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Flow electrode capacitive deionization (FCDI) is a promising configuration for capacitive deionization due
to its capability of continuous operation and achieving a relatively large salinity reduction. Due to the
complexity of the multi-phase flow involved in FCDI, modeling FCDI system performance has been a
challenge with no predictive FCDI model thus far developed. In this study, we developed an equivalent
film-electrode (EFE) model for FCDI in which the flow electrodes are approximated as moving film
electrodes that behave in a manner similar to conveyor belts. The EFE-FCDI model is validated using
results from a series of FCDI experiments and then applied to elucidate the spatial variations of the key
properties of the FCDI system and to resolve the contributions of different aspects of the system to
energy consumption. The impact of activated carbon loading in the flow electrode and the feed and
effluent target concentrations on the overall FCDI performance are also discussed based on model
simulation. In summary, the EFE-FCDI model enhances our understanding of the system-level behavior of

FCDI systems and can be employed for optimizing FCDI design and operation.

© 2020 Elsevier Ltd. All rights reserved.

1. Introduction

Capacitive deionization (CDI), also referred to as electrosorption,
is an emerging electrochemical desalination technology of partic-
ular current interest in view of its potential to become a competi-
tive technology in certain desalination applications (Porada et al.,
2013a; Suss et al., 2015). With carbonaceous electrodes, CDI in-
volves the removal of ions from the feed stream and storage of
these ions in the electrode micropores when a voltage is applied,
with subsequent release of the stored ions into the brine stream
when the electrodes are short-circuited or a reverse voltage is
applied(Farmer et al., 1996; Porada et al., 2013b; Ji et al., 2019; Tang
et al., 2019a). There are a variety of CDI cell configurations and
operational modes(Porada et al., 2014; Zhao et al., 2012; Suss et al.,
2012; Wang and Lin, 2018a; Tang et al., 2019b), among which flow
electrode CDI (FCDI) has received extensive and growing inter-
est(Zhang et al. 2018, 2019, 2020; Jeon et al., 2013; He et al., 2018a;
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Cho et al.,, 2019; Luo et al., 2020). Three major advantages of FCDI
over other CDI configurations include (i) the ability of continuous
operation(Jeon et al., 2014; Gendel et al., 2014; Rommerskirchen
et al., 2018a) compared to cyclic operation in conventional CDI
that is more difficult to control and optimize; (ii) the possibility of
achieving a high degree of salinity reduction(Jeon et al., 2014; Yang
et al.,, 2016; Moreno and Hatzell, 2018); and (iii) extremely high
flow efficiency (~100%) as it avoids the switch between the desa-
linated and brine streams in the flow channel (Rommerskirchen
et al. 2015, 2018a; Hawks et al., 2018a).

In FCDI, flow electrodes comprising a slurry mixture of activated
materials (i.e., activated carbon, AC), conductive additives (e.g.,
carbon black particles, carbon nanotubes and redox couples) and
aqueous electrolyte are pumped through two electrode channels
while the salty feed water flows through the spacer channel(Liang
et al., 2017; Hatzell et al., 2015; Ma et al., 2019). Typically, ion ex-
change membranes are employed to separate the electrode chan-
nels from the spacer channel. There are two general modes in
which FCDI may be operated, namely, the short-circuited closed-
cycle (SCC) operation and the isolated closed-cycle (ICC) operation
(Jeon et al., 2014; Yang et al., 2017). In ICC mode, the positively and
negatively charged flow electrodes are isolated and recirculated
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between their respective electrode channels and electrode reser-
voirs. Similar to conventional CDI, ICC-FCDI is an intermittent
process as it requires that the flow electrodes be regenerated by
applying a reverse voltage. In contrast, a continuous, steady-state
FCDI operation can be achieved using SCC operation. In SCC oper-
ation, the flow electrodes are regenerated when the positively and
negatively charged AC slurries exiting the FCDI cell are mixed
together in a single reservoir (Fig. 1A). The contact between these
oppositely charged AC particles results in neutralization of the AC
and release of the adsorbed ions to the electrolyte solution that
becomes the brine.

Recent advances in film-electrode based CD], i.e. CDI systems
using solid phase thin-film electrodes, can be attributed, in part, to
the enhanced fundamental understanding that has accrued from
the development of dynamic CDI models. The ability to model the
behavior of CDI systems is critical to understanding the impacts of
system parameters and operating conditions on CDI performance
and for optimizing CDI system design and operation(Wang and Lin,
20183, 2019, 2018b; Wang et al., 2017; Wang et al., 2020). Models
with different levels of fidelity have been developed for film-
electrode CDI(Hemmatifar et al., 2015; Biesheuvel et al., 2011; He
et al., 2018b; Suss et al., 2014; Qin et al., 2019), however, very
limited effort has been devoted to the modeling of FCDI. The major
challenge in modeling FCDI is the treatment of the dynamic
percolation between AC particles in the complex multi-phase flow
electrode(Karzar-Jeddi et al., 2019), which is dependent on AC
loading and flow characteristics(Dennison et al., 2014).

The only FCDI model that has been reported is that by Rom-
merskirchen et al. where they discretized the FCDI cell in the flow
direction and coupled ion transport with the modified Donnan
(mD) model for description of the electrical double layer (EDL)
(Rommerskirchen et al., 2018b). However, the use of the Stern layer
capacitance as a fitting parameter that varies in different operations
is not only physically ungrounded but also undermines the pre-
dictive power of the model (i.e., while this model can be used for
fitting experimental data, it cannot be used for predicting perfor-
mance). For example, increasing AC loading in the flow electrode
promotes more frequent collision of AC particles and thus enhances
the conductivity of the flow electrode. However, this effect of
increasing AC loading is incorrectly accounted for by changing the
Stern layer capacitance. In contrast, previous studies on fixed
electrode CDI with AC film electrodes have revealed that the Stern
layer capacitance is dependent on the micropore charge density via
the mechanism of electrostatic compression (Bazant et al., 2005;
Grahame, 1947), but not directly dependent on any other operating
condition.

We demonstrate in this study that the system-level behavior of
FCDI can be approximately modelled by an equivalent CDI model of
moving film electrodes without the need for considering the
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mechanistic details of inter-particulate mass and charge transfer
(Fig. 1B). Specifically, a flow electrode stream can be approximated
as a film electrode with much larger macro-pore volume and
significantly reduced electrical conductivity. Such an equivalent
film electrode (EFE) moves in the direction of the flow in a manner
similar to a “conveyer belt”. Following this approximation, we
develop a pseudo-1D model that describes the ion transport and
the EDL formation in the FCDI with appropriate treatment of the
Stern layer capacitance and the effect of AC loading. This pseudo-1D
equivalent film electrode (EFE) model is validated using FCDI ex-
periments in SCC mode and is then employed to evaluate the FCDI
performance over a wide range of operating conditions. In addition,
the EFE-FCDI model developed here is used to describe the spatial
distribution of the important properties in the FCDI cell and the
breakdown of the energy losses in the system. Finally, we employ
the developed EFE-FCDI model to conduct an analysis of the per-
formance tradeoff in FCDI.

2. Model development
2.1. System description

In this section, we present the governing equations of a pseudo-
1D EFE model that describes ion transport in the spacer channel
and ion retention in the electrode channel. Both the spacer and the
electrode channels are divided into N subcells connected in series,
each of which is assumed to be a continuously stirred-tank reactor
(CSTR). The electrode channel consists of AC particles with intra-
particulate macropores and micropores. The volume occupied by
the electrolyte solution outside the AC particles is considered as a
large “extra-particulate macropore”. In the EFE-FCDI model, intra-
particulate and extra-particulate macropores are not distin-
guished and have the same ion concentration. Based on existing
film-electrode CDI models, micropores contribute to the majority of
ion storage capacity while macropores serve as pathways for rapid
ion transport.

2.2. lon transport in a unit cell

As the spacer channel is discretized into N sub-cells in series, the
mass balance of salt in each CSTR-like subcell can be expressed as:

C

5?71{ = _Jsalt,kA + QSp (Csp,k—] - Csp,k) (1)
where psp is the spacer porosity, V is the volume (mL) of the subcell,
Csp k Is the spacer channel concentration (mol mL™ 1) in subcell k,
Jsait x is the salt flux (mol cm~2 s~ 1) from the spacer channel toward
the electrode channel in sub-cell k (same as the ion fluxes Ji;ns ), A
is the effective contact area (cm?) between the spacer and the

(B) Equivalent film electrode model
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Fig. 1. (A) Schematic of the FCDI system operating in short-circuited closed-cycle (SSC) mode. (B) the equivalent film-electrode model in which the film electrodes behave as
conveyor belts that rotate through the FCDI module. The major characteristics of the FCDI system are listed in (A) and the corresponding measures for modifying the MCDI model to

account for such characteristics are lised in (B).
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electrode channels, and Qsp is the stream flowrate (mL s 1) in the
spacer channel. The transport of ions across the respective IEM is
driven by the gradients of both electrical potential and concentra-
tion. The flux (mol cm 2 s~!) of ion species i, Ji,,  ,. in sub-cell k can
be described by the Nernst-Planck equation:

) act .
m,k Pm.k
;ons,k == Dm( ax' +ZIC;n.,k : X ) (2)

where D, is the diffusion coefficient (cm? s~!) in the IEM (Dy, is
ion-specific in principle but, in this model, we use the mean
diffusion coefficient of the salt), cm « Is the concentration (mol mL™ 1)
of i in the IEM of subcell k, and ¢, ; is the dimensionless electrical
potential in the IEM of subcell k. Due to the requirement for local
electro-neutrality in the membrane, the following equation
applies:

+
ka m k

+wX=0 (3)
where ¢! mk and ¢, , are concentrations (mol mL~") of cation and
anion in the I[EM of subcell k, respectively, X is the intrinsic charge
density (mol mL~!) of IEM and w is the sign of the charge (i.e., —1 for
cation exchange membrane, CEM, and +1 for anion exchange
membrane, AEM).

Considering both cation and anion fluxes by adding equations
(2) and (3) with the simplifying assumption of linear gradients for
concentration and electrical potential across the IEM, we arrive at
the following equation:

D
Jions k= — ﬁ (Acm,k - wXA(Pm,k) (4)

where Ly, is the thickness of the membrane (cm) and 4cy,  is the
difference in total ion concentrations (i.e., ¢ = C;" , + Co g UNI-
t:mol mL~!) between the two edges of the IEM. Here, the edge
refers to the IEM phase that is next to the interface. In other words,
ACmk = Cjeleck — Cmyspk WIth Cpyjelec k. being the IEM-phase total
jon concentration (mol mL™') next to the interfaces between the
IEM and the electrode channel of subcell k, and Cmyspx eing the
IEM-phase total ion’concentration (mol mL™!) at the interfaces
between the IEM and the spacer channel of subcell k. The IEM-
phase concentrations near the interface are related to the solu-
tion concentrations near the interface in a manner reasonably
described by the following expressions:

Cm/eleck = 2CmAjCOSh (A ‘Pm/e,k) (5)

Cm/sp.k = 2Csp,jCOSh <A @m/sp,k) (6)

where Cma k and cgp  are macropore and spacer concentrations (mol
mL~1) in subcell k and Apmser and Ay i are the Donnan po-
tentials across the electrode/IEM and spacer/IEM interfaces in sub-
cell k, respectively.

The current density (A cm~2) of subcell k, I, depends on the
electrical potential difference across the spacer channel and the
spacer salt concentration:

Ao _sp i
- 2Dcsp,kﬁ1E (7)

where D is the bulk diffusion coefficient (cm? s ') of the charged
ions (we use the mean diffusion coefficient of the salt here),
Apps_sp i is the dimensionless potential drop of half of the spacer

channel of subcell k, Lsp /2 is half of the spacer thickness (cm) and F
is the Faraday constant (96,485 C mol~'). Eq (7) assumes that the
suspension in the spacer volume in subcell k is completely mixed
and thus has no concentration gradient. Because the current den-
sity in the spacer equals that in the IEM, it can be quantified as
shown in Eq. (8):

Ao
It = —DmC L'""F (8)

where ¢,  is the average ion concentration (mol mL~1) in the IEM

in subcell k.

2.3. lon partitioning between micropores and macropores

Upon charging, electrical double layers (EDLs) overlap sub-
stantially inside the micropores of the AC, which renders the
modified Donnan (mD) approximation applicable for describing the
ion distribution between micropores and macropores in each
subcell(Biesheuvel et al., 2011). The mD model assumes a constant
potential inside the micropore and thus a single potential differ-
ence between the micro- and macro-pores (i.e., the dimensionless
Donnan potentlal in subcell k, 4¢p ;). The ratio of the concentration
(mol mL™1) of a specific ion i in the micropore, ¢ mlk, and the con-
centration (mol mL™!) of the same ion in the macropore, CrmAk 1S
governed by 4¢p  via the Boltzmann distribution:

Chiik = CmAk EXP( — 74 (PD‘k) (9)

where 7 is the valence of ion i. In the subcell k of the electrode, the
volumetric charge density in the micropores, op; k, (mol mL~1rises
as a result of the concentration difference between counter-ions
and co-ions:

n
Omik = Zzlcimzk (10)
i—1

For simplicity, in this study, we only consider a single solute of
1:1 electrolyte (e.g., NaCl), in which case eq. (10) becomes

—2Cmak sinh(A¢D7k) (11)

At the same time, o ;  is also related to the dimensionless Stern
layer potential difference (4d¢st k) and the volumetrlc Stern layer
capacitance in the micropore (Cs;_ volk» Unit: F mL™ :

OmijF = — Cse—vol kA ose kVr (12)

Omik =

where V7 is the thermal voltage that converts the dimensionless
voltage to the unit of volt (25.6 mV at 298 K). It has been shown that
the volumetric Stern layer capacitance increases with charge den-
sity due to electrostatic compression(Bazant et al., 2005; Grahame,
1947; Biesheuvel and van der Wal, 2010). This relationship be can
approximated using the following empirical expression:

2
Cst—vork = Cst—vol,0 + %07k (13)
where « is an empirical coefficient (F mL™' mol?) and Cst—vol0 1S the

volumetric Stern layer capacitance when the micropore charge
density is zero.

2.4. Electrode channel modelling

The flow electrode consists of AC particles, CB particles and the
electrolyte. Compared with film electrodes, the flow electrode has a
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much smaller volume fraction of micropores and thus a much
smaller microporosity, due to the low weight-to-volume fraction of
AC particles. In addition, as opposed to a film electrode, the elec-
trical conductivity of the flow electrode channel results from the
conductivity of both AC particles and the electrolyte with the
contribution of the electrolyte dependent on the electrolyte
salinity. We propose an empirical expression to estimate the overall
conductivity of the flow electrode in a subcell with this expression
accounting for the conductivity of pure AC, psc, and the mass
fraction of carbon, wt (dimensionless). The overall conductivity
(Pejec» Unit: S cm™1) of the electrode channel is expressed as:

Pelec = AsCma(1 —Wt) + pacwt” (14)

where A is the molar conductivity (S cm? mol~!) of the solution
and v is an empirical coefficient that is independent of operating
conditions. Because the flowrate of the flow electrode slurry is large
in this study, we ignore the influence of the slurry flowrate in the
present model. With lower slurry flowrates, however, less frequent
collisions between AC particles may also lead to lower overall
conductivity.

Combining the potential drop across the Stern layer and the
Donnan potential, we can rewrite the overall potential drop in the
electrode channel as follows:

Veleck = 2V (A¢D,k =+ A(/’St,k) + 2IkLelec/pelec,k (15)

The total voltage across the unit cell is the summation of all the
voltage drops. Assuming the cell is symmetric, the total voltage can
be represented as:

Vtotal,k =2Vr Aq’hf—sp.k + A‘Pg,k + Aq’m,k - Aq’%k + 2Velecﬁk

+I-ESR
(16)

where ESR is the specific equivalent series resistance (Q cm?)
including the resistances that occur in between the current col-
lector and the flow electrode and that in the electrical circuit. Note
that in simulating the FCDI process under steady state, the cell
voltage in every unit cell is the same and equal to the overall cell
voltage. However, the current density varies with unit cell, of which
the mean is the overall current density.

For each subcell k of the flow electrode channel, cp4  and ¢y ¢
are related to the ion flux Jjo,s x by the following equation (similar to
eq. (1)):

9 Jions k
3t (zpmAcmA,k Jrpmicmi,k) =

Lelec

" 2Pma (Cmak — Cmak—1) + Pmi(Cmik — Cmik—1)
Telec/N

where 7, is the total hydraulic resistance time (HRT, unit: s) of
carbon slurry in the electrode channel, which is divided by N to give
the HRT in each subcell. The system of differential and algebraic
equations in the model were solved numerically with MATLAB®.

(17)

3. Experimental methods
3.1. Experimental setup

The FCDI module used in this study has been described pre-
viously(He et al., 2018a). Briefly, the module consists of two

electrode-channels separated from the central spacer channel by an
AEM and a CEM (AEM-Type II/CEM-Type II, FUJIFILM Europe),
respectively. The dry AC powder in the flow electrode is made from
90 wt % Darco AC and 10 wt% Norit AC, both are purchased from
Sigma Aldrich. The details of the AC properties are summarized in
Table S2. During the operation, the positively and negatively
charged electrode slurries exiting the FCDI module are mixed in a
stirred tank where oppositely charged AC particles contact each
other to become neutral, and the ions adsorbed inside the FCDI
module are released. The electrode slurries are pumped through
the serpentine channels carved in an acrylic plate. The channels
have a dimension of 2 (D) x 2 (W) mm x 570 (L) mm. The effective
contact area between the serpentine channels and the IEM is
11.9 cm? while the contact area between the current collector and
the IEM is equal to 22.0 cm?. The details of the FCDI cell are shown
in Supplementary Information (Fig. S2&3). The feedwater is pum-
ped through the spacer-channel for ion removal with the effluent
salinity measured continuously using an inline conductivity meter.

3.2. Experimental conditions

The flow electrode was prepared by mixing Milli-Q water
(18.2 MQ cm) with different weight percentages of AC powder (2, 5
and 10 wt %). The flow electrode was charged by a DC power supply
with different current densities (8.4,16.8, 25.2 and 33.6 Am~2). The
influence of HRT (0.47, 0.69, 0.91 and 1.40 min) on the FCDI per-
formance was investigated by changing the flowrate of feed water
running through the spacer channel.

3.3. Performance evaluation

The cell voltage, current and conductivity were recorded using
corresponding probes (Vernier Software & Technology, Beaverton,
OR, USA) connected to a SensorDAQ. The specific energy con-
sumption, SEC, can be defined as the energy consumped per unit
volume of the product water (i.e., SECy):

%
SECy=A— 18
w=A% (18)
or per amount of salt removed (i.e., SEG;):
%
SEG=A~——— 19
"7 Q(co — cp) (19)

where V is the cell voltage, I is the current density, A is the effective
area, Q is the feed flowrate in the spacer-channel and ¢y and cp are
the concentrations of the feed (i.e., the influent) and deionized
water (i.e., the effluent) stream, respectively.

Because electro-sorption and electrodialysis both occur in an
FCDI process, the quantification of desalination rate is based on
average salt removal rate (ASRR) instead of the average salt
adsorption rate (ASAR) as used in a CDI system based on film
electrodes(Nativ et al., 2017; Ma et al., 2018). The definition of ASRR
is the amount of salt removed per area of IEM in a unit time:

AsgR — ¢ — ¢p) (20)
A

SEC and ASRR values for both experimental data and simulation

results were obtained using eqs (18)—(20) with comparison of

these values used to evaluate the FCDI performance over a range of

experimental conditions.
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Fig. 2. Experimental results and model validation for (A) effluent concentration, and
(B) cell voltage for continuous FCDI operations over 1 h. The open symbols in (A)
represent concentrations converted from a pre-calibrated in-line conductivity meter.
The open symbols in (B) represent the real-time cell voltages. The solid lines in both
panels are results simulated with the EFE-FCDI model. This set of experiments was
obtained with a FCDI containing 5% (wt/v) of AC and a spacer channel HRT of 0.69 min.

4. Results and discussion
4.1. Experimental results and model validation

A series of FCDI experiments with various operational condi-
tions were conducted to validate the proposed model by fitting the
data for effluent concentration and cell voltage/current as a func-
tion of time. A value of N = 8 is used in this study with a larger
number of subcells found to provide little improvement in model fit
to the experimental data. The only fitting parameters used were the
coefficient v in eq. (14) and the specific equivalent series resistance
Resr in eq. (16), which were adjusted to obtain a good fit of the
experimentally measured effluent concentration and average cur-
rent density. The values of the AC properties, such as Cg;_,o¢ and o
in eq. (13), are reported in the literature(Wang and Lin, 2018b; Qu
et al., 2018; Dykstra et al., 2016; Zhang et al., 2015). We note that
v and ESR are the only two properties of the FCDI system and these
parameters do not depend on operating conditions. Therefore, the
same vy and ESR apply to all scenarios with different operating
conditions presented in this study. Consequently, the FCDI model
that is developed here with the fitted v and ESR can be used for
predicting performance at different operating conditions.

Experimentally, the effect of changes in three operating pa-
rameters including current density, hydraulic residence time (HRT)
and carbon content were examined. In total, four values of current
density, four values of spacer channel HRT and three values of
carbon loading were studied. The effluent concentrations and cell
voltages at various current densities are presented in Fig. 2.
Although SCC FCDI is usually considered a steady-state process, the
start-up of an FCDI system is still dynamic. The presence of the
IEMs, however, enables an FCDI system to reach a steady-state
effluent concentration in a relatively short time with the effluent
concentration similar to that achieved in membrane CDI (MCDI).

Increasing the current density for the same HRT results in a
decrease in the effluent concentration (Fig. 2A). At relatively high
current density (33.6 A m~2), salt rejection as high as 92% was
achieved. During the start-up stage, the cell voltage rose sharply to
a stable level. Unlike the case of film-electrode CDI in which cell
voltage continuously rises over time when the cell is charged at
constant current, the cell voltage in SCC FCDI remains stable
(Fig. 2B) because the exhausted AC particles continue to be re-
generated outside the FCDI cell. Overall, the results from the EFE-
FCDI model are in excellent agreement with the experimental
data (of the steady-state effluent concentrations) with this agree-
ment demonstrating the capability of the EFE-FCDI model in pre-
dicting the performance of FCDI over a range of operating
conditions. Additional fittings of experimental data with the EDF-
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Fig. 3. Spatial variation of important properties in an FCDI cell obtained from simu-
lation with an overall charging current density of 25.2 A m~2 (the corresponding
overall voltage is 1.78 V). The spatially-variant properties presented here include (A)
micropore charge density, (B) local current density, (C) local salt concentrations in the
spacer channel (red) and flow electrode channel (blue, excluding micropores), and (D)
local Stern and Donnan potential drops. In this simulation, the AC loading is 5% (w/v)
and the HRT of the spacer stream is 0.69 min. The x-axis represents the relative po-
sition along the flow direction of the feed water and flow electrode streams. (For
interpretation of the references to colour in this figure legend, the reader is referred to
the Web version of this article.)

FCDI model are provided in the Supporting Information (Fig. S1).

CDI processes based on film electrodes are dynamic, i.e., there
are always certain key system parameters that vary temporally. For
example, when charging a CDI process at constant voltage (CV), the
current density and effluent salinity both change over time due to
the temporal variation in the driving force for ion transport.
Alternatively, when charging a CDI process at constant current (CC),
the cell voltage has to rise over time to offset the build-up of Stern
and Donnan potentials in the EDL, so that a constant driving force
for ion transport can be maintained. In contrast, there is no tem-
poral variation of parameters in a FCDI process except for the short
start-up stage, even though the same build-up of Stern and Donnan
potentials in the EDL of the AC still occur as AC particles flow along
the electrode channel and accumulate additional ions in their mi-
cropores. In essence, the constant movement of the electrodes
converts the temporal variations of the system to spatial variations.
The spatial variations of various system properties are illustrated in
Fig. 3. These properties include the volumetric micropore charge
density, a,,; (Fig. 3A), the current density (Fig. 3B), the salt con-
centration in the spacer channel and the solution phase of the flow
electrode channel (Fig. 3C) and the Stern and Donnan potentials
(Fig. 3D).

CDI systems with film electrodes are typically charged using CC
or CV mode. The reason for specifying what should be constant is
precisely because not all properties can remain temporally con-
stant. Specifically, as charging proceeds, the current diminishes in
CV mode while the cell voltage rises in CC mode. For FCDI with a
single pair of current collectors, however, everything is temporally
constant, and there is only one cell voltage for the FCDI system as a
whole. On the other hand, the current density varies spatially along
the water flow direction as the water is desalinated (Fig. 3B).
Therefore, referring to an FCDI operation as CC or CV is not
meaningful as FCDI always possesses both characteristics. However,
if we follow a thin slab of AC slurry in the flow electrode channel,
that flowing portion of the electrode has the characteristic of CV
charging, as the corresponding current density decreases over time
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Fig. 4. Spatial distribution of contributions to potential drop in an FCDI module
determined using the EFE-FCDI model. In this simulation, the feed salinity is reduced
from 17 mM to 5.4 mM with a spacer-channel HRT of 0.69 min. The cell voltage is
1.78 V and the overall current density is 25.2 A cm~2. The overall cell voltage is divided
into seven components as described in the text. However, only five components are
presented in this figure because the Stern potential in the micropores and the Donnan
potential between the micropores and macropores are comparatively negligible (see
Fig. 3D). The equivalent series resistance (ESR) is a fitting parameter that enables the
modelled current density and effluent concentration to match the experimental results
at different cell voltages, which are invariant with operational conditions.

(temporally) and along the electrode channel (spatially) (Fig. 3B).

To futher illustrate that an FCDI cell has both CC and CV char-
acteristics, we simulate the distribution of potential drops in
different components at different positions of the FCDI module
(Fig. 4). In a typical EFE-FCDI model, these potential drops should
include seven components including the Stern potential in the
micropores, the Donnan potential between the micropores and
macropores, the potential drop in the flow electrode chamber
(electrode), the potential drop across the IEMs (membrane), the
sum of the Donnan potential drops across the two interfaces of the
IEMs (mem_Donnan), the potential drop across the spatial channel
(spacer) and the potential drop due to the series resistance (Ma
et al., 2018). However, the results from our simulation suggest
that the Stern potential in the micropores and the Donnan potential
between the micropores and macropores are both negligible
compared to other contributions (Fig. 3D). As such, these potentials
are not included in Fig. 4.

Because there can only be one potential for a current collector,
the cell voltage is also spatially independent. Therefore, the sum of
the all potential drops across the two current collectors is also
spatially constant (1.8 V in this case). However, the individual
contributions to the overall potential drop vary along the module as
more charge is transferred (top axis in Fig. 4) and more salts are
removed from the feed stream. Specifically, the potential drop
across the IEMs and the potential drop due to series resistance both
decrease as the local current density decreases along the feed
stream flow. In addition, the decrease in salt concentration in the
spacer channel and increase in the flow electrode channel results in
changes in the electrical resistance and thus the potential drop in
the respective channels (Fig. 4).

4.2. Performance evaluation of FCDI

The effects of operating conditions on the FCDI performance
metrics were investigated over a wide range of operating condi-
tions using both experimental and modeling approaches. We first
investigated the impact of current density on the average salt
removal rate, ASRR, and specifc energy consumption, SEC. As the
current density increases from 8.4 to 33.6 A cm™2, ASRR increases

linearly from 5.0 to 20.9 mmol cm~2 min~! (Fig. 5A). Notably, the
ASRR of FCDI is higher than the average salt adsorption rate in most
MCDI processes (usually lower than 10 mmol cm ™2 min!).
Increasing current density also results in greater energy con-
sumption. Specifically, SEC increases linearly from 0.06 to
0.28 ] pmol~! when the current density quadrupled from 8.4 to
33.6 A cm~2 (Fig. 5A). These results reflect the intrinsic tradeoff
between desalination rate and energy efficiency as discussed in
several recent papers (Wang and Lin, 2019, 2018b; Wang et al,,
2019; Hawks et al., 2018b; Hemmatifar et al., 2018). We also note
that results from the numerical simulation are in remarkably good
agreement with the experimental results.

With a fixed current density, increasing HRT results in a
reduction in effluent salinity and an increase in salt rejection.
However, HRT has a negligible impact on the desalination rate
(Fig. 5B), which is unsurprising because ASRR is roughly propor-
tional to current density as long as charge efficiency remains
similar. In comparison, the energy consumption is slightly more
sensitive to HRT, with SEC increasing from 0.10 to 0.16 J umol~!
when HRT increases from 0.47 to 1.4 min (Fig. 5B). SEC increases
mainly because a longer HRT results in greater reduction of the feed
salinity and thus a lower average feed salinity which, in turn, leads
to a higher average feed channel resistance and a higher overall cell
resistance.

A distinct characteristic of FCDI, as opposed to conventional CDI
with film electrodes, is that the carbon content of the electrode is
adjustable. Increasing the AC loading from 2 to 10% results in a
significant reduction in SEC from 0.35 to 0.10 J pmol ! (Fig. 5C). This
improvement in energy efficiency is attributable to the increase of
overall conductivity of the flow electrode channel, as the charge
transfer is enhanced as more frequent collisions between AC par-
ticles occur at higher AC loading. However, the increase of AC
loading also comes with the practical disadvantage that circulating
the AC slurry in the electrode channel becomes more challenging
(i.e., larger pressure drop and more prone to clogging) as the vis-
cosity increases with AC loading. While this practical challenge is
not specifically investigated in the current study, the caveats of
increasing the carbon content of the flow electrode should not be
overlooked in practical system design. On the other hand,
increasing the carbon content does not affect the ASRR if the current
density is maintained the same. From all three series of experi-
ments, it is clear that while SEC may depend on operational and
system parameters in different ways, the desalination rate is only a
function of current density.

4.3. Performance tradeoff in FCDI

Recent studies have identified the importance of quantifying the
intrinsic tradeoff between energy efficiency and desalination rate
for desalination systems (Wang and Lin, 2018b; Hawks et al., 2018b;
Liu and Smith, 2018; Lin and Elimelech, 2017). Specifically, the
performance tradeoff curve, in this case relating the SEC and ASRR,
can serve as a useful tool for systematic comparison between op-
erations and for technoeconomic analysis of FCDI. Here, we
construct the performance tradeoff curves using the experimen-
tally validated EFE-FCDI model to elucidate the impacts of oper-
ating conditions on the overall system performance. The
performance tradeoff curves were simulated by simultaneously
varying the applied voltage and the flowrate of the feed stream so
that an identical effluent concentration is achieved for every point
in a performance tradeoff curve (Fig. 6A). We use the experimen-
tally validated EFE-FCDI model to simulate performance tradeoff
curves for FCDI systems with different carbon contents in the flow
electrode (Fig. 6B), feed concentrations (Fig. 6C and E) and diluted
effluent concentrations (Fig. 6D and F). The FCDI performance is
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Fig. 6. (A) lllustration of a performance tradeoff curve expressed in terms of SEC,' vs. ASRR. Every point on a performance tradeoff has the same effluent concentration, which is
achieved by simultaneous adjustment of both feed stream flowrate and cell voltage (which affects current). (B) Simulated performance tradeoff curves for FCDI with carbon loading
in the flow electrode channel. Here, the influent and effluent concentrations are 17 mM and 1.62 mM, respectively. (C) Simulated performance tradeoff curves for FCDI with different
feed concentrations. Here, the effluent concentration is 1.62 mM and the carbon content is 10%. (D) simulated performance tradeoff curves for FCDI with different diluted effluent
concentrations. Here, the influent concentration is 30 mM and the carbon content is 5%. (E) and (F) are the same as (C) and (D), respectively, except that the energy efficiency is
expressed in terms of SEC;"' where SEG; is the energy consumed to remove an ion. The results presented in this figure are simulated using the EFE-FCDI model and have not been

validated using experiments performed in these specific conditions.

quantified by performance tradeoff curves that relate the inverse of
SECw (or SEG;) and ASRR which quantify the kinetic and energetic
efficiencies, respectively. As a rule-of-thumb, a performance
tradeoff curve that is in the upper-right position of a SEGy! (or
SEC!) vs. ASRR plot is preferred.

In general, increasing the carbon content leads to kinetically and
energetically more favorable FCDI operation (Fig. 6B), mainly due to
increased electrical conductivity. The positive impact of increasing
the carbon content is particularly salient when the carbon conent is
low. For instance, increasing the carbon content from 5 to 10%
dramatically enhances SECy!. However, further increasing the car-
bon content from 10 to 15%, by the same increment of 5%, has a
considerably smaller effect in further enhancing the energetic and
kinetic efficiencies. The dwindling impact of increasing carbon
content when the carbon content is releatively high can be
explained by the inverse relationship between electrical resistance
and electrical conductivity; i.e., increasing the electrical

conductivity has a much stronger effect in reducing the electrical
resistance when the electrical conductivity is low compared to the
effect when it is high. A flow electrode with high carbon content
becomes more viscous and prone to clogging, which increases the
pumping energy for circulation (not considered in this analysis)
and renders practical FCDI operation considerably more chal-
lenging. Considering the significant detrimental impacts on oper-
ation and diminishing return on reducing flow channel resistance
of increasing carbon content, the carbon content in the flow elec-
trode should be limited to a certain level.

Increasing the feed concentration (Fig. 6C) or reducing the
effluent concentration (Fig. 6D) leads to “less favorable” perfor-
mance as indicated by up-right shift of the performance tradeoff
curves “SEGy' vs. ASRR”. However, this is unsurprising because in
either case more salts are removed from the feed water which
should supposedly result in high energy consumption per volume
of the treated water. When we normalize the energy by the amount



8 L. Wang et al. / Water Research 181 (2020) 115917

of salt removed, instead of the volume of water treated, the new
performance tradeoff curves “SEC{! vs. ASRR” suggest that chang-
ing either the feed or the effluent concentration has minmal impact
on the system performance (Fig. 6E and F). In theory, a feed stream
with a lower salinity has a higher electrical resistance, which
consequently results in compromised performance. This effect is
more salient with reduced effluent concentration than with
reduced feed concentration, because resistance is roughly inversely
proportional to salinity and the impact of salinity is thus stronger in
the low salinity range. Indeed, compared to a nearly unobservable
impact of feed concentration on performance (Fig. 6E), the impact
of effluent concentration is more obvious (Fig. 6F). However,
neither impact is significant because the spacer channel resistance
only has a small contribution to the overall resistance according to
the breakdown shown in Fig. 4.

5. Conclusions and implications

While the microscopic behavior of the flow electrodes in FCDI is
very complex and requires multi-phase hydrodynamic modeling
for full elucidation, we have demonstrated in this work that the
system level behavior of FCDI can be satisfactorily described using
an equivalent film electrode (EFE) model where the flow electrode
is simply treated as a moving film electrode. Not only does the EFE
model yield a very good description of the experimental data, it can
also be employed for performance prediction because the model
does not have any operation-specific fitting parameters. As such,
the EFE-FCDI model can be employed for designing and optimizing
FCDI systems. It can also be used for theoretical investigation to
enhance our fundamental understanding of FCDI because it enables
the analysis of the spatial distribution of the important properties
in the FCDI cell and the breakdown of energy loss in different parts
of the system. Our analysis based on performance tradeoff curves
simulated using the EFE-FCDI model suggests that AC content in the
flow electrode channel has the largest impact on system perfor-
mance evaluated based on energy consumption per ion removed,
whereas both the feed salinity and the target effluent salinity have
negligible impact.
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