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Abstract: The search for matrices and technological solutions for the reliable immobilization of
volatile radionuclides and high-level waste (HLW) components is an actual radiochemical problem.
Methods of obtaining of sodium alumino-iron phosphate (NAFP) and iron phosphate (FP) glass
composite materials synthesized at temperatures of 450–750 ◦C, their structure and hydrolytic stability
were investigated in this paper. The structure of the samples was studied by XRD and SEM-EDS. It
was shown that, in the case of FP materials, the phase composition varies depending on the synthesis
temperature, while NAFP materials have a complex multiphase composition at all crystallization
temperatures. It has been established that the samples of the obtained glass composite materials
have a high hydrolytic stability. At the same time, FP material obtained at 650 ◦C are the most stable,
which makes this medium-temperature method of synthesis promising for the immobilization of
volatile HLW components.

Keywords: phosphate glass; sodium alumino-iron phosphate glass; phosphate glass composite
materials; ceramics; radioactive waste; high-level waste; immobilization; leaching; structure

1. Introduction

One of the most important tasks of the nuclear power industry is to ensure the
radiation-safe management of radioactive waste (RW). Among the already accumulated
waste, high-level waste (HLW) is especially dangerous. First of all, in some countries
HLW is spent nuclear fuel (SNF), which includes fission products, actinides, and elements
of fuel assemblies. After 5 years of storage with SNF burnup 40 (GW day/t HM), sig-
nificant elements in SNF will be kg/t: 235,236U—17, REE—16, Pu—9.9, Zr—5.2, Cs—5.1,
Mo—4.2, Sr—1.4, and Tc—1.1 [1]. At the same time, in some other countries, in particular
in Russia and France, it is planned to further process SNF in order to extract actinides
and fractionate waste [2,3]; therefore, different compositions of HLW are possible. The
multi-barrier concept was proposed for the reliable isolation of RW, according to which the
barriers are metal and/or concrete canisters/containers containing RW, included in a safe
matrix, essentially the first barrier, clay (buffer materials) and naturally occurring wall rocks
(e.g., granite) [4]. Deep geological disposal in the implementation of the multi-barrier con-
cept is the preferred solution for the final disposal of HLW [5]. In the 1950s, a vitrification
process was proposed to convert waste into a safe form [6]. Borosilicate and aluminophos-
phate glasses are considered the most promising glass matrices [4]. Vitrification, however,
being an industrial method for HLW removal, has a number of disadvantages and is
unsuitable for some types of waste. It is known that the glass structure changes at high
temperature, pressure, and the ingress of water, as a result of which radionuclides can
be washed out by water. In the 1970s, the popular Synroc ceramic was proposed in Aus-
tralia. This is a titanium ceramic based on the minerals zirconolite CaZrTi2O7, hollandite
Ba1,2(Al,Ti)8O16, perovskite CaTiO3 and titanium oxides TinO2n−1, mainly rutile TiO2 [7–9].
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The idea of using ceramics came from the stability of naturally occurring minerals con-
taining natural radionuclides. Their stability of the order of hundred thousand years is
not in doubt [10]. Among the many potential advantages of ceramics are the low rate of
radionuclide leaching, long life and resistance to radiation exposure, high loading of waste
components, thermal and mechanical stability and ease of synthesis [11]. Glass ceramics
and glass composite materials [12–15], which can be obtained by different methods, in-
cluding the slow cooling of a glass melt [16], have been extensively studied as promising
matrices for radionuclide incorporation. Other methods for the synthesis of glass composite
materials are cold and hot uniaxial pressing, hot isostatic pressing, liquid-phase sintering,
and the sintering of viscous composites [17].

It should be noted that glasses and ceramics have a high synthesis temperature. Thus,
the synthesis temperature of borosilicate glass is approximately 1150 ◦C [18], phosphate—
900–1050 ◦C [19], and for some types of single-phase ceramics, the synthesis temperature
can reach 1700–1800 ◦C [20]. Such high synthesis temperatures can prevent the immobiliza-
tion of volatile radionuclides. According to [21], during the synthesis of borosilicate glass
at 1150–1250 ◦C, 99Tc can volatilize up to 90% from the composition of the solidified waste.
A similar problem is also relevant for wastes containing cesium isotopes and/or chlorides.
Vitrification has been recognized as an inefficient way to immobilize chloride waste gener-
ated from the pyrochemical processing of spent nuclear fuel (SNF) [22]. It should be noted
that, over time, such waste is likely to accumulate in large quantities. Thus, in Russia, such
waste will be generated from the processing of the mixed uranium–plutonium SNF (MNUP
SNF) of the BREST-OD-300 reactor plant with lead coolant [23]. In the US, waste from the
EBR-II research reactor is subject to pyrochemical processing [24]. It was shown in [25,26]
that matrices of the “zeolite/sodalite in glass” type can be promising for such wastes.

Attempts to optimize the process by making it less high-temperature have been made.
For example, in [27], chlorapatite and borosilicate glass were sintered to obtain a matrix for
chloride-waste immobilization. It is known that glass composite materials can be produced
using lower temperatures than glass melting [28]. The process of sintering crushed glass
seems interesting [29,30]. In this approach, the synthesis of the matrix is possible at average
temperatures of 550–750 ◦C, and an increase in the stages of synthesis is not associated
with the possible spread of radioactivity.

Previously, we considered sodium-aluminum-iron-phosphate glass (NAFP), which
has a lower synthesis temperature compared to aluminophosphate glass [31], as well as a
magnesium–potassium–phosphate (MPP) compound produced at room temperature [32],
as promising matrices for the immobilization of volatile wastes. Both proposed matrices
had their own advantages and disadvantages in spent electrolyte immobilization [33]. The
glass demonstrated high radiation resistance upon irradiation up to a dose of 109 Gy and
resistance to leaching but had weakly included chlorine in its composition. Some authors
note ([34]) that the removal of inactive chlorine during synthesis is not a problem, but this
can complicate the technology. The incorporation of rhenium as a technetium simulant
in NAFP glass was about 70% [31]. The easy-to-synthesize low-temperature MPP matrix
included a quantitatively larger amount of the spent electrolyte simulant but tended to
decrease in strength under thermal loads.

The aim of this study was to investigate the possibility of obtaining a stable iron
phosphate glass composite material at medium temperatures to immobilize volatile ra-
dionuclides and RW types unsuitable for incorporation in high-temperature glass matrices.

2. Materials and Methods
2.1. Chemicals and Procedures

Known stable compositions of iron phosphate glass were chosen as promising for sin-
tering glass composite materials at medium temperatures. Thus, a simple two-component
glass matrix of composition mol%, 40Fe2O3-60P2O5 (FP glass), is recognized as hydrolyti-
cally and chemically stable and has a high waste-loading capacity [35]. Upon slow cooling
(annealing), this glass is prone to the formation of iron orthophosphates or pyrophosphates,
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depending on the temperature and holding conditions [36]. At the same time, crystallized
forms retain high hydrolytic stability.

NAFP matrix composition mol%: 40Na2O-10Al2O3-10Fe2O3-40P2O5 was also chosen
as promising for medium-temperature synthesis. This glass has high crystallization and
hydrolytic stability [37,38]. The composition is in the region between ortho- and pyrophos-
phate; upon prolonged annealing, it forms predominantly pyrophosphate structure. The
conditions for the synthesis of the studied compounds are presented below.

The original blank samples of FP and NAFP glass containing no waste were syn-
thesized by melting up to 1100 ◦C in quartz crucibles with the isothermal holding of the
resulting melts for 1 h and then pouring them onto a metal sheet for glass quenching. The
calculated elemental composition of the samples (wt%) is given in Table 1. A batch of glass
was prepared from a mixture of dry components (NH4)2HPO4 (GOST 3772-74), Na2CO3
(GOST 4530-76) Al2O3 (TU 6-09-426-75) and Fe2O3 (TU 6-09-5346-87) (Len-reactiv, Saint
Petersburg, Russia). It is possible to include a certain amount of SiO2 from the crucible
into melts during synthesis in quartz crucibles. In order to prevent the excess boiling and
consequent spillage, the batches were previously calcined at 450 ◦C for 4 h in a muffle
furnace SNOL 30/1300 (AB UMEGA GROUP, Utena, Lithuania) to remove water and
ammonia in ammonium dihydrogen phosphate initially.

Table 1. Estimated elemental composition of FP and NAFP glass samples, wt%.

Element FP NAFP

P 24.9 23.0
Fe 30.0 10.4
Na - 17.1
Al - 5.0
O 45.1 44.6

After that, the obtained glasses were manually ground in an agate mortar, and a
fraction of particles with a size of less than 0.07 mm was sifted using a vibrating sieve
analyzer Hsiangtai LS-300 (Hsiangtai Machinery Industry, Taipei, Taiwan) at a frequency
of 3000 rpm. In the future, after this stage, it is supposed to transfer the obtained glass
powder to the hot zone for the introduction of calcined RW and mixing with glass powder.
Tablets with a diameter of 10 mm from crushed powders were pressed under a pressure of
3–4 MPa using a PGR-10 hydraulic press (LabTools, Saint Petersburg, Russia). It is assumed
that pressing can prevent the undesirable remelting of crushed glass and promote their
sintering into a glass composite material. The tablets obtained were sintered at 450, 550,
650 and 750 ◦C for 6 h in a muffle furnace SNOL 30/1300 on a stainless steel substrate.
The lowest temperature of 450 ◦C was chosen because of the crystallization processes that
begin at this temperature in phosphate glass [39,40], which was supposed to be enhanced
by preliminary grinding.

2.2. Methods

The phase composition of the obtained samples was identified by the X-ray diffraction
(XRD) method using a diffractometer Ultima-IV (Rigaku, Tokyo, Japan). The XRD data
were interpreted using the Smartlab Studio II program package (Rigaku, Tokyo, Japan) with
the PDF-2 powder database. The microstructure of the FP was investigated by the scanning
electron microscopy (SEM) using a microscope Mira3 (Tescan, Brno, Czech Republic), and
the electron probe microanalysis of the samples was performed by energy-dispersive X-ray
spectroscopy (EDS) using an analyzer X-Max (Oxford Inst., High Wycombe, UK).

The hydrolytic stability of the samples obtained was determined in accordance with
the static method PCT [41]. For this, fractions of crushed sintered tablets with a particle
size of 0.01–0.02 mm and a mass of about 1 g were used. The powders were washed with
bidistilled water and alcohol before testing to avoid the possibility of the ingress of the
dust fraction of the sample. The powders were placed in a plastic container, poured into
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10 mL of bidistilled water, and thermostated at 90 ± 2 ◦C in a laboratory oven SCHS-80-01
(SKTB SPU, Smolensk, Russia) for 7 days. The obtained leachates were decanted and
centrifuged for 5 min at 8000 rpm in a CLn-16 centrifuge (Changhsa Xiangzhi Centrifuge
Instrument, Changsha, China). The content of the components in the solution after leaching
was determined by ICP–AES (iCAP-6500 Duo, Thermo Scientific, Waltham, MA, USA).

The normalized leaching rate LR, [g/(cm2·day)], of the components was calculated
by Equation:

LR =
c ·V

S ·f ·t ,

where c—element concentration in solution after leaching, g/L; V—the volume of leaching
agent, L; S—the sample surface (the geometrical parameters of the tablet samples were
measured with a caliper), cm2; f—mass fraction of the element in matrix, g/g; t—duration
of the leaching period, days.

3. Results and Discussion
3.1. Geometric Parameters and Density of Glass Composite Material Tablets

The appearance of the obtained samples of FP and NAFP matrices is shown in Figure 1.
It can be seen that the samples sintered at different temperatures differ in color, which
is probably due to the different composition of the resulting crystalline phases. Sam-
ples sintered at 450 ◦C turned out to be brittle. Samples sintered at 550–750 ◦C formed
dense tablets.

Energies 2022, 15, x FOR PEER REVIEW 4 of 12 
 

 

Japan) with the PDF-2 powder database. The microstructure of the FP was investigated 
by the scanning electron microscopy (SEM) using a microscope Mira3 (Tescan, Brno, 
Czech Republic), and the electron probe microanalysis of the samples was performed by 
energy-dispersive X-ray spectroscopy (EDS) using an analyzer X-Max (Oxford Inst., High 
Wycombe, UK). 

The hydrolytic stability of the samples obtained was determined in accordance with 
the static method PCT [41]. For this, fractions of crushed sintered tablets with a particle 
size of 0.01–0.02 mm and a mass of about 1 g were used. The powders were washed with 
bidistilled water and alcohol before testing to avoid the possibility of the ingress of the 
dust fraction of the sample. The powders were placed in a plastic container, poured into 
10 mL of bidistilled water, and thermostated at 90 ± 2 °C in a laboratory oven SCHS-80-01 
(SKTB SPU, Smolensk, Russia) for 7 days. The obtained leachates were decanted and 
centrifuged for 5 min at 8000 rpm in a CLn-16 centrifuge (Changhsa Xiangzhi Centrifuge 
Instrument, Changsha, China). The content of the components in the solution after 
leaching was determined by ICP–AES (iCAP-6500 Duo, Thermo Scientific, Waltham, 
MA, USA). 

The normalized leaching rate LR, [g/(cm2·day)], of the components was calculated 
by Equation: LR  c ∙ VS ∙ f ∙ t , 
where c—element concentration in solution after leaching, g/L; V—the volume of leach-
ing agent, L; S—the sample surface (the geometrical parameters of the tablet samples 
were measured with a caliper), cm2; f—mass fraction of the element in matrix, g/g; 
t—duration of the leaching period, days. 

3. Results and Discussion 
3.1. Geometric Parameters and Density of Glass Composite Material Tablets 

The appearance of the obtained samples of FP and NAFP matrices is shown in Fig-
ure 1. It can be seen that the samples sintered at different temperatures differ in color, 
which is probably due to the different composition of the resulting crystalline phases. 
Samples sintered at 450 °C turned out to be brittle. Samples sintered at 550–750 °C 
formed dense tablets. 

 
Figure 1. Appearance of the obtained samples of FP and NAFP matrices. 

The geometric dimensions of the samples and the density of NAFP and FP glass 
before sintering and glass composite material after sintering are presented in Table 2, the 
measurement error was ±0.05 mm. An increase in the density of sintered matrices is a 
desirable parameter, since strength characteristics are an important criterion for com-
pounds during RW immobilization. The trend towards an increase in the density of the 
resulting NAFP and FP matrices tablets can be observed for all samples at a sintering 
temperature above 550 °C. 

Figure 1. Appearance of the obtained samples of FP and NAFP matrices.

The geometric dimensions of the samples and the density of NAFP and FP glass
before sintering and glass composite material after sintering are presented in Table 2, the
measurement error was ±0.05 mm. An increase in the density of sintered matrices is a
desirable parameter, since strength characteristics are an important criterion for compounds
during RW immobilization. The trend towards an increase in the density of the resulting
NAFP and FP matrices tablets can be observed for all samples at a sintering temperature
above 550 ◦C.

Table 2. Geometrical parameters of samples NAFP and FP matrices at different synthesis tempera-
tures, where d—diameter of tablet (mm), h—height of tablet (mm), ρ—density (g/cm3).

Sample Parameters before Synthesis 450 ◦C 550 ◦C 650 ◦C 750 ◦C

FP
d 10.10 10.10 9.45 9.38 9.20
h 3.60 3.60 3.50 3.45 3.40
ρ 2.12 2.12 2.44 2.52 2.52

NAFP
d 10.10 10.10 10.10 9.15 9.15
h 3.80 3.80 3.80 3.55 3.50
ρ 1.97 1.97 1.97 2.57 2.62
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3.2. Characterization of the Synthesized Compounds by XRD and SEM/EDS

The obtained XRD patterns of the FP samples are shown in Figure 2. The sample
synthesized at 450 ◦C (Figure 2a) was found to be amorphous and glasslike. Obviously, the
temperature turned out to be low for the start of crystallization processes in iron phosphate
glass, despite the preliminary grinding. It is shown that samples of FP matrices synthesized
at 550 and 650 ◦C (Figure 2b,c, respectively) are partially crystallized and are represented
by both an amorphous phase and phosphate phases. In the sample synthesized at 550 ◦C,
the only crystalline phase is iron orthophosphate. In the sample synthesized at 650 ◦C, the
main phases are the crystalline phases of iron orthophosphate and iron pyrophosphate.
The sample of the FP matrix synthesized at 750 ◦C (Figure 2d) is completely represented by
the pyrophosphate structure.
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The obtained XRD patterns of the NAFP matrix samples are shown in Figure 3. It
is shown that the sample synthesized at 450 ◦C (Figure 3a) is completely amorphous,
as in the case of the FP sample. Samples of NAFP matrices synthesized at 550–750 ◦C
(Figure 3b–d) are completely crystallized; do not have an amorphous phase; and consist of
a complex composition of meta-, ortho-, and pyrophosphates. The sample synthesized at
550 ◦C (Figure 3b) was found to be formed by iron metaphosphate, iron and aluminum
orthophosphates, as well as mixed sodium iron orthophosphate, and sodium iron pyrophos-
phate. The NAFP sample synthesized at 650 ◦C (Figure 3c) consists of iron and sodium
metaphosphates; aluminum, iron and sodium-iron orthophosphates; and heptasodium
tetraaluminium (diphosphate) orthophosphate. Iron oxide is probably an impurity phase
that passed to the surface of the glass composite matrix during sintering. The synthesis of a
NAFP matrix at 750 ◦C (Figure 3d) leads to the formation of aluminum and sodium–iron
orthophosphates, sodium–iron and sodium–aluminum pyrophosphates, and heptasodium
tetraaluminium (diphosphate) orthophosphate. Thus, the NAFP matrix has a more var-
ied phase composition and does not show the prevalence of any predominant phosphate
structure depending on the synthesis temperature.
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SEM micrographs of the surface of the obtained at 550–750 ◦C. FP matrices are shown
in Figure 4. The sample obtained at 450 ◦C was not analyzed due to its brittleness. The phase
composition is presented in Table 3. It was shown that the distribution of elements over
the sample is homogeneous, and the phase composition approximately corresponds to the
calculated one (Phase #1, Table 3), except for the sample synthesized at 750 ◦C (Figure 4c),
wherein the phase (Phase #2) contains molybdenum from the surface composition of the
sample incorporated from the substrate during synthesis.
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Table 3. Average data of elemental composition (wt%) of the FP matrix according to SEM/EDS data.

Element Phase #1 Phase #2

P 24.5 ± 2.4 23.5 ± 2.3
Fe 30.7 ± 3.1 30.8 ± 3.1
O 44.8 ± 4.5 44.3 ± 4.4

Mo - 1.5 ± 0.2

SEM micrographs of the surface of NAFP glass composite matrices obtained at
550–750 ◦C is shown in Figure 5. The amorphous sample synthesized at 450 ◦C was
also too brittle for analysis. Samples synthesized at 550–750 ◦C are inhomogeneous and
consist of at least two different visible phases. In all samples, there is a main phase (Phase
#1, Table 4) with a similar composition but that differs from the calculated one by a slightly
higher iron content. Due to the complex phase composition of the samples (Figure 3), it
was difficult to determine the predominant phase. The darker Phase #2 and Phase #4 in the
NAFP samples (Figure 5a,c), synthesized at 550 and 750 ◦C, respectively, are characterized
by an even higher iron content (Table 4). However, the content of sodium and aluminum in
them is different, which indicates the prevalence of various mixed, predominantly ferrous
phosphates in each of the phases. The lighter Phase #3 (Table 4, Figure 4b) in the sample
synthesized at 650 ◦C, on the contrary, contains slightly less iron but more aluminum and
sodium. Thus, in NAFP samples, a much less homogeneous distribution of phases on the
surface of the samples is observed.
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Figure 5. SEM image of NAFP matrix samples synthesized at 550 (a), 650 (b) and 750 ◦C (c), where 1,
2, 3 and 4 are phosphate phases.

Table 4. Average data of elemental composition (wt%) of the NAFP matrix according to SEM/
EDS data.

Element Phase #1 Phase #2 Phase #3 Phase #4

P 22.3 ± 2.2 23.8 ± 2.4 24.5 ± 2.4 20.8 ± 2.1
Fe 12.1 ± 1.2 16.3 ± 1.6 9.4 ± 0.9 20.5 ± 2.1
Na 16.0 ± 1.6 9.5 ± 0.9 14.1 ± 1.4 14.0 ± 1.4
Al 5.9 ± 0.8 5.1 ± 0.7 6.1 ± 0.8 2.2 ± 0.3
O 43.4 ± 4.3 44.4 ± 4.4 45.9 ± 4.6 42.5 ± 4.3
Si 0.3 ± 0.1 1.0 ± 0.2 - 0.24 ± 0.1

3.3. Hydrothermal Resistance of Glass Composite Matrices in PCT Standard Test

The data on the leaching rate of compound components are represented in Table 5. It
is shown that glass composite matrix samples have high hydrolytic stability at 90 ± 2 ◦C,
while the lowest leaching rates are typical for FP matrix samples. Thus, the rate of
phosphorus leaching from FP samples synthesized at 650 and 750 ◦C is 5.7 × 10−7 и
3.9 ×·10−7 g/(cm2·day), respectively, and iron—5.7 × 10−7 и 7.9 × 10−7 g/(cm2·day),
respectively.

Table 5. The normalized leaching rate of NAFP and FP matrices components according to the PCT
standard test.

Sample Temperature Synthesis P Fe Na Al

FP

450 1.0 × 10−6 1.1 × 10−7 - -
550 6.5 × 10−7 1.1 × 10−7 - -
650 5.7 × 10−7 5.7 × 10−8 - -
750 3.9 × 10−7 7.9 × 10−9 - -

NAFP

450 1.1 × 10−6 5.0 × 10−6 1.7 × 10−5 6.8 × 10−6

550 8.5 × 10−5 8.6 × 10−6 1.5 × 10−4 6.2 × 10−6

650 6.1 × 10−5 1.2 × 10−5 8.1 × 10−5 2.0 × 10−5

750 1.1 × 10−4 9.0 × 10−6 1.7 × 10−4 1.6 × 10−5

Samples of NAFP matrices have leaching rates, on average, two orders of magnitude
higher. Thus, the values of phosphorus leaching rates are about 10−5–10−4 g/(cm2·day).
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4. Conclusions

It has been shown that obtaining FP and NAFP glass composite materials by sintering
crushed pressed glass is possible at temperatures of 550–750 ◦C. The glass composite
materials obtained at given temperatures are represented by one or more crystalline phases.
FP matrices are characterized by the formation of orthophosphate phases at lower synthesis
temperatures (550 ◦C) and pyrophosphates at higher temperatures (750 ◦C). NAFP matrices
in this synthesis method is characterized by a more complex composition of phases with
the presence of meta-, ortho-, and pyrophosphates without a clear dependence of their
formation on the synthesis temperature. It has been established that glass composite
material samples have a high hydrolytic stability, while FP matrix samples synthesized at
650 and 750 ◦C are characterized by the lowest leaching rates.

Thus, it has been shown that the proposed medium-temperature method for the
synthesis of glass composite materials can be promising for the immobilization of volatile
radionuclides and HLW components. Reducing the temperature of the synthesis of cured
matrices by 3–5 hundreds of degrees is a significant advantage of this approach for the
immobilization of HLW. This makes it possible to radically reduce the requirements for the
design and operating conditions of melting equipment, significantly increase its service life,
and also reduce the radioecological problems of its decommissioning. This technological
approach to HLW management requires further development, including a study of the
behavior and distribution of radionuclides in glass composite materials.
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