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ARTICLE INFO ABSTRACT
Keywords: Capacitive deionization (CDI) is an electrochemical ion removal technique that could offer a lower energy or
CDI more selective alternative to reverse osmosis for water treatment applications. Over a dozen CDI cell archi-
Cell architecture tectures have been developed, but few studies have directly compared these designs for performance metrics

Carbon electrode such as ion adsorption rate and energy efficiency. Two of the most popular cell architectures include flow-by

I?:;iie:;f; CDI, in which a feed stream flows parallel to two charged porous electrodes, and flow-through electrode CDI, in
which the feed stream flows perpendicular to the electrodes. In this study, flow-by and flow-through CDI ar-
chitectures were compared using commercially available electrode materials. Experimentally observed salt
adsorption capacity (SAC), average salt adsorption rate (ASAR), and charge efficiency (A) was then compared to
theoretical models over a range of voltage conditions (0.2-1.2 V), charge cycle times (1-60 min), and flow rates
(10-30 mL min™Y). Cell architecture affected the SAC, ASAR, A, electrode stability, and oxidation rates for a
given electrode material. Flow-by CDI tended to have higher SAC and better charge efficiency than flow-through
CDI, yet flow-through CDI demonstrated a higher ASAR, particularly for shorter half-cycle times.

1. Introduction water scarcity driven by population growth, climate change, and de-

teriorating freshwater quality. Meanwhile, ion removal in industrial

Ion removal is an essential aspect of water treatment, and demand applications has experienced similar growth. Demand for ultrapure

for ion removal processes has grow substantially in recent decades. The water used in the manufacture of semiconductors, solar photovoltaics,

volume of freshwater produced by desalination has tripled since 2000 and pharmaceuticals is growing around 8% per year[1]. Environmental

with over 16,000 facilities currently in operation worldwide. Many regulations and efforts to recover resources from industrial wastewater
communities are turning to saline water supplies in response to growing streams contribute to this trend.
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Despite growing demand, the current ion removal technologies
will not be able to meet the water treatment needs of the future for
two reasons. First, ion removal technologies are extremely energy
intensive, and consequently have high associated financial and soci-
etal costs. Reverse osmosis, the most energy efficient ion separation
technology available, can cost upwards of $0.18 m™3 [2] and requires
1-3 kWh m™2 for brackish water treatment. Moreover, there are lim-
ited opportunities to further reduce energy consumption using
membrane based technologies beyond the current state-of-the-art[3].
Alternative processes for deionizing water exist, such as distillation or
electrodialysis, but they struggle to compete in terms of cost and
energy efficiency. Second, there is growing demand for processes that
can selectively remove ions from water[4]. Current technologies are
either non-specific in their removal of ions, for example physisorp-
tion, photocatalytic degradation, and membrane-based processes, or
the systems must be uniquely designed, as in the case of ion exchange
resins, incurring high cost[5]. An ideal water treatment technology
would be energy efficient, affordable, easily adapted to treat a wide
range of water sources, and could be easily tailored remove ions se-
lectively.

Capacitive deionization (CDI) could provide a suitable alternative
to the existing ion removal techniques due to its low energy con-
sumption and potential for ion selectivity. This electrochemical
technology uses a low-voltage electric field to separate ions from a
solution in a two-step process; ions are stored in the electric double-
layer of a porous electrode during water treatment, and ions can later
be discharged into a waste stream regenerating the electrodes. CDI
can require less energy to treat brackish water ( < 3.5gL ") than
reverse osmosis, particularly when energy recovery is included[6-8].
This ultimately reduces environmental impact by decreasing green-
house gas emissions and lowering operational cost. In addition, ions
can be removed selectivity based on ion valence, size, and diffusivity
[9,10]. This allows a single CDI design to be used in a wide range of
water treatment applications and for the process to be continuously
tuned during operation. Future applications could include water
softening[11], Li* ion recovery from industrial processes[12-14],
and nutrient enrichment for agriculture.

Over the past two decades, research into CDI has experienced rapid
growth as scientists aim to harness the potential energy savings and ion
selectivity. To date, more than a dozen cell architectures have been
developed with the objective of optimizing energy efficiency[8],
salt adsorption capacity[15], electrode regeneration[6], and ion re-
moval rate[16]. Moreover, there have been hundreds of novel electrode
materials created with similar objectives[17,18]. As a result of this
rapid growth, however, it can be difficult to isolate factors that
yield optimal performance. Few studies have directly compared cell
architectures or considered the effect of cell architectures on electrode
performance[19].

In an effort to better understand the influence of operational mode
on CDI performance, a direct comparison of flow-through and flow-by
CDI, the most commonly used cell architectures, was conducted using
four types of electrode materials: carbon fiber (CF), carbon nanotubes
(CNT), carbon nanofoam (NF), and activated carbon cloth (CC).
Commercially available electrode materials were selected in order to
allow other researchers to easily compare results. Each flow cell was
designed to have comparable geometry, and the deionization per-
formance was tested under a range of conditions including voltages
from 0.2 to 1.2V, half cycle times from 1 to 60 min, and flow rates
from 10 to 30 mL min™!. Finally, there are two notable differences
between flow-by and flow-through CDI in this study. First, the electric
field is perpendicular to flow in flow-by CDI, whereas in flow-through
CDI they are parallel. Secondly, ion transport can be diffusion-limited
in the flow-by cell architecture[20],while in the flow-through cell
architecture, fluid advection transports ions sequentially through the
electrodes.
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2. Experimental
2.1. Materials

The NaCl for solution was obtained from BDH-VWR Analytical.
Deionized (DI) water was produced by a Picotap laboratory faucet
(Hydro Service and Supplies, Inc.). The peristaltic pump used in ex-
periments was a Cole Palmer MasterFlex L/S model 755702 with
MasterFlex 06509-16 Tygon E-lab tubing (E3603). The power source
was an Agilent 3646A DC power supply (Santa Rosa, CA), and voltage
and current were measured using Vernier software and sensors
(Beaverton, OR). Conductivity was measured using an Orion Dura
Probe 4 Electrode Conductivity probe with OrionStar A215 interface
(ThermoFisher Scientific).

2.2. Electrode materials and characterization

Four commercially available carbon-based materials were used as
CDI electrodes: carbon nanotube buckypaper (CNT; C-grade MWCNT,
NanoTechLabs), carbon nanofoam (NF; Type II, MarkeTech
International), and activated carbon cloth (CC; Spectracarb 2225 Type
900, Engineering Fiber Technologies). A second brand of activated
carbon cloth (Kynol ACC-507-15, Kynol Europa GmbH) was also con-
sidered, however, the results were similar to CC. Kynol (K) material
properties and CDI performance can be found in Appendix A. SEM:
Material images were obtained using a Field Emission Scanning
Electron Microscope (SEM) (Zeiss, UltraPlus or Ultra55,
EHT = 2-5kV). Surface characterization specific surface area (SSA)
and micropore volume (V,,;) were obtained using a Micrometrics 3Flex
TCD Surface Characterization Analyzer. Samples (0.05-0.5 g) were out-
gassed for 9h (1 h at 90 °C followed by 8 h at 300 °C) and analyzed
using the BET, T-point, BJH, and DFT methods using nitrogen gas. SSA
was measured using BET. For BET calculations, the relative pressure
was set using the Rouquerol BET plot such that the linear region had a
p-value > 0.999. V,; was approximated from the BJH data by sum-
ming the pore volume for pores < 2 nm. Sheet resistance/resistivity:
Four-point probe measurements were obtained for each sample using a
custom probe (Haitao Zhang, Harvard University) with 1 mm probe
spacing. Resistivity was computed by multiplying sheet resistance by
the material thickness. CV: Cyclic voltammetry (CV) plots were pro-
duced with a CH instruments electrochemical analyzer using a 5 mM or
1 M NacCl solution, a Pt foil counter electrode, and an Ag/AgCl/1 M KCl
working electrode. Prior to testing, the Pt electrode was cleaned via
sonication in DI water, followed by electrochemical cycling in 0.5 M
H,SO,4 between —0.23 and +1.10 V at 100 mV s™*[21]. CV scans were
obtained for 0 to 1.0 Vat 1, 5, 10, and 50 mV s !. 1 M NaCl was selected
in order to ensure solution conductivity and to minimize electro-
migration of the ions[22]. Select CV plots are reported in Appendices A
and B. Chronopotentiometry: Capacitance was measured via chron-
opotentiometry using an electrochemical analyzer (CH Instruments) in
1 M NacCl solution with Pt foil the counter electrode, and Ag/AgCl/1 M
KCl as the reference electrode. CF, CNT, and NF samples were pre-
treated with 50% EtOH to improve wettability. Samples were scanned
from 0 to 1.0 V at fixed current density of 0.1 to 0.5 A g"*. Capacitance
values are reported at 0.1 Ag'. Additional details are available in
Appendix B. Contact angle: The contact angle was measured with a
Ramé Hart goniometer using DROPimage CA software, and the angle
was measured using ImageJ (National Institute of Health). A 10 pL
droplet of DI water was added to each sample surface. In instances
where dynamic wetting was observed, the initial contact angle, mea-
sured < 5 s after droplet was added, was reported. Measurements were
taken in three locations of each sample and averaged. Images are
available in Appendix C. XPS: X-ray photoelectron spectroscopy (XPS)
measurements were made with a Thermo Scientific K-Alpha XPS, ESCA.
Oxygen content for each electrode material was determined using
survey scans looking for elemental signatures between —10 and
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Fig. 1. Cell architectures. A. Flow-by CDI and B. Flow-through CDI cell architectures were
designed to use 1. titanium current collectors, 2. carbon electrodes, and 3. PTFE mem-
brane spacers. In flow-by mode, the electric field is perpendicular to the flow direction,
whereas in flow-through, electric field and flow direction are parallel. In both designs, the
fluid can flow through the interstices of the electrode and the spacer (85 pum) is pre-
dominantly used to separate electric charge. 7 is the hydraulic residence time of the fluid
and u is the superficial velocity in the flow cell (flow rate divided by cell volume not
accounting for electrodes and spacer materials) at a flow rate of 20 mL min’. Image is not
drawn to scale.

1350 eV (spot size = 400 um, flood gun = on, auto height = *+ 1000
um, step = 50 um, dwell time = 0.5s, energy step size = 1.00 eV).
The automated Enhanced Survey ID feature of Avantage (Thermo Fisher
Scientific) was used to analyze the XPS survey spectra. Measurements
were taken in three locations of each sample and the average oxygen
content was reported. Sample XPS spectra can be found in Appendix D.

2.3. CDI apparatus

Custom acrylic flow cells were used to compare flow-by and flow-
through operational modes, depicted in Fig. 1. In both cases, titanium
(thickness = 0.127 mm) was used as the current collector, and the
carbon electrodes were separated by a hydrophilic PTFE membrane
(Omnipore, dpore = 5 pm, thickness = 85 um). The flow-by CDI appa-
ratus consists of a rectangular compartment 29.5 x 58.9 x 2 mm?,
while the flow-through CDI apparatus has a circular flow chamber
47 mm in diameter. The geometric shape (circle vs. rectangle) were
selected in order to minimize dead spaces in the flow channels. For CDI
testing, each electrode was cut to 1735 mm? either as a disk with
diam. = 47 mm, or as a rectangle 29.5 x 58.9 mm?. The average mass
for an electrode pair depended on the electrode material due to dif-
ferences in  density and thickness: CF = 0.35 + 0.01g,
CNT = 0.12 = 0.00g, NF = 0.37 = 0.02g and CC = 0.50 = 0.01
g. Under most circumstances, electrodes were used for 6-24 h before
being replaced. Porous plastic disks were used to support the titanium
current collector and carbon electrode material (d = 47 mm). EPMD O-
rings (McMaster Carr) and/or 1 mm thick rubber gaskets were used to
prevent leaking. Images of the experimental flow cells can be found in
Appendix E.

To compare performance for flow-by and flow-through cell archi-
tectures (Section 3.2), 292 mg L' (5mM) NaCl was continuously
pumped through the CDI unit using a peristaltic pump at a flow-rate of
20 mL min"! unless otherwise specified. The NaCl solution was not de-
aerated prior to experimentation in order to better simulate natural
water resources. Conductivity of the effluent was recorded in 3 s in-
tervals using the StarCom software. Single-pass mode was used for all
tests; during operation, the NaCl solution was pumped from a 15 L re-
servoir, passed through the CDI unit and into a 40 mL fixed volume
vessel where the effluent conductivity was recorded, and then finally
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the solution was returned to the reservoir. Electrical potential was
supplied to the CDI unit using a computer interface, and the voltage was
limited to 1.2V in order to minimize water splitting. Current and vol-
tage were measured in 0.1 s intervals using Vernier LabPro sensors and
LoggerPro software. For hydrophobic materials (CF, CNT, NF), the
electrodes were primed with 1:1 v/v EtOH:H,0 (50% EtOH) in order to
enhance wettability prior to experimentation. To do so, 0.5-2 mL of
50% EtOH were added directly to the dry electrode material and sub-
sequently flushed with 50 mL of DI water followed by 25mL of
292 mg L NaCl using a peristaltic pump at a flow rate of 20 mL min™".
No pre-treatment was used for the carbon cloth.

EIS: Electrochemical impedance spectroscopy (EIS) measurements
were obtained in situ (i.e. by measuring the response in the CDI flow
cells) using an electrochemical analyzer (CH Instruments). The carbon
electrodes (CC,NF) served as the working and counter electrodes, and
an Ag/AgCl/1 M KCl electrode was used for the reference. The re-
ference electrode was inserted into the outlet of the flow cell. NF
electrodes were pretreated with 50% EtOH to improve wettability. EIS
spectra were obtained at three different flow rates: 10, 20, and
30 mL min ! using 292 mg L' NaCl in single-pass mode. First, the flow
cell was primed for 45 min at 10 mL min* to allow the system to reach
equilibrium and the first spectrum was obtained. Next, the flow rate
was adjusted and the CDI system was given 15 min to re-stabilize before
taking each subsequent reading. The spectrum was measured three
times at each flow rate, and frequencies, w, ranged from 0.1 to
2 X 10° Hz at 10 mV AC. Results are shown in Appendix F.

2.4. CDI metrics
The following metrics were used to evaluate CDI performance [23]:

1. Salt Adsorption Capacity (SAC): Salt adsorption capacity describes
the salt stored in the electrode for a given charge cycle. Voltage was
cycled between 0 and 1.2V for cycle times ranging from 2 to
120 min (where one cycle includes both the charging and dischar-
ging phase). The SAC for a given cycle time was computed as

o [ |C (1) 1dt

m

SAC = )
where @ is the volumetric flow rate (L min™!); C(t) is the difference
between initial concentration and current concentration (mg LY as
a function of time, Cy-C; t represents time (min); and m is the
combined electrode mass (anode + cathode) (g). The concentration
is only integrated for the charging phase of the cycle, tcycie/2. The
values reported for SAC are the average of 6 cycles and expressed in
units of mg g"*. For long cycle times, the system reaches a state of
equilibrium where salt is no longer removed during the charging
cycle. In theory, the maximum salt adsorption capacity (mSAC),
defined by electrode material properties, should equal the equili-
brium salt adsorption capacity (eq-SAC).

. Charge Efficiency (A): Charge efficiency is a unitless metric that
describes the moles of salt removed per mole of electrons transferred
between electrodes and is calculated as

Leycle/2
Ao Fr@ [102|C (1) |dt

M* /(;[cycle/z I(t)dt (2)

where F is Faraday's constant (96,485 C mol!), M is the molar mass
of the salt (g mol ™), and I(¢) is current (A) as a function of time (s).
. Average salt adsorption rate (ASAR): Average salt adsorption rate
describes how quickly salt is removed from the solution. It is com-
puted from the SAC by dividing by the cycle time, tcycie (min):

SAC

ASAR =
3

tcycle

ASAR is reported in units of mg g'! min™?.
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4. Specific charge (Q): Specific charge describes the amount of charge
stored per mass of electrode in units of C g'* and is calculated as

./(;tcycle/z I (t)dt
m

C)

Here, the specific charge was calculated using the discharge current.
In some instances it is more convenient to consider the number of
electrons per gram instead; in this case, Q can be divided by F to get
the number of moles of electrons per gram.

2.5. Improved modified-Donnan (i-mD) model

The i-mD model describes salt removal during the CDI process by
assuming that the ions removed from solution are stored in the mi-
cropores within the electrodes, and that the concentration of ions stored
within the micropore (c,,;) relates to the bulk concentration (cy,,) such
that cp;; = cpge @A+ Ha) = ¢, e@®0+E/emd  Here, the total micropore
concentration, cp;, is defined as cp; = Cmi,+ + Cmi-, and therefore the
expression  for the total micropore  concentration is
Cmi = 2Cma e/ cosh (Adp) for a univalent symmetric system. Initially,
A®p = 0, therefore we attain Eq. (5):

Chio = 2:CpygreFat

%)

where 1, is the attractive potential of the electrode material. The at-
tractive potential can be expressed as %, where E is the image at-
traction energy (mM kT), and the attractive forces are inversely related
to the ion concentration in the micropore, C,,;[24].

The ionic charge density (0,,;, mM) inside the micropore is given by
Eq. (6). It relates to the electronic charge (Q) through Eq. (7) and the
applied potential (V) through Eq. (8):

2 2 2:E
i = \ C2; — 4-C2 € Cmi

(6)
Q = O.S-F-vm,--ami (7)
. —E . :
V = 2-V¢+[ sinh™! (0.5 Omi -eCTu-) + Figmlz)
ma (Cst,O + a'ami)'VT 8)

Here, C is the zero charge volumetric Stern layer capacitance (F m’
%), a is an empirical fitting factor (F m>® mol 2), and Vr is the thermal
voltage (RT F.

The SAC, Eq. (9), and A, Eq. (10), can then modeled as

SAC = O.S-Mu'vmi(Cm,- - Cmi,o)

(Cmi - Cmi,O)

Omi

9

A=
(10$)

Fitting parameters for the model typically include E, V},;, Cs, and a.
Here, we used E = 250-300 kT-mol m™® for both materials as it is a
reasonable value for carbon material with 2 nm average micropores
[24]. The micropore volume was taken from BJH measurements (NF
Vmi = 0.27 mL g'l, CC Vi = 0.44 mL g’l). Cs; and a were fit to Q vs. V
data obtained using flow-by CDI. For NF, Cy = 0.170 GF m> and
a = 35 Fm?® mol 2. For CC, C = 0.200 GFm™® and @ = 30 F m® mol %
The i-mD model was only used to analyze the equilibrium SAC data,
and for those experiments, there is no strong evidence that fixed che-
mical charge (such as carboxyl surface groups) influenced the CDI re-
sults. The electrodes were replaced every 12 h of operation, and little to
no peak inversion was observed in the conductivity profile as shown in
Appendix G.

3. Results
3.1. Electrode characterization

The four carbon electrode materials differed in both morphology
and electrochemical performance. SEM images, shown in Fig. 2A,
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Fig. 2. Material characteristics. A. SEM images of each material, B. DFT pore size dis-
tribution, and C. specific capacitance measured in 1 M NaCl. N = 3, error bars show
standard deviation.
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highlight the differences in macropore structure. The CF, NF, and CC
electrodes all have visible pores or cracks on the order of 10-100 um,
while the CNT buckypaper has pores that are three orders of magnitude
smaller (~10-100 nm). At high magnification (50 kx), additional fea-
tures were observed. The CF appeared to have amorphous pm-scale
particles coating the surface of the carbon fibers, and the randomly-
oriented network of CNT fibers (d = 22 + 9 nm) could be observed in
the CNT buckypaper. Meanwhile, nm-scale pores were easily visible in
the NF and CC samples which appear to have dense, foam-like struc-
tures at high magnification. Additional SEM images, including higher
magnification and cross sections, are available in Appendix H.

BET surface area measurements indicated that the CC had the
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Table 1
Carbon electrode material properties.

Property CF CNT NF CC

Thickness 150 = 10 90 = 10 210 = 30 560 + 20
(um)

SSA" (m*g!) 426 + 0.5 132 + 1 705 * 6 2980 + 10

Vi (mLgh)  0.02 0.07 0.27 0.44"

Capacitance 09 *= 0.2 5.8 = 04 100 = 6 110 = 40
Fgh

Resistance 0.24 = 0.01 0.35 = 0.03 0.43 = 0.02 393 = 0.5
@oh

Resistivity 36 £ 0.3 3.0 £ 0.4 9.0 = 1.0 220 = 30
(mQ cm)

Contact angle 140 + 10 142 = 2 48 + 20 0x0
©

at% O (%) 0.8 = 1.0 09 * 0.1 2.1 = 0.2 6.6 = 1.2

SEM features 100s pm pores No porosity 10-100 pm 13 um wide
(500 x) visible cracks fibers

SEM features 10s nm features  10s to 100s < 10nm < 300 nm
(50k x) nm pores pores pores

Note: N = 3 except 'N = 1, + standard deviation, capacitance at 0.1 Ag™, *t-plot
value = 0.60 mL g’

highest specific surface area (2980 + 10 m?g') followed by the NF
(705 + 6m?g!), CNT (132 + 1m?g') and finally CF
(42.6 = 0.5m>g'). Furthermore, high surface area corresponded to
high micropore volumes and high specific ions. Fig. 2B shows the DFT
pore size distribution for each material and Fig. 2C shows specific ca-
pacitance over a range of current densities. Further information about
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the electrochemical performance of each material was obtained from
CV plots (see Appendix B), which indicate the presence of faradaic re-
actions taking place in the CF at 0.5 V, and strong water splitting peaks
at 1.2V in the CF and CNT samples.

The resistivity and wettability of each material was also character-
ized. Resistivity values ranged from 220 + 30 mQ cm™! for the CC to
3.0 = 0.4mQcm™’ for the CNT. Meanwhile, based on contact angle
measurements, the CC was most hydrophillic (0° + 0°), again followed
by the NF (48° = 18°), CF paper (140° = 10°), and finally the CNT
buckypaper (142° + 2°). Higher oxygen content in CC (6.6%0) and NF
(2.2%0) electrodes likely enhanced wettability, although, oxygen
content increased for all materials after charge-discharge cycling in the
CDI cell (see Appendix D). Material properties are summarized in
Table 1.

3.2. CDI performance

Batch-mode tests were used as an initial screen to determine the
efficacy of each electrode material, see Appendix I. Based on the low
salt adsorption of the CF and CNT materials (< 1.0 mg g''), only the NF
and CC materials were used in further tests. Poor performance of the CF
and CNT materials can be attributed to their low specific micropore
volume (mL of micropores per g of material), a material feature which
strongly correlates with salt adsorption capacity[25]. Furthermore, CF
and CNT had the lowest oxygen content of the electrodes tested.
Oxygen content influences the PZC of the material, and thus will affect
the cathode ion adsorption. For example, cathodic materials with
higher oxygen content exhibit superior CDI performance due to

NF CcC Fig. 3. A. Salt adsorption capacity (SAC), and B.
charge efficiency (A) were higher using the flow-
12 - - - - - - 12 - - - - - - by CDI () compared to the flow-through CDI
A. ~ 10 |} N ~ 10 | N (x) for both the NF (red) and the CC (blue). The
= 8} q - 8} | dashed line shows expected theoretical
> 6l ) _ > 6l % performance using the i-mD model. The model
- L - jet * fitting parameters are as follows: NF:
v 4r Lete 9 4 7 e x  X| E=250kImolm® a=35Fm’mol’ Cy=
& 2} s aRtas 2 x 1 & 2} - = 1 0170GFm®, v, =027mLgl; CC: E=
0 —— * - - - - 0 A . s . 300 kT mol m™3, @ =30 F m®mol?, Cy=0.200
00 02 04 06 08 10 12 00 02 04 06 08 10 12 GF m'3, Vi = 0.44 mL g 1. C. Kim-Yoon plots for
v(V) v(V) NF and CC show the relationship between the
amount of salt removed (SAC) and the salt ad-
10 - - - - - - sorption rate (ASAR). Each data point represents
B. 08F aeeseememeetttT | the average SAC and ASAR for a single HCT, and
HCT increases from left to right. Select HCT are
- 0.6 - 1 - labeled for reference. All charging and dischar-
T 04} - B h ging times were equal, ® = 20 mL min"!, N = 3,
02 |k * = - error bars show standard deviation. (For inter-
2 - ; » - = pretation of the references to color in this figure
0. 00 0 OiZ 0T4 OTG 018 10 12 legend, the reader is referred to the web version
: i . V'(V) ’ . ’ of this article.)
C. 0.5 ’ T T . T I
S @ B
3 ¥ FT
e~ B a
_ 04 5 S _
=z ©
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~ e . _\“ - )
3 : CONN
< . ;_ s <
= 1 :
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improved charge transfer and less co-ion repulsion[26].

The difference in salt removal between flow-by and flow-through
CDI was then characterized under equilibrium conditions. Under these
conditions, in which voltage is applied continuously for 1 h, the eq-SAC
should depend only on the properties of the electrode material[23]. The
eq-SAC was measured for NF and CC over a range of voltages
(0.2-1.2 V), and the results, displayed in Fig. 3A, were compared to the
expected theoretical values according to the improved-modified
Donnan (i-mD) model[24]. An example of the raw data including ap-
plied potential, response current, and concentration over time can be
found in Appendix G. For both NF and CC, the eq-SAC was higher for
flow-by than flow-through CDI, with greater salt adsorption occurring
with higher applied potentials. At 1.2V, the eq-SAC for NF-FB
(4.2 = 0.2mgg ") was 31% higher than NF-FT (2.9 + 0.3mgg™).
Similarly, eq-SAC for CC-FB (6.4 + 0.4mg g ') was 48% higher than
the eq-SAC for CC-FT (3.7 + 0.3 mg g ). Nevertheless, for both ma-
terials and both cell architectures, the eq-SAC was lower than predicted
by the i-mD model. Additionally, both flow-by and flow-through de-
signs had low charge efficiency ( < 20%) as shown in Fig. 3B. Charge
efficiency improved slightly with increasing applied voltage, but it was
far lower than predicted by the i-mD model which anticipated charge
efficiencies > 80% at 1.2 V. Moreover, flow-by CDI removed salt more
efficiently than flow-through CDI regardless of electrode material. Al-
though identical electrode materials were compared in each system,
differences in flow cell impedance and parasitic side reactions likely
contributed to the observed discrepancy in eq-SAC using flow-through
vs. flow-by CDI.

Next, the salt adsorption capacity (SAC) was compared to the
average salt adsorption rate (ASAR) over a range of half-cycle times
(1-20 min) as shown in Fig. 3C. Values in the top right quadrant of the
graph show optimal performance in which both salt adsorption capacity
and rate of salt adsorption are maximized[27]. Maximal salt removal
was achieved using flow-by CDI for both NF (3.72mgg’,
HCT = 20 min) and CC (7.13 mg g’l, HCT = 20 min). Using the flow-
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through architecture, the maximum SAC was 45 to 50% lower (NF,
1.87 mg g'!, HCT = 20 min; CC, 3.90 mg g'!, HCT = 10 min). On the
other hand, the rate of salt removal was faster using the flow-through
design for short HCT, < 2 min for NF and < 5 min for CC. The max-
imum ASAR for NF reached 0.18 mg g ' min"' (HCT = 2 min) com-
pared to 0.17 mg g"* min"! (HCT = 3 min) for flow-by CDI. Similarly,
ASAR for CC was higher using flow-through CDI (FT = 0.32mg g
min!, HCT = 4 min; FB = 0.21 mg ¢! min'?, HCT = 7 min). Faster
ion kinetics were expected for the flow-through cell architecture[16],
however, for both electrode materials, ASAR decreased rapidly with
increasing HCT. Furthermore, flow rate (10-30 mL min™") strongly in-
fluences CDI performance; faster flow rates enhance SAC and ASAR in
the flow-by architecture, and faster flow rates improve ASAR but have
little effect on SAC for the flow-through design; results can be seen in
Appendix J. The effect of flow rate on SAC and ASAR were also reported
by Kim et al. using an membrane capacitive deionization (mCDI), and
Liu et al. using a flow-through design. Using mCDI, higher flow rates led
to increased ASAR flow rates between 1 to 4 mL min '[27]. Meanwhile,
for flow-through CDI operating at flow rates from 20 to 80 mL min™*,
optimal performance increased from 20 to 40 mL min!, after which
SAC and ASAR declined with increasing flow rate. Higher flow rate
leads to an increase in the ions available for adsorption, but only so long
as the residence time in the flow cell is sufficiently long for the ions to
migrate into the available micropore spaces of the electrodes[28].

The superior performance of flow-by CDI can likely be attribute to
two factors: lower internal contact resistance and fewer faradaic side
reactions. First, based on electrochemical impedance spectroscopy
(EIS), the difference in electrical impedance between flow-by and flow-
through CDI systems is quite pronounced (see Appendix F). Using NF
electrodes, the impedance in the flow-by cell exhibited two RC time-
scales rather than one. Meanwhile, the average setup resistance, Rg,
was lower using flow-by CDI (Rs = 0.5 Q) compared to flow-through
(Rs = 1.2 Q). The two RC time scales are likely a direct consequence of
the NF electrode's morphology. The NF electrode is made of dense foam
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Fig. 4. Charging and discharging electron balance for A. NF-FB, B. CC-FB, C. NF-FT and D. CC-FT. All charging and discharging times were equal, HCT = 1 h, ® =20 mLmin'}, N = 3,

error bars show standard deviation.
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with a network of fibers and cracks permeating the material and a thin
outer coating. While there is evidence that differing pore size should
not influence the electrode impedance[29], the presence of the thin
outer coating could lead to two distinct capacitive regimes. In the flow-
through regime, the fluid can advect directly through the electrode to
access the micropore spaces, but in a flow-by setup, ions must migrate
first through the thin outer coating. The slow diffusive transport into
the porous electrodes results in the near surface sites initially accu-
mulating ions which then act as a barrier to ion transport to the deeper
porous electrode sites. Further testing would be required in order to
confirm this hypothesis although it has been previously observed for
porous electrodes relying on diffusion for internal transport[30]. For
the CC, both flow cells act as RC circuits with a single time constant.
Nevertheless, the average setup resistance and the average contact re-
sistance, Rc, also appear lower in the flow-by (Rs = 0.4 Q, Rc = 2.7 Q)
compared to flow-through (Rs = 1.6 Q, Rc = 6.0 Q). Higher resistances
observed in the flow-through design may be attributed to differences in
the current collector morphology and contact area. The current col-
lector in the flow-by design was a solid rectangular foil 12.5 cm? or
72% of the electrode area, whereas the current collector in the flow-
through design was perforated to allow for fluid transport. This ulti-
mately increased the electrical resistance of the material and reduced
the current collector area to ~8 cm? or 46% of the electrode (see Ap-
pendix F). High contact resistance is a major cause of electrical in-
efficiencies in most CDI systems [31], and this contributes to the per-
formance disparity between flow-through and flow-by CDI. Second,
flow-by CDI undergoes fewer parasitic side reactions as indicated by the
charge balance presented in Fig. 4. Here, the figure depicts the specific
charge of the electrodes during the charging and discharging phases of
the CDI process. In an ideal, reversible process, these values would be
equivalent. Nevertheless, both flow-by and flow-through CDI systems
exhibit asymmetries in the specific charge measured during the char-
ging and discharging. This delta can be attributed to irreversible side
reactions occurring in the electrochemical system. Typical reactions
include redox reaction with dissolved oxygen in solution, electrolysis of
water, and electrode oxidation[32-34]. The difference in applied
charge and discharge is lower in the flow-by system indicating lower
rates of faradaic reactions. Higher degradation and side reactions in
flow-through vs flow-by CDI has also been observed by others[19].

Why does flow-through CDI promote redox reactions to a greater
extent than flow-by? First, flow-through cells likely produce a stronger
pH response as a result of sequential ion screening. As one ion is pre-
ferentially stored in the first electrode, for example sodium ions in the
cathode as shown in Fig. 5A, electrolysis occurs in the opposite elec-
trode in order to maintain electroneutrality leading to a change in pH.
This pH change can alter redox potential enabling or preventing reac-
tions that rely on H* or OH'". Changes in pH have long been observed in
CDI systems and have most frequently been attributed to faradaic re-
actions within the electrochemical cell[32,35]. Nevertheless, acid-base
reactions, including the self ionization of water, could also contribute to
pH fluctuations[36]. Similarly, a second mechanism considers the dy-
namic nature of the feed stream in a flow-through CDI cell. Here, by-
products from faradaic reactions that occur in the first electrode are
directly passed into the second electrode altering the feed composition
and enabling sequential reactions to take place. An example of a pos-
sible reaction sequence is shown in Fig. 5B. Cohen et al. proposed a
related mechanism for electrode instability in flow-through systems.
They theorized that OH ions produced at the negative electrode could
react with the carbon in the positive electrode via: C + 60H = CO3
2 4+ 3H,0 + 4e[19]. Furthermore, the production of OH™ raises pH
lowering the standard potential and increasing the driving potential for
carbon electrode oxidation according to the Nernst equation. While
faradaic reactions also occur in the flow-by design, the reaction kinetics
are diffusion limited across the PTFE membrane and less likely to react
at the opposite electrode.

Besides faradaic reactions taking place within the solution,
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Cathode (-) Na+ Na+
Na+
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Fig. 5. Sequential reactions in flow-through CDI. A. Ions may be preferentially adsorbed
depending on electrode order leading to a pH response in the flow cell. Here, the cathode
is first in the flow path; Na* ions are stored while Cl" ions are expelled. To achieve
electroneutrality, hydroxide ions are stored in the cathode reducing the amount of salt
stored and decreasing effluent pH. B. Due to the sequential nature of flow-through
electrodes, the feed composition into the cathode and anode are different. Products from
faradaic reactions that occur in the cathode (anode) can pass through the anode (cathode)
and react.

oxidation of the carbon materials could also contribute to the lower-
than-expected SAC and A compared to theory. Indeed, the oxygen
content of the electrodes increased after use in CDI, particularly when
using the flow-through configuration (see Appendix D). For the NF,
oxygen content increased from 2.1%0 to 9.2%0 (FB) and 11%0 (FT),
while oxygen content for the CC increased from 6.6%0 to 13%0O (FB)
and 19%O0 (FT) after ~48 h of use. Furthermore, continued operation
results in a dramatic decline in electrode performance for ASAR and
SAC as shown in Appendix K. To better understand the degradation of
the electrodes, the flow-cells were operated continuously for a 22-hour
period using HCT = 5 min; details can be found in Fig. 6A. For both
flow cell architectures and both carbon materials, the electrode per-
formance decreased logarithmically over time. After 120 cycles, the
SAC decreased 64% (NF-FB), 72% (NF-FT), 57% (CC-FB), and 77% (CC-
FT). Although SAC decreased faster using the flow-through design,
flow-through CDI yielded higher absolute salt removal than the flow-by
CDI for the duration of experiment. Meanwhile, charge efficiency also
decreased logarithmically with each additional charge cycle, shown in
Fig. 6B. For the NF, the charge efficiency was initially higher using the
flow-by configuration, but performance appeared more stable using the
flow-through configuration. After 120 cycles for the NF, charge effi-
ciency decreased by 79% using flow-by architecture compared to a 49%
reduction for the flow-through. For CC, the charge efficiency appeared
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independent of operational mode; it decreased 65% after 120 cycles
using either flow-by and flow-through CDI.

The development of inversion peaks, shown in Fig. 6C-D, con-
tributed to reduction in electrode performance over time. Inversion
peaks are caused by oxidation of the electrodes; oxygen moieties
change the PZC of the electrode material and exacerbates co-ion re-
pulsion upon charging[37,38]. The choice of electrode material ap-
peared to influence the development of inversion peaks more than the
cell architecture. Using NF electrodes, inversion peaks could be ob-
served within 45 cycles (7.5 h) for flow-by CDI compared to 83 cycles
(13.8 h) for flow-through, while for CC electrodes, inversion peaks
developed after 30 cycles (5h) and 10 cycles (1.6 h) for flow-by and
flow-through CDI, respectively. Overall, the CC is more prone to de-
veloping inversion peaks than the NF; this is possibly due to higher
initial oxygen content[39].

4. Conclusion

In general, flow-by rather than flow-through CDI cell architecture
yields superior performance including higher SAC for a given HCT,
higher charge efficiency, and improved electrode stability. The per-
formance advantage can be attributed to

1. Lower setup resistance and contact resistance during operation;
2. Fewer faradaic side reactions, and consequently, less electrode
oxidation.

Nevertheless, device performance is sensitive to a number of op-
erational parameters including voltage, HCT, and flow rate. Higher
voltage tends to improve salt removal, but it also increases faradaic side
reactions and electrode oxidation that disproportionally affect the flow-
through design. Meanwhile, longer HCT and higher flow rates yield
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better SAC and ASAR for the flow-by CDI. In flow-through CDI, optimal
performance occurs with higher flow rate and shorter HCT ( < 5 min).
Moreover, differences in setup resistance and contact resistance may be
more related to cell build rather than a true limitation of cell archi-
tecture; i.e. careful design and construction may help to overcome the
high resistances observed in the flow-through cell architecture.

Additionally, the choice of electrode material plays a critical role,
particularly in determining the amount of salt stored during CDI. First,
the micropore volume dictates the total salt storage capacity of the
material. Second, the macropore spaces control accessibility to the
micropore volumes. Materials with higher macroporosity are more
sensitive to changes in cell architecture.

Overall, this study shows that CDI operational design and electrode
selection can strongly influence observed performance. As researchers
continue to develop new materials and better designs for CDI, it is
important that all experimental parameters are reported and that the
system is optimized across voltage, HCT, and flow rate. Efforts to
standardize reporting metrics should continue, and future models
should aim to include parameters for electrode macroporosity and the
effects of oxidation.
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