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A NEVW DETERMINATION OF THE MAXIMUM SURFAGE
TENSION OF MBERCURY IN CONTACT WITH NORMAL SODIUM
SULPHATE .

' INTRODUCTION .

| Lippiéarn (Ann. de Physique, 179,494 (1875),
established the fact that the interfacial tension
between two phases depends on the potential difference
across the interface. He studied the behaviour of a
mercury surface in contact with dilute sulphuric acid,
Iand as a result devised the capillary electrometer.
|This consists of a cell (as in Fig.ls) with a large
émercury surface as anode, and a thread of mercury
!contained in a capillary tube. The electrodes are
;connected by dilute sulphuric acid.

, If the solution contains oxygen, as it usually
iWill, the mercury reacts with the sulphuric acid, pro-
ducing a small amount of mercurous sulphate, which é
‘mekes the anode non-polarisable at small current i
densities. The height, DC', between the mercury in i
the reservoir and the capillary interface is a measur4

;of the interfacial tension between the mercury and the
sulphuric acid solution. !

If an external E.M.F. be applied to the cell, |
'then as the E.M.F. is increased, the meniscus will i
fall to a minimum, and then increase. If the E.M.F. |
be plotted against the interfacial tension, as i
measured by the height, DC', an approximately paraboli;

lcurve is obtained, with a well-defined maximume.
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This curve is known as the electro-cavillary curve.

By determining the electro-canillary curves for mer-
cury in contact with different solutions, it is poss-
ible to compare interfacial tensions, in particular,
the maximum interfacisal tensions. Such measurements
have been carried out Lty various workers. Gouy, who
made extensive series of such investigations, gave to
the maximum surface tension of mercury in contact
with water the arbitrary valuz 1000, and expressed
surface tensions in contact with other liquids on this
scale, which, in the aovsence of a reliable value in
absolute units, has also been adopted by other workers.
It is, of course, a simple matter to determine surface
tensions in dynes/cm., provided this is known for any
one solution, under specified conditions, the most
important of these being the potential of the mercury
relative to the solution.

Gouy (Coupt. Rend., 146, (1908) measured the
maximum surface tension of mercury in contact with
various solutions by the''method of large drops', at
187 Ce A large drop of mercury is formed under the
solution, end kept at the potential of maximum surface
tension. By measuring the radius of the drop, and
the height of the summit above the eguator, the sur-

face tension can be calculated from the equation

a® 5 ez i Br w (dl ,_14)
5]

r 2r*

where a



rr is the surface tension
r the radius of the drop at its eqguator,
Dm the density of mercury at 18°C,
D the density of the solution,
and € the height of the sumwit above the equator.

Gouy's results are as follows:-

Solution %%: K /K
N. d, SO, 43.48 0.9991 43 .52
e Ta, 80, 43.56 1,0017 43.49
N. HC1 43.15 0.9910 43.54
N. KBr 42 .62 0.9780 43 .54
N. XC1 40.86 0.9400 4346

K is the ratio of the surface tension of mercury in
contact with the solution to that in contact with waten
This ratio is obtained from electro-capillary measure-
ments. ¥V/X  is therefore the surface tension in con-
tact with water. The constancy of K is claimed by
Gouy to verify the accuracy of his results. The
value for N.Na, SO, according to Gouy is 43.56 mg/mm.

which is equivalent to 427.4 dynes/cum.



There are to be found in the literatuemany deter-
minations of the surface tension of mercury in con-
tact with water and aqueous solutions giving results
much lower than this. Gecbel (Diss Freipurg (1913)
and Lenkewitz (Diss Munster (1904) (quoted from
I.C.T.) find values of 330-377 dynes/cu. for N. Na, SO,
at 20° C. Harkins and Grafton (J.A.C.S., 42,2534,
(1920) find for water at 20° C 375 dynes/cm., whereas
Gouy gives 422.4 dynes/cii. lesults by other workers
(vide I.C.T.) are similar; &all much lower than Gouy's.
Most or all of these, however, are rendered valueless
becsuse the potential difference between mercury and
solution was guite indefinite. Only Gouy considered
the effect of potential, and fixed its value. It
seemed desirable, therefore to check Gouy's results

by an independent method.

The principle of the present method is to coumpare
the pressure necessary to bring mercury to the tip of
8 Tfine capillary, under the conditions of maximum
surface tension, with that necessary to bring air to
the tip, i.e. with the "maximum bubble pressure'" of
air in a given solution, using the same capillary.

If H, is the "maximum bubble prezsure" in water,

H”S the maximum height of the electro-capillary
curve, when the mercury is brought to the tip,

Vi the surface tension of water,

oy the maximum surface tension of mercury in

J



contact with N. Na,S0

then EJV . (1)
L Hg Vg,

This formula is Jjustified since the capillary used is
very fine. The pressure required to liberate
bubbles from a given jet is proportional to the sur-
face tension of the ligquid used, but a correction
must be applied. This correction decreases as the
radius of the tube decreases, and with the tube used
it is guite negligible, so that surface tensions can
be compared by simple proportion.

The formula for the surface tension by the bubble
pressure method, according to Schrodinger (Ann. de
Physis, 46, 413, (1915), is

.
SIS 6 p

(2)
r is the radius of the capillary, p the maximun
bubble pressure, and p the density of the solutioh.

As r decreases, the second and third terms decrease,

and for very small tubes,

(3)
To estimate the size of the correction, we shall
calculate r by equation (3), and use this value to
calculate 2 rp 1 rp , the larger of two
two "correcting%terms."
From the measurements given below, for the wider

tube, p = 78.9 mm of mercury, =7.89 x 13.6 x 981 dynes/mn,

y for water at 15° C = 73.49 dynes/cim.



p = 2F . 2x75.49 = 0.0014 cm.

The first correcting factor = & rp,
2

R

oo

-6
= B 0.67x10 dynes/cri.

e (.0014,:‘,,1
3 S
This is far below the limits of measufement, and
therefore guite negligible. The second correcting
factor, involving rs/p is obviously even smaller.
We are therefore justified in assuming equation (3),
1eBe o P

Since it is impossible in practice to obtain
electro-capillary curves bringing the mercury to the
tip of the tube, the following method was adopted.
The curves foriN.Maldoawere determined, the mercury
meniscus being brought in successive experiments
nearer and nearer to the capillary tip. The meniscus
was observed through a microscope having a graduated
scale in the eye-piece. For the first curve the
meniscus was brought to within ten scale divisions
of the tip, in the next, nine, and so on down to three.
It was found impossible to work nearer the tip than
this. The maximum points of these electro-capillary
curves were read off, and plotted against the distance
of the meniscus from the tip of the capillary, as
measured in microscope scale divisionse. This curve
was extrapolated to give the pressure necessary to

bring the mercury to the tip.



From this pressure and the maximum bubble
pressure for the same tube, the surface tension of
mercury in contact with 'N.HaaSQq can be calculated
by equation (1). This was done using two tubes of
widely different radil. The concordance of the
results confirms the assumption that no correcting

factor depending on the radius of the capillary is

required.



EXPERIMENTAL .

The apparatus used to determine the maximum
| bubble pressure is shown in Diag. 1. I
A is a hard glass test tube containing pure distilled |

|
water, fitted with a tight stopper through which passi
the capillary tube B, and a tube E, connected to the |

manometer D, and to a vacuum pump. The tubes A,B, ‘

' and E were carefully cleaned before use with alcoholic

|
| NaQOH » and chromic acid, and were washed out severa}

times with pure distilled water. The pressure in A |
was reduced slowly by the pump until bubbles began to

appear from the capillary B. The tap C was then

|
¥ |
closed, and the pressure allowed to fall, because of |

|
!the entry of air through the capillary, until bubbles‘
|

ceased to appear. The excess of atmospheric pressur¢
over the pressure in A was now read off on the

mampometer,D. This consists of a clean U-tube filled |

'with dry mercury, with a metre-scale attached. The

|heights of . mercury in the two limbs were read by i
means of a carefully levelled telescope, to eleminate\

iparallax Errorss i

The pressure was again reduced, and the process

repeated several times. If the results did not agres

the apparatus was cleaned again. When concordant

results were obtained, a fresh sample of water was put
1
;in A, and the pressures checked.
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| The pressure registered on the manometer after sub-

tracting the pressure due to the height of the water

in the tube A above the tip of the capillary, is the

pressure which will just bring the air column to the

tip of the capillary. The temperature of the water

in A, 15° C, was checked after each determination.

The whole system was carefully tested for

leakage, but the lapse of an hour produced no measur-

able change in the pressure.

In every case the mean of at least six measure-

ments, differing from the mean by not more than I, 0Lcm

. was used. The difference for two samples of

water was not more than 0.02cm.

The depth of the

capillary tube below the water in A was measured to

the nearest .05cm. by placing a scale beside the tube

A, and reading off the height.

This height was

divided by the relative density of mercury, and sub-

tracted from the manometer reading.

This gives the

maximum bubble pressure for water at 15° C for the

capillary tube used.

The results obtained with two capillaries are

shown in Table 1.

TABLE 1.

Cape.
Manometer reading 137.8
Depth of capillary 4.0

below surface (cm,of water)
DO- (lﬂm- Of Hg.) 309

Net Pressure (mu.of Hg)
134.9

1.
138.0

4.3

3.2

134.8

Cap. 2.

E0.8 81.0

2e35

s

5.05
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The mean for capillary 1 is thus 134.85 mii., and
for capillary 2, 79.0 mm.

The experimental arrangements for determining
the electro-capillary curves were similar to those
described by Butler and Ockrent (J. Phys. Chem. 34,
2297,2841,(1930) The apparatus is shown in Diag. 2.
It consists of a vertical tube A, lcm. diam.,
connected at its lower end by a T-piece B to a
mercury reservoir C. The bottom of this tube is
connected by means of heavy rubber tubing D, to a
fine capilary tube E, which dips into the vessel F,
containing the Ng30, solution. The height of
the mercury column in A-E required to bring the
mercury to a given point in E is a measure of the
interfacial tension.

The level of the mercury in the tube A is
adjusted by raising or lowering the reservolir by a
cord passing over a pulley, and attached to a wind-
lass, fitted with a worm drive. The height of the
‘mercury could thus be adjusted very accurately. The
electrometer tube A, is fitted with a scale on which
the height of the mercury column can be read. The
readings were made using a carefully levelled telescope,
to avoid parallax errors. The height of the bottom

of the scale asbove the meniscus was measured by a

cathetometer telescope.

The upper end of the electrometer tube was fitted
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with a rubber tube, open to the air. By sucking or
blowing at the open end of this tube, the meniscus
was made to oscillate about its eguilibrium position.
Only those'readinés after which it returned to
exactly the same pdésition were used.

The meniscus was observed in a microscope
having a graduated scale in the eye-piece. The
position and adjustment of the microscope were fixed,
so that one scale division always corresponded to
exactly the same length of the capillary. The
microscope was adjusted so that the tip of the
capillary corresponded to a certain point on the scale,
and the image of the meniscus brought to the appromriate
scale division. ,

The standard electrode used was the normal
calomel electrode, connected to the vessel F, by a
bridge of KC1l s s shown in Diag. 2. The applied
potential difference between the mercury and the
electrode was varied in steps of 0.1 volt by a
potential divider, giving a potential-df 2 volts, in
steps of 0.1 volt. The potential divider consists of
a 10,000 ohm resistance in 20 coils of 500 ohms each.
The electrical connections are shown in Diag. 3. The
potential divider is connected through a variable

resistance to two accumulators in series, and the

variable resistance adjusted until the fall of



. REATY i

- Mercur‘lﬁ Columa ,

- a
4

PoFentiometer

Cq!oﬁ‘le, Elect roJ_e>,

Diag. @,



potential down the 20 coils is exactly
etermined by a potentiometer. Kach stud then

corresponds to a potential or 0.1 vcelt greater than

thr previous one. 'he tube ¥ was water-~jackettea,

' 5 ~ 5 o
and kept at 20 C.

The sodium sulphate and potassiway chloriue
were the best available A.R. guality. The mercury
used in the electrometer tube was purified by washing
thoroupghly and distilling twice. This mercury wus
also used in preparing calomel for the standard
electrodes by electrolysis of HCl.

'"The electro-capillary curve was plotted for
gach position of the meniscus, and the maxlimum, which
ocecurred at an applied potential of about -0.48volt,
reau ofl from the curve. The maxima corresponding
to each position of the nmeniscus are shown for voth
capillaries in Table 2.

TABLE II.

Distance from tip Height of mercury col.in .
in scale uivse Cap.l. Cap.2.

10 71640 43142

9 T2He3 453544

3 T3 456 e

~1

TS 8 458.7

5! T45.8 441 .0
5 Thd.2 4dz oD
4 7591 t5.6




distance of the meniscus from the tip o
capillary.
which 11 produced

bring

In Ffig.1l the pressure is plotted

the

fhis

mnercury

}_
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gives very nearly a

i o
LNe

cainst

Hy

the

straight line,

gives the pressure necessary to

to the tip.

These values for the

two capllliaries are T783.0mm. and 454.4 lume

nercury in contact with N.Naj

Thisg

427 .4 dynes/cm. at 18°C since surrace tension decresse

with rise of teuperatures.

We can now calculate the

gurface tension of

t
We have
He Ye Hy '
Srh = e 1" = —x Vi
h“g. Vus ! Hy
at 15°C = 73.49 dynes/cm.
For the first capiliary, How =134.9 mue.;
I'IHJ = 786»0 LT0) »
5, = 735.49 285.0 = 42646 dynes/chle
s 134.9 B 4
ror the second capillary, H = 78,%9um.
I‘i“j= %54.4 LG e
; _ A et ~ G B A Lo
<. V;;s = 75.49 78540 = A4S e U.yne;)/(}hl.
The mean value is K; 424.9 dynes/cm. at 20°C.
value agrees very well with Gouy's result,i.e.

0, for both capillaries.
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SUMMARY .

The maximum surface tension of mercury in
contact with N;Nggog solution has been measured
by a method which ensures that the potential
difference between mercury and the solution is
accurately known. The result obtained, 424.9
dynes/cm. at 20 °C, is in excellent agreement with i

the value obtained by Gouy, 427.4 dynes/cm. at 18° C.
. but is very much higher than those of any other
. worker. This is to be ascribed to the fact that in
' these caées no precautions have been taken to fix the!
 potential of the mercury relative to the solution,
so that results obtaiﬁed by these methods are without

. any value.




THE SURFACE TENSIONS OF DILUTE SOLUTION OF
ETHYL ALCOHOL - BUTYL ALCOHOL, AND BUTYL ALCOHOL - |
PROPIONIC ACID.

INTRODUCTION s -

The surface tensions of ternary solutions have
been studied by Szyskowski (Z. Physik. Chem. 64, 385,
(1908), and by Butler and Ockrent (J. Phys. Chem. |
54, 2841, (1980). Szyskowski first studied dilute |
- binary solutions of aliphatic acids and alcohols, and
from his results deduced the empirical eguation
| |
K= Ir = blog (e/a + 1) (1) ;
' where V, is the surface tension of the pure solvent,
' that of the solution, ¢ the concentration of |
the solute, and b and a are constantse. This equatioA
is fairly accurately obeyed in dilute solution.
Szyskowski then measured the surface tensions
Iof solutions containing two solutes, whose concent-
rations were always in the same ratio. He found ‘
fthat the same equation could be used to represent
‘these surface tensions, if the constants a and b were |
mean values of the constants found for the separate
isoluteS-
Butler and Ockrent (loc. cit.) deduced from
?Langmuir's theory of adsorption, using Gibb's

!adsorption equation an equation identical with

Szyskowski's, for dilute solutions containing one i



solute, and eguations for two solutes in the special
cases where (a) the concentration of one remains
constant and (b) the ratio of the solute concentrations
remains constante.

According to Langmuir's theory, the rate of
adsorption is proportional to the concentration of the
solute in the solution, and to the fraction of the
surface unoccupied by adsorbed molecules, i.e. to

c(l - ATy where ¢ is the concentration of the
solution, A the surface area of one molecule, and [’
the number of adsorbed molecules per unit area. The
rate of desorption is proportioﬁal to the amoung of
solute on the surface i.e. to I . At equilib-

rium these rates are equal, so we have
e(L -AP) =k I

where K is a constant.
Now according to Gibbs's adsorption eguation,
r = = ay
RT d log.
For dilute solutions, where the activity, A , of
the solute is nearly egual to its concentration, we

may write
dvr

RT d logec

(8)



" , the S%Fface excess, is defined by Gibbs as the
difference between the actual amount of solute in the
surface region and the amount which would be present
on the assumption that the phases are perfectly
homogeneous up to a dividing suriace which 1is so
placed that the surface excess of the solvent is
ZETO. It has been shown by Butler and Wightman
(FaOSs 2089,(1932) that the difference
between the T of Gibte's eqguation and the actual
amount of solute in the surface region in negligible
in dilute solutionse. It may thereiore be identified
with the T  of Langmuir's equation for such
solutions.

dv is the change 1s surface tension produced
by changing the concentration of the solute by de,
R is the gas constant, and T the absolute temperature.

Rearranging (2) we get
c

F - R — (2a)

Ac + k
Substituting this value of T°  in equation (2) gives
ar= - R4 log ¢

—_— c :
= = RIT d logec



But Ade = d(Ac)= d (Ac + k)
ar = - RT d (Ac + k)

A AC + K

= - RT a J.ui'g'e(Ac + k)

Integrating this between the limits o and ¢, we find

K- =¥, = RI loge (Ac + k) =~ RT log.k
A A
= XRT log, Ac + Kk
A K
o= ¥ - R loge (1 +4c) |
" (4)

Note that if R 1is the gas constant per gram-mol,
A is the area occupied by 1 gu. ml, i.e. 6.06 x 10
molecules, or if A is the area of one molecule, R is

the gas constant per molecule.

Equation (4) is identical with (1) if we put
RT/A = D and k/A = a. A theoretical basis

iz thus provided for Szyskowski's empirical eguation.



If we have two solutes, S, and S; , dissolved
in 5, , we shall have for each an equation similar
to (2).  In this case the fraction of the surface
unoccupied by solute molecules is (1 - AL - ATy )

The equilibrium conditions are therefore

k. Th= 6, (1 = &, = AR)

k,Tl=c (1 = A,TT - A) (5)
b = 515 (6)
I3 kK, cg
Substituting for T, in (5) we get
% = ke G, )
kL= e,(1 -~ =% A1 = A7)
Ea Cy
n, = Cs
K.+ }-53_-"«.20,_-!- AsCy (7)

If we add S5 to a solution of S, whose con-
centration is ¢, , the surface tension lowering
produced thereby is given by

&3 cjl_%

— P = R Ao, e

(Alg}c = “Lj d logec, 1/ 3ide
o

z 6 3
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Substituting the value of [ given by (7), we

find
. %
(AK), = u e,
2 K

AT L

(] A}‘r ;1‘-\’&,2‘1- J’\C,3

= KI log kiT 72 AC, T ALy
.{‘Lj e k
¢ Sl oo
et

= _LL" log, /1 + ¢ (8)
Sy a,(1 + ¢/a,)

In the absence of 8, , we should have

AV; = log.(1 + c3/a3)

A ]
so that in the presence of 5, , the constant a,
becomes a_,( 1+ ¢/a,).

Now the surface tension lowering produced by

adding S, to the solvent S, 1is given by

(Ar, %03: 9 = % loge(1l + c/a,)
(9)
If 83 1is adaed to this solution, the further
lowering of the surface tension is given by (8).
If the two solutes have the same areas per molecule,

leee A, = A, = A, then on adding eguations



(8) and (9) to find tie surface tension lowering

produced by the addition of both solutes, we get

k

al{l + c/a,)

e

(AV,) = KT loge(1 + O/aa.)(l 5 )

:I—-IFC‘

T log.(1 + c/a) ( 1+ Q/Z;+ cy/as
1 + &,y

= RT loge(l + c/a,+ c/a,)

ek arscly

(10)
B utler (Proc. Roy. Soc. A, 135, 348, (1933) has
deduced thermodynamically a sinmilar eqguation for any

nunber of solutes.

~ W

F =1, = RT log (% +eftaft ~ + =— - - = )i
A
(11)

8. ;o 5% etc. are the activities the solvent

8, and the solutes S,, 5, ete. P, fa, F’, etc. are
constants, and Ff the activity coefficient of the
solvent molecules in the surface layer. In dilute
solutions, we may write «, =1 , since o, 1is by
definition = unity in the pure solvent.

Thus we get

r =¥ - Rplog (1 +°"F'f+“‘F'*+ g )I:.a

In dilute solutions, ES may be regarded as constant,
and (11) is now identical in form with (10), except
that activities are used instead of concentrations.
But in dilute solutions the activity is very nearly

proportional to the concentratiom, so that by using



.C:‘.

concentrations we shall merely find different, Lut
still constant, values of ﬁs.

Butler and Ockrent applied eguation (8) to
their measurements of the surface tensions of dilute
solutions of ethyl alcohol-propyl alcchol and
propyl alcohol-phenol. They found that it agreed
with their results to the same order of accuracy that
Szyskowski's eguation gives.

The avove considerations apply only if there is
no interaction bpetwecn the adsorbed uolecules. Any
such interaction will cause a divergence from the
theory. Wagner (Z. Physik. Chem., A, 143, 398,
(1929) measured the surface tension lowering
produced by aniline and phenol in aqueous sclution,
and found this to be greater than the sum of the
lowerings produced by these substances separately.

It is readily seen that such a result could not
agree with the eqguations given above. Wagner
ascribed the abnormality to the strong cohesive force
between the aniline and phenol molecules, whereby

molecules present in the surface region would attract

and hold molecules of the other solute, giving

abnormal adsorption.
The systems studied vy Butler and Ockrent, and

by Szyskowski would not be expected to show any

interaction, and their agreement with theory confiris



this.

In the present investigation two other systeums
have been studied, viz. (a) water-ethyl alcohol-
butyl alcohol, and water-propionic acid-n- butyl
alcohol, The first might be expected to be similar
to the water=-ethyl alcohol-propyl alcohol mixtures
studied by Butler and Ockrent. In the second case
it was expected that deviations from the simple
eguation might arise, on account of interaction in
the surface layer between the molecules of acid and

alcohol.



| since it tends to spread over the entire surface.

EXPERIMENTAL : - PURIFICATION OF MATERIALS.

Ethyl Alcohol was purified by the method of |
Butler and Robertson (Proc. Roy. Soc. A, 129, 519,
(1930). Absolute alcohol was allowed to stand over |
freshly-burned quicklime in a stoppered flask for a
week, and the refluxed for eight hours. The flask
was then fitted with a fractionating column and
condenser, and the contents slowly distilled, the
first and last fractions being rejected. All |
stoppers were covered with tin-foil to protect them ‘
from the action of the alcohol. Calcium chloride i
tubes were used to exclude moisture.

N-Butyl Alcchol was purified in a similar way. ‘

Propionic Acid was purified by triply distilliné
a pure B.D.H. sample, rejecting the first and last |
distillates each time. A sample was thus obtained |
boiling over a range of .3 ° C. ‘
METHOD AND PROCEDURE. i

|

The capillary rise method was used to determine
the surface tensions.
When a glass capillary tube dips into a liquid

which wets glass, the liquid will rise in the tube,

There is therefore a force, the "surface tension" of

the liquid, raising it in the tube. The force of

gravity, acting on the liquid thus raised, opposes



ll.

the surface tension forces, and when the ligquid has
attained a certain height a balance is set up.

The force acting upwards due to surface tension
is 2 rT v , and the force due to gravity Trhdg
where r = radius of capillary.

I = surface tension of the liguid.

h

"

the height to which the liguid rises.
g = the acceleration due to gravity.

Hence we get ¥ = % rhdg
' (13)

I, as in the present determinations, the capillary
rise is observed by measuring the difference of levels
of the liguid in a U-tube, having one wide, and one
capillary limb, a correction must be applied for the

rise in the wide tube. The formula then becomes

o= hgd
2(1/b, - 1/4) (14)

where b, and b, are the radii of curvature of the
liguid surface in the narfow and wide tubes,

Sugden (J.C.S. 119, 1483 (1921) has evolved a
method of estimating the radii of curvature. The
tube is calibrated by using a liguid of known surface
tension, say pure water. Then knowing the radius of
' the wide tube, it is possible using the tables given
Iby Sugden, to calculate the radius of the capillary
tube. To calculate the surface tension of any

other liguid, the tables are again used to find the



radii of curvature of the liquid surfaces.
Equation (14) can then be used.
If the correcting factor is ignored, we have,

applying eguation (13) to a known and an unknown

solution,
= h d g
I‘ - :. P =
Vo 2T hodog
. : = A
- = }/ - ',*-'—?‘"_—X V;
h, d,

the suffix o applying to the standard liguid.

The difference in the surface tension as calculated
by the two formulae was guite small; from 0.0l to
0.06 dyne/cm. for the tube used.

The densities of the solutions were measured
at 256°C in a silica pyknometer.

The U-tube was made by sealing a piece of fine
capillary tubing on to a wide tube. When this had
been thoroughly cleaned out with chromic acid, pure
water was put in i, in varying amounts, until a
part of the capillary was found where the radius was
constant over a small range, as shown by the constarcy
of the observed capillary rise. A mark was made on
the wide tube opposite this part, and in all
determinations the liquid in the capillary was
brought to this merk.

The wide limb was fitted with a stopper



carrying a tap-funnel by means of which the liquid
could be added slowly, to bring it to the proper
level in the capillary tube, and also carrying a

tube for bLlowing, so that the meniscus could be
displaced from its equilibrium position. Only if

it returned to exactly tne same point was the

reading used. The readings were also checked by
blowing a small amount of ligquid out of the capillary
tube, removing it with filter paper, thus forming &
fresh surface in the capillary tube.

The tube was contained in an electrically
regulated thermostat, kept at 256°CT 0.01° C.

The liguid levels were measured by a carefully
levelled cathetometer-telescope, reading to .05 mm.
To give sharp definition of the lower meniscus, a
screen of black cardboard was placed behind the
thermostat, and arranged level with the lower meniscus,
which then becomes sharply defined.

£11 concentrations are expressed as mols. %
alcohol. The solutions were made up by weight, the
alcohols being pipetted into a weighed flask, and

the calculated weight of pure distilled water added.
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Table 1 gives the observed capillary rises,
densities and surface tensions for solutions of
butyl alcohol in water containing varying amounts of

ethyl alcohol.

TABLE 1.
Mols % Mols %
Ethyl Alcohol.| Butyl Alcohol.| ;| H(cm) y~gu%§§y
0 .9971 | 11.55 | 71.97
0.00 0.1243 .9964 | 9.36 | 58.18
0.200 .9959 | 8.607 | 53.47
0.5000 .9942 | 6.953 | 453.09
0.8375 .9922 | 5.880| 56.38
1.4790 .9897 | 4.675| 28.90
1.00 0.00 .9929 | 1 9.965| 61.58
0.1075 .9922 | 8.855| 54.67
0.2181 .9916 | 8.048 | 49.64
0.4802 .9901 | 6.715| 41.34
0.8997 .9876 | 5.554 | 34.09
1.5080 .9844 | 4.523| 27.63
1.98 0.00 .9886 | 8.988 | 55.46
0.1125 .9881 | 8.245| 50.84
0.2018 .9876 | 7.720 | 47.57
0.4775 .9863 | 6.600 | 40.61
1.0916 .9831 | 5.130 | 31.83
1.5498 .9808 | 4.475| 27.76
4.00 0.00 .9812 | 7.865 | 48.16
0.1096 .9808 | 7.406 | 45.32
0.2186 .9803 | 6.893 | 42.72
0.47 67 .9791 [ 6.195 |37.82
0.9994 ,9761 |5.168 [31.44
k,4910 L9710 |4.548 |27.52
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TABLE 1II.

| 8lcohol — propionic acid mixtures.

Table II gives the same data for water— butyl

Mols .% Mols .% dynes
Propionic Acid.| Butyl Alcohol.| D H(cm) Clle

1.00 0.00 1.0003| 8.695 54,07
0.1354 0.9998] 7.740 48.10

0.2259 0.9989| 7.300 45 .52

0.5308 0.9971]|6.190 5834

. 0.8268 049955 5.460 35.76

1.4710 0.9916| 4.445 27 « 36

2.00 0.00 1.0042('7.590 47 o 4
0.1299 1.0033] 6.950 43 .36

0.2926 1.0022] 6.370 39.74

0.4850 1.0009| 5.895 56.58

0.9839 0.9979] 4.973 30.86

1.7336 0.9931] 4.260 26.29

4.00 0.00 1.0097]| 6.457 40.54
0.1278 1.0088| 6.105 28.29

0.2604 1.0079|5.818 | 36.46

0.5104 1.0063|5.405 D5.81

0.7031 1.0050|5.145 5515

1l.2252 1.0012]|4.687 29,16
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DISCUSSION: -

In order to evaluate the constants of eguation

' (10) the following method is used. Let us write k

for L1 , and let S, and S, be the two solutes.

a
=k = RE Teg (1 & ke, + k. e) |
A i
Then, when ¢, is constant, f
|
S,[I = 2T L.oth o SappaAt |
C, A l+ke, +kge,
|
dey = A . . 1l+ke +ke,
dr RT i,
A itke, + ¢,
RT X,
| Since 1+ke, is a constant, %%; varies lineanly
| k:. -

| with ¢, « The slope of this line is £_, so that

RT .
the first constant is determined. Strictly speakingi

this holds only for activities, but in dilute
solution, the activity varies approximately linearly
with the concentration. If this is the case it can
be shown (Butler, loc. cit. 360) that %% still

varies linearly with ¢, , but the slope differs from

d«,
d F

The values of ¢, wused in plotting are the mean of

that of the — &, curve by a constant amount.

those used to determine the corresponding values of

ACL/AF-. |

A ca |

Table III gives the values of c, and pxp Tfor

‘solutions of butyl alcohol in water, and 1, 1.98, and

4 mols % ethyl alcohol, and for solutions of ethyl
alcohol in water.
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TABLE EI1s
e, - mols % Ethyl Alcohol.
¢, - mols % Butyl Alcohol.
G ey AR Ca 2 Ay |dDe.s
0.00 |0.00 Y197 2
O.l243 | 041243 | 0.06215| 58.18 | 13.79 | .00901
0.2000 | 0.Q757 | 0.1621 5347 4.71 | .01607
0.5000 | 0.3000 | 03500 45.09 |10.38 | 289
0.8375 | 03375 | 0.6688 56«50 6+7L | <0503
1.4790 | 0.6415 | 1.1583 28.90 7.48 | .08576
1.000.00 61.58
0.1075 | 0.1075 | 0.0538 54.67 6.91 | .0156
0.2181 |0.1106 | 0.1268 49.64 5.03 | .0220
4.0802 |0.26-1 | 0.3492 41 .34 7e32| «0358
0.8997 |0.4195 | 0.6900 34.09 8.23 | .0579
1.5080 |0.6083 | 1.2030 27 63 6«46 | .0942
1.9810.00 50«46
0.1225 |0.1225 | 0.0563 50.84 4.62 (02435
0.2018 |0.0893 | 0.157= 47 57 Saen |Lo27 L
0.4775 | 0.8757 | 0.3397 40.61 6.96 (03961
1.09816 | 0.6141 | 0.7846 31.83 8.78 [«+06924
1.5498 | 0.4582 | 1.3227 2776 4,07 |.11258
4.00 [0.CO 48.16
0.1096 |0.1096 | 0.0548 45 .32 282 |.03887
0.2186 | 0.1090 | 0.1641 42.72 2.60 [.0419%2
0.4767 | 0.2581 | 0.3477 D7 « 88 4.90 (05267
0.9994 | 0.5227 | 0.7381 31l.44 6.38 |+08195
1.4190 | 0.4196 | 1.2456 27«52 3.92 [.12541
0000 1o (o skl pe oae
i |aies | 290 48.16 | 7.30 |.2767




In Fig. 1 %%%i is plotted against ¢, for the
four solvents. The curves are seen to be linear
over a conslderable range. The divergences at low
concentrations were found in the same region,

< .01 mol. %, by Butler (loc. cite. P«357) in
geveral cases. The five lines have identical slopes,
as is reguired by theory, if the surface areas of the
molecules are the same, as is fairly certain from the
measurements on insoluble straight chain alcohols
carried out by N.K. Adam, and others. The slope in
each case gives R1T/A = 14.0, corresponding to an
area per molecule of 29.2 AY

This is considerably higher than the value
20.4 A* obtained by Adam for close-packed hydro-
carbon chains. Butler (loc. cit.) using the method
given above, found 26.6 A*, for n-butyl alcohol, and
n-butyric acid, using, however, activities instead of
concentrations. It has been pointed out (vide supra)
that the use of concentrations alters the aprarent
value of %2 . This doubtless accounts for the
difference from Butler's result. It is not to be
anticipated that the value of A for molecules of =
soluble alcohol would be identical with those of
close—-packed chains of insoluble alcochols or acidg,
since in an insoluble film the molecules &are
orientated at a steep angle to the surface. Incom-

plete orientation of the adsorbed scluble alcohol
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'Would give a larger apparent area per molecule. T he
| value 29.2 A* is given merely for comparison, and
| not as an accurate value of the molecular area.

The eguation (10) for ethyl alcohol and butyl

alcohol at 25°C is now

A r =2.303 BT log,(l + k¢, + k,¢,)
A
= 32.26 log, (1 + k,c, + k,c)
Ar = log, (1l + k,c + k,c)
32.26
Ar
3210

!_
O
]
L
—
w
f
e
S
I

L+ ket ke,

If therefore we plot y against ¢, , when ¢, is
constant, we should get a straight line, whose slope
is k,, and which cuts the y-axis at a point (‘ *IQCJ

from the origin, since when c,= 0, y = 1+kpl. Thus

2
we get the constants k, and k, .
In table 1IV. are given the values of y corres-
:ponding to ¢, , for all Tour solvents.
I(Note that in this case A ¥ is the surface tension
lowering produced by the addition of butyl alcohol
' and ethyl alcohol to water. In table I1I Avr is

the difference between successive values of ¥ , i.e.

i Aryhclis the slope of the ¥ — ¢, curve at any
|

:point).
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T A B E 1V
Mols % Mols % AV
Ethyl Alcohol | Butyl Alcochol| AF | 32.26 y
0.00 0.1243 13,79 | 0.4275 | 2,680
0.2000 18468 [ 0.5790 | 3.7953
0.5000 28.99 | 0.8986 | 7.918
0.8375 35.59 | 1.1032 | 12.69
1.4790 43,07 | 1.3351 | 21.65
1.00 0.00 10.39 | 0.3221 | 2.099
0.1096 17.30 | 0.5363 | 3.438
0.2186 22.23 | 0.6891 | 4.888
0. 4767 30.63 | 0.9495 | 8.902
0.8997 37.88 | 1.1742 | 14.94
1.4910 44,34 | 1.3745 [£2.69
1.98 0.00 16451 | 0.5118 | 3.249
0.1125 21413 | 0.6550 | 4.51¢
0.2018 24.40 | 0.7564 | 5.706
0.4775 51.36 | 0.9721 [ 9.578
1.0916 40.14 | 1.2443 |17.55
1.5498 44,16 | 1.3869 |23.38
4.00 0.00 23.81 | 0.7581 | 5.471
0.1096 26.65 | 0.8261 | 6.701
0,2186 29.25 | 0.9067 | 8.067
0.4767 34415 | 1.0586 |1L.45
0.9994 40.55 | 1.2564 [18.05
1.4910 44445 | 1.3779 |25.37
1400 0.00 10.59 | .3221 | 2.099
1.98 0.00 16.51 [ +5118| 3.249
4.00 0.00 23.81| .7381| 5.471
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These values are plotted in Fig. 2. The
graphs are all straight lines, having practically
the same slope, which = k, . The value of k, is found
in each case by subtracting 1 from the intercept on
the y-axis, and dividing by c¢,. Hence we obtain
the following values for kK and k¥ .

T ABLE Vi

Solvent Water 1lmol.% EtoH 1.98mols% Etoh 4mols%EtoH.
k, 1.10 1.00 1.01 - 1.08
k, 13.9 14.1 13.3 12.7

From table V it is seen that k, is practically
constant throughout the entire range of solutions
studied, but k, is constant only up to lmol% ethyl
alcohol. In the presence of more ethyl alcohol it
gradually decreases, though even with 4 mols% ethyl
alcohol, a fairly concentrated solution, the difference
is quite small, about 10%. This difTerence could be
accounted for by a decrease in the activity of the
butyl alcohol. No data for activities in ternary
solutions are available, so it is impossible to
verify this. It can be said, however, that is
solutions containing up to 1lmol% ethyl alcohol and
1.5 mols% butyl alcohol, equation (10) is fairly
accurately obeyed.

In Fig. 3 the change in k, is shown by plotting

¢, against y - (1 + k,c) i.e. starting all the curves
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of Fig. 2 at the origin.

Table VII gives the observed values of V¥V for
butyl alcohol in water and 1 and 1.98 mols% ethyl
alcohol, together with those calculated from the
eguation

' =) - 32.26 log, (1 + 1.05¢, +.13.9¢,)

The agreement 1s quite good, within a few tenths
of a dyne. The calculated values for 1.98 mols%
ethyl alcohol are all too low, except the first,
since k, should be smaller for these solutions.
With 4 mols% ethyl alecohol, the deviations are much

greater.

bee over leaf.
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Mols % Mols % Vcalc. V bos.
Ethyl Alcohol. | Butyl Alcohol.

0.00 0.00

0.1243 57491 58.18

0.2000 53.34 53447

. 0.5000 42.92 43.09

0.8375 36.43 56438

1.4790 28.95 28.90

1.00 0.00 61.38 61.58

0.1075 54415 54.67

0.2181 49.17 49.64

0.4802 41.70 41 .37

0.8997 54445 34.09

1.5080 28.18 27 .63

1.98 0.00 56.21 55446

0.1125 50.46 50.84

0.2018 47 .14 47 .57

0.4775 40.11 40.61

1.0916 31.28 31.83

1.5498 27 .09 27.76
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Table VIII gives the values of y for solutions
of butyl alcohol in 1, 2 and 4 mols% prpionic acid.

The value 32.26 is again wused for 2.303 RT/A.

TABLE VIII.

Mols % Mols % A i
Propionic Acid. | Butyl Aleohol.| AV | 52.286 y
1.00 0.00 17.91 | 0.5552 | 3.591
0.1534 25.89 | 0.7405 | 5.501
0.2259 26.67 | 0.8267 | 6.710
0.5308 5565 | L.0425 |11.03
0.8268 38421 | 11844 |15.29
1.4710 44.61 | 1.5828 [24.14
<«00 0.00 24.57T | 0.7616| 5.78
0.1299 28461 | 0.8869 | 7.71
0.2926 32.25 | 0.9991| 9.98
0.4850 3539 | 1.0970|12.50
0.9839 41.11 | 1.2743(18.80
1.7356 45.68 | 1.4160 (26.06
4.00 0.00 31led3 | 0.9743| 9.43
0.1278 35.68 | 1.0440|11.07
0.2604 3551 [ 11007 [12.61
0.5104 38.16 | 1.1829|15.24
0.7031 39.82 | L2343 |17.15
1.22562 42.81 | L.3270|21.23
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These v alues are plotted in Fig. 4. along with
those for butyl alcochol in water. It is seen that
for 1 mol!l propionic acid we obtain a straight line,
with the same slope as before i.e. this solution
conforms to the theory. With 2 nols% propionic acid
we get e curve which starts approximately linear,
with a slightly smaller slope, and curves definitely
above 1 mol% butyl alcohol. With 4 mols% we get a
definite curve whose initial slope, below 0.l Mol%
butyl alcohol approximates to that of the others.

In Fig. 5 these are plotted with the same
starting peoint, i.e. ¢, is plotted against y-(1+ k,c)
The divergence from theory as the concentration of
propionic acid increases, and also as the concentration
of butyl alcohol increases is clearly shown.

Taole IX gives the values of k, for different
concentrations of propionic écid and butyl alcohol.
Up to 1 mol% propionic acid and 1.5 mol% butyl
alcohol k, 1is constant at 13.9 or l4.

A slight decrease is exhibited by k, for
proponic acid. The values, found from the inter-
cepts in Fig. 4 are 2.6, 2.4 and 2.1 for 1, 2 and 4

|mols% propionic acid.
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TABLE IX.

c, = mols% propionic acid.
e, = mols% butyl alcohol.

2
e, c, A e, e, v Ay ﬁ_"; = Ky
2.00 | 0.00 5.78
0.1299 | «12€9 [ 0.0650 Te71 1.93 14..86
0.2926 | «1627 | 0.2113 098 2ol 15.95
0.4850 | .1924 | 0.5888 12.50 < eDZ 15.10
0.9839 | 44989 | 0.7345 18+60 5«50 12.63
1.73386 | «7497 | 1.558686 26.06 7e26 9.68
4.00 | O.U0 Q.43

0.1278 | .1278 | 0.0639 11.07 1, 64 12.85

Ue2604 | «1326 | 01941 12.61 1.54 11.61

0.5104 | «2500 | 0.3854 15.24 A 15 10.52
U.7051 | «1927 | 0.6068 17215 AP 9.91
1.2252 | «5Z21 | 0.9642 leicd 4.08 7.81

The constant k, thus decreasecs markedly in the more
concentrated soLutionse. With 4 mols % propionic
acid and 1.5 mols % butyl alcohol it shows a decrease
of more than 50 4, compared with a decrease of 10%
Tfor the same concentrations of ethyl and butyl
alcchols. Obviously, then, the molecules exhibit
interaction of some kind, and cannot be considered

as acting independently.
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SUMMARY s -

The surface tensions of mixtures of water-ethyl
alcohol - butyl alcohol, and water-propionic acid -
butyl alcochol have been determined by the capillary
rise method. An attempt has been made to it them

into the equation

roo=K- %2 loge(l + k¢ + k,¢)

In the first system the equaﬁion is guite accurately
obeyed, except when the ethyl alcohol concentration
is greater than 2 mols%. This is shown by a
gradual decrease in k., as the ethyl alcohol con-
centration increases. This decrease 1s ascribed to
the fact that concentrations are used instead of
activities. The guantity that is altering is
probably the activity coefficlent of butyl alcohol.
With the second system marked divergence from
the theory is found. It is concluded that molecules
of acid and alcohol interact in the surface layer,
so that equation (10) cannot be used to represent the
surface tensions of water-propionic acid - n-butyl

| alcohol mixtures.



THE BELECTROCHEMICAL: PROPERTIES OF OXYGEN AT
A PLATINUM ELECTRODE:

INTRODUCTION : - |

As a preliminary to the study of irreversible

electrochemical oxidations, it is necessary to have |
|

an adequate knowledge of the conditions under which |
oxygen may be liberated ‘at an anode, and of its

properties when formed. It has long been known i
that a considerable overvoltage is required for thei
steady liberation of oxygen at anodes of many metalé.
Our knowledge of this overvoltage nas been considerﬁ
.ably extended by the experiments of Bowden (Proc. i
Roy. Soc. A, 126, 107, 1929) |

-~ — |
Bowden, using currents of 10 £ to 10 amp/cm?y

measured the variation of the overvoltage with !
current density at a platinum electrode. He con- |
%
|
overvoltage and the logarithm of the current densitﬁ

firmed the well known linear relation between the

first discovered by Tafel (Z. Phys. Chem. 50, 641, i
1905). The effect of temperature on overvoltage |
was also investigated, showing that the log. of the
current density at a given overpotential, and the
overpotential at a given current density, both very;
linearly with the absolute temperature.

Previously Bowden (Proc. Roy. Soc. A, 125, 446,|

1929) had measured the guantity of electricity




required to change the potential of an electrode
from near the hydrogen overvoltage to the oxygen
overvoltage. This guantity is accounted for by
assuming the process to involve the reuoval of a
layer of adsorbed hydrogen from the surface and its
replacement by a layer of oxygen. To account for
the phenomena of overvoltage, Bowden suggests that
the oxygen atoms are deformed by the forces existing
at the metal surface, forming orientated depoles.
Increase of the potential across the interface will
increase the deformation of these dipoles. When
the potential is great enocugh to cause their
complete collapse, molecular oxygen will be formed
continuously.

Bowden worked out the kineties of this theory
as follows. Only those dipoles which have more
than a certain energy, W, can escape. This energy
will depend on the nature of the gas and the metal,
and on the potential difference, V at the inter-
face. Suppose it to be proportional to V. Then

W = w =<V,
where o is the constant of proportionality, and w the
value of W when V = 0. The number of dipoles
having energy = W 1is

N = No exp./- (v -&V) (1)
RT

~No is the total number of dipoles on the surface.
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Teking logarithms and differentiating, with

respect to V, we find

d logqN = 205 d lOP;;,i = i (...;)
av dv RT

This relation is confirmed by Bowden, the wvalue
of « for oxygen or hydrogen at a platinum electroude
in dilute sulphuric acid being 0.5.

Differentiating (1) with respect to T, after

taking logs., we find

d logeN = 2.3 d log,i =w — &V (3)
ar aT RT >

By plotting log i against T at constant V, we
can find d—;—?;f', and hence (w - (V). For oxygen
in sulpnuric acid, this gives w =&V = 0.46 volt. To
calculate w, the "energy of activation", it is
necessary to know the absclute value of V. Assuming!
the saturateu calomel electrode to have an absolute
potential of 0.53 volt, w is found to be eguivalent
to 25,000 calories, i.c. of the sawe order as the
energies of activation found for heterogeneous gas
reactions.

On cathodic polarisation of the electroue after
liberation of oxygen, Bowden found an arrest in the
curve, i.e. the potential remained constant f'or a
time, at a potential of €, = -0.1 volt. This he
attrivbuted to the reduction of a platinum oxiae
formed during the anodic process, the potential
agreeing with the reversible potential of P10, in

the saue solution.



Butler and Armstrong (Proc. Roy. Soc. A, 137,
604, 1932) re-examined these processes, and interpreted
them in terms of a theory of depolarisation. When
current passes Ifrom the electrode to the solution, or
vice versa, so that the whole of the current is used
in altering the charge on the double layer, i.e.
there is no transfer of ions or electrons across the
boundary, we have

ix% = B (4)

where 1 is the current flowing to the electrode, t

the time, V the electrode potential and B the capacity
of the double layer. If part of the current 1is
employed in transferring ions or electrons across the
boundary, we have

1

Big-y- = i - 1 (5)
dt

where i' is the current used in such transfer, the
‘depolarisation current". Any difference between

B dv/dt and i is therefore due to transier of ions

r electrons. The development of this theory is

given later.

Butler and Arustrong also found that (1) after
anodic polarisation, a depolarisation process is
observed on making the electrode cathodic, the amount
depending on the length of the previous anouice. They

showed that this could not be due to reuuction of a



platinum oxide, as the amount of depolarisation was
much reduced by even gentle stirring after the anodic.
(2) After this cathodic process, a considerable
amount of electricity was required to bring the
potential back to the point of oxygen liberation,
i.es i was much greater then B dV/dt. They suggested
that this was due to the formation of a layer of oxygen
by the anodic current, this layer being remwoved on
cathodic polarisation. The amount of depolarisation
during the cathodic proucess, after vigouroué stirring,
or after removing and washing the electirode corres-
ponded roughly to the amount of electricity required
to reduce a monatomic layer of oxygen on the
electrode surface.

In the present investigation a further study
is made of these phenomerd . The points investigated
are dealt with under the following headings.
(1) A study of the depolarising action of oxygen
at platinum electrodes in solutions of various pH.
(2) A detailed investigation of the anodic process
described above.
(3) The electrochemical oxidation of methyl alcohol

and Tormaldehyde.



EXPERIMENTAL : -

The electrode was contained in the cell shown
in Diag. 1. The vesszel A contains the electrode
to be experimented upon, B. The current is passed
between B and the suxiliary electroue, C, which is
separated from A by the tap G, which was kept closed,
to prevent diffusion between the two chambers. The
potential of B was measured against the standard
mercurous sulphate electrode, E, consisting of the
half-cell Hg IHgl 804, 1i/56 Na, 30, - Electrical
contact between B and E is made by sucking ligquid
from A up the tube ML, and running sodium sulphate
from the reservoir, R, down the tube FL. Oxygen
was passed into the solution through the tube D.
This served both to stir the solution and to saturate
it with oxygen. The oxygen escaped through the
trap, He

The potential difference between B and E was
measured by means of Lindewann electromneter used
in conjunction with a potentiometer. With this
arrangement potentials can Le umeasured with an
accuracy of * .002 volt.

The electrical connections are shown in Diag. 2,
part (a) showing the potential-measuring circuit,
and part(b) the polarising and current-mneasuring

circuit. The needle of the Lindemann, L, is attached
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to a copper wire pointer, A, which can be inserted
into either of the mercury cups (1) and (2). When
it is in (2) the needle is earthed, and the zero
position ol the Lindemann scale is read off on the
graduated scale in the eye-piece of the microscope
through which the needle 1s observed. With the
pointer in. (1) the votential of the electrode is
applied to the needle. To restore the needle to
its zero position, an egual balancing potential
must be applied. This is done by adjusting the
potentiometer setting, the reading of the potentio-
meter then giving direcily the potential of the
electrode.

In part (o) of Diage. 2 B is a high tension
battery which supplies the polarising current, this
being regulated by the high resistance R, . The
current flowing is measured by determining the fall
of potential down the standard resistance R, 5 by
the potentiometer. A reversing switch (niot shown)
was provided so that the test electrode could be
made anodic or cathodic.

All parts of the apparatus were insulated by
standing them on paraffin blocks and glass plates.

The procedure in making a time-potential curve
is as follows. fhe potential of the electrode is
measured before the current is started. The current

is then switched on and the stop-watch started. The
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potentiometer reading 1s then varied in steps of,
says, 0.1 volt. When the Lindemann needle crosses
the zero position, the potential of the electrode

is equal to the potentiometer reading. This
reading and the time are noted. The current is
measured at any convenient time during the experiment
by earthing the needle and switching over to the
appropriate potentiometer circuit.

The potentiai of' the mercurous sulphate halr-
cell is approximately +0.65 volt on the standard
hydrogen scale. Potentials are expressed either
against the mercurous sulphate electroue (Vs) or on

the hydrogen scale (V, or EH).



DEPOLARISATION BY OXYGEN AT A PLATINUM
CATHOLE .

When a platinum electrode is cathodically
polarised in sulphuric acid solution containing
oxygen, the cathodic depolarisation which can be
ascribed to the reduction of oxygen is variable in
amount and in the potential at which it occurs
(Figsl)s It was found, however, that if the
electrode is previously anodicglly polarised for a
short time to the point at which oxygen is liberatedﬁ
and the solution then thoroughly stirred, welludeﬁmed
and reproaucible cathodic depolarisation curves are |
obtained (Fig.2). These curves were obtained using;
an electrode of apparent area about 3 cmt. The |
electrode was made anodic for 15 seconds, using a i
current of 1.5x 10 > amp., this being sufficient to i
take the potential to the point of oxygen liberation¢

The solution was then stirred for 5 minutes. The ;
oxygen liberated has no effect on the cathodic curve%
for, apart from the stirring, the amount formed is
insignificant compared with the amount of cathodic
depolarisation. The cathodic current was stopped
at a potential of €, =+0.05 volt, to avoid the
formation of hydrogen in the solution.
Beans and Hamuett (J.A.C.S., 47, 1215, 1925)

have shown that while in acid solution oxygen has noi

appreciable effect on the reversible hydrogen
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potential at platinised electrodes, it has a much
greater eifect, i.e. its electromotive activity is
much greater, in alkaline solutions. This is fully
borne out by the results obtained here for the
cathodic depolarisation produced by oxygen in N/5
sodium hydroxide. Reproducible curves were obtained
in this case without any previous anodic polarisation
(Fige 3), provided the solution was well stirred
between successive experiments. Almost identical
curves were obtained when the preliminary anodic
polarisation was carried out (Pig.4). in a buffered
solution of pH8 (containing NaOH 0.047N and KH, PO,
0.05l) a considerable amount of depolarisation was
found without previous anodic polarisation, but the
curves were souewhat variable. Excellent repro-
ducibility was obtained after a short anodic. The
curves so obtained are shown in Fig. 5.

These results indicate that oxygen is an
efi'icient depolariser, after the electrode has been
anodically polarised, and the solution well stirred,
in solutions of any pH. In the absence of the
anodic treatment, however, its activity decreases &as
the solution grows more &acid.

The curves of Figs. 2,4 and 5 are similar in
shape to those obtained by Butler and Armstrong
(Proc. Roy. Soc. A, 139, 406, 1933) for reversible
_depolarisation by methylene blue and quinhydrone.

The curves consist of three parts.
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(a) An initial rapid rise of potential.

(b) The "arrest" during which the potential changes
very slowly.

(¢) A final rapid rise of potential from the arrest
to the overpotential.

In part (a) the potential changeé according to
equation (5), i' being small. At the equilibrium
potential i’ = 0, but as the potential rises, i'
increases according to the equation (Butler, Trans.

Par. Soc., 19, 734, 1924)
| -a (V-Vo)
i = ke (6)
where V is the potential
Vo is the equilibrium potential
and a and k are constants.

Eventually 1 and i' are equal, so that the
potential will remain constant, if Vo is constant.
Vo however, depends on the concentration of
depolariser near the electrode. As this is
diminished, Vo changes, so that V will also change.
This change is represented by part (b) of the curve,
the slow change in potential being due entirely to
changes in Vo. The change in Vo can be approximately
represented by the eguation

o

Vo = Vo =~ RT loga (7)
ZB

V3 is the value of Vo when g = L; q is the

effective concentration of depolariser at the
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electroae surface, and z the nuuber of electrons
reqguired to reduce one uolecule of depolariser.

Let g be the amount of devoiariser within a
certain short distance of the electroue, expressed
as the amount of electricity necessary to reduce
(or oxidise) it. The original amount in this
region ig go; the amount reauced in time t is it
(in the "arrest" region i - i' ).  Some of this is
replaced by difrfusion from the solution, this amount
depending on the tiwe and the concentration. Call
it T (e,1)

We have then

b

qQ =g, - it + £ (c,t) (8)
1f'y, therefore, we measure the times taken ror the
potential to reach a certain value of Vo, we have
go - it + © (e,t) = constant (9)
Tow if the amount of diffusion is great, i.e. for
sufficiently long times, g and qo are negligible
compared with the other terms, so that approxiumately
it,= £ (c,t)
Table 1 gives the values of i, t,ana it.for the
three solutions investigated. ( t.. is the time taken |
for the potential to reach an arbitrary value
sligntly above the arrest, the times for the initial

and final rises being negligible.)




(times to -0.5v)

i(amps.x10 3_)

1’45308 . )

1t coulsall,

1.155 61 7045
0.979 91 c8.1
0.758 169 124.7
0.664 213 141.4
0.589 288 169.6
0.514 400 205.6
0.442 802 554.5
NaOH (times to -1.0v) 1.118 67 75
0.954 90 8549
0.792 158 105.3
0.630 227 143
0.466 BET 260
pH3 [(times to -0.9v) 1.224 69 d
0.795 140 o S
0.730 171 125
0.620 284 176
0.586 494 289.5

1038




In Fige 6 Vs is plotted sgainst ite e The result
iz in each case a straight line, satisfying the
relation

il ol & ]3.':” (10)

This relation can be accounted for by assuning
a uniform diffusion layer to be set up, containing
an amnount of depolariser reguiring o coulonbs,
diffusion then proceeding at a constant rate,
eguivalent to ﬁ couloiubs er second.

Substituting in equation (7), we find

V = constant - RT log (qo - it +% * 3t)
g

or for long times, when g,can be ignored,

V = constant - RT log (% + 3t - it) (11)
Z

N
b
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' Butler and Arustrong, who derived this equation,
found & to hold for depolarisation vy methylene blue
and guinhydrone, giving nearly the theoretical
slope over a considerable range. It is found to

' hold for oxygen depolarisation. The values of o«
and Fg Tfor the three solutions are

 (coulombs x 107> )  (amps. x 10"3)

| Bulphuric Acid. 63 0.36
' Sodium Hydroxide 54.0 0«37
pH '8 solution. 40.0 0.60

The value of ﬁ i3 thus the same in acid or alkali.
It is appreciably greater in the pH8 solution. This
may possibly be due to the greater solubility of
oxygen in this solution, wihich contains a smaller
concentration of electrolyte than the others.

In Fige. 7, 8 and 9, V is plotted against
logm(a+¢3£ " it) for the three solutions, using the
values ofo(andpgﬁmen above, and currents of 0.514m/a,

«465 n/a, and 0.73 m/a for the acid, alkali, and pHS

| solutions respectively. The respective slopes,

av/d log,(x+ 3t - it), are 0.32, 0.32 and 0.55.

These are very much greater than the theoretical
slope 2.30RT/2F, = 0.029, but since the theory was
evolved for reversible depolarisation, by direct
transfer of electrons, it is not to be expected that
_it will apply &accurately to this irreveréible [ITOCESS

whose mechanism 1is rather obscure.
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II. ANODIC POLARISATION OF PLATINUM ELECTRODES IN ;

OXYGEN SATURATED SOLUTIONG .

-

1t was observed by Butler and Armstrong (loc. cit.

that, when a platinum electrode is anodically
polarised in sulphuric acid containing dissolved |
oxygen, a considerable amount of depolarisation took
place_before the potential at which oxygen is
liberated freely. They suggested that this might
be due to the formation of a layer of adsorbed
oxygen by a mechanism different from the normal dis-
charge of oxygen, or hydroxyl ions in the solution.
A fuller study of this process is made here.

Fig. 10 and 11 show the time-potential curves
obtained by anodically polarising a platinum electrode
in N/5 sulphuric acid and N/5 barium hydroxide. The
procedure was as follows. The electrode was made
cathodic until the potential had risen to a point
above the "cathodic arrvest" mentioned above, this
completely destroying the layer of oxygen formed
during anodic polarisation. The solution was then
stirred for one minute, and the anodic curve taken.

Curve (a) was obtained without any stirring
after the cathodic treatment. After 40, 60 and 80
seconds' stirring, the curves obtained were identical
(b, ', "), so a series of curves was made using

60 seconds stirring in each case.

The curves consist of a preliminary short rapid

rise of potential for about 0.05 volt, followed by a!
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slower linear portion, bending orf as the oxygen
overpotential is reached. By measuring the slope
of this linear portion, we can find approximately
the amount of electricity required to change the

potential by, say 1 volt. Trnis 1s shown in Table I1.

TABLE 1T

N/5 H;Oq i(amps.x165 at Eﬁggg.% dg (couls.x 15%
av (volt. av (volt. )

99 950 9.45

165 595 9.83

273 3357 9.20

424 205 8.70

520 145 855

_ ol ~7 | _ ~3
N/5 Ba(Od:-zl(amps.xlﬁ) it (gecs.) | dg (couls. x 10)
dv VvolIt. av volt.

160 350 4400
229 175 4,00
556 1Y 594
555 70 588
911 42 3483

It is seen that dg/dV, the guantity of electriciy
required to change the potential by 1 volt, is
approximately constant in each cases It was found
that the guantity of electricity used in changing
the charge of the double layer was <Sl.7 X lOmfcoulombs
per volt, which is very much smaller than dg/dV as
shown in Table II, the dirfference belng due to

depolarisation. Butler and Armstrong found that



0«34 couls. per volt per cmf is reguired to alter the
charge of the double layer. The real area of the
electrode used here is therefore 6.4 cmf.

The suggestion that the depolarisation process
consists of the formation of a layer of oxygen at
the surface is supported by the following calculation.

In barium hydroxide solution, the total change
of potential is from -0.5 volt to +0.35 volt, i.e.
0.85 volt. Since dg/dV = 3.9x 10 ° couls. the total
gquantity of electricity necessary to establish the
oxygen overvoltage is therefore 0.85x5.9510° =
8-32:1013cou10mbs. This is sufficient for the
discharge of 1.04:10“ oxygen atons. Now, taking the
radius of the oxygen as 146xldﬁacm. (Jeans, Dyne
Theory of Gases, 2nd Ed., p 541), the number of
oxygen atoms reqguired to cover the electrode surface
with a monatomic layer is 0.96x10f6 . Thus the
formation of a monatomic layer of oxygen would
account exactly for the amount of depolarisation
observed. In sulphuric acid the amount of
electricity required is sufficient for the discharge
- of l.7x10r‘ atoms. The agreement, though not so
accurate, is still satisfactory, considering the

approximate nature of the calculation. ;
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'The layer of adsorbed oxygen can be wholly or
partially removed by cathodic polarisation. The
curves in Fig. 12 were obtained by polarising
cathodically until the potential reached a ce:stain
value, then reversing the current and taking the
time-potential curve. The anodic current was the
same in every case, 62:&10‘7 il e It is seen that
the more negavive the electrode is made during the
cathodic polarisation, the more slowly does the

potential change uuring the subsequent anodic. When |

taken cathodically to \@: -0.3v, da/dV during the

anodic is little greater than that required to alter

the change on the double layer, i.e. no depolarisation
is observed. The same auplies after taking the
potential to -0.5. For more negative potentials,
inowever, considerable depolarisation is observed, as
'shown by the increase in the slope dt/dV, of the t-V

) |
curve. The amount of depolarisation increases until |
on taking the potential to -1l.2v. we arrive at a
curve similar to those in Fig. 1ll. The oxygen layer

'has here been conpletely rewoved, so that the entire

layer must be replaced during anodic polarisation.
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We must now consider Ly what mechanism a layer
of adsorbed oxygen, or its eguivalent, can be formed
at the surface of the electrode at potentials more
negative than that required for tne steady lLiberation
of oxygerie. There are three possible processes which
might occur during the passage of anodic current.

(
\

(2) Discharge of oxygen ions by transfer of

1_]

) Solution of platinum ions from the electrode.

electrons rrom the negative ions to the electrode.
(3) Transfer of oxygen ions from the solution to
adsorption positions at the surface of the electrode.
Wfe shall examine these in turn to see whether

they are capavle of explaining the obsecrved phenomenas.

(1, Platinum might dissolve during anodic polarisatim

gl o Lt
as Pt ions, possibly Pt &

g In order to account
for the steady fall of potential as the process goes
on, it would be necessary to suppose that tnese ions
are immnediately hydrolysed, e.g. according to the
equation

Pt 4 4 0BT = Pt (OH),
forming an insoluble precipitate on the surface of
the electrode, reducing its eifective area, and thus
increasing the current density, this increase in

current density causing the potential to become iore

positive. Such a process might be expected in
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alkaline solution, where a Pt ion could hardly

exist for any length of time, but in sulpnuric acid,
the Pt+“+ ion would appear to be stable, since it
gives rise to soluble sulpnates and basic sulphates
(Stuchlik, Ber., 37, 2913, 1904; Blondel, Ann. Chim.
Phys., 6, 81, 1905). Unless precipitation were very
ra id, we should find a horizontal stage-at the
beginning of the curve, marking a period during which
solution of platinum ions was proceeding, but before
precipitation had started. No such stage is
observed. It seews iuprobapnle, taerefore, that
solution or platinum ions can account for the
obgerved vhenouena, since it would be necessary to
postulate immediate precipitation of these ions in

either acid or alkaline solutione.

() According to Gurney (Proc. Roy. Soc. A, 134,
1537, 1951), the condition necessary Ior the transfer
of electrons from negative lons in the solution to
tne electirode is

¢ +V > E_
where ¢ ig the thermiocnic work function or the
¢lectrode metal,
V the potential of the electrode relative to the
solution,

E_ the neutralisation potential of the ions. IH



the present investigation we find oxygen liberation
when V is much less than that recuired for the con-
‘tinuous discharge of oxygen. If it could Dbe
assumed that ¢ is greater at a "clean" platinum
surface then at an oxygen covered suriface, then the
potential necessary for oxygen discharge would be less
at the "clean" surface, since as an oxygen layer built
Up q) would decrease, and thervefore V would increase,
until the surface was coupletely covereu, when it
woulu rema.n constant, and continuous liberation of
oxygen would occurs. This is exactly what happens.
No figures are avalilable to snow the effect of an
oxygen layer on the thermionic work function of
platinum, but that of tungsten is conslderably
increased by a layer of oxygen not more than monatomic
(Becker, F:r. Soc. Discussion on Adsorption, pe. 157).
This effect is probably due to the formation of
oxygen ions, i.e. a quasi-oxide is Tormed, the ions
forming a negative grid which prevents escape of
‘electrons from the metal. The same is probably
true for platinum, so that hycothesis (2) appears

untenuble.

(3) According to the guantum mechanical theory of
electrolysis given by Gurney (loc. ¢it), there exist,

at the surface of a metal electrode, positions of low
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potential energy into which metal ions from the
solution may be devosited, continuing the metal
crystal lattice. Gurney has worked out the theory
of electrode potential by eguating the probability
of the transfer of an ion from the solution to one
of these positions, to the provbability of transfer
in the reverse direction.

The potential energy of a metal ion near the
surface of the electrode is represented in Diag 3.
The ordinates represent Lhe potential energy, and

abecissae distance f'rom the metal surface.

lletal.

Ak T TR ST T O B WEL Y 0

Diagn 5.
Near the metal surface there is & position of

low potential energy, represented by the dip in the
curve, wnere the ion is held by crystallisation
forces. In this position it may occupy any one ol a
number of vibrational-rotational energy levels,
represented by the horizontal lines.

A similar state of affairs obtains near a water

molecule.
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Diag. 4.
Here again there is a position of low potential
energy near the water wolecule, representing a
state of hydration.

Coubining these two diagraws, we get one of the

following 7
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Diage5e

The two dips, (&) and (b) represent stable
pogitions of the ion, in which it is at the metal
surface (a), or hydrated (b). According to
guantum mechanics there is a definite probability
of transfer of an ion from a given energy level to
an unoccuried level of equal energy in the other
position. In case I, ions will pass through the

potential barrier from the hydrated state to the
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metal surface, i.e. they will be depusited from
solution. In case 11, the reverse process haplens,
and ions dissolve. In case IIl, both processes go
on at the same rate.

If we alter the potential of the electrode, we
alter the position of the dip (a). In case I, if
we raise the potential, we shall raise aip (a) until
it is level with (b), giving III. Deposition will
then cease. Similarly, lowering the potential in
case 11 will eventualy prevent solution of ions.

A similar process may be suprosed to occur
'with negative ions which can be held at the metal
surface by considerable adsorption forces. Oxygen
(or hydroxyl) ions, for exauple, might take part in a
vrocess of the kind, analagous to the known strong
adsorption of gaseous oxygen by platinum and other
_metala. The potential energy diagram will Dbe
lsimilar to case 1 of Diag . The auscrption process
will be favoured as the electrode becomes more positive,
and will begin when

UA - V < Us

where U, is the potential energy of an ion in the
adsorbed state
and U, the potential energy in .the solution.
|

I When oiygen ions have been ausorbed in this way,



their electrons would probably become werged in the

metal, and they would be indistinguishable from

a.usorbed atons. The steady rise of potential as

the process goes on would then be due to the gradual
'iliing up of these adsorption positions on the
electroue suf'ace.

Of the three mechanisma suggested, (5) secms
the most probable, since serious objections to the

other two have becn pointed outbt, and there is no

Eapparent objection to the third.
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ITHEBVEESIBLE ELECTHOCHEN_ AL QXIDATIONS.

Electrochemical osxidations may be aivided into
two classes (a) reversible and (o) irreversible.
The forumer are characterised by the fgct that when an
inert electrode is placed in a solutioun containing
pothh the reduced and oxidised forms of the substarnce
a uefinite, reproducible electrode potential is set
Upe. In this case it must ve supposed that the
primary process ol oxidation or reduction is the
reversible transfer of electruns betweecn the electrok
and the substance in solution, according to the sdxmé
0" + ne = gm0 |
where 077 represents the oxidised form of the moleaile,
or ion, which may receive n electrons from the
glecsrode ana thereby becoue converted into the
substance R™™™" . In such cases oxzidation occurs
on anodic polarisation, and reduction on cathodic
polarisation, when the electrode potential is only
sligntly displaced f'rom the reversible potential.
The considerable aisplacements which occur arter a
certain "transition interval" have been shown by
Butler and Arumstrong (Loc. cit.) to be the result off
the depletion of the depolariser in the vicinity of |
|
the electrode. .

On the other hand there are many cases in which

oxidations can be effected at the anode, and
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reductions at the cathode, in which no reversible
potential can be obtained in & solution centaining
the initial substance and its oxidation (or reduction)
product. We shall consider in detail the case of
irreversible electrochemical oxidation.

There are two possibilities for the mecnanisum
of such processes:i-
(L) The primary process may be the transfer of
electrons from the oxidisable waterial to the
clectrode, but the transfer from the electroue to the
oxidised product is impossible, co that the process
is irreversible, and may berepresented by |

o L R

R — ne + 0™

Such & process would give rise to a derinite
depolarisation stage on lhe time-potential curve.
It would be e asily identified if it occurred at a
less positive potential than the depolarisation
process due to the formation of the oxygen layer,
described above. I1f, on the other hand, it occurs @
in the same region as the latter, it may be difficult
to distinguish the two processes.
(a) The oxidisable substance may be unable to give
electrons to the electroue, and the oxidation may .

oceur as the result of the primary formation of

oxygen, and its subsequent reaction with the
substances in the solution. Here again we have two
possibilities. (a) The substance might be oxid.sed

by the
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"adsorbed" oxygen which can be forued, as has been
shown, at potentials less posgitive than that required
for the continuocus liberation of oxygen.

(b) The substance may be oxidised only by the oxygen

Tormed under the conditions of continuous evolutione.

These two cases might be distinguished in the

following way :-

' (a) The depolarisation process which has veen

recognised as due to the Tormation of adsorbed oxygen
would ve prolonged by process (a)

(v) 1If process (u) is the only one that can occur, |
the polarisation curves should not bte afiected by the |
presence of an oxidisable substance, and the potential
at wiilch oxidation occurs should be the same as that
reoulred for the liberation of oxygen under the same
conditions.

In order to ouvtain information as to the nature

| of soie comuon irreversible oxidations, time~potentia}
|

curves have ceen obtained for the anodic polar-isationI

of platinum electrodes in the presence of various

| oxidisable substances.

ELECTROCHEILICAL OXIDATiION OF ANILINE.

|
.1% solution of aniline in N/5 sulphuric acid|

=
o

was 1irst studied. It gave anodic curves with a l
well defined "arrest" at about €, = +0.85v. This is \

rather wmore negative than the potential &t which the



formation of "adsorbed" oxygen begins ( €y = +0.95v ).
The oxidation of aniline is thereiore probably
brougzht about by transfer of ions {rom the aniline to
the electrode. The curves were uniortunately not
reproducible, and the electroue soon necaume coated
with a dark green r'ilm, possibly aniline black. The
nuaber of possible oxidation products, too, is large,
so that tials system is probably unsuitsvble for
further study at present.

OXIDATION OF METHYL ALCOHOL.

llethyl alcohol was next studied. The number of
|

possible oxidation products is here comparatively
small, and all are soluble. It should thererore be|

wore suitable for study than aniline. |
Anodic polarisation curves were uade using N/5 i
barium hydroxide solution containing various amounts;
of methyl alcohol. With small concentrations of
the latter, the tiue-potential curves were scarcely
affected, except that all potentials were displaced
to slightly more negative values. With larger
concentrations the effects were more pronounced.
A curve obtalned with 10% methyl alcohol, using a i
current of 94x10 ' giip. 1s shown in Fig. 13, ‘
together with the curve Ifor pure barium hydroxide, !
using the same current. A small amount of aadition#

oxidation ocecurs at €,= +0.25v, but the slope of the
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rest of tie curve is practically the same as that for
pure barium hydroxide. The amount of oxidation
which occurs before oxygen is ireely liberated, even
in the presence of a considerable amount of metnyl
alcohol is thus very s:iall, and may be due to a
secondary effect.

in /5 sulvhurie acid solution, however, a
considerable amount of depolarisation is found. The
curves for this process are shown in HFig. 14. The
currents used are relatively high, and the methyl
alcohol concentration only 1%. The form of the
curves is similar to those obtained for cathodic .
depolarisation by oxygen, except that with small
enough currents, curious periodic "jumps'" of potentki
OCCUT. In these jumps the potential becomes more

negatvive by about U.2 volt, and returns in 2-3 secords
|

to a value slightly more negative than before. Trese
periodicities occur at a potential ofe, =+0.8v. With
10% methyl alcohol and a current of 2.3 m/a., & :
series of 1b was obscrved, with a period increasing
gradually from 11l seconds, until the potential
remained constant. !
The curves of Fig. 14 cannot be accurately
reprodaucea, but they show that considerable amount
of oxidation occurs, and that this must be due to
one of the processes (1) or (2a). Since depolari- |

sation occurs at €, = +0.8 volt, whereas the |
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production of adsorbed oxygen, does not start until
€, = +0.9 volt, oxidation probably occurs by a

primary process such as the transfer of electrons

from methyl alconol to the electrode. If one molecde
lost two electrons, it would be lert with a positive
charge = 2€. If this molecule now lost two hydrogen

lons, we should have formaldehyde; so that, assumingé

formaldehyde to be the oxidation product, the reactiaﬁ
'might be represented by CH,O0H = H.CHO + 2H'+ 2e.

Tests on the solutiorn, hovaer,'sngwed no trace :

of formaldehyde. This may be because the formaldenyde

is oxlidised soon after it is formed. This would

explain the jumps of potential, if the formaldehyde |
accuwulates near the electrode, until there is enoughi
of it to lower the potential to the oxidation potentisl
|
|

of formaldehyde, the potential returning as soon as

all the formaldehyde had been oxidised.
We may concluae, therefore, that methyl alcohol

is irreversibly oxiclised at a platinum anode. it
|
amears that in alkaline solution it is oxidised only,

or at least mainiy, by the oxygen- liberated at the

potential of continuous liberation. In acid solutiong
however, oxidation is probably due to the irreversible|
transfer of electrons by some process Irom the methyl |

Aalconol to the electroue. Study of the latter process

is complicated soumewhat by the formation of oxidation |
|

products (e.g. formaldehyde) which are theusleves
oxidisavle.
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OXIDATLION OF FORMALDEHYDE.

A 0.05% solution of formaldenyde in N/5 sodium
hydroxide was treated in the same way. The anodic
polarisaticn curves obtained witih this solution are
shown in Fig. 15, the sclution being stirred for ifive
mirutes belore each curve was taken. The curves in|
this case are perfectly reproducible. They have
again the same form as the oxyg-n depolarisation
curves, and are thereiore provaoly explained by a
similar mechanism. Let the "transition time" ¢

be the time Tfor the potential to reasch the value '

\G = —0.1 volt. Table & shows the values of i, t
and it for these curves. In Fig. 16, t 1is plottea

|
against it , giving, as before, a straight line,
from wnich we findoa= 1.1léxl0 éoulomus, and ;
p = zﬁaxloﬁfamp. The chaunges of poteniial can |
therefore be explained vy the diffusion mecnanism of
Butler and Armstrong. The potential of the arrest
is about €, = +0.15 volt. The potential &t which ‘
oxygen devosition commences in pure N/5 NaOHis €x=
+0.25 volt. The primary process in the oxidation |
of formaldehyde may therefore be the transter of
glectrons from the formaldehyae molecules to the i
|

electrode, the resulting positively charged molecule

combining with an oxygen (or hydroxyl) ion, giving

formie acid. ! ‘

O
m

H.CHO + 0T = H.COOH + £ |
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i(amps.¥10") t(sees.) it(couls.10")
448 60 269
o8 96 365
Geo 170 558
B 229 696

A fuller study of these processes will be
necessary before the mechanism of the oxidation is
understood. 1t appears, however, that in all three
cases, aniline, methyl alcohol,and Tormaldehyde,
the primary process is the transfer of electrons by
some means Trom the molecule of oxidisable substance
to the electrode, the resulting charged “molecule"
decomposing, or reusacting with hydroxyl, or oxygen

i0ns.



