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INTRODUCTTION
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As  GENERAL INTRODUCTION

The modern theory of electrolytes dstes from the work of Debye
and Hilekel in 1923, although it had begun to take shape many years earw
lier vhen Bjerrum, Jahn, Neyes, and Sutherland realized the importance of
the electrostatic forees between free ions, and gave the first guantita«
tive treatment of them,

Debye and Hﬁckell took as their model an electrolyte completely
dissociated into rigid, spherically symmetrical ions. The interaction
between these lons was computed by Coulomb's law, assuming the mediuwm to
have the dielectric constant of the pure selvent. The ions were assumed
to be point masses of negligible dimensiens. With suitable mathematical
approximations, the theory led to an eguation for the geometric mean ac-
tivity coefficient of an electrolyte in dilute solution which contained
no arbitrary constants. This familiar equation, the Debye-Hickel limiting
law, predicted from first prineiples the thermodynamiec behavior of dilute
electrolyte and its dependence on valency, temperature snd the properties
of the solvent. The fact that values caleulated from this equation were
in agreement with the experimental data for many simple electrolytes in
water showed that these electrolytes behaved in a manner consistent with
the assumption of complete dissoeiation.

The conducting power of an electrolyte alse is influenced by intere
ionie foreces, and here the treatment, modified by Onsagerze led to another
limiting law for dilute solutions = the Debye - Hiickel Onsager equation.

The success of the theory in this direction was, if anything, even more




2
striking, as the accurate data needed to test it became more abundant and
were extended over a wide range of conditions., Once more the quantitative
agreement between the predictions of the theory and the highly accurate
experimental results for many salts seemed to indicate that these salts
were completely disseciated in the extremely dilute region considered.

The main achievement of the Debye - Hiuekel - Onsager treatment
was to draw attention to, and to show haﬁ to caleulate, the effects of the
long range electrostatic interactions in dilute solutions of electrolytes.
This treatment not only showed that the older Arrhenius theory of elec-
trolytic dissociation had te be modified, but it pointed the way to de-
velopments in the theory of electrolytes - thelr behavior in mixtures,
their viscosity, reactivity, snd so on - which deminated ressarch in the
rield of solutions for many yearse The demonstration that many salts in
water were completely dissociated inte ions in extremely dilute solutions
was important but ineidental, and it was not advanced as a rule of univer-
sal validity. Yet the new idea of complete dissoclation was so attrac-
tively simple, and it haymonized so happily with the knowledge newly gained
by x-ray metheds of ionie structures in salt erystals and with the slec=
¢ronic theory of valency then in process of development, that it passed
into popular selence 28 *the complete dissoclation theory'!. OSimple elec-
trolytes such as alka13 metal chlorides were naturally chosen for study in
following up and applying the new theories: for many years it was unfashe
jonable to study electrolytes that deviated from ideal Debye - Onsager
behavior, and the accumulation of information about them has consequently

been $LOW.
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From the beginning, however, it was known that sueh deviations
were not uncommon; Onsager in his early paper quoted approximate dise
soclation constants for potassium nitrate and other electrolytes. lNoree
over, the cause, or at least one possible cause, of sueh deviations was
clearly appreciated. In the mathematical simplification of the Debye -
Hiickel trsatment it had to be assumed that the electrieal energy of an
ion is small compared with its mean thermal emergy. This will not be true
for small ions which can approach one another very closely, as can easily
be seen by remembering that two point charges coming together would need
infinite work to separate them agéin, Especially will this not be true
for small ions of high valency and for solutions in organic media of
low dieleetric econstant. A method allowing for this complication was
proposed by Bje‘rrum3 in 1926, Using the same model as Debye and Hilckel,
Bjerrum pletted the probability of finding an oppesitely charged ion at
s given distance from the central ion. The distribution eurve shows a flat
minimum at a distance where the work of separating the two oppositely
charged ions is four times as great as the mean kinetie energy per degree
of freedom, This distance is 3058 for univalent lons in water at 250C@
For ions so large that their centres cannot approach more elosely than
this, it is assumed that the Debye - Hickel limiting equation should be
satisfactory. However, small ions can approach to distances varying from
P o= 3952 to » = a, where 'a' is the sum of the radiil of the ions - dis-
tances at whieh the work of separation increases rapidly and can become

very large. Bjerrum regarded a psir of ions within this range as asscelated



b

to form an 'ion-pair'. The associated ion paiks could be treated as
neutral molecules of unit activity in equilibrium with free ions:
¢t # E%Aa 1% and the law of mass action could be applied to
give the dissociation econstant of the ionepair.

Tt does not follow that every deviation from the Debye - Hiickel -
Onsager equations is to be attributed to ionie associatien in the Bjerrum
sense. JIon-solvent interactions must also be taken into consideration.
The extent of this interaction for various electrolytes has been studied
by Steokes and R@binsamB and also by Gl@u@kaufne Stokes and Robinson
apply 'mcle fraction statistics' to derive specific hydration numbers while
Gleuckauf uses 'volume fraction statistics'. A more detailed discussion
of their treatments will follow later in this thesis.

Another completely different approach to the problem of electro-
lytic solutions has besen taken by Frank5°6”7. He believes that a model
completely different from that of Debye - Hickel is needed. He bases his
belief on the faet that real solutions obey & cube root law of the form
log f+ =a = b elés(where f4+ is the mean rational activity coefficient)
over a range of concentration from 0,001M to 0.02 or 0,03, Assuming
that this equation is physically significant, Frank propesed that after
conforming to the Debye - Hickel formulation from C = 0 to about 0.001M;
the ion atmosphere goes over into 2 pseudo-lattice shape which results in
the cube root Torm of the log £+ funetion in the observed range. Frank's

. 6 . .
diffuse~lattice cloud seems to clear up some of the anomalies between

experimental results and theory but at this stage of development it is




very qualitative and lacks quantitative prediection.
A large variety of experimental methods have been used to provide

information concerning ionie solutions and to test the theories mentioned.

Three broad categories are:: kinetic or transport phenomena, classical
thermodynamies, and spectroscopic methods. In this thesis two major
experimental methods were employed - vapour pressure and diffusion. Some
eonductance and viscosity work has also been done but I have given a com=
plete theoretical treatment of these in my MoS5es thesi58° In the next two
seetions of the inmtroduction I shall give a complete theoretical inter-
pretation of the activity and diffusion coefficients of electrolyte solu-

tionse.



B THEORETICAL INTERPRETATION OF CHEMICAL POTENTTALS

The partial molal Gibbs free energies, or chemical potentials,

ef the solvent and sélute are:

G, = (== 1

A (a n‘)ﬁB9T9P (1)

T o= (&

6g = (=) ,p (2)
BﬁBg

where n,s N denote the number of moles of solwvent and solute in the
system., Since it is more interesting to study the variation of chemical
potential with concentration than its absolute value, it is usual to ex-
press these quantities as a difference between the absolute walue and that
which holds in some speeified standard state. The standard state is in-

o
dicated by a superseript zero, GO9 G The choice of the standard state

A" "B°®
is entirely arbitrary: it may be 2 pure component, a saturated solution
or some entirely hypothetical solution. In the case of mixed liguids
which are non-electrolytes, for example, the standard state for sach come
ponent is usually taken to be the pure state; this cheice preserves sym-
metry between the two cemponents, which is useful in the study of these
Systems.

For electrolyte solutions, the standard state to which the free
energy of the solvent is referred is invariably the pure solvent at the

same temperature and pressure. The activity of the solvent, 2 is then

defined by:

G - G? =RT In a, (3)
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Sinee the pure solvent can exist in equilibrium with its vapour at PreSe
sure pi, and the solution with the solvent vapour at partial pressure Ppys

assuming the vapour to be ideal:

TO WOy o

Gy =G, (v) +RT 1n p; (4)
and

G =G, (v) +RT Inp, (5)

where 52 (v) is the molal free energy of the vapour in the standard state
of one atmosphere pressure at the temperature T,

It follows from (3}, (4), and (5) that:

3 = (6)

Strietly, the ratio pglpg should be replaced by the ratioc of the fuga-
cos %1 .0
eities, Pz/p*A . However, the vapour pressures of most cormonly used

elsetrolyte solutidns are small enough to make this change negligible,
i;ee the vapour may be assumed to be’an ideal gas,

For electrolytes, however, the pure solute is not a Very prag-
tieal choice as a standard state, since it is frequently a solid or liguid
with properties very different from those in solutions, Instead, it is
the practice to use as standard states certain hypothetical solutions,

The standard sta%e for a component considered as a2 solute B is based
on Henry's Lawe. In the limit as XB i @9 ap =~ XBQ and the aectivity
coefficient yg — 1. The departure of Yg from unity is a messure of the

departure of the behavior of the solute from that preseribed by Henry's Law,
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Hernry's Law implies the absence of interaction between molecules of
solute. Therefore the deviations of the aetivity coefficients from unity
measure the effects of interactions between sclute species in solution.
The limiting form of Henry's Law for an electrolyte which yields v pare

ticles on disseciation is:
A e \%
PR = ky ap (7)
The usual standard state for an elsctrolyte is a hypothetical state
in which the solute would exist at unit molality and one atmosphere pres-
sure but would still have the envirorment typieal of an extremely dilute

solution that followed Henry's Law.

The free energy of the solute can be represented by the eguation

= p
Gy = Gp RT 1n ag {8)

whare Eg is the free energy in the standard state, and ap is the activity
of the solute on the molal scale, Denoting the activity of the cation as
a, and the asetivity of the anion as a_, one can write:
ag = &4 - = 3i2 (9
The quantity a4, the geometric mean of a4 and a_ is called the
mean aetivity of the ions. The individual ionic activity coeffielents
Yy and y_ may be defined as

a, =y, my eand a =y_m (10)

In practice, since it is impossible to measure individual ion activities,

only the geometric means of the cosfficients (y+) will be measurable, where




v o=y vty Ve (11)

Equation (8) can then be written

v Va Vo v
8p = M+ n. LC S U
or
L ‘ )
2"’#:&8 !\) = {m_‘%“\)% mw\)‘ﬁ ’1'/"%4\)“5" Y \)n‘»)lf\) (.L?ﬁ}

When equation {11) is substituted inte eguation (12), v+ is obtained as

st

(13)

~Y¢:%: =
(m“% Vot m_ V) ,,)1/\)

For the solution of a simple sslt, of melality m, m, = V ,mand

m_ = V_ m hence,

S

/
S 1&3\
R s Mt (L)

The mean ionie activity coefficient v+ is used so often that it is abe
braviatad to e

To emphasize the departure from ideality indicated by the activity
coefficient of the solute another useful guantity may be defined. This

quantity is the molal ocsmotic coefficient which is given by the equation

- 000 (15)

nawgm (16)
1000 V

where ﬁé is the partial molal volume of the solvent.

Now that the basic concepts and definitions have been dealt with,
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it is possible to disecuss the theoretical interpretation ef chemieal
potentials. The problem of accoumﬁing‘fsf the thermodynamic properties
of a solution is best regarded as that of finding a theoretical expression
for the non-ideal part of the chemical potential (of either component) as
a Tunction of composition, temperature, diel@étri@ constant and any other
relevant variables. In practice, the activity coefficient of the solute
is usually more convenient to handle than the chemical potential, and the
problem accordingly becomes one of finding a theoretical expression for
the activity cceffi@ianﬁ; As has been previously stated, no adeguate
th@c?eﬁiéal model based on the atémic characteristics of the ions has yet
been devel@ped'whieh is able to accoﬁmi for the thermodynamic properties
of aqueoﬁs solutions over wide ranges of concentration. For ccmpl@%ely’
ionized electrelytes, however, ekp?essions have been derived by'B@bye and
Fiickel} which p?ediet‘exacﬁly the limiting behavior of activity coefficients
in very dilute sclutions. Since the development of the Debye = Hickel
theorykhas been covered so often in elemaﬁtary texts, only the final re-

sult will be stated hers. The expression is

1/2
og Yi = 1/’2
1 4+ Ba (I)
where Z, and 7, are the valencies of the lons, 'I' is the ionic strength,

1 2

'a? 45 the distance of closest approach, and & and B avre constants that
involve the absolute temperature and the dielectric constant of the solvent,

as follews:

2l )1/2 ; o ‘ 1 _ 1.8246 x 100 (18)

1000 20363 kB/z ° (E T)B/Z - (E T)B/Z

e
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2 8
8mile”\1/2 _1L _ 50,29 x 10
B = (500 Comi2 T T;:E/z (19)

Since equatien (17) contains the parameter ‘a' defined as the ‘distance
of closest approach' of the ions, the formula for the activity coefficient
15 not expressible solely in terﬁs of measurable guantities. However, it
is eleayr that at very low values of (I)l'iz9 the term (Ba(l)liz) will
ultimately become negligible compared to unity, and (17) will approach the
form:

D2

log v = = A | 22, | ( (20)

This is the Debye - Hickel! limiting law according to which log v¢ ap-
prosches linearity in the square voot of the concentration at high dilutions.
+ is not to be expected that equation {20) will be obeyed accurately at

any experimental eoncentration, since the preduct (Ba) is in practice

always of the order of unity.

For many aqueous solutions the expression (17) is capable of re-
presenting the observed activity coefficients with very good aceuracy by
simply choosing a value of the parameter 2, independent of concentration,
and of a physically reasonable magnitude., This often holds up to an ionie
strength of about T = 0.1, when the ions are separated on the average by
no more than about 2@2 . Here their mutual energy would be expected to be
of the same owrder as kT; it appears, therefore, that the simple distribu-
tion - function used in deriving equation (17) is fairly adequate.

The derivation of equation (17) is such that the numerstor of the

1/2
right-hand side, =A ,lezl (1) / , gives the effect of the long range
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coulomb forces, while the denomination (1 + Ba (1)1/2) shows how these are
modified by the short-range interactions between ions, which are re-
presented on the crudest model, as non-deformsble spheres of egual radii.
In any actual solution there are short-range interactions between ions and
solvent molecules, as well as other types of short-range interactions
between ions, which cannot be adequately represented by the rigid-sphere
nodel. These are all likely to be of a type giving an approximately linear
variation of log v+ with concentration. Consequently they can be included,
in a highly empirical fashion, by adding to (17) a term linear in the con-
centration, thus: |

, 1/2
= A Z3Z5 | (I) /

log v+ = +b I (21)
1+ Ba (1)1/2

where, now, ™! as well as 'a' is an adjustable parameter. Eguations like
(21) are widely used for the analytical representation of activity coefa
ficients, especially for non-associated 1:1 electrolytes, where they are
usually able te fit the data within experimental accuraey up to a con-
gentration of at least one molal.

From comparisons of the ionic size parameter, a, necessary in the
Debye - Hiickel equation (17), with the dimensions of the erystallographie
radii, it seems that there are goed grounds for believing that the kinetie
unit of the solute in many electrolyte solutions is an ion with several
relatively firmly attached water molecules., This suggests that the ac-
tivity eoefficient predicted by the Debye - Hickel treatment is actually

the mean molal activity coefficient of the hydrated ions. Taking this inte
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eonsideration Robinson and SﬁokesB attempted to derive hydration numbers
from the activily data available applying ‘mole fraction statistics' as
follows:

Consider a quantity of solution containing one mole of anhydrous
selute, B, disseciated inte vy moles of cations and v 5 moles of aniens,
dissolved in S moles of solvent A, The caleulation of the fixed total
free energy of the system, G, may be performed in two ways: (a) consider
ing the solute as unsolvated; (b) considering that a total of 'h' moles
of solvent are combined with the v moles of ions (divided into hl moles
of water eombinad with the vy moles of eatlions, and hz moles of water
combined with the 'vz moles of anions). Let the solvent be dencted by a2
subscript A, and the chemical potentials and activity coeffiéients cale
eulated on the basis of the solvated ions be distinguished by primes: G¥,
1, etc.

In view of the arguments of the preceding paragraphs:

=5G +V. & + V_G
G =S cA + Yy G1 + 5 G2 (22)

and - Y — v =t
G=(8=n"h) GA Yy Gy + 7y GZ (23)

introducing for each chemical potential its expression in terms of the
appropriate mole fraction and aetivity coefficient, and rearranging,

- ot —- —tn. -
vy (G§ -G g) /AT + v, (G) =G Z) /RT + n Gz /RT + hilna, +

A
| in Sk Z=Dh inf, +V .dInf, = V. 1n L%V , In £
v S 4 vy ’ 1 T 2 2 i1 2 - (2L

2
Now as S =300 (i.e. at infinite dilution) all the activity coefficients

become wnity and a, becomes unity, so that all the logarithnic terms are
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zero and hence the sum of the first three terms on the left of (24), in-
volving the chemiecal potentials in the standard states is alse zero. Ine
troducing the mesn ionie activity coeffisients instead of the sums of the

separate ionie activity coefficients:

In £'4+ = In £+ %)h Ina, + In §“i“¥“4:jl (25)
- - v A S"k"\)

{(In arriving at this result 1t has been assumed that the value of h in
the asctual solution is the same as at infinite dilution.) This vesult is
in practice more useful when expressed in terms of the conventional mean

molal activity coeffieisnt v+ and the molality m; using the relations

S = %QQQ, whare W,
¥ Am A

1,

is the molecular weight of the solvent, and

b

>N

= vt (1 + 0,001 v W,m)

0

Infl'¢+=In v+ +~Ina, +1In [ 1+ 0,000 T.fa!g{v = hjn] (26}

A

<

Or, putting In &, in terms of the csmotie coefficient
£

o VT
Ina, = Aém ¢

A 1600
In £&' = 1n ¥4 ~ 0,001 W hmff + In [ 1 + 0,001 Wlvemwn] (27)
New ¢ or a, can be calculated if v+ is known over the range of composition

up to that considered, or alternatively Y4 can be caleulated if 8 or a, is
similarly known. Hence the rational mean ionie activity ccefficient of
the soclute in terms of the conventional activity cceffieients has been

derived. The solute is assumed solvated with h moles of selvent per mole

of salt.
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The enly extra - thermodynamic assumption used in deriving
equations (26) and {27) has been that the value of 'h'! is unchanged on
proceeding to infinite dilution. Therefore, the application of these
equations to actual solutions is limited to cases where these are suffie-
ient solvent molecules to solvate the solute particles, and where the for-
ces between {he latter, and those between solute and solvent awre at least
approximately of a saturable nature, While the foreces between ions and
water molecules are at least mainly electrogtatic, and therefore are not
strictly saturable in the same way that ‘chemiecal' binding foreces are,
thers is strong reason to belisve thal water molecules in direct contast
with the ion are subjeet to much greater forces of attraction than those in
subsequent layers, and there is a limit to the number of such molascules,
Consequently, it is reascnable to expeect the assumption of zn 'h' wvalue
independent of concentration to apply te moderately high econcentrations.
In practice the limit is often reached when about a guarter of the sslvent
molecules are combined with ions.

It is possible to combine equation (25) with the Debye - Hilckel
equation (17), taking the latter to deal with interionic forces and the
former to deal with the ionesolvent foreces. Apart from theyabviaus ade
vantage of using a model which certainly comes closer te the physical
reality, this procedure goes a long way towards justifying another zssump-
tion implieit in the derivation of equation (17), namely, that the die-
lectric constante 1s that of the pure solvent. The work of Hasted,

Ritson and Collieg hag shown thalt most of the observed lowering of the bulk
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dielectrie constant by ionic sclutes arises from effects in the first
layer of water molecules round the ion. If this layer is taken as part
of the soluté particle and if other ions do not penetrate it, the di-
electric eonstant of the liguid outside may fairly be taken as that of the
pure solvent,

The simplest treatment of the effect of ionic solwvation on the
activity coefficient would be, as suggested above, simply to combine
eguation (25) with the Debye - Hiickel expression, where the latter gives
the activity coefficient of the solvated ions, log f4'. This course is
consistent with the fact that the 'a'! values of the Debye - Hilckel ex-
pression correspond to the dimensiens of solvated ions. The resulting

axpression is:

- & |z92, | (DY?
log vi = 172 1 _h loga, = logll+ 0.00L W,( v hlnl
148 (DY2 OV

(28)

Eguatien (28) has been extensively tested and is remarkably suc-
cessful with non-associated electrolytes. But, some anomalous behavior
has been observed. Firstly, the largest anion is the most selvated, a
conclusion at variance with both reasonable expectation and other ex-
perimental indications. Secendly, the solvation numbers 'h' are not
additive for the separate ions., Thirdly, low values are obtained for
potassium, ammonium and rubidium salts indieating that the chloride,
bromide and iedide ions must be only slightly hydrated; it follows that,
where high values of 'h' are found, most of the hydration must be ate

tributed to the cation. This is guite reasonable sinee the anions studied
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have all been large and, therefore, have low surface charge. The result.
ing cation hydration numbers, however, do seem rather large. In par-
ticular, if the radius of spherical cations eontaining such amounts of
water is estimated, one finds that the sum of this radius and the cry-
stallographie radius of the anion exceeds the required value by about
0,72 for 1:1 salts and 1632 for 2:1 salts. This rather unsatisfactory
situation is dealt with by assuming that when the anion and cation meet,
the anion ean penetrate into the hydration sheath of the cation to the
extent of these distances: the greater psnetration when thes cation is
divalent (1@32 against 6,72) would thus arise from the greater attraction
it has for its anions

Using the concept of a Llimited penstration of the anion inte the
hydration sheath of the eation, it has proved possible to obtain a re-
lation betwsen the parameters h and a, of sufficient accuracy to permit
the ealeulation of the activity coefficients of the chlorides, bromides
and lodides of the alkali and alkaline earth metals and hydrogen with quite
good accuracy (better than one per cent) up to ionic strengths often as
high as T = 4, The relation between "h" and "a" is obtained as follows:
The volume oeccupied by a water molecule in liguid water at 25O is 30239
The volume of the hydreted cation (taking the anion as unhydrated) is
therefore {30 h + Vl)” where V, is the apparent molal velume of the lon

e
in Ags Vi can be estimated from the apparent melal volume of the salt,

Vappg in solution by means of the formula:

Hi

V.

: 3
1 vgpp - 6,&?213@2 (29)




18
where r, is the erystal radius of the anion {in K)s Sinece V1 is usually
only a small fraction of 30'h', it need net be ecaloulated with great ac-
curacy, and in practice it is sufficient to estimate the apparent molal
volume at abeut 1 Molal and use this value at all eoncentrations. The

radius of the hydrated cation, ?; » is then given by:

3
oy T£ /3300 +V, (30)

and the valuve of the mean distance of closest appreoach of the ions is
given by:
- . )

a=ry Fr, = (31)
where A is the 'penetration distance’., Sines ?i iz a known functien ef
'h', %a' can be caleulated from *h' and the known crystal radius of the
anion. The resulting one-parameter eguation for the asetivity scefficient

; . Oy,

{(for agueous solution at 25 ) is:

e 005115 | lezl (1)t/?

log Y& =
1+ 0.3201 (T)M/2

3. N 1/3
{ - (30h + V,) +r, =b)

h
w2 lor a_ - 1o T = 0,018 (h =V )m (32)
N g uw g [ ( )l’r (3

It is, of course, not strictly a one-parameter equatioen, for it
involves A as well as 'h'., However, p 1is constant for sach class of
salt (0.7 2 for 1:1 salls, 1.3 2 for 2:1 salts) so that only the parameter
™' has to be speeified to give the activity coefficient of a salt of one
of these valency types. The Llimit of validity of this equation is generally
reached when the product 'hm®~ 12, i.e., when about one-fifth to onee

guarter of the tetal water molecules are bound to lons as water of hydration.




19
Above this limit, equation (32) usually predicts values which are higher
than those observed, which sugpests that the hydration number is be-
ginning to decrease as a resull of competition between neighbouring
cations,

Gleuckauf49 recognizing the diffieculty of interpreting the 'h' values
of eguations (28) and (32) as the actual sums of hydration numbers for the
ions of the electrolytes proposed the following modification of the theory:
ir gﬁgw is the actual hydwation number of an jon '1', the partial meolal
volume of the hydrated ion v;viﬁ (hi ?@ + Vi) where Vé is the partial meolal
volume of the unhydrated ilon as ordinarily defined. He then assumes that
the entropy of mixing of the hydrated ions and the 'free® solvent is given

by the equation:

1 Ny 73l
=« R [N, In oo O X = SV /
Si= =R [N dn gy f N le g0l (53)
ot A i B i B
V.
where v, = 2 o He then employs fvolume fraction statistics?! instead of

<!i

of the 'mole fraction statistics' which were used in deriving squation (28).

His final expression for the mean molal activity coefficient is:

; 1/2
. 4| 242, | (1)

{ -
1n v+ = 008 my (r+ha-y) .

1+ B2 (m? V(1 + 0.018 mr)

v
LA in (1 + 0,018 mp) - b In (1 - 0,018 mh) {34

vV Y
where the guantity r, now referring to the electrolyte as & whole, is
¥ ”(EB + h 32/§£° Using '™h' and fa' as parameters, this equation fits the
experimental data as well as does equation (28). Robinson and S%@k@slo

have shown that a simple relatien between actual volumes and effsetive
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volumes in solution enables one to dispense with 'a' as an aribtrary
parameter, The values of the hydration numbers required by equation (34)
are considerably smaller than those of equation (28). Furthermore, the
most serious anomaly in the earlier treatment now disappears: the new
hydration nmubers become nearly additive for separate ions.

In a recent paper Desnoyers and Conwayll have attempted to improve
the treatments of Stokes and Robinson and of Gleuckauf. They separate
the experimental mean molal activity coefficients of simple electrolytes
at concentrations below one molal inteo thres main contributions arising
from interionie couvlombie foress, ien-selvent, and lon-cavity interactions.

This separation is represented by the eguation:

log v = log f@ 4 log fh + log fg@ (35)

The ion-solvent conteibution in the sguation was claeulated from the theory
of Stokes and RobinsonB using hydration parameters obtained from partial
molal volume measurements. The lon-cavity contribution was based on a
mutual salting-out effeet in which each ion was assumed te interaet with
the cavities in the solvent associated with the presence of all ether ions.
Their expression for the mean saltinge-out activity coeffiecisnt econtribution

for a 1:1 salt of formula 'MAY is:

log £ 82@ 1 VA + Vﬁ .
1 ' (36)
= %
3 0r

For a 2:1 salt their expression is:




2%

- - L — -
log £ = e I + h + 5 i ; 2V§ (37)
= = ¥ o s Fomm—— \
so T hE05 KT v oy Ty Thay o Tr(a)

where 'e' is the molar concentration, ﬁg, V.. are the partial molal
yolumes of the ions A and M, and rh(A)' rh(M)g are the radii of the
hydrated ions A and M.

In their treatment the experimental molal activity coefficients
were Tirst corrected for hydration and for the abeve mentioned mutual
salting-out effects. Then the remaining coulombie contribution to the
activity coefficients for most alkali halides was shown to follow the
relation

for concentrations lying between 0.1 and 1.0 molal. A theory capsble of

explaining the resulting dependence of log fc on ‘e' would have to based

159647,

on Frank's disordered lattice mode s previcusly discussed.
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C. THEORETICAL TREATMENT OF DIFFUSION

One of the most fundamental of irreversible processes is that of
diffusion, by which a difference of concentration is reduced by the szpone
taneous flow of matter. In a solution containing a single solute, the
solute moves Trom the vegion of higher to that of lower concentration,
while the solvent moves in the opposite sense., From the point of view
of molecular kinetics, no individual solute particle shows a preference
for motion in any particular direction, but a definite fraction of par-
ticles in an elementary unit volume may be considered to be moving in,
say, the positive x-direction. In an ad jacent volume-slement, the same
fraction may be eensidered as moving in the negative x-direction. Now
if the coneentration in the first volume-clement is greater than that in
the second, this means that more particles will be leaving the first ele-
ment for the secend than will be re-entering from the seeond’ to the first,
so thers will be a resultant flow of soclute in the direction of lower
concentration. Further, one would naturally expect, on the basis of this
pieture, that the rate of flow would be at least approximately proportional
to the concentration difference existing between the two volume-elements.

Considering the one-dimensional case, the flux of matter, denoted
by J, is defined as the amount of material cpessing unit area of a plane
perpendicular to the direction of flow in unit time.

The concentration gradient %{i is the rate of increase of cone~
centration with distanee measured in the direction of the flow. It is

usual te take the direction of flow as the positive direction of the




distance x, to express the concentration ¢ in the same units of moles,

grams, ete., 25 are used in defining the flux, and to take the cube of

the unit of distance *x' asg the velume unit for the concentration ‘el
. . . =2 =L X ,

Thus if J is expressed in moles em sec , and % in em, ¢ will be ex-

pressed in moles —

The diffusion soefficient 'D! ig now defined by Fick's first

2c
J=-D (39)

the partial differential being necessary because ‘'e'! is, in general, de-

A

pendent on time as well as distance. The negative sign in equatien (39)

s . et . e .,
is introduced in order to make D a2 positive gquantity, since %ﬁ%ylg

negative in virtue of our choice of sign for 'm', which increases as the
B2 L3 e o 2 "’1
aonzentration decreases. In C.g.%. units D iz in units of em sec .
Equation (39) can be used in the study of diffusion only when steady-state
. . L . pLs: . -
metheds, in which the concentration-gradient S X does not change with time,
are employed,

In the thecretical treatment of diffusion it is usually assumed
that the free energy change cccuryring when the solution mixes by diffusion
is equal to the work done by the diffusing particles against the resis-
tance of the medium. BEach ion of the diffusing electrolyte can be regarded
2s moving under the influence of two forces, (a) the gradient of chemical
potential for that ionic species, and {b) an electrical field produeed by

the motion of oppositely charged ions. The more mobile lons will tend to

diffuse faster than the less mobile ones, but by doing so¢ they will create
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on z microscopic scals a chawrge separation or gradient of electrieal
potential in the solution. This will have the effeet of inereasing the
speed of the slower ion and decreasing that of the faster; the resultant
speeds of both must finally be equal, sinee it is an experimental fact
that a maeroscopic charpge separation does not ocecur.
For 2 single elsctrolyte, one molecule of which gives vy cations

of algebraic valency Zq and Vo

anions of algebraiec valency Zz, the
following argument is used. The chemical potentials ai and Eé of the
cations and anions may be considered separately (although they are not

separately mezsurable) provided that the final equations contain only

the chemical potentisl of the solute azs a whole,

Gy = Vv, G+ Vv_G (ko)

The forces on single ions due to the gradient of chemieal potential arve

therefore:

!

- 96 G
4 1 1 98 "2 \
- N "‘"""‘""“ax and - N wa " (]_&1 )

respectively, where N is the Avogadro number. The negative sign is used
since the ionic motion is down the free energy gradient. The effect
arising from the unequal mobilities of the ions may be represented as an

electrical field of intensity E, which exerts on each ion an additienal

foree, given by ZkeE and 22@E respectively., The total forees are theraefors:

Poe 2 ST P
i},”’%N 3 % uleaE (%ﬁ}
G
1 93 72
FZ = o § sjgw + ZzeE (43}
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These forces, acting respectively on ions of absoclute mobilities Uy and Uss
are reguired to produce sgual wveloecities ' ¢ ' given by

]|

v, ( 1 24
1N

G
- 1 22
el Zleﬁ) = u, (“N et ZZeE) (44)
From these equations el can be eliminated giving:
G G
1 v 1 9o "% i (v I 9 "2
2oy edy o oop e (L2 15 (45)
Z1 Uy N 9 x Z, U, N 9 x
whenee, using the eondition of eleetrical neutrality:
vy Z}_ %&\)2 Z2 e 0 (16)
there resulbs:
S ¢ o N (v, 2 GK% v ?,mi%)w
TN ° 1 w ! =
1 L U, 8GB
-2 —=
Mooyt oy

(47)
Now et ‘c' be the concentration of solute in meoles per unit volume at the
point considered. Then the flux of solute is:

J=ev =

. Yy Y I B
Vi Uy YV, uy o N

@
2l
@

¢

o_¢e (48)
e )
But the flux alse defines the diffusien coefficient D in terms of the

@
7

concentration gradient:

d
J =D g*%% {49)
Therefore, D 1s given by:
5 b % 1 3%
Vp Uy Vo Uy N inc
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2 K2 | 7]
2= lgﬁ'y KT (Ka) &1 kg’ ° LixZKﬂ, ( g””) (62)
The function of f{Ka)' appearing in by
2 ekg 2
@2 (Kg) = (ka) {i“zﬁgg“) By (2ka) (63)

L
has been ﬁabulaﬁ@dl'a In practice it is of interest to apply these

formulae to 1l:1 electrolytes at 250 in water, when they vreduce to:

S o o\ 2 ,a1/2
- 8,07 x 107 {ty « tq7 )7 (¢) (64)
(1 + &a)
w2l o
3 8@ X }»0 - i%
by = 12T 2D b, (£2) (65)
&

where ¢ 1s expressed in moles/liter and 'a' in em,

The theory bas been tested on variocus selectrolytes and it has
been found that it is obsyed up to concentrations of about 0.01L melar,

Hartley and Cfanké? have attempted to extend the theory to cone-
centrated solutiens, They consider a numbser of effects which were assumed
to be negligible in dilute selution. Firstly, they consider the movement
of the solvent molecuvles in the direction opposite te the melute’ mole-
cules; secondly, the permanently attached layer of solvent moleculesz whish
is carried by the ions; and thirdly, the visecous forces which may be
considerably medified by the presence of large numbers of ions,.

Consider first s non-electrolyte solution containing only two
types of diffusing entilty, the melscules A and B, and let the treatment

be restricted to the case where the partial wvolumes, 3% and ﬁéa of both
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componentsars constante In this case the diffusion coefficlent measured
experimentally is in terms of the flux across a plane P so fixed that the
total volumes on each side of it remain @ens%ani, This measured diffusion
coefTicient is dencted by D’V, for component 4, and by DBv for component

B, Denoting the fluxes of moles of A and B across unit area of the plane

P by’JAv and JBv we have:
acC C
N4 v A v o v 9 B
Jy ==D, i, Jg == Dy e (66)

C, ard CB being the concentrations of A and B in moles per unit volume,

The fluxes of volumes of A and B through the plane P are therefors:

C C

o 3_A n VO 9 B
=DV, s N and = Dy’ Vp = . (67)

¥

led
Hy
o
ot
]
9
=
74

Since there is no net transfer of volume acvoss the plane P, 1

that the sum of these guantities is zere:

3 C C
v o A v o= 3 B _
D, V, 5= 4+ Dy Vg == " (68)

Also, since CA and CB ayre the numbers of moles of A and B in unit veolume

of solution:

-

C T - )
VA Lt VB CB =1 (69)

Differentiating this with respect to 'x' gives

BCA s v ) CB
] B ]
e %

Qﬁ

= 0 (70)

and on comparing (68) and (70) it is evident that for both to held it

is necessary that:
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RN (71)

e

D

except for the trivial cases whers ?é = 0 or ?B = 0, Thus, the diffusion
coefficient of a binary system where the partial veolumes are constant can
be deseribed by a single diffusion coefficient, which may be called the

mutual-diffusion coefficient, and denoted simply by D'; the same value of

v .
DY will be found whether one measures and caleulates from the concentration

of component A or component B

O
U

——=> ¥ inereasing
C
— CB increasing positive
ct
&— Cy inc?easiﬂg‘g - negative

Di?ec%iﬁn of diffusion of A

—
& Direction of diffusion of B

Figure 1

Next, Hartley and Crank introduce the idea of an 'intrinsic dife-
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§
and DB e The

passage of eomponent A through the volume-fixed plane P just diseussed

9
fusion coefficient® of each component, here dencted by D,

must necessitate the passage of an equal volume of B in the opposite
direction, in order to preserve the fixed volumes on each side of the
plane, The total flow of each component is regarded as made up partly
of a true diffusion-flux and partly of a 'bulk flow® which originates in
the volume-difference between the two cemponents. A plane Q may be ima-
gined so that no 'bulk flow® occurs through it; and the ‘'intrinsic dif-
fusion coefficients’ Dgé and DB! are defined in terms of the flux across
unit area of such a plane,

Since the partial volumes are constant, the concentration gradients
5C 5C
A B " si S . oo &
. and 3 & must be opposite in sign; suppese that C

A inereases to the

left, and CB to the right, and that the distance x is measured from left

to right. Then en the right of the plane Q there will be a rate of increase

o - H
of volume, due to the entry of A, given by = VK‘DA 9 CA and a rate of
dx

s H
decrease of volume, due to the outward passage of B, given by + Vp DB 3 CB
o x

The net rate of inecrease of the volume Vﬁ on the right of Q is therefore
given by:

' . o

o V = 8974 == 3 37B
. S S 2)
3 % (VA Dy % "% Tix ) (72)

This expression, considering unit eross-section of the plane Q, also gives
the rate at which the plane Q moves away from the fixed plane P. Since
no bulk flow oceurs through Q, the motion of this plane with respeect to P

must be due to a bulk flew through P: so that expression (72) also re-
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presents the bulk flow through P from right to left. The bulk flow
therefore involves a transport of component A from the left to the right
of P given by:

o) = AV
I, (bulk flow) = - C, x (73)

This transport of A aeross P by bulk flow is superimposed on the trans-

port of A across P by 'pure diffusion', which is given by:

C
U TRty
Iy (pure diffusion) = = D, g (74)
The total flux of A across P is therefore:
¥ BC‘\ o~ ] 3 C - BC
Ty e ~ A Ai_ § B\
J, (total) = =D, 3= +Cy (v, D', =5~ +Vg Dy o7 (75)

But the total flux J, across the fixed plane P also defines the experi-

: . T,
mentally measured mutual diffusion coefficient D

v 9 CA
I (total) = = D ?;;h (76)

Combining equations (74, (75) and (70) now yields:
1

0t LT C (ntonpt
=D, +¥, € (g - D) (77)

DV

Now the intrinsic diffusion coefficisnt DA of & at a Tinite concentration

o
at infinite dilution (CA = 0) by the factor

CA is related to its value Dﬁ

(d 1n 2,/d 1n CA} which expresses the effect of the deviation of the
solution from ideal behavior. It is alsc probable, but by no means certain,
that the bulk viscesity of the solution compared with that of the pure

iigquid B should also be introduced; this relative viscosity is denoted
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by'ﬂf/ﬁfge The aetivity a, in the thermedynamic factor may be expressed
on any scale of conecentration desired, since the logarithmic differentiation

will eliminate any constant conversion Taeters; in terms of mole fraction:

B O
by =02, din Ny 3 73
d in C, j?

p .p® dlnlg iy YO
5O T

(78)

(79)

where DEB is the diffusion ceefficient of A at infinite dilution in B,
and DgB is the (self) diffusien coefficient of B in pure B.
N
A
Since C, = - one finds on logarithmic differentis.
A Ny VA + NB Vé”
tion, and using Ng o NB = Je,
d inC, y N, {TJAmKFB} v, c, (56
dinn, T ¢ = = N |
A Ng VA + NB VB A

and similarly

d lin CB V’,A C

B
A (81)
d 1In NB NB
Hence equations (78) and (79) become:
X 7
I N, dinN, £, 72 (82)
277 T ¢ dinW, 7
q 1n N /i
T Ny dinNy fy 75 )
B~ T - 7 (83)
EA B d in HB

Forthermore, the Gibbs-Duhem equation gives:

d In NA fA d in N fB

B
4 = (8h4)
d In NA d In NB
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Using, this along with equations {82), (83) and (77) gives for the mutual

s o s . . v
diffusion coefficient D @

o 7
- ddli Ni; LR [ D55 My (5 - EO g E:?:At 1 (&s)
n N, v By ¥ = B

B

S5 N = C V. o4 T =1 3 3
inee RA/NB CA/ B and CA\A 4 CB XB 1, the expression in the sqguare

bracket simplifies giving finally:

o
Dv - d In Ng fg Z?B

d ln Ng

[»] . (4] .
7 ! Y873 " PmB] (86)

whiech, by symmetyry, can elso be writtén:

470
v din Ny £y 7,
T dlin NB

This is the Hartley and Crank expression (in a slightly medified form)

o] - (4] .
I £ N E? Y
7 ! Ny Ppy + Mg gy ] (87)

for the motual diffusion coefficient at any concentration. If the volume
effeets and the counter~diffusion of the solvent are ignored, as was done
in the derivation of the expressions for dilute solutions, one obtains

an expression of the form:’

O d in NB fB

D = (88)
"Ba d in C

The theory is capable of straightforward extension to the case of
the diffusion of & single electrolyte in solution, making allowance for
the possible hydration of the ions. Let B denote the solvated electro-
lyte, one mole of which is associsted with h meles of bound water, and let
A denote the *free' water. Thess are treated as the diffusing entities.
In accordance with the notation used in the discussion of the chemical

potential of solvated lons, primed symbols will be used to denote guantities
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in which account is taken of sclvation., Equation (87) now becomes:

? X (89)
3 11 o [ A ] &9
d 1n X 77A 5 “BA B “ah

The only place in (87) at which consideration must be given to the fact

of ionization is in the expression d In Né fg ; this may be written

d ln Né fg =d 1in aég since any scale of activity can be used legitimately.
The solute is hydrated and ionized; let it produce \ ions per 'molecule’

so that ay = (a+) ’ denotes the conventional activity as eomputed for the
unhydrated solute. Then, because of the hydration, and for an aqueous
solution,

d in gé =dlna; +hdln a. {50)

where 2, is the water activity. Also by the Gibbs=Duhem relation:

M
4 ln a

TR (91)

hence

- )
dln ay = (1 = 0,018 hm) & In ag =

(1 « 0,018 h'm) ¥V 4 1n as (92)
where a+ is the mean activity coefficient of the unhydrated solute,
In formula (87), it is necessary to consider the meaning to be
given to the limiting intrinsie diffusion ceefficients Dg& and Dzée For
mixtures of liguids which are non-electrolytes their meaning is elear.

For an electrolyte solution, however, it is necessary that formula (87)

shall reduce to the Nernst limiting value as Né == 0, This means
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that because of the factor ™ ' in (92), DB% = D°/  for electrolytes
where D° is the Nernst limiting value; or more completely, if the eleec-
trophoretic corrections are included, DBA D% 4+ A 1+ Azfv o ng is
the diffusion coefficient of water in the infinitely dilute solution,
i.8e, in the absence of any interfering non-ideal effects and volume re-
straints: it is, therefore, egual to the self-diffusion coefficlent of
pure water, Dt__, It is now convenient to convert from mole fraction to

H20
ordinary molality, taking into acecount the hydration number 'h':

55»51 = h m

H W '
N N o= /
:NB 554&5}‘ - h w4 om 9 \ 55 5}— . ﬂf"'l 4om \93)
Henece
_t
Sl 1 (o)
d inm 1T+ 0,018 (L~ h) m
d 1n a! o
v © B dinm 3 t D 27
Do =D P . — [ N aN A4 ] A
BA dlnm =44, w' 8% 5 7 (95)
B4
L < - T2 O .
Putting Dgy = D°/v, Dy =D | eng substituting (92), (93), and (98)

H20

*
v

d inwm D@ 7

In(96), electrophoresis is negleeted; to take this into acecount, substitute

d ln a4

o
(0° + by + byt ==} for D . The activity faector .= may be written

dlinm
in the alternative form (1 +m d In v/d m).

For a uni-univaelent electrolyte at 'm' values small enocugh to

justify neglecting the sguare of (0,018 hm), and including the slectro-

4 D
p¥ = D° (M> (1 20,018 hm) [1+0,018m (" uh)l/A {%)
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. . . . &) . .
horesis corrections in the main D factor, but negleeting them in the
= £ A 9 g

D
small correction term - ggo , (96) becomes:
D o
o A A d in * H20 _ B (97)
D= (D" + * 2) (1 +m°-“'-d;—mf"‘£)[1+09036m(~557" b)) Z

The bulk viscosity of the solution from the theory of non-electro-
lytes, has been taken over but it is by no means certain that this step
is justified: the change of the bulk viscosity brought about by adding
jons is not necessarily a fair measurs of the change in frietional re-
sistence experienced by the ions. For,this reason, it is &f interest to

ealeulate 'h' and 'h'' given by the equations:

#*

' D
&) Z £{D) =1 + 0,036 m ( Hzo - h) (98)
7o D
where
#D) =D / (4 A& 48y (1Rddny] | (99)
- = Yobs’ | 17 27 VT dm ‘
and )
Diog. '
b) (D) =1 + 0,036 m ( 5 - ht) (100)
D

Robinson and S‘i:c:ak<a=sl‘&p tested these equations using the mean value
of the self-diffusion coefficient of water (DEZO = 284 x 30”5) taken from
the work of Parkingtop, Hudson, and Bagﬁ&1115 and of Wang, Robinson and
Edelmamnlée They find that equations (98) and (100) represent the data to
within asbout 0.5 pereent up to a concentration of one molar. The value of
.“h’“, caloulated by the squation in which the viscesity factor is omitled,

15 considerably larger than 'h' and seems to be more reasonzble in the

light of the trends cbserved.




38

In the case of salts, the interpretation of 'h! as the number
of water molecules moving with the ion as part of the diffusing unit may
be tentatively aceepted, Neo surprise need be felt that these 'h! values
from diffusion are smaller than those cbtained from the treatment of
activity data in terms of hydration, since in the latter treatment 'h!®
was introduced as the effective number of molecules bound by ione-selvent
forces, and would therafore include contributions freom water molecules
beyond the first lsyer, which would not be firmly enough bound to move
2s a unit with the ion. These ‘hydration rumbers! "h', are, however, some-
what lower than the majority of estimates of ionie hydration by other

methods,.
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Water and Dioxane Activities of the System 4U,5) Dioxane = Water -« Sodiuwm Chlerate

at 257°C,
Concentration partisl pressure L pressure ol partial pressure of partial pressure eof
of of water over the dioxane ovey the sole water over the mi cad dioxane over the mixed
. Sedium Chlorate - selution . ntian solvent conteaining solvent @ﬁnt&iming
(moles/Kge of solvent) "1 wvapour pressure of 2 : sa,
m pure ey oure d 0= partial pressure apraﬁgla pressure of
{pQ = 35,70) water over Ul = the

soivent

TeM716 0,3175 06130 0,9071 1L
2.0795 0,7897 ). 6361 0.8762 1.1853
21637 0.7724 0,658 0,8571 1.2145

3.4873 0.7186 0.6905 0.7973 1.2865
L, 031k 0,.6870 07115 0.7623 1.3257
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Table 20

A - 356 5% Water - Lithil

partial pressure Eapﬁial pressure of partisl pressure of
of wateyr over the ioxane over the S@E« water over tﬁe mixed
o salution o ution solvent containing
%1 vapour pressure of 2  vapour pressure of o = sall )
) pure dioxane 1T T ]
23,756) {(p, = 35.70) dioxane over the

solvent

0.0 0.8259 07209 1,0000 1.0000
L.0L77 04,7324 0.7706 0.8869 1.0630
19513 0,6436 0.7613 0.7793 1.0502
3,04073 0.5296 0,7132 0.,6412 0.9838

3,805 0.4529 0.6678 0. 5480 0,9212

5.0592 0,362k 05899 04391 0.8138
562070 02947 0. 509E 0.3568 0.7029
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Application of Equation (98) and (100) %o Lithium Chlorate in Water at 25 C.
n = 4 D A 3 q5 A 1 Oj 4 din ¥ /Z/'7 / " {‘(T) > - ( Y P / P
Concentration D x 10 x 107 L 4 Sl “% £(T D) ;7 %
ONESHLTation Yo sewved 1 2 dm o oA o
(moles/liter) v 105 (Fgquation 99)

0.0 1.288 0000 0,000 1,000 1.000 1,000 1,000
0.0923 1.212 «0,010 +0.,023 0,937 1.012 0,994 1.006

0,1993 1,205 ~06013 40,028 0,961 1,025 0,962 0.986
0,385 1219 -06015 +0,030 0,982 1,042 0,952 0,992
067073 1251 ~0,018 +0,032 1,074 1.090 0.895 0,975
15560 1,302 0,021, 40,0731 1.325 1.220 0.757 0.92M
203359 1o30L =0,022 +0.029 1495 1360 0.693 0o0U2
Ba1100L 1.239 =0,025 40,02l 2478 2,700 04389 1.049
1067994 06578 06026 +0,020 26265 8620 0,199 1.632
14,3013 0.143 -0,026 +0.019 1.251 2849 0,089 26581
1o 5891 0,120 -0,026 +0,018 1.308 32,6 0,072 2.337
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