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Capacitive deionization of aqueous solutions: modeling and experiments

Yury M. Volfkovich? Daniil A. Bograchev*** Alexey A. Mikhalin?, Alexey Yu. Rychagov?,

Valentin E. Sosenkin?, Daewook Park®

“A. N. Frumkin Institute of Physical Chemistry and Electrochemistry, Russian Academy of Science, Leninskii prospect 31, 119071
Moscow, Russia, emails: yuvolf40@mail.ru (Y.M. Volfkovich), bograchev@gmail.com (D.A. Bograchev),

almikh1985@gmail.com (A.A. Mikhalin), rychagov69@mail.ru (A.Y. Rychagov), vsosenkin@mail.ru (V.E. Sosenkin)

"National Research University Higher School of Economics (HSE), ul. Tallinskaya 34, Moscow, 123458 Russia,

email: bograchev@gmail.com

Samsung Raemian Apt. 102-201 Dongtanjiseong-ro 333 Hwaseong-si, Gyeonggi-do, Korea, email: park@samsung.com

Received 27 April 2016; Accepted 28 July 2016

ABSTRACT

Capacitive deionization of NaHCO,, KCI, CaCl,, MgSO, solutions is studied under dynamic condi-
tions. An electrochemical cell containing activated carbon electrodes is used. A two-dimensional
model of this cell based on the model of a static cell is developed. The model takes into consider-
ation ion adsorption-desorption and transport, surface conductivity of electrodes, electric double
layer capacitance, as well as characteristics of the porous structure of the electrodes and separator
obtained using the method of standard contact porosimetry. Characteristics of the deionization pro-
cesses are shown to depend on the structure of the electric double layer. The time evolutions of fields
of solution concentration were calculated from process beginning. The results are in agreement with
experimental data which supports the model. This allows determining the optimal conditions for
deionization processes. It is shown that both deionization and concentration are enhanced at an
increase in voltage and at a decrease in the solution flow rate. The possibility of obtaining very pure
water is determined by surface conductivity of the electrodes. The maximal deionization degree
of 82% has been achieved for the 0.005 M KCI solution. The influence of the porous structure and
hydrophilic-hydrophobic properties of the electrodes on characteristics of the deionization processes
has been established.

Keywords: Capacitive deionization of water; Electric double layer; Surface conductivity; Method of

standard contact porosimetry; Mathematical modeling

1. Introduction

Capacitive deionization (CDI) is a new promising elec-
trochemical method of water desalination. Economically, it
is the most attractive technique in comparison with reverse
osmosis, distillation and electromembrane separation [1,2].
As opposed to electrodeionization involving ion exchange
membranes and an ion-exchanger bed between them [3-6],
electrodes play the key role in CDI processes.

*Corresponding author.

CDI involves the passing of aqueous solution through
the electrochemical cell between two highly dispersive
carbon electrodes (HDCE) with a high specific surface
area (=500-2,500 m? g) [1,2], between which a poten-
tial difference (>1.2 V) is applied. Adsorption of anions
and cations occurs on positively and negatively charged
electrodes, respectively; the electric double layer (EDL) is
charged similarly to that in supercapacitors. This results
in deionization of the solution. When the circuit is closed
or polarity is reversed, ions diffuse from the solid-liquid
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interface back to the solution. This causes an increase
of the solution concentration and energy regeneration.
The deionization stage corresponds to the charging of
the electrochemical supercapacitor (ECSC), and the con-
centration (regeneration) stage is related to discharging.
During the concentration stage, a significantly lower
amount of water is supplied to the cell. After regener-
ation of the electrodes, the cell is converted to a deion-
ization cell etc. The CDI device including at least two
electrochemical cells operates continuously. While deion-
ization takes place in the first cell, concentration occurs
in the second cell. Two products are obtained: pure water
and a concentrated solution. The concentrate can be used
further for different purposes.

As opposed to reverse osmosis and nanofiltration, CDI
does not requires high pressure, the equipment for this
process (pipes, pumps) is less expensive [7]. Moreover, the
applied cell voltage provides a high level of safety. The CDI
method can be used in remote regions, since it is able to
involve alternative energy sources, particularly solar bat-
teries. The consumed energy can be partially compensated
by electrical energy from the regeneration unit. As a result,
the consumed energy is three times less than in the case
of reverse osmosis. One other source of a decrease in the
energy consumption is using HDC possessing high surface
conductivity (SC; tangential EDL conductivity) [8]. These
electrodes are characterized by long-term cyclability due to
EDL reloading without faradaic reactions. The CDI device
can operate under various flow rates and different levels of
desalination.

The CDI processes are attractive for desalination of
brackish and ground water, but are not recommended for
removal of traces from complex solutions [9]. For instance,
this technique can be also used at home for water softening
in washing machines.

Electrode materials for CDI have been the focus of
attention in the last years. Different types of both single-
component (activated carbons, aerogels, nanotubes,
graphenes etc.) [10-17] and carbon-based composite
materials (carbon-carbon composite, carbon-metal oxide
composite, carbon—-polymer composite and carbon-
polymer-metal oxide composite) [18-28] have been sug-
gested. CDI application for removal of different salts from
water has been investigated [29-33].

The CDI devices and conditions of deionization and
concentration can be optimized by means of modeling
the processes. A number of models for ESCs with HDCE
accounting for the electrolyte transport along the electrodes
and separator as well as the charging of EDL of the elec-
trodes, has been developed [34,35]. However, hydrody-
namic conditions were outside the models. Approaches
considering EDL in a single pore have been suggested
[36,26]. These models are invalid for low-concentration
solutions: the thickness of the diffuse region of EDLis larger
than the micropore radius (1-2 nm) providing the largest
contribution to the specific surface area of HDCE. Hydro-
dynamic transport of electrolyte along the outer surface
of the electrodes is also outside the models. In fact, a two-
dimensional model is necessary for the CDI processes, since
they involve porous electrodes. Some approaches take into
consideration the electrolyte flux [37-39] or SC [40-42]. The
method of SC measurements has been first proposed in [8]

for porous electrodes. It should be stressed that the carbon
materials are characterized by hydrophilic and hydropho-
bic porosity [43] not considered in the known models. The
information about hydrophilicity-hydrophobicity can be
obtained only using the method of standard contact poro-
simetry (MSCP) [44-46], which has been recognized by
IUPAC [47].

The aim of the investigation was to develop the math-
ematical model of CDI processes and to confirm it exper-
imentally. Another purpose was to establish the effect of
EDL characteristics on deionization. The work involved
the following tasks: (i) studies of the porous structure and
hydrophilic-hydrophobic properties of AC-based HDCE,
(ii) experimental and theoretical study of CDI in a static
electrochemical cell without any solution flow (for estima-
tion of deionization in pores of the electrodes and for mea-
surements of their specific capacitance), (iii) experimental
and theoretical study of operation of dynamic deionization
cell with a flow of aqueous solution.

2. Experimental
2.1. Materials

Activated carbontextiles (ACT), suchasCH900 (Cur-
aray Co, Japan), VISKUMAK (Neorganica LTD, RF) were
applied in investigations, since these electrodes are char-
acterized by a rather high specific surface area. Moreover,
they are much more attractive from the economical point
of view than other highly dispersive carbon materials,
such as graphenes, nanotubes and carbide derived carbons
used by many authors for CDI. The electrodes of the SAIT
type (SAIT Co, Republic of Korea) were also used. These
electrodes were manufactured by compaction of activated
carbon powder in the presence of a binder (polytetrafluo-
rethylene, PTFE).

2.2. Porosimetric measurements and morphology of electrodes

Since  porous  structure  characteristics  and
hydrophilic-hydrophobic properties of AC electrodes
affect the CDI process, the measurements using MSCP
[44-47] were applied. This method allows studying the
porous structure in a wide range of pore radii: from ~1 nm
to 100 um (5 orders of magnitude). As opposed to other
porosimetric techniques, only MSCP provides estimation
of hydrophilicity-hydrophobicity. Octane (determination
of both hydrophilic and hydrophobic pores) and water
(only for hydrophilic pores) were used as working liquids.

Morphology of the samples was studied using a JSM-U3
scanning electron microscope (JEOL, Japan) supplied with a
DISS top box for digital scanning (GETAC, Germany).

2.3. CDI processes in static cell

Electrical capacitance of AC electrodes is a sum of EDL
capacitance and pseudocapacitance of Faraday reactions
[48-50]. Due to this, the electrode capacitance was mea-
sured; the EDL capacitance was calculated from this value
and used further for simulation.
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Galvanostatic measurements of dependences of
cell voltage on time were carried out at 25°C under
charging-discharging in order to determine the EDL
capacitance. A static cell with the electrolyte present only
in the pores of the electrode and separator was used. The
cell design and methods of measurements are described
in detail in [49]. The measurements at 0-1.5 V were per-
formed using a Voltalab-40 potentiostat (Radiometer Ana-
lytical, France).

Single-component NaHCO,, CaCl,, and MgSO, solu-
tions of different concentrations (100, 500 and 1,000 mg-eq
dm™) as well as a mixed solution were used. A composition
of the mixture was as follows (mg-eq dm=): NaHCO, (4.4),
CaCl, (11.9), MgSQO, (10.7). This composition corresponds to

brackish water. The capacitance of the electrodes (C_, ) was
determined as:
21, At
Com = 1
Lfull AU ( )

where U is the cell voltage, I, , is the current, ¢ is the time.
Since adsorption capacity of the electrodes is propor-
tional to the EDL capacitance (Cy, .,), a change in solution

concentration (AC) during the process is expressed as:

Ac= CEDL, anAU

- 2FV @
where F is the Faraday constant, V is the solution volume.
It is assumed that the adsorption efficiency is 100% during
the EDL charging. The Eq. (2) is also valid for electrodes of
equal capacitance.

2.4. CDI processes in a dynamic electrochemical cell

Fig. 1 illustrates a scheme of a dynamic CDI device
(Samsung Electronics Co.). A solution is supplied from the
tank by means of a peristaltic pump. Further, the liquid is
passed through a valve and a pressure sensor. Then the
solution arrives at the cell, where deionization or concen-
tration occurs. After the cell, the solution flows successively
through the conductivity meter, pH meter and the second
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valve into the sink. Argon was purged through the system
during the processes in order to remove oxygen from pores
of the electrodes and separator.

In addition to the mixed solution of the above compo-
sition, a KCl solution (5 mg-eq dm~) was used. The values
of its electrical conductivity can be easy recalculated to con-
centration, since reference data are available elsewhere for
wide concentration and temperature ranges. The deioniza-
tion degree was calculated as follows:

Cin — Cmin

C,

in

x100%

where C, and C__ are the initial and minimal concentration
of the solution.

3. Results and discussion
3.1. Porous structure of electrodes and separator

Fig. 2 illustrates SEM images of the electrodes. Fibers
of the VISKUMAK material are rather ordered, their
diameter is in the micron size. The fibers form intertwined
bundles with the thickness of about 1,000 um. The same
structure has been found for the CH900 textile; however,
the fibers are more disordered. Corpuscular structure is
attributed to the SAIT composite, agglomerates of parti-
cles are visible.

It is found that pores of all investigated electrodes form
a very wide range; their radius is from ~1 nm to 100 pm. All
electrodes are characterized by both hydrophilic and hydro-
phobic porosity; the values of the effective wetting angle
are close to 90°, especially for SAIT that contains an inert
binder (Table 1). The specific surface area values are large
and sufficiently different from each other. It is the same for
hydrophilic and hydrophobic porosity.

The porous structure of the separator involves pores
with the radius within the interval of 3-100 um; the pores
with the radius of 10 um are prevailing. The total porosity
of the separator is 0.8 cm*cm™. Characteristics of the porous
structure of both the electrodes and the separator were used
further for the modeling of CDI processes.

conductomctcrl

electrochemical

valve

PH - meter

waste

\

water

N

solution

Fig. 1. Schemeofa dynamic CDI device.

computer
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Fig. 2. SEM images of the (a) VISKUMALK, (b) CH900 and (c) SAIT electrodes.

Table 1
Structure characteristics of AC electrodes

Electrode Specific surface area (m? g™)

Porosity (cm’cm™=)

Average wetting angle

Total Hydrophilic Total

for hydrophilic pores

Hydrophilic Hydrophobic

CH900
SAIT
VISKUMAK

1520
940
600

850
520
416

0.851
0.715
0.729

0.786
0.492
0.623

0.064
0.225
0.106

77.5
87.3
799

3.2. Processes in a static electrochemical cell

The CDI model requires also the values of specific EDL
capacitance of electrodes obtained for different aqueous
media. No theoretical solution of this problem has been pro-
posed with respect to carbon electrodes containing both micro
and macropores. In this work, the experimental method has
been suggested that allows determining the EDL capacitance.
The technique is based on measurements of electrochemical
capacitance under various currents (i.e., under galvanostatic
conditions) followed by calculations according to Eq. (1).

The typical curve of integral capacitance of the elec-
trode vs. current density is shown in Fig. 3. The capacitance
grows at a decrease in current density and then manifests
a plateau followed by a further decrease. The build-up of
capacitance in the region of high current density is due to
significant ohmic losses under these conditions. The pla-
teau corresponds to very low ohmic losses; the capacitance
is affected only by EDL. At low currents, pseudocapacitance
of faradaic processes influences the value of C. The faradaic
processes are quasi-reversible redox reactions of the elec-
trode surface groups [49].

It was suggested that the capacitance values of the pla-
teau region corresponded to EDL capacitance per mass unit
(C,py) in the first approximation. This value was divided by
the hydrophilic surface area (see Table 1). The values of EDL
capacitance per area unit (C,,) were obtained in this way.
These data were further used in the modeling of CDI pro-
cesses. The values of both C,,, and Cy,; grow at an increase
in the solution concentration evidently due to contraction
of the diffuse region of the EDL (Tables 2 and 3). The EDL is
realized in smaller pores under these conditions.

As found for single-component ACT electrodes, they
show the highest capacitance in 1:1 electrolytes, namely
in NaHCO, and KClI solutions. The smallest C, and Cgp,

115 T . .

110 | 1

C(Fgh

100 1

95

0 30 60 90
I (mA g'l)

120

Fig. 3. Dependence of capacitance of the CH900 electrode on
current density in a 1 N CaCl, solution.

values have been suggested for 2:2 electrolyte, such as
MgSO,. Regarding 1:2 electrolyte like CaCl,, intermediate
data have been obtained.

Since the porous structure and hydrophilic-hydrophobic
properties of the investigated electrodes are rather complex,
it is difficult to explain clearly a relationship between their
electrochemical characteristics. Nevertheless, it is possi-
ble to state the highest C,,, value for the CH900 material,
which is characterized by the largest hydrophilic surface
area (see Table 1). These characteristics are the smallest for
the SAIT composite, which demonstrates the lowest values
of the EDL capacitance. Intermediate C,, values have been
found for the VISKUMAK electrode.
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Table 2
Values of Cy;, and Cypy for different electrodes

Salt ¢ (mg-eq dm™3) CH900 VISKUMAK SAIT
CEDL CSDL CEDL C:ZDL CEDL CEDL
(Fg™ (uF cm™) Fe™ (uF cm™) (Fg™ (uF ecm™)
KCl1 100 84.6 9.95 72 17.5 52 10.1
NaHCO, 100 80.6 9.48 69 16.6 50 9.6
1,000 110.1 13.2 110.3 26.2
CaCl, 100 78.8 9.27 58.6 14.1
1,000 107.1 12.6 99.6 24.2 741 14.3
MgSO, 100 55.4 13.3 47.5 9.1
1,000 86.1 10.1 92.1 222
Mixture See Section 2.3 63.2 74
Table 3
C,p, and Cpp magnitudes for the VISKUMAK electrodes
EDL capacitance CNaHCOa (mg-eq dm™3) CCaClZ (mg-eq dm™3) CMgSO4 (mg-eq dm™)
100 500 1,000 100 500 1,000 100 500 1,000
Cop (Fg™ 69.0 94.8 110.3 58.6 74.5 99.6 55.4 67.3 921
Cs o 16.6 22.8 26.2 14.1 18.0 24.2 13.3 16.0 222
eoL (UF ecm™)
3.3. Deionization in a dynamic cell
Investigations under dynamic conditions were per-
formed in order to test the effect of experimental conditions
on CDI processes involving electrodes of different porous | _
structure and also to estimate energy efficiency of deion- \
ization and concentration. The dependencies of current
on time were used further for comparison with theoretical \ 1=
data. \
Typical plots reflecting a change in charging current N
and solution conductivity in time, are given in Fig. 4. When ™ 1
voltage is applied, the current rapidly increases and then U>0 |% U=0
gradually decreases due to the charging of EDL. This causes Adsorption | Desorption
adsorption of species on the electrodes; the solution con- X

ductivity decreases. Discharging at U = 0 is accompanied by
regeneration of the electrodes; this causes an increase in the
solution conductivity. Further, the conductivity becomes
close to the initial value.

In accordance with Eq. (2), deionization is affected by
the applied cell voltage. For example, Fig. 5(a) shows con-
ductivity of the mixed solution as a function of time when
the SAIT electrodes were used. The maximal ratios of con-
centrations of the solutions at the cell inlet and outlet were
1.47-1.85 with the cell voltage varied from 1 to 1.6 V. An
increase in voltage causes also improves concentration
during discharging evidently due to an increase in the
amount of ions adsorbed during charging.

In the case of a single-component KCI solution, the x -t
plots for the CH900 electrodes were rearranged into the C —
t curves using reference data in order to obtain more visual
information about CDI processes. Some results are given
in Fig. 5(b). The deionization degree reaches 42%-79% in
the same interval of voltage. The maximal concentration of
the solution during discharging is five times higher than

t

Fig. 4. Charging current and electrical conductivity of the
solution through the cell vs. time.

the initial concentration, when adsorption at 1.6 V occurs.
A further increase in voltage is undesirable as it may cause
additional electrode reactions.

The following values were calculated on the basis of
the results obtained for the solution containing initially
5 mg-eq dm™ KCl (some data are given in Table 4): W,
(energy consumption of the deionization stage), W_(energy
recovery of the concentration stage), W, (resulting deioniza-
tion energy, W = W,— W), y (specific energy efficiency). The
latter parameter is determined as the amount of salt (in our
case, KCI) removed due to spending of 1].

The W, energy must be taken into consideration during
the operation of the CDI stack, since there is a gain due to
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Fig. 5. Conductivity of mixed solution (a) and concentration of KCl solution (b) as functions of time. The SAIT (a) and CH900 (b)
electrodes were used. The flow velocity of the solutions was 30 cm®min™.

Table 4
Deonization and concentration of the KClI solution (5 mg-eq dm™) in the first 600 s; the CH900 sample was used as electrodes
u) 20cm?*min’ 30 cm?min™
w, () W.() Deionization =~ W (J) % (mol J1) w,(J) W) Deionization W () x(@mol]™)
degree (%) degree (%)
1 230 -37 55 193 749 x 107 289 =37 42 252 6.14 x 107
1.2 564 -47 60 517 5.54 x 107 485 -57 54 428 5.87 x 107
14 735 -74 73 661 4.75 x 107 675 -82 69 593 5.79 x 107
1.6 1116 94 82 1022 3.32 x 107 897 -113 79 784 549 x 107
the use of energy during the concentration stage, i.e., regen- 20 , , : 10
eration of the energy. This energy gain causes much lower Kvst
energy consumption in CDI processes as compared with -——- pHwst

other techniques of water desalination. As shown in Table 4,
increasing cell voltage and reducing the solution velocity
cause an increase in the desalination degree. At the same
time, the value of energy efficiency decreases due to ohmic
losses. It is necessary to note, that the data on the deion-
ization degree in Table 4 are sufficiently higher than the
results obtained for the CDI processes involving graphene
electrodes [15].

A possibility of multiple deionization-concentration
of the mixed solution has been shown at the example of
the VISKUMAK electrode (Fig. 6). Here the minimal and
maximal concentrations of the solution are reproduced
after each cycle. Moreover, differences in the initial-minimal
concentrations and maximal-initial concentrations are prac-
tically equal. During deionization, a slight shift in pH was
observed during the deionization stage probably due to the
effect of surface groups of the electrodes, the deviation from
the initial value became more insignificant from cycle to
cycle.

It was also found that the highest degrees of deioniza-
tion and concentration are obtained for the CH900 electrodes
(Fig. 7), since they are characterized by the highest values
of specific hydrophilic surface area and hydrophilic poros-
ity (see Table 1). Hydrophilic surface determines the value

500 1000

t(s)

Fig. 6. Electrical conductivity and pH of the mixed solution
as a function of time of multiple charging-discharging of
the VISKUMAK electrodes. The solution flow velocity was
40 cm®* min™, U=125V.

1500

of EDL capacitance; hydrophilic porosity affects effective
electrical conductivity according to the Archie’s expres-
sion (see Section 3.4). The lowest degrees of deionization
and concentration were obtained for the SAIT electrodes.
Indeed, the smallest value of hydrophilic porosity has been
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Fig. 7. Electrical conductivity of the mixed solution as a function of
time for deionization (at 1.25 V) and concentration stages. Differ-
ent electrodes were used. The solution flow velocity 20 cm? min™.
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Fig. 8. Conductivity of the mixed solution and charging current
as functions of time. CH900 electrodes were used, U = 1.25 V.

found for that material. Based on the obtained results, the
CHO900 electrodes were used for further investigations.

An increase in the flow rate impairs both deionization
and concentration, but a slight growth of charging current
is observed (Fig. 8). On the other hand, improvement of the
process efficiency and reducing energy consumption can be
achieved in this manner (see also Table 4).

In general, the data in this section show the importance of
solution flow velocity for themodeling of CDI processes. More-
over, the electrodes with different hydrophilic-hydrophobic
properties and different EDL capacitance manifest different
behavior during deionization-concentration. These charac-
teristics are to be taken into consideration for development
of the models.

3.4. Mathematical modeling of charging-discharging under
static conditions

Fig. 9 is a scheme of the model of the CDI cell with a
simple 1D structure. The cell involves two porous carbon

Y.M. Volfkovich et al. / Desalination and Water Treatment 69 (2017) 130-141

spacer

electrolyvte
flow

‘electrode s electrode

Fig. 9. Geometrical model of CDI cell.

electrodes and a porous separator (spacer) between them.
A flow of the solution that is shown in the figure is outside
this model, but it will be taken into consideration for the
dynamic cell (see Section 3.5).

The following assumptions have been made. Resistance
of the electrode was neglected due to its much higher con-
ductivity as compared with the solution. The conductivity
and diffusion coefficients were corrected according to the
Archie’s law for porous materials [51,52]:

Kk =x,(c)e"; D=D,e" (3)

where ¢ is the porosity, k,(c) and D, are the conductivity of
free electrolyte and its diffusion coefficient, m is the Archie’s
exponent. The last value reflects the effect of the porous
structure on electrolyte transport [51-53]. The theory of a
binary diluted solution [54] was used in the model for mass
transport calculations:

2
8@ = 672 + CS AE aﬁ
ot ox* Fz, ~ ot
Here A, is the electric adsorption coefficient, jis the elec-
trical potential of electrolyte, C_ is the specific capacitance

of electrode that becomes zero for the separator. The charge
transport in the electrolyte is as follows:

% _0 EL(P) 9 [Xe(t. 1) dlogc
« ot _396(](”’7 0x +8x( f 0x ©®)

where ¢t and ¢t are the transport numbers of cations and

anions respectively, x, is the effective conductivity,

)

— o ¢
K =€ Ky—+K

K, is coefficient assumed to be equal to
CO

zero (C,is the initial concentration, «; is the electrolyte con-
ductivity under initial concentration, « is the SC) [8]. It is
assumed, that the x_ value is proportional to the amount of
adsorbed ions:

K.=GC H ey (6)
FVeff

where o is the SC coefficient, t is the time, I  is the full cur-

rent, V. is the effective volume.

full
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The task is solved for the porous electrode and half the
separator (half the cell). The symmetry of the system with
respect to boundary conditions is considered. On the left

side (x = 0) and in the center of the separator (x =L, + %Ls )

the boundary conditions are:

ac I

% =0;a£ =0; Kaﬁ =2 (7)
x|, ox|,_ ax x=L+1L, 0x |,y 1y, 5
2 ¢ 2
The initial conditions are:
c=¢y; =0 ®)

Only specific adsorption is assumed to occur before
charging; this results in a decrease in the initial concentra-
tion. The initial concentration was also a fitting parameter,
its value was found by comparison of the theoretical and
experimental data, as shown further.

System (4)-(6) with boundary conditions (7) and initial
conditions (8) was solved using numerical methods. The
system of equations is presented in a common form for all
parts of model. It is assumed that diffusion, conductivity,
porosity etc. change abruptly at the electrode-separator
boundary. The insert in Fig. 10 shows the numerical solu-
tion of a change of voltage and mean NaHCO, concentra-
tion in time.

Fig. 10 illustrates theoretical and experimental
galvanostatic curves of electrode charging. The Ciy,, values
in Table 2 were used for calculations. Theoretical and
experimental data demonstrate good coincidence. For
instance, we can compare the curves for the VISKUMAK

1.0 1.0
Uvst e
~ —— cwst IE
~ - :
—~ ~ - g
% 0.5 ~7 ~ 0s &
~ [=1
NI
~] ’+
0.0 4
80 120 160
+)
te) +/
+
—~ 'b+/++/
2 o
= /«" ]
X CH900
+ VISKUMAK
O  SAIT
100 150

t(s)

Fig. 10. Experimental (symbols) and theoretical (lines) galva-
nostatic charging curves for different electrodes. A mixed solu-
tion containing CaCl,. NaHCO, and MgSO, (CH900) as well as
a 0.1 N NaHCO, solution (VISKUMAK, SAIT) were used, I = 2.8
(a—e) and 10 (f) mA cm™ Insert: numerical solution of voltage
and mean NaHCO, concentration vs. time.

and SAIT electrodes, which were obtained for the similar
NAHCO, solution. A slope of the curve for the VISKUMAK
electrode is much less indicating its higher capacitance
due to higher hydrophilic porosity (see Table 1). Here, the
power-law relationship of the coefficient of effective con-
ductivity and effective diffusion coefficient on hydrophilic
porosity follows the Archie’s law (see Eq. (3)).

3.5. Mathematical modeling of a dynamic CDI cell

A scheme of electrochemical components of the dynamic
CDI cell is shown in Fig. 11. This is a 2D model with dou-
ble distributed parameters through porous electrodes and
separator.

The main plane of the model is in the 7 plane. Direc-
tion z is perpendicular to the electrode planes. This model
is been based on the following assumptions: (i) convective
diffusion of the electrolyte can be described by the average
equations of mass-transfer based on the dilute-solution the-
ory in porous media; (ii) hydrodynamic velocity is nonzero
only in the r-direction; (iii) the effective diffusion coeffi-
cients and effective electrolyte conductivity are calculated
using the Archie’s law (see Eq. (3)); (iv) the electrolyte can
be presented as a binary one with an effective concentration
[g mol™] (a difference in transfer numbers can be neglected
in this way), (v) the overall conductivity is a sum of electro-
lyte conductivity, which is a linear function of concentration,
and SC [8]; (vi) diffusion can be neglected in all directions
except x-direction (there is a marginal hydrodynamic flow
in this direction), (vii) the EDL capacitance of the electrode is
constant (it is not affected by potential, as shown in Section
3.3). Assumptions (i), (iii) and (iv) are widely used for the
mass transfer problems, particularly for those in porous
media [55]. Assumption (ii) means independence of viscosity
and density of the solution on its concentration. Assumption
(vii) is usual; for instance, it was used in [34,35,48,56].

The equations for potential and concentration in the
electrode region are:

Csmzli(ﬂ( 3;9) 9 (KEELP) ©)
ot ror or) oz 0z

oc o _ oc o 6([)—(pC
KR E(rﬁr( arj 2t zF A= (10)

where C, is the specific capacitance, ¢ is the electrode
potential, ¢ is the electrolyte potential, f_and t_are the cat-
ion and anion transfer numbers, ¢, is the porosity of the
electrodes, k., = k;, ¢ + K, is the electrolyte conductivity in
the electrodes K., is the Teference electrolyte conduct1v1ty
in electrode, 1s the SC of the electrode, D, =D,¢." is the
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Fig. 11. 2D model of dynamic CDI cell with axial symmetry.
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Table 5

Parameters of the dynamic model for the CH900 electrode in the mixed solution

LE (m) Ls Cs K Ks Ky D & & Roul Rin v
(m) (Fm?  (Ohm'm”) (Ohm'm”) (Ohm® (m?s™) m (M)  (ms?)
m?mol™)
0.0005 0.00014 15x10°® 0.5 103 107 1.2x10° 0.8 0.8 0.065 0.0075 0.333 x 10%(a),

0.667 x 10-5(b)

effective diffusion coefficient of electrolyte in the electrode
(exponent 7 is defined by the properties of porous media),

dq — dq
cient [57], v, is the hydrodynamic velocity in the r-direction.
Thus, taking into consideration Egs. (2), (4) and (7), the
efficiency of the CDI processes depends on EDL character-
istics through both the EDL capacitance and SC.
The equations in the spacer region can be written as:

Ap :[Q 4q. +1 dq] ~ i% is the electric adsorption coeffi-

1@(,&3& )+2(K55L‘P )zo (11)
ror\_ " or 0z 0z

oc oc 16( éc) &%

L p2of,c),0¢
S o DG ar(rar j+az2) (12)

where ¢_is the spacer porosity, k, = K, c is the electrolyte
conductivity in the spacer, k., is the reference electrolyte
conductivity in the spacer, D, = D,¢g" is the effective diffu-
sion coefficient of electrolyte in the spacer.

The r-component of hydrodynamic velocity is present
by this equation:

— Routvi
r

v (13)
where R_ is the outer radius of the cell, v, is the velocity in
the media, i corresponds to the electrode (i) or spacer (s).
There is a trivial relationship between full flow rate V.
[ml/min] and these velocities:
V. =2nr(20,L, +v,L,) (14)
where L, and L_ are the thicknesses of the electrode and
spacer, respectively.

In addition, the fraction of electrolyte flowing through
the spacer can be defined as:

o= ’UsiLs (15)
(2UELE + USLS)
For potential and the concentration, there are the usual
conditions of continuity between the spacer and electrodes.
For one electrode boundary (z = down edge), the condi-
tions can be written as:

o o 29 _p (16)
82 z=0 62 z=0
(Pclz:o =0 17)

For other electrode boundary (z = upper edge), the con-
ditions are:

@ =0, qu) =0 (18)
0Z|,oa1, 41, 0Z,-01, 41,
(Pclz:zLﬁLs =U(t) (19)

where U(t) is the applied voltage.

For concentration and potential, there should be insu-
lation conditions at the other boundaries except in the inlet
zone (where the concentration should be constant) and out-
let zone (free condition).

3.6. Calculations according to the dynamic model

The calculation has been carried out using the COMSOL
Multiphysics FemLab3.5 software [58]. The stabilization
procedure used was the Artificial diffusion (the set of Iso-
tropic diffusion, Streamline diffusion and Crosswind diffu-
sion). The parameters for calculations are given in Table 5.

As an example, Fig. 12 illustrates concentration fields
for different time from the process beginning and for vari-
ous thickness of the separator.

3.7. CDI processes in a dynamic cell: effect of operation
conditions. Experiment vs. theory

Theoretical and experimental data calculated for the
cell with CH900 electrodes according to the dynamic CDI
model are plotted in Fig. 13. As can be seen, the curves are
close to each other. A certain divergence of these plots in the
region of 0-15 s is evidently due to contact resistances in the
cell. It is difficult to take them into consideration. A good
agreement between the curves allows assuming correctness
of the dynamic model, which can be used further for opti-
mization of CDI processes.

4. Conclusions

As found wusing MSCP, porous structure and
hydrophilic-hydrophobic properties of the composite and
textile carbon electrodes are rather different. Very high
values of total specific surface area (600-1,520 m? g7),
hydrophilic surface area (416-850 m?* g™'), total porosity
(0.71-0.85 cm®cm™) have been found. At the same
time, hydrophilic porosity reaches 0.49-0.79 cm’cm?,
hydrophobic porosity is much lower (0.06-0.22).

The values of EDL capacitance of the activated carbon
electrodes have been obtained using a static electrochemical
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Fig. 12. Concentration field calculated according to the dynamic model: a—v=0.1cms™, L_=0.0120cm, t =100s;b-v=02cm s,
L, =0.04 cm, t =5 s. The calculations were performed for the CH900 electrodes in the mixed solution.
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Fig. 13. Comparison of the calculated and experimental depen-
dences of current density on time. U = 1.25 V; the flow rate was
40 cm® min™. The calculations were performed for the CH900
electrodes in the mixed solution.

cell. These values correlate with the porous structure char-
acteristics determined using MSCP. The highest values of
specific EDL capacitance (85 and 110 F g™! for solutions con-
taining 100 mg-eq dm®KCl and NaHCO, respectively) have
been found for the CH900 electrode due to maximal value
of hydrophilic surface area (850 m? g) and hydrophilic
porosity (0.76 cm® cm™®). The SAIT electrode demonstrates
the lowest capacitance values, for instance, 52 F g™ for KCl
solution (100 mg-eq dm™). This is evidently caused by the
lowest hydrophilic porosity (0.49 cm® cm™) and, as a result,
by the lowest electrical conductivity of the solution inside
the electrode. The values of specific capacitance (72 F g™ for
the solution containing 100 mg-eq dm= KCl) and hydro-
philic porosity (0.62 cm® cm™) for the VISKUMAK electrode
occupy the intermediate position.

Under dynamic conditions, the maximal deioniza-
tion degree (82%) was found for the CH900 electrodes
in the solution containing 5 mg-eq KCIl. The deioniza-

tion process is more efficient in the case of 1:1 electrolyte
(KCI) than for the mixed solution containing 1:1, 1:2 and
2:2 electrolytes. Deionization is reinforced in the order:
SAIT<VISKUMAK<CH900. The order is similar to that for
the EDL capacitance, which is due to their porous struc-
ture characteristics and hydrophilic-hydrophobic proper-
ties. Thus, the results of this work allow selecting carbon
materials with the optimal structure and hydrophilic-
hydrophobic processes.

Both deionization and concentration in the dynamic
cell were improved with an increase in the cell voltage and
decrease in the solution flow velocity. The resulting deion-
ization energy was shown to grow at an increase in voltage,
while specific energy efficiency is reduced under these con-
ditions. Since the resulting energy decreases due to return
of energy to CDI device during the concentration stage,
the processes are less energy-intensive as compared with
other deionization techniques. Energy consumption for
deep water deionization also becomes lower due to SC of
carbon electrodes, which is caused by surface groups. Thus
the electrodes for CDI processes have to be characterized
by considerable SC (high adsorption capacity). SC provides
ionic conductivity of carbon electrodes even in very pure
water.

The mathematical model of charging-discharging
processes has been developed for the static cell; a good
agreement between the theoretical and experimental
data has been found. Distributions of solution concentra-
tion through porous electrodes and separators have been
calculated for different times from the beginning of the
deionization process.

The 2D mathematical model of a dynamic CDI cell,
which takes into consideration adsorption-desorption, ion
transport, characteristics of porous structure of the elec-
trodes and separator, SC of the electrodes as well as EDL
capacitance (obtained in the static cell), has been developed.
It was shown that the characteristics of the CDI processes
sufficiently depend on the EDL characteristics. Firstly, the
maximal change in the solution concentration during deion-
ization is proportional to the EDL capacitance. Secondly, a
possibility to obtain very pure water is determined by SC
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of carbon electrodes. The concentration fields across the

cell

for different times from the beginning of the deioniza-

tion stage were calculated. The experimental and theoreti-
cal data were found to be in a good agreement indicating
correctness of the model. This means that the model can in
future be applied to optimization of the CDI processes.
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Electric adsorption coefficient

Initial concentration, mol m=
Concentration, mol m=

Specific capacitance per volume unit, F m=
Diffusion coefficient, m? s

Diffusion coefficient in free electrolyte, m*s™
Electrode thickness, m

Separator thickness, m

Archie’s exponent, dimensionless

Faraday constant, C mol™

r-coordinate of electrode, m

Outer radius of electrode, m

Outline surface area of the electrode, m?
Time, s

Cation transport number, dimensionless
Anion transport number, dimensionless
Solution volume, m3

Hydrodynamic velocity, m s

Cell voltage, V

Energy recovery of the concentration stage, |
Energy consumption of the deionization stage, |
Resulting deionization energy, J

Coordinate in z direction, m

)
<
<
>

Porosity, dimensionless

Wetting angle for water, dimensionless
Effective conductivity, S m™

Reference conductivity, S m™/mol

Surface conductivity, S m™

Conductivity of electrolyte in the pore center,
Sm™

Electrical potential of electrolyte, V

Electrical potential of the solid phase, V
Specific energy efficiency

Corresponding to the electrode
Corresponding to the spacer

Abbreviations

CDI
EDL

— Capacitive deionization
— Electric double layer

ECSC — Electrochemical supercapacitors

HDCE — Highly dispersive carbon electrodes

MSCP — Method of standard contact porosimetry

PTFE — Polytetrafluorethylene

SC — Surface conductivity
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