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Industrial Utilization of Capacitive Deionization Technology
for the Removal of Fluoride and Toxic Metal lons

(As**/>* and Pb%)

Md Rabiul Islam, Soujit Sen Gupta, Sourav Kanti Jana, and Thalappil Pradeep*

Capacitive deionization (CDI) is an emerging desalination technology,
particularly useful for removing ionic and polarizable species from water. In
this context, the desalination performance of fluoride and other toxic species
(lead and arsenic) present in brackish water at an industrial scale of a few kilo
liters using a CDI prototype built by InnoDI Private Limited is demonstrated.
The prototype is highly efficient in removing ionic contaminants from water,
including toxic and heavy metal ions. It can remove fluoride ions below the
World Health Organization (WHO) limit (1.5 ppm) at an initial concentration
of 7 ppm in the input feed water. The fluoride removal efficiency of the
electrodes (at a feed concentration of 6 ppm) deteriorates by =4—6% in the
presence of bicarbonate and phosphate ions at concentrations of 100 ppm
each. The removal efficiency depends on flow rate, initial total dissolved
solids, and other co-ions present in the feed water. Interestingly, toxic species
(As**/>* and Pb?*) are also removed efficiently (removal efficiency > 90%) by
this technology. The electrodes are characterized extensively before and after
adsorption to understand the mechanism of adsorption at the electrode.

1. Introduction

Availability of clean drinking water is one of the major chal-
lenges of 21st century. According to the United Nations, more
than two-thirds of the human population will be under water
scarcity by 2025.1% This is because existing fresh water is get-
ting increasingly contaminated due to a) increased industri-
alization, b) excessive use of chemical fertilizers in agriculture,
c) unprocessed industrial, human, and animal waste, and
d) climate change. Groundwater contamination has been gradu-
ally increasing with the presence of several toxic contaminants,
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such as arsenic (As), lead (Pb), fluoride
(F7), nitrate, and uranium, along with the
presence of anthropogenic contaminants
such as pesticides, perchlorates, and dyes,
thus rendering the water unfit for drinking.
Toxic elements such as As and Pb exist in
different forms in nature. Exposure to all
these contaminants above a specific limit
can cause serious health hazards, even
carcinogenicity in humans. Among these,
fluoride and arsenic are major threats to
the Indian population; more than 20 states
are severely affected by fluoride and over
12 states by arsenic.># Arsenic contami-
nation in groundwater occurs due to the
erosion of natural minerals into aquifers,
as a result of complex geochemistry and
hydrochemistry.’”! According to the World
Health Organization (WHO), over 137 mil-
lion people in more than 70 countries, and
=57 million people in 30 countries con-
sume water containing more than 1.5 ppm fluoride and 50 ppb
of arsenic, respectively.®1% The standard acceptable limits set by
WHO for F~ and As are 1.5 ppm and 10 ppb, respectively. Major
health effects due to F~ intake include dental and skeletal fluo-
rosis. As per reports, excess F~ intake can affect the kidney, liver,
and reproductive system and cause arthritis, thyroid malfunc-
tion, and brain damage. On the other hand, long-term expo-
sure to As through drinking water and food can lead to cancer,
cardiovascular diseases, skin lesions, and diabetes.?

In the recent past, researchers have found many efficient
solutions for removing As by adsorption using diverse mate-
rials.”"13] However, adsorption is not an effective solution to
remove F~, as its concentration is as high as 2-10 ppm in some
parts of the country.! Efforts have been made to remove
F~ from drinking water using activated alumina, but it is inef-
fective due to low adsorption capacity and lack of regenera-
tion and reusability without side effects. Activated alumina,!®
hybrid graphene oxide (GO)-ferric hydroxide composite,’!
magnetite-reduced graphene oxide (M-tGO) composite,l® iron
oxide,™! functionalized graphene nanosheets,?! 3D hybrid
graphene-carbon nanotube-iron oxide composite,?!l iron oxy-
hydroxide-chitosan composite,??l activated carbon,?*l silicon
dioxide,® and cellulose-based materialsl® have been used to
remove arsenic from water in the recent past. Among the dif-
ferent heavy metals, Pb has also been widely found in drinking
water, which is also highly toxic to human health. Presence
of lead, even in trace amounts, can affect nervous, digestive,
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and skeletal systems, and therefore, must be removed from
the water. It has a tendency to accumulate in tissues of living
organisms. Major industrial sources of Pb contamination in the
environment are battery manufacturing, acid metal plating, and
finishing, ammunition, tetraethyl lead manufacturing, ceramic
and glass industries, and printing, painting, and dying indus-
tries. According to the US Environmental Protection Agency
(USEPA), the maximum acceptable level for Pb is 15 ppb (WHO
limit: 10 ppb). To achieve this goal, several methods have been
applied for the removal of lead from wastewaters, such as pre-
cipitation, solvent extraction, ion exchange, coagulation, and
floatation, and different materials used for lead removal are fly
ash, activated carbon, ion-exchange resins (IERs), nanosized
zero-valent iron (nZVI)-based materials, and different gra-
phenic materials.[25-26]

To meet the demands of safe drinking water globally, several
methods were extensively reported for brackish and seawater
desalination.l””] In the past few decades, desalination techniques
including 1) distillation, 2) thermal desalination (multistage
flash distillation, multieffect evaporation, vapor compression
evaporation, etc.), 3) membrane desalination (reverse osmosis
(RO), electrodialysis, membrane distillation, etc.), and 4) ion-
exchange have been developed. However, major disadvantages
of these existing techniques are that they are neither cost-effec-
tive nor energy-efficient. In this context, capacitive deionization
(CDI) is emerging as an alternative desalination technology as
it is capable of desalination of ionic and polarizable pollutants
from brackish water at an affordable cost.?l CDI works on the
principle of electroadsorption of ions on porous carbon elec-
trodes when a small potential difference (0.8-2.0 V) is applied
across them.[?’l A CDI cell consists of a pair of porous elec-
trodes (mainly made of carbon), separated by a nonconducting
membrane called as separator. When a potential difference
is applied across the electrodes, the electrodes get charged,
which drives oppositely charged ions toward them by electro-
static attraction. The electrostatic migration continues until
an equilibrium is reached, forming an electrical double layer
at the interface of the respective electrode. This step is known
as electroadsorption, and subsequently, desorption happens
when the potential is reversed or the external power supply is
shorted. However, the limitation of this technology lies in the
availability of sustainable electrode materials with high elec-
troadsorption capacity. The electrode material has a significant
role in faster adsorption and desorption kinetics for a perfect
CDI process. The electrode material should have the following
characteristics: i) large surface area, ii) high porosity, iii) high
electrical conductivity, iv) electrochemical stability, v) bio-inert-
ness, vi) fast adsorption—desorption kinetics, vii) good wetting
behavior, viii) low cost, and ix) scalability. Generally, electrode
materials used for CDI are mostly carbon-based materials such
as activated carbon, carbon cloth, ordered mesoporous carbon,
carbon nanofibers, carbon nanotubes/multiwalled carbon
nanotubes (CNTs/MWCNTs), and graphene and graphene-
based composites.[3%

CDI has numerous advantages. i) It is highly energy-effi-
cient, as it does not require use of any high-pressure pumps.
ii) The device module works at a lower DC potential =0.8-2.0 V.
Thus, it can be energized with solar/wind power. More impor-
tantly, it can work in rural areas where the availability of grid
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power is a concern. iii) Water rejection by this technique is
significantly less compared to other techniques such as RO. iv)
Carbon particles, which are usually used to make active elec-
trodes for CDI, can withstand much higher temperatures than
membranes, and therefore can be used for wider applications.
Uniqueness of CDI technology over other water purification
technologies may be summarized as low operating cost, energy-
efficiency, low wastage, and retention of essential minerals by
varying the operating potentials.

In the present work, F~ along with other toxic species (As
and Pb?) containing water was purified efficiently using CDI
technology at a scale of relevance for practical applications.
This prototype efficiently removed F~ below the WHO limit
(1.5 ppm) when the concentration of fluoride in feed water was
nearly 7 ppm. The same prototype also removed As from 40 to
5.6 ppb and Pb from 200 to 7 ppb, thus bringing output concen-
trations below acceptable limits. Different experimental condi-
tions, such as flow rate, initial total dissolved solids (TDS), and
presence of co-ions, were optimized to achieve better desalina-
tion. Moreover, spectroscopy and microscopy were performed
to characterize the electrode surface before and after desalina-
tion. The present results show that this CDI prototype is an effi-
cient, cost-effective, and alternative technology to remove toxic
species such as F~ along with As*/>* and Pb%*" from contami-
nated water.

3+/5+

2. Result and Discussion

2.1. Experimental Set-Up and Characterization of the Carbon
Electrode

Detailed illustration of the CDI experimental set-up is provided
in Figure S1in the Supporting Information. The set-up is com-
posed of several units, each of the units is shown separately.
Figure S2 in the Supporting Information shows a photograph
of the CDI experimental set-up. A schematic representation
of the CDI phenomenon is demonstrated in Figure 1A, where
cathodes and anodes are alternatively stacked, and a DC voltage
is applied across the stack. The photograph of CDI electrode
cell is shown in Figure 1B. The surface morphology of the elec-
trode material was investigated by high-resolution scanning
electron microscopy (HRSEM), and the corresponding micro-
graph is shown in Figure 1C. The HRSEM image of the carbon
material revealed the highly porous nature of the carbon elec-
trode, which was assembled with porous graphene nanosheets
(Figure 1C). We present HRSEM of the electrode materials with
650 000x magnification highlighting the pores present in the
electrode materials. From this image, we observed that the elec-
trode materials are highly porous in nature.

Cross-sectional views of electrodes were also examined
through HRSEM images shown in Figure 1D-F. Thickness of
the ion-exchange membrane, which was coated on the electrode
material, was found to be =15-20 pm (Figure 1D). Additionally,
the HRSEM images showed that the thickness of the current
collector (i.e., the graphite sheet) of the electrode was around
250 um, and the graphenic material coated on the current col-
lector had a thickness of about 120 £+ 10 um for both electrodes
(Figure 1E,F). The SEM energy-dispersive X-ray spectroscopy

© 2022 The Authors. Global Challenges published by Wiley-VCH GmbH
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Figure 1. A) Schematic of CDI phenomenon where cathodes and anodes are alternatively stacked, and a DC voltage is applied across the stack
B) photograph of the CDI electrode cell. C) HRSEM image of carbon material and HRSEM of the carbon material highlighting the pores present in the
nanoscale regime. Cross-sectional HRSEM images of D) ion-exchange resins (IERs), E) cathode, and F) anode.

(EDS) was performed to analyze the distribution of elements in
the graphenic carbon electrode. The SEM EDS spectrum of active
materials (carbon) of the electrode confirmed the presence of a
small amount of oxygen along with carbon, which are the major
elements of the electrode material (Figure S3, Supporting Infor-
mation). The SEM images of the carbon electrodes at different
magnifications shown in the inset of the same figure confirm the
hierarchical morphology of the active electrodes. The carbon to
oxygen ratio was identified as 10.5:1, as per the SEM EDS anal-
ysis. The particle size was observed to be 15 £ 5 um (Figure S3,
Supporting Information). Furthermore, surface morphology and

Global Challenges 2022, 6, 2100129 2100129 (3 of"l1)

elemental mapping of electrodes (cathode and anode) are shown
in Figures S4 and S5 in the Supporting Information, respectively.
Insets of Figures S4 and S5 in the Supporting Information cor-
respond to EDS mapping of each element. The nanosheets-like
structure of the electrode material masked by an ion-exchange
resin was observed in the SEM image, and smooth surface of the
resin was also evident on the electrode surfaces (Figure 1E,F).
EDS spectrum of the cathode (Figure S4, Supporting Informa-
tion) revealed the presence of calcium (Ca), which could be
attributed to cation-exchange resin. Other elements such as
carbon and oxygen were also present. However, the presence of

© 2022 The Authors. Global Challenges published by Wiley-VCH GmbH
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Cl” ions at the anodic surface confirms the chemical composi-
tion of the anion-exchange resin (Figure S5, Supporting Infor-
mation). Figure S6 in the Supporting Information represents the
Raman spectrum of the carbon material. The graphenic nature of
the material was confirmed by the presence of G- and D-bands at
1604 and 1345 cm™, respectively. Usually, G- and D-bands signify
sp? hybridization (graphitic signature of carbon) and disorder-
ness of the sp? hybridized hexagonal sheet of graphenic carbon,
respectively. The peak intensity and line-width of the D-band are
larger than the G-band in carbon materials, indicating higher
disorder/defects, which could be attributed to intense chemical
treatments and/or increased amorphous carbon content (unre-
acted graphite powder). Thus, the Raman spectrum confirms the
presence of a graphitic signature of carbon (in-plane sp? carbon)
and defects present in carbon particles (sp?® carbon).

2.2. Electrochemical Characterization of both Anode
and Cathode Materials

Cyclic voltammetry (CV) was carried out in 1 M NaCl solution
to understand the adsorption—desorption and capacitive behavior
of the electrodes (anode and cathode). Voltammograms of both
electrodes at different scan rates, from 1 to 100 mV s, are
shown in Figure S7A,B in the Supporting Information. The vol-
tammograms revealed that both anode and cathode are perfectly
reversible at lower scan rates. These attributes to anodic and
cathodic currents (or capacitive currents) are the mirror images,
indicating that both adsorption and desorption processes occur
almost at the same kinetic rate. However, at higher scan rates
(beyond 50 mV s, alteration in the shape of the CV profile of
each electrode was monitored, implying that less amount of ions
was adsorbed at electrodes. This result suggests that ions do not
have enough time to access the entire electrochemical surface
of the electrode material. Thus, at higher scan rates, adsorption
and desorption of ions are limited by ionic resistance. Specific
capacitance (Cgp) of both the electrodes at each scan rate was
calculated and plotted as a function of scan rate (Figure S7C,D,
Supporting Information). Exponential decay of the specific
capacitance exhibits a higher value (=68 F g™) of Cy, at a lower
scan rate and gets constant at a higher scan rate. This could be
explained as the adsorption and desorption are faster at a lower
scan rate as ions have enough time to get adsorbed on the oppo-
sitely charged electrode surfaces. This phenomenon is similar to
the charge storage mechanism of an electrochemical capacitor.
However, at a higher scan rate, the diffusion-controlled process
dominates; therefore, adsorption and desorption rates are lower.
Also, high salt adsorption capacity of the electrode material was
observed, as seen in the electrochemical study (Figure S7, Sup-
porting Information), which further confirms the porous nature
of the electrode materials.

Scan rates-dependent adsorption—desorption characteristics
were studied for anode and cathode in 1 M of NaCl and NaF solu-
tions. At a lower scan rate (1 mV s7), the charge storage capaci-
ties (area under the curve of the voltammograms) of both the
electrodes were found to be the same (Figure S8A, Supporting
Information). However, at a higher scan rate (100 mV s7),
CV of both anode and cathode was performed in 1 m NaCl solution,
and the corresponding voltammogram showed the difference
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in charge storage capacities (Figure S8B, Supporting Informa-
tion). As the ionic mobility of Na* and Cl™ are different (5.19 and
792 m? 57! V7, respectively), and diffusion of ions is controlled
by the ionic mobilities of the counter-ions (cations for cathode
or anions for anode). Therefore, the cathode shows a signifi-
cantly higher charge storage capacity than the anode. The same
experiment was carried out in 1 m NaF solution, which does
not show any significant change in the charge storage capacity.
However, ionic mobilities of both Na™ and F~ are almost the
same (5.19 and 5.74 m? s7! V71, respectively). Thus, CV of both
the electrodes, which were performed in 1 M NaF solution,
showed the same charge storage capacity at the same scan rate.
Interestingly, at a lower and higher scan rate (1 and 100 mV s,
respectively), voltammograms of both the electrodes are almost
similar (Figure S8C,D, Supporting Information). This indicates
that the capacitive currents of the electrodes are equal for both
scan rates.

In order to understand charge transport at the electrode—
electrolyte interface and its effect on capacitive desalination,
electrochemical impedance spectroscopy (EIS) measurement
was carried out for both anode and cathode. EIS was performed
in 1 M NaCl solution by applying 10 mV sinusoidal AC signal
to the working electrode (here, graphite electrode coated with
carbon material), and the frequency of the input signal was
varied from 5 MHz to 1 mHz. The total impedance of the elec-
trochemical cell was recorded at 10 dB per decade of the applied
frequency, and the Nyquist plots of both cathode and anode are
shown in Figure S9A,B in the Supporting Information. The
Nyquist plot represents the impedance of the working electrode
at each frequency. An equivalent circuit was deduced by fitting
the impedance data with the experimental Nyquist profile of
the individual electrode. Fitting vales of an equivalent circuit
of both cathode and anode are shown in Table S1 in the Sup-
porting Information. Each circuit element, which is discussed
in the caption of Figure S9C in the Supporting Information, is
analogous to different interfacial electrochemical phenomena.
These phenomena are involved with i) diffusion of bulk ions
to the electrode—electrolyte interface, ii) charge transfer through
adsorption and desorption of ions at the electrode surface (R.),
and iii) charge transport through the active carbon material
to the graphite electrode (current collector, R1). Analysis of
Nyquist plots and corresponding equivalent circuits revealed
internal resistance of the anode (=38.3 Q) to be higher than
the cathode (=12.5 Q). This signifies that the electronic conduc-
tivity of the cathode material is higher than the anode material.
Therefore, at the same scan rate, the capacitive current is lower
for the anode compared to the cathode (Figure S8, Supporting
Information). However, charge transfer resistance is almost
the same for the two electrodes (for cathode =71 Q and anode
9.8 Q), which is attributed to the same adsorption and desorp-
tion rate of ions on the electrodes. CDI works on the principle
of physical adsorption/desorption of ions. However, there was
no significant difference in adsorption (charge) and desorption
(discharge) rates. Even after 3 h of continuous adsorption and
desorption cycles, electrode surface was usually regenerated in
CDI technology to recover the active sites of the electrode for
further adsorption and desorption processes. However, there
is a difference in diffusion impedance [Zp = C3 || R3] between
anode and cathode, i.e., R3 of the anode is three times higher

© 2022 The Authors. Global Challenges published by Wiley-VCH GmbH
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than the cathode, attributed to the slightly lower adsorption rate
at the surface of the anode (Table S1, Supporting Information).

2.3. Adsorption-Desorption Experiment of the Electrode
Adsorption—desorption measurement was performed in batch

mode with single electrode pair (cathode and anode, each of
the dimensions 3 x 5 cm?) immersed in 1000 ppm of 80 mL
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NaCl solution and a DC potential of £1.6 V was applied across
them. After 360 s, a decrease in the concentration of the solu-
tion to 970 ppm during the adsorption cycle was noticed. After
reversing the terminal, complete desorption was noticed at 200 s
to reach the initial concentration (1000 ppm), as shown in
Figure 2A.

To get insights into the adsorption and desorption kinetics,
both adsorption and desorption profiles were analyzed at
different time segments. A similar experiment was reported in
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Figure 2. A) Single adsorption—desorption cycle containing 1000 ppm of NaCl in batch mode and B) adsorption—desorption performance in a con-
tinuous flow-through mode for multiple cycles, CDI performance for the removal of fluoride ion in tap water with initial concentration C) 10 ppm for
10 000 L, D) 10 ppm for a double pass for 120 L, E) 7 ppm for 2000 L, and F) 6 ppm for 2000 L.
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our previous work.! In this work, fast adsorption kinetics was
observed for 20 ppm in the first 125 s, while desorption of the
same concentration of ions was seen in 45 s. Therefore, in flow-
through experiments (when NaCl solution was passed through
the cell), the time of adsorption/desorption was kept at 120/45 s
to achieve maximum desalination efficiency. Figure 2B shows
the efficiency of CDI electrodes in a flow-through experiment
for multiple cycles (for 30 cycles). The initial concentration was
kept at 1000 ppm, and the output concentration was found to
be 200 ppm after 120 s of adsorption. After desorption, the con-
centration in the rejected water was measured to be 3140 ppm
after 45 s at a flow rate of 120 L h™™.

Different experiments were carried out to evaluate the CDI
performance for the removal of F~ from input feed water. Dif-
ferent concentrations of F~ were spiked in tap water, and the
removal efficiency was measured. The initial TDS of tap water
was =950 ppm, and the quantitative analysis of ions was meas-
ured by ion chromatography (IC). When the initial concentra-
tion of F~ was 10 ppm, the output concentration of the same
was found to be 2-2.1 ppm, after passing 10 000 L of water
through the electrochemical cell during capacitive desalina-
tion (Figure 2C). The reduction of TDS was around 80%, i.e.,
from =1000 to =200 ppm. However, a sudden decrease in fluo-
ride concentration below 2 ppm was witnessed (black trace of
Figure 2C) when 4000 L of tap water was passed during the
experiment. This fluctuation might be because of lower TDS of
input tap water below a certain value. The output water having
F~ concentration of 2-2.1 ppm was then passed through the
CDI cell for the second cycle (i.e., double pass), and the concen-
tration of F~ reduced to 0.4 ppm, which is below the acceptable
limit in drinking water as per WHO’s standard (Figure 2D).
Therefore, for a higher concentration of F~, a double pass is
required to bring the F~ concentration below 1.5 ppm. However,
the removal efficiency depends on the flow rate, initial TDS,
and the presence of co-ions.

The typical concentration of F~ in groundwater and surface
water bodies of fluoride-affected areas in India was reported to
be 0.5-6 ppm (Table 1). Few places had fluoride ion concentra-
tions higher than 10 ppm, as in Prakasham district in Andhra
Pradesh, Unnao district in Uttar Pradesh, and Karbianglong
district in Assam. When F~ concentrations of 7 and 6 ppm were
spiked into the input tap water, output concentrations of F~
were observed to be 1.4 and 1.2 ppm, respectively (Figure 2E,F).
The observed result suggests that the CDI module could effi-
ciently remove F~ (below WHO limit) from water with an input
F~ concentration of =7 ppm or lower. For higher concentrations
(above 7 ppm), a double pass methodology is required. Addi-
tionally, CDI performance using different concentrations of
F~ was also studied, in which the initial concentration of the F~
was maintained as 100, 50, 10 ppm (Figure S10A-C, Supporting
Information). Moreover, the effect of different TDS and flow
rates were also studied with an input concentration of 10 ppm
of F~ (Figure S10D, Supporting Information).

Effect of removal efficiency of F~ at an input concentration of
6 ppm was also examined with variation in TDS and flow rate.
Initially, TDS of tap water was measured to be 1050 ppm, which,
upon passing through the CDI module, reduced to 210 ppm
in the output water. Similarly, when 210