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a b s t r a c t

The co-precipitation process plays a key role in the decontamination of radionuclides from low and
intermediate levels of liquid waste. For that reason, the removal of Cs ions fromwaste solution by the co-
precipitation method was carried out. A simulated liquid waste (133Cs) was prepared from a 0.1 M CsCl
solution, while wastewater generated by washing steel ash served as a representative of radioactive
cesium solution (137Cs). By co-precipitation, potassium ferrocyanide was applied for the adsorption of Cs
ions, while nickel nitrate and iron sulfate were selected for supporting the precipitation. The amount of
residual Cs ions in the CsCl solution after precipitation and filtration was determined by ICP-OES, while
the radioactivity of 137Cs was measured using a gamma-ray spectrometer. After cesium removal, the
amount of cesium appearing in both XRD and SEM-EDS was analyzed. The removal efficiency of 133Cs
was 60.21% and 51.86% for nickel nitrate and iron sulfate, respectively. For the ash-washing solution, the
removal efficiency of 137Cs was revealed to be more than 99.91% by both chemical agents. This implied
that the co-precipitation process is an excellent strategy for the effective removal of radioactive cesium in
waste solution treatment.
© 2022 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

In an era where nuclear technology is advancing rapidly,
radioactive materials are being utilized in many sectors such as
nuclear power plants, medical therapy, industrial factory, and
agricultural application, resulting in large-scale contamination. One
of the affected sectors is the metallurgical industry, particularly
radioactive contamination in the steel industry [1,2]. Using the
scrap steel recycling process, radioactive cesium (137Cs) contami-
nated ashes have recently been found in many steel production
factories around the world, leading to immediate and long-term
concerns over possible radiation hazards [3,4]. One of the most
serious consequences of these ashes was the leaching of water and
the continuing risk of groundwater contamination [5]. As 137Cs has
a long half-life (⁓30 years) and high concentration, the disposal of
the radioactively contaminated steel ashes is becoming a global
environmental issue that must be managed urgently [6e8].
n).

by Elsevier Korea LLC. This is an
It is known that the cesium ion (Csþ) is an alkali metal element
similar to potassium ion (Kþ) and sodium ion (Naþ), with very high
solubility in an aqueous medium, which are harmful to human
safety and environmentally impactful [9,10]. Therefore, the devel-
opment of methods and techniques for removing cesium and
various hazardous chemicals from radioactive liquid waste has
become a research focus in the field of radioactive liquid waste
[11e13]. Several methods have been used for removing cesium ions
from radioactive liquid waste such as co-precipitation, solvent
extraction, and adsorption [14e17]. Amongst the available ap-
proaches, the co-precipitation process is a simple and low-cost
method [11,18]. The highly selective cesium precipitation would be
a good potential process for removing radioactive liquid waste
containing cesium ions and various hazardous chemicals because of
its simplicity and efficiency in the treatment of liquid waste in large
volumes [19,20]. Another advantage of chemical precipitation
method is the volume reduction of the waste stream. By this
method, the contamination amount is reduced and consequently
the transportation and management are more economical and
expedient. The radioactive waste generated from the sedimentation
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process could be stored conveniently and safely or disposed of in a
licensed low-level waste repository [21,22].

Potassium ferrocyanide is considered a promising approach for
the treatment of cesium from radioactive liquid wastes due to its
excellent cesium selectivity and adsorption capacity [23]. Transi-
tion metals have also been used as chemical agents for supporting
the co-precipitation process. For example, Osmanlioglu used po-
tassium ferrocyanide and nickel(II) nitrate for the removal of
radioactive cesium. The results showed the excellent removal effi-
ciency of radioactive cesium from radioactive liquid waste by the
co-precipitation process [18]. However, nickel-potassium ferrocy-
anide (NiKFC) is known to be hazardous to both human health and
the environment. Finding a chemical agent that has high efficiency
for removing cesium while being safer is a challenging approach
that researchers are focusing on. There have been relatively
numerous reports of using iron sulfate to remove the various haz-
ardous chemicals in wastewater. However, there is hardly evidence
concerning its use to remove radionuclides in radioactive liquid
waste [24,25]. Therefore, the use of iron-potassium ferrocyanide
(FeKFC) as a precipitant is an interesting way to support cesium
removal in aqueous solutions.

The purpose of this work is to decontaminate non-radioactive
and radioactive cesium from aqueous waste solutions by co-
precipitation using potassium ferrocyanide as a chemical agent,
with nickel(II) nitrate and iron(II) sulfate chosen for supporting the
precipitation. A gamma-ray spectrometer, ICP-OES, XRD, and SEM-
EDS were used to characterize the solution and sludge samples
after the cesium removal process. In order to assess the effects of
use, both precipitating agents were also compared in terms of the
removal efficacy of cesium and environmental toxicity.

2. Materials and methods

2.1. Chemicals and materials

For the experiment, cesium-simulated liquid waste was pre-
pared from cesium chloride (CsCl, 99.90%, Sigma Aldrich, USA),
while the radioactive waste solution was generated by washing
137Cs contaminated steel ash. Potassium hexacyanoferrate(II) tri-
hydrate (K4[Fe(CN)6·3H2O], 99%, Sigma Aldrich, USA), Nickel(II)
nitrate hexahydrate (Ni(NO3)2$6H2O, 99.99%, Sigma Aldrich, USA),
and Iron(II) sulfate (FeSO4$7H2O, 97%, Ajax Finechem) were used to
purify the CsCl solution and the washing wastewater contaminated
with 137Cs. In addition, deionized water (DI) was used in all
experiments.

2.2. Preparation of waste solution by washing 137Cs contaminated
ash

The steel ash was collected from a scrap steel recycling factory in
Thailand. The ash has been found to be contaminated with high
levels of radionuclide cesium (137Cs). The 137Cs contaminated steel
ash was washed using deionized water at a solid-liquid ratio of 1:2.
About 200 g of ash and 400 mL of deionized water were added into
a 1000 mL beaker, and then the mixed solution was kept at a stir-
ring speed of 200 rpm for 3 h. After the specified time, the solid-
liquid mixture was separated by centrifugation at 4000 rpm for
5 min. The previously washed ash was extracted repeatedly. The
resulting ash was then oven-dried at 60 �C for 24 h. The element
compositions of steel ash determined through WDXRF spectrom-
eter (S8 Tiger, Bruker AXS GmbH, Germany) are mainly Zn
(29.1947%), Fe (28.6355%), O (25.8369%), Ca (3.2948%), Mn
(2.5449%), Pb (1.8624%), and others. The radioactivity of 137Cs in the
ash, before and after the washing process, was measured via
gamma-ray spectrometer (GEM-C40, Ametek Ortec, USA) using
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coaxial high-purity germanium (HPGe) detector with MCA to
quantify the 137Cs-removal efficiency. By washing with deionized
water in two stages, it is possible to reduce around 80% of the
radioactivity from 137Cs contaminated ash. Due to its excellent
water solubility, the 137Cs and some elements in steel ash are
released along with the aqueous solution. This resulting solution
was applied as the initial wastewater for the precipitation process.
The washing process of 137Cs contaminated ash for preparing the
initial waste solution is shown in Fig. 1.

2.3. Co-precipitation process

In order to eliminate the non-radioactive and radioactive cesium
from the prepared solutions, the co-precipitation process was
applied using potassium ferrocyanide (K4[Fe(CN)6]), nickel nitrate
(Ni(NO3)2), and iron sulfate (FeSO4). Herein, K4[Fe(CN)6] concen-
tration was fixed to be 0.05 M. The precipitation process was
examined by observing the amount of change in the supporting
precipitates Ni(NO3)2 and FeSO4 without pH adjustment of the
solution. Briefly, details of the co-precipitation process are as fol-
lows: 25 mL of 0.1 M CsCl solution was prepared for the non-
radioactive precipitation process, while the radioactive waste so-
lution was generated utilizing ash extraction with deionized water.
Then, 0.05 M of K4[Fe(CN)6] was added to the CsCl solution and the
wastewater in each studied condition. The mixed solution was
obtained by stirring for 10 min. Different amounts of Ni(NO3)2 (4,
12, and 20mg/mL) were added to themixed solution, and the green
precipitate was obtained. Amounts of FeSO4 (4, 12, and 20 mg/mL)
were added to the mixed solution to obtain the blue precipitate. For
all experiments, the reaction solution was kept under regular stir-
ring for 30 min for a complete dissolution of contents and then
permitted to settle overnight. The suspension solutions were
collected by filtering supernatants using filter paper (Whatman®
qualitative filter paper, Grade 1). The precipitate was dried at 60 �C
for 24 h. To study the removal efficiency, structure, and chemical
composition, the obtained solution and sludge were characterized.
Fig. 2 shows a schematic diagram of the entire process for thewaste
solution treatment using the co-precipitation method.

2.4. Characterization

After settling time, the solid sludge and aqueous solution were
separated by using filter paper before testing. The crystal structure
of the sludge samples was analyzed by XRD (D8 Advance, Bruker
AXS GmbH, Germany) with LYNXEYE XE-T detector at 40 kV
accelerated voltage and 40 mA current. The characteristics of
morphology and elemental composition on the obtained sludge
were successfully investigated by scanning electroneenergy
dispersive X-ray spectroscopy (SEM-EDS, SU5000, Hitachi, Japan).
Cesium concentration in the obtained solution was measured by
using inductively coupled plasma optical emission spectroscopy
(ICP-OES, Spectroblue FMX36, SPECTROAnalytical Instruments Inc.,
USA), while the radioactivity of 137Cs was measured by gamma-ray
spectroscopy. The removal efficiency of stable and radioactive ce-
sium was determined using the displayed equation [26,27]:

% Removal Efficiency ¼ Ci � Cf
Ci

� 100% (1)

where Ci and Cf are the initial and final concentration of Cs ions and/
or radioactivity of 137Cs in the aqueous waste solution, respectively.

According to the radioactivity before the decontamination stage
(Ai) and radioactivity after the decontamination stage (Af) in the
ash-washing solution, the decontamination factor (DF) for precip-
itation processes is usually defined as [18]:



Fig. 1. Washing process for removal of 137Cs from contaminated steel ash and wastewater treatment with co-precipitation method.

Fig. 2. Schematic diagram of aqueous waste treatment.

Table 1
The removal efficiency of133Cs in simulated waste solution by co-precipitation with
different amounts of NiKFC and FeKFC.

Samples Initial Cs ions (mg/L) Final Cs ions (mg/L) Removal efficiency

NiKFC4 15.49 ± 1.00 12.46 ± 0.63 19.53%
NiKFC12 15.49 ± 1.00 6.16 ± 0.14 60.21%
NiKFC20 15.49 ± 1.00 7.97 ± 0.14 48.53%
FeKFC4 15.49 ± 1.00 12.96 ± 0.26 16.34%
FeKFC12 15.49 ± 1.00 7.45 ± 0.26 51.86%
FeKFC20 15.49 ± 1.00 8.72 ± 0.19 43.72%

P. Sopapan, U. Lamdab, T. Akharawutchayanon et al. Nuclear Engineering and Technology 55 (2023) 516e522
DF ¼ Ai

Af
(2)

3. Results and discussion

3.1. Removal efficiency of non-radioactive and radioactive cesium

The present study was undertaken to decontaminate stable and
radioactive cesium. Using the co-precipitation process, the decon-
tamination of cesium and other ions in waste solution can be car-
ried out effectively. Table 1 shows the results of the cesium removal
efficiency by co-precipitation using 0.05 M K4[Fe(CN)6] combined
with Ni(NO3)2 and FeSO4, which were analyzed by ICP-OES. It can
be seen that cesium removal efficiency at 4, 12, and 20 mg/mL of
Ni(NO3)2 was 19.53%, 60.21%, and 48.53%, respectively. In the case
518
of FeSO4, the cesium removal efficiency was 16.34%, 51.86%, and
43.72%, respectively. From the obtained results, the total removal
efficiency of cesium by Ni(NO3)2 was greater than that by FeSO4
dosage. Moreover, the addition of Ni(NO3)2 and FeSO4 significantly
improved the cesium removal efficiency. As exhibited in Tables 1
and 12 mg/mL of Ni(NO3)2 and FeSO4 (NiKFCe12 and FeKFCe12)
showed the highest cesium removal efficiency in the CsCl solution.
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However, the addition of Ni(NO3)2 and FeSO4 reached 20 mg/mL
(NiKFCe20 and FeKFCe20), and the removal efficiency decreased
slightly. This could be controlled by limiting the competition effect
from nickel (Ni), iron (Fe), and cesium (Cs), resulting in a decrease
in the removal efficiency of cesium [28].

In the same way as the precipitation in the simulated solution,
equal amounts of K4[Fe(CN)6], Ni(NO3)2, and FeSO4 were used in
waste solution contaminated 137Cs. After the sludge and solution
were separated by the filtration method, the residual radioactivity
in the liquid was calculated to determine the removal efficiency of
137Cs. The results of 137Cs radioactivity and removal efficiency of
cesium in the wastewater are listed in Table 2. The initial solution
obtained by washing steel ash had a radioactivity of 29,719 ± 624
Bq/L with a pH level of 9.5 ± 0.5. After precipitation, the successful
treatment of the 137Cs contaminated wastewater using NiKFC and
FeKFC was confirmed by measuring the radioactive decay of the
solution with a gamma-ray spectrometer. By using K4[Fe(CN)6],
Ni(NO3)2, and FeSO4, the expression of 137Cs removal efficiency was
greater than 99.91%. This proves that the precipitation method
using NiKFC and FeKFC as precipitants is an excellent approach to
treating 137Cs contaminated wastewater. Besides determined
removal efficiency as shown in Table 2, the decontamination factor
achieved in each case was also calculated. Depending on the
amount of precipitating agent, all the decontamination factors are
higher than 1� 103. Since decontamination factor is dimensionless,
the effluent concentration may be solubility controlled and, thus,
the decontamination factor will vary with the initial concentration.
Fig. 3 shows a comparison of the 133Cs and 137Cs removal efficiency
in the prepared waste solutions. By using Ni(NO3)2 (Fig. 3(A)) and
FeSO4 (Fig. 3(B)) as precipitating agents, it was clear that the
removal efficiency of 137Cs was significantly higher than that of
133Cs in all the concentrations. The optimum removal efficiency of
137Cs for the ash waste solutionwas determined to be 99.99%, while
the maximum removal efficiency of 133Cs for the simulated liquid
waste was revealed to be 60.21%. However, both the stating solu-
tions are on a different basis such as initial pH and Cs-ion con-
centration. For this experiment, the CsCl solution with pH 6 and
concentration of Cs ions as 15.49 mg/L was introduced, while the
137Cs contaminated solution with pH 9 was obtained by washing
the contaminated steel ash. Although the initial activity of 137Cs in
the wastewater obtained from the washing process was measured
as 29,719 ± 624 Bq/L, the concentration of 137Cs ions was found to
be negligible. With appropriate pH and ion concentration, the ob-
tained results thus led to the higher removal efficiency. Addition-
ally, the use of Ni(NO3)2 and FeSO4 as precipitating agents provides
similar performance for decontamination of the washing
wastewater.

Influence of pH levels was also considered to enhance the
removal efficiency of radioactive cesium from wastewater. Fig. 4
presents the 137Cs removal efficiency in the wastewater with pH
level in ranged from 3 to 13 using nickel-potassium ferrocyanide
(NiKFC) and iron-potassium ferrocyanide (FeKFC). The experi-
mental results showed that removal of 137Cs via co-precipitation
using NiKFC and FeKFC had a widely suitable pH range from
Table 2
The removal efficiency of137Cs and decontamination factor (DF) in ash-washing solution

Samples Initial activity (Bq/L) Final activity

NiKFC4 29,719 ± 624 19.78 ± 5.37
NiKFC12 29,719 ± 624 2.92 ± 0.58
NiKFC20 29,719 ± 624 2.58 ± 0.00
FeKFC4 29,719 ± 624 26.34 ± 5.49
FeKFC12 29,719 ± 624 3.25 ± 0.58
FeKFC20 29,719 ± 624 2.92 ± 0.58
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acidic to alkaline environments. However, pH values between 9 and
11 showed superior removal efficiency. This result supported the
removal of radioactive cesium from wastewater with an initial pH
level of 9.

Table 3 shows the volume proportions of clean water and total
sludge obtained from treatment of thewastewater. From the results
listed in Table 3, the radioactive sludge depends on the initial dose
of the chemical agent. The initial wastewater volume of 25 mL
became the radioactive sludge to approximately 1e3 mL and the
remaining volume is clean water, showing similar results by using
NiKFC and FeKFC agents. As shown in Fig. 5, the amount of radio-
active sludge became infinitesimal when compared to the initial
volume of 137Cs-wastewater. By this method, approximately 96% of
the decontaminated water has been recovered. Additionally, the
handling of sludge is more thrifty, uncomplicated and safer method
than the management of starting wastewater. Hence, the results of
this successful study can be applied on a larger scale to remove
137Cs contaminated wastewater.
3.2. Characteristics of the sludge

Studies on the structure and chemical composition of the ob-
tained sediment confirm the presence of cesium and also provide
useful information on the subsequent management of this sludge.
The crystal structure of the sludge samples after cesium removal
was characterized by X-ray diffraction (XRD), as shown in Fig. 6.
From Fig. 6(A), the XRD pattern of the 133Cs contaminated sludge
resulting from the NiKFC shows typical diffraction peaks at 2q
values 24.69�, 30.40�, 35.17�, 43.56�, 50.53�, 57.19�, and 68.55�,
corresponding to (220), (320), (400), (422), (440), (620), and (642)
planes, respectively. The crystal structure can be attributed to the
cubic cesium-iron-nickel-cyanide (Cs4Ni4[Fe(CN)6]3), correspond-
ing to the joint committee on powder diffraction standard (JCPDS)
file no. 00-024-0286. The diffraction peaks at 2q angles of 24.40�,
29.96�, 34.78�, 42.71�, 49.71�, 56.12�, and 67.98� can be indexed as
characteristic of (220), (222), (400), (422), (440), (620), and (642)
peaks, respectively, appearing in the solid sludge resulting from the
FeKFC precipitating agent. The crystal structure can be attributed to
the cubic crystal structure of cesium-iron-cyanide (Cs16Fe4[-
Fe(CN)6]7), corresponding to JCPDS file no. 00-024-0257 [29,30].
The strong diffraction peak in the lattice planes of (220), (400), and
(422) is characteristic of cesium after the co-precipitation process.
Therefore, the XRD patterns illustrated that the cesium structure
agreed with the cesium removal by using K4[Fe(CN)6], Ni(NO3)2,
and FeSO4. Meanwhile, the XRD patterns of the 137Cs contaminated
sludge after precipitation with NiKFC and FeKFC in wastewater are
presented in Fig. 6(B). The XRD pattern of all 137Cs contaminated
sludge samples was similar to that of 133Cs contaminated sludge
samples. However, an additional strong peak occurred at positions
17.40� (FeKFC) and 17.65� (NiKFC), which is the lattice plane of
(200), indicating the presence of iron-cyanide (JCPDS file no. 01-
073-0689) and iron-nickel-cyanide (JCPDS file no. 01-057-0049) in
the sludge obtained by precipitation of the ash washing solution,
respectively. In the present case, it was clear that the sludge
by co-precipitation with different amounts of NiKFC and FeKFC.

(Bq/L) Removal efficiency DF

99.93% 1.50 � 103

99.99% 10.18 � 103

99.99% 11.52 � 103

99.91% 1.13 � 103

99.99% 9.14 � 103

99.99% 10.18 � 103



Fig. 3. The 133Cs and 137Cs removal from waste solution without pH adjustment by the co-precipitation process using (A) nickel-potassium ferrocyanide and (B) iron-potassium
ferrocyanide.

Fig. 4. The 137Cs removal efficiency of wastewater with various pH values using nickel-
potassium ferrocyanide (NiKFC) and iron-potassium ferrocyanide (FeKFC).

Fig. 5. Volumetric proportions of radioactive sludge and decontaminated water after
treatment using chemical precipitation process.
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obtained after precipitation in the wastewater showed two over-
lapping phases of Cs4Ni4[Fe(CN)6]3 and Ni2Fe(CN)6 in NiKFC sam-
ples and Cs16Fe4[Fe(CN)6]7 and Fe4[Fe(CN)6]3$(H2O)14 in FeKFC
samples, respectively.

Scanning electron microscope (SEM) energy-dispersive X-ray
spectroscopy (EDS) analysis can be used to describe the morpho-
logical characteristics and surface elemental composition of the
sludge containing stable and radioactive cesium, as presented in
Fig. 7. The corresponding SEM micrograph and EDS-elemental
mapping of the sludge containing non-radioactive cesium are
Table 3
Volume of decontaminated water and total sludge obtained from treatment of the waste

Treatment Volume (mL)

NiKFC4 NiKFC12

Total wastewater 25.00 25.00
Decontaminated water 24.10 22.97
Total sludge 0.90 2.03
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shown in Fig. 7(A) and (B). According to the EDS results, it appears
that the selected sludge samples consist mainly of Cs, C, N, Fe, Ni, O,
K and Cl. When comparing the cesium content contained in the
selected sediments, it was found that the NiKFC-12 sample had a
higher cesium content than the FeKFC-12 sample. This can be
explained by the existence of the cesium element indicating the
removal efficiency of cesium by the co-precipitation process. The
amount of cesium element in the sludge was related to the cesium
removal efficiency and also supported the result of XRD. This result
is consistent with the studies reported in the literature [31,32].
Meanwhile, the SEM-EDS results of the sludge sample after pre-
cipitation with NiKFC and FeKFC in wastewater are shown in
water.

NiKFC20 FeKFC4 FeKFC12 FeKFC20

25.00 25.00 25.00 25.00
22.05 24.00 22.93 21.83
2.95 1.00 2.07 3.17



Fig. 6. Comparison of XRD patterns for all the solid samples after co-precipitation, including (A) 133Cs contaminated sludge and (B) 137Cs contaminated sludge.

Fig. 7. SEM image and EDS mapping of the selected sludge samples after precipitation. (A) and (B) represent 133Cs contaminated sludge, while (C) and (D) represent 137Cs
contaminated sludge.
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Fig. 7(C) and (D), respectively. Although cesiumwas predominantly
present in the sludge formed in the CsCl solution, it did not appear
in the sludge resulting from the ash washing solution. The absence
of cesium in the EDS spectrum may be due to instrument limita-
tions. However, the 137Cs radioactivity measured by a gamma
spectrometer, as shown in Table 2, confirmed the existence of ce-
sium doses. With all results, more than 99.91% of the cesium
removal efficiency in the wastewater with low 137Cs concentration
indicates that the co-precipitation process using NiKFC and FeKFC is
a suitable method for the removal of radioactivity from low-level
waste [33].

All the obtained results show that the use of NiKFC and FeKFC
provides a good basis for the removal of Cs ions in aqueous waste
solutions. Although NiKFC exhibits a better removal efficiency than
both 133Cs and 137Cs, FeKFC has multiple advantages in production
cost and environmental friendliness. The impact of nickel and iron
on the environment and human health has been discussed in
several studies [34e36]. Therefore, the development of FeKFC as a
precipitating agent is an interesting approach and could be a
method used to eliminate the radioactive cesium from aqueous
waste solutions in larger-scale treatment.
521
4. Conclusions

Successful lab-scale treatment with high-efficiency 137Cs in the
wastewater generated by washing treatment of radioactively
contaminated steel ash is the major objective of this research. The
resulting co-precipitation process using nickel and iron potassium
ferrocyanide as chemical agents can be widely applied to efficiently
remove cesium ions from radioactive liquid waste. The results of
XRD and EDS confirmed the presence of cesium content in the
sludge samples, and these results supported the removal of cesium
ions from the prepared waste solution. The addition of Ni(NO3)2
and FeSO4 at 12 g/L showed effective performance for the removal
efficiency of stable cesium at 60.21% and 51.86%, respectively.
Meanwhile, the excellent removal efficiency of 137Cs in the waste-
water was revealed to be over 99.91% under all conditions. The
difference of removal efficiency between 133Cs and 137Cs depends
on the concentration of cesium ions and the pH level of the initial
solution. Moreover, by this method, it also reduced the volume of
contamination by up to 96.04%. Due to the simple method, cost-
effective, volume reduction of contamination, and high removal
efficiency of 137Cs from ash-washing solution, the co-precipitation
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process using nickel and iron potassium ferrocyanide is a highly
promising candidate. To enhance the applicability of removing ra-
dionuclides from liquid waste, additional concept research and
scale-up approaches should be considered in the future.
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