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Abstréct

This thesis describes the measurement, by the mofing boundary method, of
cation transference numbers in pure sulphuric acid at 2500. The hydrogen-bonded
structure of this solvent, its high acidity, dielectric constant and viécosity
all suggested that inte:esting data might be derived from such studies. The
physical properties of 100% sulpﬁuric acid,and of solutions 6f electrolytes in
it,have been reviewed in the thesis. | |

A conductometric procedure employing grease-free apparatus'was developed to
prepvare the solvent. Similarly, moving boundary ceils were modified to incorporate
four-way P.T.F.E. stopcocks wbich required no lubricant, and after some searching,
a non-gassing electrode was found. By a suitable choice of following electrolytes,
visible rising as well as falling boundaries were abtained. These allowed the
transference numbers of lithium, sodium, potassium, ammonium, silver, barium and
protonated water and acetic acid, as their hydrogen sulphateé, to bé determined.
All the cation transference numbers were very small (of the oxder of 0.01) and
the boundary velocities were corréspondingly slow, The transference number of the
sodium ion was measured at three concentratiéns and the values obtained were
combiﬁed‘with the equivalent conductances of the electrolyte to yield corresponding
cation conductances. Use was made of these to determine the limiting cenductance
of the sodium ion gt infinitesimal ionic strength. The conductances of other
.cations at finite jionic strength were derived and estimates of their limiting
values made, Information about the solvation of cations was derived from Stokes'
law and compared with aqueous data.

The thesis also contains the results of computer calculations to test the
applicability of transference forms of the Pitts and Fuoss-Onsager conductance
theories to all the reliable moving boundary date currently available. The theories
were found not to account adequately for the variation of transference mumbers
with concentration, the fit being poor for aqueous systems and the derived

parameters often unreasonable in non-aqueous ones.
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CHAPTER ONE

TRANSFERENCE NUMBERS AND THEIR DETERMINATION

Definition

The transference number tR of a,éation—of anion-constituent R in solution
is defined (1) as 'the net number of faradays carried by that comstituent
in the direction of the cathode or anode, respectively, aérqss a reference
plane fixed with respect to the solvent, when one faraday of electricity

passes across the plane.' tp is dimensionless énd,

Lt =1 - | (1-1
R * ' -

The term ion-constituent meaﬁs the positive or negative ion-forming
‘constituent of the salt without reference to the extent tovﬁhich it actually
exists in a dissociaéed form. For solutions of strong electrolytes the
ilon-~constituents are present only as the ions themselves. The definition is
then equivalent to the more usual text-book definition of the transference
number of an ion as 'the fraction of the current carried by thatAion when
the solution is electrolysed'. As this thesis is primarily concerned with
solutions of strong electrolytes, nmo further reference to ion-constituents
will be made. |

The transferencg‘numper tR of an ion R can be expressed in terms of
conductances by,

Ty

R X
CEAN G

t (1-2)

where A is equivalent conductance and ¢ is concentration, in equivalents per
dm3 of the subscripted species. The summation is carried out over all the
ions ,i, in the system, including R. For a solution of a single electrolyte

dissociating into only two ions, this becomes,
t+=x+//1; o t=Aa /A (1 - 3)
where A= %;i? )\_ _ (1 - 4)

and is the equivalent conductance of the electrolyte.



Clearly,  t *+t_ =1 - . ... (1 -5)

The' determination of transference numbers

The three principal methods of measuring traﬁsference numbers are
a) the moving boundary method, b) the Hittorf method, and c) the e.m.f.
method. For measurements at 2500 the moviné boundary method is superior
to the ofhers in precisioﬁ of measurement and reliabiléty‘of results but
is more limited in its applicabiiity. The present work is concerned
mainly with transference numbers obtained by the m.b. technique and
consequently it will be fully discussed. The Hittorf method will also be
briefly described since it was‘used in the only previous determinétions
of trénsfefence numbers in.sulphuriq acid. The e.m.f. method is not
relevant to this thesis but has been discussed by MacInnes (Zaj, Robinson
and Stokes (Ba); and Spiré (h4a).

The Moving Boundary Method (Lb, 5, 6)

The method is based on the formation and ﬁovement of a‘boundary between a
solution of the electrolyte under investigation, and a solution of a second
electrolyte having oné ion in common with the first, when current passes |
through the solutioné.- The velocit& of fhe boundary is proportioﬁal to the
transference number of the non-common ion in the leading solution (i.e. the
solution ahead of the boundary). The necessary conditions for boundary
stability are as follows:

a) The system must be gravitationally stable; the lighter solution must
be placed above the heavier one.

b) The conductance of the non-common ion in the leading solution must exceed
that of the non-common ion in the following solution.

¢) The refractive index graaients of the two solutions must differ if the

movement of the boundary is to be followed optically.



The theory of the method will be derived by using as an example the
bbundéry formed between aqueous KCI and LiCI solutions. For reasons of
' gravitational stability the IiCI solution must be above the KCl solution

(see fig. 1 - 1).

-

anode

Licl

KCl

Cathode J

Figure 1.= 1

The very existence of the boundary requires that

| Licl  XCl -
Vb (velocity of the boundary) = Vigh = Vpk (1 -6)

The velocity of an ion is proportional to the strength X, of the electric

field in which it moves. If the symbol u denotes the ionic mobility

(velocity in unit field) then,



LicCl KC1.

it ¥rien T %t ke - (=)
LiCl 'AKCI

and ri+ Xpiew T T+ Fron o (1-8)

since ;\'i = Fu, | : ‘ : (1-9)

where F is Faraday;s constant.
Since ;\K+ 3 ALJ'."'. the field streﬁgths must be in the inverse ratio, i.e.

3V X v(see fig. 1-2). This relation enables a qualitative explanation

Xric1>¥xe

of boundary stability to be given.

X ' boundary

- Licl

KC1

. distance along thé tube -

-Figu_re1—2

- If a trace of Lit diffuses into the KC1 solution, it finds itself in a region
of lower field strength. Consequently it slows down and the boundary
overté.kes it. Similarly if a frace of KV diffuses into the LiCl solution, it

is spéeded up by the higher field and eventually overtakes the boundary.



The relation between the transference number and boundary velocity (vmb)

may now be derived. Suppose the boundary moves through a volume V in a
time ,t, when a current I‘passes. The amount of Kf ion swept out of this

wlume will be ¢, V. This quantity of ion will have crossed an imaginary

w1l
plane in the leading solution during the passage of It coulombs. By

definition the transference number of the K& ion is the quantity of K that
crosses such a plane when one faraday (F coulombs) passes.

KCl

Thus tK+

Tt

Now the volume of KCl solution swept out in time t is given by

vV o= At o | (=)

Vmn.b
where A is the area of the tube in which ‘the boundary moves.

Thus, by combination of (1 -#) and(1 - 10);

LKl _ %ol Ymp. AT (1-12)
e = T

This relation shows that transference number and.boundary velocity are
proportional to one another at constant current.- waever, equation (1.—-10)
is of more value than (1 - 12) since the times for the boundary to move
through known volumes are more easily measured.

Since the current is the same in both solutions, equation (1 - 10) can

equally be applied to the Lit ion in the LiCl solution. .

LiCl

Pl 77 B . (1 -13)
Li - It '
LiCl .
Then v - Cni (-1
: KC1 o
- KC1

This relationship, known as the Kbhlrausch equation, predicts the

concentration of the following(LiCl) solution which follows the boundary.

.



Its value is fixed by other parameters in the system: the solution, evén if
not initially at thisAconcentrafion adjusts itself to this concentration
behind the boundary. The Velocity of the boundary is_independent of the
initial concentration of thé foliowing ion over a fairly wide fange since
Kohlrausch adjustment occurs; $he leading (XC1l) solution, on the other
hand, is of constaﬁt and uniform concentration. In moving boundary work
it is always the transference numbef of.the leading ion which is obtainéd
and the following ion serves only as an indicator and is often referred to
. as spch. It is usual to check that the transference number measured is
independent of indicator electrolyte, indicator coﬁcentration, and
current.‘

Two corrections must be appliéd to the‘experiméntal %;1ues.
First, a fraction of the =current is carried by the ions of the

solvent and not by the electrolyte. According to Longsworth (5) the

" corrected transference number_ti is related to the observed value t

obs.
by o - 4
: C (o~ ¥ ) (1 - 15)
= . 5 lvent :
b= by (1 selvent
( ' é(solute )
) - + -f\n ’ o]
where 4<solvent and tholute are the approprizate specific conductances.

The second correction is due to volume changes at one of the electrodes.
In the‘definition of transfe?ence number, it is implied that boundary
movement should be measured with refefence to a plane in the leading
solution fixed with respect to the solvent. However, the transference
numﬁers are observed relative to a plane fixed with respect t9 the cell.
In moving boundary work one of th; electrédes is always closed to avoid
bulk movement of solution. The solvent is then displaced only by volume

changes at the closed electrode. TFor the KC1/LiC? system,
' S . KCl
KC1- .
bt (corr.) = tK+'(obs) gy 87 (1 - 16)



Vhere AVis the volume increase, in dm3 per faraday pa,ssed,y between the
closed electrode and a plane in the leading solution which the boundary
does not cross. Thé plus or minus sign refers to the.boundary moving
toward or away from the cloéed_electrode, respectively. As a simple

example, consider an Ag/Ag Cl closed cathode in the KC1/LiCl system,

. mb open anode
| Az | AgC1 ol Licl +

Figure 1 = 3

BC is the plane fixed with respect to the solvent in the leading solution.
The changes produced between BC and the cathode by the passage of 1 faraday

are as follows:

a) Gain of one equiv. of Ag(s) and one equiv, of C1 and loss of one equiv.

of AgC1(s) due to the electrode reaction.
KC1l KCl .

b) Gain of tK+ equiv. of K" and loss of tCl' equiv. of C1~ due to migration

across BC .
' XC1
Thus there is a net gain of th equivalents of KCl and one equivalent of Ag

and a loss of one equiv. of AgCl. So,



: KCl < KCl .
OV = Vy0s) Vagor(s) * % - T ke (1-17)

where V and V are molar and partialvmolar volumes, respectively.
In the present work with sulphuric acid as solvent, a closed Ag&/Ag
cathode was used. For NH4HSO4 as the ieading electrolyte and H20Ac.H_SO4

as following electrolyte, the system is simply represented as

H20A0.H804

n.b.

NH HSO

AgHSO
555

Ag

Figure 1 - 4

The volume changes betweeq the electrode and BC are as follows:

a) Gain of 1 equiv. of Ag(s) and loss of 1 equiv. of Ag' by the electrode
reaction.

b) Gain of t_equiv. of NH#+ and loss of t_ equ;v. of Hso4‘ by migra#ion

across BC.

¢) Gain of 1 equiv. of HSO, in the NH, HSO, solution and loss of 1 equiv.

4 4757
of HSOZ in the AgHSO, solution by migration agross the Ag*/NHZ boundary
since t_ + t_ =1 , (1 - 18)
. _AgHS0, _ NH,ESO,

However, this particular volume change is complicated by other reduction

processesand will be discussed in greater detail later.



o
.

It is .interesting to note that the soiyent correction becomes more
important as the concentration is decreased whilst volume corrections are more
significanf the higher the concentration. Thus the most precise moving
boundary results can only be obtained within a fairly limited range where
the corrections are small and the effects of uncertainties in them are
miﬁimised..

Unfortunately tﬁe moving boﬁndary method has its limitations. I% is not
always possible to see the boundaries at low conceﬁtrations or in solvents
where- the refractive indices of the leading and following solutions are very
similér. Other methods of following the boundaries are then available,
including measurement of changes in electrical resistance and potential due
to passage of the boundar&,-a radiocactive tracer method, aﬁa a thermal
. method (4). A more serious limitation, especially for non-aqueous work,

. is that suitable closed electrodes and indicator electrolytes cannot always

be found.. ’ -

The Hittorf Method

This'technique has been very adequately déscribed in the literature (2b33b,
4c, ?) and the treatment given here will be brief. The essence of the mefhod
is the measuiement of the amount of electrolyte in the region of the eiectrode§
before and after a current is péssed. A Hittorf cell consists of at least three
compartménts (one for each electrode and also a middle section, the contents
of which must ﬁe the same before and after the passage of current). As a simple
example, consider the cell used by ﬂacInnes and'Dole (7) to measure the K+.
transfefence number of an agueous KCl solution.

(+) hg/xc1/ K01 /KO /AgCl/hg (-)

After one faraday.was passed the following changes had occurred in the anode

compartment solution:



10.

a) Gain of 1 équiv. of Ag& by the electrode reaction. This was precipitated‘
as AgCl ieading to a net loss of 1-equivaiént 6£ C1l™ in the solution.

b) Gain of t- equivalents of C1~ by migration into-the anode compartment from
the middle section and a loss to %, equivalents of K by migration in the
reverse direction. |

Thus there was a net loss of_t+ equivalents.of KC1 in the anode éompartmenf
after passage of one fa:aday. A siﬁilar analysis for the cathode compartment
shows a net gain of t, equivalents of KCl.. After analysis, the changes

brought about by tﬁe bassage,of It coulombs_were measured and consequently

the transference numberlfoundtfy simpieléropoftion. A solvent correcfion

similar to that employed in the moving boundary method was applied.

The method is subject to analytibal errors since the concentration changes
brought about are necessarily sﬁall. ;If large amounts of charge ére passed
it is difficult to confine the changes‘to the electrode compartments.
Consequently the precision of  the method is relatively low and the moving

boundaxry method is preferred whenever it can be applied.



CHAPTER _TWO

THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS

The interpretation of the variation of the cqnductance_of solutions of

strong electrolytes with concentration has been a source of attention

since the Debye-Hlickel-Onsager treatment was proposed in 1927. They
postulated that an ion in a solution is surrounded by an ionic 'atmosphere!
of opposite net charge to the central ion, its existence being a consequence
of the interplay of electrostatic interactions between the ions and thérmal
forces. The effect of the atmosphere is to slow down the motion of tﬁe ion
uhder an external electric field and it does this in two separate ways.
First, the opposite sign of cﬁarge between the atmosphere and the central
ion means that they will move in opposite directions on applicatidn'of the
external field. The ion is then no longer at the centre of its atmosphere
and thus experiences an electrostatic force opposing the applied fieldr
This retarding contribution to the motion of the ion is known as the
asymmetry or relaxation effect. "Second, the solvent molecules associated
with the atmosphere ioﬁs_cause a local flow in the opposite direction to
the central ion and.so decrease its velocity. This contribution to the

"reduction of ionic mobility is known as the electrophoretic effect.

The Débye—Hﬁckel—Onsager‘(D—H;O) theory treats the ions;as point cﬁarges
and the solvent as a continuum. It consequently ignores the short range
repulsive interactions which are introduced when the size and shape of ions
are taken into account. The latter effects may only be neglected in extremely
dilute solutions where the D-H-O equation holds reasonably well. It is for
this reason that the equation has come to be known as the limiting law. The

equation may be stated:

For a single univalent ion 7&1 = )bg - (313.2 + %Bz);/c (2 - 1)
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For a 1:1 electrolyte A= A° - (B1A° +B,) /e (2 - 2)

where }\.i s Z\ represent molar conductances in the units ohm'_‘I cm2 mol_‘I
at finite concentrations and }\g , A° the hypothetical limiting molar
conductances at infinitesimal ionic strength, ¢ is the concentration in

" mol dm_B, and B1' and B, are parameters given by:

. 5 1 | -
B, = §_(_295_)_33_/150_ o1 ~Ban3/2 (2 - 3)
CT .

B, =_82:46_ en2ohn™mo1~3/ 2an3/? (2 - 4)
n(E€D)?

Here € is the dielectric constant of the solvent, 7 its viscosity in poise

and T is the absolute {gmperature. The functions B.I- and B, represent the

2
contribution to the conductance from the asymmetry and électrophoretic

effects respectively. -

. Inan 'aftempt to _e@lain the variation of conductance of strong electrolytes
with concentration at higher concentrations, Fuoss and Onsager (8) proposed

that:
o e Ax-
Ay = (G- AT+ TR (-5

1

where 7\-?_ repfesenté the electropharetic contribution to the conductance,
X isg the applied field and AXi is the additional field at the ion due to
asymmetry. An expression for AX/X was obtained by a series of successive
approximations yielding terms of different order in ¢ which contribute to
the relaxation field. As AXi and X are in opposite direétion the sign of
AXi/X is negative and the effect of (1 +8X,/X ) is to reduce the

conductance.

P SN

For a simple 1:1 electi‘olyte:

AS = AS S AS = 3A° | (2-7)
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and A= (A° -Ae)(1+4i)2) B L . " (2 -'8)

It may be seen that the limiting law is a special case of this équafion in
which A° = = B, Ve, AXl/X -B, and the cross-product of electrophoretic
and asymmetric terms is neglected. Fuoss and Onsager allowed for the finite
.size of ions _and' introduced a closest distance of approach between cation
and anion, symbolised by a. They then deduced that the electrophoretic

contribution is given by

e By /&~ ' ' _ (2 - 9)

where K= 47 &° o, 2> (2 -9a)
FrT 1o -

- Herxe n,  is the bulk concentration of ions of species i, e is the electronic

charge and %»is Boltzmann's constant. For a fully dissociated 1:1 electrolyte,

0 1 ' .
K= 50.291 /c A _ (2 -10)
el

With xa = y , the equation for a 1:1 strong electrolyte, (2 - 8) becomes:

_ o /“)( o) , (2 = 11)
S

However, in a more detailed treatment of the electrbphoretic term (9) in

: N!M

1963, Fuoss and Onsager proposed that a more exact form of AAe is

e o - |
A = B, /o - By : (2 - 9b)
. 2 6 o -3 ’ ,
where 33 = 2 N e .c, F(d) x 10 (2 = 9¢).
m(eRT)

and F(b) is a complicated function of a, € and T. They stated that the form
of A° given in (2 - 9) is a close approximation to (2 - 9b) and consequently
employed the more approximate form. Caleculations of Ae by both relations

have been carried out by the writer and the details are given in Appendix T



where the validity of the approximation.is also discussed.
The form of the conductance equation_with the more exact electrophoretic

term is then,

A= (° - (3, - B)(1 +2E) . o (2-119)

An extended form of equation (2 - 11) was obtained by Fuoss and Onsager (8)
on expanding (2 - 8) with a more detailed derivation of the relaxation field.

When terms beyond those in 03/2 were ignored the form of the equation is:

A=A° -8/ +Ee logc + Jyc - J203/2 (2 - 12)

where S = B1jf + B, ’ o (2 -13)

1 and J2 depend onn the

E is a function only of the sélvent"properties and J
sélvent properties and on a.

The original Fuoss-Onsager equation proved toAbevmore successful at higher
concentrations than:the limiting law. An arbitrary limit of 0.2 fof ¥y was
proposed, above which the equation is ng longer accurately obeyed. The
treatment has been further developed by Fuoss and Hsia (10) aﬁd by Murphy

and Cohen (11). These modifications involve a recalculation of the

relaxation field retaining terms which had previously been neglected.

In 1953, Pitts (12) derived an equation which, although based on a similar
model, differs from the Fuoss and Onsager treatment in three ways. First,
the Pitts equation takes into account the effect of the asymmetric potential
on the local velocities of the soivent near the ions. Second, the two
treatments employ different boundary conditions. Fuoss and Onsager considered
that perturbed potentials and electric fields are continuous whereas Pitts
congidered that perturbations cou%d be neglected at distances from the ion’
greater than a. Third, the theories differ in their approaches to the effect
of the asymﬁetry of the ionic atmosphere upon the central ion. These

differences have been fully discussed by Pitts, Tabor and Daly (13, 14) and

14,



15.

by Fernindez-Prini (15); the former group (13) somewhat modified the original
Pitts equation. For ease of algebraic manipulation the modified equation can
‘be put into the following forms:

For a single ion,

A..o —K, :K'.O Y -
i i i 1

>ofe
>
+
ST
>
~
Ny
I
-t
.
g

For a completely dissociated 1:1 electrolyte,

AO—A=-A°Y1—Y2+Y3 | | ' (2 - 15)
2 : . 4.2 ' |
h Y, = K e’ K°s (2 - 16)
R i Sk 1T RICIeEE * 5£2k?T; ;
L= (-1 (x ) (HD) - (2-17)
(ﬁ+y)(1+y)2 (3"""'10 )(3ekT) .
2 e, o
Y, = ek N )( 1 ' (2 - 18)
> Q) é 31, ;21 T 3cRT ; ’

Here S1 and T1 are numerically evaluated functions of y and N is the Avogadro
number, |

4 comparison of tﬁe perfo?mances of the Fuoss-Onsager and Pitts equations
for fully dissociafe& electrolytes, in both agueous and non-agueous solvents,
is of interest. Pitts, Tabor aqd Daly (14) have shown that, for agueous
systems, the three-parameter version of the Puoss-Onsager equation, involving
zﬁ?, a and an association constant_can be closely fitted to the exéerimental
data but such a fit necessitates unreasonably small values of g and some
' negative association constants whiéh are not physically meaningful. They
claim, however, that the Pitts theory, involving only.AP and a, can be fitted
closely to experiment for reasonable values of a. Ferndndez—Prini (15) has
shown that both the Fuoss-Hsia and Pitts equations account adequately for
results in dimethyl formamide and propylene carbonate, the Pitts equation
be;ng marginally more successful. However, in methanol the Puoss-Hsia

equation is more satisfactory. By inspection of the full forms of these
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equations, it is seen that, for a given electrolyte, Pitts'~ equation predicts
smaller interionic‘effects and a larger molar conductance. The small values
of a predicted by the Pitts equation for a methanol solution may be attributed
to a-small degree'of ion associatim which is more satisfactorily allowed for

- in the Fuoss-Hsia equation with an association constant and a more plausible
value of a is obtained. The Pitts equation is likely to be equally successful
for methanol if association is taken into account.

In view of the success of these equations when applied to conductance data
it was decided to test thelr applicability, in suitable form, to transference
data. Compared with the conductance field, thereis a paucity of reliable
transference data with which the equations may be tested. For most aqueous
systems that have been studied, conductances have been meaéﬁred aﬁ many
concentrations less than 0.1N whereas the maximum number of corrésponding ¥
transference measurements is-six and a more usual number is three (0.01,0.02,0.05N).
_Mbreover, accurate transference méésuremeﬁts have been carried out in faxr
fewer solvents than have accurate conductance méasurements. Consequently
the theoretical equations have been tested using all the reliable transference

data available for both aqueous and non-agueous systems.

Derivation of the transference forms of the theoretical equatiéns

Transference numbers of completely dissociated electrolytes are defined in

terms of conductances by the relations

5 = (2-19)
1 .A .

© - ?C;‘ ' - (2 - 20)
i TN ‘

The Debye-Hlckel-Onsager equation in transference form

Combining equations (2 - 1), (2 - 2), (2 - 19) and (2 - 20) we obtain
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: o o . ' ‘
go= M - BN+ 38) /o (2 - 21)
A% - BN + By /o ’

©
g, = 8 + & Z05) B o | (2 - 22)
: A° - (3,40 £ B,) /&

As with the conductance form of this equation, (2 - 22) applies only in
extremely dilute solutions. It may be rearranged to read

1
~-t°_ tiA +§'Bz/c?

- (2 - 23)
i A+ B, /e

At moderate concentrations t; ‘so calculated is not constant and henceforth

T

is called f: . Longsworth (5) found that ti varies linearly with concentration.

o , ' '
ty- o= t; o+ be ) (2 - 24)
o_ .
This enables a reasonable limiting transference number ti to be obtained by
extrapolation to zero concentration. It will be shown later that this is a

suitable first approximation for an iterative procedure to fit transference

‘data to the Pitts equation.

The Fuoss-Onsager equation in transference form

Combining equations (2 - 5), (2 = 7), (2 - 8) and (2 - 19) gives

°©_1,.¢® . .
b N TEA | (2 - 25)
+ A° _A®
. It was first pointed out by Stokes (16) that the relaxation term cancels out
. completely so that the transference number depends on the electrophoretic
terms alone. Kay and Dye (17) have, in fact attempted to use the variation

of t; with concentration. fo determine A°. Equation (2 - 25) may be

combined with equation (2 - 20) to give

e (] - 058 - (2 - 26)
1 1 _A_o —.Ae
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After multiplication by (Ao - Ae) and rearrangement

e
b, = 10+ (t; - 0-5)A _ - (2 - 27)

1 i AO

When the form of /A° proposed by equation (2 - 9) is employed, (2 - 27)

becomes
| (t, - 0.5) B, /o~
ti=t§+'l 2 s (2 - 28)
A° (1+xa)
R t. - 0- B 6]
" £ =t - ( = 2 2 I (2 - 29)
B A (1+xa) |
When the more exact electrophoretic term given by (2 - 9b) is used (2 - 27)
becomes
NN (t; - 0.5)(B, /&~ - By) ' (2 - 29a)

s N
The forms of the equation employed in the present calculations are (2 - 29)

and(2 - 29a). The results of calculations using the former are designated

(F - 0), and those using the latter (F - 0)2.

The Pitts equation in transference form

Combining equations (2 -~ 14), (2 - 15), (2 - 19) and (2 - 20) we obtain

o) Q ?\9 (____) 1 Q
| A Y ey oy -3 Y, A (2 - 30)
N A § o o - A©
' A -A Y1 + Y2 - Y3 .
After algebraic manipulation this becomes
o
t, - t; Y
i i = YB _ 3 (2 - 31)
2} fo) o) Al
ti—0.5 A —AY1+Y2--Y3 .
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, - _
- t, + 0.5 g -'zj o ' : :
or 4 = i A (2 - 32)
i _ Y. ) '
2I+ ] )
Al
or, on rearrangement,
? - °. . . ’
g Lyl D5 (05 - %) - (2 - 33)
i i . AI -

It will be shown in the next section that equations (2 - 32) and (2 - 33)

are the forms of the equation which are most suitable for testing how well

the theory describes the concentration dependence of transference numbers.

The effects of ion association

A1l the conductance and derived transfei‘ence equations may be modified to
incorporate ion association where it. is thought to be significant. For a
1:1 electrolyte dissociating according to
MA = MY AT
the equilibrium concentrations of M¥, A” and MA are e«c,ecc and (1-o)c

respectively where« is the degree of dissociation. The ion-pair association

constant KA is given by

B o= (-a) | (2 - 34)

A rearranged version reads .

=1+Kocc812 - (2 - 35)

1
=3 A

Here 8i is the mean activity coefficient of the free ions at concentration

«c. The D-H-0 equation, (2 - 2), now becomes

A = A° - (B1A° + }32) J=c (2 - 36)
o
The Fuoss-Onsager equation in its extended form, (2 - 12) becomes
A =/ - 8/Z5 + Blsc)log, lcc) + I, (xc) - J, (x0) /2 (2 - 37)
[ o

Combination of (2 - 35) with (2 - 37) gives



A= - ST + Bleo) log o) + 3(co) - Iyfeee) /2~ K,A82(x0) (2 - 38)

The Pitts equation (2 = 15) becomes

o O .
_/\_04: =AY -, + Y . : (2 - 39)

with ecc replaciné ¢ in the equation for«, (2 - 9).
| When the transferencg'forms of these amended equations are derived they
become identical with those obtained pré&iously except that the quantity
«c replaces ¢ wherever it occurs. .
In the caiculations performed hgré,‘ion association has been taken into
account fér a number ofvsystems. Where the original workers have given
values ofct, these have been-used, but for most systems only a value of

KA was available and the following successive approximations method was

used. Equation (2 - 34) was written in the form

=1-xc?ox 8° | (2 - 40y

As a rough first approximation to <¢, A ;vas set equal to one and ¢ was
calculated from eqliation (é - 40). This new improved value was then
substituted into the right-hand side of the equation and a better
approximation,ccz, was obtaiﬁed. The procedure was repeated, usually
avout six times, untilec]rl and °€n+1 did not differ significantly. Values
ofc were calculated for all the concentrations at which transferencé data
were available.

The values of the stoichiometric activity coefficients B:_we;e-obtained

from the Debye-Hickel equation, for 1:1 electrolytes !

- A, Joc
log,, ¥ 1 ; gl (2 - 40a)
- Ara Ve
(E'T') *(1 +—(-?—)%
T

where A1_ A2 are constants and in the absence of any other value for a,
’

the 'best' conductance valueswere taken.

20.
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Methods of comparing theory with experiment

Two approaches have been developed to test the fit of experiﬁental
transference data to the theoretical equations. The first, method A,
is based on the fact that if the theory is satisfied for a given value .
of a, tio a8 calculated is invariant to concentration. The measured
transference numbers and éprresﬁonding concentrations were substituted
into equation (2 - 32) for a test 6f the Pitts theory, or equation
(2 - 29) to test the'Fuoss—Onsager theory, for a series of values of a.
That value of a was then found which made the standard deviation of
'calculated tic values from tﬁeir average a minimum over a specified
concentration range. However, the data were only deemed to fit the
equation adequately if the distribution of the calculated ;;O values
showed no monotonic trend with increasing concentration. The mgthod
is limited for the Pitts equation to those values of g which render

0.01 < y £0.50 ; . (2 - 41)

‘gince values of the functions S1 and T, are only available for values of

1

y within this range (12, 18). However, various polynomials have been

developed to serve as interpolation functions of y for S1 and T1 in the

computer prdgramme (see below) and these functions permitted estimation

4 and T1 outside this range of y although this is not strictly wvalid.

In the absence of proper calculations of S1 and T1 outside this range

their behaviour is unknown. The interpolation polynomials, which were

of 8

derived by a 'least squares' curve-fitting techmique, are as follows.

For S1 at y £0.12,

%1 = 37.64 7 + 1.0 (2 = 42)
For 8, at y 3 0.12
T = 206.35y° - 48.654y° + 49.229y + 0.25 (2 - 43)

1
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For T1 at ¥ § 0.14

3|

i . '
= 5.742y + 2.045y% + 0.431 A (2 - 44)

For T, at y > 0.14

1 2 ‘ -

T = 71-324y" + 6.359y + 0.974 (2 - 45)

1 ' :
There are no such limitations on the values of a which may be used in

equation (2 ~ 29) to test the Puoss-Onsager equation although values which

fall appreciably outside the ré.nge

2.5AX<_@<7K » (2 - 46)
are not physically meaningful as a distance of closest approach.

In more detail, for‘ method 4, a computer programme was devised Vto calculate
tio for each concentration c, now written as tio(é). The average of tio(c)
over all the concentrations taken ,<ti°>, and the standard deviation of the

“values, of tio(c) from this average were then found. E[;he‘calculation was
performed for all ﬁositive integral values of a2 from 1.0 K to 20.0 K.
The vaiue of a fo:r which the standard .deviation of tio(c) values was a

minimum, was selected and designated a In cases where the standard

>
deviations progressively increased with increasing a, showing no minimum,
negative values of a were tried. This was only possible in testing the
Fuoss-Onsager equation. These negative values of a have, of course, no

Physical significance. The calculation was repeated for values of a from

-1 to 23 + 1 at intervals of 0.1 A and that value of a, 34

'%3 s corresponding
to the new minimum standard deviation was chosen,

Since there are reasons for believing that both theories are most‘ likely to
break _'down at high concentrations, the whole series of calculations was
repeated .but this time without the data for the highest concentration. The

next highest concentration was then excluded and so on until the computation

was carried out on data corresponding to only three concentrations. At this
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~

staée the calculations were terminated. These results enable one to

judge fairly easily if, and at what concentration, the theories break

dovwn.

' The second approach, method B, is similar to that used by Pitts,Tébor
and Daly (14) to test the fit of experimental conductance data to

theoretical equations. ‘It has been applied here onl& to the transference form
of the Pitts équation. The method pre-supposes a knowledge of the

approximate Yalue of t;o and it is assumed that this vélue differs from

the true value by a paramelexr $ which is inifially wnKnowh. If the

approximate value is‘tif, the true value is given by

% = T + § o (2 - 47)

i
Since both & and a are initially unknown, a series of iterations is
performed to find the best values for these paraﬁeters. .By analogy with
the conductance treatment, the method of ﬁaking the approximations can
best-be understood by examination of a plot of (tio - ti)kj against
'd%. Here (tio - ti)kj is that value calculated from equation (2 - 33) at

a specified value of a, By and at concentration Cj'

In figure .2-1 below (tz - ti) is represented by Z. The value of Z
at concentration Css calculated using a = 249 is designated Z1j' Using
a=2, it becomes sz. The points marked X represent values of wj, equal
to (tiT - ti)j vhich is the difference betyeen the initial.approximation
for tio and the measured transference number at that concentration. The
points marked o represent the same values displaced by & , i.e. the
difference between the 'true' value of tio corresponding to the value of
a, a¥*, for which the data best fit the equation, and the experimental
values. The Pitts (14) criterion for a fit to the theory is that the

function f given by

( Z2j - (uh + S))

= (2 - 48)
(sz - Z1j)




ClGURE  2.— |




should be a numerical constant. However, since the experimental values are
subject to error and the initial approximations for 245 29 and tio méy be
far from the true values, the function f may well vary with the initial
values chosen for these parameters. By adopting a least squares procedure
th'e best fit to the Pitts equation is for those vglues of £ and § which
minimise the function M

2

M= ;[ZZZ‘—U'JrS)-f] . (2 - 49)

J
1 L (sz - Z1j)

The summation extends over all the n transference numbers lying within the

concentration range chosen.

By differentiating M with respect to 8§ and f and equating the resulting

expressions to zero, the values of § and f which make M a minimum are:

R - - (2-50)

p '= (RU ~ sT) : ' (2

~ 51)
(nU ~ SZ)
n . . -
Zp. = W, .
vhere R = z -Z-g-l—_-_—-zl (2 - 52)
23 13
]
n
1
e 5 ol — (2 - 53)
2 %25 7 *1;
) .
n
_ Z2. - W, :
T= )y Sl (2 - 54)
1 (g = ay)
n
I P R (2 - 55)
U_Z(7 2
124~ Z1j)

24.



The first approximation to the 'best! value of a is given by

a* = a, + (a1 - a2) f ' (2 - 56

and the first approximation to the value of tio is

t,°=t, T+ 8 | C (2-57)

1 2

arbifrarily although previous calculations using method A enabled reasonable

In the present work, the initial values of a, and a, were chosen
choices to be made. The initial value of ti* taken was obtained from the
Longsworth plots discussed earlier. When these calculations had besen

performed, they were repeated using for 2y and a, the values

2
0 o ar +El;i2l . 5 (2 - 58)
178 4
a=Jﬁ(%'%) . | - (2-59)
2 2z : :

and for tiT the value of tio given by (2 - 47).

This procedure was continued until sufficient approximations had been'made>
o .
to render (21 - 22) less than 0.01A. TUsually about six approximations were
found necessary although this depended on the amount by which the initial

values of a, and a, differed. When the best values of tic and a had been

2
obtained, the Pitts equation in the form of (2 - 33) was used to calculate By
for all the concentrations at which measurements had been made. These
calculated values were then compafed with the experimental ones. As a
criterion of fitting the difference Between these quantitites, tlB should
show no monotonic trend with increasing concentration. As with method A, the
calculations were repeated severdl times excluding; in turn, all the
‘concentrations ébove the lowest three.

The essential difference between the two methods is one of approach. 1In

method 4 the experimental transference numbers were first taken and the 'best!

average limiting value was calculated. In method B a 'best' value was first



found for the limiting transference number. . This was then used to calculate
the theoretical transference numbers at finite concentrations in order to
compare them with the experiﬁental_ values.

The Imperial Cbllege c.D.C. ‘6400 computer was employed for these
ca:lculations. The computer programmes wére written in Fortran IV and are

given in Appendices II, III, IV, V and VI.

26.
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Summary of Results

The results of applying method A to all the available reliable data axe
summarized in tables 2, 4 and 6. The abbreviations PA and F-0 indicate the
regults obtained by application of method A using the Pitts and Fuoss-Onsager
theories respectively. The results of calculationsvusiﬁg the two forms of
the Fuoss-Onsager transference equations (2 - 29) and (2 - 29a) are
designated (F-o)1 and (¥-0) 5 respecfively. The quantity “min is the
minimum standard deviation of the calculated tio(c) values from their average
over the concentration range specified. The last column of the table
describes the distribution of tio(c)'values about their average. As explained
earlier this should be non-systematic for a true fit of the data to the
equation. The results for non-aqueous systems, where ion é;sociation is
thought to be negligible, are given in table 4. TFor systems in which ion
association is thought to be appreciable, an allowance for it has been made

in the calculations and the results are given in table 6. The results of

applying method B to the same data are summarized in tables 3 and 5.

References to the sources of the experimental data, together with the

appropriate association data are given in table 1.



TABLE 1. SOURCES OF TRANSFERENCE AND ASSOCIATION DATA AT 2500.

Solvent

Water

50 mol %

methanol-water

Methanol

Methanol(10°C)

Ethanol

Ethylene glycol

Acetone

Formamide

Acetonitrile

Nitromethane

- NaCl

Electrolyte

LiCl
g -
KClézﬂi
HC1

1
HC O4

AgNO
g 3
NaCl
KC1l

LiClb

Nac1®

KC1l
NaCl

Bu4NBr

Licl
NaCl
KCl
.XCNS
KC1

. Me4NClO4

Me ,NC1
4

Me4NBr

Et ,NC1
4

Et4NBr

Bu NC1
4

Bu4NBr

o] .
t+(11t.)

0.3368
0.3963
0.4906
0.8210

0.8402

0.4642

0.4437
0.5068

0.4296
0.4633
0.5001

 0.4607

0.4085

0.4393
0.4813

. 0.4766

0.376,
0.427,
0.4768
0.4674
0.4663
0.4320
0.4314
0.3526

0.3513

Ref.

Associatianata

20
20,21
20,22
20
23
24

25
25
27
26,27

26

27
27
28
28
29
30
31
32
34
34
34
34
34
34

o in transf. paper

o in transf. paper

oc in transf. paper

E,= 7.0dm’mo1™",
KA=45.Odm3mol_1,

KA=31.Odm5mol_1,

" K,= 2.0dm’mo1” T,

A

K,= 1.7dan’mol”",

4
.

1

a=4.0
a=4.1
a=3.4
a=3.3

A

=0

»0 =0 0 =0

28.

Assn.
Ref.

28

28

30
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The data from the two references were combined to.give a joint
set.

The results at around 3.7 x 1072 and 10.0 x 10™%W were averaged
and treated as two points only, to avoid_over4weighting.

The data from the two references were analysed separately.



TABLE 2.

electrolyte

Lici

NaCl

"(F-0)

theory

Py
(F-0);
(F—O)2

Py
(F-o)l
(F-o)2

Pp

Py

(F—O)é

Py

(F—OJ2

Py
(F-o)1
(F-0)

Py

2

(F-o)l

Py
(F-o)l
(F-O)2

.

conen.range,
9.8 - 100
9.8 - 100
9.8 - 1CO
9.8 - 64
9.8 - 64
9.8 - B4
9.8 - 50
9.8 - 50
9.8 - 50
9.8 - 33
9.8 - 33
9.8 - 33
9.8 - 19
9.8 - 19
9.8 - 19
10 - 100
10 - 100
10 - 100
10 - 100
excl. 20
10 - 100
excl. 20
el 49°
10 - 860
10 - 60
10 - B0

10%4

APPLICATION OF METHOD A TO AQUEOUS DATA

best _8_
.Q.7
5.0
3.9

R
L.8
4.0
3.9
4.3
3.8
3.3
3.9
3.7
2.9
3.6
3.6
5.7
6.0
4.2
5.5

5.8

4.1
6.1
6.4

4.7

10%_,

min
1.9
1.8
1.2
1.8
1.7
1.0
1.0
0.9
0.6

* 0.3
0.3
0.2
0.3
0.3
0.2
1.4
1.
2.0
0.9

1.7
1.5
1.4
1.1

<t:>
0.3365
0.3366
0.3371
0.3366
0.3367
0.3370
0.3368
0.3367
0.3371
0.3369
0.3370
0.3372
0.3370
0.3371
0.3372
0.3960

0.3961 -

0.3965

0.3962

0.3962

*0.3966

0.3960
0.3960
0.3963

highest y

0.49
0.52
0.33
0.37
0.40
0.33

0.29.

0.32
0.29
0.20
0.23
0.22
0.13
0.16
0.16
0.59
0.62
0.44
0.57

0.60

0.43
0.u49
0.52
0.38

see
see
sSee
see
see
see
see
see
see
see
see
see
see
see

see

" see

see

see

see

See

See

see

see

See

fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.
fig.

fig.
fig.
fig.
fig.
fig.

trend in t:(c)

2-2
-2
2-2
2-2
2-2
-2
PR
2-2
2-2
2.-2
2-2
-2
2-2
22
2-2

2+3;
2-3°
2.
2ty

0t
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FIGURE 2-72
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KC1

(F-o)l

(r—o)2

(P—o)l
(r-o)2

(r-o)l

(r—Q)2

(F—O)l
(r—o)2

(F-0)
(Ff0)2

(F-0),

(r-0)

(F-o)2

10 -
excl.

3.1,

10 -
excl.

10 -
10 -
10 -
10 -,
excl.

10 -
excl.

10 -
excl.

10 -

‘10 -

10 -

10 -
excl.
10 ~
excl.
10 -
excl.

10 -
10 -
10 -

10 -
excl.

" 10 -

excl.

10 -
excl.

60
20

28°

80
20

50
50
50

50
20

50
20

50
20

29

29

29
20

29
20

100
100
100

100
14

100
14

100
14

5.8

6.1
‘4.6
5.6

5.9
4,6

5.4,

5.7

T
4.9
4.3
4.7

>20
>20
7.0
13.1

13.2

5.8

0.8

0.8.

1.4
1.4
1.1
0.5

1.3

1.3

1.2

0.1

0.1
0.0

1.4

0.8

0.8

0.3961

0.3962
0.3964L
0.3960
0.3961

0.3963
0.3962

0.3962

0.3964

0.3962
0.3963
0.3964
0.3963

0.3963

0.3964 -

0.4805

0.4905

0.4905

0.4906

0.47

0.u49

0.37

0.41
0.43
0.3
0.u0

0.42 .

0.33

0.25
0.28
0.24
0.26

0.29
0.25

0.73

1.35°

1.37

0.60

see fig.

see fig. 2~k
see fig. 2-14
see fig. 2-4

see fig. 2-3
see fig. 2-=3
see fig. 2-3

ig. 2-4

see fig.
see fig. -4
see fig. 2~-4

.

see fig. 2

see fig. 2 ~
2

see fig. -

see fig. 2-4
see fig. a~4

sée.'&‘-ui. 2-5
See fig.2-6

See fFi1g.2-6

similar ko ‘9‘3.2-6



FIGLURE 2-5 ‘
RESULTS oF THE AfPllcATIioN oF METHOD A TO

AQUEOUS POTASSIUM CHLORIDE DATA INCLUDING C= 0-0l4™
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, FIGLURE 2-6 .
RESULTS OF TUHE APPLICATION.  OF METHOD A TO
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HC1

(F-0)

(r-o)l

(r—b)2

(P—o)l
(r-0)

(F~o)l
(r-o)2

(P—o)l
(r~0)

(P—o)l

(r-0)

(r—o)l

10 - 73

10 - 73
10 -~ 73
10 - 73
excl, 14
10 - 73
excl. 14
10 - 73
excl. 14
10 -~ 50
10 - 50
10 - 50
10 - .50
execl. 14
10 - 50
exel. 14
10 ~ 50
éxcl. 14
10 - 30
10 - 30
10 - 30
10 - 30
execl, 14
10 - 30
excl., 14
10 -~ 30
excl, 14
10 - 100
10 - 100
‘10 -~ 100
10 ~ 50
10 - 50
10 - 50

520
>20
9.0

17.1

"17.2

7.2

>20
>20
8.7
8.2

- 8.4

5.8

17.4.

14.8
9.9
4.2

4.6

3.9
4.2
3.5
3.4

' 3.8
3.5

1.4
0.9

0.7

1.5
0.7

0.7

0.7

1.7
1.7
1.7
0.8

‘1.1
1.1

1.1
1.1
1.1

1.3

0.4904
0.4905

0.4905

0.4905

0.4904
0.4905

0.4905

0.4906

0.4904
0.4904
0.4904

< 0.4906

0.4906

0.4906

0.8212

*0.8211

0.8209
0.8211
0.8210

0.8209

0.80
1.35

1.53

0.64

0.64
0.60

0.62

0.41
0.44
0.36
0.25
0.30

0.26

see 913. 2-95
see fig, 2-6

see 4‘3. 2-6

Ssouflar bo Fig.2-6

seQ *S‘-\%, 2-g
See f-\ﬁ. 2-6

See $i9.2-¢

simulac bo 4‘-;%, 2=6
 see Pig. 2-5

See +1g,2-5

See fig. 2-5

see fig.2-6

see f19.2-6
Similar be $|3. 2-6

none
none
none
none
none |,

none



HClOu

AgNO3

P
(F-o)l
(r-o)2

(F-0),

(F-o)2

(r-o)l

(r-0)
(F-0)

(r—o)l
(r-o)2

10
10
10
10
10
10
10
10
10
10
10

.10

10
10
10

300
300
300
100
100
100
u8
48
48
100
100
100
50
50
50

5.5
- 5.7
3.4
5.5
5.7
4.0
6.1
6.4
4.7
>20
>20
16.0
>20
>20
18.2

0.9

1.0

4.3

1.0
1.0
2.1
0.9
1.0

1.3

1.7

0.7

0.8402
0.8u01
0.8393
0.8u402
0.8401
0.8398
0.8403

" 0.8403

0.8400

.0.4658

0.4656

0.99 :-°
1.0%
"0.61

0.59
0.61
0.42
0.4k

0.46

0.34

1.7

1.3

non_e
none
max.
none
none
max.
none

none

none ’

max.

none

by 0.0005 at

by 0.0003 at

by 0.0003 at

0.1M

0.048M

0.05M

$33



¢ Tan T

TABLE 3. APPLICATION OF METHOD Py TO AQUEOUS DATA

electrolyte conch. range, 103¥ final gﬁ' finat t:
Lici 9.8 - 100 L w22 0.3367
9.8 - 64 3.99 - 0.3368
9.8 - 50 3.61 0.3369
. 9.8 - 33 ' 3.23 ' 0.3370
9.8 - 19 .  3.02 0.3370
NaCl 10 - 100  5.56° 0.3961
10 -100 . 5.43 0.3962
excl, 20 . .
10 - 60 5.57 0.3951
10 -8 5.146 0.3962
excl. 20 :
10 - 50 5.54 0.3961
0 - s0 . sa1 0.3962
excl, 20
10 - 28 5.53 . 0.3961
10 - 29 .60 0.3963
excl. 20 -
HC1 10 - 100 .07 0.8212°
10 - 50 ’ u1s  0.8212
HC10, 10 - 300 5.93 0.8u04
©10- - 100 SR 0.8404
10 - u8 6.81 0.8404

no. of iterations, n

treﬁd in AB

see -ﬁ'—tcs. 2~-7

See fig, 2-7

seR *?‘\%. 2-77

See -{'—\%. 2-7 -

see $ig 1-‘f

see.fig.

see fig.

see fig.

' see fig.

see fig.
see fig.

see fig.
see fig.

none
none
none
none

none

2-%
2-9

.

2-8
2-9

2-¢
2-9

49
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TABLE 4.

solvent

50 mol %
methanol-water

-

50 mol%
methanol-water

nethanol

APPLICATION OF METHOD A TO NON-AQUEOUS DATA (COMPLETE DISSOCIATION ASSUMED)

salt

NaCl

-

KC1

uia

theory
Pa

(F-O)l

(P—o)2

Py

(P—o)2
Py
(F—O)l
(r—o)2
PA
(F—O)l

(r—o)2

Pa
(F~O)l
(F-0)

Py

2

,(F—O)l

(r-0)
P

2
A

(r—o)2
Pa

(r-o)l

Pa

bl

T RS BT TS RS RS RS RS T TS TS, B

(SIS, B & RS, RS B &) B & s B & N &) RN & 1 B & B &

concn.range,lOSM

30
80
80
50
50

' 50
30
30
30
20
20
20

80
8o
80
50
50
50
30
30
30
20
20
20
$.49

best g_

15.3
15.7
6.0
>20
>20
7.4
>20
>20
8.9

.>20

>20
12.0

<0
-4.2
0.3

<0

-5.8
0.3
<0

-7.3

0.3
<0
-8.7

0.3

6.0

10 6ﬁin

y

4.2
.2
6.9

5.3

2.6

0.9

3.3
5.1

1.6

k.9

0.1
2.5

1.8

«%
0.4440

0.4440
0.4451

0..4446

0.4439

0.4436

0.5074

. 0.5077

0.5071
0.50786

0.5070
0.507y

0.5069
0.5072

0. 4132

highest y

1.79
1.84
0.70
>1.85
>1.85
0.68
>1.43
>1.43
0.71
>1.16
>1.16
0.70

-0.49
0.04

-0.53
0.03

-0.52
0.02

-0.51
0.02
0.2%§

trend in tg(c)

max. by 0.0005 at 0.02M
max. by 0.0005 at 0.02M
max. by 0.0008 at 0.02H4

max. by 0.0007 at 0.02M

" max. by 0.000% at 0.02M

none

max. at 0.05M
max. at 0.05M

max. at 0.02-0.03M

rises with iner. concn,

max. at 0.02M

rises with iner. conecn,

none
rises with inct. conen.

none

(9%
N
*



methanol

NaCl

(data from ref.u7)

. methanol

methanol

NaCl
10°¢

BuuNBr
10°c

(F-O)l

(P—O)l
(P-0)2

(r—o)l
( F-o )2
Pa

0.4
0.4
0.4
0.4
o.u4
0.4
0.4
o.4
0.4
0.4
0.4
0.4
0.4
0.5
0.5
0.5
0.5
0.5

o
[ 1]

O T I N o = T I PR U S SV

- 7.4
- 4.3
- 4.9
- 4.9
- 3.0

-14.7
-14.7
-14.7

o]

7.2

0.5

h.2 .

5.4
3.1
. 10.0
8.6

5.8

10.7
9.1
10.5

1.6
12.0

1.4
1.5
1.8
1.5
1.6
1.9
1.6
1.7
1.9
1.2
1.2
1.3
1.4
1.9
2.0
0.7
0.8
0.8
1.0
1.2
1.2
0.9
1.1
1.2
0.9
0.9
1.1
0.9
0.9
1.0
1.0

0.4292
0.4284

" 0.4201

0.4292
0.4293
0.4291
0.4292
0.4293
0.4281
0.4291
0.4292
0.4289
0.4290
0.4291
0.4630
0.4631
0.4631
0.4630
0.4630
0.4630
0.4604
0.4605
0.4605
0.4604
0.4605
0.4605
0.4082
0.4083
0.408L
0,4081
0.4082
0.4083

0.4081

0.37
0.35

0.37 .

0.35
0.33
0.37
0.35
0.33
0.4l
0.30
0.28
0.37
0.32
0.28

0.04
- 0.21

0.30
0.17

. 0.25

0.28
0.05
0.x7
0.24
0.02
0.18
0.23
0.32
0.35
0.30
0.31
0.3%
0.2%
0.28

none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none
none

novg.

o9€



methanol

NaCl

{data from ref.26)

methanol

.

ethylene
glycol

formamide

nitromethane

KC1

KC1

KCl

BuuNCl

(F-O)l
(F—O)2

(F-O)l
(F—O)2

(F-0),
(F—o)2

(F-0),

(F-O)2

(F-O)l
(r—o)2

(F-O)l

(r-o)l
(F-O)2

(r—o)l
(F—o)2

(F-0)
(r—o)2

(F-o)l
(F-0),

(F-O)l
(F-O)2

10
10
10
10
10
10
10
10
10

0.2

0.2
0.2

0.2

U T ;LT U LU W W W W WL W W w Ww WP

-100
-100
-100

- 80
- 50
- 50
- 50
- 10
- 10
- 10

1.4
9.7
5.5
6.4
6.4

0.7
3.7

5.7
5.4
9.2
9.3
5.3
9.1
9.3
5.5
10.7
,10.9

6.5

2.5
4.2
5.2
1.8

"1.0
l.1
1.1
1.0
0.9
0.3
0.4
0.4

0.7
0.9
0.4
0.4
0.2

0.1

0.1

0.1

0.9
0.9
1.7
1.0
1.0
l.8
0.5
0.5

- 0.9

0.6
0.3

0.5°

0.4

0;4081
0.4083
0.4631
0.4632
0.u4832
0.4633
0.4634
0.4635

0.5005
0.5005

0.5004
0.5005

. 0.4766

0.4766
0.4767
0.4767
0.4767
0.4767
0.4267
0.4267
0.427)
0.4267
0.4267
0.4271
0.4266
0.4266
0.4268
0.3526

0.3528

0.3528
Q.3526

0.31
0.26

0.28 -

0.33
0.33
0.03

.0.16
0.22

-0.77
0.02

-0.76
10.02
0.91
0.95
0.60
0.33
0.37
0.35
0.81
0.82
0.47
0.72
0.73
0.43
"0.67
0.68
0.40
0.12
0.20
0.25
0.06

none
none
none
none
none
none
none

none

none .
rises with incr. conen.
none

rises with incr. concn.
none, see fig. 2-il
none, see fig. '2-1t
none, see fig. 2.
none, see fig. 2-y

none, see fig. 2.

" none, see fig. 2-1i

none, S¢e fiq. 2-1o0
none , see fig. 2-10
so.e.-hl\a_ 2-10
none, See -‘%l%.‘l-\o
none, see fig.2-10
See f19. 2~10
none , see +iy.2-10
none, See ‘Y’\%.Q—IO
none , See $|3,2-(°
none '
none

neone

none

L€
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nitromethane

BuuNBr ]

(7-0),
(F—0)2

(r-o)l
(r-0),

0.2
0.2
0.2
c.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2
0.2

" 0.2

0.2
0.2
0.2
0.2
0.2
0.2

FJ.F‘ HON NN O,

o o
o O O

= = N NN’

L.2
5.3
1.6
4.5
5.7

" 1.8

4.9

6.1 .

3.5
5.0
5.6

3.1

4.9
5.8
2.4
5.1

. 6.1

1.7
3.5
5.0

C.u
0.5
0.4
0.4
0.6
0.4
0.6
0.5
c.u
C.u
0.6

0.5

0.4
0.6
0.3
0.3

0.3528
0.3528
0.3526
0.3527
0.3528
0.3527
0.3527
0.3527
0.3512
0.3513
0.3513

© 0.3512

0.3513
0.3513
0.3512
0.3513
0.3513
0.3512
0.3513
0.3513

c.lu

. 0,18
0.0u

0.10

'0.12

0.03
0.07
0.09
0.17

0.2y

0.27
0.05

.0.11

0.20
0.05
0.11
0.13
0.03
0.05
0.08

nene
nene
nene
nene
none
nene
none
nene
none
none
nene

nene

nene-

none
none
none
none
none
none

nene

*8¢



TABLE.5.  APPLICATION OF METHOD F TO NON-AQUEOUS DATA (ASSUMING COMPLETE DISSOCIATION)

solvent salt

methanol NaCl
(data from ref, 27)
methanol NaCl
(data from ref. 26)

ethylene KC1
glycol

b

formamide KC1

3 . o, _. o
concn, range, 0" final a* final T,

0.

0.

10

10

10

5

5

14,7 14.62
9.8  6.98
10 4,31
7 2.59
50 7.39
20 5.62
100 9.90
80 10.15
50 11.49

0.4629
0.4629
0.4632
0.4633
0.4766
0.4766
0.4266
0.4266

0.4265

no. of iterations

{

trend in A

none
none
none
none.
none
none
none
none

none

B

*6¢



TABLE 6.

solvent

ethanol

efhancl

-

acetone

e T

APPLICATION OF METHOD A TO NON-AQUEOUS DATA‘(ION ASSOCIATION ALLOWED FOR)

salt

LiCl

NaCl

KCNS

theory

Pa

(F—O)l
(F-0)2

PA-

(F-O)l

(P-O)2
Pa
(F-0),
(-0,
Fa

(r-o)2

(r-o)l

(}'-0)l

(F—0)2

concn, range 103M

0.9 =

0.¢ -

0.9 -

1 -

1.1 -

1.1l -

1.1~

1.1~

1.1l -

1.1 -

2.5
2.5
2,5
2.5
2.5

2.5

2.4
2.4
5.4
2.0
2.0

2.0

best ‘_a)l_ 10 ¢

<0
-4.5
1.2

<0

0.6
<0

-12.2

<0

-12.2°

0.8

. <0°

-12.8

0.8

4
min

0.0

0.0

6.5

1.0

5.0

5.3

)
<t >
t,

0.4382

0.4392

0.4812

0.4810

0.4811

0.4810

0.3754

0.3734

0.3754

0.3736

0.,3756

0.3736

highest y

-0.13

0.03

-0.25

0.02

-0.16

0.02

-0.35

0.02

-0.32"

0.02

~-0.33

0.02

trend in ti(c)

none

nane

noene

none

none

none

none

rises with incr.
" concn.

none

rises with incr.
conchn.

none

rises with incr.
concn.

*of



acetonitrile MeL*NC:LOL+ Py 0.63 ~12.4 0.7 1.6 ‘ 0.4769 0.04 rises with incr.
: concn., but anomal-
ously low at high-
est concn.

(F-0), 0.63 -12.4 . 2.9 1.7 0.4770 0.15 "
(F-0), 0.63 -X2.u4 4.3 1.7 0.4770 0.23 | "
PA » 0.63 - é.O 8.2 0.3 " 0.4768 0.35 none
. (F-0), 0.63 ~ 8.0 ' 9.0 0.3 0.4768 0.39 none
(F-0), 0.63 - 8.0 7.8 0.4 0.4768 0.33 none
P, 0.63 = 5.0 9.3 0.3 0.4768 0.31 none
(F-0), 0.63 - 5.0 10.2 0.3 0.4768 0.3 none
(F-0), . 0.63 - 5.0 . 8.9 0.3 0.4768 0.30 none
P, 0.63 - 2.5 : 4.5 0.2 0.4768 0.11 none
G-o)1 0.63 - 2.5 ' 6.1 0.2 0.4768 0.15 none
(F-0), 0.63 - 2.5 6.8 0.2 0.4768 0.16 none
. nitromethane MeuNCl PA 0.2 =10 ' 3.0 0.4 0.4674 0.13 none
' (F-0), 0.2 -10 4.5 0.4 0.ueT7H 0.20  none
(F-0), 0.2 -10 - ‘ 5.4 0.3 0.4674 -  0.24 none
I P, 0.2 -5 1.6 - O.4 0.467% - 0.05 none
(F-o)l 0.2 -5 . 3.9 . "0.4 0.4674 0.13' none
(F-0), 0.2 -5 5.1 0.3 0.4674 0.16 none
P, 0.2 -2 L 1.6 - 0.4 0.467Y 0.0y none
(F-0), 0.2 .-2 1.8 0.3 0.4674 0.04 none
(F-0), 0.2 -2 3.8 0.3 0.4674 . 0.08 none

iy



nitromethane

nitromethane

MeqNBr

EtuNCl

(r-o)l

(F-O)i

(F-0)

(r—o)l

(r-0),

(F-0),

(F-0),

(r-o)l

(F-0)

0.2

0.2

0.2

1.7
0.7
3.0
1.3

2.8

3.7
5.1
10.4
11.9

11.1

3.6

5.0

5.6

3.8

5.2

6.0

0.4

o.4

0.2

0.2.

0.2

0.4674

0.4674

0.4674

0.4663

O.u4664

0.4664

0.4663
o.u664
0.uc6h
0.4663
0.4664
O.u664
0.4663
0.4663
0.4663
0.4320
0.4321
0.4321
0.4320

0.4321

0.4321

0.03
c.01
0.0u4
0.086
0.13
0.18
0.05
0.06
0.12
.03
0.08
0.11
0.15
0.18
0.17
0.17
0.24
0.27
0.12

0.17

0.20

none
none
none
none
none
none
ndhe
none
none
none
none
none
none

none

. none

none

none

none

none

none

none

.av



nitromethane

EtuNBr

(F-0)

(r-0)

(r—o)2

(r—o)l

'(F-O)z

(r-0)

(r-o)2

(r-0)

(r—o)2

0.2
0.2
0.2
0.2
0.2
0.2
0.2

10

10

10

1.6
3.2
4.7

1.7

5.4

1.3

3.4

1.4

3.4

4.8

1.6

3.5

4.9

1.7

5,7 "

0.1

0.1

0.5

0.1

!

0.4320
0.4321
0.4321
0.4321
0.4320
0.4321
0.4313
0.4314
0.4314
0.4313
0.431L
0.4314
0.4313
0.4314

0.431Y

o.u314 -

0.u31L

0.431y.

0.03
0.07
0.10
0.07
0.03
0.08
0.08
0.18
0.23
0.05

0.12

0.16

0.04
0.08
0.11
0.03

0.07

0.09

none
none
none

none

‘none

none
npne
none
none
none
none
none
hone

none

. none

none

none

none

‘e
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Discussion
Inspection of the tables shows that, in general, the values of <:ti°.;’

calculated by the Pitts, P,, and the Puoss-Onsager, (F—O)1, theories agree

A’
within 0.0001. Furthermore the 'best! values of tio obtained by method

PB always agree within 0.0002 with those of <:ti°:’ obtainéd by method PA'
However, the values of <ti°> caleulated from the 1963 (F-0), theoxry
usually differ from the (F-0); values by sevefal units in the fourth
deciﬁal place in water, in 50% methanol-water and in formamide (all high
dieléctric constant solvents) and by as much as 0.002 in acetone. The
values obtained from the two theories are in closer agreement in methanol,
ethanol, ethylene glycol, acetonitrile and nitromethane.

In many cases, especially in agueous solutions, the 'ﬂést' values of a
obtained by the PA and (F-O)1 theories for the same concentration range are
gsimilar. The former usually leads to a values smaller by several tenths
of an angstrom than those derived from the latter.  There are, however,
"exceptions to these generalizations notably for results in niiromethane and
methanol, where they are often smaller by several angstroms. Some of the

PA and (F—O)1 results for a are unreasonably high (KC1, AgNO, in water,

3

NaCl in 50% methanol water, BuANBr in methanol, KCl in formamide), whils®
others are negative. For the latter, the values calculated from theoxry
(F—O)2 are always positive although often unreasonably small. TFor many
protic, high dielectric constant solvents (water, ethylene glycol, formamide)

the (F-O)2 values are smaller and, in several cases, more realistic than the

high P, or (F—O)1 results.

The trends in tio(c) and the standard deviations from <=ti°:> obtained
by the P, and (F—O)1 theories are very similar. The degree of fit of the
(F—O)2 equation to the data is as good as the fits of P, and (F-O)1 for many

systems but is appreciably worse for others, particularly HCl0, in water,

4
NaCl and KCl in 50% methanol~water, KC1l in methanol, KCl in formamide and
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KCNS in acetone. It is unfortunate that these include some of the systems
for which (F—O)2 leads to a more physically meaningful a value and it would
seem as if the price to be paid for more realism in g is apt to be a poorer

fit to the data.

The effects on the calculations of the progressive exclusion of the higher
concentrations is worthy of commentf The theories would be expected to apply
better at lower concentrations énd the tables do indeed show a definite
tendency for the minimum standard deviations to decfease as the higher
conc;ntrations are excluded. There is generally less change in the best g
value for (F—O)2 than for P, and (F—O)1 when the concentration range

narrows (exceptions are HC10, in water and Me NG1, Et

4 4 NC1 ?nd Bu ,NC1 in

4 4
nitromethane).

In view of the different nature of the results of the calculations
for aqueous and non-aqueous systems, these two classes of solvent will be
discussed separately. Aqueoué data oftenfit the theories less well than
do non-aqueous data, but the latter often produce unrsasonable values of a..

Calculations using Method A for Agqueous Systems

The most notable fealure of the ecalculations for LiCl, NaCl and EKCi is_
the occurrence of a minimum in the plots of tio(c) against ¢ for those values
of a at which ¢ is a minimum. For NaCl this minimum is well-pronounced at
a concentration of 0.02M (FiguraOJkQIn view of thié it was suspectéd that
the experimental measurement at this concentration may have been in error
and consequently the calculatioﬁs were repeated with its exclusion. .
Although this significantly reducéd the value of o , the minimum in the
values of tio(c) still remains (Figure 1-W) albeit in a more shallow form,
and the values of a and <:ti°>> are only Qery slightly changed. Iven when
an upper limit of ¢ = 0.029M is placed on the calculatibns,the shallow
minimum still appears. For LiCl the occurrence of g minimum is again very

much in evidence (Figure lﬁQ)iIt is as well to pcint out, at this stage, that



ali the plots are on an exaggerated scale and errors of 0.000é or 0.000% in
the experimental values, ti, would explain all these minima. For LiCl and
NaCl the three theorieg predict r§asonab1e, but slightly different values
of a although the trends in tio(c) are virfually identical. The éverage
values of tio, <:tiO:> , usually agree within 0.000% with the Longsworth
values in table 1. In the case of LiCl, the P, and (F—Q)1 values rise
gradually as the higher concentrations are successively excluded and pass
through the Longsworth value on the way. The (F—O)2 figure is consistently
"~ higher than that in table 1. Except for the lowest concéntration range,

~ the NaCl <=t+o;> values are below the Longsworth figure for P, and (F—O)1

A

and above it for (F-0),. All the limiting transference numbers are raised

when the 0.02M data point is left out of the calculations.

The values of a obtained by application of the theory to potassium
chloride data are high but the tranéferencg numbers are very close tc 0.5.
Inspection of equations (2 - 29) and (2 - 33) reveals that in such a case
~ the calculated values of tio are insensitive to concentration and the
chosen value of a. The sharp minimum at 0.014M is considerably feduced
but not excluded by the omission of the data at this concentration from the
computations. The standard deviation after the omission is correspondingly
smaller. There can be no doubt that the results of calculations by methoé
(F—O)2 are much more reasonable than those of the other two theories forx

this system.

It is worth commenting that, whichever theory is employed, the
distances of closest apprdach rise in the sequence
LiCl < NaCl << KC1

A}
which is the opposite of that expected from the sizes of the hydrated ionms.

46.

It is also the opposite of that found (14) in the analysis of the corresponding

conductances although the mean conductance g values fall by only 0.15 in

going from LiCl to KCI1.
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The a values obtained by all theories for aqueous silver nitrate are
very large and, unlike KC1, (F—O)2 is only slightly superior to the other
two theories. The value of the (E—O)2 mean limiting transference number is
in poor agreement with the value calculated from limiting ionic conductances
(0.4642, (35) ) It should be remembered that a high value of a leads to a
large value for the highest y(:#{g) and all the theories lose their validity

when y exceeds certain limits.

The data for HC1l and HClO4 fit all the theories-at plausible values of

a. The calculated values of <:ti°>> for HC1 and HClo4 are in reasonable

agreement with the Longsworth values (0.8209 (20) and 0.1600 (23) respectively).

Calculations using Method A for non-aqueous systems

Inspection of the results for non-aguedus systems shows that, for the 4
majority, unreasonable values of a are required although the minima which
manifest themselves in aqueous systems are not found. Pigure 2 - 11 illustrates
a fairly typical set of data.

"Undoubtedly the worst correlations between the theories and the
experimental data occur in the 50 mol % methanol-water oaloulations. For
both.NaCl and KCl1 in this solvent, systematic maxima and unreasonable values
of a are obtained. The (F—O)2 calculations, for this system, are substantially
different from those of fhe other two theories but the a values obtained are
still physically meaningless and the trends in tio(c) are disconcerting and
suggest that true fits of the theory to the data have not been obtained.

For solutions in methanol, the LiCl, NaCl ard Bu4NBr data fit all the
theories without a trend in tio(c). However, the @ values are, in genéral,
unreasonably large and partidularly so for\LiCl. Furthermore they becone
larger and less fealistio as the higher concentrations are excluded. It is
notable that the PA theory, applied to NaCl, provides a surprising exception

to this generalization. Here the g values for several sets of data are very

o :
small (< 1A) and a parallel way be drawn with the low values of a yielded



when the Pitts conductance théory is applied to methanolic conductance
data. (15) The two independent seis of NaCl transference data yield
values of <:t§:> which agree within 0.0003, with the a values corresponding

. to the older set (26) rather higher.

The data for LiCl and NaCl in ethanol can be fitted to the (F-0) theories
only if & is negative in the case of (F-O)1, and if a is small and positive for
(F-O)z. An even more unreasonable a value (-122) is obtained when the

(P-0), theory is applie& to the data for KCNS in acetone. The (F-0)2
'thedry, for this syctem, gives very small positive values for &, but the
trends in tg(c) indicate very poor fits of theory to data.

' The results for ethylene glycol suggest a reasonable correlation
between theories and data when the upper concentration liﬁgt is reduced
from 0.05M to 0.02M. 1In the case of KC1 in formamide, the (F—O)2 theory
leads to realistic distances of closest approach but the fits to the data
are poorer than for the other two theories ﬁhich lead to unrealistically
high a values. For Me4NClO4 in acetonitrile, the trends in tg(c) are
only eliminated if data at concentrations greater than 0.00ZSM are
excluded. Over the whole concentration range the (F-0) theories lead to
reesonable values cf a while P,, as for NaCl‘in methanol, requires a tiny
value less thah.1X. However, when the highest concentration (0.012M) is
excluded, the a values, calculated by all tﬂe theories, rise to physically
unreasonable magnitudes, even though the trends in ti(c) are eliminated.

Several sets of experimental data are available for quaternary

ammonium halides in nitromethane and, for the smaller sized cations the
degree of associatlion has been allowed for. All the fits are good and
no trends were found. The least satisfactory aspects of the results are
- the small values ofré"which'method PA yields for most of the systems and
the fact that these values become smaller as the higher concentrations

are excluded. The (F—O)2 a values are always bigger than the (F—O)1



distances and are in fair agreement with the sum of the ionic radii.

On balance, however, the values of a obtained for salts in non-agueous
solvents have little or no meaning in terms of ionic size and we are forced
~ to the conclusion that equations t2 - 29) and (2 - 33) fail to represent
adequately the concentration dependence of transference nuﬁbers in such
solvents. | i

The agreements of the <:t2:7 values with the Longsworth values given
in the original data souices, for NaCl in methanol, NaCl and LiCI in
ethanol, KC1l in ethylene glycol and Me4N0104 in acetonitrile are all good
to within 0.0002. Particularly good agreements are also féund for all
the tetra-alkyl salts in nitroﬁethane. However, the vaiues of < t2:7
which the theories yield for KCl in methanol, NaCl and KCl in a 50 mol%
agueous methanol mixture and KCNS in acelone are all greater than fhe
Longsworth values (0.5001, 0.4437, 0.5068 and 6.37%% respeétively). The -
value obtained for KC1l in formamide is less than the Longsworth value
(0.4270). There appears to be no obvious correlation between the
reasonableness of the a values obtained and the extcnt of divergence of
<=t25’ from the Longsworth value.

Comparison of methods A and B

Although the same trends in the value of & are found in methods PA

and PB when the highest concentrations are progressively excluded, the
absolute values of a differ by varying amounts up to 1.52 according to

the gystem and the concentration range under test. This is attfibutable

to the different criteria of fitting. For agueous LiCl and NaCl the values
of a for method PB are lower than for method PA, although the values
obtained by the two methods converge as th? high concentration limit is
reduced. For agueous HC1l the two methods yield similar values of a.

Method PB predicts higher values, by between 0.52 and 12, of a than does

method P, for aqueous HC1l0, and KC1 in formamide at all the concentration

A 4
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ranges considered. A less dramatic fall in a is predicted by PB for NaCl
in methanol and KC1 in ethylene glycol when the highest concentraticn is
excluded. It is shown below thaj:, on the whole, the resulis by PBagree
. more reasonably with conductance a values than do those by PA. These
observations lead the writer to suggest that method PB is superior to PA
as a means of fitting the fitts equation to the data for those systems.in
which the values of a are physically meaningful,
It is worthwhile considering the trends in the deviations of theory

and'éxperiment, Ay, for the results of calewlations using method B.
Thig quantity is defined by

4y = ti(calc) - ti(expt) (2 - 60)
The general form of these>trends (figures lfgm%;b¢)is cleéély the inverse
of trends in AA where |

a,= t3(c) - <t§=— (2 -61)
However, the quan*l::i.‘l:ies,AA anﬂ”AB are ﬁot exactly equal in magnitude at
a given value of a, as may be seen from the following analysis.

Combination of (2 - 60) with (2 - 33) yields
. 4y = ti - (0.5 - tg) Y- t, (expt) (2 -62)
. /\’

Here the value of tg is the 'best! value obtained after the series of

successive approximations. For method A, using (2 - 33),

o o
8,= ‘t.i(c) - <t >

_ %, (expt) + 0.57,/ 4! . '
= 1l - — 3/\ _<t2> (2-—65)
T+ Y, /AT
which after rearrangement gives _
- AA = {<t§7 - (0.5 - ‘tg(c)).Y-2 - ‘ti(expt)} (2 - 64)
AI

Since the value of tg calculated in method B is seldom different from

< tg:> calculated in method A, the principal difference between the

50.



expressions (2 - 62) and(2 - 64) for A lies in the value of tg used in the
term (0.5 - tg) Yyﬁﬁl. At a concentratién where this value calculated by

method A differs significantly from that calculatéd_in method B, there is

. also -an apprecia;ole nnmerica-l‘disAcrepa.n}cy beﬁween AA and AB’ - Such cases

are usually at high concentrations or at the minimom in tz(c) found for

aqueous systems with method A.

Comparison of conductance and transference parameters

It is interesting to compare the 'best! valﬁes of a for fits to the
conductance and transference forms of the equations. The Pitts conductance
formula is expressed in equation (é - 15), the Fuoss-Onsager analogue is
that in equation (2 - 11). The Pitts and (¥-0) conductance' results for
agueous systems are the mean values of the calculations of_Pitts, Tabor
and Daly (using method B) and those for non-agueous systems, except
methanol, come from the compilation of ?ernéndéz-Prini (33). In the
case of methanoi the latter used experimental data (36) which the writer
considers to be less reliabie than those (37) analysed by Kay (38), and
therefore Kay!s methanol analyses have been preferred. The Pitts.
condﬁctance results for methanol were those.calculated by Fernandez-Prini
- and Prue (39). In table 7 the values, in.z, are compared for various
concentration ranges, the uppér limits of which are such that «a is
less than 0.29 but as close to 0.29 as possible.

It is clear from table 7 that there is.very little correlation beéween
the best values of a for conductance and transference, particularly for
non-aqueous data. It would be expected that better agreement with the
(F-0) conductance values would be obtained for the (F—O).1 than for the
(F—O)2 values since the former are derived from an equation based on

the same electrophoretic term aé the conductance theory.



TABLE 7. COMPARISON OF CONDUCTANCE AND TRANSFERENCE § YALUES (y £ 0.29)

solvent

water

methanol

ethanol
ethylene glycol
acetonitrile

nitromethane

electrolyte

Licl
NaC1
KCl
HCL
HC10,,
LiCl
NaCl

XC1
LiCl
NaCl
KC1
MeqNClOu
Me, NC1
Me, NBr
Et, NC1
Et, NBr
Bu NC1
Bu,/,NBr

£ B

£ = £

3=

bl

+r

2.4
2.8
3.1

3.1
2.4
2.8
3.1

4.6

4.8

5.2
5.3
6.0
6.1

conductdance transference

P F-0 Py Py (F-0), (F-0), -

3.13 8.18 3.9 8.2, 3.9

3.15° 3.24 4.4 5.5, 4.9 4.3

3.0 3.10 4.2 4.6

3.76  3.3% 3.4 4.1 3.8 3.5

3.87 3.54 6.1 6.8, 6.4 4,7

2.92  3.73 8.4 7.9

2.78  4.04 3.4 5.0 5.8

5.5 . 3.7 5.1

2.16 3.40 <0 0.4
b4 <0 -4.5 1.2
4.0 <0 -8.9 0.5
3.78 5.1 5.6 5.7 5.4
3.13 4.5 2.9 4.3
4.0 3.0 4.5 5.4
4,1 10.4 11.9 4.2
3.4 3.6 5.0 5.6
3.3 1.3 3.k 4,7
4,12 2.5 4.2 5.2
3.19 3.5 5.0 5.6

comments

y=0.31 for PB

transference data exclude 0.014H
y=0.30 for (F-o)l

y<0.46 For transference .
y=0.30 for (F—O)l

transference data from ref.30

transference data from ref.31

¥£0.37 for transference

25



However, except for most of the nitromethane systems, the conductance a
figures usuwally agree better with (F—O)2 transference results. For agueous
LiCl and NaCl in methanol the results of method PB show a greater correlation
with conductance data than do the~results of PA' This is to be expected
since the same criterion of fitting (method B) has been used in Py as in the
conductance calculations. However, for HC1 and HClO4, in agqueous solutions
the results qf PA are in better agreement with the conductance figures. It
is tempting to suggest that this observation is connected with the different
conducting mechanism for the hydrogen ion, the so-called 'proton—jﬁmping'
mechanism. However, Robinson and Stokes (40) and Pitts et al,(14) have
vargue@ that thié should affect only the value of/\o and, as far as the

concentration dependence is concerned, such proton jumpingkions should behave

as if conduction were by simple migration.

) Evaluation of the theories

It is indeed surprising that the two theories should describe the
variation of conductance of these systems with concentration so adequately
and yet break down so dramatically when applied to their transference properties.

Reasons must now be sought for these diécrepancies.

(1) Errors in the experimental data

One possible explanation for the discrepancy between theory and experiment
is that the experimental transference numbers are in error. If this weré the
case it would not be a guestion of any particular series of measﬁrements
being incorrect. In order to explain the unreasonable results cbtained for a
wide variety of systems the error would have tc be inherent in the moving
boundary method of measuring transference numbers., In view of the variéus
independent tests, such as insensitivity to following‘electrolyte, following
electrolyte concentiation and to current, described elsewhere in this thesis
(p. 6), and summation of t, and t (t+ +t_ = 1) vhich are passed by all reliable
transference data, such an error would appear unlikely. However, the effect

of raising and lowering the experimental transference number corresponding
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to the lowest concentration)by 0.0001)on calculations using method PA

three selected systems)has been investigatéd. The results are shown in table 8.

)for

In tﬁe case of aqueous KC1 the changes caused in a are substantial.
However, aévhas been mentioned earlier, the standard deviation:, for this
system is insensitive to changes in a over a wide fange of values .

For the other systems the changes are fairly small @50.72) and therefore
| unlikely to make unreasonable values of a more meaningful. As one would
expect the effect of raising or lowering the transfefence number
‘égrresponding to the lowest concentration causes a larger change in the
‘best values of a as the higher concentrations are excluded. In general,
the fewer data points that are involved in the anal&sis, the more
sensitive aréthe results to small changes in éach. (Conductance
analyses possess the advantage of including much larger numbers of data

points and so suffer much less from the effects of random experimental

errors).



TABLE @ THE EFFECT OF POSSIBLE EXPERIMENTAL ERRORS® ON CALCULATIONS BY METHOD PA

o] o] o ) o

.. 3 [o] [o]
sglvent salt concH, range, 10™M ay Eexp - <t+>L <1:+>exp <t+>R
water NaCl 10 ~ 100 " ' 5.8 5.7 5.6 0.3960 0.3960 0.3961
. 10 - 60 6.3 6.1 5.9 0.3959 0.3960 0.3960
10 - 50 5.8 5.6 5.4 0.3960 ° 0.3960 0.3961
’ ' . .
10 - 29 4.9 4.4 3.9 0.3961 0.3962 0.3964
water KC1 10 -'100 18.2 13.1 9.9 0.4904 0.45905 0.4906
o . excl. 14 i
10 - 73 >20 7.1 1l.5 . . 0.4905 0.4905
.excl. 14 . .
10 - 50 ©1n.8 8.2 . 0.4504 0.4505 0.4506
excl. 14 :
10 - 30 13.8 4.2 0.8  0.4904 0.4906 0.43907
excl., 14 .
formamide KC1 10 - 100 9.5 .6.2 8.9  0.4266 0.4267 ' 0.4268
10 - 80 9.5 3.1 - 8.8 0.,4266 0.4267 0.u268
10 - 50 11.5  10.7 10.1 0.4264 0.4266 0.4266

aSubscript L means that the value of the experimental transference number at the lowest concentration has been

lowered by 0.0001, subscript R means that the same transference number has been raised by 0.000L.



(2) Viscosity or obstruction factors

It would seem reasonable that tests of the conductance - concentration
and transference - concentration relationships should all be relative to

the same solution viscosity. Thus, the application of Waldens rule gives

)\i (exp) _ )\A-1—°- : (2 - 65)

and A (exp)

!
>
=1

(2 - 66)
where_Aj} A are the conductances calculated from the Pitts or Fuoss-Onsager
equations, 7 is the viscosity of the solution, 171 is the viscosity in the
vicinity of the ion, i, and %o is the viscosity of the soivent. The ratio

ﬁo/ﬁ is obtainable from the well known Jones-Dole (41) equation

W, =1+AVT +3c’ (2 = 67)
vhere A is a positive computable constant and B is an empirical constant.-
In the concentration regiop between 0.0dZM and 0.10M, within which lie
almost all the transference measurements concerned in the present calculations,
neglect of the Ay T term is justifiable. Thus the viscosity-corrected forms

of the Fuoss-Onsager equations (2 - 8) and (2 - 5) are

Ay = (AT -A)( +4x) / (1 + Be) (2 - 68)
=2 -
and A=(A°—/\e)(1+%}g)/(1+Bc) (2 - 69)

Fuoss and Onsager included the term (1 + B+c), which they called
(1 + Fc), in their equation and in their earlier papers (42, 43) attributed
it to the above viécosity effect. However, in their later omes (10, 19)
they interpreted it as a cation-anion obstruction effect. If Bi represents
an obstruction effect it will always be positive and larger the greater the

ionic radius. If, on the other hand, Bi arises from a change in the solution



viscosity when the ions are added, it can be positive or negative. For
noble gas type ions in water, it will be positive for small ions (structure-
makers) and negative for large ions (structure-breakers). Assuming B, and B_

are different then
Ay (AL -3A%(1 +B_c)
£ A AL -3AD( +Be) « (A° - AT +Be)

t+(‘exp) = X

t, (1 + B.c)

t, (1+Bc)+t_ (1+ B, c) o o (2 - 70)

=

t+ and t_ stand for the theoretically evaluated transference numbers. It may

be rearranged to give

t (exp) (1 +3c) _
+ t+(exp)(1 + B+c) + t_(exp) (1 + B c)

t (2 - 11)

The riglit hand side of this equation now replaces ti(exp) in equatiohsv like
(2 - 29) and (2 - 29a). Some calculations to test the effect of a viscosity

correction were carried out using for B+ and B_ the B. +values tabulated by

h
i{aminsky. (44). The results suggest that <« t__c.z > is affected only slightly
whereas a is changed by several angstroms, as table 9 makes clear. The
correction substantially increases the best values of a for aqueous LiCl
and NaCl and makes them physically less reasonable. The same trends in

t:)_(c) were again obtained for both salts. The results for agqueocus

HC1l are lowered. and possibly also made less reasonable.
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TABLE

THE ELFT‘ECT ON a OF APPLYING A VISCOSITY CORRECTION

Solvent " Salt 1 Concentration Range ° g- K a X
103mol dm~2 c‘gglelggzon R corﬁiﬁion

Vater nicl 9.8 — 100 4.7 7.6

| 9.8 - 64 . 4.4 6.9

9.8 - 50 - 3.9 6.1

9.6~ 33 3.3 5.5

9.8 - 19 ‘  2.9 4.8

NaCl .10 - 100 5.5 9.6

(excl.c=0.02M) : : S

10 - 60 - 5.8 9.4

10 - 50 5.4 - 8.6

10 - 29 4T (!

KC1 10 - 100 o131 <0

(excl.0.014M) - .

10 - 73 o 1T <0

10 - 50 8.2 <0

10 - 30 4.2 <0

HCL 10 - 100 3.9 2y

10 - 50 3.4 2.1

Formamide KC1 10 - 100 9.2 _ 7.9

10 - 80 9.1 - 1.7

10 - 50 10.7 " 9.3



No definite cénclusions can be arawn‘about the dramatic change in a upon
applying the correction to aqueous KC1 since tﬁe transference numbers are
very close to 0.5 and Eorrespéndingly insensitive to a. The results of
applying the correction 1o thé caiculations‘for KC1 in férmaﬁide show a
shift in a to a more meaningful value although the results are'still

- physically unreasonable.

It seems Justifiable to conclude therefore that the difficulities in
interﬁrefing the unreasonable values of a and trends in tz(c) obtained by
applying method A to the transference data cannot be resclved by the
application of a viscosity correction. The situation is not helped by

the uncertainty in the physical interpretation of the (1 + Bc) terms.

(3) Errors in the theories

The fuoss—Onsager theory may be faulted in that is is unreasqnable
for the transference numbers to be dependent purely on electrophoretic
factors and not at all én relaxation effects. However, no such criticism
can be levelled against the Pitts theory aﬁd yet the results aré broadly
the same. It is therefore'improbable that the Fuess—Hsia:(10) and Murphy
and Cohen (11) equations, which are improvements on the original Fuoss—
_Onsager equation, would faie any better for transference. These
observations have led Sﬁiro (45) to suggest that the sum of the individual
ion conductances caﬁcels some additional factor which reﬁains when the
conductance ratio is taken for the trapsference numbers. One such effect
to which he draws attention is that the conductance of the electrolyte is
independent of the frame of reference with respect to which the’ions move.
On the other hand the individual ion mobilities, and consequently the
transference numbers, depend véry strongly upon the chosen frame of

reference. The one on which transference numbers in the literature are

based is the solvent as a whole. Carman (46) has suggested that interionic

1)

0



€0.

theories realiy apply to 'true! transference numbers based on movement
relative to the 'fiée' unsolvated solvent molecules only. However, as
Spiro (45) hasAshpwn, this does not resolve the discrepancy between theory
and experiment beéause the solvation numberé_required to bring about a fit
are physically unreasonable.

It ié'clearly'impossible on the basis .of the considerations of this
dhapter to chooée between the Fuoss—Onséger and Pitts theories. Both are
entirely adequate for tﬁe interpretation of conductance data but, on
balance, they are unsuccessful when applied to transference. It must be

‘hoped that further developments in the theories of ionic migration will

help to resolve the discrepancies.
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CHAPTER THREE

SULPHURIC ACID AS A SOLVENT

Introduction

Although sulphuric acid is. one of the most widely;known and commonly-
used inorganic.compounds, relatively few of the physico-chemical properties
- of solutions in the acid have been studied. This is indeed surprising
when some of its advantages, as a solvent, listed below are considered.

(a) The high acidity of the acid enhances the basic nature of many solutes
and permits the study of many bases, such as ketones and nitrocompounds,
which are too weak to study in aqueous solution. |

(b) The high acidity also reduces the acidity of many_solﬁtes. In particular
solutes such as N02+ and carbonium ions, which ars toakstrongly acidic
to exist in water, are stable in sulphuric acid.

(c) The basic properties of solutes which are weakly acidic in water can
be investigated in sulphuric acid. In the preéent work, use has been
made of acetic acid which accepts a proton from sulphuric acid +o
become CHBCOOHQ+.

(d) The ionic nature of the pure acid and correspondingly high dielectric
constant means that the diessolution of most icnic solutes is accompanied

by complete dissoQiation;

(e) Sulphuric acid, being a liquid at room temperature, is relatively easy
to handle. In many ways sulphuric acid resembles water because of the
extensive hydrogen bonding in the ‘structures of both liguids.

The main disadvantages of sulphpric acid as a solvent are its highly g
corrosive nature, its strong af{inity for water and, from a preparative
viewpoint, its high boiling foint.

Previous investigations of the properties of solutions in pure sulphuric
acid fall into three distinet periods; Hantzsch's between 1907 and 1911,
Hammett's between 1932 and 1957 and those of Gillespie and his school since

1950. The latter has published several reviews (47 - 51) of the subject.



Other reviews are by Audrieth and Kleinberg (52), Sisler (53), Lee (54)
and Jander and Lafrenz (55).

Structure of sulphuric acid

X-raylanalysis shows that crystalline sulphuric acid (56) consists of
an approximately tetrahedral arrangement of two oxygen atoms and two 0-H
" groups about the sulphur atom. The S-0 bond lengths and 0-S-0 bond angles

are as follows:

p
I

(o] (o]
1.554 b = 1.424

H— O\a. Ao 155 1428
. /S\& C = T.524 | o d = 1.4%A
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The dimensions of bonds b and d indicate considerable shortening and
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double-bond character.
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The high boiling point, viscosity and surface tension listed below
indicate that sulphuric acid is highly associated through hydrogen bonding.
The X-ray study of the solid by Pascard (56) indicated a layer-like structure
in which each sulphuric acid molecule is hydrogen-bonded to four others. The
liquid structure may well be similar to this. X-ray studies (59) of 97%
aqueous sulphuric acid have demgnstrated the existence of hydrogen bondé

o

of length 2.85A ,

Physical properties of sulphuric acid

Freezing Point

Sulphuric acid of composition H2804 réprésents only one point in the

A complex HZO—SO3 system at which neither of these two components is in excess.

62,
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On one side of this point water is present as H 0% and there is no free

3

SO3' On the other side SO3 is in excess, most probably as H28207. The

system exhibits a maximum freezing point of 10.37100 (57, 58) at composition

H280 This is to be expected since conductance measurements indicate that

4.
the number of ions present at this composition is also a minimum. It is
"well-known that the effect of introducing more ions into a system is to

depress its freezing point.

Boiling Point

Pure sulphuric acid boils, with decomposition, at about 273°C (59, 60).
Sulphur trioxide is evolved, the acid becomes progressively richer in water

and the boiling point rises until a constant boiling mixture of strength

98.30% HyS0, is obtained at 338°¢,

Density and Viscosity

" Gillespie and Wasif (61) found the density to be 1.8269 lf:g'dm_3 at
25°C and the viscosity 24.54 centipoise. It is interesting to‘compére these
values with the corresponding ones for water(density = 0.997 kg dm_a.
Viscosity = 0.8903 centipoise) indicating just how strongly hydrogen—
bonded the sulphuric acid structure is.

Dielectric constant

The dielectric constant of sulphuric acid at 25°C is 100 (62 - 64).
This high value indicates that most solutes will be fully dissociated in
solution.

Thermal data

The heat of fusion at 10.371°C~of the acid was found by Rubin and

Giauque (65) to be 1.07 x 1047 mol™'. fThe heat capacity, according to

Kunzler and Giaugue (66) is 1.41J d.eg'_1 g_1.

Conductance
The specific conductance of the acid at the composition stO4 is

1

1.0439 x 10~%ohm | om™| (67). The behaviour of the conductance with

- changes in the composition of H20 and SO3 in the system is discussed



more fully in the following chapter.

The self-dissociation of sulphuric acid

In addition to the normal 'acid-base! type dissociation of a conventional

protonic solvent,

-+ -—
2H,80, T== KS0," + HSO, (3 - 1)

Acid Solvated Proton  Base
sulphuric acids exhibits a number of other self-dissociation reactions. In

particular the disproportionation :eactiOns.'

—_— ‘
2H,80, T== HO + H,5,0 o (3 - 2)
—_ + - _ | _
2H,S0, EOT o+ ES 0D | (3 3).

give rise to other molecular and ionic species in solution. However,
water does not exist appreciably as free HZO but is protonated thus:

— + - :
B0 + S0, T K" + HSO, (3-4)

and disulphuric acid, H25207, is also partially dissociated ,

4 . ~ |
H,8,0, + H2804T—_“~—__A Hy80," + HS,0, - (3-5)

Gillespie (48) defines the concentrations of these species in terms of

the following equilibrium constants.

2

K, = (550, JLES0,”] =m6no1? kg™ 3 - 6)
Kid = [.H30+][HS207- =-5-1 X 10_5111012 kg—2 : (3 _ 7)
. ] | L L
t, = (50, [ ms,0,7]/[5,5507] = 2+4 5207 w01 X675 _ g
. _\ - -1 - .
K, = [H30+ 1L Hso47]/[ Hp0.] = 1 mol kg G5 - 9)

The values (at 25°C) gquoted were calculated by Gillespie, Robinson and
Solomons (68),and revised by Gillespie and Robinson (50))from freezing
point and conductance measurements in solutions of metal hydrogen

sulphates, water and disulphuric acid. Thé equilibrium molalities of



the various species are given (69) as,

580t 0.0135 mol kg~
574
BS0,” 0.0178 mol kg '
+ 0.0088 mol kg~ |
H_0
p)
- -1
HS,0 0.0045 mol kg
201
-1
5,07 0.0045 mol ke

The thermodynamic functidns for the self-dissociation reactions have
been investigated by Kirkbride and Wyatt (70) and by Gillespie, Robinson

and Solomons (68). ' B
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CHAPTER FOUR

SOLUTIONS IN SULPHURIC ACID

The high acidity of sulphuric acid means that most solutes behave as
bases. However, certain solutes do function as acids and acid-base
reactions have been carried out in the solvent (48, 71).

Solutions of bases

A solute functioning as a base in sulphuric acid yields an excess of
HSO, ions.
4
e + ! - -
B + Hy80, T BH + HSO, (4-1)

Basic solutions may be formed in four ways:
(i) from metal sulphates,
(ii) by solvolysis of salts of acids weaker than sulpluric acid,
(iii) by simple protonation of the solute molecule, and
(iv) by dehydration of the éolute molecule.
These will now be discussed in turn.

(i) Basic solutions of metal sulphates

Normal sulphates, when soluble, are converted quantitatively to their
hydrogen sulphates. This is formally analogous to the addition cf medal

oxides to water. For the sulphate of a univalent ion,

1,80, + H,50, T=—> Zi 2HS0, ' (4 - 2)

of. M0 +HO T== o + 20§ (4 - 3)

For the sulphate of a divalent ion,

2+
+

~

MSO, + H,50, ——— QHSOZ - (4 - 4)

4
The hydrogen sulphates, MHSO4, behave as fully dissociated binary
electrolytes and are formally analogous to the hydroxides in water.

. _ ,
mso4—,;_:\m +Hso4 ‘ (4 - 5)

cf. MOH === M+ oF ' (4 - 6)



The investigation of the properties of such solutions is limited by
solubiiity factors for all but a few sulphates. -The results of solubility
measurements by Kendall and Landon (72) and Kendall and Davidson (73) on

the sulphates of the most common metals are as follows.

Iable 4a

Sulphate - mol 9% solubility at 25°C
Li2804 : 14.28
KZSO4 - : 9.24
Ag,80, 9.11
BaSO, _ . ‘ _ . 8.85
Na,S0, - 5.28"
CaS0, | 5,16
He,S0, 0.78
MgS0, | o o 0.8
FeSO, L , 0.17
Fe2(804)3 " 0.17
ZnS0, 0.17
Cu304 o 0.08
1&12(304)3 - . ' £ 0.01

Thué, of the sulﬁhates studied, only those of silver, barium,calcium and the
alkali metals are sufficiently soluble for moderately concentrated

(~0.1M, 1.7 mol %) solutions to be ﬁrepared. In addition, ammonium, thallium
and strontium sulphates are all quite séluble (51) alfhough no measurements

of their solubilities are available.

(ii) Basic solutions obtained by solvolysis

‘Although some salts of other inorganic acids (e.g. AgCl, AlCiB, CuBrz)
are insoluble (51) in sulphuric acid, those which do dissolve undergo complete
solvolysis and_regénerate the parent acid.

, + -
e.g. KCl+ sto4 ~———— X' + HSO, + HCl (4 -7)

4
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+ - ‘ | :
NH4C1O4 + st04———> NH4+HSO4+HC104 (4 - 8)
KNO3 + st04 — "+ Hso4 + Imo5 ' (4 - 9)

The parent acids are all weaker than sulphuric acid. Hydrogen chloride is
only sparingly soluble and is unionised (48), whilst perchloric is
exceedingly weak (74) and nitric acid actually behaves as a base,

undergoing a dehydration reaction (75)"

HN 2H,S0, = NO 5.0 + 2us0” - 10
03 + 2H, A + B07 + " | (4 )

(iii) Basic solutions obtained by protonation of the solute

Solute molecules containing a potentially basic site, e¢.g. a lone pair

of electrons or an unsaturated system, usually exist in their-protonated
ferw in sulphuric acid. The most important example of such a species is
water. -

. S+ - : ’
H20+H2804—) E;0 + HSO, _ (4 - 11)

Most ketones, carboxylic acids, amines, amides and esters function as bases

in this way (47, 50).

O N et -
C=0 + H,S0 ——9 C==0H + HSO (4 - 12)
4 e 4 :
CH/ CH
3 3 ,
' +
' 0 OH
7" . 7 -
6H5 c\ ok + H so4——————> CeH g C\O-——H + HSO4 (4 - 13)
GH3m + H soer ————3  CH,N 1’H5 + HSO4 (4 - 14)

The experimental part of this thegis involves the determination of the
transference numbers of a selection of cations and the protonated forms of
water, acetic acid and benzoic acid proved to be uselful species in this
respect. The nomenclaturé of the last two compounds is unfortunate since,
although they both function as acids in water, only their basic properties

are in evidence in sulphuric acid.
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(iv) Basic solutions obtained by dehydration of the solute

The removal of the elements of water from 6xy— and hydroxy- compounds
by éulphuric acid yields‘basic solutions containing the hydroxonium ion,
o+
;0" (75-77).

.g. O,H0H + 28,80,—— C,H 50 K +H'5o+ + HSO,

5 2 25 (4 - 15)
+ -
(C2H5)O-. §sto4 —) 2c2353043 + H30 + HSO4 (4 - 16)
+ - + -~
131\105 .+ H,S0 —_— NO," + HBO + HSO4 (4 - 17)

Solutions of acids

The simplest example of the amphoteric nature of gulphuric acid is found

in the autoprotolysis reaction. N -

28,80, T HBSOZ + ESO) (4 - 18)

iﬁ_which‘one molecule functions as an acid and the other functions as a
base. For a solute to be considered an acid, it should react with the

solvent to produce an excess of,H-SO+

>4
HA + H SO, =—=> H,S0" + A~ o (4-19)
2% 347 .
Disulphuric acid, H2$207 and the higher polysulphuric acids prescnt in

oleum solutions function as weak acids in sulphuric acid (50, 78)

HyS,0, + 32304%—:_-“ Hasoz + BS,07 | (4 - 21)
H,S;0,, + sto4¢—:_-> HyS0} v HS,0.3 (4 - 22)

Fluorosulphuric acid and perchloric acid also behave as very weak acids.

X _ B

BSO,T + H,S0 A \_____——* H5S0, + SOBF (4 - 23)
S + - _

HC10, + H,S0, &= H,;80, + C10; (4 - 24)

The only solute, so far discovered, that behaves as a strong acid in sulphurié
acid is the complex tetrahydrogensulphatoboric- acid HB(HSO4)4 obtained by

dissolution of boric acid (79, 71, 80). This solute behaves initially as a

69.



complex base undergoing protonation and three dehydration reactions.

; e '

1131303 +‘ 6H,50 4 —-e» B(HSO 4)33, 3H07 + ;Hso 4 (4 - g5)
However, the spccies ,- B(HSO4)3)then behaves as é'strong acid and
neutralizes an HSOZ ién

}3(Hso4)3 + Hso4 —_— B(HSO4)4 : (4 - 26)
The overall ;eaction is therefore, _

, . _ _
H5BO, + 6H,,80 1 ), 3H07 + B(HSO 4) 4 + 2HS0, (4 - 27)

Sinée the B(HSO4)Z ion exists in solution (71) Wi thout ﬁndergoing solvolysis,
(unlike the ions in equations (4 - 7) - (4 - .9) ), the parent acid HB(HSO 4)‘ 4
must be a strpng acid in the HZSO4 solvent system. Other Epmplex acids
including HZSg(Hso 4) ¢ and H2Pb(HSO 4) ¢ have been found in sulphuric acid

solution (81) but they appear to be wesker than their boron analogue.

Sélutions of water and sulphur trioxide

These two compounds are particularly interesting and important solutes
in sulphuric acid. This is because all the ions they yield after dissolution
and ionization are also obtained by the self-dissociation of the acid itself.

The basic solutions of H5O.HSO4 obtained by adding water to sulphuric

acid are in many respects similar to solutions of the metal hydrogen sulphates.

The latter ionize to yield HSO, ions which suppress the solvent self-

4
dissociation reaction,
2H S0, ——=> H.S0" + HSO" ' - 28
AR 3°Y 4 (4 )

and so do solutiens of water. In addition, however, hydroxonium ions are
also produced and these lead to suppression of a fﬁrther self-dissociation
reaction,. A
. N\ + -
2132304 = H30 + x13207 . (4 - 29)
This additional suppression leads -to fewer ions arising from the solvent

and its contribution to the conductance of the solution is thereby

considerably reduced when water is thé solute.

T0.



Solutions of sulphur trioxide in sulphuric acid are acidic and are kuown

as oleums. The cryoscopic evidence (51) suggests that the SO3 is almost

,tofally converted to disulphuric acid which . is incompletely ionized:

+ - .
EyS,0, + H,50 4;5_ HBSO 2t BS,0, (4 - 30)

The produétion of these two ionic species leads to suppression of both the
self-dissociation reactions (4 - 28) and (4 - 29) whereas a solution of a
normal acid solute, sucﬁ as Hﬁ(HSO4)4, only suppresses reaction (4 - 28).
It has already been mentioned that acid-base neutralization reactions
may be carried out in sulphuric acid.‘ The addition of a solution of water
in H,S0 to.an oleum provides én exéellent example of such a reéction which

2774
is essentially the combination of H_SO' and HSO.

3774 4 -
. + - ) _
H3804 + Hso4 = 2112504 - (4 | 31)
ef. 1130++ OH E==> 2H,0 | (4 - 32)

in water. Despite the formal analogy, reaction (4 - 32) always yields a
solution of a salt at the neutralization point whereas the combination of
. _ ‘
H30 and H-SZO'[’ .
+ T | - 3%
15[30 + 1?15207 — 2112504 _ (2 . 33)

results in the pure solvent only and forms a useful means of its preparation

(see Chapter 5).

-71.

As the neutralization point is approached the total number of ionic gpecies

in soiutiQn falls and one would expect the reaction to be capable of being
monitored conductometrically, as is the case for aqueous acid-base systems.
This is indeed possible, and forms the basis of a most’sensitive method of.
preparing accurately 100% sulphuric acid. However, unlike the agueous
systems, the minimum in the conductance does not occur exactl& at the point
of neutralization and two reasons have been pfoposed for this (51). Firsi,
the complex nature of the sulphuric acid self-dissociation reactions means

that the concentrations of the two main conducting species, H_ S0V and

3774
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HSO, , are not equal at the point-of neutralization. Second, these two ions

4
differ considerably in mobility and it has been deduced (69) that the H S0* ion

-N° 12134
is some 1,45 times more mobile than HSO4 ()“H sot = 247 ohm™ ca“mol” " ,
o . 34 . o
:X’H st = 171 ohm'1cm2mol 1). As a consequence of these two factors, a slightly
3774

lower specific conductance (69) is found just on the aqueous side of the
neutralization point (0.0019 moles of H,0 per kg of solution) where there is
; and a slight deficit of H3SOZ ions relative to their

concentrations in the pure solvent. The composition of the system in the region

a 8light excess of H30

of the minimum conductance has been the subject of several papers (66, 67, 69,
79, 82-89). Im all except the most recent investigation (67) the techniques used
were unable to resolve the composition of minimum conductivity from the 100%

H,S0, composition. However, assuming the corregpondencs of the latter with the

274

meximum freezing point of the system, Gillespie, Oubridge and Solomons (67)

analysed their solutions very carefully and obtained the following results.

1

Specific conductance at composition, H,SO, = 0.010439 ¥ 0.0005 ohm™ e

2774
Minimum specific conductance of system = 0.01043% = 0.0005 ohm™ o™
' 1

Molality of water at composition of minimum conductance - 0.0019 ¥ 0.0005 mol’jkg'
Their conductivity-composition.and freezing point-composition plots are

reproduced here as_figure 4-1. Their values for the specific conductances of
dilute solutions of HQO and H25207 in sulphuric acid outside the region of the
‘minimum are plotted here as figure 4-2. The greater extent of dissociation of

H_ 0.HSO, relative to H2520 is demonstated by a steeper slope to its arm of the

3 4

conductivity curve.
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Cryoscopic properties of solutions

Hantzsch (79) in 1907 first used sulphuric acid as a cryoscopic solvent
when he studied the behaviour of weak bases. Unfortunately he did not realise
that the presence of solutes suppresses the self-dissociation of the acid and

the proximity of his acid to the composition 100% HZS is questionable.

0

4
Interest in sulphuric acid was revived in 193%3 when Hammett and Deyrup (90)

carried out freezing point measurements using sulphuric acid to which a small

amount of water had been added to repress the self-dissociation.

(2) Determination of the equilibrium constants of self-dissociation

The cryoscopic behaviour éf the pure acid was first studied in‘1950
by Gillespie, Hughes and Ingold (91) who shoﬁed that the depression of the
freezing point of the acid by the added solute was a measure not only of the
number of parficles produced by dissolution of the solute but aiso of the
deviations of the solution from ideality. They assumed that reactions

(3 -4) and (3 - 5),

+ - ,

Hy0 + HyS0, == E;0" + SO, | - (3 - 4)
[re——. § |

HyS,07 + Hp80, === Hy50," + HS,0, . (3-5)

proceed to completion such that Ka'z K.b = ofD) . This enabled them tosdeduce

values of K and K.
ap i

4

ar
These calculations were later refined and updated in the light of more
accurate freezing point data (92)'by Bass, Gillespie and Robinson (78). The
assunptions made previously were replaced in a complicated procedure involving
the following steps: |
1) The existence of hypothetiegl undissociated sulphuric acid was first
assumed. Pure sulphuric acid was then considered to be a solution in

this medium in which the species resulting from self-dissociation function

as the solute.



2)

3)

4)

5)

6)

2

9)

14,

A relationship was derived between the freezing point depression of a
solution relative to this hypothetical solvent, the total concentration
of all the solute species an@ the molal osmotic coefficient of the
solution.

Values were assumed fdr the four equilibrium constants of.self—dissociation
and, assuming ideal behaviour in the pure acid, the concentrations of
all the self-dissociation species were obtained from equations (3-6),
(3-7), (3-8) and (3-9).

The relatioﬁship derived in step 2 was used in conjunction with an
assumed molal osmotic coefficient (0.98) to calculate the freezing ,
point depression of the pure acid relative to the hypothetical undissociated
solvent. Since the freezing point of the former (10.;7100) was known,
that of the latter was calculated.

The assumed values of the equilibrium constants were ﬁsed to calculate
the concentrations of all the solute species in a large number of
solutions of sodium, potassium and ammonium sulphates, of water and of
disulphuric acid.

Molal osmotic coefficients of all these solutions were calculated from
the relationship derived in step 2, from their measured freezing péints
(92) and from the total concentrations of solute species determined in -
step 5.

Values for the osmotic coefficientsof the same solutions were calculated
from the Debye—Hﬁckel interionic attraction theory, suitably modified
for sulphuric acid.

The two sets of data obtained in 6) and 7) were compared for all the
solutions of the five different solutes-

New values of the equilibrium constants were chosen and steps 3) to 8)
vere repeated until the best correlations between the two sets of osmotic
coefficients were found. (The 'best! value for the f.p. of the

hypothetical solvent was 10.62500),



The theoretical bésis of the above procedure will now be discussed in
more detail. For a solute that produces ideal solutions and no species in
common with the solvent self-dissociation species, the freezing point

depression $?(relative to the pure solvent) is given by thermodynamics as
® =vRkao | (4 - 34)

whereY is the number of malés of all species produced in solution by
dissclution of one mole of solute,g%zls the cryoscopic constant (6.12&ﬁnml—1
kg for HZSO4 (93)) and m is the stoichiometric molality of the solute. In
the case of sﬁlphuric acid it is also necessary to take into account the
répression of the self—diséociation, the variation of the latent heat of
fusion with temperature, the non-ideality of the splutions.aﬁd the change in
the number of moles of solvent dpe to reaction with the solute. The last-
mentioned is significant only in that disappearance of solvent leads to

changes in the concentrations of all solutes. A suitably'modified form of

equation (4 - 34) is

? (1 s 0.0029) =Qc¢§mi - (4 ~ 35)
where the bracketted term alloﬁs for changes in the latent heat of fusion,
the molal osmotic cocfficient ¢ allows for deviations from ideality and
the repression of the self-dissociation and changes in the amount of solvent
present are takeﬁ into account within the summation of concentratibns of all
the solute specles. Equation (4 - 35) is the relationship discussed in
step 2) and used .in steps 4) and 6). A

The Debye-Huckel intgrionic attraction theory has been discussed at
length by Robinson and Stokes (9&). These authors combined the Gibbs-Duhem
equation, the Debye-Huckel theory and the definition of osmotic coefficient
in terms of activity coefficients and deduced the rekbion for a solution

containing a single uni-univalent electrolyte,

15.



76.

¢ - 1 - ._.....°‘3*[E’_ C(pVE) | (4 - 36)

whereo{ and ﬁ. are constants from the Debye—Hﬁckel theory and

3 '
0 (x) = — [(1 +x) - 2n{1 +x) - 1/(1 + x)jl (4 - 37)

By assuming this equation holds equally well for solutions containing
appreciable concentrations of species obtained by self-dissociation, Bass et al.

(78) deduced the relation for sulphuric acid,

A . N
¢ = 1 - 0.22315 . . 0(0.273I%) + b3m, (4 - 38)

BT

Qhere'c is the molaf concentration of the electrolyte, m its molal concentration
Q i$ the density of the solution and Is is the ionic strength egual to %:zbizi
in which cihis the moler concentration of the ion, i, z; its valency and the
summation is taken over all the ions din the solution, The term b'z‘_mi s Where b
is an arbitrary constant, is empirical and was included to take account of ionic
solvation. The term is small and only significant at high ionic strengths
(Is).0.1). The values of b required are either zero or less than 0.1. A value

of 10 ] was taken for a , the distance of closeét approach 6f ahion and cation.
The reasonz for this choice are discussed in part (c) of this section. Bguation
(4 - 38) is the relaxionship used to calculate osmotic coefficients in step 7)
of the procedure discussed previously in this section.

It has been pointed out by Wyatt (95) that this 'trial and error' procedure
involves meny estimates and assumptions about the nature of solutions in
sulphuric acid. He suggests that the concentrations of too many species are
variable for this system to be completely interpreted in terms of cryoscopic '
data and questions the values obtained for the equilibrium constants. In
particular, values pf Kap up to T0% greater than the value given (2.4.x 1074
molzkg_z ) still lead to osmotic coefficients consistent with the theoretical

<
ones. Wyatt favours the higher estimates of the concentrations of E._S0, and

3774



Method

Cryoscopy

1]

" and conductance

1 1"

Conductance
Thermochemicall

.Acidity function

"o 1

Table 4b

Estimates of K
ap

4 2, =2
7 Kap x 107 molkg

(o]

10°C 25°C 40°C
1.7

1.56
1.7
1.7 2.9
1.7 2.4 3,2
2.85 45
2.3 -
3.4
7.3
5.4

245

Reference

125
126
78
127
68
95
97
70
128
96
97

T7.



18.

HSO4' made by Hammett and Dejrup (90) and by Brand, Jarvie and Horning (96)

from acidity function measurements. However.the accuracy of this method is
questionable in view of the sensitivity of activity coefficients to ionic
stréngth. The linearity of the freezing point_— molality curves for HBO.HSO4
and MHSO4 beyond 0.1 molal suggests that auboprotolysis is largely suppressed
at these solute concentrations and is consistent with the original estimates
of Kap by Bass et al, Furthermore a recent conductometriq estimate‘of Kap by

Liler (97) is in good agreement with Bass's value ( see table 4b ).

(b) Determination of modes of ionization

Once the equilibrium congtants have been obtained,cryoscopy is nwost useful
in determining the mode of ionization ofp particular SOlﬁte. The number of moles
of all species, Y, produced by dissoiution of one mole of,solute,'is given by a
rearranged form of (4 - 35), (50) ,

- ‘QY(1 + 0.0029 - 0.098ma) m

Y - _ @

6.12m m

(4 - 39)

where © is the freezing point depression relative to the hypothetical

undissociated acid, m, the total molality of the solvent gelf-dissociation

d
species, and s the number of moles of solvent used up in dissolution of one mole
of solute. \

Consistent with equations (4 - 2), (4 -4), (4 -5), (4 - 10), (4 - 11),
(4 - 15), (4 - 16) and (4 - 27), the appropriate values of Y for the various

"solutes (48) are

.

M0, 4 - H,0 2
M's0, 3 C,H,0R 3. ’
MHSO 4 2 (0235)20 4
HNO 4 . H,B0, €

Before the cryoscopic thzory had been developed to the level appropriate
to equation (4 - 39), the practice (90) had been to 2dd small quentities of

water or other bases to the solvent to repress the self-dissociation so that
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equation (4 - 34) hel& approximately. The procedure can be criticized on the
grounds that the self-dissociation cannot be completely suppressed and the value
of Y obtained is not necessarily the value appropriate to the solute's mode of
ionization in the pure solvent. For example, in the pure solvent, the freezing
point depression for carboxylic acid anhydrides corresponds to V= 4 and the

dissolution reaction is thought to be

“r o + - - _
(RCO),0 + 3H,80, —> 2RCOH," + HSO,” + HS,0, (4 - 40)

However, in slightly aqueous acid, the H8207_ produced causes an elevation of

the freezing point owing to the reverse of the self-ionization reaction.

H5,0,7 + H0' == 2,50, | | . (4 - 41)

Two solute species are removed from solution by this reaction and the appropriate
value of v is 2. On the basis of this value it might have been wrongly concluded

‘that the dissolution was sccompanied only by simple protonaﬁion.

+ . A
—> (RC0),0H + HS0,” - (4 - 42)

(RCO)QO + H,S0 4

4

On the other hand it is also possible to tzke advaﬁtage of tne ditference
in cryoscopic 5ehaviour of .a solute in sulphuric acid to which small awmounis
of electrolytes have been added. Leisten (98,99) has suggested an ingenious use

of the following cryoscopic mixtures;

+ e
0", H30,

(i) sulphuric acid containing water, i.e. H

3
(i1) sulphuric acid containing H2SZO7 , 55207

4
(iv) sulphuric scid containing H3304+, H30+

(1ii)sulphuric acid containing H82Q7', HS0

(v) sulphuric acid containing H,50 + H5207'

The dissolution of any solute, S, can be thought of in terms of the equation,

' - +
5 + nH2SO4 —>aS, + DHSO, + cH3so4 + dH0 + eH28207 (4 - 43)

The effects of producing one mole of the species H2O, 523207’ HSO4", or H3SO4+

on the totsl nuzber of particles in each of these cryoscopic mixtures are
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summarized as follows. Positive values imply an increase and negative values

a decrease in the number of moles of solute.

(i) (i1) (iii) (iv) (v)

H,0 2 -1 . o , 0 -1
HSO0,” 1 0 1 B -1
HQSZ,O7 -2 1 o - 0 1
Hy80 4+ | -1 .0 -1 1 1

Thus thé cryoscopic b.ehaviour of any given solute will be different in at least
three of the five solvent mixtures. The nature of the éelf—dissociation of the |
solvent is such that either b or ¢ and either 4 or e must be zero. It follows
that the use of three appropriate cryoscopic mixtures enables a, b, ¢, d, and e,.
and hence the mode of dissclution,to be determined for any solute.

(c) Information derived from osmotic coefficients

Accurate freezing point measurements (92) of solutions of a variety of
solutes have been used (100) to calculate the corresponding §smotic coefficients,
¢ , using equatio'n (4 - 35) with the equilibrium constants determined by Bass
et al. (78). The velues of the Aparameters, & and b, which give the best fits of
the results obtained for P to equation (4 - 38) have also been found. The method

of fitting was =s follows. Equation (4 - 38) mey be rc-written,

¢ -9, = 1+me:.L (4 - 44)
where the second term on the right hand side, involving the parameter a , has
been replaced by ¢1 . A plot of (& - ¢1) against zmi should be a straight
line of slope, b, and intercept 1.0 and, for each series of solutions of a

given solute, such a graph was plotted. For all elecfrolytes, except H,0.HSO

3 4
and AgHSO4,a value of 10 & for & was required for straight lines extrapolating
satisfactorily to 1.0 . A_lthough the plots for other values of a were not straight
lines over the whole of the o;oncentration range, their linear portions a1l had
very nearly the same slope so that the value of b could be determined almost

independently of a . The foliowing table indicates the results of the calculaticns

for electrolytes relevant to the present work.
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Cation a b Cation ¥ b
Balt 10 0.32 | NH4+ 10 0.015
Na* 10 0.14 Agt 2 0
Lit 10 0.08 H30+ 2 0
¥kt 10 0.07

The value of 10 & for & is considerably higher than the corresponding values
in aqueous solutions (usually within the range 2.5 L 8agl 2 ). However i1.: is
not unreasonable if it is assumed (101) that, for unassociated electrolytes,
there is always at least one solvent molecule between anion and cation when they
collide. Bass et al. (100) have indeed calculabed such values from the sum of
the crystal radius of the cation and estimated radii of a sulphuric acid molecule
and a hydrogen sulphate ion.The interpretation of the low value of & ( 2%)
obtained for H3O.HSO4 and AgHSO4 is less-straightforward and it has been necessary
to postulate (100) that these electrolytes are incompletely dissociated in dilute
.solution in sulphuric acid. When a dissociation constant of unity is assumed
for these electrolytes, smaller values of E:mi ensue and the osmotic coefficients
calculated from (4 - 35) then fit (4 - 38) with s equal to 10f and b equal %o
0.06 for H,0.H50, and 0.07 for AgHSO,. |

Information about the solvation of idns has been derived from the values
of the parameter b (100). By thermodynamic considerations (3) of osmotic
coefficients in terms of the chemical potential of the solvent, Bass et al. (100)
showed thaﬁ, for sulphuric acid solutions, b could be expressed in terms of the
solvation number s of an electrolyte by the expression

b = (28 -v)/ 40.8 (4 - 45)

When the entropy of mix@ng of the solvent molecules and the solvated ions (141)

is tzken into account, a modified form of this equation is

N

(x + 5)° Ty
b = m— — (4 - 46)
40.8 20.4

where r is the ratio of the apparent molar volume of the unsolvated electrolyte

to the molar volume of solvent. The following values of g werc obtained,
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Ba2* 1.5 | 6.5 3.0
Na* 3.8 3.0 2.0
Li* 2.6 | 2.3 3.4
x* 2,4 2.1 0.6
NH4+ 1.2 : 1.2 0.2
1130+ | - - » 4.0

i. solvetion numbers calculated from equation (4‘- 45).
ii; t fn " 1 " (4 - 46)°

iii. aqueous solvation numbers (102).

4 , and

consequently the values represent the relative solvation numbers of the cations.

A1l the solutes studied do, of course, have the common anion HSO

Furthermore the large hydrogen sulphate ion may well be unsolvated in which case .
.these values represent the solvation numbera of the cations. For berium, equaticn
(4 - 46) yields a smaller and-more reasonable solvation number than does (4 - 45)
whereas the fwo treatments yield similar valuss for the other ions. Their
magnitude is reasonable for primary solvation numsbers and, lithium excepted, show
the expected trend with changes in the charge/radius ratio, - It has been suggested
(103) that the coordination number for the lithium ion for sulpburic acid
molecules is only three whilsf that of sodium is four. Consequentiy steric factors
and not charge/radius considerations limit the extent of solvation of the lithiu-
- ion. The sulphuric acid solvation numbers are, in general, larger than the aguecus
ones and this may be attributed to the greater polarity of the H2804 molecule.

A review , incorporating experimental details of the cryoscopic methcd and
the informstion derived ffom it for sulphuric acid, has recently been published

by Gillespie and Robinson (105) .
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Electrical conductances of solutions

From general considerations of conductances and mobilities, particulerly
in aqueous solutions, two main mechanisms by ﬁhich ionic conduction takes place
have been proposed. The reader is referred to reviews by Conway (106) and by
Spiro (45), and references therein} for a full discussion of thé evidence for‘
and the underl&ing theories_ofjthe two mechanisms. Only a brief discussion will
be given here. |

The first, by which all ionic species are thought to conduct,is simple
migration of the ion through the medium. On the assumptions that the ion was
a large sphere of radius, T and the solvent waé a continuous incompressible
fluid of viscosity,17, Stokes.(107) derived hydrodynamically the steady state
velocity, Vi achieved by the ion when subjected to a force F,

vi = F/ 6Ty (4 - 47)
provided the liquid immediately adjacent to the interface 'wets' the sphere
and so moves along with it. Modifications of the forﬁula to take into account
slipping between the surface of the sphere and the fluid have been made (45).
The force usually arises from the application of a poiential gradient, X, and

the sphere possesses a charge \zile;

Fo= |z lex ' (4 - 48)
from which it may be shown (45) that
2.2
] z,F .
A, - i (4 - 49)
6“N?Fi

This equation, usvally known as Stckes' law, implies that, for a.given}ion,
:\_: is inversely proportional to the viscosity of the solvent and, for a given
solvent,jx_: is inversely proportional to the radius of the ion.

The second approach to the'theory of ionic conduction is from the so-called
proton transfer mechanism. In certain hydrogen-ﬁonded solvents the hydrogen ion
is unusually mobile in comparison with K* or other alkeli metal ions vhilst, in

water, H 0" and OH™ have considerably higher mobilities than other ions which

3
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| arise from the dissolution of solutes. It is generally thought (106) that this

is attributable to a mechanism involving the successive transfer of protons
through the hydrogen-bonded network of the solvént withought necessitating actual
translatory motion of the ions. The mechanism is often referred to aé 'proton-jumpﬁj
between favourably oriented solvent molecules and the conducting ions. There

has been much speculation about the nature of the rate-determining step (45,
118-122) in this process but it seems likely, for water at least, that rotation
of the éolvent melecules, into an orientation for proton transfer to éccur, is
slower than the actual proton jump itself. In general, the only ions likely to
'take part in protbn transfe; are derived from the autoprotolytic self-dissociation
of the solvent and it must be emphasised that these ions also conduct by normal
migration. ' ' ' ‘ - |

The experimental conductance data for solutions in sulphuric acid have been

'interpreted in terms of these two mechanisms. There have been several
investigationsvof the conductances of solutions of water and sulphur trioxide
(66, 69, 67, 79, 82-89, and see earlier in this chapter).A few studies of the
conductometric behaviour of other solutes were reported by the early workers

(79, 85, 87, 108, 110) but the first detailed investigations were by Gillespie
and Wasif (76) end by Gillespie and his school (111, 63) in 1960. The specific
conductances of all the metal sulphates that are appreciably soluble in sulphuric
acid havé been measured and solufions of several organic bases have also been
investigated. The conclusions drawvn about the nature of ionic conduction were
based on two independent sets of experimental observations as follows,,

1) The specific conductances of solutions of metal hydrogen sulphates (see fig.
4-4 ) obtained by Flowers et al, (69) were almost independent of the nature of
the cation at ;oncentrations below 0.1N,

2) The transference measurements of Gillespie aﬁd Wasif (112), discussed later

in this chapter, indicated that the cations in MHSO, solutions contributed 3%

4

or less to the total conductance of the solutions., The measureﬁents reported in

this thesis suggest that an upper limit of 1% is more appropriate.
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Both observations suggest that conduction in these solutions is due almost

entirely to the HSO, ion with the cation contributing only to a minor extent.

4

Several workers (113, 112, 69) have proposed that conduction by HSO4° and H3304+

is by proton transfer!in addition to normal migration, whilst other ions conduct

only by migration. Proton transfer by H * is shown schematically in figure

3%
1-3 .
A compérison of the mobilities of ions conducting by proton transfer with

those byAnormal migration is of interest both for solutions in water and in

sulphuric acid. The limiting ion conductances of H.0" and OH™ in water are

3
-1 2 - ‘ '
ca. 350 and 200 ohm 1cm”equiv ! . Tespectively, whereas the values for ions

T (114).

Thus' conduction by proton transfer is five to ten times faster than normal ionic

conducting by normal migratioﬁ lie in the range 20 to 70 6hm’1cm2equiv°

migration.In éulphuric acid solutions, however, the ratio—ﬁould éppear to be

.an order of magnitude higher..The vast difference in the effectiveness of the fwo
conduction méchanisms is attributable to the very high viscosity of the medium
(some 27.6 times greater than that of water). The latter exerts a sévere
retarding effect on ions conducting by normal migration, ac can he seen from
Stokes' law, but proton tragsfer, which involves no actual translatory motion of
the ions, is much less affected by viscosity.

Equivalent conductances in’ sulphuric acid

o —— . A B G S S A G G S G S T S O L Gw W AT e WD A

of solutions of MHSO

In figurs 4-4 the specific conductances %( soln 4

and water are-plotted against concentration., All the curves have the same general
shape, commencing convex to the concentration axis as a result of repression of
the self-dissocistion and then becoming concave to this axis at high )
concentrations. This suggests that the mobility of the hydrogén sulphate ion
decreases with increasing concentration and the divergence of theccurves for

different electrolytes indicates that it decreases to verying extents depending

on, the accompanying cation.



3

"‘-c.m",-‘) ,

Kj0™ ( ‘

. e e e ol

ELGURE b~k  SPECIFIC CONDUCTANCES . OF .
SOLUTIONS 1 SULPHURIC . ACLID AT 25°%c :

Rbiso,

NH,, H50y,

}K H$O¢r
H,0. Hse,,

oiY orig 022 02




86.

Before equivalent conductances of electrolytes can be calculated from
these data,if is necessary to take into account the contribution to the
conductaﬁce from the ions introduced by the self-dissociation of the solvent
(the 'solvent ions'). This cannot be done, as is usual, by simply subtracting
the specific conductance of the pure solvent sinceﬂthe self-dissociation is
repressed to a greater extent as the concentration of the solute increases.
This difficulty can be-overcoié in three ways as follows,

Approach A : |
The specific conductance due to the solvent ions only is pélculated at every

concentration and subtracted from the measured value of ¢ « For solutions

soln

of MHSO, in sulphuric acid we have

4 _
=3 -
Kgom = 107°(oq g0t A gor . + CHSO“’AHSO “+ g o An ot
34 T34 i M _
t ops o‘)ﬁs o * °r£”;‘*m* ) (4 - 50)
277 271 ' ‘
and , )
K - 10'3(c +7L ol R ‘>\
; SO HS 50 *
solv 3 4 3 ’4 04 :\?304 3 H 0
- + Oy -7l~ ) (4 - 508)
H:207 HDZQT.

i . I . i
where CHSOZ is the total goncentratlon of HSO4 in the solutlpn,'caso4 is the
contribution of HSOZ afising_from the self-dissociation of the acid and

- - el - = 4 -
°Hso4 "Hso4 ut (4 - 51)

The gquantity ¥ is that part of the conductance of this solution which is

solv
attributable to the solvent ions and is not the conductance of the pure solvent
because of‘repression of the self-dissociation. The concentrations of all the
species in solution are known or may be calculated from the equilibrium
e
constants. Values of )\H" - and 7\H + are requlred before this correction
DO4 3304
may be applied and these are first obtained from approach B or C. Once found,

4<,solv may be evaluated and subtracted from §<soln s the experimental va}ue, to

yield ¢<solute . This form of correction must be applied to'data obtained in -
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transference measurements.
Approach B :
This is the method proposed by Flowers et al. (69) . The following series of
steps indicates the procedure adopted by these workers.
(a) It is convenient to define a quantity (' which excludes the contribution
to the total conductance from all the ions that do not conduct by the proton
transfer mechanism,

- - 1073 . - - o
X A soln 10 (°H30*7\H30+ + °Hszo7?\ﬂszo7 + oy ) (4 -52)
The bracketted term in (4 - 52) represents only a small correction since the

‘'ionic conductances involved are all very small compared to :\H + and :k e
: 3804 Hb04
1

Flowers et al. assgigned a value of § ohm'1cm2mol- to the ionic conductances

of all univalent ions moving by simple migration and g value of 1.5 ohn™ ! emPmo1 ™"
to A for divalent icns such és Ba2+ » The present work indicates that these
were overestimates and the correction term is even smaller.

(b) Values ofcvi{"7 were calculated from equation (4 - 52) and the experimental
specific conductance. The concentrations of H3O+ and H8207" were calculateé
from the self-dissoclation egquilibrium constants. The concentration of 1 wes
the equivalent concentration of the solute.

3SO4+ and HSO4- ions has been calculated

over a wide range of concentrations by Gillespie, Robinson and Solomons (68).

(c) The ratio of the mobilities of the H

In -essence, the procedure they adopted was to consider the values of 4{',

designated (¢{‘)°l end ( ¢1)%9, for two solutions of disulphuric acid and of

water, having equal ionic strengths. Then, from charge balance relations,

aq ol ‘ ag ol :
cod o = ¢ + Coiant =  Clap= (4 - 53)
HSO4 H3804 ‘ H3D04 H;:oO4 ,

aq ol aq ol

Coint = G A= Chra = = Cpat - (4 - 54)
H3O Hb207 HDZO7 H3O

where the superscripts 'ol' and 'ag' refer to the disulphuric acid and water

solutions respecfively. It further follows that,
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(€)% - 10"3(9;;;502 S0+ cféo; 0;) (4 - 55)
- -3(.8 aq ' '
(®KH* = 10 (6338027\:{3802. + cHSOZ’;\HSOZ) (4 - 56)

Since all the concentrations could be calculated from equilibrium constants
' . ol 18

the ratios (& ')°7/ (&') % ang ;\H3SOZ/ ;kHSOZ could be determined. A value
of 1.45 was obtained for the latter and it was found to be independent of the
ionic strengths of the solutions,over the range Is = 0.019 to 0.038 mol kg-x,frqm
which it had been calculated.

(@) Returning to the MHSO, solugions, «f could then be written,

4
‘ . - ) ’
C K = Dlgan-(1e45¢, ant 4 Chan- ) (4 -57)
HSO) H,50, BSO;

and hence values of:\HSO- were determined at all solute édncentrationso Flowers

. 4 -
et al., plotted Aren= against c.,.,- for NH H30, solutions and extrapolated the
H504 HSO4 4 o 4
straight line obtained to ¢ ..~ = O to give A, .- = 170 ohm™ cmmol™ '. Similar
Hb04 ' rISO4

plots for KHSO NaHSO4 s and LiH30, all yielded the same limiting value. A

4 4
conventional Debye-Hlickel-Onsager plot (see chapter two) of’?LHSO- against
' 4

JCHSO_ was found to be S-gshaped and could noi be extrapolated. This is not
4

altogether surprising when it is remembered that even in the pure solvent ¢

HSO
= 0.0325M, a concentration already beyond the limit for the‘limiting D-H-0 *
equation to be épplicable. However it is still surprising that ;LHSO_ should
vary linearly with concentration. )
(e) The same procedure was adopted for acidic solutions of HB(HSO4)4 and H28207
to calculate :AbH sot from

3774
K )\H sot( oy go* + cpgo= / 1:45) (4 -58)

374 34 4
The former solute yielded a limiting value of 245 oho™ 'em®mol™! . This was in

o o
good agreement with a value of 247 obtained fronf:i + /:\‘ ~. = 1.45 vhen
H3SO4 HSO4 :

ion. For disulphuric acid solutions, a

4

value of 232 was obtained but the presence of higher polysulphuric acids, which

a value of 170 was used for the HSO
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are stropger than H_5.0,, may have led to an underestimate of ¢ + and an
27277 H3SO4
overestimate of c_ ..~ in these solutions.
Hb04

The writer wishes to question this procedure on the fellowing three counts
1 On the basis of the Fuoss-Onsager conductance equation, discussed in chapter

A : 0
two, the ratio 15380'4'"/ lﬂso’ . should be egual to (XH sot - PV

o e 4 o 3774

( - - + The electrophoretic term, ?L , is independent of the ion but
HSO4 o )

depends on concentration. Since;X~H sot is greater than:A.HSO- s the conductance

3774 4

ratio should increase with increasing concentration.

2 In different MHSO, solutions of the same icnic strength, the specific

4
conductances vary with the solute. As the mobilities of the cations are very lowj
this means thaf:kﬁso— varies with the nature of the cation. It seems rather

4 _ ‘
unlikely, therefore, that the‘ratio )LH SO+'/'>LHSO' should remain constant with

‘ 3774 4
both changes in concentration and changes in solute.
3 The derivation of the value of this ratio depends on mesasurements of the
conductance of oleums. Since the nature of these polysulphuric acids, the extents

to which they are present and the extents to which they arc dissociated are all

uncertain, considerable doubts about the calculated ionic strengths of these

o
solutions must be expressed. The poor agreement between the values of:k_H SO+

- ) . 3” 4
obtained by Flowers et al. (69) for disulphuric acid soluticns and fox HB(HSO4)4

solutions lends support to these dbubts.

' Approach C :

In this approach, developed by the writer ,:X. + andjx_ - are calculated
H3SO4 HSO4 _

separately for any basic solution of known concentration and consequently of

known ionic strength. It should be superior to approach B for two reasocuns. First,

it mekes no assumptions about the ratios of the mobilities of the proton-jumping

ions and, second, it uses as reference the acid solutions of HB{HSO,),. This V

4)4
electrolyte is a stronger acid than disulphuric acid and is not complicated by
polymeric species. Complete dissociation of both HB(HSO4)4and the basic soluic

whose solution is being considered, is assumed. It is also assumed that a proton-
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‘ jumping ion has the same ionic mobility in a solution of an acid as in a solution
of a base if the solutions have the same total ionic strength. The following
series of steps indicates the procedure adopted; ‘

a) The ionic strength, IB; of the basic solution is calculated from its
concentration using the tables of concéntrations of species in strong base -

sulphuric acid systems given by Flowers et al. (69) and from the relation,

I = 3 cyun~ + € + + e b + © s+ CF ) (4 - 59)
8 HSO4 11330.4 H30 Hb207 H

b) The specific conductance,¥ 40 of & solution of HB(H30 of the same ionic

4)4
strength is interpolated from a plot of *<acid’ ageinst IS uging the data of

aci

Bass et al. (111) and the tables of concentrations of species in strong acid -
sulphuric acid systems given by Flowers et al. (69).
¢) The concentrations of all the species in the HB(HSO4)4ASolution are found

from the same tables or plots based on the tables.

t i '
d) Values of ¥ for the basic solution, *(gase , and for the HB(HSO4)4 solution,
4{' .., are found from the measured conductance of the former, X , the
acid , bage '
interpolated conductance,cx\acid , and the relations below
. base base base
! -3
Kpase = Kpgge = 107700y g+ Ny o+ 4 oyg g ’7‘33 0, & ot Am* )
: - 3 3 27 2
' (4 - 60)
. ~ acid acid acid <
K. = & - 10'3(0 + + A4 e . -?\ - 4 ¢ .jx -
acid | acid H3O H3O | Hb207 H5207 B(HS,O4) B(HSO4) /
(4 - 61)

Equation (4 - 60) employs the concentrations appropriate to the basic solution

obtained in a) and (4 - 61) employs those obtained for the HB(HSO solution in

44

¢). A value of 1 omnqcxnzxnol—1 is considered reasonable for the conductances of

ions moving by simple migration, i.e. for all values of )& in the bracketted

terms. .
d) Values of:\ .+ and A\ - are calculated from the relations
H.50 HSO
3774 4
base base
. 3 t -
10°K pase ey sot Amsot t Cuson xﬂso‘ (4 - 62)

%9, H359, 4 4
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acid - acid-.
3y A\
1094 .. = e et Amoant + Cran- - (4 -~ 63)
acid H,50, “VH,50, HSO, ' HSO, _

where guperscripts to the concentrations apply as in a).
An example of the application of this procedure to determine )&H sot *

3774
‘;\Hsof and the transference number solvent correction for 0.126N NaHSO4 in
4 .
-1

sulphuric acid will now be given. The molality of this solution is 0.0687 mol kg ,
; 3

its specific conductance is 1.71 x 1072 ohm™ten™" and its density is 1.831 kg dm ~.

a) The total molality of ionic species is 0.157 which means that the ionic strength

calculated from (4 - 59), is 0.144 mol dm_3.

b) The HB(HS0 solution having this ionic strength ié 0.071 molal, has &

4)4 _
specific conductance of 1.83 x 1072 ohm™ 'em™! and a density of 1.833 kg an™>.

¢) Interpolation of the data of Flowers et al. (69) yields the following

molalities of ions in these solutions.

0.0687 molal NaHSO 0.071 molal HB(HSO 4) 4

4

H S0, 10+0033 0.0620
HSO, 0.0725 0.0039
H,0" 0.0071 | 0.0147
HS ;0. 0.0056 | 0.0027
Na© 0.0687 : 0.0
B(HSO4)4 o.p 0.0710

d) Assuming values of 1 ohm™ 'enZmo1™" for'>¥.for all ions except B3SOZ and HSO; .

substitution in equations (4 - 60) and (4 -61) yields
' - -
K poge = 1-71 % 1072 — 1,831 x 1073(0.0071 + 0.0056 + 0.0687)

- 1.69. x 10~2 ohm™ len ™!

p)

1.83 x 1072 — 1.833 x 1072(0.0147 + 0.0027 + 0.0710)

L
§< acid

- 1.81 x 1072 ohn™em -
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e) Insertion of these values of ¥ and‘K ' cig into (4 - 62) and (4 - 63)

base

yields:\ + = 151.9 ohm 1cm mol” andjl o= = 120.8 ohm™ emZmol” 1.
Hy504 130,

It will be recalled, from (4 - 50) and (4 - 51), that the part of the
conductance of a basic solution, *Lsolv’ which is attributable to the solvent

ions alone is

-3 !
Kooy = 10 (CH SO+’>\'H $S0; T a0 {>\Hso‘ oy g+ Ag ot
4 4 4 3 3
e Ais o= ) (4 - 508)
H8207 H8207
] -
where CES0™ is the contribution of HSO4 arigsing from the self-disseciation
4
of the acid and :
' (
Chan= =  Cpan= = Cpt 4 - 51)
BS0 . “HSO i
> 4 4 B
For this HéHSO4 solution,

«solv = 1.831 x 10'3((0.0033 x 151.9) + (0.0038 x 120.8) + 0.0071 + 0.0055)
= 1.78 x 1073 ohn™ 'em™" |
The reader may recall, from chapter one, that transference numbers measured by

the Hittorf or movipg boundary methods are corrected for the effects of the

/ &

referred to as the solvent correction factor; has the valus

solvent by multiplication by (1 + & ). This quantity, henceforth

solv soln

for this 0.126N NaHSO4 solution.
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The concentration dependence of')\~ -
HSO4

The walues of‘:\_ s egqual tO;A“HSO' )for a series of concentrations

(molalities) of MHSO, solutions have been calculated (69), using approach B,

4

after interpolation of the specific conductance - concentration curves in

figure 4-4. These values are listed in table 4c¢ below.

Table 4c
Molality . )\- ol'xm"‘lcmzmo].'"1
LiHSO, NaHso4 KHSO 4 RbHSO,  NH,HSO 4 H3O.HSO48‘
0.00° 151.2  151.2  151.2 151,2 151.2  151.2
0.01 148.5 149.0 149.0 - 149,0 149.8
0.02 143.0 143.6  144.0 - 144.8 146.5
0.04 1299  130.2  131.7  135.5 132.8  131.7
0.06 118.3 119.4  121.5 125.3 122.3 121.8
0.12 98.5 ©  99.8  102.7 106.9 104.6 101.7

30.HDO4 °

. (o] :
b. The values of j&_ at m = 0.00 are not the same as values of';\_ « The former

a. Assuming Kb =o0 and complete dissociation of H

are appropriate to the pure acid whereas the latter refer to the hypothetical
medium in which cHSOi =0 .

By ignoring the contribution of the cation and equating j\BSO- to /\ for
the MHSO4 electrolyte, Flowgrs et al. (69) attempﬁed to fit the abgve data to
the Robinson and Stokes conductance equation (115). This is a modification of
the Debye-Hﬁckel-Onsager equation to inc;ude finite ion size and a Boltzmaenn

distribution,of the ions in the atmosphere,in the relaxation term. The form of

the equation employed was

o Bz‘f?:—i ( B1J_5' exp(0.2929y) - 1
1 -

A (N - 2l .
A ¢ (1+y) (1 -v) 0.2929y

(4 - 64)

where all the symbols are defined in chapter two., For a values between 2 R and
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10 %, and over the range of molality given in this table, equation (4 - 64)
predicted a fall in XHSO_ (or A) of between 5 and 15 conductance units(depending
on whether the chosen valﬁe of a was high or low). This is much less than the
decrease in conductance found experimentally in table 4b. It would be necessary
to insert negaiive values ¢f a into the equation to obtain a fit to the dgta.
The following explanations have been put forward to account for this rapid fall
of)\HSO- with concentration (76, 69) : | |

i) To play its part in the chain-transfer conduction mechanism, a solvent
molecule will usually haﬁe to undergo a rotation into a suitable orientation. Ji
has been suggested (76) that the rotation of solvent molecules involved in
solvation of thevions will be résticted and such molecules will be unable to
piay as great a role in chain conduction as those in the'free' solvent. Thus the

greater the extent of ion solvation, the greater will be the decrease in ?kHS

0" *
4
If a solvation number of four is assumed,then in a 0.1M solution, the amount
of free solvent would be expected to decrease by 0.4 moles per dm3.‘Su1phuric acid
3 e?'ug'so
contains approximately 10 moles per dm Zépd 80 a decrease of about 4% in'>”HSO_
might be expected. The actual decreases are, however, much bigger (a2bout 20%).

Since H50, is common to all the electrolytes considered, its solvation need not

)

be taken into account. Assuming that there is a direct correlation between
the polarising power of an ion and the extent to which it is solvated, the order

of increasing extent of solvation is

NH 4+ <x* ~Ag+NH3o+ < Nat < Lit < Ba®t < sr2t (4 - 65)
and this is exactly the order of decrease of')&HSO— at a given concentration.
' 4

The restiction in the motion of solvent moldcules when they are coordinated to

an ion should lead to an increase in the vicosity of the solution and it has been
found (61) that the order of increasing viscosity of sulphuric acid solutions
likewisé follows the.sequence (4 - 65). Gillespie and Wasif (76) found that,

at a given concentration, the specific conductances of a series of sulphuric

acid solutions of MHSO, solutes, were inversely proportional to the sguare roots

4
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of their viscosities. They plotted ﬂ((47/170)% , where’b is the solution viscosity
and‘})o that of thé solvent, against concentration and found that the differences
in K between solutes were almost complétely eliminated and the results for all
the electrolytes fell on the same curvé. It is worth commenting that Stokes®

law (107) predicts that the conductance should depend on 1/47, and not 1/')71’13' ,
but this law is based on conduction by normal migration and there is no reason

to expect it to hold for ions conducting by a chain-transfer mechanism,

ii) Gillespie and Wasif also proposed that the mobility of the HSO4 ion depends

on the frequency with which conducting chains collide, They attempted to justify

this proposal by considering the situation that arises when two HSO, ions

4

2804 molecule. The last-

mentioned can participate in a chain transfer conduction process with only one

gimultaneously arrive at positions adjacent to an H

of these idns at a time and the second ion must wait until the H2804 molecule
has re-oriented itself into an appropriate pésition before a further proton
transfer can take place. In effect, the time of rotation of the sulphuric acid

molecule has increased relative to the second ion and the average mobility of

the HSOZ .has decreased due to competition for the same H2304° This effect will
clearly become‘more‘significant as the concentration of HSOZ in the solution

increases. Furthermore it is independent of the cation and so, alihough it
explaing the general decrease:nljkﬂso- with concentration, it does not reselve

4 .

the differences between solutes,

Both explanations i) and ii) are conditional on molecular rotation being
the rate-determining step in chain transfer conduction.
1ii) The ions derived from the solute must occupy -8ites in the liquid structure
that would otherwise be occupied by sulphuric acid molecules. Consequently,

when an HS0, ion arrives at an adjacent site, no proton is available for %$ransfer

4

and the chain conduction is hindered. Both the solute cation and the H30" ion

4
itself will function in this way since no proton transfer can take place between

~ jons or between two H30 ions, This effect would be expected ‘o

+ y
¥ and HDO4 4
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acquire greater importanceas the Qoqcentration end number of sites occupied by
the solute increase and should lead to a fall in the average mobility of the
'Hsoz ion. |

All the factors i), ii) and iii) would be expected to apply to chain
conduction by H3O+ and OH in water as well as to MHSO4 golutions in sulphuric
acid. However, /\ for aqueous solutions of hydrochloric acid changes by about 2%
over the concentration range 0.0 to 0.1 molal (116) and the experimental data
satisfactorily obey the Robinson and Stokes equation. Thrée important differences
between aqueous solutions and solutions in sulphuric acid, which may account for
the obgerved behaviour, will now be pointed out. First, there ig a -
significant contribution from normal migration to the ionic mobilities of H30+
(ca. 20%) and OH™ (ca. 33%) in water whereas the contribution to the conductances
of HSO} aﬁd H3SOZ from this mechanism is probably negligible. Second, if
viscosity-dependent molecular rotation is the réte—determining step of chain
conduction in both solvents, the time for which a proton transferring ion must
wait;while a sobent molecule takes up an appropriate orientation,; will be much
smaller in factors i) and ii) above for water than for sulphuric acid because
of the great difference in the viscosities of the two solvents. A third
possible reeson is that there ie a much grester contribuntion from asymmetrie
autoprotolysis, discussed below, for gulphuric acid solutions than for aqueous
ones.,
iv) Wyatt (117) has suggested that there is a special contribution to conductance
from asymmetric disscciation fof any liquid dissociating by an autoprotolytic
mechanism. When an electric field is applied there is a bias towards the
movement of protons in the di:ection of the field and consequently, although
they move in all directioné, a slight excess moves with the field and a slignt
deficit against it. The chain transfer conduction by the ions derived from

autoprotolysis is interpreted as the movement of protons from solvent cations

to neutral molecules and from neutral molecules to solvent anions when an
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external field is applied. Wygtt now suggests tﬁat there will also be a slight
bias towards the movement of protona from neutral molecules to their neutral
neighbours i.e. towards dissociation in the direction of the field, and that
this additional effect will contribute to the conductance. It is important to
appreciate that no net increase in the extent of ionization is envisaged but

the self-dissociation merely becomes asymmetrical. The number of ﬁrotons formed
per unit time in the direction of the field is slightly increased and the number
in the opposite direction is slightly decreased. For a solvent HA dissociating

accoraing to

2HA == HA' .+ A7 - (4 - 66)
the contribution of the asymmetric autoprotolysis to the specific conductance
of the solvent has been derived (117) as ' -

X , 2
Ky = 3.733 x 107 g, [BA7] D—jé.ﬁf- ; (4 - 67)
: (2 ) |

where kR is the rate of recombination of the autoﬁrotolysis ione and} is the
effecfive internal field for an external epplied field of 1 volt.cm-1. Although
kR and X are not known with certainty, Wyatt showed that for sulphuric acid
this factor might contribute as much as 30% of the conductance of the pure
solvent. Since the ionic product, H3O{] [}Xfi], is very much smaller than
[é3soi] [:HSOZ] , asymmetric autoprotolysis is unlikely to be a significant
contribution to the conductance of aqueous solutions. Equation (4 - 57) hes

been modified by Gillespie and Robinson (50) to include the contribution from

this effect. They showed that

34" . _
10°K = Q’)‘HSO:1 ([Jm_'_ +m_ ) o+ 103%{1) (4 - 68)
where m_ and m_ are the molalities of H.S0Y and HSOT respectively, /u is the

3774 4

]
ratiolﬂ st/ xﬁso" , and Q the density of the solution. Graphs of 1034

3774 4
against ( /un%. + m_ ), using M= 1.5, vwere plotted (50) for various metal

hydrogen suphates at 25°C and found to be straight lines up to 0.1 molel with
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intercepts of $<D = 0.38 x 1072 ohm™tem™ ! and slopes that gave ;kHSO- = 166
ohm"1c1112xnol"1 . As‘%(D depends on the ionic product ,{:HBSOZi][?SOj]4 s which 7
is a constant, it is not a function of concentration and hag the same value
in the pure solvent as in solﬁtioﬂs. This value represents a contribution of
36% to the conductance of the pure solvent. The writer feels there is little
justification for such a plot since it is unreasonable to expect:A,HSO- s the
density and the ratio of the mobilities to remain constant over such i
concentration range. However the allowance for asymmetric autoprotolysis has
eliminated the large varistions in.:\HSO- with concentraticn obtained by Flowexs
et al. 4
| v) The mobilities calculated for j\H got 2and CXHSO' from equations (4 - 57)
~and (4 - 58) or from (4 - 62) and (4 - 63) depend on4the values taken for

°H3SOZ and cHSOZ which in turn depend on the value of the autoprotolysis
constant Kap' It is clear that an underestimate of Kap must lead to an
overestimate of the mobilities of these twé ions. If the higher estimates of
Kap , from acidity function measurements, are used,the large variation of
:>LHSO- with concentration is eliminated, since such high mobilities as were
calculated by Flowers et al.; using the lower estimates froﬁ cryoscopy, are
no longer appropriate in the region of the pure acid and dilute sclutions.
Table 4b, given earlier in this chapter, shows all the currentiy available

data for Kap at 10°C , 25°C and 40°C,

The determination of ¥ from conductivity measurements

The fact that almost all the conductance of a basic solution in sulphuric

acid can be ascribed to the H30, ion enables the number of moles of this ion,

4
'8, produced by one mole of electrolyte, to be conveniently determined. One might
expect that,at a given electrolyte concentration, the conductivity of a dihydrogen

sulphate would be twice that of a monohydrogen sulphate but at low concentrations

this is not the case because of different extents of repression of the self-
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dissociation. However, if the concentrafion of a standard monohydrogen sulphate
(ey8. KHSO4) which produces a given specific conductance is compared with the

concentration of any other base giving the same cohductance, the value of ¥ is

4

repression of the self-dissociation are the seme for the two solutions if their

given by.their ratio. This is because the HSO, concentration and the extent of

" conductances are equal. The value of’z;from conductivity measurements, together
with "V~ from cryoscopy, often enables the mode of ionization of a given solute
to be unambiguously determined. The values of ¥ obtained are not always exact

integers since the conductances do not depend entirely on c and are

HS0,
4

influenced to a minor extent by the electrolyte chosen as reference. There is
seldom any ambiguity, however, about the appropriate integer to be deduced from
a calculated value of . ' A -

It is worth noting, at this point, that the conductances of solutions cf
and AgHSO, are such as to render X = 1 and provide no evidence of the

H,0.HSO

37V 4
incomplete dissociation that must be postulated Lo explain the osmbtic
coefficient data for these electrolytes. It has been suggested (50) that waler
is fully ionized as H3O+.HSOZ but that the ions are not completely separated.
Such incomplete dissociation would not influence the conductance of the solution

if the life-time of the ion-pair were shorter than the average time between

successive chain transfers.
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Transference nﬁmbers in sulphuric acld

Three previous papers have reported the measurement of cation transference
numbers in sulphuric acid, a2ll by the Hittorf method (see chapter one). Hammett
and Lowenheim (113), in 1934, found the transference number of the barium ion
in Ba-(HSO4)2 golutions to be 0.007 ; they recognised, however, that its precision
was limited by the very small changes in concentration involved, the-difficulties
of stopcock lubrication, and the rather cumbersome gravimetric technique by which
the solutions were analysed. However, their results were useful in that they
demonétrated a very small but defihite migration of the barium ion towzrds the
cathode. Hantzsch (79) had previously suggested that no migration could be
demonstrated in sulphuric acid.

More recently,Gillespie and Wasif (112) and Wasif (129) héve measured the
cation transference numbers of a variety of hydrogen sulphates. They usad a
Hittorf technique (4) comprising three compartments( each of capacity about
50 cm3 ) connected to each other by narrow bent tubes to minimise convection
and diffusion from one compartment to the next. Platinum electrodes wers employed

-and the currents passed were 20 - 25 mA. Most soluiiions were analysed
gravimetrically. Barium and strontium were determined as their sulphates by
diluting a weighed poftion of solution with a large excess of water or 1:1
water - alcohol mixture. Silver determinations were carried out by dilution with
water and slow precipitafion of siver chloride with excess HCl, Sodium, potassium
and lithium solutions were analysed by slowly driving off the sulphuric acid,
leaving a residue of the hydrogen sulphate, which was heated to constant weight
at 600°C . The ammonium analysis invoved the direct addition of 30% sodium
hydroxide solution to the solution in sulphuric acid and estimation of the
evolved ammonia., Acetic acid analysis necessitated a more complicated procedure
and the sulphuric acid was neutralized with sodium carbonate so that the soclution

contained only sodium hydrogen sulphate and acetic acid. The latter was then

distilled, under partial vacuum, into a known amount of standard alkali, the
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" Table 4d

Hittoxrf cation transference'fesults in sulphuric acid {112, 129)
Solute Molalityd tg t ' t Reference
LiS0, 0.5562 0.015 0.012 0.013 112
NaESO, 0.7918 0.022 0.020 0.021 112
KBS0, 0.6244 0.030  0.030 0.030 112
11,2262 0.025 0.025 0.025 - 112
AgHSO4 0.2490 0.028 0.024 0;026 : 112
0.3056 0.022 0.022 0.022 112
NE,HSO, 0.4766 0.031 0.030 0.030, 129
0.7836 0.036 0.031 0.033 129
0.9780 0.034 0.040 . 0.037 129
CH,C0, 8 0.5723 0.022. 0.022 0.022 129
Ba(HS0,), 0.1738 0,009 ~0.009 0.009 112
0.1969 0.009 - 0.009 0.009 112
0.2073 0.009 0.007 0.008 ' 112
0.2292 0.010 0.009 0.010 12
0.2418 0.008 0.007 0.008 112
0.3062 0.008 0.008 0.008 112
0.5391 0.005 0.005 0.005 112
0.7981 0.004 0.004  0.004 112
52(130,), 0.2111  0.008 0.007 0.007 112
10.2788 0.008 0.007 0.007 112
0.5819 10,005 . 0.004 0.005 12
0.8247 0.003 0.003 .  0.003 o112

tc are transference numbers determined from anzlysis of the cathode compartment.

t 1 n (1] n t o L] t tt . "
a

't is the mean of +_ and ¢t .
e a

d. molality is moles per kg of solvent
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excess of which was titrated with standard hydrochloric acid. The transference
numbers obtéined in both these studies are given in table 4d.

The techniques by which fhese data were obtained can be criticized on the
following counts:
1) The changes in concentration during a Hittorf experiment are invariably small
and consequently the reliability of the results is strongly dependent on the
sensitivity of the analytical techniques employed. The very low cation transference
numbers in sulphuric acid result from very small differences between initial and
final concentrations, and correspondingly low precision is to be expected. On the
4thé agsumption that each analysis is accurate to 0.1% (and consequently an overall
inaccuracy of 0.2% per run ), ﬁhe writer has calculated that the uncertainty in
the concentration chaﬁges obtained by Gillespie and Wasif would be bgtween 5
and 10%, depending on the electrolyte and the particulaf run concerned. The
corresponding uncertainties in the transference numbers lie between 0.001 and
0.002, The methods of analysis employed were cumbersome, often involving a
complicated series of operations resulting in several possible sources of error,
and it is not unreasonable to suppose that the 0.1% uncertainty is an

underestimate. Unfortunately the original workers do not state the quantity of

of the errors due to weighing, titrations etc,
2) The difference in the transference numbers obtained by analysis of the changes
that take place in the anode and cathode compartments, ta and tc respectively,

is on average 0.002 - 0.003 and is for one system, NH HSO4 , &s high as 0.006 .

4
Not only does this rather poor agreement lead to appreciable uncertainty in the
overall transference number but it also casts further dowbts on the reliability
of the analytical techniques .

3) It is uncertain whether the products of the electrode reactions complicate
the analyses. On the basis of the experiments described in chapter six, part I,

of thig thesis, the formation of colloidal sulphur and the discharge of hydrogen

wonld! be expected in the cathode compartment. It is possible that the anodic

process in the. other electrode compartment leads to the discharge of oxygen and
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thébformation of sulphur trioxide, which would almost certainly re-dissolve’
causing appreciable volume and densify changes.

4) No solvent corrections ﬁere applied to the data by the origihal workers.
However, the concentrations embloyed were high ()().25 molai, > 0.461 ) and the
self-dissociation of the solvent was severeiy repressea. The writer has calcunlated,
using epproach B ( see p. 89 ), that at 0.25 molal the solvent correction has a
1;1% effect on the transference ﬁumber of the silver ion (a change of 0.0003) and
at higher concentrationé the effect is even smaller.

' The results of these Hittorf measurements are compared later with the moving
boundary daﬁa obtained in the présent work. It is worth pointing out, at this
stage, that the concentrationé empléyed in the Hittorf technique are necessarily
.-_ mugh higher than those in the latter because of the aralytical difficulties
disgﬁssed above,

The decrease in the trensference number of the barium, strontium and
potassium ions with increasing copcentration, obtained by Gillespie and Wesif,
was attrihuted to the effects of the increasing viscosities of the solutions. If
the molecular rotations involved in the p?oton transfers of HSO& are influenced
to a lesser extent than the cation mobility by a rise in viscosity, then the
cationic transference number would be expecféd to fall . It'may be noted that
the viscdsity pf emmonium hydrogen sulphate solutions is almost,constant.(perhaps
because of a stfucture - breaking effect) éﬁd that the transference number of the
NH4+ ion rises with increasing concentration.

Before a strict comparison of the transference numbers of the various .
different ions can be made, they shduld all be measured at the same concentration

The resulfs in table 4d suggest that, at a given concentration, the cation

transferencelnumbers would decrease in the sequence,
+ + + + + .+ 2+ 2+
NH4>K>.§g>H20Ac>Na>L1>Ba > S

It is therefore probable that the sequence of increasing solvation is the inverse

order.
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Densities and molar volumes of solutions

Two sets of measuremenfs of the densities of solutions in sulphuric acid
have been reported (61, 124). Since solutions in sulphuric acid are most
conveniently made up by weight, accurate density data are essential for the
calculation of molarities and normalities. Concentr;tions have been expressed

in the literature in three different sets of units as follows,

Symbol Name Unit

W molon moles of solute pér kg of solution
m molal moles of solute per kg of solvent
c ) molar moles of solute per dm3 of solution

The concentrations are inter-related as follows,

C =. WQ - ’ (4 - 69)
where Q is the density of the solution in kg dm™> , and
1000m
W om e—— : (4 - 70)
1000 + mW_ :

where W is the molecular weight of the solute.
Figure 4-5 shows plots of the available density data for solutes of
particular relevance to the present thesis. The density of the pure soclvent

is 1.8269 kg an™3 (i24) at 25°C. All solutions of MHSO, and M'(HSO4)2 show

4
increases in density relative to the pure solvent which afe approximately
proportional to the concentration of solute. The increases are greater for
M'(HSO4)2 than for MHSO4 at the same equivalent concentration and this suggests
thet densities reflect the extent of cation-solvent interaction. Solvation of
cations invdves electrostriction and hence volume contraction. Large organic
solutes such as benzoic acid cause decreases in density on dissolution, -
presumably due to disruption of the hydrogen -~ bonded network of the solvent
(structure - breaking ). Solutions of NH4HSO4 show only small changes in density

relative to pure H2304 , indicating that the NH * cation fits closely into the

4

structure of the solvent and does not significanly alter the extent of hydrogen-

bonding.
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Density changes of Asolutions are commonly interpreted by means of two .
derived quantities:
1) The partial molar (or m<.>.1-al’)" VOluﬁe,.vé , of & component, a, in a selution
present at molality m defined by
( ov

a —
' _ama TybyCroenas

(4 -71)

in which V is the volume of the solution. The concentrations of other components
of the solution, b, ¢, etc. , and ‘the temperature are kept constant.

2 ) The apparent molar ( or molal) volume of the solute, ¢v , defined by

B, =

where V is the wvolume of an m molal solution (i.e. one containing m moles of

SV - vo'
) (4 - 12)

m
solute in 1 kg of solvent ) and Vo is the volume of 1 kg of solvent, The partial
and apparent molal volumes of the solute are related {2) by

I O -
am ' '

It has been standard prdc'edure to use the partial molar volumes in the volume

= I

(4 -~ 13)

correction to mov:;.ng boundary transference number measurements (see chapter

one ) but Gwyther (23) has recently shown that.¢v should be used . It is usual,
in aqueous solutions, to calculate ¢v at different concentrations and to
extrapqlate ¢v against m% tom = 0 to obtain -\70 .

A convenient method of calculating ¢v from density data is obtained by

combining (4 - 69), (4 - 70), and (4 - 72) to yield

., - g—o + '1035—(1—- -élgé/w (4 - 74)

where W is the molecular weight of the solute, Q is the density of the solution
and QO that of the solvent. Flowers, Gillespie and Robinson (124) have performed

such calpulations for solutions in sulphuric acid, based on their own density



Solute

HS0
Li 4

N&HSO
4

KHSO
4

AgHSO,

NH4HSO4

+H50
H30 S5 4

sr(Hso 4) o

Ba (BSO 4)‘2

H20Ac.Hb04

HZOBZ.HSO4

Table 4e

Apparent molal volumes in sulphuric acid (cm3m01_1l

gy
47

46

53 -

23
29
. 61
87
96
96

149

.
Py
-7
‘-8 ‘
-1

-1

=12 -
42

96

+
] (5,0)

-7.0
-7.5

1.7

12.0
‘3002

-24.3

-27

-19
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measurements. At concentrations below w = 0.1 they were unable to measure the
densities with sufficient precision to yield reliable values of (1/Q - 1/@?)

apd at concentrations between w 5_0.1 and v = 0.5 they were unable to

demonstrate any significant dependence of gﬂv on concentration. No determinations
o .

of V were therefore carried out.

4

ion is the same as the molal volume of the sulphuric acid molecule (54 cm3), then
. . +
the apparent molal volumes of the cations , Qﬁv y are given by

If the assumption is made (124) that the apparent molal volume of the HSO

¢: - @ s (4 - 75)

4

disturbance in terms of the extent of hydrogen bonding, to the structure of the
+
solvent on dissolution. Values of gﬁv calculated on this basis are given in

This assumption‘is valid if the H30, ion is wnsolvated and causes little

table 4e where the corresponding partial molal volumes of the cations in water,
calculated by Couture and Laidler (130) from derived relations between Vﬁ and
the ionic radii, are alsc stated. The values of - {V are the conﬁractions

. producéd in the sulphuric acid by the cation and were determined (124) by
subtracting the volume of thé bare cation from 96:.. The cations were assumed
to be spherical and their volumes were calculated from their crystallographic
radii. It is reasonable to suggest that the greater the contraction produced)

the greater is the extent of ion - solvent interaction., If this is the case the.

order of increasing solvation of the ions is

NH4+< Kt < 13t ¢ Nt ¢ B2t 5Pt (4 - 76)

which is the same order as was obtained by Flowers et al. (69) from determinations

of H30™ and by Gillespie and Wasif (112) from transference measurements,
4 ;

except that the positions of Li* and Na® are reversed.
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Viscosities of solutions

Viscositieg of sulphuric acid solutions haye been measured by Gillespie
and Wasif (61). The solvent itself has a high viscosity (24.54 centipoise at
25°C, 27.6 times that of water), énd most solutes cause larger increases in
viscogity than in their corresponding aqueous solutions. Figure 4-6 shows
viscosity - concentration plots for a number of solutes.

It is usual to express relative viscosities, 17/ 770 , where 47 is the
viscosity of the solution and'W7° that of the solvent, in terms of the well-
known Jones-Dole equation (41)

1

M/M° = 1 4 AF 4+ B (4 - 17)
A is a positive computable parameter that allows for ionic atmosphere effects
A
and is of such a magnitude in sulphuric acid as to make Ac* negligible. The
quantity; B, is an empiricasl constant, values of which for sulbhuric acid

solutions and aqueous solutions are as follows (50)

Solute ‘ B (kg mol-1)

'H2SO] H20

H30.HSO 0.4 0.07

NH4HSO f0.1 -0.01

KHSO4 0.2 -0.007

NaHSO4 0.8 0.09

LiHSO4 1.0 0.15

Bakﬂso4)2 4.4 0.22

If the HSO, ion is taken as having a negligible effect on the solvgnt

4

viscosity, then the above values in gsulphuric acid may be attributed to the

effects of the cation on the solvent structure. It is generally believed (131)
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that ion - solvent interaction leads to positive values of B whereas negative
values imply structure - breaking. The extents of solvation of the cations are

then seen to increase in the order )

.NH4+< K" < Nat < 1i* < Ba®t (4 - 78)
which is the same order as‘Flowers et al. found from conductance calculations.
. The apparent molar volume and B coefficient for H3O,HSO4 suggest that the H30+

ion exerts a net structure - breaking effect in sulphuric acid.
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CHAPTER FIVE

THE PREPARATION OF PURE SULPHURIC ACID

In Chapter four, it was pointed out that the neutraligzation point of the
titration of an acid solution of SO3 with a basic solution of H20, ir sulphuric
acid, corresponds to the composition 100% HZSO4. This chapter is concerned with
the practical details of the preparation of the pure solvent by this reaction.

The method adopfed was fuﬁdamen#ally the same as that of Gillespie and Wasif (88)
and Gillespie, Oubridge and Solomons (67) but differed in the design of the
conductivity cells, the stirriﬂg arrangements and the initial atrength of the
commercial oleum used as a BOurée of sulphur trioxide., The reader's attention will
be drawvn to these differences at the appropriate peints in the follewing account.

The preparation could be conveniently repfesented by the following series of siages.

I. Distilletion of sulphur trioxide, from a commerciel cleum, into Analar

sulphuric scid (the composition of which is approximately 98% H2804, 2% HZO)
until all the water had been taken up by the reaction -
RN
HO + so3 e sto4 (5 - 1)

and 803was in excess.
II{a). The weak oleum obtained in stage I was titrated with Analar sulphuric acid,
at 25°C, until 2 minimum in the specific conductance of the solution

1cm-l) was obtained,

(0.010432 ohm™
II(b) PFurther addition of Analar acid until the specific conductance of the
100% acid (0.010439 ohm-lcm-l) was reached.

I1I. Transfer of the acid to an air-tight blackened vessel to ensure that no

changes in its composition occurred on storage.

The reaction vessel.

Steps I and II, above, were carried out in the reaction vessel shown in

figures 5-1 end 5-2. It was simply a 2-litre pyrex beaker the rim of which was a

circular ground glass f{langs, 1 cm in width., Its 1id was an adaptor consisting of

five B19 sockets and a flange identical with that on the beaker. The two flanges
) b

lubricated with a few drops of Analar sulphuric acid, were held firmly together



Q-M91\3
BGAkk ToinT

[ ]
'V QOROSITY
. GLAGS SINTER

'\

- C=_ M

__ 100 ™ML, FunNNEL

— ANHYDROUS CRLLILM SULPHATE

15T [2
[7: Q- HMAF 2[2

| ¢ FLANGES

P.1.F.E. SToPcock

Q- FvalL
T QAEKRCT ion BEAKER

\.

FicuRE S-1_

100 ™ML,

VACPPING

FunNel
Wit 16726

\
AR “\S\

STefrock //" Z:
\

13/ /

CUR JoINT .
wity PT.FE,
SEALING AING |

|

7

ANHYDROVS CALCIVO™M SULPHNATE

‘3;5. C‘UP JoiNT )

. THE__QEMCTION VESSEW

_J




111,

in a light circular aluminium cage to form a pressure-tight seal. Figure 5-1 shows
the reaction vessel with the accessories necessary for the distillation stage
whilst figure 5;2 is eppropriate to the titration assembly. The function of the
gless sinter was to disperse the sulphur trioxide, which was carried over in a
strean of dry nitrogen, into small bubbles to increase reaction efficiency. The
anhydrous calcium sulphate guard tube excluded moisture and provided an outlet
for the nitrogen and unrceacted SO3. The Q-MS13 ball was & Quickfit ground glass
Joint but the 13/5 cups were Sovirel Rotulex joints which formed pressure-tight
geals with 13/5 ball joints when a P.T.F.E. sealing ring was employed. The more
expensive Rotulex joints were preferred since they have greater‘flexibility and
required no lubricant other than the sealing ring but the Quickfit joint was used
in the distillation since a P.T.F.E. aerosol lubricant (see below) was. already
being used in other joints in this set-up. Both types éf jbint required strong
metal clips to hold ball and cup firmly together. The centre socket of the 1lid
carried a Sovirel, 4-588-07 stirrer; This wgs particularly suitable in the present
work since it provided pressure-tight stirring without the requirement of an
~external lubricant which would almost certainly have beén a pource of
contamination in the presence of the highly corrosive SO3. The pressure--tight
seal was maintained by four P.T.F.E. sealing chevrons between the stirver shalli
and the glass walls. These were held firmly in place with a spring, & washer and
a polyamide screwed plug. The stirrer shaft was made of ground glass and carried,
gt its base, pyrex paddles in the reaction mixture. The diagram on p.39 of the
Sovirel catalogue shows this arrangement in three dimensions. Different stirrer
motors were employed for the distillation and the titration assembly and are
described below as appropriate. All the Bl9 cones and sockets were lubriéated
with a few drops of the Anzlar acid and were held firmly together with glass

hooks and metal springs.
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Stage I : Distillation.

Previous distillations have been reported (88,67) in connection with the
preparation of pure sulphuric acid but no practical details were given. Gillespie
and Wasif (88) distilled sulphur trioxide from an oleum containing 65% free
SO3 under reduced pressure whilst Gillespie, Oubridge and Solomons (67) warmed a

similar oleum at atmospheric pressure. No oleum of this strength was available

for the present work and one containing 20% free 30, supplied by Fisons Ltd., was

3
used instead. Since the boiling point of sulphur trioxide is 44.8°¢C (59) it was
only necessary to warm the oleum to generate a plentiful supply. A slow steady
flow was maintained by using a current of dry nitrogen as a carrier gas for the
sulphur trioxide. The aﬁsorption of sulphur trioxide by sulphuric acids of
different strengths has been discussed by Pearce (132) who states that obtimum
absorption conditions are achieved in the azeotrope containing 98.3% H2SO4 -
which is the composition of the Analar acid.

The distillation assembiy empioyed here is shown in figure 5-3. The
intermediate 2-litre flask was incorporated, as a safety trap, to ensure that
explosive contact between the warm oleum and the Analar acid would be avoided in
the event of the latter sucking back due to some arrest or blockage in the flow of
dry nitrogsn. During the course of the distillation, some liquid sulphur trioxide
condensed in this flask but, when gently warméd, it soon boiled and was absorbed
in the usual way. The reaction mixture in the 2-litre beaker was stirred at a
speed fast enough to give efficient mixing and yet not so fast that vibrational
gtrain in the assembly was produced. The Sovirel stirrer was driven by a
Citenco KQPS motor. Apart from the flanges and the Bl9 necks of the 1lid of the
reaction vessel, where Analar acid was used, all the joints of the apparatus were
lubricated with a Hilflon P.T.F.E. aerosol which consisted of finely dispersed

particles of P.T.F.E. in a petroleum solvent. The last-mentioned evaporated

quickly when sprayed on to ground glass joints to leave a thin dry P.T.F.E. film
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_which formed an excellent inert seal ., The use of a film lubricant, however, was
limited to the gés phase since it was readily removed bx“contact with liquids,
Leakage of sulphur trioxide.from any of the joints wasﬂéasily spotted by the
readiness with which it comhines.with water vapour in the sair to form dense white
sulphuric acid fumes. That the absorption reaction was efficient could be deduced
from the almost complete absence of these fumes when one of the stoppers was
removed from the reaction vessel.

The course of the first few distillations carried out was monitored by
measuring the conductances cf samples taken from the reaction mixture at intervals
of 20 minutes. The desired free sulphur trioxide content of the oleum obtained
by the absorption reaction was governed by two factors. Firgt, it should have been
sufficiently‘weak in 303 to require only a relatively smallrémount of Analar acid
(200-300 ml per 1500 ml of the weak oleum) to bring the composition. to 1009%
HZSO4. Second, it should have been sufficiently rich in 803 to maintein the
composition on the oleum side of the pure acid after allowance for the absorption
of atmospheric moisture during mcdification of the reaction vessel for the
titration assembly. A steady distillation at 40-6000, for about 2% hours, into
1500 ml of initially 98% acid was found to give the optimum strength of product.
A% this point the nitrogen flow was stopped, the hesting was cesased and, when o
mére bubbles emerged from the sinter, the reaction vessel and contents were
transferred to the titration assembly (see.fig. 5-T).

The conductivity cell.

This is shovwn in figure 5-4. Its design was such that it could be filled
and emptied under pressure of dry nitrogen without exposing the solutions to the
moist atmosphere. Apart from the P.T.F.E. double oblique ID0O/2/B stopcock an& the
electrodes, the cell was made entirely of pyrex glass. The doubly bent capillary,
within which most of the resistance of the solution was contained, had an internal
diameter of 2 mm. The bright platipum electrodes were supplied by Johnson Mkatthey

and Co., and had cross-gection areas of 1 cmzeach.
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The resistance, R, of the conductivity cell containing a solution is related

to the latter's specific conductance *<soln by

“§4<soln B Eﬁa‘ ' (5 -2)
vhere E/a is the cell constant. In order that the specific conductances of the
sulphuric acid solutions could be calculated from the measured resistances, it was
necessary to calibrate the cell with a solution for which:#(was accurately known.
Such a solution is 0.1 demal aqueous potassium chloride which contaiﬁs one tenth
of a gram molecule of KCl per cubic decimetre of solution at'boc (133). However
it is more convenient to make up this solution by weight, and Robinson and

Stokes (134) have stated that its composition is 7.4191 g of KC1 per 1000 g of
solution and its specific conductance, at 25°C is 1,2856 )glO-2 ohm-lc:m-1 .

Two batches of this solution were prepared, quite independently, and the
resistances were 37,142 ohms and 37,135 ohmg corresponding to values for E/a of
477.5 cm-l and 477.4 cm-1 respectively. The égreement of these values to within
0.025% was considered satisfacto;y'and within the limits of experimental error

usually asgociated with conductance measurements.

The measurement of resistances

The resistance of the conductivity cell and contents was-measured uging the
alternating cuirent bridge whose circuit is shown in figure 5-5. It was built
by 0.D.E.S. Ibrzhim (1355 ‘based on the design of Draper, whose thesis (136) should
be consulted for the principles of operation and fuller specifications of the
functions of its various components, Its mogst notable feature is a simple Wagner
earth to improve the sharpness of the balance point. Only its use to measure
resistances of the order of 10 000 -~ 50 000 ohms, encountered in the present
wérk, will be described here. The following settings were found to give maximum
sensitivity for unkncwn resistances of this order.
R = R, = 1000 ohms

2 3 .
A.C. frequency = 2kHz
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Table Sa
Components of the 4.C. bridge (see figure 5-5)

R, , Sulliven 6-dial decade box ( O to 99 999.9 ohms )

1 14
Bé and R3 ; Sullivan ratio arms
R4 = 10 000 ohms , R5 = 1000 ohms

R, , Pye 5-dial decade box (0 to9 999.9 ohms )

S1 and S Yaxley switches

2 1

0, Advancé variable frequency oscillator ( type‘J1 )

E , Sullivan decade attenuator (600 ohms)

T , Sullivan balanced and screened transformer

C.R.0. , Telequipment cathode ray oscilloscope (type D43)
ACW , Sullivan air condenser (C. 8591S), 61pF

c Sullivan mica decade condenser (C. 2099) , 1 MF

1 ?

c Sullivan air condenser (C. 500D) , 1290pF

2 ]
A , amplifier
F , filter (parallel - T)

c Sullivan air condenser (C. 85515 ), 390pF

c L]
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Oscilloscope sensitivity = 0.2v per cm , with x10 ¥ gein = 0.02v per cm
The balancing procedure was as follows :
1) R1 and QR vere set to values for which the signal on the C.R.0. screen was a

minimum. This was an approximete first balance, The S, switch was in the dotted

2
position in figure 5-5 whilst this operation was carried out,
2) 82 wag thrown to the Wagner earth position and a balance, corresponding again
to minimum signal on the C.R.0O. screen, was obtained by adjustment of R6 and Cw'
3) 82 was thrown back to its original position and a.more sensitive balance was
obtained by simultaneous balancing of the bridge and the Vagner eerth for both
cepacitance and resistance as in steps 1) and 2).

The resistance of the cell was given at the balance point by

. R3R1 ' B

=
RZ

(5 - '3)

A sensitivity of 2 in 105 (0.02%) was achieved and the precision of the
measurement was checked using standard resistances, The applied signal was not
greater than 0.5v r.m.s. so as to minimise heating effects by the electrical energy

dissipated in the solutions. The specific conductance, &l s of the solution

soln
was obtained from (5 - 2).

Stage I1: Titration

The titration assembly is shown in figure 5-6. Its three basic components,
the storage flask, reaction vessel, and conductivity cell were all linked in such
a way that golution could be transferred from one to another without exposure
to atmospheric moisture. This was achieved by the use of interconnecting glass
tubes carrying Rotulex 13/5 flexible ball andicup Jjoints with P.T.F.E. sealing
rings, and Springham'g IST/2/B P,T.F.E. stopcocks to regulate the flows of
solution and dry nitrogen. The reaction v€ssel carried the accessories shown
in figure 5-2 and discussed at the beginning of this chapter. The conductivity
cell has been described above and the storage flask is shown in greater detail

in figure 5-8, All cones and sockets were held together with hooks and springs
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whilst stainless steel spring clips were used for ball and cup joints. The guard
tubes on the storage flask énd conductivity cell contained Linde molecular sieve
3A which had previously been heated for several hours at 360°C in an electric
furnace through which ﬁltra - dry nitrogen from a liquid nitrogen source was
passing. The nitrogen used to transfer solutions in the titration assembly was
obtaineé from a cylinder (British Oxygen ‘OFN' ) and wes dried by pasgsing it
through several towers containing the freshly regenerated 3A sieve. A three -
speed gearbox on a 1:1 ratio setting, linked to & d.c. motor and Servomex MC 43
controller and attached to a paddle stirrer via a hollow vertical stainless
steel shaft,enabled the reaction mixture to be stirred at 200 r.p.m. The reaction
vessel and conductivity cell were thermostated in a copper tank containing Shell
" Diala oil, The temperafure was accurately maintained at 2500 by a mercury -
toluene thermoregulator similar t§ the one used in the tank for the moving
boundary measurements to be described in the next chapter.

Analar acid was added to the weak oleum obtained affer distillation and the
course of the reaction was monitored by measuring the resistance of samples of
the solution which were trsnsferred from the reaction vessel to the cell. In
order that the acid was not prematurely transferred ﬁo the storage flask the

arrangement,for the inlet of nitrogen ;shown below was devised.

T
,/”’( TO HEACTION VE33mL AT J
e ’
T0 CONDUCTIVITY CELL AT B
0 STORAGE VESSEL AT Y
FIGURE 5-7

The titration procedure was as follows.

1) A1l taps were initially closed except for Y and W which were open throughout,
2) A small amount, usually less than 5 ml, of Analar acid was admitted from N by
opening G . The displaced nitrogen above the solution was allowed to escape

through M by opening H. G was then closed and a few minutes were allowed to
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elapse to ensure complete mixing. ‘

3) Tap E (see fig. 5-7) was opened, F was opened to Y and nitrogen wés admitted
to the reaction vessel through J and L, and allowed to escape through H and M.
4) Tap C was opened to A, H was closed and solution was then transfefred to the
cell through K under the pressure of nitrogen built up in the reaction vessel.
5) When the level of liquid in the cell was just above the level of oil in the
tank, C was closed and H wae opened thus releasing'fhe pressure above the solution
6) The resistance of the cell was measured using the A.C. bridge.

7) Tap E was closed and F and C were both opened to B so that nitrogen was -
‘eadnitted to the cell and the sample of solution was returned to the reaction
vessel, |

8) When the cell was empty, C and F were both closed. -

9) Stebs 3) to’ 8) were repeated until the same resistance was obtained on -
successive fillings of the cell. The first two fillings served only to wash the
cell with solution and it was necessary to fill and empty.the pell some three to
four times to achieve the required zeproducibility of the resistance,

10) If the solution did not have the maximum résistance corresponding to the

1 -1
cm

minimum conductance (& = o.o1'0432 ohm™~ , R = 45 763 ohms ) a further addition
of Analar acid was made, steps 3) to 9) were repeated and the new resistance was‘
measured. When an addition caused a fall in resistance the titration was

continued with 1 ml aliquots.of Analar acid until the conductance of the 100%

acid (&K = 0.010439 ohm_1cm_1, R = 45 730 ohms ) was reached whereupon the

transfer to the storage vessel described below was carried out.

Stage I11. Storage

The method of transferring the 100% acid to the storage veséel was as follows
i) Taps Y and H were closed, E and % were opened and F and C were both opened to
B. The pressure built up by the nitrogen now entering the reaction vessel through
F and X forced the acid through tube L into the storage flask.

ii) When the transfer was complete all the taps were closed and the nitrogen
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was turned off at the cylinder.

The storage vessel is shown in detail in figure %-8. The cone and socket
joints were al lubricated with P.T.F.E. sleeves éupplied by Fisons Ltd, It was
found that the acid,which was initially colourless! graduaily turned yellow on
gtanding and, after several days, its conductance was found to have risen
slightly. This wés thought to be due to a polymerisation reaction yielding
disu}phuric acid and other higher acids. Fortunately this decomposition did not
seem to occur when the flask was painted black suggesting that the reaction was
light - catalysed or light - initiated. The acid then remained colourless and

its conductance, which was periodically checked, did not change.
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CHAPTER SIX

MOVING BOUNDARY MEASUREMENTS IN PURE SULPHURIC ACID

PART I : EXPERIMENTAL

The preparation of solutions

Solutions of ammonium hydrogen sulphate and all the metal hydrogen sulphates,
except Ba(HSO4)2 , were obtained by dissolution of the appropriaie Analar -

sulphates. These were carefully dried as follows:

(NH4)2804 - heated at 150°C for two days in an oven and stored under vacuum
KZSO4 " " " v newonwoon " " " n
Na2804' " " 18090 "toow Heoonoonoon " " " "
AgyS0, L L L " "
L12504 The Analar.ﬁaterial'was supplied as Li2804.H20'which was fiercely

kheated to constant weight in a crucible (ensuring that the weightlloss was equal
to,or greater than,that corresponding to water of crystallisation ). It was
stored in a vacuum dessicator and solutions were prepared as soon after drying
as possible.

Barium sulphate was not supplied as an Ana}ar material, Preliminary runs
in which the final corrected transference number was negative, suggested that the
transference number was influenced by the presence of impurities. Attempts were
then made to prepare the sulphste by precipitation from Analar Ba012 and Analar
sulphuric acid in dilute solution. However, co-precipitation of barium chloride
could not be avoided and was evidenced by the formation of a trace of Agll

‘whenever solutions in sulphuric acid of AgH30 , and Ba(HSO4)2, obtained from

4

BaSO4 prepared in this way, were mixed, Finally , pure BaSO4

precipitation at 100°C from excess aqueous sulphuric acid and a dilute aqueous

was obtained by slow

solution of barium hydroxide. The last - mentioned was first filtered +to remove
barium carbonate obtained by reaction with atmospheric carbon dioxide. After

filtration and washing,the Ba30, was dried in an oven at 700°C for three days

4

and gtored under vacuum dessication.

Benzoic acid was supplied as a volumetric standard reagent by Hopkin and
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Williams. Although the suppliers guaranteed the dryness of this material, it was
stored for several days under vacuum in a dessicator before use. Acetic acid was
the Aristar material and water was doubly distilled (conductivity water), the
second distillation from alkaline potassium permanganate to remove all oxidizable
impurities.

The method of preparation of solutions from all the solutes, except acetic
acid and water, was as follows. A guantity of solute was wéighed directly into a
coniéal flask such as that shown.in figure 6-1. This had been previously cleaned
with ¢éhromic acid, copiéusly rinsed with distilled water and doubly distilled
. water and dried overnight in an oven at 110°C. This cleansing procedure was used
throughout for all non-calibrated glassware, Immediately after weighing, a P.T.F.E.
sleeve was fitted to the B24 joint and the 1id was tightly placed on the flask
hooks and springs being used to ensure an air-tight seal. The flask, plus its
accessories and contents, was then weighed, after which it was attached to the
storage vessel and nitrogen line in the manner shown in figure 6-2., with all the
taps initially closed. The remaining stages in the preparatiop of the soluticus
were as indicated below.
1) Tap § was opened and P was opened to the vacuum pump so that the'flask wasg
evacuated.
2) P was switched to the drying towers so that dry air was admitted to the flask
3) Y and Z were opened and dry nitrogen was passed over the sulphuric scid in the
storage flask,
4) % was closed, R and X were opened and the acid was transferred, under the
pressure generated, from the storage flask into the conical flask until the
required amount had been taken. |
5) R, X, Y and Z were all closed. P was switched to the vacuum pump so that
mixing of the acid in the tube S with the main body of the liguid was achieved
The solution was shaken to hasten mixing and dissolution.
6) P was switched to the drying towers so tba£ dry air was admitted to the flask

whereupon Q and then P were closed.



GUARD TuRy
CONTAINING 3A  SIEVE

Y ol

“To vacuum
,. — > "'7

DAY AR
(ePen To paviNg Toweag) ]

ScLUTIONS

~rWE__fREPARNTION OF

FiguRE  6—2Z




122.

7) The flask4and contents were detgched from the storage vessel at T and the
tube between R and T was copiously rinsed with Analar acetone and dried under
suction
8) The flask, accessories and contents were re-weighed so that the total mass
of<solvent, and hence the total mass of solution, could be found. The
concentration was then obtained by interpolation of the density data of Flowers
et al. (124). | |

ﬂTwo.procedures were developed for the preparation of solutions of water aﬁd
acetic acid. Both involved taking a quantity of solvent alone by the above
method , - placing the flask and contents in a dry bag (A polythene bag which was
inflated with dry nitrogen and had glove ports similar to a dry box) and adding
the solute directly to the acid. The procedures differed only in the pﬁysical
state in which the solute was added. One method was to add the required amount
of solute from a.gyringe and quickly repiace the 1id. However, solute may héve
been lost due to heat of sclution and subsequent evaporation. The second and
more satisfactory method was to freeze out a weighed amount of solute in a small
stoppered bottle which was then added to the acid in the flask. After
replacement of the lid the flask and contents were sheken until the sample bottle
and its stopper were separated and thorough mixing of solute and sclvent was
achieved.

All the methods of preparafion of solutions.described above ensured no'
contact between the hygroscopic sulphuric acid and the moist laboratory atmosphere-
The selutions, once prepared, showed no change in mass on storage indicating that
the seals were air-tight.

It_was necessary to measure the specific conductances 6f the leading ﬁolﬁtions
employed in the moving boundary runs. Figure 6-3 shows the arrangement for
trangferring solution to the conductivity cell, which was firgt filled with dry
air by manipulation of tap C betweén the vacuum pump and the drying towers. The

solution had previously been degassed under suction through P, with wigorous



7O vAcuum C—P__~> Q
G

TUE MEASUREMENT  OF CCWDCCTANCE OF Sol U TIow§

fleuRE  6-—-3



123

shaking before connection to the cell at D. Taps Q and R were opened, P was
switched to the nitrogen line and the cell was filled under nitrogen pressure,
allo¥ing the displaced air to escape through A. When the level of solution in
the cell was that shown in figure 6-3, all the taps were closed. The cell was
detached, sealed at D and immersed in the thermostat at 25°C. The resistance was
then measured with the A.C. bridge in the usual way,

Moving boundary cells

‘It was stated,in cﬁapter one,that a condition of formation of a moving
boundary between leading and indicator solutions is that the lighter solution
_ should be above the heavier on.. It will be appreciated that both rising and
falling boundaries may be forﬁed in this way depending on the relative densities
of the two solutions, In the preseﬁt work, the condition of ensuring gravitational
- stability resulted in the observation of both types of boundary and two cells,
of different design, were specially made and employed fcr this purpose.

The rising cell

The cell, which was of the sheared boundary type (4d), is shown in figure
6-4 . It was made entirely of pyrex apart from a P.T.F.E. stopcock and all the
tubes except the calibrated moving boundary (m.b.) tube and the electrode
compartments had an internal diameter of 6mm, The m.b. tube itself had an internel
diametér of 2mm and & wall thickness of 1mm, |

It has been usual in m.b. cells to employ a suitably 1ubricatgd hollow
glass tap of the type described by Spiro.(4d) and by Notley (137) . For sulphuric
acid fhis vas not possible since a lubricant, that did not react in some way with:
the acid, could not be found. The following lubricants were tested ;nd the reasong

for their unsuitability are given.
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Lubricant Reason for unsuitability
Silicone greases -rapidly dissolve in the acid
Vageline greaées " " won "
Apiezon greasges | react to form a black mass of carbon
Voltalef fluorocafbon greases slowly dissolve turning'brown_

Hilflon P.7.F.E. aerosol leakage of solutions around barrel of tap
P.T.F.E. sleeves into which " " " " " roow
appropriately placed holes

had been cut,

It was finally decided that no suitable work could be done with glass
taps and four - way P.T.F.E, stopcocks were specially méde by G. Springhem and
Co.,, Harlow, Essex. It wus not possible to make hollow keys similar to the glass
ones due to the difficulty of drilling bends in P.T.F.E. The alternative -
arrangement was that shown in the tap in figure 6-4 in which grooves were cut in
the outside of the key. The principal advantage of hollow glass stopcocks is
circulation of the fhermostat liguid through the key and efficient cooling of
the solution inside the cell which is being warmed by Joule heating effécts. In
the arrangement employéd here, the heating of the solutions was minimised, ..~
althouéh less efficiently, by having the solution on the outside of the key and in
direct contact with the glass barrel. If the solution had been remote from the
barrel and contained within the key, the low thermal conductivity of P.T.F.E.
would have resulted in very poor heat dissipation.

The moving boundaiy tube had two sets of eight calibration marks, although
only the lower set were used, etched on to it in a manner similar to that
described by Notley (137). Before it was sealed into the cé¢ll, the tube was
coated with a 50:50 mixture of paraffin wax and beeswax. Fine lines were cut in
the wax by rotating the tube against a metal scriber, with a very fine point, at
the places where the calibration marks were required. The tube was etched by
suspending a few drops of a 40% aqueous solution of hydrogen fluoride on the tube

where it had been scribed, and slowly roftating it for thirty minutes. The acid
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was washed away and the wax was removed by melting. The tube was then cleaned with
carbon tetrachloride leaving a series of fine circular lines about 0.01 cm brozd.
The tube itself was at least eight years old to prevent changes in volume of the
glass due to ageing. It was then sealed into the rest of the czll.

In order that the cell could be calibrated with precision, a moving boundary
gystem in which the transference number of the leading non-common ion-constituens
is accurately known, was required. Such a system is 0.1N KCl follcwed by 0.065N
KIO3'in agueous solution, which has'ﬁeen studied in considerable detail (20, 22,
138-140) and for which tCl- = 0.5100, This value, however, is corrected fqr
. volume and solvent effects and had to be 'uncorrected' before it could be related
to the speed of the boundary. The appropriate value of tCl- (uncorr), 0.5108, was
then substituted into the eguation _

VFe

KC1
t .- = ‘ (6 - 1)
Cl It

aﬂd, by timing the boundary between etch marks, the corresponding volumes, V,
were accurately determined. The two salts, KCl and KIO3, were both Analar

raterials, twice recrystallised from doubly distilled water, thoroughly dried
“at 110°C and stored over H2304 in a vacuum dessicator. A closed cadmium anode

and an open AgCl/Ag cathode were employed and, after satisfactory evidence of

reproducibility and invariance to current, the following values were obtained:

Etch marke concerned Volume cm3

T—=>5 0.193

2 -5 6 0.184
3—21 0.193
4—=>8 0.8y,

1 —>2 0.0546

2 ~>3 0.0402

3 =>4 0.0543 -
4 —5 ' 0.0436
5~> 6 0.0453

6 - 7 0.0498

T—>8 ' 0.0509



The etch marks are numbered from the moving boundary tap i.e. in the order
in which they were passed by the boundary.

The falling cell

The cell used to study systems where falling boundaries were obtained is
shown in figure 6-5. The tube diameters, ground glass joints and P.T.F.E.
stopcock are identical with those in the rising cell. An extended anode section,
shown in figure 6-6, was fitted in neck X in sulphuric acid runs to ensure that
no eiectrode product reached the boﬁndary. The calibrated tube was etched as
before and the calibratioﬁ was carried out using the system 0.1N KC1/ 0.062N LiCl
. in aqueous solution for which_tK+ = 0.4900 and, employing a cadmium anode,
byt (uncorr) = 0.4892. The lithium chloride used was supplied by B.D.H.,
specially purified for atomic absorption spéctroscopic work. It was dried by
fusion in an atmosphere of dry nitrogen end stored under vacuum dessication. The
calculated volumes, after satisfactory evidence of reproducibility and invariance

to current,were:

Etch marks concerned Yolume cmo
T ~=» 5 0.204
256 0.213
337 ' 0.211
4— 8 | 0.218
1T —» 2 0.0554
2 — 3 _ 0.0483
3—>4 0.0509
4—>5 0.0487
5 ~=S 6 0.0649
6 > 7 0.0464

7 —>8 ' 0.0577
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The electrodes

No studies of electrode processes appear to have been carried out in pure
sulphuric acid although somevcathodic work in oleums (141-144) and in water -
sulphuric acid mixtures, primarily in the composition range 85 - 98 % HZSO4
(145-149), have been reported.

The main conclusion of the oleum studies is that the cathodic reaction at
platinum is the reduction of dissolved sulphur trioxide to sulphur dioxide
possibly according to

+

50, + 20+ Z—3 50, + HO (6 - 2)

followed by reaction of the water formed with disulphuric acid in oleums,

—r— -
H,0 + 523207 2112304 (6 - 3)

Sonme SO3 is also further reduced to sulphur which forms blue solutions
50, + 6HY & 6eT—> S + 3HO (6 - 4)

SO, . These reductions are

2774

The water once again reacts with H to produce H

28207
always accompanied by hydrogen discharge.

H + e —> 3, . (6 - 5)
The work in water - sulphuric acid mixtures indicates that it is possible

to carry out electroreductions in this medium, but as the proportion of water is

reduced, the likelihood of reduction of the acid itself increases. James (145), in

1951, was the pioneer of such studies. He obtained polarographic reduction waves

of organic compounds at compositions up to 98% HZS beyond which the mercury was

0
4
chemically attacked by the acid. Other electroreductions, particularly studied

in these media, are those of nitrocompounds and the NO/NO+ couple (146-148).

Beck (149) recently concluded that electroreductions can be satisfactorily carried

out up to 92?5H2804 y but reduction of the H2804 molecule is favoured as the

proportion of water is gradually reduced further . Cathodic behaviour in the

range 85 - 100 % H was investigated with relation to cathode material and the

2804
gradation in discharge potentials with various electrode species folloyed the
usual sequence for hydrogen overpotentials (150). A 'prewave' increased strongly

as the pure HZSO4 concentration was approached and this was interpreted as the
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reduction of solvated SO3 to 802. At 85%'H28 the probable electrode reaction

04

was thought to be reduction of H 0% to hydrogen and water

3
H3O+ + e —> %Hz + H,0 (6 - 6)

The products of reduction of the acid were théught to bé HZ’ HZS’ 802, and
colloidal sulphur, |

In moving boundary work one of the electrode compartments is open to allow
for expansion or contraction of the whole system and the other is closed to permit -
calculation of thé exact volume change occurring. The choice of a suitable open
electrode is no problem since'any ions produced other than HBSOZ and HSOZ will be
very slow and therefore a large or extended electrode section will overcome any -
tendency of the ions generated to reach the boundary. The choice of a suitable
closed electrode is more difficult. The electrode must not ‘'gas', must be
chemically inert, must undergo 2 known reaction- and any ions generated must not
reach the boundary during the run. None of the foregoing cathodic work is of
value in the search for a closed electrode system in i100% sulphuric acid. Moreover ,
no znodic studies appear to have been carried out. The writer found that a

platinum anode 'gassed' in the pure acid, presumably due to discharge of oxygen

and possibly SO

3
2HSO'4' - 28— 250, + HO + 20,  (6-7)
or,
- e
3,80, - 20T —3 350; + 2H;00 + 502 (6 - 8)

The behaviour of a number of possible electrode systems in pure sulphuric
acld was investigated ﬁith the simple bench cell arrangement shown in figure 6-7,
4A Farnell stabilised power supply was used to maintain a steady current which
was measured with a milliemmeter., The test electrode was placed in the extended
section shown which had previously been filled to such a level that solution
overflowed when the electrode was inserted. In this way any gassing could easily

be detected. Where a simple platinum electrode was employed, foil was used in
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preference to wire to minimise current density. A platinum counter -~ electrode

was always employed in the solution in the beaker. Four types of electrode reaction

Type I M- » M" + e as a closed anode (6 - 9)
Type 1I Xn+;———{>X‘n+1)+ + e as a closed anode (6 - 10)
Type III X(n+1)+ + e ——3 X™ as a closed cathode (6 - 11)
-Type IV M + e ——3 H as a closed cathode (6 - 12)

were considered promising, and & variety of chemical substances M and X were
investigated.
Lype T_

A metal was required which was chemicall& inert with respect to the acid but
which was stoichiometrically converted to its ions on the passage of current. The
more electropositive metals (alkalis and alkaline earths) are chemically attacked,
often explosively, by the acid whilst the least electropositive ones (e.g. Pt, Au)
are inert to self ; dissolution., Cadmium, thallium, mercury, nickel, lead, copper
and silver were thought to be the most suitably placed metals in the electrochemical
series for the required behaviour to be feasible. Chemical activity was teated for
by immersing a weighed segment of the metal in the acid feor two to three days and
then re-weighing. Cadmium, lead, nickel, copper and thallium exhibited varying
degrees of dissclution and were therefore unswitable. Although James (145) stated
that mercury is attacked by 100% sulphuric acid, the reaction appears to be very
slow, However a mercury anode, made by dipping a platinum wire into a pool of
mercury, gassed readily due to oxidation of the acid and a crust of HgSO4'was
observed. Silver appeared more promising. A piece of silver foil, immersed in the
acid for four days, showed no change in weight. Moreover, silver dissolution
appeared to proceed-without gassing when a platinum electrode heavily coated iﬁ
gilver was used as anocde., Gassing commenced when some hare platinum became exposed
to the solution and, in an attempt to offset this, thé experiment was repeated
using a heavier coating of silver but the onset of gassing cccurred after the

passage of a similar amount of charge. It was therefore concluded that the build -
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up.of Bﬂyerions in the vieinity of the-electrode was so great that the potential
for the required dissolution was greater than the discharge potential for anodic
oxidation of the acid. In an effort to reduce the silver ion concentration, a
little sodium chloride was injitially added to the solution., It was hoped that the
HC1 and C1° generatéd by solvolysis of the NaCl would facilitate precipitation
of AgCl on dissolution of the silver anode. This did indeed occur but two ~
important drawbacks to this electrode system were discovered.First, for complete
precipitation of all the silver as AgCl during a typical transference run, an
initial concentration of HCl (0.61M) far inexcess of its solubility, or else a
ludicrously large electrode compartment (~/400ml), would be required to provide
the required quantity of chloride species. Second, traces of AgCl were seen in
the electrode compartment before any current was passed, indicating chemical
dissolution. Further reference will be made to this observation in connection
with the Ag“/Ag cathode discussed in a later section of this thesis.
Type_II _
A sgpecies was required which would be oxidized stoichiometrically, end
without gassing, at a platinum anode.
oy g - | (6 - 13)
Possible systems such as CeIII/ CeIV, FeII/ rel T ang PbII/ Pb' were 211 ruled
out because of the insolubility of the corresponding sulphates (or hydrogen
sulphates). A platinum anode dipping into a solid mass of the lower oxidation
state sulphate invariably led to gassing owing to the greater ease with %hich.the
scid itself was oxidized. Only Hg2804, of the sulphates of metals capable of
existing in two positive oxidation states, is even moderately soluble (73), |
(0.78 mol % solubility). It was thought possible that a feasibie process might be
2+ -

Bg, +  4HS0, 4)2

but gassing occurred at a platinum anode dipping into a saturated solution of

> 2Hg(HSO + 2e (6 - 14)

ng(HSO4)2. Wiith the platinum electrode dipping into a solid mass of this compound,

gassing again took place. Thus no suitable electrode , conforming to (6 - 13))
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could be found.
It is well-known that in concentrated aqueous solutions of sulphates,

oxidation of sulphate ions to persulphate occurs ata platinum electrode,

2= . 2=
250, " ——> 8,05 + 2e

but there is no evidence for the occurrence of this reaction in the pure acid.
Type IIT_
Thie is the reverse of type II in that a species was required which would
be reduced stoichiometrically, without gassing, according to:
X(n+1)+ + e —_— y (6 - 15)
Silver chloride is known to be insoluble in sulphuric acid, which suggests that
its behaviour as a cathodic material might rgsemble the rgaction undergone in

water

AgCl + e ——> Ag + C17 (6 - 16)
An electrode prepared by divping a platinum wire repeatedly into molten silver
chloride was employed as cathode in the usual test apparatus (figure 6-7).
However, gassing readily occured and colloidal sulphur wac formed in the
electrode compartment indicating reduction of the acid, accompanied by hydrogen
discharge. A1l the couples involving a single metal in its different oxidation
states, discussed above , must be similarly ruled out for solubility reasgsonsg
when reduction of the higher oxidation state to the lower is considered. 4
platinum cathode dipping into &a s0lid mass of the higher oxidation state
sulphate invariabl& gassed.
Iype IV _ .

One electrode was found which satisfied the non -~ gassing condition. This
consisted of a platinum cathode dipping into a concentrated solution of silver
hydrogen sulphate. On passage of current,silver metal was observed to plate out

AgY o+ e — Ag ' (6 - 17)
It-is possible that other similar systems might display this behavicur, for

example:



Hg§+ + 25 —3> 2Hg ' " (6 - 18)
is feasible but the limited solubility of mercurous sulphate imposes
unsatisfactory limits on the amoﬁnt of charge which cén be passed or necessitates
an unreasonably large electrode compariment. Silver sulphate is the most soluble
of all the sulphates and the usefulness of this electrode with regard to the

amount of charge which can be passed across it is clzar,

Thé reaction at the Ag+/ Ag cathode

In order tﬁat the volume correction for this closed electrode can be
calculéted, the extent of any side reaction,in addition to the reduction of silver
ions should be known. The fact that no gassing occurs and no colloidal sulphur is
formed suggests that only (6 - 17) is occurring and hydrogen discharée and
reduction of the acid are absent.

In several early rising boundary runs (involving NH * followed by Baz+)

4
using this electrode, it was observed that some of the deposited silver dropped
off the platinum wire during the run., It was therefore decided to weigh the silver
to see if the yield was that predicted by Faraday's_first law. The theoretical
yield in grams, m, is given by

m = Qx 107.9/F : (6 - 19)
where Q is the total amount of charge passed in coulombs. The actual yields

obtained were :

60 - 70 % of the theoretical yield for rising boundary runs when some silver fell

off,
90 - 93 % of the theoretical yield for falling boundary runs when all the silver
adhered.

Even if the reaction had proceeded completely according to (6 - 17), a yield

less than the theoretical would have been expected because:

1) The design ang geometry of the cells made it very difficult to collect all the
silver after the run.

2) Although silver foil did not dissolve in the pure acid, finely divided silver
is said to dissolve slowly (59) and experiments in which pre-weighed silver

grains were allowed to gtand in the acid for 2-3 days confirmed this. It was
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therefore quite possible that some dissolution occurred in the interval (approx.
20 minutes) between the current being switched off and the silver being removed
from the acid prior to washing and weighing.

3) On removal of the silver from_the acid it had to be washed with doubly
distilled water before being dried and weighed. Considerable heat was generated
in this process and this may have enhanced the dissoclution of silver.

It was thought probable that the silver plated oﬁt on the platinum did not
re-dissolve during the run because such a dissolution is an oxidation reaction
and the silver should have been cathodically protected. However, if the silver
. failed to adhere to the electrode, then it might well have re-dissolved. This
would explain the different yields obtained in the rising and falling boundary
runs. The failure of silver to adhere was later ' overcome by employing a large
area plétinum foil as electrode, instead of a single wire, to minimise the current
dénsity. Moreover, part of the foil was allowed to lie f£lat on the bottom of the
electrode compartment so that any silver which dropped off the top of the electirode
remained in contact and so steyed at the potential of the cathode. Thus it was
postulated that the electrode reaction was simply the reduction of silver ions
to silver with no dissolution whilgt at a'éathodic potential. On switching off
the current some dissolution was thogght to occur before the analysis was carried
out. A more reliable procedure than collecting the silver deposited in an actual
m.b. run was fequired and the apparatus shown in figure 6-8 was devised. The glass
sinter,'clean; dry and empty, and the electrode were both pre-weighed. After
passage of a similar amount of charge to that passed in an actual m.b. run, the
electrode was removed and plunged into iced water. The sinter was taken out of
the beeker and, after removal of the acid solution, quickly placed in an ice
bath. Iced water was then poured into the sinter. All the silver no longer
attached to the electrode was recovered and transferred to ths sinter. After
drying, the sinter and conteﬁts and the electrode were weighed. This procedure

was preferable to the analyses at the end of the transference runs since all the
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silver which had not dissolved was recovered, and the swift removal of the
electrode from the solution after switching off minimised subsequent dissolution.
The use of ice-water and an ice bath minimised the heating effect. Yields of
betweén 90% and 93% were generally obtained by this method. A test for reduction

products in the AgHSO, solution,removed from the sinter immediately after the

4

current was switched off, was carried out by titration with 0.1N K20r207 solution.
After doing a blank titration, reduction products equivalent to 1% of the amount
of silver predicted by Faraday's first law were detected. There appears to be

no wvay of deciding whether these products are due to cathodic reduction of the
~acid or to the reduction of the acid which accompanies dissolution of silver
either during or, more likely, after the electrolysis.

The following conclusions can be dravn from these analyses. It is-certain
that 93% of the charge passed results in silver plating out on the platinum foil
The remaining 7% may be attributed to one or more of the following: |
A Plated silver re-dissolving after the run.

B Reduction of the acid. It is iﬁteresting to consider the reaction invoived

here. One suggestion is

+ - . + -
S0, + H o+ 2 ~_>H?so3 +  HO +'_ 2H50, (6 ”,30)7
Another is
- - + -
BH,50, + 2 —_— SO(H:;O4)2 + 38,00+ 5HSO, (6 - 21)

£ Silver plating out and redissolving during the run. The following two reactions

are suggested for the dissolution:

4112504 + 248 —> H2303 + H30.Hso4 + 2AgH804 (6 - 22)
BH,50,  + 2Ag——)uO(HSO4)2 + 35,0.H50, + 2AgHSO4 (6—23)

The writer considers possibility B the lecast likely since cathodic reduction
in the pure acid is usually acconmpanied by hydrogen discharge and formation of
colloidal sulphur. The oxidation of silver whilst at a cathodic potentiasl,zs in

C, seems unlikely and A would appear to be the most probable explanation.
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The volume change for the iAg'/ Ag cathode

The actual value of AV used to compute the volume correction (c/AV) depends
upon which of the suggestions, A, B and C above, is accepted to account for the
'missing' 7% silver.

A Here the volume correction is based simply on 100% reduction of silver ions
to silver as in (6 - 17). In chapter one, the volume change appropriate to this

reaction, now designated £kV17, was given as

| _AgHSO, _IH, 130,
AVir = Vigs) - VAgHso4 + t+VNH4Hso4 (6 - 24)

The partial molar volumes of the hydrogen sulphates have been given by Flowers,

Gillespie and Robinson (124) and are discussed in chapter four of this thesis.

3

The molar volume of silver is 10.3 em mol” | (153). Insertion of these values into

3

(6 - 24) yieldstfsv17 = -43 cmlmol” .

B If the reduction proceeds according to (6 - 20) the volume change in the

closed section corresponding to this reaction alone, L}Vzo, per faraday pacsed,is
_AgHSO4 ,_AgHSO4 "RH4HSO4 J___AgHSO4
JAN = =2V, + 3V + tV X + &V (6 - 25)
2 K S 2'H S0 150, =YH,0.H3
0 o 04’ 2505 + NH4PD 4 H3O Hb04

This expression was derived in the same way as (6 - 24) by considering the changes
occurring between the cathode and a reference plane in the leading solution when

one faraday passes. No values for the partial molar volume of H,SO3 have been

2
given in the literature. Since V.. = 37 cm3mol"1 and V, .~ = 54 cm3mol'1 an
S0 H, S0 o
3 e 3 2774 _AgH30,
intermediate value of 42 cm™mol = has been chosen for the quantity VH S0 " which,
- 'H,S0,

after substitution of the relevant data into (6 - 25), yields AV, = -56 cmmol” )
Now reaction (6 - 20) contributes at most 7% to the overall electrode process and

80 a maximum numerical value for LV is given by

93 7
100 7 100 0
= =44 emomol”

If the reduction proceeds according to (6 - 21),then the volume change in the

closed section corresponding to this resction aione, ZXV21, per faraday passed is
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_AgHSO _AgHSO0, 3 AGHS0,. _NH H50
AVyy = -4V 50+ Fgoms0 P, T 2'mpomso, tVim nso. (6 - 27)
2774 2 374 : 47774
2+ ' 2+ AgHSO4
The size of the SO ion is probably similar to that of Ba" and so V‘O(HSO )
2

3m01”" ). Substitution of the

3

has been replaced by the value for Ba(HaO4)2 (96 cm
appropriate data into (6 - 27) yields £§N21 = =T4.5 em”mol -1, Assuming a 7%

contribution from reduction the maximum numerical value for AV is

93 T '
DV = =AY + == AV (6 - 28)
100 ! 100 20 |
= -45 enomol”™! _ (6 - 29)

€ 1In this case the volume change is based on 100% silver plating and the voluume
change appropriate if up to 7% of the silver participates in (6 - 22) or (6 -23).
The volume changes corresponding to the dissolution of one mole of Ag in each of

these reactions are as follows:

AgHSO 4 _AgHSO0, }_AgHSO 4 _AgHSO,, .

Lv,, = Va0, " Vhals) Y Vg 50, * ®'Homso, * Vagaso (6 - 30)
4 : 3 3 4 4
_AgHSO _AgHSO, _AgHS0, AgHS0

AV, - -4V, .4 .y + X £ 7, .46 - 31)

A 5 S
23 st04 g(s) oO(HbO4)2 2 H3O H 04 AgHSO4
AV22 = «13.5 emomol” - AVZB = =33.5 emdmo1”

Assuming dissolution according to (6 - 22), the maximum numerical value fer

AV is given by

A VAN !

3mol

= -44 cm
Similar calculations assuming dissolution according to (6 - 23) yield a maximum
numerical OV = -45 crmol™ .
Since A is considered amore likely explanation for the "lost® silver than
either B or C , the value of A\V has been teken as -43 cm‘j’mol"1 but the
possibility that its magnitude is an underestimate . has been remembered in

considering the uncertainty in the transference numbers obtained after.

extrapolation to zero current and application of the solvent and volume corrections
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Further uncertainties in AV are evident when the changes in silver concentration
in the cathode compartment, due to removal of Ag+ during plating and diffusion
effects,'are considered. Since the concentration dependences of values of V in
H2504 solutions have not been fully studied, no estimates of these uncertainties
~can be made. However, it'would be unreasonable to assume limits to the precision

of AV less then *2 emdmol”t.

Practical aspects of electrode design

Closed_Ag'/ Ag_cathode_

The importance of having & platinum foil electrode, part of which sits on the
bottom of the electrode compartment, has been discussed above, It is clear that,
for the paésage of a given amount of charge, the larger the electrode compartment

the smaller the initial concentration of AgHSO, required . Both the cathode

4
compartments, marked Cath, in figures 6-4 and 6-5, have a volume of ~+35ml and an
initial concentration of 0,35N was‘always employed. Sufficient charge to exhaust
such quantities of solution of their silver content was never passed. Figure 6-9 .
shows the platinum electrode employed. Platinum - to - pyrex seals are more prone
to leakage than platinum - to - soda glass ones and so a pyrex/ soda graded seal
‘was incorporated as shown.

This is shown in figure 6-9. The use of a spiral electrode minimiéed the
current density but, for an open electrode, this is not an important factor and
a wire would have sufficed. The most important aspect of the electrode concerns
its proximity to the boundary. Extended anode sections, discussed earlier in
connection with the moving boundary cells, were important to ensure that no

electrode product reached the boundary.
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Cell filling

Before the solutions were transferred to the moving boundary cell they were
first degassed. This was done by attaching the flasks to a vacuum pump as showvm
in figure 6-10 and swirling the solutions around whilst taps @ and P were open
and R was closed. The purpose of degassing was to ensure that no dissolved gas
came out of solution during the.run.

The assembly in figure 6-10 shows the arrangement for filling the cathode
compartment of the rising cell with the silver electrode solution (0.35N AgH$O4)
All the taps were initially closed and dry nitrogen was passed into the cell
through ¥ and out through I¥ and X. The nitrogen was then switched to P, taps Q
and R were opened and solution was transferred through S to the cell under the
pressure developed above the surface of the solution in the flasgk, When the
cathode compartment was three - quarters full, R and Q were closed and the nitrogen
wes switched back tofi; The transfer device, VW, was -then removed and‘replaced by
the long platinum cathode shown in figure 6-9, lodged loosely in the neck with
a small piece of platinum wire, A clean transfer device was placed'in neck Y and
degassed leading solution was admitted, in-a similar manner to that described
above, until the U-bend was full and solution overflowed into the electrode
compartment. Gas bubbles trapped in theitap were then removed by suddenly
'squeezing and sucking' the solutions with a Pumpette attached to a B10 cone.
through the joint, X, 6f the transfer device in ¥. More leading solution was
admitted so that it spilled over into the electrode compartment. Since filling was
carried out slowly and the 1éading solution was always less dense than the Ag
electrode solution, the former existed as-a layer on top of the latter and very
little mixing took place., The platinum wire was removed and the electrode was
pushed into its socket so that solution overflowed down the outside of the cell.
More leading solution was admitted fhroughjﬁ until neck T¥ was full, The guard
tube, containing 3A sieve, was then removed and a long glass stopper was placed

in IV so that solution again gpilled down the outside of the cell, The elecirode
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and the stopper were held firmly in place with hooks and springs. The transfer
device in ¥ was replaced with a guard tube to complete the filling of the right
hand side of the cell, The cell was filled with following solution through neck
IIin the same way and the pletinum anode was placed in neck I, Since it wea the
open electrode a platinum wire was slipped between the cone and socket to provide
an outlet for expansion and for the oxygen produced when current passed.

The falling cell was filled similarly. With the four-way P.T.F.E. stopcock
in the position shown in figure 6-5, leading solution was admitted through VIII
and the closed platinum cathode was placed in neck VII and secured in place with
hooks and springs. The extended anode section shown in figure 6-6 was placed in
neck X with a platinum wire slipped between cone and socket. The following solution
was admitted through neck IX and,when the right hand side»pf the cell was full,the
extended section was filled by suction through XI. After the removal of the gas
bubbles trapped in thé,tap by sudden 'sgqueezing and sucking' of the solutions, the
platinum wire was removed and the cohe of the extended section was pushed into its
gsocket so that solutién spilled down the outside of the cell..The open platinum
anode was lodged loosely in neck XI and guard tubes were placed in VIII and IX.

The thermostat

The thermostat tank was 61cm long, 35.6cm wide and 53.3cm deep. Its two
largest faces were made of plane glagss to enable the cell to be viewed. There was
also an end window forAinspection of the contents of the tank from the sides. The
thermostat fluid, 3hell Dialgiiil, was specially chosen for its transparency,
fluidity and high resistance which minimises the risk of current leakage. The o0il
was vigorously stirred by a % H.P., motor which drove two sets of paddle stirrers
" situated on opposite sides of the tank. The motor and stirrers were mounted on a
separate frame from that ok the tank to prevent their vibrations from disturbing
the béundary. A large helical mercury - toluene thermoregulator, shown in figure

6-11, was used in conjunction with a 1509 bare nichrome wire heater, seen here in

figure 6-12, to ensure good temperature control. The regulator controlled the
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current in the heater via a simple relay, built in the departmental electricel
workshop., When the heater w;s placed within the coils of the helix, maximum
sensitivity was achieved and no temperature fluctuations were registered on a
Beckmann thermometer graduated to 0.01¢%, On hot days when the temperature in the
léboratory exceeded 23,500 the temperature of the oil rose above 25°C due to the
extra heat generated by stirring and it was necessary to pass cold water through
a copper coil immersed in the.oil.

The optical assembly

The arrangement for observation of the boundary is showﬁ in figure 6-13. The
light source was a 25W bulb (L) mounted inside a black box, across the front of
which was s piece of frosted glass. It could be moved to follow the progress of
the boundary up or down the tube by a system of two pulleys, a string and a
céunter - weight. Between the light gouige and the back windew of the tank there
was & glass cylinder full of water, which functioned as alens. The optimum
condition for viéwing the boundary and etch marks was against the bottom edge
of the light source.

The constant current regulator

In order that transference numbers could be accurately 6alculated from
eguation (1 - 10) it was desirable that the current was kept constant throughout
the run. Since most of the resistance of the cell was in the moving boundary
tube, the replacement of the leading solution by the following one meant that
higher voltages had to be supplied as the run proceeded. A high voltage
galvenostat designed by Gwyther (151) was particularly suitabie for this purpose.
Its basic circuit is shown in figure 6-14 from which;it can be seen that d.c.
input sources of 150v and 300v and a negative EHT supply were required. Figures
6-15 and 6-16 show circuits which provided outputs of all these voltages from
240v A.C. mains inpﬁts. The cathode of the EL360 valve had three banks of -
resistors in parallel (designated R) between earth and itself to define the
current dropping through 150v., The lay - out of.resistors and switching

arrangements, shown in figure 6-17, enabled siabilised currenis between zero
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and 14mA, in steps of 0.1mA, to be selected; Interconnected devicesg based on al}
the circuits in kigures 6~14, 6-15, 6~16 and 6-17 were all packed together in the
same eérthed case. Fuller details of the principles of operation of similarly -
based regulators and the reasons for the choice of each component have been given
by Gwyther (23,152). Summarizing, the important characteristics of this
gaelvanostat are:

Input ¢ 230 - 240v mains A.C. , 50Hz

Output : up to 2kv , O -14mA in steps of O.1mA

Stability : maximum change of 0.01mA during the course of a run,

. ‘The switch - on procedure was 1) switch on filament heaters and wait 30
secondg 2) switch on HT suppiy and wait 30 seconds 3) switch on EHT, ﬁith the
regulator switched to the dummy load and the output current set below 10mA
4) switch to cell and 5) adjust the cﬁrrent as requifed. The switch ~ off procedure
" was the reverse of this without the 30 second pauses, :

The measurement of current and time

The cell was connected in series with the galvanostat, a milliammeter and
a 1000chms standard resistor, the potential difference across which was measured
with a Racal digital volimeter, model numbef 9075« This instrument had its own
built-in standard cell angd témperature compensatiop arrangement. On the 0-30v
range, normally used, it was capable of measuring to 0.001v corresponding to a
precision of 0.001mA in the current through the cell, The accuracy of the -
instrument was periodically checked by conneéting it across a WéstonAstandard cell.

Although a Secticon battery-operated clock was employed in the first few
runs, most of the boundaries were timed agaihst a Zenith 'Zxact Time' clock
employing Mallory Duracell mercury batteries. This highly accurate ingstrument
was found to gain by roﬁghly one minute per month (1 in 45 000). It was possible
to judge the coincidence of the boundary with the etch marks to between 1 and 2
minutes in the high current runs but the precision fell to between 1% and 2%

minutes in the lower current runs. The boundary velocity, however, depends not
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only on current but also on concentration and transference number and the limits
of uncertainty quoted are only average values.

Procedure for carrving out a run

After the cell had been filled the outside was thoroughly wiped with a
Xleenex tissue which had previously been soaked in methanol. It was then placed in
" the thermostat in such a position that the necks were all just above the oil
level and tHe m.b. tube was in the centre of the light beam. A period of one hour
was allowed for thermal equilibrium to be established between the cell and the
0il after which the stopcock was turned clockwise through 900 and the currentr )
reguiator was switched from the dummy load to the cell. This rotation of the
stopcock of either cell meant that sheared boundaries, which did not have to
move through the tap, were formed. It was usual to pass Between six and eight
miiliamperes until the boundary was seen and then reduce the current éccordingl&.

Cell cleaning and drying

After its removal from the thermostat bath, the cell was well wiped with
Kleenex tissues soaked in methanol, The electrodes, stopper and guard tubes were
removed and the solutions were poured.into large quantities of cold water. The
cell was inverted and allowed to draih for a few minutes after which it was
swilled with distilled water, methanol to remcve traces of oil and again with
water to remove methanol. It was then filled with chromic - sulphuric cleaning
mixture, left for ten minutes and then copiously rinsed with4distilled water
(at least eight times). The P.T.F.E. stopcoﬁk was removed from the barrel and both
were well washed. Two final washings with doubly distilled water were then carried
out; the cell was inverted and left to drain for a few hours. The stopcock was
replaced and dry nitrogen was passed simultaneously through necks II and T for
the rising cell, or VIII end IX for the falling cell, It was usual to pass a slow
current of dry nitrogen overnight followed by a more rapid flow for one hour befors

the cell was filled for the next run.
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The cathode, now carrying a deposit of silver which was removed in boiling
nitric acid, and the anode weré cleaned similarly except that they were dried in
an oven at 110°C, The used 3A sieve in the guard tubes was replaced with the
freshly regenerated material before further use.

A typical run

Run No. 89 : falling boundary 9th January 1973

gag594 leading solution : Flask 5

Prepared by dissolving 0.756g of Na$

04 in 256.0g of H2504 « This solution has

m = 0,0416 moles of NaHSO4 per kg of solvent

w=0,0414 ' » " """ golubion

density = 1.830 kg dm™> so ¢ = 0.0758H

specific conductance, ¥ , = 1.37 x 1072 o™ lew™! -

soln

Benzoic acid following solution _: Flask 6

Prepared by dissolving 0.612g of solute in 190.93 of H

280

4
w = 0.0263 mol kg~ of solution

density = 1.826 kg am=> 80 ¢ = 0.0480N

cathode : platinum wire in 035N AgHSO, solution

anode ! platinum wire in following solution

Observations

Tap opened at 22-41 with overnight current I = 3.573mA

Etch merk Day Time Current (mA) Beckmann
1 VWed. 10th Jan 13-13 . 3.879 24.75
o " wow 17-47 3.879 24.75
3 | " noow 21-43 3.878 24.75
4 missed
5 missed
6 Thur. 11th Jan 11-06 3.878 24.75
7 b noon 14-50 3.879 24.75
8 Wooomw 19-30 a678 24.75



Results

Etch marks concerned

Volume (cm

3

1 =52
1 -y 3
2 - 3
1= 6
2 -6
3> 6
1T =7
2 =57
3—=>7
6 ~>17
1 -3 8
2> 8
3-8
6> o
7->8

0.0554
0.1037
0.0483
0.268
0.213
0.165
0.315
0.259
0.211

0.0464

- 0.372

0.317
0.269

©0.1041

0.0577

'Bestivalue for t, = 0.0064_
T 2

t
+

0.00635
0.0064
0.0064
0.0064
0.0064
0.0064
0.0064
0.0064
0.0064
0.0065

0.0065

10.0065

0.0065

~ 0.0065

0.0065

144.
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Analysis of solutions

A feature of a number of runs, usually employing AgHSO, as 1leading

4
electrolyte, was the occurrence in the m.b. tube of two boundaries. To investigate
tﬁis stiangeobservatioh_a'methﬁiof analysing the solutions in the tube,at the end
of the run,was requiied. Although double boundaries were only seen in falling
runs the normal falling cell could not be used since there was no satisfactory
way of withdrawing samples from the m.b. tube afterwards. Two new cells, both
employing two-way stopeocks, instead of four-way ones, and conforming to the
design shown in figure 6-18, were made., The cells differed only in the form of
lubrlcatlon between the key and barrel and the arrangement for d1ss1pat10n of the
heat generated w1th1n the tap, one employed a hollow glass stopcock lubr1cated
with Voltalef 90 fluorocarbon grease whilst the other was made of P.T.F.B.
(Sprihgham's In£erflon-IST/4/B) ﬁifh'no speciel provisions for cooling the
solutions. The two side taps; A and G, were both greased with Voltalef 90 and the
position of the cell in the thermostat was‘sech that they were above the oil level.
.The cell was filled as follows. With all three taps open, leading solution
was edmitted:threugh ﬁ,-ﬁntiliit emefged.through the top of the main stopcock, d,
Tap G was then closed, the cell wee’stoppered at E and the solution was'squeezed
and sucked' through D using a Pumpette attached to a B10 cone, after which the
main stopceck; C, was closed'with the leading solution in the bore of the key and
above it. The filling of.the left hand section of the cell was continued until
the level of liquid reached_tap A which was then closed. A long platinum electrode
was then placed in neck B ensuring that solution‘oeerflowed down the side of the
cell with no air bubbles trapped inside. The electrode was secured firmly in
place with.hooks and springs as ueual. The leading solution above C was then
) sucked out . . using a Pumpette atﬁached to a glass capillary. This part of the
cell was then washed several times with following solution removing the washings
under suction each time.The right hand side of the cell was filled with following

solution through D using a transfer device in the usual way. A platinum anode was
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lodged in neck E with a smali piece Bf platinum wire and a guard tube was pleced
in D. The outside of the cell was wiped clean with methﬁnol and ink marks were
made on the m.b. tube at #cm intervals. The cell was placed in the thermostat, tap
A was opened and the electrodes were connected po the power supply. When thermal
equilibrium with the oil had been eatablished, tap A was‘closed, C opened and
current passed;

When the run was over, C was élosed and the cell was removed from the tank
for analysis of its contents. The s§1ution in the anode compaftment was first
removed by suction through a capillary attached to a vacuum pump. This was done
to prevent o;erspill during the sampling of the solutions in the m.b. tube. All the
qolution above C was similérly wifhdrawn by inserting the capillary through D
and placing its tip as close fo C as possible. Taking great care not to disturd
the solution at A or B the key'of C was carefully opened. Solution waz then removed
from the m.b. tube by suctioﬁ through.a capillary whose tip wés placed Jjust below
the gurface of the liquid. The samples were taken in the form of upper layers of
golution with no disturbance of tﬁe remainder below, EKach sample wag taken
through a clean capillary and was rapidly transferred to a small previously -
weighed flask which was then re-weighed. The mass of sample, which was typically
.about 0.1g corresponding to a thread of liquid roughly #cm long, was thus found
At least ten samples per run were taken in succession and analysed.

Barium was detected by the addition of the sample to about 3ml of doubly

distilled water., A white precipitate of BaSO, confirmed the presence of barium in

4

the sample. The very low solubility of BaSO, in aqueous solution (0.2 - O.3mg per

4
100ml) meant that very low concentrations of Ba(HSO4)2 in the sulphuric acid
could still be detected. |

Silver was detected by the addition of the sample to 2 - 3ml of a concentrated
aqueousg solution of potassium chloride, giving a white precipitate of AgCl. This

precipitate was distinguished from BaSO thich would be formed by treating a

4"
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sample containing barium icns with almost any aqueous solution, by the addition

of ammonia solution in which AgCl is readily solgble but BaSO4 is not. uantitative
analysis for silver was carried out by the technique of atomic absorption:
spectroscopy (A.A.S.) which is particularly sensitive and selective for silver,

The samples were diluted with water until the Ag concentration was in the range

1 - 10 parts per million (p.p.m.). A O.1g sample of 0.22N AgHSO, in sulphuric

4
ecid, when diluted to 250ml gave a solution containing 5.2 p.p.m. Standard silver
golutions having concentrations in this range were made up from Analar silver
nitrate. Their absorbances at 328.1 nm were measured and a calibration graph
_(absorbance versus concentration) was dravn. The absorbances of the diluted
AgHSO4 solutions were measured and their concentrations interpolated from this
graph. Barium and sulphqric acid only interfere when they are preéent in agueous
solutions having very much higher concentrations than those encountered here. 4

check on the concentration of the AgHSO, leading solution was also made. The

4
value obtained from analysis was in good agreement with that calculated from the
welghings méde in its preparation.

The results of the analyses are given at the end of Part II of this chapter.
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PART II : REJULTS

The choice of a suitable following electrolyte

In the early runs attempts were made to follow H30+ with Ag+ but no boundaries
were obtained and later work showed that the following ion is faster than the
leading one.The Hittorf studies (112,129) suggested that the slowest cations (of
electrolytes that were sufficiently soluble) were Ba2+ and Sr2+, and consequently
these were considered the most promising as following ions. The first system
giving a visible boundary was.E3O+/Ba2+ (1eading/following), and other leading

-+

jons were then tried. Roundaries were seen for NH. *, K , Na+;,and Ag+ (but not

4"
for Li*), all followed by Ba®® .

Before performing accurate measurements it was desirable to have a rough
knowledge of the Ba2+ transference numbefﬂso that an initial indicator
concentration, close to the Kohlrausch concentration,could be made up. To measure
tBa2+ ‘a slower ion than barium was required t§ follow the boundary. It was thought
that a large protonated organic molecule would be suitable. Indeed, a Ba2+/H20}3z+
(protonated benzoic'acidj boundary was seen, thus enablihg tBa2+ to be determined
after measurements at two currents and extrapolaticn to L =0 .

In order to test the dependence of m.b. measurements on the nature of the
indicator electrolyte, a second following'ion.was needed. It was thought probable

that protonated acetic acid would fill this need. A knowledge of t was

H20A0+
necessgary if the initial indicator concertration was to be close to the
Kohlrausch value, and it was determined from H20Ac+/H20BZ+ boundary measurements
Although satisfactory boundaries were obtained when H,Ohc’ followed K, NH4+ and
Ag+ ; slower ions such as Na' and Lit move at speeds comparable to H20A0+ and no
boundaries were seen. Furthermore boundaries against acetic acid were'not visible
at currents below about 5mA and so, for these slower systems, H20Bz+ was employed
as indicator instead. Excellent boundaries, visible over a wide range of currents

(3.5ma< I £ 8.5mA), were obtained. Unfortunately t + was not known (no

HQOBZ

slower ion could be found), and an estimate of the Kohlrausch concentration was
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difficult to make., This disadvantage was,in part, offset by two redeeming features

First, the very existence of an H OAc+/HQOBz+ falling boundary weant that

2

. 2 : .
tEQOAd+:> tH20B2+:> 3 tH20A0+ . This was deduced as follows. The density of

" the leading 0.090N H20Ac+ solution employed was 1.825 kg dm_3 which i3 also the
density of 0.060N HQOBZ.HSO4 . Since densities of solutions of organic acids
desreese with increasing concentration it.follows from the Kohlrausch relation,

(1 - 14), that

tHZOBz* ®u,082* 0.06 2
= v____.} M o= - (6—33)
tH20Ac+ ' CH0nct 0.09 3

for boundary stability. Moreover since the initial HZOBz+ concerntration in this
series of runs was 0.06N , there would have been a density instability in the

following solution if the Kohlrausch concentration had been much greater than

2

0.060N. So, very roughly, t EtH oret *
H .-

H203z+ Second, the resu;ts of m.b.

measurements for all runs in which HZOBz+ wag the indicator ion showed very
little dependence on thg initial indicator -concentration, The last-mentioned
could te varied by as much as 30% without significant effect on the transference
numbef (extrapolated to zero current) of the leading ion. Thus benzoic acid

_proved to be 2 good choice as following sclute,

Boundary systems studied

Boundaries were obtained between the solutions of the hydrogen sulphates
of the cations specified in fable 6a. Certain systems yielded two boundaries
in the tube as iﬁdicatedu The technique of - analysis descibed earlier ﬁas used
to investigate these systems and the results are discussed iater in this chapter.

Deperndence on current, indicator electrolyte and indicator concentration

It is a feature of the moving boundary method that the observed transference
number should be independent of the current at which the measurement was made,
A consideration of equation (1 -12) reveals *hat a change in current, I, should

be accompanied by a proportional change in boundary velocity, v,and’ti should
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Systems for which boundaries were seen

Leading cation - Following cation
Ba’t H,0Bz* Falling..
H20A0+ HZOBZ+ '%&\hn%
i, * Bt reing
NH4+ H20Ac+ 4&x“un%
x ‘ Baz+ T\S\ﬂ%
j'el B 0nc”  Felling
Na* S T1siney
'Naf HZCBZ+ Falling
Li* H082" Falling
}1304+ Ba®Y Tising
H3Q+ | HZOBZ+ £alling
Ag+ ‘ Ba2+ Lalling
gt 00" Felling

Comments

Double boundary

Very poor boundaries

Double boundary

Double boundary

Systems 3., 8. and 13, were studied at more than one concentration.
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remain unchenged. However, for most of the systems listed in table 6a, the
measured transference number varied according to the cufrent passed. With the
exception of systems 2, and 11, , where the opposite trend was found, t+ rose
with increasing current for falling runa and fell with increasing current for
rising runs.
It seems 1likely that inefficient dissipation of the electrical or Joule
- heating generated by the passage of current was the main factor ceusing a
variation in the observed transference number with current. The actual current
dependence should be interpreted as the combination of several effects amongst
which were the fo'llowin-g,;
i) As the solﬁtiOns were warmed they expanded and the volume of liquid between
the éleétrodes rose. The"boundary noved away from the open electrode and towards
the closed one and consequently was pushed back by the expansion. Thusg a smaller
boundary velocity and observed transference number ensued.
ii) The warning of the leading solution in the m.b. tube led to a fall in its
density and its concentration. This should have led to a rise in boundary
velocity and consequently in the measured transferénce number since the original
concentration was used in the calculation.
iii) The amount of Joule heating is directly proporticnal to I2 and to the totzl
resistance of the solution (s) between the electroaes. Thus the degree of Joule
heating depends on the nature of both leading and following electrolytes and on
their concentrations. This point is further discussed below in connection with
| the dependence on indicator electrolyte and indicator concentration.
iv) Icnic mobilities and equivalent conductances are considerably increasad by a
rise in temperature (about 4% per c® for sulphuric acid solution&)but‘transference
mmbers, being a ratio of conductances,were only likely to be affected to a slight
extent by a speeding up of the ionz. A variatior in temperature coefficient of
ionic mobility between two ions meant they would have been speeded up to

different extents by heating of the solutions and, eince the H30, anion was

4
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common to all electrolytes, their tiansference numbers may have had slightly
different temperature dependences.

v) Changes in current and temperature may have led to different distributions of
the electrode products in the viecinity of the cathode due to changes in their
rates of diffusion. Since the dependence of apparent molar volumes on
concentration have not been investigated no reliable estimate of the influence of
current variation on the volume correction can be made. An attempt was made to
allow for the effeéts of Joule heating by examining each system at two currents
and exfrapolating to'i = 0. The results of these studies are listed in tables

6b to 6o.

If the sensitivity of the measured values to the amount of Joule héating is
accepted then their variation with indicator electrolyte at finite concentrations
can be explained. Most of the resistance between the electrodes exists:’'in the
m.b. tube, mnd the solution beﬂind the boundary in this tube containsg indicator
electrolyte at the Kohlrausch concentration. A change in indicator electrolyte
would therefore lead to a different specific resistance (or conductancé) in the
solution following fhe boundary and hence, for a given current, to a different
amount of Joule heating. Moreover, a cbange of indicator usually necessitated a
change from rising to falling cells (or vice versa), and it seems probable that
the resistance also depended on the dimensions and geometry of the cells. The
differékt directions of the current dependence are less easily accounted for but
the agreement of the values obtained after extrapolation to zero current suggests
that these trends were again related to the amount of Joule heating. Although
figures 6-20 and 6-2£7$211ations of up to 30% in the observed transference number
" when changes in indicator electrolyte were made, the close agreements of the
zero current values yielded by extrapolation are veéry satisfying.

As most of the cell resistance resided in the contents of the m.b, tube,
changing the initial indicator concentration should have caused no significant

alteration in the observed transference rnumber since it is likely that all the
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indicator solution behind the boundary in this tube was at the adjusted
Kohlrausch concentration. Inspection of tables 6j and 6n, and figures 6-20 and
6-21 shows that this is true within the limits of experimental error.

Treatment of results

Three operations,listed below in the order in which they were performed,
were necessary to convert the measured transference numbers to corrected values.
1) Extrapolation to zero current as discussed above.

2) Application of the volume correction. A full discussion of the value of

AV and its sign have been given earlier in this chapter., Aé the boundary always
roved towards the closed electrode, the volume correction, cLLV, was added to
the observed transferance nﬁmﬁef’(by analogy with equation (1 - 16) ). Since

AV = =43 cm>

mo1™! ( -0.043 dm’mol” ), this entailed, for a 0.1N solution, the
. subtraction of 0.0043 from the extrapolated value for t+ .

3) Multiplication by the solvent correction factor. The detailed calculation
of this quantity for 0.126M NaHSO4'was given in the conductance section of
chapter four. Values for other leading solutions were éalculated simiiarly.

The results fof all the‘systems studied are listed in tables 6b to 6o. The
uncertainties quoted were estimated éfter congideration of two contfibuting
sources of error as follows.,

a) The limitations in the precision of the measured transference numbers. Within
any given run, slightly different values were usually obtained over different
sets of etch marks. The choice of the"besf‘value was arbitrary and an uncertainty
of at least + 0,0001 was usually assumed,

b) The length of the extrapolation to zero current. This depended upon the
current values at which the m.b. measurements were made. For systems in which

the following ion was Hszc+ the poor visibility of the boundaries below SmA led
to longer extrapolations and greater uncertainties than those in systems
employing H20B2+ and Ba2+ as following ions where the boundaries were visible

over a wider range of currents. Figure 6-19 shows the extrapolation uncertainty



for the system 0.090N H OAC.HSO4/ 0.0608 H_ OBz ,HSO, .

2 2 4
The factors which limit the precision of the solvent and volume corrections

have alredy been discugsed and estimated in the appropriate sections of chaptex

four and part 1 of this chapter.
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Table 6b

Cation transference numbers in 0.084N Ba(HSO4)2 solution

Run number Following solution Current Measuread t+
64 0.052 H,0Bz.HSO, 5.41% 0.0048
63 ditto 8.17% 0.0049
Uncorrected zero current transference number = 0.0046  0.0002
Volume correzction = ~0.0036
Solvent correction factor = 1.20

Corrected zero current transference number = 0,0012 A 0.0004

3

Ionic strength of leading solution = 0.147 mol dm™

A an - in leading solution = 140 ohm-1cm2equiv'1
H004 .

2. Two bhoundaries were seen in these rung., They were very close together
throughout and timing both of them yielded the same value of t+ . The leading

boundary was sharper than the following ons.



Table 6c
Cation transference numbers in 0.090N HZOAC.HSO4 solution
Run numbef | Following solution Current (mA) Neasured t
61 | 0.060N HZOBZ.HSO4 3.45 0.0064
62 , ditto 253 0.0056
Uncorrected zero_current transference number = G0.,0077 ¥ 0.00025
Volume correction = -0.0039
Solvent correction factor = 1.189
Cofrected zeroc current transference number = 0,0045 M 0300045-
Tonic strength of leading solution = 0.110 mol am™>
HSO4- in leading solution = 135 ohm—1cm29quiv'

The transference number of H20B2+

The density consi&erations discussed at the beginning of Part IT of this
chapter enabled the following estimate to be made.

: tﬁzoBz+ in O.OéONHZOBz.HbO4 solution ~- 0.0030

156,
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Table 64

Cation transference numbers in 0.0623N. NH,HSO, solution

4 "4

In these runs some of the silver, deposited at the cathode, dropped off and
dissolved during the run. The results must be regarded as unreliable and are
included only to illustrate the approximate magnitude of t+ and to compare its

variation with concentration with that of t;'for solutions of NaHSO, and AgHSO

4 4 °
Run number » Following solution : Current (mA) Measured t+
52 0.0308 Ba(HSO4)2 o 3.93 0.0060
51 ditto 5.56 |  0.0057
Uncorrected zero current transference number = 0.0068 & 0;0002
Correction term for Ag dissolution (estimated as 30%) = 0.00015
Volume correction = -0.0027
Solvent correction factor = 1.30
Corrected zero current transference number .= 0.0055 M 0.0004
Ionic strength of leading solution = 0.086 mol dm™>
N

-~ in Jeading solution = 148 ohm-1cm2equiv-

A
* HSO
e
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Table 6e

Cation transference numbers in 0.111N NH, HSO, solution

4 4

These results are again unreliable because of partial re-dissolution of

the silver.

Run_number ' Following solution Current (mi) .  Measured t,
49 0.052N Ba(HSO4)2 3.84 10,0094
50 ditto 6.85 0.0088

Uncorrected zero current transference number = 0,0102 I 0.0002

Correction term for Ag dissolution (estimated as 30%) = 0.0003

Volume correction = —0.0048'

Solvent correction factor = 1.14 _

Corrected zero current transference number = 0,0065 %.0.0005

Tonic strength of leading solution = 0.130 mol dm >

>\HSO - in leading solution = 129 ohm"1czmgequiv-1

4



Table 6f

Cation transference numbers in O.19N NH HSO

4

4

solutions

Run number Following solution

Current (md)

Measured t
+

0.0118

0.0115

2

72 0.066N Ba(HSO4)2 4.60

73 . ditto 8.15
Uncorrected zero current transference number = 0.0122 & 0.0001'
Volume correction = -0.0081
Solvent correction factor = 1.05
Corrected zero current transférencebnumber 0.0043 t 0.0005
Leading solution_ : 0.193N_ —

43 0.0120N H20Ac.HSO4 5.22

42 ditto 7.09
Uncorrected zero current transference number = 0.0123 I 0.0002
Volume correction = ;0.0083 |
Solvent correction factor = 1.04
Corrected zero qurrent transference number 0.0042 t 0.0005
Leading solution : 0.193N

44 0.090N H20Ac.H504 5.22

45 ditto T.31
ﬁncorrected zero current transference number = 0.0120 % 0.0002
Corrected zero current transference number = 0.0039 p 0.0005

Jonic strength of 0.187N leading solution

‘)‘HSO - in 0.187N leading solution
4

Ionic strength of 0.193N leading solution

0.204 mol dm_

3

112 ohm'1cm2equiv_1

0.210 mol dm>

)“HSO - in 0.7193N leading solution = 111 c')11111'101112e<111iv—1
4

0.0131

0.0134

0.0129

0.0133
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Table 6g
Cation transference numbers in 0.123N KHSO4 solution

Run number Following solution Current (mh) Heasured

18 , 0.103N H20Ac.H504 6.1 0.0117

76 ditto T 8.2 0.0118
Uncorreeted zero current transference number = 0.0114 ¥ 0.0003:
Volume correction = =~0.0053
Solvent correction factor = 1.12
Corrected zero current transference nﬁmber = 0.0069 *

0.0005

Ionic strength of leading solution = 0.139 nol dm™3
:\HSO ~ in leading solution = 122 ohm_1cm2equiv-

4
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Table €h
Cation transference numbers in 0.0758N NaHSO4solution
Pun_number Following golution Current (mA) Measured t+
89 O.O48N.H20BZ.HSO4 3.88 0.00645
88 ditto ' 8.02 0.0066
Uncorrected zero current transference number = 0,0063 f.0.06015
Volume correction = =0.0033 |
Solvent correction factor = 1.24
Corrected zero current transference number = _0.0037 = 0.0003
Ionic strength of leading solution = 0.098 mol dm"3
jX'HSO - in leading solution = 136 ohm-1cm2equiv_

4 _
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Table 6]
Cation transference numbers in 0,126H EaHSO4 solution

Run number Following solution Current (mA) lieasured t_

80 0.107N Ba(HSO4)2 3.44 0.0081

82 ditto 8.04 0.0071
Uncorrected zero current transferénce number = 0.00885 ¥ 0.00015
Volume correction = =0.0053
Solvent cerrection factor = 1.10
Corrected zero current transference number = 0.0039 p 0.0004

86 0.071H Ba(HSO4)2 3.80 0.0080
86 ditto 8.03 0.0073
Uncorrected zero current transference number = 0.0086 I 0.0002
Corrected zero current transference number = 0.0036 t 0,00045
83 0.080N HZOBZ.HSO4 3.90 0.0090
81 ditto . 8.03 40.00925
Uncorrected zero current transference number = 040088 I 0.00015
Corrected zero current transference number = 0.00385 i 0.0004
87 0.063N HZOBZ.HSO4 3.55 0.0089
85 ditto 8.02 | 0.0091%
Uncorrected zero current transference nvmber = 0.00875 p 0.00015
Corrected zero current trensference number = 0.0038 b 0.0004
Ionic strength of leading solution = 0.144 mol a3 |
ijSO - in leading solution = 121 ohm—1cm2equiv—

4
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Table 6k

Cation transference numbers in 0.194N NaHSO4 solution

Run.number Following solution Curreﬁt (ma)
91 0.1288 HZOB'Z.HSO4 4.00
90 ' ditto 8.34
Uncorrected zero current transference number = 0.0103 I 0.0002
Volume correction = -0.0083
Solvent correction factor = 1.04
' Corrécted zero current transference nuﬁber = 0.0021 B 0.0005
Tonic strength of leading solution = 0.212 mol dm™
ijSO - in leading solution = 107 01'131:-1cm2eqm‘.v_1

4 _ o

1‘63 .

Measured t+

0.0104

0.01055
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Cation transference pumberé'in 0.127N LiHSO4 solution
Run number Following-solufion Current (ma) Measured t,
93 0.106N HQOBZ.HSO4 3.90 0.0083
92 ditto 8,11 0. 00855
Uncorrected zero current transference number = 0,0081 & 0.00015
Volume correction = -0.00545
Solvent correction factor = 1.10 |
Corrected zero current transference number = 0.0029 b 0.0004
Ionic strength of leading solution = 0.145 mol dm™3
'XHSO - in leading solution = 120 ohm-1cmzequiv"

4 _



-_Table 6m
Cation transference numbers in 0,118N H30.HSO4 solution
Run number Following solufion Current (ma) ' Measured t+
95 0.062N HZOBz.HSO4 4.03 0.0104
94 . ditto 7.97 ' 0.01015
Uncorrected zero current transference number = 0.01065 I 0.0002
Volume correction = -6.0051
Solvent correction factor = 1.045
Corrected zero current transference number = 0.0057 ¥ 0.0004.
Ionic strength of leading solﬁtion = 0.127 mol dm'3
1)kHSO - in 1eading solution = 130 ohm"1cmgequiv"1 ~

4
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_Table 6n
Cation transference nmmbers in 0.0915N AgHSO4 solution
Run number Following solution Gurrent (mA) Measured t_
58 0.055N HZOAc.HSO4 4.73 0.0124
57 © ditto 7.51° 0.0126
Uncorrected zero current trensference number = 0.0121 & 0.00025
Volume correction = -0.0039
Solvent correction factor = 1.19
Corrected zero current transference nuﬁber = 0.0097 p 0.0004
60 0.031N HZOAQ.HSO4 . 4.96 0.0120
59 ditto 7.49b N 0.0121
Uncorrected zero current transference number =. 0.01185 b 0.00025
Corrected zero current transference number = 0.0095 t 0.0004
Ionic strength of leading solution = 0.112 mol dm_3
jX~HSO4- in leading solution = 132 ohm_1cm2equiv"1

b. Double boundary runs. The leading one was the sharper and was timed. The
second one caught up with the first in the early stages and the two continued

to move together for the remainder of the run.
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Table 60
Cation transference numbers in 0,218N AgHSO4 solution
Run number Following solution Current (mA) Measured t+
€8 0.039N Ba(HSO4)2 4.60 0.0166
65 ditto 8.05° 0.0169
Uncorrected zero current transference number = 00,0160 54 0.00025
Volume correction = -0.0094
Solvent correction factor = 1.04
Corrected zero currant transferernce number = 0.0069 * 0.0006
69 0.128N H,0h¢.ESO, . 4.968 0.0160
70 ditto 8.14°% 0.016%
Uncorrected zero current transference number = 0.015%8 A 0.0003
Correctad zero current transference number = 0.00675 : 0.00065
Ionic strength of leading solution = 0.234 mol dm—3
j\ - in leading solution = 105 ohm_‘lcmzequiv"1
HSO4

c. A double boundary run in which the leading boundary was weakerhthan the
following one. The latter closed up on the former in the early stages and they
continued tc move at the same rate with the one slightly ahead of the other
throughout, The calculation of t+ wag bhased on :this rate,

d. Two boundaries of approximately equal strength were seen. The leading one

was the faster and the separation between them increased. The quoted transference
number is the me2an of those calculated for each boundary.

e. Two boundaries of comparable strength and the same speed were obtained. The

leading one was approximately scm ahead of the other throughout the run.
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Results of ¢ouble boundary analyses.

The unexpected occurrence of two boundaries in runs employing silver as
leading ion was further investigated using the techniques of analysis described
&t the end of Part I of this chapter. Two cells, béth conforming to the design
shown in figure 6-18 but differing in the nature of the two-way stopcock at which
the sheared boundary was formed, were used. One cell employed a P.T.F.E.stopcock
and no further lubricent whilst & hollow glass key lubricated with Voltalef 90
fluorocarhon grease was.used in the other. Unfortunately no boﬁndaries at all were
seen in either cell when the runs listed in table 6? were carried out and separate
explanations, for each cell, of this disappointing result zre now suggested.

(a) Poor heat dissipation is a well-known charactsristic of P.T.F.E. and the
efficiency of cooling of the solution inside the bore of @he key was low. Thus the
boundaries may well have been destroyed as a result oi Joule heating. In the n.b.
cells employing four-way P.T.F.E. stopcocks the heating was minimised by having ths
solution on the outside of the key and in direct contact with the glass barrel
which was surrounded'by the thermostat oil. However this arrangement was not
possible for the straighti-through two-way stopcock required for runs in which
samples could be withdrawn for analysis.

(b) Voltalef 90 was rapidly attacked by the sulphuric acid. Dissolution of the
grease in the acid was observed and a black deposit, probably carbon, was seen
around the ends of the bore of the hollow key. Leakagé of the solutions into the
barrel of the tap then occurred and the absence of a boundary might then be
attributed to movement of the solutions as a whole, instead of just ion migration,
within the m.b. tube. Destruction of the houndary by Joule heating was unlikely
since the glass key was hollow to permit circulation of the thermostat oil and so
dissipate the heat generated.

Although no boundaries were seen, samples for analysis were still taken from
the m.b. tubes at the ends of the runs in the hope that the results would enable
the position of the boundary to be located and the concentration(s) of silver in
its viecinity to be determined. The results of these investigations ars summarized

in table 6p overieaf. The findings &t the end of run 98, shown in figure 6-22



Table Op

Analysis of suspected double boundary systems

Run number Leading solution Indicator solution Lubriéant Analysis
96 0.223N AgHSO4 0.0414¥ Ba(HSO P.T.F.E. -
97 ditto ditto Voltalef 90 -
98 ditto ditto ditto see fig. 6-22
99 0.114W AgHSO4 0.060K HQOAc.HSO ditto see fig. 6-23
e, € s
\ Ag concentrations
ak . < 1 6.0
4 —yositive for Ba ] ) .
://///hegative for Ag _:“—0'025N ; 207
: : 4 0.0528 = 204
% om J . ] 0.1008 ¥ 20%
intervals 4T~ positive for Ag
,/, B ¢ P
] negative for Ba J—0., 1178 < 20%

Tested for Ag with aqueous KCl solution

Tested for Ba with agqueous H,.S50

golution

2774

Figure 6-22

Analysis for Lg by atowic

absorption spectroscopy

Figure 6-23
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lead to the conclusion that a sharp boundary between silver and barium solutions
existed in the m.b. tube although it was not seen during the run. No evidence to
indicate the existence of a second boundary was found.

The results of run no.99, shown in figure 6—23,suggest that there was no
abrupt change in silver concentration and the results might be taken to indicate
that the leading boundary separated two gilver solutions, the leading one having
a higher concentration than the following one. The second boundary would then have
separated a silver solution with a concentration smaller than that of the "bulk"
leading solution in the cathode section of the cell from the acetic acid indicator
solution at the Kohlrausch concentration. A possible explanation for such 2
situation is that the initial indicator concentration was mich lower than the
Kohlrausch value and so, in addition to self-adjustment of the indicator
concentration, some adjustment in the leading solution also occurred fo maintain
the ratio reguired by equation (1—14). An objection which might be levelled
against the hypothesis is that the gilver iontransference number appears to
decrease with increasing concentration,in which case the silver ions in the
soluvtion aheadvof theAleading boundaxy shoﬁld have been moving more slowly than
those immediately behind it. Such a situation would have led to mixing and
boundary instasbility and it is necessary to postulate a higher transference pumber
at the higher concentration if this explanation is to be accepted., An attemnt to
investigate this possibility further was made by performing a run in which the

A

wnole ofAthe normal falling cell (figure 6—5) was filled with 0.223N AgHSO4
solution but no boundary was seen. This experiment rules out extraneous reasons
(such as leakage of solution or the presence of impurities like water in the
leading solution) for the existence of the second boundary. If a series of further
experiments employing leading and following AgHSO4 solutions of different
concentrations were to be carried out, then a boundary might be seen, but it seenms

more likely that the pressnce of a solution of the following ian would be reguirsd

to perpetuate the difference in Ag+ concentrations and prevent mixing.



"Any hypothesis involving a third ionic species such as a silver complex is
difficult té accept since an equilibrium with either the leading or following ion
would be expected and a boundary between ions in equilibrium seems improbable.If
a little water was absorbed by the soiutions during cell fiiling, then a third

cation, H ot would then have been introduced and the situation depicted in figure

3
6-24 might be considered asg a possible explanation of the double boundary. Only

‘absorption into the indicator solution could

N have 'resulted in this species nigrating to a
#,0l0.HSO, resuited 1 P Hgrating to
\i} solution position in the m.b. tube between leading and
meb,
.indicator solutions. Since it must have been
absorbed at one of the openings of the cell,
H,0.H30 .
3 4 the time required for this to take place would
‘L solution b - have been long and much greater than the
AgHSO4 | interval betweeé opening the tup and observing
solvution ) the two bounderies in the early stzges of the
run. Furthermore it is unlikely that the
concentration of H3O+ would have been high
Figure 6-24 :

enough for any boundery its solution formed
with silver or barium solutions to be seen. If one or both of the leading and

indicator solutions contained a small amount of H 0" before the cell was fillea,

3
this would have been ovenly dispersed through one half or the whole of the cell
and muchk charge would have to be passed to resolve the ions into separate solutions
of their hydrogen sulphates. Iﬁvthus seems unlikeij that the occurrence of the
aouble boundary can be interpreted in terms of figurg76-24. Therefore no really
Satisfacfory explanatioﬁ of the formation of two boundaries can be given without
proper analysis of the solutions immediately ahead of, and behind,; each onsz.

Before this can be done, however, a cell employing a P.T.F.E. two-way stopcock

with adequate arrangements for dissipating the heat generated within the key,

nust be designed.



PART III : DISCUSSION

The magnitude of t+

Tasble 6q lists the cationvtransference numbers obtained by both Hittorf ard
moving boundary pethods. A true comparison of the two sets of results con only be
mads when they both relate to the seme ionic strength (IS) but transference
numbers, being ratios of conductances, tend to vary to a ﬁuch smaller extent with
IS than do the conductances themselves. Moreover, the resulis reported here for
Na+, NH4+,'and Ag+ suggest that beyond 0.1V the transference numbers fall with
increasing IS end go the effect of correcting the values ffom the two hethods to
the same ionic strength would be to accentuate the difference between them. If
this factor is ignored, the Hittorf values are between 3 and 10 times ( and
mostly 5 times) greater than the newer moving boundary ones, loving boundary
results aré usually preferred to Hittorf ones (4). The cri£icisms made in chapter
four of the sulphuric acid Hittorf studies suégest that the method is particularly
unreliable for this solvent. The moving boundary trénsference numbers presented in
tables 6b to 6o are less precise in percentage terms thén values obtained by the
m.b., method in other solvents, This is a consequence of the very small
magnitudes of the cation transference numbers in sulphuric acid. Their absolute
precision may also be somewhat lower than usual because of the relatively large,
and slightly uncertain, solvent and volume corrections in this solvent.
Nevertheless, the m.,b., results are almost certainly much more reliable than the

Hittorf ones.

The very small caticn transference numbers obtained cenfirm the conclusions
of previous workers (113, 112, 69) that almost all of the current passed through
solutions of hydrogen sulphates in sulphuric acid is conducted by the‘ESO4“ ion.
Thus the results lend further support to the proposal that gome special
.conducting mechanism such as proton transfer exists for this anion (113,112,69,
see also chapter four of this thesis ). The results presented now provide no new
evidence for the nature of such a mechanism. However, the above comparison of the

transference numbers determined previously (112,129 ) with those reported here

suggests that there is an even greater difference between the mobilities of cation



Table 6g

Cation transference numbers measured by different methods

Solute
LiHSO
Yy

NaHS0
4

S0
AgHSO

NH HSO

CH3002H

Ba(HSO4)2

173«

Hittorf (112,129) Moving boundary (present study)
Concentpation‘(mol dm“3) t,_  Concentration (mol dm"B) t,
1.01 0.013 0.127 0.0029
1.47 0.021 0.076 0.0037
| 0.126 0.0038
0.194 0.0021
1.17 0.030 0.123 0.0069
2,33 0.025 |
0.47 0.026 0.091, 0.0096
0.58 0.022 0.218 0.0068
0.86 0.030 0,062 0.0055
1.44 0.033 0.111 0.0065
1.81 0.037 0.19 0.0042
1.04 0.022 0.090 0.0045
0.38 0.009 0.042 0.0012
0.37 0.009
0.39 0.008
0.43 0.010
0.46 0.008



and anion and, therefore, between the efficiencies of the conducting mechanisms
than was at first believed (69). The grounds on which the estimates were made
have been discussed in chapter four.

Cation conductances

4

in MHSO, solutione, and the increasing repression of the solvent self-dissociaticn

4

with rising concentration, make the calculation of A

It was pointed out in chapter four that the excess of HSO, ions over M ions

MHSO4’ and hence of >%ﬂ"

very complicated. The difficulty may be overcome by rearranging equation (1.-3)

into the fqrm

A - tf'A‘ o | (6 - 34)

This equation enables the cation conductance, >\+ , to be determined from the
corrected experimental transference number, t+, the conductance of the H30,” ion,

4

:\~ calculated in the estimation of the solvent correction, and the transference

number of the HSO,” iom, t_, given by,

4
t = 1 -t , (6 -~ 35)

- +

Valuasse of 7\+‘for the solutions in which boundary measurements were made are
listed in table 6r.

Conductances of different ions can only properly be compared when they refer
to solutions of the same ionic strength. In other solvents, values at
infinitesimal ionic strength are often derived before any comparison is made. It
will be shown below that the extrapolation procedure is difficult and unreliable
for sulphuric acid solutions and & sequence of decreasing cation conductances,
calculated for solutions with ionic strengths in the range 0.11£;Is<.0.15 (mol am™>
has been worked out instead. It is realised that 7\+ for each cation would be
changed slightly by relating all thecalculations to exactly the seme ionic strength
(e.g. 0,13 mol dm'3), if this could be done with confidence, but it is unlikely
that the sequence of cations would be affected. The cation conductances were found

to decrease in the order
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Cation conductances in sulphuric acid soluiions

0.11 < I £.0.75 At other I_ values
Cation I_ . ¢, )k+ P : I T, >\+ A
mol a2 ohrn’"lcmzequiv"1 mol dm™> ohm'10m2eq\1iv-1

Ba?t  0.147 0.0012 0.17 140

H0AcT 0.110  0.0045 0.61 135

N;4+ 0.130 0.0065 0.85 129 0.086 0.0055 0.82 148
0.207  0.0041 0.46 111

< 0.139 0.0069 0.85 122

Na©  0.144 0.0038 0.49 121 0.098  0.0037 0.51 136
0.212  0.0021 0.23 107

11t 0,145 0.0029 0.35 120

H3o+ 0,127  0.,0057 0.75 130

+ 0,112  0.0096 1.27 132 0.234 0.0069 0,72 105
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agt > M 4+~ K" > H0" S H0aet > Mt > 17D BaZ*
As ;\* decreases, the size of the solvated ion and the degree of solvation
increase. This order is the same as that found by Gillespie and Wasif (112) from

transference measurements and by Flowers et al. (69) from.)k considerations

HSO&
(see discussion in chapter four) except for the position of the silver ion.

In agueous solution H20Ac+ does not exist and the mobility of H30+ is
abnormally high due to proton transfer. The agueous conductances of the remaining
cations (154) are listed in table 6s and decrease in the order

w, K ) 3% ) gt > Na' y it
It may reasonably be concludéd that solvation in sulphuric acid is similar ‘o
hydration in aqueous solutions in its dependence on the charge/radius ratio of
the ion, although Ba2+ appears to be more heavily solvated than expscted in
H2804. A more quantitative comparison in terms of solvation nuwbers will be made
later in this chapter,

The conductance of the silver ion in sulphuric acid (1.27 ohnx‘%rn%n.ol’1 at
I8 = 0,112 mol dm”3) seems surprisingly high and its position in the sequence is
anomalous when the crystal radii of the bare ions and the limiting ion
conductances in aqueous solution, given in table 6s,are examined. It isltempting

to suggest that the low osmotic coefficients (100) of AgHSO, solutions in H,}SO4

4
discussed in chapter four, the occurrence of douhble boundaries when this
electrolyte is employed in m.b. runs, and the high cation conductance may have a
common explanation. Although the egquivalent conductances indicated complete
dissociation of the elecirolyte, Bass, Gillespie and Oubridge (100) showed thai
the osmotic coefficients were not anomalous if some ion assgociation was assumed.
If the true concentration of Ag+ ions was o(c)(0(<11), tAg+ should have been
unaffected because ion-constituent transference numbers are obtained by experiment
and since the conductances f\ have the expected values, the high results for j§+
cannot be satisfactorily explained. Moreover, the assumption of some ion

asgociation leads to higher estimates of 7\_ (see ecquation (4 - 62)) and



Table 63

Crystal radii of cations and their equivalent conductances in water and

Ion

gulphuric acid

sulphuric acid water

crystal radius, r, (104)

1.35
1.48
1.33
0.95
0.60

At

™

———

( 0.11<I_ £ 0.15 ) ( I, =0 )

0.17
0.85
0.85
0.49
0.35
0.75
1.27

-1 2 .=
ohm cm eguiv

63.6
73.6
73.5
50;1
- 38.7
349.8
61.9
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consequently even higher values of )\+ than those listed in table 6r. Thus
incomplete dissociation cannot satisfactorily explain the high cation conductances.
Nor is it possible to explain the occurrence of a second boundary in terms of ion
association, unless the degree of dissociation varied down the m.b. tube giving
two AgHSO4 solutions with different concentratioﬁs of silver ion. This seems most
unlikely although a boundary velocity appropriate to a lower concentration of Ag+
than that of the bulk of the leading solution would have led to overestimates of
tAg+ and :\Ag+ .

Limiting cation conductances

The variation of the transference numbers of three ions NH ¥, Ag® and wa'
with concentration was investigated.The uncertainty about the extent of silver
diggolution after plating at the cathode in the NH +'runs, and the anomalous nature

4

of data for AgHSO, solutions, make the validity of the experimental results for

4
these two ions somewhat suspect. The Na* values are iikeiy fo be more trustworthy
~and four approaches to the determination of ;k;af have been tried.

In chapter two it was shown that, in most solvents, conductance data fit the
available theories more clesely than do the corresponding transference ones. In
the first two approaches, the values of :\; calculated frem t+ at each of three
concentrations, were used in the estimatién ofjx.o . The cther two cemploy the
experimental transference numbers themselves to determine ti from which ;\:,is
then found. The four approaches will now be discussed in turn.

I. The starting point is the Debye. - Huckel - Onsager limiting law for a single
univalent ion, '

Ay = AS - (BAL + 38, )T (6-136)
Equation ( 6 - 36 ) differs from ( 2 - 1 ) in that -IE; has replaced Jc on’ the
right hand side. The original theory was derived in terms of ionic strengths hut
since the number of ions arising from the solvent self-dissociation is negligible
for most systems, the equation is normally quoted in terms of concentration, Fgr

sulphuric acid solutions, the ionic strengths and concentrations differ
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significantly, as can be seen in the foregoing tables of results, and the
replacement of IS by ¢ is no longer valid. Moreover, as Spiro (155) haslpointed
o

out, )“i is the vulue of')gi at infinitesimal icnic strength (18—50) and not the
value at infinite dilution (c-»0). Whilst the difference between these refersnce
states is academic in many solvents, it is significant in sulphuric acid. A
solution of infinitesimal ionic sirength is one which approaches closely to the
hypothetical undissociated acid discussed in chapter four, whilst a solution of
infinite dilution approaches closely to the pure solvent which contains appreciable
quantities of ions arising from the self-dissociation. (The ienic strength of

o \
pure 100% H2§O4 |
The D-H-0 limiting law, ( 6 - 36 ), is vsually only applicable below I, = 0.0

is 0,039 mol dn~>).

and is consequently of little value for H,SO, solutions. Shedlovsky (156) proposed

4
a form of extrapolation similar to the Longsworth one for transference numbers.
. T CX? .

He svagested thsit the function )\i obtained as ; in e rearrvanged form of

(6-36)

2\ LA

R . (6-237)
1 . L
1 - B1,’Is
varied linearly with ionic strength,
T N o :
jk, = A, + bl - (6 - 38)
i i 5 . .

and that a reasonabie value of )\3 could be obtained by extrapolation of a plot
of :\I s 50 calculated, against IS to zero ionic strength. Figure 6-25 shows such
a plot for the Na*t resu}ts and it can be seen that no satisfactory straight line
through the three calculated values‘ofjx_g;+ can be drawn, even when estimafed
error limits are included., If these limits ave extended by’fo,o1 a line
:extrapolating to a value of 0.98 for‘>\;;+ cen be drawn but there seems little
justification for assuming that all the errors reinforce to raise 7kNa+ at the
highest and lowest ionic sirengths and to lower it at the intermediate one.

The Robinson and Stokes (115) extension to the limiting law was next tried.

Tor a single univalent ion their eguation is
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( 313\2 + 3B, >17ﬂ;

(1 +¥a)

X, N -

(6-39)

and only differs from the D-H-0 eguation by the inclusion of the (1 +Ha )
term which allows for finite ion size. A series of Shedlovsky extrapolations of

)\T + values obtained from
Na

( )\ 1 B2 \rI_S-" )
XT g ra* : {1 +a§!a)% '
Na© © ( .’B I = (6-40)
1 - 1 %¥'s
2 (1+«a)

was carried out at different chosen integral values of a and the plots obtained
are shown in figure 6'26f It will be seen that a satisfactory straight line
through the three calculated values of->\;a+ is obtained only when a physically
meaningless value of -5 R is chosen. This line yields, at'IS ; o,

j\;a+” = 0.50 % 0.10 (6-241)
When the results at the highest ionic strength ( 0.212 mol dm-3) are excluded
from the calculation, straight lines through the two calculated values of’)\z
for chosen a values of -2 ﬁ, zero (where the Robinson and Stokes equation becomes

identical with the limiting law), and positive values less than 8 2 an

extrapolate to o

+
= O- - 0008 . .
Na* T4 (6 -42)

Since the theories are more likely to hreak down at high icnic strengths it is
Buggestea‘that this value, yielded by calculations at reasonable values of g,

is the more reliable.

II_ Calculations similar te the method A transference ones in chapter two were
carried ouﬁ to try to fit the values of:xNa+ to the Robinson and Stokes equatior,
A value of a was chosen and the three cation conductances and corresponding

ionic strengths were inserted, in turn, into equation ( 6 - 39 ) and values of

(o] o .
’>\.Na+(c) calculated. The mean of these, <>\Na+> , and their standard deviation, ¢,

from the mean were then found. The calculations were repeated employing all

. integral values of a between -6 % and 10 £ ‘andq minimum value of U was {}JDE%
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o
N

<>\Na+>. = 0.97 £o0.08 (6 ~43)

o
The actuel values of )\Na+ (¢} calculated from equation ( 6 - 39 ) are identical

at a equal to -2 % . The mean ;k aF vas

with those of ?\;a+ in the Shedlovsky plots shown in figure. 6-26 ,

III A Longsworth transference plot, of tNa+ against Is’ using equations (2 - 23)

and (2 - 24) is shown in figure 6-27 . Once again, no satisfactory straight line
can be drawn through the peints even when error limits are included. Exclusion
of the result at the highest ionic strength and extrapolation of the values of

?Na+ at the lower concentrations yields,

o
o

N + = 0.75 % 0.08 (6~ 44)

Na

Proceeding along similar lines to the first approach, an extension of this

to + = 0.0044 % 0.0005 giving, A

treatment is a series of calculations, at different values of'g , of th°+ uging
the (F - O)1 equation,
t (gt ~ 3).3, o
tat = byt - = (6 ~45)
' A (1 +ye)

followed by éxtfapolation of the plots of tNa+ against IS to zZero ionic sirength.
Figure 6-28 shows the results of these calculations when values of a between

. =55 R ana 8 % were chosen. The shapes of the plots obtained closely resemble
those in figure 6-26 and yield, on extrapolstion, the following values,

With all three data points included and a equal to -5.5 2 .

)
) o+ e
tNa+ = 0.0034 - 0.0007 giving, :k\Na+ = 0.58 T 0.1 (6 - 46 )
With the highest data point excluded and -2 & <a <8 2 .
)
o) . _— i . + 5 -
tyat = 0.0043 = 0.0005 giving, Na*' = 0.73 - 0.08 (6 4T )

IV, The performance of the method A computer calculations on the experimental
transference numbers yields the following results. The symbols were defined in

chapter two.
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theory Lo TanEe best 8 104 O i <t§a+> trend in t§a+ (c)
P, 0.098-0.212 (0

(F-0), 0.098 - 0,212 -2.7 3.5 0.0064 fig, 6-29
(F-0), 0.098 - 0.212 0.2 4.3 0.0058 fig., 6-29

P, 0.098 - 0.144 > 20

(F-0)1_ 0.098 - 0.144 >20

(F-O)2 0.098 - 0.144 6.8 0.0 0.0045 fig. 6-29

The limiting cation conductances ohtained from the above values of <:t§a+:>

are, o
theory Is range 7 :X‘Nq:_

(F.o)1 0.098 - 0,212 1.09

(F-0)2 0.098 - 0.144 0.76 -

The Longsworth and Shedlovsky extrapolations and method A transference

(F-O)2 calculations all yield values between 0.73 and 0.76 olflrn-'1crf32eculiv-1 for
o

9\Na+ at plausible values of a when the highest data.point is excluded. Both

o .
the higher and lower results for ;X. ot were obtained from eslculations emploving

N

all three ionic strengths and involve negative or an exceedingly small positive
)

value of a .Therefore a value of 0.75 has been taken as the best:>~N3+ . Insertion

of {his value, together wiih those of )\Na+ and I_ ; into equation (6 - 39)

yield for a ,

At I = 0.098 a = 4.8%
At I = 0.144 a = 5.4 8
mean a = 5.1 2

o
The standard procedure in other solvents (45, 137, 153) was to combine :k\H+,
0 =
determined from a Longsworth extrapolation of tM+ , with the value of /\MX for

o)
the electrolyte, MX, and so determine :LX' ’

'>\°- =/\§1X">\-:1+ , (6 -48)

X

Since the value applies to infinitesimal ionic strength it is independent of the
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Table 6t

Limiting cation conductances in sulphuric acid

Ton

A

1.54

183,

A,

( 0.11418<o.15)

ohm"1cm2equiv-1

0.17
0.61
0.85
0.85
0.49
0.35
0.75

1.27
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(o}

M

o o
+ wore determined by combination of :\Xu with /\M,y

for other electrolytes, M'X , in the solvent. This approach is not possible'for
o o
electrolytes in sulphuric acid since no values Of‘A\MHSO are available and, even

4

if they were, tﬁe uncertainties in them would be comparcbhie with the values of

cation and so values ofj\

o
>kM+ themselves.

Instead it has been assumed that all the cation conductances obey the
~Robinson and Stokes equation. In the absence of a more satisfactory procedure the

value of 5.1 2 for & , derived above for NaHSO4 » hag been used for 2ll the
o

hydrogen sulphates. Some justification for this step comes from the fact that‘)\ﬁa+

was virtually indebendent of & in the Longsworth and Shedlovsky extrapolations
uging only the lowest two data points. Insertion of the appropriate values of :\§a+
and I_ (o0.11«< I < 0.15 ) into equation (6 -39 ) yields the limiting cation
conductances given in table 6t . Thcse decrease in the same sequence as those at
finite ionic strengths discussed earlier.

Clearly a more trustworthy extrapolation of:\Na+.to infinitesimal ionic
strength is requiréd but, first, the variation of the transference numbers with
concentration must be more thoroughly examined, particularly below IS = 0.1 .

There sre two problems here ; boundaries cannot be seen at ionic strengths
significzntly below thic value snd the extensive self-dissociation of the solveni

means that very dilute solutions of MH3O, still have appreciable ionic strengths.

4
It is possible that the first difficulty might be partly offset if the boundaries
were followed by some other means such as the measurement of changes in electrical

potential or resistance mentioned in chapter one and discussed by Spiro (4).

Solvation of ions in sulphuric acid

Solvation numbers have seldom been satisfactorily derived from limiting ion
conductances although a variety of attempts has been made (45). The starting point
for such calculations is Stokes' law, equation (4 - 49), which may be expressed

in the following form for ions in sulphuric acid.

r = 3035/7\2 ? (6 -49)

8



Cation

H20Ac+ does not exist in water or in thecrystalline state whilst H

Table 6u

Stokes radii of cations in sulphuric acid and water

Crystal radius, r_, (104)

Stokes radius, Ty

R

—r———

1435

- 1.48
1.33
0.95

0.60

1.26

185,

sulphuric acid water
7.9. 2.89
3.9 -
3.OA 1.25
2.9 1.25
4.4 1.84
5.5 2.38
3637 -
2.2 1.49

+
3O

conducts by proton transfer as well 2s normal migration in aqueous solutic:r and

80 Stokes law cannot be applied.
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By inspection of the values listed in table 6u, it may be seen that the Stokes
radii, Ty s obtained a;e all greater than the crystd.radii of the ions and this
may be taken as evidence for solvation.

Several writers (157,45) have drawn attention to the limitations of Stokes!
law which centre on its derivation: from a model of a spherical particle moving
in an ideal hydrodynamic continuum. The law is therefore least valid for a small
ion moving in a real medium where its size is comparable to that of the solvent
molecules. Robinson and Stokes (157) have proposed an empirical correction to
Stokes' law for aqueous solutions‘and their approach has been extended to other
solvents (45) .They sssumed that a number of selected tetraslkyl ammonium ions
are unsolvated. Their radii, T, Were calculated from bond lengths or molar
volunes of related hydrocarbons and their Stokes radii determined from their
‘1imiting ion conductances. The ratio rc/rS was then plotted against Ty and, from
the plot,a correction factor at an intermediate Stokes radius for some other ion
could be obtained. Multiplication of the Stokes radius by this factor yields an
effective value for the radius of the solvated ion (reff)' This procedure is
difficult to carry out for solutions in sulphuric acid since no conductances of
tetraalkyl aémonium ions are available. A very crude approximation is to assume
Walden's ruie for a given icn,

o
j\iﬂq = constant (6 -50)

holds for water and sulphuric acid. In spite of similarities between these
solvents, both being protonic and extensively hydrogen-bonded, they differ greatly

in viscosity and doubts must be expressed about the applicability of ( 6 - 50 ).
law
Walden's rule is an extension of Stokes®/and has the same limitations. By applying

it to the tetraalkyl ammonium ions, from He Nt to Am4N+ , a Robinson and Stokes

4

correction plot can be drawn (fig. 6-30 ) and corréction factors r¢7rs rezd cff.

Values of T £ for ions in sulphuric acid are listed in table 6v.

eff

The solvation number, n, , is found by dividing the volume of the solvation
i _

ehell (equal to the volume of the solvated ion less that of the bare ion)
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Table 6v

A comparison of solvation numbers in sulphuric acid and water

k=0 lmH

7.9
3.0
2.9
4.4

5.5

2.2

sulphuric acid

/%

r

9.5
3.5

eff

%

23.4

3.1
2.9

435
1.7
1.9

5

water

|

187.
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by the average volume of a sulphuric acid'mélecule; V8 .

ngo= 3MEl, - ) /v, (6-51)
A value for Vs of 8.95.x 10"23 cm3 was estimated by dividing the molar volume of
sulphuric acid by the Avogadro number. It is pleasing, if surprising, to ncte
that these calculations yield reasonable solvation numbers, listed in table 6v.
Too much significance should not be attached to them in view of the many
assumptions and approximations made in their derivation. To summarize the
weaknesses of the treatment ; (i) the uncertsin extrapolation Of.)\Na+ t°->”;a+ ,

-

(ii) the assumption that A+ obeys the Robinson and Stokes equation and the same

M
value of a is required for all the hydrogen sulphates, (iii) the use of Stokes'law
for this system where solute and solvent particles are of cogparable size and the
law is least likely to hold, (iv) the use of empirical agueous correction factors
for a non-aqueous system, and (Y) the neglect of electrostricticn effects in
cstimating Vs' ﬁevertheless there is a striking-similarity between the two sgets of

solvation numbers in sulphuric acid and water, A smaller solvation number for

sulphuric acid might have been expected in view of the larger HQSO4 molecule but

the solvent is more polar and so has a greater tendency to solvaté the ions. The
high value of n, for Ba2+ may‘well be a consequence of more secondzry coordination
beyond the primary solvation shell thaﬁ this ion undergoes in aqueous solution.
The solvation numbers obtained here are slightly larger than the ones obtained
_from osmotic coefficients (see p. 82 ) but, unlike the last-mentioned, show the

expected decrease on going from Lit to wat .
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APPENDIX I

The Fuoss-Onsager conductance equation: BElectrophoretic term

In 1963, Fuoss and Onsager (9) derived the electrophoretic contribution N°
to the conductance of a symmetrical electrolyte. After conversion of their equation

'61' from ion velocity to conductance form, /\? becomes

/\e=BZJ?:'-B3 (1 -1)
2 6 -
where B, =212 .c. F(b) x 1073 (1 - 2)
3 3MEk)

and F(b) is a complicated function of a,€,and T.
In a review published in 1968 (19), Fuoss states that the simpler more
usual form of A?

/\e - BZSE~
: (1)

is & very close approximation to the more exect form (I - 1). In view of the

(1 -3)

overall failure of the transference form of the Fuoss-Onsager equation,
employing the simple form of/\?, to fit the experimental transference data,
(calculations (F-O)1), it was decided to employ the fuller form of A° in (I - 1).
The calculation of F(b) is a complicated procedure and it is listed below in

stepwise form,

2
1. b is given by D 5 ——— . (1 - 4)
ach?

with e in e.s.u. of charge and.g in 8.

~C :
2. En(b) = exp(-t) 4t (I -5)

b : :

3. E (b) = exp(t)%‘t_ (T - 5_)

Leo
4. Euler's constant, " = 0.577216 (1 -7
5. 3,(®) = E(v) +Inb + [ ' (I - 8)
6. 3,(0) = B (0))-1nbv - T (1 -9)
7o () = (B3,00) = 1+ (1= exp(-0))/b ) (1 - 10)
8. F (b) = (53,(0) +1- (exp(d) -1)/b) (T - 11)
9. T,(b) = exp(-b) ( 1+ b+ 1b’/2) (I - 12)
10, T,(b) = exp(b) (1 - b+ b%/2) (T - 13)

Mo = Tp/( 125 -1) , (I - 14)



a
0.50

2.50

3,00

3.50

4.00

5.00

TABLE Ia: COEPARISON OF A~ FOR (F o) AND (F-O)2 TLEECRIES
b F(b) c B, ¢ B3 /\Z /\i
14.3150  «.74454
.001 1.91784 -G.02659 1.94/ 1.90791
.Cl0 6.86174 -0.26589 6.%502% 5.96%%5
.100 19.17838 «2.65892 21.8%731 18,22967
7.1575 -+20073
.001 1.91784  ~C.CO71l7 1.92501 1.89808
.010 6.06474 -0.07169 6.15642 5.87148
,100 19.17838 -0.71686 19.89524 17.37040
4-TTL1 +23981 .001 %.91781 0.00856 1.90927 1.8083%6
.C1lC L0647 0.08564 5.6751¢0 5.77940
’ .100 19.17838 0.85640 18.,32198 16.58849
3.5788 .61799
001 1..91784 0.02207 1.89577 1.87873
' .C10  6.06474 0.22070  5.84404 5.69016
: .100 19.17838 2.20696 -16.,97142 15.87393
2.8650 +95789 .01 1.91784 0.0%421  1.88363 1.86920
.010 6.06474 0.%4208 5.7>265 5.60364
.1¢0 19.17838 3.42083 15.75755 15.21640
2.3858  1.27477
.001  1.91784 0.04552  1.87231  1.85977
.ClC 6.06474 0.45525 5.60949 5.51871
100 19.17838 4.55247 14.62591 14 .61486
2.04 1. 2
0420 2TT2L .001 1.91784 0.056%3 1.86151 1.85043
.010 6.06474 0.56326  5.50148 5.43825
.100 19.17838 5.63255 '13.54583 14.05736
1.7894 1.87012 .C01 1.91784 0.06679 1.85105 1.84118
.010 6.06474 0.66786 5.39688  5.,%35916
.100 19.17838 6.67858 12.49960 13.54084
1. 6 2.15646
PREPE e pany eome boger Lo
J100 19.17638 700815 11735531 13786693
1.4315 2.43811 . -
~ ST .00l 1.91784 0.08707  1.83077 1.82297
. l010  6.BBATL.  QlRTOYTS 528464 51207%0
L1000 19.1783%8 8.707C1 10.4713%8 12.61307
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12, A=-0/(1-1) ' _ ‘ (1 - 15)
13. F, (b) = MFn(b) + AFp(b) ' . (x - 16)
14, F o= (1/C1 -2 ) -1/(T,-1)) (T -17)
15. F(b) = 2/b + bF /4 - F,(b) | - (1 - 18)

A series of computer calculations was performed to calculate HF by both
equations (I - 1) and (I ~ 3) for values of & between 0.5 and 10 & at intervals
of 0.5 X, Table Ia lists the results obtained for agueous sysﬁems. the values of
A€ obtained using equation (I - 1) are designated /\§>‘and those obtained using
(I - 3) are designated I\?o the subscipts are to maintain consistency with the
methods (F-O)1 and (F-O)z. The calculations were performed at three concentrations
0.001N, 0.01H, and 0.1N. Inspection of the results shows that /\? and /\Z only
correspond closely at one particular value of a for each concentration. Thus for
0.01N the terms only correspond <c¢losely for values of f between 4.5 £ and 5 R
and when & has the fairly plausible value of 3.5 R the discrepancy between them
is of the order of 1.1 % . In his 1968 review, cited above (1§), Fuoss states that
the difference between the terms divided by /QD for KC1 in O.1N is of the order of
0.2 % . The present set of calculations indicate that this is indeed the case if
a is of the order of 3.3 % . However the numerical difference increases the further

the chosen value of a is from this value as the following table makes clear.

Table Ib

As - A3
Aﬁ
1 . 1.27
0.73
0.02
-0.70
-1.43
-3.64

a (8)

as %

V)

[N N S N L



193.

APPENDIX IT

This is the computer programme appropriate to the application of method A to

the Pitts transference equation (PA)' In eddition to the main progremme SUBROUTINE
AVTLIM computes the averege limiting transference number, SUBROUTINE STDEV computes
the standard deviation of the calculated limiting transference numbers from their
average value, SUBROUTINE PITTS calculates Sl and Tl from the interpolation
polynomials and SUBROUTINE FRED celculates ofe from the association constant. If
association data is included in the calculations, a CALL FRED card is required
between the cards 102L=M and 100L=L-1 .

Specimen data

No association

Column 14 15 16 17 18 19 22 23 24 25 26 27 28 29 33 34 35 36 37 38

&,m,T 3 2 . 6 2 0 . 00 5 4 2 8 2 9.8 . 1 6
' 1 .77

t; .0 0 . 4 2 4 4 0 . 00 1 9 9 6

t;.c 0 . 4 2 3 7 0 . 00297 0.

ti,0 0 . 4 2 19 0 . 0 0 4 9 4 5

final card 1.0 0 . O

Association dats, if appropriate, follows the last data card of the above set
Bpecimen association data,
13 14 15 16 31 32 33

K, ,a 4 5 . 0 ' 4 . O

A’
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C THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS

PROGRAI FIRST (INPUTe OUTPUTs TAPZS=INPUT«TAPES=CUTPUT )

C APPLICATION OF THE PITTS CONDUCTAMCE ECQUATION TO TRANSFERENCE

c

708
1000

1001
10 -

1002

102
100

3000

4000

5000

- 0100
106

2199
9200

101

MAIN PROGRAMME FOR PITTS TRANSFERENCE DATA

DIMENSTION TCEO)OC(ZO)tTLXM(zO)!COND(zo)\Y(?O)csltLO)ch(EO)o
1ALPHA(20) «GAMMA(20).

COMMON Y4511T1¢900'I!L‘TLIMvTAVGGSIGMAQNCOSlGMNvB A JanCONDvtho
1CONLIMeDCoVISeTEM. T+ ALPHA sNB s M« GAMMA

Ki1=0

1=0 ..

READ (5410003 DCy VISs TEM

FORMAT ( 10X¢ F10,%r F10e7e F10e4 3

READ (S541001) CONLIM _ .

FORMAT (10Xs F10.4)

1 = 141

READ (5+1002) T(1)sC(I)

FORMAT (10XsF10e5¢F1067)

IF (C(I1)YeNE«Do0O) GO TO 10

NB =71

M= 1

L=M

L = L-}

A = 060 . . .
SIGMN = 1.0 .
U = 10 .

WRITE (6:¢3000)

FORIAAT (BXQ'l‘08X¢'A‘!10%015!GMA's9Y0'TL1M'111X|'C'012X0'LAMDA')
WRITE (6+4000)

FORMAT (BaleYte11xa¢Sl'ql?Xc'Tl'chv'TAVG'

CaLL AVTL IM

A=z 8 —1.0

IF (AcNED,0) GO TO 106°

WRITE (649000)

FORMAT (10X tSUSPeECY NEGATIVE A MAY BE RcOU]RCD )

WRITE (649100)

FORMAT (10X« vy HMAY LIE BELOW 0.01 AND OUTSIDE RANGEs CHECK?!)

U = Ol

CALL AVTLIM

IF (L«GT-3) GO TO 100

IF (MNB:EQel) GO TO 101

WRITE (6+9200) N . -
FORMAT (10X« 'NOW INCLUDE I0ON ASSOCIATION!®)

GO TO 102

STOP

END



1

SUBROUTINE FRED
DIMENSION T(?O)'C(ZO)'TLIN’ZO)'COND(EO)'Y(ZO)'SI(20)'T1(20)°

ALPHA(20) +GAMMA(20)

COMMON Y4S1+T1sRsQv T ol v TLIMsTAVGISIGMA NC.SIGVN-B.A.J.c.COND.u.wo

. 1CONLIM«DCHVISITEM« T ALPHA «NB s M GAMMA
THIS SUBPROGRAMME CALCULATES ALPHA FROM ASSOCIATION CONSTANTJ
8Y SUCCESSIVE APPROXIMATIONS

THEZ

2601

a2
40
2602

3603

VALUE OF 1A4 USED TO COMPUTE ACTIVITY COEFFICIENTS 1S THE CONDUCTANCE tAS
READ (5.43601) ASSCONs AA
FORMAT (10XsF10.5410XsF6.4)

MN = M=} .
DO 40 1 = 1eMN *AA

DENOM = (50,291#(C{I1)%%0.5)/((DCH¥TEMIEX0s5)) + 140

DHF = = (1824600,0%#(C(I)1%*#%#0+5))/(((DCHTEM)*¥#].5) XDENOM)
GAMMAL(I) = 10O%¥DHF

ALPHA(I) = 1.0

N = }

DO 42 NK = 146

APHACL) = 160 = (CALPHA(II*%2)%¥C(1)*ASSCON¥(GAMMA(T)#%2))
" CONTINUE '

c(l) = ALPHA(X)*C(‘)

CONT INUE

WRITE (643602)

FOQMAT(]OX.'GAMMA"IOXo'ALPHA’) -

WRITE (643603) (GAMMA(I)s ALPHA(l)« 1 = 14MN)
FORMAT (10Xs FS5e¢4410XeF544)

N3 = 1

RETURN

END
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13

SUBROUTINE AVTLIM

DIMENS]ION T(EO)!C‘EO)QTLINl(ZO)OCOND(EO)0‘\’(20)‘S‘(EO’!TI(20)
COMMON Y oSt eT14R«Q* T oL aTLIM+TAVGISIGMAWNCISIGMNIB 1A+ JeCrCOND U+ WS
1CONLIM«DCoVIS:TEMST

J =0

NC = 0
TSUM = 0,40
A= A+ U
J = J 4+ 1

IF (JsGTe20 sANDs UsEQele0) RETURN

IF (JeGTe20 +ANDe UsEQeQel) A=B

IF (JeGTe21) RETURN

DO 13 1T = 1L

CAPA = S50,291%((C(1)/(DCHTEM) I #%#0.5)

Y(I) = CAPAXA

NC = NC + 1

R = 160 + Y(I)

Q = 2:,0%20.5 + Y(])

CALL PITTS

Yy (77:3714%CAPA)/(DCAER¥QY + 104672.0%S1(1)¥{ (CAPA/DC)¥%%2)
Y2 (L{CARA/RI¥%2)%1264T713) /(DCXVISXQ)

Y3 = ((l.O—(186o791*CAPA*Tl(l)/DCJ)*1.6398¥CAPA)/(VIS*RJ
COND(I) = ((140~Y1IHCONLIMI+Y2=-Y3

TLIMCTI) = (Tt1)+(<O.5*Y31/COND(x)>)/(1+(Y3/c0ND(1)))
TSUM = TSUM + TLIM(I)

TAVG = TSUM/NC

CONT INUE

CALL STDEV

GO TO 12 i

RETURN o . ,

END

nun

|
i
|
§
|
i
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36
1005
141

1006
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SUBROUTINE STOEV

DIMENSION T(20)+C(20)+TLIM(20)+CONDI20) Y (20)251(20)¢T1(20)
COMMON Y'Si'Tl‘QOO'l'L'TLIM!TAVG‘SIGMAONCOSIGMN!BQA!J!C'CGND'UGw'
ICONLIMIDCIVISsTEM, T

D2 = 00
DO 35 1 =
D2 = D2 +
CONTINUE
SIGMA = (D2/NC)%%0e5

IF (SIGMAGT.SIGMN) GO TO 36

SIGMN = SIGMA

8B = A -

WRITE (641005) JsAtSIGMATAVG

FORMAT (6Xs 138X F6e316XeF10:8180X1F8e5)

IF (JeEQo21) GO TO 141

RETURN

WRITE (6+41006) (TLIMOI)IeC(I)+CONDIIIeY(1I)aSI(I)eTi(13s T = 1aL)
FORMAT (Q0XaFBeB+16X1FBeb16XaFBe316X1F668s8XaF6+448XeF6e4)
RETURN

END

1e
(& AVG - TLIM{1))%%2)

SNSRI




. et v—- s

198,

SUBROUTINE PITTS

DIMENSION Y(ZO)'SI(ZO)'TI(ZO)

COMMON Y+S1+T1+R«Q! thTLlMoTAVG'S]GMAQNCOS!GMNOB|ADJOCOCO'\D!UQUO
1CONLIMeDCsVISITEMST . .

¢ INTERPOLATION FUNCTIONS FOR S1 AND TU FROM Y

333
"334

335
336

IF (Y(I)«LTeO0012) GO TO 333

So=226e35#(Y(1)%%3) ~ 4B6S4% (Y (1) %%2) + (49e229%Y(1)) + 025
GO TO 334 .
S2 = 37.64%¥Y(1) + 1.0

S1t1)y = 1.0/52

1IF (Y(1)sLT+O0s14) GO TO 335

To = 7e3248{Y(1)#%2) + (H6359%Y (1)) + 04974

Go TO 336

Ta = Se7418%¥Y(1) 4 2:0455%(Y11}%%#0e5) + 064311

TI(I) = R/T2

RETURN

END
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APPENDIX  IIT
This is the programme appropriate to the application of method B to the Pitts

transference equation (PB) for unassociated systems.

Specimen data

o association data is included; the data in the ssme as for P, (ippendix [ )
with the addition of the last card containing the initial values of 8y Boy and

o .
ti . Such a card is,

Column 16 17 18 26 27 28 34 35 36 37 38 39
6 . O 9 . 9 0O . 4 2 9 2
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PROGRAM DAVE (INPUTs OQUTPUT« TAPES=INPUT+TAPEG6=0UTPUT )
C THE CONCENTRATION DEPENDENCE OF TRANSFERINCE NUMBERS
C APPLICATION OF PITTS .QUCCESSIVE APPROXIMATIONS TREATMENT

DIMENSION T(20)+C(20)«CONDI20)«Y (203451 (20)¢T1({20342(5420) ¢

1Z%(020)+4DEV(20)  TCALC(20) s ALPHA(20) +GAMMA({20)

COMMON Y1S1oTIeR«Qv I L 1AL A2+ TLIMINBIMeJsDCIVISITEMITIZ1ZX+ASTAR«

10CVcALPHA.GANMA-TLCOR.CONLIM JLeC

1 =0

READ (54+1000) DCe VISe TEM

1000 FORMAT ( 10Xs F10.4¢ F10e74y F10e4 )

READ (541001) CONLIM ’

1001 FORMAT (10X: F10.4)

10 1 = 141

C KAYS NEW DATA FOR LICL IN METHANOL AT 25

READ (5+1002) T(I)sC(1)

1002 FORMAT (10X F10:5,F10e7)
IF (T{1)eGTe0eS5) TLI) = 140~T(1])

*IF (TUIYeNEWJOLO)Y 6O TO 10

READ (S5+41221) BZ«S31+sTLIM

1221 FORMAT (10XsF10e34F10e34F1065)
N = 1| -
M 1

102 L M

100 L = L=l

' URITE (64¢1927) .

1927 FORMAT (10X+'REPEAT WITH ONE LESS CONCENTRATIONt)
IF (TLIMeGT0045) TLIM = 1,0-TLIM .
TLCOR=TLIM
JL:O
Ar=81
Ap=B2
WR!ITE (6¢3000)°

3000 FORMAT (B8Xa 1L 124Xy A1 145Xt A2 1 44X tASTARY 43X A TLLCORI A SX e ¢ TCALC o

17X« TH)
CALL ARTHUR
IF (LeGTe3) GO TO 100
1IF (NB«EQe¢i) GO TO 101
Q169 WRITE (6+9200)
9200 FORMAT (10X tNOW INCLUDE 10N ASSOCIATION')

cal.L FRED
Go TO 102
101 STOP

END



SUBROUTINZ ARTHUR
C THIS SUBPROGRAMME USES AN lTERATIVE PROCEDURC TO FIND THE BEST TLIM
C AND THE BEST VALUE OF A
DIMENSION T(20)1+C(20)1CONDI20)sY(20)451(20)1sTI(20)1:Z2(5+20)
) 1ZX (2034 DEV(20) s TCALCI20)Y s ALPHAL 20} ¢ GAMMA L 20)
COMMON Y1S1aT1 RO I +Al A2« TLIMINBtMsJeDCHVISITEMsTeZeZXsASTAR S
IDEV.ALPHA s GAMMA« TLCORYCONL 1M JL ¢ C

77 RsUM=0.0
PaiUM=0.0
SqUM=0.0
USUM-':0.0
J=0
A=Al

73 . J=J41 :
DO 13! = 1.l
CAPA = 50, 291*((C(l)/(DC*TbM))**O S)
Y(I) = CAPA*A
R = 160 4+ YI(I)
Q = 2.0%%065 4+ Y(1)
CALL PITTS

Yy = (77+3714%CAPA)/ (DC*R*¥Q) + 10467240*51(1)*((CAPA/DC)**Z)
Y2 = (((CAPA/RI*%2)%126,713)/(DCEVISHQ) ‘

Y3 = ((1.0~(1864791%CAPA%T} (1)/DC))#1.6398%CAPA)/(VIS*R)
COND(I) = ((10-Y1)*CONLIM)+Y2~Y3 .
Z(Jy11=((0a5~-TLCORIAY3)I/COND( )

TCALC(1)=TLCOR~Z(Js 1)}

DEV(I)=TCALC(I) - T(I)

IF (JsNE«3) GO'TO I3

VRITE (61+3123) TCALC(I)«T(I)aDEVIII«C(1)+CONDI(I)

3123 FORMAT (42XsF11661F9¢642XsF8e¢61 10X 1FbH0 4.1ox.F7.3)
13 CONTINUE )
IF (J«EQ.2) GO TO 7} ' . :
IF (JeEQe3) RETURN '
A=A2
GO T0-73
71 DO 75 i=TsL.
CZXO1 Y =TLIM=T (1)
XY=(Z(2+13~Z0 a1
G=(Z(2+1)-2ZX( 1)) /XY
RSUM=RSUM+G
S=1.0/%XY .
SQUM=SSUM+S
P=G/XY
PaUM=PSUM+P
U=S/ZXY
: ususM = USUM+U
75 CONTINUE
DELLA=(L¥USUM~(SguMz%2))
DELTA= (L*¥PSUM~RSUME¥ SSUM) /DELLA
Fz= (RSUMXUSUM=~ (SSUM¥PSUM) ) /DELLA
JL=JL+1 .
TLCOR=TLIM+DELTA .
ASTAR=AZ2+ (A1 ~=AZ)#F .
WRITE (646789) JL+A11A2¢ASTARSTLCOR
6789 FORMAT (7TX1134FB,31F7¢3:F8434F9.6)
ADIF=A1~A2
A} =ASTAR+ (ADIF/4,0)
A2=ASTAR-(ADIF/4,.0)
15 (JLeLLTal15) GO TO 77

»
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1925

202,

A=ASTAR
YRITE (641928)
FORMAT (10X vBEST VALUES Fo
R THIS NCENTR

WRITE (641925) ASTAR,TLCOR conce ATION RANGE®)
FORMAT (10XstASTAR = V4+F5

S = 310X =
GO TO 73 IR NS
END

SUBROUTINE FRED

C THIS SUBPROGRAMME CALCULATES ALPHA FROM ASSOCIATION CONSTANTS

C BY SUCCESSIVE APPROXIMATIONS
VALUE OF tAY USED TO COMPUTE ACTIVITY COEfFFICIENTS 1S THE CONDUCTANCE

C THE

3601

42
40
3602

3603

DIMENSION T(20)1+C(20)+CONDI20)+Y(20)¢S1(20)¢T1{20)4Z(5420)4
1Z%{20) «DEV{20) «TCALC (20) vALPHA( 20) s GAMMA(20)

COMMON YeS1sTleReGs 1AL SARZITLIMANBOMe WDCIVISHYTEM T Z4 ZX  ASTAR S
1DEV ALPHA «GAMMA«TLCORCONL IM s UL C . . ‘

READ (54+3601) ASSCONs AA~ ) ~
FORMAT (10X«F10:5,10XsFboa)

My = M-}

DO 40 1 = 1 eMN

DENOM = (S50429i#(CLI)%#%0:5)/((DCKTEMIR%¥0.5)} '+ 140
DHF = —(1824600,0%(C(11%%¥0:5))/( ((DCXTEM)¥#] 5} #DENOM)
GAMMA(L) = 10%¥DHF

TALPHA(LY = 1.0

N = 1

DO 42 NK = 146

ALPHALTY = 140 = ((ALPHACI)¥%2) ¥CU 11 ¥ASSCONX {GAMMA(T)%%2))
CONT INUE S

Ctl) = ALPHA(1I%C(])

CONT INUE -

WRITE (6+3602)

FORMAT( 10X+ s GAMMA 19 10X s " ALPHATY

WRITE (6¢3603) (GAMMA(IYs ALPHA(I)e I = 1¢MN} |

FORMAT (10Xs FSe&y10XeF5e4) :

NR = "1 -

RETURN

END :
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SUBROUTINE RITYS

T ¢ INTERPOLATION FUNCTIONS FOR St AND TU FROM Y

DIMENSION T(20):2(20)+1COND{20)eY(20)¢51(2033T1(20)¢Z(5¢20) ¢
1ZX(20)4DEV(20) « TCALC(20) «ALPHA(20) + GAMMA({ 20)
COMMON YsS1aTHeR«QYI L sAL qu‘TL_“v',.Ng.‘“JnDCvVXS.TE.JI’T'Z!ZXQASTARO

" IDEVALPHA + GAMMA « TLCOR ¢ CONL I M4 JL

333
334

©. 335
336

IF (Y(1)alLTe0.0) Y(13=040
IF (Y(1)aL.TeO412) GO TO 323

S2=226035% (Y1) #%#3) ~ A4Be654X(Y(1)%%2) + (49.229%Y(1)) + 025
GO TO 334

Sp = 37+64%¥Y(1) 4+ 140

S1(1) = 1.0/52

IF (Y(1)el.TeOs14) GO TO 335 .

T2 = 7e324%(Y(1)1#22) + (6e359%Y(1}) + 0.974

GO TO 336 .

T2 = Se741B%Y(1) 4 2.0455%{Y(1)%%0e5) + 0s4311

TI(1)Y = R/T2 . . .

RETURN

END

nts e ——tt ¢ a

N e varvass sohts me e e
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APPENDIX IV

- This is the computer programme which calculates the electrophoretic terms
by methods (F-O)1 and (F-O)2 and their difference. I am grateful to Professor
R.M. Fuoss for supplying subroutines SUBEN(X,EN) and SUBEP(BX,EP) from which the
positive and negative exponential integrals are computed. Only the first data

card, containing dielectric constant, viscosity and temperature from the previous

set is required,



C COMPARISON OF OLD AND NEW ELECTROPHORETIC TERMS

1000

86

PROGRAM FROG (INPUT'OUTPUT-TAPE5=INPU?-TAPEé=OUTPUT)
DIMENSION C(5) .
READ (5+1000) DC+VISITEM

FORMAT (10XsF106asF10+47+F1044)
Ctl) = 0.00%

Ct2) = 0.01

C(3) = 04,10

A=0.+0

B2z = B2«S5/{VIS*((DC XTEM)%%0.5}))
A.= A 4+ 005
BE = 167008.5/(A%pC¥TEM)

C THIS PROGRAMME CALCULATES F(B) — ELECTROPHORETIC CORRECTION TERM

5550

5551
1<12)

EMN=0,0

EPP =00

Call. SUBEN (BE+ENN)

CALL SUBEP (BEJEPP)

EUulL. = 0577216

AJNS = ENN4EUL + ALOGI(BE)
AJUPB = EPP -~ EUL -ALOG(BE)
£ =-BE .
FNB ((1+0-EXP(ER)I/BE) + (0.S¥%AINB) —1.0

FpB (OoS*AIPB) ~ ((EXP(BE)—1+0)/8E) 41,0
TIB = (1.04BE+((BE*¥2)%045) ) *EXP(EB)
T2B = (1.0-BE +{{BEX%2)%0.5) }*+EXP(BE)

EM=T2B8,/(T28~1.0)
EMA = =TIB/(1.0=T1B}
FIB = (EM¥FNB) 4+ (EMAXFPB)

FB (20/BE) 4+ ((BE¥FX)/4.0) ~ FIB
WRITE (6+45550) ABE+FB

FORMAT (8XsF 7431 7X3F9a2+¢7X%sF 1165}
DO 88 1=143

BoRC = B2#(CLI)AX05)

CAPA 504201 % ({CUT1 )}/ (DCHTEM) 1 %%05)

Y7 = (CAPA%¥A) + 1,0 .
BS = B2RC/YZ - :
B3l = (173298,05C(1))/{VIS*{(DCH¥TEMY#¥%2))

B3 = 10000.0%¥B31%FB

Ba=(B82RC ~ B83)

B6 = B4 —~ BS

WRITE (£+5551) C(1)+R2RCB3+84:B5¢86

FORMAT (S8XeF7¢4:¢2X¢F10,51a4XeF0¢513X1F9:B51 1 X1FQ9:.522XF9,.5)
CONT INUE

IF (AsNZL10.0) GO TO 86

sSTOP

END

FX = (1e0/010=TIB)) = (1¢0/{T2B~140})) o =

o e et e



30
31
32
33

41

30
31
‘32
33

41

SUBROUTINE SUBEN (X+«EN)

CON = =ALOG(X) =~ 0577216
FN = 0.0
TOT = O-O

FN = FN 4140 .

IF {(FN=1.0)=-041) 31431432
FNTH = X

GO TO 33

FNTH = ~(FNTH¥X%#{FN=1,0))/(FN%FN)
TOT = TOT + FNTH

TEST = ABS(0,0001%TOT)

IF (TEST-ABS(FNTH)} 3030441
EN = CON+TOT '
RETURN

END’

SUBROUTINE SUBEP (BX =P
CoN = ALOG(BX) + 0577216
FN = 0«0

TOT = 060

FN = FN+1.0

1F ((FN-1+01=0s1) 31431432

FNTH = BX

GO TO 33

EFNTH= (FNTH*BX¥ (FN=1+0)) /(FN*FN)
TOT = TOT 4+ FNTH

TEST = 0.00001%TOT

IF (TEST - FNTH) 30.:30441
EP = CON + TOT ’
RETURN

_END
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APPENDIX V
This is the programme appropriate to the application of Method A to the

Fuoss-Onsager equation with the original elecirophoretic term,(F-O)1. In addition

to the main programme SUBROUTINE CYRIL computes the average limiting transference
number, SUBROUTINE HORACE computes the standard deviation of the calculated
limiting transference numbers from their average value and SUBROUTINE FRED
calculates o¢c from the association constant. If association data is included

a CALL FRED card is required between the cards 102L=M and 100L=L-1 . The data
lay-out is exactly as for PA( Appendix II).
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PROGRAM FUOSS (INPUT,OUTPUT, TAPES = INPUT, TAPEG= OUTPUT)
¢ THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS
C APPLICATION OF THE FUOSS-DNSAGER CONDUCTANCE EQUATION
¢ OLD ELECTRCPHORETIC TERM
DIMENSION T(20),c(20),2LIM(20),Y(20),ALPHA(20) ,GAMMA (20)
COMMON Y,R,I,L,TLIM,TAVG,SIGMA,NC,SIGMN,B,4A,J,C,U,W,CONLIN,DC,VIS,
1TEM,T,ALPHA,NB,M,GAMMA
706 I =0
READ (5,1000) DC,VIS,TEM
1000 FORMAT (10X,F10.4,F10.7,F10.4)
READ (5,1001) CONLIM
1001 FORMAT (10X,F10.4)
0I=1I4+1
READ (5,1002) 7(1),c(I)
1002 FOKIAT (10X,F10.5,F10.7)
IF (7(I).NE.1.0) GO TO 10
M=1I

102 L = i

1l

W00 L =1L -1

A = 0.0

]

U= 1.0
SIGMN = 1.0
WRITE (6,3000)
3000 FORMAT (8X,'J',8X,'A',10X,'SIGMA',9X, TLDN', 11X, 'C",10X,'Y")
CALL CYRIL

IF (B.GT.3.0) GO TO 104

A=0.0
U=-1,0
CALL CYRIL
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U=0.1

CALL CYRIL

IF (L.GT.3) GO TO 100

STOP

END

SUBROUTINE CYRIL

DIMENSION T(20),C(20),TLIN(20),Y(20),ALPHA(20),GANA(20)

COMMON Y,R,I,L,TLIM,TAVG,SIGMA,NC,SIGMN,B,A,J,C,U,W,CORLIM,DC

IF (J.GT.20 .AND, U.EQ{1.0) RETUKN
IF (J.GP.20 .AND, U.EQ.0.1) A = B
IF (J.GT.21) RETURN

D0 13 I=1,L

CAPA

L}

50.291#((C(I)/(DC*TEL) )**0,5)

CAPA*A

L]

¥(1)

-

RC = NC + 1

- B2 = 82,5/(VIS*((DC*TEM) %*0.5))
R = 1.0 + Y(I)

B2RC = B2*(C(I1)**0.5)

zh = (T(1)-0.5)¥B2RC

ZB = CONLIM*R

TLIM(I) = T(I) - 24/2B

TSUM = T5UM + TLIM(I)
TAVG = TSUM/NC
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13 CONTINUE
CALL HORACE
GO TO 12 -
RETURN
END
SUBROUTINE HORACE
DIMENSION T(20),0(20),TL1(20),Y(20),ALPHA(20),CAMMA (20)
coMoN Y,R,I,L,TLIM,TAVG,SIGHA,NC,SIGMY,B,A,J,C,U,W,CONLIM,DC,VIS,
1TEM, T, ALPHA , NB, M, GANMA
D2 = 0.0
03B I=1,L
D2 = D2 + ((TAVG - TLIM(I))**2) -
35 CONTINUE
SIGHA = (D2/NC)*%0.5
IF (SIGHA.GT.SIGHN) GO TO 36
SIGMN = SIGMA
B=A

36 WRITE (6,1005) J,A,SIGHA,TAVG

RETURN
WRITE (6,1006) (rL1M(1),c(1),¥(1), I=1,L)
1006 FORMAT (40X,F8.5,6X,FS.6,0X,F6.4)
RETURN
END

SUBROUTINE FRED
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APPENDIX VI

This is the computervprogramme appropriate to the application of method A

to the Puoss-Onsager transference equation with the fuller electrophoretic term
(¥-0),
the extended electrophoretic term requires additional subroutines, FUNCB(EPS,ETA,
THETA,DIS,FB), SUBEN(X,EN) and SUBEP(BX,EP). The last two are given in Appendix
T¥ . SUBROUTINE FUNCB(EPS,ETA,THETA,DIS,FB) comprises all the cards in PROGRAM
FROG between and including BE = 167098.5/(DIS¥EPS*THETA) and FB = (2.0/BE) + ((BE*
FX)/4.0) - FIB followed by appropriate BETURN and END cards. The data lay-outs are

o The subroutines required are those in Appendix V but the calculation of

identical with those in Appendices I and ¥



PROGRAM FMOD (INPUT,OUTPUT, TA§E5=1NPUT, TAPEG=0UTPUT)
C THE CONCENTRATION DEPENDENCE OF TRANSFERENCE NUMBERS
C APPLICATION OF THE FUOSS-ONSAGER CONDUCTANCE EQUATION
C NEW ELECTROPHORETIC TERM |
DIMENSION T(20),C(20),TLI(20),Y(20),ALPHA(20),GANIMA (20)
comMox Y,R,I,L,TLIN,TAVG,SIGHA,NC,SIGMN,B,A,J,C,U,W,CONLIM,DC, VIS,
1TEM, T, ALPHA, KB, N, CAMMA
706 1 =0
READ (5,1000) DC,VIS,TZM
1000 FORMAT (10X,710.4,F10.7,F10.4)
READ (5,1001) CONLIM
1001 FORMAT (10X,F10.4)
0L =1+1 ,
READ (5,1002) T(I),¢(I)
_ 1002 FORMAT (10X,F10.5,F10.7)

IF (T(1).NE.1.0) GO TO 10

Mo=1I
102 L =M
100 L = L - 1

A= 0.0

U= 1.0

SIGMN = 1,0
WRITE (6,3000)

3000 FORMAT (BX,'J',8X,'A',10X,'SIGMA',9X, 'TLIN',11X,'C',10X,'Y")

CALL CYRIL
104 A =B - 1.0
U=001

CALL CYRIL

21

>
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IF (L.GT.3) GO TO 100
STOP
END
SUBROUTINE CYRIL
DIMENSION T(20),C(20),TLIM(20),Y(20),ALPHA(20),CANMMA(20)
COMMON Y,R,I,L,TLIM,TAVG,SIGKA,NC,SIGEKN,B,A,J,C,U,W,CONLIM,DC
J=0
12 ¥C = 0
TSUM = 0.0

A=A+T

J=J+1
IF (J.GT.20 .AND, U.EQ.1.0) RETURMN
IF (J.GT.20 .AND. U.EQ.0.1) A=B
IF (J.6T.21) RETURN
CALL FUNCB(DC,VI3,TEM,A,FBB)

0 13 I=1,L

"CAPA - 50.291%((C(I)/(DC*TER))**¥0.5)
Y(I) = CaPA*4 -

NC = EC + 1

B2

L}

82,5/ (VIS* ((DCXTEM)*#0,5))

B31 = (17329.0+C(I))/(vVIs*((DCxTEI)**2))
B2RC = B2#(C(I)**0.5)

B4 = (B2RC - B3)

z4 = (7(I)-0.5)*B4
CCNLIM

n

ZB

]

TLIN(I) = T(I) - 24/ZB
TSUM = T3UM + TLIM(I)

TAVG = TSUsi/NC

i}

13 CONTINUE
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CALL HORACE
GO TO 12
RETURN
END
SUBROUTINE HORACE
DIMENSION 7(20),C(20),TLI:(20),Y(20),ALPHA(20) ,CAMNA(20)
COMMON Y,R,I,L,TLIM,TAVG,SIGMA,NC,SIGMN,B,A,J,C,U,W,CONLIM,DC,VIS,
1TEM, T, ALPHA , VB, 1, GAMRA
D2 = 0.0
DO 35 I=1,L
D2 = D2 + ((TAVG-TLIM(I))**2)
35 CONTINU=
SIGHA = (D2/NC)*%0.5
IF (SIGMA.GT.SIGMN) GO TO 36
SIGHN = SIGHA
B=A
'36 WRITE (6,1005) J,A,SIGMA,TAVG

1005 FORMAT (6X,13,6X,F6.3,6X,F10.8,42X,F8.5)
IF (J.EQ.21) G0 TO 141
KETURN

141 WRITE (6,1006) (TLmM(I),C(I),¥(I), I=1,L)

1006 FORMAT (40X,F8.5,6X,F8.6,6X,F6.4)
RETURN
END
SUBROUTINE FRKD
SUBROUTINE FUNCB(EPS,ETA,THETA,DIS,FB)
SUBROUTINE SUBEN(X,EN)

SUBROUTINE SUREP(BX,EP)
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