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Abstract 30 

Brine mining can represent a valuable non-conventional resource for the extraction of 31 

Mg, Li, B, Sr and other Trace Elements (TEs) such as Rb, Cs, whose recoveries require 32 

chemical reagents such as alkaline and acidic solutions. In a circular strategy, these 33 

required chemicals can be produced in-situ through Electrodialysis with Bipolar 34 

Membrane (EDBM). In this work, a laboratory EDBM unit was operated using real brines 35 

from Trapani saltworks to investigate, for the first time, the migration of minor and trace 36 

ions, as Li, B, Sr, Cs and Rb through ion-exchange membranes (IEMs). Two different 37 

operating configurations were tested by feeding real brines: i) only in the salt channel or 38 

ii) in both salt and alkaline compartments. Trace ions migration was assessed by 39 

determining their apparent transport number in IEMs to better understanding their “fate” 40 

within the EDBM process.  41 

The use of real solutions in the base channel resulted in a 50% reduction in the process 42 

water demand, while achieving similar overall Current Efficiencies (75-78%) and 43 

Specific Energy Consumptions (1.50-1.80 kWh/kgNaOH) compared to the reference 44 

layout, where real brine was only fed in the salt compartment. Li, Rb, Sr and Cs were 45 

mostly transported across the cation-exchange membrane and concentrated in the alkaline 46 

channel. Such results lay the ground for the use of complex (multi-ionic) solutions and 47 

new designs of the EDBM process that can be operated in integrated chains to valorize 48 

saline wastes, reducing water consumption and avoiding the dilution of trace elements 49 

before their selective recovery. 50 

Keywords: electro-membrane process; anion-exchange membrane; boron; lithium; 51 

rubidium; caesium; strontium  52 
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1. Introduction 53 

The continuous need for raw materials has made it necessary to seek alternative sources, 54 

especially after the COVID-19 pandemic, which impacted supply chains and shipments, 55 

resulting in shortages and price increases (De Vet et al., 2021). During the last decades, 56 

the European Union (EU) has been implementing policies aiming to shift from traditional 57 

linear to circular economy models (European Commission, 2014). Among them, the EU 58 

has created a list of Critical Raw Materials (CRMs) that includes those of high importance 59 

for the EU economy and with a high supply risk, such as Mg, B, Co, Ge, Li and Sr, among 60 

others (European Commission, 2023). For example, China provides 93% of the EU’s Mg 61 

supply, while 98% of borates used within the EU are imported from Turkey (European 62 

Commission, 2023). 63 

Considering the lack of CRMs within the EU and the supply dependence on external 64 

countries, there is strong research interest in the possibility of obtaining such materials 65 

from non-conventional sources using circular economy approaches. Indeed, in recent 66 

years, researchers have focused on recovering critical raw materials (i.e., Mg, Li, B, Cs, 67 

Rb and Co) from both waste and seawater brines (so-called “seawater mining”) (Can 68 

Sener et al., 2021; Kumar et al., 2021), such as those generated by seawater reverse 69 

osmosis (RO) desalination plants (Pramanik et al., 2020; Sharkh et al., 2022). 70 

Nevertheless, the low Technology Readiness Level (TRL) of the extraction technologies 71 

for those elements at concentration levels in the order of μg/L (e.g., Co, Ga, Ge), can 72 

make the process economically challenging (Ortiz-Albo et al., 2019; Shahmansouri et al., 73 

2015). Another alternative for recovering CRMs from brines is the use of the bitterns 74 

produced in sea-salt extraction facilities (saltworks). In saltworks, seawater undergoes a 75 

natural evaporation process and flows along different basins, where the concentration and 76 

precipitation of undesired salts (e.g., calcium carbonate, calcium sulphate) takes place. 77 

Once the saturation of NaCl(s) is reached, it is precipitated in the crystallisation ponds 78 

(Vicari et al., 2022). The resulting bittern, with concentrations ranging from 20 to 40 79 

times that of seawater (Vicari et al., 2022), is considered concentrated enough to be used 80 

for the recovery of CRMs. Within this context, the SEArcularMINE project 81 

(https://searcularmine.eu/) (“SEArcularMINE,” n.d.) aims to recover Mg, Li, B, Sr and 82 

Trace Elements (TEs), such as Cs, Rb, Co, Ga and Ge, from exhausted bitterns (Battaglia 83 

et al., 2023, 2022; Saif et al., 2021; Vallès et al., 2023). Additionally, the chemicals 84 

needed are produced in-situ by using Electrodialysis with Bipolar Membranes (EDBM), 85 
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thus allowing the implementation of a fully circular process (Filingeri et al., 2024; León 86 

et al., 2022). 87 

EDBM is an electro-membrane technology commonly used to valorize brines by 88 

desalinating them and producing acids and bases. EDBM is based on the use of repeating 89 

units (triplets) of ion-exchange membranes, namely monopolar cationic and anionic 90 

exchange membranes (CEM and AEM, respectively) and the bipolar membrane (BPM). 91 

Under the application of an electric field, water dissociation takes place at the interlayer 92 

of the BPM, producing H+ and OH-. Moreover, the electric field causes the cations and 93 

anions to migrate towards the cathode and anode to reach the OH- and H+, respectively, 94 

thus producing acidic and alkaline solutions (Campione et al., 2018; Fernandez-Gonzalez 95 

et al., 2016; Thiel et al., 2017).  96 

The use of brines for converting salt into acid and base has been widely studied (Gazigil 97 

et al., 2022; Herrero-Gonzalez et al., 2020; Ibáñez et al., 2013; Reig et al., 2016; Yang et 98 

al., 2014). Ibáñez et al. (Ibáñez et al., 2013) studied the performance of a lab-scale EDBM 99 

unit, equipped with Ralex (AMH and CMH) and Neosepta (BP1) membranes, when 100 

treating synthetic RO brines, (without Ca and Mg). Concentrations of 0.8 mol/L H+ and 101 

1.0 mol/L OH- at 1,000 A/m2, with a Current Efficiency (CE) of 55% were reported. 102 

Similarly, Yang et al. (Yang et al., 2014) treated a RO brine from a power plant using a 103 

lab-scale unit  assembled with commercial AEM and CEM (from Qianqiu Environmental 104 

Protection & Water Treatment Corporation, China) and a BPM from FUMATECH 105 

GmbH (Germany). Before treating the brine in the EDBM unit, it was pre-treated with 106 

NaOH and CO2(g) to precipitateMg(OH)2(s) (>99.9%) and CaCO3(s) (>99%) in order to 107 

avoid membrane scaling. Concentrations of 0.7 mol/L H+ operating at 570 A/m2, with a 108 

Specific Energy Consumption (SEC) of 9.0 kWh/kg HCl were measured, although no 109 

data on the OH- production and acid and base purities were provided. Reig et al. (Reig et 110 

al., 2016) evaluated the valorisation of seawater RO brines,  integrating nanofiltration 111 

unit to remove Ca and Mg and then, treat the permeate with Na2CO3 and NaOH to 112 

precipitate CaCO3(s) (96% removal) and Mg(OH)2(s) (99% removal). After that, the 113 

brine (52 g/L NaCl) was tested in a lab-scale unit from PcCell (64 cm2) at 450 A/m2, 114 

allowing to produce 0.88 mol/L HCl and 0.71 mol/L NaOH. Performance parameters, 115 

referred to NaOH, were 77% for CE and 2.58 kWh/kg NaOH for SEC. Despite the wide 116 

application of EDBM with brines, only a few works have been focused on the transport 117 

of ions when dealing with multi-ionic solutions. For example, Filingeri et al. (Filingeri et 118 
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al., 2023b) evaluated the performance of EDBM when treating synthetic brines from 119 

saltworks composed of Na2SO4, NaCl and KCl. As a result, it was observed that chlorides 120 

were transported up to 7 times faster than sulphates across AEMs, whereas CEMs showed 121 

a slightly higher selectivity towards K+ than Na+ (i.e., 1.2). Although multi-ionic solutions 122 

were used as the feed for EDBM, the analysis was focused only on the main ions present 123 

in the synthetic solution. However, the fate of trace elements is of scientific interest, 124 

especially for applications where the aim is to recover and concentrate these ions present 125 

in saline solutions. Tang et al. (Tang et al., 2023) studied the performance and ion 126 

migration of EDBM when treating RO brine to generate acids and basis. Transport of the 127 

major ions, such as Na+, K+, and NH4
+, towards the base compartment (with small 128 

transport of SO4
2-, Cl- and NO3

-) was observed. Conversely, SO4
2-, Cl- and NO3

- migrated 129 

to the acid compartment, showing also small fractions of Na+, K+ and NH4
+. Hussain et 130 

al. (Hussain et al., 2023) evaluated the effect of the main anion in solution during EDBM, 131 

observing that it was possible to reach high concentrations of acids according to the trend: 132 

F− > Cl− > SO4
2− > NO3

− > PO4
3− > HCO3

−. Recently, Filingeri et al. (Filingeri et al., 133 

2023a) performed a long-run test with real brines from saltworks in feed and bleed 134 

configuration for 75 h, producing OH- and H+ concentrations of 0.44 mol/L at steady-135 

state. However, no information of selective ions passage was provided.  136 

In fact, notwithstanding the rising interest in application of EDBM within circular process 137 

schemes for the selective recovery of CRMs, no information has been reported so far on 138 

the transport of such elements in any of these literature works to date. This can be of 139 

crucial relevance in all cases where minor elements are targeted for their recovery within 140 

a treatment chain that includes also EDBM units for the production in-situ of acid and 141 

base solutions. In fact, it is crucial to study the transport of minor and trace elements 142 

through ion exchange membranes, in order to properly select the position of the EDBM 143 

unit in the treatment chain and avoid undesired dilution or losses of the species to be 144 

recovered. To fill this gap, this work investigates the operation of a laboratory scale 145 

EDBM unit feeding it with synthetic and real multi-ionic saline solutions. Experiments 146 

were carried out using two different layouts feeding the bittern i) only to the salt 147 

compartment and ii) both the salt and alkaline compartments. This latter configuration 148 

might offer a promising performance when integrating different technologies, as can 149 

provide a reduction on water footprint apart from capture (or concentrate) the different 150 

TEs in the alkaline loop for subsequent recovery. Initially, tests with synthetic solutions 151 
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were performed to evaluate the impact of the different configuration on acid and base 152 

production. Furthermore, experiments with real solutions containing Na+, K+, Cl-, SO4
2-, 153 

B, Li, Sr, Rb, Cs were conducted to examine also the migration of major, minor and trace 154 

elements through the IEMs, obtaining and comparing transport numbers for each ion. 155 

2. Materials and methods 156 

2.1. Solutions 157 

Real bitterns coming from the Trapani saltworks (Sicily, Italy) were used as the feed 158 

solution. Due to the high solution concentration of Mg (c.a. 40 g/L) and, the lower 159 

concentration of Ca (<200 mg/L), a precipitation pre-treatment using 1.0 mol/L NaOH 160 

until reaching pH 13 was implemented to recover Mg in the form of Mg(OH)2. After the 161 

sedimentation of the precipitated solid particles, the clarified solution was collected to be 162 

treated in the EDBM unit. The resulting concentration of both Ca and Mg in the clarified 163 

solutions did not exceed 10 mg/L of CaCO3 equivalents, as suggested by the EDBM 164 

suppliers to prevent scaling on the membrane surface (Veolia, n.d.).  165 

The treated solution was mainly composed of Na+ K+, Cl-, SO4
2- and OH-, while other 166 

elements were present in the order of 1 mg/L (termed here “minor elements”, e.g. Li, B 167 

and Sr) or 1 μg/L (termed here “trace elements”, e.g. Rb, Cs). Table 1 reports the 168 

composition of the pre-treated bittern adopted for the experiments, including major, 169 

minor and trace elements. 170 

 Table 1. Composition of the pre-treated bittern after the precipitation pre-treatment. 171 

Major elements Minor elements Trace elements 

g/L mg/L μg/L 

Na+ 23.95 ± 4.99 B 28.07 ± 1.69 Rb 612.60 ± 29.35 

K+ 1.45 ± 0.55 Li 1.66 ± 0.15 Cs 69.43 ± 3.54 

Cl- 17.51 ± 5.93 Sr 1.49 ± 0.07   

SO4
2- 8.45 ± 0.02     

OH- 4.25 ± 0.16     

 172 

Tests performed with real bitterns were compared with the experiments using synthetic 173 

solutions (see Section 2.5. Experimental design). To prepare the solutions, NaCl (>99.5 174 
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% purity, Saline di Volterra s.r.l., Italy, KCl (≥99% purity, SIGMA-ALDRICH) and 175 

Na2SO4 (ACS grade, Honeywell, USA) were used.  176 

The acid feed solution was prepared starting from deionised water and a concentrated 177 

HCl solution (ACS Reagent 37%, Honeywell, Fluka) to reach a value of 0.05 mol/L HCl. 178 

Depending on the scenario, the alkaline stream was prepared with NaOH (micropearls, 179 

technical grade, Inovyn), being 0.05 mol/L NaOH. In all the experiments, a 0.25 mol/L 180 

Na2SO4 solution was used as the Electrode Rinse Solution (ERS), which was 181 

continuously recirculated in both the cathodic and anodic compartments.  182 

2.2. Experimental set-up 183 

The experiments were performed in an EDBM laboratory scale unit (Electromat MkI ED 184 

STACK, WTS) assembled with 5 triplets (active membrane area of 0.028 m2). The unit 185 

also contained a cathode electrode made of platinum-coated stainless steel, and a DSA 186 

anode.  187 

The stack was assembled with commercial membranes from WTS, being the CEM 188 

CR61N, the AEM AR103N and the BPM. Specifically, the BPM was formed by closely 189 

stacking the CR61N and a pre-treated AR103N, removing air bubbles between the two 190 

membrane layers. Both AEM and CEM are homogeneous membranes composed of 191 

aromatic cross linker casted onto thin polypropylene nonwoven cloth (SUEZ, n.d.; Zheng 192 

et al., 2006). The CR61N membrane presents sulphonic groups, while the AR103N 193 

presents quaternary ammonium functional groups (Zheng et al., 2006). The only 194 

difference between the AR103N and the pre-treated AR103N might be the presence of an 195 

immobilized metal, most likely Fe(II) (or Fe(III) or Co(II)), which promotes a lower 196 

voltage drop of water splitting at the interface of the bipolar membrane, enhancing the 197 

electrical performance (Zheng et al., 2006). The main properties of both AR103N and 198 

CR61N are shown in Table 2. However, no available information is provided by the 199 

supplier on the characteristics of pre-treated AR103N, nor on the performance of the 200 

BPM. Non-woven polystyrene spacers with a thickness of 760 µm were interposed 201 

between the membranes in order to form the solution channel and enhance mixing in the 202 

flowing solutions. Two overlapped spacers were included to create the ERS 203 

compartments at both the cathode and the anode. Platinum wires (127 µm of diameter, 204 

99.9% metal basis, Alfa Aesar) were incorporated in the stack assembly to measure the 205 

voltage across the triplets, thus excluding the voltage drop in the electrode compartments, 206 
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due to ohmic losses and electrodic reactions, namely, hydrogen evolution at the cathode 207 

and oxygen evolution at the anode. 208 

Table 2. Main properties of the ion exchange membranes used (SUEZ, n.d.). 209 

 AR103N CR61N 

Membrane thickness, μm  300 300 

Ion-exchange capacity, meq/g dry membrane 2.37 2.20 

Resistance in 0.1 mol/L NaCl, Ω/cm2 2.8 3.6 

Water content, %wet membrane 39 44 

Burst strength, psi 95 99 

Perm-selectivity, % 92 95 

Water transfer, mL/F in 0.6 N NaCl at 16 mA/cm2 115 180 

Sucrose transport, g/F of 30% suc. in 0.2 N KCl at 16 mA/cm2  3 8 

 210 

The experimental set-up (see Figure 1) was equipped with 4 peristaltic pumps (BT601S 211 

from Lead Fluid Technology, CO LTD, China) that enabled the stack to be fed with the 212 

different solutions. Experiments were performed under batch configuration (feed tanks 213 

with 2.0 L maximum capacity each). In order to examine the water transport between 214 

compartments, the mass evolution of each feed tank was monitored using analytical scales 215 

(KERN KB, Max 10,000 g, d=0.1 g). Pressure gauges (Cewal) were included in the 216 

hydraulic circuit, before the entrance of the stack, to monitor the pressure drops for each 217 

compartment. Both electrodes were connected to a switching mode DC power supply (BK 218 

PRECISION 1902B). A digital multimeter (Fluke 175) was connected in series to the 219 

electric circuit to record the applied current, while a second digital multimeter was 220 

connected in parallel to periodically monitor the corresponding voltage at both electrodes 221 

and platinum wires. A WTW 314i portable pH and conductivity meter was used to 222 

monitor the solutions pH and conductivity evolution over time.  223 
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 224 

Figure 1. Schematic representation of the experimental setup, including the main auxiliary units. 225 

 226 

2.3. Experimental procedure 227 

After assembling the stack, (internal and external) leakage tests were performed by 228 

circulating demineralised water in all compartments for 1 hour. The mass variation in 229 

each tank was monitored, and the leakage was considered acceptable if lower than 5% 230 

(i.e. 50 mL in 1.0 L solution) per hour. In fact, according to the supplier, in this case a 231 

leakage lower than 5% is expected during operation too and can be considered negligible 232 

for the process performance. The procedure was also repeated after each test of the 233 

experimental campaign to ensure the integrity of the stack. 234 

The experiments were carried out in batch configuration (closed-loop). Initial volumes of 235 

1.0 L were used for the acid and base compartments, while 1.5 L was used for the salt 236 

compartment. A volume of 2.0 L was used for ERS, as in previous studies (Filingeri et 237 

al., 2024, 2023b). Initially, the solution was fed into the empty stack to remove the air 238 

bubbles. Tests were performed at fixed current density of 300 A/m2 for a duration of ~60–239 

90 minutes, which was found to be enough to reach the target of 1.0 mol/L OH-. For each 240 
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test, the mass, pH and conductivity of each solution were monitored during time, while 5 241 

mL samples were taken every ~10-20 min from each tank for the analysis.  242 

All tests were repeated twice to verify repeatability of the stack performances, and an 243 

average deviation of 5% was observed. 244 

2.4. Analytical techniques 245 

The composition of major elements (i.e., Na+, K+, Cl- and SO4
2-) in the samples collected 246 

was determined using ion chromatography (Dionex ICS-1000). Cations were analysed 247 

with the IONPAC®CS16 cation-exchange column, using 0.03 mol/L methane sulfonic 248 

acid as eluent, while anions were measured with the IONPAC® AS23 anion-exchange 249 

column, using a mixture of 45 mmol/L Na2CO3 and 0.8 mmol/L NaHCO3 as eluent 250 

solution. 251 

The composition of the minor and trace elements was determined by using Inductively 252 

Coupled Plasma with Optical Emission Spectroscopy (5100 IPC-OES, Agilent 253 

Technologies) and Inductively Coupled Plasma with Mass Spectroscopy (7800 ICP-MS, 254 

Agilent Technologies). Samples were previously diluted with 2% vol. HNO3 and filtered 255 

through 0.22 µm filters before analysis. 256 

The concentration of protons and hydroxide ions was measured through a volumetric 257 

titration using previously standardized 0.05 mol/L Na2CO3 and 0.10 mol/L HCl, with 258 

0.1% methyl orange solution as indicator. 259 

2.5. Experimental design 260 

The real saltwork bitterns used in this work were previously pre-treated to precipitate Mg 261 

and Ca via NaOH solution addition. Two different layouts for the EDBM unit were 262 

evaluated, where the bittern was used to feed i) the salt compartment only (Figure 2.a) 263 

or ii) both the salt and alkaline compartments (Figure 2.b). This second layout has a great 264 

potential for use in circular treatment chains, where the generated alkaline solution is re-265 

used internally in the plant, which promotes resource circularity, minimises the water 266 

footprint, and avoids the dilution of minor and trace (Vicari et al., 2024).  267 

 268 
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 269 

Figure 2. Treatment layouts tested in the experimental design, where the Mg, Ca-free bittern solution was 270 

fed to (a) the salt compartment, and (b) the salt and base compartments. 271 

Furthermore, in the present case of bittern from saltworks, which are more concentrated 272 

in trace elements, an integrated scheme can be designed to firstly target magnesium 273 

recovery by reactive crystallisation of Mg(OH)2 with NaOH, and then recover the minor 274 

and trace species (“SEArcularMINE,” n.d.). In the first layout (Figure 2.a), NaOH 275 

solutions with a concentration in the range of 0.5–1.0 mol/L are produced by the EDBM 276 

starting from water. However, using this layout, when this alkaline solution is mixed with 277 

a saltwork bittern to precipitate magnesium (around 40 g/L), a dilution factor of 5–10 278 

times is obtained. This dilution reduces the concentration of the salty stream entering the 279 

EDBM unit (because of the recirculation of the base solution to the magnesium 280 

crystallizer), especially in terms of the concentration of the minor and trace elements, 281 

which are to be recovered in the following process steps. Conversely, if the saline solution 282 

exiting from the Mg recovery step is directly fed to both the alkaline and salt 283 

compartments of the EDBM system (second layout, Figure 2.b), the reuse of the alkaline 284 

stream in the crystallisation step would generate no dilution of minor and trace elements 285 

at steady-state operation, thus enhancing the feasibility of their recovery. Worth 286 

mentioning how the second layout also leads to a 50% reduction in water footprint of the 287 

overall process, as it avoids the use of water to feed the base compartment (where the 288 

brine is fed, instead). It should be highlighted that the internal configuration of the stack 289 
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remained the same in both layouts. The two above-mentioned layouts were already tested 290 

by Filingeri et al. (Filingeri et al., 2024) but only with 2 mol/L NaCl synthetic solutions 291 

to assess the EDBM performance when feeding a salt solution in the alkaline channel. 292 

Conversely, the aim of the present work is to investigate the fate of valuable trace and 293 

minor elements within the integrated process scheme using EDBM for the generation of 294 

reactants in situ. For this reason, tests were performed with real brines (see the 295 

composition in Table 1) and the results were also compared with tests performed with i) 296 

a simple NaCl solution (2 mol/L) and ii) synthetic solution mimicking the real bittern 297 

(1.18 mol/L Na+, 0.91 mol/L Cl-, 0.14 mol/L SO4
2-, 0.06 mol/L K+ and 0.05 mol/L OH-). 298 

It should be highlighted that synthetic solutions did not contain trace and minor elements.  299 

The acidic compartment was always fed with an initial solution at 0.05 mol/L HCl. 300 

Regarding the base channel, an initial solution at 0.05 mol/L NaOH was used in the case 301 

of the first scenario (Figure 2.a), or the saline feed in the case of the second scenario 302 

(Figure 2.b). The initial 0.05 mol/L concentrations were used to reduce the electric 303 

solution resistance during the first part of the test. The tests were performed at a mean 304 

channel flow velocity of 7 cm/s, as suggested by the manufacturer. Table 3 reports the 305 

summary of the experimental campaign considering the different feed solutions and 306 

layouts. 307 

Table 3. Experimental design containing the solutions used and the different layouts. 308 

# Layout Salt channel Base channel Acid channel 

Synthetic NaCl 

solution tests 

1 2.0 mol/L NaCl 
0.05 mol/L 

NaOH 
0.05 mol/L 

HCl 
2 2.0 mol/L NaCl 2.0 mol/L NaCl 

Synthetic multi-

ionic solution tests 

1 
Synthetic multi-

ionic brine 

0.05 mol/L 

NaOH 0.05 mol/L 

HCl 
2 

Synthetic multi-

ionic brine 

Synthetic multi-

ionic brine 

Real brine tests 
1 Real brine 

0.05 mol/L 

NaOH 
0.05 mol/L 

HCl 
2 Real brine Real brine 

 309 
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2.6. EDBM performance indicators 310 

In order to assess the performance of the EDBM unit, some specific indicators were 311 

calculated from the collected experimental data. Performance indicators were related to 312 

the production of NaOH, which is more valuable compared to the HCl produced (Herrero-313 

Gonzalez and Ibañez, 2022). 314 

The Current Efficiency (CE) indicates the amount of electrical current (expressed as %) 315 

effectively converted into produce OH- in the alkaline compartment:  316 

𝐶𝐸(%) =
൫𝐶ே௔ைு,ఛ · 𝑉ே௔ைு,ఛ − 𝐶ே௔ைு,଴ · 𝑉ே௔ைு,଴൯ · 𝑧 · 𝐹

𝐼 · 𝑁 · 𝜏
· 100% 

(1) 

where 𝐶ே௔ைு and 𝑉ே௔ைு refer to the concentration (mol/L) and volume (L) of NaOH 317 

solution, F is the Faraday constant (96,485 C/mol), z is the ion valence, I is the applied 318 

current (A), N is the number of triplets of the EDBM unit, and 𝜏 is the operational time 319 

(s). Subscripts 𝜏 and 0 indicate the generic and initial values of time, respectively. 320 

The Specific Energy Consumption (SEC) reports the energy needed to produce 1.0 kg of 321 

NaOH, and it can be calculated according to Eq. 2: 322 

𝑆𝐸𝐶 =  
𝐼 · ∫ 𝑈௉௧ 𝑤𝑖𝑟𝑒𝑠 · 𝑑𝜏

ఛ

଴

3.6 ∙ 10ଷ ∙ ൫𝐶ே௔ைு,𝜏 ∙ 𝑉ே௔ைு,𝜏 − 𝐶ே௔ைு,଴ ∙ 𝑉ே௔ைு,଴൯ · 𝑀ே௔ைு

 (2) 

where 𝑈௉௧ ௪௜௥௘௦ is the external voltage measured at the Pt wires (V) and 𝑀ே௔ைு is the 323 

molecular weight of NaOH (40 g/mol). 324 

2.7. Ion transport across ion-exchange membranes 325 

This work aims to describe the “fate” of trace elements, present in real solutions when 326 

treated with EDBM. More in detail, the transport of trace elements towards acid and base 327 

channels, as reported in Figure 3, was investigated.  328 
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 329 

Figure 3. Schematics of ion transport from the salt compartment towards the acid and base channels 330 

 331 

The transport of minor elements (i.e., B, Li and Sr) and TEs (i.e., Rb, Cs) was quantified 332 

in terms of fraction of the element in the specific compartment, as defined by Eq. 3: 333 

Element Fraction =  
𝐶௜,ୱ୭୪,𝜏 ∙ 𝑉௦௢௟,𝜏

∑ 𝐶௜,ୱ୭୪,0 ∙ 𝑉௦௢௟,0
 (3) 

where 𝐶௜,ୱ୭୪,ఛ is the concentration of the element i in the generic solution at the generic 334 

time and 𝑉௦௢௟,ఛ is the volume of the generic solution at a generic time. Subscript 0 refers 335 

to the beginning of the test. 336 

The speciation of the solution was assessed using PHREEQC software (version 3.7.3) 337 

(U.S. Geological Survey, 2023) using the version of Pitzer database, modified by Vicari 338 

et al. (Vicari et al., 2022) to include also trace elements. 339 

The procedure developed by Filingeri et al. (Filingeri et al., 2023b) was used to assess the 340 

apparent ion transport numbers across the ion-exchange membranes. Table 4 summarizes 341 

the equations used for their determination. From the experimental data, ion fluxes across 342 

AEM and CEM were determined using Eqs. 4a and b (𝐽௜,ఛ
஺ாெ

 and 𝐽௜,ఛ
஼ாெ) for all the ions, 343 

except for OH– and H+. Conversely, the fluxes of H+ and OH- were assessed via mass 344 

balance. To determine the flux from the BPM (𝐽ுశ,ఛ
஻௉ெ and 𝐽ைுష,ఛ

஻௉ெ  in Eq. 5) a unitary 345 
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transport number for both ions in the BPM was considered for simplicity (Filingeri et al., 346 

2023b). Then, due to the passage of H+ and OH-  to the salt compartment (caused by back-347 

diffusion and a non-ideal perm-selectivity of the IEMs), their fluxes across the AEM and 348 

CEM (𝐽ுశ,ఛ
஺ாெ and 𝐽ைுష,ఛ

஼ாெ ) were determined as the difference between direct conversion of 349 

the electric current in ion current in the BPM (Eq. 5) and the fluxes resulting from the 350 

mass balances (see Eqs. 6a and b). Under these assumptions, the total ions flux across 351 

both IEMs, can be determined using Eqs. 7a and b. Finally, the apparent transport number 352 

of a generic ion i across a monopolar membrane can be defined as the ratio of the ion flux 353 

to the total ions flux across the IEM (see Eq. 8). 354 

  355 
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Table 4. Equations used for the determination of apparent transport numbers (Filingeri et al., 2023b; La 356 

Cerva et al., 2019, 2018) 357 

Ion-fluxes across the monopolar (AEM, CEM) membrane  

𝐽௜,ఛ
஺ாெ  =  

 ൫𝑉௔௖௜ௗ,ఛ ∙ 𝐶௜,௔௖௜ௗ,ఛ − 𝑉௔௖௜ௗ,ఛୀ଴ ∙ 𝐶௜,ୟୡ୧ୢ,ఛୀ଴൯

𝑁 𝑆 𝜏
 (4.a) 

𝐽௜,ఛ
஼ாெ =  

൫𝑉௕௔௦௘,ఛ ∙ 𝐶௜,௕௔௦௘,ఛ − 𝑉௕௔௦௘,ఛୀ଴ ∙ 𝐶௜,ୠୟୱୣ,ఛୀ଴൯

𝑁 𝑆 𝜏
 (4.b) 

H+ and OH- flux generated at the BPM  

𝐽ுశ,ఛ
஻௉ெ = 𝐽ைுష,ఛ

஻௉ெ =  
 𝐼 𝑆ൗ

𝐹
 (5) 

H+ and OH- fluxes across the monopolar (AEM, CEM) membrane  

𝐽ுశ,ఛ
஺ாெ = 𝐽ுశ,ఛ

஻௉ெ  −  
 ൫𝑉௔௖௜ௗ,ఛ ∙ 𝐶ுశ,௔௖௜ௗ,ఛ − 𝑉௔௖௜ௗ,ఛୀ଴ ∙ 𝐶ுశ,ୟୡ୧ୢ,ఛୀ଴൯

𝑁 𝑆 𝜏
 (6.a) 

𝐽ைுష,ఛ
஼ாெ =  𝐽ைுష,ఛ

஻௉ெ −  
൫𝑉௕௔௦௘,ఛ ∙ 𝐶ைுష,௕௔௦௘,ఛ − 𝑉௕௔௦௘,ఛୀ଴ ∙ 𝐶ைுష,ୠୟୱୣ,ఛୀ଴൯

𝑁 𝑆 𝜏
 (6.b) 

Total ion-flux across the monopolar (AEM, CEM) membrane  

𝐽௧௢௧,ఛ
஺ாெ =  ෍ 𝐽௜,ఛ

஺ாெ

௜

+  𝐽ுశ,ఛ
஺ாெ (7.a) 

𝐽௧௢௧,ఛ
஼ாெ =  ෍ 𝐽௜,ఛ

஼ாெ

௜

+ 𝐽ைுష,ఛ
஼ாெ  (7.b) 

Apparent transport number for a (AEM, CEM) membrane  

𝑡௜,ூாெ,௧ =  
𝐽௜,ఛ

ூாெ 

𝐽௧௢௧,ఛ
ூாெ  (8) 

 358 

3. Results and discussion 359 

In this section, the trends in the concentration of H+ and OH- ions in the studied scenarios 360 

are first analysed. Subsequently, the transport of minor and trace ions is analysed. Finally, 361 

the energy performance parameters of the EDBM unit are calculated.  362 

3.1. H+ and OH- concentration profiles along the EDBM experiments 363 

The first results concern the profiles of H+ and OH- ions obtained when treating the 364 

different solutions using the two layouts. Figure 4 shows the concentration profiles of 365 

OH- (Figure 4 a and c) and H+ (Figure 4 b and d) as functions of time for layout 1 (Figure 366 
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4 a and b) and layout 2 (Figure 4 c and d). Tests were carried out until reaching a 367 

concentration of 1.0 mol/L OH-.  368 

 369 

Figure 4. Concentrations of OH- and H+ as a function of operation time for the three tested solutions 370 

adopting the EDBM layout 1 (a,b) and layout 2 (c,d). An average deviation between replicates of ±5% 371 

was observed. 372 

In all cases, the ions concentration increased over time because these tests were conducted 373 

in batch (discontinuous) mode and at a constant current density of 300 A/m2. However, 374 

the slope of the concentration-time curve decreased over time for both OH- and H+, 375 

especially in the latter half of the experiments. This decrease can be attributed to non-376 

ideal phenomena, such as diffusion, osmotic and electro-osmotic fluxes, which become 377 

increasingly significant at higher product concentrations. Notably, the use of synthetic or 378 

real solutions did not affect the trend in the alkaline and acidic concentrations, thus 379 

demonstrating that using either solution did not reduce the output of desired products. 380 
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Indeed, the OH- targets of 0.5 mol/L and 1.0 mol/L were achieved within 23±1 min and 381 

60±2 min, respectively, in layout 1 (see Figure 3.a). The observed discrepancy in OH- 382 

ion concentration profiles using layout 2 (Figure 3.c) was essentially the result of the 383 

difference in the initial concentration. Specifically, in the experiments conducted using 384 

the real brine, the initial OH- concentration was 0.26 mol/L. In contrast, the synthetic 385 

solution was prepared with a pH of 13, corresponding to an OH- concentration of 0.1 386 

mol/L. Indeed, if the concentration profile for the synthetic solution were adjusted by a 387 

shift of 0.16 mol/L to account for the lower initial concentration, the profiles for the real 388 

and synthetic solutions would align, thus demonstrating that the initial concentration is 389 

the key variable influencing the observed differences. The different OH- concentration 390 

profiles observed for synthetic versus real solutions in layout 2 (see Figure 4 c) could 391 

also partially be related to the different base mass variation trends (reported in the 392 

Supplementary Material, Figure S1) observed when feeding a different saline solution 393 

into the base. This behaviour can be explained by the varying impact of non-ideal fluxes 394 

(e.g., diffusive and osmotic) when using a different saline stream. Furthermore, higher 395 

water transport towards the base compartment was noted when using layout 2 (see Figure 396 

S1), mainly related to osmosis. Comparing the concentration profiles observed for layout 397 

1 (see Figure 4 a) and layout 2 (see Figure 4 c), the higher concentration measured for 398 

layout 2 can be explained mainly by the different initial concentration of OH-. In fact, the 399 

trend in OH- moles produced in the base channel (see Figure S2) was similar for both 400 

layouts and for the different salt solutions, thus highlighting similar EDBM acid/base 401 

productivity across the configurations. Importantly, this result highlights that the use of 402 

either a synthetic or real saline solution has no negative impact on the base concentration 403 

profile. Additionally, using layout 2 would allow the implementation of treatment 404 

processes in which the TEs can be concentrated rather than diluted. Indeed, this 405 

concentration process would not be possible using layout 1 due to the water being the 406 

feed the base solution in the EDBM. 407 

For both layouts, the H+ concentrations were lower than the OH- concentrations (see 408 

Figures 4 b and d). Indeed, for all the tests performed, the salt compartment was found 409 

to acidify, thus meaning net proton leakage from the acid to the salt channels occurred. 410 

This difference in membrane transport can be explained qualitatively based on the known 411 

transport mechanisms in the solution phase. Indeed, the smaller size and higher mobility 412 

in solution of H+ ions (0.282 nm and 9.31·10-9 m2/s) compared to OH- (0.300 nm and 413 
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5.27·10-9 m2/s) (Vanýsek, 1996) may result in higher mobilities also in the membrane 414 

phase.  415 

The results obtained in the present work are in line with the published data available in 416 

the literature. Indeed, similar final OH- concentrations, between 0.8 mol/L and 1.5 mol/L, 417 

were obtained in other papers, although they used different feeds, current densities and 418 

volume ratios between the salt and acid/base solutions. For instance, Filingeri et al. 419 

(Filingeri et al., 2023b) obtained OH- concentrations up to 1.44 mol/L working with high-420 

concentrated brines at 300 A/m2. Ibáñez et al. (Ibáñez et al., 2013) were able to reach 1.0 421 

mol/L OH- when treating a polished RO concentrate  working at 1000 A/m2, whereas 422 

under the same conditions it was possible to reach 3.6 mol/L OH- working with a salt-to-423 

base volume ratio of 20:1 (Herrero-Gonzalez et al., 2020).  424 

 425 

3.2. Minor elements concentration profiles along the EDBM 426 

experiments 427 

This second section of the results is devoted to the transport of trace elements among 428 

compartments, examining in particular the migration of TEs present in the real brine from 429 

the salt compartment towards the other three compartments (i.e, acid, base and ERS). 430 

Initially, a speciation analysis of the TEs in the solution was carried out (see Figure 5). 431 

Considering the composition shown in Table 1 (pH 13) and the results given by 432 

speciation diagrams (built using PHREEQC (U.S. Geological Survey, 2023)), the 433 

following conclusions can be made regarding the treated real brine: (i) Li, Rb and Cs are 434 

completely in their cationic forms (i.e., Li+, Rb+, and Cs+), while Sr is mostly present as 435 

a cation (i.e., Sr2+) with a small portion complexed as SrOH+, SrCl+ and SrSO4(aq), (ii) B 436 

is present as an anion (i.e. H4BO4
-) in alkaline solution and as a neutral species in acidic 437 

solution (i.e., H3BO3(aq)). 438 
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 439 

Figure 5. Speciation diagrams for (a) Li, (b) Rb, (c) Cs, (d) Sr and (e) B as a function of pH for the 440 

bittern after Ca and Mg removal (see Table 1). Diagrams were built using PHREEQC (U.S. Geological 441 

Survey, 2023). 442 

The molar fraction of each TE in each compartment was determined by analysing samples 443 

from the four external tanks (related to the salt, acid and base solutions and ERS) at 444 
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different times during the test and is plotted in Figure 6 for layout 1 (i.e., when brine is 445 

fed only into the salt compartment). The fractions of Li, Rb, Sr and Cs in the salt 446 

compartment tended to decrease over time in the same proportions. Most of these ions 447 

migrated towards the base compartment, whereas a small fraction was present in the ERS.  448 

 449 

Figure 6. Molar fraction of trace elements transported from feed to the other 3 loops for the layout 1 at 450 

different sampling times 451 

Therefore, based on their speciation (see Figure 4), the major cations Li+, Rb+, Cs+ and 452 

Sr2+ moved towards the base compartment across the CEM, thus enriching the alkaline 453 

solution. TEs were also transported towards the ERS, although at a much lower rate 454 

compared to the transport towards the base. This behaviour can be attributed to the 455 

transport of TEs across the end-membrane (i.e., a CEM), which separates one salt 456 

compartment and the ERS flowing in the cathodic compartment. However, it is important 457 

to note that although this transport towards the ERS was evident at the laboratory scale 458 

due to the small number of triplets (5 in the present work), it would be negligible at the 459 

pilot and industrial scales, where tens or hundreds of triplets would be adopted. Finally, 460 

a very limited concentration reduction of B in the salt channel was observed. Indeed, the 461 

presence of B as an anionic or a neutral species (i.e., H4BO4
- or H3BO3(aq), respectively) 462 

meant that it could not permeate across the CEMs and was not affected by the electric 463 

field originating inside the stack due to the applied external electric potential. Therefore, 464 
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the diffusive transport of boron was primarily driven by the concentration gradient 465 

between the salt channel and both the acidic and alkaline compartments. 466 

For comparative purposes, the fraction of TEs in the compartments for the two different 467 

layouts is plotted at a time corresponding to the achievement of the target 1.0 mol/L OH- 468 

concentration (Figure 7). In the case of layout 2, the real brine was initially fed into both 469 

the saline and alkaline tanks with volumes of 1.5 L and 1.0 L, respectively, thus meaning 470 

60% of the TEs were initially fed into the salt compartment and the remaining into the 471 

base compartment.  472 

As a result, B remained confined within the salt and base compartments, in line with the 473 

observations presented in Figure 5 for layout 1. The other TEs significantly migrated 474 

towards the base compartment, with a slower passage of Li+, as also observed for layout 475 

1. Conversely, the transport of positively charged TEs towards the acidic compartment 476 

was quite low (below 5% of the total TEs). This low level of transport was likely caused 477 

by diffusive transport through the IEMs, as the migrative flux of the trace cations across 478 

the AEMs should be significantly inhibited due to their charge and ion radius. Such 479 

findings are extremely relevant in all the circular treatment chains that aims at recovering 480 

critical raw materials and TEs. Indeed, this work demonstrates that the EDBM process 481 

can be integrated in those chains to produce in situ the alkaline and acidic solutions, 482 

instead of using external chemicals. Specifically, if the saline solutions, containing these 483 

TEs, are also fed in the alkaline compartment, instead of using water as in the common 484 

EDBM schemes, and then recirculated back to the previous recovery units (see Figure 485 

2.a), the dilution of TEs is avoided (up to 10 times, compared to standard Mg-recovery 486 

schemes for bitterns), making their subsequent separation and recovery much more 487 

feasible.  488 

  489 
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 490 

Figure 7. Fraction transported of the trace elements along the compartments for the layout 1 (a) and 2 (b). 491 

3.3. Ions-transport characterization by transport numbers 492 

In this section, the selective transport of the ions across the IEMs is presented. 493 

Particularly, this section of results focuses on the apparent ion transport numbers for 494 

major, minor and trace elements across the AEM and CEM, which are depicted in Figure 495 

8 for all ions using both layouts. The values collected refer to the time of the test at which 496 

the target concentration of 1.0 mol/L OH- was achieved.  497 
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 498 

Figure 8. Apparent ion transport numbers of major, minor, and trace ions for the (a,b) AEM and (c,d) 499 

CEM. 500 

In the case of the AEM (see Figure 8.a-b), it was observed that the main ion transported 501 

from the salt to the acid channel was Cl- for both layouts, with average apparent transport 502 

numbers of 0.49 and 0.55, for layouts 1 and 2, respectively. It should be highlighted that 503 

H+ was significantly transported across the AEM, with apparent transport number of 0.40 504 

and 0.44, for the two layouts. Even though the positive fixed charge of the AEM, the H+ 505 

(acting as co-ion) was able to permeate towards the salt compartment due to an ion-506 

leakage, which outlines the low proton-blocking capacity of the tested membranes. The 507 

other ions in solution were transported to a lesser extent. This is the case for SO4
2-, 508 

although the negative charge showed transport numbers of 0.01 and 0.04 due to its low 509 

mobility. Moreover, other single-charged cations were also able to permeate, mainly 510 

related to ion leakage, such as the case of Na+ (0.01 – 0.03) and in a lesser extent of Li+ 511 
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and other TEs (<2·10-5). From the values obtained, it was also observed that boron 512 

permeated through the AEM with an apparent transport number value around 10-4. High 513 

levels of purity in the acidic solution have been achieved in terms of the fractions of H+ 514 

among all the cations and Cl- among all the anions. Indeed, the results demonstrated that 515 

these fractions were 97% for H+ and 91% for Cl- using layout 1, while these fractions 516 

were 98% for H+ and 95% for Cl- using layout 2. 517 

In the case of the CEM (see Figure 8.c-d), Na+ was the ion that is being preferentially 518 

transported towards the base compartment (transport number ranging from 0.57 to 0.67, 519 

depending on the layout). Similar to the AEM case, the CEM was not able to impede 520 

completely the OH- leakage, resulting in a transport number around 0.19. Moreover, other 521 

anions were transported across the CEM, being mainly chloride and sulphate. It should 522 

be highlighted that in this case, higher values were obtained for layout 2 than layout 1, 523 

which could be explained by a diffusive back transport from the base to the depleted salt 524 

compartment. Furthermore, despite sulphates having a high ionic radius and being 525 

negatively charged, they were found to pass across the CEM, albeit in small quantities. 526 

Finally, other cation species, were transported to a lesser extent (transport numbers below 527 

0.02). Comparison with literature data is difficult due to the scarce availability of ion 528 

transport information in literature, such as transport numbers, that confirmed the 529 

relevance of filling this gap. Only in one of our previous studies (Filingeri et al., 2023b) 530 

the apparent transport numbers were determined when testing the SUEZ membranes with 531 

synthetic multi-ionic solutions. Similar range of values were obtained for the major and 532 

minor elements transport across both AEM and CEM but no TEs were present in the 533 

synthetic solutions. 534 

3.4. EDBM Performance parameters 535 

This final section aims to analyse the EDBM performance indicators, namely current 536 

efficiency (CE) and Specific Energy Consumption (SEC). Figure 9 reports the profiles 537 

of CE (graph a) and SEC (graph b) as functions of time for layouts 1 and 2. 538 

CE reduced over time from values between 80% and 90% until reaching a minimum 539 

around 60% at the end of the test. This behaviour is due to non-ideal phenomena, such as 540 

retro-diffusion of OH- and H+ from base/acid to the other compartments, osmotic and 541 

electro-osmotic fluxes, but also a partial use of electric current to transport Na+ or Cl- 542 

across the bipolar membranes (Culcasi et al., 2022; Filingeri et al., 2023b), especially 543 
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when Na+ and Cl- are present from the beginning of the experiments, as seen in layout 2. 544 

The water and other ions diffusion were enhanced as the concentration of generated acid 545 

and base increased, thus resulting in a faster reduction of the CE in the second part of the 546 

test. Interestingly, the CE trend was not affected by the use of either synthetic or real 547 

solutions. In fact, the performance of the mixed solutions, synthetic or real, showed 548 

similar or better CE than the test conducted with only NaCl in the feed. Furthermore, 549 

using the brine solution also in the alkaline compartment did not affect the efficiency of 550 

the unit. 551 

 552 

Figure 9. (a) Current Efficiency and (b) Specific Energy Consumption as a function of operation time for 553 
the three tested solutions using both layouts. 554 
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Figure 9b reports SEC referred to the alkaline product, as it is the high-added value 555 

component of the process. SEC remained almost constant/slightly increasing in the first 556 

part of the test, whereas it increased more in the second part. This behaviour can be related 557 

to the CE and voltage evolution over time (reported in Figure S3 of the Appendix). The 558 

almost constant trend in the SEC in the first half of the test is related to the slow decrease 559 

in the CE, balanced by the similar decrease in the voltage trend, which is mainly due to 560 

the reduction in the internal electric resistance of the EDBM stack. In the second part of 561 

the test, the voltage remained constant while the CE decreased, resulting in a further 562 

increase in SEC. As already observed for CE, SEC was not affected by the use of a mixed-563 

salts solution, synthetic or real, nor by the two different operational layouts.  564 

In this work, similar values for CE (75-78%) and SEC (1.50-1.80 kWh/kg NaOH) were 565 

attained for both layouts at 1 mol/L OH-. Similar values of CE (76–80% for Fumatech 566 

and 70–71% for SUEZ membranes) were reported in a previous study (Filingeri et al., 567 

2024) when testing both layouts with 2 mol/L NaCl feed solutions. Contrary, the SEC 568 

consumptions were slightly higher when using layout 1 (1.23 kWh/kg NaOH and 1.73 569 

kWh/kg NaOH for Fumatech and SUEZ membranes, respectively) in front of layout 2 570 

(1.35 kWh/kg NaOH and 1.60 kWh/kg NaOH for Fumatech and SUEZ membranes, 571 

respectively). Ibáñez et al. (Ibáñez et al., 2013) reported CE values around 60% working 572 

at 1,000 A/m2 after reaching 1.0 mol/L OH-, without providing data on SEC. Tang et al. 573 

(Tang et al., 2023) reported SEC values of 2.7 kWh/kg NaOH and CE values of 59% after 574 

reaching 0.8 mol/L OH- working at 24 V and a volume ratio salt to acid and alkali of 575 

5:1.Herrero-González et al. (Herrero-Gonzalez et al., 2020), after reaching 3.6 mol/L 576 

NaOH working at 1000 A/m2 and a volume ratio of 20:1, obtained a SEC of 43.50 kWh/kg 577 

HCl. Filingeri et al. (Filingeri et al., 2023b) when reported CE values of 75-80% and SEC 578 

values of 1.60-1.94 kWh/kg NaOH at the target of 1.0 mol/L OH- working with synthetic 579 

solutions.  580 

The present study confirmed how EDBM appears to be a robust technology for the 581 

treatment of real solutions, containing more ions than the typical NaCl, and can be used 582 

in alternative configurations (i.e., layout 2), where the saline solution is also fed into the 583 

alkaline compartment, showing very competitive SEC and CE, compared to previous 584 

studies. Indeed, the presence of TEs or minor elements did not appreciably alter the 585 

performance of the EDBM unit. The experimental results suggest that the TEs do not pass 586 

through the AEMs and their presence in the salt compartment (as in layout 1) or in the 587 
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salt and base compartments (as in layout 2) does not alter the performance of the EDBM 588 

unit. Results highlighted the relevance of EDBM for implementing circular schemes, 589 

especially in the case that both acidic and basic solutions are reused internally, which can 590 

lead to a lower freshwater consumption and a concentration of TEs for sub-sequent 591 

recovery.  592 

4. Conclusions 593 

In this study, a laboratory-scale EDBM unit was examined to investigate the transport of 594 

elements present in large and trace quantities between the acid, base, salt, and ERS 595 

compartments using both synthetic and real feed solutions. The findings indicate that the 596 

presence of trace elements, such as B, Li, Sr, Cs and Rb, in the EDBM input solutions do 597 

not significantly alter the generation of acid and base as well as CE and SEC. 598 

Trace elements such as Li, Rb, Sr and Cs were mostly transported across the CEM (50-599 

70 %) from the salt to the alkaline compartment. Conversely, these ions were mostly 600 

excluded by the AEM and, thus, their passage from the salt to the acid compartment was 601 

inhibited. Although a small proportion of these ions, <5%, still passed through the AEM, 602 

presumably by diffusive mechanisms given the non-ideality of the membranes. Boron is 603 

an exception since, being a negative-neutral species, depending on the pH, it crosses both 604 

the CEM and the AEM in similar amounts, thus passing into both the base and acid 605 

channels when subjected to a concentration gradient. The trends in ion transport were 606 

qualitatively similar in the two layouts studied.  607 

Overall, this research demonstrates that the recovery of trace elements from real bitterns 608 

via circular schemes integrating the EDBM process can be enhanced by the use of 609 

optimised layouts where a “saline and TEs-enriched” solution is used to generate an 610 

alkaline stream in EDBM, to be continuously recirculated, thus maintaining very high 611 

level of concentration of all TEs to guarantee subsequent effective recovery. In addition, 612 

the proposed EDBM layout can significantly reduce the process water footprint, thus 613 

further pushing the overall process sustainability. 614 
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 780 

Figure S1. Mass variation in the 4 solutions as a function of operation time for (a) 2 mol/L NaCl, (b) 781 

Synthetic solution, and (c) real brine. Filled points: layout 1; empty points: layout 2. Note: mass balances 782 

are not fulfilled due to sampling. 783 
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 784 

 785 

Figure S2. Moles of OH- and H+ in the acidic and basic compartments as a function of operation time for 786 

the three tested solutions using the (a,b) layout 1 and (c,d) layout 2. 787 
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 788 

Figure S3. Voltage at the Pt wires as a function of operation time for the three tested solutions for (a) layout 789 

1 and (b) layout 2. 790 
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