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Abstract

The paper discusses the current status of the HLW vitrification tech-
nology applied at the radiochemical plant of the Mayak PA. Concep-
tual and technical solutions proposed to develop the technology of
vitrification of various types of liquid HLW at the Mayak PA are pre-
sented. Compositions of borosilicate glasses with HLW components
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are described, temperatures of their melting and easy pouring are

determined. Chemical durability parameters obtained for the borosil-

icate glasses are provided.

1. Introduction

Isolation and safe storage of radioactive waste can by im-
plemented by means of its immobilization with the use of
durable, chemically resistant materials. While low-level
and intermediate-level waste can be immobilized by
means of cementation, solidification of high-level waste
(HLW) requires more durable matrices, such as ceramics
and glass. Glass is a nonstoichiometric compound that can
dissolve, when heated, and then reliably confine, at subse-
quent cooling, a complex mixture of nuclear fuel fission
products. The resulting isotropic, nonporous product is
characterized by high chemical durability, radiation re-
sistance and heat conductivity [1].

The objective of this work was to produce borosilicate
glasses based on calcined simulated hydroxide sludge with
a complex composition that simulated HLW accumulated
in the storage tanks of the radiochemical plant and glass
frit in various ratios, to determine the melting tempera-
ture, the temperature of easy pouring and chemical dura-
bility of the glasses. As a part of this study, the borosili-
cate glasses with a weight content of calcined solid rang-
ing from 15 to 60% were produced and investigated. Ac-
ceptable chemical durability is demonstrated by the glass-
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es with a mass fraction of the calcined solid of no more
than 30%.

2. Results and Discussion

Two types of glasses are mainly applied for HLW immobi-
lization; these include borosilicate and phosphate glasses
[2]. As a rule, basic composition of borosilicate glass in-
cludes silicon, boron and sodium oxides, and alumino-
phosphate glass consists of aluminum, phosphorus and
sodium oxides [3]. The glass composition is limited by
solubility of individual HLW components in glass, on the
one hand, and by the technological parameters of vitrifica-
tion (waste denitration method, equipment applied for
their calcination, heating method, solidification condi-
tions, pouring from the melter, etc.), on the other hand.
Immobilization of the liquid HLW of the radiochemical
plant in aluminophosphate glass has been carried out at
the Mayak PA on the industrial scale since 1987. This
method is implemented using nonremovable direct electric
heating melters (EP-500). Over the past period of time, 4
such melters have reached the end of their design service
life and have been decommissioned. Since December 27,
2016, the fifth industrial-scale electric furnace EP-500/5
designed for vitrification of liquid HLW has been in opera-

10of7


http://chimicatechnoacta.ru/
https://doi.org/10.15826/chimtech.2021.8.1.05
http://creativecommons.org/licenses/by/4.0/

Chimica Techno Acta 2021, vol. 8(1), N2 20218105

tion. Its design service life is 6 years. The work is current-
ly underway to develop the next melter of such type (EP-
250/6), the design of which will take into account the op-
erational experience of the previous vitrification facilities,
which is expected to prolong the service life of the new
melter to approximately 8 years. Commissioning of this
electric melter is scheduled for 2023.

Plans are underway at the Mayak PA to construct in
2028 a new vitrification complex that will enable solidify-
ing a wide variety of liquid high-level waste. For example,
small-size borosilicate glass melters with direct electrical
heating are assumed to be used for solidification of liquid
HLW generated as a result of reprocessing of SNF from
power reactors (VVER-440, VVER-1000, BN-600 and BN-
800) [4]. The design-basis dismantling, disassembling and
removing procedures are to be developed for these electric
melters to ensure compliance with environmental regula-
tions and to provide cost saving at construction of new
facilities due to the use of considerable part of the infra-
structure [5]. Solidification of other types of liquid HLW is
planned to be implemented using EP melters, the design of
which will provide for an inherent procedure of disman-
tling upon completion of the service life.

Thus, in the coming decade the main method for HLW
solidification in Russia will still be based on radioactive
waste vitrification in the direct electric heating melters. It
is worth noting that the range of glasses applied for vitri-
fication and characteristics of waste to be solidified will
be expanded [6].

In compliance with the IAEA standards, liquid HLW is
subject to solidification [7]. The main objective is to re-
duce the HLW volume as much as possible and to provide
the HLW conditioning, i.e. conversion of the radioactive
waste into chemically durable and radiation-resistant
form that maintains its stability throughout the entire
storage period. From the point of view of long-term envi-
ronmental safety, chemical durability is of paramount im-
portance.

In spite of the fact that borosilicate glass has long been
used abroad for radioactive waste solidification, systemat-
ic investigations of physical and chemical properties of
this type of glass have been carried out in Russia mainly
during the recent 20 years.
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The objective of this work was to produce borosilicate
glasses based on calcined simulated hydroxide sludge with
a complex composition that simulated HLW accumulated
in the storage tanks of the radiochemical plant and glass
frit in various ratios, to determine the melting tempera-
ture, the temperature of easy pouring and chemical dura-
bility of the glasses.

Compositions of the investigated borosilicate glasses
and the initial glass frit, melting temperatures and easy
pouring temperatures are provided in Table 1. These com-
positions were selected based on the variety of HLW vitri-
fied into borosilicate glass.

Calcined solid is a product resulting from reprocessing
of simulated hydroxide sludge from one of the storage
tanks. The storage tanks are fourteen concrete compart-
ments, 1170 m> each, isolated from each other and lined
with stainless steel of 12X18HQT grade with a thickness of
3 mm. The storage tanks were actively filled with hetero-
geneous high-level waste (HLW) between 1968 and 1986.
The storage tanks are located on the ground surface,
which excludes the possibility of ground water ponding
[8]. The storage tanks contain slightly alkaline and alka-
line systems of precipitates, suspensions and clarified so-
lutions. The precipitates mainly contain iron, aluminum,
nickel and chromium hydroxides, iron and nickel sulfides,
nickel-cesium and titanium-cesium ferrocyanides. The
liquid phase contains high salinity solutions, chemical
composition of which is determined mainly by sodium hy-
droxide, aluminate and nitrate. Radionuclide composition
is represented mainly by fission products and is different
for the clarified phase and the precipitate. The liquid
phase activity is conditioned mainly by cesium-137; the
precipitate also contains considerable amount of stronti-
um-90 (in equilibrium with yttrium-90), as well as fis-
sionable components such as uranium and plutonium.

The sludge composition is provided in Table 2.

As it is a challenging task to synthesize sludge of such
composition under laboratory conditions, its ninefold dilu-
tion was assumed by convention. Consequently, alumi-
num, iron, chromium, nickel, manganese, magnesium and
calcium hydroxides were produced directly by precipita-
tion of the elements from the nitric acid solution using
sodium hydroxide.

Table 1 Compositions of the investigated glasses, melting temperatures and easy pouring temperatures

Mass fraction of oxides in borosilicate glasses, %

=}
Z
0, (o]

§ si0, B,0; Li,0 Na,0 ALO; Fe,0; Cr,0 NiO MnO Ca0 K,0 MgO SO, T, °C - Tep, °C

<]
Glass

. 72.00 8.00 8.00 12.00 - - - - - - - - - - 1200
frit
1 61.43 6.80 6.80 18.69 3.19 0.56 0.26 0.67 0.18 0.09 0.67 0.13 0.54 1050 1150
2 50.85 5.60 5.60 25.37 6.37 1.13 0.52 1.33 0.36 0.19 1.34 0.26 1.07 1000 1100
3 40.28 4.40 4.40 32.06 9.56 1.69 0.77 2.00 0.55 0.28 2.01 0.39 1.61 950 1000
4 29.71 3.20 3.20 38.75 12.74 2.26 1.03 2.66 0.73 0.37 2.69 0.52 2.14 900 950

2 T - melting temperature
b Tep. - easy pouring temperature
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Table 2 Content of components in the hydroxide sludge on condition that the precipitate and the liquid phase are homogenized

Component

Concentration of components in the real

Concentration of components in the ninefold

sludge, g/L diluted sludge, g/L
Na 170.3 18.9
Al 181.5 20.2
Fe 42.5 4.7
Cr 19.1 2.1
Ni 56.3 6.3
Mn 15.0 1.7
Si 11.4 1.3
Mg 8.4 0.9
Ca 7.3 0.8
K 60.0 6.7
s0,” 69.1 7.7
Ccr 0.37 0.04
NO; 30.7 3.4

The sodium hydroxide solution with a concentration of
500 g/L was added to the nitric acid solution so that hy-
droxides of the above-mentioned elements precipitated
completely; as a consequence, the simulated laboratory
sludge turned out to have higher sodium content. Potassi-
um was introduced in the form of potassium nitrate, sul-
fate-ions in the form of sodium sulfate, chloride-ions in
the form of sodium chloride and silicon in the form of col-
loidal silicon oxide (aerosil). Upon completion of the pre-
cipitation, a system consisting of a solid and a liquid phase
was obtained. The solid phase contained aluminum, iron,
chromium, nickel, manganese, magnesium, calcium and
silicon. The liquid phase was formed by potassium, sodi-
um, nitrate-, chloride- and sulfate-ions.

In the course of the investigations the sludge was
evaporated to dry residue and thermally treated at 600 °C
for 2 hours. To ensure more complete calcination, the
sludge was additionally held for 2 hours at 800 °C.

The final composition of the simulated hydroxide
sludge produced under laboratory conditions and the re-
lated calcined solid composition are provided in Table 3.
The data were obtained using an inductively coupled
plasma mass spectrometer.

Glass of four compositions was produced based on the
calcined simulated hydroxide sludge with a complex com-
position and the glass frit in various ratios:

- calcined solid - 15%, frit - 85%;

- calcined solid - 30%, frit - 70%;

- calcined solid - 45%, frit - 55%;

- calcined solid - 60%, frit - 40%.

The glass-forming calcined solid was melted at a tem-
perature ranging from 800 °C to 1050 °C. As each glass
composition is characterized by its individual melting
temperature, the condition of the crucible contents was
visually examined at intervals of 50 °C (starting from
800 °C). The glass melting temperature was recorded at
the moment of the calcined solid conversion into melt. In
order to reach complete homogenization of the melt, it
was held at the abovementioned temperature for 2 hours.
Then the heating was continued at intervals of 50 °C to
determine the temperature of easy pouring of the melt,
which was assessed visually judging by the melt fluidity.
Quenched glass was produced by rapid cooling of the melt
to room temperature at its discharge on the metal plate
made of stainless steel.

Table 3 The composition of the hydroxide sludge produced under laboratory conditions and the corresponding calcined solid

composition

Components of simu-
Component concentra-

Complete composi-

Component concen- Complete composition Mass fraction of

lated hydroxide tion in the sludge, g/L tion of th.e simulated tration in the sludge, of the calcin.ed simulat- ogides in Fhe
sludge hydroxide sludge g/L ed hydroxide sludge calcined solid, %
Al 19.64 Al(OH); 56.76 ALO, 21.24
Fe 4.60 Fe(OH); 8.82 Fe,O, 3.76
Cr 2.07 Cr(OH); 4.09 Cr,0, 1.72
Ni 6.09 Ni(OH), 9.61 NiO 4.44
Mn 1.62 Mn(OH), 2.64 MnO 1.21
Mg 0.91 Mg(OH), 2.18 MgO 0.87
Ca 0.79 Ca(OH), 1.45 CaO 0.62
K 6.49 KOH 5.52 K,O 4.48
Na 73.28 KNO; 6.82 Na,O 53.78
Si 1.23 NaNO; 257.58 SiO, 1.51
s0,” 7.48 Sio, 2.64 SO, 3.57
Cl 0.04 Na,SO, 11.06 NacCl 0.03
NO; 187.9 NacCl 0.06
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It was established that the glass melting temperature
ranged from 900 °C to 1050 °C and the easy pouring tem-
perature was from 950 °C to 1150 °C (see Table 1), which
is fully consistent with the temperature mode of operation
of the vitrification furnaces designed at the Mayak PA. The
produced glass was homogenous and transparent through-
out its entire volume.

The glasses with compositions 1 to 4 were tested for
chemical durability. To test the glasses according to the
procedure described in State Standard GOST R 52126 [9],
glass fractions with a particle size ranging from 0.16 to
0.25 mm were prepared. Specific surface area of the pow-
der was 120 cm®/g. Before the testing, the glass powders
were washed with ethyl alcohol to remove dust fraction
and dried.

According to a method of long-term leaching, weighed
powder samples with a weight of 0.3 g with a total surface
area of 36 cm” were placed into polyethylene containers
with sealed lids, where 50 cm?® of deionized water was
added. The samples were held at a temperature of (23 + 2)
°C. The contact solution was replaced in 1, 3, 7, 10, 14, 21,
28, 35, 56 and 91 days after the testing was started.

At the end of the specified period of time, the contact
solution was decanted and analyzed to determine the ele-
ment content using inductively coupled plasma mass-
spectrometry (ICP-MS).

ARTICLE

According to Rules and Regulations NP-019-2015 [10],
chemical durability of phosphate glasses is evaluated
based on cesium-137 leaching, the standard leaching rate
of which must not exceed 1-10° g/(cm®day). In the
framework of this research, chemical durability of the bo-
rosilicate glasses was determined based on the leaching
rate of lithium, sodium and potassium that are chemical
analogs of cesium. Among the above-mentioned univalent
elements, lithium and sodium are the most mobile ele-
ments due to their small ionic radius. Besides, leaching of
matrix components (silicon and boron) and HLW compo-
nents (aluminum) was investigated to assess behavior of
multivalent elements.

The degree of element leaching is an additional criteri-
on for evaluation of the chemical durability of the glass.
This value is not normalized; however, it provides a more
accurate estimate of the matrix quality.

The rate of the element leaching from the matrix de-
termined using the long-term leaching method is a differ-
ential quantity, while the leaching degree is an integral
quantity.

The results of the element leaching from the borosili-
cate glasses with compositions 1 to 4, produced using the
long-term leaching method for 1, 3, 7, 10, 14, 21, 28, 35, 56
and 91 days from the beginning of the experiment, are
provided in Figs. 1 to 6 and in Table 4.

Table 4 Summarized data on leaching of elements from quenched borosilicate glasses obtained using the long-term leaching method

Differential leaching rate, g/(cm®-day)

Leaching degree, %

Glass number

On the 1% day On the 91° day Over 1 day Over 91 days
Lithium
1 1.48-107° 3.74-107 0.18 1.12
2 2.12:107° 1.69~1o'6 0.25 2.68
3 4.23-107 4.69~1o'6 0.51 9.19
4 1.78-10™* 1.01-107° 2.14 21.34
Sodium
1 8.34-10'6 5.40-107 0.10 0.99
2 8.22:10° 2.11-10° 0.10 1.85
3 1.69-107° 5.21~10'6 0.20 5.54
4 5.36-107° 1.00-107° 0.64 13.12
Potassium
1 4.63-10'6 4.73-107 0.06 0.91
2 8.10-10° 8.25-107 0.10 1.35
3 1.10-107° 2.11-10° 0.13 2.31
4 4.65-107° 3.88-10° 0.56 6.39
Boron
1 7.42-10° 5.35-107 0.09 1.13
2 6.13-10° 2.68-10° 0.07 2.83
3 2.65-107 7.18-10° 0.32 9.52
4 6.95-107° 1.43-107° 0.83 23.08
Silicon
1 2.54-107 1.41~1o'8 0.003 0.035
2 2.72-107 3.41~10'8 0.003 0.051
3 2.58-10° 1.57-10°° 0.03 2.02
4 8.26-10° 1.82-10° 0.10 4.60
Aluminum
1 1.13'10'6 4.54-107° 0.014 0.067
2 8.69-107 1.78~1o'8 0.010 0.044
3 2.08-10° 1.92-107 0.03 0.35
4 3.77-10° 4.87-107 0.05 1.87
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Fig. 1 Rate (a) and degree (b) of lithium leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the duration

of leaching
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Fig. 2 Rate (a) and degree (b) of sodium leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the duration

of leaching
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Fig. 3 Rate (a) and degree (b) of potassium leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the dura-

tion of leaching
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Fig. 4 Rate (a) and degree (b) of boron leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the duration

of leaching
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Fig. 5 Rate (a) and degree (b) of silicon leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the duration

of leaching
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Fig. 6 Rate (a) and degree (b) of aluminum leaching from the quenched borosilicate glasses with compositions 1 to 4 versus the dura-

tion of leaching

As can be seen from the data provided in Table 4, the
chemical durability of the borosilicate glasses (from com-
position 1 to composition 4) decreases with an increase in

the mass fraction of the calcined sludge (from 15 to 60%)
in them. This phenomenon is associated with growth in
sodium oxide concentration in the glass (due to the high
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sodium content in the simulated hydroxide sludge) and
with the decrease in concentration of other important
components contained in the frit that form three-
dimensional framework of the glass material (silicon and
boron oxides).

The glasses with compositions 1 and 2 are character-
ized with maximum chemical durability. Sodium and po-
tassium leaching rates had already been below the stand-
ard level of (1-107 g/(cm®.day)) at the beginning of the
testing, and the leaching rate of lithium reached the speci-
fied reference level at the end of the 3rdl day. It is worth
noting that the leaching degree of the three elements over
the entire testing period of 91 days did not exceed 3%
[10].

It was noted that boron behavior at leaching was iden-
tical to that of sodium.

As for silicon, it has the lowest leaching indices; and in
compliance with Rules and Regulations NP-019-2015 [10]
they are comparable with a standard leaching rate of
(1107 g/(cm*day)) for plutonium. Such a level is reached
at the end of the 7™ day, and the leaching degree for the
entire testing period is not more than 0.051%.

Average initial rate of aluminum leaching from the
glasses with compositions 1 and 2 is 1107 g/(cm?.day),
which is comparable with the standard leaching rate of
strontium. Besides, the degree of aluminum leaching over
91 days does not exceed 0.1%.

An increase in the mass fraction of alkaline elements in
glasses (compositions 3 and 4) causes an increase in their
content in the leachate, which, in its turn, speeds up the
dissolution of the silicon oxide.

3. Conclusions

As a part of this study, the borosilicate glasses with a
weight content of calcined solid ranging from 15 to 60%
were produced and investigated. The calcined solid con-
tained the components of the hydroxide sludge with a
complex composition that simulated HLW of the radio-
chemical plant. The melting temperature of the glasses
ranges from 900 °C to 1050 °C, and the easy pouring tem-
perature is in the range from 950 °C to 1150 °C, which is
fully consistent with the temperature mode of operation of
the vitrification furnaces designed at the Mayak PA.

The glasses with compositions 1 and 2 are character-
ized with maximum chemical durability. Sodium and po-
tassium leaching rates had already been below the stand-
ard level of (1-10” g/(cm>day)) at the beginning of the
testing, and the leaching rate of lithium reached the speci-
fied reference level at the end of the 3™ day. It was noted
that boron behavior at leaching was identical to that of
sodium. As for silicon, it has the lowest leaching indices;
they are comparable with a standard leaching rate of
(1107 g/(cm?®-day)) for plutonium.
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Acceptable chemical durability is demonstrated by the
glasses with a mass fraction of the calcined solid of no
more than 30%.
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