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Abstract

Municipal solid waste is used as a raw material for the production of borosilicate glasses by melting annealing technique. Many
chemical and physical measurements are studied to test their possibility in the immobilization of radioactive wastes. The results
show good behaviors against gamma radiation doses such as suitable density and microhardness values, stable behaviors towards
low and high doses of gamma radiation indicated by IR and EPR techniques. As well as good chemical durability in H,O and
NaOH leaching solutions. The network structure of borosilicate glasses consists of tetrahedral silicate units SiO4 and the triangle
BO; or tetrahedral BO,4 groups which strengthen the structure of glasses and enhance their desired properties for achieving the

goal of immobilizing nuclear wastes.

Keywords Vitrification - Nuclear waste glass - Gamma radiation - Borosilicate - Chemical durability

1 Introduction

Many tremendous dangers and environmental problems are
caused by the accumulation of municipal solid wastes
(MSWs). Therefore management of MSWs becomes with ur-
gent necessity. Recycling of wastes is a good solution but only
about 40% of their total volume can be recycled. The
Landfilling process is commonly used in developing countries
where the incineration process is used in the European coun-
tries in order to reduce weight and volume of wastes and
recover energy [1]. However the ash residues lagging behind
them cause another environmental problem [2]. Therefore
using theses accumulative ash residues in cement industry or
in the vitrification process is a useful commercial solution. In
vitrification process, the ashes are used as raw materials in the
production of applicable commercial glasses or glass ceramics
[3, 4]. The waste vitrification is the process to select a glass
matrix has the ability to incorporate the radioactive wastes
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according to the flexibility of the glasses and their disordered
structures [5].

Vitrification needs high costs due to energy consumption,
but this problem can be overcome by two ways; (1) the addi-
tion of a specific chemical material that enhances the process
by decreasing the temperature required for melting, such as
soda (Na,0), or potash (K,O) where their additions to silica
can lower the softening point by 800-900 °C [6]. (2) The
production of high valuable products to help in offsetting the
cost like nuclear waste glasses [7]. Nuclear waste glass is one
of the most useful applications of the MSWs vitrification,
because it can be used as a safe and long range hosting matrix
for the immobilization of hazardous radioactive wastes and
heavy metals. Borosilicate glasses are the most common nu-
clear waste glasses that are previously prepared like SON68,
WAK and Pamela [8]. They are accepted to be the first gen-
eration waste form for the immobilization of high level radio-
active wastes HLW [9]. Borosilicate glasses consist of a com-
plex glassy network from the glass forming oxides; SiO, and
B,0;. Their complicated structure enable them to be the first
candidate for immobilizing the high level radioactive wastes
HLW because of their flexibility to incorporate many types of
waste elements through the highly atomic bonding between
them and the glassy network [9—11]. Borosilicate glasses have
also high chemical durability, mechanical reliability,
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remarkable thermal and radiation stability as well as high
chemical resistance in most leaching media.

The Presence of a specific metal oxide can enhance the
properties of borosilicate glasses for immobilizing radioactive
wastes; for example AI’* ions participate in the glass network
as AlO, and/or AlOg structural units [12] and give the glasses
high radiation resistance capability because of forming strong
covalent bonds including SiO4, BO4 and AlO, tetrahedral
units. Ca®* ions can enhance also some of their mechanical
and chemical properties such as microhardness and chemical
durability. Miae Kim and Jong Heo [13] have investigated that
the waste forms of calcium-borosilicate glass-ceramics can be
used for the immobilization of rare-earth oxide wastes from
pyro-processing. Fe®* ions also provide the radiation shielding
effect of the glass that introduced in, because of its two oxi-
dation states 4 and 6 and their tendency to form strong coor-
dinations from tetrahedral and/ or octahedral units [14].

The general effect of ionizing radiation on glasses is the
formation of induced defect centers and non- bridging hole cen-
ters as shown in the following radiation chemical reaction [7].

(=Si-O-M) glass + y irradiation—=Si-O" + M™" (1)

Specifically, the influence of radiation on borosilicate
glasses is more complicated than the vitreous silicate glasses
because of the cooperation between the two main phase na-
tures of SiO, and B,0j; that provide their ability to shield
radiation. Although, Nuclear wastes become less radioactive
the longer they are stored because of their radioactive decay,
some of their radioactivity continues for millions of years
[15]. Gamma radiations are emitted in the nuclear waste glass
during the first hundreds of years [16] so the bezel efficiency
of nuclear waste glasses is measured by their tendency to resist
the effect of gamma radiations and preventing their passages.

The aim of the present work is to prepare three composi-
tions of CaO, Al,O5 and Fe,O5 sodium borosilicate glasses by
using burned MSWs as a raw material. In addition to, studying
the possibility of using them as nuclear waste glasses by mak-
ing a comparative study between some of their physical and
chemical properties at different doses of gamma radiation.
Density, microhardness, Infrared absorption spectra FTIR,
electron paramagnetic resonance EPR and chemical durabili-
ty; all of these measurements are studied to verify the desired
goal in using these compositions as nuclear waste glasses.

2 Experimental Procedure

Glasses were prepared by the conventional melt-quench an-
nealing technique. In accordance with their compositions tab-
ulated in Table 1, homogenous mixtures of batches were pre-
pared and accurately weighed. The raw materials used in prep-
aration were; MSW taken from a waste collecting region in
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Table 1 Chemical compositions of the prepared glasses in wt.%
Glassno. Waste B,O; SiO, Na,O CaO AlLO; Fe,O4
Gl 50 20 10 15 5

G2 50 20 10 15 5

G3 50 20 10 15 5

eastern Cairo zone at Khatamia, and burned at 700 °C. Also
pure grade reagents from H3;BOj3, SiO,, Na,CO;, CaCOs;,
AlL,O5 and Fe,05 from Sigma-Aldrich Company were used
in preparation. By using a gate mortar, the accurately weighed
chemical compounds of each glass composition were mixed
thoroughly to fine powders. Then melted in a porcelain cruci-
ble in an electric furnace at 1200-1300 °C for 3 h with rotating
melts to attain homogeneity and remove air bubbles. The
melts were then cast into preheated stainless steel hot molds
with dimensions of 1x1x0.2 cm® and the prepared samples
were immediately moved to a muffle furnace regulated at
500 °C for annealing. After 1 h, the muffle was switched off
and samples were left overnight where the muffle temperature
decreased to room temperature with a cooling rate 25 °C /h.
The chemical analysis of each glass sample was detected by
using electron dispersive X- ray analyzer EDX and the data
were listed in Table 2.

In order to assure the amorphous structural natures of the
prepared glasses, X-ray diffraction patterns of the samples
were detected by using a Shimadzu XD-DI diffractometer.
The X-ray was operated at 40 kV and 30 mA through the
measurements at the room temperature and under constant
operating conditions.

Testing chemical durability of the prepared glasses was
carried out by three leaching experiments a, b and c. (a) at
90 °C for 16 h (b) At different irradiation doses from 10 to
200 kGy, where the leaching solution in (a) and (b) was un-
derground water taken from a deep well in the Egyptian Siwa
oasis with a chemical composition of 5.2 Ca, 17.0 K, 37 Na,
95.16 bicarbonates, 14 sulphates, 33 chlorides, 19 silicate, 0.4
fluorides and TDS 197 in mg/L. (¢) in 0.1 N HCl and 0.1 N
NaOH at different time intervals from 2 to 24 h. In the
leaching processes, each glass sample was placed in a
200 ml polyethylene BD Falcon TM conical tube with flip
top cap, which allowed the leaching solution (150 ml) to
completely cover the whole glass surfaces. The ratio of glass

Table 2 Chemical analysis of the prepared glasses in atomic %

Elements O Si Na Ti Fe Cu Zn Ca Al Total

Gl 58 463 217 00 1.0 03 02 23.6 1.1 100.00
G2 23 432 98 03 33 - - 404 0.7 100.00
G3 10.1 274 372 0.7 4.6 02 0.1 19.7 0.0 100.00




Silicon (2019) 11:2675-2688

2677

surface area to leachant volume (S/V) was keptat 1.87 m* L™
+0.1.

Scanning electron microscopy (SEM) model Jeol-JSM
5400 was used to study the surface morphology of the speci-
men at high magnifications before and after corrosion
processes.

Density of each glass sample was measured three times
with a maximum error 0.0002 g/cm® by using the suspended
weight method based on Archimedes principle.
Microhardness of each sample is also measured by using a
Shimadzu microhardness tester after equal cutting and
polishing of samples. The diamond -shaped indentation was
measured with an estimated accuracy of +0.5 um testing with
a load of 100 g at each 20 s. without causing visual micro
cracks.

FTIR spectra of glasses were measured at room tempera-
ture at the wave number range 4004000 cm™ ' using spec-
trometer type VERTEX 70, FT/IR-430, Japan.

The EPR spectra of unirradiated and irradiated samples
were recorded using EMX spectrometer (X-band), the cavity
used was the standard Bruker ER 4102 rectangular cavity,
Germany. The operating conditions for the EPR spectrometer
were; microwave power 2.553 mW, modulation amplitude
9 G, time constant 81.92 ms and conversion time 20.48 ms.
Samples were inserted in EPR tubes and measured at the
above instrument parameters.

DSC measurements were used by using SHIMADZU DSC
- 50 to determine the transition temperatures of the glass sam-
ples. The samples were heated from R.T. up to 700 °C with
heating rate 10 deg./min. The reference substance was alumi-
na powder of high purity and the temperature error was £5 °C.

The gamma ray source used in irradiating glasses during
the whole experimental work was Co ®° gamma cell (2000 Ci)
with a dose rate 1.338 kGy/ h at 30 °C. The glass samples
were placed in the gamma cell in the manner that each sample
was subjected to the same gamma dose.

3 Results

The municipal solid waste used in glass preparation was
chemically analyzed by EDX technique after its burning at
700 °C. It is found that it contains the following elements:
13.25 Oy, 1.5 Na, 7.8 Al, 5.3 Si, 6.2 P, 47.1 Ca, 5.1 Fe,
25K,1.1Cu, 1.2 Zn, 0.3 T4, 3.2 S, 5.5 Cl, all in atomic%
[7]. As it is obviously shown, the MSW contains glass
forming oxides which enable it to be used as a raw material
for the glass production after the addition of some amounts of
glass forming oxides e.g. SiO, and B,Oj3 as shown in Table 1.
Also, the differences in the concentration of elements between
the three glasses shown in Table 2 may be due to the non-
homogeneity of the taken sample from MSW during prepara-
tion of each glass. The studied physical and chemical

properties are measured before and after both gamma irradia-
tion and the in- situ corrosion in a solution of underground
water where they represent alternative features for radiation
emitted from the immobilized radioactive wastes and the wa-
ter present under the earth, respectively. Or in other words, the
surrounding environmental factors where the glasses are pre-
dicted to be exposed.

3.1 X- Ray Diffraction

X-ray diffraction spectra of the prepared glasses shown in
Fig. 1 displays a broad hump with no sharp peaks detected
for each glass composition. The spectra approve so that the
amorphous structure of the prepared samples and their glassy
natures.

3.2 Chemical Durability

Figure 2 shows the leaching process of the investigated
glasses in a solution of underground H,O solution at 90 -
100 °C for 16 h. It is observed from the figure that G3 with
the higher content of Fe** is more durable than G1 and G2.
Also, there is either decrease or relative stability in the weight
loss percent of the glasses after exceeding 14 h.

Figure 3 shows the effect of in-situ corrosion in under-
ground water at different gamma radiation doses where the
leaching is relatively larger than that in Fig. 2. The prepared
glasses show good durability with a relative stability in the
weight loss percent until they reached to 200 kGy, a small
increase is observed in their solubility.

Figure 4a, b shows the effect of HCI and NaOH solutions
on the leaching process of the studied glasses, respectively. It
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Fig. 1 XRD patterns of the prepared glasses
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Fig. 2 Effect of underground H,O solution on the weight loss% of
glasses at different time intervals at 90 -100 °C

is observed that HCI is the highest corrosive solution and its
leaching effect is greater than the effect of both underground
H,0 and NaOH solutions.

3.3 Scanning Electron Microscopy SEM

Figure 5 shows SEM images of the glass surfaces before and
after the in-situ corrosion in a solution of underground water at
200 kGy giving an agreement with corrosion results shown in
Fig. 3.

3.4 Density and Microhardness

Density and microhardness results are shown in Table 3 where
G3 has higher density but lower microhardness values than
G1 and G2. The table shows also that there is a slight decrease
in density and microhardness values of the prepared glasses
under the effect of both corrosion and gamma radiation.
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Fig. 3 Effect of underground H,O solution on the weight loss% of
glasses at different gamma irradiation doses
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3.5 Infrared Absorption Spectra FTIR

The IR spectra obtained from the investigated glasses before
irradiation is shown in Fig. 6. The overall IR spectral features
of the prepared glasses are shown closely similar with few
differences and they can be characterized by the appearance
of the following bands;

(1) A small band at 400-600 cm '

(2) A sharp band at 680 cm ' in the three investigated
glasses

(3) Predominant high peaks at 920, 900 and 870 cm™" for
G1, G2 and G3 respectively.

(4) Medium bands at about 1350-1400 cm ™'

(5) Small bands at 2200 and 2350 cm™ ' and 3700—
3800 cm '

Figure 7 shows the effect of radiation on FTIR spectra on
the three investigated glasses where there are slight changes
between the spectra of glasses before and after gamma irradi-
ation such as the appearance of a band at bout 1580—
1730 cm ™.

Figure 8 shows FTIR spectra of the prepared glasses before
and after their in-situ corrosion in underground H,O at
200 kGy of gamma radiation where there are some observed
changes in the intensity and location of bands and sharpness of
some bands due to the effect of both radiation and leaching
such as;

(1) A sharp peak at about 1750 cm™’

(2) A small shoulder at 1460 cm ™

(3) A small peak at 1435 cm’

(4) A shoulder centered at about 1380 cm ™

(5) A sharp peak at 1225 cm ™

(6) A high peak at 980 cm ™' for G1

(7) A sharp band at 660—680 cm ' and small peaks at
690 cm ™" or 540 cm ™!

3.6 Electron Paramagnetic Resonance Spectra EPR

It is observed from EPR spectra shown in Fig. 9 that the three
glasses have relatively similar EPR intensities with good sta-
bility before and after the in-situ corrosion in underground
H,O at different gamma irradiation doses. It is observed also
that G3 has the lowest and the more stable EPR intensities.
There is also a common observation that the dose of 50 kGy
gives the lowest EPR intensity in the three investigated
glasses. It is also observed from the response curve shown in
Fig. 10 that there is a good stability for each glass against
different doses of gamma radiation. The figure shows
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approximately straight lines of glasses spin numbers with the
variation in radiation doses from 0 up to 200 kGy.

3.7 Differential Scanning Calorimetry DSC

Figure 11 shows the DSC curves of the three investigated
glasses showing the values of glass transition temperatures
of glasses “Tg” at about 350, 217 and 252 °C while the onset
of crystallization temperature appear at about Tc =550, 350
and 352 °C for G1, G2 and G3 respectively. However, melting
temperatures (Tf) of glasses have not been recognized in the
used temperature range.

4 Discussion
4.1 Chemical Durability
To predict the long-term behavior of high-level radioactive

waste glass, it is necessary to study aqueous dissolution of
the glass matrix under geological repository conditions [17].

Glass is generally considered to be a quite stable and relatively
strong material but when it becomes in contact with water
vapor or a liquid, it becomes to be affected [18]. The ability
of glass surface to resist water and different chemical agents is
called chemical durability. Chemical durability of glasses can
be explained by two possible mechanisms, leaching and etch-
ing. (1) The ion-exchange leaching process takes place in
acidic and dilute aqueous solution and it is deliberated to the
release of mobile cations from the glass structure to the
leaching solution or the replacement of alkali ions (M*) with
hydrogen or hydronium ions from the attacking solution
forming of a leached layer, i.e. alkali depleted layer, according
to the following reactions:

ESi—O_M(glass) =+ H+(aq) HESi—O—H(glaSS) =+ M+(aq) (2)
= B*O*M(glass) + H+(aq)—> = B*O*H(glass) +M" (aq) (3)
When the depleted layer becomes thicker, the diffusion rate

of the mobile ions gradually slows down. (2) The etching or
matrix dissolution mechanism that takes place in the alkali

Glass No.

Before
corrosion
and
irradiation

After in-
situ
corrosion
in H,O at
200 kGy
of gamma
radiation
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Fig. 5 SEM photographs of the prepared glasses before and after in-situ corrosion in H,O at 200 kGy of gamma radiation
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Table 3 Density and microhardness values before and after gamma radiation
Glass No. Density before After irradiation Microhardness Microhardness after
irradiation g/ cm® situ 200 KGy before irradiation kg/mm? irradiation situ 200 KGy kg/mm?
Gl 2.6179 2.5883 553 548
G2 2.6447 2.6288 524 510
G3 2.6679 2.6599 504 502

media and it involves the dissolving of the glass network into
the solution and breakdown of the total glass structure [19]
according to the following reactions;

=Si—0 —8i = (glagsy+ 20H (5q)— 2 = Si— OH gjass) ()

=B-0-B = (ghss) +20H (292 = B-OHguss) (5)

Depending on the previous eqgs. (2-5), it is relatively clear
that the whole effect of the interaction between a glass struc-
ture and a solution is dictated by the rates at which the two
mechanisms take place. Also, the concentration of the non-
bridging oxygen atoms (NBO) and bridging oxygens atoms
(BO) plays an essential role in determining the glass durability
because H" exchanges with M"™" through the leaching mech-
anism however OH  breaks the =Si-O-Si=and / or=B-O-
B = linkages through the etching mechanism [19-21].

Therefore, the controlling factors affect leaching process
depend on the concentration of BO3;, BO,4 and SiO,4 groups
where the triangles BO3 groups are more soluble than the
tetrahedral BO,4 and SiO4 groups. Since the later units are
firmly attached in their four directions and with near alkali
ions to neutralize the surplus of negatives charges.

4.1.1 Effect of Glass Composition on the Leaching Process

Corrosion of glasses depends on many factors such as glass
composition, pH of the leaching solution, surface area, time,

G3 — /\/-\,\
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3
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Fig. 6 FTIR spectra of investigated glasses before irradiation
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temperature as well as the transition times in between the ion
exchange to hydrolysis. At high temperatures the time be-
tween the two processes is relatively short takes from hours
to days however at low temperatures the ion exchange pro-
cesses takes place rather than hydrolysis for tens to hundreds
of years beforehand hydrolysis will be trivial in the total ac-
count of released cations [22]. So it is very important to study
chemical durability of the investigated glasses at high temper-
atures depending on Bacon assumption [23] who concluded
that, subjecting glasses to the effect of leaching solution
around 100 °C for one hour, equals the action at room tem-
perature for one year.

Each metal oxide participated in the glassy network has its
own effect on the durability of its glass and the combination of
metal oxides in different concentrations acquires the glass its
characteristic corrosion behavior. For instance; Na* ion is a
network modifier and it can be present predominantly in the
waste as shown in Table 1. Na™ ions tend to increase the glass
alterability by disrupting its structure through the creation of
percolation channels that are defined by NBO at the ends of
the highly ordered network regions, which ionically bond to
alkalis [24]. Presence of small amounts of transition metals
such as Cu®*, Zn?*, Ti** and Fe** were found to improve the
chemical durability of glasses [14]. Ti** and AI’* ions are
intermediated oxides, they can act as network formers accord-
ing to their contribution in the glass. AI** ions lengthen the
glass by increasing its working range, and arise as AlO4 strong
tetrahedral structural units. While Ti** ions take up four-, five-
or six-fold coordination in glasses. Ti** ions participate also as
TiO, tetrahedral units in the glassy network. Both AlO,4 and
TiO, units enhance the viscosity, stability and chemical resis-
tance of their glasses [24]. Ca®*, Mg®* and Zn”* ions improve
the glass durability by stabilizing of the glass structure. Since,
oxygen atoms that are bound to silicon/boron form the coor-
dination polyhedral cells around these ions. In spite of that,
volatility is increased with CaO, Na,O or B,0O3 addition, so
that a technological compromise should be made depending
on the composition of the used waste. Fe,O3 has two possible
coordinations, 4 and 6 so it occupies a tetrahedral or an octa-
hedral sites depending upon its content and the temperature
e.g. in glasses contain Fe,03; <4 mol%, the tetrahedral sites
are favored at high temperature. When the temperature of the
glass containing Fe* is increased, the glassy structure is re-
laxed and changed from octahedral to tetrahedral iron
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coordination, leading to a typical increase in the glass chem-
ical durability [14]. The last assumption can discuss the high
durability of G3 with the higher content of Fe** at the high
temperature as shown in Fig. 2. Also, the relative stability in
corrosion behaviors after exceeding 14 h may be related to the
formation of insoluble hydrated layers that are deposited on
the glass surface causing retardation of the leaching process or
due to the formation of complex aluminum species [18].

4.1.2 Effect of Irradiation on Leaching Process

The relatively small increase in leaching behaviors of glasses at
200 kGy shown in Fig. 3 may be due to the penetration of
protons or hydronium ions from H,O solution to the glass struc-
ture that are facilitated by irradiation. Gamma radiation causes
induced damage revealed by the presence of large vacancies and
NBOs, therefore the chance for the formation of more free rad-
icals and increasing the leaching rate may take place. It is obvi-
ously shown that corrosion behavior of G1 with irradiation is
different from its behavior with temperature. This behavior can
be discussed according to the assumption of Sheng et al. [25]
who assumed that the solubility of various elements precipitated
during the course of reaction is the controlling step in the
leaching mechanism and the rate limiting step in the reaction
is the removal of Si (OH), groups from the glass surface.
According to the last hypothesis it can be understood that G1
with the highest silica content (~ 46.3 atomic %) has the lowest
durability with irradiation at 200 kGy.

4.1.3 Effect of Attacking Solution on the Leaching Process

The corrosion influence of HCl solution is greater than the effect
of underground water as shown in Fig. 4a. Because of the
known complete ionization of acids that provides higher quan-
tities of H, H;0" ions in contact with the glass surfaces, so
higher leaching process is expected. The observed variations
in corrosion process among the three studied borosilicate glasses
can be related to the difference in their chemical compositions as
shown in Table 2 [26]. Addition of sodium and/or boron to a
silicate glass usually increases the dissolution rate. This is par-
ticularly true in acidic medium below pH 4 where the hydrolysis
of Si-O-B bonds can be catalyzed by protons [27].

It is also obviously shown from Fig. 4a that G1 is more
durable than G2 and G3 which can be understood by taking
into consideration the chemical analysis of G1 glass surface
composition shown in Table 2. G1 contains the highest per-
cent of Si that forms the main tetrahedral super structural units
SiO,4 and then strengthens the network structure. Also it con-
tains relatively high content of Ca®* ions (23.6 atomic %) that
have large ionic radii and makes blocking in the diffusion
routes of the released sodium ions causing a retarding in the
leaching process. By comparing the durability of G1 and G3
in HCI with respect to their chemical analysis listed in Table 2,
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Fig. 7 FTIR spectra of the glasses before and after different gamma
radiation doses

G1 has lower Na* content and it is known that the first step in
the corrosion process is controlled by the release of mobile
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sodium ions in the ion exchange process. Therefore there is a
large deterioration in the glass durability with the increase of
Na* content like the case of G3. As well as contents of AI**,
Cu”* and Zn* ions are higher detected in G1 than G3 in
which all of them increase the viscosity of the glass matrix
and its durability. Also it was previously recorded that dura-
bility could be improved by increasing the silica or alumina
content or by decreasing the amount of alkali oxide [9, 28].
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Fig. 10 Dose response curve of G1, G2 and G3 samples at different doses
from 10 to 200 kGy

Therefore; G1 is the most durable in HCI solution. In spite of
that, HCI represents the highest corrosive leaching medium
and it is not preferred to use the investigated glasses in such
acidic medium.

The effect of NaOH leaching solution is observed to be
greatly less than the effect of acidic solution as shown in Fig.
4b. In basic solutions, network hydrolysis takes place where the
bonds to borate groups can be hydrolyzed slightly faster than the
silicate network depending on the glass composition, either im-
mediate selective leaching of sodium and boron ions or the
uniform glass dissolution. Glass dissolution of borosilicate
glasses leads to the formation of silanol groups. Whether
silanols are formed by Si-O-B bond hydrolysis or ion-
exchange on non-bridging oxygens, they can repolymerize to
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Fig. 11 DSC curves of the prepared glasses

produce ‘colloidal silica’ leached layers [29] or precipitate sur-
face gelatinous hydroxides on the glass surface that retard the
continuation of the leaching process [30]. This behavior dis-
cusses the high durability of glasses in NaOH solution and their
stability at the end of corrosion. The results show also that G3
with the lowest Si content is the most durable which may be
related to the removal of Si (OH), groups according to the
previous assumption of Sheng et al. [25].

4.2 Scanning Electron Microscopy SEM

SEM is studied to characterize glass surfaces morphology of
the leached layers formed after corrosion processes where
there is an agreement with corrosion results shown in Fig. 3
verifying the high chemical durability of the investigated
glasses in H,O solution. At the highest gamma radiation dose
(200 kGy), the surfaces become slightly rough with non-
uniformities due to the formation of some voids and precipi-
tated layers since the leaching process involves hydrogen
bearing ions and alkali ions leaves behind silica and /or boron
rich layers containing hydrated micro pores [31].

4.3 Density and Microhardness

According to density results shown in Table 3, the prepared
glasses have good and close density values however; G3 with
higher Fe** content has higher density but lower microharness
values than G1 and G2. Even though, all of them still have
high and suitable density and microhardness values.

Density of glass is very important parameter that gives
information about the structure of the glass besides the effect
of various components in the glassy matrix, and how they
firmly located in the glass network [32]. So every metal oxide
contributes in the glass network would have its own influence
on the density of its glass according to its characteristic prop-
erties and the way of interconnection with other glass constit-
uents [12]. In borosilicate glasses where the two strong glass
forming oxides B,O5 and SiO, form the network, B,O5 shares
in the glassy network with the triangular BO; and tetrahedral
BO, structural building units. However, SiO, shares with the
tetrahedral [SiO4/2]° units where the four oxygens in SiOg4
tetrahedral are participated. Introducing of metal oxides that
may act as modifiers such as Na,O, CaO, Al,O3 and Fe,03
makes some disruption in borosilicate glassy network such as
the depolymerization of Si—~O-Si network that lead to the for-
mation of meta, pyro and ortho-silicates [33]. As well as the
conversion between triangular BO3 and the tetrahedral BO,4
structural groups. Density is early defined as the weight per
unit volume so it depends mainly on the masses of introduced
ions that participated in the glass network. Consequently in
most cases, the higher the atomic mass of the introduced ion,
the expected higher density of its glass [34]. Therefore, G3
with higher Fe>* content has the highest density values since

@ Springer



2684

Silicon (2019) 11:2675-2688

Fe>%*ions has higher atomic mass than Ca**% and AI?*%®

ions. Na* ions that have small ionic radii can fit itself easily in
the interstices or vacancies present in the network and housing
of Na* ions in the interstices leading in turn to the formation of
more oxygens and more NBO [7]. Consequently gives high
density values as it is obvious in Table 3 where G3 has the
highest Na™ ions content (~37.2 atomic %). On the other hand
Ca** ions are present in high percentages in the investigated
glasses as shown in their chemical analysis in Table 2. Such
large divalent ions are strongly held in the interstices more
than the monovalent Na* ions because the tetrahedral SiO,
and BO, groups are more stable around the divalent ions than
the monovalent ions. Ca**ions are in turn increases the com-
pactness of the network and increase its density. According to
the priority concept to divalent ions over monovalent ions, G2
with higher Ca®* content has higher density than G1 with
lower Ca®" content regardless to their monovalent Na* ions
concentrations [7].

Microhardness is an important mechanical parameter that is
used to measure the strength of the glass and its ability to bear
loads. Nuclear waste glasses should have high microhardness in
order to achieve the intended purpose for radioactive immobili-
zation. Microhardness values depend greatly on the glass com-
position and the introduced ions. Since glasses containing ions
with large ionic radii and high polarizability should give lower
microhardness values such as Fe** jons [35]. These large ions
can act as potential barriers to the motion of groups and atoms
thus increasing the polarizability of oxygen ions because the
larger the ionic radii, the lower its ionic strength in the network.
This in turn may lead to the formation of larger applied volume
and lower microhardness values. Consequently, G3 with the
higher Fe** content has lower microhamess values than G1
and G2. Also AP’* ions have an effective role in enhancing
hardness of glasses so G1 that has slightly higher AI** ions
content has the highest hardness values because it preferred to
AP jons to consume some of the available oxygens to give the
four fold coordination AlO, instead of changing BOs to BO, [7].
In borosilicate system particularly, B takes part to form polymer-
ic chains with Si, and then partially replacing the Al in its func-
tion and improves the connectivity of the structure in favor of a
higher stable 3-D cross-linked network. This structure enhance-
ment denotes therefore better mechanical properties [36].

4.3.1 Effect of Gamma Radiation on Density
and Microhardness

In spite of the good stability of the glasses after their in- situ
corrosion at 200 kGy, the slight decrease in density and mi-
crohardness values may be due to the possible atomic dis-
placements that are caused by 7- collisions with the glass
structure, which may significantly change stresses in the glass
matrix [37]. As well as the recoiled oxygen ions from the glass
that may give an explanation for the volume changes that is
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related directly to microhardness values. According to Arora
et al. [38] the decrease in the density because of radiation is
due to the creation of dangling bonds, NBOs, and creation of
new bonds in the glass network that allow the structure to
relax and fill the moderately large vacancies present in the
interconnected glassy network of boron and oxygen atoms.
In borosilicate glasses, the radiation creates displacements
and electronic defects as well as weakens in Si—-O-Si, B-O-
B or Si-O-B bonds causing an interconversion of BO4, —
BO; structural units and from ortho silicate units to pyro sil-
icates therefore, the compactness of bulk density of the sam-
ples would be slightly decreased [12]. On the other side, when
the corrosion process takes place at the high radiation dose
like 200 kGy, it allows the etching process to take place
through the hydrolysis mechanism and the network begins
to breakdown causing an expansion of the volume and the
exposed surface area, then both of density and microhardness
values would be weakened.

4.4 Infrared Absorption Spectra FTIR

4.4.1 Effect of Composition on FTIR Spectra
of the Investigated Glasses

FT-IR spectroscopy helps in the analysis of the environmental
natures of different cations present in the glassy network and
gives detailed information about the structural building units in
which the glass consists of [39]. The features of the obtained
spectral results shown in Fig. 6 indicate the predominance of
vibrations of two main structural groups SiO4, BO5 and/ or
BO, groups. The spectra shows overlapping between silicate
and borate vibrations where the lack of peak sharpness may be
related to the general disorder or non-periodic arrangement in the
network, essentially because of the wide distribution of polymer-
ization in the glass network representing the presence of bridging
oxygen units in the glass. The observed overall IR spectral fea-
tures of the prepared glasses can be interpreted as follows;

(1) The observed small peak appeared at 400600 cm™ ' may
be related to the presence of transition metal ions (Cu”*,
Zn**, Ti**, Fe**...) in octahedral units or the vibrations
of modifier cations such as Na*, Ca®* and AI**, where all
of them are present in different amounts according to
each glass composition shown in Table 2.

(2) The obvious sharp peak at 680 cm " in the three investi-
gated glasses may be related to Si-O-Si and O-Si-O
bending modes or oxygen bridges between two trigonal
boron atoms bending vibrations of borate groups [40].

(3) The peak at about 860-920 cm ' is assigned to the Si—
O- NBO stretching vibration [12] or vibrations of tetra-
hedral tri-, tetra- and penta borate groups [40]. According
to Stoch and Sroda [41], the content of sodium oxide is
related to the content of the former oxide SiO, and they
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concluded that, as the percent of Na* ions increases, the
content of SiO, decreased so the amount of NBO in-
creases. Therefore, the peak at 920 cm” ! becomes slight-
ly with higher intensity for G3 than G1 and G2 with the
lower Na* content as shown in Table 2. [40]. Also, the
predominant high peaks at 920, 900 and 870 cm™" for
G1, G2 and G3 respectively are related to the order of
increasing in SiO,4 content- see Table 2- because increas-
ing in silica content may cause a shifting of bands to
higher wave numbers.

(4) The medium peaks appear at about 13501400 cm ' are
correlated to vibrations of triangular BO3 groups [40] or
corresponded to the asymmetric stretching of B-O bond
in [BO;] and [BO,O] [42].

(5) The small bands appear at 2200 and 2350 cm ' and
3700-3800 cm ' are related to hydrogen-bonded OH
stretching vibrations [43] or the essential free OH
stretching vibrations that are physically absorbed wa-
ter. The last two peaks are more obvious in G2 be-
cause of the physically absorbed water and OH groups
[31]. The general observation in Fig. 6 is that there is
no major changes between the spectra of the three
investigated glasses because the substitution of Na*
by Ca®*, AI’* or Fe** ions giving no definite changes
in the main super structural units of borate and silicate
groups so the skeleton of the glassy network remains
approximately constant [31].

4.4.2 Effect of Radiation on FTIR Spectra of the Investigated
Glasses

Gamma irradiation causes some alterations in FITR spectra of
glasses [44] due to the possible changes in bond angles and/or
bond lengths of the building groups in the glasses. Some mech-
anisms are proposed to explain variations on the IR spectra
because of the effect of radiation, one of them is the displace-
ment of lattice atoms or electron defects caused by radiation,
which include changes in the valence states of lattice or impurity
atoms [45]. Thus, the glass network and groups arrangement
become more asymmetrical, leading to a weakening of the net-
work grouping vibrations and changes in the average bridging
bond angles. Effect of radiation on glass depends strongly on the
glass matrix, its dopants and impurity as well as the type and
energy of radiation and the total dose [46].

According to Fig. 7, there is a small effect of radiation on
the investigated glasses since the only variation after irradia-
tion was the appearance of the band at bout 1580—1730 cm ™
that may be related to the small concentration of NBO formed
due to irradiation and it may be correlated to the asymmetric
stretching relaxation of B-O bond of trigonal BO3 units with
NBO [12] or sometimes attributed to molecular water vibra-
tions at 1640 cm ™' [38]. What is worth to mention is that, the

vibrational modes of the main building groups remain un-
changed in their numbers and positions, so the net result
would be a nearby stability of the combined structural units
with relatively similar FITR spectra before and after
irradiation.

4.4.3 Effect of Leaching and Radiation

The observed changes in FTIR spectra of glasses before and
after in-situ corrosion and radiation as shown in Fig. 8 are due
to the selective alkali leaching of introduced modifier ions that
causes the appearance of NBO band convolving e.g. they may
troll together with the stretching bridging oxygens. The bend-
ing vibrations of the bridging oxygens become more intense
and usually the stretching modes are more sensitive to struc-
tural changes than bending modes [46].

The small peaks at 2960-3025 and 3700-3800 represent
hydroxyl groups, molecular water, hydrogen bonding or
stretching peaks of=B-OH or = Si-OH groups because of
the penetration of hydrogen or hydronium ion into the glass
matrix and water molecules that are typically associated with
BO, and/or SiOy in the glass surface during the leaching pro-
cess [18]. Primak [47] has explained early that radiation
causes compaction in the glass by the decrease of bond angles
of the building units such as Si-O-Si, B-O-B or Si-O-B that
may explain the higher intensities of IR bands and the ob-
served peaks at 500-1600 cm™ ' due to the effect of radiation
as shown in Fig. 8. It is known that irradiating glasses with
gamma rays may yield displacement, bond breaking or knock-
on destruction by electron rearrangement or radiolysis [48].
Such induced defects are thought to be momentary in their
natures. Perera and Doremus [49] have been showed also that
irradiation of an alkali containing glass outcomes in hole trap-
ping thru the non-bridging oxygen, with one alkali ion trap-
ping. Therefore, variations in the absorption bands in the bo-
rosilicate glasses may be due to several reasons; (a) oxygen
atom in the network structure Si—O-Si or B-O-B configura-
tions; (b) oxygen atoms in the intermediate, e.g., Si-O—Na or
B—O-Na configurations (c) oxygen atom in neighborhood to a
modifier, e.g., Si-O—Na and B-O—Na configurations [50].

From the spectra shown in Fig. 8, it is observed that the
intensity of peaks in G1 at about 800—1200 cm ' that are
concerned to BO, groups is higher than the intensity of peaks
at 1600-1200 cm'that are concerned to BO5 units [51] be-
cause of the higher concentration of NBO in G1. Therefore a
high peak at about 1750 cm ! is appeared on G1 IR spectra as
shown in Fig. 8 which is related to —OH groups reflecting its
higher leaching behavior as shown in Fig. 3. This behavior
can be also demonstrated by density results shown in Table 3.
Since, the more blocked and denser structure delays the
leaching mechanism because the strong glassy network with
low NBO, retards the penetration of hydrogen or hydronium
ions from the solution to the glass surface, and vice versa.
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Figure 8 shows also the sharpness of the following bands
due to the effect of both radiation and leaching; (a) A sharp
peak at about 1750 cm™' that may be related to the formation
of water vapor after the fracture of the -OH bond due to the ion
exchanging process according to De Aza et al. [52]. (b) The
absorption band near 1430 cm™' can be assigned to the stretch
modes of the B-O-B bonds in [BO;] triangle in different
borate groups [53] (¢) A shoulder centered at about
1380 cm ! corresponds to the asymmetric stretching of B-O
bond in [BO3] and [BO,O] [42]. (d) A sharp peak at
1225 em ! related to pyro- and ortho borate groups. (¢) The
high peak appeared at 980 cm ™' for G1 originates from the
symmetric stretching vibration of the Si—O—Si bond and the
vibration of the Si—O terminal bond [53]. (f) A sharp band at
660-680 cm ™' due to bending vibrations of Si-O-B bridges
[54] and small peak at 690 cm ' or 540 cm ! due to the
isolated or condensed of AlO, tetrahedral groups respectively.
So the peak position of AlO, groups is very close to that of
Si0,4 and BO,4 groups thus, there are composite bands due to
the combing of [AlO,4] and [BO,4] group vibrations [55].

4.5 Electron Paramagnetic Resonance EPR

EPR spectroscopy is an essential technique used to study the
irradiation-induced transformations concerning paramagnetic
defects, i.e. centers with unpaired electrons. Actually, the sig-
nals detected in the EPR spectra are deliberated as fingerprint
of paramagnetic centers; they could give information on na-
tures and kinetics of the structural changes taking place at the
sites of these defects in both the amorphous and crystalline
silica matrix [56].

Figure 9 shows the good stability and the similar EPR spectra
of the studied glasses however, G3 has the most stable EPR
intensities. This effect may be related to its density results since
G3 has the highest density values where molecules are very
close together giving more blocked and compact structure.
Therefore the chance for passing photons declined and the pho-
tons loss their energies throughout the molecules without a var-
iation in the chemical structure of the glass matrix reflecting the
glass stability against different doses of radiation. It is observed
also that the dose of 50 kGy gives the lowest EPR intensity
which may be due to one of the following reasons;

(a) The production of some glass defects (i.e Si- E* and/or
B- E’ centers) is a two- step process, i.e. the low irradiation
dose changes NBOHCs into intermediate configurations
which are then converted into E'centers by increasing irradi-
ation doses [57]. (b) The weak irradiation effect on the EPR
intensity observed at early irradiation doses can be related also
to the pertinent radiation levels which are too small to generate
new vacancies. However, increasing radiation doses to 100 or
200 kGy causes the generation of new vacancies. (c) The
presence of high concentration of H,O molecules as shown
in IR figures at 50 KGy may retard the existing of unpaired
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electrons and paramagnetic defect centers leading to a rela-
tively lower EPR intensity.

The relative straight lines noticed in response curves of
glasses as shown in Fig. 10, demonstrate the electronic stable
behavior of glasses towards gamma radiation and the possi-
bility to use the studied glasses as candidate for radiation
shielding purposes or as nuclear waste glasses. The relative
stability takes place at higher irradiation doses (100&
200 kGy) may be also related to the generation mechanism
that overcomes the destruction process when the amplitude of
the EPR spectra from defect centers come up to a saturated
level [58]. The response curve shows also that G3 has higher
spin density than G1 and G2 glasses. In my point of view, it
may be due to the continuous conversion between the two
valence states of iron Fe**«> Fe** during the irradiation pro-
cess that may lead to unrestricted conversion between the two
spin states and then higher spin density. On the other hand G1
gives the lowest spin density reflecting the strong structure of
its glass matrix.

4.6 Differential Scanning Calorimetry DSC

Differential scanning calorimetry (DSC) is an analytical tech-
nique that can provide information about thermal stability, and
the structural conformation by measuring the thermal transi-
tion temperatures Tg, Tc and T,,. Well-defined endothermic
and exothermic peaks at glass transition and crystallization
temperatures were obtained by DSC curves shown in
Fig. 11. The glass transition temperature represents the
strength or rigidity of the glassy structure so there is a direct
relation between the glass transition temperature T , and glass
composition where the most thermally stable glass has the
highest glass-forming ability [59]. Thermal stability of glasses
can be expected also by the calculation of temperature differ-
ences T T 4 [60] from the results of Tg and TC in Fig. 11, G1
can be expected to has the highest thermal stability and G2
comes in the second order followed by G3 in the third order.
The delaying of appearance of melting temperature of the
three glasses in the used temperature range indicates also their
good thermal stability.

5 Conclusion

Nuclear waste glass is one of the most important common
applications of vitrification process and it depends mainly on
borosilicate structure with two main structural groups of tet-
rahedral SiO,4 and triangular BO; or tetrahedral BO4 groups.
The contribution of these groups in the glassy network is
responsible for acquiring glasses their characteristic properties
before and after the in-situ corrosion in underground water
and irradiation up to 200 kGy. Studying chemical durability
of glasses shows their good stability in underground H,O at
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90-100 °C especially G3 with the highest Fe>* content that
gives high stability because of relaxation of its structure and
conversion from octahedral to tetrahedral iron coordination.
HCl is a highly corrosive leaching solution for the investigated
glasses however; G1 gives the highest durability in it. G1 has
high Si** and Ca®* contents which strengthen its glass struc-
ture, lower Na* content that is responsible for the large dete-
rioration in the glass durability as well as suitable amounts of
AP, Cu®* and Zn** ions that increase the viscosity of the
glass matrix and its durability. The glasses show also high
durability in NaOH solution and their stable behavior at the
end of corrosion may be due to the precipitation of gelatinous
hydroxides on the glass surfaces which retard the progress of
the corrosion process. The prepared nuclear waste glasses
have also good density and microhardness values where den-
sity is enhanced by the high molecular weight of Fe** and
creation of NBO, due to fitting of Na* ions into the interstices
of the glass matrix. However microhardness is enhanced by
the percent of Ca*tand A" ions, where the latter ions work to
consume some of the available oxygens and form the four fold
coordination AlO, rather than changing BO; to BO,. The
FTIR spectra show lack of peak sharpness because of the
general disorder or non-periodic arrangement in the borosili-
cate network and due to overlapping between silicate and
borate vibrations. Relatively stable IR spectra are detected
where bands at 500-1600 cm ' can be related to the concen-
tration of BO5 and BO, units however, bands at about 1600—
4000 cm ' may be concerned to the formation of either = B-
OH or = Si-OH groups because of the penetration of hydrogen
ions into the glass matrix during the corrosion process. EPR
spectra of the investigated glasses show relatively similar and
low EPR intensities and their response curves give approxi-
mately straight lines which reflect the stable behavior of
glasses towards gamma radiation doses. Tg and Tc values
produced from DSC curves show also the good thermal sta-
bility of the investigated glasses. According to the present
study, the prepared glasses give good and suitable properties
to be used for the immobilization of high level radioactive
wastes HLW especially in the neutral and alkaline solution,
but it is not favorable to use them in an acidic medium.

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.
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