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I. INTRODUCTION

Problems arising in the measurement of the transport
numbers and mobilities of ions in electrolyte solutions have

February 1966

been the object of many experimental and theoretical inves~
tigations!~¢. The development of experimental techniques
was particularly vigorous at the beginning of the present
century, when the moving boundary method and the e.m.f.
method achieved a popularity as wide as that of the Hittorf
method. Since the late 1940's, several new procedures
have been developed intensively, and have helped to pro-
vide many experimental data whose effect has been to in-
crease our understanding of the transport numbers and
mobilities of ions in solutions of various chemical com-
pounds.

The most important characteristic of the motion of ions
in solutions is ionic mobility. The mobility is a function
of all the parameters of the solution, and is defined as the
velocity of the ions under the influence of a unit potential
gradient (1 V c¢cm=-!). The ability of an electrolyte to
carry an electric current, i.e. the electrical conductivity
of the electrolyte, is determined by the total charge and
by the mobility of the ions. The total current passing
through a unit cross-sectionof a solution containing a mix-
ture of various ions is given by

j=F3cam, (1)

where c;, 27, and u; are the concentration, the charge, and
the mobility of the ions of the i-th kind, respectively, and
F is Faraday's constant.

The fraction of the current carried by ions of the i-th
kind is called the transport number of those ions, and can
be expressed in the form

wz,c;

T = (2)

Z u;z,0; '
i

Obviously, the sum of the transport numbers of all kinds
of ion present in solution is

NTi=1. (3}
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In the simplest case of a binary electrolyte, dissociating
into two ions (MA = M®* + A"), of mobility uy+* and u s~
respectively, the transport numbers are

The = 0t
Upgy - up-
u
Tho = — 222 4)
N Uy g

since the equivalent concentrations of the ions are equal.
Ionic mobilities can be determined experimentally by mea-
suring the velocity of the ions and the electrical potential
gradient. Lodge5 and Whethem ¢ were the first to attempt
this measurement, but they experienced great difficulty in
measuring the electric field (and therefore also the mobi-
lity) with adequate precision. Later workers determined
mobility values by calculation, from measured transport
numbers, and from the electrical conductivity of the solu-
tions. Electrical conductivity data are now available for
a large number of electrolytes, but data relating to trans-
portnumbers are far less plentiful. Thisisbecause trans-
port number measurements present more serious experi-
mental difficulties.

All existing methods for measuring transport numbers
rely on the displacement of atoms of a given kind as a
means of monitoring the motion of charges. In fully dis-
sociated solutions, which includes most dilute solutions,
the displacements of atoms and charges are identical, and
existing methods of measurement give a correct assess-
ment of the motion of ions in solutions. A more compli-
cated situation exists when a given substance can contri-
bute to the composition of both the anions and the cations.
There is ample experimental evidence for the formation
of ion pairs in solution, and also of groups of three ions
(ion triplets)”’8. Complex formation very often takes
place in electrolyte solutions®-!1, All these effects cause
the experimentally measured transport numbers to differ
from the values given by Eqn. (4). If the M atoms in a
solution of MA can enter into the composition of both the
cations and the anions, the value of the transport numbers
obtained experimentally can be expressed as

R m
2 ZllpiCoiPeMi — 2 2UgiCaiPami
Ty =—1* £ . (5)

n m
E Zz"ci‘cH’Z 2y Cot
7 f

where uc; and cc; are the mobility and the concentration
of cations of the i-th kind, #.; and ca.; the mobility and
the concentration of anions of the i-th kind, pcwm; is the
number of M atoms included in the composition of the i-th
cationic component, and p.m; the number of M atoms in-
cluded in the composition of the i{-th anionic component.

The summation is carried out over all kinds of cation
(n) and of anion (m). It is evident that the case where
m

n
Z is greater than Z corresponds to anomalous values
iz1 i=1
of the transport number.

Thus, the experimentally measured transport numbers
are a measure of the ratio of the resulting flux of atoms
of the substance M to the total flux of charged species!2.

The interactions between ions and the solvent lead to
the formation of solvation (hydration) shells around the
ions, which move in the electric field together with the
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jons 3-8, The difference in degree of solvation and in
mobility between cations and anions results in a net trans-
fer of solvent in one direction, which has given rise to the
concept of apparent and true transport numbers. Existing
methods of measuring transport numbers use the solvent
as the system of coordinates, and do not take account of
the motion of solvent with the ions. Transport numbers
measured in this way are the apparent (or, as they are
often called, Hittorf) transport numbers. To measure
true transport numbers, the system of coordinates is
based on the solutionasa whole 16,17, so that the preferen-
tial motion of the solvent is automatically compensated.

Experimental methods for measuring apparent trans-
port numbers can be divided into three groups: (a) Hit-
torf's method; (b) methods based on the measurement of
the e.m.f. of galvanic cells; (c) methods based on the ob-
servation of ionic boundaries.

The present review deals with existing methods of
measuring apparent transport numbers of ions in aqueous
solutions of electrolytes, the main emphasis being on
methods developed relatively recently. Generalised ex-
perimental data on transport numbers in aqueous solutions
of electrolytes are presented. Problems arising in the
determination of true transport numbers and in measure-
ments in non-aqueous electrolytes are not considered.

. HITTORF'S METHOD

The principle of the method was first proposed by
Hittorf18~25 in 1853. It is most conveniently discussed
by considering a binary electrolyte which dissociates by
the reaction MA == M* + A~. Fig.1 shows an electrolytic
cell for transport number measurements. If no secon-
dary chemical reactions occur at the electrodes during
electrolysis, and ions disappear from the cathodic compart-
ment V. by being discharged, after time ¢ the loss of M*
cations from the volume V. will be

Pye= —;i , (6)

where [ is the current passing through the cell.

From the direction of the anode, a flow of M* cations
enters V. through the cross-section S:

_TM+ 9q ac
I=—2 at+DS73;' (m

where Ty+ is the transport number of the M* ions, g the
quantity of electricity carried by the cations, ¢ the time,

7 P
—_——e = 1y

gy == Iy+ v _{_o
el —_m

5, s,

Fig.1l. Schematic diagram of an electrolytic
cell for the measurement of transport numbers
by the Hittorf method. C and A are the cathode
and anode respectively; Iy and Ix are the
cation and anion currents; S; and S, are arbi-
trary cross-sections defining the middle com-
partment of the cell; V. and V, arethe cathodic
and anodic compartments.
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D the diffusion coefficient, and § the cross-sectional area
of the cell.

The conditions are usually chosen so that the concen-
tration of the solution in the middle compartment of the
cell (V) does not change during the time (¢) of the experi-

ment. In this case the diffusional term DS(dc/0x) vani-
shes, and
IT
IM+ = 7;;M . (8)

The overall cation balance in the compartment V. is
APp+ = {’:-(l —Tue) = g- Ta-. 9

The quantity of anions moving out of V. in time ¢ is
APy-= % Th-. (10)

The total change in the amount of the salt present in the
cathodic compartment is
APya = g Ta-  (equiv) (11)

The same considerations can be applied to the anodic
compartment. The values of AP\ s are obtained from
the differences in concentration of the experimental solu-
tion before and after the experiment. The concentration
differences produced by the passage of current are ex-
pressed in terms of the weight of solvent present in the
solution at the end of the experiment. This allows for
density changes, and therefore also volume changes,
caused by changes in the amount of electrolyte.

The concentrations are usually found analytically by
weighing the portion of the solution adjacent to the elec-
trode. This method is therefore often referred to as
the analytical or gravimetric method. Zhitomirskii and
coworkers 28 have used a tracer method of analysis,

Many different types of measuring apparatus have
been described. All of them have a cathodic, an anodic,
and a central (intermediate) compartment26-33, In some
designs porous diaphragms are used, including dia-
phragms made of ion-exchange resins 27,3437, However,
different values of the transport numbers are usually
obtained with diaphragms.

The application of Hittorf's method is limited by a
number of factors:

(a) The need to choose reversible electrodes, or to
make allowance for secondary electrode processes?7s%,
In the absence of an exact knowledge of the secondary
products of the reaction, the results may be seriously
in error?®,

(b) Analytical precision of a high order is needed?27,30s3s,

(c) The thermal operating regime of the measuring
apparatus must be optimised 38:40=44,

Most experimenters have confined their measure-
ments to relatively small concentration changes: increas-
ing the duration of electrolysis or the current enhances
the effect of mixing (whether diffusional or convectional)
on the results.

The accuracy of the results is also significantly in-
fluenced by the electrolyte concentration, since the rela-
tive concentration changes decrease, other things being
equal, with increase in the concentration of the solutions.

With dilute solutions different workers 38+ have obtained
results agreeing to 0.2% using Hittorf's method. However,
the achievement of high precision presents real difficul-
ties, and the moving boundary method is now used instead
for accurate measurements of transport numbers.

III. METHODS BASED ON MEASUREMENTS OF THE
E. M. F. OF GALVANIC CELLS

Measurements of the electromotive force (e.m.f.) of
galvanic cells form the basis of two methods for measur-
ing transport numbers. The first of these (the e.m.f.
method) makes use of electromotive force measurements
on concentration cells46~4¢, In the second method one
measures the electromotive force of galvanic cells sub-
jected to an external gravitational field5°-6o,

The processes occurring in galvanic cells can be
classified as thermodynamically reversible processes,
and therefore thermodynamic methods are used to study
them 81,62,

The electrical work done by a cell, excluding the mecha-
nical work associated with any volume change, is equal
to the change in the free energy G attending the process
in the cell. At constant temperature and pressure dG
can be expressed in terms of the change in the chemical
potential p; of the individual components:

dG = Fde = 3 dp,. (12)
i

The quantity u; can itself be written in the form
B =p? - RT Ina;, (13)

where 12 is the chemical potential in the standard state,
R is the gas constant, T the temperature, and a; the
activity of the i-th component. These considerations are
applied in calculating the e.m.f. of cells.

Concentration cells are a particular type of galvanic
cell. Unlike the cells used as a source of e.m.f,, whose
electrical energy is derived from an overall chemical
reaction, concentration cells derive their electrical energy
from the tendency of the concentrations in different parts
of the cell to reach a common level. According to the
nature of the processes accompanying the equilibration of
concentration, concentration cells can be divided into two
types.

(a) Concentration cells without transport, of the type

© reversible A electrode | MA(c,) | reversible M electrode
MA(c,) | reversible A electrode @ . In such a cell there
is no direct transport of electrolyte from one solution to
the other. The solutions are separated by an additional
reversible electrode. Transport takes place indirectly,
as a result of chemical reactions. If the activities of the
solutions differ by an amount da, the electromotive force
of a cell without transport can be expressed, in general,
by

de= £ R dina, (14)
3

2 F

where v is the total number of ions formed when a solute
molecule dissociates, and v, and z: are the number and
the electrovalence, respectively, of ions of one sign. The
+ signs refer to the ions with respect to which the external
electrodes are reversible.

(b) Concentration cells with transport, of the type
O reversible A electrode | MA(c,) | MA(c,) | reversible A

1



Vol.35 No.2

RUSSIAN CHEMICAL REVIEWS

February 1966

electrode @ , have a liquid boundary between the solu-
tions of different concentration. A diffusion potential,
determined by the mobility difference between cations and
anions, arises at the liquid junction. The value of the
diffusion potential depends on the difference between the
work needed to transfer anions from the more concentra-
ted to the more dilute solution and the work needed to
transfer cations from the more dilute to the more concen-
trated solution. The e.m.f. of a concentration cell with
transport (€;) can be expressed as

de,= T, > . KL

£ ES

dlna,

(15)

where T, is the transport number of the ion with respect
to which the electrodes are irreversible. Eqgns. (14) and
(15) are used in the e.m.f. method.

Two modifications of the e.m.f. method are usedto mea-
sure transport numbers. In one of these electromotive
forces are measured in cells with and without transport
containing the same electrolyte. The concentration of one
of the solutions is kept constant, whilst the concentration
of the other is varied. Transport numbers are obtained
from the slope of plots of ¢ = f(Ina), according to the ex-
pression

de,/dlna __

= =T,
de/dIna (16)

where a is the activity of the solution whose concentration
is varied.

The activities of the solutions of different concentrations
should be determined independently. The activity is some-~
times calculated from the concentration of the solution
[a = f(¢)] by means of the extended Debye—Htickel formu-
lass,

In the second modification of the e.m.f. method one mea-
sures the electromotive force of two concentration cells
with transport, in one of which the diffusion potential is re-
duced to a minimum by introducing an intermediate electro-
lyte in which the cations and the anions have very similar
mobilities 47864,  Solutions of KCI1 or NH,NO,, which have
been fully characterised, are commonly used as the inter-
mediate electrolyte.

Many designs of cell have been used for the measure-
ment of transport numbers47,48,66-68, A great deal of
attention has been paid to the choice of electrodes =78 and
to the formation of the liquid junction’®-84, The use of
this method is often limited by the difficulty of setting up
satisfactory concentration cells. The need to establish
the relation a = f(c) complicates the procedure and intro-
duces further errors.

The earliest report of the appearance of an electromotive
force in a galvanic cell under the influence of external
forces is due to Collie%°’!, A thermodynamic discussion
of the effect can be foundin many monographs 273,8:52,67-81,
The essential features of the measurement are shown in
Fig.2. Vessel 1, containing the reversible electrodes 2
and 3, is filled with a solution of the experimental electro-
lyte MA and is subjected to the field of gravitational
forces f. The cations and the anions, having different
masses m; and volumes V;, move with different speeds
in the gravitational field. The faster ions charge the
electrode 3 to a potential e. The charge on the electrode
in equivalent to a definite internal electric field E = ¢/%,
whose effect is to equalise the velocities of the ions.
Allowing for the repulsive forces which act on the ions in

92
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Fig.2, Measurement of the elec-
tromotive force of a galvanic cell

in a gravitational force field:

1) solution; 2) and 3) electrodes;
h — interelectrode distance;

f — external force; I; — flux of
the ith component; m.and m, —
massges of the cation and anion,

the solution, the expression for the fluxes of cations and
anions takes the form

I = c;(umg —uVipg + u,%) . (6%))
where c; is the concentration of ions of the i-th kind, p

the density of the solution, and g the acceleration due to
the gravitational force.

The + sign corresponds to the slow ion, the - sign to
the fast ion. In the gravitational field the movement of
the ions causes transport of the solute as a whole, and the
cell becomes a concentration cell. In time, the e.m.f.
of the concentration cell opposes its gravitational electro-
motive force. Time changes of the e.m.f. have been ob-
served experimentally 8, The resulting e.m.f. can be
calculated by imposing the condition of equal cation and
anion fluxes:

e= '—%[Tc(mc—‘ Vep) — Ta(ma —Vap)l + &,

where
f
T [c, +§anm dt}
= Ta—Te+ N n— ¢ -,

F Tt
¢, is the initial concentration, y,,, are the activity coeffi-
cients, and A is a parameter describing the distribution of
the solution in the cell.

In the particular case of systems consiting of iodide
solutions (such as KI with a small amount of free iodine)
the transport number is calculated by the formula

eF 8"+%(ML—V1,P)
T4 = —mmm——
My — VP
where My and V1 are the molecular weight and the par-
tial volume of the salt and My, and Vi, the molecular weight
and partial volume of the free iodine.

(19)

A considerable enhancement of the effecthas been achieved
by placing the galvanic cell in a centrifuge 55158,8s8,  An
e.m.f, generated by the centrifugal acceleration arises at
the electrodes of the cell, located at distances 7, and 7,
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from the centre of rotation. To calculate the transport
numbers, one uses formula (19) with the substitution

gh=2n(ry —rY), (20)
where 7 is the number of revolutions per second.

As in the e.m.f. method, reversibility of the electrodes
is an essential requirement in measurements of transport
numbers by the gravitational method. Radial tempera-
ture gradients must also be carefully avoided5®,

Measurements of transport numbers by the e.m.f.
method and by the method based on e.m.f. measurements
on a galvanic cell in a gravitational force field are inferior
in accuracy to measurements by the moving boundary
method. In all these methods serious difficulties arise
in the treatment of results for multicomponent systems:
these require a knowledge of the relationship between the
e.m.f.'s of the galvanic cells and the transport numbers
of the individual components 88,88=00,

IV. METHODS BASED ON OBSERVATIONS OF IONIC
BOUNDARIES

1. General Considerations and Stability Conditions of
Ionic Boundaries

The existence of stable ionic boundaries between elec-
trolytes 5s8:91 has beenused as the basis for several methods
of measuring transport numbers. The conditions under
which such boundaries can exist, and their main features,
arise from the following considerations. An ionic boun-
dary can be formed between two electrolytes M,A and M,A
whenever the mobilities of the non-common ions («yf and
u\}) differ by a sufficient amount. To this end, the elec-
trolytes are positioned so that uy] and #\, increase in
the direction in which the ions move in the electric field
(Fig. 3). The passage of an electric current through the
electrolytes generates a stable boundary between the elec-
trolytes, arising from the difference in mobility between
the cations. When the electrolytes on either side of the
boundary have reached a steady state, i.e. when their con-
centrations cease to change, the velocities v, and v, of the
ions M; and Mj become identical and equal to the velocity
of the boundary (vp):

U= Uy =0y, (21)
If the solution as a whole does not move, we have
Uy =uM:,:E,=uM+- E,, (22)
; §

Fig.3. Measurements by the
moving boundary method.

where E, and E, are the electric field strengths in the
electrolytes M,;A and M,A respectively. Expressing £ in
terms of the current density j, we can write

(23)

for the velocity of the boundary, where Ty} and Ty; are
the transport numbers of the cations and ¢, and ¢, the con~
centrations of the solutions M,A and M,A.

Uy = ]'TM:/Fcl = iTM+/FC,,
3

The relation known as Kohlrausch's “regulating func-
tion” 2 follows from condition (23). Since in a steady
state the fluxes of solvent on either side of the boundary
must be equal®3, the regulating function can be written in
the form

Lf = const., (24)
€
where c; is the electrolyte concentration expressed in
equiv. per kg of solvent.

If the concentration of the indicator electrolyte (the
solution containing the slower M* ions) does not satisfy
relation (24), a concentration readjustment takes place as
electrolysis proceeds4s*. The concentration change
during this readjustment #5797 is described by the following
differential equation:

a aT ()

% _ 4 )
F

de 03¢
-5 -Z_pz= (25)

d ax axr "

Ignoring the diffusional term, we can write an expres-
sion for the rate of readjustment®, i.e. for the velocity of
the Kohlrausch concentration front relative to that of the
boundary:

Ureadj = Ub —%%' (26)
In most solutions the change in transport number with

concentration, AT(c)/Ac, is not large, and to a first

approximation the Kohlrausch concentration front moves

away from the boundary with the speed of the ions. The
time needed to establish a steady state is
=t 27

Ureadj

where ! is the length of the region over which the concen-
trations adopt the Kohlrausch value.

For univalent ions, the concentration ratio of the solu-
tions in the region of the boundary can be obtained from
the relation

a_yp. o (28)

»
2}

where b is a constant, #, and «, are the mobilities of the

non-common ions, k2 is Boltzmann's constant, 7T the abso-
lute temperature, e the electronic charge, and x the dis-

tance measured from the origin of the system of coordin-

ates.

This expression can be used to calculate the width of
ionic boundaries.

The stability of the boundary andthe rate of readjustment
depend essentially on a correct choice of the operating
conditions of the measuring tube, in particular the range
of currents and electric fields. The evolution of Joule
heat causes various effects, which can seriously affect
methods based on ionic boundaries. The following are
the most significant effects associated with the tempera-
ture conditions:
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(a) Change in temperature of the solution.
Due to the evolution of Joule heat, the motion of the boun-
dary occurs at a temperature which is not the same as that
of the surroundings. The change of transport with tem-
perature will cause a change in the Kohlrausch concentra-
tion.

(b) Ionic convection. Since the mobility of the
ions is a function of temperature, ions at different dis-
tances from the centre of the tube will have different velo-
cities:

v =4y + BAT ) E, (29)

where 8 is the temperature coefficient of mobility and «
the mobility of the ions at temperature 7',.

Since the boundary moves at an average velocity vp,
the speed of the ions in some central region will exceed
that of the boundary, whilst the speed of the ions close to
the walls wil be somewhat less than the speed of the boun-
dary. Thus, ionic convection will occur along the tube
with a velocity Av; = v; - vb. This motion of the ions is
equivalent to an additional contribution to diffusional mix-
ing®~101,  The increase in the effective diffusion coeffi-
cient causes the boundary between the electrolytes to be-
come diffuse.

(c) Convective entrainment of indicator
electrolyte. This phenomenon occurs because some
of the indicator electrolyte is carried into the overlying
electrolyte by convective flow. Usually, the boundary
remains fairly sharp, but the velocity of the boundary be-
comes a non-linear function of the current!®, Convec-
tive entrainment of the indicator electrolyte is associated
with the difference in temperature between the top solution
and the indicator solution, and can be minimised by suit-
able choice of the thermal regime under which the tube is
operated. Alternatively, the measuring tube can be
packed with a porous filler 2,

Several procedures for forming the boundaries and
observing their position are known. A sharp separation
between solutions can be obtained by the following methods.

(a) The sheared boundary method 19, The
simplest form of this method is illustrated in Fig.4a. Two
carefully lapped plates 1 and 2 are provided with openings
in which are located the tips of tubes 3 and ¢, filled with
different solutions. By sliding the plates, the tips of the
tubes are brought into contact, ana the drops of solution
protruding from the tips are sheared together and generate
a sharp boundary.

(b) The air bubble (air lock) method!o,
Fig. 4b shows part of the measuring tube. Vessels 5 and
6 are initially filled with a solution of the top electrolyte;
an air bubble which separates the solution into two parts
is introduced into the capillary 8 through the side tube 7.
Vesel 6 is then filled with a solution of the indicator elec-
trolyte. A sharp boundary is obtained when the air bubble
is forced out of capillary 8 into tube 7.

(c) The self-generated boundary method!s,

The method (Fig. 4c) makes use of a soluble electrode 9,
above which is located the solution of M;A. The solution
of indicator electrolyte M,A is formed by electrolysis, and
is separated from the top electrolyte by a sharp boundary.
Cady and Longsworth have pointed out!0¢ that the automa-
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Fig.4, Methods of forming ionic boundaries:

a) sheared boundary method; &) air bubble method; c¢) self-
-generated boundary method; d) porous packing method;

1) and 2) lapped plates; 3), 4), 5), and 6) parts of the measuring
tube; 7) and 8) capillaries; 9) a soluble electrode; k; and

ky — drops of the solutions; & — the porous packing.

tic adjustment of the concentration of the indicator elec-
trolyte is confined to the immediate vicinity of the boun-

dary.

(d) The porous packing method!021, The
solutions of M;A and M,A are joined in the porous filter &
(Fig.4d). A boundary forms automatically when the cur-
rent is switched on. The porous packing minimises mix-
ing effects and eliminates convection of the solutions,

Various methods are used to observe the boundaries.
The most important of these are as follows.

(a) Optical methods. Visual observation is
used when one of the solutions contains coloured ions or
when the refractive indices of the two solutions are very
different. Occasionally, penumbra projections are photo-
graphed %, or one observed the diffraction pattern pro-
duced on a screen behind the measuring tube by a narrow
beam of light 8,

(b) Methods based on conductivity and tem-
perature differences between the top and the
indicator electrolyte. The position of the boundary
is monitored either by auxiliary electrodes 35,108-112,287,288
or by miniature thermistors!!3 Jocated inside the tube.

(c) Methods involving radioactive
tracersionl4,115,289,  Smal]l amounts of 8- or y-active
isotopes of the same elements are added to one or both
of the experimental solutions. The position of the bound-
ary is detected by accurately collimated radiation counters.

The methods of measuring transport numbers which
rely on ionic boundaries can be divided into two groups:
the direct methods, including the moving boundary method
and the method of simultaneous observation of the motion
of the ions and of the solution, and the indirect methods,
based on the use of Kohlrausch's regulating function.

2. The Moving Boundary Method

Expression (23), relating the transport number to the
velocity of the boundary, forms the basis of the moving
boundary method. The displacement of the boundary
caused by the passage of a known quantity of electricity is
measured experimentally®!s106,116,117 A vertical cross-
-section through part of the measuring tube is shown in
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g :
Vo L } init
Py K ind
0 Cind
MiA
¢ Fig.6. Variation of the transport number
with concentration of the indicator electro-
g lyte during measurements by the moving
boundary method.
Fig.5. Measurements by the
moving boundary method:
xy — initial position of the X . .
boundary; x; — final position to be the m1d-.pomt of the range over which the transport
of the boundary. number remains constant.

The precision of transport number measurements de-
creases with increased concentration of the experimental
electrolytes, because the correction for the transport of

Fig.5. The volume V,, defined by the cross-sections solution as a result of the motion of the boundary becomes

with coordinates x, and x,, is usually identified by fiducial
marks and accurately measured before the experiment.

By measuring the time ¢ needed for the boundary to move
between the marks, and knowing the current I and the con-
centration Cy+ of the electrolyte under study, the trans-
port number can be calculated:

Toe = VoCm+F .

It (30)

Various corrections are usually applied to the formula.
Miller ™ first drew attention to the fact that the volume
change due to electrolysis and ion migration induces a
drift of the solution relative to the measuring tube. An
appropriate correction to the volume V, can either be deter-
mined experimentally 8,81,118=133 or calculated from data on
the density of the solutions and of the electrode compo-
nents!34, At low concentrations of the experimental solu-
tions another correction becomes necessary: it arises
from the transport of current by the ions formed by dis-
sociation of the solvent and of trace impurities !5, Allow-
ing for these effects, the expression for calculating the
transport number takes the form
F 1
Ti= raVo—AV)———,

=2

(31)

where AV is Miller's correction, L the electrical conduc-
tivity of the solution, and L, the electrical conductivity
arising from impurities.

Measurements by the moving boundary method are
complicated by the need to choose the concentration of the
indicator electrolyte, cind, in preliminary experiments.
The velocities of the ions are equal to the velocity of the
boundary if the state of the electrolytes is stationary
(3 /3t = dcina/dt = 0), i.e.if Kohlrausch's regulating func-
tion is obeyed. It has been shown1%,1% that Kohlrausch
conditions are established automatically and exactly only
if the initial concentration of the indicator electrolyte,
cipit, is not very different from the Kohlrausch value
cfd. Inpractice, the difference between the two values
should not be more than 5-10%. At larger deviations,
the rearrangement process gives rise to an additional
mode of transport of the solution as a whole. Since the
value of cfq is not known before the experiment, the nor=-
mal procedure is to determine the relationship T; =f(cind),
whose form is shown in Fig. 6. The value of cfq is taken

larger.

The maximum concentration of the solutions which can
be studied by the moving boundary method is no more than
0.1 N. The limitation arises from convective transport
and convective entrainment effects. The use of a porous
filler is not permissible, because the effect of electro-
-osmotic solution transport cannot be allowed for when
using this method.

The analytical and the differential moving boundary
methods are variants of this procedure.

The principle of the analytical method is as follows.
The measuring tube, divided into two compartments by
the porous diaphragm & (Fig. 7), is filled with the electro-
lytes M)A and M,A. When current is passed, the boun-
dary emerges from the filter (position x,) and reaches
position x, after time {. The amount of M; ions above
the filter is determined by a conventional analytical pro-
cedure, and hence the transport numbers in a solution of
M,A can be obtained. The calculation is based on a for-
mula analogous to Eqn. (30):

ViCys F
T 2

+=
M, it

(32)

The shortcoming of this method is the uncertainty as
to the concentration of the M,A solution, which penetrates

g

+
M
e

+
Mg

5

Fig.7. Analytical form of the

moving boundary method:

$ — porous diaphragm; x;and
x4 — initial and final positions

of the ionic boundary.
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into the volume above the filter if the initial concentrations
of the leading solutions are not chosen in accordance with
the Kohlrausch regulating function. In general, this
should lead to a dependence of the results upon the con-
centration of the leading electrolyte.

The differential method 17 makes use of concentration
boundaries 92,%4,137,138  j e, the boundaries formed by solu-
tions of different concentrations ¢’ and c” of the same
salt. The volume swept by the bouridary is proportional
to the difference in transport number of the ions at con-
centration ¢’ and ¢”. Generally, the method is used to
measure the concentration dependence of transport num-
bers, and is useful also when the direct method cannot
be used!¥®., The formula in this case is:

T):A*—T;Aq-: —Vo(c’ —F .

It (33)

The main limitation of this method is associated with
the stability of concentration boundaries 98,

The precision of measurements by the moving boundary
method depends essentially on the accuracy with which the
ionic boundaries can be located. According to Spiro's
review?, the maximum attainable precision of the method
is 0.03%.

3. Simultaneous Observation of the Motion of the Ions and
of the Solution

Kaimakov and Fiks 192 have developed a method of mea-
suring transport numbers which is free from the limita-
tions and shortcomings inherent in the moving boundary
method. Whereas in the moving boundary method the sys-
tem of coordinates is based on the measuring tube, and
allowance for the transport of solution has to be made by
applying the Miller correction, in the method of simul-
taneous observation one measures the flow of solvent
passing through the ionic boundary by observing the motion
of the ions and of the solution at the same time. In gene-
ral, transport of the solution can be caused by: (a) a dif-
ference in levelsof the liquids in the cathodic and the anodic
limb of the measuring tube (countercurrent); (b) a differ-
ence in density between the leading and the indicator solu-
tion; (c) electrode processes, and displacement of the
boundaries; (d) electro-osmotic flow of the solution.

If the solution undergoes transport under the influence
of external forces, the velocity of the boundary vy is the
sum of the velocities v; of the ions and vs of the solution:

(34)

Up = U; 1 Uy,
or

i,
U= Uy —Ug= Feo *
This is the basic formula of the method of simultaneous
observation of the motion of the ions and of the solution.

The essential features of the measurement of transport
numbers are illustrated in Fig.8. The measurements
are made in a U-tube in which a porous plug 3 separates
the cathodic limb I from the anodic limb 2. The plug acts
as a hydrodynamic resistance, and also as the region
where the boundary is formed. The measurement of
transport numbers consists, essentially, in measuring the
velocity of the boundary and that of the solution over a
range of current densities, and plotting vb = f(I) and vs =
= f(I). Clearly, the difference between the two curves

96

Fig.8. Measurements by the method of
simultaneous observation:

1) cathodic limb of the measuring tube;
2) anodic limb of the measuring tube;
3) porous diaphragm.

must be a straight line whose slope is related to the trans-
port number by the expression

(35)

tanat = ——
Fe;, '

where c¢; is the concentration of the ions in equiv. litre=!.
The form of the experimental plots is shown in Fig. 9.

In the method of simultaneous observation there is no
need to make a correct choice of the concentration of the
indicator electrolyte. The perturbation of the hydrodyna-
mic equilibrium associated with the establishment of the
Kohlrausch concentration is automatically allowed for.
The use of a countercurrent to control the motion of the
boundary, in conjunction with a porous septum, makes a
much wider range of temperatures and electrolyte concen-
trations experimentally accessible.

v, mm h*

oy

fis ko
LN g d

Fig.9, Experimental curves obtained by the

method of simultaneous observation 1 for 3 N

solutions of NH,Cl at 20°:

vp — velocity of the ionic boundary; v —

velocity of the solution; »; — velocity of the

ions.
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The most important measurements, in practice, are
made by keeping the boundary immobile with a suitable
countercurrent, and measuring the accumulation of sol-
vent in the anodic limb !9, The transport number of the
cations is calculated by means of the formula

Tms = § Ua® c;SA. (36)

where v, is the rate of accumulation of solvent in the anodic
limb, c; the concentration of the ions in equiv. per kg of
solvent, I the total current through the cell, and S, the
internal cross-sectional area of the anodic limb.

Thus, the cross-section of the tube which contains the
boundary does not appear in the formula. When calcu-
lating transport numbers allowance should be made for
possible changes in the volume of the solvent being accu-
mulated 101,140,

The method of simultaneous observation has provided
many data relating to concentrated solutions of electro-
lytes. In principle, this method should give results no
less accurate than those of the moving boundary method.

4. Methods Based on Kohlrausch's Regulating Function

In the direct methods transport numbers can be deduced
immediately from the results of a single experiment. The
methods relying on the regulating function enable trans-
port numbers to be calculated from a knowledge of the
steady-state concentrations of the electrolytes moving in
constant relative positions, and of the transport number
of one of them. The problem of measuring transport
numbers consists essentially in making the correct choice
of electrolytes and experimentally determining their
steady-state concentrations. Cady and Longsworth 108
were the first to measure steady-state concentrations.
Hartley®3 proposed a method of measuring steady-state
concentrations which he later used in a number of investi-
gations 141145,  Conductimetric analysis has also been
used to measure concentrations %,148,  Fig, 10 shows part
of the measuring tube of Samis and Hartley's apparatus 147,
The leading electrolyte solution, in tube I and vessel 2,
was brought into contact with the indicator electrolyte in

tube 4 by the air-lock method, using the side-arm 3. When

Fig,10, Part of Samis and Hartley's
apparatus 47 for measuring Kohlrausch
concentrations:

1) leading electrolyte solution; 2) cathode
vessel; 3) capillary connection; 4) indi-
cator electrolyte; 5) auxiliary vessel with
leads for measuring the electrical conduc-
tance of the electrolytes under study.

current was passed the boundary moved along tube 1. By
partial compensation of the motion of the boundary, using
a countercurrent, some solution having the Kohlrausch
concentration was forced into vessel 5, provided with
measuring electrodes.

The upper limit of experimentally accessible concen-
trations, 0.1 N, was set by the fact that no precautions
were taken to minimise the effect of convective transport.

Refractive analysis has also been used 495,148,149 o
measure steady-state concentrations.

Some new procedures were developed when the prob-
lems associated with readjustment in concentrated solutions
were overcome. Work with concentrated solutions is
characterised by the need to avoid convective transport
effects. This is achieved either by working with small-
-diameter tubes, or by using porous packing. Konstan-
tinov and Oshurkova®® made their measurements in capil-
laries of ~0.1 mm diameter, using large electric fields.
Steady-state concentrations were determined by measuring
the length of a thread of the experimental solution,
“trapped” between the leading and the indicator solution.

Kaimakov and coworkers 150-152 ysed wide measuring
tubes packed with ground quartz. Steady-state concentra-
tions were measured either with platinum electrodes fitted
to the tubes or with a miniature thermistor. By this pro-
cedure, steady-state concentrations could be measured
in a single experiment for a number of electrolytes follow-
ing each other.

V. MEASUREMENT OF TRANSPORT NUMBERS AND
MOBILITIES IN MIXTURES OF ELECTROLYTES

Both the Hittorf method!51-16! and the moving boundary
method 117,162-166 haye been used to study mixtures of
electrolyte solutions. To measure transport numbers by
Hittorf's method, the concentration changes of all the
components of the solution in the electrode compartments
are measured simultaneously by chemical analysis. The
lower limit of additive concentration is set only by the
precision of the method of chemical analysis of the parti-
cular component. The upper limit of the total concen-
tration of the mixture is set by convective mixing 6?7, The
early investigations of mixtures by Hittorf's method 154,155,292
relied on inadequate methods of analysis, and led the
authors to erroneous conclusions as to the structure of
mixtures of binary electrolytes. The most accurate re-
sults are obtained by the moving boundary method. A
boundary is formed between the mixture and the indicator
electrolyte, and an electric field is applied which causes
the mixture to separate and form a second boundary be-
tween ions of different mobility. The velocity of this
boundary is proportional to the transport number of the
ion of the additive!!?, The use of the moving boundary
method is confined to relatively low total concentrations
of the mixture under study (cio: <0.1 N). A procedure
for measuring the mobilities and transport numbers of
ions added at low concentrations (a few per cent, or frac-
tions of one per cent) to concentrated solutions of electro-
lytes has been described48-170, The method depends on
separating the mixture in an electric field, the impurity
ions accumulating between the mixture and the indicator
electrolyte. The boundaries are located within the
porous packing. The column of additive is held in a
fixed position relative to the measuring tube by a counter-
flow. The transport number of the additive is found
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by measuring the quantity of matter in the column. The
accuracy of the results obtained by this method is 2-3%.

Data on transport numbers and mobilities in mixed
solutions are few, and mostly of a tentative nature.

VI. EXPERIMENTAL DATA ON TRANSPORT NUMBERS
IN AQUEOUS SOLUTIONS OF ELECTROLYTES

Many papers on the measurement of transport numbers,
by different methods, have been published. Collected
tables of transport numbers have appeared in many works
of reference!" -7,  The fullest information, relatingboth
to aqueous and to non-aqueous solutions of electrolytes,
is to be found in Landolt and BSrnstein's Tabellen 7!,
However, these data are difficult to use, because the ex-
perimental results are reported uncritically. Further-
more, a significant volume of recent work, dealing mainly
with concentrated aqueous solutions of electrolytes, has
not yet found its way into standard tabulations. In the
Russian literature tables of transport numbers can be found
in “Spravochnik Khimika” (The Chemist's Handbook) 174
and in “Spravochnyi Tom Tekhnicheskoi Entsiklopedii”
(Reference Volume of the Technical Encyclopaedia)l?3,
However, the results given in those tabulations are based
on early measurements of transport numbers in aqueous
solutions of electrolytes, and do not provide a balanced
account of recently developed new methods, or of the re-
sults obtained thereby.

Experimental values of the transport number for a
given electrolyte are usually in marked disagreement. For
dilute solutions, the discrepancies are relatively small:
their causes have been discussed in the literature many
times 279,36,117,172,  Ipn the region of high solution concen-
trations the scatter of results is often very large 12,38,75,
For this reason, we adopted the following precedure to
construct a general table of the transport numbers of
cations in aqueous electrolyte solutions (Table 1) and a
table of transport numbers for aqueous solutions of mix-
tures of electrolytes (Table 2):

(a) For each compound, the results covering the widest
range of concentrations and temperatures were tabulated.

(b) When the results obtained by different methods in
the same range of concentrationsandtemperatures showed
serious disagreement, measurements by the moving boun-
dary method were selected for the low-concentration region
and measurements by the simultaneous observation method
for the high-concentration region.

(c) In the few cases where the results obtained by dif-
ferent methods for a given compound were in good agree-
ment, the values were combined.

The first column in Table 1 lists the chemical com~
pounds. The second column gives the temperature at
which the measurements were made. The concentration
range from 0.005 N to 15 N is divided into 15 intervals;
concentrations are expressed in equiv, litre™! (N). Values
of the transport number at intermediate concentrations,
not given in the original paper, were found by graphical
interpolation. Anion transport numbers were recalcu-
lated as cation transport numbers, assuming that Tc + Ta=
=1. Figures in brackets denote the concentration cor-
responding to the transport numbers tabulated underneath.
The column headed “method” indicates the method of mea-
surement used, with the following abbreviations: Hitt. for
Hittorf's method, e.m.f. for the e.m.f. method, m.b. for the

TABLE 2, Cation transport numbers in aqueous electrolyte solu-

tions.
Substance Concentration, N
o Literoture
component | i::l'pg T°¢c €y cy TM*(‘) TM+(2’ Method references
BaCly+HCl 18 | 0.05 0.05 0.0955 | 0.648 Hitt, 160
BaCls+KCl 18 | 0.05 0.05 0.191 | 0.271 Hitt, 160
CaCl,4-HCl 25 | 0.000 0.100 0.8314 | m.b. 120
0.025 0.075 0.7619
0.05 0.05 0.6518
0.075 0.025 0.4537
CaCly4-LiCl 20 | 0.4 5.0 0.0028 m.c. 169
0.12 6.0 0.0014
0.16 8.0 |—0.
0.20 10.0  |—0.011
0.24 12.0  |—0.0093
CsCl+NaCl 25 0.1 1.9 0.026 Hite, 161
0.05 1.95 0.014
0.2 3.8 0.026
0.1 3.9 0.013
20 | 0.05 5.0 0.0038 m.c. 169
0.06 6.0 0.0020
0.07 7.0 0.0009
0.08 8.0 0,0002
0.09 9.0  [—0.0007
0.1 10.0  [—0.0012
CuClg+LiCl 0.04 4.0 0.00007! m.c. 169
it 201 0.0 6.0  |—0.0014
0-08 8.0  [—0.0032
0.1 10.0  |—0.0050
0.12 12.0  [—0.0042
0.04 2.0 0.0055
0.07 3.5 0.0019
0.4 5.0 |—0.0001
0.13 6.25 [—0.0035
0.17 8.5  |—0.0061
0.215 |10.75 {—0.0102
0.25 12.50  |—0.0083
20 | 0.20 5.0 0.0025 m.c. 168
0.24 6.0 0.007
0.32 8.0  |—0.0027
0.40 10.0  |—0.0077
0.48 12.0  [—0.011
40 | 0.11 5.5 —0.0032
0.17 8.5 [—0.012
g0 | 0.10 5.0 0.0015
§ 80 0.14 7.0 0.0000 m.c. 168
CuCly4-LiCt 016 80  |—0.0030
.20 10.0  [—0.0061
0.24 12.0  [—0.0062
17 | 0123 | 1.978 | 0.116 | 0.400 | mHim. hd
HCIH-KCI 18 | 0-0999 | 0.1005 | 0.637 | 0.123
0.1060 | 0.2508 | 0.475 | 0.220
0.1042 | 0.509 | 0.337 | 0.307
0,1020 | 1.008 | 0.191 | 0.380
0.1105 | 2.685 | 0.074 | 0.464
20 | 0.1129 | 3.100 | 0.074 | 0.457
25 | 0.075 0.025 | 0.7456 | 0.0503 | wm.b. | 117.160
0.05 0.05 0.6198 | 0.1242
0.025 0.075 | 0.4109 | 0.2477
HCI4-LiCl 17 | 0.0998 | 0.3074 | 0.476 | 0.148 Hitt, 167
20 | 0.1165 | 0.0888 | 0.705 | 0.055
8.0 0.16 0.0020 m.c. 1
9.0 0.18 0.0002
10.0 0.20 0.0008
1.0 0.22 0.932 0.0022 s
0.1055 | 1.905 232 0.266 Hitt. BT 1S
HCl+NaCl %1 05 | olos | 0770 | oloa3s
o9 | 0.1005 | 0.0967 | 0.662 | 0.086
0.1081 | 2.272 0.111 0.347
9 0.0977 | 1.019 | 0.392 | 0,208 Hiw, | 167157
HCl4-NaCl 21 0lo04d | 1900 | 0:119 | al3te
0.1041 | 4.332 | 0.048 | 0.330
; ; 0,050 0,050 | 0.2774 | 0.1435 m.b, 16
KuLicl R 1.9 0.036 | Hiw. 1
0.05 1.95 0.019
0.2 3.80 0.036
0.1 3.90 0.022
aC 25 | 0.798 0.202 | 0.368 1 0.063 Hit, 158
KCl+NaCi 0.745 0.254 | 0.372 | ¢ 084
0.664 0.336 | 0.338 109
0.517 0.493 | 0.262 169
0.491 0.509 | 0.256 157
0.322 0.678 | 0.159 %6
0.224 0.776 | 0.129 9
0.108 0.802 | 0.108
0.2 1.8 0.057 Hite, 161,291
0.08 1.92 0.019
0.04 1.96 | 0.010
0.10 3.9 0.017
0.20 3.8 0.038
0.2 4.8 0.025
0.50 4.5 0,052
NaCl+RbCl 25 1.9 0.10 0.034 Hitt, 181
25 1 1.95 0.05 0.017
3.8 .20 0.031
3.0 0.10 0.015
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moving boundary method, s.o.for the method of simul-
taneous observation for the motion of the ions and of the
solution, centr. for the method based on e.m.f. measure-
ments in a gravity cell.

Column 1 of Table 2 lists the components of the mixture
of aqueous electrolyte solutions, column 2 lists the tem-
peratures. Columns 3 and 4 give the concentrations of
the components (in equiv. litre=?) in the order in which the
components appear in column 1. Columns 5 and 6 give
the transport numbers of the cations of the components,
in the same order. The abbreviations used to indicate
the method are the same as for Table 1. The abbrevia-
tion m.c. refers to the method of measuring transport
numbers of minor constituents. The last column in both
tables lists the literature references: the first number
quoted is the paper from which the tabulated values were
taken, other numbers refer to independent studies of the
same compound.

1. V.V.Skorchelletti, “Teoreticheskaya Elektrokhimiya”
(Theoretical Electrochemistry), Goskhimizdat, 1959.

2. M.Spiro, in “Physical Methods of Organic Chemistry”,

Part IV, Interscience, New York, 1960,

3. R.A.Robinson and R.H,Stokes, “Electrolyte Solutions”
(Translated into Russian), Inostr. Lit., 1963,

4. R.Haase, Z.phys.Chem. (Frankfurt), 39, 27 (1963).

5. O.Lodge, in “Report of the British Association for the
Advancement of Science, Birmingham, 1886, p.389.

6. W.C.D.Whethem, Phil,Trans., A 184, 337 (1893).

7. R.M.Fuoss and C.A.Krauss, J.Amer, Chem. Soc., 55,

2387 (1933).

8. H.S.Harned and B.B.Owen, “Physical Chemistry of Elec-
trolytic Solutions” (Translated into Russian), Inostr. Lit.,
1952.

9. A.A.Grinberg, “Vvedenie v Khimiyu Kompleksnykh Soedin-
ehii” (Introduction to the Chemistry of Complex Compounds),
Goskhimizdat, 1951.

10. A.K.Babko, “Fiziko-Khimicheskii Analiz Kompleksnykh
Soedinenii v Rastvorakh” (Physicochemical Analysis of
Complex Compounds in Solution), Izd.Akad. Nauk SSSR,
1955,

11. K.B.Yatsimirskii and V.P.Vasil'ev, ‘“Konstanty Nestoikosti
Rastvorov Elektrolitov i Gidratatsiya Ionov”’ (Instability Con-
stants of Electrolyte Solutions and Ion Hydration), 1zd.Akad.
Nauk SSSR, 1957.

12, E.A.Kaimakov and V.I.Sharkov, Zhur.Fiz.Khim., 38, 1645

. (1964) [Russ.dJ.Phys.Chem,, 893 (1964)].

13, 0.Ya.Samoilov, “Struktura Vodnykh Rastvorov Elektrolitov
i Gidratatsiya Ionov” (Structure of Aqueous Electrolyte Solu-
tions and Ion Hydration), Izd.Akad.Nauk SSSR, 1957.

14, B.P.Konstantinov and V. P.Troshin, Zhur, Prikl. Khim., 36,
449 (1963), -

15. V.P,Troshin, Zhur, Prikl, Khim,, 36, 1344 (1963).

16, B.P,.Konstantinov and V, P, Troshin, Zhur, Prikl, Khim., 35,
2420 (1962). -

17. V.P.Troshin, Zhur,Prikl,Khim,, 36,

18. W, Hittorf, Pogg.Ann., 89, 177 (1853).

19. W._Hittorf, Pogg.Ann,, 98, 1 (1856).

20, W.Hittorf, Pogg.Ann., 103, 1 (1858).

21, W, Hittorf, Pogg.Ann., 106, 338 (1859).

22, W.Hittorf, Pogg.Ann., 106, 513 (1859),

23, W, Hittorf, Ostwald Klassiker, Nos,21 and 23,

24, W, Hittorf, Z.phys.Chem., 39, 612 (1901).

25. W.Hittorf, Z.phys.Chem., 43, 49 (1903).

26, P.Walden, “Das Leitvermdgen der Ldsungen Ostwald-
Druckers Handbuch”, Vol.IV, Leipzig, 1924.

1342 (1963).
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36,
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50,
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56,
57,
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62,
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68,
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W.Washburn, J, Amer, Chem. Soc., 31, 322 (1909).
M.E,Laing, J.Phys.Chem,, 28, 678 (1924).

F.T.Wall, C.S.Stent, and J.J.Onderjicin, J.Phys. Colloid
Chem., 54, 979 (1950).

A.L.Lewy, J.Chem.Educ., 29, 384 (1952).
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versity, 1941,
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chem,Soc., 104, 111 (1957).
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(1931),
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main methods of synthesis, features of molecular structure
and properties, and the chemical reactivity of aziridine
together with its main uses in medicine and technology.

II. METHODS OF SYNTHESIS OF AZIRIDINE

The overwhelming majority of known methods of syn-
thesis of aziridine and its derivatives may be divided
according to reaction type into four groups of methods,
leading to closure of a three~-membered heterocycle:

(1) intramolecular condensation reactions with elimination
of the elements of an'acid; (2) thermolysis of other nitro-
gen~containing heterocycles; (3) cyclisation reactions of
nitrogen-substituted derivatives (oximes, hydrazones,
dichloroamines); (4) addition reactions to C=C or C=N
bonds.

Intramolecular condensation reactions.
Aziridine was first synthesised by Gabriel in 1888 by the
action of moist silver oxide on B-bromoethylamine hydro-
bromide!. Gabriel erroneously ascribed the structure of
vinylamine to the compound obtained. This error was
corrected by Marckwald, who showed that the product
obtained by Gabriel was a secondary amine with a cyclic
structure2™4; at the same time the true mechanism of
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