
Chapter 9
Electrodes Based on Carbon
Nanomaterials: Structure, Properties,
and Application to Capacitive Deionization
in Static Cells

Yurii Volfkovich, Daniil Bograchev, Alexey Mikhalin, Alexey Rychagov,
Valentin Sosenkin, Vitaly Milyutin, and Daewook Park

9.1 Capacitive Deionization

Deionization processes, which are driven by electrical field, can be divided to two
types. The first type is electrodeionization (EDI) that involves ion exchange and
transport of charged species through the ion-exchanger bed and membranes
[1, 2]. This method allows one to remove from water not only ions of alkaline metals,
sulfate, and halogenides [1–3] but also transition metal cations [4, 5]. The second type
is capacitive deionization (CDI); it is a promising and the most cost-effective method
of water desalination [5–14]. An electric field affects adsorption of anions and cations
on positive and negative electrodes, respectively, under low applied voltage (it is not
sufficiently higher than 1.2 V). Highly dispersive carbon electrodes (HDCE) with a
specific surface area of 500–3000 m2 g�1 are used in CDI processes. The electric
double layer (EDL) is charged similarly to that in electrochemical supercapacitors
(ESCs), which results in deionization of the solution. Under polarity reversal or short
circuit of the electrodes, ions diffuse from the interface back to the solution. This
provides energy regeneration and concentrating of the solution that is removed from
the cell. The deionization stage corresponds to the charging of the supercapacitor,
while the concentrating stage (regeneration) is related to its discharging.

As compared with other methods of water desalination, sufficient advantages of
CDI are as follows: low cost (about one third of the value of the closest competing
process, reverse osmosis), high cycleability of the electrodes, and low maintenance
costs. Moreover, chemical stability of the electrodes excludes permeation of foreign
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substances in the purified water. CDI is effective for treatment of water of different
salinity: this method allows reducing the ion concentration down to a very low level.
Finally, practically no insoluble compounds are precipitated inside the electrode
pores. CDI is applied in desalination of brackish and sea water, as well as for
softening of tap water, particularly for deionization of water supplied into washing
machines.

Electrode materials for CDI are developed from the past years. Different types of
both single-component (activated carbon, aerogels, nanotubes, graphene, etc.) [14–
17] and carbon-based composite materials (carbon-carbon composite, carbon-metal
oxide composite, carbon-polymer composite, and carbon-polymer-metal oxide com-
posite) [18–21] have been suggested. Mesoporous materials (i.e., containing
nanosized pores) are considered as main suitable electrodes for CDI, since these
pores make significant contribution to surface area. Moreover, ion transport in these
pores is faster than that in micropores. As known, porous structure of carbon
materials includes both hydrophilic and hydrophobic pores [22–24]. Electrical dou-
ble layer (EDL) that is responsible for adsorption capacitance of carbon exists only
in hydrophilic pores. The aim of the investigation is to establish the effect of
different types of nanopores on charge capacitance of carbon electrodes. This
parameter determines the efficiency of CDI processes.

A number of models have been proposed for description of the CDI processes.
Classical works [25–29] are used as a basis for the modeling of processes in porous
CDI electrodes. In the absence of the electrolyte flux, CDI equations are similar to
those in supercapacitor models [29], which are based on the theory of porous
electrodes [30]. The first models of porous electrodes were proposed by de Levie
more than 50 years ago [28, 29], but analytical models for discharge curves of
supercapacitors have been obtained later [30]. Equation systems that describe the
charging of the supercapacitor have been solved numerically [31].

More modern approaches consider electrosorption (EDL in a single pore)
[32, 33], electrolyte transport along the electrodes and separator, as well as the
charging of EDL of the electrodes [34–36] and surface conductivity (SC, tangential
conductivity of EDL) [37–40]. Known CDI models require calculation of EDL
inside pores of the electrodes. It is a very difficult problem, since it is necessary to
consider the hydrophilicity-hydrophobicity of the electrodes, tortuosity, widenings-
narrowings, intersections of pores, etc. The task of the investigation involves also
modeling of CDI processes only based on parameters, which can be determined
experimentally.

9.2 Carbon Electrodes and Their Characterization

Activated carbon textiles, such as CH900 (Curaray Co, Japan) and VISKUMAK
(Neorganica LTD, RF), were used in the studies. SAIT-type electrodes (SAIT Co,
South Korea) were also used. These materials were manufactured by compacting
activated carbon powder together with a binder (polytetrafluorethylene, PTFE).
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The method of standard contact porosimetry (MSCP) was used to study the
electrode materials similarly to [41–44]. The MSCP allows one to investigate pore
structure in a very wide interval of pore radius: from 1 nm to 100 μm. This technique
can be applied to all materials. Besides carbon materials, pore size distributions were
obtained for gas diffusion layers of electrodes for fuel cells [22, 41, 42, 45],
dispersed platinum [46], polymer membranes [47], ion exchange resins [3, 5, 48],
peat [42, 44], paper [42], and many other objects.

Before the measurements using water or octane, both the tested sample and
standards were dried under vacuum at 170

�
С.

Morphology of the electrodes was observed by means of a JSM-U3 scanning
electron microscope (JEOL, Japan).

Adsorption capacity was determined as follows. A weighed sample of air-dried
material (0.065 g) was inserted into the 0.2-M NaOH solution (20 cm3); the liquid
was stirred for 24 h. Then the effluent was titrated with an HCl solution using xylenol
orange as an indicator. Adsorption capacity was calculated as c0�ceð ÞV

M (here c0 and ce
are the concentrations of the alkaline solution before and the treated solution,
respectively; V is its volume, m is the sample mass).

Adsorption capacity with respect to Сu2+ ions (in fact, toward [Cu(NH3)4]
2+) was

also determined. The 0.2 M solution of copper ammoniate (рН ¼ 9.6) was used; the
effluent was analyzed by titration with EDTA using murexide [49].

9.3 Study of CDI Process in Static Cell

In general, the electric capacitance of electrodes made of activated carbon is a sum of
EDL capacitance and pseudocapacitance of Faraday reactions [27]. Hence, electric
capacitance was measured and EDL capacitance was calculated on the basis of this
value and used further for modeling of the CDI processes.

Galvanostatic measurements of dependences of cell voltage on time were carried
out under the charging-discharging conditions in order to determine the EDL
capacitance. A static cell was used, in which the electrolyte was only in the pores
of the electrodes and separator. The cell design (Fig. 9.1) and methods of measure-
ments were described in [31]. This type of cell simulates both single-cell and
multicell electrochemical capacitors for bipolar assemblies with serially connected
individual cells. The cell contained two electrodes of the same type with similar
surface areas (2.5–3 cm2). Graphite current collectors provided good contact with
the electrodes and allowed working in strongly acidic and strongly basic media. The
range of applied potentials was 0–1.5 V. The current distribution layer (foil) was
located between the electrode and current collectors. The collector was
manufactured by compressing the thermoexfoliated graphite powder with the further
impregnation by molten paraffin.

The assembly also included a separator (Gore Co.) between two electrodes. The
separator film was used as a capillary for the reference electrode. This cell design
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allowed performing measurements according to both two- and three-electrode
schemes. The electrodes were prewashed in a stream of deionized water and dried
at 170� C under vacuum. Since the volume of electrolyte in electrode pores was
extremely low (0.2–0.5 cm3), oxygen was removed by conditioning the electrode for
10–15 min at the potential, which is close to that of hydrogen evolution. Electro-
chemical studies were carried out using a VoltaLab 40 potentiostat (Radiometer
Analytical, France).

Galvanostatic measurements were performed in a static cell equipped by carbon
electrodes. A change in the voltage during charging-discharging was controlled.
Single-component NaHCO3, СaCl2, and MgSO4 solutions of different concentra-
tions (0.1, 0.5 and 1 g-eq dm�3), as well as a mixed solution, were used as
electrolytes. The composition of the mixed solution was as follows (mg-eq dm�3):
NaHCO3 (4.4), CaCl2 (11.9), MgSO4 (10.7). This composition corresponded to
brackish water. The capacitance values (Cc) were determined as:

Cc, full ¼ 2IfullΔt
ΔU

ð9:1Þ

where U is the cell voltage, Ifull is current, t is the time.
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Fig. 9.1 Static
electrochemical cell:
scheme of electrode-
separator assembly
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Since adsorption capacity of the electrodes is proportional to capacitance of the
electrode EDL (CEDL, full), the change in the solution concentration (Δc) is:

Δc ¼ CEDL, fullΔU

2FV
, ð9:2Þ

where F is the Faraday constant and V is the solution volume. It was assumed in
Eq. (9.2) that the adsorption efficiency of EDl charging is 100%. Expression (9.2) is
also valid for electrodes of equal capacitance.

9.4 Porous Structure of Carbon Electrodes. Recognition
of Micropores and Nanosized Voids

The principal MSCP data are given in Table 9.1; pore size distributions (obtained
using both water and octane) are plotted vs effective pore radius (r∗) (Fig. 9.2). The r
∗ parameter is determined as [41, 42]:

r∗ ¼ r

cos θ
ð9:3Þ

where r is the true value of pore radius and θ is the wetting angle for water.
According to Eq. (9.3), the θ�logr curves were plotted (Fig. 9.3). Since octane
wets all materials almost perfectly, r∗�r for this liquid.

The difference between the maximal content of octane and water (maximal values
of curves I and II) corresponds to hydrophobic pores. The carbon electrodes were
found to include both hydrophilic and hydrophobic pores (hydrophilic and hydro-
phobic specific surface area). The contact angle distributions show hydrophobicity
for all electrodes, especially for the SAIT material containing particles of the
hydrophobic PTFE binder (see Fig. 9.3). Complex θ�log r dependences are due
to inhomogeneous distribution of surface groups in pores of different size.

As follows from Fig. 9.2, the electrodes are characterized by a wide range of pore
sizes: from r<1 nm to 100 μm. The porous structure of the electrodes includes both
hydrophilic and hydrophobic porosity. High values of specific surface area differ
noticeably (see Table 9.1). The values of hydrophilic and hydrophobic porosity are
also different. The MSCP data for octane allow drawing some principal conclusions.

Table 9.1 Characteristics of porous structure of carbon electrodes

Electrode

Specific surface
area, m2 g�1

Ratio of
hydrophilic and
total surface areas

Porosity, cm3 cm�3

Total Hydrophilic Total Hydrophilic Hydrophobic

СН900 1520 850 0.56 0.850 0.786 0.064

VISKUMAK 600 416 0.70 0.729 0.623 0.106

SAIT 940 520 0.55 0.715 0.490 0.225
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Micropores, as well as large macropores, are characteristic for all materials. The
volume of hydrophilic pores, which can be related to nanoobjects (r<50 nm)
increases on the order: CH900 < VISKUMAK < SAIT. The total porosity
(0.715–0.850) is sufficient for all electrodes.

Comparison of the data obtained in water and octane media shows higher
hydrophilic porosity. The values of the total specific surface area of 600–1520 m2 g�1

hydrophilic pores make sufficient contribution to it. This is very important, since EDL
that determines the principal characteristics of the CDI processes exists on the
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Fig. 9.2 Integral (a, c, e) and differential (b, d, f) pore size distributions for the CH900 (a, b),
VISKUMAK (c, d), and SAIT (e, f) materials. The curves are plotted vs effective pore radius
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hydrophilic surface. The largest contribution of hydrophilic area into the total surface
area has been observed for the VISKUMAK sample. Regarding the CH900 carbon
material and SAIT composite, the ratios of hydrophilic and total surface areas are
sufficiently lower and close to each other.
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Fig. 9.3 Wetting angle
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Fig. 9.4 SEM images of СН900 (a–c), VISKUMAK (d–f) textiles, and SAIT composite (g–i)
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9.5 Morphology of Electrodes

Morphology of single-component materials and bicomponent SAIT composite are
sufficiently different (Fig. 9.4). Large fibers of the СН900 sample are more disor-
dered than those of the VISKUMAK, in which the fibers form ordered bundles.
Voids between them correspond to the largest pores (see Fig. 9.2). Since the
diameter of СН900 fibers is larger, the size of the corresponding pores is also larger
as compared to the pores in the VISKUMAK sample. The specific surface area of the
СН900 electrode is higher, indicating a more significant volume of micropores and
small mesopores (r<5 nm) inside the fibers of this material.

The structure of the bicomponent SAIT sample is corpuscular-like. The material
consists of particle agglomerates, the size of which is up to several tens of microns.
These particles are evidently related to carbon bound to the polymer binder. Large
massive particles (polymer binder) are also visible. Pores with the size of several
microns to several tens of microns (see Fig. 9.4) correspond to spaces between
agglomerates as well as to voids between them and the binder. Nanopores are mainly
voids inside the particles.

9.6 Adsorption Capacity

Values of adsorption capacity are given in Table 9.2. The CН900 and VISKUMAK
samples demonstrate the highest capacity with respect to Na+. It should be noted that
these values are higher in the case of fibrous single-component samples than those of
Nafion-type membranes (0.8 0.9 mg-eq g�1 [50]). Despite a considerable difference
in the hydrophilic specific surface area (see Table 9.1), the capacity values of the
fibrous samples are close to each other. This means partial inaccessibility of the
surface of the СН900 sample for Na+ ions.

The difference between the values of adsorption capacity with respect to [Сu
(NH3)4]

2+ is insignificant for all samples. Assuming ion exchange being the only
mechanism, the experimental values were found to be higher than expected. The
ratios of the experimental data and the calculated values are 1.3–1.4 (ACF) and 3.4
(SAIT). Thus, the larger content of surface groups that are responsible for specific
adsorption of [Сu(NH3)4]

2+ species is characteristic for the SAIT sample. The
capacity values are comparable with those for such inorganic ion exchangers as
amorphous zirconium phosphate [51]. Since the structure as well as hydrophilic-

Table 9.2 Adsorption
capacity of electrode materials

Material

Sorption capacity/mg-eq g�1

Experimental values Theoretical values

Na+ [Сu(NH3)4]
2+

СН900 1.14 0.75 0.57

VISKUMAK 1.02 0.71 0.51

SAIT 0.37 0.62 0.18
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hydrophobic and adsorption properties of the investigated materials is rather com-
plex, it is difficult to predict their electrochemical behavior. Nevertheless, as shown
in [52], adsorption capacity is proportional SC of the carbon electrodes. In its turn,
SC affects conductivity of CDI cells. The maximal values of EDL capacitance are
expected for the CH900 electrode due to the highest hydrophilicity and adsorption
capacity.

9.7 Processes in Static Electrochemical Cell

In order to use the CDI model, it was necessary to obtain the values of specific EDL
capacitance for each of the carbon electrodes and solutions of different salts of
different concentrations. However, the current stage of development of electrochem-
istry offers no possibility for theoretical solution of this problem for microporous-
mesoporous carbon electrodes. Owing to this, we have developed an experimental
method to solve this task. The method involves measurements of electrochemical
capacitance depending on the current. The capacitance values were determined on
the basis of the measured galvanostatic curves using Eq. (9.1).

As an example, a dependence of integral capacitance of the CH900 electrode on
current density is plotted in the insertion to Fig. 9.5. Decrease in current density
results in growth of capacitance followed by a plateau and a rapid increase.

The increase in capacitance at 300–200 mА g�1 is caused by considerable ohmic
losses under high current, as follows from insertion of Fig. 9.5. The decrease in
current is accompanied by a decrease in ohmic losses. They become extremely low
at 200–150 mА g�1 (plateau region) � the capacitance is determined only by the
EDL. In the low current range, the contribution of pseudocapacitance of faradaic
processes becomes significant. With respect to carbon electrodes, these processes are
quasi-reversible redox reactions of their surface groups [27].

In the first approximation, specific capacitance of the EDL per mass unit (CEDL)
was estimated from the CEDL, fullvalue (see formula (9.2)), which is evaluated from
the plateau data. For instance, CEDL¼63 (CH900, multicomponent solution) and
107 F g�1 (VISKUMAK, 1 N CaCl2), as shown in Fig. 9.6.

The values of EDL capacitance per area unit (Cs
EDL) were also obtained. In this

case, the CEDL value was divided by the hydrophilic surface area from Table 9.1. The
CEDL and Cs

EDL values grow at an increase of the solution concentration. This is
probably due the decreasing thickness of the diffuse part of EDL under these
conditions. As a result, EDL can exist only in smaller pores. The values of EDL
capacitance per unit of hydrophilic surface area are 9.2–26 μF cm�2. With respect to
CH900 and VISKUMAK textiles, the highest capacitance has been found for the 1:1
electrolyte (NaHCO3), and the smallest values have been observed for the 2:2
electrolyte (MgSO4). The data for the 1:2 electrolyte (CaCl2) are in-between. It is
possible to state the highest CEDL value for the CH900 material that is characterized
by the largest hydrophilic surface area (see Table 9.1) and the highest adsorption
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capacity (see Table 9.2). These characteristics are smallest for the SAIT composite
that demonstrates the lowest values of EDL capacitance. Intermediate CEDL values
have been found for the VISKUMAK electrode. The highest Cs

EDL values have been
obtained for this material. This is due to a large fraction of hydrophilic surface area
that provides good connection between hydrophilic (electrochemically active) areas
on the surface.

9.8 Modeling of Processes in Static Cell Involving
Parameters Attributed to Hydrophilic Micropores
and Nanosized Voids

Since the porous structure of AC involves a wide range of hydrophilic and hydro-
phobic pores (from <1 nm to 100 μm), exact calculation of CEDL is practically
impossible. Contrary to the known works, which involve models of electrosorption
[32, 33], Donnan equilibrium [53, 54], and other approach (see above), an alternative
point of view is developed. The model uses experimental SC [52] data as well as
CEDL values are obtained with account for hydrophilic and hydrophobic porosity of
the electrodes. This approach allows one neglecting the thickness and composition
of intraporous EDLs, their overlapping in weakly concentrated solutions, and
absence in hydrophobic pores.
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The following processes were considered: (i) charging-discharge of EDL,
(ii) diffusion and migration of species, (iii) SC (the data [52] were used),
(iv) specific adsorption of ions, and (v) characteristics of hydrophilic and hydropho-
bic pores. Both the EDL capacitance and SC are attributed to nanosized pores, which
make sufficient contribution to the total specific surface area.

Application of supercapacitors to desalination of aqueous solutions is based on
the properties of EDL of ideally polarized carbon electrodes. The charging of EDL
causes adsorption of ions on the surface of the cathode and anode. i.e., removal of
species from the solution. The main difference between an electrochemical cell for
CDI and supercapacitor is usage of a diluted solution. The charging-discharging
processes of EDL are characterized by reversibility and huge cycleability. Figure 9.7
illustrates the model with a simple 1D structure involving two porous carbon
electrodes and a porous separator between them.

Resistance of carbon electrode is assumed to be neglected, since its conductivity
is much higher than that of electrolyte. This assumption is justified due to the small
concentration of hardness ions. For instance, the conductivity of the carbon electrode
is about 105 S сm�1 (the conductivity of natural water containing hardness ions is
about 2–3 mS сm�1). Both the effective conductivity (κ) and effective diffusion
coefficients D (through the electrode and separator) have to be corrected taking into
consideration porous structure of the materials. The Archie’s law is used [53–56]
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Fig. 9.6 Capacitance of EDL per mass unit (a, c) and per unit of hydrophilic surface area (b, d) for
different carbon electrodes and different concentrations of electrolyte solutions
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κ ¼ κ1 cð Þεm; D ¼ D0ε
m, ð9:4Þ

where ε is the hydrophilic porosity, and D0 is the diffusion coefficient of free
electrolyte, m is the Archie’s exponent that characterizes the influence of the porous
structure on transport properties of electrolyte. κ1(c)is bulk conductivity of free
electrolyte that is a linear function of concentrations.

The mass transport in our model is described within a framework of the theory for
a binary dilute solution [26, 34]:

ε
∂c
∂t

¼ D
∂2c

∂x2
þ Cs

zþF
As

∂φ
∂t

, ð9:5Þ

where φ is the electrical potential of electrolyte; Cs is the specific capacitance of
electrode, which becomes zero for the separator; and As is the adsorption coefficient (

As ¼ tþ
dqþ
dq � t�

dq�
dq

� �
� �1

2 [34]). The charge transport in the electrolyte is

described by the equation:

Cs
∂φ
∂t

¼ ∂
∂x

κeff
∂φ
∂x

� �
þ ∂
∂x

κeff RT tþ � t�ð Þ
F

∂ ln c
∂x

� �
ð9:6Þ

where t+ and t� are the transport numbers of cation and anion, respectively, and κeff is
the effective conductivity. The latter term is a sum of conductivity with account for
porosity and SC (κs) [52]. In other words, κeff ¼ εmκ0 c

c0
þ κs, where c0 is the initial

concentration, κ0 is the electrolyte conductivity at the initial concentration. The
method for SC measurements was described earlier [52]. The SC value is assumed
to be proportional to the amount of adsorbed ions. This value is expressed asCσ Ifullt

FV ,
where σ is the SC coefficient, which is the coefficient of proportionality between SC
and adsorption capacity.

The problem is solved for a half-cell (the porous electrode and a half of the
separator). The symmetry of the system with respect to boundary conditions is
considered. On the left side (x ¼ 0), the boundary conditions are:

Fig. 9.7 Scheme of the cell
model: (I) electrodes and
(II) separator (spacer). The
dashed line corresponds to
the axis of symmetry of the
problem. Le is the thickness
of the porous electrode. Ls is
the thickness of the porous
separator
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∂c
∂x

����
x¼0

¼ 0;
∂φ
∂x

����
x¼0

¼ 0: ð9:7Þ

In the center of separator (x ¼ Le þ 1
2Ls):

∂c
∂x

����
x¼Leþ1

2Ls

¼ 0; κ
∂φ
∂x

����
x¼Leþ1

2Ls

¼ �Ifull
S

: ð9:8Þ

The initial conditions are:

c ¼ c0; φ ¼ 0 ð9:9Þ
As pointed out, the initial conditions must be corrected using specific adsorption.

It is assumed that only specific adsorption of species occurs before charging. This
results in a decrease in the initial concentration. Furthermore, the initial concentra-
tion was also a fitting parameter; its value was found by comparing the theoretical
and experimental data, as shown further.

A pdepe function of the MATLAB program package that is based on the method
of lines (MOL) [57] was used to solve the system of parabolic equations. The pdepe
function allows solving the initial-boundary value problems for systems of parabolic
and elliptic partial differential equations in the system with a single spatial variable
and the time variable.

9.9 Comparison of Theoretical and Experimental Data
for Static Cell

The solution of the system (9.4)–(9.6) with boundary conditions (9.7)–(9.8) and
initial condition (9.9) can be obtained using numerical methods (Tables 9.3, and
9.4). Only hydrophilic porosity (see Table 9.1) was taken into consideration. More-
over, the values of EDL capacitance per unit of hydrophilic surface area were used.
The separator parameters were as follows: the thickness was 1.5 � 10�5 m, porosity
was 0.46, and the Archie’s exponent was 2. For example, Fig. 9.8 shows the
numerical solution for the voltage and mean NaHCO3 concentration in the static
cell, as well as evolution of the profile concentration in the half-cell in time.

Figure 9.9 illustrates theoretical and experimental galvanostatic curves of elec-
trode charging. The Cs

EDL values obtained as described in Sect. 3.4 were used for
calculations. The plots areU�t dependences for different currents and solutions. The

Table 9.3 Properties of 0.1 N
electrolytes

Salt D�109, m2 s�1 κ, Ohm�1 m�1 t+
NaHCO3 1.26 �10�9 1.014 0.53

CaCl2 1.34 �10�9 0.882 0.41

MgSO4 8.54�10�9 0.497 0.37
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Fig. 9.8 Numerical solution of the voltage and mean concentration in the cell (a) and time
evolution of the profile concentration in the half-cell (b). The CH900 electrode was used; the initial
concentration of the NaHCO3 solution was 0.075 mg-eq cm�3
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theoretical and experimental curves agree well with each other, which points to
correctness of the model. In some cases, total experimental electrochemical adsorp-
tion capacity was slightly lower as compared with the theoretical values. This is
probably due to adsorption of a certain amount of species on highly developed
surface of carbon electrodes before polarization during measurements of discharge
curves. Similar specific adsorption was observed earlier [46].

The charging-discharging curves simulate deionization-concentrating inside the
static cell containing the CH900 electrodes (Fig. 9.10). The curves are plotted in the
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Fig. 9.9 Experimental and theoretical galvanostatic charging curves for the CH900 (a)
VISKUMAK (b-d) and SAIT (e, f) electrodes. A solution contained a mixture of CaCl2.
NaHCO3 and MgSO4 concentration of each salt was 0.0257 M (a); 0.1 N single-component
solutions were also used: NaHCO3 (b, e), CaCl2 (c), and MgSO4 (d, f). I ¼ 2.8 (a–e) and 10 (f)
mA cm�2
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coordinates of voltage-time-concentration of the solution inside the cell. Charging is
accompanied by deionization, and concentrating occurs in the course of discharge.
Each semi-cycle (i.e., stages of deionization and concentrating) passes from the
minimum to the maximum and further from the maximum to the minimum.

9.10 Conclusions

Among investigated AC electrodes, the CH900 sample is the most optimal material
for CDI processes. This electrode is characterized by the highest value of specific
surface area caused by the largest total volume of micropores and nanosized voids.
Moreover, the largest total and hydrophilic porosity is attributed to the CH900
electrode. At last, the largest volume of macropores, which provide high hydrody-
namical permittivity, has been found for this material. This property is very impor-
tant for a dynamic cell, through which the solution passes [56]. The largest
hydrophilic specific surface causes the highest values of adsorption capacity and
surface conductivity [52]. This causes minimal energy consumptions for pure water
production. The prospective way for optimization of AC electrodes is to develop the
materials, which are characterized simultaneously by the highest nanoporosity and
significant volume of macropores. Macropores are able to provide the shortest time
of charging-discharging.

The simple model, which is based only on experimental data (SC and EDL
capacitance), has been developed. The model allows one to avoid difficult

Fig. 9.10 Cyclic galvanostatic curves for the cell containing CH900 electrodes. The 0.1 N CaCl2
solution was used, I¼10 mA cm�2
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calculations of the EDL. These calculations are complicated by features of porous
structure of AC materials particularly narrowings-widenings of pores and their
tortuosity.

Further investigations of CDI processes are related to development of high
conductive separators that would be permeable toward cations and anions. Possible
materials are polymer mosaic membranes [58]. Ceramic [59–61] or polymer mem-
branes [62, 63] modified by nanoparticles of amphoteric inorganic ion exchanger
could be considered as an alternative.
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