
A one-dimensional model for water desalination by flow-through
electrode capacitive deionization

Eric N. Guyes a, Amit N. Shocron a, Anastasia Simanovski a, P.M. Biesheuvel b, Matthew E. Suss a,⁎
a Faculty of Mechanical Engineering, Technion – Israel Institute of Technology, Haifa, Israel
b Wetsus, European Centre of Excellence for Sustainable Water Technology, Leeuwarden, The Netherlands

H I G H L I G H T S

• A 1D improved modified Donnan model is developed for flow-through electrode cell architecture
• Suitable fitting parameters are obtained via fitting model to equilibrium charge and salt stored data from a custom-built cell.
• Model well-describes dynamic effluent salt concentration and cell current data, showing that flow-through CDI can be described with simpler 1D models.
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Capacitive deionization (CDI) is a fast-emerging water desalination technology in which a small cell voltage of
~1 V across porous carbon electrodes removes salt from feedwaters via electrosorption. In flow-through elec-
trode (FTE) CDI cell architecture, feedwater is pumped through macropores or laser perforated channels in po-
rous electrodes, enabling highly compact cells with parallel flow and electric field, as well as rapid salt
removal.We here present a one-dimensionalmodel describing water desalination by FTE CDI based onmodified
Donnan electric double layer theory, and employing simple cell boundary conditions derived via scaling argu-
ments. We further provide a comparison of model results to data obtained from a custom-built FTE CDI cell.
We show good model-to-equilibrium data fits with reasonable values for fitting parameters such as the Stern
layer capacitance, micropore volume, and attraction energy. Further, the model well-describes dynamic effluent
salt concentration and cell current obtained from the experimental cell. Thus, we demonstrate that from an en-
gineering modeling perspective, an FTE CDI cell can be described with simpler one-dimensional models, unlike
more typical flow-between electrodes architecture where 2D models are required.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Capacitive deionization (CDI) is a rapidly growing research field,
with primary applications in brackish water desalination and wastewa-
ter purification [1]. A CDI cell typically consists of two carbon-based po-
rous electrodes that are electronically isolated by a separator, and
feedwater is pumped through the cell. Applying a voltage across the
electrodes causes charged ions in the feed to migrate to oppositely
charged electrodes and to be electrostatically contained in electric dou-
ble layers (EDLs) within micropores [2,3]. This process constitutes the
charge half-cycle, and is also the desalination stage. Once the electrodes
are fully charged, they can be discharged by short circuiting the elec-
trodes, allowing the stored ions to be released into the flow and
resulting in a waste brine stream. A number of CDI cell architectures
have been developed [4–7], but the earliest and most common

architecture is composed of two electrodes separated by a separator
channel, through which the feedwater is pumped. This architecture is
often referred to as flow-by or flow-between electrodes (FB) [1].

An alternative CDI cell architecture is the flow-through electrode
(FTE) architecture, where the feedwater flows directly through elec-
trode macropores rather than between the electrodes (see Fig. 1a)
[8–10]. One main advantage of FTE relative to FB is that the electric
field and flow directions are parallel, allowing for facile optimization
of ionic andflow resistances [8]. Further, since the separator is no longer
the main flow channel in an FTE cell, the separator thickness may be
minimized (provided the electronic isolation remains adequate),
resulting in improved desalination rates and more compact cells [8,
11]. However, it has been reported that anode corrosion occurs at a
faster rate in FTE CDI systems relative to FB systems, though nitrogen
sparging to reduce dissolved oxygen content in the feedwater has
been shown to increase FTE cell stability to a level comparable to FB
cells [12]. Further, surface charge modification has been shown to re-
duce anode corrosion and improve charge efficiency in FTE systems
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[9]. Another potential drawback of FTE is that such cells can require
greater feed pressures than FB cells in order to flow through the elec-
trodes' macropores with the desired throughput [8]. However, recent
work by Guyes et al. has demonstrated that laser perforating electrodes
with roughly 200 μm diameter flow channels enabled orders of magni-
tude improvement in electrode hydraulic permeability without affect-
ing the electrodes salt adsorption capacity or gravimetric capacitance
[13].

Several engineeringmodels for water desalination by CDI have been
proposed which couple macroscopic porous electrode theory to an EDL
structure model [14–18]. The models developed to date are generally
applied to flow-between CDI cells, where flow and electric field are per-
pendicular, necessitating a 2D model approach [17,18]. Hemmatifar
et al. demonstrated the first fully 2D model for flow-between CDI
cells, which employed a Donnan EDL model [18]. A widely-applied
model utilizes a modified Donnan theory to describe the EDL in micro-
pores of CDI electrodes, and which demonstrates good fits to data over
a wide range of experimental conditions and electrode materials [19,
20].While FTECDI is a promisingCDI cell architecture, to our knowledge
there has not been a comparison between FTE CDI data to an appropri-
atemodel.We here develop a 1Dmodel and simplified boundary condi-
tions for FTE CDI cells, employing a modified Donnan EDL model. We
further present the fitting of our model to FTE CDI data from a
custom-built cell.

2. Theory

To develop a 1D FTE CDI model, we start with the volume-averaged,
1D, superficial molar flux of an ion, Ji, given by the extended Nernst-
Planck equation,

Ji ¼ cmA;i � ν−DmA;i �
∂cmA;i

∂x
þ zicmA;i

∂ϕmA

∂x

� �
ð1Þ

where cmA,i is the ion concentration in the macropores of the electrode
(defined as a concentration per unit macropore volume), ν is the super-
ficialfluid velocity of the electrolyte phase,DmA,i is an effective ion diffu-
sion coefficient, zi is the ion valence, ϕmA is the dimensionless
macropore electric potential (which can be multiplied by the thermal
voltage VT = RT/F to arrive at a dimensional voltage), and x is a spatial
coordinate along the flow and electric field direction in our model FTE
CDI cell (see Fig. 1a). The effective ion diffusion coefficient in the elec-
trodes, DmA,i=pmAD∞ , i/τmA, where D∞ , i is the ion's molecular diffusivi-
ty, includes a correction for macropore porosity, pmA, and tortuosity,
τmA. For simplicity, we assume a binary electrolyte with univalent ions
and equal cation and anion diffusivities, whereas future works will in-
vestigate the effect of more complex electrolyte solutions.

A conservation of species applied to anion or cation yields

∂ceff;i
∂t

¼ −
∂ Ji
∂x

; ceff;i ¼ pmAcmA;i þ pmicmi;i ð2Þ

where pmi is the porosity of the electrode's micropores. We
combine Eqs. (1) and (2) to arrive at salt and charge balance equations,
given by

∂ceff
∂t

¼ −ν � ∂cmA
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þ DmA � ∂

2cmA
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; ceff ¼ pmAcmA þ 1
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� � ð3Þ

where cmA is the macropore salt concentration (= cmA,+ = cmA,− by
electroneutrality), cmi,ions is the total ion concentration in the
micropores (= cmi,+ + cmi,−), and σionic is the ionic micropore charge
(= cmi,+ − cmi,−).

Micropores in porous CDI electrodes are responsible for salt
electrosorption and present a highly confined geometry. One method
for modeling the EDL structure within such confined geometry is a
Donnan or modified Donnan approach [21]. In the Donnan approach,
the potential in the micropore volume is assumed to be constant, inde-
pendent of the distance to the carbon wall. Furthermore, assuming that
ion transport between micropores and macropores (those at the same
x-position) is rapid and so transport across the electrode thickness is
rate limiting, Boltzmann's law relates ion concentrations in micro- and
macropore volumes,

cmi;i ¼ cmA;i � exp −zi � ΔϕD þ μattð Þ ð4Þ

where ΔϕD is the (dimensionless) Donnan potential, defined as the po-
tential within the volume of micropores relative to that in adjacent
macropores. An empirical ion attraction term μatt is used which aids in
fitting of the theory to data (μatt is assumed to be the same for both
ions), which is an inverse function of total micropore ions concentration,
μatt=E/cions,mi, with E a constant micropore attraction energy [22]. This
approach has the advantage of relative mathematical simplicity and a
good fit of data to theory [20,22]. More recent theories model the EDL
structure without the use of a term μatt, instead including charged surface
groups in the micropores, termed an amphoteric Donnan model [23].

For the modified Donnan EDL model, mobile ionic charge in the mi-
cropores, σionic, is equal in magnitude to the electronic charge, σelec,
which resides in the carbon matrix surrounding the micropore,
σionic+σelec=0. When anode and cathode have the same size and mi-
croporosity, the thickness-averaged electronic charge in one electrode
is equal in magnitude to the average electronic charge in the other
electrode: 〈σelec,A〉+〈σelec ,C〉=0. In this case, we can relate the ionic
current density in the separator layer, Jch, to the averaged electrode

Fig. 1. a) Schematic of the 1Dmodel domain, which includes both electrodes and the spacer. b) Schematic of the experimental FTE CDI cell used in this work, with cell dimensions provided
in the Materials and methods section.
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