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1. fJ.1he apparatus used in this investigation is fully 
described, and a new method is outlined for the calibra­

tion of bridge r esistances "in situn. 

2. 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 28°C, and for pres­
sures from 690 to 730 mm. 

3. An automatic recycling s.till has been designed f'or 
the continuous product ion of 11ultra-pure 11 water. This 
still is capable of delivering daily, in routine opera­
tion, 16 1. of water of conductivity less than 100 nm/cm 
af'ter aeration with "C02- and NH3-free" air. 

4. A very s.oluble layer appears to :form on the surface 

of' glass when it- is dried; this layer is readily removed 

on contact with water. 

5 . The removal of carbon dioxide and of ammonia from 
aqueous solution by aeration with an indiffer ent gas 
has been fully investi ga ted, and it has been shown that 
t hese gases can be completely eliminated by such a pro­
cess. Whereas the carbon dioxide is removed fairly 
rap idly , however, the ammonia, whether present a lone or 
together wi t h carbon dioxide 1 only goes out of solution 
rather slowly. 

6 . It has been shovm t hat an~onia is adsorbed from aque-
ous solution on t he glass walls of the cell. 

7. There does not appear to be any anunonium bicarbonate 
in the r esidual impurity left in the uultra-pure 11 water 
obtained from the still; the impurity can, in f act, be 
regar ded as neutral salt with sufficient accuracy for 
most purposes . 

8 . The r esistance change which accompanies any variation 
in t he rate of bubbling of the s t irring gas through t he 

water has been investigated, but no s ol ution has been 
found a s to the cause of this change . 

9 , A c omparison has been made of the efficiency of dif-
fer ent gases f or stirring purposes , and it seems that, 
for general work, nitrogen is by far the most suitable 
of the common gases . 

10. 'I'he extrapolation t o be used for converting res is:.. 
tances t o their values at infinite frequency appears 
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which surrounded it. Heat loss·es by transfer through the 
bottom of the thermostat were avoided by standing the inner 
vessel on three ebonite legs. This bath was filled with par­
af.fin., beenuse the conductivity of' ··water gave rise to errors 
in accurate c~ onductance measurements when it was used as a 
thermostatic liquid in contact with the ce114. The paraffin 
was stirred by a current of air which first passed through 
one of the three copper coils in the outer bath before ·emer­
ging into the oil from a tube near the bottom of the inner 
vessel. Another of the copper coils was also sealed through 
the wall of tne latter vessel near the top, but it ended in 
a tube placed above the paraffin level; this was connected 
by a rubber joint to the side~tube B of the cell (see Fig.1.4), 
thus enabling gas to be passed over the surface of the liquid 
in t he cell. The third coil in the outer bath was joined via 
the potetsh bulb to another coil of copper tubing placed in 
the paraffin but terminating above the liquid level so that 
it could be connected to the capillary tube A of the cell by 
means of pressure tubing: the gas that was used to stir the 
contents of the cell should therefore have been fully tempe­
ratur~ e~uilibrated after passing through these two coils. 

Slight condensation appeared to take place in the coils, 

particularly in the one in the inner thermostat ; then, after 
some time, small droplets of water were occasionally carried 
over into the cell by the stirring gas, thus causing the re­
sistance to change suddenly by quite large amounts (see 
Section 2.424). The coils were therefore cleaned and dried 
at regular i ntervals: tap-water was allowed to flow through 
them for a whi le, and afterwards dry air wa s sucked through 
until t ests with weighed calcium chloride tubes showed no 
more moisture to be pr esent. 

1,13 1'h~Thermoregulator. 

The t hermoregulator (shown in Fig. 1.1) was of the stan­
dard pattern employed for conductance work in this laborato• 
ry1 , 2' 3 . The st opcock was well ground to prevent leaks, and 
it was lubricat ed with a glycerol-dextrin mixture5 which was 
insoluble in the t oluene used for filli ng the regulator. A 
few other details of the construction may perhaps be stressed . 
although they ar e fairly obvious :-

(i) Variations up to 0.005° , and sometimes gr eater , were 
found with the first regulator which was used, particu­
larly when the surface of the mercury in the cont.act 
tube A had bec ome s lightly dirty. Decreasing the din­
meter of t his capillary tube i ncreased the sensitivity 
of t he oontrol and r educed the size of the temperature 
ripple. 
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For many years. one o~ the main ~ields o~ research in 
physical chemistry in the Rhodes University Chemistry Depart­
ment has been that of the electrical conductances of aqueous 
s.olutions. In particular, attempts have been made to in­
creas.e greatly the precision with which conductimetric 
ti trations may be per~ormed. rl'his progrannne was initiated 
by Pro~essor Barker, and has been carried on by several 
research s.tudents in this laboratory. The ultimate aim 
has been to provide a more accurate interpretation o~ the 
curves obtained by this. method o~ analysis, especially where 
complex sol u.tions are involved. However • the extension of 
the precision with which the conductance meaaurements can 
be made has brought forth a whole host of new problems, 
which must first be. solved befo~e the complete titration of 
any mixture can be accomplished with the desired aocuracy. 

'I'wo of thes.e problems have been inveatigated in this 
thesis : 

(i) the nature of the residual impuritiea present in the 
very pure water which has bean prepared for routine 
u&e (Part 2); 

(ii) the adsorption effects which take place in a conduc­
tance cell containing very dilute solutions (Part 3). 

A cons;iderable amount .of: specialised apparatus, has, been used 
for the precision work involved in these investigations. 
For <aonvenient re~erence, and to avoid breaking the trend 
of the descriptions. Df actual experimental work, this appa­
ratus has. been fully described separately i n J?art 1. J?or 
the same reasons, detailed results. of' calibrations and of' 
individual experiments have not been inc~uded in the general 
text. but have been placed in several appendices, to which 
the reader i s referred where necessary. 

-----ooooOOOoooo-----
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1..1 THE TEMPERATURE CONI'ROL APPARATUS, 

The conductivity of amy electrolytic 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°0 was deemed de~irable 
for the investigations reported here, and this was attained 
quite readily. 

1.1.1 ~he Constant Temperature Room. 

The advantages of housing all precision conductance 
apparatus in a room, which is itself kept at a constant 
temperature, have been enumerated by Goddard1 and A. Faure 2. 
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, which has already .been fully 
descri bed1., 2 

9 was controlled at about 24 °0, i.e. ~ 0 below the 
temperature at which all measurements were being made: the 
resultant even rate of flow of heat from the thermostat tc 
the surroundings enabled the temperature of the former to be 
maintained very constant. On the whole the regulation by 
means of the thyratron-Gontrolled relay worked very sat~&~ 
factorily, except for a few occasions when the temperature of 
the room rose to well over 30°0. This took place because the 
regulator c eased to operate as soon as the temperature exo 
ceeded a certain value (about 25-26°); if , therefore, the 

plant which cooled the air being drawn into the room failed 

during a spell of hot weather (as happened quite frequently), 
and the temperature rose sufficiently without it being noticed, 
it did not automatically return to 25°0, The instability of 
the c oo ling system was, in faot , the biggest source of trouble 
as regards t he control of the temperature, and the temperamen­
tal behaviour of this unit caused many anxious moments and 
conaiderable loss of time during these investigations. 

1.12 Tl},e ThermoE?j:.at. 

The thermostat was the one employed by Gledhill3 , with 
a few minor modifi cations. It was placed on the table pro­
vided in the s.w. corner of the room, to the right of the 
conductance bridge. The complete arrangement of the appara­
tus in this corner is illustrat ed in Plate I . 

The large outer vessel of the thermostat was kept filled 
with wat er, fresh portions being added occasionally to compen­
sate fon evaporation ~osses:. When tap-water was used, this 
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replenishing caused a gradual increase in the mineral con­
tent, and eventually the various parts or the thermostat in 
contact with the water became coated with a hard layer that 
was quite dirricult to remove; also, there was a tendency 
ror algae to grow in the water which could, however, be pre­
vented by addi~g small amounts or mercury or mercuric chlo­

ride. This precaution proved unnecessary when a change was 
made to using distilled or demineralised water ror the fil­
ling so that the walls would not become coated: the water 
then remained reasonably clean over long periods. The inner 
surrace of the vessel was painted with Plicate (a chemical­
resistant paint) in order to prevent co~rosion of the iron. 
At one stage strips or magnesium foil were also suspended in 
the water so as to undergo prererential corrosion, but these 
corroded too rapidly and then fell orf into the thermostat 
where t hey tended to jam the paddle-stirrer; this caused so 
much inconvenience that the practice was discontinued. 

The heater was a 250-watt Genco knire type immersion 
heaters whose wattage was decreased by placing resistances 
in series. Ordinary electric lamp bulbs, which were plugged 
i n to a board placed below the room so as not to rorm an 
additional source or heat inside it, were used ror this pur­
pose. These lamps could be shorted out by means or a switch 
(visible i n Plate I on the wall on the right) whenever rapid 
heating was r equired , e.g. during the initial warming up or 
the t hermost at . The wattages of the bulbs were chosen by 
trial and error, the values originally used being such as to 
give appr oximat e ly equal "On" and ·'orr'' periods or the heater. 
Afterwards, however, the heating period was adjusted to be a~ 
long and t he cooling period as short as possible. This de­
parture rrom normal practice was made because it was the more 
logical and efrective procedure under the conditions of ther­
mostating described here. With any thermoregulator which .de­
pends in principle on the changes occurring in the volume of 
a liquid with t emperature , t here must necessarily be a finite 
time-lag during heating or cooling before the heat exchanges 
have caused suffici ent expansion or contraction for the re­
lay t o be operated b y t he r egulator. This lag in time will 
be approximat ely constant for a given thermoregulator , de­
pending on its construction , and it may be quit e large where 
poor heat conductors such as gl ass are being used. There 
will t her efor e be a definite over shoot in temperature, depen­
ding on t he rate or t he heating or cooling. With constant 
t emperature surroundings, the thermostat will always cool at 
a constant rat e , and hence the overshoot in this direction 
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will be fixed. The rate of heating, however, may be varied 
at will, and the faster the heating the greater will be the 
overshoot. The "ripple eff'ect 11 will therefore be smallest 
and the temperature most nearly const ant when the rate of 
heating is maintained just in excess of the cooling rate: 

ideally they should actually be equal. Slight fluctuations 

in the temperature of the constant temperature room natural­
ly precluded this possibility, but it was quite easy to re­
gulate the heating to give a long "On" and short "Off" period. 

The t emperature of the water in the thermostat was kept 
uniform by stirring it with a large rotating paddle-wheel 

3 
mounted centrally near the bottom of the vessel. Gledhill 
used a naffle to isol ate the heater f~om the main pa~t of the 
thermostat in order to prevent currents of hot water from cir­
culating there~ It was shown by A. Faure2 , however, that this 
was not necessary and that, in fact, it only impeded the cir­
culation. The baffle was therefore omitted in this thermo~ 
stat. The stirrer was driven at about ~oo r.p.m. by a Garrard 
gramophone motor, which has given remarkably satisfactory ser­
vice over a number of years of continuous use, although it was 
never intended to operate under such a heavy load. In order 
to mini mise strain on the bearings of t he motor, the latter 
was connected to the axle of the bicycle hub , which formed 
the upper end of the stirrer shaft, by means of a short length 

of pressure tubing. Both t he motor and the hub were rigidly 
clamped to an iron framework mounted onto the wall (see Plate 
I), i n order that no vibration might be transmitted to the 
thermoregulator. F'or this same reason, the latter was sus­
pended i n the water on rubber bands, and the whole vessel was 
placed on t wel ve tennis balls. The constancy of the tempera­
ture was controlled by the thermoregulator (see Section 1.13), 
and by the Su11vic relay and thermionic section described by 
Goddard1 and A. Faure2 . 

The out0r vessel contained also three coils of copper tu­
bing, t hr ough which air (or other gases) could be passed in 
order to reach temperature equilibrium at 25°C be:f'ore f'low­
ing out of the tubes . These coils were connected to an inner 
vessel, two of t hem directly while the third was first joined 
to a pot ash bulb; the lat t er was filled with conductivity 
water so t hat the gas would bubble through it and thus become 
saturated at 25° as well. 

The i nner vessel was much smaller than the outer container, 
for it was i ntended primarily to hold only t he conductance 
cell. It had no i ndependent heater, but was constructed of 
sheet copper for the efficient exchange of heat with the water 
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which surrounded it. Heat loss·es by transfer through the 
bottom of the thermostat were avoided by standing the inner 
vessel on three ebonite legs. This bath was filled with par­
af.fin., beenuse the conductivity of' ··water gave rise to errors 
in accurate c~ onductance measurements when it was used as a 
thermostatic liquid in contact with the ce114. The paraffin 
was stirred by a current of air which first passed through 
one of the three copper coils in the outer bath before ·emer­
ging into the oil from a tube near the bottom of the inner 
vessel. Another of the copper coils was also sealed through 
the wall of tne latter vessel near the top, but it ended in 
a tube placed above the paraffin level; this was connected 
by a rubber joint to the side~tube B of the cell (see Fig.1.4), 
thus enabling gas to be passed over the surface of the liquid 
in t he cell. The third coil in the outer bath was joined via 
the potetsh bulb to another coil of copper tubing placed in 
the paraffin but terminating above the liquid level so that 
it could be connected to the capillary tube A of the cell by 
means of pressure tubing: the gas that was used to stir the 
contents of the cell should therefore have been fully tempe­
ratur~ e~uilibrated after passing through these two coils. 

Slight condensation appeared to take place in the coils, 

particularly in the one in the inner thermostat ; then, after 
some time, small droplets of water were occasionally carried 
over into the cell by the stirring gas, thus causing the re­
sistance to change suddenly by quite large amounts (see 
Section 2.424). The coils were therefore cleaned and dried 
at regular i ntervals: tap-water was allowed to flow through 
them for a whi le, and afterwards dry air wa s sucked through 
until t ests with weighed calcium chloride tubes showed no 
more moisture to be pr esent. 

1,13 1'h~Thermoregulator. 

The t hermoregulator (shown in Fig. 1.1) was of the stan­
dard pattern employed for conductance work in this laborato• 
ry1 , 2' 3 . The st opcock was well ground to prevent leaks, and 
it was lubricat ed with a glycerol-dextrin mixture5 which was 
insoluble in the t oluene used for filli ng the regulator. A 
few other details of the construction may perhaps be stressed . 
although they ar e fairly obvious :-

(i) Variations up to 0.005° , and sometimes gr eater , were 
found with the first regulator which was used, particu­
larly when the surface of the mercury in the cont.act 
tube A had bec ome s lightly dirty. Decreasing the din­
meter of t his capillary tube i ncreased the sensitivity 
of t he oontrol and r educed the size of the temperature 
ripple. 
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(ii) It is recommended that the regulator be constructed 
of soda-glass because of the difficulty of obtaining a 
leak-proof seal of platinum through Pyrex glass, even 
when thin wires are used. When the first regulator was 
broken, two new ones were made of Pyrex glass. Although 
neither of these showed any visible leakage of ~ir during 
several exhaustive tests with reduced pressures, neverthe• 
less a gradual rise in the temperature of the water bath 
(about 0.3-0.4° per day) took place when either of them 
was used in the thermostat. This rise was finally prov~d 
to be due to a minute leak at the platinum-glass seal B, 
because the rate of rise of the temperature dropped mar­
kedly when this seal was coated with shellac. 

1.14 Standardisation of Temperature. 

When the experimental work described in Parts 2 and 3 was 
commenced, no recently standardised thermometers were availa­
ble. The standard method of precision temperature measurement 
at the value being considered (25°0) is, of course, by platinum 
resistance thermometry: this follows at once from the defini­
tion of the International Temperature Scale6• The attempts to 
use this method, however, were· not very satisfactory because 
of the lack of sufficiently sensitive resistance-measuring 
equipment. An accuracy of temperature measurement of o.ool0G 
requires a precision of resistance measurement of a few parts 
per million7 , and the apparatus available was not capable of 
giving results to better than 0.04°0. 

Further attempts at electrical standardisation were made 
by means of thermoelectric thermometry, but these were even 
less successful. Tests performed with a 28-junction copper­

constantan thermocouple by placing one junction in melting 
ice (0°0) and the other i n sodium sulphate at its transition 
point ( 32 .• 383°0) indicated that the equipment was sufficient­
ly sensitive : for each 0. 01.0 0 ~ an e. m. f. of about 4 microvolts 
was set up, which· could r eadily be measured on a Tinsley 
Vernier Potentiometer. As is generally the oase8 , however, 
the e.m.f. did not appear to vary linearly with the tempera­
ture. The method could therefore not be used satisfactorily, 
since no i ntermediate standard temperatures were available for 
the accurate calibration of the thermocouple over the required 
range. In any case, it seemed that this particular thermo­
couple was defective, as tests between 0 and 25°0, and between 
25 and 32 , 38°0 indicated that it did not obey the law of suc­
cessive or intermediate temperatures8• 

The question of temperature standardisation was therefore 
left over until it was possible to have mercury-in-glass ther­
mometers calibrated by the South African Nat ional Physical 
Laboratory. This method of t hermometry is not really suitable 
for measurements of the highest precision because of slow 
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changes in the volume of the bulb with time 9 ; but it was the 
only method readily available after the failure of the attempts 
at an electrical standardisation. Several batches of thermo­
meters were sent to the N.P.L. for calibration at various times. 
A solid-stem mercury-in-glass thermometer (No. 2314) was even­
tually used for all accurate measurements of the temperature; 
it was graduated from 17 to 35°C in hundredths- of a degree, 
and calihrated to 0.01°C 9 although 0.001°C could be estimated 
by interpolation. Such readings were, in fact, regularly made 
whenever the temperature of the bath was being measured.. This 
procedure is not generally to be recommended , particularly 
since the thermometer possessed no reference point by which 

. 9 
changes in the volume of the bulb could easily be Checked . 
However, this thermometer was already very old when it was 
calibrated ~ and it was permanently kept in the constant tem­
perature room and not subjected to large variations in tempe­
rature; it was therefore considered unlikely that its calibra­
tion would change by more t han 0,01°C in the course of a year 
or two. The constancy of the cell constant determinations 
made at va~ious times (see Appendix B) seems to justify this 
opinion. 

For the routine checking of the thermostat temperature 
and its variations, a 5° BGckmann thermometer, graduated in 
hundredths, was permanently placed in the water in the outer 
bath. The use of such a thermometer is not entirely satisfac­
tory f or long- term standardisations, because its setting does 
not remain quite constant over protracted periods of time, 
particularly when it is subjected to changes i n temperature: 
Tober10

1 for instance, found that when a Beckmann thermometer 
was heat ed above the temperature for which it had been set, it 
did not always r eturn t o the same reading afterwards. So, too, 
in the present case it was found that over a period of several 
years t he set ting corresponding to 25 .00°0 varied i rregularly 
by as much as 0. 04 °. 1'hese varia·b ions were probably due to 
changes in t he volume of t he bulb, the effect being quite pro­
nounced beoause of t he l ar ge volume of mercury generally used 
in Beckmann ther mometers and the rather thin walls of their 
bulb s . So;netimes t hese changes in the s etting seemed to take 
place in err atic j umps of up to 0 . 01° each over a period of a 
few days, Such behaviour was naturally a little annoying in 

view of' the rigorous control of temperature required ; it was, 
however, somc::;what exceptional, and in general the thermornete!' 
pr oved extremely useful i n i ndicating small variations in tem­

perature over shorter time intervals (one or two days). 

In order to ensur e t hat the setting of the Beckmann thermo-
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meter was correct, it was compared with the standard thermo~ 
meter whenever the thermostat was restarted after a period of 
disuse, and a lso at regular intervals between these times, 
This comparison was always made by placing the standard ther­
mometer direct ly into the liquid in the cell, with the bulb 
about !-inch above the electrodes, while the Beckmann thermo­
meter was l eft immersed in the water-bath. This procedure 
was adopted after it had been discovered that there was a dis­
tinct difference between the temperatures of the various baths, 
the paraffin being slightly cooler than the water. By alter­
nately placing the Beckmann thermometer either directly into 
the cell or in the water-bath, and by taking readings after 
each cha nge-over at one- minute intervals until the recorded 
temperat,~e had been constant for at least ~0· minutes, it was 
shown that the temperature i nside the cell was actually about 
o. 008- 0 . 010° lower than that in the outer thermostat, The 
former temperature was, of course, the one which it was de­
sired to maintain constant at 25, 00°C -- hence the reason for 
t he method used in standardising the Beckmann thermometer. 
The standard thermometer was always allowed to equilibrate 
for 3, - 5 minut e s after its immersion in the liquid in the cell 
before the readings on t he two thermometers were compared; 
also , during the latter stages of this r esearch, it was first 
warmed or cooled to about 24.8°C before being placed in the 
cell. These precautions were considered necessary because it 
had been f ound that, unless the thermometer was left to equili­
brate in the cell for a very long time, the f i na l temperature 
recorded seemed t o depend on t he temperature of the thermome­
ter immediately prior to its immersion. Presumably this was 
due to a slight cooling or heating of the liquid in the cell 
because of it s cont act with t he thermometer at a different 
initial t emper ature. 

1.15 Performance of Thermostat. 

The largest variations in the r ecorded temperature of the 
thermostat were probably not real changes in temperature, but 
arose from changes in the reading of the thermometer with time, 
as mentioned above . Apart f rom these apparent variations, the 
thermost at t emper ature was f ound to remain exceedingly con­
stant for a given setting of the t hermoregulat or, particularly 
after the aew one with a narrower capillar y for t he contact 
tube had been installed. With t he previous r egulator, for in­
stance, variations of 0.005° (and s ometimes larger when the 
mercury had become dirty) had been observed as the heater was 
switched on and off ; but the later variations sel dom exceeded 
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0.001°C over short periods of time. Over longer periods, 
ranging from s everal hours to a "few days, changes up to 0.004° 

were noted on the Beckmann thermometer: these were probably 
real changes in temperature, res.ul ting "fl,om variations in the 
atmospheric pressure, which would af"fect not only the volume 

ot: the thin-walled bulb of: the thermometer but also the large 
volume of t oluene in the regulator. 

The temperature of t~e 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 t hrough the cell was varied (see Section 2.41). When 
these changes were first noticed, it was thought that they 
might be due to an incompl ete temperature equilibration of 
the stirring gas during its passage through the copper coils: 
this would cause a progressively greater cooling of the liquid 

in the cell the faster the stirring. The bulb of: a 1° Beckmann 

thermometer, graduated in thousandths, was therefore immersed 

directly in the cell liquid and le"ft there 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 
equilibrium value of the temperature, at the new stirring 
rate, to be recorded on the thermometer. The resulta 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, although the r ate of bubbl.ing was varied from 
less than one to about five bub.bles per second. 

'rhe 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 liquid. mixed at a uni­
form temperature and to speed up the temperature equilibration 

between the contents of the cell and the outer bath. That 
there was a r eal need to maintain this. stirring, however, 

became apparent when several unexpected small increases in 
resistance were observed during one ot: the titrations (Expt. 9 

-- s:ee Section 3. 325) . At the time, these change.s could only 
be correlated with the temporary failure of the compressor 

which supplied the air. This. was con.firmed by a s.eries of: 

t ests , which showed that, even though the temperature in the 
outer bath remained quite const ant , 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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1. 2 THE CONDUGT.AI1CE _l)_RIDGE. 

The bridge used was the one built by Goddard1 and 
A. Faure2; it has been adequately described by them. 

1.21. Cal~.J!.i£_n of ~r~-~- Res.is.tances. 

The res.istances had been calibrated by A. Faure, but 
it was decided to restandardise the bridge when a few dis­
crepancies were found o.n meaSU!:'ing a given resistance by 
alternative methods, i.e. by using different combinations 
of coils in the bridge. li1aure' s method of oalibration2 was 
rather long, and it involved the preliminary intercomparison 
of the resistances in a separate decade res.istance box. 
Thia intermediate step was apparently included in order to 
calibrate the bridge resistors. "in situ", s.ince the use of 
a method such as, that des.cribed by Dike11 would require the 

removal of the shielding in order to gain access to the 
studs to which the individual resistance coils were attached. 

The new method of standardisation used was, in effect, 
the analogue of the standard Richards' method of calibration 
of weights relative to each other12 : the resistances of the 
various. coils were interoompared in the bridge itself, and 
ultimately checked at one point against a standard resistance 
in order to get abaolute values,. This method seemed to have 
several advantages over the one employed by A. Faure: it 
eliminated the intermediate stage, which was. really tant­
amount to another full standardisation; also, except for an 
uncalibrated decade resistance box, it required no other 
additional apparatus., such as.. a potentiometer and small 
standard resistance. 'rhe whole calibration could be done. 
with t he bridge "in situ", and it was possible even to 
measure the leads· resistance of the bridge without having 
t o open the latter at all. 

The chief objection to this method seemed to be that 
it was limited by the accuracy with which the contact resis­
tance on the studs of the various decades. could be reproduced. 
This was true particularly of the smaller resistances..., where 
the value was r equired to 0.0001 ohm if an accuracy of 
0.001% was to be maintained over the full range of the 
calibration. The manufacturers.. (General Radio Company) 
guaranteed the contact r esistances of t he decades to 0.002 

ohm only. Thea.e. resis tances. pres:umably aroae mainly from 
the formati on of a t hin coating of oxide on the atud$ when 
not in us,e , and possibly also from other minor effect s , 



- 12 -

such as the pressure of' the switch-arm contact on the studs. 

A:rzy resistance due to the latter c~use should., however, 
remain constant for a given switch-arm and stud; in any 
case, it could not be dissociated from the resistance of' 
the ooil itself when the bridge was being used forth~ 
normal mea surement of' resistances, since there would n~, ces­

sarilY have to be contact between the arm and the stud. 
Such cont ... ct resistances should therefore be included in 
the final standardised values for the coils, whatever the 
method of calibration used. ·rhis inclusion was automatically 
ensured 'by the "in situ11 method employed here. 

'rhe oxide films, on the other hand, would cauBe the 
contact resistance to vary s..~ightly, depending on their 
thickness. Duri!lg the calibration only two stud positions 
were changed for each coil standardised (except for the 
high resistances, where in any case the contact resistance 
was negligible); the rest of the contacts in the other 
decades were not shifted, and hence their resistance should 
have stayed constant -- one of the essential characteristics 
req,uired of this method. 'rhe F'aure-Goddard bridge is very 
sensitive, particularly at· the lower resistances, and it 
could be balanced and the resistance estimated on the slide­
wire to 0.0001 ohm for individual settings of the contacts. 
Before each setting, those contacts which had to be changed 
were always cleaned by wiping the e;wi tch-arm backwards and. 
forwards several times over the stud until the resistance 
reading obtained was conatant.; the extreme variations, which 
were observed thereafter for several successive settings of 
the c.ontact were seldom greater than 0.0004 ohm, and usually 
less. Since t he bridge balancing pould be performed g,uite 
rapid~ and easily, the contacts were normally reset and a 
new reading taken about 8 -10 times for each coil standard­

is.ed: the mean was t hei•efore almost certainly not in error 
by more t han 0 .. 0001 ohm, i.e. wi .. thin the accuraey required. 
Hence the variable contact resistance, which constituted 
the main objection to this method of calibration, could 
apparently be eliminated ~uite successfully by this cleaning 
procedure. A similar c.leaning of the contacts is reconunended 
for t he accur•ate measurement of' any resistance, especially 
if the value is. low, s.ince the oxide coating on the various 
studs can cause an appreciable error when its resistance is 
summed over t he c.ontacts. of all the decades . 

'I'his method of s tandardisation can be applied to any 
bridge which possesses a continuously variable small·:cesis­
tance, such as a slidewire. In effect, the resistances are 
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merely being compared in terms of the resistance of different 
lengths. of' the slidewire (see later). The latter should be: 

uniform and its.. resistance should vary linearly with the 

se.tting: in this case, an arbitrary assumption (but prefer­
ably one which is approximately correct, so that the adjust­

ments to an. absolute standard will not be large) may be made 
about its resistance per unit length, since this will not 
affect the intercomparisons. The slidewire then automat­
ically becomes standardised as well when the absolute com­
parison is made at one point. If the wire is not ml.iform, 
it may be necessary to calibrate it separately at different 
settings by a potentiometric method -- relative values are 
quite sufficient for this purpose; the differences in resis­
tance between various settings of the s·lidewire may then be 
obtained from this calibration. 

Fig. 1. 2 shows the simplified circuit of a tyPical 
conductance bridge. Two standard methods by which the slide­
wire may be connected in to the bridge circuit are depicted 
here: Fig. 1.2(a) gives. the construction used in the Faure­
Goddard bridge with which almost all the resistance measure­

ments in the present investigation were made, and which was 

being recalibrated; and Fig. 1.2(b) illustrates the older 
method of connection (the whole circuit is not drawn, since 
the only difference from (a) is. in the slidewire connection). 
'l'he latter method suffer•s from the serious disadvantage 
that any resis.tanc.e aris-ing from a faulty conte.c.t t')n the 

slidewire will be additive to the measuring arm R3 • Such 
faults cannot always be avoided, for even with the best-
kept slidewires, bad spots develop owing to corrosion, etc.; 
if this. happens. freq~ently, it can be very troublesome. 
This. difficulty can be overcome by making the connection 
as in the method used by Dike11 , which was also . incorporated 
in the Faure-Goddard bridge : here any contact resistance 
will be in series with the input to the amplifier and detec­
tor (D), and not with the resistances of the bridge; it 
cannot, therefor e , alter the position of balance. 

It is easy to see that, when the connection is 1nade 

as in Fig. 1. 2(b), and the value· of R4 is fixed, replacement 
of one of the 0.1-ohm decade coils in R3 by nearly the full 
length of the slidewire (depending on its tota l res:istance.) 
is tantamom1t to a direct comparison of the resistance of 
the coil with that of a given length of slidewire, regardless 
of the equality of the two ratio arm resistances R1 and R2• 
With t he connection (a), however, the res.istances R3 and R4 
will both vary with the position of the sliding contact, 
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and hence the inequality between the ratio arms will enter 
into the resistance contri.buted by the slidewire. 'l'his can 

readily· be seen from the following derivation:-

Let : H.1 

R2 

R3 

;::; total resistance between points A and ·B (inclusive 
of' connecting leads) 

= total resisto.:nce between points B and c (inclusive 
of' connecting leads) 

= resistance read oi'f on measur>ing arm decade r>esis-
ta:n.ces 

= resistance to be measured 
- res1s'tance of' leads b·etween p·oints A and E, i.e. 

of' leads us.ed to connect up the measuring arm 
decades 

14 - resistance of' leads between points E and c, i.e. 
of' leads used to connect the unki''lown r>esistance 
to the bridge Q~~ the full resistance of the 
slidewire 

s = r>esistance of' the slidewire between the fixed end. E 
and the variable contact F 

• 'l'otal resistance of arm • • (3) = R3 + 13 + s 
II li II II (4) = R4 + 14 - S· 

At l)alance*: 

~3~13. +_~ ;::; 
R1 

;:; constant (since R1 and R2 are 
I-{4 + 14 - s Rz fixed ratio arms) 

;::; X •••••••••• (1.1) 

Hence R3 + 13 + (1 + X) s -· X(R4 + 14 ) •••••••••• (1.2) 

In general, R1 ;l R2, i.e. X I~ beeause of slight ineg_uali ties. 
in the values of the resistances and leads used to construct 
the two ratio a rms of the bridge. This is. normally overcome 
by reversing the ratio arms after H.3 has been determined, 

and thus obtaining another value, R3, given by 

R3 + 13 + (1+ ~)s' = ~(R4 + 14 ) •••••••••• (1.3) 

]
1rom equations (1.2) and (1.3), it follows that the true 

value of (n4 + 14) i s the geometric mean of the two readings 
(including the leads and s.lidewire resistances). Generally, 
however, the arithmetic mean is, taken, since it can readily 
be shown that, j_n spite of the presence of' the ineg_uali ty 
r.atio X in the term containing the slidewire resis.tance in 

eg_uations (1 .2) and (1.3), the two means are always in agree-

... --- .. ·-----·-------
* ':c'he condition s-tated above is., of course, s.trictly true 

only for direct current measurements, since with alternating 
current the quantities whi<.:h shou.ld be compared are the 
impedances . :u:quation ( 1.1) holds good, however, when the 
resistive components of the impedances are being considered. 
'rhe r esistances used in the bridge were in ars case of such 
low inductance that the a ccuracy of' the calibr>ation was not 
af'f'ected when a .c. was uaed. 
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ment with each other ·to 0.001% or better provided that X lies 

within the range 0,997-1.003, i.e. if resistances R1 and R2 
do not d.if'fer by more than 0.3%. It seems., in fac.t, desirable 

in any conductance bridge covering a normal range of' resis­

tances to have the ratio arms equal within these limj. ts., s.o 

that the bridge will be lldirect-reading11 i.ns..ofar as. one need 

only take the arithmetic mean of two resist~nce measurements 

1nade with a direct and a reversed ratio arm respectively. 

'l'his was the case in the :B'aure-Goddard brj_CI_;;;e -- the differ­

ence in resistance of the two ratio arms. was actually about 

0. 04.3~,~ . 

If' mean values of the resistances are used, equation (1.2) 

reduces to the :form 

•••••••••• (1..4) 

Hence •••••••••• (1.5) 

It can be· seen that, with the connection as shown in F1ig. 

1.2(a), the slidewire contributes twice ita actual value to 

t he measured resistance. Als.o, the final resistance involves 

tJ1c term ( 14 - 13 ), which is eq_ual to the dif:fere.nce in resis­

tance of the varioua leads used in the two arms of the bridge: 

since t hese leads are all :fixed, (14 - 13 ) will be a conatant, 

which may be called the 11 leads. resistance of the bridge';. 

rrhis must be subtracted :from the observed resiatarice (R3 + 2s) 

in any accurate determination o:f a resistance R4 • The value 

o:f the leads resistance can be measured 11 in si tu'1 (see 

Section 1.212) without having to measure the resistances of 

all the individual leads and then summing them appropriately. 

R4 must be a variable resistance covering the same range 

as. the bridge resistances, and preferably of' rather low 

inductance: a suitably wound decade resistance box. is very 

satisfactor-y. In the actual c.alibration a General Radi o 

CompaDY 'l'ype 602-l~ b ox with five d ecades, :from tentha to 

t housands o:f ohms, was us.ed . . It was alae f'ou1J.d necessary, 

when very low resistances were being measured with a • .c., to 

introduce extra capacitance into a rm (4) of t he bridge: a 

General Radio Uornpa:ny 'l'ype 219- M decade condenser box (three 

d ecades of' totnl capaci t~r 1.11 11 V) was used for this purpose. 

Although the inequality oi' the ratio ax•ms can b e elim- · 

inated by reversing them and t aking the arithmetic mean of 

the readings, this i s not necessary during the s tandardiaation, 

as will be seen later. In fact, elimination of X (i.e. R
1
/R

2
) 
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wo.uld m~rely require duplication of' the readings, o:t' vhich 

a large nuniber are Blrencly necessary :ear t he comple te cali­

bration because e :.·•ch r esi ut ance coil must l:le i:J"~and£u•dis.ed 

indi viduall;y- . Eence it was thougi1t preferable to take more 

readings of each res·iL~tance setting with ~he ratio arms in 

one position. onJ.:v , in. order to obtain l:t more acc~.1rate mean 

value and thus increas.e the r~recision of the whole standard­

isation. 1-·or eo.ch coil, t her ei'ore, 8 - 10 sets of re11dings 

were tal-::em: eo.ch set .cm:l~Jriscd t wo resistance measurements, 

the decade switch- arm bei n;j p l aced o.J. terna tely on each of' 

the t wo studs to whic~l th(; c oil was attached. Thes.e studs 

were a lvmy s first cleaned by being wiped wi th t he switch-arm, 

and hence it me.y be as-surned that all the coD.tact r esistances 

weroe negligible. 

The foll owing general notation will be used L~ the 

discussion:-

(i) 

( j_ i) 

(iii) 

ron' rn, rno• rnoo•••• are t he individual resistanc~s 
of'.the nth coils of the 0.1-, 1- , 10- 9 100-•••• ohm 
decades-respectively. 

Ron' Rn, R11o, Rnoo•••• are the total res1stances of 
the-first n coils o:t' t he 0.1-, ~-. 10-, 100- , ••• ohm 
decades respectively, i.e. the r esistances of the 
i ndividual decades when the switch-arms are s.et at 
position D• 
fJ.n( , - 1) and Snn ar .. the resistances of' the slidewire 
a't various settings. 'l'he first figux·e n denotes the 
number of t he coil which is being calibrated in t he 
decade U..i1.der consi det•atio,n; t he second figure, (n-1) 
or n , gi ves t he number of' the sti.ld on which t he switch­
arln-of the decade is set. Por example, when the sixth 
coil of a decade i 3 being standar·discd, n = 6 , and. it 
will oe necessary to set the switch-arm alternately 
on the 5th and 6th stud~·3 of this decade: s55 and s66 
will tber•ef'ore denote the two positions. of' the contact 
on the sli dewir o i n this case. 

R
4 

was acljust ed to a small value so that ·balance to 

0 , 0001 obrn could be effected very easily. The actual value 

was chosen so that, with the switch- ar m of' the o.l ... ohm decade 

in arm (3) set on stud o, a t balance the slidewire was set 

near i ts maximtun G. All the other de cades were left with 
the ir settings 1..mchanged throughout the caJ.i-oration o:f the 

0 , 1-ohm clecade: J.ct their tot[tl resistance be R
3

• 

~or the ca libration of the first coil, the decade switch­

arm was s,et a l tornc-,tely on studs 0 a~1cl 1: the corresponding 

slidewi r e r esj.stance s were theref ore s10 and s11 respectively. 

Hence , from equa tion (1.2), 

X(H4 + 11±) 

R3 + 13 + rO,l +(1 + X) s11 
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•••••••••• (1..6) 

For the s.econd coil, :R4 was increased by 0.1. ohm, and 

two new slidewire I'esis.tances s.21 and s 22 determined f'or 

st:UO. positions 1. and 2 on the decade res.peoti vely. 'l'his gave 

ro.2 

In general~ 

ro .n 
::: ( 1 +X) ( s ( 1) • s. ) n n- nn •••••••••• (1.7) 

n=n 

and Ro.n ( l + X) ). ( s ( 1) - s ) 
n=1 n n- nn 

•••••••••• (1.8) 

(b) C.OmP~I'iSOll_Oi: 1.-ol}!n_des._aq_~_coil~i th t.he -~·~ of_Jhe 

0. :1::-_ohig_._q.e ~-~-9&-(RL 0 • tl-·~ 

R4 was adjusted so that the bridge could be balanced 

with the s.lidewire when the switch-arm of the 1.-ohm decade 

was set on stud 0 and the switch-arm of the 0.1-ohm decade 

on s.tud 10: the slidewire resistance was t herefore s10 • 

'I'his: changed to a
11 

when a new balance was made after the 

poaitions of the switch-arms had been altered to 1 and 0 

on the 1.- and O.l-ohm decades respectively. Equation (1.2) 

gives (if R
3 

~ unchanged resistance of the 'o.ther decades) 

R3 + 13 + RL:0. 1 + (1 + X)s10 == X(R4 + 14 ) 

;:: R3 + 13 + r 1 + ( 1 +X) s
11 . 

• • r 1 = Hr:o.1+ (1+X)(s.1o""st1) •••••••••• (1.9) 

In general: 

rn ::: RL0.1 + (1 +X) (sn(n-1)- snn) •••••••••• (1.10) 

n==n 

and Rn ;:; nRr.o .1 + (1 +X\~~ (s.n( n -1)- snn) •••••••••• ( 1 .• 11) 

(c) Further co}nparis.olls. 

IJ:'his. procedure was extended further to the standard­

isa tion of the higher resistances; each coil was compared 

with t he sum of the t en coils in the next lower decade, 
giving 

a:nd so on. 

n 

"'"" nRL 1 + ( 1 + X) .(. . ( s ( l) - s ) 1 n n- nn 
n 
~ 

n.H2..::1o + ( 1 + X)!r (sn(n-1) • snn) 

• .••••••••• ( 1.12) 

•••••••••• (1 .• 13) 

The range of t he slidewire was naturally rather limited 

.(a little over 0 .1 ohm). :~ot .s.urpl., isingly, therefore, it 

was found that , as t he 1•csistance was increas.ed, it was. no 

lorlger always :possibl e to ·balance the ·bridge by adjusting 
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the contact on the slidewire alone when the position of the 

switch-arm was interchanged between studs (n -l) and n during 

the calibration of the n th coil of a decade. By a suitable 

choice of R4 , hov1ever, t£~e resistance of' EE'lY c oil could still 

· be compared with the sum of the resistances of th_) ten coils. 

in the lower decade by varying not only the position of the 

s.lidewire 13l:Lder, but also that of the switch-arm in t :.J.e 

0.1- (an.d, i f necessar;y, even the 1-) ohln decade. rl'his 

merely meant that these additional resistar~ce ~:> , which had 

alreadY been compared wj. th the slidewire, had to be added to 

or subtracted from the recorded differences i n the slidewire 

resistanc:e -- the correct sign was easily obtained by conunon­

sense, or by application· of equation (1. 2) . 

I.c.1. t he calibration of the 0.1-ohm decacte , t he .term 

· (sn(n-1)- s.ru··) in equation (1. 7 ) represents the resistance of 
the length of slidewire between the two slider settings which 

correspond to the decade switch-arm being placed in pos.i tions 

(n-1) and n respectively, i.e. the resistance ot the nth coil 

is. proportional to the r esistance of a certain length of' 

slidmii re. Hence, in equation (1.8), ~(s ( 1)-s ) L .....- n 11- nn 
~epresents. the resistance of another length of slidewire 

(=Sa, say): this e~uation is. t herefore actually of the form 

R == (1+X)S o.n a •••••••••• ( 1.14) 

Similarly, for equation (1.11) we may write 

= n(1 +X)Sb + (l+X)Sa ••••••••••(1.15) 

'.I'his i s generally true for all t he values de termined by this 

method, so that any resistance Rx will b e given by 

Rx -· (l+X)Sx ••••••••••(1.~6) 
-- reaistanee of' the corres:?onding length ot:. sl'idewire, where "' o:) 

X 
-- length of alidewire of resistance S 

X 
If lx 
and p - resistance of unit length of slidewir~, 

01uation (1.16) becomes 

(l+X)plx 

Since X and R are constants for the bridge, 

(1 +X) p = 

and 

constant 

W.l 
X 

w 

•••••••••• (1.1.7) 

•••.••••••• ( 1.18) 

••••••.••• (1.19) 

Hence all ·the resistances will have been interc ompared, in 

eff'ect , in terms of the resistance of' an equivalent length 

of' slidewire . 'l'he unit of' l ength may be taken as one division 

on the slidewire scale , and any arb itrary value W' may be 

chosen f·or ~ without aff ecting the values of' the resistance 

coils relative to e0.ch other, 'l'he absolute values may then 
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be obtained by determining the ratio ~v' for one resistance 
and multiplying all the ot.l:J.er r8lative valuet:l by this. factor. 

1: I 
(d) Determinat:lon of' the r~.:t~2 . .J:L~!. 

One standard resistance is necessary in order to obtain 
abs;olute resistance values. The standard used for the cali­
'bra tion was a :4-0 .... ohm oil-immersed l'esistor of the Reichs­
ans.talt pattern (manufactured by Hartmann and Braun A.G_, 
Frankfurt A.M.), which had been standardised by the S-A· 
National Physical Laboratory: the value given was 10.0018 ohms. 
at 24°0. For 0.001% accuracy in the calibration, therefore, 
this. would have to be measured to 0.0001 ohm.. . S:i.nce this. 
was the limit of' measurement which could be made on the 
b-ridge, and s.ince it necessitated taking the mc:an o:e numerous 
readings in order to achieve this accuracy, a larger reais­
tance would have been preferable as the standard, say 100 
o~~s. This, however, was not available, and so a number of 
readings was taken, all of which were very consistent. 
Because the standard resistor was not specially non-induc­
tively wound) , the standardisation was performed with both 
a.c. and d.c.; but the discrepancy was only 0.0002 ohm •. 

'l'his resistance was compared with the sum of the 1-ohrn 

decade coils. For this purpose, it was placed in series 
with another resistance R4 in order to eliminate the unknown 
leads resistance; also, the contacts of the standard resistor 
wex'e dipped into two mercury cups to avoid uncertain contac.t 
resistances. First the two leads, i.e. f'rom the bridge and 
from R4 (for which the same decade box was used as previously 
-- see p, 15) were dipped into the same cup and the value of 
R4 adjusted, at approximately 10 ohms, until the bridge 
qould be balanced with the slidewire when the switch-arm 
of the 1.-ohm deoade was set on s.tud 0. A number of r eadings 
was taken with the ratio arms direct and reversed, and the 
arithmetic mean c ~z) obtained: this eliminated any ine~ual­
ities.. in the ratio arms. The s.tandard r esistor was then 
placed in series with R4 by moving one of the leads into 
the other mercury cup, and the mean r esistance (=Y) again 
determined with the ~-orun decade awitch·arm now aet on stud 10. 
The values obtained faw the bridge resistances during the 
arbitrary relative calibration were used in -~alculating both 
the measured resistances; the difference (Y- Z) t hen gave R', s 
the apparent value of the standard resistance on this arbi-
trary s.cale. 1'herefore, if R

5 
~ true value of the standard 

resistance, 

••••.•••••• ( 1.. 20) 
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Hence all the other relative values c ould be corr ected to 

a·osol ute va lues by mul t i plying by t his factor . 

(e ) 5L?._l_~1~J;.~:tj_Q.!'._..2._:r~ _"~?_~!:..~-·~ i ~:..~.::Q:F-~~-

Prom cquat1on (1 . :-:>) , i t was seen that , when t he ari t hmetic 

mean of the readi ngs for rati o arms direct and reversed had 

been.1 t aken, the slidowire contribut ed t wi ce i ts a c tual resis­

tance t o the measured val ue , i . e. , 

Effecti ve resist ance of s lidewire = 2s 

.. 2p.l • • •••• •• •• (1. 21) 

J?rom equations ( 1 .18) and (1.20) 1 we get 

p 
w 

:c+-x 
R .w' 

~3 

R~(l+X) 
•••••• • ••• (1 . 22 ) 

W1 i a the arbitrary value chosen init i ally f or the constant W 
i n eCJ..uat i on (1. 19) , and H8/R~ can be determined as just des­

cri bed. X can also readily be determined by measuring a 

:t.'ai rly ln.rgo resi stance with rati o arms direct nnd rever sed. 

Hence .g can be obtained from eq_p.ati on (1 . 22), and the s l ide­

wire calibrated for direct reading, with an effect ive resis­

t a.nce of 2 p i~or each slidewire division. 

'l'he lead.s resistance can also be determined with t~·w 

bri dge " i n situ11
, by util iz;ing either the s tandard resistance 

or another r es istance decade (pref'ora·bly one of low value, 

so a s to get very s.ensi t i v e balanoing of' the "bridge) .. As in 

the calibratj.on. and use of the br i dge r esistances , so too i n 

bot h t hese methods the studs s1101..1ld be thorouGhly cleaned by 

wiping the switch- arm over them: the c ontact r'esistances a r e 

t heref'ore assu.rned to ·be n0gligible . 

'l'he bridge leads· were connected directly t o the standard 

r es i stance Rs 9 via mer01 . .u ... ~r c.: ups , i .. e . resi.stance R4 in 

Pi g . 1. 2 (a) 'iras oq:ual to .R,,. Ivl.easurements werG made with 
0 

tho ratio o.rms both direct ~•nd reversed , and the ari thrneti c 
mean taken. , :.:: [R'7.+ 2s] ... • '.f'hon, from equa ti on (1 , 5) 9 v s 

(14 ... 1;:) - Leads resistc:,::wo of' bridge 

= [H.7. + ~s] - R 
0 s s • ••••••••• (1.23) 

'.l:'he posci b :i.l i t :y of an error in a . c. measuremc:nt by 

me thod (a) 0\:ing to the st.:-.mdard r esistance not being 
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I 
I 

specially Vlound :t.··or s uch p·Ln-'por::;es coul d easily b e avoided by 

using a non-induct i ve r esis tance d e ca de i n its place. A 

Genera l Ra d i o Company 'I'ype 510- B 1-o:;m decade was a ctual l y 

us ed. ..'h01..,t t~1i cl{ copper• l eeds we~"e sol(1.er·ed t o the t .wo end­

contacts aDd t o the s wi ·Lch- a i:->m c ontact; one -ur i dge lead was 

con~1.ec tecl t o the.. latter t hrougi·:out the whole standar d i sation , 

while th.:; ot her b:.:-·i dge l ·:::Etd was. (!O:nnect ed a l terna t e l y t o the 

t wo encl copper l oads , i. e . to p oi nt s X and Y i n ]'i g . 1. 3 . 

'rhen i f'; 

copper l e ad s r e s istanc e when connec·t- i on i s made a t X l ::::: 
~ 

ly -- cor)per l eads r esistan ce when connec t ion is made a t Y 

r n = resistance of t he n t h coil i n the decade 

[n
3 

+ 2s] ~ ·- measured r e s j_stance when connection is. mad e a t X 
and s vJi t ch-arm is on stud .!2: 

measured r esis t anc e when cormecti on is. :<tlade at Y 
and switch- a rm i s on s t ud Q, 

from eg_uation (1.4) we s hall have: 

[n3 + 2s] ~ + 13 ::::: 

[R3 + 2s] ~ + 1 3 :::: 

Al s o 0 
[R3 + 2s] + 1 "' :::: 

y 0 

n 
"\-. 

/I" r n 

10 

Lrm 
(n+1) 

~0 

"'""' / r ·-1-' m + 14 + l y· 

(1. 26) g i ves. 
~0 

- l ~rm 
(n+1) 

•••••••••• ( 1 . 24 ) 

••••• •• ••• ( 1 . 25 ) 

•••••••••• ( 1 . 26 ) 

•••••••••• (1. 27 ) 

Hence, b;>7 substi tuti ng in eg__uati on (1 . 24) , we get 

(14 - 13 ) = loeads resi s t ance of bri dge 

::::: [H3 + 2s.J 11 + [ H3 + 2s ]n - [R3 + 2s] 0 - 1 • , • (1. 28 ) 
X Y . Y X 

'I'hus t he l eads r esistance ot' the bridge c an be determined 

by maki ng thr ee resistance measurements: -

(i ) With t he switch- ar m on t ho nth s t ud and t he l ead 
connected t o X; 

( ii ) \hth t he switch-arm on the nth atud aJ.1d t he lead 
con:aec ted to Y; 

( iii) V/ith t he switch- arm on the z-ero stud and the lead 
connected to Y. 

Ef'f'ectively the f irst two terms of eq"\.lat i on (1. 28) give t he 

total resistance of the decade when measUl"'ed i n two s t eps, 

so that the bridge and copper l eads resistances will be 

duplicated: from the total determined in this way i s sub­

tracted tlte thi rd t erm of the equation, wh ich is t i.1e t otal 
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res.istance ~.1e2-sured in one step, i.e. with t he leads resis­

tance t[1Y.en only o,;,::.ce . If' the copper leads are thick and 

they are lcnpt. short, tl1cir resistance lx may be. neglected; 

otherwise a correction mubt be applied to the measured resis­

t~nces as indicated in equation (1.28). 

Ten different determinations of the leads resistance 

were made by this method, by neasu:cing the resj.stances in 

tt1.rn for each of the stud. settings .1 to :J..O; the extreme values 

thus obtainec3. differed by OD.ly 0.001 ol"Jn, s.o that the mean 

was proba.bly ';].Uite accurate. T~lis value ::\lso agreed with that 

determined by method (a) to 0.001. ohm. 

'rhe r'es.ul ts obtained on calibration of all the bridge 

resistances a.re giv-e.::l in Appendix A. 

In orde.r to obtain balance with a. c., small variable 

air condensers. had been built into the bridge in parallel 

with the measuring arm (o2) and with the cell arm. (c4 ); thet>e 

were also two terminals on the front panel of the bridge, 

marked 11ad.ditional capacity", to which extra condenset>s could 

be connected in parallel with c3 • 

The built-in condensers were recalibrated by a method 

s imilar to 'that usecl by Goddard1 and A. Paure2 wh~n t he bridge 
was initially built, except that c4 was not disconnected. 

The bridge leads were connected to a non-inductive 10,000-ohms 

res.istor (General Ii.adio Company Type 500-J), and a standard 

variable air condenser (Cs) was placed in parallel with this. 

0 3 was set to zero, 0 to some fixed stal"ting value, and a s. 
small mica condenser (of value depending on the setting of' 

Cs) was con...J.ec ted acros.s the terminals marked "additional 

capacity 11
; the bridge was then balanced by va rying c4 • There­

after c4 and t he additional capacitance were left unaltered 

while 0
8 

was set to various fixed values., for each of which 

the bridge was rebalanced by means of c3 • Since any change 

macte in the ca pacitance of avm ( 4) of the bridge would have. 

to be compensated by an eq,ual change in arm (3) in order to 

restore balance, the various r eadings obtained on o3 would 

correspond to capacitances which were eq,ual to the differences 

in value between the initial setting and ea ch of' the new 

positions of' C s respectively. 'rhese difi erences could r eadily 

be calculated from the calibration curve of G • s 
An alter native me t h od of utilising C for the calibrr·.tion s 

of c3 
1'in s.i tu11 was to connect the former to the bridge as. 
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the "add.i tional capaci ty 11
, i. e . in parallel with c3 , and. to 

place a mica condenser in parallel with the 1.0, 000-ohms 

resistor, i.e. with c4 --about 500 pF was tound to be_suffi­

cient for this purpooe , since the maximum value of' c3 was 

only about 320 pE'. 'Ihe ini ti2'll balance of the bridge was 

a r.1:ai n made with 04 afte:r 0 17 had been set to zero and C to 
•.J v s 

a. known va lue; as 'befor·o, too, the balance was then maintained 

by varying 0 3 as C
3 

was altered by fixed steps.. 'l'his time, 

however, since the capacitance in arm (4) of the bridge 

remained constant, and since C.., and C were present in the v s 
same arm, t he smn of t he capacitances of the latter two con-

densers had to be kept cons.tant, i.e. 0 s had to be decreased 

for increas-ing values of 0 3 • _As in the previous standard~ . 

isation, t.he capacitances corresponding to the readings. taken 

on o3 could be obtained from the calibration curve of 0
6

• 

The res.ul ta of' the two methods of calibration agreed. very well. 

'I'he s.tandard:i.sation of c.:ondenser c4 was carried out by 

exactly s.irnilar methods, i.e. by f'irs.t balanc.ing the bridge 

with c3 and. then keeping this cons.tant while eorres.ponding 

settings of c.4 and Cs were determined. Alternatively, c4 
could be compared directly with the previously calibrated 

c 3, by varying the setting on one of t hese and. rebalan,c.ing 

the bridge with the other. 

These methods of calibration do not necessarily give 

t he absolute capacitances which correspond to t he scale 

readings of the condensers; in fact, this is the case only 

when the condenser has zer.o capacitance at a setting of 

zero -- a condition generally not satisfied -- because the 

capacitances whicll are being measured are a ctually the in­

creases above the "zero value 11 as the s.etting is, changed. 

from t~is. position. ·rhe "in si t u 11 method does not allow the 
res.idual capacitances of the i ndividual condensers. at zero 

setting t o be measured . Fortunately, however, such values 

are of ~1.o real significance: the only important factor is 

the difference between t he z.ero valuea of the condensers. in 

the two arms., and t h: .. s. can be determined. J:i'or this. purpose 

the bridge leads were left unconnected and one of the knife­

switches in the 10,000-ohms section of the bridge was left 

in the open position, i.e. an infinite resistance was placed 

in each of the arms (3) and (4) of' the bridge. It was t hen 

necessary to set either o3 or c4 to zero (whichever had the 

l arger residual capacitance: at zero setting), and to balance 

tJ:c bridge by varying the other condenser: in the bridge used, 

the residual zero capaci tanc.e of c3 was the larger, and this 

condens.er was therefore lef't on zero while 04 was varied. 
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'rhe actual dif'f'erence betwee::1 the zero values was. about 11. pF. 
Hence, for any given settings of' the two condensers, the 
e.f'f'ective capacitance in. parallel with the measuring arm 
YiOUld be 

c.· == c3 - c 4 + 11 pli' •••••••••• ( 1. 29) 

•:rhis was t.he value to be used in the p2C2R2 correction 

term (see Section 3.21). 

Af'ter the calibration of' the bridge condensers, several 

o:r the small mica radio condensers, which were normallY used 
as. the additional capacities, were also standardised in a 
similar manner: the bridge was balanced with condensers c3 
and c4 before and after the extra condenser was connected 
to the "additional capacity" terminals, and the capacitance 
of the latter condenser was calculated from the previously 
calibrated values of' the former two. Of all the capacitors 
which we'!'e thus. tested, only those which were best insulated 
were chosen for general usu . The bas.is of this selection 
was very simr le, since the finite resistance of' the condenser 
caused a s.;ni:..ll change in the measured value of the ~0,000-ohms 
resistor in arm (4) when the capacitor was ~Jonnected in 
parallel with t he measuring arm of the bridge: obvious.ly, 
therefore, those condensers which .produ.ced t he smallest 
change had the highest leak r-esistance, and hence were the 
most suitable. 
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1.3 THE CONDUCTANCE CELLS~ ----------
1.31 Const~tion o~ the Cells. 

Two conductance cells made of Pyrex were used throughout 
this investigation; E'ig. 1.4 shows their design, and Cell II 
is illustrated in Plate II. They were similar to the cell 
described by Gledhill 3

? with a few minor modifications. Al­
though the design was independently developed in this labora­

tory for use in conductimetric titrations, cells of the same 

basic form had actually been reported in the literature a few 
years earli0r by Johnson and Hulett13 ; unfortunately no details . 
were given regarding dimensions, etc. From these authors' 
figure of a typical cell, however, it seems that the electrodes 
were sealed into the main body much higher than in the present 
design: in general, therefore, they would not be as well covered 
with lig_uid as the electrodes of a Gledhill type cell -- a de­
fect when accurate conductimetric determinations are to be mad~ 
since errors can arise owing to the spreading out of the cur­
rent between the e l ectrodes if the latter are not immersed to 
a sufficient depth. A further difference appears to be that 
the side-arms were not spaced so far away from the body in the 

.Johnson-Hulett cells, and that they were much narrower and 
probably fill P-d with mercury for making connection to the 
electrodes. Gledhill had spaced the lead-wires well away from 
the solution under investigation i n order to eliminate 11Parker 
effect 111

.!
1

, and he increased the effective separation by placing 

the leads inside a wider tube filled with air3• With this con·· 

structionr the cell should certainly be f ree from "Parker 
effect'' $ since even Johnson and Hulett's design seemed to be 
successful in reducing it to negligible proportions: they re­
ported, for ins t ance, that their cell constant ratios were 
independent of frequency over a wide range of resistance~. 
The absence of "Parker eff'ect :' in cells of the Gledhill type 
has, in f act, been confirmed by A. Faure2• 

Since this t ype of cell was designed primarily for use in 
conduetimetric titrations, it was necessary to provide some 
means of mixing the solutions after an addition which would 
not at the same time allow the atmosphere to come into contact 
with the lig_uid. Gas stirring was used for this purpose, and 
also for r~moving carbon dioxide, ammonia, and other volatile 
impurities from the wat er in the cell. The bubbles of purified 
gas were i ntroduced to the lig_uid via the capillary tube A, 
which was connected with pressure tubing to the copper coil 
placed in the inner thermostat (see Section 1.12 for details 
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of thermostat construction). Gas could also be passed over 
th~J top of the liquid in the cell via the side--tube B sealed 
to the neck C; B was joined to the end of t he copper coil in 
the out er bath that terminated inside the i,mer vessel. (The 
two rubbcl"' co::1nections actually s erved th0 dual purpose of 
forming a joint and of suspending the cell in the paraffin 
thermostat.) The secondary gas-stream was used to prevent 
back-diffusion of the atmosphere into the cell during periods 
when it was nece ssary to stop the ·~)ubbling through the solution, 
e.g. during the taking of resistance readings. Since the mbuth 
of the cell had to be reasona·bly wide so that a burette · could 

be introduced for the titrations, back-diffusion might still 
have been possiblt') even while the gas was emerging from the 
cell; a close-fitting glass cap was therefore placed over the 
neck C of the cell whenever the latter was in the thermostat. 
A series of experiments showed that this precaution was suffi­
cient to prevent carbon dioxide from the atmosphere from dif­
fusing back i nto t he ~ell 5 · and that it was not necessary to 
protect thq mouth wit h a soda-lime guard tube15 (see Section 
2 . 41 ) . In lat er ceils of this type , the neck was modified to 
t er minate in a stand~rd ground glass B19 cone, and the cap was 
made from the corresponding socket with a small hole in it to 
allow for the ascape of the gas (see Plate II). 

The most i mportant modif ication of Gledhill 1 s design was 
in the manner of Join~ng t he c apillary tube A to the main body 
D of the oell. Origi na lly it had been ae &led centrally through 
the bottom of t he cell and the internal portion bent to follow 
the contour of the 'J!:l l l closely; tlle t1..•.b e ,,:nen ended at the 
same level as t he e}ectrodes, so t hat t he E:rner ging bubbles 
would not pa s s the~A nt all and per haps, in doing so, cause 
changes i n i,~1e ce::.l c ans t ant -- the possi'bili ty of the bubbles 
di splacinc: 'L ~ lt~ e lectr•odas wa s quite real i n view of the rather 
flimsy naturG of t he i nitial electrode supports. It was sus­
pected5 how~ver, that some of the very slow changes in resis­
tance ob served by Gledhill after he had added hydrochloric 
acid to wat er in the ce113 were due to poor mixing of the solu­
tion at the bottom of the cell because of this construction. 

This suspicion was confirmed by various tests. For instance, 
the cell was filled to the usual level with water and a small 
amount of permanganate s0lution was carefully placed at the 
bottom before the stirring was started; mixing was found to be 
exceedingly slow at slow bubbling rates, and even at a rate of 
5 - 6 bubble s per second about 35 minutes were required before 
the permanganate appeared visually to be uniformly dispersed 
throughout t he solution. With this fast rate of bubbling, 
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however, a considerable amount of spraying was observed as 

the bubbl-es broke the liquid surface, and it seemed that losses 

due to this source cou l d be ~uite large. For Quantitative 

wor k where further additions had to be made, therefore, such 

r ap id bubbli!lg was not to be recommended. Other visual t est.s, 

using a similar procedure, showed that mixing took place very 

much faster when the capillary t ube was sealed flush with the 

bottom of the cell, either centrally or off-centre; with the 

latter seal, for i nstance , mixing c.ppear ed to be complete in 

3 - 5 minutes for a rate as slow as 1 bubble per second, and 

in about 1 minute when this rate was doubled. Spra~ving was 
also, or course, much less at these slower r ates , t hough still 

appar ent. 'l'he off'-centre seal wa1:3 considered preferable to 

t he central one for t he construction of t hese cells, since i t 

would still allow t he blili.oles to by- pass the electrodes to 

some extent and thus minimi se any possi bility of t he latter 

being displaced. 'l,his seal was therefore ad opt ed as standard 

f'or all future cells. Since the passase of bubbles. of gas 

bet-vvee::.1 the electrorics caused momentary changes in the resis­

tance of the ;:;el ution and hence necessitated s topping the 

st i r·J.'ing whenever accur a te readings had to be taken, an attempt 

was made to avoid this need by placing the seal about 45° 

behind one of the electrodes (i . e . between the supporti ng 

tube and t he electrode itself) instead of between them. 'l'he 

desired object was not t~<,' t5. ev·~d , however, becaus.e the bubbles 

rose too t r·regularly an,l t he chan ges produced by their passage 

past ·t;he electrodes "re:.:'c s.t ill too la:rgP, . 

Because of' the rJ'I~l'\J.ins imposed. an the cap illary tube A 

whenever COlll:..ections '!:;o it were being made or broken, it was 

r igidly bound to t he:. b~)dy of t he cell with thin wire. 'l1his 

wire als.o served as n convonient guide for the f'illing of' the 

cell, s i nce it was placed at a level corresponding to about 

200 ml of l iquid in the cel l . In order to keep the whole 

assembly :3ecuro , a spacer was r equir ed b etvteen the capillary 

tube and the body. Ori5iaalJ.y it was made of' corlc, but this 

proved 'D.nsat1sfactory when it became necessary to weigh the 

cell: the d l"';)' weigl~t did not rernain g_u.i te constant, and the 

small var iations· were tracked down to changes in t he vveight 

of t h e cor'lc s :pa cer re s ul t iug from its absorpt ion of paraff in 

f'rom the im1er thermostut and the subsequent evaporation 

thereof' . V:::tri ous t es.t:.::; were made with Per:::;pex, in which 

weighed pieces of the mat erial wer·e immersed i n par affi n 

for severo.l weeks, during which t hey were periodically removed 

from the liquid, wiped clry , and wei ;:;hed ; no significant 

changes in weight were observed. 'l'he spacer was therefore 
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made from this material; it was shaped to fit the capillary 
tube and the cell body closely so that there would be no large 
gaps to trap paraffin which could subseQuently evaporate. The 
remaining gaps were closed with Duco cement which, in similar 
weight tests, had also proved satisfactory in its resistance 
towards paraffin. In other cells of this design which have 
subseg_uently been construated in this laboratory, the need 
f'or a spacer has been eliminated altogether by securing th~ 
capillary tube rigidly to the body by means of a solid glass 
seal between the top bend of the tube A and the neck c. 

Further modifications of the original cell design included 
the application of a more elegant glass-blowing techni~ue · for 

centring the inner tubes E,E' of the aide-arms F,F', through 
which the lead-wires passed. This was done by means of the 
bulbs shown in Fig. 1.4 ins.tead of' with mica discs. as used b.y 
Gledhill. The small holes G,G' at the tops of' the side-arms 
were retained to facilitate the cleaning and drying of the 
latter should they becoine wet inside owing to l eakage at the 
electrode seals. When the lead-wires were left loose where 
they emerged. from the side-arms, t here was always a danger 
t hat the welded con.nections at H,H', where the wires had been 

joined to the platinum tubeS: of the electrodes, might be 
pulled apart; als.o, the wires tended to break at the point 
of emer gence as a result of the constant bending t here during 
use of the cell, Both t.!';t:;se contingencies involved the break­
ing and re-sealing of the 3ide-arm in order to effect repairs. 
To forestall s.uch an eventuality, t he wires were secured 
externally, with a small piece in reserve, by binding them 
back on to t he tops. of the side-arms. Cellophane tape was. 
originally used fo~ this purpose, but it was not entirely 
satisfactory ~ for instance, tests showed that the tape seemed 
to lose weight slowly, particularly when it was fresh; there. 
was als.o the risk of getting it wet, especially while the 

side-arms. v1ere being cleaned -- the tape s.oaked ve-ry readily, 
and t he:Peaf't•)r di d not return to the same weight. Both these 
possibilities could ·be avoided fairly easi:Ly, t he first by 
allowin:: the tape to age f'or· some time after the binding 
i)efore the cell was used., and the second by careful manipul­
ation. However, further tests showed that nylon thread did 
not sui'1'er fr(>m either of these disadvantages, and its use is 
therefore recorrn11ended for securing the leads on to t he side-

arms. 

Gledhill had made his electrodes by weldinn a piece of 
platinum foil to a thin pla tinum tube, via several intermediate 
steps3

• By the time that these cells were constructed, 
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however, it was :;)ossible to l!.:.:nre. the corr.wlete electrodes manu­

factured by Messrs. tTohnson, 11~c-t tthey and Co., I.td. A circular 

disc of thick platinum foil, 2 em in d.iameter, was joined by 

means of' a hollow platinum con0 to a. drawn platinum tube 2 1mn 
in dia.rneter and of' wall thickness 0.1 iYm; (length about 5 em, 

but immaterial). These tube dLnensions were iri accordance 

with those given b~r Wichers. and 8aylor16 for t he satisfactory 

sealing of platinurn into Pyrex glass. The l ead- wires were 

joir..ed to the back ends of' t hese tubes before the glass-blowing 

was done. Platinum wire W.?.s originally used for these leads, 

bu.t it was too S~?ringy to lie centrally inside the glass tubes. 

It was therefore :....,eplaced by gold wire (26 S.W.G.), which was 

much softer, and vv~.dch also had a very low resistance so that 

the correc~tion for t he cell l eads resistance was fairly small . 

Lonc;:l sh leads were needed on the cell for making connections 

while it was in the thermostat, but the gold (or platinum) 

wire was not used throue;hout because the expense was urmeces­

sary in view of the occasional breaking which occurred. 

Instead, copper wire (22 ~! .V,' . G .) was b razed to the nobler' 

:iletal outs.ide t he side-arm (this wire was not joined directly 

to the p J.atinum and used f'or the whole lead because the Cu-Pt 

joint tended to oxidise and break during the final sealing of 

the side-arm into the body). 

Cell I w~s the f irst cell constructed according to t he 

modified des ign, and :t t s.till had p latinum leads welded to 

the platinum tubes. I t was used for all the experiments on 

water d escribed in Pa:ct 2 , but not with t he solutions. in 

Part o ·uecaus.c of leaka ges into the side-arms. A special 

f eature of t his. cell was the r:mthod used for obtaining l eak­

proof' seals of' t!it:.~ electrodes. Alth ough the platinum tube.s. 

conformed to t he r ecorrunended diame ter/wall-thickness ratio16 , 

and although successful seal s into the side- arm tubea alone 

were effected fairly readily, the final sealing of these tubes. 

into the body of' the cell inva riably resulted in a separation 

of' the Glass f'rom t he metal. 'No matter h ow small this was, 

capillary flow then caused the li~uid to leak from t he body 

of the c.ell into the side-arms. Such leaks were obviously 

undesira·ble. When all nor mal t~lass-blowing techniques had 

fail ed to produce a satisfactory seal, the r ear end of' t he 

glass collar round t he platinum tube was blocked with fused 

silver chloride. This s.ubs,t ance had. prev iously b een used for 

high-tempera ture vacm.un-tight s.eals. of sodium chloride17 and 

of f'luorit e
18 

to glass , and als.o for me tal-to-glass seals19 • 

Tests, showed it to wet and to adhe re te ... 1aciously to both glass 

and pla tinum; f'u~ther, it had a high melting p oin t (about 
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450°0) -- an essential property because the electrodes had 

f'irs.t to be sealed into the body a!1d the silver chloride 

applied to t hom before the final sealinc; of t he side-arms 

was completed a t I 9 1 1 (l::ig. 1.4). The seals thus made proved 

ver;l satisfactory , an(l leakage through them was almost negli­

gible. Uni'ortrmately the capillary t ube A w~s broken near 

the bottom after the conclusion of the experiments in Part 2, 

and the s tronc heating req:nired during the repair caused a 

sliu;ht flow ot~ t he silver ch loride away f'rom the seals. The 

leaks then. increascci somewhat, but were still fairly small ; 

in fact, the cell was quite satisf'uctory f'or use with water 

provided that t he side-arms were occasionally cleaned and 

dried (a rinse with acetone, followed by suction of air, was 

used). 'I'he leaks were considered too large, however, for 

quantitative work where it was necessary to kaow accurately 
the amount of' liquid in t he cell at al;L times. 

Cell II is illustrated in Plate II; it was used for all 
.... -.. -·----

t he titration experiments described in Section 3. 3. 'l1he 

silver chloride was no longer necessary in the construction 

of this cell, :for by this time completely leak-proof platinum­

to-P~n:-ex seals were being obtained i n t hi s laboratory . 'I'hese 

wel'e made by putting a sleeve of' I :.1tas.il G-8 1 (a Chance Bros. 

1Jtd. glass) of wall thickness 1- 1t mm on to the platinum, 

then sealing this straight into the Pyrex and letting it cool 

in asbestos-i:ool. Thi s glass i s actually the right intermed­

iate for sealing tungsten into Pyrex, and it was tried after 

numerous unsu.ccesful atterrwts with the Oorning-707-to-uranium­

c;lass-to- Pyr ex seal r e corr ... mended for platinum. With the latter 

seal , the g lass invaria-bl y sepa rated from the metal, as had 

occurred with P~rrex alone . 'rhe thickness quoted above f'or the 

Intasil sl c~cve was apparentl y fairly critical, anc1 it is 

possible that. t he failure of the Corning 70? seal was due to 

some lack of technique in regard. to the right thickness of 

the various glasses required. This cell had gold wire leads 

which we re joined to the platinu..'U tube.s with copper solder. 

A new device was tried for protecting them against undue 

s.train and possible breakage, viz. a glass binding-post sealed 

to the top of each side-arm, around which the l eads were wound. 

1'his. proved unsatisfac:tor.y b ecause the various coils of' the 

winding shm"ted each other out to diffel1 ent extents as the 

wire was 1.10ved a r01.md, a nd so caused the leads resistance to 

be variable; even the soft gold. wire had su:f'ficient spring 

not to re1nain in tA fixed position round the binding-posts 

during hcu.dJ i ng of the c ell . 'rhe l eads were therefore bound 

to the s-ide-arms with Cellophane tape as before , and this was 
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not removed when the more desirable properties of nylon thread 

for this purpose were realised; by then the weight of the cell 

s.eemed to have settled to a steady value, and changing the 

binding would have required a redetermination of' the cell 

leads resistance at a stage when no time could be spared i'or 

the subsequent cleaning of' the cell. 

'l'he dete!'lltination ot: the cell constants of t J:J.ese cells 

is described :fully in Section 3. 2, and the values obtained 

are given in Appendix B. 

'l'he re r::>is tance of the cell leads was determined by placing 

suff'icient pure dry mercury in the cell to cover the electrodes 

completel3r. Since the resistance was too low to be measured. 

directly on the bridge with a.c., a small resistor (about 

5 ohms.) was ·o.s:ed in series with t he cell. The ends of all 

leads were alualgated and dipped into mercury cups to eliminate 

contact r.t::s istances. Determinations were then made of the 

resistance of the added resistor a lternately with and without 

the cell in series, to 3ive t he rea istance of the cell leads 

by difference; no change was found when either a,c. or d.c. 

was e!r\Ployed. 'l'he values obtaiHed for Cells I and II are 

given in Appendix B. 'I'hese values , suitably corrected :for 

t.he resistc.r::.ce of t he portions of t~e leads not actually 

connected in the meas·Lu'ing circuit ( t!:w connections to the 

bridge l eads were usually made as clos8 to the tops. of the 

side-arms as possible), were always subtract8d from the 

meas.·, . ."tred resistance of the cell in orcler to obtain the true 

vah..te f'or t:;.e so:tution. 

i\i'ter t !1e deter1:Unation it was necessary to clean the 

cell, since ~!.ot all the mercury could be removed by pouring. 

The l ast drople ts were diss olved ou-t with n i tric ·acid, and 

the glass wac ther~ thoroughl y cleaned with an alcohol-nitric 

acid mixture which had been allowed to react and cool; this 

latter mixture, as well as the chromic acid cleaning mixture, 

was fairly :frequently usefl. to clean the cell i nternally during 

the titrc.t ion experi~nents. ( see Section 3 . 323) . 'l'he electrodes , 

which had ·oeen br·ight befor e their contact with the mercury , 

still seemed a little gray even after the nitric acid treat­

ment; the~y- \/ere t heref'or e c l eaned with a mixture of equal parts 

of concentra ted. h~;rdrochloric acid ,1:.:1d 30~b hydrogen peroxide, 

the mixture being l ei't L1 con tact with t he electrodes. for 1 - 2 

minutes; onlyy as it dissolved the p latinum. I:'inally t~e cell 

had to be leached for 1.0 - 14 days with repeated changes. of 
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fresh water before it was ready for use. 'l'his process could 

be hastened by steaming out the cell, but such heating was 

inadvisable once the cell constant had been determined. 

In order' to know exactly h ow much liquid was placed in 

the cell durin~~ volumetric procedures, it was necessary first 

to dry the cell conl):lletely. r:ven if a titration were to be 

done gravimetrically, it was still essential to weigh the cell 

dry 'bef'ore filling it with water to ensure t hat no changes 

in weight had occurred, e.g. owing to wetting of the material 

used for securing t f...c leads to the side- arms, or to abs.orption 

of parafi.'i:..;. by the spacer bet¥:een the capillary tube and t~1e 

body. I.ess frequent dryijlg would be req:uired for gravimetric 

procedures , h owever, for once it had been established that 

thP- weight remained fairly constant, these checks would not 

need to be ~!lade before every filling of the cell. ]'or this 

reason, and because of it.&. greater general accuracy over the 

volur:-t.etric. method, t h.e gravimetric procedure was chos.en for 

pcrf·urmin::; the conductimetric ti·ta~ations described i n Section 

3.3. ~his choice proved to b e a wise one for another reason, 

for it v1as subsequently oiJs.erved t :hat the conductivity wate:r 

always appeared to be of' a poorer quality when it was placed 

in a con~letely dry cell. 

'I'he Lrcernul drying of the cell was effected by draining 

it i~1 an Lwerted pos.i tion, and at the same time sucl-cing a 

stre ... lm of air througl1 it by moans of a vacuum pump; about 

~ - 1 :twur wa s usually m.li':t icient, depending on the relative 

h1.u.11idi ty of tho atmos,J>ere . 1:.1 though the interior of t he 

cell was dri nd only occasionally, it was. of course necessary 

to dry t he ext::rior be:E'ore every weighing. If the cell had 

just ·been taken out of tlw t hermostat, it was first drained 

for a sl10rt while and wiped roughly to get rid of the large 

Bxcess of paraffin, then left for a fur t her 10 - 15 minutes. 

f~e last traces of oil were always removed by wiping very 

tl~oroughly over the whole outer surfac.e with a clean cloth 

or handker·chief'; particular attention was paid to . any little 

crevices., e tc., where the paraffin might be l'etained and s.o 

change the weight of the cell. 'l'hereafter t he cell was left. 

i n the balm1ce-room f'or a furtl;.e r -~- - 1 hour to attain complete 

eq,:uilibrium nftor t he wil)ing O.efor•e it was. finally weighed. 

Duriag t hese last Yii p ing and tho subsequent weighing oper­

a tions, clean white cotton gloves were used i'or handling 

tt~e cell. 
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'I'he normal mcthoo. o:f J:'illing tl1.e cell wit.h water or 
solutions, viz. by pouring t ;1em in directl;y~ f'rom the :fl asl<, 
coul d not b e used for the titrations, s i nce it was obvi ousl y 
undesir able to have water adhering to the upper walls and 
:aeck of the cell: this would be weighed as if' it were in the 
bulk of the liquid . At first, therefore, t ho cell was dried 
internally bef'ore each filling (as would have been necessary 
for volumetric procedures ), and t he upper portions were kept 
dry by pouring the water in through a glass f'unnel which had 
been cut so that it ended just above the required 200-ml level. 

Invariably, however, the water so placed in t he cell s eemed 
to be of poor quality. Since it was thought t hat this resulted 
f'rom the introduction of' impurities during the transf'er via 
the furu1el, a new cell-filling device was designed which would 
enable water to be distilled directly into the cell. 'rhis 
device- (sh own in li'ig. 1.5) could be attached to the s t ill in 
place of the usual collecting flask by means of the ground­
glass joint A (for details of t he still see reprint at the 
·back of t hi s thesis ). 'l'l1e neck of the cell was connected by 
means of rubber tubing to the wide tube B, t hus s.ealing the 
c.ontents of the cell from t he atmosphere while water w.a.s be.ing 
distilled t hrough the narrow t ube C; the l a tter was bent so 
as to touch t he wall of t he cell just above t he 200-ml level 
and thus prevent splashi ::.1g on to the upper portions. Some 
difficulty was experienced owing to condensation of mois ture 
on these colder upper parts , but t hi s could be overcome by 
warming the top half of the cell, and by cooling t he distillate 
more t horoughly with. colder condenser water. However, although 

t his device was steamed out for long periods before t he cell 
was connected, the quality of t he water so collected still 
remai ned poor. This poorness was finally correlated with the 
internal drying of t he cell , t hough the probable r eason for. 
t he phenomenon was only realis.ed l ater (see Section 2.32). 
The cell was therefore no longer dried completely before· b.eing 
filled for a titration, but merely drained very well; if the 
inside were q,uite clean, a f:ew minutes dr ainage left very 
littl e water adl1ering to the upper parts. of the cell • . Since 
fi lling the cell with t he special device was rather s low and. 

would still r equire precautions to prevent condensation, the 
device was discarded at this stage , and the water was placed 
in t he cell by usine; t he funnel exclusively. This was kept 
perm?nently i 1mnersed in f'req,:t-wnt ly changed conductivity water, 

and just before use i t was wiped lightly on the inside and 
outs.ide with a clean handkerchief to dry it . iL-ryy :forei.gn 
matter which might have remained i n the :ru.-"lilel t:rom this. ·wipi ng 
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was washed through with some freshly distilled water, and 

then the funnel war-> plac c;c1. in the cell ancl water poured in 
from a nornal collecting flask up to the reQuired level . 
\Vi th careful manipulatio~l, the fmmel could again be readily 

removed from t he cell without l eaving any water on the uppei' 

walls or the neck . 

The cell was weighed on balance BIII (see Section 1,41), 

being held in place on the pan with a wir e hook. Although 
the weight was a lways determined at t he beginni ng and end o:f 

each titration to check on aDY losses by evaporation and 
sprayint; , the weighing was done without the rubber connections 
used. for suspending the cell in the thermostat, as it was 
found. that these changed. in weight, pres1..unably due to absorp­

tion of paraffin vapour. Steps had t o be taken, or course, 

to prevent evapora tion of t he liq_uid in t he cell during the 

wei ghi ng procedure. For this purpose t he side-tube B and 
capillary tube A (Pig. 1.4) were blocked with a small rubbe.r 
stopper and with a rubber tube and glass plug respectively, and 

the glass cap (p . 26) was placed over the neck C, These same 
accessories (including the wire hook ) were kept specially 

for all. wei~hinga of' the cells, both dry and with li'luid. 
11he efficiency of t:he wiping operations previous ;y d.es..cribed 
i s show.n by t he const ancy of t!!.e weight of Cell II , the dry 
weight of which only varled between 289.408 and 289 .459g 
during 15 mont~s of use . Even Cel l I only changed in weight 
between 308 . 541 and 308.694 g i n 4 months after the broken 
capillary had been repaired, in spite of tho fact that its 

side- ar ms had t hen also to be cleaned and dried periodically . 

After t he titrations with bright platinum el ectrodes 
(:expts. 1 to 10 , Section 3 , 325 ) had been completed, the elec­
trodes of Cell II were pla tini sed fairly heavily in order to 

i nvestigat e t he adsorption of potassium chlor j.de on platinum 

black. Jones and Bollinger20 had f'ound tha t p l a tinising solu­
tions containing no l ead acetate yi el ded uns.atis.tac.tory res:ul ts, 

particularly for l ar ge deposits , and t heir so~ution (0. 3% 
plat.i num chlori tie a_lc1 0.025/6 lead acetate in o .025 N hydro­

chloric acid) w.as t hGrefore used. Dtu•ing the elect rolysi s 

the direction of' tl!.e current was automatically- revex:sed every 
~0 seconds t o e:,1sure an equal deposit on each electrode . The 
exact alii.Ount of platinum black dcposi ted i s not known, b ecause 
the cur-.t e~:tt decreased so rapidl:'/ duri ng these short time­
intervals as the e l ectrodes became polarised tJ1at only a very 
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approximate estimate of' the mean current could be made; also, 
the total platinisation was per:Cormed in sev eral stages, and 
at times it appeared that a current was ~lowing without any 
actual deposition occurring. During the ~irst step, for 
instance, a very l ow current (approximately 5 milliamps ) was 
employed, s ince it was desired to get a firmly adherent depo­
sit by slow platinisation; but a~ter 4 hours the electrodes 

appeared as bright as be~ore 9 and the polarisation correction 
(see Section 3 .22) wa s found to be stil l very large. The 

average current was theref'or.e increased to about 25 milliamps, 
when the electrodes 'blac.kened very nicely, mainly on the front 

faces ·but also s.omewhat on the backs and on the platinum cones 
and tubes. 11hG electrolysis was carried on ~or about an hour, 
but the amount of deposit a t t his sta ge was estimated at only 

35 - 40 coulombs per electrode , not 45 as given by calculation : 

this was based on t he ~act that, although the electrodes. had 

s eemed to become pr ogr·ess i vely bla cker during most o~ this 

peri od , their appearance did not change visibly when the 

platinisation was continued ~or a ~urther spell at the same 
current in order to obtai n a heavier deposit. Ye t the black­
ness intensi~ied almost i~nediately when, a~ter two hours, 
the current was increased to 50 milliamps. This current was 

pass ed until no further visib le change was apparent; it was. 
t hen increased a gain i n two more s'teps., to 60 a.nd 70 milliamps 
respectively for s everal minutes each, before the electrolysis 
was finally atop_;,)ed. Jm even, sooty black deposit resulted, 
whic:b seemed qyi te t h i ck and f irmly adherent; the total amount 
was estimated a t about 150 coulombs per electrode. (See a lso 

Gection 3, 222 .) 

After ·,,he p l a tini satj. on the products o~ t he elec-trolysis 
which had be c~n adsorbed . on t he platinum black ( chie~ly chlo­

rine ) were removed by e l ectrolysi ng a dilute solution o~ sul-
phuric acid i n the ce1121 • 1N-acid was used a t 1.50- 200 . 
milliamps ~or 3 hours , t he current being reversed every 5 

minutes. Even then the cell still had to be l eached out ~or 
severa l days with numerous changes o~ water before it was 

again ready ~or use i n f'urther t i tx•a ti ons . 'l'he e l ectrodes 
wer e always kept immersed i n water when the cell was not in 
actual use, and were only dried completel y on the few occa­
sions. .when it was necessary to check the weight of the cell 
after the platinisation. Thereafter, since dry pl atinis.ed 
electrode o arc O.IJ:~are ... l't l ;y not easily wetted by water, they 
were f'irst Goalted in absolute alcohol for a ~ew minutes be~ore 

wRt er was aga i n placed i n the ce11 22 • 
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1.4 BALANCES AND WEIGH'1B . 

1.41 Balances. 

Thr·ee balances. wer.e used during the various experimen.ts 

described in Part 3. 

BI was a Kuhlmann microbalance, of· beam length 7 em. 

Weights larger than 10 mg had to be added from a box, but 
additions. from 1 to 10 mg could be m~de to the right-hand 

pan, with the balance-case closed, by exte.rnal manipulation 
o-f' four riders (originally 1., 2, 2., and 5 mg, but late:r one 
of the. 2 mg riders was replaced by a 3 mg rider). Smalle~ 

weights, :rrom 1. 11g to 1 mg , could be estimated from a tele­
scopically-viewed 1.00-division scale. The maximum load was 
20 g, but this balance was not in perfect condition, and 
sudden erratic shif'ta, sometimes as large as 30 ... 40 l.l. g, 
were occasionally found t illder such a heavy load. With 
light er loads, however, succe:ssive readings were invariably 
r ep1•oducible to 1.0 11g or better. Since· this balance was 
used o;·11y for weighing out KCl :Cor the preparation of stan­
dard solutim:1s, in portions. of 0.5g or more, andi. since the 

mean of three settinGs was usually .t aken, any errors due to 
inc.onatancy of' t he weighing would b.e quite negligible. Care 
had to be taken, however, that no large fluctuations in the 
ambient te~ature occurred during a weighing, as the 
balance was. very s·enai ti ve: to such changes. 

BII was an Oertling autqmatic air-damped balance (Model. 
6 2FM), of maximum load 100 g. All fractional weights, from 
10 mg upwards., could be added by external manipulation of 
riders., without opening the balance. The. third and fourth 
decimal placea were read off from a projection scale, whose 
divisions were large enough for the fifth place to he esti­
mated too. Such estimation was perhaps straining the limits 
of precis ion of the balance , for which an accuracy of o.~ mg 

was claimed by the manufacturers. However, the ali~uots 

of t he KCl stock solution added to the c ell during the 
titration experiments (Section 3.3) we~e only about 0.2g 

each, and t hese wei ghts were d:.ete.rmined on this b.alance as 
the difference bet ween two large. weights (the burette weighed 
approxi mat ely 40 g). r.r.ence, if' each of' the latter :quantities 
W[.S J.etor:nined t o an a ccuracy of' 0~1 ·mg· ~mly, it was still 
possibl e for 'the r equired weight to be. in error by as much 
aa O.l%. Si nce it was hoped to achieve a better overall 
pt'ecision t han this in the p a-rf'ormance· of' the experiments, 
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it was essential to be able to estimate the weights to ~ive 
decimal places. Unfortunately, the balance was by no means 
as stable as could have been desired: with no load on the 
pans, shifts o~ up to 0.1 mg were ~ound between succes.sive 

readings, while under 40 g load the sudden jumps were occa­
sionally as large as 0. 2 mg. 'I'he practice was therefore 
adopted of taking the mean o~ at leas.t ~i ve successive s.et• 
tings of the balance, and more if an erratic change had 
become apparent; between each o~ these the burette was re­
moved ~rom and replaced on the supporting hook. 'I'his pro ... 
cedure was rather tedious, since the balance was slow in 
settling down to a final steady value (it usually took 1- 2 
minutes per r eading). However, numerous tests showed that 
the mean value o~ such a set o~ weighings was almost cer­
tainly correct to 0.05 mg or better , i.e. under these con• 
ditions, the error in the weight of' an individual addition 
would not b e mor e than 0.05%: this was the maximum error, 
and it would ari s.e only i~ the s epar a te errors o~ the two 
weighings o~ the burette were 0.05 mg each, but in opposite 
directions . With increasing numbers o~ additions, the total 
er r or was pr obably l ess than this , since it is statistically 
unlikely that a l l t he individua l errors vmuld have been 

additive. 

Very accurate weighing on this ·balance was ~urthe.r 

hampereu. on occasions because of' its s ituation. It was, of' 
c.ourse, es ::;r_~ntial to have it i nside the constant temperature 
Poom, and it was placed ol·~ the slate slab provided there ~or 
thi.s purpose. 'l'hi s slab had been mounted directly to one o~ 
the walls o~ the building in an effort t o minimise the vibra­
tions which would occur i f' i t were i n contact with t he f' loor 
o~ the room. '.1..'he choi.ce of wall, however, was rat her un~or­
tunate . Pl':~Bwna.bly in order to avoi d t he larger ~luctuations 
in tenrpera t\.1 .. re which. would 'be ~om1d a t an outer wall o~ the 
building, aE innvr one had b een chosen; but this wall was 
situa t ed irrunediately below the depar tmental s tore, anQ it 
also formed part of a long corr idor wall. Hence the move­
ments in the 1'ormer or the occasional slammi ng of doors in 
t he l a tter r esulted in t he transmi ssion o~ vibrations to t he 

bal ance, which made Drecisi on wei c;hing ver y trying at times . 
J everal m0t :hods of' darti.tJ i r.:.g ti.1es e vibr a tions were tried, but 
none o:f t hf.:m mut with much success . 

£_III wa s a l a r c;e f:3a r tori L1S balaa ce , undamped, anc1 of 
maxim~:1 load 1000 ; . It was use,l f or weighing a l l l a r ge 
obj ects , :J1J.ch as the cel l and the flasks i :n which s olutions 
were p r epared . 
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Because weights, which had been dete r mi ned on three 

different balances, were to be intercompared, it was necessary 

to determine t he dif:fer.ences L1 length of t he arms of t ho 

various balances in order to 1n~intain the desired precision. 

'l'his was done by Gauss ' s method of double wcighing23 , and the 

results are given ii.1 Appendix C. A sui table corrE;ction was· 

then applied to e.ll weighi.ne;s. 

Experien ce has shown that, when an object i s weighed on 

a balan ce that has b een arrested f or a while , the initial 

weight changes s.lightly as successive weighings. of the same 

object are repeated, and a constant ·weight is recorded only 

after some time. '£his is belteved to be due to some fatiguing 

effect of' t h e rae tal beam. 1'he ef'f'ect is ad.mi ttedly small, 

but in ord8r to eliminate as many s.oUI'ces of error as possib le 

for t h e sal-:e o1' pre cisi on, t h e standa rd practice was adopted, 

especially with heavier load.s , of' first 11fatiguing11 the 

balances ·by several prelin~inary wei3hings before making any 

preci8e d e ter mination . 

Several differc.IJ.t sets. of' weights. were used in c.onjunc­

ti on with the vario~!.s ·i) r:.lances. 

}VI was abo~ of' Oertling micro-weights (1 mg to 50 g) 

kept specially :for balance BI. Only the f r e.ctional weights 

(10 to 500 mg) t 'rom t h i ·l b ox wer e used: of the se, the bO to 

500 rng weights were ~wld.-platecl , but not t he 20 and 10 mg 

pie ces. Below 10 rng t he r :Ld.ers supp l ied with t h e bal ance 

were used. 

WII was a box of Grade A 8~rtorius we i Gh ts ( 1 mg to 100g 

Box No . 7) . 'l'he larger wei ghts., from l .g upwar ds , were 

made of chromium-plated ·brass: they were used with a ll t he 

balances . 'l'he fractional weights ( :10 and 20 mg -- al umini urn; 

50 to 500 me -- pla tinum- p l 8. ted .nickelin) we r e used wit h 
balance B III. 

YL!l~ was a box of Sar' tori us weights ( 10 mg to 1000 g ), 

of which t h e br·a s s we i ghts 1rom lOO g upwar d s were used for 

we i ghi n6s on baJ.3n.c e n ill . 

YLIY. r;n s t he s.et of r ide r s supp lied wi t h balance B II 

(10 to 50C: mg): the.Je wer·e used f or all we i;'IJ.ings on this 
b a lanc e . 
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All weights used were calibrated by a modification of 

t he Richards' method12 • .dalance BI was. used for intercom­

paring all t he weights up to 20 g, balance ~:J ll f'or weights 

from 20 to 1 00 g , and balance B ITI f'o r the larger weights .• 

Although thi:J i ntercom.parison was suff iciently accurate in 

i tseli"', sL1co it gave all the wei ghts rela tive to one another, 

t he calj_brution wao co· :m lct.t~c.l by comparing t he 10 and 20 G 

weights O.f,ainst. twu si!nilar weights which had bce:a standardised 

by the ,'J.A . Fa tional Pl'C fJical Laboratory. 'l'he ca libr·ation 

was rep Jated several t imes, and t he r esults of' the most recent 

calibration are given i n Appendix C. 

']'he s tandard equation for t he reduction of vveigb:ts in 
. t . . b 24 all" o v acuum J.s gJ. vcn ~r 

(
w 

w,, -- w + d __ y_ 
a a db 

- ~~?~) 
d w 

........... ( ~. 30) 

where W ·­
Wv == 
da -
da :::: 

b 
dV'/ --

true weight in vacuum 
apparent weight in air 
density of a il"' 
density of t h.:) body 
density of the weights. 

Si nce VJ and W are so nearl y eq,ual, equation (1.30) v G. 

reduces to 

W = W (1+C) v a •••••••••• ( 1. 31) 

where C -- vacuum correction fc!ctor 

~ da(d~ - i:;) .......... (1.32 ) 

'I'hc densi ty of air , d , depends on t he temperature, a 
pressure , and humidity . Q, t herefore, i nvolves so many 

variables that t he tabulated values are normally based upon 

a const ant air density , no allowance being made for l ocal 

daily varia tions i~1 atmospheric condi ti c :c1s . '1'hese val uos 

were considered not precise enough for the conductance work 

described her·e, S·ince it was desir ed to obtain an overall 

acc-ccrac;t;r of 0 . 01j~ , or a t least as close t o thi s as could be 

achi eved. .t:O.ll lil-:el;y s .ources of' error had t herefore to be 

minimised .J.s nlti.Ch as possible . 
() ~-

':CJ:w .. cher..._u constructed a nomographic chart from which 

the correction factors for certain atmospheric conditions 

could be obtained :C'",irl~,r re&.dily and I)recisel::,: . r.rhis chart 

covered q_uite a wide rang..; of' temperatures , pressures, and 

body densi ttes . GE:f'cJrtu:.18. tely the range of pressures con­

sidered (?30- 790 r:.:.,l) did not. include the normr-:tl pressures 

prevailL1g in Grahamstow-il (a·o out. 700- 720 mm) . Although 
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the chart could have been extended to take in these pressures, 

this would have caused t he s.lope of the i nterpolation line, 

which had to be drawn i n or>der to determine the correction, 
to become s teeper : it would t hen no longer hav0 been poss ible 

to r ead off the intercept '>lith the same precision. 

An accurate correction could, of course, a l ways have 
been obtained b;y direct calculation of C from equation (1,32), 
using the exact value of d for the given ·t er®erature and a 
press.ure. Such a procedure , however, would have been r•a ther 
tedious wher e many weighings were being per formed , and i n 
order to avoid this t he ch~rt shown in Fig. 1.6 waa construc­

t ed. In ef':,.'ect, this chart merely represents lines of con­

stant air d.ensi ty which will, on calculation, give certain 
values for C when wat er (or a fairly dilute aqueous solution 

of density~ = 1.00 g/cc, approx ,) is weighed agai nst brass 

weights (density dw = 8 , 4 g/cc .). The air density values 
were outainec1 for c1ifferent temperatures and pressures from 

tables 26 , A constant relative humidity o~ 50% was assumed, 
as was done by 'l'hacher25 too, since changes i n t he humidity 
do not appr eciably affect the density of' air . The corrections 

r ead off from Pig, 1,6 must be added to t he apparent weights 

obta i ned. i n a ir. 

'l'he chart can also be used. for obtaining the correction 

when bodies. of densi t y other than 1.00 g/cc . are weighed. 
agains t ·brass weights . 
derived from eg_uation 

a == 

-- correction v1here C 
and c1 -

'I'hus. t he following formula is easily 
(1. 32): -

c1(1·~51 - o .1351) .......... (1.33) 

factor for body of density db 
1; II it If II 1,00 g/CC . 

c1 can be o"bta ined from the chart, and hence C by calculation 

from ec.t~.a tion (:L. ~:53) . In :_particular, for potassi urn chloride 

(the electrolyte used in thi.3 investigation), ~ == 1. 984 g/cc, 27, 

and equation (1. 33) th·~refore simplifies t o 

c o . 437 c 1 •••••••••• ( 1 . 34) 
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1.5 THE WEIGHT BURETTE~ 

1,51 Construction of the Burette. 

The design of the weight burette,·which was made of 

Pyrex glass, is shown in Fig. 1. 7. Its special feature was 

the presence of the controlling stopcock D at the top instead 

of in the more conventional position at the bottom of the bu­

rette. This principle had been used previously in a weight 

burette by Shedlovsky and Brown28 , and also in this laboratory 

for buret tes of similar design by Festenstein29 and A. Faure 2• 

The priffiary purpose of this construction was to av6id contam­

ination by grease of the solution to be dispensed from the 

burette; but this design also allowed the burette to be made 

with a rathe:r· long j et ~ which could be inserted well into the 

the ce ll, without its total l Gngth becoming too great for it 

to be placed on the balance. 'Ihesc two considerations of 

length actually governed the final dimensions of the burette. 

The j et in particular had to be long enough so that the tip 

could be lowered to within i- ~ inch of the 200-ml level in 

-Lhe cell (this was the usual amount used for a filling): this 

ensur·ed that no splashing of the solution would occur while 

an addition was being made. 

Two burettes were constructed, to deliver approximately 

2 ml and o. 2 ml respectively. 'I'he original intention was to 

rr.ake additions of about 2 ml durin:: the titrations, since 

this quantity of solution could be weighed quite accurately 

by difference on the balance BII (see Section 1. ~1) , which 

was the only automatic analytical balance available . This 

volume of solution, however, was large enough to introduce 

appreciable amounts of dissolved carbon dioxide i nto the 

liquid in the ce ll, and also, if it were not itself at 25°C 

before addition, to change the tenperature inside the cell 

noticeabl y . For instance, change s in conductivity of the 

order of 10- 20 nm/cm were observed during several experi­

ments in which blank add itions wer e rr;ade to the cell (2 ml 

pure water added to 200 ml previously equilibrated water). 

These vc.riations arising from t emperature equilibration and 
the r emoval of carbon dioxide were cons id6rGd t oo large for 

the projected experi1rents~ wher-..: j_t was hoped to investigate 

the adsorption of potass ium chlor ide by observinq the iwmed­

i a te changes in co11clu.ct ivity which occurred when this electro­

lyte was added to water (see Section 3o31). 0 .2 ml was there­

fore chosen as the standard addition, in spite of the fact 

that this amount could not be weighed out with the sruoo accu-
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re.cy as a larger volume. 

rrhese burettes were constructed with a ground glass cap 

A, which could be placed over the jet to prevent evaporation 

during weighjng~ etc. No grease was used on this joint, to 

avoid contamii~tion should the jet accidentally be touched 

against it; the cap was held in place quite satisfactorily 

rr1erely by friction, without the aid of hooks and springs. 
This cap A and the corresponding joint B were made from a 

Quickfit A7 socket and cone respectively. Since the internal 
volume of the latter joint was itself more than 0.2 mli it 

was not possible to construct a burette which had a total 
capacity of this amounty no matter how short the jet was made: 

the graduation mark for o. 2 ml would, in i'act, have to be 
n;ade on the ground glass joint B, which w&s rather unsatis­
factory. To avoid this, the tube was drawn down just below 
the end of the joint to an extremely fine jet. This was then 
gradually ground back, wj.th frequent testing of the rate at 

which water flowed out of the burette when it was filled to 
about the l evel C and the stopcock D was opened fullyj the 

or·ifice was considered large enough when approximately o. 2 ml 
of liquid f'lowed out in 10 secondso The graduation mark was 

then made at C (three marks were actually made, corresponding 
roughly to deliveries of 0.23~ Oo20, and 0.18 ml in 10 sees), 

and the jet was bevelled off to a fine tip so that the liquid 
would flow out in very sffiall drops. 

A Pyrex capillary stopcock (external diameter of tu'be 

6t mm and internal diameter 2t mm) was used for the body of 

the burette. The top end G was made just long enough so that 
the burette could be clamped securely while it was b e ing 

lowered into or raised from the cell. Since the tube was 

actually rather narrow for firm clarr,ping 1 the whole end G was 
sheathed in a piece of rubber t ub ing F t o ensure that the 
bure tte would not slip i n t he clamp. The choice of r ub"ber 
for this purpose was perhaps not t he best i n view of i ts t en­

dency t o change in vtei ght (see Sect ion 1.54) 9 and s ome plastic 
tubing might well be t r i ed instead i n f utur e bur e ttes j however

1 

it ser ved s atis fac torily with caref'ul handli ng" The l ooped 
copper wi r e E (about 80 s .w.G.) en~bled the burette t o be 

suspended on b&. l ance B II; i t was faste ned around the s tem 

just below the stopc ock D and seal ed i n place with a blob of 
de Khot insky C(,IJ ·ent . 

The bure.tte is il l us tra t ed ( t ogether with its clamp ) in 
Plates III a and III b. 
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1.52 Use of the Burette. 

After its construction the burette was left overnight 
filled with chromic acid solution, and was then steamed out 
for several hours*. '!'hereafter it was further leached out 

with several changes of water and of the potassium chloridj 

stock solution (Section 3.321). When not in actual use, t e 

burette was kept filled with this solution almost up to the 
stopcock D, and left suspended in the constant temperature 

room. 

'l'he normal method of filling the burette was to place the 

tip of the jet directly into the solution and then to appl 
a gentle suction (usually with the mouth, since it allowed of 

better cor1trol) v ia a long piece of rubber tubing fixed over 
the end of the tube F. Great care was taken not to let the 

liquid rise as high as the stopcock. If this did happen, the 
burette was first cleaned by sucking pure water through it 

with a filter-pump , and subsequently dried by air-suction; 
the stopcock was also regreased. 

When the burette had been filled to a given mark, del~ -
ery of the required 0. 2 ml was effected by opening the stopl­

cock fully for a sui·~ able period (in this case, at seconds). 

1.53 The Burette Clamp. 

\11/hen an addition of solution was made to the cell, the 
buret·te was lowered well down into the latter, until the ti,p 

was within * -t inch of the liquid e.urface. This eliminate:d 
the risk of d.rops of the solution falling on to the walls of 

the ce ll and then draining only slowly and incompletely intlo 
the liquid; at the same time~ the possibility of losses 

resulting fr·om splashing on to the walls as the drops fell 
directly into the liquid was r educed to a minimum. During 

the raising and lowering of the burette, it was necessary to 

avoi~ contact, especially of the tip, with the drops of liq6id 
which frequently adhered to the inside of the neck of the 

cell (see Section 3.323), and with .the liquid itself. A spe­
cial clan:p was therefore used for holding the burette cen­
trally in the neck during these operations. 

The detai l s of construction and use of this clamp may e 

seen in Fig. L 8 and Pla tes I II a and III b. In essence 1 t 

Great care should be t aken in fastening the burette 
f:'irmly to the steaming apparatus , as the very narrow j e t 
causes a cons j.derable steam pressure to be built up! 
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consisted of a length of ~-inch square brass rod A along which 

a shorter piece of similar rod B could be slid. A was bolted 

to a square brass base-plate 0 (the gap cut in the one corner 

was merely to allow space for the one terminal block on the 

thermostat lid when the clamp was fixed there -- see Plate 

III b), and it was held firmly and vertically by means of the 

two stay-r·ods D,D'. B was held in contact with A by means 

of two pieces of angle-iron E,E' bolted to it; these also 

served to clarrlp B in any desired position by friction when 

the bolts were tightened. The long-shafted wing-bolts F,F' 

facilitated the clamping and unclamping; when these were 

loosen6d slightly, B could be raised or lowered very smoothly 

and easily. The bent rod G, which was screwed into B, pro­

vided a convenient handle for this purpose. 'rhe clamp itself 

was bolted to the front face of B: it · consisted of two brass 

plates H,H' with the js.ws I cut ou t a t one end and bent to 

shape. These plat c.~ s pivoted about a rod J, and the jaws were 

pressed close by means of a coiled spring K. 'I'he jaws were 

covered with rubber to give a better friction grip on the 

burette . 

'l'he whole burette clamp could be bolted to the thermostat 

lid (see Plate III b): two bolts were fixed into the lid for 

this purpose. 1'he clamp was not permanently fastened to the 

lid, because the pos:Ltion of the cell mouth varied slightly 

e ach time it was pl1~ced l.n t ne therrrostat owing to the manner 

of its suspehsion. Obvioclsly i.t was desirable to position 

the turette so that it could be lowered as centrally as pos­

sible into the cell, and the two holes 1 9 1 1 in the base-plate 

were therefore made with diarr1eter a little larger than that of 

the bolts projecting from the lid, ].n order to allow some 

latitude in the positioning of the clamp. The latter was 

fastened to the lid with wing-nuts and spring-washers, so that 

minOI' E:: djustments of its position could read..i.ly be made . 
,,7her:ever a titrati on was to be performed 9 the clamp was posi­

tioned as soon as the cell had been put in the thermostat and 

the lid h ad been repl aced, and it we.s then l eft undisturbed 

for the whole experiment. 

1. 54 Weighin,"; the Buretteo 

This was probably the most importar..t procedure affecting 

the general accuracy of the t i tre.t ions~ as car: r-eadi l y be 

seen when it is realised that the whole buret te ~6ighed ap­

proximately 40g, while the additions to be made from it were 

only about 0. 2g. Since these hed to be determined by differ-
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ence, errors in the larger weights, which would normally be 

regarded as insignificant, could obviously become quite appre ­

ciable i n es Girr.ating the smaller weight accurately. Apart 

from the errors which could arise from the general instability 

of the balance available (see Section 1.41), there was also 

the question of the effect of the various handling operations 

on the constancy and reproducibility of the weight of so large 

an 6bject. I t was, for instance, necessary to wipe the bu­
rette clean and dry after it had been filled; but the weight 

immediately after this had been done was found to increase 
during the first 10 minutes by about 0.3 mg (an average value, 

for it was not completely reproducible) owing to adsorption 

of moi s ture on the cleaned glass surface and dissipation of 

the electrification produced by the rubbing. This increase 

appeared to continue for quite a long while, though at a 

diminishing rate. Ntur.erous tests were therefore performed 

to determine the effects of wiping and handling the burette, 

and to find· under what conditions a reproducible weight could 

be expected. Apart from the increase in weight with time 

alre £;dy ment ioned, the following arE;: some of the results 

obtained:-
(i) The need for the use of a cap over the jet to prevent 

evaporation was clearly demonstrated. Without a cap 
and with no drop v i s ible on the enn of. t he jet, the 
orif ice was so ne.rrow that the weicrht decreased at an 
almost negligible r ate (0.02 mg per minute or less ); 
but as long as any semblance of a drop was present on 
the tip, there was a steady decrease of about 0.~6 mg 
per minute when the burette was left exposed in the 
room, i.e. almost 0.1% of the total weight of an addi-· 
tion per minute . Since it could not be guaranteed that 
the last drop would be broken off cleanly during an 
addition, it was obviously essential to have a cap, and 
to replace it quite rapidly after the addition had been 
made. While the cap was on the burette , the weight 
remained quite steady , except on a few occasions when 
the jet had accidentally been touched against the cap 
as the latter was being r eplaced after an addition, and 
a thin l ayer of liquid had thus spread over the ground 
glass surface (a very steady hand was required to avoid 
doing this!) : then a slow, but much smaller, loss by 
evaporation did become detectable. 

(ii) It was deemed desirable t o handle the burette as far 
as possible with clean white cotton g loves, and light 
handling in this manner of both the ~lass and rubber 
p~rts did not seem to alter the weight appreciably. 
S1nce, however, this made manipulation of the burette 
and its clamp during an addition rather clumsy, a num­
ber of t ests were carried out to ascertain the effects 
of direct handling with b are f ingers. Rather surpris ­
ingly, it was found that, or~e t he weight of the burette 
had become constant, the g l ass stopcock and stem could 
be touched more than was necessary for normal operation, 
and even with fairly clanmw hands, without producing 
changes in weight outside the lirr.its of reproducibility 
of the balance. ~,his was not, however , true of the 
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rubber above the stopcock: successive weighings of the 
burette~ during which it was removed from and irr~ed­
iately replaced on the balance by taking the rubber 
between ·bare fingers, showed a gradual bu t definite 
increase (about 0.03 IT~ per handling). 

A similar difference in behaviour of glass and rubber 
was found on wiping the burette. When the glass parts 
were wiped repeatedly with either a cloth or chamois 
l eather and the burette was weighed immediately after 
each wiping, the weight soon became const ant within the 
balance error (the number of wipes r equired depended on 
how vigorously they were made)~ Gentle wiping of the 
rubber also resulted in a cons tant weight, but more 
vigorous r ubbing caused def inite and permanent decreases 
(up to 0.3 mg) to occur. 

(ii) and (iii) it was obvious that the rubber should be 

hand.led with care, but that, if this were done, its presence 

would not impair the accuracy with which the burette could 

be weighed. 

Alt hough a constant weight .could be obtained for the 

burette immediately after wiping , this whole procedure would 

have t o be repeated several times · to allow for· balance varia­

tions if an accuracy of better t han 0.~ mg was to be achieved 
(see Section 1.41). This was t ime-consuming and very incon­

venient, especially after an · addition1 when the resis~ance 
was also being closel y followed. Tortunately- f urther tes t s 

showed that fairly r eproduci-ole weights were obtained on 

leaving the burette for equal times (from 1.5 minutes onwards) 

after a t horough wiping of the glasss in spite of t he normal 
gradual i ncrease in weight . The standard procedure adopted, 

therefore, was to wipe "the bure t te well, first with a clean 

handkerchief and then with a chamo is l e ather for about a · 

minute each, and i mr1ediately after wards to take a r api d check 

on the weight; thereafter t he burette was left suspended on 

the balance f or 20- 25 minutes "before its weight was finally 

and accurately determined as the mean of at least five set­

tings. The actual l ength of time was governed by the tlme 

required to take a final set of r e sistance readings on the 
solut ion obtained from the previous addition in the titration, 

which was done dur i ng this interval. The burette was handl ed 

wi th gloves during all these operat ions as a precautionary 
m~asure, in spite of · the f' j.ndings in ( ii) above. It was 

later r ealised that this wip ing and weighinq procedur e is, 

of course, very similar to the standard method of weighing 

absorption tu·bes in organic combust1on microanal ysis 30• 
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The use of a Gled.hill-·type cell required., as standard 

practice, that a current of g as ·be bubbled through the liquid 

contained therein. 'l'he function of this was intended to be 

be twofold: not only was it meant to keep the contents well 

stirred 1 but it was hoped that it would also remove any vola­

tile impurities remaining in the water after distillation. 

Both these aims were successfully realised (see Sections 1.31 

and 2. 3) . I•'or the latter purpose, of course, it was essential 

that the gas be very· carefully purified before entry into the 

cell, so ~hat it would neither introduce new impurities which 

could increase the conductivi ty- of the liquid, nor merely set 

up a steady state wi th those impurities already present 

instead of rerwving them completely. Seve·ral gases were used 

for bu.bbling through the cP- 11 at various times ; they were 

purified by be i ng passed through a train containing suitable 

reagents . 

1.61 'l'he Air.·-purification Train. 

This train, which is sorr~t1mes also referred to as the 

"long pur if'ica t ion train ;t, was originally assembled for puri­

fying the compr essed air which it was intended to use f or all 

general stirring, but later t he other guRes were also passed 

through it after some prior pur ificat :ion. 'l'he final traj.n is 

depicted in F'ig. 1. 9. It may perhaps seen, ·Lumecessarily long, 

but s everal factors were responsible for its eventual form: 

thus: 
(i) Renewal of the whole train was obviously necessary 

whenever the rc.:;a,;:ents in it had become spent. Son:e­
tirr:es, too, smaller part s of the train were renewed 
separately~ either f or the same reason or because some 
of the r·ea~_~ eDtB had ace identally become cont aminated. 
These renewals were usually rather tedious processes, 
partly because of the difficulty encountered in remov­
ing the materials from the tubes, which were then always 
thoroughly cleaned and dried as well, and also because 
some sect).ons of the train could only be removed and 
replaced with considerable difficulty owi ng to the 
rathe1 cramped space around the thermosta t (see Pla te I). 
Large ·amounts of purifyi ng materials were therefor e 
used so that, i n the normal course of events, their 
renewal would only have to be perforn:ed infrequently" 
'l'he efficient pur:i.fication of the air passing throc;,gh 
these substances was ensured by arramrincr them so a.s to 
provide a long •;ath, thus increasing the--time of contact 
between the gas and the reagents. The sectional ar ­
rangement of this l onrr train faci litated the occasional 
r0newal of shor t er no~tions thereof. 

(i i) '.fhe ltqu1d reagent s were plaeed in small gas - washing 
bottles, of ' star..dard pattern as illustrated. If, for 
some reason, the pressure at the beginning of the train 



ThiZ. Air-Pur\~ica.\:ion Tra.in . 

E 

D 

- ~ubbtr c.onncz.d:.ions (stoppczrs or 
prcz.'3sunt tu bi'"'g.) 

I 



- 48 -

dropped for· any length of time, the liquid was always 
sucked back from the bubbler. Alternatively, when a 
very rapid stream of gas was passed through the train$ 
either continuously by design or in a large burst by 
accident (usually the result of turning a wrong control 
stopcock and applying too much pressure), it was found 
that some of the l iquid was carried forward in the form 
of spray. Both these occurrences originally caused 
contamination of the reagents in other sections of the 
train, with the resulting bother outlined in (i). The 
dictates of experience soon showed the wisdom of inclu­
ding in the train two extra bottles for each liquid, 
placed empty before and after the reagent bubbler 
respectively in the manner indicated in Fig. 1.9. 

(iii) Changes were occasionally made to the composition of 
the original train as new purifying materials were 
tested and incorporated. Though these sometimes in­
volved replacement of one section by another, this was 
not always the case, especially where the original por­
tion was not too readily accessible; then t he new part 
merely became an addition to the train. The latter, in 
fact, just tended to grow by an evolutionary process 
into its final, mor e or less permanent state. 

The a ir supply was o'btained from a compressor situated 

in the workshop of the department and connected to the con­

stant t emperature room by a long length of copper tubing. 
The probable impurities in this air were considered to be: 

oil-vapour• and -spray (from the compressor itself); water­
vapour and -spray (from the condensed water in t he supply tank 
and the pipe-line ) , which might contain dis solved impurities 
as well; and volatile materials such as might l::e f ound in any 
normal laboratory a ir. Of' the J. atter impurities the major 
component by far was naturally carbon dioxide , and most of 

the train was intended f or the elunination of this gas. 
Ammonia was anot her· gas to whoee ren.oval special attention 

was paid , as well as any acirl. 01 other f umes wrd.ch n.i!J.ht be 
present in the building· at the t i n·,.e of compres sion, and wh ich 

might cont ribute to the cor1d1.1.Ctance of the liquid in the cell. 

The various reagents used i n the t r ain wer e: 

(a) Soda-·li~ - 'I'his was int ended mainly to r emove carbon 
dioxide, but it a lso s erved t o retai n any ot her volatile 
ac i dic impurities, such as HOl , e tc . Very occasionally , 
t oo, a small amount of pur e sodium hydr oxide pelle ts was 
used, usually for t est i ng purpos es. 

(b) Phosphoric ac id - ·:vben phosphor i c ac id appeared so suc­
ces sful in hol di ng back arrmonia dur ing the preparation of 
pure water (see Section 2q 2 ), it was incorporat ed in t he 
purificat i on t rain f or the s ame purpoc:e . At f irst syrupy 
phosphoric acid was used, but l ater it was thought that a 
solid r eagent might be rr:.or e eff icient t han a l iquid, since 
th3 air would s tay in contact with the rearrent for a 
l onger time . Phosphorus pent ox ide , however , was cons id­
er~d unsuitable because of its very hygroscopic natur e 
and the consequen t t endency of the f i ne powder to clog 
~he tra in. So~id rr:etaphosphoric acid seemed much s uperior 
l n r espec t of ~hese propert ies ; i ts effic i ency was t here -
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fore tested by bubbling air through an ammonium hydroxide 
solution (about 1N), then passing it through a small 
U-tube containing metaphosphoric acid '!lhich had been 
crushed somewhat to ir!crease its surface area, and finally 
into Nessler's reagent. After several hours there was 
still no precipitate, although air which was passed 
through the ammonia solutio~ but not through the U-tube, 
produced a thick precipitate within a few seconds. 
Crushed solid metaphosphoric acid was therefore included 
as part of the regular filling of the train. 

Sulphuric acid - The concentrated acid used also removed 
amr!iOnia and other possible alkaline im.puri ties, but its 
chief func t ion was actually as a dehydrating agent, other­
wise the solid reagents absorbed the water vapour. This 
very soon resulted in a pasty mess and blocking of the 
train. 

Cupric chloride - A very srr;all amount of the crystals 
of this substance was pl aced in the train as a precaution­
ary measure against hydrogen sulphide, which might be 
present in the laboratory air. 

When the train was first assembled, the bubblers D (in 

Fig. 1.9) were connected directly to a compressed air point 
in the cons·t, ant terr1perature room. It was found, however, that 

the control stopcocks had to be adjusted continually in order 

to keep the rate of bubbling through the cell constant. The 

fluct uations in rate occurring at a constant setting were 
eventually correlated with the cycles of the air compressor: 

because of the length of the pur ification train, the rate of 

bubbling at the end was quite sensitive to changes in the 
pressure at the beginning of the train, and it decreased 

markedly as the pressure in the air pipe-line dropped until 
the next ''On 11 period of the compressor motor, when the rate 

rapidly increased again. In many of the experiments which 
were performed in ?art 2, however, it was necessary to main­

tain a very constant bubbling rate; further, since the final 
conductivity of t he water in the cell appeared to be dependent 

on the rate of bu.bbling being employed (see Section 2.41), 

the constancy of the latter seemed generally desirable. This 

was achieved by first l eading the air into a 5-litre filter 
flask A, the outlet of which was connected to a bubbler B 

containing mercury, i.e. the initial pressure was kept con­

stant. The height of' the mercury was adjusted so that the 
pressure was slightly larger than the minimum value required 

to forc e the air through the whole train when the cell was in 
the thermostat. A sufficient flow of air had always to be 

maintained into A to prevent the pressure dropping below this 

value . The excess air which was needed to do this then es ­

caped via B whence , because of the mercury vapour present in 
it after its passage through this liquid in B, it was led 
away out of the room f or the vapour to be dissipated in the 
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outer atffiosphereo 

With this arrangement very constant rates of bubbling 

could b0 m&intained through the cell for long periods without 

attenti~n. fhe flow of air out of the constant nressure re­

servoir into the train was controlled by means of the stopcock 

C set into the rub"ber stopper with which A WHS covered. From 

here the air went to the bubbler D containing sulphuric acid.. 

This served several functions: it acted as a bubble counter 

to give an ideCJ. of the approximate rate of flow at the begin­

ning of the tr•ain, and as such was very useful in indicating 

the presence of leakages further on; it trapped the last 

amounts of spraJ and solid particles which might have pro­

gressed thus far, although the introduction of A had made 

such a possibility most unlikely; and it dried the air before 

its pas sag,) through the solid rea r:r, entso Since there was quite 

a considerable amount of water vapour present in the air from 

the compressor, the acid in D had to be renewed frequently, 

b ecause the level soon rose to the point where dange r of 
sprayin~~ was rather large. Frorr D the air passed to the long 

tube E (atout 3 feet long and ~ inch internal diameter), which 

contain~d about 6 1nches of crushed phos9horic acid at the 

beginnj.ng, and for the r·est was packed with soda-lime. The 

U-tubes F were also filled 1rv i th soda-lime, a lthough one of 

them was a general purpose tube which contained a lit~le 

phosphoric e.cid arcd so1Le cupric chloride as well; it could 

be rapidly removed and·renewed for testing when there was some 

doubt about the efficiency of the reagents in the train, 

Ordinary soda-lime was used for the most part, but a small 

amount of self-indicating material \'Vas placed at the end of 

the long tube and of each of' the U-tubes to indicate the pro­

gress of' the spent portions and thus show when renewal was 

necessary. Next came the bubbler G, which had been specially 

made with a stopcock at the top and at the bottom for easy 

filling and dra ining respectively. It was incorporated 

because at one s tage the only soda-lime available was a "non­

deli quescent 11 type, which actually saturated the dry air 

passing through it; this water was subsequently beinG absorbed 

by the phosphoric acid, the frequent renewal of whicll was rather 

expensive. Sulphuric acid was therefore used to dehydrate 

the air again, and the tedium of its constant renewal was 

overcome by the installation of G. Thereafter the air passed 

to the bubblers H containing syrupy phosphoric acid, and t hence 

to I, which served a dual purpose. Firstly,the conductivity 

water with which this bubbler was kept fill ed pre-saturated 
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the air at room temperature before its passa~e into the potash 

bubbler situated inside the thermostat (see Section 1.12), 

where it was finally saturated at 25°0 prior to its entry into 

the cell; the need for refilling the potash bubbler was there­

fore cut dmm considerably at the expense of frequent replen­

ishing of the much ffiore r eaui l y accessible bubbler I. Se­

condly, I was Ghe b-:..lbble counter to which all the rates of 

bubbling used throughout these investigations were referred. 

These rates were always determined and recorded as the number 

of bubbles passing through I in 30 seconds, anG. hence the 

standard convention has been adopt~d of expressing bubbling 

rates in the form x/30, meaning that x bubbles were counted 

in 30 seconds. This method of expression will be adhered to 

throughout the text, except where otherwise stated. The 

volume of each bubble was roughly 0.4 ml, though it varied 

slightly with the bubbling rate being used -- the faster the 

stirring, the larger the bubble. 'Ihe rate was controlled by 

the stopcock ,J placed i mmediately after bubbler I and bef·ore 

the t wo-way stopcock K. By means of the latter, the air could 

be made to pass either through the liquid in the cell for 

stirring it (after first going through the two copper coils 

and the potash bubbler in the thermostat - - see 8ection 1.12), 
or ov0r the top of the cell liquid after temperature equili­

bration in another copper coil . 

The v arious parts of the train were all connected with 

rubber pr essur e tubing, the joints being made glass-to-glass 
as nearly as possible. At one stage these joints and the rub­

ber stoppers used in the long tube E and the P-t ubes F were 

coat ed with wax to prevent any diffusion into the train, but 

tb.ic' precaution proved unnecessary (see Section 2. 41). 

1.62 The Nitro 
,_;;_~..;:._;~:;..=,;;.-4_,;;.;;;.;;u..,Q;:~-Z-...::::.:=-=.:Il...::::=....:::::.O.::;;.:;:-.......t;:.;~~.=..:::~:..r::-:;u:;::::h' I;. r r· 01 TV 

T1·ain.~ ~~ , ,_, . ~l. r, , 
LIBE!\~'ij 

Nitrogen was used for all general stirring after it 'ha-~ 
been shown to be more suitable for this purpose than air (see 

Section 2. 423 ). The gas was obtained from a cylinder of 

corrnnercial "dry nitrogen 11
• The chief impnr i ty appeared to be 

a _small amount of oxygen, which was consider ed undesirable; it 

was therefore removed by passing the gas from the cylinder 

over hot copper. The latter, in the form of turnings, was 

placed i n a long Vitreosil tube , which was heated in an ordin..:. 
~ry e l Gctric con~ustion furnace . Becaus~ past exper i ence 

had shown that any unnecessary source of' heat either inside or 

even below th6 constant temperature room was most undesirable 
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for maintaining good control of' the temperature, and because 

a pipe-line was already available from this room to another 

small laboratory situated at the end of the same corridor, 

the furnace was set up pern:anently in the latter room. 

The nitrogen was taken directly from the cylinder to t he 

heated copper. This gradually b ecame oxidised, but it was 

regenera ted whenever the empty nitrogen cylinder was exchanged 

for a fresh. one, and also occasionally at other t imes when it 

appeared necesoary, by passing a stream of hydrogen through 

the heated tube. During this process, and while th'"' tube was 

subsequently beinc flushed out again with nitrogen, a two-way 

stopcock placed at the end of the tube was turned to let the 

gases pass out into the atmosphere: in this way the gas inside 

the train was kept fre~ from contamination whenever the oxide 
had to be rc:c:i.uced or the cyl inder changed.. Normally this 

stopcock ·.vas turned to l t;t the nitrogen flow into a bubbler 

containing concentrated sulphuric acid , on which the rate of 

flow of the s as c ould ba observed, for pur poses both of ad­

justment of the cylinder valve and of the detection of pos­

sible l~aks along the train. Thereafter the gas went through 

a tube containing soda-lime and crushed metaphosphoric acid 

for preliminary purification before entering the copper t ub ing 

(about 50 feet long) which led to the constant temperature 

room. Ins ide this room the gas passed into a constant pr es­
sure r e servoir similar to the one used for the air-purifica­

tion train. "l'he r ubb;... r· stopper wh ich cJ.osed this flask was 

fit ted with four well-1.?;rouna stopcocks, so that four different 

supplies of ni.tro.::,e:n would be available in the room if neces­

sary; each of t hese stopcocl<:s was connected to a U-tube con­

taining both soda-lime and solid phosphoric acid. The nitro­

gen supply was then joined to the ordinary train shown in Fig. 

1 .9 just before the bubblers I by means of a two-way stopcock 

so that either air or nitrogen could be sent through the cell. 
Later a similar two-way connection was made before the bub­

blers D, so that the nitrogen would have to pass through the 
whole of the long train first before it finally reached the 

cell: this was done by exchanging the ordinary stopcock C for 

a three-way stopcock . This latte r arrangement was eventually 

used as the s tandard pa t h for the purification of nitrogen 
(see s~ction 2. 425) . 

'I1he use of the two-way stopcock K (Fig. 1. 9) me ant that 

the air· or gas could be passed either through the liquid in 

in the cell or ove r the top of it, but only as alternative s. 

It was afterwards found desirable to be able to pass the 



- 53 -

nitrogen along both these paths simultaneous ly. K was there­

fore replaced by an ordinary stopcock, which was coru1ected 
directly to the coppe r coil leading to the capillary tube of 

the cell; this stopcock was included purely as an "On-Off" 

control so that, once the bubbling rate had been adjusted to 

a given value by rr£ans of J, it would not be necessary to 

1nterfere with the setting of J whenever it was desired to 

stop the stirring through the cell collipletely, as during the 

accurate measurement of t he resistance of a solution (see 

Section 3.21). One of the other supplies from the constant 

pressure reservoir was then connect ed via a bubbler contain­

ing conductivity water (to saturate the gas at room temperature) 

to the other copper coil leading to the side tube of the cell: 
gas could therefore be passed independently over the top of 

the liquid in the cell. 

The oxygen and hydrogen used .'/ere also obtained from 

cylinders of con·JTlercial gas. For their purification, the 

nitrogen cylinder was merely interchanged with a cylinder of 

t h:. dt::s ired gas , and t he same train was employed since it was 

thOLtght that this already contained sufficient r eagents to 

remove any impurities which might be present in the commercial 

~uses. Naturally, of course, the copper was not heated when 

oxygen was b e ing used, although heat ing -.vas still continued 

during the paszage of th t.. hydr ogen. 

1.63 Othe r Tra ins. 

Two minor purification trains were also employed during 

these investigations: 

L 631. 'l'he auxiliary air-purification train. 

•rr.is was used ch ief'l y during the additions of sn:all 

bn~ount s of arr"""'r.onia to water in the cell for the experiments 

where t he rezt.oval of this substance by aeration* was being 

studied (see Sections 2. 34. and 2. 35 ). The t rain consisted of: 

a small U-tube Vlith sol i d phosphoric acid; a l a r ge U-tube con­

t ainin::_r soda-lime; an empty ()"as-washing bott l e (to act as a 

liquid trap ); a bubbl er c ont 8ining syrupy phosphoric acid; 

and a bu1bler filled ':lith pure conductivity water. The puri­

fi~d air emerging from this train was l e;d to at1other bubbler 

(made of Quickf i t pal~ts) , in which about E.O rr,l of conduct i-

vity water was aerate d prior to the addition of a small amount 

In this thesis, the word ;'aeration " denotes the passage 
of a current of highly purified a ir (or any other sparingly 
soluble , non-conducting gas) through a liqui d. 
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of cone. G.R. ammonium hydroxide. A standard procedure was 

then u sed for passing the air-an;n:onia rr:ixture from this solu­

tion into the water in the cell oy means of a tube kept 

specially for this purpose (see Se ction 2.32). 

1. 632 The shor t all-glas s train. 

This was t c:;n;.porarily installed in order to reduce to one 

the numb er of rubbe r joints which the air had t o pass after 

its final purification and "before its entry into the c~ llo 

It is more appropr i a tely described unde r the experiments 

perform0d to t e st for the diffusj.on of carbon dioxide into 

the air-strean.: through the joint s in the train (see Section 

2. 41) . 

-----ooooOOOoooo-----
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_P _A_R_T ___ 2_ 

THE PREPARATION Al'ID . STupY OF 

11 ULTRA-PURE WATER 11 
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2, ~ Il~TRODUC1'IOl'L., 

In all accurate conductimetric determinations, the 

problem of the correction which must be applied for the 
conductance of the solvent has always b een rather a per­

plexing one. It was·. realised even by the earliest investi­
gators i n this. field that, i n orde:r to ob t ain the true con­
ductance of the dissolved el ectrolyte in a solution, allow­
ance must be made for the contribution of' the solvent to 
the total measured conductance; but the method of application 
of t his. correction seems to have been very arbitrary. 
Initially the cbnductance of the solvent was determined 
separately, and the whole amount subtracted from the con­
ductance of the solution. Although this answered fairly 
well for neutral 58.1 ts, it led to anomalous and obviously 
incorrect results for aci ds and bases, particularly in the 
more dilute solutions: t he molecular conductance, for 
instance , i nst ead of' tending towards a maximum, showed 
values decreasing with i ncreasing dilution31·• This was 
obviated by the empiri cal procedure of applying either 
half the solvent correction or none at all! Since there 
was no foundation for adopting such a procedur e , Kohlrausch 

rejected t hese suggestions a s meaningl ess. He recognised 
that t he Ctifficul ties experienced in o·btaining accurat e 
results at h i gh dilutions were due to t he disturbing i n­
fluence of the aci di c and basic i mpurities in t he water , 
and very prophetically remarked in one articl e that 11 the 
l ast word upon the subj ect of dilute aci ds and bases will 
certa~nly not be spoken until we have succeeded i n inves­
tigating the solutions in pur e water 11 32 • 

In the case of aQueous solutions , there will always 
be some solvent conductance because or the presence of the 
ions formed by the dissociation of the water i tself, i. e ., 

•••• 0 0 0 0. 0 (2.1) 

The specific conductance of pure wat er can readily be cal­
culated , 'rhe ioni c concentrations are so small that they 
may be t aken as equal to the activi ties with sufficient 
accuracy for this purpose . Hence we have 

= •••• · •••••• (2 . 2 ) 

But s:ince the ions ar e present in equal concentrations 1 

[ H+] = [ OH-] = 1. 004 x 10-7 g-ions/1. 
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The specific conductance of water K HzO' w:lich is due to the 
+ -presence of H and OH ions only, is then given by the stan-

dard eg_uation 
0 

c ·AI-r o 
2 

= ---' 1000 
··0·······(2.3) 

where c = concn. of dissolved electrolyte in g-equiv./1. 
-- 1. 004 x 1o-? in this case, 

and~ 0 2 
= limiting equivalent conductance of water 33 
-- 54,8. 3 (Value computed from Glass tone ) * 

;:: 
1.004 X ~0-7 X 548.3 

~000 

::: 55 run/em approx. 

Absolutely pure water, therefore, will have a specifi c 
conductance of about 55 nm/cm at 25°0. Al though t hi s is 
small, it would still represent almost 4% of the total con­

ductance of a 10- 5 N potassi um chloride s.olution . Water o1 ... 

t his degree of purity has never yet been prepared. The 

best sampl e reported still remains- that of Kohlrausch and 

Heydweiller34 in their classical experiment which involved 
42 di s tillations in vacuo; t his water had a conductivity of' 

61 nm/cm (recalculated to 25°0). The q_uantity was very 
small, and the conductivity rose r ap i dly again on exposu~e 
to the a ir. Because of this rapid contamination, Kohlrausch 
and h i s co-worlcers did not attempt any r efinements in the 
purification of the water used f or their ordi nary experiments} 
but prepared their solutions with water of conductivity 
approximately 800- 2000 nm/cm at 18°0 . 

'I'he f i rs.t r eally systematic analysis of the 11 wa te.r 

correotion11 was made by Kenda11 35 • The r elatively high 

conductivity of distilled water is due mainly t o dissolved 
carbon dioxide , which must be eliminated when preparing 
very pure water . Kendall stressed the difficulti es of t his 
pr ocedure and of all the subsequent manipulations (such as 

* For convenience , all i onic conductances have been re­
ferred to a s ingle table in the 1iteratur3 rather t han 
to individual papers , since for some ions, e . g. hydroxyl, 
computation of t he value is required f'rom as many as 
four diff'erent sources . The table selected comes, f'rom 
Glasstone ' a 11Elements of Physical Ohemistry11

• This is 
admi ttedly an elementary t extbook ; but it must be pointed 
out that the values have all been checked and that, al ­
t hough numerous more authoritative works on electrochem­
i s try were als_o consulted, thi s was the only reference 
available which contai ned all the required conductances 
accurately in one t abl e . 
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preparation of solutions and mec-.surernent of' conductances); 
these operc.tions would rog__uire elubor o.te precautions to 

prevent contact of the liquid with the air again. He there­

fore advocated the use of purif'i ed water which had been 
allowed to ·become snturatod with a tmospheric cnrbon dioxide 
(so-called 11 cqp.ilibriurn water"), since it seemed preferable 
to use a s.t ab le sample of wat er for which an exact correct ion 

could be made, rather than a purer sample for which the 
correction was l ess certain because of t hG possible absorp­
tion of co2 • On the assumption that carbon dioxide was 
then thG only impurity in the wat er, he proceeded to apply 
a "carbonic acid correction"1 b.ased upon the law of mass 
a ction, to ell the typos of' solutions. likely to be en­
countered in conductQnce work -- acids and bases, both weak 
nnd strong, and the salts of those . 

Kendall's. application of this correction to previous 
measurements made by other investi gators certainly did load 

to more consistent results, a lthough the equivalent con­
ductances of strong acids still showed a mnximum at about. 
0.0001 to 0.0002 N, thereafter decreasing again. Wash­
burn36 concluded from this t hat Kendall had not been justi­
fied in assuming that the whole of the impurity in the con­

ductivity water was carbonic a cid, and thnt this behaviou~ 
was nctually due to the added presence in the water of basic 

or saline impurities , or both, in amounts which were far 
from negligi ble. This conclusion wns strongly supported 
by the l nt er work of Kraus and Parker37 on the conductance 
of iodic aci d solutions.; when water of conductivity above 
100- 200 nm/cm was used, a max imum was f ound in the conduc­
t ance curve whi ch they correlated with the presence of im­
purit i es i n the water. They also found that a l kaline :i,m­
purities derived from the gl ass cells seemed to have a very 
pronounced effect in producing this maxin1um. 

Washburn further pointed out that 11 equilibrium water" 

was. not suffici ently stable to warrant its use in measuring 
the conductances. of very dilute solutions. In an experi­
ment in which filtered a ir was drawn through a large sample 
of conductivity water in a quartz vessel, t he conductivity 
was found to vary erratically. between 797 and 865 nm/cm 
over a period of' l ess than a day. Obviously considerable 
error s could result from us ing such water f'or measurements 
with dilute solutions., che conductivities of which were 
themselves only of the s ame order of magnitude a s t hat of 

the water . 1rhe solution would therefore s.till have to be 

protected against a tmospheric contamination during its 
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preparation and measurement, even if lieq_uilibrium water" 

were uaed i nstead of' "ultra-pure water"*· The difficulties 
involved would probably be no gr eater in t he latter case 
than i n the former, and t he absolute cha11ges, in conductivity, 
owing t o chance contamina tion with co2, would be approximately 
of' the same magnitude i n both cases. Si nce the accuracy of' 
the fi nal correction for di ssolved co2 depende~ only on t hese 
absolute changes, t her e seemed to be no logical reason for 
prefer ring ;'equilibrium wat er 11 to 11ul tra - pure water". 

The "water correction" is not a constant q_uantity, 

equal to the measured conductivity of' t he water or some 
fixed f raction t hereof', but it depends on the nature of 
the impuri ty (whether acidic, basic, or saline) and of' the 
solution being considered. Interactions can obvious ly occur 
between t he electrolyte and the water or the i mpurity in it. 
Since t hese will cause varying amounts of' change in the 
ionisa tion of the conduct i ng mat erial pi•esent, t he size. of 
the correction, for t he same sample of' wa ter , can differ 
greatly i n different solutions.. A f ull discussion of the 
methods of application of the cor~ection in t he various 
cnses has. been given by Washburn36 • 

In making any accurate conductirnetric measurements, 

t herefor e , it is necessary to know b oth the amount and t he 
nature of' the residual impurities present in t he water. 
Information r egarding the nat ure is usually derived by 
inf'erence, since the actual amounts of mat er ial being con­
sidered a re i nvariably t oo small for analysis . The uncer­
tainty of the correction ar ising from this source is t here­
fore probably equally great whether "equilibrium wa ter" 
or 11ultra-.pure water0 is used. A distinct advantage of t he 
latter procedure, howeve,r, is that t he total correction is 
much smaller , and hence it can probably be applied with 
greater certainty . When the correction is. large and 
impurities other than co2 are present , such as is usual 
with "equilibri urn water" , it is obviously dif'f'icul t to 
decide: what proportion of the correct i on is due t o dissolved 
carbon di oxide . With a sn~ll correction, however, the 
errors in estimati ng the amounts of the other impurities 
are likely to be much amaller , particularly if' t he co2 can 
be eliminated completely. 

In spite of the desirability of l:eeping the solvent 
correction at the lowest possible level and so increasing 

* The t erm "ul t11 a-pure wat er" is usually taken as meaning 
water having a conductivity of ~00 run/em or less . 
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the accuracy of its application, ve-ry 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 freqp_ently been described in the literature 
(see Section 2.2). Weila.nd38 reported t he use of water of 
conductivity 53 - 70 nm/cm at 18°C, while values. of 95- 500 

and 80 - 150 n:m/cm at 25°C were mentioned by Kraus and 

P k 
37 d b T/" • d K. 1 t . k 39 t . 1 ar er , an y nrleger an 1 pa r1c respec 1ve y. 

Very recentlYt too, Ives and Pryor40 prepared all their 
solutions with water of average specific conductance 100 

nm/cm (presumably an average value for the various tempe.r­
atures, from 15° to 35°C, at which their measurements were 
made}. In general, however, much precision work has been 
described in which the water had a conductivity of over 
100 nm/cm, going up to 500 nm/cm (and sometimes even more! ). 
Most of tl!.is conductance was probably due to dissolved car­
bon dioxide, present because of the diff'icul ty of working 
completely out of contact with the atmosphere. These rela­
tively high water conductivities have not always been signi­
ficant. Por instance, in measurements such as those of 

Grindley and Davies 41·, Shedlovsky'12 , Davies 43, and Owen 

and Zeldes44, where the electrolyte (potassium chloride) 
was the salt of a strong acid and strong base, the correction, 
although large, could still be applied accurately even to 
the results obtained with dilute solutions. But in numerous 
other determinations, where there was a pos.sibili ty of re­
action between t he electrolyte and impurity, or between the 
electrolyte and water (hydrolysis), the final accuracy has 
depended on a knowledge of the amormt and the nature of all 
the impurities responsible for the comparatively high con­
ductivity of the water. Sometimes it has been possible to 
obtain some of this. information experimentally, as in the 
wor·k of Macinnes and Shedlovsky45 on aceti c acid and sodium 
acetate . Fre~uently, however, an arbit~ary assumption 
regarding the proportions. of possible impurities s.eems to 
have been made: the measurements of Robinson and Davies46 

on thallous salts are a case in point . 

Apart fr•om the slight inaccuracy which may arise, par­
ticularly with very dilute solutions, from the approxi mations. 

whi ch must be made when the solvent correction is large, 
t here is. another possible s.ol..u"ce of error in t hese cases. 
This is due to the l a rge n1unber of extru ions present in 
the water. Davies

47 
has s hown tha t both the mobilities and 

activities of the solute and s.olvent ions may be affected 
by each other ' s presence, and that the true s olvent correc-
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tion should talce into account the interior·dc attraction 

effects. as well. If tbese factors are ignored, a small 

error can result even in the case of potassium chloride 

and other neutral salts. 

It seems, therefore, that the use of water of a rela­

tively high conductivity requires the introduction of several 

correct ions and approximations. Though these can often be 
made quite accurately, their application would almost cer­
tainly lead to more exact results if water of the purest 
quality were used . In t his laboratory, a large amm.mt of' 

work which involved conductirnetric measurements on extremely 
dilute s.olutions was in progress and in prospect. It was 
theref'ore decided to try to have available for routine use 
a very pure grade of water, and also, if possible, to deter­

mine the nature of tho residual i mpurity , so that accUl~ate 

corrections could be made to measurements on even the most 

dilute solutions . 
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2 . 2 PREPAEATION 0F . 11UUJ.1HA-PUREi WA'l'ER 11 • 

. , 
Nurl!e r ous s ti l l s :for the prepo.ra t~i on of 'ul trc. ---pure 

~-{ ater 11 have been described in the li ten1ture. In many of 

these a continuous stream of purif ied a i r was used durlng 
t he distillation pr ocess in order to remove volatile impuri­

t i0s. Somet in . .::;s the air was passed upwards through tho:~ c on­

de nser, wher e it mixed with the vapour and the distilla te 

and thus freed the l a tter fron; dissolved 11ases . 'rhis rrethod 
was used i n Bourdillon' s s ti1148 , and in later modi f ic.ations 

thereof by Eengough, Stuart, anu r.ee49 , and by Stuart and 

Wormwell 60• We iland 36 , ho .:evtJr, passed t he pur i f i ed air 

throu~h the water in the distilling flask , which was ma in­
t~in~d at a ten~erature a few degr ees b elow the boilin~ 
point. The firs t portion o~ the distillate was then discarded 

on the grounds tha t it woul d eontain al l t he :raseous impuri­

t i es in the origi nal water. 

I n Kraus and Dexter ' s me thod of preparation51 , the use 

of pure air during the distillat ion was eliminated. Instead 
they effe cted a purification by a fractiona l condensation 

process, which was based on t he fact that , at the boiling 

point of water, the concentration of carbon dioxide in the 
v apour phase is about five times as great as t hat in the 

liquid phase. The still was designed so that complete 
con6bnsatiOll oi the steaffi could t ake p l ace in two stages. 

About 20 - 25;~~ of the steam was allowed to escape unc.ondensed 
from the first condenser, and this vapour carried wlth it 

practically all the car bon dioxide and tha other vol at i le 

i rnpuri ties i n the water, i. e . the stearrJ. itself performed the 
func tion of the purified air employed by Bourdi llon and by 
Weiland. 

Each of thes0 st ills~ and numerous others , was described 

as being capable of' deliverin.-:s daily several l j_tres of water 
of conduc tivity less than '(0 nm/cm. However, the water t hey 

provided , judged by reports of subsequent experimental wor k 
emanatin~ f1•orr: the same laboratories, seems invariabl y to 

have ~lad a rather higher conductivity, presumably arising 
from atrrospheric contamination after t he distill ation. 

Since carbon dioxide can apparently be removed fair l y 

readily from water by passing a stream of l)Uri f i ed "C0
2
-free" 

gas through it, the polic,y in thj.s laboratory has been to 

effect i ts r ·~n ·oval in the conductance cell itself rather than 
in t he st ill. 'lhis procedure e lirninates the necessity f or 

n<any of the pr e cautions found nece ssary in al J. the above­

n:ent ioned stills ; at the sarr:e t i rr.c it avoids the risk of 
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contamination of the water durin,.,. har:.cll in![- ope1•at ions and 

before the actual conductance n:aasurerr.ent ~ end thus minimises 

the w1certainty of the solvent correction. 'l'he effective­

ness aEd co1r.pleteness of this weans of rerr.ovinP' caruon d i­

oxide from ~.'at-.;r· has been carefully r.:: tudied in this h'ork. 

Originally a single distillation of or dinary distilled 
·;.'uter from a lkaline permanganate was used, according to the 

51 method of Kraus and Dexter . However, even the best water 

obtained by Festenstein29 had a conductivity of 121 nm/cm 

after it had been Berated in the cell, and the quality was 

usually much worse. 

Ellis and Kiehl52 used a combination Bourdi l lon and 

We iland st ill for the preparation of pure wa ter j_n order to 
deteunine i ts pH. They found that the most persistent vola­

til e impurity V<as ammonia , any c::trbon dto.x.ide ren:.aining 

being easily el iminated by aeratton. The first fraction 

of disti llate obtained from a sin~le d istillation from e ither 

water or alkali invariably had a high pH (8.5 or more). The 

pH drop~led in the succeeding fractions, but it only became 

corlf,tt:mt (at just over 7) after half the dis tillation had 

Dd.m completed. The presence of ammonia in the init i a l 

fractions was confirrr;ed by Nessler tests. The addj_t ion of 

Nessler's reagent to the boil in!': flask failed to hold back 
the ammonia for the ear·ly fractions; but when phoe.phoric 

ac id was add t::d to the boiler, all the fr a ctions had about 

t he same pH ( .3 . 94 - ? • 15), showing that this ac i d re tained 

all the ammonia. 

Phosi.~'horic acid was therefore tried in the distilling 

flask instead of alkaline per manganate, and a pear-bulb 

:l'ractionating column was connected to the flask to act as a 

spray--trap a.nd reflux device. 'Ni th th is apparatus, the first 

dL:;till.ate coll e cted had a conductivity of 1 50 nm/cm after 

aeration. T.Jater, values as low us 96 r.i.ID/cm were obtained, 

but the quality of the water still seemed to be very var i­

able. The variations were believed. to arise from a contami­

nating effect caused by fum0s of various kinds which had 

spread fron. the general laboratory to the room in which the 

still was placed. Since Btlch contamination coul d not be 

avoided comple t el,y, and since i t w:s desired to have a still 

which woulu uroduce good quality water under a ll operating 

conditions, it was decided to ptlt c~uard-tubes on the still 

to prevent entry of any volatile j_mpuri ties likely to contri­

bute to the conductance (co
2

, :r.:m.
3

, H
2
s and other impurities 

p r esent in norn:al laboratory air). 'rhe di f: tillation would 

a lso b e performe d in Lwo stages -- first f rom ordinary 
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C.ist illed water containing alkaline perl!laltgan<.. te, to elirn·­

i nate acid and organic impurities~ &nd then from phosphoric 

acid to retain the ammonia anC. other bas.i.c in:purities~ 

With t hl.:; sti l l , v,nter· of about 100 nrr/cm was obtained 

consistently. However· 1 it wa.s noticed that, after the still 

had been started up in the ITOrDing, there was a tendenc y for 

t~e quality of the water to in~rove dur i ng the day. A 

similar effec t has been reverted by Thi essen and Her~ann53 

who found that, after cleaning and rea~sembling the parts of 

their still, they had to run it for severtl days before 

water of the highest grade of purity wat-· again obtained. 

'l'he effect is probably due to the leaching out of those 

parts of the still which have not been in contac t with water 

for some time. In order to test this hypothesi.s, the still 

was operated continuously for 36 hours, and periodic checks 

·.'iere rr:ad.J on the quality of the water comi.ng from it. A 

defi n i te 1 prozressive decrease i n conductivity was found , 

and the finctl distill ate had a conductivity of 73 rlffi/cm -­

about 10 - 12 nm/cm better than had previously been obtair.ed 

f1·om this stilL 

In view of the i mproved quality of t he water after p r o-­

J.on~sed distillation, it seemed des i rab l e t"o des i gn a sti l l 

which woul d be f u lly automatic in operation and which could 
ue l eft running continuous l y. Apart from the fact that this 

would provide a better quality of water, there was also the 

obvious advanta~e that it would r..ot be necessary to wait 

eac h dey after the still had been started in the morning for 

Sll:f.'ficient water to b ecorrie uvai l a.ble : a flask of good water 

would be ready for irnmediate use whenever required. Such a 

st ill was duly designed and constructed: :i.t is illustrated 

in Pl ate IV, and a full description of it i s g iven in the 

reprint at the back of thts thesis~ The~ best water o'btained 

from this still had a conductivity of 62.8 rll11/cm at 25°0 

after aeratior1 in the c e ll: this is not much worse than that 

of the best water pr~pared by Kohlrausch and Heydweiller34 , 

although its preparation was considera'bl,v ~...as ier . 1'he usual 

quality of water obtEaned~ however, had a conductiv ity within 
the range 80 -100 nm/cm. 
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2. 3 DF~~,ERMINATION OF' 'l'HE~ RES IDiJAL I11PURITY IN 
;'ULTRA-PURE WA'l,EH 11 • 

2. 31 Behaviour of Pure '!later on Ae1 at::..on. 

Cell I was used for all the axperim .. mts on pure water . 

After it had been rint:.ed several tj.mes and fi lled to about 

the '"?.OC ..... n~l lt..::vel, it was placed in the inner thermostat. 

Here a strt:an. of purified air was bubbled through the water 

in the cGll (see Section 1.31). 

'fhe range of the bridge was not larg,.; enough to 2llow 

a direct ~etermination of the extre1rely high resistance of 

the cell when it was filled with pure water (about 1.2 ~e~­

ohrr! fol· vvater of conductivity 100 mr,/cm). F'or all measure ­

rr.er.ts n~ade on water·, therefore, the cell was shunted with 
LL (~ 

a non-indu~tive 10,000 -ohm resj.f3tor (cf. Shed.J.ovsky ~· "'). ThG 

resistor used (a Oeneru l Radio Company Type 500- J) had a 

ver7 low ten~perature eoefficien.t. Its r t;sistanee , which was 

fre quently checked, ~e~ained very constant under all condi­

tions -·- a11 ~;ssent j.al requirement in the inves tigation 

ciu1cr·ibed here, in order that the numerous very· small changes 

in resistance which were observed might be attributed defi-

nitely to corresponding variations in the conductance of the 

water, and so that these changes could be corr...par·ed. The 

measured value of the resistance was 1 0,003. 0 ohms at 24°C. 

The resistance of the water in the cell is then ~iven by 

Hence 

10 , 003 . 0 X R m R -- -·- --------
H20 10,003.0 - H.m 

••••.•.••• (2.4) 

where Rm = measured resistance 

(10,003.0 - Rm) X Q 
---- -------·-· .. •••• •• •••• (2,5) ::: 

10,003.0 X~ 

where Q = cell cons.tant 

The measured resistances when Cell I or Cell II was 

filled with pure water and placed in paralle l with this 

rt:sistor were usually v~i thin the r·ange 9800- 9950 ohms. 

With such lar·ge values of Rm, smal l variations will not 

appreciably affect the product in the denominator in equa­

tion (2.5)1 so that the conductivity of the water in either 

of' these cells will vary approximate ly J.inea.rly v-.·i th the 

mE; asured r esistance ovt.:r the above r ange. ~Chis linearity 

of' the K u20 - Rm relationship can ·be clearl y seen tn F'ig. 2 . 1, 

where the accurate conduct ivities , calculated f rom equat ion 

(2.5), are nlotted against the measured resistance for Cells 

I and II. The actual values for various r e sistances are 

given in Ap pendix D. 
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I:'urther, since t re usub.l values of Rm '.\·crt::; so ne arly 

10~000 ohrr:.::3 9 equation (2. 5) may b e reduced to 

KI·I o· ~ (10,003.0 - R ) X 10 x Q 
2 m 

nm/cm •••.•••••• (2 , 6 ) 

'I'he r c snective constants of Cells I and II were approximately 

0.12 and 0,11 cm-1 • It will therefore be seen that 1 Hhen 

~i ther of these cell s was filled with water, a drop in resis­

tance of 1 ohm col'r'e sponded to an increase of just over 1 

nm/cm ~n the conductivity. '11his approximat ion s erved as a 

us..::ful and rapid guide to the size of the conductivity changes 

whi ch were being observed in this i nvestigation of pure 

water . Since these changes were actuall y of greater signif i­
cance than the abs olute conductj.vtties of the 1.~: ater, the 

lat ter values were usually computed only when they were re ­
quired for more comprehensive calculat i ons. In gener al, h ow­

ever, t he· numer ous r es i stance r eauings wer e not converted to 
the corr·esponding conductivities~ but the variations in the 

latter were always fol lowed by plotting the re sistances 
directly. All changes Vliet·e r eflected qui t e adequately by 

t.h.is procedure, which saved a considerable amount of t i me and 
~hich was justified by the l inearity between the conductivity 

and the measured r e sistance over the range normally 

encounter ed. 

'The removal of vol atile impurities 1ron! water by a 

purified gas was f ollowed by observing t he cha~~es in resi s ­
tance which took place on aerat ion. In this part of the work, 

the resis tances were determined at one frequency only ( 900 

c/s) and for a sinzl e setting of' the ratio arms and supp ly 

voltage. These r eadings could be taken accurately even while 
the a ir was being bubbled through the vvater in the cell (cf. 

Section 3 . 21 , when there was sol ut ion in the cell)~ It was 
therefore not ne cessar y to stop t he stirring whil e following 

the course of the removal. The initial r esistance of t he 
ceJ.l with the r esistor i n parallel was usually about 9300-

9400 ohms, i. e . the water conductivity w:. s about 800 - 90 0 

nm/cm -- roughly that of 11equil ibrium water". On aeration, 

the r esistance rose, fair l y rapidly at fir st but a t a grad­

ually diminishing rate~ unt i 1 after se ver,al hours it r eached 

a maximum value ; the time taken varied wi th the r a te of 
bubbling, from about 3 hour·s for a rate of' 170/30 to 1 2 hours 

or more for a rate of 30/30 (see p. 51 f·or convention used 
to express bubbl ing rates) . A typical curve of t he var iation 

of res i stance with time is shown in F'ig ~), . 2, line (1). 

After reaching a maximum v alue and uta;y ing thel'e for a 
l ittle while, the resistance began to decrease agai n on con­

tinued aerations i.e. the conductance reached a mini rr.urr: and 
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the11 i ncreased. Th~ rate of decre~se of resistance remained 

fairly constant for a fixed stirring rate , as can be seen 

fro~ Fi g 2.3; t h is shows t he chanrre in rJsistance wh ich 
occn.:r·reO. ··.vh~!u a sample of water was left i n the cell for 20 

dayo wit~ air bubblir~ through it at a rate of about 60/30 . 

In this i nstanc e 1 the r esistance dropped fairly uni f orrr.ly at 

an approximate rate of 0. 25 ohrr-/h 9 i.e. t he conduct ivity 

lncreased at about 0 .3 run/em/h. After about the thi rteenth 

da;y ~ however y the rate at which the r esistanc e fe ll gradually 

becarr~ h i gher, and it continued to increase as time passed. 

This as fina l ly a s cribed to the slow saturat ion with paraffin 

oi' the :pressur ~_, tubing used for cormec ttng the capillar y tube 

of the cel l to the copper tube 1n the iJ.mer thermos t at . This 

tubing was definitely somewhat swollen at the end of the 

ex~eriment~ and it might wel l have been allowing a s light but 

g raduall.f incrc.:asin.s amount of paraff in vapour to dif'fuse 

i.nto the stirring air·. It sec:med , therefore, inadv i sRble to 

l et any experimen t rw·1 for longer than about t en O.ays. 

In addition to t h i s eventua l s low ir!Ci'ease in t he rate 

at which the resistance fe ll~ several other factors see med to 

j.L1'luenee the rate of drop. 'J'he lat t er always remained con­

:-;t~:.i. s for any g iven sample of wat er, provi.ded the stirring 

ro.te was kept at a fixed v a1ue ; but variations occurred with 

different sampl es of water. There appeared to be some cor­

relation be~ween the rat e of decrease and the quality of the 

water used -- the for mer was usually h igher the poorer the 

latter -- but changes were fourd even ·when using samples of 

eyuc:t l couduct ivity. For example ~ d iffe rent port ions of ·!Vater , 

vvhich had approximately the same conduct i vity, gave r ates 

varying from 0. 25 - 0. 5 ohm/h for a bubbling rate of 60/30 

(the same as was used in the 20-d.ay experiment). Increasing 

the stir ring r ate invariably increased the rate of decrease 

o1· the restDtance. The nature of the gE's being bubbled 

th1·ough the cell 1. as a l so found to have some effect (see 
Section 2. 42). 

Thia slow incr~ase in conduct i vj. ty ~ which bec omes a~pa­

r·ent after the r·en.oval of the volatile i rnp·Jrit i es ~ is probabl y 

due to the highly compl ex process commonly called the "solu­

tion of glass '' · According t o Morey54 ~ ~hen complex silicates 
such as glasses &re treated with water 9 they do not dissolve 

in the norm!:il munner. The proce~> s is rather one of' s l ow 

decomposition, th :; end result of wh.ich , if true eguilib:d.u.m 

could be attained , would be that prsc t icall.:v all the Si0
2 

would be left beh1nd while tho alkaJi.Ee constituents would 

have passE-d into solution. 'Che cor·re etness of the results 
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of decomposition was confirmed by an actual analysis of some 

conductivj_ty water which had been left stand).l'fS in this l ab­

oratory in a large Pyrex :flask f'or four yeurs: pract ically no 
silica was found, but there were distinct trace s of Na, K$ Ca, 

Mg? and Fe 9 a.ll of which are ~ore sent in ordinary Pyrex glass 55 • 
Such a decompos1tion process accounts quite satisfactorily 

for the slightly increased rate of drop of resistance of water 
produced by faster stirrJng, since an increase in the rate of 

bubbling through the water would cause a rr.ore rapid rate of 
r r.;moval of the reaction products formed at the glass-water 

interface. 

54 . f' . d Morey has stated further that the presence o~ an ac1 
or a l kali will often profoundly affect the rate of decompos­

ition or "solut ion" of the glass, and that the effec t will be 
dependent both on the composition of the glass and on the 

dissolved material. Frequently the rate is found to incre ase 
quite appr .c iably. The conductance of such solutions should 

therefore increase more r apidly than that of pure water. 
'l'his is in agr eement with the marked increase in the rate of 

change of conductance which has frequently been found in this 

l aboratory with dilute solutions of acids, alkal ies, and even 
salts15, 29, 56, 57 

Malan 15 has suggested that, since the greater rate of 
change of conductance is found when a larger number of ions 

is present in the solution, the "solution of glass 11 process 
is due t o an ion-exchange between the solution and the glass. 

This explanation may suffice for pure water, where the solu­
tj_on cou ld become alkaline due to t he exchange of H+ ions 

from the water with the alkali ions (chiefly Na+) from the 
glass: because this would upset the balance of equation (2.2), 

more wat e r would then ionise to restor e the equilibrium. The 

nett result would be the addition of small quantities of 

soluble ionic constituents from t he g l ass t o the water, and 

hence an incr ease i n conductivity. However, a similar ion­

exchange would not sati sfac torily explai n the increase found, 
for instance , with dilute solut j.ons of ac j_ds such as HCl, 

s ince the r eplacement of fast-moving H+ ions by slower-moving 
Na + ions woul d not be con:pl . te l y compensated by subsequent 

r estoration of t he water equilibrium. Rather, i n fac t, would 

a decrease in conduct ance be expected under these cir cum­

s t ances. Also, with salt s olutions , an exchange between ions 
from the sal t and the g l ass would merely mean a r eplacement 

of one ion wi th another of simi l ar mobility. Such an exch ange 
c an be reconciled with the gr eat e r rate of increa se of con­

ductivj.ty which i s observed only if t he r emoval of ions from 
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the solution itself initiates some secondary reaction which 
will replace those ions lost by the exchange, e.g. in the 
determination of the solubilities of sparingly soluble salts, 
where the excess solid present in contact with the solution 
provides further ions in order to keep the concentrations up 
to equilibrium values. 

Whatever the mechanism of the 11solution of glass'', it 
seems certain that some such process takes place .in the cell 
and causes the conductance of the water or the solution to 
rise slowly but steadily after the minimum value has been 
reached by aeration. By extrapolating the steady rate of 
decrease of resistance to the time when the water was placed 
in the cell, the resistance at zero time (with volatile im­
purities removed) can be determined. Hence the additional 
conductivity resulting from the solution of glass during the 
time taken for the minimum value to be reached can readily 
be obtained. In general, this extra conductance was rather 

small, of the order of 2 nm/cm (the average values of the time 
taken for a maximum resistance to be reached and of the sub­
sequent rate of decrease were about 4 hours and 0.4 ohm/h 
respectively). The solution of glass could therefore not 
account completely for the relatively large difference between 
the minimum conductivity found after aeration of the water 
taken from the still (usually about 80- 100 nm/cm) and the 
theoretical value for pure water (55 nm/cm). 

In view of the method of preparation of the water by 
distillation from both alkaline permanganate and phosphoric 
acid, it was felt unlikely that the res idual impurities could 

be any volatile acids or bases. They might , however, result 
from a solution effect occurring after the final condensation, 
either from the tin condenser or from subsequent glass parts 
of the still, or even from the collecting flask. There was 

also the possibility that all the carbon dioxide was not being 
swept out by the stream of purified air. Finally, too, it 

was possible that, since arrmonia i s so very soluble in water, 
a small amount of atmospheric ammonia was dissolved during 
the process of filling the cell, and was not subsequently 
removed during the aeration process: it would presumably then 
be present in the form of ammonium bicarbonate. In order to 
test these latter theories, it was decided to add both co

2 
and NH3, separately and together, to water which had already 
been aerate4 to a minimum conductivity, and then to study the 
rates and the completeness of the r emoval of these added gases. 
ADDED IN TYP~NG: A very recent paper106 raises the possibility 
that the faster change in conductivity of sol~tions m~y be due 
to ion-exchange between the electrolyte and H and OH ions in 
the dirfuse layer surrounding the silica (see Section 3.333) . 
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2.32 Effect of Immersion of a Glass Tube in Water. 

The method proposed for the additton of carbon dioxide 

and armr1onia to the liquid in the cell was to lead a few 
bubbles of the purified gas into the water, after this had 

attaj.ned its maximum resistance, via a c lean Pyrex glass tube 

dipping below the surface. This tube would obviously have to 

be dry too, to avoid extra iffipurities, which might be dis­
sol ved in the liquid adhering to the moist glass, being 

introduced into the water at the same time. 

In a blank run a tube of about 8 mm external diameter 
was drh~d i nside with a pipe-cleaner anc'l outside with a clean 

handkerchief, and used for passing a few bubbles of purified 
air into the water. The resistance was measur ed irr.Jnediately 

before and after addition, and was found to have dropped by 

more than 7 ohms; thereafter it remained constant at the new 
value. R.:;pc:at experiments, with rigid adherence to c l eanli­
ness, confirmed this relatively large change in r esistance, 

decreases of as much as 18 ohms being obser ved. In sorr:e 
instances the r esi stance did not remain constant afterwards 

bnt increased agaiE s l ightly, as if somE.: carbon dioxide were 

l..H:::ing removed from the water i n the cello 

Since the passage of purified air throu~h the tube. was 

fa irly slow (about 1 bubble per second), and since: the open­
ing of the tube was rather wide, there seemed a possibility 

that some oo2 could diffuse back i nto t he tube and then dis­
solve in the water on immersion. A new tube v1as therefore 

drawn down to a 1- 2 nllll jet. 'Ehis tube was thoroughly cleaned 

by immersion in hot chromic acid followed by steaming for 
several hours with the tube itself standing in water in order 
to l each out its external surface as well . Finally it was 

suspended in conductivity water in a cleaned Pyrex boiling 

ttibe in such a way that it made no contact with the walls of 

the boiling tube. The gas-:-leading tube was kept permanently 

in this manner between additions 1 with frequent changes of 

the water in the boiling tube, from which it was only removed 
just befor e it was required for an experiment. Since it was 

still necessary to have the tube dry before making an addi­
tion, the outside was wiped with a clean handkerchief as 

before , but the narrow end now made it difficul t to dry the 
inside similarly with a pipe-cleaner: this was therefore done 

b'J· sucking air through the tube. 

In spit8 of all this a ttention to cleanl iness, f alls of 
resistancu of the same Ol'de r as lJeforc were still observed. 

It was suggested that these: migh~ r esult f rom the wiping 
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procedure used to dr y the outside of the tube, but several 

tests, in "\'h ich both th·~ ins ide and the out side were dried 

merely t;y L:aving the t1.ibe suspended in th-:: . air , showed no 
signif icant differe;nces in th~ results. 'The purity of the 

a ir being added to thG ~tater was also checked by renewinz the 
phosphoric acd.d, soda-lirr!e , etc. of thu auxi i.iar,y purif'icatior~ 

train th1~ough d1ich the air was bcintr. pa.ssec1 (see Section 

1. 631) ~ but again there was no irnprovemt-nt. 

It s 2emed ths.t the source of this resistance drop would 

have to be tracked down by elimination, and the whole addition 
procedure was ti.terefore standardised ac far as poss i blC;. 

Bef'or-.:: the tube was removed fron:. the water in which it was 
e·1lS!h.:: :uued, a fairly fast stream of purified air (about 4 bub­

bles 'Per second) was passed. through it for at least 30 mtnutcs 
to ensure that it contatned no volatile impurities. Immed­

iately on rerr;oval the tube was attached to a v r.cuum pump and 
air sucked through it for exactly 30 minutes: this was in all 

cases found to be sufficient to di'y the inside comple tely. 

The ou. t sidL. was then wiped quite dry with a cle an handkerchief, 

o.ncl thv tube reattached to the air-stream (still at the same 

r·ate) :t'm: exactly 5 minutes. The bubbling ratu was r educed 

to about 1 per second just before immersion of the tube, and 

4 buhbles of air were passed into the water in the celli the 

actual time of imrr.c.;rs ion was noted. Durinc:, this operati or: 

the stirring through th~ cell was not stopped , so that it 

would prevent co2 from diffusing back into the cull while it 
was open. Afte rwards the cap wa~ replaced on the cell as 

soon as possible. 

A po~itive r esult was at last found, a lthough it gave 
no indication of the cause of the res i stance change , when the 

depth to whic.h the tube was immersed was varied. Thus for 
a dei)th of irr.;nlersion of about 1 inch, the resistance drop was 

about 2 ohms" as against about 8 - 10 ohms for a 4 inch irm;er­

sion; intermediate values wure obtained for 3 and 2 inches. 

'rhis corre lation was by no means quantitative, for in spite 
of the rigorous standardisat ion of procedure t he actual indi­

vidual drops were rather errat ic. However, a number of tests 

showed a definite qualitative correlation between the magni­

tude of the drop and the depth of irrrrnersion. The latter ~as 
ther e fore also s tandardised in s1iliseguent tests. 

Thts result seemed to indice.te that some sort of a · G~~r­

face effect 1nvolving the walls of the ~lass tube was taking 
pl ace. 'I'he first posr:ibj.li ty considere('l was that some sub­

stan ce was being condensed or adsorbed on either the inner or 
the outer surface of the tube during its lon.q; exposur e to the 
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air, and was subsequently being removed therefrom by the water. 

As ref!.ards the inner surface, this substance mir:::·ht con:e from 

the moist air which was passed throuc.:;h the tube a1'ter it had 

been dried and b0fore its irr,rners ion. However , considerable 

variation of the length of time for whi ch t his mo is t air was 

allowed to pass (the outer surface was always wiped just 

before the addit ion) produced no trend in the resistance 

changes. A similar result was found afte r· var;y ing the length 

of time for whicll the outer surf ace was exposed to the air 

after it had b een wiped dry c It se,~med unlikely, therefore, 

that these surf·ac es were introducing to the water any impurity 

which they had acquired fro~ external sources. 

'I'he other posoibility was that t h e impurity actually 

came fr·om the g l ass surfaces, i. s . that the effects were due 

to solution of glass from the walls of the tube. Since the 

solution of the cell walls , whi c h had a considerably l arger 

surface area than those of the tube, only r esulted in a rela ­

tively small rate of fall of resistance (about 0.4 ohm/h ) , 

this explanation did not ap,_:ear to be very probable. However, 

j_t \·:as :f\;lt that, if such a process were r espons i b l e for the 

i ~ecreases in res i sto.nce occurring on immers ion of the tube , 

t h en the magnitude of the drop should -ce dependent on the 

length of time of immersion. This ha.d so far' been more or 

less constant o.t 7- 11 seconds , but was now var ied from about 

2 seconds (the tube was just dipped i nto the water and one 

bubble of air allowed to pass) to 2 minute~. r.lo corr espond­
ing variations were observed in the amounts b;y which the 

:t.~esistance dropped. Thus neither the l e ngth of time of immer­

sion nor the total number of bubbles of air passed appeared 

to have any signifi cance ; nor did the rate of passage of the 
bubbles, which was also varied. 

At this stage no further avenues of approach were tried, 

but several later o"bservat i ons have thrown a new l ight on this 

subjecL 'l'hus, in the course of t.he invest i gations on the 

adsorption of pot assium chloride (Section 3.3), the cell was 

:f'l'eQuently dried in order to obtatn its dry weight ; it was 

invariabl,y round that the first portion of water placed i n 

the cell after· d!'.17 i ng had a r·-the·r· hJ' c-h d t · · t J ' ~ - ~ - -~ con uc 1v1· y -- usu-
ally about 60- ?0 .:un/cm more than normcl, though some times 

even highe r -- •.vhereas the s J co.1d portion, ·:.·hich was fre ­

quently taken from ttJe same f lask of wate r and put into the 

c.;ll without fHrt.her rinsing , shovved a more nor1.,al value . 

8imi l ar' increases j_n conductivi ty r c sul t i ng from the 

contact of pure lii E<.ter \lith a drj_ed sur·tc- ce have occasional l y 
been reported in th~ literature as w~ ll. Weiland38 , for 
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instance, investigated the adsorptlon of potassiurr1 chloride 
by quart z by determining the change in conduetance produced 
on adding ground quartz po;.,·der , w.hi ch had been well washed 
and dried a t 300°C, to the potassium chlor i de so l uti ons . He 

r emarked tb.a~~ it was nec e s sary to correct for the "polluting 

effcct 11 of t he quartz. Blanks were ther efore run in which 

equal w~ights of quartz were added to t he c onductiv ity water 

alone and the resulting i ncrease in conductance of the water 

was noted; the experj_mental figur es showed this increase to 

be of the order of 100 nm/cm. 
58 Recent l y , too Benton and Elton , using a conduct i metri c 

technique for a simi l ar study of the adsorption of' ions from 
electrolytic solutions by silica, observed an imrr.ediate and 

considerable increase in the conductivity of t heir water after 
adding ground f used silj.ca whi ch had beun v-,e l l cleaned, washed 1 

and dried at 120°C in an air-oven. 1fhis phenon;enon persisted, 

to the same extent, in spite of further repeated washing of 

the silica with boiling conductivity wat er and redr y ing of 

the powder. l~or was it affe cted by outgassing the s ilica at 

l 00°C in vacutml: it could therefore not have been due to the 

d:Lssolution of gases (e. g. co2 ) adsorbed on t he dried surf ace. 

Successive replacement of the water without intermediate 
drying of the silica eventually gave a sample which, i n equi­

librium with the silica 1 had a conductivity nearly as low as 

that of the freshly prepared water. This sugqested that the 

phenomenon was due to the d issolution of a soluble surface 
layer which formed a t the dried surface and which was very 

readily r emoved or1 contact with water~ d i ssolving to give 
reainl y colloidal sil i ca. Benton and Elton also showed t hat, 
atter dissolution in a neutral or acid medium, this l ayer was 
readi l y r egenerated by redrying the silica a t 1 20°C. 

The increase in conductivity of' the water was found by 
Bent on and Elton to var y linear l y with i ncreasing ·area of 
silica pr'esent, the proportionality f'actor be ing about 1. 2 

rur./cm/e (wr~ere Jl is the ratio of the si lica sur face area to 
the volume o:f water ). Ca l cul ation from V/e iland ' s figures 38 

yiel ds a rather similar va1"L1e of abou.t 1. 4 nn:/cm/e . No exact 
measurerr.ent f:-' have been made with ~rlasn, and most of the read­

ings in the experiments described earl :!er were rathe r erratic; 
but i f the g l a.ss surfpce i s a s sumed. to be smooth , then a 

rough average of the values obtained for t~e resistance drop 
i.ndj.cates a much high..;r value of about f10 mn/cm/0 f or the 

propo:r·t i onal i ty factor . It is unlikely .... h s.t this large dis ­

c r epancy is ent :Lre ly due to the assurr:.pt j_()n that the gl ass 

surface i s smooth, and it therefore appe8rs that this effect 
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is much greater with glass than with pure silica. The in­
creased effect may be due to the presence of alkaline and 

other constituents in smaller proportions than the 80% SiOz 
which Pyrex 0lass contains55 : possibly these minor constit­
uents migrate more readily to the dry surface and are more 
easily rerr.ovod by dis solution. Thus it has also been observed 
that new Pyrex f lasks apparently "age" rapidly: for instance, 
in one estin:ation of the "solubility" of new Pyrex glass, the 
amount of' . dissolved material (expressed as mg Na2o) was found 
to drop from 0.40 to 0.03 in four successive tests54• 

A theoretical conside ration of the magnitude of the 
increases in conductivity which are found certainly does not 
exclude the possfbility of a soluble surface layer forming on 
the dry surface of the glass and dissolving as soon as water 
is added. Rough calculation shows that the number of ions 
required to produce a change of 70 run/em (such as was some­
times found on refilling the cell after it had been dried) 
woul~ occupy an area of about 150 cm2 if they were spread in 
a monolayer: this is based on the assumption that the average 
ionic conductance is 70 and the ionic r adius 2 ~. If, further, 
it is once again assumed that. the gl ass surface Js smooth, 

the area thereof which is in contact with 200 ml water con­
tained in the cell would be about 200 cm2• Since the actual 
area is likely to be larger than this , and since some ions do 
not come from the glass which is finally in contact with the 

water , but from the neck and upper walls of the cell during 
the filling process, the surface area requir ed for the ions 
is certainly not greater than the available exposed glass 
surface. 

The effects observed with s i.lica and glass are probably 
related to the fact that a better quality of water is obtained 
from the still only after it has been operated continuously for 
some time (see Section 2 .2). When the sttll is not in use , a 
soluble surface layer may be formed on those parts of the 
surface which become dry. On then restarting the still, the 
early por t i ons of water collected will have a rather higher 

conductivity than those obtained later , when removal of the 
surface le.yer has again b~en comple t ed. 

Very recent ly Holt and King59, using labe lled (31si) 
silicic acid in sol ut ion in contact with silica, have shown 
that a layer of silicic acid normally exists on silica surface s. 

I t is present as an i ncomple t e monolayer covering about one­
sixth of the surface, and is much more soluble than the rest 
of the material; in fact, i t dissolves extremely rapidly in 
both water and dilute alkaline s olut ions, but not in acid 
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solutions. Even after this layer has been removed by treat­
ment with alkali, 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 possible that the whole soluble 
surface layer in the dried cell may be silicic acid: since it 
is acidic and yields the fast-moving H+ ion, which has a much 
higher mobility than the average value of 70 that was assumed, 

the number of ions and hence the surface required 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 of Dissolved Carbon_~ioxide fY2ffi Aqueq_~~ 
Solut ion. ---

2.331 Experimental . 

Water was aerated in the cell and the resistance followed 

for some time after the maximun: had been reached in order to 
determine its rate of decrease: this was necessary so that 

the completeness of the removal of any added volatile impurity 
could later be checked by suitable extrapolation of this 
resi stance 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 a Kipps 
apparatus containing marble chips and hydrochloric actd ; the 
gas was first washed l>y passing it through two bubblers con­

taining conduct ivity water before it was allowed to enter the 
cell. A standard depth of irrnnersion of 1 inch was adopted , 
and 3 bu·boles 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 cell. The removal of this added oo2 by the air-stream 
was then followed by observing the resistance changes which 
occurred on continued aeration of the water. 

The rate of removal was s tudied for different rates of 
bubbling, and some typical curves are shown in Fig 2.2, lines 
(2), (3)i and (4); line (1) represents the corresponding 

variation of resistance occurring on aeration of a sample of 
freshly-distilled water. It will l>e noticed that the latter 

curve is very s i mi lar to (3) , i. e . when the bubbling r ates 
are the same (90/30 in this case), the rate of increase of 
resistance of fresh conductivity water from which the volatile 
impurities are being removed is approxirrate ly the same as that 

found for water to which oo2 has been added. This is to be 
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expected if the impur ity originally present was almost en­

tirely carbon dioxide dissolved from the atn~osphere. Similar 

resul t s were found for t he othe r stirring- rates" 

The:; tin:cs talc .. ~n fo:e the maximum resistance to be reached 
were a l so nearly the same when corl'esponding bubbling r &tes 

were used. Sometimes the fr9sh w~ter had ~o be aerated for 
slight l y l onger: this may have been dt:e to some extra impurity 

be ing occasionally introduced into the wster, but the results 
were not consistent enough to allow of any defi nit e conclu­

sions l!e ing drawn. Naturally ~-he slower the rate of bubbling 
thd lon~er it t o0k for the r es istance to rise to a maximum 

agH.in, but the time was not quite i nverse l y proportional to 
the bubbling rate, e.g. it required about 3 hours at 170/30, 

4~ - 5 hours a t 90/30, anrl 10- 12 hours at 30/30. It seems , 
therefore, that when a fixed volume of air is passed through 

the water, the r emoval of the co2 is more ef:ficient at a 
s l ower stirring rate. 

'PLe completeness of the r emoval of added c arbon dioxide 

was judged from a graphical comparison between the r esistances 
n:casured after the maximnrn had been passed and the values 

oL·tairled at corresponding times from the extrapolated line 
which was drawn through the initial wate r resistances. A 

typical ·example is illustrated in Fig. 2.4. If the removal 
were compl ete, and no other effects had o~curred>' the rcH:i.s­

tances would be expected to fall again on the extrapolatej 
line AB. Actually they were found to lie on u line CD wh ich 

was paralle l to AB, but about 1. 6 ohrn..s l o··:er , i.e. the res .is­
tance decreased agair: at the sarr,e rate after the addition and 

rerr .. ovE·1 of co2 , but there had been a small drop in r8s istanco 
owing to the addition. This, however , almost certaLnl,y arises 

from the immersion of the g l ass tube into the water wl1en 
making the addition: i t has already been shown (se~ ~ Section 

2 ,32) that this causes a decrease in resistance of approxi-· 

mately 2 ohms for a depth of 1mmers-ion of' 1 inch, so that, 

even if' all the co2 were removed~ R small change in resistance 

would be expected. It. s.eems , the:cef'ore , that carbon dioxide 
can be removed compJ.e·cely from w&ter by aeration. 

2 . 332 Calcula tion of' ~oncentration of carbon dioxide. 
.... _ ------·~---------------;_ __ 

~~en carbon dioxide is dissolved in water, in addition 

to the ionic dissociation of' the water ( equation (2.1)), the 

follow:i..ng equilibria talce place in the solution:-

••.••.•••• ·(2.7) 



- ?7 -
'l;he mass act ion eg_uations a re 

[H+][OI-C] = ~ •••.. . •• • . (2.2) 

[H+] [ HCO ;." ] 
and 0 K --·- ...... _ .. ,._ ... __ --

[CuSJ a 
•.. •.• , •.. (2.8) 

Also, for electrical neutrality1 

[H+] -- LCHl + [Bco;J 

Hence [HCO~] [H-I] Kw • • •••••••• (2.9) -
.. ___ 

[:a+] 

Now K ::: specific conductance of the so~ution 

::: 
~ Ci}\'i ( 
L 1ooo • • • • • • • • • • B. :to) 

i 

where c1 ::: concentr'ation of ionic speci es 1:. J.n g-equi v . /1. 
and ~- ;: equival ent conductance of i oni c species i · 

l 

33 ·rhe values. of~ for the ions. present are : -

i .\cnc~ K 

• • • 

::: 

= 

::: 349 . 8 

::: 198 . 5 

f... HCO~ ::: 

10-3 (349,8[H+] 

1o-3[349.B[H+] 

4.4. 5 

~· k ' 1.
7 = 10-14, we get '.l a ~J.ng ~ w 

(H+:) ::: 
.!5__~...L< 2 - 2 . 429 x_1_9 - 15 

0.7886 
••.• •• •••• (2 . 1.1) 

Substitution of this value of [H+] in eg_uation (2~ 9) give.s 

[Hco;J; these two values may then further be substituted in 

equation (2.8), together with the value6° K = 4.452x ~-0-7 1 a 
to give [co2] , the concentration uf undissociated co2 • 

In this derivation, it is asswne6. -~nat the carbon dioxide 

is· added to absolutely pure water of conductivity 55 nm/cm, 
so that the final conductivity of the co2 solution is due only 

+ - -to the presence of H , OH , and HC0 3 ions. This wa s , of' 

course , never t rue in ac·cual. practice, since the wate r conduc­

tivity was usually within the r ange 80 - 100 nm/cm. The con-­

c.entration of co2 left in the water at va rious times during 

the c.ourse of the aeration could therefore not be calculated 

directly from the measured conductivities.; the l a tte r value::? 

had firs.t to be corrected_ for the small amount of impurity 

present in the water. Por this purpose it was ass.urned that 
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the impurity did not r eact with the water or with t he co2 , 
and hence the correction could be subtracted directly from 
the measured conductivity . Since the value of this COl'rection 
gradually increased as the conductivity of the water rose 
owi ng to the solution o~ glass, t he method of application 
was to extrapolate line CD backwards, and then to r ead off 
the resistance of the water E corresponding to the resistance 
of t he carb onic aci d solution Er measured a t the same time 
(see Fi g . 2.4). r:['he conductivity of t he water of resistance E 

(= 2£ nm/cm) was cal culated (see va lues in Appendix D), and the 
difference (x- 55), due to t he presence of the impurity , was 
subtracted from the conductivity corresponding to resistance F 
to give the true conductivi ty of the carbonic acid solution. 
This ~alue was then used for calculating the concentration of 
undissociated co2• 

2. 333 Theoretical ana!_Y.:sis_ of results. 

The fundament a l law governing the dis•tribution of a 
s olute gas between the gaseous anQ solution phases is Henry's 
Law. This may be expressed in t he simple form:-

At equilib rium : p = K.m •• • ••••••• (2.12) 

where p = partia l pressure of the gas 
above the liquid 

m = molar concn. of dissolved gas 
K = constant (Henry's Law Constant) 

Hence, for a :eixed value of J2., the larger t he value of K the 
smaller will m become, i . e. the less the s.olubili ty of the 
gas . l\ as used here is, in fact , inverse1y proportional to 
the s.olubili ty coefficient. 

Vfuen a stream of an indiffeTent gas i s passed through a 
solution of a volatile solute, the dissolved mat erial will 
pass into the bubbles of the aerating gas and will gradually 
be removed from the solution. If it is ass-umed that each 
bubble attains complete equilibrium with t he solution and 
becomes saturate& according to equatj.on ( 2 .12) before i t 
finall y leaves the solution, then i t is possible to cal culate 
the rate at which the removal of the volatile solute will 
occur . 

Sgl uti_pJl...J?..hase !. 

Let: m- concentration of dissolved gas (in mol es/1 .) at 
any time ! during the course of the r emoval 

- dm = decrease in concentrat ion occurring in time ~~ 
(from .'li to .i..t_<i.~) 

v1 = total volurne of solution (in litres) 
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Then : No. of moles solute which enters the gas. phase in 
time dt 

== No, of moles solute whi ch is removed from the solution 
in time d:t1, 

••.••••••• (2.13) = - V1 .dm 

~-~ . ..J2.h.~ s e_;_ 
,Air will be taken as t he i ndifferent gas) 

If p = partial pressure (in mn) of the solute gas in the 
air at time !, 

then since complete equilibrium is assumed at all times~ 

p = K.m from eqn. (2.12). 

Let: n = number of bub1)les of' a i r passing per second 

Vb = vol u.rne of each hubbl.e of air passed (in ml) 

'rhen: Total volume occupied by s.olute gas whi ch enters. the 
air in time d~ 

= 'I'otal volume of air whi ch passes. thrG:mgh the solution 
in time .9:1 

•••••••••• ( 2 .14) 

The values obtained from equati ons. ( 2 .12 ), (2.13), 

an.cl ( 2 .14) may be substituted. in the General Gas Equation 
(PV == nRT) to give 

• • 

•••••••••• ( 2 .15) 

where T = Absolute Temperature 
0 R = Gas Constant i n ml- mm/ 0/mole 

dm 
dt 

::::; 

:::: 6 . 236 X 104 II 11 1t 

•••••••••• ( 2 .16 ) 

Hence the rate of decrease i n concentration of the volatile 

solute at any time is. proporti onal to t he concentration m at 
that t i me and to the rate of' f low of air t hrough the sol .u­
tion (nVb) ; it i s also proportional to .r;, i.e. i nver sely 
proportional to t he solubili t;y- o:f t he solute gas . 

In a:ny one removal at constant temperature, -~' v1 , and T 
will be fixed . If the rate of f'low of the air (or indifferent 
gas) is a l so kep t constant, t hen 

J ::::; 

nV0 . K 
-v--i)·"' ., . ,.\.'J 

.L 

;::: constant •••••••••• (2.17) 

J will be called thu ~~fleJ1lO~al rate- constant ll . If, further , 
the i ni tj_al concentration i s m

0
, integration of equation ( 2 .16) 

between t he limits!!! and m
0

, and t and 0, will gi ve 

ln m == - Jt + ln m
0 

•••••••••• ( 2 .18 ) 

A pl ot of ~o~~ versus t should t herefore give a straight 
l i ne . 
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In all cases of the distribution of a solute between two 
phases, the equilibrium laws are valid only f'or mol ecules of' 
the same species. Where a gaseous solute ionises in solution~ 

therefore, only the unionisecl molecules should be considered 
when Henry's J.,aw is applied: it was shown, for instance, that 

apparent deviations from this law which were found for dilute 

aQueous solutions of' amrnonia were due to neglecting the ioni­
sation61. In the present investigation on the removal of' 

cr.Lrbon dioxide from solution, the range of concentrations 
considered was so Silllill (10-5 to 10-9 M) that, although car­

bonic acid is only a very weak acid, an appreciable change 

in dissociation would occur, f'rom a. bout 20- 809&. It is th.ere­

fore essential i n t he application of equation (2.18) to this 
removal to consider the concelJ.tra tion of undissociated Co2 
molecules only, and not the total concentration of dissolved 

carbon dioxide. 

When these concentrations were calculated from the 

measured conductivities for a bubbling r a te of 90/30, and 

log [COr)] was plotted against -~' instead of' the expected 
~ 

str·aight line, a line of distinct positive curvature was 
obtained (see Pig. 2 .5, line (2)) . Plots made for other 
stirring rates gave similar cur•ves, e.g. in Pi g . 2.5, line (1.) 

is for a rate 30/30, and lines (3) and (4) for ~70/30. 'l'he 

nature of these curves is such that the slope , which is equal 
to the removal rate-constant _:!. , is continually decreasing 

with time. Since n., Vb, v1 , R, and T are all constant in 

any one determination, such a decrease could occur only if 
K decreased with c1ilution, whi ch seems most unlikely. 

Al t erzm ti vely, if equation ( 2.16) is valid and J really 
is constant, there is the possi'bility that the concentration 
of m·.~i.lissocir•. ted carbon dioxide was not only decreasing because 

of tho r emoval of the gas by the air- stream, as has been as­
StUTJ.ed in the foregoing derivation, but tha t it was also being 

changed by some other process which was not taken into con­
sideration. Por instance , the residual impurity initially 
present in the water mi ght also be causing a displacement of 
t he equj_librium (2.7). It was hoped thnt, if' such a corre­
l ation could be made, it would throw some light on t he nature 
of this i mpurity . 

Wha t ever the canse of tho disturbance of t he equilibrium9 

it is nE-~cessary that the displace.nent should be such as.. to 

produce more ions , so that the actual concentration of ur1dis­

sociated carbon dioxide corresponding to a given conductivity 

of the s olution would be less than the amount calculated as. 

in Section 2 .332 . This can pel'haps be most readily seen by 
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considering Fig. 2.5. Presumably the effect would become 

more pronou..rlCed as the concentration of' carbon dioxide dimin­

ished, so that the value oi' if. calculated for the beginning of 

any removal should be more accur·ate t han late :!.' values . Since 

J is as.sumed to be con.sta:nt, the plot of log [co2 ] versus 1 
should be a s-traight line of s lope equal to this value; :for 

example, in r'i g . 2.5, for a bubbling rate of' 90/30, the true 

values of' log[oo2] during the removal should lie on the 

strai~ht. line All havinJ the same slope as .the ini tia1 value 

for line ( 2) . 'l'he relative positions of these two lines indi­

cate that the true concentratj_o;:lS are in all cases less than 

the values calculated f'rom tho measured conductivities a t 

co2:·responding times. Equi librhun ( 2. 7) must thc r•ef'ore be 

displaced to t he right to account i'or the curvature of the 

lines in Pig. 2. 5 . 'l'he presence of imp uri ties, however, can 

only cause a displacement in the reverse direction, or none 

at all. Thuss if the original impurity were acidic, the H+ 

ions would repress the ion isation of' the co2 and increase the 

concentration of undissociated molecules. Repression would 

~l~o result from the presence of alkaline impurities (whether 

L.t tho water originally ox· introduced to it subsequently by · 

s olu tion from the glass) because of the extra bicarbonate 

ions formed by reaction between thtS allcaline material and the 

excess co2 • A neutral i mpu.ri ty, on the other hai.ld , would not 

affect the dissociation at all. 

Consideration of lines (3) and (4 ) in f:iig . 2 . 5 lends 

f'urther supr)ort to the idea that it is not the impurity p resent 

in the water which is responsible for the c1.u•vat u r e in the 

log[ C02] -t plots. The b1ibbli:ng rateD in thc r;e two cases were 

approximately the same (170/30), but. :for line (3) t he water 

used was v-ery good --~ it had a conductivity of 77 mn/cm at 

minimum. 'rhe total amount of residual i mpuri'l:.y , there1'ore, 

must have been v-ery s ... nall , so that the e rror introduced in 

the calculation of th:·~ true conductivity of 'i:.he co
2 

sol uti on 

could. not have been v-ery l ::~ rge even if the a~;sumptions regard­

ing the ::.1a'Gure of the impurity and. t he method of' correction 

outlined in Section 2 .332 were wrong. For line (4) 9 the water 

c o:;.:·cl.uct i vi t y was somewhat h i gher (about ~08 nrn/cm) ; neverthe­

less this line i s , i f' al".;S~"thin3' , stroa i ghter than line (3), in 

spite of the poorer g_uali t ;;r of the wate:&."' . It would def'in i tely 

s eem, the r·e:t'orc, the... t it iG ~wt th .~ impurity in the water, nor 

a :faulty correction fOi' its pi'oGence , which '"!) l'Oduces the 

curvature in the :plots in l:'':Lg . 2. r> . 

Tll.e possibili t.y tho.t thi s curva t11re was cansed by surface 

acti VJ. ty was also consid.ered . Car· bon dioxide , however, lowe1~s 
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the sur~ace tension of water: hence, according to the Gibbs. 

adsorption theory, i ts concentration would tend to increase 

i n the boundary layer o:t .... the sol uti on adjacent to the bubble. 

The effect is, there~ore, again in the wrong direction, as a 
decrease in [co

2
] is being sought. 

A few roughly quantitative calculations, based on the 

equations derived earlier, further revealed the inadequacy 
of their derivation for describing completely the phenomena 
enco1..mterecl during thC:; removal of co2 from aq~eous solutions. 

IGg_uation (2.18 ) , for instance , may be rewritten as 

1 mo 
J. · l n · in~ t ::: 

v1 .RT m
0 --·--- ln - · nvb.K m 

• ••• ••••• • ( 2 .19) 

Hence , i f the same volwne of solution containing the same 

volatile solute is bej_ng aerated at a constant temperature, 

the time taken for the concentration to be reduced by a given 

amount, i.e . for the ratio ~Q t? r each a ~ixed l evel, should 
be inver sely proportiona l to the rate of flow of the a ir 

t hrough the liquid (nV0 ): i n particular , since the latter 
quantity i s determined as the nmnber of bubbles of a constant 

size passing in unit time , the time required ~or all the 

dissolved gas to be removed and a maxirrrum resistance to be 
reached should vary inversely as t he bubbling rate . This time 
can be calculated from equation ( 2 .1.9 ). For e::~ample , consider 
a typical case during the present investigation, viz. the 
removal of carbon dioxide from 200 ml water• (v1 = 0 . 2 1.) at 

a bubbling rate of 90/ 30 (n == 3 bubbles per second). A rough 
measurement gave the volume of each bubble of air as about 

o·.4 ml ( = Vb); a lso , the initia l. concentration (m
0

) of co2 
was usually about 10-5 M (approxima tely t he concentration in 
1'equilibrium water1i ), and removal was regarded as compl e t e 

when the concentration had dropped to 10-9M. A time of 21~­
m.inut es i s obtai ned on ca lcula tion from t hes e fi gures and 
f'rom t he value K = 2 . 21 x 104 (der i ved from the s ol ubility 

coefficient of co2 a t 25°C given by Harned and Davis60). Irl 
actual practice, however, it required nearly 4 hour s for the 
maximum r es i s tance to be reached a t t his stirring rate. It 
s eems, therefore ~ t hu t the bub.bl es of air wer.e not being f ully 
s atur•at ed with car bon dioxi de i n t heir passage through t he 
liquid , l>u t :pas sed through t oo i'as t to allow equ.i l ibrium to 
be es t.abli s;'J.ed conrpletely . 

'l'hi s conclua io:a is sup~orted by t he values of ~ cal cula ted 
f r om the i niti a l slopes o:~ t he log [COi} -t curves in F'i g . 2 . 5 , 
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i.e. from the lines corresponding to AB. Prom equation (2.18 ), 

· these slopes :::: J, a:n.d hence K can be determined from equation ... ~ . . -
(2.17). The fol l owing values were obtained:-

}~P.E.£1 :i:._l}g__Y.a t e 

30/30 
90/30 

170/30 

K 
.. ·---·-··-

6500 
5400 

4200 and 3850 

'I'hesc values are much lower than the true equilibrium value 

of 22,100 for CO:> and water60 • It again appears, therefore, 
'J 

that the air bub'~Jles passing through the water were only 

partially satura t ed, from about one-fifth to one-th ird, d epen­

ding on the bub1)ling rate . 'I'h e trend in t hese values is in 

agreemen t with the previou s observa tion that the efficiency 

of removal of dissolved carbon dioxide seemed to be greater 

the slower t h e r a t e of bubbling (p.76). 

Although on l y a partia l satur·ation of the bubb l e s 

appears to h ave talwn place, Henry's Law must still apply 

to the concentrations at t he s ol ution-air boundary lay ers. 

Since the time of cor.ttac t of the air bubb les wi tl1 the solu­

tiOl~ wa t:; .:.lOt long enough to a llow true equilibrium conditions 

t o b e set t lp thrm.1.c;hout the bulk phase s, t he cont rolling 

fac tors i n the r ate of removal were probably the r a t e s of 

dif fusi on of t he ca r b on dioxide t o and f rom t hese layers. 

The prob lem of t he r emova l of a volatile solute by a n 

i ndi ffe r ent gas was t reated a s a pure diffusion p r oce ss by 

J.,ut her a nd Hn cDougall 62 , on t he basis of t l1c :t'ollowi ng 

assumptions~ -

(i) t ha t t h e di stJ."'i bution equil ibr• i um a t the liqui d- gas 
b oundar y was established i nst:1ntane ously; 

(ii) t hat the bubb l es of gas Vlhi ch wer e p asBed t hrough 
t he l i quid wer e all of un i foPm s ize, and were 
spherical ; 

(i i i ) t..i.1at , because of t he s t i rri ng set up by t h e passage 
o:f t he ·bubble s t h r ough t he liquid1 t he concent ration 
of vola ti le material at any time was 'lmi f orm through­
out t ho whol~ s oluti on; 

(iv) that p rac ticall y stationar y conditions ex i sted in 
the soluti on ov0r a f i nite peri od of t ime , i nsofar 
as the concentrc:lt ion of vola tile mat :;ria1 r emained 
cons·tant i n the s olu t ion durine; t he time of.' passa ge 
of a bubble: hun.ce the concentration vmul d a l so rc ­
<!la i n const a :rd; i n tho outermost layer of' the bubble. 

Applicat ion o.L' F i clc ' s La'1iS t o t he i nwar d dif1~usi on of t he 

solute gFs fr om t he outermost l ayers of the spherica l bubbl es 

eventually l ed. t o t he t;-;eneral soluti on ( t h..; symbol s have 

been chm~[.';od. to conf'orm to thocc previousl y used i n the 

prese~1t discussion): 



where 

1 -

_dm 
dt = 

- 84 -

•••••••••• ( 2. 20) 

(2n +81)41<4) 

•••••••••. (2.21) 

where k = diffusion coefficient of the so~ute gas in air 
(or in the indifferent gas) 

t = time of contact of the bubble with the liquid 
r = radius of the bubbles 

For given experimental conditions, k, !, and£ will be con­
stant, hence 1 will also be constant. 

The similarity between equations (2.20) and (2 • .16) is 

immediately obvious. However, t he theoretical removal rate­
constant will now have a different value, because the 
former equation takes into account the time of contact 
of the bubble with the liquid. In fact, the trend in the 
values which have been calculated for ~ at different stirring 
rates may be qualitatively explained by this equation. Thus 
a number of observations of gas bubbles emerging from a glass 
tube immersed in water showed that they became slightly 
smaller as the rate of flow was decreased. Prest~bly the 

same is true of the bubbles in the cell. r will therefore be 
smaller for a bubbling r a te of 30/30 than for 170/30. Further, 
Allen63 found that the speed of a bubble rising in a liquid 
was proportional to its radius. Since the bubble must pass 
through a fixed height of water in the cell, the time of con­
tact t before it escapes from the surface must be slightly 
larger for a slower rate of bubbling ; also, under these condi­
tions, the bubble remains in contact with the liquid somewhat 
longer whil.e it is being formed at the mouth of the capillary 
tube before it finally breaks away. I'he nett effect of a 
larger ! and smaller £ is that 1 becomes larger, so t hat the 
removal rate-constant (and hence, apparently, the value of K) 
will be greater for the slower stirring rates : this is in 

accord with the observed results. 

Since the only difference between equations (2.16) and 
(2.20) lies in the value of the constant, further deductions 
from the latter equation must l ead to the same results as 
those found for the former. In particular, it still seems 
that the plot of log[co2] versus 1 should be a straight line. 
The diffusion theory of Luther and MacDougall therefore does 
not account for the curves which were actually obtained. 
Implicit in their treatment of the problem, of col~se, was 
the assumption that no mixing of the gases t ook place inside 
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each bubble because of stirring effects, but that the removal 

of the solute rras from the outermost layer i~.1to the bulk of 

the bubble was controlled entirely by diffusion o 'l'his assump­

tion of still conditions within the bubble is probably invalid : 

in fact, visual observations· made on bubbles rising in lig_uids 

seemed to indicate that ::::. considerable aJrlOUilt of stirring must 

t ·~d.w pJ.ace. Also, as s ucnpti on (iii), tha t the coj.1centra tion 

o:C the solute was urliform t hroug:-wut the s.olution9 may not be 

q,ui te true. It is pos.sible that t he lirni ting factor in the 

r ernuvnl process .is :not the dif:Lus.io:n which takes place within 

the~ ouoble, but the dif'fusion of the solute into the surface 

layer of the solu.tio. l in ordel."' to replace the materiul which 

has escaped into the btibble. If this is the case, the position 

as r egards the removal of carb on dioxide would be f urther com­

plicated by t he fact that undissociated. co2 molecules los.t in 

this manner could b e r eplaced either by diffusion of othe r co2 
molecules from the main bulk of the solution, or by recombin­

ation of ions in the surface layer in order to restore the 

equilibrium (2.?); t t1.ese ions wou ld t .J.1en1 in turn, have to 

b e r eplaced by further ions by diffusion. This problem has 

so f'ar proved insoluble, and no explanation has been found 

to accour1t for the curvature of tho log [co
2
] -t plots. 

It has already been s h own that the: removal 01' a dissolved 

gas from solution by aer&tion 1.:mdel' fixed conditions is pro­

portional to its Henr·y ' s 1.;:-:;w Constant l~ ( as expressed in 

eq,:tJ.ation ( ~~ .12)), i.e. L 1versely proportional to its solubility 

(see ec,rt.:.,!. tio6l:J ( 2 ,16) a nd (2 . ~30)). /,mnonia is more soluble 

in water· t.h2. n is carbon dioxicle, and its value for .~ is con­

sj.d,~rably s~~:aller -- about 1, 000 ( c~eri vecl from values given 
64 . 60 

i n tab l e s ~ ) as agai ns t 22 ,100 for the latter gas • Hence 

it ma;y be ex::->ected that t h e e liminati on of ammonia from aq,ueous 

so:L;J.tion ·by ae1 a t ton will t ake much lo:nge:r• t h£-J.n that of' carbon 

dioxj.cl e . In :practice , t he r mnoval was found. to occur extremely 

f:~ 1 o'.':ly . I' o:.:' i :cJ.s t ance , i n one earl y experi ment in t his s eries, 

Sll.f'~:· icient an'lnonia was i n t roduced to t l1e wa t er in t he c e ll to 

J.ower t he mc,., s ured p a:rallel resi~3 tance to about 9550 ohms, 

i. e . t he conduct i vity waf3 c.bout ~~~50 ru"71/cm. ~L;iu condu.ctance , 

t herefore , ha d not been i nc:t'eased n(~arly as mueh as was usual 

for a rldi tio~:1s of' CO c); yet , after tvvo da~rs wi th =~ ... ast s tirring 9 j (.~ 

t h0 :r•esir.:; t ance had only i ncreJ.s ed by about 1 20 orL'TlS and 'li!as 

ri Gi n g very f:il owly , even tho\.1.gh i t was still about 1 50 ohrns 

below tho initia l value . 'l;h e experiment was discontinu ed at 

this stage ci. S it wac obvious ly goi ng to t ake a considerable 
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time before a rtk'1Ximurn resistance was reached.. 

Since tl•.e aim of' these eyperi.<;Jents was to study the com­

pJ.eteness of' t~1o removal of ammonia, and since this removal 

was so very slo' ·; , it was decided to try to introduce to the 

water in the cell only e:cwugh gas to lower the measur·ed resis­

tance by about 100 o:runs. Calculation along similar lines to 

those outlined r or uo3 solut ions in Section 2.332 shows that 

this would corr ·:.. spond to a -Got:~l a~mnonia coHceritr·ation of 
r! 

abo--It 5.5 x 10-' eg_uiv./1. 

'i;he- adJ.i tion of' ar;nnonia, which was obtaine~l by passing 

purified air' from the <ll .. 1.Xilia ry tr<-lin ( see Section 1.631) 

throug~ an extr·emely d.il ute <:tJTtl'!"loni 1.1.'11 .ll.ydroxide soJ.ution, was 

made by· the stEmdard proc edure p:L'eviously described (see 

Section 2.32). The solutioL was prepcired by placing ~bout 

.50 ml couducti vi ty water i n a "bub0ler· and aerating it f'or 

several ho·L~rs to ens1.:.:::· e th:;~. t nll tr~)ces of CO--, had been 
f..J 

rmnoved; t hen, i mmedi atel;)'. bel:' ore the add ition tube was. 

removed :for r1r:ring from the water• in which it was normally 

0 
,., 

.0 ml cone . G. R. nnmtonj.a was a c;.cled to t he water 

L 1 ~~he bu'!Jbler, and t he passage of air wo. s continued for the 

30 minutes during which the addition tu'oe wa;::, iJeing sucked 

dr;y-. 1'he depth of i mmers ion used was 1 inch, and 20 bubbles 

o:f the air-ar.u::-J.onia mixture were passed into the we.. ter. 'I'hi s 

generally produce-:1 a resistance drop of 80 - 100 oruas; but in 

spite of' all the r>igorous. standardisation of' p.t:ocedure t here 

wa•:.; no certainty about the magnitude of the decre~we , values 

var~ring :t.'r-om 30 to 150 ohms bei ng found on different occasions. 

'1.1hL> inconstancy of t he resi s tan ce dl ... op '::as but o.ne of 

the mal~' ._;xar1ples o.:f inconsistent behaviour which were found. 

throughout Lh ~.;sc ammonia inve .:.> tigations. In all, t.J O additions 

of am.'Uonia were made, and the subsequent cllanc;es in r'esistance 

of the cell were f ollowed for periods varying :from t wo hours 

to t en de_ys . '.l'he curves ob tained were not very r eproducible, 

even for sir11i lc:tr conditions of stirring r a te and r esistance 

?-rop. Howeve r', c ertai n general conclusions did b e come apparent. 

As i n the case of ca r bon d ioxide, so t h,:, r emova l of ammonia 

was a lso stndj.ed a t diff'erent bubbli n r; rates . With the co
2 

solutions , when ap proximat E- ly cc1ual concentra tions wel'e being 

con sidered , i . o . at nea rly equal vah .ws of t he rnoa sured resis­

t Euce 9 it was round t hat tl1e r a t e a t whi,~h t he res.is-~ance 

i :nc:eeased on aerat ion was dependen-t on tiL~ bubbling r a t e 9 to 

which it W<. s roughl;>r pro::l ortional . With the amraonia s olutions , 

howev er, trw behavi our was rather dif':f:'erc~nt . 1fhc~ r e:1dings 

t al{en at. ont:-!ninute inte r vals showed t hat t he resistance 
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invariably increased ~uite rapidly immediately after the 
addition, irrespective of the r a te of bubbling being used. 
The initial. rates o.f rise wer·e in all cases much f's.ster than 
had been expected; also, they appeared to. be ver;~r similar 

even 1~or widely differing stirring rates . 'l'his similarity 
was confirmed by plotting the chaages in resistance observed 
with a.if'r'erent rates of' aeration, and by comparing the curves 
so obtained. J!'or example , in Fig. 2.6 the continuous lines 

(1), (2), and (3) show, for three different ·bubbling rates, 
the changes which occurred immediately after t he addition of 
ammonia; in each case the decrease in resistance , due to the 
addition, was about 100 ohms. As a compa r ison, the broken 
lines (4) and (5) show the corresponding changes in resistance 
which took place on aeration of water (at a slow and a fast 
rate respectively) which cont ained sufficient co2 to r educe 
the resistanc.e below its maximum value by a similar amount. 
}l,ig . 2.6 has not been plotted on an absolute resistance and 
time scale, ·but only the actual changes in resistance from 
the time of addition have been considered, i n order that all 
the curves may start ! ... rom a cormnon point and_ hence may be 
more easily compared. It will be seen that the r ate of 

increase of resis tance f or water containing co2 was always 
l ess, at corresponding resistances, for the slower bubbling 
rate . Af'ter additions of ammonia , however, the resistance 
increased initially (from A to B in the diagram) at about 
the same speed irrespective of the stirring rate; furthermore, 
this rate of increase was fas t er than that found, for example, 
for the removal of co<") at a bubbling .rate of 30/30 . rrhe 

~ 

ammonia theref'ore seems to have been removed from the solution, 
initially at any rate, not only by being swept out by the air­
stream, but als.o by some other mechanism. It is believed that 
these observed effects were due to adsorptj.on of' the ammonia 
on the glass walls of the cell. 

GaseouS: armnonia is one of the mos.t readily adsorbed gases. 
on glass : for i~1stance , Evans and George65 calculated that, 
i n one of theil, experiments at constant pressure, there were 
39.9 molecular laye1,s of ammoni a adsorbed by the glass , as 

against b . 5 for 002 • Since the affinity of glass for annnonia 
is so strong, it i s not lLllikely thn.t it would still b e notice­
able even when t he ammonia was present , not as a gas, bi:~.t in. 
sol ut i on. ·rhe resulting a<lsor:ption could car.tse qp.i te an appre­
ciable c::-w.ne;e in t he concentrv. t:i.on j_f' the sol uti on was extreme­
l y dilute, pr..:J was the case with the .:;elutions from which the 
removal of' ammonia was ·be i::.1g studied. In fact , a qlJ_;:mti tati ve 
consideration certa i nly docs not exclude t he poss ibility that 
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the observed changes of resistance were being caused by such­

an adsorption. 'rhus it hae already beerJ. mentioned that the 

concf.intration of' ammonia corresponding to a 1.00-ohm decrease 

ii.1. the measured resistance of' the water is al)out 5.5-x 10-? 

equiv./1 . (p. 86): in these experiments, t herefore, f.--1 x 10-7 

equi v. rnust have been a dded to the 200 1.11 water in the cell. 

'rhe area of glass surface in contact with these solutions 

was a·bout 200 cm2 (se.::. Section 2 ,32, p. 74 ) . 'rhis area i s 

capabl e of CH :n~ying a considerably l Flrger amouut of adsorbed 

a1tu'nonia than the 1.1 x 10-? equi v, which was addedi Crespi 

2nd Moles66 , for i nstance, found t hat on .. :;aturation and una.er 

1 atmosphere pr·essure ( te.nperature not stated, but presurnably 

r oom temperature) t he walls. oi' a 1-li t re flask adsorbed 

1.8x10-4g, i.e. about 1 0-:-0 equiv . ammonia: this amount would 
<) 

there:fore be present on an a rea of 480 ern.::, , if' it is. assumed 

thc.•.t th.::. flo.Bl.: was spherical and the glass q_ui t e smooth. If, 
f urther , t he molecular diameter of NH3 is taken a s 3 ?-...

67, it 

will be seen tll.nt thi s adsorption corresponded to a multi­

molecular layer (about 10 molecu1 es thick) . ·rhe concentration 

of the annnonia gas in t h is cas-e was, of c our s e, approximat ely 
'j 

·:J~f: '·1: equi v ./1. -- much h i sher t han t hat of the ammonia in the 
solutions being considered. Naturally, t heref'ore , the amount 

of adsorption would be much l ess i n t he l a tter cases., t hough 

it would not be proportiona tely smaller b ecause , from the 

nature of' the general adsorption isot herm, the g,_uantity of' 

substance ads.orbed becomon much greater r e l a tive t o the total 

con centr'ation as the l n tter i s made very small. Hence i t is 

to be expected that a l arger fraction of the t otal amount of 

hH3 present would be adsorbed from the dilute solutions than 

from tho more concentrated gas l)hase of Crespi and Moles. In 

fact , though t he a c tual f r acti on adsorbed was rather small in 

the l atter case , it is c on ceivable that, · i a view of the extreme 

dilution of' the s oluti ons , t he f'r 2ctions adsorbed during these 

ex~·H:rinei.'ltn were consi derably larger. A coverage of the glass 

sur f ctc;e in contact wi t ll the solution with a monomole cular 

layer of amrnoni a (if the same as.su..11ptions a r e rnade as previ­

ously) would r equire about 0 . 27 x 10-7 e g,_uiv ., i . e . about * 
of the total ru.'!lount present . 'l'his would there:for'e corres.pond 

t o an increase i n resistance of ab out 25 ohms owing to removal 

by o.dsor•ption, 'Nhich appears to be of the rj.cht order of mag­

nitude f'or thu r esi sta nce changes ·wh ich were observed after 

an addi tion . 

'rhe g,_uestion of t he speed. of' t he reaction must also be· 

considered . Burt53 has .ctated that the adsorption of ammonia 

by c;lass i s a s l ow proce ss , whi ch t akes a long time before 
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compl.ete saturation is reached. HevcrthelesD, it is to be 

expected that the i nitial adsorption wil l t a lw place r e asonably 

fast when th3 gl ass is q_ui te free o:f annno!J.ia; and it must be 

remembered t lJat th:.:; walls of the cell were usually we.ll leached 

and free f'rortl adsorbed material because t he water in the cell 

was normall y changecl s everal t imes b etween experiments a nd 

a ere.ted to a maximu·:l resistance each time . Ji·urth ermore, cal­

culation indicates that t he rate of removal of mmnoni a by 

aerat ion would defi nite ly be nruch t oo slow to a ccomJ.t for 

the rapid i nc;reases in resistance which were observed. It 

seems more J. ~ l:ely, therefore, that the primary r emoval t aking 

place im.mediately ai'ter the addition of ammonia was due to 

adsorpt ion. .ll,.s t h i s. would not be i nfluenced by the r a te of 

stirring i n the cell (except i~illofar as t he stirring aided 

diffus ion i n r epleni shing the depleted l ayers of' solution in 

contact with the glass), t he i a itia l rise in res istance would 

t hen b e t he same r egardless of the buhbl.ing r ate . Only when 

the rate of r emov a l by aerati on had become corn'"_)arable with 

that by adsorpti on would any dif'ferenc e beco:·.ne noticeabl e in 

t h e rate a t whi ch the r esistance r ose with varying stirring 

1i1u rther confirmation of the adsorption of' ammonia on the 

glass walls of' the cell was fur•nished by the unusual behaviour 

on a.eration of a sample of wat er which had been placed i n the 

cell immediate ly after one of the early experi ments on t he 

removal o:f ammonia . Too much ammonia had b een added to the 

water in this i nstance , but the dilute a rcuT1onia solution had 

still been l eft in t he cell for one day before it was emptied 

out a~1d replaced by :f pesh wa t er. 'l'he i niti a l changes on 

a eratioll. of thi s wa t e r were s imilar to those normally observed. 

After• t h e co: l.clucti vi ty had fallen fairly rapidly to about 

1 ?5 n.m/cm, however , i t i ncr eased. over a period of f'i v e hours 

to 253 nm/cm, and f' inally a ga i:i.1 began to drop , t h ough rather 

slowly. 'I'his behaviour can r eadily be exy lai:ned if the walls 

of' th~ cell wePe s till contal~lincGed with anunoni a adsorbed 

t her•eon dt1rin~ th~ previous experi ment. 'rhus the first 

decreas.e in conduoti vi ty was probably due to the normnl 

r emoval of CO,, from the W£'. ter· . As t.he rate of thi s remov a l 
(J 

slowed down, the si1m1l t aneous i :ncr ease i n conductance r esulting 

f:'rom t he d.esorption of amil10nia f rom the walls gradual ly became 

more pronouncGrl, ua til ev entually i t c'!xceeded the decrease 

a nd caused tho measurud conductivity to riGe; this rise con­

t i nued until a :new equality hacl been f.!G t o.blished between the 

rate of' d esorption of ar11moni a fror:1 t :1e walls and the rate of 

its removal f rom t he soJ.utioi'l. by a el''ation. li'inally, when t he 
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latter had become predominant, a slow decrease in conductivity 

again took pla ce. 

'l'he r e l P..t ively rapid increase of resi s t nnce observed 
a:fter an add.i tion of' armnonia to wa ter• in the cell usually 
persisted (to a gradually diminishing extent) :for a t:ew hours, 
when presumably adsorption saturation was .• 1ore or less I'eached. 
Therea:fter t he resistance still continued to rise :for a long 
time, although very slowly, until :finally it reached a maximum 
and began to :fall again. This whole process was followed for 
a nu.rnber of' additions. It was found that, for an initial :fall 
in resistance of 80- 1.00 ohms when the ammonia was added, the 
time taken for the subsequent attainment of the maximum resis­
tance varied from about 1 day at a bubbling rate of 170/30 to 
4- 5 days a t a 30/30 r ate ; the exact time 1 however, was very 
variable, even at a fixed s tirring rate and for t he same 
decreas;e in r esista:..1ce, e.g. times, ranging from 18 to 29 hours 

were found with 170/30 bubbling. 

The resistance-time curve obtained f or one eXperiment 
on the removal of added amn1onia is shown in Fig. 2,7, In 
t his example, t he extrapolated line -~ drawn through the 
i nitial resistances of t he water before t he addition passes 
thruugh the maximmn resistance C reached af ter t he addition, 
This is the criterion which was used f or checking the complete­
ness of the removal of added carbon dioxide (see Section 2.331): 

hence it seems that in this experiment the armnonia was also 
completely removed f rom the solution. 'I'his method o1' checking, 
however, could not i n general be applied to t he additions of 
ammonia with as great a certainty as to those of co2 because 
of t he long extrapolat i ons which wer e necessary -- t he time 
required for the r emova l of ammonia was always much larger , 
even though the f alls in resistance due to tl'le addition were, 
only a.bout 1.00 ohms a:s agains.t the approximately 10 times 

great er decreases used :for carbon di oxide. !':or would i t have 
been more expedient to have added smaller quantities of ammonia 
to the water in order to shor ten t he time t aken for t he maximum 

resistance to be r eached, s i nce mos t of the ammonia would t hen 
have been remov~d by adsorption. 

A second check could also be macle on the completeness 
of the removal of carbon dioxide , viz. by extr apolating the 
line of t he decrease of resistance observed after the maxi mum 
back to the time of adcli tion, and t hen compari ng t he resistance 
t hus obtained with t he measured va lue a t t his t i me . Although 
a s i milar procedure worked satisf'act ori ly in a few cases with 
ammonia , s ometimes it was fo~~d t hat the rate. of decrease of 
resista:nce aft er t he maximm·n, ins.tead of being eq_ual to the 
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rate of drop observed for the fresh water before the addition 

was made , was now greater; al s o , the final rate found for the 

aerated solution was not always constant, but f'reCJ..uently 

appeared to be increasing, thus causing t he plotted line to 

become curved (CD i n Pig . 2.7) . 'l'he reason for these effects 

is not kEown, but t hey ma;y have ·been associated with the fact 

that, by the time trw maximum resistance had b een reached and 

passed, the water had already stood in the cell for several 

days and. its conductivity was by then co ... tsiderably higher than 

at the start ofthe experiment (cf. the faster rate of decrease 

of resistance observed with water o·f' poorer quality, which has 

previously- been mentioned -- p. 67). Whatever their cause, 

these effects seemed to render invalid the additional method 

of checking the completeness of' the removal of added ammonia ~ 

the curved line in particular could nat·urally not be extra­

polated to the time of c::.ddition with any accuracy. However, 

from a l l the experi ments which wer e performed, it did seem 

that ammonia was conrpl etely removed from dilute aqueous s.olu­

tion i f sufficient time was allowed. 

Although the forward extrapolation of the water line was 

genel~all;y a little uncertain, in a few cases it appeared defi­

nitely to pass 3 or 4 ohms below the maximuJn r esistance found 

after the addition o:e ammonia. rl'his, of course, corresponds 

to a "more than completell removal of' the added. material. 

Various explanations of' t h is effect have been suggested. It 

may be that the adsorbed layer. of arnmonia partially screened 

t he glass surface from attack by the water and thus prevented, 

or• at leas t slowed down 1 the decomposition or 11 s olution'1 of' 

t he glass . In thiD case extrapolation of the water line would 

not be valid, since t his construct j_on iS· ba sed on the assump­

tion that the conducti vi t 3r of the water increases at t he same 

constai1t rate t hroughout t he experiment. 

Another possibili t;y- is that the ef'fect was due to neu­

tralisation by the added ammonia of a very small amount of 

acid i mpur ity present in the water: such a process would 

i nvolve the replacement of fast-r!lOVing H+ ions ·by slower NH; 
ions, wi t h a consequent red.uction i n conductivity. In one 

experiment 9 for instance , where the amount of ammonia added 

was f30 s.m.all that it c:aused. the resistance to drop by only 

5 ohr.is., wi thi~.l 2 hours a maxi!m.lin was reached which wa s about 

1 oJ:Im hiG:H:n' than the initial wn ter resisto.nco . 'rhis caru"'lot 

be accou..TJ.ted for by the previous explanati o;:1 , ·iJut calculation 

shows that only < .... very S!aa ll amount of acid would need to be 

present in t he water ori.ginally Ll order to produce such a 

cha:::-1ge . l•'or example, suppose tha t during aer'ation water of' 
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conductivity 100 nrn/cm remains u.naf'fected. by the solution of' 

glass or other processes which IT~ight change its conductance; 

and suppose that finally, after ammonia has beer1 added and 

the exc e;ss has been removed by aer ation , the conductivity 

drops to 97 run/em (this decror;,se is nbout the same as those 

which were actually found i n a i'ew expc:ri mer1ts vthen the extra­

polation was m~~dc), J::lurther , 

let : X= contributioH to total conductivity by neutral salt 
impur•i ty (which will rt::main constant) , 

x - C011cn . ( i:.:1 equi v ./1.) o1' acid i mpurity a:11ion A-, 

and A. A- ::: 'i'O (an appr·oximate ly average value for many ions ) • 
. H .. 

B~£gr~ad~';i ti2»-~. 

Prom equations (2.~~ ) and. ( 2 .10) , ar~cl usin~~ the /\--values 

already quoted (p . 77), we get 

= initial conductivity of' water 

= :LOO 
10-14 

= 0 . 3498[H+] + 0.1985 .:._ ___ + 0 . 070 X + X 
[u+] 

•••• (2. 22) 

Also, for e l ectrical 

X •••••••••• (2.23) 

If', i n order to avoid compl1cations due to compl ex hydro­

lysis effects, we assume the acid to havt':l the.. same~ ionisation 

constant as am.'noni a , t he pH of ·~_;he Boluti on will be 7 . 0 1 and 

hc:mce thG conductivity due to t he H+ and OJC ions i n t h iS 

solutj.on will be 5-1 . 83 nm/cm. 

;: conduct ivity after addition and remov8.l of' ammonia 

97 

54 , 83 + 0 ,070 X + 0 . 0734 .X + X ••••• 0 •••• ( 2. 24) 

Soluti on of equations ( 2 . 2~n , ( ?. . 23) , and (2 . 24) gives 

the approximate values .~ :=-: 33 nm/ em and .2£ ::: 6 . 5 x 10 -B equi v. /1.: 

the latter, then, is- the amount of acid i :rnpu.ri ty required. to 

rnalce the f inal conductivity, af'ter ar!tmoni a has been added and 

removed , 3 nm/cm less than it was i :ni tially. Purther cal cu-. 
lation shows that varyinr tho ~trength of th0 acid does not 

greatly chanee these values- 1,or -~ and .?f • Ht:mcc it will be 

seen that , i i' ::"' c ij, i !.1p1..1ri ty present in the v::1ter was indeed 

the factor reDponsible f'ol' the occasional 1'more than co:rnple.t e 11 

removal of added anunonia, the ·water· would ne0d. to contain only 

a very S'Ti.all amou..r1t thereof· in o:c·G.er to produce effects. of' 
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s i milar magnitude to those whi ch were observed. In the example 

considered above, for instance, if' one excludes the contribu­

tion made by the H+ and mC ions to the total conducti vity 

of the water, the "solvent correction11 to be applied for the 

presence of r esi dual i :mpuri t i es, in the water would be mai n l y 

a correcti on for neutral impurities ; in fact , the amount of 

acid i mi:mri ty is small enou;:;h for• all the iu~puri t;y t o be 

regarded as neutral a nd for the total corrcetion t heref'or 

to be taken as 100 ·- 5t'i =: ~1.6 .mn/cm without O.D-3' appr eciable 

error be i ng i ntroduced, except when determinations. are being 

made of the conductivities of' extremely d i lute solutions. of 

acids and bases. 

The theoretical treatment of' the results of the se experi­

ments wi th ammonia along lines similar to those used for tbe 

removal of' carbon dioxide (see Section 2 , 306) becornes even 

more complicatt3d because oi' the adsorption taking place, which 

must now also be considered. n o serio'l.:tS attempt has t herefore 

been made to derive a mathematical relationship which will 
describe the observed varia tions of resistance with time , 

especially s i nce it was in an;y· case almost i mpos s i b l e , owing 

to the uncertainty of the various extrapolations, to estimate 

accurately the concentrati on of the ammoni a at any given time 

during the removal, Also, the results. themselves were not 

r eally reproducible enough to warrant a quanti tat:\. ve analysis. 

For instanc \.:, al though tlte curves in Fig , 2.6 show the i 1nme .... 
diate increases of resist~nce to be fairly w1iform irrespec tive 

of the bubbling rate , more rapid rises were :Lr•equ.ent l y observed 

even when the ac t ual c1ecrease of resistance on &ddi tion had 

b een much sn~aller t han i n these cases . 'l'h ere were also nume­

rous discrepancies from the r emoval :pattern shown in F'i g . 2 . 7. 

'l'hus in one experi ment the r esL::; tance increas {'~d normal ly for 

ab out 8 hours after the addition; bv.t it t i.1::m remained c on­

stant , with in 1 or 2. ol1rns , for seven days be1,ore s ,tarting to 

decrease mor.e or less a long t he extr apolated water line (AB). 

By contrast. vfith this cas.e , o.n four other occasions (they 

wer·o actual ly in s u cce ssi on) the r esis t ance rose very rapidly 

t o a false maxi mum instead of follo·wing t he usual steady 

chan~e of r esistance shown in J?i:::: . 2 . 7; therea:C't er it dropped 

fairly fast 'l!.l1til i t a:_~ain coincided e.pprox imately with the 

expect :xl curve -- tVJice bef'ore the usual maximum was reached, 

but in t~w ot her two cases ther e v,ras no second. maximum. In 

all t ·our' co.ses prolonc:ecl aeration event ually r 0sul.ted in the 

norfnal sloY, decrease of' r e sistance lying more OI' l e s s along 

t he extrapolt... t c~c1 wa ter resj. s t ance line . Th.-:: ·:Jubbling rate 

in these four experi:.'ilents V/<:'.S 1.70/30; a t thi s r.a t e the time 
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taken :for the maximum to be reached was usually about 20 hours, 

but "Gl1is false maximum wa::> reached in a mere 3 to 6 hours . 

On one o:J.' these occasions, too, the rc:sistance at this maximum 

was actuall y 8 ol1..r:1s h i gher them th'J i nitial watel' resistance! 

'These i nconsistencies turned up despite all a tterrrpts at an 

extremely· rigorous standa!'disation of the various procedures 

used i n the r:lany experiments performed with ammonia. rn·, 
.Lil8Y 

may have been caused by the ef'fects which the physical condi­

tion ana. the previous history of ·t:.he glans walls had on the 

adsorption on the ads orption oceu.rrin:3 tlJerc, -bu t no c1efini t e 

correlation between these factors could be obtained. 

In spi t e of the erra tic behavi our encountered during 

this iHvestigation on the removal or arcnnonia f'rom water by 

aeration, the following three general conclusions clo aprlear 

to be valid: -

( i) l\mmonia is adsorbed f'l~om Gol uti on by the glasD walls 
of the cell . 

(ii) All the am:.i!onia added to water can be removed by aera­
tion, but the process is very slow. 

( 1ii) Since , in general , t he mo.ximurn reached af'ter an addition 
d.id. not exceed tlle corl'esponC::.ing value found by extra­
:)olating the water r e sistance line, i t seems that the 
residual impuri ty in the water is not acidic i n nature. 
'l.'races. of acid may appear cccas i onal l y , but the amounts. 
seem usually to be so small. t hat in most determinations. 
no appreci abl e error would be introduced i n the sol vent 
correct ion by rogHrding all the residual impurit y as · 
neutral . This conclusion has bee::.1 supported by the 
subsequent determination of th:.; solubility of,.. cc-,lomel 
by conductimetric rnethods performed by Dry57 J o9 in this 
laborat ory . 

It has. been shown that dissolved mnmonia can be removed 

comple tely fr'om very dilute solution by aerati on. If , however , 

owing ei the:::· to its incompl ete removal during d i s-tillation or 

to subseq:Llent atmospheri c contaminati on, there was stj.ll ammo­

nia present in traces in the water that was placed in the cell, 

it would presumably have been present not as t he hydroxide 

but as the bicarbonate, formed by combination with the dis.­

solved carbon dioxide which, throughout this investigation, 

was remov0d f rom the water only after the l &t ter had been 

put into the cell . It seemed possible, therefore , that some 

of the residual conducti vi t:r which waG f01.:md after the water 

had been aerated. to a n!inimu.m conductance , i. e . s ome of the 

amount by v;hich this minirnurn .exceeded the theoretical value 

of 55 m • .t/cm for pure w.:tter , might be due to the presence of 

ammonium b i carbonate as impurity. At the low concentx·ations 
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whi cl'l would p r evail under these cir cumstances , howev er, 

hydrol ysis would occ1.:..r t o an app r e cia.b l c extent, thus ~ -

NH
1
+ + liQ 0 - + H 0 ··-· -· ·-·-···'· FF O'·J· .. 3 .·.2 ~---·- -·· . .14 .L.i. + u

2
co

3 

1l ll 
co,) + n "~o 

<..J "' 

•••• • • • ( 2 . 25 ) 

Both t he p roduct s could be removed s epara t ely by aera t i on; 

h ence it seemed lilcel y t hat such a procedure miGht {3.lso c om­

ple tel y elimi na t e the ammon i um b i carbonat e , s i nce removal of' 

t he ammoni a and the carbon d i oxirl .e i n e<lP.i l i b rimn ( 2 . 25 ) would 

re.:ml t i n a con t inued displacement to t l"1e r i cht until al l t he 

r eactants on the le:t't had d isappear ed. In order t o test t his 

theory , i t was decided to add bot h gases t ogether to, wa t er in 

the cell a:ncl t hen to i nvesti gate t he completeness of' t he i r 

remova l by aer a ti on. 

'I'he car h on d i oxi de and runmoni a were added b:>r t he standard 

met hods previ ousl y described (see Secti ons. 2 . 32 , 2 . 33, and 

2 . 04 ) . rie cnu.se of' the time required to ensure t ha t the tube 

v;as thoroughly clean and dry f'or each addition , it was not 

pot1sible to add bot h gases s imultaneously; -but such a procedur e 

was , i n any case , not advi s able , since it woul d not i ndi cat e 

whi ch ga s was pr.esent i n exces.s nor how much of each ther e 

was in combinati on . Thes e were f'a ctors whi ch should be known 

and controllable . For i n s tance , it s.eemed desirab le t o hav e 

t he comb i ned rsases pr e s.ent i n very l ow c onc entrations , because 

it was. un l il ::ely t hat the rat e of removal of' t.!:1e t wo ;Jases 

t oget her would be any f'aster t han t hat of ammonia a l one -­

p~obably s1ower , i f . anyt h i ng . 'l'he a ccul'ate contr ol . of t he 

small amount s. required c oul d be a c lJ i eved only b;y~ putting in 

one gas f'i r s t and a l lo¥ri ng i t to b e r emoved t o, s ome known 

c oncentra tion, as i nd i cated by t he resis t ance of' t he soluti on , 

and t hen i n troduci ng an excess. o:l t he second gas. In practi ce
9 

the second addi tion was us-ual ly mad.e whun t he res i stance had 

r i sen to about 30 olTins bel ow the i ni t ial value at t he t i me of 

the f'irst a dcti t i on: thi s- meant t hat the c oncentration of' dis­

sol vec1 gas had fallen to about 2 - 3 x 10- 7 e Qui v . /1. -- l arge 

enou~h f 'or t he armnoniurn bicarbonate f'or1:18d still t o give r ea­

sona·bl e resistance chanse s on aerat ion, but without maki ng 

the complet ion of' the experiment u...J.duly long ( sever'a l days 
were usual ly required in a ny ease l ) . 

Obvious.ly t he addition of two gases. LJ. successi on e an be 

made in two dif'f'erent wa;ys . 'Lh e pri ma ry i n terest of this 

study was to determine whether n;:monium bic a rbonate vms stil l 

present as an i mpuri ty i n the water obta i n eD. f'rom the sti l l 

aft er it had been aerat ed in the cell to a minimum c onduc t ance . 
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Since such an impurity would have arisen from the combination 

of a small trace of' dm:moni a with a ' l ar·ge excess of carbon 

dioxide, the more logical appro<..tch was to ac.k"-. ti!.e arrnnonia 

firct , i'ollowed by "Ghe CO" ·.:hen the conccmtra tion of the f or-
t:. 

mer gas )Jacl been reduced. to a ver·y low value by aeration. 

Th i s sequence, howe7er , suf':f. ered from t he disadvantage that 

it was not um:ta.lly possible to add just a sr.1all excess of' co2 : 

even the a.dd i tion of onJ.y one or two ·bubbles caused the resis­

ta:;:1ce to drop by a rew hundr'ed ohms, and. s ever al. hours. then 

e l apsed before it had a~..--;ain risen to i tf3 :t'or'mer value at the 

time of the addition. 'rhi s meant that it was not pos.sible to 

:Collow any i mmedi ate small chan::;es in r Gs istance occurring 

just after the addition in order to observe the effect which 

the added CO_, had on the r emoval of thE: a !nmonia . However , a ,_, 
few adc1i tions of this nature were made , and. the curve obtained 

for one su.ch exper·iment is shown in pj_g . 2 . 8 . 

Line AB Gives the dec rease i n resistance of the water 

alone. When thi s had been observed long enough for the slope. 

of the line to be established l,easonably accur·ately, arnrnonia 

WHG added (at B --the r esi stance was then abou t 9932 ohms ), 

a .1d the resistance dropped about '73 o:hms to C. A fairly rapid. 

rise in resistance followed (CD), such as was usually f ound 

on the addition of l\fH3 : this was presumably due chi ef'l y to 

adsorption of ernmonia on the glass. At D, when the resistance 

was still about 32 o}l.rns be l ow thu extrapolated water value . 

corresponding to this t i rne (P) , co2 was passed into the cell; 

the resist<:,nce dropped below 9300 ol'uns, but it immediately 

b.egan to r·is.e 23ain a t a very rapid rate as. t he excess co
2 

was. removed by the fast air s .tir•ri i1g ( 1 70/30) . 'l'he values 

obtained during the latte l"' part of this rise (from about 9820 

ohms ) are shown by t he plotted points. along GIIJK. 'rhe a ctual 

l .ine CHI a:nd its extension to I was draVIm from data obtained 

in an earlier experiment on t he removal of' carbon dioxi de 

alone at a similar bubbl i ng rate -- n section of the curve 

VIas chosen s.uch that the resi s t ance corresponding to G was 

the same ammmt be;low the resistance of t he water at the time 

of the addition as G was below P . It will be seen that t he 

rise observed i n the present e)..--p<Jrhnent wan g_ui te normal f or 

the removal of co2 at the bubbling rate being used until the 

resistance reached a value H which was just l e s s than that of 

the solution at the time that the S<:;')Cond addition was r:"J.nde (D), 

Hacl the removal of co2 still proceeded nox'mal:ty, t he r es.is.tance 

would then have continued to l'ise as. sl1mtn b::,~ t iJ.e broken 

line HI . At H, however , the r ~.te of rise bez~n to deviate 

from the normal , ::md at tho value J, which was almost equal 
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to that of the s.olution when the CO...., was added, it decreased 
c-

quite markedly, and s e emed to become more nearly similar to 
that usually obs,erved f'or the removal of ammonia alone ( cf. 
the broken line DE that was drawn, as an extension to the 
line CD 1 from data previously obtained during the experiments 
wi t h ammonia by itself'); the experi mental curve i'rom J onwards, 
in fact, appeared to very nearly an extension of CD, being 
just an ohm or two lower at each point. The resistance even­
tually rose to a maximum (K), which was reached about 2,9 hours 
after the first addition had been made, and afterwards it 
began to drop again at a urliform rate. ':Vhis decrease, given 
by LM, coincided with the uxtrapol:1ted line AB f'or the initial 
water resistance. Removal of' all the added ammonia and carbon 
dioxide s eems therefore to have been complete, and to have 
taken about t he same time as t hat required for ammonia alone. 

Th3 fact that, in t he exruuple chosen, t he curve JK f'or 
the removal of' ammonium bicarbonate (or ammonia and carbon 
dioxide present together in equivalent quantities) lay almost 
along the continuation Dlil of the curve for the removal of' ammo­
nja alone is probably not generally true, but it appears rather 

to be coincidental as a result of' several factors. The main 
reason for this. phenomenon s.eems to be the arbitrary choice 
of approximately 30 ohms for the difference between the in.i.tiaJ 
water resistance (B) and t he r esistance of' the ammonia solutior 
at the time of the co2 addition (D). This can be demonstrated 
quite readily by a consideratio~ of' the specific conductances 
of ammonia and arrnnonium bicarbonate soluti ons at the extreme 
dilutioEs encountered in these experiments. These conducti­
vities* are shovm in li'ig . 2 . 9, together with the corresponding 
changes in measured resistance which would occur if the solu­
tions were placed in Cell rt. I t will be seen that the values 
for these two substances do not diff'er much for concentrations 

-7 from zero up to about 2 . 5 x 10 equi v ./1. , i.e. the measured 
resistances· of' soluti ons formed by the adCli tion of either 

ammonia or ammonium bicarbonate to water would be nearly the 
same , for eq_ual concentrat i ons, providecl. the amount of solute 
added did not cause a change in the resistance of' Cell I larger 
than about 25 ohms. This range a lmost completely covers the 

t 

The calcul ation of the specific conductances of' ammonium 
hydroxide solutions can be most easily performed by calcula­
ting the concentrations of ammonia which correspond to 
various conductivities in a mar.Jler similar to t h§l.t previously 
descrj.bed f or C02 .(see Section 2 . 332) ; and Malan15 has out­
lined a method for calculating the specific conductances 
of solutioY:ts of ammonium bics.rbonate . 

These resistance changes may be obtained by interpolation 
of' the values given i n Appendix D. 
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various resistance chan3es (usually about 30 ohms or less ) 

which were being considered i n these experime11ts on the r emoval 

of' armnoniurn bicarbonate by Heration. It i s not surpris,ing, 

t herefore , that i n these particular cas.es t he curves obtained 

before the adcliti on and. after the removal of' excess carbon 

dioxide respectively should nearly have e;oi ncided. 

Other f actor& contributing to the pat tern of' Fig . 2 .8 prob­

abl y include the hydrolysis effects which were present in t his 

e.A-pePi ment . 'I'he large excess of co2 added at D would r epress 

practi cally all the h:rdrolysis of' the ammonium bicarbonate 

tormcct, so that one wm1ld expect t he resistance to ri s e a t 

f 'irst i l'l t he manner normally observed when 002 alone has been 

added. Such an i ncrease , h owever , woulu continue only unti l 

most o:t' the carbon d i oxide in excess of that required to f orm 

the bic~rbonate had been removed, at which stage the hydrolysis 

given by equi librium (2 . 25) vould take place to an appreciable 

extent . Hemoval of the products of this h;>rdrolysis would then 

still cause the resistance to k e ep rising, but at a much 

slower rate . Thi s i s probably the r eason for the large change 

L1 the slope found a t J . 

'l'he repression of hydrolysis of the arnmoni um bicarbonate 

which was talcing place while t he excess co2 was being r emoved 

would presu.~1ably prevent the simultaneous remova l of' th ... : .former 

during t his. period; f'Ol' some time, t herefore, its concentrati0n 

would remain virtually constant at a value equal to t hRt o~ 

the ammonia which was s .t ill present when the carbon dioxide 

was added to the solution. If this concentraticn was such 

that the ammoni um hydroxide and the ammonium bicarbonate solu­

tions th:::tt were formed had exactly t he same conductivity, the 

resistance after the excess co2 had been removed would be the· 

same as it had been before the addition. l·levert heless , t he 

time-lag between these two points would cause a defini te dis­

continuity in the resistance-time c1.:trves , sirn:i. l ar to t he one 

a ppearin: i n Fig . 2 . 8 , i . e . with JK lying just below t he 

extension DIG for t he removal of an.monia alone . It mus.t be 

remembered., h owever, that i n this particular case there was 

a di:t'ference in resi s tance of about 32 ohms between D and F . 

Inspection of Pi g . 2 . 9 shows that thu concentration of ammonia 

correspondi ng to this is about 2 . 9x:J.0- '7 equiv . /1 ., and that 

the char:.ge in the measured resis t ance of water caused by an 

atllJJloniUl.l bii..;ariJona.tc solution of tho same c0ncentration would 

be abm.1.t '7- 8 o;L'11S less than that due t o the ammonium hydroxide. 

It seems , ther·ef'ore , that the resistance shoulcl actuall~l have 

been 7 -· 8 ohms. higher af' t er the excess co
2 

haC!. been removed 

than it was at the time t hat this addition was made , i . e . 
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the curve JK should really have lain somewhere above DE rather 
than below it. Its observed position can, however, still be 
explained by considering two other :factors: the immersion. o:f 
the glass t-c~be while the second addition was being made would 
cause a resistance decrease of approximately 2 ohms and thus 
generally lower the line by this amount; also, there would 
be a drop in resistance owing to the slow desorption of some 

ammonia which had previously been adsorbed on the glass walls 
of the cell. The latter factor would be one of considerable 
u..Yl.certainty. Nevertheless, it does seem likely that the 
repression of hydrolysis (2.25) by the excess uo2 present 
would lower the concentration o:f NH3 in the solution so much 
that it would, in turn, distur'b, the adsorption equilibrium 
which hnd been establishe(l prior to the addition. The ammonia 
desorbed from the walls as a result o:f this would combine with 
the carbon dioxide in solution, thus increasing the concentra­
tion of ammonium bicarbonate: the nett effect, there:fore, 
would be a slight dec.rease of the measured resistance. By 
chance , the amount i nvolved in this experiment seems to have 
1Jeen just about right to make the resistance curves GD and JK 
a~)pe..1r alr:1ost continuous. 

'.rhe alternative method of making successive additions 
of carbon dioxide and armnonia to the water, viz. by adding 
the former first, fol lowed by a slight exces8 of the latter, 
was also used i n t his study of the removal of t hese two gases 
by aeration when they were present together in solution. I n 

aqueous solutions containing both these sub s tftn(!es,. t he f'f"'ll ­

lowing equilibria cau occur:-

•••••••••• ( 2 • 26) 

•••••••••• ( 2 . 27) 

Hence , while there is excess ammonia, the normal ammonium 
carbonate may be expected to be present in the solution*. 

Fi g . 2.10 illustrates t he results of one of t hese experi­
ments. AB and CD are the lines tor the change of' water resis­
tance and :for the l atter part of the normal r emoval o:f carbon 
dioxide r espectively (the resistance had. actually dropped to 

~~ The possibility of the formation of ammonium carbamate was. 
a l so cons idered, but was discarded as improbable lli!der the 
conditions of tJ:.ese experiments because of the extensive 
hydrolysis of the salt to t !1e normal carbonate which t akes. 
place i n a queous solution: f'oi' insta.nce , in a sol ution con­
sisting o:C 1. part carbamate to 200 parts water , t he degree of 
hydrolysis was ali'eady 7<!: , 9~b, and this i ncreased to 96,6% on 
f urther dilu.tion to 1 : 500 (Uellor70) . It seems most Ui'1lil~ely, 
therefor e , t;£-,,~ -'c, there would be any ammonium carbamate present 
in the extl'emely dilute solutions whicl1 were being cons idered 
in this investigation, 
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about 9.100 ohms on the addition of' C0 0 at B). At D, which 
.:., 

was about 32 ohms below the i nitial r esistance B, amnonia was 

added . 'rhe specific conductances of dilute solutions of car­

bon dioxide (calculated as outlined i n Section 2 .332), and 

the chaULGS in t he measured r esistance of Cell I which would 

correspond to these, are shown in li;ig. 2 . 9 . It will be seen 

t hat, at the very low concentrations corresponding to the 

small resistance changes which were c enerally consider·ed in 

these experiments, the conductivities of arrnnonium bicarbonat.e 

s -olutions are invariably l ess tha t those of carbonic acid 

solutions of equal concentration; this is true, too, of the 

conductivities of ammonit.un carbonate solutions, which do not 

differ greatly from those of the b icarbonate . Hence the 

decrease in resistance (from D to E) caused by the addition 

of t he arnmonia is a certain indica tion that excess ammonia 

was added, otherwise the resistance would have increased owing 

to the lower conductivity of the bicarbonate and/or carbonate 

formed as i n equ a tion s (2 . 26 ) and ( 2 .27): a tE, t herefore, 

the solution probabl;y consisted chiefly of a mi xture of ammo­

ni urn carbonate and hydroxide. Immediately aftel"' t he addition, 

the r·esistc.nce. beean to rise again (EF). As in the experiments 

wi'lere ammoni a a lone was added to watel"', this rise was fairly 

rapid at f irst, and presumably it was a gain due mainly to the 

removal of NH3 by adsorption on the glasG. It seems like ly 

that , as t he excess ammonia was beinG removed. , both by adsorp­

tion and by aeration, it would be rep laced in part by the 

hydrolysis of the ammonium carbona te solu tion , thus : -

;=:::=:!: mi; + Reo; + NH4 0H 

1l 
N1·I

3 
+ H

2
0 •••••••• ( 2. 28) 

Continu ed r emoval of the ammonia would t herefore cause all 

the ca rbonate to be converted eventually int o bicarbonate. 

'rhis, i n t urn , would hydrolyse according t o eg:uation ( 2 .25 ) 

to y i e l d further volatile products., which c ou ld also be removed 

by aera tion ; hence t he r esistance should continue to rise on 

prolonged aer•a tion . Su ch a n increase was actually found in 

t h is experiment (curve IGPG). The rise , F.l.S one would exp ect, 

was qui t e continuous because each of' the :pr oces.ses mentioned. 

would gr aduall y merge i n to one another: i t wa s not possible , 

therefore , t o assign various portions of this curve to any 

o.f t he i ndi vidual rec1ctions . On the whol~ , Eli'GH rather r esem­

b l e d the curves f'ound vvhcn solutions. of. mmnonia alone wer e 

b e ing aerated, and the time taken for t he maxi rnt.un r e si s t ance 

to be r eached (about 1t days i r1 this part i cular examp l e ) was 

also of the same order as t.f1.a t required for tho removal. of 
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dtssolved armnonta onl y at an equal stirring rate (90/30). 

The similari ty between the behavim.u' o·oserved during 

the experiments with armnonia alone and that :found in this 
instance where carbon dioxide and armnonia were present together 
i n the sol uti on appeared to be geiwral for the various experi ­

ments pcr:for'meci on tJ.1e simultaneous removal of' these two gas.es, 

i rrespecti ve of t he order i n whi ch theJr had been added to t he 
water . Thus i n all cases , as long as t here was no excess co2 
lef't , there was a close resemblanc.e between ttte changes i.n 
resi stance which occurred in the two s ; ries of' experiments. 
duri ng aeration of' the solutions; the maxima, too , were invari­
ably reached i ·n approximately the same times (at eq,:ual stirring 

r ates) whether carbon dioxide was present with the ammonia or 

not. The s i milarity extended even to the occurrence of' erratic 

variations , such as those described in Section 2 . 34 . For 
i nstance, the maxtma somet imes. coincided wi th the extrapolated 

water r esistance line (as shovm i n Ii'ig . 2 . 8), and sometimes 
lay slightly a-bove it (as i n :B1ig . 2.10). But one point of' 

dif'f'erence - - and this was an additional incc:nsistency encoun­
tered during the experiments. with the combi ned gases -- was 
that on a few occasions the resistance reached at maximum was 

still def' i nitely below the cor responding extrapolated value , 
i . e. the water line neither touched nor intersected the curve 
for the r emoval of the gases, but lay above it at all points .• 
The s i mil arity ·between the two s,ets o:f experiments was again 
evident, however, in the way i n which the rate of' decreas.e of 
the water resistance after the maximum had been passed was 
not always.. the same as t hat observed before any additions 

were made , but sometimes tended to increase gradually . 

The numer ous inconsistencies and erratic var iations which 
were encounterecl in these experiments made any quantitative 
analysis of' the results very u..'l.certain. In general , however, 
it did appear that small amounts of' arrm1onium bicarbonate were 
completely r emoved from s.olution by a current of' purified air, 
although t he process was rather slow. ~his result , taken in 

conjunction with the behaviour normally observed when f'resh 

samples of' water f'rom t he still were aerated in t he cell, 
seems t o i ndicate that the residual i mpurity present in t his 
water a t mi nimum conductance was not ammoni um bicarbonate. 

For instance , it has already been seen (in Section 2 . 331) 

that, when similar sti rri ng rates were used, the aeration 
of this water to a minimmn conduct i vity generally took just 
about t J.le s ame time as was r equired f'or thE; r emoval of' co2 
which had been added to previously aerated water - - sometimes , 

perhaps , just a little longer, but never ven'Y much . In all 
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cases t he minimum conductance was reacl1ec1 in consi dei•ably 

less time than was necessary for even small amounts oi.' ammo­

nium bicarbonate in s olution to be r on:oved cor~:pletely by 

aeration, I'his was true not on.ly oi' the n1r11erous samples 

of' water t hat were used in t~wse aeratio"l exp e riments, but 

also of' the hundreds of' c;a:nples that wer·e aerated in conduc­

tivity collc throughout both tbj.s investigation and those 
0 15 r=.6 

conducted i n this laboratory by otl1er workers'-' ' ' 0 
• Hence 

it seems t hat t he volatile impurity which remained in thu 

water generally delivered by the still was almost entirely 

carbon dioxide; at 1.1ost there could have been ·out a trace 

of arr.moniurn bicarbo11ate, Apparently , theref\)l"e) the phos­

phoric acid used in the distillation p rocess very effectively 

retained all the ammonia originally present in the water , 
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2.41 Efft:.ct of Bub bling Rate. 

Very early in these invest igations on "ultra- pure" wat e r 

it was f ound that the f i nal conduc t ivity of the water, after 

el imination of the v ol at ile impurities , deptmded on the rate 

of bubbling of t he purif i ed air through the liqui d: for a 

g iven sample; of water, f or i nstance, the resistance rose, 

i.e. the conductance decreased as the bubbling rate was in­

creased. 1.'1/nen this effect was examined guant i tati ve l y, it 

was found t h at, as i n s o many ot her i.nstances durin•::: this 

extr·err:el y precise conductance v:ork at the high d ilutions being 

considered , the changes obtained wcr;; not alway s corr.pl etely 

reproduc ible : thus variat ions in resistance from about 2i' to 

8 ohms were observed on differt.nt occasions when the bubbling 

rate was changed either from 60/~0 to 120/30 or v ice ve rsa. 

Nevertheless, the effect was quite defini t e . It was partic­

'llarly noticeable at the slow·er stirring rates (abou t 1 bubb l e 

pe~ second), where a small absolute change in rate would 

r:aturally mean a larger relat i ve change than when the r e:~t e 

was high. However, variat ions in the measured resistance of 

&s much a s i- - 1 ohm were de tected even when the b ubbl ing rate 

was varied f r om 120/30 to 150/30 . The actual changes in con­

ductivity we re usually onl y a f ·ew nm/cm; but a l thour:h these 

were small in therrse lves, they were still appreciable in 

comparison with the conductivity of the water being investi­

gated, which was usually about 80 - 100 nrr:/cm. 

The remarkabl e feature about this e ffect was the irmned ­

iacy v,ri th which it bec ame evident. If, for instance ~ the 

resi stance trend after the maximum w&s closel;>' fol l owed for 

a while at a fixed stirring rate , and if t he rate was then 

i ncreesed or decreased , the corresponding change in the resis­

tance would a lready be distinct l y notice able within a minute 

of the adjustment of the bu.bblinr. rate . Thi s can be c l ear l y 

seen in Fig. 2.11 1 which shows the resistance readings 

obta i ned on a sample of' vvater over a neriod of' about 11 hours , 

during which L\·l o different rates of stirring were used; b e ­

sides the occns ional m8asurerr:en ~ s mude in order to deterrr:ine 

th3 gencl'c.1l trend of the resist c:nce, a number of r eadings wer e 

taken at intervals or exactly on e minute for a short whi l e 

irr.u, ... edi<: te ly Lefore and after each of the tvvo chanr-;es of bub­

l ing r·ate . 

Although the eff'eci manifest .;d i tsel:f so rep idl y , the 
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complete change usually took one or more hours before steady 

conditions had again been set up and the resistance was once 

more dropping at a uniform rate. The eventual rate of de­

cr·ease of the resistance depended on the new bubbling rate 
being used (cf'. the observation made in Section 2.31, p.67). 

The latter rate also seemed to govern the time required for 
the attainment of the new steady state -- the faster the stir­

ring, the shorter t he time . 

This effect has also been observed by several other 

workers in this laboratory2 ' 15 • It did not affect the 
r esults of the experiments on the removal of carbon dioxide 
and ammonia (Sections 2.33 1 2.34, and 2.35), since in each 
experiment the bu-bbling rate was maintained at a constant 

value. However, because it meant that in any determination 

the exact correction for the residual impurity would be a 
variable quantity depending on the rate of stirring ·oeing · 

used, it was decided to try to find out what •Nas causing this 
effect. 

At first it was thought that the effect might be due to 
tempera ture variations, i.e. that when the gas flowed rapidly, 

it was not being properly equilibrated to 25°C in the copper 

coils through which it was passing. Since the gas was usual~y 
colder than this at t he beginning of t he air-purification 

train, such incomplete equilibration would cause a slight 
cooling of the liquid in the cell, which would become greater 

the faster the rate of flow; the resistar:..ce would therefore 
rise when the bubbling rate was increased. Experiment showed, 
however, that the temperature of the water in the cell varied 
ty l ess than 0 .. 001°0 f'or stirring rates from 30/30 to 150/30 

(see Sectim1 1.15): this was far too little to bring about 
the observed resistance variations. 

The nature of the rise in r esistance obtained on increas­

ing the stirring rate r ather resembled that found for the 

removal of the last traces of carbon dioxide from water: this 

seemed to suggest that somehow carbon dioxide was entering 
the cell in increasing amount s as the rate of passage of air 

through t h0 cell was decreased. Two possible methods by which 
this could occur readi l y presented themse lves:-

( i) By ~ack-dif'fus ion of atmospheric co2 past the cap 
placed over the mouth of t he cell (see Section 1.3l)o 
This diffusion was normally prevented by the rapid flow 
of air in the opposite direction out of the cell , but it 
might have increased to an appreciable extent as thi s 
flow was diminished. 

(ii) By diffusion of co2 into the stream of purified air 
through the rubber joints used in the later stages of 
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the purification train (i.e. after the last soda-lime 
tube --see Section 1.61). Since the partial pressures 
of co2 inside and outside the tubes were constant, this 
process would occur at a constant rate: hence the slower 
the flow of air through the train, the larger would be 
the concentration of 002 that would build up in the air­
strearr: before it entered the cell. 

Both these processes would require that, when changes were 

made in the bubbling rate, a new steady state be set up be­

t ween the water in the cell and the air in contact with it 
(either above it, as in (i), or passing through it, as in 

(ii)). Since the air in both cases would contain more ao2 
the slower the stirring ~ a decrease in resistance would result 

when the rate was reduced. 

The possibility of either of these two processes occur­

ring to a suff i cient extent to cause the relat i vely large 
changes i n re si s tance t hat wer e sometimes observed was con­
sidered rather r emote in view of the general prec autions 

taken against the intrus ion of carbon diox ide. Even i f. this 
was possible , however, there was still the far more important 
cr iterion of the irmnediacy of the obser ved efr'"'ects to be 
satisfied in any explanation of the phenomenon; but it seemed 

very doubt ful whe the r either of these mechanisms could pro­

duce a change i n re sis t ance within the firs t minute which was 
at l east as gr e at as those occurring in subs equent minut e s, 

as was usually the case in practice. Neverthel es s , in spite 
of these t heoretical obje ctions, the t wo hypotheses were put 
to the prac tical test. 

'l'he glass cap which was nor mally placed over t he mouth 

of the cell had been specially s e l ected for its very c lose 

fit to the neck of the cell in order to minimis e back-dif­

fusion as much as pos sible. If this cap was r emoved after 
the water r esistance had settled down to a s teady rate of 

fall for a given stirring r at e (which was maintained constant), 
and if there was then any unusual drop i n t he measured r es is­
t ance , such a d·:lcreas e woul d pr esumabl y be an approximat e 
measure of the ·oack - diffus i on (chief ly of oo

2
) t aking pl ace 

t hrough the muc:i l a r ger opening presented t o t he atmospher e 

b y t he exposed mouth of the cell. Several expe r i ments con­
ducted along the se lines showed that t he difference between 

the init i al r esist ance and t he f inal value , aft er s t eady 

condit ions had again been at tained ~ was appPec i abl e only when 

very s low ·bubb l :i.ng rat es were being used: f or i nst ance , when 

the r a t e was 30/30 1 dr ops of over 25 ohms were obtained; but 

the decre.ase wa1:; only i - l ohm a t 60/ 30 bubbling, and at 
90/30 or faster it was 0 .1 ohm or l ess . When t he cap was 

replaced on the cell, t he r e s istance r ose again by s i milar 
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amounts~ i.e. the chan.e;ee were reversible, as one would expect 

if they were due to the introduction of 002 into the water in 

the cell. It seemed~ therefore, that even with the cell 

co1r:pletel;y open to the atmosphere very little back-diffusion 

took place except at rather slow bubbling rates. Also, the 

resistance changes observed at t11ese slower rates did not 

appear to be so large that they could not be diffiinished 

appreciably by a moderate reduction in the aperture of the 

mouth of the cell. Hence, since the cap actually· fit ted the 

neck very closely indeed 9 back-diffusj_on should have been 

negligible '<Vhile the cap was on the cell, even when the bub­

bling rate was slow. 

'l'his conclusion was confirmed by replacing the cap with 

a guard- tube containing soda-lime and phosphoric c-tcid. 'l'wo 

similar experiments were performed, in one of which the ce ll 

mouth was covered with the cap and in the other with the 

guard-tube; the: lat ter was attached to the cell with rubber 

tllbL:u:;s ~ the joint -being made as nearly glass-to- glass as 

possible. In each case the resistance of a sample of water, 

w:.-1ic:t. had pr eviously been aerated to a minimum conductance, 

was followed for a period of 10-11 hours, dur in~ which the 
bubbling rate was changed from 30/30 to 150/50 in a series of 

four steps. For each step the variations of rcsista~ce 

o·btained in the two t ests were · found to be sirdlar. Since 

the guard-tube would definitely have prevented the entry of 

carbon dioxide into the Hater via the mouth of the cell during 

the control experiment, this similarity in "behaviour was taken 

as a clear indication that back-d iffusion ~as just as effec­

tively stopped by having the cap on the cell as by t he guard­

tube, and that it was therefore negligible under norrT'al 

operational conditions. 

Attention was therefor e directed to the second possibil­

ity, viz. that carbon dioxide was present in the purified 

air-strea~ which was entering the cell: this could r esult 

either from t.t1e incomplete removal of 00
2 

by the purifying 

materials in the l.ar l y part. of the air-purification train, or 

from subsequent diffusion of the gas into the late r stages of 

the trai n, i.e. after the last sod&--lime tube (see Section 

1.61 for details of the t r ain)o 'I'he former possibilitJ was 

easily rul ed out when renewal of the soda-lin~e , and also 

replacement of some of it by sodium hydroxide , both solid and 

solution, fai l ed e ither to e liminate or even to diminish the 

effect ob t-Jerved on varyin6 the bubbling rate. 

In the purification train which had been assembled, there 
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were 9 in all, 17 rubber connections between the last soda-lime 

tube and the cell itself; these were use e:: to join up t1"1e 

various bubblers, stopcocks, etc. 'I1he joints were all n:ade 

;,vi th pressur·e tubing~ as nearly glass-to--glass as possible. 

A rough calculation on the basis of the value 5. 94 x 10-5 

cc. /min for the specific perL.eabili ty of rubber to C02 at 

25°0 (Edwar c.~ s and PickerL1g71 ) sho~Jed that the amount of 

carbon dioxide which could diffuse throush these joints from 

tho atmosphere would produce at most a variation of 0.1 ohm 

in the water resistance when the bubbling rate ~& s chan~ed 

from 60/30 to 120/30. It did not seeni likely$ therefore, 

that such diffusion could be the cause of the observed varia­

tions in resistance. However, this theoretical figure was 

not regarded as conclusive, and a practical test was performed 

to see whether carbon dioxide was indeed entering the air-

stream through the rubber joint s in the trah1. Another 

soda-lime tube was plsced in the one arm of the two-way 

stopcock K in Fig. 1. 9, and connected with a T-piece to the 

ma in air-path through t he cell in such a way that it was pos­

slble either to send the air through this additional co
2
-trap 

or- to by-pass it. With this arrangement the number of joints 

which the air had to pass after its final purification could 

be reduced qt will to 5, as against the normal 17. If, there­

f ore , carbon dioxide was diffusing through the r ubbe r connec­

tions, the resistance should rise or fall according to whether 

the pa t.h S(::J.ccted for the air included or excluded this trap; 

fm·therri;ore, the variations in re•:;istance which were observed 

\,henevc; r the bubbling r·c te was altered should be sn:aller (for 

e qual changes j_n stirring rate) ~/hen the trap was l i nked in 

the train than when it was not. 

A fe \: experirr,ents pe1·forrr·ed along the above lines at once 

both oroved and dlspr ov ed t he pr oposed theory ! For instance, 

vvhen the pat b of the air was changed at a constant bubbling 

rate (two different values -- 60/30 and 130/30 -- we r e actually 

used), the r e s i s t anc c.: was f ound to vary b y 3 to 5 ohms , j_n­

c reas l ng when thE: t r a·p was inc luded , and decreasing when this 

~as again by-pas sed: t his resul t was consistent with the 

r emov al of traces of carbon d i oxide in the air Ly the addi­

tional soda-lime o However 9 the pi'esence of the trap in the 

air - strearr. did not din:inish the res i stance varj.ations to the 

antici8ated one -third of their nor mal v alue (for diffusion 

throu ,_{h 5 jointc ins t ead of 17); in fact, t he change s observed 

Wrh::n , unde r- t hese ci r curnstances 9 the bubbling r a t e vvas e ither 

i nc.r-.:::;as vd fr·olf. 00/30 t o 1 20/30 or v i ce versa appeared to be 
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still as large as al~ays ! 

In order to obtain more positive evidence whether it was 

possible f or• carbon dioxide to le ak through the joints and 

thereby cause appreciable chanzes in the resistance, a test 

joint ~as prepared i n which the conn~ction was not glass-to­

glass, as usual, but where th:; ends of' the t wo t ubes were 

still about half-an-inch apart; the crap was meJ>elJ covered 

with the pressure t ubing which was used to rr.ake the connec­

tion. Th1s joint was p laced i n the train just in front of the 

phosphoric acid bubblers H in Fi~. 1.9 (see also Sect ion 

1. 61), L e. well ahead of che two -·VJ ay stopcock K l eading to 

the additional soda -lime tute; hence the air• emerging from 

the j oint c ould s t ill e i t her be s en t directly into the cell 

alont: the normal route, or else be by-passed to go throug-h 

the trap. The whole rubber connectj.on was encased ln a wide 

glass tube, so that it could be surrounded wit h any desired 

gas. A sampl e of wat-.:Jr was aeratec3. a t a constant rate 

(120/30) under norru~. l conditions (direct air-path and air 

Dl'Ound the; joint) f or some t ime? and vvhen its resistance was 

cil·:J:IDin.g steadil y, the joint was bathed in an atn:ospher e of 

c ,J.) (from a Kipps apparatus). Several hours later, the res is-, .. 
tance was found to have dr·oppe d qui te markedly. ',Vhen steady 

condit ions had once more been attained, the t est which had 

been made in the previous experiments was again carriud out, 

v iz . changing the path of the air so that it alt ernately went 

t hrough the co2- trap or by-passed it: the changes i n resis­

tance were found to have incr•cased to about 20 ohr1.s. Hence 

it seemed that oo2 could d i f fus e t hrough the rub-ber apprec­

i ab ly enough to produce marked var iations in t he water resis­

t ance . It mGst be remembered, however, t hat the j oint in 

this case ~as placed in an atmosphere containin~ carbon 

diox ide not in the sreall quanti t y in which it is normally 

pr esent in or dinary a ir (about 0. 03- 0. 05%), but at a ve r y 

much higher pressure (about 700 mm). Proportionately, ther e­

fore, dif'f'usion under t he normal operating conditions shoul d 

onl y have produced negligible r es i stance changes , as the 

theoretical consider ation had prGdic ted. 

Si milar joints were made with various othe r materials, 

and the se 'il'e r e t est ed b y the san·,.e procedure to sec whethor 

t he substanc (.. s were more impervious to c al'bon dioxide than 

thG rubber . 'I'ygon tubing .vas tr i l:d first , but the resistance 

cha;._'?:es f ound with this wer e again about 20 ohn~s. Next a 

piece of pres BlJ.r·e tuoing was irr.prcp;na ted. oy i mmer sing it i n 

molten Dar af'f' in wax under reducGd pressure f or 5 minut 0:o , and 
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then rapidly increasing the pressure again (Preg130 recommends 

a sin.ilar impregnation in the preparation of the rubber con­

nections fo1 combustion rr:icroanalysis). The test joint n;ade 

with this tuting showed a considerable improvement over the 

prev ious ones -- the corresponding resistance change was now 

only about 7~ ohms. All five joints after the addi tional 

soda-lime tube were therefore changed to impregnated rubber 

connections, and a test was rrede of the resistance changes 

produced by varying the bubbling rate. The effect \¥as found 

to be still ther e , and present to the sarr:e extent as before! 

In general, the results of the experiments thus far did 

not seem to favour the diffusion of carbon dioxide into the 

air-stream as being the factor responsible for the dependence 

of the water· resistance on the stirring rate. Unfortunately 

this conclusior was drawn lar;::e l y from evide11ce of a negative 

character, viz. the fai l ure to eliminate or even to diminish 

the effect being investigated by means of the pr ec autions 

which had been taken to prevent such a diffusion. At no 

stage , however, had the possibility of a co2-diffusion into 

t~e train been entirel y excluded, either by 100% protection 

against exposure to carbon dioxide of all the joints after 

the last soda-lime tube or ·by complete elimination of these 

connections. This possibility, though remote, was neverthe­

less real, as had been clearly deffionstrated by the experi~ent 

in which the test joint waR surrounded wi th 002• Furthermore, 

there was support for the diffusion theory in t he change of 

resistance which had occurred when the air-strearr: wa~ diverted 

from its normal path through the additional trap (p. 107): 

this change, which had not yet bee n satisfactori l y accounted 

for, was similar to the one found when the joint was bathed 

in co2, though it was somewhat smal ler (as one would expect if 

diffusion had taken pl ace, to a lesser extent, through all the 

joints as a result of their normal exposur e to atmospheric 
carbon dioxide). 

In order to asce r tain conclusive l y whe t her the pre sence 

of joints in the train after the last co
2

-removal stage had 
any connection with the effects observed when the rate of 

bu0bling was changed , it was de cided to reduce the number of 

these joints to the minimum possible;, viz. one -- the cell 

still had to be conne cted by n:eans of rubber (c>r other) 

tubing. 'l'his was achieved by making a short al 1--glass train, 

which consisted of a tube alJou.t 15 11 long sualed to a bubbler. 

The tube was filled crd.ef'ly with both soda-lin:e and solid 

NaOH, to ensure the comple te r err!ova l of carbon dioxide ; as 
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with the main purification train, some solid phosphoric acid 
and a little cupric chloride were included to remove traces 

of ammonia and H
2

S respectively should these be present in 
the air supply. Pure water was placed in the bubbler, which 

was immersed in the thermostat: the stirring air would there­
fore be both temperature equilibrated and saturated with water 

vapour at 25°0. This train was then connected directly to 
the cell. Yet even with this arrangement, where there was · 

only one rubber joint left after the final purification of 

the air, the resistance was still found to change with the 

stirring rate. As a final measure, therefore, this joint, 
and also the other rubber connection by which the cell was 
normally suspended in the paraffin bath (see Section 1.3~), 
were both packed completely in moist soda-lime to ensure that 
no carbon dioxide could even reach the joints in order to 
diffuse into the air. It was actually not anticipated that 
this would make the effect disappear, as indeed proved to be 

the case: changes in the bubbling rate still caused the resis­

tance to vary to about the same extent as always. Definitely, 

therefore, diffusioh of carbon dioxide into the train· co~ld 

not have been the reason for these variations. 

A suggestion that the changes were due to H2s given off 
by the rubber72 had previously been disproved as well. In 
order to magnify the effect (i.e. if it really was due to 

H2s), a long length of new rubber tubing was inserted in the 

train in the place where the teet joint was usually placed; 
also, the additional co2-trap just before the thermostat 

was replaced by an H
2
S-trap -- an acidified solution of copper 

sulphate was used. No significant changes in resistance were 

observed when the path of the air was alternated so that it 
either went through the trap or by-passed it; if anything, in 

fact, the resistance in the latter case was lower than in the 
former, rather than higher as would be expected. 

The experiments described so far all had one factor in 
common: although the bubbling rate had been varied, in some 
cases quite considerably, there was always some stirring of 
the contents of t he cell. It was decided at this stage to 

see what would happen if the passage of the air through the 

cell were stopped completely. For this experiment the short 

glass train just described was used for the purification of 

the air; the two rubber connections by which the cell was 
suspended in the paraffin thermostat were again packed with 

soda-lime; also, the mouth of the cell was covered with a 

soda-lime guard-tube joined to the neck, as nearly glass-to-
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glass as possible, by means of a short rubber connection 

which was itself coated ("in situ") with molten paraffin wax. 
Presumably, therefore, it would not be possible for any carbon 
dioxide to leak into the system while there was no air flow­
ing through the cell. The sample of water in the cell was 

aerated beyond its minimum conductance, and when its resis­

tance had been dropping steadily for some time, the bubbling 

was cut off completely. Immediately (readings were being 
taken, as usual, at one-minute intervals) the resistance began 

to drop much more rapidly, at a rate of about 0.4 ohm/min -­
the rate prior to stopping the stirring was 0.005 ohm/min. 

Although the initial rate soon diminished to 0.1- 0. 2 ohm/min, 
after 3 hours the total drop of resistance was already about 

40 ohms. The change was followed for seven days, by which 
time the resistance had fallen by 220 ohms in all; even then, 

however, it had not yet reached a constant value, but was 

still decreasing slowly by about 6 ohms/day (see Fig 2.1.2, on 
which the results of this experiment are plotted). At this 

stage the stirring was restarted at a rate of about 110/30. 
After an initial small decrease of about 3 ohms (presumably 

owing to a mixing effect), the resistance began to rise quite 

rapidly, and within three hours it had reached a maximum 
which was only 2.7 ohms less than the value seven days earlier 
when the stirring had been stopped. The nature of this rise 
seemed very similar to that obtained for the removal of carbon 

dioxide alone from water by aeration: this can readily be 

seen in Fig . 2.13, in which the plotted points are the resis­

tance readings t .aken in this experiment, and the continuous 
curve shows the resistance changes observed previously when 

co2 was being removed at a bubbling rate of 90/30 (unfortu­
nately no data were available f or a rate of 110/30, as was 

used in this last experiment) . 

Although the resistance dropped continuously throughout 

the seven days, the decrease was not quite regular: thus a 
lack of smoothness was apparent when the curve shown in Fig. 

2.12 was examined on a large-scale plot. The irregularities 
were noticeable especially during several periods (varying 

in length from 10- 40 minut es each ) near the beginning of the 
the experiment, when readings were being taken at intervals 

of exactly one minute in order to follow the changes of the 
resistance more closely. These fluctuations in the rate of 

drop seemed to sugges t that some mixing process was taking 

place in the liquid of pockets of the electrolyte responsible 
for the observed decrease in resistance. 
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In order to see how homogeneous the solution was at 

various stages throughout the large drop in resistance which 
occurred when the stirring was stopped, a further test was 
performed on the same sarr~le of water. It has been mentioned 

that, at the end of the seven days, this water was aerated to 

a maximum resistance. When the resistance was once more 

dropping at a slow steady rate, the bubbling was again steppe~ 

and the water was left for a further three days without stir­
ring. During this period, however, thorough mixing of the 
liquid was ensured by the occasional application of a short 

rapid burst of bubbling lasting for either 5 or 10 seconds; 
usually this was repeated several times in succession at 

one-minute intervals until the resistance, which was measured 
after each burst, e ither remained constant or began increasing 

by a constant amount per burst as a result of the stirring 
(such rises occurred when the resistance had already dropped 

considerably below the value at maximum). The general de­

crease in resistance was found to follow much the same pattern 

as before, a 

three days. 
short bursts 

total drop of 204 ohms being recorded after 

As to the changes in resistance produced by the 

of stirring, those which were definitely due to 

a mixing effect were usually only very small -- seldom more 
than 2 ohms, and on the whole much less. It seemed, there­

fore, that in spite of the absence of st irring the solution 
remained fairly homogeneous throughout the course of the ex­
periment. 

From the homogeneity of the liquid it was inferred that 

the lar•ge decrease in resistance was probably not due to any 

solution effect taking place at one of the various boundaries 

of the water, i.e. at the liquid-air surface, the liquid-glass 
interface, or the liquid-electrode interface. If such a 
solution were occurring, the concentration of electrolyte in 

the boundary l ayer should slowly have increased in the absence 

of stirring, and the subsequent dissipation of this l ayer 

caused by the mixing should therefore have produced marked 

changes in the resistance. Also, as far as the first two 

boundaries are concerned, there would almost certainly have 
been an initial delay before any drop in the measured resis­
tance became apparent after the stirring had been stopped , 

because the "solute" would first have had to reach the elec­

trode level by diffusion through the liquid in order to regis­
ter its presence. 

That any effect taking place at the liquid-air surface 
would be manifested only after some delay was clearly demon­
strated by two experiments. In each of these , the bubbling 
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was stopped completely once the resistance had started to 

decrease steadily after passing its maximum, i.e. the ini­
tial procedure was the same as in the two previous experi­
ments. As before, the resistance at once began to drop 

at a more rapid and somewhat erratic rate of approximately 

0.4 ohm/min. But when this decrease had been observed close­

ly for a while by taking readings at one-minute intervals, a 

small quantity of carbon dioxide was introduced into the air­

space above the 1iquid in the cell. On both occasions it was 
found that the resistance continued to decrease at an un­

changed rate for a further 10- 11 minutes, and then it sud­
denly began to drop very much faster -- decreases of as much 
as 47 ohms in one minute were observed shortly afterwards. 
Obviously this sharp change was due to the fact that the C02 
dissolved in the surface layers had then diffused sufficiently 
far into the liquid to have a rr~rked effect on the resistance 

measured between the electrodes. 

The immediacy with which the resistance changes were 

normally observed whenever the stirring was stopped, as 

opposed to the distinct delay encountered in these last two 

experiments, definitely ruled out any liquid-air boundary 
effects as the cause of the decrease of resistance. Similarly, 

liquid-glass effects were just as unlikely to be responsible 
in view of the layer of water separating the glass from the 

electrodes. This left the possibiJ.ity of a reaction occurring 

either at the electrodes themselves or throughout the bulk of 
the liquid. The horr.ogeneity of the solution at all times 

rather favoured the latter idea. But what reaction could 

take place in pure water that would cause the observed phenom­
ena? The similarity of the curves shown in Fig. 2.13 still 

suggested that the electrolyte concerned was carbon dioxide. 

No direct check could be made on this, for calculation showed 

that only about 18 micrograms of dissolved 00
2 

would be 

r equired for the resistance in the cell to be decreased by 

200 ohms~ i. e . by the amount which was normally observed only 

after several days. Nevertheless, if carbon dioxide were in 
some way b eing formed in the water, it mi ght cause the resis­
tance to drop in a manner similar to that which was f'ound. 

Thus, even if its production were continuous, the co2 would not 
keep i ncreasing in concentration, because there would also be 
a t endency for it to be slowly removed again by the s oda-lime 

in the guard-tube on the cell. That such a r emoval would 
occur was observed in one of the two experiments where co

2 
was introduced into the air-space in the cell. ~n this 
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instance, after sufficient readings had been taken to confirm 

the delay period, the liquid was vigorously stirred to produce 

thorough mixing; it was then left without stirring again, 
whereupon the resistance was found to rise slowly, presumably 

because of diffusion of the carbon dioxide out of the solution. 

This removal of the co2 by the guard-tube would act in oppo­

sition to the production of the gas in the water, so that an 

equi l ibrimn concentration would eventually be established 

when the rates of the two processes were equalo Hence the 

decrease in resistance owing to the presence of carbon dioxide 

would also proceed at a progressively slower rate, and the 
resistance itself would tend to finally reach an equilibrium 

value, exactly as had been found in practice. 

Although the formation of 002 in the body of the liquid 
could explain qualitatively the nature of the observed drop 

in r esistance, this theory merely pose'd yet another difficult 

question: What can cause the liberation of carbon dioxide in 
11ultra-pure 11 water? The only feasible possibility appeared 

to b e that it was due to some form of bacterial actiono But 

this would presumably require the presence of oxygen, as 

would any other mechanism for the production of co
2

• However, 
all the experiments thus far described had been performed 
with air stirring, which would provide the necessary oxygen. 
It was decided, therefore, to test the e ffect of bubbling 
nitrogen through the ce ll, in order to see whether it was 

possible by this means to eliminate the changes in resistance 
which occurred whenever the bubbling rate was varied. 

2.42 Effect of Different Stirring Gaseso 

2. 421 Nitrogen. 

For the preliminary experiments with nitrogen stirring, 

the gas from a cylinder of dry nitrogen was passed over heat ed 
copper turnings to r emove oxygen, and through a bubbler con­
taining silver nitrate s olution, whose purpose was partly to 

remove any H2s but ~hief~y to act as a bubble-counter. The 
gas was then led into the constant pressure reservoir normally 
used for the air , and passed through the same purification 

traino Later , the permanent train was set up as described in 
Sect ion 1. 62. 

The first tests were merely qualitative ones in orde r to 
see whether the resistance still changed when the bubbling 

rate was variedo Although they were rapidly performed, how­

ever, they were sufficient to indicate at once that the 
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nitrogen stirring would probably not be completely effective 

in eliminating the changes in resistance. Afterwards a more 
exact t est was made, in which the cell was again closed with 

a guard-tube, as in several previous experiments (see Section 
2.41). Nitrogen was bubbled through the water and the resis­

tance followed until it had passed its maximum and had been 

dropping steadily for sorr:.e time. The bubbling was then 
stopped completely. At once the resistance began to drop at 

a considerably faster rate, though not quite as rapidly as in 

the experiments where the air stirring had been stopped (the 

initial rates in the two cases were about 0.1 and 0.4 ohm/min 

respectively). However, after 1- 1~- hours the rate of fall 

seemed to increase to about 0. 2 ohm/min, i.e. to nearly the 
same value as had been observed at a corresponding time after 

the stopping of the air stirring; thereafter the decrease in 

resistance followed a rather similar pattern to that found in 

in the previous experiments -- if anything, the resistance 
fell a bit faster later on, for in this experiment there was 

a total drop of 220 ohms after only two days. When the stir­
ring was restarted at this time, the resistance began to rise 

again quite rapidly; as before, the rise looked much as if 

carbon dio~ide were being removed. A repeat of this experi­

ment yielded very similar r esults. 

The guard-tube placed over the mouth of the cell had 

been filled with soda-lime, and was intended to prevent the 

entry of carbon dioxide only. It was possible, therefore, 

that oxygen might have diffused back into the cell and caused 

the change in the rate of decrease of the resistance which 

had been observed about an hour after the stirring had been 

stopped. The bubbling had so far always been cut off by turn­

ing the control stopcock J in the train (see Section 1.61 and 

Fig. 1.9) to the completely closed pos ition, so that no gas 

entered the cell at all. For the next experiment, however, 

the passage of gas was not entire ly stopped through the whole 

cell, but it was only prevented from going through the water 

so that this would not be stirred: this was done by turning 

the two-way stopcock K in the train so that the nitrogen 

merel y flowed over the t op of the liquid and then out of the 

cell via its mouth and the guard-tube. Since the bubbling 

rate be i ng used was 120/30, this procedure should effectively 

have prevented the back-diffusion of all gases into the cell, 

or at l east have diminished it very considerably (see Section 

2.41, p.106). When the stirring of the water was stopped in 

this manner, there was an immediate increase in the rate at 
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which the resistance had been falling. However, this new 

rate (about 0.05 ohm/min) was definitely less than the initial 

values obtained previously when the passage of ~as t hrough 

the cell had been completely stopped; nor did the rate show 

any signs of increasing later, even though the resistance 

trend was followed for 33 hours. In fact, the total decrease 

during this period was only 19.7 ohms. It seemed likely, 

therefore, that the decrease in resistance found with no 

stirring was caused very largely by oxygen from the air; at 

the same time, however, oxygen could not have been entirely 

responsible, because the effect was not completely eliminated, 

but only considerably reduced by the use of pure nitrogen. 

Further tests confirmed that nitrogen stirring was not 
wholly effective in eliminating the variations in resistance 

which accompanied changes made in the bubbling rate. These 

tests were performed by allowing the resistance of a sample 

of water being stirred with nitrogen to become constant 

(except for the very slow decrease due to the ''solution of 

glass") at a fixed bubbling rate; the latter was then altered, 
and the consequent change in resistance followed until a new 

steady state had been establishedo Two bubbling rates were 

used mainly -- 60/30 and 120/30 and the rate was alternate-

ly increased and decreased from the one value to the other. 

The resistance was found to start changing immediately after 

the bubbling r ate had been altered, just as with air stirring; 

but the amount of change seemed to be somewhat less -- about 

1t- 2t ohms for a variation between the rates mentioned, as 

against 2t- 8 ohms for air. Quantitative determination of 
these small changes was once again rather uncertain because 

of the appearance of numerous odd effects. Thus, ideally, 

graphs similar to Fig. 2.11 were obtained on plotting the 

resistances; but sonetimes, when the stirring rate was 

decreased, a "false minimum" appeared, i.e. instead of the 

r es istance decreasing and slowly settling to a new ste ady 

rate of fall (DEF), it first dropped about 1t- 2 ohms in about 

2t hours, remained constant for a short while , and then grad­
ually increased again by an ohm or more (but never enough to 

rise above the initial value); ther eafter the behaviour re­

turned to normal, and the resistance decreased steadily at 

the slow rate expected for 60/30 stirring. These unusual 

changes occurred on several random occasions, which were 

interspersed with the more usual changes depicted by Fig. 2.11: 

there seemed to be no explanation for them, because all the 

working conditions appeared to have been thoroughly standard-
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ised and rigorously observedo 

A few experiments were also performed to see whether the 
simultaneous passage of nitrogen over the top of the liquid 

in the cell, as well as through it, would diminish the amount 
by which the resistance changed whenever the bubbling rate 

was varied. This was tried because both the rate and the 
magnitude of the resistance dro~ which normally occurred 
whenever the bubbling through the water was stopped completely, 

had been successfully reduced by allowing a current of puri­

fied nitrogen to continue flowing through the top of the cell. 
In the first experiments, the rate of flow over the liquid was 
maintained constant while the usual variations were made in 

the rate of bubbling through the water. No significant reduc­
tion in the resultant changes of resistance seemed to be 
obtained, i.e. there did not appear to b e any real advantage 

in using a simultaneous f low of gas both through and over the 

liquid. The comparison of these results was not quite certain, 
however , because once again, as in practically all these 

experiments, the small changes were not quantitatively repro­
ducible. The conclusion was therefore confirmed in another 

way. This time the rate of bubbling of nitrogen through the 

water was kept constant at 120/30 for three days, during which 

there were alternate periods when there was either a fairly 

rapid rate of flow of gas over the top of the liquid as well, 

or else none at all. The resistance, which was determined at 
frequent intervals throughout this time, was found to drop at 
a constant rate that was not affected by the stopping and 

restarting of the stream of nitrogen through the top of the 
cell. Presumably, therefore, when the cap was on the cell 
.(as in normal use), the bubbling taking place through the 
water was quite sufficient to prevent all back-diffusion --

a conclusion which had been reached previously when consider­

ing the diffusion of carbon dioxide into the cell (p.106). 

It has been mentioned that , for equal changes in the 

bubbling rates, the resultant variations in resistance were 

found to be smalle r with nitrogen stirring than with air. In 

general, t oo, when nitrogen was used for the aeration of 

water, a higher maximum resistance s eemed to b e reached, and 

t he subsequent rate of decrease also appeared to be less. 

For instance, the lowest conductiv ity that had been measured 

with air stirring was 68.1 nm/cm (on the only occasion that 
a value below 70 nm/cm was obtained); yet at this stage of 

the work minimum conductivitie s b elow the latter value were 
frequently being recorded with nitrogen stirring, and the 
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rates of increase of conductance were sometimes as low as 

0.15 nm/cm/h. Unfortunately the usual inconsistencies were 

also apparent, for rates of increase of more than 1 nm/cm/h 
were obtained too! Such a high rate was quite inexplicable: 
it could not even be correlated with the fact that the quality 
of the water was poor -- a general conclusion which had been 

drawn on previous occasions -- because in one of these cases 

the minimum conductivity reached on aeration had been 68 nm/cm. 

It was, in fact, but another example of the peculiarly erra­
tic behaviour which dogged the whoie of this precise (perhaps 

too meticulous!) investigation. However, the general behav­
iour on aeration with nitrogen did appear to indica te that it 

was a more efficient stirring gas to use than air. This 
conclusion was later confirmed by a direct comparison of the 

· two gases (see Section 2.423). 

2.422 Oxygen. 

From the first experiments performed with nitrogen stir­
ring, it seemed that the large drop in resistance which 

normally occurred whenever the passage of gas through the 
cell was stopped completely was due chiefly to the presence 

of oxygen. If this were the case, then presumably the use of 

oxygen as the stirring gas would magnify all the effects 

accompanying a change in the bubbling rate, and thus provide 
a more positive proof that this substance was really respon­

sible for the observed phenomena. It was therefore decided 

to repeat some of the previous experiments, but with pure 

oxygen instead of air or nitrogen as the stirring gas. 

Oxygen from a cylinder was passed through the same train 

as had been used for the nitrogen, but in this case the copper 
was not heated. The first significant effect which was not­

iced was that, on continued aeration after the maximum resis­
tance had been passed, the rate of decrease of the resistance 

seemed to be much faster than usual -- about li ohm/h, whereas 
normally it was seldom larger than about t ohm/h. When the 

resistance was dropping at quite a steady rate, the stirring 

of the water was stopped completely, as in the later experi­

ments with nitrogen, by turning the two-way stopcock K (see 
Fig. 1.9) so that the oxygen was by-passed over the top of 
the liquid. At once the resistance began to decrease much 

more rapidly, at a rate which was fairly similar to that found 
after the stopping of the air s tirring, and much faster than 

in the similar experiment with nitrogen stirring. This initial 

result rather confirmed the idea that the variations of r esis­

tance which were being encountered were in some way associated 
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with the presence of oxygen in the cell. Unfortunately the 

rate of decrease of the resistance later slowed down apprec­

iably, and the total drop after two days was only about 110 
ohms, as against the values of about 200 ohms which had been 
observed in previous cases. This was quite contrary to expec­
tation, which predicted a much larger decrease rather than a 

smaller one. In spite of this anomalous change, however, all 
the evidence taken together (e.g., the fact that the water 

resistance after maximum fell so rapidly with oxygen stirring; 

the results of the direct comparison made later (Section 

2.423) between nitrogen and air stirring; and various other 
minor observations) still suggested that the presence of 

oxygen contributed greatly, though not entirely, to the pecu­
liar phenomena which had been observed. Also, it seemed that 

the use of oxygen was not to be recommended for general stir­
ring purposes. 

Quite how the presence of oxygen could cause the resis­

tance of the water to change was not clear. In the experiment 

just described, the stirring was restarted after the resistance 

trend had been followed for two days. Once again it was found 

that the resistance rose in a manner ·resembling that observed 
on the removal of co2• Since oxygen was present in this 
instance, the observed change in resistance might have been 
due to the formation of carbon dioxide in the water, presum­

ably by bacterial action as proposed earlier. However, the 

weight of evidence gathered in other experiments was still 
very much against the poss ibility of co

2 
being present in 

the cell. 

It h~s been suggested that hydrogen peroxide might be 
formed by reaction of the water with the oxygen present: 

.••••••••• (2.29) 

and that this subsequently ionises thus: 

H2o2 lr+ + H02 •••••••••• (2. 30) 

For reaction (2.29), however, 6F0 = 50. 44 kcal. 73• Hence, 
from the well-known equation 

= -RT.lnK ........... (2. 31) 

we get, for the equilibrium constant of this reaction at 25°C, 

K = lo-37 

It appears therefore that the equilibrium concentration of 

the hydrogen peroxide would be negligibly small even if the 

oxygen were present at 1 atmosphere pressure. Hence this 
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suggestion cannot account for the observed variations of 

resistance. 

2.423 O~rnparison· . of nitrogen and air stirring. 

In order to confirm the idea that the use of nitrogen for 

stirring purposes was more effective than that of air, a 

direct comparison was made between these two gases. This was 
done by bubbling them alternately, but at the same rate, 

through the same sample of water; meanwhile a close check was 

kept on the resistance, which was allowed to settle down to a 

new steady rate of decrease after each change of gas before 

the next change was made. The switch-over from the one gas 

to the other was facilitated by joining the two trains 

together with a two-way stopcock, which could be turned to 

allow the flow of either gas through the cell at will. Several 

tests were made with this stopcock connected in various posi ­

tions: in some experiments, for instance ~ it was put in the 

place of the ordinary stopcock C (Fig. 1.9) at the cegjnning 

of the long air-purification train, so that the nitrogen, 

already purified in its own short train, still had to pass 

t hrough the long train as well before it finally reached the 

cell; in other cases, the nitrogen received no further puri­

fication, the linkage being made just before the final bubbler 

I in the train (see Section 1.61 for ful l details of the air­
purification train). There did not appea~ to be much djffer­

ence in the general behaviour observed with the stopcock 

placed in either of these two positions except that, in the 

former case, it took longer before any effects of the change­

over became noticeable, as one would naturally expect since 

the new gas had first to sweep out the long train before it 

entered the cell. It was found, however, that the change 

from nitrogen to air stirring was invariably accompanied by a 

drop in resistance --usually about 3 ohms in all: this value 

was obtained by l etting the resistance sett le down to a new 

steady rate of decrease, which generally took several hours, 

and then extrapolating this rate of fall 0 ack to the time when 

the departure from the original resist ance trend could first 

be detected. The resistance change was reversible, though 
not quite quantitatively: thus , on going back to nitrogen 

s tirring, the resistance first rose to a maximum before de­

creasing again at the same steady rate previously observed 

for this gas; extrapolation as before gave an average increase 

of about 2 ohms. Fig. 2.14 shows the changes which took pl ace 

in one of these experiments~ It will be noticed that the 

slope of the line for air stirring was considerably greater 
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than for nitrogen -- the respective values in this instance 

were about 0.5 and 0.2 ohm/h. The difference was not always 
quite so marked, but it seemed to be generally true that the 

resistance decreased more rapidly when air stirring was being 
used than when nitrogen was being bubbled through the water. 

The higher maximum resistances and the slower rates of 
decrease of resistance obtained by the use of nitrogen stir­

ring meant that, in general, the impurity correction would be 

smaller under these circumstances than with air stirring. 

Also, it had been found earlier that the changes in resistance 

which occurred whenever the bubbling rate was varied were 

appreciably smaller with the former gas than with the latter. 
It was therefore concluded that, for general use, nitrogen 
would be a more suitable gas to bubble through the liquid in 
the cell than the air which had previously been na~vely 
err:ployed. 

2.424 C~mEarison of nitrogen and argon stirring. 

The use of an inert gas in place of nitrogen seemed a 

logical further step in the process of the elimination of all 

the odd resistance variations. A small cylinder of argon was 
kindly placed at our disposal by The Electric Lamp Manufac­

turers of South Africa (Pty.) Ltd., so that the efficiency 
of this gas for stirring purposes could be examined. The 

experiments performed with the gas were mainly comparative 
tests with nitrogen along the lines just described in the 

previous section. 

The argon supplied was stated to be 93% pure, the remain~ 

der being nitrogen. However, when it was used in the first 
test without f urther purification, the change from nitrogen 
to argon s tirring caused the resistance to drop, rather 

unexpectedly, by about 30 ohms. On reversal of the change of 
gases, the resistance rose again to its original value in a 
manner which resembled that observed during the removal of a 
small amount of carbon dioxide from the water. Presumably 

this substance was present in the argon to a small extent, 

because the large change in resistance did not reappear when 

the test was repeated with the argon first passing through 

the normal air-purification train. 

The results of this comparison of argon and nitrog~n 
stirring were not too conclusive , mainly because of the usual 
manifestation of inconsistencies. This can be seen in Fig . 
2.15, which illustrates the results of two of these experi­
ments. In the first, shown by line (1), the water used was 
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exceedingly good -- it was, in fact, the best sample measured 
in this laboratory, its conductivity at minimum being only 

62.8 nm/cm; yet the rate of decrease of the resistance (0.43 
ohm/h) was relatively high for nitrogen stirring. The change 

from the one gas to the other was, in this case, effected by 
replacing the nitrogen cylinder itself by the argon cylinder, 

so that the two gases actually went through the same train. 
The disadvantage of this was, of course, that there would be 
a considerable time-lag each time the two cylinders were 
interchanged before the new gas reached the cell, because it 

would first have to pass through the whole train -- in this 
case there was the long copper tube leading to the constant 

temperature room and the 5-litre constant pressure reservoir 

to be filled , as well as the normal air train (see Sections 

1.61 and 1.62 for details of the trains). However, it was 
estimated that, if the new gas pushed the previous one out 
completely before it reached the cell itself, its passage 

should not take more than 2 hours at the bubbling rate being 
used (120/30). In the experiment, the argon cylinder was 

actually left attached for 6i hours. Even allowing for any 

mixing of the gases, which was almost bound to occur, the gas 

entering the cell by the end of this period should have been 
fairly pure argon (it could never, of course, be quite pure, 

since the original gas contained 7% nitrogen). Yet there was 

no indication from the trend of the measured resistance that 
any change had been made in the nature of the gas bubbling 

through the water; the resistance continued to fall at the 
same steady rate, and any fluctuations which did occur were 

of the order of 0. 2 ohm or less. The same result was true of 
the reverse change of the stirring, from argon back to nitro­

gen. In the latter case, there was absolutely no doubt that 
all the argon had been swept out of t he system, for further 

resistance measurements were made on this sample of water on 

the next day as well; although these readings are not shown 

dn Fig . 2.15, they actually l ay on the same line. From this 
experiment, ther efore, it appeared that it was immaterial 

which of the two gases was used for stirring the water. 

Shortly before the performance of the other exper iment, 
shown in Fig . 2.15 by line (2), considerable difficulty was 
experienced in obtaining from t he still a sample of water of 
the usual high quality. Since time was very limited at this 

stage, a portion of water was eventually t aken for this exper­
iment which was not nearly as good as that used for line (1): 

its conductivi ty at miniffium was actually about 120 nm/cm. 
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The argon cylinder was connected to the beginning of the 

normal air-purification train (i.e. just before the bubblers 
Din Fig. 1.9) by means of a two-way stopcock, the other arm 
of which was joined to the purified nitrogen supply coming 

from the constant pressure reservoir (see Section 1.62) . The 

argon and nitrogen could therefore be selected at will, and 

they shared the long air-purification train; however, the 

argon now no longer passed over the heated copper, as it had 

done in the previous experiment. This arrangement consider­

ably reduced the time-lag occurring after a change-over of 

the gases before the new gas reached the cell -- it was 
estimated that it would take 15-20 minutes to flush out the 
train at a bubbling rate of 120/30. By contrast with the 

previous exper iment, however, it was found that now the change 

from nitrogen to argon stirring definitely had some effect 
on the resistance: thus, very soon after the switch-over had 

been made, the rate of fall of the resistance began to in­
crease slightly; after the resistance had dropped to a minimum 
in about i hour, however, it again rose a little, and then 
settled down to a new steady rate of fall which was lower 

than the rate previously being maintained with the nitrogen 
stirring. The total drop of resistance, from the time of its 

beginning to the minimum, was actually less than 1 ohm -­
small enough to be evident more as a kink in the resist ance­

time curve rather than as a distinct decrease and increase, 

even on fairly large-scale plots. Nevertheless, t he drop 
illustrated in this diagram was quite definite. Similar 
effects were also frequent ly found in other experiments of 

this type, though not always -- the inconsistency just had to 
be there! The cause of this decrease is unknown: it could 

not have been due to .a temporary decrease in the stirring 
rate , for this was not altered at all during or after the 

change -over from nitrogen to argon; nor , presumably, did it 

have any connection with the entry of argon into the cell; 

because the effect usually started so soon after the switch­

over that the ·argon could certainly not have traversed the 

train in the time available. The reverse change of gases, 
from argon back to nitrogen, caused the resistance to settle 
down once again, after a few minor fluctuations but with no 
definite maximum appearing, to the same steady rate of 
decrease as had bee n maintained with nitrogen stirring pre­

viously in the experiment, i.e. to a somewhat faster rate 
than with the argon stirring. The various increases and 

decreases in resistance which were observed dur.ing ·this com­

parison were never as large nor as definite as those which 
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occurred during the similar comparison made between nitrogen 

and air stirring (Section 2.423). Nevertheless, it did appear 
from the different rates of decrease of the resistance ob­
served with argon and with nitrogen stirring that 'the former 

gas was slightly the better to use for aeration of the liquid 

-- a result which was not in agreement with the findings from 
the experiment shown by line (1). 

In previous considerations of the efficiency of a gas 
for stirring purposes, a further , test had been applied, viz. 

the size of the change in resistance which occurred when the 
bubbling rate was varied between fixed limits, e.g. between 
60/30 and 120/30. No measurements were made of the magnitude 

of this effect when argon stirring was being used, however, 
because the attempts to do so were nullified by the appearance 
of various sudden decreases of the resistance. These occurred 
while the slow steady fall of resistance due to the "solution 

of glass" was being followed, and they were sometimes as large 

as 20 ohms or more. At the time that these experiments were 

being performed, no explanation could be found for these 
sudden changes. It was later realised, however, that they 

were probably due to small droplets of water being carried 
over into the cell from the copper coil situated in the inner 

thermostat: presumably the water had gradually collected in 

this coil over a long period of time, possibly as a result of 

condensation or by being sprayed in from the potash bubbler 
(see Section 1.12 for details -of the thermostat constr~ction). 

The supply of argon made available initially was rather 

limited, and it was s oon exhausted. It was realised that the 
experiments which had been performed with the gas by no means 
constituted a thorough and exhaustive test of the efficiency 
of argon for stirring purposes. However, the results thus 

far appeared to indicate that it was not sufficiently superior 
to nitrogen to justify obtaining a larger quantity, either for 

making further tests or for routine use. The comparison of 

the two gases was therefore discontinued at this stage, and 

the tentative conclusion was drawn that argon was at least 

as efficient for stirring purposes as nitrogen; it might even 
be just a bit better, but not sufficiently so as to warrant 
its general use. 

2.425 Comparison of the use of short and long purification 
trains. 

The original short train used for purification of the 
nitrogen is described in Section 1.62. When this t rain was 
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first set up permanently, the gas emerging from it went 

directly to the final water bubbler I placed just before the 
I 

thermostat (see Fig. 1.9). During the course of the various 

stirring experiments and comparisons described in the pre­
ceding sections, however, it sometimes appeared almost as if 

the resistance of the water was dependent not only on the 

stirring gas, but also to some extent on the purification 

train through which this gas was being passed. Tests were 

therefore made in which the nitrogen from the short train was 
passed alternately into the cell, either directly or else 

first via the whole air-purification train as well. During 
these changes of path, a close check was kept on the resis­

tance. In general, the variations of resistance observed in 

these experiments were only very small, and there did not 
seem to be any real difference between the two gas-paths; 
however, a careful study of several experiments did suggest 

that, if anything, passage of the gas through the long train 

might be preferable. From this time on1 therefore, the full 

train was used as the standard train for all gases. 
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2.5 SUMMARY AND CONCLUSIONS. 

Whenever the rate of bubbling of the gas passing 
through the water was altered, the measured resistance of 

the cell was found to vary as well. In spite of an exhaus­
tive investigation of this phenomenon, it has not been pos­
sible either to trace its cause or to eliminate the changes 
in resistance. The numerous experiments did show, however, 
that stirring with nitrogen was superior in all respects 

to stirring with air: it is recommended, therefore, that 
the former gas be used in all routine measurements of con­

ductance where a technique similar t o the one utilised in 
this investigation is employed for the removal of carbon 

dioxide from the water. 

The use of nitrogen stirring did not eliminate the 
variations of resistance, but only diminished them. The 
final conductivity of the water therefore still remained 

slightly variable, i.e., the correction to be applied for 
the residual impurity present in a given sample of water 

var·ied with the rate of stirring being used. Hence, in all 

accur•ate work, the same constant rate of bubbling should 
always be maintained during aeration of both the pure sol­

vent and the solution. 

The nature and the constitution of the residual impur­
ity remain matters of speculation. To some extent, at least, 
this is due to the extreme purity of the water which was 

being prepared by routine operation of the specially con­
structed still : the concentration of the impurity in the 

water, for instance, was generally of the order of 10-7 

equiv. /1. after all the volatile matter had been removed by 

aeration. As regards the volatile impurities, it has been 

shown that carbon dioxide and ammonia can be completely 
removed f'rom water by aerating it with a current of purified 

gas. When these gases were present individually in the 
water, the car bon dioxide was removed quite rapidly, but 

the ammonia was eliminated much more slowly; in each other's 
presence, the removal was also fairly slow, and resembled 

that f ound for arr~onia a lone. From this last fact, and from 

the fact that the removal of the carbon dioxide which was 

originally present in the distilled water generally took 

a·bout the same t ime, at equal bubbling rates , as was required 
for the removal of an equal amount of co2 added to pure 

water , it has been deduced that there was no ammonium bi• 
carbonate (or at most a trace) pr esent in the residuai 
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impurity. 

There seems no possibility that the residual impurity 
after aeration of the water to a minimum conductivity was 

alkaline. If this were so, then any carbon dioxide which 

was added to such water would not be completely removed 

again, as happened frequently~ because some of the acidic 

gas would have combined with the basic impurity. In any 

case, even if there was such an impurity present in the 
water at the time of its condensation in the still, the 

water had sufficient contact with the atmosphere for all 
basic material to be converted to the bicarbonate by the 

excess carbon dioxide which would have been dissolved in 

the liquid. As a matter of fact, from a consideration of 

conductimetric and pH data, it is even possible that all 
the residual impurity in the water at its minimum conduc­

tance c~uld have been s6di~m bicarbonate (the sodium having 

come from the 11solution 11 of the glass ). Ellis and Kieh152, 
for instance, found that the individual pH values at 25°0 

of various fractions of water distilled from phosphoric 
acid ranged from 6.94 to 7.15; these results were confirmed 

in other determinations of the pH of pure water by Cranston 
74 75 and Brown , and by Edwards and Evans • The procedure 

used by the latter workers for the purification of their 

water is particularly interesting: traces of volatile acid 

in their laboratory distilled water were removed by prelim­
inary distillati.on from alkaline perrr!anganate before they 

distilled off the final product from phosphoric acid solu­
tion in a special still; afterwards, purified air (from a 

train containing soda-lime, sodium hydroxide solution, 

dilute phosphoric acid, and conductivity water) was passed 
through the water for some time before the pH was eventually 

measured. It seems , in fact, that the whole procedure was 

very similar to that which was employed in the present 

investigation, even to the method of purj.fication of the 

air. Presumably, therefore , the water aerated in the con­

ductance cell would have the same pH as the water used in 
the deterrr.inations of Edwards and r~vansG Calculation shows 

that the pH of a sodiurn bicarbonate solution, whose conduc­

tivity is 100 nm/cm at 25°0 , would be about 7.15; for lower 
conductivities approaching that of pure water (55 nm/cm), 

the pH would, of course, b e l ess and would tend towards the 
value 7.0. Hence the results of the various pH measurements, 

taken in conjunction with the fact that the water generally 
had a conductivity well below 100 nm/cm at minimum, seem to 
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corroborate the contention that all the residual impurity 

in the water in the cell could have been sodium bicarbonate. 

However 1 it is possible that traces of the alkali constit­
uents of Pyr·ex glass other than sodium were also present, 

and perhaps minute arr~ounts of silicate as well. 

The experiments performed on the removal of aw11;onia 

appear to exclude the possibility that the residual impurity 

was acidic, except occasionally when it might have been 
present in amounts so small that there would have been no 

need to make any special allowsnce for it in the application 
of the solvent correction. 'l'he general conclusion may 

therefore be drawn that, although the exact nature of the 

residual impurity in water that has been prepared and 
aerated to a minimum conductivity as in this investigation 
is not known, the impur ity should all be treated sirr:ply as 
neutral salt and the solvent correction made accordingly. 

Hence, for neutral salt s olutions, the measured solvent 

conductivity should be subtracted 'in toto'; for acidic or 

b c,s ic solutions, however, only the measured .value in excess 
of 55 mn/cm (the conductivity due to the H+ and OH- ions 

resulting from the dissociation of pure water) should be 
subtracted, and a suitable adjustment should be made for 
the r epress ion of the ionisation of water. The application 

of this method of correction has proved ve r y successful in 
various conductimetric determinations performed in this 
laboratory, e. g. in the solubility n:easurements made by 
Malan on silver chloride15 , 76 and silver brornide15 , 77 , 

and by Dry on calomel57 , 69 • 

The conclusion that has been drawn may, of course, be 

valid only because the water which was used was so very pure 
and the amount of residual irr~purity in it so small that any 

error made in cor r ecting for t he conduct ance of this impur­
ity could never have been very l arge. If this i s so, then 

it only l ends further support t o the init i al ar gument, that 

it i s better to prepare the water as pure as possible and 

have a ver y small solvent correction to apply , rather than 

t o have to make a r e latively l arge correction which still 

involve s s ome speculation r egarding the exact nat ure and 

amount of the residual impurity. In fact, t he time spent 
on the presen·t invest i gation has been ampl y just ified by 

the very close agreement obtained , for the first time , 
be tween the conductime tric and the potentiometric methods 

of determination of t he solubilities of both silver· chlor­
ide 76 and silver bromide 77• 'rhis is t rue :particularly 
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of the latter substance, for which no other published con-

t irr;etr ic values were found by Malan157 77 • Presumably no 

determinations had previously been made by this method 

because the solubility of silver bromide is so low that the 

Ag+ and Br- ions do not contribute a large amount to the 

measured conductivity of the solutions: even with this very 

pure water, for instance, the solvent correction constituted 

45- 50;.~ of the total mc:asured conductance. It can safely 

be said, therefore, that the success of the determination 

was due very largely to the excellent quality of the water 

used. 

-----ooooOOOoooo-----
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PART 3 -------

THE INVESTIGATION OF THE ADSORPTION 

OF POTASSIUM CHLORIDE IN 

CO!IDUCTANC.E CELLS 
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3.1 INTRODUCTION. 

~rhe possibility of the occurrence of adsorption in 
conductance cells has been recognised since the early days 
of Kohlrausch. This great pioneer of accurate conductimetric 
determinations showed a truly remarkable ins.ight into the 
many difficulties with which this type of measurement 

abounds 1 and his practical ability in overcoming them 
enabled him to achieve a degree of accuracy which would 
even today be very creditable. Thus he showed, for instance, 
that HCl gradually went out of solution into the electrodes, 

and was held there with great tenacity in spite of the pre­

sence of water; and that, in order to remove this HCl, many 

washings were required78 • 

Sorption effects in conductimetric determinations cause 
changes in the concentration of the original solution, and 
so give rise to a possible source of error which has become 
increasingly more important with improvements in the accu·-­
racy of measurement, and particularly with the extension 
of the range of determinations to the region of very dilute 
solutions. That this effect can be quite large in such 
cases is apparent, for instance, from the work of Cox , Kraus, 
and Puoss79 on non-aqueous solutions~ thus, in one example, 
they stated that, for a 0.82 x 10-6 N solution of tetrabutyl­
ammonium nitrate i n anisole, 0 the initial resistance was 

2.2 megohms and increased to 6.0 megohms in the course of 
an hour; on mixing the contents of the cell, t he conductance 
(sic!) returned to 2.3 megohms". Ii'or measurements on 
aqueous solutions , there have also been frequent references 

in which changes in the conductance with time were actual ly 
ascribed by the authors a s being probably due to some 
adsorpt ion effect3, 29142 , 80- 82 ; and in other cases, wher e 

changes of a somewhat similar nature were reported, a l though 
the authors did not specifically mention adsorption, it seems 
likely from the general descriptions that t his was again 
responsible for these changes83- 85 . 

The caution of the latter writers is perhaps justified. 
Frequently adsorption has been labelled as the scapegoat to 
explain some odd behaviour in conductimetric determinations 
merely for want of a more suitable explanation: the 11Parker 
effecV1 is an outstanding example . Parker86 compared the 
resistances of several potassium chloride solutions when 
measured in different cells; these solutions covered a wide 

range of concentrations , and he showed that the cell constant 
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appeared to vary wi th the concentration. Similar variations 

were subseq\Jently found for several other electrolytes by 

Randall and Scott87 , who agreed with Parker that the change 
occurring i n dilute solutions, when the resistance 

measured was high, was probably due to adsorption. 
lovsky 88, however, using a multiple- electrode cell 

·being 

Shed­
in which 

several comparisons could be made on· the same solution, also 

observed these apparent changes in cell constant, but found 

that they were larger with bright platinum than. with unplat­
inised eloctrodes . Adsorption, therefore, could almost 
certainly not have accounted entirely for the variations. 

The real reason, as was eventual ly pointed out by Jones and 

Bollinger14, a rose from an electrical effec t due to t he 
design of the cells used . As a result o~ the close proximity 

of the cell-filling tube and the leads to the electrodes, 

a res istive-capacitative shlli!t was effectively set up , whi?h 
became more noticeable as the resistance being measured 

was increased. 

Nevertheless, anyone wishing to determine conductances 

accurately should always consider the possible occurrence 
of adsorption and effects arising therefrom. Almost i nvar­
iably, where this has been done, the references seem to 
indicate that the electrodes only wer e regarded as the seat 
of adsorption; and the precautions taken were obviously 

designed to prevent, eliminate , or al low for any effects 
occurring at these. Thi s conception probably a rose because 
in most cases the electrodes had been platinised, and it is, 
of course, well known that p l atinum black forms a very good 

adsorbent because o:f its extended surface a rea. Frumkin 
and. Donde89 , for instance , four1d that even a solution of 

sodium sulphate in contact with platinum black in a hydro­

gen atmosphere devel oped a pronounced acid reaction, probably 
due to adsorption of the alkal i from the s olution by the 

90 
platinum black. Later Kol tho:ff and Kameda , using a cylin-
der of' platinised. plat inum foil , demonGtr ated its adsorbent 
properties fo r strong acids, strong alkalies, and a number 

of' salts. in both hydrogen and oxy-gen atmospheres; they found 

definit e evidence of adsorpt ion in many cases, up to as much 
as 22% for a dilute solution of hydrochloric acid in the 
presence of oxygen. 

·rhe two essential features o:f a conductance cell are 
t he electrodes and the containing vessel , and although it 

seems likelJ' that most of" the adsorption, ·if any , will take 

place at the former, the walls of the latter cannot be ig­

nor ed. In the present work, for instance, evidence of the 
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occurrence o~ adsorption on the glass walls of the cell has al­
ready appeared (during the experiments on the addition and re­
moval of' ammonia from solution-- see Section 2.34); also, it 
was often found that, imnediately after a cell had been cleaned 
with strong acid, such as the chromic acid cleaning mixture, 
the conductivity of very good quality water seldom dropped, 
on aeration, below about 400 nm/cm at minimum, and then rose 
again very rapidly, presumably due to the desorption of 
acid from the glass walls of the cell. Only after numerous 
portions of water had been allowed to stand in the cell did 
it begin to behave normally again. Yet it appears, from a 
thorough survey of the conductance literature, that very 

little a ttention has been paid to the possibility of adsorp­
tion on the cell walls. Even Cox, Kraus, and Fuoss79 seem 
to have considered their sorption effects in the cell itself 
to be occurring at the electrodes only -- this in spite of 
the fact that they were using bright platinum electrodes 
and that there was far more defi nite evidence that sorption 
was actually taking place at glass surfaces. For aqueous 
solutions, only two cases could be found in the literature 
where the matter was mentioned at all. Weiland

38 
determined 

a correction for the adsorption of potassium chloride by 
~uartz to be applied to his measurements of the conductivi­
ties of solutions of this electrolyte, but found it to be 

87 
negligible; and Randall and Scott produced evidence for 
the adsorption of the same electrolyte on the glass walls 
of a flask used for storing the solution. 

If it is desired only to determine accurately the con­
ductance of a given solution, adsorption effects can usually 
be eliminated. by the well-known 11 wash- out 11 technique, whereby 
the cell is rinsed and left standing with at least one, but 
preferably several fillings of the solution before taking 
the final r•es istance r ead.ings. In this way, the various 
parts of the cell reach adsorption equilibrium at the con­
centration of the solution being studied before the f inal 
filling is made, so that no f urther losses occur from the 
final portion of solution used for measurement. This tech­
nique is effective in preventing adsorption losses both at 
tho walls of the cell and at the electrodes, and since it 
has been widely used, i t may seem to contradict the previous 
statement that the cell walls have usually been overlooked 
in allowing for sorption effects. However, the method 
necessarily involves the preparation of a bulk solution in 

some other vessel , where adsorption is just as likely to 
occur on the walls as in the cell Ul1less the flask has first 
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been °seasoned11 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 f inal resistance 

measurement be known with ceJ:tainty . 1'he importance of this 

i1seasoning11 ~ especially for very dilute solutions 9 can be 
seen from the figures quoted by Cox 1 Kraus. and Fuoss?

9
• 

2 ·rhis method was successfully used b;y A. Faure in his accu-
rate r edetermination of the conductivities of di l ute potas­
sium chloride solutions. 

The "wash-out" technique has certain disadvantages. 
It gives very accurate results for the conductance of a s olu­
tion, but no indication of the total runorn1t of adsorption 
which occurs in the preparation f l ask and in the cell. 

Where there is. a considerable amount o:r adsorption, the 
method can ·be rather tedious and wasteful, for the prepara­
tion of solutions and filling of the cell mus.t be continued 
until the final conductances, aft er equilibration, of two 

succeasi ve solutions are the same. rrhis is true for every 

new solution measured, be i t of a different electrolyte or 
only just a different concentration of the same electrolyte. 
On the other hand, where there is no adsorptio11, these pre­
cautions are unnecessary; yet the preparation and measure­

ment ·would still have to be repeated a t least once in order 
to show this. 

The method frequently used in the determination of the 
conductance of a given electrolyte at differ ent concentra­
tio.ns is the addition or concentration technique. Here 

succ~ssively more concentrated solutions are prepared by the 
repeated addition of weighed amounts of solid electrolyte, 
or of aliquots of some stronger stock solution, to a given 
amount of solvent placed either in t he ce11 79 or in some 
adjoining flask, as in the Shedlovsky ce11

42
• this is, of 

course, t he same procedure as is used in conductimetric 
titrations 1 and it is obviously liable to adsorption errors 
which are likely to differ in magnitude for each addition 
until tho concentration is high enough :for saturated adsorp­
tion to have been reached . For accurate work, therefore , 
it becomes necessary to know something about the nature 
and extent of the adsorption occurring in each case 
considered, and also to perform the measurements under such 
conditions that any errors are minimised as much as possible . 

Since it was desired in this laboratory to improve 
considerably the accuracy of' conductimetric titrations, the 
initial investigation performed by Gledhill3 was extended 
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by the author to a consideration of the effects of adsorption, 

and of the partial or complete elimination o~ these. A 

full investigation of this problem would eventually cover 

the whole field of strong and weak acids, strong and weak 

alkalies, and the various salt combinations of these. The 
simplest case seems to be that of the neutral salts of 
strong acids and bases; of these, potassiwn chloride was 
chosen for the f'irst investigation into methods and tech­

niques of determining adsorption, becauae it is s.o widely 
used in conductimetric measurements. 

In spite of the frequent use of' potassium chloride, 
very little mention seems to have been made of its adsorption, 

and even t he few references which have been found appear to 

be rather co~licting. Thus Kohlraus.ch91 concluded that 

no appreciable error was to be feared from adsorption of 
neutral salts by the electrodes . de Brouclcere80, however, 

found that even in relatively concentrated (N/100) solutions 

of the chlorides of lithiwn, sodium, potassium, copper, and 

nickel, t he i rd tial conductivity of' the first batch of 
solution pla ced in a cell with freshly platinised electrodes 

slowly decreased in each case, and after about 12 hours 

reached a constant value which was som..:: tenths of a percent 
lower than the original value. She showed too that this 

change in conductivity was due ·Lo adsorption by the elec­
trodes. Kol thoff a :nd Xameda, in their studie s on the 
adsorbent properties of platinised platinum, showed that 
adsorption by the platinum bl ack occurred i'rom potassimn 
chloride s olutions in a hydrogen or oxygen a tmosphere90 , 

but stated thut there was no adsorption i n a nitrogen atmos­
phere92. :B,c-stenstein29, however, on titrating a concentrated 

potassium chloride solution into water in a conductance 

cell with lightly platinised. electrodes , using purified air 

to stir the solutton, found_ that the cell Gonstant values 

showed a small downward drift with increasing number of 

additions; these changes were still apparent, though to a 
srnaJ.:ler extent, when nitrogen was used f01~ stirring instead 

o1' air, and they- seemed to be best explicable as due to 
adsorption occurring in the cell . A critical survey of this 
work, however, has shown thnt the results were a little 

errat ic and inconsistent, and it is not quite certain whether 
these small changes were real or posDibly due to slJ.ght 
experimental errors. 

Ref'erences to the adsorption of' potassium chloride 

elsewhere than on the electrodes have already been men­

tioned: this was the electrolyte used in the only two 
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instances where the possibility of such adsorption has been 

considered for aqueous solutions. Weilund38 found a negli­
gible adsorption on quartz 1 while Randall and Scott87 stated 

that there was some adsorption of potassium chloride on the 

glass walls of the storage flask 9 but they did nnt indicate 
to what extent this occurred. 

'l'he method proposed initially for this investigation 

was similar to Weiland's 38
$ viz., to wait for the attainment 

of steady condi tions after making an addition of potassium 

chloride to water in _the cell, then to add either. glass beads 
or pieces 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 Gledhill3, did not give very 
promising results. 'rhe added materials in these experiments 
were carefully cleaned and treated in a manner sj_milar to 

that used for the cell. On adding the glass beads to t he 

cell, there was an immediate rise in res ista nce, while the 
addition of the platinum foil caused a decrease. Both these 
changes were on some occasions quite large, though by no 
means consistent. They were definitely not associated with 

any adsorption effect, but were more pro·bably due to changes 
in the cell characteristics because the electrodes in t he 

type of cell used were sealed in very near the bottom (see 

Section 1.31). Hence any pieces of platinum foil lying i n 
t he cell would act as a low resi stance shunt and cause a 

decrease in r esistance 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 sudden, very large 

change (about *-t%) . The glass beads , on the other hand, 
would displace some of the conducting solution, to give an 
unknown i ncrease in resistance. This decreased conductance 

would probably be offset ver y s lightly by the existence of 
a surface conductivity near the boundary between potassium 

chloride solutions and glass, as demonstrated by McBain, 
Peaker and King93 • With glass beads of relatively small 
sur·face a.rea , such as were actually used, the l atter ef'fect 

would doubtless be very small indeed; but if the surface 
area were i ncreased, say by the use of powdered glass, in 

order to show up any adsorption effects more clearly, the 

surface conductivity would also increase, and the whol e issue 
would become exceedingly compliccted. Although l a r ge amounts 

of adsorption could easily be demonstrated ~ualitatively 

by this method79 , it did not appear to be very satisfactory 
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for a quantitative investigation, particularly where the 

adsorptio,n w::.<.s likely to be small. 

The tests with the glass beads and pla tinum foil were 
designed to check the correctness of Fastenatein's deduc­
tion that the apparent variation in cell constant on 
titrating potassium chloride into water was due to adsorp­
tion29. Shortly afterwards, a second precision conductance 

bridge was built in this laboratory by A. Paure2 and, 
Goddard1,, which incorporated a cathode-ray oscilloscope as 

detector instead of the more conventional earphones used 

in the previous bridge. With this visual method, the 
balancing of the bridge could be made much more rapidly 

and with considerably less fatigue to the operator than 
with the audio- detector. It therefore became possible to 

follow the resistance of t he cell very soon after ~1king 
an addition, and so to observe any immediate changes which 

might occur, without interrupting the stirring for periods 
long enough to allow secondary effects to take place. If 

several additions were to be made, as during a ti tration, 
these changes could be followed until constant conditions 

were re-estab l ished each time, and this would probably 
provide another check on possible adsorption, supplementary­
to any surmises made from changes in the eell constant 
such as were found by JPestenstein29 

o It was therefore 

decided to investigate the adsorption of potassium chloride 
by repeating the t itration into water , but with much greater 
attention to the effects occurring immediately after addi ­

tion and to the general accuracy . Also, tl1e titration would 

be performed with different stirring [;ases (nitrogen, oxy­
gen, and hydrogen), using bot h bright and platinised elec­

trodes, so that the adsorption coulc1 be studied under 
varying conditions of mGasurement. 
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The cell constants of the two cells were determined 

by the usual method of measuring the resistance of' a solu­

tion of very accurately known conductivity. In this case, 

the 0. OlD KCl sol uti on described by Jones and Bradshaw 
94 . 

was used : this contains 0. 745263 g KCl per 1000 g solution 

(both weights in vacuo), and has a conductivity o:r 

0.00140877 ohm-1 cm-1 at 25°C, to which must a lso be added 

the conductivity o:r the water . 'l'he latter was no·t usual ly 

measured :for each solution prepared, but just taken as 

100 nrn/cm, since numerous resistance determinations on 

water obtained :from the still had shown that its conduc­

tivity was almost invariably wi tlJ.in 30 nrn/cm of' this value: 

any error in this assumed value would therefore cause at 

most an error of 0.002% in the ca lculated conductivity o:r 

the 0.01D KCl solution. 

At different times, various batches of' potass ium 

chlor ide were used for the p reparation of standard solu­

tions. 'l'hese had all been purified by other conductance 

workers in this laboratory, the first step ·oei ng two or 

three recrystallisations of G.R. material from r~onductivi ty 

water. 'l,hereaf'ter A. Patl!'e 2 fused the crystals in a nitr o­

gen atmosphere, and obtained a water-white product: ·~his 

was taken as a stancla:;:•d for all these measurements. 

Festenstein's fusion was done in air 29, and the final pro­

duct was v ery slightly discoloured, but onl;y'· the portions 

showing t he least colour were used. Taylor56 me.r -::J ly heat ed 

the recrystallised material t o 600°C i n a dry· nitrogen 

atmosphere, following a statement b;y Ad.dink95 that f usion 

was m111.ecessary to expel the last traces of water aill1ering 

to KCl crystaJ.l:::i . No significant differences in cell con­

stant values wcr·e found or.. using these three different 

batches or potassium chloride. 

A 1-li tl'e Pyrex flask with ground-glass stopper was 

kept specially for t he preparation of 0.01D KCl solutions. 

Before the f'lask was u.secl :for an,y stands.rd solution , it 

was :first cleaned :-.nd then thoroughl:,~ '1seasoned11 by letting 

an approximately 0 . Ol D l~Cl solution stand in it . When any 

:fresh ste.ndard solution was p r epar ed , the previous solution 

was poured out ancl tho:~ flask allowed to drain f'or about 

30 s econds, t hen stoppered, wiped, and weighed on balance 
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B lli. The potassi urn chloride was. weighed on balance B I, 

using a small silver dish and tare. In accordance with 
the deduction made by A. Faure 2, that even fairly long 
exposure to the atmosphere resulted in water absorption 
of not more than 0.02%, provided that the relative humidity 
was less than 75%, no special precautio11 was taken to keep 
the salt out of contact with the atmosphere. On very humid 
days, the humidity could usually be lowered sufficiently 
by warming the whole balance-room with several radiators. 

The temper'ature and pressure were noted to enab le conver­
sion of the KCl weight to vacuum, and the final weight in 
air of solution required to make an exactly O.OlD solution 
was calculated (see Section 1.43). Sufficient water was 

then added directly from a collecting flask to the prepa­
ration flask until the weight was less than the required 
weight by something under 50g. Any water adhering to the 
ground-glass joint was then wiped ofr with a clean cloth 
and the stopper was replaced, care being taken that the 
solution in the flask was not shaken on to the joint or 
stopper . An accurate weight check on balance BID now 
showed how much water was still requir·ed, and this exact 
amount was added f'rom a 50-ml Normax ·burette which had 
been carefully cleaned and which was kept specially for 
this purpose. rr•o prevent contamination of the water, the 
tap was not gr eased. The burette was kept permanently 
filled with conductivity water. By this method an exactly 
O.OlD solution could be prepared quite rapidly, one addition 
from the burette invariably proving sufficient to give a 
sol uti on correct within 0. 0~~~ . The f inal weight was, 

however, always determined and the exact conductivity of 
the solution calculated: a proportional cor'rection was 
made to the value 0.00140877 ohm-1cm-l for an exactly 
O.OlD solution94 to allow for anjr small deviations from 
this concentration . Onl y then was the s olution thoroughly 
shaken to mix, and it was usua lly l eft standing for a while 
in the constant temperature room to reach appr oximate 
temperature equilibrium. 

Unless the cell had just previously contained O.OlD 
KCl, it was first rinsed three or four times and then filled 
with t he freshly-prepared solution (about 200 ml ). All 
transfers were made by pouring directly f rom the preparation 
flask into tho cell, and the room fans were always switched 
off whenever the flas!c was opened, in order to minimise 

evaporation. This solution was l n:J:'t i n the cell, which 
was usually ir.®tersed i :::1 the thermostat, for several hours, 
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until the resistance drift due to temperature equilibration 
and removal of' co2 had ceased. Thereaf'te!.' the cell was 
emptied and drained for a few seconds, then refilled with 
a fresh portion of the same solution and returned to the 

thermostat. With all fillings where the resistance was to 
be measured accurately, the bubbling rate was kept very 
slow at first (one bubble per second or less): this was 
sufficient to keep the solution slightly stirred without 
causing changes in concentration due to initial temperature 
differences between the stirring gas (saturated at 25°U) 
and the solution. After about half-an-hour, however, when 
temperature eq_uilibrium was more or less established, the 
rate was increased to 60/30, and t he resistance was measured 
occasionally until it remained constant; the accurate set 
of readings was then taken. It was found necessary to stop 
the stirring completely for the final balancing of the 
bridge, otherwise the resistive and capacitative changes 
produced by the passage of bubbles past the electrodes in 
the solution made accurate measurement impossible; the 
stirring gas was therefore by-passed over the top of the 
cell to prevent back-diffusion of carbon dioxide during 
this short period. The eq_uilibration usually took 3- 4 
hours, but in cases where greater speed was req_uired, the 
bubbling rate was sometimes increased to 120/30 or more 

after the initial slow period? kept t here for a·bout 1t 
hours, and then reduced to 60/30 again for about 30 minutes 
before the final readings were taken . A check which was once 
made on the same solution equilibrated at both these rates 
actually showed no significant diff'erence in resistance: 
the lower rate, however, was generally preferred because 
it caused less spr~ring, and because it was the standard 
rate chosen for the titration experiments (see Section 

3.322). 

If the resistance of a further portion of the same 
solution was measured as a check, the cell was refilled 
without intermediate rinsing: for a completely new solution, 
no f urther 11 seasoning11 was necessar y, and one rinsing was 
usually suf':ficient be cause the concentrations of' all the 
solutions prepared were so nearly the same . 

'rhe resis·L;ance measurements ta:(en during the period 
of equilibrc:. tion were m.acl.e a t one frequency only (900 c/s) 
and for a sir:gle setting of the ratio arms and supply 
voltage (this was merely to detect whethet· the resistance 

was still changi ng or not). :t?or t he 1"'inal accurate measure­
ment, however, readings were tal;,:en a t the f ive diffe r ent 
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frequencies given by the oscillator, so that the true re­
sistance of the solution in the cell could be obtained by 

applying a suitable polarisation correction (see Section 

3 .• 22). Initially four measurements were made at each 
frequency, with both the ratio arms and the supply voltage 
direct and reversed, the arithmetic mean of these readings 

being taken. I1a ter, however, when it had been shown that 
reversing the supply voltage did not cause any significant 

change in resistance, only the ratio arms were reversed 

and two readings taken; and sometimes, for rough checks 

or when a rapid set of readings was req~ired, the r esistance 

was only measured for one ratio arm setting at each fre­

quency, since the extrapolated value could readily be 

corrected for any inequality in the two ratio arms if this 

were accurately ltnown. During each set of measurements, 
the individual frequencies were rapidly checked on the 
oscilloscope usl.ng a 50 c/s circular time-base: the approx­
imate frequency was given in multiples of 50 by the number 
of peaks (Z), while a more exact value was obtained by 
observing how many revolut ions a single peak made round 

the circular scale in Z s e conds, and then adding this to 
or subtracting it ·from the approximate value, according 
to the dictates of experience. The five fre~uencies. wer e 

usually adjusted to within 10 c/s of the val ues 500, 650, 
900, 1300, and 1950 c/s. 'I'hese were the original frequen­
cies to which the oscillator and amplifier had been s e t 

accurately when the bridge was built (except that i nitially 

the highest value was 2000 c/s), and the va lues could then 
be obtained quite r eadi ly by mer ely changing the position 

of a s e lecto.r s witch, without adjus tment of' t he regeneration; 
with the aging of components in the circuit, however , it 

had be come necessary to make small regener a tion adjustments 

with each change , and t he fr equencies were also found to 
be no longer exac.tl~7 at t heir original values . It wa s f or 
this reason, and because the polar isation c orrection was 
dependent on the f r equency, t hat t his checlc was deemed 

desirable; with unplatinised e l ec trodes, for instance, 
polarisati on sometimes caused a difference of as much as 

1. 3 ohms ( or• 1. 7~~ of t he measur ed va1ue ) be tween the resis­
tances at 900 c/s and t ho;:;c at i nfini te f r eq_uency, and a 

f a i rly accurately known cor r e c t ion was t herefore required. 

Wi th the rel ativel y small rcsi~tances measured and s o 
much polaris a t i on , it was necessary to i ncrease the paral l el 

capaci t ance in t he measuring ~;;.rm of the bri dge ver y con­
s i der ably -- mor e than could ·be ob tained with t he small 

mica radio condenser s which were uorrna lly used . A General 
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Radio Co. 'rype 219-M decade condenser box, with a range 
from 0.001 to 1.11 ~F, was therefore used as well. For 
each resistance r eading takent the total parallel capa­
city (C) was also noted, since with alternating current 
determinations the measured resistance (Rm) is not neces­
sarily the true resistance (Rt) because of inductive and 
capacitative effects. According to Gledhill3 , Goddard1 , 

and A. J:ilaure2, if the equivalent cell circuit is aasumed 
as a firs.t approximation to be a pure resistance in series 
with a pure capacitance, then the true resistance may be 
calculated from the measured value by means of the equation 

::: _Rm •••••••••• ( 3 .1.) 
1 + p202R2 

m 
where p ::: 27t x (the a. c. frequency) 

If the correction term is very small, this may be expanded. 
to the simpler form 

::: •••••••••• (3.2) 

The initial and final readings of each set of resis­
tances for a given solution were always taJ.).:en at the same 

frequency (900 c/s), in order to check that no large change 
had occurred during the time of' measurement. Only very 

small changes were occasionally fm .. md, which might possibly 
have been due to slight heating effects arising f rom the 

2 continued passage of C"LU'rent through the cell ( cf . A. Paure ). 
These drifts in r esistance were ass.umed to be uniform through­
out the period of the determination, and a small proportional 
correction was accordingl y made to the r esistance at each 
frequency, depending on the order in which the readings 
were taken. 

The t emperah.U'e of the outer t her mostat was a l so 
checked at the beginni ng and the end or each set of 
readings . 

The r esistance of' a solution fotmd from a.c. measure­
ments varies with the frequency of the applied voltage, 
owing to the effect s of pol arisation a t the el ectr odes. 
J"ones and Christian96 , duri ng a study of galvanic polari­
sation, eli mi nated these ef fec t s ·by using a cell with 
variably spaced el ect rodes : t hey showed that the electrode 
eff'ects caused a constant positive polarisati on resistance , 
which depended on the :.Lr equency, and that the true resis­
t~nce of a solut ion varied linearly with the distance 
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between the electrodes and was independent of the frequency. 
They also found that, for a given s eparation bet ween the 
electrodes, the resistance measured at different frequen­
cies varied approximately linearly with the r eciprocal 
square root of the frequency~ and when the straight line 
obtained by plotting R v. f- 2 (where R= resistance of cell, 
and £ =oscillator frequency) was extrapolated to infinite 

frequency, where the polarisation res~stance would be 
expected to be negligible, the value given was very nearly 
the same as the true resistance of the solution for the 
same electrode spacing. Obviously it involves l ess in the 
way of practical difficulties t o vary the measuring 
frequency of an a. c. bridge than to use a cell with mova·ble 
electrodes in order to determine the true resistances of 

_j_ 
solutions. Accordingly the R-f 2 extrapolation to infinite 
frequency became the standard method of pole.risation cor­
rection in the accurate determination of electrolytic con­
ductances. 

Although t his method was r ecommended by Jones and 
Christian because of its simpler experimental technique, 
t hey stated that it was probably not quite as reliable 
as the i r f'irs·t method for cases in which the polarisation 
resistance was a substantial fraction of t he measured 
resistance. The values of the true resistance t hus o"btained 
were u sually slightly l ower than those found by varying the 
distance between the el ectrodes. 'l'his was be cause t he 

1 

experimental points, plotted a gainst f - 2 , di d not l i e com-
pletely on a s tra i ght l ine , but showed indi cations of a 

small positive curvature i n t he line connecting t he points. 
This curvature was ment i oned s evera l times by thes e authors , 
but t he impr' :::ssion gained f rom t hei r paper is that it was 
very slight and caused only a ver y sroall er ror when a best 

_ .!. 
s traight line was drawn t hrough the R-f 2 points to gi ve 
the r esistance a t infinite frequency. When a f ive- f r equency 
bri dge was built i n this labor a t or y , however, Goddard1 

found a very di s t inct pos i tive curvat ure during his cell 
constant de t er minations with O.OlD KCl i n a cell with 
unpla t i nised 11lati nurn elect rodes (res i s tance a oout 111. 

ohms), and the true r esist ance aould not be computed easily ; 
only when t he polarisation had. been gr eat ly dimj.nished by 

a light pl a tini sation could an a c curate cell cons tant be 
det errrdned . A simil ar pronounced curve was obtai ned by 

2 ~i . A. Faur e • He found t ha t a plot o:f R v. f gave poJ.nts 
which l ay much b etter on a s t raigh t line, particular ly i n 
the case of unp l atini sed electrod(:: s; wi t h p l .atinisecl e l ec ­
trodes the r esults appeared t o be r ather mor e er ratic , but 
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since the correction in these cases was small anyway, he 

used an R-~-~ plot ~or all extrapolations to in~inite 
~requenc;y. 

In the present work, it was desired to use both 
unplatinised and heavily platinised electrodes , in order 
to compare t.hr:! adsorption ef~ects occurring under these 
di~fering conditions. It was there~ore necessary to deter­

mine the cell constant accurately in both cases, and it 
was fm .. md that the ~Jolarisation correction appeared to 
depend Ycry much on ·the state o~ the electrodes. 

3. 22~ Ur~:pl~tinised_el_ectrodu£!.!. 

'l'he results with t.m.platiniscd e lectrodes were very 

similar to those of A. Faure 2 • A typical set of resistance 
readings obtained for 0.01D KCl in cell II is shown plotted 

1 " 1 
against f'- in f:'ig, 3.1, and against f'-2 in F'ig. 3.2. In 

both these figures line (1) gives the mean resistance 

obtained at each ~requency, with no corrections applied 

other than ~or bridge calibration. Line (2) gives the 

same resistances with the p2C2R~ correction applied (see 
p.142~ It will be seen that, although the resistance being 
measured was ~airly small (ca. 78- 80 ohr.1s) , the correction 

was quite large (almost 0.6 ohms at 500 c;'s ), and the more 
accurate ~orm given by equat ion (3.1) was there~ore used 
in calculatin.g the corrected values. 'I'he estimated limits 
of error in these values are indicated in P.ig 3.1 by plot­

ting them as rhomboids, derived on the following asstunp­

tions:-

(i) that the f'requency was measured with an accuracy of' 
1~~ . 'l'hi s gives a variation of ±1% in the f'-l value, 
and also causes small changes in the resistance f'or 
each possible ~requency w~tfri~ this range owing to 
dif'rering values o~ the p C Rm corr ection term: the 
total variation, therefore, is r epresented by a 

(ii) 

(iii) 

s loping line through the plotted point; 
that th8 capacity was measured with an accuracy of 
1%: this i s the accuracy which was specif'ied by the 
manuf'acturers of' the decade condenser box, and it 
was assumed to be correct since no standards were 
available ~or calibration. It appeared later from 
certain inconsistencies that the o.~ ~F decade was 
not quite so correct, but slightly greater errors do 
not af'fect the ~inal results appreciably. The small 
mica radio condensers which were used were all cali­
brated. Small errors in xhe measured capacity cause 
slight changes in the p2c~R[rt correction term, and 
hence in the plotted resis tances; 
that t he resistance was measured with an accuracy of' 
0. 003 oruns ( 0. 005 ohms f'or 1.950 c/s). Since the 
br idge was calibrated, this error was de termined 
solely by the accuracy with which balance could be 
obtained. 
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Errors (ii) and (iii) are additive and result in a range 
of r sistances for each possible frequency within the limits 
set by (i) : the nett effect gives rhomboidal plots as shown. 

_i 
Both lines for the plots a2ainst f 2 arc very dis-

tinctly curv8d~ and line (1) in Pig. 3.1, for the uncor­

rected resistances, also shows a slight positive curvature. 
-1 When the corrected resistances are plotted against f , 

however~ the points appear to lj_e very closely on a straight 
-1 line, which can readily be extrapolated to f ·= 0. 'l'he 

value obtained, after correction for the resistance of the 
bridge leads (see Section 1.212) and of the cell leads 
(Section 1.32), was taken as the true resistance of the 
solution. The extrapolation was always done graphically; 
in drawing the best straight line, the various points were 
weighted differently to conform to the assumptions of ac­
curacy mentioned previously. 'l'hese different weights, and 

the fact that the points were not equally spaced along the 
f-1 axis, made it very difficult to fit a best str'aight 

line by the method of least squares 97• However, a few 
comparisons between the mathematical and graphical compu­
tations of the resistance s howed agreement within 0.01%, 
and since the latter method was simpler, it was. adopted 

as standard. 

Although the points lay on a straight line within the 
estimated limits of experimental error, in general they 
were just slightly displaced from the line, possi-bly owing 

to the lack. of calibration of the decade condens.er box. 
'l'he best straight line therefore had to be drawn very care­

fully, since even very small variations in slope could cause 
Quite appreciable changes in the extrapolated resistance 
because of the large polarisation correction and consequent 
steep slope of' the line . 'l1he agreement of r esults found 
with different solutions, however, showed that , with due 
care, it wa s possible to obtain the resistance at infinite 

. frequency within the required accuracy of o .o~% . 

It has been standard practice in this laboratory to 
use a r esistance in series with the cell when measuring 
fair ly low resi stances~3129 • This was because the bridge 
could not be balanced at the lower frequencies owing to 
the high parallel capacitance req1],ired, especially with 
unpla t inised electrodes . A:n objection to this practice, 
whi ch applies particularly where the bridge resistances 
have not been calibrated, is that the determination of a 
small resistance as the differ ence between two larger ones 

can give rise to another possible source of error, unless 
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29 the value of the series resistor is very carefully chosen • 

In the present work, the decade condenser box was avail­
able, and it was possible with the visual balance to mea­

sure even low resistance8 quite accurately. The parallel 

capacitance was, however, very large: for the case shown 
in Figs. 3.1 and 3.2, for instance, it varied from 0.028 ~F 

at 1950 cjs to 0.344 ~F at 500 c/s. Sometimes it was even 
higher than this, for it was found that the parallel capa­
citance and the slope of the R-f-1 line varied with time; 
they were both considerably less just after the cell had 
been well cleaned, e.g. with alcohol and nitric acid or 
with chromic acid cleaning mixture, but gradually increased 
as the cell was used, or even if KCl solution were allowed 
to stand in it. It has already been pointed out that this 
large capacitance caused quite an appreciable p2c2R! 
correction, and it might t~erefore be the reason for the 
corrected resistances usually being slightly displaced 
from the best straight line in the R-f-1 extrapolation. 

Since the bridge used had been calibrated and accurate 

resistance differences could be obtained, it was decided 
to see whether measuring the cell resistance with a s.eries 
resistor would give points lying more exactly on a atraight 
line, which could then be more accurately extrapolated. 

The resistance used was a General Radio Co. Type 510-D 

hundred-ohm decade: this was chosen because 
(i) 

(ii) 

(iii) 

the value of the series resistance could be easily 
varied; 
its resistance was independent of frequency over the 
range used: actual measurement showed the variation 
to be J.ess than 0.002 ohms; 
it had a very low tempe rature coefficient (0.002% 
per 0 0). This was essential if the r esistance was 

· to remain constant during a series .. of' measur.ement1;3, 
and not to show fluctuatio.ns due to possible body 
radiation from the operator or other persons in the 
the room. As an additional precaution, the whole 
decade was placed in a box insulated with cotton-wool. 

Measurements were made using both 500 and 1000 Qhms 
in series with the cell. The introduction of the series 
resistance caused a very great decrease in the size of the 
parallel capacitance, e.g. only 0.0005 to 0.0067 ~F was 
required for the full frequency range when 500 ohms* was 

placed in s e ries with the s ame solution for which the 
capaci tancG values were previously quoteQ.. 'l'he resistances 
(corrected for p2c2R~) obtained in this .determinatj.on are 

* The exact value of the series resistance was 
500.805 ohms. 
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plotted against f-l and f-i as line (3) in Pigs. 3,1 and 

3.2 respectively. In the latter plot the line is still dis­
tinctly curved, and exact extrapolation is therefore no 
easier than for lines (1) and (2); but there is a marked 
improvement in the way in which the points plotted agains.t 
:r-1· lie on a straight line. 'I'his was found to be generally 
true for all the cases considered, and the lines could be 

-1 t . extrapolated more accurately to f == 0 than those ob aJ.ned 
for the cell alone. The lines appeared to have about the 
same slope with and without the series resistor present, 
i,e, the polarisation correction was not changed. However, 

the value obtained for the cell resistance, after suitable 

deductions had been made for the l eads and series r esis­
tances, was always found to be 0.04-0.06 ohm higher than 
when the cell was used alone. This difference was quite 
definite, and far larger than any possible error resulting 
from incorrect extrapolation. It occurred whether the 
series resistance was attached to the cell leads on the 
oscillator side or the earth side (see diagram of :B'aure­
Goddard bridge2), no signif·i cant difference being found 
between these two cases. 'l'he reason is probably connected 
with the equivalent circuit of a conductance· cell, which 
has not yet been accurately established. F'urther inves­
tigation of this effect was not possible in the present 
study. It was therefore decided merely to accept the value 

obtained with no resistance in s eries, even though this 
extrapolation might not be ~uite so exact, because in the 
later measurement of KCl solutions during the titrations no 
series resistance would be us-ed, 

It is interesting to note that recently Nichol and 
Fuoss 98 have also reported a similar curvature in the 

1 

R-f-2 plots when using bright platinum electrodes for the 

determination of the resistances of dilute non-aqueous ·· 
solutions. They state that the data can be represented 
by the quadratic equation 

R = ~+ax+ bx2 ..•••• ; . :. (3~3) 
_i 

where x = :f 2
, and they calculate Reo, the r esistance at 

infinite frequency, from this equation, In an example 
depicted graphically, where t he points lie on a distinct 

_i 
curve for an R-f 2 plot, the value of ~ calculated as 
above is about 0.6 ohm higher than that obtained by a 
straight· line fitted to the points by t he method of least 

squares: this is quite an appr eciable error in the resis­
tance of about 1090 ohms being determined. If the values 

of these points are measured from the published graph and 
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plotted on an R-f-1 scale instead, they are found to lie 
quite well on a straight line which extrapolates to a value 
only 0.2 ohm higher than that calculated by Nichol and 

Fuosst i.e. the difference is now only 0.02%. Of courset 
in the extreme cases, equation (3.3) would reduce to 

1 

(i) R == R00 + af-2 when b = 0, 
i.e., the Jones-Christian recowmendation, 

or (ii) -:L. R=Rro+bf whena==O, 
i.e., the present recommended ploto 

3.222 Platinised electrodes. 

The very marked decrease in polarisation caused by 
platinisation of the electrodes is shown by the resistance 
and parallel capacitance values given in Table 3.1, column 
(b). Por comparison, the values obtained before platinisa­
tion, which have been plotted in F'ig. 3.1, are also quoted 
in this table, column (a). 

TABLE 3.1 

-~=-··- ·- --Arter platinisation Approx. ~efore platinisation 
frequency (a) (b) (c) 

(c/s) Cap. Resis. Cap. Resis. Cap. Resis. 

-· · (uF) (ohms) (u.F) (ohm~) (uF) (ohms) 
500 0.3443 79.897 0.00500 77.928 0.00280 77.910 
650 0.206:1. 79.322 0.00300 77.9255 0.00175 77.90~5 
900 0.1112 78.828 0.00137 77.924 0.00090 77.902 

1300 0.0589 78.451 0.00064 77. 92'2 0.00052 77.897 
1950 0.0280 78.217 0.00022 77.9205 0.00020 77.8925 

·- -
In (b), the p 2C2R! correction is now completely negli­

gible, and the resistance values vary so little that they 

may be plotted against e ither r-1 or f-i, to give a straight 
line. 'l'he two extrapolated values are 77.91.8 and 77.91.3 

ohms respectively, i. e. there is a difference of lesB than 

0.01%; and even if no extrapolation were made and the resis­
tance were taken as that at the highest frequency used, no 
appreciable error would be i ntroduced . 

The values in Table 3.1, colunm (b) were obtained for 
an approximate ly 0.01D KCl solution; the resistances were 
measured as a11 intermediate check on the progress of the 
platinisation of Cell II (see Section 1 .• 34). It was esti­
mated that each electrode had then r eceived about 35 - 40 

coulombs as a cathode, but the exact density of the deposit 
was not known because it was not confined to the front 

faces of the 0lectrodes, but also occurred to a less er 
extent on the back :races and the supporting cones and tubes. 
'l'he electrode diameter was 2 em, and the total surface area 
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per electrode (including the cone and tube) was there~ore 

about 7i cm2 ; hence it is likely that the deposit on the 
~ront ~aces was equivalent to about 6 coulombs per cm2 • 

This is of the same order as that which Jones and Bolling­
er20 ~ound to be about the minimum required ~or the most. 
e~fective diminution of polarisation. In the example given 
by them, ~urther platinisation up to ten times this amount 
did not change the polarisation resistance appreciably, but 
the parallel capacitance definitely still decreased some­
what; therca~ter excessive platinisation caused these both 

to increase a little again. 

The polarisation resistance of Cell II at this stage 

was quite small and the platinisation would .. normally have 
been considered to be satisfactory, even though the parallel 

capacitance did not seem to have been decreased by as much 
as Jones and Bollinger had found at optimum platinisation, 
but still appeared to be fairly large. Since the purpose 
of this investigation, however, was to study the adsorption 
effects of potassium chloride at 'both bright and platinised 
electrodes, it was decided to continue the platinisation 
to obtain a heavy deposit and so exaggerate any possible 
adsorption. It \Vas hoped that this would also decrease 
the capacitance still further, but that the polarisation 
resistance would remain the same, or possibly show a very 
slight improvement as well. ·rhe results obtained for 0. Ol.D · 
KUl when each electrode had received about 150 coul.ombs 

are given in Table 3.1, column (c): ~twill be seen that, 
although the expected decrease in capacitance was observed, 
the polarisation resistance was quite obviously a bit larger. 
When these points were plotted against f-l in order to 

extrapolate to infinite frequency, it was found that they 

lay on a line of distinct negative curvature: this was still 
so, though to a lesser extent, when the plots were made 

_.1 
against f 2

• The curves obtained are shown in lines (~) 

and (2) of Pi g . 3.3. 

The actual variations of resistance with frequency 
were rather small and these plots are therefore shown on 
a very enlarged scale, but there is little doubt that the 
curvature is r eal. Occasionally in an individual deter-

_.1 
mination it did appear as if the R-f 2 graph might be a 

straight line , since the curvature was really so slight 
tlmt it only needed the measured resistance at one or two 
of the ~requencies to be out by 0.002 ohm or less in order 
to straighten the line: this was within the limits of 

experimental error. ;file majority of plots, however, 



F'ig. 3.3- Extro~\abon curv~s w•th P.\o\:in\sczd <Z\ac:trodczs. 

Tr.a 

-<}I 

~ 
~ -

7?'.910 . / -

~---------~·--·- . -·----- ,~ ~ ~/ 
~· ~·~ /. 

/. ~~~~~/· . . -- ........ 
/ ---- / 

/ -- / __ ;---- / 

- - I / 
til 
0 
r:: 

.B 77.970 
Ill 

•ij 

I / 
/ 

/ I. Plot-; v. r _, 
/ 2 . Plot5 Y. ~-~ 

~ 
IX PI I. r--~ 3. 0"-Si. Y · T 

77·8le0 

77·850 

s 10 ~~ ~0 10,000 ~-· 
2 3 4 100 ~ -¥2. 

0 ·5 l.O I· '0 Z·O 10 ~-Y.& 



- 150 -

appeared to be curved, and the values quoted in Table 3.1 and 
plotted in Fig 3.3 are actually the mean values at each 
frequency obta ined from eight different determinations. 
The chance errors which might accompany a s ingle measurement 
are therefore eliminated, and the presence of the slight 

negative curvature definitely confirmed. In order to esta­
blish this still further, attempts were made in four of the 

determinations to mea~ure the resistance with an even higher 
frequency than was available on the bridge. For this purpose 

an oscillator was borrowed from another bridge which had 
been built to study polarisation, and this was connected in 

parallel with the built-in unit and a frequency of 3500 c/s 
used. Unfortunately balance could not be obtained as 
exactly as for the actual bridge frequencies because of 
excessive a.c. pick-up, and because the built-in amplifier 
was not tuned for this frequency and hence had to be used 
at its 2000 c/s setting. The mean value of the resistance 

at 3500 c/s seemed to confirm the curvature; in fact, it 
appeared even to be about 0.002 ohm lower than might be 

expected, perhaps because of the slight inaccuracy in its 
determination, and it was therefore not considered in the 

final extrapolation. 

A similar curvature was reported by A. Faure2 for a 
modified Jones type cell with platinised electrodes. The 

platinisation was by no means as heavy as in the present 
case, but previous measurements by A. Faure with a similar 
cell of about the same dimensions, but having electrodes 
which were more lightly platinised, had given a straight 

line when R was plotted against f-1 • The result had been 
ascribed to ineffective platinisation, and the erratic 
effects were circumvented by using unplatini sed electrodes. 

In the present case, it was ne cessary to use the 
heavily platinised electrodes, and therefore essential to 
be able to extrapolate to infinite frequency with r easonable 
accuracy. The appearance of the curvature in the R-f-l and 

1 

R-f-2 graphs was probably due to the eff~cts of excessive 

platinisation on the values of the equivalent cell c~rcuit, 

but this could not be investigated here. Nor was it possible 
to extrapolate these lines with accuracy because their cur-

-i _1 
vature caused them to approach the f = 0 and f 2 = 0 axes 
fairly steeply and so gave rise to much uncertainty in the 

va lue of R00 in spite of the compar atively small polarisa-
tion correction involved. A plot was tried against f-i, and 
this appeared to give quite a good s traight line (line (3), 
Fig. 3.3). Although the extrapolation which had to be made on 
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this scale was quite long, it could very easily be done with 
an accuracy o~ better than 0.01%. The value thus obtained 
(??.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-~ plot; when the 

slight curve of the latter is considered, t he former value 
is probably very little in error. There is no theoretical 

_i 
justification for assuming that an R-f 4 extrapolation is 
correct , but since i t was necessary to find t he resistance 
at infinite frequency, and since this appeared to give a 
more consistent value than could ·be obta ined from the R-f-1 

_.1.. 
and R-f 2 curves, it was decided to use these plots for 
extrapolation in all measurements made with the heavily 
platinised electrodes. 

3.23 Results. 

In order to obtain consistent results, it was found 
advisable not to leave the 0.01D KCl in the cell unneces­
sarily l ong. This was because, not only did the parallel 
capacitQnce increase gradually with time, thereby causing 
a larger pol arisation correction (see p.146), but the 
resistance was also found to change slowly -- i n this case, 
a decrease which was quite appreciab l e: in one determination, 

for instance, a drop of about 0.05 ohm was observed after 
the solut ion 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 on 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 t he effect might 
be due to the greater rate of increase of conductance of 
water which has been observed when solutes are present 
(cf. the remarks made on p.68, and also the increased 

rate found after KCl 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 r e l evant notes, that such flow was 
indeed taking place. If so, then evaporation would defi­
nitely have occurred, to the ext ent of almost 0.01% per day 
(see Section 3.322) , i.e. about the same amount as would be 

. required to produce the observed resistance changes. Very 
probably, therefore, the resistance would show much smaller 
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variations if only the gas, which ·had been passed through the 

water in the potash bubbler and hence was saturated at 25°0, 
were allowed to pass through the cell. 

The cell constant found for Cell II was 0.10899 cm-1 

-1 with bright electrodes, and 0.10892 em after platinisation. 
Since the cell constant Q == 

1 (where l == dis.tance between a. -
electrodes, and ~=area of electrodes), this decrease is 
to be expected, because the heavy coating of platinum black 

will effectively bring the electrodes closer together 
without changing their area appreciably. 

The individual values determined at various times for 

the constants of Cells I and II, together with the sources 
of the potassium chloride used, are given in Appendix B. No 
significant changes were found to occur over any length of 
time, not even after Cell II had been pl aced in a thermostat 
at 45°C to hasten its leaching out (see p. 186), nor when 

it had once been accidentally heated to 55°C. Malan15 has 
stated that the maximum change i n cell constant over this 
range of temperatures is 0.04% of the value at 25°C; hence 
no appreciable permanent change would be expected in the 
latter value as a result of the heating which the cell 
received, even though there was some hysteresis during the 
subsequent contraction of the glass. 
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3.3 TITRATION OF POTASSIUM CHLORIDE INTO WATER. 

3.31 Outline of Method. 

The aim of these experiments was to investigate the 
adsorption effects which take place when a very dilute solu­
tion of potassium chloride is placed in a conductance cell. 
The method of approach, as outlined briefly in Section 3.1, 
was to add small amounts of potassium chloride to conduc­
tivity water which had already been aerated in the cell to 

beyond its minimum conductance (see Section 2.31). Immed­
iately after each addition the resistance would be deter­
mined, and further measurements would be made at frequent 
intervals with the mininrum amount of interruption of the 
passage of stirring gas through the liquid. Also, the 
theoretical resistance of the cell corresponding to each 
addition would be calculated and compared with the measured 
value. It was hoped that, if adsorption did take place in 
the cell, any deviations revealed by this comparison, taken 
in conjQ~ction with the results of the close following of 

the resistance trends after the additions~ would yield 
information regarding the nature of the adsorption pro­
cess (es). These titrations were to be performed under a 
variety of conditions, in which all possible combinations 
of three different stirring gases (nitrogen, oxygen, and 
hydrogen) and of two e lectrode conditions (unplatinised and 
heavily platinised) would be used. 

In order to calculate the resistance of the solution 
in the cell at any time, it was necessary to know: the con­
centration of the solution, i.e. the exact volume of the 
solution and the exact weight of potassium chloride present; 

the conductivity of the water; and the cell constant. Of 
these quantities, the determination of the last-mentioned has 
already been fully discussed in Section 3.2. 

The volume of the sol ution (about 200 ml) could be 
calculated if either a known volume or a known weight of 
conductivity water was placed in the cell originally. The 
gravimetric procedure was preferred because it was considered 

to be more accurate than the volumet r ic method, and also 
because the latter procedure would entail drying the inside 
of the cell each time that wate!' was to be introduced for a 
titration. Of course, such drying would also be necessar y 

in the gravimetric method, since the dry weight of the cell 
would have to be known before t he weight of water placed in 
it could be determined. However, drying would not have to 
be performed as frequently, provided that the weight of the 
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cell remained reasonably constant over long periods of use. 

This was shown to be the case: the extreme variation found 
in the dry weight of the cell, which was determined period­
ically over 15 months, was 0.051g in a total of 289g. This 
would correspond to a maximum error of 0.025% in the weight 

of the 200 g of liquid in the cell. 

Although the gravimetric procedure was chosen for the 
above r easons, the real wisdom of the choice only became 
apparent when it was noticed that the quality of the .first 
portion of water placed in the cell immediately after it 
had been dried on the inside was always rather poor -- the 
conduct ivi ty was often about 60- 70 nm/cm higher than normal, 
and sometimes even more; subsequent portions, though taken 
from the same flask of water, again had more or less normal 
conductivities. This phenomenon, the reason for which has 
been discussed in Section 2.32, would have rendered the 
volumetric method unsuitable if the titration were to be 
performed with water of the best quality in the cell. 

The choice of method also proved to be good for another 
reason. During the course of these experiments it was found 
that, when the solution was left in the cell for some ttme, 
the weight of the bulk of the liquid in the cell gradually 
tended to change. Usually it decreased owing to losses by 
evaporation and by spraying of the liquid as a r esult of 
the stirring gas passing through it; but in some cases 
there was even an increase in weight! These phenomena, 
which will all be described more fully in Section 3.322, 
made it essential to weigh the cell at the end of a titra­
tion as well as at the beginning, in order to determine the 
magnitude of any changes which had occurred. The gravi­
metric procedure, therefore, was actually the only accurate 
method of performing these titrations. 

The concentration range which was to be investigated 
was from 10-4. to 10-3 equiv./1. Since it was desired to 

cover this range in ten additions to the c~11 , the weight 
of potassium chloride required for each addition (about 

1. 5 mg) was obviously too small to be weighed and added 
accurately. The titration was therefore performed by adding 

aliquots of a more concentrated stock solution of potassium 
chloride. Once again the gravimetric method was preferred 
for determining the amounts added, because the small volumes 
r equired could not be measured volumetrically with the same 

accuracy. The weight burette used for this purpose has 
been fully described in Section 1. 51 . The standard aliquot 

chosen was approximately 0.2 ml, although a larger amount 
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could obviously be weighed with greater accuracy on the 

only balance available (balance BII -- see Section 1.41); 
but several blank tests had shown that the resistance 
changes which occurred immediately after the addition of 
2-ml portions of conductivity water were rather large 
(10- 20 ohms) and would tend to mask the other immediate 

effects (if any) which were being sought. These changes 

resulted mainly from the removal of appreciable amounts of 
dissolved carbon dioxide added with the water, and partly 

from fresh temperature equilibration since the aliquot was 
seldom at exactly 25°0. The addition of 0.2-ml portions, 

however, would cause hardly any change in the temperature 
of the solution inside the cell -- only 0.001° for each 1° 

by which the temperature of the stock solution differed 
from 25° . Four further blank tests were performed in which 

this quantity of conductivity water was added to water, 
·Which had been aerated in the cell, by the standard proced­

ure to be adopted during the titrations. In each case, the 
first reading after restarting the stirring showed a drop 

in resistance, which varied from 1.1 to 2.4 ohms, i.e. the 
conductivity had changed by approximately 1.3-2.9 nm/cm 
(see Appendix D). With the stirring rate being used (about 

90/30) , mixing appeared to be complete within 2- 3 minutes, 
as indicated by the constancy of the resistance. This time 
was about the minimum required to perform all the operations 
necessary dur ing an addition, so that the resistance was, 
in fact, already constant by the time that the first readiQg 

could be taken (in all cases but one, when it changed by 

0.1 ohm only). With continued stirr ing the resistance soon 
began to rise very slowly, and in about 1- 1~ hours a 
maximum was reached which was within a few tenths of an ohm 
of the value that the resistance would have had had no 
adcl.ition been made (this value was obtained by extrapolation 

of the water resistance line -- see Section 2.31). Hence it 

appeared that the addition of 0.2-ml a l iquots would cause 
only very small imrrediate changes in the observed r e sis­
tance, and negligibly small permanent changes. This volume 

was therefore chosen as standard for all additions. The 
methods of delivering this small amount from the burette 

and of deterrr1ining its weight with reasonable accuracy (0.05% 
or better) have been described in Sections 1,52 and 1,54. 

The preliminary t i trations (Expts. 1 to 3 -·- see 
Section 3.325), in which single aliquots were added on 
separate days, were performed for a dual purpose : firstly , 

to acquire technique in making an addition accurately to 



- 156 -

the cell, since this involved a very rapid but quite compli­

cated sequence of operations if the immediate effects were 

to be observed and at the same time all precautions were 
to be taken in order to maintain the high standard of 
precision desired; and se condly, to see what sort of effects 
could be expected 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 anticipated that, if any changes did occur, they 

would be greatest after the first additions, and these 
solutions were therefore always l eft in the cell for two 

days before proceeding further; during this time, frequent 

resistance measurements were made, particularly shortly 
after the addition. Subsequent additions were also at first 
left for t wo days each, but later the aliquots were added 

on successive days. 

It soon became evident that the changes occurring after 
the first addition were indeed the largest , though even they 

were not very big (of the order of Ool% or less of the 
me asur ed resistance during the first few hours after addi-

t i on) ; also 1 although erratic variations appeared every now 
and again 1 all regular change s other than the dropping of 

t he r es istance at a more or less steady rate definitely came 
to an end in well under a day. From the second addition 

onwards the change s were still smaller , and it appeared (if 
erratic variations were neglected) that , within 3-4 hours 

after the addition, the r esistance was once again dropping 
slowly but steadily. · It seemed, therefore, that it was not 

necessary to leave the later additions in t he cell for long 
periods before proceeding to t he next addition. This was 

very important, for these preliminary experiments r evealed 
what would probably be the major unct:.;rtainties in the titra­

tions which were envisaged. 

One of the chief factors affecting the accuracy of the 
calculation of the r esistances was the correction for the 
solvent conductance . It had, of' course, been r ealised that 

the latter would increase as the liquid was l eft in the cell 
due to the "solution of glass 11

• But it was intended to use 
for the titrations only very good qual i ty water (conducti­

vity less than 100 nm/cm1 and changing by about 0.5 nm/cm/h 
or less) : the total change .during several days should there­

fore still be fair l y small , and hence slight errors in 
estimating the water correction on the basis of its ini tial 

rate of change would not appreciabl y affect the much l arger 
conductivity of the sol ution. However , it appeared that 
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not only was the rate of increase of conductance much 

faster for the potassium chloride solutions, but it differed 
between a dditions as well -- variations from 1.;-- 5 times 
the rate for water were obtained. Since the reason for 
this faster rate of increase was not known, it was a little 
difficult to see quite how to allow for it in calculating 
the conductivity of the solvent for each addition. 

The two solutions to the problem of the solvent cor­

rection seemed to be: either to perform the whole titration 
as rapidly as possible, thereby not allowing time for the 

solvent conductivity to change much from its initial value 
at the time of the first addition, and hence diminishing the 

error in its estimation; or to assume that the uniform rate 
of decrease of resistance observed with each solution 

resulted merely from a normal increase in the solvent con­
ductivity, and then to correct the latter accordingly by 
leaving each addition in the cell for long enough to give 
an accurate estimate of the rate of change of the conduc-

tivity, i~e. till the resistance had been dropping steadily 
for quite a while. There were, however, objections to both 

the se solutions. The first would defeat the aim of the 
experiments, which was partly to follow the changes in 

resistance after each addition until steady conditions had 
been re-established; whereas the second, although fully 

realising this aim, meant that each experiment would take 
very long to be completed. Apart f rom the obvious disad-

vantage inherent in the length of ·time required, such pro­
tracted experiments tended to introduce a whole host of new 

troubles. Thus erratic variations, up to 0.05% of the 
measured resistance, had already been encountered in the 

preliminary titrationso These not only spoilt any smooth 
trend shown by the resistance, but they were also large 

enough to be disturbing in view of the precision being 
sought (0.01% or better in the constancy of the resistance, 

which could itself be measured accurately to 0.001%). 

Variat ions of resistance of differing degrees of magni­
tude could arise from any one of a number of causes; incon­

stancy of the temperature, either of the thermostat, which 
woul d change the temperature and hence the conductivity of 

the solution, or of the room, which would affect the values 
of the bridge resistances; inconstancy of t he bubbling rate ; 
gradual saturation of the rubber connections with paraffin 
vapour (see p.67); drops of liquid being blown into the 

cell from the copper coils (p. 1 24); drops of liquid running 
back into the solution from the upper walls of the cell, 
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where they had been deposited by spraying or condensation; 
and so on. In each case the possibility of the effect 
occurring during the course of a titration was enhanced by 
lengthening the time that the cell was in the thermostat. 
In fact, so many of the large number of conditions which 
had to be maintained constant throughout these experiments 
were normally controlled automatically that the risk of the 
results of an experiment being vitiated owing to the failure 
of one or other of the controls increased greatly with time. 
This had already been clearly demonstrated by several such 
troubles encountered during Expt. 2: for instance; the 
stirrer of the thermostat was jammed several times by a 
piece of loose magnesium foil in the outer bath, and the 
resultant lack of stirring caused large fluctuations in the 
temperature of the solution; then the refrigeration unit 
used to cool the air being drawn into the room did not 
function satisfactorily during a spell of warm weather, and 
made it very difficult to keep the room and thermostat 
temperatures down to 25°0; and when this had been fixed, 
the experiment still had to be abandoned shortly afterwards 
because the relay controlling the room temperature failed, 
and had to be dismantled and repaired. 

Troubles of the above nature could perhaps be avoided, 
even during a lengthy experiment, by frequent careful 
checking of the numerous factors involved in maintaining 

completely constant conditions for all the resistance 
measurements; yet even then,.it . seemed, a fair share of good 
fortune was required! But the preliminary titrations 
revealed another major uncertainty, viz. the calculation of 
the exact concentration of the solution at any time, for it 
was found that the weight of the bulk of the liquid in the 
cell did not remain constant throughout the experiment 
(allowance was made, of oourse, for the increase owing to 

the known weight of KCl solution added). In Expt. lp for 
instance the weight of liquid at the end of the 14 days for 
which the cell was in the thermostat was almost l.4 g lower 
than the combined weight of water initially plus all the 

additions. That this loss was real and not due to weighing 
errors was confirmed in the two subsequent titrations. It 
seemed to arise from evaporation and spraying of the liquid 
as a result of the continuous passage of gas through the 

cell. Whatever the cause , however -- it was ascertained 
and will be discussed later --, i t was obvious that, with 
such a large loss, any correction made in order to est imate 
the concentration of the solution after each addition could 

entail quite a considerable error; also that, if the loss 
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could not be entirely eliminated (which did not seem 
possible)p then the error in correcting for it could at 
least be diminished by shortening the whole experiment and 
thus reducing the size of the change in we~ght. 

The various considerations just discussed suggested 

the best procedure to be followed for these titrations. 
This was naturally a corr.~romise between an unduly long 
experiment with all its undesirable features, and one which 
was too short to allow all the possible changes in resis­

tance to be observed closely. A standard bubbling rate of 
60/30 was chosen (also a compromise, for reasons given in 

Section 3.322); with this stirring rate t he maximum resis­
tance of the water was usually reached in about 6- 8 hours. 
In order to make quite sure that all volatile impurities 
had been removed, however, and also so that the rate of 
change of the water conductivity might be known, it was 
necessary to leave the water alone in the cell for rather 

longer than this time. It was decided, therefore, always 
to place the cell in the thermostat on the day preceding 

the first addition, and to follow the changes in the resis­
tance of the water· after maximum until the addition was 

made. During the preliminary titr ations, the observed 
changes in resistance, even after the first additions, had 

been rather small and apparently comple t e within about 8 
hours. This would not necessarily be the case in the other 
titrations, however, since the first experiment s had been 
performed with nitrogen stirring and unplatinised electrodes 

-- the conditions under which adsorption was expected t o be 
least~ Nevertheless, it seerred certain that the largest 
changes woul d still take place after each first addition. 
It was therefore proposed to add only one aliquot to the 

water on the second day of the experiment, and to fo llow 
the variations in r e sistance , closely a t first and later at 
longer interval s , for about a full day. Then on the third 
day all the remaining additions would be made (if possible ), 
because it seemed that the changes taking place would be 
much smaller and would go t o comple tion much more rapidly. 

The procedure outlined became the standard method of 
performing these t itrat ions . The programme proved to be 
very exact ing because of th~ high standard of precision 

which had to be maintained throughout the whol e experiment: 
an error ~n any of the additions, for instance, whether in 

determining i ts weight or in the actual adding of the aliquot 
to the cell, would be reflected not only in the addit ion 

concerned , but also to a diminishing ext ent in all subsequent 
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ones. The titration would therefore have to be abandoned 
at the first obvious mistake~ while unobserved errore would 
become apparent only when the results had been calculated. 
The last day in particular was very exhausting, and tended 

almost to make these titrations tests of endurance rather 
than of skill: the outstanding example was during the 

prototype experiment, when nine additions were made in one 

day. It was discovered that, what with having to rinse and 

fill the ·burette, weigh it accurately twice, make the addi­
tion, rr~asure the resistance every few minutes, keep a 

constant check on the bubbling rate~ record all readings, 
and ffiake notes of any irregularities~ the shortest interval 

between any two successive additions was 85 minutes -- this 
in spite of working at top speed all the time. In fact, the 

first two minutes of complete rest taken on this day were 
snatched more than eight hours after the start, and then 

only as a result of judicious planning for more than an 
hour beforehand! The full titration required the author's 

presence in the constant temperature room for a continuous 
spell of 14 hours, after which the cell still had to be 

removed from the thermostat and weighed by the normal 
procedure. This experiment, however, indicated that it 

was probably not necessary to do as many as ten additions 
in all, and the standard number aimed at later was five -­
one on the second day and four on the third. Each of the 
latter additions could then be left in the cell for 2~- 3 

hours, which made the work not quite so rushed and also 
allowed a longer time for the resistance to attain a steady 

state. J!:ven this progral.T'..me, however, was quite tiring, 
because the continual occurrence of unforeseen events and 
the r andom appearance of unusual resistance variations made 
it desirable in the later experiments to check the resis­

tance af t er the first addition occasionally during the night 
as well. Only one experiment deviated considerably from 

this general procedure. In this case (Expt . 12), ~ircum­
stances had indicated that it might be wiser to do the whole 

titration as rapidly as possible, and it was therefore 
performed from start t o finish in 31 hours; but this in­
volved a spell (from before the :t'irs.t addition to the end of 
the experiment) which reQuired the author's presence in t he 

laboratory for 21i hours! Although this was not as contin­
uous as in the previous case mentioned, it was nevertheless 

pretty exhausting, and the procedure was obviously impPac­
tical as a routine method; in fact , despite the success:t'ul 

completion of the experiment , it seemed that the titrations 
were really best performed over three days if this could be 
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arranged. Needless to sa~no other marathons of this 

nature were attempted! 

3.32 Experimental . 

3.321 Stock solution of potassium chloride. 

Since the aliquots to be used had a volume of 0.2 ml, 
the stock solution of potassium chloride had to be about 

O.lN in order that each addition might change the concen­
tration of the liquid i n the cell by approximately l0-4 N. 

This solution was stored in a 250-ml Pyrex flask which had 
a B 34 cone sealed to the neck, and which was covered with 
a cap made from the corresponding socket: an outside ground 

glass joint was used so that the s olut i on would not come 

into contact with it. Before the solution was prepared, 
the flask was well cleaned with both the alcohol-nitric 
acid and the chromic acid cleaning mixtures, and steamed 

out for several hours; j_ t was then l eft standing for five 
weeks filled first with fresh corJ.duct i vi ty water, followed 
by five changes of approximately 0.1 N KCL 'rhis ''seasoning" 

process ensured that the walls of the flask would not 
adsorb any K+ or 01- ions on preparation of the final solu­

tion~ and also removed all traces of' other adsorbed material, 

such as acids from the cleaning process. Thereafter the 
stock solution was prepared with A. Faure's potassi um 
chloride 2, the method used being similar to that described 

for the preparation of the standard 0.01D KOl solutions 
(see Section 3.21). However, no great care was taken to 

make the solut ion exactly O.lN, as the size of the al iquots 
would in any case be variable; in f act, the exact normality 

was not aven calculated, but onl y the number of equivalents 
which would be added to the approximately 200 g liquid in 

the cell (as weighed on balance Bm ) if exactly 1g of 
stock solution were weighed on balance B II and added to the 

cell (both weights corrected to vacuum). No further cor­

rection for the different inequalities of beam-length of 

t he various balances (given in Appendix C) had therefore 
to b e made to the weight of solution (in vacuo) obtained 

on balance BII, since these corrections were all taken into 
account wheri the conversion factor, from we ic;ht of solution 

to number of equivs. KOl added was derived for these partic­
ular titrations. 

·:rhis stock solution was used over a period of 15 months 

for all the Expts . 1 to 13 (Section 3.325) and for innumer­
able other trtal additions and measurements. Throut3hout t he 

whole of this time the flask was kept in the constant 
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temperature room, and it was only opened, after the room 
fans had been stopped, for as short a while as possible 
whenever it was necessary either to rinse or to fill the 
burette: in this way it was hoped to keep evaporation from 
the solution down to a negligible amount. Immediately 
before each occasion on which the solution was used, uni­
formity of the concentration was ensured by shaking the 
flask well in order to mix the water, which had evaporated 

from the solution and condensed on the upper walls and cap 
during the previous periods of standing, with the main bulk 

of the solution. For the rest, however, there was no agi­
tation of the flask at all. 

In spite of the precautions taken during its prepara­
tion and of the careful treatment which it received in all 
subsequent operations, the solution did not maintain a 
constant conductivity throughout the period of its use. 
This change was first suspected about the time that Expt. 10 

was completed, because there seemed to be a trend in the end 
results of the various experiments (see Section 3.34). 

Nevertheless, since numerous difficulties had been encoun­
tered during the performance of many of these titrations, 

and since it was by no means certain that the effects 
observed did not reflect the true results of the experi­

ments -- the eventual general pattern of results was not 
yet quite clear --, the s.ame s tock solution was still used 
for the titrations with platinised electrodes as well 
(Expts. 11- 13). The persistence of the trend through 

these experiments too, however, led to an investigation 
whether the stock solution still had the same conductivity 
as at the time of its preparation. This che ck was per~ormed 
by preparing two O.O~D KCl solutions by suitable dilution 
of aliquots of the stock solution, and then comparing the 
cell constants obtained with the se diluted solutions with 
the values determined with similar solutions prepared di­
rectly from purified potassium chloride crystals. It was 

very disconcerting indeed to find that the mean of the 
former two values was only 0.10820 cm-1, i.e. 0.66% lower 
than the true constant of 0.10892 cm-1 , for this meant that 
the stock solution was then in error by t he san~ amount, 
its conductivity having increased since i ts preparation. 
This result was contrary to the observation made by Randall 
and Scott87 , who found that the conductivity of a potassium 
chloride solution which they had pr epared diminished consid­
erably after it had been left standing for several months. 
Their solution, however, was not disturbed during this 

period, and it was not even shaken before the required 
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quantity was pipetted out for the final resistance deter­
mination, so that the conditions in the two cases were not 

exactly analogous. 

The reason for the comparatively large change in the 
conductance of the stock solution is not quite clear, but 

several factors might have been responsible. Thus it might 
have arisen from the frequent insertion into the solution 

of the tip of the burette, which was always first wiped dry 
with a clean handkerchief: the dried surface would have 

caused some increase in the conductivity (see Section 2.32); 
also, when the remaining solution in the flask was examined 

closely, a number of tiny threads were seen which probably 
came from the wiping procedure and which might have contri­

buted to the conductance, either by themselves or through 
introducing other impurities adhering to them.. Then, too, 

slight evaporation might have taken place during the fre­
quent but necessary opening of the flask, in spite of the 

precautions observed: this would have concentrated the 
solution and hence increased its conductivity. Finally, the 

increase might also have been due to the greater rate of 
change of solvent conductivity which occurred in potassium 

chloride solutions by ion-exchange with the glass walls 
(see Section 3.333); this would have been assisted by the 

periodical shaking and mixing of the contents of the flask. 
Probably the total increase of the conductance resulted from 

a coJr:bination of' all these factors. 

Whatever the cause of the change in conductivity, it 
seems advisable in future work along these lines to prepare 

the stock solution in smalle r arr.ounts than the 250 odd rnl 

used in this investigation, and not to keep it so long; 

fresh portions could be made up if the previous lot were 
more than, say , a month old when required for an experiment. 
A new solution was, in fact prepared and used in Expt. 14. 

This was a repeat of Expt. 13, and it was performed both in 

order to check the correctness of the r esults of the latter , 
which were so very different from those obtained for all the 

other exper iments, and also to show that the trend which 
had been found in all the end r esults was really associated 

with the change observed in the conductivity of the stock 
solution. 

3.322 Rate of passage of gas through cell-

The loss in weight of the bulk of the liquid in the 
cell, which occurred while the first preliminary titration 

(Expt. 1) was being performed, has already been mentioned 
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in Section 3.31. During the course of this experiment9 and 
also of all the others in which the cell was in the thermo­

stat for more than a day, liquid accumulated gradually 
inside the cap on the cell, until eventually it tended to 

run down the sides and out of the cap when this was removed 
in order to make an addition; also, at the conclusion of 

the titration, an appreciable amount of liquid was observed 

to be adhering to the neck of the cell. Some of the loss 

in weight during Expt. 1 was due to occasionally wiping out 
the liquid in the cap in order to prevent its running back 

into the cell, and also to removing the liquid from the 
neck at the end of the experiment. The estimated weights 

of these quantities of liquid, however, were definitely not 
large enough to account for the total loss found. The same 

appeared to be true for Expts. 2 and 3 as well -- in each 
case there seemed to be a distinct loss in weight from the 

bulk of the liquid of o. 3- 0. 4 g. 

During these preliminary titrations, nitrogen was 
passed continuously over the top of the liquid in the cell 
(r ate about 120/30) as well as through it. The former 
gas-stream, unlike the latter, did not flow through a 

bubbler filled with conductivity water placed inside the 
thermostat, but only passed through a water-filled bubbler 

in the constant temperature room (see Section 1.62). It 

was therefore saturated only at about 24°0~ and hence it 

s e er.1ed likely that evaporation losses re::rultlng froli1 th6 

passage of this gas over the liquid in the cell at 25°0 

might have b2en the reason for the comparatively large 

decrease in weight which was observed. This was tested by 
leaving the cell in the thermos tat for three periods of 
four days each, during which the contents of the cell were 

not stirred at all but nitrogen was merely passed over the 
top (4- 5 bubbles per sec). At the end of each of these 
periods , slight but definite traces of moisture were visible 
on the inside of the cap and of the upper portions of the 

cell, which had all been quite dry at the start of the 

experiment; the amounts, however, were very much less than 

in the case of Expts . 1 to 3, and they had presumably re­
sulted from condensation on those parts of the cell which 

were not irmr:ersed in the thermostat liquid and hence may 
have been slightly cooler. A definite loss in we ight also 

occurred in each test, but it was only about ~7 mg (approx. 
0.01% of the total we ight) per day. This was not large 

enough to explain fully the changes actually found. Never ­
theless , since some loss was taking place by evaporation, 

in future the passage of gas over the top of the liquid in 
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the cell was used only during the actual additions of KCl 
solution, and sometimes during the final resistance measure­
ments over the range of frequencies. 

Since the weight did not remain constant even after 
the stopping of the secondary gas-stream, the only remain­
ing possibility was that the decreases were associated with 
the passage of gas through the liquid. Losses could occur 

by two rr:echanisms -- ei ther• by evaporation, if the air were 
not fully saturated, or as a result of the spraying of drops 

of liquid out of the main bulk by the bubbles breaking 
through the surface. The former was unlikely, in view of 

the fact that the stirring gas was passed through two 
bubblers with water at 24° and 25°0 respectively prior to 

its entry into the cell: it should therefore have been 
sufficiently well saturated not to cause any large loss by 
evaporation, especially since the gas passing over the top, 
which had been saturated only once (and that at 24°0.), 

caused but a relatively small decrease in weight. In any 
case, it was quite impossible to separate and distinguish 
losses by this mechanism from those occurring as a result 
of spraying from the liquid surface -- a process which 
definitely did take place. 

The spr•aying phenomenon was first observed very early 
in these investigations -- in fact, during the tests which 
were made before the construction of Cell I in order to 
determine the positioning of the capillary tube (see Sec­

tion 1.31): small droplets of water were seen to be depos­
ited every now and again on the bare walls of the test 

vessel, some as high as three inches above the level of the 
liquid surface. This occurred with a very rapid bubbling 

r-ate (about 5-6 per sec), but it seemed to be almost ab­
sent at slower rates of 1 - 2 per sec. These observations 
were recalled when it was noticed that the condensed film 
of liquid, which was found on the exposed parts of the cell 

after the experiments on the passage of gas over the top of 
the solution only, was very much less than the amolmts which 

normally accumulated in the cap and neck of the cell when­
ever a titration was performed. It seemed hardly likely 
that the latter quantities could all have been due to con­
densation, even from the more saturated gas emerging from 

the solution. A visual t e st was therefore made in which 
the cell was filled to the usual level with water but left 
outside the t hermostat for about ! hour after it had been 
connec ted to the normal gas-s tre am. This t est showed that 
at a bubbling rate of 90/30 some spraying of the liquid 
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was definitely taking place: during the period of obser­
vation1 quite a large number of water drops formed on the 

bare walls of the body of the cell above the level of the 
liquid surface 1 some wel'e deposited on the inside of the 

neck, and a few very tiny droplets even settled on the in­
side of the cap placed over the neck (about 4t inches above 

the surface). The effects were obviously being caused by the 
bursting of the bubbles of gas through the surface of the 

liquid. It is interesting 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 liquid has been clearly demonstrated (subse­

quently to the completion of the experimental work in this 
thesis) by the high-speed photographic studies of Blanchard 

and co-workers99
j
100 , Newitt and co-workers101, and Mason102• 

Apparently the liquid rushing into the crater that is left 

in the surface at the site of the burst bubble 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 bubble~02 , 
and the heights of projection ranged from about 0.5 to 
15 em 99• 

These conclusions reached from high-speed photography 

agree very well with the observations made during the 
visual test in particular and al1 the experiments in gen­

eral. Since the mere bursting of t he bubble in the surface 
is sufficient to form a droplet which may occasionally be 

deposited on the upper walls or neck of the cell, or inside 

the cap, the spraying effects can obviously never be com­
pletely eliminated as long as stirring by a current of gas 
is employed 1 but can only be reduced by slowj.ng down the 

rate of bubbling. This had been found to be the case 1 and 
it seemed des irab l e from this point of view to use a very 

slow stirring r ate . However, too slow a rate might allow 
back-diffusion to occur despite the presence of the cap 

over the ce ll-mouth; also , the initial 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 mlght perhaps escape detection. 

As a compromise between all these factors, a standard bub­
bling rate of 60/30 (about 45 ml gas per minute) was finally 

chosen, except immediatel y after each addition, when a rate 
of ~20/30 was used for five minutes: this had pr eviously 

been shown to be more than arnp1e to ensure complete mixing 
of the solution. 



- 167 -

Under these conditions of passage of gas through the . 
cell -- 60/30 bubbling through the liquid and none over the 
top -- the changes in weight during an experiment were 
found to diminish appreciably. Nevertheless, ther e still 

appeared to be a nett loss in weight from the bulk of the 
liquid of about 0. 2 - o. 3 g, and this increased to over o. 7 g 
in Expt 6. Most of this large loss was accounted for by 
the considerable amount of liquid which had been deposited 
on the upper portions of the cell by the spraying and which 
was still adhering there at the end of the exper iment. 

However, even though the total weight was almost constant, 
the weight of liquid in the bulk was the significant factor 

in calculating concentrat ions, and a state of affairs in 
which liqu id 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 liquid in the cell 
changed only very slightly during an experiment, and the 
total weight (inclusive of liquid adhering to the neck and 

insi de the cap) was found to be almos t constant in most 
cases; in f act, there was sometimes even a tendency for the 

weight to increase a lit t le, particularly when hydrogen 
st i rring was being used -- the total weight in these cases 

was on an average about 80 mg larger at the end of the 
ti tration than it should have been! The reason for this 
gain in we ight, which appeared i n each of the e xper i ment s 
with hydrogen, is not known. It was noticed, however~ t hat 

spraying seemed to b e much more pronounced when hydrogen 
was used for st irring than wi th the other gases, for liquid 
definite ly accumulated in the c ap much f aster: possibly, 
therefore, the increase in we i ght was due to water being 

carried over from the potash bubbler i n the form of spr ay , 
though how it managed to traverse the copper coil without 

settling out before it entered the cell remains a mystery. 

3.323 Cleaning t he cell~ 

The cleannes s of the internal surface of the ce ll, 
especially of the upper portion above the normal level of 
the liquid, was a factor of major i mportance in t he suc­
cessful perfor mance of these titrat ions. It had been rea­
lised at the outset of these exper iments that t he signifi ­

cant f actor when determining the weight of the liquid placed 
in the cell was the weight of the bulk, s i nce the resistanc~ 

changes of this portion would be observed after each addi­
tion, and hence the weights both of water and of KCl present 
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here would have to be known accurately in order to do the 
calculations. For this reason, tests were made of ways and 

means of filling the cell with water without wetting the upper 
portions. The final method adopted was by means of a funnel 

specially kept for this purpose (see Section 1..33 for filling 
of cell) . 

Although the cell had been very well cleaned after its 

construction, and although it was never filled with anything 
but conductivity water and very dilute solutions (maximum 

concentration 0. OlD), its internal surface gr•adually became 
contaminated in some way over a period of several months of 

use, and drainage of liquid from the walls, particularly at 
points just above the normal surface level, was no longer as 
good as in the beginning. This was evident from the solution 
which was always found adhering to the upper walls and neck 
of the cell at the end of an experiment. Also, in one of the 
experiments, the cell was carefully filled and weighed, but 

was then accidentally shaken as it was being transferred to 
the thermostat; this caused the liquid to run a little way up 

the sides, and subsequently a r•ing of water remained on the 
glass about 1 em above the general surface l evel. Effects 

such as these were considered most undesirable~ but at first 
they seemed also to be unavoidable; empirical corrections 
were therefore made for them during the calculation. Thus 
the solution adhering to the upper portions of the cell was 
assumed to have been deposited there by spraying at a uniform 
rate, and a proportional correction for such losse s was ap­

plied to the weight of the liquid (and of the KCl) in the cell 
at any time; the ring of water, on the other hand, was dis­
regarded, partly because its weight was est imated to be l ess 
than 0.05~ of the total weight of liquid 9 and also because 

more water would i n any case have been spr ayed on to the walls 
by the time that the first addition was made . These correc­

tions proved suital?le for a while, until further effects 
resulting from poor drainage became apparent, for which no 
accurate correction was possible. 

From a study of the results of all the experiments, it 
seems that under ideal conditions the typ ical curve for the 

change in resistance after the first addit ion of potassium 
chloride to water should be as shown by the continuous line 

(1) in Fig. 3.4. But, as has alre ady been mentioned in Sec­
tion 3.31, erratic variations of tho r esistance were frequent­

ly encountered in the early experiments; this can be seen from 
the r esults shown by the various dotted lines in Fig. 3.4. 

Sometimes the var i ations were small and did not affect the 
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general trend of the resistance, e.g. line (2) (from the 
results of Expt. 2). In line (3) (Expt. 5), the deviations 

were more rnarked, but the true pattern is still apparent in 
the initial and final behaviour of the resistance, although 

the rise in the middle destroys the picture as a whole. The 
climax of the irregular behaviour, however, is shown in line 
( 4) (Expt. 6) : the general trend of this graph appears at 

first sight to indicate a continuous rise in resistance -­

irregular perhaps, but nevertheless different to the trends 
observed in all the previous experiments. This was unfortu­

nate, because j. t happened to be the first titration performed 
with a gas other than nitrogen for stirring, viz. oxygen, and 

the d~fference was therefore originally attributed to a real 
difference in behaviour resulting from the change of the 
stirring gases; in fact, it seemed that in this case an ad­
sorption was taking place, which was causing the resistance 

to increase after the addition. However, when the cell was 

removed at the end of the experiment and the large amount of 

liquid adhering to the walls was observed, and when it was 
seen how some of the large drops looked almost ready to run 

back into the liquid, the reason for many of the previous odd 
variations became clear. Because the drainage from the upper 
walls of the cell was not good, the liquid which was sprayed 
out of the main bulk by the bursting bubbles of stirring gas 

tended to adhere to the glass in the form of small droplets 
instead of running back into the cell and leaving only a thin 
film of liquid on the glnss walls. With the passage of time, 
the size of these droplets naturally increased as close 

neighbours coalesced, until eventually the stage was reached 
where a drop had become so large that it could no longer stick 
on the glass, and hence it ran back into the main body of the 
cell. f:lince the liquid on the walls was almost invariably 

less co!;.centrated than the solution i n the central bulk, par­
ticularly short ly after an addition, this "run-back'' into the 
solution of large discrete drops, instead of a general steady 
draining back i nto the cell, manifested itself by sudden in­
creases in the rr.easured r esistance, such as can clearly b e 
seen in line (4) . 

This theory rece ived full support from a f ew simple cal­

culations ancJ deductions. For instance, the discontinuous 
changes of resistance in the experiment shown by line (4) were 

about 2-3 ohms: if it is assumed that the liquid running back 
was pure water -- a justifiable assumption for the first few 

changes, since these occurred short l y after the addition when 
very little KCl would yet have been sprayed out of the solu­

tion --, theii about 0. 05- 0. 08g would be required for each 
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variation. This is a reasonable value for the weight of a 
single drop; the latter value may perhaps seem a bit high, 
but it must be remembered 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 liquid 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 
its 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, because 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 replaced completely by the KCl solution 
formed by the addition, and further "run-back" would no longer 
be evident as a change in resistance. Finally, too, there was 
the fac t that these sudden changes occurred at intervals which 
had so.me semblance of regularity, but with quite a wide lati­
tude in time -- in various experiments intervals from 1t - 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 approxirr~te 
figure, since several assumptions had to be made; but it defi­

nitely agreed with the calculated value given above for the 
size of the drops, and thus lent further support to the spray­
ing and '11•un-back 11 theory. 

Besides tending to obscure any changes in resistance due 
to other causes, the effects which have been described 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 neve rtheless seemed to be to eliminate 
them if possible. This was finally accorr;plished 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 i n the cell by cutting out all i ntermediate 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 a bent wire and a handkerchief which had 
been specially cleaned f or this purpose. Similar wiping had 

also been used occas ionally at 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 we i ght of solu­
tion left in the bulk could be determined. It appeared, 
however, from the vast amount of liquid adhering to the upper 
parts of the cell at the end of these t wo experiments in par­
ticular, and also from other later observations, that such 
wiping was about the worst method of treatment which could be 

given to the cell . In spite of the cleanness of the cloth 
and of the care taken on each occasion, the wiping seemed to 

leave some sort of a film on the glass surface, eo that it 
was no longer effectively wetted by the water; hence, instead 
of the water (and solution) draining back evenly, it merely 
stuck to the surface as individual dropso These were just 
the right surface conditions to favour retention of the 
sprayed droplets and cause "run-·backa 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 d isadvantage of 

treatment with these reagents was the long per iod 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 alcohol-nitric acid mixture (after it had 
reacted and been allowed to cool, so as not to al ter the cell 
constant); then the chromic acid was poured in, and the cell 

s toppered and left inverted overnight -- it was, of course, 
more essential to clean the upper portions, which would not 
be in contact with the central bulk of t he liquid during an 
experiment , than the main body of the cell. After the acid 
had been etnptied out, t he ce ll was usually conne cted to the 
municipal water supply and running water passed through it 
for about two days . Then it was filled with frequent changes 
of conductivity wat er until all the adsorbed material had been 
removed again: this was tes ted by placing the cell in the 
thermostat and obs erving the r es i stance of each change of 
water·. At firs t the resistance did not reach the normal high 
val ues , and it also dropped at a much faster rate than usua l 
(see Section 2. 31) . 'l'he criterion of cleanness, however , was 
that the observed resistance shoul d be normal in both these 

respects. This a lways took at least a few days, but i n general 
an average of about 10 days was r equired for t he complete 

cleaning of the ce ll before it was again r eady for use. 

Af t er the cell had been t reated in this manner, t he 
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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 experirr.ent 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 0.1g, 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 ne cessary 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 ~eneral procedure*. 

Befor e every experiment, the bubblers containing conduc­
tivity water for saturating the s tirring 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 train about whose effective­

ness there was some doubt were renewed as well. The copper 
coils were also frequentl y sucked dry (sometimes after being 

first washed with running water) to ensure that no droplets 
of liquid would be blown into the cell during the course of an 

experiment; this was essential particularly when hydrogen 
stirring was being us ed, because of the greater amount of 
spraying which seemed to occur 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 KCl 
stock solution on the next day, and (if possible ) four more 
on the third day. This general p l an was fol l owed in all t he 
later titrations, except where circumstances dictated some 

other course -- 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 R titrat ion. 

(i i ) Section 1. 5 -- for the description and method of use 
of the weight burette; in particular , see Section 1.54 
for the handling and accurate we i ghing of the bure t te. 

(iii) Section 1.41 -- for further detai l s of t he we i ghing 
procedure used in order to obtain accurate weights 
on balance B II. 

(iv) Section 3.2 for the method of determination of 
resistance s at infinite frequency. 
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condition of the cell, or because of the poor quality of the 
water placed in it. These deviations from the proposed 

method, as well as any others which were necessary, are men­
tioned in the short descriptions of the individual experi­

ments (Section 3.325). 

In all cases, irrespective of deviations as regards the 
number of additions or the length of time for which the resis­

tance variations were observed after each addition, a stan­
dard procedure was followed for the various operations in­

volved. This procedure was gradually developed as increasing 
experience and technique were gained from the early experi­

ments, and it was successfully used during all the later 
titrations. 

(a) At beginning of experimen~ 

The cell, which had been well cleaned and whose dry 

weight was accurately known, always contained water just 

prior to the performance of a titration. This was poured out 

and the cell inverted for a few minutes to let most of the 
water drain out; the large drops which collected at t he mouth 

were touched off with a clean cloth. The whoJ.e cell was then 
wiped well on the outside to remove all traces of paraffin , 

after which it was left standing empty in the constant temp­
erature room for about ~- 1 hour so that its surface could 

re-equilibrate with the atmosphere and any charge could be 
dissipated before the weighing was performed~ During this 

period, some condensat ion of the remaining liquid frequent ly 
occurred on the upper portions of the cell, where it was least 

wanted; this was ·easily prevented, however, by draping a 
cloth loosely over these parts. From the time t hat the cell 
had been wiped until it was weighed it was handled only with 
gloved hands; thereafter, of course, the method of handling 

was immaterialo Just before it was removed t o the b~lance­
room for weighing, the cell was filled with water via the 

special funnel to the 200 -ml l eve l, and then stoppered in the 
normal manner. The t emperature and pressure in the b alance­

room were no~0d so that the we i ght of water taken could be 
corrected to vacu1un (see Section 1.43). Immediately after 

the weighing, the cell was transferred to the thermostat, new 
pieces of rubber tubing being used for connecting it t o the 

gas lines and for s uspending it in the inner b ath.. Its posi ­

tion in the thermostat was adjusted, as well as that of the 

burette clamp on the lid. , until the bur·ettc could be s l id 
centrally in and out of th~ cell mouth. During all these 

operations some gas was passed ove r the top of the liquid in 
the cell, but not through it in case drops should splash up 
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on to the burette and then run back again, thus contaminating 
the water. As soon as everything had been cent red• the 
~ap was put on the cell, the passage of gas over the top 
stopped, and bubbling through the water started at a rate of 

60/30. The time of starting was noted, so that the length of 
time of stirring would be known if corrections had to be made 

for sprayi ng and other losses. Resistance measurements, with 
the 10,000-ohm resistor in parallel with the cell as usual 

(see Section 2.31), were taken periodically while the water 
was in the cell in order to check its quality and to deter­
mine the rate of increase of its conductivity. 

(b) Addition of KCl stock solution. 

Quite a complicated sequence of operations was necessary 
in order that an addition might be made to the cell with the 

desired accuracy. Many of the steps had to be performed in 
rapid succession, and this was possible, without error or 

omission, only after con~lete familiarity with the routine 
had been acquired, as well as a cons i derable amount of tech­

nique. The latter, of course, was gained by practice and 
experience; the former came from constant repetition of the 

following detailed procedure:-

. (i) The room fans were switched off while the burette 
was rinsed and filled . Excess liquid was wiped off 
the jet and ground joint, and the caps r eplaced on 
both the burette and the flask of stock solution 
before the fans were switched on again. 

(ii) The bure tte was well wiped and immediate ly weighed 
once in order to obtain a check on its weight. It 
was then left suspended on the balance for 20- 25 
minutes -- the exac t period was usually governed by 
the time required for operation (iii). 

(iii) If the addition was the first of the titration, the 
time-interval was normally utilised in checking the 
sensitivity of the automatic balance BII under the 
load of t he weight burette. This was not necessary 
every time, but it served to restandardise the pro­
jection scale r ead ing and ensured that this had not 
changed since the previous experiment. 

For all subsequent additions, the time was spent in 
de termining the r esistance at infinite frequency of 
the solution formed in the cell by the previous addi­
tion. Readings were taken at all five fr equencies, 
the values of which were also checked. It was found 
necessary always to stop the stirring for the final 
accurate balancing of the bridge; this was done for 
as short a time as possib l e . Each series of readings 
was started and ended at 900 c/s, in order to che ck 
whether any drift in the resistance had occurred 
during the measurements ; if there was any, a propor­
tional correction was rr.ade to the individual readings . 
To save time, only one readin~ (with the ratio arms 
and the supply voltage direct) was taken at each fre ­
quency , except at 900 c/s: at this frequency readings 
were taken at the end of the ser i es with the ratio 
arms ·both direct and reversed. This yielded a 
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correction for ratio arm inequality, which was ap­
plied to the value obtained by extrapolating the 
various resistance readings to infinite frequency 
(see Section 3.331 for methods of extrapolation used). 
Hence an overall correction was calculated by means 
of which any reading during the particular addition 
could be converted to the corresponding resistance 
at infinite frequency. 

Immediately after the resistance determinations 
the burette was accurately weighed; at least five 
separate weighings were made, and more if any irreg­
ularities took place. During these operations the 
burette was handled with gloves. 

~~e various bridge circuits were switched on. 
The passage of ~as over the top of the liquid in 

the cell 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 about 120/30. As soon as it had 
been confirmed that the rate was approximately cor­
rect1 stirring was cut off completely by means of the 
110n-offH stopcock (there could be no stirring during 
an addition, in case liquid was sprayed on to the 
burette). 

(viii) A last check re.ading of the resistance of the 
previous addition was taken at 900 c/s . 

(ix) 
(x) 

(xi) 

(xii) 

The room fans were switched off. 
The caps on the cell and the burette were carefully 

removed, and the 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 st 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). 
Sometirr~s the liquid did not begin to flow spontan­
eously because the jet was so very fine; it then 
became necessary to tap the burette until flow 
started. After an estimated st seconds of flow, the 
burette was raised from the cell, but only sufficient­
ly to enable its jet to be observed. If a drop of 
solution was visible there, it was necessary first to 
remove this, as experience· showed it to be almost 
impossible to replace the narrow burette cap without 
touching off the drop; the burette was therefore 
relowered, and the stopcock turned rapidly through 
180° bGfore the burette was raised aga in. This 
procedure was repeat ed several times if nece s s ary, 
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 sett le on the walls of the cell instead 
of i n the liquid. 

When no drop, or at most a very tiny one, was pre­
sent on the jet, the burette was removed from the 
clamp. Any liquid drople ts adhering to it (should 
it accidentally have touched the neck of the cell) 
were wiped off lightly , care being taken not t o touch 
·Ghe solution on the jet with the cloth. The cap was 
then replaced as rapidly as possible to prevent evap­
orat i on losses from the burette before it could be 
we ighed. 
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The cap was replaced on the cell. 
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). 

The passage of the gas over the top of the liquid 
was stopped. 

The room fans were switched on again. 

The burette was immediately weighed to obtain a 
check-weight for the addition. 

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

Five mi nutes after the stirring had been restarted, 
its rate was reduced again to 60/30. This rate was 
checked at frequent intervals during the subsequent 
period for which the change s in r esistance were being 
followed; a close watch was kept on the t emperature 
of the thermostat as well. 

As soon as the numerous 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 normally only if a drop on the jet 
had been touched off on the ground glass of the cap 
-- the bure tte was well wiped again, and its accurate 
weight taken after a further 20- 25 minute s (the same 
time-interval as with the initial weighing for the 
addition). The pressure was noted, so that the 
weight of solut i on could be corrected to vacuum; the 
the temperature was, of ·course , 24°0. 

The times corresponding to all r eadings (resistance , 

bubbling rate, temperature, etc.) and to the various opera­
tions were always recorded; a l so, wherever possible, notes 

wer e made of any troubl es which were experienced or peculiar­
ities which were observed during the course of the addition, 

so that attempts could be made t o 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- 6t minutes on the average -- the times re­
quired actually varied from 5-8 minutes, being dependent 

largel y on the success of operation (xi) , i.e. on how soon the 
l iquid began to flow from the burette and how quiclcly the drop 

on the end (if any ) was induced to fall off. The resistance 
readings, too, were taken extremely fast , with t he stirring· 

off for the short est t i me possible. This was essential, since 
in many cases, particularly when hydrogen was being used , 

the r esistance changed rapidly as soon as the stirring was 
stopped; yet i t was necessary to do this in order to determine 
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the resistance accurately. The first reading immediately 
after each addition naturally took the longest, since the 

value of the resistance was then unknown. With practice, how­
ever, and by first balancing the bridge roughly with the stir­

ring still going, it was afterwards possible to take even 
these readings with the bubbling stopped for only 15- 20 

seconds, and sometimes less. Subsequently~ when the v alue of 
the resistance was already fairly well known, the readings 

could be taken accurately and exactly on the minute with the 
stirring off for as little as three seconds. 

(c) At end of experiment. 

As soon as the last series of resistance measurements at 
different frequencies had been completed, the cell was removed 
from the thermostat and clamped above it to let the excess 

paraffin drain off. The rubber connections were immediately 
cut off and replaced by the usual weighing stoppers and cap 

used to prevent evaporation of the contents of the cell. The 
cap that was placed over the cell whenever it was in the 

thermostat was a lso stoppered; then, in order to determine 
the weight of solution which had been sprayed into it during 

the experiment, it was weighed before and after the liquid in 
it was wiped out. After dra ining for 10 - 15 minutes, the 

cell was well wiped on the outside to remove all traces of 
paraffin, and it was then left standing in the constant temp­

erature room for the usual ~ -1 hour bef'ore being weighed. 
During the wiping, care was taken not to l et the solution in 

the cell run up the sides and remove any liquid adhering to 
the upper parts; a close inspection was also made of these 

parts to see how nmch solution was adhering there. If there 
was only a small amount, its weight was merely estimated; but 

if large, this l i quid was carefully wiped out with a clean 
handkerchief immediately after the cell had been weighed, and 

the latter was then reweighed to obtain both the true weight 
of liquid left in the bulk and the weight adhering to the 

walls. In the later experiments, such wiping was avoided as 
much as possible because of its deleter ious effect on the 

draining properties of the glass surfaces. As usual, the 
temperature and pressure were noted in order to correct the 

weights to vacuum. 

3.325 Individual exReriments. 

The experiments described here are pl aced in chronolo­
g i cal order. Althou~h numbered consecutively, however, they 
are not necessarily successive, for these are only all the 

completed titrations in which several additions were made to 
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the water in the cell. Besides these~ there were quite 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 evaluation, 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 peroxide and cone. hydrochlol'ic acid, because their 

surfaces were not 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 liquids with which the electrodes came into contact 

were the dilute KCl 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 days so that any adsorbed material could be 

removed before they were used again. 

Experiment 1. Stirring gas: 
No . of additions: 

Nitrogen 
5 

The additions were made on alter nate days, i. e. each 

addition was left in the cell and its resistance changes 
followed for two days. The bubbling rate through the liquid 

in the cell was 90/30, and gas was also passed cont inuous ly 
over the top (rate not recorded). A considerable a:n;ount of 

liquid collected in the cap during this lengthy experiment; 
to prevent this from running back into the cell, some of' it 

was shaken out at the time of' the third addi tion, and the 
cap was wiped out when the fifth addition was made. 
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Experiment 2. Stirring gas: 
No. of additions: 

Nitrogen 
3 

It was intended to l eave the first addition for two days, 
and then to make several more on successive days. Unfortu­

nately this addition had to be left for one extra day, because 

the paddle-stirrer in the theriT.ostat was jammed several times 
by a loose piece of magnesium foil in the outer bath (see 

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 r a ther warm 
day, and both the room and thermostat temperatures were above 
25°C for quite a long time. 1'he blocked expansion valve 9 

which was responsible f or this trouble, was temporarily re­
paired; but on the following day the temperatures again lacked 
control, this time because the thyratron-controlled therm­

ionic regulator for the room2 had failed. No f urther e.ddi­
tions were therefore made, but the third one was left in the 

cell for five days while the r egulator and r efrigeration 
system were thoroughly overhauled. This experiment was the 

first titration in which the standard bubbling rate of 60/30 

was used; contrary to the event ual procedure, however, gas 
was also passed continuously over the top of the cell (rate 
about 120/30). 

Experiment 3. St irring gas : Nitrogen 
No. of add itions: 5 

The first addition was l eft for two days , during which 
the changes in resiotance were followed; thereafter the re­

maining four aliquots were added on successive days. The 
final solution was l eft in the cell 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 add ttion to being bubbled through the liquid at the stan­
dard (60/oO) rate. On the whol e~ the temperature and other 
conditions r emained r e:asonably constant. 

Experiment 4. Stirring gas : Ni t rogen 
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 seconu 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 frequen­
cies was being taken. No iznmediate atterrpt was rr;ade to trace 

the fault and continue the titration because, in any case, 

the sample of water used had been of very poor quality -- its 

conductivity after aeration was about 265 nm/cm at minimum~ 

as against the normal value of below ::1.00 nm/cm; a l so, the 

five additions on the third day had taken rather lon~er than 
h ad been anticipated, and there seemed little chance of com­

pleting four more addi t ions on that day. Nevertheless the 
experiment was very usefuJ. as a trial run, and it i ndicated 

where the technique could be improved and the operations 
perhaps speeded up in future attempts at a full-scale titra­

tion. 

This experiment was the first in which no gas was passed 
over the top of the cell, except during actual additions;in 

f act , from this time onwar ds, the flow of gas through the ceJ.l 
always took pl ace in accordance with the standard procedure. 

Ex.J2.'::.r iment 5. 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'9n 

placed i n the cell, and the remaining nine on the following 
day. The exper•iment was very fatiguing on the last day, but 

everything w0nt off fairly smoothly. The water used was of 
good quality (about 80 run/em), and although there were occa­

sional indications o.f "run-back11 of solution, the changes were 
very small. The final calculation of results could therefore 

be done with complete confidence in their correctness. 

Stirring gas: Oxygen 
.No . of additions ; 4 

The initial filling of' the cell was not perforrred by the 

usual funne l technique ; instead, in an attempt to improve the 
quali ty of the water placed in the cell by eliminat~ng all 

intermediate steps, the water was poured in directly from t he 

collecting fJ.ask (even then its conductivity was only 126 

nrn/cm just before the 'first addition). The drops of l iquid 
adhering to the upper walls and neck of the ce ll wcr'3 t hen 

na1vely wiped off with a clean handkerchief, so that the 

weight of this water, which was already s eparated from the 
main portio:u to which the KCl would be added, would not be 

included i n the weight determined for the water placed in t he 

cell. Because of this treatment, "run-back 11 of solution was 
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prevalent in this titration (see line (4), Fig. 3.4), and at 
the end of the experiment a great deal of liquid was found 
adhering to the upper p'arts of the cell in the form of large 
drops; about 0.73g of solution was, in fact, wiped off at 

this stage. For the rest, the titration proceeded more or 
less normally along the standard procedure; bubbling through 
the cell was 60/30, and oxygen was passed over the top during 
additions only. 

Experiment 7. Stirring gas: 
No. of additions : 

Oxygen 
5 

As in the preceding exper iment, the funnel was not used 
for filling the cell with water, which was again poured in 

directly from the storage flask . Although the cell had been 
cleaned after the previous titration, the drainage from the 

walls was still somewhat uneven. Once more, therefore, the 
mistake -- it was re alised to be such only subsequently to 
this experiment -- was made of wiping out the excess water 
adhering to the walls and neck of the cell. The titrat ion 

exhibited considerable "run-back'', though not quite as bad as 
j.n Expt. 6; after the experiment, too, about 0. 63 g of liquid 

was removed f rom the upper parts of the cell. Otherwise the 
titration was quite normal, even to the presence of the 

troubles usually experienced while the additions, weighi ngs, 
resistance measurements, etc., were being r,mde - -· minor ones, 
but neverthe less irritating. 

Experiment 8. Stirring gas: 
No. of additions: 

Hydrogen 
3 

The cell was well cleaned before this experiment in the 
manner e.lready described (Sect ion 3. 323), and it was once 
again filled via the f unnel. No troubles were experienced 
with the drainage from the walls, but the use of hydrogen 
intr oduced new complications. All three add itions, for 
inst ance , were made by the normal pr.ocedure (p. 1'75 ); yet 
a l though this had so far proved quite satisfactory, it was 

apparent ly not good enoug~1 under the changed conditions to 
prevent carbon dioxide from ent er i ng the cell. The cap, which 

was placed on the cell whenever t h8 latter was in the thermo­
stat, fitted the neck very closely~ and it had been shmm 

that back-diffusion would not take place as l ong as the normal 
passage of gas (60/30) was maintained through t he cell: t h is 

seemed t o be true ev-en when the gas used was hydrogen. But 
the cap had to be removed for the addition to be made, and 
although t he passage of hydror en was then still continued 
over the top of the cell at an even faster rate, the gas was 
so light that it all escaped from the space above the l iqu i d 
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and was immediately replaced by air. Consequently some carbon 
dioxide was dissolved in the solution each time that an addi­

tion was made, and this had to be removed by the aeration 
before a steady state was once again set up inside the cell 

-- a slow process with a stirring rate of only 6?/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 (aln-:ost O. 6% of 
the measured resistance), but in the other two 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 durj_ng the addi tions, 

several blank tests were performed after the conclusion 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 was left long 
enough for the resistance to 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 addit ions could not be made in rapid 
succession on the last day; in fact, only two were possible, 
and the t i tration was therefore stopped after all measure­

ments on the third addition had been completed. In any case, 
it did not seem worth while to continue with the experiment, 

since the observed changes in resistance obviously arose from 
a side effect, but were nevertheless large enough to obscure 

other changes which might have been occurring inrrnediately 
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 (Sec t i on 3. 322 ); the total increase 

in we i ght during this particular titration was estimated 
at 85 mg. 

As regards the l atter effect, ver y small decreases in 

the resistance had almost invariably been f ound whenever the 
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stirring of the liquid 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 effec t as a result of the pass age of current between 
the electrodes; this explanation seemed quite 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 was being used as the stirring gas, was some­

thing definitely different . It was, for instance, much 
faster and more marked, and the resistance had to be measured 

rapidly in or~er to get accurate values, particularly shortly 
after an addition. Usually, therefore, the bubbling was 

interrupted for as short a time as possible; but about 20 
minutes after the first 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 quite 

fast by about 0.2 ohm, and then proceeded to drop as rapidly; 
the value when the stirring was restarted after 55 seconds 

was O. p ohm lower t han the v alue immediately after the bub­
bling had been stopped. This general pat tern 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 resistance to increase during 
the first 5 - 10 seconds by about 0. 1- 0. 2 ohn!, but at the end 

of the 30 seconds it was always 0. 2- 0. 3 ohm below the immed­
i ate value. 'rhe magni tude of the effect gradually diminished 

with time, however, and. the initial increase of r es istance 
l ater disappeared, l eaving only the decrease. The stirring 

was not l eft off for longer periods dur ing the early stages 
of the addition because the back-diffusion of carbon dioxide 

as a result of' the displacement of the 1 ighter 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 t-minute intervals: the 

resistance then dropped more or less regularly 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

quid woul d be reg istered 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 frequencies during this titration. The measured 

values were merely corrected to infinite frequency by using 
the mean corrections obtained in the determinations of resfs­
tances of similar magnitudes during previous experiments. 

Experiment 9. Stirring gas: 
No. of additions : 

Hydrogen 
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 cell 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 not possible because 
the nitrogen- and hydrogen-purification trains were common). 
The effectiveness of this measure had been demonstrated by 

performing several mock additions, in which water had been 
placed in the cell and the full addition procedure had been 

followed except that 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 . 

Thls experiment was performed very short ly 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 total increase of 65 mg occurred in 
the weight of the liquid. 

As in Expt. 8, the resistance changed quite noticeably 
as soon as 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 pat tern and the magnitude of the var iat ions were sim­

ilar to those described in Expt. 8. Again no sets of readings 

were taken at different frequencies for the correction of the 

resistances to infinite frequency. 

During this titration, several odd rises and falls in 

resistance 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 ir1 a rise in measured resis­

tance of about 0.03%. 

Experiment 10. Stirring gas: 
No. of additions: 

Oxygen 
5 

Another t itration with oxygen st irring seemed desirable 

in view of the very large amount of "run-back" of solution 

which occurred during Expts. 6 and 7. The draina~e from the 

upper walls of the cell was now very good~ but some drops of 

liquid were· still 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 the 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 detai l s were watched more 

closely ths.n before because of the phenomena which were ob­

served in the preceding experiments when hydrogen stirring 

was being used. Thus the l iquid in the cvll was weighed very 

care fully at the beginning and end of the experiment: an 

increase definit e l y occurred, but t he amount (23 mg) was neg­

ligi ble in comparison with the total weight of the solution. 

The behaviour of the resistance when the stir ring was stopped 

was also follm;ed close l y , but there appeared to be only the 

usual mild downward drift; certainly there were no marked 

changes such as had been found with the hydrogen stirring. 
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(b) Experiments with platinised electrodeso 

The plat inisation of the electrodes has been described 
in Section L 34. After the platinisation, the resistance of 
water pJ.a~ed in the cell was found to dro-p extremely rapidly 

because of desorption of the products of the electrolysis: 
thus, ins tead of the rate of decrease being l ess than 1 ohm/h, 
as had been tbe case before, it was now almost 20 ohm/h 1 and 
it diminished only very slowly from this value with repeated 

changes of water. The procedure recommended for removing 

the adsorbed products of platinisation, viz. t he e lectrolysis 

of a dilute solution of sulphuric acid in the ce1121 , helped 

considerably in reducing the rate at which the resistance 

dropped; but even then it was still .5 - 6 ohm/h. This meant 

that the corJ.ductivity of the water at minimum did not reach 

the low values which had previously been considered normal, 

and also that the quality of the water in the cell deterior­
ated rapidlyo Since only a limited time was available for 

the performance of the remaining experiments, the cell was 
kept at 45°C in another thermostat and filled with frequent 

changes of conductivity water in an attempt to speed up the 

leaching-out process. However, several d.ays of this treatment 

did not cause the rate of' change of the water r esistance to 
drop much. 

Not a l l the trouble with the rapid change of the resis­

tance seemed to arise from the internal condition of the cell 

after the platinisation. When the rate of decrease remained 

so high in spite of both the still and the purification train 

being dismantled and cleaned, and despite all their reagents 

being renewed, t ests were made of the quality of th.; water 

being collected from the still by placing samples thereof in 

Cell I and then observing the changes in resistance which 

occurred with nitro~en stirring. 'I'his cell had been standing 

filled with water for a long time, and it was known to be 

clean inside. 'I'he normal rate of decrease of resistance when 

water was placed in this ce ll was about o. 3- 0. 5 ohm/h, and 

it had seldom gone as high as 1 ohm/h; yet in these tests 

rates fr·om 1. 5 - 2 ohm/h were found. The reason for the poor 

quality of the water is not known , for every piece of appa­

ratus had ·been cleaned; in fact, some of the reagents in the 

still and in the train were even replaced again, the copper 
coils were thoroughly cleaned and dried, and many of the 

joints in the train were wired fast, without any improverr:ent. 

Because of the limited. time available, therefore, it was 

decided to carry on with the experiments with platinised 

electrodes in spite of the apparently poor quality of the 
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water and the much larger rate of decrease of its resistance 

as against that of the water which had been used in the pre­

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

These difficulties with the internal condition of the 

cell and the quality of the water did not 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 for the longest time possible, in the hope that 
this would resul t 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 f ew 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°0 and thus destroy the thermoregulator setting. 

Under the surr~er conditions already prevailing, it was essen­

tial to be able to cool the air which was drawn into the room; 

yet a lthough the cooling unit had been functioning qui.te 

satisfactorily for several weeks, it was now found to have 

developed ·both mechanical and electrical faults - - an expan­
sion valve which was no longer efficient and kept getting 

blocked, and bad contacts which persistently threw out the 

master switch of the refrigerator. The unit was repaired 

after much difficulty, but it continued to behave tempera­

mentally throughout these 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 

would have been possible to use lon~ leads to the other, 

which was then available; but both failed! Fortunately the 

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

Prior to the first titration with each of the stirring 

gases, a trial addition was made in order to gain some idea 

of the r esistance behaviour which co1.1ld be expected in these 
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experiments. The results of these tests will be described 

under the a9propriate experiments. 

Experiment :t1. Sttrring gas : 
No. of additions: 

Nitrogen 
5 

The trial addition showed that there was a marked ten­

dency f'or the resistance to rise as soon as the stirring was 

stopped. The first few readings were taken rapidly, with the 

bubbling off for a s short a time as possible. About 20 min­

utes afteP the addition had been made~ however, the 

passage of gas through the solution was stopped completely 

for a further 20 minutes during which resistance r e adings 

were taken very frequently (5-second intervals at first, 

gradually lengthening to one minute); nitrogen was allowed to 

pass over the top of the cell during this period in order to 

prevent b ack-d iffusion of carbon dioxide. The r esistance 

increased very rapid ly in the beginning -- a rise of 2.8 ohms 

was obtained after the first 30 seconds. Bu t the rate of r ise 

gradually din~inished with time, and after 13 minutes the 

resistance reached a maximum : it had then increased from 

7640.0 to 7655.8 ohms. Thereafter it began to decrease again, 

very slowly at first but at a gradually increasing rate. 

The resistance was 7653.6 ohms, and dropping at about 0.6 

ohm/min~ when the stirring was restarted ? minutes after the 

maximum had been attained. A minute later the reading was 

7638.6 ohms, which was roughly the va lue that the resistance 

would have had if there had been no cessation of the stirring 

(estimated from the rate at which the resistance was dropping 
before t he bubbling was stopped). 

In the actual t itration, the resistance after the first 
addition also showed a marked tendency to rise as soon as the 

stirring was stopped., but these changes were not followed for 

any l ength of time, the bubbling being interrupted only long 

enough for the readings to be taken. Nevertheless it was 

obvious that t he magnitude of the variations was diminishing 

all the time: a·bout 4-l,- hours after the aliquot had been added, 

for instance, the effec t had become so small that~ when the 
s tirring was stopped for a bit longer than usual, the resis­

t ance stay._: d constant for about 15 seconds before it started 

to rise slowl y . This tendency f or the resistance to increase 

when the solution was not being stirred was noticed i n the 

subsequent additions as well, but to a less marked degree 

with each succeeding one; in fact, it had virtually disap­

peared by the fourth addit ion. 

De spite the many di.fficulties which had beset the 
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preparations for this titration, the experiment went off very 
well. The water, of course, was not as good as could have 
been desired, and the first addition was therefore made as 
soon as possible; even so, the conductivity of' the water was 

then already 156 nm/cm. Because the conductance was also 
increasing very rapidly (about 4~ nm/cm/h), the whole titra­

tion was speeded up somewhat: the first addition, for instance, 
was left in the cell for only 17 hours instead of the more 
usual 22 - 24 hours. rrhe drainage from the cell wall s was 
really excellent -- the best of the whole series of experi­
ments. 

Stirring gas: Oxygen 
No. of additions: 5 

After the preceding experiment the cell was leached out 
for two days with frequent changes of conductivity water, 
the process a:-rain being speeded up by placing the cell in 
a thermostat a t 45°0 for part of the time. During this 
cleaning period a trial addition was made (at 25°0). Immedi­
ately after the addition the resistance dropped so rapidly 
when the stirring was stopped that it was imvossible to take 

an accurate reading: four minutes after the addition had 
been made, for instance, the rate of drop was about 1 ohm 
in 10- 15 seconds, and it had been even faster before this. 
The rate of decrease slowed down appreciably, however, being 

0.5 ohm in 15 seconds eight minutes after the addition, and 
0.9 ohm in 1 minute after the sixteenth minute. At this 
stage the stirring was l eft off completely for 10 minutes, 
during which the resistance dropped continuously at a gradu­
ally diminishing rate (0.65 ohm/min at the end o~ the period); 
the total drop was 7.4 ohms (from 7368.9 to 7361.5 ohms). 
When the bubbling was then restarted, the resistance at once 
rose to 7367.1 ohms. As in the case of the trial addition 
with nitrogen s tirring, this value was roughly the r esistance 
which the solution would have had if' the bubbling had not 
b een s topped. In a similar stoppage of the stirring 1~ hours 
later, the resistance dropped 3 .0 ohms in 6 minutes, but a 
burst of bubbling for 10 seconds was then sufficient to 
restore the r esist ance to its extrapolated value f or uninter­
rupted stirring. 

During the leaching period, the rate of increase of 
conductivity of the water in the cell was exceptionally high 
(about 13 n .. m./cm/h -- 1 nm/cm/h or less was regarded as normal 
for oxygen stirring). 'I'his meant that the solvent correction 
would not only be large , but woul d also be changing very 
rapidly, and hence could not be applied with the same accuracy 
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as in previous experiments. In order to minimise this error, 
it was decided to depart from the standard procedure used 
in other titrations, and not to leave t he f'irs t addition in 
the cell overnight, but to perform the whole experiment as 
rapidly as possible. Actually the sample of' water used in 
the experiment was of' better quality than had been antici­
pated-- its conductivity at ·the time of' the f'irst addition 
was 145 run/em and increasing then at a rate of' about 5~ 
ru11/cm/h. J.Teverthel ess the original plan was adhered to, 
and when the resistance of' the water had been observed f'or 
a f'ew hours af'ter it had passed its maximum, the f'irst addi­
tion was made and lef't f'or about 7 hours, f'ollowed by the 
remaining f'our additions at intervals of' about 2i hours 

each -- a continuous sequence of' operations requiring about 
21~ hours bef'ore the f'inal weighing of the cell was completed. 
The troubles experienced during this peri od were fortunately 
minor ones resulting 1nainly 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 checlcing of the wei ghts 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 i ncrease was nevertheless quite definite. 
It was, 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 resis tance, a similar 'behaviour was 
observed after the first addition as was f'ow1d during the 
trial addition, although the changes were not quite as marked. 

:r:evertheless, whenever the stirring was stopped in order to 
determine the resistance accurately, the readings had t o be 
taken very fast. The magnitude of the variations diminished 
f'airly rapidly after the first addition. 'rhe efi'ect was 
also noticeable, to a decreasing extent , after the second 
and third additions, but thereafter it was quite absent. 

]!:x.12.eriment 13-!. Stirring gas : 
No. of additions: 

Hydrogen 
5 

The cell was again leached out for two days (part of 
the time at 45°C) 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 r eading. In fa6t, 
it dropped at such a tremendous r ate immediately after the 
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addition that, when the first reading was being talcen, it 
was impossible to track the resistance even with the 1-or~ 
decade. During t he s econd reading~ which was taken two 
minutes a:t'ter t he addition -- because of the large changes, 
readings were being taken at one-minute i ntervals instead 
of' the usual two minutes --, the r esistance could be measured 
more rapidly because its approximate value was already 
known, and it was t hen f ound to drop by 4 ollms in about 15 
seconds. Portunately the rate of drop itself decreased quite 
rapidly, a:;:ld i t was possible to estimate the resistance 
roughly to a tenth of an ohm by interpolation on the 1-ohm 
decade after about four minutes, and to determine it on the 
0 .1-ohm decac1e after seven minut~)s. After the eighteenth 
minute the sti rring was left off completely for a further 
15 minutes (air was passed over the top of the cell during 
this period in order to prevent any back-diffusi on of co2 
into the cell): t he resistance dropped by 0,8 ohm during the 

first minute~ but the r ate was still decreasing, and the 
drop during t he last minut e was only 0 .15 ohm; the total 
drop was 4.3 ohms (from 8232 .7 to 8227.9 ohms) . •rhe s tirring 
was then r estarted for 10 seconds only, but this proved 
sufficient to restore t he r esistance to its normal value 
had t he bubbling been continued all the time ; further bursts 
of stirring in quick successi on produced no more change in 
t he resistance . 

A similar behaviour was observed during the actual 
experiment, although the changes appeared to be less marked. 
'I'his coul d not be confirmed, however, s ince the i nitial 
variations wer e still quite large and hence all the readings 
were being taken (at one- minute intervals a t first) as rapidly 
as poss i ble -- often wi t hi n two s e conds of stopping the stir­
ring; thereafter the bubbling was a t once r estarted, and was 
never left off for any length of time because of t he risk of 
back-diffusion of 002 taking pl ace . The effect diminished 
quite rapidly with t ime during the fi r s t addition, and was 
hardly noti ceable aft er 25 minutes . It a lso became smaller 
with succeeding additions, and was barely evident during the 
third addition, even i mmediately af't e r t he aliquot had been 
added. However, other troubles on the second day of the 
experiment precluded observing this effect very closely 
during nl l the later additions . 

'l,he experiment was once again performed f'airly rapidly, 
though not as conti nuously as Expt . 12 . During the l eaching 

:process, t ho quality of the water had appear ed to have 

improved somewhat, but t he sample final ly used was not very 
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good-- its conductivity at the tin1e o~ the ~irst addition 
was only 1?7 nrn/cm, although it was increasing at a more 

reasonable rate o~ 2t :run/em/h. Most of the trouble in this 
experiment arose ~rom the f'ailure (once again!) of' the 

ref'rigeration Ul1.it on the second day. Since it was a rather 
warm day -- the temperature outside the room was already 
23°0 at 10 a.m. -- it was essential f'or the incoming air to 
be cooled i~ the room temperature were not to rise. But 
since it was also a Sunday, it was impossible to obtain the 
assistance o~ technicians to effect the necessary repairs; 
nor was it possible to do the repairs personally, although 
the ~ault was obvious. The experiment could not be abandoned, 
however, f'or it was already half-completed, and there was no 
time ~or a repeat. IJ'ortuna tely the departmental re~rigerator 
was in operation, and some degree of cooling was obtained by 
placing a large tray of ice inside the room, and also by 
packing ice-cubes at f'requent intervals on the cooling f'ins 

of the evaporator over which the air was normally drawn into 
the room. At the same time an atten~t was n~de to stick as 
closely as possible to the norn1al procedure with all the 
attention to detail which this invariably required. The 
tasl~ was successfully accomplished, and although the tempera­
ture of the room varied rather more than usual, that of the 

thermostat remained ClUite constant throughout the experiment. 

As in Expt. 9, air was passed over the top of' the cell 
during the actual additions to prevent. co2 from diffusing in 
while the cap was o~f'. A similar ~low of air was also used 
during the taking of' the ~inal set of resistance readings at 
different frequencies, v1hen the bub"bling had frequently to 
be stopped for the accurate balancing of the bridge. 

Despite thorough cleaning and drying of all the copper 
coils and other tubes before the titration was started, there 
was an increa se in weight of' the liquid in the cell of 83 mg 

during the experiment . 'l'he drainage inside the cell was 
s t ill good, though not as good as in Expt . 11; in fact, it 
was readily obvious that it was deteriorating with each 
experiment. 

Stirring gas: Hydrogen 
No. of additions: 5 

This experiment was performed about a month aft er Expt.l~ 
mainly because .calculati on of the results of the latter had 
shown that t hey differed considerably from those obtained in 
all the other titrations. However , it was not certain that 
this difference was real and not perhaps due to some 
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experimental error, since a constant correcti on to all the 
calculated conductivities yielded results more in agreement 
with the normal. Also, it had meanwhile been shown that the 
KCl stock solution definitely no longer had the same conduc­
tivity as when it had been prepared (see 8ection 3.321). It 
was therefore decided to repeat Expt. 13 with a new KCl 
solution. 

No trial addition was p8rformed, since the changes in 
resistance which could be expected were now known. The 
behaviour when the stirring was stopped was , i n fact, similar 
to that found before, and again readings had to be taken very 
rapidly, especially just after the additions had been made. 
'I'his time it was possible to observe the behaviour more 
closely after each aliquot was added, and although the effect 
diminished consider•ably with succeeding additions, it was 
definitely 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 Expt. 13 and this one, the cell had stood filled 
with conductivity water. It was als.o leached with several 
changes of fresh water just before the experiment, and the 
still was again cleaned and its reagents renewed. Neverthe­
less, the water used had a conductivity of 164 r~/cm at the 
time of the first addition. Hather oddly, the conductivity 
was still decreasing at a steady rate of about 0.7 nrn/cm/h 
at this time, although the water had then been aerated for 
12t 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 i ni­

tially in the manner expected, but after an hour it began to 
ris e slowly, and eventually it exceeded the i nitial va lue at 
t he time of the addition (6749 ohms); in fact, when the second 
aliquot was added after ~2 hours, the resistance was actually 
2 ohms hi gher than this value. The two effects are probably 
related to each other, but the reason for them is not known. 

Again the liquid 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 three 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 the top of the cell while the additions were 
being made and while t he 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 rats constant: it is possible that these factors 
were contributory· to the experimental error which, from the 

calculated results, obviousl;y- took place during the fourth 
addition (see Section 3. 34- and. Appendix E). 

3.33 Calculation of Re~~~~s~~ 

3. 331 Resi_~~~:ncE?_.A!_inf'ini te _ fr_eg_uency . 

When the s ets of readings taken at different frequencies 

during the early experiments with unplatinised electrodes 

were plotted against f-1 , the plots for the first additions 

(average resistance about 7500 ohms) invariabl;>r showed a 
s light but distinct negative curvature . This curvature grad­

ually disappeared as more KCl was added, and usually from the 

fourth addition onwards the plots against f-l appeared defi­

nitely to be straight lines. This result was in agreement 

with the observation made by A. Paure, who also found that, 

with a Gledhill-type cell, the R-f-l plots for KCl solutions 

became curved at lower concentrations, although they were 
straight l ines at higher values2 • 

The resistances of the first additions lay more nearly ., 
on a straight line when they were plotted ::;.ga i11st f - 2 , as 

recomraended by Jones and Christian96 • However, similar plots 

made for the other additions exhibi ted a definite tendency 

tor:ards i ncreasing pos itive curva ture as the solution became 

more concentrated. Such a curvature had also been found in 
1 

t he R-f'-2 plots for the 0. OlD KCl solutions used for the 

determinations of the cell constants (see Section 3.221), 

and the correction for polarisa tion res i stance in these cases 

had therefore been determined by extrapolating to infinite 
frequency the straight lines which resulted from plotting 

-1 the r eadings against f • Since the value of the cell con-
stant had to be used in the calculation of the theoretical 
resistances which were eventually to be compared with the 

measured r esistances, 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 resi stance that tl1e diff erence 

r esulting from the bes t-s tra ight-line extrapolations of 
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ei t 21er ·the R-f-l or the R-f-t plots was generally only about 

0.03%, which was still within the linits of experimental 
error of the weighings for these additions ; whereas for the 

second and third additions it was usually debatable whether 

the decree.sing negative curvature of the R-f-l graphs was 
any ~reater than the increasing positive curvature of the 
R-f-2 plots. 1lo p2c2R2 correction was applied to the resis-m 
tance readiugs as had been done for the 0.01D KCl solutions 
(see p. 142) because the parallel capacities required for 
balance at the higher resistances of the solutions formed 
during the titrations were so low that the correction to 
individual readings was virtually negligible, and the lines 
for the corrected and the uncorrected resistances extrapolated 
to the same value at in:finite frequency. 

With ~l~~~is~Sl~~~~trodes, the necessary extrapolation 
1 

was performed by plott i ng the r eadings against f-4 (again as 

had been done for the cell constant deternunations). Plots 
1 1 1 

were actually tried against f- , f-2 , and f-4 , but the polari-
sation correction was still small although the resistances 
being determined were now much larger than for the O.OlD KCl 

solutions; consequently the experimental errors of the 
measurements were comparable i11 order with the correction 
itself, anct so the plots were rather erratic. F'or the first 
a rld.i tions, for instance, the resistances could only be mea­
sured to 0.1 olnn, and the various r eadings seemed so random1y 
distributed that a straight line could equally well have been 
drawn through each of the three plots. With succeeding addi­
tions, however, it was possible to determine tho resistances 
more exactly as their value decreased, and a dis tinct negative 
curvature became apparent in the plots a3ainst f-1 ; the lines. 

·f 

in the f - 2 graph also appea r ed to be negatively curved, though 
1 

not as definitely, whil e the f-4 lines seemed to be the 

straightest of the three sets -- exactly the same behaviour 
as had been found for tho more concentrated KCl solutions 
used for the cell constant determinations. Although the 

i 

f-4 extrapolation was finally chosen as standard for these 
titrations, it would actually not have 1nattered much which 
plot had been used, because the corrections were so small in 
comparison with the r esistances therooelves that the maximum 
variations (i.e. those between the f-l and the r-* plots) 
were generally not larger than 0.04%. 

When the r esistance a t infinite frequency f or any addi­
tion had been obtained from the· graph, t he va lue was corrected 
for the r a tio arm inequality of the bri dge (all sets of 
readings at different frequencies during the titrations 
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were taken at one ratio arm setting only) and for the leads 
resistances of the bridge and of the cell. The difference 
was then calculated between this corrected resistance and 
the value actually measured at 900 c/s during the set of 
readings to give a correction term which could be applied 
to all the readings which had been taken during this partic­
ular addition. 

3.332 Concentration of the sol~ti~ 

Ideally no liquid should enter or leave the bulk of the 
solution inside the cell during the course of a titration 
(other than that introduced during the additions), and the 
weight of solution at any time should be equal to the weight 
of water originally placed in the cell plus t hat of all the 
additions of stock solution already made. 'rhis condition 
was sometimes approximated when the inner walls of the cell 
had been well cleaned and drainage was very good. But, in 
general, changes in weight of various kinds were found to 
occur, mainly due to liquid being sprayed out of the bulk 
by the bursting bubbles of stirring gas and then not return­
ing again to the solution; also, there were the unexplained 
increases in weight occurring particularly when hydrogen 
stirring was being used. All such changes were assumed to 
have taken place at a ur1iform rate, and a correction was 
applied proportionally to the length of time for which the 
experiment had been going (except, of course, in the cases 
where "run-back11 had obviously occurred: this necessitated a 
special correction, which will be discussed later). 

In order to make these corrections, the cell was always 
carefully weighed at the end of a titration both before and 
after the liquid adhering to its upper portions had been 
wiped out; the weight of liquid i nside the cap that normally 
covered the cell whenever the latter was i n t he thermostat 
was also determined. If there had been no change in the 
total weight , or if there had been a decr ease, the l oss in 
weight from the bulk of the solution was calculated as the 
difference between ( initial weight of water placed in the 
cell plus all addi tions) and (weight of solution left ·'in 

t he cell af ter it had been wiped on the inside at the end 
of the experiment); a proportional correction for spraying 
l osses, based on the quantity so determined, was t hen applied 
both to the weight of liquid in the cell and to the weight of' 
electrolyte present therein, since obvi ously some of the KCl 
must have been carried out by the spray as well. If, however, 
the total we i ght had iw..!l,cased during the titration, the same 
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method of correction was still used ~or the weight of solu­
tion inside the cell, but this was obviously not valid for 
the weight o~ electrolyte as well. The correction for the 
latter case was calcuh,ted f'rom the weight of' liquid which 
was known to have been s eparated from the bulk of the solu­
tion, i.e. the weight of' the liq:..;.id present in the cap and 
that which was wipecl out from the upper portions of the cell, 

as well as the wei ght o~ any drops which may have been removed 
on the stem of th0 burette if it had accidentally been touched 

against the sides d'LU'ing the additions (the latter quantity 

had. to be estimated, but t ests showed that it never amounted 
to more than a f'ew rnilJ.igt•ams) . In most of' the titrations , 

i~ the drainage had been at all reasonable, the total correc­
tion throughout the whole experiment was usually only about 

0 .10 - 0.15% -- sometimes even considerably l ess , especially 
duri ng the L .. ter ti trations, when the tech~1ique for cleaning 

t he cel l had ·been improved . 1J.'hs adjust8d weights for each 

individual addition are therefore probably correct to 0.01% 

or better. 

In the calculat ion of the results, it is ~ot really the 
weight of' the solution which is required, but its vohm1e, in 

order that the concentra tion after each addi tion may be cal­
culated in equiv./1. 'rhe exact densities of the various 
solutions formed during a ti tratio:..1 could be determined from 
the formula given by I,i and r.ang103 for t he variation of 
density of' KCl solutio2.1s at 25°C:-

d = 0 . 99707 + 0. 006 35 f g/ml •••••••••• (3.4) 

where f = weight percentage of KCl 

However, this was not generally done , as the concentrations 

being considered were .JO low and their ranee so s r11all that 
it was sufficiently accurate to assume that all the solutions 

had the same density as water , viz. 0 . 99707 g/ml at 25°C. 
It can, 1n fact, readily be shown that such an approximation 
merely r esults in a constant absolute error in all the cal­
culated resistances, regardless of the nllinber of additions 
which have already been made; and this error is negligibly 
small even in the most concentrated solution considered. 

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

(i) that the we i ght of solution in the cell (W g) remains 
consta~·~t (the actual change during a titration of 
t en additions was only 1%) ; 

(ii) that the sa1~1e nurnber of equivalents of KCl (IQ) is added 
to the cell each time; 

(iii) that the electrolyte in the cell is always dissociated 
to the same ext ent , i.e. that the equivalent conductance 
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of the KCl (A) is the same for all the solutions (this 
was approximately true in these titrations, where the 
actual concentrations were so low that dissociation 
was nearly complete and the range of concentrations 
was so amall that A varied by only 1-j-% i'or ten addi­
tions to the cell )~ 

(iv) that the conductivity of the water i s negligibly small 
compared with thr. t of th::: electrolyte. 

c n 

::: 

concn . of' the solution in equiv./1. 
1000nE.d n .... -···\v·- ·-· -~ .•..•...•• (3.5) 

wher e dn = clensity o:f this solution 

Also, from t he standard conductance equation, 

K n -- conductivity of the solution 
c .A n 
1000 

••• • .••••• (3.6) 

Substitution from equations (3.5) anc1 (3.6) in the equation 

Rn - resistance of the solution 

= ..9.. where Q == cell constant~ 
Kn 

gives R - ____lY1j_ -.. • ••••••••• ( 3 . 7 ) 
n AnE. dn 

Equation (3. 4) may be r educed to the form: 

= ~(1 + n x) ••••.••••• (3.8) 

where (lw = rlensi ty of water 
and x = correction factor for a 

single addition. 
Hence equation (3.7) becomes 

= QW -1 
-- -·'!.-- (1 + nx) An.E. d 

Vi 

which may be expanded. (sinc e .:ms is very small) to give 

•••••.•••• (3.9) 

'rhe first term on the ri glJ.t-hand. side of' equation ( 3 . 9 ) is 
the resistance of the solution as nor mally calculated ~ the 
density being taken as equal to the density of water; the 
second tern1 is the correcti on which must be applied to this 
calm.llated r esistance to allow f'or the di ffering densitie s 
of the l<.Cl solutions. It will be seen that the latter factor 
consists entirely of const&nts, so that the correction will 
have the same absolute value for all the addi t ions. 'l'his 
value was about 0.035 oh.m for the ti trati ons as normally 
performecl~ t . e . less than 0 . 005% of' the resistauce being 

measured even c-.f'ter ten adcU tions had been made to the cell . 
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3.333 Correction f~r solvent conductance. 

Since the electrolyte being used was the salt of a 

strong acid and a strong base, the method of application of' 

the solvent correction was ext remely simple, viz. to add the 

conductivity or t he water to the calculated conductance of' 

the KCl in the solution. ·rhe dif'f'icul ty in these ti trations, 

however, lay in the fact that the conductivity of' the solvent 
was not constant, but changed continuously throughout the 

experiment owing to "solution of' glass" and other effects. 
The original intention was to assume that the water conduc­
tivity continued to increase during the titration at the same 
rate af'ter the KCl had ·been added as when the water alone was 

in the cell. 'l'he first a.ddi tions were therefore not made 

immediately after the resistance of' the water had passed its 
maxi mum value, but the water was always first lef't in the cell 

lone; enouc;h f 'or 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 co:t:..ducti vi ties 

of' the potassium chloride solutions invariably increased more 

rapidly than that of' the water alone. There did not seem to 

be a consistent relationship between the rates: they varied, 

for example, f'or differe:i.lt additions, but not proportionally 

to the number of additions -- rates ranging from ~~- 5 times 

that of' the water alone (which i tself' varied with different 
samples) were found. 

'l'he most probable r eason for the faste r rate of increase 

of co:..1ducti vi ty o:f the potassium chloride solutions appeared 
t o b e an ion-exchange wher eby , for example, K+ ions were 

being replaced by more highly-conducting a+ ions . ·rhis idea 

was supported ·by t he c;cneral slope of the typical curve :for 

the change i n res i stance fm.:mcl af·ter a first addi tio11 of stock 

solution to the water in the cell (see line (1), I:'ig . 3.4-). 

If irregulari t i es were negl ected, a de crease in r esistaace 

seemed to occur immediately after the addition which was 

f'airly fast at firs t, but gr adually slowed down until a more 

or less constant rate was reached: t his i s the s ort of behav­

iour to b e expected if an i 1·1tercha :t.lge was OCC1.U''ring between 
the newly-added e l ectrol yte a nd a previously denuded surface . 

From t he similarity of the curves obtained before and a f ter 

platinisation of the electrod es (the general shape was the 
s ame with platinised electrodes, though t he changes were 
faster and greater; but then t he conductivity of t he water 

a l one had also been increasing consi derably f a s t er t hun usual) , 

it was i nfcrr·ed that t he sur:Eace concerned with this reac·i:.ion 
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was the gl~ss wall of the cell, and not the electrodes . The 
mechanism of the exchange, however~ was not certain. Gaudin 
et al. had shown, by using radi oacti ve tracer techniques, 

that barium104 and sodium105 ions are adsorbed fr om solution 

on t o the surfaces of quartz particles, and presumably t here­

fore the potassi urn im1s would also be adsorbed on to the 

glass , whi ch is mainly silica. But aclsorption alone would 

mean a decrease in res ist ance due to removal of 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 

recently, in which O'Connor and Buchanan106 have interpr eted 

Gaudin et al . 's r esults as due to a cation exchange involving 

the hydroxyl groups of the hydrated surface layer whi ch 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 established which will have ei ther 

hydrogen or hydroxyl ions in the diffuse layer. In the case 

of quartz, the surface is invariably acidic, so that cation 

exchange will be much more probable than ani on exchange . The 

r epla cement of K+ ions by H+ ions will cause the resistance 

of the solution to decrease, fair l y fast immediately af ter 

the addition of the fi rst portion of KCl, but gradually slow­

ing down until a constant rate of exchange is reached. 

How should this ion exchange be allowed for in the final 

cal culation of the r esul ts? 'rhis was obviousl y a q:uestion 

of major importance, since the method of correction would 

affect the values obtained for the calculated resistances 

not so much, perhaps, in cases where the rates of change 
of conductivity were fairly slow, but qui te appreciably in 

the experiments with platinised electrodes , when the conduc­

tances were changing relatively rapidl y . In Expt . 1~ (nitro­

gen stirring), for instance, the r ate of change for water 

alone was 0.03~~ of the conductivi ty of the f irs t addition per 

hour , but the tota l change in c onductance which occurred 

during the 17~ hours t hat the first addition wa s left in the 

cell was 0.7~1~ . The value calculated for the resistance of 

the s.econd addition woulcl therefore vary by about 0.1% depend­

ing on whether the solvent conductivity was assumed to in­

crease at the same unif orm rate found before the addition 

was made, or at t he rate occurri ng af' ter the addition. If the 

former assQ~tion were followed (as had been t he original 
i :ntenti on) and ther e hnd been no adsorption or other effect 
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taking place at the electrodes, then the difference between 

the calculated and measured resistances would, of course, 

give a measure of the amount of ion-exchange which had 

occurred relative to each of the additions. But such a 

result would be rather meaningless, partly because the cal­
culated magnitude of the effect would depend on the length of 

time for which each addition was left in the cell (since the 
process was not going to completion, but was occurring contin­

uously all the time), and also because the rates of change 

were in any case so variable. In fact, a better idea of the 

.ion-exchange effect could be obtained by comparing the actual 

rate of' change of conductivity of' the solution with that of 

the water. It seemed preferable, therefore, to recognise the 

ion-exchange process as definitely talcing place, and then to 

calculate the total change i n the conductivity of the solvent 

(whethe r due to ordinary 11solution of glass" or to ion­

exchange) on the basis of' the changes occurring after each 

addition. I n this way any difference obtained between the 

calculated and measured resistance would not include a term 

due to ion-exchange effe cts at the glass surface, but would 

presumably be due entirely to effects occurring at the elec­

t rodes. 

Even though the method of correction had been decided 

on in principle, the actual application was still not 
s traightforward b ecause the variations of resistance a r ter an 

addition were usually not regular. Thus the erratic b ehaviour 

sometimes encountered after the first additions has already 

been illustrated in Pig. 3 .4. F'i g . 3 .5 shows the changes 

which occurred in one titration (Expt. ~0) after the second 

to fi fth additions; it will be seen that these were fairly 

regular, but this par t icular set of readings was specially 

chosen t o illustrate what is believed to be the i deal behav­

iour ( i . e. when no external effects have influenced the 

values of the resistances ) during the later stages of' a titra­

t ion. In most cases, however , the variations were 11ot nearly 

as uniform as this. Because of the irregularities whi ch so 
frequently occurred in all additions, therefore , the final 

correction which was applied usually had to be suited to the 

circumstances not just of' each experiment, but sometimes even 

of each individual addition. Hence a brief' outline only of' 
ac t ual methods can be given. 

'l'he first additions were the ones which were l eft in the 
cell longest , s ince the largest changes ( if' ar~ ) were ex­

pect ed in these cases . Consequently it was usuall y possibl e 

to get some idea of the rate of change of conduct ivit y of t he 
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solutions formed by these additions, though even this was 
not always true, e.g . where ;' r un- backn was preval ent, as in 

Expt. 6 (ill ustrated by line (4), Fig. 3.4), no regular 

decrease was :found even af'ter one day; but these cases were 

exceptional and were treated specially (see next section), 

since the weight of s.olution in the cell also had to be care­

fully considered. In general, where the rate of increase 

of conductance of the sol ution was obtainable, the change in 
solvent conductivity over the whole period of the first addi­

tion coul d be determined either by graphical extrapolation 

or by calculation. However, these methods still involved the 

assumption that the rate of' increase was constant; and 

although steady conditions were frequently set up in the ex­

periments with unplatinised electrodes, after platinisation 

the actual rates of change were so high that they seemed to 

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, as can be seen from the typical curve 
given by line (1) in Fig. 3.4, the extrapola tion of an 

eventual 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. t he same 

process for which allowance is being made in calculating the 

change of conductivity, but it is merely taking pl ace at a 

:ras ter rate while the gl a ss surface i s still bare of K+ ions 

until a steady s t ate has been established. Neglect of this 

:factor in the typical case sho~L (the line was actuall y drawn 

:from the r esults of Expt. 1) would cause the calculated con­

ductivity at the time of the second addition to be in error 

by about 0. 05~-6 of the total conductivity of the first addi­
tion (the difference between the extrapolated resistance and 

the actual resistance a t the time of the first addition); 

hence t he 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 dif ference between the final and 

initial values for this addition, as long as the variations 

in resistance that have occurred are more less normal, e.g. 

as in line (2), Fig. 3.4. I n line (3), however, it would be 
better to mal-:e the necessarJr correction by calculation from 

the uniform rate of change of conductivity occurring after 

the unusual variations , since t h e rise in resistance which 

took place during this addition would result in a l arger 
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error if the initial and final values of the conductivity 

were considered. 

From the second addition onwards the resistance usually 

rose at first from its initial value immediately after the 

additiono This was probably due to the removal of a small 

amount of carbon dioxide introduced to the solution in the 

cell with the aliquot of stock solution. The rise was not 

evident in the first addition, although presumably a similar 

removal was effected there as well, because it was masked by 

the more rapid decrease in resistance resulting from the ion­

exchange. This should constitute another correction to the 

change in conductivity of the first addition, but it was so 

small (of the order of 0.01% of the total conductance) that 

it was invariably neglected. 

Although small, the rise usually persisted for quite a 

while before the resistance began to drop at the steady rate 

resulting from the ion-exchange. Where the addition had been 

left long enough and the rate could be determined (as in Fig. 

3.5), the change in conductivity during the addition could 

readily be calculated; also the resistance at the time of the 

addition (i.e. without 002 present) could be obtained by 

extrapolation. This value of the resistance was obviously 

the correct one to be used as the measured value for the addi­

tion, rather than the immediately determined resistance. 

Where the addition was not left for long enough or where the 

points were too erratic to give the rate of change of conduc­

tivity, the highest measured value was usually taken as cor­

rect, since at least all the 002 would have been removed 5 

and the error involved b e tween the highest value and the 

extrapolated value was small (it can b e seen from Fig. 3.5 

that this was less than 0.01%). As regards the conductivity 

correction under these circumstances, either this was calcu­

lated as the difference between the conductance s correspond­

ing to the highest and the f inal resistances, or the rate of 

rhange of conductivity for the first addition (if deter­

mined) was assumed to apply to t he other additions too -- the 

method was d ict at ed always by a consideration of the actual 

case. Both methods were not quite co~rect, since the highest 

r esist ance was not the true resistance of the solution formed 

in the addition concerned, nor were the rates of change of 

conductivity the same for different additions; but the 

changes were so small because of the short period f or which 

all additions but the first were left in the cell that the 
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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 solution. 

The methods of calculation of the concentration of the 

solution and the conductivity of the solvent outlined in the 

two preceding sections are obviously valid only as long as 

the variations which occur during the titration are regular. 

Special corrections will, however, have to be applied when­

ever large erratic changes are encountered, such as 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 and its rate determined, the conductivity correction 
may, of courses be applied as before. But the total loss in 

weight occurring during the titration as a result of spraying 

will not b e e qual 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

tion can still be made in the cases where "run-back 11 i s 

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 e lectrolyte which have been deposited. Then the 

weight of solution of given concentration at the time of the 
11run-back" can be obtained from the change in r e sistance 

which it has produced. The weights of all the drops which 

have run back are the n added to the total loss in weight as 

normally determine d, to give a more accurate estimat e of the 

loss in weight which has actually taken place during the 

exper iment. If necessary , a second approximation can b e made; 

but since the method is valid only when the number of cases 

of 11run-back 11 are few~ the corrections involved are usually 

small and one approximation is invariably sufficient . ?rom 

the corrected rate of loss of' solution by spraying, t he 

weights of solution and of electrolyte in the ce ll at any 

time can now be calculated proportionally as before, with 

appropriate a l:owance being made during those additions where 
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a "run-back 11 has occurred. 

This approximation method does not hold where "run-back 11 

has been very prevalent , since it is essentially based on an 

assumption that the changes during a titration occur contin­

uously; but the process of ''run-back 11 be inq; considered here 

is in every respect a disconttnuoun one. 'l'~is is caused by 

the dropwise instead of the s·~.;eaci.y return of liquid which has 

left the solution cont i nuously at a rate which, because the 

spray droplets are so small, can sti 11 be regarded as '.miform. 

The liquid on the walls of the cell can therefore be consid­

ered to increa8e uniformly in concentration as more spray is 

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 "l;):ac8s where it is being diluted by water and more 

dilute solutions already present on these sites. ~t is like­

ly that the concentration wtl::!.. be most uniforrr.., J.nd will 

increase most regularly, right at the top of the ct:.lls since 

less drops will return from there than lower ll.ovm1 ana hence 

the conditions wil l approximate most closely to the idea l 

r a t e s of change previously assumed. However~ there will 

almost certainl y be a non-uniform gradation of concentrat io::1. 

as one progresses above the l iquid surface leve l~ for the 

liquid situated lower down on the walls crt:r! not only "be 

caused to return to the solut ion by virtue ot' the e.rops 

having grown to flowing size by themselves, but it may also 

be carried back by the "snowballing 11 effect result j_ng wher~ 

drops from higher up f l ow down the walls. 

It is quite obvious from the actual graphs and from a 

general consideration of the preble~ that the drops do not 

return at absolutely regular intervals, nor are tbey a ll of 

exactly the same size. This irregul ari ty both in the size 

and in the ti.m0 of return of the drops onl y further compli­

cates the i ssue . I t would, of cours~ , ~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 e ach individual "run-back " by the 

erratic change which it produced; but this would only indi­

cate how many drops had retur-ned and when -- the weight of' 

each drop could still not be c alculated from the s ize of the 

resistance change because of the uncertainty of the concen­

tration of the liquid which has run back. At best a Rer i '3 s 

of approximations could be made (and a large number would be 
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required! ) along the lines suggested for cases where "run­

back'' occurred only two or three times during the whole 

experiment. Besides the tedium of this procedure, however, 

an uncertainty would even then remain. viz. how much water 
had run back before the first addition was made, since this 

could not be assessed at all. 

The weights of liquid actually wiped off the walls of 

the cell at the end of the experiments where "run-back" had 

been prevalent were about 0. 3- 0. 4% of the total weight. 

Since a considerable amount of liquid had also returned to 
the solution during the titrations, the error involved by 

using the ordinary methods of correction outlined in Sections 

3.332 and 3.333 would obviously be largeo It seemed, there­

fore, that the results of these experiments would have to be 
discarded. But fortunately a remarkably simple and reason­

ably accurate solution to this problem was found. 

The proposed solution is based on one assumption only, 

viz. that the walls of the cell have already reached a satu­

rated condition when the first addition is made. It seems 

justifiable to assume this, since the indications of "run­

back" were usually evident within a couple of hours (the time­

interval normally found between successive drops running 

back) of this addition being made. If this is so, then it 
follows that any liquid which is subsequently sprayed out 

of the solution on to the upper walls will return again 

fairly soon (at most within a few hours), and hence the 

weight of liquid adhering to the walls must stay more or 

less constant throughout the addition, i.eo the weight of 

solution in the cell will also remain constant. The limit 

of variation here will be one drop: if the weight of this 

is taken as O.lg (a very liberal estimate), then the error 

in the weight of solution may vary up to 0.05%. The actual 

weight of liquid on the walls necessary to produce saturated 

conditions may be estimated from the weight wiped off at the 
end of the experiment. 

Consider now the curves i n Fig o 3.4, where line (1) 

represents an i deal case and line (4) a typical example of 

much 11run-backa. In the latter case the resistance has risen 

in stepwise fashion to a value A at the end of the addit ion 
which is x% higher than the initial value when the aliquot 

was added , instead of its having dropped normall y by y% to 

B, i.e. the conductance, instead of increasing owing to the 
11solution of glass" and ion-exchange , has effect ively dropped 
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by (x+y)%: this results from the dilution which occurs when 

the solution (and hence the KCl) is sprayed out and is then 
replaced by the water (or a more dilute solution) previously 

present on the walls. Since the weight of solution has been 

assumed to remain constant, the amount of KCl left on the 

walls will be (x+y)% of the total amount added. Hence, if 

normal changes in solvent conductivity are assumed to have 

occurred during this addition, i.e. if an estimate of y% is 

made from other titrations, then the weight of solution, the 

weight of KCl lost, and the solvent conductivity at the start 

of the second addition will ull be known: these are the only 

factors fron1 the titration which are required for the calcu­

lation. 

The solution to the correct ions for "run-back 11 may 

even be carried a stuge further, in order to eliminate the 

uncertainty of estimation of ~· Thus the y% increase in 

conductivity of the solution which normally occurs may be 

offset by r emoving y% of the added KCl, so that the total 

conductance will not have changed at all. Hence we shall 

have exactly the same situation if we assume that the conduc­

tivity of the water has r emained quite constant throughout 
the addition and only x% of the KCl has been left behind on 

the walls, as we should get by letting the solvent conduc­

tivity incre ase by Y% and the amount of KCl be reduced by 

(x+y)%. All that is required in the calculation of the 

resistances of subsequent additions, there fore, is that the 

weight and the conductivity of the solution in the cell be 
taken as remaining constant throughout the first addition, 

dur i ng which x% of the total amount of KCl added is lost 

by spraying. 

For subsequent additions, the s ame method of correction 

can be used, but x% should be calcula t ed as the change 

occurring, not from the initial r esistance, but from the 

highest me asured resistance, since this is r egarded as the 

more correct value for the addition (see previous section). 

3.335 TyPical calculation. 

A typical example of the method of calculating the 

theoretical r esistance of the s olution f or each addition 

during a titration is given be low. Expt. 9 has been chosen 

b ec ause hydrogen s tirr ing was used, and the example ther e ­

fore illus t rat es, in addition t o the other corrections , the 

method employed when an increase in the total weight has 
t aken place . 
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The equivalent conductances of the solutions formed by 

the various additions have been calculated from the equation 

proposed by Davies43 for KCl solutions:-
1 

A = 149. 92 - 93.85 c 2 + 50 c ••••••• 0 • 0 ( 3.10) 

where c = conen. in g-equiv./1. 

~t beginni~f--~~ (15.11 hrs. on 14/10/53):-

Wt. (in air) of' water placed in cell = 490.167 - 289.447 g 
::: 200.720 g 

Vacuum correction factor for water = 0.0990% 

.~ Wt. (in vacuo) of water in cell = 200.720 x 1.000990 g 
::: 200.9~9 g 

Additions made:-

Addn. Made at 
liTo. Date ·Time 

Wt. o:L 
In ai 

KCl soln. added 104 x No . of -l 
r I In vacuo eg_uiv. KCl added 

1 15/10 11.08 
2 16/10 09. 19 
3 16/1.0 11.51 
4 16/10 . 14.47 
5 16/10 j16 . 46 r 

0.1988 9 g ~ 0 .199._0_8_g-+-

o. 2206· 6 0.22088 
0.2309 7 0.23120 
0.2186 8 0.21889 
0.2123 4 0.21255 

TOTALS 1.08260 

0.19907 
0.22086 
0.23118 
0.21888 
0.21253 

1.08252 

:. 'rotal wt. s o ln. in cell at end should be 200.919 + 1. 083 g 
:::; 202.002 g 

At end o~expt~ (18 .18 hrs. on 16/10/53):­

Total wt. (in air ) of soln. left in 
cell after wiping 

Vacuum correction factor for water 

:. Wt. (in vacuo) of soln. in cell 

:::; 4 91.073 - 289.445 g 
~- 201.628 g 
= 0.1003% 

= 201.628 X ~.001003 g 
::: .aQJ-.830 g 

.~ Total nett loss in weight ::: 202.002 - 201.830 g 
::: 0.172 g 

Time for which cell was in thermosta t= 48' + 18'18;' - 15 1 11" 
= 51' 07 11 

:. Net t rate of loss in wt. of liquid from cell = ~i~i2 g/h 

= 0.00337 g/h 

Total wt. of' liquid lost from cell (in cap, on walls, etc. ) 
= 0.237 g 

:. Rate of loss of' wt . of' soln. by spraying = £h237 g/h 
51.1 

:::: 0 .00464 g/h 

First addition : 

Wt. water in cell at time of' addn . ;:: 200 • 9~9 - ( 20 X 0 • 003 37 ) 
== 200.919-0.067 g 
= 200 . 852 g 

Wt. KCl soln. added = 0.199 g 
.~ Total wt. soln. in cell = 201.051 g 
• v 1 1 . 11 201. 051 •• o • son. 1n ce = 0 •99757 = 201.642 ml 

g 
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• 0.19907 X 10-4 
X :l.:QQ.Q 

•• Concn. so ln. = 201 • 642 = -5 I 9.8725 x 10 equiv. 1. 

•• A= 149.92- 93.85(9 .8725x1o-5 )"~ + 50x9.8725x1o-5 

= 149.92 - 0.932 + 0.005 
= 148.993 

:. K f'or this soln. 9 • 8725 X 10-5 
X 148 • 993 

= - -----1000_5-· -1 -1 
= 1.47093 x 10 ohm em 

But KH 0 = 93.5 nm/cm 
2 

:. K 1 : conductivity g:r soln . f'ormecl i:n f'irst 
1.48028 X 10- ohm-~m-1 

addition 

• R 0.10899 = 7363 2 ohms 
•• 1 = 1•48o28 x 1o-5 • • 

Second addition: 

Wt. soln. in cell a t time of' adfu~. 

Wt . KCl soln. added 
••• Total wt. soln. in cell 

201.197 
:. Vol. soln. in cell = 0 • 99707 

= 201.051- (22.2 X 0.00337) g 
= 201.051 -0.075 g 
= 200.976 g 
= 0.22 1 g 
= 201 .197 g 
::: 201.788 ml 

1:~q_ui v. KCl added = 1o-5(1.9907+ 2.2086- 22.2xo.~~s~4x 9.8725) 

- 10-5 (4. 1993 - 0.0010) 
= 4.1983 x 1o-5 

:. Concn. soln. 4.1983 X 10-5 
X 1000 -4 I = 201 •788 = 2. 0805 x 10 equi v. 1 • 

.". A= 149.92 - 93.85 (2.0805 X 10-4)t + 50 X 2 .0805 X 10-4 
= 149 .92 - 1.354 + 0.010 
= 148 .576 

• K f'or this s o ln. = 2 . 0805 x 10-
4 

x 148 .576 
• • 1000-5 ----1-

= 3 .0911~ x 10 ohm- cm-1 
Q 

But bK H 0 = 22 • 2 x 1. 28 run/ em 
2 = 28.4 nm/cm 

• • Kn 0 = 93 .5 + 28 .4 = 121 . 9 run/em 
2 -5 

•• K2 = 3 .10334 x 10 nm/cm 

• R 0 .10899 = 3512 2 hm 
•• 2 = 3 .10334 x lo-5 • o ~ 

Subsequent addi ti~ are calculated exactly as f'or t he second. 

3.34 Discussiop o~ Results. 

One of' the results observed d1.tring these experiments, 

wherein potas.siL.l.ITl chloride was titrated i nto water, has 

a lready been mentioned, viz . the ion-exchange occurring at 

the glass walls of' the cell , presumably between t he K+ ions 

f'rom the solution and the H+ ions f'rom the dif'f'use l ayer 
surrounding the silica (see Section 3 .333). This ef'f'ect 

needs no :furthe r discuss ion, other than t o state that it 
appears to be the only e:ff ect t aking place a t the glass 
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surface of the conductance cell. 

Further results of the experiments were evaluated by 

comparing the calculated resistance for each addition (Rc) 

with the measured r e sistance (l)u)· The values used for the 

latter were either those taken immediately after the addi­

tion (always the case for the first additions) or, for sub­

sequent solutions, the highest values if the resistances 

rose owing to the remova l of co2 after the aliquots had been 

added; the measured values were always corrected to infinite 

frequency, as outlined in Section 3. 331. A complete list of 

the results of all the experiments described in Section 

3.325 is tabulated in Appendix E. 

The accuracy of the results has been fully discussed in 

the appropriate sections, and need therefore only be sum­

marised here . The measured resistances are in all cases 

believed to be accurate to 0.01%~ because any uncertainties 

in the extrapolation to infinite f'requency are offset by the 

fact that the resistances themselves were l arge and hence 

even the total polarisation correction was relatively small. 

The calculated values, however, are not as accurate, owing 

to l imitations e ither of the apparatus or of the correc­

tions. The resistances of the first additions ar e, in 

general, probably correct to 0.05~ -- the estimat ed limit of 

accuracy of the weight of the aliquot and hence of the KCl 

(see Section 1.41) -- since the conductivity of the solvent 

and the weight of the water at this stage were usually known 

quite accurately; in cases where "run-back" was prevalent, 

the error may be a bit larger. The same weighing error can 

apply to all other additions, but it seems statistically 

unlikely that all weights would be i n error by the maximum 

amount and always in the same direction; hence it is felt 

that the weight of KCl becomes more exact l y known as the 

titration progresses. The weight of solution at any time is 

still known quite accurately in l ater additions (again with 

the exception of 11run-back 11 cases), but there is a greater 

doubt about the conductivity of the solvent. This error 

will be largest for the second addit ion, owing to the longer 

time for which the first addition is left in the cell; 

thereafter the solvent conductivity error decreas es, since 

subsequent additions are not only made much more rapidly 

and hence the conductance cannot change as much, but the 

actual conductivity of these sol utions becomes greater, i.e. 

the re l ative contribution of the solvent becomes less, with 
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increasing number of additions. It is difficult to place 

a general assessment on these errors because of the pecu­

liarities which arose in individual experiments. However, 

it is felt that the second additions were a lso accurate to 

0.05%, and that the error probably diminished to 0.03% or 

less by the fifth addition; and in some of the experiments, 

where irregularities were absent, the overall accuracy may 

well have been much better than this. Of course, for the 

experiments with "run-back" a constant error of 0.05%, 

arising from the estimation of the weight of the solution, 

must be assumed for all additions; to this amount must be 

added the error for the weighing of the KCl aliquots. 

Since the ion-exchange has already been a llowed for in 

the calculation of the theoretical resistances, any differ­

ences found between Rc and Rm should be due to effects 

occurring at the electrodes -- the only solid-solution 

interface present in a conductance cell other than the glass 

walls. The results of Expt. 1 seemed rather odd, showing 

first a negative and then, with increasing KCl concentra­

tion, a positive difference between the calculated and 

measured resistances, but this was probably due to experi­

ment al error while technique was still being gained in the 

performance of these titrations. In fact, in all succeeding 

experiments with unplatinised electrodes and nitrogen stir­

ring, the ca lculated r esistance was always greater than the 

measured value for every addition-- about 0.2% for the 

first, but gr adually diminishing as the concentra tion was 

increased. 'rhis seemed a little strange at first, for it 

was anticipated that any adsorption would result in a higher 

measured r esistance owing to remova l of some of the conduct­

ing material from the solution. However, A. Faure2 had 

found during his redetermination of the accurate conducti­

vities of dilute potassium chloride solutions that the 

results obtained with a Gledhill-type cell differed both 

from those obtained with a modified Jones cell and from 

those calculated from equat ion (3.10). Since the l a tter 

value s agreed with each other, it seems that the former cell 

was at fault. The reason for this is not known, but as 
A I·t I • •aure s measurements were all performed 

technique, any effects due to ion-exchange 

the electrodes would presumably be absent . 

by the "wash-out" 

or adsorption at 

His r esults were 
there~ore accepted as indicat ing standard behaviour for the 

Gledhill-type c ell. These results were given in terms of 

the equivalent conductances of the solutions, whereas in the 



- 212 -

present investigation the resistances have been considered, 

the final comparison being of the form: 

% Difference = 
100(Rc- Rm) 

Rc 
•••••••••• (3.11) 

However, it can r eadily be shown, by substitution from the 

standard conductance equations, that 

R - R c m 
Rc 

= 
~- -"'-c 

Am 
•••••••••• (3.12) 

where Ac = calculated equiv. cond. 
and .Am = measured equi v. cond. 

A. Faure's results were therefore expressed in percentage 

form similar to the present ones , and these are also given 
in Appendix E. These results and the ones obtained from the 
full-scale ten-addition titration with nitrogen stirring 
(Ex:pt. 5) have been plotted in I:·ig . 3.6, f'rom which the close 

agreement between the two sets of mc-;asurements can b e seen 

(the plot is on a very large scale of percentages,. and the 

deviations between the two curves are within the li1Jits of 

experimental error, in spite of line (1) (f'or Ji:xpt. 5) lying 

a bit above line ( 2) (A. Pat.l.I'e) at higher concentrations: 

the probable reas on for this is given below). 'I':1is behaviour 

was therefore accepted as tyPical for the results of a 

titration exhibiting no adsor ption. 

The next experiments with unplatinised electrodes 

yielded similar curves, but the actual dif'f'erences kept 
getting l arger with each succeeding experiment (see r·ig. 3. 7, 

in which some of the results 2re plotted). Since different 

s tirring gase s were being used, it was not certain that this 

behaviour did not result from changing the gas: for instance, 
some adsorption might be taking place. However, the effect 

of any adsorption should have been relatively smaller the 

more concentrated the solution became; yet the difference 

found between corresponding higher additions was the same 

as for the lower ones.. This trend in the end results (i. e . 

the results for the most concentrat ed solutions in the 

various titrations) persisted even through the· experiments 

with platinised electrodes, in some of which other effects 

were definitely occurring. Since the calculated di~ferences 

showed a progressive, though not quite regular , increase 

with each experiment, it seemed tha t the stock solution 

might he changing slowly in conductivity e '!'his was proved 
to be the case, the conductivity after Expt . ~being 0.66% 

in error (see Section 3 . 3.21.). 'l'he deviation was in agree­

ment with the end resnlts of the last few experiments 
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performed with this solution (though Expt. 13 obviously 

showed other effects as well). That the upward trend of 

the lines in Fig. 3.7 was due to this cause was then con­

firmed by r epeating Expt. 13. The line for Expt. 14 follows 

the same shspe as Expt. 13, but it lies ab-out 0.7% lower at 

all points -- the exact difference is difficult to measure 

with such a steep and changing slope, and unfortunately the 

results for the fourth and fi f th additions of Expt. 14 show 

definite signs of an expe rimenta l error (see Appendix E). 

The negative values found for the percentage difference in 

these last two instances can, in fact, be r eadily explained 

if some KCl were weighed out for the fourth addition but did 

not actually enter the solution, e.g. if it were acciden­

tally deposited on the walls of the cell. 

If tl~ upward trend of the results, owing to the con­

ductance of the stock solution changing with time, is neg­

lected, it will be seen that all the experiments wj.th un­

platinised electrodes show similar curves, i.e. no adsorp­

tion occurs when the electrodes are bright, irrespectiv'3 of 

the stirring being used. 

As r ege..rds the plat inised electrodes, it is probably 

best to consider first the expe riments with hydrogen 

stirring, in which very large deviat ions from t he normal 

are apparen t (the result s of Expt. 14 confirmed tbat those 

found in Expt . 13 were not due to experimental e rror). 

Frumkin and Donde89, and Kalthoff and Karr.eda90 found t hat 

platinised pl at inum can adsorb a lkali from ne~tral salt 

solutions in a hydrogen atmosphere, tl1e solution itself 

becoming acidic. The l at ter authors suggested that, under 

t hese conditions~ a double l ayer is f ormed around the plat­

inu..ll part icles, the metal be ing negative and the layer of 

hydrogen ions at the l iquid side forming the positive part. 

Cations from t he solut i on may then displace hydrogen ions 

in the double l ayer, whi ch results in an adsorpt ion of the 

c at ion and an equivalent amount of hydrogen ions go i ng into 

solution. Since the deviations observed in the present 

exper iment s show the cal culated resistance to be higher than 

the measured v alue , L e. t he solut i on i s actually more 

highl y conducting than it should b e theoretically, the above 

explanation is ver y proba.bly correct. Further confj.rmation, 

in f act , comes from the behaviour found in these experiments 

as soon as t he stirring was stopped in or der to t ~ke a 

reading (see descriptions of Expt s . 13 and 14). The immed-
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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 i~~diacy 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, where 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 K+ ions by g+ 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 similar adsorption and exchange occur­

ring even with bright platinun1, but to a considerably lesser 

extent. Thus the adsorption could not be detected in the 

final curves, whereas with the platinised electrodes, the 

adsorption error was of the order of 1% for the first addi­
tion (concentration about 10-4N). 

With oxygen stirring, the shurp decrease in resistance 

found when the bubbling was stopped and the immediate return 

to the correct value when tho 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 beginnipg (i.e. at low 

concentrations), but this cannot be stated definitely 

without more sets of readings being taken in order to reduce 

the experimental error. Kolthoff and Kameda90 did find an 

adsorption of potassium ions on platinised platinum from KCl 

solution in an oxygen atmosphere, the solution itself 

becoming slightly acidic. The proposed mechanism in this 

case was the initial formation of hexahydroxyplatinic acid, 

H2Pt(OH)6 , by oxidation of the platinum black. This acid is 

very slightly soluble and r emains for the main part on the 

e lectrode, where it then reacts with the K+ ions in the 

solution to form an insoluble salt: these ions are therefore 

effectively replaced by H+ ions. This explanat ion does fit 
the observed r esults: thus the changes in resistance found 

whenever the s t irring was stopped during the trial addition 

were never as large as those occurring with hydrogen, but 
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they seemed to be far more persistento 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 

were 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 

presumably be far more continuous. From the results of the 

experiment, it appears that the amount of adsorption of KCl 

on platinised electrodes in an oxygen atmosphere is very 

slight -- perhaps of the order of Ool% for the first addi­

tion; but it may be that the ltr 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 adsorpt ion -- a result in agree­

ment with that of Kolthoff and Kameda92• There was, however, 

a rapid change in resistance when the bubbling was stopped 

in order to take readings, and the increase which was found 

suggests the occurrence of some adsorption on the elec­

trodes, e.g. of the K+ ions , which would cause the conduc­

tance to decrease. But a secondary reaction must also have 

been taking place, since the resistance 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 aqueous solution, a conductance cell has been 

used with unplatinised and with heavily platinised elec­

trodes. The resistances taken at different frequencies 
during the determinations of the cell constant before plati­

nisation were plotted against both f-1 (as suggested by Ao 

Faure2 ) and f-~ (as recommended by Jones and Christian96 ). 

The latter plot is widely used by conductance workers in 

order to correct for the polarisation resistance at the 
electrodes by extrapolation to infinite frequency. However, 

such plots gave lines of very distinct positive curvature, 
whereas the points lay very close ly on a straight line when 

plotted against f-1 ; 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 

r eadings at different frequencies gave negatively curved 
-1 -~ lines for both f and f 2 graphs. In spite of the smallness 

of the actual correction, these curvatures were quite defi­
nite. The plots tried against f-! appeared to be more nearly 

straight, and this was therefore used for the extrapolations 
t o 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 actual values 

of the se resistances wer e 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, aliquots of 

a stock solution of potassium chloride were added to water 

in the ce ll under a variety of conditions, and the changes 

in resistance which followed each addition were close ly 

observed. The experiments have shown that the conductivi­

ties of solutions of potassium chloride increase at a faster 

rate than that of pure water , owing to an ion-exchange 
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process occurring at the glass walls of the cell: H+ ions 

in the diffuse layGr surrounding tho silicc~ are apparently 

replaced by ~ 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 
K+ ions are adsorbed on the platinum black and replaced by 
Br ions in the solution, but the mechanism of the reaction 

is quite different in the two cases. In the case of the 
hydrogen atmosphere, the reaction apparently goes 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 accounted for by the ion-exchange at the glass 
surface. 

The maj or errors in these experiments arose from diffi­

culties encountered in the weighing of the small aliquots 

of stock solution used, and from losses occurring as a 
result of spraying of the liquid when the bubbles of stir­

ring gas burst at the surfnceo For future work along 
similar linc::s to these, therefore, it is recommended that: 

( i) a someviha.t lighter weight burette be constructed , and 
a semi-micro balance be used for weighing it, so that 
the we ight of each aliquot Gan more easily be obtained 
with an accuraey of 0.05% or better; 

(ii) an attempt be made to design a cell in which spraying 
l osses can be eliminated, and which does not suffer 
from the defect that the Gledhill-type cell apparently 
has, viz. an apparent change in cell constant with 
decreasing concentration. 

-----ooooOOOoooo-----
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A. CALI~RATION OF BRID_GE RESISTANCES. 

The values given below were obtained in June 1952 when 

the bridge resistances were calibrateQ as .described in Section 

1.21. For comparison, the values ~ound ~or the decade resis­

tances by A. 11'aure2 in August 1951 (by means o~ an inter­

mediate step involving the calibration of another resistance 

box) are also shown, together with the differences. between 

the ·two calibrations (A. I:'aure's values :for the 1- and 10-ohm 

decades were obtained in 1949). 

(a) _Bridge Deca_~ . .B..~f?istances. 

1000:,-ohm Decade 

,et-s 
t ing 

-
1 
2 
3 
4 
5 

6 
7 
8 
9 

10 

Set-
ting 

-1 
2 
3 
4 
5 

6 
7 
8 
9 

L-.10 

Set-
ting 

1 
2 
3 
4 
5 

6 
7 
8 
9 

L-~ 

Correction( 
'(A 

(1952) I i 
ohms) % l 
Faure) Di:f~. 
951 I .:...-. r:--

+0.54 +0 
+1.07 +1 
+2.13 +2 
+2.56 +3 
+3.36 +4 

.73 0.019 
,46 0,020 
.72 0,020 
.35 .0.020 
.35 0,020 

+4.44 
+4.90 
+5.63 
+6.42 

+5 
+6 
+7 
+8 

.62 0.020 

.29 0.020 

.25 0.020 

.29 0,021 
+7.27 +9 -· • 44 o~~?.?_j 

10-_<?_pm Decade 

Correction( ohms) f .. Faure) 
j_1~52) ~?51_, 
+0.0199 +0.0199 
+0.0418 +0,04:25 
+0.0614 +0.0628 
+0.0792 +0.0815 
+0.0981 +0.1016 

+0.1236 +0.1285 
+0,1431 +0.1497 
+0.1628 +0.1719 
+0.1802G+o.191a 
+0.2029 +0.2166 

0 .1-ohm Decade 

Corr 

(19 

+0. 
+0. 
+0. 
+0. 
+0. 

+0. 
+0. 
+0. 
+0. 
+0. 

·- --·--· 
0006 +0.0006 
0003 +0.0005 
0003 +0.0007 
0003 +0.0009 
0004 +0.0012 

0005 +0.0015 
0008 +0.0018 
0010 +0.0023 
0010 +0.0028 
0007 +0,0030 

% 
Dif~. 

- ·-----o.ooo 
0,004 
0.005 
0,006 
0.007 

0.008 
0,009 
0.011 
0.013 
0.014 
... -----

... ,- ,, 

o.ooo 
0,100 
0.133 
0.150 
0.160 

0.167 
0.143 
0.162 
0.200 
0.230 

Set-:- C orr-~--;ti oo(~i;;ns) ··--% -
ting ('A. Faure) Diff. 
-~-- _ _Q_95~ __ 1951_·---t----; 

1 +0.090 +0.107 0.0~7 
2 +0.178 +0.211 0.017 
3 +0.302 +0.350 0.016 
4 +0.378 +0.447 0.017 
5 +0.402 +0.488 0.017 

6 +0.462 +0.563 0.017 

L
. 7 +0. 603 +0. '71 9 0. 017 

8 +0.690 +0.825 0.017 
9 1 +0.820 +0.966 o.o16 

1_~_j--~~_?2.<?_ .2".~~30 0. 016 

1-ohm Decade 
~- .. .. ------

r---- c ~-;;e~-t i-~n (ohms ) % Set-
ting (A. Faure) Diff. 

(~9~_2) 1 95_1 
1 . +0.000 +0,0017 0,100 
2 +0.000 +0.0002 o.ooo 
3 -0.0006 -0.0005 0,003 
4 -0,001 +0.0018 0.075 
5 -0.0015 +0.0021. 0.072 

6 -0.0010 +0.0024 0,057 
7 -0.001.4 +0.0017 0,044 
8 -0.0019 +0.0014 0.041 
9 -0.002.5 +0.0008 0.037 

10 -0.0034 -0.0019 0.015 -·-.. - ·----- -·---- -
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~QJ~~ The values below represent the resistance as measured 

on the bridge for a given setting of the slidewire, 

i.e. tyj.s~ the actual resistance of the wire for the 

setting in question (see p.20). They are set out in 

the same way as logarithm tables. The units are 
ohms x 10-4 • 

0 ~-r; 

0 - - -
1 0048 0060 0072 
2 0167 0179 0191 
3 0286 0298 0310 
4 0405 0417 0429 
5 052~t 0536 0548 
6 0644 0656 0667 
7 0763 0775 0787 
8 0882 0894 0906 
9 1001 1013 

3 

-
0083 
0203 
0322 

0441 
0560 
0679 
0799 
09:1..8 

~-H-
., ----~ 
+a~ oii21;;~24 ~

9

36 
71~119 0131 0143 0155 
6.0238 0250 0262 0274 
6 0358 0370 0381 0393 

00951010 
0215 
0334 

0453 
0572 
0691 
0811 
0930 
1049 

-

022 
034 

046 
058 
070 
082 
094 
106 

-

5 0477 0489 050:1.. 0513 
4 0596 0608 0620 0632 
3j0715 0727 0739 0751 

I 
2 ;0834 0846 0858 0870 
2 0954 0965 0977 0989 
1 ~073 1085 1097 1109 

I 1025,1037 
10 1120 1132 I - -

I I - I - - I ----~_L ___ _.____J.. ___ ,_,,_J..__.. _________ _:__ l .J __ 

(c) B~idge Leads R~§]~~ance. 

The leads resistance of the bridge on the right-hand 

side was 0.283 ohms. 

(d) ~io Arm Inequality. 

Readings taken with the ratio arms direct were 0.085% 

higher than those wi t h ratio arms reversed: the inequality 

ratio of the ratio arms (X in equation (1.1)) was therefore 
approximately 0.043%. 
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(a) Cell _9_2_nstants. 

The values obtained for the cell constants of Cells I 

and II at various times are given below. For Cell I, only 
the values determined after the capillary tube had been 
broken and subsequently repaired on 28/3/1952 are quoted. 

2 The potassium chloride used had been purified by A. Faure , 
Festenstein29, or Taylor56 • 

Cell of' i\..01 Date Cell Constant 
- ·-· .. ·--· ---------- ·- ·--- ·---·- - ... ... ~ ---.. -

Cell I A. Paure 26/8/1952 0.12118 
11 27/8/1952 0.12119 
11 27/8/1952 0.12120 
II 9/9/1952 0.12122 
II 10/9/1952 0.12121 
II 10/9/1952 Oo12123 

·-- --- ~---·--- ·--·---"· 

Cell IT A. Faure 6/8/1952 0.10899 
(Before Taylor 8/8/1952 0.10899 
platini- II 17/8/1952 0.10898 
sation) Ao Faure 8/9/1952 0.10899 

II 8/9/1952 0.10900 
II 9/9/1952 0.10900 

Festenstein 3/7/1953 0.10901 
II 3/7/1953 0.10900 
II 4/7/1953 0.10900 
II 4/7/1953 0.10898 
II 9/11/1953 0.10898 
11 11/11/1953 0.10898 
II 12/11/1953 0.10897 
II 12/11/1953 0.10899 

(Af'ter J?estenstein 6/12/1953, 0.10893 
platini- " 7/12/1953 0.10892 
sation) 11 21/12/1953 0.10892 

II 21/12/1953 0.10892 
A. Faure ,2~/12~~953 0.10892 

--·--- ------·-

(b) Cell I.!.~ ads Resis~a.nces; 

Cell I 

Cell II 

0.635 ohms (August 1952) 

II (June 1952) 

Both these values were the total leads resistance 
measured :from 1 em from the ends of the wires. 1~1or connec­
tions at other points, 0.00044 ohm was subtracted for each 
1 em of lead which was tmconnected. 
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(a) Cell C9nstants. 

The values obtained for the cell constants of Cells I 

and II at various times are given below. For Cell I, only 
the values determined after the capillary tube had been 
broken and subsequently repaired on 28/3/1952 are quoted. 

2 The potassium chloride used had been purified by A. Faure , 
Festenstein29, or Taylor56 • 

t-C-'e-~-·:f~-:.=u=:~-; a~-0e=-f-~-~-l.......-._-~-~-~-:-~-;-9-5!e_l;-.~:~:~: 
" 27/8/195il- 0.12119 

Cell TI 
(Before 
platini­
sation) 

(After 
platini­
sation) 

11 27/8/1952 0.12120 
II 9/9/1952 0.12122 
" 10/9/1952 0.12121 
II 10/9/1952 0.12123 

--+--·----··--
A. Faure 6/8/1952 0.10899 
Taylor 8/8/1952 0.10899 

II 17/8/1952 0.10898 
A. Faure 8/9/1952 0.10899 

II 8/9/1952 0.10900 
tr 9/9/1952 0.10900 

Festenstein 3/7/1953 0.10901 
II 3/7/1953 0.10900 
II 4/7/1953 0.10900 
II 4/7/1953 0.10898 
11 9/11/1953 0.10898 
II 11/11/1953 0.10898 
II 12/11/1953 0.10897 
" 12/11/1953 0.10899 

li'estenstein 6/12/1953 0.10893 
11 7/12/1953 0.10892 
II 21/12/1953 0.10892 
II . 21/12/1953 0.10892 

A. Faure ,22/12/1953 0.10892 

(b) Cell ~~ads Resista.nces ~ 

Cell I 

Cell IT 

0.635 ohms (August 1952) 

II (June 1952) 

Both these values were t he total leads resistance 
measured from 1 em from the ends of the wires. For connec­
tions at other points, 0.00044 ohm was subtracted for each 
1 em of lead which was tUlco~~ected. 
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C. STANDARDISATION OF BALANCES AND VYEIGHTS. 

(a) Correcti9ns :for Ineguali ty __ o,t: Length o_:r,lalance-arms. 
May 1952) 

All weighings were performed in the conventional manner, 
with the object to be weighed on the left-hand pan and the 

weights on the right-hand pan. 

The following corrections for inequality of' length of 
the balance-arms had to be applied to the observed weights 
on the different balances in order to obtain the true weights:-

Balance Correction 

BI - 0.0146% 

BIT + 0.0075% 

Bill + 0.0025% .I 

However, for the intercomparis.on of weighing~ d.one on 
two different balances, it was not necessary to convert all 
weighings to true weights. Instead, the correctiona given 
in the table below were used: the correction was applied to 

the apparent weight of' the body obs.erved on balance Y (i.e. 
in the left-hand column) in order to obtain its. apparent 
weight on balance x ·(i.e. in the top row). 

BII Bill I 

- 0,01.71%~ BI 

~-------------+---------------+--------------~------------~ 
Bll + 0.022:L% + 0.0050% 

BID + o. 01.71% - 0,0050% 

I 

(b) Calibration of Weights. 

Weights WI (I1'ractional weights in box (10- 500 mg) -- May 1952) 
Riders on balance (1- 5 mg) -- November 1953 

Nominal Correction Nominal Correction 
Wt. (mg) 

" 
(v.g) Wt. (mg) ( p.g) 

1 + 1 20 - 16 
2 + 13 50 - 37 
3 - 1 1.00 - 29 
5 - 4 100* - 31 

10 + 16 200 - 15 
10* + 26 500 - 51 
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Weights WII (May 1952) 

Nominal l Correction Nominal Correction 
Wt. (g) I (mg) Wt. (g) (mg) 

o.o~ - o.o2 1 o.oo 
0.01* - 0.07 1* + 0.02 
0.02 - 0.05 1** + 0.03 
0.05 + o.o1 2 + 0.05 
0.1 + 0.02 5 - 0.01 
0.1* + 0.03 10 + 0.07 
0.2 + 0.05 10~.<: + 0.15 
0.5 + 0.06 20 + 0.03 

50 + 0.04 
100 + 0.62 

_'!Yeights WID (May 1952) 

Nominal Correction 
Wt. (g) (mg) 

100 - 0.8 
100* - 1.1 
200 - 2.5 
500 - 3.5 

1000 - 5.5 

Weights vVIV (March 1953) 

Nominal Correction Nominal Cor!i'ection 
wt. Crng) (mg) Wt. (mg) (mg) . 

~0 o.oo 100 - o.ot. 
20 + o.o4 200 - 0.01 
30 + o.o6 300 - 0.02 
40 + 0.06 400 - 0.03 
50 - 0.03 500 + 0.06 
60 + 0.01 600 + 0.06 
70 - 0.01 700 + 0.04 
80 o.oo 800 + 0.02 
90 + 0.03 900 + 0.02 
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D. VARIATION OF CONDUC!I'IVITY OF' WATER WITH -- - - -- --- -------·---
_MTI}.AS@ED REl?.JS~m~~-

All resistances were measured with the ratio arms and 

the supply voltage in the direct position, using a frequency 

of 900 c/s. 1'he value of the resistance used in parallel 

with the cell, measured under the same conditions was 

10,003 . 0 oams at 24°C. 

Measu~ed Resistance Conductivity (nm/cm) of Water in 

(ohms) Cell I Cell II 

9958 . 0 54.84 -
9956.95 - 54 .83 
9950 64.7 63.2 
9940 76.9 75.2 
9930 89.2 87.2 
9920 101.5 99.2 
9910 113.9 111.3 
9900 126.3 123.4 

9890 138.7 135.5 
9880 151.1 147.6 
9870 163.5 159.8 
9860 176.0 172.0 
9850 188.5 184.2 
9840 201.0 196.4 
9830 213.6 208.7 
9820 226.2 221.0 
9810 238.8 233.3 
9800 251.4 245.6 

9780 276.7 270.4 
9760 302.2 295.2 
9740 327.7 320.2 
9720 353.4 345.2 
9700 • 379.1 370.4 

9680 405.0 395.6 
9660 430.9 421.0 
9640 Ll 57.0 446.5 
9620 483.2 472.0 
9600 509.5 497.7 

9550 575.7 562.4 
9500 642.6 627.8 

9450 710.2 693.8 
9400 778.5 760.6 

9350 847.6 828.1 
9300 917.4 896.2 

9250 988.0 965.2 
9200 1059.3 1034.9 

9100 1204.3 1176.5 

9000 1352.5 1321.3 

8800 1659.~ 1620.8 

8600 1979.9 1934.2 

8400 2316.0 2262.6 

8200 2668.5 2607.0 

8000 3038.6 2968.6 
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E. RESULTS OF THE TITRATION EXPERIMENTS. ·--------

The detailed results. of' the various experiments described 

in Section 3.325 are given in the table below. The abbrevia­

tions and symbols mean as f'ollows:-

Plat. 
Unplat. -
R 
Rc 

m 

platinised electrodes 
unplatinised electrodes 
calculated resistance (see Section 3. 
measured resistance 

The measured resistances are in all cases either the values. 
obtained immediately after the addition (for the first addi­

tions and some ·of' the others) or, where a slight increase in 
resistance has subsequently occurred which is obviously due 

to the removal of a small amount of' carbon dioxide, the highest 

resistance reached after the addition. The solvent corrections 

for each of the solutions have not been included. 

I 
(ohms) % Di:ff. Expt. Electrode Stirring Addn. Concn. x 1 0 +- Resistance 

No. condition gas No. ( equiv./1. ) 100(R -R ) 
R R 

c m --c m R c 

1 Unplat. Nitrogen 1 0.97296 7469.4 7498.5 - o. 390 
2 1. 9480 3751.6 3754. 2 - o. 069 
3 2.8705 2553.4 2553.8 -0.01 6 
LJ. 3.8426 1911.5 1910.8 0.037 
5 4. 7890 1536.5 1536.1 0,026 

-
2 Unplat. Nitrogen 1 o. 97768 7436.2 7425.6 0.143 

2 2. 0~.02 3582. 2 3577.8 0.123 
3 2.9978 2444.4 2441.9 0.102 

3 Unplat. Nitrogen 1 0. 95847 7587.7 7572. 9 0.1 95 
2 1. 8876 3869.8 3864.8 0.129 
3 2.8351 2584.5 2581.8 0.104 
4 3. 7578 1954.1 1952.8 0.066 
5 4.7163 1559.7 1559.1 o.o38 

4 Unplat. Nitrogen 1 1-0527 6834.1 . 6822. 2 0.174 
2 1. 9797 3669. 9 3666.9 0.082 
3 2. 9321 2490.2 2489.0 o.o48 
4 3. 8939 1881.0 1880.2 0.043 
5 4.8574 1511.5 1511.0 0.033 
6 5. 7866 1271.1 1270.5 0.047 

5 Unplat. !Nitrogen 1 0 •. 95601 7607.9 7591.5 o. 216 
2 1. 9272 3793.6 3787.4 0.163 
3 2. 8878 2539.1 2536. 1 o.11 8 
4 3.8677 1$()0. 0 1898.0 0.1'05 
5 4.8145 1528.9 1527.3 0,104 
6 5.8763 1254.7 1253. 5 0.095 
7 6. 9221 1066. 6 1065.7 0.084 
8 7.8692 939. 3o 938.66 o.o78 
9 8. 8110 839.86 839.22 0.076 

10 9. 7724 758.03 757. 5o o.o70 

6 Unplat. Oxygen I 1 0. 98387 7371.6 7347. 4 0.33 I 

I 2 1. 8541 3936.5 3924.1 o. 31 
I 3 2. 8375 2581.4 2574.5 0.27 I 

1 
4 

i 
3. 9088 I 1878.8 1873.8 0. 27 

. . 
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Expt. Electrode Stirring Addn. Concn, x 104 Resistance (ohms) 
% Diff.--

No. condition gas No. ( equiv./1.) 
100(R -R ) 

R R c m 
c m R c 

7 Unplat. Oxygen 1 0.98333 7386.5 736o. 1 0.36 
2 1. 8501 3947.9 3934.9 0.33 
3 2.9073 2521.0 2512.9 0.32 
4 3.8865 1890.0 1884.1 0.31 
5 4. 9281 1493.2 14.88. 7 0.30 

8 Unplat. Hydrogen 1 o.98680 7364.9 7339.4 0.35 
2 2.0648 3538.2 3528.0 0.29 
3 3.0473 2404.3 2396.9 o. 31 

9 Unplat. Hydrogen 1 0,98725 7364.0 7336.0 0.38 
2 2.0805 3512.1 3499 .. 3 0.36 
3 3.2225 2275.4 2267.8 o. 33 
4 4.3015 1708.7 1703.3 0.32 
5 5.3469 1376.9 1372.6 0.31 

10 Unplat. Oxygen 1 0.98399 7377.2 734.8.7 0.39 
2 1.9467 3748.8 3735.1 0.37 
3 3.0121 2431.9 2423.5 0.35 
4 3.9444 1861.2 1855.0 0.33 
5 4.9163 1496.1 1491.2 0. 33 

11 Plat. Nitrogen 1 o.95638 7560.1 7506.9 0. 70 
2 1. 9278 3767.6 3745.0 o. 6o 

I 3 2.9026 2513.9 2499.3 0.58 
' 4 3.9511 1852.9 1842.5 0.56 

I 
5 4. 9100 1494.3 1486.2 0.54 

12 Plat. jOxygen 1 o.98480 7350.3 7286.4 0.87 
2 2.0089 3624.2 3597.5 0.74 
3 2.8951 2523.6 2505. 7 o. 71 
4 3.9593 1850.5 1837.9 0.68 
5 4.~43 1496.9 14.86.9 0.67 

13 Plat. Hydrogen 1 1 1. 0101 7153.7 7007.7 2.04 
2 1. 9573 3714.1 3661.8 1.41 

I 3 2.8912 2525.0 2494.7 1. 20 
4 3.8243 191h.4 1894.0 1.07 
5 4. 76o1 1541.4 1526.3 0.98 

14 Plat. Hydrogen 1 1.06o8 6821.8 6749.1 1.07 
2 2.0324 3587.4 3564.9 0.63 
3 3.0922 2367.0 2356.6 0.44 
4 4.0166 1826.5 1845.1 - 1.02 
5 4.9894 1473.2 14.84.6 -0.77 

I 

2 Equi v •. Cond. 100(1\n -A
0

) 

A. Faure's Results . A Am 

~ 
c 

0.49 149.27 149.83 4 
1. 96 14.8.62 148.87 0.168 
4.41 147.97 148.06 o.o61 
7.8ll- 147.33 1lt-7. 39 0.041 

12.25 146.70 146.76 o.o~ 
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AN AUTOMATIC RECYCLING CONDUCTANCE WATER STILL. .. 
by 

A. FAURE, P. K. FAURE AND J. A. GLEDHILL 

OPSOMMING 
'o Elektries verhitte distilleerapparaat waarin die water in rwee stadia gedistilleer word, 

eers uit alkaliese permang:i.naat en dan uit fosforsuuc, word beskryf. Toebehore wat 'n konstante waterpeil 
en veiligheid verseker word gebroik sodat die apparaat lang rydperke sonder aandag kan week. 'n 
Outomatiese toestellaat die water sickuleer as dit nie uit die opvangsfles verwyder word rue; gevolglik 
word die lang opwarmingspeciode wat noodsaaklik is in die geval van die gewone distilleerapparate, 
vermy. Daac word ook aangetoon dat die verwydering van ammoniak uit die distilleerketel gevolg deur 
die verwydering van koolstofdioksied uit die gelciding-sel beter resultate lewer as wanneer albei gasse­
tegelyk uit die distillee.cketel verwyder word. Hierdie distilleerapparaat lewer water met ' n gelcidings 
vermoe van minder as 0·09 mikromhos per centimeter; die beste monsters het 'n waarde van 0·071 
bercik. Die apparaat verskaf ongeveer 16liter water per dag. 

SUMMARY 
An electrically heated still is described in which the water is distilled in two stages, first from alkaline 

permanganate and then from phosphoric acid. Constant-level and safety devices ace employed to enable 
the still to run for long periods without attention. An automatic device allows the water to be recycled 
when none is being taken from the still, thus avoiding the long "warm-up" period necessary with con­
ventional stills. It is pointed out that removal of ammonia in the still and of carbon dioxide in the con­
ductance cell gives better results than removal of both gases in the still. When used in this way the water 
from the still has a conductivity below 0 · 09 micromhos per centimetre, the best water obtained reaching 
0 · 071. The still will deliver up to 16 litres of such water per day. 

The work reported in this paper is part of a research programme originated by 
Professor W. F. Barker in this laboratory. 

In the execution of this programme, recent measurements of the conductances of 
very dilute aqueous solutions of electrolytes have necessitated the use of water of the 
lowest conductance attainable in routine work. The literature abounds with descriptions 
of stills for the production of conductance water; in their original forms several of these 
are capable of delivering daily severallitres of "ultra-pure" water of conductivity better 
than 100 om. per em. (1 nm per .em. = 1 nanomho per centimetre = 10- 9 ohm-1cm- 1) at 
25° C. In general use, however, these stills do not seem to perform quite as well as this, 
and the common range of conductivity of the water used in precision conductance 
research has been from 200 to 600 om. per em. 

It is commonly found that the water obtained from a still improves in quality from the 
time of starting the distillation, and reaches its lowest conductivity after several hours; 
this effect is probably due to the leaching out of those parts of the still which have not 
been in contact with water for some time. The still described in this paper is arranged 
to operate automatically for several weeks, the water, once it has filled the collecting 
vessel, being siphoned back into the reservoir. In this way it is possible to obtain water 
of excellent quality as it is required, without having to wait for the still to be leached out. 

The hydrogen and hydroxyl ions present in water contribute 55 om. per em. to its 
conductivity at 25° C.; it is generally believed that the remainder is due to carbon 
dioxide in the water. Work carried out in this laboratory has suggested that a large part 
of the residual conductivity is due to the ammonium and bicarbonate ions formed from 
the small amounts of ammonia and carbon dioxide in the air. This work, to be published 
later, also suggests that, while residual carbon dioxide is easily removed from the water 
by a current of carbon-dioxide-free gas, this procedure does not effectively remove 
it if ammonia is present. Hence it is desirable to remove all the ammonia before the water 
is used, a fact which has been stressed by Bjerrum1 and by Ellis and Kiehl2 among others. 
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In the present still a second distillation of the water from phosphoric acid solution is 
used to accomplish this end. The use of this acid in the pn.paration of conductance water 
has been suggested from time to time (e.g., by Bourdillon3), but the decision to use it in 
the present case was taken on the basis of the excellent results obtained by Ellis and Kiehl2 

in their work on the pH of distilled water, and has been fuHy justified by the performance 
of the still. 

By the technigue.in which the ammonia is removed in the still and the carbon dioxide 
is removed later in the cell we have found it possible to use water of conductance 80-90 
nm. per em. as a routine practice. Many stills previously described in the literature as 
capable of delivering water of conductivity less than 70 nm. per em. use a counter­
current of purified air or condense ooly a fraction of the steam in order to free the water 
from gaseous impurities. The water is then used in the conductance cell without further 
blowing out. Careful study of later papers from those laboratories in which such stills 
were used, however, has failed to disclose any reports of experimental work in which 
the conductivity of the water was less than 120 nm. per em. 4 

Description of the still 

Figure 1 is a diagram of the still. The water for distillation is contained in the 10 litre 
Pyrex aspirator 1, from which it flows through the constant-level device to the boiler 10. 
The latter is an 18- 8 stainless steel conical vessel with two side cups 8 and 13 of the same 
material, which are welded to the connecting tubes 9 and 12. These connecting tubes are 
made of !-inch stainless steel rod and have for t inch of their length holes of diameter 
1 j 32 inch, connecting the i inch holes from either end; the purpose of the small holes is 
to permit slow transfer of liquid through the tubes without allowing the level in the cups 
to change rapidly as the liquid in 10 swishes round when boiling. 

The cup 8 carries, through a rubber stopper, the inlet tube 5, the height of which deter­
mines the level of liquid in 8, 10 and 13. It also carries the level-indicator tube 6 and the 
air-leak tube 4 which consists of a short length of capillary tubing drawn to a diameter of 
about 0- 3 mm. The tube 5 is flared at its lower end and has a spout like that of a beaker 
at one side. When the level in 8 falls below the end of this tube, bubbles of air enter and 
travel up into 1 by way of the slightly inclined tube 2, allowing water to enter 8 and so 
hold the liquid level constant. By having the small air leak 4 and the wide portion 7 on 
the level-indicator, liquid flows back from 7 into 8 during the bubbling process and so 
limits the amount of water entering to a quantity which can be handled by the cup and 
connecting tube 9. The overflow on 7 is a safety device in case air should get into 1 by 
some mishap; it discharges into a sink. 

The boiler 10 contains enough sodium hydroxide to make the solution about normal, 
and enough potassium permanganate to make it about decinormal; the purpose of this 
mixture is to oxidize organic matter in the water and to hold back acid impurities. 
Because of the rapid action of the mixture on glass, it is essential to have the boiler made 
of some resistant material: the 18- 8 stainless steel has been found eminently satisfactory 
for this purpose. The boiler is heated by a 900 watt urn element 11, which is controlled 
through a safety relay in conjunction with the electrode 14 as described later. 

At the top of the boiler is the standard-taper socket 16, turned from stainless stee-l and 
welded to the boiler; it is designed to take the B24 joint at the foot of the spray trap and 
reflux column 17. This is surmounted by the stillhead 18, condenser 19 and adapter 20, 
all of which have standard-taper joints. The adapter connects with the inlet tube 22 
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to the second boiler 26 by a glass-to-glass joint in pressure tubing, which gives a little 
flexibility when assembling the still. The lower end of 22 is drawn down to about 1rnm. 
diameter to prevent solution from 26 blowing up and back into 10 if severe bumping 
should develop. The adapter cauies also a tube 21 which is connected to a 2 litre flask 
(not shown) which communicates with the air. This flask acts as a buffer to prevent 
excessive "breathing" of laboratory air during boiling. Provision is made for a guard 
tube on the inlet. 

The second boiler 26 is a 2 litre round-bottomed flask with the control device 27 
sealed on by way of a length of 0 · 7 mm. capillary tubing, and is heated by a two-element 
flask-heating oven of special design. This flask contains approximately 0 ·1 M. phosphoric 
acid solution. It is connected by means of a B34 joint to the adapter 25, which carries 
the pear-bulb fractioning column 24 to act as a spray trap and reflux device, and which 
also has a side arm through which a porcelain chip may be inserted if bumping com­
mences. Above the fractionating column is the cast block-tin stillhead 23, which has 
standard half-taper joints to fit the column and to carry the inlet tube 22. The tin take-off 
pipe from the stillhead is inclined upwards so that the first condensate will return to 26. 
The steam is finally condensed in the vertical portion 31, from which it falls through 
the adapter 32 into the 2 litre conical collecting flask 34, which has a B34 cone joint to 
fit the cap on the adapter as shown. The tube 33 connects with a 1 litre buffer flask which 
communicates with the air through a guard tube containing soda lime (for C02 and 
HCl), cupric chloride dihydrate (for H 2S), solid metaphosphoric acid (for NH3) and 
more soda lime, in that order from the i nside. 

When the flask 34 has filled, the water is forced through the recycling tube 35 by the 
head which builds up in 32, and siphons intermittently down the sloping tube into the 
bulb 36. Since the latter is connected with the reservoir 1 by way of 37, the natural level 
of the watei: in 36 is the same as that in 8; thus when returned water runs into 36 it is 
eventually transferred to 1 to take the place of water leaving through 2, and becomes 
recycled. Provision is made for a guard tube at the top of 36. 

The apparatus is mounted on a framework of three cross-braced retort stands screwed 
to a wooden base; a wooden stand is provided for the aspirator 1. 

The electrical control apparatus 
Since the still is required to operate unattended for long periods it is necessary that it 

should be protected against various kinds of fault which may develop. Also, it will be 
evident that some means is necessary for ensuring that water distils off from the second 
boiler 26 at a rate equal to that at which it enters from 10, otherwise 26 will fill and 
overflow or boil diy and crack. Both these ends are achieved by the use of a simple 
electrical control system. 

The boiler 26 is heated by a specially made hotplate containing two elements, one o 
750 watts and one of 600, spirally wound on an alundum base shaped to fit the flask. The 
750 watt element is permanently on, but both it and the 900 watt element 11 of tqe 
:first boiler form the load of a Sunvic type F 102-4 hot-wire relay. The control circuit 
of this relay is modified so as to connect to the line on one side and to the electrode 30 in t~e 
control device 27 on the other side. Electrode 29 is connected to the stainless steel 
electrode 14 in the control device 13 of the first boiler, and the metal boiler itself is 
earthed (Figure 2). This ensures that the permanent heaters will only function if the 
liquid level in 13 is above the end of the electrode 14 and if the level in 26 is sufficiently 
high to cover electrode 29. If the supply of water from 1 should fail for any reason, or 
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if 26 should crack, this control circuit will at once switch off the heaters. Also, because 
of the connexion via earth and the peutral wire, the still cannot be put into operation 
if the earth contact on 10 is faulty, nor if the mains plug is inserted the wrong way round. 

An automatic recycling conductance water still 

Sunvlc F-102~ Sunvic F-102- 4 

,._.... r-
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FIG. 2. Electric control circuit 

The 600 watt intermittent heater for flask 26 is controlled through a similar Sunvic 
relay, the control circuit of which operates through electrodes 28, 29 and 14 to earth. 
Thus when the fast distillation from 10 brings the liquid level in 26 to that of electrode 
28, the second heater is energized and, since the total wattage input to 26 now exceeds 
that to 10, the level falls again until contact with 28 is broken, and flask 26 refills until 
the cycle starts again. 

The electrodes 28, 29 and 30 are horizontal pieces of thick platinum foil of area about 
t square centimetre, with stout leads which are sealed to the mercury-filled Pyrex lead­
tubes by Corning 707 glass and uranium glass.5 The lead-tubes are brought out by internal 
seals through a cap with a B34 socket, making the electrode assembly easilyremovable 
when the still is to be cleaned. Electrode 14 was originally constructed in a similar way, 
but was found to be attacked by the caustic soda so that the platinum wire became loose 
and the electrode fell out of the glass tube. It was replaced, therefore, by a stainless steel 
rod as shown. It is not practicable to have this electrode in cup '8 and thus to eliminate 
one of the two cups, because when the still recycles, 8 is full of very pure water which 
does not conduct well enough to close the circuit. 

13 
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Performance 
The still delivers 2 litres of water into the receiving flask in 3 hours, so that 16 litres 

a day may be obtained from it if desired. Normally it is allowed to recycle overnight, and 
the convenience of having a flask full of good conductance water first thing in the 
morning would alone justify the continuous operation principle. Ordinary laboratory 
distilled water is used to fill the reservoir 1 when necessary. The pinchcocks 3 and 37 are 
first closed and afterwards opened slowly to prevent overflow of solution from 7. 
When poured from the flask into the cell in the air of the laboratory the water has a 
conductivity of about 800 nm. per em.; after blowing out with carbon-dioxide-free air 
for about an hour, the time depending on the bubbling rate, the conductivity falls to a 
minimum which is between 80 and 90 nm. per em. The best sample measur!!d had a 
conductivity of 71 nm. per em. This may be compared with the value of 62 nm. per em. 
(recalculated to 25° C.) reached by Kohlrausch and Heydweiller in their classical experi­
ment which involved 42 distillations in vacuo, 6 and with the figure of 66 nm. per em. for the 
best water obtained by Kraus and Dexter from their still. 7 

When the water is kept in well-seasoned Pyrex flasks with tinfoil-covered rubber 
stoppers its conductivity increases by less than 1 nm. per em. per day at 24° C. In a 
cell where it is agitated by bubbling the rate of increase is somewhat higher. 

The chemicals in the boilers need replacing every month, or whenever the quality 
of the water starts to fall off. 

Work on the early forms of the still was done in conjunction with Mr. G. N. Festen­
stein, MSc. 

We are indebted to Mr. G. McP. Malan, BSc. for c~iticism and suggestions, and for a 
large number of measurements of the conductivities of samples of water. 

One of us (A.F.) held a research studentship awarded by Mrican Explosives and · 
Chemical Industries during the period of development of the still, and wishes to express 
his gratitude to that company. 

Note added in proof: Since submitting this paper the figure of 71 nm. per em. for 
the best water has been improved upon by using purified nitrogen instead of air 
for the stirring gas. The best water obtained in this way reached 62 nm. per em. 

To guard against failure of the town water supply to the condensers a per­
forated bucket on a pivoted arm carrying a mercury switch has been inserted 
between electrodes 29 and 14, and the outflow water from the condensers passes 
through this bucket. This device has proved its worth on several occasions. 

Department of Chemistry, 
Rhodes University, 
Grahamstown. 
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