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HIGHLIGHTS

e ELC model blends battery modeling and key concepts in capacitive deionization (CDI).
e Two-dimensional (2D) simulation of adsorption and ion transport during desalination
e Tractably models desalination, Faradaic leakage reactions, and multi-ion solutions.

e Simulations with ELC are generally applicable and scalable to features.

e The manuscript offers COMSOL integration for easy model implementation.

ARTICLE INFO ABSTRACT

Keywords: Clean water and affordable energy are critical worldwide challenges for which electrolytic capacitors are
Capacitive deionization increasingly considered as viable alternatives. The upcoming technology of capacitive deionization (CDI) uses
Desalination similar electrolytic capacitors for the desalination of water. The current work presents a new method that le-
Modeling - . . ¢ ptlgr . .

. . verages existing support for supercapacitors in the form of current-distribution models, which enables detailed
Electrolytic capacitor . . . . . . .
Comsol and separated descriptions of the rate-limiting resistances. Crucially, the new model blends this basis with a
Simulation novel formulation centered on the adsorption of chemical species in CDI. Put together, it is adaptable to solving a

wide range of problems related to chemical species in electrochemical cells. The resulting electrolytic-capacitor
(ELC) model has enhanced stability and ease-of-implementation for simulations in 2D. The results demonstrate
that the model accurately simulates dynamics CDI performance under a variety of operational conditions. The
enhanced stability together with the adaptability further allows tractable simulations of leakage reactions and
even handling multi-ion deionization in 2D. Moreover, the model naturally blends with existing interfaces in
COMSOL Multiphysics, which automatically generalizes, stabilizes, and simplifies the implementation. In
conclusion, the ELC model is user-friendly and tractable for standard simulations while also being especially
powerful when simulating complex structures, leakage reactions, and multi-ion solutions.

1. Introduction

Affordable fresh water and energy are crucial components for
meeting the future world challenges [1-3] and are central to achieving
the UN sustainability goals [4-6]. Porous electrolytic capacitors are used
for batteries [7], energy production from salinity differences (blue en-
ergy) [8-15], and capacitive water purification [16]. Specifically,
capacitive deionization (CDI) [16-19] is an upcoming desalination
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technique that works like an electrolytic capacitor. Highly porous
electrodes are placed close to each other and separated by a thin spacer
in CDI devices, similar to capacitors (Fig. 1) [20]. During the charging
process, ions in the electrolyte accumulate in electric double layers on
the electrodes similar to a typical electrolytic capacitor [7]. However,
instead of storing energy, the purpose is to use a passing salty water
stream as an electrolyte, so that electro-adsorbing the ions in the elec-
trodes leads to the production of desalinated water [16]. Electrode
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Electrolytic Capacitance

Capacitive Deionization

Fig. 1. Device design in capacitive deionization. The CDI unit is comprised of
two porous electrodes separated by a non-conducting spacer. During the
desalination process, an applied voltage drives ions from the passing water
stream to migrate to the porous electrodes and adsorb. Enlargement: Like an
electrolytic capacitor, the CDI electrode gets a huge capacitance and thus
adsorption from the electrode-electrolyte interaction in the porous matrix.
However, features such as the expulsion of co-ions lead to distinct differences
between capacitance and adsorption capacity, thus necessitating CDI-specific
modeling approaches.

materials [21,22,31-36,23-30] and operational [37-41] conditions in-
fluence the effectiveness of this process, so modeling can be crucial for
optimizing cell designs, scaling systems, and efficient operation.

Because designing supercapacitor systems have been important for a
long time, researchers have developed extensive theoretical frameworks
for describing these processes, and COMSOL Multiphysics has incorpo-
rated many of these formulations into its core libraries [42]. Having this
extensive integrated support for electrolytic capacitors makes it funda-
mentally natural to use them for CDI as well, but this is typically not the
case today. Rather, a variety of alternative approaches have been
developed including the modified Donnan (mD) model
[16,17,20,21,43,44], the dynamic Langmuir (DL) model [45-52], and
circuit-based models [28,53-55], amongst others. While many re-
searchers have utilized the COMSOL platform
[20,21,29,33,43,44,56-59], they typically use custom homebrew in-
terfaces that are limited in scope, stability, and scalability.

In this work, we leverage the strength of existing theory for super-
capacitors in the form of Current Distribution Interfaces in COMSOL
[42] to create an electrolytic-capacitor (ELC) model specifically adapted
to the adsorption of chemical species in CDIL. There are distinct simi-
larities between some modern CDI modeling approaches (e.g., the mD
model) and supercapacitor modeling, but the result section will reveal
that a supercapacitor-based model can obtain accurate simulations with
enhanced stability and more tractable implementations. However, there
are also distinct differences between the standard electrolytic capacitor
and the CDI device, so we derive a theoretical formulation that addresses
the issues that are core to CDI operations.

2. Theory
2.1. Goals

Before introducing the model, let us discuss the goal and criteria of
the model development. The goal of this work is to derive a broad model
that enhances numerical stability and facilitates straightforward
implementation. The model should also obtain at least as good accuracy
as earlier models.

The stability goal will be pursued through innovations in theory and
numerical methods. Firstly, fewer and less interconnected PDE struc-
tures should be developed to describe the model structure. The basis for
FEM calculations is that all provided equations must hold at all time
steps. Thus, large sets of convoluted equations will naturally increase the
difficulty any program has when simulating the system. Secondly, the
model development should see to reduce the severe nonlinearities
compared to existing models. Severe nonlinearities mean that small

Desalination 525 (2022) 115493

changes in conditions can lead to large errors, which is the typical reason
that FEM calculations fail to converge. Thirdly, the differential equation
will be preferred over quasi-equilibrium conditions. Such equations will
provide direct information about how the system evolves, rather than
imposing implicit constraints that must always be kept.

The implementation goal will be pursued through generality, flexi-
bility, and shared resources. If the model framework is adaptable, as
opposed to tailored to a system, this means that the same mathematical
framework could be used in a variety of situations. For instance, in an
adaptable model, it would be possible to change the device structure
while keeping the physics and get correct simulation results. We will
also seek to make the model flexibly through a decoupled model struc-
ture; that is, specific parts of the model will be possible to exchange as
research progresses in the future, without affecting the rest of the model
structure. Lastly, if the developed theory can be framed in a way that is
consistent with existing interfaces in the commonly used FEM software,
that would greatly simplify the implementation because users would not
have to redo the model from scratch. Also, things like internal boundary
conditions could be handled automatically, so the user will not have to
implement such details by hand.

As a final point, we will leverage the enhanced stability that the new
model provides and demonstrate that it can straightforwardly simulate
features that normally generate instability in the 2D setting: leakages
and multi-ion solutions.

2.2. Electrode current

In the following section, we will introduce formulations that can
directly calculate the current and ionic movements inside the device
based on the device conditions. To obtain the stability and imple-
mentation goal, the initial derivations will mimic the formulation for
classic capacitor (battery) systems and the CDI-specific issues will be
addressed at a later stage.

The CDI device is similar to an RC circuit where an external voltage
Vexe drives a charging current i (Eq. (1)). During the charging step, series-
resistive losses (R.i) consume some of this potential, while the rest dis-
tributes at the boundary of each electrode (¢, p).

q)s,b ==+ (Vexr _Rvi)/z (€D)]

The boundary potential then translates through the conductive
electrode, leading to a potential ¢ in the electrode matrix that relates to
the electrode matrix current is through the corresponding conductivity
o5 (Eq. (2)). Models commonly assume the material is highly conductive
[20] (high 65 — ¢s = £ Vex/2) but this expression makes it possible to
describe materials with varying conductivity. As the cell charges, a
localized volumetric current (i, 1) passes between the electrode matrix
and the electrolyte (saline water), yielding the current continuity in Eq.
(3). This volumetric current contributes to the total device current (Eq.
(4)) and ultimately affects the total external resistive losses represented
in Eq. (1). Note that the derivations use bold font to denote vector pa-
rameters while normal font corresponds to scalars.

iy = — o, Vi, (2)

Vlv = - iv.mr (3)

i= /// iy ordX ()]

2.3. Electrolyte current

Moving from electrode to electrolyte, the current in the electrode
yields a corresponding current in the liquid (i;, Eq. (5)).
Vi =iy por )

A CDI cell is fundamentally an electrolytic capacitor, and as such, the
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current in the electrolyte inside it is closely linked to the ion flux (Eq.
(6)). Here, subscript [ indicates electrolyte (liquid), z; is the valency of
species i, F is the Faraday constant, and Nj is the vector ionic flux of
species i. The total ionic flux consists of ion diffusion, electromigration,
and convection, respectively as shown in Eq. (7). Here, D; is the bulk
diffusion constant of species i, uy, ; is the mobility, ¢y is the electrolyte
potential, and u is the vector flowrate. Now, summing all contributions
for each ionic species leads to Eq. (8) for describing the current.

i = FZ ZilN; (6)

N; = —DiVei—zuy i Fe;V, +cu )

= - F<VZZiDiCi> —Fchb,Z Ll +uFZ ZiCi 8)

In the bulk electrolyte there is charge neutrality, meaning Zzic; = O.
We will also presume that the ionic species have similar diffusion co-
efficients, so X;z;Djc; is small and can be neglected. Thus, only the elec-
tromigration term contributes significantly to the net current.

The solutions investigated in this work mainly contain two mono-
valent ions, sodium chloride (NaCl) and potassium chloride (KCl). In
these cases, we have z, =1 and z_ = — 1 and charge neutrality implies
c; = c_ = c. Inserting these relations simplifies Eq. (8) into Eq. (9),
showing that the current in the liquid is a function of the liquid con-
ductivity (o7) and the electric field (— V ¢p). The key point here is that the
electrolyte conductivity depends strongly on the ion concentration,
which is important when simulating the ion-starved conditions (very
low salinity water).

i = —F (s + ttn,- )V, = — 06,V 9

To calculate the ionic mobility, we use the Nernst-Einstein rela-
tionship u,, ; = Di/RT. Here, R is the gas constant and T is the
temperature.

2.4. Charging rate

The previous sections describe how currents move through the
electrode matrix and the electrolyte, and in this section, we investigate
the charging rate. The total localized current has two components,
double-layer charging (i,, 41) and Faradaic reactions (i,) (Eq. (10)).

iv,mz = iv.dl + iv (10)

By the definition of capacitance, the volumetric double-layer
capacitance (Cgqp) relates the double layer charging rate to how quickly
the potential difference between the electrode and electrolyte changes
(Eq. (11)). Here, it should be noted that the capacitance is only constant
if the ionic concentration is high and it is only approximately constant
with the voltage. To stay within the decoupled framework, we will
separately include such dependence.

g = me an

The Butler-Volmer equation states that the rate of Faradaic reactions
depends exponentially on the potential (Eq. (12)). Here, ij is the volu-
metric exchange current density, o, is the anodic transfer coefficient and
o is the cathodic transfer coefficient. For reasonably small potentials
this expression reverts to the linearized form in Eq. (13), making the
volumetric current proportional to the potential difference through
some leakage resistance Ry at a given temperature (Eq. (14)).

(S ()

(0 + o )F

iy = o (b, — ) 13
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iy = (s —)/Re a4
2.5. Adsorption rate

The double-layer charging makes ions accumulate in the electrodes,
thus removing them from the liquid at a rate R; (Eq. (15)). Here v is the
stoichiometric coefficient and n is the number of electrons involved in
the charging step.

- Viy a1

R = 1
i oF 1s)

In this work, we mainly investigate solutions with a monovalent
anion and a monovalent cation (although the formulations can be
readily extended for multi-valent ions). Thus, we will let ¢ denote the
total salt concentration with both electrodes contributing to reducing
ion concentrations in the liquid. This means n = 2 at the cathode and n =
— 2 at the anode (NaCl and KClI contain two charged ions). Moreover, v
thus corresponds to the charge efficiency A, and to simplify calculations
a representative constant value can be taken for the time-dependent
process.

In our earlier work with the dynamic Langmuir (DL) model we
derived equations for the dependency of charge efficiency on applied
voltage (Eq. (16)) [45]. Here, Vj is a constant and we will use this
expression for predicting the performance under varying applied
voltages.

A=1-Vy/Veu (16)

Note that, in earlier work, the charge efficiency is strongly inter-
connected with the charging state. This is physically correct but com-
plicates the numerical modeling performance. Instead, the equation
above stays within the decoupled and flexible framework. Because the
equation is separate from the previous calculations, the added
complexity is minor. Also, the formulation here could be exchanged for
any other decoupled description for the charge efficiency. For instance,
this equation does not describe how the charge efficiency varies with the
ionic concentration. However, that dependence could be included by
changing the expression to a form like the one presented in ref. [45].

2.6. Ion transport

In regions of free flow, Eq. (17) governs the ionic transport based on
diffusion, convection, and reactions, while the Brinkman equations can
be used for separately determining the water flow [60]. With this setup
there is no limitation on the type of device structure of flow mode; the
model handles combinations of convective and diffusive flux.

oc;
%—FV-(—DiVCi)erVCi =R a7

2.7. Effect of porosity

In the porous regions of the electrodes and spacers (porosity ¢;), the
liquid resides only in part of the electrodes, making the effective volume
concentration lower than the actual concentration (c.g, ; = €¢) (Eq.
(18)). Also, the effective diffusion is lower than in the bulk, and the
Bruggeman correction accounts for this difference (Eq. (19)). Because
diffusion affects ionic mobility, the same correction factor also applies to
the ionic conductivity in Eq. (9). The point of using specifically the
Bruggeman correction aside from a guess about the effective diffusion
(see ref. [20] and the supplementary in ref. [56]) is that it establishes a
common framework for investigating models with varying electrode
materials.

9 (epci)

0t +V~(—D5ﬂ_,~Vci) +u~Vci = R,' (18)
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Dy = €/°D; 19

2.8. Multi-ion formulation

Multi-ion modeling is interesting because it adds another layer of
interconnectedness to the model. This makes it a promising area for
decoupled modeling, such as this work.

In the earlier description of single-ion adsorption (Eq. (15)), a known
stoichiometric coefficient of each species would make it possible to
directly calculate the adsorption of each species based on the total
current. The challenge here is that they are unknown and depend on the
charging state of the device as well as the concentrations of all the ionic
species. Moreover, variations in bulk concentration can lead to charging
as well as discharging of the devices that are missing in Eq. (15). Hence,
even the best fitting parameters could only describe capacitive charging
but not ion-exchange processes.

The mD model states that the potential difference between the
micropore and the macropores uniquely defines the relationship be-
tween the adsorbed concentration ¢y, ; of each species i and the corre-
sponding bulk concentration cy, ;. This potential consists of Donnan
(charging) potential A, and micropore potential Paee; (Passive, material

dependent). If the micropore potential is known, the charging state A,
determines and Eq. (20) thus defines the adsorption of each ionic
species.

Cmi = Cyi€Xp (rlmz.i - ZiA$D) 20)

This description is physically sound but has numerical issues related
to introducing extra quasi-equilibrium constraints, as discussed at the
beginning of the theory section. More importantly, COMSOL Multi-
physics has set interfaces that can automatically implement the model,
as long as the adsorption follows the form in Eq. (15). Amongst other
things, using set interfaces simplifies implementation and automatically
handles internal boundary conditions, which facilitates scalability to
new geometries. To use such frameworks, we must thus derive a
formulation that has the same form as Eq. (15).

In this work, we propose an alternative numerical approach to
address this. First, setting the stoichiometric coefficient to 1 for one
species at each electrode (e.g. Na™ and Cl™) and O for all other species
sets a foundation corresponding to ideal charging for only the species in
consideration (Eq. (21): Rq, ; is 1 for the specified species and zero
otherwise) rendering it stable. Then, we introduce an equilibrium re-
action R, (i) corresponding to fast ion exchanges between two species i
andj. Let the excess concentration of species i be e; (Eq. (22)); that is, the
error compared to the actual value in Eq. (20). The formulation for Re,
j now decreases the adsorption of the species with the most excess
concentration and increases the concentration for the species with the
lowest excess concentration (Eq. (23)). Note that ziRe, (i,j) + ZRe, G, = 0,
which means the reaction conserves the total charge in the system as it
should.

Riori = Rari + Z/'R&(i,/') @
€i = Cp,i — Cm,i€XP (ﬁall,[ - ZiA$D) 22)
Reij = —kzj(zie: — z¢;) 23

This formulation will set the correct balance between all species
throughout the simulated desalination process. By setting the arbitrary
reaction constant k large enough, the best exact balance of Eq. (20) holds
for all adsorption periods. Notably, for reactions where i and j have the
same charge signs, Eq. (23) ensures the most accurate balance between
the species. For different charge signs, the same balance also sets the
charge efficiency for the entire system. For instance, in a binary elec-
trolyte of Na™ and Cl~, the reaction would adsorb/expel both Nat and
Cl™ until the balance between them is correct at each electrode. This
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unideal balance corresponds to co-ion expulsion, which affects the
charge efficiency.

Initially, it may seem like these equations raise, rather than lower,
the complexity of the system. However, the opposite is true. The new
formulation stabilizes the system by making the constraint laxer. The
reason Eq. (20) is difficult for the program to implement is that it is a
harsh implicit constraint that must be met at all time steps. On the
contrary, the new formulation records how big the deviation is in the
constraint, and it explicitly states how to remove this error in the next
time step. Thus, the computation can never fail because of these equa-
tions. Crucially, a large value of k will make the errors vanish much
faster than the charging timescale in the device, so for all practical
purposes, the new formulation exactly enforces Eq. (20) but in a more
stable way.

2.9. Boundary conditions

Boundary conditions are a minor concern in the derived model
because it is adapted to fit in COMSOL interfaces that will automatically
handle internal boundary conditions.

Still, the equations derived in the previous sections require infor-
mation about the external boundary conditions to make the problem
solvable. For the water flow, the closed external boundaries can be
considered not to have slip conditions (u = 0) while the inlet has a
constant flow velocity, and the outlet has zero-pressure conditions. For
ion transport, the closed external boundaries have no-flux conditions
(—n - (=D; V ¢; + uc) = 0, where n is the normal vector) while the inlet
uses a set concentration (cj;). Also, the outlet uses zero diffusive flux
since the concentration does not change after exiting the cell —n - (—D;
V ¢p). For the current and potential, there is no current exiting the
external boundaries (—n - i; = — n - i = 0) except the areas connected to
the external circuit where the potential keeps to the externally set value
(Eq. (1)). Overall, the internal boundaries require that all mass flux and
current be constant across them.

2.10. Parameter fitting

In the literature, some established models do not present algorithms
for extracting fitting parameters, while others (including our previous
work) have complicated schemes that can be arduous to implement.
Keeping in line with the goal of straightforward implementations, we
will here present a pen-and-paper approach to parameter fitting.
Notably, it is the earlier groundwork on the model formulation that
makes the simple yet effective methods possible.

In previous work on the Donnan model, three fitting parameters were
used, including the micropore capacitance Cy,, the micropore attraction
Pa» and the microporosity pn,. Also, the value of the total series resis-
tance R, and the choice of how the corrected diffusion constant in the
porous regions were found to affect the system dynamics. Fundamen-
tally, these parameters correspond to the core degrees of freedom in the
CDI system, including total charge-storage capacity, total adsorption,
charging rate, and ion-transport responsiveness.

In the current work, we measure the capacitance based on the
standard capacitance formulate (Eq. (24), g, is the equilibrium stored
charge). With multiple data points, the same value follows from the
linear regression (mean). Note also that the double-layer capacitance is
twice the normal capacitance when the cell comprises two identical
electrodes (Cq; = qe/(Vext/2)). This sets the total charge storage.

C= lIe/Vm 24

Following the DL model, the voltage-dependent charge efficiency is
considered to follow the threshold voltage Vj (Eq. (25)). Linear regres-
sion can again find the parameter if there are multiple data points where
the experimental charge efficiency has been measured. Note that Vj is
simply the place where the linear trend on the charge-voltage graph
meets the x-axis. It should be zero if the charge efficiency is high in the
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system but will be larger than zero if the charge efficiency is unideal.
Because the charge efficiency relates charge to adsorption, this de-
termines the total electro-sorption of ions in the device. Mathematically,
we can note that Vy plays a similar role as fi,,, in the mD model.

Vo = Veu(1 = A) (25)

In previous work it was argued that the contact resistance is
responsible for most of the resistive losses during charging, so we
calculated R, resistance as the RC constant in data for the current during
non-starved charging. Another simpler option is to just calculate the
resistance based on the initial total current and voltage [49] (Eq. (26)).

Re = Vewstart / Istart (26)

This determines the charging rate. To increase the accuracy in leaky
systems, we instead fitted a Randles circuit [49,51] to the total current
data from those experiments, which yields the leakage-corrected values
for the series resistance and the capacitance (Fig. 2, see derivation in
[49,51]).

The microporosity is typically measurable but the effective porosity
is not always the same as observed in the experiments. Previous work
has tested different porosity values to get the best data fit which sets the
ion-transport responsiveness. Scanning different values is possible to do
with this method too, although we have used the same value as in pre-
vious work for comparison. Mainly, we just used the actual porosity
determined from experimental measurements.

Going beyond the core adsorption model, the current leakages pri-
marily occur after a long period of charging (i,, equilibrium current).
Ultimately, there can be no adsorption at equilibrium, so all current is
due to leaked charges at that point. This also means the leakage resis-
tance directly follows from the experimentally measured current (Eq.
(27)).

R, = i(’/(q),\'.e - d)l.e) = ie/(Vm/z) (27)

For the multi-ion formulation, summing Eq. (20) for both electrodes
(assuming equal Donnan potentials) leads to a closed expression for the
net adsorption of individual ions (Eq. (28)). Also, summing the valency-
weighted total adsorption for all ions leads to the net total charge (Eq.
(29)). Because the number of equations is the same as the number of
unknown parameters, a nonlinear solver can find the values for the
fitting parameters from equilibrium-adsorption data for any number of
species. In the equations, I'; is the net adsorption of species i (unit mM),
Q is the total charge storage (unit C) with the equilibrium bulk con-
centration of species i, F is the Faraday constant, p, is the microporosity,
and V, is the total volume of one electrode (see Ref. [20] for
comparison).

= ZCoiiexp(ﬁm‘i) (cosh(z;Adp) — 1)pu V. (28)

Q = X2Fzicq exp (ﬁ(m.,’) sinh(ziAdp)pm Ve (29)

|
.y
O

R |

L

Fig. 2. Schematic representation of a typical CDI system as a Randles circuit.
The cell is fundamentally a capacitor with capacitance C that determines the
total charge-storage capacity. Leakage currents pass through the cell rather
than accumulating on the capacitor, as determined by the leakage resistance R;.
Finally, the series resistance R, determines the speed of the charging process.
This 0D model is especially relevant when analyzing the leakage trends that the
ELC model predicts.
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As a side note, it is also possible to use a system-identification
method to derive all parameters based on time-series data instead of
the equilibrium data (Supplementary Section 4).

3. Methods
3.1. Implementation

COMSOL Multiphysics 5.5 was used for all the simulations based on
the derived theory where the Brinkman equations interface was applied
to simulate the background flow. In the basic model, the interface for the
secondary current distribution (with the porous electrode) computes the
currents, while the interface for transport of diluted species in porous
media (with porous electrode coupling) can be used for simulating the
ion adsorption and transport. In the advanced model, the tertiary cur-
rent distribution was used to simulate both the current and the ion
transport.

3.2. Experiments from the literature

To investigate the tractability of this new model formulation we
compared it to the seminal work of Hemmatifar et al. [20], wherein the
authors developed the first complete two-dimensional model for inves-
tigating CDI performances. The mD model in this work was developed
considering their device and experimental conditions. The CDI device
described by Hemmatifar et al., structurally looks like the top device in
Fig. 1, using an elongated design with an air-gap spacer so that the water
freely flows between the electrodes from the inlet to the outlet pipe.
Their electrode material was activated carbon cloth (ACC).

3.3. Experiments from our group

To validate our model over various datasets, we also conducted ex-
periments in our lab, using a CDI cell built by our group.

The electrodes were made of commercially procured activated car-
bon cloth (Chemviron, Zorflex FM10). Before use, the carbon electrodes
were acid-washed and dried as explained elsewhere [61]. The carbon-
based electrodes were characterized by Scanning Electron Microscopy
(SEM) using a field emission scanning electron microscope, ZEISS, Ultra
55. Brunauer-Emmet-Teller (BET) surface area was measured by nitro-
gen gas adsorption employing a Micromeritics Gemini VII. Electro-
chemical measurements were conducted with a potentiostat/
galvanostat Gamry Interface 1010E to perform Mott-Schottky analysis.
A conventional three-electrode setup was used consisting of a Pt wire as
the counter electrode, Ag/AgCl as reference electrode, and activated
carbon cloth as the working electrode. Electrochemical impedance was
measured at a fixed frequency of 100 mHz in 0.1 M NaCl within the
voltage range from —0.6 to 0.9 V vs NHE. Detailed results of the material
characterization are shown in Supplementary Section 6.

The CDI was assembled considering a pair of carbon electrodes cut to
a size of 10 by 10 cm, and a porous cellulose-based separating film was
added as a spacer, of the same size (Fig. 3). Current collectors of graphite
were utilized in the device. Since the permeability of the electrodes is
higher than that of the spacer, water flows through the electrode along
the length of the device, meaning the CDI device has a combined flow-
through and a flow-between architecture [23].

Multiple cycles of desalination/regeneration were carried out in
continuous mode. The duration of the desalination and the regeneration
were equal and long enough to reach the equilibrium state. The flowrate
was adjusted to 10 mL/min and the applied voltage was set to 1.2 V for
desalination and shorted (0 V) during regeneration. The conductivity of
the effluent solution, the voltage, and the total current were automati-
cally recorded using an online conductivity meter (EPU357 eDAQ) every
second. The current and the voltage were measured using a digital multi-
meter Keithley 2110 and the device was automatically run over multiple
cycles using a control circuit developed in-house.
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Fig. 3. An illustration of the CDI device used in our experiments. The primary
components are the ACC electrode and the spacer. The inlet water enters via the
pipe and a hole in the plexiglass plate to the center of the top electrode. At the
outlet, the holes are at the corners of the plate, meaning the water must flow
from the center to the corners before exiting the device via four tiny outlets and
then converging to a single outlet pipe on the outside [23]. Because the elec-
trodes are more permeable than the spacer, the water flows primarily through
the electrodes while passing from the center inlet to the corner outlets.

4. Results
4.1. Flow-between capacitive deionization

To lay the foundations for the new studies in the later sections, this
section introduces the new ELC model and relates it to the commonly
used mD model. The core question here is: how well can a
supercapacitor-based modeling approach simulate the CDI system?

To start let us look at the results and the data. Both the mD model and
the DL-inspired formulation in the ELC model manage to accurately
capture the experimentally determined equilibrium trends for charging
of the supercapacitor and ion adsorption trends in the electrodes (Fig. 4a
and d). The mD model provides a more detailed description of the per-
formance for lower voltages (below 0.4 V in Fig. 4a, d), but at normal
operating conditions the performance is similar. Actually, the linear-
regression technique in the ELC reduces the errors somewhat, because
this method is less sensitive to a non-constant capacitance.

The dynamic performance of the mD model is fair for both charging
(Fig. 4b) and ion adsorption descriptions (Fig. 4c). Here, the equilibrium
error has a significant impact on the differences between the experi-
mental and simulated charge storage at the end, which stems from a
non-constant capacitance of the devices in the experiments. On the other
hand, the rate of charging in the ELC model also reflects the experi-
mental conditions more closely (Fig. 4e and f). Related to this, snapshots
from inside the device (Fig. 4g, h) suggest that the quicker charging
(Fig. 4b) of the mD model leads to more depletion at the point of the
lowest effluent concentration. Here, the improved performance of the
ELC model should be attributed to an improved model framework with
better implementation, rather than a more detailed physical picture.
Specifically, the transparent and decoupled equation set makes it
feasible to find parameter values at the fitting stage that better reflect
the physical process.

The stated goal of the model as presented in the theory section was
that the new model should be able to facilitate enhanced stability and
straightforward implementations while obtaining at least as accurate
results. Put together, this section has thus shown that the results are
accurate with the new model under varying voltages, and the new
modeling framework has proved to be more straightforward to
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implement than our implementation of the mD model.
4.2. Flow-through capacitive deionization

Another major goal in developing the model was that it should be
general; that is, it should be possible to change the device structure and
the model physics should still work. The previous section showed that
the ELC model can replicate and enhance the simulation results for the
flow-between systems. To probe the second goal, this section addition-
ally investigates a flow-through architecture. The structure used is based
on a simplified 2D model of a flat flow-through device, following a
design that has also been used in other reports such as ref. [23]. Because
of the lack of automatic internal boundary conditions in our mD model
(from ref. [20]), we cannot compare the models side-by-side and will
just show the new model.

The investigated flow-through device has a flat construction that
combines the flow-through and flow-between modes, thus requiring a
general description of the flow for correct modeling (Fig. 5a). The results
in Fig. 5b show that there is a good fit between the simulation and the
experimental effluent concentration. Notably, the stabilized imple-
mentation makes the results consistent over multiple cycles of desali-
nation and regeneration as shown. The 2D spatial resolution makes it
possible to peek inside the device during the operation. For instance,
Fig. 5c shows that the potential at the beginning of the desalination
process changes the most near the spacer, making the charging start at
the electrode-spacer interface and move inward.

Another aspect to consider is that the model is not limited to a spe-
cific electrode structure. To illustrate the example, Fig. 5d and e shows
multiple desalination cycles with electrodes coated with TiO, or ZnO
nanoparticles respectively. Unlike the first graph in Fig. 5a, these op-
erations used a more realistic switching procedure than always going to
equilibrium. In these situations, the data shows that the experiment
requires multiple cycles to settle in a stable configuration. This makes
the model’s ability to simulate multiple cycles imperative to finding and
describing stable cycling dynamics.

Finally, the model can also predict over other quantities than the
voltage that was shown previously. For instance, Fig. 5f and g shows
accurate model fits and predictions for operations at different flowrates.

As a side note, the effective porosity has been investigated as a fitting
parameter in previous work in the mD model [20]. Looking at the
porosity parameter, a separate parameter sweep reveals that the mate-
rial porosity parameter has similar effects for both the models in the flow
between systems (Supplementary Fig. S1). With fewer macropores for
the water to flow through (hypothetically assuming the same capaci-
tance), the transport process of ions slows down so that it takes a longer
time before the adsorption impacts the effluent concentration.

4.3. Reactions

As stated in the Goals section, we will demonstrate that the new
model is tractable for new simulations that normally add a lot of
instability. Having laid the foundations of the model, let us thus move on
to an area in which a supercapacitor-based model has a clear strength:
charge leakages. The leakages in current follow from the voltage-
induced Faradaic reactions at the electrode surface, which translates
to a resistive component in a circuit. This means including leakages in a
simulation is straightforward and just requires an extra component in
the already existing circuit model. Note that we neither distinguish be-
tween the types of reactions nor account for different reactions at the
anode and cathode. The point here is to create a generalized picture. We
again show only the new model because the leakage feature does not
exist in our mD model.

To implement the model with leakages, we extracted the series
resistance, capacitance, and leakage resistance based on a zero-
dimensional Randles-fitting (Fig. 7a). Having this, the two-
dimensional model uses the calculated total capacitance, distributed
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Fig. 4. Performance in a flow-between CDI device wherein solid dots and dotted lines are from experimental data and solid lines are modeling results. Experimental
data were considered from ref. [20]. (a) The mD model fits the equilibrium experiment data for specific charge storage and adsorption. (b, ¢) The mD model predicts
the dynamic experimental data for specific charge storage and adsorption, respectively. (d) The ELC model fits the equilibrium experiment data for specific charge
storage and adsorption, based on the DL formulation (Eq. (16)). (e, f) The ELC model predicts the dynamic experimental data for specific charge storage and
adsorption, respectively. The prediction uses the equilibrium fitting and the RC resistance in the experiment with 0.4 V applied voltage. This low voltage was chosen
to separate RC contributions from the higher solution resistance that can occur substantial adsorption makes the device ion-starved. (g, h) Snapshots of the simulated
internal concentration at the point of lowest effluent concentration for the mD and ELC models, respectively. The device structure uses a casing to hold the electrodes
separated without a spacer material. This means almost all flow passes between the electrodes.

across the electrode surface, and the leakage resistance, across the entire
electrode surface. The results show that there is excellent agreement
between experimental and simulated current as functions of time
(Fig. 7b). It is especially interesting to note that the model effectively
and tractably simulates the Faradaic reaction with time (Fig. 7b) and as a
function of the spatial location (Fig. 7c).

Interestingly, the results highlight that the leakage magnitude is the
strongest at the interface between the electrode and the liquid at the
beginning due to the high charging state (Fig. 7c, see also Fig. 5¢). As the
device charges, the leakages increase and distribute more evenly
(Fig. 7d). Also, the results show several timescales of charging. Initially,
the device charges on an RC timescale like a standard capacitor. Near the
end, leakages dominate the process. In between, the process is a mix
between the two and can also be affected by additional resistance in the
solution if the concentration becomes low.

Some previous studies have argued that the Randles circuit applies to
CDI [62], while a few others did not agree [63]. The key point here is
that the Randles circuit is a special case of this more general theory.
When the cell does not experience ion starvation, the series resistance
contributes mostly to the charging rate (Eq. (1)), which means the
Randles circuit works for describing the charging. When the voltage
window is small, a fixed leakage resistance is a good approximation that

allows the Randles circuit to describe charge leakages. Additionally,
previous work has shown that the full Butler-Volmer equation predicts
the leakage trends over a range of voltages, and COMSOL supports that
option too [51]. Still, the advantage of being able to use the linearized
version is that a leakage resistance directly and smoothly follows from
the equilibrium current.

4.4. Multi-ion formulation

This section will further leverage the benefits of the stabilized model
and investigate multi-ion solutions. We tried to implement Eq. (20) and
describe multi-ion solutions with our mD model but the simulations
were too unstable to converge. Therefore, this section will again look at
the performance of the new ELC model with Egs. (21)-(23).

The core model uses a circuit to calculate currents and leakages,
while the stoichiometric coefficient determines how this translates to
different types of ions. By knowing the time-dependent coefficient for
each species, it is thus possible to simulate the ion-removal character-
istic from a multi-ion solution. Numerically, the model handles this by
quickly exchanging ions to maintain the correct balance (Egs. (21)-
(23)).

Fig. 8 shows the experimental results for a flow-through device
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(c) The experimental and simulated current as functions of time, using a Randles circuit.

wherein the electrolyte containing a combination of NaCl and CaCl;, was
used. The experiments suggest that the device removes Na® and Ca®*
with similar rates at the beginning of the desalination process. In the
end, however, the device primarily removes Ca?* and even expels Na™.
This trend of higher valency ions becoming more dominant later in the
process is in line with what previous studies have found [64]. Notably,

the model displays the same trends, including the substitution of Na* for
Ca?t.

Based on the permeabilities of electrodes and spacer for the partic-
ular device, the model assumes that the convective flow transports ions
through the electrodes rather than the spacer. This mitigates the effects
of varying diffusion coefficients between species. However, the results
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Fig. 8. Time dependent effluent concentration of Na* and Ca*" for a flow-
through desalination process wherein the electrolyte contains 1000 ppm NaCl
and 1000 ppm CaCl,. The dots correspond to experimental values while the
lines correspond to the model results. The inset shows a zoomed-in view of the
first 7 min of the effluent sodium concentration to highlight the observed ion-
exchange process.

indicate that the device removes calcium faster than what simulations
suggest, implying that the slower diffusion kinetics play an important
role also in this system.

5. Discussion

Under what conditions are the new model valid? The model supports
varying voltages and we have shown this explicitly in Fig. 4. With the
current charge-efficiency formulation, we advise against simulating low
voltages (less than the threshold ~0.2 V in Fig. 4). Also, note that the
active reactions can be different depending on the voltage. For instance,
carbon oxidation could be prominent for low voltages but voltages over
the water-dissociation voltage would require a separate leakage fitting.
Because of the detailed 2D formulation, the model supports varying
flowrate and structures that the water flows through. All aspects related
to material properties are implicit in the model parameters, so a new
fitting is required for new electrode materials.

A specific condition to mention is that the implementation does not
support predictions over big variations in the inlet concentrations,
although the theory already exists for how to add this. Predicting over
larger changes in concentration is one of the more difficult issues to be
handled by any model [46,65]. Here, the challenge is that the frame-
work of the core model is based on what was originally intended for
batteries, i.e. current simulations at high ionic concentration. Currently,
the model is most robust under moderate changes in medium concen-
trations, although it should be noted that the concentration range in
which CDI behaves similarly is quite large (see Fig. 4 in ref. [38]). To
properly incorporate larger variations in concentration requires a
correction on the charge efficiency (see ref. [45]), the capacitance (see
ref. [51]), and possibly the conductivity term (see ref. [42]).

Let us go back to the goals presented at the beginning of the theory
section. These serve as an overview of the advantages of the current
model relative to previous alternatives. The model was supposed to be
stable, and we can see that this enables simulations of advanced features
in 2D, such as leakage reactions (Fig. 7) and multi-ion solutions (Fig. 8).
The reason for this stability is that the core elements, such as Egs. (11)
and (15), are decoupled and without destabilizing nonlinearities. Also,
new algorithms provide more stable implementations (Egs. (21)-(23)).
Another goal was to render the model broad, general, and accurate and
the results show good predictive ability (Fig. 4). It also includes simu-
lations of both a flow-between (Fig. 4) and an asymmetric flow-through
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system (Fig. 5) with the same physical description.

Another of the major goals was to simplify implementation. The
numerical method presented here has been developed to smoothly blend
with existing libraries in COMSOL Multiphysics. Thus, it leverages the
platform’s extensive support for ease of implementation. This means the
core formulation can be easily adapted to a variety of structures and flow
modes, and the COMSOL interfaces automatically handle all transitions
to the internal boundaries. Thus, there are fewer custom interfaces,
which allows speedy setting up of the model and reduces human errors
during the set-up. Crucially, the model also removes complex fitting
schemes because the key parameters can be directly calculated.

By developing a new modeling approach, this work opens avenues
for a wide arena of future studies. The integrated leakage formulation
through the spatially distributed Butler-Volmer equations makes it
possible to investigate Faradaic effects over a wide range of applied
potentials. As an extension of these reactions, for example, we have
previously seen the use of CDI devices for the production of species such
chlorates [66]. Thus, it is interesting to note that knowing the charge
transfer rate of specific reactions at the surface also makes it possible to
investigate the production of compounds at the electrode surface of the
porous electrodes that could be extended to sustainable chemical pro-
ductions through electrosynthesis [67]. On the other side, the versatility
and enhanced stability of the new model makes it possible to feasibly
simulate complex and upscaled device structures. Another idea is to
expand the current model to include the available support functions in
the COMSOL platform for membrane processes to investigate membrane
structures and effects in membrane CDI (MCDI).

6. Conclusions

Extensive theory exists for supercapacitors because of their immense
importance in widespread applications. CDI is a desalination technique
using the same type of devices, but a lot of theoretical support for CDI
has evolved independently of these related advances. In this work, we
develop a current-distribution approach centered on the adsorption of
chemical species, the ELC model. It manages to be accurate yet adapt-
able to a wide range of applications because it simulates CDI in a way
that blends battery-style modeling with features that are more specific to
CDI operations.

Results show that the ELC model provides good prediction accuracy
over varying operational conditions, such as the applied voltage. It also
works for both flow-through and flow-between devices. All these sim-
ulations can reveal detailed spatiotemporal dynamics during the desa-
lination process. We further demonstrate that the enhanced stability
enables the model to tractably simulate leakage reactions as well as how
they vary across time and location in the device. The model also sup-
ports time-dependent 2D simulations of multi-ion solutions, thanks to a
new algorithm for describing the relative adsorption of ionic species.

There are multiple demonstrated benefits to using this model. Firstly,
it is user-friendly and tractable through its adaptation to interfaces in
COMSOL while retaining good simulation accuracy. Secondly, it is
decoupled avoiding the common numerical issues that are experienced
in 2D simulations leading to a stable computation. Indirectly, this also
allows more advanced simulation studies, such as leakages and multi-
ion solutions. Thirdly, the general model structure makes it widely
applicable, and the same physics can be used for different device
structures.
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