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A simple one-step approach to fabricating Prussian blue-embedded magnetic hydrogel beads (PB-
MHBs) was fabricated for the effective magnetic removal of radioactive cesium (**’Cs) from water.
Through the simple dropwise addition of a mixed aqueous solution of iron salts, commercial PB and
polyvinyl alcohol (PVA) to an ammonium hydroxide (NH,OH) solution, the formation of hydrogel
beads and the encapsulation of PB in beads were achieved in one pot through the gelation of PVA with
in situ-formed iron oxide nanoparticles as the cross-linker. The obtained PB-MHBs, with 43.77 weight
% of PB, were stable without releasing PB for up to 2 weeks and could be effectively separated from
aqueous solutions by an external magnetic field, which is convenient for the large-scale treatment of
Cs-contaminated water. Detailed Cs adsorption studies revealed that the adsorption isotherms and
kinetics could be effectively described by the Langmuir isotherm model and the pseudo-second-order
model, respectively. Most importantly, the PB-MHBs exhibited excellent selectivity for *3Cs in *37Cs-
contaminated simulated groundwater (55 Bq/g) with a high removal efficiency (>>99.5%), and the
effective removal of ¥7Cs from real seawater by these PB-MHBs demonstrated the excellent potential
of this material for practical application in the decontamination of 1¥’Cs-contaminated seawater.

Due to increased energy demands and concern about global warming, inexpensive and carbon-free nuclear
power has been proposed as an alternative to thermal power derived from fossil fuels'. However, nuclear power
poses many threats to people and the environment, including the leakage of radioactive waste from tanks and
the uncontrolled release of enormous amounts of radionuclides caused by nuclear accidents, such as those in
Chernobyl and Fukushima?®. Among the harmful radionuclides generated in nuclear power plants, radioac-
tive cesium (*’Cs), a strong gamma emitter, is a major component present in radioactive liquid waste and has
been involved in nuclear accidents®. Moreover, due to its chemical similarity to potassium and high solubility,
the 17Cs released after a nuclear accident can be easily incorporated into terrestrial and aquatic organisms*°.
Unfortunately, the current methods for treating radioactive liquid waste in the nuclear industry, including solvent
extraction, chemical precipitation, membrane processing, coagulation, electrodialysis and ion exchange, are not
suitable for the remediation of *’Cs-contaminated aqueous media after a nuclear accident due to the large vol-
ume of radioactive waste needed to be processed and the extremely low concentration of *’Cs compared to that
of competitive ions, such as Na™, K, Ca?*, and Mg*" . Thus, highly selective Cs adsorption is the most suitable

. method for remediating '*’Cs-contaminated water due to its simplicity and efficiency in the treatment of large

volumes of radioactive liquid waste’. A variety of Cs* adsorbents, such as zeolites® and silicotitanates’, have been
previously investigated in the removal of 1*’Cs from water. However, these adsorbents are either expensive or lack
the efficiency required for large-scale remediation due to their low Cs selectivity.
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Prussian blue (PB, ferric hexacyanoferrate), one of the metal hexacyanoferrates, with high selectivity for
Cs, was effectively used to remove '¥’Cs after the Chernobyl nuclear accident and the Goiania accident!®!! and
has been approved by the U.S. Food and Drug Administration for the treatment of radioactive Cs poisoning in
humans, meaning that its use is likely safe for both humans and the environment'2. However, the PB prepared by
precipitation is usually an ultra-fine powder of submicron size, which limits its direct use in the large-scale reme-
diation of contaminated environments due to the difficulty of separating the PB using centrifugation or filtration
after ¥7Cs sorption*?.

Various efforts have been made to efficiently use PB in large-scale applications. The several strategies reported
to overcome this drawback can be categorized into two groups. One involves the immobilization of PB on various
support materials. For example, the surfaces of mesoporous silica'*!® and carbon materials'®!” were functional-
ized with PB, and various polymer matrices, such as chitin'®", alginate?*?!, polyacrylonitrile??, and polyacrylic
acid®, were used to encapsulate PB. The other approach is to use magnetic particles to magnetically separate the
adsorbent after 1*’Cs sorption. In such methods, various metal hexacyanoferrates, including PB, were coated
on the surface of magnetic nanoparticles (MNPs) using functional coating materials**~2°. However, these two
approaches usually require multistep processes with complicated synthetic procedures, which limits their practi-
cal application due to the difficulty of mass production.

In this study, a simple and convenient method for synthesizing PB-embedded magnetic hydrogel beads
(PB-MHBs) for the removal of '*Cs from water, including seawater, was investigated. The PB-MHBs were simply
fabricated by the facile dropwise addition of a mixed aqueous solution of iron salts, commercial PB and polyvinyl
alcohol (PVA) to an ammonium hydroxide (NH,OH) solution. During the formation of the PVA-iron oxide
nanoparticle-based hydrogel bead, the commercial PB was encapsulated in the hydrogel network, resulting in the
facile generation of MHBs containing PB as a Cs adsorbent. Thus, these PB-MHBs prepared using our one-pot
method are suitable for practical applications because the synthetic strategy is easily scalable under ambient con-
ditions and uses only eco-friendly and low-cost precursors.

Results

Synthesis and characterization of PB-MHBs.  Asshown in Fig. 1, the iron oxide nanoparticles made the
PB-embedded hydrogel magnetically responsive. The preparation of superparamagnetic iron oxide nanoparticles
by a chemical co-precipitation method involving ferric and ferrous ions in an alkali solution is well known*. The
detailed co-precipitation reaction is as follows.

2Fe’* 4 Fe*™ + 80H™ — Fe,0, + 4H,0 (1)

However, the iron oxide nanoparticles formed by co-precipitation easily aggregate. To prevent the aggrega-
tion of the iron oxide nanoparticles in the hydrogel beads, PVA was selected as the polymeric component of the
hydrogel because it can adsorb iron ions through its hydroxyl groups to form a complex homogeneous structure
in a mixed solution and subsequently acts as a stabilizer of the iron oxide nanoparticles®. Although the complete
precipitation of Fe;O, is known to occur at pH values between 8 and 14%, the pH conditions for the fabrication
of the PVA-iron oxide nanoparticles-based hydrogel needed to be investigated. Therefore, a mixed solution of
PVA, iron salts and commercial PB (50 mg) was added dropwise to solutions of NH,OH with various pH values.
Figure S1 shows that when the pH was below 11.3, the beads had an irregular shape, and the solution became
yellow, indicating that some iron ions were released from the beads. However, the PB-MHBs fabricated at pH
values higher than 11.3 had spherical shapes, and the solution was transparent without turning yellow, indicating
the successful formation of iron oxide nanoparticles without the release of iron ions (Figs S1 and 2a). Therefore,
the minimum pH for the fabrication of PB-embedded hydrogel beads was found to be 11.3. Additionally, the cal-
culated average size of PB-MHBs was 33.8 mm. The X-ray powder diffraction (XRD) pattern obtained from the
PB-MHB:s fabricated at pH values of 11.3, 11.4, and 11.5 exhibited the characteristic peaks of both PB and Fe;O,,
indicating the successful formation of magnetic particles and encapsulation of PB in the hydrogel beads (Fig. S2).
Moreover, Fig. 2b shows that the PB-MHBs fabricated at pH 11.3 could be easily collected from water by an exter-
nal magnet. The magnetic properties of the various PB-MHBs were further analyzed using a vibrating sample
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Figure 2. (a) Photographs of Prussian blue-embedded magnetic hydrogel beads (PB-MHBs) after reaction
with an NH,OH solution (pH 11.3); (b) the separated solution after placement of a magnet next to the original
dispersion of PB-MHBs; and photographs of (c) PB-MHBs-2 and (d) PB-MHBs-3.

magnetometer (VSM). Figure 3a shows that all the beads had superparamagnetic behavior due to the presence
of Fe;O, nanoparticles in the beads. The saturation magnetizations (M values) of the PB-MHBs fabricated at
pH values of 11.3, 11.4, and 11.5 were 4.13emu g™, 5.94emu g™ and 6.23 emu g™}, respectively. The differences
between the three types of PB-MHBs can be attributed to differences in the amount of Fe;O, nanoparticles in the
hydrogel beads because higher pH values generally produce larger amounts of nanoparticles, resulting in higher
M values. Based on the successful one-pot fabrication results, the PB-MHBs could be fabricated in a large quan-
tity, which is crucial for their practical applications.

Effect of the PB amountin the hydrogel beads. The content of PB used as a Cs adsorbent in the hydro-
gel beads is a key parameter for the practical application of the beads in the removal of '*’Cs from contaminated
environments. Thus, a series of PB-MHBs were prepared by adjusting the feed weight ratio of PB to PVA from
10% to 60% with a fixed amount of PVA (500 mg, Table 1). Note that when more than 300 mg of PB was added,
the fabricated PB-MHBs became very brittle and had poor mechanical properties (data not shown). This result
was caused by a too-high PB content leading to the formation of PB-MHBs with a low degree of cross-linking,
resulting in low mechanical stability. Compared with the PB-MHBs fabricated with a feed ratio of 10% (Fig. 2a),
the color of the PB-MHBs fabricated with feed ratios of 40% (PB-MHBs-2) and 60% (PB-MHBs-3) were a darker
blue due to the increased content of the blue-colored PB in the beads (Fig. 2c and d). Moreover, the intensity of
the characteristic peaks of PB in the XRD pattern of PB-MHBs-3 dramatically increased due to their increased
content of PB (Fig. 3b) compared with the XRD pattern of the PB-MHBs fabricated with a feed ratio of 10%
(Fig. S2). FTIR analysis revealed the successful formation of PB-MHBs (Fig. 3¢) because strong absorption peaks
corresponding to the stretching vibration of a cyanide group (-C=N-) of PB were observed at 2065 cm ™! in the
FTIR spectra of PB-MHBs-1, -2, and -3.

To gain more insight into the structure of the PB-MHBs, PB-MHBs-1, -2, and -3 were characterized by scan-
ning electron microscopy (SEM) measurements. Figure S3 shows an SEM image of the commercial PB and MHBs
fabricated without PB. The commercial PB particles had an irregular ellipsoidal shape with a wide size distribution
from 50 nm to 100 nm (Fig. S3a). Figure S3b shows that the MHBs had a microporous 3D network, which is cor-
related to the Cs adsorption capacity of PB-MHBs because it is beneficial for transporting Cs ions across the bead.
Additionally, Fe atoms in EDX data and mapping of MHBs without PB revealed the successful gelation of PVA
with in situ-formed iron oxide nanoparticles (Figure S3c and d). Figure 4 shows SEM images of PB-MHBs-1, -2,
and -3 at different magnifications. As shown in Fig. 4, the open microporous structure of cross-linked PBA-Fe;O,

SCIENTIFICREPORTS| (2018) 8:11476 | DOI:10.1038/s41598-018-29767-y 3



www.nature.com/scientificreports/

Q
~

(200)
2500 -
4
2000 -
2 B
1500 (400)

)
3
8

(600)
(440)|(620) (640)
|(642)

A

Moment/Mass (emu/g)
g

(422)
€ 1 0 : ; 4
-Be+d-Bet+d-de+d-2e+4 0 2e+d de+d Ge+d 8e+d 20 40 60 80
Mn mmndin Einld (A~ 20 (degrees)
(c) (d)-
Fe-O —— MHB
® MM 8 | —— PB-MHBs-1
8 O-H 2 —— PB-MHBs-2
Q m\/w £ PB-MHBs-3
60 -
£ £
£ g
g is 40 -
= X
Ll ggzsﬁss.1 20 4
—— PB-MHBs-2
— PB-MHBs-3
0
3000 2500 2000 1500 1000 200 400 600 800
Wavenumbers cm-1 Temperature (°C)

Figure 3. Magnetization curves obtained from (a) PB-MHBs fabricated from NH,OH solutions with different
pH values; (b) X-ray diffraction patterns obtained from PB-MHBs-3; (c) FTIR spectra of MHBs without PB
(MHBs) and PB-MHBs-1, -2, and -3; and (d) TGA curves obtained from MHBs without PB (MHBs) and PB-
MHBs-1, -2, and -3.

MHBs 0 15.65Wt% 1565wt% | — — 84.35Wt%
7.81wt% 13.64wt%

PB-MHBs-1 | 20% 20.10Wt% 1229 wt% 66.26 Wt%
21.45wt%
11.53wt% ‘ 20.14wt%

PB-MHBs-2 | 40% 22.22Wt% 10.69wtd% 57.64Wt%
31.67wt%
15.93 wt% ‘ 27.84wt%

PB-MHBs-3 | 60% 24.73 Wt% 8.80wt%
47.43wt%

Table 1. Weight % of each component of the PB-MHBs calculated from the results of the TGA analysis.

was maintained even after the addition of PB, and the PB particles in all the PB-MHBs were successfully adhered
onto the PVA-Fe;O, network. As shown in Fig. 4f, the PB in the PB-MHBs was uniformly dispersed with dense
packing. However, when the feed weight ratio of PB to PVA was higher than 40%, a less porous and more rigid
wall structure was formed. This might be attributed to the high content of PB in the PB-MHBs.

To further investigate the contents of PB, Fe;O, nanoparticles and PVA in PB-MHBs-1, -2, and -3, TGA meas-
urements were performed (Fig. 3d). For the MHBs, the residual material consisted entirely of Fe;O, because the
PVA in the beads was completely decomposed upon heating to 900 °C, whereas the residual material in the case of
the PB-MHBs consisted of both Fe;O, and the inorganic component of PB because only the organic component
of PB could decompose. According to the TGA data for the MHBs, the wt% of Fe;O, and PVA were 15.65wt% and
84.35wt%, respectively, corresponding to a weight ratio of PVA to Fe;O, of 5.39. Assuming that the weight ratio of
PVA to Fe;O, was maintained when PB was encapsulated in the beads, the inorganic and organic components of
PB in each type of PB-MHB could be calculated from the weight ratio of PVA to Fe;O, (5.39), the chemical com-
position of PB (KFe,(CN)y), and the remaining wt% of each type of PB-MHB, which corresponded to the com-
bined wt% of Fe;O, and the inorganic component of PB. The calculated wt% of each component of the PB-MHBs
is listed in Table 1. As the feed ratio of PVA to PB was increased, the wt% of PB increased, whereas the wt% of
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Figure 4. Scanning electron microscopy (SEM) images of PB-MHBs-1 (a,b), PB-MHBs-2 (¢,d), and PB-
MHBs-3 (e,f).

Fe;0, decreased. In addition, the maximum wt% of PB was approximately 43.77% in the case of PB-MHBs-3,
which is similar to the wt% of PVA, demonstrating the excellent encapsulating ability of the PB-MHBs.

PB-MHBs-3, which had the highest amount of PB, exhibited obvious magnetic behavior with some coercive
force (Fig. S4), which is consistent with previously reported magnetic adsorbents with a high content of PB*.
The M, value of PB-MHBs-3 was 2.17 emu/g, which was lower than that obtained for the PB-MHBs fabricated
with a feed ratio of 10% (4.13 emu/g). This lower value is attributed to the higher content of PB in PB-MHBs-3
relative to the others because PB has no magnetization, consistent with the TGA results. Although PB-MHBs-3
had the lowest M, value because they had the lowest content of Fe;O,, we anticipated that the adsorption ability of
PB-MHBs-3 would be better than that of the others because PB-MHBs-3 had the highest content of PB. Based on
the above TGA and VSM results, the magnetization of PB-MHBs can be easily controlled by adjusting the content
of PB according to practical demands to achieve excellent Cs adsorption ability.

Stability of PB-MHBs-3. In practical applications, the leaching of adsorbent components into water is
undesirable. PB is known to have a strong absorption peak at 690 nm. As shown in Figure S5, the absorption band
of PB was absent in the UV-vis spectrum of PB-MHBs-3 for 2 weeks, which confirmed that PB was not released
from the PB-MHBs. This may be attributed to the wrapping effect of PB with PVA cross-linked with iron oxide
as a binding matrix®.

The release of Fe,O,, the cross-linker for PVA gelation in PB-MHBs, was evaluated by measuring the Fe after
suspending PB-MHBs-3 in water for various times (Table S3). Up to 4 days, the Fe leaching was below 0.25%,
and it was maintained below 0.3% for up to 2 weeks. Overall, the PB-MHBs were stable even after 2 weeks of
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Figure 5. (a) Adsorption isotherm data obtained from the various PB-MHBs (red: PB-MHBs-1, green: PB-
MHBs-2, blue: PB-MHBs-3, pink: MHBs; the curve fits were obtained from the Langmuir adsorption isotherm
model). Influence of (b) contact time, (c) pH, and (d) competing ions on the Cs adsorption capacity of PB-
MHBs-3.

suspension without the release of either PB or iron oxide from PB-MHBs. Therefore, the PB-MHBs should be
sufficiently stable for practical applications.

Cs removal performance of the PB-MHBs. The Cs removal performance of the PB-MHB sample, in
terms of the removal efficiency and distribution coefficient (K), was first evaluated using inactive Cs according
to the following equation:

R = ((C4-C,))/Cy x 100, ()

Ky = ((C-C,))/C, x V/m, 3)

where C, and C, are the initial and equilibrium concentrations of Cs in the solution, V is the volume of the solu-
tion (10mL), and m is the mass of the adsorbent (10 mg). As shown in Table S1, the Cs removal efficiencies of
MHBs, PB-MHBs-2, and PB-MHBs-3 were found to be 0.80%, 27.76%, and 32.88%, respectively. Additionally,
the K, values of PB-MHBs-2 (384.02mL/g) and PB-MHBs-3 (489.687 mL/g) were 45.99 and 58.64 times higher
than that of MHBs (8.346 mL/g). These results indicated that Cs sorption by the PB-MHBs was entirely attributed
to PB having strong binding affinity toward Cs, even though the MHBs and all the PB-MHBs had the same micro-
porous 3D network structure. The adsorption ability of PB for Cs is well known to be caused by the regular lattice
spaces surrounded by the cyanide-bridged metal and the proton-exchange mechanism of the specific Cs adsorp-
tion®!. Figure S6a shows an SEM image of PB-MHBs-3 after the adsorption reaction with Cs. The porosity of the
PB-MHBs was maintained, indicating that the adsorption of Cs did not change the structure of the PB-MHB:s.
EDX data revealed the successful adsorption of Cs onto PB-MHBs. Furthermore, Cs mapping showed the homo-
geneous dispersion of Cs onto PB-MHBs-3, indicating that Cs was completely diffused onto the PB-MHBs with a
porous network structure, which is a prerequisite for a good adsorbent material.

The adsorption capacities of PB-MHBs-1, -2 and -3 were evaluated by measuring the adsorption isotherms.
Figure 5a shows the equilibrium amounts of inactive Cs adsorbed onto PB-MHBs-1, -2 and -3 from solutions
with different initial concentrations versus the concentration of Cs after equilibration. The experimental isotherm
data were analyzed as Langmuir isotherms®. The expression for the Langmuir isotherm is given by the following
equation:

l/q, = 1/q_, + 1/(q,, bC.), (4)

max

where q. and q,,, are the equilibrium adsorption capacity and the maximum adsorption capacity, respectively.
Here, b is the Langmuir constant related to the energy of adsorption. The values of q,,,, and b could be calculated
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Sorbent Qnax (Mg/g) Separation | Ref.

Cobalt ferrocyanide-modified gel beads 15.0 - Dwivedi et al.?
PB encapsulated in chitin beads 42.45 — Vincent et al.'$
PB encapsulated in alginate beads 131.57 — Vipin et al.*!
PB- and MNP-coated GO encapsulated in alginate beads 43516 Magnetic Yang et al.®
PB-MHBs-3 41.15 Magnetic This work

Table 2. Comparison of the maximum Cs adsorption capacities of various PB-based hydrogel beads.

ky (gmg™" min~") q. (mglg) R
0.002446 17.73 0.9949

Table 3. Kinetic parameters fitted by the pseudo-second-order model.

from the intercept and the slope, respectively, of a linear plot of 1/q, versus 1/C.. The isotherm data were fit well
by the Langmuir model according to the high R? values (Fig. 5a and Table S1), suggesting the monolayer adsorp-
tion of Cs onto the PB-MHB surface. The q,,,, values of PB-MHBs-1, -2, and -3 were 13.87 mg/g, 29.49 mg/g,
and 41.14 mg/g, respectively. PB-MHBs-3 had the highest q,,,,, value due to having the highest content of PB. To
compare the Cs removal results of the PB-MHBs to those from other reports, the q,,,, values of various previously
reported metal ferrocyanide-based hydrogel beads were determined, as summarized in Table 2. PB-MHBs-3
provided a 2.7-fold higher q,,,, value than cobalt hexacyanoferrate-modified gel beads®® due to the high content
of commercial PB in PB-MHBs-3. Although the q,,,,, value of PB-MHBs-3 was similar to that of PB encapsulated
in chitin beads'® and lower than that of PB and carbon nanotubes encapsulated in alginate beads?®!, our PB-MHBs
are magnetically responsive, facilitating their magnetic separation after application, whereas the others cannot
respond to an external magnet. In particular, the q,,, value of PB-MHBs-3 fabricated using commercial PB with-
out any other functional materials, such as grapheme oxide (GO), provide a similar q,,,, value to that of magneti-
cally responsive PB/Fe;0,-coated GO encapsulated in alginate beads, which used GO as a supporting material to
immobilize the PB and Fe,O, nanoparticles®.

Figure 5b plots the amount of Cs adsorbed onto PB-MHBs-3 as a function of contact time. Over 24h was
required for PB-MHBs-3 to reach adsorption equilibrium. The slower adsorption of PB-MHBs-3 may be attrib-
uted to the use of commercial PB, which is known to have slow kinetics due to limitations in diffusion**. However,
80% of the total amount of adsorbed Cs was adsorbed within a few hours of contact, as shown in Fig. 5b, indicat-
ing that PB-MHBs-3 had a high affinity for Cs. To investigate the sorption process, the kinetic data were analyzed
using the pseudo-second-order model. The related equations are given by equation (5) as follows:

t/q, = 1/q,t + 1/(k, qez), (5)

where g, and g, are the adsorption capacities at equilibrium and at time t (mg/g), respectively, and k; is the
rate constant of the pseudo-second-order model (g/mg-min). When the experimental data were fit by linear
regression (Figure S4 and Table 3), the data were fit well by the pseudo-second-order kinetic model according to
the high R? values, and the rate-limiting step was chemical adsorption. This result is consistent with the results
reported for other PB-embedded hydrogels beads?**!.

Effects of pH and competing ions on Cs adsorption by PB-MHBs-3.  The effect of pH on the adsorp-
tion performance of PB-MHBs-3 was next explored. The experiments were conducted by mixing 10 mg of
PB-MHBs-3 with 10mL of a Cs solution (100 ppm) at various pH values. HCl and NaOH were used to adjust the
pH. Figure 5c¢ plots the amount of Cs adsorbed per unit weight of PB-MHBs-3 (q., mg/g) at various pH values.
PB-MHBs-3 showed the maximum value at pH 7, and a decrease in the adsorption capacity was observed in
acidic and alkaline conditions. This decrease at acidic pH was related to the competition that occurs between H*
and Cs™ due to the protonation of the ion exchange sites in the commercial PB of the PB-MHBs!®%. At an alkaline
pH range from 9 to 10, the g, value also decreased because some fraction of the commercial PB in PB-MHBs-3
decomposed under alkaline conditions!®*.

The effects of competing ions on the adsorption performance of PB-MHBs-3 (10 mg/10 mL) were also
explored. Ions that are abundant in seawater, such as Na* and K*, and ions that coexist with Cs™ in nuclear liquid
waste, such as Ca’t and Mg?*, were chosen as competing ions. Figure 5d shows the change in q, after treatment of
a Cs solution with an initial concentration of 100 ppm with PB-MHBs-3 in the presence of other competing ions
at a higher concentration of 3000 ppm. Compared with the g, value obtained for the aqueous medium without
any competing ions, the q, values decreased in the presence of other competing ions, which is consistent with the
results of previous reports*. The q. value was the lowest in the presence of K™ (8.68 mg/g), which is related to the
hydration radii of the competing ions because the hydration radius of K* (3.3 A) is closer to that of Cs™ (3.25 A)
than are the radii of Na* (3.6 A), Ca®* (4.1 A), and Mg?* (4.25 A), resulting in the highest competition between
Cs* and K* in binding to PB%. For practical applications, the Cs removal performance of PB-MHBs-3 was fur-
ther examined in simulated seawater (11,000 ppm Na™, 1300 ppm Mg”", and 500 ppm Ca?* and K*) (Fig. 5d).
Although the adsorption capacity was reduced in seawater, the effective q. value (6.94 mg/g) in the presence of an
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Adsorbent conc. | Medium A, (Bq/g) A¢(Bq/g) |R DF

0.1 mg/mL Distilled water 54.7936 0.8903 98.375% 61.545
1 mg/mL Distilled water 54.7936 0.0829 99.849% 660.917
0.1 mg/mL Simulated groundwater 54.7936 1.2301 97.755% 44.541
1 mg/mL Simulated groundwater 54.7936 0.2663 99.514% 205.74

1 mg/mL Real seawater 54.7936 1.7842 96.744% 30.7085

Table 4. Removal of 1*’Cs from water by PB-MHBs-3 (A,: initial activity; A¢ final activity after treatment).

approximately 125-fold higher concentration of competing cations than Cs demonstrated that PB-MHBs-3 has
potential utility in the remediation of Cs-contaminated seawater.

Radioactive ¥’Cs decontamination using PB-MHBs-3.  We finally sought to determine the abil-
ity of PB-MHBs-3 to remove very low concentrations of 1*’Cs from various aqueous media because most
radio-contaminated liquid wastes generated during the operation of nuclear power plants and the contaminated
groundwater or seawater produced after nuclear accidents have low levels of '*’Cs. For the radioactive tests, vari-
ous '¥Cs-contaminated aqueous media, including simulated groundwater and real seawater, were prepared with
a radioactivity of 54.79 Bq/g (approximately 0.0171 ppb). The '*’Cs removal performance of PB-MHBs-3 was
evaluated in terms of the decontamination factor (DF) and removal efficiency (R), as defined by the following
equations:

R = (A, — Ap/A; x 100%, (6)

DF = Ay/A;, (7)

where A and A; are the '¥’Cs activities in the initial and final solutions, respectively, after treatment with
PB-MHBs-3. The DF and R values are listed in Table 4. The *’Cs activity in distilled water was significantly
decreased after treatment with PB-MHBs-3, indicating that PB-MHBs-3 successfully removed the extremely
small amount of 1*’Cs (0.0171 ppb) from the water. PB-MHBs-3 provided an excellent '¥’Cs removal efficiency of
98.375% even at low adsorbent concentrations (0.1 mg/mL). Notably, the final activity of the 1*’Cs solution was
further decreased as the concentration of PB-MHBs-3 was increased, yielding an excellent removal efficiency that
exceeded 99.849% and a DF that exceeded 660.

The ¥’Cs removal performance of PB-MHBs-3 was further examined in simulated groundwater (125
ppm Nat, 25 ppm Ca?*, 10 ppm Mg**, and 5 ppm K*) (Table 4). The R value in simulated groundwater was
slightly decreased relative to that in distilled water, from 98.375% to 97.755% for 0.1 mg/mL PB-MHBs-3 and
from 99.849% to 99.514% for 1 mg/mL PB-MHBs-3, due to the competing effects of Na™, Ca*", Mg?", and K™.
However, the competing effects were negligible, even when the concentration of competing ions (total 165 ppm)
was significantly higher than the initial concentration of *’Cs (0.0171 ppb), which is contrary to the results
from the competing ion effects with non-radioactive Cs (Fig. 5d). This difference can likely be attributed to the
difference in the initial concentration of Cs between the non-radioactive Cs experiments (100 ppm) and the *’Cs
experiments (0.0171 ppb). Based on these results, PB-MHBs-3 exhibited excellent selective adsorption of ¥’Cs
because the conditions of the radioactive test more closely mimicked those of the real environment after a nuclear
accident; the concentration of Cs diffused from nuclear fallout is typically significantly lower than the concentra-
tions of cations in any environment.

Encouraged by the results from the radioactive experiments, 1*’Cs decontamination of seawater was examined
using real seawater collected from the Korean East Sea with the same initial activity as that in the above perfor-
mance evaluation. The DF and R values are listed in Table 4. As expected, the R value decreased relative to those
in distilled water and simulated groundwater due to the coexistence of many competing ions in real seawater.
However, an excellent R value exceeding 96.7% and a DF exceeding 30 were maintained, indicating the effective
removal of '*’Cs from real seawater. Therefore, the PB-MHBs are a good candidate for *’Cs removal from various
137Cs-contaminated waters, including groundwater and seawater.

Discussion

In summary, we successfully demonstrated a simple and scalable synthesis of PB-MHBs for the effective removal
of radioactive Cs from water with the ability to separate the beads magnetically. The gelation of PVA with in
situ-formed Fe;O, nanoparticles as a cross-linker was applied to encapsulate commercial PB in hydrogel beads.
The minimum pH for the fabrication of PB-MHBs was 11.3. All the PB-MHBs prepared with various feed weight
ratios of PB to PVA showed a magnetic response suitable for magnetic separation of the beads from water. The
adsorption behavior of these PB-MHBs was fit well by both the Langmuir isotherm model, with a maximum Cs
adsorption capacity of 41.15 mg/g, and by the pseudo-second-order kinetic model. In the radioactive tests, the
PB-MHBs exhibited excellent selectivity for '*’Cs with a removal efficiency exceeding 99.5%, even in simulated
groundwater, and effectively removed *’Cs from real seawater. Therefore, the PB-MHBs demonstrated excel-
lent potential for the treatment of 1*’Cs-contaminated water, and this synthetic approach for PB-MHBs can be
extended to prepare MHBs for the removal of other radionuclides by simply adding functional adsorbents to the
PVA solution.
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Methods

Chemicals. Polyvinyl alcohol (MW 146,000~186,000), iron(II) chloride tetrahydrate (FeCl,-4H,0), iron(III)
chloride (FeCl;), ammonium hydroxide (NH,OH, 25 wt%), and Prussian blue (PB, KFeFe(CN)g, soluble form)
were purchased from Sigma-Aldrich and were used as received.

Fabrication of PB-MHBs.  First, 500 mg of PVA and a certain amount of PB (50 mg, 100 mg, 200 mg, or
300 mg) were dissolved in water by stirring and heating at 80 °C. Then, 68.14 mg of FeCl,-4H,0 and 111.86 mg
of FeCl; were added to the solution. After stirring for 30 min, the mixture was gradually added dropwise to an
NH,OH solution with a pH value of 11.3 using a pipette with a 0.2-mL-maximum-volume pipette tip. The imme-
diately formed hydrogel beads were repeatedly washed with deionized water.

Characterization. FTIR spectra were recorded using a Spectrum GX & Auto Image instrument
(Perkin-Elmer). XRD patterns were collected on a high-resolution X-ray diffractometer (model: Smartlab,
Rigaku). TGA was performed using a Setsys 16/18 instrument (Setaram, France). The saturation of magnetization
was evaluated using a VSM (Lakeshore, model 955287(A)). SEM images were obtained using a low-voltage field
emission SEM instrument (model: Merlin compact, Zeiss).

Cs removal performance test using inactive Cs.  The adsorption kinetics and isotherms were investi-
gated in a batch experiment at 25 °C. The adsorption isotherm study was conducted by mixing 10 mg of various
PB-MHBs with 10 mL of an aqueous solution containing various concentrations of inactive Cs (10-500 ppm).
After the mixture was shaken for 24 h, the PB-MHBs were separated using a magnet, and the initial and residual
Cs concentrations were analyzed using inductively coupled plasma mass spectrometry (ICP-MS). The initial con-
centration of the inactive Cs solution used for the kinetic study was 100 ppm. A total of 10 mg of the PB-MHBs
was mixed with 10 mL of the abovementioned Cs-containing solution for different times (5-1400 min). The resid-
ual Cs concentration was analyzed using ICP-MS.

Radioactive studies. The radioactive experiments were conducted by mixing the PB-MHBs with an aque-
ous solution of ¥’Cs without or with 125 ppm of Na™, 25 ppm of Ca*", 10 ppm Mg?>", and 5 ppm of K™ to simulate
groundwater. After stirring for 24h, PB-MHBs-3 were collected. The radioactivity of '*’Cs before and after treat-
ment with PB-MHBs-3 was measured using an HPGe detector (Canberra, USA).

References
1. International Energy Agency, Key World Energy Statistics, https://www.iea.org/publications/freepublications/publication/
KeyWorld_Statistics_2016.pdf (2016).
2. Manolopoulou, M., Vagena, E., Stoulos, S., Ioannidou, A. & Papastefanou, C. Radioiodine and radiocesium in Thessaloniki,
Northern Greece due to the Fukushima nuclear accident. J. Environ. Radioact. 102, 796-797 (2011).
3. Yang, H.-M,, Lee, K.-W,, Seo, B.-K. & Moon, J.-K. Copper ferrocyanidefunctionalized magnetic nanoparticles for the selective
removal of radioactive cesium. J. Nanosci. Nanotechnol. 15, 1695-1699 (2015).
4. Calarese, E. Improving the scientific foundations for estimating health risks from the Fukushima incident. Proc. Natl. Acad. Sci. USA
108, 19447-19448 (2011).
5. Kinoshita, N. et al. Assessment of individual radionuclide distributions from the Fukushima nuclear accident covering central-east
Japan. Proc. Natl. Acad. Sci. USA 108, 19526-19529 (2011).
6. Abdel Rahman, R. O., Ibrahium, H. A. & Hung, Y. T. Liquid Radioactive Wastes Treatment: A Review. Water (Switzerland) 3,
551-565 (2011).
7. Iwanade, A. et al. Hybrid grafted ion exchanger for decontamination of radioactive cesium in Fukushima Prefecture and other
contaminated areas. J. Radioanal. Nucl. Chem. 293, 703-709 (2012).
8. Borai, E. H., Harjula, R., Malinen, L. & Paajanen, A. Efficient removal of cesium from low-level radioactive liquid waste using natural
and impregnated zeolite minerals. ] Hazard Mater. 172, 416-422 (2009).
9. Liu, H., Yonezawa, A., Kumagai, K., Sano, M. & Miyake, T. Cs and Sr removal over highly effective adsorbents ETS-1 and ETS-2. J.
Mater. Chem. A 3,1562-1568 (2015).
10. Loos-Neskovic, C. et al. Structure of copper-potassium hexacyanoferrate (II) and sorption mechanisms of cesium. J. Solid. State.
Chem. 177, 1817-1828 (2014).
11. Melo, D. R,, Lipsztein, J. L., Oliveira, C. A. N. & Bertelli, L. Radiation protection: medical aspects of the Goiania accident individual
monitoring. REMPAN 97, 185-188 (1997).
12. Thompson, D. E. & Church, C. O. Prussian blue for treatment of radiocesium poisoning. pharmacotherapy. J. Hum. Pharmacol.
Drug. Ther. 21(11), 1364-1367 (2001).
13. Olatunji, M. A., Khandaker, M. U., Mahmud, H. N. M. E. & Amin, Y. M. Influence of adsorption parameters on cesium uptake from
aqueous solutions- a brief review. RSC Adv 5, 71658-71683 (2015).
14. Sangvanich, T. et al. Selective capture of cesium and thallium from natural waters and simulated wastes with copper ferrocyanide
functionalized mesoporous silica. . Hazard. Mater. 182, 225-231 (2010).
15. Delchet, C. et al. Extraction of radioactive cesium using innovative functionalized porous materials. RSC Adv. 2, 5707-5716 (2012).
16. Yang, H. et al. In situ controllable synthesis of magnetic Prussian blue/graphene oxide nanocomposites for removal of radioactive
cesium in water. J. Mater. Chem. A 2, 326-332 (2014).
17. Kawatake, K. & Shigemoto, N. Preparation of potassium iron(III) hexacyanoferrate(II) supported on activated carbon and Cs uptake
performance of the adsorbent. Journal of Nuclear Science and Technology 49(11), 1048-1056 (2012).
18. Vincent, T. et al. Immobilization of metal hexacyanoferrates in chitin beads for cesium sorption: synthesis and characterization. J.
Mater. Chem. A 2,10007-10021 (2014).
19. Vincent, C. et al. Chitin-Prussian blue sponges for Cs(I) recovery: from synthesis to application in the treatment of accidental
dumping of metal-bearing solutions. J. Hazard. Mater. 287, 171-179 (2015).
20. Dwivedi, C., Pathak, S. K., Kumar, M., Tripathi, S. C. & Bajaja, P. N. Potassium cobalthexacyanoferrate gel beads for cesium removal:
kinetics and sorption studies. RSC Adv. 3,22102-22110 (2013).
21. Vipin, A. K., Hu, B. & Fugetsu, B. Prussian blue caged in alginate/calcium beads as adsorbents for removal of cesium ions from
contaminated water. . Hazard. Mater. 258(259), 93-101 (2013).
22. Someda, H. H,, ElZahhar, A. A, Shehata, M. K. & El-Naggar, H. A. Supporting of some ferrocyanides on polyacrylonitrile (PAN)
binding polymer and their application for cesium treatment. Separation and Purification Technology 29, 53-61 (2002).

SCIENTIFICREPORTS| (2018) 8:11476 | DOI:10.1038/s41598-018-29767-y 9


https://www.iea.org/publications/freepublications/publication/KeyWorld_Statistics_2016.pdf
https://www.iea.org/publications/freepublications/publication/KeyWorld_Statistics_2016.pdf

www.nature.com/scientificreports/

23. Yang, H., Li, H., Zhai, H. & Yu, H. In situ growth of Prussian blue nanocrystal within Fe*" crosslinking PAA resin for radiocesium
highly efficient and rapid separation from water. Chem. Eng. J. 277, 40-47 (2015).

24. Thammawong, C., Opaprakasit, P., Tangboriboonrat, P. & Sreearunothai, P. Prussian blue-coated magnetic nanoparticles for
removal of cesium from contaminated environment. ] Nanopart. Res. 15, 1689-1699 (2013).

25. Yang, H.-M., Hwang, K. S., Park, C. W. & Lee, K.-W. Sodium-copper hexacyanoferrate-functionalized magnetic nanoclusters for the
highly efficient magnetic removal of radioactive caesium from seawater. Water Research 125, 81-90 (2017).

26. Yi, R. et al. Highly efficient removal of '*Cs in seawater by potassium titanium ferrocyanide functionalized magnetic microspheres
with multilayer core-shell structure. RSC Adyv. 4, 37600-37608 (2014).

27. Ahn, T, Kim, J. H., Yang, H.-M,, Lee, ]. W. & Kim, J. D. Formaion pathways of magnetite nanoparticles by coprecipitation method. J
Phys. Chem. C. 116, 6069-6076 (2012).

28. Lee, ], Isobe, T. & Senna, M. preparation of ultrafine Fe;O, particles by precipitation in the presence of PVA at high pH. J. Colloid
Interface Sci. 177, 490-494 (1996).

29. Laurent, S. et al. Magnetic Iron Oxide Nanoparticles: Synthesis, Stabilization, Vectorization, Physicochemical Characterizations, and
Biological Applications. Chem. Rev. 108, 2064-2110 (2008).

30. Chang, L. et al. Facile one-pot synthesis of magnetic Prussian blue core/shell nanoparticles for radioactive cesium removal. RSC Adv.
6, 96223-96228 (2016).

31. Ishizaki, M. et al. Proton-exchange mechanism of specific Cs* adsorption via lattice defect sites of Prussian blue filled with
coordination and crystallization water molecules. Dalton. Trans. 42, 16049-16055 (2013).

32. Das, D., Das, N. & Mathew, L. Kinetics, equilibrium and themaldynamic study on biosorption of Ag(I) from aqueous solution by
macrofungus pleurotus platypus. J. Hazard. Mater. 184, 765-774 (2010).

33. Yang, H. et al. Magnetic prussian blue/graphene oxide nanocomposites caged in calcium alginate microbeads for elimination of
cesium ions from water and soil. Chem. Eng. J. 246, 10-19 (2014).

34. Fujita, H., Miyajima, R. & Sakoda, A. Limitation of adsorptive penetration of cesium into Prussian blue crystallite. Adsorption 21,
195-204 (2015).

35. Faustino, P. J. et al. Quantitative determination of cesium binding to ferric hexacyanoferrate: prussian blue. . Pharmaceut. Biomed.
47, 114-125 (2008).

Acknowledgements

This study was supported by a National Research Foundation of Korea (NRF) grant funded by the Korean
government (MSIP) (No. 2016M2B2B1945086 & No. 2017M2A8A5015148). We thank the staff of KBSI for their
assistance with the TEM and SEM measurements.

Author Contributions

H.-M. Yang. and J.R. Hwang conceived the idea, designed the research, performed the experiments and analyzed
the data. H.-M. Yang and C.-W. Park wrote the main manuscript. D.Y. Lee and K.B. Kim analyzed the data and
figure alignment. K.-W. Lee H.R. Kim supported the discussion and interpretation of the results. All authors
discussed the results and reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-29767-y.

Competing Interests: The authors declare no competing interests.

Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2018

SCIENTIFICREPORTS| (2018) 8:11476 | DOI:10.1038/s41598-018-29767-y 10


http://dx.doi.org/10.1038/s41598-018-29767-y
http://creativecommons.org/licenses/by/4.0/

	Eco-friendly one-pot synthesis of Prussian blue-embedded magnetic hydrogel beads for the removal of cesium from water

	Results

	Synthesis and characterization of PB-MHBs. 
	Effect of the PB amount in the hydrogel beads. 
	Stability of PB-MHBs-3. 
	Cs removal performance of the PB-MHBs. 
	Effects of pH and competing ions on Cs adsorption by PB-MHBs-3. 
	Radioactive 137Cs decontamination using PB-MHBs-3. 

	Discussion

	Methods

	Chemicals. 
	Fabrication of PB-MHBs. 
	Characterization. 
	Cs removal performance test using inactive Cs. 
	Radioactive studies. 

	Acknowledgements

	Figure 1 Synthetic procedure used to prepare the PB-MHBs and their use in the removal of radioactive Cs.
	Figure 2 (a) Photographs of Prussian blue-embedded magnetic hydrogel beads (PB-MHBs) after reaction with an NH4OH solution (pH 11.
	Figure 3 Magnetization curves obtained from (a) PB-MHBs fabricated from NH4OH solutions with different pH values (b) X-ray diffraction patterns obtained from PB-MHBs-3 (c) FTIR spectra of MHBs without PB (MHBs) and PB-MHBs-1, -2, and -3 and (d) TGA curves
	Figure 4 Scanning electron microscopy (SEM) images of PB-MHBs-1 (a,b), PB-MHBs-2 (c,d), and PB-MHBs-3 (e,f).
	Figure 5 (a) Adsorption isotherm data obtained from the various PB-MHBs (red: PB-MHBs-1, green: PB-MHBs-2, blue: PB-MHBs-3, pink: MHBs the curve fits were obtained from the Langmuir adsorption isotherm model).
	Table 1 Weight % of each component of the PB-MHBs calculated from the results of the TGA analysis.
	Table 2 Comparison of the maximum Cs adsorption capacities of various PB-based hydrogel beads.
	Table 3 Kinetic parameters fitted by the pseudo-second-order model.
	Table 4 Removal of 137Cs from water by PB-MHBs-3 (Ao: initial activity Af: final activity after treatment).




