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Studies on the dynamics of the potential of glass electrodes with hydrogen and metal ion functions are considered. The
transient processes occurring in the concentration jump in the region of response to one cation and with partial or complete
transition to response to another cation are classified. The transition phenomena are described on the basis of the thermo-
dynamics of ion exchange and diffusion kinetics in the liquid and solid phases. The influence of ion-exchange processes in

the surface layers of glasses and at the interface with the solution on the dynamics of the glass electrode potentiat is considered.
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I. INTRODUCTION

Ionometry—potentiometry using ion-selective membrane
electrodes (ISE) of different types and designed for different
purposes—has been developing vigorously during the last
decade. Numerous monographs, collections of papers, and
reviews dealing with the development, principles of operation,
and applications of ISE have been published; a specialist
journal began publication in 1979. However, in this stream
of information there has been a surprisingly small proportion
of studies devoted to the dynamic properties of ion-selective
electrodes. This was already noted in the first theoretical
review of the dynamics of the ISE potential’. Since then the
position has altered somewhat; at any rate, among the charac-
teristics of ISE mention is now always made of the time when
they attain a stationary potential.

The study of the dynamics of the potential of ISE is impor-
tant primarily for their practical applications as devices where-
by processes can be monitored potentiometrically and regu-
lated. In industrial apparatus and in research carried out
using ISE it is necessary that the response time of the ISE to
a change in the concentration of the relevant substance is
shorter than the time taken to complete the given process with
participation of this substance. The response time of ISE is
influenced by a multiplicity of factors: the nature of the
membrane of the ISE, their design, the hydrodynamic and
temperature conditions of the experiment, the concentration
and qualitative composition of the solution, etec. The know-
ledge of the quantitative relation between these factors and
the ISE response time determines the correct employment of
such electrodes.

The present review deals mainly with theoretical aspects of
the problem. A thermodynamic theory of the membrane
potential of ISE with membranes of glass or other ion-exchange
materials has now been established. According to this theory,
the stationary membrane potential consists of interfacial
(Donnan) potential jumps on either side of the membrane and
the diffusion potential within the membrane phase, determined
by the opposed streams of ions involved in the exchange and
by the difference between their mobilities (u). The equilib-
rium mobilities, more precisely their functions such as the
transport numbers t_1 and their ratios, enter into important
characteristics of the electrode function such as the slope® of
the relation between E and the logarithm of the ionic activity:

dE[d Ina,=, RT/F, &3

the potential coefficient of the selectivity of the function in
the system of ions I* and J*:

KPS K (2)
and Nikol'skii's fundamental equation of the thermodynamic
ion-exchange theory of ISE*:

9= LFI In (@ + K. (3)

Here ¢ is the electrode potential, ¢° the standard potential,
E the e.m,f. of the galvanic cell, g; and a; are the activities
of the ions I and J in solution, u; and uj their mobilities

in the glass, Kjj is the ion exchange constant (the energy
factor), uj/u; the migration factor, R the gas constant, T the
absolute temperature, and F the Faraday.

Information about the migration factor cannot be obtained
from the potentiometric experiments alcnz. For this purpose,
additional experiments are required, particularly the study
of the fluxes of ions entering and leaving, the kinetics of
the attainment of a steady potential, ete. It is not clear
a priori whether the ionic mobilities in the surface layers of
the glass, altered by the interaction with solutions, are the
same as for the unchanged glass. In kinetic experiments
components of the potential which disappear in the station-
ary state may be manifested.

For various reasons, the present review will be confined
to glass electrodes (GE) of different kinds and designed for
different purposes. Firstly, GE, particularly those for
potentiometric pH titrations, are the most widely used ISE
in both laboratory practice and for industrial monitoring and
regulation. Secondly, the equilibrium (stationary) proper-
ties of GE have been most thoroughly investigated. Thirdly,
the theory of the stationary electrode behaviour of Ge has
been most thoroughly developed and in this respect GE can
serve as a kind of model for other ISE, at least those with
an ion-exchange membrane. It has been suggested that
the kinetic concepts developed for GE can also be partly
extended to other ISE and conversely.

The results of the study of the dynamic properties of GE
will be considered mainly from the standpoint of the mechan-
ism of their action under particular experimental conditions.
Attention has been concentrated on the electrochemical method.
of concentration jumps® as one which is most consistent with,
on the one hand, the high-resistance system investigated and.
on the other hand, with the usual conditions under which GE
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are employed. If necessary, results (hitherto few but never-
theless significant) obtained by other electrochemical methods,
involving the passage of a current through a GE from an
external source, are invoked for the purpose of explanation.

The term transient processes will be given to the variation
with time of the potential on passing from one stationary
potential level to another. In the literature the term trans-
ient phenomena is sometimes understood as the non-monotonic
variation of the potential during this period, but we shall
employ it in its wider significance. As regards the classifi-
cation of transient processes, the following can be distin-
guished for GE: (1) when the concentration of the solution
is altered in the region of a stationary electrode function with
respect to the given cation; (2) in the region of transition
from the response with respect to one cation to the response
with respect to another; (3) in the region of "acid devia-
tions" associated with the influence of the anion on the cationic
function; (4) when the solvent is altered and in non-agueous
solvents.

With few exceptions, the last two cases will not be consid-
ered in the present review. The consideration of the third
case would require too much space; the available data are
very contradictory, although there is no doubt that the poten-
tial varies rapidly with time in the region of the acid error
(see, for example, Bates®). In the fourth case there is also
a possibility of the observation of transient phenomena (see,
for example, Ivanovskaya’), but, so far as the present author
is aware, specific kinetic studies on the influence of the
change of the solvent have not been carried out.

921

The principal aim of the present review is to survey the
available data on the dynamics of the attainment of a steady
potential of GE under various conditions and the results of
attempts at a quantitative description of the transient phe-
nomena and their theoretical treatment.

I1. DYNAMICS OF THE POTENTIAL IN THE REGION OF
RESPONSE TO ONE CATION

1. Experimental Results

Table 1 presents the results referring to the H* function of
GE for potentiometric pH titrations and Table 2 deals with the
dynamics of GE in the region of response to different metal
ions. By virtue of specific features, the causes of which will
become clear subsequently, the initial columns in Tables 1 and
2 differ somewhat. In Table 1 only H' is the potential-deter-
mining ion and it is not indicated. The preparation of GE,
i.e. preliminary soaking in any one solution whose composition
is in the region of the H * function, is important only for
experimental, but not industrial, pH titration glasses and, if
necessary, this will be mentioned in the text. The metal ion
function of GE made of any glass and their dynamic properties
are influenced significantly by the preliminary treatment and
a separate column is provided for its characteristics in Table 2.

All the results for the H' function have been obtained
under the conditions of special dynamic experiments with the
fastest possible concentration jump. The authors of earlier

Table 1. Dynamics of the potentials of glass electrodes in the region of their H* function.
ation n n! i
No. Glass* Solutions P“Tittl‘;’p’ 2f eone RESF;(;] fezéu;ng)or s Remarks Refs.
1 NaCa-214069 buffer solution at pH > 1 3-10-3 (3=-120) - 10-?; t==3-10-3thickness of membrane 5-10 um 8
2 lithium glass Electrofact 6C28 <1 u=13; 1,=15 flow rate 6 cm s~ 9
3 NaCa-214067; general purpose | acids in aqueous or aqueous — — classification of types of kinetic 10, 11
lithium glass organic solutions C“WSS; extrapolation to
f=
4 general purpose lithium glass standard buffer solutions <1 to5=0.25 (aq.) response time in aqueous solutions | 12
at pH 1 -14, aqueous . tp5=50—200 (non-aq.) | shorter than the time of replace-
and non-aqueous ment of solutions
5 LiCsLa (HHT) type buffer solutions not indicated | t=23; 7 from 13to38; [ina flow cell 4
ESL41-04 pH1=(3-10) =62 (pH 9—1); v= ina nonflow cell with
=141 (pH 1-9) stirring
in a non-flow cell without
stirring—extrema;
see text
6 lithium glass; Corning pH buffer solutions ~1 T=22.8 %% 7==923** = |ina stream; no information about 15
476022; 476051. Thomas =69 ** solutions, flow rate, etc.
pH 4855-B15
7 not indicated strong acids, pH 3; alkalies, fog==4 flow rate 27-42 cm 5L ls
pH 11; CH3COOH;
HC! (10-3 'N)+NaCl
(0.1 N)=HCI (10 -3 N); ~1 extrema, see text
HCl (10-% N)+MgC
(0.1 N)==HC! (10 A w
8 HHT, {Ta =03 (87% exact compositions of solutions at 17—20
=6 (13%) pH 2.1 and 3.05 respectively:
pH 2.1==3.05 ~1 I3<03 (>70%), 0.009 N HC1 + 0.001 N NaCl and
a7 (=20%); 0.001 NV HCI +0.009 & NaCl
Na-20 7,100 (~10%)
NaAl-2010; wu==13 (~50%); treatment of data in terms of Eqn.
p=7.1 (~ 30%); (13), see below. The average values
[ICl 0.1==0.01 N 0 -——]3«1 §~ 3?}30;, of r; are presented for direct and
T3~ ~75% reverse experiments together with
NaAl-2704 T,~8 (~15% i 0
{ a5 (~ l5°/.2) approximate values of AE? |AE(%)

* The designations of the compositions of the glasses, when they are known, are based on a system which can be

understood from the following examples:
rest, i.e. 72.4, SiO,;

Si0, is not indicated:

and in the text.

** The values of T at 300 K;

LiAl(Li,0—-Al1,0,—8i0,);
tions of the electrodes and glasses are given:

NaCa-21,06, is a glass containing (mole %) 21,4 Na,0, 6,2 CaO, and the
NaAl-2704—27 Na,O 4 Al,0; and 69 SiO,,

If the quantitative composition is unknown, the
known qualitative characteristics of the composition are indicated, the symbols of the elements indicating the oxides;

LiCsLa (Li,0~Cs,0~-La,0,—Si0,), etc,
HHT, Beckman 39046, etc,

the corresponding activation energies are 7, 4,3 and 2,2 kecal mol™?,

Sometimes commercial designa-
The same designations are used in Table 2
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studies, where metal ion functions were investigated, were
interested in the GE dynamics only incidentally and attention
was concentrated on the stationary potentials. Nevertheless
useful kinetic observations, summarised in Table 2, were
made in such studies.

The principal factor for subsequent analysis is the relation
between the time of the concentration jump and the time of
the electrode response. The latter is expressed either by
the degree of completion of the transient process between one
stationary potential level and another (tg.s, tg.g, ty.95) or sim-
ply by the time t when the process is believed to have been
completed.

The majority of the potential—time curves in the region of
variable concentrations under consideration are characterised
by a monotonic exponential relation for which the .following
empirical expression will be adopted?:

Russian Chemical Reviews, 49 {10}, 1980

where E; is the e.m.f. at time t, E; and E, are the stationary
e.m.f.'s in solutions 1 and 2, and K is a constant. Hence-
forth, we shall use also the abbreviated formulation

AE,=AEl — exp(—t/7)], (5)

where AE; =Et—E,, AE°=E,~E,, and 1=1/K.

The quantity Tis a convenient characteristic of an expo-
nential transient process: T=tg.q3; 2T =lpgs; 3T Elj. g5
5T =1t5.99. In certain cases the exponential approximation is
satisfactory, while in others it is too inexact. Sometimes the
process is described by the sum of several exponential rela-
tions®17~2% or other functions of time?. If the response times
in Tables 1 and 2 are characterised by the quantity t without
further comment, the implication is that the exponentiail
approximation is regarded as satisfactory.

Consideration of the "time of jump" and "response time"
columns in Tables 1 and 2 leads to the conclusion that, in

= — — —_ 4 . N . .
E=Et (E—E)l — exp(—KD)], () response to the concentration jump occurring over a period of
Table 2. Dynamics of the potentials of glass electrodes in the region of metal cation functions,
Concn. range . ]
3 Method and time of i
No. Ion Glass Preparation of electrodes 2;; or ’:i""‘p replacement of solu- R”pm:e time, Remarks Refs.
“mﬁq : tion
+ . K __40-+ |transposition accom- properties stabilised after
1 Na NaAl-1118, NaAl-2704 0. lselexalNdici’ 1.0—10 anied by washing <60 soaking for several 21
Y with water hours o
2 K+ NaAl-2704, 0. N KCl, 10°1—10"4 ditto 10—20 | properties stabilised after 2123
NaAlZn-270303, several months soaking for a
KAI-2005 week
3 Li* LiAl-2310 (BH-68), 0.1 N LiCl, 10-1—10-2 » >15.60 | Sexp = Stheor =2.3RT/F | 2123
NaAl-1118 several days 10-1—10-2 » ~15-60 | Sexp < Stheor
1-20 » <15-60 Sexp ~ Stheor, flow type
electrode 2
4 Agt NaAl-1118, NaAl-2704 | 0.1 N AgNO;, 10-1—10-¢ » ~ 60 — 1, not transl.
not less than 24 h ditto 24
5 TI* KAI-2005 0.1 N TINO;, 10-1—10-+ » 2.60 —_ 21
not less than 12 h 5
6 NH;’— NaAlZn-270303 0.1 N NH(CI, 10-1—1074 » 10—20 see remark concerning 21
several months item 2 .
7 Na+ LiAl-2310 (BH-68), 0.1 N NaCl, storage 1071==10"2,| transpostion (2—7)-60 | wiping better than washing; 25
LiAl (BH-104) 10732104 response time is longer
in dilute solutions
8 [Na+, K+, Li+,| NaAl, 'NaB, NaTi, NaAlP,{ soaking in solution of 0—-10~4— | transposition (5—60).60 | “unprepared” electrodes, 2%
Rb+, Cs+ LiAl triethanolamine 103 | see text
hydrochloride; pH 7.8 —+10"2—
—10"1-4.0
9| Nat, K* | NaAl-2704 (Beckman not indicated 0,05z | immersion or 1.5—-3.1 27
39137) =0.5==1,0 | dilution; 1.5s
10 Na+ NaAl-2704 (Beckman |0.1 N NaCl, 0.05-0.01 | turbulent stream,  [T=12.2-10~3;| our calculation: 28
39047 atleast 24 h 45x 103 pure RC-effect
LiAl (Beckman 39046) 1=27.10"3
11 |Na*, Li*, Ag*,[ NaAl-2704 (Beckman| 0.1 N M+, 0.05-0.01 ditto t, 5=10-1073; - 28
NH;", K+ 39047) atleast 24 h t, o=0.2
12 |Na+, Li+, Ag*| LiAl (Beckman, 39046) ditto ditto » — pure RC-effect 28
i i 0.05-0.01;] turbulent stream, Ig [(Eeq- — 28
13 K+, NHF | ditto ditto 0.05-0.1 | 45x103s Ep)lEeq]
varies line-
arly with 1%
during a
riod up to
min ) N
14 Na+ NaAl-2704, 0.1 N NaCl, six days 0.120.01 1s pd 0.6 calculation by Eqn.(13) 19, 20
| Tg=U.
(100%);
-
T,=0.4
NaAl-2010 (100%);
LiAl-1608 0957
15 K+ NaAl-2704 0.1 N KCl, six days ditto 1s 2=0.6; calculation by Eqn.(13) 19, 20
=57,
i,
13=0.6;
i
19=2.7,
=05
(100%);
NaAl-2010 -
13=0.7;
&
=11
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approximately 1 s, the transient process in the region of the
H* and M~ functions is completed during a period less than

10 s; when the solution is changed (over a period of the order
of milliseconds with the aid of special devices) the response
time is also of the order of milliseconds. The latter result is
of fundamental importance both for the characterisation of the
electrode and for the understanding of the essential features
of the processes controlling the dynamics of the attainment of
a steady potential. We shall consider this in greater detail.

It is highly likely that the arrest of the establishment of a
steady potential after the concentration jump achieved®?®
over a period of several milliseconds is caused by the charg-
ing of a capacitance C through an ohmic resistance R: T1=RC.
It has been shown in at least one study?® that, after an
"instantaneous" change in the Na* concentration from 0.05 to
0.01M, the AEt—t curves for Beckman 39 047 and 39 046 glass
electrodes (NaAl-2704 and LiAl respectively) resemble the
curves after the '"instantaneous" application of an
(RT/F)In (0.05/0.01) = 38 mV potential pulse. The AE;—t
curves are different for each electrode (in conformity with
the difference between the ohmic resistances).

For the same types of glasses (but for larger GE), 1=1.8
and 4.3 ms at 25°C have been measured’® (see also Laksh-
minarayanaiah?®); hence the capacitances for the correspond-
ing R were found to be 40 and 32 nF cm™? respectively. For
a tenfold difference between the values of R the values of 1
were found to differ?®’?® approximately by a factor of two
(12.2 and 27 ms—see Table 2). It may be that the values of
Tinclude a contribution from an electrochemical transient pro-
cess.

1t has been found®°that after a stepwise (after a period of
approximately 10 us) change in the potential of a GE of NaAl—
2704 glass in NaCl solutions the relaxation process is com-
pleted in approximately 10 ms, which led to the conclusion
that the standard exchange current density for the transient
process Na'(glass)=Na*(soln) is greater than 2x107° A em™2.
All these facts permit the conclusion that the relaxation time
for the transient processes H*(glass)= H*(soln) and Na*,
.(glass) = Na*(soln) for GE subjected to an appropriate pre-
liminary treatment is of the order of milliseconds or less.

It is seen from the data in Tables 1 and 2 that, for a slower
change of solution, over a period of approximately 1 s, the
GE response time is also approximately 1 s or (frequently)
longer. One should note that in those cases where it was
possible to observe processes completed in milliseconds after
the change of solution, investigators did not follow the sub-
sequent variation of the potential. Conversely, in observa-
tions on processes lasting seconds and minutes, we find that
the millisecond process has already been completed and one
can only conclude that the two groups of processes may have
different mechanisms. Two groups of theories, devoted to
the kinetics of glass and in general ion-selective electrodes,
correspond to the two groups of processes and their charac-
teristics.

2. Theoretical Treatment

The theories of the first group are based on the hypothesis
of an energy barrier which must be overcome by ions in order
to pass from solution to the glass and conversely'?’3! (for a
description of the results of Johansson and Norberg!?, see
Lakshminarayanaiah'®). The theories of the transient over-
voltage are analogous to this approach in electrochemical
kinetics®?., In theories of the second group the diffusion
processes in the solution and in the glass (diffusion kinetics)
are considered to be the cause of the slow attainment of the
GE potential. Both groups of theories have been considered
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by Shatkay® and we shall confine ourselves to a brief descrip-
tion of the conclusions of earlier studies and a more detailed
consideration of later investigations, which have not been
included in the earlier review?.

It may be expected, in confirmity with experimental data
(Tables 1 and 2), that the efforts of theoreticians should be
directed to the explanation of the exponential AEt—t relation.
Indeed, when a number of more or less well-founded assump-
tions are made, both groups of theories lead to equations of
type (4) or (5). Judging from Shatkay's review?, a particu-
larly large number of assumptions, simplifications, and simple
errors have been made by Rechnitz and Hameka®'; fewer
were made in Johansson and Norberg's study'?. The physi-
cal significance of the parameter K in Eqn.(4) is difficult to
interpret in this approach and its numerical value is difficult
to predict.

As a result, in order to confirm the relation of type (4)
which they obtained, Rechnitz and Hameka®', for example,
used the results of a study?® of the dynamics of the attain-
ment of the K* function of GE made from glasses based on the
Na,0—-Al,0,—8i0, systems not subjected to an adequate
preliminary treatment, as a result of which the attainment of
a steady potential took tens of minutes. The same data have
been used? for the correlation analysis of the applicability of
Eqn.(4) and others. Johansson and Norberg'? used their
own data, obtained in aqueous and non-aqueous solutions
(Table 1), to test this equation. They used t;. s as a charac-
teristic of the time; this quantity proved to be three times
greater for non-aqueous solutions than for aqueous solu-
tions. The time t;.; which they found'? for the GE response
in aqueous solutions is closer to that found by Disteche and
Dubuisson® and Rechnitz and Kugler*® and also by Buck and
Krull?® and Kiprianov et al. *® for the relaxation of electrical
impulses. According to Buck's classification®®*7%%, this is
the relaxation time of the space charge in the conducting sys-
tem.

The second group of theories is based on the ideas of dif-
fusion kinetics. It is assumed that the diffusion of ions to
the exchiange site in the glass takes place slowly with a coef-
ficient D, via a diffusion layer of the solution with a thickness
8, which retards the attainment of a steady potential, while
the attainment of ion-exchange equilibrium at the glass-solu-
tion interface (including the exchange of identical ions) is
much faster. The Nernst equation holds at any instant t in
the following form:

RT ¢
R In —kt

F oz (6)

Cr

Qr= ¢ +

where ¢; is the potential at the interface, ¢° its standard
value, ck,t the concentration of the potential-determining kth
ion in solution in the immediate vicinity of the exchange site,
and Ek its concentration in the solid phase, which is constant
under the conditions of the ktB function of the GE. Thus
the determination of the ¢y, ¢t—t or the AE;—t relation reduces
to determining the cy ;—t relation.

The latter is obtained as a solution of the differential equa-
tion of Fick's Second Law in the following form, for example '°:

_ e = _®D o gy
o=+ (¢, cl)ll “nZ:., Tt p o (2n kl)l,(’z)

where ¢, and c, are the concentrations in solutions 1 and 2
and the subscript k has been omitted.

The expansion is usually restricted to the first term of the
series (n =0), whereupon we obtain for the potential:

tpz=%+—'5FT—In{l+”“—:li\lf fem(vt/r)“, ®
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where
6‘3
25D (8a)

62
D-

4
T= —
n?

Morf et al.3® obtained the equation for ¢; in a somewhat dif-
ferent form:

- RT _a—a _
Pt = @, + 7 In|1 . exp ( t/‘t)] s (9

where

1=8%/2D. (9a)

Buck?®® formulated both equations [(8) and (9)] in the form
usually employed in electrochemical literature:

0= 0y In {exp (49) — X (exp (fa9) — 1 exp (—t/m) | =

=+ %ln{t — 211 —exp (— fAg) exp(— 1} an

where f=F/RT, 1is defined by Eqn.(8a), and A¢ = ¢,—¢;. In
further simplifications of Eqns.(8) and (9) it is assumed that
the concentration jump Ac=c,—c; and the corresponding
potential jump A¢ are small, whereupon exponential equations
are obtained, for example:

T i
%=%+R7A—° [1 —iexp(——)] ,
[ T T

1

(1

which can be reduced to equations of type (4) and (5) describ-
ing the AE;—t relation for very short t.

The present author's calculation?’ by Eqns.(8) and (11)
for specified T=1 s and Ac/c, varying in the range
1< |Ac/c,| <9 demonstrated the following features. Firstly,
the curves corresponding to an increase (¢, >¢,;) or decrease
(c, <c;) of concentration are markedly asymmetric, particu-
larly for large Ac. With increase of the concentration of the
ion, the curves are steeper than with its decrease. Secondly,
the converse representation of Egns.(8) and (11) on a semi-
logarithmic scale (lg AE—t) leads to linear plots passing
through calculated points in the region where t >0.5 s. For
t < 0.5 s, the points deviate from the straight line; this is
always the case for Eqn.(8) and for Eqn.(11) only when
|Ac/e,| >2. Consequently extrapolation of the straight line
from t > 0.5 s to t =0 leads to a value of ¢, which deviates
more or less significantly from a specified value. However,
it is important to note that the values of 1 calculated on this
basis are 1+£0.1 s, i.e. the "specified" value of Tis approx-
imately maintained. From this it follows that in Eqn, (5),
which we adopted previously as entirely empirical, the quan-
tity T can now be regarded as theoretically justified and can
be calculated from Eqns.(8a) and (9a) for diffusion kinetics
in the layers near the electrode.

The concept of diffusion through the electrode layer of
solution (unstirred, Nernst, adhering, stagnant) as the stage
which determines the retardation of the attainment of the
steady potential of the GE has been used in many studies,
including those quoted in Table 1, *'%® The order of mag-
nitude of the quantity T corresponding to this process can be
readily estimated using the known (for electrolyte solutions)
thickness of the diffusion layer § and the diffusion coefficient
D of the binary electrolyte or the diffusion coefficient of the
ion in the supporting electrolyte with the aid of the criteria
defined by Eqns.(8a) or (9a). For 8 <1972 em and D =107°
em? s7%, it is found that T=0.5-5s. The values of Tor T;
in Tables 1 and 2, for experiments where the change of solu-
tion was achieved over a period of approximately 1 s, are of
the same order of magnitude, as already mentioned.
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The study of Hershkovitch et al.'®, not included in Shat-
kay's review?, constitutes a significant development of the
above concepts. The authors regard the process as the
reciprocal diffusion of ions and not as the diffusion of the
electrolyte as a whole, as in the majority of previous instances.
Account was also taken of the possibility of the generation or
disappearance of active ions as a consequence of the reaction
in the layer near the electrode. The fundamental differential
equation has the following form:

ac; 0

%c; 2z, a dc,,
o ow +R”’%7/(Dk_a’)§(i"7>' (12)
where subscripts j, k, and n correspond to ions (cations and
anions), z are the charges, x is the distance in the range
0<x <6, D are the diffusion coefficients, tj is the transport
number of the ion, and Rj is the rate of generation of the ion
Jzj,

For a solution of a strong binary electrolyte (acid or base),
the first term is significant and the case discussed above
obtains [equations of type (7) and (8)]. For solution flow
rates of 27—42 ecm s”! in acid solutions at pH 3, the values of
§ are in the range 0.014—0.016 cm and ty.¢ is up to 4s. A
satisfactory agreement has been achieved between the calcu-
lated and experimental curves. For a solution of a weak
electrolyte (CH;COOH), account is taken of Rj—in the present
instance, the rate of dissociation. The experimental process
is completed faster than predicted by the calculation, possibly
owing to the obstacle-free penetration of electrolyte molecules
through the charged component of the double layer. This
can explain, in particular, the faster attainment of a steady
potential in buffer solutions compared with unbuffered solu-
tions. Finally, yet another special case was examined by
Hershkovitch et al.*—mixed solutions of the type HCl +NaCl
and HCl +MgCl,. Experimental AEt—t curves with extrema,
due to the different mobilities of the two cations and the com-
mon anion in solution, were predicted and obtained for this
case. Such extrema in the region of the H* function of the
GE have been observed'* in buffer solutions under unfavour-
able hydrodynamic conditions and in the region of metal ion
functions by Friedman?®?%’, Rechnitz?®*%®, and Eisenman?!,
The above extrema, except that described by Mokhov and
Leikvishvili'*, were usually attributed to the time-dependent
sensitivity of the GE surface to one of the cations and will be
considered in the next section. However, mention should be
made of their possible "purely solution" origin.

Both in the study of Hershkovitch et al.® and in the stud-
ies quoted previously®'®, as well as many others, the diffu-
sion through the liquid "stagnant" layer is believed to be the
main if not the only cause of the retardation of the attainment
of a steady potential; for example, Hershkovitch et al.'® did
not even indicate the kind of glass used in the experiments.
However, it has been noted® that, when an attempt is made to
describe the attainment of a steady potential in later stages
(for t > 6 s), it is found that this cannot be achieved with the
aid of the exponential function (characterised by 121 s) used
in the early stages and another exponential function (with
1215 s) must be introduced. Markovic and Osburn®® did not
arrive at such conclusions, but in the case of one of the
glasses they obtained an activation energy Eq = 7 kcal mole™*
for 1, which is greater than for "purely solution" diffusion.
These facts necessitate the hypothesis of yet another process
in the glass or at its interface with the solution. As already
mentioned, the electrochemical exchange reaction is very
rapid (over a period of milliseconds). It is natural to sup-
pose that, for 1= 10 s, we are dealing with diffusion in the
solid phase.
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Tables 1 and 2 present the results of a number of stud-
ies'’"2% in terms of the values of 1; corresponding to the
equation

3
AE: =) AE! (1 —exp (— t/)],

i=1

(13)

where

AE! = | Ei oo — Eit=0] (13a)

is the jump in e.m.f. corresponding to the completion of the
ith process;

a
AL =3 AE}
im1 (13b)

is the overall jump in e.m.f. after the completion of all the
processes. Thus AE{°/AE® is the contribution of the given
process to the overall jump.

In the above studies not more than three exponential compo-
nents were required to describe the dynamic GE curves with
an average error of *20% for identical GE subject to an error
in the measurement of e.m.f. of 1 mV. The numbering of the
exponential functions, starting from the "slowest", corre-
sponds to the order in which the experimental curves are
represented on the semilogarithmic scale. The "fastest"
exponential function, characterised by 1, <1 s and AEYAE >
50% (frequently >75%) has been attributed?® to processes
involving the slow replacement of the stagnant layer of liquid
near the electrode. The next exponential function (2 s <1,<20s;
10% < AEY/AEY < 30%) was attributed to the diffusion of acid
within the pores of a thin (approximately 107° em) surface
layer of glass (see also Buck®’). For glass Na-20, the acti-
vation energy for this process is approximately 7 kcal mole™ !,
The quantities 1; and 1, "sense" the difference in the rough-
ness and porosity of the GE surfaces, for example a flame-
polished surface and a surface subjected to etching with an
HF solution, the difference in the acid anion (HCI and H,S0,),
and the direction of the change in the concentration of the
solution.

The last exponential function (71, =100 s with AEY/AE® £ 10%)
can be attributed, if it is manifested at all, to the mutual dif-
fusion of the cations in the glass pores, i.e. in the solid phase;
D£107*2 em™2 s, In many cases there are two exponential
functions. For the Na™ jon and GE made from sodium—alu-
minosilicate glasses, there is a single exponential function
with the 1321 s and AE}/AE°=100%. When the comments on
the results of Rechnitz and Kugler?® are considered (see
Table 2), the only cause of the retardation of the GE response
in this case is the diffusional change in the composition of the
layer of liquid near the electrode.

As already stated in connection with Eqn.(5), the approach
resulting in Eqn.(13) can be used as a purely empirical pro-
cedure®?”’72%  The present author now believes that at least
T3 has a theoretical justification [criteria defined by Egns.
(8a) and (9a)]; 71, and 1, can be treated by analogy. The
quantities AE;® are still empirical, although it is evident that
(RT/F)In (Ac/c,) makes a large contribution to AES.

Attempts to derive Egn.(13) theoretically have been described
in the literature. For example, in relation to the F™-selec-
tive electrode with an LaF,; membrane (which is sometimes
regarded as an anionic analogue of GE), an equation has been
derived*? with two exponential components; however, one of
these was attributed to diffusion and the other to a surface
reaction. The corresponding experiment was carried out
over the range 1—44 min.

Among empirical and semiempirical equations describing
experimental data with a high degree of accuracy, there is a

hyperbolic expression for the time variation®*’; in some time
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intervals it is more convenient to employ the dependence on
t2,  These equations have been compiled by Buck?®,

IH1. TRANSITION FROM RESPONSE TO ONE CATION
TO THE RESPONSE TO ANOTHER

1. Classification of Phenomena and Experimental Results

In the given case it is necessary to take into account the
involvement of at least two and frequently three potential-
determining cations in the electrode reaction and one of the
cations can have a multiple charge. .

In the previous section the response to only one cation I
was as a rule considered. The presence of an "interfering"
ion for a specified ratio of the concentration of I and J* did
not affect the equilibrium potential of the GE in the region of
its I* function. This section deals with the dynamics of the
GE potential and with the form of the kinetic curves in cases
where the presence of the cation J* (or J2*) has the following
effects: (1) does not affect the equilibrium potential in the
region of the 1* function but does affect the dynamics of its
attainment®*16:22,28,37:38,41-43, (9) cayges a deviation from the
I* function and a transition to the "mixed" 17 +J* function®®

38,41,43-48. (3) causes a transition to the full J* function®?!
47,49 ~61

¢

k!

4 g’

¥,
t t

Figure 1. Schematic representation of dynamic curves for
two cases: for transient processes in the region of I* func-
tion in the presence of J* or on transition to (from) the
mixed 1" +J* function: a) dilution with respect to I*;

b) concentration with respect to I*; for transient processes
with almost complete replacement of I* by J* in solution:

a) when the stationary selectivity of the GE with respect to
1*is higher than with respect to J*; b) when the selectiv—
ity is lower. Curves 5', 6, and 6' refer solely to the
second case—see Bobrov and Rudenko®* and Belyustin et al,*®
respectively.

The first two cases are frequently encountered in practical
applications of GE and the last is of great theoretical interest.
The phenomena associated with the first two cases have been
studied using pH titration GE made from lithium and sodium
glasses for the pairs of ions H'—Na¥, 1164 Lus-48 +_pa2+ 16
and H*-Li*; """ gseries based on the increasing influence of
M* and M?*, determined from the height of the extremum on
the ¢—t curve (see Fig.1 above) have been published for GE
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with metal ion functions made from NaAl-1118 23:37:42:43:49 5n4q
NaAl-2704 2%3¢ glasses for the pairs of ions Na'—K*,22:37:42,49
Na*-M* (NH,*<Cs*<Rb*, K"), and Na*-M2" (Mg?* < Co?*,
Ni?*, Zn?* <Ca?" <Mn?* < §r2*< Ca?* < Cu?* <Ba?* < Pb?™),

The third case—transition from the full H* function to the
postulated M* function in an alkaline solution (M*=Li*, Na*,
or K*)—obtains in the study of GE made from glasses based
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on the Na,0—Ca0-8i0, system*’, pH titration lithium
glasses"’, and the model lithium and sodium silicate glasses
Li-27, LiB,*" Na-16, Na-25,*! and Na-20 *27°* (the numer-
ous studies by Bobrov and coworkers on the dynamics of the
potential of GE made from non-silicate glasses are not con-
sidered here; they have been surveyed elsewhere®”’%), For
GE with a predominant response to metal ions, the transiton

280 t, min

Figure 2. Dynamics of the potential of a GE of Na-20 glass in a buffer selution at pH 6,86 after treatment in

a solution of the same pH and then in 1 N NaOH; GE subjected to a preliminary treatment for 3—4 min in a 1:1

HF +HCI solution at pH ~0.6 a)—c) stationary potential levels corresponding to soaking for 1,2-3, and 7 days in

a solution at pH 6.86 at 17—-20°C; duration of treatment (in days) in solution at pH 6,86: 1) 0; 2) 2/24;

3) 5/24; 4) and 5) 2; 6) 3; 7) 10—~7; duration of treatment (in days) in 1N NaOH solution: 1)—4), 6), and 8) 1;
5) 9; 7)3/24; 9)7; 10) 1/24 (90°C) and 1 (17°C), The figure has been constructed on the basis of the data
of Bobrov and Rudenko®* with the authors' permission,

a
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Figure 3. Dynamics of the potential of a GE of NaAl-2704 glass soaked for eight days in 0,1N HCI, NaCl, or LiCl
with replacement of one solution by another (a) and the corresponding distribution of the concentrations of Na
(curves 1—-3) and Li (curves 2' and 3') in the surface layers of the glass (b) after soaking the latter for 8 days

in 0.1 N HCI and subsequent treatment in 0.1N LiCl for different periods (days): 1) 0; 2) and 2') 1; 3) and 3') 3.
The shaded bands (representing the experimental scatter of data for a series of electrodes) correspond to stationary
levels of potential obtained after prolonged soaking in 0.1N HC] (H), NaCl (Na), or LiCl (Li). 9
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from the region of the H" function to that of the M* function
has been studied using LiAl, '°°% LiAlGe, 5¢ NaBAl, NaAl—
2704, and NaAl-1118 ?° glasses. For GE of this type in neu-
tral and alkaline solutions containing Na'or K*, the transient
phenomena, in which the involvement of the H* ion is not
postulated, were studied using glasses with low (NaBAl) and
high (NaAl-1118, LiAl) Na*-specificities*®*21°5°~61  and also
NaAl-2704 %! glass. Transitions of the type (tris)* = M*
(M*=Na*, Li*, Ag*, NH,F, Rb*, Cs*, or K*) and (tris)* = M2?
where (tris)* is the cation of the base tris(hydroxymethyl)-
aminomethane and M?* has the significance indicated above,
have been studied using the NaAl-1118 glass.

The most characteristic observed feature of the kinetic
curves considered in this section is their non-monotonic vari-
ation: there are extrema on the ¢—t curves (although this is
not obligatory). Fig.1 illustrates schematically the types of
curves obtained experimentally in the studies mentioned above.
Examples of real curves are presented in Figs.2 and 3 (see
opposite).

The absolute height of the extrema reaches 60 mV in indi-
vidual cases"*’ although it is usually smaller. The duration
of the transient processes in mixed solutions is between sev-
eral seconds (in this case they can have a "solution" origin
as in studies!®2%3%%3 dealing with M2*, except Ba?* and Pb2"*
in Ref.43) and 30—60 s.*'"*® In the complete transition
from one function to another the duration of the processes is
between several minutes and tens of minutes and hours®®?2%
50756,61 A drift continuing for days is frequently noted 3,50~ 5°

The principal components of the above processes are the
exchange reactions

Li*(glass) + I'(soln) = I*(glass) + L"(soln) (14a)

or

I*(glass) + J*(soln) = J*(glass) + I'(soln) (14b)

(where L* is the "intrinsic" mobile cation of the glass), which
lead to the breakdown of the constancy of the activity of the
L* or I" cations in the glass (aj or @;) which is a necessary
condition for the Nernst equation to hold for the L¥or I*
function.

The ion-exchange process can be complicated by non-ion-
exchange processes involving the hydration of the glass, its
corrosion, etc., which lead to the formation of layers with a
structure different from that of the bulk of the glass. Dif-
fusion through such layers or their very formation are
believed®1»*3~48:50-58 14 e a factor which determines the
dynamics of the potential both for a response to a single ion
and in the cases considered here.

2. Theoretical Treatment

The kinetic relations described for the potential can be
explained in terms of the modern theory of the membrane GE
potential, mentioned in the introduction*?! and modified by
the hypothesis of surface layers differing in their structure
from the bulk of the glass membrane®?,

The unmodified theory dealt with anion-exchange membrane
separating solutions, designated by single and double primes,
containing cations I*and J° having the activities a!, a;', ¢;",
and qg;”, the concentrations ¢; and 6]- within the membrane,
and the mobilities &; and &;. If the ratio of the ionic activity
coefficients within the membrane Vj/?i , the ratio of the mobili-
ties W/u;, and the activities of the ions in the solution of one
side of the membrane (for example, that designated by a dou-
ble prime) are assumed to be constant, then the overall mem-
brane potential is described by an equation of type (3) [tak-
ing into account Eqn. (2)l
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The possible dependence of ¢ on t subject to these limita-
tions has been discussed®®®® and it has been concluded that,
for two ions involved in exchange and reciprocal diffusion,
the relation will cease to hold after the attainment of equilib-
rium at the interfaces bctween the membrane and the solu-
tions designated by single and double primes even when the
variation of the concentration profiles within the membrane
is a continuous process. The point is that for two ions, the
values of w;/u; and the transport numbers ; and f]' are sin-
gle-valued functions of the limiting concentrations and the
independence of ¢ of t after the attainment of equilibrium is
observed even for ii/y; % const.®>®*, while the membrane
phase can be non-ideal under these conditions (Yj/Yi #*
const.). For more than two exchanging ions bearing charges
of the same sign, the independence of ¢ of t can beobserved
only for an ideal membrane (?{i, Y; =1) and subject to the
conditions uj /u; =const.®*®° (here k denotes any ion and 1
denotes the first cation).

The theory, derived for any ion-exchange membrane, has
been extended to a glass membrane with modified surface
layers and a fixed tIJrlickness in which current is transported
by a single cation L. All the changes in the surface layers
were reduced to ion exchange despite the fact that the
occurrence of stresses®* and hydration (solvation), hydro-
lytic, silanol group condensation, etc. reactions in such
membranes have been known for a long time. Furthermore,
all these reactions can lead to the breakdown of the above
conditions ensuring the independence of ¢ from t as a result
of a change in the structure of the membrane as a function
of time and space.

Savage and Isard®® pointed to hydration as a possible cause
of the time variation of the GE potential. Shul'ts and
Ivanovskaya”’®’ considered the influence of non-aqueous sol-
vents on the GE potential and its dynamics. Isard®® took
into account the available experimental data for the struc-
ture and properties of the surface layers of glasses®® ™72 (the
present author could add to these the data in Refs.18, 46 to
48, 73—83, etc.), and linked them to the observations made
on the dynamics of the GE potential (a number of studies of
are quoted®?®%!),  He arrived at an important conclusion:
if the surface hydrated (leached) layer of glass is homoge-
neous and there are no concentration gradients (there is no
diffusion potential), then equilibrium is established between
the surface layer, the solution, and the bulk of the glass
and the final potential has the value that it would have if
there were no surface layer. The same conclusion was
arrived at by Shul'ts®* as early as 1960, which served as a
basis for a number of studies in which a relation was found
between the chemical composition of the initial glass and its
electrode properties®7%7,

When the solution is changed rapidly, concentration grad-
ients may arise in the outer part of the surface layer of the
glass and an "external diffusion" potential can be established
(the same diffusion potential for the outer layer has also
been reported by Baucke®®). These gradients are grad-
ually "dissipated” and new concentration levels are estab-
lished throughout the leached layer up to the inner gradient
layer, where the "internal" potential acquires a new value.
A similar explanation has been given by Hozumi and Akimoto*®,

The above considerations are largely qualitative. A quan-
titative treatment of the dynamics of the GE potential on
transiton from one function to another has been given by
Morf®® on the basis of the Doremus® two-layer model of the
glass membrane. Doremus considered a glass membrane
consisting of two homogeneous components I and II with dif-
ferent ratios (uj/ui)I and (ﬂ]'/l—z.i)n and exchange constants
K%j and KlI]I at the interfaces with the solutions designated by
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single and double primes respectively in equilibrium with

this membrane. He obtained the following expression for
the overall membrane potential:
11 - 8 =
2L ﬂ(‘l) s
KL!I “;

- 1
- u; -
c}'“+ (—_! ) oL
7
u

L —

R a; + Kj; (u;/u) a;
F @ + Kjj @fe)"

(15)

where Eil’u and &;1>I! are the concentrations of ions in the
:mmediate vicinity of the inner interface between components
T and II on the side of I. The ratio K%J.I/Kij reflects the

difference between the standard chemical potentials of the
iorns in I and II. At this interface there is an interfacial
potential jump. In the derivation of Eqn.(15) the same
assumptions were made as in the derivation of Eqn.(3) but
separately for each component I and II.

1t (a,-/ai)IKl!l__—_(aj/ai)UK}jI and phases 1 and II are ideal,

*hen, for an initially homogeneous membrane, we obtain

4 # ¢(t) following the attainment of equilibrium at the inter-
faces. If the phases are non-ideal, then the maintenance of
such independence requires that the activity coefficients in dif-
ferent phases should be identical functions of concentration
[identical values of the "thermodynamic factor" n in the equality

(aj/ai)l(xilj)lln=(aj/ai)“(xl!jl)l/"]. If this is not so, then

& = ¢(t) when the concentration changes at the inner inter-
face.

Suppose that co+mponent I is a hydrated surface layer of
the glass in the I -form and component II is the bulk of the
glass. When the membrane is immersed in a solution desig-
nated by a single prime, containing J*, the J* ions will
begin to diffuse through I to II, but ¢ =const. as long as
the diffusion occurs within I. When J* reaches the inner
interface between I and II at a sufficient concentration, the
potential will begin to change and will vary with time until
+he attainment of equilibrium at this interface.

Morf®® adopted Eqn.(15) as the initial expression. The
inner solution (designated by a double prime) is constant;
then, omitting the single prime, we obtain from Egn.(15):

)= \}
(P__,W0+1;_T]n[[l[+1(}j(‘l_‘_—f) ai]+.

\

_ K a "L ~ i\
o e A e G e
Ky \ 4 L . I

Morf retained the assumptions adopted by Doremus and
added the following ones: (a) the diffusion of ions through
1 is slower than the attainment of equilibrium on the outer
interface but faster than the diffusion in II; (b) the overall
concentration of cations in the surﬁace layer I is constant:
21 +5j1 =¢cOI =const.; (¢) ﬁil =ﬁj =il. The latter
assumption greatly reduces the generality of the derivation,
hut cannot be avoided. It implies in fact that the diffusion
potential in the surface layer is assumed to be zero and all
the changes in the potential as a function of time are attri-
buted to the change of the interfacial potential at the inner
interface—a procedure used in a number of studies®%?,

The solution of the diffusional equation for the concentra-
tion at this interface Eil at any instant is found in the form

d =i+ @i — )T, an

where f(t) =0 when t =0 and f(t) =1 when t+ >, Here
C,,i and C,,; are the initial and final concentratons corre-
sponding to equilibrium with solutions I and 2, where the
ionic activities are a,,i, a;,7 and a,,i, az,j. The form of f(t)

(16)
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is determined by an equation of type (7) containing a param-
eter 1 defined by an equation of type (8a).

For the case under consideration, the general equation of
the ¢—t relation is as follows [we now go over toMorf's nota-
tion for I and II: I=s (surface) and Il =m (membrane)]:

0= +=Inla, + K5 (m) ay) +
pot
_R_T_ In [aﬂvf + Kil' (m) %,j f(t) + y,i + Kii () By,j [] —1 (i)]] . (18)

+
F a4+ K2 m) ay ay;+Ki; () ay

Here KPOt and Kj have the same signficance as in Eqn. (2).

Analysis ]of Egqn.(18) shows that, for t <0, the equi-
librium potential is specified by the initial solution (a;,;,
a,,j) and by the properties of the bulk of the membrane; for
t =0 (the instant of the completion of the change of solution),
the response of the surface itself to the change in activities
is added to this; when t > «, a potential determined by the
properties of the final solution and the bulk of the membrane
is established.

For intermediate values of t, Eqn.(18) predict curves of the fol-
lowing type when aj =a,,j=const. and q; is variable (Fig.1):
(a) Curves I and 1'when the surface and the bulk of the

glass are selective with respect to I:

K (m) <1, Ky ()< 1;
(b) Curves 2 and 2' when the surface is selective with
respect to J* and the bulk of the glass is selective with
respect to 1+

K (m) <1, Ky (5) > 15
(c) Curves 3 and 3' or 4 and 4' when the surface is selec-

tive with respect to I* and the bulk of the glass is selective
with respect to J*:

KE(m)>1, Ky (5) << 1%

Eqgn.(15) also has a number of corollaries which are impor-
tant for the understanding of properties of GE such as the
asymmetric potential, the specific solvent effect, and other
phenomena associated with the variation of the standard
potential ¢° and its drift (without affecting the Nernst func-
tion). To make the system concrete, we shall put 1*=u*
and J*=Na" in Eqn.(15); suppose that the existence of
regions I and II reflects the asymmetry of the properties of
the glass membrane arising either in the preparation of the
GE or as a result of the action of solutions designated by
single and double primes on each side. The asymmetry is
manifested in the potential, as long as one of the components
(I and II) has not been "worked through" and as long as
equilibrium is not established at the inner interface between
I and II. We shall assume that phase I consists of the
entire modified surface layer of glass in contact with the
solution designated by a single prime and phase II is the
bulk of the membrane and the modified surface layer on the
other side. Then E%I’H =0 and we have from Eqn.(15)

’, +Kl ” PPERY B K” " = NI
q)zﬁln aﬁ{ liliNa (:‘Na/—uH) ’1”Na+£1n I:Na ("_Na/'it—i)l . a9
Fo i Kifne (na/2g) T dy, F Kiing (Hna/ug)

This equation was first derived”’®’ to account for the spe-
cific influence of the non-aqueous solvent on the GE poten-
tial and has been used®®®? to describe the asymmetric GE
potential (¢55). Indeed, Iin the region of the H* function,

1 1 7 -y " o = I,
when a'y > Ky, (U, /) el g, @'y >R (@ 1 aly,,
and a'H =a'h, we have

RT. In K:—IINa (ygafu)"!

F Kiina (yafug)!

Plas, H = (19a)
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In the region of the Na* function, the opposite inequalities

hold, and when a'Na =aI'\'Ia, we have

(Pas,Na=0~ (18b)

We shall extend the approach developed in relation to a
one-sided leached layer in a number of studies®”®*¢¢ and
others, to a real leached layer having for a number of rea-
sons an inhomogeneous structure (we assume, as before,
that 1" =H" ana J° =Na+). This inhomogeneity is modelled
by a sequence of n layers differing in the values of
(.. /u.)K) and in the standard chemical potentials of the
ionsa(and hence in the values of KI(-I,%I)a and the interfacial

potential jumps; here k is the number of the layer).

If all the surface layers have been equilibrated with one
another and with the solution with respect to the H* and Na*
ions, then, according to Eqns.(15) and (18), the potential
is determined by the equilibrium between the solution and
the nth layer adjoining the bulk of the membrane and tenta-
tively retaining its structure and properties. When the
situation in solution is altered, a new equilibrium is estab-
lished slowly as the reciprocal diffusion front passes the
interfaces between the layers and equilibria are established
at the latter. Suppose that equilibrium has been established
at k—1 interfaces and that the concentration profile changes
in the kth layer without reaching its interface with the
(k +1)th layer. We then have an expression for the overall
potential of the type of Eqns.(15) and (16):

o® = @ - };—T In las + Kl (una/in)® ana +

k1) /7 (kD)
_W)+_KhNa Na PG (20)
28] __K(k’ ﬁ Na

HNa \ Hi )

RT

—1In
T T e

Suppose that for some reason [the condensation of =SiOH
(see below) groups, the interaction with OH™, etc.] we have
c}(Ik) + 0. We then obtain in the region of the H* function

k+1) (7 7y (R+1)
T KGR (ug,/uy) RT
W= S I o T na,
KR g/ F

(20a)
In the region of the Na* function subject to the same condi-
tion, we have

T PR
o = ¢ -+ S 1n [ KUY (uNa/um"’”’] 4+ BT o (200)

F

We may note that, when there is a rapid alteration of the
H* or Na* concentration in solution, the extent of the corre-
sponding response is determined by the closeness to unity of
the H* or Na* transport number in the first layer of the
glass in equilibrium with the solution [see Eqn.(1)].

In Eqns.(20a) and (20b) terms which are constant under
the conditions where the reciprocal diffusion front passes
the kth layer are added to the potential ¢°. The time dur-
ing which constant values of the potential are retained at
the intermediate "quasi-stationary" level depends on the
thickness of the layer § (K) and the reciprocal diffusion
coefficient Dl(-ilf\l)a' The (k +1)th layer is then in equilibrium

with the subsequent layers and the parameters Ky, and
(ﬁNa/ﬁH) characterising it can be replaced by the parame-

ters of the nth layer and can be introduced into the expres-
sion for ¢°. We then obtain from Eqn.(20a)

o = 09 — ZL In (K o)) + L 10 an 20
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When the reciprocal diffusion front reaches the nth layer,
the potential reaches a stationary level and nolonger changes,
provided that no structural changes take place within this
layer.

Differences between the structure and properties of the
layers can arise when the GE is soaked in solution, as a
result of ion-exchange processes such as hydration, corro-
sion, hydrolysis = condensation (hydroxylation & dehy-
droxylation) by the reaction

= Si—0—Si= 4 H,0 -+ 2 = Si—OH, (22)

the sorption of acid by the outer layer from a concentrated
solution, ete.

Presumably the low-temperature condensation of the =Si—
OH groups, observed by infrared spectroscopy’*’*7’7 for the
surface layers of many silicate glasses after leaching with
acid and leading to an increase of their chemical stability
towards a number of reagents, including HF solutions’®,
results simultaneously in an increase of the selectivity of the
H* function of the GE, i.e. in a decrease of KP9! =K .

o ) . HNa HNa
.(uNa/uH). Hydrolysis has the opposite effect. It then
follows from Eqn.(22) that, on condensation in the kth layer,
a $(k) potential in the region of the H* function should shift
towards positive values and on hydrolysis the shift should
be towards negative values. We shall now quote several
examples.

In Wikby's study*® glass electrodes made from NaCa-21,06,
glass were hydrated for a long time in a 10™* M NH,HCO,
solution at pH 7. The electrodes were then transferred to
an etching solution (0.1 M HC1+0.3% HF). A potential of
approximately 340 mV was established initially and was then
maintained for several tens of minutes, whereupon it changed
abruptly to approximately 250 mV and then remained con-
stant. The first, quasi-stationary level corresponds to
equilibrium with the leached layer, in which considerable
condensation was observed for this glass’’%77, and the sec-
ond, stationary level corresponds to equilibrium with the
internal ion-exchange layer adjoining the bulk phase.

Bobrov and coworkers®®® noted a shift of the stationary
potential of GE made from Na-20 glass in a negative direction
when the electrodes were soaked in an acid or neutral solu-
tion, which was regarded as the result of an internal increase
of the alkalinity of the liquid within the pores. Consequently,
under these experimental conditions, it was possible to pos-
tulate the maintenance of equilibrium with respect to H* jons
between the solution and the internal ion-exchange layer
adjoining the bulk phase. In this layer there is a possibil-
ity of the hydrolysis of the =8i—0—Si= bonds, leading to an

increase of KPot |
HNa

Even more striking negative shifts of ¢ were observed
after treating the glasses in alkaline solutions (Fig.2), which
leads not only to a partial dissolution of the outer layer but
also to its loosening and an increase of the overall concen-
tration of ionogenic groups in the residual layer. Then
¢quasi-st < ¢st when the GE is transferred from alkali to an

acid solution. As H* diffuses into the bulk phase, the
change of potential is described by curve 5' (Fig.1). The
entire multiplicity of curves with extrema can be accounted
for similarly (Figs.1l and 2).

We shall note separately the initial sharp extremaon curves
of type 4 and 4' (Fig.1) and also curves of type 6 and 6'.
The latter were observed experimentally’® after a rapid
replacement of dilute (1072-107%* M) Na*s K" solutions for
GE made of NaAl-1118, NaBAI, and LiAl-1608 glasses. Judg-
ing from the time required for their manifestation (several
seconds for curves 6 and 6' and several minutes for curves
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4 and 4'), these phenomena are associated with non-station-
ary processes involving the reciprocal diffusion of ions of
different mobilities in the stagnant liquid layer and the
adjoining porous surface layer of glass as well as the kinetics
of the attainment of the interfacial concentration.

In order to describe such phenomena, it is convenient to
solve beforehand Eqn.(12) for mixed solutions. It is also
possible that the general causes of the type described above
in relation to a porous layer of glass, differing markedly in
structure and properties from deeper layers, can also oper-
ate in this instance.

For GE made of glasses with a predominately metal ion
function, which do not tend to form deep leached layers’®®:,
the duration of the transient processes is also small, particu-
larly when two ions are involved, one of which is the "intrin-
sic” ion of the glass. Thus in GE made of NaBAl glass,
soaked in NaCl solutions, the transient process after the
replacement of NaCl by HCl in 1 s is completed in approxi~
mately 30 s (curves of type 2' and 3' in Fig.1), while in the
opposite replacement the transient process lasts 2—-3 min
(curves of type 3 and 4).'° For GE made of NaAl-2704
glass, soaked in 0.1M HC1 for 1,3, and 8 days, there is a
transition to the Na* function in 0.1M NaCl in less than 1 h
(curves of type 2 in Fig.1l; see also Fig.3a). The opposite
transition is faster (curves of type 2' in Fig.1 after 1 and 3
days and of type 3' after 8 days) and is sharper (Fig.3a).

Specific features have been noted in the transiton from the
H* function to the response to an alkali metal ion which is
not the intrinsic (L*) ion of the glass: H'~ Na* for the
LiAl glass?®; H*+ K™ % and H*» Li* for the NaAl-2704 glass
(Fig.3a). As a rule, curves of type 4 are obtained with a
rapid attainment of a certain level of potential. However, in
subsequent observations (after hours and days)®® it was
found that this level is quasi-stationary. After 24 h in the
case of H* + K" there is a transition to another layer which
no longer changes; for H*+ Li*, another quasi-stationary
layer is established after 24 h and after a further 24 h a
final (stationary) level is reached, which is also attained
when the GE is soaked in the LiCl solution alone. At each
level the K* or Li* function of the GE is manifested approxi-
mately. In both cases the potential at the stationary level
is more positive than at the quasi-stationary level.

The attainment of the stationary level of potential coincides
in time (approximately 40 h) with the attainment by the Lit
ions of the internal interface between the leached layer and
the bulk phase at a depth of 3 um (Fig.3b). The use of
these parameters for the calculation of DyjNg by Eqn.(8a)
leads to reasonable values Dy jNa=2.5*10"1% em? s™!, which
agree well with the values calculated from concentration
profiles after treating the NaAl-2704 glass with LiCl solu-
tions®. The reverse transition from the K* or Li* function
to the H* function is also accompanied by the attainment by
the potential of a more positive quasi-stationary level than
the stationary level (curves of type 4' for Li*+H"* in Fig.1
and of type 3' for K*+H™), %

The relative positions of the stationary levels correspond
to the series of equilibrium specifities®! after prolonged
soaking of the GE in solutions of the corresponding ions.
The distribution of the quasi-stationary levels depends on
the time of the observation and, for the same time, on the
solution concentration'?.

When an attempt is made to explain theoretically the phe-
nomena described, complications arise due to the involve-
ment of three ions in the process. In this case there is no
unambiguous relation between the mobility ratio or the ionic
transport numbers in the glass, on the one hand, and the
ionic concentrations at the interface, on theother. However,
we suggest that this case can be reduced in most instances
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to the previous one, i.e. it is possible to neglect the contri-
bution of the third potential-determining ion to the sum of
the transport numbers at the given interface between the
layers. Thus, when the mutual diffusion of metal cations in
a glass with an increased Al,0; content, in equilibrium with
neutral or alkaline salt solutions, is considered, it is possi-
ble to neglect the contribution of HY,7°

On being soaked in HCI, a glass with a low Al,0, content,
for example, NaAl-2704, tends to form a leached layer. When
the GE soaked in HCI is transferred to an LiCl solution, at
the beginning of the process one can neglect the contribu-
tion of Na* and the quasi-stationary potential levels may be
assumed to correspond to the reciprocal diffusion H*< L™,
As already mentioned, the establishment of a stationary level
of potential at the end of the process corresponds to the
attainment by Li* ions of the ion-exchange layer adjoining
the bulk of the glass, where the reciprocal diffusion Li*<Na*
is of decisive importance (Fig.3b). *°

1V. CONCLUSION

On the basis of the experimental data examined and the
theoretical studies, it is possible to formulate the following
picture of the dynamics of the attainment of the potentials of
glass electrodes after a stepwise alteration of the concentra-
tion of the potential-determining cation in aqueous solution.

1. In the region of the response by the electrode to the
"intrinsic" cation of the glass or the exchange function with
respect to a given cation I* of a "prepared" GE, it is possi-
ble to assume that the activity of this cation in the surface
layer of the glass is constant and the response time is lim-
ited not by the transfer of the charge through the glass/solu-
tion interface but by both the diffusion of the electrolyte
through the liquid diffusion layer arising near the GE sur-
face and by the mutual diffusion of the ions within the pores
and the walls in the outer loosened (hydrated) layer of glass
(or by one of the processes indicated). The potential—time
curves for the case under consideration have a complex
exponential form and consist (when the accuracy of the mea-
surements is to within 1 mV) of not more than three compo-
nents with characteristic relaxation times 15;<1, 1, =10, and
7; 2100 s when the duration of the concentration jump is
£l s. The contribution of the fastest process, correspond-
ing to diffusion in the liquid layer near the electrode, to the
overall change in the potential is usually greater than 50%
and frequently 85—100%.

The values of T1j are resonably predicted by the formula
T :mcSiz/Di, where §i is the thickness of the diffusion layer,

Dj the reciprocal diffusion coefficient, and m a multiplier
(m=1, 0.5, or 4/7° in different models of the diffusion
layer).

2. In the concentration jump in a mixed solution contain-
ing, apart from I*, an "interfering" cation J* in the range of
the ratios of the I* and J* concentrations where the con-
stancy of the activity of I* (al—) in the surface layer of the
glass is virtually unaffected in the stationary state, i.e. the
I'* function is retained, there is a possibility of the retarda-
tion of the attainment of a steady potential or of the pres-
ence of an extremum on the potential—time curve caused
either by the reciprocal diffusion of the electrolyte ions in
the diffusion layer of the liquid or by the time-dependent
breakdown of the condition @; =const. in the outer surface
layer of the glass (the time-dependent sensitivity of this
layer to the cation J%%),
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3. In the concentration jump in the region of the transi-
tion from the I* function to the J* function of the GE in a
mixed solution of 1" and J* or in a pure solution of J* the
dynamics of the attainment of a steady potentialis determined
by the low rate of the attainment of the boundary conditions
in the ion-exchange reciprocal diffusion of cations in the
surface layers of the glass differing in their structure from
the bulk of the glass membrane. This structure is estab-
lished during the preliminary preparation of the GE in a I
solution and is the result of non-ion-exchange corrosion,
hydration, the hydrolysis of =8i—0—Si= linkages, the con-
densation of =SiOH groups, the sorption of acid molecules
in acid solutions, etc.

Against this background, the main result of the process
is a decrease of a; due to the substitution of 17 ions by J*
ions and an increase of @; to a constant value. This is
accompanied by a change in the phase and diffusion poten-
tials in the glass.

When the boundary conditions are established, the overall
GE potential reaches a definite level—in minutes if the native
surface interacts with the new solution and a layer with the
structure of the bulk phase is formed and in tens of minutes
if an altered surface layer exists beforehand. In the latter
case this layer can persist for a long time—hours and days
(quasi-stationary potential) until the migration of the recip-
rocal diffusion front into the bulk of the glass results in the
attainment of a layer with a different structure and proper-
ties, such as K;j and Uj/uj, i.e. until the boundary conditions
change again. The potential can then change more until the
attainment of another quasi-stationary level. This contin-
ues until the I* ions reach the internal ion-exchange diffu-
sion layer having the structure of the bulk phase. A sta-
tionary potential level is then established. This level can
vary over a very long time (days and weeks) owing to sec-
ondary corrosion, condensation, hydration, etc. processes.

At each quasi-stationary level and at the stationary level a
I" function of the GE, close to the theoretical Nernst func-
tion, can obtain, provided that the transport number t; in
the layer in equilibrium with the solution is close to unity.

At the beginning of the process, immediately after the
concentration jump, a non-monotonic variation of the poten-
tial—time (seconds, minutes) curve is frequently observed
owing to the difference between the mobilities and the
exchange current of the mutually diffusing ionsin the boundary
layer of the electrode and in the glass pores, and also as a
consequence of the possible large difference between the
properties of the surface layer of the glass itself, established
by the preliminary treatment, and the properties of the
deeper layers.

The semiquantitative theoretical description of the trans-
ient curves for the transition from one electrode function to
another has been based on the hypothesis of interfaces
between the glass layers mentioned above, differing in struc-
ture, the exchange constants, and ionic mobilities, and hence
of potential jumps at such interfaces and of diffusion-depen-
dent limitations within the layers. The explanation given in
the literature for two homogeneous layers has been extended
in this review to a large number of layers.
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