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Introduction

Nuclear energy can produce an abundance of electric energy
without generating carbon dioxide. However, as nuclear power
plant (NPP) operates continuously, various radioactive wastes
are also generated in large quantities."* Radioactive waste must
be isolated from humans and the environment to satisfy long-
term disposal safety. Even after 300 years or more, the risk of
radioactive waste must meet the safety requirements for
disposal facilities.> Therefore, it is important to reduce, treat,
and immobilize the radioactive wastes in a suitable waste form
for their final disposal in the repository.

Ion exchange resins (IERs) are widely used in NPP operations
to purify the reactor coolant systems, clean up the spent fuel
storage tanks, and remove the radioactive contaminants in
liquid radioactive waste management systems.*® The annual
production of spent IERs could vary by NPP types. However, an
average annual volume of spent IERs is observed as 15.7 m® per
year in the pressurized water reactor (PWR).” Even though the
radioactivity of spent IERs depends on the operation history of
a reactor, *°Co and "*’Cs are generally the main sources of their
radioactivity. In the case of PWR, the average activities in spent
IERs are 370 GBq m > and 1900 GBq m* for *°Co and "*’Cs,
respectively.* These spent IERs are classified into wet solid
waste and need to be solidified before their disposal in low- and
intermediate-level radioactive waste (LILW) repository. The
solidified matrix serves as a primary barrier to limit the leaking
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superior Cs and Co leachability indexes compared with the same polymer waste form prepared with non-

of radionuclides.® The characteristics of solidified radioactive
waste vary depending on the type of waste, the physicochemical
properties of the radioactive waste, and the solidification
medium. The most common matrices used to solidify spent
IERs are cement, bitumen, and polymer.® Cement waste form is
widely used to immobilize spent IERs because it is economical,
easy to process, and its alkaline chemistry ensures low solubility
for cationic radionuclides.'® However, its high porosity leads to
lower leaching resistance, and subsequently, the final waste
volume is significantly increased.®* Also, spent IERs can swell
by absorbing free water in the cement, which results in cracks,
poor mechanical strength, and corrosion in drums.>** Bitumen
has the advantages of volume reduction and a lower leaching
rate compared with cement, but the disadvantage of requiring
a high temperature thermal process during bituminization.>**
In the case of polymer waste form, the properties depend on the
type of polymer used to prepare the waste form (e.g., epoxy
resin, polyester, polystyrene). However, in general, it has high
compressive strength, thermal conductivity, and radiation
stability.* Cement can load less than 20% of IERs, however
polymer waste form can incorporate up to 50-60% of IERs.** In
this study, an epoxy resin, which is widely used to embed IERs
in France, was used for polymer waste form because polymeri-
zation process could occur in room temperature.

The final waste form must comply with the waste acceptance
criteria for compressive strength, leaching, immerion, thermal
cycling, and irradiation tests. Also, homogeneity of the solidi-
fying matrix as well as the waste distribution are the most
important properties for acceptance of waste forms in long-term
storage."” Various physicochemical properties including
density, porosity, permeability, compressive strength, radiation
damage, and thermal conductivity of immobilized waste can be
significantly varied in heterogeneous and homogeneous waste
matrices.

To the best of our knowledge, no study has investigated the
impact of homogeneous and heterogeneous polymer waste
forms on the leaching behavior of radionuclides. Herein, we
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used IERs contaminated with stable Cs and Co as surrogates of
37Cs and *°Co, respectively. In addition, ball mill ground IERs
(BG) and non-ground IERs (NG) were used to prepare homo-
geneous and heterogeneous waste forms, respectively. The
major objective of this work was to evaluate Cs and Co distri-
bution in the polymer waste forms using different analytical
techniques: laser-induced breakdown spectroscopy (LIBS);
scanning electron microscope-energy dispersive spectrometer
(SEM-EDS); and X-ray fluorescence (XRF) analyses. In addition,
leaching and compressive strength tests were conducted to
compare the effects of homogeneity and heterogeneity on final
waste forms. The obtained data revealed a significant impact of
homogeneity on the leaching behavior of Cs and Co, which
displayed an efficient leaching resistivity and immobilization
capacity of homogeneous waste form for both Cs and Co over its
heterogeneous counterparts.

Results and discussion

The average particle size of IERs was decreased from 527.6 to
53.4 pm after 5 h of ball mill treatment. The photographs of NG
and BG polymer waste forms are shown in Fig. S1(a and b),
respectively (ESI).t Both NG and BG polymer waste forms were
well prepared without cracking, even at 50 wt% IERs waste
loading. Fig. 1(a and b) show the distribution of Cs and Co,
respectively, in NG and BG polymer waste forms, from different
sections before leaching experiments. Fig. 1(a) presents the
distribution of Cs in the top, middle, and bottom sections of NG
(left) and BG (right) polymer waste forms; both waste forms
seemed to be homogeneous in a radial direction. The concen-
tration of Cs seemed to be negligible in both the top and middle
sections of the NG polymer waste form, whereas the intensity of
Cs was significantly increased in the bottom section, which
confirms the heterogeneous Cs distribution in a vertical direc-
tion. LIBS analysis for Cs intensity in the different sections of
BG polymer waste form displayed an approximately homoge-
neous distribution of Cs among all sections (top, middle, and
bottom), which in turn indicates that the ball mill grinding of
the IERs is necessary for the homogeneous distribution of Cs for
IERs in polymer waste forms.

The heterogeneity of NG polymers is likely to be caused by
the mass differences between IERs and polymer, with similar
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Fig. 1 2D mapping of the simulated NG and BG polymer waste forms
by LIBS analysis. Polymer waste forms were equally divided into three
sections: top, middle, and bottom for (a) Cs and (b) Co distribution.
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trends also being observed with respect to Co distribution
(Fig. 1(b)). Recently, Lin et al'® also reported an uneven
(heterogeneous) distribution of IERs in geopolymer waste form,
where they worked on the solidification of IERs using
metakaolin-based geopolymer binder. The authors observed
that the IERs were located only in the upper half of geopolymer
waste form. These results suggest that heterogeneity may occur
for the IERs without grinding in other waste form matrices as
well. LIBS analysis data for Cs and Co intensity in both NG and
BG polymer waste forms were also plotted as a distribution
chart with respect to different regions (top, middle, and bottom)
(Fig. S27). The results present similar trends as it has shown in
Fig. 1 for both Cs and Co distribution in different regions of NG
and BG polymer waste forms.

In order to evaluate the LIBS results for the distribution
(hetero/homogeneity) of Cs and Co in different sections of NG
and BG polymer waste forms, the samples were further char-
acterized using SEM-EDS elemental mapping and XRF analysis
(Fig. 2 and Table S1f). Both SEM-EDS and XRF provided
meaningful results with respect to Cs and Co distribution in the
solid waste matrices and showed almost similar trends to the
LIBS results. Fig. 2 presents SEM-EDS elemental mapping
results of the NG and BG polymer waste forms for C, S, Cs, Co,
and Cl elements. Nearly a unique (homogeneous) distribution
of both Cs and Co can be observed in all three parts of BG
polymer waste forms (Fig. 2(a-c)). Whereas, an uneven
(heterogeneous) distribution of Cs and Co elements can be
clearly seen in top, middle, and bottom parts of NG polymer
waste forms (Fig. 2(d-f)). Elemental mapping of NG polymer
waste form displayed almost negligible concentrations of both
Cs and Co in the top sections along with a minor presence of
both elements in the middle. However, their concentrations

Fig.2 SEM-EDS elemental mapping of the polymer waste forms for C,
S, Cs, Co, and Cl elements: (a—c) represent the elemental mapping for
BG polymer waste from top, middle, and bottom sections, respec-
tively; (d—f) display the elemental mapping for NG polymer waste from
top, middle, and bottom sections, respectively.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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were found to be highest in the bottom sections of the waste
forms.

The XRF analysis data are given in Table S1,T which firmly
corroborate the LIBS and SEM-EDS results. The concentrations
of both Cs and Co were not detectable or low concentration in
the top and middle parts of NG polymer waste form. However,
the bottom part has displayed the highest (approximately total)
concentration of Cs and Co, which indicates the heterogeneous
distribution of Cs- and Co-loaded IERs in polymer waste forms.
Interestingly, almost a uniform concentration of both Cs and Co
was seen in all three sections with respect to BG polymer waste
form. Overall, SEM-EDS and XRF data clearly support the
observations made by the LIBS analysis, which in turn confirms
the applicability and potential use of the LIBS technique for
hetero/homogeneity determination in solid waste forms.

To investigate the effect of heterogeneity and homogeneity
(waste distribution) on the immobilization capacity of NG and
BG polymer waste forms, leaching experiments of Cs and Co
from these waste forms were conducted up to 90 d. Fig. S1(c and
d)t show the photographs of NG and BG polymer waste forms
after 90 d of leaching tests, respectively. NG polymer waste form
demonstrated a heterogeneous appearance after leaching tests,
whereas BG polymer waste form remained intact and displayed
a homogeneous property even after 90 d of leaching. In order to
define their mechanical stability, compressive strength tests of
both NG and BG polymer waste forms were conducted before
and after leaching experiments, and the results are given in
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Table S2.7 The uniaxial compression tests were measured three
times before leaching and once after leaching. The compressive
strengths of NG and BG polymers before leaching were found to
be 111 and 100 MPa, respectively. BG polymer had a slightly
lower compressive strength than NG polymer; however, both
polymer waste forms showed remarkably elevated compressive
strengths, which were ~30 times higher than the acceptance
criteria for waste form of 3.44 MPa."” The compressive strengths
of NG and BG polymer waste forms decreased to 50 and 72 MPa
after 90 d of leaching tests, respectively. The mechanical
strength of NG polymer waste form significantly declined about
55%, whereas BG polymer waste form showed a decrement in
mechanical strength of about 28%, which clearly indicates the
superiority and suitability of BG polymer waste form over NG
polymer waste form.

The leachability index (LI) and the mean value of effective
diffusivity (D;) of both Cs and Co are summarized in Table S3.T
The LIss were calculated as 10.49 and 11.13 for NG and BG
polymer waste forms, respectively, whereas the LI, were found
to be 14.44 and 15.18 for NG and BG waste forms, respectively.
Both NG and BG polymer waste forms strongly satisfy the
requirements for waste form acceptance into the repository,
which stipulates that LI must be higher than 6 for Cs- and Co-
containing waste forms."™ Dermatas et al. reported that the
effective diffusion coefficients (D;) generally vary from 10> to
10~ cm? s7', where the smaller the number, the more
immobile." In the present study, the average values of D4 for
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Fig. 3 Leaching behavior of (a and c) Cs and (b and d) Co from NG and BG polymer waste forms. The data were collected up to 90 d (2160 h).
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NG and BG polymer were 4.56 x 10" ' cm®s™ ' and 7.76 x 10~ *?
cm?” s, respectively, while the average values of D¢, for NG and
BG polymer were 4.33 x 10~"* em” s and 4.23 x 10~ " ¢cm?
s, respectively. Therefore, both Cs and Co showed low effec-
tive diffusion coefficients compared with the previous study.?

Fig. 3 gives the cumulative fraction leached (CFL) for Cs and
Co leaching from the simulated NG and BG polymer waste
forms over the 90 d leaching period. Cs and Co released from
solidified matrices were more dominant in NG polymer waste
form. Total released amount of Cs and Co in NG polymer were
observed as ~3.4 and 4.8 times higher than those in BG polymer
waste form (Fig. 3(a and b)). To discuss the released mechanism
of Cs and Co, the data were also presented in square rooted time
versus total released amount.* Cs released amounts in both NG
and BG polymer waste forms were well fitted to the linear
correlation, with correlation coefficient (R*) values of 0.982 and
0.997, respectively, which reveals that the release-controlling
mechanism of Cs in polymer waste form was diffusion
(Fig. 3(c and d)).>*** Diffusion was also considered to control Co
release from NG and BG polymer (R*> = 0.604 and 0.972,
respectively). However, Co release from NG polymer can be
attributed to the wash-off effect followed by diffusion, as Co was
mainly released at the beginning of the leaching experiments.*
Generally, IERs affinity increases with an increasing charge and
atomic number, therefore, IERs strongly bonded with Co®*
rather than Cs*.® As a result, Co is expected to have less leach-
ability than Cs during long-term waste disposal. More impor-
tantly, we can propose that the BG treatment based waste forms
(which gives nearly uniform/homogenous distribution of
wastes) could be better alternative for long-term disposal of
nuclear waste, and hence, the immobilization of radionuclides
in the underground repository.

Conclusions

In summary, we have developed a facile approach for the
synthesis of a homogeneous epoxy polymer waste form using
a ball mill treatment method. The homogeneity tests for Cs and
Co in polymer waste forms were determined using LIBS anal-
ysis, which was further complemented by SEM-EDS and XRF
results. Cs and Co leaching experiments from BG polymer waste
forms revealed higher LIs for both Cs and Co compared with NG
polymer waste form. Overall, the BG treated waste forms (which
give nearly homogeneous distribution of wastes) could be better
for the immobilization of radionuclides in polymer waste form
for long-term disposal.
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