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Electrochemical water treatment is one of the key topics of environmental electrochemistry. Identifying electrocatalytic materials capable of electrogenerating high oxidant species in situ seems to have catalyzed researchers' interest in these processes. While most studies have focused on ideal lab-made solutions, translation to higher technology readiness levels and commercialization requires reframing research questions in context of real water matrices. In this current opinion, we discuss disconnects that may occur when focusing on synthetic solutions treatment rather than real waters. Future research can fill the gaps identified herein, thus facilitating application of electrochemical water treatment technologies.

Introduction

Electrocatalytic processes are emerging as reliable treatment technologies for recalcitrant pollutants present at low concentrations in heterogeneous and complex industrial wastewater and an increasing public awareness of water quality effects on human health coupled with ecological concerns due to anthropogenic pollution. For example, the market alone for point-of-use drinking water purification systems for home use is projected to exceed $32 billion by 2023 [6]. Industrial wastewater pretreatment prior to municipal sewer discharge is also a growing market for electrocatalytic treatment as discharges are often regulated for chemical oxygen demand (COD) from organic and inorganic chemicals [7•,8•]. This current opinion envisions a future where electrochemical systems rapidly emerge from lab-scale curiosities to widespread commercial application that solve growing environmental pollution problems. Towards this, we explore actual, and often neglected, needs that may have to be fulfilled by electrochemical advanced oxidation processes (EAOPs) and electrochemical advanced reduction processes (EARPs) before full-scale commercial implementation can become a reality.

How do electrocatalytic technologies efficiently clean pollutants in water?

Electrocatalytic water treatment oxidative and reductive processes transform target pollutants to innocuous species (e.g., transformation/mineralization of organic pollutants to low molecular weight, readily biodegradable products and/or carbon dioxide; reduction of nitrate to nitrogen gas) [9••-11]. Pollutant transformations occur via two fundamentally different pathways: direct charge transfer or indirect electrochemical processes [12••,13]. Direct charge transfer involves pollutant reduction or oxidation at the surface of the cathode or anode, respectively. In contrast, indirect electrochemical reactions are governed by a sequential two-step process: (i) the electrogeneration of redox mediators at the electrode surface followed by (ii) the reaction between the redox mediator with the target pollutant. Most EAOPs are based on the in situ electrogeneration of hydroxyl radical (  OH) mediators because they have higher standard reduction potentials when compared with other reactive oxygen species, including superoxide radical, ozone, hydrogen peroxide, or sulfate radical [14,15•]. Electrochlorination is another oxidation process that converts chloride ions to active chlorine-based redox mediators (e.g., Cl  , Cl2, HClO/ClO -) [16,17•]. EARPs exploit the reductant activity of different electrogenerated redox mediators (e.g., adsorbed monoatomic hydrogen, sulfite radical, and solvated electrons) that electrochemically reduce target pollutants [3,[START_REF] Liu | Electrocatalytic dechlorination of halogenated antibiotics via synergistic effect of chlorine-cobalt bond and atomic H*[END_REF][START_REF] Liu | Deep dehalogenation of florfenicol using crystalline CoP nanosheet arrays on a Ti plate via direct cathodic reduction and atomic H[END_REF]. Faradaic efficiencies differ among the spectrum of available electrocatalytic materials, electrochemical operational conditions (e.g., applied voltage), and presence of other non-target solutes. Several review articles provide a thorough discussion of electrocatalytic water treatment fundamentals [1-5].

A recent techno-economic analysis benchmarked EAOPs as point-of-use drinking water devices against commercial carbon adsorption-based products for the abatement of the pesticide atrazine [20••]. Figure 1 shows the annual total cost of ownership per device depends strongly on the atrazine removal kinetics rate constant (k1). Obtained from lab-scale experimentation, k1 is the major driver for operational expenditure (opex) because it directly dictates the required time necessary to decrease target pollutant in water below the defined regulatory goal. k1 is also important to calculate electrical energy per order (EEO), which is a common engineering figure of EEO (kWh m -3 order -1 ) =

(1) where 6.4 x 10 -4 is a conversion factor (1 h / 3600 s / 0.4343), Ecell is the cell potential (V), I is the current (A), Vs is the volume of the solution (L), and k1 (s -1 ).

Within this evaluation framework, an essential question is, 'what variables affect the experimental kinetic constant observed in electrochemical water treatment technologies?' The quick answer that will come to most readers is, of course, the applied current density. Current density (j) defines the number of electrons delivered into the system by unit of time per unit of electrode area (e.g., mA cm -2 ) [START_REF] Mousset | A complete phenol oxidation pathway obtained during electro-Fenton treatment and validated by a kinetic model study[END_REF][START_REF] Schranck | Effect of reactor configuration on the kinetics and nitrogen byproduct selectivity of urea electrolysis using a boron doped diamond electrode[END_REF]. While j directly impacts the charge transfer rate possible at the operational electrode potential, it remains a controllable operational variable that can be optimized [25,26•]. In contrast, variables such as pollutant concentration and water matrix also have a significant impact on process performance but cannot be controlled or selected when treating drinking water or industrial wastewaters. The interplay of these competing factors is addressed in the following sections. 

How do disparities between laboratory and environmental pollutant concentrations limit commercialization of EAOP and EARP?

Electrocatalytic water treatment processes occur near or at the electrode surface [2••,27].

Consequently, these heterogeneous reactions are nearly always mass transfer limited and thus influenced by transport rates towards, from, or through electrodes of electroactive species (e.g., target pollutant and redox mediator). Fickian diffusion rates are a function of the pollutant diffusivity and pollutant concentration gradient between the bulk solution and surface. In a typical EAOP study (e.g., electrochemical oxidation [START_REF] Sopaj | Influence of the anode materials on the electrochemical oxidation efficiency . Application to oxidative degradation of the pharmaceutical amoxicillin[END_REF][START_REF] Lebik-Elhadi | Electrochemical oxidation of pesticide thiamethoxam on boron doped diamond anode: Role of operating parameters and matrix effect[END_REF], electro-Fenton processes [30•,31], photoelectrocatalytic processes [START_REF] Cerrón-Calle | Photoelectrocatalytic decolorization of azo dyes with nano-composite oxide layers of ZnO nanorods decorated with Ag nanoparticles[END_REF][START_REF] Bessegato | Combination of photoelectrocatalysis and ozonation: A novel and powerful approach applied in Acid Yellow 1 mineralization[END_REF]), initial reactant concentration is often systematically varied to probe its influence on the observed reaction kinetics. When mass transport rates have a similar order of magnitude to the direct or indirect chemical reaction rates, which can be inferred from Damköhler numbers, then the observed reaction kinetics implicitly are due not only to chemical reaction rates. Unfortunately, most of target pollutant concentration ranges in studies using synthetic lab-prepared solutions are orders of magnitude higher than real world scenarios and do not consider the water matrix constituents in real water. Figure 2 illustrates the orders-ofmagnitude disparity between pollutants concentrations found in environmental samples and typical synthetic solutions reported in literature [12••,33-45]. The difference in concentrations means the diffusion mass transport rates will be dramatically different between lab and field applications, and the ratio of surface pollutants to redox mediators present near electrode surfaces may also not be representative of field conditions. EAOPs become more competitive than their chemical AOP counterparts at higher pollutant concentration. However, few studies evaluate treatment efficiencies under real-world environmental conditions.

There is a pressing need to reconcile implicit significance stemming from large concentration differences to provide more mechanistically-relevant and realistically meaningful electrochemical process assessments. It is true that drastically reducing the organic pollutant concentration to ppb and ppt values will dramatically decrease mineralization current efficiencies, but it also emerges as an opportunity to redefine research questions to overcome realistic challenges. Not to be overlooked, environmental pollutants often occur at low concentrations in the presence of other solutes that may compete for electrons delivered or oxidants electrogenerated Other critical research needs are to discover strategies to overcome mass transport limitations arising from low pollutant concentrations and to modulate near-electrode surface concentrations of target pollutants or redox mediators that effectively increase k in realistic water matrices. Specifically, the authors believe that the engineering development of "trap-n-zap" inspired electrode geometries is a promising strategy. The novel concept of "trap-n-zap" considers two steps in pollutant destruction that may occur simultaneously or sequentially. The initial step selectively attracts the target pollutant to the electrode surface via adsorption [START_REF] Almassi | Simultaneous adsorption and electrochemical reduction of N-Nitrosodimethylamine using carbon-Ti4O7 composite reactive electrochemical membranes[END_REF], molecular sieving [56•], or molecular identification via electrodes imprinting [57•]. This "trapping" step overcomes mass transfer limitations by increasing target pollutant concentration close to the electrode surface and diminishes competitive/scavenging reactions due to increased selectivity towards the target pollutant over other solutes. The second step of "zapping" consists of the direct or indirect electrochemically induced transformations of selectively "trapped" pollutants. Research is needed to study necessary cycle times between the trapping and zapping steps. It is important to assure that by-products do not poison the electrode surface and can readily diffuse back into solution. Interfacial materials or processes commensurate with this promising trap-n-zap strategy can improve system efficiency even when low target pollutant concentrations exist in solution or even when competing solutes are present. So far, little has been done to consider electrochemical re-generation of carbonaceous adsorbents via electrochemical processes [58•,59], and to date, existing processes still lack the selectivity component that will have to be overcome at low environmental concentrations (see Fig. 2).

Which background solutes in water matrices require more attention by researchers?

Conducting research in synthetic matrices has been essential to develop our mechanistic understanding of electrochemical principles for treating drinking waters and/or wastewaters.

However, the focus on fundamentals in the thousands of papers published annually may be missing the actual barriers limiting more widespread adoption of electrocatalytic processes in commercial applications. All drinking waters and industrial wastewaters are complex, heterogeneous mixtures of solutes and often contain pH buffers that limit the economic flexibility of readily modulating pH to optimal levels reported in lab-scale experiments [60•,61••] and vary in water hardness [START_REF] Santos | Influence of the water hardness on the performance of electro-Fenton approach: Decolorization and mineralization of Eriochrome Black T[END_REF].

Such barriers go beyond decreased efficiency due to concentration-dependent mass transport or competitive species on the electrode surface, as discussed previously. Because electrocatalytic processes are driven by reactions on electrode surfaces, the accessibility and long-term stability of the electrode surface is essential to ensuring continuous, sustained operation. As such, it is surprising that there is limited research evaluating electrode scaling and fouling [START_REF] Cid | Phosphate recovery from human waste via the formation of hydroxyapatite during electrochemical wastewater treatment[END_REF][START_REF] Rice | Electrochemical self-cleaning anodic surfaces for biofouling control during water treatment[END_REF][START_REF] Lin | The role of near electrode solution chemistry on bacteria attachment and inactivation at low applied potentials[END_REF][START_REF] Wilson | Biofouling and in situ electrochemical cleaning of a boron-doped diamond free chlorine sensor[END_REF]. For example, Figure 3a depicts an electrochemical reactor whose performance was inhibited after a couple of days under continuous flow operation of real groundwater with high hardness (~350 mg L -1 as CaCO3). Inorganic scale deposition (mostly calcium carbonate) is promoted by the high alkaline pH localized at the cathodic surface due to water reduction reaction (H2O + e - ½ H2 + OH -). Additionally, fouling occurs due to irreversible adsorption of ions on electrode surfaces and can happen rapidly (e.g., sulfidation) or may only become apparent in longer-term studies as background organics (e.g., natural organic matter), and biofilms accumulate on surfaces such as electrodes [START_REF] Kim | Impact of Physical and Chemical Cleaning Agents on Specific Biofilm Components and the Implications for Membrane Biofouling Management[END_REF]. Figure 3b illustrates a bacteriological biofilm of Pseudomonas aeruginosa formed on an electrode surface [64••]. Biofilms not only reduce mass transport coefficients of target pollutants and decrease electrochemical treatment performance, but they also pose a health risk due to their potential to harbor microbial pathogens. Common strategies to mitigate or remove these foulants in other water treatment technologies involve chemicals (e.g., surfactants, acids, bases, oxidants), which limit claims that electrochemically-driven processes can be chemical-free technologies. Yet, opportunities exist to minimize the stabilization of foulants on the electrode surfaces through improved electrochemical reactor design. For example, inducing localized highenergy hydrodynamic shear can remove biofilms. Electrochemists often say controlling fouling or aging can be readily accomplished by alternating electrode polarity. While true for some foulants, continuous operation under reverse polarity can dissolve inorganic scaling due to the high induced acidity of anodic surfaces but requires chemical stable electrode materials whether exposed to anodic or cathodic potentials.

Another commonly overlooked, but critical aspect is the presence of realistic ranges of electrolytes in water containing target pollutants. Salt levels in waters, measured as conductance (mS m -1 ) or total dissolved solids (TDS, mg L -1 ) are usually much lower in "real" waters compared with electrolyte concentrations (e.g., 0.5M Na2SO4) commonly used in electrochemical labstudies. For example, conductivity values range between 5-50 mS m -1 for drinking waters with TDS below 100 mg L -1 [START_REF] Who | Total dissolved solids in Drinking-water[END_REF], which equates to ionic strengths of roughly 0.0025M and far lower than used in most lab-studies. Water conductivity has a direct impact on electrocatalytic activity since defines applied current (delivery of electrons) for a given applied cell potential [2,[START_REF] Garcia-Segura | Electrochemical oxidation remediation of real wastewater effluents -A review[END_REF].

Adding high salts to drinking waters is not a feasible solution because it affects tastes and exceeds WHO water quality guidelines [START_REF] Who | Total dissolved solids in Drinking-water[END_REF], apart from playing against one of the said "benefits" of electrochemical processes as "chemical-free" technologies. Reactor designs may contribute to overcome this "salty" challenge by implementing ionomer membranes [49••,69•] or using microfluidic devices that diminish ohmic drop [52•,70•]. The overlooked aspect of salt does not create and unsurpassable obstacle for electrochemical processes, but it will contribute to narrow down options to identify where electrocatalysis makes sense in terms of performance and competitiveness.

While some salts are good, and improve conductance in water, the presence of halogens nearly in all "real" waters can lead to formation of toxic by-products such as halogenated organics and oxyhalides (i.e. chlorate, perchlorate, bromate, iodate). In most waters, chloride occurs at roughly 300 times higher mass concentrations than bromide, the same ratio of these halogens present in seawater. Chloride (Cl -) can be oxidized to active chlorine species (e.g., HOCl, OCl -) or generate chloramines (e.g., NH2Cl) when ammonium ion co-occurs [ Nevertheless, it is important to start considering these alternatives and approaches now, before these become an actual barrier or a completely neglected issue that has to be quickly solved when electrochemical technologies are implemented.

Taken together, there is a clear need to realign priorities on the treatment of actual water samples to set the stepstones required for technology translation to commercialization. 

Conclusions and key insights

Electrochemically-driven technologies are gaining relevance due to promising results reported in the treatment of synthetic lab-made solutions often containing a single target pollutant.

While expanding fundamental knowledge related to mechanisms underlying discovery of novel electrode materials or architectures remains necessary, systems-level research priorities are also needed to bridge the gap between laboratory findings and application of electrocatalytic technologies to solve real world challenges. The first step is recognition that large discrepancies where solutes and bacteria that detrimentally impact system performance pass by electrode surfaces. Future research must confront the elephant in the room, the treatment of more realistic water matrices (i.e., composition and concentration). This will help to identify fit-for-purpose and niche opportunities for electrochemically-driven technologies.

  drinking water matrices [1••]. Inspired to treat the broad spectrum of environmental pollutants, development of electrochemically-driven treatment processes has blossomed over the past few decades. It is among the hottest environmental treatment research topics [2••,3••], as illustrated by the exponential increase in annual publications from only ninety articles in the year 2000 to over a thousand articles in 2019. The research momentum during the last five years can be attributed to a clear market opportunity for compact, easily automatable, and chemical-free technologies to commercially purify water [4••,5••]. The growing market demand for new technology stems from

  merit. EEO defined by IUPAC as a tool to comparison the energy requirements of different water treatment technologies to reduce target pollutant concentration one order of magnitude, as defined by equation (1) [21••,22••].

Figure 1 -

 1 Figure 1 -Effect of the pseudo-first order rate constant of atrazine degradation on the total cost of ownership (TCO) of EAOP devices using boron-doped diamond electrodes. The cost is benchmarked to a carbon block (CB) adsorption device with a constant TCO of $289 [20••].

  Only a few studies have evaluated the effects of target pollutant concentration beyond experimental removal percentages and kinetic constants by implementing detailed analyses of engineering figures of merit [47•,48•]. Recent research suggests that chemical-based advanced oxidation processes (AOPs; e.g., UV/H2O2. H2O2/O3, UV/HOCl) are more sensitive to the increase in pollutant concentration than electrochemical oxidation [49••]. These results highlight how

  (i.e., scavenging) [50•,51•]. High target pollutant concentrations increases mass transport to electrodes surface and likely increases selectivity (i.e., less competition by other solutes) [52-54], which results in artificially higher k1 values.

Figure 2 -

 2 Figure 2 -Box-and-whisker plot comparing concentration ranges of target pollutants found in true environmental concentrations () vs. synthetic solutions () treated in the lab. Pollutants are classified by pollutant class: Per-and polyfluoroalkine substances (PFAS), pharmaceuticals, pesticides, and nitrates. Central mark () of box represents the median value, bottom and top edges are 25 th and 75 th percentiles, respectively. Whiskers extend to extremes not considered outliers. Outliers () are points greater than (Q1+ 1.5(Q3-Q1)) and less than (Q1-1.5(Q3-Q1)), where Q is quartile.

  17•,71•,72•]. Further oxidation can lead to electrogeneration of chlorate and perchlorate [73,74••], which are regulated in drinking waters. Active chlorine species can react with background organics present in all waters, and generate halogenated organics which pose additional health concern [75••]. For example, electrochemical treatment of a secondary effluent containing low levels of contaminants of emerging concern produced 0.1-1.0 mM ClO4 -and 15 μM of adsorbable organic chloride (AOCl) species and 5 μM or below detectable levels of adsorbable organic bromide (AOBr) and iodide (AOI), respectively [76••]. Despite relatively low levels, low molecular weight halogenated compounds can pose highly toxic and carcinogenic effects [75••]. Importantly, halogenated compounds increase their health risk in the following order AOI > AOBr > AOCl [77-79]. Electrochemical approaches should be developed to avoid the generation of such toxic species by controlling operational variables and electrode design. If the generation of these species cannot be selectively controlled, it will be required the development of coupled technologies (i.e. electrochemical dehalogenation, electrochemical reduction, adsorption of organic precursors or by-products) that circumvent this limitation and reduce undesired health risks [9,80••].

Figure 3 -

 3 Figure 3 -(a) Inorganic scaling on electrodes during electrocatalytic treatment of real groundwater (hardness: ~350 mg L -1 as CaCO3). (b) Biofouling on boron-doped diamond electrodes by Pseudomonas aeruginosa seen by optical coherence tomography microscopy [64••].

  figures of merit. Continuing research in ultrapure waters with a single target pollutant masks the engineering challenges that must be solved prior implementation. Further, excessive technology hype can blind well-informed engineering decisions that are instrumental to ensure commercial success. A lack of understanding in the mechanisms of electrode scaling and fouling has occurred in part because most research is conducted in batch reactors rather than continuous flow reactors
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