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ABSTRACT: Nanoparticle (NPs) film of copper hexacyanoferrate (CuHCFIII) was developed for electrochemically cesium
separation from wastewater. Different form the electro- or chemical deposited films, CuHCFIII NPs were firstly covered with
ferrocyanide anions, so that they can be well dispersed in water and formed ink. Then CuHCFIII NPs can be uniformly coated by
simple wet printing methods, so it is feasible to prepare NPs film of any sizes, or any patterns at low cost. This process provided a
promising technology for preparing large scale electrodes for sequential removal of Cs from wastewater in the columns. Cs
separation can be controlled by an electrically switched ion exchange (ESIX) system. Effect of temperatures, and ionic strength
on Cs removal was investigated. Thermodynamics results showed that Cs adsorption process was exothermic in nature and
favored at low temperature. Ionic strength study indicated the CuHCFIII film can selectively separate Cs in wide ionic strength
range from 1 × 10−4 to 1 × 10−1 M Na+. XPS results demonstrated that the electrochemical oxidation−reduction of Fe (II/III)
made contributions to Cs separation.
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1. INTRODUCTION

The nuclear power plant and military activities has caused a
critical environmental hazard: large scale release of radio-
cesium,1,2 since 137Cs is among the main fission product in
radioactive wastes. In addition, accidental release of radio-
cesium was also reported from spent fuel reprocessing
facilities.3,4 For instance, the megathrust earthquake and
subsequent tsunami on 11 March 2011 caused annihilating
damage to the Fukushima Daiichi nuclear power stations,
Japan, Thousands of tons of water have been catastrophically
contaminated with 137Cs. Since Cs is chemically similar to
sodium, the high solubility makes it easily dispersed by aqueous
media and causes long term threat of radiation exposure to the
biosphere.4,5 On the other hand, as a strong γ emitter,
radiocesium can be recovered for several clinical and
biotechnological applications like surgical instrument disinfec-
tion, and radiotherapy.6,7

Consideration of the environmental protection and resource
reuse, separation, and recovery of radiocesium from aqueous
solutions is a significant and valuable issue. However, its

separation has always been one of the most challenging works
in chemical engineering. From past few decades, transition
metal hexacyanoferrates, in particular copper hexacyanoferrate
(CuHCF), have been widely used for Cs removal from aqueous
waste.8−13 Principally, CuHCF is chemically stable in a large
pH range, and it exhibits an open zeolite type structure
consisting of a cubic network of iron centers bound by bridging
cyanide ligand.7,14 Because the cubic structure has a channel
diameter of about 3.2 Å, small hydrated ion such as Cs can
permeate, whereas larger hydrated ions like Na gets blocked.7,15

Moreover, for maintaining the charge neutrality, such structure
can benefit the intercalation of alkali metal ions into the cubic
network, which also contribute the selectivity of CuHCF
towards cesium.
Although the structural properties of CuHCF are helpful for

selective Cs separation, small-sized CuHCF particles can easily
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contaminate water, which restricts its direct use for column
operations. To solve this problem, support materials (such as
polyacrylonitrile,8 carboxylic latex,9 and mesoporous sili-
ca10−13) modified CuHCF with suitable size and shape
properties have been selected for Cs removal in columns.
However, another key (resource reuse) for using MHCF as an
adsorbent was to separate the loaded Cs from saturated
adsorbents, also referred to sorbent regeneration, which is
particularly challenging in utilization of these modified
materials. To the best of our knowledge, it is difficult to
retrieve the Cs out of the nanochannel by conventional
regeneration method, once it was permeated in.
Many previous studies introduced the concept of electro-

chemically switched ion exchange (ESIX) as a technology using
MHCF for Cs separation.16 MHCF films were electro- or
chemical deposited on the electrode substance,17,18 Cs
adsorption and desorption can be easily controlled by switching
the redox states of the MHCF films to achieve ion separation
and/or film regeneration.17 ESIX can separate Cs without the
extra chemical reagents or filtration treatment, which lowers
costs and minimizes waste generation. Besides electricity is the
main driving force, fast adsorption kinetic rate can be
achieved.18 However, such a technique is still difficult to

apply in wider field due to small scale of film coating (both size
and thickness). To solve this issue, we first synthesized water-
dispersed nanoparticle CuHCFIII ink and then coated its
nanoparticles (NPs) on electrodes to electrochemically remove
Cs. Since the CuHCFIII NPs can be uniformly coated by simple
printing methods, it is feasible to prepare NPs film of any sizes,
or any patterns at low cost. This study investigates the
electrochemical Cs removal using the CuHCF NPs film and
proposes a promising sorption electrode in the columns for
consecutive removal and recycle of Cs from aqueous solution.
Removal of Cs as a function of temperatures, and ionic
strength, and the possible mechanism were also investigated.

2. EXPERIMENTAL SECTION
Preparation of CuHCFIII Film. The preparation of CuHCFIII NPs

film was described in our previous study.19 In a typical run, mixture
solutions of Cu(NO3)2·2H2O and K3Fe(CN)6 were agitated in a
conical tube using a vibrator (2000 rpm for 3 min). The CuHCFIII

precipitate can be obtained, after removing the supernatant using the
centrifugal separation (4000 rpm for 15 min). The chemical equation
was shown as follows20

+ → +3Cu(NO ) 2K [Fe (CN) Cu [Fe (CN) ] 6KNO3 2 3
III

6 3
III

6 2 3

(1)

Figure 1. (a) Typical XRD pattern of Cu-HCFIII nanoparticle; (b) EDX result of the Cs load Cu-HCFIII film; FE-SEM images of nanoparticle Cu-
HCFIII film (c) 35K×, (d) 110K×, (e) 300K×, and (f) its atomic force microscopy (AFM) image.
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The by-product of KNO3 was discharged by removing the supernatant.
Repeat the procedure until the neutral pH of supernatant appeared.
Then, the insoluble CuHCFIII precipitates were permeated into the
solution of Na4[Fe(CN)6] to surface-capped [FeII(CN)6]

4− on
CuHCFIII NPs. So that the CuHCFIII was able to well disperse in
water and form an ink. Finally 5% CuHCFIII ink was obtained for film
coating on the hybrid electrodes fabricated by sputtering of 5 nm Ti
and 200 nm Au (Ti/Au) on slide glass using vacuum vapor deposition
(Eco engineering Ltd. Japan). Afterwards, the prepared CuHCFIII films
were used for further characterization as well as Cs sorption.
Characterization of CuHCFIII Film. The CuHCFIII films were

scanned to check the surface morphology and to estimate the particle
size using a field-emission scanning electron microscope (FE-SEM, S-
4800 Hitachi, Japan) and Atomic Force Microscopy (AFM). The
chemical composition (atomic ratios) of the prepared samples was
examined by energy-dispersive X-ray spectroscopy (EDX, EMAX300,
Horiba, Japan) analysis. Structure of the CuHCFIII NPs was
determined by an X-ray powder diffractometry (Rigaku, Japan) with
CuKα beam.
X-ray photoelectron spectroscopy (XPS) experiments, performed

with a Shimadzu ESCA-3400 by an Al Kα X-ray source (1486.6 eV),
have been used for characterizing the structure of metal compounds
and the interactions with CuHCFIII films.21 A nonlinear least-square
curve-fitting program (XPSPEAK software 4.1) was used to
deconvolve the XPS data.22 To compensate for the charging effects,
we calibrated all spectra with graphitic carbon as the reference at a
binding energy (BE) of 284.8 eV.
Simultaneous cyclic voltammetry (CV) and microgravimetry using

an electrochemical quartz crystal microbalance (EQCM, PAR model
263A, USA) continuously detect the surface mass change on an
electrode, which is useful for measuring the mass of coated CuHCFIII

film and recording the redox response between the film and the
solution.23 The quartz crystal was a 9 MHz AT-cut quartz crystal with
gold electrodes (diameter: 5 mm).
Electrochemical Separation (ES) of Cesium. A three-electrode

cell, in which an SCE (Hg/Hg2Cl2/KCl saturated solution) as the
reference electrode, a platinum electrode as the counter electrode, and
the CuHCFIII film coated electrode as the working electrode (2.5×2.0
cm2), was used for electrochemical separation of Cs.24 For Cs uptake
from wastewater, the CuHCFIII

film coated electrodes were
impregnated to electrolyte solutions containing CsNO3 and 1 ppm
NaNO3. The redox reaction for uptake process by Multi-potential step
(MPS) technique from +1.3 V to 0 V (vs. SCE) was described as
follows

+ +

→

− +CNCu [Fe ( ) ] (sorbent electrode) 2e 2Cs

Cs Cu [Fe (CN) ]
3

III
6 2

2 3
II

6 2 (2)

The reactions were performed at a constant speed of 450 rpm using a
magnetic stirring, and room temperature (22 °C).

For Cs elution, the Cs loaded electrodes were transferred into a
Milli-Q solution containing 1 ppm NaNO3, which was used for
enhancing the conductivity of the elution. The elution was also
operated using MPS technique by switching the applied potentials of
the CuHCFIII film, from 0 V to +1.3 V. The redox reaction for Cs
elution process was proposed as follows

→ + +− +Cs

Cs Cu [Fe (CN) ] (sorbent electrode)

Cu [Fe (CN) ] 2e 2
2 3

II
6 2

3
III

6 2 (3)

Each Cs uptake and elution was performed for 30 min respectively,
and samples were taken at certain intervals to measure Cs
concentration by inductively coupled plasma mass spectrometer
(ICP-MS, NexIon300 D, PerkinElmer, USA).

The distribution coefficient (Kd), measured as a function of contact
time, was used to estimate the selectivity for Cs.

= −K C C CtV M(mL/g) ( )/ /td 0 (4)

where C0 and Ct stand for the Cs concentration at initial stages and
time t, respectively, V is the solution volume and M is the mass of
sorbents. The effects of some parameters such as, reaction temper-
atures (from 298, to 323 K), and ionic strength (from 1 × 103 to 1 ×
105 ppm of NaNO3 solution) were studied.

3. RESULTS AND DISCUSSION
CuHCFIII Nanoparticle and Sorbent Electrodes. The

crystal structure of the CuHCFIII nanoparticle was analyzed by
X-ray diffraction (XRD) pattern in Figure 1a. The peaks at
17.64, 25.04, and 35.71°are attributed to the Miller indexes of
(2 0 0), (2 2 0), and (4 0 0) of the diffraction planes,
respectively, indicating the cubic crystalline structure of
Cu[Fe(CN)6]0.667. The average crystallite size of the CuHCF

III

NPs was evaluated as 20 nm according to Scherrer’s formula (D
= Kλ/βcos θ), in which the full width at half maximum β of the
diffraction peak with the Bragg angle of θ.25 SEM-EDX
technique was used for examining the elements distribution and
chemical compositions of the CuHCFIII film. As shown in
Figure 1b, after 1 ppm Cs sorption the EDX results indicated
that the existence of elements of Fe, Cu, C, and N, which can
be coded as CuHCFIII. Furthermore, the atom ratio of Cu/Fe
was 3.22:2.09, closed to the prepared CuHCFIII core (3:2).24

Cs signals were also detected, referring to the Cs loading after
adsorption. The XRD and EDX results confirmed the successful
synthesis of CuHCFIII NPs film.
The FE-SEM images of the CuHCFIII film (Figure 1c−e)

demonstrate that a film abundant in slits was formed on the
surface of the electrodes, which might facilitate the mass

Figure 2. (a) Cesium uptake/elution using Cu-HCFIII film in conventional and electrochemical system (insert: cyclic voltammograms response, scan
rate = 20 mV/s), and (b) effect of contact time on Cs uptake in an electrochemical system (contact time, 120 min; Cs conc., 1 ppm; pH 0.3; room
temperature).
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transfer and diffusion of Cs in adsorption.22 The clear
geometric particles with a single particle dimension of
approximately 20 nm was coincident with the XRD results.
The harsh surface of the electrode with well dispersed
heterogeneous nanoparticles was observed by AFM in Figure
1f. This will lead to an increase in its specific area throughout
the binding matrix, which will benefit for Cs removal. Because
of the estimation from the agglomeration of particles, AFM
indicated the size of particles ranged from 20 to 80 nm, which
was different from SEM and XRD results.
The mass of CuHCFIII film was measured by EQCM

equipment. According to the Sauerbrey equation,26 the mass
change on the quartz surface (Δmass) is proportional to the
induced change of the resonance frequency Δfreq24

μ ρ
Δ =

−Δ A

F F
mass

freq

2
q q

q (5)

μq is the consistency of AT cut quartz crystal, 2.947 × 1011 g/
cm/s2; ρq is the density of AT cut quartz crystal, 2.648 g/cm3;
Fq is the standard frequency 9.0 MHz; A is the working area of
AT cut quartz crystal, 0.196 cm2. Through the calculation, the
mass of coated CuHCFIII film on the Ti/Au electrode was
approximately192.1 μg.
Electrochemical Separation. Electrochemical separation

using the prepared CuHCFIII film was performed in 1ppm
CsNO3/NaNO3 electrolyte for Cs uptake, and then translated
into 1 ppm NaNO3 electrolyte for Cs elution, respectively.
Repeated the procedure 5 cycles, and the Cs concentrations
measured by ICP-MS were shown in Fig. 2. About 92.05% of
total Cs was adsorbed on the CuHCFIII film, because of the
electrochemical reduction from Cu(II)−CN−Fe(III) to Cu-
(II)−CN−Fe(II). Contrarily, more than 97.22% of the
adsorbed Cs was desorbed from the loaded CuHCFIII film.
The results indicated that the Cs loaded film can be successfully

regenerated by a reversible oxidation from Cu(II)−CN−Fe(II)
to Cu(II)−CN−Fe(III). Cs uptake and elution can be simply
regulated by switching the applied potentials of the CuHCFIII

film.
In the primary stage, experiments using electrodes without

the CuHCFIII film indicated no Cs redox response or Cs
uptakes. For comparison, we also did the conventional
adsorption/desorption experiments, in which the similar
CuHCFIII film were impregnated in Cs solution without any
electrochemical operation, and other experimental conditions
(such as, pH, temperature, and initial Cs concentrations) were
extremely same as the electrochemical separation. The removal
efficiency was quite similar as that in ES at the 1st cycle (Figure
2a). However, Cs concentration almost showed no changes
from the 2nd cycle, which was because the Cs adsorption
process reached its saturation equilibrium after 1st cycle
adsorption. Namely, the NPs film could not be reused or
regenerated under the conventional condition. It also
confirmed that Cs separation was mainly caused by the
electrochemical redox between the Cu(II)−CN−Fe(II) and
Cu(II)−CN−Fe(III). Comparing with the conventional
method, the effective regeneration performance in ES suggested
a promising sorbent for recycle utilization. In order to
investigate the effect of reaction time, Cs removal using the
CuHCFIII film has been continuously performed for 2 h. As
shown in Figure 2b, the Cs adsorption increased with reaction
time increase, until the saturation equilibrium state reached
after 120 min, while the distribution coefficient (Kd) for Cs was
in excess of 5.6 ×105 mL/g.
The pH effect on Cs removal was studied by a series of

experiments in various solutions of initial pH from 0.2 to
11.0.19 Cs removal showed stable performance from pH 0.2 to
8.9, following a sudden decrease when pH was over 11.0. This
was because the negatively charged Cs hydroxides began to

Figure 3. (a) Microgravimetric cyclic voltammograms (CV) of a CuHCFIII film employed in 0.1 M CsNO3 electrolyte under different temperatures
(from 298 to 338 K), (b) effect of temperature on Cs sorption using Cu-HCFIII films, and (c) their corresponding thermodynamic parameters.
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form at pH greater than 11.0, which caused a decrease in Cs
uptake due to the electrostatic repulsion.
Effect of Temperature. The temperature is an important

parameter to affect the transport/kinetic process of reactions,
especially to electrochemical reactions. To examine the effect of
temperature, we conducted electrochemical characterization of
CuHCFIII film and its Cs uptakes at 298, 313, and 323 K,
respectively. CV results demonstrated the formal potentials Ef
of the redox system [Fe(CN)6]

3−/4−, calculated as a half of the
sum of potentials of anodic and cathodic current peaks,27 was
proved to be strongly dependent on the temperature.28 It was
observed that Ef shifts to the negative direction, namely the
potential becomes more cathodic, when the temperature raised
(Figure 3a). This meant that the equilibrium of the redox
process [Fe(CN)6]

3− + e− → [Fe(CN)6]
4− shifts to the left

direction with an increase of the temperature, in other words,
the findings revealed that upon decreasing temperature the Cs
loading (reduction of [Fe(CN)6]

4− to [Fe(CN)6]
3−) is a more

favorable process than the Cs unloading (oxidation of
[Fe(CN)6]

3− to [Fe(CN)6]
4−).29 This finding was in absolute

agreement with the Cs uptake results, in which Cs removal
decreased with the increase in temperature (Figure 3b).
Namely, the Cs redox process was exothermic in nature.
To study the feasibility of the sorption process, the

thermodynamic parameters such as, changes in the Gibbs free
energy (ΔG), enthalpy (ΔH), and entropy (ΔS) can be
calculated by the following equations30

=K C Clog /c Ae e (6)

Δ = −G RT Kln c (7)

Δ = Δ − ΔG H T S (8)

where R is the universal gas constant (8.314 J/(mol K)) and T
is absolute temperature in Kelvin. Kc is the ratio of Cs adsorbed
on CuHCFIII film (qe) to the residual Cs in solution (Ce) at
equilibrium state, ΔH and ΔS are calculated from the slope and
intercept of the linear plot of ln Kc versus 1/T.
As presented in Fig. 3c, when the temperature increased from

295 to 338 K, ΔG was increased from −0.153 to 3.453 kJ/mol.
This indicated that the adsorption was favored at lower
temperatures. The negative values of ΔG at 298 K indicated the
Cs adsorption process on CuHCFIII films was an exergonic or
spontaneous process. With the temperature increase, the
positive ΔG indicated the unfavorable reaction tendency.
Nevertheless, the negative value of ΔH confirmed the
adsorption process is an exothermic nature. Tsierkezos et
al.28 reported similar results, in which the reduction process of
[Fe(CN)6]

3− to [Fe(CN)6]
4− was exothermic and released

energy. However, an endothermic reaction for Cs adsorption
on copper hexacyanoferrate−polyacrylonitrile composite has
been reported by Nilchi et al.,31 who indicated that the ion
exchanger takes the main effect on the Cs sorption reaction.
Effect of Ionic Strength. The effect of ionic strength was

studied by adding varying concentrations of Na+ into Cs+

solutions. The results revealed that the Kd values showed
insignificant change, when Na+ concentration increased from 1
× 10−4 to 1 × 10−1 M, indicating Na+ has negligible influence
on Cs+ removal. Figure 4a shows that the CV responses of our
CuHCFIII film employed in these mixture solutions. For
comparison, measurement in pure CsNO3 and NaNO3 solution
were also performed.
As shown in Fig. 4a, in the pure NaNO3 solution, a couple of

cathodic and anodic peak current were observed at the 0.5 V

(vs. Hg/Hg2Cl2), relating to the redox process of
Cu3[Fe

III(CN)6]2/Na2Cu3[Fe
II(CN)6]2.

32 However, once the
Cs ion were added in, no matter how large the Na/Cs is, only
one redox couple appeared on CV response. Furthermore, its
CV peak was close to the solution containing pure CsNO3, thus
the redox peaks corresponded to the Cu3[Fe

III(CN)6]2/
Cs2Cu3[Fe

II(CN)6]2 redox couple. Mass change in EQCM
record (Fig. 4b) demonstrated that mass on CuHCFIII film,
corresponded to the loaded Cs, slightly increased with the
increasing of Na/Cs. This finding indicated Na not only has no
competing effect to Cs adsorption, but also gave an elevating
effect to Cs uptake, due to the enhancement of the ionic
strength. This can also be noticed by the peak increasing trend
of CV response in the mixture solutions. No Na+ response was
found in the presence of Cs+, indicating the CuHCFIII films
have a prior selectivity for cesium.
We also investigated the effect of Cs removal when some

chemically similar ions (Li+, Na+, K+ and Rb+) coexisted in the
solutions. Results indicated Cs removal decreased in the series:
Li+ <Na+ < K+ <Rb+,19 due to the size dependency of cation
insertion into the CuHCF lattice.31 However, comparing with
results from pure CsNO3 solution, the insignificant influence
indicated that CuHCFIII film can selectively separate Cs.

Possible Mechanism. Cs separation using the CuHCFIII

films was achieved during the hexacyanoferrate (II/III)
reaction. Thus, the iron valence (oxidation state) has been
recognized as a key role in determining the mechanism of Cs
sorption. In order to investigate film−cesium interactions, X-ray
photoelectron spectroscopy (XPS) was utilized to identify the
sorption sites involved in the accumulation of Cs species and to
determine the changes of the iron valence.21

Fig. 5a depicts the typical XPS spectra for CuHCFIII films
before adsorption, and after 3 min, 90 min adsorption (coded as

Figure 4. (a) CV of a CuHCFIII film employed in 1000 ppm pure
NaNO3, CsNO3 electrolyte, and in the mixture solution with Na/Cs
proportion from 1 to 100, (b) the mass change in EQCM recorded
concurrently with the CV of a, scan rate = 5 mV/s.
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ad0, ad3 and ad90, respectively). Comparing with unused film,
the appearance of peaks for Cs 3d at 724 and 738 eV indicated
the Cs ions were adsorbed on film surface. Obviously, the peak
of ad90 is much higher than that of ad3. The binding energy for
Fe 2p are assigned at 707 eV to Fe(II), whilst Fe(III) are
characterized at higher binding energies such as 710 eV. Fig. 5b
indicated both Fe(II) and Fe(III) were observed in spectra of
ad90. There are two explanations, one is that electrochemical
reduction of Cu(II)-CN-Fe(III) to Cu(II)-CN-Fe(II) partly
occurred on the surface of the film.23 Another one is that all
Fe(III) was firstly reduced to Fe (II), subsequently part of
Fe(II) was oxidized to Fe(III) again in the open air. However,
in ad3 spectra only Fe(III) specie appeared, which is similar as
the result from the unused film. We assumed that 3 min might
be too short for the electrochemical redox reaction, and thus no
Fe(II) was observed.
To explore the iron oxidation state underneath the surface

layer, we bombarded the CuHCFIII films by 5 keV argon ion
using etching technology, the depth profile spectrum was
shown in Figure 6. The BEs assigned at 720 eV, confirming the
reduction of Fe(III). However, we also find the same iron
oxidation state in ad3. This may because of the photo-reduction
by Argon ion etching. We calculated the peak area proportion
of Cs3d/Fe2p707, and translate the data into Figure 5c, d. It is
clear that the proportion in ad90 decreased with etching time
increased, which means the Cs sorption was not only occurred
on the surface layer, but also slowly permeated into the
mesosphere. While the proportion in ad3 showed no difference,
indicating sorption mainly occurred on the surface layer.
Because no redox reaction occurred, such a surface reaction
might be due to conventional sorption.

4. CONCLUSION
The synthesized CuHCFIII film, which has a crystalline
structure, nanoparticle morphology, and high selectivity for
cesium, was proposed for Cs separation in an ESIX system. Cs
separation can be easily controlled by electrochemical
oxidation−reduction of CuHCFIII film, without any costly
ion-exchange membrane or extra chemical reagents. Thermo-
dynamic study indicated Cs uptake was exothermic in nature.
Effective Cs separation can be adopted at a wide range of pH
(0.2 to 8.9) and ionic strength (1 × 10−4 to 1 × 10−1 M Na+).
Minimization of secondary waste, simple regeneration and easy
operation suggest a promising technology for removal of Cs.
Because of the high cost of Au hybrid electrodes, the
inexpensive stainless sheets will be taken as alternative
electrode for large surface film coating. In the future, the

Figure 5. (a) XPS survey scan of Cs 3d, Fe 2p and (b) high-resolution spectra of Fe 2p for Cu-HCFIII films before sorption and after 3 and 90 min
sorption (coded as ad0, ad3, and ad90, respectively), and etching results: (c) proportion of peak area Cs3d 724 / area Fe2p707, (d) proportion of peak
areaCs3d 738/area Fe2p707..

Figure 6. Depth profile XPS spectrum of the Cu-HCFIII films
bomdarded by 5 keV Argon ion using etching technology (etching
time 24 min).
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rolled sheet electrodes will be used in columns for sequential
removal of Cs from actual wastewater, and the durability of the
column system will also been investigated.
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