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a b s t r a c t

Capacitive Deionization (CDI) is an emerging technology representing a potential alternative to the
common, energy-intensive desalination methods for low salinity water streams. In CDI an electrical field
is applied to separate ionic species from aqueous solutions and electro-adsorb them into a highly porous
material. CDI is a complex multi-scale system which requires robust mathematical models to closely
describe its performance. Here, a dynamic two-dimensional model is developed coupling the diffusion
and advection of the species in the bulk solution with their diffusion and electro-sorption in the porous
electrodes. In this model, the adsorption/desorption resistance between the micropores and macropores
along with variable non-electrostatic attractive forces in the micropores are also incorporated. The
proposed theory is validated against experiments using a circular CDI cell operating under various
conditions, where different transport mechanisms are limiting the total ion removal process. Perfor-
mance of the CDI systems is also evaluated using inclusive figures of merit. The obtained results
accentuate the significant effect of the rate-limited transfer of the ionic species from the macropores into
the micropores, especially in systems subject to severe ion starvation, where neglecting this electro-
sorption resistance leads to up to 50% and 210% overestimation of the energy efficiency and overall
desalination performance, respectively. Furthermore, although the commonly used transport theory
describing CDI fails to capture the dynamics of the systems at low initial concentration and high
adsorption capacity by assuming fast electro-sorption without any resistance, the presented theory
closely models the transport mechanisms in such systems. Moreover, we experimentally and numerically
demonstrate a trade-off between the energetic and desalination performance in systems with low and
high mass P�eclet number.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Secure and sustainable water resources are essential for social
and economic development, ecological health, and humans’ well-
being. However, satisfying the unprecedented water demands of
the ever-growing population of the planet with the significantly
limited available resources is one of the major challenges of our era.
Due to its abundance, brackish groundwater (with total dissolved
solids (TDS) of 1e10mg/ml) has the potential to play an important
role in this scenario. In the US alone, the total amount of brackish
groundwater available is about 800 times more than that of the
saline groundwater and 35 times more than the fresh groundwater
withdrawn nationwide, each year (Stanton and P.B. 2017).
Moreover, the theoretical minimum energy required to desalinate
brackish water is less than that needed for higher salinity water
(Elimelech and Phillip, 2011). Hence, consuming a small fraction of
this valuable water resource can alleviate the fresh water shortage
crisis in many water-scarce regions, rendering efficient means of
water desalination of paramount importance.

Capacitive Deionization (CDI) is a relatively new technology
which has the potential to serve as a highly efficient and low-cost
alternative for low salinity water desalination. In CDI, a low DC
potential difference (1e1.2 V) is used to apply an electric field to
remove ionic species from water streams and electrostatically
adsorb them into the Electrical Double Layers (EDLs) formed at the
surface of a highly porous material (Anderson et al., 2010; Oren,
2008; Suss et al., 2015; Xu et al., 2008). Extraction of these ions
lowers the solution concentration at the exit. The electrodes can
then be discharged and regenerated by desorbing the electro-
adsorbed ions. Over the past decade, the CDI technology has
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greatly expanded by the introduction of various CDI configurations
(Gao et al., 2015; Hatzell et al., 2015; Omosebi et al., 2017; Smith
and Dmello, 2016; Tang et al., 2019), physical and chemical modi-
fication of the electrodes (Arulrajan et al., 2019; Bhat et al., 2019;
Gao et al., 2016; Liu et al., 2015; Oyarzun et al., 2018; Wu et al.,
2015), optimization of the operating conditions (Cohen et al.,
2015, Demirer et al., 2013, Ramachandran et al., 2019b, Salamat
et al., 2016a, b, Shang et al., 2017), standardization of perfor-
mancemetrics (Hand et al., 2019; Hawks et al. 2018a, 2019; Salamat
and Hidrovo, 2018), and theoretical analysis of CDI systems
(Dykstra et al., 2017; Hemmatifar et al., 2017; Qu et al., 2018;
Ramachandran et al., 2018).

CDI is a complex system comprised of several highly coupled
transport mechanisms taking place at different length and time
scales. Hence, developing a comprehensive theoretical framework
validated by experimental data is vital to understand the underly-
ing physics and improve the performance of this technology. Based
on the concept of the Donnan equilibrium, the modified Donnan
(mD) theory was introduced by Biesheuvel et al. which is suitable
for the two-tier pore size assumption (micropores and macropores
with dimensions of <2 nm and >50 nm, respectively) in porous
carbon electrodes (Biesheuvel et al. 2011a, 2011b). This theory has
been extensively used to develop one- and two-dimensional
models describing the transport mechanisms and salt adsorption
in CDI systems (Biesheuvel et al., 2011a; Dykstra et al., 2016b; Guyes
et al., 2017; He et al., 2018; Hemmatifar et al., 2015; Porada et al.,
2013; Suss et al., 2014). In all the theories based on the mD
model, highly overlapped EDLs are assumed in the micropores
while their extension in the macropores is being neglected
compared to the dimensions of these pores. This allows for the
premise of uniform concentration of species and electric potential
in the micropores and electroneutrality in the macropores.

Analytical solutions have also been developed using simple
dynamic response models (Hawks et al., 2018a; Jande and Kim,
2013). However, neglecting the formation of the EDLs and the
associated dynamics, these models are not able to fully capture the
physics of CDI.

So far, all the models studying the underlying physics of CDI
have overlooked a possible resistance for the adsorption/desorp-
tion of species from the macropores into the micropores and vice
versa, assuming that this motion happens instantly. However, as
with any other transport mechanism, there should be a resistance
to this motion. Although a few studies have referred to this
transport resistance, to the best of our knowledge, no work has
incorporated it in the theoretical analysis (Porada et al., 2013; Suss
et al., 2015). Even though Mubita et al. included an equation
taking into account the rate of transport between the micro- and
macropores, they considered a high kinetic rate constant,
implying that the ion transport between the macro- and micro-
pores is at equilibrium and no rate limitation exists for this
transfer (Mubita et al., 2018).

Here, the implemented 2Dmodel in our previous work (Salamat
and Hidrovo, 2018) is further extended to incorporate the improved
modified Donnan (i-mD) theory (Biesheuvel et al., 2014). Moreover,
rather than assuming fast ion adsorption and desorption from the
macropores into the micropores and vice versa, the model is
modified to capture the transport resistance for this motion using a
formulation akin to the Butler-Volmer equation utilized for
describing the charge transfer rate in redox reactions. The numer-
ical results are then validated with experimental data from desa-
lination cases with different characteristic dimensionless numbers.
The desalination and energetic performance of these systems are
also evaluated using the previously proposed figures of merit
(Salamat and Hidrovo, 2018).
2. Theory

In this work, the Nernst-Planck equation is used to describe the
transport of the charged species in the main channel:

ps
vci
vt

¼ � V:

�
ciu�ps DiVci �ps

ziDi

VT
ciV4

�
(1)

where ci, Di, and zi are the concentration, diffusion coefficient, and
valence of the species i, respectively, and ps is the porosity of the
spacer. u and 4 are associated with the velocity vector and electric
potential at each location, respectively. VT refers to the thermal
voltage, calculated as kBT=e, where kB is the Boltzmann constant, T
is the absolute temperature, and e is the elementary electric charge.
Assuming equal diffusion coefficients and based on the electro-
neutrality approximation, by adding and subtracting Equation (1)
for i¼±1 (binary salt with monovalent ions), the transport of the
species in the main channel can be expressed as:

ps
vc
vt

¼ � V:ðcu�psDVcÞ (2)

V:ðcV4Þ¼ 0 (3)

In these set of equations, c and D are used as the concentration
of the salt (which is equal to that of both positive and negative ions
based on the above assumptions, i.e. cþ¼ c-¼ c) and the diffusivity
of the species in the main channel, respectively. Equation can also
be used to explain the motion of the species in the macropores of
the porous electrode by introducing an additional term to include
the adsorption/desorption of the ions from the macropores into the
micropores and vice versa:

pMa
vci
vt

¼ � V:

�
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VT
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�
� jMa�mi;i (4)

In the above equation, pMa stands for the porosity of the mac-
ropores and the term jMa-mi,i refers to the rate of concentration
change in themacropores due to the rate-limited transfer of species
i between the macropores and micropores. Effective diffusivity of
the species in the porous electrodes Di,e can be obtained as pMaDi=t,
where t is the tortuosity of the structure. We apply the electro-
neutrality assumption in themacropores and assume no flow in the
porous structure. Therefore, by adding and subtracting Equation for
both positive and negative ions, the transport equations can be
written as:
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The adsorption and desorption rate of positively and negatively
charged species can be related to the rate of change in their con-
centration in the micropores cmi;i as:

pmi
vcmi;i

vt
¼ jMa�mi;i (7)

where pmi is the porosity of the micropores.
Here, the i-mD model is used to describe the adsorption and

desorption of the ionic species in the EDLs formed in the micro-
pores of the electrodes (Biesheuvel et al., 2014; Dykstra et al.,
2016b; Kim et al., 2015b). In this model, the micropores which
include the solution and the electrode’s surface are also assumed to
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be electroneutral. Therefore, the ionic charge density in the solu-
tion, qion, and the electronic charge density in the electrode’s ma-
trix, qelec, balance each other in the micropores. The ionic charge
and the potential difference in the micropores can then be related
according to:

�Fqion ¼ CsD4mi (8)

In this equation, F is the Faraday constant (9.6485� 104 C/mol)
and qion (with units of moles per micropore volume) can be
calculated as cmi;þ � cmi;�. Cs is the volumetric specific capacitance
of the electrode and is expressed in Farads per unit volume of the
micropores and D4mi is the potential difference between the sur-
face of the charged electrode and the micropore.

As mentioned earlier, all the mathematical models developed so
far for CDI assume instantaneous adsorption/desorption of ions
into/from the micropores, and to the best of our knowledge, no
studies have fully explored the effects of electro-sorption resistance
in CDI cells. To incorporate this resistance in our model, the
transport of ions from the macropores into the micropores can be
modeled in a similar fashion to the transfer of electrons in redox
reactions (although the redox reactions per se are not considered in
this work). Assuming a single step, first order redox reaction,
anodic and cathodic reactions both occur simultaneously at each
electrode, but in the opposite directions. In electrochemical ki-
netics, the Butler-Volmer equation is used to describe the charge
transfer rate, or in other words, the resistance to the charge transfer
in the electrode reactions (Newman and Thomas-Alyea, 2012;
Prentice, 1991). The general form of this equation can be written as:

j¼ Fk0

"
csred exp

 
a
E � E0

VT

!
� csox expð� ð1�aÞ E � E0

VT

!#
(9)

where j is the current density at the electrode, k0 is the rate con-
stant, a is the transfer coefficient, and E and E0 are the applied and
equilibrium potentials, respectively. csred and csox refer to the con-
centration of the reduced and oxidized species at the surface of the
electrode, respectively. To incorporate the resistance to the transfer
of ions between the macro- and micropore in CDI, an analogy can
be drawn between this transport and the transfer of electrons in
redox reactions. In the context of CDI too, two processes affect the
adsorption (desorption) of the counter-ions (co-ions) in two
opposite directions (see Fig. 1). First is the electro-adsorption of the
counter-ions into themicropores due to the electrostatic forces, and
second is their diffusion from the micropores with higher counter-
Fig. 1. Schematic illustration of the two mechanisms competing in the transfer of the
ionic species between the macropores and micropores. For simplicity, the arrows here
only refer to these mechanisms involved in the transport of the counter-ions between
the micro- and macropores.
ion concentration into the macropores with lower concentration.
Co-ions are also affected by the same processes, although in the
reverse direction: electro-desorption from the micropores and
diffusion from the macropores into the micropores. Nevertheless, it
should be noted that in the two-tier pore size models based on the
mD theory, including the one implemented here, only the micro-
pores and macropores are being considered. Hence, the definition
of a physical length scale for the diffusion of the ions from the
micropores into the macropores and vice versa is not trivial.
Therefore, employing the explained analogy, and as suggested by
the previously discussed studies, an explicit expression similar to
the Butler-Volmer equation used for describing the rate of the
redox reactions taking place in electrochemical cells is employed to
include the transport resistance between the micro- and macro-
pores (Mubita et al., 2018; Porada et al., 2013; Suss et al., 2015):

jMa�mi;i ¼ k
�
ci exp
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a

�
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VT
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��
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ziDFD
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In the above equation, k is the transfer rate constant (1/s) and is
assumed to be the same for both anions and cations. a is set to 0.5
here, which is the typical assumption in the electrochemical
studies. In the i-mD model, ðDFD �matt =eÞ refers to the total po-
tential difference (in volts) between the micro- and macropores.
DFD is the donnan potential, the electrostatic potential difference,
and matt=e accounts for the non-electrostatic potential difference,
where matt stands for the non-electrostatic adsorption energy of
ions (in kBT). This non-electrostatic adsorption term has been
added to the mD-based theories to describe the experimentally
observed decrease in the concentration of the inlet solution in CDI
systems using porous carbon electrodes prior to applying any
electric voltage (Biesheuvel et al. 2012, 2014; Kastening and Heins,
2005; Porada et al., 2013). For the large values of the rate constant k,
the transfer of the ions between the macropores and micropores
can be considered at equilibrium (i.e. no resistance exists for the
transfer of the species between the macro- and micropores). This
leads the above equation to reduce to the familiar Boltzmann dis-
tribution (cmi;i ¼ ciexpð � ziDfD =VT þ matt =kBTÞ) used in the mD-
based models for describing the CDI process.

The main deviation of the i-mD from the standard version of the
mD model is that in the former, matt is not a constant value and is
indeed a function of the ionic concentration in the micropores. In
other words:

matt ¼
E

cmi;þ þ cmi;�
(11)

where E is the micropore ion-correlation energy and is associated
with the attractive Coulomb energy between an ion and its image
charge in the carbon matrix (in units of kBT.mol/m3). This modifi-
cation stems from the unrealistic estimation of the mD model for
the salt adsorption of uncharged carbon electrodes in contact with
solutions with a broad range of initial concentrations (Biesheuvel
et al., 2014; He et al., 2018).

The net total electric potential available to the cell, 4t , is calcu-
lates as:

4t ¼4in � IRext (12)

4in is the external potential difference applied through the power
supply and Rext refers to all the external setup (the wires, the cur-
rent collectors, and the main channel ionic solution) and the con-
tact resistances. The interfacial capacitance of the current collectors



Table 1
Characteristic timescales of the desalination cases which are experimentally and
numerically tested here.

Case number Characteristic timescale and non-dimensional numbers

Case 1 tbulk-adv ~ tbulk-diff ≪ telec-diff: Pem¼ 1.7, Da¼ 0.2, DaII¼ 0.3
Case 2 telec-diff ~ tbulk-diff ≪ tbulk-adv: Pem¼ 0.1, Da¼ 8.6, DaII¼ 0.8
Case 3 telec-diff ~ tbulk-adv ≪ tbulk-diff: Pem¼ 8.9, Da¼ 1.4, DaII¼ 12.3
Case 4 tbulk-diff ~ tbulk-adv ~ telec-diff: Pem¼ 1.9, Da¼ 0.8, DaII¼ 1.5
Case 5 telec-diff ≪tbulk-diff ~ tbulk-adv: Pem¼ 2.5, Da¼ 11, DaII¼ 28.4
Case 6 tbulk-adv ≪tbulk-diff ~ telec-diff: Pem¼ 7.5, Da¼ 0.1, DaII¼ 0.9
Case 7 tbulk-diff ≪tbulk-adv ~ telec-diff: Pem¼ 0.06, Da¼ 7, DaII¼ 0.4

Y. Salamat, C.H. Hidrovo / Water Research 169 (2020) 1152864
and the resistance in the matrix of the porous electrodes are
neglected in these set of equations. I is the external electric current
of the system and in the absence of unfavorable Faradaic reactions,
can be calculated based on the electromigration of the ionic species
through the interface of the electrode and the bulk flow (see
Equation (6)):

I¼
ð
pMa

D
t

F
VT

ð2cÞ v4
vn

dA (13)

In the above equation, n is the direction normal to the interface
of the electrode and the main channel. Eventually, assuming sym-
metry with respect to the flow axis, the electric potentials in each
electrode can be balanced as:

4t

2
¼D4mi þ D4D þ 4 (14)

It should be noted that in this model, we assume zero net
chemical charge at the surface of the electrodes and therefore the
potential at the point of zero charge (4pzc) is set to zero. Further
information on the experimental validation of this assumption are
provided in the subsequent sections.

While Equations (2) and (3) are used to model the transport in
the main channel, Equations (1) and (5)e(8)0-14 are employed to
describe the ionic motion within the porous electrodes.

As explained in our previous work, three timescales are asso-
ciated with the transport mechanisms taking place in CDI units
(Salamat and Hidrovo, 2018). The electro-diffusion timescale which
is related to the combined diffusion and electro-sorption of species
in the porous structure is defined as:

telec�diff ¼
CsL2et

2pmi

Dc0pMa

VT

2F
(15)

where, c0 is the initial concentration in the system and Le is the
thickness of the electrodes. The motion of the species in the bulk
flow of the flow-between CDI (fbCDI) unit can be characterized
through the bulk diffusion and bulk advection timescales. tbulk-diff and
tbulk-adv can be calculated as L2g=D and Vol/Q, respectively. Lg, Vol, and
Q are the gap distance between the electrodes, the volume of the cell,
and the flow rate of the inlet solution, respectively. Here, we have to
clarify that as discussed in our previous work, these timescales are
described based on the classic mD theory, where electro-sorption is
assumed to be infinitely fast without any resistance (Salamat and
Hidrovo, 2018). In that study and also the work presented here, the
electro-diffusion time constant is defined based on the diffusion
resistance of the ions within the macropores and the adsorption
capacity of the micropores, similar to a RC timescale. In other words,
the electro-diffusion time constant does not consider the micro-to
macropore transfer resistance. In this study, we also adhere to our
previous framework (wherewe used classic mD theory as a baseline)
and use the same terminology for the time constants.

Three non-dimensional parameters can be defined to compare
these time constants:

1) Mass P�eclet number, Pem¼ tbulk-diff/tbulk-adv, 2) Modified
Damkӧhler number, Da¼ tbulk-adv/telec-diff, and 3) Modified second
Damkӧhler number, DaII ¼ tbulk-diff/telec-diff. Standard Damkӧhler
numbers are normally used to compare chemical reactions rates to
the rate of advection or diffusion in a system. Although we assume
no chemical reaction in the CDI unit, here we utilize the concept of
the Damkӧhler numbers to compare the charging rate of the elec-
trodes to the transport rate of the ions in the main channel, namely
the bulk advection and bulk diffusion.

To validate the discussed model in this work, 7 distinct cases
with different time constants are experimentally and numerically
tested. More details on the conducted experiments are provided
next.
3. Material and Methods

3.1. CDI validation experiments

Table 1 shows the characteristic non-dimensional parameters
associatedwith the analyzed cases. It should be noted that to validate
the developed model in this work, rather than focusing on one
operational parameter at a time (for example, the applied potential
difference or the inlet concentration), we use several desalination
cases with different transport timescales and non-dimensional
numbers. This approach is adopted to emphasize the importance
of the characteristic time constants (tbulk-adv, tbulk-diff, and telec-diff) in
CDI units and the ability of the proposed model to describe the
performance of systems operating under different transport time-
scales. As discussed in our previouswork, the transport timescales in
the main channel and the electrodes and the associated non-
dimensional numbers dictate the temporal behavior of the concen-
tration at the outlet of CDI cells, as well as their desalination and
energetic performance (Salamat and Hidrovo, 2018). In this work, 6
CDI cases are investigated in which two of the main transport
mechanisms have the same order of magnitude time constant, while
the third mechanism is about one order of magnitude faster or
slower. Furthermore, the case where all the three transport phe-
nomena have timescales of the same order is also investigated. To be
more specific, in the first three cases, one transport mechanism is
limiting the entire charging process (i.e. is the slowest one). In the
4th case, all the main salt transport mechanisms take place simul-
taneously in the bulk and electrodes. And in the last three cases, two
mechanisms are simultaneously limiting the salt removal process
(with the same order of magnitude time constants) while the third
one is faster than these two mechanisms.
3.2. Experimental methods and model parameters derivation

To achieve the targeted non-dimensional numbers, the initial
concentration, flow rate, and the gap distance are adjusted in the
numerical and experimental tests. Flow rates range from 0.18 to
14ml/min and the initial concentrations and the gap distances vary
from 1 to 8mM and from 0.8mm to 3.2mm, respectively. Experi-
ments are conducted in a circular fbCDI unit, shown in Fig. S1 in the
Supplementary Information, Section S1. Circular activated carbon
electrodes with a diameter of 96mm, average thickness of 238 mm,
and mass of 0.75 gr (Material and Methods LLC., USA) and Titanium
sheets with a thickness of 0.1mm (MTI Corp., USA) serve as the
porous material and current collector, respectively. To avoid elec-
trical contact between the two sides of the unit, Polyester plastic
mesh disks (McMaster-Carr, USA) with different thicknesses and
openings are used. It is worth mentioning that, as shown in pre-
vious studies, performance of CDI cells is subject to degradation
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under prolonged experiments (Gao et al., 2015; Omosebi et al.,
2014; Zhang et al., 2018). The total duration of the experiments in
this work differ from case to case, ranging from 1 to 7 days, as it
depends on the characteristic transport timescales of each case. To
avoid any degradation effect, a new and unused pair of electrodes is
used for each case, and no evident performance decline is observed
over the course of the experiments.

Fig. S2 illustrates the experimental setup used in this work. A
potentiostat (ModuLab, Solartron analytical, USA) is utilized to
apply 1 V for charging and 0 V for discharging the electrodes. The
conductivity of the effluent is measured via a flow-through con-
ductivity sensor (ET917, eDAQ, Australia) and is corrected for tem-
perature changes using a J-type thermocouple located at the exit of
the cell. The flow rate is also measured and recorded using a flow
meter (SLS-1500, Sensirion, Switzerland). NaCl solutions are used
as the inlet reservoir, the concentration of which are adjusted by
using a 5M solution (Sigma Aldrich, USA) and DI water. To remove
the dissolved oxygen, the inlet solution is degassed in a vacuum
chamber for 12 h before each experiment. The pH of the inlet
reservoir is thenmeasured using a pH probe (PH BTA, Vernier, USA),
having the value of 6.98± 0.02. Additionally, prior to each experi-
ment, the electrodes are presoaked in DI water to ensure that the
pores are fully wetted. Several successive charge/discharge cycles
are conducted for each case to make sure that the system has
reached the dynamic equilibrium state (where the amount of salt
adsorbed during desalination is equal to the amount of salt des-
orbed during regeneration).

There are several parameters associated with each experiment
which need to be input in the model to correlate the experimental
data with the numerical results. Cyclic Voltammetry (CV) is used to
estimate the electrode’s micropore capacitances, and the external
resistance of the setup for each case is extracted utilizing Electro-
chemical Impedance Spectroscopy (EIS). The assumptions of zero
point of charge (4pzc) and zero net chemical surface charge are also
validated here. For this purpose, we use 200ml of degassed 4mM
NaCl solution and soak one carbon electrode in it overnight. The pH
of the solution before and after the submergence of the electrode is
measured. The presence of different chemical surface groups
changes the concentration of Hþ and OH� and consequently, the pH
of the solution due to different surface interactions at the surface of
the carbon electrode (Gao et al. 2017, 2019; Hemmatifar et al.,
2017). Recorded values of pH demonstrate negligible alteration in
the pH value, from 6.5 before the insertion to the almost neutral
value of 7.3 after the insertion. This verifies our assumption of zero
4 pzc and zero net chemical charge at the surface of the electrodes.

We refer the reader to the Supplementary Information docu-
ment, Section S3 for further details on the parameter settings of the
model. These settings result in only two main parameters to be
fitted in our model: the ion-correlation energy E and the rate
constant k, which are extracted from the experimental results of
the equilibrium state and temporal concentration profile of the
effluent in different desalination cases.
3.3. Performance evaluation of CDI tests

In addition to the effluent concentration profile of the CDI tests,
the salt adsorption and the electronic charge transferred to the
electrodes are calculated by the following equations, and used to
evaluate the effectivity of the proposed model:

d¼
Mw

ðt
0
ðcout � c0ÞQdt*

me
(16)
q¼

ðt
0
Inetdt*

me
(17)

d is the salt adsorption and q is the electronic charge transferred to
the electrodes (both per mass of the electrodes). Mw is the molar
mass of the salt and me is the total mass of the used electrodes.
InetðtÞ is the net current and is calculated as IðtÞ � Ileak where IðtÞ is
the measured electrical current Ileak refers to the non-zero residual
electrical current in the system long after the equilibrium is
reached, which is usually attributed to the unfavorable parasitic
reactions taking place at the surface of the electrodes (Hatzell et al.,
2014; Hemmatifar et al., 2016; Shang et al., 2017).

The charge efficiency L of each case, defined as the ratio of the
moles of salt removed to the moles of charge transferred to the
electrodes, is also calculated from the experimental and numerical
data using the following equation:

L¼ Fd
Mwq

(18)

To further compare the output of the CDI cells predicted by the
model with the experimental data, desalination and energetic
performances of the analyzed cases are investigated. The desali-
nation performance is evaluated using the Ultimate Desalination
Throughput (UDT) defined as (Salamat and Hidrovo, 2018):

UDT ¼ c0 � cave
c0

ððc0 � caveÞQ ÞðtdesalQÞ (19)

cave is the average concentration of the effluent and is calculated as
cave ¼ 1

t

R t
0 cðt*Þdt*, and tdesal refers to the total desalination time.

Here we use the average concentration as the performance evalu-
ation point as it represents the final concentration of the collected
treated water at the end of the desalination stage. The first term in
the right-hand side of Equation (19) computes the desalination
percentage in the system, and the second and the third terms
determine the average rate of salt removal from the bulk solution
and the total volume of the desalinated water, respectively. The
significance of this figure of merit is that it combines three char-
acteristics of a desirable desalination system, i.e. low average con-
centration of the effluent and fast ion adsorption from large
volumes of the inlet stream. In addition, it represents the pro-
cessing rate, which is equal to the rate at which the inlet water is
being processed, times the amount of salt adsorbed.

To make a thorough assessment of the overall performance of a
CDI unit, the performance of the regeneration process should also
be considered. For that purpose, the Overall Desalination and
Regeneration Performance (ODRP) is defined and calculated as:

ODRP¼UDT
WR
ttotal

(20)

WR is the water recovery ratio and is defined as the ratio of the
desalinated volume to the total volume of the initial solution and
ttotal is the total duration of the process (desalination and regen-
eration). This metric states that a favorable CDI desalination unit
should at the same time incorporate high values of UDT (i.e. better
adsorption performance) and high water recovery ratio over a
shorter total processing time span.

Moreover, the energetic performances of the numerically and
experimentally investigated cases are compared against each other.
The thermodynamic efficiency of both sets of data is calculated as:



Fig. 2. Experimental and numerical values of the salt adsorption, charge, and charge
efficiency of the investigated cases.
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h¼Wrev

Ein
(21)

Wrev is the theoretical minimum energy required to desalinate a
given solution to the desired concentration and divide the solution
into two desalinated and concentrated parts. This value is inde-
pendent of the desalination method and can be calculated through
the Gibbs free energy as (Bejan 2016; Biesheuvel, 2009;
Hemmatifar et al., 2018):

Wrev ¼2Vd

�
c0
WR

ln
c0 �WR:cd
c0ð1�WRÞ� cd ln

c0 �WR:cd
cdð1�WRÞ

�
RT (22)

R is the universal gas constant and Vd and cd are the volume and
final concentration of the desalinated solution, respectively. Ein in
Equation (21) is the actual electrical energy input during the
desalination step (assuming zero energy recovery) and is obtained
as:

EinðtÞ¼
ðt
0

Inetðt*Þ4indt
* (23)

4in refers to the external potential difference applied through the
power supply.

To further accentuate the importance of including the micro-
macropore transfer resistance in the mathematical model, we
also compare the results obtained here with the numerical data
from the 2D model with fast adsorption/desorption processes
(classic i-mD with no electro-sorption resistance).
4. Results and discussion

4.1. Parameters extraction

CV and EIS data obtained in this work are depicted in Fig. S3 and
Fig. S4, respectively. The experimental operational conditions and
the model parameter settings for each of the mentioned cases are
listed in the Supplementary Information document, section S4. We
adopt the recommended approach of Hawks et al. for reporting
these parameters and include the separation report of each case in
this work (Hawks et al., 2018b).

Salt adsorption d, charge q, and charge efficiency L at equilib-
rium do not depend on the transfer rate between the macropores
and micropores. Therefore, these parameters can be evaluated to
find the value for the micropore ion-correlation energy E which
results in the best fit and minimum error between the experi-
mental and numerical results. The value used for parameter E in the
model is compatible with the previous works in the literature
(Biesheuvel et al., 2014; Dykstra et al. 2016a, 2016b; Guyes et al.,
2017; Kim et al., 2015a). Fig. 2 depicts the salt adsorption, charge
transferred, and charge efficiency of both experimental and nu-
merical data. As it can be seen in this figure, although there is a
good agreement between the values obtained from the experi-
ments and the model for the adsorbed salt d, there is a discrepancy
between the experimental and numerical results for the charge
transferred q and charge efficiency L in cases at a relatively low
initial concentration (1mM). We believe this indicates that there is
another resistive mechanism in these systems which has not been
included in the model developed here. These cases experience
comparably low electrical currents (less than 13mA) which as
discussed by Hemmatifar et al., favor unwanted parasitic energy
losses due to Faradaic reactions (Hemmatifar et al., 2016). As
mentioned in the Theory section, Faradaic losses are not considered
in this work and we hypothesize that the difference between the
numerical and experimental values of q and L in the mentioned
cases is caused by neglecting the parasitic losses in the model. We
verify this hypothesis by repeating the experiments for Case 1,
which shows a somewhat considerable disagreement between the
numerical and experimental results, at lower applied voltages.
Further discussion on this is provided in the next section.

Next, the temporal effluent concentration profiles of the inves-
tigated cases are used to evaluate the macropore to micropore
transfer rate constant k. Fig. 3 shows the concentration profile at
the exit of each CDI unit over time, normalized by the initial con-
centration. Electro-sorption resistance between the micro- and
macropores is a relatively new concept and has not been fully
investigated. Here, based on the obtained numerical and experi-
mental results, we believe it is indeed an important component of
the theory describing the transport mechanisms in CDI and one
that cannot be neglected. Furthermore, we hypothesize that k is a
function of the characteristics of the system. The obtained results
here show an inverse relation between k and the Modified Dam-
kӧhler number Da which is defined as the ratio of the bulk
advection and the electro-diffusion time constants. Fig. 4 depicts k
versus Da for the analyzed cases. In systems with high tbulk-adv and
relatively low telec-diff (high Da), slow advection cannot keep pace
with the relatively quick electro-diffusion and is not able to provide
ionic species for adsorption at a sufficiently fast rate. This can result
in significant local depletion of ions in the macropores, leading to
what is known as ion “starvation”. As studied before, in this con-
dition some regions of the electrode locally experience an insuffi-
cient number of ions available for electro-adsorption, a
phenomenon which limits the motion of the species from the
macropores into the micropores and hinders the entire electro-
sorption process in the electrodes (Hawks et al., 2018b;
Hemmatifar et al., 2015; Porada et al., 2013; Qu et al., 2018; Zhao
et al., 2013). This eventually translates into a higher transport
resistance from the macropores into the micropores, or in other
words, lower values of the transfer rate constant k in the systems.
This phenomenon can also be considered similar to the limiting
current in an electrochemical cell where the charge transfer pro-
cess is restricted by the zero concentration at the surface of the
electrode and is mass-transfer controlled (Prentice, 1991).

As mentioned earlier, in our previous work we conducted a



Fig. 3. Experimental and numerical results of the effluent concentration profile of the investigated cases over time, normalized by their initial concentration. Experimental data and
the numerical predictions obtained from the model proposed here (non-negligible electro-sorption resistance between the micro- and macropores) and the classic i-mD theory (no
electro-sorption resistance) are depicted in black, red, and dashed blue lines, respectively. The classic i-mD model fails to fully predict the effluent concentration profile in Cases 1, 2,
and 7 (severe ion starvation). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)

Fig. 4. Transfer rate constant k versus the Modified Damkӧhler number Da (¼tbulk-adv/
telec-diff) for the investigated cases in this work. The data obtained here suggests an
inverse relation between the transfer rate constant and the Da number. The dashed
line serves to guide the eyes.
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parametric study on the transport mechanisms considered in the
mD-based models (i.e. bulk advection, bulk diffusion, and the
microscale electro-diffusion without electro-sorption resistance)
and there we showed that in each system the time at which the
effluent concentration reaches its minimum value is in the order of
the bulk advection timescale (Salamat and Hidrovo, 2018). Never-
theless, as it was concluded from those results, the interrelation
between the transport phenomena of the system determines the
total duration of the desalination and regeneration steps, and not a
single mechanism. The results here also suggest an inverse rela-
tionship between the desalination time tdesal, which is the time
required for completion of the salt removal (i.e. when the effluent
concentration gets back to its initial value), and the transfer rate
constant k (see Fig. 5). As this figure shows, in cases with very low
rate constant (high electro-sorption resistance), the electro-
sorption of the ions into and out of the micropores could be the



Fig. 5. Desalination time tdesal versus the transfer rate constant k of the investigated
cases. These data show that there is an inverse relation between the duration of the
desalination and the rate constant. In other words, they suggest a direct correlation
between the desalination time and the electro-sorption resistance. The dashed line
serves to guide the eyes.

Fig. 6. Normalized concentration in the electrodes’ macropores and the main channel
(not-to-scale) of the circular fbCDI cell investigated in Case 2 (co¼ 1mM, Pem¼ 0.1,
Da¼ 8.6, and DaII¼ 0.8), utilizing the classic i-mD theory (no adsorption/desorption
resistance between the macro- and micropores). This snapshot is taken at t¼ 1010 s (
z 3telec-diff), after which the model fails to model the process due to the severe ion
depletion taking place in the macropores. Water enters the main channel via the tube
at the center of the cell (not shown here) and radially propagates through the space
between the two electrodes (assuming fully developed velocity profile). The white and
gray dashed lines show the horizontal and vertical centerlines of the circular cell,
respectively. R is the radius of the main channel and Lg and Le are the gap distance and
thickness of the electrodes, respectively.
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limiting transport mechanism. In these systems, the ion starvation
is so severe that it could dominate the whole desalination step,
hindering the completion of the salt adsorption process. Since a
somewhat similar trend (inverse relation) is observed between the
transfer rate k constant and theDa number in the cases investigated
here (see Fig. 4), we hypothesize that coupled with the other
transport mechanisms, the rate limited electro-sorption also de-
termines the overall rate of the salt removal process of each system.

To evaluate the performance of the proposed model in
describing the physics of CDI systems, we compare the obtained
data with the numerical estimation of the classic i-mD theory
where no electro-sorption is included in the model (see Fig. 3). It is
worth mentioning that most of the mD-based models developed so
far for describing CDI have also demonstrated a good agreement
with experimental data, yet these models have not been validated
against cases subject to ion starvation (Biesheuvel et al., 2011a;
Guyes et al., 2017; Hemmatifar et al., 2015; Porada et al., 2013). The
cases studied by these theories mostly have relatively high initial
concentrations (>10mM) and fast flow rates in the main channel.
Analyzing and optimizing the water treatment performance of CDI
systems at low initial concentrations are equally vital, especially for
water softening and heavy metal removal applications (Choi et al.,
2019; Huang et al., 2016; Liu et al., 2017).

This comparison is conducted for all the cases investigated here.
As it is shown in Fig. 3, in all the cases with low initial concentration
(<2mM) and relatively slow bulk advection, the 2D model without
the transport resistance (i.e. the classic i-mD theory) cannot fully
capture the dynamics of the process as it encounters convergence
complexities. A closer study of these cases reveals that neglecting
the rate-limited adsorption/desorption results in local ion deple-
tion zones in the macropores where the concentration reaches
values extremely close to zero. Fig. 6 illustrates the normalized
concentration in the main channel and electrodes’ macropores at
t¼ 1010 s of Case 2 which is about three times of the electro-
diffusion timescale (3telec-diff), simulated using the i-mD theory
without considering the electro-sorption resistance. In this case,
the initial concentration is 1mM and Pem¼ 0.1, Da¼ 8.6, and
DaII¼ 0.8. As it can be seen from this figure, most of the macropores
in the electrodes are experiencing severe salt starvation and near
zero concentration at this instant, after which the model fails to
describe the transport mechanisms in the cell. In fact, all the sys-
tems with low initial concentration studied here face the same
convergence problem where the i-mD model cannot accurately
describe the transport mechanisms taking place in the unit (see
Fig. S5 for more illustration of the cases with low initial salinity and
slow flow rate facing these complications when being simulated
with the classic i-mD model).
It should also be noted that although the classic i-mD theory can

model CDI systems with higher initial concentrations, it cannot
closely predict the performance of the systems with high Da
number. For example, in Case 5 investigated here (Da z 11), a
substantial discrepancy between the numerical and experimental
data is observed when no resistance is assumed for the transport of
the ions between themicro- andmacropores. As it can be seen from
Fig. 3, while the classic i-mDmodel (no electro-sorption resistance)
poorly describes the concentration profile at the exit of this system,
the model developed here offers a much more accurate prediction
of the experimental data by considering the transport resistance
between the micro- and macropores. As mentioned above, in this
system, the electro-sorption is the key mechanism limiting the
whole desalination performance and omitting this transport
resistance from the mathematical model results in inaccurate per-
formance evaluation.

4.2. Performance evaluation

To further analyze the desalination and energetic performance
of the investigated cases UDT, ODRP, and h are calculated for each
system and shown in Fig. 7. The obtained results show a good
agreement between the numerical and experimental perfor-
mances. As discussed previously, in the model implemented here,
no parasitic reaction losses are being considered and we believe
that the current leakage is the main reason for the discrepancy
between the experimental and numerical results from the model
developed here. To verify this, Case 1 (Pem¼ 1.7, Da¼ 0.2, DaII¼ 0.3)
which shows a non-negligible disagreement between the experi-
mental and numerical results for q, L, and h is repeated at lower
external voltages. As shown previously, increasing the applied
voltage intensifies the occurrence of the Faradaic reactions (He
et al., 2016; Zhang et al., 2018). Consistent with the previous find-
ings, more discrepancy between the experimental and numerical
data is also observed here by increasing the external voltage (see
section S6 of the Supplementary Information document for the
obtained results). This, in fact, demonstrates the robustness of the
proposed model in predicting the performance of CDI-based sys-
tems, especially in the absence of Faradaic reactions. Although the
focus of this study has been on investigating the significance of the
electro-sorption resistance, these results underline the importance



Fig. 7. Values of UDT, ODRP, and h of the investigated cases obtained from the ex-
periments, the model proposed here (i-mD þ electro-sorption resistance), and the
classic i-mD theory (no electro-sorption resistance). UDT and ODRP refer to the
desalination and overall (desalination and regeneration combined) performance,
respectively, and h stands for the thermodynamic efficiency. The classic i-mD model,
where the micro-macropore transport resistance is not considered, is not able to fully
describe transport dynamics in cases 1, 2, and 7 (severe ion starvation).
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of integrating Faradaic reactions with the theoretical model in the
future studies. We refer the reader to the Supplementary Infor-
mation document, section S6, for further details on this.

As it can be inferred from Fig. 7, the most noticeable disagree-
ment between the thermodynamic efficiency values obtained from
the experimental data and the proposed model can be seen in the
cases where the classic i-mD is not able to completely describe the
dynamics of the transport in CDI (low initial concentration cases).
Although addition of the electro-sorption resistance in the nu-
merical model does not lead to sufficiently accurate estimation of
the energetic efficiency of these cases, yet this analysis proves the
importance of including all the resistances in a CDI system when
assessing its performance compared to other CDI units and even
other desalination technologies. Specifically, as these cases offer
higher energetic efficiencies, it is necessary to obtain a complete
and accurate description of the transport mechanisms for efficiency
prediction and optimization purposes. As the recent discussion
between Ramachandran et al. and Qin et al. revealed, considering
correct electrical, ionic, and transport resistances in CDI is the key
element for reaching objective evaluation of the energetic effi-
ciency of this technology compared to other water treatment
methods, such as RO (Qin et al., 2019; Qu et al., 2016;
Ramachandran et al., 2019a). We believe that by including other
resistance mechanisms in the model, such as Faradaic reactions,
numerical simulations will achieve a more precise prediction of the
CDI systems’ performance under various operational conditions.

Another important point which should not be overlooked is that
increasing the adsorption capacity of the porous electrodes, for
example by increasing the surface area, also further facilitates the
occurrence of ion starvation in CDI cells. As the community of CDI
aims at improving the efficiency of this system in removing ions by
utilizing high capacity electrodes, reaching a robust and high-
fidelity mathematical framework which can fully capture this
phenomenon is therefore highly crucial.

Furthermore, as it was discussed in the previous section,
although the classic i-mD theory can model CDI systems with
higher initial concentrations, it cannot correctly predict the
performance of the systems with high Da number. In case 5, for
instance, with slow bulk advection and fast electro-diffusion (Daz
11) ignoring the rate-limited transfer of the ions between the mi-
cro- and macropores leads to a near 50% and 210% error increase in
estimating h and ODRP, respectively. In this system, the rate-limited
transfer of ions between the micro- and macropores is the main
mechanism limiting the whole ion removal process. As it can be
seen from Fig. 3, neglecting this transport resistance leads to an
inaccurate estimation of the desalination and regeneration dura-
tion (tdesal and tregen), and consequently, to high discrepancy be-
tween the experimental and numerical values of the water
recovery ratio (WR) and the total processing time (ttotal). These
discrepancies eventually translate into an imprecise evaluation of
the energetic efficiency (h) and the overall desalination and
regeneration performance (ODRP) in this system. A detailed error
analysis of the classic i-mD theory and the proposed model in
predicating the energetic and desalination performance of the
studied CDI systems is provided in Table S8 in the Supplementary
Information.

Nevertheless, as the results presented in Figs. 3 and 7 demon-
strate, ignoring the electro-sorption resistance in the numerical
model (the classic i-mD theory) still offers an acceptable perfor-
mance prediction in cases with low Da number. The higher transfer
rate constant k of these cases, which means faster electro-sorption
or, in other words, micro-macropore transfer with less resistance,
indicates that the electro-sorption is not the main mechanism
limiting the whole ion removal process in these systems and their
performance is in fact constrained by the other transport
mechanisms.

4.3. Developing versus fully developed systems

As it was numerically discussed in the previous work, whether
the CDI unit has a fully-developed or developing convective-
diffusive regime highly affects the desalination and energetic per-
formance of the system (Salamat and Hidrovo, 2018). In the former
regime, diffusion of the species towards the porous electrodes is
faster than their advection in the bulk (Pem< 1), creating fully-
developed convective-diffusive layers. In the latter regime, how-
ever, the bulk advection transport of the ions is faster than their
bulk diffusion towards the electrode (Pem> 1), and the diffusion of
the species is mainly limited to the thin convective-diffusive layer
developing near the interface of the electrodes and the main
stream.

The overall performance and thermodynamic efficiency of the
conducted experiments versus their Pem are shown in Fig. 8. Pre-
vious studies discussed the adverse effect of fast advection and
slow diffusion in the main channel (high Pem) on the effluent
concentration reduction percentage (equal to ðco � coutÞ=co � 100)
(Mutha et al., 2018; Perez et al., 2013). However, numerical analysis
has proved that despite the apparent disadvantage of developing
regimes with high Pem in decreasing the effluent concentration,
their overall desalination performance is better than systems with
low Pem as higher volumes of water are desalinated in a shorter
time (Salamat and Hidrovo, 2018). This suggests that over the same
period, water can be processed at a developing regime through a
multi-cycle desalination configuration (where at each cycle the
effluent of the previous cycle is further desalinated to reach a final
desired lower concentration) rather than through one desalination
cycle at a fully-developed regime. The experimental results ob-
tained here also demonstrate that CDI units performing in the
developing regime offer a better desalination performance as they
can desalinate more volumes of the inlet solution in a shorter
amount of time, even though they hit a lower desalination per-
centage per cycle in comparison with the fully-developed systems.



Fig. 8. Experimental values of the overall performance and thermodynamic efficiency
versus the mass P�eclet number (¼tbulk-diff/tbulk-adv). These results demonstrate the
trade-off between the overall desalination and regeneration performance of CDI cells
and their energetic efficiency as the mass P�eclet number increases. The dashed lines
serve to guide the eyes.
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In other words, increasing the Pem leads to better overall desali-
nation performance. However, as both numerical and experimental
data present, fully-developed systems are an energetically better
alternative for desalinating a given solution. In fact, due to their
higher levels of desalination, fully-developed systems are ther-
modynamically more efficient. This has also been investigated by
Wang et al. where increasing the salinity reduction was recom-
mended for improving the thermodynamic efficiency (Wang et al.,
2019).

5. Conclusion

Here, the i-mD approach coupled with Nernst-Planck transport
theory was used to model the motion of the ionic species in a CDI
unit in two dimensions. The model was further improved by
incorporating the transport resistance between the micro- and
macropores. To validate the model, desalination cases with
different transport timescales were numerically and experimen-
tally investigated. A good agreement between both sets of data was
demonstrated and we hypothesized that the transfer rate constant
describing the rate-limited transport of the species from the mac-
ropores into the micropores depends on the ratio of the bulk
advection and microscale electro-diffusion time constants. The
desalination and energetic performance of the analyzed systems
were also evaluated using inclusive metrics defined in our previous
work. The results presented here showed that the model where the
rate-limited transfer of the ions between the micro- and macro-
pores is neglected (the classic i-mD) fails to fully describe the
transport of the species within the CDI cell in systems at low initial
concentrations and high adsorption capacity, while the presented
theory closely modeled the dynamics of such cases. Moreover,
compared to the classic i-mD theory, the model developed here led
to improvement of the desalination performance and energy
efficiency estimation by up to 50% and 210%, respectively, in sys-
tems at high Da number (fast electro-diffusion and slow bulk
advection) which are subject to severe ion starvation. Hence, the
inclusion of this resistance in CDI theories is of paramount impor-
tance for objective and accurate efficiency evaluation of this water
desalination method, especially when comparing its performance
with other water treatment technologies.

Furthermore, confirming the numerical results, the experi-
mental data indicated that while systems with developing
convective-diffusive layers (mass P�eclet number> 1) have better
desalination performance in terms of the desalination percentage,
rate of salt removal, total desalinated volume, and water recovery
ratio, they offer an inferior energy efficiency relative to the systems
with fully-developed convective-diffusive layers (mass P�eclet
number< 1). The proposed theoretical framework can be extended
beyond CDI systems and can provide critical guidelines for
designing effective and efficient water desalination and ion
removal systems to meet various application specifications.
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