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ABSTRACT

Capacitive deionization (CDI) has been considered as a promising technology for removing phosphate from water but suffer inferior selectivity
and electrosorption performances for phosphate of current carbon electrodes in CDI. Herein, we achieved highly selective phosphate
removal from a ternary effluent of Cl—, Pof(, and sof; by using nitric acid-treated activated carbon (AC) with various modification times
and pure AC as the anode and cathode, a novel phosphate selective asymmetric CDI reactor. The results showed that carboxyl groups greatly
grafted on the materials after modification (varying from 0.00084 to 0.0012 mol g~"). The phosphate selectivity of the present research was
higher than that of unmodified CDI, and it increased with the increase of carboxyl groups content. The highest phosphate selectivity (2.01) in
modified materials is almost six times higher than that of pure AC. Moreover, the modified electrodes exhibited good regenerative ability with
a phosphate desorption efficiency of around 72.12% during the adsorption/desorption process and great stability during the cycling exper-
iment. These results demonstrated that the innovative application of nitric acid-modified AC can effectively selectively remove phosphate
from mixed anion solution, opening a hopeful window to selective adsorption in water treatment by CDI.
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HIGHLIGHTS

® Using nitric acid-modified AC for phosphate adsorption when applying to CDI anode.
® Nitric acid treatment could improve the adsorption capacity of phosphate.

® The effect of hydrogen-bond interaction on selectively adsorption was discussed.

® AC-3 exhibits great cyclability and excellent stability.
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redistribution for non-commercial purposes with no derivatives, provided the original work is properly cited (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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GRAPHICAL ABSTRACT
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1. INTRODUCTION

Excessive phosphorus originated from industrial wastewater, domestic sewage and farmland drainage released into water
may speed up water eutrophication and aquatic species biodiversity decrease, threaten human health and increase water
treatment cost (Jiang ef al. 2019; Zheng et al. 2021). Water blooms have frequently emerged in China and Southeast Asia
recently due to phosphorus concentrations exceeding the World Health Organization (WHO) recommended standard of
5mg L' (Sakamoto et al. 2020). Hence, removing excess phosphorus from water has become an essential and urgent
issue (Liu et al. 2018). Many technologies are currently available for treating phosphorus-rich water, including physical
methods, chemical methods and bioanalysis (Song et al. 2019). However, these methods might suffer from some defects.
Chemical precipitation processes may be costly and cause secondary pollution when treating phosphorus wastewater
(Lei et al. 2021) and physical adsorption methods often have low selectivity for phosphate (Paltrinieri et al. 2019). A new
and promising deionization technique, capacitive deionization (CDI), can improve these drawbacks based on its multiple
advantages of cost-effective, eco-friendly, energy-efficient and easy generation. Especially, it has potential to satisfy the
demand for improving selective adsorption of phosphate via strategically designing proper electrode materials (Mohamed
et al. 2020; Tian et al. 2021).

CDI is a novel and benign electrosorption technology that functions by applying a voltage between a pair of electrodes and
was developed recently for water treatment (Li ef al. 2014). The mechanism of CDI is that ions are electrosorbed by charged
porous carbon electrodes via electrochemical double-layer capacitors (EDLCs), which form when an external voltage is sup-
plied. After deionization, the captured ions are released easily by reversing or short-circuiting the applied voltage (Wu ef al.
2021). Apart from being mainly applied in desalination, CDI has been proven to be available for removing heavy metals
(Kyaw et al. 2020) and anions in wastewater (Wang ef al. 2018), for water softening (Liu ef al. 2020), and for water sterilization
(Xing et al. 2020). Most recently, CDI has been studied by many researchers because of its high feasibility and potential in the
field of removing phosphate. A study succeeded in carrying out the goal of attaining phosphate adsorption by taking advan-
tage of magnetic carbon electrodes with 10 wt% Fe;0,4 in CDI (Zhang et al. 2021). Jiang successfully demonstrated phosphate
removal in the CDI process with a layered double hydroxide/reduced graphene oxide (LDH/rGO) composite electrode in
water (Hong et al. 2020). However, these reported works did not closely reflect the real ionic composition present in domestic
wastewater, considering the complexity of the coexistence of other ions. Simultaneously, few researchers have systematically
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investigated how to improve adsorption selectivity toward phosphate, as it is not always necessary to remove all the anions in
wastewater (Kim & Choi 2012). Hence, the greatest challenge and the best goal for CDI is to obtain an electrode material that
could effectively and selectively adsorb specific ions from a solution containing several anions. The use of specific ion-selec-
tive carbon electrodes could make operation easier, decrease costs, and widen its applications, since only the specific target
ions are removed (Sun et al. 2021).

Numerous studies have now reported that many materials, such as activated carbon (AC) (Wang et al. 2018), carbon nano-
fibers (He ef al. 2020), and carbon nanotubes (Zhao ef al. 2020), can be used in CDI. Among these materials, AC has become
the most competitive electrode material for large-scale CDI applications due to its huge specific surface area, well developed
pore structure, surface chemical functional groups and excellent electrical conductivity (Chen ef al. 2015; Yasin ef al. 2017).
To improve its adsorption performance and widen its application extent, numerous modification methods, including physical
and chemical methods, have been gradually developed (Yasin et al. 2017; Sufiani ef al. 2020). Chemical surface modification
methods are extensively used to prepare electrodes with better performance, which can be realized by using nitric acid
(Yao et al. 2016), hydrogen peroxide (Roh ef al. 2018), and sulphuric acid (Zhao ef al. 2019) treatments. They could improve
the adsorption capacity of AC by modifying its surface functional groups. Acidic treatment can change the category of oxygen
surface functional groups by using oxidizing agents and introducing new acidic groups on AC (Huang et al. 2009). Nitric acid
modification is a valuable surface modification technology for AC because it can more successfully introduce carboxyl groups
than others, with additional features of a simple process and lower costs (Huang et al. 2009; Yu et al. 2013; Huang et al.
2014). Yao et al. reported that rice husk-based AC treated with nitric acid exhibited good Pb(II) adsorption performance
(Yao et al. 2016). Currently, although the modified materials have exhibited good ion adsorption properties, there are few
reports about applying nitric acid-treated AC to anodes for adsorbing anions in CDI because carboxyl groups are negatively
charged. The corresponding studies in regard to selective removal are also limited. Herein, in order to overcome this limit-
ation, the use of carboxyl-modified activated carbon as a CDI cathode to selectively adsorb phosphate is explored.

In this paper, nitric acid-fabricated AC and pure AC were studied as the cathode and anode electrodes in CDI for the selec-
tive removal of phosphate from solution, which has yet to be reported. The influence of AC modification time on CDI
performance under identical positive electrodes was examined. This study thoroughly reports the fabrication, characteriz-
ation, and electrochemical properties evaluation of the selective electrode, and further investigates its phosphate
adsorption behavior and evaluates the reversible regeneration stability. With comprehensive analyses, this work demonstrates
the feasibility of nitric acid-modified AC as a suitable sorption medium for the selective adsorption of phosphate from sol-
ution, providing a promising and valid theoretical guidance for target ion adsorption from solutions in future practical
water treatment applications.

2. MATERIALS AND METHODS
2.1. Reagents and materials

Pure AC was bought from Chengde, Lijing Activated Carbon Manufacturing Company, China. All chemicals and solutions
were of analytical grade and purchased from Kelon Chemical Reagent Factory (Chengdu, China), and they were used in
the experiments without any further treatment. Nitric acid for AC treatment, sodium chloride for electrolytic solution prep-
aration, N,N-dimethylacetamide (DMAC) and polyvinylidene fluoride (PVDF) as the binder for electrode preparation used in
the work were from Arkema Chemical Company (France). Other main chemicals included sodium bicarbonate (NaHCO3)
for carboxyl content titration and sodium sulphate (Na,SO,) and sodium dihydrogen phosphate (NaH,PO,) for electrosorp-
tion/desorption experiments (Kelong Chemical Reagent Factory, Chengdu, China).

2.2. Modification of AC by nitric acid

The AC used in this work was modified by surface oxidation with nitric acid (HNOs) (analytical grade, 32.5%, Kelon). The
modification step was as follows (Figure 1(a)). Ten grams of AC was added to 300 mL of a 32.5% (v/v) HNOj solution. The
mixture of the AC and acid solution was stirred well and heated to 90 °C for 1.5, 3, 4.5, and 6 h in a simple reflux system to
reach different carboxyl group contents and degrees of oxidation for each material. The prepared ACx (x =1.5, 3, 4.5, 6) solid
phase was separated by filtration, washed with distilled water until reaching a neutral pH and dried in an oven at 80 °C for
4 h. The modified samples were referred to as AC-1.5, AC-3, AC-4.5 and AC-6, respectively. For pure AC, after particle sieving,
the untreated AC was washed with distilled water and dried in an oven at 80 °C for 4 h (named AC).
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Figure 1 | (a) Schematic fabrication of nitric acid-treated electrodes; (b) schematic representation of the CDI system (upper) and of the CDI
cell (lower).

2.3. CDI experimental set up

The CDI setup consisted of a CDI cell, a peristaltic pump, a conductivity meter and an external power supply. A schematic
diagram of CDI setup is exhibited in Figure 1(b).

Specifically, in the process of preparing the electrodes, glutinous AC was prepared by mixing sieved AC powder, acetylene
black and PVDF in a DMAC solution and stirring with a magnetic stirring apparatus for 10 h. Then, the slurry was uniformly
cast on to a graphite plate to form electrodes with a size of 45*50*1 mm. The cast electrodes were dried at 60 °C for 8 h, and
then in a vacuum oven for 2 h. The CDI cell was composed of a pair of square Plexiglas plates, a rubber gasket, a pair of
graphite current collectors, and a pair of carbon electrodes, using the nitric acid-modified electrode and pure AC as the
anode and cathode, respectively.

2.4. Desalination test

CDI experiments were all performed in the same mode for at least 1 h (Figure 1(b)). All of the electrodes had the following
dimensions, 100 mm*100 mm*0.12 mm. The concentration, volume and flow rate of the sodium chloride (NaCl) solution
were set as 200 mg L', 100 and 30 mL min ™!, respectively. The applied voltage was 1.2 V. A specific description of the desa-
lination procedure is given in Text S1.
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2.5. Characterization

For overall tests, the morphologies of AC and AC-x were analyzed by scanning electron microscopy (SEM, JEOL JSM-7500F)
combined with energy dispersive X-ray spectrometry (EDS, Aztec X-Max80) for postmortem analysis. The specific surface area
and pore structure of the materials were characterized by nitrogen adsorption-desorption isotherms using a Kubo nitrogen
adsorption apparatus (Biaode Elec. and Tech. Co., China). The specific surface area and the pore size distribution were derived
by the Brunauer-Emmett-Teller (BET) method and the Barrett-Joyner-Halenda (BJH) method, respectively. The surface chemi-
cal characteristics were viewed by Fourier transform infrared (FTIR) spectroscopy (IRAffinity-1S) within a spectrum range of
4,000 to 500 cm . The samples were analyzed by X-ray photoelectron spectroscopy (XPS) to determine and present their
chemical structures and functional groups with an AXIS Supra XPS analyzer (UK). The zeta potential of materials was deter-
mined by a Zetasizer Nano ZS to analyze the surface electrical potential. For hydrophilia analysis, the surface wettability of AC
and AC-x films was measured in terms of the static contact angle values using a goniometer (JC2000D2H Digidrop).

2.6. Electrochemical analysis

To estimate the electrochemical properties of the electrode materials, electrochemical experiments such as cyclic voltamme-
try (CV) and galvanostatic charge-discharge (GCD) within the defined potential window of —0.4 V to 0.8 V were performed
on a CHI660E electrochemical workstation with a three-electrode cell using a 1 M NaCl solution. The temperature of the
NaCl aqueous solution was kept at 298 K. Details of the electrochemical experiment are shown in Text S2.

2.7. Selective adsorption of phosphate and subsequent desorption experiments

In this step, Cl™, POZ‘, and SO?{ solutions were prepared from NaCl, Na,SO4 and NaH,PO,, respectively. Throughout the
study, the system was operated for 120 min for both the adsorption and desorption tests. During selectivity tests, to investigate
of phosphate sorption selectivity under the coexistence of three anions, three mixed NaCl, NaH,PO, and Na,SO, solutions
were used as feed solutions. The initial concentrations of NaCl, NaH,PO, and Na,SQ, in the ternary solutions were all fixed
at 0.8 mM. Samples were collected every 10 min and the concentrations of various anion components were then evaluated
using Lc-20AD IC plus-ion chromatography. Experiments were carried out at room temperature with an external voltage of
1.2V and a flow rate of 30 mL min’. Subsequently, a 60-min short circuit was used to effectively desorb anions, and the
anions were analyzed by ion chromatography (IC, LC-20AD, Japan).

2.8. Analysis methods

To represent the electrochemical properties of each electrode, CV experiments were performed to determine the specific
capacitance of the electrodes in accordance with Equation (1):

 [Iav
T 2um

1)

where C is the specific capacitance (F g 1), I is the response current (A), m is the mass of the working electrode material (g), v
is the potential scan rate (mV s~ 1), and dV/v represents the potential window (V).
The CDI performance, including the salt adsorption capacity (SAC), was calculated in Equation (2):

SAC:V(CO—_C)
m

@)

where V is the solution volume (L), C is the initial concentration (mg L~1), C is the equilibrated concentration (mg L™!), and
m is the mass of the active electrode material (g).

To quantitatively analyze the anion removal performance, the adsorption capacity and removal ratio of the three anions
were described by Equations (3) and (4), respectively:

(Co — C)V
SAC(CI’,POE’,SO%’) = Te ©)
Removal(%) = Co=Ce 1000 @)

0
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where SAC (Cl-, PO3~, and SOi*) is the adsorption capacity of the anions (mmol g*), C, is the initial anion concentration
(mg L™1), C. is the final anion concentration (mg L), V represents the solution volume (L), and m is the mass of the elec-
trode (g).

To evaluate the selective adsorption properties of the electrodes, the selectivity coefficient of PO?[ is determined in
Equation (5):

Cpoy (Co- + Cy02-)

N Cpos (Car- + Csoz-)

©)

Kpos-

where Cgj, C;, s, C,, represent the concentration of each anion in the solution (mg L), and Cg, Cpos» Cgoz- represent
4 4
the concentration of each anion adsorbed on the CDI cell (mg L™1).
The desorption efficiency in the desorption process was calculated using Equation (6):

V(Cyq — Co)
N (6)

Desorption effecience =
where Cq is the concentration of anions at the end of desorption (mg L™!), Cy is the starting concentration of anions at the
beginning of desorption (mg L), V is the total volume of the desorbed solution (L), and N is the amount of anions adsorbed
on the anode (mg).

3. RESULTS AND DISCUSSION
3.1. Characterization of electrodes

The surface structure is a vital physical factor that influences the sorption capacity of materials. Figure 2(a) and 2(b) and
Figure S1 (shown in the Supporting Information) show the SEM images of AC-1.5, AC-3, AC-4.5 and AC-6 in comparison
with that of pure AC, respectively. The surface of AC is rough and irregular with a dense, rough and uneven pore structure.
However, the pores of AC are well developed, providing an abundance of available adsorption sites. As expected, the total
amount of acidic groups on the surface increased after modification compared to pure AC. When the modification time
ranges from 1.5 to 4.5 h, an enlarged pore size is clearly noted, and the mesoporous volume tends to increase considerably.
Moreover, the particles on the surface become smaller and smoother after the modification process, indicating that the
number of surface carboxyl groups on AC increases significantly. Regarding AC-6, the collapse of the pore structure demon-
strated in this study is probably associated with the formation of a large number of oxygen-containing functional groups
during the modification procedure (Huang ef al. 2009; Verlicchi & Zambello 2015). It has been proven that oxygen-contain-
ing functional groups can plug the micropore inlet by being adsorbed on the inner surface of the pore, resulting in narrow
pores and a decrease in the specific surface area and total pore volume (Chen et al. 2003; Shi et al. 2015).

The pore structure of the electrodes was determined via their nitrogen adsorption/desorption isotherms at 77 K (Figure 2(c)).
According to the International Union of Pure and Applied Chemistry classification, the isotherms of AC and AC-x exhibit type
IV adsorption performance (Liu ef al. 2019). When the relative pressure is below 0.1, the nitrogen adsorption capacity increases
sharply. A hysteresis loop appears with an upward trend when the relative pressure is between 0.7 and 1, indicating that all
samples have a combination of microporous and mesoporous structures (Xiao et al. 2013; Liu ef al. 2021a).

The pore size distributions of the five samples are depicted in Figure 2(d). The specific surface area, total pore volume, aver-
age pore diameter, mesopore volume and ratio of Viesopore 10 Viotal are listed in Table 1. As illustrated, the surface area
substantially increases from 629 to 681 m? g~! as the modification time increases from 1.5 to 4.5 h, which confirms that car-
boxyl groups were successfully deposited on the AC surface. The total pore volume of AC and AC-x also rises by
approximately 10% as the modification time increases from 1.5 to 4.5 h, possibly because HNOj utilization can enlarge
the pores by etching the carbon atoms on the micropore wall (Xiao et al. 2013). This means that HNO3 modification can
provide more active sites for electrosorption and thus improve the electrochemical properties of electrode materials
(Yu et al. 2013; Huang et al. 2014). Clearly, AC-3 has the largest specific surface area and largest pore volume, which is con-
ducive to accelerating the ion transport rate and adsorption in CDI. In contrast, the surface area and the total volume of AC-6
decreased slightly compared with those of AC. This can be ascribed to the collapse of the channel (ShamsiJazeyi & Kaghazchi
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Figure 2 | SEM images of (a) AC and (b) AC-3; (c) nitrogen adsorption-desorption isotherms of five samples, and (d) the pore size distributions
of the five materials. The inset shows the pore size distributions of all samples in the range of 2-7 nm.

Table 1 | Pore structure parameters of five materials

Material  Specific surface area(m®g~")  Total pore volume (cm®g~ ")  Average pore diameter (nm) Mesopore volume (cm*g~")  Ratio of Vimesopore t0 Votal

AC 629 0.4099 2.60 0.0901 22.19%
AC-1.5 632 0.3913 248 0.0886 22.64%
AC-3 681 0.4305 2.52 0.1001 23.25%
AC45 679 0.4281 2.52 0.1059 24.74%
AC-6 617 0.3902 2.52 0.0979 25.09%

2010), which is consistent with the SEM characterization result. Furthermore, the average pore sizes of the materials at differ-
ent modification times are between 2.48 and 2.52 nm, and the ratio of Viesopore t0 Viotal increases by around 2.9%. The raising
proportion of mesoporous volume in terms of the total volume can enhance the ion transport rate, leading to a higher salt
capacity (Yeh ef al. 2015).

The FTIR spectra of the fabricated electrodes are listed in Figure 3(a). The bands at 1,528 cm ! and 1,719 cm ™! are related
to the antisymmetric stretching vibrations of carboxyl groups and the specific peak for the stretching vibrations of C=0
bonds in carboxylic acid functional groups, respectively (Yu et al. 2013; Gokce & Aktas 2014). Based on the FTIR data, a
weak stretching vibration of OH was observed at 2,300 cm ™, as reported in the literature (ShamsiJazeyi & Kaghazchi
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Figure 3 | (a) FTIR spectra of five samples. XPS spectra of AC-x (x= 1.5, 3, 4.5, 6): (b) survey spectrum, (c) C 1s spectra, (d) O 1's spectra.
(e) Water contact angles of AC and AC-6; (f) zeta potentials of AC and AC-3.

2010). In brief, the carboxyl groups are successfully grafted onto the AC surfaces. The AC surface was greatly modified by
increasing the amount of carboxyl groups, which provides more adsorption sites to improve the electrochemical capacitance.

To further verify the surface chemistry and chemical bonding state of the elements, XPS measurements were carried out, as
displayed in Figure 3(b)-3(d). The modified materials demonstrate evident Cls and Ols signals (Figure 3(b)). AC-x shows
markedly increased carbon-oxygen bonding structures at binding energies ranging from 284 to 290 eV (Huang et al.
2014). The deconvolution of the Cls spectra show three peaks at 284.6, 286.0, and 288.0 eV, which correspond to C-C, C-
O and C = O, respectively (Figure 3(c)) (Gao ef al. 2019; Yasin et al. 2019; Deka et al. 2020). The deconvoluted O1 s spectra,
shown in Figure 3(d), can be split into two subpeaks, which represent oxygen atoms double bonded to carbon (C=0 at
531.3eV) and oxygen atoms single bonded to carbon (C-O at 533.0 eV) (Romero-Cano et al. 2019; Wang et al. 2019).
These results reflect the chemical changes on the bare AC surface, which agrees with the FTIR results.

Tests were further carried out by EDS to understand the detailed structure inside the material and the corresponding pat-
terns are shown in Figure S2. The data indicate that the carbon content and the oxygen contents of AC-x both increase,
indicating that there are many more carboxylic groups on the surfaces after modification (Gokce & Aktas 2014).

The wettability, an important reference for salt adsorption performance, is reflected by the water contact angle. A material
is hydrophilic and hydrophobic when the angle is below and above 90°, respectively. As shown by the photographs of the
AC-=x surface (Figure 3(e) and Figure S3), the water contact angles of the samples are all above 90°, namely, 138.7°
(AC-1.5), 134.0° (AC-3), 132.5° (AC-4.5) and 128.5° (AC-6) affirming the hydrophobicity of the modified materials. Neverthe-
less, with increasing modification time, the contact angle decreases gradually, with the smallest angle occurring with AC-6.
This implies that carboxylic functional groups could improve electrode hydrophilicity, which is beneficial for ion adsorption.

Results of zeta potential measurements for AC and AC-x are shown in Figure 3(f) and Figure S4. The average zeta potential
of AC is approximately —30 mV compared with that of the other four modified activated carbons (—16 to —17 mV) when the
pH value is 7. This is due to the increase in carboxylic acidic functional group number and the removal of alkaline functional
groups in modified materials, which occurs during the destruction of many electrically conducting groups with increasing
modification time. These changes are the common outcome of oxidative modification and are reported in former studies
(Yao et al. 2016; Xu et al. 2019). Comparing AC with AC-3 reveals a significant difference in the isoelectric point (IEP)
between AC (pHigp=1.9) and AC-3 (pHigp =2.4). The high IEP values of AC-3 are ascribed to the existence of carboxyl
groups, which further substantiates successful introduction of carboxyl groups (Huang et al. 2009; Xu ef al. 2019).
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3.2. Electrochemical characteristics

CV is the main way to evaluate the capacitive characteristics of the prepared electrode. Figure 4(a) and 4(b) and Figure S5
show CV curves of the various materials at varying scanning rates from 5 to 100 mV s~! within the voltage range of —0.4 to
0.8 V. The cyclic voltammograms were similar to rectangles, representing the excellent electrochemical double-layer capaci-
tors of the electrodes (Liu ef al. 2019; Tan et al. 2019). CV splines of the samples still maintain the rectangular shape even at
high scan rates of 100 mV s, indicating their high rate capability. Figure 4(c) shows the CV splines of the materials at a scan
rate of 10 mV s~ 1. As the specific capacitance is proportional to the CV curve area, the specific capacitance values of the
electrodes at various scan rates are calculated by integrating the voltammetric charge in the CV curves (Kyaw et al. 2020).
AC-1.5 has the largest specific capacitance of about 67.14 Fg~!, and AC-6 has the lowest specific capacitance at around
14.51 Fg~!. The high specific capacitance of AC-1.5 is attributed to its high specific surface area and large percentages of
mesopores. Specifically, the specific capacitances of AC-x tend to decrease with increasing modification time.

Figure 4(d) exhibits the specific capacitances of AC and AC-x deducted from CV at different scan rates. The specific capa-
citances of the samples gradually decrease with increasing scan rate, which is attributed to the decreasing degree order of the
double layers as the diffusion rate of ions increases (Adorna et al. 2020; Sufiani et al. 2020). The corresponding specific capa-
citances reveal that ACx (x=1.5, 3, 4.5) have better capacitances than AC. AC-1.5 delivers a substantially higher specific
capacitance not only at 5 mV s~ ! but also at 100 mV s~!, implicating its increased ionic diffusion and adsorption. Meanwhile,
AC-1.5 has the highest capacitance retention of around 34.75%, revealing a higher specific capacity and better ratio charac-
teristics. In a sense, AC-1.5 has appropriate pore structure. Therefore, it displays higher capacitance. AC-6 shows the lowest
capacitance because of the collapse of the pore structure. Generally, after treatment, as the pore size distribution is optimized,
this change can ultimately lead to increased capacitance. Table 2 shows that the proposed anode electrode exhibits a higher
specific capacitance than other electrodes previously reported in the literature.

The GCD curves of electrodes at different current densities (0.5-10 A g~') are exhibited in Figure 5(a) and 5(b) and
Figure S5. The results reveal that the GCD curves of all samples at all current densities exhibit the typical symmetrical triangu-
lar shape, representing the EDLCs mechanism. Thus, all samples have good charge-discharge properties. As the current
density increases, the charge and discharge times subsequently decrease, revealing that the electrodes follow representative
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Figure 4 | CV of the various samples at different scan rates. (a) AC, (b) AC-3, (c) CV curves of five electrodes at 10 mV s~ ", and (d) specific
capacity results from CV at different scan rates.
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Table 2 | Comparison of the specific capacitance of different materials

Material Voltage (V) specific capacitance (F g ") Refs
Porous carbon 1.0 56.01 Liu et al. (2019)
Activated carbon 1.0 49.82 Hagq et al. (2020)
One-dimensional V,05 1.2 59.50 Liu et al. (2021a)
Graphene hollow shells 1.2 39.28 Zhu et al. (2020)
NazV,(PO,4);@C 1.0 41.27 Cao et al. (2019)
Activated carbon 1.2 67.14 This work
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Figure 5 | GCD curves of (a) AC and (b) AC-3, (c) GCD curves of the five electrodes at a current density of 10 A g~ ", and (d) variation in the
solution conductivity vs. time of AC and AC-3 (the inset illustrates the desalination capacity of the two samples).

capacitive behavior for electroadsorbed ions (Deka et al. 2020; Liu ef al. 2021b). Figure 5(c) shows the GCD curves of the
electrodes at a current density of 10 A g~!. All the samples display a triangular shape, indicating acceptable double-layer
capacitance performance and excellent reversibility during the constant current density charge-discharge test. Compared
to the other materials, AC-1.5 has the longest discharge time, showing the best capacitive performance. In contrast, AC-6
has the lowest specific capacitance. These results are consistent with the CV results.

3.3. Desalination performance of the capacitive deionization cell

The desalination performances of AC and AC-x over time were tested in a NaCl solution. The changes in the conductivity and
current of the solution are presented in Figure 5(d), Figures S5 and S6, respectively. The current passing through AC-x
(x=1.5, 3, 4.5) is higher than that passing through AC, indicating that the ion migration rate increases after modification.
This is associated with the rich aperture structure and excellent electrical conductivity of AC-x, demonstrating their good
double-layer capacitance and high SAC (Mao et al. 2021).

Regarding AC, the conductivity of the solution goes down rapidly at first, indicating the rapid adsorption of Na* and CI~
ions by a large number of available adsorption sites. Over time, the conductivity decreases moderately as most of the ions are
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adsorbed, and then the conductivity decreases to a minimum. Electrodes are the short-circuited and the original electric field
disappears. Due to the formation of opposite electrical properties of EDLCs and existence of inside potential difference
between the anodes and cathodes, the electrodes are in a state of discharging. This causes the ions to move from electrodes
back to the solution, thereby realizing charge neutralization and decreasing the potential difference between the two poles.
Ions are gradually released back into the solution, so the conductivity of the solution and the concentration of ions in the
solution gradually increases. The conductivity returns to its original state when all the adsorbed ions are released, finally
achieving charge neutralization (Yeh ef al. 2015; Gao et al. 2019).

Regarding AC-x, the conductivity curves show similar characteristics, and the electrodes also effectively adsorb the anions
in the solution. Nevertheless, as the carboxyl groups and anions are negatively charged, the carboxyl groups are likely to
initially repel some anions that are distributed at sites of high carboxyl group content or near the carboxyl groups. Meanwhile,
anions may suffer stronger electrostatic repulsion at these sites, resulting in ion release. Thus, pretreatment is conducted
during the experiment to avoid ion release and conductivity fluctuations during the initial stage. During the pretreatment pro-
cess, those repelled anions may re-enter the sites with lower electrostatic repulsion, thereby realizing redistribution of ion
adsorption and desorption sites in the materials. Afterwards, the ions that achieved site redistribution and the rest of the
ions originally existed could subsequently complete the adsorption/desorption process. AC-3 takes only around 1,600 s to
reach equilibrium, indicating that it had a better desalination performance than the others. This is corroborated by the
higher electrosorption capacity of AC-3 than that of AC (inset of Figure 5(d)) (Han et al. 2020). Evidently, although the
co-ion expulsion effect is probably enhanced when AC-x is used as the anode in CDI, anions could still be effectively adsorbed
onto the electrode.

3.4. Selective electroadsorption of phosphate by AC-x electrodes

Selective electroadsorption experiments were conducted in an anion coexistence system. Figure 6(a)-6(e) exhibit the individ-
ual and total anion adsorption capacity changes of CI~, PO3~, and SO?[ on AC and AC-x with respect to time. The dissolution
of CI™ is increasingly obvious in the initial stage as the modification time increases while this phenomenon is not observed
with PO}, proving that the carboxyl groups have an affinity for PO} . SO?~ could not be adsorbed by the modified materials,
which benefits PO;~ adsorption because PO;~ and SO~ have similar adsorption sites (Wu et al. 2020). According to the
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Figure 6 | Individual anion adsorption capacity of CI~, PO3~ and SO2~ and the total adsorption capacity of three anions (TAA) over time:
(@) AC, (b) AC-1.5, (c) AC-3, (d) AC-4.5, and (e) AC-6. (f) Normalized equivalent capacity of PO~ and SO3~.
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normalized equivalent capacity (valence * adsorption amount) (Hou & Huang 2013), the competitive adsorption capacity of
SO is far below that of PO} (Figure 6(f)). Thus, competitive electric adsorption occurs between SO;~ and PO; .

The sum of the ion adsorption capacity decreases gradually with increasing modification time (Figure S7). The total amount
of anions adsorbed in the five reactors reaches average values of about 0.26, 0.15, 0.10, 0.07, and 0.02 mmol g, with phos-
phate accounting for 15.07%, 29.87%, 52.65%, 46.32%, and 26.07%, respectively. The pore structure of the materials clearly
becomes more glazed after modification, which decreases the internal diffusion resistance. Therefore, anions are more vio-
lently repelled by carboxyl groups as both are negatively charged when the anions entered the adsorption sites, leading to
an increase in ionic diffusion and a decrease in the ion adsorption capacity. For further study, the selectivity of the five elec-
trodes toward PO?[ was demonstrated (Figure 7(a)). The changes in the trend of phosphate selectivity of each modified
material is particularly consistent with that of the carboxyl content observed by Boehm titration (Figure 7(b)) (Huang et al.
2009). The higher is the carboxyl group content, the higher is the selective coefficient. AC-3 has the highest phosphate selec-
tivity corresponding to the highest carboxyl group content.

Considering the phenomena observed, the selective adsorption mechanism can be explained. For AC, chloride ions and
sulphate have a higher electrosorption capacity than phosphate. This may be because the electronegativity of phosphorus
(2.19) is lower than that of sulphur (2.58) and chlorine (3.16), which is consistent with the results in previous studies
(Tang et al. 2017, Jiang et al. 2019). As for AC-x, when the operational conditions are the same, the selectivity is based on
the ion properties, namely, its hydrated size and valence (Mossad ef al. 2013; Chen et al. 2015). Obvious competitive adsorp-
tion occurs between sulphate and phosphate in the work because both of them have similar adsorption sites. Ions with a
smaller hydration radius are more likely to enter the surface pores to complete adsorption as the pore resistance is smaller
under this circumstance (Wu et al. 2020). It has been experimentally proven that the hydration radii of the ions are as follows:
PO?{ (0.339 nm) (Tansel 2012) < SOﬁ‘ (0.379 nm) (Li et al. 2016), leading to the preferential adsorption of PO;~. Mean-
while, for ions with different valences, the material preferentially adsorbs the ion with the highest valence (Seo et al. 2010).
Thus, phosphate may be preferentially adsorbed in an electric field. Moreover, compared with other two ions, the bond
polarity of PO} is stronger. PO; ", as a hydrogen donor, can form a stronger hydrogen bond with the carboxyl group that
acts as a hydrogen acceptor, achieving highly selective adsorption and separating it from other anions that do not contain
hydrogen (Wu et al. 2020). Additionally, the charge advantage of sulphate is partially offset by the increase in carboxyl
groups after modification, resulting in a lower sulphate adsorption capacity. As shown in Figure 8, on the basis of prior studies,

Ji

™
2
S}
()
=
o
2

- 7/
2 == 2

= =

B B

(%] (]

e e

2 114 2 1.11 .

2 = R*=0.9714
[=9 [=%

2 e

=] [=]

= =

I )

0.0 0.0 14

A( ACI5 AC3 AC45 AC6 d 0.0000 00008 00009000i0 000II()0012 .0013

(c:)0 0 Samples 0.04 Carxybol groups content (mmol g™)
~ |—e—cr ; T——cr [
=N PO, { ,{9} — 0~ PO
E =27 PR S()f' :. g '50002‘ —— SO_f“ 1
£ : T |
T E0.00] !
£ o .
£0.251 = i
3 -0.0 :
g [ i
00.20 =2 ! = :
0.00 1= T T T T T T -0.04— T T T T T T
0 20 40 60 80 100 120 0 20 40 60 80 100 120
Time (min) Time (min)

Figure 7 | (a) Phosphate selectivity of the five electrodes, (b) correlation analysis of the carboxyl group content and phosphate selectivity
coefficient, (c) concentration and (d) mass removal of three anions during the electrosorption/desorption process.
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Figure 8 | Mechanism of selective adsorption of phosphate.

it is important to mention that when the pH of the solution is below 2, both carboxyl groups and PO; ~ have no electrical charge.
Therefore, the selective adsorption of PO;~ on carboxyl-modified electrodes relies on weak hydrogen bonds during the proto-
nation process (Wu ef al. 2020; Li et al. 2021). As the pH increases, the protonation of the carboxyl groups and PO; ~ gradually
decreases, resulting in stronger hydrogen bonding and electrostatic repulsion between the two (Zhu ef al. 2019; Wu et al. 2020).
Overall, the adsorption process principally depends on weak hydrogen bonds when two types of forces coexist. In short, car-
boxyl-modified materials can attain the goal of a consistent adsorption effect within a wide pH range attributed to hydrogen
bond interactions.

3.5. Desorption

As AC-3 exhibits the peak phosphate selectivity, after 60 min of adsorption in this reactor, this reactor was switched to short
circuit for 1 h of desorption with the solution containing C1-, PO}, and SO~ at a concentration of 0.8 mmol-L~*. The con-
tent and mass removal of TAA during the electrosorption/desorption process are illustrated in Figure 7(c) and 7(d). With
increasing operation time during the 120-min adsorption/desorption process, Cl~ and PO?{ are notably desorbed in the des-
orption process with an applied short circuit. In contrast, SOﬁ’is not adsorbed well and the sulphate ions originally contained
in AC are constantly released in the desorption process due to repelling. Therefore, SOi’concentration in the solution gradu-
ally increases and the desorption efficiency of SO7~ cannot be accurately calculated. The desorption efficiency of PO;~ is
72.12% after 2 h of electrosorption/desorption, indicating that AC-3 has a strong and effective selective adsorption ability
for removing phosphate from water. This experiment reveals the distinct selectivity and suitable regeneration of AC-3 in
the desorption procedure, which is a key factor for its practical applications in wastewater treatment.

3.6. Stability

Cycling stability is a crucial factor determining whether the electrode can be applied in practice. The long-term cycling stab-
ility of AC-3 was estimated in a three-electrode system. As depicted in Figure 9(a), the cyclic voltammograms remain
rectangular in shape throughout 1,000 cycles, illustrating its good cycling stability (Tian et al. 2021). The corresponding
specific capacitance shows a gradual increase with an increasing cycle number, eventually reaching 551% of the initial
specific capacitance at the 1,000th cycle (Figure 9(b)), which suggests that AC-3 has excellent electrochemical performance.
This result might be attributed to the existence of more electrochemical active sites that originate from the decrease in end
groups in AC-3 after nitric acid oxidation.

The electrochemical stability and CDI cycling performance of AC-3 were tested for 1,000 GCD cycles at a current density of
10 mA g1, and the results are illustrated in Figure 9(c). The first three cycles, the middle three cycles and the last three cycles
still maintain a traditional symmetrical triangular shape during the process. Additionally, almost complete retention of the
specific capacitance is observed in the repeated cycle, which further demonstrates that the electrode shows fantastic cycling
performance over charge-discharge cycling of the device (Wang ef al. 2019). AC-3 has excellent cyclability and remarkable
stability, which is a valuable reference for evaluating its long-term successful application in CDI.

Compared with the other materials, AC-3 exhibits superior CDI performance. Therefore, we calculated the cycling desali-
nation stability and regeneration capacities of AC-3 with an original saline water concentration of 1,000 mg L~* over 5 cycles.
As mentioned previously, pretreatment is required in the initial phase. The conductivity exhibits similar changes of first
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Figure 9 | (a) CV cycling performance of AC-3 at a scan rate of 10 mV s~ ", (b) specific capacitance of AC-3 in the cycling test at a scan rate of
10 mV s~ ", (c) galvanostatic cycling stability of the facility at a current density of 10 mA g~ with the first, middle and last 3 CGD cycles
inserted, and (d) CDI profile of the electrosorption/desorption cycles and cycling stability of AC-3 in 1 mM Nacl solution.

descending because the electrolytes are attracted to the electrodes with opposite charges and then ascending due to the des-
orption of the adsorbed salt ions (Gao et al. 2019; Zhang et al. 2020). No significant decline in desalination performance was
observed after five continuous cycles, and the retained SAC resembles the capacitance retention rate (Figure 9(d)). This indi-
cates that AC-3 has splendid long-term cycling stability and outstanding regeneration performance after electrosorption/
desorption cycles.

4. CONCLUSIONS

To summarize, carboxyl-modified AC with various treatment times was resoundingly developed for selective phosphate
removal from ternary anion mixed solutions. AC-3 exhibited high surface area of 681 m? g ', reasonable electrochemical
property of specific capacitance at 49.08 Fg~*, proper SAC of 5.35 mg g~ !, especially excellent selectivity for phosphate of
2.01 which was six times higher than that of AC in the presence of coexisting ions of chloride ions, phosphate ions and sul-
phate ions. Desorption results of AC-3 electrode also showed that 72.12% of phosphate could be desorbed under short-
circuited-mode condition. Additionally, AC-3 also exhibited outstanding long-term stability and excellent regeneration per-
formance during cycling experiments. Taken together, these properties underpin the potential applicability of using AC-3
as an electrode material to improve phosphate selective adsorption performance from mixed anions water. Mechanistically,
apart from the ionic valence state, ionic hydration radius, and electronegativity, phosphate selective adsorption could be
mainly attributed to hydrogen-bond interactions. Specifically, phosphate, as a hydrogen donor, could form a stronger hydro-
gen bond with the carboxyl group that acted as a hydrogen acceptor in AC-3, and the high adsorption selectivity in AC-3 is in
line with its high carboxyl group content. The selectivity of these asymmetric electrodes is not limited to phosphate, and simi-
lar methods for other anions may be possible. This study provides a fundamental basis for the selective adsorption of anions in
real water treatment applications.
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