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Abstract

Borosilicate, phosphate and lead iron phosphate glasses have
been developed for immobilization of high level nuclear waste. Glass has
been accepted as most suitable matrix used worldwide for immobilization
of HLW because of its attractive feature like ability to dissolve most of the
elements of the periodic table, modest processing temperature, adequate
chemical, thermal and radiation stability and high leach resistant. In the
present work we could melt the glass at much lower temperature (even
at 750°C) with a soaking period of 30 min-1 hr which were earlier reported
to be melted not below 1000°C. The lower the glass processing
temperatures the better will be the glass melt because glass will be
utilized to incorporate nuclear waste with some of the fission products
which are highly volatile. Leaching studies of nuclear waste glasses are
important from the view point that they are to be stored for very long
period under burial. . The effect of different modifier ions like Pb?", Ba®,
Na*, Fe**, AI*", Y**, ca?", ce*" and Sr** on melting temperature and time
of melting in each system has been found to be evident. The
determination of pH ranging from 6.86 up to 8.22 of the leachate solution
at ambient temperature under varying time intervals shows interesting and
regular variations. The results are in conformity with the change of
equilibrium pH under varying leaching time reported by other authors. The
leaching study of such glasses under Soxhlet condition shows that lead
ion (Pb2+) to be a superior candidate as modifier towards leach
resistance. The findings have been corroborated in terms of ionic size,
ionic radii and hence ionic potential of the modifier ions incorporated into
the glass structure.

Keywords: Nuclear Waste Glass, Leaching, Soxhlet, lonic Potential, LIP
Glasses.

Introduction

The radioactive waste must be solidified in such a way that the
solid have certain properties so that its interim storage followed by its
ultimate disposal is technologically feasible, safe, economical and
environmentally compatible. Some of the desirable properties are good
chemical durability i.e. low leachability so that activity released if any, in to
the environment is minimum, good thermal conductivity so that heat
generated due to radioactive decay does not increase glass temperature
beyond maximum crystallization temperature, ability to contain high
proportion of waste and to have high volume reduction, resistance to
alpha, beta and gamma radiations, acceptable processing temperature,
high mechanical strength and shock resistance, readily available raw
materials at reasonable cost. Waste disposal experts all over the world
believe that the best way of ultimate disposal of HLW is to immobilize them
by fixation in solid matrix, preferably glass. Glass has the ability to dissolve
most of the elements of the periodic table. The fission product constituents
become a part and parcel of the glass structure as compared to
mechanical entrapment. Glass can be considered as truely ‘secular’ matrix
imbibing in one melt all the elements contained in the waste .This results in
a permanent and irreversible fixation of the nuclides in the vitreous matrix.
Glass has a high leach resistance, i.e. it does not dissolve easily in water.
Aim of the Study

The world currently faces significance energy challenges although
fossile fuels are still relatively abundant, they are the contributor to green
house gas emission. Hydroelectric, wind, solar and other alternative power
sources alone are still poor suited to supply the growing base power needs
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of the world because their generation rate is not
constant and hence requires power storage it used to
supply base power. So nuclear power plays a key role
in maintaining current world-wide energy growth. The
future development of nuclear energy largely depends
on the success of programmes for handling and
management of radioactive wastes generated at
various stages of nuclear fuel cycle. The major
components of HLW are Corrosion product (like Fe,
Ni, Cr, Mn etcg, Fission products (from mass no. 80 to
%9 such as *°sr, 1Ru, *¥'Cs,**'ce, 'Pm etc ),
Actinides (such as ***Am, 245Cm and unrecovered
U, Pu,, Th), Various chemicals which are introduced
at different stages of reprocessing (like HNO3, Al,
Na+, PO4-3, SO04-2, fluoride etc.) and degraded
product of tri-butyl Phosphate.
Review of Literature

Radioactive waste is any material that
contains or contaminated with radioactive nuclide at
concentration greater than a safe level .In other word
radioactive waste containing radioactive element that
do not have practical purpose. They are divided into
three categories Low level radioactive waste (LLW)
Intermediate level radioactive waste (ILW) High level
radioactive waste (HLW). Radioactive wastes are
generated in various forms like solid, liquid or
gaseous. The concentration of radioactivity also
varies depending upon the source of generation.
Accordingly, radioactive liquid waste streams are
commonly classified as exempt waste, low-level
waste (37-3.7X106 Bg/L), intermediate-level waste
(3.7X106-3.7X1011Bg/L) and high-level waste (above
3.7X1011Bq/L).[1,4] Solid radioactive wastes are also
classified as compressible or non-compressible and
combustible or non combustible depending upon the
corresponding physical nature. They are further
divided based on type and content of radioactivity.
Basically all radioactive waste that is not high-level
radioactive waste or intermediate-level waste or
transuranic waste is classified as low-level radioactive
waste. Volume-wise it may be larger than that of high
level radioactive waste or intermediate-level
radioactive waste or transuranic waste, but the
radioactivity contained in the low-level radioactive
waste is significantly less and made up of isotopes
having much shorter half-lives than most of the
isotopes in  high-level radioactive waste or
intermediate-level waste or transuranic waste. Large
amounts of waste contaminated with small amounts of
radionuclides, such as contaminated equipment
(glove boxes, air filters, shielding materials and
laboratory equipment) protective clothing, cleaning
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rags, etc. constitute low-level radioactive waste. Even
components of decommissioned reactors may come
under this category (after part decontamination
procedures). The level of radioactivity and half-lives of
radioactive isotopes in low-level waste are relatively
small. Storing the waste for a period of 10 to 50 years
will allow most of the radioactive isotopes in low-level
waste to decay, at which point the waste can be
disposed of as normal refuse. High-level radioactive
waste is conceptualized as the waste consisting of the
spent fuel, the liquid effluents arising from the
reprocessing of spent fuel and the solids into which
the liquid waste is converted. It consists, generally,
material from the core of a nuclear reactor or a
nuclear weapon. This waste includes uranium,
plutonium and other highly radioactive elements
created during fission, made up of fission fragments
and transuranics. These two components have
different times to decay. The radioactive fission
fragments decay to different stable elements via
different nuclear reaction chains involving a, B and y
emissions to innocuous levels of radioactivity, and this
would take about 1000 years. On the other hand,
transuranics take nearly 500,000 years to reach such
levels. Heat output lasts over 200 years. Most of the
radioactive isotopes in high level waste emit large
amounts of radiation and have extremely long half-
lives (some longer than 100,000 years), creating long
time-periods before the waste will settle to safe levels
of radioactivity. Methods of disposal totally depends
on the nature of waste .LLW is not dangerous to
handle but must be disposed of more carefully than
normal garbage .Usually it is buried in shallow land fill
LW may be solidified in concrete or bitumen for
disposal .Generally short lived waste is buried but
long live waste will be disposed of deep underground
with in a solid matrix. Vitrification of nuclear waste is
attractive because of its flexibility, the large number of
elements which can be incorporated in the glass, its
high corrosion durability and the reduced volume of
the resulting waste form. Vitrification is a mature
technology and has been used for high level nuclear
waste (HLW) immobilization for more than 40 years in
France, Germany and Belgium, Russia, Japan, and
the USA. Borosilicate glasses are immune to
amorphization due to radiation damage from decaying
radionuclide as these materials are, by nature
amorphous. As of the year 2006 there was a reported
9000 metric tones of waste glass in total of 16842
canisters produced at six vitrification plant in USA, the
UK, France, Belgium, and Japan.

Table-1: Composition of some nuclear waste glasses (wt-%)

Glass Country of origin | SiO> P,Os | B2Os | Al,O3 CaO MgO Na,O Others
R7/T7 France 42.7 - 14.9 4.4 4.1 - 10.6 18.8
DWPF USA 49.8 - 8.0 4.0 1.0 14 8.7 27.1
Magnox waste UK 47.2 - 16.9 4.8 - 5.3 8.4 17.4
PAMELA Germany/Belgium 52.7 - 13.2 2.7 4.6 2.2 5.9 18.7
Defence HLW Russia - 52.0 - 19.0 - - 21.2 7.8
K-26 Commercial Russia 48.2 - 7.5 25 155 - 16.1 10.2

LILW
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Borosilicate matrix developed by BARC in
collaboration with CGCRI has been adopted in India
for immobilization of HLW. In view of compositional
variation of HLW from site to site, tailor changes in the
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glass formulation are often necessary to incorporate
all the waste constituents and having the product of
desirable characteristics.

Table-2: Glass Matrix Composition (Wt %) used at WIPs Tarapur and Trombay

Composition Tarapur Trombay
Basic Sodium Modified Sodium Lead based Barium based
Borosilicate Borosilicate Borosilicate Borosilicate
IR1101 R111 WTR-62 SB-44
Glass former 46 46 50 50.5
(Si02+8203)
Glass network 7 7 -- --
Intermediate(TiO,)
Glass modifiers 26 16 30 28.5
(Na;O+MnO+PbO+Ba0)
Waste Oxide 21 31 20 21

Experimental Methods and Procedures

The composition of such waste generated in
Indian reactors is as shown in table 3 (As supplied by
S. D. Mishra, director, Nuclear Recycle group, BARC,
Trombay, Mumbai).
Table 3: Compositional details of simulated low
and intermediate level radioactive liquid waste

S. | Properties Low Level | Intermediate
No. Radioactive Level
Liquid Radioactive
Waste Liquid
Waste
1 PH 8-9 9-13
2 CsNO3 6.56x10° 8.39x10™
(milimoles/L)
3 Sr(NO3), 2x10° 2.4x10°
(milimoles/L)
4 RuCls 2x107° 2.93x10”
(milimoles/L)
5 NaNO3 1x10” 2
(moles/L)
6 NazCO3 5x107
(moles/L)
7 CaCl, 2x10°
(moles/L)
8 NaOH Traces for 5x10°
(moles/L) adjustment
of pH

Glasses were melted in three systems viz.,
a) Borosilicate system b) Phosphate system and c)
lead iron phosphate system. Glass batches in the
above three systems of predetermined compositions
after reviewing earlier works in reference to the
corresponding ternary diagrams are synthesized in
acetone medium. They are next dried and taken in a
high quality alumina crucible and fired in muffle
furnace. In this melting operation the temperature of
melting and time of melting were the key factor to be
monitored. The important point to mention here is that
in the present work we could melt the glass at much
lower temperature (750-950°C) with a soaking period
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of 30 min -1 hr which were earlier reported to be
melted not below 1000°C. In considering that the
glass will be utilized to incorporate nuclear waste with
some of the fission fragment like RuO which is highly
volatile, the lower the glass processing temperature
the better will be the glass melt. The effect of different
modifier ions like Pb?, Ba®', Na*, Fe®*, AP, v*"
Ca®*, ce* and Sr** in each of the basic glass system
viz. borosilicate and phosphate networks on the
melting points and time of melting is quite evident . X-
ray diffraction study showed that the products to be
amorphous. The pH determination of the leachate
solution at ambient temperature under varying time
intervals taking different glasses in the form of powder
of definite size after grinding show interesting and
regular variation.

Twelve glass forming systems both in
Phosphate, Borosilicate and lead iron phosphate
systems were studied (Table 4). Out of these twelve,
six were in the Borosilicate system (viz, BS1 to BS6),
two in the Phosphate and four in lead iron phosphate
system (LIP1 to LIP4).

Quartz powder (AR) was used as the source
of silicate and Borax (AR) in the borosilicate while
both P,Os (AR) and H3PO4 (AR) in the phosphate and
Fe,03 (AR) and Pb304 (AR) were tried in the lead iron
phosphate composition. The melting operation was
done in a muffle furnace with window and having
temperature controller and programmer. The glass
with H3PO4 taken in the composition could not be
melted even upto a temperature of 1100°C. It resulted
only into a brown solid mass after leaching in the
furnace. The respective temperature of melting and
time of melting are shown in Table 5. The simulated
waste oxides like lead oxide (PbO,AR grade, Dipak
chemicals, Kolkata), barium oxide ( BaO, Burgoyne
Burbidges & Co., Mumbai), cerium oxide( CeO,, AR
grade, Himedia Laboratory, Mumbai), strontium oxide
( SrO, AR grade, Sigma Aldrich, USA ) etc were
chosen in the glass composition..
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Table 4. Different Glass Compositions Prepared (wt %)

Glasses SIOz Naz B4O7 PbO BaO Fe,O3 A|203 Y203 CaCO3| CeO,| SrO| P,0s| H3PO4
BS1 29.6 20 38.4 12.0 - - - - - - - -
BS2 40 24 - - 13 3 20 - - - - -
BS3 33 25 - - 13 - - 29 - - - -
BS4 39.6 20 33.4 7.0 - - - - - - - -
BS5 40 24 - - 13 3 - - 20 - - -
BS6 | 296| 20 38.4 - - - - - 7 | 5| - -

P1 5 - 16.7 | 25.0| 125 | - - - - - 408 -
P2 | 176 - 16.7 | 250 125 | - - - - - - [ 282
LIPL | 50 - 16.0 | 25 | 13.0 41.0
LIP2 16.8 16.0 25 13.0 29.0
LIP3 - - 49 - 8.0 - - - 12.0 - | 31.0 -
(PbsO4)
LIP4 - - 52.4 - 8.0 - - - 7.0 - | 326 -

X-ray diffraction study of the final products
was made to confirm its amorphous nature. Density

Table 5: Melting Temperature (°C) and Time of
Melting of Different Glass Compositions

of different glasses is shown in bar diagram in Fig1. Glass M. P. Soaking Density
*2°C) Time (gm/cc)

BS1 950 30 min. -
BS2 925 30 2.4325
BS3 950 1 hr. 2.5731
BS4 800 1hr. 4.8712
BS5 950 1hr 3.5237
BS6 800 30 5.0138
P1 1000 lhr 4.6252

P2 1100 lhr -
LIP1 950 lhr 5.2314
LIP2 800 lhr 5.0832
LIP3 750 lhr 5.6831
LIP4 900 lhr 5.4642

Fig 1: Density of Different Glasses are shown in Bar Diagram

DENSITYOF DIFFERENT GLASSES

DENSITY(gmiCC)

BsS2

BS3 BS4 BS5 BS6 P1 LIP1 LIP2 LIP3 LIP4
GLASSES

pH Determination time of 2 mins. The pH of the liquid was determined

For the pH determination of the leachate
solution, the bulk glass was powdered after grinding in
a mortar and passing it through sieve (size 300 and
425 mesh, B. S.). Accurately 1 g of the glass powder
of definite size (0.30 — 0.42mm) is taken in a beaker
with a fixed volume of distilled water of 40 c.c. and
was stirred with magnetic stirrer for a definite period of
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by a pH meter (Systronics, Model no 335) [ASTM:
E70]. Such measurement of pH was done after
regular intervals of 1 hr, 2 hr, 3 hr, 4 hr and 5 hr
respectively, the mixture being stirred after each 15
min with the help of magnetic stirrer. Results of such
pH study on selected glasses are shown in Table 6.
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Table 6: pH of leachate after different time interval

pH
Glasses 1hr. 2 hr. 3hr. 4 hr. 5 hr.
BS2 7.93 8.22 7.40 7.18 7.18
BS3 8.18 7.98 7.76 7.85 7.71
BS4 7.18 7.33 7.53 7.06 6.96
BS5 7.46 7.34 7.41 7.35 7.10
BS6 7.95 7.48 7.44 7.27 7.28
BS7 7.79 7.44 7.51 7.37 7.39
P1 6.87 6.89 7.03 6.95 6.97
LIP1 6.89 7.08 7.20 7.35 7.25
LIP2 7.32 7.27 7.25 7.23 7.23
LIP3 7.02 7.10 7.12 7.15 7.12
LIP4 7.38 7.30 7.28 7.24 7.24
Fig 2: pH changes as a Function of Time
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Leaching Study

For the leaching study about 0.5 gm of each
glass sample accurately weighed which was earlier
crushed to 300-425 mesh was taken in a nylon net the
dimension of which was such that the glass powder
did not pass out through it. Next was vapour distilled
in Soxhlet apparatus with a round bottom flask (500

ml capacity) fitted with condenser for varying period of
time maximum up to 24 hrs, the heating being done
by a heating mantle.[ASTM: C1285-02(2008)]. The
results are shown in table V. Percentage of wt. loss vs
time (hrs) for the borosilicate is shown in fig. 6 and the
same for phosphate and lead iron phosphate glasses
are shown in fig7.

Table 7: Percent of weight loss of glasses at different time intervals

Time(hr)—» 4 9 14 19 24

% Wt loss
4
BS2 0.32 0.25 0.20 0.18 0.16
BS3 0.70 0.53 0.45 0.36 0.28
BS4 0.20 0.12 0.38 0.14 0.12
BS5 0.63 0.52 0.55 0.29 0.02
BS6 0.83 0.20 0.18 0.16 0.30
BS7 0.23 0.84 1.4 0.57 0.88
P1 1.3 0.33 0.07 0.20 0.49
LIP1 0.532 0.328 0.412 0.08 0.102
LIP2 0.41 0.351 0.235 0.109 0.03
LIP3 0.1241 0.089 0.023 0.01 0.002
LIP4 0.09 0.07 0.13 0.03 0.00
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Fig. 4: Borosilicate Net Work
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Fig. 6 : % of Wt. Loss of Different Borosilicate Glasses
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FTIR : FTIR spectrum as done on some glasses are given in fig 9 and10.
Fig.9: FTIR Spectrum of LIP3
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Fig. 10: FTIR of Spectrum of LIP4
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Results and Discussion

In general it is found that the m. p. of glasses
in the borosilicate system (BS1-BS6) is lowered in
comparison to that in the phosphate system P1 (Table
5). Now the bond dissociation energy being Si-O (115
Kcal/mole), B-O (125 Kcal /mole) and P-O (96 K
Cal/mole) this may be explained as follows: the glass
forms here Si-O and B-O after dissociation followed
by recombining leading to liberation of higher amount
of energy thus preferred which is lowered in case of
P-O bond energy .

The variation in melting point (BS1-BS6):
This is due to mixed effect of different modifier ions,
the exact trend being difficult to speculate. In some
earlier melting operations, heavy frothing and loss of
glass from crucible was observed, ultimately some
successful melts were achieved. The important point
to mention here is that in the present work we could
melt the glass composition at much lower temperature
(750-950° C) with a soaking period of 30 min. to 1 hr.
which were earlier reported to be melted not below
1000° C.

In considering that the glass will be utilized to
incorporate nuclear waste oxides with some of the
fission fragments like oxides of Cs and Ru which are
volatile, the lower the glass processing temperature
the better will be utility of the glass melt.

Effect of Modifier Oxides on M. P. of Glasses

In general it is found that the m. p. of glasses
in the borosilicate system (BS2-BS-6) are lowered in
comparison to that in the phosphate system (P-1)
(Table 5). This general trend may be attributed to the
higher bond strength of the P-O bond in the
phosphate network than that of the Si-O (so also B-O)
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bond strength in the borosilicate network which
means that more heat (energy) will be needed to
break the P-O bonds and eventually the same bonds
to polymerize to the phosphate network glass. On the
other hand less heat (energy) being required to break
the corresponding Si-O (so also B-O) bonds, the
broken mixed bonds leading to the polymerized
borosilicate glass network.

In addition to this effect the different modifier
ions (added as oxides) can also lower the melting
temperature of a particular composition in many of the
phosphate or borosilicate systems. Here the
mechanism is that the modifier ion (M"™) dissociates a
Si-O (or B-O or P-O bond of network and generates
anionic O sites (O') and gets attached to such sites
ionically.

Additionally the variation in m. p. among
different compositions in the particular borosilicate
system (BS2 to BS 6) can be explained due to
different types of modifier oxides being added.

Effect of Modifier lons on the pH of the Leachate
Solution

As shown in table 4 there is a definite
change in pH of the leachate solution in between the
phosphate system and that in the borosilicate system
of glasses. The slightly increasing trend in the pH
values in the borosilicate system may be due to the
mixed oxide network viz. [BO4] and [SiO4] in
comparison to that in single oxide phosphate system.
The observed pH values are in good agreement with
the equilibrium pH values of glass system having
composition close to present work. The range of pH
obtained in a borosilicate glass with different modifier
cation [ref. 5] covers that of hours. It is seen from the
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table 6 that there is a slight decreasing tendency as
we go from 1 hr to 5 hr in steps of 1 hr. If we consider
that the following dissociation is being operated in our
aqueous system.

H2O =H" + OH

The extent of which (i.e., the forward or in
the reverse direction) is influenced by the different
modifier ions released during the leaching of the glass
sample.

The ionic radii (A) of the different modifier
ions in our case are as follows:

Pb* (1.33), Ba®* (1.35), Na" (0.95), Fe*" (0.69), AI**
(0.50), Y** (0.93), Ca®* (0.99), Ce™ (1.18) and Sr**
(1.13).

The corresponding ionic Potential
(Charge/radius) increases as Na* (0.95) < Pb*" (1.5) <
Sr** (1.54) < Ba®* (1.48) < Ca®* (2.02) < Y* (3.23) <
ce™ (3.39) < Fe** (4.69) < AP* (6.0)

Now the greater the ionic potential of M,
the more it will attract OH ions to form the
corresponding hydroxides (OH),. The dissociation of
H>O as above will be shifted to the forward direction
releasing more number of H* in the medium. Thus the
resulting solution will increasingly become acidic with
lower value of pH. This is reflected in our observed
data clearly. Glass BS5 with Al,O3 (highest I. P.)
shows lower value of pH than BS 3 with no Al,O3 in
the composition.

The decreasing trend in the ph value from 1
hr to 5 hr data can be explained in the light that with
higher extent of leaching more modifier cations are
released into the solution increasing the ionic potential
leading to lowering of pH values.

Figure 8(a) and (b) shows the SEM image of
some selected borosilicate glass system. The picture
reveals homogeneous nature of the glasses formed.
Fig. 9 and 10 show the FTIR spectrum of LIP3 and
LIP4 glasses respectively. Major stretchs are
observed at -532,-1025,-1622-1642,2364 and 3438-
3492cm™ respectively. The IR stretch at -532 cm™
may be related to the phosphate motion(P-O bending
vibration), the one at -1025cm™ is related to the
symmetry stretch of non bridging oxygen.

Conclusion

Borosilicate and phosphate glasses are
useful matrix for fixation of radio nuclide present in the
high level nuclear waste. This fixation is permanent
and irreversible. There may be a wide range of glass
composition and selection of a particular glass
composition may be done as per the need of durability
and melting temperature requirements.

The combination of lead phosphate glasses
with various types of simulated nuclear waste showed
that it is possible to have a waste form with corrosion
rate 1000 times less than that of a borosilicate glass.
The addition of iron to lead phosphate glass was
found to increase the chemical durability of the glass.

The chemical durability of the glass is the
most important characteristics from the point of view
of the environmental impact of disposal of HLW. LIP
glasses have several advantages: (i) solidified forms
have dissolution rate in water about several orders
lower than comparable phosphate and borosilicate
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and alumino —silicate formulation. The addition of to
lead phosphate glass was found to dramatically
increase chemical durability and thermal stability of
the glass.(ii) a processing temperature that is about
50° C to 250° C lower than the other glasses. Effect of
different modifier ions on melting points is evident in
the present work. Most significantly, the LIP waste
form can be processed using a technology similar to
that developed for borosilicate nuclear waste glasses.

Low temperature melting of glasses significantly

reduce the volatilization of ruthenium and caesium
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