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(1)

The transference number of an ion is defined
as the ratio of the electric current carried by the
ion to the current carried by all of the ions of the
particular salt. It has been used fér several
purposes. Probably its most importént use has been
in the interpretation of conductance data. Thus
Arrhenius! theory, which assumed that ionic mobilities
were independent of concentration, was proved untenable
when accurate -transference number determinations showed
a change in the transference numbers with concentration.
It follows that the ionic mobilities are not independent
of the qoncentration. The Debye-Hgdkel-onsager theory
which predicté achange in the ionic mobilities wilth
concentration has been quantitatively checked in the low
concentration range by transference numbers. ‘
Transference numbers are also useful in determining
thermodynamic properties of solutions(l3). "Using concentra-
tion cells with transference the activity of the ions may
be calculated by the use of the followlng equation:

dE &£ 2Ty dln a4

RT
| ¥
where a4 is the mean ionic activity of the solution and
Ti the transference number of the ion with respect to

which the electrodes are not reversible. Besldes activities,




(2)

liquid junction potentials, electrode polarizations,
e.m.f.'s due to gravity and centrifugal foféeland
diffusion coefficients of salts may be caleculated once
the appropriate transference numbers are known.

There are four metﬁods for determining trans-
ference numbers: Hittorf, concentration cell with trans-
ference, e.m.f« of a cell in a high centrifugal
field (6l4, 5k, 47) and moving boundary. The first of
these requires great experimental skill and mmeh time,
and does not give results of the highest accuracy. The
interpretation of data from concentration cells is open
to question. Great experimental difficulties are involved
in the third method, although it is being used to some
‘extent now in non-aqueous solutions where the other methods
are nbt applicable. The moving boundary method gives
the most accurate transference numbers and is the least
time consuming. A study of this method and the possibility
.of its application to fairly concentrated solutions of
AgNO3 and NHuNO3 is the subject of this thesls.

The early work is of historical interest only
and will be treated briefly. ILodge (30) was the first to
observe the motion of a boundary formed between two
solutions, one of which was colored. Whetham (66, 67, 68)
end Nernst (52) extended the measurements. Masson(hg) gave

the first critical analysis of the phenomena involved.




(3)

(63)

Steele originated the use of boundaries formbd between

solutions, both of which were colorless but had different
refractive indices. Denison and Steele (62:63,7,9,8)
obtained transference numbers of the more common electro-
lytes. Franklin and Gady(lg) used this method in & non-
aqueous solvent, viz, liquid ammonia. |

In the present work only two-salt Boundaries were
considered. Thus boundaries formed between an indicator
and a solution of two or more salts and between solutions
of a salt at different concentrations are not eonsidered.
In the latter class is included the use of Schlieren
me thods fo determine the concentration distribution in the

boundary region.




ELEMENTARY THEORY

(46)




(4)

The'phenomenon on which the determination of

transference numbers by the moving boundary method

depends may be described as follows., Let figure 1
represent a section of a tube containing solutions of
two electrolytes, AR and BR, R beiné a common ion
constituent'(either anion or cation).

At an initial time the solutions form a boundary

a-b. Let an electric potential be applied so that the

A and B ions migrate upwards, the common R 1lons
downwards. After the passage of one faraday of electricity
the boundary has the positien"c-d. The effect of this
current passage is to move all of the A ions from the
volume between a~b and c¢-d and to replace them with

B lons. If the effect were that only those A ions
whieh are dissociated moved upwards, then the motion of

the boundary would give the actual velocity éf the A ions
under the épplied potential gradient, but such is not the

case, for as soon as the A ions migrate out of the

. boundary region, any AR molecules present dissociate
forming A ions which migrate upwards, Hence the motion
of the boundary is not influenced by the degree of

dissociation of the electrolytes This motion, however, is
meaningless unless referred to a specific potential
gradient., This gradient is that in the leading solution
énd is a function of the degree of dissociation., It is
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(5)

easily seen that the motion of the boundary gives the

same Information as regards the velocities of the ions

as the comblined use of transference numbers and
equivalent conductivities.
Let the volume swept out by the boundary in the

passage of one faraday be V and the concentration of

AR be Cg. Then the transference number of the A ion

is:

Experimentally the volume is defined by marks on the fube.
Since the volume is taken with respect to the tube rather
then with respect to an average solvent molecule as in

the Hittorf measurements, the observed moving boundary
transference number is not the same as the Hittorf onme.
The former can be compéred to the latter after applying

a correction to the moving boundary determination. This

correction, discussed in Section V (1) is appreciable

only in relatively concentrated solutions (Cg) 0.1 N).
| If the quantity of electricity passed is not a

faraday but rather f coulombs, then:

v = volume swept out on the

- | Lo

(2)

<<

passage of f coulombs

F = faraday




(6)

and since f = it

= it (3) = current in ampreres

F

<ii<

i
"¢ =  time in seconds

on eliminating V from (1) and (3)

Tg = ¥ Co F
it
or in general:

In this derivatién certain assumptions have been
mede, viz,
a) there are no disturbing effects due te interdiffusion
or mixing of the two solutlions,
b) the motion of the boundary is uninfluenced by the nature
or concentration of the following or indiecator ion

constituent (B in Figure 1),

e¢) there are no volume changes in the apparatus that
affect the motion of the boundary.

It will be shown that in a properly conducted

determination these assumptions are Justified or the

necessary corrections can be made,




THE PRACTICAL DETERMINATION OF THE TRANSFERENCE

NUMBER OF AN ION CONSTITUENT
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l. The Indicator Solution

In determining the transference number of an ion
constituent, the first consideration is the.choice of a jﬁ;
suitable electrolyte to act as a following or indicator
lon constituents The possibility of meking a determination

and the accuracy of the determination depend on the

indicator chosen.

Measurements are made with boundaries that fall
and also with boundaries that rise during a determination.
In the former case the density of the indiecator solution
must be less, and in the second case greater, than that
of the leading solution., Otherwise mixing results at the
junetion of the solutions and no boundary is formed,
Another necessary condition is that the mobility of the
indicator ion constituent must be lower than that of the
leading ion. The boundary 1téelf must be visible; hence

the indicator solution must have a different color, or

in general, a different refractive index, from that of the
leading solution. Of course there must be no chemical
interaction between the two solutions. Although most

indicators used have had an ion in common with the leading

electrolyte,this is not necessary., This point is clearly

diseussed by Hartley and Donaldson(ls). They point out
that the ion immediately behind the boundary is supplied

by the leading solution. Thus any electrolyte which




(8)

satisfies the preceding criteria for indicators and which,
during the electrolysis, doeé not form unstable density
differences may be used. Thus LiCl may be used above
Kgsoh. After a short period of electrolysis, the
graduated tube will contain LiCl above Lizsoh above
K280}, the LiCl being less dense than the LiZSOh'soluticn.

IiCl could not be used above Potassium Acetate with

positive current flowing downwards since on electrolysis,’
a rising boundary ls formed between LiCl and Lithium
Acetate, this boundary being unstable due to the greater
density of the LiCl solution. The resulting conventibn
would probably disturb the lower boundary.

There ére other requirements for the indicator
solution for specisal caées, and these are discussed in

other sectlons.

2, Method of Observing the Boundary

The method of observing the boundary makes use

of the difference in refractive indices of the leading and
indicator solutions. The optical system used in all of
the work done since 1927 is that of MacInnes, Cowperthwaite,

and Huang (h5). It is sketched in figure 2. The light
source, S , is a cylinder containing a light bulb and with
a slit cut in one end. The light is made diffuse by means

of a ground glass screen or a piece of 'Kleenex! tissue.
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(9)

When the source and the telescope, T s 8re properly
aligned with the boundary, B , some of the light is
totally reflected at the boundary due to the refractive
index variation, If the source and the telescope are

in the same plane as the boundary, the latter appears

&8s a dark line on a bright background., If the relative
positions are as shown in the figure the boundary appears
as a bright line on a dark background. Whatever alignment
is preferred, it should be the same for all readings of
the boundary positions. In the figure, M sand N are
--the glass walls of the thermostat; the E's are the etch

marks on the capillary tube.

3. Various Moving Boundary Cells

The earliest moving boundary determinations were
made using a cell which employed gelatine to separate
the solutions initially and to form the boundary. This
was unsatisfactory since the gelatine introduced impurities
into the solutions. The cells which were subsequently
. used can be classified inte cells which form the boundary
by mechanical means and cells which form the boundary by
chemical means, The boundary formed by the first method
is called a sheared boundary and by the second method, an
autogenic boundary.

The original sheared boundary was formed by Denison

and Steele(lo). They used a parchment membrane to
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separate the selutions and to form the boundary. The

method was refined by MacImnes and Smith€48) who

- substituted rubber for the parchment. The technique

 was rather crude and formed poor boundaries. G
The first apparatus which allowed for a complete

initial seﬁaration of the solutions and which formed a

sharp boundary was that of MacInnes and Brighton(4l).

The apparatus has been refined By MacInnes and his school,

the latest form of it being described by MacInnes and
‘Longswortn(46), It 1s 1llustrated in figures 3 end 4,
the latter”figure éhowing the construction of the plate
glass dises, C1, Cz, C3, Cqe Dises 1 and 2 bear the same
relatlon to one another as diécsra and 4, The members
of each palr are ldentical except that at P‘bna has a
brass projeetion and the other a hole into which the
projection fits. A channel, J, forms an air insulation
from the ligquid of the thermostat when the two lubrilcated

discs are 1n contaect, In opération the vessels are filled

as in figure 4a, leading solution being placed in the
electrode chamber, E, snd graduated tube, A, and
indicator solution in the electrede chamber, E!', if the

boundary observed falls; leading solution is piaeed in E?

and A, and indicator solution in E if the boundary rises,
For rising boundaries discs 1 and 2, and for falling
Boundaries discs 3 and 4, ere clamped together. The unclamped
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(11)

discs, adequately lubricated, are then placed at an angle

- to each other so that the drops on the ends of the tubes
preject into the appropriate depressions, K, K', of the
dises. The dlses are then pressed tegethér as in

'figure 4a>and the whole apparatus placed in the thermestat,
When temperature equilibrium is reached a spring with a
cable release turns disc 1 (if discs 3 and 4 are clamped

together) or disc 4 (if 1 and 2 are clamped together) over

2 or 3 réspectively to the posltion shown in figure 4b.

The motion is gentle due to the viscosity of the lubricant.
The resulting boundery is very sharp.

A Gordon and co—workars(g? have developed a ecell
which is simpler in operation than that described above

~but whieh 1s restricted to rising boundaries. The cell is
sketched in figure 5, With the stopcock, S, turned through an
angle of 90° from the positien showngthe'éolutions are foreed
by alr pressure through the fillingiiubes C and D into the

electrode vessels A and B and the measuring tube T, indi-

cator solution being plaéed in A, and leading solution
in B and 7T, To prevent the formation of air bubbles

in the apbaratﬁs when placed in the thermostat the solutions

are degassed by bubbling purified, water-saturated air
through them at 200 mm. pressure. When the coll is filled,
it is placed in the thermostat, The stopcock is then
turned through 90° in a elockwlse éireetien to form the
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boundary. The authors state that although the method of
forming the boundary is rough, the latter, when it

reaches the graduated tube, is sharp,
A type of cell which, when applicable, is much

simpler in operation than a sheared cell is the autogeniec

cell introduced by Franklin and Gady(lg) in 1904, No

indicator solution as such is used, the indicator iom

being formed by solution of the anode. The anodes used
have been silver and cadmium. On electrolysis the reaction

at a cadmium anode isg
cd -» catt + '2 electrons.

.It is, of course, essential that the ions so produced do
not form an inéoluble salt with the anlions of the
electrolyte in the cell. If the cation in the cell has a
greater mobility_than the cadmium ion then a boundary is

formeds The net result is the same as the formation of

& sheared boundary using the cadmium salt formed as the
indicator. The great advantage of the autogenic cell is
its simplicity, but it can be used only for the determination

of catlon transference numbers, The choice of anodes is

also severely limited due to interaction with the solvent
(as in the case of the alkali metals) and to the fact that
the solution produced must possess the properties necessary

for an indicator (Section III (1)). All of the autogeniec
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boundaries produced so far have been rising boundaries.

de autogenie cells have been extensively used.
One is the same as that used by Maclnnes and co-workers
for sheared boundarlies and illustrated in figure 3.

To form autogenic boundaries in thls apparatus a small
cylinder of the metal used is set into a recess in disc 4
direetly under tube B, By means of a spring and a soft
rubber washer & watef-tiéht conneetion is made with the
bottem of the graduated tube. The tube and an electrode
vessel {not in position in the figure) are filled with the
observed solution., Contact with the metal cylinder 1s
made by a wire passing through the glass tube D.

The second autogenle cell, drawn in figuré 6,
is that of LeRoy and Gordon(28), The anode, of chemically
pure ea@miuﬁ,vis eérefully ﬁagﬁined to flt the lower end
of the graduated Pyrex tube, and before each expefiment
13 sealed into the tube with De Khotinsky cement, To do
this the lower end of the tube 1s heated by a small wire
resistance bound around it and the anode whose slides have
been covered with melted cement is pressed into place.
The lowest graduation of the tube is far enough from the
heater so that there is no apprecieble rlse in the
temperature of the graduated part of the tube during the
brief heating. The tube B is of sufficient length to

ensure that none of the products of electrolysis at
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the cathode can reach the graduated tube during a run.

In filling the cell, solution 1s added at C , any air
that might be trapped in the graduated tube belng allowed
to escape through a narrow capillary inserted at A ,

the capillary being removed after filling.

4, Electrodes and Electrode Vessels

During a measurement the electrodes must carry
currents as high as 20 milliamperes for periods of
approximateiy 2% hours. The electrodes and eleetrode
vessels must be so designed that the products of
electrolysis do not enter the graduated tube. Since one
electrode must be closed to facilitate the calculation
of the volume correction (Section V (1)) this electrode
mist be non-gassing during a run.

The commonest electrodes used have been silver
and cadmium anodes and silver-silver chloride cathodes.
These anodes produce the slow moving silver, cadmium
and chloride ions on electrolysis thus helping to fulfill
the condition that the electrolysis products should not
enter the graduated tube. Cadmium anodes have generally
| been in rod ferm(z). Figure 7 shows the silver electrode
used by Smith and MaeInnes(SI) and by virtually all
investigators since. It is formed by electroplating
silver on platinum gauze, The wire connecting the gauze

to the external power source 1s placed so as to be in the
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part of the solution having the lowest current density,
Thus the electrode of Figure 7 1s used 1n electrode
vessels of the type of Figure 5 and not of the type

shown in Figure 3. Otherwise gassing occurs at this wire,
Most of the silver-silver chloride electrodes used have
been formed from the preceding silver electrode by making

' (28)

1t the anode in a chloride solution. Gordon and co-workers

have used & platinum wire covered with fused silver
chloride, The silver and silver-silver chloride electrodes
of the greatest capacity are those of Longsworth(ss);

his electrodes are slightly smaller than those of

(40). One of these electrodes

Longsworth and MacInnes
is sketched in Figure 8, It is made by winding a flat
and a corrugated strip of sheet silver together into a
tight spiral. The ends of the spiral ere anchored to a
hollow silver core with silver screws., The silver tube

is also threaded into this core. This type of construction

exposes a large electrode surface to the electrolyte,
The eleetrodes of this type used by Longsworth had a
capaclity of 0.2 ampere-hours, To utilize this capsacity

he immersed the electrode in a 1 normal chloride

solution, lntroduced through the tube t which projected
above the apparatus.
A group of English workers under G.S., Hartley

have used rather distinctive electrodes. As cathode
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they have used platinum gauze immersed in a ferric chloride

solution(ll)._ Hartley(ls) polnts out that it is not

necessary to have a non-gassing electrode on the open
side of the apparatus providing that the hydrogen or
hydroxyl ions produced are neutralized, In their-work
employing lithium chloride as indicator they used the
cathode illustrated in Figure 9 in which the shaded part

represents solid lithium carbonate. The hydrogen ions
produced at the platium wire on passing through the
lithium carbonate region combine with the carbonate ions
" to form bicarbonate ions which move towards the anode,
Lithium ions replace the hydrogen ions to carry the
current away from the anode. When working with acetate
or permangasnate ions as indicator ions, these authors
used as cathode a platinum wire surrounded by the
corresponding acid., A system of guard tubes forced

the hydroxyl ions formed by the anode reaction to pass
through the acid regién.

As mentioned previously, the design of the
electrode vessel must be such as to have the electrode

as far removed from the graduated tube as feasible,

This has been accomplished in two ways. Gordon and

co-workers(gs)

separated the cathode of their autogeniec
cell from the graduated tube by a tube whose length was

twice that of the apparatus (ef. Figure 6). Other
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workers have used a system of guard tubes. A typical
example is that of Hartley and Donaldson(15); the
apparatus 1ls sketched in Figure 10. "

5. The Measured Quantities ?Xﬂf? éﬁﬁg - {jiL}‘*

a) The conecentration.

Since moving boundary measurements have been

made accurate to 0,02% the concentration must be known

at least this well. Much work with hygroscopic salts

has been done using the Richards bottling apparatus(ss)

by which such salts can be dried and weighed out of contact
with air., In this manner the weight per cent of the
solution ecan be accurately determined. Then using density
deta from the International Critieal Tables or other
sources the concentration may be caleulated. In some

cases analyses are sufficiently accurate, This is
especially true of acid solutions, the differential

43)

electrometriec method‘ having been used. However. the

concentration is determined, it must be expressed in
equivalents per unit volume,

b) The volumes.

The actual transference number determinstions
are made by determining the time in seconds for the
boundary to pass between two etch marks on the measuring

tube. The volume between these etch marks mast be
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known accurately (to ¥0.02%). The method used by all
workers to achleve this accuracy is that of Longsworth(sz).
‘He made the etch marks by means of hydrofluorie acid,
the marks being from six to ten in number and fairly
evenly distributed along the tube's length, By choosing
‘appropriate pairs of etch marks it is possible to

obtain several transference number determinations during
a single run. Thus, if there are six etch marks, three
near the bottom and three near the top of the tube, nine
'.values of the transference number can be obtainsd from a
single run using the nine volumes obtained by the
combination of th? three lower with the three upper
marks, each volume having the required accuracy.

The volumes were determined by Longsworth by
weighing the amount of mercury contained by the tube
between the etch marks concerned, Lack of coincidence
of the mercury meniscus with the graduations was allowed
for by meens of a travelling mieroscope.

¢) The current.

In the equation for the transference number of an
ion the product 1t where i 1is the current in amperes
and t the time in seeonds, occurs, If the current |
remained constant throughout a determination all that would
be necessary would be to take one reading of the current

and to record the time at which the boundary passed the
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graduations, but in a run the cell resistance increases

as the leading solution is replaced by a solution of lower
conductivity. The simplest way of measuring the

product it appears at first sight to be to use a
coulometer. This method has been used by Reevely and.

(15)

Gordon who used silver microcoulometers, the silver

plated out being weighed on a mierobalance, since the

| weight of silver is very small (approximately 0,015 grams

for a 0.1 normal solution in the cell)., Hence it is

obvious that this method is restricted to relatively

concentrated solutions. This method has now been

completely discarded in favour of that outlined below.
-Instead of determining the product it directly,

it is possible to take simultaneous readings of the current

and time during the course of a run, This is the

technique used in all of the recent work. <To inerease

the accuracy, devices have been developed to keep the

current variation as small as possible. MacInnes and
co-workers built a device to keep the current constant

to 20.01% quring a run. The latest form of this apparatus
is given by MaecInnes and Longsworth(ss). They placed

a large resistance in series with the cell., As the cell
resistanee increased during a run the decrease in current
activated (by means of a potentiometer, galvanometer and

photocell) a motor which decreased a series resistance,
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.The\apparatus}is quite complicated and has not found
favour with other investligators.

An electronic device, much simpler than the one
just discussed, was brought out by Hartley and Donaldson(15),
It is illustrated in Pigure 1l. The apparatus is placed
in the plate circuit of a pentode, the one used being a
Marconi PT2. For such a tube the plate current is almost
independent of the plate voltage when the screen bias is
50 volts or more. The applied voltage V is made up of
a 220 volt D.C. line asugmented with batteries. The
fllament heatef Vg 1s a 2 volt high capaclty battery.

The biases Vg and Vg are made up of dry cells. The

grid receives an automatic bias by Ry which is largely
cancelled by dry cells Vg. If the current decreases

in a run the grid bias becomes more positive thus tending
to inecrease the current. Thus two properties of the circuilt
~help to stabilize the éurrent. The authors found that
currents of from 0.5 to li milliamps. were maintaned
constant to 1 part in 500, the variation being atitributed
mainly to a drift in the cathode emission. The current
1s determined at intervals by a potentiometer. No
mention is made of thelr time measurements.

LeRoy and Gcrdon(zs) brought forth a current

stabilizer essentially the seme as that of Hartley and
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Donaldson. They substiuted a 1B4 pentode for the
Marconi PTZ2 used by the English authors, The screen bias
was kept at +62,5 volts, the grid bias in the range

-2:5 to =4,0 volts. The current was read every 5 or 10
minutes, graphical integration being employed to determine
the mean currents.

d) The timse.

The measurement of the time at which the boundary
passes the graduations and at which the current readings
are made must also be extremely accurate. Longsworth

and MaeInnes(46)

employed a magnetic counter operated
from the pendulum of an aceurate clocke The pendulum
periodically introduced a screen between a light source
and a slit behind which was a photoelectric cell. With
amplification, the resulting change in resistance operated

the counter which was started when the boundary passed

the first graduation.

Another type of time measuring device, an electrical
chronograph, was used by LeRoy and Gordon(zs). No details

are given 1In the paper.




DISTURBING AND RESTORING EFFECTS AT THE BOUNDARY
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There are certain effects acting at the boundary,
some of which tend to destroy it and some to sharpen it.
These are discussed in what follows, taken mainly'from

reference 46.

l, Conveetion

During a run, heat is developed in the tube due

to the passage of the electric current. This heat

Introduces two effects which tend to cause mixing at
the boundary. Since the indicator solution must have

a lower conductlvity than the leading solution, more
heat is generated in the former than in the latter., As
a consequence, at the boundary there is a temperature
gradient between the solutions., In certain conditions
the flow of heat from the hot solution to the cold one
may be accompanied by a tendency of the solutions to
mix, this tendency being greater if the hot solution is

the lower of the two.

For a discussion of the second heating effect,
consider & cross section of one of the solutions which

is not near the boundary. There is a temperature gradient

set up along the radius of the cross section, the
maximum temperature being at the centre (1.6, along the
axls of the tube). As a result there is a tendency for

the solution in the centre to stream upwards. Such

streamers or funnels have been observed using potassium
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permanganate as indicator. An analysis of this
phenomenon has been accomplished by Mooney(46). His
conclusions are:

"(i) In the usual moving boundary experiment the temperae
ture difference between the solution at the axis of the
tube and the thermostat does not amount to more than

a few tenths of a degree. Since transference numbers
vary but slightly with the temperature this difference is
negligible,

"(i1) The temperatﬁre of the solution at all points

along a radius decreases as the square of the distance
from the axis of the tube. Since the flow of solution
due to convection deecreases with a decrease in the
difference in temperature between the solution at the

‘eentre and along the inside walls of the tube, this

disturbing faector may be decreased by using tubes of small

bore,

"(iii) The temperature différence between the axis and
inside wall of the tube is independent of the thickness
of the glass wall., Of course the mean temperature of
the solution is increased by inereasing the thickness
of the glass wall, but other conditions being the same,
the amount of convection which oceurs in the solution
in the tube is dependent on the bore of the tube\and ‘
independent of the thickness of the glass wallf"
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One other point should be noticed about the
heating effects. The rate at which heat is produced is
El watts where E is the voltage drop and 1 the current.
Hence, if for any reason the current is incrsased without
& corresponding decrease in E the heat generated rises.
Experiméntally the current increases with an increase in
the concentrations of the solutions. In none of the 1li-
terature has a cpse been mentioned in which it was possible
to decrease the applied potential corresponding to thg
increasé in the current. One factor contribuﬁing to this
effect is the increase in the diffusive forces at the boun-
‘dary with an increase in concentration. As a result the
restoring force must be increased. Thus the heating effect
has always increased with incfeasing concentration. This
is prdbably the reason why no measurements have been made

for solutions more concentrated than 2 nonmal_(9’ 63).

2. Diffusion

Another factor tending to destroy the boundary
is diffusion caused by the concentration gradients at
the boundary. This effect increases with the concentration
gradients. Hence this also tends to restrict the measure-
ments to fairly dilute solutions. The diffusive and elec~
trical forces have been treated theoretically by Weber‘(65).
and by-MacInnes and Longsworth(h6). A discussion of their
- treatment and some experimental verification of their con-

clusions is given in part 5 of this section.
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3. The Restoring Effect

The disﬁurbing effects of convection and
diffusion mentioned above are overcome by a restoring
effect the nature of which follows. In performing a moving
boundary experiment it is necessary for the indicator ion
to be slower than the leading ion. As shown in the next
part the concentration of the indicator ion in the
region immediately behind the boundary is always less
than that of the leading ion. Since the same current
passes through eéch solution there is a greater potential
gradient in the indicator than in the leading solution,
If an indicator ion by convection or diffusion migrates
into the leading solution it finds itself in a region of
lower potential gradient than previously., Its speed is
decreaséd and the indicator solution catceches up to it,
Similarly if a leading ion migrates into the indicator
solution i1t is in a higher potential gradient than
previqusly; its %elocity inereases, and it rejoins its
original solﬁtien.

This restoring effeet has been graphiesally
illustrated by certain experiments of MacInnes end
Cowperthkaité42). In determinations of the anion trans-
ference number of 0,0l normal sodium chloride they interrupted
the current for periods of up to 32 minutes, When the
current was reapplied the boundary appesared in a short

time, the longest interval_being 3 minutes for the 32'
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minute break. It was also found that the motion of the
diffuse zone between the solutions was the same as that
of the boundary, the transference numbers calculated with
the time interval, including that in which no boundary
was visible, agreeing within the experimental error
with those calculated from the rest of the run. A run
was dalso made in which they reversed the current for
certain periods. Thus the sharp boundary was replaced
by a diffuse zone of several centimeters in thickness.
On rebturning the current to its original direction
and allowing for the volume swept out during the reversal
of the current they calculated the anlon transference
number and found it to agree well with the accepted
value. Hence, even with this large diffuse zone, the net
ionic motion was the same as if a boundary had been
continually present.

Longsworth(33) states that when the restoring
effect 1s greater than the disturbing influence the
following conditions are fulfilled:

(1) the boundary appears flat and sharp,

(i1) at constant current it moves with constant velocity,
(iii) the observed transference numbers are, within wide
limits, independent of the current density,

(iv) independent observations on cation and anion boundaries

for the same solution give consistent results.
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4, Adjustment of the Indicator Concentration

Experimentally, the restoring effect dlscussed 4
in the previous parﬁ is powerful snough only if the indicator
concentration is within certain liﬁits. The limits depend
on several factors but must include the Kohlrausch
concentration derived in the next paragraph,

Consider a boundary which has moved from a
position near a-b in Figure 12 to c~d. The electrolyte AR
- has been replaced by BR , the concentration of the latter
‘being in general different from its original value, A
concentration boundary isAthen formed at a-b between the
two BR solutions. Consider now the motions on the
passage of a faraday. The AR BR bouhdary goes from c-d

to 'et-d', The motlon of the boundary between the two
BR solutions can be negb cted as it is very small., The
transference number of the A ion is obtained from
equation (1).

T, = V¢, (1)

Now the number of equivalents of ion constituent B passing
the plane c-d per faraday is given by equation (5).

From the ratio of (1) and (5) equation (6) is obtained.

T, Ty

Ca Cy (6)
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It will be noted that no assumptions as to ilonization
of the electrolytes have been made. The reason for the
ad justment in the indicator concentration is that the
indlcator electrolyte must travel»at the same veloecity
at the boundary aé the leading electrolyte., This can
occur at only one indicator concentration for a given

concentration of the leading solution.

This relation (equation (6)) is an application
to an ordinary type of boundary of a more general function
developed by Kohlrausch(zs), This function defines a
property of the o lution whieh at any given point retains
 a constant value independent of changes of concentration
caused by eleetrolytic migration., If as a result of
such migration, species of ions different from those
initially present appear at a point, their concentrations
are adjusted to a value compatible with the constant

determined by the initial composition of the solution,

Thus the indicator solution concentration immediately
behind the boundary is adjusted automatically., It is
then obvious that the motion of the boundary gives

information directly only for the leading solution and

‘not for the indicator solution, as some of the early
investigators thought., Because of Kohlrausch's contribution
above, the terms Kohlrausch solution and Kohlrausch

concentration are applied to the indicator solution

Immediately behind the boundary.
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This adjustment of the indicator concentration
has been used by some workers to determine the trans-

ference numbers of the indicator electrolyte. Hartley

and Donaldson(ls) enalyzed the Kohlrausch solution con- |
ductimetrically and, using equation (6) together with
the known concentration and transference number of the
leading solution, calculated the transference nnmber of

the Kohlrausch solution. This method is less accurate

than the direct moving boundary method but is applicable
to lons of low mobility, whereas the direct method is not,
Since the indirect method requires a knowledge of the
transference number of the leading solution, this having
a‘higher concentration than the Kohlrausch solution, it
cannot be extended to solution concentrétiéns greater
than those studied by the direct method.

This simple theory of the indicator adjustment
predicts no limitations to the adjustment. In practice
such limitations are found. Experimentally the initial

concentration must not be far removed from the ad justed
Kohlrausch concentration. MacInnes and co-workeréél’hﬁ’hj*g%hﬁo

obtained curves similar to Figure 13 when plotting the

observed transference number against the initial indicator
concentration. The horizontal portion includes the

Kohlrausch concentration, GK‘ Gordon and co-workers(z)

working at 45°C. with potassium chloride followed by
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potassium iodate, obtéined the curve drawn in Figure 14,
The meximum in the curve occurs at the Kohlrausch concen-
tratien,s No explanation for the different types of curves
is given.
From the various researches certain broad

generalizations can be drawn regarding the range of
ad justment of the indicater selution. The range 1s:

i) greater for dilute than fer ceﬁcentrated solutlions, -

11) greater for narrow than for wide measuring tubes,
111) greater for rising than for falling boundaries,

iv) greater at low than at high temperatures.

The indicator coﬁcentration must also be chosen

80 as to avold unstable density differences, Thus in a
rising boundary in which the initial indieator concen-
tration 1s less than the Kohlrauseh concentration an un-
stable boundary between these solutions 1s set up. It
is quite possible that the resulting convection currents
may destroy the boundary under observation. Henes in all
measurements except those on the more dilute solutions the
indieator concentration for a rising boundary mmust be
greater than, and for a falling boundary less than, the
Eohlrauseh concentration.

5. Theory of the Effect of Diffusion snd of the "Thickness"

of the Boundary

Weber{ 65) was the first to make a theeretical
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treatment of the conditions existing at the boundary,
His work was reviewed by MacInnes and Longsworth(46),
certaln unnecessary assumptions belng eliminated. The

treatment below is that gi#en by the lest-named authors.,

At a two-salt boundary both electrical and thermoe
dynamie gradients are set up. The latter are due to
concentration gradients and are the source of the forces
teﬁding to produce diffusion across the boundary. Considering
thése forces and using the experimental fact that when a
steady state is attained the velocity of the boundary is
constant, these authors derived equations (4) and (8)e
Hence, theoretically, the velocity of the boundary is not
influenced by the diffusive forces acting at the boundary.

The theory was extended using the assumptions that

M = Mo + kilnec M = thermodynamic potential
k = Boltzmann constant
up = ug = 2u; u, = mobility of leading ion
| uy = mobility of indicator ion
u, = mobility of common ion

c

and that these mobilities are independent of ceneentration'
(an impossible case but one approached by the LiC1/KCl and
KIOz/KC1l boundaries) to compute the concentration gradients
in the boundary region. The distribution so found for
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Ol N KC1 followed by LiCl is given in Figure 15, 4
"thickness", represented by dotted lines in the figures,
was deflned so as to ineclude most of the region of
concentration change. From the analytieal form of the
"thickness" it is seen to be inversely proportional to
the veloelty, and hence to the current, and to decrease
with an increase in the difference between the mobilities
of the leading and indicator ions., It should be hers.
noted that the visibility i1s dependent also on the
refractive Index gradient in the boundary. Thus a LiCl/KC1
béundary i1s less distinct than a KI0s/KCl one, although
the theory does not prediect this, _
Using the Schlieren technique which employs an
optical system to determine the refractive index gradients
in the boundary, Longsworth(sg) has confirmed the preceding
theory. From his Schlieren scanning patterns he drew the
following conclusibns.

i) In a two-salt moving boundary experiment two boundaries
are formed, the two-salt béundary and a concentration
boundary between the initial indicator solution and
the Kohlrauseh solution. The latter boundary moves
almost 1mperceptibly dﬁring a run but becomes broader
due to diffusion. The concentration gradients in the
two-salt boundary remain unchanged during a run. (In

one experiment Longsworth balanced the motion of the
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‘boundary by addition of solution and found that these
gradients remained éonstant for two weeks,

ii) The maximum concentration gradient in a boundary is
directly proportional to the current.,

- 11i) When, in the case of a falling boundary, the initial
indicator concentration is greater than the
Kohlrausch concentration, there are set up at the
concentration boundary éonveotion currents which
partlally penetrate the two-salt boundary and cause
its motion to be erratic,

iv) The concentration gradients in a KIOz/KC1l (¢ = 0,1)
boundary, as caleulated by MacInnes and Longsworth,
are in excellent agreement with the expsrimental
gradients., Hence the postulated mechanism, i.e, that
the boundary is the result of diffusion and of ionic
migration, appears to be confirmed,

Also, from his scanning patterns, Longsworth was sble to
caleulate the Kohlrausch concentration aﬁd the transference
number of the indicator electrolyte at this coneentration

with an accuraey of 1%.
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l. The Volume Correction

During the early work on the moving boundary
method it was noticed that volume changes accompanied
the‘electrode reactions, but at that time the effect on
the velocity of the boundary was considered negligible
(ef. Denison and Sbeele(lo)). In this early work both
electrodes were open to the air and this made impossible
an accurate caleulation of the correction for the volume
" changes,

Miller(gs) pointed out that "subject to a correction
for the expansion and contraction caused by electrolysis"
the moving boundary method should'give the same results

as the Hittorf method. Lewis ' 29)

calculated the necessary
corrections in some of the work of Denison and Steele, The
treatment following is that of Lewis. |

The Hittorf transference number is defined as the
numwber of equivalents of a given ion constituent whieh,
on the passage of one faraday of elsctricity, cross a
boundary fixed with respect to the solvent, The observed
moving boundary tranéference number is the same as this
e6xcept that the boundary is fixed with respect to the
apparatus. Hence, to compare the two, the motion of the

solvent with respect to the moving boundary apparatus

rmust be taken into account,
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The calculation is facilitated if one elkectrode
chamber is closed as then only the volume change atthis
electrode need be considered, any volume change at the
other electrode having no effect on the motion of the
solvent. As an example, consider a rising boundary
between barium and potassium chlorides with water as solvent
and silver as anode in the closed chamber. Flgure 16 a
represents the initial conditions in the tube. X ‘represents
an average water molecule, or, if one wishes, a plane
in the tube below which the mass of solvent remains
constant,

On the passage of one faraday the boundary moves
from a-b to c¢-d , the average water molescule from
e to e' in Figure 16 b, As the  lution between the
boundary and average water molecule is homogeneous any
volume change near the electrode has the same effect on
each. In the electrolysis the following reactions oececur.

1) Tg equivalents of K ion pass out of the reglon
between x and the electrode,
i1) 7T equivalents}of Cl 1ion from the KXCl solution
pass into the region between x and the electrode.
1ii) At the electrode one equivalent of Ag disappears,
i#) Atithe electrode one equivaleﬁt of AgCl appears,
v) One equivalent of C1 ion from the BaCl, solution

disappears due to formation of the AgCl,
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vi) One equivalent of Cl ion passes from the KC1
solution to the BaCl, solution through the boundary.
The volume increases between x and the electrode

due to these resasctions are:

1) _TK VkKCl
i1) +T5q VblKCl
i11) 'VAg
iv) +VAgCl
v) 'vblBaClz
vi) vblBa01z _ vblKC1

where the V's are partial molal volumes. The net

inerease is then:

= KC1 - K1 = BaClz , = BiCl
= KC1
- * Vager - Vg

Using the expressions

+ T

I
-

T c1

K
and
= KC1  _KC1 .
Ve v Vg = T
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this reduces to

Av = Vager = Vag = Tk ka1

The corrected transference number is then

T = V¢
(Vobs. - AV)C
= Tops., = €AV

It 1s obvious that the correction is small in
dilute solutions, However, in concentrated solutions it
becomes appreciable and limits the accuracy of the results,
The corréction i1tself is only approximate due to several
causes. The molar wolume of solids depends to some extent
on their state and method of preparation and hence in the
preceding caleculation the molar volumes of silver and
silver chloride are not‘khown to a high degree of accuracy.,
4Another disturbing factor i1s the lack of consideration of
the diffusion 1éyers eround the electrode. The concentra-
tion gradlents so formed invalidate the simple expressions
involving the partial molal volume at one ceneentration,
Since the partial molal volumes are functions of concentration,

(33)

integrals of the type

- 1 (%2
V = X V(x)dax
1 [0}

‘should be used to give the mean partial molal volumes in the
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particular fegion. This calculation requires a knowledge
of the concentration gradients present, a knowledge
impossible to obtain except in the simplest case of an
autogenic boundary., Even with this the calculation is
extremely tedious and hés never been used, the approximate
method invariably beingaemployed. Another factor, not
considered in the literature to date, but whieh could
under appropriate experimental conditions contribute
an appreciable error to the ealculation is the neglect
of ioniec migration aceoss the concentration boundary in
the indicator solution, If the electrode on the indicator
side is closed, if the initial indicator concentration
1s appreciably different from the Kéhlrausch concentration
and, if the variation of the partial molal volume of the
indicator solution with concentration is considerable,
additional terms should be added to the volume correction.
These eérrors, however, are small providing the
concentration does not exceed one normal, &Smith(60) by
means of an electrolysis apparatus in which one electrode
could be disconnected and used as a pycnome ter, measured
the volume change experimentally for a 0,2 N potassium
chloride solution with a silver-silver chloride cathode
eand found it to agree well with the change calculated by
the above method. #Another check has been furnished by
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Longsworth and MacInnes(46) who determined T, for
potassium chloridé at 0.5 and 1.0 N using an autogenic
cell with cadmium as anode and a sheared eell with
silver as anode and cadmium chloride as indicator. The
observed T,'s by the two methods differed by 2% whereas
the corrected T,'s differed by only 0.1%.

2. The Solvent Correction |

The necessity for a correction due to the
conductance of the solvent was not recognized in the
early work on transference numbers although 1t was in the
work on conductances. Longsworth(ss) pointed out in
. 1932 that the accuracy of the moving boundary method
necessitated such a correction for solutions of
concentration less than 0,05 N. This correction which
should be applied to all transference number determinae
tions, whether moving boundary or Hittorf,is derived
as follows. |

Let V, and V_ represent the actual working
velocity of the cation and enion constituents respectively.
Since the current I in a linear conductor is equal to
the total flux of electricity through a given cross section
in unit time, thé current through such a conductor of

cross section A em® is

=& (v 4+ v)+ FA Sy,

~ 1000 1000
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where C 1s the concentration of the electrolyte and

Ci and V; refer to the concentration and velocity

of the 1i'th impurity. By multiplying this equation

by _V* __  the following is obtained
V, + V.
v .
——-———-’:—-—— = T+ = M. + -——Eé—— T+ ZCiVi
Ve + V_ 1000 I 1000 I

With the assumption that the impurities are comple tely
ionized (as is undoubtedly the case as their coneentrations

are extremely small) the velocity Vs can be written as

where U; 1is the mobility of the i'th ion and E is
the field strength. The preceding equation cah then be

wrltten as

| CFA V, FEA -
+ 1000 I 1000 1 T <1

However, E%— is the specific conductance of the
F
1000
conductance of the solvent, K

solution, K  q.t10ns 204 S C3U; the speeific

solvent? which may be measured

independently. With the assumption the U; 18 not changed
by the introduction of the electrolyte this equation
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beecomes
T+ = Te(obs.) + T+ Xsolvent
KEsolution
A corresponding equatien exists for the anionvtransferenee
number,

To decrease the solvent effect, Lengsworth blew
earbon diexide free nitrogen through the solutions before
placing them in the eell, but a correctlion was still |
necessary due te contaet of tﬁe solutions with the alr on
filling and to electrelytes d1ssolved in the stopeock
grease, fhe grease thgt he found most sulitable was made
by_eembiﬁing five parts of vaseline with one of beeswax,
both ingredients having been previously extracted with
hot cendueti%ity water,
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DIRECT MOVING BOUNDARY METHOD
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l, Determinations of the Transference Numbers of Salts

with the Exception of AgNO, and NH4NOgs

The earliest work that was fairly well done

was that of Denison(s) who determined the transference
numbers of the chlorides, iodides and bromides of sodium,
potassium, rubidium, caesium, magnesium, caleium,

strontium, barium and the corresponding ammonium salts

by means of sheared boundaries. The indicator ions thaf
he used were lithium and strontium ions for cation
boundaries and the acetate ion for anion boundaries, In
his calculations he did not téke into account either
the solvent or volume corrections. Due to this and
the relative crudeness of his work as compared with that
of later investigators (MacInnes, Longsworth, Gordon)
his results are not taken seriously.

Another early investigation was that of Franklin

(12)

and Cady Using mercury as the anode in an autogenie

cell they determined the cation transference numbers of

NHgNOz, NH4I, KNOz, NaNOs, NaBrOs, and AgNOg3 in liquid
ammonia, By means of a sheared boundary they determined

the anion transference numbers of NHg¢NOg, KNOsz, NaNOg,

NH4C1l, NaCl, NH Br, NaBr, NHeI, and KI, picric acid
as an indicator being used for all but the last salts
for which iodoesosine was used, The same objection applies

to this work as to that of Denison in that no solvent or
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volume corrections were made. Both of these early
detérminations were carried out in such a manner as to

make impossible any accurate calculation of the correc-

tions to be applied.
All of the transference number determinstions

by the direct moving boundary method made sinece those

above are listed in Table I.

TABLE I
' Method
Leading Indicator Type of
electro=- electro~ Solvent of forma- References
1yte lyte boundary tionx
HCl Licl H,0 cation S.,Tr. 57, 59
HC1 Cd012 HZO cation Be 33
NH) 1 cacl, H,0 cation a. 3l
mahcl , Nﬁhxo 3 H,0 anion SesT. 3l
. Licl Cd012 H20 cation a. 33
LiCl ' LiIO3 H,0 anion SesPe 33
LicCcl CdCIZ Hy0- cation 8. 39
MeOH
NaCl CdGla_ H20 cation a. 1, 33
NaCl Licl H,0 cation s.,f. 59
NaCl NaBr03 H20 enion SeyPe 1
NaCl Na103 Héo anion Se,T. 1
NacCl Sodium Hgo anion SesT 33
tetra=-
iodofluor-

escein



()

acetate

TABLE I (Continued)
‘ ' Method
Leading Indicator Type of
electro~- electro- Solvent of forma- References
lyte lyte ' boundary tionik
NaCl Sodium H20 anion S.,f. 1
acetate
NaCl ¢dacl, Hag- cation 2 39, 58
: MeOH
NaCl sodium H,0- anion S.,T. 58
paratoluene MéOH
sulfonate
NaCl sodium Me OH anion SesPe 6
: paratoluene ’ -
sulfonate
Sodium cedmium H,0 cation  a. 34, 28
acetate acetate /
sodium lithium H,0 cation S.,T 28
acetate acetate :

: Nazsoh_ c:ewol+ HZO cation a. 3l
KC1 Licl H,0 cation  s.,f.  57,48,61,59,15
KC1 cdcl, H,0 cation 8 58,5,33
KC1 methylene  H,0 cation Sesle i5

blue
KC1 K10, H,0 anion SesPe 32
KC1 KMnOh H,50 anion SesTe 16
KCl potassium  H,0 -anion 8.0 57
valerate
KCl1 potassium HZO anion SeyTs 33
tetra-
iodofluor-
escein
KC1 potassium H, 0 anion Sesfe h1,15
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TABLE I (Continued)

Method
Leading Indicator Type of
electro- electro- Solvent of forma~ References
lyte lyte boundary tioni
KCl1 potassium H,0 anion SesPe 58
paratoluene MeOH
sulfonate
KC1  potassium MeOH anion SesPe 6
paratoluene ‘
sulfonate
KC1 potassium MeOH anion SesTe 6
triiodo-
benzoate
XCc1 potassium MeOH anion SesTe 6
dilodo-
bengoate
KBr LiBr H50 cation Sesfe 2, 148
KBr CdBr, Hp0 cation - a. 5,2lt, 3k
KBr KIO3 H,0 anion SesPs 2ly, 3l
KI potassium Hs0 anion Sesfe 3k
acetate
KI KpCpoHeOgT), Hy0 anion Sesle 3l
KNO4 LiNO4 Ho0 cation  s.,f. bl
KNO3  Pb(NO3), H,0 cation  a. 5
KNO4 AgNO4 Hy0 cation g. s
KNO3 ggggggéum Hy0 anion Sesfe Wy
KI\IO3 K104 H,0 anion se,re 3l
KNO, KaCopHgOgT)  HpO anion Sesve 3L
KZSOu Licl Hy0 cation Se.sTe 15
KpS0,  KinO) H,0  anifem  s.,r. 15
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TABLE I (Continued)

Method
Leading Indicator Type of
electro=- electro- Solvent of forma~ References
1yte lyte boundary tion%
KBFe(CN)é methylene H,0 cation SeyTle 15
blue
KBFe(CN)é potassium HZO anion Sesfe 15
| acetate
potassiunm potassium HZO anion SesTe 57
oxalate valerate
CaCl, cacl, H,0 cation  a. 25 s 3l
GaCla caIOB Hzo anlion Sesle 25’ 3)4-
CaCl, caleium = H,0 anion S.sTe 25
. 2
paratoluene
sulfonate
ZnBr, zine di~- H,0 cation SesTe 57
methyl aniline :
azo benzyl
trimethyl
ammonium
nitrate
ZnBr, Zinec H,0 anion Sesfe 57
acetate :
Co(NH4)gC1, LiC1  Hy0 cation  s.,f. 16
Co(NH3)6013 KMnOu H,0 anion SeyPs 16
LaCl3 Licl H0 cation Sesfe 51
LaCl3 LaBrO3 H20 anion SeyPs 51

%8 = autogenic; 8 = sheared; r =

rising; £ = falling

In addition to these Longsworth(BS), using his previous

techniques(32’33), has determined the transference num-

bers of HCl, KCl and NaCl in deuterium oxide-water mixtures.
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2, Transference Number Determinations (by all_methods)

of Silver Nitrate and Ammonlium Nitrate

a) Silver nitrate.

The first work on the transference numbers it
of silver nitrate was done by the gravimetric

20,21,22,23,27,31,50)  wono of this work ex-

methdd(B’
tended to concentrations beyond 0.5 normal. The best

values of the cation transference numbers as determined

by these workers and given by Falk in the International
Critical Tables (19) are listed in table II.

TABLE II
T°¢. COncenﬁration (equivs./litre)
' .005 ;010 .020 «050 .160 «200 ,.300 500
o Jib1 |
18 RS 1 AT A A R, 31
25 A7 T LT W47

30 | 481 481 481 481 481 481 .4B1 481

The first moving boundary determinstions on
the transference numbers of silver nitrate were those

of Steele(63). By the crude and inaccurate method of

- forming boundaries by means of gelatine partitions he
obtained a cation transference number of 0.486 for a
1.15 normal solution (the temperature of the measure-
mehts was not given). He used copper sulfate and po-

tassium fluoride as:indicators for the cation and énion»
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boundariss respectively.

MacInnes, Cowperthwaite and Huang (45) obtailned
the first accurate values by using lithium nitrate as a
cation indicator for a sheared, falling boundary. The
work was extended, the complete results being given in

reference 1. They are reproduced in table III.

TABLE III
Concentration (equivs./litre) T4
0,01  0.4648
0.02 0.4652
0.05 0.166l
0.10 0.14682

semis 57), working at L40°C. with 1lithium
chloride as cation indicator in a sheared falling

.boun&ary, obtained the results given in table IV,

TABLE IV
Concentration (equivs./litre) T4
000“—989 . 0.)_],729 . . 425
0,091l 0.U4737

0.1493 0.4739
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b) Ammonium nitrate.

The only tfénsference number determination

of ammonium nitrate was made by the moving boundafy
method. PFalk in the I.C.T.(lg) states this and gives
the cation transference number at 25°C. and 0.1 normal
concentration as 0.513. The references are not given
for each salt but rather as a group for all of the mov-
ing boundary determinations. A survey of all but one
of the papers falled to reveal any work on ammonium ni-
trate. A careful search through the American and British
Abstracts for the period 1886-1951 also failed to dis-
close his source. It must be conecluded that he obtained
- the data from the one paper not available - a private

commnication from D.A. MacInnes of the Rockefeller In-

stitute for Medical Research.




- CALIBRATION AND ASSEMBLY OF APPARATUS
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1. Calibration of weights

The welghts used were calibrated by the method
of Pierce and Haenisch(SB). They were determined in
absolute grams in vacuo by including in the calibration
a 50 gram weight standardized by the National Research
Laboratories, Ottawa.

2. Apparatus for Observing the Boundary

. The method of MacInnes, Cowperthwaite and

Hueng (ef. Section III, (2)) for observing the boundary
was used. The light source was a blackened tin can with
a rectangular slit cut in one end and containing a 100
watt light bulb. The light was made diffuse by means
of a 'Kleenex' tissue fastened over the slit and inside
the can. The‘can was mounted on a framework so that it
could be moved upwards or downwards without wobbling.
A chain which ran over guide wheels and a sprocket was
fastened to the top and bottom of the can. Into the
sprocket was threaded a brass rod the other end of which

terminated in a wheel at the side of the telescope. Thus
an observer at the telescope could move the 1ight source
without changing his position. No attempt was made to
fasteh the light source and telescope together so that
the optical system would have the same alignment for
each reading of the boundarytls position; However in

practice such a common alignment was always sought.
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3. Calibration of the Volumes

The moving boundary cell which was used in
the research was the sheared cell developed by Gordon

and co-workers (cf. Section III, (3)). The apparatus

was obtained already assembled. If the measuring tube
had been separate it would have been a simple matter
to coat it with the particular wax used, mount it in a

lathe and by means of a pin cut marks in the wax which

were ?erpendicular to the axis of the tube. However,
this was not possible so the following procedure was sdop-
ted.

The tube was given a thin coating of a 50-50
mixture of beeswax and paraffin. In applying the coat
the tube was heated till wax previously placed on it
just melted. Molten wax was then poured over it and
the cell placed in a vertical position so that a thin
even coating was formed on the tube.

The wax coating was cut in fine ciréles by

means of the apparatus sketched in Figure 17(a) and
(b). The cell was placed on blocks attached to the
stand. It was carefully adjusted till the measuring

tube, T,-was at right angles to the marking arm. The

cell was held firm by means of a rubber band passing
- around the stopcock and a screw projecting from the
atand. When the cell was in position the marker as-

sembly was moved along the meter stick, MS, to the
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desired position and the marker, M, a steel rod ground to
a very fine point at each end, set above the tube. By
rotating the brass disc and controlling the marker arm
to keep the marker in contact with the tube a circle

was cut in the wax coating. The cut was examined with

a hand lens to ensure that it was at right angles to the
axis of the tube..

When a satisfactory cut was made the tube was
etched. This was done by dropping a mixture of 1 part®
concentrated hydrochloric acid and 1 part anhydrous
hydrofluoric acid for a period of two minutes over the
mark.,

Six such gfaduations were made, their positions
being shown in Figure 18. Henceforth any reference to a
particular graduetion Will use the numbers in the figure.

The volumes were determined by the method of
Longsworth (cf. Section III, (5b)). The filling tube
for the leading solution was removed from the cell and
a 1 mm. stopcock with a capillary tip was sealed on as
shown in Figure 18. The volumes between etch mark 6 and

each of 1, 2 and 3, between 5 and each of 1, 2 and 3, and

between l. and each of 1, 2 and 3 (henceforth called volumes

6-1, 6-2, 6-3, etc.) were determined directly.
Before the cglibration the tube was thoroughly
cleaned., Chromic acid cleaning solution was allowed to

stand in it for three days, the capillary tip being im-




©
©
W




(53)

mersed in the solution. The tube was then emptied and
rinsed with tap water, concentrated nitric acid to remove
the carbon formed from the stopcock grease distilled water,

aleochol and ether successively. The inner parts of the

stopcocks were removed gnd cleaned with ether, concentra-
ted nitric acid, distilled water, alcohol and ether. The

outer parts were cleaned with ether. When all parts were

dry the inners were given a light coating of a high vgcuum

silicone stopcock grease manufactured by Dow Corning, the
grease being so applied that none couid come in contact

with the mercury during a calibration. The stopcocks were
assembled with the two-way stopcock oriented so as to connect
the 1 mm. stopcock and the capillary tip with the ﬁeasuring
tube. A current of air filtéred through absorbent cotton
was passed through the tube for a few minutes to ensure

that it was dry. The cell was then ready to be clamped in
position.

Two clamps were used to keep the cell rigid without

introducing an undue amount of strain. An oak clamp, illus-
trated in Figure 19, fitted around the top of the cell, The
brass screws, A, were tightened till just snug. The brass

sleeve, D, fitted a vertical brass rod on an iron base. At

the two-way stopcock a spacer was placed between the cell
and the vertical rod. A steel coill spring was looped around
the two to keep them firmly attached to one another. For

Tthe calibration this spacer was made of cork; however for
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the actual transference number determinations a brass one
was used.

When the cell was clamped to its stand it was filled
with mercury.. The mercury used was "Nichols mercury metal
#1960" which had been redistilled three times, In filling
the tube care had to be exercised to avoid the presence
of air bubbles in the tube. The cell was tipped to about
a 60° angle with the horizontal and a bottle containing
the pure mercury placed under the tip so as to cover it.
Suction from a water pump was applied to the top of the
tube and the mercury was slowly drawn up. Before an actual
volume determination the tube was inspected for air bubbles.

When filling had been accomplished with the
absence of air bubbles the cell was moved to a position
on a soapstone table between a light source identical
- with the one described in Part 2 of this section and a
Gaertner table cathetometer, the scale of which could
be read to 40.0002 em.; but due to parallax in the optical
system cathétometer readings were asccurate only to 40.001 cm.
The tube and cathetometer were both levelled, the former by
eye and fhe latter roughly by means of a level on it, An
exact level was never obtained on the cathetometer but
sinee the distances read by it were small (about 5 mm.) the
resulting'error should be negligibls.

With everything arranged as above the volume de-

termination was begun. The general procedure was to with-
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draw the mercury between two etch marks and to weigh it.
From the specific volume of the mercury at the tempera-
ture of the calibration the volume of the mercury and hence

the volume between the marks was found. However the actual

determinations were not this straightforward. The various
detalls follow:

The mercury was withdrawn into a small weighing

bottle. This bottle had been initially cleaned with chromie

- acid cleaning solution. At the start of each day it was
‘cleaned, both inside and out, with alcohol. After that it
was never touched by the fingers, 'Kleenex'! being used in
handling it.

To ensure the same volume of mercury in the cap-
illary tip for each weighing the weighing bottle, contain-
ing a small pool of mercury, was raised till the tip was

partially immersed in the pool. This procedure was repeated
till a constant weight (within 0.l mg.) was obtained.

In the weighing a weighing bottle of the same

dimensions as the one used for the weighing and contain-
ing a few ml. of mercury was used as a counterpoise. The
© balance case was set immediately adjacent to the cathe-

tometer. Thus the balance, weighing bottle and mercury

were all at the same temperature and waiting periods for
the weighing bottle to attain the temperature of the ba-
lance were obviated.

' The difficulties attendant on setting the base
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of the mercury meniscus on a graduation to ip.OOl Chie
necessitated a more lengthy procedure. The mercury

column was lowered till the base of the meniscus was just
above the particular upper gréduation. The weight of the
weighing bottle and the helght of the base of the meniscus
were taken. The column was then lowered to just below the
graduation and the same readings made. The height of

the graduation was also taken. From the two weights

the volume between the two menisci was obtained. From
the cathetometer readings the position of the graduation
relative to the bases of the two menisci was found. With
the assumption that the tube was perfectly cylindrical
between the menisci the volume between the graduation

and the base of the lower meniscus was calculated. The
column was then lowered to a position just above the

lower graduation of the volume being determined and the
weight of the weighing bottie obtained. From the last two
weighings the volume between the base of this meniscus and
that of the one immediately precedihg was calculated. At
this lower graduation the same procedure was followed as
at the upper one to obtain the volume between the gradua-
tion and the base of the upper meniscus. The sum of the
three volumes determined gives the volume between the Ewo
graduations. This method would be adequate if the volumes
of mercury in the meniscus remained constant; but éuch was

not the case, The necessary corrections are discussed in
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the next paragraph.

Variations in the volumes of menisci were caused
by variations in their heights and the dismeters of their
bases. A.R. Gbrdon, of the University of Toronto, stated
in a private communication that he had assumed a spherical
meniscus»and used the formula v= gﬂfr3 where r is the tube
radius to calculate its volume; but the radius of the tube
employed in this research was approximately 1.2 mm. while
the helghts of the menisci were in the range 0.)5-0.65 mm.

It was felt that the volume would be more correctly repre-
sented by the volume of a paraboloid. The #olumes were cal-
culated with the formula v = EEE:h r being the radius of
the base and h the height of tﬁe meniscus. The value of r
was determined individually for each graduation. PFrom -
the two or three calibrations involving the particular
graduation which had the least difference in its values of
h for the menisci above and below the graduation the average
cross-sectional area was calculated from the volume snd the
distance between the menisci. The mean of these cross-sec-
tlonal areas was taken as the val'ue‘of"n'r2 for that gradua-
tion. |

The correction for the volume of the méniscus was
applied as follows. Let V! be the volume between the men-
isci_above and below a graduation as determined from the
weight of mercury withdrawn. Then a correction of VZ-V s

where V; and V, are the volumes of the upper and lower
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menisci respectively, must be applied to V! to give the
true volume betweenvthe bages of the menisci.

A distufbing factor in the calibration turned out
to be the temperature control. If the temperature was not
maintalined constant to ip.OSOC. throughout individuai de-
terminations of the same volume then the volumes so found
had'very poor precision. Therefore before a reading was
taken of a meniscus the témperature was checked with that
of the previous reading. This was accomplished by setting
the cross-hair of the cathetometer on the top of the men-
iscus immediately after withdrawing the mercury. If the
temperature changed during the weighing the cross-hair
would no longer be onvthe top. In such a case the tempera-
ture of the room was adjusted till the cross-hair again co-
incided with the top of the meniscus.

The specific volumes of mercury were obtained from
the International Critical'Tables.(lé).

‘A correction was also applied to the individual
calibrations to allow for expansion or contraction of the
glass tube when placed in the 25.0° thermostat. The co-
efficient of linear expansion of hardfglass was found from
the Handbook of Chemistry and Physics(1lL) to be 9.7x10-0.
Hence the coefficieht of cubical expansion was 2.9x10'5.
The temperature of each determination was recorded from a
Cenco thermometer graduated in tenths of a degféé Centigrade.

The results of the calibration are given in tableAVI.
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As a check on this work the volumes 1-2, 2-3, L-5 and

5-6 calculated from the above volumes should each be
independent of the directly determined vblumes chosen.
Thus 6-1 -‘6-2, 5-1 -~ 5-2, and }-1 - }4-2 should give
the same volume 1-2, . The check is iilustrated in table

VII.
TABLE VII
. , " Volume 4 Mean

soughe e "t
-2 | 0.0680

1-2 | 0.0681

1-2 0.0683 0.,0681
2-3 : 0.068l;.

2=-3 0.0681

2-3 0,0683 0.0683
L-5 | 0.0671

-5 0.0673

L=5 | 0.0671 0.0672
5.6 0.0575

5-6 0.0576

5-6 | 0.0579 - 0.0577

While the agreement is not perfmw it is good enough
-to say that the results are consistent to 4.0001 ml. Since
the combinations of the weights, calibrateé in terms of
absoluﬁe grams in vacuo, were different for all weighings

any significant error in their values should be revesaled in

the actual determinations. As for the cathetometer, different
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portions of its scale were used for the measurements so that
any error in the scale calibration should be evident in the
final volumes obtained. It should be noticed that due to
the use of the cathetometer to measure relative distances
the uée of the instrument at a temperature different from
that at which the scale was divided off will introduce no
error. At any rate, since the cathetometer is used only to
obtaln corrections to the main volume, the resultant error
in the main volume will be extremely small. As stated pre-
viously the mercury was extremely pure and corrections were
applied to bring the observed volume to that at 25.00°¢G.
Hence it appears reasonable to ascribe an error of + 0001 ml.
to the absolute volumes at 25.009C. of 1-l, 1-5, 1- 6 2-l,
2-5, 2-6, 3=l 3-5 and 3-6
i« The Current

a) The current stabilizer.
| It was decided to build an electronic current sta-
bllizer. It was thought that one could be built to give a
'greater.current constancy than those used by other workers
(Gordan, Hartley - ¢f. Section III, (5¢)). It was also
decided to dispense with the battery source of power_pref
viously used and to substitute a D.C. power supply operating
off the A.C. main.

It was originally thought that a 400 volt power
supply would be big enough for the purpose. Accordingly a

standard circuit for such an output was used. The set as
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first built 1is sketched in Figure 20. It was found that
for the current stabilizer then being experimented with

the power supply had to be extremely stable. The supply
a8 originally built did not have the necessary stablility
for voltages of 100 volts and higher. By varying the re-
sistance components various grid biases on the two tubes

and feedbacks to the 6SJ7 were tried. Finally the cathode

of the 6SJ7 was grounded andB batteries were placed in the

tube's cathode grid ecircult to give the proper bias. How-

ever'none of these alterations extended appreciably the stable

range of the supply. When theAfirst current stabilizer was

discarded in favour of that used by former investigators

the power supply was rebuilt to furnish additional volﬁage.
The requirements for the new power supply were

that it should furnish up to 700 volts with fair stability.

The great stability sought in the first supply was not nec-

essary in this one since the new current stabilizer was

- markedly independent of the line voltage. The main innova-

tion in the new supply was the use of a 523 full wave rectifier
in place of the two 866 Jr.'s in parallel and the use of a
condenser input in place of the choke input. This supply is

drawn in Figure 21. With it 725 volts was easily obtained.
An attempt was made to build a current stabilizer

- which would maintain the current during a transference num-

ber determination constant to 0.1%. The electronic stabili-

zers used by Hartley and Donaldson and by Gordon kept it
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constant to 0.6% at best. In a run with 0.1 normal po-
tassium chloride the resistance increases from approximately
80,000 to 150,000 ohms. To keep the current constant in
the range 1-10 milliamperes the circult in Figure 22 was
built. Its principle of operation is as follows. A de-
crease in the current makes the grid of the 6J5 more neg-
ative. VThis causes the plate of this tube and hence the
cathode grid of the 6ACT to become more positive. This in
turn decreases the internal resistance of the latter and
increases the pentode resistance and tends to decrease ﬁhc
current. By varying the potentiometers settings it was.
possible to get a constant current of 1.2 ma for a load of
h0,000vand 100,000 ohms; but at intermediate resistances
the current varied up to 10%. Attempts were made by vary-
ing the resistances to overcome this difficulty. No solu-
tion was found. A disturbing characteristic of the cir-
cuit was its amplification of variations in the line voltage.
Since the screen grid bias was set by the line voltage any
voltage change affected this bias, the effect being to
change the tube resistance out of proportion to the change
in the line volbtage. An opposing effect is caused by a
change in the line voltage on the grid bias of the 6J5.
This change is commmunicated to the 6ACT so as to oppose the
change in the secreen grid bias. For example, consider the
effect of an inerease in the line voltage. Both the screen
grid and the cathode of the 6AC7 become more positive to

groﬁnd, the increase being greater for the former. As a
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result the screen grid beoomes more positive to the cath-
ode and the tube resistance decreases. The increase in
the voltage also causes a momentary inerease in the curé
rent and hence drives the grid of the 6J5 more positive.
‘This makes the plate of this tube and in turn the cathode
grid of the 6ACT more negative. Thus the resistance of
the latter tube is increasedy this effect being increased
by the increase in the potential of the cathode of the
6ACT. Currents of 1-2 milliamps, showed no signs of
oscillations; but at higher currents such oscillations
appeafed with the galvanometer needle continually going
off scale at ly milliamps. When it was evident that the
work involved in perfecting the stebllizer would be con-
siderable it was abandoned in favéur of a slight modifica-~
tion of that used by Hartley and Donaldson.

This new stabilizer, Figure 23, was essentially
the same as that of the sbove authors. The only signifi-
cant différence was the use of a VR150 in place of bat-
teries to produce the screen bias and the use of a 6 volt
transformer in place of a battery to heat the filament.
Both of these innovations should decrease any drift in the
current due to battery decay.' On.the debit side they could
introduce oscillations in the cﬁrrent due to uﬁsteady oper-
ations of the VR tube and to fluctuations in the A.C. line

voltage operating the transformer. Such oscillations would

be most pronounced when the 6ACT was operating at saturation.

In actual practice this was found to be the case, the current
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being very stable for currents of about 5 milliamps, but
fluctuating slightly for currents of 8 milliamps. The
meximum plate current of the 6ACT7 is 10 millismps. If
currénts of this magnitude or greater were ever desired
this difficulty could be removed by replacing this tube
with a 6F6 which has a meximum plate current of 35 milli-
amps .,

To warm the sets up they were put on at a current
of about h_milliamps. for a period of 1-2 hours before a
determination was begun.

b) The current measurement.

The current was measured by obéerving with a stand-
ard potentiometer circuit the voltage drop across a cali-
brated resistance in series with the moving boundary cell.
Three General Radio resistances were calibrated - a 1000 ohm,
type 500-H; a 500 ohm, type 500-F; a 100 ohm, type 500-D.
They were calibrated by comparing them by means of a Leeds .
and Northrup #776889 which had a resistance accofding to
the company'!s certificate of 1000.031.01% absolute ohms as
of April 1950, TIts catalogue number was }j035-gbs. The
standard used in the calibration of the 100 ohm resistance
was Leeds and Northrup #29233 with a certified resistance
of 99.997 absolute ohms in 1916. In the calibrations a
slight drift in the potentiometer balance was noticed., Ac-
cordingly readings were taken at one minute intervals of the

potentiometer balanced altérnately against the standard and
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the G.R. resistors. For each G.R. resistor potentiometer
balances were obtained for approximately seventeen minutes
and the appropriate means used in calculating the values of
these resistors. Their determined resistances are given in -

table VIII.

TABLE VIII
TWominal Resistance in
value absolute ohms
100 99.961
500 v 500.3
1000 999.8

The galvanometer was a table type of low gensitivity. Be-

~ fore the measurement of the current during a determination
the potentiometer was always balanced against the standard
cell. The high voltage leads from the -current stabilizer to
the_moving boundary cell were encased in glass tubes to min-
imize the leakages. The potentiometer was a Leeds and North-
rup students type; the standérd cell was a Weston cell,

5. The Time Measurement

The method of measuring the time at which a boundary
passed en etch mark was that in use at the University of
Toronto by A.R. Gordon. An’Elgin "railroad" watch certified
by Birks jeWwellers to be accurate to 15 seconds in a week was
used as the standard‘of time. An electric metronome made by
Central Scientific Company and calibrated against the Elgin

wateh was set in motion when the boundary was just below an
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eteh mark and the beats were counted. The beat at which
the boundary was exactly on the eteh mark was recorded. The
time of a subsequent beat was also recorded. From the time
between beats the time at which the boundary‘was at the etch
mark was calculated. The metronome was calibrated at two
beats by the Elgin watch. For a setting of 60, 563 beats
were enitted in ten minutes‘corresponding to a beat period
of 1.066 seconds; for a setting of 120, the beat period as
determined from a 5 minute interval was 0.531 seconds.

The watch was also used to record the time of the
current measurements. From the current-time readings for &
transference number determination a graph was constructed.
From it by means of graphical integration the product it was
determined for the time intervals which the boundary spent be-

tween etch marks.

6. The Temperature Control

As pointed out previously transference numbers do
not vary greatly with temperature, but the moving boundary
method is such that small temperature differences in the
solutions canée density differences with the resulting con-
vection causing erroneous results or destruction of the boun-
dary. Hence fluctuations of the thermostat temperature should
not exceed a few thousand'ths of a degree Centigrade.

The thermostat bath that was used was made of copper

with two glass windows in it, placed -opposite one another.
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The thermostating liquid was Bayol F - a water white mineral
0il with low viscosity and low flash point. Oil was used
instead of water to avoid cell leakage of current and possible
electrocution of the oﬁerator. A mercury thermoregulator
with an adjustable upper contact was used in conjunction
with a knife heater and relay to maintain the oil temperature
constant. The stirrer motor was mounted on a stand which in
turn rested on the floor. Thus very little vibration was
communicated to the bath and cell. The temperature control
as determined by a Beckmann thermomeﬁer was‘i 0.003°C. The
temperature itself was measured by a Cenco sfandard thermom=-
eter graduated in tenth's of a degree Centigrade. All determ-

" inations were made at 25.00°C.

T. The Electrodes

The electrodes used were those of previous workers,
no new ones being tried. For the determination using po-
tassium chloride the electrodes of Smith (Seetion IITI, (4))
were employed. The anode was a platinum gauze electroplated
with silver and the cathode a platinﬁm gauze electroplated
first with silver and then with silver chloride. The silver
electroplating was done by the method given by M. Boyd(u).
Two»grams of AgNO3 and 12 grams‘of Nﬂhﬂ03were dissolved in
300 ml. HpoO0. A solution of KCN was added till the AgCN just
dissolved. The solution was made up to 600 ml. and electro-

lyzed with the gauze electrode as cathode. A platinum gauze
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was the anode. Electrolysis at 3 milliamps. was continued
overnight. The silver chloride was plated on by making the
silver electrode the anode in a 6N HCl solution with an
electrolysis period of two hours at 6 milliamps.

In the unseccessful run with silver nitrate the
same electrodes were used as above.

In the NHANQ3run a platinum gauze . immersed in a
0.1 normal AgNO3 solution was the cathode and a silver elec-
trode the anode.

All of the above electrodes which formed the closed
side of the sheared cell were mounted with DeKhotinsky
cement in glass tubes fitted with inner standard tapérs which
fitted in the outer at the top of the closed side. A
silicone high vacuum stopcock grease was applied to the inner
before the electrode was placed in the cell. It was held
firmly to the latter by rubber bands which passed around a
horizontal glass rod of the cell and hooked onto glass tits

on the electrode tube.

8. Method of Filling the Cell

The method of filling the cell was that in use at the
University of Toronto. The apparatus used is drawn in Fig-
ure 2lj. Before the solutions were introduced into the cell
they were degassed. This was accomplished by decreasing the
pressure in the flask to about lj0 centimeters and swirling

the flask till no air bubbles were formed. The apparatus
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was then arranged as in the figure and nitrogen, bubbled
through concentrated sodium hydroxide, sulfuric acid, and

distilled water was used to force the sslution through the

glass tube and into the cell via the standard taper joint.
Any air bubbles trapped in the cell during the filling were
removed by a syringe. When the cell was satisfactorily
filled the inner joint of the electrode on the closed side

of the cell was given a light coating of Dow Corning silicone

high vacuum stopcock grease and inserted in the outer part.
Bnough solution had been added so that there was no air
Sspace above the solution in this side.

All glass tubing with which the solution came in
contact during the filling was kept in chromic acid cleaning
solution when not in use. Before being used it was riﬁsed
thoroughly in tap water and distilled water and then dried
by meéns of a current of air filtered through absorbent

cotton. The cell itself was treated in a similar mannmer.




PURIFICATION OF MATERIALS AND PREPARATION

OF SOLUTIONS
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l. Purification of Materials

Due to the extreme accuracy attainable with the
moving boundary method the materials used must be very pure.
This is essentially so for the leading electrolyte since any
impurity increasés‘the solvent correction. This is not a
serious objection if the impurity concentration is known
as 1s the case for salts of weak acids or bases when the
corresponding acid or base is added to decrease the salt
hydrolysis. When the impurity is not introduced in this
ﬁanner the additionai solvent correction is unknown. The
purity of the indicator electrolyte need not be as?high~aé
that of the leading electrolyte since diffusion of the im~
purity into the leading solution is the sole disturbing
factor. |

The methods of purification of the various salts
used in this research are given below.

a) Potassium chloride.

The purifiéation technique was provided in a private
communication from A.R. Gordon of the University of Toronto.

Merck Reagent Grade KC1 with maximum impurities of
0.06% was the starting material. It was recrystallized
twice from distilled water and then fused in a prlatinum
crucible. The platinum crucible had been cleaned for three
days in hot, boiling hydrochloric acid and then rinsed well
in tap followed by distilled water. |

To weigh a certain amount of anhydrous salt the

following procedure was adopted. A platinum boat was cleaned
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as above and then heated in a Bunsen flame for fifteen
minutes. After this it was placed in a desiccator for
Thirty minutes, and the balance case for twenty minutes.
It was weighed with the calibrated welghts. The re-
crystallized potassium chloride was finely pulverized

in an agate mortar and introduced into the boat. The boat
was heated over a small Bunsen flame for one hour. It was
weighed after standing in a desicecator for thirty minutes

and in the balance case for twenty minutes.

b) Potassium iodate.

Merck K103 was recrystallizedtwice and dried over
calcium chloride in vacuo. This was the method employed

by Longsworth(32).

¢) Silver nitrate.

Merck C.P. AgN03 was recrystallized once and then
centrifuged. It was kept in a desiccator over calcium

chloride until needed.,

d) Silver perchlorsate.

This salt was prepared from the directions of Hil{lé).

About 200 gm. of Merck C.P,.AgN03 was dissolved in 500 ml.
of water and a slight excess of NaOH in the form of sticks
(Merck Reagent) was added. The precipitated silver oxide
was filtered through sintered glass and washed repeatedly
with distilled water. It was theﬁ transferred to a beaker

with a little water and treated with a slight excess of
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Baker's 70% HClOu. The solution was filtered and evap-
orated in a porcelain dish upon the water bath until crys-
tals began to appear. After cooling the hot solution, the
material was filtered in a centrifuge. It was dried by
~heating in an electric oven at 120-125°. for twenty-four

hours and was then kept in a désiccator over calcium chloride.

e) Ammonium nitrate.

The ammonium nitrate was supplied by Miss E.Kartzmark.

It was the commercial salt which had been recrystallized and

then dried for twelve months over concentrated sulfuric acid.

2. Preparation of Solutions

All the leading solutions were prepared by adding a
known weight of water to a known weight of salt. Care had
to be taken in the handling and weighing of the materials.
A one liter flask was cleaned with chromic acid solution
and rinsed well with distilled water. The exterior of it

was cleaned with alcohol and thenceforth handled with

Kleenex tissue. It was weighed against a counterpoise of
Similar dimensions using calibrated 100 gm. weights in addi-
tion to the other calibrated set. The weighed salt was

then washed into the bottle with distilled water., The funnel

was thoroughly finsed off and water added till the weight
added was within 50 mg. of that calculated to make up a
solution of a desired strength. Buoyancy corrections were

applied to all weights. Atomic weights were obtained from .
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the Handbook of Chemistry and Physics(lh), From the density
‘and weight percent datsg in the Internationgl Critical Table§17)
the resultant concentration was calculated. To prevent
evaporation of the solution a rubber stopper which had been
cleaned in a boiling NaOH solution, rinsed well with dis-
tiiled water and dried was placed on the flask. This stopper
also prevented loss of solutioh when the flask was swirled -
to promote =2 homogeneous solution. |

The indicator solutions were made up in a 250 ml.

volumetric flask by adding the appropriate amount of solute.
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1. Potassium Chloride

To check the operation of the apparatus a run was
made with a 0.1 N solution of potassium chloride as the
leading solution and a 0.1 N solution of potassium iodate
as the indicator solution. A silver anode and silver-
silver chloride cathode were used. These were ﬁhe condi-
tions in the determination‘by Longsworth (1li) of the trans-
ference number of the former salt.

e

The experimental data follow.

a) Solutions.
zglin—-_—_—f—

' Weight of KC1l in vacuo ---- 3.1412 gm.
Weight of H-0 in vacuo ---- 1i35.7 gm.
Weight % of solution ---~ 0.7158
Density (from I.C.T.) ===- 1.00161 gm./ml.

Normality === 0.,09617 equivs./liter
KIO
—1

Weight of KIO, -==-- 21,4105 gm.

Volume of solution  ===== 1l liter

Normality of solution ---- 0.10003 equivs./lier




The mean of the last nine values of T is 0.5055,

c)

b) Data from run.
Etch Volume
Marks (m1.)
1-2 0.0681
2-3 0.0683
3=l 0.61l2
-5 0.0672
5-6 0.0577
1-l 0.7510
1-5 0.8181
1-6 0.8756
2=l 0.6827
2-5 0.7500
2-6 0.8076
3=k 0.61l2
3-5 0.6813
3-6 0.7392

Corrections.,
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1) Solvent correction

"it" (abs.

coulombs)

12.510
12.552
11.278
12.320
10.610
13.782
15,01l
16.075
12.5351
13.762
1l 82)
11.278
12.510
13.571

Ksolvent = ) x 10-6 ohm=l om.-1

Ksolution =k1.286 x 102 ohm~1l em.-1

Correction = 0,5 x 4 =X 10-6

A V=7

AgCl -

$0.0001
ii) Volume correction

VAg

-T

X =

KC1

v
c1

2

0.5056
0.5056
0.505k

- 0.5055

0.5057
0.5055
0.5053
0.5053
0.505l
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From Longsworth.(lu)

KCL = 26.65 4 3.21 /& ml. mole ~1
v .
= Og .
Vag = 03
vAgCl= 25.8 ml.

thenaV = *107 ml.

Volume correction = 4caV
= 40.0002
Corrected T- = 00,5058

ILongsworth gives a value of 0.5102. The transference number
as first caleculated was 0.5101 but in going over the caleula-
tions at the énd of the term the present author noticed an
error in the calculation of the concentration. There was no
time avallable to repeat the determination or to find the

cause of the discrepancy.

20 Silver Nitrate

An attempt was made to determine the anion transfer-
ence number of 0.1 N silver nitrate with 0.1 N silver
perchlorate as indicator; A silver anode and'cathode were
the electrodes. No Boﬁndary was observed for currents of L-6

milliamps.

3. Ammonium Nitratev

A run was made with 0.1 N ammonium nitrate as the
1eading and O.1 N silver nitrate as the indicator solutions,
respectively. The electrodes were a silver anode and a plat=-
inum gauze immersed in 0.1 AgNOB as cathode. No boundary was

observed for currents in the range 3;5-6 milliamps.
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The necessary apparatus for determining trans-
ference numbers by the moving boundary method using A.R.
Gordon's cell has been constructed and calibrated. The
technique appears to be good except for one disturbing
factor which.is'probably the preparation of the solutions.

Silver perchlorate does not give a rising anion
boundary when used as the indicator for silver nitrate.
From the literature the most promising indicators for
silver nitrate are lithium nitrate in a falling and
cadmium nitrate in a rising boundary. To extend the
determinations to higher concentrations the differential
moving boundary method of'Longsworth (36) shows the most
promise.

| A rising cation boundary is not formed with

ammoniﬁm nitrate and silver nitrate as the leading and
indicator electrolytes respectively. Further investi-
gation is indicated here since this should not be the

case.
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