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Heterogeneous Equilibria at the Glass Electrode-Solution

Interface
Donald Hubbard ard Richard G. Goldman

Heterogeneous eguilibria at the glasa-rohition interface were investigated in conpection
with the pH response of glumea.  The preferzatisl lesching of alkali and other cations from
the glaws aorface by acid agueous solutions, leavieg a allica-riell layer to act & a ponml-
gratable nogatively charged ion, caused an uneven distribution of the migrateble ions of the
avetem in acoordance with the distates of the Donhan membrane aguilibris and the “equatian
of produets,”  Tha uneven distribution of Ag{NH.O%, and Br— long for various axper mentsl
eonditions wae readily followed potentiometricaily for Corning 015, B aerfes of NagO-Orl-
&illy, and B aeriea of NagD-8ily glasses. The Dolinan membrane theory ik compatible with
the varicus exparimenislly obzerved phenomena such 83 che awelling of the ghass sgrface,
represalon of ewelling by high concentrations of Elet:tml}rtea, voltage departures in abaline
ani hydroflupric-acid sclutions, voltage departures i the “superacid'’ region, and ssym-
matry potentisli. However, the Donnan membrane considerations do nod aceonnt for (e
preferentisl voltege response of the glass electrode to hydrogen joms with the gomplete or

partial exeluajon of ather ioos,

l. Introduchon

Silicate plasses upon immersion in most acid
a?umue. solutions exhibit & preferential leaching
of slknli and other cations from the more durable
framewoark. This remaining silica-rich layer acting
ag negatively charged nonmigratable ions must
necezsarily cause an uneven distribution of all
migratable ions in the aystem 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 stetic, turhs
ot to he transient for every solution and seething
with sctivity. Heowever, the fremework of the
gilica-rich layer for many gleasses 15 {requently
sufliciently resistant to the attack of a large number
of aguecus solutions te esteblish conditious that
are adequately stable to be studied and diecussed
in terms of equilibrin [3, p. 276]. The present
investigation was wundertaken to ascertaln whet
experirnental evidence could be obtained demon-
gtrating the oature of the heterogeneous equilibria
at glass-aquecus solution interfaces and to determing
what part these equilibra play in the preferential
electrical responss of many glasses to hydrogen one
with the complete or partinF exclusion of the cffects
of many other ime [3].

2. Theoretical Considerations

Two gases separated by & membrane that is
ermeable to each will diffuse through thiz mem-
rane in hoth directions until at equilibrivm both
sides of the partition contain mixtures of identical
composition. Such a condition aleo holds teue for
a mombranc separating two solutions of different
composition, if the membrane is permeable to hoth
the aolute and the sgolvent. Howewver, for a case
in which the membrane iz nnpermeable to one of
the ions, these simple conditions no longer prevail.
In the casa of the leached surface of many silicate

1 Figoros in brackets il le the Hierabore telferonces at the snd of thie paper,

glasaras there exiats an ionogen with one jon, namely,
the pegatively charged siica-rich layer, which can-
not nmugrate across the glass-solution interface,
while: all the other tons of the system ara free ta do se.

For the simple case in which a leached plass

aurface is placed in an aguesus hydrochlorie acid
solution, the initial state of the system may he
represenied as followa: ¢
H+ | H-I-
|
Gel- | CI-
|
(o (2

Ap ithe H* and {1~ ions are free to pas= across
the interface, but the gel™ ions are net, the equi-
librium state may be represented as

N,
Gel” : Cl-
o

® @

To visualize the distribution of HY and Ol jons
at equilibrium, it is only necessary to remember
that the oppositely charged ions must pass through
the interface in pairs, otherwise clectrostatic forces
will be immediately set up which would prevent
further diffusion. herefore, the rate of mugration
of thesa 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 coneentration. Thus st cquilibrium, when

1 Iy the mresent deMration no stlampt wil b2 mede to darlly che ganfgsed
dllkaate chiemilatyyr for ﬂﬂﬂm of vared compaaltlon. One B mokely caboermsed
with the Bota that tho slilea-rlch $8yer e a nepotive charge, sdiuTes b the el
surfaoe, ond 13 parmesbds to dba lome Tresend In the squesus edollon. In the
abwenoe of oore apeciic kmowledge conooming e valenos of U anlotd of this

glilea-ren Ja=er, I will meeols e represnn el by s olnge negative change. Heow-
aver, a0y oiher negstive valance saribnd to 1t wiU Tt alter ihe conclwsbons,
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the transfer of HY and O wons from the outer solu-
tion to the silica-rich layver is 2qual to that from
the glaes sorface to the outer sohition, the product
of the poncentration of these iloms must heve the
game value on either side of the Interface.

H* X [C1" Je=[H*], X [C17],.

The addition of other monomonovalent electro-
Iytes to the system does nob destroy the validit
of the “cquation of products,” Further, the add:-
tion of p;iyvaient. iona does not greatly complieate
the atuation. If a polyvalent ion srrivea at the
interface, it will pass &crose ooly when an equiva-
lant oumber of oppogitely charged ions nppear there
at the saime time,

At equilibriuin, sinee silica gel™ g well as HY and
1~ ions are in the silica-rich luyer, the hydrogen-ion
concentration, [H), in the gel must be greater than
the chloride-ion conceniration, [Cl7],. The nature
of this unegual distribution of ions may well be
emphasized &nd rationelized further.  For the outer
golution, let ¥=[H*,=[Cl7];, and for the silica-rich
Inyer, let ¥y=[{C1"];, and z={gel~]},. Henece, y+z=
[I-i‘*ll. As the equation of products must be [ulfilled,
#=y(y+2). In this relation the produvct of cquals
has been equaled to the ﬂmduct of unequals. 011
inzpeetion 1t iz obvicus thet the swmn of the unequals
s greater than the sum of the cquals, that is,
2y+i>2r.  The validity of this is readily llustrated
by the following simple sumerical exsmple chosen
at random.

2=plytz 15 15=>3(3472)=2325.

2yt+e=2r 34342215415, or TR2:30.

From this it becomes evident that the concentra-
tion of ions in the silica-rich layer at equilibrinm is
greater than in the outer solution. is unequal
distribution of ions gives rize to an appreciable
oemaotic pressura across the glass-solution interface.
If thizs excess concentralion i3 represented by e,
fy+z=2rte. If z ia eliminated by solving sinul-
tanecnsly  the equations  2y4-z=2r+e and
#r=ply+2), then =y-4+/ex. This relation shows
at n glanee that » is preater than ¥, that is, the
coneentration of Cl” ions is ter in the ouater
solution than in thoe silica-rich layer. Ik 1s evident
from this that thera ahould he nat only a difference
in camnotic pressure, but also a difference in electrical
potential, E=RT/F log, 2fy volis, across the plass-
solution interface.

Without continuing further into the derivation of
the more complicn thermodynamic aszpects of the
heterogeneous equilibria to be expected at the gloss-
solution interface, the above consyderstions suggest
pertinent  experiments for partially confirming or
wholly disproving the vahdity of the sbove conclu-
aioms. For exampla, the osmotic prossure predicted
weross the glass-solution interface should give risa to
persistent forces which would tend Lo cavse swelling
of the giass surfarc, the rxtent of which would be

pertially determined by the mechanice] strength of
the silice framework and its chemical duarahility,
Any sach swelling or other surface alterations can be
readily followed by meana of the interferomeater [4, 6].

Another set of experimentz which can be readily
followed potentiometrically is the uneven distribution
of Ag(NH,}{ and Br~ ions betwean the outer solution
attd the silica-tich surface of leached glasses.

3. Experimental Procedures

Surface alterations of the plasses brought about by
ex?usurn ta the various aolutions were fellowed on
polished specimens by means of the interferometric
procedure previously used in determining the ehem-
ieal durshility of optieal and other ginsses [4, 5]
The expasures were made at 807 C hy partial immer-
sion of rectanpular tflass specimens having at least
one aurfacs suthiciently flat to gmive interflerence bands
when placed under & fused-silica optical flat.  This
procedura leaves one portion of the specimen unex-
pozed for use as the reference plane. In all ceses,
swelling was plotted in the figures as negative nitack.

The titraton of Agt and Br~ ions was made
potentiometrically, weing the Ag, AeRr electrods and
the plass half-cell as the indicator aond reference
aleetrocle, respectively. The glass electrode was
adopted as the reference electrods in order to elimi-
nate the ibility of contamination of the experi-
mental solutions with chloride ionz from the conven-
tional salt bridge of the saturated calomel half—eell
Forther, it served ss a reliahle indicator in the
nedtralization of exeess NHOH with sulfurie acid
immodiately prior to the fitration of silver or
bromide icns. The use of the glass electrode as the
reference cell allows the B}mtenticmehic readings to
be obtained withoot transforence (6], However, this
latter fenturc is an unnecessary refinement, end con-
tributes ne partienlar ecientific advan to the
present investigation other then operational simplie-
ity. By using the potentiometric procedure it was
passible to titrate the solutions in the presence of
powderad glass samples and the AgBr precipitatad
during neutralization, t.herel:[y' eliminsting the use of
color indicators snd the need for filtration, washing,
and evaporation.  All potentiometric measurementa
were made at room tempersture, using a Berkman
pH meter, madel G.

The saturated solution of silver-smmoniom bro-
mide, Ag{NH;)sBr, was prepared by dissolving sil-
ver bromide in full-strength agueone-ammonia =olu-
tion. Full-strength ammouin was used in every case
becanse of its minimal nitack on the silica-rich layer
82 indicated by previous experiments on voltage
departures of the glass electrode [7] and the chermical
durability of glaszes [5, 8]. By taking advan of
the differences in solubility products of silver iodide,
silver bromide, and silver chloride (approximate val-
ues 107", 8% 1072, and 107", respectively}, the silver
bromide was precipitated and purified g;.r the addi-
tion of silver niteate to o solution conteining &n
excess of potassiom bromide. The initial portion
of the precipitate was disearded in order to remove
any lodide in the pofessiym bromide, while al)
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chlorides remuined i solution after the addition of
the AgNO; and were elimrinated. The silver bromide
was waoshed repeatedly in hot distilled water with
vigorous agitation with a centrifugal sticrer to re-
move I{"’.Hi'{}a‘, aml exeess Br- jons,

All powdered glass samples woere prepared by
creshing the experimental glasses in & steel mortar,
and that portion was used that fell between the limits
of 1.5, Standard sieves Moz 50 and 150,

4. Results and Discussions

4.}, Surface alieratione
a. Swaelling of Slosa Sudoces in Acid Solutlen

The derivations prescpbed 1 the seclion on theo-
roticnl considerations pointed ont that the coneen-
trationa of ions in the silica-rich lavor at equilibrinm
are proaler than in the ooter solution, and that such
nnequaol distribution must result in an osmotic pres-
sure across the glass-solution interface. This os-
motic pressure must in turn ted to canse swelling
of the glass sorface Ju all solutiens in which the
gilica-rieh laver is formoed, and the framework is
chemically durabhle. Table 1 and fipure 1 illustrote
tvpical examples of the surface alterations of several
glasscs upon exposure far 6 hours ot 80° C to o serics
of buffer solutiona covering the vange from pH2 to

12, Swelling is exhibited by four of these glasses
tn the arid buifer aolutions in which silicake ions fre
not readily soluble. However, for the alkoline range
in which scluble siticates ave formed. the rate of
solution of all the glasess excecds the rate of swelling.
{Ilasses heving superior chenrieal derability, namely,
fuged silice, Pyrex chemical glassware 774, and &
N O CaS50, (18:10:72) plass, showed no detect-
able swelling in the acid huffers during the period of
the test, Such superior glasses are known to show
relatively Jittle loaching of alkali by acid sclutions
‘[219]1 and thug the mechaniam for initiating the uneven

istribution of migrateble iens with the sttendant
awelling i= minimized. However, it must not be
assumed that these effects are completely absent.
Such an assumption would be incoreec!, as will be
demonstrated by the data presented lator onm the

uncven distrilbution of migratable ions at the glass-
selution interface for chemical Pyrex and fused silica
(table 2). Thus, in the presant experiments we find
surface alterntions in the aecid solutions ranging from
vigorous to not deteclable swelling, depending on
the nature of the glasses. 3uch cosults are wt least
compatible with the predictions based on Donnen
membrane equilibuin.  Swellinpg has been found to
ocent for sn many siliente glesses in sead bufers that
one 1s inelined to conclude that swelling always tukes
place in the earlier stages of attack except for solu-
tions forming soluble siliente or other soluble ailicon
comprnnds [5, 8).
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TabLE 2. Ewrexs Ag(NEOF ftone appearing in fhe snifoce,
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b. Hepreasicn of Swelling ol Corning 018 (Glase in Acid Solulions

(1) FEffect of Concentrafion. In the scction on
thaoretical considerations the relation 2=wyiy+:2)
expressed the distribution of ions on both sides of
the interface. The potential difference acros: the
interface resulting from this uneven distribution
wis given as K=RT/F log, xfy volts. This relation
ia trus even if other ionogens are added to the aystem,
ineduding neatral salts or other electrolyies having
polyvalent ions [2].  ‘The addition of any electrolyte
st necessarily produce & chaugg in the potential
difference by disturbing the squilthricm, vet all jons
present whan equiliboumm i2 again gstablished arg
producing the same potential difference regordless
of valenee. This latter condilion may be difficule
to visualize, but appears direetly in the derivation
involving polyvalent lons [B] (zee p. 435 on the
effect of valenee).

If the equation :.:’=1p£y+z] is solved for ¥ and then
eubstituted in E=RT/H log, vly, the relation for the
potential between the silica-rich layer and the outer
golution becomes

E—RT/F log, 22

— 2zttt et

08TVt —8

From this it is abvious that upon increasing the
walue of ¥ while 2 (the negatively charged riltes Iayer)
remains almost constant, & must decrease (along with
the osmotie pressura and resviting swelling}, ap-
proaching zere ae & limit, that is,

limit E=RTF log, fa-t'f-,-n.

To test the validily of thiz ressoning as applied
to plasses, Corning 015 electrode glass which ex-
hibited a modornta rate of awelling, table 1 and
figure 1, was exposed to various concontrations of
organic end mineral acids. In order to emphasize
Lhe effects, the exposure time wes increased to 48
hours at 80° €. 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.’ Aceording
to the theory for awelling a= applied to gelatin, the
awelling should go through a maximum in passing
from very dilute to higher concentrations of elec-
trolytea [2,10). This seme reasouing also holda true
for silicate glasses. However, earlier experiment
with the swelling of Corning 015 had not revealed
such a maximum for & concenlration senes 107* 1,
10 &, 107" N, and N [5],

{2y Effect of endence upon swelling, Although tha
data plotted in figure 2, A, were obfained on sclutions

prepared only on an approximate percentage basls,
they indicate that the acids differ in their capacity
to repress tho awelling of glass. A more carefull
controlled set of experiments was earried out wit
solutions Hrcpar{xl on a moelar basis, The results
are plotted in fipure 2, B. The valucs for swelli
brought abouwt Ly the monobasic mineral acid,
HCl, and the monnbesic organic acid, CH;OOO0H,
fall essentially on the same curve, wherens the
awelling in the case of tha dibasic acid, H.S0,, is
apprecighly less. The effect of the tribasle acid,
H,FO,, follows in & general way tha monobasic neids.
All of these resnlta can be rationalized, provided it
is assurmned that the silica-rich layer iz not dissalved
by any of ihe acids.

If the bhelerogeweous equilibrivm st & plase-
solution interfaee iz a charecteristic Donnan mem-
brane equilibrium established by a nondiffusible
nogative charged pelatinous silica, the repression of
swelling of the plass surface brought about b
monobasic acids, such ss HCl spd CH,COOH,
should] be eesentially the same. On the other hand,
strong dibasic acids should repress the swelling more
strongly. The present procedure is not sufficiently
exuct to give a quantitative verification of thesa
pradictions, but the resulis are generally in nocord
with them. The tribasi¢ acid, H,PO,, dissociates
a4 a mopobeaic acid below pH 4.7 [11] and has been
shown in the cnse of gelatin to influence the mam-
brenc potentizl as well as the csmotic pressurs and
swelling the same as the monobasic acids [2].

1 Brom thess ohearvations 1 bs evidant that Lk v fnerelal practice of storing
oAntratad 3akda o glaes contalnar B prafarable tostormymom d Juteachulions |
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4.2, Uneven distribution of Ag{NHJ)} and Br-
Ions Between the Silica-Bich Layer of the Glass
Surface and the Outer Solotion

In the previous spctions the uneven distribution of
iona at the glasssclution interface has been assumed,
but not actuslly demonstrated. As neither Lhe
concentration of wns within the glase surfoce nor the
voltage differential existing across the glasssolution
mterface is readily obtainable by divest measure-
ment, it was hecessary to desien experoments that
would demonstrate the cxcess of the migrutahle
positiva jons appearing in the swollen glass surface
or ihe excess necalive ons appearing in the outer
phoze.  Ag{NH.).Br dissol ved i full-slrengil ague-
oz NH; provided vory setisfactory indicator ions
for such experiments. Wull-sirength NH; was used
because of ita low atteck upon the siliea-rich laver,
glthough the ]i;H is high [5,7].

(laszs samples (approximatcely 10 g3 which poassed
a T, 5. Standard 50-mesh sieve and wers ratained on
& 150-mesh screen were leached st pH 2 for 6 honrs
at H0°C! with occasiopal stirmng.  They were then
decanted and rinsed twice in fu l-strength mqueons.
ammonis solution, followed by § manuies in 50 ml
of saturgted Ag{NH;)Br solution with intermittent
ogitation, The plass semples were then separsted
from the liguid phase by decantation. The glass
and liquid phases were acidified with concenirated
H,50; and titreted potentiometvieally for excess
Agt remaining m the gelatinous silicg-rich surface
anid the axcess Br~ lons appearing in the outer
solution. For these determinations the solutions
were made strongly acid Lo insure that little change
in pH tokes place Juring the Hitration, and also to
bring about ready cosgulation of the AgBr pre-
cipitated,

a. Ha;0-CaCr-Bi0y Glomes

Potentipmetric  titrations were made of the
Ap{NH,}} ions appcaring in the glass surface in
exceds of the Br— ione for a series of Na.0-(Ca0-3i(),

glaszea contamnity 70 percent of 3i0; and various

percentages of Mo, 0 and Ca). The data are given
in table 2 and summarized in figure 3, whers the
sweIIiJ]jf of the glesger at pH2, and the excess
Alg(N a)f ions eppearing at the glass surface are
plottad apainzt the compogition (percentage of CaO}
of the giasses. The reauits arve interesting hecause
of the low titration values ohtained on the glasses of
saperior durability as compered with the ggluse.es of
inferior durability. Ancother interesting featurs of
these date s the fact that for the two glasses of
maximum swelling {205 and 29,75 percent of Naz0,
respectively), the excess silver appearing in the glass
surface decressed, falling essentially to zero for the
end member of the geries, 30 percent Nag). This
apperent enomaly will be discuszed and clarificd hy
the %?ta obtained on the Na,0-5i0, glasses (section
4.2 b).
k. NaQ-510; Glosses

A gimilar set of data were obtained for & series of
snda-silica glasses, table 2 and fignre 4. The excess
%(NHQ; jonz appearing i the pegatively charged
siliea-rich phasc incressed for the glass compositions
showing inereased swelling down to the composition
of 74 [ie:cent of 5i0.. Below this percentage of
gilics, the Ag{NIL;)# ions retnined at the interface
fell gharply toward zero, ss in the N2,0-Cn0-8i0,
serics, becanse the awollen silica-rich surface of the
specimens was decreagsed by solution and by sloughing
off of the mochunically weak gel. These data illus-
teate well the difficulty encountered in obtaining con-
sistent durability data by the interferometer procs-
dure in studving the behavier of very poor glasses in
acid solutions,  Specimens of these glasses given 15-
minute exposurcs suffered attack s shown 1 figure
4, whereas expoaure of the same glasses for 5 minutes
or lesa resulted in liberal swelling {12, 13].

c. Effect of pH

The data for the excess Ag{NH,); appearing at
the glass-solution interface after semples of Cornin
015 were leached in buffer solutions of different pr
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Flll:'iUH.E 4. Coemperison of e crcesr Ag{NHF fons appenr=
ing in the glese serfnce, swith the chemical durability of the
flusz for o serles of NagO-Sily glasser,

O, agppirent wkinck for L bours ot 50° O colenlsted from obser vatlons sn speclmens

_ !fjum iR expoaure (15 mibutesh.
—+, aprperegmt swellimg for b bours st 87 C csloubated Tromo observalions pm speck-

Bens given minimum exposure [§ minutes or leas foe the glasses of e
ehusie Jenl dommbalitg ), -

433




I
|
= %

an w ]

“-I | T | T | T | 1 l T I T I_
B okl —
T | ] )
5 - #
* aa b Excts AQ(HH 1Y o '.:-
'P..:.: 15— — E
E 2= o ¥
L] . e

+ oz

ohe oo

7] oz

0

I

L

-1

20

Daporiyre, vilholts

w oz
- e
-0 #a §
T

128

I T A A I S R
- o z 4 . v % [T P
PH

Fravre 5. Effect of the pH of the buffer aolutions on the cheais

wal durabilily, sollage departure, and the epeees Ag(NH,)
ione gppearing in the pluose-aofution infirface, compared with
a tiroiion curee of sodivat aiftcate [14].

of migratable iona at the interface decreasen. Thie
condition readily rationalizes the controversial, so-
called “nonreversibility” of the glass electrode LE’
18, 17, 18]. 'The removal or pariisl removal of the
gihca-tich layer by alkaline solutions must necesearily
cause a vol ghift as tha nonmigratable member
of the interfacial aystem is changed. Tho silica-rich
gurface is not wholly regenerated until the electrode
iz immersad again in an acid solation,

Tarwe 3. Effect of the pH of the leaching aofuiion wpon fhe
surface aileration and vpon the unepen Jistritwion of migrai-
eble ignk oppearing «f the surfoce of Corning 0758 plaas
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In the low pH range, the correspondence of the
repression of swalling and tho uneven distribution of

mipratable jons in HS0), solutions {table £ and fig. 6)
with the voliage departures reportad for the “super-
acid"” region, is entirely logical. However, thers ara
gevoral other considerations that oouat nat be over-
Iookod. First, it must be borne in mind that the
decrease in the water sotivity of the solutions st tha
inereased concentrations mlso parallels the perform-
ance of the glass electrode and strongly supports the
theory that the glass-electrode functions as & “water
electrode’” [3, 19, 20]. This theory is also strongly
supported by the general correspondence of the hy-
groacopicity of experimental elasses with their elee-
trode Tunetion (p nse) [13, 21].

However, 5s poinrtg‘iipgut. 0 the present investiga-
tion, there should be a lowering of the interfacial
voliage with increased acid concentration in sceord
with the equation

23 Timit E=RI/F kg, Hﬂ—:,mﬂ-
: y

T om —

This voltage shift shounld theoretically be independent
of eny water acivity interpretation, but obvioualy
for agueocus 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 vol departure
in the fArst theory would be internal, wheress in the
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gecond, the postulated cause of the voltage depariure
would ba at the interface.

TamLe 4. Tysdcal surfoce allerafions (mipelling} eshibdled by
Corning 015 glaax wpon erposnre for 28 howrn of 80° C i
waripug coneentrationd of ogecons Ha804, and e uneven die-
irtbution of migralable ions oppecring in the ploss rurface
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A further congideration, the repression of E:wellm%
with the accompanying decrensc in the formation o
nonmigratabla 1ons and the attendant displecement
of the heterogeneous equilibria al the plass-solotion
interface, i= rzscotially s byproduoct of the conditions
poatulated by the equation.

In selecling a theory that adequately accounta for
the vol cparturez of the pliss electrode in the
“superacid’ region there is a hberal list from which
to choose, namely, (1} Dehydration of the zlectrode
glass |3, 3, 18], (2) alteration of the physical and
chemical natura of the surface of the electeode [5, 8],
{3} operation of the glass as & “water electrode™ [4,
10, 20, 22], und {4) alteration of the interfacial volt-
age in accord with the above equation [1,2]. If an
one of them is correct, any disagreament 28 to whic
it is can merely center about apreement on which
member of tha list 12 tha cause and which ones are
the effects. Probably, a8 i9 so prevalent throughout
natture, any ultimate explanation will he faced with
an anatmely or contradiction.

4.3. Surfoce Equilibrio and Glass Elactrods Vollage

Although Dornan membrans phenomensa occupy
guch a dramatic role 1 the glass-solution interface
equilibria, they apparently can play little or no part
in the pmferentia]i responee of the glass elecirode to
the hydrogen-ion activity of aqueous solutions and
the partial or complote exclusion of the effectz of
the other ions in the system [23]. This conclusion
can be reached b{r&n inspection of the basic equa-
tions of the equilibrinm state.

Tha equation for the voltaga sppearing dcross the
glass-splution interface due to the uneven distribution
of a migretable monovalent ion 13 E=8T1F log, oty
volts. I an ionogen wielding an ion of any other
valency, M=t is nddet{ t¢ thiz system, the volitege
contributed by this ion at equilibriom will be

_[M* lomurian® |
IM#-'-]E“.M Huriaoe®

E=RTakF log,

t Mereaftar abbraviated "aol™ amd "™

From the eguation of products [A [ [Cl- 1=
[M "0 X [Cl7]5 [HE: XCE=H"%. X
[Cl-)z,, from which it follows that

(M (Y 2"
(M) Ty

Therofore, E=ETnF log, *y*=BTIF log, z/v.

It iz gvident from this derivation that at equilibri-
um all 1ons in the eystem, rogerdless of their valence,
are contributing identice]l voltages seross the plass
solution interfacc. Thos, as far as this particular
type of haterogenecus equilibrie is concernad, the

gey electrode should respond equslly well ag an
mdicator of eny ion in the aqueous solution [24, 22],
provided all other positive lons wore held constant
axcept the one under consideration. As this lastter
conclision 15 50 conspicuousy contrary to the pener-
ally obsarved voltage performance of the glass elec-
trode as used, it is obviously necessary to look elae-
where for an explanation of the aelective voltage
responise of the plesa electrode to hydrogen-ion
activity, This does not imply that the voltage across
the glasa-solution interfacs due to the uneven distri-
bution of the migrateble 1ons iz nagligible or that it
plays na part in the ohszerved voltage of the gloss
electrode,

In roality, this interfacial voltags sgem= to be of
congidershle magnituds. For example, consider the
large voltage shift (so-called “soda erroxr') that
appears when tho sillica-rich surface i= partially or
complefely removed by allaline solutions [3, 5, 19,
20] ibat forn soluble silicates. From aimilar evi-
dence obtained on the voltage shift m hydrofluorie-
acid =olhrtions, it appeers that the interfucial volta
caused by the presence of the gelatinous silica-ri
laver muat often be greater than 250 mv, ﬁgum 7.
These data were obtained with a well-conditioned
Elass alecirode of Corning 015 compered against the

ydropen electrode [3, p. 124; 25} The observed
voltayge departore cannot be atiributed to hydrogen
jons, Eganause both cloctrodes when unsttacked re-

ond equally well t¢ hydrogen-ion activity, Fui-

ertnove, the voltage shift eannot be attibuted to
an cquilibrative response of either electrode to
fluoride ions, because in neutral sohitions ne such
FEEPOTGS (o fiuoride ions is observed [3,p. 131]. The
cotnplete or partisl removal of the silica-rich layar
with its interfaciel distribuiion of migratable jons is
apparently the main contributing vanable.

R‘ha surface equilibrin alze play an important role
in the origin of the asymmetry potentisl of the glass
electrada, The inner and outer surfece of a glass-
electrode bulb of the Cremer-Haber type [25, 28]
are known io he very different, as shown by thoir
capacity to sorb dves [17). With different hetero-

neous cquilibria and accompanying voltages of

ifferent magnitudes on the two surfaces an asyTo-
metry polential for the glass electrode is inevitable.
Furiher, upon taking appropriate steps to make the
two surfnces identigal, the asymmmetry potential
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Ficuse 7. Vallage depestwre of fhe giass electrode brought sbout by the portiul removal of the siiica-rich surface.
Any Tolties rapsnce to the hydrogen land and fueride bony b climiosled by the sxporicitntal bnigoes,

should theoretically disappear and netually does
r27, 28],
B. Conclusions

Application of the Donnan membrane equatiohe
and the “Equation of Products” to the heterogenaons
equilibria at the glass-electrode—solution interfaco
accounts gualitatively for the ohaerved uneven dis-
tribution of Ag(NH;)z and Br- ions between the
glass amface and the amhient solution, the swelling
of the glass surface in solutions of low and inter-
mediate concentrationz, the repression of swelling
by high concentrations of clectrelytes, voltage de-
prrtures in alkaline and Lydroflvoric-acid solutions,
voltaga depnrturez in the “soperacid’’ region, and
asymmeiry potentials. However, the Donnan mem-
brane considerations do not account for the prefer-
entisl voliage response of the giass electrode to the
hydrogen lone,
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