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

Donald Hubbardt Mason H. Black, Sylvanus F. HolleYt and Gerald F. Rynders 

The pH response, hygroscopicity, and chemical durability of a series of Na,O-K,O-Si02 
glasses have been in vestiga ted. The pH responses of electrodes prepared from t hese glasses 
are in accord wit h similar dat a previously reported for t wo other series of glasses, namely, 
N a,O-CaO-Si02 and N a20 -PbO-Si02, which showed that (1) glasses of low hygroscopicity 
produce e lectrodes whose pH response fall below t he t heoretical 59 millivolts per pH a t 
25° C predi cted by t he N ernst equat ion , and (2) electrodes prepared from glasses of poor 
chemical durabilit y also fail to develop t he full t heoretical voltage. 

Chemical durability determinations by an interferometer procedure indicate swelling of 
t he glasses upon exposure to acid buffer s and prononn ced a ttack in alkaline solutions. p~r
ing t he investigat ion some limi tations of t he interferometer procedure ~or dete rn::llm~g 
chemical dura bility of glass became eVident. Glasses t hat had exhibIted direct solut IOn 11l 

t he acid pH range were found t o show swelling in the early stages of t he exposure. This 
swollen layer t hen sloughed off g iving the appearan ce of a ttack as previously lllterpreted. 

Above 70 percent of Si02, glasses con taining mixtures of Na20 and K ,O have lower hy-
groscopicities t han t hose having but a single one of t hese oxides. . . . 

The pH response-hygroscopicity curves appeared to reflect some of t h e CrI tICal composI
t ions of t he phase equilibrium diagram, with glasses in the compOSIt IOn range for alpha 
t ridymite yielding electrodes wi t h t he op timu m pH response characteris tics. 

1. Introduction 

Previous studies of the chemical durability and 
hygroscopicity of optical glasses as a rapid tes t of 
their serviceability have demonstrated that these 
two propert,ies are per tinen t indicators of the sl~i t
abili ty of glasses for measuring the hydrogen IOn 
activity of aqueous solutions [1 to 5J.l In every case 
studied , electrodes prepared from glasses of poor 
chemical durability failed to develop the th eoretical 
voltage response indicated by the N ernst eguation ; 
~E=O .OOOI9S T~pH [1 ,6, 7]. Equally ObVIOUS was 
the fact tha t glasses of very low hygroscopicity also 
failed to produce elec trodes having sa tisfactory pH 
response [1 , 6, 7] . In order to gain further informa
tion as to th e universal validity of these findings, the 
hygroscopicity, chemical durabili ty and pH response 
wer e studied for a series of Na20-K20-Si02 glasses. 

II. Experimental Procedure 

The pH responses of the experimental glasses were 
determined on electrodes of the Haber type [3] pre
par ed by blowing thin walled bulbs on the end of 
t ubing drawn from the molten glass . The resulting 
bulbs were filled with mercury for the inner electrical 
eonneetion [S]. These metal filled electrodes were 
preferred to the conventional inner-solution filled 
typ es of glass electrodes [1], not only because of the 
simplicity of preparation, but also because a mercury 
filled electrode broken in service will not contaminate 
or alter the pH of the buffer solution involved. The 
voltage and pH measurements were made at room 
temperature with a Beckman pH meter , laboratory 
model G, using a well-condi tioned glass electrode as 
th e reference electrode. 

The pH response values (mv per pH) were cal
culated from the electromotive force readings at pH 

I Figures in brackets indicate the literature references at the end of th is paper. 

4.1 and S. 2. The voltfLge reading a t pH 2 for th e 
cell consisting of th e experimental electrode and the 
reference elec trode was taken as zero departure in 
every case. The values presen ted for the vol tage 
departures represen t in general the best performance 
obtained on anv electrode from each glass. How
ever , the life of 'electrod es varied from a few minutes 
to many weeks, depending upon the chemical dur
abili ty of the glasses. 

The procedure employed for ob taining the hygro
scopicity data consisted in exposing approximately 
1.5 g of powdered glass that passed a 150 m esh 
Tyler standard sieve, to the high humidity main
tained by a satu ra ted solution of CaS04.2H20 at 
25° C [5: 6, 7] . All glasses were exposed for 1- and 
2-hour periods and th e results reported as milligrams 
of water sorbed per cubic centimeter of sample, 
that is, water sorbed tim es the density of the glass 
divided by th e weight of the sample. To hasten 
equilibrium and uniformity throughout the humidity 
chamber, the walls were lined with a blo t ter wick 
and the a tmosphere of the system circula ted con
tinously. 

The chemical durability measuremen ts of a semi
quantitative nature were obtained by an inter
ferometer procedure [4 , 9] . Specimens of the experi
mental glasses, after having been polished sufficiently 
fiat to show interferen ce bands when placed under a 
quartz optical fia t, were partially immersed in 
Britton-Robinson universal buffer solutions a t SO° 
C, covering the range from pH 2 to 11 .S [10] . The 
displacemen t of the bands due to surface alteration 
from the exposure was subsequen tly observed with a 
Pulfrich viewing apparatus. All results were re
ported· for a 6-hour period, although some of the 
glasses were exposed for shorter periods of time in 
order to keep within the range limitations of the 
interferometer. In some extreme cases, the exposure 
time was r educed to 10 seconds and the value extra-
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polated Lo 6 hours to keep the data consistent. 
Swelling is plotted as n egative attack in the figures. 

The composition of the glasses were calculated 
from batch compositions and are identified in the 
illustrations 9,S weight percent in the order Na20 : 
K 20 :Si0 2. 

III. Results und Discussion 

T ypical data for hygroscopicity, chemical dura
bility, voltage departure, and pH r esponse for the 
N a20-K20-Si02 glasses are given in table 1. For 
convenience of presentation and observation, the 

glasses are listed as five dist inct series, namely, 
Na20-Si02 , K 20-Si02, ~a20-K20-Si02 having 10 
percent of K 20 , another having 10 percent of Na20, 
n,nd a fifth set consisting of an incomplete short 
series of increasing percentages of Si02, in which the 
contents of Na20 and K 20 are maintained equal on a 
weight percent basis. It is interesting to observe 
that each of these families of glasses passed through 
a composition range of optimum pH respon e (figs. 
3 to 7), with a falling off on both sides of the opti
mum. Such a reversal does not appear for either 
the hygroscopicity or chemical durability values 
for thc same families (fi gs. 4, 6, 7). 

TABLE 1. J-lygroscopicity (water sm'bed) , pl-I response, and chemical dumbility of Na,O-K,O-Si02 glasses 

I 

Glasses \\rater sorbed 
- - ---_._-

1 h I' I 2 hI' Na,O K , O SiO , 

--~ ---

% % % ",g/cm' mg/em' 
40 0 60 320 - ---
35 0 65 210 ----
32 0 u8 176 44.> 
3() 0 70 159 379 
28 0 72 1.01 316 
26 0 74 130 309 
24 0 76 127 270 
22 0 78 112 265 
20 0 80 108 21\6 
18 0 82 96 220 
16 0 R4, 83 178 
14 0 86 61 12,) 
12 0 88 52 104 

? 0 >8~, 37 ----
? 0 > 88, 30 --- -
'I 0 > 88, 24 -- - -
0 0 100 11 .---
0 36 64 446 1,146 
0 34 66 384 956 
0 32 US 344 835 
0 30 60 259 636 
0 28 72 202 '106 

0 26 71 157 352 
0 24 76 122 237 
0 22 78 97 184 
0 20 80 80 161 
0 18 82 67 136 
0 16 84 57 122 
0 14 86 46 100 
0 12 88 37 8G 
0 10 90 29 50 
0 8 92 23 29 
0 6 94 19 20 

30 10 60 325 7;;0 
27.5 10 62.5 262 635 
25 10 65 225 530 
20 10 70 159 370 
Ii. 5 10 72.5 130 275 
15 10 75 11() 2.10 
12 . .0 10 77. 5 85 160 
10 10 80 60 U8 

5 10 85 '11 81 
0 10 90 29 50 

10 30 60 400 899 
10 25 65 262 600 
10 22. 5 67.5 2] 2 490 
10 20 70 172 389 
10 17. 5 72.5 145 290 
10 15 75 117 220 
10 12. 5 77. 5 89 160 
10 10 80 6() 118 
10 5 85 45 92 

'! 0 > 88, 24 - -- --- - -

20 20 60 345 833 
17. 5 17. 5 65 235 570 
15 15 70 165 375 
12. 5 12. 5 75 JlO 213 
10 10 80 60 U 8 

27. 5 7. 5 65 2lG 532 
12. 5 22.5 65 2.10 580 
Cor ning 015 ____ ___ 59 ] 38 

a F~IJcd to mi:lIntam polIsh. 
b No specimens s\'silable. 
' No defin ite pH response. 

Voltage departure at pIT-

2.0 4. 1 6.0 8.'2 10,2 11.8 

nw 71lV "w mo "w 7nl! 

0 95 183 285 375 1GO 
0 90 182 274 370 451 
0 70 157 252 330 --
0 US 148 229 307 397 
0 17 39 US 95 138 
0 21 31 51 62 88 
0 9 24 32 49 60 
0 10 18 23 39 49 
0 10 17 25 37 49 
() 10 18 18 26 34 
0 3 7 7 9 11 
0 Z <1 6 8 10 
0 10 18 32 '15 54 
0 31 55 78 107 -
0 36 85 133 185 
0 7'1 167 252 311 

( ~) (,) (,) ( ,) (,) (,) 
0 96 208 304 407 503 
0 S9 209 310 41 8 500 
0 85 167 2.57 359 431 
0 77 lib 220 292 370 
0 43 100 170 259 332 

0 17 US 125 181 239 
0 20 48 80 142 I!J5 
0 22 42 64 93 149 
0 10 21 32 54 91 
0 J2 16 18 40 68 
0 IJ 13 17 21 26 

0 " 8 12 20 31 
0 31 93 174 220 26 1 

(,) ( , ) ( ,) (0) (0) (,) 
( , ) ( , ) (,) (,) (,) (,) 
(,) ( , ) (,) (,) ( ,) ( , ) 

0 11 0 215 332 477 575 
0 92 187 307 407 490 
0 90 180 290 392 170 
0 40 85 150 207 267 
0 17 47 86 127 185 
0 22 31 42 57 87 
0 6 II 19 32 43 
0 5 14 16 22 33 

( f) (I) (I) (I) (I) ( I) 
(,) (,) (,) (,) (,) (,) 

0 99 190 305 4.05 .-- .-
0 92 182 272 365 455 
0 77 l GO 242 328 420 
0 62 137 187 255 320 
0 37 75 127 170 234 
O' 10 29 43 63 89 
0 16 29 34 47 63 
0 5 !4 16 22 33 
0 15 30 50 67 80 
0 74 167 252 341 --- . -

0 81 172 2£0 425 .550 
0 JJ2 209 <04 415 510 
0 60 128 192 280 305 
0 12 21 10 78 106 
0 5 14 16 22 33 

0 106 212 292 420 522 
0 126 233 314 450 550 
0 0 0 0 0 3 

p IT C hem ical duratil ity (atlac-kl a t p IT -
r('-

spons(I , 
1. 1 10 
~ .2 

ml)/pH 
12 
13 
14 
19 
46 
51 
.03 
55 
55 
57 
58 
58 
55 
47 
35 
15 
0 
7 
7 

16 
23 
2~ 

32 
44 
',9 
54 
57. 5 
57. 5 
57 
23 
0 
0 
0 
5 
8 

11 
32 
43 
54 
56 
57~ 

'I 
0 
8 

14 
19 
28 
38 
51 
55 
57 -
50 
15 

9 
12 
27 
52 
57-

l4 
12 
59 

---,--

2.0 1.1 

Fringes Fringes 
(al (al 
('l (al 
180 s well 180 s well 
72 swell 72 swell 
36 swe ll 36 swell 
IS swe ll 1 swell 
)2 swe ll 12 swe ll 
2)1 swe ll 6- swe ll 
2 swell 2 swe ll 
:y, s we ll :y, swell 
}i+swell }i+swell 
\Yi o swe ll \Yi o-swell 
D swell 1) s well 
(h) (h) 
(b) (b) 
( I.) (h) 
dND swell N11 

(a) (a) 
(a) (a) 
(a) (a) 

270 swe ll 270 swell 
126 swell 126 s well 

72 s we ll 72 s we ll 
lJO s well 40 swell 
18 s well 20 s well 
8 swell 8 swell 
3)1 swe ll 3)1 s well 
~~ s well )1 s well 
Yl o swell }10 swell 
l\'f) N f) 
1\'1) N D 
N f) N I) 
),II) N D 

(al (a) 
540 swell 540 s well 
360 swell 360 s well 
72 s well 72 s \\'ell 
27 swell 27 s well 
15 s well 15 swell 
3 swell 3 s well 
IU swc li l}i s well 
D swell D swell 
ND ND 
1080 s well 1080 s well 
3GO swell 360 s well 
144 swell 144 swell 
72 swell 72 swell 
27 swell 27 s well 
12 s well 12 swell 
3 swell 3 swell 
IX swell l }i swell 
D s well D swell 
(b) (b) 

1080 swell 1080 swell 
260 swell Pitted 
72 s well 72 s well 
12 s\\"ell 12 s well 
l }i swell ]1:( swell 

3GO swell 360 swell 
300 swell Pitted 
~io~ swell ~lo~ swell 

d Not detecLable. 
• Detectable. 
f Dovitrification . 
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0.0 8.2 10.2 

---------
Fringes Fri'J1(Jes Fringes 

(al (al (u( 
(al (a) (a) 
180 swell 180 swell 108 swell 
72 swel l 72 s we ll 18 swe ll 
36 swe ll 36 s well }10 swell 
18 swe ll 18 s well . 1) 
12 s we ll 8 swell 2Y, s well 
6 s wel l 6- swell 'I 
2+s\\,e ll 2 swell J s well 
%swr ll )1+swe ll 'I 
~+swe ll ~i o swell ? 

~i o swe ll -- -- ---- D 
D s\\'e ll -------- 'I 
(b) (b) (b) 
(h) (b) (b) 
(b) (b) (h) 
ND N D ND 

(a) (a) (a) 
(a) (a) (a) 
(a) (a) (,,) 

270 swe ll ? swe ll 18 s well 
126 s well 126 swell Ic tchecl 

72 swell 70 swell 36 s we ll 
40 s well 40 swe ll 36 s well 
20 swell 16 swell 18 s we ll 
8 swe ll 6 swe ll 6 s well 
3 swell 3 swe ll 2+ swell 
)1 s\\' ell )1 swel l )1 s well 
~1 0 swe ll \Yi 0 swell ,i o swe ll 
N I) j) D 
N I) N D N D 
N D N D ~n 
-'II) )\II) ~ f) 

(a) ( . ) (a) 
540 s we ll 540 swell J) s well 
3UO s\\'cll Pi tted Pitted 
72 swell 72 swe ll clo .. ___ __ 

20 swell 20 011'1' 11 - 20 swell 
15 s well 15 swe ll 6 a Ltack 
3~ swell 3- swell 'I 
IU s well I U s well ).2+ swell 
J) s well D swd l D 
ND N D N D 
1080 swell 10EO swell 500 
360 swell Pilted PiLled 
144 swell __ ___ do __ __ _____ do __ __ 

72 swell _____ do __ __ _____ do __ __ 

20 swell 20 swell .-- ---- - - - -
12 swell 12 swell 6 swell 
3 swell 2 swell D 
I~ swell l}i swell J.1!+ swell 
D swell D swell Sur face cut 
(bl (bl (bl 

Pitted 720 s well 270 swell 
360 swell -- - --- - -.- - -

- iiO -s\~;,l l - --72 swell 72 swell 
12 swe ll 12 s well 6 attack 
IU swe ll l }i s well )1+ swell 

PiLLed Pitted Pitted 
_____ do _ ___ .---- -- -.-- - .-.--- - ---.-
~i o - swe ll Surface c u t }i ~ attack 

---~-

11 .8 

Fringes 
('l 
(a) 
---------- - -

252 
J20 
36 
20 
6 
3 
3+ 
2)1 
2-
2 
(b) 
(b) 
(b) 
~~ 

(a) 
( al 
( a) 

Etched 
U swr ll , 2 min, 
I a ttack , 5 mi n . 
9() 
E tched 
24 
[·1 
2)1 
2-
2-
2+ 
1, , + 
1+ 
~<l 

(a) 
Etched 

Do. 
315 
162 
120 
15 
1 
1 \, 
l>i+ 
Elehed 

Do. 
Do . 

200 
90 
72 
15 
I 
% 
(b) 

Etched 
---- - - -- -- -- - -- -
315 
60 
1 

Etched 
---- - --- - --- -- .-
2 



(a) Voltage Departure and Chemical Durability 

The voltage departures and the accompanying 
durability characteristics of the N a20-SiOz family of 
glasses over the range from pH 2 to l1.S are shown 
in figure 1 and figure 2, respectively. From figure 
1 it is evident that beginning with electrodes from 
glass 40:60 the voltage departures (errors) decrease 
with increasing Si02 content to glass 14 :86. Above 
this composition the electrodes for glasses containing 
larger percentages of Si0 2 become progressively 
worse.2 

Figure 2 illustrates the occurrence of swelling in 
the acid range and attack at the higher alkalinities. 
These features are characteristic of many silicate 
glasses [4, 6, 7, 9]. The conflict of r esul ts in fi gure 2 
and in earlier published work [J 2] indica ting bo th 
positive and negative attack for similar glasses 
exposed to equivalent solu tions draws atten tion to 
an interesting feature of glass behavior and to a 
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FIGU R E 1. pH-voltage departure Cllrves f or electrodes prepared 
from a series of Na20-Si02 glasses. 

Corning 015 is included for comparison . 

' 'l' be pH response data for glasses la beled> 88% SiO, were obtained from 
electrodes prepared from the glass of 88% of SiO, by leaching at 80° C for 1-. 2·. 
and 6·hour periods in 0.1 N H CI to remo ve Na,O fro m the surface, followed by 
beatin g a bove t he critical temperature. T he acco mpanying bygroscop icity data 
were obtained on powdered samples similarly treated. 
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FIGURE 2. p H-chemi cal durability curves f or a seri es of 
Na20-Si02 gLasses. 

limitation of the interferometer procedure for de
termining the chemical durabili ty of glasses. In 
some of the recen t work it has become increasingly 
evident that, the interferometer procedure can give 
this type of confusing result depending on the time 
of exposure to the attacking solution . For example, 
the glass 28 percen t of K 20 ; 72 percent of Si0 2, upon 
exposure to the buffer solu tion pH 11.S at SOo C, 
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FIGURE 3. VaI·iation in pH response with increasing hygrosro
picity for a series oJ Na2-Si02 glasses. 

Coming 015 electrode glass in cluded for co mparison. Tbe ap proximate position 
at wbich tbe primary pbase of tbe eq uilibrium d iagram changes from SiO, to 
Na,0 .2SiO, is illdicated by tbe broken Iilles. 

exhibited a uniform swelling of one-fourth band 
after 2 minutes, but at the end of 5 minute exposure 
a ragged attack of over one fringe wa observed 
(table 1). This limitation of the in terferometer 
method for measuring surface alteration was early 
suspected [6, 11 , p . 155) but had not been observed. 
Any user of the interferometer procedure should be 
on the alert, especially when investigating glasses of 
very poor chemical durability. For such glasses, 
only by reducing the time of exposure to a minimum 
can it be demonstrated that the ea rly stages of 
exposure produce swelling. Furthermore, if the 
surface alteration is greater than two or Lhree fringes, 
it becomes increasingly difficult to a certain if the 
alteration of the surface is one of swelling or solu tion. 

(b) Hygroscopicity and pH Response 

Figure 3 illustrates the variation in pH response 
with increasing hygroscopicity for the series of 
N a20-Si02 glasses llsted in table 1. A was found 
for the N a20-CaO-Si02 and the N a20-PbO-Si02 glasses 
[6, 7) having a long hygroscopicity range, these 
glasses also exhibited a region of optimum pH 
re ponse. Electrodes from glasses of low hygroscopic
ity failed to develop the full theoretical voltage of 
59 mv/pH at 25° C , while those to the right of the 
optimum also failed to attain the full pH response. 
A glance at table 1 and figure 2 shows that these 
latter glasses have progressively poorer chemical 
dmabilities with increasing hygroscopicity. In 
figure 3 the approximate position at which the 
primary phase, as sho~vn by the equilibrium diagram, 
changes from Si02 to N a20 .2Si02 is indicated by 
vertical broken lines (13). 

(c) Hygroscopicity, Chemical Durability and pH Response 
Versus Composition 

A better over-all picture of the interrelation 
between pH response, hygroscopicity, chemical 
dmability, and composition for the N a20 -Si02 
glas es can be obtained from figure 4. The chemical 
dmability curves presented arc for the extremes of 

pH studied , namely pH 2 and 11. . The diver
gence of these dmability ClU'ves serves to emphasize 
the fact that swelling, plotted as negative attack, 
predominates in the acid range, while solution ap
pears at high alkalinities, besides indicating the 
compositions at which marked durability departul"es 
appear. Further, a study of the pH response curve 
reveals that the hydrogen electrode function starts 
declining at approximately the same composition at 
which the chemical durability curves show a marked 
change [2 , 4). The approximate compositions at 
which a break has been reported in the specific 
volume curve for these glasses (14) and at which the 
primary phase of the equilibrium diagram changes 
from Na20.2Si0 2 to Si02 (1 3) are representcd by 
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FIGURE 4. Values Jor the pH l·esponse, hygroscopicity, and 
chemical durability at pH 2 and 11.8 plotted against the 
percentage of Si02 for a series oj ~a20-Si02 glasses . 
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broken lines. In earlier work on this system [12], a 
pronounced change in the slopes of the respective 
curves for voltage departure versus percentage of 
8i02, and apparent response to sodium ions versus 
percentage of 8i02 also appeared near this same 
composition. The failure of electrodes from glasses 
of low hygroscopicity to develop the full theoretical 
voltage is also indicated in figure 4. Figures 3 and 
4 show the optimum pH response for the N a20-8i02 
glasses to lie within the composition range in which 
a-tridymite is the primary phase. 

(a) Voltage Departure and Chemical Durability 

Table 1 shows the voltage departure over the range 
pH 2 to 11 .8 of electrodes prepared from the K 20-8i02 

glasses; and gives the accompanying durability char
acteristics for most of these glasses over the same pH 
range. As was the case with the N a20-8i02 glasses, 
the voltage departures (errors) decrease with increas
ing 8i02 con ten t to near 86 percent of 8i02. Near this 
composition the improvement ceases, and it is fol
lowed by a reversal for higher percentage of 8i02. 
No definite pH response was obtained for electrodes 
prepared from glasses having a 8i02 content greater 
than 90 percent . These glasses also follow the two 
general rules: (1) electrodes prepared from glasses of 
very poor chemical durability fail to develop the full 
theoretical pH reponse, and (2) glasses of low hygro
scopicity likewise fall short of the 59 mv/pH at 25°C 
indicated by the N ernst equation. 

The chemical durability data of table 1 show the 
familiar swelling in the acid buffers and pronounced 
solu tion at the higher alkalinities. The same limita
tions of the interferometer procedure pointed out for 
the Na20-8i02 glasses are evident for the K 20-8i02 
glasses, and the same precautions are necessary in 
order to ascertain if the attack is positive or negative, 
that is, solution or swelling. 

(b) Hygroscopicity a nd pH Response 

The variation in pH response with increasing 
hygroscopicity for the K20-8i02 glasses (table 1) is 
qualitatively similar to that of the N a20-8i02 glasses. 
Electrodes prepared from the glasses of low hygro
scopicity fell below the theoretical, and the glasses of 
high hygroscopicity characterized by very poor 
chemical durability also failed to give the full 59 
mv/pH at 25°C. If the position at which changes in 
the primary phases of the equilibrium diagram appear 
[15] are superimposed on this data, the indicated 
reduction in pH response near the change from 
K 20.28i02 to K 20.48i02 is possibly transient as the 
pH response of all the glasses of very poor chemical 
durability con tinued to decrease until the electrodes 
failed. Electrodes from glasses of 76 percent and 78 
percent of 8i02 survived for 24 hours, whereas 
electrodes from the other glasses having smaller per
centages of 8i02 failed after much shorter service. 
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FIGURE 5. Variation of pH response with increasing hygro
scopicity for a limited series of K 20-Si02 glasses previously 
reported, 

--, Compared with the present series; - - -, electrodes seasoned 24 hr, 

In iight of the present results, it seems desirable 
to rein terpret the pH response data previously pre
sented for a limited series of K20-8i02 glasses [16]. 
Upon calculating the pH response for these "old" 
glasses between pH 4.1 and 8.2 (table 2), and plotting 
the values obtained against the hygroscopicity, the 
resulting curve is qualitatively similar to the curve 
for the present data, (fig . 5). The results as pre
sented in the earlier publication had been calcula ted 
from the uncertain electromotive force data taken 
in the pH region of supposed maximum durability, 
giving values for pH response that appeared in con
tradiction to the upper voltage limi ts dictated by 
th e N erst equation. The present representation of 
these old data renders it in a more acceptable form. 
The approximate positions at which changes in the 
primary phase of the equilibrium diagram appear 
for this set of glasses [15] are inserted in this figure 
for the reader's inspection, Again it is apparent 
that the compositions of optimum pH response fall 
within the a-tridymite range. 

TARLE 2, Hygroscopicity and pH response of 
K 20-Si02 glasses previ01lsly reported [16] 

Glasses Wa ter 

I 
pH 

I 
sorbed, rf'spon c::e. 

K ,O 8i O, 1 hr 4, 1 to 8,2 
, 1 ----

% % mg/cm,3 m v!pH 
28,17 71. 83 240 11 
26, 37 73,63 12" 33 
24,24 75, 7G 102 51 
20,50 79,50 87 54 
16,93 83,07 4" 55 
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The differences in the performance of elec trodes 
from th e old and th e new glasses may be a t tributed 
to either or both of the following factors. The old 
glasse were a p art of a series of carefully analy zed 
glasses used for den sity determinations [14], whereas 
the compositions of the new series were calcula ted 
from ba tch composition . Electrodes of the old series 
were blown from tubes prepared by reworking pieces 
of the original glasses, while electrodes from the new 
glasses were prepared from tubes drawn from the 
melts at the time of pouring. 

(c) Hygroscopicity, Chemical Durability, and pH Response 
Versus Com position 

An over-all summary of the relationship between 
pH response , hygroscopicity , chemical durability, 
and composi tion for the K 20-8i02 glasses can be 
plotted from table 1. As was the case with the 
N a20-8 i02 glasses (fig. 4), glasses of low hygro
scopicity and poor chemical durability failed to pro
duce electrodes that developed the theoretical 59 
mv/pH at 25°C. If the approximate composi
tions at which chan ges in the primary phase of the 
phase equilibrium diagram have been reported 
[1 5, 17J arc superiInposed on the K 20-Si02 data of 
table 1, the composit ions of optimum pH response 
fall in the range for which a -tridymi te is th e primary 
phase. 

(a) Voltage departure and chemical durability 

Three series of glasses, representing three cross 
sections of the N a20-K20-Si02 ternary diagram , were 
inve tigated for voltage and chemical durabili ty 
characteristics. The voltage departures over the 
pH range 2 to 11 .8 for these three series, are grouped 
in table 1. There is nothing unusual indicated by 
any of these voltage depar tures . The trends are 
quali ta tively similar to the results shown by th e 
N a20-Si02 and K 20-Si02 series. The chemical dura
bility charac terized by swelling in the acid pH range 
and liberal solution of the glasses in the stronger 
alkaline buffers, improved with increased 8i02 con
ten t. 

(b) Hygroscopicity and pH Response 

If the values for pH response and hygroscopicity 
for the N a20-K20-Si02 glasses containing 10 percent 
of K20 and 10 percent of Na20 are plotted , as was 
done for the N a20-8i02 glasses, curves are obtained 
which are similar t o figure 3. Electrodes prepared 
from these glasses fit into the general pattern of 
performance, with those from glasses of low hygro
scopicity failing to develop the full theoretical 
voltage, and those from glasses of poor chemical 
durability also falling well below the proper pH 
response. For these mixed alkali oxide glasses, 
those falling in the a -tridymite composition range 
indicated by the phase equilibrium diagram gave 
optimum performance [17] . 

(c) Hygroscopicity, Chemical Durability, and pH Response 
Versus Composition 

The values for pH response, hygroscopicity, and 
chemical durability and their relation to the per
centage 8i02 are plotted in figure 6 and 7 for the 
two series of glasses containing 10 percent of K~O 
and 10 percen t of Na20. The approximate positions 
of the primary phases reported for the phase equi
librium diagram are included for inspection, and 
again they show that the region for a-tridymite 
produced electrodes which gave the optimum pH 
response [17] . 
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4. Summary 

An over-all picture of the relation between the 
hygroscopicity and composition for the Na20-K20 -
Si02 glasses is presen ted in the ternary diagram , 
figure 8. The iso-sorbs indicate the glass composi
tions of equal hygroscopicity based on the water 
" sorbed" by powdered specimens after I-hour 
exposure to approximately 98 percent relative 
humidity at 25° C. The glass compositions that 
produced electrodes having a pH response as high 
as 56 mv/pH are included in the shaded portion of 
figure 8. A glance at the chemical durability data 
for th e glasses included in this area show tha t most 

of these glasses have durabilities considerably in
ferior to Corning 01 5 , indicating that the composi
t ion range for satisfactory electrodes is considerably 
more limited than th e figure implies. N everthe
less, the same three groups are indicated for the 
Na20-K20 -Si0 2 glasses that were found for the 
Na20-CaO-Si02 and Na20-PbO-Si02 glasses [6, 7] 
namely, group A, glasses that are too " dry" for 
successful electrodes; group B , glasses that produce 
electrodes that approach the theoretical pH response, 
and group C, glasses characterized by poor dura
bility, which are too "weL" 

The results obtained for the pH response, hygro
scopicity, and chemical durability of th e Na20-K20-
Si02 glasses studied in this investigation add further 
evidence confirming the validity of the following 
generalizations: 1. Glasses of very low hygroscopic
ity yield electrodes whose pH responses fall appre
ciably below the theoretical 59 mv/pH at 25° C. 
2. Electrodes prepared from glasses of poor chemical 
durability also fail to develop the full theoretical 
voltage. 

The data for chemical durability gave further evi
dence that swelling of silicate glasses in acid buffers 
is more universal than generally realized. The 
N a20-Si02 and K20-Si02 glasses of very poor chem
ical durability were found to exhibit vigorous swelling 
in the early stages of exposure in the acid buffers. 
This brought out cer tain limitations of the inter
ferometer procedure in differentiating b etween swell
ing and solution . 

Electrodes prepared from those glasses that most 
nearly approximated t.he durability and hygroscopic
ity characteristics of Corning 015 approximated 
most nearly the theoretical pH response. 

The pH response-h ygroscopicity curves and the pH 
response-composition curves appear to reflect some 

80 
%5i02 

90 100 

F IGURE 8. Hygroscopicity of Na20-K20-Si02 glasses for I-hr 
exposure, showing lines of equal hygroscopicity (iso-sorbs) 
and the shaded area over which electrodes pre pared from these 
glasses developed as high as 56 rnv per pH. 
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of the cri.ti.ca~ compositions of the N a20-K20-Si02 
ph~se eqU1hbrl1.~m diagram. Perhaps the most inter
estmg o?Sel"VatlOn of the entire investigation is that 
th e optimum pH response is shown by electrodes 
p.repared fr?m glasses that fall within th e composi
tl~n range m which a-tridymite is reported as the 
pnmary phase. 
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