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Abstract—Low-temperature mineral-like magnesium potassium phosphate (MPP) compounds were synthe-
sized in the course of immobilization of nitric acid solutions containing cesium, strontium, sodium, ammonium,
lanthanum, and iron as simulated radioactive waste (RW). The phase composition and structure of the com-
pounds and the distribution of the RW components were studied. The mechanical strength (15 = 3 MPa), heat
resistance (up to 450°C), and radiation resistance (absorbed dose 1 MGy) of the compounds were evaluated in
accordance with the existing regulations. The MPP compound exhibits high hydrolytic durability: The differen-
tial leach rate of *’Pu and "?Eu on the 28th day, measured in accordance with GOST (State Standard)
R 52126-2003, is 2.1 x 10° and 1.4 x 10* g cm™ day ', respectively. Introduction of wollastonite into
the compound decreases the radionuclide leach rate by a factor of up to 5. The MPP compound shows promise
for industrial solidification of liquid RW, including high-level highly saline multicomponent actinide-

containing waste.
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Prospects for the development of nuclear industry
depend on the efficiency of the management of radio-
active waste (RW) formed in the nuclear fuel cycle and
accumulated in the course of implementation of de-
fense programs in the past. The RW management con-
cept that is being implemented today in Russia in-
volves stopping the RW discharge into open aquatic
systems. The waste should be converted to a stable
solidified form suitable for long-term controlled stor-
age and/or disposal. Various high- and low-tempera-
ture host materials have been developed for RW im-
mobilization, depending on the kind and radiotoxicity
of RW [1, 2]. The quality requirements to the host ma-
terials are formulated in NP-019-15 document [3]. Ce-
ment [4] and glassy [5] compounds are considered as
host materials for immobilization of intermediate-
(ILW) and high-level (HLW) actinide-containing RW.
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Cementation has found wide use in nuclear industry
for management of various kinds of RW. Mixing of
Portland cement with water gives cement mortar,
which sets and transforms into cement stone as the
clinker minerals undergo hydration. The drawbacks of
this method are relatively low degree of incorporation
of RW salts into the cement and low levels of hydro-
lytic durability and frost resistance of cement stone
with the incorporated waste salts.

Vitrification is today the only HLW management
technology brought to industrial implementation [6].
Borosilicate glass is used for this purpose in the major-
ity of countries, and a glass on the sodium alumino-
phosphate base is used today in Russia for HLW so-
lidification after reprocessing spent nuclear fuel from
WWER-440 (440-MW, water-cooled water-mode-
rated energy reactor) reactors at the RT-1 plant of
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the Mayak Production Association [7]. The main draw-
backs of this method are low levels of chemical dura-
bility and crystallization resistance of the glass at ele-
vated temperatures and short operation life and high
cost of the melting equipment and gas treatment sys-
tems.

The urgency of searching for new effective host
materials is determined by the need for immobilizing
considerably expanded range of RW of complex
chemical and radionuclidic compositions, containing
highly toxic long-lived actinides and fission products.
It should be noted that management of some kinds of
RW (e.g., those with high content of sulfates or ammo-
nium) using standard cementation and vitrification
methods does not comply with the requirements of [3].

Ceramic (mineral-like) host materials, including
multiphase materials [8] and materials based on indi-
vidual crystalline phases [9, 10], are considered as an
alternative to glasses for immobilization of RW con-
taining long-lived radionuclides. High-temperature
methods for preparing such host materials (cold and
hot pressing—sintering, cold crucible induction melting
[11], self-propagating high-temperature synthesis [12],
UHF heating [13], etc.) should involve a radiation-
hazardous preliminary step of waste calcination. These
procedures also impose very stringent requirements
upon the quality of the mineral-forming charge. There-
fore, low-temperature mineral-like phosphate host ma-
terials prepared at room temperature in aqueous solu-
tion, as a rule, by the reaction of metal(Il) oxides
(MgO, ZnO, FeO, Ca0O) with H;PO, or its derivatives
[e.g., metal(I) or ammonium (di)hydrogen phosphates]
are of particular interest. Such host materials have
crystalline structure similar to ceramics [14—17]. Some
low-temperature phosphate materials are widely used,
e.g., in dentistry. They are also considered as structural
materials, efficient radiation-protective shields, or bio-
ceramics [18].

One of the most promising low-temperature materi-
als for RW immobilization is magnesium potassium
phosphate (MPP) MgKPO,-6H,0, a synthetic analog
of K-struvite natural mineral [19] prepared at room
temperature by acid—base reaction:

MgO + KH,PO, + SH,0 = MgKPO,-6H,0. )
The MPP host material has noticeable advantages

over Portland cement, consisting primarily in higher
solution/binder ratio (usually up to 0.8 L kg™') with
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high degree of filling with RW salts (up to 30 wt %)
and in the possibility of curing liquid waste with pH
varying in a wide range [20-23]. It should be noted
that possible use of such host materials for ILW and
HLW management, in contrast to the use of glass or
ceramics, does not require construction of expensive
high-temperature electric furnaces or special melters
whose decommissioning is a particular radioecological
problem, yet unsolved.

Previously we demonstrated the efficiency of using
MPP host material for immobilization of “historical”
RW [24-28]. Proceeding with studies in this field, we
examined the phase composition, structure, mechanical
strength, radiation resistance, and thermal and hydro-
lytic durability of various compounds based on MPP
host material (hereinafter, MPP compounds), including
those formed in the course of solidification of a highly
saline solution simulating industrial actinide-contain-
ing ILW.

EXPERIMENTAL

The chemicals used in the experiments were of no
less than chemically pure grade.

For preparing samples of MPP compounds by reac-
tion (1), we used MgO (OOO RusKhim) preliminarily
calcined at 1300°C for 3 h (specific surface area
6.6 m* g') and KH,PO, (TD Khimmed) ground to
a particle size of 0.15-0.25 mm. The samples were
prepared at the MgO : H,O : KH,PO,4 weight ratio of
1:2: 3. The excess of MgO relative to the stoichiome-
try of reaction (1) was 10 wt % [28]. To decrease
the rate of reaction (1), boric acid was added to the
initial mixture in an amount corresponding to its 1.3 £
0.1 wt % content in the compound.

The influence of the composition of the solution
being solidified on the composition and properties of
MPP compounds was determined in experiments on
immobilization of concentrated aqueous solutions of
cesium, strontium, sodium, ammonium, lanthanum,
and iron nitrates simulating RW components (Table 1).
In addition, we prepared compounds by solidification
of a solution simulating the evaporated and neutralized
raffinate from final purification of Pu and Np by ex-
traction (MPP-ILW samples in Table 1). This raffinate
belongs to the ILW category. The total salinity of the
simulated ILW was 589 g L™, pH 5.6. The MPP-ILW
samples were prepared at the solution/binder ratio of
0.65 L kg™'. The activity concentration of '**Eu and
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Table 1. Composition of solidified aqueous solutions and content of metals and ammonium in the synthesized samples of

MPP compounds

Sample Salt composition of solidified aqueous solutions, g L™ Content o(ffm 1\?[?[1)85;11?1;311?(?51?1&?0/? samples

MPP-Cs CsNOs; 230 Cs4.8

MPP-Sr Sr(NO;), 705 Sr 6.7

MPP-NH, NH4NO; 530 NH, 3.4

MPP-Na NaNO; 458 Na3.5

MPP-La La(NOs); 567 La6.7

MPP-Fe Fe(NO3); 186 Fel.4

MPP-ILW NaNO; 108, Na,SO, 217, NH4,NO; 250, Eu(NO;); 14 Na 3.3, NH4 1.8, Eu 0.2

%Py in the MPP-ILW samples was 4.0 x 10 and
1.6 x 10° Bq g ', respectively.

In studying the effect of mineral modifiers on the
properties of MPP compounds, we used wollastonite
(FW-200, Nordkalk), bentonite (10th Khutor deposit,
Khakassia, Russia), and zeolite (Sokirnit, Transcarpa-
thian deposit, clinoptilolite content 70%). The modifi-
ers were preliminarily ground and sieved, and the frac-
tion with the 0.07-0.16 mm particle size was taken.

After gaining the strength in no less than 15 days,
we obtained samples of MPP compounds of up to 50 g
weight with a density of up to 2.0 g cm™. The phase
composition of the samples was determined by X-ray
diffraction (XRD) (Ultima-IV, Rigaku, Japan). The
data were interpreted using the Jade 6.5 program pack-
age (MDI) with PDF-2 powder database. The sample
structure was studied by scanning electron microscopy
(SEM) (LEOSupra 50 VP, Carl Zeiss, Germany) and
electron probe microanalysis (EPMA) (X-MAX 80,
Oxford Instruments, the United Kingdom).

The mechanical strength and resistance to thermal
cycling (30 cycles of keeping in the range from —40 to
+40°C) of MPP compounds was determined according
to [29, 30]. The radiation resistance of the compounds
was evaluated after their irradiation at the UELV-10-
10-C-70 linear accelerator (Frumkin Institute of Physi-
cal Chemistry and Electrochemistry, Russian Academy
of Sciences) with a vertically scanning electron beam;
the absorbed dose was no less than 1 MGy. Thermal
gravimetric analysis and differential scanning calo-
rimetry (TG/DSC) of the samples were performed in
air at temperatures of up to 800°C (STA 409 PC Luxx,
Netzsch, Germany).

The hydrolytic durability of MPP compounds was
determined using the semidynamic test in accordance
with GOST (State Standard) R 52126-2003 [31]. The

content of **’Pu and '"?Eu in solutions after leaching
was determined by o- and y-ray spectrometry, respec-
tively (Canberra spectrometers, the United States), and
the contrent of structure-forming elements was deter-
mined by inductively coupled plasma atomic emission
spectrometry (ICP-AES) (iCAP-6500 Duo, Thermo
Scientific, the United Kingdom).

The mechanism of leaching of structure-forming
elements (Mg, K, P) from the MPP compound was
evaluated in accordance with the de Groot-van der
Sloot model [32], which can be presented in the form
of the linear relationship

logY; = Alogt + const, 2)

where 7¥; is the total yield of ith element from the sam-
ple during the time of contact with water, mg m%; ¢ is
the contact time, days.

As shown in [33-36], the following mechanisms of
element leaching correspond to various values of 4 in
Eq. (2): >0.65, dissolution; 0.35-0.65, diffusion; and
<0.35, washout from the sample surface (including the
case of subsequent depletion of the surface layer). The
quantities Y; were calculated using Eq. (3):

Yo = CulLIS)L I8, = 1,17), 3)

where C;, is the concentration of ith element in the
leaching solution by the end of nth period, mg L L/S,
ratio of the solution volume to the sample surface area,
L m?; ¢, and t.-1, total contact time by the end of nth
period and before its beginning, respectively, days.

RESULTS AND DISCUSSION
Phase Composition and Structure of MPP Compounds

The major crystalline phase in the studied samples
of both MPP host material itself and MPP compounds

RADIOCHEMISTRY Vol. 60 No.1 2018
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Mg K P (6) Calculated formula of MPP host material particles
8.0 7.5 7.7 76.8 MgKPO,-6H,0 (K-struvite)

10.3 6.0 8.8 74.9 Mg116K06gPO445H20
5.9 9.6 9.6 74.9 Mgy 2KHy 76PO4-3.8H,0°

* Hydrogen was introduced into the phosphate formula for charge balance.

Table 3. Elemental composition (at. %) of MPP-M compounds containing metals M: MPP-Cs, M = Cs; MPP-Sr, M = Sr;
MPP-La, M = La

Sample

Mg

K

P

0)

M

Calculated formula of particles of MPP compounds

MPP-Cs

7.9
7.7
7.2
5.8
7.1

8.2
11.7
2.2
4.0
4.8

8.2
10.1
7.5
10.5
8.9

75.2
69.1
71.5
71.7
55.4

0.5
1.4
5.6
8.1
23.8

Mg0<97KCS0,06PO4' 5 2H20
Mgo.76K1.16C80.14H0.18P04-2.8H,O
Mg0.97K0.20C80.75P04:6.3H,0
Mg.55K0.38Cs0.77H0.75PO42.8H,O
Mg0.80K0.54C82.67P04.9'1.3H,0

MPP-Sr

7.1
7.8
4.8

4.4
1.7
1.8

9.5
7.6
8.0

75.1
78.2
79.9

4.0
4.7
5.5

Mg.75K0.46510.42P O3 99"4.0H,0 [5.1 Mg 05K 64510.42PO3.9:6.0H,0 + Sr3(POy),]
Mg .03K0.22810.62PO04.20°6.0H,O
Mg0.6K0.23510.60PO3.916.1H,0

MPP-La

11.6
4.6

8.3

8.7
5.2
10.6

14.5
7.7
15.1

64.3
79.5
59.2

0.7
2.8
6.6

Mgo.50Ko.60Lao.0sHo.6sPO4-0.4H,0
Mgy 60Ko.6sLa936PO4-6.3H,0

Mg0.55K0.70L20.44PO4.06

containing macroamounts of metal and ammonium is
the mineral-like analog of K-struvite MgKPO46H,0
or struvite MgNH4PO,-6H,O (samples MPP-NH, and
MPP-ILW) (Fig. 1). The MgO phase (periclase) is also
present owing to the use of excess MgO relative to the
stoichiometry of reaction (1). In solidification of aque-
ous solutions of element nitrates and of simulated ILW
solution, the KNO; phase (niter) is formed in the com-
pounds (Fig. 1), which suggests replacement of potas-
sium with metal and ammonium cations. This assump-
tion is confirmed by the presence of the corresponding
crystalline phosphate phases in the samples, such as
MgCsPO46H,0 in the MPP-Cs sample, Sr3(PO4), in
the MPP-Sr sample, MgNaPO,6H,O and Na3;PO,
(olympite) in the MPP-Na sample, and LaPO,-0.5H,0
(rhabdophane-La) in the MPP-La sample.

A study of the structure of the MPP host material
has shown that it is constituted by crystalline particles
with the prevalent size of 2-10 um (Fig. 2). The mean
elemental composition of the host material corresponds
to MgKPO,6H,O (Table 2), but the compositions of
separate particles can differ. Some areas of the host
material are enriched in Mg and P and have the mean
COHlpOSitiOIl Mg1_16K0'68P04‘4.5H20 (Table 2), which
can correspond to a mixture of K-struvite and
Mg3(PO,),-2.6H,0 in 4.3 : 1 molar ratio. On the other
hand, we also found Mg-depleted particles with the
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probable composition Mgy 6KHg 76P04-3.8H,0
(Table 2), which corresponds to a mixture of K-stru-
vite and KH,PO, in 1.6 : 1 molar ratio. However, an
intrinsic phase of unchanged KH,PO, has not been
revealed by X-ray diffraction (Fig. 1). Nevertheless,
the presence of this phase in a small amount (usually
no more than 1-2 wt %) cannot be ruled out.

Distribution of Elements in MPP Compounds

Analysis of the elemental cards of MPP compounds
confirms that potassium is concentrated in the samples
in a separate potassium nitrate phase (dark gray phase
N in Figs. 3a and 3c¢). Cesium is localized in the com-
pound in separate inclusions (light spots in Fig. 3b)
containing also phosphorus and oxygen. Wagh et al.
[37] assumed previously that solidification of a ce-
sium-containing solution in an MPP host material
leads to the formation of the compound Mg(Cs,K,_,):
PO46H,0. We have shown that the MPP-Cs sample
after solidification of a concentrated cesium nitrate
solution contains, along with cesium nitrate, also phos-
phate compounds (Fig. 1) that are formed by potas-
sium replacement with cesium and are similar to
K-struvite and newberite minerals, e.g., of the composi-
tion Mg 97K029Cs0.75PO4:6.3H,O and Mg 55K 35Csg77°
Hg.75PO42.8H,0, respectively (Table 3). In addition, in
the MPP-Cs sample there are areas containing up to
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Fig. 1. X-ray diffraction patterns of the MPP host material and MPP compounds obtained by solidification of nitric acid solutions
and simulated ILW solution (for solution compositions, see Table 1). Sample: (/) MPP host material, (Z/) MPP-Cs, (/I]) MPP-Na,
(V) MPP-NH,, (V) MPP-Sr, (VI) MPP-La, (VII) MPP-Fe, and (VIII) MPP-ILW. Phase designations: (/) MgKPO46H,0
(K-struvite), (2) MgNH,PO,6H,O (struvite), (3) MgO (periclase), (4) KNO; (niter), (5) MgNaPO,, (6) Nas;PO, (olympite),
(7) MgHPO43H,0 (newberite), (8) KH,POs, (9) Sr(NOs),, (10) Sr3(POs),, (11) Fes(PO,)O; (grattarolaite), (/2) NH4NO;
(nitramite), (/3) MgCsPO4 6H,0, (14) CsNOs;, and (/5) LaPO4-0.5H,0 (rthabdophane-La).
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Fig. 2. SEM image of the MPP host material in backscat-
tered electrons.

23.8 at. % cesium on the average (Table 3), which sug-
gests the presence of fine Cs;POy particles in the com-
pound.

The Sr distribution in the MPP-Sr sample (Fig. 3d)
corresponds to the distribution of P and Mg, which
confirms the formation of their phosphate compounds.
Strontium is incorporated in K-struvite containing up
to 5.5 at. % Sr (composition Mgy K 23S19690PO3.91°
6.1H,0, Table 3) and is also present in the form of
Sr3(PO,),, which agrees with the data in Fig. 1. Lan-
thanum in MPP compound, similarly to Cs and Sr, is
incorporated in a number of phosphates (MPP-La
sample in Table 3), including analogs of K-struvite
(Mg0.60K0_68Laol36P04'6.3H20) and anhydrous mixed
orthophosphate (Mg0.55K0_70L30.44PO4.06).

Thus, as demonstrated by the example of Cs, Sr,
and La, RW radionuclides are immobilized in the MPP
compound by chemical binding in the form of poorly
soluble phosphates, which should ensure high resis-
tance of the compound to leaching of these metals.

Mechanical Strength and Radiation
and Heat Resistance of MPP Compounds

The compression strength of the prepared MPP
compounds was 15 = 3 MPa on the average. After
30 thermal cycles in the range from —40 to +40°C,
90-day immersion in water, or electron beam irradia-
tion (dose 1 MQGy), their strength decreased to 10 =+
2 MPa, which, nevertheless, meets the requirements
[3] to the cement compound, no less than 5 MPa.

Introduction of 2040 wt % mineral modifiers
(wollastonite, bentonite, zeolite) into the compound
enhances its mechanical strength (by a factor of 2-3)

RADIOCHEMISTRY Vol. 60 No.1 2018
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Fig. 3. SEM images of the (a) MPP-Cs and (b) MPP-Sr
samples in backscattered electrons and elemental maps of
(b) Cs and (d) Sr.
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Fig. 4. Thermal behavior of the MPP host material.
(1) DSC and (2) TG.

and heat resistance. For example, the compound con-
taining 38 wt % wollastonite exhibited a strength of
approximately 10 MPa even after heating for 4 h at
450°C. On the other hand, it is noted that the thermal
action on the MPP compound is accompanied by the
weight loss (Fig. 4, curve 2), apparently, owing to de-
hydration. The endothermic effect corresponding to
this process has a maximum at ~120°C (Fig. 4,
curve /). Water was quantitatively removed from the
samples in 24 h at 120°C and in 6 h at 180°C.

Thus, the use of dehydrated MPP compound for
RW disposal will not lead to generation of dangerously
explosive radiolytic hydrogen. It should also be noted
that, according to our previous data [25], the radio-
chemical yield of hydrogen from the MPP compound
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Table 4. Differential (numerator) and integral (denominator) leach rates of structure-forming elements from MPP compounds

on the 28th day of contact with water, g cm* day '

Element MPP MPP-La MPP-ILW

Mg 7.7 x10°/2.3 x 107 3.4x10°23x10" 13x10%82x 107"

K 1.2x107%/5.8x10"° 14%x10%9.3 %107 9.6 x10%1.2x 107

P 55x10%3.2x10° 8.7x10%2.0x 107 51x10%3.9x10°
La - 6.4x10°%13x10"* -

after solidification of simulated highly saline HLW is
extremely low, 0.004 H, molecule per 100 eV. Similar
effect was noted in [38] upon y-irradiation of cement
compounds incorporating simulated nitrate-containing
RW, which was attributed to capture of radical prod-
ucts of water radiolysis by nitrate ions.

1 1 1 1 1 1
5 10 15 20 25 30
Contact time, days

Fig. 5. pH of solutions after leaching MPP compounds
as a function of the contact time with water. (/) MPP,
(2) MPP-ILW, (3) MPP_wol, and (4) MPP-ILW_wol.

55F XMg AP oK
y=022x+4.90

y=-0.69x +5.83

-
|
E 45T 1=0.13x +4.59
£ y=-0.53x+5.22
B~
= 40
2
y=—0.04x +3.46
3.5 = 0.39 + 3.04
3.0 1 1 1 1
0.0 0.5 1.0 13 2.0

log ¢ [days]

Fig. 6. The log—log plot of the yield Y of structure-forming
elements of the MPP host material vs. contact time
with water. The linear regression equations are given in the
figure.

Hydrolytic Durability of MPP Compounds

The pH of the solutions after the contact of the
MPP host material with double-distilled water, deter-
mined according to GOST (State Standard) R 52 126—
2003, was 8.3-8.5 (curve / in Fig. 5). On the other
hand, pH of the solutions after leaching MPP-ILW
compound (curve 2 in Fig. 5) and compound samples
with 38 wt % wollastonite (curves 3 and 4 in Fig. 5)
increased to 9.5-10.5, which can be attributed to the
hydrolysis of the formed readily soluble phosphate
phases (e.g., NazPO,) and wollastonite.

As we found, leaching of structure-forming ele-
ments of the MPP host material in the course of 90-day
contact with water (Fig. 6) is controlled by different
mechanisms. In the first 10 days, Mg, K, and P are
washed out from the sample surface, with the coeffi-
cients 4 in Egs. (2) equal to —0.04, 0.22, and 0.13, re-
spectively. Stronger leaching of K and P compared to
Mg can be attributed to the dissolution of residual un-
changed KH,PO,. In the subsequent 80 days, the sur-
face layer of the sample underwent gradual depletion
of K and P (coefficients 4 —0.69 and —0.53, respec-
tively), and the Mg leaching occurred via diffusion
from the internal layers (4 = 0.39).

Comparison of the hydrolytic durability data for
different compounds (Table 4) shows that the influ-
ence of the chemical composition of the solidified so-
lution on leaching of the structure-forming elements of
the MPP host material is insignificant. The differential
leach rate of Mg, K, and P does not exceed 1.3 x 1074,
1.4 x 107, and 8.7 x 10* g cm™ day ', respectively.
An increase in the integral leach rate of K from MPP-
ILW and MPP-La and of Mg from MPP-ILW, com-
pared to straight MPP (Table 4), can be attributed to
possible formation and leaching or dissolution in the
first day of contact of the samples with water of sepa-
rate compounds of these elements, primarily KNOs,
and also, possibly, Mg(H,PO,),xH,O, Mg;(POy),:
tzo, and Mg2PO4(OH)

RADIOCHEMISTRY Vol. 60 No.1 2018
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Fig. 7. Integral leach rate R of (/) *°Pu and (2) "*?Eu from
MPP-ILW samples and of '**Eu from the sample contain-
ing 38 wt % wollastonite (MPP-ILW_wol).

The MPP compound exhibits high hydrolytic dura-
bility with respect to the radionuclide leaching (Fig. 7),
which is the main criterion of its suitability for RW
storage/disposal. The differential and integral leach
rates from an MPP-ILW sample on the 28th day of
contact with water were 2.1 x 107 and 8.1 x 10° for
2Py, and 1.4 x 10 and 1.1 x 10° g cm? day ' for
152Ey, respectively. On the other hand, introduction of
wollastonite into the compound (Fig. 7, curve 3) leads
to a decrease in the differential and integral **Eu leach
rates to 6.5 x 10~ and 2.6 x 10~ g cm™ day ', respec-
tively.

Thus, our studies show that high physicochemical
stability and hydrolytic durability of MPP compound
make it promising for industrial solidification of RW,
including actinide-containing ILW of complex chemi-
cal composition.
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