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Phosphate removal is a critical issue in water treatment because excess levels of phosphate can cause
severe eutrophication. Capacitive deionization (CDI), which has several advantages, such as simple,
eco-friendly, and energy efficient operations, has gained attention as a potential alternative over conven-
tional phosphate removal technologies like activated sludge, chemical precipitation, and adsorption pro-
cesses. However, CDI suffers from a lack of selectivity for phosphate, resulting from non-selective anion
removal of positively biased electrodes. Herein, the layered double hydroxide/reduced graphene oxide
(LDH/rGO) composite electrode in the CDI process was examined for selective phosphate removal.
LDH/rGO showed the selective phosphate removal performance with sustained phosphate removal effi-
ciency even in the presence of excess chloride. In addition, the selective phosphate removal in the CDI
process with the LDH/rGO was successfully demonstrated in the simulated water, fabricated by adding
a significantly low concentration of phosphate (0.4 mg∙L�1) into real river water matrix (Han River,
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Seoul, Korea). This result was explained by the high electrochemical selectivity of the LDH/rGO for
phosphate.

� 2019 Elsevier Inc. All rights reserved.
1. Introduction

A tremendous amount of phosphorus from various human
activities, such as the use of pesticides, detergents, and manure,
has been released into aquatic environments as a phosphate in
wastewater. Excess levels of phosphate in water environments
causes ecological damage through the process of eutrophication,
one of the most widespread global water quality problems, leading
to substantial economic problems and latent risk to human health
[1,2]. For instance, the potential economic damage from eutrophi-
cation was estimated to be about $105–106 million annually in
England and Wales, and even reached over $2.2 billion annually
in the United States [3,4].

In order to control the phosphate concentration in discharge
water, various technologies including chemical precipitation,
activated sludge, and adsorption processes have been studied.
However, chemical precipitation and activated sludge suffer from
a sludge disposal problem, and adsorption process is limited by
regeneration issue associated with the usage of a large amount of
chemicals. Capacitive deionization (CDI) has been considered an
alternative technology due to its eco-friendly, energy efficient,
and simple operation based on charging/discharging [5–11]. In a
conventional CDI process, ions can be captured from an aqueous
phase by a simple electrostatic interaction between ions and elec-
trode surface through the electrical double layer (EDL) formation
on the electrode surface. It indicates that CDI has been suffered
from selective phosphate removal, even though the selectivity
should be considered in real applications. For this reason, develop-
ing a new approach for selective phosphate removal in CDI process
is necessary [12–17].

This study examines a novel electrode material, the ZnAl-
layered double hydroxide with reduced graphene oxide (LDH/rGO),
for selective phosphate removal in the CDI process. Regarding
selective property toward phosphate, ZnAl- LDH is one of good
candidate material as a phosphate selective electrode in the CDI
process [18,19]. However, the electrochemical application of
ZnAl-LDH has been focused on the energy storage system
[20,21]. In here, The morphology and electrochemical properties
of the LDH/rGO were investigated in order to understand its
phosphate capturing behavior. The phosphate selective removal
performance of the LDH/rGO was examined under various ratios
of phosphate to chloride (1:5, 1:10, and 1:20), considering energy
consumption and regeneration practice. In addition, the phosphate
removal performance of the LDH/rGO was examined in the real
water matrix (Han River, Seoul, Korea) with adding a low level of
phosphate (0.4 mg∙L�1). To best of our knowledge, it is the first
report to intensively demonstrate the performance of electrochem-
ical phosphate removal using LDH in various concentrations of a
competing ion and the real water system.
2. Materials and method

2.1. 3. Reagents and chemicals

All chemicals were purchased from Sigma Aldrich (St. Louis,
MO, USA), and used without further purification. The cation
exchange membrane (Selemion� CMV, Asahi Glass Company,
Japan) was used as received.
2.2. Preparation of composite electrode

The LDH/rGO powder was fabricated by following procedure
[22]. First, for the preparation of the LDH/rGO powder as active
material, rGO was synthesized using Hummers method [23].
Graphene oxide (GO) powder was immersed in 30 g∙L�1 of
L-ascorbic acid at 90 �C overnight. Then, the resulting rGO was well
washed in deionized water and was dispersed in 250 mL of the
aqueous solution which contained 0.744, 0.479, and 0.526 g of Zn
(NO3)2�6H2O, Al(NO3)3�9H2O and urea, respectively. The LDH/rGO
powder was obtained by hydrothermal processing at 95 �C for 24 h.

Prior to fabrication of the LDH/rGO as a freestanding composite
electrode, the LDH/rGO powder, conducting agent, and polyte-
trafluoroethylene (PTFE) were each mixed with weight ratios of
8:1:1. Then, the composite electrode was fabricated by the role-
pressing method and dried in a vacuum oven. The pure LDH elec-
trode, without adding rGO, was prepared with the same procedure.

2.3. Characterization of LDH/rGO

The LDH/rGO and the pure LDH powders were analyzed with a
scanning electron microscope (SEM, JSM-6700F, Jeol, Tokyo, Japan),
high resolution transmission electron microscope (HR-TEM, JEM
3010, Jeol, Tokyo, Japan), and X-ray diffractometer (XRD, the
Rigaku D-MAX2500, Tokyo, Japan). Additionally, the LDH/rGO
was examined by post-mortem analysis with Fourier Transform
Infrared Spectroscopy (FT-IR, Cary 600 series FT-IR Agilent
Technologies, CA, USA) and XRD analysis after capturing step. For
XRD analysis, the capturing step was conducted under a high
phosphate concentration (1 M of phosphate) to maximize changes
for clear observation.

The electrochemical properties of the LDH/rGO were investi-
gated using cyclic voltammetry (CV) and galvanostatic charge/
discharge measurements. These measurements were conducted
in a custom-built cell with installation of the LDH/rGO as a working
electrode and excess activated carbon as a counter electrode [9].
With Ag/AgCl (saturated KCl) reference electrode, CV was
performed in the three electrode system under 2 mV∙s�1 in of
phosphate solution (1 M, sodium phosphate) and chloride solution
(1 M, sodium chloride) at a neutral pH, using a potentiostat
(PARSTAT 2273, Princeton Applied Research, TN, USA). The gal-
vanostatic charge/discharge was carried out using a battery cycler
(WBCS3000, WonA Tech Co, Seoul, Korea) with/without Ag/AgCl
(saturated KCl) reference electrode for monitoring potentials of
the LDH/rGO.

2.4. Evaluation of LDH/rGO in CDI process for phosphate removal

The semi-batch electrochemical system was prepared with the
LDH/rGO as a phosphate capturing electrode, and the nickel
hexacyanoferrate (one of the Prussian blue analogues, PB) [24]
with a cation exchange membrane as cation capturing electrode.
Phosphate removal performance was tested in phosphate and chlo-
ride mixed solution at neutral. Phosphate concentration was 1 mM,
and chloride concentration was varied from 5 mM to 20 mM.

Before the phosphate removal test, the PB was pretreated by
applying a constant current of 0.6 mA∙cm�2 until �1.5 V of the cell
potential in 100 mM of potassium nitrate for the activation of PB
by releasing cations. The phosphate removal by the LDH/rGO in
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the CDI process was conducted by repeating the two steps up to
the 5th cycle inducing electrochemical capturing and release of
phosphate. For the capturing step, constant current (0.6 mA∙cm�2)
with the cell voltage limit of 1.0 V was applied the system with the
mixed solution containing 1 mM of phosphate and various
concentrations of chloride ranging from 5 mM to 20 mM at neutral
pH. In the releasing step, reverse current (�0.6 mA∙cm�2) was
applied up to �1.5 V of the cell potential in the 10 mM of sodium
hydroxide solution. The average values of removal efficiency for
phosphate and chloride were estimated from where the process
was stabilized. In addition, to express the selective performance
of LDH/rGO in the CDI process, the selectivity coefficient (S) was
also calculated as follows [25].

Selectivity coefficient ðSÞ ¼ RP=CP

RCl=CCl
ð1Þ

where CP (mmol∙g�1) and CCl (mmol∙g�1) were the amount of
captured phosphate and chloride on the electrode, respectively,
and RP (mmol∙L�1) and RCl (mmol∙L�1) were the remaining aqueous
concentrations of phosphate and chloride after the capturing step,
respectively. Note that the Rp/Cp (L∙g�1) and RCl/CCl (L∙g�1) were
the distribution coefficients for phosphate and chloride,
respectively.

Energy consumption was calculated based on the area of cell
potential vs. charge plot for capturing/releasing steps [26]. The
samples were collected when the capturing or releasing step was
finished, and the ion concentrations were measured with ion
chromatography (DX-120, DIONEX, CA, USA). A carbon electrode
(SX-plus, Norit Activated Carbon, Amersfoort, Netherland) was
examined for comparative purposes under the selected condition
(1 mM of phosphate and 10 mM of chloride solution).

Instead of 10 mM of sodium hydroxide solution in the releasing
step, two different solutions (10 mM of sodium bicarbonate and
10 mM of sodium chloride) were examined. Capturing-releasing
steps were repeated at a selected condition (1 mM of phosphate
and 10 mM of chloride). From the 1st cycle to 3rd cycle, bicarbon-
ate solution was used. From 4th cycle to 6th cycle, chloride
solution was used.

2.5. Preparation of simulated water using real water matrix

The selective phosphate removal of the LDH/rGO in CDI process
was examined in the simulated water (Han River, Seoul, Korea),
which was prepared by adding 0.4 mg∙L�1 of phosphate into the
Han River water (micro filtered). The phosphate removal of
LDH/rGO was evaluated in the CDI process by repeating captur-
ing/releasing steps. 10 mM of sodium hydroxide solution was used
for the releasing step.
3. Results and discussion

3.1. Characterization of LDH/rGO

Fig. 1 shows the XRD patterns (a), the SEM (b) and the TEM
images (c) of the LDH/rGO in comparison with those of the pure
LDH, respectively. As shown in Fig. 1(a), the LDH/rGO was success-
fully synthesized with a typical lamella structure of LDHs, which is
confirmed by the identical peak positions of (0 0 3), (0 0 6), (0 0 9),
(1 0 4) and (1 0 5) with pure LDH. However, in Fig. 1(b), a well-
stacked structure was observed only for pure LDH by SEM image,
while it was not clearly shown in the SEM image of the LDH/rGO,
indicating that the layered structure was less developed. Consider-
ing the poor electrochemical properties of pure LDH due to large
inter-layer distance, the less developed layered structure of the
LDH/rGO appeared to be superior to pure LDH in terms of
electrochemical properties due to a shorter inter-layer distance
[27,28]. Furthermore, the TEM images of the LDH/rGO in Fig. 1(c)
exhibited a graphene layer of the LDH/rGO, while no graphene
layer was observed in case of the pure LDH. This graphene layer
was also confirmed by AFM image of rGO showing similar wrinkled
morphology (see Fig. S1 in Supplementary Information, SI). The
graphene layer of the LDH/rGO is presumed to play a role as a
conducting substrate leading to improvement in the conductive
property of the LDH [27]. The structural advantages of LDH/rGO
was supported by a larger area of the CV curve compared to that
of pure LDH, indicating the improved electrochemical properties
(refer to Fig. S2).

3.2. Phosphate selective properties of LDH/rGO

The phosphate removal properties of the LDH/rGO were
examined with the CV curves (a), galvanostatic charge/discharging
curves (b) The phosphate captured LDH/rGO was analyzed by FT-IR
(c) and XRD (d) as shown in Fig. 2. In Fig. 2(a), the broad peaks with
a red arrow appeared within the potential range from �0.4 V to
0.05 V (vs. Ag/AgCl) in the phosphate solution (1 M), while these
peaks were not observed in the chloride solution (1 M). This result
implies that LDH/rGO revealed the electrochemical reactions with
phosphate, which can be interpreted by b-values of power-law
relation for anodic and cathodic processes (0.8 and 0.9, respec-
tively) (refer to Fig. S3(a) and (b) in SI).

As shown in Fig. 2(b), the electron transfer reaction of the
LDH/rGO for phosphate was also displayed in the non-linear poten-
tial profile of the LDH/rGO. The slope of the potential profile for
phosphate was changed near 0 V for anodic process and �0.2 V
for cathodic process, leading to the higher specific capacity for
phosphate when compared to chloride [29–31]. Additionally, the
LDH/rGO electrode exhibited high cyclability in the phosphate
solution with coulombic efficiency near unity and retained 71%
of the initial discharge capacity after 100 cycles (refer to Fig. S4).

The electrochemical behavior of the LDH/rGO for phosphate can
be explained by the inner-sphere complexation (Fig. 2(c)) and
anion intercalation (Fig. 2(d)) of phosphate and the LDH/rGO. As
shown in Fig. 2(c), the occurrence of inner-sphere complexation
was observed by PAO stretching vibration peak around
1000 cm�1 after capturing step resulting from the formation of
mono/bidentate complexes [32,33]. In the XRD pattern of Fig. 2
(d), new peaks appeared at higher 2 theta degree of (0 0 3) and
(0 0 6), respectively, after capturing phosphate, which indicates
that phosphate was intercalated into an interlayer of LDH with
decreasing interlayer distance [33,34]. Additionally, based on XPS
analysis, Zn and Al metal cations in LDH/rGO played role of
adsorption sites (refer to Fig. S5).

3.3. Phosphate removal performance of LDH/rGO in the CDI process

The phosphate removal performance of LDH/rGO was evaluated
in the CDI process under chloride-rich conditions. Fig. 3(a) displays
the normalized ion concentration profile of the mixed solution of
phosphate (1 mM) and chloride (10 mM) (refer to Fig. S6 in SI for
the specific ion capacity (mmol∙g�1)) during the capturing step.
As shown in Fig. 3(a), the LDH/rGO exhibited selective removal
behavior for phosphate during the capturing step, leading to a
decrease in normalized phosphate concentration. This result
corresponds well with the CV curve in Fig. 2(a), indicating the
phosphate-selective nature of the LDH/rGO in an electrochemical
process.

Fig. 3(b) shows the S value (selectivity coefficient, Eq. (1)) of
chloride and phosphate, and their corresponding ion removal ratio
at various concentrations of mixture solution. Note that when
S value is greater than 1, the phosphate removal is favorable,



Fig. 1. XRD patterns (a), SEM images (b), TEM images (c) of layered double hydroxide/reduced graphene oxide composite (LDH/rGO) in comparison with those of pure layered
double hydroxide as a powder form.
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compared with the chloride removal at the selected condition. As
shown in Fig. 3(b), the S value increased from 2.9 to 7.4 with
increase of chloride concentration, indicating the phosphate
selective property of LDH/rGO in the CDI process; the selective
property of LDH/rGO is superior to that of the activated carbon
electrode. Note that the S value of activated carbon was only 2.0
while the S value of the LDH/rGO was 6.1 at the selected condition
(1 mM of phosphate and 10 mM of chloride). The high S value of
LDH/rGO was attributed to the maintained significant phosphate
removal, which decreased only from 54% to 48% even as the
chloride concentration of mixture solution increased from 5 mM
to 20 mM. Regarding the S value of rGO (~2.6) at 1 mM of
phosphate and 10 mM of chloride mixed solution, LDH is thought
to have a fundamental role to selective removal of phosphate
while rGO is supporting material to enhance the electrochemical
activity of LDH (refer to Fig. S7). Furthermore, the phosphate
selective behavior was observed at various pH conditions, from
pH 5 (major species is monovalent phosphate) to pH 8 (major
spices is divalent phosphate), indicating that the synthesized
LDH/rGO exhibited good selectivity for both divalent and
monovalent phosphate forms (refer to Fig. S8) [33,35]. The selec-
tive property of LDH/rGO in the CDI process can be explained by
the synergetic effect of LDH and rGO. When a positive potential
is applied, LDH/rGO is polarized due to enhanced electrical
conductivity as shown in Fig. S2. As a result, the electron density
of transition metal sites is reduced leading that phosphate can
easily make the inner-sphere complexation via a ligand exchange
reaction [36].



Fig. 2. Cyclic voltammograms (a) and galvanostatic charge/discharge curves (b) of layered double hydroxide/reduced graphene oxide (LDH/rGO) composite electrode in
phosphate (1 M) and chloride solution (1 M), and the FT-IR spectra (c) and the XRD patterns (d) of pristine and phosphate captured (after capturing step) LDH/rGO. The FT-IR
was conducted with the phosphate captured LDH/rGO prepared in 1 mM of phosphate and 5 mM of chloride, and the XRD was measured with the phosphate captured LDH/
rGO prepared in 1 M of phosphate solution.

Fig. 3. The normalized ion concentration profile during the capturing step in the mixture solution (1 mM phosphate and 10 mM chloride) (a), and the selectivity coefficient
(S) of layered double hydroxide/reduced graphene oxide (LDH/rGO) composite electrode in the capacitive deionization (CDI) process (b). The mixed solution was used for
capturing step in (b) consisted of 1 mM of phosphate and various concentration of chloride. For the releasing step, 10 mM of sodium hydroxide was used as an electrolyte. The
S value of activated carbon electrode was also displayed in (b) for the comparison (yellow diamond mark). (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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3.4. Energy consumption

The energy consumption of the CDI process using the LDH/rGO
was estimated from the area of cell potential profiles vs. charge
shown in Fig. 4. As shown in Fig. 4, the energy consumptions were
calculated as 176, 163, and 168 Wh∙m�3 for the range of 45–55%
phosphate removal under three different conditions (5 mM,
10 mM, and 20 mM of chloride with 1 mM of phosphate, respec-
tively). Higher energy consumption in the case of 5 mM of chloride
mixture solution (1 mM of phosphate) was caused by higher
solution resistance, which was reflected as a higher cell potential
profile during the capturing step (Fig. 4). The energy consumption



Fig. 4. The cell potential vs. charge curves under three different conditions (5, 10,
20 mM of chloride, respectively, with 1 mM of phosphate). Note that the area of the
cell potential vs. charge curves indicates the energy consumption for each
condition.

Fig. 6. Phosphate removal from the real simulated water matrix (Han River, Seoul,
Korea) via layered double hydroxide/reduced graphene oxide (LDH/rGO) composite
electrode in the capacitive deionization (CDI) process. 0.4 mg∙L�1 of phosphate was
added in the real water matrix. In the releasing step, 10 mM of sodium hydroxide
solution was used.

Table 1
Anion composition of Han River water (Korea).

Anions (pH
8.1)

Concentration
[mg∙L�1, (mM)]

Concentration Ratio [mole of
anions/mole of P∙PO4]

PO4
3�(added) 0.38 (0.012) 1

Cl� 32 (0.91) 76
NO�

3 15.5 (0.25) 21

SO2�
4

18.9 (0.20) 17
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of the LDH/rGO in the CDI process was small compared to the
energy consumption of electrocoagulation process (410–22,000
Wh∙m�3 with 22–100% removal of phosphate) [37].

3.5. Examination of several regeneration solutions during releasing
step

Fig. 5 displays the S value of LDH/rGO in the CDI process at two
different regeneration solutions for the releasing step. Bicarbonate
and chloride solutions were selected because they are more envi-
ronmentally benign chemicals than hydroxide solution. Sodium
bicarbonate (10 mM) was used as a regeneration solution up to
3th cycle, and sodium chloride (10 mM) was used from 4th cycle
to 6th cycle. Although the phosphate removal efficiency gradually
decreased with the use of bicarbonate and chloride solutions, the
phosphate selective performance showing the S value above 4.0
was still observed.

3.6. Application of LDH/rGO in the simulated real water matrix

Fig. 6 presents the phosphate removal performance of LDH/rGO
in the capacitive deionization (CDI) process in the simulated water
which was prepared by adding about 0.4 mg∙L�1 of phosphate into
Fig. 5. The selectivity coefficient (S) of layered double hydroxide/reduced graphene
oxide (LDH/rGO) composite electrode measured in different regeneration solutions
(sodium bicarbonate and sodium chloride). For all capturing steps from 1st cycle to
6th cycle, the mixed solution of phosphate (1 mM) and chloride (10 mM) was used.
The releasing step was conducted with sodium bicarbonate (10 mM, pH 8.5, from
1st cycle to 3th cycle), and sodium chloride (10 mM, pH 7.2, from 4th cycle to 6th
cycle).
Han River water (Seoul, Korea, refer to Table 1 for anion composi-
tion). As an example, this phosphate concentration is similar to the
wastewater treatment plant in Goyang, Korea. As shown in Fig. 6,
in spite of very low phosphate concentration in the real water
matrix, the LDH/rGO successfully achieved the selective phosphate
removal. The concentration of phosphate was decreased from
0.4 mg∙L�1 to 0.009 mg∙L�1 (the target concentration of phosphate
of waste water treatment plant: 0.1 mg∙L�1). This was about 98%
removal, while the removal efficiency of other anions was 55%,
28%, and 70% for Cl�, NO3

�, and SO4
2�, respectively. These results

suggest the LDH/rGO has an excellent selective phosphate removal
performance, as compared to other anion species in real water
matrix. Therefore, the selective property of LDH/rGO in the CDI
process was well demonstrated in the study with a moderate value
of phosphate adsorption capacity compared to other studies (refer
to Table S1).
4. Conclusion

In this study, the phosphate selective removal of LDH/rGO was
successfully demonstrated in the CDI process. With repeated
capturing and release, the selective removal performance of
LDH/rGO was sustained even when the chloride concentration
was increased to 20 times higher than phosphate concentration.
This phosphate selective performance of the LDH/rGO was also
demonstrated by its high S value compared to activated carbon
electrode (6.1 for LDH/rGO, and 2.0 for activated carbon electrode).
In addition, the LDH/rGO in the CDI process exhibited good energy
efficiency and reusability. Furthermore, phosphate in the real
water matrix (Han River, Seoul, Korea) was selectively removed
by the LDH/rGO in the CDI process. This result is explained by
the high electrochemical selectivity of the LDH/rGO for phosphate.
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