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Capacitive deionization (CDI) has attracted increasing attention over the past decade for the facile removal of
ions from aqueous solutions. Nowadays, CDI is rapidly growing and evolving, and has been applied in many
aspects. One important application field is water remediation, i.e., removing ionic contaminants of concern from
water. Herein, we investigated the feasibility of perchlorate removal from brackish waters by batch-mode CDI
technology. Effects of various operating parameters on dynamic electrosorption processes of both perchlorate
and chloride were examined. Meanwhile, a one-dimensional CDI process model for dual-anions was developed to
quantitatively describe the electrosorption kinetics of perchlorate and chloride, and an excellent agreement
between the modeling results and the experimental data was observed. Experimental results revealed a favorably
strong preferential adsorption of ClO4~ over Cl™ in the studied CDI system under various conditions. Moreover,
only slight discrepancy between adsorption-desorption cycles was found, demonstrating the good regeneration
of electrodes and operational stability of the CDI cell. Finally, the scale-up studies indicated that the CDI stack
with multiple pairs of electrodes could achieve a much more superior ion removal performance than the CDI cell
with only one pair of electrodes. To conclude, these results showed that the CDI system was effective for per-
chlorate selective removal in the presence of other major ions and had potential in treatment of perchlorate-
contaminated brackish water.

1. Introduction

Perchlorate (ClO, ), as the critical national strategic chemical, has been
extensively used in the production of propellants for rocket and missile,
explosives, fireworks, and automobile airbags [1,2]. ClO,~ has attracted
serious concern due to its chemical stability, high solubility, low adsorption
to natural substance and kinetic inertness [3]. ClO,~ can stably persist in
water for many decades [4,5], and high levels of CIO,~ would have adverse
impacts on human health through interfering with iodine uptake into the
thyroid gland [6]. Therefore, an official reference dose (RfD) of 0.7 ug/kg/
day has been established by the U.S. EPA for ClO4~ which is equal to the

Drinking Water Equivalent Level of 24.5 ug L~! in solution [2]. Although
many methods such as adsorption, membrane filtration, ion exchange,
biological remediation and chemical reduction have been applied to remove
ClO4~ from water [6-10], these methods suffer from limitations, hindering
their practical applications [5]. For example, the biological remediation
requires rigorous conditions, and the pathogenic microorganisms might
enter into drinking water during biological treatment process and cause
potential public health risk [2,11]. The chemical reduction removes ClO4~
by reducing ClO, " to non-toxic Cl~ species, however, it is subjected to low
removal efficiency, low catalytic activity to ClO4 ", and high environmental
impacts with eco-toxicity and acidification [5,12].

* Corresponding authors at: College of Environmental Science and Engineering, Hunan University, Changsha 410082, PR China.

E-mail addresses: liangjie@hnu.edu.cn (J. Liang), wtang@hnu.edu.cn (W. Tang).

https://doi.org/10.1016/j.cej.2018.12.074

Received 4 October 2018; Received in revised form 12 December 2018; Accepted 14 December 2018

Available online 15 December 2018
1385-8947/ © 2018 Elsevier B.V. All rights reserved.


http://www.sciencedirect.com/science/journal/13858947
https://www.elsevier.com/locate/cej
https://doi.org/10.1016/j.cej.2018.12.074
https://doi.org/10.1016/j.cej.2018.12.074
mailto:liangjie@hnu.edu.cn
mailto:wtang@hnu.edu.cn
https://doi.org/10.1016/j.cej.2018.12.074
http://crossmark.crossref.org/dialog/?doi=10.1016/j.cej.2018.12.074&domain=pdf

W. Xing et al.

With key advantages of low energy consumption (i.e., enabling ion
removal at room temperatures, low pressures and low voltages with
additional possibility of energy recovery), low environmental impact
(i.e., without the use of any added chemicals or the generation of ha-
zardous substances) and low investment cost (i.e., simple equipment
structure and convenient operation maintenance), capacitive deioni-
zation (CDI) has attracted extensive academic and industrial interest as
a promising electrochemical water desalination technology for the fa-
cile removal of ions from aqueous solutions via electrostatic interac-
tions, especially for desalination of waters with low to medium salinity
[13-17]. Generally, a CDI cell is composed of two graphite current
collectors and a pair of carbon electrodes (the anode and the cathode)
with a separator in-between enabling the feed water to be transported
[17,18]. The carbon electrode pair is usually charged with a potential
difference smaller than 1.23V, and salt ions present in the feed are
attracted to move towards the electrodes and finally electrostatically
retained in the electric double layers (EDLs) at the carbon/water in-
terface, thereby producing a stream of desalinated water [19]. Fol-
lowing ion electrosorption, the electrodes can be regenerated by short-
circuiting the anode and cathode or reversing polarity with the trapped
salt ions released back to the bulk solution, thereby generating a stream
of concentrated water [20,21]. In addition to water desalination, CDI is
also being actively explored for remediation of water contamination. It
has been reported that CDI is an effective technology to remove ionic
contaminants from water, such as nitrate, fluoride, sulfate, phosphate,
which exist at low concentrations but have adverse impacts on the
environment and human health [22-26]. However, there is no available
information about the effectiveness of CDI in ClO,~ removal. More-
over, considering that, in typical environment scenarios, ClO;~ fre-
quently co-exist with other electrolytes such as NaCl, it is of great sig-
nificance to achieve selective removal of target ions (ClO, ) in the
presence of “major” ions (Na® and Cl~) whose concentrations may be
significantly higher than the target ionic contaminants. Consequently,
investigating the performance of CDI for ClO4~ removal in the presence
of NaCl represents a meaningful research and is beneficial to the future
development and practical applications of CDI.

While CDI clearly has simple structures, it is a complex process
depending on a wide range of parameters, such as process parameters,
electrode area, electrode and spacer channel thickness, and pore size
distribution [27]. Careful selection of operating and design parameters
for particular source waters is required. Laboratory investigation of the
effects of each parameter on various aspects of CDI performance under
different conditions is tiring and cumbersome in view of the difficulty in
manipulating some parameters and the interplay between factors. In
contrast to experimental study, theoretical model could address this
issue nicely and play an important role in quantitative analysis of CDI
performance under well-defined configurations and operating condi-
tions [17,24,28]. Apart from enabling optimization of both operating
and design parameters, the theoretical model also serves as a useful and
essential tool to reveal the underlying causes of phenomena, help to
gain thorough understanding of the ion electrosorption process and
predict CDI performance in all its facets (e.g., effluent ion concentra-
tion, energy consumption, average salt adsorption rate, ion adsorption
capacity) [27,29,30].

For these reasons, in this study, we investigated, both experimen-
tally and theoretically, the feasibility of selective removal of ClO4~
from brackish waters (containing both NaClO, and NaCl) by CDI
technology. Effects of various operating parameters, including applied
voltage, initial C104~ (or NaCl) concentrations and pump flow rate, on
the dynamic electrosorption processes of both ClO,~ and NaCl were
studied. Meanwhile, a one-dimensional CDI process model was devel-
oped to quantitatively describe the electrosorption kinetics of ClO4~
and Cl™. Experiments were also conducted to probe into the pH fluc-
tuations, charge efficiency, adsorption-desorption cycling process and
the effect of natural organic matter (NOM) on ClO4~ removal for the
purpose of guiding the related CDI practical applications.
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Fig. 1. Schematic diagram of the CDI cell and the experimental set-up.

2. Materials and methods
2.1. Fabrication of CDI device

The CDI cell with one pair of carbon electrodes and the schematic of
its configuration are displayed in Fig. 1. The CDI cell is composed of
two graphite sheets as current collectors facilitating electron transfer,
one pair of activated carbon fiber cloths (10 cm X 10 cm dimension) as
binder-free electrodes for capacitive ion sorption and a 200 um thick
non-conductive nylon cloth as spacer channel enabling feed water to be
transported from the perimeter to the center of the unit. The graphite
sheets were purchased from Heilongjiang Juxiong Import & Export
Company Ltd. China with a thickness of 100 um while the activated
carbon fiber cloth was purchased from Nantong Senyou Carbon Fiber
Cop. China with a thickness of 300 um. The specific surface area cal-
culated using the Brunauer-Emmett-Teller (BET) method, grammage
and carbon ratio of the carbon cloth are 1118 m?g~?, 165 gm ™2 and
89%, respectively. Acrylic end plates with holes drilled around the
perimeter to allow for fastening were used to hold together the separate
parts. A CDI stack with seven pairs of carbon electrodes in parallel was
also constructed for further studies.

2.2. Experimental methods

Electrosorption experiments were carried out in a batch mode as
presented in Fig. 1. The system consisted of a recycling vessel, a peri-
staltic pump (BT-300, Longer Precision Pump Co., Ltd, China), a CDI
device, a DC power supply (MS155D, Maisheng Electronic Equipment
Co., Ltd, China), a digital electrical conductivity (EC) meter (DDS-307,
INESA Scientific Instrument Co., Ltd, China) and a pH meter (PHS-3C,
INESA Scientific Instrument Co., Ltd, China). The solution in the re-
cycling vessel was pumped through the CDI device and then flowed
back to the recycling vessel. Prior to electrosorption experiments, the
CDI device was washed with distilled water at short circuit mode till the
conductivity of the water in the recycling vessel was lower than 2 ps/
cm, in order to remove external charge and ions remained in the device.
Subsequently, the feed solution was prepared in the vessel and was fully
mixed with the pure water in the CDI device till the reading of the EC
meter became stable. We termed the mixed solution with steady con-
ductivity as the initial solution before charging and its ion concentra-
tion as the initial ion concentration. The electrosorption experiments
started with a charging voltage applied while the desorption experi-
ments started with a short circuit applied. The solution in the recycling
vessel was stirred throughout the test to ensure a homogeneous com-
position. No pH adjustment was carried out during the whole operation
unless otherwise stated. The used chemicals sodium perchlorate
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(NaClOy), sodium chloride (NaCl), sodium sulfate (Na,;SO,4), sodium
bicarbonate (NaHCO3) and sodium hydroxide (NaOH) were of A.R.
grade and obtained from Shanghai Chemical Reagent Co. Ltd., China.
Solutions of perchlorate, chloride, sulfate and bicarbonate were pre-
pared by dissolving relevant solid chemicals in the ultrapure water. The
commercial sodium humate was adopted as model substances re-
presentative of natural organic matter (NOM) in natural water bodies.
Duplicate runs were carried out for each set of experimental conditions
to ensure the accuracy of the measured results. The cell was used for
several months of intermittent operation (about 180 cycles in total)
with the same set of electrodes used for all the experiments without
NOM. When the studies on the effects of NOM were conducted, a new
pair of electrodes was used with the performance of the new assembled
cell maintaining identical to that of the old one.

Cyclic voltammetry (CV) was conducted to evaluate the capacitive
characteristics of the carbon cloth electrodes. CV measurements were
performed using an electrochemical analyzer (CHI 627D, CH
Instruments, Inc., USA) with a conventional three-electrode cell in
80mgL ™' perchlorate solution at room temperature. The three-elec-
trode cell consisted of a standard calomel electrode as the reference
electrode, a platinum mesh as the counter electrode and the carbon
cloth electrode as the working electrode. The scan rate was set at
100mV s~ ' and the potential range was between —1.2V and +1.2V.
Steady increase and decrease observed in current with electric potential
indicated that no evident oxidation or reduction in sodium perchlorate
solution occurred in the selected potential range (Fig. 2).

2.3. Analysis

Water samples were collected from the recycling vessel at appro-
priate predetermined intervals. After each sample was filtered with
0.22um filter membranes, ClO,~ concentrations were determined
using an ICS-900 ion chromatograph (Dionex, USA) equipped with a
500 pL sample loop, a set of AS16 analytical column (4 X 250 mm) and
AG16 pre-column (4 X 50 mm) with 35 mM KOH eluent at a flow rate
of 1.0mLmin~! while Cl~ concentrations were measured by ion
chromatograph (Dionex ICS-900, USA) equipped with an AS23 analy-
tical column (4 X 250 mm) and an AG23 pre-column (4 X 50 mm) with
9.4mM Na,CO; and 1.8 mM NaHCO; eluent at a flow rate of
1.0mLmin~'. The samples containing NOM were treated with the
pretreatment P column (Qingdao Analysis Lab Science and Technology
Co. Ltd, China) prior to being filtered with 0.22 um filter membranes.
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Fig. 2. Cyclic voltammogram for the carbon cloth electrode in 80 mg/L per-
chlorate solution at a sweep rate of 100 mV/s.
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The NOM concentrations were measured by total organic carbon ana-
lyzer (TOC-V CPH, Shimadzu, Japan) after each sample was filtered
with 0.45 pym membranes.

The electrosorption removal efficiency and adsorption capacity of
ion j were calculated as follows,

Electrosorption removal efficiency E; (%) = (¢j,0 — ¢j,1) X 100/cjo

@

where ¢j, and ¢;; (mg L~1) are the initial concentration and the final
concentration of ion j, respectively.

Adsorption capacity Q; (mg g) = (¢ — .0 Via/M @

where V, is the total water volume (L), and M is the total mass of two
electrodes (g).
Ion selectivity between ClO4~ and Cl~ was calculated according to,

Seioz/er = Egyop/ Ecr

3)

2.4. Theoretical model

Electrosorption kinetics of ClO,~ and Cl~ were quantitatively
modeled using the one-dimensional dynamic CDI process model valid
for batch-mode experiments which is developed based on the approach
used by Porada et al. [17] and Tang et al. [24]. The ions are mainly
adsorbed in electric double layers (EDLs) in the micropores (< 2 nm) of
activated carbon cloths. The multi-solute solution consists of two anions
(Cl0,~ and Cl7) and one cation (Na*). The modified Donnan (mD)
model is employed to represent the EDL structure. Moreover, non-
electrostatic attraction for the ions transporting into the micropores is
not considered.

Based on these assumptions, the concentration of ion j in the mi-
cropores (¢jmi) (mM) can be given by

Gmi = ¢j-exp(—z;-AZq) 4

where ¢; (mM) is the ion concentration outside the micropores, z; is the
ionic charge number and A@y is the dimensionless Donnan potential
difference (positive for the anode and negative for the cathode).
Meanwhile, outside the micropores, local ion electro-neutrality is
maintained, i.e.,

z Zj'cj =0
i )

The total ion density in the micropores, Cionsmi (mM), is derived
according to

Cions,mi = Ccations, mi + Canions,mi = Z'CNa'COSh(AQd)

(6)

The micropore volumetric ion charge density, o,; (mM), is given by

Omi = z ZjCjmi = —2-Cna-Sinh(AG)
j )]

The micropore charge density o, relates to the Stern potential
difference, A@y;, according to

Omi'F = —AGs-Cse Vi ®

where F is the Faraday’s constant (96,485 Cmol ™ 1), Cs, is the volu-
metric Stern capacity (F m™?), and Vi is the thermal voltage.

In addition, we assume that the extent of ion electrosorption “per
pass” is relatively low and as such, at each moment in time, the specific
ion concentration throughout the cell system excluding the micropores
is the same, which leads to

Vi —2 = J.A

dt ©)]

where V,,; (m®) is the micropore volume for all anodes or cathodes,
and was measured to be 4.5 x 10”7 m?® in this study. A (m?) is the
electrode projected area (either anode or cathode), and was measured
to be 0.01 m? in this study. J (molm~?s~ 1) is the net charge flux from
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the cathode to the anode and is obtained according to

J = —Jo — Joios + Jna = (=Dai-cai — DeioaCcios — Dnarcna)-Lesr AG

(10)

where J; is the flux of ion j, given by the Nernst-Planck equation,
dej s .

Jj=-D; (£ + zj¢; 34;). Note that, in this study, the concentration gra-

dient contribution has been neglected. D; (m?s™ 1) is the diffusion
coefficient of ion j, Let (m) describes the total effective resistance of the
spacer and both electrodes, A@ is the dimensionless voltage drop
driving ion transport, relating to the charging voltage, Viharge (V), and
the EDL-voltages according to

Vcharge/VI‘ = AQy + 2 1A + AQyl (11

where the above equation is based on the assumption that the EDLs’
structure in the anode is symmetric with that in the cathode, except for
the difference in sign.

By combining Egs. (7), (8), (10) and (11), we obtain

Veharge Omi-F

+2
*CNa

(12)

In addition, the total number of moles of salt molecules in the
system is conserved, i.e.,

— -1
J = (=Dcicci — Dcioaccios — Dnacna)-Lest (
st VT

+ 2asinh ;i]

V{ot'cNa,O + Vmi'cions,mi,o = V{ot'cNa + Vmi'cions,mi = y'Vmi (13)

where V;,; (m®) is the total water volume. Combining Egs. (3), (4) and
(10) leads to

12 2 2 2
vb* —4B(omi — v — b Vot Vot
= + = , B=4—-|—|, b=2y—
CNa = Cc1 + Cclo4 2 B Vi }’Vmi
a4
Finally, at time “i” (s), the following equation is satisfied,
JevilJeroai = Der-ceri/ (DeioarCeios,i) (15)
While at time “i + 17 (s),
cei+r = (Ceri-Viot — JoriA)/ Viot (16)
ccoa,i+1 = (Ccioa,iViot — Je104,i-A) Viot a7)
Combining Egs. (15)—(17) leads to
_ (Ccli+1 + Caiosi+1) = Caii + Dei-Cel,i/ Deioa
Cclo4,i+1 =
1 + Dci-Cey,i/ (Dcioa-Celoa,i) (18)

Therefore, we have set up a model which could be used to quanti-
tatively describe the electrosorption processes of perchlorate and
chloride from NaClO,/NaCl mixed solution by batch-mode constant-
voltage CDI mode over a range of conditions. The above set of equations
was numerically solved and the theoretical results were compared with
the obtained experimental data.

3. Results and discussion
3.1. Effects of operating parameters and model validation

Firstly, the effects of applied voltage on the electrosorption process
of Cl0,~ and NaCl were investigated. Fig. 3 shows the profiles of dy-
namic ClO4~ and NaCl concentrations with time at different applied
voltages (0.6 V, 0.9V, 1.2 V) for a fixed pump flow rate of 44 mL min~*,
initial ClO4~ concentration of 25 mg L.~ ! and initial NaCl concentration
of 200 mg L', from which we can see that, in the batch-mode opera-
tion, upon applying a fixed charging voltage, the ion concentration
decreases rapidly and then levels off, indicating the gradual saturation
of ion electrosorption on the carbon electrodes. Moreover, an increase
in the applied voltage leads to a decrease in the steady-state Cl1O,~ and
NaCl concentrations. It is also interesting to observe that there is a
strong preferential adsorption of ClO,~ over Cl~ in the studied CDI
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system. This is evidenced by the significantly larger removal efficiency
of Cl04~ than that of C1™ (Fig. 4). The removal efficiency of ClO,~ at
applied voltages of 0.6V, 0.9V, 1.2V was 68%, 84%, 96%, respec-
tively, while the removal efficiency of Cl~ at applied voltages of 0.6 V,
0.9V, 1.2V was 6.4%, 18%, 32%, respectively. Furthermore, the ion
selectivity between ClO4~ and Cl~ decreased with increasing applied
voltages. When the applied voltage was 0.6V and 1.2V, the ion se-
lectivity between ClO,~ and Cl~ was 10.6 and 3.0, respectively. This
could be explained from the fact that, when the applied voltage was
high, say, 1.2V, the steady-state ClO,~ concentration dropped to near
zero while the steady-state C1~ concentration still remained high. It is
quite reasonable to infer that, if the applied voltage further increased,
the removal efficiency of ClO,~ would show little change while the
removal efficiency of Cl~ would steadily increase, thereby leading to a
decreased ion selectivity between ClO,~ and Cl~ with an increase in
the applied voltage. In typical environmental scenarios, concentrations
of background ions in water are usually much higher than the target
contaminants as is the case in this work, and existing CDI electrodes
generally have no designed selectivity towards specific contaminants.
To achieve selective removal of target ions in a CDI process, certain
improvements should be made for instance, coating the carbon elec-
trode surface with a material with high selectivity towards one specific
ion or synthesizing a composite electrode by mixing carbon particles
with a material with high affinity towards the ion of concern [31-35].
The experimental results obtained here, however, suggest that the CDI
system in this study without additional modification allowed for a fa-
vorably preferential removal of C104~ over Cl~ in dual-anion solutions,
which, consequently, holds great promise in the practical treatment of
perchlorate-contaminated brackish water.

The model developed to describe ion electrosorption incorporated
the following three categories of parameters: theoretical parameters
(Vr, F), experimental parameters (Vcharge, Vio Vmi» A) and fitting
parameters (Dcioss Dcl, Dnas Letr; Cst). We used the experimental data
related to the effects of applied voltage on the electrosorption kinetics
of Cl0,~ and NacCl to perform parameter fittings and got the following
values: Dgios =9 X 107 1%m?s™, D =1x10"m2 s7!, Dy =1
x 107 °m?s™ !, Loy = 1 mm, Cs, = 5.45 x 10’ Fm 2. In such cases, it
turned out that the model proposed was able to satisfactorily describe
the dynamic removal processes of both ClO,~ and NaCl at different
applied voltages as can be seen from the model fits in Fig. 3, though
some slight discrepancies do exist between the measured and modelling
results.

We also studied the effects of other operating parameters on the
electrosorption process of ClO,~ and NaCl, including initial ClO4~
concentration, initial NaCl concentration and pump flow rate.
Meanwhile, the experimental data obtained over a range of well-de-
fined operating conditions were used to further validate the developed
model. Figs. 5 and 6 display the dynamic variation in ClO,~ and NaCl
concentrations at different initial Cl0,~ concentrations (11.25mgL ™},
25.00mg Lfl, 37.00 mg L™Y (initial coexisting NaCl concentration
200mgL~") and at different initial NaCl concentrations (100 mgL™?,
200mgL~?, 300mgL~') (initial coexisting ClO,~ concentration
25.00 mg L.~ 1), respectively, for a fixed pump flow rate of 44 mL min !
and an applied voltage of 0.9 V. From Fig. 5a and 6b, it is apparent that
ClO4~ and Cl™ competed for the limited electrosorption sites because a
higher initial coexisting ClO4~ concentration led to a higher steady-
state Cl~ concentration, and vice versa. From Fig. 5b and 6a, it could be
observed that, when initial coexisting C1~ (or ClO; ) concentration
kept unchanged, a greater difference between the initial and steady-
state C104~ (or Cl7) concentrations would result from a higher initial
ClO4~ (or Cl7) concentration. The removal efficiencies of ClO,~ and
Cl™ and the ion selectivity between ClO4~ and Cl~ under the condi-
tions of Figs. 5 and 6 were also calculated (see Table 1). Again, results
indicated that there was a significantly differential separation between
ClO4~ and Cl™ in the studied CDI system, and ClO4~ is preferentially
removed from solution over Cl~. And we can see that the removal
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200mgL~"! NaCl under different charging voltages. Experimental condi-
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efficiencies of Cl1O,~ and Cl~ decreased with an increase in ClO4~ or
Cl™ concentrations, while the ion selectivity between ClO,~ and Cl™
increased with increasing ClO,~ or Cl~ concentrations. The pre-
ferential removal of ClO,~ over ClI~ might be caused by several rea-
sons, e.g., larger ion diffusion coefficient of ClO,~ than Cl~, and/or
higher affinity of the electrodes for ClO,~ than Cl~. However, for
simplification, in the model, we attributed the selectivity between
ClO,~ and Cl™ mainly to the larger ion diffusion coefficient of ClO4~
than Cl ™. Based on the good agreement between experimental data and
theoretical results as observed from the model fits in Figs. 5 and 6, and
the coefficient of determination listed in Table 1, it can be concluded
that the proposed model also provides a good description of the ion
removal profiles at various initial concentrations of ClO,~ and Cl~.
We also investigated the influence of other coexisting ions (SO4>~
or HCO3 ™) which might be present in the brackish water on the re-
moval of perchlorate by this system. The removal efficiencies of per-
chlorate at different initial HCO3~, SO42~ or Cl~ concentrations
(1.71mM, 3.42mM, 5.13mM) were summarized in the left part of
Fig. 4, from which we can see that, under the same initial ion con-
centrations, HCO;~ had a much greater influence on perchlorate re-
moval than $O,2~ and Cl~, while the effects of SO~ and Cl~ on
perchlorate removal were roughly similar. Additionally, with an in-
crease in the initial ion concentrations, perchlorate removal efficiency
in the presence of SO42~ decreased obviously with the trend consistent

40
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Fig. 5. Effects of initial ClO4~ concentrations on the dynamic electrosorption processes of (a) NaCl and (b) ClO4~ with initial coexisting NaCl concentration kept at
200 mg L% Experimental conditions: Veharge = 0.9V, @, = 44 mL min~! and V;,, = 100 mL. Symbols: experimental data; Lines: modeling results.
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Fig. 6. Effects of initial NaCl concentrations on the dynamic electrosorption processes of (a) NaCl and (b) ClO,~ with initial coexisting ClO4~ concentration kept at
approximately 25 mg L~ . Experimental conditions: Viharge = 0.9V, @p = 44 mL min~"! and ¥, = 100 mL. Symbols: experimental data; Lines: modeling results.

Table 1
Ton selectivity between ClO, ™ and Cl~, adsorption capacity, charge efficiency and coefficient of determination (R?) of the model fits for ClO,~ and Cl~ under various
conditions.
(cc105. nitial, CNaCLinitial) Voltage Scioz /eI Qeio;(mg g™ Qcr-(mg g™") Charge efficiency (%) R? (Cl047) R?
(mgL™Y (4% (c1m)
(25.00, 200) 0.6 10.57 0.85 0.39 62.70 0.975 0.676
0.9 4.66 1.05 1.09 65.76 0.996 0.971
1.2 2.99 1.20 2.06 70.41 0.980 0.930
(11.00, 200) 0.9 4.06 0.52 1.40 0.972 0.957
(25.00, 200) 4.66 1.05 1.09 65.76 0.996 0.971
(37.00, 200) 6.54 1.51 0.75 0.984 0.907
(25.00, 100) 3.73 1.15 0.67 68.42 0.988 0.776
(25.00, 200) 4.66 1.05 1.09 65.76 0.996 0.971
(25.00, 300) 6.48 0.78 0.89 55.50 0.931 0.752

with that in the presence of Cl~, while perchlorate removal efficiency
in the presence of HCO3;~ only showed a small decrease.

Fig. 7 shows ClO4~ and Cl™ electrosorption processes as a function
of pump flow rate. The effect of pump flow rate on the Cl0,~ and Cl~
electrosorption can be considered negligible for the studied three dif-
ferent flow rates. This is in agreement with the theoretical model. In
fact, in our model, the parameter of flow rate is not included. We as-
sumed that, the extent of ion electrosorption “per pass” is relatively
low, and as such, at each moment in time, the specific ion concentration
throughout the cell system (i.e., electrode macropores, spacer channel,

pipes and recycling vessel) is the same. This implicitly determines a lack
of effect of flow rate on ion removal in the theoretical part. From the
perspective of energy consumption, a lower flow rate means a lower
pumping energy requirement, and hence is favorable to the system
optimization on the premise that it has little influence on the ion
electrosorption. However, it is worth noting that the flow rate should
not be too low, otherwise the continuous ion removal would be im-
peded and dead zones would be created in the spacer region resulting in
compromised performance. It is also worth noting that batch-mode CDI
operation and single-pass CDI operation respond differently to the flow

250 30
(a) A 20 mL min-! 1 (b) A 20 mL min-!
¥ 32 mL min-! 257, ¥ 32 mL min"!
3 ® smLmint | 50 ¢ 44 mL min!
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Fig. 7. Effects of pump flow rate on the dynamic electrosorption processes of (a) NaCl and (b) ClO,”. Experimental conditions: ccioy,initial = 25 mgL™},
CNaCLinitial = 200mg L™, Veharge = 0.9V and Vo = 100 mL. Symbols: experimental data; Lines: modeling results.
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Fig. 8. (a) pH variation during adsorption and desorption steps under different charging voltages with initial pH unadjusted, (b) Effects of initial pH on ClO4~

removal during electrosorption process at the applied voltage of 0.9 V. Experimental conditions: Cclog,initial = 37mgL™ 1 CNaClinitial = 200mgL™ 1 @p = 44mL min~

Vaiscarge = OV and Vi, = 100 mL.

rate. In single-pass operation, the effluent ion concentrations versus
time are greatly affected by the flow rate, and a lower minimum ef-
fluent ion concentration would be obtained on decreasing the flow rate
as a result of the greater residence time of the solution in the CDI cell
[27].

In addition to the effects of operating parameters on ClO,~ and C1~
electrosorption, pH fluctuation also needs consideration as pH re-
presents an important water quality indicator. Fig. 8a depicts the pH
variation in the whole cycle (adsorption and desorption) under different
charging voltages. It was found that the pH decreased quickly and then
tended to be stable during adsorption, followed by a gradual increase to
the initial value during desorption. These profiles of pH variation are
quite similar to those reported by Tang et al. [36], and could be at-
tributed to the Faradaic reactions occurring on the surfaces of and/or
within carbon electrodes. The pH fluctuations when the CDI cell was
charged at a voltage of 0.6 — 1.2 V were insignificant and within the pH
range of 4.5-6.5, implying that the change of pH exerted an insignif-
icant influence on the treated water quality and ion removal during the
batch-mode CDI operation. Fig. 8b shows the effect of initial pH (from
3.7 = 0.1 to 10.3 = 0.1) on the removal efficiency of ClO,™. As can
be seen, the removal efficiency of ClO,~ fluctuated between 75% and
91% over the initial pH range of 3.7-9.4, but got low at strongly al-
kaline pH of 10.3. In the strongly alkaline solution, the concentration of
OH" is relatively high and OH™ would compete with ClO,~ for the
limited sorption sites. Therefore, the initial pH should not be too high,
otherwise the ClO4~ electrosorption would be impeded. There is no
need to adjust the initial pH for treating the perchlorate-contaminated
brackish water.

3.2. Charge efficiency, operational stability and effects of NOM

Fig. 9 displays the variation of current at different applied voltages
of 0.6V, 0.9V, 1.2V, and at different initial coexisting NaCl con-
centrations (100 mg L ™%, 200 mg L™ %, 300 mg L~ 1). We can see that the
current declines rapidly at the charging beginning and then decreases
slowly until saturation of the electrode capacity. At higher applied
charging voltage, more charge flows into the cell, while initial coex-
isting NaCl concentrations have insignificant influence on the charge
amount flowing into the cell. The charge efficiency (A) can be calcu-
lated according to A =T/X, where I' (mmol) represents the sum of
measured equilibrium NaClO, and NaCl adsorbed amount during
charging, ¥ (mmol) represents the total charge transferred during
charging. ¥ (mmol) can be derived by integrating the current vs. time
and being divided by the Faraday’s constant (F = 96,485 C mol ). The
charge efficiency in the CDI cell at different charging voltages and

1
>

different initial coexisting NaCl concentrations is summarized in
Table 1, suggesting that A is below unity and generally increases with
increasing charging voltage (0.6 —0.9 V) and decreases with increasing
initial coexisting NaCl concentrations. The results are also consistent
with other investigations [27,29,30].

Adsorption-desorption cycles were conducted to evaluate the re-
generation of electrodes and operational stability of the CDI cell.
Fig. 10a shows the dynamic variation in ClO4~ concentration over five
consecutive cycles. As can be seen, almost all C10, "~ ions electrosorbed
during charging could be released from the electrodes during dischar-
ging, which suggests that the electrodes have good regeneration per-
formance during ClO,~ removal process in the presence of NaCl.
Moreover, no significant discrepancy between the previous cycle and
the following cycle is observed in the profiles of ClO,~ concentration
versus time, which indicates that the cell provided good reproducibility
over a small number of successive runs. In addition, only a small de-
crease in performance of the CDI cell over the course of several months
of intermittent operation was observed, as indicated by Fig. 10b.

On the basis of the adsorption-desorption cycles, we further in-
vestigated the effect of NOM on ClO,~ removal in the presence of NaCl
by adding certain amount of sodium humate into the solution with an
initial total organic carbon (TOC) concentration of 12.6 mg L™% and
the results are presented in Fig. 10a. In the first cycle, the C10,~ con-
centration dropped from 37mgL~! to 12mgL~! in the constant-vol-
tage adsorption step, and then recovered to approximately 34 mg L~ Yin
the short-circuiting desorption step. In the following cycles, the Cl1O4~
concentrations at the end of adsorption and desorption are similar to
those in the first cycle. The notable decline in the Cl1O,~ removal ability
of the CDI cell in the presence of NOM could be explained from two
aspects: 1) Driven by electrical field, the negatively charged organic
compounds in the solution would move towards the carbon electrodes
and compete with ClO,~ for available adsorption sites; 2) some humics
are adsorbed on the surface of carbon electrodes by chemical adsorp-
tion and hydrophobic interaction thereby resulting in the occupation of
adsorption sites and these compounds often could not be efficiently
desorbed during the regeneration cycle. This is evidenced by the fact
that, at the end of desorption, only 9.7 mgL~! TOC existed in the so-
lution indicating that 2.9 mgL~! TOC were retained in the electrodes.
3) Dissolved organics with large molecular weight and size might block
the pores of the electrodes and inhibit Cl04~ from reaching adsorption
sites. This is confirmed by the result that the BET specific surface area of
the electrode in the presence of NOM at the end of electrosorption is
642m?g ', 42.6% lower than that of the initial electrode in the ab-
sence of NOM. Furthermore, the phenomena observed here were con-
sistent with those of previous studies by Gabelich et al. [37], Zhang
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Fig. 9. Variation of current during charging in the CDI cell at different (a) charging voltages and (b) initial coexisting NaCl concentrations.

et al. [38], Wang et al. [39] and Chen et al. [40] who found that the
presence of NOM might foul the carbon electrodes and have negative
impacts on ion removal. The results suggested the necessity of a pre-
treatment to reduce the presence of NOM for the sustainable operation
of CDI, whereby broadening the potential application fields.

3.3. CDI cells in parallel

In the previous sections, only one pair of electrodes (one cell) was
used. To improve the ion removal performance or increase the volume
of treated water for practical applications, many cells can be pressed
together in parallel with regard to fluid flow and power charging to
construct a stack. We set up a stack with seven pairs of electrodes (each
electrode projected area is 8 cm X 8 cm), and in this section, ClO4~ and
Cl™ electrosorption processes between this stack and one CDI cell (the
electrode projected area is also 8cm X 8cm) were compared. The
modeling results were also presented to further verify its appropriate-
ness.

As can be seen from Fig. 11, the CDI stack had a much more superior
ion removal performance than one CDI cell under the same operating
conditions. The removal efficiencies of Cl1O,~ and Cl~ in the CDI cell
were 13% and 1%, respectively, while the removal efficiencies of ClO4 ™
and Cl™ in the CDI stack reached 59% and 11%, respectively. Ad-
ditionally, the theoretical model developed adequately describes the
experimental results and shows how change in the selected system

design and operating conditions may impact treated water quality. As a
matter of fact, the ultimate aim of CDI modeling is to derive mathe-
matical expressions that not just describe previously recorded data, but
also enable prediction of CDI performance under various possible de-
sign and operational scenarios. The validated model in this study ap-
pears to be a useful tool for quantitative description and prediction of
the electrosorption processes of both ClO,~ and Cl~ over a range of
operating conditions, cell arrangements and feed water compositions.

4. Conclusions

In this study, we have examined, both experimentally and theore-
tically, the feasibility of C104~ removal from brackish water by batch-
mode constant-voltage CDI system. In the aspect of experiments, effects
of various operational parameters (e.g., applied charging voltage, initial
pH, initial Cl0,~, C1~, HCO; ™, and SO4>~ concentrations, and pump
flow rate) on the dynamic electrosorption processes of both ClO,~ and
Cl™ were studied with the results showing that 1) a higher applied
voltage (ranging from 0.6 V to 1.2 V) favorably led to a decrease in the
lowest ClO4~ and Cl~ concentrations; 2) Cl04~ and Cl~ competed, to a
certain extent, for the limited electrosorption sites. HCO3~ had a much
greater influence on ClO4~ removal than SO,2~ and Cl~, while the
effects of SO,*>~ and Cl~ on ClO,~ removal were roughly similar; 3)
pump flow rate had little influence on the ClO,~ and Cl™ electro-
sorption kinetics within limits; 4) a favorably strong preferential
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Fig. 10. (a) Dynamic variation in ClO,~ concentration over five consecutive cycles in the absence of NOM (red line) and in the presence of NOM (blue triangle), (b) The
difference in performance of the CDI cell at the start and at the end during the several months of intermittent operation in the absence of NOM. Experimental conditions:
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Fig. 11. Comparison of (a) NaCl and (b) ClO4~ electrosorption processes between the CDI stack with seven pairs of electrodes and the CDI cell with only one pair of
electrodes. Experimental conditions: cciog,initial = 76 MgL ™", cNactnitial = 200mgL ™", @, = 44 mLmin~", Vinarge = 0.9V, Viiscarge = OV and Vo = 700 mL. Symbols:

experimental data; Lines: modeling results.

adsorption of ClO,~ over Cl~ occurred under various conditions and
the ion selectivity between ClO,~ and Cl~ varied with the operational
parameters. Adsorption-desorption cycles and the small decrease in
performance of the CDI cell over the course of several months of in-
termittent operation suggested the good regeneration of electrodes and
operational stability of the CDI cell. The notable decline in the ClO,~
removal ability of the CDI cell in the presence of relatively high level of
NOM suggested the necessity of a pre-treatment to reduce the presence
of NOM for the sustainable operation of CDI. The scale-up studies in-
dicated that the CDI stack assembled with multiple pairs of electrodes
could achieve a much more superior ion removal performance com-
pared to the CDI cell with only one pair of electrodes. In the aspect of
theory, the proposed model provided a good quantitative description of
the ClO4~ and Cl™ removal profiles over a range of operating condi-
tions, cell arrangements and feed water compositions. The validated
model is expected to have an important role to play in establishing CDI
as a viable treatment technology for perchlorate-contaminated brackish
water.
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