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Abstract: The partial substitution of potassium atoms by strontium atoms in initial matrix K3 Fe2 (PO4)3 with
formation of complex phosphates K3−2x Srx Fe2 (PO4)3 (x = 0.75, 1.0, and 1.25) was determined using a solid-state
reaction method. According to powder X-ray diffraction (XRD) data, the prepared phosphates with x = 1.0 and 1.25
crystallize in a cubic system (space group P21 3) and belong to langbeinite family compounds, while for the sample
with x = 0.75 a mixture of langbeinite-type phase and a minor amount of K3 Fe2 (PO4)3 was obtained. The decreasing
trend of lattice parameter a with increase of Sr amount in the phosphate confirmed the incorporation of strontium in
the langbeinite-related structure. The thermal analysis results indicate that the obtained langbeinite-related compounds
are stable upon heating and their melting points are higher than 1000 °C. It should be noted that the determined iron-
containing phosphates can be obtained at temperature lower than 900 °C, which creates a perspective for using them as
matrixes for immobilization of radioactive strontium.
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1. Introduction
One of the most crucial aspects linked to nuclear power is the disposal of radioactive waste. The strontium
isotope 90Sr (with relatively long half-life of roughly 29 years) is a typical high-level radioactive component,
the wastes of which are treated as one of the most dangerous products of nuclear fission for human beings.1

Currently, many methods have been proposed for stabilization of radioactive ions. The first one is to use ionic
exchangers for purification and volume reduction of liquid radioactive wastes, such as chabazite2 and natural
zeolites.3−5 An alternative way is applying waste immobilization technologies that involve producing glass or
ceramic compounds with enhanced chemical and thermal stability with respect to the leachability of ions in water
and aggressive media. In this aspect, borosilicate,6,7 phosphate glasses,8−11 and ceramic mineral-like substances
such as apatite,12,13 monazite,14−18 whitlockite,19 NZP NaZr2 (PO4)3 ,20−28 langbeinite,29,30 and others31,32

have been studied. Among them, the complex phosphates with NZP type structure (NaZr2 (PO4)3)
33 and

langbeinite-related structure (mineral langbeinite K2Mg2 (SO4)3)
34−39 are more appropriate for use as host

matrixes that are able to encase a wide range of elements in their framework. It should be noted that the
formation of Zr-containing phosphates (NZP type) takes place at temperatures higher than 1000 °C.

The main purpose of the present work was to investigate the influence of potassium substitution by
strontium atoms in the initial matrix K3Fe2 (PO4)3 on the structure of complex phosphates and the founding
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conditions for formation of Sr-containing langbeinite-related phosphates at temperatures lower than 1000 °C.
For this purpose, iron was used as framework building metal, while Sr was involved by the langbeinite-type
structure in the alkaline metal position. Thus, the samples of nominal composition K3−2xSrxFe2 (PO4)3 with
x = 0.75, 1.0, or 1.25 and phosphate K3Fe2 (PO4)3 were fabricated using a solid-state reaction and investigated
by powder X-ray diffraction (XRD), Fourier transform infrared (FTIR) spectroscopy, and differential thermal
analysis (DTA) and thermogravimetric (TG) methods.

The optimized conditions of formation of Sr-containing phosphates might be useful for the development
of materials for solidification of radionuclides, such as strontium and many others.

2. Results and discussion
2.1. Powder X-ray diffraction

According to the powder XRD data, the prepared K3Fe2 (PO4)3 belongs to a monoclinic system, space group
C2/c with calculated cell parameters a =16.293 (2), b = 9.468 (2), c = 16.704 (2) Å, and β = 118.5 (1)°,
which are close to corresponding values from the literature40 (Figure 1a).

Figure 1. Powder XRD patterns for synthesized samples: a) K3 Fe2 (PO4)3 (blue color, ICDD, #00-076-1628 - red
color); b) K3−2x Srx Fe2 (PO4)3 (x = 0.75 (curve 1), 1.0 (curve 2), and 1.25 (curve 3)).

At the same time, the XRD results for samples with compositions KSrFe2 (PO4)3 and K0.5Sr1.25Fe2 (PO4)3

showed the formation of single-phase langbeinite-type phosphates (Figure 1b). These compounds crystallize in
the cubic system (space group P21 3) and calculated lattice parameters depend on their composition (Table 1).
Thus, increase of the Sr amount in the phosphate caused the decreasing of parameter a , which correlates with
substitution of potassium atoms by smaller strontium atoms. In the case of the sample with predictable composi-
tion K1.5Sr0.75Fe2 (PO4)3 , a mixture of langbeinite-type phase (cubic system, space group P213, a = 9.798(8)

Å) and minor amount of K3Fe2 (PO4)3 was obtained (Figure 1b). This indicates that the partial substitution of
potassium atoms by strontium atoms according to 1.5 K+ → 0.75 Sr2+ in the K3Fe2 (PO4)3 matrix changed
the general principle of structure formation of complex phosphate with langbeinite-type framework. Thus, the
early reported results showed that the K3Fe2 (PO4)3 structure contains PO4 -tetrahedra, FeO6 -octahedra, and
FeO5 -polyhedra linked by common corners and forming a 3D network where the K+ ions occupy four different
positions.40 According to the reported data,41 the phosphate KSrFe2 (PO4)3 belongs to the langbeinite family
of compounds. Its crystal structure consists of a 3D framework resulting from corner-sharing between FeO6 -
octahedra and PO4 -tetrahedra. This framework delimits two distinct cavities, statistically occupied by the K+
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and Sr2+ ions.41 Taking this into account, the substitution 2.5 K+ → 1.25 Sr2+ caused the formation also of
the langbeinite-type structure that contains vacancies in the potassium positions.

Table 1. Calculated lattice parameters for obtained langbeinite-related phosphates (cubic system, space group P213).

Phosphate a, Å
KSrFe2(PO4)3 9.784(5)
K0.5Sr1.25Fe2(PO4)3 9.769(9)

Thus, the obtained phosphates contain up to 21.0% (wt.) Sr, which indicates a perspective for the use of
a langbeinite-related matrix for the bonding of Sr. It should be noted that with the aim of preparing phosphate
Sr1.5Fe(PO4)3 the mixture of phosphates was obtained. The main component of such mixture obtained at
1000 °C was whitlockite-related phosphate Sr9Fe(PO4)7 . The further increasing of temperature to 1080 °C
and duration of sintering did not change the phase composition of obtained sample. This result indicates the
important role of the potassium atom in the formation of the langbeinite-type structure.

2.2. Fourier transform infrared spectroscopy
The presence of orthophosphate anions in the prepared compounds was confirmed by the FTIR spectroscopy
(Figures 2a and 2b). The bands in the region of 900–1200 cm−1 are assigned to the stretching asymmetric
and symmetric vibrations of PO4 -tetrahedra (Figures 2a and 2b). Bands at 400–650 cm−1 correspond to the
bending vibrations. In the case of K3Fe2 (PO4)3 (Figure 2a), the complex character of the spectrum in the
region of 900–1200 cm−1 is caused by the presence of three types of phosphorus atoms in its structure. It should
be noted that the general view of spectra for the prepared samples with composition K3−2xSrxFe2 (PO4)3 with
x = 0.75, 1.0, and 1.25 (Figure 2b) is typical for langbeinite-related complex phosphates.34−37

2.3. Thermogravimetric and differential thermal analysis

TG and DTA results for the samples with predictable composition K1.5Sr0.75Fe2 (PO4)3 containing langbeinite-
type phase and minor amount of K3Fe2 (PO4)3 and pure phosphates KSrFe2 (PO4)3 , K0.5Sr1.25Fe2 (PO4)3 ,

Figure 2. FTIR spectra for obtained phosphates: a) K3 Fe2 (PO4)3 ; b) K3−2x Srx Fe2 (PO4)3 (x = 0.75 (curve 1), 1.0
(curve 2), and 1.25 (curve 3)).
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and K3Fe2 (PO4)3 are shown in Figures 3a–3d. It was found that melting points and temperatures of
phosphate crystallization depend on their composition (Table 2; Figures 3a–3d). The most stable is phosphate
KSrFe2 (PO4)3 with melting point at more than 1100 °C (Figure 3b), while K3Fe2 (PO4)3 melts at 800 °C
(Figure 3d), which is significantly less than corresponding values for Sr-containing phosphates (Figure 3a–3c). In
the case of the sample with predictable composition K1.5Sr0.75Fe2 (PO4)3 , the melting point of the langbeinite-
type phase is at 1084 °C while a wide endothermic DTA peak confirms the presence of impurity K3Fe2 (PO4)3

(Figure 3a).

Figure 3. Thermogravimetric and differential thermal analysis for prepared phosphates K3−2x Srx Fe2 (PO4)3 (x =
0.75, 1.0, and 1.25) and K3 Fe2 (PO4)3 .

Table 2. The melting points (Tmelt.) and temperatures of crystallization (Tcryst.) for obtained samples with composi-
tion K3−2x Srx Fe2 (PO4)3 (x = 0.75, 1.0, and 1.25).

Composition of sample Tmelt., °C Tcryst., °C
K1.5Sr0.75Fe2(PO4)3 1084 1072
KSrFe2(PO4)3 >1100 -
K0.5Sr1.25Fe2(PO4)3 1061 1032
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It should be noted that all prepared phosphates melt without decomposition. There are no phase
transitions in the determined temperature range from 25 to 1100 °C.

2.4. Conclusions
The strontium-containing langbeinite-related phosphates K3−2xSrxFe2 (PO4)3 (x = 1.0 and 1.25) have been
prepared by solid-state reaction method. It was found that partial substitution 1.5 K+ → 0.75 Sr2+ in the
initial matrix K3Fe2 (PO4)3 led to change of the structure type with formation of langbeinite-type phase and
minor amount of K3Fe2 (PO4)3 . According to TG/DTA analysis, the melting points of K3Fe2 (PO4)3 and
langbeinite-related phases are at temperatures of 800 °C and more than 1000 °C, respectively. Calculation of
lattice parameters for prepared langbeinite-related phosphates has shown that strontium is crystallochemically
fixed in the ceramic matrixes. The obtained results showed the influence of partial substitution of potassium by
strontium in the K3Fe2 (PO4)3 on the structure of complex phosphate that led to formation of langbeinite-type
phosphate. Additionally, the key role of potassium for formation of the langbeinite-type structure in the case
of phosphate K0.5Sr1.25Fe2 (PO4)3 was established.

It should be noted that the next stage of further investigation is the evaluation of immobilization
performance for prepared phosphates and after that the development of methods for immobilization of strontium-
90. The main advantages of the proposed approach of including Sr in stable iron-containing langbeinite-type
matrixes are synthesis time reduction (to 8 h) and temperature reduction (to 900 °C) as compared to the use of
zirconium-containing NZP ceramics for this purpose (pure NZP phases were obtained during sintering at 1250
°C for 72 h).

3. Experimental
3.1. Synthesis of phosphates

The samples of nominal composition K3−2xSrxFe2 (PO4)3 with x = 0.75, 1.0, or 1.25 and phosphate K3Fe2 (PO4)3

were prepared by conventional solid-state reaction method. All initial components KH2PO4 , Fe2O3 , (NH4)2HPO4 ,
and Sr(NO3)2 were of analytical grade (more than 99.9%, Merck). Stoichiometric quantities of initial materials
were ground well in an agate mortar and initially heated to 500 °C for 4 h for removal of volatile products.
The obtained powders were reground and sintered in a platinum crucible at 750 °C (for all samples) and higher
temperature in the range of 870–900 °C depending on the composition of phosphate.

3.2. Characterization of prepared phosphates
The phase composition of the prepared samples was determined using powder XRD. A Shimadzu XRD-6000
diffractometer with CuKα radiation (graphite counter monochromator) was used. Data were collected over
the 2θ range of 5° to 60° with a step of 0.02° at a fixed counting time of 3 s/step. The identification of
phases was achieved by comparing the diffraction patterns of the prepared powders with the standards of the
International Centre for Diffraction Data (ICDD). The identification card numbers of reference XRD patterns
for K3Fe2 (PO4)3 and langbeinite-related phosphates were #00-076-1628 and #01-089-6891, respectively. The
FullProf program was used for calculation of lattice parameters.

To confirm the anion type of phosphates, their FTIR spectra were recorded using a PerkinElmer Spectrum
BX spectrometer in the range of 400–4000 cm−1 at 1 cm−1 resolution for the samples pressed into pellets of
KBr.
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The thermal stability of obtained phosphates was investigated using Shimadzu simultaneous TGA/DTA
analyzer DTG-60H. The compounds were heated in a platinum crucible in air atmosphere with a rate 10 °C/min
from room temperature to 1100 °C and kept for 30 min at this temperature followed by cooling to 700 °C at
the same rate. α -Al2O3 was used as a standard sample.
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