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A B S T R A C T

Desalination technologies can increase potable water supplies worldwide. One possible approach, capacitive
deionization (CDI), could prove optimal for brackish water treatment. At present, CDI development has largely
focused on increasing salt adsorption capacity and desalination rates of materials and devices. In addition to
these metrics, ultimately, optimizing salt rejection and throughput will be essential. In this work, we present a
framework for the design of flow-between CDI cells for maximum salt rejection. We developed a model that is
dependent on device specific parameters (system volume, flow rate, inlet and outlet water quality), to generalize
the design of a cell for any given requirement. We showed that decreasing the advection-diffusion Péclet number
and increasing the aspect ratio of the electrode compared to the channel space yield the highest salt rejection. In
addition, tuning the cycle frequency time for salt rejection instead of complete electrode charging can yield
faster water production rates and optimal salt rejection. These modeling results were validated through ex-
perimental prototypes that made use of vertically-aligned carbon nanotube (VA-CNT) electrodes. This frame-
work to maximize salt rejection can be extended to a multitude of porous electrodes used in flow-between CDI
devices.

1. Introduction

Less than 1% of the world's 1.4 billion km3 of water is available
freshwater. 98% of the world's water is in the form of brackish and

seawater (1000–35,000 ppm or 10–600mM NaCl concentration) [1].
Desalination can increase our water supplies, generating sufficient re-
sources for household, industrial, and agricultural uses as well as mi-
tigate the escalating water crisis [2]. One approach for desalination is
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capacitive deionization (CDI) (Fig. 1a), where a voltage is applied
across high surface area electrodes and salt water flows between,
driving charged ions in solution (such as sodium and chloride, but also
heavy metals and other charged molecules) to adsorb at the electrode
surface within the electric double layer (EDL), yielding desalinated ef-
fluent [3-5]. In order to maximize the desalination throughput and
realize the potential of CDI, research has focused on increasing salt
adsorption capacity (SAC) of high surface area materials and devel-
oping modeling tools to understand the physics and performance of
devices [6].

Previously, many carbon materials with surface areas from a few
hundred to a few thousand m2/g have been studied for CDI [7, 8],
leading to hierarchical materials with SAC of ∼ 25 mg/g [9]. In ad-
dition to designing CDI prototypes for high salt adsorption, other me-
trics to consider have been capacitance, charge efficiency, and salt
adsorption rate (SAR) [6, 10, 11]. However, the SAR metric does not
provide a complete understanding of desalination performance. It is not
only dependent on the electrode material properties (surface area,
tortuosity, porosity, electrode thickness), but also on the device design
and operational parameters (electrode potential, solution concentra-
tion, volume of device, flow rates, etc.) [11-13]. In order to understand
the electrode performance coupled with device performance, the
system needs to be considered in terms of desalination metrics such as
water recovery or salt rejection. Previously, Zhao et al. experimentally

examined water recovery for a constant-current, membrane-CDI system
[14, 15]. Demirer et al. experimentally investigated the trade-off be-
tween energy and water recovery [16]. Recently, Hemmatifar studied
parasitic losses in CDI to optimize trade-offs between salt adsorption
capacity and energy losses [17].

In this study, we developed an approach for CDI device optimization
based on salt rejection. The salt rejection, SR, is used to compare the
average concentration of the permeate during the desalination phase of
the cycle, cout, to the feed concentration, c∞ (Fig. 1b).

= −
∞

SR c
c

1 out

(1)

In order to predict salt rejection for a variety of devices, we devel-
oped a numerical simulation for flow-between CDI. We experimentally
and theoretically studied the role of device specifications (feed con-
centration, desired effluent concentration, flow rate, volume) on design
parameters (electrode type, electrode thickness, channel gap, width,
length, etc.) for a continuously operating flow-between CDI system. We
used vertically-aligned carbon nanotube (VA-CNT) electrodes as a
simple material to obtain a device level perspective on the dynamics of
a CDI device. This study focuses on constant voltage, flow-between CDI
systems with adsorptive electrodes. The results presented in this work
can be extended to other porous electrodes and allow for optimization
of CDI devices for real-world operation.

Nomenclature

δ boundary layer thickness
ϵ electrode porosity
η charge efficiency
κ solution conductivity
cout average effluent concentration
Φ flow rate
τ electrode charging time constant
lt electrode tortuosity
∼Pe modified Péclet number
Ao constant to satisfy the exponential function
b flow cell width
c concentration in the spacer
c∞ bulk concentration
ce concentration in the electrode
crem electrode maximum concentration of salt adsorbed
De electrode effective diffusivity
DNaCl sodium chloride diffusivity

F Faraday's constant
f electrode voltage cycling frequency
hp inverse electrode surfarce area to volume ratio
I current
jv,salt salt flux to the electrode surface
Lc flow cell channel length
Le electrode thickness
Lrat ratio of electrode to spacer thickness
Lsp flow cell half spacer width
N salt flux
Q electrode charge
Sads salt adsoption
Srate salt adsorption rate
SR salt rejection
T temperature
t time
x spatial coordinate in the direction of flow
y spatial coordinate perpendicular to the flow
SAC salt adsorption capacity
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Fig. 1. CDI desalination system. a) Schematic of flow-between CDI cell and b) Salt rejection at the outlet compared with the effluent concentration during a charge cycle.
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2. Theory

Research has focused on using simulation to predict effluent con-
centration profiles since the technology emerged in the 1960s [4, 18]
along with the development of porous electrode theory [19-21]. Many
modeling efforts have simulated the EDL charging dynamics numeri-
cally [22-33], or with circuit models [34], fitted with experimental data
to study operating trends in CDI devices. A few models have attempted
to use generalized, simple characterizations of electrode and flow cell
coupling to study device design [35-38]. However, the latter systems
use a high-level description of the kinetics of salt adsorption, which can
limit analysis for understanding electrode and device coupling. In order
to study general trends in CDI device design, but acknowledging the
complex kinetics of salt adsorption, we have created a framework using
an advection-diffusion model with empirical electrode charging. Re-
cently, a similar approach was proposed for flow-through CDI [39].
This model describes the role of flow parameters on salt rejection and
maximizes performance for any flow-between CDI device.

2.1. Derivation

We developed an advection-diffusion model of a flow cell to study
desalination performance of an axisymmetric half cell (Fig. 2a), with a
flow rate Φ (m3/s), constant inlet concentration c∞ (mol/m3 or mM)
with a half-cell gap of Lsp (total cell gap is 2Lsp), channel depth b,
channel length Lc, and electrode thickness Le. The electrode porosity ϵ
and tortuosity lt, is accounted for in the effective diffusivity
De= ϵDNaCl/lt, and it has a surface area to volume ratio of 1/hp. The
concentration in the spacer channel, c(x,t), and in the electrode,
ce(x,y,t), is a function of space and time. Because Lsp ≪ b and Lc ≫ Lsp,
we assume fully developed, laminar flow in the spacer channel. For
simplicity, the kinetics of salt transport due to an applied voltage are
accounted for in a heuristic model in Subsection 2.3, and electro-
migration terms are not included in the system derivation.

We considered advection and diffusion fluxes, N, in the spacer in the
x-direction for salts with similar anion and cation diffusivities as po-
tassium and sodium have been shown to have different kinetics in flow-
between CDI [40].

∇⋅ = − ∇ + →∇N D c u cx
2 (2)

The leading term of diffusion, D L/NaCl c
2 was compared to advection,

→u L/ c. For channel lengths on the order of 0.1 m and diffusivity on the
order of 10−9 m 2/s, the diffusion term has a magnitude of order 10−7.
For velocities greater than 10−8 m3/s, the advection transport rate will
be much greater than the diffusion. Therefore, diffusion in the x-di-
rection was considered negligible [41].

In the spacer, the fluxes in the y-direction are driven by diffusion.
Therefore, we can approximate concentration gradients in the spacer as
being limited to the mass flux boundary layer, δ(x) between the spacer

and the electrode [42].

∼ −N D c c δ x( )/ ( )y e (3)

The mass transfer boundary layer, δ(x), was derived previously for flux
into porous media [42].
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Therefore the space in the channel is modeled as a series of 1D ele-
ments, with a diffusive flux in the y-direction matched with the flux into
the electrode, and advective flux in the x-direction (see SI for details).

In the electrode, we considered possible advection by comparing the
permeability of the open spacer and porous material. For low Reynolds
flow, the pressure drop follows Darcy's law. Therefore the permeability
will be proportional to the volume to area ratio of the porous
media [42]. The permeability of typical high surface area carbon
electrodes used in CDI will be much lower than the permeability of the
spacer gap. Therefore, the model considers advection only in the spacer.

In the electrode, diffusion in x and y was examined by comparing
concentration gradients ∂ ∂ ∼c x c L/ Δ /e e c

2 2 2 and ∂ ∂ ∼c y c L/ Δ /e e e
2 2 2.

Because Le ≪ Lc, diffusion in the y-direction is much greater than in the
x-direction, so only y-direction diffusion is modeled (see SI for details).

Taking the aforementioned assumptions into consideration, we de-
rived the conservation of mass in the spacer channel (schematic and
further detail in SI).

∂
∂

= ∂
∂

− −L b c
t

c
x

D
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c c bΦ
( )

( )sp e (5)

In the electrode, the conservation of mass is given by the 1D diffusion in
y and a sink or source term (charging or discharging) for the con-
centration of salt removed from the electrode bulk to the electrode
surface, jv,salt.

∂
∂

= − ∂
∂

±c
t

D c
y

j t( )e
e v salt

2

2 , (6)

The details for jv,salt will be discussed in a later subsection.
Finally, the boundary conditions for the cell are constant inlet

concentration c(x=0,t)= c∞; no flux out the backside of the electrode
−∂ ∂ ==c y/ | 0e y Le ; and matching fluxes from the spacer to the electrode,
D∂c/∂y|y=0= De∂ce/∂y|y=0. The cell and electrode begins initially sa-
turated with the bulk concentration, c(x,t=0)= ce(x,t=0)= c∞.

2.2. Non-dimensionalization

We non-dimensionalized Eqs. 5 and 6 to extend solutions across
many device parameters. The concentration, c, is normalized as the
ratio between the concentration difference to the bulk compared to the
difference in maximum concentration of salt adsorbed, crem,
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Fig. 2. Model parameters and key time scales. a) Half-cell model schematic and b) the associated advection and diffusion time constants.
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= − ∞c c c
c
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where crem=SAC/ (2blsplc) [mol/m3] is the concentration of charge
adsorbed by the electrode when it is fully charged. In an experiment,
this value is determined by allowing the CDI cell to achieve maximum
salt adsorption at a fixed voltage over a long cycle time. It is possible to
estimate crem as a function of applied voltage, by approximating it from
a given electrode's capacitance. For example, a 10 F/cm3 cell operating
at 1.2 V and 100% charge efficiency would remove 124 [mM] [43].

The normalized time is scaled by the diffusion time constant,

= =τ t
τ

tD
L

* .
d

e

e
2 (8)

The non-dimensionalized spatial coordinates are scaled by their char-
acteristic length scales,

= = =x x
L

y y
L

δ δ
L

* , * , * .
c e e (9)

Then, returning to the governing Eqs. (5) and 6, the non-dimen-
sional conservation equations are:
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These governing equations imply that all solutions to the system are
dependent on a modified Péclet number which compares the advection
in the channel to the diffusion in the electrode, =∼Pe τ τ/c x d y, , , and the
electrode thickness ratios, Lrat = le/lsp (Fig. 2b).

Finally, the initial and boundary conditions in non-dimensional
form are given below. The salt concentration in the channel initially is

= =c x t* ( *, * 0) 0. (12)

The electrode concentration initially at charging is

=c x y t* ( *, *, *) 0.e (13)

The boundary conditions are constant inlet concentration

c*(x*= 0,t*)= 0; no flux at the backside =∂
∂ =

0c
y y

*
* * 1

e ; and flux

matching between electrode and spacer, =∂
∂ =

∂
∂ =

c
y y τ

c
y y

*
* * 0

ϵ *
* * 0

e .

2.3. Electrode charging and initial conditions

Many CDI numerical models have focused on how best to char-
acterize electrode charging, i.e, determining jv,salt [19, 23-31], in order
to couple the complex electric double layer salt adsorption kinetics with
CDI cells to simulate current and effluent concentration profiles. While
these models provide excellent insight into EDL dynamics, we used an
empirical model to describe the first-order kinetics of salt removal in a
porous electrode to optimize CDI device level design. This approach has
been used previously in flow-through CDI (flow goes through porous
electrodes, or in the same direction of the applied electric field), where
the electrode dynamics were modeled using a Heaviside function to
simulate the charging in a diffusion-electromigration analysis
only [44], and also more recently with other 1D approaches [45].

We modeled the concentration of salt removed in the electrode
control volume as a first order exponential function, with a single time
constant, τ. The electrode was approximated to be fully charged or
discharged over five time constants such that the concentration of salt
removed from the bulk would equal crem or = ±j* 1v salt, over 0< t<5τ.

= ⎧
⎨⎩

− + −
− −

j t
A t τ
A t τ

* ( *)
( 1 exp */ *), charging
(1 exp */ *), dischargingv salt

o

o
, (14)

The constant = + −Ao τ τ
1

4 * *exp 5 satisfies the integral.
We considered whether electrode charging was limited by advection

or diffusion in order to select an appropriate τ*. As =∼Pe τ
τ
d
c
, it can be

shown how the ∼Pe number defines the appropriate τ for the system.
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Fig. 3. Electrode and CDI experimental set up. a) Flow between
electrode set up comprised of four 2×4 cm VA-CNT forests in a
prototype cell using plastic shims for spacers to minimize error
in measuring le. SEM scale bar 0.5 μm. b) A single pass CDI ex-
perimental system is used, measuring the inlet and outlet con-
ductivity, and controlling the voltage and measuring the current
response in order to study different CDI prototypes.
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This approach agrees with Biesheuvel and Bazant [23] who showed
=τ λ

h
d
p
for a porous supercapacitor with fast charging dynamics, and

that τ= τd for the non-linear transmission line model. In addition, for
low ∼Pe, when the cell is advection-limited the time constant for char-
ging will be closer to τ= τc.

We used this derived system of equations to simulate CDI cells of
varying parameters over time.

3. Materials and methods

We built and tested a flow-between CDI cell in order to compare and
validate experimental results with the model. In order to minimize as-
sumptions about the surface area and porosity, we used VA-CNT forests
as the electrode material.

3.1. CNT synthesis and electrode preparation

We grew VA-CNT forests using standard chemical vapor deposition
of ethylene on iron catalyst atop silicon wafers, in a method described
previously [46, 47]. By setting the synthesis time, the VA-CNT forest
height could easily be varied. Following synthesis, water vapor was
bubbled through the furnace, etching amorphous carbon from the
CNTs, allowing for delamination of the forest from the substrate. Thus,
a monolithic, free-standing, non-corrosive VA-CNT forest was used di-
rectly as an electrode material (Fig. 3a). Extensive characterization of
the VA-CNTs has been described previously, with porosity proportional
to their volume fraction (∼99%), with minimal tortuosity due to some
waviness of CNTs, and a surface area of ∼300m2/g [48-51].

In order to reduce contact resistance, we sputtered 20 nm of Ti and
200 nm of Pt on the bottom of the forest. The VA-CNT delaminated film
was mounted against a titanium metal current collector, affixed with
conductive double-sided carbon tape (3M). A plastic shim was used as a
spacer between the two electrodes, and the entire cell was epoxied shut
(5-min epoxy, Devcon). An example half cell is shown in Fig. 3a.

3.2. Flow-between CDI system set-up

Fig. 3b shows the single-pass flow-between CDI set-up used to make
experimental measurements. A single-pass set-up was used in order to
maintain a constant inlet concentration, c∞, and match the model
boundary conditions. A peristaltic pump (Masterflex, Cole-Parmer) was
used for flows greater than 0.06mL/min, while a syringe pump (Model
22 Dual Syringe Pump 55-2226, Harvard Apparatus) was used for
slower flows.

The fluid lines were initiated by first de-aerating the NaCl solution
using He(g) bubbled into the reservoir, minimizing oxidation of the
electrodes [10, 52]. Initially, air was purged out of the lines by flowing
a low-surface tension fluid such as 0.2mM Triton X-100(30 dynes/cm
surface tension), first through the calibration line, then subsequently
through the CDI cell for 20min at a rate of 1mL/min. This ensured that
the void space in the electrode was fully wetted. Then, the Triton-X was
gradually exchanged with NaCl solution by varying the flow ratios over
an additional 20min. Finally, NaCl continued flowing to prime the
system until the conductivity probes at the inlet and outlet sensed stable
values corresponding to the bulk concentration.

Conductivity, κ, measurements were made using a 17 μL flow-
through conductivity probe (ET917, Edaq) and meter (EP357, Edaq).
The probes were calibrated using the inlet solution, 1mM NaCl, cor-
responding to κ=118μS/cm at a room temperature of 22 °C. The

measured conductivity, κ in the experiment was then back calculated to
concentration [NaCl] (mM) using the Nernst-Einstein relation for ion
conductance [20]:

= +κ γ zF
RT

D D( )[NaCl]
2

Na Cl (16)

where F is Faraday's constant, T is temperature, R is the gas constant, γ
is the activity constant, and D are ion diffusivities. A power supply
(E3631A, Agilent) was used to source voltage and current to the CDI
system. A data acquisition card (T7 Pro, LabJack) was connected to
LabView to control the voltage amplitude and square wave parameters,
as well as measure the current response. Invertible op-amps
(TLV4112,Texas Instruments) and power supplies were used in order to
measure both positive and negative current responses. The CDI cell
operated in constant voltage mode, with cell voltages ranging from 0.5
to 2 V.

In addition, for all experiments, data was analyzed after the first
3–5 cycles or once the system had reached steady-state cycling, in order
to accurately assess electrode capacity [10].

Finally, experiments were conducted in 1mM NaCl, in order to
produce high signal-to-noise effluent conductivity measurements for
extremely porous VA-CNTs. Previous work had suggested that 5–50mM
NaCl as the optimal range for inlet concentration in CDI experi-
ments [10], since less than 1mM can result in high resistances.
Therefore, the salt adsorption measured in our experiments at 1mM
NaCl will have slower kinetics and a lower absolute value than ex-
periments run at higher concentration.

3.3. Electrode measurements and characterizations

The key metrics for a CDI device are the electric charge, the salt
adsorption, the salt adsorption rate, and the charge efficiency [10].
Oren, Soffer and Folman first proposed the approach for determining
these metrics through charge-discharge cycling (for adsorption and
electrochemical cells) [12, 43]. These parameters can be used to un-
derstand the performance of the electrode and device with respect to
other existing materials.

The charge on the electrode is calculated from the current, I, re-
sponse over time (typically the charging or discharging time interval),

∫=Q Idt.
t

t

a

b

(17)

The coulombic charge can be converted to the units of moles by di-
viding by Faraday's constant,

=Q Q
F

.mol (18)

The salt adsorption capacity can be calculated using a salt balance
by integrating the product of the volumetric flow rate, Φ, and the dif-
ference between the effluent and inlet concentration,cout− c∞, over
time (typically the charging cycle or discharging time interval).

∫= − ∞S c c dtΦ ( )
t

t
ads out

a

b

(19)

However, because conductivity probes are more accurate with differ-
ential measurements we use ∫= − =S c c t dtΦ ( ( 0))t

t
ads out outa

b and use
the inlet conductivity probe to verify that the inlet concentration is
constant. Gravimetric salt adsorption is normalized by the dry mass of
both electrodes [53].

The salt adsorption rate, Srate is simply Sads divided by the cycle
time,

=S S
tΔ

.rate
ads

cycle (20)

We determined Δtcycle to be the time when cumulative salt adsorption
or desorption is greater than 90% of the final value.

Finally, charge efficiency, is a ratio of the moles of salt adsorbed
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from solution compared to the moles of electric charge used to charge/
discharge the device [19, 54, 55].

=η S
Q

.
mol

ads

(21)

η can be used to determine shortcomings in salt removal due to Faradaic
reactions, redox reactions on the carbon surface, or charging resistance.
Generally, increasing voltage applied across the cell increases charge
efficiency [27, 30].

Non-dimensionalization of experimental results was done to com-
pare to simulation. The salt adsorption non-dimensionalized from Eq.
(19) is:

∫= −
∼

S Pe
L

c dt* * *.ads
rat (22)

The salt adsorption rate non-dimensionalized from Eq. (20) is:

=S
S

t
*

*
Δ *

.rate
ads

(23)

Finally the salt rejection can be written non-dimensionally as

= ∞SR c
c

SR* .
rem (24)

4. Results and discussion

Simulations and experiments were conducted, varying ∼Pe, Lrat, and
cycling frequency to study their role on maximizing salt rejection. We
experimentally characterized VA-CNT CDI devices, in order to calculate
the SAC and measure time-dependent changes in the outlet con-
centration. The experimental results were non-dimensionalized using
the SAC and SR* was compared with simulation to validate the outlined
approach.

4.1. VA-CNT electrode characterization for CDI

First, performance of VA-CNT electrodes was characterized by
conducting voltage-dependence studies between 0.75 and 2.0 V with
le=800 μm, b=2 cm, lc=8 cm. The effluent profiles are shown in
Fig. 4a. As expected, the effluent peaks increase in amplitude with in-
creasing voltage. From the current responses (Fig. 4b) the capacitance
was calculated as 10 F/g, which is similar to values measured in beaker
experiments previously of 22–35 F/g (normalized by a single elec-
trode) [51]. As expected from electric double layer theory, the CDI
capacitance was lower in 1mM NaCl for CDI compared to 1M NaCl for
beaker experiments. Fig. 4c, compares the salt adsorption capacity to

the charge for the cells, showing that the maximum SAC observed was
5.5 mg/g at 2 V at a SAR of 0.1 mg/g-min. The charge efficiency
asymptoted to 60% (Fig. 4) suggesting that the presence of leakage
currents, Faradaic reactions, and co-ion desorption before counter-ion
adsorption could all play a role in reducing the overall electrode ca-
pacity.

Further details regarding charge efficiency, SAR, SAC, and electrode
property variation and degradation at large voltages are available in the

0 20 40

0

-0.05

0.05

0

1

2

3

0 10 20 30
0

2

4

6

8

Q (C/g)

S
A

C
 (

m
g

/g
)

t (min)

c o
u
t (

m
M

)
I 

(A
)

 1.25 V
 1.75 V
 2.00 V

 0.75 V

 1.25 V
 1.75 V
 2.00 V

 0.75 V

charging

charging

discharging

discharging

v

v

v

v

a)

b)

c)

Fig. 4. VA-CNT CDI response as a function of voltage. Voltage was varied from 0.75 to 2 V in 1mM NaCl and a) effluent concentration and b)current were measured (arrows denote
increasing voltage, v). c)Salt adsorption vs charge shows that Sads reached a maximum of 5.5mg/g at a voltage of 2 V with a charge efficiency of 60%.

10
-3

10
-2

10
-1

10
0

10
1

10
2

10
3

10
-4

10
-3

10
-2

10
-1

10
0

M
ax

im
u

m
 S

R
*

S
R

*

t*
0 20 40 60 80

0

0.1

0.2
Experiment

Model

c o
u
t*

t*

a) b)

c)
0 90 180

-0.3

0

0.3 Experiment

Model

L
rat

=5.3

L
rat

=0.9

L
rat

=0.6

L
rat

=7.3

Fig. 5. Simulation compared to experiment. a) Effluent concentration profile and b) salt
rejection profiles of experiment (blue) and simulation (red) for = =∼Pe L0.2, 0.9rat . c) The
maximum salt rejection during cell charging for varying ∼Pe and Lrat (solid lines for the
model, data given by markers). Charging is simulated with an exponential function of
varying τ dependent on ∼Pe number. Error bars are calculated from uncertainty analysis
described in the SI.

H.K. Mutha et al. Desalination 437 (2018) 154–163

159



SI.

4.2. Validation of model through steady-state analysis

The CDI prototypes were fully charged and discharged at 1.25 V and
compared with the model. Exact details of the operating parameters are
outlined in the SI. Previous work has shown that electrodes can degrade
due to redox reactions which cause a change in the surface chem-
istry [56] and a shift of the surface potential reducing the overall charge
efficiency of a cell [52, 54, 57-59]. This voltage of 1.25 V was used to
minimize cell degradation between experiments (details given in SI).
The simulation shows good agreement with experimental results
(Fig. 5). The magnitude of the peaks in the effluent (Fig. 5a) and general
characteristics matched between experiment and simulation. However,
the model peaks were broader than the experiment because the non-
linear dynamics of salt adsorption in the EDL, especially at early-time
scales were not captured. For this reason, the simulation salt rejection
(Fig. 5b) under-predicted the experiment. However, at long time scales
the salt rejection between experiment and simulation showed good
agreement. This suggests that while the exact value of the effluent
concentration and salt rejection were under-predicted by the model, the
time scales and overall magnitudes were similar, such that trends can
be conservatively studied with the outlined theoretical approach. In
Fig. 5c, the maximum salt rejection during charging of CDI cells with
varying Lrat and

∼Pe was compared to the model. The results show that as
Lrat increased or ∼Pe decreased, SR* increased. The simulation generally
under-predicted the experimental values, though at high aspect ratios
the model over-predicted the experiment. This discrepancy is likely due
to the experimental measurement. Due to the long time scales for
charging the electrode, it is possible that salt did not diffuse into the full
volume of the electrode. In addition, it is difficult to measure small
changes in the concentration (< 2%) with a conductivity meter and
there was not enough resolution to calculate SAC and crem. In general,
the simulation and experimental results, have similar trends, suggesting
that an appropriate empirical model for the charging and discharging of
the electrode can be used to simplify analysis and focus on device de-
sign optimization.

The simulations showed that the salt rejection was proportionally
dependent on Lrat and inversely to ∼Pe. This can also be deduced ana-
lytically from the governing equations. Combining Eqs. (22) and (24)
yields an equation for salt rejection in terms of the key cell parameters.

= ∼SR L
Pe

S t
t

*
* ( )
Δ *
adsrat

(25)

From Eq. (25), several important relationships for maximizing salt
rejection can be determined. By increasing Lrat or decreasing

∼Pe, the salt
rejection will also increase. Previously Porada et al. showed that a CDI
cell had improved performance with increasing electrode thick-
ness [28], while Liu et al. showed that reducing spacer thickness can do
the same [38]. In addition, Dykstra et al. showed that electrode thick-
ness can be increased without energy losses in CDI and gains in overall

desalination [13]. In addition, the salt adsorption and cycle time are
coupled. If the time is sufficiently long, =S* 1ads but if Δt* is too long
than SR will go to zero. However, if the cycling is very fast while

→S* 0ads , then SR will also go to zero. This result suggests that tuning
the frequency,f* of the cycle can yield an optimal salt rejection, where f*

is the non-dimensional frequency equal to one divided by the non-di-
mensional cycle time.

This last point, the role of cycling frequency on effluent con-
centration profile, can be illustrated by looking at simulation results for
a fixed ∼Pe and Lrat cell, shown in Fig. 6. As expected, at high fre-
quencies, there is no perturbation in the effluent concentration, but as
the cycle time is increased the peak concentration increases until it
maximizes for complete desalination from the bulk.

In this section, Fig. 5 showed that increasing the ∼Pe led to reduced
optimal SR*. In addition, increased Lrat led to increased optimal SR*, in
agreement with the above analysis. In the following section, we ex-
amined the effect of varying ∼Pe, Lrat, and f* on SR*.

4.3. Maximum salt rejection for flow-between CDI

Simulations were conducted for varying Lrat between 0.5 and 10,
varying the ∼Pe number and the cycling frequency, f*, to find the com-
bination yielding the highest SR*. The simulations were run until the
cycling values stabilized and each cycle yielded the same result. SR* for
the charging phase was calculated. The results of the analysis are
plotted in Fig. 7.

As Lrat increased the salt rejection magnitude increased for a cell
very dramatically. This suggests that having an electrode much thicker
than the spacer channel is important for desalination. However, the
modeling results show that large increases in salt rejection can be made
moving from Lrat of ∼ 0.5 to 5 but this gain diminishes for further
increases in Lrat. In addition, in order to utilize the full electrode ma-
terial for salt adsorption the advection and diffusion resistances must be
balanced. Therefore, ∼Pe <1 yielded much higher salt rejection.
Therefore, high flow rates can be achieved by reducing the thickness of
the electrode and increasing the channel lengths and widths of the
system.

Fig. 7 shows the dependency of SR* and Lrat on varying frequency
for a fixed∼Pe. When <∼Pe 1, the maximum frequency is higher for lower
Lrat and the S*ads is greater. The S*ads is greater in this case because low
aspect ratio devices are able to respond to the charging/discharging
faster in the transport limited situation. When ≫∼Pe 1, the peak salt
rejection occurred at similar frequencies and the salt adsorption profiles
were identical because the system is diffusion-limited, not advection-
limited.

CDI experiments were conducted at =∼ −Pe 10 0.5 to operate close to
the maximum predicted salt rejection. Flow cell experiments were
performed between mHz to Hz frequencies (non-dimensionalized by the
diffusion time constant). Two flow cells were investigated with a Lrat of
0.8 and 6.3 in 1mM NaCl (electrode parameters given in the SI). The
experimental results show similar trends to the model prediction
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Fig. 6. Effluent salt concentration profiles for varying charge-discharge frequencies: (a) f*= 1,(b) f*= 0.1,(c) f*= 0.01,(d) f*= 0.001. All simulations were run for =∼Pe 0.3 and Lrat = 5.
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(Fig. 8). For the Lrat = 0.8 electrode, the experimental results had
slightly higher salt rejection ratios, as expected, due to the faster dy-
namics of the electrode not captured in a single exponential system.
Optimal salt rejection was achieved at f*≈ 0.05 while the electrode was
fully charged at f*= 0.03; thus, slightly faster cycling times for

maximum salt adsorption is recommended. In the Lrat = 6.3 system, the
maximum salt rejection frequency was less dramatic than the Lrat = 0.8
system, and occurred at a frequency of f*= 0.02. Similar to the model
prediction, the thicker aspect ratio system had a maximum frequency to
the left of the thin system. In addition, at low ∼Pe numbers, a cycle that
was ∼ 1.6 times faster than the full electrode charging time can max-
imize salt rejection, while also reducing cycle time.

For Lrat = 0.8, the model slightly overpredicted the salt rejection.
Similar to the previous observations in the steady-state analysis, this
may be due to the slow charging of the electrode in the experiments,
which can lead to under-utilization of the full electrode volume for
desalination or inaccuracy in measuring very small changes in effluent
conductivity.

There are two bounds for the salt rejection, which can be under-
stood by looking at the salt adsorption curves. At low frequencies when
the cell was fully charged, salt rejection begins to drop off due to the
run time following desalination of the cell. At high frequencies, salt
rejection began to drop off when the cell is no longer removing enough
salt from the bulk. In addition, while the salt adsorption profiles were
not exactly the same for varying Lrat, they were similar enough that the
charge profile could be approximated from one solution of the differ-
ential equations.

4.4. Conclusions

In this work, an empirical advection-diffusion model was used to
approximate system desalination dynamics. We demonstrated im-
portant relationships between electrode thickness, spacer thickness,
flow parameters, and cycling frequency on cell desalination perfor-
mance. This model can be extended for use with other porous electrode
materials to design system devices for maximum salt rejection. In the
future, by incorporating electric double layer models into the porous
electrode salt flux, the current response of devices can be simulated.
The approach outlined in this paper provides a framework for selecting
electrode materials and thicknesses, balanced with device volume to
meet application specifications such as target salt concentrations and
flow rates and maximizing salt rejection.
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Supplementary Information:
Salt rejection in flow-between capacitive deionization devices
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1. Control Volume Details for Model

The differential equations presented in the main text can be derived through control volume analysis of a finite
element, characterizing the fluxes in the electrode and the spacer region (Figure 1). This sets up the numerical
simulation as well for forward and backward difference to characterize the advection and diffusion fluxes.

2. Computational implementation of model

We solved the derived differential equations using custom code written in MATLAB, with forward Euler in time,
first-order backward difference for concentration gradients, and second-order difference equations for diffusion gradi-
ents. We used a discretized grid of Nx = 4 elements and Ny = 4 elements, creating a 16 element grid. Computational
stability of the simulation was ensured by selecting a time-step appropriate for the leading terms in the governing
equations (main text) 10 and 11, when discretized.
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From the above equations, there are two criteria for the size of the time step, ∆t.

∆t<
δ∗(x∗)∆x∗

P̃e δ∗(x∗) + Lrat ∆x∗
(3)

∆t<
∆y∗2

2
(4)

3. Experimental Uncertainty Analysis

Uncertainty analysis of the experimental data was conducted using propogation of error based on the main text
governing Equations 22 and 25. Uncertainty of geometry and variation in the CNT forest height were determined
by taking multiple measurements of cells and samples and calculating the variance. Salt adsorption uncertainty was
calculated by looking at variations between cycles, and also by examining the variation in the time-integration depen-
dending on whether the initial or final concentration value was used as the limit (due to fluctuations in conductivity
measurement from temperature sensitivity and the presence of adsorption/desorption inversion peaks).
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Figure 1: Control volume for conservation equations. Fluxes in a) spacer element and b) electrode element

The uncertainty, σ, in the concentration of salt removed was calculated from propogation of error.
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Then the uncertainty of the non-dimensional salt concentration, σc∗ defined in equation 7 is simply:
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The uncertainty of the non-dimensional time constant, σt∗ is based on uncertainties in calculating the electrode
thickness (the diffusivity and time measurement uncertainty are relatively small).
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The error of the non-dimensional salt rejection based on equation 24 can be calculated from the above uncertain-
ties.
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Finally, the uncertainty of Lrat and Pe number can be calculated from their definitions (Equation 10).
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a) b)

Figure 2: Cell degradation observations for VA-CNT electrodes in the CDI cell and beaker experiment. a) The flow cell operating at 2 V have
diminishing effluent peaks over cycling and b) Beaker experiments show at 1 V vs Ag/AgCl that the PZC begins to shift.
.

4. VA-CNT cycling degradation and PZC

Degradation of carbon is evident in many CDI systems. It is believed that carbonic acid formation degrades the
carbon surface.1 The cells tested at a constant voltage of 2 V over 24 hours showed reduction in the effluent concentra-
tion peaks over time (Figure 2a). Eventually, the cells degraded to where no effective desalination is measured. This
is particulary interesting because the electrical current stays constant while the salt adsorption decreases, resulting in
a loss of charge efficiency. Previous work has shown that this degradation may be related to redox reactions which
cause a shift in the potential of zero charge (PZC) in the electrode and reducing the overall charge efficiency of a
cell.2–6 The oxidation and protonation of carbon surfaces causes the performance to degrade.4

The PZC is defined as the voltage at which the surface charge is neutral. This potential exists because all surfaces
have some non-specific adsorption which occurs when dipped in electrolyte.7 Generally, carbon materials have some
functional groups on the surface which results in a non-zero PZC. The PZC of a material can be determined through
beaker experiments, by measuring the differential capacitance over varying potentials.8

PZC analysis of samples pre- and post-beaker experiments were conducted by calculating the differential capac-
itance for varying applied voltages using impedance spectroscopy. At low frequencies, the impedance response is
purely imaginary and C = 1

ωZ” . The voltage that gives the minimum capacitance is roughly the PZC. For VA-CNTs
exposed to 1V vs Ag/AgCl over 24 hours resulted in a PZC shift from -0.2 to +0.1V (Figure 2b).

These results suggested that for maximum salt adsorption characterization, it is best to use new electrodes and
analyze results in early cycles. An investigation by Cohen et al. showed that the only way to prevent degradation from
carbonic acid formation is to operate a cell at 0.9V.3 At 0.9V they were able to maintain stability over 18 days (length
of lab experiment). For the SR experiments, CDI cells were operated at 1.25 V to reduce the rate of degradation.
In addition, because the non-dimensionalization was dependent only on the present cycle’s salt adsorption, it was
possible to re-use a cell for 15-20 cycles.

5. VA-CNT electrode characterizations

Numerous VA-CNT CDI experiments were conducted varying voltage, electrode thickness, and density to charac-
terize the typical CDI parameters. As mentioned in the main text, SAR is dependent on system properties, in addition
to electrode properties. In the following subsections, results are given for varying these parameters at a fixed flow rate
to study the dominating time constants in the system.
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5.1. Electrode thickness and density influence on SAR

As given in the main text, the diffusion time constant is τd = l2e/De f f where De f f = (1−v f )DNaCl/τ is the effective
diffusity and τ is the tortuosity. By changing volume fraction or electrode thickness of the VA-CNTs, it is possible
vary the rate of desalination in flow regimes that are diffusion-dominated. Figure 3a depicts the effluent profiles of
a Vf = 1% and Vf = 5% at thicknesses of 800 µm, 450 µm, and 400 µm. The rate of desalination is increased by
reducing the electrode thickness. The 5% Vf forests were synthesized by varying the partial pressure of gases during
growth, yielding electrodes that are 5x denser than the sparse forests. The effluent profiles shown in Figure 3 indicate
that the desalination curves do appear to have a shorter charging and discharging period. A fully charged le = 800 µm
electrode could take over one hour versus the le = 400 µm only requiring twenty minutes, as shown in Figure 3. The
denser, thinner forest is still faster than the 800 µm forests, but somewhat slower than the sparse short forest.

In all three cases, similar gravimetric charge of 20-25 C/g were measured (Figure 3b). However, the salt adsorption
(Figure 3c) between electrodes varied between 5-8 mg/g. The increase in SAC for the sparse, thin electrode may be
due to to variation in the quality of CNTs or in the assembly of the electrode and cell. In addition, it is possible that the
faster charging kinetics can allow for greater resolution of conductivity changes and therefore a more accurate S ads.

The desalination rate varied significantly between the three samples (Figure 3d). Comparing the 1% Vf forests,
shows that reducing the electrode thickness by 45% improved SAR by 3-4x, from <0.1 mg/g-min to 0.35 mg/g-min.
This increase is in agreement with the rate anticipated by looking at the electrode diffusion time scale, which suggests
a 3.2x increase in the rate of desalination between these two systems. Comparing the 5% and 1% Vf of similar
forest height, shows that forests that are 5x sparser have SACs that are 1.3 times faster than the Vf 5%, which is
in agreement with the ratio of the diffusion time constants. This suggests that transport in these cells is diffusion-
dominated at this flow rate, and reducing electrode thickness will have a significant impact on the desalination time
scale, while increasing porosity will have only a slight effect.

5.2. Voltage Dependence Results

The main text provided some of the voltage dependence experiment results (SAC and Q). Figure 4, provides
additional results summary such as charge efficiency and SAR.

The capacitance across many cells was calculated on average as 10 F/g. The maximum salt adsorption observed
is 8 mg/g at 2 V at a rate of 0.35 mg/g-min. The charge efficiency asymptotes to 60% suggesting that the presence of
Faradaic reactions, and co-ion desorption before counter-ion adsorption could all play a role in reducing the overall
electrode capacity.
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6. Geometry and Operating Parameters for CDI Flow Experiments

Here, we have summarized the set up and calculations for the CDI cells discussed in Figures 5 and 8 in the text.

Table 1: Summary of CDI experiments presented in the main text Figures 5 and
8

Lrat Le Lsp De f f Lc b Φ Pe c∞
(m) (m) (m2/s) (m) (m) (mL/min) (mM)

0.6 3.3E-04 5.4E-04 1.6E-09 0.08 0.02 0.26 to 14 0.2 to 10 1
0.9 2.7E-04 3.0E-04 1.6E-09 0.08 0.02 .03 to 29 .03 to 24 1
5.3 0.001 0.00019 1.6E-09 0.04 0.01 .06 to 3 4 to 200 1
7.3 1.4E-03 1.9E-04 1.6E-09 0.08 0.02 .01 to 5.6 0.33 to 3 1
0.8 2.3E-04 2.9E-04 1.6E-09 0.08 0.02 0.52 0.31 1
6.3 4.5E-04 7.1E-05 1.6E-09 0.08 0.02 0.03 0.33 1
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