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Abstract

Solid-state NaOH treatment of montmorillonite clay was used to enhance the removal of Cs”
and Sr*". Through this facile and low-cost modification, montmorillonite with a large BET
surface area (117.1 m* g') and many surface functional groups (Si-O-Na), demonstrated
enhanced sorption kinetics (89% removal for 40 mg L™ Cs" and 23 mg L™ Sr*" in 1 h) with a
sorption capacity of 290.7 mg g for Cs” and 184.8 mg g™ for Sr*", greatly exceeding the low
sorption capacity (137.0 mg g for Cs" and 15.6 mg g for Sr*") of pristine montmorillonite.
SEM-EDS and XPS analyses revealed that Cs" and Sr*” were ion-exchanged with Na™ on the
surface functional groups formed following NaOH treatment. The performance of NaOH-
treated montmorillonite was stable following gamma-ray irradiation (at 6 Gy h™' for 30 min)
and across a broad range of pHs (3 to 11), exhibiting a high distribution coefficient (Kg) of
1.5 x 10° mL g'1 for Cs™ (1.58 mg L") and 3.7 x 10° mL g'1 for Sr** (1.64 mg L") under
groundwater conditions where various cations including Na®, K', and Ca®" (V/m = 1 L/g)
were present. The proposed method demonstrated great improvement of the sorption capacity

of an abundant and inexpensive montmorillonite.
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1. Introduction

Nuclear power remains an attractive energy source as leading nations begin to move away
from conventional non-renewables. While nuclear power accounts for a small fraction (~
9.7%) of the total electricity produced, the treatment of radioactive wastes has become an
emerging issue [1,2]. The concern was magnified following the Fukushima nuclear incident
in 2011, with the release of radionuclides creating a significant risk, and many countries
considering decommissioning their nuclear power plants [3]. Among the radionuclides
released, the most radioactive elements are Cs-137 and Sr-90. These radionuclides are fission
products of uranium and emit strong gamma rays and beta particles as well as causing long-
term damage to ecosystems due to their long half-lives of approximately 30 years, and high
mobility in aqueous environments [4—6]. The ion mobility in aqueous environments has
generated significant research interest, especially to develop methods to selectively separate

the radionuclides from ionic solutions (groundwater, seawater).

To treat radioactive wastewater several methods have been demonstrated such as co-
precipitation, evaporation/concentration, chromatography and adsorption/ion-exchange [7].
However, since the target radionuclides, Cs" and Sr2+, coexist in trace amounts in a
concentrated solution of competitive cations including Na”, K', and Ca®’, the sorption
method is often desired to process high volumes of wastewater leaving minimal waste for
packaging and landfill disposal. Considering the various adsorbents, organic molecular
adsorbents [8] or metal hexacyanoferrates [9—13] have shown high selectivity for specific
ions such as Cs'. However, due to stability issues of the organic-based materials, there

remains a concern about long-term storage of the adsorbent. Titanosilicates [14,15] or metal
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sulfides [16,17], which are relatively stable inorganic adsorbents for radiation and heat, have
been developed and attracted attention. However, these materials are still being developed for
the application of large-capacity treatments due to insufficient ion selectivity or complex

production processes.

Alternatively, natural clays are readily abundant and inexpensive, demonstrating reasonable
ion exchange capacity [18]. Specifically, montmorillonite clay (MT) having an expandable
layered structure has received significant attention owing to its high cation exchange capacity
[19,20]. A unit layer of MT is composed of an octahedral AlO¢ sheet sandwiched between
two tetrahedral SiO4 sheets, with numerous exchangeable cations such as Na', Mg2+, Ca2+,
and Fe*, existing between the negatively-charged unit layers [18,19,21]. The interlayer
spacing is approximately 3.3 A and can be swelled in aqueous environments [22]. The
selective sorption of Cs' through the size-sieving effect of the interlayer spacing has been
demonstrated, with several attempts to improve separation efficiency by composite
formations using carbon, chitosan, or magnetic particles [18,22,23]. Nevertheless, when
compared to recently developed sorbents, MT exhibits low capacity and selectivity especially
for Sr**, so it remains difficult to capture both Cs"and Sr*', and currently is less attractive

than other sorbents [24,25].

In the current study, microporous montmorillonite with an abundance of sorption sites was
prepared by a facile and low-temperature thermal activation using solid-state NaOH. This
simple solvent-free process increased the MT sorption capacity for both Cs* and Sr*".

Crystallinity, porosity, and functionality of the NaOH-treated MT was controlled by varying



the NaOH concentration in the thermal reaction. The Cs™ and Sr** sorption mechanism of
NaOH-treated MT was determined by XPS analysis, with the sorption capacity, sorption

kinetics, pH and radiation stability, demonstrated for the NaOH-treated MT.

2. Experimental
2.1. Materials and Methods

Montmorillonite (MT) was purchased from Alfa Aesar and sodium hydroxide (NaOH)
obtained from Junsei Chemical. 1.5 g of MT was ground and mixed with solid form of NaOH
at different weight ratios of NaOH to MT: 0.5 (NaMTO0.5), 1 (NaMT1), and 2 (NaMT2). The
mixture was heated to 300 °C (5 °C min™) and maintained at 300 °C for 1 h under a flow of
nitrogen (50 mL min™). The mixture was then naturally cooled to 130 °C before quenching
the system by adding deionized water to the mixture to facilitate the preservation of the Na-
functionalized surface [26]. All the sorbents were washed several times with deionized water
to remove unreacted NaOH and impurities. Finally the products were dried in an oven at

80 °C.

2.2. Characterization

Scanning Electron Microscopy (SEM, Hitachi SU8230 at 2-5 kV) coupled with an energy
dispersive X-ray spectrometer (EDS) was used to characterize the morphology and elemental
composition of the prepared samples. High resolution images of the samples were taken using
a Transmission Electron Microscope (TEM, JEOL JEM-2100F at 200 kV). Nitrogen

adsorption—desorption isotherms at 77 K were measured using a Micromeritics 3 flex after
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the samples were degassed under high vacuum at 110 °C for 12 h. The specific surface area
was determined by the Brunauer—Emmett—Teller (BET) method. The pore size distribution
was determined from a non-local density functional theory (NLDFT) method. X-ray
diffraction (XRD) was conducted on a RIGAKU, Smartlab with Ka (1 2 0.15406 nm), set at
45 kV and 200 mA. Fourier transform infrared (FT-IR) spectra were measured with an
attenuated total reflectance (ATR) crystal on a Nicolet iS50 (400 — 4000 cm™). X-ray
photoelectron spectroscopy (XPS) was performed using a Sigma probe (Thermo VG
Scientific) to analyze the chemical bonds. The XPS peaks were fitted using the Avantage
software (Thermo VG package), and the binding energy corrected with reference to C 1s at

284.5 eV.

2.3. Sorption experiments

Cs" and Sr*"sorption by the prepared sorbents was evaluated using a batch-shaking method.
Each powder-form sorbent was immersed in CsCl or SrCl, aqueous solutions at a sorbent/
solution ratio of 1 g L'. The mixture was continually agitated at 200 rpm and 25 °C. After a
pre-determined time the sorbent was isolated from the sorbate solution using a syringe filter
of pore size 0.45 um. The initial and final ion concentrations were measured using an

inductively coupled plasma mass spectrometer (ICP-MS, Agilent ICP-MS 7700S).

Sorption kinetics were determined by immersing (mixed) 20 mg of sorbent in 20 mL of Cs"
(40 mg L") or Sr*" (24 mg L") solution for varying times between 10 and 2880 min. At

regular time intervals the Cs™ and Sr*" concentrations were analyzed using ICP-MS. The



sorbed ion quantity, Q; (mg g"), and the removal efficiency, RE (%), were determined using

the following relationships:

Qt=(Co—C) XV/m (1

RE = (Cy — C;)/Cy % 100 (%) )

where Cy (mg L) is the initial ion concentration, C, (mg L) the ion concentration after time

t (min), V' (L) the volume of solution, and m (g) the mass of sorbent.

For each prepared sample the sorption isotherm was determined for both Cs”and Sr** by
agitating the sorbent in 20 mL solutions of varying concentrations (4 mg L and 1000 mg L™)

for 24 h. The solids were then filtered and the final ion concentration (C,, mg g"') measured.

The pH stability of NaMT1 was evaluated by immersing 20 mg of NaMT1 in 20 mL solution
containing both Cs* (14.3 mg L") and Sr** (13.1 mg L) at various pHs between pH 2 and 13
for 24 h. HCI and NaOH were used to adjust the pH, and the initial pH of the solution was
measured using a S220 digital pH meter (Mettler Toledo). The final ion concentrations were

again determined using the previously described method.

Cs" and Sr*" selectivity was evaluated by immersing the sorbents in simulated groundwater
containing both Cs™ (1.58 mg L") and Sr** (1.64 mg L™). 20 mg of the sorbent was added to

20 mL groundwater and shaken for 24 h. The final ion concentrations were measured, and the



removal efficiencies determined using Eq. (2).

3. Results & Discussion
3.1. Textural characterization

The solid phase reaction of MT and NaOH creates micropores via desilication, as illustrated
by the proposed mechanism in Fig. 1. The reaction involves deprotonation of surface SiOH
groups by NaOH and sequential Si—O bond cleavage [27,28]. The resulting morphology
transformation was observed by SEM (Fig. 2). Pristine MT exhibited a plate-like and smooth
surface structure as shown in Fig. 2(a). However, the surface progressively roughened by the
reaction with NaOH, with the roughness increasing with the ratio of NaOH to MT (Fig. 2(b)-
(d)) [28]. In addition, Figs. 2(c) and (d) clearly show the porous structures of NaMT1 and
NaMT?2, respectively. TEM images of NaOH-treated MTs (Fig. S1) verified the porous

surface structures. The observed pore size using TEM appears smaller than a few nanometers.
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Fig. 1. Representation of NaOH treatment of montmorillonite

The elemental composition of MT following NaOH treatment was determined by SEM-EDS
(Table 1). For pristine MT the atomic percentage of Na was 1.76 at%. However, the atomic
percentages of Na following the described reaction were approximately 10 at% and almost
independent of the NaOH concentration. In addition, the ratio of Si to Al tended to decrease
with the increasing NaOH/MT ratio, with the Si/Al ratio being the lowest at 1.26 for NaMT?2.
SEM imaging and elemental analysis indicated that the silicon was mainly etched away by
the base treatment as shown in Fig. 1, therefore it can be speculated that Na" predominantly

interacts with Si-O” through ionic interactions and exists around the etched pores.



Table 1. Composition analysis by SEM-EDS.

Sample Si/Al Na/Al Na at%

MT 2.500 0.217 1.76

NaMTO0.5 2.173 1.340 10.08
NaMT1 1.540 0.924 10.20
NaMT2 1.257 0.915 10.45

Fig. 2. SEM images of (a) pristine MT, (b) NaMTO0.5, (c) NaMT]1, and (d) NaMT?2.

The porosity of the sorbents was precisely measured by nitrogen adsorption/desorption (Fig.

3(a)). The textural properties such as specific surface area and total pore volume obtained
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from N, adsorption are summarized in Table 2. The BET surface area of MT was 30.51 m* g”!
with a total pore volume of 0.093 cm’ g, with NaMT0.5 exhibiting a reduced BET surface
area (16.55 m” g) and total pore volume (0.069 cm’ g), a value slightly lower than MT due
to the inadequate activation effect and collapse of interlayer structure of MT following heat
treatment. The isotherms of NaMT1 and NaMT2 were distinctly of type IV shape with a
sharp uptake of adsorbed N, at low relative pressure (p/po < 0.1), and an obvious hysteresis
loop at higher pressure (0.45 ~1.0 p/po). The BET surface areas of NaMT1 and NaMT2 were
117.13 m? g and 128.99 m? g, respectively, greatly increased when compared to MT. The
higher surface area corresponds to the increase in total pore volume with NaMT1 and NaMT2
exhibiting total pore volumes of 0.31 cm® g and 0.37 cm® g”', respectively. The NLDFT pore
size distributions confirmed the micro- and mesoporous characteristics of the prepared
sorbents (Fig. 3(b)). It is clearly shown that micropores, whose pore widths are smaller than 2
nm, were created in NaMT1 and NaMT?2, thus confirming the formation of micropores by the
silicon etching process. It can therefore be inferred that sorption sites were created due to the

greatly enlarged surface area.

Table 2. N, adsorption-desorption.

Sample SBET (m2 g'l) Vo (cm3 g'l)

MT 30.5097 0.093188
NaMTO0.5 16.5474 0.069099
NaMT1 117.1306 0.315430

NaMT2 128.9942 0.366995
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3.2. Chemical characterization

XRD measurements were performed to observe changes in the MT structure following NaOH
treatment (Fig. 4(a)). MT exhibited characteristic peaks at 26 = 6.8°, 8.7°, 19.7°, 20.7°, 21.1°,
27.5°,34.7°, 39.3°, and 46.2°, in good agreement with the reference peaks of MT (PDF #00-
012-0204), and the peaks of quartz at 26.5° and 36.4°. The characteristic peak of the (001)
reflection of MT appeared at 6.8°, indicating a basal plane spacing (dpp;) of 1.29 nm.
Considering the thickness of a single MT layer is ~9.6 A, the interlayer ion-exchangeable
spacing is approximately 3.3 A [18]. However, the (001) peak disappeared following the
etching of silicon and excess insertion of Na' and surface activation, suggesting layer
exfoliation and diminished regularity of the lamellar structure. Also, as the NaOH/MT ratio
increased, the overall peak intensities tended to decrease, indicating that the activation
process led to an amorphous phase by inducing the desilication and the formation of Si-O-Na

functional groups in the clay structure.
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Fig. 4. (a) XRD patterns, (b) FT-IR spectra of MT, NaMT0.5, NaMT1, and NaMT?2.
XPS spectra of (¢) Si 2p peak and (d) O 1s peak for MT and NaMT]1.

The functional groups prior to and following the NaOH treatment process were analyzed
using FT-IR. Fig. 4(b) shows that MT has characteristic peaks of O-H stretching (3400-3650
cm'l), O-H deformation of water (1632 cm'l), Si-O stretching (1117 cm™ and 985 cm™), Al-
OH-Al deformation (913 cm™), Si-O stretching of quartz (796 cm™), Al-O-Si deformation
(513 cm™), and Si-O-Si bending (400 cm™) [29]. Following NaOH treatment, the peaks at ~
1630 cm™ and 3400-3600 cm™ diminished owing to dehydration during the high-temperature
reaction. In addition, the MT peak at 513 cm'l, which corresponds to AI-O-Si deformation,

disappeared following bond cleavage during the reaction with NaOH, and a peak at 685 cm™
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was produced due to the formation of an out-of-plane amorphous Si-O [30]. The data is
consistent with the XRD analysis, and it can be deduced that the surface functionality was

generated during the base treatment.

XPS was used to validate the effect of desilication on the chemical environment. As shown in
Fig. 4(c), the Si 2p core level characteristic peak of NaMT1 (102.4 eV) shifted to a lower
energy than that of MT (103.23 eV). The shift relates to the silicon etching process, which
reduces the positive cluster SiO; in silicon-alumina structures as indicated in zeolite and clay
materials [31]. As a result, the Si 2p core level characteristic peak negatively shifted the core
electron binding energy of Si element. O 1s characteristic peak of NaMT]1 also shifted to a
lower energy following NaOH treatment, and it could be clearly deconvoluted into two
Gaussian peaks (531.33 eV and 532.47 eV), unlike MT (532.33 eV) (Fig. 4(d)). This result is
likely due to the etching effect of positive cluster SiO; as seen in the Si 2p spectrum shift, and
the formation of surface Al,O3 and surface SiO, [32]. Considering the MT structure, whose
alumina sheet is sandwiched between silica sheets, it is possible to expect that the surface-

exposed oxygen functionality has increased as confirmed by FT-IR analysis (Fig. 4(b)).

3.3. Cs"and Sr*" Sorption

The sorption equilibrium isotherms were used to compare the prepared sorbents affinity for
Cs" and Sr*". The concentration of ions removed was simply determined by measuring the
initial and final solution concentrations after 24 h contact. Fig. 5 shows the sorption

equilibrium data with isotherms fitted using the well-known non-linear Langmuir equation:
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Fig. 5. Sorption isotherms of (a) Cs" and (b) Sr*" for MT, NaMT0.5, NaMT1, and
NaMT?2 with Langmuir fits shown by the solid lines.

As shown in the Fig. 5(a) and Table 3 (the Langmuir isotherm parameters for Cs™ sorption
obtained using a linear regression), MT exhibited the lowest sorption capacity (137.0 mg g'l)
and affinity coefficient b (4.74 L g') among all prepared sorbents. The NaOH-treated MTs
showed largely improved Cs’ sorption with respect to capacity and affinity, with the sorption
capacity increasing in the order of NaMTI (290.7 mg g') > NaMT2 (219.8 mg g') >
NaMTO0.5 (163.1 mg g"). Also, the sorption equilibrium data for Sr*" indicate that the MT
showed poor uptake for Sr**, most likely relating to the large hydrated ion size of St*" (> 4 A)

compared to the interlayer spacing of ~3.3 A [33]. However, the prepared sorbents (NaMTs)
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showed much improved Sr*" capacities, almost equivalent to that of Cs”, with the NaMT1
and NaMT2 samples producing a maximum sorption capacity of 184.8 mg g’ and 156.7 mg
g, respectively. Therefore, NaOH treatment of MT not only greatly improved the sorption
performance for Cs’, but also enabled significant sorption of Sr*". Moreover, NaMT1
exhibited the high maximum sorption capacity compared to other sorbents (Table 4),
presumably a result of the well-generated surface functionality and properly collapsed

crystallinity. As such, further sorption analysis was focused on NaMT1.

Table 3. Sorption parameters obtained using the Langmuir equation.

Cs" sorption Sr** sorption

Sorbent  Qm(mgg') b@Lg) R Qm(mgg") bLg) R

MT 136.99 4.741 0.67 15.55 - 0.87
NaMTO0.5 163.13 6.358 0.88 129.87 14.52 0.95
NaMT1 290.70 13.040 0.96 184.84 27.10 0.97
NaMT2 219.78 16.132 0.93 156.74 81.50 0.995

Table 4 Cs" and Sr*" sorption capacities for clay-based sorbents.

Target ions Sorbent Qm (mg gh) Reference

Cs’ Na-treated MT (NaMT1) 290.7 This work
Chitosan-grafted magnetic MT 160.8 [23]
Phosphate-modified MT 57.0 [24]
Ethylamine-modified MT 80.3 [34]

Sr*" Na-treated MT 184.8 This work
Phosphate-modified MT 13.3 [24]
APTES-MT 54.5 [35]
MnO,-coated MT 24.6 [36]
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The sorption mechanism of NaMTI1 and MT was further explored by XPS analysis of
samples prepared by mixing 20 mg in either 20 mL of 500 mg/L Cs” or Sr** for 24 h. As
shown in Figs. 6(a) and (b), positions of the Si 2p and O 1Is peaks of MT did not shift
following sorption, indicating that ion-exchange with interlayer ions did not change the
binding energies of the core electrons of Si and O. However, for NaMT1 the binding energies
were shifted to lower energies for both Si 2p and O 1s following Cs" sorption (Figs. 6(c) and
(d)), since cesium has a lower electronegativity than sodium. In the case of Sr*" exchange
with Na" in NaMT1, the electronegativity of strontium is similar to that of sodium, hence the
Sr*" sorption did not shift the binding energies of Si and O [37]. Thus for NaMTs, ion
exchange occurred via the chemical interaction at the Si-O-Na surface functional groups.
Based on the XRD data it was shown that NaMT1 exhibited a higher crystallinity than the
more amorphous NaMT2 sample (samples exhibited similar sodium atomic percentages),
which may contribute to the enhanced performance (Cs™ sorption) of NaMT1, since ion

exchange can also occur via the NaMT]1 lattice ions.
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Fig. 6. XPS spectra of (a) O 1s peaks and (b) Si 2p peaks for MT, Cs'-exchanged MT, and

Sr**-exchanged MT, and (c) O 1s peaks and (d) Si 2p peaks for NaMT1, Cs*-exchanged
NaMT]1, and Sr*"-exchanged NaMT1.

Sorption kinetics were evaluated to determine the removal rates of MT and NaMT1 for Cs"
(Co: 40 mg L") and Sr*" (Co: 24 mg L"). The data was fitted using a pseudo-second order
model, which is often used in chemisorption-based processes to quantify and compare the

kinetics of ion-exchange. The linearized model equation is expressed as:

t 1 t

o mete @

where O, (mg g) is the sorbed amount of Cs™ or Sr*" at time ¢ (min), Q, the sorption capacity
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at equilibrium (mg g), and 4, (g mg" min™) the rate constant parameter. In addition, the

initial sorption rate ¥, (mg g”' min™) was calculated as follows:

Vo =k, Q¢ (5)

Fig. 7 shows the removal efficiency as a function of time, and Table 5 summarizes the kinetic
data and fitting parameters. As shown in Fig. 7(a) Cs' sorption, pristine MT did not remove
all Cs" due to insufficient affinity, but NaMT1 removed ~90% in one hour and 98% at
equilibrium. For Sr*" removal (Fig. 7(b)), similarly, MT did not remove all Sr*" due to a low
affinity, but NaMT1 removed ~90% Sr*" in one hour and approached equilibrium in two
hours. NaMT1 showed fast sorption for both Cs” and Sr*" thus making the prepared samples
useful for practical applications. As shown in Table 5, comparing the initial sorption rates of
NaMT1 and MT, the V), values of NaMT1 were greater than MT for both Cs"™ and Sr*'
sorption. Thus, the sorption rate performance was largely improved along with the ion
exchange capacity. Such improvements can be associated to the morphological transition,
increasing the material porosity to enhance accessibility of Cs™ and Sr*" ions to the active

sites.

The diffusion-controlled model was also considered to analyze the sorption kinetics by the
porous material. The sorption of Cs™ and Sr*" from solution by the sorbent can be roughly
divided into two steps: (i) external and intra-particle diffusion of sorbate and (ii) attachment
of the sorbate on the sorbent surface [38]. The intra-particle diffusion model equation is given

as:

1

Qc = kit +C ©
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where ki (mg ¢! min™?) is the diffusion rate constant and C is a constant that represents the

thickness of the boundary layer.

Figs. 7(c) and 7(d) show Q, versus " of MT and NaMT]1 for Cs* and Sr** sorption. The data
was divided into two parts and fitted using the diffusion-controlled model. The two linear
regions represent the multi-stages of the sorption process (external and intra-particle diffusion)
which relates to the first linear region, and sorption on the surface interior active sites which
relates to the second region. Particularly, for both Cs™ and Sr** sorption NaMT1 indicated

steeper slopes than those of MT, suggesting the faster intra-particle diffusion of NaMT1

following the NaOH treatment.
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Table 5. Pseudo-second order kinetic model parameters for MT and NaMT 1.

Cs' sorption Sr** sorption
Sorbent k2 Qe V0 ) k2 Qe V0 )
14 1 14 R 14 1 14
(gmg mn) (mgg) (mgg min) (gmg mn)  (mgg)  (mgg min)
MT 191 x10°  24.49 1.15 0.98 530 x 107 24.43 3.16 0.95
NaMT1 143 x107  36.30 18.84 0.98 5.72 % 107 33.89 6.57 0.93

The sample stability and sorption performance of NaMT1 was evaluated in different pH
conditions. Each solution contained both Cs" and Sr2+, and the initial concentrations were
143 mg L™ and 13.1 mg L™, respectively. Greater than 95% of cesium and strontium were
removed simultaneously across a broad pH range, pH 3 ~ 11 (Fig. S2). However, sorption
significantly diminished in strong acidic conditions (pH 2) due to the interference of H'. In
strongly basic conditions > pH 11, the Cs" removal performance diminished, which can be
attributed to the competition effect between Na* and Cs”. However, Sr*" removal efficiency
remained high, a result of less interference of the monovalent Na* with the bivalent Sr**, but
the Sr** removal efficiency was possibly overestimated due to the precipitation effect of Sr**

in basic conditions [39] .

Studying the sorbent potential to simultaneously remove Cs™ and Sr*" ions from a realistic
solution, the performance was quantified using the distribution coefficient K, (mL g):

_ V(G =Co)
mC,

(7)

d
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where Cy and C, are the initial and equilibrium concentrations of Cs™ and Sr*" (mg L),

respectively, V the volume of the sorbate solution (mL), and m the mass of the sorbent (g).

The realistic solution was wastewater simulating groundwater, and the concentrations of
competitive ions were: Na™: ~145 mg L', K1 ~230 mg L', Ca®": ~25 mg L. After
dissolution of Cs" and Sr*" by 1.58 and 1.64 mg L', respectively, the sorption results were
determined after 24 h. The removal efficiency of MT was less than 20% for both Cs* and Sr**
(Table 6), hence, MT did not demonstrate capability to selectively remove trace amounts of
target ions. However, NaMT1 and NaMT2 exhibited selective removal efficiency much
higher than MT. Specifically, NaMT]1 removed ~ 60% of Cs* and ~ 80% of Sr*", with the
obtained K, values given in Table 6 showing a substantially larger selectivity in the order of
10°. Thus, the simple NaOH treatment not only increases the number of ion-exchangeable
sites in the clay structure, but also facilitates selective removal of trace amounts of Cs’ and

+ .. . . .
Sr** from a competitive ion-rich environment.

Table 6. Cs™ and S’ removal efficiencies and K4 values from groundwater.

Cs' sorption (Cop: 1.58 mg L™) Sr** sorption (Co: 1.64 mg L)

Sorbent Removal (%) Kq(mL g™) Removal (%) Kq(mL g™)
MT 17.84 2.11 x 10 10.12 1.09 x 10
NaMTO0.5 37.21 6.11 x 10 40.16 6.92 x 10°
NaMT1 60.51 1.52 x 10° 79.22 3.77 x 10°
NaMT2 53.78 1.16 x 10 86.78 6.53 x 10°

23



To evaluate the sorption performance in radioactive wastewater, the sorbents were exposed to
gamma ray radiation, with sorption experiments conducted using irradiated MT and NaMT 1
(irradiated using a gamma ray " Cs source at room temperature (6 Gy h™' for 30 min)). In a
prepared solution of Cs” (14.9 mg L) and Sr** (15.5 mg L"), NaMT1 removed 87% of Cs"
and 92% of Sr*", with corresponding distribution coefficients in the order of 10°~10%, which
does not deviate too much from the performance of the non-irradiated NaMT1 (Table 7).
Such testing demonstrates that the sorption sites of NaMT1 were not significantly degraded
by radiation, highlighting their potential for use in radioactive wastewater.

Table 7. Simultaneous Cs" and Sr*" removal efficiencies and K 4 values using gamma ray-

irradiated sorbents.

Cs' sorption (Cy: 14.89 mg L")  Sr** sorption (Co: 15.49 mg L™)

Sorbent  Removal (%) Kq(mL g™) Removal (%) Kq(mL g™)
MT 17.62 2.20 x 10° 52.84 1.15x 10°
NaMT1 86.98 6.68 x 10° 92.38 1.21 x 10*

4. Conclusions

The ion-exchange capacity of MT for Cs™ and Sr*” in aqueous solutions was greatly enhanced
by the facile solid-state NaOH treatment. Following desilication the crystallinity of MT
reduced, while the surface functionality of Si-O-Na increased, producing micropores to
form a sample (NaMT1) with a large BET surface area and total pore volume (117.13 m?/g

and 0.315 cm® g'). From the Cs™ and Sr*" sorption kinetic experiments, NaMT1 exhibited
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fast removal performance reaching equilibrium within 1 h. At equilibrium MT exhibited a
sorption capacity of 137.0 mg g and 15.6 mg g’ for Cs" and Sr*", respectively. However,
following NaOH treatment, NaMT]1 exhibited an enhanced sorption capacity of 290.7 mg g’
and 184.8 mg g for Cs™ and Sr*", respectively. XPS analyses revealed that the sorbate was
exchanged with sodium via chemical interaction at the surface functional sites, which greatly
increased the sorption capacity and affinity for Cs™ and Sr*". Moreover, NaMT1 showed
excellent pH stability in the range pH 3 to 11, along with radiation stability. Cs™ and Sr*" ion
removal from groundwater including various dissolved salts was improved compared to MT,
demonstrating high specificity for the target ions. The proposed treatment process has been
shown to substantially enhance the removal efficiency of Cs™ and Sr*’, and due to its

simplicity and low cost, is a promising sorbent to decontaminate environments.
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