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ABSTRACT: The elimination of trivalent minor actinides
(Am*, Cm®") is of great concern for the safe management
and operation of nuclear waste geological repository and
environmental remediation. However, because of the
effects of protonation, most of the present sorbents exhibit
inferior removal properties toward minor actinides at low
pH values. Finding stable ion-exchangers with high
sorption capacities, fast kinetics, and good removal toward
minor actinides from highly acidic solution remains a great
challenge. This work reports a new family member of KMS
materials with a robust acid-stable layered metal sulfide
structure (KInSn,S,, KMS-S) bearing strong affinity
toward trivalent minor actinides. KMS-5 can simulta-
neously separate trivalent **Am and ?Eu from acidic
solutions below pH 2 with high efficiency (>98%). The
ion-exchange kinetics is extremely fast (<10 min) and the
largest distribution coeflicient is as high as 5.91 X 10* mL/
g. KMS-$ is also capable of efficiently removing **'Am
from acidic solution containing various competitive cations
in large excess. In addition, the ion exchange process of
*1Am by KMS-$ is reversible and the loaded material can
be easily eluted by high concentration of potassium
chloride. This work represents the first case for efficient
minor actinides removal from highly acidic solution using
layered metal sulfide materials.

he environmental issues associated with the development

of nuclear power are of great concern due to the high
radiotoxicity of used fuels." Minor actinides (Am, Cm) are the
predominant remaining long-term, radiotoxic elements after
recycling uranium and plutonium by the PUREX (plutonium
and uranium extraction) process, which will pose potential
long-term risk to the environment.” One optional strategy
entitled partitioning and transmutation (P&T) seems promis-
ing to first separate minor actinides from high level liquid waste
(HLLW) and then transmute them into stable or low radiotoxic
radionuclides by accelerator driven subcritical system (ADS).”
It is beneficial for the management and operation of geological
repositories because it minimizes the radiotoxicity, volume, and
heat load of nuclear waste.
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The separation of minor actinides is an essential step to allow
transmutation. Most of the separation processes” are developed
on the basis of solvent extraction principle and have common
disadvantages such as large amounts of (toxic, volatile) organic
solvent usage, third phase formation, radiation decomposition
of solvents, and large volumes of secondary radioactive waste.
Solid extraction materials such as sorbents or ion exchangers
can overcome these disadvantages,5 while holding the merits in
separation minor actinides from HLLW. In addition, sorption
or jon exchange methods can be efficient, simple, low-cost
processes, particularly suitable for removing contaminated
minor actinides at low levels and point-of-use applications.®

Sodium titanates’ and Zr/Sn phosphates/phosphonates® as
well as recently emerging inorganic sorbents such as carbon
nanotubes,” functional mesoporous silica,'’ graphene oxide,"'
and porous aromatic framework (PAF)'* have been reported to
have high affinity toward americium. However, in highly acidic
solutions (pH < 2), these sorbents exhibited very low uptake.
For example, Long et al.'’ reported a carboxylic acid-
functionalized PAF, BPP-7 (Berkeley Porous Polymer-7), for
extraction of actinides from aqueous mixtures. This sorbent
showed high sorption ability toward Am** with a distribution
coefficient (K;) of ~5 X 10°> mL/g at pH 2.5—4.0, whereas the
K4 value falls to only 20 mL/g at pH 1.5. Graphene oxide can
achieve nearly complete removal of Am®" at pH 3—11, but the
uptake deceases considerably at lower pH with only around 5%
removal at pH 1.5."" One should bear in mind that most of the
HLLW is highly acidic and the resulting polluted water by
nuclear accidents will also be acidic. Thus, seeking stable
materials with high sorption capacities, fast kinetics, and good
selectivity toward trivalent minor actinides in highly acidic
solution remains a great challenge.

Previously, we have confirmed that layered metal sulfides
exhibited exceptional ion exchange properties toward Cs, Sr?,
UO,?, rare earth elements, and heavy metals."> However,
similar to other sorbents, the low uptake at low pH is still a
problem for these materials. For example, K, .Mn Sn; S¢
(KMS-1) achieves ~100% uranium removal at pH 3—9 in
contrast to only ~35% capture at pH 2."*° In this work, we
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replace divalent Mn>* (KMS-1)"** and Mg?* ions (KMS-2)"*
with trivalent In** to obtain a new family member of KMS
materials, KInSn,S4 (KMS-5), for minor actinides capture from
highly acidic solution. The introduction of indium with higher
charge makes KMS-5 more stable toward acid and resistant to
the competitive proton exchange. Even at pH 1, the removal of
2 Am still reaches as high as 97% with Ky > 10* mL/ g. This
work represents the first case for efficient trivalent minor
actinides removal from highly acidic solution using layered
metal sulfide materials.

The KMS-S ion exchanger was prepared by a high
temperature solid-state reaction at 800 °C with K,CO;/K,S,,
In, Sn, and S as raw materials (see SI). The obtained KMS-S is
a golden yellow-like compound (Figure lab) and SEM image
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Figure 1. Morphology and structure of KMS-S. (a, b) Typical photos,
(c) SEM image, (d) EDS mapping, (e) layered structure viewed down
the c-axis, and (f) polyhedral representation of the typical layers along
the c-axis. The purple, yellow, green colors denote Sn/In, S, and K,
respectively.

shows it is flaky with a size of hundreds of micrometers (Figure
lc). EDS mapping (Figure 1d) and ICP-OES measurements
confirm that KMS-S is composed of K, In, Sn, and S elements
and the formula is determined as KInSn,S4 (Figure S1). Single
crystal diffraction shows that KMS-5 is a typical layered
structure (Figure 1d,e) in the space group of R3m with a unit
cell of a = b = 3.6803(1) A, ¢ = 26.1276(16) A (Table S4). The
layer is constructed by (In/Sn)S¢ octahedra with In and Sn
atoms occupying in the same position. The disordered K in
the gallery to balance the charge can be facilely exchanged by
other metal ions. The purity of KMS-S phase was confirmed
with powder X-ray diffraction (Figure S2).

To evaluate the capture ability of KMS-S toward trivalent
minor actinides and its potential for HLLW treatment and
environmental remediation, **Am and ?Eu ion-exchange
kinetics, capacity, acid-stability as well as pH effect on the
exchange properties were performed at room temperature. The
concentrations of **Am and '*?Eu were measured by liquid
scintillation counting (LSC)."* The **'Am ion-exchange
kinetics of KMS-S was conducted with initial concentration
of 4264 cpm/100 uL (~5 X 107> ppm) at a liquid—solid ratio
(V/m) of 1000 mL/ g and pH 2. As shown in Figure 2a, the
concentration of **Am in the aqueous solution decreases
rapidly as the contact proceeded. At initial 5 min, the
concentration of **'Am is reduced to 476 counts, correspond-
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Figure 2. (a) Sorption kinetics of *Am by KMS-5 at pH 2. (b)
Stability of KMS-5 after immersed in aqueous solution with different
pH values (0—6) for 24 h as demonstrated by PXRD patterns. (c)
Effect of pH (0.5—5) on the distribution coefficients of **'Am and
2By, (d) Sorption isotherm of Eu** by KMS-S at pH 2 as a function
of metal concentration (S—675 ppm).

ing to ~90% removal. After only 10 min, the jon-exchange
process reaches an equilibrium with ~98% removal. These
results show that KMS-S can capture **Am from an acidic
solution very fast. By contrast, the sorption of Am>* onto BPP-
7 does not reach equilibrium within 180 min.'” The uptake of
Am** by sodium titanate reaches steady-state only after 120
min.” The ultrafast ion-exchange kinetics can significantly
decrease the contact time between the sorbents and radioactive
solution, lowering the damage induced by radiation and
eliminating the releasing risk on an accidental emergency
occasion.

To confirm the stability of KMS-S in acidic solution, we
immersed 10 mg of KMS-5 crystals in 10 mL of aqueous
solution with different pH values in the range of 0—6 adjusted
by HNO; for 24 h. As shown in Figure 2b, the PXRD patterns
of immersed materials in the range of 2—6 are almost the same
as the pristine KMS-S crystals, which indicates that KMS-$S
could hold its original crystal structure over this pH range. At
pH 1, the proton starts to competitively exchange with K™ and
the KMS-5 materials are completely transformed into its
corresponding H-type structure at pH 0 (Figures 2b, S3, and
S4). SEM images (Figure SS) show that the interlayer became
swollen. Despite this, the layered structure still survives even at
pH = 0. In addition, the ICP measurements show that the
maximum indium concentration in aqueous solution at pH = 2
was 2.11 ppm, corresponding to 1.07% of the mass dissolved
from KMS-5 (Table S2), which also indicates that KMS-S is
very stable under our experimental conditions.

The effect of pH values varying from 0 to S on the removal of
*Am and "*Eu by KMS-5 was studied at a liquid/solid ratio of
1000 mL/g. In the entire pH range tested, all the K values of
*'Am and '**Eu are above 10° mL/g (Figure 2c and Table S5).
Particularly, the capability of KMS-5 to capture **'Am and
>?Eu from strongly acidic solution is impressive. The K, value
of *'Am at pH 2 is 5.91 X 10* mL/g (~98.3% removal) and it
is 2.79 X 10* mL/g (~96.5% removal) at pH 1. Even at pH 0.5
(~0.32 mol/L HNO;), it still has a removal percentage of
*Am with 51.5% (K; ~ 1.06 X 10> mL/g). Such high K,
values reveals a remarkable attraction Am** and Eu** toward
KMS-5. By comparison, the Ky values of Am*" by monosodium
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titanate,” cerium vanadate,’> and functional mesoporous
silica'”® are lower than 100 mL/g at pH 1 (Table $6). Though
Zr/Sn(IV) phosphonates® shows extremely high affinity toward
Am** at pH 3, the K, values are greatly decreased to <10°> mL/g
at pH 1. Due to competitive protonation, the uptakes of Am**
onto BPP-7'” and graphene oxide'' are also extremely low
under strongly acidic condition. In addition, the separation
properties of *Am and "?Eu by KMS-5 are almost the same,
indicating that KMS-5 has no selectivity toward **'Am even
having soft sulfur donors. However, it still can be applied in the
simultaneous separation of trivalent minor actinides and
lanthanides from HLLW and the environmental remediation
of trivalent actinide-contaminated acidic water.

Considering **'Am and *?Eu exhibit similar uptake behaviors
by KMS-5, we use stable Eu** to simulate Am*" for obtaining
the ion-exchange capacity to avoid the use of large amounts of
Am®" with extremely high radioactivity. The ion-exchange
capacity equilibrium as a function of Eu®* concentration was
performed at pH 2. The isotherms curve shown in Figure 2d is
well fitted to the Langmuir model (Figure S6) rather than the
Freundlich model (Figure S7). The maximum capacity is
calculated to be ~87 mg Eu/g KMS-S (Table S7), which is
exactly consistent with the theoretical ion-exchange capacity
(~86 mg/g). Because most sorbents exhibit low uptake at this
low pH, few sorption capacities at pH 2 have been reported. In
spite of this, the capacity of KMS-S is still higher than the values
(1.51-64.3 mg/g) of traditional sorbents (zeolite, activated
carbon, and clay minerals)'® and comparable to the recently
emerging sorbents (graphene oxide, nanocarbon, FJSM-SnS)"’
performed at high pH (see Table S8). In addition, the
Langmuir constant (b) related to the free energy of the
sorption in this case is 1.11 L/mg, which is much hi% er than
those of Cs* (0.07 L/mg)"*" and Sr** (0.44 mL/g)"™ sorbed
on layered metal sulfides.

The Eu-exchanged KMS-5 (defined as KMS-S-Eu) was fully
characterized to explore the capture mechanism. SEM image
shows that the flaky crystalline form did not change (Figure
S$8). EDS mapping confirms that KMS-5-Eu is composed of Eu,
In, Sn, and S elements (Figure 3a). The homogeneous
distribution of Eu (red color) is observed on the KMS-S-Eu
sample and almost no K element is found, which indicates that
K" is completely exchanged out by Eu**. The final formula of
KMS-5-Eu was determined as [Eu(H,0),]3InSn,S, (Figure
S9). The ion-exchange process is also confirmed by PXRD
patterns (Figure 3b). An obvious shift of the (003) and (006)
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Figure 3. (a) SEM-EDS mapping of Eu**-exchanged KMS-5. (b)
PXRD patterns and (c) XPS spectra of KMS-S before and after ion
exchange.

Bragg peaks to lower diffraction angles in KMS-S-Eu is found as
compared with the pristine material. The corresponding
interlayer distance is increased from 8.61 to 10.95 A.
Considerin§ the size of Eu®* (109 pm) is smaller than K*
(152 pm),"* the Eu species entering in the gallery would not be
the bare Eu**. We deduce that Eu’" might bind with water in
the form of hydrated Eu, normally as Eu(H,0)s_o,"” which well
coincides with the result of EDS.

Furthermore, XPS spectra of KMS-5-Eu confirm the
appearance of Eu peaks and disappearance of K occur as
compared with the original material (Figures 3c). The
characteristic peaks of Eu 3d and K 2p are shown in Figure
S10. The narrow scan spectrum of Eu 3d exhibits a doublet
characteristic. Generally, spectra of lanthanides with an
incompletely occupied f-subshell exhibit splitting into two
separate signals.”’ The satellite peaks are 10 eV below the Eu
3ds,, and Eu 3d;/, parent peaks in KMS-5-Eu sample. The
binding energy of Eu 3d;;, peaks are 1138.8/1128.7 eV in
KMS-5-Eu. These two values are slightly higher than those of
Eu(NO;), (1136.4/1126.0 eV),”® which might be due to the
substitution of nitrate by water and the electrostatic interaction
between the negative metal sulfide layers and the Eu(H,0),*
ions. We did not observe any changes of oxidation states during
the ion-exchange process. The optical absorption edge of KMS-
S is 2.27 eV and it blue-shifts slightly to 2.34 eV in the KMS-5-
Eu sample (Figure S11).

The composition of HLLW is very complicated and contains
a variety of elements including actinides, fission products, and
activation products. We tested the separation performance of
*Am and "*?Eu in the presence of large excess of Cs*, Sr**, and
Ni** (molar ratio: ~2000) at pH 2. As shown in Figure 4a, the
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Figure 4. (a) Effect of respective Cs*, Sr**, and Ni** (molar ratio:
~2000) copresent on the removal of *Am and 'S?Eu at pH 2. (b)
Removal of **'Am at pH 2 as a function of different molar ratios of
Na* and Ca** to **Am (0—200 000).

KMS-$ exhibits an exceptional removal toward **'Am and **Eu
in all the tested cases. The removal rates are in the range of
94.8—98.0% with a high Ky value above 1.8 X 10* mL/g. In
addition, KMS-S can remove nearly 97.7% of **'Am from a
simulated nuclear waste stream (Table S3). Such excellent
results imply that KMS-5 is a promising ion exchanger to
simultaneously separate trivalent minor actinides and lantha-
nides from HLLW. Furthermore, in the contaminated environ-
mental wastewater, large amounts of Na" and Ca** usually exist,
which may be strong competitors for ion exchange of actinide.
Thus, the effect of Na* and Ca** on the removal of **'Am by
KMS-S was also investigated (Figure 4b). Na* shows weaker
influence on the removal of **'Am than Ca*. In the presence of
tremendous excess of Na* (20000 times), the removal of **Am
reaches as high as 98.9% (9.4 X 10* mL/g). Even at the molar
ratio (Na*:**'Am) of 200000, the uptake of **'Am still has
46.3%. Due to higher charge density, Ca** has a relatively
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greater impact on the removal of **'Am, but the K is still as
high as 2.2 X 10° mL/g at the molar ratio (Ca**:**'Am) of
20000, corresponding to 68.6% removal. Such high removal
rate shows that KMS-5 has good prospect for removing trace
amount of **'Am from real radiotoxic water even in the
presence of large amounts of Na* and Ca*".

To evaluate the reusability of KMS-5, a high concentration
solution of KCI was used to desorb the **' Am-loaded KMS-5. It
is found that *Am can be easily eluted by 1 M KCL. The
desorption percentage reaches as high as 97.5% as measured by
LSC. The desorption process was also confirmed by PXRD and
EDS with Eu®" as a surrogate. As shown in Figures S12 and
S13, the desorbed sample has the structure and composition of
KMS-S. This result indicates KMS-S is a reversible ion-
exchanger for capturing minor actinides.

In conclusion, KMS-5 exhibits fast kinetics, high capacity,
large distribution coeflicient, excellent removal, and reversible
exchange toward **'Am. This work clearly implies that KMS-$
is a promising ion-exchanger for removing trivalent minor
actinides from highly acidic solutions and reveals new
directions in the design of novel acid-stable layered metal
sulfides sorbents for HLLW treatment and environmental
remediation.
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