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Electrodialysis with Bipolar Membranes (EDBM) has become a key technology for valorising waste brine streams
as a new chemical production route. Even though its application has been widely studied using single electrolyte
solutions (e.g., NaCl or NaySOy), there is still a lack of knowledge about using multi-ionic mixtures. For the first
time, this work aims to evaluate the EDBM performance when treating synthetic solutions mimicking the waste
brines produced in a integrated process for the valorisation of solar saltworks bitterns. The behaviour of a lab-
scale EDBM unit was assessed using SUEZ ion exchange membranes (IEMs), operating at 300 A m~2, and the ion
transport through IEMs was investigated, based on the calculation of apparent transport numbers and
selectivities.

The results highlighted that multi-ionic solutions barely affected the production of hydroxide ions. Chlorides
were transported up to 7 times faster than sulphates across the anion-exchange membranes, while the cation-
exchange membranes exhibited slightly higher selectivity for potassium than for sodium (~1.2). The current
efficiencies ranged between 70 % and 80 %, while a minimum specific energy consumption of 1.60 kWh kgiaon
was obtained for the most concentrated brine at 1 mol L! OH".

These results provide novel and valuable information to support the development and implementation of
EDBM as a sustainable technology for supporting a resource-efficient and competitive economy through on-site
and delocalized chemicals production routes.

presence of selectively-charged membranes either inhibits or promotes
their transport through them. Anions, for instance, are easily trans-

1. Introduction

In recent years, membrane technologies have attracted attention in
the industry due to their ability to achieve comparable performance
with conventional technologies, yet significantly reducing costs [1,2].
Over the past few decades, Electrodialysis (ED) has attracted the
attention of both academic community and industries. ED is a membrane
process adopting cation and anion exchange membranes (CEM and
AEM, respectively) constituting channels separated by net spacers.
Under the application of an electric field, anions tend to move towards
the positive anode and cations towards the negative cathode, and the

ported across the AEM, but their transport is hindered across the CEM,
whereas the opposite occurs for cations. The result is the separation of
the feed salt stream into diluted and concentrated solutions [3]. ED is a
well-established method for seawater concentration for table salt pro-
duction, for brackish water desalination and drinking water production
[4,5], and considerable interest has been shown in its implementation
for seawater desalination [6,7], although its application is still limited
[8]. Recently, electro-membrane processes are gaining interest in their
applications for the valorization of desalination brines, drinking water
remineralization and process intensification [9-12], but also for treating
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List of abbreviations

Acronyms

AEM Anion Exchange Membrane
BPM Bipolar Membrane

CEM Cation Exchange Membrane

DC Direct Current

ED Electrodialysis

EDBM  Electrodialysis with Bipolar Membranes
ERS Electrode rinse solution

IEC Ton Exchange Capacity [meq g~ * of resin]
IEM Ion exchange membrane

SWRO  Seawater Reverse Osmosis

Symbols

CE Current efficiency [%]

C Solution concentration [mol L]

F Faraday constant [C mol 1]

I Current [A]

J Ton flux [mol m2s71]

Jw Water flux [mL m 2h™1]

M Molecular weight [g mol 1]

N Number of triplet

n Produced moles [mol]

OCV Open Circuit Voltage [V]

S Active membrane surface [m?]

SEC Specific energy consumption [kWh kgiaoml
Sel Ion selectivity [-]

Sp Specific productivity [kgnaon m 2 y']

t Transport number [-]

U Voltage [V]

A% Solution volume [L]

z Ion valence

Greek symbols

T Time [s]

Subscripts and superscripts

Acid Acid compartment
Ave Average

Base Base compartment
eo Electro-osmotic

i Ion

0s Osmotic

13 Platinum wires
ref Reference ion

Salt Salt

tot Total

w Water

organic streams, such as producing lactic acid [13], deacidification of
cranberry juice [14] and and de-alcoholization of wine products [15].
Electrodialysis with Bipolar Membranes (EDBM) enables the con-
version of an electrolyte stream into an acid and base streams [16]. A
Bipolar Membrane (BPM) comprises a cation and an anion layer one on
top of the other. Under the effect of an electric field, the water-

Table 1

Summary of EDBM applications for the production of acids and bases from brines.

dissociation reaction within the junction between the two BPM layers
produces protons and hydroxide ions [17,18], while the passage of
cations and anions of the salt solution through the CEM and AEM, pre-
sent in the elementary unit constituting EDBM stacks, allows the gen-
eration of acidic or alkaline solutions. Worth noting that, in the presence
of an electric field (10° V m™! at the bipolar junction), the water

Membrane Solution composition Experimental Acid and base Impurities Current Specific Energy Ref.
conditions concentrations Efficiency Consumption
Shan-dong Tian-wei NaCl, 40 mS cm™! 200 cm? 0.9 mol L'! HCI - 47 % 6.25 kWh kg™! [35]
(DF120) and He-bei 20V HCl
Guang-ya Co. Lt.
(BPM)
PCCell (SK, PC Acid 60) 76 g ! NaCl 64 cm? 1.8 mol L'! HCI Na (3.1 %) in the acid 84 % (NaOH)  n.d. [36]
and Fumatech (FBM) 523 Am 2 2 mol L'} NaOH Cl1 (0.5 %) in the base 79 % (HCI)
Ralex (CM-PP, AM-PP) 58.5 g L'} NaCl 100 cm? 3.2 mol L' HCI - - 41kWhkg ' HCl  [31]
and Fumatech (FBM) 1000 A m 2 3.6 mol L' NaOH
Volume ratio (salt
to acid/base) 20:1
SUEZ (AR103P, CR61P 117 g L't NaCl 280 cm? 0.8 mol L' NaOH - 78 % (NaOH) 2.3 kWh kg! [30]
and AR103A-tr.) 300 Am~2 NaOH
PCCell (PC-SK, PC Acid 52 g L' NaCl 64 cm? 0.90 mol L™ HCl - 85.6 % 2.34 kWh kg~! [21]
60, and BM) 410 Am~2 0.66 mol L! NaOH
NaOH
PCCell (PC Acid 60, PC 200 g L' NaCl 64 cm? 2.0 mol L HCI - - 2.23 kWh kg ™! [37]
SK and PC BP) 520 Am~?2 2.2 mol L' NaOH NaOH
Astom (Neosepta CMB, 25.8 gL'!Na, 38.3gL'Cl, 74 55 cm? 1.8mol L' NaOH K (0.14 %) and Cl (0.04 50 % (NaOH)  4.72 kWh kg ™! [34]
AHA and BP-1) mg L' Mg,4.7 mg ! Ca, 76 25V %) in the base NaOH
mg L' 50, 896 mg L' K Volume ratio salt/
acid/ base: 5:5:2
Astom (Neosepta CMX, 43 g L' NaySO,4 189 cm? 0.5 mol L'! H,SO,  Na (1.6 %) and Li (0.1 61 % 1.45 kWh kg ! [38]
AMX and BP-1) 45¢gL'Li 300 Am 2 1.05 mol L %) in the acid (H2S04) NayS04
Volume ratio (salt NaOH SO4 (1.6 %) and Li (0.2
to acid/base) 2:1 %) in the base
Astom (Neosepta CMB, 6.91gL'Na, 0.14g L' K,10.6 510 cm? 0.6 mol L acid S04 (7.7 %), Na (0.4 %), 66 % (NaOH)  1.81 kWh kg™ [33]
ACM and BP-1E) gL'Cl, 43mg L' HCO3,36 mg 25V 0.7 mol L'! base HCO3 (0.4 %) and Br NaOH
L Br, 1.04 g L1 SO4 3 cycles by (0.3 %) in the acid

replacing the brine

K (2.1 %) and Cl (0.6 %)
in the base
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dissociation rate can be four to six orders of magnitude higher than in
the absence of an electric field [19].

Given the above, EDBM can be used to valorize waste salt streams,
enhancing the circularity within integrated treatment processes to pro-
duce on-site chemicals. For instance, EDBM has been proposed to be
integrated within seawater reverse osmosis (SWRO) desalination plants,
aiming to (i) diminish the discharge of the brine generated (ca. two
times more concentrated than seawater) to the sea, thus reducing the
impact in marine ecosystems [20-23], and (ii) produce valuable
chemicals (e.g. HCl and NaOH). Another example of EDBM integration
with other technologies is proposed in the SEArcularMINE European
project [24], whose objective is the recovery of valuable elements from
waste brines (bitterns) generated in seawater solar saltworks. Elements
such as magnesium [25], lithium [26,27], and other trace elements [28]
are recovered by following a fully circular approach [29]. In this case,
EDBM becomes the core technology of the circularity approach, guar-
anteeing the on-site production of the required chemicals (i.e., acids and
bases) from the exhausted brines generated along the process.

The potential production of acids and bases from brines using EDBM
has been previously studied (see Table 1). When working with single-
component NaCl solutions, authors reported the possibility of reaching
concentrations up to 1 mol L™} HCl and NaOH working at mild conditions
(less than 300 A m~2), showing Specific Energy Consumption (SEC)
below 3 kWh kg~ ! NaOH and Current Efficiencies (CE) higher than 75 %
[30]. However, these achieved concentrations, far from the required
commercial conditions, can be increased by working at higher current
density or high feed to acid/salt volume ratios. As example, Herrero-
Gonzalez et al. [31] were able to reach concentrations of NaOH and HCL
higher than 3 mol I working at 1000 A m~2 and salt to acid (and base)
volume ratios of 20:1, implying SEC values of 41 kWh kg~! HCl. When
dealing with multi-component brines, one of the main concerns is the
presence of Ca and Mg, which can cause scaling at the membrane sur-
face. Different alternatives have been studied to avoid scaling, such as
the use of nanofiltration and selective precipitation for polishing [21],
mono-selective membranes [32] or selective precipitation [33]. Simi-
larly to the case of NaCl solutions, concentrations below 1 mol L' acid
and base were produced at low current densities, with SEC values
ranging from 1.8 to 2.5 kWh kg ™! NaOH [21,33]. Higher concentrations
of acid and bases have also been reported working at high volume ratios
feed to acid/base. As example, Song et al. [34] reported concentrations
of 1.8 mol L'! NaOH working at volume ratios feed:acid:base of 5:5:2 at
25 V, with CE of 48 % and SEC and 4.85 kWh kg~! NaOH. Even though
the studies with multi-component solutions in the literature, the authors
barely studied the transport of ions across the membranes, focusing only
on the purities or the concentrations of other ions in the obtained
products. For instance, Chen et al. [32] obtained acid and base purities
of 99.99 % when working with mono-selective membranes, reporting
the presence of Mg and Ca in the base (less than 2 mg L'!), while SOF
was found in the acid (14 mg LY. Similarly, Du et al. [33] when treating
with Ca and Mg-free SWRO brine, reported base and acid purities of 91%
and 97%, respectively. The main impurities in the acid were SOF (2.0 g
LY, Na (117 mg L'1), HCO3 (90 mg L!) and Br (82 mg L'!), whereas the
base contained K (345 mg L'Y and Cl (101 mg LY.

It can be observed that EDBM technologies show interesting
achievements to be implemented for industrial sustainability, as it al-
lows to close the production loops by providing value to wastes [39].
However, certain limitations slow their implementation to an industrial
scale, such as non-ideal perm-selectivity and electroosmosis [40].

As described above, most of the published works to the date only
report the purities content of the acidic and alkaline streams, while few
efforts were devoted to the description of the transport of competing
ions. This study aims to fill this gap by studying the transport of ions in
EDBM units when treating multi-component solutions for acid and base
production. With this respect, experiments were performed with a
laboratory-scale set-up from SUEZ (0.028 m?) using SUEZ membranes at
constant current density (300 A m~2). The effect of brine composition
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(in terms of concentration and presence of other ions) on the EDBM
performance was studied using synthetic multi-component solutions
mimicking those coming from waste brines produced in seawater solar
saltworks. Specifically, an effective methodology for the analysis of ion
apparent transport numbers and selectivities was presented. Further-
more, other important figures of merit, such as SEC and CE were
evaluated.

2. Materials and methods

The experimental campaign was conducted in an EDBM unit,
equipped with SUEZ membranes and operating in closed-loop configu-
ration to produce acidic and alkaline solutions from synthetic brines.
Results obtained with multi-component solutions were compared with
single NaCl solutions, to characterize ion transport phenomena and their
influence on EDBM performance.

2.1. Materials and experimental set-up

The laboratory-scale EDBM unit (Electromat MkI ED STACK, sup-
plied by SUEZ) was equipped with 5 triplets, with an active membrane
area of 0.028 m2. CR61N and AR103N were used as CEMs and AEMs
while BPMs (CR61N-AR103N-tr) comprised cation (same as CEM) and
anion (AEM-treated) layers, placed one on top of the other after wetting
both layers and removing air bubbles between them. The anion layer
used in the BPM differs from a common AEM as it contains a catalyst to
enhance water dissociation reactions [41].

Table 2 reports the main membrane properties [42]. Polystyrene
spacers of 760 um thickness were interposed between the membranes to
create the solution channels, while for the electrode rinse solution (ERS)
compartment, two overlapped spacers were used to double the fluid
volume in the cathodic and anodic channels. Cathode and anode were
constituted by stainless steel plate and stainless steel with platinum
coating plate, respectively. In order to monitor the voltage drop through
the 5 triplets, excluding the voltage drop across the electrodic com-
partments from the overall applied voltage, platinum wires with a
diameter of 127 ym (99.9 % metal basis, Alfa Aesar) were interposed
between the cathodic spacer and first CEM and between the last CEM
(used as end-membrane) and the anodic spacer during the stack as-
sembly (see Fig. 1a).

The experimental campaign was conducted with synthetic solutions
(detailed compositions are reported in Table 3) prepared with demin-
eralized water and the addition of salts, namely: NaCl (greater than 99.5
% purity, Saline di Volterra s.r.L., Italy), NagSO4 (technical grade, CR
GRUPO CRIMIDESA), and KCI (> 99 % purity, SIGMA-ALDRICH). The
acid and alkaline solutions were prepared with solid NaOH micropearls
(technical grade, Inovyn) and a concentrated solution of HCl (ACS Re-
agent 37%, Honeywell, Fluka), respectively. A 0.25 mol L NayS0,
solution was recirculated in both the anodic and cathodic compartments
as the ERS.

Fig. 1b shows a scheme of the experimental set-up. The hydraulic
circuit volume was identical for all four compartments (acid, basic, salt
and ERS). The solutions were fed into the stack using peristaltic pumps
(YT15, BT601S Lead Fluid, CO LTD, China). Pressure gauges (Cewal)
were installed to monitor pressure drops across each hydraulic circuit.
The solution mass variation during the test was measured using preci-
sion scales (KERN KB, Max 10,000 g, d = 0.1 g). A DC power supply
(1902B, B&K precision) was utilized to generate the applied voltage at
the electrodes, while two multimeters (Fluke 175) were connected, one
in series and the other in parallel with the EDBM unit, to measure the
electric current and voltage, respectively. The time-evolution of the
electric conductivity and pH of the solutions was monitored during each
test with portable conductivity and pH meters (WTW 314i), while
samples of each solution were taken by a 5 mL syringe directly from the
tank.
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Table 2
Properties of cation (CEM) and anion (AEM) exchange membranes used in this work [42].
Membrane Identification Wet membrane thickness Areal resistance” Permselectivity IEC” Burst strenght
[um] [Q em?] (%] [meq g~'] [psi]
CEM CR61IN 300 3.6 95 2.20 95
AEM AR103N 300 2.8 92 2.37 95
AEM-treated AR103N-tr. n.a. n.a. n.a. n.a. n.a.

n.a. not available.
2 Measured in 0.1 mol L* NaCl solution.
b IEC refers to meq dry™ g of resin.
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Fig. 1. Schematic representation of a) EDBM stack, including platinum wires (adapted from [43]), and b) laboratory EDBM setup and auxiliaries.

2.2. Experimental procedure and analytical techniques demineralized water into all compartments (1 L) to ensure a negligible
leakage percentage (less than 5 % of the relative mass variation in one

After each stack assembly, external and internal leakage tests were hour). Furthermore, the leakage test was repeated after each experiment
conducted for at least one hour in closed-loop configuration with to monitor any mass variation in time. When high leakage values (i.e.
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Table 3

Brine composition for the salt compartment considering the 4 cases: i) Reference
Nac(l, ii) Case A concentrated brine, iii) Case B, diluted brine, iv) Case C, diluted
alkaline brine.

Reference Case A Case B Case C
NaCl only Concentrated brine  Diluted brine  Diluted alkaline
brine

Na® 2.0molL! 3.88mol L 1.13 mol L 1.23 mol L*
cr 2.0mol LY 2.70 mol L! 0.91 molL'  0.91 mol L
so7 - 0.74 mol Lt 0.14mol L' 0.14 mol L
K" - 0.37 mol L! 0.06 mol L' 0.05 mol L!
OH - - - 0.10 mol L*

greater than 5 % of the relative mass variation in one hour) were ob-
tained, the stack was disassembled and re-assembled by replacing IEMs
and/or spacers to fix the problem.

Experiments were carried out in closed-loop (i.e. batch) configura-
tion with an initial volume of 1 L for both the alkaline and acidic solu-
tions, 1.5 L for the brine and 2 L for the ERS, respectively. At the
beginning of each test, the solutions were fed into the empty EDBM
stack, and the Open Circuit Voltage (OCV) was measured. Subsequently,
a fixed current density of 300 A m~2 was applied in all the tests for ~ 90
min to ensure reaching at least the target of 1 mol L'} OH™ in the alkaline
compartment for all the tested conditions. Longer test duration would

Chemical Engineering Journal 468 (2023) 143673

bring to only slight increase in the outlet concentration, while signifi-
cantly affecting the energetic performance of the stack, thus they are not
of practical interest and have not been explored. The mass, conductivity,
temperature, pH and voltage time-variation was recorded and analysed.
Approximately six samples were taken per compartment (24 in total)
using syringes. A sampling volume of 5 mL was chosen as a good
compromise in order to i) not influence the mass variation during the
test and ii) collect enough volume to perform a complete analysis by
titration and ion chromatography. In particular, titrations were per-
formed manually with standard solutions of 0.1 mol L' HC], 0.05 mol L
NayCOs, and 10 % w/w Methyl Orange solution (ACS dye content 85 %
w/w, SIGMA-ALDRICH) as the visual pH indicator. Ion Chromatograph
(Metrohm 882 compact IC plus) with anion (Metrosep A Supp 5 — 250/
4.0) and cation (Metrosep C 4 — 250/4.0) columns was used to measure
the concentration of anions and cations in the samples. The mobile
phase of the cation and anion columns of the chromatograph were 5.5
mmol Lt H3PO, and a mixture of 3.2 mmol L} Na;COs and 1.0 mmol L!
NaHCOs, respectively.

2.3. Experimental plan

The experimental plan focused on the study of the stack performance
and membrane properties, such as apparent transport number and ions
selectivities, as a function of the synthetic brine composition (containing

Case A Na* cr NoJy K* OH-
3.88 2.70 0.74 0.37

Acidic solution

1.13 0.91 0.14 0.06

- Water

mol L't | molL'? | mol Lt | mol L? |:>

Saltwork , EDBM
bittern Trace elements
Mg |:> Neutralization Pre- |:> and Li recovery _ ::>
recovery with HCI concentration steps
Alkaline solution
a)
. 2 .
case B Na* a SO, K* OH Acidic solution

mol Lt | molL? | molL? | mol L?
Saltwork
. EDBM
bittern Neutralization b Trace elements
Mg recovery ::> eutralizatio :> e :> and Li recovery :>
with HCI — concentration steps
Alkaline solution
b)
Case C Na* cr SO,* K* OH- Acidic solution
1.23 0.91 0.14 0.05 0.10
mol L't | molL™ | molL* | molL? | molL
Saltwork I::>
bittern EDBM T | t
race elements
Me :> pre- :> and Li recovery ::>
recovery = concentration

Alkaline solution

steps

<)

Fig. 2. Simplified schematic representation of the SEArcularMINE European project [24] treatment chain across different case studies corresponding to different

positions of the EDBM unit.
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a mixture of cations and anions: Na™, K™, CI', SO%’, OH") fed into the salt
compartment of the EDBM unit. Table 3 reports the four different brine
compositions, hereafter regarded as cases A, B and C, representing the
different positions the EDBM unit can occupy in the saltwork bitterns
valorisation treatment chain of the EU project SEArcularMINE [24].
Particularly as shown in Fig. 2, these are associated with the position
after the Ca and Mg removal step (Case C in Fig. 2c), or the point after
the post-neutralization step after Ca and Mg removal (Case B in Fig. 2b)
and the position after the pre-concentration step of the Mg and Ca free
bittern (Case A in Fig. 2a) of the SEArcularMINE saltwork bitterns val-
orisation treatment chain [24]. These cases represent a wide range of
brine compositions from very concentrated brine (i.e., Case A) to more
diluted brine (i.e., Case B). Specifically, the Case C brine differs from the
Case B due to the addition of 0.1 mol L™ NaOH; in fact, in the SEArcu-
larMINE framework, the saltwork brine can contain OH™ ions due to the
magnesium recovery step, which is performed by mixing brine and
NaOH solutions. This third operating condition of Case C has a double
purpose: i) exploring the possibility of neutralising the brine by
exploiting the undesirable diffusion of H* ions from the acidic to the salt
compartment, and ii) investigating whether a background concentration
of OH™ in the brine, albeit moderate, can alter the stack performance.
Tests with ionic mixtures were compared to a reference case with NaCl
as single electrolyte.

Solutions were fed at a mean channel flow velocity of 7 cm s~ 7, as
suggested by the manufacturer, which corresponded to a volume flow
rate of 890 mL min ' for the acidic, alkaline and salt solutions and of
704 mL min~! for the ERS. Tests were conducted at an initial concen-
tration of 0.05 mol L of HCl and NaOH for the acidic and alkaline so-
lutions, respectively, to reduce the solutions’ electrical resistance in the
first part of the test.

During the experimental campaign, several tests were repeated to
verify the experimental reproducibility of tests. The average standard
deviations are shown in the graphs as error bars. In addition, with regard
to ion analysis, the charge balance in each sample was verified to be
within a relative error of less than 5%. The mass balances on each ion at
varying times during the test were checked by taking into account the
potential transport of the ions between the various compartments and
their removal from the system with sampling volume.

Fresh
water

CEM
L

Salt
water

Fresh
water
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2.4. Data analysis

This section focuses on data analysis and the assumptions made
when treating the results. The first section (2.4.1) discusses ion transport
across membranes in the presence of multi-ionic solutions. The second
section (2.4.2) defines some performance parameters that will be used to
compare results obtained with different feed solutions.

2.4.1. Ion transport across membranes in multi-ionic systems

The presence of several ionic species in the salt compartment causes
different EDBM behaviour compared to the scenario with only NaCl
solutions. From the EDBM experiments, the mass of ions transported
from/in each specific tank (acid, alkaline, salt) were calculated, and,
consequently, the relevant flux across the membranes.

Fig. 3 reports a simplified scheme, including the main ion fluxes
across IEMs. Particularly, the fluxes of ions different than protons and
hydroxide, can be attributed to their transport across either the
monopolar CEM or AEM (from salt compartment to base/acid
compartment), while it is considered negligible across the BPM layers.
Indeed, it was assumed that the predominant fluxes across the BPM
layers are related to the water dissociation reaction, which leads to
protons and hydroxide ions passage. This assumption, although
simplistic, is reasonable since the limiting current associated with the
transport of the other ions from the interlayer of the BPM towards the
adjacent acid and alkaline channels is considered small enough to be
negligible [44].

Based on this assumption, the ion fluxes JA* and J* (in mol m 2
s™1) across the monopolar membranes (i.e., AEM and CEM) were
calculated at a generic time 7, as described by Egs. (1), (2):

JAEM _ (Vacid.r o Ci,acid,r - Vac[d,r:() ° Ci, acid,r:O) (1)
i NSt
Jt-CTEM _ (Vlm.\'e,‘r L ibase;t — Vha.\eJ:O L4 Ci, bnse,f:()) (2)

NSt

where 7 (s) is the generic time, C (mol L'Y) and V (L) are the concen-
tration of ion i and the volume of the generic compartment (acid or
base), N is the number of triplets and S (mz) is the active membrane area.
Specifically, except for protons and hydroxide ions, fluxes across AEM or

Basic
solution

Fig. 3. Simplified representation of the EDBM triplet including the main ion fluxes and the expected directions (adapted from [16]).
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CEM were estimated using the concentration values of each ion and the
solution volumes for each compartment. These fluxes calculations
should be regarded as representing apparent net fluxes, including con-
duction and diffusion transport mechanisms.

Due to undesirable phenomena, such as H* and OH™ ion back-
diffusion and non-ideal perm-selectivity of IEMs, part of the H" and
OH™ generated at the bipolar membrane interlayer were transported
across AEM and CEM, respectively, thus leading to neutralisation and pH
variation of the salt compartment. The fluxes of H" and OH™ towards
AEM and CEM, J#™ and JG | respectively, were thus defined as the
difference between proton and hydroxide ions generation at the bipolar,
JEEM and JBPM , and the fluxes estimated from the experimental con-
centrations. In formula J4 and J55 . were calculated as described by

Eq. (3)-(4):

(Vacide ® Cor+ acide = Vacide=0 ® Crv. acidr=0)

JAEM _ gBPM. 3

H* H* 1 NSt ( )
Vbase z® COH’ base,r Vbase =0 ® COH’ base 1:0)

JCEM  _ gBPM ( ] base, J , base, 4

OH™ 1t OH 1 NSt ( )

The flux of H" and OH™ across the BPM (i.e., unitary transport

numbers), JAM and J5 . (mol m~2s71), can be estimated by Eq. (5):
1/S
s =g =108 ®

where I (A) is the applied current and F (96,485C mol’l) is the Faraday
Constant. Since the tests were conducted at constant current, these
fluxes were also constant throughout the duration of the test. This
assumption, although simplistic, can be reasonable since the parasitic
currents via manifolds, that usually reduces the process current effi-
ciency, are negligible at low number of triplets (i.e., 5 in this study), and
the transport of the other ions towards the bipolar membrane can be
considered negligible at this high current density [44].

Under these assumptions, the total ion flux across AEM and CEM,

Jf}ﬂ” and Jgﬂ” (in mol m s71) at a generic time 7 are given by Eq. (6)-

7
Tad = Y TP ©)
Tonl = I+ TG @

where the subscript i refers to the different ions used in the multi-ionic
salt solution (K™, Na*, Cl" and SO?{).

For the sake of brevity, osmotic and electro-osmotic fluxes were
described in the Supplementary Information section.

For the first time for EDBM, an effective methodology is proposed
utilizing solution compositions and ion fluxes across IEMs to calculate
apparent transport numbers and selectivities. This approach provides
valuable and comprehensive insights into ion transport across IEMs
through relatively simple, whole-stack experiments.The apparent
transport number of a generic ion i across a monopolar membrane at a
generic time 7, t; ;g -, was defined as the ratio between the ion flux and
the total ion flux across the generic IEM, as described by Eq. (8):

1EM

. 0T
tiiEme = JiEM ®
tot,T

where JEM and JEM (in mol m~2s71) are the ion flux and the total flux

across the generic monopolar membrane.

The ion selectivity for a specific IEM to a generic ion, i, with respect
to areference ion at a generic time 7 was defined as the ratio between the
fluxes of the ion, i, and a reference ion, ref, normalized for the ratio
between the concentrations of the same ions present in the salt channel.
In formula, Selm#JEMJ was calculated as by Eq. (9):
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Ji IEM. I/JreflEM T
Seli iy, = — — ©)
ref? i Ci.sall.a\'e/Cref.salf.ave

where Cj gt ave (mol L) and Cref salt,ave (moOl LY are the average con-
centrations over the test duration for the generic ion, i, and the reference
ion in the salt compartment.

2.4.2. Performance parameters of the EDBM unit

All performance parameters in this study were referred to “produced
NaOH”, which represents the process’s highest added-value product. In
order to compare various multi-ionic solutions, performance parameters
were normalized to the equivalent amount of NaOH, assuming that all
OH™ ions were associated with Na* ions. This normalization was applied
consistently, even when the resulting alkaline solution contained a
combination of NaOH and KOH. This assumption is reasonable given the
low concentration of K™ compared to Na' in all salt solutions used (see
Table 3).

Specific Energy Consumption, SEC (kWh kg}\}aOH), represents the
energy required to produce 1 kg of NaOH. It is defined by Eq. (10):

I [, Uppde
3600 o (COH’.I i Vbase.‘[ - COH’.Z:O i Vbasa,'z:O)MNaOH

SEC = (10)

where I (A) and Up; (V) are the applied current and the corresponding
Platinum wires voltage, respectively, T (s) is the process time, Cog- (mol
L)) and Vibase (L) are the OH™ concentration and the alkaline volume,
respectively; Myqon (8 mol ™) is the NaOH molecular weight, and the
subscript 7 refers to a generic time. Solutions volumes variation along
the test was estimated from the experimental measurement of mass,
using mass densities, calculated using PhreeQC software (PhreeQC
Interactive 3.7.0-15749) [45] with the Pitzer database. A relative error
less than 4% was obtained when comparing model vs experimental
values evaluated at the beginning and at the end of the test.

It is worth noting that the SEC values reported in this work refer to
the voltage measured at the platinum wires, excluding the voltage drop
at the electrodes. Indeed, the former is a more reliable estimate with
reference to possible scale-up analysis to pilot or industrial scale units, in
which the voltage drop across the electrode compartments would be
negligible. More information on the difference between the electric
potential at the overall stack and platinum wires can be found in the
Supplementary Information section.

Current efficiency, CE (%), represents the fraction of the total electric
current effectively converted in OH™ in the alkaline compartment. It is
defined by Eq. (11):

(Con-+ ® Voase:r — Cotr =0 ® Viaseio) -2 F

I'N-t

CE =

100 an

where 2 is the ion valence.

Specific Productivity, SP (kgxaou m ™2 y 1), represents the amount of
NaOH produced by the unit of membrane area in one working year
(assumed equal to 8,000 h in this work). In formula, SP was calculated
by Eq. (12):

Sp— Myaor (Cotr~ & Viasewr — Cotr 0" Viase—0) 8,000
o 1,000-N-3-S- %

3600

12

where S (mz) is the active membrane area and 3 the number of mem-
branes per triplet, while 7 (s) is the generic time of the experiment.

3. Results and discussion

Results are here presented according to three sub-sections. The first
one (3.1) focuses on the comparison of the production capacity of acidic
and basic solutions for several feeds (either NaCl only or multi-ionic
mixtures). Then, the analysis of membrane properties, as well as
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apparent transport numbers and selectivities, is discussed, focusing on
the use of multi-ionic solutions (Section 3.2). Finally, performance pa-
rameters in terms of both energy consumption and productivity is pre-
sented (Section 3.3).

All analyses were performed with four types of brine compositions (i.
e., Case A, Case B, Case C and Reference), although some of the results
are reported in the Supplementary Information file for the sake of
brevity.

3.1. Production of OH and H' using multi-component solutions

The first results section focuses on comparing the production ca-
pacity of acidic and basic solutions for several feeds (NaCl only or multi-
ionic mixtures).

Fig. 4 shows the results obtained at 300 A-m~2 with the four different
salt solutions tested in terms of OH™ concentration profile versus time.
Similarly, H" concentration profiles were obtained, but they are re-
ported in Supplementary Data (Fig. S1a).

Theoretically, assuming that all the electric current is being used to
generate acid and base and that no volume variation occurs in the tanks
(“ideal case”), the concentration of OH™ should increase linearly along
the test (dashed lines in Fig. 4a). However, it can be observed that only
during the first 10-15 min the concentrations of OH™ with the four so-
lutions followed the ideal behaviour. Then, the rate of OH™ concentra-
tion increase diminished over time, especially towards the end of the
experiment, thus indicating a reduction of ~ 50-70 % in the current
efficiency (see Fig. 4a), likely due to the presence of non-ideal phe-
nomena such as counter-diffusion of ions and water transport (osmosis
and electro-osmosis) that become significant, especially at high
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Fig. 4. A) concentrations of OH™ achieved as a function of time and b) moles
produced of OH™ and H' at the targets of 1 and 0.5 mol L. Tests were per-
formed at 300 A-m 2 The dashed line indicates the ideal concentration profile.
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concentrations. Since the unit contains a low number of triplets (i.e., 5 in
this study), the parasitic currents via manifolds are negligible. Inter-
estingly, synthetic multi-ionic solutions showed similar or better per-
formance in terms of final concentration compared to the reference case.
The final concentrations achieved slightly higher values ranging from
1.15 + 0.02 mol L to 1.44 + 0.01 mol L OH". In addition, when
comparing the trends of H" and OH, it can be observed that the con-
centrations of H' (see Fi gure S1) tended to be lower than the ones of
OH", which can be related to the transport of H' from the acid to the salt
compartment due to its lower size and higher mobility (0.282 nm and
9.31.10° m? s 1) than the ones for OH™ (0.300 nm and 5.27.10° cm?
s’l) [46]. With regard to Case C, it was possible to exploit the undesired
passage of H' to neutralize the initially alkaline salt solution (0.1 mol L'!
OH) to a pH of ~ 1 at the target of 1 mol L'} OH".

Similarly, Fig. 4b shows that slightly different number of produced
moles arose when comparing the different case studies at the two targets
0.5 and 1 mol L'} OH", mostly related to different water transport ratios.
In fact, in all tests a higher final volume of alkaline solution was
recorded (due to a preferential transport of water from the salt towards
the base compartment by osmosis and electro-osmosis), thus producing
more than 1 mol of OH at the target 1 mol L' OH™. The two contri-
butions to the total water fluxes are reported in the Supplementary In-
formation (see Figures S2-S4) for Case C tests, showing the contribution
of electro-osmosis flux (from the salt to the acid and base compartments)
constituted more than 80% of total water flux. Overall, the produced
moles of OH™ ranged from 1.10 (Reference case) to 1.28 (Case A) and
from 0.47 (Case A) to 0.55 (Reference case) at the targets of 1.0 and 0.5
mol L, respectively. In addition, a lower net production of H" was
observed respect to OH™ due its transport towards the salt compartment.

3.2. Multi-ionic transport during EDBM operation

In this section, the properties of the membranes, including transport
numbers and selectivity, are firstly examined by analysing the behaviour
of the EDBM unit over time under Case A conditions. Supplementary
Data Section includes additional data on Cases B and C (Fig. S4-S7).
Then, all case studies are compared at the same target concentration of
1mol L' OH.

In Case A, all non-ideal phenomena are exacerbated by the high ion
concentration in the solution. Fig. 5 shows the ion concentration profiles
over time for the acid, alkaline and salt channels in Case A.

The ion concentrations in both the acid and alkaline compartments
increased over time, whereas in the salt channel, the ion concentrations
decreased. For all ions, a net positive flux (and, thus, inflow, according
to the adopted sign convention) was observed in the acid and base
channels, resulting from both migrative and diffusive fluxes. Fig. 5
shows that the concentration gradient (i.e., Cj sqir —Ci acid OF Cisait —Cibase)
was always positive, indicating a diffusive flux from the salt channel into
the acid and alkaline channels. Furthermore, the concentration gradient
decreased over time, reducing the diffusive transport contribution.

Fig. 5 shows a greater increase in the concentration of CI" compared
to SO?{ in the acid compartment. In the alkaline channel, Na™ exhibited
a higher increase compared to the other ions present. Additional trans-
port aspects can be considered by calculating the apparent ion transport
numbers using Eq. (8), which accounts for both conduction and diffusion
transport mechanisms. The profiles over time for the ion transport
numbers for the AEM and CEM are depicted in Fig. 6a and b,
respectively.

The results in Fig. 6a demonstrate that the primary ion transported
through the AEM was chloride, with an ion-transport number range of
42-63 %, followed by protons with a range of 24-45 %. Over time, the
proton transport number increased across the AEM, indicating that
higher acid concentrations reduced the proton-blocking capacity of the
membranes. As acid concentration increased, the proton transport
number increased until it reached the same value as the chloride
transport number. The increasing trend of the proton transport number
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Fig. 5. Concentration of single ions (Na*, CI, K, SO?{) as function of time in the a) acid, b) base, and c) salt compartments. Case study A. Current density:
300 Am~2%

profile over time was likely due to the increased diffusion of acid to-
wards the salt channel. Indeed, the proton concentration, along with its
concentration gradient across the AEM, reached a plateau towards the
conclusion of the experiment (refer to Figure S1).

Furthermore, there was a slightly decreasing trend in the sodium
transport number through the AEM, with average values of 9 %.

Surprisingly, despite the double negative valence of the SO7 ion, it
showed low passage through the AEM (only 2-4 %). This phenomenon
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may be attributed to the low ionic mobility of SO, which may outweigh
the effect of its double valence. Potassium transport was negligible (less
than 0.8 % at a target concentration of 1 mol LY OH"), likely due to the
low concentration in the salt feed compartment. Overall, there was an
approximately constant transport number for SO%, Nat, and K and a
higher variation over time for chloride and proton ions.

Similar to the AEM, the CEM could not completely block hydroxide
ions, which were partially transported and neutralized in the salt
compartment. The OH™ and Na™ had opposite transport trends. As the
hydroxide ion (OH") concentration increased, a higher relative transport
of OH™ through the CEM was observed, accompanied by a decrease in
the Na* transport number. The transport numbers for SO, K*, and CI
remained relatively constant over time. The most excluded ion through
the CEM was SO%’ (transport number less than 1 %). Indeed, SO%’ is a co-
ion for the CEM and has a double electric charge, making their passage
through a CEM unfavourable. Furthermore, the salt compartment
exhibited a higher concentration of chloride ions compared to sulfate
ions, with the latter demonstrating a relatively low transport number
(below 15 %). Although potassium was a counter-ion and chloride a co-
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ion for the CEM, they showed similar transport numbers, which may be
due to the large concentration difference between the two ions in the salt
feed stream.

It is important to note that ion transport numbers provide limited
information, as they depend heavily on ion concentrations in solutions.
High concentrations of an ion in solution are associated with high
transport numbers. Therefore, selectivities of ionic species in relation to
a reference ion (Eq. (9)) were calculated, specifically, for the AEM in
relation to chlorides (Fig. 6¢) and for the CEM in relation to sodium
(Fig. 6d) to provide a comprehensive overview. Selectivities for refer-
ence values were equal to 1. The AEM showed almost constant sulphate
selectivity over time, equal to ~ 0.20. The relatively low sulphate
selectivity value may be due to the low mobility of SO compared to CI.
As a result, the AEM provided up to seven times higher selectivity of
chlorides than sulphates. Additionally, the AEM selectivities for both
sodium and potassium ions remained relatively constant and essentially
overlapped, indicating that both cations permeated through the mem-
brane with similar efficiency. Although sodium exhibited a higher
transport number through the AEM (refer to Fig. 6a), its selectivity was
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still lower than that of sulfate, consistent with the expectations based on
Donnan exclusion. Specifically, the selectivity of SOF was approxi-
mately twice that of Na™.

In the case of the AEM, the reference counter-ion, chloride (CI),
demonstrated the highest selectivity. This can be attributed to the
enhanced facility of chloride ions traversing the membrane compared to
sulfate ions. Conversely, for the CEM, potassium demonstrated the
highest selectivity, with an average value approximately 20 % greater
than that of sodium, despite its lower concentration in the saline feed.
This enhanced selectivity of the CEM for potassium can be ascribed to
the ion’s higher mobility relative to sodium, stemming from its larger
ionic radius and smaller hydration shell [47], which decreased the
friction experienced while moving through the aqueous solution. The
CEM exhibited a selectivity for Cl” that was roughly four times greater
than that of SO7, a behavior attributed to the double valence of SO
compared to Cl” and its increased steric hindrance.

In summary, the ion selectivities in both AEM and CEM remained
largely constant during the experimental tests, suggesting that the
membranes had stable performance over time once the tests
commenced.

A performance analysis was conducted at the target 1 mol L™Y OH™
concentration under the different scenarios evaluated, namely Case A, B
and C (see Fig. 7).

Fig. 7a and b depict the ion concentrations in the acidic and alkaline
channels, respectively. When the target concentration of 1 mol LY OH™
was attained, Case A exhibited the minimum proton concentration in the
acid compartment, whereas Case B showed the maximum value. Indeed,
the higher initial salt concentrations in the feed of Case A may have
intensified the diffusive flux of protons from the acid to the salt channel.
In the alkaline compartment, sodium was the predominant ion trans-
ported from the salt to the alkaline channel across the CEM, while the
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selectivity of K was higher than that of Na™ for all case studies (refer to
Fig. 7d).

Conversely, with regard to the AEM, Case B showed almost twice the
selectivity for SO?{ (i.e., 0.31) compared to Case A (i.e., 0.16), as the
lower chloride concentration in the feed led to its faster depletion and
the subsequent predominance of sulphates transport into the acid
channel (see Fig. 7¢). In general, the elevated ionic strength of the saline
solution in Case A resulted in a substantial increase in the co-ion se-
lectivities for both IEMs. This implied that more concentrated solutions
may contribute to a decline in product purity, as the produced acidic or
alkaline solutions will have higher contamination from potentially un-
desired ions. The increased co-ion selectivity primarily stemmed from
the enhanced concentration gradient of the ionic species across the
membranes, which subsequently led to a higher diffusive flux from the
saline to the acid/alkaline compartment. Consequently, the impurities
(i.e., the co-ions mass fraction) of the acidic and alkaline solutions in
Case A was increased by an average of 42 % and 28 % in comparison to
cases B and C, respectively. Specifically, for Case A, the acid compart-
ment contained impurities of Na*™ and K* with mass fractions of 7.6 %
and 1.0 %, respectively, while SOF constituted 10.2 %. When the feed
salinity was reduced (Cases B and C), the impurities of Na® and K"
decreased to 2.7 % and 0.35 %, respectively, whereas the mass fraction
of SOF remained at 10.7 % for the acid. Similarly, in the alkaline so-
lution, the highest impurities were observed in Case A (8.9 % CI', 1.3 %
SO%, and 8.4 % K'), whereas they reduced by approximately half for
Cases B and C (5.9 % CI', 1.0 % SO%, and 4.9 % K ™). These findings are
consistent with the impurity levels reported in the literature for similar
feed salinities (refer to Table 1).

This analysis suggests that the EDBM offers the ability to produce
both acidic and alkaline solutions, as well as concentrate or dilute spe-
cific ionic species relative to the others. For example, using a diluted
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brine solution (e.g., Case B or C) significantly decreased chloride con-
centration (from 1 mol L to 0.25 mol L) over time, while the sulphate
concentration remained relatively stable at around 0.12 mol L.

3.3. Performance parameters of the EDBM unit

Fig. 8 reports OH™ CE (graph a), platinum wires voltage (graph b) and
SEC for the alkaline compartment (graph c) as function of time. For all
case studies, CE (Fig. 8a) reached considerably high values in the first
part of the test (up to 95-99 %). As time progressed, the CE was reduced
in all cases due to the effect of non-ideal phenomena such as ion diffu-
sion, electro-osmosis and osmosis, enhanced by the higher acid and
alkaline concentration. The reduction in CE can also be attributed to the
non-ideal 100 % perm-selectivity of BPMs. In fact, the transport of Na™
or CI" towards the BPM can substitute part of water transport and
dissociation [44]. Both phenomena increased over time because of the
concentration growth in the base and acid channels, resulting in a CE in
all cases above 60 % at the end of the test. The use of a synthetic brine
feed (i.e., a multi-ionic system) compared to the use of a NaCl solution
did not lead to a significant impact on CE. Indeed, in comparison with
the Reference case study (2 mol Lt NaCl), when mixed-salt brine was
used (i.e., Case A, B, and C), CE was comparable or even higher, as with
Case A and Case C brines.

Fig. 8b shows the platinum wires applied voltage for all brine com-
positions studied. A reduction of the Pt wires voltage over time was
observed in all conditions. The increase in acid and alkaline solutions
concentration led to two different effects on voltage trend: i) the
reduction of the ohmic resistance of two compartments per triplet
(alkaline and acidic channels from 7.3 Q cm? and 4.6 Q cm? to 0.4 Q cm?
and 0.2 Q cm?) and ii) the increase in the Nernst potential. The former
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prevailed over the latter under the operating conditions tested, pro-
ducing an overall reduction at the Pt wires voltage, observed in Fig. 8b.
However, it may be noted that the most significant reduction occurred in
the first part of the test (i.e., first 20 min), where the concentration of
acid and base solutions increased from 0.05 mol L! to ~ 0.34-0.50 mol
L'}, thus significantly reducing the corresponding ohmic resistance. In
contrast, the voltage decreased slowly in the second part of the test,
showing that the Ohmic contribution was less significant and did not
outweigh the Nernst contribution.

The use of a solution with a different concentration in the salt
compartment had a negligible effect on the platinum voltage. This
outcome was a result of the high concentration within the salt
compartment, regardless of the feed composition, leading to a low
electrical resistance. Upon analysing the electrical resistance, it was
observed that at the beginning of the test for Case C brine (least
concentrated), the salt compartment contributed to merely ~ 1 % of the
triplet resistance (refer to Figure S6 in the Supplementary Section). The
acid and base compartments were responsible for 7 % and 13 % of the
triplet resistance, respectively, while the remaining part was related to
the membrane resistances. Moreover, enhancing the ionic strength of
the salt feed (i.e., transitioning from Case C to Case A) has a negligible
impact on reducing the triplet resistance. Indeed, this resistance is not
primarily attributed to the salt channel, which consistently exhibits high
conductivity throughout the entire test. The high conductivity can be
attributed to the high initial ions concentration, the larger initial salt
volume (1.5 L for salt versus 1.0 L for acid and base), and the acidifi-
cation of the salt compartment.

The SEC referred to the alkaline product trend (Fig. 8c) is propor-
tional to the electric potential and inversely related to the CE, which
both decreased over time. In the first part of the test, the SEC slightly
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rose over time due to the reduction of the increasing rate in voltage,
which partly counterbalanced the decrease in CE. Conversely, in the
second part of the test, the faster SEC increase could be explained mainly
by the faster decrease in CE and the lower voltage reduction rate. At the
target of 0.5 mol L' OH-, SEC values of ~ 1.42-1.75 kWh kgi}aOH were
achieved. Similarly, at the target of 1 mol L' OH~, SEC values of ~
1.60-1.94 kWh kgi\}aOH were obtained. The use of mixed-salt brines had
no negative impact on energy consumption, as already observed for both
CE and platinum voltage trends. Indeed, in most cases, the presence of a
multi-ionic system slightly reduced SEC,

Fig. 9 reports the specific productivity, SP in kgnaon y* m ™2, as a
function of the different investigated cases, for the two targets of 0.5 and
1 mol L'} OH". Overall, SP ranged between 960 kgnaon y'1 m~2 (Refer-
ence) and 1,185 kgnaon y’1 m~2 (Case A), for 0.5 mol LToH target, and
between 850 kgnaon y'1 m 2 (Case B) and 990 kgnaon y'1 m 2 (Case A)
for 1 mol L't OH".

These results are in line with the maximum and minimum current
efficiencies achieved and confirmed that multi-ions solutions can in-
crease EDBM performance.

Specifically, cases B, C, and the reference demonstrate similar CE,
whereas Case A exhibited a higher value, which consequently resulted in
a reduced SEC. The increased efficiency can be attributed to several
factors, including the enhanced ionic strength of the solution, improved
ion-exchange capacity of the membranes, and competitive ion migration
effects. In multi-ion systems, the ion-exchange capacity of the mem-
branes may be enhanced due to the cooperative interactions between
various ions and the ion-exchange sites on the membrane surface. This
can result in a more effective separation of ions in the EDBM process
leading to an increase in CE. Finally, the presence of multiple ions can
also lead to competitive ion migration effects, which can help in the
selective separation of target ions. The competitive migration of ions can
minimize the undesirable transport of co-ions, thereby improving the
overall selectivity of the EDBM process.

In an ideal operating condition with no volume variation and a CE of
100 % (as reported in dashed lines in Fig. 2a and Fig. 3a), SP would be
constant and only a function of the stack design (e.g. membrane area)
and operating conditions (e.g., current density). For the present stack,
the ideal SP was 1,194 kgnaon y'1 m 2 when operating at 300 A m~2and
independent of target concentration. Overall, when the target doubled,
SP reduced by an average of 14 % and remained relatively high
compared to the maximum value achievable under ideal conditions.

4. Conclusions

In this work, a novel approach for the experimental characterization
of ion transport properties in IEMs in EDBM stacks for multi-ionic feed
streams was presented. Four different multi-ionic brine compositions
(containing Nat, K™, CI', and SO?{ ions) were tested on SUEZ IEMs. The
presence of multi-ionic solutions had a negligible effect on OH™ pro-
duction compared to the case of a solution with NaCl only, with similar
or slightly higher OH™ concentrations obtained in the former case. At a
current density of 300 A m 2, final OH™ concentrations of 1.15-1.44 mol
L! were achieved. Electro-osmotic flux accounted for about 80 % of
total flux in both channels, leading to volume variations in both acidic
and alkaline compartments.

Regarding ions transport across IEMs, the diffusion of OH™ through
the CEM occurred more slowly than that of H' through the AEM, so a net
reduction in the pH of the salt solution was observed.

AEMs demonstrated SO selectivity of ~ 0.15 at the target of 1 mol L’
1 OH". This value was most likely due to the lower mobility of SOF
compared to CI. CEMs had a slightly higher selectivity towards potas-
sium than sodium, i.e., ~1.2. SO was strongly excluded from CEMs,
most likely due to its double electric charge.

Moreover, EDBM performance indicators improved when multi-ions
solutions were fed in the salt compartment. Current efficiency ranged
from 70 % to 80 % at 1 mol L OH™ target. At 0.5 mol L and 1 mol L
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Fig. 9. Specific productivity referred to the kg of equivalent NaOH as function
of investigated cases. Two targets of 0.5 mol L'! OH- and 1 mol L'} OH-
were considered.

targets, specific energy consumption in the range of 1.42-1.75 kWh kg~
! vaon and 1.60-1.94 kWh kg}\}aOH were obtained.

In addition to generating acids and bases, the EDBM can concen-
trate/dilute one ionic species relative to another, thus making the pro-
cess interesting for the selective separation of ions.
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