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A B S T R A C T

Radioactive Cs+ and I− ions are major components of nuclear wastewater, typically existing as
counter ions. Due to their high water solubility and mobility, these ions can spread through
contaminated water and soil into ecosystems, necessitating continuous removal and management.
In this study, we synthesized a reusable bifunctional Ni@Pt/K2NiFe(CN)6 composite that can
simultaneously remove radioactive Cs+ and I− ions and, for the first time, enable their separate
recovery in aqueous solutions. In this material, K2NiFe(CN)6 acted as an electrochemically
switched ion exchanger, controlling the adsorption/desorption of Cs+, while Pt enabled the
spontaneous adsorption and electrochemical desorption of I− , and the magnetic Ni core allowed
for efficient adsorbent recovery. The adsorption isotherms of both Cs+ and I− were best fitted
using the Langmuir model, and the corresponding adsorption capacities were comparable to those
of conventional adsorbents used for the separate removal of Cs+ and I− . Furthermore, the com-
posite demonstrated stability over 100 sorption cycles, maintaining high recovery efficiencies of
97.9 % for Cs+ and 99.7 % for I− , thereby proving its reusability. Thus, the developed composite
holds great promise for radioactive wastewater treatment and environmental restoration.

Environmental Implication

Radioactive Cs+ and I− ions are the major components of nuclear wastewater. Due to high water-solubility and mobility, they can
easily enter the human through the food chain, posing serious health problems. In this study, we synthesized a reusable bifunctional
composite, Ni@Pt/K2NiFe(CN)6, capable of simultaneously removing radioactive Cs+ and I− from aqueous solutions and allowing for
their separate recovery. Within the composite, K2NiFe(CN)6 is responsible for Cs + adsorption, while the Pt is responsible for I−

adsorption. The adsorbent demonstrates stability over 100 cycles of Cs+ and I− removal and recovery, underscoring its promising
potential for nuclear waste management.
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1. Introduction

Nuclear power plants remain one of the most important sources of electrical energy due to their high price competitiveness, low
carbon dioxide emissions, and partially reusable fuels [1,2]. However, the efficient managing the radioactive wastewater discharged
from these plants and the safely disposing of radioactive species released during nuclear accidents remain a significant global challenge
[3–6]. Additionally, the safe treatment of radioactive wastewater generated from medical nuclear applications and various extractive
industries is also crucial [7]. Among the various radioisotopes, Cs+ and I− ions are the major components of radioactive wastewater
[8]. These ions exhibit high water solubility and mobility, causing serious health problems upon entering the human through the food
chain [9–11]. Therefore, the removal of these radioactive species from wastewater has garnered considerable attention.

Among the materials used to remove radioactive cesium, such as inorganic ion exchangers and clay minerals [12–14], electroactive
ion exchangers like hexacyanoferrates have a particular advantage. These materials can selectively adsorb and desorb Cs+ through an
electrochemically switched ion-exchange process, making them reusable [15–17]. Similarly, the removal of iodine from wastewater is
commonly accomplished using zeolites, metal-organic frameworks, and composites [18–21]. Recently, a reusable adsorbent based on
Pt-coated magnetic metal nanoparticles has been developed to remove iodine from aqueous solutions and electrochemically separate
the adsorbed iodine [22].

To date, most of the relevant study has been focused on the removal of Cs+ and I− , primarily on the development of adsorbents with
maximum adsorption capacity and direct disposal of the adsorbents after use. Some studies have reported adsorbents that can
simultaneously capture cesium and iodine [23–25], which typically coexist as counter ions in liquid waste. However, directly disposing
of the cesium (137Cs, t1/2= 30.1 years) and iodine (129I; t1/2= 15.7× 107 years) together can pose challenges for managing radioactive
waste storage due to their significantly different nuclear decay half-lives.

Herein, we developed a reusable bifunctional composite (Ni@Pt/K2NiFe(CN)6) for the simultaneous adsorptive removal and
separate release of radioactive Cs+ and I− . The magnetic Ni core accounted for efficient adsorbent recovery, while K2NiFe(CN)6 and Pt
were responsible for the adsorption/desorption of Cs+ and I− , respectively. This innovative approach uses electrochemical separation
processes to simultaneously capture Cs+ and I− species and then separately release them in the next step, significantly reducing the
volume of radioactive waste. The prepared composite exhibited performance comparable to state-of-the-art adsorbents used for the
separate removal of Cs+ and I− , demonstrating great promise for the disposal of wastewater contaminated with radioactive cesium and
iodine.

2. Material and methods

2.1. Chemicals

Ni nanoparticle (>99.5 %, average particle size = 40 nm) was obtained from US Research Nanomaterials (USA). K2PtCl6 and CsI
(99.999 %) were obtained from Alfa Aesar Co. Others, including K4Fe(CN)6 (≥98.51 %), CsNO3 (99 %), and NaClO4 (≥98 %) were
obtained from Sigma-Aldrich Co. HNO3 and ethanol were obtained from Merck Millipore. All solutions were prepared using purified
water (Milli-Q, 18.2 MΩ cm).

2.2. Preparation of Ni@Pt/K2NiFe(CN)6

Ni@Pt/K2NiFe(CN)6 was synthesized by coating magnetic Ni nanoparticles with Pt and K2NiFe(CN)6 (Fig. 1(a)). K2PtCl6 (1.0 g) was
added to 0.2 M HNO3 (100 mL) containing Ni nanoparticles (0.75 g), and the resulting mixture was vigorously shaken for 10 min. As a
result, Pt was spontaneously coated on the Ni core surface due to the difference in the related standard reduction potentials [26]. The
solution was then supplemented with K4Fe(CN)6 (1.0 g) and allowed to react for 12 h, leading to the formation of K2NiFe(CN)6 via the
spontaneous substitution reaction between the K+ ions of K4Fe(CN)6 and the Ni core metal [27]. The prepared Ni@Pt/K2NiFe(CN)6
could be easily recovered using a Nd magnet (Fig. 1(b)). Ni@Pt and Ni@K2NiFe(CN)6 were prepared in the same manner but without
the addition of K4Fe(CN)6 and K2PtCl6, respectively. The composites were washed several times with ethanol and distilled water before
use.

Fig. 1. (a) Schematic of the synthesis of Ni@Pt/K2NiFe(CN)6 (cross-sectional structure) and (b) photograph demonstrating its magnetic separation.
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2.3. Characterization and instrumentation

Themorphology and composition of Ni@Pt/K2NiFe(CN)6 were investigated using transmission electron microscopy (TEM) coupled
with energy-dispersive X-ray spectroscopy (EDS) on a JEOL JEM-2100F microscope (JEOL Ltd, Japan) operated at an accelerating
voltage of 200 kV. Phase composition and crystallinity were examined by powder X-ray diffraction (XRD)measurements, performed on
a Bruker D8 Advance diffractometer (Bruker, Germany) using Cu Kα radiation at 40 kV and 40 mA. The polycrystalline samples were
scanned in the 2θ range from 20◦ to 60◦ with a step size (0.02◦) and a step time (0.1 s). The oxidation state of elements constituting
Ni@Pt/K2NiFe(CN)6 was examined using X-ray absorption spectroscopy (XAS) measurements at the 2A beamline of the Pohang Light
Source. The total electron yield method was used, and the drain current of the gold mesh was measured simultaneously with that of
samples to normalize beam current.

All electrochemical measurements were conducted using a CHI 660D workstation (CH Instruments, USA). The working electrode
was a glassy carbon (GC) rod (0.071 cm2) or plate (9 cm2), while the reference and counter electrodes corresponded to Ag|AgCl (3 M
NaCl) and a graphite rod, respectively. For cyclic voltammetry measurement, an aqueous dispersion of the sample was covered on a
glass carbon rod or plate. Prior to electrochemical measurements, a Nafion solution (0.05 wt%) was dropped onto the electrode.

Cs+ and I− concentrations were quantified using inductively coupled plasma-mass spectrometry (iCAP-Qc, Thermo Fisher Scien-
tific, USA) and UV–vis absorption spectroscopy (Biochrom WPA Lightwave II, Biochrom Ltd, USA), respectively.

2.4. Adsorption experiments

Adsorption experiments were performed at room temperature (~25 ◦C). The time-dependent efficiency of Cs+ and I− adsorption on
Ni@Pt/K2NiFe(CN)6 was probed by adding 100 mg of the composite to 50 mg/L CsI (10 mL) in 0.1 M NaClO4 and quantifying Cs+ and
I− after certain exposure times. The time required to establish adsorption equilibrium for both Cs+ and I− was determined to be 10 h
(Fig. S1). In a series of experiments to obtain adsorption isotherms, variable-concentration solutions of CsI (10 mL) in 0.1 M NaClO4
(pH 7) were supplemented with 30 mg of Ni@Pt/K2NiFe(CN)6 and allowed to react for 12 h to provide sufficient adsorption time. The

Fig. 2. (a) XRD patterns of Ni@Pt, Ni@K2NiFe(CN)6, and Ni@Pt/K2NiFe(CN)6, and (b) Fe L-edge XAS spectra of Ni@Pt/K2NiFe(CN)6, K3Fe(CN)6,
and K4Fe(CN)6.
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equilibrium adsorption capacities for Cs+ and I− (qe, mg/g) were determined as

qe =
(Ci − Ce)✕ V

M
,

where Ci and Ce (mg/L) are the initial and equilibrium concentrations of Cs+ and I− in the solution, respectively, V (L) is the solution
volume, and M (g) is the adsorbent mass.

2.5. Electrochemical separation

The electrochemical separation of Cs+ and I− was achieved using chronoamperometry. During the adsorption, a constant potential
of 0.0 V (1 step) was applied for 1000 s to a Ni@Pt/K2NiFe(CN)6-loaded GC electrode in a 10 mg/L CsI-containing solution. The
electrode was then washed with distilled water and transferred to a solution without CsI. Desorption of I− and Cs+ was performed by
sequentially applying potentials of − 0.9 V (2 step, I− desorption) [22] and 0.8 V (3 step, Cs+ desorption) [28] for 1000 s each. If Cs+ is
desorbed first, I− adsorbed on the Pt surface can be oxidized to I2 simultaneously. Therefore, to treat them efficiently, I− was desorbed
first. The electrochemical separation cycle, which involves adsorption and desorption, was repeated several times. Small aliquots of the
solution were collected at each cycle, and the concentrations of Cs+ and I− in the solution were determined by ICP-MS analysis.

3. Results and discussion

3.1. Characterization of Ni@Pt/K2NiFe(CN)6

Fig. 2(a) displayed the XRD patterns of Ni@Pt/K2NiFe(CN)6, Ni@Pt, and Ni@K2NiFe(CN)6, all showing peaks corresponding to Ni
and NiO derived from the Ni core. The Ni@Pt and Ni@K2NiFe(CN)6 patterns exhibited characteristic peaks for Pt and K2NiFe(CN)6,
respectively, while the Ni@Pt/K2NiFe(CN)6 pattern displayed peaks for both Pt and K2NiFe(CN)6. Fig. 2(b) presented the Fe L2,3-edge
XAS spectra of Ni@Pt/K2NiFe(CN)6, K3Fe(CN)6, and K4Fe(CN)6. The absence of the Fe3+ peak at ~707 eV [29] in the spectrum of
Ni@Pt/K2NiFe(CN)6 suggested that Fe in K2NiFe(CN)6 exists as Fe2+.

Fig. 3(a) presented a representative TEM image of Ni@Pt/K2NiFe(CN)6, showing Ni core nanoparticles with a roughened surface
due to the deposited Pt and K2NiFe(CN)6 particles. Although the particles were challenging to distinguish based on their morphology
using TEM alone, EDS mapping results (Fig. 3(b–d)) indicated the homogeneous distribution of both Pt and Fe on the Ni core. These
results aligned with the XRD analysis, suggesting the coexistence of Pt and K2NiFe(CN)6 on the Ni core surface.

3.2. Electrochemical properties

The K2NiFe(CN)6 exchanger possesses an open framework with a face-centered cubic structure, where Fe and Ni ions occupy the
corners of the elementary cubes, cyano groups line the edges, and exchangeable K+ ions reside at the body center. Hydrated alkali-
metal ions such as Cs+ can penetrate into the structure [30].

To investigate the electrochemically switched ion-exchange properties of K2NiFe(CN)6 for alkali-metal cations, cyclic voltam-
mograms of Ni@Pt/K2NiFe(CN)6 were recorded in NaClO4. The redox peak observed at ~0.3 V vs. Ag/AgCl (Fig. 4) was due to the
change in the oxidation state of Fe in K2NiFe(CN)6 accompanied by the intercalation/deintercalation of alkali-metal ions, as shown in
the equation below [28,31].

Fig. 3. (a) Representative TEM image of Ni@Pt/K2NiFe(CN)6, and (b–d) related EDS mapping images showing the distributions of (b) Ni, (c) Pt, and
(d) Fe.
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M2Ni[FeII(CN)6] ↔ MNi[FeIII(CN)6] + M+ + e− (M = alkali metal)

Upon the introduction of Cs+ into the electrolyte, the peak shifted to higher values, as has been observed for conventional metal
hexacyanoferrates [32]. This shift was ascribed to the dependence of the redox peak potential on the hydrated radius of the
alkali-metal cation; in particular, the intercalation of Cs+ is thermodynamically more favorable than those of other alkali-metal cations
[33]. Moreover, no shift was observed upon the addition of Cs+when the electrode was loaded with Ni@Pt only (Fig. S2). These results
indicated that the presence of K2NiFe(CN)6 on the composite surface and the electrochemical control of the Fe oxidation state enabled
the intercalation/deintercalation of Cs+. In the electrochemical separation process, potentials of 0.0 and 0.8 V were applied to achieve
the adsorption and desorption of Cs+, respectively.

I− is spontaneously chemisorbed on Pt surfaces from aqueous solution, involving hydrogen evolution and the formation of a co-
valent bond between Pt and I: [22,34].

Pt (111) + I− + H2O → Pt-I(ads) + OH− + 0.5H2.

The adsorptions of the iodide ion on the Pt surface were interrogated using UV–vis absorption spectroscopy (Fig. 5 inset). The
absorption band of the iodide ion at 226 nm disappeared upon the addition of Ni@Pt/K2NiFe(CN)6 to the CsI solution, indicating the
removal of I− via spontaneous adsorption on Pt. Subsequently, the electrochemical behavior of iodine adsorbed on the Pt surface of

Fig. 4. Cyclic voltammograms of a Ni@Pt/K2NiFe(CN)6-loaded (0.3 mg/cm2) GC-rod electrode recorded in 0.1 M NaClO4 (pH 7) in the presence
and absence of 10 mM CsNO3 (scan rate = 50 mV/s).

Fig. 5. Cyclic voltammograms of a Ni@Pt/K2NiFe(CN)6-loaded (0.3 mg/cm2) GC-rod electrode recorded in 0.1 M NaClO4 (pH 7) in the presence
and absence of 10 mM CsI (scan rate = 50 mV/s). The inset shows the UV–vis absorption spectra of the 0.1 mM CsI +0.1 M NaClO4 (pH 7) solution
recorded before and after the removal of I− with Ni@Pt/K2NiFe(CN)6.

H. Jeong et al.
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Ni@Pt/K2NiFe(CN)6 was investigated using cyclic voltammetry. The reduction peak observed between − 0.6 and − 0.9 V in Fig. 5 was
attributed to the desorption of iodine; therefore, a potential, − 0.9 V, was applied to separate the Pt-bound iodine in the electrochemical
separation process.

3.3. Adsorption isotherm experiments

Prior to performing electrochemical separation, we evaluated the adsorption capacities of Ni@Pt/K2NiFe(CN)6 for Cs+ and I− .
Adsorption isotherms were obtained by analyzing Cs+ and I− concentrations before and after exposing variable-concentration CsI
solutions to Ni@Pt/K2NiFe(CN)6 for 12 h at room temperature. The classic Langmuir model was used to describe the adsorption
equilibrium (Fig. 6) [35,36].

Ce

qe
=

1
k qm

+
Ce

qm
,

where qm (mg/g) represents the theoretical maximum adsorption capacity corresponding to complete monolayer coverage, and k is the
adsorption constant of the Langmuir model. The inset of Fig. 6 demonstrated that the Langmuir isotherms for both Cs+ and I− could be
well fitted by a straight line across the entire concentration range, indicative of monolayer adsorption on a homogeneous surface [37].
Additionally, the Freundlich model was utilized to characterize adsorption behavior (Fig. S3); however, the corresponding correlation
factors (R2) were lower than those of the Langmuir model.

log qe =
1
n
log ce + log kF,

where kF is the Freundlich isotherm constant and n is the exponential constant related to the adsorption intensity [38].
The maximum adsorption capacity for I− exceeded that for Cs + due to the higher amount of Pt present on the Ni surface compared

to K2NiFe(CN)6 (Fig. 2c and d)). To verify that I− was not adsorbed on K2NiFe(CN)6, we added K2NiFe(CN)6 nanoparticles into a
solution containing I− , waited to establish an equilibrium, and then performed cyclic voltammetry measurements (Fig. S4). No current
peak related to the desorption of I− on K2NiFe(CN)6 was observed.

3.4. Electrochemical separation

To evaluate the performance of Ni@Pt/K2NiFe(CN)6 for the simultaneous and repeated removal of Cs+ and I− from aqueous so-
lutions, electrochemical separation was conducted. In this process, the adsorption and desorption of Cs+ and I− were controlled by
applying potential under magnetic stirring. Fig. 7(a) illustrated the removal and recovery process of Cs+ and I− dissolved in an aqueous
solution using Ni@Pt/K2NiFe(CN)6 as a reusable adsorbent.

Ni@Pt/K2NiFe(CN)6 was added to an aqueous solution containing CsI (1 step); applying an adsorption potential, 0.0 V, results in
the simultaneously adsorption of Cs+ and I− . The adsorbent was moved to a new electrolyte solution where the iodine adsorbed on the
adsorbent was desorbed by applying a potential of − 0.9 V (2 step). And then the adsorbent was moved to second new electrolyte
solution to desorb the Cs+ ions by applying +0.8 V (3 step). Here the sequence of the desorbing was crucial. If the Cs desorption was
performed first, the iodine could be desorbed along with it due to its oxidation at the potential of +0.8 V. This process allowed for the
simultaneous separation of Cs+ and I− from the aqueous waste solution, followed by their release into two separate aqueous solutions.
This method enabled the simultaneous recovery and separate disposal of Cs+ and I− ions according to the disposal policies for each

Fig. 6. Isotherms for Cs+ and I− adsorption on Ni@Pt/K2NiFe(CN)6. The inset shows the corresponding Ce/qe vs. Ce plots and the related linear fits.
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element.
Upon repetitive electrochemical separation, Cs+ and I− were continuously adsorbed and desorbed, and the concentrations of these

two ions linearly increased with the number of cycles (Fig. 7(b)). After 10 consecutive adsorption/desorption cycles, the Cs⁺ and I⁻
adsorption capacities were measured at 35 mg/g and 56 mg/g, respectively, which are comparable to those of other adsorbents (see
Table S1). The adsorption capacity under electrochemical control was confirmed to be at a similar level to the maximum adsorption
capacities measured from the spontaneous adsorption reaction.

To test the stability of Ni@Pt/K2NiFe(CN)6 adsorbents over repetitive applications for the adsorptive removals and recoveries of
Cs+ and I− ions, we conducted sorption experiments for 100 cycles. Fig. 8 showed XAS spectra of the adsorbents recorded before the
separation and after 50 and 100 separation cycles. Clear X-ray absorption spectrum for the Ni core covered by Pt and K2NiFe(CN)6
layers confirmed that the core Ni nanoparticles are intact and stable without dissolution during the cesium and iodine species removal
and recovery processes. For the stability test, cyclic voltammograms of Ni@Pt/K2NiFe(CN)6 were also recorded in 0.1 MNaClO4 (pH 7)
containing (a) 10 mM CsNO3 and (b) 10 mM CsI before and after 100 separation cycles (Fig. S5). After reusing the Ni@Pt/K2NiFe(CN)6
adsorbent 100 times, the recovery efficiencies of Cs+ and I− were determined to be 97.9 % and 99.7 %, respectively. Thus, the prepared
Ni@Pt/K2NiFe(CN)6 adsorbents in this work kept high recovery efficiencies for cesium and iodine removal and demonstrated sub-
stantial recyclability over 100 cycles.

4. Conclusion

In this work, we developed a reusable bifunctional composite Ni@Pt/K2NiFe(CN)6, which effectively removes and separately
recovers radioactive Cs+ and I− ions from wastewater. In this composite, K2NiFe(CN)6 is responsible for Cs + adsorption, while Pt
handles I− adsorption. The composite’s performance is comparable to conventional adsorbents for the separate removal of Cs+ and I− ,
with maximum adsorption capacities of 35 mg/g for Cs+ and 56 mg/g for I− . It demonstrated stability over 100 sorption cycles,
maintaining high recovery efficiencies of 97.9 % for Cs+ and 99.7 % for I− . Overall, the developed Ni@Pt/K2NiFe(CN)6 composite
shows promise for managing radioactive wastewater contaminated with Cs+ and I− ions, offering a strategic approach for treating and
disposing of these ions separately according to the disposal policies.
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