Assisted Reverse Electrodialysis for CO2 electrochemical conversion and treatment of wastewater: a new approach towards more eco-friendly processes using salinity gradients.
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Abstract
In this paper, the utilization of assisted reverse electrodialysis (A-RED), recently used for pre-desalination, is proposed as a general method to reduce the energy requirements of electrolysis processes and evaluated for two model processes: (i) the cathodic conversion of carbon dioxide to formic acid; (ii) the anodic treatment of water contaminated by organics. In A-RED, two solutions with different salt content and an external potential difference, applied in the direction of the natural salinity gradient, are both used to drive redox processes. It was shown, for the first time, that the cathodic conversion of CO2 to formic acid can be performed by both reverse electrodialysis (RED) and A-RED, saving electric energy with respect to electrolysis processes. A-RED allows to increase significantly the production of formic acid with respect to RED (after 4 hours, 2 and 6.3 mM were produced for RED and A-RED with an additional external cell potential of 0.8 V, respectively, for a salinity ratio SR = 3300). For the anodic treatment of wastewater, A-RED allowed to accelerate the removal of organics and/or to use smaller salinity gradients with respect to RED (as an example, after 2 hours with a SR of 4.4, an abatement of TOC of 55 and 92% was obtained with RED and A-RED with 1.5 V, respectively) and to save electrical energy with respect to electrolysis. A simplified economic analysis performed for the anodic treatment of the adopted synthetic wastewater has shown that A-RED presents the most appealing economic data with respect to both electrolysis and RED in most of investigated cases.
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1. Introduction
In the last two decades, a large effort was carried out to increase the utilization of renewable energies. In 2017, 13.5% of the world total primary energy supply was produced from renewable energy sources, which includes hydro, solar, wind, biofuels, waste, geothermal and tidal [1]. In addition, several researchers are trying to exploit other forms of renewable energy including salinity gradient energy (SGE). SGE is available when two solutions with different salinity levels are mixed together. As an example, when rivers discharge into the sea, they release about 1.7 MJ per m3 of river water [2]. 
Salinity gradients are widely available both in nature (estuaries or coastal areas, mixing of seawater and brackish water) [3] and in industrial plants (as an example, wastewater with different salinities) [4,5] or they can be obtained using thermolytic solutions [6] regenerated with waste heat (> 40°C) [7,8]. Reverse electrodialysis (RED) is a process for direct electricity production from salinity-gradient energy, based on the use of many pairs of anion and cation exchange membranes situated between two electrodes [9] and on the utilization of proper redox processes [10,11]. Many membrane pairs are needed for the utilization of salinity gradients to produce electricity, resulting in high investment costs for RED systems devoted to the production of electric energy [12]. In this context, in order to improve the economic figures of the overall RED process, several works investigated the main actors of the process to work at the optimal operative conditions, including the optimal load resistance, residence time, feed flow rate, stack design [13,14]. As an alternative, some authors have proposed to use salinity gradients to sustain redox processes for the synthesis of chemical or the treatment of wastewater contaminated by recalcitrant organics adopting RED stacks assembled with relatively few membrane pairs and salinity gradients available in nature or in industrial plants [4,15-29], thus saving the electric energy necessary for conventional electrolysis processes. In particular, some groups have shown that it is possible to use river, seawater and/or brine solutions to treat various kinds of wastewater both in lab-scale devices [15-18,21,22] and in a pilot-plant scale [20], while others have shown that RED can be used for the generation of hydrogen using both natural salinity gradients and thermolytic solutions regenerated by waste heat [22-27]. In this frame, recently, it has been observed that the plants devoted to the treatment of industrial wastewater deal often with waters characterized by different salinity and the relative salinity gradient can be used to depurate part of these wastewaters by RED, allowing potentially a huge saving of energy [4].
However, the development of redox processes driven by salinity gradients is strongly limited, in order to use not too large and too expensively RED stacks, to cases where small cell potentials are required and large salinity gradients are available, thus not allowing to exploit the energy present in waters with limited salinity gradients or to help processes that require high cell potentials. In this context, we want here to propose the utilization of assisted reverse electrodialysis (A-RED) in order to use a larger range of salinity gradients and to sustain electrolysis processes characterized also by high cell potentials, reducing the investment costs for the RED stack. 
In A-RED, an external current is applied in the direction of the diffusional transport of ions which follows chemical potential gradients, thus allowing to couple the external electric energy and the energy coming from salinity gradient [30]. A-RED, which was successfully proposed up to now only for desalination process [30], can be potentially used to decrease the required membrane area and/or to use lower salinity gradients and/or to achieve high overall cell potentials for the electrochemical synthesis of a large range of products. Furthermore, from a theoretical point of view, the system is expected to perform better than just the combination of electric and electrochemical driving forces [28]. In particular, in this paper, the utilization of A-RED was proposed and successfully used for the first time for two very different purposes: (i) the treatment of synthetic wastewater contaminated by organics; (ii) the conversion of carbon dioxide to high added value products. These processes were chosen as particularly promising examples, since for both an improvement of economics is necessary for the passage on an applicative scale, which could potentially be achieved using salinity gradients available in industrial plants. It was shown that A-RED allows to accelerate the redox processes, to use smaller salinity gradients with respect to RED and to reduce significantly the energetic consumptions with respect to electrolysis. Furthermore, a simplified economic analysis has shown that A-RED presents better economic data than both RED and electrolysis.

2. Experimental
2.1. Stack
Experiments were performed in a homemade lab scale stack previously described in detail [11,14] and schematically shown in fig. 1. Figure 1 reports the main component of a RED stack showing cationic (CM), anionic (AM) and external membranes, electrodes, electrode chambers and concentrated (HC), diluted (LC) and electrode solutions (ES) flowing in the stack and the ionic flux generated by the salt gradients, as well as the main circuit for the cases-studies: i) anodic oxidation of wastewater contaminate by organics and ii) cathodic conversion of CO2. The two electrode chambers (10 cm ×10 cm × 2 mm) contained a cathode (Tin foil, 1.0 mm thick, assay > 99%, metals basis, from CARLO ERBA Reagents S.r.l. Italy, and carbon felt purchased from The Electrosynthesis Co., USA, thickness 4 mm, were used for experiments devoted to conversion of carbon dioxide and treatment of wastewater, respectively) and a titanium meshes coated with Ru–Ir anode (supplied by Magneto special anodes B.V., The Netherlands) (geometric surface area 10 cm × 10 cm). Before each experiment, tin foil was subjected to mechanically smoothing treatment, chemically treated with 11%vol HNO3 (HNO3, Assay 67 - 69%, Romil Chemicals, Italy) water solution for 2 min and washed with an ultrasound bath in deionized water for 5 min. The stack, assembled between the anode and cathode chambers, involves 60 anion- and 61 cation-exchange membranes (Fujifilm Manufacturing Europe B.V., The Netherlands), gasket integrated with spacers (Deukum, GmbH, Germany, 0.28 mm thickness) and two external membranes to separate electrode compartments and side ones, creating 60 pairs of alternating low concentrated (LC) and high concentrated (HC) chambers. Two external Selemion anionic exchange membranes were used. The exposed area of each exchange membrane was 100 cm2. HC and LC were continuously recirculated to the electrode compartments and to two different reservoirs, by two peristaltic pumps (MASTERFLEX peristaltic pump, purchased from General Control SpA, Italy) with a flow rate of 200 mL min-1. Two hydraulic circuits were used for electrode solutions fed by two peristaltic pumps (MASTERFLEX peristaltic pump, purchased from General Control SpA, Italy) with a flow rate of 200 mL min-1. In addition, the cathodic electrolytic solution was fed with air (99.999% purity, supplied by Air Liquide, Italy) or CO2 (99.999% purity, supplied by Rivoira, Italy) for experiments devoted to the anodic treatment of synthetic wastewater or the conversion of CO2, respectively. The stack was connected with a fixed external resistance (0.3 or 3.7 ohm) and a potentiostat (Amel 2053 potentiostat/galvanostat) which can the required additional external cell potential and record the current intensity. In addition, in order to evaluate the energy consumption saved by RED system, some electrolyses were repeated in the same stack described above with the same apparatus but using the same solutions in HC and LC or with just 1 membrane. For each tested operative condition, at least 2 experiments were performed to be sure that reproducible results were achieved with a difference between the results lower than 5%.
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Figure 1. Schematic representation of a RED stack showing cationic (CM), anionic (AM) and external membranes, electrodes, electrode chambers and concentrated (HC), diluted (LC) and electrode solutions (ES) flowing in the stack and the ionic flux generated by the salt gradients. Assisted-RED process is carried out by applying an external additional cell potential between the two electrodes in the direction of the diffusional transport of ions (purple circuit); RED process is performed without any external additional cell potential. i) The orange circuit referrs to the anodic treatment of wastewater contaminated by organics; ii) the green circuit is related to the cathodic conversion of CO2; in this case CO2 was bubbled in the reservoir electrolyte tank and continuously recirculated to the cathodic compartment.
2.2. Solutions 
Synthetic wastewaters were prepared dissolving NaCl (analytical grade, assay > 99.8% Sigma Aldrich, Italy) and formic acid (puriss. p.a., ACS reagent, reag. Ph. Eur., ≥ 98%, purchased from Sigma Aldrich, Italy, 120 mg L-1) into deionized water (lab-utility, conductivity < 0.5 μS cm-1). Formic acid was chosen as organic model compound, according to the literature, since carboxylic acids are rather resistant to oxidation by electrochemical methods [31-35]. For experiments devoted to the anodic treatment of synthetic wastewater, solutions used in HC and LC compartments were prepared by dissolving NaCl (143 g L-1 in HC and 16, 32, 64 and 143 g L-1 in LC) into deionized water. LC solution was sent also to the cathodic compartment. For experiments devoted to the conversion of CO2 to HCOOH, solutions used in HC and LC compartments were prepared by dissolving NaCl (150 g L-1 in HC and 0.05, 0.5 and 150 g L-1 in LC) into deionized water. HC solutions was sent also to the anodic compartment; while an aqueous solution contained 0.1 M Na2SO4 (ACS reagent, ≥ 99.0%, anhydrous sodium sulphate, Sigma-Aldrich, Italy) as supporting electrolyte at a solution pH = 4 was used in the cathodic compartment. H2SO4 (ACS reagent, 95.0 -98.0%, Sigma Aldrich, Italy) was used to set the pH, measured with a HANA pH-meter. The catholyte solution was solubilized at least for 30 minutes with CO2 in a separate tank (bubbled at 0.25 L min-1), before to start each electrolysis, and kept in CO2 saturated condition continuously recirculated to cathode compartment at 200 mL min-1 (fig. 1), during the electrolysis.
In the experiments, in particular, the salinity of HC solution is comparable to that of brine; while the LC solution reflects seawater or brackish, respectively, for the treatment of wastewater or CO2 reduction.

2.3. Analyses
For RED the potential drop across a fixed external resistance and the current intensity were recorded by potentiostat. Reported current densities were based on the cathode geometric area (100 cm2). To evaluate the formic acid concentration, Agilent HP 1100 HPLC fitted out with Rezex ROA-Organic Acid H+ (8%) column at 55°C and coupled with a UV detector (210 nm) was used; 0.005 N H2SO4 water solution at solution pH 2.5 was eluted at 0.6 mL min-1 as mobile phase. A pure standard of formic acid (puriss. p.a., ACS reagent, reag. Ph. Eur., ≥ 98%, purchased from Sigma Aldrich, Italy,) was adopted to calibrate the instrument for its quantitative determination. The total organic carbon (TOC) was analyzed by a TOC analyzer Shimadzu VCSN ASI TOC-5000 A. 
The organic abatement (X) was defined by Eq. (1):
X=100 (C0-Ct) / C0															(1) 
where C0 is the initial concentrations of formic acid (mol L−1) inside the electrochemical cell, Ct is the concentrations of formic acid after electrolysis time t.
For the CO2 conversion process, no other carbon-based chemicals with respect to formic acid were detected in the liquid and gaseous phases; while H2 was detected in the gaseous steam due to the water reduction that is, according to the literature, the main competitive process. For the gaseous products analysis, Agilent 7890B GC equipped with a Carboxen-1000 (60/80) column and a Thermal Conductivity Detector (at 230°C) was used. Helium (Air Liquide 99.999% purity) was used as carrier gas with constant pressure set at 1 bar; the column temperature program was an isotherm at 35°C for 5 min followed by a 20°C min-1 ramp up to 225°C and by an isothermal step for 45 min.
CV and LSC characterizations were performed by using a conventional three-electrode cell equipped with a Sn electrode as working electrode, a Saturated Calomel Electrode reference and a Pt wire counter electrode. Before each characterization, Tin foil (0.1 cm2) was prepared as described in section 2.1. The electrolyte solution was a 0.1M Na2SO4 aqueous solution (V = 0.05 L). Prior to all characterization, the solution was purged for 25 minutes by either N2 (99.999% purity; supplied by Air Liquide, Italy) or CO2 (99.999% purity; supplied by Rivoira, Italy). CVs and LSVs were recorded with a scan rate of 50 and 5 mV s-1, respectively, using an AutoLab PG-STAT12.

3. Results and discussion
3.1. Anodic treatment of synthetic wastewater
The first case-study involved the anodic treatment of a synthetic wastewater with an initial TOC content of 120 mg L-1 with the aim of reducing its TOC content. The fundamentals of anodic oxidation of organics (and, in particular, of carboxylic acids and formic acid) in NaCl solutions at Ir based anodes were widely investigated by various techniques including polarizations, cyclic voltammetry and electrolysis, and clearly discussed in literature [31-34,36]. The process is based on (i) the anodic oxidation of organics at the anode and (ii) above all on the electro-generation of active chlorine by oxidation of chlorides at dimensional stable anodes that results, for solution pH between 2 and 7 [36], mainly in the formation of hypochlorous acid (Eq. (2) and (3)), that is able to oxidize organics (Eq. (4)) [31-34,36].
2Cl- = Cl2 + 2e-																(2)
Cl2 + H2O = HOCl + H+ + Cl-													(3)
HOCl + RH = oxidation products			 									(4)
E° for chlorides reduction to chlorine is 1.36 V vs. SHE and a small overpotential is expected at adopted Ru based anodes. At the cathode, for small current densities, the reduction of oxygen solubilized in water is expected (working potential between -0.2 and -0.4 V at carbonaceous cathodes) while for high currents, when the oxygen reduction becomes limited by mass transfer, the hydrogen evolution takes place needing larger potentials. It has been also shown that a major drawback of these processes is given by the significant energetic consumptions, which limits its application [32]. A series of RED, electrolysis and A-RED experiments were here performed for 3 h changing both the salinity gradient and the external applied cell potential in order to evaluate for the first time the utilization of A-RED for the treatment of wastewater contaminated by organics and to compare its performances with that of RED and electrolysis. The removal of TOC and the energetic consumption related to the external applied cell potential were recorded in order to evaluate the performances of the process. First, RED experiments were carried out (without external supply of cell potential). In the absence of salinity gradient, neither current nor abatement of TOC were observed (fig. 2A), thus showing that no mineralization is achieved without the activation of the anodic redox process. In the presence of salinity gradients, a current density is observed, thus allowing the oxidation of formic acid and the reduction of TOC (fig. 2A). Indeed, the presence of the salinity gradient in a stack assembly of N membrane pairs results in an electromotive force E [12] given by Eq. (5):
E = 2 N a R T ln(SR) / F														(5)
where R is the gas constant, T the absolute temperature, a is the average permselectivity of the membrane pair, SR the ratio between the solute activities in concentrated and diluted solutions, respectively, and F the Faraday constant. 
In particular, for SR = 9, an initial current density close to 9 A m-2 and a high removal of TOC was achieved, which reached 90% after 3 h. For lower SR, both the current density and the removal of TOC decreased (fig. 2A). As an example, the initial current density decreased from about 9 to 3 A m-2, when the SR decreased from 9 to 4.4. Indeed, according to Eq. (5), a decrease of SR results in a lower electromotive force and, as a consequence, in lower current densities. In particular, the removal of TOC for SR = 2.2 was very low (about 10% after 3 h), thus showing that this low salinity gradient is not sufficient for the effective treatment of the synthetic wastewater in the adopted stack.
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Figure 2. Removal of TOC in the anodic compartment achieved by RED (2A) or electrolysis (2B). RED was performed with SR = 9, 4.4, 2.2 and 1.0. Number of membrane pairs: 60. Electrolyses were performed in the same stack at different cell potentials (1.5, 2.0 and 2.5 V with SR = 1).

Fig. 2B reports the removal of TOC achieved by some electrolyses carried out in the same stack without salinity gradient (SR = 1), supplying different cell potentials (1.5, 2.0 and 2.5 V) for 3 h by a potentiostat. For an applied cell potential of 2.5 V, a quite high abatement close to 80% was observed after 3 h, but a relatively high energetic consumption was necessary (0.28 kWh gTOC-1). At 2.0 V the final abatement was still quite good (about 70% with an energetic consumption of 0.21 kWh gTOC-1); conversely, when the cell potential was decreased to 1.5 V, the removal of TOC was quite low (33%), showing that this cell potential is not high enough to provide an effective mineralization of organics. Fig. 3 reports the results achieved by A-RED, performing a series of experiments with different salinity gradients (2.2, 4.4 and 9) and various external cell potentials supplied by the potentiostat. Hence, in this case, an external current is applied in the direction of the diffusional transport of ions which follows chemical potential gradients, thus allowing to couple the external electric energy and the energy coming from salinity gradient. In particular, an external cell potential of 1.0 or 1.5 V, insufficient to sustain effectively the standalone electrolytic process, was provided to the stack by the potentiostat. Fig. 3A and 3B show that, for both 1 and 1.5 V, the enhancement of the salinity ratio resulted in an increase of the abatement of TOC for any value of the time passed. With a supply of an external cell potential of 1.0 V, the presence of a salinity gradient allowed appreciable current densities (fig. 3C) and a significant removal of TOC (fig. 3A). Very good abatements of TOC were achieved after 3 h with SR = 9 (abatement close to 95%) and 4.4 (abatement close to 85%). It is worth to mention that the coupling of a low SR of 2.2 and of a low cell potential of 1.0 V, that gave quite low abatements (< 10%), respectively, in RED (fig. 2A) and in electrolysis (fig. 2B) standalone processes, allowed to obtain an abatement close to 50% by A-RED (fig. 3A), thus showing the potential synergy of salinity gradient and external supply of energy. In all these cases, a quite low final energetic consumption (computed by the energetic consumption necessary to reduce the TOC content of 1 g) was achieved (fig. 3E). In particular, the lowest energetic consumption of 0.04 kWh gTOC-1 was obtained at SR = 9. With an external supply of 1.5 V, where the standalone electrolysis gave an abatement close to 33%, the utilization of salinity gradients allowed to increase the current densities (fig. 3D) and to achieve very good abatements (fig. 3B) for all adopted SR (after 3 h, 100% for SR = 4.4 or 9 and 83% for SR = 2.2). Furthermore, a significant reduction of the energetic consumption (fig. 3F) was observed in the presence of the salinity gradient, with respect to electrolysis process. In particular, at 1.5 V the utilization of a low salinity gradient SR = 2.2 allowed to increase the removal of TOC from 33% to 85% and to reduce the energetic consumption of about 45%. Hence, it can be concluded that A-RED gives higher removal of TOC than both electrolysis and RED processes, using lower SR with respect to RED and lower cell potentials supplied by the potentiostat with respect to electrolysis. 
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Figure 3. Removal of TOC in the anodic compartment (3A for 1 V and 3B for 1.5 V), current density (3C for 1 V and 3D for 1.5 V) and energetic consumption (3E for 1 V and 3F for 1.5 V) achieved by A-RED with an external supply of cell potential of 1 or 1.5 V. A-RED performed with SR = 9, 4.4, 2.2 and 1.0. Number of membrane pairs: 60.

The improvements offered by A-RED with respect to electrolysis can be better observed looking at fig. 4A, where the final removals of TOC obtained with external cell potentials of 0, 1, 1.5 and 2.0 V and different SR are reported. It can be observed that RED process gives very high removal of TOC in the absence of external supply of energy only with the highest adopted SR; conversely, the standalone electrolysis gives good abatements only at 2.0 V. On the other hand, A-RED gives good abatements also coupling intermediates value of both SR and external cell potential. The same data of fig. 3 and 4A were plotted again in fig. 4B-4D, for fixed SR, at different cell potentials applied by the potentiostat. It can be seen that, for all the employed salinity gradients, the removal of TOC increased applying an external supply of energy. In particular, for low SR (fig. 4B), the external supply of energy is necessary to achieve final good abatements, while, for high SR (fig. 4C), the supply of external energy is useful mainly to accelerate the mineralization process; indeed, at SR = 9, similar removals were obtained after 3 h with RED and after 1 h with A-RED at 1.5 V (fig. 4C).
Hence, on overall the results reported in fig. 4 demonstrates for the first time that A-RED can be used for the treatment of wastewater contaminated by organics using small salinity gradients and small stacks, allowing to obtain a fast and high removal of TOC and to save electric energy with respect to conventional electrolysis. 
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Figure 4. 4A presents the removal of TOC in the anodic compartment achieved by A-RED, RED and electrolysis (data of fig. 2 and 3). 4B, 4C and 4D reports the removal of TOC achieved by A-RED at SR = 2.2, 4.4 and 9, respectively. 


3.2. Cathodic conversion of carbon dioxide to formic acid 
The electrochemical conversion of CO2 in water to various products, including formic acid and CO, seems particularly promising. In particular, it has been reported that the utilization of tin cathodes allows the production of formic acid with good faradic efficiencies [37-52], particularly in acidic conditions. The fundamentals of the process were widely investigated by polarizations, cyclic voltammetry, etc. [40,42-45,48,49,51]. Fig. 5 reports the cyclic voltammetry characterization (scan rate of 50 mV s-1) achieved at Sn working electrode under N2 and CO2 saturated solutions. Under N2 atmosphere, an increase of current density is observed for potentials close to -1.6 V vs SCE due to the H2 evolution reaction, which, according to the literature, is considered the main competitive process to the CO2 reduction in water solvent, and its dependence from the potential becomes relevant at potentials more negative than -2 V. According to the literature, the anodic and cathodic peaks at about −1 V and −1.15 V, respectively, can be assigned to the formation and the reduction of tin oxides, respectively, on the surface of the working electrode, which are partially suppressed when CO2 is added to the system. Moreover, under CO2 atmosphere, an enhancement of current density is recorded for potentials higher that than -1.55 V vs SCE (detail in Fig. 5, insert). At potentials more negative than -2.1V, current density achieved under CO2 atmosphere becomes lower than that observed under N2 one, thus probably indicating, according to the literature [49], that CO2 or its reduction products are adsorbed at the tin surface, thus limiting the H2O reduction.
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Figure 5. CV at 50 mV s-1 under atmosphere of N2 (grey line) and CO2 (black line) saturated solution of 0.1 M Na2SO4 at a solution pH = 4. Working electrode: Sn (Acathode = 0.1 cm2). Counter electrode: Pt wire. V= 0.05 L. Insert: LSVs were performed at 5 mV s-1 under atmosphere of N2 (grey line) and CO2 (black line) saturated water solution of 0.1 M Na2SO4 at a solution pH = 4. Recorded current density came back again to the values observed during the first characterization under N2 atmosphere when CO2 was taken out from the solution.

Agarwal et al. [39] have shown that the reduction of CO2 at tin cathodes to formic acid process could be interesting from an economic point of view, even if further work is necessary to enhance the overall economic attractiveness of the process, as an example by lowering the energetic consumptions. In particular, the reduction of CO2 at tin cathodes requires a working potential between -1.8 and -2.0 V vs. SCE. Hence, if the cathodic process is coupled with the anodic oxygen evolution reaction [46] or with the treatment of wastewater by electrogenerated active chlorine [47], as recently proposed to improve the economic figures of the process, a large cell potential is required, often higher than 3.3-3.5 V, thus leading to high energetic consumptions. In this frame, the utilization of RED or A-RED could be particularly interesting in order to reduce the energetic costs.
RED experiments were carried out using a concentration of NaCl of 150 g L-1 (2.6 M) in HC and of 50 or 500 mg L-1 in LC, for an initial SR of 3000 and 300, respectively. Fig. 6A reports the production of formic acid vs. time achieved with the two adopted initial SR and without salinity gradient. In the absence of salinity gradient, no formic acid was obtained, confirming that the activation of cathodic reduction is necessary to convert CO2 to formic acid, while in the presence of salinity gradients, formic acid was obtained. It is worth to mention that it is, up to our knowledge, the first time that carbon dioxide is converted to formic acid by RED process, thus showing that salinity gradients can be used for this relevant scope. According to data reported in fig. 6, both adopted SR were able to sustain the production of formic acid (fig. 6A), but the experiments performed with the highest salinity gradient resulted in higher productions of formic acid due to the higher generation of current density (fig. 6B). However, the production of formic acid was quite limited, and its concentration reached a plateau value after 3 h (fig. 6A), due to the strong decrease of the current density with the time passed (fig. 6B). The decrease of the current density is due to the passage of ions from HC to LC, thus concentrating the diluted solution and reducing the salinity ratio (fig. 6C) that becomes after 3 h not sufficient to sustain effectively the cathodic conversion of carbon dioxide.
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Figure 6. Production of formic acid (6A), generation of current density (6B) and salinity ratio (6C) vs. time achieved by RED performed with HC (NaCl concentration 150 g L-1) and LC (NaCl concentration 50 or 500 mg L-1, corresponding to SR = 3000 and 300, respectively). 

Hence, the adoption of A-RED seems particularly important to sustain the electrolytic process. A series of A-RED experiments was carried out using an initial SR = 3000 and an external applied cell potential of 0.5, 0.65 and 0.8 V by the potentiostat. Fig. 7 reports the results achieved by A-RED, performing a series of experiments with different salinity gradients and external cell potentials supplied by the potentiostat. Hence, in this case, an external current is applied in the direction of the diffusional transport of ions which follows chemical potential gradients, thus allowing to couple the external electric energy and the energy coming from salinity gradient. Fig. 7A shows that the supply of a small external cell potential helps significantly the process; at 0.5 V the production of formic acid after 4 h was doubled with respect to RED (fig. 7A) and the current density decreased in a quite limited way with the time (fig. 7B; e.g. at 0.5 V, j decreases only of 12% in 4 h). An increase of the external cell potential allowed to enhance the production of formic acid: at 0.8 V (which is lower than one fourth of the cell potential necessary for the electrolysis) a final concentration of formic acid of about 6.3 mM was achieved vs. the 2.0 mM obtained by RED and the 4.0 mM obtained by A-RED at 0.5 V. Indeed, as shown in fig. 7B, the increase of the external cell potential allowed both to enhance and to maintain more constant the current density during the experiment; at 0.8 V current density decreased of only 3% in 4 h while for RED process the decrease of the current density was of 80%, in spite of the fact that all these processes gave a very similar trend of SR with the time (fig. 7C). Indeed, at RED the decrease of the salinity gradient occurred during the experiment for the passage of ions from HC to LC does not allow to sustain the redox processes after 2 h, while in A-RED, the assistance of the external energy supply allows the redox processes to work also with a reduced SR.
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Figure 7. Conversion of CO2 to formic acid in the cathodic compartment achieved by A-RED with different external cell potentials (0, 0.5, 0.65 and 0.8 V) performed with HC (NaCl concentration 150 g L-1) and LC (NaCl concentration 50 mg L-1 or 500 mg L-1, corresponding to SR = 3000 or 300, respectively). Fig. 7A, 7B and 7C report, respectively, the production of formic acid, the current density and the SR vs. time with SR = 3000. Fig. 7D and 7E report the production of formic acid and the concentration of NaCl in HC and LC vs. time for an applied cell potential of 0.5 V for different initial SR. 

To better evaluate this aspect, some A-RED experiments were repeated at 0.5 V reducing the initial SR to 300. As shown in fig. 7D, the reduction of SR leads only to a small decrease of the formic acid production. Indeed, in HC the two solutions had the same initial concentration of NaCl while, for LC, the concentration of NaCl was 50 and 500 mg L-1 in the two cases. However, as shown in fig. 7E, the very low initial concentration of NaCl of 50 mg L-1 rapidly increased, so that a similar SR was reached for the two cases after 1 h. Hence, on overall the results reported in this paragraph demonstrates for the first time that A-RED can be used in order to convert carbon dioxide to formic acid using very small external cell potentials, using different salinity gradients and small stacks, and allowing to reduce drastically the energetic consumptions with respect to conventional electrolysis.

3.3. Economic considerations
Table 1 reports a first-approximation estimation of energetic costs and capital investments for the treatment of the adopted synthetic wastewater by electrolysis, A-RED and RED, estimated on the bases of data presented in section 3.1. A target removal of TOC of about 80% was considered. The times needed for the process to reach this target were estimated according to experimental data presented in section 3.1 to be: (i) 3 h for electrolysis with a cell potential of 2.5 V (fig. 2B), (ii) 2.3, 4.5 and more than 24 h for RED performed with SR = 9, 4.4 and 2.2, respectively, and (iii) 1, 1.5 and 3 h for A-RED with an external applied cell potential of 1.5 V with SR = 9, 4.4 and 2.2, respectively. Energetic costs for RED are mainly related to the pumping of solutions inside the stack, while for A-RED they were due to both external applied cell potential and pumping. The capital investments were estimated considering a plant that treats 1 m3 for day of wastewater. For RED and A-RED, investment costs were increased with respect to electrolysis considering the additional costs for pumping, piping and membranes used for HC and LC in the stack. The cost of membranes for RED and A-RED was previously estimated between 10 and 40 € m-2. Hence, we have considered both the possibility of a cost of 10 and 40 € m-2. RED presented the lowest energetic costs (table 1, entries 5-7) (since it allowed to reduce the energetic inputs to that of pumping) and the highest investment costs, due to, from one hand, to the membranes necessary for the stack and, from the other hand, to the high surfaces of electrodes, required to compensate the low abatement rates. In particular, the treatment rate for low SR is excessively low imposing plants with unsuitable dimensions. A-RED allowed to save about 55%-80% of energetic cost required by electrolysis, depending on SR (table 1, entries 2-4). Furthermore, for SR = 9 and 4.4, A-RED presents the lowest investment costs with respect to both RED and electrolysis, due to the high rate of TOC removal, and consequently to the highest productivity which gives rise to low dimensions of the cell, that compensates the additional cost of the membranes necessary for the stack. Only, for SR of 2.2, capital costs are higher than that required by electrolysis. These estimations were based on the approximation that optimistically the membrane lifetime is the same of the plant lifetime, according to [54], i.e. 10 years, which corresponds also to the electrode lifetime [2]. However, to date, the stability with the time of the membrane is shorter with respect to the electrode one (that are the main actors for the cell cost); hence, in order to evaluate the impact of the replacement of the membrane over the plant lifetime on the investment costs, we have considered a lifetime of the membrane of 5 years, as suggested by Tufa et al [55]. It was found that, as expected, for all the case-studies under investigation the investment cost increases. More in detail, for SR = 9 and 4.4, A-RED processes remain still characterized by the lowest investment costs with respect to the RED and electrolysis ones. In particular, we estimated an enhancement of about 4% for 10 € m-2 membrane costs (i.e. from 54 to 56% for SR = 9 and from 74 to 78% for SR = 4.4) and of about 13% for 40 € m-2 membrane cost (i.e. from 61 to 70% for SR = 9 and from 84 to 98% for SR = 4.4), thus, pointing out the remarkably effect of the cost of membranes on the overall cost. Hence, the results reported in this paragraph offers, for the first time, a first proof of concept that A-RED can be effectively used for the treatment of wastewater allowing to reduce both capital and operative costs with respect to conventional electrolysis.

Table 1. Economic estimations for the treatment of 1 m3 d-1 of the synthetic wastewater with a removal of TOC ~ 80%.a
	Entry
	Process
	Energetic consumption for electrolysis
(kWh m-3)
	% of electrolysis energetic costb 
	% of electrolysis capital investmentc


	1
	Electrolysis
	30
	100
	100

	2
	A-RED (SR = 9)
	2.8
	20
	54d -61e

	3
	A-RED (SR = 4.4)
	5.1
	28
	74d -84e

	4
	A-RED (SR = 2.2)
	10.1
	45
	129d -149e

	5
	RED (SR = 9)
	0
	11
	104d -120e

	6
	RED (SR = 4.4)
	0
	11
	178d -209e

	7
	RED (SR = 2.2)
	0
	11
	> 681d - 843e


[a] Estimated on the basis of figures of merit of experiments described in paragraph 3.1 under the conditions described in Fig. 2B at 2.5 V for electrolysis, in fig. 2A for RED and in fig. 3 for A-RED. [b] The price of electricity strongly depends on the country. A cost of € 0.05 kWh-1 was considered herein, according to Ref. [47]. For RED and A-RED the cost of pumping HC and LC was also estimated taking in account their availability in-situ. [c] The capital investment cost was assumed to be the price, P, of the main equipment for electrochemical treatment (estimated using the relationship P = 19216 A0.7857 € [53] in which A is the electrode surface, actualized from 2002 to 2019); for RED and A-RED, the cost of membranes and of pumps and piping for HC and LC were also taken in consideration. The costs of pumps and piping was estimated of 15% and 12% of the capital investment costs respectively according to [47] and [53]. The electrode surfaces were estimated, according to data obtained in the work, to be 6.25 m2 for electrolysis, 2.1, 3.1 and 6.25 m2 for A-RED with SR of 9, 4.4 and 2.2, respectively, and 4.8, 9.4 and at least 50 m2 for RED with SR of 9, 4.4 and 2.2, respectively. [d,e] The cost of membranes for RED and A-RED was estimated to be 10 for [d] and 40 € m-2 for [e] according to [54].

4. Conclusions
Assisted reverse electrodialysis (A-RED) is here proposed for the first time for two different model redox processes, the cathodic conversion of carbon dioxide to formic acid and the anodic treatment of water contaminated by organics, and compared with both electrolysis and RED. In general, the work presents a first proof of concept that A-RED can be potentially used for many purposes, including redox processes that require high cell potentials, using waters with lower salinity gradients with respect to RED with relatively small stacks and reducing the energetic consumptions with respect to conventional electrolysis. More in detail, the main conclusions of the work for the reduction of carbon dioxide to formic acid are:
(i) it was shown, for the first-time, that the cathodic conversion of CO2 to formic acid can be performed by both RED and A-RED, saving electric energy with respect to electrolysis processes;
(ii) the adoption of A-RED increases significantly the production of formic acid and gives rise to a more stable current with respect to RED using a small external cell potential of 0.5-0.8 V; as an example, with an applied cell potential of 0.8 V, a final concentration of formic acid of about 6.3 mM was achieved vs. the 2.0 mM obtained by RED.
The main conclusions of the work for the anodic removal of TOC for a synthetic wastewater are: 
(i) A-RED was used for the first time for the anodic treatment of a synthetic wastewater contaminated by organics; in particular, A-RED gives higher abatement of TOC with respect to RED and requires lower applied cell potentials with respect to electrolysis; as an example, after 2h with a SR = 4.4, an abatement of the TOC of about 55 and 92% were obtained, respectively, by RED and A-RED (with an applied cell potential of 1.5V), while at 1.5 V an abatement lower than 30% was obtained by electrolysis; 
(iii) the removal of TOC increased by means of an enhancement of salinity gradient and/or of the applied cell potential;
(iv) the adoption of A-RED allowed to obtain a partial removal of the TOC also using a low salinity gradient of 2.2, which is not sufficient for RED process, strongly reducing the energetic requirements with respect to electrolysis.
Furthermore, a simplified economic analysis was also performed in the case of the treatment of the synthetic wastewater by RED, electrolysis and A-RED. According to the estimations, A-RED allows to decrease both the energetic costs and capital investments with respect to electrolysis, in most of investigated cases. 
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