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ABSTRACT

The effect of composition on the chemical durability of some glasses having the general formula 60P,O..
(35-x) PbO. 5A1,0,. RO, where x extends from 0 to 20(mol.%) and R is Li, Na or K, has been investigated.
Mortespecifically, the effect of time on the weight loss, dissolution rate and pH of the attacking solution(deionised
water) has been reported. The durability of the present glasses is considerably improved by the substitution of
alkali oxide for PbO. The improvement inctreases, in general, with the rise in the level of substitution. The most
durable glasses yielded are those with 20mol.% Na,O and Li,O. The weight losses and rates of both glasses as
well as the pH’s of their attacking solutions were unaffected along the extension of the soaking time from the
second to the tenth day. The dissolution rate of the 20mol.% Na O-containing glass, calculated after ten days of
duration, has been found to equal 3.3x10%gcm?min”(or 2.4x10"?mole cm? min'), whereas that of the corre-
sponding i, O-containing glass equals 1.3x10%gecm? min(or 1.02x10"*mole cm® min™). Almost for all glasses,
the pH of the attacking solution shifts down sharply(becomes more acidic) at the beginning of the experiment,
while it tends to level off as the time of soaking is increased. The degree of the shift in the pH varies with
composition(i.c., it decreases with increasing the alkali oxide content). Elementary analysis is performed on the
attacking solution. For easy comparison between the different elements as well as different compositions the
leaching rates are normalized by the concentrations of the ions in the glass. The obtained data reveal that the
dissolution of constituents of the glasses increases in the order P>Pb>R >AL
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INTRODUCTION

Phosphate glasses are of technological interest
due to the superior physical properties to other
glasses, such as high thermal expansion coefficients,
low melting and softening temperatures, UV trans-
mission and other optical characteristics and electri-
cal conduction™. For example, the combination of
high thermal expansion and low softening tempera-
ture makes phosphate glasses potential candidates
for sealing to metals such as aluminum, aluminum
alloys or stainless steels®?l. However their poor chemi-

cal durability prevents them from replacing more
conventional glasses in some applications. There have
many studies of the chemical durability of phosphate
glasses in aqueous solutions, mainly in deionised
watetP butinformation on the weathering of phos-
phate glasses is scarcel’l. The dissolution rate is quite
sensitive to the precise glass composition. However,
the dissolution rates in phosphate glasses usually
range from 10 to almost 10”g/cm? mint*l.
Phosphate glass comparable in their aqueous re-
sistance to that of silicate glasses can be made ei-
ther by dissolving nitrogen in their structure® judi-
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cious selection of its composition or by controlling
the oxidation state of a transition metal within the
structure™l. Also, lead-iron phosphate glasses, of
potential application for waste disposal, are found
to be more durable than borosilicate glasses!'.

It is known that the water durability of phos-
phate glass is improved by the introduction of net-
work-modifier, which is quite different from the case
of silicate and borate glasses!l. The dissolution of
phosphate glasses is dominated by congruent, or ma-
trix, leaching®! rather than the selective leaching
which addresses the dissolution of silicate glasses!™.
Moreover, the dissolution of phosphate glasses is
minimized between pH 5 and 9, whereas that of sili-
cate increases drastically at pH 9 and accelerated as
the pH is elevated to 12.

The reaction between glass and aqueous solu-
tion is affected by several factors such as the com-
position of the glass, the pH of the solution and the
pressure, temperature, and duration of the reaction.
The reaction is highly complex and involves many
processes. For instance, water penetration and sub-
sequent decomposition of a complex mixture lead-
ing to the formation of substances completely dif-
ferent from the original glasses, and moreover, these
substances affect the course of the reaction.

The present work is aimed to study the effect of
substitution of massive amounts of alkali oxide
(namely, Li,0, Na,O and K O) for PbO. The latter
has been selected since it is well known to be the
only oxide that can be added to phosphate glasses
and improves its chemical durability at the same time
as it lowers its softening point!"™*l. While the Al O,
has been added stabilize to the glass against its envi-
ronment.

EXPERIMENTAL

Glasses were prepared from reagent-grade chemi-
cals NH,H PO,, Pb,O,, AI(PO,) and R,CO,(where
R is Li, Na and K). Raw materials were thoroughly
mixed then melted in porcelain crucibles(due to the
sever attack of P O, to Pt-crucibles) in air for 3hours
at 1050°C. Each batch was calcined at 500°C for 4 h
and then at 900°C for 1h, before reaching the melt-
ing temperature. The top of the crucible was cov-

TABLE 1 : Batched and analyzed equivalent com-
position of the oxide components of the 60P,O,-
(3.5-x)PbO-5A1,0,-xR,0 glasses and the final leach
solution after 10 days in 70°C deionized water

Code of xR0 Analyzed(mol.%o) Leached(mol.%)
glass  (mol.%) P,Os PbO Al,O3; R0 P05 PbO AL,O; RO
RO free 504 342 64 - 927 45 29 -
glass
Li;O glasses
PL5 5 59.1 286 59 64 916 29 52 033
PL10 10 59.6 23.7 57 110 768 1.7 43 172
PL15 15 58.7 192 56 165 71.8 1.7 1.8 247
PL20 20 59.6 144 54 20.6 702 03 29 2066
NazO glasses
PL5 5 584 282 82 52 806 33 19 143
PL10 10 589 229 7.6 10.6 683 15 19 283
PL15 15 584 193 62 16.1 868 15 3 87
PL20 20 59.6 147 54 203 755 09 27 30
K;0 glasses
PL5 PL5 578 278 87 57 85 15 18 113
PL10 PL10 56.6 239 10.7 88 786 26 13 175
PL15 PL15 559 20.1 92 148 599 11 19 37.1
PL20 PL20 558 153 9.5 194 905 15 28 52

ered during melting. Glasses were poured onto steel
plates, annealed for 30minutes near T, then stored
in desiccator prior to measurements. Most glasses
were transparent with some bubbles.

Measurements of sample weight loss provides a
simple check of dissolution behavior. Chemical du-
rability tests were conducted on the glass composi-
tions listed in TABLE 1. Glass samples were cut
into slabs, their corners and edges were slightly
rounded(in order to avoid sharp edges and prevent
chipping), and they were finally polished. The latter
process was carried out under halocarbon oil, which
is oxygen and water free, in order to remove the aged
layer and obtain a reproducible surface finish with-
out aqueous contact.

After determining their weights and surface ar-
eas, they were covered in polyethylene containers
containing 100ml of deionised water and held at
70°C. Through the ten days accumulation time se-
lected for the experiment the samples were removed
each 24hours to determine the weight loss and the
pH of the attacking solution, except for the first re-
moval which has been carried out after 48hs to
achieve appreciable changes. Duplicate run was per-
formed using “two samples” dissolution rate normal-
ized to the sample surface and corrosion time at the
conclusion intervals.

Solution analysis was made by ICP-AES for
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Figure 1 : Effect of composition on the weight loss
(mcasured at the conclusion of fifth(A) and tenth(B)
day intervals) of the glasses listed in TABLE 1

phosphorus, lead, aluminum and alkalis(lithium, so-
dium, potassium) contents of the water samples at
the conclusion of the durability test(i.e., at the end
of the ten days). Normalized leach rates(NLRs) for
individual elements were calculated using Equa-
tion(1) with elements normalized to composition:

XV
= wt=pg.cm-2.d- 1
SAL ug @)

where X=ppm in solution, V=solution volume (ml),
S=surface area(cm?), t=soak time (days), and wt=weight
fraction of element in the original glass.

RESULTS

The effect of composition on the total weight loss

Figure 1 displays the change in the weight loss
of the glasses, listed in TABLE 1, as a function of
composition. The change has been plotted for two
intervals of time, namely five(Figure 1A) and ten
days(Figure 1B). Despite of the magnitude of the
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change, exact similar behaviors are observed through
the two plots. In general, the weight loss values are
observed to decrease with the introduction and the
rise in the level of alkali oxide within the glass. The
most remarkable decrease is observed to occur with
the primary introduction, whereas lesser effects take
place with further increment in the R O-content.

The dissolution of the Li,O-containing glasses is
seen to increase remarkably with increasing its alkali
content from 10 to 15mol.% (Figure 1). This repre-
sents a deviation from the above made generalization,
signing a particular structure for the PL15 glass com-
pared with the rest of the glasses included in the Li,O-
series (TABLE 1).

Leaching rate of the individual constituents

TABLE 1 compares the analyzed compositions
of the bulk glasses to the relative oxide concentra-
tions in solution determined from the respective ion
concentration measured by ICP-ES at the final con-
clusion of the dissolution experiment (i. e.,at the end
of the ten days). Whereas, leach rates in solution for
the individual elements (P, Pb, Al and R; where R=Li,
Na or K) as function of composition of the glasses
are plotted in figure 2. The rates are normalized by
the concentrations of ions in the glass for easy com-
parison between different elements, as well as dif-
ferent compositions. The figure reveals that the rate
of dissolution of the different constituents in a cer-
tain glass decreases in the direction P>Pb>R>Al,
except Li which dissolve in slower rate than Al. The
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Figure 3 : Temporal variation of dissolution of the
R,O-free glass found TABLE 1
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magnitude of the leaching rate of P is nearly 500
times higher over that of Al

As shown in figure 2A, phosphorus is leached at
the fastest rates in the potassium containing glasses,
despite of the concentration corresponding to
15mol% R,O, at which the Li,O-containing ones
became faster. Whilst the Li O-containing glasses
exhibit the slowest rate of dissolution for P.Whereas
Pb and Al exhibit nearly the same leaching rate for
the three series of glasses(TABLE 1), assuming that
the comparison is made between glasses having the
same R,O-content(Figure 2(B,C)). On the other
hand, potassium is observed to leach at the highest
rate up to the glass with 10mol% K, O, whereas it
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decreases with further increment and reaches a level
even lower than that of sodium (Figure 2D). Whilst,
the leaching rate of lithium is seen to be unaffected
with the rise in Li,O-content of the glass.

Effect of time on the dissolution

Dissolution of the basic glass and R,O-contain-
ing glasses, as determined by sample weight loss, is
plotted against time in figures 3 and 4. While the
change in the rate of dissolution of the same glasses
as a function of time is displayed in figure 5. Filled
symbols of the plots represent the actual measure-
ments. The comparison between the dissolution of
the basic glass, figure 3, and that of the least R O-
containing glasses(i e., with 5 mol.% R,O), figure 4,
reveals remarkable improvement upon substituting
R O for PbO. For instance, the addition of 5mol.%
Li,O for PbO drops the amount of the dissolved
glass by a factor which increases with time ,e.g., the
value of this factor increases from four to eight as
the duration rises from 2 to10days. The magnitude
of the drop decreases in the direction Li,O—>Na, O—
K, O-containing glasses.

In General, the inctement in the level of alkali
oxide in the glass, at the expense of PbO, enhances
the chemical resistance of the glass. Morespecifically,
the influence of time on the dissolution of the glasses
is observed to become less powerful with increasing
the R,O-content in each of the three studied series,
till it eventually ceases in the case of the 20mol.%
Li,O and Na,O-containing glasses (Figure 3(A,B))
but not in the corresponding K O-containing one
(Figure 3C). Both of the former glasses represent
the most resisting glasses among all the glasses in-
vestigated in the present study. The weight loss of
both glasses(Figure 4) as well as their rate of
dissolution(Figure 5) are distinguished by being un-
affected with time in the interval between the sec-
ond to the tenth day. It is worth noting, that such
unchange has been survived up to the fortieth day
for both glasses but the data plotted here are con-
fined to ten days for the purpose of comparison.

The effect time on pH behavior

The effect of time on the pH of the attacking
solution is seen in figure 6. The pH appears to be-
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Figure 5 : Effect of time on the leach rate of the
R,O-containing glasses listed in TABLE 1

have in a contradict manner to that described for the
dissolution. In other words, the more the glass runs
into the solution the greater the reduction in the pH
value (I. e., it becomes more acidic). Accordingly,
the intense in the pH drift is influenced by the glass
susceptibility to dissolve(i. e., its composition) as well
as the time of soaking. The reduction in the pH ap-
pears to be much more intensive in the case of the
basic glass with respect to the R ,O-containing
ones(Figure 6A). On the other hand, the less the
content of the alkali within the glass the stronger
the shift toward the acidic medium, assuming that
the type of the alkali oxide is invaried. For example,
after two days of soaking, the pH of the attacking
solution of the K O-containing glasses increases
gradually from 1.86 to 4.19 as the alkali content in-

ey, P alzrioly Seience
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creases from 0 to 20mol.%.

The above mentioned shift towards the acidic
values is observed to be sharp at beginning of the
experiment, whereas it tends to level-off with time.
According to Bunker et al.P! this was attributed to
the increase in the leachant from the glass to solu-
tion which became concentrated enough to form a
buffer solution. The capacity of the buffer is suffi-
cient to neutralize any change in the solution pH
caused by further glass dissolution.

The pH behavior of both solutions of the PL20
and PN20 glasses(Figure 6(A, B)) is similar to the
aforementioned ones described for the weight loss
and leaching rate. Such that it preserves a constant
value along the interval extending from the second
to the tenth day. With the value recorded in the case
of the PL20 glass, ~4.4, being higher than the PN20
glass, ~4.0.

DISCUSSION

Van Wazer and Holts!'! proposed a number of
mechanisms for the dissolution of phosphate glasses
in relation to their structure. According to their poly-
meric structural model the basic unit in the network
is the tetrahedral PO, group which can be bonded to
a maximum of three neighboring groups through the
bridging oxygens. The addition of modifier oxides
disrupts the bridging P-O-P bonds and lowers the
number of branching PO, tetrahedra. At P,O.- con-
tent of 50mol.%, the glass structure consists of long
linear PO, chains without branching tetrahedral.
According to this polymer model, bonds to PO, tet-
rahedra which share fewer than three oxygens with
other PO, tetrahedra are more stable than those
which share three oxygens. Therefore, the hydrolysis
of linear polyphosphate polymers is relatively slow
since they do not contain any three connected PO,
groups. As the composition is shifted slightly from
the metaphosphate composition (P,O,=50mol.%) to
the ultraphosphate(P,0,>50mol.%) the formed
branching tetrahedra serve as steric hindrance to the
dissolution of water into the glass and consequently
lower the dissolution rate. However, with further
increase in the fraction of branching tetrahedra
(above 60mol.% P,O,) a good deal of strain is intro-

duced into the network which encourages the hy-
drolytic cision of these branching units. This allows
the phosphate chains to be dissolved readily, leading
to an increase in dissolution ratell.

The present work reveals an improvement in the
chemical durability of the present glasses upon the
primary introduction of any of the used alkali ox-
ides (Li,0, Na,0O or K O) for PbO by an average
magnitude of nearly 10 times(Figure 1). The im-
provement is observed, in general, to increase with
increasing the level of the substitution. This behav-
ior is in contrast to the one observed by Peng and
DayPl, where the substitution of 12mol.% PbO for
KO caused a decrease in the dissolution rate of the
glass by about 100 times. They attributed the behav-
ior to the difference in the valency between the two
cations, */suggesting stronger cross-link is offered
via Pb*" cations. In addition, they refer the improve-
ment to the rise in the degree of the covalent char-
acter caused by lead cations. The same attribution
has been offered by Furdanowicz and Klein™! to
explain the reason of the higher rate of dissolution
of binary alkali phosphates with respect to that of
the corresponding lead phosphates. The contradic-
tion between the present data and those of Peng and
Day can be attributed as follows:

Assuming no speciation has been taken place in
the present glasses, the composition of the present
glass correspond to that of the metaphosphate. This
can be inferred if we borne in mind the valency of
the Al cation, which is 3/2 that of the Pb one. This
means that the modification capability of AL O, is 3
times higher over that of PbO. On the other side,
the addition of AL O, to a glass is conventionally
known to improve its resistance to attack by aque-
ous solution. This effect has been attributed by Cook
and Paul to the formation of AlO, groups linked
by bridging oxygen to the building units of the glass(i.
e., PO, groups in the case of phosphate glasses). The
alkali cation which have donated the necessary
oxygens being held in close association with the AlO,
groups for local electroneutrality. The structural
study(IR, Raman and thermal properties) proving the
formation of such structure in the present glasses is
reported elsewhere™®. Consequently, the fraction of
the branching units would be expected to increase
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and their steric hindrance effect against the attack
by aqueous solution will be worked up.

Alternatively, the attained improvement upon
substituting R O for PbO may be yielded as a result
of a reduction in the solution attacking effect. For
instance, it is well knownP"! that the dissolution of
a phosphate glass achieves its least rate between pH
9 and pH 5, where such rate is accelerated as the
value of the pH changes in both direction far from
this region. The pH of the solution is affected by the
relative dominance of one of the following reaction
over the other :

P,0.+3H,0->2H PO, @)
M,0+H,0—-2MOH A3)
where M is the metal cation (Pb, Al, Li, Na or K in
the present glasses).

For the basic glass(the R,O-free glass) the acid
formation reaction is much more dominated over the
base formation one, because of the limiting solubility
of either Pb or Al cations. This may account for the
observation of the fastest depression in the pH value
of the attacking solution in which this glass was
suspended(Figure 6A). Generally, the intense of the
pH drift in a certain solution can be judged by the
relative dominance of one of these reactions over the
other. Thus, the introduction of alkali/oxide into the
structure of the glass should be expected to increase
the level of base formation reaction dominance with
respect to the acid formation one, consequently the
magnitude of the depression would be reduced. Such
reduction should increase with increasing the level of
R,O in the structure of the glass, assuming the same
type of alkali oxide. Thus the appearance of the slow-
est pH-drifts in the solutions containing the glasses
with highest R O-content(20mol.%), figure 6, seems
to be reasonable.

The penetration of the metal cation into the so-
lution depends on the structure of the glass as well
as its solubility. Structurally, the bond strength of
(AlO)R" is considerably weaker than that of R* O
. This can be explained by the presence of the nega-
tive charge of the(AlO,)-groups at the center of the
O,-tetrahedral, from which the alkali ion was ex-
cluded. Hence, the alkali cations penetrate with much
more ease out of the glass matrix and dissolve into
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Figure 6 : Temporal variation of solution pH for
RZO-containing glasses listed in TABLE 1

the attacking solution in their respective hydroxide
form. On the other hand, the solubility of NaOH in
hot water is 347 g per 100cm’, whereas those of KOH
and LiOH are 178 and 17.5, respectively. The leach-
ing rates of Li and Na reported in figure 5, seems to
be in accordance with these values, while that of K
seems to be more influenced by the structure of the
glass. This may be emphasized by the sudden de-
crease in the leach rate of potassium as the K O-
content exceeds 10mol.%. Which can be attributed
to™ the incorporation of H,O into the glass struc-
ture which has the ability to act as a network-modi-
fier® and subsequently leads to a more retarding
structure to the diffusion of alkali cation.

As well as the amount of the alkali cation re-
leased into the solution, the drift is also influenced
by the type of the cation. Assuming equivalent

—— Pl by Science
ﬂaVMnW



144

Chemical durability of some P,0-PbO-ALOR,O glasses

MSAIJ, 3(3) August 2007

Full Poper ===

4.8

. 4 rFy
5.0 /
-] /
-5.2 /
] /.
& 54 / yd
£ 56+ //
E 1 v s
g b8 ;S
< 1 / /
7 50 . —* //
g 62 AT !/
] E T . I
54 AT o/
56 S o
BB ———
-G8 T T T T T T —
5 10 15 20

Ry (mol %)
Figure 7 : Semilogarrithmic plots of ac conductiv-
ity for the glasses listed in TABLE 1 versus the con-
centration of alkali oxide content(350°C and 100kHz)

amount of alkali cations are dissolved into the solu-
tion the drift grows slower in the direction
Li,O>Na,O>K O-containing glass. As the pH of
the solution shifts more closely toward the region
recognized for the least dissolution of the phosphate
network, between 5-9, B the glass resists the attack
more strongly.

The remarkable increase in the dissolution of
the Li, O-containing glasses observed upon increas-
ing Li,O-content from 10 to 15mol.% can be attrib-
uted to the formation of LiO, and LiO, groups?.
This can be deduced from decrease in the AC-con-
ductivity of the 15 mol.% Li O-containing glass with
respect to that with 10mol.%, as shown in figure 7.
This indicates the rise in the degree of the covalent
bond character caused by lithium cations which rep-
resent the most effective cation in carrying the charge.
The attribution originates from the fact stating that
durability of phosphate glasses, in contrast to sili-
cate and borate glasses, enhances with the rise in the
ionic character rather than the covalent!™. In addi-
tion, the rise in the covalent characteristics of the Li
linking the phosphate chains makes the ion exchange
process thermodynamically less favourable®. Thus,
the pH-value of the attacking solution would be
higher than expected leading to a rise in the attack-
ing performance.

As the concentration of the RO in the glass
achieves 20mol.% the order of ionic cross-link char-
acter of the glass will be raised. This may account
for the remarkable decrease in the rate of dissolu-
tion of such glasses, particularly those of the 1i,O-

and Na O-series.

The comparison between the analyzed equiva-
lent composition and that of the final leaching solu-
tion presented in TABLE 1, exhibit a deviation from
the typical uniform dissolution known for phosphate
glasses. Such deviation can be referred to the afore-
mentioned low solubility of both Pb(OH),(0.0155g/
100cm?; in cold water) and (AIOH), together with
the long duration (10 days in average) performed in
the present experiment. Normal uniform dissolution
has been reported®! for glasses with comparable com-
position to those reported in the present study, but
subjected to only 2 hours time of soaking;

SUMMARY AND CONCLUSIONS

In the present work the effect of replacing differ-
ent proportions and type of alkali oxides for the PbO
on the chemical durability of the basic glass having
the composition 60P,O, . 35PbO . 5AL0O, was inves-
tigated. The basic glass(i. e., R,O-free glass) was found
to leach rapidly in water and its solution pH becomes
acidic quickly. The chemical durability was improved
appreciably upon the primary substituting of 5 mol.%
alkali oxide. The degree of improvement is enhanced
with increasing the amount of alkali oxide within the
glass matrix. The most durable glasses obtained in this
study are those with 20mol.% Na,O or Li,O, with the
latter being more durable. The weight loss and pH of
both of the latter glasses are observed to be unchanged
within the duration extending from the second to the
fortieth day.

The 15mol.% Li,O-containing glass exhibit ob-
vious deviation from the general trends outlined in
the present work. The deviation was interpreted on
the basis of the of LiO, and LiO; in the structure of
this glass.

Plasma emission spectroscopy was used to mea-
sure the compositions of the solutions and the el-
ementary leaching rates of the glass constituents. The
results reveal that both P and the alkali oxide cat-
ions are dependent on the glass structure, whereas
those of Pb and Al depend on the solubility of both
cations.
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