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ABSTRACT

The moving boundary method of determining transference numbers
of electrolytic solutions was applied to dilute aqueous solutions of
ammonium nitrate at 25° C, in order to obtain accurate data for the

interpretation of the conductances of these solutions,

To facilitate the determinaﬁion of the transference numbers by
the moving boundary method, a current regulator was designed and con~
structed, This regulator was capable of nointaining currents of 0.4 to
Y ma, constant>to C,Ol per cent during the electrolyses., The potential
drop-across a calibrated resistor in séries with the moving boundary

cell was measured with a precision potentiometer, enabling the electrolysis

current to be determined to 0,01 per cent,

Rising boundaries with ammonium nitrate solutions and suitable |
indicator solutions were in&estigated quaiitatively in an air*lock cell,
designed and assembled to permit rapid observations., To provide data
supplementing the measurements with the sheared boundary cell, an auto-
genic moving boundary éell was graduated, agsembled, and the volume

calibrated for qﬁantitative measurements,

2 ) :
Moving boundary measurements with ammonium nitrate solutions im

the sheared boundary cell were undertsken using ammonium 3,5-dinitro=—




benzoate as the indicator solﬁtion, Sharp rising boﬁndaries were
cbtained. The indicator concentration adjustment range was shown to

ve exbtremely critical and was not observed. Rising anion boundaries
showing no progréssion were formed with ammonium iodate as the indicator

solution,

Rising cation boundaries of goéa visibility were obtained with
ammonium nitrate and cadmium hitrate as the leading ah& indicator
electrolytes, respéCtively._ Initial measurements in thevautogenic cell
using cadmium anodes were undertaken, With suitable qadmium anodes,
aubtogenic boundaries showed thevmost promise for the determination of

the transference numbers of dilute aqueocus solutions of ammonium nitrate.
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INTRODUCTION

An important property of electrically conducting
solutions is the transference number of an ionic constituent
of the electrolyte. As defined by Hittorf(l6), this is the
fraction of the total electrolysing current carried by that
ionic constituent in any given direction. They have been
of importance iﬁ supporting the interionic attraction theory
and find practical application in conductance and electro~

motive force studies.

The three practical methods which have been used
most extensively for determining transference numbers are
(1) the Hittorf or analytical method, (2) the electromotive
force method, and (3) the moving boundary method. The
electromotive force of reversible cells in a high.centrifugal
vfield has been used(56’57) and has recently been re-con-
sidered(42348), but 1s experimentally difficult. 4 procedure
based on the analytical and the moving boundary methods has
been introduced reéently by Brady(5), but the method lacks

the precision of the moving boundary method.

The analytical method was developed by Hittorf(le)
in 1855. Although many changes in the design of the

apparatus have been made since Hittorf's original work,



the underlying principle raﬁains the same. Concentration
changes occur around the electrodes from the differences

in the amount of current carried by the cation and anion

of electrolyte when a known quantity of electricity is
passed through the solution. Transference numbers may be
determined from a measure of this concentration change

and the total current passed; Accurate transference numbers
are difficult to obtain by this method in spite of the
apparent simplicity, due to the fact that the change in
equivalents per gram of the solvent 1s small and is obtained
by the difference between two large figures. MacInnes and
Dole(39) clearly indicated these difficulties while showing
that the relatively simpler moving boundary method measures

the same property of an electrolyte in solution.

The electromotive force of a concentration cell with

- liquid Junction is given by

dE®2t1 BT 4 1n aj
i
where aj is the mean ionic activity of the solution and i

is the transference number of the ion with respect to which

the electrodes are not reversible, while the expression

aE=2 BT 4§ 1n a,
F 1




gives the electromotive force of a concentration cell
without transference. Transference numbers may then be
obtained by a suitable combination of measurements on

such cells. This method has two chief drawbackss (1) the
activity coefficient of the salts must be known, and (2)
the preparation of concentration cells without transference
often present many difficulties particularly in obtaining

sultable reversible electrodes,

The theory of the "direct® or moving boundary
method has been developed by Kohlrausch(gl), Weber(58),
Masson(45), and Abegg(l). That the results of the moving
boundary method give the actual transference numbers as
defined above was first established concisely by Miller(46)

and on this theoretical basis the method has been used.

A complete bibliography of the moving boundary
method up to 1939 was given by LeRoy(25). Reviews of the
method by MacInnes and Longsworth(4l) and by Hartley and
Moilliet(l5) appeared in 1932 and 1933 respectively. A

brief treatment will be of interest here.

The first experiments actually designed to observe
the migration of ions during electrolysis were those of
Lodge(ss) in 1886. & gelatin gel impregnated with small

amounts of a materigl which would precipitate or change




color on contact with the ion considered separated the
anode and cathode compartment of a cell, Whetham(59’6o’6l)
followed this work with a series of papers in which he
improved on the method, since Lodge's work suffered from
a nonuniform potential drop across the cell, and the
gelatin gradually exuded from the tube in the direction
opposite to that of the current due to electro~osmosis
and influenced the motion of the ions. To overcome this
difficulty, he eliminated the use of gelatin and employed,
two electrolytes so chosen that they contained a common
ion and one coloured ion. Masson(4d employed a two
indicator scheme in which the electrolyte whose cation
and anion transference numbers wére t0 be measured was
placed in gelatin between two coloured indicators. Each
indicator electrolyte had one ion in common with the
electrolyte to be measured. Steele(55) greatly extended
the usefulness of the method by placing a light source
behind the measuring tube and observing the discontinuity
in the light at the boundary due to.the difference in the
refractive indices as previously noted by Lenz(gg) and
Bein(3), Denison and Steele(10) avoided the use of gelatin
entirely by forming the initial boundary by means of

parclment paper. However, it was largely due to the work
(41)

of MacInnes and Smith(43,52,53) and numerous co-workers




and of Gordon and co—workers(2:24) that the method has

been brought to its present state of high precision.

The only determination of the transference number
of ammonium nitrate was reported indirectly by MacInnes
and Cowperthwaite(55). No details were given except that
the moving boundary method was used and that the complete
results would be reported at a later date. The single
result was 0.5130 for the,oation transference number of
O.1 N ammonium nitrate at 250C. A4 study of the moving
boundary method of determining the transference numbers
of electrolytes and the possibility of its application.
to fairly concentrated solutions of silver nitrate and

ammonium nitrate was undertaken in this Laboratory by

Rea(49),

The present thesis presents the results of further
studies on the moving boundary method and its application

to dilute aqueous solution of ammonium nitrate at 25°g,




I. THEORETICAL CONSIDERATIONS

1. The Fundamgntal Bguation

The elementary theory leading to the fundamental
eguation connecting the transference number with the
quantities measured during a determination was.elucidated
concisely by Miller(46) and by Lewis(25), A section
representing a portion of the tube is shown in Pigure 1
in which there are two solutions of electrolytes, AR and
BR, with a dammon (positive or negative) ion constituent
R, between which there is the boundary a=-b. If the con-
gtituents A and B have been Properly chosen this boundary
will move when current is basgsed through the tube to
another position c¢-d; all of the ion-constituent A will be
swept out of the region between a~b and c-d whether A is
or is not present as free ions. Thus, the solution of
electrolyte AR in the region between the two positions of
the boundary is effectively replaced by another solution
containing BR. After the passage of one faraday_of current,
¥, the solution AR retains its original composition, CaRr
- equivalents per liter so that CAR equivalents of A must
have passed through ahy fixed plane M-N in the unchanged
portion of the electrolyte solution. V is the volume

swept out by the boundary during the passage of the faraday.



AR

Cl ———— == ~- d
AR

a b
BR

Fic. . SEcTION OF A MoviNne BOUNDARY




Then the transference number of the ion-constituent A

is given by

For f coulombs of electricity passed through the tube the

boundary will sweep out a volume, v, related to V by

v/V = £/F

so that

TA=VC£§RF .
£

If the current, 1, is constant, then f = it, where t 1is

the time of current flow. Then,

TA: -—-—-—-—-———-—VCARFQ

it
This fundamental expression connecting the trans-
ference number with the motion of‘the boundary is subject
to corrections due to volume changes occurring wifhin fhe
apparatus during the electrolysis and to residual conducé

tance of the solvente.

2. The Volume Correction

Miller(46) first pointed out that with the proper

volume corrections transference numbers from the moving




boundary method became equal to those obtained by the
Hittorf method. Harly workeré had noticed the volume
changes but had regarded them as negligible. With in-
oreésed precision in measurement, however, these must be
taken into account. The magnitude of this correction is
relatively unimportant in diluﬁe solutions but becomes a
large correction in concenbtrated solubtions. A more complete
treatment of the corrections was given by Lewis (285), The
need for this correction arises from the fact that, on thé
passage of a current through an electrolytic solution,

volume changes result from selectrode reactiohs and ion
migration. In the Hittorf method these volume changes

are taken into account as one measures the weight changes

in concentration around the electrodes per weight of solvent.
However, in the moving boundary method, one measures the
movement of the boundary with fespeot to graduations

marked on the tube. If volume changes occur dus to electrode
reactions and ion migratibn;fhe golvent 1s moved accordingly
and these changes must be taken into account if the movement
of the boundary with respect to a fixed amount of solvent

is to be treated in a quantitative manner.

Such quantitative treatment is facilitated by
considering the volume changes occuring in one dlosed

electrode chamber only, the other chamber being permitted
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tb be open in such a manner that volume changes at this
electrode will not affect the position of the solvent
moleéules. Consider as an éxample a boundary‘between
potassium chloride and barium chloride rising from the
gilver anode in the closed chamber. The initial con~
ditions may be represented dlagrammatically as shown in
Figure 2a. x donates the position of an "average" water
particle at some poinﬁﬂwhich tﬁguﬁéﬁhdéry does not pass,
or it may be considered as a plane in the tube abové which

the mass of water remains fixed throughout the determination.

With the passage of qne faraday the boundary moves
to c-d and the "aﬁerage“ waéer paﬁticle moves from e to e!
(Figure 2b). This latter mdx}ement is caused by the electrodé
reactions and by the displadementiof potassium.chloride by
barium chloride. 'Volumexchgnges WhichfdiSPIace the referehcé
water molecule will:éfféct‘ﬁhe bc@pééﬁyasimilarly; since
the solution between the two is uniform and homogeneous.
The passage of one faraday causes (1) one equivalent of
silver té be oxidized at the electrode, (2) one equivalent
of silver chloride to be formgdbat the electrode, (3) one
equivalent of chlbride_idhffblbéﬁébnéuﬁed-in the formation
of the silver chloride, (4) TK equivalents of potassium

ion to pass out of the region between x and the electrods,




X — £
KClI
KClI Clmrmmmim—-
BaCl,
—_'._”“T—_ b
BaCl,
Vg
\\\\A\@ N //AQCI/</
RO TN \\

Fic. 2. VoLuME CORRECTION
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(5) Tl equivalents of chloride ion to move into this
region, and (6) one equivalent of chloride ion to move
downward across the boundary. The volume changes assod-
iated with these processes are (1) - Vpg, (2) +Vagcl,

(3) = VeaPell2 | (g) - mg THOL (5) 42y VopECL, ana

(6) +Vg1BaClzg - v KCL, where V3 is the partial molal
volume of one equivalent of ion 1 in solution j. The net

volume change is

- _ T BaCl = KC1 = KC1
AV = Vo + Vpoey = Vo1 2 = Tp Vg * Tgy Ty

+ ﬁblBaClg v KCl.
Since Tg + Tpqg = 1,
and.
- = KC1 =
VC:LKGl v T = Troy

this reduces to
AV = Vo1 = Vag = Tg Vgege
The observed volume through which the boundary
movesg is thus greater, by the amount AV, than the volume

V which was taken with respect to the tube. The corrected

transference number is therefore

T = CVgopr, = C(Vopg, -4V)

Tobs. - G AV,
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It is seen from the above that the volume correction
i1s proportional to the concentration so that in dilute
solutions the correction is small. At higher concentrations,
this correction is the main factor which limits the accuracy
of the results since the densities of solids vary somewhat
depending upon their physical state. MNoreover, diffusion
] effeéts around the electrodes make an unamblguous evaluation

of the partisl molal volume difficult(®7),

The validity of the corrections made as shown has
been demonstrated by Smith(5l) who made use of an electrolysis
apparatus one electrode chamber of which could be’dis-
connected and used as a pycnometer. The electrode chamber
contained a gilver electrode, covered with silver chloride
and potassium chloride solution. On passing the current
the chloride was reduced to silver and the potassium chloride
increased in concentration. The increaée in weight of the
electrode portion was equal to that computed within fhe
very small experimental error. These corrections were
further supported by MacInnes and Longsworth(41) who measured
the transference numberé of 0.5 N and 1.0 N potassium chloride
using different electrodes which gave rige to different
volume corrections. The uhcorrected transference numbers
observed differed from each other by 2 per cent but when

the volume correction was applied, the results differed by
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less than’O.llper»cent. The probeble~errors arising from
uncertailnties in the densities and partial molal volumes in
the computation of the volume corrections must therefore

be small since this was an extreme case.,

3. The Solvent'CorrectiOn

The necessity for e correcition to'transference
numbers due to the conductance‘of the solvent was first
recognlzed by Longsworth(zv) 1 AT low electrolyte concen="
tratlons,:the 1mpur1t1es in the solvent act as a. shunt in
parallel w1th the electrolyte solutlon. With the pre0151on
attained by the moving boundary method such a correction
is imperative. MoreoVer;ra;similar solvent correction
should be applled to the results of transference measure— ;
ments made by all of the avallable methods where the |

precision warrants.

The magnitude of the correction may be determined
from the conductivity of the solutlon and that of tne
solvent, as follows(zv)., The total current, I, is equal
t0 the sum of the‘currentccarrled”by the cetion, i,, the

anion, i., and the impuritiee'in the solvént,‘ii; Thus,

I = 4 + 1_ + 14




The current carried by the cation is equal to C, FAV, in

which C, is the equivalents per ml. of the rositive lon,

V, is the velocity of the positive ion, & i1s the cross

sectional area of the tube, and F is the faraday. Similarly,

i - = C AV -

and

FA 201V

N
e
¥

where €3 and Vi refer to the concentration and velocity of
the 1fth impurity. Therefore, for a uni-univalent elec=-

trolyte, since

where C is the concentbtration of the electrolyte in question,
I = COFA(V,* V.) + FA J.CiVi.

¥ultiplication of this equation by

]

L

gives
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Since the mobility, U;, of an ion constituent is given by

Vi = EUi

where B is the field strength, this equation may be written

as

- CPAV, FEA T
T+ T - L ZClUl'

The ratio I/EA is the specific conductance of the solution,
Ksolution, 2nrd E‘EZCiUi is the specific conductance of the
solvent, Kgolvent, which may be measured independently.
Assuming that the introduction of the solute into the
solution does not alter the concentration and mobilities

of the iﬁpurities in the solvent, the eguation becomes

_ Ksolvent
T; = T, (obs.) + T4. Ksolution®

A similar expression may be obtained for T..

4, 'The Kbblrausch Ratio

Kohlrausch(zl) has pointed out that for a steady

state with a two-salt bouyndary, the relation

S

-
-

Ol}_(l?

o
T

must hold where C? and C are the concentrations of the

indicator ion and the leading ion, respectively, and Tj
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and T are the corresponding transference numbers. This
ratio is called the Kohlrausch ratio and the concentration
of the indicator ion at a stable boundary has been called

the adjusted indicator or Kohlrausch solution.

Since the original relations were proposed by
Kohlrausch(®1) and weber(58) treating ternary ion systems,
extensions Lo more complex systems have been made by

Longsworth(31) and by Dole(1l).

The relation for the ternary ion system may be
obtained by consideration of a stable boundéry which has
moved from a position near a-b to another position c¢-d as
in Figure 3. This movement 6f the boundary results in the
replacement of the electrqute AR which originally filled
the volume between the two positions of the boundary by
the indicator electrolyte BR. The concentration C% of BR
between a=b and c¢~d will in general be different from that
concentrétion Cg when the junction is initially formed. The
motion of the concentration boundary of these solutions,
C%/C%-will be very slow in comparison with the motion of
the boundary AR/BR and may be neglected. Under the stable
condition; when an addiﬁional faraday of current is passed,
the boundary at c=~d will move to e-f, sweeping through a

volume V. The transference number, T, of the leading ion
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Fic. 3. ADJUSTMENT OF THE INDICATOR SOLUTION
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constituent has been shown to be

The number of equivalents of ion constituent B passing the

the plane c¢-d per faraday will be

37,

Ty = CgVe

Since the volume V must be the same, the important relation

ls obtained by taking the ratio,

g~ T4

No special assumptions as to the ionization of the leading
and indicator solutions have been made. The indicator ion
consfituent at the boundary must move at the samé rate as

the leading ion'constituent in order that the boundary

remain stable. For a given concentration of the leading
solution this can occur only at one concentration of the
indicatof solution, necessitating a change of concentration

of the indicator solution during the stabiligzation of the
boundary. As Kohlrausch(zl) has pointed oub, it is impossible

‘for concentration changes to occur spontaneously in the

interior of a homogeneous solution as a result of electrolysis

alone. Hence, regions of changed concentration can develop
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only at the bouhdary and only by the indicator solution(15),
The velocity of a stable boundary has been shown to be

(27) and

independent of the nature Qf the indicator radical
the concentration of the leading solution has been found
experimentally to undergo no adjustment(lg). The adjust=-
ment of the indicator solution takes place automatically

within limits largely determined by experimental conditions..

5. ﬁisturbing effects at the Boundary

| Hitherto, 1t has tacitly been assumed that no dis-
turbing influences occur at the boundary. However, in
addition to the uniform velocity of all the individual
radicals in the direc¢tion of the potential gradient, entirely
random thermal motion exists(l5). The latter causes inter=-
diffusion of the two eléctrblytes. The passage of the
current throﬁgh the measuring tube of a transference ceil
develops a temperatﬁre gradient from the leading solution
to the indicator solution éince the latter must have a
higher specific resistance. The resulting flow of heat from
the indicator to the leading solution may be accompanied
by a tendency of the two solutions to mix. This tendency
is»greater in riaing boundaries where the warmer solution

i1s the lower one.

& second heat effect may arise from any radial

temperature gradient arising from a lag in heat dissipation
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to the thermostat liquid. The solution in the center of
the tube will have the highest temperature and will be,

in general, lighter than that along the wall of the tube.
This may readily‘lead to convection currents which will
cause enough mixing at a boundary to affect the results.
Indeed, with potassium chloride/potassium permanganate
riging boundaries, these effects were clearly shown by the

upward streaming of the colored indicator(38),

Tn addition to the disturbing effects of qonvection
just discussed, forces of diffusion act at a boundarye.
Gradients of thermodynamic potential arise from the dif=~
ferences in concentration in successive layers of the
boundary and tend to bring about diffusion against the
opposition of the viscosity of the medium. However, it

has been shown theoretically(4l) and verified experimentally(Sl)

that diffusion influences the thickness of the boundary

but not its rate of motion.

8., Restoring Effect

That the boundary remains stable in spite of dis-
turbing effects due to diffusion and convection requires
that an appreciable restoring effect be present. The
change in potential gradient at the boundary gives rise

to this restoring effect. Reference to Figure 4 will



* PotenTiaL Drop

LiCl KClI
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P

DisTaNCE ALONG MEASURING TuBE

Fie. 4. PoTenTiaL DROP IN THE REGION OF
A MovING BouNDARY




illustrate this effect in the typical use of a falling
boundary between lithium chloride and potassium chloride.

The lithium ion has a lower mobility than the potassium
ion/and the lithium chloride solﬁtion ig more dilute than

the potassium chloride solution. The passage of current

must cause a greater potential drop in the lithium chloride
golution than\in the potassium chloride solution. If some

of the relatively fast moving potassium ions diffuse or

are carried by convection into ﬁhe lithium chloride region,
the bigher potential gradient will return them to the
boundary. If lithium ions diffuse into the potassium
chloride region they will move more slowly than the potassium
tons and will be overtaken by the moving boundary. Miller(46)
predicted that for boundarles of the type acetic acid/sodium
acetate, sharp boundaries will occur if the hydrogen ion

acts as the indicator in spite of the high mobility of the
hydrogen ion. In this case, if the weak acid diffuses
forward its ionization is immediately repressed and the
diffused acid, ceasing to carry current, would’soon be

overtaken by the boundary.

The existence and strength of the restoring effect

has been strikingly demonstrated by MacInnes and Cowper-

thwaite(56) ang by MacInnes and Longsworth(4l). Diffusion
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at the boundary was allowed to occur,byygtopping th@
current, or, even more drastic; by actually reversing
the direption ofvthg our:ent.,HOnkregﬁaft;ng the current,
the boundary reformed and pgggme;pepfggtly §harp. More~-
over, the diffusion process didindtﬂaffect the rate of

motion of the boundary.



The apparatus necsesgsary for the practical deter=
mination of the transference number of an electrolybe by
the moving boundary method consists essentially of (1) a
moving boundary cell, (2) suitable electrodes, (3) an

aoparatus for observing the boundary formed between the
indicator solution and the solution under investigation,
(4) o constbant current source and means of measuring the

current, (5) a means of timing the motion of the boundary,

a consbant temperature thermostat({4l), & dis-

L

nd (6

cussion of each of these component parts follows in detail.

1. -Apparatus

(a) The moving boundary cells

In order to observe the mobtion of a boundary between

Ly 4

two ionic species, some meang of forming the boundary

=

initially with a minimum of mixing and diffusion is necessary.
Several designs of cells have been used by varlous inves-
tigators in the past. These may be classified generally

as (1) sheared boundary cells in which the boundary (rising

{...J

or falling) 1s formed wechanically by placing the solutions
L,

in contac and (2) autogenic boundary cells in which the

£y

ndicator solution is formed by an electrochemical reaction

at the slectrode. Of the former type, the early cells of
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Steele(55) and of Denison(g) were unsatisfactory because

of the use of a gelatin plug. This was replaced by a

parchment closure by Denison and steele(10) ang further

improved by MacInnes and Smith(45:52955). The first actual
shearing mechanism was introduced by MacInnes and Brighton(54)
with later modifications by MacInnes and associates(26’27’28’58).
A novel apparatus for producing a sheared boundary was

developed by Allgood, LeRoy, and Gordon(®) in which the
essential feature was the use of a four-way stopcock. Simple

stopcocks have also found applioation<19’54).

Cells producing autogenic boundaries have been

designed by Cady and Longsworth(G) and by LeRoy and Gordon(24).

Three cells were used in the course of this inves-
tigation: (i) a sheared boundary cell, (ii) an air-lock
cell, and (iii) an autogenic cell. Hach of the cells is

discussed in the following.

(i) Sheared boundary cell. The cell used for the

greatery part of the work described here was already avail-

able in this LabOratory(49). The design of the sheared cell

3

developed by Allgood, LeRoy, and Gordon(z?, is shown in

Figure 5., With the lafge hollow stopcock, S, turned 90°
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counterclockwise from the position indicated in the figure,
the leading solution is forced by alr pressure into the cell
through D and the indicator solution is forced into the cell
through C. The anode and cathode (each mounted in a ground
glass joint) are placed in B and A. & clockwise rotation
of S through'900 forms the Junction at the bottom of the

graduated tube, T.

The volume calibration used were those determined by

Rea(49) and arve given in Table I.

TABLE I
VOLUMES OF THE SHEARED BOUNDARY CELL(49)

Volume Mean Volume Volume Mean Volume Volume Méan Volume
Calibrated|  (ml) Calibrated (ml) fcalibrated (ml)
6-1 0,.8756 B=l 0.8181 4= 0.7510
B=2 0.8076 B2 0,7500 4-2 0,.682%7
B=3 0.7392 5=d 0.6813 43 0.6142

in the present work for quélitative investigations o

(ii) Air-lock cell.

boundaries after the design of Hartley and Donaldson

The design as modified is shown in Figure 6.

The air-lock cell was constructed

f the
(14)

®

The air-lock

method, described below, is much simpler in operation and

greatly reduced the time required to mske observations of
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the nature of the boundary since the distance between the
point of formation of the boundary and the undistorted

portion of the measuring tube was only about 1 cm.

The size of the measuring tube, T, was chosen to
match closely that of the sheared boundary cell. Other
dimensions closely followed those suggested by Hartley and

Donaidson.

The boundaries were formed in the following manners.
The open end of E was fitted with a short length of pressure
tubing with two pinchcocks attached. The apparatus was
washed through and filled with leading solubtion with the
upper pinch-cock closed and the lower one half opened.
After inserting a suitable electrode in B, and allowing
time for thermal equilibrium of the cell with the thermostat,
the lower pinch~cock was compressed to force the alr column
in B into the lower part of T, separating the solution in
T and C. Observations of the "heel® of this air-column ab
G were used ﬁo deteét any leaks or volume changes. The
part A C F was then emptied by suction at 4 and F and washed
with indicator solution from A with suction at F. The
suction at F was always arrested before the receding meniscus
in € reached the junction with T in order not to disrupt

the air column. Upon final filling, the electrode was
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inserted in A, voltage applied, and the lower pinch-cock
on E carefully unscrewed until the air column had receded
sufficiently to allow current to flow. A boundary forms

immediately and progresses up the measuring tube.

(11i1) Autosenic Cell. A different method of forming

a boundary is the 'autogenic' boundary first used by Franklin
and Cady(lz) in liquid ammonia and in aqueous solution by
Cady snd Longsworth(6), PFigure 7 illustrates the principle
of this method. The solution under investigation is
placed in the tube B closed by the anode &. With proper
choice of the anode, the indicator solution is formed by
the anode electrolysis reaction to produce a boundary. The
ions produced by the electrolysis must not form an insoluble
galt with the anions of the electrolyte in the cell. The
choice of the anode is limited by the availability of suit-
able metals whose solution produced must possess thé
propertlies necessary for an indicator. Nevertheless, the
simplification introduced by ‘the automatic generation and
adjustment of indicator solution recommends it for use when
possible. Moreqver, sheared boundaries often exhibit
anamolous behaviour and should always be verified by means

of the autogenic boundary when possible(zo).
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The 'autogenic' cell used in this work followed
closely the design of that used by LeRoy and Gordon(24)
and is shown in Figure 8. Before uée, the appropriate

size measuring tubé; T, was graduated by etching, sealed
onto the cell, and calibrated with mercury. This is'des-

cribed in the following paragraphs.

A thin-walled tube of well annealed Pyrex tubing
formed the measuring tube, T. Prior to sealing this to the
rest of the cell, the graduation marks were etched at the
rappropriate place. This was readily accomplished by coating
the tube with a uniform layer of paraffin. The tube was
then carefully mounted in a lathe and a fine cut made in
the wax coating by means of a razor blade mounted in the
tool-post of the lathe. This assured a uniform, fine
groove which was perpendicular to the axis of the tube.
Subsequent etching for 1 minute with a mixture of one part
concentrated hydrochloric acid and one part 48 per cent
hydrofluoric acid produced a just perceptible graduation
mark. These, however, were amply clear and distinct when

viewed under experimental conditions.

The positions of the six graduation marks are shown |

in Pigure 9. The graduation marks were separated by l.5 cm.
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except fdr the 13.5 cm. middle interval. Thus, nine com-
binations of etch marks, each of 13.5 cm. or more, and six
of less precision are possible. With normal progress of
the boundary, sufficient'time was allowable between the
timing operations to make observations of the current,
thermostat temperature, and overall progress of the deter-

mination.

The volumes were calibrated by the mercury and

(27) and success-

cathetometer method described by'Eongsworth
fully employed by Rea(49). For calibration purposes, a

1 mm. stopcock with a capillary tip was sealed to a 10/30
standard taper outer ground glass joint. The stopcock and
the standard taper joint were greased sﬁaringly in éuch a
menner as to avoid contamination of the mercury. With the
capillary stopcock in place and the cell held rigidly in
place on its stand, the mercury (Nichols mercury metal #1960,
redistilled three times) was drawn up through‘the capillary ‘
by gentle suction at C, A& being closed. Filling with suction

ensured that no air bubbles were present.

- The cell was illuminated from the back by the light
gource used in observing the boundary. The positions of
the mercury in the measuring tube were determined with a

Gaertner table cathetometer to * 0,001 cm. All weighings
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were made with calibratéd weights on an analytical balance
baving a sensitivity of 3.6 divisions per mgm. at zero
load. Determinations were carried out ih a room with a
very high ceiling which showed satisfactory constancy

(20.19C) of temperature.

The procedure followed may be illustrated in detail
by reference to the determination of the volume between
etch 6 and etch 1 as an example. The mercury meniscus was
lowered to just above etch 6. The weighing bottle, con=-
taining a small pool of mercury was raised until the tip
of the capillary was partially immersed in the pool and
the weight of the welghing bottle obtained. A similar
welghing bottle containing mercury was used.as a counter-
poise. This was repeated until constant weight (to 0.03 mgm)
wag obtained, ensuring a constant volume of mercury in the
capillary. The weight of the weighing bottle and the posi-
tion of the top of the mercury meniscus, the base of the
meniscus, and the etch mark were determined. Mercury was
then withdrawn dropwise to just below the etch mark, the
constant weight of mercury obtained, and the mercury position
again measured. The change in mercury héight was in general
less than 1 cm. so that the corrections were kept to a
minimum. The mercury was then withdrawn to just above the

lower etch mark and the procedure repeated.




38

This procedure was necessary because of the dif-
ficulty in adjusting the mercury meniscus to coincide
exactly with the etch mark and because of the variation
in the volume of the meniscus caused by variation in the
height and the diameter of the base. The volumes between
the etches were calculated from the above observations as
follows. The main volume of mercury withdrawn from jJjust
below the upper etch mark to just above the lower etch
mark was corrected for lack of coincidence in the etch
marks by use ol the cathetometer readings. Since the
| radius of the tube was approximately 1.2 mm. and the height
of the menisci 0.45 - 0.65 m., the menisci were considered
as parabaloids of volume Vv =7rr2h/2, where r is the radius
of the base and h 1s the height of the meniscus(49). From
the weight of mercury withdrawn near each etch mark, the
average cross-sectional area was deﬁermined for esach etch
mark. The volume not included in the»main‘volume of mercury
could then be readily calculated ffom the distance of the

etch mark from the mercury position.

The weights of mercury were converted into volumes
from tables of sgpecific volume dabta in the Handbook of
Chemistry and Physics(13). These tables give the corrected
volumes of glass vessels from the weight of the contained
mercury when weighed in air with brass weights at variocus

temperatures.
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The results of the calibration are given in a

following section.

(b) BElectrodes

The electrodes used in all experiments with the
sheared’boundary cell were silver and silver chloride as
anodevaﬁd cathode, respectively.‘ The former was prepared(49)
by electroplating silver onto a &5 mm. square platinum
gauze formed into a spherical shell. The solution was
prepared from 2 gms. AgNOz and 12 gums. NE4NOz dissolved in
300 ml. of water. A solution of KCN was added until the |
precipitated‘AgCN Just dissolved and the final volume made
up to 600 ml. Electrolysis was carried out at 3 ma. at
60°C until sufficient silver was deposited. The electrode
was rinsed repeatedly in distilled water and left in slowly
circulating distilled water. Prior to use, the electrode
was immprsed in the solution to be investigated. Silver
chloride electrodes were prepared by chloridizing the well
washed.silver electrode in a 6 N HCl solution for two hours
at 6 ma. These were washed with distilled water and stored

in the solution to be investigated.

Two types of cadmium anodes were used with the auto=-
genic cell. The initial type was machined from cadmium metal

which had been rapidly fused. The machined plug of cadmium
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was cemented into place using De Khotinsky cement.

Blectroplated cadmium was also used as an anode.
Following the procedure of Creighton and Koehler(a), cadmium
was plated onto a platinum wire baée from a bath containing

8.5 gms. Cd(0OH)g and 33.2 gms. KON in 250 mls. of solution.
A uniform deposit was obtained using 2 volts for this \

operation.

(¢) Current supply

(1) Constant current regulator. In é transference

number determination, the number of coulombs of electricity
required for the boundary to move through a known volume

must be determined to an accuracy consistent with the other
measured quantities. Barly workers(50,52) used micro-coulometers
but these had limited applicability because of the small
quantities of electricity involved. Moreover, multiple
coulometers are necessary if the full advantage of all the

volume combinations is to be utilized. This method has now

been compietely discarded in favour of simultaneous measure-

ments Qf the current and the time.

The movement of the boundary in the measuring tube
of a moving boundary cell causes an increase 1n the total

cell resistance as the leading solution, necessarily having
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a higher donductivity, is replaced by a solution of lower
conductivity. Some sultable auxiliary apparatus must be
adopted to maintain the current independent of the resgsig-

tance of the cell.

A constant current supply capable of maintaining
currents up to 4 ma. constant to 0.02% was developed in
the course of this investigation. Ajneed for this became
evident when in preliminary work.the constant cﬁrrent
supply available within this Laboratory(49) did not give

the degree of stabilization desired.

Various mechanical(37,40) and electronic(4,14,24)
devices have been designed to maintain the current constant
at any desired value independent of the load resistance.

In general, however, these are too cumbersome or require the
use of extensive batteries. The circuit adopted, shown in
Figure 10, was quite similar to that of LeRoy and Gordon(z)
and also that of Hartley and Donaldson(l4) but does not

require the use of a large bank of batteries.

The high voltage supply used was the original one(49)
with the voltage regulating section removed to provide an
increased plate voltage as high as 775 volts. The un=-

regulated voltage from the T section filter was applieg@%ﬁf$%%M

directly to the load in series with the regulator ﬁp’%ﬁu
. f’-oﬁ‘ JV,\
é‘?;‘f e . .
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Any line voltage fluctuation and any residual ripple from
the filter appeared at the plate of the-éAC? regulator
tube. For the present case, this is not serious since the
voltage drop across the load musﬁ change by a much greater
amount during a tfansference number determination dus to
the change in cell resistance. ‘The stabilization is based
on the fact that the plate current of a pentode tube is
‘almost independent of plate voltage beyond abminimum vélue
of plate voltage. To improve the constancy of the plate
current, a cathode biasing resistor of large magnitude

was included so that any change in plate current must
result in a relatively large change in tube blas 1n such
direction as to counteract the change in plate current.
Thus, even a substantial increase of resistance in the
transference cell (in series with the plate circuit) will
result in a very small decrease in plate current because
the IR drop across the cathode resistor will become smaller

and hence decrease the negative blas on the grid.

The BAC7 tube was selected because i1ts current
handling capacity was suited to the currents employed,
and its high transconductance makes the response to small
changes in grid bias relatively large. Because the tube
will not pass appreclable current if the grid is greater

than a few volts negative, it was necessary to;put sufficient
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positive potential in the grid circult to raise the grid

v potential to approximately that of the cathode. Variation
of the cathode resistor, the screen voltage, and the grid
voltage can theh be used to adjust the plate current to
any desired value. The screen voltage was maintained by

a battery connected between screen and cathode. Some
consideration was given to the use of an electronically
regulated voltage source to furnish screen voltage, butb
experience has shown that the batteries could supply the
emall screen current (less than 1 ma.) without noticeable

polarization.

The circuit included a dummy load resistor, Ry, of
approximately the resistance of the cell. A warm-up period
of at least an hour was allowed during whlch time the
magnitude of the current was set and the degree of control
tested by simulating the actual resistance changes expected

during the run with the continuously variable dummy resistor.

Typical performance data of the regulator are given

in Table IV later in this thesis.

(11) Measurement of the current. The current flowlng

through the transference cell was determined from the

potential drop across a calibrated resistor in series with
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the cell., The resistors used were obtained from the
General Radio Company, and had nominal resistances of
100 ohms (type 500-d) and 1000 ohms (type 500=h). These

had been calibrated previously(49) and the values given in

Table Il.
TABLE IT
CALIBRATED VALUES OF SERIES RESISTORS
Nomlnel Resistance in
value absolute ohms.
100 99.961
\ 1000 999.8

L Leeds and Northrﬁb ﬁype K-1 potentiameter (Serial
No. 61167) was used %o measure the potential drops as
campared'with an Eppley Standard Cell (No. 396636). The
voltage of this cell was redetermined by comparison with
an Eppley Standard Cell recently certified. The potentiometer
was compared against a Rubioﬁn Type B high precision poten=
tiometer by measuring on ecach instrument the potentilal
drop across a variable resistance connected across a 2 volt
wet cell. The limit of error in the Rublcon potentiometer,
as gpecified by the manufacturers, including residual errors
as well as calibratioh errors was 0.01% of the readings in

this range.
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(d) Observation of the boundary

The difference in refractive indices of the leading
and indicator solutions permit the boundaries to be readily
observed using a relatively simple optical system. The
apparatus used was introduced by MacInnes, Gowperthwaite,
and HUang<38) and was successfully'modified by Rea(49) in
this Laboratory. The principle is illustrated in Figure 1ll.
The 1ight source, S, was a blackehed cylinder containing
a 100 watt light bulb. A rectangular 8lit 1 cm. by 6 cm.
on the end of the cylinder was covered with a "Kleenix!
tissue to pfovide diffuse light. When the relative poéition
of the source, the boundary, B, and the telescope, T, are
such that total reflection occurs at the boundary as shown,
the boundary appears as a bright line on a dark béckground.
If the source and the telescope are in the same plane as
the boundary, the latter appears as a dark line on a bright
background. The adjustment of the light source was facili=
tated by mounting it on a framework which could be moved
upwards or downwards smoothly by a chain and sprockét drive

actuated from the observer's position.

The Schlieren scanning technique, originally developed
by Longsworth(zg) for studying the electrophoresis of
proteing has provided a powerful tool with which to inves-~

bigate in detail the moving boundaries. Information
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concerning the magnitude and distribution of the gradients
in the boundary and the manner in which these vary with
current has been obtained by Longsworth(50’51’32). However,
for boundaries encountered in this research the relétively

- gimple optical system employed was entirely adequate.

(e) Measurement of the time

The standard of time used was an'Elgih."railroad"
watch certified by Birks Jewellers (Winnipeg) to be accurate
to 15 seconds in a week. Iesser periods of about three
hours were checked repeatedly by means of broadcasted time
'signals (Washington, D.C.), the deviations found being
negligible. The exact moment at which the boundary arrived
at an etch mark was interpolated by means of beats from an
electric metronome obtained from the Central Scientific
Company and calibrated against the Elgin watbh(49). After
the initial determinations, the use of the metronome was-dis-
continued since the time at which the‘boundary reached
an etch mark could not be éstimatéd well enough. A& Stop—
watch calibrated against the standard of time was subse-
quently used by setting it ih motion at the moment that
"the boundary reached the etch mark and stopping it at a

known time. The probable error was estimated at &= 0.5 secs.
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(f) Temperature control

Although transference numbers do not change critically
with temperabure, fluctuations of tamperatﬁre of the thermo-
stat may give rise to serious temperature gradients which
cause éonvéction stirring and density stirring of the
solutions in the cell. Erroneous results or destruction
of the boundary may result, as well as displacement of the
boundary due to changes in volume of the electrode chambers
from thermal expansion or contraction. Similarily, undue
vibration of the cell has been shown to have undesirable

effects(ss).

The thermostat bath used successfully in the first
investigation(49) was employed in the present work. This
consisted of a copper bath, with partial glass windows on
opposite sides, filled with 'Bayol F! -~ a thermostating
liquid of water white mineral bil having low viscosity and
low flash point. Control was achieved by means of a mercury
thermoregulator and mechanical relay controlling a knife
heater. The addition of a cdhstant hydrostatic'head to the
cooling system greatly facilitated1im‘regulation. The
stirrer motor stand rested directly on the floor in order
that any vibrations would be damped out without being

communicated to the bath and cell., The total fluctuation
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during any one run was generally less than 0.003°C as
determined by means of a Beckmann thermometer. A certified
platinum resistance thermometer was used to set the Beckmann

thermometeéer.

2. Preparation of chemicals

In all high precision electrochemical measufements,
the purity of the materials used is of utmost importance.
Accurate concentrations made up by weight require that the
salts be completely anhydrous. These_conditions were met
adequately in the salts used in this work. For use as
indicator solubtions in moving boundarj measurements, the
salt concentration can be varied within limits so that less

precision is demanded.

(a) Potassium chloride

The potassium chloride used was that preparéd by
Rea(49) and used in previoué investigations. Iﬁ was
prepared by twice recrystallizing Merck Reagent grade
potassium chloride (maximum impurities of 0.0é%) from
conductivity water. After dryingqat 110°C, the salt was
fused in a platinum cruciﬁle. This yielded a completely
anhydrdus, neutral Salt(47). It was stored in a ground

glass stoppered bottle in a desiccator.
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(b) Potassium iodate

Merck potassium iodate was recrystalliéed twice
from conductivity water. After the initial drying, in
vacuo, the salt was finely pulverized in an agate mortar.
It was stored over anhydroug calcium chloridé until required

for use.

(¢) Ammonium nitrate

The ammonium nitrate was supplied by Dr. E. Kartzmark
of this Laeboratory. It was the commercial salt(7) which had
been recrystallized and dried for twelve months over con=-

centrated sulfuric acid.
\

(d) Ammonium propionate

& volume of 100 ml. of proprionic acid (BEastman
Organic Chemicals) was neutralized with a slight excess
of ammonium hydroxide and evaporated to dryness. This
was recrystalized from ethyl alcohol and dried over calcium

chloride.,

(e) Ammonium salicylate

Salicylic acid was neutralized with a slight excess
of ammonlum hydroxide and the precipitated ammonium salicylate
filtered off by suction. After a subsequent recrystallization
from slightly basic conductivity water, it was dried over

calcium chloride,
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(f) Ammonium 3,b-dinitrobenzoate

The ammonium §;§—dinitroben20ate~was prepared by
the method of lcMagter and Godlove(44) by passing NH3z gas
into an ether solution of the acid. A white, amorphous
powder having a slight yellowish tinge was precipitated.
The salt was obtained by suction filtration from the
ethereal solution, further purified by recrystalilzation
from conductivity water, and stored over calcium chloride
after oven drying. McMaster and Godlove found that the
salt was not deliqﬁescent and was stable in dry alr. An
agqueous solution was neutral and did not hydrolyse even on

Iong standing.

(g) Ammonium iodate

Iodic acid was neutralized with a slight excess of
ammonium hydroxide and the precipitated salt filtered off
by suction. & recrystallization from éonducﬁivity water
was made and the ammonium iodate oven dried before storing

over calcium chloridse.

(h) Cadmiuvm nitrate

- Cadmium nitrate (Merck Reagent grade) was of high
purity and was used without further purification. The
analysis supplied showed a maximum impurity of 0.07% with

no cations of higher mobility present.
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3. Preparation of Solutions

All weights used were calibrated in terms of a
standard set certified by the National Research Council

of Canada. Buoyancy corrections were made in all cases.

(a)Leading solution
The leading solutions were prepared by welight by

adding water to a known weight of salt. The final weight

of solution was determined rather than adding a known weight
of water. This permitted the use of some of the water to
rinse the container in which the salt was weighed, and
losses of water by evaporation during the preparation of

the solution cause no error. Volume concentrations were
calculated from the weight concentrations using the density

data in the International Critical Tables(17).

(b) Indicator solution

The indicator solutions were made up in calibrated
250 ml. volumetric flasks. The appropriate weight of dry

salt was dissolved in conductivity water.

4, Procedure for Cell Filling

The cells were filled using the nitrogen pressure
technique recommended by Allgood, LeRoy and Gordon(g)
as shown in Figure 12. Cylinder nitrogen was passed

through a bubbler of concentrated sodium hydroxide %o
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remove carbon dioxide and saturated with water by passing
through two water bubblers. The water aspirator and the
rate of nitrogen flow were adjusted to maintéin a slightly
reduced pressure of about 500 mm'Hg. After degassing, a
positive nitrogen pressure was used to force the solution

into the cell.

The leading solution of the sheared cell was filled
through D, Figure 5, so that the measuring tubé was well
washed with the solutibn while filling the anode chamber.
The newly silvered anode, which had been resting in part
of the leading solution to be used was then carefully
seated into place and firmly held in place with springs.
Stop~cock grease which had been repeatedly exbracted with'
hot conductivity water was used as a lubricant. The Ag-AgCl
cathode was similarily introduced into the cathode chamber
after filling with indicator solution. The latbter sgolution

was pipetted into the cell.

The autogenic cell was filled by introducing a fine
tube through B reaching to the anode. Solution was slowly
forced through the fine tube, up the measuring tube and
into the side arm. The tube was slowly withdrawn when the
cell was almost full, filling the measuring tube. The
opening B was closed with a rubber stopper. A silver

chloride electrode was used as cathode.
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5. Ammonium 3,5~-Dinitrobenzoate -- Conductances,
Densgities, and Solubility

The conductance and density of a 0.06 N and a
0,10 N solution of ammonium 3,5~dinitrobenzoate were
measured to enable an approximation of the proper indicator
concentration to be made. A Campbell-Shackelton bridge
available in this Laboratory(V) wag used for conductance
measurements. Densitles were determined with a Weld
pycnometeerf 5 ml. capacity, calibrated with distilled

water.

The solubility of ammonium 3,5-dinitrobenzoate in
water at 25°C was determined after equilibrating the salt
for twenty=-four hours by stirring the thermostated sgolu-
tion with excess solid. Samples for gravimetric analysis
of the saturated solution were obtained through sintered
glass filters. The weight of residue from a known weilght
of saturated solution was obtained by slowly evaporating

of f the water and heating to constant weight at 110°C.

The data and results are listed in Table VI of the

next section.
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6., Transference Number Measurements

(a) Potasgium chloride/potagsium iodate sheared boundaries

The transference numbers of potassium chloride have
been well investigatedfz’gv) and the data are very accurately
known. Independent measurements of the transference number
of the chloride ion in potassium chloride may serve as g
check on the overall method of procedure and the performance
of the apparatus. Runs 1, 2, 3, 4, 24, 41 to 44, and 52
uging potaessium iodate as indicator were carried out on this
galt during the investigation for this purpose.

(b) frmonium chloride/emmonium 3,5-dinitrobenzoate
sheared boundaries

The preliminary measurements on the system emmonium
nitrate/ammonium 5,5=dinitrobenzoate in the sheared boundary
cell showed progression of the rate of movement of the
boundary with no appearance of an adjustment range of the
indicator. Runs 19, 22, and 23 were made with ammonium
chloride and ammonium 3,5-dinitrobenzoate to test the
properties of the latter indicator. The transference
numbers of ammonium chloride were established by Longsworth(ZB)
using the moving boundary method. This ammonium Salt thus
enabled an indepeﬁdent check on the properties of the

5, 0-dinitrobenzoate ion for use as an indicator.
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(c) Ammonium nitrate sheared boundaries

(1) Preliminary indicators. The investigation of

ammonium nitrate boundaries was initiated with an indicator
gsearch in which the ammonium salts of proprioniec acid,
gsalicylic acid, and 3,5~dinitrobenzoic acid were used.
Theée indicators were tested in the sheared boundary cell
(runs 6 to 10) and in the air-lock cell. Of these, the
ammonium 5,5-dinitrobenzoate seemed most promising for use

as an indicator.

(ii) Ammoniuvm 3,5-dinitrobenzoate indicator. Sheared

boundaries using asmmonium 3,5-dinitrobenzoate as indicator
were studied systematicélly with 0.1 N ammonium nitrate and
the complete range of indicator concentration from 0.01 N
to 0.1 N. These were included in Runs 11, 12, 13, 15 to 18,
20, 21 and 25 to 30.

(iii) Cadmium nitrate indicator. MAutogenic boundaries

with a cadmium anode give rise to boundaries in which the
cadmium salt forms the indicator. Thus, the nature of an
‘autogenic boundary may be investigated by using the proper
concentration of the cadmium =alt in a rising boundary.
Runs 31 to 35 were undertaken with 0.1 N ammonium nitrate
and concentrations of cadmium nitrate varyihg aroundd the

Kohlrausch ratio for this purposse.
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(iv) Ammonium iodate indicator. The iodate ion hasg

been used with success in rising boundariesfg’zv). In the
present work, ammoniuvm nitrate/ammonium iodate boundaries
were investigated with 0.05 N ammonium nitrate and varying
concentrations of ammonium iodate in Runs 45, 46, 50 and

ol.

(a) Autogenic boundaries

(i) Potassium chloride. The transference number of

the potassium ion in potassium chloride was measured in the
autogenic cell to check the calibration of the cell and to
test thevdesign of the anode. Runs 36 to 40 were made with
O«l N potassium chloride using a cadmium anode machined

from fused cadmium metal as described previously.

(i1) Ammonivm nitrate. The autogenic cell was used

to measure the transference number of the ammonium ion in
0.05 N ammonium nitrate. The plated cadmium electrode
described in a previous section was used. Three runs

(Runs 4%, 48, and 49) were made.




III. DATA AND RESULTS

To facilitate the discussion in the next section
and in line with the development of the experimental part,
the results of this investigation are presented here in
the following order: (1) calibration of the autogenic
cell, (2) (a) typical performance of the constant current
supply, (b) comparison of the Leeds and Northrup Type K-l
potentiometer, (3) properties of the ammonium 3,5=dinitro=-
benzoate indicator solution, and (4) transference number

mesasurements.

The results of the transference number measurements
have been classified further into the types of boundaries
investigated: (a) potassium chloride with potassium ilodate
as indicator in the sheared boundary cell, (b) ammonium
chloride in the sheared boﬁndary cell using ammonium 3,5-
dinitrobenzoate as indicator, (c) ammoniﬁm nitrate in the
sheared cell using as indicators (i) ammonium proprionate
and ammonium salicylate, (ii) ammonium 3,5-dinitrobenzoate,

(131) cadmium nitrate, and (iv) ammonium iodate, and,
finally (d) autogenic boundaries with (i) potassium chloride,

and {(ii) ammonium nitrate.
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l. Calibration of the Autogenic Cell

The results of the calibration of the nine volumes
are listed in Table IILI. Each determination is the mean of
at least two determinations.

TABLE III

VOLUME CALIBRATION OF AUTOGENIC CELL

Volume Mean W; Volume Mean Volume Mean
Calibrated | Volume [[Calibrated | Volume [[Calibrated | Volume
ml. ml. ml e
6-1 0.,9172 5=-1 0.8472 4-1 0.7765
6-2 0.8485 5=2 0.7781 4=2 0.70%76
6-3 0.7836 Bm3 0.7123 4-3 0.6422
il

(2) Current Supply

(a) The current regulatog

The data from two representative runs using the

constant current regulator are in Table 1V,

TABLE IV

TYPICAL PERFORMANCE OF THE CURRENT REGULATOR

Trial 1 Trial 2
Time of run, hours 2 2.5 .
Initial load resistance, olms 70 K 100 K
Final load resistance, olms 20 K 1556 K
Minimum current, ma. 2.2582 2.2587
Maximum current, ma. 22589 2.2593
Maximum deviation from mean 0.016% 0.014%
Average Deviation from mean 0.005% 0.005%
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Comparable stabilization was achieved for currents
from 0.4 ma. 50 4 ma. Currents outside this range were not
encountered,

(b) Comparison of the Leeds and Northrup Type K-1
potentiometer

The potential difference in the range 0.4 to 0.6 volts
measured on the Leeds and Northrup Type K~1 potentiometer

and on the Rubicon Type B potentiometer are given in Table V.

TABLE V

COMPARISON OF POTENTIOMETERS

Measured Potential Drop

Reference potentiometer Compared potentiometer leference
(Rubicon) (Leeds & Northrup #6116%
= 0.00001 Volt = 0,00001 Volt mv.
"0.60457 0.60455 - ~0,02
0.48849 R 0.48851 +0.,02
0.46%745 0.46745 0,00
0.43402 0.43402 %=0,00
0.42426 0.42423 -0,03
0.41410 0.,4140%7 -0.,03
0.40194 0,40192 -0,02

(3) Ammoniunm 3, 5-Dinitrobenzoate--Conductances,Densities,
and Soliubillity

The conductivity and density of 0.06 N and 0.1 W
solutions and the solubility of ammonium 3,5-dinitrobenzoate

in water at 25°C were determined in order to evaluate the
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sultability of this salt as an indicator for sheared bound-
aries with ammonium nitrate. These data are ligted in
Table VI together with the equivalent conductances(ls) and

the densities(lv) of aymmoniuvm nitrate for comparison.
TABLE VI

DENSITIES AND CONDUCTIVITIES OF AMMONIUE 3,5-DINITROBENZOATE
AND AMMONIUM NITRATE AT 25°C.

Concentration | Density (gms./ml. ' A mhos cm* }

(Moles/Liter) |Benzoate | Nitratell/) | Benzoagte | Witratello
0.05924 1.0022 | 0.9990 86.97 126.3
0,09991 1.0063 1.0003 84,04 122.8

0.2523% 1.0193 1.005L | meee- 114.9

% Solubility of benzoate.

(4) Transference Number Msasurements

The results obtained for each series of transference
number measurements are tabulated in this section. Rather
than presenting all the experimental data required for each
determination, for conciseness, only the concentration of
the leading solution, the indicator solution, the average
current, the observed time, and the computed transferencev
numbers are given. Where graphical integration was employed;
the average current given is for the interval 3-4. The
volume and sgolvent corrections have been made where they

are applicablse.
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(a) Pobassium chloride/potassium iodabe sheared
boundaries

The transference number determinations of the
chloride ion in 0,01 N, 0.05 N, and 0.1 N potassium chloride
are gummarized in Table VII. The volume change, AV, when

silver forms the closed anode is given by
AV E Vg - vAg01¢,TK 701
The data used for this compubtation were(B87)
TKCl = 26,65 + 3.21 Jm ml./mole
VAg = 10.3 ml. |
Vagol = 25.8 ml.

_Kéolvent

Kgolution

The solvent correction, given by + T , Was computed

from the measured conductances when they were significanb.

(b) MAymonium chloride/aymonium 3, 5- dlnitrobenzoate
sheared boundaries

Runs 19, 22, and 23 were made in the sheared boundary
cell using O.1 N ammonium chloride as the leading solution
and 0.05 N ammonium 3,5-dinitrobenzoate as the indlcator
solution. The results of Run 22 were invalid because of
gassing at the anode and have not been included. Thé data

for Runs 19 and 23 are presented in Table VIII. The
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POTASSIUM CHLORIDE/POTASSIUM IODATE SHEARED BOUNDARIES

Run No. 1 3 4 24 41
Oxel (equiv./liter) 0.09965 0.09926 0.09998 0.09958 0,01012
CKIO3(equiv./liter) 0.1000 0.1000 0.1000 0.1000  0.00700
Mean Current (ma.) 4.165  4.144  4.163  3.924  0,4100
Time (sec.) 1 - 4 3398 3411 3535

1-5 3703 3718 3856

1-6 2964 3980 4132

2 - 4 3086 3093 3104 3199 3197

2 -5 3391 3398 3411 3520 3513

2 -6 3653 3659 3673 3796 3786

3 - 4 2784 2784 2795 2882 2874

3 - 5 3089 3089 31.02 32073 3190

3 -6 3351 3350 3364 3479 3463
T_obs. 1 -4 | 0.5104 0.5096 0.5202

1-5 0.5105 0.5094 0.5194

1-6 0.5105 0.5096 0.5188 .

2 - 4 0.5106 0.5099 0.5092 0.5209 0.5086

2 -5  0.5106 0.5101 0.5092 0,5202 0,5085

2 -6 0.5105 0.5102 0.5094 0.5195 0.5080

3 - 4 0.5093 ~ 0.5098 0,5090 0.5218  0.5090

3 -5 0.5092 0.5098 0.5088 0.5208 0.5086

3 - 6 0.5094 0.5101 0.5094 0.5202 0.5084

Mean 0.5099 0.5101 0.5093 0.5202 0.5085
Vol. Correction 0.0002  0.0002 0.0002 0,0002 0.,0000
Solv. Correction 0.0001 0.0001 0.0001L 0.0001 0,0014
T. corrected 0.5102 0.5104 0.5096 0.5205 0.5099
p_(2,27) 0.5101 0.5101 0.5101 0.5101

0.5098
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POTASSIUM CHLORIDE/POTASSIUM ITODATE SHEARED BOUNDARIES

Run No. 42 43 44 52
CkCl (equiv./liter) 0.09986 0.04979  0.009860 0.09981
Ck105 (equiv./liter) 0.07016 0.04006 0.01000  0.07000
‘Mean Current (ma.) 3.7493 2,170 0.41197 3.4732
Time (sec.) 1 = 4 3724 3196 3315 3979

1-5 4061 3480 3610 4336

1 -6 4345 3726 3863 4640

2 - 4 3386 2906 3014 3678

2 - 5 3725 3190 3309 4035

2 - 6 400% 3436 3562 4339

3 - 4 3046 2614 2711 3255

3 -5 3583 2898 3006 3612

3 - 6 3667 3144 3259 3916
T~ obs. 1 -4 . 0.5182 0.5186 0.5232 0.5234

1 -5 0.5177 0.5188 0.5234 0.5232

1 -6 0.,5179 0.5186 0.5235 0.5233

2 - 4 0.5182 0.5184 0.5231 0.5232

2 -5 0.5177 0.5188 0.5234 0.5232

2 - 8 0.5180 0.518Y 0.5236 0.5234

3 - 4 0.5182 0.5185 0.5232 0.5232

3 -5 0.5176 0.5188 0.5234 0.5231

3 - 6 0.5180 0.5188 0.5238 0.5235

Mean 0.5179 0.518%7 0.5234 0.523%
Vol. Correction 0.0002 0.,0001 0.0000 0.0000
Solv. Correction 0.0001 0.0003 0.,0014 0.0014
T corrected\ 0.5182 0.5191 0.5248 0.524%7
r_(2,27) 0.5101 0.5100 00,5098 0.5101
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AMMONI UM CELQRlDE/AMMONLUW 3, 5=DINITROBENZCATE
SHEARED BOUVDARIES

67

Run No. 19 23
CNH4C1 (equiv./liter) 0.,09979 0.09988
CNH4B (equiv./liter) 0.05000 0.,050086
Mean Current (ma.) 3,318 2,695
Time (sec.)} 1 - 4 42861 5210

1l =5 4638 B676

1l -6 4969 6076

2 - 4 3876 473%

2 « B 4253 5203

2 =6 4584 B603

3 = 4 3489 4261

S = 5 3866 4727

3 -~ 6 419Y7 5127
T- obs. 1 -4 0.5114 0.5154

1 -5 0.5118 0.5154

1 -6 0.5113 0.5153

2 - 4 0.5111 0.5154

2 -5 0,511 . 0.b1l55

2 = 6 0.5112 0.5154

3 = 4 - 0.5108 0.5155

3 =« 5 0.5114 0.5154

3 = 6 0.5111 0.5156

Mean 0.,5113 0.5154
Vol. Correction 0.0003 00,0003
Solv. Correction 0.0001 00,0001
T. corrected 0.5117 0.5158
r_(27) 0.5093 0.5093
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volume change is given by

= NHyC1
&7 = Vpg - Vpgor + Tnmy ¥ 4
where '

T NH4CLl - 35,26 + 1.86 J& ml./mole(27),

(¢c) fmmonium nitrate sheared boundaries

(i) Preliminary indicators. The preliminary indi-

cators used with O.1 N ammonium nitrate were ammonium
proprionate at currents of 4 ma. to 6 ma. (Runs 6, 7 and 8)
and ammonium salicylate at currents of 3.5 ma. to 5.8 ma.
(Runs 9 and 10) in the sheared boundary cell., No boundaries
could be observed even though the time of electrolysis and
the change in cell resistance showed that sufficient trans-
ference had teken place to enable a boundary to move into
‘the fiéld of view. Similam];y, no boundaries were obtalned
with these indicators in the air-lock cell in which the
disturbing effects could be operative for only the short
interval between the time of formééion‘of the boundary and

the time of observation.

Preliminary runs using ammonium 3,5-dinitrobenzoate
as indicator, however, produced a very sharp boundary which

persisted with a current variation from 3 ma. to 8 ma,
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The nature of the boundaries formed between ammonium
nitrate and ammonium 5,5—dinitrobenzoate suggested that
quantitative investigation of this indicator was warranted.

The results of the transference number measurements using
this indicator are summarized in Tabie IX immediately

following.

(ii) Ammonium 3,5-dinitrobenzoate indicator. Runs 11

to 13 and 15 to 18 were made prior to the measurements on
ammonium chloride given above, while Runs 20, 21 and 25

to 30 were suggested by the ammonium chloride results.

The ammonium nitrate measurements constitute Table IX. The

volume and solvent corrections were not determined.

(1ii) Cadmium nitrate indicator. Sheared boundaries

formed between ammonium nitrate and cadmiuvm nitrate were
investigated in Runs 31-35. These results are summarized
in Table X. The mean values have not been corrected for

change of volume or solvent conductance.

(iv) Jfmmonium ilodate indicator. Ammonium ilodate

was used as an indicator for 0.05 N solutions of ammonium

nitrate in Runs 45, 46, 50 and 51 (Table XI}.
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TABLE IX

AMMONIUM NITRATE/AMMONIUM 3,5-DINITROBENZOATE
SHEARED BOUNDARIES

Run No. 11 12 13 15 16

CNH4N05(equiv./l.) 0.00973 0.09975 0.09971 0,09986 0,09990

B

CNHg (equiv./l.) 0.09468 0.08528 0.07587 0.06633 0.04738

Mean Current (ma;) S.261 5.329 3.280 50342 Se343

4410 4291 - 4405 4350 4309
4808 4681 4803 4745 4698
5150 5013 65144 5083 5027
4021 3912 4018 3966 5926
4419 4302 4416 4361 4315
4761 4654 4631 4699 4644
3625 3526 3621 3578 5542
4021 5916 4019 3973 3931
4363 4248 4360 4311 4260

Time (sec.)

| I S SN SN N T B A |

QOUIBROUIR OO OO OO OO

0.5024 0.,5054 0.5001 Qa4972 0.5024
0.50285 0.5047 0.4996 0.4971 0,.5022
0.5017 0.5046 0.4993 0.4968 0.5025
0.5010 0.5041 0.4984 0.4960 0.5011
0.5008 0.,5038 0.4982 0.4961 0,8011
0.5005 0.5036 0.,4980 0.4960 0.5016
0.5002 0.5035 0.4975 0.4949 0.5000
0.5000 0.50289 0.4972 0.4948 00,5000
0.4999 0,5031L 0.4973 0.4950 00,4008

T~ obs.

ROV FEFE WWWNDVDOHHE




TABLE IX (continued)
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“AMMONTIUM NITRATE/AMMONIUM 3,5-DINITROBENZOATE
'SHEARED BOUNDARIES

.RBun No,

7

18

20

21

25

CNﬂémogfequiv./l.)
»CNH4B (equiv./1.)

Mean Current (ma.)

Time (sec,.) -1

T. obs,

VUi r

KAV DOHFFE OGN0
OB GUIIROUIR OUROUN O U A

I O T S S A A

0.09992 0.09990 0.09986 0.09984 0.09992

0.03009-0,01995 0.06020 0,06001 0.02996

4345
4741
5079
3962
4358
4696
3570
3966
4304

0.500%
0.4998
0.4996
0.4991
0.498%7
0.4987
0. 4984
0.498L
0.4983

" 3.298

4426
4833
5181
3989

4395

4744
5602
4008
4357

10,4950

0.494%7

0.4999

0.4991
0.4986
0.,4984
0.4975

0.4971

54144
4673

5095
5456
4263
4685
5046

5840

4262

4623

0.4928

0.4925

0.4924
0.4908

0.4908

0.4908

04,4901
0.4900

0.4903

3.555

4403
4808
5153
4019
4424
4769
3625
4030
4375

0.4892
0.4886

0,.4885

0.48%75
0.4871
0.4872
0.4865
0.4861
0.4864

3,002
4892
5330
5703
4453
4891
5264
4008

4446

4819

0.4951
0.4930
0,4932

0.4924

0.4926
0.4928

0.4922

0.4923
0.4928
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LBLE IX (Continued)

=

NIUY 3,5=-DINITROBENZOCATE
ey rTaCE

SN TROVTTRITY A
i BOUNDARIE

Run o =26 27 28 29 30

=

O

G C
o’

O
1nS
[éN

5 0.09

<ol

Crrpanoz (equive/1a) 0. 87 0.09988 0.09982 0.09992
CuHgB  (equiv./l.) 0.01999 0.01000 0.04998 0.08000 0,02997

Mean Current {(ma.) 2.224 2.221 2.1962 2.1960 2.2590

Time (sec.) 1 - 4 6587 6758 6552 6628 6623
: 1 -5 7181 7425 7146 7216 7212
1 -6 7687 8004 7651 7724 THLY
2 - 4 6002 8192 5074 5045 5031
2 = 5 6596 6861 6568 5633 6620
2 = 6 7102 7440 7073 7141 7185
3 = 4 5403 5627 5391 5449 5435
3 = 5 50979 6296 5985 8037 5024
& = 8 6503 8875 6490 6545 5529
T. obs, 1 o= 4 0.4918 0.,4823 00,5029 0.4969 0.4840
1 = 5  0.4815 0.4780 0,5024 0.4872 0.4841
1 =06 0.4914 0.4746 0.5022 0.4972 0.4842
2 = 4 00,4807 0.4784 0.B014 0.4953 0.4831
2 =5 0.4905 00,4743 00,5010 0.4858 0.48356
2 = B 0.4905 0.4710 0.5010 0.4960 0.4838
3 = 4 0.4804 (0.4736 0,49089 0.4944 0.4823
3 = b 00,4801 0.4895 0,4995 0,4950 00,4827
3 = 6 0.4804 00,4688 0.4898 0.48953 (.4823
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PABLE X

AMMONIUM NITRATE/CADMIUM NITR&TEVSHEARED BOUNDARIES

Run No. 3 32 33 34 35

CNH4NOx  (equiv/1.) 0.09980 0.09987 0,09971 0.09981 0.09992

CCd(NOs)z (equiv./l.) 0.08000 0.05798 0.05000 0.07000 0.07001
Mean Current (ma.) 2.2584 3.2078 3.2063 3.2038 13,2120
Time (sec.) 4357 4449 4386 4327

4746 4842 4778 4713

5081 5180 5113 504%
5509 39859 4041 3987 39385
6052 4348 4434 4379 C 4321
6514 4683 4772 4714 4655
49565 3563 3632 3586 3539
5498 3952 4025 3978 3925
5960 4287 4363 4313 4259

0.5178 0.,5070 0.5147 0.5210
0.5178 0.5070 0.5147 0.5210
0.5176 0.85072 0,.5148 0.5208
0.5284 0.5180 0.,5069 0.5147 00,5208
0.5284 045181 0,5076 0.5149 0.5210
0.5286 0.5180 0.5078 0.5150 0.5208
0.5285 0.5178 0.5074 0.5148 0.5210
0.5283 0.5172 0.5079 0.,5148 0.5210
0.5288 0.5179 0.5084 0.5152 0.5210

T“ ObS L]

ARV QGGNNO M
OB OUIROUIE OO UH U

Mean 0.5285 0.5179 0.5075 0.5148 0.5209
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TABLE XI

AMMONIUM NITRATE/AMMONIUM ICDATE SHEEARED BOUNDARIES

Run No. 45 46 50 51

CNH4NO3 (equiv./1l.)  0.04988 0.04988 0,05260 0.05260
CNH4IO3 (equiv./l.) 0.03499 0,03499 0.03000 0.03000
Mean Current (ma.)  2.0585 2.0576 2.0570 2.0570

Time (sec.) 1 = 4 3458 . = 3607 - 3709 3755 . .
1 -5 3767 3821 4040 4089
1 -6 4032 4090 4324 4376
2 - 4 3145 3187 3372 5414
2 - 5 5454 3501 3703 3748
2 - 6 3719 3771 39087 4035
3 - 4 2830 2868 3033 3070
3 =5 3139 - 3182 3564 3404
3 = 8 3404 3451 5648 3691
T~ obs. 1l - 4 0.5078° 00,5009 0.4996 0.,4935
. 1l -5 0.5078 0.5009 0.4997 0.4937
1l -8 0.,50%8 00,5008 04996 0. 4937
2 - 4 0.5076 0.5011 0.,4996 = 00,4934
2 =5 0.5077 0.5011 0.4998 0.4938
2 =6 0.5077 0.,5010 00,4998 0.4939
3 = 4 0.5074 0.5010 0, 4997 0.4936
3 =~ 5 0.B5075 0.5009 0.499% 00,4939
3 = 8 0.5077 0.5011 0.58000 0.4942
Mean 0.5077 0.5010 0.4997 0.493%7
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(d) Autogenic Boundaries

(1) Potassium chioride. The autogenic cell was used

with O.1 N KCl in Runs 36-40 with the machined cadmium anode.
The results of Runs 38 to 40 are tabulated in Table XIT.
The two initial measurements suffered from leaks at the
anode and have not been included.
TABLE XII
POTASSIUM CHLI.ORIDE/CADMIUM CHLORIDE AUTOGENIC BOUNDARIES

Run No. 38 39 40
oxcy (equiv./liter) 0.09991 0.09982 0.10005
Mean Current (ma.) 3.180% 2.5528 2.043Y7
Time (sec.) 1 - 4 4732 ' 5894 276
1 -5 5169 6444 7956
L~ 6 5607 6993 8634
2 =~ 4 4333 5405 6675
2 -5 4770 5955 7354
2 = 6 5208 6504 8032
3 - 4 39449 49032 6093
3 =5 4384 5482 8772
3 = 6 4822 6031 7450
Te 0bs . 1l - 4 00,4973 0.4971 0.5040
1l -5 0.4968 0.4961 0.5030
1l -6 04958 0.43949 0.5017
2 - 4 0.4949 0.4240 0.500%
2 - B 0.4943 0.4930 00,4998
2 ~ 8 0.4938 00,4922 0.4990
3 - 4 0.4932 0.4913 0.4979
3 =5 00,4924 0.4803 0.49868
3 - 6 00,4925 00,4903 ' 0.4968

Machined cadmium anode used.

AR e n b o e e
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(i1) Ammonium nitrate. Akutogenic boundaries with

0.05 N ammonium nitrate were investigated in Runs 47, 48,
and 49. The data from the latter two are listed in Table

XITT, but Run 47 was incomplete.

TABLE XIII
AMMONIUM NITRATE/CADEIUM NITRATE AUTOGENIC BOUNDARIES

Run No. | 48 49

Cymgno, (equiv./liter) 0.05260 0.05260
Mean Current {(ma.) 2.0582 2.0568
Time (sec.) 1 - 4 3840 3843

1l -5 4185 4189

1 -6 4533 4533

2 - 4 3494 3499

2 -5 3839 3845

2 - 6 418% 4189

3 = 4 3170 3169

3 - 5 3515 3515

3 - 6 3863 : 3859
T, obs. 1l - 4 0.4991 0.4986
' 1 -5 0.4997 0.4990

1 -6 0.4924 0.4993

2 - 4 0,4999 0.4990

2 =68 0.5002 0.4998

3 - 4 0.5000 0.5000

3 - b 0.5002 0.5000

3 = 6 0.500%7 - 0.5010

Plated cadmium used.



IV. DISCUSSTION

The results of the investigation as presented in the
previous section may most readily be considered in the order

of presentation of the data.

1. Calibration of the Autogenic Cell

The volumes between graduations on the measuring tubes
must be known to the precision desired in the transference
numbers. As a check on the volume calibration, the volumes
1-2, 2-3, 4-5, and 5-6 may be obtained from suitable come
binations of the directly measured volumes. Thus, the
volumes between 6-1 and 6-2, 5-1 and 5-2, 4-1 and 4-2, all
diffe} by the same increment, the volume 1-2. This is shown

in Table XIV.

TABLE XIV |
AUTOGENIC CELL CALIBRATION DERIVED VOLUMES

Volume Reference ~ Volume . Mean Volume

Sought Mark Calculated ml,
ml,

1-2 4 0.0689

1-2 5 0.0691

1 -2 6 0.068%7 0.0689
2 -3 4 0.0654

2 -3 5 0.0658

2 -3 6 0.0649 0.0654
4 - 5 1 0.0707

4 - 5 2 0.0705

4 « 5 3 0.0701 0.0704
g - B 1 0.0700

J - 6 Q 0.0704

5 - 6 3 0.0713 0.0706
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With the average value for volumes l1l-2, 2-3, 4-5

and 5«6 and with the experimental value of the volume

3=4, each of the nine combinations of volumes may be

computed. These calculated volumes are compared with the

experimental values in Table XV.

TABLE XV

CALCULATED VOLUMES OF AUTOGENIC CELL

Volume Mean Volume
Calibrated Experimental Calculated Difference
mle ml . mle X 104:
6 - 1 0.91%72 0.,9175 3
6 - 2 0.8485 0.8486 -1
6 b 3 007856 0017832 "'4.
5 - 1 0.8472 0.8469 -3
5 - 2 0.7781 0,7780 -1
b - 3 0.7123 0.7126 3
4 - 1 0.7765 0.7765 0
4 - 2 0.7076 0.70%6 0
4 w 3 0.6422 0.6422 0

The volumes calculated show deviations larger than

the probable experimental error, but there is no indication

that any one particular volume is in error.

In the present invegtigation the volume calibrations

gained experimentally wer

e used. Any recurring differences

may be expected to be readily apparent in a transference

number determination.
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2 Current Supply

(a) The current regulator

With reference to the data in Table IV, the average
deviation from the mean, 0.005%, is entirely negligible in
comparison with the probable errors associated with the
timing of the motion of the boundary. Comparable stabili=-
zation was achieved for currents from 0.4 ma. to 4 ma.

The marked improvement of the stabilization over the
previous regulator(49) may be attributed to the use of

(a) batteries for the screen voltage, (b) higher cathode
bias resistor, and (c) higher plate voltages. The removai
of the voltage regulator tubes increased the volbage output

from the filter section to Y75 volbe.

Although currents outside the above range were not
encountered, higher currents up to the maximum rating of
10 ma. as well as lower currents should be equally well
stabllized provided that the voltage drop in the load is
not too large. Decrease in regulation is expected when the
plate voltage falls below the linear portion of the plate

characteristic curves,

(b) The %eeds and Northrup Type K-l potentiometer
The results of the comparison of the Leeds and
Northrup Type K-1 potentiometer (Serial No. 61167) with the

Rubicon Type B high precision potentiometer showed that the
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potentiometer was reliable in this range within the

experimental error. The differences are small and, more-

over, random.

The resistors used in series with the moving
boundary cell (Table IIL, this thesis) had been calibrated
to better than 0.01 per cent(49), The currents could thus

be determined to at least this accuracy.

3o  Ammonium 5,5—Dinitrobenzoate--Conductances, Densities
and Solubility

The greater density of the indicator solution and
its lower conductivity in comparison with emmonium nitrate
satisfy two of the necessary conditions for a stable rising

boundary.

The transference and conductance data of MacInnes
and Cowperthwaite(35) on ammonium chloride and emmonium
nitrate showed that the ionic conductance of the ammonium
“ion in these two solutions at 0.1 N was 63.1 mhos cm™2 and
independent of>the solution. From the conductivity of
axmonivm 3,5-dinitrobenzoate, the transference number of the
3,5~dinitrobenzoate ion in this solution was estimated to
be (84,0-63.1)/84.0 or 0.25. This assumes the same degree
of ionlzation as in the solutions of ammonium nitrate and

ammonium chloride.
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The estimated transference number provided an
approximate evaluation of the Kohlrausch indicator con-
centration. This, with the measured solubility, assured
that the use of ammonium 3,5-dinitrobenzoate as an indicator
for ammonium nitrate would not be limited by solubility

factors.

Al

4. Transference Number Measurements

(a) Potassium chloride/potassiuvm iodate sheared boundaries

The transference numbers of potassium chlofide have
been well established by independent moving boundary measure-
ments(zszv). Initial measurements were carried out on this
system in the sheared cell in this research to evaluate the
overall method of procedure and performance of the apparatus,
The transference number of the chloride ion in O.l N potassium
chloride obtained in this work waé 0.5101 ¥ 0.0003 (Runs 1
to 4, Table VII). This value agrees well wiﬁhin the limits
of experimental error with the best literature wvalue,
0.5100({2) ana 0.5102(R7), 1In these runs, each determination
showed né progression, was self—consistent,'and showed that
" the apparabus was capable of measurements of the desired

precision.

“During the course of the investigation, additional
measurements (Runs 24, 41 to 44, and 52) were made to

check on the apparatus and performance. Of these, the
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results of Run 41 (O 5099) compared favorably with the
established value, 0.5097(27) and o. 5098(2) The remaining
runs also were self-con31stent and showed no progr6331on
but the transference numbers varled from the llterature
value by more than the probable experimental error. A&
consideration of each of the factors entering into the
determination of the transference number did not account
for the obserVédAdiécrepanCy.' The current méasuremeht was
shown to be reliable to'0.0i pérceﬁt ( page 80, this thesis).
Any’shunting of the current caused by the relatively high
resistance of the transference cell would result in a lower
valve rather than the higher values’ found. lMoreover, the
uge of oil,;ndthe the:mgstét_and thg shielding Qf all current
leads in glagsvtubing‘made~any;gtray current leaks unlikely.
The observgd,diécrepancies_are‘toq large to be attributed to

errors in the concentration.

'ﬁsomé‘resérvatibns must, therefore,‘bé placed on the

i results with emmonium nitrate.301uﬁions'in‘this'work. The
results arevnétHconclusive'quaﬁtitatively buﬁ, nevertheless,
must be considered to be qualitatively valid. Only a more
detailed experimental analysis of the factors can be expected

to resolve the observations.
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indicator, some measurements with a salt other thean
ammonlum nitrate with a known transfersnce number was
desirable. If no progression in the observed translerence
number was bbtain669 the 3,5~dinitrobenzoate lon would be
suitable for indicator use. For this purpose, ammonium
chloride was chosen, Longsworth(ES) reports the transg-
ference number of the chloride ion in O.1 N ammonium

chloride as 0.5083 at 25°C,

Inspection of the results (Runs 19 and 23,
Table XI) shows that the velocity of the ammonium chloride/

ammonivm 3, 5~dinitrobenzeate boundaries remained constant

and did not undergo a progression. However, the anion
transference numbers (0.5117 and 0.5158) were high, This

ndicates that the indicator concentration was not within

o

the adjustment range, but suggested that this indicator

could be satisfactory if adjustment were obtained.

The preliminary investigations of ammonium nitrate/
sammoniuvm 3,8-dinltrobenzoate was extended in view of tThese

resultse This ig discussed in the next sections
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(c) Ammonium nitrate sheared boundaries

(1) Ammonium 3,5-dinitrobenzoate indicator. Among

the requirements for a satisfactory boundary, as discussed
earlier, is constancy of velocity of the boundary under a
constant potential gradient. Experimentally, this is
achieved when the conditions of the Kohlrausch ratio are
fulfilled. Varying concentrations of ammonium 3,5~-dinitro-
benzoate as indicator solution for 0.1 N ammonium nitrate
sheared boundaries were studied to obtain the concenbtration
within the adjustment range. The results of Runs 11 to 18,
in which the concenbrations 0.095 N to 0.0l N were investi-
gated, clearly showed that adjustment did not occur with
any of the concentrations used. These runs were made
before the measurement of the conductance of ammonium
3,5~dinitrobenzoate (Table VI) or Runs 19 and 23 (Table VIII)
on ammonium chloride were made. In Runs 20, 2L, and 25

to 30, the most promising concentration range was carefully

re-investigated.

In each of the fifteen experiments covering a
regularly varied inﬁicator concentration, the velocitj of
the boundary showed a continuous decrease asg thé boundary
moved up the tube. Constancy is approached near the end
of the runs. The adjustment can be expected to have occurred
to the greatest extent by the time the boundary has moved
well up the tube..
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The indicator concentraﬁion in the system potassium
bromide/potassium iodate has been reported to be very
critical. Keenan and Gordon{20) observed that for 0.05 N
potassium bromide, the anion transference number agreed
with that required by the autbgenic cation transference
number at only one concentration of the indicator golution.
lMoreover, it was only at this particular indicator concen=
tration that the observed anion trénsference number was
independent of the current. At concentrations of 0,07 N
and 0,10 N potassium bromide, no indicator concentration
couldbbe obtalned giving transference numbers independent

of the current,

In the present work, the exact concentration of"
armonium 3,5~dinitrobenzoate necessary to achlieve indicator
adjustment in a transference measurement was not achieved.
These results suggest that the situation in this system is
quite similar to that observed with potassium bromide(20),
The initial concentration of the ammonium 3,5-dinitrobenzoate
solution 1s quite critical and thelindicator ad justment range
is very limited. Further measurements to re~investigate the
most promising concentration range (0.04 N to 0,06 N} would

be of interest with respect to this pointe.
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(ii) Cadmium nitrate indicator. The autogenic

cell with a cadmium anode gives rise to a boundary similar
to that which would be formed by using the cadmium salt with
anion in common with the leading solution. Automatic adjust-
ment of the indicator concentration normally occurs in the:

autogenic boundary.

The primary ihformation gsought -~ that suitable
boundaries without progression could be formed with ammonium
nitrate using cadmium nitrate as indicator-- was established
in Runs 31 to 35 (Table X) in the sheared boundary cell.

In these, the Kohlrausch indicator concentration calculated
from approximate transference number data to be between

0.05 N and 0,08 N cadmium nitrate, was not observed. This
showed that the aubtomatic adjustment of fthe indicator

in autogenic cells is an important advantage. The bouhdaries
with ammonium nitrate were sharp and of sufficient quality

to warrant the use of the auvtogenic cell.

(iii) Ammonium iodate indicator. The transference

number determinations of 0,05 N ammonium nitrate using
armonium iodate indicator (Runs 45, 46, 50, 51 Table XI)
satisfy the criterion of constant velocity under a constant
potehtial gradient. The second criterion of independence

of the observed transference number with current density has

not been achieved. The results of the autogenic cell
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measurements (section (ii) following), however, show that
the indicator concentratidn usged lies very nearly in the
apparently narrow adjustment range. Small variations of
indicator concentration from that in the above runs may be
expeotéd to result in complete adjustment to the Kohlrausch

concentbtration.

—(d) Autogenic cell

(i) Potassium chloride. Aubogenic boundaries have

the dlstinct advantage that the indicator solution, forméd

by the electrolytic dissolution of the anode, is aubtomatically
adjusted to the proper concentration(4l). The results of

the measurements (Table XII) of 0.1 N potassium chloride in
the autogenic cell showed a continual decrease in the measured
cation transference number. Since the indicator_adjustment;
is automatic, this effect may not be attributed to lack of

ad justment.

The most probable source of error lies 1in the anode.
Low values may result from any leakage of solution at the
electrode. The constant difference observed between the
values obtained in Runs 39 and 40 does not favour a random
error of this nature. Impurities in the cadmium anbde may,
however, lead to decreased boundary velocity as shown by
considerations of polysalt boundaries by Longsworth(sz) and

Dole(ll). Those impurities which give rise to ions faster
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than cadmium would be particularly harmful since the leading

solution would become progressively contaminated.

(11) Ammonium nitrate. A marked improvement in
stability of the boundéry was observed in the autogenic
boundary measurements when the plated cadmium anode wag used
(Runs 48 and 49, Table XIII). Moreover, the measured trans-
ference numbers were reproducible within the experimental
preclsione. Carefully controlled electroplating from a |
cyanide bath may be expected to give a cadmium deposit of

high purity.

These results of the transference number measurements
with the autogenic cell upholds the advantage obtained from
automatic adjustment of the indicator concentration. With
a suitable electrode, the autogenic cell appears to be the
most promising means of obtaining the desired transference

numbers of ammonium nibtrate.




V. CONCLUSIONS

Transference number measuraments by the moving
boundary method are greatly facilitated by using a constant
current during the eléctrolysis. A current regulator for
this purpose capable of maintaining currents of 0.4 ma. o

4 ma. constant to 0.01 per cent has been constructed.

Additional moving boundary cells were desirable for
use in the indicator‘search for ammonium nitrate and for the
direct determination of the cation transference number of
ammonium nitrate. An air-lock cell, capable of rapid
qualitative investigations of rising sheared boundaries
has been designed and aésembled. An autogenic moving
boundary cell has been graduated, assembled, and calibrated

for quantitative measurements,

Moving boundary measurements have been undertaken
with ammonium nitrate solutions. Ammonium 5, 5=dinitro=
benzoate as an indicator produces a sharp rising boundary.
The indicator concentration adjustment range was shown to
be extremely critical and was not observed. Rising anion
boundaries showing no progression are formed with ammonium

iodsate.
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‘Autogenic boundary cells have the advantage of
auﬁomatic adjustment of the indicator concentration.
Rising cation boundaries of good visibility can be obtained
with ammonium nitrate and cadmium nitrate as the leading
and indicator electrolytes respectively. With suitable
cadmium anodes, autogenic boundaries show the most promisge
for the determination of the transference numbers of dilute

aqueous solutions of ammonium nitrate.
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