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Symbols Employed and their Significance,

A=
C =
=
Eea
P o=
7=
T =
i=
k =

L &=
D=

m =

-

cross sectional area in square centimeters,
concentration in gram squivalents per liter,
concentration in gram equivalents per c.c.
eleotromotive force in volis,

the Faraday equivalent = 96,500 coulombs,
degrse of dissociation,

the current {constant) in amperes.

the eurrent (variable) in emperes.

gpecliic conduetance = conductance in mhos of
a solution placed between opposite ingulated
faces of a centimeter cube,

conductance in mhos,.

equivalent conductivity.

number of ions iInto which an electrolyte
dissociates,

molecular conductivity = conductance in mhos
of a solubion containing one gram mole of
solute when placed between two parallel
slectrodes 1 cm,. apart and of indefinite area.
wolume normality

total charge associated with the cation
constituent.

the cation transference number,

anion transference nunmber = 1 - N e



R = resgistance in ohms.

Ry = specific resistance = reclprooal of specifio

R =

conductanage,

gas oonstant in calorles per depree,

T = absolute tehperature,

t =
Ugy =
Upw =

Up =

X =

time in seconds.

velooity of cation under unit potential slope.
veloecity of anion wnder wnit potential slope.
veloeity of ocatlon constitutent under unit
potential slope.

velocity of anion aonstituvent under unit
potentlal glope.

observed velocity of cetion constituent.
observed velocity of anion constlituent.

digtance in centimeters.

Tundamental Relationships,

T =

IR

ug = Uy 4B/dx =)U,, 4E/AX
¢ = 1000 ¢

/a=

n /A

A= 1000 I/
R = ROX/A-

L = afx



1.
INTRODUCTION

The conductlon process in metals and in

golutions of elecetrolytes, that im, in condw tors of
the first and second cless respectively, is essentially
different, 1In the first case the asswmpbtion is
generally made, and ig Justified experlmental 1y that
the free electrons within the metal, which seem to be
chiefly responsible for the common metallic properties
of the metals, are the sole carriers of the slectric
current and it is the motion of these charged
particles with respect to the stationary erystal
lattice of the metal that constitutes the passage of

a current through the metal, The Waterman equilibrium
theory of mebtallic conduction presents the most
acceptable picture of metallie conduetion, to the
chemist at least, since i1t assumes an equilibrium
between metal atoms, metal ions, and free electrons,
analagous completely to the Ostwald dilution law fox
electrolytic conduction., The relatively high ratioe

of charge to m ss of the free slectrons compared with
the metal ions and the orystal forces bearing upon
these metal lons prevent them from sharing in the

conduction process as do the cations in sclutions
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of electrolytes and the anions, or electrons, are the
gole carriers,

In sacond clags condiction, fres eleectrons are
absent, and it is the simulitaneous mobion of two
different kinds of clectricity in opposite directions
and very often &t quite different rates which
constitutes the passage of the current through &
conductor of the second clase, and it is this
difference in the conduction process in the two
classes of conductors wihich lead to such phenomena as
are elways ohserved at the interface between a
conductor of the first and a conductor of the seecond
clagg, The two klnds of electricity set in motion in
an electrolytic conduetor upon the application of an
eleetric fi6ld cre associated with relatively large
magges and the frictional resistance of thesge charged
bodies or ions is very Rarge compared wi th that of the
very minute free electrons of metals, thus aecounting
for the lower order of msgnitude of the conduetivity
of solutions of slectrolytes comparsed with that for
metals. EFubt it is Just these things, the relative
sluggishness of the ecurrent carriers, and the opbtical
properties of these systems which containg no free

electrons, that make investigation of these conductors
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more sccessible., The general subject of the present
paper deals with a particular method of ascertaining
the welocities with which these current carriers move.
one point on which the two procosses do not differ,
howsver, is the fact that an adequats theory for
either typs of condustion has not been developed as
yet. In the one field theories differ as to whether
the number or mean free path of the condueting
electrons 1s variable or whether both vary, while in
the other the dilution law of QOstwald claghes with the
inter—ionic attraction theories of Debye, Hlekel, and
Onsager ,

There are three different medhods of
measuring the transport nuibers and the ratip of ion
veloclities in second class conductors. The Hittorf
or gravimetric method 1s the oldest chronologically
and depends on the quantitative anclysias of either
the enolyte or ocatholyte before and after the
pagsage of a definite quantity of electricity, to
detormine which species of ion has carried that
fraction of the total guanilty into or out of this
reglons The moviag boundary method deponds on {he
abzoluts motion of the solvoted ions and in the method

whereby both cetion and anion boundariss are &ccounted
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for, a solution of the eleccirolyte whose transference
numbers are being determined is ploeced between two
other solutions of electrolytes In the game solvent,
On the passage of a current the cations of a1l three
golutions begin moving toward the cathode and the
anions toward the encde. 1If the two end solutlions
fulfill certain conditions there will be =
discontinuity or boundary between the catiors of
the central electrolyte and the treiling or
indicator cations of the outer electrolyte, and
similarly for the aniong at the other jJunction.

The third general method for the determination of
trare ference datae is by the measurement of the
electromotive force of concentration cells with

and withont diffusion. The difference of potential
set up at the junction of a solution of the mame
electrolyte at two different concentrationg is
oaused by the difference in the rates of migration
of the two iong, the more dilute solution acouiring
a charge corresponding to that of the ion with the
greeter veloclty. A possgible fourth method has
ocoured to the author. If a strong magnetic field
could be impressed across an electrolyte carrying a
current, the stream lines of current represented by

the ions in motion would be deflected to one side
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and this deflectlon would continue untii the

diffusion potential from the gide of higher concentra-
tion just balanced (plus & second effest to be
considered shortly) the deflecting foree of the
magnetic field. 3uitable electrodes placed on
opposite sides of the tube contalining the electrolyte
night then register the potential of this concentration
gradiont. Superimposed vpon thisg concentration
potential, there would be & potential due to the

space charge from the fact that the slower species

of ions would not be deflected as much as the

faster species, account being teken of their relative
masgses -~ tals second effect would be completely
analogous to the Hall effect ipn firat class conductora,.
Iz this second potential could be differentiated from
the £irst it would give us imnedlately the relative

velocities of the two ionic species,
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HISTORICAL

The poseibility of nmeasuring the veloelty of
ionie nmigration directly by the observation of the
displacement of a plare of separation between two
ionic species originates with Sir Oliver Lodge, and
nis experiments utilizing this 1dea are recorded in
the Bribtish Associetion Reports of 1886 Whetman?lo
in two papers dated 1893 and 1695 respectively,
improves somewhat on the method of Lodge by evoiding
the uze of gelatines Toucoomplish this he arranged
the specificeally lighter golution over the heavier
one in & vertical tube, choosing the two solutions
such thaet the potential gradient in the tube would
be ag nearly uniform 28 possible and conssquently
amenable to caloulation from the potential drop
acrong the entira tube. He was the Tirabt to realize
the necessity of the indicator ion being specifieally
slower than the ion whose velocity was being
measured if the boundary was to remain sharp,

The chief céniribution of Orme Eassonjin
perfecting end developing the method was in making

availsble Zor obsérvation a wider range of substanceg.
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He reverted back to the use of gelatine for intial
formetion and maintenance of the boundariesg and
depended upon c¢olored iIndicators for the lecation

of the margin. ¥He obzerved teih anion and caltion
boundarissg simulianecusly and hence no meagwenents
of current or assumptlions regarding distribvubtion of
potential wers necessary., He showed, theoretically
and experimentslly, that the concentration of the
indicentor ilons was autom=tic2lly adjusted behind

the boundary to such & value that the petential
groadiont acting on the indicator ilons wag Jjush
gsuffieient to casuge them to keep pace with the
boundary. 3 2/6/4/7
Denison and Steele, workins both
infividually and together over 2 neriod o years
from 1902 to 1909, then developed and refined the
method to sueh a $polint that the tronsport numborsg
cbtained by its use were of the same ordser of
aacuracy as those determined by the Hittor? method.
In their Pirst article they describe on extension
of the method in two directions, first, the

subatitution of aqueous for gelatine solutions, and

second, the location of the margin as a result of
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the different indices of refraction on the two sides
of the margin, thus rendering available c¢olorless
Indicator ions. At first their margins were initially
formed with the 2id of a gelatine partition but
Abegs and Gaué;showed that endosmosgs and
oetaphoregis took place at this narti¥ition, and
henceforth Dennison and Steéle vsed a purely mschanical
method of initially forming the boundary. Steele
found that it was eonly over a comparatively narrow
range of potentisl gradients that their bounderies
were stable, althouzh there was no theoretical
Justification for this restriction, With the
refinements which thase men introduced in the
formation,' maintenance, and detection of the
boundary, the results obtained by them compared very
favorehly with the "hest" Hilttorf valuss and the
agreement was still better after Hilleé3and Lewisé
in 1910 showed that a correction must be avplied to
the results of Dennison and Steele, taking into
acecount the volume changes ai the electrodes.

The work of Franklin &nd Ce.d;y'm:)in ligquid
ammonie as solvent which was reported inl904 has
a more direct bearing on the present research than

any other, since theywere the first to use
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asconding boundaries with an anode goluble under the
action of the elsetric ourrent as the source of
indicetor iong. They derived the equation for the
velocity and transport number of a given ion £rom
observations upon a single boundary and were the
Lirst to utilize this method quantitatively in a
non—agueous solvent,

Trom 1910 to 1923 the method of moving
boundaries lay uwnused until in the latter year Smith
and Maclnneézpubliahad the results of their
preliminery studies on this methods In theiyr
effort to extend and amplify the work of Denison
and Steele they encountersd difficulties in
cbbalining reproducible regults unless the
concentration of the indicator fon was previously
adjusted to the velue demended by the relation
efet = W./Nat which will be derived in o subsequent
paragraph, Kohlrausch derived this relation in an
early paper and predicted the adjustment to these
relations would automatically take pleseco, which
autonmatic adjustment was found to take place by
Denison and Steele,

The subsequent work of MaoInnes and co~
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1%4,8,1,21,22
workers would indieate that with the experidental

conditions wnder which they were operating, this
autonatio adjustment of the indieator ion concentration
doos not tale place except when the concentretion of
the indicedor solubtion )g previously adjusted t0
within approximately 5%/, of the value required by
theory. Within these comparatively narrow 1imits

thao automatic adjustment predicted dy XKohlrausch
actually does take place. Acdording to these

authors, once the adjustment of the indicator

co ncentreticn has been effacted, the boundary is

stable throughout a large range of potentisl gradients,
Denison and Steels were restricted in the potential
grodlient employed without theorsetical Justification
whille ilacInnes and co—workers are similarly restricted
in the cese of the indlcator ion concentration. ‘It
should be noted before leaving this brief review

of the work br these men that they have worked
entirelywith descending boundaries and any automatie
concentretion adjustment which mrght have taken piaca
wuld be gusceptible of désbtruction by gravity currents.
Their results, however, represent the highest accuraecy
yet obtained by this or eny other method for that

matter.
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THZORTTICAT

We mve found that, with one ox two
exceptions, & boundgyy vhich travels with a wniferm
velocity under a constant potential gradient or
where the change of veloelty is proportional to the
change in the potential gradient iz one wlhose
velocliy can he relied upon to give the irue velecity
of the preceding ion constitutent, Tor the
production and maintenance of a sood boundary,
Franklin and Cadgaprescrihe the following cenditions,
and they will here be tzken up and discussed in
scme detaill,

1. The indicator for and indicator ion
constituent must be speeifically slowasr than ihe
ion whose spneed is belng mezsured, If the indicator
ion was faster than the ilon under obserwvaltion, tho
potential gradient in the indicator solution weuld
be lorer thazn that in the precoding soluiion
(assuming a common ion of opposite charge and
equal concentrations in both solutions), and once
an indicator ion had crossed the surface of
separation of the two solutions thus passhg into a

rogion of higher potential, its velocity wonld be
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inoreassd, it would pass the iong it was supposed to
trail, diffusicn of the two phases would rosult and
the boundary destroysd. If, on the other hand, the
following ions were specifically slower, the
distribution of gradient would be reversed and, if
g indicator ion penetrated the preceding solution,
the gradient acting on it would be lessensd and

it would laz beaind wuntil 1% 2311 back of the
boundary into & regl n of auch potential slope

that it could leep up with the boundary..
Txperimental evidence of tle justiflcation of this
conlition ig found in the case of fthalous ion as
indicator for the potessiun ion. In water the 71t
ion is very slightly faster than the K* ion and

the former would nol serves &8 an indicator

for the latter, whereas in annydrous acebtic acid
a3 golvent the reverse is the case and a bomndary,
though not very sharp, was stiil observable,

2., If the meniscus is to travel up the
tube, thon the indicator solutions muet be heavler
than the superimposed solutione. Iliogt of the work
performed in this resesrch wes upon ascending
bounderies with anodes solutle wnder the action

of the electric current as the source of indicating
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jons and the necegsity of this restricti on was
apparent én several occasions. Iet the boundary in
question be that between two different cation
congtituents travelling with the current and
matched by anions, all of ons kind, travelling
against it. Since the current in the circuit is
the same throughout,

C'FA {u's + u'y) = CPA{u, + w,) = 10001(1)
but at the boundary u', = ug

' 1 ‘
% '¢$$f2£fl. Yo ol nee We . g
(¢] U.O )

Ye ulg + Wa T, @)

and we have here the derivation of & condition

previously mehtioned. This relation also emphasizes
the point that when comparing the specific gravities
of the preceding and following solutions, equi-

molar concentrations must not be compared, but the

ad justed concentrations, Thus, Cu(NOs)z is
specifically heavier than KN0s at equal concentrations
but at the adjusted concentrations whieh ococcur in a
moving boundary experiment the specific gravity of
Kli0s at C is slightly greater than the specific
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gravisy of Cu(NOs)s at C', which accounts for the fact
that the blue color of the Cu** lon diffused rapidly
through the tube when the attempt was made to
utilize this don ag indicator for the potassium
ion in 0.1 N potassium nitrate,

5. The current must not be strong enough
to develop so much heat that the boundary will be
distorld or destroyed. This is an extremely
important restrietion and, slthough convection
currents are not emenable to quantitative treatment,
the qualitative conclusions mre of considerable
significance, NacInnes and eo~workar%zhave drawn
the conclusion, from experiments with ascending
boundaries utilizing the permanganate ion as the
indicating anion, that the type of boundery is
impracticable due to convection currents in the
indicator solution. The specific resistance of the
adjusted indicator solution is grezter than that of
the obtserved solution, the magnitude of this difference
deponding on the relative velocities of the following
and preceding ione, and consequently the heal
developed {the I®R) 1@ this portion of the tube is
greater than that in the other portions of the tube,
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Convection ourrents undoubtedly albter the boundary
velocity at high current densities and this 18 evidenced

by the extreme convexity of the margin and its

acceleration under a constant potential gradient,

but at low current densities the boundary is
remarkably £lat and its specific velocity independent
of the current density over a considerable range,

if indicator ions are properly chosen. That thess
conclusions are correot will be shown later in
conneoction with the experimental part. For the
present it will suffic# to say that it may becoms
necesgary on occasion to determine the boundary
velocity et a2 series of concentrations and extrapolate
to zero current density where convection currents
could not possibly sffect the progress of the
boundary,

4, The fall of potential along the tube
must be large enough to bring out a good menigcus.
Thers gseem to be two Pactors affecting the sharpness
and ease of detection of a refraction magrin, firstly,
the difference in the indices of refraction of the
two ®olutions forming the boundary, this being
roughly proportional to the difference in specific
gravities of the two solutions, and secondly, the
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ralative veloolties of the preceding and indicator
ions. The plana of separation of the two solutions
is not a mathematieal plane, that is to say, the
optical characteristics of the two solutions
forming the boundary do rnot suffer an abrupt

change at the boundary but the optical properties
of the one merge more or less gradually into those
of the other, The electrolyte in each phese has a
certaln tendeney to diffuse into the other phase,
which tendencey is counteracted only by the pobential
drop in the two phases &t the boundary. The method
of detecting the boundary is to move & black opaque
sereen vertically on &n illuminated ground glass
background with the apparatus, In which the boundary
is ageending, between the eye of the observer and
this background until the black-white margin on the
gereen is gsustained by the refraction merglin. If
the black-white odge is then gtill further lowsred
the refraction margin appears ag & gustained black
line, due probably to total reflection, since the
edge is well within the critical angle for the
boundary in which the medium of lower index 1s
above and into which the light from the edse of the
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goreen does not penetrate, If expsrimentdl ly possible
it would be interesting to determine the ellipticity

of the light reflected from this interface when the
incident light is plane polarized at 45° and, henes,
the thickness of the transition layer between the

two media. In any event, it is an experimental
observation thet the boundary sharpens with increasing
current density and that the more nearly the velosities
of the preceding and indiceting ion constitvents are

to each other the higher the ocurrent density necessary
Yo dring out & sharp refraction margin,

5. The electrode action must be such as not
to introduce new ions, faster than the ones being
measured. Two methods are usually employed in
overcoming the possibility of electrode reactions
introducing ions faster than the ions under observation.
The one is to 8o construct the apparatus that the
tube in which the boundary moves is far removed from
the electrodes, thus minimizing the possibility of
ions formed at the electrode penstrating the solution
being observed and altering the boundary velocity.

The other method used in combination with the above is
to make the eleotrodes of such materials and dipping
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into such solutions that there is mo gas evolubtion
and either no ions of high velocity are formed or,
1L formed, they are disposed of before leaving
the immediate neighborhood of the electrode,
Partioular types of electrodes ars described in
the experimental part.

6, The elactrolyte furnishing the
indicator ion must not be subject to hydrolysis
since, if this occured to any appreciable extent,
there would be released either H' or O ions, the
two fastest ions, and although these ions would not
destroy the boundary, they would renstrate the
preceding solution, rendering this en isohydrie
solution, and the veleelty of the mergin would logse
i1ts significance, 7This, moreover, is one case in
which a margin can travel with & veloosity strictly
proportional to the potential gradient zeting on the
preceding solution and yet not measure the true
velocity of the nreceding ion constituont, Cadmium
as indicator for K* in Xii0s gave small bubt consistent
deviations and this was ageribed to 2 slicght hydrolysis
of the CA(N0s)a fomming the indicator solubtion,
With cadmium as indicator for the X' in KAc in an-
hydrous acetic acid as solvent, the boundary velocities
woere consistently low though moving with uniform
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velocity. Complex ion formation, which certainly
charecterizes cadmium salts in water, of‘a type
ntre + Cd{Ac)z = ni’ + Cd{Ac)z*B
would account for the behavior of Cd in ecetle
geid. Another example was furnished dy the attempd
to utilize By as & source of Indieator ions for the
k' iom in NOa. The hydrolysis occuring here was
so marked 2s to slow down the Hett/k* mergin very
materially.

7« The potential slope of that portion of
the tube in wialoh the boundary moves must be knowm,
and this is readily ascertained fvom the speaific
conduetivity & the solubtion vhen no concentration
changes take placein the solution. ¥ohlrausch has
eghown thet unlesgs an initial concentration difference
and a variation of transference ratio with
concontration both exist simultaneoucly, prolonged
electrolysis will not 2lter the concentration of
thet portion of anysecond class conductor far
enough removed from the electrodes to be able o
neglect diffunion effects from theses Such are
the conditions under which the obeerved sclution is
electrolyzed in a moving boundury experiment and,
since the specific resistance of this solution is

known and remains constant throughout the experiment,
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(since the concentration remains constant and uniform}
the potential gradient in this solution is readily
calculated from this resistance and the total

current in the oircuit,

= IR
R =-§I
Ix
E=m
dB - I
7 ()

8. In the case where soluble elsctrodes
are used in the initial formation of the boundary and
as a soures of the indicating ions, a further
rostriction must be imposed that the electrode
material must b2 pure, entirely soluble, and no
other e¢lectrods resctions take place than the one
whereln the indicating ions ere generated, The
necessity ofthis restriction is apnarent when we
oonsider the possibllity of a discharge of one of the
ions of the solvent with subsequent gas evolution and
disruntion of thse boundary by ascending budbles of the
gas, It has been noted in the use of certaln metals
ag anodes, that, as the electirdysis was continued and
the concentration of the ifon reversidle with respect

to that metal continued to increase around the
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electrods, the electrode potential was bduilt up to
sueh a value that gas evolution took place with a
regulting destruction of the boundary. Turther,

the electrode roactlon must not give rise to amy lons
Paster than the ions under observations, anfexample
of the results of & violation of this restriction
being offered by the attempt to make the second class
electrode Ag - AgBr0s 2 source of tho indlcating
anicns, Brds « A partial reduction of the bromats

to bromide must have taken place in addition to the
expected reductlion of the silver ion since the
boundary, N0a—/Br0s , moved abnormally slowly.

In this method of moving boundarles which
observes but a single boundary and uses a soluble
electrode ps the source of indicator long, the
pessage of 1 faraday brings about the solution of one
eqaivalent weight of the metal (in the case of a
boundary between cations) as ion. OFf this amount
prassling into the ionle state only n', equivale nts
are trangported awey from the eclectrode by the
electrolyzing current, leaving 1 — n', or n'y
equivalents, elsctrically compensated by the down-~
ward migration of N equivalents of the common anion

into this region¢ This accumulation of slectrolyts
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next to the electrode is taken care of entirely by
di £fusion (possibly convection st higher current
densities) and, since this diffusion layer is
characteristic of this particular adaptation of the
moving boundary method it was considered necessary
to investigate this more in detail. Regort was had
to & solution of Fiock's diffusion 1aé?%§ means of

Fourier series and the equation finally obtained

(=G —/—9/7"/7’ #[a/f

where k = diffusion coefficient of electrolyte in

was,

question

g = I{1 ~ ng)
FA
x = distance from electrode

t = time

Co= Initial concentration.
The accompanying plot, Figure I, of this equation for
a typical case shows that at mtime (in agueous
solutiong, at least) does diffusion from the electrode
alter the adjusted concentration of the indicator ionm
behind the boundary since by the time the edge of the
jdffusion layer has advanced a few mm. the boundary

wlll have advanced sevsral centimetera.
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The equationsused in ealoulation of rosults

are most easily derived from the general equation (1).

I e OAF(UO + 0,) (1)
muc‘
TR T =
v =2 (4)
XOAF _ XCAF
fe = =T = 60018 (8)
Ug = uc%% - g%% (6]
uc = E%% (7)

Since the total resistance of the cell
increases as the boundary asgscends the tube, as the
indicator ion constituent must be specifically
slower, a rheostat resistance in the csiraeuit must he
continually decreaged and the time rate of this
decrease is indication of the velocity of the
indicator ion constituent and, hence, its transport
gumber, Consider a tube of length 1 in which the
boundary is ata position x oms. from the bottom
the tube, then

Riube ™ Rj-x *+ Ry» @ssuming I constant,

R o= X, o HoIt )
XCAF
g = It (5)

Eliminating between (5) and (7)
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A A nyc g’f &
WL

Mle:- See page 254

Equations (9) and (10) erse alternative forms
of the same equation depending on whether one wishes
to determine the %—% coefficient or the -g% coefficient,
Befors attempting to apply this development, let us
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It is to be noted that in the derivation of
Equations 9 and 10 that the assumption is implicitly
made that the specific velocity of the common ion
constituent is the same in both the preceding and the
indicator electrolytes. Such is actually the case
only in wery special combinetions of electrolytes,
end we must seek a more general reclation for the general
case.
- fé/?r ",e";%
ar_ L _ L
o “HA " HA
;K
%= / 7/‘/8/‘7% 10-a

which relation gives us the value of the adjusted

concentration when.ﬁf&a known es a function of the
conceniration and then from Equation 2 the wvalue of
Ncl may be computed. Silver as indicator ion is the
only case tested which even approximately fulfills
the conditions stipulated above and the value of Nc/
for AglOg calculated by means of Equation 9, 0,4608,
is in fair sgrecment with the value quoted by Jones
end Mather for 0,1 N AgNOg; at 30° of 0.4683.
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consider the conditions actually existent in the tube
in which the boundary ascends. We have not in this
development taken into account the effect of the
diffusion layer next to the electrode, which will be
to reducs the value of the %I;j' coefficiont since the
conductance of this portion of the tube is relatively
high and bocomes more apprdcfable the lower the
velocity of the boundary, In other words, the o=
coefficient which we must substitute in Equetion 9

is the one we would get if we could cause the
boundary to oscend the tube instantaneously and yet
have no sonvection currents since, under these
conditions, the time would be zero and no diffusion
could take place. It 18 an experimental observation
that at high current dersity, convection currents
undoubtedly penetrate this diffusion layer and tend
to distribute the elecirolye in this layer uniformly
throughout the region of indicator eleotrolyte so
That when this begins to take place the %% coefficient
will suffer a corrssponding decrease. Now if we
plot the %% coefficient as ordinate against the
reciprocal of the current density as abscéssak and
extrepolate a tangent to this curve at low current

densities (before convection sets in) to zero value
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of abscissal, we will haye the desired value of the
%% coefficient for substitution in Equation (9), =ince
a zero value for the reciprocal of the current
density corresponds to an infinite current density.
This methed was applied to some rather rough data

on the Pb** fon following X* ion in KNOa, and the
truth of the above argument tentatively verified.

The results are recorded in the following paragraphs

and it is interesting to note that the %%-versus

1
qg eurves leaves the extrapolating tangent at

(i34 as

about the same value of %% ag the ng versus g
leaves the straight line in the plot describved in &
later paragraph, This work further indicates a
consigtent value of the %% coefficient as a possible
criterion of a correctly functioning boundary.

Figure 2 gives the value of the g%.ooefficient
for Pb as indieator for the X+ ion in 0.1 ¥ XKN0s at
25°C and a series of potential gradients. From these

curves we get the data,

dR N
= 158 =. 166 133 126 26

2,329 TA®S 8658 12,99 17,32 21.64

a8
ax
1/3E 0,251 0.1155 0.0770 0.0577 0,0461
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Plotting dR/dx against _Eh7ﬁk , we get the plot shown
in Figure 3 and the extrapolated value of dR/dx is
about 190 oims per cm. Substituting this value in
equation 10-a we obtain the value for A&’, 0.00835
From a specific conductance - concentration plot
we find that this corresponds to a value of Z/00925
for the concentration, and this value substituted
in Equation 2 gives for No/ the value 0,474 which is
lowexr than the value of 0,487 quoted by Noyes end
Falk, When the largest value. of dR/dx obtained in
eny of thils series of runs was substituted directly
in Zquation 10-a.witihout correcting for diffusilon
a value of NO/ was obtained which was sligntly- higher
than the accepted value --~ whion probably means that
in our somcwhat arbitrary choice of the limiting value
of dR/dx we chose a value too high. For AgNOg at the
adjusted concentration and uncorreoted for diffueion
we get from Equations 2 and 10-a the value 0.477
which agrees rather closely with the value 0,468
quoted by MacInnes and Cowperthwalte.

KHacInnes, Cowperthwaite, and Huang/;23 hgve made
the statecment and advanced evidence to show that
ascending boundaries are impracticable due to convection
ocurrents in the indicator solution, To meet these argu-

mnents we ran a series of
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determinations on the same solution over a large
range of potential gradients and plotting transport
number against potential gradient found that the
trangport number was independent of potential
gradient up to fallrly high curront densities
where convection bohind the boundary became very
noticeable and hence extropolation to zero current
dengity where convecetion could not possibly alter
the boundary velocity was both expedient and ascurate.
In our work in aocstic acid as solvent whers
the boundaries move verly slowly relative to their
velocitlies in water, 1t was impracticadle to attempd
to maintain a constant ourrent throush the apparatus
and so the current change under a constant potential
wag recorded in addition to the position of the
meniscus, The method of analyzing the resulis in
acetic acid is as follows. The current was plotted
ag ordinate against tims as abeissa@ and on the same
plot the total distance the boundary hed travelled
was also plotted as ordinate against tho same time
abscissal,., Ordinates wers erected at equal time
intervals and the average current over one of these

intervals (as taken from the curve) was divided
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into the distanse travelled by the margin in the same
interval, The constansy of this ratio was taken es an
indication of a currectly moving boundary and from 1%
the transport ratio. The curves were drawn on & large
seals and the values used in caloculating this ratio
were taken from the smoothed curves through the
plotted points, BSince in this solvent of low dioclectric
constent, and hence of low ionizing power, the
refraction margins move s0 slowly that to observe them
travel for more thon o few centimeters introduces a
prohibitive time element, it was thought that taking
thz values from the smoothed curve would partially
eliminate aceldental errors in the estimation of

the pogition of the menisous,

This method in effect 1z thus mersly an
integration of the current-tine curve for total
quantity of electricity passsed in the given intervel
by the {rapezoidal rule. On one cccesion the
attempt was made to £it an empirical equation to this
I = £{1t) and the following forms were found to fit
rather olosely.

I=2a+b loge(l+et) + 0 Log® (L+3) + & Log® (L+t) (11)
and,
I =a+b log®( 1+t) (12)
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The evaluation of +the congtants in equation
(11) is quite laborious and the equation difficult to
integrate 8s a definite integral even after the
congstents have been evaluated., The constemts of
equation (12) are rather asasgily determined by
choosing proper points on the curve for their
evaluation, but this equatn can be integrated only
by development into a power series and term by
term integration, the serios at first diverging and
only converging slowly after several terms, thus
making the number of terms necessary to take into
account prohibitive. In one cese this method of
determining the total gquantity of eleetricity passed
was utilized end agreed excellently with the
grevhicel method, but the much less work inwolved

in the latter case led to its cdoption for the general

CaBe .,
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EXPERIMERTAL

The preliminsry work began with a eritiecal
gtudy of the moving boundary experiment as performed
in the regular laboratory course in Zleotrochemistry
here &t the University of Kansas. This experiment is
of essentially the same type as those performed by
JMasson in that horizontal boundaries supported by
egar are utilized wiih colored lons as indicatorions,

The arrangement of lons was as follows:
Cu | Cu(MHs)«' " S04 | Ba** 2cr,ca**zmc‘ﬂ Pt

Anode 0.,16 &§ 0,15% 0.15% [Cathode
Upon applicetion of & constant potential acrosa the
system the blue Cu(lHs)s'*/Ba** boundary and the yellow
Fie~/¢1l™ boundary moved out from ovposite ends of
the tube, the relative velocities indicating the
transference number for BaCla &t this concentration,.
It was found tnat this method had two grave faults,
sside from cataphoresis in the agar, first, the
presence of WHa' ions which are faster than Ba** ions
in the Cu{NHs)aS30« solution serving as the source of
indicating cations =nd socondly, the relsase of the
fagt hydroxyl ions at the cathode as a result of the
discharge of the scation of the solvent. The apparatus
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wag 80 constructed that the cathode was not far removed
from the anion boundary and these hydroxyl ions soon
penetrated this region and slowed up the ¢1~/Pic™
boundary. The first vitiating factor was sliminated
by using Cu** ion alons as indicating cation and the
second by introduecing solid plcrio acid around the
cathode, The values then obtained were more

consistent but still deviated widely from the

aceepted valuves.

In commection with thia preliminary work it
might be said thut this experiment has been substituted
in the Lleotrochemistry laboratory by one which grew
out of subsequent work on this subjects In the new
laboratory exercise the refraction margin between
solutions of lead and potassium nitrate formed by the
solution of a lead anode under the action of the
current is observed by the student. Agar 1s dispensed
with and a2 single ascending doundary observed, The
author constructed eight sets of g paratus similar
to the one to be described later, Figure 5, and these
have been used with considerable success in giving
the student a physical concept of ionic velocities
and et the same time furnishing an exercise which

is capable of highly quantitative results. At first
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the student experiences some difficulty in locating
the refraction margin since he does not know what

to look for or expect but once located, he i usually
surprised at the extreme sharpness of it.

An apparatus was then constructed with
eleotrodes farther removed from the boundaries and
the results became more consistent and reproducidle,
Work was then begun on a Bingle boundary, the "modus
operandi" being -as follows, the tube of known oross—
gectional area was filled with BaCls — Agar solution,
the anode chamber with a CuSOe solution, end in the
cathode chember & few o.c, of dilute acotioc or
hydrochloric acid were introduced before £illing with
BaClz solution of the same concentration as that in
the Agar-gel in the tube, The ocathode was platinum
and the anode of copper, and on gpplication of a
pot ential across the system, the Cu**/Ba** boundary
moved out into the tube containing the BaCle—Agar
gel with & veloeity approximately proportional to
the potential gradient in the preceding solution,

In four of the experiments, performsd as
indicated in the preceding paragraph, advantage was
taken of the opportunity of testing the statement of
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Kphlrausch relative to the automatie concentration
adjustment of the indicator solution behind the
boundary. 1In each of these four cases a given volume
of the {tube contents was analyzed for chlorides, by
the Volhard method, Iimmediately befors and after
the advance of the Cu*+/Ba*t boundary through the
volume analyzed, The followlng table incorporates
the resullis of these analyses,
ncgfor BaCle at 25° and 0.1N from Noyes),w=0.427
ng(for CuCle at 259 and 0,064 from Bein) =0,404

Initial Conc. Initial Cono., Final Conc, nJ} =c'n,/o
of CuCla of BaCls of CuCle
0,10 0.09267 0.394
3 1%3 2:1008 0.09442 0.400
0.09 01050 0,09980 0,406
0,085 0.10560 0.10050 0,408
Mean = 0,402

The agreemsnt is much better than was expected
sinee the errors introduced in analyzing such a small
amount of these comparatively dilute solutions in the

presence of Agar are possibly pretty largo,
The mreliminary work thus far indicated that

the development and maintenance of & boundary between

aque ous solutions could best be effected by a method

jdentical in principle with that used by Franklin and
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12
Cady in their work in liguid ammonia, in which a

gingle boundary is developed at the junotion of the
anode and the solubion, the enode consisting of some
metal which will pass into the lonic state under the
action of the current and these cations, clectrically
balancefd by the inward migration of anicns fiom the
superimp6sed solution under observation, will form

& solution of higher specific gravity and consequently
& sharp refraction margin will be immedietely developed
between the two solutions., The oconditious to be
fulfilled by this anode material have boen discussed
in connection with the theorsetical part of this paper
end nothing further will be eaid except that cadmium,
gilver, and lead proved experimentally to be the best
for this purpose, excluding the posaivility of slight
hydrolysis in the case of the cadmium, where potassium
nitrate solutions were under obvservetion —— lead
probably giving the best results from every point of
view since the veloeity of this ion is8 less than that
of the potassium ion bubt the difference 1s not so
great as to cause undue convection, end the nigher
specifio gravity of the lead nitrate solution formed
giving a very sherp and easily detectable refraction

margin over & greater rangs of current densities and

concentrations,
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The apparatus and method involved in those
earlier exporiments is emmentially the same eas that
to be deseribed later, The current in the circuit
was maintained constant by hend regulation of a
rheogtat and the current flowing measured by means
of & milliammeter provided with appropiate shunts,.
The following tables glve & gummary of the results
obtained,
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Totagsium Uitrate Solutions at 30°C.

Indicator
Ag
n
{4
[}
111

an/dx

B.743
84334
4,089
2,036
12,287
B.«242
4,098
2,035
84136
4,036
24009
4,036
14.16
14,16
84,066
4,036
4,036
8.066

8,088
17.02
17.02

84696
2,167
1.079
2.167
4,331
8,696
2,167
8,696
8.696
8.696
4,331
4,331
84696
15,12

5417
54417

374

Ug Ue
0.006132 0,0007013
5218 6981
2859 6992
1424 6996
8541 7002
B725 6947
2861 6998
1426 7006
5722 7033
28056 6963
1403 6982
2829 7010
99885 7060
10010 7069
5678 7039
2819 6986
2335 7023
5640 6993
6944 7641
13140 7718
13110 7703
5763 6616
1389 6410
06979 6470
1403 6474
3015 6880
b675 6678
1405 6487
5639 64856
b711 65667
5817 6690
2881 6653
2833 6543
5644 6450
.010056 6648
2903 53569
2881 5282
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TABLE II

Velocity of the Potessium Ion Conetituent
TUey in 0.1 N KNOs at 30°C.

aB/dx Indicators
{approx,) Silver Lead Cadmium
2 volta/ems 0.0006995 0.0007006
» 6982 —
4 o /o 0.0006992 0.0006998 0.0007023
————— 6953 e
———— 7010 ———
— 6986 = e
8 w /%  0,0007013 0.0006947 0,0006993
6981 7033 ———
— 7039 —————— e
14 n /™ 0,0007002 0.0007050 e
t —— 7069 ————————

Velocity of the Potassium Ion Constituent
Us, in 0,02 N KNOs at 30°C,

9 volta/cm.
7 0 on

0.,0007641,

0.0007718
7703

Telocity of the Potassium Ion Conatituent, Ug,
in 0.2 ¥ XNOa at 30°C.

1 volt/em, 8=

2 volts/om
4 1] n

Hooow
15 n n

0.00066563

0.0006485
6567
6690

0,0006470

0.0006410
6474

0,0006543

0.0006216

e At i

B e

0.0006648

et it e e i it

0.0006487

0,0006280

0.0006678
6490

P .

Velocity of the Fotessium Ion Constituent Uas

5 volts/om.

in 1,0 ¥ XNOa at 30°C,

0.0005359
0,0005282



TABLE III

Summary of Traneference Deta

dE/dx {approx.) Solution U fnean) n, n
(veft
_ value)
2 C4l N XNOs 0.,00006994 00,5097 0,509%7
4 n 6994  0,50%7
8 L 7001 00,5103
14 n 7040 046131
1 0.2 N KOs 6470 0,504 0,5122
2 n 6442 0,5042
4 n 6543 0,5121
8 n 6616 0,5178
15 " 6648 0.5203
9 0.02 ¥ XNOs 7641 0,5033 0.5080
7 " 7710 0.,5084
o 1.0 W XNOa 5321 0,5221 0.,6221

Wotes on Table IIT,
1. In the case of the 0.1 X solutions, the

average or mean values given are thoseobtained giving

the results from all threo indicalors the same weight,
2« 1In the case of the 0.2 I solutionas, the

mean velues glven are those obtained by averaging only
the data in which le2d served as indicator, since the
other valuos using the other two indieaitors are arratic
and do not show the regularity that cheracterizea the
values obtained using lesad,

3.« ‘The "best velue" of n, is given icking
into consideration the fect that the values of ng

obtained at the lower potential slopes will probadly

be the most accurats,
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The epparatus shown in Figure 4 was then
constructed end congists of o system of threcded rods
andbevel pinions go arrenged that a telescope end opaque
scercenon 8 ground glass background can be raised or
logered simultansously and equipped with 2 ¢lamp to
bold the tube assemblage shown in Figure 5, This
entire system 1s then fastened to 2 thermootat with
parallel glass sides, the moving boundary epparatus and
background being immersed in the water of the thermo-
stat while the telescope i1s outsides A source of
11llumination is then placed behind the glags back~
ground and 23 previously suggested 1t ls the
distortion of the movable bleeck marsgin on this back-
ground by the boundary whieh permits 1ts datection.
This mechanlcal synchronism of the distorted margin
inmage with the position of the telescope renders it
much easier for the operator to keep track of the
boundary and still have time o mako the other
observations which are necessary In a moving boundary
determinations A telescope could only be uscd when
solutions of high concentrations wors helng investigated,
at lower concentrationg a hollow tube wag substituted

for the telescope meraly to inaure that the boundary

was being located with the eye at a constant angle
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to thoe perpendiculer, The inzbility to use e telescope
et ordinery concentrations is due to the fact that the
refleetionimage of the boundary and the graduation
marks on the tube ocannot be gotten simultaneously into
the fooalplane of the telescopes In future work it
is proposed +to interpose a convex lend betweoan the
background and tha tube so am to bring the refleotion
image of the margin to foous on the tube so that both
the graduations on the tube and the boundary can be
brought o foous in the observing telescope,

The apperatus in whioch the boundaries were
ron is shown in Figure 5 and is self-explanatory.
The ecylindrical metal anode is machined to f£it the
calibragd tube rather sausly and the appropixaite
anpde is wedged on to the platinum tip and slipped
into the lower end of the tube in which thsa boundary
ig to run with the rubber conneotion so adjusted that
there is but slight opportunity Lor the solution to
slip down betweon the sides of the tube and the
metal anode and no opportunity for the solulion to
wrk its way dowm and come in contact with the
platinun tips The electrode was ordinarily

moigtened with solution before adjustment so that
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when the solution was introduced into the tube from
above there would be little tendensy for air bubbdles
to remain attached to the metal elesctrode, a bother—
some occurence in earlier work, The chathode chamber
is much the same as the one recommendsd by MacInnes
and Brightonland i3 so construoted as to remove the
cathode to quite a distance from the tubs in which
the boundary travels. The cathode proper is so
arranged as to prevent gas evolution and also to
prevent releage of the fast hydroxyl lons,

An experiment is performed by assembling
the apparatus, £illing with the solution whose
transference data is to be determinted, adjusting
in place in the thermostat and ellowing to come
to the temperature of the latter. The apparatus
is then connected in series with a 400 volt "B"
battery, arranged to give potentials from 200 to 400
volts in 2 volt steps, a rheostat or variable
rosistance, and a gtandard resistance connected to a
potentiometer for determining the current in the
eirouit., The potential is then adjusted, with some
vresistance cut in, to give the current at which the

boundary is tots run, and this resistance is then
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gradually cut out as the boundary ascends the tube
so a8 to keep the current in the circuit a constant
and hence the potential acting on the preceding ilons,
The tube is graduated according to MeoInnes,
Cowperthwaite, and Huané,z which method has the
adventage that at no time 18 the boundary directly
behind a graduation mark on the tube, and by means
of a pair of stop watehes, the time required for
the boundary to move from one centimeter merk to
the next is recorded. The following data shows the
method of tabuleting results and indicates the
constancy with which the boundary moves under a

constant potential gradient,
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A geries of observations of this type were
made upon 0,1 ¥ XNCa a2t 25° with silver and lead
ag Indlcator ions and two different sizcs of tubes
in which the boundariss moved, and at a veriety of
potential gradients with the objeet in mind of
ascertaining the effedt on the boundary veloveity and
the stability of the boundary under various grodients,
The resgults are shown graphioally in Figure 6 from
which we can conclude that over a consideradble range
of potential gradlents, the specifiec boundary velocity
13 quite independent of the gradient. At higher
current densitles where convectinn currents begin to
become appreciable, the boundary velocity is too
high. A possible explanation is that at the higher
current dénsities the increased convection penetrates
the diffusion layer next to the electrode and carries
golution of higher concentration up to the boundary,
thus altering the automatically adjusted concentration
behind the boundary. The values of n, determined at
the higher current densities were caloulnted taking
an everage veloclity of the boundary during the run,
That the boundary veloclity, however, suffers a

glight acceleration during the run is shown by
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reforence to Figure 7 where the slight curvature

denotes accelaration, If we taks the slope of this

curve at zero distance or time 2nd use 1t in
calevnlating the trensport numbsr, we get a velus,

ne = 0,621 but glightly higher than the extrapolated
value, indicating that at high current densities

the vitiating eoffect of convection ineresses with
the increasing zone of indicator eleotrolyte, which
ig rather what would be expzoted,

The ohlel attributes of the method as thus
far developed are the extreme cage of initinlly
forming the boundary and the absence of any
necessity of provious adjustment of the lndicator
ion concentrations In opposition to these
advantages, however, is the rather sericus
objection that it is limiled to oation boundaries
and to salts containing only anions that will not
precipitate with the available indiceting cetions.
It ocoured to the author that since eleotrodes of
the first celass had been such a successful source
of indicating cations, electroles of the second
olass might be an equally successful source of

indieating cnions, The full consequences of this






49,

posslibility have not been doterminsd am yet, but
enough has been done to indicate the graatly
enhanced Trange of the method by the mnse of
oleotrodes of this type,

The first anion boundary attempted was
& qualitative one in which an Hg - HeI paste in
contact with an Hg cathode wes made the source of
indicating lodids ions to follow the hydroxyl ions
in X0H. Upon a2pplication of & potential acress the
cell OF~/1" boundary moved away from the 1liquid
paste interface just es the cation boundaries move
away from the 1iquid metel interface, and the same
diffusion layer next to this electrods 13 developad
as in the case of cation boundaries, In conneation
with this partioular boundary 1t should be noted that
in addition to the preceding OF~/I” margin there
were two fainter margins trailing behind at lower
veloeities, due possibly to mergins of the type
1"/Hgls

The following anion margins were then
investigated quantitatively. Ap—AgsC204 with 0,1 R XC1 -~
Resistance of the cell increased normally but no

boundary appeared, KaCz0e probably not dense enough
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a2t the adjusted conceniration., The cathode showed
normal reduction, there was mo gas evolution and the
tube was clear throughout. Silver permanganate was
not sufficiently stable to permit its use as a source
of indicator ions. o boundaries were obtainable with
LgSCH or AgeS0s+ in 0.1 N KCL although the catnodes
behaved normally, specific gravity probadly eccounting
for this failure also, Silver lodide served as an
ezeellent source of indicating anions for the bromide
jon in 0.1 ¥ ¥XBr and the mean of two closely sgreeing
determinations at the lowvest current densities at which
sharp margins were obtainable gave the value

n, = 0,5208 for 0.1 I ¥dr at 25°C, vaich is in very
good agrcement with the value of 0,619 glven by
Dennison and Steele. The chromato ion from AgeCrla
gave ezcellent bounderies with the anions of KC1

end IN0a respectively, but determinations over a
large enough range of potential gradients were not
run from woich to draw eny firal conclusions. It is
noteworthy,howover, that the refraction mergin was
ezectly coincident with the color wargin aml at no
time wag the slightest tinge of yellow evident above

the boundery., When the ettempt was made to get the



b,

chromate lon to follow the bromide ion in KBr, the
yellow color soon diffused throughout the tube, due
to the fact that the KeCr0« solution at the adjusted
concentration was speeifically lighter than the
superimposed solution of KBr, Qualitarive boundaries
were developed with several organic anions, and this
13 the most promising sourca of indicating anions
gl nce the silver salis of these anions are usually
ingoluble, and the anions themselves are heavy and
glowe In the development of an anion boundary, a
paste of finely powdered precipitated silver and the
insoluble silver salt of the anion to 2ct as indicator
is made end packed in around & spiral of silver wire
gealed into the lower end of the tube in which the
boundery is to move. A small picco of f£ilter paper
is then tamped on top of this pasto to prevent
stirring vup of the paste when the solution of
electrolyte is introduced into the tube. As the
silver is reduced and the anions released, the over
increasing region of reduced silver at the top of
the peste is readily visible,

The major portion of the work performed

since that done for the Xaster's degree h2s beem
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in anhydrous acetic acid as solvent, This molvent

was chosen largely because of its evailebility in a
relatively pure state, because it is more or less
representative of solvents of low dtelectric constant

in which anomalies ocour in conductiviiy -~ concentration
curves, and because other properties of this substance
&8 a solvent are being studied nere at Kansaos

Univeraiiy.
"ne alkall acetates wers chosen as solutes

becauss of their high solubility and the data available
on the conductance of these solutions, Sodium and
potassium acetate were preparsd by neutralizing the
corregponding hydroxide in water solubion by an

excegs of glaclal acetic aeid and evaporating the
resulting solution to dryness and heating for some time
at a temperature scmewhat above the bolling point of
the saturated soluti on, Thelr melting point was taken
ag the standard of their purity and both of the
anhydrous salts melted rather sharply at the correct

tempsrature,
The solutions were prepared by dirsct

welghing and no attempt was made Yo adjust the

concentration to an even fractional valuwe, A glass
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stoppered Erlenmeyer flask was dried and veighed,

some of the anhydrous acetate introduced and heated

to a constant weight. The solvent was then introduced
and again the weight recorded., To f£ind the volume
concentration of the resulting solutlions it was
necessary to know the density of the solution, amd
this was determined by means of an Ostwald-Sprengel
pyknometer at 25%¢,

The viscosity of these solutions was
determined at the same temperaturse by means of an
Ostwald pipette, using & o.6,. portionsof the solution
and with a pipette of such dimensions that the time
of efflux varied from about one hundred to two
hundred seconds in the range of concentrations used,
The density-concentration plot closely approximates
a straight 1line and ascurately extrapolates to the
density of arhydrous acetic acid found in the tables,
The viscosity—concentration plot shows & convexity
toward the ooncentration axis, dut all points fell
rather accurately on a smooth curve which readily

extrapolates to the viscoslty of the pure solvent

found in the literature, Since all the concentrations

messured are fractional ones the following tables
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are Interpolated values taken from the smoothed

curves at the integral fractional conceentration

listed.

Cono.

[eReoloRoRoRoNol
UMW HO

conc,

0.1
0.2
0.3
0.4
0.5
0.6

VISCOSITY
Kac

0.01141
1277
1424
1592
1795
2035
2293

DENSITY
XA

1,0445
1.0498
1.0561
1,0604
1.,0668
1.0711
1,0765

(]

NaAo

poire 0.,01141 poise

/0.00

1257
1384
1536
1703
1894
2105

N,Ac

1.0445
1,0487
1.05629
1.0570
1.0612
1.,0654
1.0696

/0000
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The ccnductivities were measured by meuns of
the bridge systen diagrommed in Figure 8, The sourcse
of bridge potentlal is an andion oscillator whose
freguenoy is veriable and the output from the bridge
18 passed through one state of audio-frequency
amplification before detection in the phones. The
audion oscillator is the source of a remarkably pure
gine wave potential, and this probadly acmunts for
the unusually quiet and sharp minima obtainadle in
the conductance measurements. One small defect of
thig arrangement is the variation of the frequency
with the load but this was largely eliminated by
inserting the transformer between the output of the
oscillator and the input of the bridge. A cell of
congtant 2bout 0.1 was used in measuring the
conductivities of the solutions in acetic acid vhile
a cell whose corstant was about 0.4 was usged in
meaguring the conductivities in water,  The
conductivity of tleacetic acid employed as solvent
was well below that of the best conduetivity water
available eand this, together with the freezing point,
was taken as the eriteria of the "elecirical" purity

of the acetic acid, The acid used had a higher






56+

melting point (16,46°) and a lower conductivity
than the C.P. "Special" brand sold by Bsker. Ths
equivalent conductance of the solutions in acetic
acid agres very well with the valuss of Hopfgartner
quoted in Walden "Das Leitsermogen der LYsungen"
except et the higher concentrations where our
values are slightly but conslstently higher,

The data gquoted by Vdllmer 1s considerably at
variance with either of the preceding sets.

The equivalent conduvotivity of Kic
goes through a minimum at ebout 0.03 T and that of
Tate at aboubt 0,06 Xe Since tne method of moving
boundaries is available from concenfirations of this
order on up, (the upper limit is a matter of
question — with very small bore tubes it may be
possible to run up to as high as one or two normal)
we endeavored to choose concentratioms such that
gome light might possibly be thrown on this anomaly
which characterizes solutions of elecitrolytes in
meny solvents of low dielectric constent,

Sharp, stable, refraction marging werse
obtained with both Cd and Pb os @ source of
indieator ions, and the results of a typleal
determination are recorded in the following tables,
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Moving Roundary Determination on Solution of
%(518.802) + Nade (8.3613)..

Time Time Distance Current Remarks
1$26 P,M. 0 hra, 0,00 ems. 0,1499 .A. Pb anode
3136 2,17 0,090 1365 Tube #1,
5:04 3463 0,148 1282 Aw 00,1872
7:09 5,71 0.250 1182 enf const«
9:38 8.20 0.3956 1091 at ca.200
7:11 A.M.17,75 0.790 0860 volts
10:44 21,30 0,918 0803 p/e8/28
12:22 P 12293 0.950 0730

4109 26,71 1.070 0734

5:35 28,15 1,125 o717
10:21 32,91 1.246 0669

B8:23 AJ0,42,93 1,525 05694

This data i3 then dotted on a large scale
s described in a previous gsection and the following
values taken from the smoothed curves through the
plotted points. In this cagse a four Hour period was
taken as tho time inteval, The first column is the
median hour of the inteval, tho socond the position of
the meniscus at the end of the givon interval, the third
the distance travelled durins the interval, the fourth

the mean curront durl ng the interval, and the fifth is

the ratio of the distance travelled to the mean current.
X Ax Iavsrage AX
Hour B g -
2 0,200 oms, 0,200 cma, 0,1368 M.A, 1.46
6 0.386 186 1178 1,58
10 0.555 169 1041 1.62
14 0.711 156 0939 1.66

18 0.856 144 0864 1.67
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Hour X2 Ax IV AX
I
22 0.990 0,135 00,0785 1.70
26 1,114 124 742 1.67
20 1.228 114 699 1.63
34 1,335 107 660 1.62
28 1,437 102 630 l.62
42 1,535 098 600 1.63
46 1,630 095 573 1.65
Best mean = 1,641~0,006
1,641 ems o o 1641  cms. = 0,1140

4: hr¢ MQA. 14.4 &mpo“soc.

- 0:2036X96494X 0.1872 4 0,1140 = 0.4101
1000

. XCFA CFA , X

Sinee Wy = Y5501 ~ J000 | I

Ne

The eonstancy of theg§ coefficient is taken asm
indicating that the boundary is a correct one and is
not bveing vitiated by conveotion., The values obtahned
with lead as indieator ion were consistently
reproducible while thom obitained with cadmium were
much lower and flueturated violeatly, though in any
one determination the ratio'%f.might be as constant
ag in the lead determinations. The attempt was made,
therefore, to obtain a cheok on the values obtained
with the lead ad indicator using a different indicater.
than Thallium proved to be the desired source of
indicator fons and the corrscted value obteined with
this ion as indicator agreed very well with the value
obtained with lead for the same solution.
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The term "eorrscted value"™ requires an
oxplanations At the relatively high ooneentration
of KAc at which the thallium and lead values wore
compared, there is oconsiderable convection in <he
indicator solution at the current density necessary
to bring out a sharp mergin and anslagous to
gimilar conditions in water solutions the x*/m1~
boundary was accelerated and the value guoted is that
obtained by taking the value oflé%rfrom the smoothed
plot ofég; versus time at zero time. Since the
gscuracy of these results is not very high, 1t being
Teasible to observe the boundary only for one or two
centimeters as a rule, this method of correcting
for convecotion is probaebly within the limits of error,

Urder & constant potential across the
apparatus end using leed as a source of indicator
jons the current drop as the boundary ascends the
tubs is very largse, indicating that Pb{Ac)a (the
analogue of Ph(OH)e2 in water solutions) is a very
week base, On the same argument we must conclude
that §Ac is almost as gtrong a base as KAc since
the eurrent drops but little as the X*/TL* boundary
agcends the tube, From donductance data we must

1ikewise conclude that FaAc while still a stronger
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base than Pv(Ac)e is weak as comparecd with Xic, The

choice of these electrolytes am colutes im possibly

unfortunate since their conductence is consideradly

lower than that of salt electrolytes at thz seme

concentration, thus increacsing tho time required

in makipng observations upon a single boundary.

Ng
Pb T1 cd

Solution Cone. Eq. cond.
KAc 0.,2765 0.493. 0.430 0,426
0,1193 0.,2624 0.437g 0.1202
0.b5654 1.163 o rcliable data
obtained on this
conc. aa yet,
Wahe 0,05830 0.0836 0.,430¢
0.0760 0.08923 0.19256
0.2313
0.4130
0 .4965 0.4286 0.,4202
0.,0350 0.079¢ To margins viegible

at this conc,
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The abnormal behavior of the Cd as source
of indicator ion may be explained in a manner
suggested in a previous section, that 1s, complex
ion formation with liberation of the fust hydrogen
icn. fThe datais too meagre as yetl to drow any
definite conclusions in this conncction.

Tentatively accepting tho valuss obtalned
with lead as indleator ion and checlied with
thellium ag the oorreot values, we ere forced to
conclude that though the equivalont conductonce of
tho golution is undergolng cn anomaly the
trangference numbers are behaving porfectly normally,
that is, approaching 0.5 ocs the concentration
decreases, anid that the minimum in the conductance -
conccntration funetior is not due to either ionie
spe€ies in particular bub is affecting both ion
conabituent velocltios to abeut ths same extents
Tefore we can ged a positive clue ©o ths cause of
thig anomaly, other properties, perticulerly the
molecular refraction end melecular polarization

of the solutions in this concentration reglon must

be determined,
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SULZIARY

4 method of ascendins bounderies has been
developed with metallic electrodes of tha first
class ag the source of indicating cations and
ingoluble salt eleotrodes of the second class &8

the source of indleating anlons.

The various factors influencing the initial
development and maintenance of a boundary or
refraction margin have baon studied and methods
of attack and trecatment developed vherover possible,

The value of the fransport number of the
potassium ion in 0.1 W XNWOs at 30° has been found
to be 0.5097 and at 25°, 0.511g, which veriation
is in agreement with the tempersture coefficient
for the conductance of the potassium lon over

tnis temperature interval.
The method has been aprlied to a solvend

of low diclectrie conatant, acetic acid, and wilth
certain minor modifications, has bsen found

available in the study of lonic veloocities in

a solvent of this type.
The transference data of solutions of KAc



63,

and Naice solutions in acetioc acid have been
determined end found to be nearly independent of
eoncentration over the range studied, 2 renge in
which the equivalent conductance of these same

solutions is undergoing marked chances,
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