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ABSTRACT: Colloidal tin oxide with an average particle size of
3.5 nm, which was ex-situ synthesized by the sol—gel method, has
been attached to the surface of amino-functionalized poly(acrylate-
co-silane) latex particles with a diameter of 100 nm to yield a
composite with selective sorption properties toward Co®* ions.

Electrokinetic properties and the colloidal stability of the g»w
synthesized latex/SnO, composites have been evaluated in »"?‘ﬁ“};"?ﬂi
dependence on SnO, content and pH; the sorption capacity and M

distribution coefficients of composites for Co>* ions were in
accordance with the SnO, content and its sorption performance as
an individual compound. Composite coatings obtained by casting
latex/SnO, dispersions on quartz sand spiked with *’Co radionuclide have efficiently eliminated radionuclides migration from the
surface when the SnO, volume fraction in the film was 3.5—4.7%. Furthermore, at these SnO, loadings, the composite coatings
retained the coherent structure of the original latex coating with SnO, particles homogeneously distributed over the film
thickness. The presence of competing Ca’* ions in the leaching media at a concentration of above 0.01 mol/L results in a
decrease of the distribution coefficients of the latex/SnO, composite and significantly higher *’Co leaching. The value of the
distribution coeflicient of the sorption material to be used in latex composite coatings to prevent migration of radionuclides shall

@5Co migration to liquid media
is blocked

be close to 10° mL/g.
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1. INTRODUCTION

Soil can be considered as the main reservoir for artificial
radionuclides originated from atmospheric nuclear weapons
tests and nuclear power plant accidents."” Besides, radioactive
contamination of the environment can happen as a result of
dirty bombs terrorist attacks,’ explosions, and fires in industry
and in transportation of sealed radiation sources. Sealed sources
are typically highly radioactive devices having activities of TBq
scale where the radioactive isotope is encapsulated, so that
under normal operation conditions it is safely isolated from the
surrounding by the protective sealing. In the case of an
explosion and fire or cutting through the source sealing,
radioactivity can spread to the environment and cause local
radioactive contamination. Although, in contrast to cesium and
strontium, cobalt radionuclides are not considered among the
main contributors to radioactive pollutions after accidents at
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nuclear power plants, they are very common in industry,
medical practice, and research and, due to these reasons, are
also more likely to be used in dirty bombs.> Cobalt
radionuclides are strong y-emitters, whose release from the
sealed sources poses a serious health risk for humans and
animals. This determines a sustained interest to the fate of
cobalt radionuclides in the environment, sorption/desorption
on soil components, and bioavailability."**

Independently of which strategy will be used for remediation
of a radioactively contaminated site, it is imperative to eliminate
or reduce migration of the radionuclides until cleanup is
completed or until the radiation has decayed back to acceptable
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levels.’ In order to prevent radionuclides spreading from a
contaminated surface with aerosols, application of polymeric or
emulsion fixatives (dust suppressors) became a general practice
after nuclear accidents. These formulations are typically casted
or spray dried on the contaminated surface within the first
hours after the accident to form coatings allowing radionuclides
fixation within the top thin layer of the soil or ground.® This
measure helps to reduce radionuclides migration from the
surface with aerosols; however, substantial improvement is still
required to eliminate water permeability of fixative coatings and
limit radionuclides migration downward to the soil profile with
groundwater and atmospheric precipitates. This is a crucial step
in reducing the volume of soil to be removed or cleaned after
nuclear accidents.>®

We have recently shown that the permeability of fixative latex
coatings to cesium radionuclides can be significantly reduced if
latex/selective sorbent (cobalt hexacyanoferrate) nanocompo-
sites were used for coatings fabrication.” In such materials the
film-forming properties of the latex are combined with the
sorption properties of inorganic material allowing entrapment
of radionuclides in the dust-suppressing film even under
permanent contact with liquid media. The aim of the present
work was to demonstrate that the same approach can be
generalized to fixation of other radionuclides using appropriate
selective sorbents for composite fabrication. While transition
metal hexacyanoferrates are highly selective to cesium ions,” tin
oxide shows selective sorIption properties toward transition
metals such as cobalt”™"" and nickel’ ions and can be
considered as a promising candidate for fabrication of latex/
inorganic composite coatings for fixation of these radionuclides
on contaminated surface and prevention of their further
migration with atmospheric precipitates and ground waters.

2. EXPERIMENTAL SECTION

2.1. Chemicals and Reagents and Latex Synthesis. Latex
synthesis is described in detail in ref 7. The BMADS-0.3 latex
poly(methyl methacrylate-co-butyl acrylate-co-diethoxy(methyl)vinyl
silane-co-aminoethyl methacrylate) was characterized by an electro-
kinetic potential ({) of +25 + 7 mV and a particle size of 110 + 13 nm
(pH 6.4, 107" M KCl). The number of —NH, groups per latex particle
determined by colloid titration'* was 36 790.

2.2. Sn0, Synthesis. SnO, was synthesized using the conventional
sol—gel method,'" where SnCl, was dissolved in 6 M HCI, and then
SnO, was precipitated by raising the pH to 3 using 25% ammonia. The
precipitate was then washed with distilled water until the water became
turbid after 12 h settling time. The precipitate was then placed in a
dialysis tube (Visking tube 12—14 kDa), and the tube was placed in a
beaker, where fresh ammonia solution (pH 10) was circulated, until
the precipitate became a clear solution. The content of tin oxide in the
dispersion was 3%.

2.3. Composites and Coatings Preparation. To obtain
composites, a predetermined volume of SnO, dispersion was added
into a latex dispersion with the solid content 2% at pH 5.1 #+ 0.1
Composites were labeled as BMADS-0.3/SnO, or BMADS-0.3/Sn0O,-
w, where w is the content of SnO, as milligrams per 1 g of dry latex.
Coatings were obtained by casting BMADS-0.3/SnO, composite
dispersions on the silicon wafer or *’Co-spiked quartz sand as
described in ref 7. The volume fraction of SnO, (¢) in composite
coatings was calculated according to the following formula

po Mo WC o
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where W, is the content of SnO, in composite, g(SnO,) per 1 g of
the dry latex, C is the latex solid content in composite dispersion, g/L,
V) is the casted volume of the latex/SnO, composite dispersion, L, hg,

is the coating (film) thickness, cm, Sg;, is the film area, cm? and pg,0,
is the SnO, density (2.02 g/cm’®).

2.4. Characterization of the Latex, SnO,, and Latex/SnO,
Composites. The size and electrokinetic potential of the particles
were determined using ZetaSizer Nano ZS analyzer (Malvern
Instruments Ltd., Malvern, U.K.).

The morphology of coatings was characterized by means of electron
microscopy. A cross-section of the polymer layer was prepared in the
form of a simple cut and in the form of a thin lamella by the focused
ion beam (NEON40, Carl Zeiss Microscopy GmbH, Oberkochen,
Germany) lift-out method after an approximately 100 nm platinum
layer was sputtered on the surface (SCD 500 coater, Leica
Microsystems GmbH, Wetzlar, Germany). The simple cut was imaged
in a scanning electron microscope (SEM, NEON40). The thin lamella
was imaged in a transmission electron microscope (TEM, Libra200,
Carl Zeiss Microscopy GmbH, Oberkochen, Germany).

2.4.1. X-ray Photoelectron Spectroscopy (XPS). BMADS-0.3/
Sn0,-50 composite coating on silicon wafer was introduced in the
vacuum system of the Axis Ultra X-ray photoelectron spectrometer
(Kratos Analytical, Manchester, UK.). The spectrometer was
equipped with a monochromatic Al Ka (hv = 1486.6 eV) X-ray
source of 300 W at 15 kV. The kinetic energy of photoelectrons was
determined with a hemispheric analyzer set to a pass energy of 160 eV
for the wide-scan spectrum and 20 eV for the C 1s high-resolution
spectrum. During all measurements electrostatic charging of the
sample was avoided by means of a low-energy electron source working
in combination with a magnetic immersion lens. Later, all recorded
peaks were shifted by the same value that was necessary to set the C 1s
peak to 285.00 eV. For the C Is region the maximum information
depth of the XPS method was not more than 8 nm. Quantitative
elemental compositions were determined from peak areas using
experimentally determined sensitivity factors and the spectrometer
transmission function. Spectrum background was subtracted according
to the Shirley method. The high-resolution C 1s spectrum was
deconvoluted by means of the Kratos spectra deconvolution software.
Free parameters of component peaks were their binding energy,
height, full width at half-maximum, and the Gaussian—Lorentzian
ratio.

2.5. Determination of Distribution Coefficients and Sorption
Capacity. Sorption isotherms were obtained by the batch method: an
aliquot of BMADS-0.3/Sn0,-50 composite or SnO, dispersion was
added to CoCl, solutions in 0.01 M acetate buffer (CH;COOH/
CH,;COONGa, pH 5) so that the solid content in dispersion was 0.05%.
After gentle shaking for 18 h, SnO, or composite particles were
separated by centrifugation (at 30 000 rpm, 30 min), the content of
cobalt in supernatant was determined by the atomic spectroscopy
method using a Solaar 6 M spectrometer (Thermo Fisher Scientific,
Waltham, MA). Sorption capacities in both cases were calculated
relative to the weight of SnO,.

The distribution coefficients (Kg) for SnO, and BMADS-0.3/SnO,-
30 composite have been determined in water and 0.5, 0.1, 0.01, and
0.001 M CaCl, solutions using the ’Co-tracer method: latex/SnO,
composite or SnO, dispersion in solutions with pH S were traced with
’Co, and initial y-activities (~120 Bq/mL) of the dispersions were
measured using gamma counter WIZARD 1470 (PerkinElmer, Inc.,
Waltham, MA). After gentle shaking of the dispersion for 18 h, solid
particles were separated by centrifugation (30 000 rpm, 30 min) and y-
activities of supernatants (A;) were measured by the same method.
The y-activity of the solid phase (A,) was calculated as a difference
between the initial total activity of the sample and the measured
activity of the supernatant (4).

K4 values were calculated according to the formula Ky = Ag/A-V/m,
where A and A, are the S’Co y-activities in the solid and liquid phase,
respectively, V is the liquid-phase volume (10 mL), and m is the the
weight of the composite (0.005 g) or SnO, (0.00015 g).

2.6. *’Co Leaching Test. Samples for leaching tests were prepared
as described in ref 7 using *’Co. In brief, 60—70 mg of quartz sand
(fraction 0.100—0.315 mm) spiked with ’Co (resulting y-activity ~
2000 Bq/g) was homogeneously distributed over a 5.29 cm? piece of a
double-sided adhesive tape attached to a Petri dish. The coatings on
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the sand surfaces were formed as described in section 2.3 and dried for
24 h prior to *’Co leaching experiments. The initial y-activity of each
sample was measured by the direct spectrometric method from the
line Ey = 122 keV using a y-ray spectrometer with the germanium
detector (Canberra Corp., Meriden, CT). Then 20 mL of distilled
water or CaCl, solution was introduced into the Petri dish and left
without shaking for 1000 min (or for the fixed time from 10 min to 6
days in kinetics study). The *’Co distribution between the leaching
solution and the solid phase was monitored by measuring the y-activity
of the liquid using gamma counter WIZARD 1470 (PerkinElmer, Inc,,
Waltham, MA). The amount of ¥’Co leached from the sand surface
(L) was estimated as

L= (Aleached/Ao)'IOO%

where A is the initial total y-activity of the solid sample and Ay, g4 is
the total y-activity of the solid sample after leaching.

The experimental error of y-activity measurements was close to
0.3%. For low residual y-activity (high L values) the counting time was
increased to reach the required accuracy.

3. RESULTS AND DISCUSSION

3.1. Fabrication and Properties of Latex/SnO,
Composites. The general concept of the suggested approach
to eliminate migration of radionuclides in the environment after
nuclear accidents was previously reported in ref 7. BMADS-0.3/
SnO, composites have been fabricated via electrostatic
attachment of ex-situ-synthesized colloidal SnO, to the surface
of amino latex that was possible due to the opposite charge of
these nanoparticles in the pH range 3.5—7.5 (Figure 1).
However, the pH interval, where stable BMADS-0.3/Sn0O,
composites can be formed, is narrowed by aggregation of
SnO, nanoparticles at pH < S (Figure S1, Supporting
Information).

40

20

-204

C-potential, mV

—=&—3Sn0,
—e— BMADS-0.3

404

pH

Figure 1. Dependence of electrokinetic potential values ({-potential)
of BMADS-0.3 latex and colloidal SnO, on pH.

Once composite was formed, aggregation of SnO, was
suppressed and composite remained colloidally stable over the
broader pH range than pure SnO, (Figure 2A). The TEM
image of the aminolatex/SnO, composite (Figure S2,
Supporting Information) shows that SnO, nanoparticles form
on the latex surface in thin irregular layer. The stability of
BMADS-0.3/SnO, composites decreased when the content of
SnO, added to the latex dispersion was above 50 mg per 1 g of
dry latex particles, as indicated by a sharp increase of the
composite particle size (Figure 2B) and precipitation of SnO,
(Figure S2, Supporting Information).

At maximum packing density, the surface of a sphere with a
diameter of 98 nm (latex) can accommodate 2463 particles
with a diameter of 3.5 nm (SnO,). At the same time, simple

calculations for the BMADS-0.3/Sn0O,-50 composite give a
value of 521 particles of SnO, per latex particle. Thus, the
surface coverage, at which the colloidal stability of the BMADS-
0.3/latex system drops due to heterocoagulation, is about 20%
(see the Supporting Information for details of the calculations).
It is worth mentioning that SnO, shows a strong tendency to
formation of large aggregates of primary SnO, particles even in
alkaline media as illustrated by TEM imaging and the particle
size distribution (Figure S3, Supporting Information). Thus, at
higher surface coverage, interparticle interactions between
SnO, can contribute to destabilization of the composite via
bridging neighboring latex particles.

The sorption properties of BMADS-0.3/SnO, toward *’Co
radionuclides composite are determined only by the presence
of SnO, Data in Table 1 show that the BMADS latex does not
efficiently bind *’Co, since, independently of the concentration
of competing ions, its K4 values are extremely low. Comparison
of K values for colloidal SnO, and BMADS-0.3/SnO, shows
that binding to the latex does not negatively influence the
sorption performance of SnO,. In both cases the distribution
coefficients decrease with an increase of calcium ion
concentration (Table 1). It should be also mentioned that
composites as well as colloidal SnO, show a tendency to strong
aggregation at a Ca** concentration of 0.01 M and higher
(Figure S4, Supporting Information). The sorption capacities
toward Co’" ions of SnO, alone and in composite are very
close, 0.36 + 0.04 and 0.31 + 0.01 mmol/g, respectively
(Figure SS, Supporting Information), and in the range reported
previously for tin oxide."®

3.2. Fabrication and Properties of BMADS-0.3/Sn0O,
Composite Coatings. Casting of BMADS-0.3 and BMADS-
0.3/Sn0, composite dispersions (latex contents 2%) resulted in
formation of coatings with a thickness of about 4 pm.
Embedding of SnO, into the latex film lead to an increase of
surface roughness from 0.18 to 0.45 ym and hydrophilicity. The
advancing contact angle (,4,), measured as described in ref 7,
decreased from 54° for original latex to 30° for BMADS-0.3/
Sn0O,-50 composite coatings. However, it seems that the
presence of SnO, particles does not hinder latex coalescence
and formation of flaw-free coherent coatings (Figure S6,
Supporting Information).

XPS investigation of the surface of BMADS-0.3/Sn0O,-50
composite coating (Figure 3) revealed that the majority of the
photoelectrons contributed to the element peaks of carbon (C
1s peak), oxygen (O s and O 2s peaks), and silicon (Si 2p and
Si 2s peaks) resulted from the elements of the polymer matrix.
Tin was detected as the Sn 3p duplet consisting of the Sn 3p;/,
and Sn 3p, /, peaks and Sn 3d duplet consisting of the Sn 3ds,
and Sn 3d;,, peaks. Furthermore, the couple of Sn MNN Auger
peaks (Sn MsN,sNys and Sn M,N,N,;) arose in the region of
1049—1058 eV. The shape of the C 1s high-resolution
spectrum (Figure S7, Supporting Information) confirms the
assumed chemical structure of BMADS-0.3 latex.

Although the presence of SnO, particles in the top layer (8
nm depth) of BMADS-0.3/Sn0,-50 coating was confirmed by
XPS, the charge-contrast SEM image shows that there is no
nanoparticle-rich zone at the surface (Figure 4A), which is
usually formed due to the convective flow transport of
nanoparticles to the evaporating meniscus during drying of
composite latex/inorganic particles coatings.'”> Instead, cross-
section TEM analysis reveals formation of SnO, nanoparticles
network over the full coating thickness (Figure 4B). It is most
likely that binding to the latex surface prevents SnO, migration
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Figure 2. Dependence of electrokinetic potential values ({-potential) and particle size of BMADS-0.3/SnO, composites on pH (A) and amount of

SnO, loaded in the latex, pH S (B).

Table 1. Coeflicients of *’Co Distribution (K;) and ’Co Recovery (R) for Latex, Colloidal SnO,, and Latex/SnO, Composite®

BMADS-0.3 $nO, BMADS-0.3/Sn0,-30
media Ky mL/g R, % Ky mL/g R, % Ky (composite),b mL/g K4 (Sn0,),° mL/g R, %
CaCl, 0.001 M 0 0 7080 567 99.1 415297 13 843220 99.5
0.01 M 0 0 1772 345 96.3 278372 9279079 99.3
0.10 M 37 1.8 369015 84.6 37 520 1250658 94.9
0.50 M 77 3.7 200 842 744 3909 130295 66.1

“Colloidal SnO, used for sorption experiments was from the same batch as that used in composite. “Ky calculated for total weight of composite. “Ky

calculated for the weight of SnO, in composite.

O 1s

\ \
200 0
Binding energy [eV]

I I I 1
1000 800 600 400

Figure 3. Wide-scan XPS spectrum recorded from BMADS-0.3/SnO,-
S0 composite coating.

Figure 4. Charge-contrast SEM image (A) and cross-sectional TEM
image (B) of BMADS-0.3/Sn0,-50 composite coating.

during drying and assures its homogeneous distribution in the
coating.

It is important to mention that aggregate formation in the
composite film is not beneficial for fixatives, since an
inhomogeneous distribution of SnO, ion-exchange centers
within the coatings can reduce their efficiency in cobalt
radionuclides entrapment. Taking into account that the
colloidal stability of the composite dispersion significantly

22390

affects composite latex coatings microstructure,'* we have
limited maximal content of SnO, in the BMADS-0.3 latex to S0
mg/g, ie, to the composition which retains high colloidal
stability.

Investigations of kinetics of *’Co leaching from the
contaminated surface show that the BMADS-0.3 latex coating
is highly permeable for Co®" ions: about 50% of *’Co
radionuclides were transferred from coated sand to liquid
media within the first 30 min of contact and 65% within the
first day (Figure SA). Embedding SnO, nanoparticles to
BMADS-0.3 coatings significantly reduced their permeability.
’Co leaching dropped down to 4.3% when the SnO, volume
fraction in the film was increased up to 4.7% (Figure SB). The
influence of sorbent K4 on composite coating permeability for
Co®" ions is clearly illustrated by *’Co radionuclides leaching in
solutions with different concentrations of Ca®* ions (Figure
5B). Since the mechanism of Co** ions sorption on tin oxide is
presumably ion exchange,'®'" Ca" ions compete with ¥’Co
radionuclides for ion-exchange sites on tin oxide, and the
efficacy of *’Co fixation within the BMADS-0.3/Sn0O,
composite coating decreases with the increase of Ca®"
concentration in the leaching media (Figure SB). Even at the
maximum loading of the BMADS-0.3 latex with SnO, (50 mg/
g), *’Co leaching through the composite coatings reaches about
20% after 6 days of contact with 0.1 M solution of CaCl,
(Figure S8, Supporting Information). At the same time span,
’Co leaching with the media with calcium ion concentrations
typical for ground waters, ie., 0.2—4 mM," increased only for
1.5—3% (Figure S8, Supporting Information), which can be still
be considered as an indication of satisfactory fixation of cobalt
radionuclides on a contaminated surface.

Comparing the data earlier reported for latex/cobalt
hexacyanoferrate(1I) coatings7 with the data obtained here for
the BMADS-0.3/Sn0O, coatings, we can conclude that the
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Figure 5. Kinetics of *’Co leaching with 0.01 M CaCl, solution (A) and dependence of *’Co leaching within 1000 min on composition of leaching
media (B) for contaminated quartz sand surface coated with BMADS-0.3/SnO, composites containing various amount of SnO, per gram of latex.

distribution coeflicients of nanosized sorbents suitable for
preparation of composite coatings has to be close to 10° mL/g.
Only in this case the coatings with a volume fraction of
inorganic sorbent up to 5% can efficiently suppress radio-
nuclides leaching from contaminated surface and, thus,
eliminate their migration with liquid media.

B CONCLUSIONS

Here we have shown that the recently suggested concept of
elimination of cesium migration from contaminated surfaces
using latex/cobalt hexacyanoferrate(II) composite coatings can
be generalized to other radionuclides. Colloidal SnO, ex-situ
synthesized by the sol—gel method was attached to the surface
of amino-latex particles to yield latex/SnO, composite showing
selective sorption properties toward cobalt radionuclides.
Casting latex/SnO, composite dispersions containing up to
50 mg of SnO, per 1 g of the latex on the quartz sand has
yielded coherent flawless composite coatings. Despite high
hydrophilicity (advancing contact angle 30°) composite
coatings with a SnO, volume fraction of 4.6% reduced *’Co
leaching from the contaminated surface to ~4% compared to
65% leaching from the surface coated with original latex. This
allows the conclusion that latex/SnO, dispersions can be used
as dust-suppressing formulations after nuclear accidents to
eliminate migration of cobalt and nickel, which has similar
chemistry, in the environment with liquid media (atmospheric
precipitates, ground waters, etc.).
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