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Highlights

The magnetic hydrogel (MHPVA) was prepared via a facile freeze/thaw method.
The MHPVA has a goo@s' adsorption capacity of 82.8 mg/qg.
It exhibits very high removal efficiency of 99.9% in 8.3 ppm &dution.

It shows high Csselectivity even in the presence of various competing cations.

SN N NN

It can be rapidly recovered from wastewater by a magnet without any turbidity.

Abstract

Potassium copper hexacyanoferrate-immobilized magnetic hydrogel (MHPVA) has
been synthesized via a facile freeze/thaw crosslinking method. The citric acid cafies Fe
embedded into the hydrogel matrix to facilitate the dispersion of nano-sized KCuHCF
particles for Csremoval, followed by the rapid recovery of the composite in a magnetic field.
TheCs' adsorption behavior of the MHPVA is fitted well with the Langmuir isotherm and the
pseudo-second-order kinetic model. The MHPVA exhibits both higla@sorption capacity
(82.8 mg/g) and distribution coefficient{kof 1.18 x 16 mL/g (8.3 ppnCs", V/m = 1000

mL/g). Sorption of above 90% Cw the MHPVA is achieved in less than 3 h of contact time.



Moreover, the MHPVA reveals stable and hig$i removal efficiency across a wide pH

range from 4 to 10. In terms 6" selectivity, the MHPVA shows above 96% removal

efficiency in the presence of 0.01 M competing cations such 8§ Mg"*, Na', and K with

1 ppm of C&. From a practical perspective, the MHPVA still exhibits stable and promising
selective properties even in groundwater and seawater conditions and after 5 days of contact

time the used adsorbent is rapidly recovered leaving a turbidity-free aqueous environment.

KEYWORDS: Cesium removal, Fukushima, Potassium epppxacyanoferrate, Iron oxide

nanoparticle, Magnetic hydrogel.

1. Introduction

Nuclear power is seen as a viable option to meet future energy demands and alleviate
the ever growing concerns of global warming. At present nuclear power accounts for about
9.7 % of theworld’s energy , although this percentage is anticipated to increase. However,
nuclear energy can also pose environmental con¢erns [2] with legacy waste and accidental
release of radionuclides through incident, such as that witnessed at Chernobyl (1986) and

Fukushima (2011), threatening ecosystems and humarﬂves [3].

Radioactive wastes consist of various radioactive isotopes including monovalent,
divalent, and trivalent metal cationg [4]. Among the radionuclides, radioactive cesium-137
(*3Cs) is a strong gamma emitter, which has been identified as a problematic radionuclide
due to its long half-life of 30.1 years, and serious radiological hazard to the environment and
humanﬁ]. Although there are a variety of effective materials to remove trace amounts of

3



multivalent radioactive isotopes today, the removal of monovalent cesium ions remains a

challeng]. The most effective method for the removal fiCstilizing adsorption or ion-

exchange mediﬂG].

Various types of cesium adsorbents such as ze i [7, 8], silicotitanatgs [9-

chalocogenide$ [12-14], and clay miner, 15], have been studied previously, but all of

these adsorbents are low in selectivity or difficult to scale up for practical application. As an
alternative, transition metal hexacyanoferrates (HCFs) have been proposed as highly selective

adsorbents fo€s’, with the synthesis methods considered relatively simple and low-¢ost [3,

16-19].HCF has a perovskite-like face centered cubic structure with a channel diameter of

around 0.32 nm, whiclsivell fitted withasmall hydrated ion such &s" . In particular,

it has been reported that the copper based HCF has higloipsion capacity and chemical

stability [21-23]. These advantageous properties have led to a great deal of interest in

utilizing copper based HCF as a superior adsorbent for the selective removafroinCs
radioactive contaminated environments. However, the ultra-fine particle size of the bulk HCF
materials hinders their direct applicationbatch or continuous processes due to issues

associated with containment and separation of the fine pas [24].

Magnetic separation, mainly usifigsOs nanopatrticles, is a facile method to recover
adsorbent from wastewater, and has been used for the treatment of heavy metal and organic

pollutants. Many researchers have devised methods to combine HCFg@nd Fe

nanoparticles for the integrated process of effectiver€soval and rapid separatipn [25}27].

Yang et al. has reported in situ synthesis of magnetic Prussian blue/graphene oxide
4



nanocomposite8], as well as alginate encapsulated pales [1], whicheskhibit

maximum adsorption capacities of 55.56/gwgnd 43.52 mig), respectively. Change et al.
fabricated magnetic Prussian blue core/shell nanoparticles to impeleadhing stability of
Prussian blue particl9]. Although these studies demonstrated promising technologies,
there remain some disadvantages in terms of low availability of active sites due to the
aggregation of nanoparticles, and turbidity of the aqueous environment related to incomplete

recovery of the fine-powder magnetic adsorbent.

In the current study, potassium copper HCF (KCuHCF) as@+Ammobilized
Poly(vinyl alcohol) (PVA) magnetic hydrogel adsorbent (MHPVA) was successfully
synthesized via a facile two step method (Fig.1). PVA was usatyakogel backbone,
which has abundant hydroxyl groups coordinating metal s [30]. Moreover, citric acid
functionalized F€O4 (c-FesO4) was used to prevent particle aggregation and to improve the
dispersion of KCUHCF nanoparticles. In the first s@y" ions and d=e:04 dispersed
hydrogel film was produced k/freeze-thaw crosslinking method. Nexu[Re(CN)] was
diffused into the prepared film structure, leading to the formation of KCuHCF within the
hydrogel. The chemical and physical characteristics of the synthesized adsorbents were
determined using various analytical techniques. In terms @@$hadsorption behavior, the
MHPVA exhibited maximum capacities of 82.8 mg/g and high selectivity fér&¥en when
dispersed in excess amounts of competing cations. Furthermore, in a magnetic field, the spent
adsorbent was easily recovered from the waste solution without any turbidity and missing

particles.



2 Experimental

Materials, synthesis of citric acid coated®e(c-Fes04), PVA-gel,
KCuHCF-immobilized non-magnetic PVA hydrogel (HPVA), and bulk KCuHCF,

and characterization are provided in the Supplementary Material.

2.1 Synthesis of MHPVA

First, 1 g of PVA was dissolved in 7 mL deionized water at 80 °C for 1 h under
constant stirring. Separately, 0.39 g of Cu®@s dissolved in 3 mL deionized water. Also,
0.6 g of citric acid was added the CuS@ solution to assist distribution of €tions, with
the solution stirred at room temperature for 30 min. After that, 0.25 g of the prefaegdsc-
nanoparticles wsmixed with the CuS@solution. The mixture was poured into the prepared
PVA solution and vigorously stirred for 30 min at 30 °C. Then, the homogeneous solution
was cast onto a teflon dish, and rapidly frozen at a temperature@ {801 h. The frozen
solution was thawed &5°C in an oven for 1 h. After the freeze-thaw cycle was repeated 3
times, the crosslinked PVA hydrogel film was obtained. The formed film was submerged into
the mixture of 100 mL Fe(CN)] (0.1 M) and 200 mL acetone, and continuously stirred

for 24 h at 20 °C.

Acetone was used as a non-solvent to suppress the reverse diffusion of the embedded
Cu?* from the film structure into the liquid phase. As the low-boiling acetone was evaporated,
the solubility of Ki[Fe(CN)] gradually increased in the water-rich phase and diffused into the
hydrogel to react with Cti. Hence, KCuHCF nanoparticles were formed in the interior of the

film. Our previous research reported the effect of acetone to enhance the retention of
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KCuHCF nanoparticles in the hydrogel structure by inhibiting the reverse diffusiorfof Cu
. Finally, the synthesized MHPVA was thoroughly washed with DI water to eliminate the
citric acid and residual impurities, followed by drying the MHPVA in an oven &€30r 24

h.

2.2 Cesium adsor ption

The simulated radioactive waste water solution containingv@s prepared by
dissolving cesium chloride in deionized (DI) water. Cesium adsorption experiments were
performed using batch-shaking method with V/m = 1000 mL/g of solution volume per
adsorbent mass ratio. The mixture was shaken (200 rpm) for 24 h at 25 °C. After adsorption,
the liquid phase was separated using syringe filfe4$ um) and the equilibrium Cs*
concentration was determined in triplicate with an inductively coupled plasma mass
spectrometer (ICP-MS 7700S, Agilent) and the average value was reported. The adsorption
capacity (g mg/qg), distribution coefficient (K mL/g), and removal efficiency (RE, %) were

calculated as follows:

ge = (Co—Ce) XV/m €Y)
Ky =(Co—Cp)/Ce XV /m (2)
RE = (Cy — C;)/Cy %X 100 3)

Here @ and G are the initial and equilibrium concentrations of ¢ag/L) in solution, €
represents the Csoncentration (mg/L) in the sampled liquid phase at specified time

intervals, m represents the mass of the adsorbent (g), and V is the total volume of the solution

(L).



3 Results and discussion

3.1 Microscopic characterization

The internal porous structures of the prepared hydrogels were investigated by SEM.
All samples were immersed in DI water for 24 h and freeze-dried at -50 °C before SEM
analysis. The PVA-gel (Fig. 2a) shows the internal macro-porous 3D-structure which consists
of the crosslinked PVA polymer chain. After incorporating KCuHCF aRés04 in the
hydrogel structure (Fig.2b), while less porous, a thicker and more rigid wall structure was
formed. At higher magnification, Fig. 2c shows a roughened surface indicating the
confinement of nanopatrticles in the polymer structure. The distribution of KCuHCF patrticles
was supported by the elemental mapping analysis of the MHPVA, shown in Fig. S1. The
elemental mapping images clearly indicate the dispersion of elements such as Fe, Cu, N, and

K associated with KCuHCF andresOs within the whole polymer structure.

The difference between the HPVA and MHPVA structures was investigated using
TEM. Fig. 2d confirms the presence of nanoparticles in the HPVA, although not clearly
distinguished by the thick polymer backbone. On the other hand, the MHPVA (Fig. 2e) shows
additional dark spots, indicative of the nanoparticles which are sitoithose observed in
the TEM image of the synthesized bulkeO4 (Fig. S2). Moreover, the high resolution-
TEM image (Fig. 2f) confirms the existence of nanoparticles of different shape and lattice
distances. The square- and circular-like nanocrystallites have lattice distances of 0.50 nm and

0.25 nm, respectively, which correspond to d-spacings of the (200) and (311) direction for



KCuHCF and F€s, respectivel 2]. Thus, the 3D-interconnected hydrogel structure

and immobilized nanoparticles were clearly identified by electron microscopy techniques.

3.2 Chemical char acterization

Fig. 3 depicts the XRD patterns of the prepared samples. The PVA-gel, HPVA, and
MHPVA indicate PVA characteristic peaks centered at 19.4° and 22.9°. The obtained bulk
KCuHCF shows strong peaks around 17.7° (200), 25° (220), 36° (400), 40° (420), 44° (422),
52° (440), 55° (600) and 58° (620), which correspond to those oftDe[Ke(CN}] (PDF
no. 01-075-0023). The XRD patterns for the KCUHCF immobilized HPVA and MHPVA were
also in good agreement with the reference sEW{Fe(CN}]. Compared with the HPVA, the
MHPVA represents @4 related peaks around 30° and [32]. Two-theta values around
35°, 43°, and 57° are not clearly distinguished due to overlap with the peaks of KCuHCF, but
the higher intensity at 35° supports the presencesdHenoparticles. Therefore, the XRD
patterns demonstrate the co-immobilization of KCuHCF an@4#eanopatrticles in the

synthesized MHPVA structure.

Furthermore, the crystalline size of the KCuHCF arktes4 in the MHPVA was

calculated using Scherrer’s equation :

- K-2
" B-cos6

4)

where K is a dimensionless shape factor varying with the actual shape of the crystallite (taken

as 0.94)4 is the X-ray wavelength (nmp,is the line broadening at half maximum intensity



(FWHM, rad), and’ is the diffraction angle at the specified peak (rad). The calculated
average particle sizes from the peaks at 25° and 30° were equal to ~12 nm and ~7 nm which

are slightly smaller but consistent with the TEM result, considering the aggregation of
nanoparticle4].

As shown in Fig.4, the FTIR spectra for the bulk KCuHCF show the characteristic
peaks of &N stretching vibration (2070 cm?), Fe-CN deformation (586m?) and CucN
stretching mode (476m™) ]. The prepared PVA-gel exhibits broad bands between
3000cm! and 3500 cm indicative of -OH stretching vibratio : 7], and the peak around
2900 cm' is assigned to C-H stretching vibrations from the PVA polymer bace [38].
These chemical properties which are related to both bulk KCuHCF and PVA are also
represented in the FTIR data for the HPVA and MHPVA, confirming the successful synthesis
of the crosslinked polymer and nanoparticle composite. TFe@+ showed a sharp peak at
590 cm' attributed to Fe-O bond. The strong band at 1526amd 1413 cm, which are
assigned to the asymmetric and symmetric C&f@tching vibration, respectively,
demonstrates the incorporation of citric acid witl@. As the IR results for the c-
FesOs, the distinct sharp peak at 595¢tim the MHPVA supports the immobilization of

magnetic nanoparticles.

XPS measurements provide detailed information about chemical bonds and Fe
oxidation states. The peaks in the survey spectrum (Fig. 5a) reveal the presence of Cu, Fe, O,
N, C, and K elements in the MHPVA. In the C1s deconvolution spectra (Fig. 5b), four

different peaks centered at 284.7, 286.1, 285.7 and 288.3 eV were identified corresponding to
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C-C, C-Oin PVA, &N in the KCuHCF and O=C-O in thekes0a, respectivel]. The
deconvoluted Fe2p core level spectra (Fig. 5c) represent two different oxidatiorrstates
(708.1 and 722.5 eV) and #¢711.1 and 724.8 eO]. Compared with the XPS
spectra of the bulk KCUHCF (Fig 5d), the high intens& peaks are related to the
incorporated d=es04. Although the small shoulder at around &4and 710 eV in the Fe
spectra of bulk KCuUHCF indicate the partial oxidation of*Féhe results confirm that most

of the Fe in KCUHCF particles was present in the form &f F&ence state.

3.3 Textural characterization

The chemical compositions of the HPVA and MHPVA were precisely measured using
ICP-OES analysis. The measured and calculated values are listed in Table 1. Recognizing the
XRD patterns (KCu[Fe(CN}]) and Fé* valence state in the XPS spectra, the stoichiometric
chemical composition of the KCUHCF was set as2Ku[Fe(CN}]x ]. Based on the
measured amount of Cu, K/Cu was determined and subsequently Fe in HCF/Cu was
calculated by the stoichiometric charge balance. The MHPVA (19.5 wt %) and HPVA (20.1
wt %) indicate comparable KCuHCF wt %, but the chemical compositions are noticeably
different. The difference may be derived from the addition I6&©4, because the other
components and experimental conditions were identical in the preparation step for both the
MHPVA and HPVA. The distributed EesO4 contributes to make additional space between
the polymer chains along with the stabilization ofQans with the aid of the coated citric
acid functionalities. This is supported by the higher Fe(HCF)/Cu ratio in the MHPVA. In the
case of the HPVA, the amount of Cu was higher than Fe by 1.6 times. However, for the

MHPVA, the ratio of Cu to Fe was about 1.2 indicating more efficient distribution%f Cu
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ions throughout the polymer matrix. The highérdéntent in the MHPVA can be also
explained, considering that the higher negative charge induced by the charge difference
between Cti and [Fe(CN§]* (smaller Cu to Fe ratio) should be compensated by the higher

amount of K.

The thermal stability was investigated by the thermogravimetric analysis (TGA)
under N atmosphere. For EesO4 (Fig. S3), the initial weight loss of ~ 4 % up to 160 °C was
related to the elimination of free and interstitial water molecules. Additional weight loss
(~10 %) up to 570 °C was associated with the decomposition of the functionalized citric acid.
In the case of the PVA-gel, HPVA, and MHPVA (Fig. 6), initial weight loss up to 220 °C was
associated to the evaporation of adsorbed water. The rapid weight loss in the temperature
range of 220 to 500C was ascribed to the degradation of PVA backbone and removal of
oxygen functional groupmll]. Beyond 330°C, the gradual weight loss for the HPVA and
MHPVA was due to the decomposition of both the PVA hydrogel and hydrogen cyanide from
the KCUHCF structurEfZ]. At 600 °C, the mass difference between the PVA-gel and
HPVA was equal to 19.3 %, which is comparable to the calculated KCuHCF content (20.1 %)
determined from the ICP-OES analysis. In the case of the MHPVA, the residual weight was
37 %, which is about 15 % higher than that of the HPVA and this 15 % difference was mainly

associated with theesO4 content in the MHPVA

3.4 Magnetic property
Fig. 7a shows the magnetic hysteresis curve measured at room temperature with a

12



vibrating sample magnetometer (VSM). The data indicates that the HPVA has no
magnetization, but the MHPVA exhibits obvious magnetic hysteresis. The saturation
magnetization and the coercive force for the MHPVA were 6 emu/g and 896 Oe, respectively,
indicating sufficient magnetic properties for the facile recovery of the used adsorbent. The
evaluation for the magnetic separation was conducted by immersing 0.2 g of the MHPVA in
200 mL of DI water and placing a magnet on the wall of the glass bottle. Sample immersion
lasted for 5 days with continuous shaking, and 1 mL aliquots were removed at specific times
for the ICPMS analysis to confirm the release behavior &%g9s and KCuHCF particles.

From Table 2 and Fig. 7b, it is apparent that even after 5 days, the amount of Fe and Cu
released from the MHPVA was very small, below 0.073 and 0.022 ppm, respectively, and the
solution remained visually transparent. Moreover the MHPVA was immediately attracted by
the magnet and there was no turbidity by the residue, demonstrating a potential application
for avery fast and complete separation of the MHPVA after the removal'df@s

contaminated environments.

3.5Adsor ption isotherms and kinetics

The equilibrium adsorption amounts were measured by increasing the initial
concentrations ofs'. For both the HPVA and MHPVA (Fig. 8), initially, the isotherms show
arapid increase of Caiptake due to the abundant adsorption sites, but the rate of uptake
gradually decreased and finally platedtowards the saturation capacity. To evaluate
thermodynamic parameters of the HPVA and MHPVA, two adsorption isotherm models,
Langmuir and Freundlich, were introduced. The Langmuir model assumes equivalent and

independent adsorption sites, so it reveals uniform monolayer adsorption ®h€s
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nonlinear form of Langmuir equation is defined as:

_ QubC,
1+ bC,

(5)

where Q is the adsorbed amount of @sr unit weight of adsorbent (mg/g) andi€the
equilibrium concentration of C$n aqueous phase (mg/L)m@nd b are saturation uptake
(mg/g) and the affinity coefficient (L/mg), respectively. Whereas, the Freundlich isotherm is
anempirical model indicating multilayer adsorption with heterogeneous surface energy. The

equation is defined as follows

Q = K:C,”" (6)

e

where K (L/mg) and n are Freundlich constants reflecting adsorption loading and intensity of

adsorption.

All the related parameters and correlation const@fsare listed in Table 3. Both
the HPVA and MHPVA indicate higher correlation constgRfs= 0.95) for the Langmuir
isotherm compared to the Freundlich isotherm. Moreover, Freundlich consantioh
greater than 1, indicating that the adsorbed amount is constant regardless 6f the Cs
equilibrium concentration. This characteristic is well matched to the behavior of the
experimental data and suggests that the adsorption mechanism is mainly by monolayer
coverage of the CsadsorbatB]. Comparing the saturation uptakenptli@ MHPVA has
about 1.3 times higher capacity than that of the HPVA. The increased performance is related

to the higher K content in the MHPVA (Table 1), as reported in previous stﬂ 7, 23,

. The adsorption capacity of the MHPVA matched the previous results for magnetic based

14



Cs'" adsorbent (Table 4). Such good comparison demonstrates that the MHPVA is an effective
Cs" adsorbent in terms of not only facile and fast magnetic separation, but also adsorption

capacity.

Adsorption kinetics was studied to determine the usefulness of the adsorbents to
remove a low concentration of Gs: 8 ppm) from contaminated water. For the kinetic
experiments, 0.2 g of the adsorbent was immersed in 200 mL sbsion, and 1 mL
aliquots were sampled at specific time intervals. Fig. 9a shows the@sval rate of the
adsorbents over the contact time. The HPVA and MHPVA remove 90 % afft€s5 and 3 h
contact time, and reach equilibrium after 10 and 6 h, respectively. The removal rate was
guantified using a pseudo-second order kinetic model assuming that chemisorption is the

rate-determining steﬂ[l]. The linear form of the model equation can be expressed as:

t _ 1 + t (7)
q: k,q.%2  q.

where gis the adsorbed amount of 'C& time t (mg/g), kis the rate constant (g/mg- miny, q
is the adsorption capacity at equilibrium (mg/g). The initial adsorption sf®d/g- min)

was determined from the following equation:

Vo = kZCIeZ (8)

The parametersland @ were determined from the slope and interceptopiersus t (Fig.
S4). As indicated in Table 5, the removal rate of the MHPVA was about 2 times faster than
that of HPVA in terms of kand \. The faster removal rate of the MHPVA can be explained

by the higher content of ‘Kand more surface sensitive ion exchange sites. To identify the

15



surface chemistry, XPS analysis was usedtashnique to analyze surface compositional
information up to 10 nm depth. The XPS spectra of the MHPVA (Fig. 5 and 9c) clearly
showedthe presence of K and Fe beforg @dsorption, while for HPVA (Fig. 9b and Fig.,S5
S6), the peaks associated with K and Fe were not distinctly identified. In addition, to confirm
the participation of Kin Cs" adsorption, the MHPVA was submerged in an excess amount of
0.01 M Cs solution for 24 h, and K2p and Cs3d spectra were measured. As expected, the
surface K was nearly exhausted (Fig. 9¢c) and intense Cs3d peaks (Fig. 9d, 724.6 and 738.7
eV) appeaed Considering the results, the MHPVA has a certain amount of KCuUHCF near the
surface which was aided byFesOs, and this characteristic contributed to impro@i

removal kinetics. In particular, the final O®moval rate and d&alue for the MHPVA were

99.9 % and 1.18 x£anL/g, respectively, demonstrating that the MHPVA can eliminate even

a trace amount of Cgo purify radioactive wastes.

3.6 Effects of pH and coexisted ions

pH is one of the most important factors affecting &ssorption performance, hence
the adsorption of Cdy the MHPVA was evaluated under a wide pH range from 2 to 12 with
10 ppm of C&solution. From Fig. 10a,das the highest at pH 8, but as the pH was varied
to strongly basic or acidic regions, the performance gradually decreased. The decrease of
adsorption capacitiea highly acidic (pH = 2) or highly basic (pH = 12) conditiongsw~
attributed to a competition effect betweehatd C3, and slight decomposition of the
KCuHCF in highy alkaline solutioﬁmw]. However, in terms of the removal
percent, all values were above 95 % in the pH range of 4 to 10, therefore validating the

effective application of the MHPVA over a broad pH range.
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The effect of competing cations on the adsorption of 1 @pmvas studied using
various ionic solutions. Fig. 10b represent$ @snoval performance of the MHPVA in the
presence of 0.01 M Mg, C&*, Na", and K. The performance slightly deteriorated if K
solution, indicating more competitive adstion due to similar hydrated radius of'G6.329
nm) and K (0.331 nm). However, in all casghe removal rates were above 96 % aad K
values were larger than 3¥101L/g, therefore demonstrating superior selective properties of
the MHPVA for CS. For more realistic assessment; @dsorption was also conducted in
ground water and seawater conditions, whose specific ionic concentrations and pH
information are listed in Table 6. The adsorption results (Table 7) cadimat the MHPVA
not only has superior adsorption performance in DI water and ground water, but also
demonstrates impressive selective properties fom@en submerged in seawater that
contains competing ions which are significantly more concentrated thga@®800 times or
more). Furthermore, bothskand removal rates increased as thedoscentration decreased,
thus highlighting that the MHPVA hashigh potential to be used as an adsorbent to
remediate contaminated environments of {@stconcentration, below 1 pp6]. During
theseexperiments, it was shown that the MHPVA was stable in both ground water and
seawater conditions, and easily recovered usmggnet following 24 h contact time.
Therefore, in combination with a facile and stable recovery, the higkeBsctive properties
of the MHPVA are extremely beneficial to treat large volumes of radioactive contaminated
water, which contributes to significant waste volume reduction and mitigation of any long-

term environmental concerns.
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4 Conclusions

In this study, KCuHCF immobilized magnetic hydrogel has been prepared by a
simple freeze/thaw method to remove @ss from contaminated environments. The
MHPVA has a cross-linked macro-porous polymer structure, wites©s and KCuHCF
nanoparticles dispersed throughout the hydrogel matrix. The embedds@sqarticles
enabled the rapid recovery of the hydrogel adsorbent&rmagueous environment. The
equilibrium Cs adsorption isotherms were well fitted using the Langmuir model, and the
maximum C3 adsorption capacity of the MHPVA was determined to be 82.8 mg/g. In the
kinetics experiments (8.3 ppm C¥/m = 1000 mlg ), adsorption by the MHPVA reached
equilibrium within 6 h, with almost complete Q®moval of 99.9 %, along withavery high
Kq value of 1.18 x 10mL/g. The MHPVA exhibiéd superior removal performance
compared to HPVA in terms of capacities and kinetics. The difference in the perfoigance
related to the higher ' Kcomposition in the immobilized KCuHCF and surface-rich KCuHCF
contents. In addition, it was shown that the MHPVA provided stable removal performance
over a wide pH range, and superior removal efficiency above 96 % in the presence of
excessive competing cations (0.01 M in the presence of 1 ppsoldson). Moreover, The
MHPVA showed high selectivity when submerged in B8/ concentration (around 1 ppm)
environments including ground water and seawater with competing cations. Fol@sving
uptake, the MHPVA can be easily recovered by the use of magnets, producingityturbid
free environment. Therefore, combined watkimple and economic preparation step, the
synthesized MHPVA is one of the most promising adsorbents not only for the effective Cs

removal, but also for the facile magnetic separation.
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Table 1 ICP-OES elemental analyses of HPVA and MHPVA.

Sample | ICP-OES (wt %) K/Cu | Fe(HCF)/C@ | Chemical KCuHCF
Cu Fe K composition (wt %)

HPVA |595 |3.30 |1.61 |0.44 |0.63 Ko.44Cu[Fe(CN3}Jo.e3 | 20.1

MHPVA | 4.04 |9.12 [3.70 | 1.48 |0.87 K1.48Cu[Fe(CN}Jo.s7 | 19.5

2 Fe(HCF) indicates Fe in the KCuHCF.
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Table 2 Fe and Cu concentration in MHPVA immersed solution during a contact time of 5

days.

DI water 1 day 2 day 3 day 5 day
Fe (ppm) 0.000 0.011 0.025 0.039 0.073
Cu (ppm) 0.000 0.016 0.021 0.023 0.022
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Table 3 Langmuir and Freundlich isotherm constants of HPVA and MHPVA.

Langmuir Freundlich

Qm(mg/g) | b (L/mg) |R? n Kr (Mmg/g) | R?
HPVA 65.9 1.00 0.95 5.92 29.96 0.92
MHPVA 82.8 1.49 0.95 7.03 43.05 0.88

36




Table 4 Comparison of Csadsorption capacities for various adsorbents.

Capacity (mg/g) Reference
PFMw 40.77 [1]
PB-MNC-3 45.87 [25]
M-PTH 80 [26]
KTiFC 42.23 [27]
PB/F&04/GO 55.55 [28]
MPB-1 145.8 [29]
MHPVA 82.8 This work
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Table 5 Pseudo-second order kinetic model parameters for HPVA and MHPVA.

Qe (Mg/Q) k2 (g/mg min) Vo (mg/g min) R?
HPVA 8.448 0.0020 0.141 0.99
MHPVA 8.455 0.0043 0.309 0.99
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Table 6 Concentration of major cations and pH value in simulated groundwater and seawater.

Water type | Na“ (ppm) K* (ppm) Mg?* (ppm) | C&* (ppm) | pH value

Groundwater| 117 180 116 15 8.59

Seawater 10409 359 1327 176 7.95
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Table 7 Removal efficiency (%) andd¥alue for MHPVA in DI water, groundwater and
seawater.

Initial Cs™ (ppm) Removal (%) Kda (ml/g)
DI water 10.5 99.1 1x 10
1.0 99.7 3.2x160
Groundwater 10.6 92.9 1.3 x 10
1.2 94.5 1.7 x 14
Seawater 13.4 84.0 5.2 x 10
14 92.9 1.3 x 10
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