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ABSTRACT: Here we present a new approach to improve
fixation of radionuclides on contaminated surfaces and eliminate
their migration after nuclear accidents. The approach consists in
fabrication of latex composite coatings, which combine properties
of polymeric dust-suppressors preventing radionuclides migration
with aerosols and selective inorganic sorbents blocking radio-
nuclides leaching under contact with ground waters and
atmospheric precipitates. Latex/cobalt hexacyanoferrate(II)
(CoHCF) composites selective to cesium radionuclides were
synthesized via “in situ” growth of CoHCF crystal on the surface of carboxylic or amino latexes using surface functional groups as
ion-exchange centers for binding precursor ions Co2+ and [Fe(CN)6]

4−. Casting such composite dispersions with variable
content of CoHCF on 137Cs-contaminated sand has yielded protective coatings, which reduced cesium leaching to 0.4%
compared to 70% leaching through original latex coatings. 137Cs migration from the sand surface was efficiently minimized when
the volume fraction of CoHCF in the composite film was as low as 0.46−1.7%.
KEYWORDS: 137Cs, ferrocyanide, nanoparticles, radionuclide migration, soil, dust suppressor

1. INTRODUCTION

Presently, latex organic−inorganic composites keep gaining
academic and industrial interest due to a wide range of possible
applications and a beneficial combination of polymer properties
with inorganic materials functionality.1−4 Inorganic nano-
particles can be incorporated into latexes during polymerization
process,3 attached to the latex surface via electrostatic,
hydrogen, or covalent bonding,2 or “in situ” deposited on the
latex surface.4 Such latex-inorganic composites have been
already used for fabrication of coatings with high refractive
index,3 improved hardness, water and stain resistance,2,5 self-
sterilizing,6 and many others useful properties. To the best of
our knowledge, latex coatings containing sorbents selective to
radionuclides have not been previously reported, although
hybrid polymer-inorganic thin films for selective adsorption and
subsequent determination of radionuclides are known to the
researchers.7 However, the interest in such materials is far
beyond the narrow field of analytical preconcentration of
radionuclides.
We have recently shown8 that nanoparticles of selective

inorganic sorbents can be immobilized to latex particles and
applied as “liquid” or colloidal stable sorbents for cesium
recovery from solutions and contaminated solid materials.

Extending this approach to film-forming latexes can be used for
fabrication of a new type of dust suppressing coatings, which
would combine properties of protective polymer film and
selective sorbent to increase efficiency of radionuclides fixation
after nuclear accidents. Application of polymeric dust-
suppressors became a general practice allowing radionuclides
entrapment within thin polymer films on the surfaces
contaminated after accidents on nuclear power plants (NPP),
radiochemical plants, and weapon production facilities.9 Such
measures help to securely eliminate migration of radionuclides
with aerosols, but do not limit their mobility in solid phase
under high humidity conditions due to solubility of the water-
based polymer products10 or permeability of the latex coatings
for small ions, including radionuclides.11 This limits effective
long-term open-air application of dust-suppressor, since under
continuous exposure to atmospheric precipitations radio-
nuclides can migrate from soil surface deep into the soil
profiles.
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Long-lived radionuclides released after the nuclear accidents
not only pose direct serious health threats for inhabitants, but
also exclude large territories from agricultural use for many
years. Immediately after the contact with the soil surface, 134Cs
and 137Cs radionuclides, which are of great concern due to their
strong photon energies and long half-lives, are mainly localized
at a depth of up to 5 cm.12,13 However, the rate of their
downward migration in the soil is on average 1 cm/year14 and
largely depends on the soil structure and composition. For
example, the migration depth of cesium radionuclides in soils of
Scotland exceeded 17 cm 23 years after the Chernobyl
accident.15 Usually, the remediation activity starts several
months after the accidents, and the amount of soil that must
be removed afterward depends on how efficient were the first
measures on prevention of radionuclides migration to deeper
ground layers.16

The aim of the present work was to develop a new approach
to improve fixation of radionuclides on contaminated surface,
including soils and grounds, and prevent their migration under
high humidity conditions. The approach is based on application
of recently reported8 type of the latex composites containing
inorganic selective sorbents , for example, cobalt
hexacyanoferrate(II) selective to cesium ions,17 to form on
contaminated surfaces composite dust-suppressing coatings
minimizing cesium leaching to the environment.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. Styrene (St) purchased from

Merck and butyl acrylate (BA), methyl methacrylate (MMA),
methacrylic acid (MAA), and acrylic acid (AA) purchased from
Aldrich were distilled under reduced pressure and stored at −20 °C
before use. Other reagents and solvents were used as received:
diethoxy(methyl)vinyl silane (DMVS, Aldrich), aminoethyl methacry-
late hydrochloride (AEMA, Aldrich), the hydrophobic initiator 2,2′-
azobis(2-methylbutyronitrile) (V59, Wako-Chemicals), the hydro-
phobe hexadecane (Aldrich), a nonionic surfactant Lutensol AT50 -
poly(ethylene oxide)-hexadecyl ether with an ethylene oxide block
length of about 50 units (BASF).
2.2. Latex Synthesis. All latexes used in the present work were

synthesized by free radical copolymerization in the direct (oil in water)
miniemulsion system.18 Briefly, 0.250 g of hexadecane, 100 mg of V59,
and different amounts of monomers (except AEMA) were mixed
together and added to the aqueous phase consisting of 24 g of
demineralized water and 0.400 g of Lutensol AT50. For the synthesis
of amino-functionalized latexes, AEMA was dissolved in the aqueous
phase and then mixed with the oil (dispersed) phase. The amount of
monomers used for the latex preparations is given in Supporting
Information, Table S1.
Both phases were stirred together for 1 h at 1000 rpm for pre-

emulsification, and the miniemulsion was prepared by ultrasonicating

the mixture for 120 s at 90% intensity (Branson sonifier W450 Digital,
1/2″ tip) at 0 °C to prevent polymerization. Afterward, the mixture
was transferred into a round-bottom flask, which was then closed and
placed into the oil bath at 72 °C. The reaction proceeded overnight
under magnetic stirring at 600 rpm. After synthesis the latexes were
purified from the surfactant excess by multiple centrifugation/
redispersion in demineralized water and characterized in terms of
particle size, zeta potential, and functional groups density. The
characteristics of the latexes are summarized in Table 1.

2.3. Composite and Coatings Preparation. To obtain
composites, cobalt hexacyanoferrate (II) (CoHCF) was immobilized
to carboxylic latexes by successive addition of aliquots of 0.01 M CoCl2
and 0.005 M K4[Fe(CN)6] solutions to a latex dispersion with solid
content of 0.5%, 2%, 5%, or 10% at pH = 5.2−5.4. When composites
were prepared from amino latexes, reagents were added in the reversed
sequence. Theoretical chemical composition of CoHCF in latex/
CoHCF composite was Co2[Fe(CN)6]; the actual chemical
composition was determined as a difference between content of K,
Na, Fe, and Co in stable dispersion and in supernatant after
precipitation of latex/CoHCF composite by centrifugation at 14 000
rpm, 60 min. Metal contents were determined by atomic absorption
spectroscopy using Solaar 6 M spectrometer (Thermo, USA). The
CoHCF for all composites is given in Supporting Information, Table
S2. For simplicity, taking into account small differences in composition
of cobalt hexacyanoferrates, in all cases we will refer to a general
notation, CoHCF. CoHCF content was varied from 2 × 10−5 to 0.06
mmol per 1 g of dry latex, and in all cases was calculated on the basis
of Fe content. All composites were labeled as “latex name”/CoHCF,
for example, ASL-1/CoHFC, which indicates composite prepared by
immobilization of CoHCF in ASL-1 latex.

Coatings were fabricated by casting 0.2 mL of dispersions with the
latex solid content of 2%, 5%, or 10% on the silicon wafer (for SEM
measurements) or on double-sided adhesive tape covered with 137Cs-
spiked quartz sand (for 137Cs leaching tests). All samples had
geometrical surface area 5.29 cm2. The volume fraction of CoHCF in
composite coatings was calculated according to the following formula:

ϕ ρ= · · · · · ·C V C Mr h S( / ) 100%CoHCF l l CoHCF film film CoHCF

where CCoHCF is CoHCF content in composite, mol per 1g of the
latex; MrCoHCF is molecular weight of CoHCF, Cl is latex solid content
in composite dispersion, g/L; Vl is casted volume of the latex/CoHCF
composite dispersion, L; hfilm is coating thickness, cm; Sfilm is film area,
cm2; ρCoHCF is CoHCF density (1.89 g/cm3).

2.4. Characterization of the Latex Particles and the Latex/
CoHCF Composites. The size and electrokinetic potential of the
latex particles and the latex/CoHCF composites were determined in a
0.0001 M KCl solution at pH 6.4 and pH 5.4, respectively, by the
photon correlation spectroscopy and laser Doppler electrophoresis
methods on a Malvern ZetaSizer Nano ZS analyzer (typical correlation
functions and size distributions for original latexes and composites are
presented in Supporting Information, Figures S1 and S2). The content
of −COOH and −NH2 groups were determined by colloid titration
using a particle charge detector PCD 02 (Mütek GmbH, Germany) in

Table 1. Characteristics of the Latexes

diameter ζ potential content of ionic groups theoretical capacity for CoHCF

latex composition nm mV per NP per nm2 mmol/g of latex mmol/g

SL polystyrene 162 ± 12 −8 ± 3 0 0
ASL-1 poly(styrene/AA) 166 ± 15 −23 ± 5 24 820 0.41 0.0236 0.0059
ASL-5 157 ± 25 −35 ± 8 81 159 1.59 0.0974 0.0243
ASL-6 164 ± 9 −37 ± 6 225 762 3.37 0.184 0.0460
ASL-10 244 ± 47 −41 ± 9 409 998 3.50 1.44 0.3600
BMMDS-0.3 poly(MMA/BA/DMVS/MAA) 142 ± 15 −30 ± 7 74 215 1.17 0.0787 0.0190
BMMDS-0.06 119 ± 13 −17 ± 5 18 652 0.31 0.0336 0.0084
BMADS-0.3 poly(MMA/BA/DMVS/AEMA) 98 ± 15 +27 ± 5 41 267a 0.98a 0.133a 0.1330
BMADS-0.06 105 ± 12 +3 ± 1 13 455a 0.37a 0.0018a 0.0018

arelated to content of amino groups, all other values are related to carboxylic groups.
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combination with a 702 SM Titrino (Metrohm AG, Switzerland)
automatic titrator.18

The stability of latex/CoHCF composites was studied in 0.5% latex
dispersions by quantifying the iron in aliquots of dispersion sampled
from the surface of the liquid in a cylinder at fixed time intervals (the
height of the liquid column was 5 cm). The stability of CoHCF
dispersion prepared in distilled water was investigated for comparison.
The iron content was determined by atomic absorption spectroscopy
on a Solaar 6 M spectrometer (Thermo, USA).
2.5. Characterization of the Latex and the Latex/CoHCF

Composite Coatings. Scanning Electron Microscopy (SEM). All
SEM images illustrating morphology and topography of original latex
and latex/CoHCF composite coatings were acquired on a NEON 40
EsB Crossbeam scanning electron microscope from Carl Zeiss NTS
GmbH, operating at 3 kV in the secondary electron (SE) mode. To
enhance the electron density contrast, samples were coated with
platinum (3.5 nm) using a Leica EM SCD500 sputter coater. The
coating thickness was determined from cross-section SEM images after
drying for 24 h at room temperature.
Transmission Electron Microscopy (TEM). A drop of the latex/

CoHCF composite dispersion containing 0.035 mmol of CoHCF per
1 g of latex was placed on a TEM grid and dried under ambient
conditions. Copper grids covered with a holey carbon film (200 mesh,
Quantifoil R1.2/1.3) were used for the analysis (Quantifoil GmbH,
Germany). TEM images were taken with a Libra 200 TEM (Carl Zeiss
Microscopy, Germany), equipped with a field emission gun (FEG)
running at an acceleration voltage of 200 kV. The in-column energy
filter with an energy window of 20 eV was used. The images were
recorded on a 4k camera (TVIPS GmbH, Germany) in 2 × 2 binning
mode and adjusted in contrast and brightness using iTEM software
(Olympus, Japan).
X-ray powder diffraction analysis was carried out on a Dron-3

multipurpose diffractometer on the coating fabricated by spreading 2
mL of latex/CoHCF composite dispersion (latex content 2%, CoHCF
content 0.035 mmol per 1 g of dry latex) on quartz crystal plate. The
coating thickness was ∼50 μm.
The wettability of latex and latex/CoHCF composite coatings was

investigated using contact angle measurements. Advancing and
receding water contact angles were measured by the sessile drop
method using a conventional drop shape analysis technique (Krüss
DSA 10, Hamburg, Germany). Deionized reagent grade water was
used for contact angle measurements. All contact angle measurements
were carried out at 24 ± 0.5 °C and relative humidity of 40 ± 3%,
which were kept constant.
2.6. 137Cs Leaching Test. Quartz sand (fraction 0.100−0.315

mm) preliminarily cleaned with a 0.1 M HCl solution and thoroughly
washed was used to imitate the contaminated solid surface. To spike
sand with cesium radionuclides, it was wetted with a solution
containing 137Cs, left until dry, and averaged over the volume. The
resulting γ-activity of the sand sample was ∼2000 Bq/g.
To obtain reliably fixed monolayers of sand particles, 60−70 mg of

the 137Cs-spiked sand was homogeneously distributed over 5.29 cm2

piece of a double-sided adhesive tape attached into a Petri dish. The
initial γ-activity of each sample was measured. The coatings on sand
surfaces were formed as described in Section 2.3 and dried for 24 h
prior to 137Cs leaching experiments. Then 5 mL of distilled water or
NaCl solution was introduced into the Petri dish and left without
shaking for 24 h (or for the fixed time from 10 min to 10 d when
studying the kinetics of the process). The 137Cs distribution between
the leaching solution and the solid phase was monitored by measuring
the residual γ-activity of the quartz sand. In addition, the γ-activity of
the solution was measured to ensure better γ-activity control.
The γ-activity of the 137Cs γ radiation was determined by the direct

spectrometric method from the line Eγ = 662 keV with the use of a
Gamma 1C universal spectrometer (Aspekt Research and Production
Center, Russia). The γ activity of the samples was measured taking
into account the “dead time” of the equipment. The counting rates
were not higher than 10 000 counts/s. The specific activity of 137Cs γ
radiation in a solution was measured in 5 mL volume. The activity of
solid samples after leaching was measured directly in the Petri dish for

point geometry. The conversion factor (k) from the point radiation
source to a bulk sample (5 mL) was determined from the ratio of the
137Cs counting rate in a drop of a radioactive solution to the counting
rate after dilution and was equal to 1.41.

The amount of 137Cs leached from the sand surface was estimated
as

= ·L A A( / ) 100%leached 0

where A0 is initial total γ activity of the solid sample, Aleached is total γ
activity of the solid sample after leaching. When Aleached was
determined by analyzing γ activity of the solution (Asolution), it was
calculated as Aleached = k·Asolution. The difference between L values
calculated using γ activity of solid phase and liquid phase was in the
range of 1−3%.

3. RESULTS AND DISCUSSION
3.1. General Concept of Composite Coatings for

Radionuclides Fixation on Contaminated Surface. The
general concept of the suggested approach is illustrated in
Figure 1 and consists in fabrication of latex composite coatings

containing nanosized sorbents with high selectivity to radio-
nuclides. We suggest that such coatings, combining dust-
suppressing properties of the latexes and sorption properties of
the inorganic materials, can be obtained by spraying or casting
dispersions of latex/sorbents composites on the contaminated
surface. The colloidal stable latex/sorbent composites can be
obtained either by electrostatic attachment of “ex situ”
synthesized sorbents nanoparticles to the latex surface or by
“in situ” growth of sorbent nanocrystals on the latex surface
using surface functional groups as ion-exchange centers for
binding precursor ions. One example of such composites
containing hexacyanoferrates(II) of several transition metals we
have demonstrated recently.8 The similar approach based on
anchoring of the metal precursor on the reactive organic groups
was used for fabrication of porous RuO2@SiO2 hybrids.

19

The main idea of the suggested approach here is based on
the assumption that the presence of the selective sorbent
nanoparticles in composite coatings can reduce permeability of
the latex film for target radionuclides and significantly decrease
radionuclides migration rate under the contact with atmos-
pheric precipitates or ground waters.
Here we will focus on application of latex composites

containing CoHCF, which is very selective to cesium ions,16 for
fabrication of coatings assuring efficient fixation of cesium on

Figure 1. General concept of latex/cobalt hexacyanoferrate(II)
(CoHCF) composites application for fabrication of coatings
preventing cesium leaching and migration from contaminated surface.
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contaminated surfaces and preventing its leaching and
migration under contact with liquid media. To implement the
suggested concept the following main questions will be
addressed: (i) which types of functional groups can be used
for fixation of CoHCF on the latex surface; (ii) how does the
content of latex surface groups effect colloidal stability of the
latex/CoHCF composite, (iii) what content of CoHCF in
composite is required to provide efficient fixation of cesium
after casting latex/CoHCF composite dispersion on contami-
nated surface?
3.2. Fabrication and Properties of Latex/CoHCF

Composites. To elucidate requirements to latex surface
characteristics, which are important for formation of stable
composites with CoHCF, a series of carboxylic and amino
latexes varying in content of surface functional groups has been
synthesized (Table 1).
Since colloids of CoHCF have negative electrokinetic

potential,8 they cannot be bound to carboxylic latexes via
electrostatic interactions but can be formed on the latex surface
via the “in situ” growth mechanism. At the first stage of this
process, Co2+ ions bind to the latex carboxylic groups in the pH
range of 5.2−5.4, where carboxylic groups are nearly
completely ionized (Supporting Information, Figure S3), and
formation of cobalt hydroxides is not yet started. At the second
stage, addition of [Fe(CN)6]

4− initiates the formation of
insoluble complex of CoHCF and crystal growth from the latex
surface, if the content of carboxylic groups is sufficiently high to
ensure nanocrystal attachment and stabilization.
As a criterion of the latex/CoHCF composite stability, we

used the iron content in the top layer of the dispersion, which
remained constant, when no phase separation between latex
and CoHCF colloids occurred, or decreased, when unstabilized
CoHCF precipitated. Figure 2 shows that CoHCF rapidly

precipitates in water and in dispersion of SL/CoHCF
composite formed with polystyrene latex (SL), which does
not contain any ion-exchange sites on the surface. The stability
of latex/CoHCF composites significantly increases when
carboxylic latexes were used for CoHCF immobilization: the

higher the surface group content was, the better the composite
stability was (Figure 2).
Assuming that two carboxylic groups interact with one Co2+

ion and cobalt ferrocyanide has the composition close to
Co2[Fe(CN)6], the theoretical capacity of carboxylic latex for
Co2[Fe(CN)6] is 4 times lower than the content of carboxylic
groups (Table 1). However, the amount of CoHCF, which can
be loaded without loss of composite stability, is noticeably
lower than the theoretical latex capacity for CoHCF. For
example, up to 0.025 mmol cobalt ferrocyanide can be
stabilized in 1 g of latex with the theoretical capacity for
CoHCF 0.046 mmol/g (ASL-6). The same tendency was
observed for other carboxylic latexes (Supporting Information,
Figure S4). This suggests that the distance between surface
groups can also play a significant role in attachment of CoHCF
to the latex surface. At low content of carboxylic groups and
large distance between ion-exchange sites, two adjusting
carboxylic groups cannot be involved in stoichiometric surface
complexation reactions with one Co2+ ion, so the attachment of
CoHCF nanocrystals to the latex surface is relatively weak. The
most stable composites were obtained when the content of
carboxylic groups was at least 5 times higher than theoretically
required for CoHCF binding. The most stable composites were
obtained for the latex ASL-10 with the carboxylic groups
content 1.44 mmol/g.
Only moderate changes in electrokinteic potential of

composites were detected with the increase of CoHCF content
(Figure 3), since the decrease of carboxylic groups surface
charge due to the Co2+ ions binding is compensated by
subsequent formation of negatively charged CoHFC colloids.
The size of composites significantly increases only for ASL-10
latex with the highest content of carboxylic groups. The
invariable size of all other composites can be attributed either
to formation of very small ferrocyanide nanocrystals on the
latex surface, so that the composite sizes remain within the
experimental error of dynamic light scattering (∼10%), or to
coexistence of free latex particles and CoHCF colloids.
TEM images of composites confirm (Figure 4) that

polystyrene latex (SL) and latex with low content of carboxylic
groups (ASL-1) do not form composites with CoHCF. Primary
particles of CoHCF in these dispersions have the size ∼20 nm
and are not attached to the latex surface. Thus, composites SL/
CoHCF and ASL-1/CoHCF can be considered only as
mixtures of two types of particles. CoHCF particles in these
dispersions form a continuous network (Figure 4A,B) that
results in fast phase separation in composite and CoHCF
precipitation, as observed in Figure 2. Structure of ASL-10/
CoHCF composite is completely different (Figure 4C): one
observes neither primary CoHCF particles nor free latex
particles. The composite contains only irregularly shaped
particles with the size slightly larger than that of the latex.
High-resolution TEM images show that shape irregularity
results from formation of CoHCF layer around the latex
particles that proves formation of ASL-10/CoHCF composite.
Such composites containing up to 0.07 mmol of CoHCF per 1
g of latex remain stable at least over 4 months.
CoHCF can be also stabilized in dispersions of amino latexes

(BMADS-0.3, Figure 2). Since [Fe(CN)6]
4− ions efficiently

interact with aminopolymers,20 an anion-exchange reaction can
be used to initiate subsequent in situ growth of CoHCF crystals
upon Co2+ addition. In contrast to carboxylic latexes, negative
charge of CoHCF colloids compensates positive charge of the
latex surface and composite loses stability at a certain content of

Figure 2. Kinetics of cobalt hexacyanoferrate(II) settling in latex/
CoHCF composite dispersions fabricated from latexes with different
content of surface functional groups (pH = 5.4, latex solid content
0.5%, CoHCF content 0.035 mmol per 1 g of the latex). Photo of the
latex/CoHCF composite dispersions 3 h after fabrication.
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CoHCF. Because of the charge reversal, composites based on
latex BMADS-0.06 with low content of amino groups are
unstable at a CoHCF content of 0.025−0.06 mmol per 1 g of
latex (Figure 3B, Supporting Information, Figure S5), while
BMADS-0.3/CoHCF composite remained stable even when
CoHCF content was increased to 0.11 mmol per 1 g of the
latex.
3.3. Fabrication and Properties of Latex/CoHCF

Composite Coatings. In contrast to polystyrene-based
latexes, which are not film-forming, copolymers of acrylics
and styrene with siloxanes and silanes are widely used in
protective coatings due to their enhanced adhesion to the
surface and water repellence.21,22 In the present work, latex/
CoHCF composites applicable for formation of dust-suppress-

ing coatings were fabricated using a series of copolymer latexes
consisting of butyl acrylate, methyl methacrylate, diethoxy-
(methyl)vinyl silane, and different concentrations of methacrylc
acid or aminoethyl methacrylate units (Table 1). Here, we were
aimed to find an optimum content of the selective sorbent in
the latex/CoHCF composite to be used for fabrication of
coatings preventing cesium migration with liquid media from
137Cs-contaminated surface. This experiment simulates the
behavior of dust suppressor films in open air under the effects
of atmospheric precipitates and groundwater leaching.
To account for the effect of the latex type, composites were

prepared using amino latex BMADS-0.3 and carboxylic latex
BMMDS-0.3. Both BMMDS-0.3 and BMADS-0.3 original

Figure 3. Electrokinetic potentials and particle sizes of carboxylic (A) and amino (B) latex/CoHFC composites (pH = 5.4, 0.001 M KCl). Closed
symbols: ζ-potential, open symbols: diameter.

Figure 4. TEM images of latex/CoHFC composites containing 0.035 mmol Co2[Fe(CN)6] per 1 g of the latex: SL (A), ASL-1 (B), ASL-10 (C).

Figure 5. 137Cs leaching with water from contaminated sand surface coated with latex/CoHCF composites varying in CoHCF content (A). Kinetics
of 137Cs leaching from contaminated sand surface coated with original latexes and latex/CoHCF composites containing 0.035 mmol CoHCF per 1 g
of latex (B).
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latexes give hydrophilic coatings (advancing contact angles
(θadv) = 59° and 54°, respectively), which are highly
permeable for 137Cs radionuclides. Investigations of the 137Cs-
leaching kinetics (Figure 5) revealed fast migration of 70% of
cesium from the quartz sand surface within 30 min of contact.
However, 137Cs leaching was reduced to 0.4−2.5% when
composite latex/CoHCF coatings were formed on contami-
nated surface before it was brought to contact with water
(Figure 5A). Figure 5A shows that CoHCF content in the
composites used for coating formation can be as low as ∼0.01
mmol/g. Despite the latex coatings hydrophility, 10 d of
monitoring the 137Cs leaching showed only slight increase of
137Cs content in liquid media indicating long-term stability of
the composite coatings (Figure 5B).
At the same content of CoHCF in latex/CoHCF composites

(0.014 mmol CoHCF per 1 g of latex, latex solid content 2%),
the efficiency of coatings in 137Cs fixation was higher for

BMADS-0.3-based composite that correlates with the coatings
thickness (Table 2). Although the volume fraction of the
sorbent (CoHCF) is lower in thicker BMADS-0.3/CoHCF
composite coating, the longer ionic pathway is, most likely,
beneficial to minimize cesium leaching caused by the coating
defects.
SEM images of the latex coatings and composite coatings

demonstrate a significant difference in their surface topography
(Figure 6). Hybrid coatings formed by BMMDS-0.3 and
BMADS-0.3 latexes are rougher than original latex coatings and
exhibit small hole defects, which can originate from the high
interfacial tension between polymer and inorganic nano-
particles. Note that we were not aimed here to optimize film
forming properties of the latexes, so no coalescing aids were
added to avoid any interference with composite formation that
could complicate data interpretation. SEM images also show
that distribution of CoHCF nanoparticles in dry composite

Table 2. Effect of Latex/CoHCF Composite Coatings Characteristics on 137Cs Leaching from Contaminated Sand

latex latex solid content, % thickness, μma CoHCF volume fraction,b % leaching media 137Cs leached, %c

1 BMMDS-0.3 2 2.95 0.63 water 5.0 ± 0.5
2 2 0.63 0.1 M NaCl 5.6 ± 0.5
3 2 0.63 0.5 M NaCl 10.4 ± 1
4 5 5.63 2.06 water 0.9 ± 0.2
5 10 27.03 1.72 water 0.5 ± 0.2
6 BMADS-0.3 2 4.03 0.46 water 1.2 ± 0.2
7 2 0.46 0.1 M NaCl 3.0 ± 0.3
8 2 0.46 0.5 M NaCl 4.8 ± 0.5
9 5 5.74 2.02 water 1.0 ± 0.2
10 10 29.53 1.57 water 0.4 ± 0.2

aFilm thickness was calculated from cross-section SEM images. bThe CoHCF content in composites is fixed to 0.014 mmol per 1 g of latex.
cLeached with water after 24 h.

Figure 6. SEM images of coatings casted from 2% latex dispersions on silicon wafers: BMMDS-0.3 (A), BMADS-0.3 (B), BMMDS-0.3/CoHCF (C),
BMADS-0.3/CoHCF (D). CoHCF content in all composites was 0.035 mmol per 1 g of latex.

ACS Applied Materials & Interfaces Research Article

dx.doi.org/10.1021/am5039196 | ACS Appl. Mater. Interfaces 2014, 6, 16769−1677616774



coatings is not perfectly homogeneous (Figure 6) but their
crystal size remains in nanoscale range. XRD patterns of
coatings exhibit only weak reflections of CoHCF typical for
nanosized crystals (Supporting Information, Figure S6).
According to the data shown in Table 2 (lines 4, 5, 9, 10),

137Cs leaching can be minimized by increasing thickness
BMMDS-0.3 and BMADS-0.3 composite coatings. The films
cast from composite dispersions with latex solid contents of 5%
and 10% and fixed CoHCF content per 1 g of latex showed
significantly lower rate of 137Cs leaching. Thus, both latex
typescontaining carboxylic and amino groupscan be used
for fabrication of composite coatings for cesium fixation.
The important issue for environmental applications of such

composite coatings is their performance in the presence of
other cations. Transition metal hexacyanoferrates (II) are very
selective to cesium ions but sensitive to the presence of sodium
and potassium ions at high concentrations.17 We have
previously shown that 137Cs distribution coefficients for latex/
CoHCF composites in dispersions remained sufficiently high
even in 2 M NaCl solution, while 137Cs distribution coefficients
for composite materials obtained by electrochemical deposition
of latex/CoHCF on carbon fibers dropped significantly already
in 0.1 M NaCl solution.8 The most probable reason for this
effect is the difference in sodium ion concentration inside and
outside latex film due to the existence of the Donnan potential.
Since this effect is more pronounced for cation-exchangers
(carboxylic latexes), migration of 137Cs from BMMDS-0.3/
CoHCF composite coatings to liquid media increases from
5.6% in 0.1 M NaCl to ∼10% in 0.5 M NaCl within 24 h
(Table 2, lines 2−3, 7−8). However, the concentration of
sodium ions in the environment (in soil and ground waters),
aside from sea-coastal areas, is substantially lower than 0.1 M,
and, thus, shall not significantly decrease efficiency of latex/
CoHCF composite coatings.

4. CONCLUSIONS

Preventing migration of radionuclides from contaminated solid
surfaces into environment after nuclear accidents remains a
challenging task. Application of polymeric dust suppressors
helps to securely eliminate migration of radionuclides with
aerosols but does not limit their mobility under contact with
atmospheric precipitates, ground, and soil waters due to
solubility and/or permeability of polymeric fixatives. Thus,
long-term open-air application of conventional fixatives is
associated with radionuclide migration from soil surface
downward into the soil profile that significantly increase
volume of soil, which must be removed or decontaminated.
Here we have presented a new concept to form composite
fixative coatings on radioactively contaminated surfaces, which,
due to combination of dust-suppressing properties of film-
forming latexes and selective sorption properties of nanosized
sorbents, can eliminate migration of radionuclides with both
aerosols and surface and ground waters.
Here we have demonstrated fabrication of composite

coatings for fixation of cesium radionuclides using colloidal
stable latex/cobalt hexacyanoferrate(II) (CoHCF). A series of
latex/CoHCF containing amino and carboxylic functional
groups has been synthesized and used for latex/CoHCF
composites fabrication. We have shown that the optimal
concentration of −COOH groups on the surface of carboxylic
latexes for latex/CoHCF fabrication is close to 1 mmol per 1g
of latex, while amino-latexes containing only 0.1 mmol −NH2

groups per 1g of latex can be used due to the electrostatic
contribution to composite stabilization in the latter case.
Composite coatings for cesium fixation have been fabricated

on 137Cs-contaminated sand by casting colloidal stable latex/
CoHCF composites with various CoHCF contents. After
exposure of contaminated sand it was found that 137Cs leaching
with water from contaminated sand coated with latex/CoHCF
composites can be reduced to 0.4%, whereas coatings formed
by original latexes allows fast migration of 70% of cesium from
the surface within 30 min. 137Cs migration from the surface was
efficiently eliminated when the latex/CoHCF composites
containing only ∼0.01 mmol CoHCF per 1 g of latex were
used. 10 d of monitoring the 137Cs leaching has shown only
slight increase of the cesium content in liquid media indicating
long-term stability of the composite coatings.
An important advantage of such approach consists in the

possibility to use commercially available dust-suppressors,
which are mainly carboxylic latexes, and modify their properties
by addition of relatively low amount of selective inorganic
materials, which does not significantly increase production costs
but opens a window for fabrication of coatings for entrapment
of a wide range of target radionuclides, if appropriate nanosized
selective sorbents are used.
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