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Abstract 
Electrochemical regeneration of Granular Activated Carbon is an emerging treatment option to restore adsorption capacity in systems designed to remove organic contaminants from aqueous solutions. The electro-Fenton process is one such electrochemical process and it is reviewed along with other members of its family including Photoelectro-Fenton and Heterogeneous electro-Fenton and electro-Fenton like reactions, for its ability to regenerate Granular Activated Carbons contaminated with organics. The behaviour of critical operating parameter such as pH, current, catalyst concentration and initial contaminant concentration are reviewed to find optimal operating conditions. The relationship between electro-Fenton regeneration and the chemical and physical surface of the carbon is also explored. Understanding regeneration mechanisms and the optimal operating conditions enables these technologies to be used commercially and to be scaled-up and treat contaminated waters more efficiently. (130 words)
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[bookmark: _Toc57640211]1.0 Introduction
As the world moves forward with industrialisation, water bodies around the world are becoming more polluted due to human activities. Several classes of hazardous organic chemicals are priorities for treatment by environmental agencies and scientific studies: agricultural wastes (Iglesias et al., 2015; Ogbiye et al., 2018), textile dyes (Bañuelos et al., 2015b, 2016; Robles et al., 2020; Wang et al., 2008; Xiao and Hill, 2019; Yuan et al., 2019), industrial solvents (Bañuelos et al., 2013; Berenguer et al., 2010; McQuillan et al., 2020a; Zhang et al., 2015; Zhou and Lei, 2006), pesticides and herbicides (Balci et al., 2009; Oturan et al., 2010), and pharmaceuticals (Huang et al., 2020; Wang et al., 2007; Wen et al., 2019; Zhang et al., 2019). Left untreated, these pollutants can have a profound effect on ecosystems and human health (Damalas and Eleftherohorinos, 2011; Kümmerer, 2009; Sharma et al., 2007).

One way of removing these contaminants from the aqueous phase – thereby treating the water/ wastewater – is adsorption to a solid surface (Hornig et al., 2008). There are many kinds of adsorbents, including sand, zeolite, and powdered activated carbon, but Granular Activated Carbon (GAC) is very popular in several industries (Tchobanoglous et al., 2014). GAC is well-known for its high adsorption capacity, and it is utilised in many water and wastewater treatment technologies (Hornig et al., 2008; Tchobanoglous et al., 2014). 

GAC has traditionally been produced from coal (Lillo-Rodenas et al., 2001), but a recent move towards sustainably-sourced GAC has seen more agricultural-based carbons including coconut shells (Chen et al., 2012; Gergova et al., 2007; Liou et al., 2010), coffee grounds (Castro et al., 2009; Gonçalves et al., 2013) and other plant-based carbons (Lupul et al., 2015). The carbon needs to be activated, chemically or physically, to dramatically increase the surface area, on the order of 1000 m2/g (Xiao and Hill, 2019). Chemical activation generally involves oxidation by an acid, such as phosphoric acid or sulfuric acid (Carabineiro et al., 2012), or a base, such as potassium hydroxide (Lillo-Rodenas et al., 2001). Physical activation is often performed by steam (Gergova et al., 2007) or in an inert environment such as hydrogen gas or carbon dioxide (Carabineiro et al., 2012).

The carbon surface can be further tailored with modifying or amending treatments, such as the inclusion of nitrogen (Chen et al., 2012) or sulfur groups (Vidal et al., 2015), or even the immobilisation of metals such as iron (Huling et al., 2005). The activated carbon can then be further oxidised by its environment, as GAC generally operates in an aerobic environment, and will operate in an actively oxidising environment when being electrochemically regenerated (Berenguer et al., 2009). Different treatments of the GAC create various chemical and physical properties that can be exploited. 

The presence of micropores on the GAC surface imbue the GAC with a high specific surface area and thus a large adsorption capacity; this allows the GAC to remove organic pollutants from aqueous systems efficiently (Radovic, 2000). The micropores and their adsorption capacity will eventually be exhausted, and organic molecules can no longer be removed from the aqueous phase. There are currently two main approaches to remedy this situation: disposal and replacement, and regeneration. Both methods have disadvantages. Disposal of exhausted GAC has monetary, land and environmental costs, with organic contaminated-GAC needing to be left in landfill (Wang and Balasubramanian, 2009). There is also a risk that organic contaminants can leach out of the GAC and into the environment (Wang and Balasubramanian, 2009). 

Traditional regeneration technologies – namely thermal regeneration and solvent extraction – go some way to resolving the need to replace and dispose of GAC. However, both technologies are expensive and degrade the surface of the carbon, and solvent extraction requires further treatment to remove contaminants in the solvent (Álvarez et al., 2004). 

An alternative regeneration approach has been proposed: electrochemical. Activated carbon can be regenerated by Electrochemical Advanced Oxidation Processes (EAOPs) (Moreira et al., 2017). The first generation of this technology – Advanced Oxidation Processes – added oxidising agents to the aqueous system to attack contaminants. Electrochemical Advanced Oxidation Processes instead rely on the in-situ generation of oxidising agents (Glaze et al., 1987; Oturan and Aaron, 2014). The EAOPs use electro-desorption and electro-oxidation to remove organic contaminants adsorbed to the GAC surface: regenerating the carbon surface and adsorption capacity (McQuillan et al., 2018). 

Several useful EAOPs have been developed, but this review will cover one particularly useful technology: the electro-Fenton (EF) process. The electro-Fenton process exploits the in-situ production of hydroxyl radicals via an iron catalyst to oxidise organics on the surface of the carbon (Brillas et al., 1996). The traditional electro-Fenton process is in a family of EAOPs, and the primary members of the family – electro-Fenton (Brillas et al., 1996), electro-Fenton like (Balci et al., 2009), (Solar) Photoelectro-Fenton (Brillas et al., 1996; Flox et al., 2007a), and Heterogeneous electro-Fenton (Nidheesh et al., 2017) – and their role in regenerating exhausted GAC will be reviewed. Where data for electrochemical regeneration on GAC is unavailable, trends and behaviours will be extrapolated from electro-Fenton oxidation in the presence of activated carbon in aqueous systems. 

As electro-Fenton regeneration interacts with the pores of the GAC, there is a two-way relationship between the carbon surface and electro-Fenton regeneration. The chemical and physical surface of the carbon will affect EF regeneration, and EF regeneration will affect the carbon surface. Both sides of this relationship, for both the chemical and physical surface, will also be explored in this review.

[bookmark: _Toc57640212]2.0 Electro-Fenton Regeneration of Granular Activated Carbon
[bookmark: _Toc57640213]2.1 Electro-Fenton
[bookmark: _Toc57640214]2.1.1 Overview
A promising new area of research in regenerating activated carbon is electrochemical advanced oxidation processes. These EAOPs create an oxidising environment via in-situ generation of hydroxyl radicals and transform the organic contaminants in solution and on the carbon surface, helping the carbon surface to regenerate (Brillas and Garcia-Segura, 2020; Moreira et al., 2017). The family of EAOPs include electro-Fenton oxidation and its variants, as well as direct anodic oxidation and anodic oxidation to electrogenerate hydrogen peroxide (Moreira et al., 2017).

The EF reaction is the electrochemical version of the Fenton reaction, first termed by Fenton in 1894 (Fenton, 1894) and further developed by Haber in 1932 (Haber and Weiss, 1932). The Fenton process uses iron cations to activate hydrogen peroxide into hydroxyl radicals, with hydroxyl radicals termed ‘the Fenton reagent’. The hydroxyl radical is a powerful oxidising agent, with a potential of 2.87 V vs SHE. However, the use and storage of hydrogen peroxide create inherent risk, and work has been done to avoid the need for the reagent. 

The electro-Fenton process, first termed by Brillas’ group in 1996 (Brillas and Mur, 1996), was designed to overcome the need to add hydrogen peroxide to the solution; but rather to add the ‘green reagent’ of electrons to generate it in-situ (Brillas et al., 2009). The reaction has three steps. Firstly, the electro-generation of hydrogen peroxide from water via the 2-electron oxygen reduction reaction (2eORR) (1). Secondly, the activation of hydrogen peroxide into hydroxyl radicals via Fe2+ (2). And thirdly, the redox regeneration of Fe3+ back to the catalytic Fe2+ (3). 

 (1) (Brillas et al., 1998)
 (2) (Fenton, 1894)
(3) (Brillas et al., 1998)

The EF reaction occurs at a low pH, generally around pH 3. A low pH is required to keep the iron species soluble; when the pH is increased beyond pH 4, ferric hydroxide (Fe(OH)3) sludge begins to precipitate out of solution (Brillas et al., 2009). Oxygen for the 2eORR pathway is generally provided by bubbling air through the solution, but novel electrodes such as titanium/Mixed Metal Oxide can be used to produce oxygen in-situ (Zhou et al., 2019a). As electrons are a reagent in the process, the GAC is cathodically polarised (Brillas et al., 2009). Figure 1 below shows a simplified mechanism of the EF reaction indirectly oxidising both adsorbed and desorbed contaminants. 
[image: ]

Figure 1: electro-Fenton regeneration of GAC, simplified EF mechanism

The majority of studies investigating EF regeneration of GAC have focused on dyes such as Methyl Orange (Bañuelos et al., 2014; Xiao and Hill, 2018), Orange II (Bañuelos et al., 2015b; Fernández et al., 2018), Acid Blue 9 (Robles et al., 2020) and Acid Orange 7 (Zhao et al., 2010). While dyes are useful analytical contaminants, they do not represent the wide variety of organic contaminants present in different environments. Toluene (Bañuelos et al., 2013) and naphthalene (McQuillan, 2020) have been investigated for GAC regeneration, and coal tar wastewater (Wang et al., 2010) and polyacrylamide (Kang et al., 2013) have been investigated for electro-Fenton oxidation; both provide insight into the behaviour of larger organic molecules. As the chemistry of the contaminant likely contributes to the regeneration efficiency, it is important to study more contaminants so their behaviours can be predicted. 

The traditional electro-Fenton reaction is one of a large family of reactions. While the traditional EF pathway uses soluble iron salts in a homogeneous solution, there are many ways to introduce iron into the system, as well as other catalysts. Ultraviolet light or sunlight can be used to supplement the iron as a catalyst, termed photoelectron-Fenton (PEF) (Brillas et al., 2007) and solar photoelectro-Fenton (SPEF) (Brillas, 2013) respectively. Transition metals such as copper can replace or supplement iron in electro-Fenton-like (EFL) (Das et al., 2020) reactions. If iron is introduced to the system in the solid phase, the system is a heterogeneous electro-Fenton system (HEF) (Nidheesh et al., 2017). 

There is some controversy in the literature as to the heterogeneity of iron introduced by ion-exchange resins. While the iron is not placed in the system as iron salts, soluble Fe2+ is used to catalyse the reaction as it flows out of the resin (Fernández et al., 2018). In these systems, the iron is allowed to ‘flow out’ of the resin and acts as a soluble catalyst, and the authors use the term ‘electro-Fenton’ (Bañuelos et al., 2013, 2015b; Fernández et al., 2018; Robles et al., 2020). In these cases, the ion-exchange resin is classes as a homogeneous EF system. However, the system is classed as heterogeneous when the catalyst is used within the resin (Ramírez et al., 2010).

In addition to the reaction sub-types found below in Figure 2, different combinations of catalysts and phases can be found in the literature, such as heterogeneous photo-electro-Fenton (Ramírez et al., 2010). 
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Figure 2: Tree diagram of electro-Fenton reaction sub-types.

The literature consistently shows that the kinetics of the electro-Fenton reaction fit a pseudo-first order model (Pimentel et al., 2008; Xiao and Hill, 2018). The general rate of oxidation of organic contaminant (OC) follows second order kinetics, shown in Equation 4 below: 

 (4)

However, this model can be simplified because the steady state concentration of hydroxyl radicals in the bulk solution is effectively constant, with radicals being continually produced and consumed (Brillas et al., 2009). This leads to the simplified pseudo-first order expression: 

 (5)

The rate constant, kapp, varies between studies, likely due to differences in key parameters such as the organic contaminant being oxidised and the type of cathode. Xiao and Hill (Xiao and Hill, 2018) found rate constants from 0.025-0.098 min-1 for methyl orange oxidation with a GAC- polytetrafluorethylene (PTFE) cathode, while Pimentel et al. (Pimentel et al., 2008) found a rate constant of 0.037 min-1 for phenol oxidation with a carbon felt cathode. 

[bookmark: _Toc57640215]2.1.2 Operating Conditions
While a handful of studies have studied the regeneration of GAC used to remove organic contaminants from aqueous systems, individual operating parameters such as current and catalyst concentration are generally not the variables investigated. Due to the extended run-time of the regeneration experiments, individual operating parameters are often used to study contaminant, Total Organic Carbon (TOC) or colour removal. The optimal condition of each variable is then combined to study GAC regeneration over several cycles. 

Table 1: Comparison of studies concerning electro-Fenton regeneration of GAC. 

	Contaminant
	Optimal Catalyst Concentration (mM)
	Optimal Current (mA)
	Optimal Removal (%) [parameter]
	Optimal Regeneration (%)
	Regeneration cycles
	Final Regeneration Efficiency (%)
	Reference

	Acid Blue 9
	a
	500
	100 [colour] 
	
	 
	 
	(Robles et al., 2020)

	Naphthalene
	0.1
	6
	
	28
	5
	1.3
	(McQuillan, 2020)

	Methyl Orange
	0.2
	300
	100 [contaminant]
	100
	10
	100
	(Bañuelos et al., 2014)

	Methyl Orange
	1
	 
	81 [contaminant]
	81
	4
	64
	(Xiao and Hill, 2018)

	Orange II
	a
	 
	100 [contaminant]
	100
	10
	80
	(Bañuelos et al., 2015b)

	Orange II
	0.9
	 
	66 [colour]
	
	 
	 
	(Fernández et al., 2018)

	Polyacryl-amide
	1.5
	40b
	84 [COD]
	
	 
	 
	(Kang et al., 2013) 

	Toluene
	a
	 
	100 [contaminant]
	100
	10
	10
	(Bañuelos et al., 2013)


a ion-exchange resin used. b current density in units of mA/cm2

2.1.2.1 pH 
A low pH value is required to retain the catalytic iron in the aqueous phase, and all available literature on EF regeneration of GAC uses pH 3 or lower (Bañuelos et al., 2013, 2014, 2015b; Fernández et al., 2018; Kang et al., 2013; Robles et al., 2020; Wang et al., 2010; Xiao and Hill, 2018; Zhao et al., 2010). The iron is retained in the system, not precipitated as iron hydroxide; this maintains the efficiency of OH radical production and therefore, regeneration efficiency (Brillas et al., 2009; Chen et al., 2019). The increased concentration of protons at low pH values also aids the electro-generation of H2O2, thereby increasing the contaminant removal efficiency (Chen et al., 2019). 

2.1.2.2 Current
Current provides one of the reagents to the reaction, the electron, and is, therefore, an important operational parameter. Current density is the value of the current normalised to the surface area of the carbon. 

An increase in current sees an increase in contaminant removal to an optimal point (Chen et al., 2019). Beyond this point, an increase in current promotes parasitic side reactions such as the evolution of oxygen and other gases at cathodes and the decomposition of H2O2 into water  (Chen et al., 2019; Zhou et al., 2019a). However, there is disagreement in the literature regarding the optimal current, with values ranging from 6 mA (McQuillan, 2020) to 500 mA (Robles et al., 2020). The studies at the higher end of the optimal current range, such as Bañuelos et al., (2014) found a colour removal of 100% with a current of 300 mA; but McQuillan, (2020) found a regeneration efficiency of 28% at 6 mA, and regeneration did not increase even at 200 mA. Current density is a more useful parameter, as it can be more easily generalised to other regeneration systems, and Kang et al., (2013) found an optimal current density of 40 mA/cm2. 

It should be noted that due to the relationship between current, resistance and voltage, the comparison of optimal current values should ideally occur with constant resistance and voltage. However, these parameters values are rarely given in the literature, with effects of current often discussed without reference to resistance and potential difference.

2.1.2.3 Catalyst concentration
Contaminant removal increases with increasing Fe2+ concentration until an optimal point is reached, before decreasing with increasing concentration (Bañuelos et al., 2014). Fe2+ will activate H2O2 into OH radicals up until its optimal concentration; beyond this concentration Fe(II) scavenges hydroxyl radicals before they can oxidise organic contaminants, thus lowering removal efficiency (Oturan et al., 2010).

The literature generally agrees that the optimal Fe2+ concentration for GAC regeneration is between 0.1 mM and 1 mM, similar to that of EF without GAC (McQuillan et al., 2020b; Pimentel et al., 2008; Santana-Martínez et al., 2016). Bañuelos et al. (2014) found an optimal Fe2+ concentration of 0.2 mM resulted in 100% contaminant removal, while Xiao and Hill (2018) found an 81% contaminant removal at 1 mM concentration. 

While the optimal concentration does span two orders of magnitude, the role of cathode material may impact the optimal concentration. Due to electrode material’s ability to regenerate Fe3+ into the useful Fe2+ catalyst, different cathode materials show different optimal catalyst concentrations. Carbon-PTFE gas diffusion electrodes are known to have a higher optimal Fe2+ concentration (0.5-1.0 mM) than carbon felt cathodes (0.1-0.2 mM), due to carbon-PTFE electrodes being less efficient at regenerating Fe3+ (Brillas, 2020; Brillas et al., 2009).

Additionally, the concentration of Fe(II) from ion-exchange resins, such as those used by  Bañuelos et al. (2013, 2015b) and Robles et al. (2020) is not listed in terms of concentration but rather exchange capacity, but the Fe(II) is soluble when catalysing the EF reaction. 

2.1.2.4 Initial Contaminant Concentration
The impact of initial contaminant concentration on EF processes is somewhat paradoxical. An increase in initial contaminant concentration will cause the concentration of the contaminant to decrease more slowly, but this does not mean less contaminant will be removed (Brillas, 2020). Rather, for a given period of time, an increase in initial contaminant concentration will result in higher contaminant removal (Brillas, 2020). This is due to OH radicals being less prone to parasitic side reactions because there are more contaminant molecules to attack, thus increasing the efficiency of the EF process overall (Brillas, 2020). 

There is a limit to this behaviour: at high enough initial contaminant concentrations, there is insufficient oxidation power available from OH molecules within the system and the amount of contaminant removed will decrease (Brillas, 2020). The impact of initial contaminant concentration has not been studied explicitly in EF GAC regeneration, but it is expected that the trends from traditional EF studies will be conserved. 

2.1.2.5 GAC Concentration 
The concentration of GAC can also have an impact on the amount of H2O2, and thus OH radicals produced. The role of chemical and physical properties of GAC are discussed in detail in Section 3.0. It has been shown in the literature that increasing the GAC concentration within the reactor will increase H2O2 electro-generation and thus, OH radical production (Bañuelos et al., 2014). A larger amount of GAC will provide more surface area and therefore more active sites for H2O2 generation and activation. Bañuelos and partners found an increase from 0.3-1 g of GAC led to a 3-fold increase in H2O2 production (Bañuelos et al., 2014).  

[bookmark: _Toc57640216]2.1.3 Regeneration Efficiency 
There are currently only a handful of studies examining homogeneous EF regeneration of GAC, but the results are promising. Several efficiency metrics are used, including contaminant removal efficiency, TOC removal, regeneration efficiency and mineralisation current efficiency. Contaminant removal efficiency is typically reported for a single batch adsorption/ regeneration test, while the regeneration efficiency is generally reported for two or more adsorption/ regeneration cycles. As seen in Table 1, the regeneration efficiencies can range from around 81% (Xiao and Hill, 2018) to 100% (Bañuelos et al., 2013, 2014, 2015b).

Ideally, the regeneration efficiency should be maintained over many regeneration cycles, allowing the system to work efficiently for as long as possible, as seen in the studies by Bañuelos et al., (2014, 2015b). However, regeneration efficiency is often seen to drop after several cycles, as seen by Xiao and Hill (2018) where the regeneration efficiency dropped to 64% after only four cycles and the Bañuelos et al., (2013) study where the regeneration efficiency eventually dropped to just 10%. 

However, not all studies report the same promising results. The EF treatment of naphthalene loaded-GAC only saw a 28% regeneration, with regeneration efficiency dropping to 1.3% by the fifth adsorption-regeneration cycle (McQuillan, 2020). It was suggested that the micropores, key to adsorption capacity, were not being recovered in this process; only the exterior surface area was being regenerated (McQuillan, 2020).  

[bookmark: _Toc57640217]2.1.4 Research Opportunities
There are several areas of research requiring attention before this technology can be efficiently implemented on a larger scale. The field is currently comprised of only a handful of papers, many of those examining single-stage regeneration rather than multiple adsorption-regeneration cycles; the longevity of the GAC over many regeneration cycles is critical to scale-up of this technology. A wide range of pollutants are present in many environments around the world, each of which presenting unique chemistry and regeneration behaviour to be explored. This research can also be extended to the EF regeneration of Three-Dimensional Electrochemical Reactors (TDERs), a promising new contaminant-removal technology.

[bookmark: _Toc47701802][bookmark: _Toc57640218]2.2 Electro-Fenton-Like
[bookmark: _Toc57640219]2.2.1 Overview
While iron is the traditional Fenton and electro-Fenton catalyst, it is not the only metal that fulfils the requirements of an electro-Fenton catalyst. A non-iron catalyst may be useful in situations where iron cannot be used, such as the treatment of iron-chelating compounds (Balci et al., 2009). Other Transition Metals (TMs), such as those listed in Table 2, can catalyse the activation of hydrogen peroxide into hydroxyl radicals in a process termed ‘electro-Fenton-like’, first coined by Balci et al. (2009). Hydrogen peroxide is still produced via the 2eORR (Equation 1), and a TM with an Mn/Mn+1 redox pair catalyses the OH radical production (Equation 6). Electrons provided by the current then reduce the TM ion back to the catalytic form, generally Mn (Chumakov et al., 2016), Equation 7.

(6)
 (7)

Like the electro-Fenton process, the catalytic metal can be homogenous in the aqueous phase or heterogeneous in a solid catalyst and termed Heterogeneous electro-Fenton-like (Mi et al., 2019; Sun et al., 2019). Similarly, the process can be supplemented by photons via artificial UV or sunlight to produce the Photoelectro-Fenton-like or Solar Photoelectro-Fenton like respectively (Sirés et al., 2006). 

As the EFL process produced hydroxy radicals, it can theoretically be used to regenerate organic-exhausted GAC. However, this has not been investigated in the literature, for Granular Activated Carbon or any other type of activated carbon. Predictions of the behaviour of such a regenerative system can be made from EF regeneration and the EFL oxidation of organic contaminants in the presence of adsorptive carbon. Activated carbon was used as a cathode in a single study (Wang et al., 2019), but carbon felt (Pimentel et al., 2008; Sun et al., 2019) and graphite felt (Huang et al., 2020; Santana-Martínez et al., 2016) were also used. However, it is important to note that carbon and graphite felt have significantly lower specific surface area and different surface chemistry to activated carbon (González-García et al., 1999). 

A small number of organic compounds have been investigated for degradation by EFL processes, similar to traditional EF systems. These compounds are generally aromatics, such as phenols (Pimentel et al., 2008; Santana-Martínez et al., 2016) and nitrobenzene (Wang et al., 2019), insecticides/ herbicides (Balci et al., 2009; Pimentel et al., 2008), as well as pharmaceuticals (Huang et al., 2020; Sirés et al., 2006).

There are many ways of utilising transition metal catalysts in EFL systems. The majority of papers studied a metal operating as a catalyst by itself (Balci et al., 2009; Oturan et al., 2010; Pimentel et al., 2008; Santana-Martínez et al., 2016; Wang et al., 2019). However, some studies looked at using catalysts together, such as Huang et al. (2020), which investigated manganese and iron used together. This study, and Sirés et al. (2006), found that using multiple metal catalysts had a synergistic effect, especially when photons are used, and the system has better degradation rates or times when catalysts were used together. 

All studies examined in this section of the review use the homogeneous EFL mechanism, but the phase of the catalyst could be solid or aqueous. Some papers used soluble salt (Balci et al., 2009; Chumakov et al., 2016; Huang et al., 2020; Oturan et al., 2010; Pimentel et al., 2008), while some used solid metal anodes that slowly dissolved to provide aqueous catalytic metal ions (Santana-Martínez et al., 2016; Wang et al., 2019). There are some studies present in the literature that use a heterogeneous mechanism (Mi et al., 2019; Sun et al., 2019), but these were not included in the review. 

[bookmark: _Toc47701803][bookmark: _Toc57640220]2.2.2 Transition Metal Chemistry
Many transition metals have been investigated for their ability to participate in the EFL pathway, including cerium and lanthanide (Chumakov et al., 2016). The six presented in Table 2 have the most data present in the literature.

Cobalt, copper and nickel have similar redox chemistry to iron, with two active oxidation states each (Chumakov et al., 2016). Chromium and manganese use more than two oxidation states, supporting multi-step EFL reactions and producing hydroxyl radicals at each step (Chumakov et al., 2016). Under some operating conditions, copper may be able to produce hydroxyl radicals faster than iron (Santana-Martínez et al., 2016). There is also evidence that manganese ions can regenerate back to the catalytic form quicker than iron (Irmak et al., 2004). 



1

Table 2: Summary of transition metals capable of EFL catalysis. 

	 
	Redox Pair Oxidation States
	Working pH
	Environmental toxicant
	EFL Investigation
	Radical scavenging
	References

	Cr
	III-VI
	 < 6 
	Yes 
	Yes
	Unknown
	(Bokare and Choi, 2014; Chumakov et al., 2016; Codd et al., 2001) 

	Co
	II/ III
	Homogeneous: < 7.5
Heterogeneous: > 8.5 
	Yes 
	Yes
	Yes
	(Balci et al., 2009; Bokare and Choi, 2014; Chumakov et al., 2016; Oturan et al., 2010; Pimentel et al., 2008)

	Cu
	I/ II
	3
	Yes
	Yes
	Yes
	(Balci et al., 2009; Marr et al., 1998; Pimentel et al., 2008; Santana-Martínez et al., 2016; Wang et al., 2019)

	Fe
	II/ III
	Homogeneous: 2-4
Heterogeneous: 4-8
	Yes 
	Yes
	Yes
	(Bokare and Choi, 2014; Nidheesh et al., 2017; Oturan et al., 2010)

	Mn
	II-IV
	Homogeneous: 3.5-5.5
Heterogeneous: 5.5-7
	Yes
	Yes
	Unknown
	(Balci et al., 2009; Bokare and Choi, 2014; Chumakov et al., 2016; Pimentel et al., 2008; Williams et al., 2012)

	Ni
	II/ III a 
	2-8b
	Yes 
	No
	Unknown
	(Chumakov et al., 2016; Deng et al., 2018; World Health Organization, 2005) 


a proposed redox pair. b in conjunction with iron and ligands.

Table 2 presents six transition metals, but only copper, iron and manganese are examined in the following sections. Chromium (World Health Organization et al., 2018), cobalt (World Health Organization et al., 2006), and nickel (World Health Organization et al., 1990), are known, suspected and possible carcinogens respectively and were considered inappropriate for environmental remediation applications. While it is recognised that all catalysts have the potential to cause environmental harm at elevated levels, carcinogenic risk was considered a practical cut off to reduce exposure risk from this process for the purpose of this review. As copper, iron and manganese are not listed as possible, suspected or confirmed carcinogens, they were considered appropriate at this stage of investigation.


While there have been some studies comparing the catalysis of the EFL pathway with different transition metals, these studies all use different metrics; including hydroxyl radical production (Chumakov et al., 2016), TOC removal (Pimentel et al., 2008) and contaminant degradation (Balci et al., 2009; Oturan et al., 2010). Because of these different metrics, the trends of efficiency differ between studies, summarised in Table 3 below. The results show that iron, manganese and cobalt can be considered effective catalysts, but also show that there is a significant opportunity for examining different catalysts and different groups of contaminants. 

Table 3: Summary of trends in transition metal catalytic efficiency

	Metric
	Trend
	Reference

	Hydroxyl radical production
	Cr > Ce > Cu > Co > Fe > Ni > La
	(Chumakov et al., 2016)

	Metomyl degradation
	Fe > Co > Ag > Cu
	(Oturan et al., 2010)

	TOC removal
	Fe > Co > Cu > Mn
	(Pimentel et al., 2008)

	Glyphosate removal
	Mn > Ag > Co > Cu
	(Balci et al., 2009)


 
As with the EF process, the overall reaction is considered pseudo-first-order because the oxidation of organics via OH radicals is pseudo-first-order (Balci et al., 2009; Oturan et al., 2010; Sirés et al., 2006). The overall rate constant will depend on the organic contaminant and catalyst in the reaction system. Balci et al. (2009) found a pseudo-first order constant of 0.035 min-1 for the EFL oxidation of (aminomethyl)phosphonic acid, and a rate constant of 0.071 min-1 for glyphosate under the same reaction conditions, showing the dependence of the kapp on the organic contaminant. Oturan et al. (2010) found that rate constants varied for the four metals examined, ranging from 0.0032 min-1 for Cu2+ to 0.0168 min-1 for Fe3+ under the same reaction conditions of oxidising metomyl. These rate constants are on the same order of magnitude as those for the traditional EF reaction. 








Table 4: Comparison of studies concerning EFL degradation of organic contaminants with activated carbon cathode. 

	Contaminant
	Catalyst
	Optimal pH
	Optimal Catalyst Concentration (mM)
	Current (mA)
	Optimal Removal (%) [metric]
	Reference

	4-chlorophenol
	Cu, Fe c
	3
	Cu: 3.66
Fe: 3.66
	4 d
	Cu: 70 e
Fe: 45
	(Santana-Martínez et al., 2016)

	Ciprofloxacin
	Mn and Fea
	3
	2:1 Mb
	400
	94 e
	(Huang et al., 2020)

	Glyphosate
	Mn
	3
	Mn2+: 0.1 
	100
	92 f
	(Balci et al., 2009)

	Metomyl
	Fe, Co, Ag, Cu
	3
	Fe3+: 0.1 
Cu2+: 100
Co2+: 0.1
	200
	Fe: 100 f 
Cu: 100 
Co: 100
	(Oturan et al., 2010)

	Nitrobenzene
	Cuc
	4
	Cu2+: 134
	
	80.8 f
	(Wang et al., 2019)

	Phenol
	Fe, Co, Mn, Cu
	3
	Fe2+: 0.1
Co2+: 0.1
Cu2+: 5 
Mn2+: 1
	60
	Fe: 80 e TOC 
Co: 78
Cu: ~65
Mn: ~50
	(Pimentel et al., 2008)


a both catalysts used together. b molar ratio concentration provided, absolute concentration data not available. c heterogeneous metal. d current density in units of mA/cm2. e TOC removal. f contaminant removal.

[bookmark: _Toc57640221]2.2.3 Operating Conditions
2.2.3.1 pH 
All studies examining EFL oxidation of contaminants operate in an acidic medium, which is the optimal pH range for EF oxidation (Brillas et al., 2009). A low pH is generally required for a homogeneous EF, although cobalt and manganese can approach neutral pH values and remain soluble (Bokare and Choi, 2014). 

Most studies selected a pH value of 3 without optimisation. But Wang et al. (2019) found that an optimal pH value of 4 allowed the solid copper anode to dissolve and provide sufficient catalyst to the EFL pathway. This pH value also avoided the H2 gas evolution at the cathode at low pH values and insufficient protons available to produce H2O2 at high pH values (Wang et al., 2019).

2.2.3.2 Catalyst Concentration 
The behaviour of catalyst concentration mirrors the trends seen in the EF process: contaminant removal increases with catalyst concentration until the optimal point, after which removal efficiency decreases due to metal ions scavenging hydroxyl radicals. This trend is seen in all transition metals studied: copper (Pimentel et al., 2008), cobalt (Pimentel et al., 2008), manganese (Balci et al., 2009). 

Manganese has a range of optimal concentrations, from 0.1 mM (Balci et al., 2009) to 1 mM (Pimentel et al., 2008), while this is over two orders of magnitude, the range is small enough to consider the literature consistent. Huang et al. (Huang et al., 2020) also used aqueous manganese, but its concentration is only listed as a ratio with aqueous iron. Optimal iron concentrations are similar to those in EF regeneration studies discussed previously and will not be examined further in this section. 

The optimal concentration of copper is contested in the literature. Some studies show a small optimal value of 5 mM (Pimentel et al., 2008), while others show a value on the order of 100 mM (Oturan et al., 2010; Wang et al., 2019). It is known that copper ions can react with molecular oxygen, similar to the scavenging of hydroxyl radicals (Bali and Karagozoglu, 2007). This behaviour reduces the copper available to produce hydroxyl radicals and thus increases the concentration of copper required to support an efficient removal of contaminant. It is also worth noting that the value of 134 mM of copper ions in Wang et al. (2019) was not the optimal level, unlike the value of 100 mM found in Oturan et al. (2010). The value of 134 mM was the concentration of aqueous copper ions from the dissolving copper anode and was not optimised to find the most efficient removal rate (Wang et al., 2019). 

2.2.3.3 Current 
Current and current density is an important parameter in electrochemical regeneration and oxidation systems, but no EFL studies optimised the current provided to their system. A wide range of currents is seen, from 60 mA (Pimentel et al., 2008) to 400 mA (Huang et al., 2020), including a current density of 4 mA/cm2 (Santana-Martínez et al., 2016). While it is currently unknown, it is logical to conclude that the same trend of removal increasing with current until an optimal point, seen in all other EF processes, would be seen in EFL systems if examined. 

2.2.3.4 Initial Contaminant Concentration
Only a single study has analysed the role of initial contaminant concentration on contaminant removal rate with a non-iron catalyst, and the behaviour contradicts the EF trend. Balci et al., (2009) found that the rate of Mn-catalysed oxidation of glyphosate decreased with increasing initial glyphosate concentration. This decrease was attributed to a decrease in available Mn2+ ions due to complexation with organics, as well as the competition of glyphosate with its degradation by-products for OH radicals. Interestingly, this is the opposite trend than seen in Fe-catalysed reactions. This is likely due to the fact that Mn2+ has not been proven to scavenge hydroxyl radicals, so the effect of decreased parasitic side reactions leading to an overall increase in amount of contaminant removal may not be occurring. It should be noted that 100% contaminant removal was seen at all glyphosate concentrations, 0.1-0.4 mM, but this removal took longer at increasing concentrations (Balci et al., 2009). 

There has been no study released examining the role of initial contaminant concentration with Cu-catalysed reactions, which are prone to radical scavenging (Santana-Martínez et al., 2016). Sirés et al., (2006) showed a similar trend to EF oxidation when copper was utilised, but this reaction catalysed by Cu2+, Fe2+ and UVA light simultaneously. 

[bookmark: _Toc57640222]2.2.4 Research Opportunities
This field is relatively small and has excellent potential to contribute to the regeneration of GAC. But there are many issues to be solved before this technology can be scaled-up. While there has been one study examining the oxidation of organics in the presence of activated carbon fibre with a copper catalyst, this technology should be trialled with manganese, another promising transition metal. If EFL oxidation in the presence of activated carbon proves promising, EFL regeneration of GAC can also be explored. There is also room for exploring new types of catalysts for taking advantage of different operating conditions for different transition metals. 

[bookmark: _Toc57640223]2.3 Photoelectro-Fenton Process with Activated Carbon 
[bookmark: _Toc57640224]2.3.1 Overview
The electro-Fenton process is a useful EAOP, but it can be further improved by adding another catalyst. Photons in the UV part of the electromagnetic spectrum can be introduced as a secondary catalyst, creating the Photoelectro-Fenton process (Brillas, 2013). A variety of wavelengths are used, from UVA (λ= 315-400nm), UVB (λ= 285-315nm) and UVC (λ=100-285nm) (International Organization for Standardization, 2007), often from mercury lamps (Bañuelos et al., 2015a; Wang et al., 2008). However, there has been a recent push to ban mercury lamps, and some researchers have investigated alternative light sources such as microwave discharge electrodeless lamp irradiation (A. Wang et al., 2018; Wen et al., 2019).  

The PEF process has several advantages over the EF process and is shown to be more efficient at oxidising organic contaminants (Bañuelos et al., 2015a; Wang et al., 2008, 2011; A. Wang et al., 2018; Wen et al., 2019; Zhang et al., 2019). However, PEF does have a disadvantage of requiring additional energy to run the lamps. To counter this need, the Brillas group pioneered the Solar Photoelectro-Fenton process. As the name implies, SPEF uses sunlight rather than artificial light to provide photons to the reaction (Flox et al., 2007b, 2007a). SPEF provided broad-spectrum light, but UVC and some UVB wavelengths are filtered out by the atmosphere (Schmitz, 2017). This filtering primarily leaves UVA, which is commonly used by researchers (Bañuelos et al., 2015a; Ramírez et al., 2010; Zhang et al., 2019). Sunlight also has the advantages of being higher intensity than artificial light, inexpensive and renewable (Brillas, 2013). 

The SPEF/PEF pathway is similar to the EF pathway as hydrogen peroxide is formed via the 2eORR pathway (Brillas, 2013), and the electrons provided by the current produce hydroxyl radicals via Equation 1. In the SPEF/PEF pathway, photons photoreduce Fe(OH)2+, the most common Fe3+ species at the traditional EF pH of 3 via Equation 8. (Brillas et al., 2009; Sun and Pignatello, 1993). The synergy of the photons pathway and electron pathway increase the number of hydroxyl radicals and increase the oxidation and removal of organic contaminants. 

(8)

The PEF pathway has another advantage over the EF pathway. Photons also photolyse Fe(III)-carboxylic acid complexes via the photodecarboxylation process (Brillas, 2013). These complexes are often resistant to hydroxyl radical attack, and TOC removal is often higher in SPEF/PEF processes where carboxylic acids are part of the contaminant degradation pathway (Wang et al., 2011; A. Wang et al., 2018; Wen et al., 2019). The decarboxylation process also has the advantage of releasing Fe3+ to be reduced by photons back into catalytic Fe2+ (Brillas, 2013). 

The literature agrees that PEF oxidation follows pseudo-first-order kinetics, with the rate constant being dependent on several key parameters, such as electrode type and organic contaminant, as with other EF processes (Brillas, 2013; A. Wang et al., 2018; Wen et al., 2019). Wen et al. (2019) found a rate constant of 0.194 min-1 for the PEF oxidation of the antibiotic cefoperazone with a boron-doped diamond electrode, slightly higher than the constant of 0.179 min-1 for EF oxidation under the same conditions. This paper also found that boron-doped diamond electrodes resulted in a higher rate constant than RuO2/Ti electrodes. Likewise, A. Wang et al. (2018) found a rate constant of 0.0904 min-1 for the PEF oxidation of ciprofloxacin with an ACF cathode, slightly higher than the EF rate constant of 0.0531 min-1. While PEF rate constants are generally higher than those for EF reactions, they are on the same order of magnitude. 

Photocatalysis can sometimes occur in SPEF/PEF systems and is a way to produce hydroxyl radicals from TiO2 or ZnO (Brillas, 2013). Valence band gaps are produced within the TiO2 nanoparticles or ZnO particles; these gaps then produce hydroxyl radicals by oxidising water or hydroxyl ions (Becerril-Estrada et al., 2020; Brillas, 2013). While a promising AOP technology, photocatalysis will not be included in this review. 

Different combinations of catalysts and catalysts phases are available in the PEF process, similar to the traditional EF process. Combining the PEF and HEF processes to use solid-phase iron catalysts with photons has been investigated (Bañuelos et al., 2015a; Ramírez et al., 2010), as well as an electro-Fenton-like version of the PEF process using iron, copper and photons as catalysts (Sirés et al., 2006). 

Despite both the PEF and EF processes being described for the first time in the same research (Brillas et al., 1996), PEF oxidation of activated carbon is less explored in the literature than EF oxidation. SPEF is even less prominent in the literature, discovered nearly a decade later in 2007 (Flox et al., 2007b, 2007a). To date, no papers have studied SPEF or PEF regeneration of exhausted granular activated carbon. There have been some studies on the PEF oxidation of organic adsorbed on other forms of activated carbon, such as activated carbon fibre cathodes (Sun et al., 2017; Wang et al., 2011, 2008; Wen et al., 2019; Zhang et al., 2019), and activated carbon-graphite composites (Khataee et al., 2012). There have been no investigations into the SPEF oxidation of organics on any form of activated carbon yet. While these studies have examined different forms of carbon, many, if not all, trends and behaviours can be applied to the regeneration of GAC-based systems. 

The studies that have investigated PEF oxidation of organics on activated carbon have examined the dyes Methyl Orange (Bañuelos et al., 2015a), Acid Yellow 36 (Khataee et al., 2012) and Acid Red 14 (Wang et al., 2008) and the pharmaceuticals sulfamethoxazole (SMX) (Wang et al., 2011), cefoperazone (CFPZ) (Wen et al., 2019), ciprofloxacin (CIP) (A. Wang et al., 2018) and cefalexin (CLX) (Zhang et al., 2019). 





Table 5: Comparison of studies concerning PEF degradation of organic contaminants with activated carbon cathode. “N/A” described heterogeneous iron used as catalyst.

	Contaminant
	λ (nm) 
	Intensity (mW/cm2)
	[Fe2+] (mM)
	Current (mA)
	TOC Removal (%) 
	Reference

	Acid Red 14
	254 (UVC) a
	11b
	1 
	360

	94
	(Wang et al., 2008)

	Acid Yellow 36
	(UVC)
	6b
	0.1 c
	100
	51.36 d
	(Khataee et al., 2012)

	Methyl Orange
	365 (UVA)
	75 
	N/A
	
	98 
	(Bañuelos et al., 2015a)

	SMX
	254 (UVC), 365 (UVA)
	1.4
	1
	500
	80 
	(Wang et al., 2011)

	CFPZ
	194 (VUV), 254 (UVC), 312 (UVB), 365 (UVA) 
	0.11 (VUV), 0.07 (UVC), 3.94 (UVB), 0.222 (UVA)
	1 
	360
	88
	(Wen et al., 2019)

	CIP
	194 (VUV), 254 (UVC), 312 (UVB), 365 (UVA)
	0.11 (VUV), 0.07 (UVC), 3.94 (UVB), 0.222 (UVA)
	1
	18e
	83 
	(A. Wang et al., 2018)

	CLX
	(UVA)
	1.522 
	
	
	76%
	(Zhang et al., 2019)


a listed as “low-pressure mercury lamp”. b Total power in W. c Fe3+ concentration. d colour removal only. e current density in units of mA/cm2.

[bookmark: _Toc57640225]2.3.2 Operating Conditions
The major factors impacting PEF system performance are generally the same as in EF processes: pH, current, catalyst concentration and contaminant concentration. These trends follow similar behaviour as in EF, but there are some differences. 

2.3.2.1 pH 
An optimal pH of 3 was found for most studies, with contaminant and TOC removal peaking at the traditional EF pH (Khataee et al., 2012; Wang et al., 2011; A. Wang et al., 2018; Wen et al., 2019). However, Sun et al., (2017) found optimal hydroxyl radical production at pH 4.49, and Wang et al. (2008) found optimal TOC removal of 98% at pH 3.97. 

2.3.2.2 Current 
Contaminant and TOC removal generally follow the same trend as EF: removal increased with the current until an optimum point, after which, removal decreased (Bañuelos et al., 2014). A. Wang et al. (2018) saw the highest TOC removal of 83% at 18 mA/cm2, but a TOC removal of only 72% at 25 mA/cm2. This decrease in removal is again attributed to the promotion of parasitic side reaction decomposing of hydrogen peroxide and hydroxyl radicals into less powerful oxidants and water (Garza-Campos et al., 2016). 

Wang et al. (2008) on the other hand, showed a different behaviour that doesn’t agree with other studies: the lowest current resulted in the highest TOC removal. The study showed an increase in contaminant removal with current up to 360 mA in the first 275 minutes of the experiment with ~90% removal. But at t= 275 minutes, the behaviour shifted, and the lowest current of 120 mA showed the highest removal of TOC at 94%. At the same time, the highest current of 500 mA gave a TOC removal of ~85%. While there is only a small difference in removal efficiencies by 350 minutes, further investigation is needed to understand this behaviour.

Across the different studies, the range of optimal currents was between 100 mA (Khataee et al., 2012) and 500 mA (Wang et al., 2011). Current density, interactions with photons and the organic contaminant all likely impact the optimal current for a given system.

2.3.2.3 Catalyst Concentration
Iron (II) is known to scavenge hydroxyl radicals when in excess concentrations in other electro-Fenton processes, and the same phenomenon can be found here (Oturan et al., 2010). A. Wang et al. (2018) found that TOC removal increased with Fe2+ concentration, with an optimal removal of 83% at 1mM, but removal dropped to 62.5% at 2mM. Where homogeneous iron was employed at the catalyst, 1mM was also found to be the optimal Fe2+ concentration (Wang et al., 2011, 2008; Wen et al., 2019), or 0.1mM for Fe3+ (Khataee et al., 2012), to balance catalysis and hydroxyl scavenging. 

The additional catalyst of photons has two crucial factors that impact on the PEF process: intensity and wavelength. Degradation of contaminants has been shown to increase with intensity, as more photons are entering the system (Skoumal et al., 2009). Like Fe2+, there may be an upper limit on photon intensity increasing oxidation of organic contaminants, but this is currently unproven. The wavelength, or energy, of the photons is another consideration, and there is no consensus in the literature on the optimal wavelength. UVC is higher in energy than UVA or UVB and thus contains more powerful photons. These UVC photons are capable of photolysing both hydrogen peroxide to produce hydroxyl radicals and organic contaminants (Martínez-Huitle and Brillas, 2009). However, many studies use UVA light and achieve a range of removal efficiencies, from 60% TOC removal (Ramírez et al., 2010) to 98% TOC and colour removal (Bañuelos et al., 2015a). Additional research is needed to determine the optimal energy of photons to degrade organic contaminants adsorbed to activated carbon in the PEF process. 

2.3.2.4 Initial Contaminant Concentration
The impact of initial contaminant concentration in PEF processes follows a similar pattern to that of EF processes; where an increase in initial concentration increases the amount of contaminant removed, but the concentration decreases more slowly (Wang et al., 2011; A. Wang et al., 2018; Wen et al., 2019). A. Wang et al., (2018) found that the lowest initial CIP concentration of 50 mg/L led to the lowest TOC removal of 64%, while a concentration of 200 mg/L led to an 83% TOC removal. Past the optimal initial concentration of 200 mg/L, the oxidising power of the solution was insufficient to continue increasing the TOC removal, with only 80% TOC removal at 300 mg/L. 

Interestingly, while this trend is seen in Wen et al., (2019) for the RuO2/Ti anode, it is not seen for the boron-doped diamond (BDD) anode, and the BDD system removed more TOC overall than the RuO2/Ti system. This difference in behaviour is likely due to the fact that the RuO2/Ti anode did not produce any H2O2, while the BDD anode produced a small amount, contributing further to oxidising power of the solution (Wen et al., 2019).

[bookmark: _Toc57640226]2.3.3 Research Opportunities 
The Photoelectro-Fenton oxidation of organic contaminants adsorbed on activated carbon is a promising opportunity for water treatment, wastewater treatment and environmental remediation. While work on oxidising contaminants on the surface of the carbon has been done, the next step is specifically looking at using the PEF process to regenerate exhausted GAC or another source of carbon, examining if the technology is feasible over several cycles.

There are many avenues for new research to allow for the deployment of this technology on a broader scale. Several applicability issues need to be addressed, such as the impact of turbulent and cloudy waters and how photons penetrate the water. There are also many sources of contaminated groundwater and employing this technology in-situ is currently not feasible. Pharmaceuticals and dyes are important classes of contaminants, but other classes of organic contaminants such as pesticides and herbicides, agricultural wastes and petroleum-based organics should also be explored as they likely behave very differently. Due to the additional energy needs of the PEF lamp, the relationship between energy efficiency and removal efficiency needs to be more fully understood. And while SPEF oxidation with activated carbon is still in its infancy, this line of exploration offers many opportunities to water treatment, waste treatment and environmental remediation.  

[bookmark: _Toc57640227]2.4 Heterogeneous Electro-Fenton
[bookmark: _Toc47701797][bookmark: _Toc57640228]2.4.1 Overview
While the traditional form of electro-Fenton reaction is homogeneous, there are several ways the catalyst can be in the solid phase – creating the heterogeneous electro-Fenton process. Iron can form the cathode by itself (Nidheesh et al., 2017), the iron can be combined with other materials such as activated carbon fibre and other metals to form a composite cathode (Li et al., 2019; J. Li et al., 2009; Liu et al., 2018), and lastly, the iron can be supported by a matrix. These matrices include granular activated carbon (Bounab et al., 2015; Xiao and Hill, 2019), zeolites (Noorjahan et al., 2005; Rache et al., 2014), clays (He et al., 2014; Qiao et al., 2015) organic polymers such as alginate beads (Iglesias et al., 2015; Rosales et al., 2012) and others. 

Some cathodes may also be bimetallic, incorporating copper (Yue et al., 2008), or use a nickel foam (Bounab et al., 2015; Iglesias et al., 2015; Wang et al., 2020); both copper and nickel are known to promote the electro-Fenton-like pathway and will also produce hydroxyl radicals (Chumakov et al., 2016). Photons can also be included in the process to run the Heterogeneous Photoelectro-Fenton process (García-Rodríguez et al., 2016; Ramírez et al., 2010).

Retaining the catalyst in the solid phase removes the need to dissolve the iron, which has three advantages over the homogeneous system. Firstly, there is no dissolved iron to precipitate out of solution as ferric hydroxide sludge (Nidheesh et al., 2017). This prevents the need to separate the hydroxide before it enters the environment and causes ecosystem effects. Secondly, as the catalyst remains in the system and does not flow out, it is easier to recycle the catalyst over many regeneration cycles in a continuous flow system (Nidheesh et al., 2017). Thirdly, a low pH is not required to keep the iron soluble, reducing the need for hazardous chemicals such as sulfuric acid. 

There are several cathodes available for the HEF process, and one promising technology is activated carbon particle embedded with iron, termed Fe-AC. Fe-AC provided an adsorptive surface for organic contaminants and Surface Oxygen Groups (SOGs) to electrogenerate H2O2 via the activated carbon and the electro-Fenton catalyst via the iron species. Fe-AC can be used in the same configurations as traditional electrochemical regeneration, including compressed beds (Xiao and Hill, 2019) and TDERs (Hou et al., 2017, 2016; X. Wang et al., 2018). Much of this review section will focus on iron-amended granular activated carbon, termed Fe-GAC.

There are several processes used to create Fe-GAC, with varying pre-treatments required. A typical path is to create a slurry of GAC and soluble iron, forming a solid after low-temperature drying in an oven (Dastgheib et al., 2004; Hou et al., 2017, 2016; Kan and Huling, 2009). A second common technique is ion-exchange, where a solution of iron salt is contacted with the GAC, and iron cations exchange with cations on the surface of the GAC (Castro et al., 2009; Dastgheib et al., 2004; Huling et al., 2007). A third technique also uses a solution of iron salts but instead forms iron-oxide complexes with the carbon surface (Huling et al., 2007; Xiao and Hill, 2019). A less common, but still feasible technique, involves using electro-deposition to deposit iron on the cathode surface (Bañuelos et al., 2015a). There is also a process termed Incipient Wetness Impregnation, which has four mechanisms of action: precipitation, surface complexation, adsorption and ion exchange (Liang and Lee, 2012). These amendment treatments are not 100% efficient, with iron often found in the salt solution after contact (Gonçalves et al., 2013). These processes also offer varying levels of penetration into the GAC and varying levels of uniformity. But there are techniques, such as acid pre-treatment, that can allow the iron to reach deeper into the GAC and create a more uniform distribution the carbon surface (Kan and Huling, 2009). 

Fe-GAC can be formed with several types of iron. The most common oxide ores used are pyrite (FeS2) (Liang and Lee, 2012), magnetite (Fe3O4) (Xiao and Hill, 2019) and goethite (α-FeOOH) (Gonçalves et al., 2013), while the most common salts are ferrous sulfate (FeSO4.7H2O) (Huling et al., 2007; Shah et al., 2014), ferric oxide (γ-Fe2O3) (Nidheesh et al., 2017), ferric nitrate (Fe(NO3)3.9H2O) (Castro et al., 2009) and ferric chloride (FeCl3) (Bañuelos et al., 2015a; Dastgheib et al., 2004). The iron embedded in the GAC is often amorphous but can also be crystalline (Huling et al., 2007). Nanoparticles can often be found in these heterogeneous catalysts as well, with nonparticulate iron being found in several phases and forms (Bleyl et al., 2012; Hou et al., 2017, 2016; Nasrollahpour and Moradi, 2016; Nazari et al., 2020; Zhang et al., 2012; Zhu et al., 2018).

The mechanism of oxidation of organics in the HEF system is known to be a combination of the heterogeneous Fenton process and the traditional electro-Fenton process. Hydrogen peroxide is produced via the 2eORR, as in the EF process (Nidheesh et al., 2017). The mechanism generally depends on the pH of the system, as this determines the level of homogeneous iron. 

At low pH values, around pH 3, iron can leach out of the heterogeneous catalyst and may be at high enough concentration to support the homogeneous electro-Fenton, even if only to a small extent (Nidheesh et al., 2017). 

At higher pH values where no soluble iron is available, hydrogen peroxide adsorbs to the Fe(II) sites on the catalyst. These two species then form a pre-cursor complex, allowing OH radicals to form after a ground-state ligand-metal electron transfer (Lin and Gurol, 1998). In the heterogeneous Fenton process, these Fe(II) sites are eventually exhausted and become Fe(III) sites (Zárate-Guzmán et al., 2019). This exhaustion does not occur in HEF processes, indicating that the current provided allows for the redox recycling of Fe(III) sites back to the catalytic Fe(II) form, as occurs in the homogeneous EF process. There is also a second heterogeneous mechanism possible, where H2O2 adsorbs to the iron surface, but HO2/O2 radicals are formed in place of hydroxyl radicals (Andreozzi, 2002). A simplified HEF mechanism is shown below in Figure 3. 
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Figure 3: Simplified HEF mechanism with iron-amended activated carbon (Top: pH value of 3, Bottom: pH value > 4). Single hydroxyl radical shown as attacking both desorbed and adsorbed to demonstrate radical can attack in two ways but not simultaneously. 


The oxidation and removal of organics from Fe-AC have been studied in two primary forms with a variety of model contaminants. Firstly, the regeneration of adsorptive capacity of granular activated carbon sees dyes such as methyl orange (Bañuelos et al., 2015a; Xiao and Hill, 2019) and phenols (Bounab et al., 2015) used as model contaminants. Secondly, the removal and mineralisation of contaminants from the solution: where phenols (Nazari et al., 2020), nitrogen-containing heterocyclic compounds (NHCs) (Hou et al., 2017), pesticides (X. Wang et al., 2018) and coal gasification wastewater (Hou et al., 2016) have been used as model contaminants. Behaviours of oxidation and mineralisation of aqueous contaminants can be applied to the HEF regeneration of granular activated carbon to more fully understand the optimal operating conditions. 

As with other EF reactions, the HEF reaction follows pseudo-first order kinetics, with the rate constant dependent on system parameters (Barhoumi et al., 2017; Hou et al., 2017; Nazari et al., 2020). These constants range from 0.0097 min-1 for pyridine (Hou et al., 2017), to 0.0337 min-1 for catechol (Nazari et al., 2020), to 0.907 min-1 for tetracycline (Barhoumi et al., 2017). These rate constants are dependent on many of the parameters mentioned in previous sections but may also be dependent on the form of iron available in the system. Further research is required to answer this question. The available rate constants are similar to those in the other 3 EF processes examined. 

Table 6: Comparison of studies concerning HEF degradation of organic contaminants with activated carbon cathodes. 

	Contaminant
	pH range [optimal]
	Optimal current (mA)
	Optimal catalyst concentration [catalyst type]
	Maximum leached iron concentration (mg/L)
	Optimal removal efficiency (%) [parameter]
	Reference

	Catechol
	1-10 [3]
	120
	0.9 g/L [particles]
	31
	98.2 [catechol]
	(Nazari et al., 2020)

	Coal gasification wastewater
	2-7 [3]
	15 a
	10 g/L [particles]
	1.92 
	82.4 [colour]
	(Hou et al., 2016)

	Diuron
	3-9 [3]
	100
	3 g/L [particles]
	< 0.1
	98 [diuron] 
	(X. Wang et al., 2018)

	Indole, quinoline, pyridine
	3-9 [3]
	
	
	
	99.1 [indole]
	(Hou et al., 2017)

	m-cresol
	2
	
	
28 mg/L [iron]
	
	83 [TOC]
	(Bounab et al., 2015)

	Methyl Orange
	3
	
	20 wt% [iron]
	
	89 [regeneration]
	(Xiao and Hill, 2019)

	Methyl Orange
	3
	
	1973 mg/kg [iron]
	
	96 [COD]
	(Bañuelos et al., 2015a)


a current density in units of mA/cm2.

[bookmark: _Toc57640229]2.4.2 Operating conditions 
2.4.2.1 pH 
pH is an interesting parameter in the HEF process. While pH is traditionally restricted to a value of three in the EF process, the heterogeneous iron and separate mechanism allow for a broader range of operating pH values. The role of pH has not explicitly been explored in Fe-GAC regeneration, but it has been studied in Fe-AC. 

In many HEF studies, lower pH values tended to have higher contaminant and COD removal rates (Hou et al., 2017, 2016; Nazari et al., 2020; X. Wang et al., 2018). Hou et al. (2016) found an optimal pH of 3 gave 73.1% COD removal. This trend is likely because iron leaches out of the solid catalyst at low pH, allowing the homogeneous mechanism to occur in parallel with the heterogeneous mechanism (Nidheesh et al., 2017). 

However, some studies found that while an increase in pH did reduce contaminant removal, the process could still operate effectively at higher pH values, even neutral. X. Wang et al. (2018) found that while 3 was the optimum pH value, the system could operate effectively up to a pH value of 7, with a corresponding contaminant removal of 65.5%. This behaviour is likely due to the different oxidising agents present at different pH values. Acidic conditions see OH radicals produced as the primary oxidising agent, while basic conditions see O2/HO2 radicals produced as the primary oxidising agents, with OH radicals as secondary oxidisers (Nazari et al., 2020). Additionally, H2O2 production is promoted at neutral and basic conditions, compared to acidic conditions (Hanaoka et al., 2004). J. Li et al. (2009) found that H2O2 production was nearly nine times greater in neutral conditions than acidic. 

Iron leaching was found to be an issue in some studies, particularly at low pH values. The leaching leads to a degradation of the catalyst, with varying levels of iron leaching found. However, where leaching was found to be an issue, the iron concentration in solution was generally found to be below environmental limits (Hou et al., 2016; X. Wang et al., 2018).  

2.4.2.2 Current 
Similar to pH, the role of current hasn’t been explicitly explored in the regeneration of Fe-GAC, but trends can be extrapolated from Fe-AC. The general trend seen in other EF processes is seen here: an increase in contaminant removal with an increase in the current until an optimal point, past which the contaminant removal drops due to parasitic side reactions preventing radical formation and oxidation (Chen et al., 2019; Zhou et al., 2019b). Nazari et al. (2020) found an optimal current of 120 mA, with a catechol removal of 84%, dropping to 74% removal at 160 mA due to parasitic side reactions decomposing H2O2. While both Nazari et al. (2020) and X. Wang et al. (2018) found an optimal current on the order of 100 mA, Hou et al. (2016) found an optimal current density of 15 mA/cm2. Current density is considered a more useful parameter, as it is normalised to the electrode surface area. 

2.4.2.3 Catalyst Concentration 
There is disagreement in the literature over the impact of catalyst concentration on the regeneration of Fe-GAC. Bañuelos et al. (2015a) found that a higher concentration of iron resulted in higher contaminant removal, with 96% of colour removed at 1973 mg/kg and 84% being removed at 407 mg/kg. However, Bounab et al. (2015) found the opposite, with 83% TOC removal at 28 mg/L and 67.3% removed at 46 mg/L. Due to different forms of iron, an absolute comparison between the two sets of data is difficult. 

A trend seen in the oxidation of Fe-AC seems to combine the results of the two studies above, and mirrors the trend seen in homogeneous EF processes. Nazari et al. (2020) found an increase in contaminant removal with catalyst concentration until an optimal point of 9.9 g/L was reached, removing 83.5% of catechol, after which contaminant removal is seen to decrease again, with only 76% removed at 1.2 g/L. It is unknown whether this decrease is due to hydroxyl radical scavenging by iron, as seen in homogeneous systems, and further work is needed to answer this question. It is also important to note that Nazari et al. (2020) catalyst concentration takes active sites from both iron and the activated carbon into account, while Bañuelos et al. (2015a) and Bounab et al. (2015) only take iron into account.

Fe-AC particles are often used in TDERs, due to their combination of iron and H2O2 activation sites. These reactors have a different concentration limit as high catalytic particle concentration may cause short-circuiting and prevent efficient operation (Hou et al., 2016).

2.4.2.4 Initial Contaminant Concentration 
The role of initial contaminant concentration is not well-documented in the regeneration of Fe-GAC, similar to current and pH. The one study available, Nazari et al., (2020) does not follow the pattern presented by EF and PEF processes; instead, contaminant removal is seen to decrease with increasing contaminant concentration. Nazari et al., (2020) found an optimal contaminant concentration of 0.8 mM of catechol gave 98.2% contaminant removal, but a concentration of 1.4 mM gave a 61.7% removal. As the concentration of catechol increased, there were insufficient oxidising agents present to remove catechol from solution. 

It is possible that the concentrations used in this study, 88 mg/L and 154 mg/L for 0.8 mM and 1.4 mM respectively (Nazari et al., 2020), are too high to see the expected pattern, and that the trend of increased contaminant removal with increased contaminant concentration could be seen at lower concentrations. 

[bookmark: _Toc57640230]2.4.3 Research Opportunities
There are many areas of this technology that require research attention before wide-scale implementation of HEF regeneration of GAC. While the trends of several key parameters such as pH, current, catalyst concentration and contaminant concentration are known, there is little comparison of the different forms of iron present in the catalysts. These various forms of iron may impact degradation and contaminant removal efficiency. Additionally, as the catalyst is solid, catalytic poisoning may affect the longevity of these cathodes. The presence and process of including iron may have effects on the overall contaminant removal system, such as shifting the conductivity of the GAC. There is also the opportunity to investigate other classes of organic contaminants, such as pharmaceuticals and petrochemicals. 
[bookmark: _Toc57640231]3.0 Relationship with Granular Activated Carbon Surface
[bookmark: _Toc47701780][bookmark: _Toc57640232]3.1 Physical Surface
One of the primary advantages of GAC for organic contaminant removal in aqueous systems is the physical surface of the carbon: pores. There are three main types of pores, their definitions based on diameter: micropores (< 2 nm), mesopores (2-50 nm), and macropores (> 50 nm) (IUPAC, 2019). Micropores are generally the most highly valued as they provide the most specific surface area, on the order of 1000 m2/g (Xiao and Hill, 2019), making them ideal for adsorbing contaminants. Mesopores and macropores are also able to adsorb contaminants but have less surface area to contribute. Most GACs have a distribution of pore sizes, with a mix of micropores and mesopores, but some GACS can also be primarily mesoporous or microporous. 

However, it is not only the size of the pores that impacts how the adsorbent material works, other aspects such as the interconnectivity of the pores, as well as their order or disorder, can affect how the material behaves (Berenguer and Morallón, 2019). Additionally, the size of the micropores not only contributes to the adsorptive surface area; but the pores must be large enough that species can travel into the pores, in the case of adsorption and oxidation (Li et al., 2002). 

There are many analytical techniques used to characterise the physical carbon surface, both of which involve the standard nitrogen adsorption isotherm. The traditional Brunauer-Emmett-Teller (BET) method can be used to determine the specific surface area (SBET) and the total volume of micropores by transforming a nitrogen isotherm into a ‘BET plot’ (Thommes et al., 2015). Recent advances in computation created Two-Dimensional Non-Local Density Functional Theory (2D-NLDFT), a quantum mechanics-based statistical interpretation of adsorption isotherms (Landers et al., 2013; Thommes et al., 2015). 2D-NLDFT can also be used to determine specific surface area (SDFT), micropore volume, mesopore volume and pore size distribution (Xiao and Hill, 2019). SBET is often larger than SDFT because it is unable to distinguish between pore filling and monolayer-multilayer adsorption and this ambiguity can skew results (Thommes et al., 2015). The Iodine Number can also be used for determining micro-porosity (ATSM International, 2014), with a Methylene Blue Number equivalent for mesoporosity (Raposo et al., 2009), although mesoporosity is not reported as often as microporosity. Most studies use a combination of analytical techniques to characterise the carbon surface fully. 

[bookmark: _Toc47701781][bookmark: _Toc57640233]3.1.1 Effect of Porosity on electro-Fenton Regeneration
There is general agreement in the literature that micropore recovery is the key to recovering the overall adsorption capacity of the GAC (Berenguer et al., 2010; Xiao and Hill, 2019). There is also agreement that the micropores are more difficult to recover than mesopores and macropores (Xiao and Hill, 2019). Micropores have higher mass transfer resistance than larger pores, making it more difficult for both desorbed contaminants to exit the micropore and for oxidising species to enter (Xiao and Hill, 2019, 2017). As seen in Table 7 below, this generally leads to lower regeneration efficiencies. Regeneration of microporous carbons leads to reduced total pore volume and specific surface area (Garcia-Rodriguez et al., 2020; Xiao and Hill, 2019); and partial rather than complete regeneration of the micropores leads to a drop in available micropore volume (Xiao and Hill, 2019).

The opposite trends are seen in mesopores. Due to their larger size, mesopores have lower adsorption capacity but are easier to recover, with 100% regeneration efficiencies seen in the literature (Garcia-Rodriguez et al., 2020; Xiao and Hill, 2019, 2017). However, the mesopore recovery has a smaller impact on the final regeneration efficiency, due to the smaller surface area contribution when present with micropores (Xiao and Hill, 2019). 

Table 7: Comparison of micropore volumes, total pore volumes, BET specific surface area ad regeneration efficiencies of different-porosity GACs.

	GAC
	Micropore volume (cm3/g)
	Vtotal (cm3/g)
	SBET (m2/g)
	Regeneration efficiency (%)
	Reference

	Biochar
	
	
	
	85 (1 hr)
100% (1.5 hr)
	(Garcia-Rodriguez et al., 2020)

	Fresh
	0.220
	0.315
	575
	
	

	Regenerated
	0.172
	0.247
	419
	
	

	SMC
	
	
	
	100
	(Xiao and Hill, 2019)

	Fresh
	0.01
	0.22
	69
	
	

	Regenerated
	0.01
	0.23
	72
	
	

	G5
	
	
	
	59.6
	(Xiao and Hill, 2019)

	Fresh
	0.27
	0.49
	749
	
	

	Regenerated
	0.15
	0.32
	436
	
	

	NORIT
	
	
	
	37.6
	(Xiao and Hill, 2019)

	Fresh
	0.42
	0.56
	1110
	
	

	Regenerated
	0.16
	0.23
	431
	
	



Physical and chemical structures can also impact the available pore volume on the surface of the carbon. Surface oxygen groups, and the resulting water complexes, can block oxidising species’ access to micropores and prevent desorption from these pores (Villacañas et al., 2006). Degradation by-products and recalcitrant contaminants, such as polymers formed during oxidation, can also block pores and reduce available surface area (Garcia-Rodriguez et al., 2020). 

While not GAC, non-porous carbon can also be used to remove organic compounds from aqueous systems via adsorption (Brown et al., 2004). Due to the specific surface area being approximately 0.1% of microporous GAC, these non-porous compounds have significantly lower adsorption capacity (Asghar et al., 2012). However, the absence of pores overcomes the issues of limiting intraparticle diffusion and can be regenerated with high efficiency very quickly (Fallah and Roberts, 2019). These non-porous carbons hold great promise but are not investigated in this review. 

[bookmark: _Toc47701782][bookmark: _Toc57640234]3.1.2 Effect of electro-Fenton Regeneration on Porosity
Electrochemical regeneration can have an impact on the physical surface of the GAC; however, it is generally a much lower impact than is seen in chemical or thermal treatment (Berenguer and Morallón, 2019). Cathodic polarisation protects the GAC from significantly degrading during EF treatment, allowing it to stay in-tact, rather than sacrificing electrons and oxidising (Bañuelos et al., 2015b). This means that during EF treatment, several outcomes can be seen. Firstly, there can be a shift in pore distribution towards smaller mesopores rather than micropores, with a consequential reduction (~27%) in specific surface area (Garcia-Rodriguez et al., 2020). On the other hand, there may be a moderate increase (~45%) in specific surface area, as well as a shift towards more crystalline carbon, rather than amorphous carbon (Bañuelos et al., 2015b). It is currently unclear why the impacts on the physical surface of the carbon were different in these two studies, and further work is required. 

[bookmark: _Toc47701783][bookmark: _Toc57640235]3.1.3 Research Opportunities
Much of the fundamental theory of the relationship between porosity and electro-Fenton regeneration is well-understood. However, much of this theory is based on small model contaminant molecules, such as phenols and dyes. In many applications, GAC is removing a complex mixture of organic contaminants from aqueous systems and these systems are not as well understood. Some porous structures with GAC’s elaborate makeup may be more suited to the adsorption/ regeneration of different types of contaminants. Given the wide range of sizes, shapes and properties of organic contaminants treated with GAC, this is an opportunity for investigation. 

[bookmark: _Toc47701784][bookmark: _Toc57640236]3.2 Chemical Surface
Granular activated carbon is a complex and dynamic chemical surface. There are two main aspects of activated carbon surface chemistry: the hydrophobicity of the carbon itself, and the heteroatoms such as oxygen, nitrogen and sulphur.

[bookmark: _Toc47701785][bookmark: _Toc57640237]3.2.1 Hydrophobicity 
As activated carbon is made up of graphene rings, the surface of the carbon is hydrophobic before it is amended by oxidation or any other process (Caly and Radovic, 1994). Any treatment of the surface will introduce heteroatoms, mostly oxygen, nitrogen and sulphur, all of which will increase the hydrophilicity of the surface (Caly and Radovic, 1994). Thermal treatments in an inert atmosphere tend to retain more of the original hydrophobicity, as less hydrophilicity is added than during oxidising treatments (Bleda-Martínez et al., 2006). Hydrophobic interactions with the carbon surface can be an adsorption mechanism of organic compounds (Karanfil and Kilduff, 1999). 

[bookmark: _Toc47701786][bookmark: _Toc57640238]3.2.2 Heteroatoms 
[bookmark: _Toc47701787]Nitrogen Groups 
Nitrogen may be present in some carbon sources, particularly plant-based sources, but nitrogen is rarely seen in most activated carbons. Nitrogen surface groups appear to form only through nitrogen-based modification and activation, such as nitric acid and ammonia (Biniak et al., 1997). 

When nitrogen groups are present, they are generally in the form of pyridines, amines, pyrroles, pyrridones, quaternary nitrogens and oxidised nitrogen (Biniak et al., 1997; Chen et al., 2012). The nitrogen content of GACs used for aqueous contaminant adsorption is rarely discussed in the literature, and further work is needed to characterise the typical nitrogen content.

[bookmark: _Toc47701788]Sulphur Groups 
As with nitrogen, sulphur can be present in carbon-precursors in varying amounts, but sulphur-based surface groups are generally only formed during sulphurising modification treatments (Vidal et al., 2015). When sulphur groups are present, they are generally in two forms: reduced and oxidised. Reduced sulphur is in the form of bisulphides, sulphides and thioethers; while oxidised sulphur is in the form of sulphoxides, sulphones and sulphonic groups (Vidal et al., 2015). 

[bookmark: _Toc47701789]Oxygen
Oxygen is the most common heteroatom on the GAC surface, often chemisorbed to the surface as Surface Oxygen Groups (Carabineiro et al., 2012). Oxygen is incorporated during activation with oxidising treatments such as acids or bases (Bleda-Martínez et al., 2006), or by operating in an oxidising environment such as electrochemical regeneration (Berenguer et al., 2009). 

There are two main groups of SOGs- acidic and basic. Acidic groups, such as carboxylic acids, phenols and lactones, are recognised by their Temperature Programmed Desorption profile to be CO2-evolving and are relatively stable. Basic groups, such as carbonyls and quinones, are recognised to be CO-evolving and less stable (Faria et al., 2004; B. Li et al., 2009; Villacañas et al., 2006). However, while some of the SOGs are basic, the main contributor to the basicity of the carbon is the delocalised basal electron planes (Barton et al., 1997; Caly and Radovic, 1994). 

The charge of the carbon surface is dependent on the pH of the system and the carbon’s point of zero charge (pHpzc); when the pH is above the pHpzc, the carbon surface is negative (Radovic et al., 1997). Acidic SOGs will reduce the pHpzc of the carbon surface, while basic groups have the opposite effect, increasing the pHpzc (Villacañas et al., 2006).

SOGs are also polar and increase the hydrophilicity of the carbon surface (Li et al., 2002). A certain balance of hydrophilicity and hydrophobicity is required for an effective aqueous system to adsorb a wide range of contaminants. Hydrophilicity will allow aqueous contaminants to access the surface, and hydrophobicity allows non-polar contaminants to adsorb to the surface (Li et al., 2002). 

Table 8: Surface Oxygen Groups and their chemical properties. Information on anhydride not available.
 
	Group Name
	Acidic/ Basic
	CO or CO2-evolving

	Phenol
	Acidic    (Figueiredo et al., 1999)
	CO       (Figueiredo et al., 1999)

	Carboxyl
	Acidic    (Figueiredo et al., 1999)
	CO2     (Figueiredo et al., 1999)

	Lactones
	Acidic    (Figueiredo et al., 1999)
	CO2     (Figueiredo et al., 1999)

	Carbonyl
	Basic      (Figueiredo et al., 1999)
	CO       (Figueiredo et al., 1999)

	Pyrones
	Basic      (Faria et al., 2004)
	CO       (Faria et al., 2004)

	Chromene
	Basic      (Zielke et al., 1996)
	CO       (Zielke et al., 1996)

	Anhydride
	-
	CO2+CO   (Figueiredo et al., 1999)

	Quinone
	Basic      (Figueiredo et al., 1999)
	CO        (Figueiredo et al., 1999)



[bookmark: _Toc47701790][bookmark: _Toc57640239]3.2.3 Effect of Surface Chemistry on electro-Fenton Regeneration
There is limited research into the optimal surface chemistry for regenerating exhausted GAC. Many of the features that make GAC useful for water treatment, primarily its high adsorption capacity, make it difficult to regenerate. The optimal surface chemistry for electrochemical regeneration would require several aspects. Firstly, it would need to promote reversible physisorption rather than irreversible chemisorption. Secondly, it would need to maintain a large adsorption capacity over time. Thirdly, it would need to promote electro-desorption and electro-oxidation, the two main mechanisms of electrochemical regeneration, and limit steric hindrance so micropores can be accessed. Lastly, it would ideally promote the electro-generation and activation of hydrogen peroxide. 

[bookmark: _Toc47701791]3.2.3.1 Reversible vs. Irreversible 
Acidic and basic SOGs have opposing adsorption effects. Acidic groups interact with organic contaminants through reversible physical interactions such as donor-acceptor complexes and hydrogen bonding (Álvarez et al., 2005). Basic groups, on the other hand, often induce oxidative coupling reactions, such as polymerisation, which chemisorb the contaminant to the surface of the carbon (Vidic et al., 1993). Therefore, acidic groups would provide better surface chemistry for electrochemical regeneration- as reversible adsorption is easier to regenerate. 

[bookmark: _Toc47701792]3.2.3.2 Adsorption Capacity 
Both groups of SOGs are known to increase the adsorption capacity of polar contaminants, with the contaminant preferentially adsorbing to the SOG rather than the carbon surface (Karanfil and Kilduff, 1999). However, SOGs can also block access to micropores, which may reduce the overall adsorption capacity (Choma et al., 1999; Gil et al., 1997). Blocked micropores can also make regeneration more difficult as oxidising agents may not be able to reach organic contaminants inside micropores, so contaminants and their degradation by-products may not be able to leave the pores (Choma et al., 1999; Gil et al., 1997). 

[bookmark: _Toc47701793]3.2.3.3 Mechanisms
Electro-oxidation
Little is known about the surface chemistry that would promote electro-oxidation. As electro-oxidation through the EF pathway requires the electro-generation of hydrogen peroxide and hydroxyl radicals (Brillas et al., 2009), surface chemistry that promotes this would promote regeneration. It is known that active sites on the GAC can generate hydroxyl radicals, and these active sites are generally made up of SOGs (Bañuelos et al., 2015b). Iron embedded in the GAC is also capable of generating hydroxyl radicals via the Heterogeneous electro-Fenton pathway discussed in Section 2.4 (Nidheesh et al., 2017).

Electro-desorption 
As with electro-oxidation, the literature on surface chemistry promoting electro-desorption is limited. Given that the two mechanisms contributing to electro-desorption are electrostatic repulsion and hydrophobicity (McQuillan et al., 2018), it is reasonable to conclude that promoting these mechanisms would promote regeneration. 

3.2.3.4 Effect of charge
Electrostatic repulsions between the contaminant and the GAC will depend on the pH of the system. The influence of pH, the pHpzc of the carbon, pHpzc-shifting SOGs and the surface polarisation will determine the carbon surface charge (Radovic et al., 1997). Their pKa and the system pH will determine the molecular charge of the contaminants and their degradation by-products. While it was shown by Xiao and Hill (Xiao and Hill, 2019) that the cathodically polarised surface repelled anionic methyl orange, studies on the effect of charge on electrochemical regeneration are missing from the literature. It is logical to assume that surface chemistry promoting electrostatic repulsion would promote regeneration. 

3.2.3.5 Effect of hydrophobicity 
Much of the literature discusses hydrophobicity in terms of adsorption rather than regeneration. Bañuelos et al., (2015b) found that GAC’s hydrophobicity can change in response to electrochemical treatment but did not investigate the role of hydrophobicity in regeneration efficiency. 

As with charge, hydrophobicity is influenced by pH and pKa, both of which affect logD. As SOGs are polar and therefore decrease the hydrophobicity of the surface (Li et al., 2002), surface chemistry may have a significant effect on hydrophobic interactions. However, this has not been well-explored in the literature. 

A study on a heterogeneous electro-Fenton catalyst found that cathode hydrophobicity from PTFE lowered the removal efficiency of organic contaminants via electro-Fenton oxidation (X. Wang et al., 2018). The more hydrophilic cathode, without PTFE, allowed for more effective oxidation of diuron, but the mechanism of hydrophobicity on electro-Fenton oxidation was not investigated (X. Wang et al., 2018). While the mechanism is unknown, the results do indicate that a more hydrophilic cathode will promote GAC regeneration. 

Additionally, Trellu et al., (2018) found that more hydrophobic molecules, degradation by-products of the target molecule phenol, had lower adsorption capacities for the hydrophilic surface of the carbon. In fact, by-products catechol and benzoquinone were not found on the carbon surface during or after treatment, while residual phenol was found. This is likely due to hydrophobicity interactions, as well as electrostatic interactions (Trellu et al., 2018).

3.2.3.6 Surface Catalysis 
While the EF pathway is known to generate hydroxyl radicals, GAC is also capable of catalysing the activation of hydrogen peroxide into the Fenton reagent. GAC can provide electrons to the 2eORR reaction, electrogenerating hydrogen peroxide, when acting as the cathode or when cathodically polarised (Bañuelos et al., 2014, 2013). GAC can then act as an electron transfer catalyst, to activate hydrogen peroxide into hydroxyl radicals, as seen in equations 9,10 below (Kimura and Miyamoto, 1994). The GAC is then neutralised by the flow of electrons by the cathode. 




 
GAC can also catalyse hydrogen peroxide decomposition back into water and oxygen (Khalil et al., 2001; Lücking et al., 1998). It has been found that basic, rather than acidic groups, promote the activation of hydrogen peroxide into hydroxyl radicals (Ribeiro et al., 2013). 

Table 9: Summary of GAC surface chemistry effects.

	Surface Chemistry
	Effect
	Reference

	Basal plane electrons
	Hydrophobicity
	(Caly and Radovic, 1994)

	SOGs (General)
	Increase hydrophilicity 
Block micropores 
Increase adsorption of polar compounds
	(Li et al., 2002)
(Choma et al., 1999; Gil et al., 1997)
(Karanfil and Kilduff, 1999)

	SOGs (Acidic)
	Reduce pHpzc
Promote physical adsorption
	(Villacañas et al., 2006)
(Álvarez et al., 2005)

	SOGs (Basic)
	Increase pHpzc 
Promote chemical adsorption 
Promote H2O2 activation
	(Villacañas et al., 2006)
(Vidic et al., 1993)
(Ribeiro et al., 2013)




[bookmark: _Toc47701794][bookmark: _Toc57640240]3.2.4 Effect of electro-Fenton Regeneration on Surface Chemistry
With regard to effect on surface chemistry, the available literature examines direct cathodic oxidation (Berenguer et al., 2012, 2009; Berenguer and Morallón, 2019), rather than indirect cathodic oxidation. The EF pathway is indirect oxidation as the Fenton reagent is the primary oxidising agent rather than electrons.   

The role of electrolyte and polarisation both affect the carbon surface chemistry. While direct cathodic oxidation with H+ as the electrolyte is not the same as the EF reaction, it is relatively similar and can be used for comparison to other electrochemical treatments. Cathodic oxidation does see an increase in oxidation of the carbon surface, increasing with current, up to the point of parasitic side reactions (Berenguer et al., 2009). Direct anodic oxidation with Cl- electrolyte, similar to oxidation via the Active Chlorine pathway, however, has a much larger effect. An increase in oxidation with current is also seen, but to a greater extent than cathodic polarisation with acid. Both treatments increase the prevalence of both CO- and CO2-evolving groups, as seen below in Table 10. 











Table 10: Comparison of effect of polarisation and electrolytes on Surface Oxygen Group concentration. 
	Treatment
	Electrolyte
	CO (μmol/g)
	CO2 (μmol/g) 
	O (μmol/g) 
	Reference

	None
	
	418
	393
	1204
	(Berenguer et al., 2009)


	Direct Anodic
	Cl-
	2800
	1570
	5940
	

	Direct Cathodic
	H+
	894
	573
	2040
	

	None
	
	620
	260
	1130
	(Tabti et al., 2014)

	Direct Anodic
	H+
	2870
	1560
	5990
	

	Direct Anodic
	Cl-
	3340
	1440
	6220
	




As the oxygen is incorporated into the carbon surface as SOGs during oxidation, the electronegativity profile of the carbon surface shifts; the electronegativity of the oxygen draws electrons away from the basal planes (Caly and Radovic, 1994).

Direct cathodic regeneration also leads to the production of OH- ions, which can react and convert some SOGs and adsorbed contaminants to their anionic forms (Salvador et al., 2015). Due to the increased ‘like’ charge, desorption through electrostatic repulsion is promoted, which can lead to increased regeneration (Salvador et al., 2015). However, it is unclear if this process also occurs in EF processes, where OH radicals are primarily produced at the cathode, compared to OH- ions. 
 
There is evidence that repeated cycles of EF regeneration can have a mild ‘cleaning’ effect on the surface of the activated carbon; impurities were removed during the first cycle of regeneration, increasing adsorption capacity (Bañuelos et al., 2015b; Trellu et al., 2018). While Trellu et al., (2018) found no other significant effects on the chemical surface of the regenerated activated carbon, Bañuelos et al., (2015b) found an increase in hydrophilicity after this cleaning effect due to the removal of hydrophobic groups. Bañuelos et al., (2015b) also found a small increase in carboxylic acid groups on the surface, also leading to increased hydrophilicity. 

However, these changes are limited to the first or first several rounds of regeneration, and further work is needed to understand the impact of many cycles of regeneration on the chemical surface of the carbon.

[bookmark: _Toc47701795][bookmark: _Toc57640241]3.2.5 Research Opportunities
There are many opportunities in the literature on the relationship between GAC surface chemistry and electro-Fenton regeneration. The role of non-oxygen heteroatoms is not well-explored, and typical surfaces are not well-characterised. The impact of surface chemistry on regeneration efficiency is not well-investigated, especially the role of charge and hydrophobicity. And while it is known that electrochemical regeneration affects the chemical surface of the carbon, the exact effects of electro-Fenton treatment have not been explored. As with the physical surface of the carbon, the model contaminants used in these studies are often small and polar, but a broader range of contaminants need to be studied to generalise these results to other pollutants removal systems.

[bookmark: _Toc57640242]4.0 Conclusion 
Overall, there are a small number of studies examining the electro-Fenton regeneration of Granular Activated Carbon to recover adsorption capacity. However, there are many more studies examining EF, EFL, SPEF/PEF and HEF oxidation of organic contaminants with an activated carbon cathode. These regeneration studies show that it is possible to recover the adsorption capacity of GAC over several adsorption/ regeneration cycles, but this regeneration efficiency tends to drop over time. Traditional EF and HEF are the most explored in the literature and hold great promise. There is currently no direct comparison between the GAC regeneration abilities of different electro-Fenton technologies, but PEF and HEF both have attributes which make them more useful than the other technologies. The PEF process is able to oxidise recalcitrant complexes and is often quicker to oxidise organics than the EF processes (Brillas, 2013); and the HEF process is able to operate at circumneutral pH values  (Nidheesh et al., 2017).

The literature generally agrees on the impact of critical parameters – pH, current, catalyst concentration and initial contaminant concentration – on contaminant removal efficiency. A pH value of 3 is generally optimal, with removal efficiency increasing with current and catalyst concentration, and removal efficiency decreasing with initial contaminant concentration. High current can promote parasitic side reactions, and high catalyst concentration can scavenge radicals: both of which reduce removal efficiency. There is some difference in the behaviour of these parameters across the technologies, but the majority of the behaviour is conserved. All pathways follow a pseudo-first order kinetic model.

The relationship between the carbon surface and electro-Fenton regeneration is generally well-understood. EF regeneration tends to oxidise the surface, introducing surface oxygen groups. Porosity is conserved when the surface is completely regenerated, but partial regeneration can lead to a drop in available pore volume and surface area. The impact of the chemical and physical carbon surface on regeneration is less examined in the literature but can be theoretically predicted based on oxidation and desorption theory.

Much of the literature on EF regeneration of GAC focuses on the traditional EF process, but there is significant opportunity to branch out into other EF technologies. There is currently the most opportunity in EFL and SPEF regeneration of GAC, as these have been the least explored. Two key aspects of the electrochemical system – cathodes and reactor configuration – also have research opportunities, from air-diffusion cathodes increasing hydrogen peroxide production, to three-dimensional electrochemical reactors increasing surface area and catalyst exposure. 

There are several impacts of the carbon surface chemistry on EF regeneration that require further study. These include the relationship between the hydrophobicity of the carbon surface and the contaminant molecule required more study to understand fully. 

Many of the studies examined in this literature review use a single model contaminant, with several real and synthetic wastewaters seen as well. While these studies give an insight into the behaviour of some organic pollutants, there is a broad spectrum of contaminants in industrial and environmental wastewaters, and their behaviour also needs to be predicted. 

Many of these EF regeneration technologies hold promise for scale-up to allow for water treatment and remediation programs. When fundamental information such as contaminant behaviour and optimal operating conditions is known, barriers to scale-up can be removed, and these technologies can be used to remediate wastewaters around the world. 
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