was derived from raw graphite foil. Figure 1e and f indicate the fitted three types of N doping including graphitic N, pyrrolic N and pyridinic N [36]. It could be seen that after N-doping pyridinic N increased but graphitic N decreased in N-EEGr, which indicated that the calcination at low temperature is not able to incorporate N into the graphitic carbon frameworks and change the bulk structure of EEGr, so more portion of the N located at defective sites with only surface modification [40] . The much higher content of pyridinic N and pyrrodic N in N-EEGr at defective sites were attributed to the remarkable activity [41,42] . This result was consistent with the literature reported, in which a 7.8-fold of activity was achieved with only 0.88 at% N doping level [43] .

Activity towards ORR

CV measurement was performed to analyze the electrocatalytic activity of EEGr and N-EEGr under constant potential reduction. The characteristic reduction peaks current at -0.27 V ~ -0.32 V changed little after N-doping, confirming that the rate of electrochemical reduction of N-EEGr was close to that of EEGr [44] . Typical LSV curves of EEGr and N-EEGr in an oxygen-saturated 0.05 M Na 2 SO 4 electrolyte are shown in Figure 2b and2c. The current curves presented a typical increase with the rotation rate due to the shortened diffusion layer [33] . Analysis of the inset Koutecky-Levich plots indicated two-electron process of the ORR on EEGr (n=2.6)

and N-EEGr (n=2.7), with H 2 O 2 as the main product, proving that N-doping did not change the electron transfer routes of ORR.

Characterization of modified electrode

Composite electrodes (EEGr-GF and N-EEGr-GF) were further prepared as cathodes in EAOPs, using the developed EEGr and N-EEGr above. Compared with GF (Figure S2), the clean fiber structure was coated with a large number of particles on the two electrodes (Figure 3a and3b), and the particles on N-EEGr-GF (insert figure in Figure 3b) were much uniform than the ones on EEGr-GF (insert figure in Figure 3a). As shown in nitrogen adsorption isotherms in Figure 1c, the hysteresis loop on N-EEGr-GF was a little narrower than the EEGr-GF electrode, indicating a lower surface area and pore volume obtained after N doping on EEGr. The BET surface area and pore volume of N-EEGr-GF electrode were 8.51 m 2 g -1 and 0.028

Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 136 cm 3 g -1 , which decreased slightly compared to that of EEGr-GF (9.83 m 2 g -1 , 0.029 cm 3 g -1 ). The results were similar to the literature which showed a lower surface area and pore volume after N-doping [40] . Electroactive surface area is directly correlated to the surface chemistry of carbon-based electrodes [45,46] . Figure 3d shows that the peak current of EEGr-GF was a little higher than N-EEGr-GF. According to eq. S1, the electroactive surface area of EEGr-GF was calculated to be 90 cm 2 , which was 1.3-fold of N-EEGr-GF, thus leading to a higher rate of electrochemical reactions on the cathode.

In order to explore the effect of N-doping on the conductivity of N-EEGr-GF, Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 138 of the two electrodes were similar, which equaled 5.0 (N-EEGr-GF) and 6.7 Ω (EEGr-GF), respectively. The curves showed that EEGr-GF had a smaller semicircle than N-EEGr-GF in the high frequency region and a more vertical line in the range of low frequency, indicating that N-EEGr-GF had a little higher charge transfer resistance and lower ion diffusion rate than EEGr-GF [17,21,47] . The catalytic performances of EAOPs on EEGr-GF and N-EEGr-GF cathodes were evaluated using the extensively studied phenol [40,[48][49][50][51] as the model pollutant (Figure 4a), observing a complete phenol removal ratio within 50 min on N-EEGr-GF.

The pseudo-first-order reaction rate constant (k) of N-EEGr-GF was calculated to be 2-fold of EEGr-GF. To illustrate the roles of free radicals in the degradation of phenol in EAOPs, methanol was added into solution as the scavenger of ▪ OH [52][53][54][55] . It was observed obviously that the phenol removal ratio decreased dramatically on both EEGr-GF and N-EEGr-GF, remaining at 17.1% and 8.9% within 50 min respectively, which proved the contributory role of ▪ OH in EAOPs. These facts also indicated that some other radicals contributed the degradation. Consequently, benzoquinone (BQ), the scavenger of ▪ O 2 [56][57][58][59] was added into the solution, observing a slight decrease in phenol removal ratio on two cathodes. The phenomena denoted that ▪ O 2 was generated during EAOPs but was not the major role for phenol removal. Additionally, anodic oxidation might also contribute to the phenol removal. To confirm this, these cathodes were replaced by Pt sheet, while the anode remained unchanged. It proved the minor role of anodic oxidation for phenol degradation account for the low removal ratio of phenol (only 7.2% within 50 min).

Based on the analysis above, it might be reasonable to deduce that in the in-situ metal-free EAOPs, the better performance of EAOPs with N-EEGr-GF was due to the higher concentration of ▪ OH produced via the activation of in-situ generated H 2 O 2 on cathode. However, the concentration of H 2 O 2 generated was found very close under the same experimental conditions (Figure 4b). The yield of H 2 O 2 on the two cathodes were both pretty high at pH 7, with an average generation rate of 6.5 (EEGr-GF) and 6.2 (N-EEGr-GF) mg h -1 cm -2 , and the electric energy consumption (EEC) was 9.5 and 10.3 kWh kg -1 (Figure S3), respectively. This ultrahigh yield of H 2 O 2 would give rise to an efficient activation to generate ▪ OH on the cathode [10] :

H 2 O 2 + e - OH -+ ▪ OH (5-5)
Strictly, a little depressed H 2 O 2 generation was obtained on N-EEGr-GF when compared with EEGr-GF cathode, which might be due to the decrease of electron transfer rate and electroactive surface area as shown in Figure 3d. These results
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To approve this hypothesis, the existence of ▪ OH on two cathodes were detected via DMPO spin-trapped ESR spectroscopy [30] . As shown in Figure 4c, both of the two electrodes gave rise to exclusively 1:2:2:1 quartet signal in the ESR spectra, which are characteristic of DMPO-OH ▪ adducts via trapping of ▪ OH radicals by DMPO reagent [60] , indicating that ▪ OH was the active specie for the two cathodes. Clearly, the concentration of ▪ OH in the two systems increased with the time, which was in agreement with literature [34,60] , and the signal on N-EEGr-GF was much stronger than that on EEGr-GF. Therefore it could be concluded that the catalytic decomposition of H 2 O 2 to ▪ OH on N-EEGr-GF was more efficient than that on EEGr-GF, resulting in the enhancement of phenol removal ratios in EAOPs. bThe significant strong activation of H 2 O 2 to ▪ OH on N-EEGr-GF might be related with the N-doping on EEGr, which disrupt sp 2 hybridized carbon structure because certain species of N-doping could be regarded as the metal-free active sites [47], thus creating new "activated regions" on N-EEGr and improved the activation of free radicals [61][62][63][64] .

To further evaluate the activation of in-situ generated H 2 O 2 to ▪ OH in EAOPs, the concentrations of ▪ OH generated on two cathodes were detected (Figure 4d). On N-EEGr-GF, the ▪ OH concentration reached 88 μM at 5 min, which was more than 2 times of that on EEGr-GF ( 3 μM). At 0 min, the concentration of ▪ OH arrived at 172 μM in EAOPs on N-EEGr-GF. The difference on the generated ▪ OH concentration on the two cathodes was consistent with the results of ESR (Figure 4c) and the removal ratio of phenol in Figure 4a, presenting that N-doping on EEGr could effectively accelerate the rate of in-situ activation of H 2 O 2 to ▪ OH in EAOPs.

Possible mechanism of in-situ metal-free EAOPs with N-doped graphene

It has been suggested that N-doping can significantly enhance the catalytic performance of carbon materials [37,48] , and the introduction of N atom into EEGr layer would disrupt sp 2 -hybridized configuration and create new active sites for activation reactions [61,62,65] . According to the analysis above, the mechanism of EAOPs for organics removal on the N-EEGr-GF can be depicted in Figure 5. The Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 141 migrated oxygen electrochemically reacted with electrons via two routes. Most of the oxygen performed in a two-electron ORR approach with H 2 O 2 generation, and then the delocalized electrons from zigzag edges of EEGr would be transferred to activate the in-situ generated H 2 O 2 to form ▪ OH for organics degradation [58,66] . At the same time, another small part of the migrated oxygen was connected with one electron to generate ▪ O 2 . N-doping on the EEGr can break the chemical inertness of sp 2 carbon layer and catalytic activity of EEGr, thus increasing new active regions, stimulating the activation rate of H 2 O 2 to ▪ OH and improving the removal ratio of organics. The efficiencies of in-situ metal-free EAOPs on N-EEGr-GF were compared with EF process on EEGr-GF cathode for phenol removal at pH 3 and 7. As shown in Figure 6a, the removal ratios of phenol on N-EEGr-GF in metal-free EAOPs kept stably at pH 3 and 7, reaching 97% and 92% in 50 min, respectively, comparable to that of EF process at pH=3 (99%). It is generally acknowledged that one big drawback of EF is the narrow suitability at around pH 3. In agreement with this conclusion, the phenol removal ratio of EF at pH 7 dramatically decreased to 42%.

Though a higher Fe 2+ addition of 0.8 and 1.2 mM could help to increase the phenol removal ratio and reaction rate constant, it would lead to a second pollution with a higher iron sludge production. Additionally, the k value of EAOPs on N-EEGr-GF was also 5-fold of the one in EF on EEGr-GF at pH 7. Accordingly, such in-situ metal-free EAOPs could overcame the two disadvantages of conventional EF. The degradation performance of this metal-free EAOP was further compared with other results for phenols in literature. The most significant characteristic of these metal-free EAOPs was that it performed stably at pH 3 and 7 (k value of 0.063 and 0.052 min -1 ) with comparable or even more efficient performance than other AOPs (e.g., EF) at pH 3. Therefore the in-situ metal-free EAOP on N-EEGr-GF electrode exhibited a broader suitable pH value and without iron sludge generation, which was more effective and eco-friendly for contaminants removal.

NH 4 NO 3

Chapter 5 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 143 For EF process, as an indispensable reagent, Fe 2+ in solution cannot be cost-effectively reused for organics degradation, increasing the treatment cost and the remaining iron sludge disposal. To check whether this drawback could be overcome, the reusability of N-EEGr-GF was carried out in five runs for phenol removal, using simple ethanol regeneration after every run (Figure 6b). The fresh electrode (first run) was able to remove phenol completely within 50 min, and obtained 94%, 94%, 92% and 89% at 50 min for the second, third, fourth and fifth runs, respectively. Sun et al.

reported that the N-doped graphene could obtain 56% removal ratio in the second run, which was only half of the first run for phenol degradation, 32 also, 58%, 31% of phenol were removed in the second, third runs and with a removal ratio of 85% in 180 min after heat treatment [45] . The outstanding performance of stability in the present work proved that the in-situ metal-free EAOPs on N-EEGr-GF could be a sustainable system for pollutants removal without additional catalysts and iron sludge generation.

A further exploration indicated that without ethanol regeneration the phenol removal ratio dramatically decreased from 100% in the first run to about 20% in second cycle, though there was only a slight fluctuation of H 2 O 2 generation during the five runs. To explain this, the concentrations of ▪ OH generation on N-EEGr-GF with and without ethanol treatment were compared, observing that the ▪ OH concentration after ethanol regeneration was about three times of the one without ethanol treatment.

These facts supported that the degradation intermediates covered on the active sites would hinder the formation of hydroxyl radical from the generated hydrogen peroxide, while ethanol treatment could effectively recovery these active sites by dissolving degradation intermediates, through which the potential for the activation of in-situ In summary, N-EEGr has a superior catalytic activity for activation of H 2 O 2 to ▪ OH, which fulfill N-EEGr-GF as cost-effective and reusable cathode for metal-free EAOPs for organics degradation. In view of its competitive advantage in stable performance under wider pH conditions and environmental friendliness without second pollution and catalysts addition except for cheap air, this process can be regarded as the competent substitution of traditional EF process for organic wastewater treatment.

Conclusions

Synthesized via calcination at low temperature with NH 4 NO 3 as nitrogen resource, the prepared N-EEGr demonstrated a superior catalytic activity for activation of H 2 O 2 to ▪ OH for organics degradation. The in-situ metal-free EAOPs on N-EEGr-GF exhibited a more broad suitability upon pH, remarkable performance and excellent stability for phenol degradation. ESR spectra, methanol and benzoquinone capture confirmed ▪ OH played the dominant role in the degradation. At the same time, without catalysts addition and iron sludge generation compared with traditional EF process, such a process can be regarded as a potential candidate for wastewater treatment. This study provided an insight into the in-situ metal-free EAOPs for sustainable environmental remediation by activation of in-situ generated H 2 O 2 to ▪ OH.

Introduction

During the last decades, herbicides are constantly released into aquatic environments mainly from the agricultural sector, individual usages and public authorities to maintain the public domains (roads, highways, railways, etc.) leading their occurrence nowadays in surface water, groundwater and even in drinking water due to their persistency for long periods [1] . Most of them have been shown toxic to natural organisms and human beings [2][3][4][5] because of their bioaccumulative character and thus easily transfer to the food chain. As one of the most widely used herbicides, 2,4-dichlorophenoxiacetic acid (2,4-D), a versatile agrochemical to manage various types of weeds thanks to its low cost, easy availability and high functions, has been classified as an endocrine disruptor for human [6,7] and with moderate potential of lixiviation in soils [7] . Due to toxic properties of this herbicide and its persistence to biodegradation, the classical water treatment processes such as adsorption [8,9] , biodegradation [10] and electrocatalytic dechlorination [11] remain ineffective to remove it efficiently from water [12,13] .

On the other hand, the technologies so-called advanced oxidation processes (AOPs), based on the in-situ generation and action of strongly reactive oxidants, mainly hydroxyl radical ( • OH) constitute promising technologies for the treatment of wastewater containing persistent/toxic organic pollutants [14][15][16][17][18] . Among the AOPs, Fenton's reaction [19] constitutes a simple way to produce • OH from decomposition of H 2 O 2 with ferrous iron (Fe 2+ ) (Eq. 1).

Fe 2+ + H 2 O 2  Fe 3+ + OH -+ • OH (6-1)
To get rid of the high cost and risks of provision, storage and transport of H 2 O 2 , electro-Fenton (EF) process is regarded as one of the most popular electrochemical advanced oxidation processes (EAOPs) with formation of • OH in aqueous medium via in-situ electrochemical generation of H 2 O 2 (Eq. 2). However, EF process has to be performed better at pretty acidic pH (3.0) since at pH > 4, insoluble iron species, especially ferric hydroxide sludge, are formed [20] , leading to the catalyst loss and decrease of process efficiency.

O 2 + 2H + + 2e - H 2 O 2 (6-2)
To address this challenge, heterogeneous EF containing iron species catalysts Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 151 have been developed as potential alternatives to traditional homogeneous EF process [21][22][23] . For example, a composite nickel-iron-foam (Ni-Fe-F) cathode with providing Fe 2+ ions necessary for Fenton's reaction was used as cathode in the EF, which was proved to enhance the efficiency of EF at near neutral pH [24] . Pyrite as source of Fe 2+

was used as a sustainable catalyst in EF process for improving the oxidation of sulfamethazine, with parallel regulation of pH of the solution to about 3 [25] . Besides, Iron oxychloride (FeOCl) was studied as an efficient Fenton-like catalyst for removal of organics [26] . Olmos et al. ( 2012) used Fe-zeolites as catalysts in the photo-Fenton like reactions [27] , and iron-doped mesoporous silica was studied as a heterogeneous catalyst in EF process for rhodamine B removal [28] . However, very few of these catalysts could exhibit significant performances at neutral pH with satisfied catalytic efficiency [29] . Besides, these catalysts usually suffer from dropping off, agglomeration, dissolution and decreasing catalyst activity in the process of wastewater treatment [30] .

Hence, it is an interesting challenge to solve the issues in order to perform EF process at neural or near neutral pH conditions without adjusting the initial effluent pH. As evidenced in Eq. 2, cathode materials play a crucial role in the generation of H 2 O 2 via 2-electron oxygen reduction reaction (ORR). Carbon material is nontoxic and exhibits relative good stability, conductivity and high over-potential for H 2 evolution , favoring H 2 O 2 formation [31] . Graphite [32] , gas diffusion electrode [33] ,

graphene [34] , activated carbon fiber [35,36] , carbon nanotubes [37] and graphite felt [38] have been reported to be suitable cathode materials for H 2 O 2 generation. In this context, a previous work, the graphite felt cathode modified with electrochemically exfoliated graphene (EEGr-GF) has been shown to be able to provide ultrahigh yield of H 2 O 2 generation [38] , which was in agreement with the results already reported [39] .

Additionally, it was noted that some of the carbon-based materials are supposed to have the ability of activating H 2 O 2 to • OH for organics degradation [40,41] , inspiring the development of in-situ iron-free EAOPs for contaminants removal from wastewater.

Therefore, this study focused on the degradation/mineralization of the widely used herbicide 2,4-dichlorophenoxiacetic acid (2,4-D) aqueous solution [42] with an in-situ iron-free EAOP for which performance was regulated by different N species on the cathode. Different ratios of EEGr/ammonium nitrate (1:0, 1:1, 1:3, 1:7) in graphite Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 152 felt (GF) cathode modification (N0-EEGr-GF, N1-EEGr-GF, N3-EEGr-GF, N7-EEGr-GF) were explored, and N1-EEGr-GF demonstrated the great performance in oxidative degradation of 2,4-D. What's more, process optimization, catalyst reusability as well as the possible mechanism for 2,4-D degradation in iron-free EAOP process were investigated to gain insight into the application of this promising in-situ iron-free EAOP process. This in-situ iron-free EAOP could effectively avoid the usage of chemicals (hydrogen peroxide and iron salts) and extended the suitable range of pH value compared with traditional EF process.

Materials and methods

Chemical reagents

The graphite felts (Shanghai Qijie Carbon Material Co., Ltd.), carbon black, ethanol and polytetrafluoroethylene (PTFE) (Shanghai Hesen Electric Co., Ltd.) were used for cathode preparation. The EEGr was achieved via electrochemical exfoliation of graphite foil [38] , and ammonium nitrate was chosen as nitrogen source for preparation of N-EEGr. were purchased from Tianjin Yongda chemical reagents development center. All experiments were operated at room temperature.

Preparation of N-EEGr and N-EEGr-GF

The EEGr and ammonium nitrate were mixed at different mass ratio (EEGr : ammonium nitrate = 1:1, 1:3, 1:7) in ethanol solution under stirring and heated at 50 o C until ethanol evaporated completely, and then the mixed powder was calcinated at 360 o C in furnace under nitrogen atmosphere for 30 min to fabricate the N1-EEGr, N3-EEGr and N7-EEGr [43] . These three kinds of N-EEGr were mixed with carbon black at the ratio of N-EEGr : carbon black = 1 : 4, PTFE (0.5 mL), deionized water and ethanol, and were shaken to be a mash, then was coated on the two sides of the graphite felt, calcinated at 360 o C for 30 min under nitrogen atmosphere. The N-EEGr-GF was used as cathode for high yield of in-situ H 2 O 2 in EAOP.
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Characterizations and electrochemical measurements

The structures of the synthesized N1-EEGr, N3-EEGr, and N7-EEGr were analyzed by X-ray photoelectron spectroscopy (XPS) (Krato-ultra DLD, Shimazduo)

The cyclic voltammetry (CV) of N0-EEGr-GF (without nitrogen doping) and N-EEGr-GF (N1, N3, N7) were measured in Na 2 SO 4 solution (0.05 M) with a three-electrode system, in which the modified graphite felt cathode (3×4 cm 2 ) was used as the working electrode, Pt sheet (2×2 cm 2 ) and saturated calomel electrode (Hg 2 Cl 2 (s)/Hg (l) in saturated KCl solution) were used as counter and reference electrode, respectively.

The electroactive surface area of these cathodes (N0, N1, N3, N7) were calculated referencing the following Randles-Sevcik equation [34,44] :

I p = 2.69×10 5 ×AD 1/2 n 3/2 v 1/2 C (6-3)
where Ip, is the current peak, A is the area of the electrode (cm 2 ), D is the diffusion coefficient of the molecular under study (7.6×10-6 cm2 s -1 ), n is the number of electrons exchange in redox reaction (n=1) by the probe molecule, v is the scan rate (0.01 V s -1 ) in CV experiment and C is the concentration of probe molecular in the bulk solution (1×10 -5 mol cm -3 ), respectively.

Additionally, the concentration of H 2 O 2 generated on N-EEGr-GF (N0, N1, N3, N7) electrodes were detected by UV-Vis spectrophotometer (UV835, Shanghai Instrument Analysis Co., Ltd) with the potassium titanium (IV) oxalate method at  = 400 nm. The detection was carried out using a diode array detector at wavelength of 280 nm. The degradation efficiency (R) was calculated according to Eq. 4 [31] :

  0 0 (%) 100 t CC R C    (6-4)
and the pseudo-first-order rate constant (k app ) for the oxidation of 2,4-D by • OH was determined according to the Eq. 5, suggesting that it follows a pseudo first order reaction kinetics.

(6-5) (6-6) n is the number of electrons consumed per 2,4-D molecule during its electrochemical mineralization reaction and was taken as 30 referring to the reaction (7), F is the Faraday constant (96487 C mol -1 ), V s is the solution volume (0.15 L), △ (TOC) exp is the TOC decay (mg L -1 ) at time t, 4.32×10 7 is the conversion factor to homogenize units (3600 s h -1 × 1200 mg C mol -1 ), m represents the number of carbon atoms of The data depicted in Fig. 1 and Table 1 present the results of XPS analysis which provides insight into the chemical composition of the synthesized N-EEGr (N0, N1, N3, N7) with O/C ratios and the contents of three types of N, including pyrrolic N, graphitic N and pyridinic N [43] . The molar ratio of O/C for N0-EEGr was 0.049, and oxygen existed at a pretty low ratio of 4.62%, suggesting that the EEGr was obtained with high quality and low oxidation state. The 0.42% nitrogen detected in N0-EEGr would come from the process of graphene preparation with raw material (graphite foil). The oxygen level was subsequently decreased to 2.7% for N1-EEGr after nitrogen doping, which was consistent with the results of a previous report [45] . For N3-EEGr and N7-EEGr, the oxygen level increased to 12.28% and 20.35% with a nitrogen content of 0.5% and 0.38%, respectively. This can be explained that the N level detected by XPS was the relative content not the absolute amount of N in N3-EEGr and N7-EEGr. The contents of the three species of N were presented in Fig. 1c. It could be seen that pyridinic N content in N1-EEGr was the highest (0.66%), which was generally regarded as the active sites for ORR [46] .

Electrocatalytic activity of N-EEGr by CV

The results of CV measurements of N-EEGr (N0, N1, N3, N7) were presented in Fig. 2a, current intensity and potential (-0.37 V ~ -0.39 V/(Saturated calomel reference electrode)) of the reduction peak of N-EEGr changed in function of nitrogen doping compared with N0-EEGr. The current intensity of the peak of N1-EEGr was much higher than the others (N3-EEGr, N7-EEGr) with higher content of graphite N, providing more potential for H 2 O 2 generation in ORR, which will be explained in details below.

In order to further investigate the performances of N-EEGr, the yield of H 2 O 2 with modified cathodes N-EEGr-GF (N0, N1, N3, N7) were determined under voltage of 4

V and at pH 7 with DSA anode. Results showed that the H 2 O 2 generation with N0-EEGr-GF was the highest, with the average H 2 O 2 generation rate of 4.3 mg h -1 cm -2 , being slightly better than that of N1-EEGr-GF (4.0 mg h -1 cm -2 ) due to the Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 156 higher current response as shown in Fig. 2a [38] . These results allowed exploring the relationship between N doping degree (%) and H 2 O 2 generation rate as shown in Fig. 2b. The current intensity of the electrochemical process diminished with the increasing graphite nitrogen, while at the same time, with a rising tendency of the average generation rate of H 2 O 2 , which can be explained that the doping of graphite N on N-EEGr could accelerate H 2 O 2 generation rate with a higher current response in the process of ORR. Thereafter, the electroactive surface area of N-EEGr-GF (N0, N1, N3, N7), which is closely correlated to the surface chemistry of the electrode materials [44] , was measured by CV in 10 mM K 3 [Fe(CN) 6 ] solution via the redox reactions of the couple Fe III /Fe II at the electrode surface. According to Eq. 3, the electroactive surface area of N-EEGr-GF (N0, N1, N3, N7) was calculated as 57, 72, 37 and 18 cm 2 , respectively. generated H 2 O 2 to • OH according to Eq. 8 [19] , thus leading to the decrease of H 2 O 2 generation detected (Fig. 2) while increasing the degradation efficiency of contaminants.

H 2 O 2 + e - OH -+ • OH (6-8)
According to the analysis above, N1-EEGr-GF, which was proved to be most effective for H 2 O 2 activation to ▪ OH due to the good current response rate and the highest content of pyridinic N doping, was chosen as the cathode in the EAOP for 2,4-D degradation. It is well known that pH value plays a dominant role in the traditional EF process [20, 21] . Therefore, the effect of initial pH on the degradation efficiency of 2,4-D in EAOP was studied and results were depicted in Fig. 4b. The degradation performances at pH 3 was significantly better than others, obtaining the complete removal of 2,4-D at 20 min. At pH 5 and 7, 2,4-D could also be degraded but in a longer time (1 h). For the conventional EF process, generally, the degradation efficiency is significantly impaired when pH is around 4 or higher due to the formation of ferric hydroxide precipitate [47,48] as well as the decreasing H 2 O 2 generation rate at neutral or basic solution, and the pH 3 is acknowledged to be the optimized condition for contaminants degradation [49,50] . As contrast, this EAOP could also obtain satisfactory performance for 2,4-D degradation at pH 7, resulting in extending the suitable pH range compared to traditional EF processes.

As shown in Fig. 4c, the degradation of 2,4-D performed the best with applied cell voltages of 4 V at pH 7, while a further increase to 5 V led to the decrease of the 2,4-D degradation efficiency. This was probably due to the enhancement of wasting reactions (Eq. 9 and 10) under high voltage (5 V), consuming the ▪ OH generated on the cathode [51] . Besides, the energy consumption (EC) during the EAOP treatment was 0.09, 0.12 and 0.32 kWh g -1 (2,4-D) for 3.5, 4 and 5 V applied voltage, respectively [31,52,53] . The corresponding values of k app were 0.03, 0.04 and 0.03 min -1 for 3, 4 and 5 V (Table 2), demonstrating again that the decay rate of 2,4-D in the EAOP was best at 4 V. Also, the stability of N1-EEGr-GF electrode was explored at the proper conditions for 5 runs (Fig. 4d). All of the degradation efficiencies reached above 90%, only with a slight fluctuation for the 5 th cycles. It was worth noting that, after each time the electrode used, a simple regeneration with ethanol was operated, which was proved to be a sustainable cathode and could provide great potential for the practical application in future. Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 161 Table 2 The values of k app of 2,4-D degradation with in-situ EAOPs efficiency of 2,4-D, comparative experiments were carried out. It can be seen in Fig. 5 that during the first 2 h, solution TOC was reduced by 35% with N0-EEGr-GF, while it was remarkably increased to 53% with N1-EEGr-GF cathode, which presented a better performance with N-doped graphene as catalyst for the in-situ EAOP. Besides, it was noted that at the early stage of treatment with N1-EEGr-GF cathode, the value of MCE increased to the maximum peak, suggesting a rapid mineralization of 2,4-D (and its first oxidation intermediates) (insert of Fig. 5). The TOC removal rate and MCE decreased on longer treatment time probably due to the formation of hardly oxidizable intermediates such as short-chain carboxylic acids. Obviously, higher MCE values were observed with N1-EEGr-GF, which was consistent with the results of better mineralization rate reaching 88% TOC removal value after 8 h treatment. At this mineralization stage, the solution does not contain toxic intermediates; the residual TOC is mainly formed of short-chain carboxylic acids which are biodegradable and non-toxic [31] . Higher TOC removal efficiency can be obtained by different ways by i) increasing the applied current (until an optimal value), ii) extending the electrolysis time, iii) increasing the ratio volume/electrode surface. In this study, TOC removal efficiency was enhanced by increasing applied current and keeping longer electrolysis time of 2,4-D solution. 3 show that in the photo-Fenton process, 2,4-D can be degraded completely in 1 h with solar irradiation [20] , heterogeneous Fenton-like process (FeS/H 2 O 2 ) obtained 90% percent of the 2,4-D removal at 50 min [54] , 40% of the TOC was degraded at 360 min in the combination of anodic oxidation and electro-Fenton process with O 2 -diffusion cathode [51] at pH 3. It was reported that the degradation efficiency of 2,4-D at pH 6.5 decreased to 45% compared with 90% for pH 3 at 50 min [54] .

In contrast, in the present study, the degradation efficiency of 2,4-D reached 100% within 20 min at pH 3, which was significantly better than others. Moreover, at the pH 7, considerable performance was obtained (100% removal at 60 min) compared with other EAOPs, while without the addition of Fe 2+ or UV/solar irradiation, which can effectively decrease the treatment cost, and energy consumption illustrated this conclusion as well. In this present study, the EC for the degradation of 2,4-D was 0.04 kWh g -1 at pH 3, which was two times lesser than that obtained in EF process with Fe 2+ at pH 3 (0.104 kWh g -1 ) [51] . Besides, 0.12 kWh g -1 was consumed for the mineralization of 2,4-D at pH 7, which also demonstrated the cost effectiveness of the EAOP. The performances of 2,4-D removal obtained in this H 2 O 2 : 340 mg L -1 , FeS: 0.5 g L -1 , 50 min: R:90%, (pH 3) R:45% (pH 6.5) / [54] 92 mg L -1 Electrochemical oxidation/ (BDD) electro-Fenton (Pt/air-diffusion)

Air flow: 10 L min -1 , I: 1.0 A, Fe 2+ : 0.5 mM pH 3 300 min: R:100%, R TOC :66% 0.056 [55] 100 mg L -1 Photo-electro-Fenton (H 2 O 2 /UV/Fe 2+ ) rotating cylinder electrode I: 0.18 A, U: 2.5 V, pH 3.5 During the treatment of organics by AOPs, ultimate end-products before mineralization are the short-chain carboxylic acids [31] . Carboxylic acids formed during oxidation of 2,4-D were analyzed by ion-exclusion HPLC, aiming to identify and quantify their generation and evolution. Five well-defined peaks were detected with the retention time (t R ) of 6.8, 7.8, 11.0, 14.3 and 14.6 min corresponding to oxalic, maleic, glycolic, fumaric and acetic acids, respectively. As shown in Fig. 6b, oxalic and acetic acids were formed in large amount and these two acids are usually regarded as the end-products before complete mineralization. All the carboxylic acids formed during oxidation process were then gradually destroyed by EAOP with N1-EEGr-GF until a non-significant value at the end of 480 min electrolysis. Based on identified aromatic intermediates and short-chain carboxylic acids, a plausible degradation pathway was proposed (Fig. 7). Firstly, the • OH attacked C-O bond on the phenoxy group of 2,4-D with the generation of 2,4-DCP and glycolic acid.

This statement is in agreement with the literature [57] . Then, 2,4-DCP would be further converted to 2,5-dihydroxychlorobenzene by dechlorination (following ipso addition of • OH) of C1 atom on C5 to form the 2-chlorohydroquinone, which was not identified by HPLC and GC-MS in this study, while this way has been evidenced from other reports [6,57,58] and was deduced with dotted line in Fig. 7.

Dechlorination/dehydrogenization of this product led to the formation of hydroquinone and benzoquinone that were generally detected during oxidation of aromatic compounds. On the other hand, 2,4-DCP was oxidized by using electrochemically generated hydroxyl radicals for the treatment of 2,4-D [54] , in which several of the detected intermediates coincides with the ones found in this study.

However, as a significant difference, in the present study, the consumption is relatively low (9.7 kWh kg-1). Under the optimized cathodic potential of -0.9 V and pH 7, the modified cathode maintained a stable hydrogen peroxide yield, which was twice as high as that of graphene-free cathode. Further studies on cyclic voltammetry, rotating disc electrode (RDE) and contact angle show that the Through this study, it is preliminarily proved that nitrogen-doped graphene-based in-situ advanced non-metallic oxidation technology has unique advantages in the treatment of emerging organic compounds, but there are still some shortcomings in depth and breadth. Therefore, based on the research in this paper, the following aspects can be studied in depth:

(1) Graphene was modified by doping other non-metallic heteroatoms to explore its catalytic properties.

(2) It is possible to explore the preparation of iron oxide and graphene composite materials, their catalytic properties, and the preparation of composite electrodes by using this material, and to explore its application in heterogeneous EF as a cathode for the degradation of emerging organic pollutants.

(3) This study is limited to the laboratory synthetic wastewater. Because the pollutant composition in the actual wastewater is very complex, the treatment result of the actual wastewater is still unclear. To explore the effect of graphene-based in-situ advanced non-metallic oxidation technology on the treatment of actual wastewater so that the technology can be applied to the treatment of actual wastewater as soon as possible.
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 5 Figure 5. N 2 adsorption/desorption isotherms of EEGr-20 and unmodified graphite felt electrodes (a); Nyquist plot of EEGr-20 and unmodified graphite felt electrodes (b); Cyclic voltammograms of three different modified cathodes (modified graphite felt with EEGr, EEGr-0, EEGr-20) (c); The Linear sweep voltammetry of modified electrode with EEGr-0 (d) and EEGr-20 (e) in O 2 saturated Na 2 SO 4 solution at a scan rate of 50 mV s -1 with RDE. Inset: K-L
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 731 Figure 7. The degradation of orange II, methylene blue, sulfadiazine and phenol. Conditions: Pt anode; V=100 mL; pH=3; [Fe 2+ ]=0.4 mM; Na 2 SO 4 : 50 mM; Potential: -0.9 V.
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 2 Figure 2. Comparison of performance of raw CF and EEGr-CF cathodes in IMA degradation (a) and H 2 O 2 generation (b). pH 3, 200 mA. [IMA]: 0.07 mM, [Fe 2+ ]: 0.1 mM, V: 150 mL, [Na 2 SO 4 ]: 50 mM.
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 3 Figure 3. Determination of absolute rate constant for IMA oxidation (k IMA ) by competition kinetics method using EEGr-CF cathode (a); Kinetic analysis for determination of k IMA (b). [IMA]: 0.07 mM, [4-HBA]: 0.07 mM, V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 60 mA, [Na 2 SO 4 ]: 50 mM.

Figure 4 .

 4 Figure 4. Effect of current on TOC removal (a, b) and MCE (c, d) during mineralization of 0.07 mM (34.5 mg L -1 ) IMA solution with raw CF (a, c) and EEGr-CF (b, d) cathodes V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

Figure 5 .

 5 Figure 5. Effect of applied current on EC evolution during IMA degradation by EF process with raw CF (a) and EEGr-CF (b) cathodes. V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

Figure 6 .

 6 Figure 6. Time-course of identified short-chain carboxylic acids during the electrooxidation of 0.07 mM (34.5 mg L -1 ) IMA in EF process with raw CF (a) and EEGr-CF cathodes (b). V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 200 mA, [Na 2 SO 4 ]: 50 mM.

Figure 7 .

 7 Figure 7. Time-course of identified inorganic ions (NH 4 + and NO 3 -) during electrooxidation of 0.07 mM (34.5 mg L -1 ) IMA in EF process with raw CF (a) and EEGr-CF cathodes (b). V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 200 mA, [Na 2 SO 4 ]: 50 mM (for NO 3 -), [K 2 SO 4 ]: 50 mM (for NH 4 + since the presence of Na + ion hinders the detection of NH 4 + in ion chromatography).

Figure 8 .Chapter 4 Figure 1 .

 841 Figure 8. Evolution of acute toxicity during EF treatment of 0.07 mM (34.5 mg L -1 ) IMA solution with raw CF (a) and EEGr-CF cathode (b) at 200 mA. The toxicity is expressed as the inhibition of the luminescence of V. fischeri bacteria after 5 min and 15 min exposure time. V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

Figure 2 .

 2 Figure 2. Effect of current on the TOC removal of 0.07 mM IMA solution (corresponding to 24.1 mg L -1 initial TOC) in EF (a, c, e, h) and AO (b, d, f, g) with DSA/CF (a, b), Pt/CF (c, d), Ti 4 O 7 /CF (e, f) and BDD/CF (g, h) cells. V: 230 mL, [Fe 2+ ]: 0.1 mM (only in EF process), pH 3, [Na 2 SO 4 ]: 50 mM.

Figure 3 .

 3 Figure 3. Effect of applied current on the evolution of MCE with different anodes in EF

Figure 4 .

 4 Figure 4. The function (α: (k EF -k AO )/k AO ) of homogeneous • OH and heterogeneous • OH with current applied for kinetics decay of IMA (a, b) and TOC degradation (c, d) with different anodes.

Figure 5 .Figure 6 .

 56 Figure 5. Effect of applied current on the EC of IMA degradation in EF process with DSA (a), Pt (b), Ti 4 O 7 (c) and BDD (d) anode. [IMA]: 0.1 mM, V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, [Na 2 SO 4 ]: 50 mM Figure 6. Time-course of identified inorganic ions (NH 4 + and NO 3 -) during electrooxidation of 0.1 mM IMA in EF process with BDD anode. V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, I: 300 mA, [Na 2 SO 4 ]: 50 mM (for NO 3 -), [K 2 SO 4 ]: 50 mM (for NH 4 + since the presence of Na + ion hinders the detection of NH 4 + in ion chromatography).

Figure 7 .

 7 Figure 7. Identification and evolution of carboxylic acids generated during the process of IMA degradation in EF system with BDD anode. [IMA]: 0.1 mM, V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, I: 300 mA, [Na 2 SO 4 ]: 50 mM.

Figure 8 .

 8 Figure 8. Proposed degradation pathway for IMA degradation by • OH radicals generated in EF process with BDD anode.

Figure 9 .Chapter 5 Figure 1 .

 951 Figure 9. Evolution of acute toxicity of IMA solution during EF treatment with BDD anode at 300 mA. The toxicity is expressed as the inhibition of luminescence of V. fischeri bacteria after 5 min and 15 min exposure time. V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 7, I: 300 mA, [Na 2 SO 4 ]: 50 mM.

Figure 2 .

 2 Figure 2. Cyclic voltammograms of EEGr and N-EEGr (a); The Linear sweep voltammetry of EEGr (b) and N-EEGr (c) in O 2 saturated Na 2 SO 4 solution at a scan rate of 20 mV s -1 with RDE. Inset: K-L plots at different potentials.

Figure 3 .

 3 Figure 3. SEM images of EEGr-GF (a) and N-EEGr-GF (b); N 2 adsorption/desorption isotherms of the EEGr-GF and N-EEGr-GF electrodes (c); Electroactive surface area of EEGr-GF and N-EEGr-GF detection (d); Nyquist plot of the two electrodes ( EEGr-GF and N-EEGr-GF ) (e).

Figure 4 .

 4 Figure 4. The degradation of phenol in the EAOPs at different experiment conditions, methanol 20 mL and benzoquinone 5 mM; V=100 mL; pH=3; Na 2 SO 4 : 50 mM; Potential: -0.9 V (a); The performance of H 2 O 2 generation with EEGr-GF and N-EEGr-GF (b); ESR spectrum in EAOPs with two different modified cathode electrodes (c); The concentration of ▪ OH on the two electrodes in EAOPs (d).

Figure 5 .

 5 Figure 5. Schematic illustration of the in-situ metal-free EAOPs with EEGr-GF and N-EEGr-GF electrode.

Figure 6 .Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2 , 4 -D from water by iron-free electrochemical advanced oxidationFigure 1 .

 66241 Figure 6. Comparison with traditional EF process and in-situ metal-free EAOPs (a); The stability of N-EEGr-GF electrode in EAOPs (b).

Figure 2 .

 2 Figure 2. Cyclic voltammetry of N-EEGr (N0, N1, N3, N7) (a); The relationship between graphite N and H 2 O 2 generation rate (b).

Figure 3 .

 3 Figure 3. Relationship between the content of pyridinic N and catalytic performance of EAOP.

Figure 4 .

 4 Figure 4. Effect of initial concentration of 2,4-D, pH 3, applied voltage: 4 V (a), pH (b) and applied voltage (c) on the degradation of 2,4-D and stability of N1-EEGr-GF cathode for 2,4-D degradation (d). [2,4-D]: 20 mg L -1 (for Figures 4b-4c), pH 7, applied voltage: 4 V, volume: 100 mL, [Na 2 SO 4 ]: 50 mM.

Figure 5 .

 5 Figure 5. Evolution of TOC and MCE during EAOP with N0-EEGr-GF and N1-EEGr-GF cathodes. [2,4-D]: 20 mg L -1 ,volume: 100 mL, pH 7, applied voltage : 4 V, [Na 2 SO 4 ]: 50 mM.

Figure 6 .

 6 Figure 6. The degradation of 2,4-D with scavengers of ▪ OH (methanol) in the EAOP (a); Time-course of the identified short-chain carboxylic acids with N1-EEGr-GF electrode in EAOP (b). [2,4-D]: 20 mg L -1 , volume : 100 mL, pH: 7, applied voltage : 4 V, [Na 2 SO 4 ]: 50 mM.

Figure 7 .

 7 Figure 7. Reaction pathway proposed for degradation of 2,4-D by the EAOP.

  group has attempted to use the sub-stoichiometric titanium oxide electrode (Ti 4 O 7 ) as anode in EF process for pollutants degradation. The antibiotic amoxicillin (0.1 mM) can be completely degraded at 120 mA current, and the titanium oxide

  The degradation of imatinib by EF system with different anodes and the comparison of the effects of homogeneous and heterogeneous free radicals in the degradation process were investigated. The degradation pathway of imatinib was predicted by the detection of inorganic ions and carboxylic acids, ion chromatography and GC-MS.

Chapter 2

 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 51 modified graphite felt electrode was annealed for 30 min at 360 C. The performance of the modified electrode was evaluated by the yield of H 2 O 2 production and compared to the one without EEGr. The H 2 O 2 electrochemical generation experiments were operated in an undivided cell in 0.05 M Na 2 SO 4 (0.1 L)

Chapter 2 graphene 52 (

 252 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated SEM) (LEO-1530VP, Germany), transmission electron microscopy (TEM) (Titan TM G2 60-300, Japan) and atomic force microscopy (AFM) (JPK NanoWizard, Germany). The Raman spectra were recorded with a Renish Modular Raman spectrometer equipped with a Stellar Pro Argon-ion laser at 514 nm (50 mW). The crystalline structure was determined by X ray diffraction (XRD) (XRD-7000, Shimazduo) and the surface elemental composition by X-ray photoelectron spectroscopy (XPS) (Krato-ultra DLD, Shimazduo) using Mono Al Ka radiation (h = 1486.7 eV). The contact angle of water on the material surface was examined by a contact angle meter (JC2000D, China) with a water drop volume of 0.2 μL.Liner sweep voltammetry (LSV) was carried out to compare the electrochemical behavior during H 2 O 2 generation which was recorded by the CHI660D workstation at a scan rate of 50 mV s -1 in a three-electrode cell system. The modified cathode was used as the working electrode, a platinum sheet as the counter electrode and a saturated calomel electrode (SCE) as the reference electrode at ambient temperature.Electrochemical impedance spectroscopy (EIS) was performed in the frequency range of 0.1-10 5 Hz. The specific surface area of the electrodes was determined by nitrogen adsorption in a constant volume adsorption apparatus (BET, Autosorb-UQ-MP, America). What's more, cyclic voltammetry was used to explore the ORR activity for H 2 O 2 generation on the modified and unmodified graphite felt cathodes. And the active surface area of the electrodes, rotating disk electrode (RDE) was used to investigate the oxygen reduction activity of modified electrode in saturated O 2 solution at a scan rate of 50 mV s -1 .

Fig. 1e shows

 1e Fig. 1e shows Raman spectrum of EEGr and the original graphite foil. The bands of 1350 and 1582 cm -1 represented the D and G bands, respectively. Obviously the EEGr exhibited an intense D band, where graphite foil did not have. It was reported that D band had relation with the disorder or defect in the structure because of the disorderliness in the graphene sheets. Besides, the D/G value was 0.52, which was

Fig. 1 Chapter 2

 12 Fig. 1 SEM (a) , TEM (b, c) and AFM (d) of the EEGr from the graphite foil and Raman spectrum of

Fig. 2

 2 Fig. 2 XRD patterns of the graphite foil and EEGr (a); XPS survey spectra of graphite foil and EEGr (b); high-resolution C 1s spectrum of EEGr (c) and graphite foil (d).

Chapter 2

 2 Fig.3ashows the yield of H 2 O 2 on the cathodes modified with different ratio of EEGr to carbon black (0, Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 58

Fig. 3 Chapter 2

 32 Fig. 3 The performances of modified graphite felts with different ratio (a) and loading of EEGr (b) for H 2 O 2 generation.

Fig. 4

 4 Fig.4 The performance of H 2 O 2 generation with different potentials (a) and pH (b); Stability of modified cathode with EEGr-20 over 10 cycles of the rate of H 2 O 2 generation and EEC (c).

  Fig.5cshows CV of the three different cathodes (EEGr-0, EEGr-20 and unmodified graphite felt cathode), confirming EEGr-20 had the highest peak current density. It was observed that EEGr-20 had a strong reduction peak at -0.4 V vs SCE,

Chapter 2 Fig. 5 N

 25 Fig.5 N 2 adsorption/desorption isotherms of EEGr-20 and unmodified graphite felt electrodes (a); Nyquist plot of EEGr-20 and unmodified graphite felt electrodes (b); Cyclic voltammograms of three different modified cathodes (modified graphite felt with EEGr, EEGr-0, EEGr-20) (c); The Linear sweep voltammetry of modified electrode with EEGr-0 (d) and EEGr-20 (e) in O 2 saturated Na 2 SO 4 solution at a scan rate of 50 mV s -1 with RDE. Inset: K-L plots at different potentials; electrocatalytic activity towards Fe(III)/Fe(II) redox couple detected with CV techniques (f); Contact angles of unmodified graphite felt (g), modified graphite felt with EEGr-0 (h) and with EEGr-20 (i).

Fig. 6

 6 Fig.6 The schematic diagram of the ORR process.

Chapter 2

 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 67 2.3.4 The performance of pollutants degradation

Chapter 3

 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 76 EEGr-CF for the degradation and mineralization of IMA by establishing the key operating parameters including concentration of Fe 2+ and applied current. At the same time, a series of comparative researches with raw CF were presented. Additionally,

Chapter 3

 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 78 (7.8 mm × 300 mm) at 40 o C at the wavelength of 220 nm using a L-2400 UV detector. 4 mM H 2 SO 4 solution was chosen as eluent at 0.6 mL min -1 flow rate. Inorganic ions released into the solutions were detected using a Dionex ICS-1000 Ion Chromatograph equipped with a Dionex DS6 conductivity detector at 30 o C. The concentration of NH 4 + was measured by Dionex CS12A (25 cm × 4 mm) cationic column with 1.0 mL min -1 mobile phase of 9 mM H 2 SO 4 , while the detection of anions (NO 3 -, NO 2 -) was operated with Dionex AS4A-SC (25 cm × 4 mm) anionic column using the mobile phase composed of 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 solution at flow rate of 2.0 mL min -1 .

C 29 H

 29 31 N 7 O + 57H 2 O  29CO 2 +7NH 4 + +117H + + 124 e - (3-5) Energy consumption (EC) is another parameter studied to evaluate the performance Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 79

3. 3 . 1

 31 Effect of Fe 2+ concentration and current on IMA oxidative degradation kinetics It is well known that the concentration of catalyst (Fe 2+ ) plays an important role in EF process according to Eqs. (2) and (3). The effect of Fe 2+ concentration on the kinetics decay of IMA was explored. IMA solution (150 mL of 0.07 mM) was treated with raw CF cathode at a constant current density of 16.66 mA cm -2 with catalyst concentrations of 0.05, 0.1 and 0.2 mM, respectively. In general this concentration depends on the chemical structure of the organic pollutants to be removed and the persistence of the intermediates formed. The results in Fig.1(a) show that the degradation kinetics of IMA is accelerated with the increasing amount of Fe 2+ due to the acceleration of Fenton's reaction rate improving • OH generation via Eq. (2) and thus

Chapter 3 82 Fig. 1

 3821 Fig. 1 Optimization of operating parameters for IMA degradation with raw CF cathode in EF process. Effect of catalyst [Fe 2+ ] concentration at I: 16.66 mA cm -2 (a), and effect of current at 0.1 mM [Fe 2+ ] (b) on IMA decay kinetics. [IMA]: 0.07 mM (34.5 mg L -1 ), V: 150 mL, pH 3, [Na 2 SO 4 ]: 50 mM.

  (b), providing that the yield of H 2 O 2 generation could reach 400 mg L -1 at 120 min with EEGr-CF cathode, which was almost 4 times higher than that with raw CF cathode under the same operating conditions. What's more, the value of EC with EEGr-CF cathode for H 2 O 2 generation was only half of the latter one as shown in the inset of Fig. 2(b), illustrating that graphene-based cathode could enhance the average generation rate of H 2 O 2 in EF process. These results are in agreement with the performance of both cathodes for degradation kinetics of IMA depicted in Fig. 2(a).

Fig. 2 Chapter 3

 23 Fig. 2 Comparison of performance of raw CF and EEGr-CF cathodes in IMA degradation (a) and H 2 O 2 generation (b). pH 3, 200 mA. [IMA]: 0.07 mM, [Fe 2+ ]: 0.1 mM, V: 150 mL, [Na 2 SO 4 ]: 50 mM.

Fig. 3 Chapter 3 85 3. 3 . 3

 338533 Fig. 3 Determination of absolute rate constant for IMA oxidation (k IMA ) by competition kinetics method using EEGr-CF cathode (a); Kinetic analysis for determination of k IMA (b). [IMA]: 0.07 mM, [4-HBA]: 0.07 mM, V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 60 mA, [Na 2 SO 4 ]: 50 mM.

  4(c) and 4(d) depict the evolution of MCE for both cathodes. It can be observed that the values of MCE diminished in both cases with the increasing Chapter 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 86

H 2 O•Chapter 3 87 Fig. 4

 23874 Fig. 4 Effect of current on TOC removal (a, b) and MCE (c, d) during mineralization of 0.07 mM (34.5 mg L -1 ) IMA solution with raw CF (a, c) and EEGr-CF (b, d) cathodes V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

  3 and 16.6 kWh (g TOC) -1 at the electrolysis times of 1, 2, 4, 6 and 8 h, respectively, while they were lower for EEGr-CF cathode (4.3, 5.5, 9.3, 11.5 and 14.3 kWh (g TOC) -1 for same treatment time).

Fig. 5 Chapter 3

 53 Fig. 5 Effect of applied current on EC evolution during IMA degradation by EF process with raw CF (a) and EEGr-CF (b) cathodes. V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

Fig. 6

 6 Fig. 6 Time-course of identified short-chain carboxylic acids during the electrooxidation of 0.07 mM (34.5 mg L -1 ) IMA in EF process with raw CF (a) and EEGr-CF cathodes (b). V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 200 mA, [Na 2 SO 4 ]: 50 mM.

Chapter 3

 3 Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode90 

Fig. 7 Chapter 3 91 3. 3 . 6

 739136 Fig. 7 Time-course of identified inorganic ions (NH 4 + and NO 3 -) during electrooxidation of 0.07 mM (34.5 mg L -1 ) IMA in EF process with raw CF (a) and EEGr-CF cathodes (b). V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, I: 200 mA, [Na 2 SO 4 ]: 50 mM (for NO 3 -), [K 2 SO 4 ]: 50 mM (for NH 4 + since the presence of Na + ion hinders the detection of NH 4 + in ion chromatography).

Chapter 3 Fig. 8

 38 Fig. 8 Evolution of acute toxicity during EF treatment of 0.07 mM (34.5 mg L -1 ) IMA solution with raw CF (a) and EEGr-CF cathode (b) at 200 mA. The toxicity is expressed as the inhibition of the luminescence of V. fischeri bacteria after 5 min and 15 min exposure time. V: 150 mL, pH: 3, [Fe 2+ ]: 0.1 mM, [Na 2 SO 4 ]: 50 mM.

  :30, v/v), with flow rate of 0.1 mL min -1 and the detection was made at 267 nm. Inorganic ions NH 4 + and NO 3 -released in the treated solution during mineralization of IMA were analyzed by Dionex ICS-1000 Basic Ion Chromatography equipped with a Dionex DS6 conductivity detector at 35 o C. This system is coupled with a cationic column (CS12A)for detection of NH 4 + or anionic column (AS4A-SC) for detection of NO 3 -. The mobile phase for cations detection was 9 mM H 2 SO 4 at flow rate of 1 mL min -1 , while for anions measurement, the mobile phase contained 1.8 mM Na 2 CO 3 and 1.7 mM NaHCO 3 with flow rate of 2 mL min -1 . The applied current of suppressor SRS (Self Regenerating Suppressor) was 30 mA in both cases.

Chapter 4

 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 104 where △ (TOC) exp is the experimental TOC decay at electrolysis time t (mg L -1 ), and TOC 0 is the initial value of IMA solution. U, I, t are the voltage (V), current (A) applied and electrolysis time (h) of the experiments. V s is the volume of the solution (L). For MCE calculation, the value of (number of electrons consumed per IMA molecule during the mineralization process) was taken as 124 according to the electrochemical mineralization reaction (Eq. (9)), F means the Faraday constant (96485 C mol -1 ) and m represents the number of carbon atoms of IMA(29).

C 29 H

 29 31 N 7 O + 57H 2 O  29CO 2 +7NH 4 + +117H + + 124 e - (4-9) Intermediate organic products formed during the oxidative degradation of IMA were detected by HPLC and GC-MS: (i) the detection and evolution of carboxylic acids were identified and followed by ion exclusion chromatography using an HPLC equipped with a HPX-87H ion exclusion column (7.8 mm × 300 mm) at 40 o C coupled to a detector L-2400 UV, (ii) identification of cyclic/aromatic intermediates was operated, using Agilent (7890A/5975C, USA) GC-MS equipped with a HP-5MS column (30 m, 0.25 mm × 0.25 μm). The operation condition was set as: 1.1 mL min -1 helium as the carrier gas, initial column temperature of 70 o C for 3 min, subsequently increased to 150 o C with 10 o C min -1 and held for 1 min at this temperature, and then continued rising to 280 o C with 16 o C min -1 and kept for 5 min at this temperature. Both the injector and detector temperature were set at 280 o C.

Fig. 1

 1 (a, b) shows the comparative performances with DSA anode during EF (a) and AO (b)

  Ti 4 O 7 /CF and BDD/CF cells show a different behavior compared to those of DSA/CF and Pt/CF cells discussed above. Fig. 1(e) depicts that the IMA kinetics decay was very fast in EF process with Ti 4 O 7 /CF cell, particularly under low currents, leading its complete removal within 35 min under 50, 100 and 200 mA. However, when the current was increased, lower IMA degradation efficiencies were obtained. The time needed for complete degradation of IMA was 30, 35 and 40 min under 200, 300 and 500 mA, respectively. This phenomenon is different with

2H 2 O  O 2 + 4 HFig. 1 (Fig. 1

 22411 Fig. 1(g) and 1(h) indicate the impact of different currents on the decay kinetics of IMA in BDD/CF cell during the EF and AO processes. The decay of IMA concentration

Chapter 4

 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 110 the rising current and electrolysis time, obtaining the final TOC removal of 58%, 65%, 80%, 82% and 84% at 50, 100, 200, 300 and 500 mA, respectively. The mineralization efficiency was much higher than those with DSA and Pt anodes, as well as the significant performances in AO (Fig.2(f)) process, demonstrating the higher mineralization power and effectiveness of Ti 4 O 7 anode for removal of organics from aqueous solution. This behavior is consistent with the kinetics decay of IMA (Fig.1)dueto the generation of high quantity and more powerful Ti 4 O 7 ( • OH) on the anode surface, leading to a quick oxidation and mineralization of IMA and fits oxidation intermediates. Highest mineralization efficiencies were obtained with BDD anode in both EF and AO processes (Figs. 2(g), 2(h)). Mineralization kinetics curves exhibited a different trends compared to other anodes: TOC removal efficiency increased regularly with increasing applied current, reaching to complete mineralization of IMA solution after 4 h electrolysis in EF (Fig. 2(g)) and 6 h in AO (Fig. 2(h)) at 500 mA. This results can be explained by generation of a great amount of BDD( • OH) with outstanding oxidation on

Fig. 2

 2 Fig. 2 Effect of current on the TOC removal of 0.07 mM IMA solution (corresponding to 24.1 mg L -1 initial TOC) in EF (a, c, e, h) and AO (b, d, f, g) with DSA/CF (a, b), Pt/CF (c, d), Ti 4 O 7 /CF (e, f) and BDD/CF (g, h) cells. V: 230 mL, [Fe 2+ ]: 0.1 mM (only in EF), pH 3, [Na 2 SO 4 ]: 50 mM.

Chapter 4 Fig. 3

 43 Fig. 3 Effect of applied current on the evolution of MCE with different anodes in EF (a, c, e, h) and AO (b, d, f, g) with DSA/CF (a, b), Pt/CF (c, d), Ti4O7/CF (e, f) and BDD/CF (g, h) cells [IMA] 0 : 0.07 mM (34.5 mg L -1 ), V: 230 mL, [Fe 2+ ]: 0.1 mM (only in EF), pH 3, [Na 2 SO 4 ]: 50 mM.

Chapter 4

 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 114 Based on the analysis of TOC removal percentages and MCE values, the potential of anodes under study for oxidation/mineralization of IMA was ranked as BDD > Ti 4 O 7 > Pt > DSA. Especially, high current (300 and 500 mA) are not beneficial to the performances of pollutants removal with Ti 4 O 7 anode. The results reveal the less contribution of AO to IMA mineralization compared with EF process (except BDD anode), evidencing the dominant role of homogeneous • OH generated in bulk solution. However, the TOC removal efficiency in AO process shows that Ti 4 O 7 and BDD anodes provide prominent performances for mineralization of IMA solutions due to Ti 4 O 7 ( • OH) and BDD( • OH) with relative strong oxidation power.

4

  (b) also illustrate that high applied currents are beneficial to the function of • OH for removal of IMA. What's more, it can be seen that the function of heterogeneous • OH for kinetics decay of IMA with Ti 4 O 7 anode is better than others. The ability of making contribution to kinetics decay of IMA via heterogeneous M( • OH) can be ranked as Pt > DSA > Ti 4 O 7 > BDD under condition of low currents (50 and 100 mA), while with high currents (200, 300 and 500 mA), it would be ranked as Ti 4 O 7 > Pt > DSA > BDD. Fig. 4c shows that for DSA, Pt and Ti 4 O 7 anodes, the contribution made by homogeneous • OH for TOC degradation was the lowest under 100 mA, while its contribution was continuously enhanced with the increasing currents for BDD anode (Fig. 4(c), (d)), which was in agreement with the results presented in Fig. 2. The plots of Fig. 4(d)

Chapter 4

 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 116 500 mA regardless of anode material. The EC values for 500 mA are generally several times higher than that of 50 mA, particularly in the case of DSA and Pt anodes. Ti 4 O 7 exhibits a different behavior; although EC curves have similar values for low currents, energy consumption becomes very high at high currents due to the efficiency loss as explained above. As expected from TOC removal effectiveness, the BDD anode consumed the lowest electrical energy per mass unit (g) TOC removal during mineralization of IMA solution.

Fig. 4

 4 Fig. 4 The function (α: (k EF -k AO )/k AO ) of homogeneous • OH and heterogeneous • OH with current applied for kinetics decay of IMA (a, b) and TOC degradation (c, d) with different anodes.
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 4433 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 117 Identification and evolution of inorganic ions and carboxylic acids during EF degradation of IMA

Fig. 5

 5 Fig. 5 Effect of applied current on the EC of IMA degradation in EF process with DSA (a), Pt (b), Ti 4 O 7 (c) and BDD (d) anode. [IMA]: 0.1 mM, V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, [Na 2 SO 4 ]: 50 mM

Fig. 6

 6 Fig. 6 Time-course of identified inorganic ions (NH 4 + and NO 3 -) during electrooxidation of 0.1 mM IMA in EF process with BDD anode. V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, I: 300 mA, [Na 2 SO 4 ]: 50 mM (for NO 3 -), [K 2 SO 4 ]: 50 mM (for NH 4 + since the presence of Na + ion hinders the detection of NH 4 + in ion chromatography).

Fig. 7 4 . 3 . 4 .

 7434 Fig. 7 Identification and evolution of carboxylic acids generated during the process of IMA degradation in EF system with BDD anode. [IMA]: 0.1 mM, V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 3, I: 300 mA, [Na 2 SO 4 ]: 50 mM.

Table3:Chapter 4 4 Fig. 8

 448 Fig. 8 Proposed degradation pathway for IMA degradation by • OH radicals generated in EF process with BDD anode.

Fig. 9

 9 Fig. 9 Evolution of acute toxicity of IMA solution during EF treatment with BDD anode at 300 mA. The toxicity is expressed as the inhibition of luminescence of V. fischeri bacteria after 5 min and 15 min exposure time. V: 230 mL, [Fe 2+ ]: 0.1 mM, pH 7, I: 300 mA, [Na 2 SO 4 ]: 50 mM.

Fig. 1

 1 Fig. 1 SEM images of N-EEGr, EEGr (inset) (a); XRD of EEGr, N-EEGr (b); Raman spectrum of EEGr, N-EEGr (c); XPS spectra of EEGr and N-EEGr (d); high-resolution N 1s spectrum of EEGr (e) and N-EEGr (f).

Fig. 2

 2 Fig. 2 Cyclic voltammograms of EEGr and N-EEGr (a); The Linear sweep voltammetry of EEGr (b) and N-EEGr (c) in O 2 saturated Na 2 SO 4 solution at a scan rate of 20 mV s -1 with RDE. Inset: K-L plots at different potentials.

  electrochemical impedance spectroscopy (EIS) of EEGr-GF and N-EEGr-GF are shown in Figure3e, the intercepts of the semicircle with X-axis indicate the resistance a

Fig. 3 Chapter 5 5 . 3 . 4 .

 35534 Fig. 3 SEM images of EEGr-GF (a) and N-EEGr-GF (b); N 2 adsorption/desorption isotherms of the EEGr-GF and N-EEGr-GF electrodes (c); Electroactive surface area of EEGr-GF and N-EEGr-GF detection (d); Nyquist plot of the two electrodes ( EEGr-GF and N-EEGr-GF ) (e).

Fig. 4

 4 Fig.4 The degradation of phenol in the EAOPs at different experiment conditions, methanol 20 mL and benzoquinone 5 mM; V=100 mL; pH=3; Na 2 SO 4 : 50 mM; Potential: -0.9 V (a); The performance of H 2 O 2 generation with EEGr-GF and N-EEGr-GF (b); ESR spectrum in EAOPs with two different modified cathode electrodes (c); The concentration of ▪ OH on the two electrodes in EAOPs (d).
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 5536 Highly efficient in-situ metal-free electrochemical advanced oxidation process using graphite felt modified with N-doped graphene 142 Performance comparison with traditional EF process

Fig. 5

 5 Fig. 5 Schematic illustration of the in-situ metal-free EAOPs with EEGr-GF and N-EEGr-GF electrode.

H 2 O 5 Fig. 6

 256 Fig. 6 Comparison with traditional EF process and in-situ metal-free EAOPs (a); The stability of N-EEGr-GF electrode in EAOPs (b).

6. 2 . 4

 24 Degradation of 2,4-D with in-situ EAOP The in-situ EAOP was then applied to the degradation of 2,4-D in an electrochemical cell of 150 mL capacity equipped with dimensionally stable anode (DSA, 3×4 cm 2 ) anode composed of following metal oxides on Ti substrate (Ti/RuO 2 -IrO 2 ) and N-EEGr-GF (N0, N1, N3, N7) (3×4 cm 2 ) cathode under potential controlled electrolysis. Na 2 SO 4 (50 mM) was used as the electrolyte solution. Compressed air was continuously bubbled into the solution at a constant flow rate of 1 L min -1 starting 10 min before the beginning of the electrolysis. The concentration of 2,4-D was monitored by HPLC (Ultimate 3000, Thermo Scientific, USA) with an Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 154 Acclaim TM 120 C18 column (3 μm, 3.0×100 mm) with the mobile phase of methanol-water-acetic acid (60:38:2 v/v/v)) at flow rate of 0.3 mL min -1 .

Fig. 1

 1 Fig. 1 XPS spectra of N-EEGr (N0, N1, N3, N7) (a); high-resolution N 1s spectrum of N3-EEGr (b) and three kinds of N content in N-EEGr (N0, N1, N3, N7) (c).

Fig. 2

 2 Fig. 2 Cyclic voltammograms of N-EEGr (N0, N1, N3, N7) (a); The relationship between graphite N and H 2 O 2 generation rate (b).

Fig. 3 Chapter 6

 36 Fig.3Relationship between the content of pyridinic N and catalytic performance of EAOP.

Fig. 4

 4 Fig. 4 Effect of initial concentration of 2,4-D, pH 3, applied voltage: 4 V (a), pH (b) and applied voltage (c) on the degradation of 2,4-D and stability of N1-EEGr-GF cathode for 2,4-D degradation (d). [2,4-D]: 20 mg L -1 (for Figures 4b-4c), pH 7, applied voltage: 4 V, volume: 100 mL, [Na 2 SO 4 ]: 50 mM.

Fig. 5

 5 Fig. 5 Evolution of TOC and MCE during EAOP with N0-EEGr-GF and N1-EEGr-GF cathodes. [2,4-D]: 20 mg L -1 ,volume: 100 mL, pH 7, applied voltage : 4 V, [Na 2 SO 4 ]: 50 mM.

Chapter 6

 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 163 study show that the EAOP with N1-EEGr-GF could overcome two big drawbacks of traditional EF with extending the range of pH suitability at around pH 7 and getting rid of the usage of an iron salt.Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 164

Chapter 6

 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 165 organics degradation, methanol (1 mM) was used as the scavenger of • OH in the EAOP. As shown in Fig.6a, the degradation efficiencies of 2,4-D decreased significantly from 96% to 24% with the addition of methanol, demonstrating that ▪ OH played the contributory role for degradation of 2,4-D. Besides, the experiment with DSA anode and Pt cathode to explore the impact of DSA and active chlorine on the efficiency of 2,4-D degradation in iron-free EAOP was conducted. The results showed that 12% of 2,4-D removal efficiency was obtained under this condition.

Fig. 6 Chapter 6

 66 Fig. 6 The degradation of 2,4-D with scavengers of ▪ OH (methanol) in the EAOP (a); Time-course of the identified short-chain carboxylic acids with N1-EEGr-GF electrode in EAOP (b). [2,4-D]: 20 mg L -1 , volume : 100 mL, pH: 7, applied voltage : 4 V, [Na 2 SO 4 ]: 50 mM.

Fig. 7

 7 Fig. 7 Reaction pathway proposed for degradation of 2,4-D by the EAOP.

Chapter 6 6. 4 Conclusions

 64 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 169 An EAOP for in-situ generation of  OH using N-doped graphene modified cathode was optimized with different mass of nitrogen sources and successfully applied for the degradation and mineralization of 2,4-D aqueous solution. This process provides three important advantages: i) the N-doped graphene could accelerate the rate of activation H 2 O 2 to ▪ OH, thus enhancing the mineralization efficiency to 88% with N1-EEGr-GF, ii) the EAOP effectively get rid of the usage of chemicals (hydrogen peroxide and iron salts), and iii) extend the suitable range of pH value in traditional EF process. The performances of 2,4-D degradation with N1-EEGr-GF at pH 7 were significant, obtaining complete degradation of 20 mg L -1 2,4-D at 60 min and TOC removal efficiency of 45% at 120 min. The study showed that electrooxidation using N-doped EEGr-GF can be successfully used to remove efficiently the herbicide 2,4-D from water even at neutral pH values. The process can be extended to the treatment of wastewater polluted with other persistent organic pollutants.

( 2 )

 2 presence of EEGr is beneficial to accelerating electron transfer rate and promoting oxygen reduction reaction, but does not change the two-electron number transfer mechanism, which is helpful to improve the cathode hydrogen peroxide yield. The electrochemical degradation of four typical pollutants (orange II, methylene blue, phenol, sulfadiazine) by graphene modified carbon felt cathode has proved that it has great potential in wastewater treatment. The oxidative degradation and mineralization of imatinib (IMA), an anticancer drug, were studied using this electrode as an EF cathode. The absolute rate constant of OH oxidation of IMA (4.56 109 M -1 s -1 ) was determined. Under the same operating conditions, after 8 hours of cathodic treatment of graphene modified carbon fibers, 34.5 mg L -1 IMA can be completely mineralized, while the unmodified carbon felt cathode can only remove 75% of the total organic carbon. At the same time, toxicity assessment results of short-chain carboxylic acid, inorganic ions (NH 4 + and NO 3 -) and IMA solution during mineralization showed that graphene modified electrode had more advantages than untreated carbon felt cathode in the destruction of organic matter in the process of electro-Fenton. These results indicate that graphene-based cathodes have greater IMA mineralization potential, which provides a new idea for the EF process to remove organic pollutants from wastewater or water. The new graphene modified carbon felt electrode is conducive to the development of high efficiency oxygen reduction reaction cathode in the field of electrochemical technology, and is of great significance to the chemical industry and the application of environmental remediation. The effects of different anode materials (DSA, Pt, Ti 4 O 7 , BDD) on the mineralization and electrochemical oxidation of imatinib (IMA) were studied by comparing EF with AO. Compared with Ti4O7 and BDD anodes, DSA and Pt anodes have less effect on the oxidation and mineralization of IMA solution. The complete mineralization of 0.1 mM (equivalent to 34.8 mg L -1 initial TOC) IMA solution can be achieved by using BDD anode in both EF and AO processes at 300 mA. Ti4O7 anode has better performance than DSA and Pt anode. In the 8 h electrolysis process, the removal rates of TOC in EF and AO processes reach 84% and 73%, respectively. Different anode materials have BDD > Ti 4 O 7 > Pt > DSA on IMA Chapter 7 Conclusions and Prospects 176 oxidation/mineralization performance. High current (300 and 500 mA) is not conducive to Ti 4 O 7 anode removal of pollutants. AO contributes less to IMA mineralization than EF process (except BDD anode), which proves the dominant role of homogeneous OH in the mineralization process. The relative contribution of homogeneous (formed in aqueous solution) and heterogeneous (formed on the surface of the anode) hydroxyl radicals to the dynamic attenuation and mineralization of IMA was systematically studied by using a ((kEF-kAO)/kAO) value. Under low current (50 and 100 mA), the ability of inhomogeneous M (OH) to influence the dynamic attenuation of IMA can be ranked as Pt > DSA > Ti 4 O 7 > BDD, while at high current (200, 300 and 500 mA), it can be ranked as Ti 4 O 7 > Pt > DSA > BDD.(3) N-doped graphene (N-EEGr) was synthesized by low temperature calcination using ammonium nitrate as nitrogen source. Graphene is further reduced by calcination in nitrogen atmosphere. Nitrogen doping can cause disorder of ordered SP2 hybridization on graphene. Compared with graphene (EEGr), N-doped graphene (N-EEGr) has higher pyridine nitrogen content, but lower graphite nitrogen content, which indicates that low-temperature calcination can not incorporate N into the graphite-carbon framework, change the volume structure of EEGr, but mostly be doped in the defect location for surface modification. Phenol was degraded by in situ non-metallic EAOPS system of carbon felt cathode modified by N-EEGr. The first order reaction rate constant (k) of N-EEGr-GF is twice as much as that of EEGr-GF.At pH 7, the average hydrogen peroxide yield of the two cathodes is 6.5 (EEGr-GF) and 6.2 (N-EEGr-GF) mg H-1 cm-2, and the energy consumption (EEC) is 9.5 and 10.3 kWh kg-1, respectively. When using N-EEGr-GF cathode, the concentration of_OH reaches 88 micrometers in 5 minutes, which is more than twice the concentration of free radicals (43 microns) produced by EEGr-GF cathode. At 40 minutes, the concentration of_OH produced by N-EEGr-GF cathode reached 172 mM.Using N1-EEGr-GF cathode EAOP system to degrade 2,4-D, the TOC of solution decreased by 53% in 2 hours, which was 1.5 times as much as that of EEGr-GF cathode EAOP system. Compared with the traditional EF technology, this in-situ non-metallic EAOP has four times higher degradation efficiency, wider applicability to pH, better reusability and environmental friendliness without adding catalyst and secondary pollution. It can be regarded as an emerging organic pollutant treatment technology with potential for development.
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  Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with electrochemically exfoliated graphene 50 synthesis of graphene by a fast electrochemical exfoliation and its characterization, 2) assembly of graphene-based cathode and optimization of important manufacture process, 3) assessment and comparison of its properties with unmodified electrode, and to elucidate possible enhancement mechanism for H 2 O 2 production, and 4) to evaluate the degradation and mineralization efficiency of four kinds of model pollutants by electro-Fenton. This modified cathode exhibited a very high H 2 O 2 generation rate with relatively low energy consumption, opening up a new avenue for developing efficient graphene-based cathode for electro-Fenton.

Table 1

 1 Atomic percentage in the sample

	Name		C1s	O1s	N1s	S2p	O/C
	Graphite foil	At %	89.49	8.52	1.27	0.73	0.095
	EEGr	At %	81.69	12.88	4.54	0.88	0.157

  10, 20, 30, 40%). It was observed that the concentration of H 2 O 2 after 60 min electrolysis increased with the increase of EEGr ratio until 20%, but further increase the ratio led to the decrease of H 2 O 2 . For cathode modified with 20% EEGr (for simplification, we called it EEGr-20), the concentration of H 2 O 2 reached near 100 mg L -1 , which was much higher than the unmodified (EEGr-0). Accordingly, EEGr-20 obtained the highest H 2 O 2 production rate with the lowest EEC of 5.2 kWh kg -1 .The EEGr synthesis process was further optimized with different loadings of EEGr when all ratios held on 20%. As shown in Fig.3b, ahigher EGGr loading enhanced the H 2 O 2 production, and the highest H 2 O 2 production was obtained with EEGr loading of

0.056 g, which was almost no difference with that of EEGr loading of 0.072g and more than 1.5 times of the unmodified one. According to these experimental results, the EEGr ratio of 20% with loading of 0.056 g (i.e., 11.2 mg cm -2 ) was chosen as the proper condition.

  Fig.4cshows the repeated experiments operated over 10 consecutive batches using the same modified cathode under the same conditions. After 10 cycles, the average rate of H 2 O 2 generation slightly fluctuated around 7.2 mg h -1 cm -2 , and all of the EEC were around 9.7 kWh kg-1 , indicating that the modified graphite felt cathode with EEGr was pretty stable and reusable for the production of H 2 O 2 with a low energy consumption.

	Chapter 2 Ultrahigh yield of hydrogen peroxide on graphite felt cathode modified with
	electrochemically exfoliated graphene
	60

according to eq. 1. The decrease of H 2 O 2 at high pH condition was because that the H + existed in the solution may be not enough for the generation of H 2 O 2 , leading to a lower yield of H 2 O 2 at pH 9 and 11. Additionally, the inset Fig.

4b

also proved that the highest yield of H 2 O 2 was obtained at pH 7 with the highest current efficiency and the lowest energy consumption.

Table 2

 2 

	In summary, the results proved that modified graphite felt cathode with EEGr in
	this study was outstanding for the ultrahigh generation rate of H 2 O 2 with relatively low
	EEC at the same time, which would be more promising for practical application.
	2.3.3 Possible mechanism for the high yield of H 2 O 2 production
	To discover why this modified cathode has a very high yield of hydrogen
	peroxide production, many characterizations were carried out. Fig. 5a shows the

, in which the H 2 O 2 generation rate advantage over graphite felt based electrodes. However, this high H 2 O 2 generation rates are usually accompanied by high EEC. For example, Reis et al. obtained a generation rate of 11 mg h -1 cm -2 H 2 O 2 with a high EEC of 22.1 kWh kg -1 due to the high potential of -1.75 V.

Therefore, if taken account for the same EEC, this result was still worse than the result the present work (7.7 mg h -1 cm -2 H 2 O 2 generation rate with an EEC of 9.7 kWh kg -1 ).

Table 2

 2 Performance comparison with literatures

Table 3

 3 

lists the comparison of pollutant and TOC removal efficiency, as well as the pseudo-first order kinetic constant (k). The results proved that about 1.95-2.47 fold of the k value were obtained with EEGr-20 compared with the ones with EEGr-0. This phenomenon was not surprised since it was consistent with the results of H 2 O 2 production, proving that the modified cathode with EEGr-20 was potent for organic wastewater treatment by EF.

Table 3

 3 Degradation of pollutants with different cathodes.

	Pollutants	Cathode	Removal efficiency (%)	TOC (%)	k (min -1 )	R 2
		EEGr-20	100	79	0.52	0.98
	Orange II	EEGr-0	89.8	70	0.22	0.96
		EEGr-20	98.2	52	0.37	0.96
	Methylene blue					
		EEGr-0	88	24	0.19	0.94
		EEGr-20	100	100	0.62	0.94
	Sulfadiazine					
		EEGr-0	87	69	0.27	0.9
		EEGr-20	95	46	0.37	0.95
	Phenol	EEGr-0	82	27	0.15	0.90

68

Fig.

7

The degradation of orange II, methylene blue, sulfadiazine and phenol. Conditions: Pt anode; V=100 mL; pH=3; [Fe 2+ ]=0.4 mM; Na 2 SO 4 : 50 mM; Potential: -0.9 V.

Table 1 :

 1 Some physico-chemicals properties of IMA.The experiments were operated in a 150 mL undivided cylindrical glass cell equipped with two electrodes and was stirred by magnetic bar. DSA (dimensionally stable anode) electrode (3 × 4 cm 2 ) was chosen as the anode while cathode was the developed EEGr-CF or the raw CF electrode with the same surface area. Compressed air was bubbled into the cell continuously, at the rate of 1 L min -1 to make sure an O 2 saturated solution. 150 mL aqueous solution of IMA (0.07 mM) containing 0.05 M Na 2 SO 4 as electrolyte was adjusted to pH 3 and experiments were performed with applied current density ranging from 4.16 to 58.33 mA cm -2 . All of the experiments were conducted at room temperature.

	Chemical	Molecular	Molecular weight	Solubility (mg L -1 )	CAS n°
	formula	structure	(g mol -1 )	in water at
				20-25	o C
	C 29 H 31 N 7 O		493.60	37.2	152459-95-5

3.2.1 Chemicals

Analytical grade IMA (C 29 H 31 N 7 O, CAS n°: 152459-95-5, MW: 493.6 g mol

-1 

) with purity of 99.9% was purchased from Alfa and was used as target pollutant in the experiments without further purification. Anhydrous sodium sulfate (Na 2 SO 4 ) was used as supporting electrolyte and iron (II) sulphate heptahydrate (99.5%) as source of the catalyst (Fe 2+ ion) in EF experiments. H 2 SO 4 (1 M) and NaOH (1M) were used to adjust solution pH. All solutions were prepared with ultrapure water from a Millipore Milli-Q system (Molsheim, France) with resistivity of 18 MΩ cm -1 . All experiments were performed in triplicate.

  • OH generated on DSA anode is poor compared to • OH generated homogeneously in the bulk solution from Fenton's reaction and was neglected in this discussion.

			, app IMA
	IMA	4	HBA
			,4 app HBA

Table 2 :

 2 Values of the apparent rate constant (k app ) for the oxidation of IMA by  OH generated in EF process3.3.2 Comparative performance of raw CF and EEGr-CF cathodes in IMA degradationThe kinetics of oxidative degradation of IMA in EF process with raw CF and EEGr modified CF cathodes were comparatively carried out with the applied current density of 16.66 mA cm -2 . The results in Fig.2(a)show that IMA could be completely degraded in both cases within 1 h electrolysis while a better performance was obtained with EEGr-CF cathode. For instance after 15 min electrolysis, IMA was completely Electrocatalytic destruction of pharmaceutical imatinib by electro-Fenton process with graphene-based cathode 83 disappeared from the solution with EEGr-CF while only 82% of IMA was oxidized under same conditions with raw CF cathode. As well as the results in inset, the kinetics rate constant obtained with EEGr-CF was more than 2-fold of that with raw CF cathode, indicating that the graphene-based cathode owns much more potential for degradation of organics in water or wastewater.

	Electrolytic cell	[Fe 2+ ] (mM)	I (mA)	k app (min -1 )
	DSA/CF	0.05	200	0.05
		0.1	200	0.10
		0.2	200	0.12
		0.1	50	0.05
		0.1	100	0.10
		0.1	200	0.14
		0.1	400	0.05
	DSA/EEGr-CF	0.1	200	0.22
		0.2	200	0.23
		0.5	200	0.23

Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib Abstract

  Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 99

	The effect of anode materials on the mineralization and electrochemical oxidation of
	pharmaceutical imatinib (IMA) was explored by electro-Fenton (EF) and anodic
	oxidation (AO) processes using four kinds of anode material: Pt, DSA (Ti/RuO 2 -IrO 2 ),
	BDD and sub-stoichiometric titanium oxide (Ti 4 O 7 ). A series of comparison
	experiments including oxidative degradation kinetics of IMA, total organic carbon
	Complete mineralization of 0.07 mM (corresponding to 24.11 mg L -1 initial TOC) IMA
	solution was obtained both in EF and AO processes with BDD anode at 300 mA. The
	Ti 4 O 7 anode exhibited better performances than DSA and Pt anode, reaching 84% TOC
	removal efficiency in EF and 73% in AO processes at 8 h electrolysis, providing much
	potent cathode material as the cost-effective candidate for wastewater treatment.
	Besides, the formation and evolution of five short-chain carboxylic acids (oxalic,
	pyruvic, oxamic, formic and acetic) and N-based inorganic ions (NH 4	+ , NO 3	-) during
	mineralization of IMA solution were identified and followed by ion exclusion HPLC
	and ion chromatography, respectively. What's important is that the relative contribution
	of homogeneous (generated in the bulk) and heterogeneous (formed at anode surface)
	hydroxyl radicals on the oxidation kinetics of IMA and TOC removal efficiency during
	EF process with different anodes were explored. Finally, a plausible degradation
	pathway of IMA by • OH was proposed according to the intermediates detected by
	HPLC and GC-MS.		

9 M -1 s -1 with competitive kinetics method. The comparison performances of H 2 O 2 generation, IMA kinetics decay and TOC removal efficiency demonstrated that EEGr-CF was more remarkable for oxidative degradation and mineralization of IMA in EF process. Besides, the obtained results of short-chain carboxylic acids, inorganic ions (NH 4 + and NO 3 -) and toxicity assessment during the mineralization of IMA solution highlighted again the greater advantages of EEGr-CF in EF process for destruction of organics compared with raw CF cathode. These results proved that graphene-based cathode owns much more potential for the mineralization of IMA and shed new light on the EF process for pharmaceuticals removal in water or wastewater. Chapter 4 98 Chapter 4: (TOC) decay and mineralization efficiency were conducted at pH 3 and ambient temperature. In both cases, DSA and Pt was less effective anode for the anodic oxidation and mineralization of IMA solution compared with Ti 4 O 7 and BDD anodes. Keywords: Electro-Fenton; Imatinib; Ti 4 O 7 ; Hydroxyl radical; Mineralization Chapter 4

  Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib

	• OH/M( • OH) + organics  M + CO 2 + H 2 O + inorganic ions	(4-5)
	101	

• OH) + H + + e -

(4-4) 

Table 1 :

 1 Apparent rate constants (k app ) as a function of anode materials and current applied for kinetics decay of IMA in EF and AO processes with CF cathode.Results of mineralization of IMA solutions with Ti 4 O 7 anode are depicted in Figs.

		Anode	DSA	Pt	Ti 4 O 7	BDD
		I (mA)		k app (min -1 )		
		50	0.08	0.09	0.1	0.23
		100	0.10	0.12	0.17	0.27
	EF (k 1 )	200	0.12	0.15	0.13	0.32
		300	0.15	0.19	0.15	0.37
		500	0.19	0.24	0.13	0.5
		50	0.04	0.05	0.05	0.06
		100	0.06	0.07	0.07	0.08
	AO (k 2 )	200	0.08	0.1	0.1	0.1
		300	0.12	0.15	0.12	0.13
		500	0.16	0.2	0.14	0.17

2(e) and 2(f). For the EF process (Fig.

2(e

)), the mineralization degree improved with

  Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 112

	2 BDD( • OH)  2BDD + O 2 + 2H + + 2e -	(4-12)
	2 BDD( • OH)  2BDD + H 2 O 2	(4-13)
	111	

Chapter 4 

Table 2 :

 2 Apparent rate constants (k app ) as a function of anode materials and current applied for TOC degradation in EF and AO processes with CF cathode. Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib 115

		Anode	DSA	Pt	Ti 4 O 7	BDD
		I (mA)		k app (min -1 )		
		50	0.07	0.11	0.12	0.18
		100	0.09	0.14	0.16	0.28
	EF (k 1 )	200	0.11	0.17	0.26	0.44
		300	0.15	0.22	0.28	0.97
		500	0.16	0.25	0.3	1.7
		50	0.03	0.04	0.07	0.13
		100	0.05	0.06	0.11	0.19
	AO (k 2 )	200	0.06	0.07	0.16	0.28
		300	0.07	0.08	0.18	0.49
		500	0.08	0.1	0.21	0.69

  Chapter 4 Effect of anode materials on the performance of Electrocatalytic generation of homogeneous and heterogeneous hydroxyl radicals for cold mineralization of anti-cancer drug imatinib EF -k AO )/k AO ) value indicated that Ti 4 O 7 is a potential anode for generating heterogeneous Ti 4 O 7 ( • OH) in AO process under low current. The homogeneous • OH plays the major role for TOC degradation with Pt anode.

	illustrated a little difference with four anodes; however high currents (300 mA and 500
	mA) were not advantageous to oxidation efficiency with Ti 4 O 7 anode. Significantly
	better mineralization efficiencies (in terms of TOC removal percentage) were observed
	with BDD anode attaining complete TOC removal at 4 h (EF process) and 6 h (AO
	process) under 500 mA. The analysis of α ((k
	124

  2,4-D (Beijing, Lideshi chemical technology Co., Ltd) was used as the target pollutant. H 2 SO 4 and NaOH were purchased from Tianjin Kemiou Chemical Reagent Co., Ltd and used to adjust the pH of solution. Na 2 SO 4 and FeSO 4

  Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 162

	Chapter 6		
	Conditions		k app (min -1 )
		10	1.17
	2,4-D ( mg L -1 )	20	0.20
		50	0.08
		100	0.08
		3	0.19
		5	0.05
	pH	7	0.04
		9	0.01
		3.5	0.03
	Voltage (V)	4	0.04
		5	0.03

Table 3

 3 Performances of 2,4-D degradation comparison with literature 6.3.5 Identification of aromatic intermediates and carboxylic acids The formation of aromatic intermediate products during oxidation of 2,4-D were identified by HPLC and GC-MS (Table4) as explained in sub-section 2.4. Whereafter, aiming to further identify the effective formation of • OH radicals being responsible for

	C 0(2,4-D)	Process	Conditions	Performance	EC	Reference
					(kWh g -1 2,4-D)	
	20 mg L -1	Ozone/peroxymono-sulfate	PMS: 2 mM, ozone: 16 mg	40 min: R:100%,		
		(PMS)	L -1 , MCFN: 0.2 g L -1 , pH 6	R TOC :67.3%	/	[7]
	10 mg L -1	Plasma treatment	Voltage: 15-25 kV	14 min: R:100%	3.50	[6]
	24.3 mg L -1	Photo-Fenton	H 2 O 2 : 10 mg L -1 , solar	60 min: R:100%	/	[20]
			irradiation, pH 2.8			
	10 mg L -1	Heterogeneous Fenton-like				
		catalytic degradation				
		(FeS/H 2 O 2 )				

Table 4

 4 Intermediate products detected by HPLC and GC-MS.

  Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 167 formation of polyhydroxylated products. Polyhydroxylated benzenes and quinones are not stables and then easily converted to carboxylic acids through oxidative ring opening reactions promoted by • OH. The last step is the conversion of carboxylic acids to CO 2 . The mechanism is in agreement with the one proposed by Chen et al.

	Chapter 6					
	Compound No	Chemical	Chemical structure	M	Retention time/min	Detected method
	I	2,4-DCP		163.00	9.1	HPLC, GC-MS
	II	Hydroquinone		110.11	5.6	HPLC
	III	1,4-Benzoquinone		108.09	5.9	HPLC
	IV	2-Chloro-1,4-benzoquinone		142.54	7.1	HPLC
	V	1,2,4-Benzontriol		126.11	5.8	HPLC
	VI	4,6-Dichlororesorcinol		179.00	6.7	HPLC
	VII	Oxalic acid		90.03	10.7	HPLC, GC-MS
	VIII	Maleic acid		116.07	11.2	HPLC, GC-MS
	IX	Glycolic acid		76.05	12.3	HPLC, GC-MS
	X	Acetic acid		60.05	14.9	HPLC, GC-MS
	XI	Fumaric acid		116.07	18.9	HPLC, GC-MS

• OH addition reaction to generate the 4,6-dichlororesorcinol. Further oxidation by • OH leads to the

  • OH for the mineralization of 2.4-D was formed by the activation of in-situ generated H 2 O 2 via nitrogen-doped graphene (N1-EEGr-GF), without other chemicals (iron salts) in the EAOP. To the best of our knowledge, the mineralization pathway of 2,4-D by in-situ EAOP has not been already reported.Chapter 6 Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation 168
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Chapter 6: Enhanced activation of hydrogen peroxide using nitrogen doped graphene for effective removal of herbicide 2,4-D from water by iron-free electrochemical advanced oxidation Abstract Degradation of the herbicide 2,4-dichlorophenoxiacetic acid (2,4-D) in aqueous solutions has been studied by electrochemical oxidation process using N-doped graphene modified graphite felt cathode with ammonium nitrate as nitrogen source.

The graphene was obtained via electrochemically exfoliated method (EEGr).

Different ratios of EEGr/ammonium nitrate (1:0, 1:1, 1:3, 1:7) modified cathodes (N0-EEGr-GF, N1-EEGr-GF, N3-EEGr-GF, N7-EEGr-GF) were explored with electrochemical characterizations, and it was verified that N1-EEGr had the most significant catalytic performance for accelerating the activation of in-situ generated H 2 O 2 into hydroxyl radicals. The effects of operating parameters such as applied potential, solution pH and initial concentration of 2,4-D on the degradation efficiency with N1-EEGr-GF were investigated. A fairly high mineralization rate (88%) was attained at pH 7 after 480 min electrolysis of 20 mg L -1 2,4-D solution. The N-doped graphene as catalyst was found to be more efficient in degradation performance compared with the unmodified graphite felt cathode. The electrochemical advanced oxidation process using this modified cathode allows extension of the working pH range compared to electro-Fenton process which is optimal at pH 3. Finally, a plausible pathway for 2,4-D mineralization was proposed according to the identified intermediated products.

Keywords: N-doped graphene, Iron-free, electrochemical advanced oxidation, Cost-effective, 2,4-D It can be noted that the electroactive surface area of N1-EEGr-GF is significantly higher than others, and that of N3-EEGr-GF is obviously higher than N7-EEGr-GF, thus showing a much higher rate of catalytic performance of the former one as cathode.

Moreover the effect of N doping on catalytic performance was presented in Fig. 3. The electroactive surface area increased with the level of pyridinic N on the N-EEGr-GF, which demonstrates that the contents of pyridinic N dominated the catalytic performances of the cathode. For comparison of N3-EEGr-GF and N7-EEGr-GF, the current response and H 2 O 2 generation on N7-EEGr-GF was slightly better than the former one as shown in Fig. 2, while a lower electroactive surface area was achieved due to the lower content of pyridinic N, demonstrating the significant role of the pyridinic N doping on N-EEGr for enhancing the rate of activating in-situ (1) Platinum sheet and graphite foil were used as cathode and anode respectively.

Deionized water containing concentrated sulfuric acid and potassium hydroxide was used as electrolyte to prepare graphene by electrochemical stripping. It was characterized by scanning electron microscopy (SEM), transmission electron microscopy (TEM), atomic force microscopy (AFM), Raman spectroscopy (Raman spectroscopy), X-ray diffraction (XRD) and energy dispersive X-ray spectroscopy (EDX), and proved to be a 3-4 layer thin film with low defects. Carbon felt cathode was prepared by blending graphene and carbon black. The results show that the yield of hydrogen peroxide is very high, reaching 7.7 mg H-1 cm-2, while the energy