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The study focuses on the synthesis and characterization of three boron-containing glasses, namely, two borosilicate 
glasses and one borophosphate glass containing mockup RW elements (Se, Sr, Mo, Cs, La, U, etc.) and radionuclides 
(99Tc, 239Pu, 241Am). It explores the glass-forming elements (Li, B, Na, Si, P, etc.), mockup RW and radionuclides and 
their leaching from the synthesized glasses in model underground water assuming the presence of barrier bentonite 
at temperatures of 25, 90 and 150 °C. The study evaluates the changes in the elemental composition and density of 
the leached layer formed upon incongruent dissolution of glasses, as well as the time-dependent changes in the ele-
ment concentrations of the leachates assuming different temperatures. For boron-containing glasses, it presents the 
evaluated concentrations of leachate saturation with glass-forming and RW elements under deep disposal conditions. 
These findings can be used in experimental and computational modeling of radionuclide transport under deep RW 
disposal conditions. 
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So far, liquid radioactive waste referred to as RW 
Class 1 has been generated in Russia from the re-
processing of spent nuclear fuel (SNF) at the Radio-
chemical Plant RT-1 operated at the PA Mayak site. 
An industrial method has been developed and the 
required equipment has been manufactured to so-
lidify this waste and provide its temporary storage 
by means of its immobilization into a phosphate 
glass waste form [1]. Current regulatory framework 
considers such phosphate glass as a waste form 
meeting the acceptance criteria for RW Class 1 dis-
posal [2] and as a basic one intended for its final 
disposal in a deep geological repository (DGR) [3] 
proposed to be sited within the Yeniseiskiy section 
of the Nizhnekansk rock mass (NKM) (the Kras-
noyarsk Territory) [4].

Tests are currently run to evaluate two novel 
methods proposed for the reprocessing of various 
spent nuclear fuel types: their industry-wide ap-
plication is expected to generate a large RW Class 
1 inventory differing considerably from the one 
of the RT-1 plant both in terms of its elemental 
and radionuclide composition. Therefore, other 
waste forms will be required to provide compli-
ance of the conditioned waste inventories with 
the deep disposal requirements. Borosilicate glass 
developed by the Radium Institute named after 
V. G. Khlopin (RI) was proposed as a waste form 
for liquid radioactive waste generated according to 
a basic method enabling the reprocessing of SNF 
from VVER‑1000/1200 reactor units at the Pilot-
Demonstration Centre operated at the Mechanical 
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and Chemical Combine (MCC) [5]. Another waste 
form proposed is the borosilicate glass developed 
by the A. A. Bochvar’s High-Tech Research Institute 
of Inorganic Materials (VNIINM) for the waste 
streams from the hydrometallurgical refining units 
with useful components being extracted from spent 
mixed nitride uranium-plutonium (MNUP) fuel 
used in the fast neutron reactor BREST-OD-300 
at the pilot demonstration power complex (PDPC) 
operating at the Siberian Chemical Combine (SCC). 
[6] presents a comparative study discussing the 
composition, properties and management options 
proposed for the RW generated from VVER and 
BREST spent fuel reprocessing. The third possible 
option is another borophosphate glass developed 
by VNIINM, which was proposed as a waste form 
for spent electrolyte composition under a basic py-
rochemical MNUP fuel reprocessing flowchart. The 
latter two waste forms were designed specifically to 
immobilize the waste from the pyrohydrometallur-
gical SNF reprocessing: these were developed under 
the PRORYV project run by the State Atomic Energy 
Corporation Rosatom [7].

Borosilicate glasses have long been studied 
abroad in the context of RW immobilization and 
proposed as waste forms under different high-
level waste disposal designs [8], [9]. In addition to 
borosilicate, other boron-containing glass compo-
sitions, for example boron-silicate-aluminophos-
phate [10], similar to the VNIINM glass, have been 
studied as well. The feasibility of borosilicate glass 
introduction as waste forms suitable for RW im-
mobilization has long been studied in our country 
as well [11] even despite the lack of their industry-
wide application.

Glass stability has been studied both in dry condi-
tions of a temporary storage facility and assuming 
their interaction with underground water at the RW 
disposal stage [12], [13]. In addition to laboratory 
experiments, borosilicate glasses were subjected 
to long-term field tests [14]. However, leaching 
experiments were mostly implemented based on 
MCC [15] or PCT [16] methods simulating a dyna
mic (flowing) water exchange mode. Moreover, the 
researchers were mainly concerned with the waste 
form degradation, the mechanisms governing the 
leaching of its components and the rate of their 
release into solution [17]—[19]. Borosilicate glass 
designed by RI was tested for leaching [20], [21] ac-
cording to the GOST R 52126-2003 method [22] be-
ing similar to the MCC and PCT methods.

Nevertheless, the transport of radionuclides 
leached from the waste form into the pore solution 
of DGR barrier materials and the pore-fractured 
waters of the host rock mass is governed not by 
the leaching rate, but the concentration (specific 

activity) of radionuclides in the leachate [23]. To 
understand the concentration levels of the waste 
form elements and the radionuclides in the leach-
ate, long-term tests are required to be performed in 
a closed system similar to the leaching experiments 
focused on phosphate waste forms studied under a 
static mode [24]. A few of such tests commonly in-
volving distilled water were run to study the boro-
silicate glasses [25], [26].

The concentrations of elements in waste form 
leachates are governed both by their composition 
and the disposal conditions. Therefore, to study 
each specific DGR natural-technogenic system, the 
experiments should account for the composition of 
the radioactive waste form, barrier materials, host 
rocks and underground water given the physico-
chemical parameters (temperature, pressure, redox 
potential) expected at the post-closure stage. Since 
the heat release from VVER and BREST spent nu-
clear fuel is expected to be quite high [6] regardless 
of the SNF reprocessing strategy, heat release from 
boron-containing glasses containing the waste 
from such spent fuel reprocessing is thought to be 
higher than the one expected from the PA Mayak’s 
phosphate glasses. Maximum temperatures expect-
ed in a DGR during the disposal of boron-contain-
ing RW glass is expected to be higher than those 
estimated for phosphate glasses [27].

Composition and pH levels of underground water in 
a DGR able to dissolve the radioactive waste form and 
convert radionuclides into a mobile form would de-
pend on the composition of underground water pres-
ent in the host rock mass and the engineered safety 
barrier materials interacting with the underground 
water within the DGR’s near field. Among these ma-
terials, it is the clay barrier material that is supposed 
to have the maximum mass. Thus, natural bentonite 
can be used as a model of barrier material [28]. 

Therefore, the research was seeking to refine and 
adjust, if necessary, the elemental and radionuclide 
compositions of model boron-containing glasses 
from RI and VNIINM; to measure the resistance of 
glass-forming melts to crystallization given their 
repeated melting and slow cooling; to evaluate the 
long-term glass leaching using artificial model un-
derground water assuming bentonite presence and 
a static water exchange mode at temperatures of up 
to 150 °C; to evaluate the dynamics of waste form 
component, RW element and radionuclide simu-
lator releases into liquid phase; to calculate the 
threshold leachate saturation concentrations for 
model boron-containing glasses under DGR condi-
tions. The study was expected to gain some numeri-
cal data that could be used in further experimental 
and computational modeling of radionuclide trans-
port under DGR conditions.
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Materials and experimental methods

Glass frits of basic compositions were provided by 
RI (sample BS-1) and VNIINM (samples BS-2 and 
BP). BS-1 glass was an almost black homogeneous 
X-ray amorphous material with a shell fracture, 
translucent in a thin chip (Figure 1) with a density 
of (2.76 ± 0.01) g/cm3. Table 1 presents its elemental 
composition evaluated based on the X-ray spectral 
electron probe microanalysis (EPMA) performed 
by RI (except for lithium and boron content). The 
total content of RW simulator oxides contained in 

it amounted to 20 % wt. The matrix was formed by 
lithium sodium borosilicate glass. Tables 2 and 3 
present the calculated compositions of BS-2 and BP 
materials. The total content of RW simulator oxides 

а	 b	 c

Figure 1. Glasses with RW element simulators synthetized 
for the leaching experiments: a — BS-1, b — BS-2+, c — BP+

Table 1. Component (in oxides) glass frit BS-1 composition normalized to 100 % wt.

Oxide Li2O B2O3 Na2O Al2O3 SiO2 CaO Cr2O3 MnO2 Fe2O3 NiO Rb2O SrO Y2O3 ZrO2 MoO3 Cs2O BaO La2O3 Ce2O3 Nd2O3

Based on EPMA findings by RI

Aver-
age 2.801 14.401 12.88 1.77 47.47 1.99 0.58 2.02 0.28 0.11 0.08 0.85 0.35 1.91 0.26 1.71 1.29 5.94 0.33 0.87

St. 
dev. – – 0.36 0.13 1.50 0.11 0.20 0.20 0.13 0.11 0.08 0.10 0.20 0.18 0.10 0.15 0.34 0.50 0.20 0.30

Based on EPMA findings by IEM RAS

Aver-
age 2.801 16.57211.203 1.63 47.13 2.22 0.65 2.20 0.26 0.14 0.062 1.392 0.44 1.91 0.322 1.722 1.86 6.332 0.08 1.08

St. 
dev. – 0.52 0.55 0.09 1.97 0.15 0.03 0.16 0.10 0.08 0.01 0.28 0.13 0.24 0.24 0.17 0.11 0.44 0.04 0.26

Based on ICP-MS analysis by ITM RAS

Con-
tents 2.66 15.54 14.20 2.00 55.61 2.19 0.60 1.96 0.33 0.10 0.065 0.63 0.0054 1.41 0.21 1.44 1.01 0.0304 0.0074 0.0084

1theoretical content, 2data from WS analysis, 3with correction for thermal diffusion, 4contents were underestimated due to incomplete 
dissolution upon sample opening.

Table 2. Component (in oxides) glass frit BS-2 composition normalized to 100% wt.

Calculated composition, VNIINM

Oxide B2O3 Na2O MgO+CaO Al2O3 SiO2 P2O5 K2O Fe2O3 SrO ZrO2 MoO3 RuO2 Rh2O3 PdO Cs2O BaO La2O3 UO2 

Con-
tent 15.0 24.0 3.5 9.5 41.0 0.2 1.5 3.2 0.03 0.21 0.28 0.23 0.07 0.17 0.24 0.10 0.68 0.002

Based on EPMA findings by IEM RAS

Oxide B2O3 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Cr2O3 FeO MoO3 Cs2O La2O3

Average 16.901 23.932 3.19 9.63 34.47 1.59 0.32 1.05 2.30 0.19 4.24 0.36 0.751 1.09

St. dev. 0.22 0.60 0.05 0.10 0.28 0.10 0.20 0.03 0.09 0.06 0.09 0.16 0.02 0.08

1data from WS analysis, 2with correction for the thermal diffusion.

Table 3. Elemental BP glass frit composition normalized to 100% wt.

Calculated composition, VNIINM

Element Li B O Na Al P Cl K Sr Cs Ba

Content 0.52 0.93 44.34 16.69 7.41 23.13 4.53 1.92 0.04 0.36 0.13

Based on EPMA findings by IEM RAS

Element Li B O Na Al P Cl K Cr Fe Sr

Average – 2.321 44.212 20.643 7.94 22.82 0.69 0.10 0.07 0.19 1.02

St. dev. – 0.04 0.35 0.31 0.20 0.42 0.05 0.01 0.04 0.04 0.06

1data from WS analysis 2according to stoichiometry. 3with correction for the thermal diffusion
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in the BS-2 glass frit was assumed as being equal to 
3 % wt. The matrix was formed by sodium-borosili-
cate glass. The BP material had to include 7.5 % wt. 
of chloride electrolyte containing lithium, potas-
sium, strontium, cesium and barium immobilized 
into a sodium borophosphate glass form.

The solid forms, namely, their structure, phase 
and elemental compositions were studied in IEM 
RAS (Chernogolovka) using a scanning electron 
microscope (SEM) Tescan Vega II XMU (Tescan, 
Czech Republic). The microscope had sensors that 
could detect secondary and backscattered electron 
detectors for imaging purposes. Energy-dispersive 
spectrometer INCA Energy 450 with a INCA x-sight 
semiconductor Si(Li) detector and a wave-disper-
sive (wave) spectrometer INCA Wave 700 (Oxford 
Instruments, UK) were used as well to perform the 
elemental X-ray microanalysis. Flat-polished sec-
tions of crushed glass pressed into epoxy resin were 
used as specimens.

The analysis was performed at an accelerating 
voltage of 20 kV and a current of absorbed electrons 
of 56 nA in the Energy+ mode. The contents of O, Na, 
Mg, Al, Si, P, S, Cl, K, Ca, Cr, Mn, Fe, Ni, Y, Zr, La, Ce, 
Nd elements was measured by an energy dispersive 
spectrometer (EDS), whereas a wave spectrometer 
(WS) was used simultaneously to measure the con-
tents of B, Se, Rb, Sr, Mo, Cs, Ba, U. Spectrum ac-
cumulation time accounted for 70—100 seconds for 
EDS, WS data acquisition time was ranging from 40 
to 100 seconds for each element. Pure natural min-
erals, metals and synthetic crystalline compounds 
of the A.C.S. class were used as reference samples: 
for B — YAl3(BO3)4, for Se — PbSe, for Rb — Rb2ReCl6, 
for Sr — SrSO4, for Mo — MoO2, for Cs — Cs2ReCl6, 
for Ba — BaSO4, for U — UO2. Relevant calculations 
were done in the Microanalysis Suite Issue 18d +SP3 
(INCA Suite version 4.15) software.

EPMA methods are not applicable in case of ul-
tralight elements (H, Li). In most cases, oxygen 
concentrations were calculated based on the stoi-
chiometry of the corresponding oxides. To evalu-
ate the composition of chloride-containing glasses, 
oxygen content was measured based on the EDS 
spectra. Quartz SiO2 was used as a reference oxygen 
sample. The composition of solid phases was pre-
sented in weight percentages (% wt.) of elements or 
components (oxides). The results were either nor-
malized to 100 %, if necessary, or presented in their 
original form. Standard statistical methods used for 
data processing purposes.

Areas of different shapes and sizes were scanned 
to evaluate the elemental composition of the phas-
es provided minimum distortions in the detected 
compositions driven by thermal diffusion of light 
elements from the electron beam excitation zone. 

Basically, the distortions tend to be especially pro-
nounced in case of non-crystalline phases (glasses) 
and at higher currents of electrons absorbed by 
samples used for wave spectrometer. This effect 
was accounted for when calculated was the content 
of sodium in the samples, which was done by intro-
ducing some specific correction factors evaluated 
under minimal thermal diffusion conditions: when 
the areas were scanned at minimum current levels 
along the EDS spectra collection.

SEM examination of the glass frit samples showed 
that they were all homogeneous non-crystalline 
materials. The composition of glass frit BS-1 turned 
out to be consistent with the RI’s EPMA findings 
(Table 1). It contained sufficient quantities of ra-
dioactive waste simulators, except for selenium and 
uranium. In the leaching experiments, this material 
was used in its original form.

The EPMA findings were confirmed through an 
analysis of a dissolved sample done based on mass 
and atomic emission spectrometry with inductively 
coupled plasma (ICP MS/AES) run at Elan-6100 and 
Optima-4300 DV devices (PerkinElmer, USA) at the 
Institute of Microelectronics Technology of the Rus-
sian Academy of Sciences (IMT RAS, Chernogolov-
ka). The sample was opened in a Teflon evaporation 
cup containing a minimum volume of hydrofluoric 
acid and added with 3M of HNO3 until the sample 
could get completely dissolved. The clear solution 
containing no solid inclusions was supplied into a 
polypropylene tube. The Teflon cup was washed by 
a small acid volume. The wash was poured to the 
solution in the test tube. This analysis showed that 
no complete release of the rare earth elements into 
solution did happen upon sample opening.

EPMA data showed that BS-2 glass frit composi-
tion was matching the theoretical one (Table 2). As 
for the RW elements, it contained molybdenum, ce-
sium and lanthanum. Therefore, it had to be added 
by selenium, strontium and uranium in required 
quantities. BP glass frit composition mostly failed 
to meet the calculated one (Table 3). It contained 
much less (up to almost complete absence) electro-
lyte elements (potassium, cesium, barium), except 
for strontium. The low cation content was accom-
panied by a severe chlorine deficiency. In terms of 
quantitative composition, the waste form elements 
did not quite correspond to the calculated ones as 
well. The greatest difference was observed in terms 
of boron content, which turned out to be more than 
twice higher than the theoretical one. It was decid-
ed not to adjust the waste form composition of the 
BP material, but to add certain amount of cesium as 
a RW simulator.

Boron-containing glasses with additional RW 
simulators (BS-2+ and BP+) were synthesized 
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from crushed glass frit melts of basic BS-2 and BP 
compositions added with solid Na2SeO3, Sr(NO3)2, 
UO2(NO3)2·6H2O compounds in case of BS-2+ glass 
and SrCl2·6H2O, CsCl in case of BP+ glass. Since the 
initial charge contained crystalline hydrates and 
nitrates, its melting was preceded by dehydration 
and denitration provided a temperature increase to 
500 °C which was done gradually in 24 hours and 
was accompanied by periodic grinding.

 Dehydrated and denitrated mixture (25 g each) 
was melted at 1,050°C in closed corundum crucibles 
installed into a muffle furnace with a programma-
ble temperature controller. The melts were kept at 
maximum temperature for 1 hour and then poured 
into glassy carbon molds. At the post-cooling stage, 
a disk-shaped 4—6 mm-thick ingot (Figure 1) could 
be easily removed from the mold and was mechani-
cally crushed to enable its further material studies 
and experiments.

Glasses containing radionuclides, designated here-
inafter as +rn, were synthesized from crushed glass-
es BS-1, BS-2+ and BP+ with RW simulators added 
by aqueous nitrate solutions (1 ml 3·105 Bq/ml 99Tc, 
0.5 ml 2.4·104 Bq/ml 239Pu and 0.5 ml 2.9·104 Bq/ml 
241Am per 2 g of the initial charge). The initial charge 
was dehydrated and denitrated in the same mode 
as in case of BS-2+ and BP+ glasses, but no grind-
ing was applied. The melts with radionuclides (2 g 
each) were held in the furnace for an hour at a tem-
perature of 1,050 °C and then cooled in air in co-
rundum crucibles removed from the furnace. Upon 
completing the mechanical grinding operation, the 
glass was extracted from them. In parallel, blank 
(radionuclide-free) synthesis was implemented for 
each initial charge composition (+ 0) to study the 
synthesized glasses in terms of their phase and ele-
mental compositions. The radionuclide-containing 
samples were subjected to radiochemical analysis 
to evaluate their content, which was deemed espe-
cially important in the case of technetium, since 
this element could be carried away when heated up 
to the frit melting point. Solid samples were opened 
according to the method described above.

Dry dispersed clay material KhBGP produced 
based on bentonite from the 10th Khutor deposit 
and supplied by Bentonite Khakassia (Chernogo-
rsk) was used as a clay barrier material. Its mineral 
composition was measured in wt. % via the quanti-
tative X-ray phase analysis method using an X'Pert 
PRO MPD X-ray diffractometer (PANalytical, the 
Netherlands) at the Federal State Budgetary Insti-
tution VIMS (Moscow) with the following results 
obtained: montmorillonite — 71, kaolinite — 4, 
quartz — 12, potassium feldspar — 4, plagioclase — 
5, illite — 1, calcite — 3, pyrite — trace amounts. Ac-
cording to the EPMA results, the montmorillonite 

composition corresponded to the below crystal 
chemical formula:

(Na0.10K0.05Mg0.08Ca0.10)0.33(Mg0.25Fe0.21Ti0.03Al1.51)2.00 

(Al0.06Si3.94)O10(OH)2.

Model underground water solution was mixed 
to perform relevant leaching experiments on bo-
ron-containing glasses with RW simulators and 
radionuclides using the following reagents: CaCl2, 
MgSO4·7H2O, NaHCO3 and distilled water in accor-
dance with the underground water composition 
considered characteristic for the Yeniseiskiy site 
of NKM [24]. The pH was adjusted to the required 
level by adding 0.1 mol/l of hydrochloric acid solu-
tion. Table 4 summarizes the data on model under-
ground water solution used in the leaching experi-
ments in terms of its composition obtained based 
on the ICP-MS/AES analysis and pH value.

Table 4. Elemental composition and pH of model 
solutions GW and BW according to ICP-AES/MS 

analyses, mg/l

mg/l Li B Na Mg Al Si S K

GW 0.0001 0.012 73 8.4 0.003 0.10 11.2 0.04

BW 0.014 0.038 102 2.4 0.09 4.1 14.3 6.7

mg/l Ca Fe Rb Sr Mo Ba U pH

GW 22.1 0.005 0.0003 0.01 0.0003 0.0002 0.00002 8.1

BW 5.4 0.022 0.005 0.21 0.015 0.016 0.0013 8.92

Bentonite model water (BW) was made from 
model underground water and KhBGP bentonite 
given a clay to model water ratio of 20 g/L. The 
model underground water was interacting with 
the barrier material for 4 weeks with the solution 
itself being periodically stirred. At the 28th day, the 
solution was centrifuged at a rate of 6,600 rpm for 
20 minutes. Table 4 presents the composition esti-
mated based on ICP MS/AES analysis and pH levels 
of the model solution BW used in the leaching ex-
periments. Along solution interaction with benton-
ite, its saturation with Na, Si, S, K, Sr, Ba was grow-
ing, Mg and Ca concentrations were getting lower, 
whereas the pH level was getting higher.

Model boron-containing glasses containing RW 
simulators and radionuclides were leached under 
conditions considered similar to a DGR, i. e., wa-
ter exchange was absent, therefore, the leachates 
could get saturated with waste form components 
and RW elements to the greatest possible extent. 
For this purpose, the experiments lasted longer 
and the solution itself was not replaced until the 
concentrations (specific activities) of elements (ra-
dionuclides) in it could get stabilized. A series of 
experiments at 25 °C, 90 °C and 150 °C lasting for 
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5—7 calendar months (depending on temperature) 
were implemented to calculate the equilibrium 
levels of leaching solution saturation with model 
waste form components.

The charge material involved model underground 
water solution and bentonite considered as a buffer 
phase constantly present in the DGR or model solu-
tion BW, and some crushed samples of synthesized 
glasses with RW simulators (BS-1, BS-2+, BP+) or 
radionuclides (BS-1+rn, BS-2+rn, BP+rn).

Under the leaching experiments focused on 
glasses with RW simulators, all the starting materi-
als were loaded at once: for those implemented at a 
temperature of 25 °C these were loaded into sealed 
polypropylene tubes with a capacity of 50 cm3, for 
the experiments implemented at a temperature 
of 90 °C — into glass flasks with a sealed stop-
per having a capacity of 250 cm3, for those imple-
mented at a temperature of 150 °C — into Teflon 
liners for autoclaves having a capacity of 60 cm3. 
The glass: bentonite : model underground water 
solution ratios were as follows: — 1 g : 1 g: 40 cm3 
(25 °C), 2 g : 2 g : 200 cm3 (90 °C) and 1 g : 1 g : 40 cm3 
(150 °C).

Experiments at elevated temperatures were car-
ried out in a drying cabinet with an automatic 
thermostat. During the experiments, heterophase 
experimental systems were shaken periodically to 
mix the phases and equalize the concentrations of 
elements within the solution volume.

Once a month, some 1—5 cm3 of solution were 
sampled under the experiments implemented at 
temperatures of 25 °C and 90 °C: the sample vol-
ume depended on the temperature and duration of 
the experiments focused on the pH levels and con-
centration of waste form elements and RW simula-
tors. At a temperature of 150 °C, no samples could 
be collected from the autoclaves without compro-
mising the integrity of the experimental systems, 
so these experiments were carried out in parallel 
series with 5 identically equipped autoclaves: a 
single experiment from each series was completed 
within an approximately one-month interval. After 
an autoclave being cooled to a room temperature, 
the liquid phase was separated by filtration and the 
samples were taken from it for analysis. The solu-
tions were measured and studied only at room tem-
perature. Solid products were dried at a tempera-
ture of 95 °C, which preceded sample pretreatment 
before the electron microscopy analysis.

Experiments focused on radionuclide leaching 
from glass waste forms were also implemented at 
room temperature. A crushed glass sample (approx-
imately 1 g) was placed into a plastic tube, where it 
was exposed to model solution BW (50 cm3). Leach-
ate was sampled every two weeks. For technetium, 

the aliquot accounted for 1 ml; for actinide-con-
taining systems it amounted to 4 ml. The resulting 
leached samples were evaluated to identify their ra-
dionuclide content: in case of 99Tc direct measure-
ments were implemented via liquid scintillation 
spectrometry on an automatic liquid scintillation 
low-background alpha-beta spectrometer Tri-Carb 
3180TR/SL (Perkin Elmer, USA) using an Optiphase 
Hisafe 3 scintillator (Perkin Elmer, USA) at a scintil-
lator : aliquot ratio of 10 : 1; for actinides, the alpha 
spectrometry method was applied after the sample 
separation by extraction chromatography. To pro-
duce a counting sample, radionuclides from these 
aliquots were precipitated onto a steel substrate by 
the electrolytic deposition method. The activity of 
transuranic elements was measured by a multichan-
nel alpha spectrometer with a semiconductor detec-
tor Alpha Aria (AMETEK, trademark ORTEC, USA).

Additional RW element simulators 
and radionuclides introduced 
to glass compositions

Figure 1 presents the external appearance of BS-1, 
BS-2+ and BP+ glasses with some RW waste element 
simulators (selenium, strontium, uranium in BS-2+ 
and cesium in BP+) additionally introduced into 
their compositions. BS-2+ glass was dark brown 
and translucent, BP+ glass was green and transpar-
ent. The glasses were remelted and subjected to 
SEM studies (Figure 2) that revealed no crystalline 
phases and signs of segregation. Some gas bubbles 
remained in the structure of more viscous borosili-
cate glasses. Crystallization was observed in none 
of the samples even upon their two- and three-fold 
remelting and slow melt cooling at a minimum 
rate of up to 5 °C/hour. In this regard, high stability 
level has been demonstrated for all of the studied 
compositions.

Tables 5 and 6 summarize the EPMA and ICP MS/
AES findings on the elemental composition of glass-
es synthesized from glass frits based on BS-2 and BP 
compositions with some addition of radionuclide 
simulators. These glasses have been analyzed more 
thoroughly than the starting glass frit: all RW simula-
tors were detected by a wave spectrometer. Concen-
trations of waste form elements and RW simulators 
in BS-2+ glass differed slightly from those detected 
in the BS-2 glass frit by the EDS method (Table 5). 
The amounts of selenium, strontium and uranium 
added to the glass corresponded to those estimated 
based on preliminary calculations. The concentra-
tions of all elements, except lanthanum, were found 
to be in good agreement with their amounts present 
in the solutions of opened glass samples estimated 
via the ICP-AES/MS method.
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Table 5. Component (in oxides) composition of BS-2+ glass with some addition of RW element simulators, 
normalized to 100 % wt. 

Oxide B2O3 Na2O MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Cr2O3 FeO

Based on EPMA findings by IEM RAS

Average 15.761 23.202 3.01 9.99 33.41 1.49 0.30 1.29 2.49 0.21 4.13

Std. dev. 0.28 0.55 0.10 0.08 0.38 0.11 0.16 0.09 0.13 0.12 0.11

Based on ICP-AES/MS findings by IMT RAS

Contents 11.69 25.91 2.86 10.33 38.65 1.33 0.30 1.24 1.82 0.13 3.56

Oxide SeO2 SrO ZrO2 MoO3 RuO2 Rh2O3 PdO Cs2O BaO La2O3 UO2

Based on EPMA findings by IEM RAS

Average 0.581 0.621 0.21 0.391 0.03 0.13 0.08 0.681 0.081 1.19 0.741

Std. dev. 0.03 0.03 0.17 0.02 0.04 0.09 0.02 0.04 0.02 0.14 0.01

Based on ICP-AES/MS findings by IMT RAS

Contents 0.43 0.41 0.14 0.20 NM3 NM3 NM3 0.52 0.061 0.0104 0.39

1data from WS analysis, 2with correction for the thermal diffusion, 3not measured, 4the content was underestimated due to incomplete 
dissolution upon sample opening 

Table 6. Elemental composition of BP+ glass with some additions of RW element simulators, normalized to 100 % wt. 

Element Li B O Na Al Si P Cl K Ca Cr Fe Sr Cs Ba

Based on EPMA findings by IEM RAS

Average 0.521 1.252 45.753 20.204 8.12 – 22.33 0.73 0.09 – 0.062 0.182 0.22 0.542 0.022

Std. dev. – 0.09 0.59 0.29 0.46 – 0.82 0.05 0.05 – 0.02 0.02 0.02 0.04 0.01

Based on ICP-AES/MS findings by IMT RAS

Contents 0.14 2.33 47.475 18.68 7.90 3.82 18.65 NM6 0.11 0.09 0.04 0.20 0.14 0.41 0.04

1theoretical content, 2data from WS analysis, 3based on analytical results, 4with correction for thermal diffusion, 5based on stoichiometry, 
6not measured.

Table 6 presents BP+ glass composition expressed 
in mass percents of elements rather than compo-
nents, as for other glasses, whereas data on oxygen 
content were taken from the analysis. This was 
done since given the chlorine deficiency observed 
both in the BP+ glass and the starting BP glass frit, 
any individual cations could be correctly coupled 
with it neither on the whole nor partially.

Even though cesium chloride was added to the 
BP glass frit so that cesium content in the glass 
would be at least 0.5 % wt. compared to the start-
ing BP glass frit, chlorine concentration in the BP+ 
glass practically remained the same with an almost 
double decrease was observed in the boron con-
tent. This situation could possibly be explained by 
anion entrainment (boron and chlorine) from the 

а	 b	 c

Figure 2. Backscattered electron SEM images presenting glass samples with RW element simulators synthesized in parallel 
with some radionuclides added to the glasses: a — BS-1+0, b — BS-2+0, c — BP+0
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boron-chlorine-phosphate melt in closed crucibles 
at a temperature of 1,050 °C even within a short time 
period (1 hour). Compared to the data on starting 
BP glass frit, strontium concentrations dropped as 
well (Table 3). However, the latter fact may be yet 
explained by more accurate strontium concentra-
tion measurements implemented using a wave spec-
trometer compared to the EDS method. As for the 
rest of the elements, their content in the BP+ glass 
remained virtually the same. ICP AES analysis also 
confirmed the presence of lithium in BP+ glass, al-
though its concentration turned out to be lower than 
the one expected according to VNIINM calculations.

Glasses with some radionuclide additions were 
produced based on BS-1 glass frit and BS-2+ and 
BP+ glasses. Their structure can be judged from the 
results of parallel blank (radionuclide free) synthe-
sis experiments (Figure 2). All of them had a homo-
geneous structure free of crystalline phases. Table 7 
provides data on radionuclide concentrations found 
in the glass samples. The specific activity ratio for 
americium and plutonium was found to be equal to 
1.2 both in the added tracer and in all of the con-
sidered glass samples. However, their total content 
turned out to be 30—70 % lower than the theoreti-
cal one. The greatest difference was observed in 
case of borophosphate BP+ glass, the smallest one – 
in case of borosilicate BS-2+ glass. Technetium loss 
observed at borosilicate glass melting stage turned 
out to be equal to the one observed for actinides: 
30 % for BS-2+ glass, 80 % for BS-1 glass. However, 
in case of boron phosphate glass BP, it turned out to 
be more noticeable, i. e., 4.2 times compared to the 
calculated content.

Table 7. Radionuclide (rn) content in samples of 
synthesized glasses, Bq/g 

Radionuclide 99Tc 239Pu 241Am

BS-1+rn 8.53·104 7.98·103 9.58·103

BS-2+rn 1.19·105 9.18·103 1.10·104

BP+rn 3.60·104 6.97·103 8.36·103

Changes in elemental composition and 
structure of glasses at the leaching stage

In presence of bentonite, long-term interaction 
of boron-containing glass samples with model so-
lution tend to result in a leached layer formed on 
their surface, which has been demonstrated based 
on relevant experiments performed at a tempera-
ture of 150 °C prompting the greatest leaching ef-
fect. Some negligible changes were observed in case 
of BS-1 glass that were mostly experienced by the 
outer surface of its grains (Figure 3). These areas 

differed according to their composition from the 
internal part of the grains by lower B, Na, Sr, Mo, Cs 
and higher Al, Ca, Zr and rare earth element con-
centrations (Table 8).

The total content (by elements) of the glass phase 
samples turned out to be always close to 100 %. 
Seeking to ease the comparison of data on the glass 
phase compositions at the post-leaching stage pre-
sented in Tables 8—10 and the initial compositions 
presented in Tables 1—3, 5 and 6, the contents were 
normalized to 100 %. Data on the leached layer have 
not been normalized to 100 % to better reflect the 
actual changes in the sample density resulting in a 
lower total content. For the leached BS-1 layer, this 
indicator dropped by 26 % relative to the glass phase. 
Changes occurring in the sample composition at the 
leaching stage can be judged more accurately based 
on the figures showing the ratio between the initial, 
not normalized to 100 %, contents of components 
(elements) in the leached layer and glass. Figure 4 
presents such diagrams for the BS-1 glass.

Figure 3. SEM images in backscattered electrons showing 
analysis points (left) and in secondary electrons (right) for 
the BS-1 glass sample after having been leached in model 

solution in presence of bentonite at a temperature of 150 °C 
for 78 days

Figure 4. Distribution of elements between the BS-1 sample’s 
leached layer and glass after having been leached in model 
solution in presence of bentonite at a temperature of 150 °C 

for 78 days
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Table 8. Component (oxides) composition of glass and the leached layer in the BS-1 sample grains  
after having been leached in model solution in presence of bentonite  

at a temperature of 150 °C for 78 days according to EPMA findings, wt.%

Oxide Li2O B2O3
1 Na2O

2 Al2O3 SiO2 K2O CaO Cr2O3 MnO FeO NiO Rb2O
1 SrO1 Y2O3 ZrO2 MoO3

1 Cs2O
1 BaO1 La2O3

1 Ce2O3 Nd2O3 Total

Glass

Aver-
age 2.803 16.20 12.41 1.75 48.94 0.07 1.81 0.59 1.94 0.23 0.11 0.05 0.85 0.54 1.75 0.21 1.44 1.14 6.11 0.28 0.79 100.004

St.dev. – 0.83 0.21 0.21 2.28 0.03 0.15 0.06 0.19 0.08 0.08 0.01 0.07 0.14 0.39 0.03 0.12 0.09 0.48 0.24 0.18 –

Leached layer

Aver-
age – 1.60 0.17 2.60 44.60 0.23 4.80 0.66 1.98 0.35 0.16 0.01 0.46 0.28 2.64 0.01 0.66 1.22 8.13 0.53 1.25 72.355

St.dev. – 0.60 0.10 0.24 3.57 0.05 0.36 0.15 0.51 0.08 0.09 0.01 0.12 0.24 0.43 0.01 0.06 0.28 0.86 0.29 0.32 –

1data from WS analysis, 2wit correction for the thermal diffusion, 3theoretical content, 4the sum normalized to 100 %, 5the original sum.

Table 9. Component (oxides) composition of glass and the leached layer in the BS-2+ sample grains after having 
been leached in model solution in presence of bentonite  

at a temperature of 150 °C for 78 days according to EPMA findings, wt. %

Oxide B2O3
1 Na2O

2 MgO Al2O3 SiO2 P2O5 SO3 K2O CaO Cr2O3 FeO

Glass

Average 15.58 23.82 3.26 9.77 34.31 1.41 0.31 1.16 2.06 0. 23 3.69

St.dev. 0.33 0.17 0.17 0.13 0.25 0.13 0.19 0.05 0.15 0.10 0.10

Leached layer

Average 0.67 0.49 9.28 1.98 39. 46 0.28 0.13 0.24 3.17 0.09 7.19

St.dev. - 0.24 0.35 0.16 0.91 0.08 0.10 0.07 0.14 0.06 0.36

Oxide SeO2
1 SrO1 ZrO2 MoO3

1 RuO2 PdO Cs2O
1 BaO1 La2O3

1 UO2
1 Total

Glass

Average 0.50 0.56 0.22 0.28 0.10 0.11 0.72 0.08 1.33 0.46 99.993

St.dev. 0.04 0.01 0.17 0.01 0.04 – 0.01 0.01 0.02 0.02 –

Leached layer

Average 0.02 0.46 0.23 0.01 0.12 0.16 0.04 0.08 3.95 0.40 68.454

St.dev. 0.02 0.08 0.17 – – 0.16 0.03 0.02 0.09 0.03 –

1data from WS analysis, 2with correction for the thermal diffusion, 3the sum normalized to 100%, 4the original sum.

Table 10. Elemental composition of glass and the leached layer in the BP+ sample grains after having been 
leached in model solution in presence of bentonite  

at a temperature of 150 °C for 78 days according to EPMA findings, wt.%. 

Element Li B1 O2 Na3 Al Si P Cl K Ca Cr Fe Sr1 Cs1 Ba1 Total

Glass

Average 0.524 1.46 47.09 18.63 9.58 0.26 20.61 0.58 0.13 0.10 0.08 0.26 0.20 0.49 0.01 100.005

Std. dev. – 0.11 0.67 0.46 0.44 0.03 0.51 0.03 0.04 0.05 0.07 0.02 0.02 0.02 0.01 –

Leached layer

Average – – 30.15 3.43 10.29 0.36 13.73 0.08 0.12 0.46 0.05 0.41 0.25 0.07 0.02 59.46

Std. dev. – – 2.54 0.76 0.63 0.01 0.76 0.01 0.02 0.07 0.001 0.01 0.01 0.01 0.001 –

1data from WS analysis, 2based on analysis results, 3with correction for the thermal diffusion, 4 theoretical content,  
5the sum normalized to 100 %, 6the original sum.
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BS-2+ glass has experienced more intensive 
leaching at a temperature of 150 °C. Over the same 
78 days, the thickness of its leached layer appeared 
to be much more noticeable as compared to the one 
formed in the BS-1 glass (Figure 5). B, Na, Al, P, K, 
Se, Mo, Cs have passed from the glass into the solu-
tion, whereas Mg, Ca, Fe and La got accumulated in 
the leached layer (Table 9, Figure 6), the density of 
which turned out to be lower by 33% as compared 
to the BS-2+ glass.

Among all considered glass samples, it was the 
BP+ glass that turned out to have the lowest re-
sistance to leaching at a temperature of 150 °C. Its 
small grains got leached almost entirely, while the 
large grains had a wide but uneven border with 
the leached layer (Figure 7). Another noteworthy 
point is the layer-by-layer (banded) structure of the 
emerged leached layer itself even though the leach-
ates were not replaced and the layering [20], [21] 
could not be triggered by that. Such elements as B, 
Na, P, Cl and Cs were getting actively released from 
the BP+ glass into solution, while Ca and Fe were 
getting accumulated in the leached layer (Table 10, 
Figure 8), the density of which dropped by 36 % rel-
ative to the one of the BP+ glass.

Elemental composition and pH of the leachates

Figure 9 presents the results of tests focused on 
BS-1, BS-2+ and BP+ glasses with RW simulators 
subjected to leaching by model solution in presence 
of bentonite at room temperature. This and the fol-
lowing figures reflect the results for the main waste 
form elements (B, Na, Si) and RW simulators (Sr, Mo, 
Cs, La) contained in all of the studied glasses.

The leachates got quickly stabilized in terms of 
their pH levels, namely, at levels of 10 and 8.5 in 
case of borosilicate and borophosphate glasses re-
spectively. Thus, the acidity of the leachates was 
governed by the glass composition and not by the 
presence of bentonite. All of the experimental sys-
tems have evidenced that the waste form elements 
content and RW simulators content in the leach-
ates tended to get higher over time, ultimately 
resulting in a state close to leachates saturation. 
The concentrations of the basic waste form ele-
ments in the leachates were ranging from several 
tens to several hundred mg/l, whereas those of RW 

Figure 5. SEM images of BS-2+ glass sample in backscattered 
electrons with analysis points (left) and in secondary 

electrons (right) after having been leached in model solution 
in presence of bentonite at a temperature of 150 °C for 78 days

Figure 6. Distribution of elements between the leached layer 
and glass in the BS-2+ sample after having been leached 

in model solution in presence of bentonite at a temperature 
of 150 °C for 78 days

Figure 7. SEM images of a BP+ glass sample in backscattered 
electrons with analysis points (left) and in secondary 

electrons (right) after having been leached in model solution 
in presence of bentonite at a temperature of 150 °C for 78 days

Figure 8. Distribution of elements between the leached layer 
and glass in the BP+ sample after having been leached 

in model solution in presence of bentonite at a temperature 
of 150 °C for 78 days
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simulators — from a few tenths to several mg/l. So-
dium from all of the studied glasses got released 
into solution more or less evenly, whereas the con-
centration of other elements in the leachates mostly 
dropped in the following order: BS-1 > BS‑2+ > BP+. 

The concentrations of elements in leachates de-
pended in no way on their content in glasses, but 
rather on the solubility of element compounds 
in each of the model technogenic-geochemical 
systems.

Figure 9. Changes in the pH levels and concentrations of waste form elements and RW simulators in the leachates  
of boron-containing glasses leached by model solution in presence of bentonite at a temperature of 25 °C



Radioactive Waste № 3 (24), 202312

Matrices for the Immobilization and Processing of Radioactive Waste

12

The same observations appear to be true for 
99Tc, 239Pu, 241Am leaching from boron-containing 
glasses in model solution BW (Figure 10). For tech-
netium, a slight increase in the specific activity of 
leachates to 2 Bq/ml was observed in case of boro-
silicate glass BS-2+Tc and up to 4 Bq/ml in case of 
borophosphate glass BP+Tc. As for the borosilicate 
glass BS-1+Tc, radionuclide concentration in the 
leachate got much higher within 8 months, there-
fore the resulting specific activity (about 80 Bq/ml) 
could not be considered as equilibrium, but rather 
as minimum estimated saturation concentration.

Actinides leaching was quite negligible and the ra-
dioactivity level of the leachate virtually remained 

unchanged throughout the process. The average 
specific activity of plutonium and americium in the 
leachates of different glasses accounted for 0.14–
0.38 Bq/ml and 0.04–0.11 Bq/ml respectively.

Temperature increase to 90 °C resulted in a slight 
pH correction and quite considerable fluctuations 
in the glass leachates as regards the element con-
centrations (Figure 11). For borosilicate BS-1 and 
BS-2+ glasses, the pH levels remained unchanged, 
whereas for borophosphate glass BP+ it dropped 
to 7.8.  Boron concentration showed slight increase 
for the BS-1 glass leachate with a more noticeable 
increase observed for the BS-2+ leachate (2 times) 
and for the BP+ leachate (by 10 times, i. e., up to 
250–300 mg/l). Sodium concentration saw a quite 
considerable increase (5 times) only in the leach-
ate of the BP+ glass amounting to 1.8 g/l.  At room 
temperature, silicon appeared to be leaching more 
intensively from the BS-2+ glass (an almost 10‑fold 
increase in the concentration) as compared to 
BS-1 (3-fold increase). Nevertheless, the maximum 
leaching rate still turned out to be higher in case of 
BS-1 glass (260 g/l).

All of the studied glasses showed only some slight 
changes in Sr and Mo leaching, whereas the rate 
gained to attain the equilibrium concentrations was 
growing increasingly higher for these two elements 
compared to the rest, which is clearly seen from a 
comparison presented in Figures 9 and 11. Similarly, 
this trend was followed by cesium and lanthanum 
concentrations with a single notable difference: 
their concentrations got much higher compared to 
those observed at room temperature. The greatest 
increase in cesium concentration was observed in 
case of leached BP+ glass (30 times), whereas for 
lanthanum the same trend was observed in case of 
leached BS-2+ (5 times).

As for Si, Sr and Mo leaching degree, the trend 
remained the same (BS-1 > BS-2+ > BP+) as at room 
temperature but given a smaller difference range. 
The highest B, Na and Cs leaching rates were ob-
served in case of borophosphate glass, whereas 
among the borosilicate glasses the rate turned out 
to be slightly higher in case of BS-1 glass. Much 
more intensive leaching of lanthanum contained 
in the glasses was observed in case of BS-2+. Upon 
heating to a temperature of 90 °C, the total con-
tent of waste form elements and RW simulators 
in the leachates, with the exception of Sr and Mo, 
grew up considerably and their total mineralization 
level amounted to several grams per liter. Higher 
concentrations of some individual elements in the 
leachates observed along the temperature increase 
was in some way prompted by lower bentonite 
sorption capacity. Nevertheless, a decrease in the 
glasses resistance to leaching (the rate at which the 

Figure 10. Changes in the specific activity of radionuclides in 
the leachates of boron-containing glasses leached by model 

solution BW at a temperature of 25 °C
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equilibrium could be attained) and the increase in 
the solubility of the waste form elements and RW 
simulator compounds were still crucial to this trend.

This trend got even more pronounced upon tem-
perature increase to 150 °C (Figure 12). Leached 

BS-2+ glass showed an especially pronounced in-
crease in the pH level (up to 11.5), which could be 
explained by a considerable decrease in its leach-
ing resistance. Concentrations of waste form ele-
ments in leachates of borophosphate glass and 

Figure 11. Changes in pH levels and concentrations of waste form elements and RW simulators in the leachates  
of boron-containing glasses leached by model solution GW in presence of bentonite at a temperature of 90 °C
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borosilicate glass BS-2+ got much higher. At a 
temperature of 150 °C, leachates of these glasses 
showed a mineralization level of some 8 and 5 g/l, 
respectively. Among the elements found in the so-
lution, B, Na, Si, P with their concentration of up 

to several g/l have most greatly contributed to the 
leachates mineralization level. Compared to other 
glasses, temperature increase had much less effect 
on the borosilicate glass BS-1: at a temperature of 
150 °C, it turned out to be the most stable glass of 

Figure 12. Changes in pH levels and concentrations of waste form elements and RW simulators in the leachates  
of boron-containing glasses leached by model solution GW in presence of bentonite at a temperature of 150 °
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all and its leachate had the lowest mineralization 
level (< 1 g/l).

The concentrations of RW simulators in the glass 
leachates have changed differently: their level re-
mained unchanged for strontium, but its release 
from the BS-2+ glass to the leachate turned out 
to be more intense as compared to other glasses; 
molybdenum and cesium concentrations got higher 
(molybdenum in the leached BS-2+ glass, cesium in 
the BP+, whereas the one of lanthanum got lower in 
all of the studied leachates.

The leaching series demonstrating the leaching 
of different elements from glasses of different com-
positions showed great variability. However, the 
BS-1 > BS-2+ > BP+ sequence typical for room tem-
perature and the BP+ > BS-1 > BS-2+ sequence — for 
the one of 90 °C, were observed for neither of the 
above elements in case of their leaching at a tem-
perature of 150 °C. BP+ and BS-2+ glasses showed 
the lowest stability for all of the considered ele-
ments, and BS-1 glass — the highest.

Thus, in terms of glass stability to leaching by 
underground water in presence of bentonite un-
der static conditions, the studied glasses respond-
ed quite differently to temperature increase from 
room temperature to 150 °C. Borophosphate glass 
BP+ showed minimal or moderate stability at all 
temperatures. Along with a temperature increase, 
borosilicate glass BS-1, considered as the least sta-
ble at room temperature, turned out to be the most 
stable as compared to the rest. An opposite trend 
was observed in case of borosilicate glass BS-2+: it 
was most stable at low temperatures, but became 
a most unstable one along with a temperature in-
crease. Borosilicate glass stability inversion had 
been observed at temperatures of around 100 °C.

Discussion

In contrast to aluminophosphate compositions, 
synthesis and thermal tests of borosilicate and 
borophosphate glasses showed good resistance of 
their melts to crystallization [24], [29]. This prop-
erty inherent in boron-containing melts is consid-
ered favorable under different cooling conditions in 
terms of the glass homogeneity required by the ac-
ceptance criteria [2]. Leaching experiments focused 
on boron-containing glasses with radionuclides 
and RW simulators have also revealed their high 
stability, which differed for various glass composi-
tions depending on temperatures. This aspect pro-
vides opportunities for choosing between different 
options, which is especially important due to the 
high heat release of the target RW undergoing im-
mobilization. For the post-leaching systems, data 
were obtained on the chemical and radionuclide 

compositions of saturated solutions resulted from 
the leaching of boron-containing glasses in pres-
ence of bentonite. These data are required to ex-
plore the radionuclide transport processes occur-
ring in the pore waters of clay-based safety barrier 
materials and in the fissure-pore waters of the host 
rocks. Such research required to demonstrate the 
DGR safety should be implemented based on labo-
ratory, mock-up and full-scale experiments and 
model calculations.

These data have been summarized in Figure 13 
representing the maximum concentrations for 
waste form elements and RW simulators leached 
from boron-containing glasses identified based 
on relevant experiments. Considering the loga-
rithmic scale applied in the graphs, the concentra-
tions of elements in the glass leachates differ not 
that much noticeably as compared to the linear 
expression. Nevertheless, it allowed to cover the 
concentration range for all the elements consid-
ered of importance. For visual convenience, the 
elements were divided into two groups: diagrams 
on the left show rock-forming and waste form el-
ements, whereas those on the right provide data 
on the RW elements. The difference in the content 
for these groups amounted to approximately two 
decimal orders.

As regards solution saturation in boron-contain-
ing technogenic-geochemical systems, the concen-
trations of elements referred to the first group were 
found to be falling into the ranges that had been 
previously measured for the leachates of phosphate 
radioactive waste forms [24], i. e., in these systems, 
their general salt background was expected to be 
similar with the exception of some elements con-
sidered specific to different waste forms (Li, B, P).

As regards boron-containing systems and the so-
lution saturation concentrations measured for ele-
ments referred to the second group, generally these 
were found to be one to two decimal orders lower 
than those identified for the phosphate system. 
However, this rule is not always followed for RW el-
ements. Thus, at a temperature of 150 °C, selenium 
concentration in the leachate of borosilicate glass 
BS-2+ was an order of magnitude higher than in the 
leachate of phosphate glass at 120 °C [24]. Stron-
tium, cesium and uranium concentrations in the 
leachates of both systems appeared to be approxi-
mately equal at all temperatures.

Long-term (over 12 years) leaching experiments 
focused on two model borosilicate glasses (SON68, 
France and MW, UK) leached in distilled water at 
a temperature of 90 °C have yielded the following 
concentrations of waste form elements in solu-
tions: boron — 100 and 700 mg/l, lithium — 20 and 
200 mg/l, respectively, silicon — about 100 mg/l for 
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both glasses [25]. According to [26], in an 8-year-
long experiment implemented under same con-
ditions to study the leaching of SON68 glass the 
following concentrations have been measured: for 
sodium — 390, boron — 280, silicon — 130, lithium — 
40 mg/l. According to Figure 13, given the same 
temperature, the maximum concentrations of these 
elements in leachates would be as follows: sodium 

— 330 (BS-1) and 1,640 (BP+), boron — 150 (BS-1) 
and 250 (BP+), silicon — 250 (BS-1), lithium — 25 
(BS-1) mg/l, i. e., they were of a same order of mag-
nitude (except for sodium in case of borophosphate 
glass leachate), despite the differences in the initial 
composition of the leaching solution and the pres-
ence of a bentonite buffer phase.

Under a reference EBS evolution scenario, model 
calculations and experiments should account for 
the processes occurring at temperatures close to 
the room one. In this case, radionuclide releases 
would be basically limited to the following mecha-
nisms: diffusion in the pore solution of clay-based 
safety barriers and convection associated with the 
flows of porous-fractured waters in the host rock 
massif. Under both processes, initial concentra-
tions of elements in the solutions should be equal, 
but the initial convective transport time should be 
shifted by the time required for the diffusion front 
to advance through the clay barrier. Dispersion (di-
lution) should be seen as a most important factor 
responsible for convective transport. 

Figure 13. Saturation concentrations of waste form elements and RW simulators in the leachates of boron-containing glasses 
in model solution GW in presence of bentonite at different temperatures
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Under alternative (emergency) evolution sce-
narios, one may apply the data on the elemental 
concentrations in boron-containing glass leachates 
at elevated temperatures, as well as other ratios 
between diffusion and convective mass transfer es-
tablished for the radionuclides and differing under 
various model scenarios.

Key takeaways

The studies showed that boron-containing glass-
es of all compositions were homogeneous and free 
of crystalline inclusions. Borosilicate glasses corre-
sponded to their theoretical compositions and were 
able to immobilize all of the introduced elements 
including RW simulators and radionuclides. A de-
ficiency of electrolyte elements, i. e., Cl, K, Cs, Ba, 
was observed in glass frit of borophosphate com-
position. On the contrary, boron concentration did 
exceed the calculated one. Addition of CsCl and 
glass remelting provided a glass waste form with 
sufficient Cs concentration. Yet, at a glass melting 
temperature of 1,050 °C, some chlorine release had 
been noted. Remelting of radionuclide containing 
glasses resulted in a 1.3—1.8-fold decrease in tech-
netium and actinide content. The only exception 
were the losses of technetium from borophosphate 
melt, where the difference amounted to 4.2 times 
compared to relevant calculations. Slow (at a mini-
mum rate of 5 °C/h) cooling of the glass-forming 
melts caused no crystallization or other inhomoge-
neities in the synthesized glasses.

At room temperature, leaching of boron-containing 
glasses containing RW simulators in model solution 
GW in presence of bentonite under conditions typical 
for a closed system involving certain processes similar 
to those expected under DGR conditions have result-
ed in solutions with a salt content of up to 0.5 g/l with 
such glass-forming elements as B, Na, Si, P that most 
greatly contributed to their mineralization. The con-
centration of waste form elements and RW simulators 
in the leachates saw a following decrease BS-1 > BS-
2+ > BP+. RW simulators have leached to the greatest 
extent from tenths to units of mg/l.

Radionuclide leaching showed that the specific 
activity of actinides in the leachates virtually re-
mained constant throughout the experiments: for 
plutonium — 0.14—0.4 Bq/ml considering differ-
ent glasses, for americium — 0.04—0.11 Bq/ml. As 
for technetium, its specific activity in the leach-
ates saw a slow increase to 2 Bq/ml for borosilicate 
glass BS-2+Tc and to 4 Bq/ml for borophosphate 
glass BP+Tc. In case of BS-1+Tc, the specific activ-
ity of technetium in the leachate grew uniformly to 
80 Bq/ml and did not reach equilibrium within the 
8 months of the experiment. 

Leaching temperature increase to 90 °C prompt-
ed noticeable increase in the rate of equilibrium 
concentration attainment, whereas the leachates 
mineralization levels grew up to a few grams per 
liter. As compared to room temperature, maximum 
concentrations of RW simulators in the leachates 
did not change for strontium and molybdenum, but 
saw an over 5-fold growth for the rest of the ele-
ments. In terms of Si, Sr and Mo leaching rates, the 
glass sequence remained constant and similar to 
those observed at room temperature but given a 
less extensive spread of values. The highest B, Na 
and Cs leaching rates were observed in case of bo-
rophosphate glass; whereas in case of two borosili-
cate glasses some slightly higher levels were identi-
fied for BS-1.

At a temperature of 150 °C, leachate mineraliza-
tion level amounted to 8 g/l (for BP+ glass). The 
lowest concentrations (less than 1 g/l) were re-
vealed for the BS-1 glass leachate. In all of the stud-
ied leachates, strontium concentrations remained 
constant, those of lanthanum dropped and those of 
molybdenum and cesium got higher, i. e., the one 
of molybdenum — in BS-2+ glass leachate and the 
one of cesium — in BP+ glass leachate. Great vari-
ability of the leaching sequences has been observed 
for different elements in various glass composi-
tions. Moreover, the leaching sequences typical for 
temperatures of 25 °C and 90 °C were observed at 
a temperature of 150 °C for none of the described 
elements. Leachates from BP+ and BS-2+ glasses 
showed the highest saturation concentrations for 
all elements, whereas those of BS-1 glass leachate 
turned out to be the lowest.

Thus, temperature increase prompted an inver-
sion in the leaching resistance of the studied bo-
rosilicate glass compositions observed at tempera-
tures close to ~ 100 °C. Along with a temperature 
increase, borosilicate BS-1 glass considered as the 
least stable at room temperature turned out to be 
the most stable relative to the rest. An opposite 
trend was observed in case of borosilicate glass BS-
2+, whereas borophosphate glass BP+ was charac-
terized by either minimal or moderate stability at 
all temperature levels.

The above findings can be used in further experi-
ments and calculations focused on radionuclide 
transport in DGR safety barriers and host rocks.
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