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Heterogeneous Equilibria at the Glass Electrode-Solution

Interface
Donald Hubbard and Richard G. Goldman

Heterogeneous equilibria at the glass-solution interface were investigated in connection
with the pH response of glasses. The preferential leaching of alkali and other cations from
the glass surface by acid aqueous solutions, leaving a silica-rich layer to act as a nonmi-
gratable negatively charged ion, caused an uneven distribution of the migratable ions of the
system in accordance with the dictates of the Donnan membrane equilibria and the “equation
of products.” The uneven distribution of Ag(NHjy)%, and Br ions for various experimental
conditions was readily followed potentiometrically for Corning 015, a series of Na,0-CaO-
Si0;, and a series of Nay,O-Si0O, glasses. The Donnan membrane theory is compatible with
the various experimentally observed phenomena such as the swelling of the glass surface,
repression of swelling by high concentrations of electrolytes, voltage departures in alkaline
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and hydrofluoric-acid solutions,
metry potentials.

voltage departures in the
However, the Donnan membrane considerations do not account for the

“superacid” region, and asym-

preferential voltage response of the glass electrode to hydrogen ions with the complete or

partial exclusion of other ions.

1. Introduction

Silicate glasses upon immersion in most acid
aqueous solutions exhibit a preferential leaching
of alkali and other cations from the more durable
framework. This remaining silica-rich layer acting
as negatively charged nonmigratable ions must
necessarily cause an uneven distribution of all
migratable ions in the system in accord with the
distribution law and Donnan membrane equilib-
rium [1, 2].'  Thus, a glass surface, which is generally
looked upon as chemically inert and static, turns
out to be transient for every solution and seething
with activity. However, the framework of the
silica-rich layer for many glasses is frequently
sufficiently resistant to the attack of a large number
of aqueous solutions to establish conditions that
are adequately stable to be studied and discussed
in terms of equilibria [3, p. 276]. The present
investigation was undertaken to ascertain what
experimental evidence could be obtained demon-
strating the nature of the heterogeneous equilibria
at glass-aqueous solution interfaces and to determine
what part these equilibra play in the preferential
electrical response of many glasses to hydrogen ions
with the complete or partial exclusion of the effects
of many other ions [3].

2. Theoretical Considerations

Two gases separated by a membrane that is
permeable to each will diffuse through this mem-
brane in both directions until at equilibrium both
sides of the partition contain mixtures of identical
composition. Such a condition also holds true for
a membrane separating two solutions of different
composition, if the membrane 1s permeable to both
the solute and the solvent. However, for a case
in which the membrane is impermeable to one of
the ions, these simple conditions no longer prevail.
In the case of the leached surface of many silicate

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

glasses there exists an ionogen with one ion, namely,
the negatively charged silica-rich layer, which can-
not migrate across the glass-solution interface,
while all the other ions of the system are free to do so.

For the simple case in which a leached glass
surface is placed in an aqueous hydrochloric acid
solution, the initial state of the system may be
represented as follows: ?

H+ H+
Gel= | Cl-
1 | @

As the H* and Cl- ions are free to pass across
the interface, but the gel™ ions are not, the equi-
librium state may be represented as

H* H+
Gel~ | CI-

Cl-
OIEC)

To visualize the distribution of H* and CI~ ions
at equilibrium, it is oaly necessary to remember
that the oppositely charged ions must pass through
the interface in pairs, otherwise electrostatic forces
will be immediately set up which would prevent
further diffusion. Therefore, the rate of migration
of these ions across the interface depends upon the
frequency with which they chance to arrive in
pairs, which in turn is determined by the product
of their concentration. Thus at equilibrium, when

2 In the present derivation no attempt will be made to clarify the confused
silicate chemistry for glasses of varied composition. One is merely concerned
with the facts that the silica-rich layer has a neeative charge, adheres to the glass
surface, and is permeable to the ions present in the aqueous solution. In the
absence of more specific knowledge concerning the valence of the anions of this

silica-rich laver, it will merely be represented by a single negative charge. How-
ever, any other negative valence ascribed to it will not alter the conclusions.
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the transfer of H* and Cl~ ions from the outer solu-
tion to the silica-rich layer is equal to that from
the glass surface to the outer solution, the product
of the concentration of these ions must have the
same value on either side of the interface.

[H*]: X [Cl"].=[H*], X [C1]..

The addition of other monomonovalent electro-
Iytes to the system does not destroy the validity
of the “equation of products.” Further, the addi-
tion of polyvalent ions does not greatly (OIIl])ll( ate
the situation. If a polyvalent ion arrives at the
interface, it will pass across only when an equiva-
lent number of oppositely charged ions appear there
at the same time.

At equilibrium, since silica gel™ as well as H" and
Cl~ ions are in the silica-rich layer, the hydrogen-ion
concentration, [H*];, in the gel must be greater than
the chloride-ion concentration, [C17],. The nature
of this unequal distribution of ions may well be
emphasized and rationalized further. For the outer
solution, let x=[H*],=[Cl~],, and for the silica-rich
layer, let y=[Cl7];, and z=[gel"];. Hence, y+2z=
[T l*]l As the equation of products must be fulfilled,
*=y(y+2). In this relation the product of equals
has been equated to the product of unequals.  From
inspection 1t is obvious that the sum of the unequals
i1s greater than the sum of the equals, that is,
2y+z>2x. The validity of this is readily illustrated
by the following simple numerical example chosen
at random.

P=y(y+z) 15X15=3(3+72)=225.

2y+z>2x 3+34+72>15415, or 78 >30.

From this it becomes evident that the concentra-
tion of ions in the silica-rich layer at equilibrium is
greater than in the outer solution. This unequal
distribution of ions gives rise to an appreciable
osmotic pressure across the glass-solution interface.
If this excess concentration is represented by e,
2y+z=2x+e. If z is eliminated by solving simul-
taneously the equations 2y-+z=2z+e¢ and
2*=y(y+=z), then s=y-++ex. This relation shows
at a glance that z is greater than vy, that is, the
concentration of Cl~ ions is greater in the outer
solution than in the silica-rich layer. 1t is evident
from this that there should be not only a difference
in osmotic pressure, but also a difference in electrical
potential, E=RT/F log, x/y volts, across the glass-
solution interface.

Without continuing further into the derivation of
the more complicated thermodynamic aspects of the
heterogeneous equilibria to be expected at the glass-
solution interface, the above considerations suggest
pertinent experiments for partially confirming or
wholly disproving the validity of the above conelu-
sions. For example, the osmotic pressure predicted
across the glass-solution interface should give rise to
persistent forces which would tend to cause swelling
of the glass surface, the extent of which would be
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partially determined by the mechanical strength of
the silica framework and its chemical dumlnhl_y
Any such swelling or other surface alterations can be
readily followed l)\ means of the interferometer [4, 5].

Another set of experiments which can be readily
followed potentiometrically is the uneven distribution
of Ag(NHjy) % (m(l Br~ions between the outer solution
and the silica-rich surface of leached olasses.

3. Experimental Procedures

Surface alterations of the glasses brought about by
exposure to the various solutions were followed on
polished specimens by means of the interferometric
procedure previously used in determining the chem-
ical durability of optical and other glasses [4, 5].
The exposures were made at 80° C by partial immer-
sion of rectangular glass specimens having at least
one surface suffic wm]_\ flat to give interference bands
when placed under a fused-silica optical flat. This
procedure leaves one portion of the specimen unex-
posed for use as the reference plane. In all cases,
swelling was plotted in the figures as negative attack.

The titration of Ag® and Br~ ions was made
potentiometrically, using the Ag, AgBr electrode and
the glass half-cell as the indicator and reference
electrode, respectively. The glass electrode was
adopted as the reference electrode in order to elimi-
nate the possibility of contamination of the experi-
mental solutions with chloride ions from the conven-
tional salt bridge of the saturated calomel half-cell.
Further, it served as a reliable indicator in the
neutralization of excess NH,OH with sulfuric acid
immediately prior to the titration of silver or
bromide ions. The use of the glass electrode as the
reference cell allows the potentiometric readings to
be obtained without transference [6]. However, this
latter feature is an unnecessary refinement, and con-
tributes no particular scientific advantage to the
present investigation other than operational simplie-
ity. By using the potentiometric procedure it was
possible to titrate the solutions in the presence of
powdered glass samples and the AgBr precipitated
during neutralization, thereby eliminating the use of
color indicators and the need for filtration, washing,
and evaporation. All potentiometric measurements.
were made at room temperature, using a Beckman
pH meter, model G.

The saturated solution of silver-ammonium bro-
mide, Ag(NHj),Br, was prepared by dissolving sil-
ver bromide in full-strength aqueous-ammonia solu-
tion. Full-strength ammonia was used in every case
because of its minimal attack on the silica-rich layer
as indicated by previous experiments on voltage
departures of the glass electrode [7] and the chemical
durability of glasses [5, 8]. By taking advantage of
the differences in solubility produects of silver iodide,
silver bromide, and silver chloride (approximate val-
ues 1071 8107, and 107, respectively), the silver
bromide was precipitated and purified by the addi-
tion of silver nitrate to a solution containing an
excess of potassium bromide. The initial portion
of the precipitate was discarded in order to remove
any iodide in the potassium bromide, while all
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chlorides remained in solution after the addition of | uneven distribution of migratable ions at the glass-
the AgNO, and were eliminated. The silver bromide | solution interface for chemical Pyrex and fused silica
was washed repeatedly in hot distilled water with | (table 2). Thus, in the present experiments we find
vigorous agitation with a centrifugal stirrer to re- | surface alterations in the acid solutions ranging from
move K*, NO;~, and excess Br~ ions. vigorous to not detectable swelling, depending on
All powdered glass samples were prepared by | the nature of the glasses. Such results are at least
crushing the experimental glasses in a steel mortar, | compatible with the predictions based on Donnan
and that portion was used that fell between the limits | membrane equilibria.  Swelling has been found to
of U.S. Standard sieves Nos. 50 and 150. occur for so many silicate glasses in acid buffers that
one is inclined to conclude that swelling always takes
4. Results and Discussions place in the earlier stages of attack except for solu-
tions forming soluble silicate or other soluble silicon
4.1. Surface alterations compounds [5, 8).
a. Swelling of Glass Surfaces in Acid Solution ¢ ’ ’ I ‘ | { I ] l I
The derivations presented in the section on theo- Na,0-Pb0-Sig
retical considerations pointed out that the concen- T ]
trations of ions in the silica-rich layer at equilibrium = —
are greater than in the outer solution, and that such 3 |
unequal distribution must result in an osmotic pres-
sure across the glass-solution interface. This os- B ]
motic pressure must in turn tend to cause swelling oo —
of the glass surface in all solutions in which the w
silica-rich layer is formed, and the framework is 2 Corning 0I5 |
chemically durable. Table 1 and figure 1 illustrate EoE T —
typical examples of the surface alterations of several "':'. —
glasses upon exposure for 6 hours at 80° C to a series 2 L Byex
of buffer solutions covering the range from pH2 to S ]
pH12. Swelling is exhibited by four of these glasses = F —
in the acid buffer solutions in which silicate ions are g M _
not readily soluble. However, for the alkaline range g
in which soluble silicates are formed, the rate of 2 [ ]
solution of all the glasses exceeds the rate of swelling. = fused
Glasses having superior chemical durability, namely, |- |
fused silica, Pyrex chemical glassware 774, and a
Na,0-Ca0-Si0, (18:10:72) glass, showed no detect- o— & D ®
able swelling in the acid buffers during the period of - " -
the test. Such superior glasses are known to show L
relatively little leaching of alkali by acid solutions =
[9], and thus the mechanism for initiating the uneven IE T =1
distribution of migratable ions with the attendant | - I B T | | I |
swelling is minimized. However, it must not be 0 2 o & E 0 e o
assumed that these effects are completely absent. oH
Such an assumption would be incorrect, as will be | prguge 1. Surface alteration-pH curves for typical silicate
demonstrated by the data presented later on the glasses for exposures of 6 hours at 80° C.

TarLe 1. Typical surface alterations exhibited by various silicate glasses upon exposure for 6 hours at 80° C to Britton Universal
buffer mixtures covering the range pH 2 to pH 11.8
Glasses Surface alteration at pH
b R e e ‘ AR
Na:O0 i K20 ‘ PbO i CaO R:03 B:03 £i02 2.0 4.1 6.0 | 8.1 ‘ 10.2 | 11.8
SO U e S SN ST ENTS | IR I T, SR \ | i
| | |
% | % | % % % % % Fringes ‘ Fringes Fringes Fringes ‘ Fringes Fringes
28 . - — 72 36 swell__ __ 36 swell . ___ 36 swell - 36 swell____ 1/10 swell_._ | 120 attack.
18 10 ‘ - - il ooes 72 36swell___. | 36swell ___ 30 swell__ __ 30 swell___. Pittedes== 193 attack.
18 o 10 ‘ Bt - 72 3/4 swell____ 3/4 swell____ 3/4 swell____ 3/4 swell____ D attack___ 4 attack.
22 a B 6 £y . 7 2/10—swell.. 2/10—swell_. 2/10—swell-_ SCe 1/4+-attack_ 2 attack.

i e 10 72 ND d ND N Dt 1/2 attack - 3 attack.
3G 02 PO S e 2.2 ‘ 1658 81 ND | ND ND D | 1/4—attack- 1 3/4—attack.
ol s e B ND } ND ND | ND | ND | l2-attack.

I | | |

aCorning 015; » Pyrex chemical glassware 774; ¢ Fused silica; 4 N D, not detectable; ¢ SC, surface cut; f D, detectable.
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TasLE 2. Fxcess Ag(NHy)i dons appearing in the surface,
and the surface alterations of soda-lime-silica and soda-silica
glasses leached at pH2 at 80° C

Glass
Surface alteration after 6 hr Excess
at pH2 Ag(NH3)t
Na:O CaO Si02

% % % Fringes M-eqlg
10 20 70 ND 3.1X10-4
15 15 70 ND 5.3
20 10 70 ND 7.2
25 5 70 1/2+swell 42
20 4 70 2 swell 63
27 3 70 6 swell 109
29 21 70 50 swellb 660
29. 5 0.5 70 75 swellb 480
29.75 .25 70 120 swellb 310
30 oo . 70 72 swell <2

Minimum Eacessive
exposure exrposure

32 68 IR0 swellb S e e s <2
Shie 70 | 72 swellb .. 2 B <2
29.4 7056 o2 ceio-| T2 attacke. - __ RGN 3
28 72 36 swellb_______ 5 e 22 6
26.7 i A e S5 ---| 22 attacke._.
26 74 18 swellb______ 982
24 76 12 swellb_____ 2 P 448
22 SR 78 6—swellb_______ S Aat o 87.2
21971 . 2 78.1 cemimeieaameeo| 8 1f24attacke | .. __i2
20 Wi 80 2iawelle fesxt Il 8 g s 68

18 82

Ay o Sl O 82.6

16 84

14 86

13.6 86. 4

3 b R I TR 88

10.5 |-.—-_. 89.5

¢ A (PR 91

0 = 100®

Pyrex (774) 130 ) NPT R e L L SR 1.4

= Fused silica.

b Values calculated from exposures of 5 minutes or less.
¢ Values calculated from exposures of 15 minutes.

d D, detectable.

e N D, not detectable.

b. Repression of Swelling of Corning 015 Glass in Acid Solutions

(1)  Effect of Concentration. In the section on
theoretical considerations the relation z*=y(y-2)
expressed the distribution of ions on both sides of
the interface. The potential difference across the
interface resulting from this uneven distribution
was given as K=RT/F log, x/y volts. This relation
is true even if other ionogens are added to thesystem,
including neutral salts or other electrolytes having
polyvalent ions [2]. The addition of any electrolyte
must necessarily produce a change in the potential
difference by disturbing the equilibrium, yet all ions
present when equilibrium is again established are
producing the same potential difference regardless
of valence. This latter condition may be difficult
to visualize, but appears directly in the derivation
involving polyvalent ions [2] (see p. 435 on the
effect of valence).

If the equation z?=1(y--2) is solved for v and then
substituted in £=RT/F log, z/y, the relation for the
potential between the silica-rich layer and the outer
solution becomes

E—=RT/F log, 2

PR R

From this it is obvious that upon increasing the
value of  while z (the negatively charged silica layer)
remains almost constant, ££ must decrease (along with
the osmotic pressure and resulting swelling), ap-
proaching zero as a limit, that is,

Yt 22
1;r=n‘:t E=RT|F log, Hé=0.

To test the validity of this reasoning as applied
to glasses, Corning 015 electrode glass which ex-
hibited a moderate rate of swelling, table 1 and
figure 1, was exposed to various concentrations of
organic and mineral acids. In order to emphasize
the effects, the exposure time was increased to 48
hours at 80° C. The results are plotted in figure 2.
In every case, the rate of swelling was decreased by
the higher concentrations and approached zero for
the concentrations above 50 percent.? According
to the theory for swelling as applied to gelatin, the
swelling should go through a maximum in passing
from very dilute to higher concentrations of elec-
trolytes [2,10]. This same reasoning also holds true
for silicate glasses. However, earlier experiment
with the swelling of Corning 015 had not revealed
such a maximum for a concentration series 107* N,

10~ N, 10~ N, and N [5].

(2) Effect of wvalence upon swelling. Although the
data plotted in figure 2, A, were obtained on solutions
prepared only on an approximate percentage basis,
they indicate that the acids differ i their capacity
to repress the swelling of glass. A more carefully
controlled set of experiments was carried out with
solutions prepared on a molar basis. The results
are plotted in figure 2, B. The values for swelling
brought about by the monobasic mineral acid,
HCI, and the monobasic organic acid, CH,COOH,
fall essentially on the same curve, whereas the
swelling in the case of the dibasic acid, H,SO,, is
appreciably less. The effect of the tribasic acid,
H; PO, follows in a general way the monobasic acids.
All of these results can be rationalized, provided it
is assumed that the silica-rich layer is not dissolved
by any of the acids.

If the heterogeneous equilibrium at a glass-
solution interface is a characteristic Donnan mem-
brane equilibrium established by a nondiffusible
negative charged gelatinous silica, the repression of
swelling of the glass surface brought about by
monobasic acids, such as HCI and CH,COOH,
should be esseatially the same. On the other hand,
strong dibasic acids should repress the swelling more
strongly. The present procedure is not sufficiently
exact to give a quantitative verification of these
predictions, but the results are generally in accord
with them. The tribasic acid, H;PO,, dissociates
as a monobasic acid below pH 4.7 [11] and has been
shown in the case of gelatin to influence the mem-
brane potential as well as the osmotic pressure and
swelling the same as the monobasic acids [2].

3 From these observations it is evident that the commercial practice of storing
concentrated acids in glass containers is preferable tostoring more dilute solutions.  ;
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Ficure 2.

Repression of swelling of Corning 015 glass brought about by increased concentrations of monobasie, dibasic, and tribasic

acids.

Concentrations: A, percent; B, moles; exposure, 48 hours at 80° C.

4.2. Uneven distribution of Ag(NH:);; and Br~
Ions Between the Silica-Rich Layer of the Glass
Surface and the Outer Solution

In the previous sections the uneven distribution of
ions at the glass-solution interface has been assumed,
but not actually demonstrated. As neither the
concentration of 1ons within the glass surface nor the
voltage differential existing across the glass-solution
interface is readily obtainable by direct measure-
ment, it was necessary to design experiments that
would demonstrate the excess of the migratable
positive ions appearing in the swollen glass surface
or the excess negative ions avpearing in the outer
phase. Ag(NHjy),Br dissolved in full-strength aque-
ous NH; provided very satisfactory indicator ions
for such experiments. Full-strength NH; was used
because of its low attack upon the silica-rich layer,
although the pH is high [5,7].

Glass samples (approximately 10 g) which passed
a U. S. Standard 50-mesh sieve and were retained on
a 150-mesh screen were leached at pH 2 for 6 hours
at 80°C, with occasional stirring. They were then
decanted and rinsed twice in full-strength aqueous-
ammonia solution, followed by 5 minutes in 50 ml
of saturated Ag(NH,),Br solution with intermittent
agitation. The glass samples were then separated
from the liquid phase by decantation. The glass
and liquid phases were acidified with concentrated
H.,S0, and titrated potentiometrically for excess
Ag" remaining ‘in the gelatinous silica-rich surface
and the excess Br~ ions appearing in the outer
solution. For these determinations the solutions
were made strongly acid to insure that little change
in pH takes place during the titration, and also to
bring about ready coagulation of the AgBr pre-
cipitated.

a. Na,0O-CaO-SiO; Glasses

Potentiometric titrations were made of the
Ag(NH;), ions appearing in the glass surface in
excess of the Br~ ions for a series of Na,0-Ca0O-Si0O,
glasses containing 70 percent of SiO, and various

percentages of Na,O and Ca0O. The data are given
in table 2 and summarized in figure 3, where the
swelling of the glasses at pH2, and the excess
Ag(NHsy)s” 1ons appearing at the glass surface are
plotted against the composition (percentage of CaQO)
of the glasses. The results are interesting because
of the low titration values obtained on the glasses of
superior durability as compared with the glasses of
inferior durability. Another interesting feature of
these data is the fact that for the two glasses of
maximum swelling (29.5 and 29.75 percent of Na,O,
respectively), the excess silver appearing in the glass
surface decreased, falling essentially to zero for the
end member of the series, 30 percent Na,O. This
apparent anomaly will be discussed and clarified by
the data obtained on the Na,O-Si0, glasses (section
4.2, b).
b. Na,O-SiO. Glasses

A similar set of data were obtained for a series of
soda-silica glasses, table 2 and figure 4. The excess
Ag(NHj;); ions appearing in the negatively charged
silica-rich phase increased for the glass compositions
showing increased swelling down to the composition
of 74 percent of Si0,. Below this percentage of
silica, the Ag(NH;); ions retained at the interface
fell sharply toward zero, as in the Na,0-CaO-SiO,
series, because the swollen silica-rich surface of the
specimens was decreased by solution and by sloughing
off of the mechanically weak gel. These data illus-
trate well the difficulty encountered in obtaining con-
sistent durability data by the interferometer proce-
dure in studying the behavior of very poor glasses in
acid solutions. Specimens of these glasses given 15-
minute exposures suffered attack as shown in figure
4, whereas exposure of the same glasses for 5 minutes
or less resulted in liberal swelling [12, 13].

c. Effect of pH

The data for the excess Ag(NHj)sS appearing at
the glass-solution interface after samples of Corning
015 were leached in buffer solutions of different pH
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Froure 3. Comparison of the excess Ag(NHy)i ions appear-
ing in the glass surface, with the chemical durability (swelling)
of the glass for a series of NayO-CaO-SiO, glasses containing
70 percent of SiO,.

Exposure 6 hours at 80° C.

are listed in table 3. The resulting curve * is com-
pared in figure 5 with the silicic-acid titration curve
[14], the chemical-durability [5] and voltage-depar-
ture [3, 15] curves of this glass over the same pH
range. A set of chemical-durability data that is rep-
resentative of the “superacid’” region is included. It
was obtained with sulfuric-acid solutions and reported
as log 1/[H,SO,]. From inspection of these curves it
is evident that as the negatively charged silica-rich
layer is carried away as soluble silicates by alkaline
solutions, the magnitude of the uneven distributi_on

4 How well the curve represents the correct relative shape is uncertain because
at times very large unexpected values for the excess Ag(NHsf) have been ob-
tained after leaching in solutions of high alkalinity.
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Ficure 4.  Comparison of the excess Ag(NHy)F ions appear-
g in the glass surface, with the chemical durability of the
glass for a series of Na,O-SiO; glasses.

O, apparent attack for 6 hours at 80° C caleulated from observations on specimens

given excessive exposure (15 minutes).
+, apparent swelling for 6 hours at 80° C calculated from observations on speci-

mens given minimum exposure (5 minutes or less for the glasses of very poor
chemical durability).
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ical durability, voltage departure, and the excess Ag(NHj)i
1ons appearing in the glass-solution interface, compared with
a titration curve of sodium silicate [14].

of migratable ions at the interface decreases. This
condition readily rationalizes the controversial, so-
called “nonreversibility” of the glass electrode [3,
16, 17, 18]. The removal or partial removal of the
silica-rich layer by alkaline solutions must necessarily
cause a voltage shift as the nonmigratable member
of the interfacial system is changed. The silica-rich
surface is not wholly regenerated until the electrode
is immersed again in an acid solution.

TasLE 3. Effect of the pH of the leaching solution upon the
surface alteration and wpon the uneven distribution of migrat-
able ioms appearing at the surface of Corming 015 glass

Excess Ag(NHs)F for
specimens
q Surface
Solution alteration } HP-treated
Asleached | after
leaching
Fringes M-eqlg M-eqlg

>2/10swell. | 15.7X10~*

>2/10swell_ | 17.6

>2/ 10swell. | 20

1/4+atuack 2
2 attack.... 4,

» SC, surface cut; b D, detectable; ¢ ND, not detectable.

In the low pH range, the correspondence of the
repression of swelling and the uneven distribution of

migratable ions in H,SO, solutions (table 4 and fig. 6)
with the voltage departures reported for the “super-
acid” region, is entirely logical. However, there are
several other considerations that must not be over-
looked. First, it must be borne in mind that the
decrease in the water activity of the solutions at the
increased concentrations also parallels the perform-
ance of the glass electrode and strongly supports the
theory that the glass-electrode functions as a “water
electrode” [3, 19, 20]. 'This theory is also strongly
supported by the general correspondence of the hy-
groscopicity of experimental glasses with their elec-
trode function (pH response) [13, 21].

However, as pointed out in the present investiga-
tion, there "should be a lowering of the interfacial
VoltaO‘e with increased acid concentration in accord
with the equation

29

. [ bog. — 24422122
This voltage shift should theoretically be independent
of any water activity interpretation, but obviously
for aqueous solutions it would be accompanied by a
decrease in the water activity of the solutions, and
the two theories would have this same feature in
common. Yet the source of the voltage departure
in the first theory would be internal, whereas in the
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Ficure 6. Surface alterations (swelling) of Corning 015 glass

in the “‘superacid’ region and the accompanying uneven dis-
tribution of migratable tons.
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second, the postulated cause of the voltage departure
would be at the interface.

Tasie 4. Typical surface alterations (swelling) exhibited by
Corning 015 glass upon exposure for 48 hours at 80° C to
various concentrations of aqueous H.SOy, and the uneven dis-
tribution of migratable ions appearing in the glass surface

1 Excess Ag(NHy)F for
specimens
11{2804 Surface altera- [—— e
solutions i
E tions HF-treated
| As leached after
| leaching
Fringes ‘ M-eqlg M-eqlg
_| 0.5swell________. [ 11.3 X104 | 2.9X104
/ . | 5.1 [P
| 4.0 | A e R
2.3 i __________
|

A further consideration, the repression of swelling
with the accompanying decrease in the formation of
nonmigratable ions and the attendant displacement
of the heterogencous equilibria at the glass-solution
interface, is essentially a byproduct of the conditions
postulated by the equation.

In selecting a theory that adequately accounts for
the voltage departures of the glass electrode in the
“superacid” region there is a liberal list from which
to choose, namely, (1) Dehydration of the electrode
glass [3, 8, 18], (2) alteration of the physical and
chemical nature of the surface of the electrode [5, 8],
(3) operation of the glass as a “water electrode” [3,
19, 20, 22], and (4) alteration of the interfacial volt-
age in accord with the above equation [1, 2]. If any
one of them is correct, any disagreement as to which
it is can merely center about agreement on which
member of the list is the cause and which ones are
the effects. Probably, as is so prevalent throughout
nature, any ultimate explanation will be faced with
an anomaly or contradiction.

4.3. Surface Equilibria and Glass Electrode Voltage

Although Donnan membrane phenomena occupy
such a dramatic role in the glass-solution interface
equilibria, they apparently can play little or no part
in the preferential response of the glass electrode to
the hydrogen-ion activity of aqueous solutions and
the partial or complete exclusion of the effects of
the other ions in the system [23]. This conclusion
can be reached by an ispection of the basic equa-
tions of the equilibrium state.

The equation for the voltage appearing across the
glass-solution interface due to the uneven distribution
of a migratable monovalent ion is K=RT/F log, x/y
volts. If an ionogen yielding an ion of any other
valency, M"* is added to this system, the voltage
contributed by this ion at equilibrium will be

[Mn+]snlunnn S =

[M" +]glass surface®

E=RT/nF log,

5 Hereafter abbreviated ‘‘sol’’ and “‘g”.

From the equation of products [M"'],X[Cl7]:=
[M"™lsa X [Cl7]5  and  [H*]z X [Cl ]z =[H*]3u X
[Cl-]z,, from which it follows that

[E‘[,H—]sol__ [H ]:ol_xn

(M, [H: g™
Therefore, £=RT/nkF log, z"/y"= RT/F log, x/y.

It is evident from this derivation that at equilibri-
um all ions in the system, regardless of their valence,
are contributing identical voltages across the glass
solution interface. Thus, as far as this particular
type of heterogeneous equilibria is concerned, the
olass electrode should respond equally well as an
indicator of any ion in the aqueous solution [24, 22],
provided all other positive ions were held constant
except the one under consideration. As this latter
conclusion is so conspicuously contrary to the gener-
ally observed voltage performance of the glass elec-
trode as used, it is obviously necessary to look else-
where for an explanation of the selective voltage
response of the glass electrode to hydrogen-ion
activity. This does not imply that the voltage across
the glass-solution interface due to the uneven distri-
bution of the migratable ions is negligible or that it
plays no part in the observed voltage of the glass
electrode.

In reality, this interfacial voltage seems to be of
considerable magnitude. For example, consider the
large voltage shift (so-called “soda error”) that
appears when the silica-rich surface is partially or
completely removed by alkaline solutions [3, 5, 19,
20] that form soluble silicates. From similar evi-
dence obtained on the voltage shift in hydrofluoric-
acid solutions, it appears that the interfacial voltage
caused by the presence of the gelatinous silica-rich
layer must often be greater than 250 mv, figure 7.
These data were obtained with a well-conditioned
glass electrode of Corning 015 compared against the
hydrogen electrode [3, p. 124; 25]. The observed
voltage departure cannot be attributed to hydrogen
ions, because both electrodes when unattacked re-
spond equally well to hydrogen-ion activity. Fur-
thermore, the voltage shift cannot be attributed to
an equilibrative response of either electrode to
fluoride ions, because in neutral solutions no such
response to fluoride ions is observed [3, p. 131]. The
complete or partial removal of the silica-rich layer
with its interfacial distribution of migratable ions is
apparently the main contributing variable.

The surface equilibria also play an important role
in the origin of the asymmetry potential of the glass
electrode. The inner and outer surface of a glass-
electrode bulb of the Cremer-Haber type [25, 26]
are known to be very different, as shown by their
capacity to sorb dyes [17]. With different hetero-
geneous equilibria and accompanying voltages of
different magnitudes on the two surfaces an asym-
metry potential for the glass electrode is inevitable.
Further, upon taking appropriate steps to make the
two surfaces identical, the asymmetry potential

435



» -100
:
=
o
-
2
-
a
a
-200
-300 | | | I |
(¢] 10 20 30 40 50
Attack, Fringes

Frcure 7. Voltage departure of the glass electrode brought about by the partial removal of the silica-rich surface.

Any voltage response to the hydrogen ions and fluoride ions is eliminated by the experimental techniques.

should theoretically disappear and actually does
[27, 28].
5. Conclusions

Application of the Donnan membrane equations
and the “Equation of Products” to the heterogeneous
equilibria at the glass-electrode—solution interface
accounts qualitatively for the observed uneven dis-
tribution of Ag(NH;); and Br~ ions between the
glass surface and the ambient solution, the swelling
of the glass surface in solutions of low and inter-
mediate concentrations, the repression of swelling
by high concentrations of electrolytes, voltage de-
partures in alkaline and hydrofluoric-acid solutions,
voltage departures in the ‘“‘superacid” region, and
asymmetry potentials. However, the Donnan mem-
brane considerations do not account for the prefer-
ential voltage response of the glass electrode to the
hydrogen ions.
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