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CHAPTER I
IRTHODUCTICH

As early as 1875 Kohlrausch (1) demonstrated by means
of a single measurement of conductance, the analysis of a
two~component system in which one component, the solute, was
an electrolyte and the other component, the solvent, was a
non-electrelyve., This work was extended and modified by
numsrous others (). For example, Noyes (4) measured con-
ductances at high temperatures and Jones, who measured con-
ductances {or ninety-six electrolytes at concentraticns from
0,05 normal to 0.00048 normal at terperatures from zero de-
grees centigrade to sixty-five degrees centigrade (3).
Two-component systems have alsc been analysed by wmeans of
conductance titraticns. The [undamental techniques employed
in this method may be found in nearly all instrumental-
analysis texts, On the other hand, for systems containing
more than two components, analysis by means of conductance
measurenent has been accomplished only through successive
titractions,

The use of high-frequency capacitance measurement for
the analysis of two-component systems has several advantages
over low-frequency conductance measursment., Low-priced,
commercially available capacitance instruments, such as the
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sargent Model V Oscillometer, allow measurements to be read
to one part in seven thousand, while conductance apparatus

of equal price allow readings to about one part in three
hundred, Furthermore, the high-frequency measurements elimi-
nate direect contact between the electrodes and the sclution,
thus avoiding many undesirable effects such as polarigation,
electrodeposition, electrude attack, and solution contaminae
tion, Single measurements of high-frequency capacitance may
be utilized not only for the analysis of two-component systems
in which one component is conductive, but alse for the anale
yais of two-component systems in which neither component is
conductive, Titrations similar to conductance titrations

may be carried out with the high-frequency instruments and
may be used for the asnalysis of poly-component systewms as well
as two-component systems. A bibliography of such methods is
available from one manufacturer (5},

In using either low-frequency conductance or highe
frequency capacitance measuvrements for peoly-component systems,
it is to be noted that the existing methods of analysis, conw
siat entirely of titration techniques. Such titravions ave
relatively tedicus and have the added disadvantage that sepa~
rate porticng of sample must be remcved and are of no further
value after analysis. It would seem desirable to have a
method for aﬁalyzing’pulymeompaneﬁt systews by means of a
amall number of measurements on the sample unaccompanied by

the introductiocn of sample contaminants, such as titrants.



The object of this research was the development of such a
method,

It was realized that the relationships involved were
extremely complex and that it was probably for this reason
no apparent previocus attempts had been made. It was hoped
that a study of these relationships would lead to a suffi-
cient simplification of the procedures and calculations so as
to lead to an analytical method of practical value., Toward
this end the immediate goal of this thesis was the analysis
of & threc-component system whose major component was water.
This analysis was to be the result of a procedure which could

be readily extended to more complex systems,
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CHAPTER IT
THEORY

Throughout a censiderable range of concentrations en-
countered in &naiytical work the theoretical principles of
conductance are considered to be well known. The basis for
these principles is the theory of ionization pressented in
1887 by 3vante Arrhenius (1), which states that the majority
of strong electrolyte molecules in soluticn are in a disso-
clated state as free ions, Under the influence of 4 poten-~
tial gradient these lons migrate Loward the pole of opposite
charge, carrying a unique portiocn of the current, The extent
of this migration is modified through the effect of the
forces acting between the ions, Thus, an lon will be sur-
rcunded by an "iocnic atmosphere® composed of more oppositely
charged ions than of like charged ions., The "icnic atmos-
phere" is disturbed by the movement of the central ion and
must continually reestablish itseli., The result is that the
"jonic atmosphere" becomes unsymmetrical arcund an iom in
motion for, as its relocation must follow the movement of the
ion, its mean charge density, as compared with that when the
ion is stationary, undergoes a decrease in front of the moving
ion and an increase behind it. Since the "ionlce atwmosphere™

must have a net charge which is equal and opposite to that of
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the central ion, this asymmetry means that there is an ex~
cess of oprosite charge behind a moving ion. This excess
charge exercises an electrostatic retarding force, and consew-
quently the mobility of the c¢entral ion is reduced below the
value which it has in infinitely dilute solutlons, where
interionic effects can be neglected. This effect is commonly
known as the "relaxation effect™. The oppositely charged
ions which predominate in the "ionic atmosphers" migrate to-
gether with thelr solvent sheaths, in a direction opposite
to the central ion., Thus, the central ion travels in a
medium which is moving in the opposite direction and this
introduces a viscous drag in excess of that which would be
experienced if no "ionic atmosphere” existed. This effect is
known as the "electrophoretic effect¥.

At low concentration (i.e, less than 0,0001 normal in
aqueous solution) the equation:
{1} L = Ac
in which L is the specific conductance, ¢ is the concentra-
tion and A is a consbant, gives good quantitative agreement
with the experimentally measured values of L and ¢. In
aqueous solutions above 0.0001 normal, in order to take into
account the effeets of interionic attraction, a modification
of this relationship to the form of Onsager's equation is nec-

essary. The relation is now of the form:

(2) L = Ac - Be™



in which B is an additional censtant term. This equation
has been derived from theoretical consideratiocns and proven
to hold experimentally. The constant 4 is peculiar to the
electrolyte considered and is dependent upon the temperature
and the selvent. Any change in the temperature changes the
mobility of the icns, thus changing A. Any change of vis-
cosity resulting from a change of solvent, also changes the
mobility of the ions and changes A. The constant B is a
function of the dieleectric constant and the viscosity of the
solvent,

When the dlelectric constant is high, as in the case of
water, the forces between particles will be relatively low,
and they will be extensively dissociated by thermal vibraw-
tions, Electrolytes dissclved in such solvents will consist
for the most part of iong, and thelr conductance will be
relatively large, Un the other hand, if the dielectric con-
stant of the solvent is low, particles carrying opposite
charges will have strong atbtraction for one ancther, and
thermal vibration will be able to separate only a small pro-
portion of them, In any case, the proportion existing as
jons will be greater at low concentration, for the chance that
an ion will encounter ancther of opposite charge is smaller
than when more solute ilons are present and the distance be-
tween ions will be ccnsiderably increased, which is to say,

the forces acting between ions will be considerably decreased,



It is for this reason that the conductance of any fixed
weight of solute will increase with decreasing concentration,
In solutions with solvents of very low dielectric constant,
where interionic attraction is not negligible even at quite
low concentration, the situation is probably complicated by
the presence of complexes involving the undisscclated elec~
trolyte and its ions, The constant B is inversely propor-
tional to viscosity, dielectric constant and temperature,

but the viscosity and dielectric constants are also inversely
proportional to temperature, so that B becomes a more complex
function of the temperature. At the temperatures being conw-
sidered in this work, however, the effect is such as to

cause a decrease in B with an increase in temperature, This
in turn brings about an increase in conductance, At more
elevated temperatures a maximum value of conductance is
reached and for temperatures above this point a decrease in
conductance is noted,

If the interionic forces between ions of twe separate
compounds are ignored, equabion (Z) may be extended to a
system of a sclvent and two electrolytes and it will take
the form:

(3) Ae, = Bc® ¢+ D¢, - Eg® = L
¢y and ¢, refer to the concentration of the different elec~
trolytes involved while 4, B, D, and E are constants as in

eguation (2), Of course, the neglect of interionic forces



between ions of compound 1 and lons of compound 2 will make
equation {3) an approximation and $his can only be tolerated
in the instance thuat the usefulness ol the results geined
from the added simpliecity will cutweigh their inaccuracy,
Extension of equation (2) to higher concentrations in-

volves the addition of a square term;

{4) Ac = De™ 4 Pe? = 1L
in which F is an empirical constant.
For salts of greater than 1,1 wvalencies the extension of

equation (2) requires a further term as shown below:

{5) Ac - BeXy Fe* 4+ Gc log C = L
In equation (5) F and G are empirical constants,
Equations (4) and (5) apply to concentrations which are above
the range necessary in many analytical progedures and they are
too complex to lend themselves to easy simultaneous solution,
so, for these reasons, their application will not be further
pursued.,

The Sargent Model V Osecillometer gives a response reade-
ing in units of capacitance, which may be represented by the
following equation:

- 2rlui
L"g (% 85%2’ + 1)

(6) Ca =

2R 2.2.2
f»zgw 0,05+ REWCI+1
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L
w
i

Capacitunce of the solution

i

Capacitance of the glass

Cs = CoK

o3
L
2}

Capacitance of the empby eell {with air)
K = Dielectric constant of the solvent
Rg = Ry/L  (Resistance of Cell with Solution)
Ry ® 0,885/C, (Resistance NDue to Cell Geometry)
I, = 3pecific conductance at low frequency
W=2af
f = Frequency of current
This theoretical equation has been derived (3) for soluw
tions which exhibit significant conductance (i.e. aqueous
solutions of electrolytes) and, while it is suitable for
present purposes, does nct permit general application,

Solving equation (6) for L the specific conductance:

¥
Y A *
C, 1C.~C,

From equation {2} it is seen thaby

(&) Ac - BeM= F(Ca)

F(Ca) is the function of L, the specific conductance, derived
in equation (7), Upon further extension of this equation to
a solution containing two electrolytes it becomes

(9) Ac, = Bel®+ Dg, - B2 = F{Ca)

Thus, the high frequency capacitance measurement varies with

changes in concentration of either or both electrolyte and
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with changes 1n temperature or solvent in the same manner
and for the same reasons as low frequency conductance, One
new variable has appeared, however, and that 1s the frequency
of the current applied to the sample cell,

3ince the constants in equation (3) and (9) are dependent
upon several variables, as already explained, it should be
possible through variations of these quantities to obtailn
several independent equations whose simultaneous soluticn will
allow calculation of ¢y and Coe The magnitude of the varia-~
tion of constants and the accuracy of the instrument measure-
ments as well as the practicality of variation of conditions,
will all limit the accuracy, simplicity and application of
the analytical method,
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CHAPTER III
EXPLRIMINTAL PROCEDURE

&ll‘aalutiana were prepaved from Bskert's Analyszed
Reagent grade chemicals. Samples were dried in an oven at
two hundred degrees centigrade for two to three hours and
kept in a desiccator until weighed, Distilled water, passed
through & resia column, to effectively delonize it, was used
in the preparation of all solubtions, Soluticns were stored
in ﬁwe hundred milliliver gzlass stoppered bottles prior to
uge. In each case the one normal solution was prepared from
a welghed sample and all other dilutions were made volumeb-
rically, Technical grade dimethyl formamide from The Mathe-
son Company, boiling at 152-154 degrees centigrade, mixed
volunetrically in a ratio of four to one with delonized
water, was the auxiliary sclvent used,

A Model RC Conductivity Bridge manufactured by Industrial
Instruments, Incorporated, with a dip~type cell of platinizeds-
platinum plate electrodes, was used for low frequency con-
ductance measurements, The instrument was grounded and all
contacts secured vightly teo insure stability, A constant
temperature bath, consisting of a elay erock filled with ten
gallons of waber, hsated by & resistance heater in series
with a Powerstat control and agitated with an electric

13
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stirrer bo insure uniformity, was used. Wooden racks fitted
with thirty milliliter pyrex beakers suspended the solutions
into the bath. Holes beside each beaker permitted the measw-
urement of the teumperature in very close proximity to the
golution., Soclutisns were kept in the bath at least ten’min~
utes prior to measurement. The dip-type cell was rinsed with
a separate sample of the solution to be measured.

The cell constants were determined using measursments on
a solution of potassium chloride of thirty-two liters per
equivalont weight, Divisicn of the dimensionless constant,
Table I in appendix, by the instrument measurement gave ihe
specific conductivity, which is the conductivity of cne milli-
liter of sclution as measured with electrodes one centimeter
square and cone gentimeter apart.

A Model V Chemiecul Oscillometer, manufactured by E. H.
Sargent, equipped with a ten milliliter rubidium coated cell
and a bype A" cell holder was employed for high-frequency
measuresents, The room was air-conditiocned at twenty-three
degrees centigrade and maintalned at constant humidity. The
in&bwum@ﬂt was grounded and the cell hcolder assigned a marked
area and kept in it throughcout all measurements, A warm-up
pericd of at least two hours was employed prior to adjustment
of the zero setting with the dry cell. When erratic results
or an oscillation of the resonance needle appeared, the cell

holder was dismantled and all contacts cleaned thoroughly
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with steel wocl, dried and reasssmbled., The instrunment
operated at a frequency slightly less than {ive megacycles,

A thermometer, calibrated against United States Bureau
of Standard thermometers, gave readings reliable to % 0,1
degree. The thermometer was introduced into the cell to a
marked depth exceeding the mercury bulb, Cooling of the
solutions, prior to measurement at lower than room temperas-
ture was accomplished with an ice bath in a Dewar f{lask, The
entire bobtle of solution was placed in the Dewar [lask and
allowed to attain a temperature of approximately five degrees
centigrade. For measurement above room teuwperature, the so=-
lution was heated to about 65 degrees centigrade, a sample
withdrawn and allowed to cool while taking readings at the
desired temperatures, 4 sample of four milliliters was withe
drawn and used to rinse the cell, This was discarded and an
elght milliliter sample introduced into the cell for measurew-
ment, The cell was cleaned with deionized water and, when
net in use, stored in a dessicator filled with silica gel,

To correlate equatiocn {6) with experimental results,
the constants Cg and Co were determined experimentally by the
method ocutlined in the Manual of Chemigal Oscillometry (1).
Measurements on purs mercury and deioniged water were used
in the following simplified equatiocus:

(10) iﬁz = Sw
Cy  Kw(S8hg - Sw) —Shg
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(11) g = 99 Be/Co + 14 Ku(Co/Cp 4+ 1))
FATEN S ’

3w = Reading for water

Shg = Reading for mercury

Kw = Dielectric constant for water

Substituting these values in equation {(10) and utilising
these results in equation {(11), Cy was found to be 134,3118

micro-micro~farads and G, 3.85 micro-micro-farads.
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CHAPTEE IV
DISCUSSICH OF RESBULTS

The data may be conveniently arranged intc the follow-
ing groups:

1., A demonstration of the validity of equation (2),
Chapter 1I, for variocus electrolytes at several temperatures
and in differing solvents,

2, A demonstration, with varicus electrolytes, ol the
relative change in magnitude of the constants 4 and B with
temperature.

3. 4 demonstration, with varicus slectrolytes, of the
relative change in magnitude of the constants 4 and B with
changing solvent,

4. A demonstration of the validity of equatiocm (3),
Chapter 1I, for varicus electrolyte systems at various
temperatures,

5, A demonstration of the validity of equation (9)
Chapter I1.

6., A demonstration of the eflect of frequency change
upon conductance,

The conductance data were derived f{rom two sources,
measurements performed with a conductance bridge and measure-
ments perfvrmed with an "Oscillometer®.

18
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Investigated initially were changes in temperature,
since they are easier to achieve than changes in solvent or
frequency of measurement. The data concerning solvent variage
tion have been included for the reason that complex systems
may require more equations than can be acquired through
temperature variation on a single system.

Figure 1, together with Tables I1I, III, IV, V, VI, VII,
and VIII in the appendix, illustrates the data which consti-
tute the previocusly menticned group 1. While the rates of
increase of conductance with concentration increase (the
slope of the curve) for sodium chloride and potassium chlo-
ride in aqueous soclution are almost identical, barium nitrate
and sodium chloride or potassium chloride show marked differw
ences. Picking two points near each extremity of the curve
for potassium chlorida; two equaticns of the form of equation
(2), Chapter II, were established. Solving for the cwnstanta;
A and B, and applying them at different concentrations, good
agreement between the theoretical conductance and experimental
conductance was obbained and is graphically shown in Figure 2,
Also shown in Figure 2 is the good agreement of barium ni-
trate, a bi-univalent electrolyte. |

Changing the solvent from water to a mixture of 80 per
cent dimethyl formamide and 20 per cent water causes a de-
crease in the conductivity. A rearrangement of the relative
slopes has occurred with barium nitrate now higher than

potassium chloride and cupric chleoride now lower, This might



Specific conductivity ohm™t em™t x 103
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I. CuCly-Hy0C
II. KC1-H,0 1
III. Ba(NO3)o-H,0
IV. NaCl-H,0 ’ I
V. Ba(NO3),-80% DMF-20%
H,0 T
nr

L L

VI. KC1-80% DMF-20% H20
VII. CuCly-80% DMF-
20% H,0

0 1 1

L L
10 20 30 40 50
Concentration milli-equivalents per liter

Fig. l--Variation of conductance with concentra-
tion at 25° ¢,
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em™l x 103
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O Theoretical KC1
~ Experimental KCl

o 10 % £ Ly

Conecentration in Milli-equivalents per liter

Pig. 2--Variation of conductance with con-
centration theoretical compered to experimental
for KC1 and Ba(NO03)z.
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possibly be explained as a different solvent-solute associa=-
tion than with water. It is important to note that thié
solvent has achieved a considerable separation of the con=
stants, A and B, for the electrolytes.

Figure 3, together with Tables II, III, IV, V, VI, VII,
and VIII in the appendix, illustrates the data belonging to
group 2 and demonstrates the relative change in magnitude
of conductance with temperature change for various electro-
lytes at specific concentrations. In aqueous solution the
conductance of electrolytes with similar valencies increase
at similar rates with an increase of temperature. That is to
say, in a mixture of such electrolytes the constants of equa-
tion (3), Chapter II, associated with each electrolyte change
in a similar manner with temperature and the resulting equa-
tions'are almost identical. However, electrolytes of dis-
similar valencies show a variation with temperature and for
these electrolytes the constants of equation (3), Chapter 11,
differ. The rate of change of conductance with temperature,
in a system whose solvent is 80 per cent dimethyl formamide
and 20 per cent water is much less than a pure aqueous so;um
tion., An inversion is noted here as it was for the conduct=-
ance-concentration relationship, indicating once again the
point that similar electrolytes may possibly be differenti-
ated by means of solvent variation, even though temperature

variations would seem to have no effect.
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Specific conductance ohm—+ cm'l x'104

23

I. KC1-H,0-7.8 mew/1
' II. NaCl-H,0-7.8 mew /1
III. CuCl,-H,0-3.9 mew /1
Iv. Ba(NOB)z—H20—3.9 mew/1
V. Ba(NOB)Z-SO% DF-207% H,0-5 mew /1
VI. KC1-80% DMF-20% H,0-5 mew /1
CuCly=80% DMF-20% Ho0-5 mew/l

[ [ 1 }
10 25 35 45 65

Degrees centigrade

Fig. 3--Variation of conductance with temnpera-
ture for specific concentrations.
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Figure 4, taken from data in Tables II, III, IX, and
X in the appendix,eshows the relationship of experimentally
determined high-frequency capacitance to experimentally de-
termined low-frequency conductance., This curve was used as
a working curve to convert high~frequency measurements to
specific conductance,

The constants A and B were calculated using the limiting
ionic conductances and the limiting slope values as described
in Bockris (1), Constants for sodium chloride and potassium
chloride from ten to twenty-five degrees centigrade are given
in Table XIV in the appendix, and verify the conclusion based
upon Figure 3 that each changes in a parallel manner to the
other with changes of temperature. These constants were used
in equation (3), Chapter II, and expected conductances of
mixtures of scdium chloride and potassium chloride were cal-
culated. The expected values are compared with experimental
converted high-frequency measurements in Table XIII in tﬁe
appendix., These results verify the postulate made in Chap~
ter II that the conductance of a mixture of electrolytes in
aqueous solution is equal to the sum of the conductances of
the individual electrolytes.

In view of Figure 3 a mixture of barium nitrate and
potassium chloride would give a greater variation of con-
stants, Constants derived in the same manner as above and
applied to mixtures of the electrolytes, show agreement

to within 5 per cent of converted high-frequency
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megasurements and are indicated in Table XVII of the appendix.
Mathematical manipulation of fcour equations of the form of
equation (3), Chapter II, using constants in Table XV and

XVI in the appendix, indicate inconsistent equations, It is
noted that the ratio of the constants for barium nitrate at
twenty~five and forty-five degrees centigrade is 1.,4700,

while for potassium chloride at the same pemperatures it is
1.4508, This difference is toc small to allow for experimental
error in the conductances and still have f{cur solvable simule
tanecus equations.

Figure 5 is a graph taken from Reilley {2) indicating
the ecapacitance~conductance relationship at two frequencies,
three and five megacycles of current., These plots were made
from theoretical considerations and verified experimentally
by their author. As can be seen by equation (7), Chapter II,
such a variation of frequency would give equations which
were simple multiples of each other throughout., It is to be
noted however, that a greater range of accuracy is obtainable

at five megacycles than at three megacycles of current.
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CHAFTER V
CORCLUSION

4 three-component system, such as two electrolytes in
aqueous solution, follows equation (3), Chapter II, which is
a summation of the relationship that each would exhibit
alone at the same concentration, This equation, for a given
set of conditions (i.e. temperature, frequency, soclvent)
has only two variables, the concentrations of the electrolytes,
Ordinarily it would require only twe such eguations to solve
for the concentrations, but since there is involved a frace
tional power along with an integral powser of each concentraw
tion, it requires four sets of conditions to solve for the
concentrations, (It could be possible to seolve with a mini-
mum of three by reductblon to a cubic equation). The usable
concentration range on the "Oscillometer™ was found to lie
between one and fifteen milli-equivalents per liter and thus
further limited conditions.

Investigation of strong electrolytes shows that the
constants, A, B, D, and B, vary with the electrolyte, solvent
and frequency of measurement, The constants, A and D, are
ol primary importance and have a variation among strong
agquecus electrolyte solutions at twenty~iive degrees centie
grade, of about 0,125 to 0.150 ohm™t em?, Independent

29
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variation from one electrolyte to another, is necesgsary in
order to obtain independent equations.

Investigation of temperature as a means of such varia-
tion indicated that the variations were present, but not of a
magnitude allowing mathematical solution of the equations,
This was shown using a mixture of sodium chloride and potas-
sium chloride, whose constants differ markedly at one temper=
ature but vary from one temperature to another in a very
similar manner. Even electrolytes, whose conductance~temper-
ature relationships cross graphically (barium nitrate and
potassium chloride) do not lend themselves to such a mathe-
matical solution., Both mixtures substantisted the summation
principle and the capacitance-conductance relationship
Figure 4.

In a preliminary investigation, variation of frequency,
as a means of obtaining independent constants, appears not to
have any advantageous effect,

Variation of the solvent, which would necessitate multi-
ple samples, indicated that it would provide considerably
more variation of the constants than did temperature varia-
tion of aquecus solutions, Furthermore, temperature varia-
tion for other solvents seems to give greater relative dif-
ferences between electrolytes than is obtained in water. For
the solution of the three-component systems being considered,

a minimum of' three solvents would be necessary in the absence
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of temperature variation, Fewer could be used if temperature
variation would suffice to supply one or more equations.

The feature which most drastically limits the applicability
of solvent variation is the generally low sclubility of

electrolytes in sclvents other than water,



APPENDIX
TABLE I
CELL CONSTANTS FOR LOW-FREQUTNCY COKDUCTANCE AT
VARIOUS TEMPERATURES

e et

10° ¢ 250 ¢ 350 ¢ 4,59 G 659 ¢
0.1045 0.1062 0.,1079 0.1093 |1,1119
TABLE II

LOW~FREQUE§CY CONDUCTANCE™ OF POTASSIUM CHLGP;DE
AT VAKIUUS TEMPERATURES AND CONCENTRATIONS™

Conc. | 0° C |15.5° C |25°9¢C |359¢C |50°¢C
500 31480 L5545 54750 65400 180950
125 6310 12280 |1h825 |17812 [22387

62,5 | 4275 6343 7681 9231 |. .

31.2 2196 3252 3930 4728 5976 7315
7.8 570 853 1032 1247 | 1593|1927
1.95 145 218 264 .2 317.8 | LO7.7 | 498.8
0,97 73.4 | 109.5 | 132.8 | 160.4 | 205.3 | 252.1

32( s cul "l
Conductance in ohm cm

e . sq 1 .
Concentration in milli-equivalents per liter

32
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TABLE I1I

LOW~FREQUENCY CONDUCTANCE™ OF SODIUM CHLORIDE Iﬁ#WATER
AT VARIOUS TEMPEEATURES AND CGONCENTEATIONS

Conc, 0° ¢ 12.59 ¢ | 259 ¢ 35° ¢ 500 ¢

62.5 3593 5037 6675 8094 10268
31.2 1872 2631 3490 4225 - 5437
7.8 4,85.0 684.8 907 1101 1412
1.95 121.5 171.2 226 275 353
0.97 60.1 84 .8 112.6 136.6 178.8

*Conductance in ohm=1 em=%+ x 106

**Concentration in milli-equivalents per liter

TABLE IV

LOW FREQUENCY CONDUCTANCE® OF BARIUM NITRATE IQ*WATER AT
VARIOUS TEMPERATURES AND CONCENTRATIONS™™

Conc.] 0° ¢ | 10°¢c| 25°¢| 35°¢| 50°¢ 65° ¢
0.97 | 120.5 | 156.8 | 222.3| 266.9| 349.9| 427.5
3.9 | 446 588 819 982 1269 1552
15.6 |1523 2025 | 2858 | 3429 4299 5214
31.2 |R759 3675 5162 6253 - ..
62.5 4773 6437.5 | 9150 111081 14131 17262

x‘(’:t.'mc:mz::’t:z;mx::e in ohm=1 cm“l X 106

**Cancentratien in milli-equivalents per liter
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TABLE V

LOW-FREQUENCY CONDUCTANCE™ OF CUPRIC CHLORIDE IN
WATER AT VARIOUS TLF?EHATURF AND

CONCENTRATIONS™

Cone, 0% ¢ 10° ¢ 25° ¢ 359 ¢
0.97 114.8 170.0 217.3 265.2
3.9 434.9 641,5 819.4 996.8
15.6 1580 2295 2925 3529

31.2 2958 L275 5413 7057

62,5 5473 7937 9893 11868

s -
Conductance in ohm™t em i

X 106

**Concentration in milli-equivalents per liter

TABLE VI

LOW-FREQUENCY CONDUCTANCE™ OF POTASSIUM CHLORIDE IN EIGHTY
PER CENT DIMETHYL FOEMAI
TEMPERATURES AND CONCENTRATICONS™*

MIDE SOLUTICN AT VARIOUS

Conc. 100 ¢ 250 ¢ 350 ¢ 450 ¢ 65° ¢

100 2100 3034 3853 4750 6359
50 1166 1344 2158 2632 3669
10 283.8 418.1 513.8 638.8 892.5
1 34,1 50,8 6ly .2 78.0 102.7
0.5 22.2 31,2 37.2 46.3 62.2
0.1 11.9 . 15,1 20.9 23.8

*Gonductance in ohm=} em=1 x 106

e
Concentration in milli-equivalents per liter



TABL: VII

35

LOW-FREQUENCY CONDUCTANCE™ OF BARIUM NITRATE IN EIGHTY

PEZR CENT DIMETHYL FORMAMIDE SOLUTION AT VARICUS

TEVMPERATURES AND COUHCENTRATICNS™*

Conec. 10° ¢ 25° ¢ 35° ¢ 45° ¢C 65° ¢
100 2839 3933 L795 5602 7462
50 1741 2308 2677 3479 4550
10 L5k .3 624.7 793.3 966.8 1316
1 57.2 86.6 116.0 134.8 177.6
0.5 31.8 43.5 58.0 71.6 9%.0
0.1 11.6 15.1 16.6 25.2 31.2

* .
*Concentraticn in milli-ecquivalents per liter

*Conductance in ohm™t cm"l x 10
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TABLE VILI

LOW=FRLGUBNCY CURDUCTANCE™ CF CUPRIC CHLCRIDE IK
BIGHTY PO CENT DIVETHYL FUIGAIDE SCLUTICH AT
VARIQUS TEMPERATURLS AND CUNCENTRATIOHS

Conc. | 10° C 259 ¢ 35° ¢ 45° ¢ 65° ¢
100 1105 Lisbly 1768 2146 2331
50 724 948 1172 1332 1356
10 190,9 327.7 399.6 166,8 586.0
5. 140.0 196.6 239.7 28l.5 327.2
1. 38.9 58,2 67.2 86,7 124.3
0.5 R2.8 30.8 L4 .0 54.6 79.9
0.1 11.6 22.5 . 2h.1 34.9

*conductance in ohm™t em~} x 106

$$Canc@ntra&i¢ﬂ in milli-equivalents per liter



TABLE IX

HIGH-FREQUENCY CAPACITANCE® FOR POTASSIUM CHLORIDE
IN WATER SOLUTION AT VARICOUS TEMPERATURES
AND CONCENTRATIONS™™

Conc. 100 ¢ 150 ¢ 200 ¢ 259 ¢
1000 28483 28919 28976 29066
100 23784 28837 28894 | 28965
&0 28751 28808 28868 28936
60 28731 28772 2833 28905
40 28687 28746 28807 2887,
20 281,14, 2848, 28568 28666
10 27808 27921 28119 28263

8 27560 27699 27869 28066

6 27140 27265 27505 27718

L 26114 26325 26646 26941

2 23798 21,067 24421, 24758

1 22363 224,28 22560 22726

% . . .
Capacitance in instrument divisions

“*Concentration in milli-equivalents per liter



TABLE X

HIGH~-FREGUENCY CAPACITANCE™ OF SODIUM CHLORIDE IN
WATER SOLUTION AT VARIOUS TEMPERATURES
AND CONCENTRATIONS™™

Conc. | 100 C 15° ¢ 20° ¢ 25° ¢
1000 28809 28852 28893 28952
100 28702 28733 28794 28856
80 28668 28717 28778 28832
60 28621, 28676 8747 28803
40 28524 28587 28651, 28717
20 28079 28176 28300 28417
10 27628 27754 27914 28122

8 27272 27426 27557 27729

6 26720 26940 27179 27425

L, 25519 25825 26234 26506

2 23389 23594 23890 24,235

1 22227 22297 22391 22540
0.1 |21913 21873 21777 21691

"’:t' L L3 - »
Capacitance in instrument divisions

**Goncentration in milli-equivalents per liter



TABLE XI

HIGH-FREQUENCY CAPACITANCE® OF SCDIUM CHLCRIDE

AND POTASSIUM CHLOPIDE MIXTURE IN WATER

SOLUTION AT VARICU3 TEMPERATURES AND

CONCENTRATIONS*™

gomc. | Gone. 10°¢ |15°¢c |20°¢c [25°¢
250 750 28867 | 28919 | 28960 | 29045
25 75 28789 28837 28888 28939
20 60 28748 2879 28850 28924
15 L5 28710 28767 28829 28891
10 30 28605 | 28643 | 28709 | 28785
5 15 28326 | 28401 | 284,96 | 28595
2.5 7.5 27755 | 27876 | 28062 | 28184
2.0 6.0 27513 | 27618 | 27800 | 27959
1.5 Lob 26990 27198 274,28 27606
1.0 3.0 25969 | 26255 | 26584 | 26898
0.5 1.5 23886 24145 24493 2L.8L4
0,25 0,75 | 22338 | 22405 | 22546 | 22711

% . . . .
Capacitance in instrument divisions

**Cencantrations in milli-equivalents per liter
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AND POTASSIUM CHLORIDE MIXTURE IN WATER

TABLE XII
HIGH-FREQUENCY CAPACTTANCE® OF SODIUM CHOLRIDE

SOLUTION AT VARIOUS TEMPERATURES AND

CONCENTRATIONS™*

geme. | monSe | 20°¢ |15°¢ | 20°¢ | 25%¢
750 250 26867 | 28919 | 28960 | 29045
75 25 28789 | 28837 | 28888 | 28939
60 20 28748 | 28794 | 28850 | 28924
L5 15 26710 | 28767 | 28829 | 28891
30 10 28605 | 28643 | 28709 | 28785
15 5 28326 | 284,01 | 28496 | 28595
7.5 2.5 R7755 | 27876 | 28062 | 28184
6.0 2.0 27513 | 27618 | 27800 | 27959
4.5 1.5 26990 27196 27428 27606
3.0 1.0 | 25969 | 26255 | 2658, | 26898
1.5 0.5 23886 | 24145 | 24493 | 24844
0.75 0.25 | 22338 | 224,05 | 22546 | 22711

;;€ > » 3 5 > - 3
Capacitance in instrument divisions

**Concentration in milli~equivalents per liter

40
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TABLz XIII

COMPARISON OF CALCULATED CONDUCTANCE™ W TH CONw
VERTED HIGH-FREQUENCY MEASUREMENTS FOR
MIXTURES OF SCDIUM CHLORIDE AND
POTASSIUM CHLCRIDE AT 25
DEGREES CENTIGRADE

Cone™™ Cone™™ Calculated Measured
NaCl KCl conductance conductance
1.5 0.5 257 260
0.5 1.5 283 280
b5 1.5 761 765

*sonductance in ohm=1 em~t x 109

**Concentration in milli~equivalents per liter

TABLE XIV

CONSTANTS FOR EQUATION (9) FOR SODIUM CHLORIDE
AND POTASSIUM CHLORIDE AT VARIOUS

TEFPERATURES
Constants | 10° C 159 ¢ 20° ¢ 25° ¢
A {NaCl) - 0,0915 0.1012 0.1140 0.1264
B (NaCl) 0.06087 0.06898 0.07868 0.08865
D (KC1l) 0.1115 0,1211 0.1350 0.1498
E {KC1) 0,06531 0.07343 0.08342 | 0,09300



TABLE XV

CONSTANTS FOK EQUATICN (9) FOR POTASSIUM CHLCRIDE
AKD BARIUM NITRATE IN AQUECUS S0LUTION AT
VARICUS TEMPERATURES

259 ¢ 30° ¢ 359 ¢ | 40°¢C 45° ¢
A Ba(NU3), |0.13508 | 0.15020 | 0.16581 | 0.18194 | 0.19857
B Ba(lO,), [0.26350 | 0.29299 | 0.32345 | 0.35490 | 0.38725
D Kcl 0.14986 | 0.16623 | 0.18338 | 0.1994 | 0.21742
E KC1 0.09398 | 0.10424 | 0,11500 | 0.12505 | 0.13635
TABLE XVI

HIGH-FREQUENCY CAPACITANCE MEASUREMENTS ON MIXTURES
OF BARTIUM NITRATE AND POTASSIUM CHLORIDE IN
AQUEQOUS SOLUTION AT 25 DEGREES CENTIGRADE.

AT VARICUS TEMPERATURES

25° ¢ 130°¢c | 35°¢c Jso°c¢ | 45°c
Sol #1 2,775 | 24970 | 25300 | 25568 | 25980
Sol 2 26059 | 26270 | 26500 | 26733 | 27150
Sol #3 25377 | 25626 | 25915 | 26217 | 26625

The composition of the mixtures are:

Sol #1 - 1 mew/l Ba(NO3), -1 mew/l KC1
S0l #2 - 2 mew/1 Ba(lo ), -1 mew/1 KC1

Sol #3 - 2 mew/l Ba(NC3), -0,5 mew/1 KC1



TABLE XVII

COMPARISON OF CALCULATED CONDUCTANCE™ WITH CONVERTED
EXPERTFENTAL HIGH~FREQUENCY MEASUREMENTS FOR
MIXTURES OF BARIUM NITRATE AND POTA3SIUM
CHLORIDE IN AQUECUS SOLUTICN AT

VARIOUS TEMPERATURES

Temperature leasured Theoretical
conductarnce conductance
Solution # 1
250 ¢ 280 273
30° ¢ 290 303
35° ¢ 340 335
40° ¢ 357 365
45° ¢ 382 399
Solution # 2
25% ¢ 415 393
30° ¢ LL5 436
35° ¢ 496 482
,0° ¢ 520 527
45° ¢ 580 575
Solution # 3 259 ¢ 123 320
30° ¢ 344 355
35° ¢ 375 393
40° ¢ 412 430
45° ¢ L67 470

*Conductance in ahm*lkcm“l % 106

43



BIBLIOGRAPHY
Books

Arrhenius, Svante, Zeitschrift Fur Physikalische I,
(L@ipzig N 1887) .

Bockris, J. O'M., and Kortum, G., Textbook of Electro-
~ chemistry, I, (Netherlands, 1 .

Bockris, J. O'M,, and Kortum, G., Textbook of Electro-
chemistry, iI, (Netherlands, v

Jones, Harry C., and others, The Electrical Conductivity
Dissociation and Temperature Coefficients of Con-
ductivity, from Zero to Sixty-five Degrees of Aqueous
Solutions of a Number of Salts and Organic Acids,
(Washington, 191%2).

MacInnes, Duncan A., The Principles of Electrochemistry,
(New York, 1939)%

Noyes, Arthur A., The Electrical Conductivity of Aqueous
3olutions, |Washington, 1907).

Articles
Reilley, Charles N., and McCurdy, W. H. Jr., "Principles

of High-Frequency Titrimetry,"™ Analytical Chemistry,
XXV (Eaton, 1953¥, 86-93,

by



	000100tp
	0002r002
	0003r003
	0004r004
	0005r005
	0006r006
	00070001
	00080002
	00090003
	00100004
	00110005
	00120006
	00130007
	00140008
	00150009
	00160010
	00170011
	00180012
	00190013
	00200014
	00210015
	00220016
	00230017
	00240018
	00250019
	00260020
	00270021
	00280022
	00290023
	00300024
	00310025
	00320026
	00330027
	00340028
	00350029
	00360030
	00370031
	00380032
	00390033
	00400034
	00410035
	00420036
	00430037
	00440038
	00450039
	00460040
	00470041
	00480042
	00490043
	00500044

