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ABSTRACT

The flow-electrode capacitive deionization (FCDI) technology has recently been actively studied as
a means of easy scale-up for mass desalination based on the principle of an electric double-layer
capacitor. In this study, we investigated the structural characteristics of a porous insulating spacer,
which determines the desalting performance. The effect of parameters, such as thickness, porosity,
wettability, and flow rates of saltwater (FR ) have been investigated. As a result, for FR  >2 mL/min
the desalting efficiency increases with decreasing the spacer’s thickness, but for FR <2 mL/min the
optimum thickness was found to be 0.6 mm in terms of desalting efficiency. Utilizing a 0.3 mm thick-
ness spacer lead to the best configuration in the FCDI setup based on the current efficiency criteria.
The results show that the optimum porosity for the porous spacer was 0.56 in terms of desalting
efficiency and salt removal rate while the spacer with 0.44 porosity has the best performance based
on the current efficiency. In particular, wettability did not affect performance. It is observed that
desalting efficiency increases as FR  decreases.
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1. Introduction

The water crisis in the world is an important problem
that mankind has to face up. It is estimated that 3 billion
people will live below the water stress threshold by 2025 [1].
Today, water desalting is not only a field of interest but also
it is a necessary field for many researchers and their coun-
tries. There are different technics for water desalination such
as; multi-stage flash [2,3], multiple-effect distillation [4],
mechanical vapor compression [5,6], freezing [7], humidifica-
tion—dehumidification [8], solar still [9-11], reverse osmosis

* Corresponding authors.

[12], electrodialysis [13], and capacitive deionization (CDI)
or capacitive desalination [14-16].

CDI is an electrochemical water treatment technology
based on the formation of an electrical double layer on the
surface of porous electrode materials under an electrical
field. The basic type of this system consists of two carbon
porous electrodes which are fixed on both sides of a channel
so that electrolyte flows between the electrodes. The ions are
adsorbed to the opposite electrodes by applying an electri-
cal potential on the electrodes. It must be noted that carbon
functionality plays a significant role in CDI [17,18].
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Among water desalination technics, capacitive desalina-
tion has been increasingly studied. A study on this system
is of interest due to its advantages such as smaller footprint,
fairly low energy usage [14,15,19], and low cost, because
the direct electrosorption of ions in saltwater on porous
electrodes needs a low operating voltage of about 1.2 V.

In recent years, many experimental studies have been
done, some sub-models for adsorption of ions are suggested,
and several researchers have investigated CDI from vari-
ous perspectives [20-29]. Among these researches, there are
some studies on new types of cell geometry, such as flow-
through CDI [30], wire-based CDI [31], and flow-electrode
CDI [32-35].

In flow-electrode capacitive deionization (FCDI), slurry
activated carbon (AC) replaces fixed electrode in a conven-
tional CDI. The suspended AC adsorbs the ions when an
external electric potential is applied to the current collec-
tor. The adsorbed ions are carried by the flow of electrodes.
The cation and anion exchange membranes just allow one
special ion to pass, positive or negative, respectively. So, the
FCDI cell generally separates the ions in the feed water [32].

In the previous works, FCDI is introduced [32] and
some aspects of it were investigated [36-40]. FCDI has some

advantages over CDI. The important advantage is that FCDI
is a continuous system and the discharge step is not needed
as compared to the general CDI. Easy scaling up is another
advantage of FCDI [39,40].

The FCDI cell consists of four key parts, that is, a current
collector carved with a microchannel, a slurry electrode, ion
exchange membranes, and a spacer. In an FCDI system, the
current collector is very important because the flowability of
slurry electrodes affects FCDI performance. Also, structural
characteristics of the porous spacer is an important factor
because of its effect on the desalting efficiency and flowabil-
ity of saltwater. Especially, porous spacer has two functions,
that is, insulation of cathode/anode, and preparing a chan-
nel for continuous flow of saltwater. In the present study, the
effects of thickness and porosity of the porous spacer in an
FCDI cell are investigated for different flow rates of saltwater.

2. Experimental setup
2.1. FCDI set

Figs. 1a-c shows an FCDI cell. The FCDI is composed of a
pair of graphite current collectors, cation- or anion-exchange
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Fig. 1. (a) Scheme photo of an FCDI cell, (b) current collector with carved flow electrode channel, (c) FCDI cell, and (d) FCDI setup.
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membranes, a gasket, a spacer, and one pair of endplates.
The width, length, and height of the graphite current collec-
tors are 110, 66, and 12 mm, respectively. The carved flow
channel on the collectors is 2 mm in width and 2 mm in
depth. The column length of each 23 flow channels is 30 mm.
The thickness of the ion-exchange membranes was around
160 pm (Neosepta CMX and AMX, Tokuyama, Japan). The
contact area between the ion-exchange membranes and
flow-electrode was 12.7 cm? A silicone gasket and a 0.3 mm
thick polyester spacer were utilized between cation and
anion-exchange membranes for assembling the FCDI unit
cell. All parts were held together using polyvinyl chloride
endplates.

2.2. Operation of FCDI unit cell

Fig. 1d shows the setup of the FCDI unit cell. The salt
concentration in the NaCl solution is 35 g/L. The saltwa-
ter flows through the spacer at several flow rates from
0.5 to 10 mL/min between the ion-exchange membranes.
The saltwater is operated under open-cycle conditions
with two reservoirs (saltwater and desalinated water res-
ervoirs). The flow rate of the flow-electrode, operated in
a closed cycle, was maintained constant at 21.5 mL/min.
The flow-electrode ran along the flow path on the current
collector. The fresh cathode and anode flow-electrode come
out from one flow-electrode reservoir to the FCDI unit cell.
As shown in Fig. 1, the used cathode and anode flow-
electrodes are accumulated into the one flow-electrode res-
ervoir. As shown in the previous study [36], this operation
method originated from the automatic release of ions elec-
trostatically adsorbed on the surface of AC after desalting
by mixing and neutralizing the charged cathode and anode
flow-electrodes. Consequently, the desalting performance
of flow-electrodes was restored by the simple mixing of the
charged cathode and anode flow-electrodes [37].

Each desalting experiment was performed for 30 min.
A pre-determined time interval between the two consecutive
experiments is introduced for attaining the initial electrical
conductivity of the effluent after the release of voltage. After
conducting the desalting experiments three times, another
experiment is done. A constant voltage of 1.2 V was applied
to the FCDI unit cell using a power supply (E3630A, triple
output direct current power supply, HEWLETT PACKARD,
Republic of Korea) for desalting experiments. The salt con-
centration in the output of saltwater was obtained from
its measured electrical conductivity, using a conductivity
meter (F-74, LAQUA, HORIBA Scientific, Japan). Before the
experiments, all measuring devices were calibrated.

2.3. Physical properties of AC flow-electrode

The flow-electrode, which comprised a slurry AC, was
made from a homogeneous dispersion of commercial AC
(Maxsorb MSC-30, Kansai Coke and Chemicals Co. Ltd.,
Japan) in a 0.1 M aqueous solution of NaCl. The weight ratio
of deionized water to spherical AC was 10:1. The mixtures
were stirred using a magnetic bar for 24 h for achieving a
homogeneous carbon suspension [38].

The shape of spherical AC was verified by field emission
scanning electron microscopy (FESEM, JSM-6700F, JEOL

Ltd., Japan). The average size of the spherical AC particles
was 12.83 um at D,. The specific surface area, average pore
diameter, and total pore volume of the spherical AC particles
were 3,011 m?/g, 2.49 nm, and 1.63 cm?®/g, respectively [38].

3. Results and discussions

As said before, in this study effects of thickness, poros-
ity, and wettability of the spacer on desalting performance
are investigated for several volume flow rates of saltwater
(FR ). In this study; the thickness of a single spacer is 0.3 mm
and the spacer is made of polyester. The concentration of
inlet saltwater (C, ) is 35 g/L, which is, the same as seawater.
Also, the volume flow rate of the electrode (FR ) is kept con-
stant at 21.5 mL/min.

To evaluate the desalting performance of FCDI, few
parameters are used. The desalting efficiency is defined as:

Cin — Cout x 100 (1)

in

E(%)=

where C, is the inlet concentration of the influent (g/L), C_,
is the minimum concentration of the effluent (g/L), respec-
tively. The salt removal rate (R) was introduced in a previous
study [32] as the following;:

Qf X (Cin - Cnut)
A

R= @)

where Qf is the volumetric flow rate (L/min) and A is the
contact area (cm?). Another important parameter is the
current efficiency [34,38] defines as:

Qfox(Cm—

Cout)
%100 ®3)
MxI

n(%)=

where 1) is the current efficiency, the ratio of desalting flux
over current density I (divided by Faraday’s number (F),
F =96,485 C/mol), Qf is the volume flow rate of the influent
(L/s), M is the molar mass of NaCl which is 58 g/mol, the
chemical valiancy of NaCl is 1, and I is the current at the
point of minimum concentration of the effluent (A).

Each experiment was repeated a few times and the
average results are presented here.

Firstly, the effect of the wettability of the spacer is inves-
tigated. In this regard, two types of spacer with similar thick-
ness and porosity, but of different wettability, that is, high
and low wettability, are tested. In this regard, the contact
angle is measured (by SEO contact angle analyzer (PHOENIX
450, Korea)) for 5 s in 1 s increments after the water drop-
let touched the sample surface. Figs. 2a and b show these
2 spacers with different contact angles. It can be seen that
the contact angle for spacer (a), after 5 s, is near zero, which
means high wettability. Oppositely, spacer (b) has a contact
angle lower than 90°, so it has low wettability. Fig. 3 shows
desalting efficiency (E) for high and low wettability of spacer
for 4 flow rates (FR ) of 2, 2.5, 3, and 5 mL/min. Results show
that the effect of wettability of spacer on the desalting effi-
ciency is insignificant. It seems that the attraction force of
ions to the electrodes is much higher than the attraction force
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Fig. 2. Contact angle of the 2 kinds of spacer (a) high wettability and (b) low wettability.
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Fig. 3. Desalting efficiency, E(%) of spacers vs. wettability for
different flow rates.

between the spacer and water drops. Therefore, the effect of
wettability on desalting efficiency is very low.

To investigate the effect of thickness of the spacer on
desalting efficiency, four different thicknesses were exam-
ined. Each spacer has a thickness of 0.3 mm. therefore, to
apply different thicknesses; one to four layers of spacer were
used. In this part, the volume flow rate of saltwater, FR , is
varied from 0.5 to 10 mL/min.

Fig. 4a shows the results of the effect of spacer thickness
and volume flow rate of saltwater on desalting efficiency,
E(%). The porosity of the spacer is 0.44. Two counter effects
of the spacer thickness are noticeable. As the spacer thick-
ness increases, the cross-sectional area of flow increases
which results in lower velocity and higher contact time
between saltwater and electrodes which tends to increase
desalting efficiency. On the other hand, an increase in spacer

thickness makes the electrodes more apart which tends to
reduce the desalting efficiency. It must be noted that the con-
tact surface area is the same for all spacer thicknesses. From
Fig. 4 it can be seen that, generally, the desalting efficiency
increases with decreasing the spacer’s thickness with the
exception that for FR <2 mL/min the desalting efficiency is
higher by 18% at a thickness of 0.6 mm as compared to the
thickness of 0.3 mm. On the other hand, it can be seen that at
the high flow rates, the desalting efficiency is insensitive to
the spacer thickness.

Fig. 4b shows the salt removal rate (R) vs. flow rate of
saltwater for different thicknesses of the spacer. According
to the results, the salt removal rate is the lowest at the lowest
flow rates, regardless of the spacer thickness. This is in con-
trast to the desalting efficiency as shown in Fig. 4a. At first, R
increases by increasing FR up to FR =2 mL/min. After that,
the increase in FR leads to the oscillating behavior of R.

An increase in the retention time of saltwater in the cell
leads to an increase in desalting parameter (C, - C_ ) and
desalting efficiency. On the other hand spending time of
desalting (taking longer time associated with a decrease in
flow rate), has a negative effect on the salt removal rate. The
maximum and minimum R curve vs. FR  is due to the con-
frontation between the two mentioned factors.

Fig. 4c shows the current efficiency n vs. flow rate of salt-
water for different thicknesses of the spacer. Results show
the current efficiency is maximum at the lowest flow rate,
FR, = 0.5 mL/min (opposite to salt removal rate, Fig. 4b)
regardless of the spacer thickness. In general, (especially at
the middle range of FR ), the thinnest spacer (with 0.3 mm
thickness) has the best current efficiency. In other words, the
0.3 mm thickness spacer makes the best configuration for this
FCDI setup upon current efficiency.

Considering that at higher flow rates, the consumption
of energy increases (especially in the pumps), the removal
efficiency decreases, and wear and tear of the equipment
increases, the flow rates of 1-3 mL/min are recommended for
salt removal.

The effect of spacer porosity on the desalting efficiency
at a constant spacer thickness of 0.3 mm for different flow
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Fig. 4. Effect of thickness and volume flow rate of saltwater (FR ) on the (a) desalting efficiency (E(%)), (b) salt removal rate (R), and

(c) current efficiency (1)(%)).

rates and velocities was studied and the results are depicted
in Fig. 5. The velocity can be derived from the flow rate
by considering the porosity of spacer (¢) and cross-section
area of saltwater flow (the thickness-oriented section area,
Ac=9.45 mm?):

FR
V= =
Acxe

4)

Figs. 5a and b show the desalting efficiency for differ-
ent porosities, based on different flow rates and velocity,
respectively. From Fig. 5a it can be observed that the spacer
porosity of 0.56 has the best desalting efficiency among the
porosities studied (at a constant flow rate of saltwater). From
Fig. 5a the second-best spacer porosity was 0.44. In other

words, at a constant FR , the higher and lower porosities
have lower desalting efficiencies than the two-mentioned
porosities. At low porosities, pore areas are small and the
flow velocity throughout the pores, increases (at a constant
flow rate) which in turn leads to lower efficiency (Fig. 5a).
This means that for a constant porosity of the spacer, the
desalting efficiency decreases by an increase in the veloc-
ity of saltwater (Fig. 5b). It can be seen that within a given
range of the velocity the spacer with the lowest porosity has
the best desalting efficiency. For example in the domain of
7-9 L/(min m?) the spacer with a porosity of 0.36 has the
highest desalting efficiency.

On the other hand, at high porosities which is accompa-
nied by high pore area, lower pressure drop and the tortu-
osity of porous media decreases [41] which in turn leads to
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Fig. 5. Performance of the set vs. porosity (a) desalting efficiency per-flow rates (FR ), (b) desalting efficiency per velocity, (c) salt
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less mixing of flow and lower salt gradient at the vicinity of
electrodes, hence lower desalting efficiency (Figs. 5a and b).

Fig. 5¢ shows the salt removal rate (R) vs. flow rate of
saltwater for different porosity of the spacer. According
to the results, the salt removal rate is the maximum at
FR =5 mL/min, regardless of the porosity. From Fig. 5c it
can be observed that the spacer porosity of 0.56 has the best
salt removal rate among the porosities studied for all flow
rates of saltwater. Fig. 4d shows the current efficiency n vs.
flow rate of saltwater for different porosity of the spacer.
Results show that the spacer with porosity of 0.44 has the
best performance based on current efficiency. It means that
in this FCDI set, the spacer with 0.44 porosity is matched
with other parts so that their assembly results in the highest
n. More data is needed to correlate the optimum thickness
and porosity in any setup.

In response to the question that what would the batch
performance of such assembly be, 200 mL saltwater with

C,, = 35 gr/L (seawater) was circulated in a closed-loop for
20 h, and the parameters were considered at the end of this
period. In this test, FR and FR are 2.5 and 21.5 mL/min,
respectively. The thickness of the spacer was 0.3 mm and its
porosity was 0.44.

Results show that at the end of this period, the desalting
was sufficient to produce drinkable water with 1 g/L NaCl.
The desalting efficiency was about 97%. The desalination
time decreases by increasing the contact surface of saltwater
and flow electrodes, as big as the size FCDI or Stack design
of FCDI [32,39]. This test proves that FCDI cells can decrease
the salt concentration of seawater to potable levels.

4. Conclusions

The effects of thickness, porosity, and wettability of the
porous spacer in an FCDI set are experimentally investigated.
The tests are done for several flow rates of saltwater (FR ).
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Four thicknesses, that is, 0.3, 0.6, 0.9, and 1.2 mm are
used. Results show that while for FR > 2 mL/min, the
desalting efficiency increases with decreasing the spacer’s
thickness and the 0.3 mm spacer has higher efficiency, for
FR < 2 mL/min the best desalting efficiency corresponds
to the 0.6 mm thickness. According to the results, for the
spacer with 0.44 porosity, the salt removal rate and current
efficiency are the lowest and highest, respectively, at the
lowest flow rate (regardless of the spacer thickness). This
behavior may vary for different porosities. Considering that
at higher flow rates, the consumption of energy increases,
the removal efficiency decreases, and wear and tear of the
equipment increases, the flow rates of 1-3 mL/min are rec-
ommended for salt removal. Generally, utilizing the 0.3 mm
thickness spacer leads to the best configuration for this
FCDI setup upon current efficiency criteria. The results
also show that the porous spacer with porosity of 0.56 has
the best desalting efficiency and salt removal rate among
the porosities studied (at a constant FR ) while the spacer
with 0.44 porosity has the best performance based on cur-
rent efficiency. On the other hand, for a constant porosity
of the spacer, the desalting efficiency decreases by increas-
ing of velocity of saltwater, while the spacer with the lowest
porosity (0.36) has the best desalting efficiency at a con-
stant velocity of saltwater. More data is needed to correlate
the optimum thickness and porosity in any setup.

Results show that the wettability of the spacer has not a
significant effect on the desalting efficiency. Generally, desalt-
ing efficiency is increased by decreasing of FR . The set up
was capable of desalting salty water of sea level salt concen-
tration to a potable level with a desalting efficiency of 97%.
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