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The separation of Cs-enriched fine particles is a highly effective way to reduce the volume and radioactivity
of contaminated soil. This work demonstrated the application of polyethylenimine (PEl)-coated FesO4
nanocomposites and a mesh filter for the selective separation of clay particles from Cs-contaminated
soil. The PEI coating on the FezO4 nanoparticles enhanced the binding force between the magnetic
nanoparticles and clay minerals via electrostatic attraction; thus, approximately 100% of the clay particles
were magnetically separated from solution by FeszO4-PEl nanocomposites at a low dose (0.04 g-
nanocomposite per g-clay). In separation experiments with soil mixtures, clay- and silt-sized fine
particles that had been magnetized by FesO,4-PElI nanocomposites were selectively separated, and the
separation efficiency improved when a mesh filter was added to exclude physically large particles. The
combination of magnetic and sieving separation thoroughly separated fine particles from soil by

reducing the volume of the magnetic fraction. We also evaluated the magnetic-sieving separation
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Accepted 28th May 2020 method for the selective removal of clay particles from *’Cs-contaminated soil. The decrease in

radioactivity in the treated nonmagnetic fraction, which accounted for 87.5% of the total soil,

DOI: 10.1039/d0ra03426f corresponded to a high decontamination efficiency of approximately 90%. The developed separation
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Introduction

After the Fukushima Daiichi Nuclear Power Plant accident in
2011, a large amount of radioactive cesium was released into the
surrounding environment, resulting in severe soil contamina-
tion.! In particular, *’Cs deposited in soil is the primary source
of threat, because it has a relatively long half-life (30.1 years)
and the potential for long-term exposure to gamma rays from
increased ambient air dose rates or through ingestion of food
products of the contaminated area.? Since most cesium remains
within the top 10 cm of soil, topsoil scraping was an essential
way to reduce the radioactivity in the contaminated area.’* A
substantial amount of radioactive soil waste, with an estimated
volume of approximately 18.7-28 million m?®, is stored at
temporary storage sites.> Therefore, it is necessary to develop
effective and efficient techniques to reduce the volume of Cs-
contaminated soil waste.®
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technology offers great potential for the efficient remediation of radioactive soil.

Generally, the migration and retention of Cs in soil are
predominantly controlled by micaceous clay minerals.®™ In
Fukushima soil, weathered biotite, an effective Cs sorbent, is
a major component of various clay minerals.""* Compared with
other clay minerals, weathered biotite contains more Cs-specific
sorption sites, such as interlayer or frayed edge sites (FES),
revealing high Cs affinity via inner-sphere complexation.*'***
The Cs adsorbed on FES diffuses into deeper into the interlayers
by Cs dehydration and then readily exchanges with neighboring
K. Consequently, this trapped Cs is difficult to remove from clay
because it is tightly bound in between two tetrahedral
sheets.*'%*”

For the contaminated soil in Fukushima, it has been re-
ported that the <5 um size fraction accounts for approximately
7% of the topsoil (0-10 cm); the Cs distribution is higher in this
fraction than in silt and sand, which make up the majority of
the rest of the topsoil.® For this reason, the removal of fine
particles could lower radioactivity of the remaining soil. Naka-
nishi et al. (2016)" reported that radioactivity was reduced by
more than 80% after the separation of suspended clay from
a mixed soil suspension. Therefore, the separation of clay con-
taining a high concentration of Cs from soil can be an effective
strategy for radioactive soil decontamination. Several chemical/
physical methods have been reported for the separation of Cs-
contaminated clay. For example, flotation technology was
applied for the selective separation of Cs-contaminated clays.
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Said et al. (2019)* employed a continuous particulate froth
flotation process using a cationic surfactant to separate nega-
tively charged fine soil particles (<100 pm). Zhang et al. (2019)**
also studied the froth flotation method to selectively separate
Cs-loaded clays from uncontaminated clays. In addition,
magnetic separation has been used to separate contaminated
clay. Igarashi et al. (2014)** separated 2 : 1-type clay minerals
with paramagnetic properties from soil particles using a super-
conducting magnet. Mallampati et al. (2015)* synthesized and
applied Fe/Ca/CaO/[PO,] nanocomposites for magnetic separa-
tion and immobilization of Cs in dry contaminated soil. To
date, few techniques have been reported for the separation of
clay particles from soil, and their practical applications are still
limited in terms of separation efficiency (SE).

In our recent research,> we used Fe;O, nanoparticles coated
with cationic polymers for the selective separation of Cs-
contaminated illite clay from soil based on the negative
charge of the clay surface. Due to the selective sorption of the
cationic Fe;O, nanocomposites onto clay particles through
electrostatic attraction, '*’Cs-contaminated clay could be
effectively and readily separated from a soil mixture. However,
clay particles and silt- or sand-sized particles with a low Cs
concentration were also separated to some extent by the
magnetic nanocomposites. Therefore, to increase the selectivity
of clay particle separation, we added a mesh filter for physical
separation. The combination of magnetic and sieving methods
can more selectively separate clay particles by excluding larger
magnetic particles from passing through the mesh filter. Thus,
we investigated the effects of sieving and nanocomposite dose
on the SE of fine particles based on the particle size distribu-
tion. In addition, the reduction in volume and radioactivity of
137Cs-contaminated soil by magnetic separation were evaluated.

Materials and methods
Materials

Hydrobiotite (HBT) obtained from Sigma-Aldrich was used as
the clay substrate after being ground in a milling machine and
sieved through a 20 pm mesh. Other clay minerals, including
illite (Yong Koong Illite Co., Korea), kaolinite (Sigma-Aldrich)
and montmorillonite (Clay Minerals Repository, USA), were
used for comparison. A soil sample was collected near the site of
the Korea Atomic Energy Research Institute (KAERI), Daejeon,
Korea, and was used after being sieved to a size of less than
2 mm and then dried at room temperature for one week.

Synthesis of Fe;0,-PEI nanocomposites

First, Fe;0, nanoparticles were prepared by chemical copreci-
pitation.>® FeCl,-4H,0 (2.01 g) and FeCl; (3.34 g) were dissolved
in 100 mL of DI water in a four-neck flask and heated at 80 °C
under a nitrogen atmosphere. After the addition of 23 mL of
NH,OH (28-30%) into the solution, the mixture was stirred
continuously for 30 min. The resulting magnetic nanoparticles
were separated from the mixture using a permanent NdFeB
magnet (0.38 T, 5 x 5 x 2.5 cm, JL Magnet, Korea) and then
washed 5 times with DI water.
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Then, PEI-coated Fe;0, nanocomposites were synthesized by
adding a 5 wt% PEI solution (M,, = 25 kDa) to the Fe;0,
nanoparticles at a mass ratio of 0.1 : 1 g-PEI per g-Fe;O, nano-
particles, and the mixture was sonicated for 1 h. The nano-
composites were collected from the solution using a permanent
magnet and then washed 5 times with DI water. The Fe;O,-PEI
nanocomposites were dispersed in DI water for further use.

Interaction between the Fe;04-PEI nanocomposites and clay
minerals

To magnetically separate clay minerals from solution, Fe;0,-PEI
nanocomposites were mixed for 15 min with HBT (50 mg) at
various mass ratios (0.005:1, 0.02:1, 0.04:1, 0.08:1, and
0.1 : 1 g-nanocomposite per g-clay mineral) in 17 mL of DI water
in a 20 mL glass bottle. For comparison, Fe;O,-PEI nano-
composites were also mixed with kaolinite, montmorillonite,
and illite at a mass ratio of 0.02 g-nanocomposite per g-clay
mineral. After mixing, a permanent magnet was placed next to
the bottle for 3 min to separate the nanocomposite-clay mineral
complexes. The separation efficiency (SE%) of clay from solu-
tion was calculated using the equation SE% = [1 — (M,/M)] x
100%, where M, and M, are the clay mass in the solution before
and after magnetic separation. The weight of each clay particle
in the solution was measured after being completely dried in
a vacuum oven.

Selective separation of fine particles from a soil mixture

The magnetic separation experiments were performed using
a soil mixture of 90% sand and 10% clay (HBT, mean size: 7 um)
in a 500 mL open acrylic chamber. To combine sieve separation
with magnetic separation, a mesh filter (0.075 mm) was inserted
vertically into the chamber. The Fe;0,-PEI nanocomposites
were mixed for 10 min with 10 g of soil mixture in 250 mL of DI
water at various mass ratios (0.04:1, 0.08:1, 0.12:1, and
0.16 : 1 g-nanocomposite per g-HBT). After mixing, the soil
mixture containing the Fe;0,-PEI nanocomposites was sepa-
rated under a magnetic field, and the particle size distributions
of the nonmagnetic and magnetic soil fractions were analyzed.
Each soil sample was divided into five fractions—sand (2.0-0.5,
0.5-0.2, and 0.2-0.075 mm), silt (0.075-0.038 mm), and silt-clay
(<0.038 mm)—according to the AASHTO soil classification
system.

To evaluate the efficiency of the reduction in radioactivity by
magnetic-sieving separation, radioactive '*’Cs*-sorbed soil was
prepared by mixing soil (100 g) with 1 L of an aqueous Cs"
solution (220 Bq L") for 7 days at room temperature. The
radioactivity of the "*’Cs*-sorbed soil was 2152 Bq kg . Fine
particles less than 0.038 mm accounted for approximately 8.5%
of the contaminated soil. The experimental procedure was
conducted at a mass ratio of 0.12 g-nanocomposites per g-fine
particles by using the same procedures described above. The
efficiency of the reduction in radioactivity in the '*’Cs*-sorbed
soil was determined using the equation RE% = [1 — (R./R;)] X
100%, where R; and R, are the radioactivity of the initial soil and
nonmagnetic soil.
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Analytical methods

The morphology of the Fe;O,-PEI nanocomposites and HBT-
nanocomposite complexes was observed by ultracorrected
energy-filtered transmission electron microscopy (UC-EF-TEM,
Carl Zeiss, Germany). Thermogravimetric analysis (TGA,
Mettler-Toledo, USA) was performed to confirm the amount of
PEI coating using a LABSYS Evo (Setaram, France) under
a nitrogen atmosphere at a heating rate of 30 °C min . Atten-
uated total reflection Fourier transform infrared (ATR-FTIR)
spectroscopy was also conducted using an iS5 spectrometer
(Thermo, USA) to analyze the functional groups of the Fe;O,-PEI
nanocomposites. For the zeta potential measurements, 10 mg
sample was transferred to 10 mL DI water. The pH of the solution
was measured with an Orion pH electrode (Thermo, USA) and
adjusted by dropwise addition of 0.1 M HCl and NaOH. After
adjusting the pH of the solution, the zeta potentials of the
nanocomposites and clay minerals were analyzed by dynamic
light scattering (DLS) using a Nano-Zs90 zetasizer (Malvern, UK).
Each measurement was the average of 100 measurements and
the entire experiment was conducted in triplicate. For measure-
ment of radioactivity, initial and nonmagnetic soil samples were
analyzed using gamma spectrometry with a multichannel
analyzer (MCA; Canberra, USA) that has a high purity germanium
(HPGe) detector. The specific activity of *’Cs was determined by
measuring its gamma-ray at 661.6 keV. The activity of **’Cs in the
samples was evaluated using the total net counts under the
selected photopeak, applying gamma intensity of the radionu-
clide and weight of the sample. The radioactivity concentration
was expressed as Bq kg™ .

Results and discussion
Characteristics of the Fe;0,-PEI nanocomposites

Amino-functionalized magnetic nanocomposites were synthe-
sized based on the surface characteristics of clay particles. A
TEM image of the Fe;O,-PEI nanocomposites shows relatively
uniform spherical morphologies and an average size of
approximately 10 nm (Fig. 1a). Surface modification of the
Fe;O0, nanoparticles with PEI was confirmed through FTIR
analysis and TGA. As shown in Fig. S1,} strong adsorption peaks
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Fig. 2 Zeta potential of FezO, nanoparticles, FesO4-PEl nano-
composites and clay minerals at different pH levels.

at 550 cm™ " and 580 cm ', which are assigned to the vibration

of Fe-O bonds, were observed in both the coated and naked
magnetic nanoparticles.”® In the Fe;0,-PEI nanocomposite
data, the peaks at 3245 and 1460 cm™ ' correspond to N-H
stretching vibrations,”*®* while the bands at 2810 and
2915 em ™" confirm the presence of aliphatic C-H stretching
vibrations.?® Therefore, these results clearly confirm the intro-
duction of a PEI layer on the surface of the Fe;O, nanoparticles.

The TGA weight-loss curves in Fig. S21 also demonstrate that
PEI was successfully introduced on the surface of the magnetic
nanoparticles. The Fe;0,-PEI nanocomposites underwent
a weight loss of 13.9%, which was approximately 10% greater
than that of the naked Fe;O, nanoparticles (3.6%). Accordingly,
the difference in weight loss between the Fe;O,-PEI nano-
composites and naked Fe;O, nanoparticles was consistent with
a mass ratio of 0.1 g-PEI per g-Fe;O, nanoparticles.

PEI has a large number of amino groups that can capture
protons at different pH values, known as the “proton sponge”
mechanism.* As shown in Fig. 2, the PEI coating allowed the
Fe;0,4 nanoparticles to have a positive charge in the pH range of
2-10. In contrast, the surface charge of the clay minerals,
including HBT, illite, kaolinite and montmorillonite, was
mostly negative over a wide pH range. These results suggest that

“ (b)

Fig. 1 TEM images of (a) FesO4-PEI nanocomposites and (b) FezO4-PEl hanocomposites adsorbed onto clay particles.
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the functionalized nanocomposites are likely to adsorb on the
surface of clay minerals via electrostatic attraction under
neutral conditions.

Interaction between the Fe;0,-PEI nanocomposites and clay
minerals

Fig. 3 shows the SE of HBT from solution at mass ratios of the
Fe;0,-PEI nanocomposites to HBT in the range of 0.005-0.100
at pH 7. The SE was 95.7% at 0.02 g-nanocomposite per g-clay,
and the highest SE of approximately 100% was achieved when
the mass ratio exceeded 0.04. Similarly, all clay minerals used
for comparison showed a high SE of more than 95% at 0.02 g-
nanocomposite per g-clay. These results suggested that the
PEI coating improved the binding between the Fe;O, nano-
particles and clay minerals, and thus, a high SE could be ach-
ieved at a low nanocomposite dose. A TEM image also clearly
indicated that the Fe;0,-PEI nanocomposites were adsorbed on
the surface of the clay particles (Fig. 1b).

The interaction mechanism between the Fe;O,-PEI nano-
composites and clay minerals was elucidated on the basis of
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charge neutralization (or the electrostatic patch mechanism)
and electrostatic bridging.**** The interaction of cationic Fe;0,
nanoparticles with oppositely charged clay particles leads to
neutralization of their charges and destabilization of the
system. Generally, negatively charged clay particles in solution
are stably dispersed due to the electrostatic repulsion between
them (Fig. S31). However, after mixing the Fe;O,-PEI nano-
composites with clay particles, the cationic Fe;O, nanoparticles
strongly adsorbed onto the oppositely charged clay particles via
a neutralization mechanism. As a result, the electrostatic
repulsion between clay particles decreased, causing destabili-
zation and coagulation. Charge neutralization plays a major
role in magnetic flocculation by Fe;0,-PEI nanocomposites. In
addition, the nanocomposites may adsorb onto the surface of
clay particles via a bridging mechanism. Cationic Fe;O,-PEI
nanocomposites can interact with negatively charged clay
particles via the formation of a bridge between them, resulting
in the formation of flocs. Therefore, the aggregation of colloid
clay particles can be achieved through such interaction mech-
anisms involving Fe;0,-PEI nanocomposites. In the absence of
a permanent magnet, it was confirmed that the clay particles
that had reacted with the Fe;04-PEI nanocomposites settled
faster (within 120 s) than those that had reacted with naked
Fe;0, nanoparticles (Fig. S31) because of the floc formation by
the former particles.

Selective separation of fine particles from a soil mixture

To assess the selective separation of fine particles from soil,
Fe;0,-PEI nanocomposites were mixed with a soil mixture
containing 10% HBT at a mass ratio of 0.04 g-nanocomposite
per g-HBT. Magnetic separation was then carried out with and
without a mesh filter to account for the effects of sieving and
nanocomposite dose on the selective separation of fine particles
(Fig. 4). The results of magnetic separation are presented in
accordance with the particle size distribution of the magnetic
and nonmagnetic fractions of soil.

As shown in Fig. 5, the raw soil consisted of a 14% silt- and
clay-sized fraction (<0.075 mm) and an 86% sand-sized fraction
(0.075-2 mm). Without the mesh filter, the separated magnetic
soil fraction accounted for 18.9%, and this fraction was found to

Fig. 4 Photographs of magnetic separation (a) without a mesh filter and (b) with a mesh filter (magnetic field strength is 0.38 T).

This journal is © The Royal Society of Chemistry 2020

RSC Adv, 2020, 10, 21822-21829 | 21825


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0ra03426f

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Open Access Article. Published on 08 June 2020. Downloaded on 3/5/2026 6:11:38 PM.

(cc)

View Article Online

RSC Advances Paper
100
(a) [ZA Raw soil
I Nonmagnetic soil fraction
IR Magnetic soil fraction
80 A
£ 544
§ 60 -
2 425
=3
a 422
=
»
-
w 40 ;
w
[}
= 222
%
20 4 15.4 iz
0.0 /
L]
4
0 1~
Total <0038 mm  0.038-0.075mm 0.0750.2mm  0.2-0.5 mm 0.5-2.0 mm
Soil particle size
100
(b) F77] Raw soil
I Nonmagnetic soil fraction
I Magnetic soil fraction
80 -
£
‘5 60 -
s 498
a 422
I
-
w 40 4
) 315
g 283 /
20 154 168 /
83
11.3
a 27
0.5
0 = V-rz T T T
Total <0.038 mm 0.0380.075mm 0.07502mm  0.2-0.5mm 0.5-2.0 mm

Soil particle size
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consist of 54.4% fine particles smaller than 0.038 mm, 7.7% silt-
sized particles (0.038-0.075 mm) and 37.9% sand-sized parti-
cles. Although most of the fine particles were magnetically
separated, some sand-sized particles were also present, so the
addition of a mesh filter was expected to increase the SE; the
results are shown in Fig. 5b. Upon the addition of the mesh
filter, the fine particles in the magnetic soil fraction became the
predominant fraction, with a proportion of 91.7%, because the
sand-sized particles did not pass through the mesh filter.
Moreover, the sand-sized fraction made up 98.1% of the
nonmagnetic soil fraction, which suggests that most of the fine
soil particles were collected in the magnetic part. Therefore, the

21826 | RSC Adv, 2020, 10, 21822-21829

combination of magnetic separation with a mesh filter enabled
more thorough separation of fine particles from the soil
mixture, ultimately reducing the volume of magnetic soil (i.e.,
Cs-enriched soil) from 18.9% to 11.2%.

In addition, the effects of different nanocomposite doses
(0.04, 0.08, 0.12, and 0.16 g-nanocomposite per g-HBT) on the SE
of fine particles are compared in Fig. 6. The SE increased slightly
with an increase in the dose of Fe;0,-PEI nanocomposite, and
the highest SE was approximately 99.3%, obtained at a mass ratio
of 0.16 g g~ . In the case of silt-sized particles (0.075-0.038 mm),
the increase in SE with increasing nanocomposite dose was
greater than that for the other particle sizes and remained above

This journal is © The Royal Society of Chemistry 2020
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0.12 g g~ . Therefore, it was concluded that a nanocomposite
dose of 0.12 g ¢! is suitable for magnetic-sieving separation of
silt- and clay-sized fine particles.
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Evaluation of the **’Cs radioactivity reduction in
contaminated soil

To demonstrate the effect of magnetic-sieving separation on the
remediation of radioactive soil, **’Cs-contaminated soil was
reacted with Fe;04-PEI nanocomposites at a mass ratio of
approximately 1.2% of the contaminated soil. The initial
radioactivity of the '*’Cs-sorbed soil was 2152 Bq kg™ '. As
shown in Fig. 7, to examine the particle size dependence of
137Cs radioactivity, the raw soil was separated into four frac-
tions: 2-0.5 mm, 0.5-0.2 mm, 0.2-0.075 mm, and <0.075 mm.
The '¥’Cs radioactivity distribution revealed a high Cs concen-
tration in the fine fraction (17 400 Bq kg™ ' in the <0.075 mm
portion). After magnetic-sieving separation, the treated
nonmagnetic fraction, which accounted for 87.5% of the total
soil, had a value of 224 Bq kg~ (10.4% of the total **’Cs). These
results suggest that a high decontamination efficiency of
approximately 90% was achieved by simple physical separation
of fine soil particles without additional chemical treatment.

In Cs-contaminated soil from the nuclear accident sites of
Chernobyl and Fukushima, the distribution of radioactivity
among the various soil particle sizes was analyzed, and it was
confirmed that higher radioactivity is found in smaller parti-
cles.*** Therefore, methods to separate highly contaminated
fine particles from soil are possible soil decontamination
strategies. Although several studies have considered chemical
separation alone using flotation or magnetic methods for Cs-
contaminated soil treatment,*>* such methods cannot be
implemented in practice (Table 1). Thus, our results have
demonstrated that magnetic-sieving separation using Fe;O,-PEI
nanocomposites is an effective method to decontaminate
radioactive soil.

Conclusion

The aim of this work was to increase the selectivity of the
separation of Cs-enriched clay particles from contaminated soil
by combining magnetic and sieving methods. Fe;O,-PEI

Table 1 Comparison of separation methods in Cs-contaminated soil treatment

Method Object Results Advantages Disadvantages Reference
Magnetic separation Selective separation Reduction of Simple operation, low High cost of This
with Fe;0,4-PEI of Cs-fine particles from  radioactivity: 89.6% energy consumption, nanocomposite study
nanocomposites soil Reduction of high decontamination rate synthesis

volume: 80%
Magnetic separation Separation and Reduction of High decontamination High cost of 23
with nano-Fe/Ca/CaO/ immobilization of Cs in  radioactivity: 88.1% rate, no water use nanocomposite
[PO,] under dry contaminated soil Reduction of volume: synthesis
condition 72.8%
Magnetic separation Separation of 1 : 1 and Reduction of Simple process Low separation 22
with superconducting 2 : 1 type clay mineral radioactivity: 20% efficiency, high energy
magnet consumption
Foam flotation Separation of Cs-clay from Separation efficiency of  Ease of scale up, high Limitation of 21
with EDAB pristine clay contaminated clay: 75%  separation efficiency applicability,

(montmorillonite)
Selective separation of Cs-
fine particles from soil

Foam flotation with
TTAB

This journal is © The Royal Society of Chemistry 2020

Separation efficiency: 55% Ease of scale up, high
of 2-20 pm, 58.5% of 20— separation efficiency
50 pm, 47% of 50-100 pm

generation of wastewater
Poor separation efficiency 20
of clay particles,

generation of wastewater
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nanocomposites were selectively adsorbed onto negatively
charged clay particles via electrostatic interactions over a wide
pH range. The synthesized functionalized nanocomposites
enhanced the binding force between the Fe;O, nanoparticles
and clay minerals; thus, almost 100% of clay particles were
separated from solution with a low nanocomposite dose. The
combination of magnetic separation with a mesh filter also
showed that fine particles could be more selectively separated
from a soil mixture by excluding sand-sized particles. In addi-
tion, magnetic-sieving separation effectively led to a reduction
in radioactivity of approximately 90% in '*’Cs-contaminated
soil. Therefore, the combined application of Fe;O,-PEI nano-
composites and a mesh filter for the selective separation of clay
particles may provide new insights for the design of novel
practical technologies for the remediation of radioactive soil.
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