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Electrode Function (pH Response), Hygroscopicity, and
Chemical Durability of Soda-Lead Oxide-Silica Glasses

By Donald Hubbard, Mason H. Black, and Gerald F. Rynders

The pH response, hygroscopicity, and chemical durability of a series of Na,O—-PbO-SiO,

(soda-lead oxide-silica) glasses have been investigated.

The results obtained are in complete

accord with the data previously published for a series of Na,O-CaO-SiO, glasses and show

that: 1.

Glasses of very low hygroscopicity yield electrodes whose pH responses fall appre-

ciably below the theoretical 59 millivolts per pH at 25° C; 2. electrodes prepared from glasses
of poor chemical durability also fail to develop the full theoretical voltage.

When the approximate compositions at which changes in the primary phase appear for
the Na,O-PbO-Si0, system are superimposed upon the pH response and chemical durability
curves, the marked changes in these properties appear to reflect some of the critical composi-

tions of the phase equilibrium diagram.

The chemical durability data obtained by the interferometer procedure indicate that the
property of swelling in acid solutions is much more universal for silicate glasses than previ-

ously realized.

I. Introduction

All glasses, when immersed in aqueous solutions,
develop an electromotive force [1 to 6], which in
some cases serves as a reliable indicator of the hydro-
gen ion activity of the solution in quantitative accord
with the prediction of the Nernst equation, AK=
0.000198 7" A pH [7, 8]. Nevertheless, many glasses,
show little or no pH response, whereas still others give
the theoretical increment of voltage over only a lim-
ited pH range [1, 9 to 11]. From this apparent
chaotic pH performance of glasses of different compo-
sitions have emerged certain definite characteristics
of behavior, as follows:

1. Glasses of very low hygroscopicity or low water
content produce electrodes that fail to develop the
theoretical 59 mv per pH at 25° C [1, 6, 12, 13].

2. Electrodes prepared from glasses of very poor
chemical durability also fail to develop the full
theoretical voltage [13, 14].

3. Only those glasses having both adequate hygro-
scopicity and uniform chemical durability over an
extended pH range produce electrodes that approxi-
mate the correct pH response [7, 12, 13, 15].

4. Voltage departures (errors) for electrodes pre-
pared from pH responsive glasses occur in those solu-
tions that cause an appreciable change in the attack
on the glass, such as strong alkaline and hydrofluoric
acid solutions [5, 13, 15, 17].

5. Voltage departures that appear in solutions of a
dehydrating nature, such as strong H,SO, and acetic
acid [11], as well as in nonaqueous solutions such
as ethanol, are accompanied by detectable changes in
the surface of the glass, notably the repression of
swelling [6 (p. 81), 16, 17].

In the present investigation, the hygroscopicity,
chemical durability, and pH response of a series of
Na,O-PbO-Si0, glasses were studied for the purpose
of determining if the above generalizations are valid
for this series, and also to observe if the above
properties reflect any of the critical compositions of
the phase equilibrium diagram.

1 Figures in brackets indicate the literature references at the end of this paper.

II. Experimental Procedure

The hygroscopicity data were obtained by weigh-
ing the water “sorbed” [18] by powdered samples of
the glasses exposed for 1- and 2-hr periods, to the
high humidity maintained by a saturated solution of
CaS0,.2H,0 at 25° C [12, 13]. The samples con-
sisted of approximately 1.5 g of the powdered glass
that passed through a Tyler standard 150 mesh
sieve.” In order to make a legitimate comparison
between glasses differing greatly in density, the
hygroscopicity values are reported as milligrams of
water sorbed per cubic centimeter, that is, water
sorbed times the density of the glass divided by the
weight of the sample.

The chemical durability determinations were
made by the interferometer procedure [15, 19, 20],
which consists of determining the displacement of
fringes by the alteration of the surface of the experi-
mental glass after partial immersion in the test
solution. Swelling is plotted in all figures as nega-
tive attack. To make the results comparable with
previous publications [13, 14, 15, 17, 21, 22] the
exposures were made at 80°+0.2° C to Britton-
Robinson universal buffer solutions [23] ranging from
pH 2 to 11.8. All values are reported for a 6-hr
period, although the durabilities for many of the
glasses were so poor that exposure times had to be
reduced in order to keep the attack values within the
limitations of the interferometer and preserve the
optical quality of the surfaces. In one extreme case
it was necessary to reduce the time of exposure to
5 secs.

The experimental electrodes were made by blowing
a small thin-walled bulb on the end of tubing, which’
was drawn from the melts at the time of pouring.
The inner electrical connection was established by
filling the bulb and a portion of the stem with mer-
cury [2, 24]. The emf measurements were made at
room temperature with a Beckman pH meter, model
G, using a well-conditioned Beckman glass electrode

2 No. 140 sieve of U. 8. Standard Sieve Series.
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as a reference electrode. The voltage difference
between the reference and experimental electrodes
obtained in the buffer of pH 2 was taken as the zero
departure. This reference point, for some of the
glasses, proved to be an unfortunate choice, as the
readings were more unsteady in this buffer than at
other acid pH values® The data for pH response
(mv per pH) were calculated from the voltage read-
ings at pH 4.1 and 8.2.

The voltage data presented in this paper generally
represent the best performance recorded for an
electrode from a given glass. These optimum values
were obtained for periods ranging from a few minutes

# This unsteady “‘zero’” voltage feature was undoubtedly associated with the
chemical durability of the glass. Differences in appearance of the specimens and
tarnishing of the surface upon exposure to the acid buffers were evident, although
surface alteration could not be definitely demonstrated by the interferometer.

after the electrodes were prepared, for some glasses,
to several days for others, depending on the life span
of the electrodes as dictated by the chemical dura-
bility of the glasses.

The glasses investigated were from a series fur-
nished by F. W. Glaze and J. M. Florence as a part
of their general study of infrared transmittance of
glasses [25, 26]. The compositions of these glasses
were computed from the batch and are identified
throughout the text of this paper as weight percent
in the ratio of Na,O:PbO:Si0,.

ITI. Results and Discussion

Typical data for hygroscopicity, chemical dura-
bility, voltage departure, and pH response for the
Na,O-PbO-S10, glasses are listed in table 1.

Tasre 1.  Hygroscopicity (water sorbed), pu response and chemical durability of some Na,O-PbO-Si0, glasses

Glasses Wat?grs_orbed Voltage departure at pH— pH re- Chemical durability (attack) at pH—
No. sponse, =rin
pH4.1t08.1
NaO| PbO | SiOz | 1 hr 2 hr 2.0 4.1 6.0 82 | 102 | 11.8 2.0 4.1 6.0 8.2 10.2 11.8
% % %  |mg/emd| mg/em? | mp mo my mo mo my | mo per pH Fringes Fringes Fringes Fringes Fringes Fringes
1 10 | 10 80 37 69 0 2 4 9 20 46 57+ eND_____. NIy et NDL e e NI o () e sl o 2 p
2 15 5 80 62 105 0 0 0 0 0 -8 59 4o swell | Yo swell__| Yoswell._| Dswell___| D swell___ 3—
3 20 0 80 108 256 0 10 17 25 37 49 55 15 swell. .| 2swell____| 2+swell.__| 2 swell____ 3+
4 10 | 20 70 30 62 0 0 2 12 26 56 56 NP s NI =tf s Nk o e ND=zasr 21
5 15 | 15 70 52 99 0 0 1 2 5 11 58+| 2doswell__[ Dswell___| D4swell._| D_________ 3
6 20 | 10 70 81 189 0 2 5 15 26 37 56 1+4swell___| 14swell___| 1+4swell___| 1+4swell.__ 415
7t 25| 6 70 120 250 0 5 18 30 45 52 53—| 18 swell___| 18 swell___| 18 swell___| 12 swell___ 96
8 30 0 70 186¢ = et 0 35| 117 | 221 | 315 | 395 13 | 72swell___| 72swell___| 72swell.__| 72 swell___ 252
9 51|35 60 20 29 | (b) (k) (b) () (b) (b)) Rlen e s ND.__...-. ND. 5 N oo NDc s Lo () IR 24
10 10 | 30 60 33 59 0 0 3 12 22 58 56 ND-. . i N -l NI sl NDL 422 b 4 [ RS 4+
11 15 | 25 60 51 95 0 0 0 0 5 Al 59 | Yoswell__| 210 swell__| Yo+swell | ___________ Y+ . 6=
12 20 | 20 60 75 163 0 0 0 1 15 40 59—| 134 swell__| 134 swell__| 134 swell__| 1} swell__| D+_______ 7
13 25 | 16 60 113 228 0 -3 15 45 90 | 150 49 15 swell___| 18 swell___| 18 swell__ _| 18 swell___| ¢SC, swell 12
14 30 | 10 60 208 300 0| —46 22 111 186 282 20 180 swell - _| 180 swell - | 180 swell_ _| (?)______.__ [ ¢ TRCHE L 50
15 40 | ____. 60 >300 |- 0 95 180 282 365 460 5 TS (SR ) o O T Eallad Bto s s s e e e
maintain
polish.
16 5|45 |50 20 2(® | ® | ® | o | @ | o D .. NDL e ND_____.. D 3—
17 10 | 40 50 34 59 0 0 1 1 43 68 57 | Dswell.__| 240 swell._.| Y4swell_. 5+
18| 15(35 |50 50 102 0 0 5 13| 41| 62 56 | 14—swell__| {+swell__| 14 swell___| 2. 7
19 20 | 30 50 72 154 0 2 7 24 68 126 54 15swell_._| 15 swell___| 10 swell.__| 1 ERT 10
20 256 | 25 50 118 228 0| —33 -2 33 85 156 42 72swell___| 72swell___| 60 swell.__| 50 swell.__ 48
21 30 | 20 50 219 320 0] —25 51 149 240 | ____ 15 450 swell__| 720swell - _|___________ 720 swell - 360
22 5 | bb 40 20 39 [ (b) (b) (®) (v) (b) (L) R 240 swell. - 2= _oiioil (%3
23 10 | 50 40 33 68 0 0 : 13 42 56 | 240---—--—- 1g swell 915
24 15 | 45 40 49 108 0 0 8 20 54 96 {5 S 0 L S e = 15
25 20 | 40 | 40 75 156 0| —18 [ —14 16 | 89| 187 51 | 415 swell_ _ (R ; 24
26 25 | 35 40 127 280 0| —27 38 132 236 358 20 180 swell _ ~ _-| b4 swell___ >50
27| 30|30 |40 300 515 @ @ @ @ @ (9 <15 | 4,320swell | 4,320swell | 4,320 swell. >2,1?10 (?)
swe
28 070 30 14 17 | (b) (b) (b) (b) (b) (O pltadafes S Yit-swell__| 15 swell___ 9+
29 5| 65 30 22 50 | (b) (k) (b) () (b) ) S R o 8 — - 1Y% swell. . 12
30 10 | 60 30 37 92 0 0 2 18 29 f 55 3— swell._| 3— swell_. 18
31 15 | 55 30 65 130 0 27 58 78 107 67 47 Bl Pt 3swell____ 18
32 0|80 20 13 16 | (b) (b) (b) (b) (b) (b) 0 3+4swell___| 3swell_.__ 24—
33 5|7 20 30 68 0| —26| —28 13 53 107 49 3swell____[ 3swell..__ 54
34 12 0 88 52 104 0 10 18 32 45 54 55 B-swell’: D swelol Sha T o Gaaa Thi Lt fasy 5~k H 3
35 141 0 86 61 124 0 2 4 6 8 10 58 | 240 swell__| 2fo—swell | 240 swell__|____________ =
36 16| 0 84 83 178 0 3 7 7 9 11 58 | Y4+ swell | Y4+ swell_| 14+ swell_| 240 swell__ 134
37 18 0 82 96 220 0 10 18 18 26 34 57 1sswell __| L4 swell___| V4swell.__| Lg—swell.. 2%
3 20 0 80 108 256 0 10 17 25 37 49 55 115 swell__| 2swell.___| 24swell.__ 3+
38 221 0 78 112 265 0 10 18 28 39 49 55 | 2vsswell__| 6-swell____| 6 swell.___| 6—swell___| (?) 6
39 24 0 76 127 270 0 9 24 32 49 52 53 12swell___| 12swell___| 12swell___| 6—swell___ - 30—
40 0| 65 35 14 21 | (b) (b) (b) (b) (b) (4 RS S Lo swell_ | 3swell.___| 4o swell__| 3—swell__. 9=
41 0|70 30 14 17 | (b) (b) (b) (k) (b) (b) b Litswell | Loswell | SC________ 3 94
42 017 25 12 14| () (b) (b) (b) (b) (b) 18 swell___| 3—swell.__| 3—swell___ 18
43 0([78.8]21.2 12 15 | (b) (b) (b) (b) (b) (b) 9swell.___| 3—swell___| 3—swell___ 21
44 0 | 80 20 13 16 | (b) (b) (b) (b) (b) (b) 34swell___| 3swell____| 6 swell____ 24
45 0|84.6] 154 12 15 | (b) (b) (b) (b) (b) (b) 3—swell___| 3swell._._| 3swell____ 60
46 0(88.1}11.9 13 22| (b) (b) (®) (b) (b) (b) 3—swell___| 3—swell__..| 2swell___. 72
gelatinous.
47 Corning 015 59 138 0 0 0 0 0 3 59 | 240—swell_| 24o—swell_| 24o—swell | SC________ P~ 2

s D, Detectable; ND, not detectable.
b No definite pH response.

° SO, Surface cut.
d Tube disintegrated.

¢ The voltage departure and pH response of electrodes prepared from glass 12:0:88 are not in accord with the hygroscopicity and chemical durability values of this
glass. However, difficulty was encountered in melting the batch, and the tubes obtained consisted of stringy glass, indicating incipient devitrification.
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1. Hygroscopicity and pH Response

Figure 1 illustrates the results obtained upon
plotting the pH response of these glasses against the
hygroscopicity. As was the case for the Na,O-
Ca0-Si0, series [13], these glasses also fall into dis-
tinet family groups of equal percentage of SiO.,.
The curves for each family in which sufficient mem-
bers could be prepared without devitrification
passed through a region of optimum performance.
Electrodes from the glasses of very low hygroscopicity
gave little or no pH response, while those of mnter-
mediate hygroscopicity more nearly approached the
theoretical. All glasses to the right of the optimum
showed a falling off in pH function, which was ac-
companied by a progressive decrease in chemical
durability (table 1, figs. 2 to 15, incl.) with increasing
hygroscopicity. Thus, the suggestion that a low
pH response might be used as an indicator of serv-
iceability of optical glasses [27] must be accepted
with reservations, because only the glasses of low
pH response and low hygroscopicity possess any
degree of acceptable serviceability, whereas those of
low pH response and high hygroscopicity are ac-
companied by poor chemical durability and poor
serviceability.

2. Chemical Durability and Voltage Departure

A visual comparison of the chemical durability
and voltage departure characteristics of those family
groups of glasses having like SiO, content shown in
figure 1 can be obtained from inspection of figures
2 to 8 in which the above properties have been
plotted over an extended pH range. In some cases
the correlation of voltage departure with the chem-
ical durability may be confusing or even appear con-
tradictory, but if one keeps in mind that low hygro-
scopicity as well as poor chemical durability con-
tributes to voltage departures from the theoretical,
order is established from the apparent chaos. For
example, in the family for 80 percent of Si0, (fig.
2) the member 15:5:80* more nearly approaches
the hygroscopicity and chemical durability char-
acteristics of Corning 015 [6, 29] than any of the
others, and at the same time its voltage character-
istics are the best of the 80 percent SiO, group.
The large voltage departures for glass 20:0:80 is
due to the inferior durability compared to 015,
whereas the large departures for glass 10:10:80
results from its low hygroscopicity.

For the family of 70 percent of SiO. (fig. 3), the
glass 15:15:70 has the best voltage characteristics
of the group. Its hygroscopicity and chemical
durability characteristics also more nearly duplicate
015 than do any of the other members studied. Glass
10:20:70 has much lower hydroscopicity than 015,
while the remaining members have poorer chemical
durabilities over the entire pH range.

The same qualitative conditions prevail for the
60 percent SiO, family (fig. 4), in which glass 15:25:60
4A glance at fig. 2 shows an apparent discrepancy between the voltage de-
parture and the chemical durability value at pH 11.8 for glasses 15:5:80 and 015.
However, there is no reason to suppose that the increment of voltage departure

per unit of attack for the soda-lead-silica glasses would be the same as for that
of the soda-lime-silica system.

has the least votage departure and at the same time,
its hygroscopicity and chemical durability char-
acteristics more nearly approach 015 than do any
of the other members of this group. The members
with low hygroscopicity have voltage departures in
accord with their respective water-sorbing capacities.
The other members having poorer chemical dura-
bilities than 015 have voltage departures that are
qualitatively in the same order as their durabilities.

None of the glasses from the 50 percent SiO, (fig.
5) family gave satisfactory voltages, but their rela-
tive order of performance can be readily ascertained
by a glance at their hydroscopicity and chemical
durability characteristics. Some of the chemical
durability curves for this family group exhibited
an abnormal attack at pH 8 with some improve-
ment at pH 10, followed in turn by vigorous attack
at pH 11.8. The same feature 1s exhibited to a
more exaggerated degree for the 40 percent SiO,
series (fig. 6). For the 30 percent SiO, group, the
same durability characteristics persist, although in a
somewhat confused fashion (fig. 7) This particular
type of chemical durability curve has been previously
reported for some optical glasses [28].

Several of the electrodes whose voltage departure
curves are shown in figures 4, 5, 6, and 8 exhibited
large negative departures in the acid range [11].

The emf behavior of the glasses for the families
40 percent, 30 percent, and 20 percent of SiO, is in
no case in accord with the straight-line relation of
the Nernst equation. The glasses of very low hygro-
scopicity 5:55:40, 0:70:30, 5:65:30, and 0:80:20 failed
to develop any definite pH response. The remaining
glasses gave erratic electrode performance to accom-
pany their erratic chemical durability curves. The
dashed lines for the voltage departure for glasses
such as 5:55:40 and 30:30:40 in figure 6 and for other
glasses in figures 4, 5, 7, and 8 are included merely
to emphasize that glasses having very low hygro-
scopicity and those at the other extreme having such
high hygroscopicity values and poor chemical dura-
bility as to behave as punctured electrodes, approach
the theoretical limiting voltage for an electrode
possessing no hydrogen electrode function [14].

Such glasses as 5:65:30 and 5:75:20 (table 1, and
figs. 7 and 8) serve well to illustrate that low hygro-
scopicity 1s not an indicator of good chemical dura-
bility. These glasses of low hygroscopicity and poor
chemical durability maintain clear surfaces in air,
but tarnish rapidly in the buffer solutions.

None of the glasses containing only lead oxide and
silica had sufficient hygroscopicity to produce elec-
trodes showing any pH function (table 1).

The behavior of a limited number of glasses with
0 percent of lead oxide is included in table 1 for com-
parison. However, as but two of these (20:0:80 and
30:0:70) fit into the family groups, a discussion of
these glasses will be postponed to a later publication
on the Na,0-K;0-S10, system. It is of interest to
note that the pH response of electrodes prepared
from glass 12:0:88 was less than that expected from
the hygroscopicity and chemical durability values.
This 1s not surprising, as difficulty was encountered
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in melting the batch, and the tubes obtained con-
sisted of stringy, partially crystallized glass [29].

3. Effect of Composition on Hygroscopicity, Chemical
Durability, and pH Response

To further emphasize the orderly interrelation
between the hygroscopicity, chemical durability, and
voltage performance of the Na,O-PbO-Si0, glasses,
these properties were plotted against the PbO con-
tent for each family in figures 9 to 15. From the
hygroscopicity curves, it is evident that all glasses
having low water ‘“sorption’ properties fail to develop
the full theoretical pH response.

The chemical durability curves presented are for
the extremes of pH studied, namely pH 2 and 11.8.
These curves illustrate the marked difference in
chemical durability behavior for glasses in acid and
basic solutions, with swelling predominating in the
acid pH range and solution occurring at high alkalin-
ity. The divergence of these curves serves to em-
phasize the compositions at which marked durability
differences appear. Further, a glance at the pH
response curves reveals that the hydrogen electrode
function of the glasses starts declining at the same
compositions at which the chemical durabilities
show a marked change.

The question always arises, do the chemical or
physical properties of a series of glasses reflect any
of the critical compositions of the phase-equilibrium
diagram? In figures 9 to 14, dashed lines are drawn
near the compositions at w hich a change of primary
phase occurs [30]. In figure 10 a xh(up ('llantr(‘ n
the chemical durability of the series appear s between
the successive glass members, one of whi( 11 falls in
the (~omp0q1t10n range where Na,0.2510, is the pri-
mary phase, and the other in which SiO, becomes
the primary phase. A similar correspondence ap-
pears for the pH response-composition curve in
figure 10. The same features seem to be indicated
in figures 11 and 12. The pH response of the elec-
trode prepared from the glass of 20 percent of PbO
in figure 11 appears to be “too good” for convincing
agreement. A comparison of the durability data for
this glass with other glasses of table 1 implies that
a lower pH response from this glass might well be
expected. The cross sections of the phase-equilib-
rium diagram for the data presented in figures 13
and 14 are complicated and the experimental data
inadequate for specific conclusions, yet the over-all
picture is one of correspondence to the major com-
position changes. Figure 15 indicates that the
region of high perc onta(f(‘s of PbO is not a good one
to oxplm e for glasses ll(wmw atisfactory pH response
characteristics.

An over-all picture of the hygroscopicity versus
composition for the Na,O-PbO-Si0, glasses is pre-
sented in the ternary diagram, figure 16. [he com-
positions of equal hygroscopicity (isosorbs) were
obtained by interpolation of the observed data.
The glass compositions that gave electrodes that
developed pH functions as hlgh as 56 mv/pH
between pH 4 and 8 are included:in the shaded area,

while those glasses that produced electrodes develop-
ing the full_ 59 mv/pH are connected by a heavy
dashed line. The glasses of higher Na,O content and
higher hygroscopicity gave electrodes that fell
appreciably below the theoretical voltage and were
also short-lived. It appears that the Na,O-PbO-
510, glasses fall into the same three groups that were
characteristic of the Na,0.Ca0.S10, series [13]: A,
glasses that are too “dry’” for successful electrodes;
B, glasses that produce successful electrodes; and C,
glasses having poor chemical durability, which are
too “wet”. Actually, the area B is also very much
reduced because of poor durability of its members.

IV. Conclusions

The Na,O-PbO-SiO, series of glasses appear to
follow the generalizations for the hydrogen electrode
behavior of glasses as outlined in the introduction of
this report. All the members having very low hygro-
scopicity gave electrodes that failed to develop the

theoretical voltage predictable from the Nernst
equation at room temperatures. lLikewise, the

electrodes from glasses of very poor chemical dur-
ability failed to develop the full theoretical voltage.
Although it is improbable that the best possible of
the Na,O-PbO-Si0, glasses for pH measurement were
included in this series, it is obvious that those mem-
bers that most nearly approached the hydgroscopicity
and chemical durability characteristics of Corning
015 most nearly approached the ideal hydrogen elec-
trode performance at 25° C. Poor chemical dura-
bility in the alkaline range, even for the best glasses
produced, is one of the major factors limiting their
usefulness.

Most of the durability measurements reported are
qualitative. They are of interest in demonstrating
the initial alteration of glass surfaces during attack
by aqueous solutions, especially for the acid buffers
in which many of the glasses exhibited a rapid rate of
swelling.  The pH-response and chemical-durability
curves appear to reflect some of the critical composi-
tions of the phase equilibrium diagram for the
Na,O-PbO-Si0O, system.
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Ficure 1.

Comparison of the hygroscopicity (water sorbed, 1 hr) and pH response of a series of Na,O-PbO-SiO, glasses.
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Ficure 3.

The pH-voltage departure curves for
electrodes prepared from Na,O-PbO-SiO, glasses
containing 70 percent of SiO, compared with the
chemical durability curves of the glasses.
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