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Recently, the need for obtaining, reusing, or purifying water has become a crucial issue. The capacitive
deionization (CDI) method, which is based on the electric double layer (EDL) concept, can be applied to
ion adsorption from an aqueous solution. This process is carried out by applying a potential difference
to highly porous electrodes while pumping salty solution between them, partially removing the ions
present in the solution and keeping them in the surface of the electrodes. The use of coated carbon
electrodes with one polyelectrolyte layer, turning them into “soft electrodes” (SEs), has been proved to
improve the efficiency of the system with respect to its original configuration. In this work, we
investigate the effect on the ion adsorption and the efficiency of the process when implementing the
coating technique known as layer-by-layer (LbL) on the electrode. This consists in successively coating
the electrode surfaces with polyelectrolyte layers, alternating their charge polarity in each step. We
tested the effect of the number of layers deposited, as well as the impact of this technique by using
different carbons. We found that the second polyelectrolyte layer adheres more than the first layer,
serving as a support or seed when it is not dense and uniformly distributed. In contrast, if the first layer
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is well adhered, a third layer is needed to observe improvements in adsorption and process efficiency.
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1. Introduction

Methods for non-consumable-water treatment have been studied
for years now. Following this line, and based on the “electro-
chemical demineralization of water” proposed by Blair, Murphy
et al' capacitive deionization (CDI) emerges as a renewable
alternative to traditional methods® at a functional level with
low energetic costs. This technique is based on electric double
layer (EDL) properties®™ to partially remove ions from a saline
solution being pumped between a couple of highly porous
electrodes facing each other when applying a potential difference
between them. With the application of this potential difference,
ions migrate to their oppositely charged electrode, contributing
to the EDL formation on the interface until the electrode surface
charge is completely screened. The EDL has the typical storage
properties of a capacitor, and its capacitance will be higher the
larger the usable interfacial area between the solution and the
electrode. It is then necessary to use materials such as activated
carbon for the electrode surface, due to its high conductivity and
specific surface area (high porosity): its large number of pores
act as microscopic channels for ion storage. This desalination
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The adsorption of the polymer layers depends in any instance on the porosity of the carbon.

process has been found to be optimum when desalinating
solutions up to 10 g L.

In the search for an improvement of this method, promising
results in desalination have been found by coating the carbon
electrodes with polyelectrolyte (PE) layers, turning them into
so-called “soft electrodes” (SE). These PE layers are chosen to
have a positive (negative) charge density when adhered to the
positively (negatively) charged electrode surface, favoring the
counterion transport and blocking the coion one from entering
or exiting the EDL.>® This method is similar to “membrane
assisted-CDI” (MCDI)” ™ although with a lower overall perfor-
mance, but with the advantage of a lower economic cost and
ease of preparation. Furthermore, considering that the PE
coating does not add to the system a higher internal resistance,
setting up this technique is a more than plausible approach.

One of the reasons why SE has a lower performance than
MCDI is that the polymer charge density is small compared to
that of an ion exchange membrane. Besides, the coating is not
uniform in the sense that not all the surface of the macropores
is lined with the polymer. For that reason, in the present work,
the use of SEs has been approached with the application of PE
multilayers and the consideration of its impact on ion transport
and adsorption. This multiple coating technique is known as
Layer-by-Layer (LbL),"® widely used due to its simple applica-
tion:"™"? PE layers are successively deposited onto the desired
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Fig. 1 Scheme of the electrodes coated with two polyelectrolyte layers.

surface while alternating their charge polarity. This work has
been experimentally addressed to prepare these LbL-coated
carbon electrodes for CDI use (a scheme of the LbL-electrodes
is shown in Fig. 1). On the other hand, a theoretical model has
been proposed to bring light to the ion transport behavior while
using these electrode configurations with multiple PE layers.
The coating is strongly dependent on the size and porosity of
the macropores, which is where the PE chains are deposited.
Two different activated carbons have been used as a base of the
electrodes, in order to study possible differences in coating and
adherence of the PE layers depending on the characteristics of
the carbon used, such as its specific surface area, electrical
resistance, and porosity.

2. Experimental

2.1. Materials

For the experimental work, 10 mM Nacl (Sigma-Aldrich, Darm-
stadt, Germany) solutions were prepared. The water used was
previously deionized and filtered with a Milli-Q Academic
System (Millipore, Molsheim, France).

The carbon particles employed for the preparation of the
electrodes were SR23 (MAST Carbon International Ltd, UK) and

View Article Online

PCCP

YP-80F (Kuraray Co. Ltd, Japan), which are ideal for this
work due to their huge available surface area (Ssraz =
959 m® g '; Sypgor = 2271 m”> g ') for ion adsorption
and storage. The pore size distribution is 7 nm for the SR23
carbon,’ and 1 nm for the YP-80F as specified by the manu-
facturer. Black carbon (Alfa Aesar, Termo Fisher, Germany) has
also been used in small quantities to boost the electrical
conductivity of the electrodes.*

In order to prepare the polyelectrolyte coatings, aqueous
solutions of poly(diallyldimethyl-ammonium chloride) (PDAD-
MAC, with a molecular weight of 200 000 g mol ™", cationic) and
poly(sodium 4-styrenesulfonate) (PSS, molecular weight of
100000 g mol*, anionic) were prepared. Both polymers were
purchased from Sigma-Aldrich.

2.2. Setup

The experimental setup was based on two planar electrodes,
facing each other at a distance of 500 pm by a nylon spacer.
Each of these electrodes was formed by a 10 cm long and
5 cm wide graphite plate used as a current collector, onto which
the activated carbon was deposited (see Fig. 2). The carbon on the
electrode was previously prepared as a mixture of the given
activated carbon powder and black carbon (5% black carbon;
95% activated carbon), and a 33 g L™ solution of poly(vinylidene-
fluoride) (PVDF, manufactured by Arkema, Colombes, France, as
Kynar HSV 900, with a molecular weight of approximately
1000000) in 1-methyl 2-pyrrolidone (Sigma Aldrich). For the
SR23 activated carbon, 3 g of the SR23 + black carbon were mixed
with 10 g of PVDF. In the case of YP-80F activated carbon, 3 g of
the YP-80F + black carbon and 12 g of PVDF were mixed. The final
carbon suspension was deposited onto the graphite collector as a
500 pm layer using the doctor blade technique, and dried at 60 °C
for 24 h.

The polymeric coating of the electrodes was carried out by
immersing them in a 200 mM aqueous solution of the corres-
ponding polyelectrolyte (PDADMAC for the positive electrode,
PSS for the negative electrode) for 6 h under constant magnetic

Fig. 2 Left: Picture of the working cell, where the planar electrodes facing each other can be observed. At the lower left side of the cell, the solution inlet
can be appreciated, as well as the outlet at the upper right side of the cell. Right: Photography of the complete circuit at work. The solution is pumped
from the vessel to the cell, and the outlet solution is measured with the probe, which can be seen at the upper right side.
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stirring. In order to carry out the Layer-by-Layer process, both
electrodes were immersed alternately into the polyelectrolyte
solution with opposite charge density, favoring its adherence
via electrostatic interactions. Electrophoretic mobilities were
measured in each step in order to check whether the coating
was done correctly. In addition, diameters of 400 + 120 nm for
the YP-80F bare carbon particles compared to diameters of
640 =+ 130 nm and 460 £ 100 nm for the PDADMAC-coated and
PSS-coated ones, respectively, show a slight increase due to the
coatings. Note that the uncertainty in the measurements comes
from the polydispersity of the carbon particles.

Once the electrodes were prepared, the measurement cell
was set up as described above. The desalination process took
place by pumping the saline solution through the cell from a
5 L container. The cell is connected to an Iviumstat.h (Ivium,
The Netherlands) potentiostat working at constant voltage.
Changes in conductivity and temperature were measured at
the exit of the cell with a 529670 probe (Leybold, Dresden,
Germany) and continuously read by a Leybold 524D10 Cassy
Lab interface. The exit solution was returned to the original
container, which was large enough to keep the inlet conductiv-
ity appreciably constant during successive working cycles
(Fig. 2).

Each CDI cycle involves two steps: in the adsorption one, the
electrodes are powered by applying a constant voltage (1.2 V)
from the source, which drives ions from the solution flow to the
macropores of the electrode with opposite charge, decreasing
the measured conductivity. During the desorption step, the
stored ions are released to the main solution flow, allowing the
carbon pores to become empty for the following adsorption
step. Desorption was carried out by externally short-circuiting
the electrodes (Zero-Voltage, ZV, condition), draining the pores,
and returning the ions to the solution, which was detected as
an increase in the on-line conductivity sensor.

From the conductivity values, the concentration difference is
calculated via the relationship:

K — NAGZC(DNa + Dq1) )
kgT

where K is the conductivity, ¢ is the common ion concentration

in the solution, and Dy, and D¢ are the diffusion coefficients of

the ions (1.33 x 10° m” s~ for Na* and 2.03 x 10~ ° m* s~ " for

ClI7). T'is the system temperature, kg is the Boltzmann constant,

and N, is the Avogadro number.

3. Results and discussion

3.1. SR23 carbon electrodes

3.1.1. Bare carbon electrodes and soft electrodes: first layer
effect. As described above, removing ions from the solution
translates into a decrease in the conductivity until the charge
on the electrodes is screened by the EDL. Since the solution is
constantly pumped in these experiences, the conductivity
returns to the feed solution value after reaching its minimum
value. Hence, the larger the area under the curve conductivity/

9484 | Phys. Chem. Chem. Phys., 2023, 25, 9482-9491

View Article Online

Paper
SR23
0,0
—~ -0,14
=
g -02-
=
< -0,34
s " fv"uf
.I\A V
Ué -0,4 - 2 layers
-0,5
'0,6 T T T T T T
0 50 100 150 200 250
t(s)
Fig. 3 lon concentration difference measured at the cell outlet in adsorp-

tion stages for bare carbon electrodes (black), and coated carbon electro-
des with one (red), two (green) and three (purple) PE layers, using the LbL
technique on SR23 carbon electrodes.

concentration difference vs. time in the adsorption stage, the
larger the number of ions removed.

The CDI process using SEs has been studied previously,
with promising results over both those obtained with the
standard CDI technique and with membrane-assisted CDI.
The coating of SR23 with the first layer of polymer (Fig. 3)
provokes a slightly lower saline concentration difference
compared with that obtained using the bare carbon. The
similarities between these curves can be explained by consider-
ing that the effectiveness of the coating depends on the poly-
electrolyte layer charge density and thickness.

For this reason, the surface composition of the coated
carbons has been analyzed by using EDX (Energy Dispersive
X-rays) spectroscopy. The sample was prepared via lyophiliza-
tion and transversally cut in order to be able to observe how
much the polymer has penetrated into the carbon pores. Fig. 4
shows the carbon sample, as well as the presence of sulfur and
sodium ions as indicators for the PSS layer.

As shown in Fig. 4, the first polyelectrolyte coating is not
uniform along the entire carbon sample, reducing the perfor-
mance of the layer in salt adsorption. However, it indeed

6,9,15

: AR
Fig. 4 EDX images of the SR23 carbon coated with a PSS layer. Image
colors correspond to carbon (blue), and the specific ions of the polymer:
sodium (yellow) and sulfur (red). Left: Only carbon is colored. Right: PSS
marked by sodium and sulfur color codes.
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improves the efficiency of the process as we will see in Section
3.3. It can be appreciated that not all the carbon is coated and
that some of the carbon surface is covered as a whole without
penetration of the polyelectrolyte in the inner region of the
macropores. This image confirms our assumptions and supports
the decision to add another layer with opposite polarity whose
adhesion will be favored by the presence of the first layer.

3.1.2. Coating effect: multiple layers. The presence of the
second layer gives way to an eye-catching phenomenon. As the
charge of the first layer has the same polarity as the electrode
that it is deposited on, the second layer polarity is then contrary
to the electrode. In this configuration, which we called “opposite
polarity” in Fig. 5, the ion adsorption is strongly blocked. We
hence checked the effect of switching the polarity of the electro-
des, so that the electrode polarity and the sign of the last
deposited polymeric layer are identical, a situation that we label
“Identical Polarity” in Fig. 5. As observed, ion adsorption is
promoted in this configuration, as shown by the notable adsorp-
tion cycles; the changes in conductivity measured lead to an
enclosed area under the curve which is 4.4 times bigger than the
one obtained for the “opposite polarity” configuration.

A third layer was also deposited using the LbL technique,
and measurements were made by connecting the electrodes
with the same polarity as the charge sign of the last deposited
layer. Fig. 3 shows the adsorption stages for the multilayer-
electrode configurations, and the electrode polarities are kept
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Fig. 5 Top: Scheme of the electrode configuration in “Opposite polarity”
(the electrode polarity is opposite to that of the sign of the outer layer; left
picture), and the “Identical polarity” (the signs of the electrode and outer
layer charges are the same). Bottom: Relative conductivity at the cell outlet
(black) and current intensity (orange) measured in the process of charge
polarity change.
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equal in sign as their last layers for each measurement. As
observed, the addition of the third layer does not produce any
improvement over the bare electrodes; this adsorption loss
might be due to the similarities this configuration has with
respect to the electrodes with only one layer (SE). In contrast,
the major improvement in adsorption can be appreciated when
coating the electrodes with two layers, with a peak that is
almost twice that obtained with bare electrodes.

These results suggest that the first polyelectrolyte layer
partially penetrates the macropores, which does not seem to
be improving the performance of the system. Nonetheless,
although this first polymeric layer was not evenly adhered or
dense on the macropores, it acts as a support for the second
layer to strongly adhere to the previous one. Therefore, the first
coating of the electrodes was not completely efficient but serves
as a seed so that the second layer does adhere optimally.

3.2 YP-80F carbon electrodes

3.2.1 Bare carbon electrodes and soft electrodes: first layer
effect. For the YP-80F carbon electrodes, as shown in Fig. 6, we
observe a notable improvement in adsorption when using SEs over
bare carbon ones, reaching peaks in ion concentration differences
that are almost twice those obtained with the initial electrode
configuration, and the area under the curve is significantly higher,
which will be shown in the calculated salt adsorption capacity.

This positive impact of the first PE layer might be explained
because of a better adherence of this first polymeric layer onto the
electrode surface, unlike the observations for the previously stu-
died carbon. Intrinsic carbon properties could be the reason for
this main difference when coating the electrodes, as the larger
specific surface area of this carbon will favour a better adherence
being expected for the layer. This matches the data available for
both carbons used: the first PE layer seems to be more evenly
deposited for the YP-80F carbon, whose specific area, 2271 m® g ",
is more than twice that of SR23. The macropore/micropore size

YP-80F
0,0 ;
! ,’rYn'lY;'f'Nw\’"'\‘
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U§ -0/3 7
1
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Q
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Fig. 6 lon concentration difference measured at the cell outlet in adsorp-

tion stages for bare carbon electrodes (black), and carbon electrodes
coated with one (red), two (green) and three (purple) PE layers, using the
LbL technique on YP-80F carbon electrodes.
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distribution also plays an important role, as smaller micropores
(1 nm in the case of YP-80F, and 6-7 nm for SR23) are less
accessible for the PE layer to penetrate them, whereas wider
macropores are easily lined by the polymer. Our results indicate
that the YP-80F carbon surface would seem even and continuous
to the polymer coating, favoring its adherence.

3.2.2. Coating effect: multiple layers. In order to obtain the
best possible result in each case, every measurement is carried
out under the same conditions as the previously studied
carbon, that is, keeping each electrode polarity equal in sign
to the charge density of the last PE layer deposited. The
application of a second layer on the YP-80F carbon electrodes
gives way to a completely different behaviour than the one
observed in the previously studied carbon: the peak in the
adsorption curve turns out to be smaller than that obtained for
the one-layer configuration, and so will be the area under the
curve (see Fig. 6). As mentioned above, we can suppose that its
micropores are open to larger macropores, which would give an
explanation for the uniform deposition of the first PE layer on
the electrode surface. This gives rise to an improvement in
adsorption, but also would allow the second layer to adhere to
the previous one with a similar but opposite charge density.
Both layers would counteract each other, neither favoring nor
blocking (as compared to bare carbon) the global ion flux
between the feed solution and the micropores.

The application of a third layer gives way to an adsorption
peak that is similar to that corresponding to the one-layer
configuration, with a notable increase in the area under the
adsorption curve, improving the performance of adsorption.

3.3. Efficiency, salt adsorption and consumed energy

To quantify the performance of each electrode configuration in
CDI processes, three main parameters were calculated: the
specific adsorption coefficient (SAC), the charge efficiency and
the energy per ion consumed in the process.'®

The specific adsorption coefficient, SAC, expresses the ratio
of grams of ions adsorbed per gram of electrode:

Msal
—nN

Melect

SAC = @)

where My, is the molar mass of the saline component, Mmejec iS
the dry electrode mass, and 7 is the total number of adsorbed
salt moles. This latter parameter was calculated as:

"= L“ds(com(z) — ) dt 3)

where ¢, is the pumping velocity of the solution through the
cell, and ¢,45 is the duration time of the adsorption stage.

The charge efficiency of the system, 4, was calculated as the
ratio between the total number of adsorbed salt moles and the
charge transferred between the electrodes in the same amount of
time. Therefore, when an ion is retired per charge unit deposited
on the electrodes, the efficiency will take its maximum value
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Table 1 Obtained values for the charge efficiency, specific adsorption
coefficient (SAC), energy per ion for SR23 carbon electrodes

SR23

Electrode Charge efficiency SAC (mg g7) Energy per
configuration (£0.01) (£0.3) ion (kT)
Bare 0.55 2.2 42 + 4

1 Layer 0.57 2.0 41 £ 4

2 Layers 0.87 3.2 27 £3

3 Layers 0.70 2.2 34 +4

(4 = 1).”" Then:

A= F :)ads(coul(t) - cin)q’vt _ \f:)ﬂds(coul(t) - Cin)(/)vdl
0 oo 1(r)de

(4)

where Q is the charge stored during the adsorption stage, I(t) is
the instantaneous current at a given time, and F = 96487
(C mol ™) is the Faraday constant.

The energy consumed per ion removed from the solution in
the adsorption stage, E, was calculated as:

e 49 VeI (1)dt
2059 (Cour(t) — Cin) @yt

where V. is the external voltage applied to the cell during the
process.

These calculated parameters are shown in Table 1 and
graphically displayed in Fig. 7a for SR23 electrodes, and in
Table 2 and Fig. 7b for YP-80F electrodes. By comparing to a
capacitor, the capacitance C is obtained from exponentially
fitting the adsorption-stage current curve, with a characteristic
time 7 equal to RC, where R is the system resistance. Note that
the PE layers (in pairs) barely affect the system resistance, as
the differences observed amount to less than 1 Q, comparable
with those of the ion exchange membranes.'®"?

For SR23 carbon (Fig. 7a), we observe similar behavior
between the obtained SAC for bare electrodes and SEs (one
layer). However, the calculated charge efficiency is slightly
higher in the coated electrode case. This could be explained
for a first weak or partial layer attached to the surface of carbon
as can be seen in Fig. 4. The use of a second layer gives way to a
notable improvement in the amount of adsorbed ions, reaching
the maximum value of almost 3.5 mg of NaCl removed from the
feed solution for each gram of carbon. This result shows that
the second coating is denser than the first one (and probably
promoted by the presence of the first layer), in the case of SR23
carbon, increasing the capacity of the cell. The efficiency of the
two layer-electrode configuration reaches a remarkable value of
almost 0.9. Finally, application of a third polymer layer brings
about similar results in capacity to the bare carbon electrodes,
but still involves an efficiency improvement over both bare and
soft electrodes.

For YP-80F (Fig. 7b) carbon electrodes, and as expected from
the adsorption curves, the calculated SAC improves in the cases
of one-layer and three-layer configurations, reaching the max-
imum value with the latter, of around 2.3 mg g~ . The adsorp-
tion capacity decline observed in the curve corresponding to

(5)
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Fig. 7 Quantitative results obtained for SR23 (a, orange bars) and YP-80F (b; green) carbon electrodes using 10 mM NaCl as feed aqueous solutions.

Left: Specific adsorption coefficient (SAC). Right: Charge efficiency.

Table 2 Obtained values for the charge efficiency, specific adsorption
coefficient (SAC), and energy per ion for YP-80F carbon electrodes

YP-80F

Electrode Charge Energy per
configuration efficiency SAC (mg g ") ion (kT)
Bare 0.30 £ 0.03 1.6 £ 0.4 78 £7

1 Layer 0.53 £ 0.01 2.1+0.3 44 £ 4

2 Layers 0.37 £ 0.02 1.5 £ 0.3 63 £5

3 Layers 0.68 £ 0.01 2.3 +0.3 34+4

two-layer configuration is also exhibited in the SAC, reaching
the minimum value: 1.5 mg g~ .

Charge efficiency has a similar behaviour and is inverse to
SAC, as the efficiency is higher in the case of YP-80F electrodes
with three polymeric layers, with a value of almost 70%. Despite
the SAC being minimum for the two-layers configuration, its
efficiency value turns out to be slightly higher than the one
obtained with bare carbon electrodes. The minimum efficiency
value is around 30% for bare carbon showing that, despite
having stored a lot of charge, it is not able to remove ions from
the solution main stream as will be seen from the theoretical
predictions.

As mentioned above and displayed in Fig. 7, although the
charge efficiency of the polyelectrolyte-coated electrodes is
increased in all the cases shown over that of bare electrodes,
SAC is improved or reduced depending on whether the use of

This journal is © the Owner Societies 2023

multiple layers favours ion transport or if it blocks it, respec-
tively. Therefore, improvements in the adsorption capacity of
the system have been quantified and such improvements are
found with an even number of polyelectrolyte layers for SR23
carbon electrodes, and an odd number of them for YP-
80F ones.

Finally, the consumed energy (see Tables 1 and 2) yields
opposite trends than the efficiency, as expected: the larger the
energy spent, the lower the efficiency of the system. This
relationship holds as the minimum energy spent takes a value
of around 27 kgT per ion in the two layers-electrode configura-
tions for the SR23 carbon, and a value of around 34 kzT for the
three layers-electrodes in the case of YP-80F.

4. Theoretical predictions

The interface between a coated porous electrode and ionic
solution can be modeled assuming that the polymeric layer
covers the macropore walls, affecting only the ion transport
between these and the micropores (Fig. 8). We consider that the
polymer layer is a region with a certain charge distributed in a
volumetric region that extends from the macropore surface and
it is permeable to the ions.

Two regions have to be considered to determine the electric
potential profile and the ion distribution by solving Poisson’s
equation, namely, the external region, where charge is given
by the ion concentration; and the polymer shell, where the
polymer charge density, ppo1, also has to be taken into account.
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PE at the mouth
of the micropores

of the macropores

Fig. 8 Scheme of the positioning of the PE layer on the electrode surface.
The layer coats the macropore walls, regulating the ion flux to the
micropores.

This is shown in the following equation:

1 N
V2 = e > ziFc; outside the PE layer
0 j=1
(6)

1
VA = ——
680]

3 ziFej — %ppol inside the PE layer

—1 &80

where F is the Faraday constant, ¥ is the electric potential, ¢;
(mol m~? or mM) is the concentration of the j-th ionic species
in the solution, z; is its corresponding valence, and ez, is the
relative permitivity in the outer region. The ion concentration is
given by the Boltzmann distribution:

ziey
¢ = ¢, exp<fk’B—T> ()

where the initial concentration, far from the charged surface, of
ion species j in the solution feed is denoted by ¢; .

The model proposed for a single PE layer can be extended to
several layers by modifying the set of equations (eqn (6)) and
their corresponding boundary conditions (the electric field
satisfies the Gauss law on the solid surface and vanishes far
from this; the electric potential is continuous between successive
polyelectrolyte layers) in order to predict the ion distribution
around the solid surface, and thus deduce the impact of the
multiple coating.

The time response of the ion concentration at the cell outlet
can be predicted. For this, a 1-D model is used (as described by
Tang et al.”® and Biesheuvel et al.>" and modified in ref. 6 and 9)
which only considers one spatial variable along the cell for a
coated electrode with one polymer layer. In this model, the cell is
divided into i subcells (i = 1, ..., M; being M the total number of
subcells) perpendicular to the solution flow so that, for each
ionic species j present in the solution, each subcell has an ion
concentration ¢;;. This subcell concentration suffers changes
due to the ion transport from the previous cell (i — 1), as well
as the ion flux from the macropores to the micropores, and vice
versa, Ji i ma— mi

de:
(Lsp + 2LerA)ﬁ = —JjimA—mi + A(p—vb(cj,i—l —¢i) (8
sul

where L, is the spacer channel length, L. is the thickness of the
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electrodes, pma is the macroporosity, and Ay, is the projected
area of the electrodes for each subcell.

At the same time, the charge density of the micropores, py,; ;,
in contact with the macropores in the i-th subcell varies
according to each ion species flux contribution:

N

= Z zjJj imA—mi 9)

d
_LSE(pmipmiJ) Z

where p,; is the microporosity. The ion flux is given by the
Nernst-Planck equation, assuming that there is only an elec-
trostatic contribution, and no saline concentration gradient
along the macropores (direction perpendicular to the feed
solution flow):*>>*

]j,i,mA—»mi = %DjQ%?LeffilA(j)tr,i (10)

where D; is the diffusion coefficient of each ion species, L is
an effective length which determines the mean electric field
between the electrodes, A¢y,; is the electric potential difference
which generates ion transport, and ¢}y is the ion concentration
inside the polymer layer, which is also the one found at the
entrance of the micropores, and it is calculated by solving
eqn (6), as described above.

The electric potential difference is calculated as the differ-
ence between the external voltage applied to the cell, Vey, and
the potential drop observed along the EDL (including Stern and
diffuse layers). Then:

A¢tr,i = Vext/VT - 2|Al//Stern + Al//dl (11)

where Vy = kgT/e is the thermal voltage. Dimensionless
potential difference values of the Stern and diffuse layers,
AVsern and AV, respectively, are calculated by taking the
modified Donnan model (mD) into account.””**"*® This model
considers a constant Donnan equilibrium for the electric
potential inside the micropore, since the Debye length is
significantly larger than the micropore diameter when working
with typical CDI salt concentrations. For the monovalent elec-
trolyte case (c;; = ¢;):

_pmi‘iF
CsiVr

— sinh ! [ _Pmi
Ayy; = sinh ( 2c,—)

where Cg, is the Stern layer capacitance (per unit volume). As a
boundary condition, pn,;; must be 0 at ¢ = 0. In addition, ¢;,; = ¢;,
at the initial time.

This model must be modified for the multilayer case. The
ion transport and the EDL screening can be modeled as the
charge stage of an RC circuit. Then, the addition of multiple
layers is equivalent to the arrangement of resistors in series,
as the current intensity will take the same value through the
different layers. For the single-layer case, if we compare eqn (10)
to Ohm’s law:

Al//Stern =

(12)

Aqstr‘i
AsubR/

(13)

Jj‘i.,mA—»mi =
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the resistance R; of the monolayer system can be easily
identified:

Legr

R—=——
J
AsuhZ/'DjCi?

(14)

Considering a total number of layers, Njayers, the equivalent
resistance would be the sum of the individual resistances of

each layer, R;; (k =1, ..., Nigyers). Therefore, the ion fluxes and
resistances will be written as follows:
Ay,
JiimAomi = Ttr:
Asub Z R/Zk
k=1 (15)
L .
R_j,k _ eff e
Az Djc;;

The electric potential difference which generates ion transport
is also affected by the potential difference of each polymer
layer, AVy:

Nluyers

Ad)tr,i = CXI/VT - 2|Al//Swm + Alpd' - Z Al//k,i
k=1

(16)

It is supposed that there is no ion accumulation between layers.
Using the constraint that the ion flux through each individual
layer must be equal to the one calculated globally, A¥; ; can be
calculated separately from R; ;:

View Article Online
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AYri = Jiima—miRik

(17)

As the electrodes coated with one and two polymeric layers
seem to offer the most relevant results, the theoretical predic-
tions have been analyzed for these mentioned cases. The
previous equations are solved using the BVP4C numeric routine
from Matlab®.

Fig. 9a and b show the ionic concentration profile near a
positively charged surface, coated with two polymeric layers of
alternate charge polarities, obtained by solving the set of
eqn (6). In Fig. 9 we can observe the formation of the EDL next
to the surface. In cases (a) and (b) there is a coating of two
polymer layers, in such a way that the ionic concentration
increases or decreases with respect to that of the medium,
10 mM, depending on the ion polarity with respect to the
polymer layer charge. Alternatively, Fig. 9¢, without polymer
coatings, shows that the EDL is formed with an excess of
counterions and defect of coions from the medium (10 mM).
The effect of the PE layer is to produce an excess (defect) of
ionic concentration that brings about an increase (reduction) in
the flow of that type of ions, favoring (blocking) their adsorp-
tion (desorption). This enhances the efficiency of the process
because the entry of counterions is promoted to compensate
the surface electric charge, while the exit of coions is prevented.

To simulate the case of the SR23 carbon electrode, based on
EDX images (Fig. 9a and 10a) and the behaviour of the
experimental results, the fitted value of the first layer’s charge
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Fig. 9 Theoretical curves for sodium (blue) and chloride (orange) concentration as a function of the distance to a positively charged electrode
coated with two PE layers. The feed solution is 10 mM NaCl. (@) ppoi1 = 1 x 0% (C M ™); ppoiz = —6 x 108 (C M~3). (b) ppots = 6 x 10%(C M™); pporz = —7 x

108 (C m™). (c) Bare electrode for comparison.
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Fig. 10 Relative conductivity of an adsorption stage calculated from theoretical simulations for one (red) and two (green) polyelectrolyte layers coating
the electrode. In all cases, identical polarity between the electrode and the outermost polymer layer change. (a) The SR23 carbon case by fitting a lower
charge density to the first PE layer. (b) The YP-80F case, fitting approximately the same charge density between two layers.

density was lower than that of the second layer. Since the
charge density of the second layer is higher in this case, the
counterion (Na') transport is highly favoured while the coion
(CI") transport is strongly blocked.

Using these ionic concentration distributions, eqn (8)—-(17)
can be solved to obtain the theoretical predictions of the
dynamic response of the SR23 carbon electrode for one and
two polymeric layers in the adsorption step. In the latter case,
the electrode charge polarity is identical to that of the external
polymer coating (Fig. 5). The predicted relative conductivity
(Fig. 10a) has the same behaviour as the experimental results
(Fig. 3), regarding the increase in salt adsorption with the
addition of the second layer. The model predicts that adding
a second PE layer on top of the first one of lower charge density
and different polarity results in a higher adsorption and
efficiency (Table 1) than the weakly deposited first layer.

To simulate the YP-80F carbon electrode case, the charge
densities of both layers have been assumed to be similar but
with opposite sign. Fig. 10b shows the ionic concentration
profile, with their transport favoured in one of the layers
(where it acts as a counterion) and strongly blocked in the
other one (acting as a coion). As a result, the combination of the
two layers with identical charge densities give way to an
antagonistic effect, which leads to a lower adsorption predicted
at the cell outlet. Note that the theoretical prediction using this
assumption agrees very well with the experimental results
(Fig. 6), showing even a desorptive-like ‘“hump” behaviour
(Fig. 10Db).

5. Conclusions

Capacitive deionization (CDI) is based on the properties of the
electrical double layer of porous electrodes. Properties such as
their overall porosity and their micro/macro-porous distribu-
tion are fundamental in determining the storage capacity for
ion adsorption when applying a potential difference between
two electrodes in contact with a salt solution. The functionali-
zation of the electrodes using polyelectrolyte coatings opens a

9490 | Phys. Chem. Chem. Phys., 2023, 25, 9482-9491

new way to improve the performance of the method and its
capability to implement, in the near future, ion selective
adsorption.”® For both aims, the use of successive layers of
alternating charge signs to reinforce the adsorption or to set
one of the layers to be selective to one of the ionic species is
found to be very interesting. In this work, we found that such
layers improve the adsorption and efficiency, although the
results depend on the internal structures of the porous struc-
ture of the activated carbon.

Surface modification has been studied for two different
activated carbon electrodes, denominated SR23 and YP-80F,
coating them with up to three PE layers using the Layer-by-
Layer (LbL) technique to analyze the impact of the coating and
its dependence on carbon properties such as porosity and
specific surface.

SR23 carbon electrodes present a weak adherence of the first
PE layer, although this favours the coating of the following
layer, with an opposite charge density polarity, acting as a
support. This second layer provides the highest ion adsorption
and efficiency values, reaching respectively 3.2 mg g~ and 87%
of efficiency, to be compared to 2.2 mg g~ ' and 55% for bare
SR23. It is highlighted that these results have been achieved
when the polarity of the surface charge of the electrode coin-
cides with that of the outer layer.

On the other hand, coating with an odd number of PE layers
seems to be more consistent on the YP-80F carbon electrodes,
and the addition of even layers blocks the ion transport. The
reason for this lies on the similar uniformity of the first and
second coatings and their opposite charge polarity, creating an
antagonistic effect on ion transport (neither favoured nor
blocked) due to charge compensation. For these carbon elec-
trodes, the three-layer configuration provides the highest ion
adsorption and efficiency values, reaching 2.3 mg g ' and 68%,
respectively. These figures are 1.6 mg g ' and 30% for
uncoated YP80.

A theoretical model for the multiple-layer configurations has
been presented, which determines the temporal evolution of
each ion species concentration while considering ion transport
from the feed solution to the micropores. It is notable to
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mention the qualitative agreement between the theoretical
predictions of this model and the experimental results if the
proposed hypothesis about the density of the PE layers is
considered.
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