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We report an inorganic, highly selective structural sensor for cesium ions that effectively works at
room temperature in water solutions with different competing alkaline elements. The process
of sensing realizes via selective transformation of NasMnH(P( ¢04), to a new type of struvite-like
cesium-containing solid CsMn(POy) - 6H»O. The inclusion of the cesium in the structure is stable and

no reverse exchange is possible.

Introduction

Radioactive cesium contamination of water is of serious
social and environmental concern because it is a significant
fraction of the radioactivity of the liquid waste from the
reprocessing of nuclear fuel.' For instance, it is estimated 65
million gallons of waste stored in stainless steel tanks in the
Hanford reservation in Washington State which was pro-
duced as a result of the reprocessing of irradiated uranium
fuel to recover *’Pu for weapons manufacture.” A number
of these tanks have leaked, resulting in contamination of
the groundwater with radionuclides such as '*’Cs and *°Sr.?
Similar groundwater contamination problems also occur at
other nuclear sites such as the Idaho National Engineering
and Environmental Laboratory (INEEL).* Once leaked,
cesium-137 transfers through different aquatic trophic levels
involving the adsorption and absorption by aquatic plants,
ingestion by fish, and subsequent accumulation in piscivo-
rous birds or mammals at the top of the food chain.>° Conse-
quently, there is considerable interest to develop cesium selec-
tive sensors that can be utilized to perform in situ detection of
cesium ions in different aquas solutions. In this respect, a
cheap, unabigous, and harmless detection of cesium ions is
still a challenge. To date, the main known sensors of cesium
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jons are based on atomic absorption spectroscopy,’ radioa-
nalysis,*” and ion-selective electrodes (ISEs)'*~ "> which have
a good sensitivity but require expensive instruments and/or
controlled experimental conditions. More recently, different
types of fluorescent molecular sensors are receiving an inc-
reasing attention because of their excellent selectivity to
cesium ions,"* ' but their applications are limited by the
requirements for certain solubility and the right choice of the
sensing ionophore for given conditions.'* Here we report a
new type of sensor, which is inorganic and it detects cesium
ions via structure transformation of NasMnH(Pg¢0.),> to
CsMn(PO,) - 6H,0 at room temperature in presence of other
competing alkaline ions. The detection of cesium is not
spectroscopic and it is based on a collection of an ordinary
powder X-ray diffraction pattern.

Experimental Section

Synthesis. The synthesis of NaMnH(P, 9O,), was performed
according to our previously reported recipe. Namely, a solution
of 0.47 g of NaH,PO, (Aldrich) in 8.67 g of distilled water was
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Figure 1. SEM images of (a) prismatic Na;MnH(P, ¢O4), particles and their transformation to (b) hexagonal CsMn(POy,) - 6H,O ones after immersing in

cesium-containing solution.

mixed with 13.28 g of MPMD (Du Pont). Then, 0.05 g of
MnSO,4-H,O (Aldrich) dissolved in 6.58 g of distilled water
was added to the above solution. The resulting mixture was
homogenized for 40 min and then transferred into a Teflon-lined
autoclave (45 mL). The crystallization was performed under
static conditions at 150 °C for 6 days. After fast cooling with
flowing water, the run product was filtered with distilled water
and dried at 40 °C for 1 day. The success of the synthesis was
verified by powder X-ray diffraction.

Behavior in Alkaline Solutions. Different concentration of
aqueous solutions of LiCl, KCI, RbCl and CsCl (Aldrich, purity
of more than 99.5%.), were prepared. Then, 100 mg of Na;Mn-
H(P(904)> was immersed in the salt solution for two days at
room temperature, without agitation. The solid was separated
from the solution by filtration with filter paper, washed with
distilled water, and dried at room temperature.

Powder X-ray Diffraction (XRD) Data Collection. Powder
XRD data were collected on a Philips X'pert MPD diffractometer
(Cu Ka X radiation) using a fixed divergence slit of 0.25°, and
a flat-plate sample holder, in a Bragg—Brentano parafocusing
optics configuration. The diffraction intensity was collected by the
step scan method. For phase identification it was used a step of
0.04, time per step 1s, and range 5—50°. The structural solution
and Rietveld refinement were performed from pattern collected in
the 20 range between 13 and 115°, step 0.04° and time 10 s per step.

Further Characterization Methods. Fourier transform infra-
red (FTIR) spectrum of powdered sample suspended in KBr
pallets was acquired between 400 and 4000 cm ™' using a Mattson
7000 spectrometer, with resolution 2 cm~!. The thermogravi-
metry (TG) curve was collected with a Shimadzu TG-50 analy-
zer. The sample was heated in air at a rate of 5 °C min~'. The
scanning electron microscopy images and chemical analysis
(energy-dispersive spectrometry, EDS) were carried out using a
scanning electron microscope, Hitachi S-4100, equipped with a
Romteck EDS system.

Results and discussion

Ab initio Structural Determination. After Na;MnH-
(Po.9004)> was immersed in solution containing cesium ions,
the initial prismatic particles were transformed to hexagonal-
like plates (the duration of the reaction was 72 h) which to-
gether with the collected XRD different pattern suggested
anew structure (Figure 1). The XRD peak positions and rela-
tive intensities were accurately determined by the software
package TOPAS-3.2' The extracted information was inclu-
ded in the indexing program TREOR90,%* which indicated a
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Figure 2. Experimental and simulated powder XRD patterns of CsMn-
(POy)-6H,0.

hexagonal unit cell. The same cell was confirmed by DIC-
VOLI1.% The choice of the space group in the estimated
hexagonal system was made by examination of the systematic
absences” which pointed out five possible space groups:
P6ymce, P62c, P6s/mme, P3cl and P31c. The structure was
successfully solved in P6smc. The ab initio crystal structure
determination was carried out with the EXPO package.”
First, the structure factor amplitudes were extracted by the Le
Bail method.”® Using this information the structure was
solved by combining direct methods and difference Fourier
synthesis at different angular range. The obtained structural
model was validated using the method of Rietveld. The
refinement was performed by FullProf®” software package
in the range 13—100° 26 for 332 independent reflections in-
volving the parameters shown in Table S1 in the Supporting
Information. The final Rietveld plot is shown in Figure 2, and
the refined atomic coordinates are given in Table S2 in the
Supporting Information. Within experimental error, the EDS
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Figure 3. TG curve of CsMn(PQ,)-6H,0.
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Figure 4. FTIR spectrum of CsMn(PO,)-6H,0.

chemical analysis supports the Cs/Mn/P (1:0.7:0.9) ratio
obtained by powder XRD (1:1:1). Despite the relative sim-
plicity of the crystal structure, no identical manganese phos-
phate has been found in the literature and Inorganic Crystal
Structure Database (ICDD). However, we came across a
isotypic magnesium compound with struvite-like structure
CsMg(OH,)4(PO,4), where the octahedral Mn site is occupied
by Mg, which is coordinated by six water molecules.®
TG and FTIR. The TG curve of CsMn(POy)-6H,0 is
composed of only one step (Figure 3) showing a total mass
loss of 26.2%. Considering that no isolated water molecules
were detected from the Rietveld refinement it was supposed
that the estimated weight loss should be due to release of
water molecules participating in the octahedral coordina-
tion of Mn site, similar to the water coordination of Mg
in the isotypic CsMg(OH,)s(PO,).>* ! This suggestion is
supported by the fact that the total weight loss is in fair
agreement with the calculated 6 molecules of water. The
dehydration almost completes at about 110 °C and after this
temperature the TG curve does not indicate any significant
weight loss. The FTIR transmittance spectrum (Figure 4) of
CsMn(POy)-6H,0 also shows abundance of hydrous spe-
cies. A strong broad shoulder peak with two maxima at 3410
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Figure 5. Crystal structure of CsMn(PO,)-6H,O viewed along the a axis.
The water molecules (not shown) are supposed to coordinate the MnOg
octahedra.

and 3068 cm ™' can be assigned to water v;—v; symmetric
and asymmetric stretching modes, respectively.*> The weak
peak at 2362 cm ™! is typical for water-phosphate hydrogen
bonding (water v,, H—O—H) and the broad band at 1640
ecm ! is well-known for H-O—H bond bending and it
points out the presence of water molecules™ The shoulder
peak at 1080 cm ™' and the strong sharp band at 998 cm ™'
can be assigned to the v3 asymmetric P—O stretching and v,
P—0O symmetric stretching of the PO, tetrahedra, respec-
tively. In fact, the splitting of the v; asymmetric stretch
absorption band that occurs near 1000 cm ™' is a quantita-
tive measure of deviation of the PO, group from ideal tetra-
hedral symmetry, which is also confirmed by the X-ray
diffraction analyses. The strong sharp peak at 556 cm™
could be due to v4 P—O bending vibrations.*>

Structural Description. The structure of CsMn(PQOy)-
6H,0 can be viewed as stacking of three types of layers
along the « axis (Figure 5) in a sequence ABCABC..., where
layer A is composed of PO, tetrahedra, layer B of dis-
torted Mn(H,0)¢>" octahedra, and layer C of charge-com-
pensating cesium cations which form highly irregular cu-
boctahedra (see Table S3 in the Supporting Information).
The structure of CsMn(PQOy)-6H,0 has features similar to
those for the hexagonal struvite analog®** and it represents
the first struvite-type phosphate compound that contains
Mn as divalent cation. The P—O bond distances range from
1.520(5) to 1.564(9) A, which is in a fair agreement with the
corresponding bond valence sum for P (see Table S3 in the
Supporting Information) and previously reported P—O
bonds.?**® Mn-Ow bond lengths range from 2.079(5) to
2.338(8) A. Hence the bond valence sums™ for P and Mn
show no anomalities and are in the expected ranges and
close to the theoretical values of 5 (P) and 2 (Mn), respec-
tively. However, the corresponding bond valence para-
meters calculated for Cs™ (0.59 valence units) indicate a
considerable undersaturation with respect to the expected
bond valence of 1. This effect may be due to a disorder over
the big cesium cation although the resolution of the current
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Figure 6. Schematic presentation of the way of detection of cesium ions
via selective phase transformation of Na;MnH(P( 9O4), to Mn3(POy),-
TH,0 or CsMn(PO,)-6H,0.
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Figure 7. Powder XRD patterns showing the phases obtained after
immersing Na;MnH(P904), in (a) pure water, (b) 0.001, (c) 0.003,
(d) 0.01, and (e) 1 M solutions of CsCl. The obtained XRD patterns are
compared with the calculated ones of the mineral switzerite Mn3(POy),-
7H,0 (1) and CsMn(POy)-6H,O (2).

data set cannot clearly indicate this suggestion. The esti-
mated behavior is also reflected by the large average Cs—O
distance of 3.92 A. The undersaturation of the bond valence
requirement for cesium cation might also explain its co-
operatively large displacement parameters (see Table S2 in
the Supporting Information).

Sensing Properties. Na;MnH(P, ¢O,), was synthesized
and structurally and magnetically characterized by us* and
it represents a layered antiferromagnetic material contain-
ing structural defects. Immersing NasMnH(P, 9O,), in pure
water or alkaline water solutions results in specific structural
transformations that are sensitive to the presence or absence
of cesium ions (Figure 6). In pure water, NasMnH(Pg 04),
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Figure 8. Powder XRD patterns showing the phases obtained after im-
mersing NasMnH(P(90,), in 1 M solutions of (a) LiCl, (b) KCl, (c) RbCl
and (d) a mixture of 1 M solutions of LiCl, NaCl, KCI, RbCl, and CsCl. The
obtained XRD patterns are compared with the calculated ones of the
mineral switzerite Mn3(POy), - 7H,0 (1) and CsMn(PQOy)-6H,0 (2).
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transforms to a phase whose majority of diffraction peaks
coincide with the ones of the mineral switzerite (Mn3(POy), -
7H,0)* (Figure 7a,1). The same effect was observed
when NasMnH(P 9Oy)- is immersed in 1 M (all calculated
molarities of the used alkaline solutions are based on
10 mL of water that contains 0.1 g of sample®’) solutions
of KCI, LiCl or RbCl for 72 h at room temperature. This
indicates that Naz;MnH(P,¢0,), is indifferent to the
used alkaline elements. However, adding small amounts
of cesium ions (in form of CsCl) results in transformation of
Nas;MnH(Pj904)> to a new type of struvite-like material
CsMn(PO,)-6H,O whose structure was solved ab initio
and subsequently refined. The estimated threshold of sensi-
tivity of this transformation is 0.01 M of cesium ions
(Figure 7b—d,2). Thus, when the concentration of cesium
is 0.01 M the result is a mixture of Mn3(POy),-7H,0 and
CsMn(PO,) - 6H,0 (Figure 7d). Increasing the cesium con-
centration to 0.1 M the only phase that crystallizes is CsMn-
(POy4)-6H,0 and the same effect is observed in concentra-
tion up to 1 M (Figure 7e). In concentrations of cesium
ions less than 0.01 M it is formed only Mn3(POy),-7H,O
(Figure 7b). When other alkaline ions (Li, K, Rb) with
concentration of 1 M are used instead of cesium, the run
product is indifferent to them and Na;MnH (P 90,), always
transforms to Mn3(POy),-7H>,O (Figure 8a—c,1). Within
these experiments, the most noteworthy finding is that
cesium can be also detected in multiple alkaline solutions.
Thus, in mixture of 1 M solutions of NaCl, KCI, LiCl,
and RbCl it can be detected 1 M concentration of cesium
ions as Na;MnH(Pg 9Oy,), transforms to CsMn(POy) - 6H,O
(Figure 8d, 2). When the concentration of cesium is lower
than 1 M (0.1 M) then NasMnH(P, ¢0,), stays unchanged
with the time (see Figure S1 in the Supporting Information).
This indicates that NasMnH(P,90,4), can be stabilized in
super concentrated salt alkaline solutions where the cesium
ions do not exceed certain concentration. The pH range
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where NasMnH(P( 904), was estimated to be a proper mate-
rial for detection of cesium ions is between 6 and 10 as above
these values the material is not stable and within 24 h trans-
forms to unknown phase. Immersing CsMn(PO,) - 6H,0 in
1 M solution of NaCl for 72 h at room temperature shows
that the incorporation of cesium in the structure of CsMn-
(POy4)-6H,0 is stable (see Figure S2 in the Supporting
Information) and it cannot be released back to the
solution, which also makes Naz;MnH(P( ¢0,4), a proper
material for purification of cesium contaminations in
water.

A possible reason for the observed behavior of Nas-
MnH(P, 9O4)> can originate from the presence of defects
in the phosphor sites®® that makes the material meta-
stable in water or alkaline water solutions of certain
concentration. This can cause decomposition and sub-
sequent recrystallization which is directed by the pre-
sence or absence of cesium ions. Possibly because of
their bigger size and higher electropositive character,
cesium ions have an advantage over the competing Li*,
Na," K*, and Rb" ions, and in the presented conditions
it is the only alkaline cation that can provoke the
formation of hexagonal struvite-like material, which is
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an undoubtful indicator for the presence of cesium ions
in the solution. These properties define Nas;MnH-
(Pp.904)> as a new type of sensor with high affinity to
cesium ions that can work in solutions containing other
competing cations.

Conclusions

The most noteworthy finding to emerge from this study
is that Na;MnH(P( ¢O,), is a new inorganic sensor with
selectivity to cesium ions that can work at room tempera-
ture in different types and concentrations of competing
alkaline cations in water solutions. The detection of the
cesium ions is realized by an ordinary powder XRD
pattern. Additionally, as a consequence of this work, it
is synthesized a new type of struvite-like material.
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