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The capacitive deionization (CDI) method, in which the capacitance of the electrical double layers is used

for removing ions from aqueous solutions, can be more efficient if some procedures are devised to help

the bare electrode double layers in adsorbing ions. One of these methods is based on the use of ion-

selective membranes (membrane-CDI or MCDI). An alternative has been proposed, in which the electrodes

are coated with a polyelectrolyte layer, also of suitable polarity. The method has been called soft electrode

CDI or SECDI. In this work, we examine how it can be applied to a mixed solution containing divalent and

monovalent cations, specifically, sodium and magnesium, identifying to what extent each of them is re-

moved from the solution. A model is presented in which the polyelectrolyte is assumed to coat the macro-

pore walls, and hence the mouths of the micropores connected to them. The results of the model, corrob-

orated by experimental determinations of SECDI in mixed solutions of NaCl and MgCl2, demonstrate that

magnesium, even if in tiny amounts, dominates the deionization with soft electrodes, as it is more abun-

dant in the polyelectrolyte layer than sodium.

1. Introduction

The need for potable water does not always run parallel to ac-
cess to either natural water resources or to drinking water
production plants.1 The main methods for large-scale produc-
tion of potable water from seas, lakes or rivers involve large
installations, high power, significant investment, and so on.
This refers to reverse osmosis, accounting for about 65% of
the total,2 multi-stage flash distillation (around 20%), electro-
dialysis, ion-exchange, and others, used to a lesser extent, or
as pre-treatments for other methods.3 More recently, interest
is growing in the possible implementation of forward osmo-
sis,4,5 membrane distillation,6,7 pervaporation,8 or solar desa-
lination techniques.9–14 The latter can be adapted as easily
implementable methods for water desalination, accessible to
medium or small-size communities often far from industrial
areas, and hence they constitute an excellent tool for life
quality enhancement.14–18

One technique fulfilling such requirements and recently
highly developed is capacitive deionization or CDI.19–29 In
this and related methods, it is precisely the characteristics of
the solid/salt solution interface on the nanometer scale that
are exploited. If a pair of high surface-area conductive
electrodes (typically activated carbon) are connected to the
terminals of a dc power source and placed in contact with a
saline solution, counterions are adsorbed on the correspond-
ing electrodes (co-ions are expelled at the same time, but to a
lesser extent), leaving a less concentrated solution, that can
in principle reach the admissible drinking-water concentra-
tion (roughly 250 mg L−1 NaCl, see for instance the World
Health Organization guideline30). For electrode regeneration,
the electrodes are either short-circuited or their polarity is re-
versed so that ions are released again into the bulk and
discharged as brackish water.

In recent works, an improvement has been suggested
consisting of placing ion exchange membranes on the porous
electrodes, a procedure called membrane capacitive deioniza-
tion or MCDI.31–36 The selectivity of the membranes enhances
adsorption of the corresponding counterions while preventing
desorption of the co-ions. In principle, for each electron
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Water impact

The huge electrical capacitance of electrical double layers has brought about explosive interest in the field of water purification and constitutes the basis of
capacitive deionization (CDI). Using polyelectrolyte-coated (soft) electrodes, the CDI performance increases significantly. This idea is applied to the realistic
case of mixed solutions containing suitable proportions of monovalent and divalent cations.
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transferred in MCDI between the electrodes, one monovalent
salt molecule is removed from the bulk bringing about an effi-
ciency close to 1. The regeneration step is also improved with
this method. In ref. 37, we have proposed a variation of the
technique in which instead of using separate ion exchange
membranes, it is the electrodes themselves that behave as ion
exchangers. This is achieved by coating the activated carbon
particles forming the electrodes with a layer of polyelectrolyte,
cationic or anionic correspondingly. Because of the similarity
to the process of producing so-called soft particles in colloid
science,38–40 this configuration has been denominated as soft-
electrode capacitive deionization (SECDI).37,41,42 It must be
mentioned that polyelectrolytes are not the only materials used
for coating.43 Apart from a resin shell used by Lee et al.44 for in-
creasing the carbon hydrophilicity, ion-selective layers are
mostly used nowadays.45 As an example, Kim et al.46 used PVA
and polysulfone for improving CDI, and Kim and Choi47 dem-
onstrated an increase of the efficiency from 0.67 to 0.85 by ap-
plying a cation exchange layer (cross-linked PVA-sulfosuccinic
acid) to one of the electrodes.

Most experiments and theoretical modeling on CDI, MCDI
and SECDI have dealt with simple NaCl solutions. However,
contributions must be cited regarding fluoride removal from
fluoride–chloride solutions,48 and elaboration of a sequence
of electrosorption specificities of both cations and anions,49

based on hydrated radii and valencies.50,51

In the case of soft electrodes, the role of solution composi-
tion in desalination and the possible sorption preferences
through the polyelectrolyte layers with different sizes and
valencies have never been investigated. However, the topic is
as important here as it is in either CDI or MCDI, because nat-
ural solutions to be desalinated come from the ocean or from
lakes and they typically have a complex combination of
dissolved ions. The objective of this paper is hence to carry

out an investigation of the possible selectivity in removing
the most abundant cations in sea water, namely Na+ and
Mg2+, by SECDI. A model will be elaborated on the kinetics of
each cation adsorption and the results will be compared with
experimental data on their amounts in solution during the
adsorption and desorption steps from soft electrodes.

2. Theoretical background
2.1. Fundamentals

In a typical CDI cell, a pair of activated carbon electrodes is
placed in contact with an ionic solution. In the left part of
Fig. 1, a schematic representation is shown of the hierarchi-
cal structure of the SE-CDI half-cell corresponding to one of
the electrodes represented by a set of channels, the macro-
pores (in the micrometer size range), which are the actual
pathways for the ions from or towards the micropores, typi-
cally of nanometer size. The electrical double layers (EDLs)
on the walls of the latter are the reservoirs where the ions are
stored, providing the huge capacitance characteristic of the
system. In this model, it is assumed that the polyelectrolyte
molecules coat the walls of the macropores, to which many
micropores can be connected. For the sake of EDL calcula-
tions, the polyelectrolyte is assumed to be located at the
mouth of the micropore, determining the ionic concentration
in the entrance and therefore the flow of ions going in or out
of the micropore.

The model is used to predict the ionic concentration at
the exit of the cell, based on the knowledge of the entrance
concentration and the applied voltage or current. Con-
sequently,52,53 the channel is divided into a number of
subcells i = 1, …, N, as shown in Fig. 1, in each of which the
ionic concentration is uniform but time dependent; the solu-
tions involved in the CDI processes are to be imagined

Fig. 1 Schematics of the assumed hierarchical structures of the SE-CDI half-cell. From left to right: The macropores are identified on the carbon
wall; the walls of the macropores are coated with the polyelectrolyte molecules; many micropores are connected to each macropore; the poly-
electrolyte is assumed to be located at the mouth of the micropore.

Environmental Science: Water Research & TechnologyPaper

Pu
bl

is
he

d 
on

 2
2 

 2
01

9.
 D

ow
nl

oa
de

d 
by

 F
ai

l O
pe

n 
on

 2
3.

07
.2

02
5 

10
:3

3:
23

. 
View Article Online

https://doi.org/10.1039/c9ew00049f


Environ. Sci.: Water Res. Technol., 2019, 5, 873–883 | 875This journal is © The Royal Society of Chemistry 2019

flowing in the upward direction in such a way that for subcell

i = 1, the concentration of ionic species j, cj,*1, is higher than

that for subcell 2, cj,*2 , because of ion accumulation in the

EDLs of the micropores connected to the macropores in that
subcell. The exit concentration will correspond to that at the
last compartment, i = N. The differences between two subse-
quent cells correspond to the migration of ions to micro-
pores. Hence, in each of them, a continuity equation for the

concentrations c ij,* of each ionic species j at macropores can

be established:

L L p
c
t

J
A

c ci
i i isp e M

j,
M m
j v

sub
j, j,

d
d

       2 1, **
* 

(1)

where
•Lsp is the spacer thickness, i.e., the average distance be-

tween the opposing electrodes.
•Le is the electrode thickness.
•pM is the fraction of pore volume corresponding to

macropores.
•Jji,M→m stands for the flow of ion species j from the

macropore to the micropore in subcell i.
•ϕv is the pumping flow rate.
•Asub is the projected area of each electrode.
Eqn (1) expresses that the number of moles of type j ions

per unit volume of subcell i changes with time because ions
move from the macropores to the micropores (disappearing
from the subcell if Jji,M→m is positive), or because they are
pumped to or from neighboring cells (the ions are pumped

in the subcell at a rate of c ij, 1* (mol m−3) × ϕv (m3 s−1) and

they leave from it at c ij,* × ϕv). The flow from macro- to

micro-pores results in charge accumulation; for example, in
the cathode, there will be an accumulation of sodium and
magnesium ions due to the flow towards the micropores,
while chloride ions leave them:

L
t
p F J J Ji i i ie m m, M m

Na
M m
Cl

M m
Mgd

d
       , , ,2 (2)

where F is the Faraday constant, pm is the micropore porosity
fraction, and ρm,i indicates the volume charge density in the
micropores at subcell i. This equation expresses that the
micropores acquire charge thanks to the fluxes of ions from
the macropores. But the accumulation of ions cannot pro-
ceed without limits; neglecting the diffusive transport, the
fluxes are controlled by the potential difference between
micro- and macropores, ΔΨtr,i, in turn given by the applied
potential difference between the electrodes, Vext, and the EDL
potential, including both Stern and diffuse components:

Jji,M→m = −zjDjc
SE
j,i Leff

−1ΔΨtr,i

ΔΨtr,i = Vext/2 − (ΔΨSt,i + ΔΨd,i) (3)

The modified Donnan (mD) model is often considered as
valid to solve the EDL structure in micropores, as the strong
EDL overlap from opposite walls suggests that both the elec-
tric potential and the ionic concentration are roughly con-
stant inside the micropores. According to this model, the
Stern and diffuse potentials are given by:

  

   




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m,

St B

m, j j,
j

j d, B
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i

i i i

C k T

z Fc z e k T



 exp*
(4)

where CSt is the Stern capacitance per unit volume, and both
potentials are made dimensionless by the thermal voltage
kBT/e.

2.2. Consideration of the polyelectrolyte layers

Note that in eqn (3), the soft polyelectrolyte layer determines
the concentration of each species at the micropore entrance,

hence the factor cSEj,i , which should not be confused with C ij,* .

In fact, a given ionic concentration at the macropore will deter-
mine another one at the soft layer. This fact leads us to con-
sider the potential and ionic profiles in the double layer sur-
rounding the polyelectrolyte (Fig. 2), by solving the Poisson–
Boltzmann equation for a polyelectrolyte charge density equal
to ρpol subject to suitable boundary conditions, as detailed in
ref. 41 and 54. From the solution of these equations, it is possi-
ble to find the concentration of each ion j in subcell i, inside
the polyelectrolyte layer. These data will be used as inputs for
the time evolution problem through eqn (3).37 The equations
are as follows:

Fig. 2 Counterion concentration profiles close to a negative
macropore surface, both inside the region occupied by the
polyelectrolyte and outside it, for pure NaCl 10 mM solution, and for a
mixed solution of 5 mM NaCl + 5 mM MgCl2. Charge density of the
polyelectrolyte: −3 × 106 C m−3.
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2.3. Predictions

Fig. 2 shows the concentration profiles in the anionic poly-
electrolyte layer for the three ions considered, and for either
a pure 10 mM NaCl or a mixed NaCl (5 mM) and MgCl2 (5
mM) solution in contact with the polyelectrolyte-coated
macropore surface. Note that in all cases, the counterion con-
centrations are almost constant in the region occupied by the
polymer, provided that the thickness of this layer is much
larger than the Debye length, as it is usually the case.

The electrostatic interactions (we are not considering here
the effect of ion size) between the charged chains and the
ions provoke that the divalent ions are more concentrated
than the monovalent ones if both are equally concentrated in
the bulk. Thus the presence of magnesium renders the con-
centration of sodium almost negligible. Because the concen-
tration in the region occupied by the polymer coating (the
mouth of micropores) determines the ionic flows from
macropore to micropore, these results are very important in
understanding the role of soft electrodes; the flux of counter-
ions will be favored and that of co-ions will be (almost)
blocked and, what is more important in this work, the pres-
ence of divalent ions will affect the adsorption of the mono-
valent ions in solution.

With this kind of result, it is possible to find the ionic pro-

files in the spacer channel, c ij,* , for each subcell i as a func-

tion of time assuming that a solution at a fixed concentration
is continuously pumped along the channel. As an example,
Fig. 3 displays such profiles for the simplest case of a 20 mM
NaCl solution and the parameters indicated. Note that the
concentration at the uppermost subcell corresponds to the
exit concentration, and hence is a measure of the evolution
of desalination.

From Fig. 3, it is possible to understand the operation
mode of a desalination cell according to the theoretical
model. At the input, the cell receives at any time a solution at
a given concentration to be desalinated. As the solution flows
through the cell, it is purified, decreasing its concentration,
as can be observed for the upper subcells.

It is also of interest to consider the concentration profiles
in the case of pure MgCl2, and, more importantly, of mixtures
of equal concentrations of NaCl and MgCl2. Fig. 4a demon-
strates that they are qualitatively similar for both counter-
ions, although the double valence of Mg2+ screens the surface
charge with lower concentration than in the case of sodium
ions. Furthermore, the slightly faster diffusion of magnesium
results in maximum deionization in a shorter time. In the
case of mixtures (Fig. 4b), the stronger electrostatic interac-

tions between magnesium ions and the cathode retain larger
amounts of the former in the pores and the soft layer, thus
resulting in lower deionization than in sodium salt. For these
systems, the kinetics remains basically unaltered, although
the competition between both ions leads to very significant
alterations of the time profiles; the presence of magnesium
reduces the adsorption of sodium, and the amount of the lat-
ter in the exit solution is always higher than that of magne-
sium. The explanation of this behavior is shown in Fig. 2; the
presence of the soft layer favors the flow of Mg2+ with respect
to Na+ in the case of the mixed solution, and hence the
micropores will be filled preferably with divalent ions. This is
the fast ion and is transported in a shorter time towards the
polyelectrolyte shell, leaving sodium behind.

3. Materials and methods
3.1. Materials

The carbon used for building the electrodes is denominated
as SR-51, and was manufactured by MAST Carbon Interna-
tional, Ltd. Its total pore volume amounts to 0.67 cm3 g−1,
with a specific surface area of 959 m2 g−1. The polyelectrolytes
employed are PSS (anionic, MW 200 kg mol−1) and PDADMAC
(cationic, 100 kg mol−1), both from Sigma-Aldrich (USA).

3.2. Methods

The carbon films were produced following standard
methods;37 a suspension was first prepared containing 3 g of
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Fig. 3 Na+ concentration profile (20 mM input concentration) as a
function of time for different subcells in the spacer channel. “Cell
number” indicates the number of subcell (i = 1, …, N) where 1
corresponds to the inlet of the cell and 10 to its exit. The color code
indicates mM concentration.
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activated carbon and 10 g of a 33 g L−1 solution of
poly(vinylidene-fluoride) (PVDF, manufactured by Arkema,
USA) in 1-methyl 2-pyrrolidone (Sigma Aldrich) as the binder.
This was heated to 60 °C and sonicated for one hour in a ther-
mostatic bath. The resulting slurry was spread on the graphite
collector (rectangular, 10 × 5 cm2 dimensions, Fig. 5) leaving a
0.2 mm layer, and this was dried at 60 °C overnight. The
resulting layers were converted into “soft” electrodes by the
simple procedure of keeping them in 500 mL of a 100 mM (on
a monomer basis) solution of the corresponding polyelectrolyte
for 24 h under constant stirring. Stability of the coating was in-
directly demonstrated by the reproducibility of the deionization
cycles after about 100 repetitions. More direct evidence was
obtained by measuring the total organic content (TOC) of a so-
lution after 100 passes through the inter-electrode space. A
Skalar Formacs TOC/TN analyzer (the Netherlands) was used
for this purpose. This must be considered in comparison with
the estimated amount of polyelectrolyte adsorption on the car-
bon electrodes. Using the results published by Matsui et al.55

regarding PSS adsorption on activated carbon, we can estimate
that for the solution in contact with the electrodes (containing

8 g PDADMAC), the adsorbed amount is 204 mg PSS per g of
carbon. In our case, the mass of carbon is 0.34 g per electrode.
This means that the adsorbed polymer amount will be 69 mg.
According to the analysis, the amount of polymer desorbed is
0.169 mg from each electrode, representing just 0.2% loss of
polyelectrolyte. We assume that the behavior is symmetric, al-
though we have no explicit data on PDADMAC. It can be
expected that this cationic polymer will be even more strongly
adsorbed on the negative bare carbon surface.

In a typical example of operation, the incoming solution is
pumped from the bottom to the upper part of the cell with
open-circuit electrodes for 30 minutes. After this time, an ad-
sorption step begins by connecting the electrodes to an exter-
nal power source (constant potential, 900 mV) while the con-
ductivity and current are recorded with a 520413-Sensor
Cassy data acquisition unit (Leybold, Germany). A 529670-
conductivity and temperature probe, also from Leybold, is
connected just at the exit of the cell recording in this way the
solution conductivity during CDI cycles. When the current
goes to zero and the conductivity remains constant, the
power source is reversed, the desorption cycle starts, and the

Fig. 4 Sodium and magnesium concentrations at the exit of the cell as a function of time, for solutions containing (a) 10 mM NaCl or MgCl2, and
(b) mixtures of equal volumes of both solutions (5 mM NaCl + 5 mM MgCl2).

Fig. 5 The layout of the desalination procedure and the deionization cell used in the present work.
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process is continued until a stable response is obtained. The
cycles are repeated several times but, for the sake of simplic-
ity, only one of them will be presented in the Results section.
It must be mentioned, though, that the deionization behav-
iour was found repeatable for over one hundred cycles,
confirming the stable attachment of the polyelectrolytes to
the electrodes.

In the case of single salts, it is usual and straightforward
to obtain the salt concentration from the conductivity vs.
time curves (as given in Fig. 6). When mixed electrolytes are
subject to deionization, the raw conductivity data cannot pro-
vide enough information in order to identify which ions are
actually present in solution. This can be achieved by measur-
ing the concentration of each of the cations, Na+ or Mg2+,
separating a few millilitres from the exit of the cell at differ-
ent times during the cycle. These samples were analyzed by
means of ion chromatography (940 Professional IC Vario,
Metrohm, Switzerland) for anionic and cationic analysis, with
a precision of 1 μg L−1. For comparison purposes, all concen-

tration data (including those of single salt solutions) were
obtained using the latter method.

4. Results and discussion
4.1. Pure NaCl and MgCl2 solutions

Fig. 6 shows a typical series of desalination/regeneration cy-
cles corresponding in this case to pure 10 mM NaCl and 10
mM MgCl2. The current peaks coincide with those of conduc-
tivity changes, and the whole processes of adsorption and de-
sorption take roughly five minutes each. The first part of the
cycle is associated with the adsorption step, where the ions
move to the electrodes decreasing the solution conductivity.
However, as fresh solution is being continuously pumped
and the EDLs of the micropores are full, the ion migration
stops when the potential decay in the EDL (including the
Stern layer) compensates for Vext (eqn 3) bringing about a de-
cline of the current to zero, and a return of the conductivity
to the value of the feed solution. The second part is the

Fig. 6 Typical evolution of the conductivity (left axis) and current (right axis) in the CDI experiment. Applied voltage: 900 mV. The desorption
cycle is performed under reverse conditions (opposite voltage polarity). Incoming solutions: 10 mM NaCl (upper left panel) and 10 mM MgCl2
(upper right). Bottom: Relative concentrations of magnesium and sodium ions obtained from ion chromatography, for 10 mM NaCl and 10 mM
MgCl2. The points correspond to those in Fig. 8 and 9 (data taken every 40 s).
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desorption step. Here, an opposite voltage depletes the
micropore giving rise to a current in the opposite direction. A
very important point is that ions leaving one electrode will
not move to the opposite one because the polyelectrolyte
layer blocks them. For this reason, as in the case of mem-
brane-CDI, and in contrast to bare-carbon CDI, a single con-
ductivity peak is observed during each polarity of the applied
voltage.32,37

As a quantitative measure of the deionization efficiency is
achieved, the salt adsorption capacity, SAC, is used in the
field. This quantity is defined as:43,56

SAC dsalt

elec
out in v

ads
  
M
m

c c t
t

0
 (6)

where Msalt is the molecular weight of the salt, melec is the
mass of both electrodes, tads is the duration of the adsorption
step of the cycle, and cout (cin) is the concentration of the out-
going (ingoing) solution. Since we have determined by ion
chromatography (IC) the concentrations of each type of ion
at different stages of the adsorption curves, SAC was obtained
in all cases by calculating the concentration in solution after
B-spline interpolation of the IC results.

Another key parameter for evaluating the CDI performance
is charge efficiency, ε, which measures how many ion charges
are adsorbed for each electron transferred from one electrode
to the other. This can be calculated as:



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 
 




zF
c c t

I t t

t

t
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d

ads

ads

0

0

(7)

F is the Faraday constant, z is the valence of the ionic species,
and IĲt) is the current measured as a function of time.

4.2. Desalination of mixed solutions

For the purpose of comparing the experimental results with
those obtained from the theory, it is necessary to measure
the amount of the single ionic species during the adsorption
step. Solutions with different Na+/Mg2+ molar ratios (25%,
50%, and 75%) were prepared in order to explore the recipro-
cal influence of each of them on their storage in the EDL.
The results corresponding to 50% mixed solutions, 5 mM
NaCl and 5 mM MgCl2, are exemplified by the data in Fig. 7;
the conductivity as a function of time shows an intermediate
trend between those of the pure solutions (comparison of the
characteristic times of the cycles shown in Fig. 6 and 7). The
differences between MgCl2 and NaCl solutions are mainly re-
lated to the dynamics of ion adsorption, which was also pre-
dicted by the theoretical model (Fig. 4a). The relative ionic
concentrations of sodium and magnesium ions for pure solu-
tions of NaCl and MgCl2 change when the solutions are
mixed at the same ratio; while magnesium ions are less
adsorbed than sodium when pure 10 mM solutions are used,
in the case of mixed solutions, the same behavior of theoreti-
cal predictions (Fig. 4) is observed; the divalent ions are pref-
erably adsorbed compared to the monovalent ones.

The concentrations of the respective cations at different
stages of the deionization cycles are represented in Fig. 8 and
9. As observed, the shape of the conductivity trends (left
panels of Fig. 8 and 9) approaches those obtained for pure
sodium chloride or magnesium chloride (Fig. 6), according to
the amount of the most abundant cation. The experimental
data obtained from ion chromatography (right panels of
Fig. 8 and 9) show that each ionic species follows a time evo-
lution trend parallel to that of conductivity. There is almost
no time lag between them, in good agreement with the theo-
retical predictions (Fig. 4b).

On the other hand, we can observe that Mg2+ dominates
even in the case that sodium chloride is 75% in solution
(Fig. 9), that is, the divalent ions seem to hinder sodium trans-
port, a behavior that agrees very well with the predictions of

Fig. 7 Same as Fig. 6, but for mixed NaCl and MgCl2 solutions, 5 mM each.
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the model detailed above. If we look back at Fig. 2, it is possible
to recognize that the concentration of divalent ions at the en-
trance of micropores is higher than that of the monovalent
ones, and hence it can be said that they are preferably trans-
ported towards the EDL, leaving the solution.

The calculations of SAC and ε for both the single salt and
the mixed solutions are included in Table 1. Note that the pres-
ence of the divalent Mg2+ ion reduces both quantities, as the
higher charge can neutralize the interfacial charge with a
smaller amount of counterions, thus decreasing the SAC. Re-
garding the reduction in efficiency, the larger size of these ions
hinders their approach to the pore wall, leaving them at a com-
paratively large distance from it, less strongly attached to the
wall. The same arguments apply to the mixed solutions; Mg2+

makes it difficult for Na+ to get adsorbed.57,58 As a result, both
SAC and ε decrease. In this case, our model calculations (Fig. 2
and 4) already predicted the selectivity of the polyelectrolyte
layer for the divalent cations over the monovalent ones.

According to Table 1, the charge efficiency reaches values
close to 0.7 for solutions predominantly containing NaCl,
and 0.4–0.5 for those with higher MgCl2 concentration. We
may wonder whether, as in the case of MCDI, the presence of

the polyelectrolyte layers avoid the occurrence of Faradaic re-
actions. The data published by Tang et al.59 show that the ef-
ficiency increases from CDI to MCDI, mainly due to co-ion
expulsion and partly to the avoidance of Faradaic processes.
In our case, such a study was reported in a previous work,37

where we found that at 0.9 V and 20 mM NaCl, the charge ef-
ficiency increased from 0.65 to 0.99, confirming the improve-
ment associated with the coating. Based on these data, we
can conclude that, with 900 mV used for charging, the role of
Faradaic reactions appears to be negligible also for soft
electrodes. Confirmation of this fact was obtained by pH de-
termination of input (pH 6.2) and exit solutions (pH 5.2) dur-
ing the deionization stage.

Fig. 8 Conductivity (relative to its initial value) vs. time and respective Na+ and Mg2+ concentrations. Initial solution: 2.5 mM NaCl + 7.5 mM
MgCl2.

Fig. 9 Same as Fig. 8, but for solutions initially containing: 7.5 mM NaCl + 2.5 mM MgCl2.

Table 1 Specific adsorption capacity and charge efficiency for the solu-
tions indicated

Solution SAC (mg g−1) ε

NaCl 10 mM 3.4 0.66
MgCl2 10 mM 1.14 0.40
NaCl 5 mM + MgCl2 5 mM 0.18 (Na+) + 0.96 (Mg2+) 0.53
NaCl 2.5 mM+ MgCl2 7.5 mM 0.39 (Na+) + 0.59 (Mg2+) 0.43
NaCl 7.5 mM + MgCl2 2.5 mM 0.93 (Na+) + 0.62 (Mg2+) 0.72
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5. Conclusions

A theory for soft electrodes as deionizing tools in CDI has
been developed in this paper to consider ionic solutions
containing ions of arbitrary valence. In particular, we have fo-
cused on the effect of the presence of magnesium in solu-
tion. We find that the latter ion is transported faster than so-
dium, and most importantly, when present in the solution,
dominates to a large extent in the deionization process, leav-
ing sodium almost unaltered in solution. The larger abun-
dance of divalent counterions in the soft polyelectrolyte layer
accounts for this fact. Experimental results confirm these pre-
dictions: the deionization kinetics is faster in solutions
containing magnesium, and even tiny amounts of this cation
hinder the removal of sodium to a large extent.
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