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Abstract

Theoretical models have recently been used to simulate deionization technology
by capturing electrochemical processes at atomistic, electrode, and plant length scales in
electrodialysis, capacitive deionization using electric double layers, and Faradaic
deionization using intercalation materials and redox-active polymers. We review the
salient features of such models, identifying their major accomplishments in quantifying
energy consumption and ion removal, analyzing the feasibility of large-scale systems, and
discovering new electrode materials and understanding their deionization mechanisms.
By summarizing advantages and disadvantages of recent modeling strategies, we identify
research directions to expand modeling capabilities that can be used to inform electrode
material/microstructure design, to assign energy losses to electrode-scale mechanisms,

to bridge length scales, and to capture Faradaic kinetic/diffusion processes.
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Introduction

Electrochemical deionization processes use electric fields as a driving force for ion
removal, in contrast with pressure- (e.g., reverse osmosis) and temperature-driven (e.g.,
distillation) processes. While electrodialysis (ED) is by far the most mature deionization
process [1], recent research activity has focused on capacitive deionization [2] (CDI) and
Faradaic deionization' [3] (FDI) processes that use electric charge/discharge cycles to
produce deionized and concentrated effluent. Here, we show that models which capture
electrochemical processes at various length scales can play an important role in their
design and the interpretation of experimental results (Fig. 1). Accordingly, we first review
the electrode-scale macrohomogeneous transport models and microscopic
electrosorption models. Secondly, we review the plant-scale models that have been used
to analyze technical and economic feasibility. Finally, we summarize atomistic models
based on molecular dynamics and density functional theory. From this review we identify

opportunities for future modeling.

" The term Faradaic implies that redox occurs in stoichiometric proportion to the current applied to induce
electrosorption, thus satisfying Faraday’s Law. The term Faradaic deionization therefore includes, but is
not limited to, electrochemical deionization devices that use ion intercalation materials where the host
undergoes redox, polymer materials with redox-active functionalities, and even materials that undergo
conversion reactions (e.g., Ag/AgCl and Bi/BiOCIl). Though, strictly speaking, the term Faradaic
deionization includes electrodialysis where solution-phase redox occurs, we refer to electrodialysis

separately because of its historical use and its reliance on membrane stacks to effect deionization.



Electrode-scale Modeling

The electrodes in deionization devices have complex porous structures that are
filled with electrolyte. During the charge and discharge of such devices, ions transport
through macropores and micropores between bulk solution and solid surfaces. Early
modeling of porous electrodes investigated the ion transport in macropores by assuming
uniform ion concentration in micropores [4] and by treating the solid and electrolyte as
superimposed continua [5,6]. These studies identified that deionization performance is
dependent on the ion concentration in feed water [7], electrode thickness [8], and the use
of ion-exchange membranes (IEMs) [9]. Motivated by the development of novel electrode
materials [10,11] and the large-scale application of deionization processes [2], recent
modelling research adapted microscopic theories to analyze the influence of pore-scale
electrosorption processes and cell architectures on deionization efficiency. These models
have included the effects of fluid, ion, and electron transport processes, as well as ion
storage by way of electrosorption. In addition, various modelling treats electrodes,
membranes, and spacers as macro-homogeneous, where (1) solid and electrolyte are
superimposed continua, (2) concentrations are expressed as local volume averaged
values, and (3) effective parameters capture microstructure’s effect on macro-scale

transport.

In CDI ions are adsorbed within electric double-layers (EDLs) near charged
electrode surfaces in both micropores and macropores (Fig. 2a). To describe these
effects modified Donnan (mD) theory couples micropore ion concentration and potential
to those of macropores using a Boltzmann scaling law [9,12,13]. The mD theory has

been used to model the influence of electrolyte composition and micropore size on



electrosorption processes [12,14-16]. For example, at high pH the mD theory predicts
the prefential electrosorption of counter-ions over co-ions due to increased Donnan
potential, in agreement with later experiments [15]. By coupling ion diffusion in bulk
solution with electrosorption in micropores, others used mD theory to show that ion
adsorption rate is limited by the charge transfer rate between micro- and macro-pores
[16]. These results also demonstrated the trade-off between energy consumption and ion

removal performance.

Because of its mathematical simplicity the mD theory prevails in deionization
research, while careful analysis of experimental data is needed to fit its free parameters
[16,17]. However, other EDL theories have been used or introduced recently.
Gouy-Chapman-Stern theory predicts the potential drop across the EDL based on the
charge imbalance near electrode surfaces. Such theory has been used recently to
analyze the energy efficiency of CDI cycles [18,19], while similar analysis has also been
performed using mD theory [20]. The dynamic Langmuir theory has also been created to
predict the relative adsorption rates for different ions [21] by incorporating “voltage-
induced” adsorption sites that have varying affinity toward different ions depending on
their size [22]. Also, the effect of the finite size of ions on the selectivity of electrosorption

has been explored using the Carnahan-Starling equation [23].

The effects of macrohomogeneous transport have been modeled in a number of
recent CDI works, including its coupling to micro-scale electrosorption processes. The
first two-dimensional macrohomogeneous transport models of CDI used Nernst-Planck
(NP) formulations [12,13]. Later work used models inspired by early CDI modeling [5] to

study the effect of introducing macroporous regions into porous electrodes to affect cell



impedance [24] and to model the effects of flow pulsation and side reactions [17]. Other
work has explored the effect of conductor percolation on long-range electron conduction

in suspensions for flow-electrode CDI [25].

In FDI the oxidation state of a redox-active electrode changes upon electrosorption.
Thus, micro-scale models of Faradaic electrosorption processes explicitly track state-of-
charge and surface reaction kinetics in a self-consistent manner. Modeling of FDI using
cation intercalation materials (Fig. 2b) was first done [8,26,27] by extending porous
electrode theory formulations for rechargeable batteries to two-dimensional systems with
electrolyte flow [6,28]. These models coupled empirical reaction potentials with local
intercalation rates using Butler-Volmer kinetics [8,26,27] for Nao.24+xMnOz2, NaxTi2(POa4)s,
and Na1+xNiFe(CN)s (a type of Prussian blue analogue, PBA) together with permselective
IEMs having negligible thickness. Such FDI models have been recently used to link
desalination energy consumption and salt removal levels to transport mechanisms. FDI
cells with non-selective diaphragms between Na1+xNiFe(CN)s electrodes have also been
modeled [27], showing charge efficiency losses that increase with increasing cation
transference number in feedwater. Subsequently, theoretical reaction potentials for
Na1+xNiFe(CN)s based on the Frumkin isotherm were modeled in conjunction with a NP
formulation and a semi-analytical approach to capture the finite resistance and selecitivity
of the IEMs [29]. Concurrent work used similar macrohomogeneous modeling to show
that experimental variation of the apparent diffusion coefficients for Na* with its degree of
intercalation in Na1+xNiFe(CN)s is the result of sluggish electron conduction within
agglomerates of Na1+«NiFe(CN)s nanoparticles [30]. Such modeling inspired the

development of optimized porous electrodes whose performance was simulated to



identify rate-limiting processes in FDI [31], including transverse salt diffusion. Further,
the optimization of the electrode material itself was performed by constructing an
electrochemical Ashby diagram showing contours of constant performance created using
an equivalent circuit model [31]. Beyond cation intercalation materials, a generalized
Frumkin-Butler-Volmer theory has been used to model anion capture by redox-active
polymers (Fig. 2c) to reproduce the effects of different functional groups and their effect

on salt-adsorption capacity [32].

In membrane CDI (MCDI) and ED, IEMs are used to transmit ions selectively, while
inducing potential drops across |IEMs [33]. Therefore, some models for MCDI and ED
use NP formulation with mD theory to model IEMs. For instance, Donnan potential was
found to increase with membrane thickness, showing that an optimum IEM thickness for
ED removes the most ions from brine [34]. lon flux through IEMs in MCDI was also
modeled implicitly in terms of Donnan potential to find reduced energy consumption in
MCDI relative to conventional CDI without IEMs [35] and to quantify the inherent
performance/energy tradeoffs in MCDI [36]. A NP formulation was also recently used to
directly compare the energy consumption of MCDI and ED, showing lower energy
consumption for ED [37]. Others have calculated entropy generation rates based on ion
flux through IEMs to analyze ED energy consumption mechanisms [38]. Shock ED
processes have also been modeled based on a one-dimensional NP formulation, focusing
on fluidic instabilities induced by electric fields [39]. Electroconvective vortices have also
been modeled in ED channels using a NP formulation [40]. Because the coupled
differential equations in the NP formulation pose challenges to numerical implementation,

other work has sought to simplify ED stack models using resistor-capacitor (RC) networks



to predict current and flux distributions [41], enabling integration of such processes into

plant-scale models [42].

While most previous ED modeling has imposed periodic, isopotential conditions at
terminal IEMs (following early ED modeling [7]), recent modeling of ED-like cells using
either soluble [43] or solid [26] redox-active materials has explicitly resolved reaction rates
within electrodes. In particular, the coupled power production and desalination
performance of an ED cell with a single diluate and concentrate stream were simulated
[43]. In addition desalination energy consumption has been shown to increase
substantially for ED stacks of increasing size that use Nai1+NiFe(CN)s intercalation

electrodes, as a result of the non-uniform current distribution [26].

Plant-scale Modeling

Analysis of the economic and technical feasibility of deionization technology has
recently leveraged plant-scale models that mathematically simplify the relationships
between design/operating parameters and performance metrics. CDI flow chambers
were modeled using Randles circuits, where macroscopic ion transfer effects were
described using electrochemical impedance [44]. Using this approach the authors later
compared the predicted salt removal efficiency of CDI, ED, and RO cells, concluding that
CDI has certain limitations on energy efficiency. A subsequent critique of that work
argued that simplistic Randles circuits are incapable of predicting cell resistance
accurately, resulting in unphysical values of thermodynamic efficiency and energy

consumption [45]. In response, the authors of the original study used a NP formulation



to ultimately show similar scaling of energy efficiency with average water flux [46] as their
original Randles circuit. Other work established a theoretical design framework
developed for MCDI plants to predict performance/energy-consumption tradeoffs [47].
The sensitivity of energy consumption and water recovery to individual CDI
design/operating parameters has also been analyzed using one-dimensional models [48].
Subsequently, CDI modules were modeled as ideal capacitors to design a multi-channel

cell [49], showing that the charge efficiency of electrodes has a significant impact on cost.

Atomistic Modeling

While continuum models are significantly less computationally intensive than
atomistic models, atomistic models enable the discovery of electrochemical phenomena
with little-to-no mechanistic understanding a priori. As such, atomistic modeling is an
important future direction for deionization materials and devices. Two methods have been
used commonly in these contexts: molecular dynamics (MD) and density functional theory
(DFT). In MD simulations predefined electric fields generate potential energies for
individual atoms that ultimately dictate their time-dependent dynamics. In contrast, DFT

is used to simulate the ground-state electronic structure of various atomic arrangements.

MD simulations have recently been used to model electrosorption processes in
nanostructured materials. In particular, the hydration structure of ions near graphitic
electrodes was modeled using first-principles MD in conjunction with experiments [50,51].
Here, the reference interaction site model [52] was used to predict ion hydration energy,

showing that asymmetric hydration shells can reduce hydration energy and speed up



electrosorption processes. Stable water shells have also been found to increase in size
with decreasing nanopore size, while water-filled pores were shown to be ionophobic and
remained inactive during charging processes [53]. Other work has used MD to model an
ion/molecule separations process between flat electrodes [54]. Here, the electric field
between the electrodes acts as an additional force on each atom. Seawater flow between
corrugated electrodes was also recently simulated using MD, showing higher ion

adsorption rate on uneven electrodes [55].

While MD simulations are highly scalable to large numbers of atoms, they often
require empirical parameters to compute pairwise potential energies and forces that do
not explicitly capture electronic degrees of freedom. As a result, for Faradaic
electrosorption materials [56] the use of pairwise potential energies is limited. In contrast,
DFT is a self-consistent method that explicitly captures atomic interactions via coulomb
interactions with the spatial distribution of electron density. Along these lines DFT has
been used to analyze interactions between anions at ferrocene groups on polyvinyl
ferrocene electrodes [57]. The charge distribution on ferrocene was found to distort
towards CrO4? and HAsO4? ions, an atomic affinity effect that was attributed to electron
transfer toward ferrocene. Other work using DFT has shown decreased band gaps for

zwitterionic-polymer CDI electrodes when multivalent ions adsorb [58].

DFT has also been used in recent research to link electrode response to changes
in electronic structure. For example, certain metal-organic framework (MOF) electrodes
transform into insulators during charging processes [59]. To explain this phenomenon,
electron density distributions were simulated at various degrees of intercalation, and r-

stacking interactions between organic ligands were found to vanish with increasing
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degree of intercalation. DFT has also been combined with experiment to link the capacity
fade and retention of PBA materials to the substitution of Ni?* metal centers by Mg?* and
Ca?* ions in solution [60]. In addition, that analysis revealed that such substitutions
introduce discontinuities in the electron density distributions of PBA frameworks. These
findings from DFT were subsequently used to construct a network model of electron
transmission to predict the charge storage capacity of a PBA material as a function of the

fraction of Ni2* sites substituted.

Because DFT calculates the ground-state of electrons at T = 0 K, other physics-
based techniques can be used to analyze finite-temperature, non-equilibrium effects
using ground-state energetics. DFT was used to show that vacancy-vacancy interactions
within the interstitial sites of PBAs result in ordering of intercalated Na* [61]. Based on
this finding a simplified model was developed that assigned infinite energy to pairs of
nearest neighbor vacancies, enabling the prediction of equilibrium potential for Na*
intercalation versus state-of-charge using a grand canonical ensemble formalism. The
influence of H20 on Zn-ion diffusion in bilayer V205 has been investigated using DFT [62],
revealing a reduced binding energy between cations and V205 sheets due to a charge

shielding effect caused by electron-accepting H20 molecules.

Conclusion and Outlook

Recent work in the modeling of electrochemical deionization systems has certain
advantages and disadvantages depending on the length scale of interest (Table 1). To

expand modeling capabilities we highlight the following future research directions (Fig. 1):
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e Electrode-scale models can adopt methods of exergy destruction [63] and entropy
generation [38] analysis to quantify local, instantaneous energy dissipation rates from
the diversity of processes that occur in electrochemical systems. Such analysis can
enable the targeted development and optimization of specific cell components and

materials.

e The modeling of electrochemical kinetics and solid-state diffusion in FDI electrodes
could be used to select, design, and analyze energy-consumption/selectivity of

electrode materials for FDI.

e Connections between electrode microstructure and electrode-scale transport can be
made using pore- and microstructure-resolved models [25,64], as mD theory relies on
uniform-concentration/potential assumptions [9,12,13] and macrohomogeneous
models rely on phenomenological force/flux relations for forced convection in porous

electrodes [8,26,27,31].

¢ Machine learning approaches can be used to accelerate material discovery [65] due to
the computational limitations of large-scale DFT calculations [66], while also enabling
bridging between electrode- and plant-scale models in combination with reduced order

models.

e Materials genome approaches can be used to search for water-stable FDI electrode
materials (cf. Ref. [67]), while combining such results with statistical thermodynamics
to define and discover mechanisms for specific CDI/FDI materials to create electrode-

scale models including solvent interactions.
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Table 1. Summary of the advantages and disadvantages of recent multi-scale modeling

strategies.

Length Scale

Advantages

Disadvantages

¢ Reveals emergent effects of
interactions between
electrons, ions, and solvent;
e Explains electrosorption

e Computationally intensive;
e Lack of accurate inter-
atomic potentials;

¢ Analysis of long-term
performance of deionization
processes.

Atomistic o . : o .
selectivity mechanisms for e Combinatorial “explosion
various electrode materials; occurs in analysis of

¢ Potential to inform material defect chemistry.
design.

e Macrohomogeneous e Simplified description of
description captures long- microstructures does not
range transport processes inform material design;
efficiently; e Semi-empirical formulas

Electrode- e [dentification of rate- and adopted for surface

scale selectivity-limiting processes reaction kinetics and
and conditions; equilibrium;

¢ Quantify tradeoffs between e Sometimes difficult to
energy consumption and ion incorporate in plant-scale
removal rate. models.

¢ Design at plant-scale for ¢ Heuristic formulation can
various deionization lead to physically

P technologies; inconsistent results;
ant-scale

e Macrohomogeneous
transport processes are
largely ignored.
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Figure 1. Organization of and vision for multi-scale modeling of electrochemical
deionization processes. lItems in bold italics represent new and emerging modeling
opportunities at different scales and between scales.
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Figure 2. Schematic of the different electrosorption mechanisms that have recently been
modeled: (a) a capacitive material builds up electric double layer to capture ions, (b)
cations intercalate into the lattice of a redox-active solid host, and (c) functional groups

on a redox-active polymer adsorb ions.
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