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Abstract22

The vast volume of nutrients discharging from municipal wastewater (MWW) into water23

resources, along with the stringent limitations of their discharge, can be addressed via the24

recovery of nutrients from this stream. Hence, the purpose of this study is to optimise and25

enhance nitrate recovery from MWW using single and two-stage electrodialysis processes.26

Furthermore, the chemical quality of the recycled water was comprehensively tested and27

compared with the standards. Better nitrate recovery was obtained at the flow rate of 60 Lh-1,28

with four cell pairs, diluted-to-concentrated volume ratio (VD/VC) of 2/0.5 and using Na2SO429

as the electrolyte. Under these conditions, the nitrate concentration in the diluted part was near30

zero with a concentration ratio of 4.6 and energy consumption of 1.44 kWh kg NO3
-. Two-31

stage batch electrodialysis enhanced nitrate concentration ratio to 19.2 with energy32

consumption of 4.34 kWh kg NO3
-. The volumes of 2 L and 8 L of water could be recovered33

per 0.5 L of concentrated solution by applying single- and two-stage batch electrodialysis34

respectively. The pH, permeation sequence, membrane fouling and water transfer were also35

investigated. These results indicated that the electrodialysis system has the potential to provide36

functional nutrient recovery and drinking water source alternatives.37

Keywords: electrodialysis, energy, nitrate recovery, nutrient, water recovery38
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1. Introduction44

Increasing demands for food and water have resulted from a remarkable increase in the global45

population, thereby exerting high pressure on the accessibility of water and food resources. An46

increase of 70% in agricultural demand and 55% in global water demand is anticipated by 205047

[1]. Food suppliers and farmers require a considerable amount of fertiliser, and concerns about48

the long-term availability of natural fertilisers is increasing [2]. One of the main components49

of fertiliser is nitrate. Nitrate is a highly water-soluble ion, so its discharge from wastewater or50

fertiliser to ground or surface water imposes a severe threat to drinking water supplies and51

promoting eutrophication [[3],[4]]. Just 40% of reactive nitrogen accumulates in crops, the rest52

is lost through water and air pathways, affecting human health, the quality of water and air, and53

biodiversity [[1],[2]]. On the subject of air pollution, the US Environmental Protection Agency54

estimated that there are 0.48 million tons of nitrous oxide emissions from agricultural activities55

in the US annually, which is about 80% of total US nitrous oxide emissions from agriculture56

and about 10% of the worldwide nitrous oxide emissions from agriculture [5]. The nitrous57

oxide contributes directly to the generation of excessive ozone in a short time and the reduction58

of atmospheric carbon dioxide sequestration over a longer time. Besides this, both nitrogen59

oxide and ammonia also react with other atmospheric constituents to form aerosols and air60

pollution [6]. Hence, the problems associated with the excess loading into water resources and61

the atmosphere, and demand for nitrogen can be reduced through nitrate recovery,62

consequently prompting a greener and purer environment [2]. Recently, wastewater streams63

have been perceived as a promising source for the recovery of energy and water, as well as64

nitrate [2]. However, most wastewater treatment plants, and consequently the related65

technologies, have been designed based on nitrate removal, not nitrate capture or recovery.66

Some of the methods that can be used for nitrate recovery from domestic wastewater include67

chemical precipitation [[2],[7]], ion exchange (IX) [[2],[7],[8],[9]], adsorption [10], and using68



4

a pressure-driven membrane, such as in nanofiltration (NF), reverse osmosis (RO), membrane69

distillation (MD) and forward osmosis (FO) [[11],[12],[13]]. There are a few pros and cons to70

each of these technologies. For instance, a significant drawback related to the chemical71

precipitation process is the increase in the production of sludge (35% on a v/v basis), mainly72

when using alum-based or lime-based precipitation [[2],[14],[11]]. IX requires additional73

chemical regeneration during the operation. A high regenerate chemical concentration and high74

operational costs are expected in order to treat highly polluted waste streams[11]. Pressure-75

driven membranes have demonstrated enormous potential for nutrient recovery from76

wastewater. However, the formation of a polarisation film, fouling and high energy demand77

are limiting factors [[15],[16]]. Along this line, electrodialysis (ED) is considered to be an78

energy-efficient process. It has proven to be advantageous over conventional RO in the case of79

a desalination process with a low salt concentration[17].80

 Briefly, the ED process involves the separation and concertation of wastewater-derived ions81

by applying an electric field. An illustration showing the basic ED unit configuration is82

presented in Fig.  1. An ED unit typically consists of a series of alternating parallel anion83

exchange membranes (AEMs) and cation exchange membranes (CEMs), which are placed84

between anode and cathode. ED is based on the transport of ions by the application of an85

electric current/voltage in order to provide the driving force across ion-exchange membranes.86

As a result, electrically charged ions move: the cations move towards the cathode and the87

anions move towards the anode. Cations are transported across the CEMs, enter the concentrate88

compartment and are trapped by an AEMs. Similarly, the anions move from the dilute89

compartment to the concentrate compartment through AEMs and are trapped by the CEMs.90

Thus, the ions are stripped away in the dilute compartment while they are concentrated in the91

concentrate compartment [[27],[28],[29],[30]]. ED can be operated in continuous mode (one92

pass flow), feed and bleed mode (partial recirculation) and batch mode [18]. In a batch mode,93
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all feed, concentrate and electrode rinse solutions (electrolyte) are circulated during the process94

operation, resulting in a high desalination rate. ED can recover nutrients as a concentrated95

product while simultaneously producing clean water. ED is not an energy-intensive process96

and has no sludge production, and further, no regeneration chemicals are required compared97

with other recovery methods [17].  It can be used ranging from a very large scale to a very98

small scale, making it a feasible approach for small and remote communities [19].99

 However, in most cases, ED is used for the desalination of brackish water [[20],[21],[22],[23]],100

and few studies have reported ED being used for nutrient recovery from wastewater.101

Additionally, the majority of studies regarding the use of ED demonstrated nutrient recovery102

from nutrient-rich waste streams, such as anaerobic digester supernatants [[21],[24]] and RO103

permeates [[22],[25]]. For instance, Mondor et al. [26] and Ippersiel et al. [27] respectively104

obtained NH4
+-N concentrates of 16 g L-1 and 21.35 g L-1 from swine manure by applying a105

batch ED system. In another work, Shi et al. [28] demonstrated the feasibility of nutrient106

recovery from pig manure by employing an ED system using bipolar membranes. Further, a107

pilot-scale demonstration (with seven months of operation) was shown by De Paepe et al. [29]108

that combined precipitation, nitrification and ED in concentrating urine. The conventional ED109

system was also applied to recover phosphate (~95.8%) from excess sludge solutions by Wang110

et al. [30] in continuous operation. Therefore, these studies may not provide an accurate111

assessment of ED performance in municipal wastewater (MWW) containing lower nutrient112

concentrations. Furthermore, MWW effluent has a low nutrient concentration; however, it can113

still deliver large nutrient loading to water resources due to the huge daily volume of114

wastewater released from wastewater treatment plants [31]. On the other hand, stringent115

nutrient discharge standards for treated wastewater effluent which mostly contains nitrate and116

phosphate pose a challenge with the currently used techniques, such as activated sludge and117

anaerobic/anoxic/oxic processes in wastewater treatment plants [32]. A conventional activated118
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sludge (CAS) system is an aerobic suspended biological nitrification process that converts119

ammonia into nitrite and nitrate via aerobic autotrophic bacteria, meanwhile reducing organic120

matter by microbial aggregates [33]. Therefore, nitrate is the most common mineral form of121

nutrient among nitrogen sources in CAS effluent [34].122

123

124

Fig. 1. A schematic diagram of the ED system containing dilute, concentrate and electrolyte125

compartments separated by CEMs, AEMs and spacers. Electrolyte streams (E-streams)126

circulate within the electrode compartment.127

Two-thirds of the global population might suffer from the lack of fresh water by the year 2025,128

which will consequently increase the competition for water resources [15]. Meantime, 99% of129

MWW consists of water that has good potential for drinking water recovery [35]. Hence, the130

main focus of this work is separating and concentrating nitrate from the effluent of CAS to131

produce clean water with minimal or reduced energy and without any possible adverse132

environmental effect.133

Therefore, in the first step, the impact of different operational parameters (limiting current134

density, water flow, operating time, the volume ratio of diluted to concentrated solution) was135
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investigated using synthetic wastewater. In the next step, the optimised ED system was136

validated for nitrate recovery using the effluent of the CAS process. Moreover, researchers137

have mainly focused on single-stage ED, and there is no research on nutrient recovery from138

wastewater with multi-stage ED. Therefore, the aim of this study is to enhance nitrate and water139

recovery with two-batch stage optimised ED systems. The water transfer rate through IX140

membranes, energy consumption, the selectivity of major counter ions and the fate of organic141

carbons as a probable challenge when using treated MWW were studied. Furthermore, the142

quality of diluted wastewater was tested for suitability to discharge to water bodies, as well as143

for its potential use as drinking water.144

2. Materials and methods145

2.1. Wastewater samples146

In this work, we used both synthetic wastewater for the optimisation process and real147

wastewater to validate the ED process. Two different synthetic solutions were prepared with148

two different concentrations of nitrate, that is, with 150 mg L-1 and 500 mg L-1 from NaNO3149

salt in milli-Q water. A higher NO3
- concentration was opted in this study in order to mimic the150

feed of second-stage ED in our study.  In contrast, the low concentration used here simulates151

the NO3
- concentration found in a real MWW stream. A broad range, from 50 to 500 mg L-1152

NO3
-, was applied for a limiting current density (LCD) experiment.  The real MWW samples153

were collected during summer by using the grab sampling method from the secondary clarifier154

tank of the CAS system of Mikkeli wastewater treatment plant, Finland. The MWW in this155

experiment contained Cl- (67.8 mg L-1 0.42), NO3
- (100 mg L-1 ± 10), SO4

2- (113.3 mg L-1 ±156

8), Na+ (68.22 mg L-1 ±5.744), K+ (33.55 mg L-1 ±3.38), Ca2+ (52.4 mg L-1 ± 6.3), total organic157

carbon (TOC; 10.19 mg L-1 ± 1.28) and total dissolved solids (TDS; 500 mg L-1 ± 12.9), with158

a pH of 6.6 - 7and salinity of 340 mg L-1 ± 9.94. Most freshwater lakes and streams have a159
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natural pH. Hence, changing the pH of the MWW discharge in an acidic and alkaline level can160

affect aquatic life. Therefore, working pH and the effluent pH were monitored thoroughly and161

considered as important parameters during the optimisation process in this study.162

2.2. Lab-scale ED process design163

Fig. 2a represents the primary single ED experimental setup in this study. The stack contained164

10 cell pairs with an alternate CEM (Ralex CM-PES) and AEM (Ralex AM-PES) placed165

between the electrodes. The electrodes were made of platinum-coated with titanium in the166

effective size of 64 cm2  per electrode. Similarly, the effective area of each membrane was167

64 cm2,  and consequently, the total effective surface of membranes was 1344 cm2. Both CEMs168

and AEMs were manufactured by Mega a.s. (Straz  pod Ralskem, Czech Republic); further169

information on the membranes can be found in the Supplementary Material (Table S1).170

The polyethylene flow mesh spacers (thickness: 0.8 mm) separate the IX membranes and direct171

the flow of water across the membrane. As shown in Fig. 2.a, the similar feed used for the172

concentrate compartment (2000 mL volume) and the dilute compartment (with the initial173

working volume of 2000 mL), and 250 mL of 0.1 M Na2SO4 was used as an electrolyte174

solution. Two peristaltic pumps with a total of four heads circulated the solutions from inlet to175

outlet throughout the membranes, maintaining a uniform flow rate of 60 Lh-1. The chemicals176

were purchased from Sigma Aldrich and Merck and were of analytical grades. The experiments177

were carried out in constant voltage mode (1–10 V; 1 V/cell pair) using a MASTECH178

HY3005D power supply. The equivalent current was read directly from indicators on the power179

supply.180

The ED was performed with two conditions: a single-stage and a two-batch stage. In the two-181

batch stage process (Fig. 2.b), the concentrated wastewater of the first stage was introduced to182

the second stage as the input for both the dilute and concentrate compartments. Both stages183

were operated under the optimised condition of four cell pairs, with a volume ratio of VD/VC184
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= 2/0.5 L, a flow rate of 60 Lh-1 and the constant voltage of 6.6 V. The operation was stopped185

once the conductivity of the dilute solution decreased to similar conductivity of the wastewater186

(706 µS cm-1) of the input of the first batch stage. The polarity of electrodes was switched after187

each experiment in order to have a balance of oxidation and a reduction of electrodes,188

consequently protecting the electrodes from likely corrosion and scaling. Samples were189

collected from the diluted, electrode and concentrated streams every 10 min and were subjected190

to further analysis to determine the NO3
- concentration. The conductivity, TDS and pH values191

of all solutions, as well as the cell potential, were measured every 10 min. The potential water192

transport of the concentrated solution was monitored with a graduated cylinder while193

considering the volume changes after sampling.194

2.3. Experiments195

 In order to determine the applied voltage and the LCD, the same feed solution passed through196

the membranes in a single-pass flow at a flow rate of 60 Lh-1. However, the electrode rinse197

solution circulated through the system during the experiment and was discarded after each test.198

Different nitrate concentrations of 50, 150, 300 and 500 mg L-1 NO3
- were passed through the199

system, and the cell voltage was scanned from 0 V and increased step-wise to 20 V (0 to200

2 V/cell pair) for each concentration. The resulting current was recorded for each voltage.201

The various optimisation experiments were conducted via applying single-stage ED in two202

steps. The first step was conducted to determine (1) the effect of the diluted-to-concentrated203

stream volume ratio (VD/VC), (2) the effect of the recirculation flow rate and (3) the effect of204

cell pairs. Two synthetic solutions with 150 and 500 mg L-1 NO3
- concentration under voltage205

of 4 and 6.6 V respectively, with 0.1 M Na2SO4 as electrolyte rinse solution,  the flow rate of206

60 Lh-1 and operation time of 30 min were used for first-step experiments generally. The effect207

of VD/VC was investigated at the ratios of 2/2, 2/1  and 2/0.5. Further, the effect of recirculation208

flow rate was studied at 40, 60, 80 Lh-1, while the flow rate of the electrolyte solution was fixed209
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at 60 Lh-1. The effect of cell pairs was examined with 4, 7 and 10 cell pairs with similar210

operating conditions.211

 Then, the second step was conducted by using CAS effluent as a feed solution in order to212

determine the effect of both the electrolyte type and the competing ions present in wastewater213

on nitrate removal and recovery. For these purposes, CAS effluent was used as feed solution214

under 6.6 V, with VD/VC of 2/0.5  and with a flow rate of 60 Lh-1 during the operation time of215

40 and 120 min. The effect of the electrolyte solution was tested via applying 0.1 M NaCl,216

Na2SO4, H2SO4 and NaNO3 solutions.217

2.4. Analytical methods218

The monitoring of water salinity, pH, TDS and conductivity were performed by using a multi-219

parameter PCSTEster35 alongside temperature compensation. The concentrations of NO3
- and220

other anions in the aqueous and wastewater samples were performed by IC SI-50 4E ion221

chromatography (column size: 4 mm ID250 mm; flow rate: 0.7 mL min-1; detector: suppressed222

CD). The concentrations of cations in solution were measured by IC YS-50 ion223

chromatography (column size: 4.6 mm ID125 mm; flow rate: 1 mL min-1; YS-G guard224

column). Furthermore, the TOC content in the untreated and treated samples was determined225

using a TOC-V series Shimadzu analyser. Membrane fouling was investigated from scanning226

electron microscopy (SEM) images (Hitachi, S-4800) and Fourier-transform infrared227

spectroscopy (FTIR; Bruker Vertex 70) spectra. For this purpose, the membranes were228

collected from ED after terminating the experiment and were dried at room temperature before229

characterisation tests.230

231

232

233
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234

235

236

237

Fig. 2. A schematic representation of the experimental setup: (a) the single-stage ED238

configuration (b) the two- batch stage ED configurationwith concentrate solution of the first239

stage as the feed. D: dilute solution; C: concentrate solution; EC: electric conductivity and240

TDS meter.241

2.5. Data analysis242
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The hydraulic pump energy can be calculated by using Equation (1.1):243

= × × ×
( . )

,         (1.1)244

where P is the hydraulic power (in W), Q is the flow capacity (in m3s-1),  is the density of the245

fluid (in kg m-3), g is gravity (9.81 ms-2), H is the differential head (in m) and the pump had246

85% efficiency since pumps cannot work with full efficiency in reality [36]. The differential247

head was calculated based on the difference height level of the head pump and the discharge248

outlets in the ED setup.249

The theoretical energy consumption ( ) of the process that is required for the250

production of 1 kg of NO3
- can be determined by using Equation (1.2):251

=
( )× ×

 dt,                                                   (1.2)252

Where V is the voltage (in V), I is current (in amps), t is the ED operation time (in hr), (C-C0)253

is the difference in nitrate concentration in the concentrated solution (in mg L-1), VC is the254

concentrated volume (in L), and 10-3 is the numerical coefficient for converting L to m3255

[[23],[37],[30]].256

On the other hand, the theoretical energy consumption ( ) for the removal of 1 kg of257

NO3
- can be determined by using Equation (1.3):258

=
( )× ×

 dt,                                  (1.3)259

where (C0-C) is the difference in nitrate removal in the diluted solution (in mg L-1) and VD is260

the diluted volume (in L) [38]. It should be mentioned that the pumping energy consumption261

is not included in the theoretical energy consumption calculation.262
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The water transport (W, %) was calculated as:263

= , ,

,
× 100%, (1.4)264

where VD,0 and ,  are the volumes of the dilute solution at times 0 and t respectively.265

Further, the concentration ratio of the ED process was calculated simply via using Equation266

(1.5):267

Concentration ratio = , , ,             (1.5)268

269

where ,  and , are the concentration of concentrated solution, in mgL-1,  at time t and 0270

respectively.271

 The mass value (in mg) obtained by dividing the concentration to the volume of the272

solution ,  at time t as:273

Mass =             (1.6)274

3. Results and discussion275

3.1. Optimisation of the ED system276

3.1.1. Determining the applied voltage and LCD277

One of the critical operating parameters in the ED process is the applied current or voltage,278

which majorly affect the process efficiency and the overall energy consumption of the process.279

A very low voltage or current can affect the ion migration across the chambers due to its weak280

driving force [[50],[51]].281

Typically, along with increasing the voltage in the ED at a lower voltage, the current increases282

linearly, then the current increasing reduces and finally reaches a ‘plateau’, namely the LCD283

[39]; in this region the ion concentration at the membrane surface in the dilute cell approaches284

0 and the electric resistance sharply increases due to ion depletion and the dissociation of water285

occurs, generating H+ and OH  ions, in order to generate ions [20]. The water dissociation286
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affects the current utilisation and can lead to a drastic pH value decrease in the dilute and an287

increase in the concentrate solution, which can, in turn, result in higher energy consumption288

and changes in solution pH. The pH changes can cause the precipitation of insoluble hydroxides289

on the membrane surface as well, leading to scaling [20]. When exceeding the limit for current290

and voltage, namely when over the LCD, the current does not increase, and thus resistances are291

changing drastically with the applied voltage [20]. Hence, establishing the LCD is of paramount292

importance in ED process optimisation in order to circumvent poor treatment efficiency and293

higher energy consumption.294

295

296

Fig. 3. (a) Current voltage and (b) resistance voltage polarisation curves for nitrate solutions297

of different concentrations (with a flow rate of 60 L h-1 and 10 cell pairs).298

299

For this purpose, the graph of voltage–cell pair against the current–cell pair proposed by300

Isaacson and Sonin [39] is depicted in Fig. 3.a. The intersection of two extrapolated sloping301

lines represents the limiting current or voltage and can be found by extending the trend line of302

each graph, as shown in Fig. 3.a.303
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Other researchers have used the same method for this purpose [[40],[42],[43],[44]]. However,304

it is sometimes impractical to identify the slope changing point where the current density305

increases linearly as a function of voltage. A plot of voltage–cell pair against the current–cell306

pair could help to identify the slope change point for LCD estimation, as developed by Cowan307

and Brown [45].308

The lowest point shows the LCD and equivalent voltage in this case, as shown in Fig. 3.b.309

For the 150 mg L-1 NO3
- that we used in this study, a linear increment in voltage was observed310

as the current density increased, identified as the ohmic region in Fig. 3.a. Above 0.66 mA/cell311

pair, a sharp decline in the slope was observed, suggesting increased resistance due to312

concentration polarisation or a depletion of ions in the membrane boundary layer. Meanwhile,313

in Fig. 3.b, increases the resistance observed at same current. Based on the intersection points314

in Fig. 3.a, a limiting current of 2, 4, 9, 12 mA was determined for the different concentrations315

of 50, 150, 300 and 500 mg L-1 NO3
- respectively. The equal voltage for these limiting currents316

was 0.66 V/cell pair for 50–150 mg L-1 NO3
- and 1.06 V/cell pair for 300–500 mg L-1 NO3

-.317

Fig. 3.b also showed similar results. As suggested by the literature, 60% of the limiting voltage318

was considered as the safer operating voltage [[32],[36]]. As explained earlier, in practical LED319

operation, water splitting and depletion of ions in a diluted compartment might occur at the end320

of the operation time, applying limiting voltage or current. Therefore, for the following321

experiments, 4 and 6.6 V were used as the optimal voltages for two concentration ranges.322

3.1.2. The effect of the diluted-to-concentrated volume ratio (VD/VC)323

The objective of this experiment was to assess the possibility of obtaining a higher concentrated324

stream in a smaller volume of nutrient concentrated. Less volume in higher concentration will325

reduce the stages of ED processing and consequently, the operational cost. The effect of VD/VC326

was examined for both the cases of 150 and 500 mg L-1 NO3
- concentrations via applying 4 and327
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6.6 V voltages respectively for an operating period of 30 min. The initial current was 20 and328

80 mA for both the 150 and 500 mg L-1 NO3
- concentration solutions and gradually decreased329

during the operation time (Fig. S1 in the Supplementary Material). The NO3
- concentration330

ratio of the product streams for various VD/VC are shown in Fig.4. TDS, salinity and EC were331

also checked here as indicators of the general performance of the ED.332

It can be seen from Fig. 4 that the improved NO3
-, as well as overall TDS, were observed for333

VD/VC of 2/0.5, followed by VD/VC of 2/1 and 2/2, irrespective of the feed’s NO3
-334

concentrations. The nitrate concentration changed from 225 to 240 and 300 mg L-1, along with335

increasing the concentrated volume from 2 to 1 and 0.5 L in 150 mg L-1 concentration.336

Likewise, the nitrate concentration increased from the initial of 500 to 800, 930, and 1300 mg337

L-1 in VD/VC 2/2, 2/1, and 2/0.5 respectively. Furthermore, the effect of VD/VC on synthetic338

wastewater quality and overall energy consumption (average value) of the process is listed in339

Table 1. In this work, we accomplished obtaining a residual NO3
- concentration in the dilute340

compartment of about 65–80 mg L-1 for a process time of 30 min, higher than the discharge341

limit of 50 mg L-1 NO3
-. By increasing the treatment time, the discharge NO3

- standard could342

be met for the product stream containing NO3
-. Changing the Vsalt/Vacid or base ratio from 1343

(0.7/0.7) to 3 (2.1/0.7) in bipolar ED resulted in an increase in the concentration of the344

generated acid (HCl) and base (NH3·H2O) from 29.20 gL-1 and 26.25 gL-1 to 48.18 gL-1 and345

43.05 gL-1 respectively [42]. Similar enhancements in the recovery efficiency were achieved346

by increasing the volume of the diluted solution in other literature [[28],[43],[44],[46]].347

It can be seen from the table that the maximum energy consumption  for recovery was found348

to be in the range of 0.26 to 0.54 KWhKg-1NO3
- for the case of 150 mg L-1 and energy349

consumption of 0.33–0.75 KWhKg-1 NO3
-, obtained for the feed concentration of 500 mg L-1.350

The higher resistance of 200  was observed at a lower NO3
- feed concentration of 150 mg L-351
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1, indicating the deficiency of the ions to migrate from diluted compartment toward352

concentrated compartment. With the increase in the NO3
- concentration to 500  mg L-1, the353

resistance value was reduced by two-fold (from average of 200 to average of 94.  ). On further354

analysis of the data with respect to VD/VC, it can be understood that the lower energy355

consumption values were obtained for VD/VC of 2/2, followed by the ratios of 2/1 and 2/0.5;356

that is logical since the volume of concentrate compartment was in the denominator along with357

concentration difference ( C). Declined volume value dominated the concentration difference358

C) in energy consumption formula (Equation1.2). In similar studies by [30] and [44], the359

increase in energy consumption values was reported for an increase in VD/VC. Here the energy360

for nitrate removal is calculated for better comprehension. The energy consumption for nitrate361

removal decreased from the average amount of  0.60 to 0.54 and 0.47 KWh Kg-1 NO3
- along,362

increasing the VD/VC from 2/2, to 2/1 and 2/0.5 in 150 mg L-1 NO3
- respectively. Similarly, the363

energy consumption for nitrate removal decreased from about 0.63 to 0.62 and 0.6 KWh Kg-1364

NO3
- in VD/VC from 2/2, to 2/1 and 2/0.5 in 500 mg L-1 NO3

- respectively.365

 Nevertheless, it should be realised that the better NO3
-  concentration ratio achieved in VD/VC366

of 2/0.5 among the three tested ratios and its energy demand for nitrate removal is the lowest.367

A higher volume of dilute also resulted in an increased number of ions migrating into the368

concentrate compartment [42] and consequently a decrease in the energy consumption for369

nitrate removal or separation. Further, a lower volume of concentrate will ultimately decrease370

the number of stages required for the further recycling and treatment of concentrate, making it371

more manageable and economical during the scaling-up of the ED process [42].372
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373

Fig. 4. The concentration ratio of nitrate and TDS as a function of the volume ratio of diluted-374

to-concentrated in 150 mg L-1 NO3
- and 500 mg L-1 NO3

- concentration (flow rate: 60 Lh-1;375

operation time: 30 min; 10 cell pairs; voltage: 4–6.6 V).376

Table 1.The effect of the diluted-to-concentrated volume ratio (VD/VC) on wastewater quality377

and energy consumption.378

Volume
ratio,
VD/VC

Energy consumption for
recovery (KWh Kg-1 NO3

-)
Nitrate Residual in dilute effluent

(mgL -1 NO 3
- )

C = 150
mgL -1 NO 3

-
C = 500
mgL -1 NO 3

-
C = 150
mgL -1 NO 3

-
C = 500
mgL -1 NO 3

-

2/2 0.28 0.33 80 130

2/1 0.35 0.53 77 125

2/0.5 0.53 0.74 65 116

Hence, there exists a trade-off between the treatment efficiency (i.e. the concentration ratio)379

and overall energy consumption of the process. Based on these results, the VD/VC of 2/0.5 was380

selected for the following studies in order to optimise other significant parameters of the381

process. The hydraulic power pumping was about 0.25–0.26 W per pump in all experiments382
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for both concentrations. Since two pumps with two head pumps were used for circulating the383

solutions in this experiment, the estimated total hydraulic power pumping was about 0.5–384

0.56 W.385

3.1.3. The effect of the recirculation flow rate386

Contradictory statements can be found in the literature regarding the effect of the flow rate.387

Several works have reported the adverse effect of flow velocity on the separation of different388

ions [[46],[47],[48]]. Nevertheless, some studies have also shown the positive effects of the389

flow rate on ion removal [[47]]. The increase in flow rate can improve the ED performance by390

enhancing the mixing of the solution, decreasing the thickness of the diffusion boundary layer391

and increasing the diluted concentration on the membrane surface [[28],[48]]. As a result,  the392

electrical resistance in the boundary layer would reduce, cause to improving ion removal.393

However, operating at a very high flow rate can result in reduced efficiency because the ions394

might not have enough time to pass through the membranes at higher feed velocities, causing395

an adverse effect on the rate of ion removal [[48],[60]]. Therefore, it is essential to investigate396

the optimum flow rate for an ED system in order to achieve the maximum NO3
- recovery. In397

our study, the system is in batch mode means the dilute and concentrated solution circulates in398

the system for a certain time. For these tests, different recirculation flow rates of 40, 60 and399

80 Lh-1 were assessed for the synthetic wastewater system containing an initial NO3
-400

concentration of 150 mg L-1 and 500 mg L-1 with an electrolyte recirculation flow rate of 60 Lh-401

1, the operation time of 30 min and the applied voltage of 4 and 6.6 V (with an average initial402

current of 20 and 80 mA for both 150 and 500 mg L-1 NO3
- concentration solutions).403

 The NO3
- and TDS concentration ratio for various flow rates can be viewed in Fig. 5. As can404

be seen in Fig. 5,  parts a and b, the maximum NO3
- concentration ratio were obtained at a405

recirculation flow rate of 60–80 Lh-1 for the feed NO3
- concentrations of 150 and 500 mg L-1.406
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In both concentrations, the recovery improved by increasing the flow rate from 40 to 60 Lh-1407

due to more mixing effect and reducing the boundary layer near membranes. However, they408

were no noticeable increase in recovery efficiency when the flow rate increased to 80 Lh-1 and409

it seems that the flow higher than 80 Lh-1 will halt the recovery efficiency. The flow rate of 80410

Lh-1 and higher would limit the retention time of ions to be transferred from one compartment411

to another through the membrane, and the ionic flux transport of salts decreases by the increase412

of the feed flow rates. Similarly, Fadel et al. [52] and Luo et al. [53] observed in their413

experiment that when the recirculating flow rate reached a certain value, ion migration almost414

ceased.415

 As expected from our previous observations, the NO3
- concentration ratio increased with an416

increase in the feed’s NO3
- concentration of 150 to 500 mg L-1. This trend is quite evident from417

Fig. 5.c where an enhanced TDS concentration ratio (from 2.66 to 3) was obtained when using418

500 mg L-1 NO3
- for a treatment period of 30 min. In contrast, this significant difference in TDS419

concentration ratio cannot be observed at 20 min with respect to NO3
- feed concentrations since420

cations originated from the nitrate salt used here move simultaneously through IX which421

influence on TDS value. Table 2 presented the average value of wastewater quality and energy422

consumption by the effect of recirculation flow rate. As can be seen from Table 2, the residual423

NO3
- concentration in the produced water was also on a par with the standard discharge limit424

after 30 min when using a feed NO3
- concentration of 150 mg L-1. The average energy425

consumption values of 0.48–0.55 and 0.77–0.8 KWhKg-1NO3
- were obtained at 60–80 Lh-1 for426

the feed NO3
- concentration of 150 mg L-1 and 500 mg L-1 respectively. Based on these427

findings, a recirculation flow rate of 60 Lh-1 was opted in the recovery studies.428

 Furthermore, the average initial current was 20 and 80 mA for the applied voltage of 4 and 6.6429

V for 150 and 500 mg L-1 NO3
- concentration solutions respectively. As time progressed, the430
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current decreased due to depletion of ion in dilute solution  (see Fig. S2 in the Supplementary431

Material). Consequently, the ohmic resistance increased initially from 200 and 94.3 in 150 mg432

L-1 and 500 mg L-1 NO3
- respectively.433

434

435

Fig. 5. The NO3
- concentration ratio as a function of the recirculation flow rate with (a) 150 mg436

L-1 NO3
- concentration and (b) 500 mgL-1 NO3

- concentration, and (c) the TDS concentration437

ratio  as a function of the flow rate for both 150 and 500 mg L-1 NO3
- concentrations (operation438

time: 30 min; 10 cell pairs; voltage: 4–6.6 V; VD/VC of 2/0.5).439
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440

Table 2.The effect of the recirculation flow rate on wastewater quality and energy441
consumption.442

443

444

445

446

447

3.1.3. The effect of cell pairs448

The stack design is one of the most relevant parameters for upscaling an ED system as the most449

significant part of the capital cost is associated with the cost of the membrane for the desired450

treatment capacity [54]. Therefore, the effect of 4, 7 and 10 cell pairs were examined over451

30 min at a flow rate of 60 L h-1. The experimental studies (Fig. 6, parts a and b) showed that452

4 cell pairs displayed higher NO3
- concentration ratio than 7 and 10 cell pairs. As expected, a453

higher NO3
- concentration ratio of ~3.5 was obtained with an increase in the feed’s NO3

-454

concentration to 500 mg L-1. Table 3 shows the average value of wastewater quality and energy455

consumption by the effect of cell pairs number in ED. From Table 3, it can be observed that a456

decrease in membrane pairs (i.e. reduced stack thickness) improved the current consequently457

decreased the cell resistance and energy consumption, in which the effective membrane area458

decreased from 6.4 to 4.48 and 2.56 m2 while reducing the cell pairs from 10 to 7 and 4459

respectively. It seems that the positive effect of improving the electric current dominated on460

the likely adverse effect of reducing the membrane area in this experiment in terms of recovery461

efficiency. It should be considered that energy consumption base on the formula (Equation1.2)462

Flow rate

 (Lh-1)

The nitrate residual in dilute
effluent (mgL -1 NO 3

-)
Maximum energy consumption for

recovery (KWhKg-1 NO3
-)

C = 150
mgL -1 NO 3

-
C = 500
mgL -1 NO 3

-
C = 150
mgL -1 NO 3

-
C = 500
mgL -1 NO 3

-

40 70 136 0.59 0.89
60 65 116 0.55 0.80

80 62 112 0.48 0.77
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is a function of several variables and generally increases with the concentration difference463

across the ED stack ( C) and declines with the product of current (I). Energy consumption464

values decreased along decreasing cell numbers since the concentration difference, and current465

values have changed simultaneously in our experiments (Table 3). Lower energy consumption466

was obtained in two compartments compared with the three compartments in the study of Li et467

al. [42]. Brauns [55] showed that the development of thinner membranes can give a significant468

enhancement of process performance. Further, there is a need to address the limitation469

concerning the stack design – that is, the number of cell pairs and the required membrane area470

– in the real pilot-scale ED unit demonstration in order to prevent high voltage drop. Therefore,471

the ED system with four cell pairs seems more suitable for the application in this study. Fig.472

S3 in supplementary materials shows the changes of current Vs time as a function of the473

number of cell pairs in 150 and 500 mgL-1 NO3
- concentration.474

475

Fig. 6. The  NO3
- concentration ratio as a function of the cell pairs for (a) 150 mg L-1 NO3

-476

concentration and (b) 500 mg L-1 NO3
- concentration (flow rate: 60 Lh-1; operation time:477

30 min; VD/VC: 2/0.5).478
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480

481
Table 3. The effect of cell pairs on wastewater quality and energy consumption.482

483

Cell
pair

Initial current (mA) Maximum
resistance ( )

Nitrate residual in
diluted effluent

(mgL -1 NO 3
-)

Maximum energy
consumption for

recovery (KWhKg-

NO3
- )

Voltage= 4 V
C =150 mgL -1

NO3
-

Voltage= 6.6 V
C=500 mgL -1

NO3
-

C= 150
mgL -1

NO3
-

C = 500
mgL -1

NO3
-

C = 150
mgL -1

NO3
-

C = 500
mgL -1

NO3
-

C = 150
mgL -1

NO3
-

C = 500
mgL -1

NO3
-

10 10 70 400 94 65 116 0.48 0.86

7 20 100 200 66 58 110 0.36 0.73

4 30 150 133 44 51 101 0.24 0.56

484

3.2. Validation with MWW485

This step was performed using MWW collected from the secondary clarifier of CAS process.486

The optimised ED (flow rate: 60 Lh-1; operation time: 30 min; 4 cell pairs; VD/VC: 2/0.5) based487

on the previous experiments made in this study was applied here.488

3.2.1. The effect of the electrolyte type489

The nature and concentration of electrolytes in the rinse stream play a vital role in electrode490

protection and, consequently, in their overall lifetime [56]. However, there is no explicit491

discussion available on the effect of electrolyte type on ED efficiency. Hence, in this study, we492

compared and evaluated ED performance on NO3
- recovery and removal from MWW with a493

component, which is mentioned in the ‘Materials and methods’ section and shown in Table 4.494

The effect of 0.1 M NaCl, Na2SO4, H2SO4, and NaNO3 electrode rinse solutions on the recovery495

efficiency of ED were tested. Overall, it can be understood from Fig. 7 that Na2SO4 showed496

the highest nitrate recovery efficiency for the opted treatment time, followed by NaCl, H2SO4497
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and NaNO3. Further, the difference in recovery efficiency was not significant between NaCl,498

H2SO4, and NaNO3 at the end of the experiment. Energy consumption for NO3
- recovery with499

our ED system using Na2SO4 as an electrolyte solution was determined to be 0.9 KWh Kg-1500

NO3
-, recording the highest NO3

- recovery efficiency and minimal energy consumption. After501

the treatment period of 40 min, the concentration of NO3
- in the dilute compartment decreased502

to 25–30 ppm (below the discharge limit) in the dilute compartment, from an initial NO3
-503

concentration of ~110–150 mg L-1, irrespective of the electrode rinse solution opted for in the504

system. It is expected that the concentrating capacity could still improve with increased time.505

Also, the leaching of NO3
- from dilute and concentrate compartments into the electrode rinse506

solution was found to be insignificant in all experiments. The pH of feed wastewater was about507

(6.8-7.2) that increased slightly in concentrated wastewater (7-7.4) while it decreased slightly508

in the dilute compartment (6.3-6.6) in all electrolytes experiments. According to Rotta et al.509

[57] study, the depletion of ions in the diluted compartment at the end of operations might510

exceed the limiting current density values, consequently lead to the concentration polarisation,511

and generation of OH- and H+ by water splitting. The OH- ions may pass through the membrane512

to the concentrate side. However, in our experiment, pH changes were not significant, and it513

started slightly from the beginning.514

 In contrast to other electrolytes in our study , with H2SO4 as the electrode rinse solution, the515

pH dropped to 2.5 in the concentrated stream whereas the pH was found to be 4.3 in the diluted516

stream. The significant pH drop in the concentrate stream could be the result of the rapid517

migration of H+ ions from the electrode rinse compartment to the neighbouring concentrate518

compartment. Similar observations were also made in other works reported in the related519

literature [[58],[57]]. However, during the extended operation time in the pilot-scale setup, a520

low pH of H2SO4 as the rinse electrode might corrode the electrodes and the desirable limit of521

the pH in the water discharged into the water reservoir should be considered to be 6.5–8.522
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523

Fig. 7. The NO3
- concentration ratio as a function of the electrolyte rinse type in wastewater.524

3.2.2. The effect of competitive ions on nitrate removal and recovery efficiency525

Municipal effluent typically contains other ions that can influence the removal and recovery of526

nitrate ions. The competition between the counter-ions in optimised conditions with Na2SO4 as527

the electrolyte rinse was also investigated and is presented in Fig. 8 as a function of time. As528

shown in Fig. 7, other competing ions in wastewater (Na+, K+, Ca+2, Cl- and SO4
2-) migrated529

along with NO3
- under the influence of an electric field. Among these, the dominant ions were530

Cl  and Na+. In our study, we noticed that Cl- and SO4
-2 competed strongly with NO3

- and the531

selectivity of the anions can be arranged in the order of Cl > NO3
- > SO4

2-, which correlates532

with the general anion selectivity order of anion exchange and Hofmeister series ( I- > (NO3
- ~533

Br-) > NO2
- > Cl- > OH- > SO4

2- > F-) [59]. The selectivity of ion-exchange membranes for a534

specific ion can be caused by three different mechanisms:535
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1. The perm selectivity of ions is controlled with the same charge based on their hydrated536

size in an electrical field [[59],[60]]. Ions with smaller intrinsic crystal radii have a537

higher hydration number, larger hydrated radii and hold their hydration shells more538

strongly, which is more attractive for an IX membrane [61].539

2. Ions with the same charge as the ions are rejected by a thin surface layer on the540

membrane [22].541

3. In interactions among the ion-exchange fixed functional groups of the membrane and542

the mobile ions in solution, the fixed ion-exchange sites typically have higher attraction543

forces towards the multivalent counter-ions compared to monovalent ions [[22],[62]].544

Our findings showed that the SO4
2- ion demonstrated a slightly lower recovery in comparison545

to the other competitor anions. This could be attributed to the fact that the SO4
2- has the largest546

hydrated ionic radius among the group and the size effect is dominant in this case since SO4
2-547

has the lowest mobility [60]. Also, it should be mentioned that the ionic form of most AEMs548

and CEMs are Cl- and Na+ that exchange with other co-ion pollutants in the solution, so the549

higher concentration ratio of Cl- and  Na+ in ED studies might be due to this phenomenon;550

however, no study mentioned this. Also, as seen in Fig. 1, Na+ migration from the anodic551

Na2SO4 electrolyte compartment to the neighbouring concentrate compartment led to spurious552

judgment regarding membrane selectivity to Na+. Besides, the ED process is influenced by553

both the electromigration force and ion-exchange selectivity. Therefore, the mobility of ions is554

dependent on the applied electrical field as well; a higher current or voltage can cause enhanced555

mobility of the multivalent cations and anions [62]. Van Der Bruggen et al. [63] observed the556

selectivity of Cl- > NO3
- > SO4

2- by Selemion and Tokuyama membranes in an ED system,557

similarly reported in this work.558
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559

Fig. 8. The concentration ratio of different ions in MWW effluent.560

3.2.3. Enhancing recovery by multi-stage batch ED561

For this experiment, the system is designed as a two-batch stage system with interstage recycle562

(see Fig. 2). In this case, the second-stage batch is used to produce a more concentrated product,563

while the first-stage batch is used for freshwater production in the dilute compartment. The564

average values of the characteristic of produced water and concentrated product are presented565

in Table  4. Fig. 9a shows the salt concentration for the two-stages batch ED.  The nitrate566

concentration increased from the initial 100 to 460 (a concentration ratio of 4.6)  and ultimately567

to 1900 mg  L-1 NO3
- (a concentration ratio of 19) via applying first and second stage ED.568

Similarly, the mass value in 0.5 L of the concentrated solution reached from the initial 50 to569

230 and 1000 mg NO3
- in first and second stage ED respectively (Fig. 9.b).570

 As shown in Fig. 9.a, the concentration ratio reduced somewhat as time progresses in both571

stages. In the first stage, the recovery rate started from 4.8 mgL-1 per min and decreased to 0.03572
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mgL-1 per min at the ending of the process. Similarly, in the second stage, the recovery rate573

declined from 15.5 to 1.3 mgL-1 per min as the time proceeds. This decreasing is due to574

increasing the concentration gradient between the dilute and concentrated solutions caused by575

osmosis phenomenon. In terms of nitrate standard, the time operation of 40 min could meet the576

standard, and the second stage can be started from 40 min in functional ED. The concentration577

ratio based on the mass was also decreased with the same rate (Figs. 9.b).578

Further, the overall current in the first-stage batch was lower than that in the second-stage batch579

due to the low ion concentration in the first-stage batch. The current decreased as a function of580

time owing to the decreasing ion concentration of the dilute (see Fig. 9.c). However, for the581

second-stage batch, the current was higher, which is attributable to the higher concentration582

that consequently decreased the resistance of the system and improved the current and ED583

performance.584

 The energy consumptions were calculated in order to derive the total energy consumption for585

the two-stage batch ED. Wastewater demanded 1.44 kWh kg-1 NO3
- in a 120 min operation in586

the first stage, and it slightly increased in the second stage to 2.9 kWh kg-1 NO3
- as the current587

increased. The total energy consumption for the two-stage batch ED was about 4.34 kWh kg-1588

NO3
-. This shows the higher recovery efficiency of nitrate with low energy consumption in589

comparison with the other state-of-the-art systems (see Table 5). Based on the drinking water590

standards and in terms of energy-saving, 40–50 minutes of operation time in a single stage591

could be adequate. As mentioned earlier total hydraulic power pumping per stage of ED was592

0.5  Whr. Furthermore, for producing 0.5 L of concentrated nitrate (Table 4)  5  cycles of ED593

in the first stage and 1 cycle of ED in the second stage is needed. For this purpose, a total of 3594

Whr of hydraulic power pumping was consumed.595
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Fig. 9. The effect of multi-stage batch ED on the (a) NO3
- concentration (b)mass value and (c)600

current (flow rate: 60 Lh-1; operation time: 120–150 min; VD/VC: 2/0.5; voltage: 6.6 V for601

each stage).602

Also, the water transportation phenomenon investigated here as a potential challenge during603

the ED concentrating process. Water molecules surrounded ions might pass with ions within604

the membrane from the dilute compartment to the concentrate compartment and consequently605

decreased the concentration of concentrated solutions and recovery efficiency. In general,606

water transport across an ion exchange membrane caused predominantly by electro-osmosis607

due to migration of hydrated ions under the gradient of electrochemical potential and also608

osmosis due to concentration difference[38]. However, compared with other ion-exchange609

membranes and other studies [38], the rate of water transfer in our system was low due to the610

type of membrane that was applied in the present study. The Ralex IX membranes are thicker611

than other commercial membranes and contain two dense polymeric substrates. The water612

transport in the second-stage batch was a little higher than that in the first-stage batch (10% in613

the first stage and 15% in the second stage) because more ions were transported to the614

concentrate compartment within the membrane.615
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Table 4 . Standards for potable water and chemical analysis of the potable water of Mikkeli622

city, feed wastewater and ED diluted and concentrated product.623

624

Parameter Table Unit World
Health

Organizati
on

European
Union

Potable
water

Diluted
product

Wastewate
r

Concentrat
ed product
(stage 1)

Concentrat
ed product
(Stage 2)

Aluminium Al mg L-1 0.2 0.2 0.03 0 0.02 0.03 0.05

Cadmium Cd g L-1 3 5 0 0 0 0 0

Calcium Ca mg L-1 100 100 56.92 0 52.4 208.48 835

Chromium Cr g L-1 50 50 0 0 0 0 0

Copper Cu mg L-1 2 2 0.26 0 0.02 0.03 0.07

Iron Fe mg L-1 0.3 0.2 0.03 0.03 0.12 0.06 0.08

Lead Pb g L-1 10 10 0 0.07 0.12 2.69 40

Magnesium Mg mg L-1 30 -150 _ 6.51 3.80 1.80 11 31

Nickel Ni g L-1 _ 20 0 0.01 0.01 0.01 0.02

Nitrate NO3
-  mg L-1 50 50 5.91 10 100 460 1920

Total
dissolved
solid

TDS mg L-1 500 - 1000 300 168 87.81 503 1740 8000

Electric
conductivity

EC µS cm-
1 at
20°C

_ 2500 234 124 706 2450 8502

Salinity Sa mg L-1 _ _ 113 59.40 340 1260 4669

pH _ _ 6.5 - 8.5 6.5 - 8.5 7 7.6 6.6 - 7 7.63 7.5

Phosphorus P mg L-1 0 0 0 0.16 0.27 5.40 22

Total
organic
carbon

 TOC mg L-1 _ _ 3.71 6.32 10.19 16.32 25

Potassium K mg L-1 20 _ 15.20 1 33.55 127.30 381

Sulfate SO4
2- mg L-1 250 250 40.90 18.7 113.30 477.30 1908

Sodium Na mg L-1 200 _ 23 9.1 68.20 659.6 3000

Zinc Zn mg L-1 0.01 - 3 5 0 0 0 0 0

chlorides Cl mg L-1 250 250 25.40 6.8 67.81 332.7 1200
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3.2.4. Products625

The simultaneous production of clean water and liquid fertiliser were successfully achieved in626

our experiments. The product streams consisted of concentrated and diluted streams. It can be627

roughly estimated that 2 and 8 L of water will be recovered to produce 0.5 L of concentrated628

product in the single stage, which shows the high capability of water recovery from MWW by629

ED. The concentrated solution could be used as a liquid fertiliser in many applications;630

however, it needs the further separation of SO4
2-, Na+ and  Cl- ions for this purpose. The631

concentration of nitrate in the dilute compartment reached about 46 mg L-1 in 30 min with an632

effluent pH of near 7, which is suitable for discharge into water bodies (satisfying the discharge633

limit). Likewise, with the increase in treatment time, most of the ions were depleted to near634

zero by the end of the ED process in 120 min, as shown in Table 4. Even, the diluted product635

is of better quality than local potable water and standards regarding the measured components.636

However, the microbial quality was not checked as a part of this study. Hence, it must be637

checked to confirm its use as potable water. The TOC in diluted water was about 6.32 mg L-1;638

this is higher in comparison with the TOC measured in potable water in this study. Activated639

carbon could be used as a pre- or post-treatment in ED to remove organic compounds, taste640

and odour.641

642
643
644
645
646
647
648
649
650
651
652
653
654
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Table 5655
A comparison of this study’s results with other studies.656

657
658

Types
of
wastew
ater

Methods Number of
membranes and
effective area

Operation
and
conditions

Operati
on time
(min)

Initial
concentrati
on

Concentra
tion factor

Energy
consum
ption

Ref.

Swine
manure

Electrodi
alysis
coupled
with air
stripping

10 cell pairs;
AR204SZRA
anionic
membranes and
CR67HMR
cationic
membranes;
effective area:
220 cm2 per
membrane

Voltage:
17.5 V; 8 L
of each
volume;
batch mode;
dilute flow
rate: 36 cm
s-1

3200 mg L-

1 of TAN,
2500 mg L-

1 K

7 TAN, 7
NH4

+-N
18.05 k
Wh kg-
1 NH4

+-
N

[27]

Swine
manure

Electrodi
alysis
coupled
with
reverse
osmosis

A combination of
CMB/AMX
membranes
(Tokuyama
Soda, Japan) and
Cation 64
LMP/AR 103
QDP (Ionics,
Watertown, MA,
USA); effective
area:100 cm2; 3
cell pairs

10 EDs in
batch
modes;
voltage: 1 V
per
membrane;
current
densities:
<40 mA/cm2

600 3.71 ± 2.45
to 5.54 ±
0.40 g L-1

NH3–N

4.32 NH3–
N

[26]

Syntheti
c and
real pig
manure

Two-
stage
bipolar
membran
e ED

A heteregonus
cation-exchange
membrane, an
anion-exchange
membrane and a
bipolar
membrane (the
Membrane
company)

Current:
3 A;
4.1 L d 1 of
dilute;
0.7 L d 1 of
concentrate

330 187  mg L-1

PO4
3-

9.48 PO4
3- [28]

Diluted
human
urine

Combini
ng
precipitat
ion,
nitrificati
on and
ED

10 cell pairs with
standard PC SA
AEMs and PC
SK CEMs;
effective area:
64 cm2 per
membrane

Voltage:
3.9 V, 1.8–
2.1 L dilute;
0.5–2 L
concentrate;
current:
5 mA

480–
840 min
for
dilute;
2880–
4320 mi
n for the
concent
rate

60 mmol
L 1 in 20%
urine and
115 mmol
L 1 in 40%
urine NO3

—

N;
0.75 mmol
PO4

3-

4.3 NO3
--

N, 2.6
PO4

3-, 4.6
K

[29]
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Syntheti
c excess
sludge

ED
(CED)
and ED
with
bipolar
membran
es
(EDBM)

Six membranes
for CED; cation-
exchange
membrane (JCM-
II-07) and an
anion-exchange
membrane
(JAM-II-07);
effective area:
99 cm2; four
membranes for
EDBM (the
NEOSEPTA
company);
effective
membrane area
of 7.07 cm2

Conventiona
l ED and
50 mA cm-2

for EDBM

CED:
300;
EDBM:
130

100 mg L-

P
PO4

3-: 4.2
CED;
PO4

3-:
15.5 in
EDBM

CED:
5.3 kW
h kg-1
H3PO4;
EDBM:
29.3 k
Wh kg-1

H3PO4)

[30]

RO
concent
rate

Standard
and
monoval
ent
selective
ion-
exchange
membran
es

AEM:
nonselective
membrane,
membrane
selective for
monovalent
anions from
PCA-
Polymerchemie
Altmeier GmbH
and PCCell
GmbH,
(Heusweiler,
Germany); five
cell pairs; active
surface area:
0.0064 m2

Current
densities:
46.9–
78.1 A/m2;
voltage:
24.5–75.0 V

300 Cl 1:90,
SO4 :4.5
mmol L 1

7 NH4-N [22]

Domest
ic
anaerob
ic
digester
superna
tant

Pilot-
scale ED

A 30 cell pair
pilot reactor with
a 7.2 m2 effective
membrane area

Voltage:
30 V;
current
efficiency:
76  2%;
flow rate of
1250  mL
min-1

(75 Lh-1);
200 L
recirculated
concentrated
and
electrode;
single-pass
feed

4320 NH4
+1-N:

835  ±
267 mgL-1;
K: 232 
41 mgL-1

8 NH4
+-N k

Wh
kg
NH
4

+-
N

[24]

synthetic
wastewat
er

Selective
ED

3 cell pairs.
CM,AM,MVA.
effective
surface:180cm2

per membrane

Volumes 3L,
batch mode;
Current
density
2.8(mA/cm2).

0.32mmolL-1

NO3-

,0.43 mmol
L 1 PO43--P

5 NO3-,
1.6 P

[64]
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seconda
ry
effluent

selective
electrodi
alysis

Batch mode,
3 cell pair, CM,
AM , MVA.
effective area 25
cm2 per
membrane

flow rate : 8
mLmin-1.

Voltage:
5 V.

960 2 mgL-1

NO3--N, P

11 P,

20 NO3--N

1.85

kWhr m-

3

[32]

MWW Batch
ED

4 cell pairs;
effective surface:
64 cm2 per
membrane

Voltage: 6.6
V; volume:
2 L dilute
and 0.5 L
concentrate;
batch mode

120 100–
150 mgL-1

NO3
-

Single-
stage: 4.6
, NO3

-;
two-stage:
19.2 NO3

-

Single
stage:
1.44 k
Wh kg-1

NO3
-;

two-
stage:
4.34  k
Wh kg-1

NO3
-

Present
study

659

3.2.4. Fouling investigation660

Different man-made activities result in the presence of dissolved organic carbon in MWW.661

Organic carbon is the energy substrate source for microorganisms and its consumption662

demands dissolved oxygen in water resources, which consequently threatens aquatic life [65].663

Microorganisms are used for reducing organic components in the biological treatment of664

wastewater; however, the remaining organics might still create fouling challenges in the long665

operation of a membrane-based process, such as ED, which is used as tertiary treatment. The666

charged small organic matter (e.g. humic acids) that is present in wastewater can effect ED667

efficiency via blocking the pores, membrane functional groups and solution, leading to668

membrane fouling [22]. Fouling consequently increases the membrane resistance, which669

causes a decline in ion flux and the selectivity of the membrane [[19],[66],[67]].670

AEMs are more susceptible to fouling when compared with CEMs since most organic671

components which transport the anions through the membranes are negatively charged [20].672

TOC, determined as any organic carbon-containing compounds, was analysed here for both673

diluted and concentrated solutions (3 replicates) in ED in order to investigate the transport and674
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fate of organics. However, it must be noted that unlike raw wastewater effluents, the TOC675

concentration was not found high in the feed wastewater used in this study.  The TOC content676

decreased from 10.19 ± 1.2 mg L-1 to an average of 6.32 ± 0.5 mg L-1 in the diluted stream in677

120 min. At the same time, it increased to an average of 16.32 ± 1.5 mg L-1 and 25 ± 2 mg L-1678

in the concentrated solution after ED treatment in the first and second batch stages respectively.679

The TOC results proved that the charged organic component transported from the dilute680

compartment to the concentrate compartment. In Roman et al.[68]study, negatively charged681

organic micropollutants were transported across the membraned due to Donnan dialysis. In682

contrast, Fernadez et al. [69] did not observe TOC changing in both compartments due to the683

large size of the hydrolysed polyacrylamide in his research.684

The results from FTIR and SEM analysis are provided in the Supplementary Material685

(Figure S4, S5). The SEM image shows a thin layer of ion deposition and some bright spots686

on the surface of the AEM in some areas, indicating signs (although not very distinct) of687

probable fouling. Similarly, bright spots were observed on the CEM surface that represent the688

slight fouling on the CEM. The following bands can be observed in all of the membranes: CH2689

scissor vibration (1470–1480 cm 1), CH2 (the polymer backbone) asymmetric and symmetric690

stretching (2940 and 2860 cm 1) and the stretching and scissor vibration of the OH group of691

water (3400 cm 1 and 1640 cm 1) [70]. The changing of bands in 1300–1400  cm 1 and between692

600 and 1600  cm 1 might be due to organic fouling as the organic molecules have C-C and C-693

H bonds within their structure in this range. Furthermore, a remarkable colour changing694

observed in anion-exchange membrane side in contact with the concentrated compartment.695

4. Conclusion696

In this work, we have demonstrated the optimisation and enhancement of using an electrically697

driven ED process for nutrient recovery in the form of nitrates from MWW. The optimisation698
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results showed that the higher nitrate recovery observed at the flow rate of 60 Lh-1, VD/VC of699

2/0.5, voltage of ~1 V/cell pair, four membrane cell pairs and 0.1 M Na2SO4 as the electrolyte700

solution. In the next step, the optimised ED was applied for nutrient recovery by two-batch701

stage ED. The studied ED method showed high recovery efficiency of NO3
- (460 mg L-1 NO3

-702

in the first stage and 1920 mg L-1 NO3
- in the second stage) from the MWW collected from the703

secondary settling tank. More specifically, we achieved the low-energy consumption of704

~1.44 kWh kg-1 NO3
- in the first step and ~2.9 kWh kg-1 NO3

- in the second step with our ED705

system. Eight litres of water could be recovered per 0.5 L of concentrated stream, indicating706

the high water recovery capacity of ED. The TOC results proved the transportation of organics707

from the dilute compartment to the concentrate compartment; however, no apparent fouling708

was observed by SEM. Overall, the nitrate concentrate obtained can be utilised as fertiliser709

after further treatment, while the diluted clean water can be used for secondary purposes.710
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 Table S1: Main properties of ion exchange membranes

Properties RALEX CM-PES RALEX AM-PES
Ion-Exchange Group R–SO3

- R–(CH3)3N+

Ionic Form, Counter Ion Na+ Cl-

Basic Binder on Base Polyethylene Polyethylene
Fitting Fabrics Polyester Polyester
Thickness of Dry Membrane <0.45 <0.45
Resistance in 0.5 M NaCl <8 <7.5
Perm Selectivity >90 >90
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Fig. S1. Current vs. time changes as a function of the volume ratio of dilute to concentrate in (a)
150 and (b) 500 mg L-1 NO3

- concentration (flow rate 60 Lh-1, operation time 30 min, 10 cell pairs,
voltage 4 - 6.6 V).
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Fig. S2. The Current vs. time changes as a function of the flow rate in 150 and 500 mgL-1 NO3
-

concentration (operation time 30 min, 10 cell pairs, voltage 4-6.6 V, VD/VC of 2/0.5 ).
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Fig. S3. The Current vs. time changes as a function of the number of cell pairs in 150 and 500
mgL-1 NO3

- concentration (operation time 30 min, flow rate 60 Lh-1, voltage 4-6.6 V, VD/VC of 2/0.5
).



Fig. S4. ATR-FTIR spectra of fresh and used membrane



Fig. S5. Surface image of membrane(a,b):fresh surface of CEM ,(a1, ,b1):used surface of
CEM,(c,d):fresh surface of AEM,( c1, ,d1):used surface of AEM
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