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INTRODUCTION AND THEORY

[

- The conductance of a body is by definition the recip-
‘rocal of its resistance, or expressed in absolute units,
vconductance is the number of coulombs that pass thru a con;
'ducﬁor Per.second whenithe'potential difference is one volt..
'Provided that'a‘certain minimum voltage is-eiceeded the
;.familiar law of Ohm E = IR holds equally as well for
'solutions that conduct a current as for metallic conductors.
,1Hence if L represents the conductance~of the solution, it
tfollows that I= EL. ’

. The conductance of a homogeneous body of uniform
.scross—section varies directly_with'the area of the cross;~
‘,section and inversely'with thellength of the conductor.
ySpecific conductance 1s defined as the conductance of a

- one centimeter cube between electrodes one centimeter apart,

k~, hence the relation between L»the conductivity of any body

and T its specific conductance is L =T i‘(l).'

7 - As resistance is measured in ohms, conductance is
| measured in reciprocal ohms called mhos. An ohm is the

‘resistance of a column of mercury at'0°C; one square milli-
'dmeter in cross-section and 106 3 centimeters long, the mho,
-is 'its conductance. '
In comparing the conductances of electrolytes it is

'more cOnvenient to use the equivalent conductivity which
. is the conductivity of the amount of solution which contains

A“one.chemical equivalent, when placed between parallel



- electrodes one~centimeter apart. 'Thus.for a 1 N solution
~ the equivalent conductivity‘/L would be 1000 times the.
specific conductivity_L.' To generalize A = lQ%QE_ (2),

, C
C = the_number.of equivalents per.cubic centimeter of the

where N = the normality of the solution, or A =I_where .

solution.

The equivalent conductivity (/i) increases with the
dilution of the electrolyte and with strong electrolytes :
_approaches a maximum. This maximum value A ,is called the
_‘equivalent conductivity at infinite dilution or What is
equivalent at zero concentration. As measurements cannot be
made with accuracy beyond a certain concentration, the value‘
for /\,is of necessity an extrapolated value. Various
_ methods of lessening the errorrof extrapolation will be dis-
cussed later. . | |

The equivalent conductance /\.of a salt at any |
concentration may be considered to be due to two factors.

(a) the conductanceA)Xw of_the.cation constituent,

(b) the conductance ‘/Lg_of the anion constituent.

' Bﬁ'ion.constituent is neant the electrolyte present both as
ions and as undissociated molecules. Therefore /\.=/&¢715A(5)
,at any concentration and A, = Mo /\%,(4) at infinite
dilution or zero concentration. According to Arrhenius'
theory, the ion constituents are.present whollj in tne form
of ions at zero concentration,.therefore_using this

hypothesis. Ao* /\-oc*_ +./\'°A_ (5).

The conductance of a solution depends upon, (1) the



chargerF carried by each ion, (2) the concentration‘gsof the
ions in the solution, and (3) the mobilities U  of the
*ions, if the concentrations of the ion constituents are ex-
’ pressed in electro-chemical equivalents, then by Faraday's
;Law, F the current carried is the same for one equivalent
. of ions of any. electrolyte. This value,gyis.called the
;Faraday and has been determined to be 96,500 coulombs of
_»electricitj.' Hence L = F (CpU, + CgUp +».;..) (8). 1ne L
mobility [Z‘of the ions depends upon the fraction of the
‘electrolyte fonized . XA > and upon the individual speed of
the ions U, *,ltherefore Uy = A IJA ‘ (7)
~ Vhen there is only one salt 'present in the solution,
Cc =Cp = and fe = XA =X , therefore combining
equation (6) and (7) we may write, LJ =.C F'J(U¢+ T+ Uk)(e),
Cor A -"lé——Fd-(Ud*UA-) (9). As c—>© ;Ff —’17
~ therefore: A, = F_(U *)o + F (UA) (10), where the
electrolyte is assumed to exist only,in the form of»ions and
the nobilities of the ions are their mobilitlesvin pure water.
'Any change 1n /A with increasing concentration must be
~due to a change either in :a? (that is, a‘change in the con-
centration of.the'ions,) or in the mobilities of the ions, as
tne concentration termtc does_not appear in the equation. |
The ratio of the conductance at any concentration to the con-

ductance‘at zero concentration, from equations (9) and (10)

UC"‘ + UA" (11).
&/ (Uc_ + (UA")D |
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Afrheniué (1).assumed»fhnt thé‘mobilities were constant
.'hence ———=d’ and thus the conductance ratio was used as a :
measure of the degree»of lonization. This value'obtained
for } -was found to hold very well giving & constant in the -
-mass action equaﬁion when appliea'to weak electrolytes at
low concentrations. However the mass action equation did
‘not hold for concentrated 36lutions of‘weak electroiytes
above 0.1 N hence there must have beenlsnme change in ﬁhe

- mobilities of the- ions, as was pointed out by Jahn (2) and
later by Lewis (5)

The resistance to motion of the ionswis different in
more cbncentrated solutiona from xhnt in pure water. |
Viscosity is a‘neésure_of the résistance offered by the
molecules of a 1liquid to the motion of similar molecules past
one another. Hence it mightnbe agssumed that the resistance
offered to the motion of ions through the solution is ‘ro‘ugnhly,_‘
proportional to the viscosity of the sblution; Thus the -
change in mobility of the ions at a definite concentration
from their mobility at zero concentration may be assumed to
‘'be inversely proportional to thg viscosity of that solution

relative to the viscosity of pﬁrefwater;

Uesr + Us-  _ 7o Ay hence
.S . T AL T e
peg % 0

This conductivity-viscosity ratio was found to give a
constant in the mass action. equation when applied to

'concentrations as high as 1 N. |



'”For strong“electrolytes; even in dilute solution,

"the transference numbers change with the concentration.,

’ wahis change of transference number is evident even in the

-‘range where the viscosity change is too slight to, be
\ significant.' The change of transference number of cobalt
sulfate with concentration is under investigation at this
institution by E. C. Payne. (4)
_ If the transference numbers of strong electrolytes
‘change with the concentration it. follows that ‘the mobilities
must also change with the concentration (although the con-
 verse does not follow of necessity, as the mobilities could
vvary without changing the proportion between them) Hence
~the conductance-viscosity ratio cannot be used as an |
‘ageurate measure of. the degree of ionization of strong
electrolytes. _gygg and Falk (5) nowever: ‘point out that

“even 1f the ratio Jé: does not have the significance of a

degree of . ionization, it is a convenient empirical expression

of the change of conductance with concentration, without

reference to ionization.

Another objection to Arrhenius' theory of constant ion
mobility is the fact that it leads to a uniformity of
ionization values for ‘'substances of the. same valance type.
‘That is, if ) = /_\ , the values of | so obtained at
equal concentrations indicate that the extent to which ions
combine in solution to form unionized molecules is deter-

minedjnot by the chemical nature of the ions, but by the



'"methods which was later used and improved by Eastman

charge carried by_the ion.i However all chemical reactions'
‘~depend in»a highly specific manner upon the nature of the
atoms or groups reacting;v For reasons such as these, the
7'theory of complete ionization has been brought forth and has
.been developed by Sutherland (6) and’ Noyes (7) and more re-
'cently by Bjerrum,(s) Debye and Huckel (9) Bronsted and |
~ LaMer (10) gng others (1) | -
| The chief difficulty in- measuring the conductivity
'of electrolytes, met by early investigators was that, due to
| »polarization a cell with a back electromotive force is set
up in opposition to the current as soon as a finite amount of
ions have been deposited on the electrodes. Direct current
[measurements were tried by Horsford (12) who used metal plates
as electrodes in a trough of the electrolyte. By altering the
{distance between the plates, he calculated the resistance?of
‘the solution, assuming polarization to be equal in the various»
positions. Many improvements were made on the method by his
followers. . Beetz (13) eliminated electrodes entirely by using‘
currents induced by a moving magnet. Newbery (14) devised al
direct current measurement of conductivity by potentiometric
(15) o‘"_
showed that the values obtained by use of 1000 cycle | |
falternating current do not differ more than 0. 02-0 057 from :
 those obtained by the direct current method 1n the cases
'investigated. However the direct current method is much more.
cOmplicated and hence not as readily applicable as the}‘ -

‘alternating current method.
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| | Kohlrausch (16) developed the most satisfactory method
of eliminating polarization. His method- of using high

. frequency alternating current 15 with many refinements the
‘one“in uee at presenf. Hisdmethodewas an arrangement of the
Vheatstone Bridge whereby the resistance of the electrolyte

in‘a conductivity cell was,balanced against a'known resistance

 by means of a_slide-wire. A diagramatic representation of his

apparatus is'shown in Fig. I.

conductivity cell

R = known r381atanee
ab = slide-wire :
m = sliding contact
T = telephone *
I # source of alternating current
From the principle of the Wheatstone Bridge it
follows that,

resistance of R _ am
resistance of C  mb

or if the slide-wire reading be x and the total}diviéions
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be 100,
. resistance of R _ X
resistance of C 100 - X
or 1 = X ‘
C (100 - X) R

but the reciprocal of the resistance of the solution equals

TSI
(100 - X) R

its conductance; therefore L =

As stated previously, Kohlrausch was the first to sub-
stitute high frequency alternating current for direct current
,in conductivity measurement. ' His source of current was a small
-“induction'coil. This necessitated replacing-the‘galvanometer
formerly used by a telephone.- This step’in iteelf greatlv in-
creased ‘the accuracy of the measurements as the sensitivity of
the telephone is far greater than that of the galvanometer.,

The sources of error in Kohlrausch'!s work have been
studied by many investigators,amonglthe first of whom wasv
washburn (17) who described notable advances in technique by
use of tuned telephoneo,‘ﬁure'resistances,iEpecially designed
cells, ldOO cycle alternating current of pure sine'wave form,k
better capacities and methods of grounding. |

A slide-wire constructed. of a manganin wire mounted on
a meter stick was used in.Kohlrausch's measurements. Evidently
the accuracy 6: the‘readings would increase in proportion-to‘
the length of  the wire, butja very long wire would be inoon-
venient. In order to combine length with ease of manipulation{
slide-wires have been wound on marble drums and a sliding

contact made by,rotating the drum. In,addition, two coils of
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fequal resiStance may be connected at the ends of the slide-
wire thus making the effective length many times its actual
A 1ength and increasing the accuracy’ of the readings
proportionally. v
Taylor and Acree (18) o1iminated the helically wound
slide-wire by a method in which the resistance of the cell is
" obtained by substitution as suggested by Dr. Curtis (19)
the U. S. Buresu of Standards. They recommend this method
because of self induction which is a source of error'in'the'
helically wound slide-wire. This fact was also noted by
Morgan and Lammert (20) : This source:of}error has recently
‘ been attacked again, this time by Jones and Joseph: (21) who
have made a very careful study of the imperfections in the
~design of conductivity apparatus in an attempt to reduce such
"errors to 0,001%. They maintain that owing to self induetion
a helically wound slide~-wire may introduce considerable error
o when used with high frequency alternating current. When the
'Ircircuit is brought to balance at the mid-point of the bridge,
.. the induction will be equally divided in the two haIVes of the
lbridge. ‘However, in any other position the induction will be
: unequalQ' These authors give graphs showing the variation in
-error with the bridge reading. If the balance point is within
‘the middle tenth of the bridge the error is less than 0.02%.
| They have designed a special resistance bridge to replace the
slide-wire. However, a slide-wire bridge was used by Parker
;and Parker (22) in their very careful redetermination of the

~ specific conductance of several standard solutions.
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For a source of high frequency alternating current
»Kohlrausch used an, induction coil., The circuit breaker uas ‘
;_adjusted to give a high mosquito-like note., There are . '

fcertain disadvantages in using an induction coil.' There is

a mechanical disadvantage in that the note emitted there-
fore also the frequency, ‘does - not remain constant and often :
changes erratically.‘ As will be shown later, the conductivity*
»varies with the frequency of. the current, especially if the
electrodes are not properly platinized. In addition, an -
intrinsic disadvantage-of the induction.coil is»that’the.
"current is slightly'unidirectionallas Washburn and Bell'(lv).
proved by inserting a silver coulometer in the circuit. “This

'v‘}of course would produce polarization just as a direct current.

The current should be small in quantity and exactly equal in u
i both directions or in other words a pure sine wave of high
'frequency. An article by Taylor'and Acree (?5) discusses
critically'the various sources‘of~current in detail. ..Many de-g
vices for generating‘current have been recommended."Highf
 frequency generators especially‘designed.forlconductivity
measurement'provide'a suitable current but must bedfar removed'
from the apparatus due to the unavoidable noise of the motor,
vanother objection is that the speed of the motor and con--‘
Vsequently the frequency may vary with the motor current. |
.The Vreeland Oscillator has been highly recommended as a
source of current, but it is very expensive. It‘suppliesra J
pure sine wave of any desired frequency and is unaffected by |

the load. Morgan and Lammert (20) however have shown that the



-14-

frequency is not very constant over long neriod of time and

| varies considerably the first few heurs. Jones and Joseph-(z;)
‘have further investigated this source of current and find
several dieadvantages-ih it. Owing to’electromagnetic in-
duction it must be femoved as far as possible from the eon—
4ductivity apperetus. These authors expiain in detail the
eonstructidn of an audion tube_oscillator first suggested

by Hall and Adams.(24) Oscillators of this tyﬁe‘are‘not yet
manufacturedvcommereially but would be rmch cheaper than the
Vreeland Oseilletor over -which this type has several distinct
advantages. | | - '

" Leeds and Northrup manufacture a Microphonejﬂnmmer which
~emite a suffiéiently pufe sine wave for ordinar& purposes et
1000 cyeles. It operates on four dry cells and the
’alternating current may be taken from any one of three taps ’

of verying intensity. The‘frequency is kept constant by a
tuning fork arrangement."This plece of apparatus‘proved
entirely satisfactory in the present investigation. |

For very accurate work special resistances with very low

.indpctance and capacity have beenvdesigned. Washburn (25)

made’resistances of colioidal platinum depoéited in giess
tubes, but unfbrtunatel&‘therp temperaturetcoeffiCient was
quite large. Curtis (19) gesigned specially wound coils to
be used for very aecurate work. He found that the errors
from induction ana dapacity may emount to 0.05% with 1000. ohm

 colls of various makes. A more recent investigation of the

errors in using different/types of resistances in conductivity

IR Laaaldy
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work was undertaken by Jones and Josephs (21) who show that
~~ the apparent resistance of 5000 ohm coils of the plug type
may be in error by as much.as 0.0127 at 1100 cycles and
that iIn every case the error increases rapidly With the
frequency.x None of the commercial resistances investigated
were found free from alternating current error. These
authors give specifications for new coils'with_very 1ow g
percentageslof error. | " |

The conductivity oeil acts both‘as a resistance‘and‘as
a capaclty due to the infinitesimal amount of polarization
and depolarization of the electrodes on each reversal of the ,
current hence this capacity must be balanced by a variable
con@enser shunted across the ‘terminals of the resistance‘box,
as suggested bleohlrauschQ ‘ | |

The sensitivity of the telephones is increasea‘by
tuning to the frequency of the current as discussed by
Washburn and Parker (25). Special'telephOnes are made for
this purpose. However, if the phones are tuned, the fre-
quency must remain very constant or the intensity will vary
with thelfrequency._ To increase the sensitivity of the
phones_ana to simplify the lOcation of the minimum, Hall and
'Adams (24) recomnend the use of an amplifier in the phone '
circuit.’ This, accordingvto Jones and Joseph (21),vis.much
preferable to tuning the phones. - |

There have been many articles published concerning the
importance of shielding the various parts of the apparatus

from one ‘another ahd from stray electrical currents.
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HoWever, Jones and doseph‘discuss the various‘views'and'con-
clude that electronagnetic and electrostatic shielding of the
| bridge«is‘not to be recommended, but that shielding of any
SOurce ofvoutside.disturbance,vsuch,aS'the Oscillstor,~motors,
etc. is preferable. ' |
These authors claim that all previous methods of grounding

'~ are erroneous and edvise a somewhat complicated method in which

the bridge .is shunted by a resistance with a variable con-
nection to the‘ground. By a switch a variable condenser, also
~ grounded, may oe connected to'either one of the leads from the
source of current. . They_found that the position of the
balancetpoint'varied on reversing tne current leads and hence
came to the conclusion that ground should be connected to one
or the other of the leads by a variable condenser. The.

condensers and the resistance in the ground connections must

’, be adjusted at each bridge setting as explained by the authors.

This need of balancing the capacity to the ground is‘due,to
the fact that when'the'ieads from the osciilator are enclosed
in.a grounded metsl sheath; the condenser action between each
of the leads and the sheath is not equal due to their different
‘positions, _ o , S,
NOtwithstanding the fact that most conductivity measure-
nents have been made in water.bsths, Jones and Joseph advise
‘the use of oilgbaths'for very accurete‘work‘and give experi-
mental data to‘show'thst witn.high frequency current and}a
grounded Watervbath the errors may be very appreoiable.' If a

- water bath be used it should not be grounded as the error due

L
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to grounding the ,thermost_at was found to be the most .mqutant_
and was increased by‘moving the cell»near'the.walls'of the o
bath. These authors state, "The grounding of the bath also"
had a marked influence upon the necessary adjustment in the
grounding of the bridge and upon the reactance balance in the
‘bridge proper." Thus it is ‘seen that an oil bath is prefer-
able, though it is more inconvenient and if water be used

the bath should not ‘be grounded. _

‘ In a comprehensive treatise by Washburn (26) the theory

of the design of conductivity cells is undertaken in detail

and the~dimensions of four cells of the pipette form, to coverjf
'the range from conductivity water up to concentrated solutions,,<
are given. For the range between 1. 6 x 10‘7 to 1 x 107 5
reciprocal ohms the electrodes consist of two platinnm discs

4 cm. in diameter and 2 mm. apart. The electrodes are not
'platinized but are roughened by the sand blast. The“cell-
covering the range lO 5 to 10 4 reciprocal ohms should have -

' slightly platinized electrodes of the same dimensions but 3 mm
'apart.' A cell of this type was used in the present investi—
gation, and also one for the range 10° 4‘- lO"2 mho. 1 which |
-was provided with well platinized electrodes 1 5. cm. in diameter‘
and}l.8 cm. apart.- The electrodes must not change their.ref'
lative'positions and-hence must‘be made of”heavyhplatinum;
v‘kJena glass is sufficiently resistant and insoluble for all

~_ ordinary purposes. All apparatus ‘must be thoroughly cleaned
with warm chromic aeid solution, steamed and washed repeatedly

with conductivity water.
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To prevent polarizatlon,and the consequent poor
determlnation of the point ofkminimun.sound in the'phones,l
the electrodes must be coated with platinum black. The .
effect of'platinizing the electrodes-is,discussed by Tajlor

and Acree (18)

’ who -show that the'measured conductivity
changes with the frequency if the electrodes are not

: platinized. Too thick a layer of platinum black might possibly
promote‘catalytic~action in some cases or selective adsorption
and is only washed free of the electrolyte with great
difficulty, hence the proper thiclkness. must be determined by
trial. The effect of platinization is partly due to
accelerating the reversibility of the cell set up By.the‘
infinitesimal polarization and partly due to the increased

,effective ares of the electrodes. The cell constant does not

change on platinizing the electrodes.
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.HISTORICAL i

"The Conductivity and Ionization of Electrolytes in

aquueOus Solutions as Conditioned by Temperature, Dilution

“_;~and Hydrolysis", an investigation by H. C. Jones and C. A.

(27)

’{_Jacobson contains data on the conductivity of Cobalt
* Sulfate solutions at 25°C.‘ The purpose of their research .
| was to study the influence of temperature upon the dis-

| sociation of electrolytes. The conductivity of’ thirty-four

’1” substances was investigated by the authors at the four

‘“,temperatures, 0°; 10°; 25°' and 55°C.,'and at various con-
‘a”centrations from l N to N/1024. The value for N/1024 was
‘»iassumed to be 4&. and the degree of dissociation calculated
Er'for each concentration by dividing lﬁ.of that concentation
;ff'by the assumed A, value. Their apparatus included' '
| (a) a manganin wire on a meter stick |
(b) an induction coil as the source of alternating
current |
(e) plug resistances ‘ | (
”-_(d) cells of a type in which condensation of solvent on
| }i~the walls might change ‘the concentration of the »
°solution appreciably. The electrodes were not sealed-
_'into the walls of'the cell, hence might have suffered
yduring manipulation. The authors'mention that the
|  cell constants checked. to within 0.2-0.3%.
Their-solutions Were made by successive dilution in the con-
ductivity cell a method which is not capable of high .

accuracy.



. A table of Jones and Jacobson's (27) data for 00804 at
‘,25°C is given below. Their results have been recalculated from'n‘
».molecular concentrations to normalities and from molecular |

‘conductance to equivalent conductance.

‘ Table I . ,
C0S04;  25°C  Jones and Jacobson (27)

N ':,;d_'}‘--l"-:YXLn;'l "'.A‘:% Dissociation;‘i

EE Cemss o esor
RV S Ce 39. 1sff-'; 6.6

1/8 N L s, 98 o 5ii'~i_1143.o B
Gy s-:l52-7° B 'mfiifegiéf,?‘;'
e mwo 670

1/256 N f,'ﬂ 9.0 '_-ie4 2
i/s12 8 - se. 45: ez
'1/1024 N'ﬂuﬁ fn” ‘ °j‘p 107 05 ,f“ . 1oo-‘

An attempt was made to apply the graphic method of extra-
.polating conductivity data for low concentrations to obtain |
- v/lo , according to A. A Noyes (28), mpe values ‘of (Cai)n'l |
Vin the range ©=0. 0001 to 0.02 N are plotted against the
corresponding values of ;/' ‘and that value of n-l taken which
'~makes the plot as linear as possible. The value far N,

:is obtained graphically by extrapolating the plotted line to
zero concentration. This method will be discussed in detail
in a 1ater paragraph._ In Fig. 3, page 22, in order to make :
the three curves comparable’ ‘the value of (c/\)fl'l for c~1/64 N,
~ the highest normality used in the plot was made 100 for each
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value of n and the other values each multiplied by the
necessary factor to reduce to per cent of this value,
Curves for n = 1.58 n =1, 50 and n = 1.40 are shown, and
it may be seen that the plot for m = 1540 most nearly ap-
proximates avstraight'line as alternate points lie on
| opposite sides of a stfaigﬁt,line. By extrapolating this
curve for n = 1.40 to C = 0 the'corresponding‘valuevfor
is 0.,0065, hence /. at C =0 or /La is the reciprocal of
0.0065 or 154, However the value of N in the equation has
been found to be very near 1.60 for most bi-bivalent salts.
Invaddition the extrapolation from the last point on the
curve, /\ = 107.05 to /A, = 154 is of such a magnitude as
scarcely to admit of accuracy. From these and other
reasons concerned with the apparatus used, it‘was thought

necessary to repeat the former research with modern apparatus.
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" OBJECT

The object of this research was to determine the
equivalent conductivity of cobalt sulfate solutions of
various~concenfrations, thence by extrapolation of the
"conduct;vity data to arrive at a valué»for the equivalent
conductance at zero concentration or infinite dilution;
and also to obtain the value of N in the equation

A n-
7%:,2-‘7: - (ca) f for cobalt solution.
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EXPERIMENTAL

Preparation of Cobalt Sulfate and Standard Solutions;

Chloro- -purpureo- cobalti chloride Co(NH5)501012 was pre-

pared by the method of Sorensen (29) from cobalt chloride.
: This was washed several times with half diluted hydrochloric
acid and then washed free of aecid with alcohol. The salt was
then redissolved in 2% ammonia, filtered precipitated with
hydrochloric acid and washed exactly‘as previously,_ The chloro
purpureo cobalti chloride was calcined to the~chloride'and then
precipitated with ammonium oxalate according.to_Chaudron (50),
filtered and dried. The oxalate crystalizes with two moleales
of crystallization. Apparently‘thisvsalt is.stable in‘air at
ordinary temperatures as the yield of cobalt on analysis by the
electrolytic method describedrby'Treadwell and Hall (31) was as
follows: | | |
Cobalt oxalate taken Cobalt found Cobalt Eound Cobalt theory

0.6757 gm. © 0.2177 gn. - 32.22% 32.23%

0.7081 gm. 0.2263 gm. 31.,95% ksz.zs%
Difficulties encountered in the electrolytic method will be

discussed laterQ

The oxalate was dissolved in hydrochloric acid as it is
only slightly solﬁble in sulfuric acid, and converted to the
carbonate with sodium carbonate. This after filtering and
thorough washing ﬁas treated with slightly.less than the
‘theoretical amount of - sulfuric acid, filtered and concentrated

by evaporation. The cobalt sulfate was crystallized by ethyl
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 a1coho1 and finally twice recrystallized ffom‘cdnductivity
water. Since&cobalt sulfate may exist in various stages of
hydration, it is not possible to ﬁake'ub a standard 301ut10g
by Wéighing. Instead a solution, known to be more than 0.5 N,
was made ‘and the amount of cobalt per c.c. determined by
electro-analysis of 10 c.c. of the solution. Much trouble
was experienced with this method as the last traces of cobalt
ion afe extremely hard to remove and the anode losés welght
on electrolysis in the strongly ammoniacal solution. As long
. as the’analyses are run strictly in duplicate as to time and
current density, the results will check very closely. This
ease of obtaining checks in dupliéate runs undoubtedly accounts
for the fact that it has been recommended as being'highly
accurate in the literature. However, the cathode continually
gains weight so that the end point when all the cobalt has
been plated out 1is always uncertain. Treadwell and Hall (51)
state that tﬁe analysis should not be run too long as the
cathoae continually gains weight, but no mention of weigﬁing
the anode was found in the literature. This seemed advisable
as a check on the error due t§ deposition of platinum on the
cathode. When the loss of platinum was excessive at the anode
it was usually found that the analysis was in §oor agreement
with the ofher values. Treadwell and Hall advise determining
the enﬁ point.by testing & small amount of the solution with
}ammonium sulfide. However the excess ammonia must first be
boiled off or cobalt sulfide will not precipitate. In order

to determine the best conditions a series of duplicates were
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run, The results of a few of the determinations are given '
in order to show that checks could very easily be obtained
under like conditions. Ten. cubic centimeters of the same

solution was taken in each analysis.

Analzsis S - £'~. o p" '_ }g E

1 0.01509 gm. per c.c. 0. 01509 gu. per c.c.
2 0.01535. weoow S o 0. 01536 nooonoon |
3 0. 01554'l“. L 01559 o B vfﬂv,
\41: ti_ 0.01547 " " v"," | 0. 01562 -"Jifﬁ~"!“},if -

It will be noted that the longer the electrolysis the greater“:
' the deviation between the duplicates.v' o ‘ o
Next, blank runs were made with the. usual amounts of
ammonium sulfate and ammonia and the loss and gain in Weight;iv,
of the electrodes noted. o | .

Time ‘ - Anode --' o Cathode

1 hour - -0.0027 gm. ~ 40,0005 gm.
3 hours . -0.0067 gn. 400019 gm.

Then a chemically pure platinum wire was made into a spiral
electrode and 2 blank run made with it. o

. Time Current " Anode V'V:Cathode

1 hour 3.2 v. - 2.8 amp. -0.0039 gm.  +0.0001 g
‘Z2howrs " " _0,0057 en. . 40.0020 gm.

This seemed a definite improvement as a stronger current was
| used and the pure platinum anode was ‘used thereafter.' It isp
to be noted that there can be no mathematical correction for
the amount of platinum deposited on the cathode because evenf"

if there were a definite ratio discovered between the weight
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'of_platinum diesolted and the amount plated out when no

~ cobalt were present, it would in all probability not hold

‘ in’the presence of the easily reddced'cobalt ion because

N no weighable quantity of. platinum would be deposited before‘
the cobalt ion concentration became very low.

The electrolytic apparatus used was made by the Fischer
Scientific Co. of Pittsburgh, and operated on 110 volt
alternatihg current.‘eThe'direct current was supplied by a
Tdngar-reotifier and could be regulated by variable
| resistancee.k An ammeter andja voltmeter were provided in
the eircuit. The platinum wire anode which was in the form
lof a spiral was revolved-by aﬁ electric motor’operating on
4"the llO>volt circult. The cathode was a cylinder of platinum
"gauze Which surrounded the rotating anode.:

The method finally ad0pted for the analyses was as‘
follows. To 10 c.c. of the solution, (an amount which would
give less than 0.2 ‘gm. of cobalt) were added 10 c.c. con-
=centrated sdlfuric acid and 50 c.c. of.concentrated ammonia.
The excess’of amhoniaris necessary as the cobalt muet be
presedt lthhe form.of~the;complex cobalt-ammonia ion or
cobalt oxide will be deposited on the anode. The solution
" was diluted to a volume 6f 150 c.c.'and electrolyzed while"

‘ ﬁarh at 2 amperes and 2-3‘volts. A better deposit is obtained
if a much weaker current is used at the beginning of the
| _electrolysie. The cathode was weighed after 1-3/4 - 2 hours

- and then once or twice at 20 minuterintervals‘uhtil-the gain
ln‘weight was only ebout 6.0005 gme. When‘removing the
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'electrodes for Weighing, the direct current must not be
'turned off until they have been washed free of the electro-

7‘.1yte. -’;‘ : - o v 1V"~' l o 7. L ’;4r

An average of the values obtained in this way O. 01558 gm,\‘-'

per c.c. ‘was taken in calculating the standard. A half
normal solution of cobalt sulfate should contain 14 755 gm. '
of cobalt per liter, hence 14.735 = 0.01558 or 946.37 c.c.
of a solution containing 0.01558 gm. ‘cobalt per cubic o
;,oentimer will contain one half of a gram equivalent (or' )
Q“14 735 gms .) of cobalt and to this may be. added 53.63 c.co
of conductivity water to make one 1iter of O. 5 N solution._a"
This amount of water was run into a liter flask from a

| calibrated burette and then a sufficient amount of the
‘original solution added to bring thervolume'to:one literq ‘
'Alllvolumetric'apparatus;'including the pipette'used.to de-

| liver'theIIO:c.c; of solution in the electroanalysis was
calihrated for 20°C;1 The temperature ofvthe‘room;fWhich‘

- was. always near 25°0 - owing to the care necessary in
sregulating the water bath would therefore require the . .
lsame correction to‘each plece of.apparatus. But since the:i!
, samejcorrectionruould be appliedytolevery;volume,Aand all
quantities including the amount oflcobalt taken'fnr<analysis

tare measured by volumes, the normality of - the resulting E

"‘1iquid would be unchanged- the. final volume only, would be

less than a 1iter at 25°¢ if no correction for the difference
in temperature were made.' The normality would be the A

. normality at 25°C and not at 20°C this is of course as

desired.
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,‘Conductivitx Water

‘1,Ord1nary distilled‘water.cannot be used in making up
‘solutions for condnctivity measurements as it. has a very
appreciable conductivity'due to dissolved electrolytes,
especially ammonia and carbon dioxide. Another disadvantage
is that it contains small amounts of organic materials Which
would gradually be'adsorbed onrthe,electrodes.

1 Kohlnansch'and.Heydweiller (32) prepared the purest
't;water kncwn,'with a'conductivlty'of'only 04043 x 10-6 mhos"
at l8°C;'by‘redistilling waterA42 times in vacuo into a
conductivity'cell that had been left standing‘for ten(years
in conductlvity ﬁater; Water of such pufity has never been
'-dnplicated. In air, even the best conductivity‘water rises
to a value around 0.7 x 10"6 mhos. due to carbon dioxide
dissolved from the air. That this rise in conductivity is
n_due almost entirely to carbon dioxide is proved by the fact
'that the condnctivity can be very considerably lowered by
passing.puriried (COs free) air thru 1it. Viater with a con-.
duCtivity-near.l x 10-6 mhos 1is sufficiently pure for all
but the most exact measurements which are to be carried out
Alin air. Ordinary distilled water, redistilled from
_ potassium permanganate solution and condensed in a block-
tin condenser was used in this investigation: The distillation
- was regulated S0 that some 11quid was continually condensing
in the long neck of the flask and the upper part of the
block-tin condenser. This condenser}was made from a three

: foOtAlength of half inch block-tin pipe, that is made of
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solid tin and seamless. It was bent in such a way as to

allow six inches to project vertically from the four liter'

' gjdistilling flask allowing partial condensation of the

vapors. Part of the inclined. portion of the a>ndenser was_l
equipped with a water jacket and the flow of water so
kregulated that a continual flow of steam passed thru thev

" two-liter volumetric flask which was: used as a receiver.
~'In this way any vapors from the room were unlikely to. find .
their way into the conductivity~water. The- water wasr“' -

collected at a rate .of about one liter per hour, after the‘

B whole apparatus had been thoroughly steamed.‘ The con-

ductivity water was kept.inxa six liter‘pyrex flask fitted'
with a'siphon and soda lime tube. ' A summary of the various
methods of preparation of conductivity water is given by
i Kendall (33) He concluded that 1f the water were perfectlyw |
pure there would .be no need of correction due to the con- |
ductivity of the water, but Washburn (54? maintained that
even with water having a conductivity of 0.04 x 10°6 the‘~
correction might ‘be as high as 0.3% at O. OOOl N. Since. very_
pure water is difficult to keep, if working in the presence'
of air the best procednre would be to use a water of con-,m
stant conductance in equilibrium with the carbon dioxide
always present in the air, but even this may vary greatly.
The conductivity of the solvent. is usually subtracted
‘from the measured conductivity of the solution assuming the
value for the solvent to remain unchanged in the solution.A_

Taue (35) suggested a very complicated equation for computing



-32~

the water correction which includes the effect of the

'electrolyte under investigation. Since the conductivity

~ of the water is small in comparison with that of the
- solutions, its value need only be known to two or three
significant figures. Thus for this measurement, dipping
electrodes ﬁay be used. In this research,‘eince the value
of thetcorrection‘becomes very appreciable at the very low
.lconcentrations;'the cell ﬁ was used both for the dilute
'solutione‘and‘to obta1n7the conductivity of the water used.
It was quite difficultto obtain a constant value for the
vv conductivity of}the water as adsorption on the electrodes
*of}cobalt’suifate from the solutions.was very hard to
eiiminate. For this reason and due to the uncertainty of
the water correction due to handling the solutions in air,
only two figures were thought significant and applied in
the water correct;on. The water used in this investigation
‘had a conductivity of between 1.2 x 1076 and 2.0 x 10-6 mhos.
The conductivity of the water in the six liter flask was |
taken at frequent intervals and the proper}corrections'

recorded for‘the solutione as made up.

Arrangement of Apparatus

The apparatus was connected as shown in Fig. S 'The
'technique used in this research was one which could be used
" in any well equipped laboratory, and was based on that of
Randall and Scalione (36) with the folloming differences.
(1) Two Leeds and Northrup ‘dial resistances, Catalogue

No. 4723 were used in place of the expensive Curtis
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compensated‘reSistance}coils. vThe.Curtis coils are\specially‘
‘designed and are preferable for verj'accurate work but'the
diel type resistances have been recommended as suitable for .
most purposes.> As mentioned previously, Jones and Joseph (21)
. found none of the commercial resistances free ‘from error but
from his data it may be assumed that the maximum error from

‘ this source in the present investigation.was -0.012% for a .

| plug resistance of 5000 ohms which'was‘used»in but three of
the measurements namely 0.002 N, O. 001 N and in determining |
the cell constant of cell A. .

(2) Standard radio telephones with a one step audio fre-
quency amplifier in place of a set of telephones tuned‘to
1000 cycles. The former islpreferable'according to Jones and
Josephi(21); _In’the,present research an amplifier}or con--
,ventional radio design was assembled usingVOne 201A radic
‘tube and a 3-1 audeo transformer.» The current for the tube
was supplied by a storage battery and a 45 volt B battery was.
used for the plate circuit. The leads usually connected to
the phones were connected to the primary of the transformer
and the phones inserted in the plate circuit as shown in the
diagram, Fig. 2. The amplifier alleviates the strain on “the
nerves and makes tuning of the phones undesirable.- The point
of minimum sound is much more . easily determined with its help

(3) A Leeds and Northrup Microphone Hummer instead of the
Siemens—Schuchart high frequency generator. The microphone
hummer is‘not as expensive:as more elaborate apparatus, is
very efficient and does’not easily get out of‘adjustment.e

. .
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(See Experimental Physical Chemistry, Daniels et al., McGraw-’\
OH111 Book Co.,. 1929, ‘p. 387).  The hummer was-packed—in a.

 sound proof box so that no sound was heard except thru the

. phones.

(4) The instruments were not shielded but were well

separated from one another as recommended by Jones and -

Joseph (21) | | |
(5) The leads were heavy stranded lamp cord. However, the[
: leads from the microphone hummer were not shielded._"”

: | There is no mention in the paper by Randall (56) of
grounding the bridge, the water bath or the phones, yet very,tyr -
satisfactory minima Were obtained at all times. The reason |
“for grounding different parts af the apparatus is to equalize N
capacity effects and thus make the point of silence sharper.
Partington (56) states that as long as a ' sharp minimum is ob-:"
tained in the phones, it may be assumed that inductance capacity
_and polarization are negligible, unless the resistances to be
‘measured are very large or very small. While grounding thef
'apparatus according to the method of Jones and Joseph (21) is ,k
.jundoubtedly preferable, owing'to its complication it was:not :

.followed in this investigation.v Veryisatisfactory minima"were'
'observed in this investigation as reported also by Randall |
v‘probably due to the fact that in both cases the water bath

was not grounded. It will te recalled that Jones and
'Joseph found that the error introduced by imperfect grounding .
was greatly increased when the water bath was grounded.

- Unless a very carefully designed system of. grounding,
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”jsuch as that proposed by Jones . and Joseph is followed the
‘fauthors are of the opinion that no ground at all is prefer-
"able to obsolete forms of grounding.

' The capacity necessary to balance that of the cell A

‘was determined by a large calibrated radio condenser and

?J.this capacity was obtained by means of a’ ‘0. 00075 m.f. fixed

":condenser shunted by a conventional 11 plate variable con-

L2n

7denser¢ This assured a good minimum in the nhones at all
| 'timeS} The capacity,necessary to balance that of cell B was
,gof‘such a low value that hardly any appreciable difference
in sharpness of the bridge setting was noticed whether or
not.a capacity was used. The variable condenser alone withe
v’out the fixed condenser was sufficient to- supply this low
| capacity. ‘ |
| As a slide-wire bridge, a new -‘Leeds and Northrup
Students Potentiometer.(No. 164593) was used. The slide-wire
has a resistanceof 10 ohms and the extension coilsAon either
:sidethave a resistance of 45 oth'so'that‘when the extension
’coils are used the_total resistance of the slide-wire is only
,bné tenth that of the entire bridge. The slide-wire has 100
‘uniform diyisions’with‘a guaranteed accuracy of .5 division,
_ therefore when the end coils are in the circuit the accuracy
g in reading the' bridge is 0. 05% or less. Actually the point
~of minimum sound could be read to tenths of & division, as the

bridgesbalance was very sharp. _The end coils may be cut out

- forsapproximate adjuStment of the resistances necessary to

. make the bridge balance.near the mid-point of the bridge.
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The usual intercomparisons'of slide wire and resistancei
coils‘were‘made before the;measurements. Strouhal and
Barus (37) give'antexactpmethod,of calibration." |
The conductivity‘cells were hung in the middle of the
bath as suggested by Jones and Joseph (21) and connections
were made by means of ‘heavy insulated stranded w1res which
dipped into small test tubes of mercury which also were
submerged in the bath. This was to prevent the 1eads from
conducting heat to or from the cell. The ends of the leads
"dipping into the mercury werevamalgamated. This method of
‘commecting the.cellgis~recommended byVWashburn (26),
vThe constant temperature bath was a large galvanized“
__iron container 18" by 14" and 15" in depth, £illed with
\water. The circulation of the water was provided for/by'an
electric stirrer which was fitted with a large baffle 80 -
that efficient stirring was obtained with the motor running
at a slow speed without noise or sparks. The temperature was
"maintained at 25° % .01° with a toluene-bulb gas regulator
illustrated in Fig. 5, page 51 , Which proved very satisfactory.
On warm'daysfa cooling coil was used.allowing tap -water to
run slowly thru the coll. The temperature was determined with
a thermometer graduated in- 20ths of a degree and which could be
easily read to O. Ol° with an attached telescOpe. Varfations
in temperature could be more easily read by a neighboring

Beckman thermometer. As. stated previously, the bath was not

grounded.
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Determination of ce11 Constant

Since the electrodes are not exactly one square centi-
meter in area and exactly one centimeter apart, the
-resistance measured is not the specific resistance of the
‘solution. However, as the resistance varies in proportion

- to the distance between the electrodes and inversely as the |
'square of the- area, the resistance is some constant times
N the specific resistance. This constant 'i1s called the cell
'constant. As it is»impossible ‘to accurately measure the
Aarea of the electrodeshand.the distance‘between then, the
universal method of determininghthe cell constant is to
.measure the conductivity of a standard solution, the
specific conductivity of which has Been measured accurately
T in special cells of known dimensions. From .the value (k) of
the»standard solution measured in the cell to be calibrated
and the previously determined specific conductance (L) of
‘rv,the'standard;fthe cell‘constant (c) is determined as follows:
k=CL .. C=X |

Kohlrausch (16) (32) (38) ang nis co-workers give data
Aforvcalibrating conductivity'cells‘nith solutions of |
potassium cthride as standards. Recent investigators have
found an error in the directions ‘glven by Kohlrausch and
Holborn (16) . for making up some-of the more dilute solutions
‘by the weight method. .Thus‘Kraus and Parker (39) found a
difference in cell constant of 0.48% determined with a 0.1 N
and 0.01 N HCl solutiOns made according to the directions '
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(by weight) of'Kohlrausch_and Holborn,:whichvwas'much‘too‘f
large to blame upon'experimental>error.;'They maintain:that
standardisolutionsrare made_mostAconvenientlyiby the weight
~method, thus avoidingfthe necessity of calihrating volumetric
fapparatus. Kohlrausch and Maltby (38) giye thevmost cOmplete7
data for KCl solutions, but give no directions for making up )

: the solutions.' Kohlrausch and Holborn (15) give ‘directions
by the weight method which for 1 N are correct but for 0.1 N
(as also for 0.02 N and O 01 N which are made from the first
by dilution) the directions, namely 7.430 gms. KCl to 1000
gus . solution, Kraus and Parker calculate to be 0.10% in error
:owing to neglecting the density of the solution.' These authors
corrected this error in the preparation by the weight method

and then. the cell constants using 0. 01 N and 0. .1 ¥ KC1

' solutions checked to within O. 016%., They give the following
directions for the preparation of the KC1 solutions. M"The
salt after two recrystallizations from conductivity water iS‘”5

placed in a porcelain crucible and heated over a Meeker'
burner and cooled over phosphorous pentoxide, half the KCl ‘

" melts and the rest forms a crust. The Kcl'is welghed quicklyp
on a watch glass to the exact quantityvcalculatedbanddadded

to the water and the solution kept in stoppered bottles
»Approximately 1000 gms.‘of conductivity water are weighed and |
’this weight multiplied by O. 007494 will give the weight of

KOl required to make a O 1N solution. o

A O, lN KCl solution was made in this manner but the

resistance necessary to keep the_bridge balance,near the mid--
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‘ppoint was so low that a good minimum in the phones could

- not be: obtained owing to polarization.v Therefore the

solutions made in this manner were diluted with nine volumes

‘of conductivity water, thus making a 0 Ol N solution and a

' a-satisfactory minimum was obtained. However, as Kohlrausch

pand Meltby do not give & value for O. 01 N KCl at 25°C, two
-talternatives remained. One, to use their data for 18°C and
'Vcalibrate the cells at this temperature and assume that: the

cell constant lS independent of, temperature between 18°c

‘,and 25°C (Kraus and Parker loe. cit. page 2428) or to

accept other data, e.g. the value for 0. o1l N KCl at 25°C as
calculated by Bray and Hunt (40) from Kohlrausch and Maltby's

\;lvalue for 0.01 N KC1 at 1e°c. Following the method of

.~Randall (56) the later method was used. In addition to. the
solutions made up by the corrected weight method a 0,01 N
V'KCl solution was made according to Randall (56) by a volu-, '
_ metric method as follows: . ’-cell constant -1. 4912 g i
'p(weighed in air) of Kahlbaum's potassium chloride recrystal-
" 1lized to a constant conductance and powdered and dried to a
d.constant weight was dissolved to make two liters of solution'i
at 25°o..,Th1s solution according to Kohlrausch with
‘temperature coefficients of Dequine, and as used by Bray and
p‘Hunt (40) has a specific’conductance'of O 0014142 mho._ ‘From
l.the work of Parker and Parker (22) we calculate the standard
' of Bray and Ennt to be O. 1527 too high. The original results‘
.‘idhave been corrected by this amount. Atomic weights of 1926

'and vacuum. corrections have been used n
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- Since the value given by Bray and Hunt is actually

O. 0014142 mho, it is evident that Randall corrected his re-’
sults obtained by using this value by the 0.152p_which.he |
mentions- or what is'equivalent Bray and Hunt'vaalue should
be O 0014120 mho. ‘which value was used as. the conductance of
O 01 N KC1 in ‘this investigation. v » » ,

o As stated previously, 0.01 N. KCl solutions were made up
7both by the corrected weight method of Kraus and Parker and
_:by a volumetric method suggested by, Randall. If both methods

are correct they should result in identical solutions and the

cell constants calculated from each should prove identical.ﬂ
l The values obtained using the two methods of preparation |
agreed to within 0 .05% and the average 0.80373 was taken as'
the cell constant of cell B. As explained preViously, Bray
‘and Hunt's corrected value for the conductivity.of 0.0l N
potassium chloride, namely 0.0014120 mho 'was;used in‘the »7
calculations. , ‘ ' o - |

’ | The cell constant of cell A could not be determined ’
with 0.01 N KCl solution as the resistance was far too low. -
. Therefore the method of intercomparison as explained by
Veiland (41) was used. In brief the method is to measure
the conductance of a solution somewhere near the lower limit
kof concentration allowable, in a cell whose cell constant has
already been determined by a standard KCl solution, then the

-same solution is measured in the, cell of lower concentration

range, and"fromsthe'measured‘conductivity of thelsolution'as_,.

determined in the already_calibrated cell,the cell constant



of the second cell may be . calculated just as though the
solution were a standard. The concentratiqn ranges of the
ceils désignéd bj\Washburn overlap sufficiently so that
this method is readily appliéable. In the present research,
the solutions used for intercomparison of Cell A and cell B
. were cobalt sulfate solutipns'OoOOl-0.000S N which resuited:,
in good ﬁinimé in the phones with both cells. The avepage‘
value for tﬁe cell.constant of ceil 4 as determined in this

manner using five different solutions was 0.023206.
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Measurement of Conductivity. After the water bath had become

constant at 25°C ¥ 0.01° for several hours the cell was
rinsed with the solution under investigation and then filled
and allowed to attain the temperature of the bath for from
15 - 30 minutes. The conductivity measurements were then
made and repeated at 15 minute intervals until a constant
value was obtained. Then the cell was refilled two or three
times and the same procedure of measurement repeated until a
further filling did not change the value of the conductance.
The number of such fillings and the constantcy of the value
obtained depended upon the concentration as the absorption on
the platinum black became more or less important. Between
measurements the cells were kept filled with conductivity
water.

The 0.5 N. cobalt sulfate solution was made as described
previously under the standardization of the solutions. From
this were made all the less concentrated solutions by dilution.

The Ostwald (42) NMethod of dilution in which the solution
is progressively diluted in the conductivity cell itself by
withdrawal of solution and addition of conductivity water by
means of calibrated pipettes was much used by the early
workers on conductivity. But for many reasons the accuracy of
this method is very limited. Since 10 c.c. pipettes are used
and the total volume of solution in the cell is only 20 c.c.,
the chance in error upon each successive dilution is very
great. This combined with the possibility of contamination,

displacing the electrodes and insufficient mixing make this’
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method applicable only as a laboratory experimental or
technical method at the present time. However, the speed
with which measurements could be obtained by this simple
method of dilution enabled early workers in this field to
Investigate a very great number of solutlions and to report
voluminous quantities of data. As mentioned previously,
this method was used by Jones and Jacobson (27) in their
investigation of the conductivity of many salts including
cobalt sulfate.

The method of dilution used in the present investigation
was as follows: from the standard 0.5 N CoSO4 solution pre-
pared as explained previously, the 0.2 N solution was prépared
by diluting 100 c.c. of the 0.5 N solution to a volume of
250 cece In a similar manner the 0.1 N solution was made by
diluting 100 c.c. of the 0,5 N solution to a volume of 500 c.c.
The 0,05 N solution was made by dilution of 100 c.c. of 0.5 N
solution to 1000 c.c.; and in a like manner all the more
dilute solutions. In each case two or more solutions were
made up and concordant results were obtained. ‘thenever
possible these duplicate solutions were made by dilution in a
different ratio, e.g. the 0.1 N from the 0.2 N, the 0,056 N
from the 0.1 N etc., in which case duplicate values would
prove that both the solution used and the solution prepared
were concordant with the other solutions. In this manner a
constant check on the method of dilution was obtained and any
error immediately detected. Thus one dilution was found to

be at fault owing to the fact that the solution used and the
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: conductivity water added were not at the same temperature.}
AvThis was immediately corrected by keeping the solutions and
'7the conductivity water next to one another and far from the
' window. The faulty solution was rejected and after due pre-f’>
cautions concordant results were obtained with new solutions.ff

Since the dilution is by volume ratios, the variation in 17°

room temperature has no effect on the liquids provided that ;f;;h L

r‘they be at- equal temperatures.

When the cell and its contents had attained the ‘
Vtemperature of the bath the double throw switch (as. shown in
Fig. 4 page 53)‘was closed and the microphone hummer and the l
) ’amplifier started.v A tap key T prevented the alternating .

'current from passing thru the cell except for short intervals'q.'
while the bridge was being set in order to avoid appreciable*d‘
heating of the solution by the current.‘ Since an- amplifier :
was used it was possible to use the lowest output current of
the- micrOphone hummer 80, that the heating of the cell would be"'
4at the lowest possible value. Five different resistances Were
used with each filling of the cell and the values chosen so R
that the bridge reading would 1lie well within the middle tenth :
.of the ‘bridge. At first much trouble was experienced 4in |
trying to reproduce closely the values for the conductivity
of concentrations 0.01 N and below. It was noticed that the .;
conductivities of these solutions gradually rose. At first |
'»the effect was thought to be due to solution ‘of the salt ad-~
‘sorbed on the platinum black of the electrodes from the more |

concentrated'solutions but even after allowing the cell to
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remain standing for several days in conductivity water, the d
conductance value steadily rose.‘ ‘Hence it was concluded that
the solution in the volumetric flask had itself increased in
_conductivity due to solution of some of the free alkali in

the ‘glass. This effect was almost entirely eliminated by
ballowing conductivity water to remain in the vessels for
.several days prior to their use. , ' |

| i Whenever the conductivity of a new concentration wes to
be measured, . the cell had to be rinsed very carefully with
,conductivity water and then filled several times with the .
solution to be observed as the platinum black on the electrodes
'tends to retain the salt adsorbed from the more concentrated
':solution. On the contrary, in the case of the extremely dilutei
solutions, if the cell has been allowed to remdin filled with

‘ conductivity water for many hours, the first few-fillings withr
' the dilute solution show too low a value due to adsorption of
"the salt and consequent lowering of the concentration of the
already extremely dilute solution.; Thus it is seen that at low
concentrations it is extremely difficult to obtain concordant
results. If more than a few days elapsed between the measure-
ment of the'conductivity'of a solution‘and'its.use,to prepare

~ a solution of lower concentration, the'conductivity vas re-
determined and'should eny change be noted the solution was
discarded and a solution used which checked With previous
measurements. This was only necessary in the more dilute
regions 0.01 N and below, owing to the slight solubility of
’the glass as explained above. . Another effect noticed in the
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dilute s°1utions'oﬁ‘standing for several weeks was the
formation of a crystalline flaky precipitate in those

- bottles which had large amounts of air above the liquid. -
~ As ‘this was noted only in the cobalt sulfate solutions and
‘not in pure water or potassium chloride solutions and only

in those flasks containlng much air, it was assumed that

the crystals-were the very slightly soluble‘cobalt carbonate

formed from carbon dioxide present inthe air. The
appearance of such crystals was noted only some Weeks'after,'
all the conductivity measuremenﬁs had been completed‘but they
' may have constituted a souce of error in the,very dilute .
solutions. One enﬁire'set of measurementsth 861ﬁﬁions of
kconcentfations below 0.2 N was made a month after the first

u.ﬁalues had been obtained.
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Viscosity Measurements

As explained nreviously, an approximate correction for

thecterm.(UC*)O + (UA-)o in the equation, { :&_(UC+)0 + (Up#)o
- Ug+ + UaA- - , B A, UCT T UA-

'is the viscosity ratiO‘;% 5 where n = the viscosity of the

,solution and’b is the viscosity of pure water. The v1scosity
- correction is discussed at length by Washburn (43) Altnough

: this correction is only a rough approximation, it amounts to a
-considerable value ‘at moderate concentrations. Accordingly,
it was thought of sufficient interest to apply the correction
to the vd.ues of the equivalent conductance. ’

- The only data available for the viscosity of cobalt
i,Asulfate solutions at 25°C was that of Wagner (44) Whose measure-
ments were. upon a very limited number of concentrations, namely 3
1 W, N/e, N/4 and N/B. Accordingly, a.check on the viscosity
of the O,SVN’solution was attempted.along With the yalue;for-the
other chcentrations used in the conductance measurements .

‘Taole_II~records Wagner's,data'for cobalt sulfate at 25°C.

| o Table II | 4
Normality . ,' “ Specific'Gravity" Relative viscosity
1.0 1.0750 . 1.3543 "

o5 - 1.8 1.1598
S 0.25  1,0193 . 1.0766

-"'o 125 : 1.0110, 1.0402

For the flow of a homogeneous liquid through a capillary

tube, the following expression may be deduced, q = ﬂ’p rt ¢
, gvI
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I vherek p = driving:force, |
R ‘:r:#fradius of tube,

¢ = ‘time required for a given volume, X :j~'[;f
~;,V = volume of the liquid V » " . :

1= length of tube 74"“f‘. f:qu rfdlrl

o | vIt_is evident that if only the relative viscosity of

| the solution is desired that is the ratio of its viscosity

~nto that of pure water, the characteristics of the instrument o
'j.used namely the radius and length of the capillary, being

y constant will cancel out in the resulting value for the‘
 relative viscosity //; Now if ‘the volume of the liquid is
ffikept the same in all cases, the ratio of the driving forces.vc

l‘may be shown to depend only on the ratio of the two densities,..."

so that the relative viscosity of a solution to that of pure ‘
- water may be measured by the relative times of flow multiplied:

by the relative densities, or, n/qo = 81 tl , provided only
| o §3*'7?'o

that the temperatures, characteristics of the viscosimeter, -
and the volumes are constant.,v
The type of viscosimeter used in these measurements was
v the Ostwald modification of Poiseuilles' apparatus .
| illustrated in Fig.ls, page 51 an instrument quite generally
N used in laboratory determinations.‘ The instrument was care-
‘fully cleaned with chromic acid solution and dried before .
'introduction of the liquid to be investigated. The constant

temperature bath was the same one as used for the conductivityf o

*'measurement., A stop ‘watch graduated in tenths»of,atsecond.was
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used to determine the times of flow.
| ' The tiﬁe of flow for pure water was checked after every
few determlnatlons and at one time & diétinct change in the
value Was~observed. This was no doubtwaue to the enlarging of
the capillafy.oy drawing cleaning solution throagh it with
suction, as the time of flow was definitely shortened by O. 65
seconds after this treatment. After this dlsplacement of the
water constant measurement on aﬁpreviously determined solution
- were repeatedvand’checked very closely the,valﬁes determined
with the old constant. 1The-densities were obtained. by a
pylmometer of 60 o.c.‘capacity'(also illustrated io Fig. 5,
page 51). The same water bath was ‘used. .
| In order to test the values of the viscosity,vthe Jones
and Dale (45) function has been plotted in Fig. 6, page 53. -
These authors found that the graph of d)-l/'r_~plotted against
{_' (wheretb the reciprocal of the relative viscosity or -
the fluidity) closely approximated a straight line for many
fsalts. In table III the values for the densities referred to
water at 25°C, and the Viscositylratios.of'the solutions are
recorded and the'calculated percentage deviation from the

straight line fﬁnetion.

| OTable III |

‘eNormalitI ' “ a §g° 'nlgg; j Deviation
"0  1.0380 - 13613 +0.38%
0.2 ~ 1.0158 1.0579 . -0.56%

01  1.0079 1.0337 +0.,09%
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~ Table III (cont)

Normality | | dgg° S nlng-:f '4.Deviation o
0,05  1.0040 ‘hl.caso - +0.50%
0.02  1.0020  1.0000 +0.16%

“ 0.1 - © 1.0009 ©1.0035  -0.13%

0.005  1.0004 ©1.0017 - -0,13%
'0.002 © 1.0000  1.0000 |
0,001 R P © 1.0000

In the plot of Jones and Dale's function the four

(44) are'included. His value for -

determinations by Wagner
0.5 N (the only one directly comparable to a concentration
‘investigated in this research) is 1: 1598 or O. 13% 1ower than
the value obtained by the authors. Assuming the data of

Wagner to be the most nearly correct as his purpose was to
(46)
line has been drawn as nearly as possible to his pOinte;

test the viscosity function of Arrhenius s &8 straight
The maximum deviation of the data obtained in the present
investigation from that reqnired-ty the straight line relation:
- for 0.2 N - is~b.56 while the greatest deviation in '
Wagner's data - for 0.5 N - is 0.23% The nature of the plot

- 1s such as to magnify the apparent percentage of deviation at
the low concentrations. The percentage deviations as well as
the values for plotting the 0.5% curve were obtained by

using a value for -1/\r#~read from the straight line and
t”solving;for $. As suggested by Jones and Dogle (45) the
value for-qb-/'(a—was“found to be negative at the intersection

of the ¢ = o axis.
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,,ResultS'and Calculations"

Table v contains‘the averages of'the specific conduct-t
'ances obtained and the equivalent conductanees calculated from llﬂ.
llthem. The values have been corrected for the conductance of -
the solvent as explained previously. For purposes of comparison
A»the corresponding values for nickel sulfate solutions, as
determined by Murata (47) ‘are also included. |
. : | ___.._.____Table IV S | _ . p
Conductance of Cobalt Sulfate Solutions at 25°G

Concentration : Specific' 'l', EQuivalent - “NISO4-77

‘Conductance - Conductance  (Murats) -
TR o I 20,001
o 4f',.1771e x 106 35.436 . = 35.222
0.2‘4_“’ - ems 'ﬂf | 43.890  45.585
0. a ) 5111.8} o :.»..sl,lldpfh‘ "‘_50.755_,ﬁ'
0.5  2978.8 " 59.576  59.160
0.02 lags.z " 72410 '72.254'“
o.ollr»i”'« R RT B t82.77e,” 8269
0.005  466.2 " 93.24 _v, esae
0.002 - 210.0 ﬁ' ©105.0 - 105.49
‘o.ooi 11207 fillé.V l',vi, 1113,95"5'
0.0005 50.35 " 118.7  118.66
10.0002 27 M 1287 1244
0.0001 C12se v el 126.90

In Table V are given the densities relative viscosities

. and the calculated conductance viscosity ratios.
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. mable V.

| Normalityb - dggz '"/ﬂ;' o ,"iqéé%i.ﬂ- Rk 2:,3-
056 1.0380  1.1615 0.26527  0.50574
0.2 1.0158 = 1.0579 : "_v*'.32608f o 54406
0.1 © 1.0079  1.0837  .37978 . .39258
0.0 1.0040  1.0230 . .44262 -45280

0.02 ©1.0020  1.0099 ~-i'.55797‘-; fi.54330l
0.01 . 1.0009 1.0035 .61499 - . .61714
0.006 1.0004  1.0017 .69272 .69390
0.002  1.0000  1.0000 - 78009 78009
0.001 1. 1,0000  .8370  .8370

10,0005 L. 1. . .es187  .88187
0.0002 - 1. 1. '-.»".91902 91902
0.0001 1. 1. - .e2081 92051

As explained previously, the value of the equivalent conductance
at infinite dilution (A, 1is of necessity an extrapblated
value. Even salts which are highly ionized do not approach this
- value at low concentrations with sufficient speed that the value
-~ may be read from a smooth curve‘of,the equivalent conductance.‘"'
values with much accuracy. Many empirical functions have'been ,
proposed by which the inaccuracy of this extrapolation to zero |
concentration may be diminished. In general with several
assumptions, these equations may be derived from the law of
" mass action. -Thus, for & binary salt, MX —- Mt + X-

‘the mass action'equation; assuming the ions as well as un-;“

dissociated molecules7behave as perfect. solutes, becomes
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CM+ - x Cx= =K (13)
| If { equals the degree of dissociation then the mass action

expression becomes

0§ xCF -y (1a) or (C J)2=KC(1-J')
€ (1- 1) :
' (48) agsy = A
Ostwald assumed that [ = Ap ? where /L 1s the equivalent

of @ given concemtration arnd A, s the egdivalent Concluctarce
.conductance of the solution at zero concentration. Th_en the..

above equation may be simplified as follows:
2
c(y) =K -Kpy
A m AL
c (X)) =K -K%,

: multiplyipg by Ao the eqﬁation'becomes,

c (/‘)2 A A
or A= /lo‘-rc/lzr (15)
KA

For salts dissociating into N ions, the equation (c d "V =x¢(1- )
in a similar manner becomes - |
oV ¢ N =g -yke
| cN‘:L y¥=x-yx
Again assuming A, =4
)N

A .
-KK

- oN-
- 0

1 ( Ao
multiplying by A'o
. & =

eN-1 A, ( A N = Ao‘TA |
K 0 |
~ Thus equatibn '(15) in the m@re general form becomes

A =Ao - CN’l A N (16)

Vo e (48)
corre3pond:lng to Storch’s Equation
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But if /& ~ A, 8nd W is’ large, then AN A,

: ’ e : A, =1
so that with this assumption equation (16) may be written
v . A
/6‘ A X c — (17) or 1etting ’40 =B

| /Li‘—’;/l-'sch (18) o -
Several equations have been proposed of this form. ’Kohlfausch(so)
.gives /l = /\;vBC where M —;1/3-0r M —»l/é-Lorenz (51)'and’v
'Walden (52) suggest that M ='O 45. Debye and. Huckel (9) deduce
an equation of this form and. show that M should have the value »
1/2 this value being independent of the nature of the electro- o
Mlyte. A. A, Noyes and his associates (28) employ a graphical i
metbod to evaluate N in the equation (18), which will be
referred to later. . ‘,
‘ One objection to Kohlrausch's. equation and all those based
upon it is that it involves the assumption that strong electro-
- lytes do not obey the Mass Action law even at high dilutions.
In fact Bates (53) has pointed out that in this method the value
of K is implicitly assumed to decrease without limit and to
approach zero when the concentration becomes zero.~ |
- For this reason Kraus (54) suggests a foureparameter

empirical'equation'

A2 o8 ‘ =K = K; +k (' /AAe )h '.(Alg)
40( Ao-AN¢) S ‘ ' Ao o

where A.1s the equivalent conductance corrected for viscosity. . .
They have applied this equation'to'all-the conductivity data
‘available at that time and have found it applicable with but

few exceptions, one of these however being in the case of
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strong electrolytes, e. g. potassium chloride as determined by
Kraus and Bray. Washburn (55) discusses this equation critically
and concludes that the only advantage over the Kohlrausch
: equation is that at high dilutions it approaches the mass action
'equation. | ‘ _ 7

A more complicated three-parameter equation, due to
Bates (52) expresses the change of conductivity with concen-~
ltration with great exactness for Kohlrausch and Maltby's
;potassium chloride solutions between 1.0 N and 0.0001 N.  This

function, namely

’1og ,&32 c . = log K = log Ko + K'(C /&.)hi-(26
A(A.o -/lc) o & -/I;E . )

as‘well as the'Kohlrausch,andvthe Kfaus‘equations are compared
graphically by Washburn.(55) using the'above‘mentioned data.
a | Washburn proposes a graphical method whereby the values
;aof the equilibrium constant are plotted against the -
‘concentration, employing different assumed values of /lo and
(rejecting those values Which cause the curve to exhibit radical
changes in direction at low concentrations. That is, curves f’
‘are plotted with assumed values of /L until one which approaches
vK ‘a. constant at infinite dilution. Using Kohlrausch and
Maltby's data (38) which extend to 0.0001 N he maintains the
accuracy of this method “to: be 0. 2%, and if sufficiently accurate
'data extends to 0. 00002 N the extrapolation would be only
+ o 017 in error. 4 | | '

The method used’in this investigation was that due. to
AL A. stés (28)t(5}. This 1is avgraphicalvmethod of evaluating

- N in equation (18).
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EQuation‘(lﬁ)' A =/, - GN-LAN , multiplying thru by 1
| o K AON‘- ' _ A/lo
is evidently equal to 1 =1 -c¥1 A N-1 .

O . As AT K AN I
f-or Lo=1 - K+ (c/x),N‘l A21) ' |

Accordingly, in Figure 7, page 60 the values of (C/\)N"'1

: the range from O 0001 to 0.2 normal have . been plotted as 7

| abscissae against the values of 1 _ as ordinates, by varying the
values of N-l until a plot as 1igear as possible was obtained.
‘In this plot it was found necessary to ‘omit the values for

- O 0002 and 0. 0001 normal as these are evidently in much .
greater.error thanlare the other determinations, The value of'i
/&o was;obtainedvgraphically by extrapolation of the curves to
zerolconcentration, where C 4 = o ln FigureAV in order to

make the various curves comparable, the value of (CA)N"1 for

the highest concentration (0.02 normal) was made 100 for each

"'value of N, and‘the_other.values.pr0portionally varied, that

is,changed to the.per”cent of'the_value for 0,02 N corresponding
to}that value'of N taken. | ‘v . - |

_ ~As may be ‘seen from the graphs, the value of the exponent
for cobalt sulfate at 25°C. was found to be 1.58 as with this
value the curve very closely approximates a straight line. The'
value of 1 _ at zero concentration was found by extrapolation

, ~
of the N = 1,58 curve, to be 0.00743 hence /&_at zero

v _concentration or A= '134.6 at this temperature.

It is interesting to note that Murata (47) found the ex-
' ponent N = 1.60, for nickel sulfate at 18°C and at 25°C.
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 According to Noyes and Falk (5), for allTbi-bivalént sulfates -
N takes a value not far from 1.6 for the concentration interval
from 0.001 to 0.02 normal. Noyes also points out that the

variation of N with the temperature is negligible.



Summary-And Conclusions -

The,conductanceenef aqueoueicobalt sulfate solutions
:at concentrations 0.0001 to 0.5 normal have ‘been measured
at 25°C and the equivalent conductance at zero concentration
has- been determined by extrapolation of the data.

The value of the exponent M in the equation /\= A ,-BcH (18)
has been found to equal 0.58 for ‘cobalt sulfate.

~ The densities and the relative viscosities have been
determined for the solutions, and the~conductance-viscosity

‘ratios have been calculated.
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