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We examine water desalination processes based on the electrosorption of ions onto
activated carbon electrodes (capacitive deionization, CDI). A flow-by operation mode
was used (solutions flows within channels in the separator, parallel to the electrodes)
in both continuous and stopped flow experiments. The different response of solutions
containing more than 5000 ppm NaCl and dilute solutions (e.g., 1000 ppm NaCl) to
the applied potential is discussed. The electrical current transients on potential steps
were faster by two orders of magnitude than the resulting concentration transients due
to the dynamics of these deionization processes and the properties of the cells used
herein. Guidelines for the practical development of capacitive water deionization proc-
esses are discussed herein. It is assumed that for brackish water containing several
thousands ppms of NaCl, CDI may be advantageous over competitive methods (e.g.,
reverse osmosis). © 2009 American Institute of Chemical Engineers AIChE J, 56: 779-789,
2010
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Introduction

Population growth and the increase in the standard of liv-
ing are continuously increasing the world’s water demand.
When adding this to the over exploitation and contamination
of natural water resources by both industry and municipal-
ities, one may reasonably anticipate that a global water crisis
in the near future is inevitable. New clean water resources
will have to be found or developed; otherwise, serious socio-
economic problems will arise because of the lack of water in
many parts of the world.

Fortunately, apart from irrigation in arid zones, water is
not exhaustible, as is oil for instance. It is only contami-
nated, mostly because of the fault of the users. For instance,
a too intensive usage of fresh water wells in coastal plains
leads to the contamination of aquifers by salty water. Hence,
water can be recycled by purification and desalination proc-
esses. The ultimate, unlimited source of water is of course
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the ocean. However, desalination of sea water, which con-
tains about 40 g/l of NaCl, requires the use of too expensive
processes.

Throughout the world, there are many sources of brackish
water in which the salinity is, considerably, more than one
order of magnitude lower than that of sea water. Hence, it
may be very important to develop efficient processes for the
desalination of brackish water, which may be much cheaper
than the desalination of sea water.

The work reported herein involves an examination of sev-
eral aspects of the desalination of aqueous NaCl solutions by
the capacitive deionization (CDI) method. In this method,
electrosorption and desorption are used according to the
theory of the electrical double layer (EDL) of electrochemical
systems,' ™ while working within a potential window where
electrochemical redox reactions are absent or negligible.

It is noteworthy that the energy demand per unit water
volume for the CDI method, which is a process of removing
salt, the minor component, from the water, is roughly pro-
portional to the feed salt concentration. In the case of
reverse osmosis, which is a process of removing water from
the feed stream, the energy demand is much less dependent
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Figure 1. A scheme of the deionization process by an

electroadsorption process.

(A) PZC Conditions. (B) A potential difference AE is
applied. The arrows indicate water molecules oriented by
the electrical field at the interfaces.

on the feed concentration. Thus, at lower concentrations, the
electroadsorption method may become more economical
than reverse osmosis, which presently dominates the market.

Activated carbon electrodes may reach specific surface
areas higher than 2000 m?/g (BET), while retaining very
high electronic conductivity, in comparison with aqueous
electronic conductivity, and displaying a wide electrochemi-
cal window (>1 V in aqueous systems and >5 V in selected
nonaqueous solutions). These properties make them attrac-
tive for EDL or “super” capacitors, which exhibit much
higher energy density than electrolytic capacitors, higher
power density than rechargeable batteries,” and demonstrate
impressive cycleability. (The only relevant interactions are
electrostatic, hence, there are no chemical degradation reac-
tions that lead to capacity fading, as found in rechargeable
batteries). This combination of properties makes active car-
bon electrodes being suitable for the removal of ions from
solutions.

The basic idea of CDI processes is illustrated in Figures
la, b, which shows a cell with two identical electrodes, both
are initially assumed to be at their potential of zero charge
(PZC). Hence, ion adsorption is small in the absence of an
electrical field (at the PZC). By applying the potential differ-
ence to the cell (Figure 1b), anions and cations are adsorbed
on the oppositely charged electrodes, leaving a diluted solu-
tion in the cell. Then, a dose of desalted solution is driven
out from the cell as a product, under the constant feed flow,
being replaced with a dose of a fresh feed solution. In the
next step, the electrodes are discharged back to the initial
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(PZC) potential, thus, desorbing the salt (the individual ions
from the oppositely charged electrodes) out from the interfa-
cial double layer region into the bulk liquid phase to obtain
a concentrated solution, which is disposed as waste. Hence,
properly designed two-electrode cells can be used as recycla-
ble desalination devices.

In terms of flow directions, cell configuration, and electri-
cal charging regimes, there can be several modes of design
and operation of CDI devices. In this work, we deal with the
flow-by (FB) mode, subdivided into continuous FB (CFB)
and stopped FB (SFB) modes. The term flow by implies that
the solution flows in parallel to the electrodes, not through
them. Figures 2a, b (with detailed explanation therein) illus-
trate the elementary cell configuration for these operation
modes. In the CFB mode, the salt solution flows at a con-
stant rate through a narrow gap (physical gap or porous sep-
arator) between the two electrodes, shaped as thin slabs. The
presence of a separator between the electrodes is necessary
to prevent shorts between them. This is important especially
when fibrous activated carbon electrodes are used. On charg-
ing the electrodes, ions are electroadsorbed. Consequently,
the salt concentration in the pores of the electrodes and the
separator between them is reduced. The constant flow pushes
the desalted water out through the product outlet by replace-
ment with the entering feed solution. Subsequently, the elec-
trodes are discharged, leading to an increase in the solution
concentration. The solution flow is now directed to the waste
outlet, thus, completing a cycle of the desalination-regenera-
tion process. With the SFB mode, the feed solution flow is
interrupted for predetermined periods of time, after each
charging or discharging step (which lasts till the current
decays to zero or to a small but steady-state value), thus,
allowing concentration equilibration across the cell, i.e., in
planes perpendicular to the flow direction. The feed solution
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waste

Figure 2. An illustration of a recyclable cell for the CDI
process (based on EDL adsorption-desorp-
tion cycling).

(A) Desalination step: A potential difference of about 1.1 V
is applied between the two electrodes. lons are electro-
sorbed. The solution within the cell is desalinated and is
driven out through the product outlet by the fresh feed solu-
tion (notice the valves on the left hand side); (B) Regenera-
tion step; AE = 0 (the two electrodes are short circuited),
ions are electrodesorbed, and the resulting concentrate is
driven out to the waste outlet.
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then flows again toward the cell exit, thus, pushing out the
desalted solution. This mode has the advantage of maximiz-
ing the separation per cycle, because ample time is allowed
for the charging/discharging steps. However, the cycle dura-
tions may be long. This mode of operation is expected to be
simpler for the purpose of study and interpretation, because
the time domain for the ion removal from the solution
(charging and ion diffusion to the electrodes’ pores) is sepa-
rated from the time domain for the collection of the product,
namely, a desalted solution. Both CFB and SFB modes of
operation are dealt with in this work.

It should be noted that studies of water desalination proc-
esses by electrochemical means are not new and have been
dealt with during the last few decades. The idea of electro-
chemical water desalination was first raised in 1957 by
Garten and Weiss.® This was followed by substantial experi-
mental work by Murphy et al.”® These authors emphasized
the importance of the processes of the surface groups of car-
bon electrodes rather on their EDL capacitive behavior.
Nowadays, numerous publications>**~'" have shown that
the high electrical capacitance of porous activated carbon
electrodes can be interpreted solely in terms of their EDL
behavior. Several aspects of the EDL behavior of various
electrodes and the influence of surface groups in determining
the PZC were studied by Frumkin.'? A unified thermody-
namic theory for EDL and surface redox processes of acti-
vated carbon electrodes was formulated by Soffer.* The de-
velopment of capacitive water deionization processes was
further promoted by Farmer et al.,"® based on aerogel car-
bon, a novel monolithic mesoporous carbon electrode pos-
sessing a surface area of 400-1000 m?/g, developed by
Pekala et al.'* The engineering aspects of capacitive water
deionization processes were studied by Andelman.'” A
review on capacitive water deionization processes covering
the whole span from scientific work to commercialization
status has been published recently by Oren.'®

Despite the aforementioned work on electrochemical water
desalination, there are still many aspects and issues that have
not yet been addressed. Several of these aspects are dealt
with herein, as listed below:

(a) Type of carbon electrodes, separators, and module
design: The great majority of the previous studies involved
the use of carbon aerogel as thin slabs, a few tenths of mm
thick. This is an expensive and fragile carbonaceous mate-
rial. In these studies (e.g., Refs. 13-15), the oppositely
charged sheet electrodes were separated by empty gaps
formed as a part of the module design.13 In this work, we
adopted a simpler and much more robust design in which
flexible activated carbon cloth electrodes and macro/mesopo-
rous separator in between are used. This simple approach
enables the use of a wide variety of commercial or home
made, inexpensive carbon electrodes and separators.

(b) Current collector: Although in previous studies'® the
current collector was titanium or its alloys, in this work, we
successfully used a much cheaper current collector, made of
flexible carbon film.

(c) Stopped flow regime: In this work, we employed, for
the first time, the stopped flow mode of operation, which ena-
bles the separate study of charge and concentration transients.

(d) Concentration: Although most of the studies, including
Farmer et al’s, concentrated on desalination of diluted brack-
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ish water (<500 ppm NaCl), in this work, we covered also
cases of concentrated brackish water (>5000 ppm NaCl).
Studying this relatively wide concentration range, enables to
estimate upper concentration limit of brackish water to
which CDI is applicable as a competitive desalination
method

(e) Charge efficiency: This crucial parameter, which is
discussed herein, was not discussed or even mentioned in
the literature since almost three decades ago (the mathemati-
cal expression of the charge efficiency in CDI processes was
derived about 26 years ago'’). As demonstrated recently,18
the magnitude of the charge efficiency in CDI processes
emerges from the behavior of each individual electrode in
the reactor. In this article, its dependence on the experimen-
tal conditions is investigated for the first time.

We intend herein to further characterize model CDI proc-
esses, which continues earlier pioneering studies,>>8:16:19:20
We describe herein deionization experiments with electro-
chemical cells based on activated carbon electrodes to which
the CFB and the SFB modes of operation were applied. Sev-
eral important parameters of CDI processes are discussed in
detail. It should be emphasized that the results presented
herein are far from demonstrating optimized water desalina-
tion, because the latter requires careful engineering optimiza-
tion, which is beyond the scope of this work. However, the
parameters and behavior measured and discussed herein may
provide a good basis for such optimization and provide good
guidelines for the design of practical, scaled up cells.

Experimental
The system’s components

The system comprises a desalination reactor, programmable
power supply, a conductometer, peristaltic pump, flow meters,
and a storage bulb, as shown in Figure 3. The entire system is
connected to a PC and controlled by a home-made program,
based on LabView software, which controls the applied volt-
age and the solution flow rate, and reads and plots the conduc-
tivity and the current, vs. time. (A quite significant effort was
devoted in developing the software—hardware interfacing and
functionalities of this system). Sodium chloride solutions
were circulated by a peristaltic pump via a tubing of minimal
volume through the conductivity sensor and the electrochemi-
cal cell, as described schematically in Figure 3.

An arrangement for dissolving air pockets within the cell
was as follows: prewetted air was bubbled into the 2-meters
high storage bulb, which was also vented to the free atmos-
phere. This air-saturated solution (at 1 bar) was then passed
through the CDI cell, held under a water column of ~2 m.
The solution entering the cell was, thus, only 80% saturated
with any dissolved gas and could, therefore, dissolve the air
trapped within the cell components. The removal of trapped
air is important, because gas bubbles may impede the ionic
current and the flow through each of the parallel slots within
the separator sheets. In fact, we could observe the process at
work while air bubbles gradually disappeared from the pres-
surized solution entering the cell.

When an inert atmosphere was needed (e.g., to eliminate
any possible influence of oxygen reduction), the solutions
were deaerated with nitrogen using the above setup.
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Figure 3. A scheme of the solution manipulation
through the system’s components.

A power supply from Keithley, Model 2440-5A Sink-
Source-Meter, was used for applying its voltage to the cell
for measuring the current. A conductometer, from Metrohm,
Type 712, with a string-type output was digitized via the
processing software and used for monitoring changes in salt
concentration.

The CDI reactor

The reactor (Figure 4) was made of a stack of pairs of
carbon cloth electrodes (Kynol CAT ACC-5092-15, 1500
m?/g BET), 14 cm x 5 cm x 0.05 cm each, separated by a
mesoporous, silica-filled polypropylene separator. This sepa-
rator (Figure 4) was composed of two parallel sheets, 0.25-
mm thick each, with a 1-mm thick separating gap between
them. The gap was supported by ribs (indicated in Figure 4),
along the separator sheets. The gap was the cell component
responsible for the solution flow parallel to the electrode
sheets. This enabled work in the FB operating mode (which
we intend to explore in this work). Because of the mesopo-
rous silica filling, in the separator walls, diffusion of solution
components perpendicular to the electrodes’ sheets was
enabled. This, together with separating the electodes from
each other, is the regular functions of the separator in elec-
trochemical cells.

Each electrode was connected to a current collector layer
made of an electrically conductive, carbon-based sheet. The
current collector sheets protrude from the cell gasket, thus,
having contact with flat brass rings pressed with screws and
bolts (see the right side of Figure 4). In total, this reactor
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comprised 10 pairs of electrodes (20 carbon cloth sheets).
The total carbon sheet mass of the cell was 14 g, and the
total solution volume contained into the reactor was 80 ml.
The volume of the freely flowing solution, about 40 ml was
that contained in gaps (channels of flow) within the separator
(Figure 4).

Types of experiments and data processing

We performed three series of experiments:

1. CFB mode with solutions containing 5500 ppm of
NaCl;

2. CFB mode with solutions containing 550 ppm of
NaCl; and

3. SFB mode with solutions containing 550 ppm of
NaCl, applying different charge/discharge voltages.

It should be noted that solutions containing 5500 and 550
ppm NaCl are typical examples of brackish water of high
and low salinity. Thereby, it was important to study both
types of solutions. Unless otherwise specified, the following
experimental conditions were applied. The pumping rate, 2
ml/min, was assumed to be low enough to minimize mixing;
the applied charging potential was 1.1 V, which is slightly
below 1.23 V, the thermodynamic potential window for
water electrolysis and the discharging (regeneration) poten-
tial was 0 V.

Salt/charge efficiency

We define the salt/charge efficiency as the amount of salt
adsorbed into the electrodes divided by the amount of elec-
tric charge (both in moles) passed through the cell.'® This
ratio is not necessarily unity, because the electric charge on
the electrodes may be neutralized (from the solution side)
not only by adsorption of counter ions*' but also by desorp-
tion of co-ions, which have the same charge sign as that of

Rubber strip gaskets

] —

Repetitive wnit

L1
Brass rings
Current 1.5 mm
collector
Electrod: i
seperator:
rib

Figure 4. A scheme of the CDI reactor (the electro-
chemical cell for the water desalination pro-
cess), structure, and configuration.

The solution flow direction is perpendicular to the “page
plane.”
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Figure 5. Typical salt adsorption and charge curves
obtained by integration of concentration-time
and current-time data during periodic charg-
ing/discharging curves.

Feed concentration is 5500 ppm NaCl.

the electrode.”” This effect is very significant at potentials
close to the PZC where cation adsorption and anion desorp-
tion (and vice versa) may occur simultaneously and equally.
In fact, an electric charge may pass through the cell without
any impact on desalination if the amount of cation released
because of a positive charge admission to one electrode is
equally adsorbed to the counter electrode due to the same
(but opposite in sign) electric charge. In such a case, the
salt/charge efficiency is zero. The phenomenon of ion release
from one electrode with a simultaneous uptake by the coun-
ter electrodes at potentials not too far from the PZC was an-
alyzed in detail elsewhere.'®

The salt/charge efficiency is calculated as follows: The
current is continuously integrated vs. time (see typical exper-
imental results in Figure 5), giving the charge passed
actually between the electrodes:

/det:q M)

Translating the charge to molar values gives the following:

ng = q/ a (2

where F is the Faraday number. The solution conductivity,
which was monitored continuously, is translated to changes in
the salt concentration because of electroadsorption, compared
with Cy, the salt concentration of the feed solution. Integration
of the concentration changes over the volume of the solution
that passes through the cell gives the amount of salt adsorbed
(in moles), corresponding to the passage of charge as follows:

/(CO - Cout) x dV = FNacl (3)

Hence, the salt adsorption (desalination) efficiency is
given by
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n= NNacl (4)
Ne—

Results and Discussion
Continuous flow-by mode

High Salt Concentration (5500 ppm NaCl) Capacity.
Figure 5 shows typical experimental results in which a solu-
tion containing 5500 ppm NaCl is flowing through the CDI
reactor operating in the CFB mode. The electrodes are
charged and discharged (shorted) repeatedly, and the salt
concentration at the outlet of the cell changes accordingly.
The upper panel shows the periodic dependence of salt
adsorption on time, obtained by the integration of the con-
centration with respect to time according to Eq. 4. The lower
panel shows the cumulative charge (Eq. 1) vs. time for the
same time scale. Figure 6 presents a typical response of the
current and salt concentration vs. time, during periodic
charge—discharge cycling (240 min/cycle) of the CDI reactor,
with a continuous flow of a 5500 ppm NaCl feed solution.
The applied potential was periodically changed from O to 1.1
V. As demonstrated, on charging, the NaCl concentration
drops from 5500 to 4500 ppm. Such a drop is too small for
desalination of practical significance (i.e., lowering the salt
concentration to below 250 ppm to produce potable water).
This minor change of only about 20% in concentration is
because of the low ratio between the electroadsorbing sur-
face area and the salt content in the feed solution. Obvious
ways to increase this ratio is, of course, to use carbons of
greater internal surface area per unit reactor volume and/or
to minimize the void volume spaces containing bulk solution
within the cell. As to increase the carbon electrode surface
area, there are limitations to this approach, because of the
conflict between high surface area (smaller pores) and high
electroadsorption rate (larger, more permeable pores).10

A third approach to achieve potable water concentrations,
besides optimizing electrode’s surface area and porosity and
minimizing void volumes, is limiting the feed concentration
to values that are much below 5500 ppm NaCl. The optimal
feed concentration for cells of the type described herein may
be estimated roughly from results obtained in this work with
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Figure 6. Changes in current and salt concentration,
typically obtained on periodic polarization-
depolarization of the CDI reactor, with a con-
tinuous flow of solution containing 5500 ppm
of NaCl.
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solutions containing low concentrations of NaCl. For
instance, it was possible to reduce the NaCl concentration in
solutions from 620 to 100 ppm NaCl by CDI in the system
and operational mode described earlier (see Figure 10 and
later discussion). Because the upper NaCl concentration limit
for potable water is around 250 ppm, we assume that with
the present reactor design (which is far from being opti-
mized), it may be possible to desalinate brackish water con-
taining 1000-2000 ppm NaCl, down to the level of potable
water. At such feed concentrations, the CDI method, which
is a process of minor component (salt) removal from the
brine, may be energetically favorable over reverse osmosis,
which, as mentioned in the introduction section, is a method
of major component (water) removal from the brine. Optimi-
zation of the cell design may enable cost-effective desalina-
tion of brackish water with higher NaCl concentration (sev-
eral thousands of ppm NaCl) down to the level of potable
water, using CDI in a single pass operation (i.e., the feed so-
lution filling the reactor undergoes a single charging step, af-
ter which it is totally removed as a product).

An important aspect of the efficiency of desalination
relates to the energy consumption per unit volume of desali-
nated water. In contrast to brackish water desalination by
reverse osmosis, where the salt concentration has a relatively
small effect on the energy consumption, the energy of
desalination by CDI is nearly proportional to the amount of
ions in the solution. Hence, this latter method may be more
cost effective for brackish water (namely solutions of rela-
tively low salt concentration'®) than other desalination meth-
ods. Finally, one can argue about the disadvantage of CDI
related to the periodicity of the process. However, it should
be easy to dispose the resulting concentrate and obtain a
continuous supply of water by the use of an appropriate
switching system and reservoirs for the product, potable
water.

Kinetics. Another interesting phenomenon arising from
Figure 6 is that following the potential step, the solution
concentration rises and decays about 60-100-fold slower
than the electrical current. This implies that improving the
cycling rate (and, thus, the system’s productivity) relates to
the improvement of the mass transport at the solution side,
while charging the electrode side is very fast. We, therefore,
attempt to qualitatively understand which are the compo-
nents that influence the time constants of the charging/dis-
charging process. (Using appropriate available software, it is
possible to treat the data quantitatively and develop models
for the i, g, n, vs. t curves. However, this is beyond the
scope of this work).

Figure 7 shows the essential cell components that play a
role in the kinetic response of the CDI cell, as reflected by
the time-dependent concentration presented in Figure 6.
Because the channels within the separator are much wider
than the interfiber gaps within the carbon cloth, the solution
flows practically only through the rectangular cross-section
tunnels within the separator (I-mm thick in the present
cells). The starting point of the desalination cycle of opera-
tions is a short-circuited cell with a uniform salt concentra-
tion throughout. By applying a potential step, the charged
active carbon electrodes attract counterions into their micro-
pores and repel the co-ions, which move, under the electric
field, toward the opposite electrodes. The adsorbed ions are
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(micropores inside)
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(electrolyte)
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Figure 7. A schematic presentation of the cell compo-
nents that play a role in its kinetic response

(e.g., the concentration vs. time behavior
seen in Figure 6).

taken off from the vicinity of the microporous carbon fibers,
namely, from the macroporous space of the carbon cloth.
The result is a depletion of ions from the macropores. The
resulting concentration change is detected by the conductiv-
ity measurements only after a sequence of two time inter-
vals. One interval is the time of diffusion, which is needed
to reduce the concentration of the ions in the space between
the macropores of the carbon cloth electrodes and the sepa-
rator’s channel. The second, consecutive interval is the time
of solution transport from the channels of the separator out
of the cell to the conductivity probe. In general, initial quan-
titative analysis of the transport situation in the reactors that
we use can be carried out by calculating the Reynolds,
Schmidt, and Peclet (Re, Sc, Pe) numbers.?? Taking into
account the width of the channels of the separator, the
applied flow rate, the kinematic viscosity of the solutions
measured, and the diffusivity of the ions involved, the Re
number of the solution flow in all of the experiments
described herein (in continuous flow operation mode) is
about 0.14, indicating laminar flow. The relevant Sc numbers
for CI~ and Na™ ions are about 490 and 750, while the Pe
numbers for the same ions are 69 and 105, respectively.
These high numbers mean that the rates of transport of ions
by diffusion are negligible, when compared with their rate of
transport by the flow of solution through the cell. The
response of the solution containing 5500 ppm of salt to the
potential step (electrodes’ charging) is a fast change in con-
centration with a typical round peak (Figure 6). This peak-
shaped behavior is explained by the high Sc and Pe numbers
and is caused by the slow but prolonged transversal diffusion
process from the micropores within the carbon cloth fibers,
via the separator walls, into its channels, while the solution
is flowing through. The concentration—time curve reflects the
feed concentration for the period, during which the solution
flows through the cell, while a constant potential difference
is applied to the electrodes. The question now is how long
this transient situation lasts and to what extent some sort of
equilibrium conditions can be established? With the present
cell and configuration, the electrical transient is two orders
of magnitude shorter than the ionic one, which implies that
there is a lot of room for improving the kinetics of ion trans-
port in these cells and for optimizing the ratio between axial
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Figure 8. Periodic concentration profiles measured
during repeated adsorption-desorption
(charge-discharge) cycles, potential steps of
1.1 and 0 V, respectively, with a solution con-
taining 5500 ppm of NaCl.

The duration of each cycle was 30 min, and the experiments
were conducted continuously during 64 h with no change in
the concentration profiles.

transport of ions by the solution flow and the transport of
ions to the electrodes’ pores (for their removal by CDI).

It should be noted that if there was no axial mixing in the
CDI cell and if there was a very fast transversal diffusion
and equilibration between the mobile solution within the sep-
arator and the stationary solution in the rest of the cell com-
ponents (see Figure 7), the concentration—time plot (during
discharge) should appear as a plateau for at least the follow-
ing period of time, T = V¢/(dV/dt) (which can be considered
as the retention time, about 20 min, in our experiments; dV/
dt being the solution flow rate) of the passage of one mobile
solution volume (Vy, which is the volume of the separator
that contains the flowing portion of the solution).

After that period, the concentration should gradually and
asymptotically approach the concentration of the feed solu-
tion because of the diffusion of ions from the feed solution
to the porous components of the cell (depleted from the
ions, because the ions are adsorbed into the pores’ walls).
Because the solution flow is laminar and the ions diffusion
rates are relatively slow, the possibility for axial mixing is
low. Hence, the peak-shaped concentration—time response,
seen in Figure 6, may indicate that the removal of ions from
the flowing solution (a perpendicular transport by migration
and diffusion) is too slow compared with the axial solution
flow (through the channels of the separator). Consequently,
it can be concluded that better results can be obtained using
a “flow through” operational mode in which the solution is
forced to flow through the porous electrodes and not in gaps
between them.

Long-term Stability. Another important aspect measured
herein, especially with the solutions containing a high salt
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concentration, was long-term stability. Figure 8 shows con-
centration profiles measured in an experiment in which
adsorption/desalination—desorption cycles with potential steps
of 1.1 and 0 V, about 30 min each, run repeatedly during 64
h. The results in Figure 8 show no change in the concentra-
tion amplitude, which is an indication of the stability of the
electrodes. Hence, we expect that cells for water desalination
based on activated carbon electrodes should be stable and
should not require substantial maintenance related to their
electrochemical operation.

Residual Currents. When dealing with water desalination
by the CDI method, it is very important to address possible
parasitic processes and leakage currents, which may interfere
with the expected capacitive behavior of these systems. Fig-
ure 9 shows a curve of the charge (current integral over
time) calculated per cycle, during a typical cycling experi-
ment (described in the introduction). The slow rise of the
charge seen in Figure 9 indicates that there is a charge accu-
mulation within the system, superimposed on the charge
measured during the course of the reversible desalination
cycles. This is likely due to a minor water electrolysis pro-
cess that takes place during the 1.1 V charging phase. This
parasitic charge accumulation drops down with time, as seen
in the figure. As such, the surface electro-oxidation of the
active carbon electrode is also an option of a parasitic pro-
cess in these systems. However, this option is more common
in acidic solutions, which is not the present case. It should
be noted that this minor (compared with the cyclic charg-
ing—discharging driving the desalination) charge accumula-
tion process and its products are not detrimental to the water
desalination process. However, it obviously involves some
energy losses. In fact, it is not necessary to apply a potential
difference as high as 1.1 V. Lower the potential difference,
the lower is the possibility of parasitic processes. In addition,
it is well known that active carbons of different origins and
different thermal treatments are very different in their resist-
ance to oxidation. Hence, the resistance of activated carbon
electrode to oxidation may be improved (if at all necessary)
by further thermochemical treatments.

Low Solution Concentration (620 ppm NaCl). Kinetic
aspects associated with low feed concentrations. One might
expect that at low salt concentrations, the concentration

Charge

40 TCurrent leakage

[ 120 240 360 480 600 720 840 960 1080
Time (min)
Figure 9. Typical charge profiles (Q vs. t) during
repeated charge-discharge cycling of a solu-
tion containing 5500 ppm of NaCl.

The charge profiles were calculated during the adsorption
(charging) steps, during which a potential difference of 1.1
V was applied to the electrodes.
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Figure 10. Concentration and charging current vs. time
for the solution containing 620 ppm of NaCl.

Cycle duration: 480 min (adsorption—desorption process);
solution flow rate: 2 ml/min.

transient time should be longer, compared with that of solu-
tions of high salt concentration. However, Figure 10 shows
that for solutions with about 10-fold lower NaCl content
(620 ppm), the concentration transients (due to charge-dis-
charge of the cell by potential steps) are not longer than
those measured with the solutions containing 5500 ppm of
salt, shown in Figure 6. In fact, the desorption curve seems
to be relatively higher and sharper than the corresponding
one for the 5500 ppm NaCl solution, presented in Figure 6.
We anticipate that when the solution’s concentration is low,
there is no shielding effect of the ions in the various porous
parts of the cell, and thus the electric field applied to the sol-
utions due to the electrodes’ polarization expands from the
walls of the carbon cloth macropores (space between indi-
vidual fibers >50 nm'") into the channels of the separator.
This adds, in addition to diffusion, an ions flux forced by the
electric field into the separator’s channels (see Figure 7).
Other features, evident from the presentation in Figure 10
are (a) the impressive six-fold drop in concentration of the
deionized solution, down to 100 ppm NaCl during the
adsorption steps (note that drinking water may bear up to
250 ppm NaCl); and (b) the concentration peaks during the
desalination steps are lower and wider than those related to
the regeneration steps, indicating that desalination is slower
than regeneration (i.e., desorption of the ions back to the
flowing solution). This surprising observation is due to the
extreme dilution of the solution during the course of the dei-
onization steps, leaving salt-depleted, poorly conductive
space (filled with deionized water) in the vicinity of the car-
bon-solution interface. The asymmetry between the desalina-
tion and regeneration curves is clearly seen in Figure 10
and, as expected in light of this interpretation, is not
observed in the experiments with the more concentrated sol-
utions (Figure 6) because there, the concentration drop due
to adsorption is not significant.

Comparison with literature at similar flow regimes and
cell configuration. It should be both interesting and impor-
tant to compare some results presented herein with results
obtained in similar experiments published earlier by Farmer
et al.'"’ Their work also involved experiments using the CFB
mode (although they did not call it as such) with solutions
that freely flowed through gaps in parallel to the electrodes
sheets. For solutions containing only several hundred ppm of
NaCl, Farmer et al. also demonstrated an impressive five-
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fold reduction in the salt concentration on the desalination
steps (from 550 to 100 ppm). Although the flow mode was
the same for Farmer et al. system and our systems, the simi-
larity between Farmer et al.’s results and the results pre-
sented herein is striking, because the operational parameters,
cell design, and the type of carbon electrodes used by
Farmer et al. were totally different. Figure 11 presents typi-
cal current and concentration transients from Farmer et al.’s
work with CDI cells and feed solutions containing 550 ppm
NaCl. As seen in this figure, the profiles of the concentration
transients obtained by Farmer et al. are somewhat different
from those shown in this work (compare Figures 10 and 11)
and are closer to the shape of a plateau. This means that the
axial mixing of desalted and feed solutions in Farmer et al.’s
system was lower than the axial mixing in the experiments
described herein. We attribute this advantage in Farmer
et al.’s results to the effectively much longer path for the so-
lution flow due to the serpentine-like configuration of the
cells that they used,'® where edge effects are less pro-
nounced, while the cells used by us were relatively much
shorter and wider. It is noteworthy that the phenomenon of
much faster current transients, compared with the concentra-
tion transients, was also observed by Farmer et al. (Figure
11), indicating that this response is very typical of the CFB
mode of operation. The difference between the concentration
transient profiles measured by Farmer et al. and by us is
most probably due to differences in the cell design used by
the two groups. It is obvious that Farmer et al.’s use of a
physical gap to separate between the two electrodes (instead
of a separator, what was possible for the aerogel electrodes
that they used) provides a higher ionic conductance between
the two electrodes than in our case (the use of a mesoporous
separator in this work). However, our advantage over the
carbon aerogel used by Farmer et al. is in using generic car-
bon cloth electrodes that are flexible, much cheaper, and of
greater (BET) surface area per unit electrode volume (this is
in fact the main parameter that determines the ratio between
the feed and the product concentrations that can be obtained
by a single pass operation).
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Figure 11. Results taken from the literature'® obtained
in experiments similar to those described in
Figure 10: potential, current, and salt con-
ductivity vs. time in a typical deionization/
concentration cycle.
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Figure 12. Presentation of data from a typical stopped
flow experiment.

Currents and concentration profiles (translated from con-
ductivity measurements) obtained with a solution contain-
ing 620 ppm at NaCl, potential steps at 1.1 and O V and a
flow regime in which a potential step was applied during
480 min, but the solution was stopped from flowing during
the first 240 min and was then forced to flow during the
next 240 min of each cycle.

Stopped flow-by mode

In another set of experiments in the cells described earlier,
pumping of the feed solutions into the cell was stopped dur-
ing the application of each charge or discharge step for a
predetermined, relatively long period of time (e.g., 220 min),
to allow a full concentration equilibration during the course
of the adsorption/desorption steps. The solution was then
flowed (extracted) while the applied potential was still intact,
through the conductivity cell for analysis. Figure 12 shows
typical results of these experiments with a solution contain-
ing 620 ppm NaCl. Both the current and the concentration
profiles (due to the application of potential steps) are pre-
sented. Although there is no doubt that with such a mode of
operation (specially as the flow through the cell is laminar)
the concentration profile inside the cell should be plateau
shaped, the concentration profiles, thus, obtained (by the
conductivity measurements) were all peak shaped (Figure
12). We can explain this peak-shape behavior by examining
carefully the overall structure of the reactor, namely, the fact
that the cross-section of the inlet and outlet are narrower
than the cross-section of the cell. Thereby, the solution flow
through the reactor is not uniform (yet, laminar everywhere
therein). The solution flows relatively fast in the center and
slowly near the perimeter. The peak-shape behavior, thus,
obtained can be fully attributed to this nonuniform flow.
Hence, a cell design with better dispensers may solve the
problem (as is indeed found in further studies, beyond the
scope of this article).

Parameters influencing deionization/charge efficiency

A series of experiments with solutions of two different
salt concentrations were carried out using the CFB mode of
operation, aiming at a study of the effect of cycle time on
various parameters of the deionization processes. Table 1
summarizes the capacities and charge efficiencies for the
experiments with solutions containing 550 ppm of NaCl and
shows that decreasing the cycle time decreases the salt/
charge efficiency of the system. This is reasonable, because
at short cycle times, the concentration transient is cut prema-
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Table 1. Capacitance and Charge/Salt Eficiency for
Experiments with Solutions Containing 550 ppm NaCl

Cycle Charge Capacity  Salt Capacity Salt/Charge
Time (min) (mmole/g) (mmole/g) Efficiency (%)
60 0.212 0.055 26
120 0.246 0.116 47
240 0.271 0.172 64

The potential steps were from 0 to 1.1 V.

turely, so that the salt diffusion from the stationary solution
zone to the mobile zone is not yet completed. The fact that
the salt/charge efficiency is much lower than 100%, even
during prolonged cycling time (4 h), cannot be attributed to
the EDL charging, because the electric current relaxation
time is still much shorter than that of the concentration
relaxation. It may relate to the coadsorption effect described
in the experimental section (see Salt/Charge Efficiency, sub-
section).

Table 2 describes the same results as those of Table 1, but
for the 10-fold 5500 ppm concentration. The 4-h cycle
charge efficiency values are lower than those calculated for
the diluted solution (as listed in Table 1). This again should
be attributed to the coadsorption effect, which is stronger for
more concentrated solutions (there are more of co-ions to
desorb in parallel to adsorption of counter-ions). The charge
efficiency for the 1-h and the 1/2-h cycle times are unexpect-
edly very low. This feature has to be further explored.

The last aspect dealt with herein relates to the efficiency
of deionization vs. the charge consumption obtained in
experiments with the stopped flow mode of operation. The
solutions in these experiments contained 550 ppm of NaCl.
We report herein about a series of experiments in which dif-
ferent potential steps were applied to the cells, starting with
0.2 V up to 1.2 V, with increments of 0.2 V after equilibra-
tion. The charge and deionization capacity in each step were
calculated by dividing the changes measured in the charge
accumulation and in the ion’s adsorption (i.e., solution
deionization translated to mmole units), by the potential step
applied (0.2 V in these experiments). In addition, we calcu-
lated the deionization/charge efficiency as a function of the
potential changes applied. The results are presented in Figure
13. As seen, and is indeed expected, the application of the
first potential step of 0.2 V results in relatively low charge
and deionization capacities. Then, further potential steps of
0.2 V result in the leveling off of the charge capacity and
the peak-shape behavior of the deionization capacity and,
consequently, of the charge/deionization efficiency. The
maximum in the deionization capacity and in the related effi-
ciency is measured when the potential step is changed from
0.6 to 0.8 V. This finding may indicate another important

Table 2. Capacitance and Charge/Salt Eficiency for
Experiments with Solutions Containing 5500 ppm
NaCl Solution

Cycle Charge Capacity  Salt Capacity Salt/Charge
Time (min) (mmole) 2(mmole) Efficiency (%)
30 0.272 0.012 4
60 0.276 0.017 6
240 0.291 0.133 47
The potential steps were from 0 to 1.1 V.
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Figure 13. Specific charge capacities, specific deionization capacities (in mmole/V-gcarmon), and deionization/
charge efficiency in experiments with a solution containing 550 ppm of NaCl.

A stop-flow mode in which the potential applied to the cell was stepped up in 0.2 V increments, followed by charge and deionization
measurements. The capacities were calculated by dividing the changes in electric charged or ionic charge (translated to mmoles) by the
potential changes (0.2 V). They are presented as specific values (per 1 g of carbon electrode material).

direction of optimization, i.e., the potential applied. At a first
glance, one would suggest that in the CDI processes, the
maximal potential that does not yet lead to water electrolysis
should be applied. However, in term of energy efficiency,
and hence specific operation costs, there may be an optimum
in the potential applied that is lower that the maximal value
(beyond which Faradaic reactions may take place). Indeed,
further parallel studies revealed a quite complicated depend-
ence of the charge/deionization efficiency of CDI processes
on the applied potential.'®

Conclusions

Water desalination by means of electroadsorption/desorp-
tion or CDI is unique and may be important and practical in
the following aspects:

® [ow energy demand involving neither phase nor tem-
perature changes.

e Significant recovery of the invested capacitive electrical
energy is possible.

e Maintenance treatments without chemical additives may
be carried on electrochemically, i.e., without chemical addi-
tives, by applying high voltage (>1.3 V), which should
in situ form the required redox and/or PH environment.

In this work, we studied the behavior of the CDI reactor
not only for the most known and employed mode of CFB
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but also for the mode of SFB, where the dynamic and sta-
tionary parameters could be separated for simpler analysis.

On the basis of the experiments reported herein, we esti-
mate that cost-effective production of drinking water from
salty water solutions by single-step CDI processes may be
limited to salt solution containing concentration of a few
thousands ppm of NaCl (brackish water). The upper
concentration limit may be further increased on increasing
the ratio between the amount of reversibly electroadsorbed
salt and the amount of salt contained in the bulk solution
filling the meso- and macrovoids, and gaps between the
electrodes.

This work demonstrated the use of cheap and relatively
simple components of cells for CDI processes (compared
with expensive aerogel carbon electrodes used in pervious
similar studies). Another aspect of optimization relates to
energy (and hence cost) efficiency: the potential applied to
the cells should be determined based on maximal deioniza-
tion/charge efficiency and not by the widest potential span in
which the response remains fully capacitive (i.e., no parasitic
reactions). Finally, this work is aimed at providing a qualita-
tive picture of the main parameters that affect CDI proc-
esses. A natural follow-up step is a quantitative work and
optimization of the parameters described herein by modeling,
using appropriate and available software for calculations
related to transport phenomena.
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