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ARTICLE INFO ABSTRACT

Editor: Yunho Lee Nuclear power plant accidents can release radioactive cesium in the water and, thus, proper removal technol-
ogies are required. Since Prussian blue can selectively adsorb Cs, studies to attach it onto supporting materials
such as activated carbon and filters have been conducted. Here, we propose a roll-to-roll method for fabricating
cellulose filters with immobilized Prussian blue easily and in large quantities; the physical properties and Cs
adsorption performance of these filters were similar to their counterparts prepared in a conventional batch
reactor. We performed batch and continuous filtration experiments to confirm their decontamination perfor-
mance for radioactive cesium with 300 Bq/L of initial concentration. In the batch test, an adsorbent dosage of
0.05 g/L enabled a > 95 % decontamination in 24 h; the continuous filtration experiment revealed that a 95 %
decontamination was kept for up to 10 h. The proposed roll-to-roll method could allow the production of several
filters for the effective removal of cesium from the water.
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1. Introduction

Nuclear energy is released when the nuclear mass of a radioactive
element changes through radiation decay. Although nuclear power
stations are considerably expensive to build, their longevity and low
running cost make them particularly cost-effective. Most of the CO,
emissions associated with nuclear power plants occur during con-
struction and fuel processing and not during electricity generation
[1,2]. However, nuclear power generation produces radioactive waste
and there is a concern about the possibility of major disasters when
accidents occur; for example, in 2011, the Fukushima Daiichi accident
caused severe damages and the remediation was very difficult and time-
consuming. A nuclear accident can spread radioactive contaminants
worldwide through water, air, and soil [3]. In particular, radioactive
materials discharged in water systems, such as the seas and rivers, have
extremely high diffusion rates, causing problems to the drinking water
supply.

137Cs is a radioisotope commonly released during a nuclear accident
and accounts for 6.3 % of fission products [4]. It has a long half-life (30
years) compared to other radioactive contaminants and is difficult to
remove from the water because it has a small hydration radius, a large
diffusion coefficient, and is easily dissolved in water [5-8]. When 137¢s
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enters the human body, it can induce genetic diseases and disorders,
mutations, and cancers [9,10].

Prussian blue (PB) is a metal ferrocyanide compound (Fe4[Fe
(CNg)13) used as a blue dye. It is an effective Cs adsorbent and, thus,
was given to the people exposed to radiocesium during the Chernobyl
nuclear accident [11]; PB has high selectivity toward cesium because
the size of its cubic lattice structure well matches the size of hydrated
cesium ions [12-16]. Takahashi et al. (2018) recently attributed this
high selectivity to the following cationic exchange process. The lattice
structure of metal ferrocyanides is formed by a porous network of metal
cations and anions of iron. If this structure presents a vacant region,
hydrated Cs* can enter through it and get adsorbed via cation ex-
change; in the case of Prussian blue, Cs™ is exchanged with the K™
inside the Prussian blue lattice [17].

However, PB has a very small size (5-200 nm) and is highly dis-
persible; hence, it is difficult to separate and recover from water sys-
tems [18-20]. Therefore, immobilizing Prussian blue on supporting
materials is one of the leading research topics related to the improve-
ment of its practical applicability. Previous studies have focused on the
production and use of filter-type adsorbents containing PB [21], mag-
netic materials/PB composites for the removal by magnetic forces
[22,23], carbon nanomaterials such as carbon nanotubes and graphene
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Fig. 1. A roll-to-roll machine for mass production of acrylic acid-modified cellulose filters with immobilized Prussian blue (CF-AA-PB-RTR).

oxide [24-26], PB-containing polymer beads [27,28], PB immobilized
on porous materials [29], and natural minerals as a PB support [30].
These various PB composites have exhibited a superior cesium ad-
sorption capacity with high selectivity, which makes them suitable for
Cs remediation. However, the fabrication complexity should be con-
sidered for practical application.

In our previous work, we successfully developed a method for
preparing a filter-type Cs adsorbent containing PB [31]. The approach
includes the use of commercial cellulose filters (CFs) as the supporting
matrix, their functionalization via the simple chemical reaction to ob-
tain carboxylic groups, and PB synthesis through layer-by-layer (LbL)
assembly. This procedure provided higher PB loading and stronger
stability against PB leaching in aqueous solutions, resulting in better Cs
adsorption performance compared to the unmodified CFs.

To assure the availability of filter-type Cs adsorbent to the wide
population in a short time, their manufacture should be adaptable to
the processes currently available in the textile industry. Most studies on
producing Cs adsorbent with PB are based on batch processing and fall
short of demonstrating that the materials can be produced and pro-
cessed with large scale equipment [31-33]. Pad-dyeing technology is a
process of continuous dyeing in which the fabric in open width is
padded with dyestuff. Compared to the conventional batch system, it
has several advantages such as simplicity of the dyeing process, re-
duction in water, energy, chemical consumption; therefore, it has been
widely applied in the industrial scale dyeing process [34,35]. This type
of production was also called the roll-to-roll production, and it has been
applied in nanoparticle fabrication [36] as well as electronic applica-
tion [37,38].

In this study, we propose an improvement for the rapid production
of cellulose filters with immobilized Prussian blue in large quantities.
Prussian blue was synthesized via the roll-to-roll method, which al-
lowed its automatic operation. The characteristics and cesium adsorp-
tion performance of the new adsorbent were compared with those of
the adsorbents fabricated through the conventional method in a batch
reactor; moreover, the practical applicability of the prepared adsorbent
for radioactive **’Cs removal was evaluated via batch and continuous
filtration tests.

2. Materials and methods
2.1. Materials

The cellulose filter was purchased from Taebong (Republic of

Korea); its tensile strength and permeability coefficient were 1.22 N/
cm? and 0.079 cm/s, respectively. The CF surface modification was
performed with acrylic acid (AA, 99 %), potassium persulfate (KPS, 99
%), sodium chloride (93 %), and ethanol (99 %), obtained from
Samchun Chemical Reagent Corporation Ltd. (Republic of Korea). Iron
(III) chloride hexahydrate (97 %) and potassium ferrocyanide trihy-
drate (99 %), by Duksan Chemical Reagent Corporation Ltd. (Korea),
were the PB precursors. A standard 1*3Cs (1000 mg/L; Kanto Chemical
Corporation Inc., Japan) and a standard **’Cs source (certified by the
Korea Research Institute of Standards and Science) solutions were used.
All the solutions were prepared with deionized water.

2.2. Preparation of CF with immobilized PB via the batch method

Our previous study [31] described in detail the preparation of CF
with immobilized PB (CF-AA-PB). In brief, the synthesis process consists
of modifying the CF surface with (AA) and synthesizing PB via the LbL
approach in batch mode. First, the surface modification by AA was
performed via radical polymerization with KPS.

Then, PB was immobilized on the AA-modified CF (CF-AA) via LbL)
assembly, which is basically similar to the in situ methodology. PB was
synthesized in situ by sequentially injecting its precursors in the CF-AA.
The major chemical reaction involved was as follows [39].

4FeCl; + 3K4[Fe(CN)g] — Fe4[Fe(CN)gls + 12 KCl

The CF-AA (250 mg) was added to a solution (50 mL) of 20 mM
FeCl; for 24 h. Then, CF-AA, with the immobilized iron(IIl), was se-
parated from the solution and it was reacted with 50 mL of a 20 mM
K4Fe(CN)g solution for 15 min, followed by the addition of a 5 mM
FeCl; solution (50 mL) for 15 min, finally giving CF-AA-PB.

2.3. Preparation of CF with immobilized PB via the roll-to-roll method

A roll-to-roll machine (Fig. 1) was designed to produce, similarly to
the batch method described in Subsection 2.2, large quantities of CF-
AA-PB. A CF-AA roll with a 1 m length and a 3 cm width was used. As in
the batch method, the duration of the first FeCls, the K4[Fe(CN)e], and
the additional FeCl; immersion were 24 h, 15 min, and 15 min, re-
spectively. Since the first FeCl; impregnation step was very long com-
pared to the others, we decided to preliminary immerse the CF-AA roll
into a 20 mM FeCl; solution for 24 h and to perform the roll-to-roll
fabrication only for the last two steps.

The iron(Ill)-impregnated CF-AA roll (CF-AA-FeCl;) was inserted at
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Fig. 2. Fourier-transform infrared spectra of acrylic acid-modified cellulose
filters with immobilized Prussian blue, fabricated via the batch method (CF-AA-
PB) and the roll-to-roll technique (CF-AA-PB-RTR).

one end of the roll-to-roll machine and slowly moved through two re-
action chambers, respectively containing a 20 mM potassium ferro-
cyanide and a 5 mM iron chloride solution, allowing the same LbL
synthetic process as in Subsection 2.2. to ensure a reaction time of 15
min in each chamber, we calculated the suitable diameter of the cy-
linders in the chambers and the motor speed. The diameter of the cy-
linders and rolling speeds were 8 cm and 0.84 cm/min, respectively,
allowing 15 min of reaction time at each bath. After the PB synthesis,
the roll was dried by passing through a heating lamp. The resulting
product was denoted as CF-AA-PB-RTR in order to be distinguished
from that prepared via the batch method.

2.4. Filter characterization

The characteristics of CF-AA-PB and CF-AA-PB-RTR were compared
to confirm the physical and chemical similarity between them. The
effect of functionalization was evaluated by monitoring the changes in
the functional groups on the surface by using a Fourier-transform in-
frared spectroscopy (FTIR) analyzer (TENSOR27, Bruker, Germany)
operated in the 400-4000 cm™! range. A scanning electron micro-
scopy/energy dispersive spectroscopy (SEM/EDS) system (SU8010,
Hitachi High Technologies Corporation, Japan) was used to observe
their surface modifications and qualitatively analyze their chemical
compositions.

2.5. 133Cs adsorption

2.5.1. Adsorption performances of CF-AA-PB and CF-AA-PB-RTR

The similarity between CF-AA-PB and CF-AA-PB-RTR was evaluated
also based on their cesium adsorption performance. Solutions with 0.1
and 1 mg/L concentrations of a non-radioactive isotope, 133Cs, were
prepared; thereafter, we immersed, separately, 0.1 g of each filter into
each of them (50 mL), which were contained in sealed conical poly-
ethylene tubes. The pH of the aqueous cesium solutions was not ad-
justed (initial pH = 6.2), and they were continuously shaken at 303 K
for 24 h in an agitator. The adsorption batch test was performed in
duplicate. The cesium ion concentration in the resulting supernatant
was measured with an inductively coupled plasma mass spectrometry
(ICP-MS) system (NexION 350D, Perkin-Elmer, USA). All sample was
measured three times, and the average was obtained for analytical
value.

2.5.2. Continuous filtration experiment with CF-AA-PB-RTR

This test was performed to determine the flow rate required for an
effective treatment. A polypropylene filter holder for 25-mm mem-
branes (Advantec, USA) was utilized. The CF-AA-PB-RTR was cut into a
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25 mm diameter circle and placed in the holder. Then, the 1 mg/L '*3Cs
solution was passed through the filter in the upward direction. The
filtration velocity was varied (1, 0.5, and 0.2 cm/min, resulting in
contact times of 6, 12, and 30 s, respectively) so as to evaluate its effect
on the cesium removal. The operation was continued for 10 h.

2.6. 137Cs removal by CF-AA-PB-RTR

2.6.1. Batch adsorption experiment

The radioactive *3’Cs, with a physical half-life of 30.1 years, was
used for evaluating the practical applicability of CF-AA-PB-RTR. The
137Cs concentration was set to 300 Bq/L. We selected 300 Bq/kg of
137Cs water, which loaded 30 times more radioactivity than the upper
limit value of 10 Bq/kg for drinking water set by the WHO. Various CF-
AA-PB-RTR dosages (0.01, 0.05, 0.1, 0.5, and 1 g/L) were added to 50
mL of a 300 Bq/L '*’Cs solution, and the resulting mixture was stirred
for 24 h with a vertical rotary stirrer. Furthermore, the '*’Cs con-
centration in the solutions was measured for 3600 s by using an HPGe
gamma-ray spectroscope (CANBERRA, RAD Small Anode Germanium
Well Detector, USA). Then, the removal efficiency was calculated based
on the initial and the final **’Cs concentration. The adsorption batch
test was performed in duplicate.

2.6.2. Continuous filtration experiment

This test was performed similarly to that described in Subsection
2.5.2. The experiment was conducted at a 0.2 cm/min linear filtration
velocity, which was the optimal condition determined in the analogous
133Cs test. The '*7Cs concentration was set to 300 Bq/L and the ex-
periment was performed for 70 h. The sample was periodically taken
with a fraction collector and the *’Cs concentration in the filtrate was
determined with the HPGe gamma-ray spectroscope.

3. Results and discussion
3.1. Comparison of CF-AA-PB and CF-AA-PB-RTR performance

3.1.1. FTIR analysis

FTIR analysis was performed to confirm the chemical similarity
between CF-AA-PB and CF-AA-PB-RTR, and the results are illustrated in
Fig. 2. Overall, the FTIR spectra of CF-AA-PB and CF-AA-PB-RTR were
very similar, without significant differences.

In accordance with the chemical composition of cellulose, hydroxyl,
methyl, and carbonyl peaks were observed at, respectively, 3640-3200,
3000-2850, and 1320-1000 cm ~ ! [40]. Since the surface of both fitlers
was modified with AA, also the peak of carboxylic acid (1760-1690
cm™) was clearly detected [41]. Moreover, the two samples exhibited a
sharp peak at 2070 cm ~ ! attributed to the cyanide group, which is one
of the building blocks of PB and, thus, indicates its successful formation
[19]. These similar peaks suggest that the two adsorbents have also
similar properties.

3.1.2. Morphological analysis

The microscopic morphology of CF-AA-PB and CF-AA-PB-RTR was
investigated via high-resolution SEM (Fig. 3). The structure of the CFs
mainly consisted of entangled thin fibers (diameter of around 10-20
um) and many internal spaces. We could hardly observe a noticeable
difference between the two materials, even at different magnifications;
however, CF-AA-PB-RTR showed a more uniform PB distribution than
CF-AA-PB, which exhibited some cracks onthe PB layer.

The amount of PB immobilized on the two filters was measured
through EDS analysis (Table 1). Due to the chemical composition of
cellulose (i.e., (CcH100s)y), the carbon and oxygen contents were large.
Note that nitrogen and iron were detected in both samples, directly
demonstrating the successful preparation of Fe4[Fe(CN)g]3. The N and
Fe contents were, respectively, 8.19 % and 14.67 % in CF-AA-PB and
7.05 % and 11.50 % in CF-AA-PB-RTR. This means that CF-AA-PB
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Fig. 3. High-resolution scanning electron microscopy images at different magnifications of acrylic acid-modified cellulose filters with immobilized Prussian blue,
fabricated via the batch method (CF-AA-PB) and the roll-to-roll technique (CF-AA-PB-RTR).

Table 1

Energy dispersive spectroscopy results for acrylic acid-modified cellulose filters
with immobilized Prussian blue, fabricated via the batch method (CF-AA-PB)
and the roll-to-roll technique (CF-AA-PB-RTR).

Carbon (%) Oxygen (%) Nitrogen (%) Iron (%)
CF-AA-PB 28.42 48.72 8.19 14.67
CF-AA-PB-RTR 29.49 51.96 7.05 11.50

contained a slightly higher PB (13.9 % for N and 21.6 % for Fe). Since
the amount of immobilized PB directly correlates with the cesium ad-
sorption performance, we successively conducted an adsorption ex-
periment (Subsection 3.1.3).

3.1.3. 133Cs adsorption performance

Fig. 4. 133Cs removal rate of acrylic acid-modified cellulose filters
with immobilized Prussian blue, fabricated via the batch method (CF-
AA-PB) and the roll-to-roll technique (CF-AA-PB-RTR). The adsorbent
dosage was 2 g/L.

Adsorption experiments using isotopes (*33Cs) were conducted to
evaluate the cesium adsorption performance of CF-AA-PB and CF-AA-
PB-RTR. Fig. 4 compares the cesium removal efficiencies obtained
when adding 2 g/L CF-AA-PB and CF-AA-PB-RTR to 0.1 and 1 mg/L
cesium solutions. When the initial cesium concentration was 0.1 mg/L,
the removal efficiency of CF-AA-PB and CF-AA-PB-RTR was 99.9 % and

100
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Fig. 4. '®3Cs removal rate of acrylic acid-modified cellulose filters with im-
mobilized Prussian blue, fabricated via the batch method (CF-AA-PB) and the
roll-to-roll technique (CF-AA-PB-RTR). The adsorbent dosage was 2 g/L.

99.5 %, respectively; at 1 mg/L, the corresponding efficiency was 99.6
% and 96.1 %. This slightly higher cesium removal efficiency of CF-AA-
PB might be due to its high PB loading, as revealed by the SEM/EDS
analysis.

The material characterization and cesium adsorption performance
evaluation confirmed the similarities between CF-AA-PB-RTR and CF-
AA-PB in terms of functional groups, PB loading, and cesium adsorption
capacity. In this regard, we successively evaluated the radiocesium
decontamination capacity of CF-AA-PB-RTR.

3.2. ¥Cs decontamination by CF-AA-PB-RTR

3.2.1. Batch adsorption experiment

Different CF-AA-PB-RTR dosages (0.01, 0.05, 0.1, 0.5, and 1 g/L)
were injected in 50 mL of a 300 Bq/L *’Cs solution, which was suc-
cessively stirred and reacted for 24 h. Then, the removal efficiency was
calculated based on the initial and the final **”Cs concentration, which
was measured as the radiation dose by the HPGe gamma-ray spectro-
scope (Fig. 5).

An adsorbent dosage of 0.01 g/L removed 92.6 % of 1*’Cs from the
solution; the removal efficiency of CF-AA-PB-RTR increased along with
this dosage (97.6 %, 99.5 %, 99.5 %, and 99.9 % at, respectively, 0.05,
0.1, 0.5, and 1 g/L). According to the World Health Organization re-
commendations for radionuclides in drinking water, the guidance level
for '37Cs is 10 Bq/L. Thus, for an initial **’Cs concentration of 300 Bq/
L, a minimum removal efficiency of 96.7 % (indicated by the dotted line
in Fig. 5) is required. When we used a CF-AA-PB-RTR dosage of 0.05 g/
L, we reached a higher removal efficiency, i.e., 97.6 %, confirming the
applicability of CF-AA-PB-RTR for the radiocesium decontamination of

1001—
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=3 0.1g/L
60- = 059/
- gL

40

201

Removal efficiency (%)

0

Fig. 5. 1%Cs removal efficiency of different dosages of the acrylic acid-modified
cellulose filter with immobilized Prussian blue, fabricated via the roll-to-roll
technique. The initial **Cs was 300 Bq/L.
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Fig. 6. (a) *3Cs removal efficiency at different filtration velocities for an initial
133Cs concentration of 1 mg/L. (b) '*’Cs removal efficiency at a filtration ve-
locity of 0.2 cm/min for an initial **’Cs concentration of 300 Bq/L.

water.

3.2.2. Continuous filtration experiments

Subsection 3.2.1 has illustrated the superior decontamination per-
formance of CF-AA-PB-RTR, but the conducted batch experiment is
different from its actual application scenario. Therefore, we succes-
sively evaluated the CF-AA-PB-RTR performance also in a continuous
filtration process, that is, where contaminated water passes through it.

To determine the appropriate conditions of the filtration process, we
preliminarily carried out an experiment with '*3Cs; we varied the fil-
tration velocity (1.0, 0.5, and 0.2 cm/min, resulting in contact times of
6, 12, and 30 s, respectively) while measuring the '*Cs concentration
in the filtrate (Fig. 6(a)). The initial 1*3Cs concentration was 1 mg/L. At
filtration rates of 1 and 0.5 cm/min, the '*3Cs concentration in the
effluent increased immediately after the beginning of the filtration
operation, exceeding 0.5 mg/L after about 60 min and, then, stabilizing
gradually. However, the '>3Cs concentration was slightly lower at 0.5
cm/min than at 1.0 cm/min; after 10 h of filtration, it was 0.73 and
0.81 mg/L at, respectively, 0.5 and 1.0 cm/min.

When the filtration velocity was set to 0.2 cm/min, a significantly
different trend was observed. We could detect the outflow of **3Cs for
about 10 min immediately after the process started, but no **3Cs was
present in the effluent during the next 4 h. After 5 h, the **3C con-
centration in the effluent began to increase slowly and became 0.36
mg/L after 10 h. Therefore, we decided to use the filtration velocity of
0.2 cm/min in the next experiment with radiocesium.

We performed the '’Cs adsorption experiment in continuous fil-
tration mode to mimic an actual situation of radiocesium removal
(Fig. 6(b)). The initial 137C concentration was 300 Bq/L and the ex-
periment lasted 70 h. CF-AA-PB-RTR maintained a '*’Cs removal effi-
ciency of 95 % or more during the first 10 h. Then, the efficiency
continuously decreased, reaching 90 % after 27 h and 80 % after 57 h;
at the end of the experiment, the removal efficiency was 75 %. for the
results observed during the first 10 h indicated that, in an actual
radioactive accident, CF-AA-PB-RTR could be effectively used as an
initial response to radiocesium release.
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4. Conclusions

This study aimed to develop a filter material for protecting the
water sources in the case of radioactive cesium leakage. In a previous
work, we synthesized a cellulose filter with immobilized Prussian blue
via the batch method; here, for an easy mass production method, we
adopted the roll-to-roll fabrication technique. To confirm the similarity
between the filters prepared via the two methods, we evaluated their
physical properties through FTIR and SEM analyses. Their **’Cs ad-
sorption performance was also compared. The results confirmed that
they had similar properties and performance. Then, we performed
batch adsorption and continuous filtration experiments to investigate
the removal efficiency of radioactive cesium by CF-AA-PB-RTR. In the
batch adsorption experiment, we observed an efficiency higher than 95
% when using a 0.05 g/L dosage of the adsorbent. In the continuous
filtration experiment, a similarly higher efficiency was maintained for
more than 10 h; moreover, an efficiency higher than 90 % was still
exhibited after 24 h. Based on such a high performance, CF-AA-PB-RTR
is expected to remove radioactive cesium in contaminated waters ef-
fectively.
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