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Abstract

The glass compositions isolated within the system (35-z)Na,O-zFe,0;-5A1,0;-60P,0; (5 <z < 20), were
found to belong to the domains of metaphosphate (z = 5) and oligo-phosphate (5 <z < 20) families. It was
also found that less that 10 mol.% of iron present in the glass was under the reduced form Fe(II). The redox
phenomenon of iron in these vitrified phosphates was attributed to the reduction conditions in the melts,
created by the gas mixtures resulting from decomposition of the starting material (NH,),HPO,. Both X-ray
crystallography and IR spectroscopy have confirmed the structural tendency change from the metaphosphate
to the pyrophosphate structural units as the glass composition changes between the limits of z= 15 and z = 20.
The chemical durability tends also to be improved in a significant manner as the ratio of Fe,O; is increased.
The analysis of the oxygen molar volume in this series of phosphate glasses, has allowed to conclude to the
reinforcement of the covalent character of the chemical bond with increasing content of iron(III) oxide.

Introduction

Due to their poor chemical durability, phos-
phate glasses have rather limited technological ap-
plications despite their intensive investigation so
far conducted by many researchers [1-19,22-24].
However several phosphate glasses with high aque-
ous corrosion resistance have been reported [3].
Their properties (low melting point, high thermal
expansion coefficient, optical properties etc.) make
these glasses serious potential candidates for many
technological applications such as sealing materials,
solid state electrolytes, laser hosts, efc.[2,3]. As a
result of high chemical durability and low process-
ing temperature, iron phosphate glasses have been
considered as better candidates for the vitrifying
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of some types of nuclear wastes when compared
with borosilicate glasses [4-7]. Various studies have
shown that the chemical durability of phosphate
glasses can be improved by the addition of various
oxides such as Al,O; and, especially, Fe,O; [8-9].
Recently, the glass structure within the binary sys-
tem Fe,0;-P,Os has been investigated [10-16]. In
addition, incorporation of Fe,O; to the phosphate
network was reported to lead to the breakdown of
the P-O—P bonds and to the appearance of P-O—Fe
units [15]. As expected, The effect of iron content on
the structure of sodium-aluminium-iron phosphate
glasses investigated by X-ray diffraction and IR
spectroscopy, have shown a progressive evolution
of the phosphate network for example from meta-
phosphate chains to the pyrophosphate structure
with increasing iron ratio [4,5,16]. Therefore it has
been suggested that the chemical durability of sodi-
um-aluminium-iron phosphate glasses is attributed
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to the replacement of P-O-P bonds by AI-O-P and
P—O—Fe bonds. The presence of the bands in higher
concentrations, makes the glasses more hydration
resistant [18-21]. The potentiometric measurements
carried out on aqueous solutions of iron phosphate
glasses, have shown that the ratio [Fe(Il)]/[Fe(Il) +
Fe(III)] varies between 6 and 8 for the investigated
materials with increasing iron content [18,21,22,24-
26]. The speciation of iron in these glasses is con-
trolled by the following reversible reaction:

4Fez+melt + 02 melt atm = 4 Fe3+melt + 2027melt

It has also been mentioned that the redox phe-
nomenon of iron tends to play an important role
in the increasing chemical durability of the corre-
sponding glasses [18,21]. The purpose of the present
work is to investigate the mixed effects of alkaline
aluminium and iron cation on the structure and the
durability of selected phosphate glasses in the sys-
tem (35-z)Na,0-zFe,05-5A1,05-60P,0s.

Experimental

Glasses of different compositions have been pre-
pared from the appropriate mixture of the starting
compounds Na,CO;, Al,O;, Fe,O; and (NH,),HPO,.
The weighted mixture of about 10 g were thoroughly
in an agate mortar before to be submitted to moderate
heat treatments between 300°C and 500°C in order
to achieve a preparation before the glass preparation.
The melt was achieved for about 15 nmat 1070+10°C.
The batch quenched at room temperature, has then
allowed to isolate glass samples with approximate
sizes of 5-10 nm diameter and 1-3 mm thickness.
The vitreous state was first evidenced from the shiny
aspect and then confirmed from XRD patterns.

The chemical durability of these vitrified phos-
phates has been evaluated from the weight loss of
samples having a size of about 0.9x0.9x0.3 cm’. Prior
to any aqueous treatment, the samples for tests were
polished to 400 grit finish with SiC paper, cleaned
with acetone and immersed for 20 continuous days
in glass flasks containing 100 ml of distilled water
at 90°C. The density of each glass composition was
measured using the helium pycnometry method.
Iron redox ratio [Fe(Il)]/[Fe(Il) + Fe(IIl)] was deter-
mined by potentiometric method which allowed to
determine both iron Fe*" and iron Fe** concentration
after the chemical neutralization with dichromate
solution. The analysed glass solution was obtained
after a complete digestion of the appropriate sam-
ple in concentrated H,SO, solution. Details of the
potentiometric method were given elsewhere [26].
The experimental error made during the determina-
tion of the ratio [Fe(Il)]/[Fe(Il) + Fe(IlI)] was found
to be about +2 (Table 1). All infrared (IR) spec-
tra for the glasses were recorded within the range
400-1600 cm™', on KBr based pellets (2 mg glass
in about 100 mg KBr) using mX-1 and NIC-3600
FTIR spectrometers. The chemical compositions of
the batches, given in terms of the starting mixture
of oxides, are recapitulated in Table 1. Indeed, as
evidenced from the data of Table 1, the investigated
glasses can be classified as quaternary glasses with-
in the system [(35-z)Na,0-zFe,0;-5A1,0;-60P,05].
Since the existence of iron(II) has been evidenced in
all elaborated samples, both by potentiometric and
Maossbauer results [25], part of iron ions in the glass
have been found to be Fe?* (Tablel, § 32 here be-
low), the most rigorous system for the localization
of the glasses would be the quinary diagram [(35-z)
Na,0-(z-£)Fe,05-t(FeO),-5A1,05-60P,0s].

Table 1
Some characteristics of the quaternary glasses (35-z)Na,O zFe,0;-5A1,0;-60P,0;
(see Figure 1, for the positions of samples G5*°-G,,*® within the appropriate ternary diagram)

Glass Starting oxide mixtures, mol.%
| [Fe**)/[(Fe** + Fe*")] | [O/P] ratio Dy*, g-em 2 min!
Sample | Na,0 | Fe,0; | ALO;, | P,Os
G;® 30 5 5 60 6+2 3 (1.2+0.2)x10°
G 25 10 5 60 9+2 3.08 (2.5+0.2)x107
(G 20 15 5 60 72 3.17 (1.240.2)x107
Gy®° 15 20 5 60 8+2 3.25 (9+0.2)x10”°

*(Dy) represents the weigh loss after 20 days of aqueous attack at 90°C, in distilled H,O.
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As the relative concentration of iron(Il) is rather
limited to less than 10%, it was considered here for
a better and vivid presentation (Fig. 1) to consider
only the basic oxides given in Table 1. As a matter of
fact, the so low ratio of iron(II) in the vitrified com-
positions is not expected to have significant effect
on the structural change of glass network and prop-
erties. Indeed, the ternary diagram given in Fig. 1,
corresponds to one section of the original quaternary
system, at a fixed molar fraction of 60 mol.% P,Os.
Therefore, the glass materials can be expressed in
terms of the basic constituents of the pseudo-ternary
diagram: [2Na,0-3P,0;s]-(2Fe,05:3P,05)-(2AL05
3P,05)], as reported in Table 2.

Results and Discussions

Structural Analysis

X-Ray Crystallography Results

X-ray crystallography has confirmed the vitre-
ous character of all the investigated glass samples.
Indeed, the recorded X-ray diffraction (XRD) pat-
terns were found to be typical of amorphous sub-
stances. As expected, its is also worth to notice that
the sintering of the samples Gs* and G5* at 540
and 630°C respectively has resulted in their crystal-
lization as evidenced from their new XRD-patterns
given in Fig. 2. The analysis of the latter patterns
allows the following conclusions:

e The sample Gs* tends to crystallize in a mixture
of networks close to those of metaphosphates
of Na, Al, Fe and related mixed oxides. As ex-
pected, due to its position in the phase diagram
of Fig. 1, such glass of composition G5 belongs
to the metaphosphate line. The crystallization
is then compatible with these phosphate family
characterized by the ratio [O/P] = 3.

e The sample G5* (Fig. 1) belongs to the oli-
gophosphate domain (with 3 <[O/P] < 3.5) is

0.0 0.2 0.4 0.6 0.8 1.0

Fe4(l’207)3 Na4P(.O|7

Fig. 1. Localization of the investigated glass composi-
tions G;%, G,,%, G5 and G,,® within the ternary diagram
(2Na,0-3P,05)-(2A1,05-3P,05)-(2Fe,053P,05). Table 1
gives the corresponding compositions within the quater-
nary system Na,0-Fe,0;-Al,0;-P,0;s.

expected to contain mixture of meta- and pyro-
phosphate networks related to those of sodium,
aluminium and iron. As a result of their positions
in the ternary diagram, the crystallisation of all
samples Gs%, G,,®, G5*°, and G,,* is therefore
expected to give rise to crystalline precipitates of
mono and diphosphates of one or mixed cations

Na', Fe**, AI** and/or Fe*'.

The crystallization process has allowed us to ap-
proach the glass structure of our vitreous systems on
the basis of the theory of crystallites [27]. This mod-
el has been confirmed by IR vibration spectroscopy.
Indeed the local structures of glass and the crystals
of the same composition are reputed to be identical.
This is the result that our present X-ray crystallogra-
phy investigations have confirmed.

Infrared Vibration Spectroscopy Study

The recorded IR spectra of the glass series (35-z)
Na,0-zFe,05-5A1,0;-60P,05 (5 <z <20), are shown

Table 2

Glass compositions expressed in terms of ternary and quaternary systems

Glass sample Chemical composition Glass compositions inside the ternary diagram
Gs%* 30Na,0-5F¢,05-5A1,05-60P,05 0.75(2Na,0-3P,05)-0.125(2A1,0,°3P,05)-0.125(2Fe,0;°3P,05)
G, 25Na,0-10Fe,05-5A1,05-60P,05 0.625(2Na,0-3P,05):0.125(2A1,0,:3P,05)-0.25(2F¢,05-3P,05)
G;5% 20Na,0-15Fe,05-5A1,05-60P,05 0.50(2Na,0-3P,05)0.125(2A1,0,:3P,05)-0.375(2F¢,05-3P,05)
G, 15Na,0-20F¢,05-5A1,05-60P,05 0.375(2Na,0-3P,05):0.125(2A1,0,:3P,05)-0.5(2F¢,05-3P,05)
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Fig. 2. XRD patterns, for the glass sample Gs* and G5 after a heat treatment of 48 hrs under air atmosphere at 540°C

and 630°C respectively.

in Fig. 3. The assignments of the vibration bands are
given in Table 3. The spectrum of the vitreous sam-
ple Gs*°, 30Na,0-5Fe,05-5A1,05-60P,0s, is found to
be compatible with the metaphosphate glass struc-
ture [2,10,16,28,29]. The band at 750 cm™ was as-
signed to the symmetric stretching vy,,(P-O-P) of
the phosphorus tetrahedral bridge while the band at
910 cm is assigned to the asymmetric stretching of
the same bride, v, (P—O—P). Additionally a weak
band at about 770-785cm™ in all probability due to
Al-O stretching in A10, groups is also located in the
spectrum of these glasses [20, 21]. In the other hand
in the region 500-560 cm™', the band due to FeOq
groups is also present; it is assign to skeleton defor-
mation (3,) [26].

The band at 1290 cm™! is attributed to the asym-
metric stretching of two non bridging oxygens,
Vasym(PO2) [2,16]. The band at 1060 cm™ was assigned
t0 Vgym(PO,). For higher values of z, the band at 1084
cm ! was attributed to the pyrophosphate groups.

Figure 3 shows that with increasing value of z,
the glass structure tends to change from the meta-
phosphate to the pyrophosphate region. As can be
deduced from the assignment of the vibrational
modes (Fig. 3 & Table 3), such composition change
from the metaphosphate (Gs*°) to the oligophos-
phate family (G,,*, G5%°, G5,*°) can be followed by

IR spectroscopy. As a matter of fact, with increasing
values of z, the intensity of the characteristic bands
of the metaphosphate glass tend to decrease while
the typical bands of the pyrophosphate groups tend
to remain and to dominate the spectrum as in the
composition G,® with the ratio [O/P] = 3.2. Indeed
this ultimate composition does not reach the pyro-
phosphate line (2A1,0;:3P,05-2Fe,04-3P,05) cor-

4.5 - (3S-Z)NazO-ZF6203-5A1203-60P205
4 vasy,.:.(P—O—P)
Vasym(P-Q-P) ¢ Vasym (PO2)
o 3.5 S(P-O-P) 1 iy (PO}
2 . : L
g 34 z=20
£
= 2.5
E
EES
& 5193554 P YN s
1 77 1908929 ¢ 1269
05 750-766 1100 1103
0 T T T
0 500 1000 1500 2000

Wavenumber, cm™

Fig. 3. The IR spectra of the series glasses (35-z)Na,O-
ZF6203‘5A1203—60P205.
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Table 3
Assignment of the vibration modes of the IR spectra recorded for the glass system (35-z)Na,O-zFe,05-5A1,05-60P,05
Sample G;* Sample G, Sample G5 Sample G,,® .
(2=5,[0/P]=3) | (z=10,[0/P] =3.08) | (z=15,[0/P] =3.17) | (z=20, [O/P] =3.25) |  Literature data
Frequency, Mode Frequency, Mode Frequency, Mode Frequency, Mode Frequency, Ref:
cm™ assignment cm™ assignment cm™ assignment cm™ assignment cm™ els-
5 5 5 5 420 ; 440 32
520 (VS) skee | 519(VS) sker S511(S) skes 554 (S) ske> 490-560 33
FeOg4 Units FeOg Units FeOg Units FeOg Units 508-574 23.35.36
Veym Veym Veym 751 Veym 706-746 32
766 (S) | (P-O-P) | 750(S) | (P-O-P) | 750 (M) | (P-O-P) (M-w) (P-O-P) | 730-770 33
AlQ, Units AlO, Units AlO, Units AlO, Units | 770-800 | 8,23,35,37
v v v v 916-990 33
asym asym asym asym
929 (VS) (P—O—P) 908 (S) (P—O-P) 908 (S) (P—OP) 908 (S) (P—OP) 923 23
990 33
1080 23,37
1060 (S) | Viym(PO,) | 1060 (S) | Viym(PO,) 1106 32
1120 33
990-1146 32
Veym(PO3)/ Vym(PO3)/ | 1100-1190 34
TG oy | 1S 1 Loy | 1280 8
1330 23,37
1200-1240 34
1269 (S) | Vasym(POs) | 1260(W) | Vosym(PO5) - - 1200-1250 33
1260-1290 32
Metaphosphate Oligophosphate Oligophosphate Pyrophosphate
structural type structural type structural type dominant structure

responding to the ratio [O/P] = 3.5. However, the

dominant structure of pyrophosphate network re-

sulting from the increasing ratio of iron(Ill) oxide,
is evidenced by IR and XDR techniques:

e IR results show that the pyrophosphate char-
acteristic band, v,,(PO;) tend to dominate the
spectrum (Fig. 3) as it becomes wider with high-
er intensity;

e RXD patterns (Fig. 2) of crystallized G;* sam-
ple, are exclusively similar to the metaphosphate
XRD patterns of Al(PO;); and Fe(POs,);, taken
from their respective JCPDS files N°00-013-
0264 and 00-020-0502;

e XRD patterns of G5*° seem to be more compati-
ble with pyrophosphates units since these pat-
terns are similar to those of NaFeP,O, (JCPDS
file N°01-077-0307) and AlFeP,0; (JCPDS file
N°31-1264).

Analysis of the Oxygen Molar Volume

Density measurements have allowed to follow
the change of the molar volume versus composi-

tion along the system (35-z)Na,0-zFe,0;-5A1,0;-
60P,0;. As can be deduced from the plots of Fig. 4,
density (more precisely the specific mass) is increas-
ing with increasing ratio of Fe,O;. The oxygen mo-
lar volume and the oxygen anion radius in the glass
were determined from eq. 1 and eq. 2, respectively:

Vou = M/[pN.+No] (1)
3V
ra(07)=-"2 @)

with M = molar mass; p = density; N, = Avogadro
number; N, =number of oxygen atoms contained in
the molar formula.

A fine analysis of the data given in Table 4, shows
that the molar volume is decreasing versus increas-
ing iron(IIl) oxide content. The value of the rela-
tive radius of oxygen anion r,,(O*), calculated from
the molar volume (eg. 2) is also decreasing from
r..(0*)=1.43 A (for z=5) to 1.37 A (for z = 20).
It is also worth to notice that the 7,,(O*) diminishes
as the glass composition tends to change from the
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Fig. 4. Variation of the Density (p) versus mol.% Fe,Os
along the glass series (35-z)Na,0-zFe,0;-5A1,0;-60P,0:s.

metaphosphate domain (G,%°) to the pyrophosphate
line (2A1,05:3P,05-2Fe,0;:3P,05) according to the
sequence G5 — G — G5 — G*°. Such de-
crease of r.,(O*) which evidences the shortening of
the inter-atomic distances has been interpreted as a
strengthening of the chemical bond with the increase
of its covalent character in the investigated glasses.

Iron(Il)/Iron(I1l) Redox Phenomenon

Like all transition elements, iron is reputed to
have at least two oxidation degrees under normal
atmospheric conditions. Therefore, as expected the
starting iron (III) oxide has been reduced during the
elaboration of the title phosphate glasses. Indeed
the batch melting is realised in a rather reduced at-
mosphere which is created by the decomposition of
the starting compound (NH,),HPO, witch gives rise
at high temperatures, to a gas mixture of the type
(NH;, + Hy + HyOy,) for example. The potentio-
metric measurements have confirmed the coexis-
tence of the two oxidation degrees (Fe*" and Fe**) in
all synthesized glasses (G5, G,%, G5 and G,,*).

Equivalent redox phenomena with iron and other
transition element phosphate glasses have been re-
ported by various authors [8,18,24,36-48]. It is also
worth to notice that the ratio [Fe*']/[Fe’ + Fe?']
tends to be invariant in all elaborated glasses (Table
1). This could be probably explained by the fact that
the same elaboration procedure was used to prepare
all samples. As a consequence, the same reduction
power of the emanating gas mixtures (NH;, + Hy
+ H,O(,) 1s expected to result in the same mol.% of
reduction of starting iron oxide (Fe,0;) in the melt.
Therefore, the same reduction conditions are ex-
pected to produce the same values of the ratio [Fe?*]/
[Fe** + Fe?'] which was estimated here to be of the
approximate order of 7-8%, as evidenced from the
experimental results given in Fig. 5.

Analysis of the Chemical Durability of the Glass
Series (35-z7)Na,0-zFe,0;-5A41,0;-60P,0;

The chemical durability of this series of glasses
was approached using the measurement of the dis-
solution (Dy) rate which was defined as the weight
loss of the glass expressed in terms of g-cm2min'.
The values of (D;) given in Table 1 show a dissolu-

T

(35-7)Na,0-zFe,04-5A1,0,-60P, 05

i
=] <
1

N
" 1 "

[Fe']/[Fe*" + Fe*'], %
<

[}

4 6 8§ 10 12 14 16 18 20 22
Fe; 03, mol.%

Fig. 5.Variation of the ratio [Fe*]/[Fe* + Fe*] ver-

sus mol.% Fe,0; along the system (35-z)Na,O-zFe,0;-

5A1,0;-60P,0; (Tablel).

Density and related molar data of ch?}l:sltZr‘:l (35-z)Na,0-zFe,05-5A1,05-60P,05
Sample Molar formula M(;igll_?ss’ Dt;zirtn% P, l;izlir;\]/[o/l[l;;j](\ijz iﬁiﬁ?i? ::j(ygi r)l
Gs® (z=5) | 30Na,O-5Fe,05-5A1,0;-60P,05 11684.7 2.28 23.6 1.43
Go® (z=10) | 25Na,0-10Fe,0;5A1,0;:60P,05 12173.1 2.41 22.7 1.42
G5 (z=15) | 20Na,0O-15Fe,0;5A1,0;:60P,05 12661.5 2.65 20.9 1.38
Gy (z=20) | 15Na,0-20F¢,05-5A1,05-60P,05 13149.9 2.73 20.5 1.37

*M = molar mass; p = density; N,= Avogadro number; N,= number of oxygen atoms in the molar formula
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tion decrease (versus mol.% Fe,O;). The plots given
in Figure 6, are typical results obtained for samples
after their immersion in 100 ml of distilled water,
heated at 90°C during 20 consecutive days. It is also
worth to compare the (D) data of the present work
to other values reported in the literature [15,24,25].
Indeed the glass sample G,,® (20 mol.% Fe,0s) was
found to have equivalent durability value of the or-
der of that found for window glass which is also
about 50 times smaller than the dissolution rate of
glass (27Ba0-45B,0;-18A1,05-10Fe,0O;) BABAL.
It is also worth to mention that the borate BABAL
glass has been considered as alternative material
for the immobilization of nuclear waste substances
[15,24]. In addition, the value (1.4x1073-1.3x107°
g-em?min!) of (Dy) reported by Reis et al. [24]
for the glass system [(40-x)ZnO-xFe,05-60P,0s]; is
very close to the one we found in the present study:
1.2x107°-9x10 (Tablel).

Correlation Between Chemical Bonds, Struc-
ture and the Chemical Durability

Both XRD and IR techniques have confirmed the
structural evolution of the glass network along the

-5 T T
G¥
= 6 Gu" 60
S Gis
o0 -7
=]
-
-8 7 Gzo60
(35-z7)Na,0-zFe,03-5A1,0;3-60P,05
_9 T T
0 10 20 30
Fe, 03, mol.%
(PO3)~ (P,07)"
'5 T T T T T T
GSGO
-6 1 Gwso
~ G 60
§ _7 i 15
on
S 60
= g Gy
(35-z)Na,0-zFe,0;-5A1,03-60P, 05

29 3 31 32 33 34 35 3.6
Ratio [O/P]

Fig. 6. Dissolution rates (D) of the glass series (35-z)Na,O-
zFe,0;-5A1,0;-60P,05 versus: a) Fe,O; (mol.%); b) ratio
[O/P]. The chemical compositions are given in Tablel.

series (35-z)Na,0-zFe,05-5A1,0;-60P,05, when the
compositions is changed from the metaphosphate
(G5%%) towards the pyrophosphate line with [O/P]
= 3.5 (Fig. 1). The diminishing of the oxygen mo-
lar volume (Table 4) versus z, tends to confirm the
increase of the covalent character of the chemical
bond with increasing Fe,O; content in the glass The
intensification of this covalent character may prob-
ably explain the chemical strength of glass network
which becomes more resistant to the chemical attack
in an aggressive aqueous medium at 90°C.

In addition, some authors have attributed the
elevated chemical durability of our equivalent qua-
ternary iron phosphate glasses (Table 1), to the in-
creasing number of Fe—O—P bonds in the vitreous
network [19,22]. Such bonds are expected to be more
water resistant than the P-O—P one, which constitute
the majority in the samples with low iron concen-
tration. Indeed as the glass series progresses from
the metaphosphate point Gs® towards G,,*° with a
composition closer to pyrophosphates, the number
of links P-O-P is decreasing while the number of
Fe—O-P bonds is significantly increasing. Due to the
low electro-negativity value of iron, the chemical
bond Fe-O is expected to be of higher ionic char-
acter. However, the nature of the chemical bonds of
both iron(I1) and iron(III) in the present glasses have
not yet been deeply investigated.

Conclusions

The structure and the chemical durability of so-
dium aluminium iron phosphate glasse series (35-z)
Na,0-zFe,0;-5A1,05-60P,0s, have been investigat-
ed using various techniques such as IR, XRD, etc.
The vitreous pyrophosphate structure was found to
be reinforced with increasing content of Fe,O; in the
materials. It was also confirmed that the dissolution
rates (D) of the analysed compounds is comparable
to the values of borosilicate glasses and 50 times
smaller than of BABAL glasses which have been
considered as alternative materials for the immobi-
lization of nuclear waste substances. This is a very
important and encouraging result because among
all potential applications, our glasses appear as seri-
ous candidates for the nuclear waste management.
It was also found that the covalent character of the
chemical bond is enhanced with increasing ratio of
iron oxide in the elaborated glasses. Furthermore,
the improved chemical durability with raising iron
content is compatible with the increase of corrosion
resistant Fe—O—P bonds in all vitrified samples.
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