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Capacitive Deionization (CDI) is an electrochemical method for water desalination employing porous
carbon electrodes. To enhance the performance of CDI, identification of electronic and ionic resistances in
the CDI cell is important. In this work, we outline a method to identify these resistances. We illustrate our
method by calculating the resistances in a CDI cell with membranes (MCDI) and by using this knowledge
to improve the cell design. To identify the resistances, we derive a full-scale MCDI model. This model is
validated against experimental data and used to calculate the ionic resistances across the MCDI cell. We
present a novel way to measure the electronic resistances in a CDI cell, as well as the spacer channel
thickness and porosity after assembly of the MCDI cell. We identify that for inflow salt concentrations of
20 mM the resistance is mainly located in the spacer channel and the external electrical circuit, not in the
electrodes. Based on these findings, we show that the carbon electrode thickness can be increased
without significantly increasing the energy consumption per mol salt removed, which has the advantage
that the desalination time can be lengthened significantly.
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1. Introduction

Capacitive Deionization (CDI) is an electrochemical desalination
technology which employs porous carbon electrodes to adsorb ions
from water (Jung et al., 2007; Tsouris et al., 2011; Huang et al., 2012;
Rica et al., 2012; Kim and Yoon, 2013; Mossad and Zou, 2013; Zhao
et al,, 2013a; Omosebi et al., 2014; Lei et al., 2015; Tang et al., 2015).
Upon applying a voltage difference between two electrodes, cations
are adsorbed from the water into the negatively polarized electrode
(cathode), while anions are adsorbed into the positively polarized
electrode (anode). During this adsorption step, or charging step,
feed water flows through the cell and is desalinated, resulting in a
deionized water effluent. After the electrodes are saturated, the
electrodes are short-circuited and ions are released, which is called
the desorption or discharging step.

During the adsorption step, ions are stored in electrical double
layers (EDLs) formed in the carbon electrodes (Giera et al., 2015;
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Prehal et al., 2015). For every electron transported from one elec-
trode to the other, a counterion can adsorb in these EDLs in both
electrodes, or a co-ion can desorb (Biesheuvel et al., 2014; Kim et al.,
2015). Whereas the adsorption of counterions is desired and leads
to salt adsorption, the desorption of the co-ions is undesired. In
order to increase the salt adsorption, a cation exchange membrane
(CEM) is placed in front of the cathode, and an anion exchange
membrane (AEM) in front of the anode (Zhao et al., 2012; Choi,
2014; van Limpt and van der Wal, 2014; Kim and Choi, 2010; Lee
et al., 2006). These ion exchange membranes allow the passage of
counterions and hinder co-ions, which enhances the desalination
performance. The CDI technology including membranes in the cell
configuration, is referred to as Membrane Capacitive Deionization
(MCDI).

CDI cells with various electrode configurations have been pro-
posed, such as flow-through electrodes (Avraham et al., 2009; Suss
et al., 2012), flowable carbon slurries (Jeon et al., 2013; Suss et al.,
2015), or wire-shaped electrodes (Porada et al., 2012). In the pre-
sent work we focus on a cell configuration using static film elec-
trodes, where the water flows between the two planar electrodes.
In this configuration, the ion exchange membranes are placed
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between the spacer channel and the electrodes, as shown in Fig. 1.
On the other side of the electrode, we place current collectors
which are connecting the electrodes with the external electrical
circuit.

To improve the performance of the CDI technology, it is
important to identify where are the resistances in the cell (Li et al.,
2010; Dtugotecki and van der Wal, 2013; Demirer et al., 2013; Qu
et al., 2015; Zhao et al., 2014). This knowledge can be used to
reduce energy consumption and optimize the cell design. To this
end, we have to quantify the contribution of the different elements
of the cell to the total resistance, from which the energy losses can
be calculated. In the present work, we will separate the resistances
in two types: I) the electronic resistances, which are related to the
transport of electrons and thus located in the cables, current col-
lectors and carbon matrix in the electrodes, and II) the ionic re-
sistances, which are related to the ion transport and thus located in
the pores of the electrodes, in the membranes and in the spacer
channel. These electronic and ionic resistances result in voltage
drops over the different elements of the cell, see Fig. 1.

In the present work, we will address the following issues: I) to
present a methodology to identify and quantify the electronic and
ionic resistances in the different elements in a CDI cell, and II) to
show how such knowledge can be used to rationally design im-
provements in CDI architecture and operation. As an example, we
illustrate our method by calculating resistances in a laboratory scale
MCDI cell, i.e. a CDI cell including membranes.

The ionic resistances are mainly dependent on the local salt
concentration, i.e., higher salt concentrations result in lower re-
sistances. Therefore, we have to calculate the salt concentration
profiles across the spacer channel, the membranes and the elec-
trodes during operation of the MCDI cell, in order to quantify the
ionic resistances over these elements. The transmission line (TL)
theory proposed by de Levie (1963) was used by Posey and
Morozumi (1966) to describe charge transport in a porous elec-
trode, and extended by Johnson and Newman (1971) to the case of
desalination. However, the TL theory is derived for electrodes at
constant and high salt concentrations. Since CDI is typically oper-
ated at lower salt concentrations, the TL theory is not suitable for
CDI and must be extended (Biesheuvel et al., 2014; Mirzadeh et al.,
2014). In this extension of the TL theory, we combine an accurate
model for the structure of the EDL in the micropores of the carbon
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Fig. 1. Qualitative overview of the potential profiles across a membrane Capacitive
Deionization cell, showing the different elements.

electrode (Biesheuvel et al., 2014) with a model for the transport of
ions across the entire porous carbon electrode. This electrode
model is combined with a transport model for ions across the
spacer channel and membranes, as function of time.

In order to use this model to calculate the ionic resistances in the
cell, several input parameters should be determined. In the present
work, we present an experimental procedure, including a novel
approach to determine the thickness and the porosity of the com-
pressed spacer channel inside the MCDI cell. The next step is to
verify the model by comparing simulation results with constant
current charging/discharging experiments. The validated model is
subsequently used to predict the resistances across the MCDI cell.
Based on the information obtained from these simulations we
recommend an improved cell design, which is experimentally
verified. In particular, for the tested cell geometry, one recom-
mendation is that one can double or triple the thickness of the
electrodes, and thus have longer periods of desalination, while
the energy costs per mol salt removed are not significantly
increased.

2. Theory

In the present work, we combine two models, the improved
modified Donnan (i-mD) model, and a transport model. The i-
mD model describes the EDLs formed in the carbon micropores
and relates the charge density, salt adsorption and potential to
one another. The transport model calculates the transport of ions
from the spacer channel, through the membranes, into the
porous carbon electrodes; thus the transport is described in the
direction perpendicular to the flow channel. In the electrode, we
model two different phenomena: I) the transport of salt across
the electrode through the macropores and, II) the simultaneous
adsorption of ions into the micropores, where the EDLs are
formed. The i-mD model (Biesheuvel et al., 2014; Kim et al.,
2015) is discussed in Appendix A. The transport model is
described next.

To derive the transport model, we will make three simplifica-
tions. Firstly, we model a symmetric MCDI cell, which means that
the anode has the same characteristics, regarding geometrical di-
mensions and porosity, as the cathode, except for the sign of the
charge. The same holds for the membranes, i.e. the AEM has the
same properties, regarding its dimensions, porosity and membrane
charge, as the CEM, except for the sign of the membrane charge.
Secondly, we only model the adsorption and transport of KCI, for
which we assume the cation and the anion to have the same
diffusion coefficient in all elements of the cell. Finally, we assume
that only capacitive processes occur in the electrodes, and no
electrochemical reactions take place (Bouhadana et al., 2011; Lee
et al., 2010). These simplifications allow us to model only half of
the cell, so we only consider half of a spacer channel, that is from
the spacer midplane to the spacer-membrane boundary, one
membrane and one electrode.

2.1. Porous carbon electrodes

In the electrodes, we distinguish three different types of pores.
Firstly, we consider the micropores, where EDLs are formed and
ions are stored. Secondly, we describe the macropores, which are
used as transport pathways for the ions to go from the membrane-
electrode boundary to the micropores. Thirdly, to account for
immobile pore space within the carbon particles where neither
ions are stored in EDLs nor ions are transported, we include
mesopores in the model, which contain charge-neutral electro-
lyte, at the same concentration as in the macropores (Kim et al.,
2015).
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The molar flux of ions through the macropores, subject to
diffusional and migrational forces, is given by the Nernst—Planck
equation

acmA; 6([)
Ji:_Di'(Tl+zi’CmA,i‘a—zA)a M

where subscript i refers to ion type i, and where J; is the molar ion
flux in mol/m?/s, D; the ion diffusion coefficient in m?/s, Cma,; the ion
concentration in the macropores in mol/m?, ¢ma the dimensionless
potential in the macropores, and x the coordinate running from the
membrane-electrode boundary to the electrode-current collector

boundary.
Across the electrode, we evaluate the ion mass balance
0 J;
% ((Pma + Pmeso) *Cmai + Pmi*Cmii) = _pmA'a_);7 (2)

where pma, Pmeso» and pmi are the macro-, meso- and microporosity
of the electrode, and cy;; is the ion concentration in the micropores.

Furthermore, we need the electroneutrality condition for the
macro- and mesopores

> Zi+Cmai =0, (3)
i

where =; describes a summation over all ions in the system, i.e. K*
and ClI7, just as in Egs. (4), (17) and (18).

The micropore charge density, o, and micropore ions con-
centration, Cionsmi are defined as

Omi = E Zi*Cmi >
: (4)
Cions,mi = E Cmii-
i

Based on Eqgs. (1)—(4), we derive two balance equations
describing the evolution of o,,; and ¢y as function of time. First, we
set up the micropore charge balance evaluating o, over time by
combining Egs. (1)—(4), which results in

d 0dma
ox (CmA T) ) (5)

Oomi

Dmi* at

=2pmaD-

where ¢y is the salt concentration in the macro- and mesopores,
which is equal to the ion concentration of K™ and that of CI.
Parameter D is the diffusion coefficient of K™ and Cl~, which are
assumed to be equal to one another.

Second, Egs. (1) and (3) are substituted in Eq. (2), and summed
over the cat- and the anion, resulting in the salt mass balance

62 CmA
ox2

a
at (2'(pmf\ + Pmeso) *Cma +pmi‘cions,mi) =2+ppma-D-

(6)

Across the electrode, at each position, ¢4 is related to the po-
tential in the carbon matrix, ¢, the Donnan potential, A¢p, and the
Stern potential, A¢s.. These potentials follow from the i-mD model
(see Appendix A). The potentials ¢4 and ¢q are related to A¢p and

Agst by

¢1 — dma = Adp + At (7)

In this work, we assume that there is no electronic resistance
across the electrode, see Appendix B. Consequently, the measured
electronic resistance can only be located in the external circuit. The
external circuit includes the cables, current collectors, and the

interface between the current collectors and electrodes. From now
on, we call the sum of these resistances the external electronic
resistance, EER, with dimension Q m?. The assumption that there is
no electronic resistance in the electrodes leads to a position
invariant value of ¢4, and allows us to relate ¢ to the cell voltage
(see Fig. 1), Vcen, by

Veen = 2+¢1-Vr +I-EER, (8)

where I is the current density (A/m?). The thermal voltage, V7, is
given by Vr=R-T/F, where R is the gas constant (8.314 J/(mol-K)), T
the temperature (K) and F Faraday's constant (96,485 C/mol). Note
that Eq. (8) requires the assumption of symmetry, which allows us
to model only half of the cell with the potential at the spacer
midplane set to zero.

We define an ionic resistance across the two electrodes in an
MCDI cell, R4, with dimension Q@ m?, according to

Rma+l =2+Adpa+Vr, 9)

where A¢ma is ¢malg/c, the macropore potential at the electrode —
current collector boundary (E/C), minus ¢mua|m/e, the potential at the
membrane-electrode boundary (M/E).

At the E/C interface, we apply the boundary conditions

_ o 9%ma
E/C ’ o0x

0Cma

x =0, (10)

E/C

while those at the M/E interface will be described in Section 2.3.
2.2. Spacer channel

Our model for the spacer channel is as follows. In the flow di-
rection, we describe the development of concentration profiles
between the out- and inflow of the cell. To that end, we divide the
spacer channel in M sequential mathematical subcells, see Fig. 2 in
the work of Zhao et al. (2013b). In this approach, the electrolyte
flows downstream from subcell i into subcell i + 1; therefore, the
inflow salt concentration in subcell i + 1 equals the effluent con-
centration of subcell i. The effluent salt concentration of the
MCDI cell is equal to the concentration in subcell M. For every
subcell, we calculate the transport of salt and charge into the
electrodes, and the salt concentration in the spacer channel, using
Egs. (5) and (6).

Also, in the spacer channel concentration profiles develop be-
tween the spacer midplane and the membrane, thus in the direc-
tion perpendicular to the flow direction. To model these
concentration profiles, we set up the following salt mass balance to
be solved in each subcell of the spacer channel

2
Psp’ag%zpsp'l)'%"' Csp, (11)
where c5p and psp are the salt concentration and porosity of the
spacer channel. The coordinate x runs from the spacer midplane to
the edge with the membrane. Dependent on the experiment, Iy,
has a different form:

e In case we model experiments without a flow through the
spacer channel (Section 4), I's, describes a diffusive transport of
salt into the spacer channels from outside (from the outer vol-
ume within the housing containing the MCDI cells), Vyy:. In this
case I'sp is given by

Isp = Tsp (Cout - Csp), (12)
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Fig. 2. Equilibrium data and theory of the salt adsorption and charge density as
function of the cell voltage for a KCl solution. a) 20 mM. b) 100 mM. ¢) Charge
efficiency A. Salt adsorption in mg/g based on molar mass of KCI.

where v, describes the rate of ion diffusion, and ¢y is the con-
centration in V,y¢, which is a constant equal to the initial value of csp.

e In case we model experiments with flow through the spacer
channel (sections 5 and 6), I'sp is given by

®,-M

Fs =
P Acell ° LSp

(Cinﬂow - Csp) ) (13)
where ®, is the water flowrate through the cell and Ay the surface
area of one electrode. For subcell i = 1, the salt concentration Cipfiow
is equal to the inflow concentration of the MCDI cell, while fori> 1,
Cinflow 1s equal to the value for csp of subcell i — 1. Note that we as-
sume an equal flowrate (water velocity), across the spacer channel,
i.e., independent of x.
At the spacer midplane (S*), we apply the boundary condition

acsp
ox S

—0, (14)

where we set ¢s,. For the spacer—membrane interface, boundary
conditions are described in section 2.3.

The current density, I, is related to the ionic resistance over the
spacer channel, Ry, with dimension Q m?, by

Rsp+l = 2-Adhgy -V, (15)

where Agsp, is the potential difference over half the spacer channel.
R is given by

Lp-Vr

Ry—— P T
? " 2pyDoF- (o)

(16)

where (csp) is the average salt concentration in the spacer channel.

2.3. Membranes

Across the membranes, we evaluate the total ion concentration,
crm, Which is the summation of the concentration of the counter-
ions and co-ions (Dykstra et al., 2014; Galama et al., 2013; Paz-
Garcia et al., 2015). For the membranes, we can set up the salt
mass balance

0CT m . im
T Z(a;:) (17)

where p, is the porosity of the membrane, and x the location in the
membrane, running from the spacer-membrane boundary, S/M, to
the membrane-electrode boundary, M/E. The flux J; i is given by Eq.
(1) (with subscript “mA” replaced by “m”). The diffusion coefficient
D in Eq. (1) is replaced by d;m*D. This factor d;, reduces the diffu-
sion coefficient in the membrane relative to the value in free solu-
tion, D. In the membranes, electroneutrality is assumed, given by

Z(Z,"Cmﬂ') 4+ wX =0, (18)

1

where wX is the membrane charge density in mol/m?>, defined per
unit aqueous solution in the membrane. Substituting Eq. (1) into Eq.
(17), and assuming electroneutrality, results in

ac 9%c 02
pm-T’m=pm'dr,m'D'< Tm _ <. ¢m>. (19)

ot ax? ox2

At the S/M and M/E boundaries, we have continuity of the salt
flux,

anp oCT.m 0dm

2P — —d. . epy m s 9Pm

Psp ax o rm*Pm < ox w. ax S/M’ 0
0Cma _ ocTm 0pm

—2+Pma ox |y = —drm*Pm ( ax wX X e

The current density, I, equals F times the molar flux of ionic
charge, which is the sum of the molar ion fluxes times the ion
valency. For instance, evaluating I in the membrane, at the M/E
boundary, we obtain

¢m

I=—drmD-FeCcrpm+ X

(21)

MJE

On the outer surface of the two membranes, the following two
conditions apply. I) The concentration crp, relates to the salt con-
centration just outside the membrane, according to
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2. 4.2
c%‘m(S/fo +4-,

s/M’

(22)
_y2 L2
=X“+4 C’"A’M/E'

2
c
T’m‘M/E
In addition, II) a Donnan potential develops at the membrane
interfaces, given by

WX — 2.csp|s/M-sinh (AquAS/M)z

. (23)
wX = 2’CmA|M/E'Slnh<A¢D’M/E> .

The ionic resistance summed over the two membranes in an
MCDI cell, together Ry, with dimension Q m?, is given by

Rl =2+A¢y+Vr, (24)

where A¢p, is defined as A¢m=0dm|m/E—Pm|s/m-

Lastly, we relate the potential in the macropores at the M/E
boundary, ¢malmje to the potential over the spacer channel, the
Donnan potentials on both sides of the membrane, and the po-
tential drop over the membranes according to

Adsp + Adp s/m + Apm — Adp M/E = Pma (25)

MJE

3. Characterization: electrode salt adsorption, electronic
resistances and spacer properties

3.1. Electrode salt adsorption

Our methodology to identify the resistances in the MCDI cell
makes uses of the transport model including the i-mD model, to
calculate the values for the ionic resistances in the different ele-
ments of the MCDI cell. To run this model, we have to determine
values of the parameters required in the i-mD model, which are E,
Vmi, Cstvoro and a. Therefore, we conduct constant voltage experi-
ments as described in Appendix D and by Kim et al. (2015), and we
fit the i-mD model to the equilibrium data for salt adsorption,
charge density and charge efficiency, which is the ratio of salt
adsorption over charge density, see Fig. 2.

Fig. 2 shows that we find a good fit of the theory to the data
using values for vp;, E, Cstyor0 and « as listed in Table 1. For the
transport model, we also need values for the micro-, meso- and
macroporosity, as listed in Table 1. Kim et al. (2015) and Appendix E
describe how these porosities are calculated.

3.2. Electronic resistances and spacer properties

Before we run the transport model to calculate the ionic re-
sistances across the MCDI cell, we will first determine the external
electronic resistance, EER, which is located in the cables, current
collectors and current collector—electrode interfaces (as discussed
in section 2, we assume that there is no electronic resistance in the
electrodes, see results in Appendix B which underpin this
assumption.) Furthermore, as the thickness, Lsp, and porosity, psp, of
the spacer channel are of influence to the ionic resistance in the
spacer channel, Rsp, according to Eqgs. (15) and (16), these parame-
ters should be accurately determined as well. Since the (M)CDI stack
(assembly of N cells), including the spacer channels, is slightly
compressed by exerting a pressure of 0.29 bar, the thickness and
porosity of the spacer channels after assembly are different from the
values in uncompressed condition. In this section, we present a
method to determine simultaneously EER as well as Ry In addition,
we show how psp and Lsp after assembly can be calculated from Rgp.

We measure the resistance over a CDI stack, consisting of N; cells
and thus N spacer channels, using a Milliohmmeter, see Appendix
B. This device does not measure an ionic distributed resistance in
the electrodes as the electronic electrode resistance is very low, see
Appendix B. Thus, the measured resistance over the CDI stack is a
sum of the linear resistances EER and Rsp. How can we distinguish
between EER and Ry, and then, based on Rsp, calculate Ly and pg,?
First we multiply the measured resistance by Ns and Ay to obtain
R*, which is the sum of Rsp and EER. Because only Ry depends on the
electrolyte concentration, ¢, we can distinguish between R, and
EER from the dependence of R on c., see Fig. 3. Resistance EER is
not dependent on ¢, and follows as the intercept of the curve in
Fig. 3 (EER=7.0Q cm?).

The thickness and porosity L, and psp after assembly can be
obtained from Fig. 3 as follows. First of all, Ry, is a function of Lsp and
psp (after assembly) according to

VreLsp

M0 = 2 FpprcarD’

(26)

Secondly, psp and L are related to the uncompressed thickness
and porosity of the spacer channel, Lsyuncompr and Pspuncompr as
listed in Table 1, according to

<1 - psp) -Lsp = (1 - psp,uncompr> ‘Lsp.uncompr- (27)
Finally, the slope of the curve in Fig. 3, §, relates to R;p, by
B = Rsp*Coo. (28)

Substituting Eq. (27) into Eq. (26) and solving the resulting
equation with Eq. (28), results in Ls, = 316 um and psp = 0.708, see
Table 1.

4. Verification: charging and discharging dynamics

In the previous section, we determined the values of parameters
required to describe the salt adsorption in the EDLs of the porous
carbon electrodes, as well as the external electronic resistance of
the CDI cell and the compressed thickness and porosity of the
spacer channel, as listed in Table 1. These parameters serve as input
for the transport model, which calculates the concentration profiles
across the spacer channel, the membranes, and the electrodes, and
moreover, the ionic resistances in these different elements. How-
ever, before we run the model, we have to verify whether the
transport model fits with experimental data.

To that end, we conduct constant current charging/discharging
(CCCD) experiments for CDI and MCDI, with and without flowing an
electrolyte through the cell (F-CCCD and NF-CCCD respectively), see
Fig. 4. The experimental scheme is as follows. Before we start the
experiment, we flush a salt solution with a concentration of 500,
100 or 20 mM KCl through the cell and we short-circuit the cell. For
the NF-CCCD experiments (Fig. 5A—E), we stop the pump after
about 10 min, while for the F-CCCD experiments we leave the pump
running with a flowrate of 7.5 mL/min per cell. Thereafter, we apply
a constant current to charge the cell until a cell voltage of 1.4 V is
reached, and then, we apply the reversed current to discharge the
cell until we reach a cell voltage of 0 V (Pell et al., 2000). This cycle,
of charging and discharging the cell, is repeated 4 times to reach the
limit cycle, which means that the cell voltage signal as function of
time of the last cycle is equal to that of the previous cycle. Exper-
iments were run at system currents of 0.25, 0.5, 0.75 and 1 A during
the charging step and the reversed current during the discharging
step. With the cell area of Aee=33.8 cm? and Ns=4 cells, this
recalculates to current densities of I = 19, 37, 56 and 74 A/m>.

The experimental limit cycles in an (M)CDI cell for different
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Table 1

System and electrode dimensions, operational parameters, parameters used for theoretical calculations. Parameters obtained from *1) equilibrium model fitting, as discussed
in Section 3.1; *2) external electronic resistances and spacer properties characterization, as discussed in section 3.1; *3) Ref. Porada et al. (2013); *4) Ref. Galama et al. (2013); *5)

transport model calculations, as discussed in Section 4.

Experimental parameters

Lejec Electrode thickness

L Membrane thickness

Acell Electrode geometric surface area

D, Flowrate through the cell

N Number of cells in the MCDI stack

T Temperature

Pelec Electrode mass density

Values for use in the i-mD model

E Micropore ion-correlation energy

Vi Micropore volume

Cstvol,0 Stern capacitance in zero-charge limit
a Charge dependence of Stern capacitance
Electronic resistance and spacer channel properties

EER External electronic resistance (4 cells)
Ly Thickness spacer, after assembly

Dsp Porosity spacer, after assembly
Lsp,uncompr Thickness spacer, before assembly

Dsp.uncompr Porosity spacer, before assembly
Values for use in the transport model

257 pm
160 um
33.8 cm?
7.5 mL/min
4

295K
0.569 g/mL

100 KT mol m—> "
0.40 mL/g “
160 F/mL "
20 F m® mol 2 1

7.0 Qcm? 2
316 um 2
0.708 2
335 um

0.724

D Diffusion coefficient of K*, and of CI~ in free solution 2.03*107° m?[s
Pma Macroporosity 0.43 "
DPmeso Mesoporosity 0.05 1
Pmi Microporosity 0.23 1
Dsk Fraction skeleton material electrode 0.29 3
Pm Membrane porosity 0.3 4
drm Diffusion coefficient in the membrane relative to the value in free solution 0.05 4
) Sign of the fixed membrane charge +1 4
X Fixed membrane charge density 5M 4
Ysp Transport coefficient of salt from the outer volume into the spacer channel 0.26 mmol/s 5
M Number of mathematical subcells 1
70 4 20 A
E
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>
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Fig. 3. Measured resistance in a CDI cell as function of the electrolyte concentration.
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electrolyte concentrations are compared with the theoretical limit ! ! ! ! !
cycles, as calculated with the transport model, in Fig. 5. The x-axes 0 10 20 30 40 30
of the graphs in Fig. 5 include breaks, dividing the x-axes in two Time (min)

parts with different timescales. For the NF-CCCD experiments, in
order to fit the theoretical curves to the data, we had to include a
diffusion term, I'sp, in the spacer channel mass balance, Eq. (11), to
describe some diffusion of salt from V,,; into the spacer channel.
We found the best fit of the theory with v, the transport coeffi-
cient, at a value of y = 0.26 mmol/s. Fig. 5 shows that for these NF-
CCCD experiments, the transport model fits the experimental data
well, both for CDI and MCDI, especially at the higher initial salt
concentrations (Cwni) of 100 and 500 mM KCl. However, as

Fig. 4. Current density and cell voltage signal of constant current charging and dis-
charging cycles in a CDI cell without flow (NF-CCCD), and with ¢, jn; =500 mM. The
current was 19 A/m? during the charging step and —19 A/m? during the discharging
step.

observed in Fig. 5E, for CDI with the initial salt concentration of
20 mM the fit is not as good: though the cycle time is well pre-
dicted, the cell voltage in the plateau region of the charging step is
underestimated.
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Fig. 5. Charge/discharge cycles for CDI and MCDI with initial salt concentrations of 500, 100 and 20 mM KCl (A-E, NF-CCCD), and with an inflow salt concentration of
Cinflow= 20 mM (F, F-CCCD). Dashed lines: experimental data. Solid lines: theory. I) 19 A/m?, 1I) 37 A/m?, 1l) 56 A/m? and 1V) 74 A/m?.

As NF-CCCD MCDI experiments with an initial salt concentration
of 20 mM KCI could not be fitted successfully, we report data and
theory of F-CCCD experiments,' for which Cinflow =20 mM KCl. The

1 Compared to the NF-CCCD experiments as shown in Fig. 5, for the F-CCCD
experiments, the electrodes were thicker (Leec = 266 um instead of Leec = 257 um)
and the mass density was lower (peec = 0.395 g/mL instead of pejec = 0.569 g/mL).
Therefore, pma, Pmeso and pm; have different values from the ones listed in Table 1,
respectively 0.61, 0.031 and 0.16. These values are also used in the calculations in
Figs. 7 and 8.

discrepancy between data and theory for MCDI NF-CCCD at 20 mM
can be ascribed to the fact that the overlimiting current was
reached, a phenomenon not included in our theory (Andersen et al.,
2012). As shown in Fig. 5F, the model describes the data accurately
for 20 mM F-CCCD experiments.

5. Prediction: resistances across the MCDI cell

After presenting the methodology to obtain values for the pa-
rameters required in the transport model (Section 3), and verifying
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Fig. 6. Theoretical prediction of the salt concentration across, and the resistance in, the MCDI cell from the start of the adsorption step (1) until the end of a desorption step (8)
(Cinflow=20 mM, I = 19 AJm?). For the times associated with each curve in panels a—c see main text.

the transport model with experimental data of CCCD experiments
(Section 4), now we can use the theory to predict the resistances
across the MCDI cell during desalination of brackish water. There-
fore, we will simulate the limit cycle of an MCDI experiment, with
the same operational scheme as shown in Fig. 4, the parameters as
listed in Table 1, a flow of 7.5 mL/min/cell, and an inflow salt con-
centration of Cipflow =20 mM.

Fig. 6 shows the salt concentration profiles across the spacer
channel and the electrodes, as well as the free salt concentration
across the membranes (which is the counterion concentration
minus the fixed membrane charge density, equal to the co-ion
concentration), at different moments during the adsorption and
desorption step. During the adsorption step, the salt concentration
in the electrode (macropores) increases, while the salt concentra-
tion in the spacer channel goes down at the same time. The reverse
is observed during the desorption step. Profiles shown in Fig. 6 a—c
are given to illustrate the development of concentrations in the
different domains and are related to the following moments during
the adsorption cycle: a) 0, 4, 8, 98 s after start of adsorption, and 0,
4,12 and 298 s after start of desorption. For b) 0, 10, 18,98 s; 0, 2, 8,
260s; c) 0, 8,18, 98 s; 0, 10, 240, 298 s.

Fig. 6D shows the ionic resistances in the spacer channel, the
membranes, and in the electrodes, as well as the EER, all at the start
of a desorption step. Clearly, the ionic resistance across the spacer is
the highest of all resistances, while the ionic resistance in the

electrodes is negligible. The calculated resistance across the
membranes (5.6 Q cm?) is similar to values reported by Tuan et al.
(2006) and Dtugotecki et al. (2010). Note that the calculations show
that the electronic and ionic resistances do not significantly change
during the cycle. However, values for the resistances shown in
Fig. 6D can be completely different in other situations, for instance
when the salt concentration in the macropores of the electrodes
decreases to values close to zero, such as in CDI without
membranes.

6. Improved system design: increased electrode thickness

After identifying that the resistances are mainly located in the
spacer channel, the membranes and the external electrical circuit,
and not in the electrodes, we can use this information to improve
the (M)CDI cell design or operation. Options include the study of
the EER, with the aim to reduce it, or the spacer channel resistance
(e.g., by using ion-conducting spacers (Liang et al., 2013), spacers
packed with granular activated carbon (Bian et al., 2015) or profiled
membranes (Vermaas et al., 2011)). Here, as an example, we will
focus instead on the electrode. Fig. 6D suggests that it should be
possible to increase the electrode thickness and consequently the
cell capacity (thus requiring less switches between adsorption and
desorption), while keeping the energy consumption per mol salt
removed the same. To test this hypothesis, we performed
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Fig. 7. Effluent salt concentration as function of time for MCDI with single, double and
triple electrode thickness (Cinow = 20 mM, I = 19 A/m?). Dashed lines: experimental
data. Solid lines: theory.

experiments in MCDI where we doubled and tripled the electrode
thickness, by placing two respectively three electrodes, with the
thickness as listed in Table 1, on top of one another, and we measure
the energy requirements.

To this end, we conducted F-CCCD experiments with the same
operational scheme and electrodes as those described for the F-
CCCD experiments in section 4 (I=19 A/m?). The results for the
effluent concentration as function of time are shown in Fig. 7. As
Fig. 7 shows, increasing the electrode thickness indeed results in
longer cycles. Comparing the data with the theory, the model
closely predicts the desalination degree, but underpredicts the
cycle time quite significantly.

For the experiments shown in Fig. 7, we calculated the energy
consumption by integrating the electrical power (current multi-
plied by cell voltage) over time, and dividing the resulting value by
the salt adsorption in a cycle (in mol). The resulting values are

2 Note that experiments with double and triple electrode thickness were per-
formed with 2 respectively 1 cell(s) assembled in a stack, instead of the 4 cells in
the single electrode experiments. This leads to a different value for the EER. To
evaluate energy consumption in Fig. 8, we corrected the data to 4 cells using results
of a technical study that EER depends on Ns according to EER = «/Ng+ f with
o =171 Q cm? and § = 2.7Q cm?.
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Fig. 8. Desalination time and energy consumption for single, double and triple elec-
trode thickness (Cipow = 20 mM, I = 19 A/m?). Solid lines: theory.

plotted in Fig. 8% Note that in this work, we report the energy
consumption in dimension kJ/mol salt, while in previous work the
dimension kT/ion was used. One can recalculate values in kT/ion to
values in kJ/mol salt by multiplication with a factor 2-R-T/1000 ~ 5.

Interestingly, the energy consumption of MCDI due to re-
sistances over the different elements of the cell, as presented in
Fig. 6D, is only 6.1 k]/mol salt. The additional energy requirements
are due to the Donnan potentials at the membrane interfaces, and
the Donnan and Stern potentials in the electrodes. These energies
all relate to the thermodynamics of ion removal and storage, not to
transport resistances. Both data and theory presented in Fig. 8
indicate that increasing the electrode thickness results in longer
periods of desalination, i.e., we have the same desalination rate for
a longer period of time with only a very slight increase of the en-
ergy consumption.

7. Conclusion

In the present work, we outlined a methodology to identify the
ionic and electronic resistances in Membrane Capacitive Deion-
ization (MCDI). To calculate the ionic resistances, we set up a
transport model for the MCDI cell, with a fully discretized spacer
channel, membrane and porous carbon electrode, coupled to the
improved modified Donnan model. We show that the resulting
model can be fitted to experimental data, and that we can use this
theory to calculate the ionic resistances across the different ele-
ments in the MCDI cell. Furthermore, we presented a novel
approach to measure the external electronic resistances, as well as
the spacer properties in the MCDI cell.

For the MCDI cell studied, the resistances are mainly located in
the spacer channel and in the external electrical circuit, while the
resistance in the macropores of the electrodes is significantly lower.
This finding predicts, and is also validated by our experimental
work, that one can double or triple the electrode thickness without
significantly increasing the electrical energy input per mol salt
removed. Therefore, one can operate the cell with longer periods of
desalination, switching less frequently between adsorption and
desorption steps, without an extra energy penalty. Furthermore,
our results show that, if we want to reduce the resistances in the
MCDI cell, we have to focus, in order of priority, on the spacer
channel, the external electrical circuit and then on the membranes.
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Appendices
A. Improved modified Donnan model

To describe the salt adsorption and charge density in the elec-
trical double layers (EDLs), formed in the micropores of the porous
carbon electrodes, we use the improved modified Donnan (i-mD)
model (Biesheuvel et al., 2014).

Applied to a 1:1 salt with a charge neutral macropore electro-
lyte, the i-mD model relates the ion concentration in the micro-
pores, cmij, to the salt concentration in the macropores, cpa,
according to
Cmii = Cma*€XP( — Zi*Adp + patr), (29)
where z; is the charge of the ion and A¢p the Donnan potential. The
Donnan potential, A@p, is dimensionless and can be multiplied with
the thermal voltage, V7, to obtain a voltage with dimension V. The
attraction term uq is a function of the micropore ion correlation
energy, E, and the total ion concentration in the micropores, Cions,mi,
and is given by

E

Cinns,mi

Hatt = (30)

In the micropores, the ionic charge density, op;, can be calcu-
lated by Eq. (4). For a 1:1 salt, the concentration of ions in the
micropores, Cions,mi, can be computed as function of the charge
density in the micropores, o, according to

2

Cions,mi = Urzm' + (2'CmA‘eXP(Matt))2- (31)

The Stern potential, A¢s;, is a function of the ionic charge in the
micropores and is given by
omi*F = —Costyor1* Agse* Vr, (32)

with Cs;yor the volumetric Stern capacity in F/m3, given by the
empirical relation

Cst.ool = Cst.wol0 + @ Tpyis (33)
where « is a parameter to relate the Stern capacitance to the
micropore charge density and Cs;yo10 the Stern capacitance in the
zero-charge limit.

At equilibrium, there is no net transport of ions from the spacer
channel into the micropores, and the salt concentration in the
macropores, Cma, is equal to the concentration outside the elec-
trode, c.. Since the electrolyte only contains a monovalent salt
(KCI), there the concentration of K™ equals the concentration of I,
both equal to the salt concentration, c. Egs. (4) and (29) can be
combined to describe Cionsmi and om; as function of A¢p and g
according to

0mi = Ccation,mi — Canion.mi = —2+Co0*€XP(tigsr) *SINN(Agp),
(34)

Cions,mi = Ccation,mi + Canion,mi = 2+Ceo 'exp(,uatt) 'COSh(A¢D)~
(35)

From now on, we assume that both oppositely polarized elec-
trodes in a CDI cell are equal, e.g. they have the same geometric and
material characteristics. In addition to the assumption of a 1:1 salt,
this assumption allows us to model the CDI cell at equilibrium as a
symmetric cell, and we only have to calculate the salt adsorption
and charge density in one electrode. With this assumption, the cell
voltage relates to the Donnan and Stern potentials by

Veen = 2+ Vre |A¢D + A¢St‘- (36)

To calculate the theoretical charge efficiency of the system, that
is, the number of salt molecules adsorbed over the number of
electrons transported from one electrode to the other, we use the
relation
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ads ~ _ ~des
ions,mi ions,mi
A — tons.mi  Zions.mi. (37)
ads _ qus
mi mi

where c?frfs‘mi (cid(frjs_mi) is the concentration of ions in the micropores
at the end of an adsorption (desorption) step. The concentration
Cionsmi at the end of the desorption step equals Cionsmi at the
beginning of an adsorption step. The charge density, ¢ (in C/g), and

the salt adsorption, I'sq; (in mg/g), can be calculated according to

1 )
=p = 5+ Fromi o — o, (38)
1 .
Usare = 5 Vmi® (Cicgns,mi - C;'jc;?lglfmi)' (39)

Theoretical values for =f I'sgy and A can be compared with
experimental results to find appropriate values for the parameters
E, Cstvor0, @ and vp;, see Fig. 2 and Table 1.

B. Electronic resistance in porous electrodes

One of the underlying assumptions of the transport model is
that, within the porous carbon electrodes, the electronic resistance
(resistance for flow of electronic charge through carbon matrix) is
zero. To verify whether this assumption is valid, we measured the
electronic resistance over different numbers of electrodes, which
are connected via current collectors and cables to an Agilent Mil-
liohmmeter 4338B. This device measures the resistance by
applying a sinusoidal potential excitation with a frequency of 1 kHz
and measuring the current. In this experiment, a number of wet
electrodes is placed on top of each other, without spacer layers,
between two current collectors and is slightly compressed by
exerting a pressure of 0.29 bar. The results of the measured resis-
tance, multiplied by the electrode surface area of Ace;=33.8 cm?,
are shown in Fig. 9A.

As Fig. 9A shows, the resistance has a term independent of the
number, N, of electrodes, given by the intercept, and a term linearly
dependent on N, given by the slope. The first resistance is in the
communal cables and connectors. The second term, which is N-
dependent, must relate to an electronic resistance in the electrodes
themselves, or to an electrode—electrode contact resistance.
Therefore, the slope of Fig. 9A is equal to the electronic resistance
per electrode, RN_dependent: Which is 0.67 Q cm?/electrode. Dividing
RN—dependent by the thickness of one electrode (L =254 um), results
in an electronic resistance of 0.26 Q m, as shown in Fig. 9B. We
can compare this value with the ionic resistance in the electrodes,
Rionicelectrodes @S given by

Vr

2:PmAa*Coo*D-F (40)

Rionic,electrodes =

where V7, pma, D and F refer to parameters as used in Section 2 and
listed in Table 1.

In Fig. 9B we compare the electronic and ionic resistance in the
electrodes, as function of c,. We observe that, for ¢, = 20 mM,
which is the inflow concentration in the experiments presented in
Section 5 and 6, the ionic resistance in the electrode is a factor 30
higher than the electronic resistance. This ratio drops with
increasing c., but even at 100 mM, the ratio is still a factor of 10.
Consequently, we consider the assumption of zero electronic
resistance in the porous carbon electrodes to be valid.

C. Electrode preparation

The experimental work was conducted with home-made porous
carbon electrodes (Porada et al., 2013; Kim et al., 2015). The elec-
trodes were fabricated by mixing activated carbon (YP—5O0F, Kur-
aray, Japan), carbon black (Vulcan XC72R, Cabot Corp., Boston, MA),
and a binder (85:5:10 in weight ratio). This binder, polyvinylidene
fluoride (PVDF, Kynar HSV 900, Arkema Inc., Philadelphia, PA), was
dissolved in N-methyl-2-pyrrolidone (NMP) and the mixture was
vigorously stirred. After mixing the activated carbon, the carbon
black and the binder solution, the solution was ground in a ball-
grinding machine for 40 min (500 rpm). The resulting slurry was
cast on a glass plate, which was, after casting, directly transferred
into a deionized water bath, to solidify the binder. The resulting
carbon films were cut into electrodes of 6*6 cm? with a small
square of 1.5*1.5 cm? located in the center. The electrodes were
dried at 105 °C, cooled down in a desiccator and weighed.

D. Equilibrium CDI experiments

To find values for the parameters Cs; 010, &, E and vy, as used in
the i-mD model, we conducted equilibrium CDI experiments, so we
excluded the membranes, according to the following experimental
procedure. A stack of Ny = 4 CDI cells, each cell consisting of a pair of
porous carbon electrodes (see Appendix C), a pair of graphite cur-
rent collectors and a spacer (AP20, Glass Fiber Filter, Millipore, MA),
was placed in a polymethylmethacrylate (PMMA) housing. A solu-
tion of potassium chloride, KCl, was pumped from a recirculation
vessel of 10 L, into the housing, through the spacer channels of the
CDI cells, leaving the cell passing a conductivity sensor and a pH
sensor, back to the recirculation vessel. The outlet conductivity and
pH were online monitored with a sampling time of 1 s. KCl solutions
of 20 and 100 mM were prepared and were continuously purged
with nitrogen, in order to avoid the presence of oxygen in the
electrolyte. While the solution was flowing through the cell, the cell
voltage was controlled with a potentiostat (IviumStat, Ivium Tech-
nologies, the Netherlands). Alternately, a charging voltage, V., and
adischarge voltage, Vgisch, were set for 20 min each, in order to reach
equilibrium, that means, the electrodes became fully saturated with
salt (at the end of the charging step), or were fully discharged (at the
end of a discharging step), and there is no longer transport of salt
between spacer and electrode. Experiments were conducted with
different, distinct, values of V., 0f0.2,0.4, 0.6, 0.8,1 and 1.2 V, while
the discharge voltage was always set to 0 V. For every experiment
with a different charging voltage, we run 4 cycles of charging and
discharging, to attain the situation that the results of the last cycle
become equal to the results of the previous cycle, i.e., we reached
the limit cycle. Only the data of the final cycles were processed.

Of every experiment, the current, the effluent conductivity and
the pH were recorded. The current was integrated over time, both
for the charging and discharging step of each experiment, to obtain
the charge with dimension C. To calculate the charge density, =f, in
C/g, the charge was divided by the total mass of the dry electrodes.
The effluent conductivity is recalculated to salt concentration
making use of a calibration curve. Thereafter, the difference be-
tween the inflow and effluent salt concentration was integrated
over time, and multiplied by the water flow rate, resulting in the
salt adsorption, or desorption, with dimension mol. Multiplying
this salt adsorption with the molar mass of KCl and dividing by the
total electrode mass, results in the salt adsorption, I'sgr with
dimension mg/g. Charge efficiency A can be calculated according to

A =LDsat g (41)
2F
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E. Calculating the micro-, meso-, and macroporosity

For the transport model, we require values for the micro-, meso-
and macroporosity, as listed in Table 1. To calculate the micropo-
rosity, pmi, we multiply the theoretically derived value for vy; (see
Appendix D) with the electrode mass density in g/mL, pelec.

As explained by Kim et al. (2015), the value of vp,; calculated by
fitting the i-mD model to the data, resulting in vp;=0.40mL/g
(defined per mass of electrode material), is lower than the pore
volume determined by gas sorption analysis (and using the NLDFT
model for evaluation) of the porous carbon electrode, which is
visa=0.48 mL/g (again defined per mass of electrode material)
(Note that this value is obtained from gas adsorption analysis of the
entire electrode, not of a pristine powder). Because of the difference
between vp; and vgss, the term mesoporosity was introduced,
referring to the pores which are not used for transport and where
also no EDLs are formed, but which are filled up with electrolyte. So,
the difference between vp,; and vgsy is multiplied with pejec to obtain
the mesoporosity, Pmeso-

The macroporosity, pma, follows from the relation
Dmi + Pmeso + Psk + Pma=1, where pg, is the volume fraction of
“skeleton” in the electrode, which in turn can be calculated by
dividing pelec by psk, the mass density of the skeleton material. The
density psk=1.93 g/mL is obtained from pgk = mcepc+ (1 —mc)+pp
where m. is the weight fraction of two carbon constituents together
(activated carbon and carbon black), m. = 0.9, p. the mass density of
the carbon, p. = 1.95 g/mL, and p, the density of the binder,
pp = 1.78 g/mL (Porada et al., 2013).
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