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SUMMARY

The apparatus used in this investigation is fully
described, and a new method is outlined for the calibra-

tion of bridge resistances "in situ".

A chart is given for the accurate correction of
weights in air to weights in vacuum for a range of
temperatures extending from 10° to 2800, and for pres-
sures from 690 to 730 mn.

An automatic recycling still has been designed for
the continuous production of "ultra-pure' water. This
still is capable of delivering daily, in routine opera-
tion, 16 1. of water of conductivity less than 100 nm/cm

— 1 5
3 free" air,

A very soluble layer appears to form on the surface
of glass when i- is dried; this layer is readily removed

after aeration with "002— and NH

on contact with water,

The removal of carbon dioxide and of ammonia from
agueous solution by aeration with an indifferent gas
has been fully investigated, and it has been shown that
these gases car 2e completely eliminated by such a pro-
cegs. Whereas the carbon dioxide is removed fairly
ranidly, however, the ammonia, whether present alone or
tog~ther with carbon dioxide, only goes out of solution
rather slowly.

It has been shown that ammonia is adsorbed from ague-
ous solution on the glass walls of the cell.

There does not appear to be any ammonium bicarbonate
in the residual impurity left in the "ultra-pure"” water
obtained from the still; the iuwpurity can, in fact, be
regarded ar neutral salt with sufficient accuracy for

most purposes.

The resistance change which accompanies any varigtion
in the rate of bubbling of the stirring gas through the
water has been investigated, but no solution has been
found as to the cause of this change.

A comparison has been made of the efficiency of dif-
ferent gases for stirring purposes, and it seems that,
Tor general work, nitrogen is by far the most suitable
of the common gases.

The extrapolation to be used for converting resis-
tances to their values at infinite frequency appears
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INTRODUGCTION,

For many years one of the main fields of research in
physical chemistry in the Rhodes University Chemistry Depart-
ment has been thatlt of the electrical conductances of agqueous
gsolutions, In particular, attenmpts have been made to in-
crease greatly the precision with which conductimetric
titrations may be performed. *This programme was initiated
by Professor Barker, and has been carrled on by several
research students in this laboratory. The ultimate aim
has been to provide a more accurate interpretation of wue
curves obtained by this method of analysis, especially where
complex solutions are involved. However, the extension of
the precigsion with which the conductance measurements can
be made has brought forth a whole hoat of new problems,
which must first be solved before the complete titration of
any mixture can be accomplished with the desired aocuracy.

Two of these problems have been invesatigated in this
theslis:
(i} the nature of the residual impurities present in the

very pure water which has been prepared for routine
use (Part 2);

(i1) the adsorption effects which take place in a conduc-
tance cell containing very dilute solutions (Part 3).
A considerable amount of specialised apparatus has been used
for the precision work involved in these investigations.
For eonvenient reference, and to aveid breaking the trend
of the descriptions of actual experimental work, this appa-~
ratus has been fully described separately in Part 1. For
the same reasons, detailed results of calihrations and of
individual experiments have not been included in the general
text, but have been placed in several appendices, %o which
the reader is referred where necessary.

meems e en OG0 C000000 0 mmm e
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1.1 THE__TEMPERATURE CONTROL _APPARATUS,

The conductivity of mny electrolytlie solution varies
greatly with the temperature; it is therefore essential to
keep this constant whenever accurate conductance measurements
are being made, A constancy of 0.001°C was deemed desirable
for the investigations ‘'eported here, and this was attained
quite readily.

1.11 The Constant Temperature Room,

The advantages of housing a&ll precision conductancse
apparatus in a room, which is itself kept at a constant
temperature, have been enumerated by Goddard1 end A, Faurez.
The second constant temperature room which was built in this
laboratory was used for all but the earliest experiments in
the present study. This room, whieh hes already.been fully
describedl‘z, was controlled at about 24°C, ..e. 1° below the
temperature at which all measurements were being made: the
resultant even rate of flow of heat from the thermostat t¢
the surroundings enabled the temperature of the former to be
maintained very constant., On the whole the regulation by
means of the thyratron-comtrolled relay worked very satis~
factorily, except for a few occcasione when the temperature of
the room rose to well over 30°C. This took place because the
regulator ceased to operate as soon as the temperature exe
ceeded a certain value (about 25~86°): if, therefore, the
plant which cooled the air being drawn into the room failed
during a spell of hot wsather (as happened guite freguently),
and the temperature rose sufficiently without it being notioced,
it did not automatically return to 25°C, The inetability of
the cooling system was, in faot, the biggest source of trouble
as regards the control of the temperature, and the temperamsn-
tal behaviour of this unit caused many anxious moments and
conelderable loss of time during these investigations.

1,12 Ths Thermostat.

The thermostat was the one employed by Gledhills, with
a few minor modifications. It was placed on the table pro-
vided in the 5.W. corner of the room, to the right of the
conductance bridge. The complete arrangement of the appara-
tus in this corner is illustrated in Plate I.

The large outer vessel of the thermostat was kept filled
with water, fresh portions being added occasionally to compen~
sate for évaporation losses. When tap-water was used, this



























0.,001°C over short periods of time, Over longer periods,
ranging from several hours to a few days, changes up to 0,004°
were noted on the Beckmann thermometer: these were probably
real changes in tem rature, resulting from variations in the
atmospheric pressure, which would affect not only the volume
of the thin-walled bulb of the thermometer but also the large
velume of toluene in the regulator.

The temperature of the liquid inside the cell naturally
remained more constant even than that of the outer water-bath,
During the course of the investigations on pure water, changes
were observed to take place in the resistance when the bubbling
rate through the cell was varied (see Section 2.41). When
these changes were first noticed, it was thought that they
might be due to an incomplete temperature equilibration of
the stirring gas during its passage through the copper coils:
this would cause a progressively greater cooling of the liguid
in the cell the faster the stirring. The bulb of a 1.° Beckmann
thermometer, graduated in thousans hs, was therefore immersed
directly in the cell liquid and left therc while changes were
made in the bubbling rate. Because of the large volume of
mercury in the bulb, ample time was always allowed for the
eguilibrium value of the temperature, at the new stirring
rate, to be recorded on the thermometer The resultas of
several such tests showed that the temperature inside the
cell did not alter even by as much as 0.001° for periods of
up to 4 hours, altr igh the rate of bubbling was varied from
less than one to about five bubbles per second.

The paraffin in the inner thermostat was stirred by
passing a stream of air through it. Originally the main
reason for doing this was to keep the ligquid mixed at a uni-
form terperature and to speed up the temperature equilibration
between the contents of the cell and the outer bath. That
there was a real need to maintain this stirring, however,
became apparent when scveral unexpected small increases in
resistance were observed du ng one of the titrations (Expt. 9
-- see Section 3,325)., At the time, these changes cauld only
be correlated with the temporary failure of the compressor
which supplied the air. This was confirmed by a series of
tests, which showed that, even though the temperature i the
outer bath remained quite constant, a distinct decrease in
temperature of about 0.010 - 0.012° occurred inside the cell
whenever the stirring of the paraffin was stopped.
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not removed when the more desirable properties of nylon thread
for thils purpose were realised; by then the weight of the cell
gseemed to have settled to a steady value, and changing the
binding would have reguired a redetermination of the cell
leads resistance at a stage when no time could he spared for

the subsequent cleaning of the cell.

The determuination of the cell constants of thess cells
is described fully in Section 3.2, and the wvalues obt-ined
are given in Appendix B.

1.32 §~z¢s Resistance of the Cells,

e}

The resistance of the cell leads was determined hy placing
sufficient pure dry mercury 1in the cell to cover the electrodes
completely, Since the resistance was too low t0 be measured
directly on the bridge with a.c., a small resistor {(about
5 ohms) was used in series with the cell. The ends of all
leads were analgated snd dipped into mercury cups to eliminate
contact resistances. Detorminations were then made of the
resistance of the added resistor alternately with and without
the cell in series, to zive the resistance of the cell leads
by difference; no change was found when gither a,¢. or d,.c,
was employed. 7The values obtained for Cells I and 1L are
given in Appendix B, These values, suitably corrected for
the resistance of the portions of the leads not actually
connected in the measuring circuit {the connections to the
bridge lcuds were usually made as closz to the tops of the
gide~armas as possible), were always subtracted from the
measuread reslstance of the cell in order to obtain the true

value for thie gsolution,

Af'ter the determ nation 1t was necegsary to c.ean the
cell, gzince not all the mercury could be removed by pouring.
The last droplets were dissolved out with nitric-acid, and
the glags was then thoroughly clsaned with an aleohol aitric
acld mixture which had been allowed to react and cool; this
latter mixture, as well as the chromic acid cleaning —ixti.e,
was Tairly frequently used to cleail the cell internally during
the titretion experiments (ses Seetion & 323), The electrodes,
which had veen bright before their contact with the mercury,
gstill aseened a little gray even after the 1Ltric acid itreat-
ment; they were therelore cleaned with a mixture of equal parts
of concentrated hydrochloric acid ond 30% hydrogen peroxide,
the mixture beling left 1n contact with the electrodes for 1 -2
minutes ouly, as it dissolved the platinun Minally the cell
had to be leached for 10 -~ 14 days with repeated changes of
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preparation of solutions and mersurement of conductances);
these operstions would require elaborate precautions to
prcvent contact of the liquid with the air again. He there=-
fore advocated thc ur- of purified water which had been
allowed to become saturated with atmospheric carbon dioxide
(so-called Yequilibrium water'), since it seemed preferable
to use o stable sample of watcr for which an exact correction
could be made, rather than a purcr sample for which the
correction was less certain because of th. possible absorp-
tion of COQ. On the assumption that carbon dioxide was

then the only impurity in the water, he proceeded to apply

2 "carbonic acid correction', based upon the law of mass
action, to ¢ll the typcs of solutions likely to be en-
countered in conductance work —=- acids and baset both weak
and strong, and the seslts of thesc

Kendall's application of this correction to previous
measurements made by other investigators certainly did lead
to more consistent results, although the equivalent con-
ductanccs of strong acids still showed a maximum at about
0.000} to 0,0002N, thereafter decreasing again. Wash-
burnBD concluded from this that Kendall had not been justi-
fied in assuming that the whole of the impurity in the con-
ductivity water was carbonic acid, and that this bchaviour
was actually due to the sdded presence in the water of basic
or saline impwr ties, <. both, in amounts which were far
from negligible. This conclusion was stror ly supported
by the later work of Kraus and Par“er’s'7 on, the conductance
of iodic acid solutions; when water of conductivity above
100 - 200 nm/em was used, a maximum wes found in the conduc-
tonce curve which they corrclated with the presence of im-
purities in the water. They also found that alkaline im=
purities derived from the glass cells secmed to have a very
pronounced. effect in producing this maximum

Washburn further pointed out that "equilibrium water"
was not sufficiently stable to warrant its use in measuring
the conductancea of very dilute solutions. In an experi-
ment in which filtered air was drawn through a large sample
of conductivity water in a quartz vessel, the conductivity
was found to vary erratically between 797 and 865 nm/cm
over a period of less than a day. Obviously considerable
errors could result from using such water for measurements
with dilute solutions, the conductivities of which were
themselves only of the same order of magnitude as that of
the water, ‘The solution would therefore still have to be
protected against atmospheric contamination during its
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the accuracy of its gpplication, very few workers in the
conductance field seem to have used "ultra-pure water" in
their determinations, even though the preparation of very
pure samples has frequently been described in the literature
(see Section 2.2). Weiland®® reported the use of water of
conductivity 53 - 70 nm/cm at 1800, while values of 95 -~ 500
and B0 - 150 nm/cm at 25°C were mentioned by Kraus and
Parkersv, and by Krieger and Ki1pa1;:r~icl{:5 respectively.
Very recently, too, Ives and Pryoréo prepared all their
solutions with water of average specific conductance 100

w0

nm/cm (presumably an average value for the various temper-
atures, from 15° to 5500, at which their measurements were
made)s In general, however, much precision work has been
described in whiceh the water had a conductivity of over

100 nm/cm, going up to 500 mn/cm (and sometimes even moret).
Most of this conductance was probably dus to dissolved car-
bon dioxide, present because of the difficulty of working
completely out of contact with the atmosphere. These relia-
tively high water conductivities have not always been signi-
ficant. For instance, in measurements such as those of
Grindley and Daviesél; Shedlovsky42 .
and Zeldes™®, where the electrolyte (potassium chloride)

was the salt of a strong acid and strong baw.e, the correction,
although large, could still be spplied accurately even to

the results obtained with dilute solutions. But in numerous

4G
; Davies™ ~, and Owen

othier determinations, where there was a possibility of re-~
action between the electrolyte and impurity, or between the
electrolyte and water (hydrolysis), the final accuracy has
depended on a knowledge of the amount and the nature of all
the impurities responsivble for the comparatively high con-~
ductivity of the water. Sometimes it has been possible to
obtain some of this information experimentally, as in the
work of MaclInnes andg Shedlovsky45 on g~etic acid and sodium
acetate. TFrequently, however, an arbitrary assumption
regarding the proportions of possible impurities seems to
have been made: the measurements of Robinson and Davieé46

on thallous salts are a case 1n point.

Apart from the slight inaccuracy which may arise, par-
ticularly with very dilute solutions, from the approximations
which must be made when the solvent correction is large,
there is another possible source of error in these cases.,
This is due to the large number of extra ions present in
the water. Davies47 has shown that both the mobilities and
activities of the solute and solvent ions may be affected
by each other's presence, and that the true solvent correc-—

























































solutions. Even after this layer has been removed by treat-
ment with alkeli, some degree of dissolution of silica and
readsorption of silicic acid may occur if the sample is dried.
These facts are in accord with the deductions which had
already been made. It is poseible that the whole soluble
surface layer in the dried cell may be silicic acid: since it
is acidic and yields the fast-moving ut ion, which has a mueh
higher mobility than the average value of 70 that was assumed,
the number of ione and hence the surface regquired will be
much less than previously calculated. However, the possibil-
ity of some alkali ions being present on the surface in the
case of glass is not quite excluded.

2.33 Removal °f Dissolved Carbon Dioxid_ from Agqueous
Solution.

2,331 Experimel _al,

Water was aerated 1 the ce L and the resistance followed
for some time after the maximur had been reached in order to
determine its rate of decrease: this wes necessary so that
the completeness of the removal of any added volatile impurity
could later be checked by suitable extrapolation of this
resistance line. Carbon dioxide was then added to the water
by the standard procedure previously described for air (see
Section 2.32). The purified air stream was replaced by a
stream of carbon dioxide which was obtained from & Kipps
apparatus containing marble chips and hydrochioric acid; the
gas was first washed by passing it through two bubblers con-
taining conductivity water befcere it was allowed to enter the
cell. A standard depth of immersion of 1 inch was adopted,
and 3 bubbles of gas were usually passed into the cell, since
it was found that this reduced the resistance to about the
same value as that obtained when fresh water was placed in
the ¢ell, The removal of this added C 2 by the air-stream
was then followed by observing the resistance changes which
occurred on continued aseration of the water.

The rate of r _loval was studied for different rates of
bubbling, and some typical curves are shown in Fig £.2, lines
(), (3), and (4); line (1) represents the corresponding
variation of resistance occurring on asration of a sample of
freshly~-distilled water. It will be noticed that the latter
curve is very similar to (3), i.e. when the bubbling rates
are the same (90/50 in this case), the rate of increase of
resistance of fresh conductivity water from which the volatile
impurities are being removed is sapproximately the same as that
found for water to which GOy has been added. This is to be
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taken for the maxinum to be reached was useally about 20 hours,
but this false maximum waiz reached in a mere 3 to 6 hourc.

On one oi these occasions, too, the resistance at this maximum
was actually 3 ohnis higher than the initial water resistance!
These inconsistencies turned up despite all attenmpts at an
extremely rigorous standardisation of the various procedures
ugsed in the many experiments performed with ammonia. ‘They

may have been causaed by the effects which the physical condi-
tion and the previous history of the glass walls had on the
adsorption on the adsorption occurrir there, but no definite

correlation hetween these factors could be obtained.

In spite of the erratic behe lour eincountere. duriang
this investigation on the removal of ammonia from water by
aeration, the following three general conclusions do appear
to be valid:-

(i) fmmonia is adsorbed from solution by the glass walls
of ths cell,

(ii) All the amuonia added to we_er can be removed by aex. -
tilon, but the proceass 1is very slow.

(zii) Since, in general, the maximuwn reached after an addition
did not excced the corresponding value found by extra=-
nolating the water resistance line, it seems that the
residual impurity in the water is not acidic in nature.
Traces of acid mey appear :ccaslonally, but the amounts
seem usually to be so small that in most determinations
no appreciable error would ve introduced in the solvent
correction by rogsrding all the residual impurity as
neutral. This conclusion has been supnorted by the
subsequent determination of tho solubility of c&lomel
by conductimetric methods performoed by Dry”7:09 in this
laboratory.

¢ 35 Remova. of Dissolved Carb¢ DJioxide and Ammonia
When Prese.t Together in Ayusous Solution.

It has been shown that dissolved amnonia can be removed
conmpletely from very dilute solution by aeration. If, however,
owing elther to its incomplete removal during distillation or
to subsequent atmospheric contamination, there was still ammo-
nia present in traces in the water that was placed in the cell,
it would presumably have been present not as the hydroxide
but as the bicarbonate, formed by combination with the dis
solved carbon dioxide which, throughout this investigation,
was reanoved Irom the water only . 'ter the lctier had been
put 1nto the cell, It seemed possible, therefore, that some
of the residual conductivity waich was found arter the water
had been aerated to a minimurn conductance, i.c. some of the
amount by which this minimwn sxceeded the theoreticel value
of 55 nn/cm for pure wiater, might be due to the presence of
ammonium bicarvonate as impurity. At the low concentrations
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THE INVESTIGATION OF THE ADSORPTION

OF POTASSIUM CELORIDE IN

CONDTINTANCE CELLS
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been 'seasoned' by allowing a solution of the same concen-
tration to stand in it for some time. Only then will the
concentration of the solution used in the 1inal resistance
measurement be known with certainty. 7The importance of this
"seasoning”, especially for very dilute solutionsg, can be
seen from the figures gquoted by Cox, Kraus and Fuossvg.

This method was successfully used by A. Faureg in his accu-
rate redetermination of the conductivities of dilute potas-

sivum chloride solutions.

The "wash~out'" technique has certain disadvantages.
It glves very sccurate results for the conductance of a solu-
tion, but ne indication of the total amount of adsorption
witich occurs in the preparation flask and in the cell.
Where there is & cousiderable amount of adsorption, the
method can be rather tedious and wasteful, for the prepara-
tion of sclutions and fillin~s of the cell must be c~ntinued
until the final conductances, after equilibration, of two
successive solutions are the same. This 13 true for every
new solution measured, be it of a different electrolyte or
only Jjust a different concentration of the same electrolyte.
On the other hand, where there is no adsorption, these pre-
cautions are unnecessary; yet the preparation and measure-
ment would still have to be repeated at least once in order

to show tnls.

The method frequently used in the determination of the
conductance of a given electrolyte at different concentra~
tions is the addition or concentration technigue. Here
successively more concentrated solutions are prepared by the
repeated addition of weighecd amounts of so0lid electrolyte,
or of aligquots of some stronger stock solutlon, to a given
amount of solvent placed either in the cell79 or in some
adjolning flask, as in the Shedlovsky cell42. This is, of
course, tihic same procedure as 1s used in conductimetric
titrations, and it is obviously liable to adsorption errors
which are likely to differ in magnitude for each addition
until the concentration is high enough for saturated adsorp-
tion to have been reec~hed, For accurate work, therefore,
it becomes necesgary to kinow something about the nature
and extent of the adsorption occurring in each case
congidered, and also to perform the measurements under such
conditions that any errors are minimised as much as posgsible,

since it was desired in this laboratory to improve
considerably the accuracy oi conductimetric titrations, the
initial investigation performed by Gledhill3 was extended
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instances where the possibility of such adsorption has been
congidered for aqueous solutions. Weiland58 found a negli-
gible adsorption on guartz, while Randall and Scott87 stated
that there was some adsorption of potassium chloride on the
glass walls of the storage flask, but they did not indicate
to what extent this occurred.

The method proposed initislly for this investigation
was similar to Weiland‘saa, viz., to wait for the attainment
of steady conditions after making an addition of potassium
chloride to water in the cell, then to add either. glass beads
or piéces of platinum foil, of known surface area in each case,
and to observe any changes in conductivity resulting from
this. However, early trials along these lines, using the
conductance bridge described by Gledhill®,
promising results., The added materials in these experiments
were carefully cleaned and treated in a manner similar to
that used for the cell. On adding the glass beads to the

cell, there was an immediate rise in resistance, while the

did not give very

addition of the platinum foil caused a decrease. Both these
changes were on some occasions gquite large, though by no
means consistent., They were definitely not associated with
any adsorption effect, but were more probably due to changes
in the cell characteristics because the electrodes in the
type of cell used were sealed in very near the bottom (see
Section 1.31). Hence any piece- of platinum foil lying in
the cell would act as 2 low resistance shunt and cause a
decrease in resistance of uncertain magnitude, depending on
their proximity and positions relative to the electrodes:
somewhat erratic readings were actually obtained on stirring,
the resistance occasionally showing a suddel very large
change (about % -+%). The glass beads, on the other hand,
would displace some of the conducting solution, to give an
unknown increase in resistance. This decreased conductance
would probably be offset very slightly by the existence of

g surface conductivity near the boundary between potassium
chloride solutions and glass, as demonstrated by McBain,
Peaker and Kinggs. With glass beads of relatively smell
surface area, such as were actually used, the latter effect
would doubtless be very small indeed; but if the surface
area were iIncreased, say oy the use of powdered glass, in
order to show up any adsorption effects more clearly, the
surface conductivity would also increase, and the whole issue
would Decome exceedingly complicirted. Although large amounts
of adsorption could easily be demonstrated gualitatively

by this methodvg, it did not appear to be very satisfactory
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3.2 DETERl NATION OF THE u..L CONSTANTS.

3.21 Dxperimental,

The cell constants of the two cells were determlned
by the usual method of measuring the resistance of a solu-
tion of very accurately known conductivity. In thls case,
the 0.01D KC1 solution described by Jones and Bradshnw94
was used: this contains 0.7452063g KC1 per 1000g solution
(both weights in vacuo), and has a conductivity of
0.00140877 ohm™tem T at 25°C, to which must also be added
the conductivity of the water. The latter was not usually
measured for each solution prepared, but Jjust taken as
100 nm/cm, since numerous resistance determinations on
water obtained from the still had shown that its conduc-
tivity was almost invariably within 30 nm/cm of this value:
any error in this assumed value would therefore cause at
most an error of 0.002% in the calculated conductivity of

the 0.01D KC1 solution.

At different times, various batches of potassium
chloride were used for the preparation of standard solu~
tions. These had all been purified by other conductance
workers in this laboratory, the first step weing two or
three recrystallisations of G.R. material from conduciivity
water, Thereafter A. Faurez fused the crystals in a anitro-
gen atmosphere, and obtained a water-white product: this
was taken as 8 standard TCor all these measurements.
Testenstein's fusion was done in airzg, and the final pro-
duct was very slightly discoloured, bdbut only the portions

56 meroly heated

showing the least colour were used. Taylor
the recrystallised material to 600°C in a dry nitroren
atmosphere, following a statement by Addink95 that fusion
was unnecessary 1o expel the last traces of water adhering
to KC1 crystals. Iio significant differences in cell con-
stant values were found on using these three different

batches of potassium chloride.

A l1-litre Pyrex flask with ground-~glass stopper was
kept specially for the preparation of 0.01D KC1 solufions.
Before the flask was used for any sitandard solution, it
was first cleaned cnd then thoroughly 'seasoncd" by letting
an approximately C.01D LCl solution stand in it. When any
fresh stendard solution was prepared, the previous solution
was poured out and th: flask allowed to 4drain for about

30 seconds, then stopperad, wiped, and weighed on balance
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this scale was quite long, it could very easily be done with
an accuracy of better than 0.01%. The value thus obtained
(77.849 ohms) was actually only 0.26 ohm (or just over
0.03%) lower than that given by the best straight line
extrapolation for the corresponding R-f 2 plot; when the
slight curve of the latter 1is considered, the former value
is probably very little in error. Ther? is no theoretical
Justification for assuming that an R-f~% extrapolation is
correct, but since it was necessary to find 1 e resistance
at infinite frequency, and since this appeare”™ to give &
more con§istent value than could be obtained from the R—f"l
and R-f 2 curves, 1t was decided to use these plots for
extrapolation in all measurements made with the heavily
platinised electrodes.

3.28 EResults.

In order to obtain consistent results, i was found
advisable not to leave the 0.01D KGi in the cell unneces-
sarily long. This was because, not only did@ ae parallel
capacitance increase gradually with time, thereby causing
a larger polarisation correction (see p.146), but the
resistance was also found to change slowly -- in this case,
g decreage which was guite appreciable: in one determination,
for i itance, a drop of about 0.0F ohm was observed after
the solution had been left in the cell for a week, i.e. a
change of about 0.01% per day. Variations of a similar
order of magnitude were found »n several other occasions as
well, so that it appeared that all measurements made within
one day of filling the cell were still within the limits
of accuracy desired. It was thought that the effect might
be due to the greater rate of incerease of conductance of
water which has been observed when golutes are present
(cf. the remarks made on p.68, and also the increased
rate found after KC1l had been added to water during the
titration experiments -- see Section 3.333). However, the
change could also have been caused by evaporation. Although
no specific mention was made of gas being passed continuously
over the top of the solution in the cell during these par-
ticular determinations, it seems likely, from a careful
scrutiny of all the relevant notes, that such flow was
indeed taking place. If so, then evaporation would defi-
nitely have occurred, to the extent of almost 0.01% per day
(see Section 3.322), i.e. sbout the same amount as would be
. reqguired to produce the observed resistance changes. Very
probably, therefore, the resistance would show much smaller
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the cell, since this involved a very mapid but gquite compli-
cated seguence of operations if the immediate effects were
to be observed and at the same time ell precautions were

to be taken in order t- maintain the high standard of
precision desired; and secondly, to see what sort of effects
could be expec 2d and for how long they persisted, because
at this stage there was no information whatever available

on the behaviour of the resistance after such additions.

It was anticipdated that, if any changes ¢ i occur, they
would be greatest after the first additione, and these
solutions were therefore always left in the cell for two
daye before proceeding further; during this time, frequen®
resistance measurements were made, particularly shortly
after the addition. Subgseguent additions were also at first
left for two days each, but later the aliquots were added

on successive days.

1t soon bec...e evident that the changes occurring after
the first addition were indeed the largest, though even they
were not very big (of the order of 0.1% or less of the
measured resistance during the first few hours after addi-
tion); also, although erratic variations appeared every now
and again, all regular changes other than the dropping of
the resistance at a more or less steady rate definitely came
to an end in we. under a day. From the second addition
onwards the echanges were still smaller, and it appeared (if
erratic variations were neglected) that, within 3 -4 hours
after the addition, the resistance was once again dropping
slowly but steadily. 1t seemed, therefore, that it was not
necegsary to leave the later additions in the cell for long
periods before proceeding to the next addition. This was
very important, for these preliminary experiments revealed
what would probably be the major uncertainties in the titra-
tions which were envisaged.

One of the chief factors affecting the accuracy of the
calculation of the resistances was the correction for the
solvent conductance. It had; of course, been realised that
the latter would increasse as the liguid wes left in the cell
due to the '"solution of glass'". DBut it was intended to use
for the titrations only very good quali+y water (conducti-
vity less than 100 nm/cm, and changing by about 0.5 nm/cm/h
or less): the total change during several dsys should there-
fore still be fairly small, and hence slight errors in
estimating the water correction on the basis of its initial
rate of change would not aeppreciably affect t-= much larger
conductivity of the solution. However, it appeared that
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was definitely taking place: during the period of obser-
vation, guite a large number of water drops formed on the
bare walls of the body of the cell above the level of the
liquid surface, some were deposited on the inside of the
neck, and a few very tiny droplets even settled on the in-
side of the cap 1 aced over the neck (about 4% inches above
the surface). The effects were obviously being caused by the
burasting of the bubbles of gas through the surface of the
liguid. It is interesi.ng to note that the mechanism by
which the bursting of bubbles in the surface of liquids
results in the vertical projection of one or more fairly
large drops of ligquid has been clearly demonstrated (subse-
gquently to the completion of the experimental work in this
thesis) by the high-speed photographic studies of Blanchard

99’100, Newitt and co~worker5101, and Masonloz.

and co-workers
Apparently the liguid rushing into the crater that is left
in the surface ai the site of the burst bubkle ejects an
unstable jet, which then breaks up into discrete drops.
The mean diameter of the drops produced by a breaking jet
was roughly 15% of the diameter of the parent bubbleloz,
and the heights of projection ranged from about 0.5 to

15 Cmggo

“uese conclusions reached from high-speed photography
agree very well with the observations made during the
vigual test ir »jrarticular and sll the experiments in gen-
eral. Since the mere bursting of the bubble in the surface
is sufficient to form a droplet whicl may occasionally be
deposited on the upper walls or neck of the cell, or inside
the cap, the spraying effect: can obviously never be com-
pletely eliminated as 'ong as stirring by a current of gas
is employed, but can only be reduced by slowing down the
rate of bubbling. This had been found to be the case, and
it seemed desirable from this point of view to use a very
glow stirring rate. However, too s.uow a rate might allow
back-diffusion to occur despite the presence of the cap
over the cell-mouth; also, the initisl removal of carbon
dioxide from the water would take very long, and mixing
after each addition would not be too rapid, so that the
immediate resistance changes might perhaps escape detection.
As a compromise between all these factors, a standard bub-
bling rate of 80/30 (about 45 ml gas per minute) was finally
chosen, except immediately after each addition, when a rate
of 120/30 was used for five minutes: this had previously
been shown to e more than ample to ensure complete mixing
of the solution.
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Under these conditions of passage of gas through the
cell -~ 60/30 bubbling through the liguid and none over the
top -~ the changes in weight during an experiment were
found to diminish apprecigbly. Nevertheless, there still
appeared to be a nett loss in weight from the bulk of the
liguid of about 0.2 -0.3g, and this increased to over 0.7g
in Expt 6. Most of this large loss was accounted for by
the considerable amount of 1iguid which had been deposited
on the upper portions of tl. cell by the spraying and which
was still a ering there at the end of the experiment.
“owever, even though the total weight was almo~* ~-nstant,
the weight of liguid in the bulk was the significant factor
in calculating concentrations, and a state of affairs in
which ligquid was permanently separated from the main bulk
after it had been removed by the somewhat diminished but
not completely avoidable spraying was obviously rather
unsatisfactory. When this had been remedied (see next sec-
tion), the weight of the bulk of the liguid in the cell
changed only very slightly during an experiment, and the
total weight (inclusive of 1liquid adhering to the neck and
inside the cap) was found to be almost constant in most
cagses; in fact, there was sometimes even a tendency for the
weight to increase a 1 .tle, particularly when hydrogen
stirring was being used -~ the total weight in these cases
was on an average about 80 mg larger at the end of the
titration than it should have been! The reason for this
gain in weight, which appeared in eac.. of the experiments
with hydrogen; is not known. It was noticed, however, that
spraying seemed to be much more pronounced when hydrogen
wag used for stirring than with t..2 other gases, for ligquid
definitely accumulated in the cap much faster: possibly,
therefore, the increase in weight was due to water being
carried over from the potash bubbler in the form of spray,
though how it managed to traverse the copper coil without

settling out before it entered the cell remains a mystery.

3. 3283 C(Cleaning the cell.

The cleanness of the internal surface of the cell,
especially of the upper portion above the normal level of
the liquid, was & factor of major importance in the suc-
cesgful performance of these titrations. It had been rea-
lised at the outset of these experiments that the signifi-
cant factor when determining the weight of the liquid placed
in the cell was the weight of the bulk, since the resistance
changes of this portion would be observed after each addi-
tion, and hence the weights both of water and of KCl1l present
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variation. This is a reasonable value for the weight of sa
single drop; the latter value may perhaps seem a bit high,

but it must be remenbered that the size of the drop entering
the solution would almost certainly depend on its point of
origin. Thus a drop starting Just above the liguid level
would be smaller than one which started higher up, since the
latter would, in the course of its progress down the side,
produce a sort of "snowballing" effect by which it would carry
with it some of the liquid adhering to the walls lower down in
ite path. Secondly, the magnitude of the resistance changes
appeared to diminish with time. Such a decrease would be
expected, however, even though the drops running back remained
constant in size, becsuse the liquid on the walls would grad-
ually become more concentrated as the weaker solution ran back
and was replaced by solution of the same concentration as that
inside the cell; if the addition were left in the cell long
enough, in fact, the water originally present on the walls
would eventually be replat d completely by the KC1 solution
formed by the addition, and further ''run-back" would no longer
be evident as a change in resistance. Finally, too, there was
the fact that these sudden changes occurred at intervals which
had some senblance of regularity, but with quite a wide lati-
tude in time -- in various experiments intervals from 1% - 4
hours were found: this is what one would expect from a phenom-
enon as outlined. The time interval actually corresponded
quite well with the average rate of loss by spraying, which
was calculated for Expt. 6 as 0.023 g/h -- a very approximate
figure, since several assumptions had to be made; but it defi-
nitely agreed with the calculated val—= given above for the
size of the drops, and thus lent further support to the spray-
ing and '"run-back" theory.

Besides tenu.ng to obscure any changes in resistance due
to her causeg, the effects which have been describéd dimin-
ished the accuracy of the titrations. Although a remarkably
simple and reasonably accurate method of correction for these
effects was discovered (see Section 3.334), the better solu-
tion to the problem nevert :less seemed to be to eliminate
them if possible. This was finally accomplished by very
thorough cleaning of the cell walls.

Just before Expt. 6, great difficulty was experienced in
obtaining a sample of water of good quality from the still.
In an effort, therefore, to improve the quality of the water
placed in the cell by cutting out all intermediate steps, the
water for Expts. 6 and 7 was not poured in via the usual
funnel, but directly from the collecting flask; the excess
water adhering to the upper walls of the cell was then wiped
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off with the aid of & bent wire.and a handkerchief whieh had
been specially cleaned for this purpose. Similar wiping had
also been used occasionally ét the end of various experiments
to remove the liquid on the inside of the neck and upper walls
before the cell was weighed: in this way the weight of solu-
tion left in the bulk could be determined. It appeared,
however, from "he vast amount of ligquid adhering to the upper
parts of the cell au. the end of these two experiments in par-
ticular, and alsc from other later observations, that such
wiping wag about the worst method of treatment which could bs
given to the cell. 1In spite of the cleanness of the cloth
and of the care taken on each occasion, the wiping seemed t0o
leave some sort of a film on the glass surface, so that it
was no longer effectively wetted by the water; hence, instead
of the water (and solution) draining back evenly, it merely
gstuck to the surface as individual drops. These were Jjust
the right surface conditions to favour retention of the
gprayed droplets and cause 'run-back' troubles,

Thorough cleaning of the internal surface was eventually
effected by resorting to the well-known alcohol-nitric acid
and chromic acid cleaning mixtures. The disadvantage of
treatment with thesge reagents was the long period for which
the cell could not be used afterwards because of all the acid
which had been adsorbed on the walls. The cell was first
rinsed with the alcchol-nitric acid mixture (after it had
reacted and been allowed to cool, so as not to alter the cell
constant }; then the chromic acid was poured in, and the cell
stoppered and left inverted overnight -- it was, of course,
more essentizl to clean the upper portions, which would not
be in contact with the central bulk of the liquid during &n
experiment, than the main body of the cell. After .he acid
had been emptied out, the cell was usually connected to the
municipal water supply and running water passed through it
for about two days. Then it was filled with frequent changes
of conductivity water until &ll the sdsorbed material had been
removed again: this was tested by placing the cell in the
thermostat and.observing the resistance of each change of
water. At first the resistance d+d not reach the normal high
values, and it also dropped at a much faster rate than usual
(see Section 2.3"). The criterion of clesnness, howe,.er, was
that the observed resistance should be normal in both these
respecta, This _1lways took at least a few days, but in general
an average of zbout 10 days was required for the complete
cleaning of the cell before it was azain ready for use.

After the cell had been treated in this manner, the
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drainage appeared to be excellent., In fact, the droplets
which were sprayed out of the solution seemed then to drain
back steadily, and at the end of an experiment there were
usually only a few smallish drops adhering to the glass; also,
the weight of the bulk of the liquid no longer changed by
more than 0.lg, and usually by less than 0.05g. Corrections
for any losses could therefore be made very accurately when
calculating the concentration of the solution at any time.
The cell could be used for several successive titrations
before it had to be cleaned again, provided that due care was
observed whenever it was necessary to wipe the small droplets
out of the neck in order to obtain the exact weights of the
liquid in the various parts of the cell.

3.324 General procedure*,

Before every experiment, the bubblers containing conduc-
tivity water for saturating the stirring gas were checked to
see that there was sufficient water to last through the ex-
periment; if necessary they were filled with fresh water.

Any reagents in the purification trein about whose effective-
ness there was some doubt were renewed as well. The copper
coils were also freguently sucked dry (sometimes after being
first washed with running water) to ensure that no droplets

of liguid would be blown into the cell during the course of an
experiment; this was essential particularly when hydrogen
stirring was being used, because of the greater amount of
spraying which seemed to oceur with this gas.

It has already been mentioned (Section 3.31) that the
method to be adopted for these titrations was to place the
water in the cell on one day, make the first addition of KC1
stock solution on the next day, and (if possible) four more
on the third day. Thie general plan was followed in 211 the
later titrations, except where ~ircumstances dictated some
other courss -~ usually a shortening of the time factor of
the whole experiment, either because of the poor internal

¥ The following sections should be consulted in conjunction
with this one:-

(i) Section 1.33 -~ for the method of drying and weighing
the cell, and of filling it with water for a titration.

(ii) Section 1.5 —- for the description and method of use
of the weight burette; in varticular, see Section 1.54
for the handling and accurate weighing of the burette.

(iii) Section 1.4l -~ for further details of the weighing
procedure used in order to cobtain accurate weights
on balance BII.

(iv) Section 3.2 -- for the method of determination of
registanccs at infinite frequency.









(iv)

(viii)

(ix)
(x)

(x1)

(xii)
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correction for ratio arm inegquality, which was ap-
plied to the value obtained by extrapolating the
various resistance readings to infinite fregquency

(see Section 3.33L for methods of extrapolation used).
Hence an overall correction was calculated by means
of which any reading during the perticular addition
could be converted to the corresponding resistance

at infinite frequency.

Immediately after the resista...2 determinations
the burette was accurately weighed; at least five
separate weighings were 1 de, and more 1f any irreg-
ularities took place. During these operations the
burette was handled with loves.

The various bridge circuits were switched on.

The passage of gas over the top of the liquid in
the cel” was started at a fairly fast rate (about
120 - 150/30),

The control stopcock in the main gas-stream was
adjusted so that the bubbling rate through the cell
was increased to sbout 120/30. As soon as it had
been confirmed that the rate was gpproximately cor-
rect, stirring was cut off completely by means of the
"on-off" stopcock (there could be no stirring during
an addition, in case liguid was sprayed on to the
burette).

A last check reading of the resistance of the
previous addition was taken at S00 c/s.

The room Tfans were switched off.

The caps »n the c¢ 1 . d the burette were carefully
removed; 8. t..2 burette placed in its clamp. From
here onwards the burette was handled with bare fin-
gers, as this allowed of better control during the
subsequent delicate operations.

The burette was lowered into the cell to the right
depth, clamped in position, and the stopcock turned
fully open for 8% seconds (this was the time which
was finally found to result in delivery of about 0.2
ml when the burette was filled to a given level).
Sometimes the liguid did not begin to flow spontan-
eously beczuse the jet was so very fine; it then
became necessary to tap the burette until flow
started. After an estimated 8% seconds of flow, the
burette was raised from the cell, but only sufficient-
ly tc enable its jet to be observed. If & drop of
golution was visible there, it was necessary first to
remove this, as experience showed it to be almost
impossible to replece the narrow burette cap without
touching off the drop; the burette was therefore
relowered, and the stopcock turned rapidly through
180° before the burette was raised again. This
procedure was repeeted several times if necessary,
until the drop had grown large enough to fall off
into the solution. It was deemed unwise to dislodge
the drop by too vigorous tapping of the burette, as
it might then settle on the walls of the cell instead
of in the liguid.

When no drop, or at most a very tiny one, was pre-
sent on the jet, the burette was removed from the
clamp. Any liguid droplets adhering to it (should
it accidentally have touched the neck of the cell)
were wiped off lightly, care being teken not to touch
the solution on the jet with the cloth. The cap was
then repleced as rapidly as possible to prevent evap-
oration losses from the burette beforec it could be
weighed.
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(xiii) The cap was rep. ced on the cell.

(xiv) The stirring of the liquid was restarted by open-
ing the "On-off" stopcock; the rate was controlled
at about 120/30 by the setting which had been made
in step (vii).

(xv) The passage of the gas over the top of the liquid
was stopped.

(xvi) The room fans were switched ~7 again.
(xvii) The burette was immediately weighed to obtain a
check-weight for the addition.

(xviii) The first resistance reading was taken as soon as
possible. Thereafter readings were repeated exactly
on the minute at two-minute intervals; the interval
was gradually length_aed, however, as the changes in
resistance between successive readings became smaller,
All resistance measurements were made at 900 c/s
only, with the ratio arms and supply voltage both
direct.

(xix) Five minutes after the stirring had been restarted,
its rate was reduced again to 60/30. This rate was
checked at freguent intervals during the subsequent
period for which t 2 changes in resistance were being
followed; a close itch was kept on the temperature
of the thermostat 3 well.

(xx) As soon as the n erous operations allowed a chance
(usually about 8 - 10 minutes after the addition), a
second check-weighing of the burette was made. If
there was no loss -- decreases sometimes occurred by
evaporation, but n 'mally only if a drop on the Jet
had been touched o ' on the ground glass of the cap
-- the burette was well wiped again, and its accurate
weight taken after a further 20 - 25 minutes (the same
time-interval as with the initial weighing for the
addition). The pressure was noted, so that the
weight of solution could be corrected to vacuum; the
the temperature was, of course, 24°C.

The times corresponding to all readings (resistance,
bubbling rate, temperature, etc.) and to the various opera-
tions were always recorded; also, wherever possible, notes
were made of any troubles which were experienced or peculiar-
ities which were observed during the course of the addition,
so that attempts could be made to correct for them, if neces-
sary, during the calculation of the results. Most operations
were performed as rapidly as possible, particularly those
concerned with the actual addition. Thus steps (vi) to
(xviii) took 6 - 6% minutes on the average -- the times re-
gquired actually varied from 5 -8 minutes, being dependent
largely on the success of operation (xi), i.e. on how soon the
liquid began to f~w from the burette and how gquickly the drop
on the end (if any, was induced to fall off. The resistance
readings, too, were taken extremely fast, with the stirring
off for the shortest time possible. This was essential, since
in many cases, particularly when hydrogen was being used,
the resistance changed rapidly as soon as the stirring was
stopped; yet it was necessary to do this in order to determine
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the water in the cell. Besides these, there were guite a
number of others in which, for various reasons, a full titra-

tion was not performed. Since their results are of no signif-
icance in the final evalumstion, they have not been included

in this description.

Cell II was used for all the titrations. In general,
these were performed according to the procedure outlined in
the previous section, and therefore only features which may
have a bearing on the final result and irregularities which
occurred during the experiments will be mentioned here.

(a) Experiments with unplatinised electrodes.

The first experiments were performed with unplatinised
electrodes, since smaller adsorption effects were expected
under these conditions. The electrodes received special
treatment only once: shortly after the construction of the
cell they were cleaned with a mixture of equal parts of 30%
hydrogen peroxid and conc. hydrochloric acid, because their
surfaces were no very bright after being in contact with the
mercury used for the determination of the resistance of the
cell leads. This mixture was left in the cell, with contin-
uous shaking, for one minute only; after being rinsed with
water, the electrodes then seemed quite clean and bright.
They were used in this condition for all the experiments
with unplatinised electrodes, and were almost always immersed
in liquid, being dried only occasionally when it was necessary
to determine the dry weight of the cell. Apart from water,
the only linuids with which the electrodes came into contact
were the dilute KC1 solutions, and very infrequently the
strong acids used for cleaning the inside of the cell; after
the latter treatment, however, they were always soaked in
water for several deys so that any adsorbed materigl cc_ld be

removed before they were used again.

Experiment 1. Stirring gas: Nitrogen
No. of additions: 5

The additions were made on alternate days, i.e. each
addition was lef 1in the cell and its resistance changes
followed for two 1ays. The bubbling rate through the liguid
in the cell was 90/30, and gas was also passed continuously
over the top (ra : not recorded). A considersble amount of
liquid collected in the cap during this lengthy experiment;
to prevent this from running back into the cell, some of it
was ghaken out at the time of the third addition, and the
cap was wiped out when the fifth addition was made.
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Experiment 2. Stirring gas: Nitrogen
No. of additions: 3

It was intended to leave the first addition for two days,
and then to meke seversal more on succesgsive days. Unfortu-
nately this addition had to be left for one extra day, because
the paddle-stirrer in the thermostat was Jjammed several times
by a loose piece of magnesium foil in the outer bath (=ee
Section 1,12); the resultant lack of stirring caused the
temperature to fluctuate considerably, and it was deemed
inadvisable to proceed with the titration until the loose
foil had been located and removed. Hence the second and third
additions were only made on the fifth and sixth days respec-
tively. During the third addition, the refrigeration system
used for cooling the air which was drawn into the constant
temperature room did not function properly on a ather warm
day, and both the room and thermostat temperatures were above
25°C for guite a long time. The blocked expansion valve,
which was responsible for this trouble, was temporarily re-
paired; but on the following day the temperatures again lacked
control, this time because the thyratron-controlled thern-
® had failed. No further addi-
tions were therefore made, but the third one was left in the
cell for five days while the regulator and refrigeration
system were thoroughly overhauled. This experiment was the
first titration in which the standard bubbling rate of 60/30
was used; contrary to the eventual procedure, however, gas

ionic regulator for the room

was also passed continuocusly over the top of the cell {(rate
about 120/30).

Experiment 3. Stirring gas: Nitrogen
No. of additions: 5

The first addition was left for two days, during which
the changes in resiustance were followed; thereafter the re-
maining four aliguots were added on successive days. The
final solution was left in the eell for four days before the
latter was removed from the thermostat, so that the whole
experiment lasted for nine days. During all this time gas
was passed over the top of the cell at a rate of about 120/30,
in addition to being bubbled through the liquid at the stan-
dard (60/50) rate. On the whole, the temperature and other
conditions remained reasonably constant.

Experiment 4. Stirring gas: Nitrogen
No. of additions: 6

This was intended to be a trial run for the first full-
scale titration by the projected method, i.e. one addition
would be made on the second day, and nine more on the
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following day. The experiment was abandoned after the sixth
addition, however, when the bridge suddenly went completely
out of balance while the set of readings at different freguen-
cies was being taken. No inmediate atternt was made to trace
the fault and continue the titration because,; in any case,
the sample of water used had been of very poor guality -- its
conductivity after aération was about 265 nm/cm at minimum,
as against the normal value of below 100 nm/cm; also, the
five additions on the third day had taken rather lonrer than
had been anticipated, and there seemed 1little chance of com-
pleting four more additions on that day. Neverthelese the
experiment was very useful as a trial run, and it indicated
where the technigue could be improved and the operations
perhaps speeded up in future attempts at a full-scale :itra-

tion.

This experiment was the first in whieh no gas was passed
over the top of the cell, except during sctual additions;in
fact, from this time onwards, the flow of gas through the cell
always took place in accordance with the standard procedure,

xperiment B. Stirring gas: Nitrogen
No. of additions: 10

This was the only titration in which ten additions were
made -~ the first one on the morning after the water had be=n
placed in the cell, and the remaining nine on the following
day. The egperiment was very fatiguing on the last day, but
everything went off fairly smoothly. The water used was of
good ql.lity {about 80 nm/cm), and although there were occa-
sional .ndications of "run-back" of solution, the changes were
very small. The final calculation of results could therefore

be done with complete confidence in their correctness.

Experiment 6. Stirring gas: Oxygen
No. of additions: 4

The initial filling of the cell was not performed by the
usual funnel technique; instead, in an attempt to im—vove the
quality of the water placed in the cell by elimina all
intermediate steps, the water was poured in directly from the
colleccting flask (even then its conductivity was only 126
nm/cm just before the first addition). The drops of 1iguid
adnering to the upper walls and neck of the ccll were then
naively wiped off with a clean handkerchief, so that the
weight of this water, which was already separated from the
main portion to which the XC1l would he added, would not be
included in the weight determined for the water placed in the

cell, Becausz of this treatment, '"run-back' of solution was






and was immediately replaced by air. Conseguently some carbon
dioxide ...s dissolved in the solution each time that an addi-
tion was made, and this had to be moved by the aeration
before a steady state was once again set up inside the cell
-~ 8 slow process with a stirring rate of only 60/30. The
occurrence of this phenomenon was deduced from the fact that,
immediately after each of the additions, the resistance began
to rise from its initial value, and continued to do so slowly
but steadily for about 3 -4 hours; after the first addition,
the total increase was actually over 40 ohms (almost 0,6% of
the measured resistance), but in the other twe cases the per-
centage change was less because the addition procedure was
speeded up as much as possible, especially as regards the
period for which the cell had to remain open. Since these
rises in resistance appeared to be due to the removal of car-
bon dioxide which had entered the cell during the additic¢ s,
several blank tests were perforncd after the conclus: n of the
experiment : these tests confirmed the deduction made about
the origin of the unexpected resistance changes. The latter
did not affect the comparison of the calculated resistances
with the measured values, for each addition wag left long
enough for the resistance .. pass its maximum and start drop-
ping steadily again; the line of decrease was then extrapo-
lated back to the time of the addition to give the immediate
value of the resistance. The prolonged aeration required,
however, meant that the additions could not be made in rapid
succession on the last day; in fact, only two were possible,
and the titration was therefore stopped after all measure-
ments on the third addition had ~een completed. In any case,
it did not seem worth while to continue with the experiment,
seince the obgerved changes in resistance obviously arose from
a side effect, but were nevertheless large enough to obscure
other changes which might have been occurring immediately
after the additions.

In this experiment, two other phenomena were also en-~
countered for the first time -- the increase in the total
weight of the liquid which was contained in the cell and its
cap, and the changing of the resistance when the stirring was
stopped. The former effect, and the greater amount of spray-
ing which seemed to take place with hydrogen bubbling, have
already been mentioned (Section 3. 322);: the total increase

in welight during this particular titration was estimated
at 85 mg.

As regards the latter effect, very small decreases in

the resistance had almost invariably been found whenever the
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stirring of the liguid was stopped completely, not only with
the water alone (see Section 2.41), but also with potassium
chloride solutions. In the latter cases, the downward drift
of the resistance had been ascribed by A. Faure2 to a local
heating effect as a result of the passage of current between
the electrodes; this explanation seemed gquite plausible, for
the resistance usually reassumed its original value when
stirring was restarted and the whole solution was again effi-
ciently mixed. But the effect observed during this titration,
when hydrogen wes being used as the stirring gas, was some-
thing definitely different. It was, for instance, much
Taster and more marked, and the resistance had to be measured
rapidly in orcder to get accurate values, particularly shortly
after an addition. Usually, therefore; the bubbling was
interrupted for as short a time as posgible; but about 20
minutes after the firet addition, the stirring was left off
for rather longer than normal in order to examine the nature
and magnitude of the changes which resulted. By this time
the effect appeared already to have diminished considerably;
nevertheless the resistance (about 7300 ohms) first rose guite
fast by about 0.2 ohm, and then proceeded to drop as rapidly;
the value when the stirring was restarted after 5B seconds
was O ohm lower than the value immediately after ..ae bub-
bling had been stopped. This general pattern was repeated in
several subsequent readings in which the stirring was shut
off for periods of 30 seconds each; on every occasion there
was a definite tendency for the resistarice to increase during
the first 5 -10 seconds by about C.1- 0,2 ohm,; but at the end
of the 30 seconds it was always 0.2 - 0.3 ohm below the immed-
iate value. The magnitude of the effect graduslly diminished
with time, however, and the initial increase of resistance
later disappeared, leaving only the decrease. The stirring
was not left off for longer periods during the early stages
of the addition because the back-diffusion of carbon dioxide
as a result of’ the displacement of the lighter hydrogen gas
would have interfered with the close following of the resis-
tance trend. About 8 hours after the addition, however, when
the resistance had passed its maximum and was dropping at a
slow steady rate, the -bubbling was completely stopped for five
minutes, and readings were taken at Z-minute intervals: the
resistance then dropped more or less regulsrly at about 0.3
ohm/min. This decrease could not have been due to the entry
of carbon dioxide into the cell, since more than five minutes
were required before the presence of this gas above the li-
guid would be registered by any marked change in the conduc-
tivity (see p.113).
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The changing of the resistance whenever the stirring was
stopped was not confined to the first addition. Thus similar
variations were observed after both the second and the third
additions; in each case the effect was again most marked
immediately after the addition, and then diminished slowly
with time. However, although the general pattern was the same
as in the first addition, the actual changes were much smaller
in proportion to the resistance of the solution (the total
change shortly after the second addition was less than 0.005%
during 30 seconds of no stirring).

Because of this change in resistance when the stirring
was stopped, no sets of resistance readings were taken at
different freguencies during this titration. The measured
values were merely corrected to infinite frequency by using
the mean corrections obtained in the determinations of resis-
tances of similar magnitudes during previous experiments.

Experiment 9. S8tirring gas: Hydrogen
No. of additions: 5

The troubles encountered in the preceding experiment
owing to carbon dioxide entering the cell while additions were
being made were eliminated by a modification of the standard
procedure: instead of hydrogen being passed over the top of
the celis for the short period of the addition, purified air
from the auxiliary train (Section 1.631) was used (nitrogen
would have been preferable, but this was ..ut possible because
the nitrogen- and hydrogen-purification trains were common).
The effectivenese of this measure had been demonstrated by
performing several mock additions, in which water had been
placed in the cell and the full addition 1_ocedure had been
followed except ithat the stopcock was not turned open and
hence no liquid was actually added to the water; the immediate
changes in resistance were equivalent to 0.01% or less of the
conductivity changes which resulted from any normal addition
of the stock solution. This modification was therefore
adopted as standard for all titrations in which hydrogen was
used as the stirring gas.

This experiment was performed very shortly after the pre-
vious titration with hydrogen stirring, without further clean-
ing of the cell; the drainage, however, was still very good.
During the experiment a totel increase of 65 mg occurred in
the weight of the liguid.

As in Expt. 8B, the resistance changed gquite noticeably
as soon a&s the stirring was stopped for an accurate reading

to be taken. The largest variations in each addition occurred
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just after it had been made, and they gradually diminished
with time; also, the relative changes at corresponding times
after each addition decreased with successive additions. The
general pattern and the magnitude of the variations were sim-
ilar to those described in Expt. 8. Agsain no sets of readings
were taken at different freguencies for the correction of the

resistances to infinite frequency.

During this titration, several odd rises and falls in
registance were observed., These were correlated with the
temporary failure and restarting of the compressor which sup-
plied air for the stirring of the inner paraffin thermostat.
It appeared that the lack of stirring caused the temperature
inside the cell to drop by about 0.010 ~ 0.012%°: such a de-
crease would, of course, result in a rise in measured resis-
tance of about 0.03%.

Experiment 10. Stirring gas: Oxygen
No. of additions: 5

Another titration with oxygen stirring seemed desirable
in view of the very large amount of '"run-back" of solution
which occurred during Expts. 6 and 7. The drainare from the
upper walls of the cell was now very good, but some drops of
ligquid were‘étill found adhering to the inside of the neck at
the end of this experiment; this was because it had been
necessary to wipe it lightly at the conclusion of each of the
two preceding titrations. However, only one instance of a
small drop running back into t™e solution was apparent from
the resistance-time graphs for the various additions; this
occurred during the second addition, and the change produced

in the measured resistance was only about 0.01%,

During this titration several details were watched more
closely then before because of the phenomena which were ob-
served in the oreceding experiments when hydrogen stirring
was being used. Thus the liquid in the c.ull was weighed very
carefully at the beginning and end of the experiment: an
increase definitely occurred, but the amount {23 mg) was neg-
ligible in comparison with the total weight of the solution.
The behaviour of the resistance when the stirring was stopped
was also followed closely, but there appeared to be only the
usual mild downward drift; certainly there were no marked

changes such ag had heen found with the hydrogen stirring.
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water and the much larger rate of decrease of its resistance
asg against that of the water which had been used in the pre-

vious titrations. The exXxperiments would then be performed
as rapidly =s possible in order that the changes in the sol-
vent conductivity might be kept small.

Thege difficulties with the internal condition of the
cell and the gquality of the water did —ot end the troubles
which were experienced during this very trying period. Al-
though it was earnestly desired to begin the titrations as
soon as possible, the start was actually scheduled for tthe
latest date which would still allow sufficient time {inclu-
ding a day or two as a safety margin) for the completion of
all the remaining experiments; the leaching-out of the cell
and the attempts to obtain a good sample of water could then
be continued “or the longest time possible, in the hope that
this would result in an improvement in the solvent conduc-
tivity. This hope was not realised; instead it became neces-
sary to postpone the scheduled beginning for a further day
because, when everything at last seemed set for the start,
the refrigeration unit and the thermionic regulators for both
thermostats in the constant temperature room all failed
within the space of a few hours. Frantic efforts were made
to rectify the faults; the thermostat meanwhile being con-
trolled manually so that its temperature would not drift too
far from 25°C and thus destroy the thermoregulator setting.
Under the summer conditions already prevailing, it was essen-
tial to be able to cool the air which was drawn into the rOoom;
yet slthough the cooling unit had been functioning guite
satisfactorily for several weeks, it was now found to have
developed toth mechanical and electrical faults -- an expan-
sion valve which was no longer efficient and kept getting
blocked, and bad concacts which persistently threw out the
master switch of the refrigerator. The unit was repaired
after much difficulty, but it continued to behsve tempera-
mentally throughout thece experiments in spite of the fre-
quent attention of the technicians. The thermionic regulators
too had given little trouble till this time, and if only the
one in normal use with the author's thermostat had failed, it
wo .d have been possible to use lonz leads to the other,
which was then available; but both failed! Fortunately the

fault in one of them could socon be traced and rectified.

Prior to the first titration with each of the stirring
gages, a trial addition was made in order to gain some idea
of the resistance behaviour which could be expected in these
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as in previous experi 3nts, In order to minimise this error,
it was decided to depart from the standard procedure used

in other titraticr= and not to leave the first addition in
the cell overnighu, but to perform the whole experiment as
rapidly as possible. Actuslly the sample of water used in
the experiment was of better quality than had been antici-
prated —-- its conductivity at the time of the first addition
was 145 nm/cm and increasing then at a rate of about 5%
nm/cm/h. ifevertheless the original plan was adhered to,

and when the resistance of the water had becn observed for

.a few hours after it had passed its maximum, the first addi-
tion was made and left for about 7 hours, followed by the
remsining four additions & intervals of about 2% hours

each -- a continuous sequence of operations requiring about
21% hours before the final weighing of the cell was completed.
The troubles experienced during this period were fortunately
minor ones resulting main: from a slight lack of co-ordina-
tion brought on by fatigue. The drainage from the upper
portions of the cell was still very good.

Very careful checking of the weights of liquid in the
cell before and after the titration revealed a gain in weight
of 28 mg -- not as much as in the experiments with hydrogen
stirring (even allowing for the shorter duration of this
experiment), but the increase was nevertheless quite definite.
It wag, however, only just over 0.01% of the total weight,
and hence could not cause an appreciable error even if it

were neglected.

As regards the resistance, a similar bchaviour was
observed after the first addition as was Lfound during the
trial aeddition, altiouglh the changes were not quite as marked.
fevertheless, whenever the stirring was stopped in order to
determine the resistance accurately, the readings had to be
taken very fast. The magnitude of the variations diminished
Tairly rapidly after the first addition. The efiect was
also noticeable, to a decreasing extent, after the second
and third additions, but thereafter it was guite absent.

Experiment 13, 3tirring gas: Hydrogen
No. of additions: 5

The cell was again leached out for two days (part of
the time at 4500) with several portions of fresh conductivity
water. The trial addition made during this period revealed
an extremely rapid decrease of the resistance as soon as the
stirring was stopped in order to take a reading. In fact,
it dropped at such a tremendous rate immediately after the
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experimental error, since a constant correction to all the
calculated conductivities yielded results more in agreement
with the normal. Also, it had meanwhile been shown that the
KC1 stock solution definitely no longer had the same conduc-
tivity as when it had been prepared (see Section 5.521). It
was therefore decided to repeat Expt. 13 with a new XKCl
golution,

Mo trial addition was performed, since the changes in
resistance which could be expected were now known. The
behaviour when the stirring was stopped was, in fact, similar
to that found before, and again readings hac to be taken very
rapidly, especially just after the additions had been made.
This time it was possible to observe the behaviour more
closely after cach aliquot was added, and although the effect
diminished considerably with succeeding additions, it was
derinitely still noticeable even after the fifth one. In
all cases, however, its magnitude decreased rapidly with time,
and the resistance very soon stayed constant for quite a while

when the stirring was stopped.

During most of the month which elapsed between the per-
formance of Ixpt. 13 and this one, the cell had stood filled
with conductivity water., It was also leached with several
changes of fresh water just before the experiment, and the
8till was agein cleaned and its reagents renewed. MNeverthe-
less, the water used had a conductivity of 164 nm/cm at the
time of the first addition. Rather oddly, the conductivity
was still decreasing at a steady rate of about 0.7 nm/cm/h
at this time, although the water had then been aerated for
12% hours {(the minimum was normally reached in 8 - 9 hours
at a 60/30 bubbling rate). A similar odd behaviour was
observed after the first addition: the resistance fell ini-
tially in the manner expected, but after an hour it began to
rize glowly, and eventually it exceeded the initlial value at
the time of the addition (6749 ohms); in fact, when the second
aliquot was added after 12 hours, the resistance wgs actually
2 ohms higher than this value. The two effects are probably
related to each other, but the reason for them is not known.

Again the liguid in the cell increased in weight during
the experiment (85 mg), although the final parts of the train
had been thoroughly dried just prior to the titration. The
drainage was poorer than in the previous thnree experiments,
but there was only one indication of "run-back", and then the
change in resistance was less than 0.005%., Air was again
passed over twhe top of the cell while the additions were
being made and while the resistances at different frequencies
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were being determined. Much trouble was experienced both
with the weighings (the balance appeared to be particularly
unstable during this experiment ) and in maintaining the
bubbling rate constant: it is possible that these factors
were contributory to the experimental error which, from the
calculated results, obviously took place during the fourth

addition {see Sec¢ ion 3.34 and Appendix E).

3.33 Calculation of Results.

3,331 Resistance at infinite Treguency.

When the sets of readings taken at different frequencies
during the early experiments with unplatinised electrodes
were plottcd against f—l, the plots for the first additions
{average resistal e about 7500 ohms) invariably showed a
slight but distinct negative curvature. This curvature grad-
ually disappeared as more KCl was added, and usually from the
fourth addition onwards the plots against g1 appeared defi-
nitely to be straight lines. This result was in agreement
with the observation made by A. Faure, who also found that,
with a Gledhill-type cell, the R—fnl plots for KC1 solutions
became curved at lower concentrations, although they were

straight lines at higher valuesz.

The resistances of the first additions lay more1nearly
on a straight 1i when they were plotted against f"ﬁ, as
recommended by Jones and ChristiangG. However, similar plots
made for the other additions exhibited a definite tendency
tovards increasing positive curvature as the solution became
more concentrated. Such a curvature had also been found in
the R—fu% plots for the 0.,01D KC1l solutions used for the
determinations of the cell constants (see Section 3.221),
and the correction for polarisation resistance in these cases
had therefore been determined by extrapolating to infinite
frezguency the straight lines which resulted from plotting
the readings against f"l. Since the value of the cell con-
stant had to be used in the calculation of the theoretical
resistances which v~re eventually to be compared with the
measured resistances, it was decided to determine the values
of the latter at infinite frequency by a similar straight-
line extrapolation of the R—f_l plots for all the additions,
whether the lines appeared curved or not., Actually the cur-
vature even for the first additions was so little and the
polarisation correction for these solutions so small in com-
parison with their actual resistance that thes difference
resulting from the best-straight-liue extrapolations of
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method of correction was still used for the weight of solu-
tion inside the cell, but this was obviously not valid for

the weight of electrolyte as well., The correction for the
latter case was calculated from the weight of liguid which

was known to have been separated from the bulk of the solu-
tion, i.e. the weight of the ligqui present in the cap and
that which was wiped out from the upper portions of the cell,
as well as the weight of any drops which may have been removed
on the stem of the burette if it had accidentally been touched
against the sides during the additions (the latter guantity
had to be estimated, but tzsts showed that it never amounted
to more than a few milligrams). In most of the titrations,

if the drainage had veen at all reasonable, the total correc-
tion throughout the whole experiment was usually only about
0,10 - 0.15% -- some™imes even considerably less, especially
during the 1.ter titrations, when the techiique for cleaning
the cell had been improved. Thc adjusted weights for each
individual addition are therefore probably correct to 0.,01%

or better.

In the calculation of the results, it is .ot really the
weight of the solution which is regquired, but its volume, in
order that the concentration after each addition may be cal~
culated in equiv./l. The exact densities of the various
solutions formed du ng a titration could be determined from

103

the formulas given by Iii and Tang for the variation of

density of KC1 solutioas at 25°G:~

d = 0,99707 + Q.00635 f g/ml casrerreas(3.4)
where £ = weight percentage of IKC1

However, this was not generally done, as the concentrations
being considered were so low and their range so small that
it was sufficiently accurate to assumes that all the solutions
had the same density as weter, viz. 0.99707 g/ml at 2500.

It can, in fact, readily be shown that such an approximation
merely results in a constant absolute error in all the cal-
culated resistances, regardless of the nunber of additions
which nave already been made; and this error is negligibly
small even in the most concentrated solution considered.

For the simplest derivation, the following assumptions may
be made:-

(i) that the weight of solution in the cell (W g) remains
constant (the actual change during a titration of
ten additions was only 1%);

(ii) that the saue nunber of equivalents of KCl (E) is added
to the cell each time;

(1ii) that the electrolyte in the cell is always dissociated
to the same extent, i.e. that the egquivalent conductance
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of the XC1 (A) is the same for all the solutions (this
wes approximately true in these titrations, where the
actual concentrations were so low that dissociation
was nearly complete and the range of concentrations
was s0 cmall that A varied by only 11% +for ten addi-
tions to the cell);

(iv) that the conductivity of the water is negligivly small
compared with thet of th» elcctrolyte.
After nth additlon:
¢, = concn. of the solution in equiv./l.
1000nE.dr

T T L ST v}

W

cersaesseel(3.5)

where dn = density of this solution
Also, from the standard conductance equation,
Ky = conductivity of the solution

11 .IIFIGOOCI(SIG)

Substitution from equations (3.5) and (3.6) in the equation

&}

A resistance of the solution

= %i where Q = cell constant,
n
il = —.ﬁ!{.... I EEEEEREER] 5.’?
gives Rn AnE.dn ( )
Bquation (3.4) may be reduced to the form:
d, = a,, (1 +ax) cersrecees(3.8)
where d density of water

W
and X

o

correction factor for a
single addition.

Hence equation (3.7) becomes

U 0\ -1
Ry = Rmg (1+nx)
Vi
which may be expanded (since nx is very small) to give
R o ,.__.Q_"':u_.._. — -_Q.W.‘K_._ .'--'ooouo(5|9)
n AnE.dw AE.Q,,

The first term on the right-hand side of equation (3.9) is
the resistance of the solution as normally calculated, the
density being taken as equal to the density of water; the
second term 1s the corrcction which must be applied to this
calculated resistance to allow f'or the dirfering densities

of the (Cl solutions., It will be seen that the latter factor
consists entirely of constunts, so that the correction will
have the same absolute value for all the additions. This
value was about 0.035 ohmt for the titratioc.as as normally
performed, i.e., less than 0.005% of the resistance being

measured even efter ten additions had been made to the cell.
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3,333 Correction for solvent conductance

Since the electrolyte being used was the salt of a
strong acid end a strong base, the method of application of
the solvent correction was extiremely simple, viz. to add the
conductivity of the water to the calculated conductance of
the KC1 in the solution. The difficulty in these titrations,
however, lay in the fact that the conductivity of the solvent
was not constant, but changed continuously throughout the

"solution of glass" and other effects.

experiment owing to
The original intention was to assume that the water conduc-
tivity continued to increase during the titration at the same
rate after the KC1l had been added as when the water alone was
in the cell, The first additions were therefore not made
immediately after the resistance of the water had passed 1its
maximum value, but the water was always first left in the cell
long snoush for the rate of change of its conductivity to be
determined, so that the conductance after each of the addi-
tions could be calculated. However, it soon became apparent
that the assumption was incorrect, since the couductivities

of the potassium chloride solutions invariably inc¢reased more
rapidly than that of the water alone. There did not seem to
De a consistent relationship between the rates: they varied,
for example, for different additions, but not proportionally
to the number of additions -~ rates ranging from 1% -5 times
that of the water alone {(which itszlf varied with different
samples) were found.

The most probable reason Tor the faster rate of' increase
of couductivity of the potassium chloride solutions appeared
to be an ion=-exchange whereby, for example, K" ions were
being replaced by more highly-conducting " ions. This idea
was supported vy the gecaneral slope of the typical curve for
the change 1in resistance Tound after a first additiociu of stock
solution to the water in the cell (see line (1), Trig. 3.4).

If irregulariiies were neglected, a decrease iin resistaice
geemed to occur inmediately after the addition which was
fairly fast at first, but gradually slowed down until a more
or less constant rate was reached: this is the sort of hehav-
iour to ve expected if an interchauge was occurring beiween
the newly-added electrolyte and a previously denuded surface.
From the similarity of the curves obtained before and after
platinisation of the electrodes (the general shape was the
same with platinised electrodes, though the changes were
faster and greater; but then the conductivity of the water
alone had also been increasing considerably faster than usual),

it was inforred that the surface concerned with this reaction
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was the glass wall of the cell, and not the electrodes, The
mechanism of the exchanpge, however, was not certain. Gaudin
et al. had shown, by using radiocactive tracer techniques,
that bariumlo4 and sodiumlo5 ions are adsorbed from solution
on to the surfaces of guartz particles, and presumably there-
fore the potassium ions would also be adsorbed on to the
glass, which 1s mainly silica. But adsorption alone would
meail a decrease in resistance dve 1o removal or conducting
material, whereas the resistance actually increased, so that
an exchange process seemed far more likely. This hypothesis
has now received confirmation from a paper published very

106 have interpreted

recently, in which O'Connor and Buchanan
Gaudin et al.'s results as due to a cation exchange iﬂvolving
the hydroxyl groups of the hydrated surface layer which is
possessed by silica and other insoluble oxides when in contact
with water. Such oxides undergo reaction with the water,
giving hydroxyl groups which may ionise either as weak acids
or weak bases, depending on the circumstances, i.e. an elec-
trical double layer is establish... which will have either
hydrogen or hydroxyl ions in the diffuse layer. In the case
of quartz, the su..ace is .nvariably acidic, so that cation
exchange will be much more probable than anion exchange. The
replacement of K* ions by H' ions will cause the resistance

of the solution to decrease, fairly fast immsdiately after

the addition of the first portion of KC1l, but gradually slow-
ing down until a constant rate of exchange is reached.

How should this ion exchange be allowed for in the final
calculation of the results? This was obviocusly a gquestiocn
of major importance, since the method of correction would
aff'ect the values obtained for the calculated resistances
~— not so much, perhaps, in cases Whére the rates of change
of conductivity were fairly slow, but guite appreciably in
the experiments with platinised electrodes,; when the conduc-
tances were changing relatively rapidly. In Expt. 11 (nitro-
gen stirring), for instance, the rate of change for water
alone was 0.03% of the conductivity of the first addition per
hour, but the total change in conductance which occurred
during the 17# hours that the f*vst addition was left in the
cell was 0.71,.. The value calculated for the resistance of
the second addition would therefore vary by about 0.1% depend-
ing on whether the solvent conductivity was assumed to in-
crease at the same uniform rate found before the addition
was made, or at the rate occurring aiter the addition. If the
former assumption were followed (as had been the original
intention) and there had been no adsorption or other effect
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solutions formed by these additions, though even this was

not always true, e.g. where ‘run-back’” was prevalent, as in
Expt. 6 (illustrated by line (4), Fig. 3.4), no regular
decrease was Tor=d even after one day; but these cases were
exceptional an? were treated specially (see next section}),
since the weight of solution in the cell also had to be care-
fully considered. In general, where the rate of incresase

of conductance of the solution was obtainable, the change in
solvent conductivity over the whole period of the first addi-
tion could be determined either by graphical extrapolation

or by calculation. However, these methods still involved the
assumption that the ratc of increase was constant;'and
although steady conditions were frequently set up in the ex-
periments with unplatinised electrodes, after platinisation
the actual ratcs of change were so0 high that they seemed t
take longer to settle down and were, in fact, still decreas-
ing slowly when the second addition was made to the cell: no
accurate extrapolation was therefore possible in these in-
stances. In any case, asg can be seen from the typical curve
given by line (1) in Mig. 3.4, the extrapolation of an
eventuwal steady rate of change will neglect the more rapid
decrease in resistance occurring just after the addition; yet
this is presumably also caused by ion-exchange, i.e. the same
process for which allowance is being made in calculating t
change of conductivity, but it is merely taking place at a
faster rate while the glass surface 1s still bare of t 1o
until a steady state has been established. Neglect of this
factor in the typical case shown (the line was actually drawn
from the results of Ixpt. 1) would cause the calculated con-
ductivity at the time of the second addition to be in error
by about 0.085% of the to..l conductivity of the first addi-
tion (the difference between the extrapolated resistance and
ithe actual resistance at the time of the first addition);
hence the calculation for the second addition would show an
error of 0,025% only, and this would become proportionately
less for subsequent additions. The errors are small, but it
seems preferable to calculate the total change in conductivity
for a first addition as the difTerence betwecn the final and
initial values for this addition, as long as the variations
in resistance that have occurred are more less normal, Cale
as in line (2), Fig. 3.4. In line (3), however, it would be
better to make the necessary correction by calculation from
the uniform rate of change of conductivity occurring arter
the unusual variations, since the rise in resistance which
took place during this addition would result in a larger
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errors caused by these assumptions would be less than 0.01%
for any addition.

3.334 Corrections for "run-back" of golution.

The methods of calculation of the concentration of the
golution and the conductivity of the solvent outlined in tI
two preceding sections are obviously valid only as long as
the variations which occur during the titration are regula
Special corrections will, however, have to be applied when-
ever large erratic changes are encountered, such ag were
caused by solution running back off the upper walls of the
cell after being deposited there by spraying. Where the
'run-back™ is small and infrequent, so that the regular
change of conductivity of each solution can still be disting-
uished snd its rate determined, the conductivity correction
may, of course; be applied as hefore. DBut the total loss in
weight occurring during the titration as a result of spraying
will not be equal to the difference between the initial and
final weights, nor can the weights of solution or of electro-
lyte in the cell at any time be assumed to have changed at
a uniform rate: a proportional correction is therefore no
longer satisfactory. However, a fairly accurate approxima--

run-back" is

tion can still be made in the cases where
limited to two or three drops during the experiment, by
assuming the rate of deposition of spray (whether of water
or of the solution in the cell during any given addition) to
have taken place uniformly: hence the concentration of solu-
tion on the walls can be calculated from the time for which
the experiment as a whole has been proceeding and from the
amounts of electrolyte which have been deposited. Then the
weight of solution of given concentration at the time of the
run~back" can be obtained from the change in resistance
which it has produced. The weights of all the drops which
have run back are then added to the total loss in weight as
normally determined, to give a more accurate estimate of the
loss 1in weight which has actually taken place during the
experiment. If necessary, a second approximation can be made;
but sinece the method is valid only when the number of cases
of "run-back' are few, the corrections involved are usually
small and one approximation is invariably sufficient. From
the corrected rate of loss of solution by spraying, the
weights of solution and of electrolyte in the cell at any
time can now be calculated proportionally as before, with

appropriate aliowance being made during those additions where
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a "run-back" has oeccurred.

This approximation method does not hold where '"run-baek"
has been very prevalent, since it is essentially based on an
assumption that the changes during a titration oceur contin-
uously; but the process of '"run-back' being considered here
is in every respect a discontinuous one. This is caused by
the dropwise instead of the siezdy return of ligquid which has
left the solution continuously at a rate which, because the
spray droplets are so small, can still be regarded as niform.
The liguid on the walls cf the cell can therefore be consid-
ered to increage uniformly in concentration as more spray 1is
deposited, but only until the first large drop runs back.
Then one portion of the wall will be bare, and fresh solution
deposited there will have a higher concentration than in
other mlaces where 1t is being diluted by water and more
dilute solutions already present on these sites., It 1s like-
ly that the concentration will be most uniform; and will
increase most regularly, right at the top of the cell; since
less drops will return from there than lower down, and hence
the corditions will approximate most eclosely to the idesl
rates of change previously assumed. However, there will
almost certainly be a non-uniform gradation of conceniration
as one progresses above the ligquid surface level, for the
liguid situated lower down on the walils car. not only be
caused to return to the solution by virtue of the crops
having grown to flowing sigze by themselves, but it may also
be carried vack by the "snowballing'' effect resulting whern
drops from higher up flow down the walls.

It is gquite obvious from the actual grapns and from a
general consideration of the problem; that the drops do not
return at absolutely regular intervals, nor are they all of
exactly the same size. This irregularity both in the size
and in the time of return of the drops only further compli-
cates the issue. It would, of ccuree, e possible to follow
the resistance variations very closely {(which would involve
numerous readings to be taken right through the night as
well!) and thus observe each individual "run-back" by the
erratic change which it produced; but this would only indi-
cate how many drops had returned and when -- the welight of
gach drop could still not be caleculated from the size of the
resistance change because of the uncertainty of the concen-
tration of the liquid which hess run back. AL hest a series

of approximations could be made (and a large nurber would be
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-4
Concn. soln, = 0.19907 x 10 _x 1000 . 9.8725:{10-5 equiv. /1.

o 201,642
5.1 -
5. A= 149.92 ~ 93.85(9.8725x 10™°)% + 50x 9.8725x 10™°
= 149,92 - 0,932 + 0.005
= 148,993
=D
' K For this soln. = 9.8726 x10 " x 148,993
1000_5 -1 -1
= 1.4’?095 x 10 ohm ~cm
But Ky o = 93.5 nm/cm
2
oo Kl = conductivity gl soln. formed in first addition
= 1.48028 x 107° ohm—ic
0 _ 0,10899 .

Second =addition:

201.051 - (22,2 x0.,00337) g

Wt. soln. in cell at time of addn.
201,051 -0,075 g

o nn

200.976 g
Wt. KC1l soln, added 0,221 g
' Total wt. soln, in cell 201.197 g
s Vol. soln. in cell = =29L:197 _ o5 7gg m1

0.99707

Squiv. KC1 added 22.23{0.00464}{9.8725)

10 5(1 9907 + 2.2086 — To00

(4 1993 - 0,0010)
4 1985 x 1079

non

. _4,1983 %10 ~ x 1000 _ 3 =l .
’s Concn. soln. = 551,768 = 2,0805 x10 ~ equiv./1l.
- "'4 %’ -"4:
oo b= 140,92 - 95,85(2,0805x10 )2 + 50x2.0805x 10
= 149,92 - 1,354 + 0,010
= 148,576
-4
S, K for this soln, = £:0802x20 - x149.070
= 3.0911; x 10™% ormtem™t
But &« , 5= 22.2 x 1.28 mun/cn
2° = 28,4 nm/cm
oo K = 93,5 + 28,4 = 121.,9 mm/cm
H,0
o kg = 5.1033, x 107° xm/em
. - 0.10899 _

Subsequent additions are calculated exactly as for the second,.

3,04 Discussion of Results.

One of the results observed during these experiments,
wherein potassium chloride was titrated into water, has
already been mentioned, viz. the ion-exchange occurring at
the glass walls of the cell, presumably between the K+ ions
from the solution and the H' ions from the diffuse layer
surrounding the silica (see Section 3,.333). This effect
needs no further discussion, other than to state that it
appears to be the only effect taking place at the glass
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iate and very rapid decrease of the resistance had suggested
that a reaction was taking place in the solution -- probably
at the electrodes, thus causing a localised change in the
conductivity. This idea was supported by the immediacy with
which the resistance resumed its true value when even a
short burst of stirring was applied to the solution: any
mixing would tend to remove the more highly-conducting layer
quite rapidly from the vicinity of the electrodes, whe : it
had a large effect on the measured resistance, and distri-
bute it more uniformly throughout the solution, whose
conductivity would still be almost unchanged. The replace-
ment of XK' ions by H' ions at the platinised surface there-
fore fits in very well with all the observations. It is
possible that the much smaller decreases in resistance found
when the hydrogen stirring was stopped in the experiments
with unplatinised electrodes (Expts. 8 and 9) might also
have resulted from a _imilar adsorption and exchange occur-
ring even with bright platinum, but to a considerably lesser
extent. Thus the adsorption could not be detected in the
Tinal curves, whereas with the platinised electrodes, the
adsorption error was of the order of 1% for the first addi-

tion (concentration about : ~4N),

With oxygen stirring, the sharp decrease in resistance
found when the bubbling was stopped and the immediate return
to the correct value when the stirring was restarted also sug-
gests some exchange process taking place at the electrodes,
though the plot of the results of the experiment is not as
unusual as with hydrogen. There is a suspicion that the
line is slightly more curved at the beginning (i.e. at low
concentrations), but this cannot be stated definitely
without more sets of readings being taken imn order to reduce
the experimental error. Kolthoff and Kameda®° did find an
adsorption of potassium ions on platinised platinum from KC1l
solution in an oxygen atmosphere, the solution itself
becoming s Llghtly acidic. The proposed mechanism in this
case was the initial formation of hexahydroxyplatinic acid,
HoPt (OH)4, by oxidation of the platinum black. This acid is
very slightly soluble and remains for the main part on the
electrode, where it then reascts with the KT ions in the
solu®“‘on to form an insoluble salt: these ions arc therefore
effectively replaced by H' ions. This explanation does fit
the observed results: thus the changes in resistance found
whenever the stirring was stopped during the trial addition

were never as large as those occurring with hydrogen, but
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they seemed to be ar more persistent. For instance, when
the bubbling was left off for ten minutes, the resistance
decreased at an almost steady rate, which had not diminished
much even 1% hours later; whereas with hydrogen, the changes
werez very large immediately after the addition, but soon
became smaller. The latter behaviour is to be expected if
the process is merely an exchange, in which an equilibrium
will tend to be set up; but the production of the hexahydro-
platinic acid, although it may take place slowly, will
presumebly be Tar more continuous. PFrom the results of the
experiment, it appears that the awmount of adsorption of KC1
on platinised clectrodes in an oxygen atmosphere is very
slight -- perhaps of the order of 0.1% for the first addi-
tion; but it may be that the 1} days leaching with pure
water which the cell received before the actual experiment
was not sufficient to remove all the material which had
been adsorbed during the trial addition.

The plot of Expt. 11, where nitrogen stirring was used,
shows no signs at all of adsorption -- a result in agree-
ment with that of Kolthofrf and Kamedagz. There was, however,
a rapld change in resistance when the bubbling was stopped
in order to take readings, and the inecrease which was found
suggests the occurrence of some adsorption on the elec-
trodes, e.g. of the Kt ions, which would cause the conduc-
tance to derrease. But a secondary reaction must also hsve
been taking place, since the resis..nce afterwards dropped
at quite a rapid rate. No satisfactory explanation can be
given for these changes in resistance.
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3.4 SUMMARY AND CONCLUSIONS.

For this investigation of the adsorption of potassium
chloride from agueous solution, a conductance cell has been
used with unplatinised and with heavily platinised elec-
trodes. The resistances taken at different fregquencies
during the determinations of the cell constant before plati-
nisation were plotted against both f"-l (as suggested by A.
Faurez) and f"% (as recommended by Jones and Christiangs).
The latter plot is widely used by conductance workers in
order to correct for the polarisation resistance at the
electrodes by extrapolation to infinite freguency. However,
such plots gave lines of very distinct positive curvature,
whereas the points lay very closely on a straight line when
plotted against f"l; an extrapolation on this basis was
therefore used for the measurements made with unplatinised

electrodes.

The heavy platinisation certainly caused a large de-
crease in the polarisation correction, but the plots of the
readings at different frequencies gave negatively curved
lines for both £+
of the actual correction, these curvatures were guite defi-

i
and £ 2 graphs. In spite of the smallness

nite. The plots tried against f'% appeared to be more nearly
straight, and this was therefore used for the extrapolations
to infinite frequency of the readings taken with the plati-
nised electrodes, although there is no theoretical Justifi-

cation for doing so.

Similar results to the above were found for both
unplatinised and platinised electrodes during the measure-
ment of the resistances of the various solutions which were
formed during the titrations, even though the actusl values
of these resistances were now considerably higher. The
extrapolations to infinite frequency were therefore made in
the same way as for the determinations of the cell constants.

The investigation of the adsorption effects which take
place inside a conductance cell has been successfully per-
formed by a titration method. For this purpose, ¢ iguots of
a stock solution of potassium chloride were added to water
in the cell under a variety of conditions, and the changes
in resistance which followed each addition were closely
obgserved. The experiments have shown that the conductivi-
ties of solutions of pot=ssium chloride _ncrease at a faster
rate than that of pure water, owing to an ion-exchange
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process occurring at the glaes walls of the cell: 1t ions
in the diffuse layer surrounding the silica are apparently
replaced by k¥ ions from the solution.

No adsorption occurs at the electrodes when these are
unplatinised, irrespective of the gas being used for stirring
the potassium chloride solutions. There is also no adsorp-
tion in a nitrogen atmosphere even with heavily platinised
electrodes; but some adsorption takes place in an oXygen
atmosphere, and quite a considerable amount when hydrogen
is used for stirring the contents of the cell. In each case
Kt ions are adsorbed on the platinum bleck and replaced by
Bt ione in the solution, but the mechanism of the reaction
is gquite different in the two cases. In the case of the
hydrogen stmosphere, the reaction apparently goee to comple-
tion fairly rapidly: thus the difference between the calcu-
lated and the measured resistances after the first addition
was about %, even though the latter value was taken within
two minutes of the potassium chloride being added to the
water; also, the changes in resistance which occurred
subsequently were of the same order as those which were
found in all the other experiments, and could quite satis-
factorily be sccounted for by the ion-exchange st the glass
surface,

The major errors in these experiments arose from 4iffi-
culties encountered in the weighing of the small aliquots
of stock solution used, and from losses occurring as a
result of spraying of the ligquid when the bubbles of stir-
ring gas burst at the surface. For future work along
similar lines to these, therefore, it is recommended that:

(i) a somewhat lighter weight burette be constructed, and
a semi-micro balance be used for weighing it, so thsat
the weight of each aliquot can more easily be obtained
with an accuraey of 0.08% or better;

(ii) an attempt be made to design & cell in which spraying
losses can be eliminated, and which does not suffer
from the defect that the Gledhill~type cell apparently
hag; wviz. an apparent change in cell constant with
decreasing conecentrstion.

~ e w=0000 0000000 —mwm—
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A, CALIBRATION OF BRIDGE RESISTANCES,

The values given below were obtained in June 1952 when
the bridge resistances were calibrated as described in Sectiaon
1.21. TFor comparison, the values found for the decade resis-
tances by A. Faurez in August 1951 (by means of an inter-
mediate step invelving the dalibration of another resistance
box) are also shown, together with the differences between
the two celibrations (A. Faure's values for the 1~ and 10-ohm
decades were obtained in 1949).

(a)

Bridge Decade Registances.

1000~ .m Decade 100-ohn Decade

[ "Set- [Correction(ohms)| % | | Set-[Correction(ohms) .%
ting (A.Faurﬂ Diff. ting A.Faure)lef.
(1952) | 1951 n (1952) {\ 1951
17| +0.54 | +0.73 }0.,019 1 | +0.090 | +0.107 |0.0L7
2 +1.0% +1,46 0.020 2 +0,178 | +0,211 |0.017
54 +2,13 | 42,72 0,020 ) +0,302 | +0.3560 [0.016
4 +2.506 +3,5D 0.020 4 +0,378 { +0,447 |0.017
5 +5 4 B0 +4.35 0,020 5 +0.,402 | +0.488 [0.017
B +4 o 44 +5,.682 0,020 [3) +0,462 | +0.583 |0.017
7 +4, 30 +6.2%2 0.020 7 +0,603 | +0,719 [0.017
8 +b.565 +7 .25 Q0,020 8 +0.690 | +0,.825 [0,017
9 +6.482 +8.,29 0.021 9 +0.820 | +0.966 {0,016
10 +7,27 +9,44 0.022 10 +0,870 +%L130 0,016
10-ohm Decade l-ohm Decade
Set-{Correction{ohms)! % Set-{Correction(ohms) %
ting «Faure\ DiffT. ting (A.Faure Diff.
(1952) || 1951 ) | (1o52) || 1951
1 +0.0199 +0.0189] 0,000 1} +0.0007 +0,00171{0,100
2 +0,0418 +0,0425| 0,004 2 +0,0008 +0,000210,000
3 +0,0614 +0.,062870,0056 3 -0,0008 -0.000510,003
4 +0,0798 +0.0815| 0,006 4 -0,0014 +0,0018;0,076
5 +0,0981| +0,1016| 0,007 5] -Q.0015] +0,0021}0.,072
6 +0,1236] +0.1285{0,008 o -0.0010 +0.002410.067
7 +0,1431; +0,14971 0,009 7 -(.0014{ +0,0017[0.044
8 +0,1628 +0.17192| 0,011 8 -0,0019 +0,0014{0,041
9 +0,180% +0,1918]0.013 9 -0,0025 +0.,0008{0,037
10 +0.202%9 +0.2166|0.014 10 -0,0034 -0,0019|0.015
0,1-ohm Decade
Set- |Correction{ohms)| %
ting Fgurel|Diff.
(1952) |\ 1951
1 +0, 0006 +0,0006|0.,000
2 +(.0003 +0,0005|0,100
3 +0,0003] +0,000710.133
4 +0,0003 +0,0009{0,150
5 +0,0004{ +0,0012}{0,.160
6 +0,0005b| +0.00150,186%7
7 +0,0008f +0,001810,143
8 +0,0010| +0,002310.162
9 +0,0010 +0.,002810.200
10 +0,0007 +0,0030(0.230
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