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ABSTRACT
Boron-doped diamond (BDD) electrodes have the greatest known oxygen overpotential range; a characteristic that has allowed the material to be well suited for electro-oxidation processes in aqueous media. When operating in a potential range of water decomposition, strongly oxidising hydroxyl radicals are formed while oxygen evolution is minimised. The majority of research studies undertaken to-date have focused on the application of BDDs for the remediation of wastewater contaminants, however there is an increasing need for a suitable technology to address recalcitrant micropollutants in a drinking water context. Pesticide micropollutants are widely detected in surface- and ground-waters and are of increasing concern. In this paper, the treatment of pesticides by BDD electro-oxidation is reviewed. Their degradation and mineralisation, as well as the effect of operating conditions, formation of intermediate by-products, reaction pathways and kinetics are summarized. In general, BDD electro-oxidation was found to be effective for the degradation of pesticides with the degradation performance proportional to the electrolytic current, due principally to the increased generation of •OH radicals. Most contaminants followed pseudo first-order reaction kinetics under mass transport limitations. Generally, the same aromatic and aliphatic by-products were formed through similar oxidation pathways.  Finally, research gaps and potential future research topics are discussed.
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1. [bookmark: _Toc509211132]Introduction
Diamonds and synthetic diamonds were first introduced to the field of electrochemistry in 1987, having already captured the attention of the science and engineering community because of their unique chemical and physical properties (1). Since their initial introduction, extensive research and development of diamond electrodes have occurred, leading to their wide adoption in various industrial applications. The most notable of these applications include electro-analysis and sensing, electro-synthesis and water/wastewater treatment. 
The stability and capacitance characteristics of diamond electrodes make them suitable for the field of electro-analysis, and they have been used for the detection of various chemicals (2–4) such as dopamine (5) and glucose (6). Additionally, the strong oxidizing/reductive nature of doped-diamond electrodes have lead them to be used extensively for the electrochemical synthesis of both organic (7–9) and inorganic chemicals (10,11,20,21,12–19).
The role of diamond electrodes in the field of water treatment is of particular interest due of their unique set of characteristics, which make them especially suitable for organic compound oxidation and disinfection under aqueous conditions. With evidence of ever-increasing concentrations of micropollutants in natural surface and ground waters (22,23), the importance of efficient and robust technologies capable of completely eliminating these pollutants is widely acknowledged. Over the last two decades, a plethora of research highlighting the efficacy of boron-doped diamond (BDD) electrodes to mineralize organics completely has been published. Of these studies, wastewater contaminants are the mostly widely available, but others have concerned micropollutants that are commonly detected in natural waters and of toxicological significance to drinking water supplies. 
In general, organic micropollutants have been found to be present in natural waterways, accumulating in ground and surface water supplies, and transported via many routes including agricultural runoff, road runoff, wastewater effluents and atmospheric fallout, and many others (22). Due to a sharp increase in the production of new organic chemicals since the mid-twentieth century, many drinking water treatment processes fail to achieve the removal of many detectible organic micropollutants, with, for example, some 300+ organic pollutants present in drinking water samples in the UK in the 1970s (24). More recently, the increased usage of pesticides for domestic applications has been found to be a significant risk to drinking water supplies (25); for example, in 2017 in England alone there were 36 regulatory failures for pesticides in drinking water supplies (26). 
As micropollutants continue to be detected and accumulate in surface and ground water sources for drinking water supplies, appropriate treatment technologies need to be considered and applied. This is particularly important for small, remote and/or under-developed communities lacking sophisticated drinking water treatment processes, where these organic micropollutants may pose a greater health concern. A considerable amount of literature exists, spread over the last two decades, suggesting the appropriateness of BDD anodic oxidation processes for this treatment application. It is for this reason that the objective of this paper is to summarise and critically review the available published research concerned with the degradation of persistent pesticides by BDD anodic oxidation in a drinking water treatment context. Previous review articles exist on the subject of diamond electrodes, however, these broadly address the various applications of diamond electrodes in electrochemical processes (27), the effects of carbon structure on electrode properties (28), as well as their properties, preparation and uses (29). In addition, a review exploring high overpotential electrodes, such as doped-SnO2, PbO2, as well as BDDs, for the remediation of phenols, aliphatic acids and perfluorinated organics has been published recently(30). In contrast, this review discusses and interprets the previous research specifically in regard to pesticide degradation during drinking water treatment, and considers the applicability of the technology for niche industrial water treatment applications. As discussed subsequently, gaps in the research to-date are identified and further research possibilities for BDD anodic oxidation processes are proposed. 

2. [bookmark: _Toc509211133]Overview of Boron-Doped Diamond Electrodes
In this section a general overview of diamond electrodes is presented to provide the necessary context for the critical literature review presented in Section 3. The section is divided in to two main sub-sections discussing the properties which make boron-doped diamond electrodes particularly suitable for water treatment, as well as the processes by which anodic oxidation occurs. 

2.1 [bookmark: _Toc509211134]Diamond Electrodes: Properties and Preparation
BDD electrodes have been widely investigated for the treatment of a number of wastewater contaminants in aqueous systems, as their properties are particularly well suited for this application. Although diamond is inherently non-conductive, dopants are added to produce conductive electrodes. Boron is the most widely used dopant for diamond electrodes because of its low charge carrier activation energy (31). As the doping concentration of an electrode increases, its electrical resistivity decreases (32). At low boron doping concentrations around 108 atoms per cm3 (resistance ≈ 104 Ω cm) an electrode will behave as a semiconductor, however as the concentration of the boron increases to higher levels around 1020-1021 atoms per cm3 (resistance ≈ 10-3 Ω cm), the electrode will behave as a semi-metal (27,31). 
Of particular importance is that BDD electrodes are reported to have the greatest electrical potential range before water decomposition: -1.25 to 2.3 VSHE (29,33), measured versus a standard hydrogen electrode (SHE), an electrochemical reference for hall-cell potential reactions.  This relatively large potential range allows for high current efficiency for the oxidation of organic compounds in aqueous environments, while minimising the generation of oxygen and/or hydrogen (32). This potential range has been observed to decrease with lower quality electrodes, being dictated ultimately by the sp3/sp2 carbon ratio (33). When greater sp2 (graphite) impurities in the sp3 (diamond) electrode exist, the current efficiency for organic compound degradation decreases as the extent of direct oxidation associated with sp2 increases (34–36). 
Owing to their high overpotential electrochemical characteristics, BDD electrodes effectively produce hydroxyl radicals (•OH) in aqueous conditions (27,37,38). When compared to other high overpotential electrodes like titanium (Ti), lead dioxide (PbO2) and tin dioxide (SnO2), BDD anodes have been found to exhibit greater organic compound mineralization. This phenomenon is attributed to another unique characteristic of BDD electrodes, which is that the generated hydroxyl radicals are only weakly adsorbed to the electrode surface allowing greater concentrations of free radicals in solution (39). Thus, unlike other high oxygen overpotential anode materials, organic mineralization with BDD electrodes has been attributed primarily to free hydroxyl radicals, which interact more effectively with contaminants than those (radicals) strongly adsorbed on the electrode surface. 
BDD electrodes are also characterized by their durability and resistance to degradation under chemically-, mechanically- and thermally- harsh conditions (3,27,29,40,41); a characteristic attributed to the morphology of diamond. The hydrogen termination of diamond electrodes results in a highly hydrophobic surface and therefore an inert and low-adsorption characteristic, which is resistant to electrode deactivation. BDD electrodes have also been found to have no significant corrosion in very challenging acidic conditions, under high electrochemical loads (42). In this review, however, the focus is primarily on circumneutral aqueous conditions as appropriate to the scope of drinking water treatment. 
Two major methods for BDD electrode preparation exist: chemical vapour deposition (CVD) and high pressure, high temperature (HPHT) doped-diamond particle production (29). The research discussed in this review is primarily concerned with the former method as it is more frequently used for BDD electrode preparation.

2.2 [bookmark: _Toc509211135]Anodic Oxidation Processes
2.2.1 [bookmark: _Toc509211136]Direct Oxidation
The anodic oxidation process is strongly dependent on the thermodynamic properties of the electrode material. As discussed in the previous section, the electrochemical and thermodynamic properties of BDD electrodes make them particularly well-suited for applications in water and waste water treatment.  Direct anodic oxidation involves an outer-sphere electron transfer at the surface of the electrode and does not involve adsorbed intermediates, usually proceeding in a quasi-reversible manner (29,43,44). Many studies have determined that the process of direct oxidation is not the primary mechanism of organics oxidation with BDD electrodes, but rather it occurs only when operating in the electrical potential regime of water stability. When operating potentials increase above 2.3 VSHE (29,33), representing a range of water decomposition, hydroxyl radicals are observed to form. It is in this potential range that the primary mechanism for organics degradation shifts from a direct to indirect oxidation; a mechanism providing much greater pollutant degradation.

2.2.2 [bookmark: _Toc509211137]Indirect Oxidation: Hydroxyl Radicals
The diamond electrode is a particularly efficient material for anodic oxidation in aqueous applications as it has been found that it is primarily mediated through the generation of hydroxyl radicals (•OH) when operating above 2.3 VSHE. Based on observed Tafel equation coefficients relating electrochemical reaction kinetics and overpotential, it is believed that hydroxyl radicals are formed as follows (27,37):

	
	BDD + H2O  BDD(•OH) + H+ + e-
	[R1]



The unwanted oxygen evolution reaction (OER) is minimised with the BDD electrodes, but can proceed as follows, via reactions [R2R3] or [R4R5]:

	
	•OH  O• + H+ + e-
	[R2]

	
	2O•  O2
	[R3]

	
	2•OH  H2O2
	[R4]

	
	H2O2  O2 + 2H+ + 2e-
	[R5]



As discussed in the previous section, it is the low adsorption properties of hydroxyl radicals on the BDD surface that make the electrodes especially efficient for oxidation of organic water contaminants (39). 
It is worth noting that BDD anodes have also been applied to electro-Fenton processes (45–50). Although the final product (•OH) in a Fenton reaction is generated at the anode, this review will focus solely on oxidation or generation of oxidants at or near the anode, independent of cathodic reactions. Therefore, BDD electro-Fenton processes will not be critically discussed in this review paper, as this process is heavily dependent on the cathodic reaction of hydrogen peroxide production.

2.2.3 [bookmark: _Toc509211138]Indirect Oxidation: Hydrogen Peroxide and Ozone
In addition to hydroxyl radical formation, other reactive oxygen species (ROS) are known to be generated at or near the electrode surface, aside from the unwanted parasitic reaction of the OER. The most relevant of these ROS, in the context of this review, is the formation of hydrogen peroxide (H2O2) and ozone (O3). Similar to the mechanisms leading to the generation of hydroxyl radicals, the synthesis of ROS species is expected to occur when operating above potentials of 2.3 VSHE. More than a single reaction path exists for the formation of either oxidant (H2O2 or O3), however some mechanisms are believed to be more prevalent than others. In the case of hydrogen peroxide, the generative mechanism can follow reactions [R1R4] (37,51), with an overall reaction given by [R6] (27,52–55):  

	
	2H2O  H2O2 + 2H+ + 2e-
	[R6]



Ozone has been used as a disinfection treatment as early as the beginning of the twentieth century and its synthesis and decomposition have been widely studied (56). Electrochemically, similar to hydrogen peroxide, ozone is competitively generated at the BDD anode surface from reactions involving hydroxyl radicals and atomic oxygen produced via [R2] and [R7] (51,52,55): 

	
	•O + O2  O3
	[R7]



The overall reaction for ozone generation from BDD oxidation is as follows (27,53):

	
	
	3H2O  O3 + 6H+ + 6e-
	[R8]



2.2.4 [bookmark: _Toc509211139]Indirect Oxidation: Inorganic Ion-Generated Oxidants
In addition to direct and indirect oxidation associated with generated ROS, some researchers have observed oxidation effects attributed to oxidant species generated from inorganic ions already present or added in to the water matrix. In general, these oxidants are generated when an electrolyte diffuses from the bulk solution to the electrode surface, whereby a transfer of electrons is facilitated either directly or indirectly (•OH). In some special cases, inorganic ions were found to be liberated from an organic compound and subsequently oxidized to form an oxidant species (9). While oxidant generation from bromide (20) and nitrate (57) have been reported, oxidant formation from carbonate (58–65), chloride (20,51,72–75,57,62,66–71), phosphate (20,76,77) and sulfate are the most prevalently described in the literature. The generation of inorganic species such as nitrate can be hindered however, when operating at high current densities, through the subsequent formation of NO2 and other nitrogen(78). When sulfate is present in the water matrix in high enough concentrations, peroxodisulfate formation can be observed. Generation can be due to direct oxidation on the BDD surface by reactions [R9] and [R10] (79):

	
	2HSO4-  S2O82- + 2H+ + 2e-
	[R9]

	
	2SO42-  S2O82- + 2e-
	[R10]



Alternatively, peroxodisulfate can be formed by indirect oxidation [R11 R12], facilitated by the anodic synthesis of hydroxyl radicals (17,79):

	
	HSO4- + OH•  SO4-• + H2O
	[R11]

	
	SO4-• + SO4-  S2O82-
	[R12]



When adequate concentrations of phosphate are present in the water, peroxodiphosphate ([R13R14]) and monoperoxophosphoric ([R15]) acid production have been observed (20):

	
	PO43-  (PO42-)• + e-
	[R13]

	
	2(PO42-)•  P2O84-
	[R14]

	
	(H2PO4)• + •OH  H3PO5
	[R15]



When anodic oxidation with BDDs is performed in solutions containing appreciable concentrations of chloride, a variety of chloride-based oxidants can be produced. Among the more stable oxidants formed, those of particular interest in a water treatment context are hypochlorite [R16] and perchlorate [R16R17R18R19](20,80): 

	
	Cl- + •OH ClO- + H+ + e-
	[R16]

	
	ClO- + •OH ClO2- + H+ + e-
	[R17]

	
	ClO2- + •OH ClO3- + H+ + e-
	[R18]

	
	ClO3- + •OH ClO4- + H+ + e-
	[R19]



Finally, the generation of sodium peroxycarbonate (65) and peroxodicarbonate (62), have also been observed during anodic oxidation with BDD electrodes with waters containing sodium carbonate. 

3. Boron-Doped Diamond Oxidation of Pesticide Micropollutants
The following sections provide a comprehensive critical review of the published literature concerning the BDD anodic electro-oxidation of persistent pesticide/herbicide micropollutants commonly found in natural waters. The pesticides discussed are characterised by cyclic, heterocyclic and aliphatic functional groups. Many of the pesticides included in this review are phenolic compounds, including 2,4,5-trichlorophenoxyacetic acid (2,4,5-T), 2,4-dichlorophenoxyacetic acid (2,4-D), 4-chlorophenoxyacetic acid (4-CPA), 2-(2,4-dichlorophenoxy) propanoic acid (2,4-DP/dichloroprop), 4-chloro-2-methylphenoxy acetic acid (MCPA) and dinitro-ortho-cresol (DNOC). More recent studies have demonstrated the heightened toxicity of phenolic compounds in raw water sources when halogenated(81–83), which further highlights the importance of addressing the abatement of these persistent micropollutants. A summary of all pesticide compounds discussed in this section is found in Table 1, in addition to the treatment variables and conditions that were investigated. The review and discussion will focus upon the degradation kinetics of each contaminant, the effect of operating variables and environmental conditions such as temperature, flow rate, pH and contaminant concentration on degradation, as well as the role of parasitic reactions on the remediation of the pollutants. In addition, the formation of intermediate by-products and reaction pathways are reviewed and discussed.     

Table 1. Summary of studies concerning BDD treated pesticide compounds and principal operating variables investigated (pollutants in alphabetical order, with references below).
	PESTICIDE POLLUTANT
	
	VARIABLES/CONDITIONS & PHENOMENA INVESTIGATED

	2,4,5-Trichlorophenoxyacetic Acid
(46,84)
	
	Current density (12-21mA/cm2), kinetics, reaction pathway (84); Current density (33-150mA/cm2), anodic oxidation vs. electro-Fenton (46)

	2,6-Dichlorobenzamide (BAM)
(85,86)
	
	Electrolyte ([NaCl]); BDD vs. Ti/Pt anode; oxidation pathway

	2,4-Dichlorophenoxyacetic Acid
(46)
	
	Current density (33-150 mA/cm2); anodic oxidation vs. electro-Fenton

	4-Chlorophenoxyacetic Acid
(46,87)
	
	Current density (33-150 mA/cm2), anodic oxidation vs. electro-Fenton

	4-Methylpyrimidine
(88)
	
	Electrolyte (NaCl, Na2SO4, NaOH), current density (10-30 mA/cm2), temperature (25-55°C)

	Amitrol
(89)
	
	Current density (33-150 mA/cm2), anodic oxidation vs. electro-Fenton; BDD vs. Pt electrode

	Atrazine/Cyanuric Acid
(90–92) 
	
	Electrolyte (Na2SO4, NaCl), current density (5-50 mA/cm2) (92); pH (3,7,8), electrolyte (NaH2PO4, NaOH, HClO2, H2SO4) (90)

	Bentazon
(93)
	
	pH (3,7,12); kinetics, mineralisation efficiency, inorganic generation

	Bupirimate
(94)
	
	Electrolyte ([NaCl]), current density (40-80 mA/cm2); temperature (25-65°C)

	Buprofezin
(95)
	
	Electrolyte (Na2SO4, NaCl, Na2CO3); current density (20-60 mA/cm2); pH (2, 5, 7, 10); [Pollutant] (15-45 mg/L)

	Carbendazim
(96)
	
	Electrolyte ([NaCl]), current density (20-60 mA/cm2); [Pollutant]

	Carbofuran
(93)
	
	pH (3,7,12); kinetics, mineralisation efficiency, inorganic generation

	Chlorobenzene
(97)
	
	Electrolyte (Na2SO4, NaCl); current density (4-21 mA/cm2); anodic oxidation vs. electro-Fenton; BDD vs. Pt; kinetics, mineralisation efficiency, inorganic generation

	Chlorpyrifos
(98)
	
	Current density (10-30 mA/cm2); [Pollutant] (115-450 mg/L); temperature (30-70°C)

	Chlortoluron
(93)
	
	pH (3,7,12); kinetics, mineralisation efficiency, inorganic generation

	Cypermethrin
(99)
	
	Electrolyte ([NaCl]); current density (40-80 mA/cm2); [Pollutant] (25-75 mg/L); BDD vs. SnO2 anode

	Deltamethrin
(100)
	
	Electrolyte ([NaCl]); current density (20-60 mA/cm2)

	Dichloroprop
(45)
	
	Current density (33-150 mA/cm2); anodic oxidation vs. electro-Fenton; BDD vs. Pt electrode

	Difenoconazole
(101)
	
	Electrolyte ([NaCl]); current density (40-80 mA/cm2); [Pollutant] (75-200 mg/L); pH (3, 6, 10)

	Dimethoate
(102,103)
	
	Electrolyte (Na2SO4, KNO3, KCl), current density

	Diuron
(49,104)
	
	 Current density (15-50 mA/cm2), flow rate (0.47-1.8 L/min)(104); Current density (50-150 mA/cm2), anodic oxidation vs. electroche Fenton vs. photo-Fenton (49)

	DNOC
(105)
	
	Current density (33-150 mA/cm2); pH (2-12); temperature (15-50°C)

	Endosulfan
(100)
	
	Electrolyte ([NaCl]); current density (20-60 mA/cm2)

	Glyphosate
(106)
	
	Electrolyte (NaCl, Na2SO4, Na2CO3);  current density (50-100 mA/cm2)

	Imidacloprid
(107)
	
	Electrolyte ([NaCl]); current density (10-100 mA/cm2); [Pollutant]; temperature (25-65°C); pH (3-10)

	MCPA
(46)
	
	Current density (33-150 mA/cm2); anodic oxidation vs. electro-Fenton

	Mecoprop
(54,108)
	
	Flow rate (1.25-5 L/min), Ti/PbO2 v. BDD anode, current density (6-40 mA/cm2),  [Pollutant] (108); Electrolyte ([Na2SO4]), pH (2-12), current density (50-150 mA/cm2), temperature (15-60°C), flow rate (1.25-3.8 L/min) (54)

	Methidathion
(109,110)
	
	Electrolyte ([NaCl]); current density (20-60 mA/cm2); temperature (25-65°C)

	Nitrobenzene
(111)
	
	Electrolyte (NaCl, KCl, Na2SO4, Na3PO4,); current density (0-60 mA/cm2) ; pH (3-10)

	o-Nitrophenol
(112)
	
	Electrolyte (NaCl, KCl, Na2SO4, Na3PO4,); current density (0-60 mA/cm2); pH (3-10); isomerisation (OH, NO2)

	p-Methylphenol
(113)
	
	Electrolyte (Na2SO4, NaCl); current density (0-60 mA/cm2); pH (3, 7, 10); kinetics; intermediate by-products

	Picloram
(114)
	
	Electrolyte ([NaCl]); current density (10-50 mA/cm2); pH (3,6,10)

	Primicarb
(115)
	
	Oxidation and quantification; pH (2-8); reaction pathway

	Propham
(116)
	
	Electrolyte (NaCl, Na2SO4, Na2NO3, LiClO4); current density (2.5-42 mA/cm2); pH (3-11); temperature (15-35°C)

	Thiabendazole
(117)
	
	Electrolyte ([NaCl]); current density (40-80 mA/cm2); initial pollutant concentration; temperature (25-55°C)

	Thiamethoxam
(118)
	
	Electrolyte (Na2SO4, NaCl); current density (4-40 mA/cm2) ; [Pollutant] (1-10 mg/L); pH (3-11)


[bookmark: _Toc509211142]
3.1 Herbicide/Pesticide Degradation Kinetics 
Direct anodic oxidation with BDD electrodes, involving a direct electron transfer from the contaminant to the anode, as described in Section 2, was not found to be a major cause of pesticide degradation. In only a single case was direct oxidation of a pesticide, 4-CPA, described, however a temporary loss in electrode function arose due to electrode fouling (87); this is a phenomenon which has also been observed in research involving the BDD degradation of similar phenolic wastewater contaminants (7,60,61,69,70,119,120). For all other research, the principal mechanism responsible for the oxidative degradation of pesticides was attributed to hydroxyl radical formation. When operating in these potential ranges, all pesticides were found to be effectively removed, together with any intermediate products, thereby obtaining a complete mineralization of the original pesticide compounds. Two fundamental similarities were widely observed across the majority of available published research as a result of hydroxyl radical oxidation being the primary method of degradation, these being: mass transport was the rate limiting step of the degradation process, and pseudo-first order reaction rate kinetics.
Degradation of pesticide pollutants was found to be principally mass transport limited; the rate of the process is dictated by the rate of diffusion of contaminants from the bulk solution to the adsorbed and free radicals located on or near the anode surface. This is evident from the observed non-proportional relationship between the electrochemical current and the compound degradation, with, in some instances, degradation approaching a maximum with increasing current (46,104,105,116). This behaviour is further demonstrated when considering reported current efficiencies, which describes the ratio of observed degradation verses that which would be theoretically expected (calculated with the applied electrical charge consumed in the mineralization process(104)). Although all studies included in this review reported increased rates of degradation with increasing current, current efficiency was observed to decrease, suggesting an increased occurrence of parasitic reactions (as described in Section 2.2). In the case of 100% current efficiency, it could be assumed that the rate-determining step of the process was the kinetics of the chemical reactions; however, there are no cases in the literature that have reported this. 
Electrochemical cells are most often characterised by both convective and diffusive mass transport. Flow rate, contaminant concentration and water temperature can all affect the diffusive mass transport within the electrochemical system (discussed in following sections). The thin layer near the electrode surface is commonly represented by the Nernst diffusion layer model, which defines two distinct regions: a stagnant diffusion layer located at the electrode-electrolyte interface known as the Nernst diffusion layer, and the bulk water region dominated by convective mass transport (121). At a constant diffusion layer thickness, the rate of diffusion can vary and is described by Fick’s Law of diffusion:

	
	
	[Eq.1]



Whereby the diffusive flux, J, is a product of the diffusion coefficient D (diffusivity) of some species i, and the concentration gradient of that species (dCi/dx). Therefore, the rate of diffusion increases when the contaminant concentration is increased (121). Furthermore, the diffusion coefficient can be increased by increasing the temperature of the water, consequently increasing the rate of diffusion (122). Since the oxidation has been found to be restricted to the electrode surface (39), as hydroxyl radicals are highly unstable and therefore unable to diffuse across the Nernst diffusion layer to interact with pollutants in the bulk water solution, a mass transport limited process is expected and found to be consistent with results reported in the literature. 
Once a pesticide compound has diffused to the electrode surface, the rate of the reaction between an oxidant, primarily considered by all reviewed authors to be •OH, and the pesticide P, is expected to behave according to second order reaction kinetics. Under these kinetics, the rate of disappearance of a pesticide can be described as follows:

	
	
	[Eq.2]



Whereby k represents the second-order rate constant of the reaction. While hydroxyl radicals disappear due to oxidation of pesticides, intermediate organic compounds and other parasitic reactions, they are continuously being produced, replenishing oxidant concentrations at a greater rate than the diffusion of pesticides from bulk solution to the electrode surface. Under these mass transport limited conditions, the hydroxyl radicals can be considered to exist in excess compared to the pesticides ([•OH] >> [P]). It can be further assumed that their concentrations do not change with time ([•OH]  [•OH]k) under constant current operations. As a result, the equation describing the second-order rate kinetics [Eq.2] can be simplified to describe the rate of pesticide disappearance as follows:

	
	
	[Eq.3]



Where,

	
	
	[Eq.4]



The reaction kinetics governed by [Eq.3] are known as pseudo first-order. In all the reviewed literature involving pesticide anodic oxidation with BDD electrodes, it was found that the degradation was well represented by pseudo first-order rate kinetics. This can be justified when considering the various processes taking place, namely oxidant formation, pesticide degradation and mass transport phenomena associated with the pesticide moving through the diffusion layer. Although pesticides may be present in much greater concentrations in the bulk water solution compared to concentrations of hydroxyl radicals predicted to be electrochemically generated at a specific operating current, most systems were found to be limited by the rate of diffusion of contaminants to the electrode surface. 
In most cases, pseudo first-order rate constants were determined and published [see Table 4], with respect to the various pesticide compounds outlined in this section. Under the same operating conditions (current, pH, [P]), all pesticides with acetic acid functional groups yielded very similar rate constants, suggesting that degradation by hydroxyl radicals was not greatly influenced by chloride and methyl groups bonded on the phenyl-ring. Despite variations in Cl- and H3C- groups, 2,4,5-T, 2,4-D, 4-CPA and MCPA were determined to have pseudo first-order constants of 9.0×10-5, 1.2×10-4, 1.2×10-4, 1.1×10-4 s-1, respectively (46). While some inconsistencies were observed in 2,4,5-T pseudo-first order rate constants under very similar operating conditions (pH 3, 50 mM Na2SO4 supporting electrolyte, open undivided cell), it is possible that the higher rate constants were due to a higher initial pollutant concentration (100 mg/L(46)) increasing the diffusive flux towards the electrode surface when compared to a lower initial pollutant concentration (25 mg/L(84)).
Structurally similar to 2,4-D, except containing a propanoic functional group in place of the acetic acid, the pesticide 2,4-DP, or dichloroprop, was found to have a similar rate constant, 1.2×10-4 s-1,  under the same operating current density of 33.3 mA/cm2 (45), pH and similar initial pesticide concentration, in a separate study. The similar rate constants determined in these studies indicated that the oxidation by hydroxyl radicals, formed by the BDD anodes, was not significantly affected by the difference of a single methyl group between the two pesticide compounds. 
An exception to these observations involves mecoprop, which is another propanoic acid pesticide and structurally similar to both 2,4-DP and MCPA. Mecoprop did not yield results that would be predicted based on reaction rate constants discussed previously. Although k’ is expected to change as current density changes, as a result of changing [•OH], the reaction rate constants of 6.5 × 10-5 s-1 (54) and 2.4 × 10-4 s-1 (108) were observed at 50 and 10 mA/cm2, respectively. These rate constants deviate from other published rate constants of similar pesticides and even when linearly interpolated with respect to current density, the expected reaction rate constant at 33.3 mA/cm2 would be ~5.5 × 10-4 s-1. This value further deviates from the expected rate, based on hydroxyl radical oxidation with 2,4-DP and MCPA, and evidence from other acetic and propanoic acid containing pesticides, which would be ~ 1×10-4 s-1. One possible explanation for this may be associated with a decrease in current efficiency as a result of an increase in applied current, which has been observed and discussed previously. While 2,4-DP and MCPA operated at an applied current of 100 mA, in order to achieve a current density of 50 mA/cm2 during mecoprop electrolysis, a much greater galvanostatic current of 1000 mA was required. Other discrepancies may be associated with the variations in electrochemical systems used; while one employed the use of a press-style electrochemical cell(54), the other used an open, undivided glass cell(108). The latter study yielded a pseudo first-order rate constant closer to that which would be expected when compared to 2,4-D and MCPA results, using a very similar electrochemical system. Interestingly, the average of the two published results closely approach the expected rate constant based on the previously discussed results involving similar organic compounds. Also structurally similar to the pesticides 2,4-DP and 2,4-D, is the dichlorophenyl pesticide diuron, which is characterised by its urea functional group. Although no information on current density was noted, diuron was found to yield a reaction rate constant similar to 2,4-DP and 2,4-D, and equal to 7.3 × 10-5 s-1 (49). As only limited information was provided regarding the operating current, it is unclear whether an increasing current would increase the rate constant; however, this would be expected. 
Yielding a rate constant of 4.8×10-4 s-1 at the same operating current as most of the previously discussed pesticides (100 mA) (116), propham was observed to have a high rate of disappearance. The reason for this is unclear since most operating conditions were the same as those previously discussed in pesticide research (pH, electrolyte concentration, temperature) and the compound is structurally similar to diuron. However, propham is different from most other pesticides discussed in this review because of its lack of chlorine atoms bonded to the phenyl ring. A possible explanation for the high rate constant could be associated with this lack of chlorine substituents, which have the effect of deactivating the aromatic structure. 
The degradation kinetics of a pesticide pollutant can also be heavily influenced through the scavenging effect of other chemical species that may be present in the water matrix. Of particular importance and abundance in surface water sources is the presence of natural organic matter and humic substances. Although not thoroughly researched, one study observed the inhibitory effect of humic acid on the degradation of thiamethoxam, whereby the addition of just 1 mg/L of humic acid resulted in a 50% decrease in the apparent reaction rate constant (118). Moreover, as humic acid concentrations were increased from 10 to 15 mg/L, the total pesticide conversion after 30 minutes of electrolysis was reduced from 100 to 67%. Given the high reactivity and non-discriminatory nature of hydroxyl radicals, competitive reactions with other organic and inorganic chemical species in the water would likely have an effect on pesticide reaction rate kinetics. 

3.2 [bookmark: _Toc509211143]Effect of Operating Variables on Pesticide Degradation 
Many of the trends in behaviour with respect to environmental and operating conditions on compound degradation and process efficiency are universally observed for all pesticides, regardless of their aromatic structure and/or functional groups. In general, operating variables such as current density, initial pollutant concentration, temperature and flowrate had similar effects on global pollutant degradation trends. These trends are substantiated when considering the fundamentals that govern the process, more specifically the transport phenomena and kinetics, as outlined in Section 3.1. However, effects on degradations due to other conditions like pH were found to be highly variable across the available literature. The following subsections highlight the effects of the aforementioned operating variables on the degradation of pesticide pollutants. 

3.2.1 Effect of Current Density
For all pesticides reviewed, increases in current density yielded both increases in initial pesticide degradation rates, as well as mineralization rates. Since the direct oxidation of contaminant species is unlikely to be the predominant mechanism of degradation, it can be attributed to two phenomena: (1) the increased production of •OH at higher current densities and/or, (2) the increased production of other oxidant compounds from electrolyte species present in the raw water matrix (sulfate, phosphate, chloride, etc.). With either case, increased degradation and mineralisation is ultimately due to an increased production of oxidative species and subsequent interactions with contaminant compounds and oxidation by-products. The generation of oxidant species arising from electrolyte ions will be discussed further in Section 3.3. 
As previously discussed in Section 3.1, although increasing the current of a process ultimately increases the reaction rate constant of the degradation process, nearly all researchers reported that this increase in degradation was not proportional to the increase of current. This can be attributed to the diffusion limitation of the process, whereby an increase in •OH generation does not translate into increased degradation of pesticides. As the current, and consequently the •OH generation at the electrode surface increases, the occurrence of parallel parasitic reactions of H2O2, O2 and O3 generation will increase, according to reactions [R4], [R3,R5] and [R7], respectively. 
Although the increased rate of oxygen evolution has been observed primarily to have a negative effect on the pesticide degradation rates, it has been shown also to have a positive effect on the mass transport of pesticides to the electrode surface. One researcher reported that as current density increased, and therefore O2 generation, the mass transfer coefficient of the pesticide chlorpyrifos increased (98). This was due to the Nernst diffusion layer thickness decreasing as a result of the detachment of oxygen bubbles from electrode active sites, thereby increasing the pollutant flux towards the electrode surface.
A complete summary of pseudo first-order degradation rate constants (and calculated half-lives) of the reviewed pesticide compounds, with respect to the operating current density, is found in Table 2.

Table 2. Summary of pseudo first-order degradation rate constants (and calculated half-lives) of pesticide compounds.
	Pollutant
	Current Density
mA/cm2
	Current
mA
	k'
s-1
	t1/2
min

	2,4,5-T
(46)
	33.3
	100
	9.0 × 10-5
	12.8

	2,4,5-T
(84)
	12.5
	300
	4.0 × 10-2
	0.3

	
	20.8
	500
	6.0 × 10-2
	0.2

	
	41.7
	1000
	1.3 × 10-1
	0.1

	2,4-D
(46)
	33.3
	100
	1.2 × 10-4
	96.3

	2,4-DP
(45)
	33.3
	100
	1.7 × 10-4
	67.9

	4-CPA
(46)
	33.3
	100
	1.2 × 10-4
	96.3

	4-Methylpyrimidine
(88)
	10
	10
	1.86 × 10-5
	621.0

	
	20
	20
	2.78 × 10-5
	415.5

	
	30
	30
	5.53 × 10-5
	208.9

	Amitrol
(89)
	33.3
	100
	2.0 × 10-4
	57.8

	BAM
(85)
	50
	3500
	1.42 × 10-4
	81.5

	Bentazon
(93)
	21.5
	300
	3.33 × 10-4
	34.7

	Bupirimate
(94)
	20
	-
	5.0 × 10-5
	231.0

	
	60
	-
	1.82 × 10-4
	63.6

	Buprofezin
(95)
	20
	20
	1.23 × 10-4
	93.9

	
	60
	60
	3.13 × 10-4
	36.9

	Carbofuran
(93)
	40
	40
	4.4 × 10-5
	262.5

	
	60
	60
	6.3 × 10-5
	183.3

	
	80
	80
	8.2 × 10-5
	140.9

	Carbofuran
(93)
	21.5
	300
	4.17 × 10-4
	27.7

	Chlorobenzene
(97)
	4.2
	100
	1.25 × 10-1
	0.1

	
	12.5
	300
	1.67 × 10-1
	0.07

	
	20.8
	500
	2.03 × 10-1
	0.06

	Chlorpyrifos
(98)
	20
	120
	1.72 × 10-4
	67.1

	Chlortoluron
(93)
	21.5
	300
	5.17 × 10-5
	223.4

	Deltamethrin
(100)
	20
	20
	7.84 × 10-5
	147.3

	
	40
	40
	1.32 × 10-4
	87.5

	
	50
	50
	2.04 × 10-4
	56.6

	
	60
	60
	3.07 × 10-4
	37.6

	Difenoconazole
(101)
	40
	-
	5.83 × 10-5
	198.1

	
	80
	-
	2.22 × 10-4
	52.0

	Dimethoate
(103)
	1.28
	88.32
	3.60 × 10-4
	32.1

	DNOC
(105)
	33.3
	100
	1.6 × 10-4
	72.2

	Diuron
(49)
	-
	-
	7.3 × 10-5
	158.2

	Endosulfan
(100)
	20
	20
	9.02 × 10-5
	128.0

	
	40
	40
	1.15 × 10-4
	100.4

	
	50
	50
	1.45 × 10-4
	79.7

	
	60
	60
	2.00 × 10-4
	57.8

	Imidacloprid
(107)
	100
	600
	1.55 × 10-4
	74.5

	MCPA
(46)
	33.3
	100
	1.1 × 10-4
	105.0

	Methidathion
(109,110)
	60
	60
	1.31 × 10-2
	0.9

	Mecoprop
(54,108)
	10
	500
	2.38 × 10-4
	48.5

	
	50
	1000
	6.49 × 10-5
	178.0

	
	100
	2000
	7.88 × 10-5
	146.6

	
	150
	3000
	1.08 × 10-4
	106.9

	o-Nitrophenol
(112)
	60
	2520
	1.93 × 10-4
	59.8

	p-Methylphenol
(113)
	60
	2520
	1.91 × 10-4
	60.5

	Propham
(116)
	8.3
	100
	4.8 × 10-4
	24.1

	Thiabendazole
(117)
	40
	40
	4.17 × 10-5
	277.2

	
	80
	80
	1.35 × 10-4
	85.6

	Thiamethoxam
(118)
	16
	200
	~5.0 × 10-3
	2.31

	
	24
	300
	~1.0 × 10-2
	1.16

	
	40
	500
	~1.67 × 10-2
	0.69



3.2.2 Effect of Initial Pollutant Concentration
The mass transport limitations of the BDD electro-oxidation process are highlighted by the increased rate of degradation which were observed to coincide with increases in the initial pesticide concentrations (54,108). In accordance with Fick’s Law of diffusion [Eq.1], the diffusive flux of any species will increase when a greater concentration gradient (dCi/dx) exists. When the concentration of a pollutant species increases in the bulk water solution and oxidative degradation of the same species in known to be occurring at the BDD electrode surface, increased rates of diffusion across the Nernst diffusion layer are expected. Contrarily, one group of researchers reported decreases in pollutant removal with an increase in initial pollutant concentration with the pesticides carbendazim (96), thiabendazole (117), imidacloprid (107), buprofezin (95) and difenoconazole (101). In all of these studies, degradation of each respective pesticide pollutant was evaluated indirectly by the reduction of the chemical oxygen demand (COD). This, however, may not be an accurate representation of pollutant degradation as there is still COD associated with intermediate oxidation by-products; thus, while the pesticide may be degrading into smaller organic species, the absolute conversion will not be represented proportionally by the COD.  
In other research, although the overall electrolysis time was found to increase for complete pollutant degradation when the initial pollutant concentration was increased, the mass transfer rates of the pesticide chlorpyrifos were found to increase (98), suggesting greater diffusive flux from the bulk water to the electrode surface. This is consistent with the expected phenomena observed with other pesticides previously discussed (54,108). Under a mass transport limited system, it would be expected that normalised chlorpyrifos degradation rates would increase because of the increased movement of the species towards the electrode surface (and primary site of oxidation). However, should the diffusive flux increase beyond the oxidant formation capacity of a process (i.e. operating current), it would be expected that degradation rates would remain unchanged or decrease with increasing initial pollutant concentration as •OH would no longer be present in excess, until the pollutants had decreased below a concentration whereby •OH were once again present in excess (following pseudo first-order kinetics). This would be expected as the •OH concentration would no longer remain constant and would be significantly greater than the pollutant concentration, thereby deviating the kinetics of the process away from pseudo first-order. Such behaviour was observed, whereby the degradation rate of the neionicotinoid pesticide thiamethoxam was found to decrease with an increasing initial concentration (118). It was observed that as the pesticide concentration increased from 1 to 10 mg/L, the reaction rate constant decreased from 1.22x10-2 to 8.33x10-4 s-1, whereby degradation began to deviate from first-order kinetics, indicating that the kinetics of the process can be influenced by pollutant concentration. 

3.2.3 Effect of Temperature
As previously discussed, both mass transport (pollutant diffusion) and reaction kinetics are the primary aspects which govern the degradation characteristics of the process. Both mass transport and reaction kinetics are temperature dependent and therefore solution temperature has an overall effect on pesticide oxidation. As previously discussed in in Section 3.1, the diffusion coefficient for a chemical species will increase with increasing temperature, thereby increasing the diffusive flux of that species towards the electrode surface (according to Fick’s law of diffusion [Eq.1]). Moreover, the reaction rates are expected to increase with an increase in temperature, according to the Arrhenius law:

	
	
	[Eq.5]



Where k (k’ for pseudo first-order reactions) is the reaction rate constant, A is the pre-exponential factor, Ea is the activation energy of the reaction, R is the ideal gas constant and T is the temperature. In general, most research studies have observed that the degradation of pesticides agrees with the Arrhenius law with a trend of increased degradation with increased water temperature (54,88,98,105,107,116).
In some instances, such as a group of studies investigating the electro-oxidation of thiabendazole(117), methidation (109) and buririmate (94), reaction rates were found to decrease with an increase in temperature. Although no conclusive evidence was provided to explain this behaviour, it was suggested that it may have been due to an increase of reaction rate constants of parallel parasitic reactions, such as the formation of chlorine and chlorate (109). However, the increased generation of either chlorine or chlorate may not necessarily have hindered the oxidation as much research has demonstrated increased pesticide degradation via indirect oxidation with chlorine-oxidant species such as chlorate, formed during a BDD electro-oxidation process (88,94,95,99–101,116,117,123,124). Similar temperature trends were obtained during the BDD electro-oxidation of glucose in a chloride containing media, whereby the decreased reaction rate with increased temperature was attributed to the possibility of increased reactions favouring oxygen evolution, as well as the isomerisation of glucose to fructose, which is a more stable chemical species (125). Both the shift of kinetics to favour the OER, as well as the isomerisation of a pollutant chemical, may also help to explain the unexpected temperature trends reported by these researchers.    

3.2.4 Effect of Flowrate
In addition to the aforementioned operating variables that affect the mass transport and/or kinetics of the process, it is also to be expected that the relative movement of water within an electrochemical cell has an effect on the transport phenomena of the process. This movement could either be due to the flow rate of water through a continuous (or batch-recycle) electrochemical flow-through cell or caused by the stirring in a single compartment batch cell. Fundamentally, by increasing the relative electrode-electrolyte movement (i.e. increasing the flowrate or stirring across an electrode surface), the Nernst diffusion layer thickness will decrease (121). Consequently, as the convective mass transport of the bulk water solution across the BDD electrode increases, the distance a micropollutant species must diffuse to reach the hydroxyl radicals near to, or adsorbed onto, the electrode surface decreases [see Figure 1]. This is highlighted in the studies of mecoprop degradation which showed that when the solution flow rate was increased, a greater reduction in compound concentration occurred, through the enhanced diffusion of the herbicide to the electrode surface (54,108). 

[image: ]
Figure 1. Possible mechanisms of contaminant degradation and mineralisation during BDD electro-oxidation: direct electron transfer, advanced oxidation and indirect oxidation.

3.2.5 Effect of pH
In contrast to the previously discussed operational variables, the available literature does not show a consistent effect of pH on the degradation of micropollutants. Several outcomes were observed by researchers, including increased degradation rates in acidic conditions (93,105,107,111–113,118), increased degradation rates in neutral conditions (95,114), or pesticide degradation rates unaffected by changes in pH (36,54,90,101,114,116). A number of possibilities exist that may explain the observed incongruent results.  
While many studies observed no significant pH effect on pollutant degradation, an increased oxidation in acidic conditions was found to be the next most commonly observed effect of pH. One reason for this is a greater generation and subsequent physisorption of hydroxyl radicals on the BDD surface at low pH, which has been previously reported (126). Additionally, as pH increases, the current efficiency for hydroxyl radical formation may decrease and shift some energy towards the OER (127). If oxygen is generated at a greater rate in more alkaline conditions, consequently decreasing the rate of •OH generation, a decrease in pollutant degradation would be expected. The pH may also effect the chemical structure of the pollutant species, depending on their dissociation constant and possible ionisation. In this respect, electro-oxidation was found to be greater in acidic conditions for the pesticides bentazon (93), 4,6-dinitro-o-cresol (105), nitrobenzene (111) and o-nitrophenol (112), than in their dissociated state in neutral (pH~7) or basic (pH~10) conditions, given their corresponding pKa constants of 3.30, 4.31, 3.98 and 7.23, respectively. 
In contrast to those compounds that are more easily degraded in acidic conditions, buprofezin (95) and picloram (114) were found to degrade at a slightly greater rate in neutral conditions. While the former has a pKa of 6.70, suggesting different states of dissociation during acidic and neutral/alkaline treatment, picloram has a pKa of 2.30 and would therefore be in its dissociated form for all pH conditions tested. In both cases, the respective pesticide was found to degrade at a greater rate in the presence of Cl- (arising from the NaCl electrolyte). While the effect of oxidative species generation and their subsequent effect on pesticides will be discussed in the following section, it is worth noting that pH will also have an effect on the thermodynamic stability of generated oxidant species from the supporting electrolyte. Active chlorine increases as pH increases (114), however at pH 6, it is expected to take the form of predominantly HOCl (and a mix of Cl2 and HOCl at pH~3) (128,129). Although a greater concentration of active chlorine would be expected at a higher pH (~10), its predominant form would be OCl-, which has a lower oxidation power compared to HOCl, potentially helping to explain the observed pH effects. 
In summary, the effect of pH on pesticide degradation is highly dependent on a number of factors including generation of hydroxyl radicals, the target pollutant’s chemical structure and supporting electrolyte. Although a low pH can increase the generation of hydroxyl radicals, while high pH is known to shift energy to the OER, degradation will be affected by the specific nature of the organic compound’s structure and dissociation constant. pH can also affect the generation of oxidants species formed from the supporting electrolyte, which will further influence the overall degradation of the target pollutant [Section 3.3].

3.3 Effect of Oxidative Species Evolution on Pesticide Degradation
In general, most research has been conducted using solutions of low electrolyte concentrations (~ 50 mM), primarily consisting of NaCl (88,92,109–114,116–118,94–97,99–101,106), Na2SO4 (45,46,97,102–106,108,111–113,49,116,118,130,54,84,87–90,95) or H2SO4 (49,90,104,108). While S2O82- and chlorine based oxidants were detected in waters (generated mainly by electrolytes, but also from the liberation of chlorine atoms from pesticides), most cases did not examine the specific effect these oxidants may play in the overall degradation and mineralisation of pesticides, as the selectivity may vary from the various oxidants that may be synthesised. However, in some instances it was found that a NaCl electrolyte hindered the overall rate of mineralization, due to the consumption of current to form chloride-based oxidants(97). The more general effects of electrolyte type and concentration on pesticide degradation were considered. In general, increased electrolyte concentrations were found to increase pesticide abatement, and evidence of the generation of oxidant species was found. For example, when H2SO4 concentrations were increased, a greater accumulation of S2O82- was found which corresponded to an increased pesticide removal (104). It is known that these oxidant species are more stable than hydroxyl radicals and therefore can diffuse from the electrode surface (as indicated by their detection in the bulk water solution), through the Nernst diffusion layer and into the bulk water solution [see Figure 1]. It is likely therefore that oxidation occurs both by S2O82- in the bulk water, as well as by oxidation reactions at the electrode surface. 
Similar studies have investigated the comparative effect of Na2SO4 and NaCl electrolytes on pesticide degradation, in addition to a number of other electrolytes including KCl (102,103,111,112), KNO3 (102,103), LiClO4 (116), Na2CO3 (95,106), NaNO3 (116), Na3PO4 (111,112) and NaOH (88). In most cases, the reaction rate constants of the target pesticides were found to be greatest with Na2SO4 (111–113,116,118) as the supporting electrolyte, due to the formation of S2O82- oxidant species. No insights were provided to help explain this trend, however, one author suggested this could be due to the pesticide’s (nitrobenzene) greater affinity to be oxidized by persulfates compared to chloride-based oxidants like hypochlorite (111). A further explanation could be related to the continued oxidation of pesticides to complete mineralisation and the stability of the generated degradation intermediate by-products. Although Na2SO4 provided greater results for complete mineralisation of propham, NaCl was found to provide much greater initial degradation rates (116). Furthermore, as NaCl concentrations increased, an increase in pesticide degradation was observed, however, the overall mineralization was hindered due the formation of recalcitrant chlorinated by-products; this is a phenomenon that has been reported previously (131,132). In general, the presence of chloride ions during electro-oxidation have been found to yield a wider variance of intermediate by-products (86). While the decrease in the mineralisation rate can be attributed to the formation of chlorinated by-products, the increased rate of pesticide degradation can be attributed to chlorine-based oxidant formation, as discussed in Sections 2.2.4 and 3.2.5. One point of consideration is the subsequent formation of chlorine-type disinfection by-products, as organic species such as pesticides are known to be disinfection by-product precursors. 
As mentioned previously, the formation of more stable chlorine-based oxidants allows the mechanism of degradation to occur in the bulk water solution, and not to be confined only to the regions near or on the electrode surface. This mixed-mechanism of oxidation occurring both at the electrode surface and in the bulk water solution avoids the efficiency of the process being purely a function of the diffusive mass transport of a contaminant species to the electrode surface. Consistent with Özcan et al. (2008), others have reported greater rates of pollutant conversion with NaCl when compared to Na2SO4, particularly for the oxidation of the pesticides, 4-methyl pyrimidine (88), buprofezin (95) and glyphosate (106). Both chlorate and perchlorate were detected during the electro-oxidation of the pesticide dimethoate, which was attributed to the greatly increased degradation rates compared to both Na2SO4 and KNO3 (102). Furthermore, most researchers observed that increases in NaCl concentration yielded an increase in the kinetic reaction rate constants (101) up to a maximum NaCl concentration of roughly 2% v/v, whereby a continued increase of NaCl yielded a decrease in degradation rates (94,100,109,110,117). This phenomenon was attributed to the decrease of current efficiency for hydroxyl radical formation (current favouring reactions with chloride), as hydroxyl radicals are known to have much greater oxidation potential compared to other oxidants like chlorine(133). Additionally, decreases in degradation rates observed at NaCl concentrations above 2% could be attributed to “potentiostatic buffering”, whereby the electrical potential decreases as a result of the increased conductivity. A significant change in the operating potential can shift the thermodynamics of the process, potentially increasing (or decreasing) the favourability of competitive parasitic reactions. 

3.4 Pesticide Degradative Pathways
Until this point, the discussion has mainly focused on the initial degradation of the pesticide pollutants (i.e. conversion of the mother compound to a smaller organic species) and not the complete mineralisation process. This section will explore the degradative pathways of some of the aforementioned pesticides, from initial pollutant species to the final products of CO2 and other inorganic chemicals.
During oxidation of the acetic acid-containing pesticides, 4-CPA, 2,4-D, 2,4,5-T and MCPA, the intermediate phenol by-products 4-chlorophenol, 2,4-dichlorophenol, 2,4,5-trichlorophenol and 4-chloro-o-cresol were detected, respectively (46). Based on the observed oxidation by-products, it is evident that hydroxyl radicals first attack the C1 carbon of the acetic acid functional group. As electrolysis continued, aliphatic compounds such as carboxylic acids were subsequently detected. Nearly all other published research has reported the formation of phenyl-type intermediates and subsequent accumulation of carboxylic acids, suggesting similar degradation pathways for all pesticides. For the propanoic acid pesticide 2,4-DP, a C1 hydroxyl radical attack on the functional group yielded an aromatic chlorohydroquinone by-product (45). Once again, clear evidence of hydroxyl radicals breaking the C1 carbon on the propanoic group of the pesticide mecoprop was observed through the detection of 4-chloro-o-cresol (54). Additionally, 2-methylhydroquinone was also detected, likely as a result of chloride liberation from 4-chloro-o-cresol. These phenyl intermediates, as well as the aliphatic intermediates, associated with mecoprop were further shown to be effectively mineralised by hydroxyl radical oxidation, with rates similar to the mother pesticide compound, as no significant accumulation was detected during the electrolysis period (108). 
Degradation of the phenylic pesticide Diuron, characterised by a urea functional group, did not appear to be initiated solely at the C1 carbon atom, unlike the mechanism observed for all previously discussed pesticides. The oxidation tended to preferentially attack the methyl groups attached to the urea to yield 3-(3,4-dichlorophenyl)-1-methylurea and 3-(3,4-dichlorophenyl)urea (49,104). The carbon atom of urea is also susceptible to oxidation, as evidenced by the detection of 3,4-dichloroaniline (49,104). Another difference from the typical C1 hydroxyl radical attack observed for most other pesticides, was the detection of the three aromatic intermediates, hydroquinone, benzoquinone and catechol, which suggested that the degradative pathway for propham proceeded via hydroxylation of the phenyl ring (116). As a result, various isomers of hydroxypropham were produced, which are unstable and quickly undergo further oxidation by hydroxyl radicals to hydroquinone and catechol. 
With respect to the triazine pesticides, cyanuric acid was found to be a highly recalcitrant intermediate by-product of atrazine degradation (90). Owing to its highly persistent nature, no intermediates were detected during oxidation, as any subsequently generated products had a higher affinity to be oxidised/mineralised compared to cyanuric acid. 
As many of the same aromatic by-products are formed through small variations of acid functional group oxidation, many of the same aliphatic by-products were also observed to form, arising from both benzene ring and acid functional group oxidation. The most commonly detected carboxylic acids were oxalic and maleic acid, which were found during the oxidation of all acetic acid-containing pesticides (46), such as 2,4-DP (45), DNOC (4,6-Dinitro-o-cresol) (105), mecoprop (54,108), diuron (49), propham (116) and amide pesticide 2,6-dichlorobenzamide(85,86). Maleic acid likely arose from the destruction of aromatic intermediates like phenol and chlorophenol, while the shorter-chained oxalic acid is generated through the subsequent oxidation of longer chain carboxylic acids like acetic and maleic acid (46). Other carboxylic acids that were detected in small concentrations included acetic (45,54,116), formic (45,116), fumaric (45,54), glyoxylic (116), lactic (45,54), malic (45), oxamic (49,116), pyruvic (45,54) and tartronic acid (54).
In addition to organic intermediates, some inorganic final products would be expected to accumulate in solution aside from the final product of mineralisation, CO2. Other inorganic ions expected to remain in solution include chlorine and nitrogen compounds. While chlorine is liberated as Cl- during the BDD oxidation process, it can be further oxidised to molecular chlorine, as gaseous Cl2, and released from solution (45,46,134). However, all pesticides with chlorophenol structures were found to accumulate small concentrations of Cl-. For example, chlorophenoxyacetic acid pesticides 2,4,5-T, 2,4-D, 4-CPA and MCPA, accumulated Cl- roughly proportional to the chlorine content of the initial compound and was detected at a maximum of 17-25% of its initial concentration (46). Although only small concentrations of chlorine anions were observed to be liberated, similar to the formation of chloride-based oxidant species previously discussed in section 3.3, the potential of disinfection by-product formation should be considered. Both ammonium (NH4+) and nitrate (NO3-) were also found to accumulate from pesticides containing nitrogen atoms. DNOC mineralisation was found to accumulate NO3- only, to concentrations accounting for 100% of the initial nitrogen content, as a result of the oxidation of the nitrite-derivatives on the benzene ring (105). When nitrogen is present and bonded to carbon (and not oxygen, as with the nitrite in DNOC), as it is in the urea and carbamate functional groups of diuron and propham, respectively, NH4+ is the primary nitrogen-containing ion found to accumulate during electrolysis (49,104,116). Also, consistent with this observation is the accumulation of NH4+ during the oxidation of triazine pesticides (90), whereby nitrogen atoms are initially present bonded solely to carbons in the heterocyclic compound. Both NH4+ and NO3- were detected during the oxidation of amitrol, a triazole compound, with the latter (NO3-) found to accumulate in a much greater concentration (89). 

4. [bookmark: _Toc509211150]Conclusions, Relevance and Future Research
In summary, the currently available research demonstrates very promising results in favour of the use of BDD anodes for the aqueous degradation of potentially harmful pesticides (including insecticides and herbicides), as well as a number of common waste water contaminants. Even with highly recalcitrant organic pollutants like atrazine, the studies reviewed in this paper have demonstrated the efficacy of BDD technology to effectively degrade, and in many cases completely mineralise, the organic pollutants. While some aspects of the electro-oxidation performance were universally observed, such as an increasing degradation rate with electrical current, other factors such as solution pH were not as clearly defined and found to be highly dependent on a number of factors including the specific chemical structure of the pollutant compounds and the supporting electrolyte. 
One important aspect that requires further investigation is the scale-up of BDD electro-oxidation processes, as nearly all the literature to-date has been concerned with bench-scale batch and batch-recycle studies. Although the current cost of BDD anodes may be an obstacle for the wide-scale adoption of the process in practice, further piloting of the technology would be useful for niche applications such as small and remote community drinking water treatment and decentralised point-of-entry systems to demonstrate its cost-effectiveness. Additionally, alternative high overpotential electrode materials, which could potentially replace BDDs and lower material costs, would be an important area for future research. Additionally, the effect of cathode materials has not been thoroughly explored in the literature and may provide further insight concerning the degradative efficiency of BDD-AOP.
Furthermore, the effect of generated oxidants other than hydroxyl radicals on the degradation pathways of target contaminants has been only lightly investigated so far, and needs to be better understood. The electrolyte type was shown to have significant effects on the degradation rate for numerous micropollutants, as more stable oxidant chemicals (when compared to hydroxyl radicals) were generated, such as chlorate (from Cl-) and peroxydisulfate (from SO42-). One aspect requiring greater understanding is the subsequent formation of potentially harmful disinfection by-products as a result of chlorine oxidation with organic pollutants. Furthermore, the in-situ generation of various other strong oxidants with greater stability and/or more targeted oxidation (e.g. ferrate, manganate, etc.), represents a potentially powerful feature of the BDD technology that has yet to be investigated thoroughly. BDD electrodes have been shown already to be an effective electrode material for the generation of targeted chlorine species in an electro-chlorination process (135), and further research could expand on this in respect to the generation of other oxidants. Currently, BDD electro-oxidation is limited to the treatment of the influent flow very near to the anode surface due to the highly unstable nature of hydroxyl radicals. The generation of more stable oxidants capable of diffusing to the bulk water solution may substantially increase pollutant degradation, as the process may no longer be limited to the diffusion of pollutants to the anode surface. 
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