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ABSTRACT

To deal with regeneration of nuclear-waste-contaminated soil, it is important to develop new
materials and techniques for effective removal of radioactive cesium ions from clay. We report herein
a synergistic remediation method for cleaning cesium-contaminated clay by Prussian blue
analogue-functionalized magnetic microgel along with ionized chitosan. The magnetic microgels
were prepared by surface polymerization of 4-vinyl pyridine and styrene on magnetite nanoparticles
and attachment of Prussian blue analogues by ligand exchange reaction. The adsorption of cesium
ions by magnetic microgels in aqueous solution follows the second-order kinetics process. And the
maximum adsorption capacity was determined to be 149.70 mg/g by Langmuir adsorption model.
When ionized chitosan hydrochloride was mixed with cesium-contaminated clay, we found that 200
mg/g clay of chitosan hydrochloride can realize 87.6% of cesium release from clay within 2 h.
Further use of magnetic microgel adsorbents can adsorb 95.5% free cesium ions in solution,
achieving an overall 83.7% cleaning efficiency from cesium-contaminated clays. The microgels can
be regenerated effectively and recycled magnetically while keeping the adsorption capacity constant
after multiple times of use. The underlying principle demonstrated in this work can be extended to

remediation of other types of radionuclides or heavy-metal ions in contaminated soil.

KEYWORDS: Prussian blue analogue; Magnetic microgel; lonized chitosan; Cesium removal; Clay



10

11

12

13

14

15

16

17

18

19

20

21

22

1. INTRODUCTION

The occurrence of nuclear accidents often results in the leakage of dangerous radionuclides,
including '*’Cs with long half-life, high radioactivity, and high solubility! 2. Radioactive cesium can
be released into the atmosphere and eventually settled into the surface soil, which will cause soil
contamination and restrict the development of agriculture and animal husbandry® #. Clay minerals in
soil are typically phyllosilicates which consist of tetrahedron and octahedron. Cesium does not
interact with all types of clay minerals. Significant interaction is restricted to swelling 2:1 type clay.
The oxygen atoms in the inner layer of 2:1 type clay usually bind with potassium. But cesium can
easily replace potassium and interact with clay minerals, resulting in almost irreversible binding to
the soil> . Studies have shown that only about 20% of the radioactive cesium is migratable’. The
remaining radioactive cesium ions will have a long-lasting effect on soil environment®!°. On the
other hand, due to the strong interaction between cesium ions and 2:1-type clay, the engineering
barriers around nuclear waste tanks are often made of montmorillonite clays to reduce further
migration of radionuclides once the tanks are eroded!'. But this will generate a large quantity of
radionuclides-contaminated clay waste!?. Therefore, whether it is to deal with the leakage of
radioactive cesium after nuclear plant accidents or the regeneration of clay around nuclear waste
storage, it is of great significance to develop new materials and techniques for effective removal of
radioactive cesium from clay.

So far, topsoil removal is the most effective way to reduce the negative effects of cesium-
contaminated soil. But further soil cleaning is still required'®. The reported remediation methods
include acid leaching, electrodynamic remediation, phytoremediation method, and adsorption!*!’,

However, there are still a number of challenges. For example, acid leaching shows a low
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cesium-removal efficiency and produces a large amount of acidic waste liquid which will cause
secondary pollution'*. Compared with acid leaching, electrokinetic remediation improves the
removal efficiency, but the whole process takes a long time!®>. Phytoremediation utilizes plants to
enrich cesium and remediate soil, which is time consuming!®. It can effectively remove cesium ions
by mixing appropriately designed adsorbents with water and soil. For instance, Yang et al.'” utilized
Prussian blue magnetic nanoparticles/graphene oxide inorganic-polymer composite microspheres
coated with calcium alginate as adsorbent for soil cleaning. However, the research was limited to
common soil without clay minerals. And so far, there is no relevant adsorption material for clay
decontamination.

Some research has been conducted in recent years on the interaction between cesium ions and
clays. Yin et al. '® recently found that NH4* and K* could desorb cesium ions from clays by inducing
the collapse of clay interlayers, while Mg®* and Ca** desorb cesium ions by increasing the interlayer
spacing. In addition, Park et al. found that cationic surfactants such as dodecyltrimethylammonium
bromide'® and polyethyleneimine-based cationic polyelectrolytes?® can both be used to desorb Cs*
from clay due to intercalation effect, while polyelectrolytes are more typically efficient than
surfactants®!. The work so far, however, mainly focused on the release of cesium ions from the
contaminated clays, while the removal of free Cs* was not involved. At the same time, considering
environmental impacts, non-toxic and biodegradable desorbents need to be used in clay systems.

Motivated by these previous findings, we propose that ionized chitosan, as a cationic
polyelectrolyte, can achieve release of cesium ions from contaminated clays. Compared with other
materials, chitosan is relatively non-toxic, biodegradable, and harmless to the environment?* %3,

Besides, we have previously demonstrated that Prussian blue (analogue)-based materials have high
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affinity for cesium ions, which are an excellent adsorbent materials>*28. In this work, we utilized
Prussian blue analogue functionalized magnetic microgels along with ionized chitosan for cesium
removal from clay. The process of purification includes cesium release from clay by intercalation and
cesium adsorption from the solution after treatment. To the best of our knowledge, it is the first time
to realize the integrated process of purification. More specifically, oleic acid-stabilized magnetite
nanoparticles were synthesized by chemical co-precipitation. Then, 4-vinylpyridine, styrene, and
divinylbenzene were polymerized on the surface of magnetic nanoparticles to obtain
Fe304@P(4VP-co-St) microgels. Finally, we added pentacyano(4-vinyl pyridine)ferrite functionality
(i.e., Prussian blue analogues) on the microgels by a ligand exchange reaction between
4-vinylpyridine and pentacyanomonoammonium ferrite (Scheme 1). We show that the Prussian blue
analogue magnetic microgels combined with ionized chitosan can realize the release and adsorption
of cesium ions from clay. The magnetic nanoparticle also allows for convenient recycling of the

adsorbent by external magnetic fields.

\ , 4-vinylpyridine

i = Styrene/DVB ag[F e(CN);NH;]
= . THF/HZO

4 \ Fe;O4@P(4VP -co-St) Magnetic mlcrogel
L2 | -----------------------------------------------
¥ '
Fe304@Oleic acid ; % Nag[Fe(CN)sNH;) ~
' _—
bl THF/H,0 |
S ;N ’ a Nc_\F'?' CN
¥ : Oleic acid ; *NC (;EICN

Scheme 1. The schematic for synthesis of Prussian blue analogue-functionalized magnetic
microgels.

2. EXPERIMENTAL SECTION

2.1 Reagents and methods
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Oleic acid, ammonium hydroxide (28 wt%), ferric chloride (FeClz), ferrous chloride
tetrahydrate (FeCl,4H>O), ammonium hydroxide (NH3H»0), Potassium persulfate (KPS),
divinylbenzene (DVB), hydrochloric acid, acetone, tetrahydrofuran (THF), and cesium chloride
(CsCl) were purchased from Sinopharm Chemical Reagent Co., Ltd. with AR grade. Fe3Os4
suspension was prepared according to literature’® (Supporting Information). Sodium
pentacyanoaminoferroate was commercially available from Tokyo Chemical Industry Co., Ltd. with
AR grade. 4-vinyl pyridine (4-VP, 95%) and styrene were purchased from Sigma-Aldrich and
purified by passing through a column with aluminum oxide base. Ca-rich montmorillonite (Ca-MMT,
SAz-1) was obtained from the Clay Minerals Society, USA*’. Cesium-adsorbed montmorillonite
(Cs-MMT) was prepared according to the related reference!® (Supporting Information). Chitosan
hydrochloride, chitosan lactate, and chitosan quaternary ammonium salt were purchased from
Shanghai Yuanye Bio-Technology Co., Ltd. Characterization methods for all the samples were listed
in Supporting Information.

2.2 Preparation of Fe304@P(4VP-co-St)

Fe304@P(4VP-co-St) was prepared by radical copolymerization. In a typical process, 10 g of
Fe304 suspension (5 mg/mL) was added into 70 mL of water under mechanical stirring with the
protection of argon. Then the mixture of 1.05 mL of 4-VP, 0.45 mL of styrene, and 0.15 mL of DVB
was added. Afterwards, 0.045 g of KPS was added. Subsequently, the mixture was placed at 70 °C
under an argon atmosphere for 4 h. The monomer feed amount of copolymerization was varied to

obtain Fe304@P(4VP-co-St) with different compositions (Table 1).

Table 1. Recipe of Fe304@P(4VP-co-St) with different compositions.

Fe;04 suspension 4VP Styrene  DVB KPS H>O
(mL) (mL) (mL)  (mL) (2 (mL)

6

Sample
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Fe;04@P(4VP-co-St)1 10 1.05 0.45 0.15 0.045 70
Fe;04@P(4VP-co-St)2 10 0.7 0.3 0.1 0.03 70

Fe;04@P(4VP-co-St)3 10 0.35 0.15 0.05 0.015 70

2.3 Preparation of Prussian blue analogue-functionalized magnetic microgel

After polymerization, Prussian blue analogue-functionalized magnetic microgels were
prepared by a ligand substitution-reaction of Fe304@P(4VP-co-St) with  sodium
pentacyanoaminoferroate. Specifically, Fe;Os@P(4VP-co-St) was reacted with excess sodium
pentacyanoaminoferroate in THF/H2O (v/v = 4/1) for 24 h at room temperature. Subsequently, the
product was purified by dialysis in deionized water to remove excess sodium
pentacyanoaminoferrate and lyophilized for 12 h. The functionalized magnetic microgel from
Fe3;04@P(4VP-co-St)1, 2, 3 were defined as microgel-1, 2, 3. The percentages of organic component
in microgel-1, 2, 3 were 57.07%, 51.65%, 41.10%, respectively (Table S1, Supporting Information).
2.4 Cesium adsorption in aqueous solution

The adsorption experiment was conducted as below: 2.0 g/LL of Prussian blue
analogue-functionalized magnetic microgel was added into cesium solution (3.0 ppm) in a
polyethylene tube. After reaching the adsorption equilibrium (contact time = 24 h), the adsorbents
were separated from the mixture by a magnet. Constant temperature water bath shaker was used to
control the temperature of adsorption experiments. Cesium concentrations were then determined by
inductively coupled plasma-mass spectrometry (ICP-MS). The adsorption equilibrium amount (ge)

was calculated by
Vv
ge =(co —Ce)— ey
m

where co and c. (mg/L) are cesium concentrations before and after adsorption, respectively. m (g) is
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the mass of adsorbent and V (L) is the volume of cesium solution.
2.5 Intercalation of chitosan into Cs-MMT

Cs-MMT was suspended in an aqueous solution of chitosan, and the chitosan concentrations
were varied from 50 mg/g clay to 1000 mg/g clay (12 h, room temperature) (Table 2). The
chitosan-intercalated montmorillonites were then separated and washed twice with deionized water
by centrifugation, followed by drying. The amount of intercalated chitosan was measured by the total
nitrogen content (TN) in the supernatant. Interlayer distance of the intercalated clay was calculated

by Bragg equation based on XRD data.

Table 2. Recipe of intercalation of ionized chitosan into Cs-MMT.

Deionized water

Entry Cs-MMT (mg) Chitosan (mg) mg/g clay
(mL)
1 100 5 50 10
2 100 10 100 10
3 100 15 150 10
4 100 20 200 10
5 100 40 400 10
6 100 60 600 10
7 100 80 800 10
8 100 100 1000 10

Intercalation kinetic experiments were carried out with chitosan concentration of 20 mg
chitosan/g clay at a temperature of 298.15 K. After contacting for 0-12 h, the clay was separated by
centrifugation. And the concentration of released cesium ions in the supernatant was determined by
ICP-MS.

2.6 Cesium separation from clay
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Separation experiments were performed as below: 100 mg of Cs-MMT and 20 mg of ionized
chitosan were dispersed in 10 mL of deionized water in a polyethylene tube. After contacting for 2 h,
the clay was separated by centrifugation. Subsequently, 20 mg of magnetic microgel was added to
the supernatant. After adsorption, the adsorbent was separated by a magnet. The concentration of
residual cesium ions in the supernatant was measured by ICP-MS.

2.7 Desorption and regeneration experiments

To assess the reusability of Prussian blue analogue-functionalized magnetic microgels,
cesium adsorption and desorption were repeated five times. NaOH (0.1 mol/L) was selected as the
desorbing agent for this study. And microgel-1 was chosen as a typical example for regeneration
investigation. 20 mg of microgel-1 and 4.0 mg of ionized chitosan were dispersed in 10 mL of
cesium solution (1 ppm) in a polyethylene tube. After saturated adsorption, microgel-1-Cs&chitosan
complex was eluted with desorbing agent, and then washed with deionized water three times and

dried for reuse.

3. RESULT AND DISCUSSION
3.1 Characterization of Prussian blue analogue-functionalized magnetic microgel

In this study, oleic acid-stabilized Fe3;Os nanoparticles were firstly synthesized by chemical
co-precipitation of FeCls and FeCl,4H>O in the presence of oleic acid. Because of the coordination
covalent bonds between carboxyl functional groups and iron, oleic acid molecules form a bilayer on
the Fe3O4 nanoparticles, where the inner part of the bilayer consists of hydrophobic alkyl chains.
This allows the polymerization of styrene, 4-VP and DVB onto the nanoparticle surfaces, which

forms a hydrogel layer since P4VP is hydrophilic. Prussian blue analogue-functionalized magnetic

9
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microgels were then synthesized via a ligand exchange reaction between 4-VP and sodium
pentacyanoaminoferroate.

We analyzed the fractions of C, N, H elements in three different magnetic microgels and the
results are shown in Table S1. With the increase of 4-VP monomer feeding, the content of N element
in magnetic microgels increased, indicating more P4AVP and eventually more Prussian blue on the
nanoparticles. The morphologies of magnetic microgels were characterized by SEM and TEM. As
shown in Figure 1A, the particles had irregular spherical shapes with size ranging from 20 to 50 nm.

From the TEM image shown in the inset, the magnetic microgels exhibit a core-shell structure

100 100
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Figure 1. (A) SEM image of the Prussian blue analogue-functionalized magnetic microgel-1. The
inset shows the TEM image of an individual particle at higher magnification. (B) Hydrodynamic
particle size distribution. (C) Zeta potential of magnetic microgel-1 in water of pH 7.0. (D)
Separation of magnetic microgel-1 by a permanent magnet. (E) FT-IR spectra of (a) FesO4@oleic

10
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acid, (b) Fe;04@P(4VP-co-St), and (c) magnetic microgel-1. (F) EDX spectrum of magnetic
microgel-1.

although the polymer gel does not cover the whole particle surface. Several Fe3O4 particles (black
part) were encapsulated in a larger polymer matrix (grey part). This might be related to the
aggregation of Fe3Os particles during polymerization. The average hydrodynamic diameter of
magnetic microgel measured by Zetasizer was 283.7 nm (Figure 1B), which was much larger than
that observed by SEM or TEM. The difference might be attributed to the swelling of polymer on the
surface. Volumes before and after adsorbing water were compared to verify this hypothesis. The
results showed that the volume of the material incaresed dramatically after water adsorption, and the
expansion was about 40 times (Figure S1). The average zeta potential of magnetic microgels was
-36.6 mV in water of pH 7.0 (Figure 1C). The negative zeta potential not only promotes the
adsorption of positively charged cesium ions, but also attracts chitosan molecules through
electrostatic interaction to realize the recovery of residual chitosan. Furthermore, the particles could
be separated by a magnet easily, which allows recycling of adsorbents after treatment (Figure 1D).
The chemical structure of the magnetic microgels was characterized by FT-IR and EDX.
The appearance of the Fe-O bond at 529 cm™ and -CH»- group at 2912 cm™' demonstrated the
successful synthesis of Fe;O4@oleic acid (Figure 1E, trace a) *'. Compared with Fe;04@oleic acid,
the skeleton vibration of pyridine and benzene rings (1250-1750 cm™) and the characteristic band
derived from DVB at 803 cm’! indicated that Fe;04@P(4VP-co-St) was synthesized successfully
(Figure 1E, trace b)**>*. And the characteristic band occurred at 2043 cm™! corresponds to Fe!'-CN
stretching vibration, suggesting the successful synthesis of Prussian blue-functionalized magnetic
microgel (Figure 1E, trace ¢)*. In addition, C, N, O, Fe, Na, etc. could be detected on the surface of

material by EDX spectrum, which indicated the formation of the composite material (Figure 1F).
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3.2 Cesium adsorption by magnetic microgels in aqueous solution

Before investigating the separation of cesium ions from clay by the magnetic microgels, it is
necessary to assess the cesium adsorption capability of magnetic microgels in aqueous solution such
as the adsorption kinetics and isotherms. The effects of pH and adsorbent dose on adsorption by
Prussian blue analogue-functionalized magnetic microgel were studied firstly. The results were
depicted in Figure 2A. The optimum pH for cesium extraction is neutral (pH ~ 7.0). Remarkably, the
adsorption difference between different pH within 4.0-8.0 is small, suggesting that the synthesized
adsorbent may be suitable for a wide range of pH. The optimum adsorbent dose was determined as
2.0 g/L for adsorption experiments (Figure 2B). Then, adsorption kinetics of magnetic microgel was
conducted at pH 7.0 and 298.15 K with the adsorption dosage of 2.0 g/L. The results are shown in
Figure 2C. The higher Prussian blue analogue content, the shorter equilibrium time and larger
capacity for the magnetic microgel could be achieved. The fastest adsorption could reach equilibrium
within 15 minutes. The rapid adsorption behavior may be due to the hydrophilic properties of the
microgel and a large amount of Prussian blue analogue adsorption sites on the nanoparticle surface.
Hydrophilic surface can shorten the time of ion diffusion. Meanwhile, it can prevent the aggregation
of adsorbent, which promotes cesium adsorption. Furthermore, abundant adsorption sites can also

accelerate the adsorption kinetics. Thus, the microgel showed a rapid adsorption kinetics.

12
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Figure 2. Effects of (A) pH and (B) adsorbent dose on cesium adorption. (C) Effects of contact time
on cesium adsorption by different magnetic microgels. (D) Cesium adsorption isotherms for different
magnetic microgels. Experimental conditions: 2.0 g/L adsorbent dose, 1.0 mL 1.0 ppm solution, pH
7.0, and 298.15 K.

The adsorption kinetics of magnetic microgel were fitted with pseudo-first-order and
pseudo-second-order models, respectively. The results were depicted in Figure S2A, B and Table 3.
From the fitting, we can see that fitting for the first-order kinetic model is poor, while the
second-order kinetic model showed high linearity with R*>0.99, indicating that the second-order
kinetic equation was better for describing the adsorption kinetic profiles of magnetic microgels. This
phenomenon implied that the chemical adsorption process was the rate-limiting step®®*’. The second
order rate constant (k2) for microgel-1 was larger than those for microgel-2 and microgel-3,
suggesting faster adsorption kinetics. This can be attributed to the higher amount of Prussian blue

analogues on the particle surafces which provides more effective adsorption sites for cesium.

Table 3. Kinetic cesium adsorption parameters for different magnetic microgels. Experimental
condition: 2.0 g/L sorbent dose, 1.0 mL 1.0 ppm solution, pH 7.0, and 298.15 K.

Pseudo-first order Pseudo-second order

qe, exp
AdSOI'bel’lt k e, ca k e, ca
mgg) o T g " e ca :
(min”)  (mg/g) (g/mg/min)  (mg/g)
Microgel-1 0.6834 0.1406 0.3212 0.9085 1.0250 0.7022  0.9989

13
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Microgel-2 0.5444  0.1353 0.3556 0.9217 0.8754 0.5652  0.9987
Microgel-3 0.3240  0.0999 0.1944 0.9274 0.7595 0.3474  0.9951

To obtain the adsorption capacity of magnetic microgels, adsorption isotherm experiments
were carried out with initial cesium concentration ranging from 10 to 800 ppm. From the isotherm
plots in Figure 2D, we can see that g. increased with increasing ce. The adsorption isotherms of
magnetic microgel were fitted with Langmuir and Freundlich models, respectively. The linear fitting
results are shown in Figure S3, and the associated isotherm parameters are listed in Table 4. The
relatively larger coefficient of determination (R?) indicated that Langmuir model could better
describe the adsorption process of magnetic microgels. The results suggested a homogenous
distribution of active sites on the magnetic microgel surface, leading to monolayer adsorption® .
Besides, with an increase of the Prussian blue analogue amount in the magnetic microgel, the

adsorption capacity also increased. The maximum adsorption capacity gmax could reach 149.70 mg/g

predicted by the Langmuir model.

Table 4. Parameters of Langmuir and Freundlich models for cesium adsorption by magnetic
microgels. Experimental condition: 2.0 g/L adsorbent dose, 1.0 mL 1.0 ppm solution, pH 7.0, and
298.15 K.

Langmuir Freundlich
Adsorbent
gmax (Mg/g) b (L/mg) R? Kr (mol'"L"/g) n R?
Microgel-1 149.70 0.0044 0.998 2.76 1.70 0.964
Microgel-2 105.26 0.0042 0.998 2.13 1.76 0.951
Microgel-3 73.80 0.0042 0.997 1.38 1.71 0.970

3.3 Cesium release from clay by chitosan intercalation

In this study, chitosan hydrochloride, chitosan lactate, and chitosan quaternary ammonium
salt were chosen as candidates of cesium releasing agents for clay intercalation. Cesium-adsorbed
montmorillonite (Cs-MMT) was mixed with 200 mg/g clay of chitosan solutions for 2 h. And the

release results were listed in Table 5. The interlayer distance of pristine Cs-MMT was 14.8 A

14
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calculated based on the XRD data (Figure S4). After contacting with chitosan solutions, the
interlayer distance of the MMT clay increased because of the intercalation of chitosan into the clay
interlayers. In particular, chitosan hydrochloride showed the highest cesium releasing efficiency
(87.6%) due to its largest interlayer distance. The pH of residual solution after contacting with
chitosan hydrochloride was 4.78, which was in the appropriate pH range (4.0-8.0) for cesium
adsorption by magnetic microgels (Figure 2A). Therefore, we chose chitosan hydrochloride for clay
intercalation agent in the following cesium desorption experiments.

Table 5. Effect of different kinds of chitosan salts on intercalation and cesium release from clay.

Compound Interlayer distance (A)  pH of solution Cs release efficiency (%)
Chitosan hydrochloride 15.68 4.78 87.6
Chitosan lactate 15.49 4.25 77.1
Chitosan quaternary ammonium salt 15.36 6.34 64.7

To figure out the effect of chitosan concentration on clay intercalation, solutions with various
amounts of chitosan hydrochloride (0-1000 mg/g clay) were incubated with Cs-MMT for 12 h. The
results are depicted in Figure 3A. With an increasing amount of chitosan, the interlayer distance of
Cs-MMT increased from 14.8 to 15.7 A. Meanwhile, the zeta potential of clay increased from -17.5
to 40.1 mV. The results indicate that positively charged chitosan intercalates the clay, increases the
spacing between different layers, and neutralizes the originally negative charges on clay. When the
amount of chitosan increased to 200 mg/g clay, the interlayer distance of clay reached the maximum.
At the same time, the zeta potential of clay was close to the electrical neutrality (4.4 mV), which
weakened the dispersity of clay, allowing easy separation of clay by centrifugation. In addition, as

the amount of chitosan increased, the chitosan adsorption efficiency on Cs-MMT decreased. When

15
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the added amount of chitosan was 200 mg/g clay, residual chitosan in solution was about 20%

(Figure S5).
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Figure 3. (A) The effect of chitosan concentration on interlayer distance (black) and zeta potential
(blue) of clay (Interlayer distance was based on XRD data in Figure S6). (B) The effect of contact
time on free Cs concentration in solution.

Based on Figure 3A, we choose 200 mg/g clay as the chitosan concentration for the
investigation of the influence of contact time on cesium release. As shown in Figure 3B, the
concentration of free cesium ions in the solution increased rapidly in the first 2 h, and then decreased
slightly. Initially, chitosan intercalated into the Cs-MMT to enlarge the interlayer spacing of clay,
resulting in the release of cesium in solution. After that, the excess chitosan would adsorb on the clay
due to electrostatic interaction. And the average zeta potential of clay was about 4.4 mV, which was
close to electrical neutrality. The residual unionized amine groups of chitosan may have adsorption
effect on cesium, leading to a slight decrease of cesium concentration in the solution. According to
the release amount of cesium on clay, the theoretical maximum release value is 1.41 ppm. Therefore,
chitosan at a dosage of 200 mg/g clay can achieve about 88% of cesium release from Cs-MMT
within 2 h.

3.4 Cesium separation from clay

Considering excellent cesium release performance of chitosan hydrochloride from

cesium-contaminated clay and high adsorption capacity with respect to free cesium ions of our

synthesized Prussian blue analogue magnetic microgels, we combined both systems to realize the
16
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cleaning of cesium-contaminated clay. Magnetic microgel-1 was selected for this study. Suspensions
in each group contained Cs-MMT (100 mg) and deionized water (10 mL). In group a, Cs-MMT was
firstly treated with 20 mg of chitosan. Clay particles were then separated from the solution via
centrifugation. The residual solution was then treated by magnetic microgels (20 mg). In group b,
after treating with chitosan, the suspension was directly mixed with microgel adsorbents. The
treatment for groups ¢ and d were similar to groups a and b except that the contaminated clays were
not treated with chitosan initially. The results are depicted in Figure 4. Clearly, pre-treatment of the
clay with chitosan hydrochloride is important since the purification efficiencies in Groups a and b
are much higher than those without chitosan treatment (Groups ¢ and d). The magnetic microgels
could separate 83.7% of cesium from Cs-MMT (Figure 4A). In contrast, only 28.4% of cesium ions
were released from the clay into the solution without the assistance of chitosan, confirming that the
interaction of cesium ions and clay is almost irreversible (Figure 4B). If there is no external force, it
is difficult to clean the contaminated clay with common adsorbent. Comparing groups a and b, we
found that the clay separation process after chitosan intercalation is necessary. Otherwise, the

adsorbents would attach to clay, making it hard to be recycled and decreasing the cleaning efficiency.
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Figure 4. (A) Separation of cesium from contaminated clay with different treatment processes.
Group a: Clays were first treated with ionized chitosan and the separated residual solution was then
mixed with adsorbents; Group b: Clays were treated with ionized chitosan and then directly mixed
with adsorbents; Group c¢: Clays were not treated by ionized chitosan first and the separated residual
solution was directly mixed with adsorbents; Group d: Clay were not treated by ionized chitosan and
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then directly mixed with adsorbents. (B) Comparison of desorbed Cs concentration in solution
among theoretical value, chitosan treated groups and DI water treated groups.

Although chitosan is a non-toxic and biodegradable material, excessive chitosan can still
have undesirable environmental impact. Therefore, the total amount of organic carbon (TOC) and
total nitrogen (TN) in the solution after cesium adsorption were determined to probe the amount of
chitosan adsorbed by magnetic microgels. The results are summarized in Table 6. The TOC and TN
in the solution decreased by about 90% after adsorption, indicating that the magnetic microgels could
also effectively adsorb both cesium ions and residual ionized chitosan in solution. There was only a
relatively small amount of chitosan remaining in the solution. The results can be attributed to the
electrostatic interaction between negatively charged microgel and positively charged chitosan

hydrochloride.

Table 6. Comparison of TOC and TN in solution before and after contacting with magnetic
microgel-1.

Sample TOC (ppm) TN (ppm)
DI water 0.22 <0.17
Solution before adsorption 913.2 57.41
Solution after adsorption 105.63 4.08

3.5 Cesium desorption and adsorbent regeneration

Adsorbent regeneration is an important metric for judging whether an adsorbent is effective
and economical. Here, we performed five adsorption/desorption cycles to assess the reusability of
our magnetic microgels with NaOH (0.1 M) as the desorbing agent. The results are shown in Figure
S5A. After five cycles, the adsorption efficiency remained almost constant, indicating that cesium
could be effectively desorbed from the magnetic microgels by 0.1 M NaOH. Concentrated sodium
ions exchange with cesium adsorbed on the microgels to realize the regeneration of adsorbent.

Besides, after magnetic separation of adsorbents, some flocks could be found in the residual solution,
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which were verified as chitosan by FT-IR (Figure 5B). These results suggested that chitosan
hydrochloride adsorbed on magnetic microgel could also be desorbed by NaOH and reacted with the
base to form insoluble chitosan. Therefore, Prussian blue analogue-functionalized magnetic

microgels could be effectively regenerated by 0.1 M NaOH.
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Figure 5. (A) Recycling of Prussian blue analogue-functionalized magnetic microgels for cesium
adsorption. (B) FT-IR spectra of (a) chitosan hydrochloride (desorbed from magnetic microgels) and
(b) chitosan.

4. CONCLUSION

We presented a synergistic remediation method for cesium-contaminated clays by combining
Prussian blue analogue-functionalized magnetic microgel adsorbents and ionized chitosan. The
microgel adsorbents were synthesized by surface polymerization and ligand exchange reaction on
magnetite nanoparticles. The characterizations by SEM, TEM, FT-IR, and DLS indicated successful
preparation of the adsorbents. The obtained microgels can efficiently adsorb cesium ions in a wide
range of pH between 4.0 and 8.0. The adsorption process can be described by a pseudo-second-order
model. And the maximum cesium adsorption capacity of the microgels calculated from Langmuir
equation was 149.70 mg/g. Chitosan hydrochloride can be used as an intercalation agent for clay and
a dose of 200 mg/g clay could release 87.6% cesium adsorbed on cesium-contaminated clays within

2 hr. When we combined magnetic microgels with chitosan, we can achieve 83.7% of purification
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efficiency from cesium-contaminated clay. At the same time, the microgel could also adsorb about 90%
of the residual chitosan in the solution due to strong electrostatic interaction. We further
demonstrated that the Prussian blue analogue-functionalized magnetic microgel can be effectively
regenerated by 0.1 M NaOH. Our work provides a new type of recyclable material for the removal of
cesium ions from contaminated clays. The principle developed here could also apply to remediation
of other types of radionuclides or heavy-metal contaminants in topsoil.
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