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Abstract

Membrane capacitive deionization (MCDI) is a technology for water desalination based on applying
an electrical field between two oppositely placed porous electrodes. lons are removed from the water
flowing through a channel in between the electrodes and are stored inside the electrodes. lon-
exchange membranes are placed in front of the electrodes allowing for counterion transfer from the
channel into the electrode, while retaining the coions inside the electrode structure. We set up an ex-
tended theory for MCDI which includes in the description for the porous electrodes not only the elec-
trostatic double layers (EDLs) formed inside the porous (carbon) particles, but also incorporates the
role of the transport pathways in the elctrode, i.e., the interparticle pore space. Because in MCDI the
coions are inhibited from leaving the electrode region, the interparticle porosity becomes available as
a reservoir to store salt, thereby increasing the total salt storage capacity of the porous electrode. A
second advantage of MCDI is that during ion desorption (ion release) the voltage can be reversed. In
that case the interparticle porosity can be depleted of counterions, thereby increasing the salt uptake
capacity and rate in the next cycle. In this work, we compare both experimentally and theoretically ad-
sorption/desorption cycles of MCDI for desorption at zero voltage as well as for reversed voltage, and
compare with results for CDI. To describe the EDL-structure a novel modified Donnan model is pro-

posed valid for small pores relative to the Debye length.

Introduction

Providing for clean water in a safe, inexpensive and energy-efficient manner is amongst the most
important technological challenges facing humanity the coming decades." Desalination is a key re-
quirement to convert brackish, sea or waste water into water suitable for use. Presently, reverse os-
mosis and distillation are the state-of-the-art technologies for large-scale desalination. In these ap-
proaches, clean water is produced either by using water-permeable membranes, or by evaporation.
Desalination using these techniques can be energetically demanding and especially for water of rela-
tively low ionic strength, it can be advantageous not to focus on the recovery of clean water from the
salt-containing solution, as in reverse osmosis and distillation, but instead to focus on removing the
relatively few ions. In this respect it is interesting to note that at 10 mM, which is approximately the
lower limit of brackish water, for each 2500 water molecules there is only about one ion.

This approach, to focus on the removal of the ions from the solution that must be treated, is followed

in electrodialysis“'5 and in capacitive deionization (CDI).G'23

In the present work we focus on CDI-
related techniques. CDI is a technology where an electrical field is applied between two closely

spaced porous electrodes (often activated carbon with internal surface areas of the order of



1000 mzlg; a typical cell voltage is 1.2 V). lons in the water flowing through the transport channel, or
“spacer”, in between the electrodes, are extracted, with cations stored in the cathode (the electrode of
negative electrical bias) and anions stored in the other electrode, with the effluent water desalinated to
a certain degree. The assembly of electrodes and transport channel is called a “cell”. CDI is a technol-
ogy similar to that of electrostatic double layer (EDL) supercapacitors®>****> but modified to operate in
a “flowthrough”-mode, while focus is on salt removal and not on charge storage. Also laminar flow fuel
cells use such a flowthrough mode but focus on electrochemical conversion.?® In CDI, ions removed
from the inflowing solution are stored in the EDLs within the porous electrode, and when the ion stor-
age capacity is reached (or a certain percentage thereof), the applied voltage can be reduced and ions

are again released leading to a (small) product stream concentrated in salt.
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Fig. 1. Membrane capacitive deionization (MCDI). Influenced by the electrical field, cations present in
the water flowing through the spacer channel migrate through the cation exchange membrane and are
stored inside the adjacent porous electrode; simultaneously, anions are stored in the opposite elec-
trode. In CDI, the ion exchange membranes are left out. Schematic overview of (a) one cell, and (b)
modeling approach for an electrode consisting of porous carbon particles.

CDI (and MCDI, to be discussed below) are electro-capacitive processes, implying that electrochem-
istry does (ideally) not occur, with charge storage of a purely capacitive nature, and thus the process
being repeatable without energetic losses. The size scale of our cells is typically of the order of 100-
200 um thickness for each layer (which are spacers, membranes, electrodes, and current collectors),
making a complete cell typically of the order of 1 mm thickness. Therefore, (M)CDI is an example of a
“millifluidic" flow technology. In CDI, the electron current that goes from anode to cathode during ion
adsorption is reversed during ion release, with ideally a perfect charge balance, i.e., integrated over a
complete cycle of ion adsorption and desorption, there is no leakage current due to electrochemical

reactions.””?®

An external power source charges the CDI-cell during the ion adsorption-step, i.e., en-
ergy is required to transfer electrons from the anode to the cathode, while during ion release (ion de-
sorption) the electrons spontaneously flow in the reverse direction. During this stage, the electron cur-
rent can be used to partially charge another CDI-cell during its ion adsorption step. In this way the
overall energy consumption of a desalination stack consisting of multiple cells, can be reduced. It is
the general aim to find operation schemes for CDI where the total energy use is as close as possible
to the thermodynamic minimum energy input for desalination, which is for a 1:1 salt given by
Ina _ InB

AG,;, =2RT (c, -c,) 10 1-8

} per volume of dilute product (of salt concentration c4, while the



inflow has a salt concentration c;,, and the concentrate c.), where a=c;,/cq and B=c;,/c., an expression

valid for ideal thermodynamic conditions.***

The recovery, being the ratio of dilute product volume to
inlet volume, r, relates to salt concentrations according to r=(c-Cin)/(Cc-Cq)-

It has been found experimentally that positioning ion-exchange membranes in front of the electrodes
improves performance of the CDI-process significantly. In this approach, called membrane capacitive
deionization (MCDI), see Fig. 1, cation exchange membranes are placed in front of the cathode, i.e.,
the electrode which during the ion-removal step attracts the cations by applying a negative voltage

relative to the other electrode, which is the anode and which attracts the anions.?*>°

The origin of the
advantageous effect of the membranes is not completely understood, which hampers further optimiza-
tion of this technology. The only previous theoretical model for MCDI (ref. 32) considers that the ions
are adsorbed in the EDLs which are formed inside the carbon particles where the electrolyte contacts
the carbon matrix, without considering a possible salt storage in the interparticle pore space or trans-
port pathways in the electrode (which we call macropores as in ref. 7, with the pores inside the carbon

called the micropores7'36'37

). However, co-ions expelled from the EDLs inside the particles will end up
in these macropores. Because of charge neutrality there, more counterions can then be absorbed in
the electrode. In the present work we will include the macropores in the theoretical model, and show
that we are well able to describe experimental data for CDI and MCDI. Thus, the novel theoretical
model is suitable for predictive purposes such as for system optimization.

The (M)CDI transport model describes how the ion current across the membrane into the electrode
leads to a simultaneous electron current to keep charge balance in the electrode. The ion current is
mainly due to counterion transport, but for non-ideal membranes also has a contribution from coions
going in the reverse direction. Note that the counterions are the ions that during the ion removal-step
are attracted into the electrode; thus cations are counterions in the cathode, and vice-versa for anions
in the anode. The co-ion is the ion that during ion removal is depleted from the EDLs in the
micropores. The electron current will be charge-balanced partially by counterion adsorption from the
interparticle pore space (macropores, where the concentration of cations equals that of the anions)
into the EDLs which are formed inside the micropores, and partially by the desorption of co-ions from
the EDLs. These co-ions are largely retained by the membrane and thus accumulate in the
interparticle pore space, increasing the concentration to values beyond that in the spacer channel.
Because of charge neutrality in the macropores, this accumulation of co-ions also leads to an
accumulation of counterions. Thus, effectively, part of the transported counterions (from the spacer
channel through the membrane) is adsorbed in the EDLs in the micropores, and part is stored in the
macropores. Therefore, the macropores play an important role in increasing the salt adsorption
efficiency of MCDI, an effect which is absent in CDI because in CDI the salt concentration in the
macropores is lower during ion-removal (not higher) while upon reaching equilibrium it becomes the
same as the salt concentration outside the electrode, i.e., in the spacer channel, and thus the
macropores have no salt storage capacity in CDI.

A further advantage of MCDI is that it is possible to operate at reversed voltage during ion release.
This is not possible in CDI (the technology without membranes) because then the ions that are

released from the one electrode are quickly adsorbed in the other electrode, without releasing much



salt into the effluent stream, i.e., the role of cathode and anode is simply reversed. In MCDI, the
counterions are released from one electrode into the spacer channel, but cannot move into the other
electrode because of the membrane. Thus both electrodes are depleted of their respective
counterions. Not only are counterions removed to the point that the electrode is charge neutral again,
but counterion desorption continues, first of all from the EDLs in the micropores, in which now the co-
ions are attracted as countercharge, and secondly from the interparticle macropores, of which the salt
concentration drops dramatically. Thus we have a very effective clean-up of the counterions from the
electrode structure. Consequently, in the subsequent adsorption step of the next cycle, the counterion
adsorption rate and capacity are significantly increased compared to CDI.

In the next sections we will introduce the various theoretical elements of the improved MCDI-model
which includes the above effects, list the various assumptions, present the mathematical framework to
calculate desalination performance and electrical currents, and compare model predictions with ex-
perimental data for CDI and for MCDI in two operating modes: both for ion release at zero voltage

(“0-MCDI"), and for ion release at reversed voltage (“r-MCDI”).

General discussion of theory for MCDI

In this section we introduce the elements of the theoretical process model which can be used both
for MCDI and CDI. We will describe the modifications relative to the theory of ref. 32, and list the vari-
ous assumptions that are made.
e As discussed in the previous section, the theory distinguishes between the interparticle pores (the
macropores in between the carbon particles) where Ccaion=Canion, @nd the micropores inside the carbon
particles, where the concentration of the cations and anions can be different, i.e., EDLs are formed.
7363738 The pore volume inside the carbon particles (intraparticle porosity), we call the microporosity,
Pmi» While the pores outside, i.e., in between, the carbon particles is the interparticle, or macro-porosity,
pPma. Formally, micropores and macropores are defined as those pores with sizes <2nm and >50 nm,
respectively, but we follow literature on porous electrode transport theory’ where microporosity is used
for the pores inside the carbon particles, and macroporosity for the much larger, transport, pores, out-
side the carbon patrticle.
« Transport of ions through the ion-exchange membrane in front of the electrode will be described
using the Nernst-Planck equation allowing for both types of ions to permeate the membrane.***%*
Thus, the membranes are not considered to be ideally permselective as in ref. 32. We will exclude
transport of protons or hydroxyl-ions and also set a possible water flow through the membrane to zero.
e At the membrane-solution edges Donnan-equilibrium is assumed which relates the ion concentra-
tion difference across each of these edges to the voltage drop (Donnan potential).
e Transport in the spacer channel is described in the flow direction (y) by considering several ideal-
stirred volumes placed in series, like our approach in ref. 32. Each stirred-volume is defined by a sin-
gle salt concentration, i.e., we neglect a salt concentration gradient in the direction of the membrane.
This is different from our approach in ref. 32 where we made use of the concept of an equilibrium
Nernst layer (stagnhant boundary layer, diffusion film, mass transfer layer, concentration-polarization

layer), a thin theoretical layer envisioned in front of the membrane, separating the membrane from the



spacer channel bulk volume, see refs. [21,32,42,43]. In hindsight, this approach is problematic in
MCDI because the spacer channel is already quite thin, and thus a theoretical separation of the chan-
nel into a bulk-phase and two diffusion films, is not well possible (actually, the spacer thickness is of
the order of a typical thickness of such a diffusion film, about 200 um). Furthermore, full calculations
using the Nernst-Planck equation showed that because our spacer channel is thin, and because a
significant part of the ion transport resistance is located within the electrode, concentration variations
across the spacer channel (in x-direction) are not that significant. Note that this is different in elec-
trodialysis where mass transfer resistances are mainly in the flow channel.” Thus, across the thickness
of the spacer channel in x-direction we consider a constant salt concentration (which depends on time,
and on y-position) and thus we arrive at an expression for the ion current J in x-direction which is lin-
ear with the salt diffusion coefficient and the spacer salt concentration, cqp.

« Within the porous electrode we do not use the full nonlinear porous electrode theory for desalina-
tion described in refs. 21 and 28, but use a simplified approach in which we average the concentra-
tions across the electrode region (i.e., neglect salt concentration and potential gradients in the macro-
pores), as in ref. 44, and describe the transport resistance empirically by considering an electrical re-
sistance which is linearly dependent on the macropore salt concentration, c,,a, analogous to the de-
scription of the resistance in the spacer channel.

« Addiitionally, for the electrode region we include the possibility that there is a small convective
leakage flow of solution through the electrodes, on the “wrong side” of the membrane, entering the
electrode “head-on”, see ref. 44 where this effect is considered for the first time, in the context of en-
ergy recovery from the sequential flow of sea and river water through a millifluidic device.

e To describe the EDLs we previously made use of the Gouy-Chapman-Stern (GCS) model, see
refs. [13,15,20,21,28,32,44,45,46]. The GCS-model was shown to be very successful in describing
equilibrium data for both salt adsorption and charge density in porous electrodes as function of cell
voltage and ionic strength. However, in the course of modeling transport into porous electrodes, we
found that the GCS-model is problematic, and cannot be used robustly in a transport model where the
macropore salt concentration, ¢, changes in time and when the pore size is small relative to the De-
bye length. This relates to the fact that the GCS-model assumes a diffuse layer (besides an inner,
Stern, layer) which has a typical extension into free solution of several times the Debye length (which
is ~3 nm at 10 mM salt concentration). However, the micropores in porous activated carbon electrodes
are small (less than 2 nm) and diffuse layers must be overlapping strongly.‘”"‘s'49 Using the GCS-
model in a transport model, especially in modeling MCDI at reversed voltage during ion release, where
Cma goes down strongly, leads to mathematical divergences. This led us to develop a novel approach
which is presented here; namely, we describe the interior volume of the carbon particle by a “modified
Donnan model”. In this model it is assumed that within the carbon particle the pore space has an ap-
proximately constant electrostatic potential. This is a reasonable assumption because the Debye
length is in most situations much larger than the micropore size. Compared to the classical Donnan

approach used for charged gels, membranes, sedimentation of charged colloids,> clay537'38

and po-
rous electrodes,” we make two modifications: firstly, we include the charge-free Stern layer in be-

tween the pore solution and the carbon matrix, and secondly we consider an additional attractive force



for the ion to go from the macropores into the micropores, described by a chemical attraction of
strength . In this way it will be possible to include in the model the fact that even at zero voltage,
neutral salt already adsorbs in the carbon material. This adjustment is also required because as
shown in Fig. 2 (to be discussed further on) we measure a much higher co-ion expulsion from the car-
bon particles than can be explained in the absence of the chemical attraction (i.e., for p,=0). In the
present work we use for the cation and the anion the same value for p; to preserve symmetry be-
tween the two electrodes in the theory, but it is more likely that in reality the two numbers are different
for each ion, and will also be different for different ions of the same sign.52

« To make the EDL adsorption properties in the carbon particles more intuitively insightful, we no
longer describe the EDL-properties per unit surface area of the electrolyte/carbon interface, but define
the salt adsorption and charge as a concentration per unit volume of intraparticle pore space (i.e.,
based on the micropore volume within the carbon particles). Assuming perfect symmetry of the two
electrodes, we can then derive the concentration of counterions and co-ions in the micropores (relative
to that at zero applied cell voltage) from measured salt adsorption and charge in a CDI-cell, see Fig.

2a. A similar graph is given as fig. 2 in ref. 8.
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Fig. 2. Equilibrium data for capacitive deionizaton. (a) Concentration of counterions and coions in po-
rous carbon micropores, and (b) charge efficiency. Data as function of cell potential and NaCl salt
concentration (red diamonds: 5 mM; black triangles: 20 mM) (Pmico=37 VOI%, M=2 KT,
CSI:CSLO+0(EL(p5t2 where Cg;(=0.12 F/m? and a=5010° F/mz). Theoretical curves are based on Egs.
11-14. In (a) concentrations are given per unit micropore volume, relative to the adsorption at zero cell
voltage.

For the co-ions we observe in Fig. 2 that the concentration (relative to zero voltage) is negative,
which is as expected, because the co-ion is expelled from the EDLs. But, unexpectedly this co-ion
concentration is in magnitude much larger (namely up to values of the order of 150 mM) than the ex-
pected pore concentration at zero voltage (which is equal to the concentration in the spacer channel in
these equilibrium experiments, either 5 or 20 mM for the data of Fig. 2). This is a very remarkable find-
ing, which may prove to be an important piece of information in finding a proper EDL-model for porous
electrodes in contact with aqueous solutions. We interpret these highly negative co-ion concentrations

as being due to the fact that also without applying a cell voltage, there is salt adsorption in the porous



carbon particles due to a chemical affinity of the ions with the porous carbon. Upon applying the volt-
age, the co-ions of these chemically adsorbed salt molecules are expelled. This effect will be included
using non-zero values of the attractive term . This assumption of a chemical attraction of ions into
the micropores of activated carbon particles is supported by the fact that porous carbons are well-
known to adsorb ions, also in the absence of an applied voltage.

* In this work we assume perfect symmetry in the cell: the membranes are either in front of both
electrodes, or in front of neither electrode (which is CDI). Both membranes are assumed to have the
same ion mobility and to have the same membrane fixed charge density, X. Note that experimentally it
is certainly possible to place an ion-exchange membrane only in front of one membrane, and have
water desalination, as reported in ref. 33 and 34. Furthermore we assume an equal mass of the anode
and cathode, and a symmetrical structure of the EDL, i.e., the EDL-structure in the anode is com-
pletely similar to that in the cathode (except for the difference in charge sign). We take the same diffu-
sion coefficient for both ions, both in solution (the spacer channel) and in the membrane.

« We do not consider a possible role of protons and hydroxyl ions in determining the structure of the
EDL, e.g. by modifying the chemical surface charge of the carbon. We consider a monovalent 1:1 salt
solution of ions that are fully dissociated, like NaCl. We neglect possible faradaic, electrochemical,

reactions in the electrodes.

Mathematical description of theory

In this section we present the mathematical model for the MCDI and CDI process, based on the el-
ements and assumptions explained in the previous section. We start with discussing ion transport in
the spacer, then the membrane, and finally describe ion storage in the porous electrode as a whole,

as well as in the EDLs within the porous patrticles.

Transport in the spacer and membrane

For the spacer channel we set up a salt mass balance in which the accumulation of salt is deter-
mined by diffusion and migration in the x-direction into the membrane (or for CDI directly into the elec-

trode), and by convective flow in the axial, or y-, direction through the spacer channel, given by
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where ¢, is the spacer salt concentration in mol/m? (mM), tis time, J;o, the ion flux in x-direction at one
interface directed into the membrane or electrode (in a perfectly symmetric cell J,, is the same in
magnitude on each interface, and thus equal to the salt flux from the transport channel; note that we
consider a 1:1 salt thus two ions constitute one salt molecule), v, the spacer water velocity, and y the
coordinate along the length of the channel from y=0 at the entrance to y=L at the exit of the channel.

In using Eq. 1, we make several assumptions: 1. we neglect axial diffusion, or dispersion in the y-
direction, and 2. we consider concentration gradients in the x-direction to be small. Both these as-
sumption become the more valid the more the cell length L exceeds the channel width, &, a condition

typically well met in an (M)CDI flow-cell (e.g. 5 cm for L vs. 200 um for ). The velocity, v, is given



by v, =@ [L/V,, where @, is the water flow rate through the spacer channel (volume/time), L is the

length (in y-direction) of the channel and Vg, is the spacer channel volume.

The ion current density | in x-direction (flux of cations minus flux of anions) is invariant with x (also
constant across the solution/membrane interfaces, and across the membrane; but it does depend on
y). In the spacer channel, assuming absence of concentration gradients in x-direction, and for equal
ion diffusion coefficients, the current | depends on the electrical potential difference across the spacer

channel half-space (from midplane to edge), A@p har, according to’

(9) =201, (y) Fe ) @
where @ is hondimensional and can be multiplied by the thermal voltage, V;=RT/F (~25.6 mV), to ar-
rive at a voltage with dimension Volt, and where h=5,/2. Current | has dimension of moles/area/time,
and can be multiplied by Faraday’s number, F, and integrated over the membrane area A to obtain a
total cell current with dimension Ampeére. The diffusion coefficient D is the average of that of the anion
and the cation.’

At the two membrane/solution interfaces we have Donnan equilibrium, both on the edge of the
membrane with the spacer channel, and on the edge of the membrane with the electrode. These two
53,54

Donnan potentials are given by

WX
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where Cgq; is the salt concentration just outside the membrane (being either cg,, or the macropore salt
concentration in the electrode, cn,), X is the membrane ‘ion exchange capacity’, i.e., the magnitude of
the membrane fixed charge density, and wis the sign of the membrane charge (e.g., w=+1 for an an-
ion-exchange membrane).

Inside the membrane, charge balance is given by Ccaion-Caniont@X=0 which can be combined with the
Nernst-Planck (NP) equation for each ion, and the resulting set of equations can be solved exactly.>**
However, because full calculations showed that the concentration and potential profiles across the
membrane are close to linear in a highly charged membrane, we linearize the NP-equations leading

for current | to

1(y) = == (¥ )) D (¥) @)

where subscript “mem” is used for properties within the membrane, where ¢t mem is the total ion con-
centration in the membrane, given by €t mem=Ccation,mem™*Canion,mem» Where <..> denotes an average prop-
erty, where A is the difference across the membrane, and where dyenm is the membrane thickness. At
both solution/membrane edges, the total ion concentration in the membrane, Ctmem, IS given by
cT,mem:Z.csa.tmosh(A(pdonnan):\/(xz+(2 Esa.t)z), with cs, as for Eq. 3 either cgp or cma. The average concen-
tration <crmem™ required in Eq. 4 is calculated as the average of these two boundary values for Ct mem.
Likewise, the linearized total ion flux through the membrane, Jion mem, IS given by

D

Jonmen (¥) = —a.)”ﬂ(ACT,mem (v) - XD, (v)) - (5)

mem



In this linearized membrane-model we assume that the ion flux is constant across the membrane,
and related, that there is no accumulation of salt in the membrane. Full calculations, however, based
on the full NP-equation for the membrane, implemented in a differential mass balance, show that this
is not exactly true, and that there can be differences in Jionmem @cross the membrane (especially upon
voltage reversal in r-MCDI), leading to salt storage or depletion of the membrane itself. This model
extension, however, is not further considered in the present work.

For the linearized model, the ion flux through the membrane Jionmem, IS €qual to the ion fluxes in so-
lution at the two solution/membrane edges. On the side of the spacer channel, Jionmem go€es directly
into Eq. 1, while on the side of the electrode, it enters in the electrode ion balance, Eq. 10. The current
density in the membrane, |, given by Eq. 4, equals the current density in the spacer channel, given by
Eqg. 2, and is equal to the current that runs into the micropores within the electrode, see Eq. 9. These
are the boundary conditions which apply in the x-direction. In the axial y-direction, we only have to
prescribe the inflowing concentration csp(y=0)=Cin.

We solve Eq. 1 by discretization into M ideally-stirred volumes placed in series, like in ref. 32. In that
case, Eq. 1 can be simplified to:
a(;ip'i = _% _TM(Csp,i - Csp,i-l)' (6)

sp sp

where i is a counter running from 1 for the first volume to M, the last, and T is the spacer channel resi-
dence time (spacer channel volume V¢,=Ald,, divided by the water flow rate ®,). The inflow salt con-
centration into the cell is ci,=Cspo and the eflluent or outflow salt concentration is Ces=Cspm. All Of the
following equations in this section are solved for each stirred volume (1<i<M) separately.

Finally, we consider the voltage across the cell which is given by the sum of the potential drop over
each spacer channel half-space (from O to h), A@pparn the Donnan potential, A@yonnan, at the mem-
brane/spacer edge, the potential across the membrane, A@nem, MINUS A@onnan at the mem-
brane/electrode edge, the potential drop in the electrode, A@y., and the Donnan potential and the
Stern layer potential in the micropores, A@+A@s;, to be discussed further on, together sum up to half of
Vea/VT, Where V. is the cell voltage, i.e. the voltage applied between the two electrodes,

Veel=Vanode-Veathode- ThiS can be summarized as

1 — -
Evcell /VT - A(psp,half + A(pdonnf:m,membranelspacer + A(pmem A(pdonnan,membrane/elet:trode + A(put-zlec + (A(pd + A(psr )micropores (7)

where the electrode potential drop, A@.e. relates to current density | according to
I, 8

with Reiec @n electrode specific resistance with dimension Q.mol/m.

A, V7 = -1 IF [Ry,

The above model can be used both for MCDI and for CDI. For CDI, the membrane is absent, which
can be modelled simply by setting the membrane thickness 6,em €qual to zero. This is sufficient, but in
our calculations we also set the membrane charge to zero, i.e., X=0. In CDI this means that the con-
centration in the spacer channel at the edge with the (now vanished) membrane becomes equal to the
concentration in the electrode macropores, Cnya.



Electrodes and electrostatic double layers

Within the electrodes, we do not consider in the x-direction any gradients in potential, ¢, and
concentration, ¢, but take an average value for ¢ and c. Detailed theory to describe ion migration and
diffusion across a porous electrode, and thus the resulting gradients in ¢ and c, is given in refs. 21 and
28. In the electrode, there are two different porous (electrolyte-filled) phases. First of all, there are the
macropores, where we assume Ccaion=Canion» Which equals the macropore salt concentration, given by
Cma. This is the volume in between the carbon particles, and has porosity pma (equal to py in ref. 7).
Secondly, we consider the micropores with porosity pq, in which the cat- and anion concentrations,
Ci.mi» can be different from one another, which we will determine using the modified Donnan model as
will be explained next. The porosities p,a and pn,; are defined as pore volumes per unit total electrode
volume, with the macropore salt concentration c,,, defined per unit macropore volume, and the ion
concentrations in the micropores, c;,;, defined per unit of micropore volume. Note that pn,; is not the
same as p, in ref. 7 where p,, is the micropore volume relative to the volume of the carbon particles.

The first electrode balance describes how the “charge concentration” in the micropores,
Ccharge,mi=Ccation,mi-Canionmi , relates to the current density | (defined on the projected area of the
electrode, A) according to

d !
& 5 9)

elec

(pmi Ilcharge,mi,i) =

where . is the electrode thickness.
The second electrode balance relates the membrane ion flux, Jio, to the total ion concentration in
the electrode,
d
dt

[

o l (CmA,i - CmA,i-l) : (10)

Telec

(2 (Prma [Crai + Pro I:qccation,mi,i + Canion,mi,i)) = 5

elec
where Tgc iS the superficial residence time in the electrode due to convective flow of solution through
the electrode. The residence time Tqc iS given by the total electrode volume Vg divided by the elec-
trode flow rate ®... This leakage flow of water is calculated as follows. The total water flow rate per
cell is ®dy, and the fraction of that which runs through an electrode is ®Pge.=a[@;, and thus the flow
directed through the spacer channel is ¢Sp:(1-2a)@mt.44 The flows through the spacer channel and
through the two electrodes are combined into the effluent which leaves the cell, and of this mixture the
salt concentration, Ce, is given theoretically by Cer=(1-20)@sp m+20Bmam, S€€ Fig. 5

Finally we describe how to model the structure of the EDLs in the electrodes. As discussed in the
previous section we will use a “modified Donnan model” which describes the micropores in the carbon
particle by a single electrostatic potential. The concentration of ion j in the micropore volume is then
given by
Cimi = Cma Eexp(—zj Ao, + pan) (11)

where z=+1 for the cation and z=-1 for the anion, while P iS an attractive contribution to the ion
chemical potential upon going from the macropores into the micropores, and Ag is the Donnan poten-

tial difference between inside the porous carbon particle and outside, i.e., in the macropores.
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Micropore charge Ccharge,mi relates to the Stern layer potential drop across an inner layer separating
the ion-containing electrolyte in the micropores, from the carbon itself in which the electron charge is
stored, according to
Cenargemi 1y i OF = V7 D@, C, - (12)
where hp, i is the volume/area ratio for the micropores.21 An important modification that we make rela-
tive to classical Donnan models, is to consider that even without applying a voltage (without electronic
charge stored in the carbon) there is already a non-zero salt adsorption in the carbon particles. This
effect we describe by considering a contribution to the chemical potential, p,y, of each ion upon enter-
ing the carbon particle, which for simplicity we take equal for each ion in the present work. This final-
izes the cell model as will be used both for CDI and MCDI, both with ion release at zero voltage

(0-MCDI) and for ion release at reversed voltage (r-MCDI).
Results and Discussion

1. Testing of the modified Donnan model using equilibrium data for charge and salt adsorption in CDI

In this section, we re-analyze equilibrium data for charge ~ and salt adsorption I's,; as presented in
Fig. 2 in ref. 20 (defined in mol per gram of all electrodes, see note 56). These are equilibrium data, so
the full cell potential V¢ that is applied between the two electrodes only has contributions from Don-
nan and Stern potentials, Agy and Ags, without potential gradients due to transport. ~ and g, are
measured at a certain voltage Vg after first equilibrating the cell at zero voltage (using a shorted elec-
trical circuit) by flowing the aqueous solution to be tested through the cell for a sufficient time (~1 hr).
Charge X is taken as a positive number. Details of the measurement of > and Iy, from the current and
effluent salt concentration are given in ref. 20.

In Fig. 2b we present data from ref. 20 for the ratio of 'g,/Z which is the charge efficiency of the
CDl-cell, A. These are direct data without making any model assumption. In Fig. 2a we show a novel
representation of the data for Z and Iy, Nnamely by plotting the counterion and coion concentration in
the carbon micropore volume. To derive these data, symmetry of the two electrodes must be as-
sumed, i.e., that the cell voltage can be divided by two and then equals the voltage drop across each
EDL in each electrode, i.e., Vce/(2IV1)=A@+A@s;. Also the theoretical lines in Fig. 2 are based on the
assumption of symmetry.

How can we derive from the measured equilibrium charge > and salt adsorption Igy;, the counterion
concentration, Ceounter,mi> &aNd CO-ion concentration, Cg mi, iN the micropores? To this end we use the fact
that I's,; depends on the summation of counterion and coion micropore concentration, while charge =
depends on the difference between these two concentrations. The counterion and coion micropore
concentrations can then be calculated from

counter,mi _Cgounter,mi = (rsalt + Z) me/pmi 1 Cco,mi _Cgo,mi = (rsalt - Z) me/pmi " (13)

where superscript “0” refers to the ion concentration at a cell voltage of V=0, and where p. is the

c

overall electrode mass density (for which we use pe=0.58 g/ml) while we use a microporosity of

pmi=0.37. Data from Fig. 2 in ref. 20 are converted using Eq. 13 and presented in Fig. 2a as volumetric

11



concentrations per unit micropore volume. In Fig 2b we show data for charge efficiency, A, which in
the modified Donnan model assuming equal values of iy for both ions relates to the Donnan potential

Agy according to

A :% = tanh% . (14)

To fit the modified Donnan model to the data, we first of all set the value of hym (the volume/area
ratio in the micropores) arbitrarily to h, =1 nm. This is possible because we will use Cg; as an adjust-
able parameter, and as Eq. 12 shows, it is actually the ratio Cs/h,m which is a single adjustable pa-

rameter, representing a volumetric capacity. For the Stern capacity, Cg;, we use the empirical expres-

sion Cg, =Cg,, +0 A, , with Cs;0=0.12 F/m? (close to values derived in previous work, refs. 15,20,32)

and with a =5010°° F/m? chosen such that Cs, increases to ~0.15 F/m? at the highest cell voltages
considered. This second term can be rationalized as indicating that for higher Stern layer voltages
(thus higher charge), the closest-approach-distance of the ion to the electron slightly decreases, which

can be explained by the higher attractive force that acts across the Stern layer at high charge.””*® B

e-
cause of this second term, the fit of the modified Donnan model to the data improves. Finally, to fit the
modified Donnan model to the data we set the attractive term to p=2.0 KT.

As discussed in the previous section, using these parameter settings it is possible to describe the
data quite accurately by the modified Donnan model, see Fig. 2. The observed very negative co-ion
expulsions are well reproduced. Note that in Fig. 2a micropore concentrations are given, relative to the
ion concentrations at zero cell voltage, which at this condition are given by Cycel=0=Co@XP(Hat), i.€.,
Cveellz0=37 MM and 148 mM for c,=5 mM and 20 mM, respectively. Also the charge efficiency, A, as
presented in Fig. 2b as function of cell voltage and ionic strength, is well described. Thus, the modified
Donnan model is a suitable description for ion storage in the micropores of porous activated carbon

electrode, and can be used to describe the EDL-structure in a full (M)CDI transport model.

1 4 - 30
A A A =
0.3 1 A <
KN & " s Lo5Q
~~ A (]
o) 4 ;
= 025 charge > 2
o - 20 ©
E e
£ 02 O
- o B |15
S 0.5 -
g 10
2 o01- I
©
&
= 0.05 - "5
N
O T T T T T 0
0 20 40 60 80 100

Salt concentration (mM)

Fig. 3. Data and equilibrium theory for salt adsorption and charge (per gram of all electrodes) in CDI
as function of salt concentration (half-cycle time 500 s, V.=1.2 V). Model parameters as in Fig. 4.
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In Fig. 3 we compare the Donnan model with new data reporting the influence of salt concentration
for a larger range, and not for salt adsorption for the duration of 1 hr as in ref. 20, but for a duration of
each phase in the cycle (the “half-cycle time”, HCT) of only 500 s, which is just enough to approach
equilibrium, see Fig. 4. Also the material that is used in the present study is from a different batch than
used in ref. 20, which notably is thicker (~360 pm vs 270 um). To fit the data in Fig. 3 we use slightly
different values for p,, and gy, namely p,=0.30 and p=1.4 KT, while p.=0.55 g/ml. These values are
also used in Figs. 4 and 5. Fig. 3 shows that up to concentrations of cs;=40 mM the model describes
the data well. In Fig. 3, charge is given in C/g which is equal to charge X (which is expressed in mol/g),

multiplied by Faraday’s number, F.

2. Experimental setup and parameter settings for transport modeling of (M)CDI
Experimental details of our (M)CDI test stack have been described in refs. 20,32,44,46. In brief, N=8

cells as depicted in Fig. 1 are assembled from current collectors, electrodes, ion-exchange mem-
branes and spacers. Each current collector is used in two adjacent cells (one above, and one below).
Therefore, for MCDI it is important to reverse the sequence of ion-exchange membranes from cell to
cell because the cathode and anode are also reversed. The salt solution flows from outside the stack
on all four sides into the square 6x6 cm?® spacer channel of each of the N cells, and leaves from a hole
in the middle of each cell (area 1.5x1.5 sz)_ These are the dimensions of all layers. Thus, the pro-
jected area A per electrode (membrane) is given by A=33.8 cm”. Materials used are graphite current
collectors (Cixi Sealing Spacer Material Factory, Ningbo City, China, thickness =250 um), porous
carbon electrodes (Materials & Methods, PACMM™ 203, Irvine, CA, 0.=362 pm, my,=10.75 g total
mass in the stack), anion and cation exchange membranes ((Neosepta AMX, dyem=140 pm, and Neo-
septa CMX, 0,em=170 um, Tokuyama, Japan) and a polymer spacer (Glass fibre prefilter, Millipore,
Ireland, 8,=350 pm). After assembly, the entire stack of all layers is firmly pressed together and
placed in a teflon housing. The salt concentration of the effluent is measured on-line via conductivity.
The water flow rate per cell is given by ®,;=0.125 ml/sec. The cell voltage is applied using a potentio-
stat which measures the current between cathode and anode after applying a step change in cell volt-
age. The current is integrated for the duration of the ion adsorption step, giving the total charge tran-
ferred which is equal (within measurement error and for a small leakage current) to the charge re-
leased again in the ion-release step. This total charge with dimension Coulomb is divided by the total
electrode mass, myy,, and by Faraday’s number to obtain charge expressed in mol/gr as in Figs. 3 and
4. The effluent salt concentration is calculated from the measured conductivity, and the salt removal
per total electrode mass, sy, is derived from the first equality in Eq. 15 below. To calculate salt re-
moval in the theoretical model, we use two methods: 1. Integration over time of the difference between
the effluent concentration c.; and the inflowing concentration cj, times the total water flowrate, ®,
like we do for the analysis of the data, or 2. Taking the difference in total salt storage in the cells be-

tween time t; and t,. Mathematically, these two methods are expressed as:

No,, NA [u b
rsal'[ = . I(Ceﬁ - Cin ) dt = m M |:Z(63pcsp,i + 26elec (pmACmA + % pmi (Ccation,mi + Cemion,mi ))):| . (15)

My t tot i=1

4
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Both experimentally and theoretically, when the ‘dynamic steady state’ is reached, the salt removal
during the ion adsorption-step is equal to the release of salt in the desorption-step.

For the voltage drop across the spacer channel we take the average of the diffusion coefficients® of
Na" and CI’, resulting in 16.8010° m?/s. For the diffusion coefficient in the membrane we arbitrarily take
10% of the value of solution, thus Dmem:1.68EILO'9 m?/s. For the spacer and membrane thickness we
take 05,=250 pm and dmem=140 pum, while we use a membrane fixed charge density of X=8 M. In the
calculation, the number of stirred volumes placed in series, M, is set to M=6. The resistance Rg. is set
to Reiec=0.12 Q.mol/m. The leakage factor a is set to 0.25%, i.e., through both electrode only 0.5% of

the total water flow rate is directed.

3. Comparison of theory with experiments for salt adsorption and charge in CDI and MCDI as function

of cycle time
In this section we discuss data where we accurately compare CDI with 0-MCDI (MCDI with ion re-

lease at zero cell voltage) and with r-MCDI (where ion release occurs at reversed voltage). Let us
mention again that r-CDI is not a feasible option, because ion release at reversed voltage in CDI
would immediately lead to the just-released ions being adsorbed again, but now in the opposite elec-
trode. Experimentally, CDI and 0-MCDI were previously compared by Kim and Choi, in ref. 33 for
Vee=1.2 V and cg,;=3.5 mM, in ref. 34 for V=1.5 V and cs,;;=3.5 mM, and in ref. 35 for V=1.2-1.6 V
and cs=17 mM. In all cases the half-cycle time to be defined below, was HCT=180 s. In refs. 33 and
34 only a cation-exchange membrane was placed in front of the cathode (without a membrane placed
in front of the anode), while in ref. 35 both cation-exchange and anion-exchange membranes were
used, in front of cathode and anode, respectively (just as in the present work). When going from CDI
to 0-MCDI, the reported increase in salt removal per cycle was about 30% in ref. 33, about 20% in ref.
34, but was much higher in ref. 35 where the salt adsorption per cycle was reported to increase by at
least 100% (see fig. 2 of ref. 35). This large increase may be related to the low current efficiency re-
ported for CDI (i.e., CDI-performance may not have been optimal in these experiments).

Theoretically, 0-MCDI and r-MCDI were previously only briefly compared in ref. 32 (Fig. 5,
Vee=1.4 V, Cnaci=36 MM) showing a predicted ~20% increase in salt removal for -MCDI compared to
0-MCDI. In the present work, we compare CDI with 0-MCDI and r-MCDI, both experimentally and the-
oretically. This will be done on the basis of data for cyaciin=20 MM at a cell voltage of V.¢=1.2 V and a
flow rate of ®,,=0.125 ml/s per cell. The data are presented as function of the ‘half-cycle time’, HCT,
i.e., the duration of an ion removal-step, which is equal to the duration of the subsequent ion-release
step. Thus, the full cycle has a duration of twice the HCT. For application of (M)CDI in practice, it is
important that HCT is optimized to maximize the average salt removal rate.

Fig. 4 shows first experimental data where CDI is compared with 0-MCDI and r-MCDI as function of
HCT, showing that for long HCT the salt adsorption and charge level off, while for low HCT both tend
to zero. Going from CDI to 0-MCDI and to r-MCDI, we see that the salt removal increases in two about
equal steps of ~20%, making r-MCDI about 40% more effective than CDI. For both MCDI-options we

observe that the salt adsorption decreases again at long HCTs, but not for CDI. For charge we ob-
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serve that the plateau values are the same for CDI and 0-MCDI with a 20% increase in charge ob-
served for r-MCDI.

Comparing theory with data, we find a very good agreement: first of all, we observe that the value of
the plateaus at high HCT is well predicted, both for salt adsorption and for charge, and for each of the
three process modes. We also find that in MCDI the predicted plateau-value in salt adsorption de-
creases slightly with HCT, which is also observed in the data, though more evidently. In our model this
decrease is due to the water flow behind the membrane (i.e., that a#0) and the membrane not being
100% ideally permselective. Because of these two effects, slowly the salt which is stored in the
macropores leaks away (i.e., cma goes down in time). The decline in salt adsorption and charge when
HCT goes to zero is also well reproduced for all three process options. Fig. 5 shows experimental data
and theoretical predictions for the effluent concentration as function of time, for one value of the half-
cycle time, namely HCT=300 s. As can be observed the predicted curves are quite similar to the ex-
perimental ones, certainly for CDI and 0-MCDI. For r-MCDI the minimum in effluent salt concentration
occurs a bit later in theory than in the experiment, and is deeper, while the maximum (upon voltage
reversal) is higher, and the decline in ce; is more rapid than experimentally.

Finally, Fig. 6 shows the predicted development of the macropore concentration, ¢, as function of
time, showing the very marked differences between CDI, 0-MCDI and r-MCDI. For both MCDI-options,
the macropore concentration, c,a, goes up during ion adsorption while it goes down for CDI, explain-
ing the higher ion adsorption capacity for MCDI vs CDI.

In conclusion, in this work we have made significant progress in setting up a comprehensive model
which can describe both CDI and MCDI, with ion release at zero voltage as well as at reversed volt-
age. Important is consideration of the macropore volume, where the cation concentration equals that
of the anions, as well as the use of the modified Donnan model for charge and salt storage in the mi-

cropores within the carbon patrticles.
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Fig. 4. Salt adsorption and charge in CDI (squares), 0-MCDI (triangles), and r-MCDI (circles) as func-
tion of half-cycle time (Csain=20 MM, Vcei=1.2 V).
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half-cycle time of 300 sec (Csatin=20 MM, Vcei=1.2 V).

70 - I
—_ ]
b= |
E.60 :
c I
i) |
'§ 50 + :
% I
O 40 |
C 1
8 rMCDI !
= 30 )
G
P 0-MCDI | DI
Q20 -
8 coI |
) | B}
S 10 i 0-MCDI
@ .
-~ | r-MCDI

0 T T T T T \I T T T T T
0 100 200 300 400 500 600
Time (s)

Fig. 6 Theoretical prediction for macropore salt concentration for CDI, 0-MCDI, and r-MCDI (4th stirred
volume out of the total of N=6), for conditions as in Fig. 5.

Conclusions

We have set up a comprehensive model which describes both capacitive deionization (CDI) and
membrane capacitive deionization (MCDI). For MCDI two operation modes are considered, either
“0-MCDI” where ions are release at zero cell voltage, and “r-MCDI” where the ions are release at re-
versed voltage. Experiments and modeling agree that 0-MCDI removes around 20% more salt than
CDI, and r-MCDI again 20% more. The model includes several novel elements, such as including the
fact that also co-ions can pass the ion-exchange membrane, while for the electrode, a distinction is
made between the transport pathways, or macropores, where the concentration of both ions is the
same, and the micropores inside carbon particles where charge is stored and thus the ion concentra-
tions can be different. For the micropores a novel modified Donnan model is implemented which very
favorably describes equilibrium data for salt adsorption and charge. An ion transport resistance in the

electrode was included by considering a resistance which is inversely proportional to the macropore
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salt concentration. Major trends in salt adsorption and charge as function of the duration of the
(M)CDI-cycle are well reproduced by the theory, as well as the profiles of effluent concentration vs.

time. The validated MCDI process model can be used for design and process optimization studies.
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