Circumneutral electrosynthesis of ferrate oxidant: An emerging technology for small, remote and decentralised water treatment applications
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ABSTRACT 
Although sophisticated water treatment technologies exist, the transportation, storage, and safe handling of chemical supplies can present major challenges for small and remote communities, putting the security of their access to potable water at risk. In-situ electrochemical methods can remove the need for chemical additives, by generating reactive species on demand from the constituents of raw waters. This paper is a concise review of current literature concerning the advancement of in-situ technologies for the electrosynthesis of ferrate, which is a high-valent, strongly oxidizing and environmentally benign species of iron. Synthesis mechanisms and operational parameters influencing generation in circumneutral conditions are discussed, as well as the viability of strategies to address the challenges presented by standards for drinking water and materials for constructing electrodes.
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Introduction 
While numerous water and wastewater treatment technologies exist to remediate even the most polluted waters, conventional processes can often be unsuitable for small, remote and decentralised system applications. The impracticality of conventional technologies is associated with the lack of economy-of-scale, availability of trained operators, and/or the inaccessibility and cost of transport necessary for process supplies, such as coagulant and chemical oxidants[1]. Electrochemical technologies present a potentially promising and powerful alternative for small system applications, as they can eliminate the chemical supply chain associated with conventional treatment options, by generating chemicals on-site and on-demand. While technologies like electrocoagulation have already shown promise at a pilot-scale for the removal of both organic and inorganic contaminants[2–4], electro-oxidation (EO) also has the capability of addressing the aforementioned challenges faced by small and decentralised systems. 
While EO can proceed via direct electron transfer at the electrode surface, the development of powerful non-active electrode materials, like boron-doped diamond (BDD), has enabled EO to become vastly more efficient due to the increased potential range (reduction and oxidation) of water stability (BDD: -1.25–2.3 VSHE[5]). This minimises the oxygen evolution reaction (OER) and facilitates the generation of hydroxyl radicals (•OH) in circumneutral pH conditions. Although the main mechanism of micro-pollutant degradation has been associated with •OH during BDD EO[6], oxidation is limited to the electrode surface where radicals are weakly generated and adsorbed[7], rendering the technology a point-source application for oxidation/disinfection. However, a potentially important component yet to be fully exploited is the •OH-mediated oxidation and simultaneous synthesis of residual chemical oxidants for downstream oxidation/disinfection throughout the distribution system[8]. While the generation of oxidant species like persulfate (E0=+1.96 VSHE)[9], peroxodiphosphate (E0=+2.07 VSHE)[10] and various chlorine species[11] have been observed to increase micro-pollutant degradation rates[12], some drawbacks include a decrease in mineralisation rates due to the formation of recalcitrant chlorinated by-products[13], as well as the relatively low concentrations of sulfate, phosphate and chloride typical of raw surface and ground waters. Moreover, the synthesis and subsequent oxidation of organic contaminants by reactive chlorine species carries the risk of harmful disinfection by-product formation. The generation of ferrate(VI) (FeO42-) however, has yet to receive the same attention (Figure 1). In addition to a high redox potential (E0=+2.2 VSHE), ferrate is particularly well-suited for water treatment owing to its non-toxic reduction products (e.g., hydrolysis species of Fe3+), which function as effective coagulants [14]. With the use of high oxidation potential (HOP) materials like BDD, a novel reaction pathway for the circumneutral electrosynthesis of ferrate facilitates its use in water and wastewater treatment processes; a possibility that may have a powerful beneficial impact on small, remote and decentralised community applications. 
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Figure 1.  Simplified scheme of in-situ ferrate generation and pollutant degradation

State of the Art 
The effectiveness of ferrate to treat various water/wastewater contaminants has been widely observed, but its use has been limited mainly to its salt form, specifically, potassium ferrate (K2FeO4)[15–17]. Its limited adoption in the water industry can be associated with its instability and difficult synthesis procedures, which have most commonly proceeded via the wet chemical method, whereby Fe3+ is oxidized in highly alkaline conditions with a concentrated chlorine solution[18]. Ferrate can also be synthesised via the thermal chemical method, requiring high temperatures (500-650°C) and alkaline conditions [19,20]. The electrochemical synthesis of ferrate has most commonly proceeded via Fe-anode electro-dissolution in strongly alkaline solutions[21,22], requiring high potentials and unstable conditions unsuitable for in-situ water treatment applications. However, recent evidence has demonstrated the successful use of inert anode materials like BDD, which facilitate the circumneutral generation of ferrate through the oxidation of aqueous iron cations (Fe2+/Fe3+). These materials circumvent the challenges associated with ferrate synthesis using standard electrode materials, such as high potential and pH requirements, while minimising the OER. 
Early studies using electrochemistry found that ferrate was most optimally generated in highly concentrated (10-14 M) solutions of NaOH and KOH with high levels (saturated with Fe(OH)3) of initial Fe3+ [23,24], once again hindering its adoption as an in-situ technology. More recent research (Table 1), however, has demonstrated the circumneutral generation of ferrate, indicating promising advancements towards industry adoption. One particular area of interest has been dedicated to the ferrate precursor ions, such as the iron(III) species, Fe2O3, FeO(OH), FeCl3, FeSO4 and Fe(NO3)3, as well as iron(II) species, FeCl2. In a batch configuration, a greater generation of ferrate using FeCl3 (compared to FeO(OH) and Fe2O3) was observed, which was attributed to its greater solubility in neutral pH conditions[25]. Similarly, FeCl3 was found to outperform other precursors  (FeCl2>Fe(NO3)3>FeSO4) in acidic electrolyte yielding ferrate concentrations as high as 10.8 mM from an initial Fe3+ concentration of 50 mM[26]. The significantly greater ferrate concentration observed for FeCl3/FeCl2 was attributed to the heightened oxidation due to generated high redox potential chlorine species, as well as greater diffusion in chloride-containing waters. In both studies, increased initial iron concentrations yielded greater generation of ferrate. At a constant diffusion layer thickness and diffusivity (DFe2+/Fe3+), the diffusive mass flux of iron (JFe2+/Fe3+) through the diffusion layer to the electrode surface will increase with an increase in initial iron concentration (CFe), as governed by Fick’s law of diffusion:

	
	
	(1)



Current density also has an important role in ferrate generation. An increase of current density will increase the rate of •OH formation, as would be predicted by Faraday’s law, thereby increasing the oxidation of iron cations to form ferrate[25,27]. In one study however, current density was found to have only a limited effect on ferrate generation due to mass transport limitations[28]. Using low concentrations (9–54 μM) of Fe2+ (dosed as FeCl2) to represent aqueous iron levels found in raw groundwater sources, current densities between 10 and 80 mA cm-2 were found to have no significant effect on ferrate generation, due to the diffusion limitations of iron cations from the bulk water solution to the electrode surface. However, the same aforementioned effects of initial iron concentration were observed, whereby an increase in the initial Fe2+ increased the rate of ferrate synthesis. 
The mechanism for the neutral pH generation of ferrate using BDD electrodes has also been investigated. One study found that ferrate synthesis was predominantly mediated by hydroxyl radical oxidation, whereby ferrate generation decreased by over 50% when an effective •OH scavenger, methanol (k = 9.7x108 M-1s-1) [29], was added to the system in excess[28]. Cyclic voltammetry, however, indicated that some direct electron transfer at the electrode surface was occurring. Similarly, Diaz et al. found both direct and •OH-mediated oxidation to be involved in the ferrate generation mechanism[26].
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Table 1. Summary of the yield and current efficiency (ϕ) of electrochemical cells generating ferrate in circumneutral conditions for given operating parameters such as current density (j)

	Reference
	Iron precursor
	Supporting electrolyte
	j (mA cm-2)
	Yield (%)
	ϕ (%)
	Cell

	Cataldo et al. [25]
	5–30 mmol dm-3 FeCl3
	0.1 mol dm-3 NaH2PO4, Na2HPO4 (pH 5–8)
	5–55
	-0.9–32.2
	1.8–6.7
	Batcha

	
	30 mmol dm-3 Fe2O3
	0.1 mol dm-3 NaH2PO4, Na2HPO4 (pH 7)
	45
	0.2
	0.02
	Batch

	
	30 mmol dm-3 FeO(OH)
	0.1 mol dm-3 NaH2PO4, Na2HPO4 (pH 7)
	45
	0.6
	0.06
	Batch

	Cataldo et al. [27]
	3–30 mmol dm-3 FeCl3
	0.1 mol dm-3 NaH2PO4, Na2HPO4 (pH 5–9)
	10
	4.3–63.4
	8.2–47.2
	Flowb

	McBeath et al. [28]
	9–54 µmol dm-3 FeCl2
	0.1 mol dm-3 NaH2PO4, Na2HPO4 (pH 7)
	10–80
	4.7–6.0
	0.002–0.065
	Flowc

	a A standard electrochemical cell with well-mixed electrolyte; 12.5 cm2 anode, no membrane.

	b A parallel-plate, flow-through electrochemical cell recirculating electrolyte held in a well-mixed reservoir; 100 cm2 anode, Nafion 112 membrane.
c A parallel-plate, flow-through electrochemical cell recirculating electrolyte held in a well-mixed reservoir; 25 cm2 anode, Nafion 324 membrane. 




Current Challenges and Future Outlook
Global concentration standards for drinking water (Table 2) limit the mass transport of iron precursors needed for the electrosynthesis of ferrate. Foremost, the low concentration of iron in drinking water for aesthetic reasons would result in poor faradaic efficiencies for the electrochemical generation of ferrate in conventional cells. Rodrigo and co-workers [23,24,30] illustrate the influence of current density, or more precisely the electrode potential, on the selectivity and efficiency for the electrochemical formation of ferrate. At some critical current density, dependent on the setup and conditions of the electrochemical system, the concentration of ferrate increases in a step-wise manner. At this critical current density, it is posited that the electrode potential becomes sufficiently oxidizing to allow the formation of hydroxyl radicals, which partially facilitates the formation of ferrates[26,28]. At higher current densities, the concentration of ferrates reaches a plateau as the transport of ferrate precursors to the electrode surface becomes limiting. However, increasing the current density is shown to increase the conversion of ferrate precursors[27]. It is speculated that oxygen bubble formation at the electrode enhances local mixing and, therefore, mass transport. Other methods of enhancing mass transport such as the inclusion of turbulence promoters, proton exchange membranes [27] and ultrasonification [31,32] have also been shown to improve the faradaic efficiency for the electrochemical formation of ferrate. Finally, mass balance analysis of parallel-plate electrochemical flow cell reactors producing ferrates [27,28] (Figure 2) suggest that decreasing the inter-electrode gap (L) could also increase the conversion of the ferrate precursor. 
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Figure 2. An exploded computer aided design graphic (left)[27] and a computation fluid dynamics model of water flow (right)[28] of a plug flow electrochemical reactor for the circumneutral generation of ferrate (figured adapted from images in original references). 


Table 2. Recent standards for drinking water relevant for the in-situ electrochemical generation of ferrate.

	Parameter
	Canada [33]
	EU,UK [34,35]
	Japan [36]
	US [37]

	Iron (mg dm-3)
	≤0.3
	≤0.2
	≤0.3
	≤0.3

	pH
	7.0–10.5
	6.5–9.5
	5.8–8.6
	6.5–8.5

	Electrolytic Conductivity (μS cm-1)
	
	≤2,500
	
	

	Chloride (mg dm-3)
	≤250
	≤250
	≤200
	≤250

	Sulphate (mg dm-3)
	≤500
	≤250
	
	≤250



The requirement of circumneutral pH of drinking water, resulting in greater rates of ferrate degradation relative to higher pH, illustrates the necessity of in-situ methods for electrochemically generated ferrate. The stability of ferrate in water generally decreases with decreasing pH as demonstrated by an increasing first-order degradation rate constant[38]. Therefore, the on-demand nature of the in-situ electrochemical generation of ferrate concentrations, coupled with sufficient kinetics for the oxidation of drinking water contaminants, ensures their efficient utilization. While research has predominantly focused on the generation of ferrate in circumneutral conditions in controlled synthetic water solutions, the subsequent effect of ferrate on pollutant degradation in real water matrices is largely unknown and an important consideration to pursue[39]. Limited studies have investigated the degradation of target pollutants, namely microcystin-LR[40] and 2,4-D[27], by dosing synthetic polluted waters with ferrate electrochemically generated in neutral pH conditions. However, further degradative effects can be expected via the simultaneous hydroxyl radical mediated oxidation at the electrode surface, and the electrochemically derived ferrate oxidation at the surface and in the bulk water solution, as recently demonstrated in the treatment of blue BR dye[41].
[bookmark: _Hlk57882114]Higher operating voltages required by low electrolytic conductivity (κ) can be reduced by appropriate cell design and operation. By Ohm’s law, the ohmic loss (ηΩ) is inversely proportional to the electrolytic conductivity and directly proportional to the current density (j) and the inter-electrode distance (L) (Eqn.2). Therefore, electrolytic conductivities should be kept as high as possible while current densities and inter-electrode distances should be kept as small as possible in order to minimize such losses. Two potential possibilities to reduce the energy costs associated with in-situ ferrate generation are its applications in municipal/industrial wastewater treatment, whereby electrolytic conductivities are often higher compared to drinking water, or to take advantage of coupled electrochemical processes, such as the simultaneous generation of H2O2 or H2[42].
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[bookmark: _Hlk57882169]The higher concentrations of chloride and sulphate ions found typically in waters and wastewaters compared to iron provide additional complexity to the EO process due to parallel and competing reactions. These co-occurring ions can mediate the electrochemical oxidation of contaminants[26]; a challenge for researchers will be to isolate the contribution of these processes from ferrate-mediated ones. Furthermore, electrochemically-generated reactive chloride species can form disinfection by-products [43]. Therefore, any potential advantages enabled by ferrate electrosynthesis must be investigated to address related concerns.
Finally, the preferred material of non-active anodes for electrochemically generating ferrates is BDD. This material displays very suitable characteristics, in that it has a poor electrocatalytic behavior for the electrochemical splitting of water [44], resulting in a wide aqueous electrolyte voltage window, and a high overpotential for the OER[45]. BDD is an HOP material[46], so-called for its ability to access strongly oxidizing potentials sufficient for the formation of hydroxyl radicals[47]. Unfortunately, BDD is limited by the size of the reactor vessels in which the chemical vapor deposition of BDD films can occur, as well as to substrates compatible with its growth conditions, and its cost is exacerbated by the slow growth rates required for high quality films[48]. Also described as HOP materials are lead(IV) oxide (PbO2), antimony-doped tin(IV) oxide (ATO), and Magnéli phase titanium oxides (TinO2n-1, 4 ≤ n ≤ 10)[49,50]. These alternative materials can be prepared by relatively facile and inexpensive methods[51–53]. Furthermore, these potential substitutes for BDD can be fashioned into high-surface-area, flow-through electrodes [48,54], enhancing mass transport and, therefore, the faradaic efficiency of the electrochemical generation of ferrate. To date, however, the electrochemical generation of ferrate from these alternative HOP materials has only been demonstrated with ATO[55].

Conclusions
An important opportunity for electrochemical technologies exploiting circumneutral ferrate electrochemistry is their application in small, remote and decentralised treatment processes. Scientific and technological advancement in this area has been significant, but must confront challenges presented by the required stringent drinking water requirements. These challenges can be addressed by innovation in the design and operation of effective electrochemical cells, as well as in the development of advanced electrode materials. Furthermore, while most research has focused on the generation of ferrate, there is a need to investigate the effectiveness of ferrate on the degradation of different pollutants. 
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