J Therm Anal Calorim (2015) 121:1225-1232
DOI 10.1007/s10973-015-4586-0

@ CrossMark

Thermal properties of 60P,05-20Fe,03;-20A1,0; glass

for salt waste immobilization

Malgorzata Ciecinska - Pawel Stoch -
Agata Stoch - Marek Nocun

Received: 31 December 2014/ Accepted: 16 February 2015/ Published online: 1 April 2015
© The Author(s) 2015. This article is published with open access at Springerlink.com

Abstract Vitrification is the most effective method of
hazardous waste immobilization. Toxic elements are in-
corporated into a glass structure. Iron alumino-phosphate
glasses are presently being considered as a matrix for
storage of a radioactive waste which cannot be vitrified
using conventional borosilicate waste glasses. Influence of
Na,SO, as a one of components such the waste on thermal
properties and crystallization ability of 60P,05—20Fe,03—
20Al1,05 glass was studied. It was observed that Na,SOy4
decreases transformation temperature and increases AC,,.
The glass characteristic temperatures, glass crystallization
ability and crystallizing phases were determined. Na,SO,
increases the glass crystallization ability which could be
related with AC, heat capacity accompanying glass tran-
sition changes. The glass internal structure rebuilding ac-
companying the sodium content increase is considered. The
obtained results were compared with structural model
previously developed for 60P,0s5—40Fe,O; glass and
showed the structural similarity between these glasses.
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Introduction

Vitrification is the most effective method of the hazardous
waste immobilization. Toxic elements are incorporated
into glass structure. Borosilicate glasses are of common use
in nuclear waste immobilization procedure. Lately, glasses
from Fe,03 to P,Os5 system are of the great interest, for
scientific reason and because they are considered as a high-
capacity matrix for storage of radioactive waste [1, 2]. The
worldwide used borosilicate glasses for nuclear waste vit-
rification are not suitable for immobilization of high con-
tent molybdenum, chromium or salt waste because of the
low solubility of these compounds in the borosilicate glass.
However, most phosphate glasses have a low chemical
durability [3-5], but iron as a glass component significantly
increases it. The highest chemical durability has among
others 60P,05—40Fe,05 (Fe/P = 0.67) glass. All of them
have an O/P ratio of over 3 and are classified as
polyphosphate glasses [6]. There are indications that iron
strengthens the chemical bonds in the glass structure
making their properties comparable or even better than
those of borosilicate [1, 2].

Besides their excellent chemical durability, iron phos-
phate glasses have the melting temperature about
100-200 K lower than borosilicate glass, and also due to
lower viscosity of the melts, their homogenization time is
more than 4 times shorter [7].

Iron phosphate glasses are now considered for a vitrifi-
cation of waste containing relatively high concentration of
actinide elements, high concentration of sodium, caesium
sulphate and chloride, chloride waste from pyrochemical
reprocessing of Pu metal and waste containing various
metals, radioactive ceramics, polymers or carbon [1, 8, 9].

The local structure of iron in these glasses is compli-
cated by the fact that depending on conditions of the
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synthesis, and the glass may contain variable amounts of
Fe”" ions. It leads to extremely complex crystallography of
the iron phosphate system which is composed of over 20
different crystalline phases in which iron can be present in
both valence states and coordination numbers to oxygen
from 4 to 6. Several structural models of the iron phosphate
glasses exist in literature [10—13].

It is worth to mention that in iron phosphate glasses, part
of iron is always in ferrous state with its amount depending
on the synthesis conditions from about 10 to even 100 %.
On the other hand, during studies on immobilization of
caesium, there were obtained glasses with almost only ferric
iron but with some Cs,O content. The structure of these
glasses does not change with Cs,O content up to about
22 mol%, but above this threshold some structural changes
are observed [14, 15]. Analogously, investigations on im-
mobilization of Na,SO, in similar glasses showed an in-
crease in stability of the glass structure up to about 30 mol%
and rebuilding it for higher contents of Na,O [16].

Taking all of these into account, in the present paper the
influence of Na,SO, as a one of the salty waste components
on the thermal properties and glass stability against crys-
tallization of 60P,05—20Fe,03;-20A1,0; glass were stud-
ied. The structural aspects of the high capacity of salt waste
incorporation are considered as well.

Experimental

Glass containing 20 mol% Fe,O5;, 20 mol% Al,O; and
60 mol% P,Os was prepared from chemical pure NH4H,.
PO,, Fe,O3 and Al,Oj;. Approximately 20 mass% over-
weight of NH4H,PO, was used to compensate P,O5 losses
during melting of the batch due to evaporation [17].
Batches were melted for 2 h at 1473 K in Al,O5 crucible in
an electric furnace with the furnace atmosphere as close to
natural as possible. The melt was vitrified by casting onto
steel plate and crushed into 0.3-0.1 mm grain size. Che-
mical composition of the obtained glass was check by XRF
method, and in experimental error, limit range was the
same as assumed. The glass frit was mixed with Na,SO,4
(used as a waste simulator) and remelted at 1473 K for 2 h.
Na,S0Oy to the glass ratio was x = 10, 20, 30, 40, 50 mol%.
The glasses were prepared in the similar conditions like in
[16, 18] which could lead to assumption that approximately
30 % of iron was reduced to Fe*" [18]. Samples were
designated as PFAS10, PFAS20, PFAS30, PFAS40 and
PFASS50, respectively (Table 1).

Heating microscopy thermal analysis was carried out
using compacted powder samples of cubic shape. Pow-
dered samples prepared by milling of bulk samples in a ball
mill were wetted in ethanol and compacted to cubes of
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Table 1 Chemical composition of the glasses/mol%

Oxide  PFASI0 PFAS20 PFAS30 PFAS40  PFASS50
P,0s 54 48 40 36 30
Fe,03 18 16 14 12 10
ALO; 18 16 14 12 10
Na,SO, 10 20 30 40 50

3 x 3 x3mm by a hand press. The changing of the
samples shape was conducted by Carls Zeiss MHO1 mi-
croscope at heating rate of 10 K min~"'. Data of the sample
height were collected at intervals of 10 K during the ex-
periment, and shrinkage curves were obtained. The be-
ginning of sintering process temperature 7 as the onset of
densification was determined from the shrinkage curve.
The half sphere temperature T}, which was the temperature
at which the height of the sample was half the width of the
base and the flow temperature 7; which was the first tem-
perature at which the sample is melted to a third of its
original height were observed.

Glass transformation temperature 7, at the half of the
heat capacity step on DSC curve, crystallization T, as the
onset of the first crystallization peak and liquidus 77 as the
onset of the first melting peak temperature were measured
by differential scanning calorimetry (DSC) method at the
heating rate of 10 K min~'. Measurements were carried
out using Netzch STA 449 F1 Jupiter, operating in the heat
flux DSC mode. Powdered glass samples weighing 60 mg
were heated in Al,O5 crucibles at a rate of 10 K min~'ina
dry air atmosphere up to 1350 K. Characteristic tem-
peratures of the glass transformation effects and changes of
specific heat at T, were determined applying the Netzsch
Proteus Thermal Analysis Program (version 5.0.0.).

Crystallization of the glasses was checked by heating the
powdered samples by 2 h at T, temperature of exothermic
DSC peak. Phase composition of the samples was investi-
gated by X-ray diffractometry (XRD) using DRON 1.5 ap-
paratus and Cu Ko radiation, and the measured spectra were
analysed using X’Pert HighScore Plus software. The ob-
tained spectra were fitted using Rietveld method, and semi-
quantitative analysis of crystallizing phases were done.

Results

Heating microscopy of the glass waste mixtures

The sintering and the half sphere temperatures of the glass
waste mixtures were determined using heating microscopy.

The measured shrinkage curves are presented in Fig. 1, and
the obtained temperatures are collected in Table 2.
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Fig. 1 Shrinkage curves of the glass and Na,SO, mixtures

Table 2 Sintering T and half sphere Tj, temperatures of the glass
and Na,SO,4 mixtures

Na,SO4 content/mol% TJ/K Th/K

10 1220(10) 1380(10)
20 1180(10) 1360(10)
30 1075(10) 1313(10)
40 1060(10) 1240(10)
50 1070(10) 1210(10)

TIK
Fig. 2 Shrinkage curves of the PFAS10, PFAS30 and PFASS50

glasses

Table 3 Sintering 7 and half sphere T}, and flowing T} temperatures
of the glasses

The mixtures start sintering about 1200 K, and increase
in the simulated waste content decreases the sintering
temperature even to about 1100 K. The melting process
starts over 1400 K for low waste content and is consider-
ably decreased to about 1200 K for the high waste
loadings.

Heating microscopy of the glasses

The sintering, the half sphere and the flow temperatures of
the studied glasses were determined using heating mi-
croscopy. The measured shrinkage curves are presented in
Fig. 2, and the obtained characteristic temperatures are
collected in Table 3.

It is interesting to notice that all the characteristic tem-
peratures are increased with Na,SO,4 up to 30 mol%, and
then, the opposite effect is observed.

DSC analysis of the glasses

The effect of addition of the Na,SO, to the iron alumino-
phosphate glass on its thermochemical properties is
demonstrated by the DSC curves. An exemplary DSC
curve for the samples containing 10, 30 and 50 mol% of
sodium sulphate is presented in Fig. 3.

Glass TJK T,JK T/K
PFASI0 740(10) 1220(10) 1290(10)
PFAS20 770(10) 1260(10) 1340(10)
PFAS30 1140(10) 1290(10) 1370(10)
PFAS40 975(10) 1280(10) 1330(10)
PFASS50 1023(10) 1220(10) 1260(10)
PFAS10
E — —/\\——-\
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Fig. 3 DSC curves of the PFSO, PFS20 and PFS50 samples

All the samples show the transformation step which is
increasing with Na,SO,4 content and follows to the increase
in the value of molar heat capacity change AC,, accompa-
nying the glass transformation. Just behind there appears an
exothermic effect of crystallization which is being stronger
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Table 4 Transformation (7,), crystallization (7.), liquidus (71)
temperatures, AC,, Hruby’s parameter (Ky)

Sample  T,/K TJK Ti/K AC/T g KT Ky

PFAS10  775(5) 907(5) 1272(5)  0.257(9) 0.362
PFAS20  768(5) 898(5) 1277(5)  0.263(9) 0.342
PFAS30  743(5) 827(5) 1275(5) 0.314(9) 0.187
PFAS40  733(5)  819(5) 1227(5) 0.362(9) 0.211
PFAS50  723(5)  813(5) 1140(5)  0.404(9) 0.275

when sodium is added, and the highest peak is observed for
the PFAS30 sample. Further increasing of Na,SO, content
leads to decrease in the crystallization effect. After the
crystallization peak, melting of the glasses occurs as an
endothermic effect on the corresponding DSC curves. The
similar curves are observed for the rest of the measured
samples. The transformation, crystallization and melting
temperatures of the investigated materials are presented in
Table 4.

Influence of the Na,SO, content on transformation
temperature 7, and the molar heat capacity AC, accom-
panying the glass transformation is presented in Fig. 4.

The T, temperature is linearly decreased, and the AC,
value is growing linearly with increasing sodium content in
the glass (Fig. 4.).

The Na,SO, incorporation leads to growth of Na,O
content and increases the change in the specific heat ca-
pacity AC, accompanying the glass transformation
(Fig. 4b). As was mentioned previously [19, 20], AC,
value can be an indicator of a degree of the structural
changes accompanying the transformation, such as number
and strength of the broken bonds and rearrangement of
structure constituents. The AC, value is related to the
change in entropy accompanying glass transition and at the
same as the structure rebuilding degree indicator [21].

One of the important parameters in case of waste vitri-
fication is a thermal stability of a vitrified product. There
exists in a literature number of different glass stability
criterions, e.g. [22-26], and a nice comparison between
them for iron phosphate glasses is given in [27], and most
of those criterions show the similar dependence on glass
composition. In case of iron phosphate glasses, one of the
most frequently used is Hruby criterion, and therefore, the
glass stability of the investigated materials was evaluated
using it [16, 27]. According to [22], the higher Ky value,
the greater would be its stability against crystallization.
The Ky values were evaluated according to the formulae:
Ky = T —Tg (1)

TL - Tc

The obtained Ky parameters are summarized in Table 4

and Fig. 5.
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Fig. 5 Hruby parameter Ky as Na,SO, content function

All of the investigated glasses evidenced a quite good
thermal stability comparable with conventional silicate
glasses for which Ky value varied from 0.14 to about 1.3
[16, 27-30]. The increasing Na,SO, addition causes de-
crease in the Ky parameter which means lowering the glass
stability against crystallization and at the same ability of
glass to vitrify on cooling [30]. The lowest Ky value is
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Fig. 6 Enthalpy of the crystallization of glasses (AH) as dependent
on the Na,SO,4 (mol%) content

observed for the glass with 30 mol% of Na,SO,. Further
increasing of sodium sulphate content increases the Ky
parameter.

Enthalpy of crystallization calculated from DSC curves
exothermic peak area is growing up rapidly with Na,SOy4
content, but above x = 30 mol% is falling down (Fig. 6)
which could suggest the change in the crystallization
mechanism above the Na,SO,4 30 mol% content.

XRD analysis

The XRD patterns of the compounds crystallizing in
PFAS10, PFS30 and PFS50 glasses at 7. temperature
indicated by the DSC are presented in Fig. 7 and Table 5.

Two main crystalline phases formed in the glasses of low
concentration of sodium are berlinite type (Fe,Al)PO, phase
and sodium-containing compound Na(Fe,Al)P,O,. The sec-
ond phases crystallize at the cost of (Fe,Al)PO4 whose quan-
tity decreases with increasing Na,SO, content and disappears
for sodium sulphate content higher than 30 mol%. Further
increasing sodium concentration leads to crystallization of
sodium-rich phase such as Naz(Fe,Al),(POy);.

Generally, in iron phosphate glasses, composition of the
crystallizing compounds depends on the glass composition,
heat treatment, atmosphere in furnace and the Fe?t/Fet
ratio. Phases formed in the glasses investigated here are
similar to those observed in case of crystallization caesium
[14] and sodium iron phosphate glasses [16—18]. It should
be also noticed here that in case of high concentration of
Na,SO, in the glass (above 30 mol%), the crystallization
peak (Fig. 3) is complex indicating that more stages of
glass structure rebuilding take place during the glasses
crystallization. This is supported by previous studies of
similar glasses in which change in crystallization
mechanism is proposed for high Na,SO, content [16].

PFAS10["

o—Na(Fe,Al)P,0,
*— (Fe,APO,

PFAS30

//a.u.

+ - Nag(Fe,Al)o(POy4)3

20 30 40 50
20/°

Fig. 7 XRD patterns of compounds crystallizing in the PFAS10,
PFAS30 and PFASS50 glasses

Table 5 Compounds crystallizing in the investigated glasses, semi-
quantity analysis and ICDD reference codes

Sample  Crystal phase Semi-quantity/mass% Ref. code.
PFAS10 (Fe,Al)PO, 34 01-089-5599
Na(Fe,Al)P,0, 66 01-080-1476
PFAS20 (Fe,Al)PO4 22 01-089-5599
Na(Fe,A)P,0; 78 01-080-1476
PFAS30 (Fe,Al)PO, 12 01-089-5599
Na(Fe,ADP,07 88 01-080-1476
PFAS40 Na(Fe,Al)P,O4 54 01-080-1476
Nas(Fe,Al)»(POy); 46 00-033-1251
PES50  Naz(Fe,Al)>(POy); 100 00-033-1251
Discussion

Based on structural model of 60P,0s—40Fe,05, glass is
proposed in [13]. The glass is build of small rings of [PO4]
and [FeO,] tetrahedral which are joined together in a
similar way like in crystalline o-FePO,, whose crystal
structure is the same as berlinite (AIPO4). The reducing
conditions of the melt change a part of ferric iron to ferrous
which can lead to breaking some of the rings and changing
the role of iron from a network former to a network
modifier. In the proposed model, Fe*" ions can behave as
typical glass network modifiers joined to non-bridging
oxygen atoms and cross-link glass chains and increase the
stability of the glass structure [13]. According to the model,
the [FeO,] tetrahedra have unbalanced charge. To com-
pensate it, they can electrostatically bonded monovalent
ions like Na™ what change their role from a glass network
modifier to a charge compensator of [FeO4] . It was shown
that depending on Fe®"/Fe " ratio, 20-30 mol% of Na,O is
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needed to fully compensate charge of [FeO,]™ tetrahedra.
The charge compensating role of Na™ or Cs™ ions in-
creases stability and binding energy of the structural units
proposed in the model thus increasing the glass melting
temperature with increasing Na,O content which was ob-
served experimentally [14, 16]. Higher concentration of
Na,O causes that the chains built of the structural units
break and separate themselves, which can be observed as a
rebuilding of the glass structure [13].

In the chain structure of metaphosphate Na,O-Al,O3—
P,0s glasses, Al** has CN 6 and together with Na™ al-
ternatively saturates the charge of the non-bridging oxy-
gen’s in the phosphate chains. Similar Al and Na
arrangements appear in pyrophosphates glasses from this
system. In the orthophosphate glass structure, [PO,4] tetra-
hedron is saturated by two AI** ions with the CN 4, and
one with CN 6 and plus one cation Nat. With the Al,O;
content increase, the content of alumina in coordination 4
and orthophosphate [PO,4] groups increases accordingly
[31]. When the ratio Al,03/P,O5 exceeds 0.63, glass net-
work is made up mainly by the [AlO,4] and [PO,] tetrahe-
dra, joined each other by the bridging oxygen’s—mixed
alumino-phosphate network [32].

It is quite surprising that increasing Na,SO, content in
the glass melting temperature (Table 4) is almost con-
stant, and half sphere temperature (Table 3) is even
slightly increasing up to approximately 30 mol% of
sodium sulphate. Higher content of the simulated waste
leads to decrease both of these temperatures. It could
suggest that similarly for 60P,0s—40Fe,0O; glass, Na™
cations are first of all charge compensators of [FeO4]™ or
[AlO,4]™ tetrahedra. If we assume that in case of 60P,05—
20Fe,03-20 Al,O5 glass, a similar structural model is
valid like for the 60P,0Os—40Fe,O; and half of the
[FeO4] ™ tetrahedra is replaced by [AlO4]™ than we shall
expect that full compensation of [FeO4]” and [AlO4]™
tetrahedra will take place for the PFAS30 glass in which
the simulated waste loading is equal 30 mol%. For the
higher waste content in the glass, Na® cations are
changing their role from the charge compensators to the
glass network modifiers and start breaking the chains
build of the structural units proposed in [13]. Thus, up to
30 mol% of Na,SO,, the melting and the half sphere
temperatures are not decreasing, and above this threshold,
when the role of sodium is changing, both of these tem-
peratures are decreasing.

Influence of Na,SO, content on transformation tem-
perature T, is presented in Fig. 4a. The T, temperature is
reduced with the simulated waste addition which is causing
decreasing the number of network forming cations which
leads to reduction in the directional covalent bonds and at
the same time increase the proportion of ionic bonds. In-
creasing the number of ionic bonds indicates that the
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structure becomes more flexible, and cations could move
easier thus leading to reduction in the T [19, 33].

As was mentioned above, introduction of Na,SOy to the
glass structure reduces the number of covalent bonds. These
bonds because of its directional nature could lead to higher
internal structural strains. The strains may cause the cracking
of the bonds, which is less probable in the case of bonds of
high ionicity. More the internal strain, the higher energy is
accumulated in the glass network and lower energy is needed
to break the bonds at the glass transition temperature [33]. It
is supported by the fact that the transition of pure silicate
glasses takes place with the very small change in C, [20].
Thus, increase in AC,, with Na,SO, (modifiers) concentra-
tion is observed (Fig. 4b). The heat capacity changes in the
glass transition region could be a kind of measure of fragility
of the glass. Strong liquids usually show smaller changes of
AC, than fragile liquids [34, 35]. The observed AC, changes
(Fig. 4b) indicate that the fragility of the glass increases with
increasing Na,SO, content and is in a good agreement with
weakening of chemical bonds in the glass structure reflected
by a decrease in glass transition temperature (Fig. 4a) [35].
The higher fragile glasses are characterized by higher vis-
cosity of the melt [36, 37].

According to the model discussed above, 60P,Os—
40Fe,0; glass is build of structural units which are com-
posed of three [PO4] and two [FeOy] tetrahedra, Fe?* ca-
tions which are charge compensators of [FeO4]™ and some
additional [PO,] tetrahedra whose number depends on
Fe?t/Fe" ratio. Crystallization of this glass leads to for-
mation of berlinite type o-FePO, phase and Fe,P,0; [16,
38]. According to XRD results in the investigated glasses at
small Na,SO, content, below 30 mol% crystallization of
similar phase is observed like berlinite type (Al,Fe)PO, and
Na(Fe,Al)P,O, whose content is increasing (Table 5). At
crystallization temperature, rearrangement of the structural
units takes place. The charge compensated Na[Fe/AlOy]
tetrahedra are joined to two [POy4], and Na(Fe,Al)P,0; is
formed. The rest of [Fe/AlO,4] and [PO,] tetrahedra share
their vertices with each other and form even membered
rings the same like in (Al,Fe)PO, crystals [12, 13]. There
was no observed crystallization of phases containing Fe*"
which is almost always present in iron phosphate glasses
[39, 40]. According to thermogravimetric results, which are
not shown here, at crystallization temperature there is a
observed small mass increase (approximately 0.3 %) for all
of the investigated glasses. This small increase could be
related to oxidation of iron from ferrous to ferric. For the
higher concentration of Na,SO, formation of sodium-rich
phase, Nas(Fe,Al),(PO,); is detected. In the above struc-
tural model, changing sodium role from a charge com-
pensator to a network modifier leads to brake of the chains
building of the mentioned above units. To fully separate
one structural unit, three Na™ cations are needed. The
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separated element is build of three Na, two Fe/Al and three
P atoms, and thus, formation of Nas(Fe,Al),(POy4)s can take
place. Concluding the XRD analysis results confirmed the
structural similarity of 60P,05—40Fe,05 glass to 60P,0s—
20F6203—20A1203.

Form vitrification point of view, very important factors
are glass waste mixtures melting temperature and stability
against crystallization of the obtained glass. The glass waste
mixtures start melting at temperatures which are much below
1500 K which can make them suitable for vitrification of
volatile elements such as Cs. On the other hand, the Ky
parameter is at acceptable level but much below the level for
borosilicate waste glasses which is in the range 0.8—1.3 [33],
and especially for the PFAS30 glass (Ky = 0.187), there
exists possibility of formation of crystalline inclusions.
Partial crystallization of the product could be difficult to
avoid during vitrification of radioactive waste when the melt
is poured into big drums, and cooling rate of the melt is rather
low. The highest degree of glass crystallization is obtained
for the PFAS30 glass for which the Ky value is the lowest and
enthalpy of crystallization is the highest (Fig. 6). Comparing
Figs. 5 and 6, it could be observed relation between Ky value
and enthalpy of crystallization AH. The highest thermal
stability, the lowest the enthalpy of crystallization. Similar
phenomena were observed earlier [16, 33].

Conclusions

Thermal properties of 60P,05—20Fe,03;-20A1,05 (mol%)
glass, with increasing content of Na,O added to it as
Na,S0,, being the simulator of the radioactive salt waste
were investigated. It was demonstrated that the change in
the properties with the glass chemical composition being
the effect of internal structure rebuilding accompanying the
sodium content increases.

It was shown based on thermal properties and crystal
phases formation during the glasses crystallization, the
structural role of sodium can change from the charge
compensator of [FeO,] and [AlO,] tetrahedra to the glass
network modifier.

The obtained results confirmed the structural similarity
of the investigated glass to the 60P,0s—40Fe,03.
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