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Fig.2. The average radius of the
crystals as a function of time.

continued for a longer time this deviation is found to
diminish. Hence, Eqn. (10) gives the rate of change of the
radii of the particles if the experiment is carried out for a
sufficiently long time.

Todes! obtained the following asymptotic expression for
the change in the average concentration with time:

E_cw=ﬁwcwt (11)

where a is a dimensionless constantequal to ~0.9. A com-
parison of (11) with (9) shows how the average radius varies

with time, viz.,
- 1 ]’/'D Co
R(t)= - _a’gﬂ_t,

Values of R as a function of ¢}, calculated from the data
used in drawing the curve in Fig.1, are shown in Fig.2,
and it is seen that they exhibit a good linear relationship.

Todes ! showed that R® o« ¢. For this reason, it is found
that R® and (R®) vary with time in the same way in the
growth process under investigation. Experimental confir-
mation of this could justify to a certain extent the hypothe-
sis put forward by Todes ! that the function for the distribu-
tion of particles according to size remains similar through-
out the process.,

(12)

SUMMARY

1. During the recrystallisation of particles suspended in a
stationary medium and evenly distributed, crystals, for

which R = R at any given time, do not alter in size,
while those for which R = 2R have the maximum rate of

growth.

2. The average radius of the particles is proportional to
the cube root of the time. These results agree well

with experimental data.
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THEORY OF THE GLASS ELECTRODE
B.P.Nikol'skiiand M.M.Shul'ts

_The first version (simple theory) of the ion-exchange’
theory of the glass electrode postulates constancy of the
activity coefficients and the same strength of bonding in the
glass for cations of each type regardless of the degree of
their exchange for cations of another type!. With these
assumptions, the theory leads to the following expression
relating the glass electrode potential to the activities of H'
and M* ions in solution:

¢ = @, + Olog(ay -+ Kay), (1)

where 6 = 2.303 RT/F. In Eqn. (1) the constant X is defined
by

ay N,
K= oW @)
which expresses the ion-exchange equilibrium between the
glass and the solutiont. Eqn. (1) reflects the fact that-
under appropriate conditions the glass electrode is rever-
sible with respect to the hydrogen ions (¢ = ¢° + 6 logant)
or to metal ions (¢ = ¢% + 6 logam+), and also gives the
potential in the transition region between the two types of
electrode function (Figure, curves la and 1b). However,
the transition in reality takes place more smoothly (over

a wider pH range) than would appear from this equation.

To explain the discrepancy between the theoxry and ex-
periment, it was suggested that the bonds involving cations
in the glass structure are inhomogeneous (generalised
theory). Some consequences of this hypothesis were exa-
mined in Ref. 2 and led to the following expression for the
glass electrode potential: : :

In the derivation of Eqn. (3) it was assumed that the

activities of the ions in the glass (a}i and als) are additive
functions. of their “partial activities” corresponding to

‘structural units of the glass with different bond strengths,

and that each partial cationic activity can be represented
by a product of the concentration N; of these ions and a con-
stant a; characterising the bond strength of the ion in the
i-th group: '

ajp == DI ayy e Dot M = STalt (V] -- NI, 4)
1 i 1
In Eqn. (4) N} denotes the total number of cationic sites in

the i-th bond group. Obviously, N = N'j + N}, In Eqn. (3)
Bi = Ng/N}-
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The generalised glass electrode theory, expressed by
Eqn. (3), led to satisfactory agreement with experiment
over the entire pH range investigated, including the transi-
tion region where the glass electrode ceases to be rever-
sible with respect to hydrogen ions and becomes reversible
with respect to sodium ions. Furthermore, this theory
predicts the possible existence of electrode glasses which
would yield a “stepwise” variation of the potential with pH.
We were in fact able to observe such variation experimen-
tally for a number of glasses® (Figure, curve 2).

In recent years many experimental data have accumu-
lated, permitting a more profound analysis of the postu-
lates of the theory. Experiment shows, for example, that
one may expect the formation in the glass structure of
various anionic groups, differing by many powers of ten as
regards their strength of bonding with hydrogenions (strongly

. acid and weakly acid anions). It was therefore desirable
to derive new equations based on the idea of different de-
grees of dissociation of the ionogenic groups (“acids” and
“salts”) in the glass structure, which are in ion-exchange
equilibrium with the solution. In particular, we may re-
ject the earlier arbitrary hypothesis about the ionic activi-
ties in the glass phase [ Eqns. (4)], and replace it by pos-
tulates based on the Law of Mass Action.

We shall assume that there are n groups of anions (R3)
in the glass structure, differing in their strength of bond-
ing with H* and M* ions. As in the simple theory, we
obtain the initial expression for the glass electrode poten-
tial:

Np.
@r= (P°+0]agz.a£—=¢°—0hg;ﬂ—+ﬂ—ka—m— (5)

In the simple theory it was assumed that the concentration
of the free anions in the glass is constant: Nr- = Ny + Nm=
= const, which leads to Eqn. (1). However, if the iono-
genic groups are incompletely dissociated, the concentra-
tion of the anions in the glass will depend on the relative
content of the H* and M* ions in the glass and consequently,
in view of Eqn. (2), the concentration Ng- will be a function
of the activities of these ions (a+ and am+) in solution.
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Variation of the glass electrode potential with the pH
for various special cases of the theory:
1) complete dissociation of the fonogenic groups in
the glass — Eqn. (1) [@) K =~ 1071% () K =~ 10]; 2), 3),
and 4) two ionogenic groups — Eqns.(3) and (14) with

. various combinations of the constants oy, oy, 8, and
K; 5) one incompletely dissociated jonogenic group

with a large dlfference between & and ™M — Eqn. (16).

Thus the problem reduces to finding an explicit function of
the concentration Ng- in terms of ay+ and am+. This func-
tion can be deduced if it is remembered that part of the H*
and M* ions are firmly combined with anions in the glass,
the others being present in the dissociated state (“solvated”
ions in the glass phase). For each group of anions we can
write the following dissociation equilibria of the ionogenic
groups of the glass (HR; and MR;):
NyN __ NyNo-
TRy R - Ry )

IV . +
LT MR

,'.‘H =

where NR; and Nug, , NMR;’ are the concentrations of the
free and bound anions of the ¢-th group in the glass, and
Ny and Ny are the concentrations of the “free” H* and M*
ions in‘the glass phase, which we took to be equal to their
activities af; and ayy. Taking into account Eqn. (2), we
obtain from (6)

Ny _ Nur, _ Koy )
Ny  aNgg,  en

. where a; = kj/k}" is the equilibrium constant of the homo-

geneous double-decomposition reaction in the glass: M*S! +
+ HR%l = H*81 4 MR%I. Rearrangement of Eqn. (7) leads to
the following expression for the ratio of the ionic activities
in the glass and in the solution:
Ny Ny _  DNp- 8
Oy Kay  ag+Kay ' @)

n
where Ng- = ENR; is the total concentration of all the free

i=1
anions in the glass, equal to the sum of the concentrations
of the free (dissociated) H* and M* ions:
Npows Ny -k Ny -
For the total concentration of free anions in the glass, we
can write
- = '!‘ N _= 1 S HWVyg . 9

Ny 2 rﬂ-é}] i Vur, 9
Remembering that the total concentration of the ¢-th group
of anions in the glass is given by N‘: = N”Ri + NMRi + NR},,
we obtain, taking into account Eqns. (6), (7), and (8), the
following equation for the concentration of H* ions in the
glass combined with R7:

0
(N —Np ) apy Ny Np-ay

Mary = ke~ (AN F AR (10)
where
Ay = (ag + aKay) ;}T
i
and
A =ay + Kay, (11)

Substitution of Eqn. (10) in (9), with allowance for (8),
yields the expression

AT

4n 4 (12)

n N.
whose solution in principle yields N~ as a function of the
ionic activities in the solution. Substitution of this in (5)
glves the final expression for the glass electrode potential,
Since it is impossible to solve the problem in a general
form, we shall confine ourselves to certain special cases
which have fairly wide application.
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.1, Complete dissociation of all ionogenic
groups. As already stated, Eqn. (1) applies here. It
can be readily derived from the general equations (5) and"
(12), putting Np-/kY <1 and Ng-/k}* «1, i.e. assumptions
which have the physical significance of the case under dis-
cussion (dissociation constants k}' and k;"‘ are large) and
show the limits of its applicability.

9, Low dissociation of all ionogenic
groups. Within the limits of applicability of the condi-
tions Ng-/kiL > 1 and Ng-/k}' > 1, we obtain from Eqns. (5)
and (12) the following expression for the glass electrode
potential: :

0, 1 1, N ;
e+ Olglay oK) =y 0183, e Ky (13)
Investigations of the properties of glasses by different
methods show that the hypothesis of the low dissociation of
the ionogenic groups is quite likely4. In this connection
it is of interest to analyse certain consequences of Eqn. (13)
for glasses with two groups of anions. Eqn. (13) then takes

the following form: :

T : L 1 . B
9= —2-—Jlo|.,(rl” + Kay)— 5 910&'( FnF Kay T agt 0aKay ) . (14)

where
1 )24
9 = g°—5 0]ogN: ky
and

Depending on the numerical values of the constants, K,
B! ?
canoglrield‘different theoretical curves for the variation of
the potential with the pH; some of these curves are given
in the Figure (curves 3 and 4). The experimental curves
which we obtained recently for three-component glasses
containing, apart from silica and an alkali metal, asecond
glass-forming oxide (B,0;, ALO;, Ga,0;, Fe,0;, Zr0,,
P,0;, etc) proved in many cases to be similar to curves 3,
4, and 5 in the Figure?, :

3. Only one group of anions present in the

glass. This corresponds to the simple theory. Eqns. (5)
~and (12) then give )
Q=" — 01(,;(:‘;‘%';’1:_//‘;‘;0'1:4 . (15)
where
Are= (ayy - agKay) —Ifi”— ’
o A= ap - Kay
and
agss kP RN,

In the case of complete dissociation (¢ > Ng- and kM >
> Np- ) Eqn. (15) reduces to Eqn.(1). For weak dissocia-
tion, we have )

* 1
FER e —::- Oy (15 + Kay) 45 Ologlay -i- alay), (16)

where
(% e p® —I,— 0'IogzN°i.'"

and
Pt

:lkalr,
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and a,, defining the properties of the glass, Eqn. (14)

In agreement with experiment, Eqn.(15) predicts a smooth
transition from complete hydrogen ion response to com-
plete metal ion responsef. When the difference between
kY and M is large, the equation yields, for solutions with
a constant activity of M* ions, ¢—pH curves with three
linear sections: -one with a slope of 6, another with a slope
of 10, and a third horizontal (Figure, curve 5). The ex-
perimental curves for certain types of glass are indeed of
this type.

Application of Eqn, (18) or the most general expressions
(5) and (12) to the case where two similar cations ®&M = M)
are exchanged in the glass yields a particular solution, ex-
pressed by Eqgn. (1), which agrees with experiment®.

Thus the old and the new generalised theories lead to a
variation of the glass electrode potential with the solution
composition which is essentially similar in both cases, and
which agrees with experiment., However, the details of
the new equation are substantially different from those of
the old theory. Experiment will establish the limits and
conditions of applicability of the various versions of the
old and new theories and will suggest further theoretical
development.

SUMMARY

New equations for the variation of the glass electrode
potential with the activities of lons in solution (H* and M*)
have been derived on the assumption of different degrees
of dissociation of ionogenic groups in the glass (compounds
of H* and M* cations with various anions in the glass struc-
ture), which are in ion-exchange equilibrium with the solu-
tion.
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COMBUSTION OF MODEL BINARY
OXIDANT — FUEL MIXTURES

" P.F.Pokhil, L.D. Romodanova,
and O. P. Rysakova-Romashkan

. When Ballistite powders burn in a vacuum, the main
stages of combustion may be practically completely iso-
lated!, Depending on the pressure (in vacuo, i.e. at low
pressures) the powder burns without a flame, with a cold

t A recent paper ® develops a theory of the glass electrode for
homogeneous bonding of the cations of the glass, which ylelds an
equation analogous to Eqn, (15). The author of this theory started
from the postulates similar to ours for the case where only one
group of anions is present in the glass.



