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INTRODUCTION

The separation of eleciricity which occurs when two

phases come into contact, or in other words, the forms- .

tion of an "electrical double layer," dnd. the relative

displacement of these two phases on application of an

electric field, give rise %o a series of phenomena which

have been under observation for many yearss Theae pheno-

mena, which come under the :eneral heacding of Yelectro-

kinesis," can be conveniently divided into the Following

four sectionst

(1)

(i1)

(111)

(iv)

-ELEGTROPEORESIS ineluding cataphoresis, the

motion under the influence of an applied electric
field of an isolated particle suspended ina
liquid. ) |

DORN EFFECT, the production of an e.m f, by the
motion of a pafticle through a stationary liguid.
ELECTROENDOSMOSIS, the movement of a liquid
through a statiosnary tube under the influe..ce of

an electrie field, applied across the ends of the

tube,

FLOW OR STREAM POTENTIAL, the potential produced
between the ends of a tube by the motion of a

liguid through the tube,

It is evident that (ii) and (iv) are the converse
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effects of (i) end (iii) respectively. Of vhe above
phenomena, electrophoresis and electro-osmosis were the

first %o be observed, and Quinckel in his discuseion of

them suggested that a charging effect due to separation

of eleetricity ﬁook'plaée. Helmholtz was the first to

put forward a mathematical explanat’ion'of the effects,

his work later being amplified by Lamb;‘ Their tréatment

wés based upon the eoncep§ of an electrical double layer,
forming & parallel plate condemser, one laminar distri-
bution of chabge being rigidly attached to the non mobile
.phase and the othur equél and oppositely charged layer
regiding in the mobile phases The diagram below illustrates
how this idea can be apnlied to an isolated spherical particle
in a liquid, a {ixed layer of charge residing on th. particle,

and a mobiie oppoeitiely charged layer collecting in the sur-

rounding £1luide

—

In this case a transverse electric field will cause the
outer negatively charged layer to be pulled towards the
positive €lectrode and the particle with its immobile
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| positive charge, will be dragged with this outer sheath
under the action of viscous forces. |

Using these concepts, Helmholtz and Lamb arrived at

the equation:

@ = Xk __

4'”.\1
where u = the electrophoretic velocity

X = the potential gradient
k = the dielectric constant of the ligquid
= the visessity of the liquid

{ = the zeta potential i.e. the potential across
the double layer ‘

They ma&e the following four assumptions in their
treatment 5f the problem:

(a) The usual hydrodynamical equations for the motion
of a viécous £luid may be assumed to hold “oth in the bulk
of the liquid and within the double layer.

(b) The motion of the fluid round the particle is
"gtreamline', inertia terms in the hydrodynamic eqﬁatione
being neglected. | .

(¢) The appliéd electric field can be regarded as
being superimposed upon the field due to the double layer.

(@) The thickness of ﬁhe double layer i. . the
diastance over which the @otential differs appreciably from
that of the liquid, is small compared with the radius of

curvature at any point on the surface
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The formula implies that the electrophoretic velocity
of non conducting particles is independent of particle
s8lize and particle shape.

L

Smoluchowski™, treating the problem in a much more
general manner, obtained the same éguation,,and all sub-
sequent workers have found an equation similar in form?
notwithstanding that it is now universally agreedthat
the Gouble layer is not of the simple "parallel plate"
type illustraﬁed.. Debye and Huckels, using a similar
treatment to that deviéed for the motion of an ion in

an electric field obtained the equation,

w = g XA _ o o2,

_ Awn
in which A is dependent on the particle shape, being 6T

for a sphere. Henrys, however, in a comprehensive
treatment of the problem, criticised D.bye and Huckel's
method and showed that for an insulating particle the
constant A in equation (a)vshould be 4T and independent
of particle shiape, Debse and Huckel's theogy being va}id
for parﬁiéles of the same conductivity as the surrounding
mediumu. Other workers, especially Hermans7 and BoothB,
have congidered relaxation effecta in the double layer,
reviewing the assumptisn made by Helmholtz to account
for these effects, and deriving modified versions of
equation (1).

K. K. Adam8 in his book "The Physics and Chemistry

of Surfaces" reviews the possible waye in which such
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electrical double layers can be formed, and he suguests
the Following three processes as being the nrincipal causes:

(1) Escape of positive or negative particles from one
phase into the othep,4in“the game manner as “thermiomic
emission" of electrons takes place from a heated metal,
The double layer formed in this menner is usually difiuse,
resembiing'the "space charge" of electrons round a hot wire.

(2) Preferential adsorption of particles of one eign
at the interface, neither positive nor negative particles
1eav1ng the ohases in apnrec¢able emounte, and the dovble
layer forming wholly on one side of the surface.

(3) Orientation of neutral molecules, which contain
electrical dipoles at the surisce. Most molecules contain
such alpoleo, and the1r prasence is one of the wrincinsal
reascns for the orlentatisn of molecules at surfaces. An
orientated row of dipoles at a surface is in itself a
double layer, but it is not diffuse. It may, however,

. induce secondary diffuse double lgyers extending into the
phases on either gide of the inxerface, py attracting
mobile charged nariicles.

It was suggested by Professor Wagstaff thet measure~
ments;should be made on the cataphoretié veloecities of air
bubbles in water, with a view %o obtaining & clearer

understanding of the conditions, especially the electrical

4
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conditions, existing at the air-water interface. It was
expected that the charging of the bubbles would be due to
a procese similar to one of those outlined by Adem, and
listed aboves
| Quinckel, in 1861, observed that in an electric field
air bubbles in water moved towards the positive electrode,
whereas in turpentine they moved towards the negative
electrode. As already stated, he attributed these effects
to the separation of charge at the bubble surface.

L@nardg, in his researches on the electrification of
water drops fallingin air, observed that distilled water
drops after Btriking'a wetted plate were positively elec~
trified, while inthe air surrounding the plate there was
a gistribution of negative electricity. Professor J. dJ
Thompsonlo continuin:, this work showed that the electri-
fication was dependent on the nature of the gas surrounding
the drops and also on the presence of electrolytes and
organic gubstances in the drops themselves. He attributed
the separation of electricity to the rupture of the double
layer of electricity surrounding the drop, the mechanical
ghock on striking tge plate pulling the outer gheath of
glectricity away from the inner layer, the latter remaining
on, and giving the chérge to, the drop. He attributed the
foprmation of the double layer to quasi chemical forces

existing between the gas and the water.
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McTaggart attempted to gain information on the
nature of these chemical forces by observing the cata-
phoretic velocity of air bﬁbblés in water. He used a
horizontal tube of circular cross section, kept in rapid
smooth rotation about a horizental axis. In this manner,
bubbles of gas could be maintained on the axis of the
tube ahd, on the application of a potential difference
between the ends of the tube, the cataphoretic velocity
was measured by means of a microscopes. The effects of
electroendomose in the tube were thought to be negligible
and ignored., With the information then available,
MeTaggart was unable to give an adequate explanation of
the negative charge acquired by the air bubbles, but he
thought that the effect was due to selective adsopption
of the hydroxyl ions in the water; this adsorption being
modified in the presence of highly chargéd pogitive ions.
In a later paper, McTagmgart attempted to relate this
adsorption effect with Gibb's adsorption equution.

In a similar series of eiperiments Te Alty 12 ime-
proved McTaggart's apparatus and investigated the.cata-
phoresigs of bubbles of the inert gases in water, com-
paring their behaviour with that of air buﬁbles in water.
These experiments were also made in an endeavour to gain
more information concerning the quasi chemical forces

acfing at the gas / water interface. As a result of these
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and 1 der experiments, Alty éoncluded that the movement
of'the.gas bubbles under the influence of the electric
field was dﬁe to a redidual electric charge on the bubble
and was not a true double layer effect. He oﬁserved the
charging.up effect of such hubbles in water of different
purities, and attributed the excess of negative charge as
due to ions of impurities in the water rathier than to
hydroxyl ions, the adsorption being brought about by orien-
tation of the water molecules in the interface, so that’
the positive, poles of thévmolécules lay inside the waters
fork has also been carried out on the cataphoresis
of other non conductors in electrolytic solutions.
‘ MooneleQ andvlater>Miss'Newton}#, measured the cataphoretic
velocity of 0il drops in electrolytic solutions using a
verticél closed tube, the velocity being measured with
ﬁhe electric field (a) assisting (b) acting against
grayitye Appropriate corrections were made for the electro-
endbsmotie fiow of liquid talting place under the influence
of the appliedifieldsé The charges measured were in all
cases.neéati#e but the results obtained were qualitative
rather than gquantitative in nature,
The originel object of the work described in this
thesis was $o.gain information on the ain/watér interface,

and tb gsee if there is a direct connection between the
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charges .acquired by water drops in air as observed and
measured by Professor Je J. Thompson, and on air bubbles
in water as in&éstigated by Altys 1t was hoped that the
charges on the water drops in air could be measured while
the drops fell throu_h the air under the action of gravity
instead of by 99léshing'on to a wet plate, and that a sim-
ilar method of charge measurement could be used for the
air bubbles in water. If the origin of the charge is pre-
ferential adsorption of ions at the interface due to
oriéntation of the water molecules, as suggested by Altylz,
one would expéct‘a direct relationéhip between the two
charges measured in the above manner,

The method of charge measurements‘aQOpted, was
developed by Cs¢ Curry at Durham University for the measure-
ment of charge on mercury drops in eleetrolytiq solutions.
It entails the measurément of the deviation from the ver-
tical, of drops falling under gravity, through a transverse
electric field, the deviation being measured photographically.
The mathematical theggy relating drop charge and deflection
is given-in the next*chapter. Making use of this theory,
expe_rigientfs were ca;rried out in an endeavour_to measure the
*.charge on watérdrops falling in air, this later being
lextended to water drops in benzene and to the measurement
of charée on dqpps of benzene and other liquids in elec-

trolytiec solutionse




CHAPTER IT
2 ";:-;,’" -
i )
The interpretation of the path of & drop moving
through a fluild’ under the influence of two forcss

gt right angles.




A oharged drop moving undep the influsnce of
- gravity threough a horigonisl elstirie field will de
geted aoom by two forees mutually at right angles.
Thass are ghown in the diagram below and srs mg due to
aravity an@ing'varzieallyg B being the vwégmof the
g in the £1044, gn&,g aciing horizsontally, d-e to

the slssteio field.

ke

I S

VM%

The drop in motion will alap be nscted v on by &
resistive fnree B , the magnituﬁs ¢f this orce do-end-
iﬂ@vﬂgﬁn the conditi-ns of flo» of £luid rond the dro.
If emditine are sueh that thore is streamline £1.14
flow zﬁ nd the &ropn then

. RefMTao~v
ghers = the wigo wity oL the £aid

o = the radiis of the drop
v = the veloeity of the drop in the flu
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Curry, howeier, ¥ound thati such sireamline con-
ditisms did not hold for mercury drops in sulphuric acid
solution, the vepistive force unuer such conditi ns
being p*o~ortlonal to the sguare of the velocity ¥
and radius g. i, e.

2
'o( (ay)
kva

¥ being consiani for- éneps of radius 2

Using this resisiance law, anu rewolvinv the vel-
pcity, v , into itwo couwrnnents vﬁ and vy along the
vertieal x axis and aarisgnﬁal ¥ a'iﬁ,'Curry gave the
followins %0 e uationa for the movement of a mercury

dropy in dilute sul-huric secid:

M——%—:{ = F - '&6"\3,)2‘ _____ l

Asauging-that the vertical terminai veloclty
was reached before the dro i entered the electric field
and that tiris vertical velocity was unaf.ccted by the .

fze]ﬁ,,Curr obtained tue equations:

x v .E _——— — — — 3

R T & oA =
X amd y being the vertical and horizontal disnlacements
res ectively, Tor tine te

I# turbulence had not occurred, the mntion of the
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fluid round the ivop beiny s:irvesaline, then Stoke's law

wsuld an-ly and the original eusniions (1) and(2) would

become dov
. ) ™ e = A
Xt ™ Ty - - = =5
T AV = F -6 Uy — — — -
v m* V¢ C.
these leading to
x - et —— -7
' -6Tna t
. _F le-m U= ™ }]—g
"6’ é—ﬂ_v)a, b‘ﬁ'v?a,

Curﬁy derived thesé eguasisms, and’ uvsed eaquatinne
{3) and (&) for the internretation oi the nathe of the
vererry dvo 6 in tie asyeous solutions. The trestment
can b. carried s stgge furiher by considering . drop
er.tering the elecirvic field with ve.ocity w where w <
_ iz terminal vel citys For such 5 drop, aund for stream-
line flow of fluid ro’md the drop, we o-tain the

goualtions

O L O ) G

, _Ke
4
K~y =a{t— L(1-< )___10
¥ vein  the comnstant Gﬁfncx
(42

From (9) and (10} we therelocre have
x = e wKe o
E {3’ F }E"-’v (78] 11

F
If g is §7'2%K'W@ may say
x e
- = W ————12
: FEE

Phis last eguetion was uced for the calculation of F in
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the experiments with witer drbxs falling in air,
deseribed in Chapter 3.

ivery attempt to utilize equaticns (3) an&\(h)
for the interpretaﬁion of other drop paths was unauc-
cessfuls On rcvweWLng the work, however, the initial
eguacime (1) and (d} were found to be incorrect.
Instead of rgsolving the velocity of the drop, v, into
a horigontal cor . mnent, ﬁy, and a vertical component,
'%v, and der1VLng the horisontal and vertical coui onenta
oi the vesistive force from vy anﬁ vy, the force R
should be resolved directly. '

Ths equations of motion shorld therefors be:

X - ~q - Rceaf _

mt!— _——13
mway o F - Rawd ___
: e - (14)

R and f being mlicwn in the initial diagrem. If the
pesiative force ¥ ic proporticnal to the h'th power
of the velocity:? ile &

R = &,v" , R, being a constant

for drops of radius a, then

‘hv.d_’z_}. = F _@u'\;\jm&(i)—_ls

Under guch circum tances e.uavions (1) and (2)
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would have been

™ At z 1\\% - /bv|6>'“d¢)~_. -_—-17
o t*
1 _ _ A
it & (v~ — 18

these differing from (15) and (16) if n £ 1.
Therefore eguations (3) and (4) for which n=2, are
incorrects The other eguations derived in the case in
which streamline flow takes place, and n = 1; are
correct, |
Congider the problem in a more general manner using
equations (13) and (1k)

Meking the assumption that the drop reaches its

terminal velocity vertically beiore entering the field,

and also that this velocity Wx_is unchanged by the hori-

zontal force F, we may' say X =0

and substituting this in equation (14) we have
. I
M T A
tial = OL* = A A
Now tan £ AL By
. ! .- F
¥+t EY £
frem which we obtain the relationships
3
Yy o: £ T fl— & Y §h—-—19

F = : A
/R SO B
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Putting -\% = o and = f  end

3

remembering that
X;"-'%.t
equation (20)becomes . R
-oL E
F .
M g X *“.%T{L -‘}—"f—f21
If the terminal velocity ¥y is small compared with
the magnitude of g i.es if T << &,
then of is large and (et -1) very rapidly approaches
Os Under these conditions
L(—e(.t
Tz % '—l
guickly becomeg negligible and

F >
¥ T e |
The drop path will thus be slightly curved when the

- - — = — — 22

dron first enters the electric field but it will rapidly

approach a straight line, of slope
¥ - £

——

. x. "
In Curry's work with mereury drops in dilute sul-

phuric gcid V; was always large and consequently ot

never approached a suffici-ntly large vaslue for

-t bt
2 = |

to become negligible. The &POpB therefore did not have

sufficient time between the deflecting plates to enabdle

them to approach straight line'paths.‘ ve shall see later,

-~ however, that with water drops in benzene and benzene

drops in water, straight line paths were obtained, as
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¥x was always much smaller than g.

:We have seen that by making the assupption

| x = 0 the path of any drop falling
with its terminal veloecity through an electric field can:
e intarpreted-using equations (21) amd(22) above. A4n \
exact'knowledge of the constant n in.the reéistance \
equation ‘
R = k ‘V“'

is not required, providing that "~ remains constant during
the time the drop is under observation,

'After some consideration, however, it was decided
that the assumption X = O is not necessarily correct,
as the drop may experience a negative accelgration ver=
‘ticaily due to the electric fields This becomes obvious
if the péth of the drop, after an infinite time in the
electric field, is considered. The drop will'téen be
travelling with a steady velocity v, say, along a

straight line path of slope

z =tan6==:§
X © mg

this being illustrated in the diagram below
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‘,Under these steady condltlons, the resultant of F and mg

‘Will be -equal and opposite to the re81sténee force Re

If the resistance law , o \
- &k, v holds |, 9w # |

then

\

ilies N [F1 M M):.] iz ljn
' &

end the vertical component of this is : ; N
| ‘ | AR
AL NN
F* + b~ %} ‘ ‘a BUNRY
'U"xi = [ ( 3) Ces ;9 X ™ b\.\
&g '.'a‘ [' . .V\\.
\ '\

When the same drop falls vertically through tﬁi'iiquid o

in the absence of an electric field, the vertical |

~ terminal velocity Vg is reached when | ‘\ \
JK'C3;5"‘ = mg ' X - \
. \ \
55; = {?ﬁﬁﬁ ~ ?K |

Unless n = 1 Vx A Vk' and it _can eaélly

be shown that VU, < W . If F <<mg then "% i1l
A

be small and negative but.as F incrcases, the magnitude N

of X will increase and the nonlinear part of the drop
path will deviate more and more from|that indicéted by
equation (21), derived by assuming X to bezzero. In
order to complete the matheméfical treatment oﬁ,the pro-

, h
blem, the drop path was therefore considered wiﬁhout
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mo'cing the sosumption that X = O, By means of the
ﬁ@rmula@ produced, it should be possible to analyae
large deflections in an electric field of tiose guickly
m@ﬁ&ﬁﬁ dro,s whici. do not have time fo attein straight
line pnthes. Thus although the formulae derived below were
not of ¢ivect use for the p:tha photograghed in the work
.~ done for thin thesis, hey should epable curved paths such
a9 those of mercury droie in agueous solutions to be
interpreted covrwotly and accurately. ’

In the following treatment, nin the resistance laf

| R = kv | _

is ascumed to be 3/2, This was found $o be the case for
, the water drops used in benzene and for the benzene drops
© 4n water, although any empirically determined valuelor
n ean be subctituted in the equationss Congider the
drop moving elong the curved path as shown in the disgram

below
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Measuring the distance along the drop path 8, from

the origin 0; we have

= v and -
R = kv%
Reaolving tangentially
m\r% = '\m..% oomj: + Favcd —",&T'-\,—:”z - - —-23,
Resolving .normally ‘
o %'_% = F oed4> - ‘M,a M¢ . - - — - a4
Dlviding (23) vy (2u) to eliminate ~ & ‘
gy o F &
B S 3@«45 +F ey - Ry ¥
| E eed - gesd
v -R
‘*_‘P< ¢ 34....99 v(gmsé +,,Mw9§) _1_;\1,_1,-
d’«‘ " —— - . = — ./&, 5/9.-
2:,;{" w osf 3““”“’)} v
- | f
v %0%95 - 8'°-~¢ = - R 'U"aoch) +V% F
T m,

il
Q
-
=
i
o
=
1]
=
1]
s
[
e

Where Vg is the velocity when t

being the terminal velocity. :

. Equati &25). must be solved numez'icall'y in the manner
described by Piaggiol? and outlined below.. The path can

be considered as parts of the sides of a polygon
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-
wo

angle 0A] makes with the vertical fi
7ﬁ5¥:w angle’AlAa mekes with OAj k
By = angle ApA, makes with Ajp i
i ete
ce | vTRE = U 4T f Uy Py ... et
o . .
~-whére Vy is the average velocity along OA,
V, i€ the average velocity along A,4 ete
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‘This will be capable of numerical solution in &
manner similar to that déscribed for equation (25) above

Summerizing the ebove work, we may therefore say

- that unless a drop " moving under the influence of

 gtavity and an horizontal electric field has sufficient

time in the field to enable it to reach a straight line

~ path; the analysis of the path and the derivation of F

will become most tedious. The approximation that x is

zero is not very satisfactory and the values of F ob.ained
from the curved tracks using‘the équatﬁﬁne derived from this
approximation, will not be accurate, especially if the
deflections are large. In such experiments the aim must
therefore be to produce sufficiently large fieldsto allow
fhe drop'under observation sufficient time to approach
the condition of non acceleration for which the drop path

is a . straight line'of slope.

tanG:_If
mg
This will obviously entail the use of large cells, espece

ially where the drops under observation have high terminal

velocities.

caleulgteg from the drop Egthg

If the conditions under which the drop collects its

charge are favourable toward the formation of a complete

double layer then the Helmholtz equation relating cata-
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’pheretic velocity with‘potential gradient would be expected
to halda The'determin;tion of the horizontal velocity in
the electric field should therefore give a direct measure-
ment of ¢€ , ‘the zeta potential across the double layer.
It must be remembered that with such a double layer, the
net charge on the drop, and the liguid immediately sur-
rounding it, will be zero. Wagstaff'® has also shown

that a spherical drop of radius &, surrounded by a double

layer of thickness d; is a;ted on in an electric field by

a force F where. "'j :
CF o= La*d AV
S : o) o 0(_3’

M . being the potentisl gradient in e.ssu. and é
yt'he zeta potential across the double layer. The func-

tion c{ kcan therefore be derived from eithep

L
P, the force acting on the_drop, or from Vy the horizontal
velocity. attained in the electric field.

If “however, the conditions of charge formatlon are
such that the outer sheath of charge in the double layer
is either~incomplete, or even non existent, these equations
denved assumlng a complete double’ layer, w111 not be valid.
”he drOp will then possess an’ excess of charge of one sign,
q e.s.u., and the force, F, acting on it ‘will be given

by the equation.
, F

S
X
<
J
»
l
}
l
\
l

3
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Alty in his work with air bubbles in water assumed such
a formula to hold, as the movement of the air bubbles in
elecfrie fields;‘determined experimentally, did not agree
with the Hulmholtz formula and were conse;uently attributed
to the exlstence of an exeess of charge on the bubbles.
Any disturbance or turbulence in the liquid round the drop
will upset and tehd to reﬁove, ‘either completely or par-
tlally, the outer portlon of the double layer providing
that it is of the diffuse type and due to attraction of
ions from the liquids As pointed out in Chapter I, one of
the eésential éssumptions.underlying'the Helmholtz formula
is that the motion of the liquid round the drop is stream-
1ine; dlsturbance of the double layer then being at a
mlnimum. It is therefore most probable that drops falling
throﬁgh a liquid under the influence of gravity, and’attain-
ing terminal velocitics in excess of the limiting velocity
fdf which sfreamling flow takes ﬁlace, are unable to
attract all thelouter layer of charge wﬁich completes the
formatioh of the aouble layer, owing to the disturbances
_ and turbulence occurring in the ligquid immediately surround=-
ing.the 4arops In_such cases, the aasum@tioh.that the force
in en eiectric field is due to an excess of charge on the |
drop théréfore seemg to be more reasonable than attribu-
ting the ﬁbvement to distortion of a double layer.

In the ex@eriments performed using liquid drops in

electrolytic solutions it was'therefore necessary to de-
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determine the type of liquid motion taking place round
the drops, this being done by ﬁeasuring the terminal

velocity of drops of different radii through the liquid.

Such measurements showed that the law

R == k v2%
Jhélds‘gcod, and in in no case were sufficiently small
drOps*used for Stoke's law to apply. For this reason,
therefore, the movement in the electric field was attri--
buted to an exéess of charge q on the drop given by
?he formula
F=q.E where E = EZ_ —

‘\\- dy
In the experiments deseribed, using water drops in

air, equations (11) and (12) above, derived assuming
gtresmline flow, were found to fit. the experimental
results, but as will be seen, the method was not suf-
ficiently sensitive for the measurement of natural charges
on the water drons, and consequenﬁly'thé above consideratons
had no direct bearing on the meaéuremegts made.

Derivation of the resistance law in force _'

It can easily be shown, by the method of dimensions,

that the resistive force R, for drops of radius & ,
and mass m , falling through a liquid with terminal

'velccity v, is given by the equation:

R = mg = A(a,'o'x)‘m
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‘ ' - 2L-ro
_where A oL P M being constant between certain

limits of ay, for a given 1iquid of density ,o and vis=
cosity ki ,' ™ being constant over these limits of
8 and lying between 1 and 2.

" We therefore have

, /@3,0 (»g) = | o leg (a4 ,an'c"A —— —30
By plottingloa,o'@\a,)against -Qeao@.‘u-,‘_) over the range of
 radii in use,the value of v in force can therefore be
obtaineds Obviously .f’or extremely small drops for which
streamline flow tekes plhce w. will be unity. Using

‘this method Allenl fouad w to be 3/2 for small air
ﬁubbles (0,08 mime —0s 8 m.mi dismeter) in water. For

-benzene and similar 'liquifi drops in water, and for water’

drops in benzene, w. was also found to be:3/2, the

range of diameters used being 9.3 m.m. t0o 2m.m. AB mg

ol 33 s we also have the relationship

Ux o 2



Chapter II1

The charges on water drops falling
through air.



The apparatus used in the first series of experi-
ments is shown diagramatically in fig 1, E? were 3" x 2"
rectangular cbpper plates cut from L/16" copper sheetiné.
These were mouﬁted 2 cmSe apart,.symetrically and verti-
cally, by means_of two rods L, L which screvwed into nuts
soldered cenfraily on the. backs of the plates, and passed
through two rubber bungs R;R. These fdbber insulators
were securely fixed in two diametrically. opposite holes
driiled in & eircular tin case, C , of diameter 4" and
depth 3", The 2" long %" diameter copper tube S was
soldered into a hole drilled in -the case vertically
above and midway between the deflecting plates and this
tube together with the case was earthed. An inch dismeter
hole drilled in the base of thecase served as an outlet.

Voltages were applied to PP by means of the arrange-
ment shown in Pig 2., voltages up to 1800 volts being
obtained from a chain of H.T.batteries. The arrange-~
ment shown enabled either plate to be earthed, the other
being raised to a high positive potential with respect
to earth. | '

Water drops were formed at the end of a fine
capillary, drawn out from a ﬁhin glass tue. The smallest
arops bonveniently obtained by this method were.of the

order of 2 mem. diameter, as below a certain value of, r,
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the éa@iilavy rodius, decreasing » does not affect
the drop radiua but anly'the rate of-torﬁasiong Filtérea
distilled water pasced from a glaas‘rasﬁrvoir through
rubber tubing to the dropper and the rate of formstion
gf‘the drops could De cénvsniehtly regulated by adjusting
the héight of the reservolir. ‘Tne Gdropper was inltially
aarthed by means of a corper plate dyiﬁﬁiug 1ﬁto the
water in the r&mérvcir, and %he end of the capillary was
pleced in the centrs of the screening tube S This pre-
vented any charge from being inauéeﬁ on the drops,
while faiming,‘by the high voltages applied té the deflect~
ing plates, |

The aptical syatem used for dvop illumination was
similar to that nsé& by Curry and is iliuatrated in fig. 3
A "pointolite” was uesed as the source and the light @on;
canﬁrmta& into a vartieal paraliel beam of dismeter slightly
less than th-t of the ac?aening tube s by means of & con-
gave miyrors. The falling dropes were highly illumlnated
between the sletes in this vertical light beam, appear-
ing ss bright streake of 1ight on the ground glaes screen
pf <he aﬁm@ras thisz being a double extension £/3.5 plate
camera; taking 9 x 12 oms plates. Using apsrture £/3:.By
with very high speed panchromgtic plates (nford H.F.).,Bhp),
actual aizw‘pnotegraphs were obtained at double extension,

the drop paths sppearing -n these photograhs as well
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defined lines,

The timing of the drops in their fsll was arranged
by means of a light interrupter B, this being a sectored
dise driven by a high speed synchronous motor. The dise
héd three vanes as shown in fig. 4 and interrupted the
ligh# beam M, three times per revolution. An intermit-
tent illumination of the drops at cohsﬁant known fre-
quency was thus obtained, and the drop paths were indi-
cated on the photograph as a series of equally spaced
bright lineé. Figs. 21 to 24 illustrate the type of
phétograph obtained using this procedure. The frequency
of the light interrupter was accurateiy measured using
‘the stroboscope effect, 5y illuminating the rotating
disc with light from an hélium tube of frequency equal
to that of an electrically méihtained tuning fork ,the
frequency of the fork being measured directly with a
Rayleight motor; | |
Experimental procedure

With the above arrangement, observations were made
on water dfOps'of_Z m.m. diameter, falling vertically
between the plates, With the sereen S and the drop-

per both at earth potential there was no dectable deflec-
tion when the drops passed through the highest electric
field available, indicating that the charge on the drops
formed under these conditions, was too small to be detectede

In order to check the method, charges of lmown mag-‘

nitude were therefore given to the drops by applying
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known voltages of magnitude 100-2000 volts between the
droﬁper and screen as iilustratéd in fige 5. A voltage
V applied between the screen ana_the dropper in this
manner induced a ciarge ;XE. €e8:U. On a drop of radius
a falling from the end ofsgge dropper. |

The drops so charged were defiécted in the electric
. Tield and the magnitude of the charge ﬁas erperimentally
determined in each case from the deflection in fields of
known strength: “h-atogranhe 8L-92 were obtained in this
manner the drop paths being photographed on either side
of the vertical. The information relating to these pho-
tographs is given in table 1 below

.Distance between deflecting plates = 2,54 cms.

Time intervals on photographs = .001.85 asecond

TABLE 1
A Voltage be=|Voltages be~| Radius | mg for
Photogrash) ivgen sores) tneen def- | g, drop| drop i
AL plates
84 198 1862 ¢ 1176 7. 025
85 L20 1862 ,1047 |.1172 6. 95
86 618 1862 ,1047 |.1164 6.79
87 816 1862 ,1047 |.115 6+ 56
88 1047 | 1862 , 816 |.113 | 6.28
89 | 1245 1862 2047, 1112 | 5.93
| 90 1430 1862 ,lggg, « 1091 5.615
o1 1615 1862 ,12#2, .106 5.13




Bouation 12 given in Chapter 2 was found to fit the
photographed prihe of the water dro e extremsly wells
The equation is .
IR - A ST
and it vas derived t:.eeretitaaliy, agoumir., that thers was
streamline flov of fluid round the drop

% lotted ageinst X ae obtained by weuns of a
b - travelling microecope from

yhatauraéka 8L <91 gave good strei ht line curves in esch
cupe, and Urah 1 shows tuese curvesg ebtained from the
nathe o the drocs with 1862 volts betweun the deflecting
plét@sa Such 008 agresment with e uvation 12 indicates
that far tﬁg velocities observed there must be streamline
elr flow rocnd the drops. ' "

From grapi: 1 the velue of F, ibe horizontsl force

on the drop, was obt .ned in eéch cage ueing the rsla=

ti.oship
[ ¢)
™ * (®)

If X is the electric field intensity and e the
charge on the dvop then |
F=Xe
et
¥ was egual to 1862 volte  in every cage
24 BY omB.
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' g0 thet e im ¢.s.u was culculated divectly iom the

3]

value of F obtained. The volue of e ovtained in this
manner is compared with Va e.s.u, the charge inducéd

: : 0 ‘
on- the drop for diffepen% galues of V, in table I below

B TABLE II ,
Voltage | a(%) a(¥%)
between Radius of|Va €e8¢u.|——=Ffrom |m g for |e=mgg(x/)
Screen drop in | 300 a(*/t) |darop in 8
;;g; . ;{*;sgp- cHe A graph 1 air X in esu
198 «1176 0, 07766 « 02906 7.025 0. 08
420 w1172 0. 1641 « 0594 6. 95 0, 1681
618 . | .1164 |0.2396 .0865 . | 6.79 0s2
816 | .115 0, 3128 .1183 6e 56 0. 322
W30 . | 41091 {0,520 . 2259 5¢615 0. 5180
1615 . 106 0, 57056 027 | 5413 0. 5670

Teble I shows that there is good agreement between the
values ¥2 and e, as calculated from the drop deflection, over
the ranggopov.red. It therefore appears that though the
deflection method iz not sufiiciently sensitive to measure the
small "natural" charges acquired by the water drous in air it
.is eapable of good accuracy with the larger induced charges.

It was noticed in the above e:periments that the radius

of the drop on leaving the dropper was affected by the

voltages applied between screen and droppers In these



experiments it was therefore necessary to measure the
mass of the drop for eéch voltage used between screen
and dropper; this being done by collecting and weighing
50 drops. * The dfOp radius for each voltage, obtdined by
the method of weighing, is given in tables I and II.
Though this dependence of drop mass. on voltage between screen
and dropper was not of impoftance with regard to the
main problem under investigation, measurements of the
effect were made for different rates‘of formation i.e.
for dif-ferent baights of the reervqin above the dropper.
A summary of the results 6btained'tpgether with a dis-
.eussion of them is given in the appendix, this being
done to prevent the discussion from interferring with
the trend of the main problem, |

Attempts were made to increase the sensitivity of
the method, in .the hope that the natural charges acquired
by the water drops would then be measurable. Increased
gensitivity could be obtained by (i) decreasing the mass
of the drop end thereby reducing the vertical force mg
(2) increasing the electric field intensity in order to
increase F, the horizontal force acting on the drop. |

In orvder to obtain smaller drops a water dropper
of the type described by Lanel® was constructed. In this
type of drOpgerg‘drops forming at the tip of an hyperdermic

needle were blown off by a steady blast of air before
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they could attain cheir full sige. The str_am of air
- was éireéﬁed vertically downwaﬁds, parallel to the axié
of the needle, through a small cirqular hole, the
. heedle being aécuratelyAfixed at the centre of this hole,
The_air blastassisted gravity to overcome the surface -
ﬁenéiqn forces wﬁich caused the drop to adhere to the
#ip of the needle, and was supplied by a constant speed
electrically driven blower, Regulating the flow of air
through the je&t, by means of an "air bleed" in the air
reservoir supplying the jet,'enabled the drop size to be
controlled, drops varying in diameter from 0.2 mm. to
3 msmq\being"possible

. The diameter of the drops in use was obtained by
collecting a sample of them in a vaselined glass trough
. containing light 0il, the measurements being made with
a mieroscope fitted with a scale in the eyepieces Drops
of water up tq 3 mem. diamter retained their spherical
shape in the oil;hgvaporation hot bein_ poscible and
coalescing with the glass being prevented by the vase-
‘line., This methnod of measurement was bqth gimple a:{'
rapid, and it was the only one that could be uced for
the smaller drops, the rate of formation then being so
repid that it was impossible to measure the weight, or

volume, of a known number of drops.
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A difficulty encounted with the Lane tgpe dropper
ﬁas GSggcially obvious vhen the gironger air blasts |
were used to obiasin the smaller drops. ‘Yhe direction
of emission was found io vary £rom drop to drop, and
when the tip'of the needle was fiewed under a miéroscope
the érgps before leaving were seen to be in vielent
oscillation, any small irregulerity in‘the gir flow
‘éausing the direction of eéission to - varye. Thoﬁgh
this effect was one’whieh'was never fully overcome it
‘was minimized' by having the jet fed from a large air
réServoir, this smoothing out the small irregularities
‘in the supply from theb lower. 'The drops were also
allowed to fall throuvch a metre of air before entering
the E&ectfie field, this ensuring that they fell ver-
tically on réaching the deflecting platess
Ih order to increase F, the norizontal for.-e on

. the drop in the electric field, highervoltages were
used, thece being ob-ained by means of a Whimshurst
machiﬁe. As corona occurred at these high voltages with
the rectangulér dcflecting plates, highly polished cir-
cular -lates, 12 cms. in diameter and 1 cm. thick, were
constfueted, all sharp edges being avoided and the cross
gection of the plates being made as in fig. 6 These
plates werevmounted on insuleting rods of 3 cms. diameter,

by means of O B. A, metal plugs as shown in the diagram,
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~

and were champed vertically and parallel distant 3 cms.
apart.

The voltage applied to the deflecting plates by ¢he
Whimshurst machine was measured by means of a capacity
bridge arrangement shewn in fig 7. With the switch in
.position 1-2, the Whimshurst machine charged condenser
Cl, this Eeing connected directly across the circular
plates. €y was a high grade Muirhead porcelain insul=-
ated 25,000 volt condenser of capacity 0,001 ueF. On
switching the key to position 1-3 the éharge on C3 was
shared by condenser C2, the latter being a Muirheéd
1500 volt 0,025 UF condenser, and the voltage across Cop
was measured by an electrostatic 0-600 voltmeters R was
a megohm registance inséyted to prevent heavy sparking
taking place when gosition 1-3 was made.

Ir Vs was the voltage supp..ied by the Whimshurst
machine, then the charge initially acquired by C' would
be 0,001 Vp comlombse On connecting C, in parallel with
Ci1, the voltage across Cy dropped to Vo, the charge
remaining constant so that

0.001 V3 = 0,026V,
Vi = 26 Vo

Thus with the 600 volt electrostatic voltmeter

across C2 it was possible to measure 15,600 volts across Cy .,
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Great care was taken to brevent leakage of charge
from the assemblyy all sharp pointe being avoided, the
shortéSt possible leads being used and a clean paraffin
wax block used for the switech, #ith these precautions
it was pessiﬁle to charge Cy to a steady high potential
which only very gradually leaked away. The sphere spark
gap on the Whimshurst was adjusted to spark at a volt-
age below 23,000 volts and so protected C; from over load.
~ Key K was a mercury;ﬁ1wai key which was used to discnarge
the apparéﬁus after cach voltage measurement.

Using the above high voltage system to obtain fields
of the order 7,500 volte/ cm, drops of diameter 0.2 m.m
diameter were allowed to fall between the plates. These
drops whilé fofming were screened from the ﬁigh voitages
by a eopper tube, bcth the tube and dropper being earthed.
‘These small drops were noticeébly deflected to the negative
plate indicating a positive charge on the drop; but it
was not possible to make any quantitative measurements,
as with the optical system in use the paths of these
very small drops could not be consistently photographed
_ An alternative method of reducing "mg" was therefore
congidered, the object being:to increase the gensitivity
without using drops too small %o be photogra;hed,

The principle of the method is to allow the water

drops to fall from the air into a column of non conducting




- 37 -

liquid ofslightly lower density than that of water,and
to measure the charge by deflection in this non con-
ductor. With such an arrangement, the water drops will
be in thé transverse electric field a much longer time
than when falling in air due to the vigcogity of the
liquid, and alsothe effective vertical force acting on
the drop will be mueh smaller. Benzene, tollene and
xylene have densities of 0.88 grams c.c. at 20°%¢ g0
that the effective weigﬂof a water drop in these liguids
will be 0.12 m, wiere m is the mass éf the drop in air.
As benzene is also an extremely good conductor, the use
of hiph voltage gradicnts is still possibles |

It was hoped that the charge on the drop, measured
in the benzene,wouid be the same as the charge acquired
by the water drop in air, as transference of ions to or
from the drop in such a non conductor as bengene should
be negligible.

An account of the experiments made with water drops

in benezene is given in the next chapter,




Chapter IV

The measurement of charge on water drops in benzene
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Construction of cell

Several glass cells were.constructed before s satisfactor;
type was dchloped. The construction of this cell is .8hownin
fig. 8 and a photograpn of the actual cell used is shown in
flg 9. The four main wallé of the cell were 10" x 4" glass
-~ plates, of thickness 1/16", cut and gound aceurately
rectangular. An 1/8" diameter hole was drilled’ centrally
in twe of these plates. Two L x av copper deflecting
plates were mounted over these holes on two 13" lengths of
" diemeter glass tubes, the end of these being ground at
right angles to the nxis of the tube. The deflecting plates
were cut from §" thick copper sheeting and a thin copper
wire was soldered eentrally to the back of each plate and
passed along the mounting tubes fhrough the holes:in the
cell walla. The £" diameter glass tubes thus supportea
- the deflecting plates vertically ang p:..rallel, distant
3+5. cm. apart, and élso prevented the benzene in the cell
from coming into contact with the soldered connections at
the back of each plafe. |

‘The top of the cell consisted of a glass
plate drilled centrally, with a &" long 1" diameter tube
Titting through the hole and cemented perpendicular to

the plates This tube projected 23" into the cell, that ig
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within " of the top of the deflecting plates, being
directiy above with itslaxis vertical and midway between
thems A glass plate with an 2" hole drilled in the eéntre
and fitied with an.outlet tube and tap was vsed as the
=béae¢ The complete cell was mounted with the base resting
oﬁ'a wooden stool.

Gelatine was the cement used for‘the~joints, fhis
' being mede up in warm water, and applied warm to the sur—
facess It set répidly and hardened, to givé a clean robust
joint insoluble in benzene,

In use, the cell was filled with bengene, the upper
level being 3" Prom the tor of the vertical tube. Tﬁe
) drops under observetion were formed above the surface of
the benzene and allowed to fall into the tube, any oscile
1ations.sét up in the drdp on bresking the surfaeé being
completely damped in thé tubes, On reaching the defiecting
plates the drops were therefore falling centrally and
vertically, the 15 cms column of benzene pelng also quite
adequate for the drops to attain their vertiéal terminal
velocity before enterlng the elnctrlc fleld.

The deflecting plates were mounted away from the cell
. wallg to prevent disturbance of the bengene between the
plates by electro endosmotic flows -Earlier'cells had been
'csnstructea with the deflecting plates cemented directly
onto the cell walls an@ distant 3 cms. apart, the odbject

being to decrease the size of the cell and the amount of
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bengene required to £ill it. With this type of cell,
the drop paths ?hotogiaphed were modified by electro-
endosmosis of the benzene aiong the cell walls and between
thé plates, this occurring when the higﬁ deflecting
voltages were applied. The type of drop path photographed
with such a cell had a characteristic curvature near |
theAdeflecting plates as shown in Fig. 25, Many attempts
were made to analyse this type of curve until the streaming
of tiue benéene aiong the cell walls was observed. The
motion of the benzene, as indicated by a suspension of
lycopodium powder, usually took the form of a double
spiral as illustrated in Fig., 10 and Fig. 11.

The possibility of electro-endosmotic flow occurring
with benzene had not been considered up to this time,
| chiefly'because of the results obtained by Fairbrother
’hénd Balkin who found very small flow effects occurring
at the benzene /glass interface, under the influence of
Zpotential gradients. They.sven found this to be the
case with benzene made artiricially impure, and they
atdributed it, and a similar effect for cerbon tetra-
§hlorideg to the fact that molecules of such substances
heve extremely small electric moments., That electro-

endosmosis occurred in our experiments may be due
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to either (s) mueh higher vdtage gradients being ussd
than in Fairbrother and Balkink sxperimets , or (b) the
cell being constructed of soft glsass wheress Fdirbrother
and ﬁalkiﬁ exsmined the hard gless/benzene and quarts/
bensepe interfaces,

Mounting the plates away from the cell wnlis, in the
manner described abovs reduced the flew effe?ﬁs to & minimum,
and even at the hishest voltages used there was no dis-

turbance of the banpene between the platess

The dronves
A glags eapillary #ropper of ithe type alrsady dese
cribed, sarthed and well screened by an sarthed tubs,
was ussed, the dro & foraing in the cantre of the sersen,
Drops of dlameter 2-3 mom.  were obtained in this manner,
and for experiments in which smaller water drops were
reguired the Lane type dropper, suitably earthed and
screened, waz n9eds |

HBaothod of deon illuminat

The method desceribsd previously ueing a vertical,

Re) 4

hignly concentrated, parallel beam of light between the
plaﬁﬁs to 1liominate the drops sa they fg1l was mot suce .
@@&ﬁfﬁl in these ex eriments; as Yoo much light was

,%1Qekéﬁ.my tha ge?@@ﬁéﬁgﬁﬁ%@ﬁj A2 an alterpative the

drops were illuminsted byalO) watit electrie bulbr situated
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behind and slightly above the céll, Extraneous light
was prevented from falling on the cémerabe means of a
screeh placed so that only the partof the éell under
Observation was photographed,.and the heat component

of the radiation was removed by a water cell placed

between the lamp and the cell, The arrangement was

then as shown in Fig. 12.

The timing of the drop was as before, the vanes
of a rotating disc interrupting the light from the
electric lamp, A time of 0.,0727 sefond was represented
by one dash length on the photographs.

Voltage Supply and Screening

Ths voltagés used were obtained from three 2000
volt , 250 m. A, motor generators wired.in series, and
controllied by a rheostat fitted on the motor side. éteady
DsC- voltages between 1000 and 6009 volts were obtained
in this manner. The véiﬁage ﬁaS'measured by a 0~-6000
volta.eiectrostétie voltmeter and could be revefsed by

a awitlching arrangement shown in Fig. 13, the high

'voltages always being disconnected from the cell before

the reversing key was switched, As benzene is such a good
non-conductor the generators were running on very light
load throughouﬁ the experiments, and they maintained very

A

steady D.Ce voliages.



Ample screening was provided to prevent charges
being induced on the drops forming at the dropper, by the
high voltages in use. Tﬁe dropper and the 15 -:cm. coaumn
of bengzene was surrounded by anhalf inch diameter ear%hed
oopper tube 8 ahd further screened from the high vo%tages
in use by the 9" x 12" earthed copper sheet N, the tube
and sheet resting on a woqden stool, and completely :
covering the top of the cell as shown in‘Fig. 14 Thé
leads carrying the high voltages from the generators to
_the reversing key were screened polythene cable, the O?ter
.screenlng being earthed, and the voltage supply centre"
tapped:tocarth across two 10 meghom resistances, as-show¢o

in Fig. 13. All unscreened connections and leads lay, ,\
\
\

underneath the 9" x 412" -earthed plate. ;

Experimental procedure used with water drops 1n benzene.

With the experimental arrangements as outllned aboyé

. the Tollowing experiments were performed, the water drops
falling from the air into the benzene. Photographs of R

the drop paths were taken on Ilford H.P.3 platgg, the E/5.5
camera being used at double extension. The method devised by
Curry was used for the examination of the phéfogfaphs, the
plates under examination being illuminated b§ a‘iantern and

the enlarged image focused on a sheet of pap?r pinned

on to a drawing board. The image of the drop paths was
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traced on the gaperp‘and the measurements were made on
the enlarged t;aeinga The magnification wés usually of
the order 25-30, but this was not needed in the eal-
culation&, &g the slope of the straight line paths was
all that was required, The type of photographs obtained
in this series 5f experiments is shown in Figs. 2628
.and it can be seen that the drop paths became straight

lines after the firsi centimetre or so between the platess

3

fhe horizontal force F acting on the drop in each case,
was oblained from the relotionship
E

E = Z = tan ©

) X
m' being the weight of the water drop in benzene,

Drops of distilled water of diameter 1.95 m.ms
4were first usedand they fell slowly and centrally between
theﬂQOppér'piates.vV@ltages between 0-6000 volts were
applied in turn between the plates and the drops of water
iﬁ every case nmovedtowards the positive plates Deflec=
tione éf the drops were photographed Tor deflectionn
valfages,bétwe@n‘@%S@Q@mvolts and the magnitude of F
~ the horiioﬁﬁgl foreélén the drop calcvlated in each
cages F was found to be proportional to the
(voltag@ gradient)z snd not t? voltage gradient as
expécted. Table IIIX belpw gives a series of resudts

for drops of this diameter falling through electric

fields of different ihftensities.




- U5 -

T x(.0975) 3 x 0,12 ¢

=
i)
]
\WLE B oy

= 0s4575 dynes

TABLE III

Photograph| -voltage |(Voltage fdtan © =Y [F = m'g tan ©
Fumber Gradient gradier X cynes
175 2. 20 4 8l . OL5 2,06 x 1072
3.350 | 11.22 011 5,03 x 1072
3,450 | 11,9 ,115 5,26 % 1072
4.25Q0 | 18.06 .18 8.2 x 1072
L.375 | 19.14 .2 9.16 x 10~
5.760 | 33.41 .35 16,0 x 1072

Gfaph 2 was drawn from the above result relating
ten @ and Ea, the sqguare of the voltage gradient in e.s.u. »
and as can be seen it is a straight line graph pacsing
through the origin. This indicates that the charge on.
the water drop in benzene is gero in the absence of an
electric-fleld, but in an electric field the drcop acquirss
a charge proportional to the Tield inténsity. |

By means of the Lane dropper, water drops between

0.8 and 2 m.m. were produced and the drop paths of these
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photographed in fields of different 1nten81t1es. Fopr
- each drop sizge used, tan @ and therefore F was found
to be proportional to Eg s the square of the field
intensity. . The drops in each case fell through 15 cms.
of B&WEeH8 before reaching the deflecting plates. Table IV
below shows the results obiained with such drops and
graph 3 shows the. relatlonship between tan © and E2 in

each case.

| TABLE IV
Photograph Diameter | Voltage . 2 J
Humber of drop Gradient E tan 8| F=m'g tanés
‘ ) in M. Me in e, BelUe B oo
177 1.1 24 | 5.76 .125/1,125x10"2

3025 |10,56 ,225| 1,845
3.70 |13.69 .3 |2.46

178 1.6 . 25 | 6,25 ,08|2,02
' L3 [18.49 .25 |6.32
4,8 |[23,04 .315| 7.96

179 0. 82 2,45 6.003 .28 | 0,953
' 2.85 | 8.125 .35 |1.19
341 9.60 42 | 1,43

If g is the charge on a drop of water, of radius a ’
in a field of intensity E E.8.U,, then
F = qB& .

2
But in all the above results F & =



=47 -

., a = KkE , Where k is a constant which may vary
with the drop radius. We therefore; see that the charge on
a water drop in benzene is directly proportional to the
' field intensity acd is zero when the field is Z8T0. -

Grgph 3 shows the relationship between tan€ and Ez
for different size drops, so that tan 8 can be obtained
directly for each drop radius and these values are given in

table V below:—_

TABLE ¥
3 ® b 2 "‘*2 -2 D
Radius of drop /a“ x 18 ems | tane/%2 e.s.u.
a in Cllge ' .
.0l 5,94 x 102 +045
. 055 | 33 x10° .0225
08" 156 x 10° + 01375
« 0975 - 1.05 x 102 + 0095
Now tan® o« F , and as
ald
5
Fo= s e
o k
7= 2L

Graph b derived from the results in table 5 above,
shows that there is a linear relationship between tan @
2

B
and 1 so that
a2
k & &
The charge acquired by a drop of water in an electric

field in benzene is therefore proportional to the radius of
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the drop,a , and the intensity of the field E, i.e.

Q = "A' aQE.

At being a consvant. The ordér of charge acquired i,e.
the value of A' can‘easily be obiained from the aove
results, - A' is found to be 0e 515 €eSeus charge/ cme
radius/ e.s.u. field intensity,

~ The complete screening of the dropper ensured that
no charges were induced'on-the drops, by the voltages
applied to the deflecting plates while they were forming
" at the tip, 80 that any deflecfionAof'the drop in the
electric field must have been due to othep cauaes§ 'That
this was so was also préved by alterations made in the
earthing of the voltage supply. The earthed centre tap=-
ping was removed and the'positi?e plate earthed. The drops
of water in the benzene étiil moved towards the positive
plate and. the deflection was of exactly the same magnitude
This was again the case when the negative side of the voltage
supply was esrthed. Thus, ﬁs the deflection towards the
~positive pléte was of the same magnitude when the voltage
supply was (a) centre tapped to earth (b) positive side
earthed (¢) negative side earthed, it was evident thot
induced charges on the drop, if any, were extremely small,

That the charge was not induced at the dropper
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was also seen to be true, when a drop reached the positive
plaie and on collision acquired a positive charge. Under
“the ihfluence of the field the drops then mpved towards the
negative plate but once it left the positive plate it
~uickly lost its positive charge, regained the negative
cﬁarge and moved back towsrds the positive plate., Thus,

in pome casee, the drop made a series of,"hops" dowr the
positive eleéﬁrode. Figs, 26-28, which are pr;nts from photo-
graphs taken of thie zhenomena, show the effect at different
fielé intensities.

This effect also makes it quite obvious that the
method is of little use for the measurement of charges
acquired by the water dro.s in the a;r,Abefore entering
the benzene, as these charges are immediately modified when
thé drop enters the electric field,

As charges induced on the drops while forming at the
dropper could not explain the charging of the water drops in the
electric field, other possibilities were cramined. Benzene
and wa%er are slightly soluble in each other at room tempera=-
ture, benzene being 0.15% soluble in wéteq at 20° €, so
that sgolution of one phase in the other may have occurred
during the passage of the drop through the benzene. In
order to see if the acquisition of charge in the electric
field was due to this solution effect,daturated solutions

of benzene in water, and water in benzene, were prepared.

This was done by having the benzene and distilled water in
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contact with each other for two or three weeks, the
mixture being thoroughly shaken at frequent intervals.
Using theée gsoluticns, measurements of charge on water
drors iﬁ bengene were ﬁéde in the f>llowing sequence, drops
of 1.95 m.m, diameter being used in each case’

(a) ‘Drope of dietilled water in benzene which had been re-
distilled and was therefore free from water.

(b) Drops of distilled water in‘benzene saturated with

- water,

(e) Drops of distilled water saturated with benzene in
benzene saturated with water

(a) Drops - of distilled water saturated with benzene

in bengene free from water.

The charge acquired by the drous in the electric
fields was the same in all the above cases and idential
with the charges acquired by the distilled WatePCWOpBA
of thic diasmeter listed in Table IIInbove., This indicates
. that solution of one or both phases in the other has little
. if any effect on the charge acquired by the water drops
in the electric field in the benzene.

In the above expeviments distilled water drops were
used, no special precautions being taken fo rid the
water of any impurities. The purity and conductivity
of the water was therefore, uncertain, especially as it

had been in contact with soft glass for long periods nefore
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uge. In order to see if the charges acguired could be
attributed to the presence of impurities in the water,
a reservoir and capillary tubing dropper of hard glass
were consiructed. By having an hard glass conductivity
cell serving as the reservoir, the conductivity of the
water could also be measured while the dropper was in
use, any errors which would occur by transferring the
water to a separate dropper being eliminated. The
syétem used is shown in fig.e 15

A was an hard gless conductivity cell containing
two parallel platinized platinum discs; 1.5 cms.
diameter and distant 0.6 cms. apart. Connection to
these discs was by thin platinum wire fused into the
sides of the M‘cm. diameter buidb of the cell, The
dropper D was joined dirsctly to this cell by a 20 cm.
lengtn of capillary tubing, and tap, as shown. The
short length of 1 cm. diameter tube BC contained & few
pieces of hard glass fragments as "clinker". A ground
' glass stopper fitted the top of the cell and the two
' tubes in this stopper were used for steaming out the
cell jor alternatively the pressure inside the cell was
reduced by connecting a filter pump %o one of the tubes,
the other being closed by a tap. The cell and dropper
were mounted on a wooden bageboard which could be clamped

in a retort stand.

The cell waéAfirst ti.oroughly cleaned, using strong
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chrpmic acid followed by ﬁeak sqlutions of caustic soda
and nitric acid. hereas care was taken to prevent any
of the chromic aqid coming into contact with the plati-
nized clectrodes, the capillary and dropper were left
two or three dayes in contact with this strong cleaning
agent. After thorough washing with distilled water, the
cell was steamed out for 12 hours, the condensed steam
flowing through tie capillary dropper and washing that in
turn. An hard glass boiler containing distilled water
with a trace of potassium permanganste and pure nitric
acid was used to provide the steam. Thie in effect gave
the cell a thorough WQshing with boiling conductivity
water. o

4 guantity of distilled water was further purified
by redistillation three timeé in én herd glass distilling
apparatus. The cell and dropper were rinsed with a sample
of this water and then filled. The resistance between the
platinized electrodes was measured dy a Mullarq, 50 cycle,
A.C. bridge. The resistance measured in this manner gave
a direct value of the conductivity of the water as the
cell constant of the cell, €, had been previously deter-
mined by méané of a standard potassium chloride solution.
" If R is the resistance in ohms measured in this manner,

the specific resistance of the water o, is

o g RAO{/VVWC/M
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where A is the area of the electrodes

£ is the distance bhetween the electrodes.

°

« » 0 = C.R where C is the cell constant. .ith the
cell in use C was 45 . The specific conductance of

the water, X, will therefore be
K - O{M_' OW-I

The conductance of the redistilled water when it

-
CR

was first inserted was measured in this manner and it
was: then boiled in the cell under reduced pressure,
‘using‘a small gas flame to heat tube C D. The object
of boiling was to drive off any air remaining in the
conductivity water after redigtillation and especially to
TEMove any d}ssclved carbvon dioiide. The glass clinker
in tube C D prevented'any serious "bumping"™ during the
boiling, and reducing the pressure by means of a filter
pump enabled the boiling to be carried out at 35° G.
Arrangements were made so that any air entering the cell
after the water had been boiled did so as small bubbles
through @ fine jet in strong causitic soda solution, this
preventing carbon dioxide from coming into contact with
the water,

The resistsnce of the air free water prepared in
the above way was found to be 90,000 ohms at 20°G,Ainthe
’ cell. The calculated specific conductance at this

-1

temperature was therefore 2,47 X 10'6 ohm cm-1' Drops
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of this purer water of diameter 1.95 m.m. were dropped
into the benzene and fell between the deflecting plates.
Voltages up to 6000 volts were applied between the
deflecting plates but there was no detectable deflection
of the drops,

The water in the cell was next saturated with air,
this being drawn through the cell for two hours, by way
of the capillary dropper. The resistance of the water
in the céll after air and carbon dioxide saturation was a
little less, dropping to 87,000 ohms, this.being equiva-
lent to a specific conductance of 2.55 X 10 -6 ohm‘-1cm¢1
at 20° C. Even 80, drops of this water were not appre-
ciably deflected in the higheét voltage gradients avail-
able.

Distilled water drops of uncertain purity from the
original soft glass dropper still acquired the large
negative charges in the benzene, so’ that the reduction in
charge acquired by the purer water drops was therefore due
to the removal of impurities from the water. A sample of
the impure distilled water contaminated with soft glass
and impurities from rubber tubing was found to have a
specific conductance of 1.2 X 10-5 ohm™? cm'1. Thus all
the charges acquired by the water drops in the previous
‘éxperiments must have been due to the presence of impurities
in the water. That some of these impurities were ionized

'is indicated by the higher conductance of the impure

water.
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Let us éonsider the movement of én insulated

spherical drop of radius, a, in an .electric field of
intensity E. If there are ionized impurities in the
water drop, then‘under the influence of the strong
electric fields the positive and negative ions will
migrate to opposite sides of the drop, forming an '
electric doublet in the insulating benzene.  The drop
will have zero net charge unless the positive or negative
ions peﬁetrate the water/benzene interface under the
influence of the electric field and leave the drop with
an excess of ions of one sign. There will, however, be
a surface distribution of charge on the Spheré due to
the polarigzation effect and the potentials inside and
'outside the sphere due to the surface distribution of

charge are related in the following manner.

3 E o //'0/

Q,Z'

then v, - o Vo
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where Vo and Vo' are the potentisls at O and O'

respectively due to the surface charges on the drop.

If & field of intensity & acts parallel to the z

axis as shown, and we have the origin as the centre of

~ the sphere
‘3V = E
)
| \ = TE
V being the potential at any point due to the field.

If the sphere has a potential C, this will be the

AR

potential over the whole of the inside.

The potential inside at O due to the distribution

of electricity on the surface of the sphere must therefore

be

/
i.e. the total potential at 0 = C + Byq = Eyq = € ; =

The potential outside the sphere at the inverse
point @' due to the distribution of charge on the surface
of the sphere will therefore be

| Vor = a Vo
: =

= %’(C’-f— Ea‘>
= _g:_<C. + 4 maseii)
1./
= Q& (C, + Eo?cssf
T +
The total potential outside at 0' is Vo' - Ez

= Vo = & C.+Ea3'°€°9) - Ed4ecesb
e -+ '



- 57{- '
Now the resultant intensity at the surface of the sphere

Eg = 4T o where o is the surface densitycf

charge at the surface.

T:0

4T e = N \bvo_'. .
’ 3t += a
= {Ca_ + 2E a2 aab +Eco<sé
= C + 3E cenB
(o U9
o = _C + SE casB

Ao 417
"« » the total charge on the sphere, q,

= C xATMa*
AT oL

= C—Q,

This result means that a sphere of potential €

and of radius a, moving into a transverse electric field
with ite centre along the line V = 0 collects a charge,

g, given by the equation

q, = C.a

-t

This is in agreement with the experimental results,

in so far as the charge acquired in the electric field is
proportional to the drop radius, a. It is difficult to

see, héwever, why the water drop in the electric field
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should acquire a potential C £ O with. respect to the
benzene surrounding it. '
The arrangement was such that the drop of water
from an earthed dropper fell midway between two plates

which were at potentials + ¥ and - Y respectively i.e.

| 2 2
the field was centre tapped tc earth. The drop =t

earth potential would thus be falling with its centre
along the line V = O; 80 that unless its potential was
altered in the electric field, C would be O aﬁd the

drop would pass through tﬁe field uncharged and undeflec-
ted. This was found to be the case for drops of purified
water in the bengene.

In order to explain the results obtained with the
impure water drops, the potential C acrosé the water -~
benzene interface must therefore become negative in the
clectric field and the magnitude of C must increase in
propertion to E, the field intensity. It is difficult
to see why such a reldtionship should exist. Alternatively
~ the drop may acquire the negative charge in the electric
field, by the loss of poaitive ions of the impurities in
'solution, across the water benzehe interface, in such a
ﬁay as to leave the drop with & negative charge. It is
still difficult to explain why the negative charge
acquired, in this way should be proportional to drop
radiug, a, and field intensitj o |

To see if more information could be obtained on

the conditions existing at the water - benzene interface,
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'in order to throw more light on the above results, a
geries of experiments on benzene drops in water and
agueous solutions were perforﬁed. An account of these
is given in the next chapter. Although some interesting
resulte were obtained with benzene drops in water, they
‘were not, however, of direct use in arriving at an

adequate explanation uf the above work.
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CHAPTER 5

The measurement of charge on benzene and other

nonconducting drops in aqueous solutions.
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Construction of cell and dropper.

- As benzene is less dense than water, the arrange-
-ment of the cell constructed for this series of experi-
ments was such as to allow the benzene drops to rise
vertically through the water and midway between two
platinum deflecting plates. A more robust cell than the
type used in the previous experiments was constructed,
2:5 mem. thick window glase‘béing used and this was cemented
with a shellde cement, put oﬁ under heats The cement
was 80% sheliac and 20;. wood tar, and it gave a robust
Jjoint insoluble in water and benzene and resistant to
weak acid and alkaline solutions. The construction is
shown in Fig. 16,and Fig. 17 is a photograph of the actual
cell used.

| The cell was 25 cms. high, 10.5 cms. wide and 5 cms.
deep, the platinum deflecting plates mounted vertically
in the cell being 10.3 cms. long, and 25 cms. wide and
situated 3.05 cms. apart. These nlates consisted of 0.01
emg, thick platihum foil éementea ontc rectangular glass
plates of the same area. A 3mem., diameter hole was
drilied in the centre of each of theee glass plates to
enable soldered connections to be made to the platinum
with the fine copper leads from the D.C. voltage supply.
The deflecting plates were again mounted in position by
meané of two 3.5 cme. lengths of centimetre diameter

glass tubing, these also serving to preeent the liquid in
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cell from comin. into contact with the solaered_connec-
tions and copper cornecting wires. The cell constant
c =.% was calculated from,the dimencions of the plates
@nd-foﬁnd to be 8.4kems. Using this value of C the con~
ductivity of the aqueous sdluﬁions were calculated from
the resistance between the plates measure by a 59 cycle
Hullard bridgéo

The fine thin walled cépillary at which the benzene
drops formed was cemented into a wider tube fitting over
a hole drilled in the centre of the beee, the tip of the
capillary being vertically below and midway between the
plates. The benzene drops rose th;ough 8 cms. of water
before entering the electric field. Supply of benzene
to the dropper was from the reservoir as shown, the height
of' benzene heing eufficient to ensure the Pegular’formation
of benzene drops at the rate of one a minute. This rate
of formation could be speeded up if necessary by applying
- pressure with a cycle pump through tube E in the top of
the reservoir, Drops formed by the fine capillary in
the above manner were of the order of 2 m.m. diameter.
In use, the'tap to the benzene rsservoir was turned on
and pressure applied until a steady stream of drops
formed at the end of the capillary. This pressure was
'femoyed when if wag seen that the benzene drope were
forming.steadily and évenly, and the drops allowed to

form under the head of bengene at the rate of one a minute.

The dismeter of these drops when on fthe point of leaving
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the capillary tip was measured by means of 8 micro-
scope fitted with a scale in the eye-piece. The
horizonial end vertical dimensions were taken and the
mean used as the diameter of the free drop in the
* solution.With drops of the order of 1s5mem. to 2 m.m.
diameter there was a difference of 10y in the hori-
zontal and versical diameters measured in this manner
but in the initial experiments the object was not ﬁo
- get an exact value of the diameter, but to check that
drops of the same size formed'throughout the senes of
observations. The términal velocity of the drop ris-
- ing Vertically, as measured from the photographs, was
also used as a check for consistency of drop diameter.
The same dropper wés used throughout the initisl
experiments, but as has been observed by other workers'.ﬁ’ao‘
., . thin walled capillaries are not dependable for
produéing drops of a consistent size. Thé changes in
drdp diameter observed in these experiments were not
' seérious however, the capillary delivering drops of the
same siZé over long periods of times The changes that
occufred did so from one experiment to the next rather
than during the series of observations making up an
experiment, Thus, by making use‘of the microscope to .
give}a direct reading of drop diameter, and from
measurements on tefminal velocity, the results obtained

1
PR

were easily corrolated.
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The top of the cell was o fitted glass plate
which could be removed when it was necessary to f£ill
the cell, and the cell could be emptied b. means ofthe
exit tube in the base. The cell and dropper wers mounted
_aé a complete unit on a wooden stool and baseboard.

Voltage Supply.

D.C. voltages up to 760 volts were availa™le from
& bank of . T. batteries, the voltage across the cell
and the current flowing being measured by a voltmeter
and milliam meter connected as shown in fig. 18, -
Provision was also made %6 measure the resistance of the
solution in the cell between the platinum deflecting
plates by means of a Mullerd 50 cycle A.C. bridge. The
Poil commtator, g in the diagram, enabled the plates
to be uéed for this conductivity test or to be con-
nected to the D.C. voltage supply. This arrangement was
found to be myst convenient, as the conductivity of the
solution in the cell was directly measuresble before and
after the DiC. voltages were applied. This valwe of the
conductivity, as will be explained later, was a measure-
ment of the ionic concentration of the solution, STO=
viding that the mobilities at 20°C of the ions present
- were Known. Kéy K was a press key,.inserted so that
the D.C. deflecting voltages could be applied.for the

minimum %time necessary i.e. while the drop being photo-

graphed was between the plates. Any gassing of the
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electrodes due to electrolysis was therefore reduced to
a minimum. Commutator P, enabled the déflecting volf-
ages to be reversed so that a deflection on either side
of the vertical could again be photographed.

Drop Illumination and Interpretation of Photographs

The system illustrated in fig. 3 was again used, a
vertical, parallel beam of light of Lcms., diameter
being produced by reflection of a pointolite beam from
a concave mirror above the cell. A light interupter of
the usual rotating sectored disc type was again employed
'to time the drops moving through the water,

Photdgraphs of the drop paths were taken on Ilford
H;P..3<plates, using the F/3*5 camera at double exten-
" gion as before. In all the experiments discussed in this
chapter the drops in the electric fields Qﬁickiy acquired
straight line paths, no appreciable curvature being
! noticeable. This indicated that the equilibrium charge
was quieklylreached and also that the horizontal term-
inal velocity was very rapidly attained. The slope,
. tano@, oflthe drop paths was again a direct measurements
of the horigontal force F on the drop as

tan 8 = PR
meg

Because of the excellent photographs obtained and
the good straight line paths acquired, tan € was measured
directly from the photographic plates by means of a

microsecope fitted with a scale in the eye-piece, only the

4
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“horizontal deflcction at the top of the field being
measured as the drops traversed the same fizxed length of
field in each case,.

Figs. 29 to 35 show the type of photographs obtained
in the above manner, the deflections in all cases being
towards the positive piate, chowing the drops to be
charged negatively,

Drops of Benzene ;g.ﬁgﬁég.’

The diameter oi the be@zene drops ﬁhroughout this
gseries of experiments was constant and equal to 1°95 m.m.

The first object was to see if the negative charges
acqguired by the benzene drops in whter wss affected by
.the volege gradient between the plates, The cell was
filled with water which had been purified by redistilla- -
tion in hard glass apparatus and photographs 365 - 371,
given in table VI below, taken. The resistance between
the plates as measured by the Mullard bridge, for water
of this purity, was 5 x lOu ohms, from which the specific
conductivity was calculated to be 2037 x 10~0 ohm=1 cm L.

Tan 6 was measured for each voltage gradient and the ..

values are listed,




/
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TARLE VI

{ Photograph. Voltage between |Current | .Tan & Charge on
Fumber Plates In. amps drop
' ‘ o= tard. m'g
E e. S- u.
385, 360 742 L /
366 L7l 95 / /
367 62 102 « 0097 * 0653
368 125 2°5 +0136 * 0L5Y
369 184 3°7 *01757 0399
370 olily 500 . 01815 «0310
371 300 6'1 +01815 | *0252

Graphs 5 and 6 draewn from the results shown
in this table show the relationship between tan ©
and voltage gradient, and charge on drop and volt-
age gradient, respectively. It can be seen from
graph 5 that tan 6 increased with increase in
voltage gradient up to 50 volts/ cm., ab9ve which
tan © did not increase. Indeed as the voltage
gradient increased above 100 volts/ cm. the drop
paths became very erratic.as though the chsrge on
the drop was unsettled and unstable; Photographs
365 and 366 shown in fige, 34 and 35 illustrate
the type of paths obtained with guch fields, It
is to be noticed in these photographs that the

drops traversed fully one third of the field



- 68 -

belore showing any deflection from the verticai,
indieating that the charge on the drop was very
small during this period.

Graph & shows the decrease in charge on the
drop in water of this purity as the voltage grad-
ient increased, and it is evident iIrom this curve
that for voltage gradients above 150 volts / cm.
the charge is small and approaching zero. In the
field free water the charge on the drop is nega-
tive, and by producing the curve of graph 6 back’
to the zero voltage gredient axis, the order of
this charge is seen to be 00086 e.s.u. Graph 6
- makes it obvious that the voltage gradients used
to measure the charge on the benzwne drops are
thenselves altering the magnitude of charge. In
order to obtain values approaching the correct
~magnitude, gradients as suall as possible will
therefore need to be used in water of this purity.

1f the charge on the benzene drop is attri-
buted to selective adsorption at the benzene / -
water interface, of negative ions from the water,
it is evident that #hen the drop énters an electric
field of sufficiently high intensity some of
adsorbed ions are removed from the surface and

migrate>towards the positive eleetroée. If the
field intensity is sufficiently great all thé

negative iona are forcibly removed leaving the
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drop with zero charge and this seems to be the
state of ‘affairs in photographs 365 and 366, .

Although the water used in the abo#e experi-
ments was purer than distilled water, the greater
‘part of the ions in solution must have been due to
impurities present,. these probably being dissolved
out from the cement used to assemble the cell and
also from the soft glass plates used in its con-.
stuction., There would,. however, be H' and OH™
iong present, due to the partial dissociation of the
water,. Kohlrsusch snd HeydueillereG gave the dis~.
goclation as

'[H"'] [OH"] = 006 x 1074 ¥ at 130 C,.
this value being determined from'conductivity measure-
ments on water of extreme purity, and this relation-
ghip must be satisfied in all agueous solutions at 18°C..
In neuﬁral solutions, the ’
[H* and [@H"] ére equal and
(5] = [oa] =008 x 3077 x

Therefore, it the’hegative charge obocerved on the
Benzene drops was due to selective adsorption of nega-
tive ionsas suggested, the ions adsorbed could have been
either OH™ ions, present due to partial dissociation of
the water, or negative ions from the dissolved impuri-

‘tiess. In order to see if the charge on the benzene

drop increassed as the impurities increased the above

' istilled water with a
experiment was repeated using disti :
mi&h'highef conductivity, the concentration of the OH™
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ions being the same but the concentration of negative

ions from the impublities being much greater. Water of

conductivity 9016 x 1076 oherl cm~l was used and

photographs 372 -~ 379, listed in table VII, below were

takens
TABLE VII
Photogfaph Voltage applied] Tan © Charge an drop q
Kumber between plates a=m'g tan O
E €. Se U
- 372 51 . 0135 + 086
373 61, 180 * 01135, *086, *0762
' *0329
374 239, 121 * 0408, .
© 0227 ¢071, <0784
376 295 * 0606 0856
377 350 * 0606 *072
378 405 *059 ‘ * 0608
379 L62 ] * 0635 * 0574

Graphs 7 and 8 were drawn from the a-ove results

and show how tan © varies with voltage gradient, and how

charge on the drop varies with voltage gradient respec-

tively. Graph 7 shows that in water of this purity,

tan © inecreases almost in proportion to voltage grad-

ient up to 100 volts / cm dbut if the £i2ld is increased

above this valve tan 6 is 1little affected. Graph 8

indicates that there is a decrease in charge as the

voltage gradient increascs but this decreasu is small

compared with that observed in the purer water. The
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maginitude of the negative charge on the benzene drop in
the field Tree water obtained from graph 8 is 0.086 €e Bo Us
this being in exact agreement with the value derived

from graph 6 for the benzene drops in the purer water,

-Thus, although the concentration of negative ions due

to impurities has increased more than threefold, this

being obvious from the relative valueg of the specific

eonductivities of the waters used. , the charge on the

benzene drops in the absence of an electric field is the

‘same in each. That this is so indicates that it is the

hydroxyl.ions from the dissociated water moleculea which

are adsorbed giving the negative charge to the benzene

' drop, and not the negative ions from the impurities.

As the charge on the drop in the less pure water
was not so readily affected by the higher potential
gfaéients up to 100 volts / em, the great number of ions
gresent ber c.c., due to the impurities, must have helped
%6 "screen" the drop from the influence of the field
and so prevented the adsorbea hydroxyl: ions from leav-
ing the surface of the benzene, As the voltege gradient
was increaced beyond 100 volts / cm thig screening action
became less effective and the charge on the benzene drop
decreaseds

The above puotographs were exposed using water free
from benzene and bénzene free from water, so that solu-

tion of one phase in the other was possible., 1In orderto

see if such an effect made sny difference to the charge
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cbtained, the experiments wére.repeated using water
satarated with benzene and benzene drops saturated with
waters The results obtained in these experiments were
- identical with those given above, this indicating that
if solution did occur,it ﬁad little effect on the charge
acquired by ‘the drope

In the fbllowing‘series of experiments no attempt
wae maée.tc change the water or agueous golutions in use
as they became saturated with benzene, and benzene sat-
urated with water was used in the dropper.

Drons of benzene in Alkaline and cheg Acueous
Solutions

As the atove experimenté indicated that the OH™
ions present in water were responsible for the negative
charge on the benzene drops, the effect of increasing
and decreasing the concentration of the OH™ ions on the
magnitude of the charge acguired was investigated. As
very weak solutions of alkalis and acids were used, it
was found most convenient to start each seriés of
experiments with distilled water in the cell, and to
|hcresse the conceniration by addihg drops of a N/qq
solution of the elecirlyte in use.

Measurement of the resistance of the solution
between the platinum: platés in each case enabled the
.conductivity to be Calcul&ted.in the manner already
described and using this value, ﬁhe concentraiion of

the ions in sclution was obtained making use of the ionic
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mobilities listed below, The mobilities of the fol-
lowing ions et 18°% C are given in Kaye and Laby's

"Physical and Chemical Constants":

H* 330 OH™ 180
Na* 48 cl- 68
m-zz 66 - NO3 5l
$Bat 55 3805~ 71

1

fLa™r 57

The conductivity of a completely ionized solu-
tion is proportional to the sum of the mobilities of
thevpositive and negative ions in solution. Thus a
solution of HQSOA and & solution of the same normality
of HCi, assuming complete dissociation, will have con-
ductivities in the ratio

(U‘i’ + U")Hasou
17. [
W+ Ul

wWhere U+ and U- are the mobilities of the positive and
negative ioms, This ratio for sulphuric acid ané

hydroechloric acid will therefore be

-'350 4 Zl = Q_Q_]_,
330 + 68 398

Similarly eqﬁal concentration solutions of Na OH

~and H2SQQ will have conductivities in the ratio

LSL-Z + 1&0 : = 225
330 +« 1~ LOI

et atinn 3 on
assuming complete dissociavion in each solution.

The resistance between the plates when the cell wgs
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filled with a N/looo golution of sulphuric acid was
found to be 1+9 x 102 ohms. By making use of this valwe,
the ionic concentration of any solution can be cal-
culated from the fesistance measured between the plates,
‘providing the ions in solution and their mobilities

are known, Thus a solution of FaGH with resistance R
ohms in the cell must have an ionic concentration of

2
1e9 x 10% x 401 R 74
= * 555 1680

¥ 1000

= Fe 386 x 102 o
‘R

It is to be noted th&t this value will be ihe con-
centration of the ions in solution and will not give
any indication of undissocisted MNalll in solution. We
have sssumed that the H/1000 sulphuric acid with cell
rezistance 1¢9 x 10° ohms was completely dissociated,
and with a solution of such a strong electrolyte of this
| concentration, this can be assumed to be correct.

The distilled water with which each set of experi-
ments was started was assumed to contain none of the
§lectrolyte to be used so that a small "end correction"
%as subtracted from the value 6f the concentration cal-
culdted in each case, This correction was always of the
‘order 1 x 102N, |

Benzene drops of diameter 1¢*5 m.m. were first used
in solutions of NHMOH and E,80) end the charge on the
drop demived from the deflectious in fields of 40 volts/cm

and 80 volte/cme The results obtained and the value of
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the charge calculated for each concentration are given

in tables VIII and IX belows

Photo- ﬁesistance‘sonc. Cal- |Conc. ~"end |Voltage| Tan 9 |Charge g
graph No. %104 ohmsg Guiah§ correchiion"| Applied q=
x107“N x10™7N m' gtano
E
in e 8o U
38l 302 1s0 1072 121 [-0136 | -0212 |
385 k 240 |+02665
386 . 1865 1.7 O 7 121 |+01985
, * 0309
387 239 |[04025
388 1402 301 21 121 |e0312
: . . * 0L87
389 237 « 062l
390 « 64 L9 39 121 [ +04025
<064
391 235 |(°0828
392 o 11O o2 6 92 120 | -0448
. *078
393 230 | <093
394 ¢ 25 12+75 11675 119 * 0453
«078
395 €27 | «093
396 . * 097 320 8 318 60 «0221
*078
397 118 | *0453
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H280), solations

TA2LE IX

Photo- Kesist- |Conc. Conc, -"enu Charge
graph ¥o.| ance Calculcjed| correction" | Applied| Tan © |gq=m'g_tan8
X104 phnms xlo‘éﬂ x10=DN E
in e.8.u.
1400 2038 | 00768 10~2 121 | -0136
- <0212
wo1 . . . 538 | +1266
uo2 1039 | 10356 0* 566 121 | +9136
< * 0212
103 536 | 0272
Lok Seds | 20035 168435 120 | -013
0203
405 235 | *025
L36 CDe505 | 3076 299 120 . 0125
- , * 0195
107 231 | co2y
508 0e255 | 7°45 6°65 125 | +0107
. | *0167
L09 228 *02
110 0017 (19405 16+ G5 119 | *2006
: * (149
411 222 | .019
n12, 0.070 | 2503 Dl 5 60 | -0062
00265
413 | 1 | eo12
L1y Ge 130 |14+ < 13- 117 | -0085 | 0133

Graph 9 was fdrawn from the results in table VIII

and shows the relationaship between drop charge and

hydroxyl ion councentration in the EHuOH golution.

The

ghar:e increased steadily as the concentration of the

OW™ iong increased until a mazimwm, or "saturation®,

charge wee reached with solutions of concentration

greater than 7x10“5ﬂ. Increasing the Nig Ol concentra-
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tion above tnis value had little effect on the drop charge.

Grapﬁ 10 produced from the resulis in table IX,
shows that the drop charge is reduced by adding HQSOQ
is&s by reducing the hydroxyl ion concentration. It
appears from this curve that in sufficiently high acid
concentrations the drop charge.will become zerec, this
probablg_occurring when no hydroxyl iosns are present in
solution,

Graph 11 shows the drop charge acquired over the
whole range of acid and alkaline sclutions eovered; this
being done as the two sets of results are cbviously
closely connected, Graph 12 was produced connecting the

results in another manner, drop charge being plotted
}against the calculsted pH values of ile Nﬂhoﬁ and HQSOM
solutions used, the pH value being related to O ion
concentration in the form
logy [0H7| = pH - 1

Benzene drops of 2°0C m.m. diameter were then used

in NaOH and HCl. solutions. The results obtained are

given in tablea X and XI below.
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NeOH Solutions.

TABLE X

Photo-~ Resist—~ Ponc. ‘ Conc. -"end -Voltage Charge
graph No. anee Dalculated eorrec@,ion" Applied Tan 9|q=
x10%onmp| x10-2 ¥ | x107°N : m'g_tand
{ Ee S
‘ [ )
433 24 75 1023 WGl 121 «0215 | <0794
L34 2:05 1+ 64 41 121 + 026
: + 096
L35 238 . 051
1436 158 2+ 14 «91 120 +0312
' +152
L37 236 « 0611
438 0+98 3o 46 2¢ 23 120 « 0436 161
L39 23h « 0861 '
L40- 0065 5023 440 120 « 0553
: » 204
L4l , 232 *110
L2 Oe 455 7o 15 Ee 22 120 20595 | 220
L3 0 201 1158 10+ 35 120 * 060 +221
il 0.208 | 1623 150 119 .060 | °*221
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TALLE XTI

Pt

Photo~ |[Resigt- Conc. Cal-~|Conc. - "end |Voltage | . Dharge
graph Ho. apce | culated corpection"|applied |Ten & q=
| x10% oz x107-H x10"9 R In'g tans
E
in e.8. .
418 203 0¢ 8352 + 01 121 «0215 | « 3794
Li9 135 1413 ¢ 586 121 « 0200
*0753
420 230 » U0,
421 Qe 71 2. 695 1.863 120 +0193
_ «+ 0712
L22 234 *038 :
1123 Qe 52 Ze 55 2: SiE 120 | 017
. £ 0628
L2y 233 «333
L25 0e 26 6 8l . 5+ 008 120 * Q147
' * 0542
426 230 « 0275
427 2179 107 9 368 119 23125
- 0461
1,28 226 e D24
29 1 0125 1543 e 68 118 *C0G6 | - 0355
430 0°10 | 1915 18+ 318 118 | 0085 | *o314
431 0085 22+ 5 21+ 558 115 00724 *0293
132 0* 055 | 348 33965 110 + 00568 * 0210

centration curve for the NalOH sclutions.

- Graph 13 ghows the drnp charge -~ hydroxyl ion cbn—

As with the

NFuOH goluticns, increaging the concentration of the OH™

ions caused an increase in negetive charge acquired by

the benzene drop, until the "saturaticon" charge was reached
E .

there being little increase in charge for concentrations

above 7 X 10”3ﬁ.
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Granh 14 was drawn for the resultis listed in table X|
wnd shows that.ﬁhere is again o steady decrease in charge
as the soluticn is made zcid, this time by adding HCI.

Graph 15 shows the drop charge acguired over the
range or acid and alkaline solutions used and graph i6
relates dvop charge with pH velue for the NaOH and HC1
solutions. These curves are idenﬁical'in shape with thoss
obtained for Tl 01 and H2304 solutions.

Similar results were égain obtained with KOH and
HEGB‘soluticns, the drop charge, pH curve being gho.'n in
graph 17. The experiments uging these solutions werc -
designed to check the poinis of the charge / pH curve
between the pH valaes 8+5 and 5*5, samples of cach s0lu~
tion used being Sested with a Marconi pH meter. There
was good ngreenent between the fesults obtained in this
‘manmer and the~pfevingsvresults obtasined for. NaCl,

NEQOH, HCI and HgSOu{ “he pH value of the distilled
water used wos found to be 585 whercas it had been ase-
umed to be 7 in the vesullts calculated. The pH value of
& solution, however, very rapidly alters with concentra-
tién of OH  ions neaﬁ the neutral value pH 7, so that

. this slight discrepancy was of 1little importance snd all
the rerulfs can be regarded as showing good agreement.
The assumption made during ﬁhe calculation of ionic con-
centrations that the distilled water.was neutral was

able by the fact that the pH value

slgo shown to be reason

—~



of this water, determined by pl meter, wae 5 3.

The chargee acculired by benzene drops of 1°

diameter in sodium chloride, ammonism

65 m. e

sulphate and

potagsiin nitrate solviiona were next measvred. The
reculis obtained are shown in tetle XI1I below.
| TARLE K1
Photo- |Solution MGsigtancelﬁonc; - "enékoltage‘ | Charge
graph No.| in uose 10" ohws | Correction’Ppplied Tan © g=
107 N m'g tan ©
E
in e.s.l
448 | Distilled 2: 7 0 1z2 [|.0175 | e0512 ]
Water ' 3
L4 Fall . 13 2+ 68 121 + 0175 « 0512 R
1450 Wal 0+ 88 516 191 |-0204 | 0596 #
N
n51 HBaCl: 0267 7° 55 121 [+0181 | *5529
N
52 NaCl 0039 | W75 120 [+0181 | *0529 Y
453 NaCl gezhs | 25°0 119 *0170 * JUL97
L5l HaCl 0:15 Lash 119 *0170 *0L97
455 | - NaCl 0°075 | 87°3 11 |+0181 | °0529
| pietizzea| 1375 o ana | 120 |e0181 | -0529
511 Water and & el 52+ 42 116 ‘01381 » 0529
(¥E),) 804
Digt. 1-66 0 and 120 * 0175 * 0512
512 Water & K & C+095 690+6 1%6 « 0181 « 0529
1@03
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Ag can be seen from this tabie, sddition of NaCl
i.ec of Ne® and C1” ions, had negligible effect en the
charge ascguived by the benzene érop, the cﬁarge remaining
'constant over the whole range of concentrations used,

- The same &as algo found to be true when (I‘JI‘I;_;)QSO)4 or
KNOB were used. |

: . The conclusion drawn from the above experiments was
that the negative chargse on the bengene drops, moving up
through aqueous aolution§; was due to selective adgorp-
»ti?n of OH™ ions. A summsry of the evidence leading to
‘this conclugion is as follows.

Benzene drops have the same charge in distilled
water and in water purified to s much greater extent.
‘Remov ing the impurities to such an extent that the speci=,
'Pic resistance is more than three times greater than that
for distilled water,does not affect the magnitude of the
negative charge aecquired. The only differengé is that
the drops in the purer water more readily lose their
.charge in elewiric fields and this is thought to be due
to the fact that the benzene drops in the leéss pure
wvater are "screened”" by ionic impurities, '

Adding NasOH, NEﬁOH or KOH increagéé_the negative
charge gcouired by the drops until “s%turaﬁion“ cherge
is reached at .aydroxyl ion concentrét&éns greater than

7 x 1079 N,

Adding ﬁCl, HEOB or HESOQ causgé*é decrease in the
, A L

i
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charse éﬁ the:drops. 4 decrease in hydroxyl ion con-
cen%wation must occur in these acid solutions because the
relationship
[01»2‘] [_ ﬁ*]‘ = 06 x 104 ¥ at 180C
must be maintained. |
Adding WaCl, (KE,)p SO, oF Kiloz has no effect on the

charge acguired by the benzene drops. Thue,'in the gbove
acid and slkaline solutions the Na¥, NHj, k¥, C17, SO~
and Eog'ions have no effect on the charge. It is there-
fore obvious that it is the increase in hydroxyl ion con-
centration; when the solutions are made alkaline, which
igs effeciive in incressing the charge, and conversely the
decerease in hydroxyl ion»eoncentration when the solutions
are acidified ig effective in reducing the cﬁarge.

| The negative charge on the drops must therefore be
due: to adsorption of the negatively charged hydroiyl ions
at the benzene water interfaces The stfaight line paths
photographéd in every case indicates that the equilidbrium
charge iéireachéd belére the drops enter the field, so
that the maximum hydroxyl ion adsorption possible in
cach solution must occur while the drop is forming at
the capillary tip and while it is moving up through the
& cms.of solution between the tip end the deflecting
plates. Any charging up %ime‘reguired by the drop rust

therefore be less than the time taken for the drop to form

and reach the electrié field this usually being of the
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order of two seconds %to one minute, the drops in the -
former case leaving the dropper after a very rapid rate
of formation, and being forced out under pressure.

| The origin of the negative charge being known, the
next object was to see if the charge on the bensene drops
in distilled water could be incressed by the addition of
negative ions other than hydroxyl ions. The ions C1 7,
Soj,~ and N0z were found %o have little,if any, effect on
the charge, and it was therefore decided to try a more
heavily charged multivalent ion . Potassium ferrocyanide,
giving the tetravalent negative ion Fe(CN)z™ ", was used
in solution and the resulis obtained are given in table XIII

below, the drop diameter being Zm.m.

'“ota081um egrocxanld TABLE XIIZI
Solutions
| Photograpﬁ ﬁ631gtanc Voltage | Tan © Charge @. 8o U,
Humber x10%ohms | Applied mg tan ©
. E
W65 185 | 121 »0187 « 069
LE6 Q- 6L 120 « 0198 *073
Le7 ' Qe 27 119 ~ 0187 « 069
L68 O+12 115 * 0198 + 073

It is clear from these results that there was no
increase in the negative charge on the benzene drops'on
the addition of Fe(CN)gz™ ~ ioms. It therefore appears
that negative ion edsorption at the benzene water inter-
face ig confined to hydroxyl ions, no other negative ion-

producing similar increases in negative drop charge.‘
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The forces bringing about such adsorptionmust not,
therefore be purely electrostatic in nature, otherwise
one would cxpect any negative ion in solution to be
attracted to the interface, the more hea%ily charged the
ion, the~gfeater'being the Torce of attraction. That
the process of adsorption is not a simple electostatic
phenomena has already been suggested by other workers
notably ¥ukherjes?l, 8tern®® and Schofield?3, Mukherjse
pictured the electrification as taking place in two
’disﬁinct processes (a) the formztion of a "condensed"
layer of ions close to the surface, and (b) the electri-
eal‘a%traqtion of oppositely charged ions te form a dif-
fese layer in the immediate volume of 1igquid surround-

ing the inferface. The forces bringing about this sec-
'ond process were congidered to bé.purely electrostatic
bﬁt the "condencation" of ions was attributed to “chemi-
. cal”™ or "quasi-chenical" forces. Schgfield péinted out
that there is evidence that forces noﬁ electrical in
nature come into p&éy'in the condenseé layer, as some
electrocapilla?y gurves, such as those for potassium
io@ideg\show thet iodide ions form a condensed layer on
a mercury surface when the electrical forces at the
interface are such as to repell rather than attract
negative ions. This is evidently selective ionic adsorp-
tion in which thé ion is held to the surface by & chemi-

cal force and it indicates how a complex ionic layer may
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be built up on a non conductor.

As explained in the introduction to this thesis
molecular orventation may also play an important part in
clemtrostatic attroction of ions to an interface. Indeed,
Altylg explaiﬁed the charges on a2ir bubbles in water as
due to orientation of the water molecules in the inter-
face, such that vegative ioms of iﬁpurities present in
solution are atitracted to the surface, He discounted the
effect of kydroxyl ion adsorpﬁiOﬁ beéause of process
(b) above, suggesting that the binding forces between
Od~ and O* ioms ere so groat that an OH  ion adsorbed
would be almosi immediately "covered" by an HY ion, the
nR%t charge then becoming gere. 1t ig clear t@at although
molecular orientation may contribute towards the electro-
static attrsetion of ions to the benzene / water inter-
face a@d to the formation of a diffuse double layer of
the type suggested by Gouygu, it cannot fully explain the
preferential adsorption of OR” ions. To do this, one
musﬁ resort to the rather ambiguous gquasi chemical forces
of Mukherjee.

flukherjee in his paper on the neutralization of
gharze on a colloidal particle, made no attempt to invest-

. 5
igate ¢guantitatively the chemical adzorption proce§5 but
confined hig treatise to consideratious of the.secondary
proceas of electrostatic attraction of “covering" ions.
An attempt was therefore made, using the results obtained

with benzene drops in the above solutions, to relate the
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hydroxyl ion concentration with the number of ions
adsorbed in the condensed layer, in s mahner similar to
thet adopted by Mukherjce for neutralizétion of dfop
charge with ionic concentration.

As the formation of a condensed layer of charge on
a drop in a stationary 1iqﬁid must almost immediately pro-
duce a diffuse dibtribution of ciarge due %o electrosta-
tic attraction of oppositely charged ions, the separation
of one effect from the other under guch circumstances is
most 4ifficult. In the above experiments, however, the
arops were'moving through the solution at their terminal
velocities9 end these velocities were in excess of the
maximum for which streamline flow takees place, It was
found that o resistance law of the type

R < (av)3/2
was in force. for the drops of benzene in use. As suggested
in Chapter 2 such conditions will not be favourable for
the formation of a diffuse atmosphere of charge owing to
distﬁrbances in the ligquid round the drop, and consequen=
tly.it ig reasonable to assume that the charge q as der-
ived from the relationship
F = E.q

will represent the primary or condensed charge on the
drop, the covering action due to the diffuse chargé being

negligible. The charges measured in this manner will

thus give a direct indication of the number of ions

adsorbed in the condensed layer and the effect of concen-




tration on such a layer can be determined ffom the
above recults. If the liguid motion round the drops moving
with these velocities is not sufficiently disturbed to
| coleetaly prevent the formation of the diffuge layer of
charge i.eoyifvsome covering ione are still able to fol-
lew the drop through the liguid, one must make the sddi-
tional agsumption that the percentage of ions covered for
drops of the same size, moving with the same velocity through
the liguid, will be of the same order over the range of
concentratiahs used. The charge g will then represent a
constant percentage of the condensed charge,
From the curves relating drop charge with hydroxyl
ion ' concentration it is obvious that there is a maxi-
mum rossible charge, which thé benzene drop can attain,
1% then being "saturated" with hydroxyl ions. If there
are "no""places® available on a drop of radius "a'" at
wiiich hydroxyl ions can be adcorbed, and if "n" of these
places are still avsilable when the hydroxyl ion con-
centration is C gram eguivalents per litre, then (no-n)
ions must be adsérbedﬁ The charge on the drop will there-
fore be (no-n)e wheré € is the electronic charge in e.s.u.
If o is the fraction of the maximum charge acqui:ed

by the drop at concentration C then

oL = Mo -~ M.
. Mo
. n,
I- o = —
Mo
Y
i_ - I T Mo
- . n
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If at this concentration C, there is an infinite-
simal increase in concentration dC there will be add-
itional adsorption anda corresponding decrease dn in n.
, The magnitude of dn will depend upon (i) the magnitude
of dC, There may be a linear relétionship i.e. dn « 4c,
or it may be more complicated. | |

(ii) n,the number of plaées available. Obviously
~when n=o0 i,e, at saturafion charge, dn will also be 6
no matter how‘big dC is made.

- As a first approximation we may therefore say

A dn = - Ken., &C 32
where K 1s a constant,. C _

dn = - Xdc
n

logen = - KC + constant

n = Be‘KG

When C = 0, n = no end the constant B mist equal no

LB o= nqu'KC

n_ = e KC . 33

o

Substituting this in eguation (31) -above we have
a4 ¢ 1 : 3l

1= =

If KC is large eKC-» 1 and
" a . Ke
i

‘The functianﬁ%éi' was-calculated for contentrations of OH-
1
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ions between 10™°N and 6 x 10~ for sach of the curves
shown in graphs ¢ and 13. LoglO %:d~was plotted agsinst

' C over this range of concentrstions and the straight line
curves ohtained are shown in gsaphs 16 and 19, These are
in excellient agreement with eguation (35) above and indi-
cate that over this range of concenirations eKCj> 1.

The relationship between log10 and C was plot-

@{
. 1=
ted fopr concentrations helow 105 N i.e. for acid solu-

vions, from the reoults Sdbtained for HG solutions and
shown ir graph 14, The curve obtained is given in graph
20 and it shows that the straight line curves of graphs
18 and 19 becoune: ésymptotic to the logio f§§ axis as

o — >0"

. From graphs 18, 19 and 20, it is therefore

evident that the relationship

, KC
d = € -1
1-4
is in good agreement with the resuits obtained experi-

mentally, showiag that the assumptious upon which eguation

(32) is based'euwe'neaSOhabha..The value of K derived
from the slopes of the graphs 18 and 19 are respectively
| 7-7 x 1074 ¥-1  for the NHyoH results and
7025 x 10~4 §-1 for the NaOH results,
The fundamental agssumptions underlying equation (3R)
ere ag follows: ' ,
(a) the work necessary to adsorb an hydroxyl ion ak:the

water / benzene interface is constant over the range of
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concentrations used. _This implies that any variation
with concentration, in the ioniec atmosphere.of positive
ions surrcunding an OH™ ion, over the range of concentrs-
tion 10“10N to 10”3N, has a hegligible effect, it being
a5 easy for an OH  ion to be adsorbed from an acid s0lu-
tion containing meny H* iéns as from an alkaline solu-

tione
(b) The OH ions already 6dsorbed in the surface exert

no repelling force on other OH” ioms which are in the -
process of being adscrbed. If this were not.so, the
pawer of n in eguation (32) would net te unity. This
reelly means that the "places" st which OH™ ions can be
adsorbed ot the surface are sufficiently separated for
an OF" ion in ons "plsce® %o exert negligible repulsive
force on an OH ion inm the adjacent "place”.

(c) The percentsge of OH™ ions adsorbed at the surface
of the drop, movln" threough the Pluid a2t iits terminal
veloeity of 7ems / sec, which are covered by positive
ions in solution is either zero or constant over the
range of concentrations covered.

Though these three auuumptlods are shown. to ve cor-
rect by the good agresment obtained, with the experi-
mental reamlt&a the nature of the chemicsl forces caug-
ing hydroxyl ion adsorpticn is still uncerteain,

In all the ebove experiments, only monovalent, pOSI-
tive ions weﬂc presvnt in solution with the hydroxyl

ions, and as we have seen, "covering" of the negative
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charge by these ions could be neglected. It was there-

fore decided to try solutions containing divalent and

trivalent positive long, in order to sce if the eleciro-

atatic covering effects outlined by Mukherjee would oceur

with these more heavily charged ionss

" Lanthcnum nitrate and barium nitrate were thne electro-

vlytea uged and the results obiained are given in tables

Lanthanum nitrate Selutions ;agno;zg

%IV and XV belcw, the drop dismetewbeing 1¢5 m.m.

i e L LA

Photo=

_ Rigiﬁtanif galcqiatef %onc; :?Eng Voltgge Chafge
graph Fo,| x10™ ohms |Concentraz [Correcticn Applied| Tan © g=
' tion x107“N x10=°N ggg%ggg
in @.8.)
470 e 7 10295 0 121 |-01588 |+0301
471 36 1*69 0+ 395 121  [*01418 [*0269
L72 '1?33 4575 3* 38 120 |+00738 |+01985
LT3 083 7* 33 6035 120 |*00624 [+0168
L7 0« 6 9°5 8¢ 205 120 |00567 01525
75 oy | 138 12¢ 505 119 | +00567 |+01525
L76 " 0315 19+3 18° 005 118 «0051 [*0137
uir: 00219 27+6 260 505 116 *0051 |[«0137
L78 - 0e148 | 41°1. 39° 805 115 * 004 25{* 01143
479 0e09 | 6746 66* 305 112 | *0034 |+00914
Lgo - - 0*051 | 119+25 117°955 110 * 00283 *0076
581 0°018 | 33840 336¢ 705 96 |+00227 [+ 0061
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Barium Nltrate Solutions B&{Kg)z

— - — ,
AT, Koo anm5 | Gone X 155 Sopsagtiont [1ppiical Tan © |*am
in g.s.u

482 2ely 2¢ 66 0 120 |+0153 [*0290
483 1°5 lye 26 1°6 120 |.01416 |+02685
48l 0*95 6* 73 4* 07 120 |*01416 |+02685
485 0+ 67 Ge 55 |- 6°8; 120 |+0136 |-0258
1486 0 U455 14+ 05 11439 119 |*01332 [*02525
487 0° 25 25¢ 6 22¢ 9L 117  |*0130 [e02u65
438 0° 145 L1 hishh | 114 *01076 |+2215
489 0°075 353 82 64 111 | +00963 [+01976
490 0e 021 266° 5 | 26384 | 98 |°oo79y |-0180

The drop charge related to Lat** ion concentrstion
is shown in graph 21 and the curve relating charge with

Bat* ion concentration is shown in Grapl 22. Xs can be

seen Lgttt

and Ba‘* ions, especially the former, afe
effective in reducing the drop charge, this indicating
that some electrestatic t’czovér:’mg" is pbssible with the
more heavily charged positive ions, even when the drops
are moving through the fluid with a velocity greater than
the maximum;for #hich streemline flow occurs.

Mukherjee derived‘a mathematical formula for this
"eovering" effect relating fractional loss of charge ©,,

with concentration of neutralizing electrolyte C, and the

formula he obitained was




[ o i, - /kf:" . | '
5 s 3:;.“ o Ue @ ¢ AL 1'\,:: . C (' - Mg 0| | — 6'
Ky o, ' e
; Ny

«

T,r;»"fe 1 = mobility of the ""OVe"i"'zg" ion
ns = valeney of the "eovering™ ion

ny = valency of the adsorbed prlmary ion

i

snergy necegsary 0 sep

erate the neutrallab
ing ion from the adsorb bed 40

D. -

+

k = DBoltzmann's constant :

T = gabsélute temperature e . N
and A N B

k), o )

— carn be regarded as a constant dependingy!

anong ﬁ%her things upon the size of the colloidal ﬁart-
iole or ok aé' d arop, | N

The asswaptions used in the Qerivation of this
formula ave

{i) the surface does no exert any éhemicalJaffinity'x
on the "covéring" ions, their attraction being purely
eleetfaﬁtatic in nature. | -

A(ii) maximum toovering' occurs for neutralization of
charge.

(iii1) the places at which primary ions are chemically
gduorbed are widely separated compared with molecular
dimengione, so th&ﬁ‘intersctioh petreen ions at adjacent
"piaces" can be neglected.

An sttemyt wes mode to gsee iff the neutralization
of charge on the benzene drops by La*‘*+ ions followed

along the lines indicated by Mukhcraee g eguation.
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For these resulis, as there are only La ions in solu-

tion covering the chemically adsorbed OH™ ions

¢ is constant ond equal to 57 at 18°C.

no is 3, the valsney of the La*t™

ny is J%for the OH  ions

2 .
W is constant and equal to %%Q_ where D is
- x.

the dielectric constant for water, e is the electironic
charge and x is the distance between the centres of the

Ao

adsorbed CU™ ion snd the La covering ion.

For the'La(HO3)3 solutions we can therefore say

b - AQ~ %)(u—&).c

where 4 ig a constant and equal to 9-%%&.LL.€
' '

R . [ _ \
The dunection Q 0.Y |- o was calculated for the concen-
’ - Vi

-

trasiong indicated in table XVI below



MESRTREEN ¢
' trggggﬁngf zn ?jjggj‘ T-| log 10g%g
L§:::Slgns 1 81 (62%85) —
it o = (1—41)(1-
2 2y
| 3)

1 0 She Qe 532 C -0¢1993

105 00 b3 10 933 001761 =00 5361

5 0* L75 10075 0+ 5010 000315

3 | o-5: 1+ 315 0° 4771 01169

4 0« 557 15435 0+ 6021 0+ 1389

5 0579 1¢ 705 0* 5990 0e 2516

6 0 593 - 1s81Y 0 7732 0* 2586

7 | 0050865 14932 08551 | 0°2060

8 Q¢ 616 2° 017 0+ 9031 O 3QL7

9 0. 625 - 2+ 105 00 9542 0 3232

10 0« 534 20192 10000 0° 3408

15 | 0+ 851 2¢ 532 1°1761 0« 4034

20 3¢ 6565 285 | 13010 0+ 4533

25 0* 7015 . 3085 | 143979 0° 4364

30 0° 716 3335 14771 0° 5204

50 0.755 | 369 | 16021 0+ 5670

It is obvious from this table thet there is no linear

relationship belween the f&ﬁé%ign (- ;zl 8 )
- 1 . l/
3

and the concentration C as suggested by Hukherjee's equation.
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Grapn 23 was therefore plotted ugvng—&zb(~exl g> agalnst

log,C, this being done in order fo see if

10°* g con (B'X' 8,
wag proportional to any power of C over the range covered.
This curve approsches a s%réight line curve for the

higher concentrations of Lat*t* ions, the slope of this

line being ibgw (~e)(p0%9 _ |

Log o C 3

ﬁndiea%iug that over this range of coneentrations i..©

betwéen 4 x 10 5N and L x 10’4N the pver law 5 RE
(' 9X| //)

is more corrects Iu can be seen however that at very

low conceatrmtlong approaching infinite dilution 1.e. \

below 2 x 107°H, the slope of the curve, logig (Fexi- %) 9)(" 2)

doeg approach unity: Thus &t these . Jhguo JC.
extreme dilu‘uions ('*BDU* e,/s') is directly proport-
ional to C &g indicated by ﬁukh@rjee's equation. It
therefore appears that though the assumptions, upon which
-the ecuation was based,; hold good in very weak solutions,
they beecome incorrect as the concentration of the Le¥t?
jons increases above 2 x 10~3M. '

vhe assumption that the covering ions are go widely
- separated as tq exert no glectrostatic repulsion on each
other is definitly open %o criticism at the higher con-
centrations, especially as Kukhe:-jee baged it upon the

reoults of hefaggalul“ who neasured charges on A
#ukherjee distributed the charge

bubbles in water,
ace and thus estimated the

The

' measured, evenly over the surf
approximate distance between ions on the surface.
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charzes on the bubbles as measured by MCTaggart, howevér,
nay well have besn only ﬁhe exeess of charga due to the
Tew adsorbed ions remaining uncovered. liss Newtonlu
hos also shown that MCTagoart's results are notreliable
b
as they must have been complicated by electroendosmotié‘
flow in the tube along_which_the hubhles moved. . |
Althgugﬁ in the treatment on the¢ chemical adsorption
of hydroxyl ions, it was stated that,as equation (32)
‘was found to be ex perimentally correct, the forces of
repulsion b@ﬁ&pen adjacent 0H ions in the condensed
layer must be smgll, it must be remembered thet during
guch sdsorption the quasi chemical forces may.be very
“large compared withthe electrostatic forces between the
adjacent ions, £o that the letter may be neglected. As
the forces bringing about "ocverlng," however, are
nurely electrostatic in nature, the repulsion between
adgaccnu coverin cg will become comparable with the
forces of atiraction exerted by the condensed layer.
This will be espscially so at the higher concentrations
when there is a high percentage of primapry ions on the
condensed layer covered, and therefore neutralized.
The fractional decrease in chapge obtained with
Bat" iops, over the rangs of concentprations ecovered,
ia too smnll %o enable them to be used in the above man-
ner as sn empirvical check on Mukherjee's equation.

that the

There is agreement, however, in the fact
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Aivalent Ba'™ ioue are less e¢ffective in reducing drop

chorge than the trivalent, and equally mobile, Lttt

iong.

In the eﬁpe%iments deseribed so far in this chap-
top drops of the order of 2m.m. diameter were used.
Aﬁtem@ts vere thereforé made to obiain benzene drops of
ﬂiffer@ﬁt sizes in order to investizete variation of
drop charge with radius. Tﬁe&e were not very succesgsful,
however, the 4ifficulty lying wseinly in the fget that
very fine ﬁhin walled cspillaries were needed to produce
sufficiently small drops and these capillaries were
incsgsiﬁtwnt in behaviour. Drops with diameter much
greater than 3m.m. could not be used for this investi_a-
tionm, as their drop pethe were erratic, the motion being
zig‘zagéeven when the drops were risins under the influ-
ence of gravity in the absence of en electric field.
Discussion of these erratic drop paths is left until a
1ittle later in the chapter. |

A sel of results wase obtained witha capillary pro-
ducing drops of diameter 2¢O Meme and the charge on these
in distilled #&ter and NeOH golutions was measured.

Phege pesulis are given in table XVII belov.




TooLE XVIT
?ho%of ]Ke@iﬁtance Conc. Cal-|Conc,~"Eid Voltage Charge
sraph No.| x107chus. [culated Corrsgtion" | Applied | Tan © g=
x10™7H x1077H m' gtano
inEe.s.u.
52i 195 R AR ' 0L 120 » 0255 | 02875
582 1039 | 2f&h Oe7 120 * 0351 | 0e 396
523 | 096 3Tk 200 119 | +0u87 | 0255
525 0e 56 6 70 67 118 + 0566 | 0* 638
526 .Q° 22 15%4 13066 105 | «0L98 | 0s 642

The curve relating drop charge and hydrexyl ion

corcentration wes plotted and is chown in greph 24, It

o

. ig of very cimilsy form to that obtaired for the smaller

———

drops. Uging\this enrve,10810 T o

weo plotted against C and & good straight line relation-
ship apain obtained. The value of K, the constent in -

800 x 10k =%, this being in good agreement with the

value of ¥ obtnincd for the smaller drops.

F&?theﬁ investigntions on the variation of drop
‘chayge Tith r?ﬂius wers nostnopned until other liguid
\ﬂfcpﬁ had been bried iﬁ oqueons solutions, in order to
gee if a wmore satiafactqry liguid than henzene coald be
found. It wan decided that a liguid heavier than water
would be more convenient to use for these experiments,

’ " e fa -
os then a number of Aroppers producing &rops of difrerent
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.@adii could be prepared simnlicneously and each one
positicned above the cell when required, this removing
the Aifficulty of sealing woch dropper into the bese of
the cell,

Drops of other Orasinic Liguide in Agueous Solutions

Liguide which were gtill less dense thenwater were

Firat veed, and sg & clean dropper and reservoir was
neeéed for each liquid to avoid contaminaiion of one

iguid with another, the cell wa  modified to enable the
capillary dropper to be more eonveniently changed. For
this pvrpose the tube cemented over the hole in the
centre of the base of the cell was replaced by a wider
tube and groun& glass joint os shown in fig. 19. The
narrow tube grawn off into a capill:ry wag cemented into
the other half of the ground glasé Joint, this arrange-
ment enabling’ the capillory and reservoir o be removed
guiekly and cdnveniently from the eell,

Drops of the simpler peraffins hexsne, n. heptane
and igmo. octane snd the compounds tolune and xylene were
used . in water and solstions of NalH, The simpler para-
ff€ing are ingoluble in water, and xylene and ioluene
have sli;ht sqlubilities of the same order as benzene.
Drops of these compounﬁs behaved in a very similar man-
ner $0 benzene drops, all attaining o negative charge in
distilled water, this charge increasing to a maximum,

saturation cherge as the concentration of the hydroxylions
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increased. Details of the results obtained are shown in
tables XVITI to XXII helow, ani the drop charge - hydroxyl
., ion concentration curves are plotlted in graphs 25 to 29.

TABLE XVIII

Hegane  Drup digmeter 1°8Lm. m. Density at 209C=0+658
Photograph |Calculated _ [Voltage Tan © Charge q=
Tumber Conc. of OF |Applied m'g tan 6
ions x107°H 5
: in e.s.u.
557 0 120 * 002269 - 0186k
560 10305 116 +0068C | * 0559
561 S 3 4l5 120 * 01350 1117
552 6* 345 119 *0170 +1396
563 12* 655 116 « 01758 * b4l

TABLE XIX

i HA—h s

Uentane Dron Giometer 1°6%m.m, ~  Density,noe=0:683

s

Bhotograrh |Concentration]Voltage Ten 9 Charge g=
Humber of O ions |Applied m'g tan O
%107 7N E

in €. 8.0,

G547 G 120 «013C5H 30772

560 1428 120 « 01815 0¢1074

300 2«47 119 * 02155 ce 1274

o4l Le 9 118 s 0204 0° 1443

Bu2 70k 118 S 024l 0° 1ul3

5113 112682 117 e cehl 0° 1443
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TARTE XK

iso Octane Drop dismeier 1+50 m.m, Dengityop9C=0° 732

o

Photdgraph

‘ Concentration|Volisge Tan © Charge g=
Tamher of OH™ _ions |Apnlied m'o tan &
) x10=24 ‘E
in ©¢8. U
552 0 120 « 001134 * 3049k
5532 20 56 119 - 00l56 * 02251
BEL 5° 54 118, * 00954 ¢ ol4 76
555 1142 116 * 00964 + 0476
556 21" 22 113 * 00964 *OY75
Toluene Drop &iameter.g;g ma  Density,ngo= 088
Photogra:h Concentratioﬁ Yoltage Tan © “Charge g=
Number of CH- ions {Applied m'g tan 9
- 1072 ' Be. 8.t
567 4] 120 * 00794 *3390
563 03 120 +01134 « 0557
569 17 120 « 01475 *0815
570 33 120 * 01985 « 0976
571 505 119 «0227 *1116
572 gl 116 o r0z227 *1116
575 1203 116 0226 | *1116




TABLE XNII

Xylene Drop dismeter 2°45 m.me. Density,qon = 0+ 88
Photograph |Concentretion| Voliapge Tan © Charge g=
Fumber of OI" iong Aoplisg m'g tan ©
1 x1GT2H E .
’ in Ce Se Us
576 9 120 * 00623 00 0426
577 0935 | 120 *00907 | 0°0617
“s B78 3029 119 2 Q1L47h 0+ 100
579 7ol 117 01700 | 01156
580 13+ 09 115 ¢ 01700 C* 1156

Tt has been shown that the increasc in charge on the
bengene drops as the hydroxyl ion concentration dncrezsed
followed the simple equation '

| An = — Km.de
end the value of the conéﬁant K was found to be

7o 7h x 104 N:% in NHjoH snlutions
725 x 1OQ H - in NeBli solutions

for drops of 1*5 &snd 2 m,f. diguweter and

8+06 x 10 W~ in Waoli solutions

for 29 mwe dicmeter drops. From the recults tabulated
above the Pollowing valves of K for the other non conduct-
ing ligquids were determinea from tae sdope of the 1og10'fgz

concentration curves

Hexane 7483 x 104 H‘l
n He%tan@ 7°86 = 10? N“i
iac Octane Be12 x 104 N~

Toluene 7.68 x 10? -1
Xylene 8618 x 10% y-i
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A11 these values of X are in close agréement with
the vaimes obtained for the benzene Arops.

The factors with which the constant Kof equation
| (32 would be expected Lo vary are

(i) the ase of the irop surface

{ii) the cusvature of lae drop surface 1.6
‘the dror rediug. '

(iii)}the material forming the drop.

With respect o (i), no‘difference in charge was
obgerved in any of the abovefexperiments between a drop
for.el quickiy at the dropjer i.e. with o rate of
formation of one Aarop per second, and one formed slowly
Cwith the rate of formaticm one drop every two or three
minutes., The "age" of the surface, however, may have to
be reckoned in terms of e wmuch ehorter interval of time

" thon the secoids Altylg fownd that equilibrium charge
'i‘Oﬂ an air bubble in water wis ve:y -uierly reached except
in wates of extreme purily <K2 3'10“6 ohm™L em™+. In
thie pore wote - there waid @ "charging up" effect in which
sguilibrinm charge was not preached until the surface was
a few minutes old. |

The value of K calculated from the results obtained
with the benzene Grops of diameter 105 m.m. and 209 m.m;
'élso shiow very clogco agreement, pointing to the fact

that ¥ is independent of drop radius and ruling out
facitor (ii) aboves

As the value ofAK o~tained for the simpler para-

ffins, benzene, toluene and xylene are all in close
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agreement it is also evident thét K is independent of
the non condﬁcting materials used. The aetual-magnitude
of the saturation negative charge does vary a little
from mate-ial to material, but the process by which this
charge is acquired must be very similar for each of the
materials used i.e., the same type of quasi chemical Fforces
muzt bring about the hydroxyl ion edsorption at the inter-
face in each case,
Variation of drop charge with drop radius.

Carbon disulphide and~carbon tetrachloride were the
next non conducting liquids used. Their respective
: densities at 20°¢ are 1°263 and 1°594, so that drops of
them in water move downwards under the influence of
gravity. The top of the cell was modified for use with
these drops, a 1l5cm. long vertical tube being cemented
in, vertically above and midway between the deflecting
platgss The droppers used were separate units from the
cell and were placed in position when required, the drops
forming in the liquid in the 15cm tube as shown in fig.
20s Any oscillations in the drops on leaving the drop-
per were damped in the tube before they entered the
electric field., The glass capillary droppers were cleaned
with chromic acid and distilled water, and thoroughly
dried before use.

The diameter of the drops forming in water at the,
end of these droppers was measured, as before with a micro-

scope fitted with a scale in the eye-piege. The terminal
velocitv as measured from the photographic plates

a
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waaiglso uged ag a meaxure of drop radius, the resistance
oy R & )™
being in force over most of the range covered and con-
se@&ently

terminal velocity,V, & drop radius, o

The vesults obtained with earbon disulphide drops
wéra not very satisfactory, again owing to the inconsist-
ent behaviour of the thin walled capillaries. Those
that were obHlined, however, showed that in solutions of
the same hydroxyl ion concentration, the defleetion-in
an electric field, and consequently tan 9, was independ~-

rent of drop radius for drops between 0°8 and 18 mim.
diemeter, This indicates that the drop charge acquired
under the experimental conditions was proportional to
‘the cube-of tlhre drop radius, That this is so was proved
by the more satisfactory results obtained with earbon
tetrachloride drops of diameters between 0°25 m.m. and
‘1,8mwm.,in distilled water and NaOH solutions.

Drops of dismeter greater than 1'8 0, m, were very
erratic in motion, not even falling vertically under
pravity in the absence of an electric field, but tending

'to have & zig sag type of pathe This phenomenon is
similar to the one mentioned earlier, in which drops of
benzene with diameter'greéter than 3m.m. were observed
to have an erratic drop path. Drops of carbon disulphide
of diameter greater than 2°4 m.m. -also behaved in this

mhie inconsistency is prbably due to the fact

N T Y O\ FD
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that the drops with diameter greater than these limits,
have high terminal velocities and turbulent conditions
will consequently exiségin the liquid surroundingithe
&r0ps in motion, Measuremenfs on the terminal velocit-
ies of thu carbon tetrachloride drops éhow that until
the diameter 1°8 m.m. is peached, the terminal velocity
Vx is proportional to drop radius & and consequently
the liquid resistance R is proportional to @gga)@i'
With carbon tetraehloride,droﬁs of diameter greater
than 18 m.m, , the terminal vélocity measurements show
that the resistance 1aw~changes from & % power to a
square 1aw and R becomes prOportionél to (ykcljwi
Unstability is therefore to be expected above

~this diameter espeéially as any turbulence or eddy
forﬁation around such a fluid sphere will‘almost.eert-
~ ainly cause distortion of'the sphere and motion of the
fluid in its With the smaller spheres, when the 3/2
power law is in force, tﬁere will be less disturbance
in the liquid round the drops, enabling them to follow
a smoother drop path. o

The results obtained with carbon tetrachloride

spheres are given in table XXIII below.




TABLE XXIII

Carbon Tetrachloride drops in NaOH Solutions

Photograph| Hydroxylion Drop Terminal ‘Voltage Tan ¢
Number . |concentra- |diameter Velocity | Applied
tion x107°N|in scale Length
~ldivs. of ten
10sc. divs.dashes in
= 2* 335 cms., -
MM,
605 10~2 5 6°8 & 234 01134
71
606 6 7405 234 *01020
607 7 80 234 « 01020
608 35 385 &
L+ 85 234 ‘0113J
609 2 %o 3 | 3415 234 ¢ 00793
610 733 2 to 3 | 206 222 | +01586
611 35 L 75 222 * 02270
612 6 7°8 222 * 02270
613 7% 8 | 88 222 | *03285
614 15¢83 8to9g | 93 116 | *02150
615 6 7455 116 | 01134
616 3*5 L6 116 *01134
617 30 3485 116 | =01020

As the terminal velocitj is proportional to drop

radius over moat of the range covered it was decided to

~ plot drop charge directly.against terminal velocity
a- ' )

instead of a.

Now tan ©

s

//" L

mg
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so that tan 6 was plotted against ?&. Graphs 30, 31, and
.32 are thg tan O, Uk curves for the distilled water and
NaOH.solutions uéed. These graphs show that in all the
solutions used, chafge is constant over most of the

range of radii covgfed; There is a slight decrease in
chaﬁge‘for the smallest values of a, and in the two

NaSE solutions used there is a sharp increase in drop
ggéﬁgg for the highest valves of a used, this increase
occurring with drops of diemete® very near the limit at
which the erratic paths are observed. This sudden increase
in Brop charge is evident in graphs 31 and 32. That this
phencmegéglwas not observed in distilled water is due to
the fact that;Sfoiciently large drops were notused, the
iﬁcrease taking place asbove a sharp upper lf@it. The sud-
den increase in chaﬁge at the higher values of a is pro-
 bably irfimately cogheeted with the suddenchanges in

.fluid flow round the drops which occurs for the larger
values of a, the_fluid resitance then ‘becoming proportion-
al to (\Tx\o.,)t The increase in the disturbances in the
finid round these larger, and guickly moving, drops may
be sufficient to réduce even further, the amount of cover-
ing by positive ions in solution which was possible when
the R oL,CWxQ)z/z law was in fofce, This decrease in
covering will leave the adsorbed negative charge almost
completely exposed ahd.give rise to a sudden increase in

charge . '
__7;§L_ This explanation is borne out by the fact that
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' there is a corresponding decrease in gﬁg;gg for the
sﬁallestvdrOps useds For such small drops motion of the
fiuid round the drop, when terminal velocity is reached,
must be approaching streamline flow, and under such con-
ditibna the maximum amount of covering due to electrosta-
tic attraction of positive ions will be possible, this
causing a decrease in the negative charge exposed to the
electric field.

The fact that charge is constant over the greater
part of the range of %édii used is & more dlfflcult
-phenomenon to explein. One would expect the adsorpiion
of the hydrokyl ions at the interface to be a pure sur-
face effect, in which case the charg e should be proport-
1ona1 to 32. ﬂagstaff16 and later Cery found g similar
law to exist for the positive chaﬂges acqulred by mercury
dPOpS in sulphuric acid solutions, the/charge in all cases
being‘propor#ional to the cube‘bf the drop radius.

A mofeféxact kﬁqwledge of the Quasi.chemiéal forces
causing, such ionic adsorption is essentﬁal before a sat-
isfactory explanatlon of this cublc law can "be mades

In conclusion, it should be noted: that gl though no
eurves relating drop charge and hydrox&l 4ion concentration
are shown for the cavbon tetrachlorlde drOps, the experi-
ments being performed to 1nvcet1gate the relationship

l

between drop charge and dfop radius,auhé results obtained

i

Shbw that thafq€op charge

/
N ! i

K 5
A

with the solutions used,

~
&N
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inecreases to a éaximum, saturation charge in a very
similar manner to tha§ ebserved for the other non con-
ducting drops. It is therefore reasonsble to sssume that
the conclusions arrived at from the resultsobtained with
the carbon tetrachloride drops will apply to drops of

the other non conducting liquids used.
. i



CHAPTER VI
,Measuremenﬁs of charge on mercury drops

in aqueous solutions.
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Curry, in his work on mercury drops in agueous
solutions, used an experimental ﬁechnique very sim-
ilar to that described in this thesis. He measured
"the positive charges acquired by mercury drops in acid
'golutions and attributed the charge t6 hydrogen ion -
adsorption. As there was also an increase in positive
gharge on mereﬁry drops in solﬁtions other than acid
solution, a wider explanation of the phenomena is that
the positive charge is due tq adsorption of positive
ions present in the agueous solutions. It is obvious
from the measurement of charge acquired by mercury
arops in verious solutions of equal concentration,

'(Ph. D thasia_b, 68) that the amount of adsorption pos-
8ible varies with the positive ion in solution, and in
order {o gain more information on this aspect of the
problem, the following series of experiments were per-
'forﬁede

The mercury in.uée was purified by bubbling sir
through a mixture of~it and concentrated sulphuric acid
for a number of hours, and then twice redistilling under
reduced pressure. The dropper was constructed from
thick wadled .7 - capillary tubing, the drops forming
2t the rate of one every four or five seconds. Photo-
graéhs 622 ~ 635, as listed below, were taken using
drops of radius 00695 mem. in distilled water and'NaOH

solutions, the distance between the platinum deflecting

plates being 3°05 cms.



TABLE XXIV

Photograph|Resistance Voltage |Calculated NaOH
Number ~ |Between | Applied KsOH |Cone. - |Drop 8ign

: plates x10 Concentra- |"End Cor-

ohms. .| tion x107OW| rectign
x10

622 2°9 2350 117 0 +

623 . 082 225 b 15 2°98 +

624 os L2 222 "8°07 69 +

625 0* 2l 219 115 12°98 +

626 Oel 110 339 32473 +

627 0+ oﬁs 54, 105 705 69e 33 +

628 0* 014 85 242°0 240+ 83 +ve & then

629 0-01k 47 24240 2;;0- 83 "‘Ie
630 0014 85 2B 0 240°83 | +ve & then

631 0°¢ 0033 34, 10 1028 1026+ 83 -Ze

632 ' 0+ 0033 6o by 1028 1026+ 83 +

633 - 00015 G6ely, Qe8| 2260 éé55'83 +

63h 0* 0007 60y 4840 483883 +

’635 1*3 740, 231 2¢6 | 1443 +

As was stated@ in Chapéer 2, the magnitude of the

charge cannot be determined accurately from the curved

tracks photographed on the above plates, unless a ted-

ious numerical epproximation method is used. An indi-

cation of the magnitude was, however, obtained from the

width of the deflection and the value of tan © at the

extremgty of the paths.

The construction of a larger
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‘cell would have enabled greater accuracy to be obtained
but there was not sufficient time left in the research
period for this to be done. The-following conclusions
could, however, he drawn from the above photographs:
(i) The deflection of the mercury drops in distilled
water ia Sowards the negative plate, indiceting a posi-
tive drop charge, and this deflection incereases with vol=-
tage gradient up te 2&6 volts / cine
. This poéitive charge can be attributed to adsorp-
tioﬁ of hydsogen ions, formed by the partial dissociation
of the water, and also 6f positive ions of impurities in
solution, The incresse of this positi%e charge, in the
loﬁer voltage gradients, as NaOH is added to the water,
suggests that there is also adsorption of Na* ions inthese
NeOH solutioné. Ih this case, as the solution becomes
more alkaliné, there will be less HY ions available for
a@soption and the positive charge will be derived more
and more from~the comparativeiy.large numbers of Na* ions
available,

v'(ii) In the FaOH solutions, as the concentration of
the Nat and OH™ ions inereases the positive charge in

{

the lowery voltapge gradients increases, but it soon beconmes

evident that this positive cherge is affected by the vol-
tage gradient, This dependence on electric intensity
becomes very obvious in the'photggraphs 628, 629, 630

. 3 .
for the solution of concentration 24l x 107 N. Photo-
greph 629 shows thai for a voltage



- 115 -

gradient of 47 volts / 3 cms., the drop is decidely
positive, being atﬁraqted to the negative plate. For
tﬁe some solution, whenthe voltage gradient is inorersed
to 85 volts / 3 cms., the arag when entering the field
is positive but it quickiy loses this positive charge
and acquired a negative cherge, becoming attracteéed to
the pesitive plate. The drop paths on either side of
the vertical thus form a loop as shéwn in the diagram
%a;ow and in rigs. 36 and 37, these being prints from

photographs 628 and 630

It thersfore appears that the charge ona mercury
drob in a Tield free solution of this concentration is
decideély positive, but voltage gradients of a sufficiently
high order qﬁickly remove the charge from the drog and
~ enable it to acquire a negative churge.

This "reversal effect” is not present in the photo-
graphs taken using solutione of grester concentration
than 2:41 x 10~N, probably owing to the fact that suf-

ficiently high voltage gradients were nq§ possible due
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to the very large currents and hezvy "gassing" which
Aéccur at these higher volteges.

(1ii) In distilled water and in each of the NaOH
salutions used, the arops very rapidly.acquire an equil-
ibrium charge. This is evident from the looped paths
mentioned sbove and also fromthe drop paths after
collision withthe negative electrode. The positively
charged drops after collision become negatively charged
and ave attracted towards the positive electrode, but
once clear of the negative plate the drop rapidly loses
its negative charge and reacquires a positive charge,
becoming reattracted to the negative plate. The result
is a series of "hops" down the negative plate as shown
in the diagram below and in the photograshs of figs. 38

" gnd 45.

This hopping is similar to that noticed with water drops

in benzene, under the influence of large potentiasl grad-

ients.

1

Although Curry did notobserve the reversal effeed



mentioned ebove with pure mercury drops, he noticed a
similay effect with hisher voltage gradients using drops
of cadmium ond zinec amalgems in sulphuric acid solutions.
Thus to remove any doubt about the purity of the mercury
in us: it was ggein redistilled and thoroughly washed
with concentrated sudphuric acid followed by distilled
water. A second dropper was also constructed and cleaned
with chromic acid followed by distilled water., Photo-
graphs 636 - 651, tabulated below, were taken using
drops of this repurified mercury.,in distilled water and
solutions of NaOH. The radius of the drops used was

Qe 663’20 me
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TABLE XXV
| Photograph Resistance |Calsulated Toonc. - , Voltage
Kumber between I NaOH "End Core Applied Drop Sign
plates x107|Concentra= reetign
chnis, tion x10~ON| =x10=2N
636 10625 2+ 08 0 116 +
637 " 58 +
638 - v 231 + .
639 | " - 750 +
640 Qe 2l - el 12°02 112 +
6ls1 0 555 6ol ys 02 113 +
c 642 | o008 p2e3 | boe22 106 o+
643 ' 00078 u3ek p1e32 246 +ve and
then -ve
6lly Qe C148 229+ 0 226+92 | 156 -ve
UL " 114 Mainly -vi
646 v 85 +ve then
| -ve
6L7 " ~ . 85 +ve then
. -ve
648 | " 38 +ve then
: ~-ve
6149 i : . 38 +
650 | | L +
651 v | - 20* 5 +

. These resulis are in exact agreement with the pre-
]
vious vesulis, so that the effects cannot be attributed
to contamination of the mercury. Pho tographs 636 to

639 were taken using distilled water, for voltage grad-

jents between 116 volts/3cms. end 750 vodts / 3cmse ,
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| T
an&.show ﬁhat the defleetions increase with vqltgge
:  _gr:dient upAtO'the highest gradients availﬁble, There
is mo indication of reversal of arOp;sign in distilled
water.

- Photographs 640 to 6&2‘again show the increase in
 positive charge, in the lower #oltage gradients, on add-
ing NeOH,  the voltage gfadients in each case being of
the order 116 volts / 3 cmss Photograph 643, however,
ghows that if the voltage gradient is increased to 246
. volts / 3 cms. for the solution used in photograph 642
ises at NaOH.concentration Lo x 10“5E, there is again a
reversal in drop sign, the drop being originally posi-
tive and becoming negative in the electric field.
?kotograph oL3 is shown in fige 39.

Photographs 6l to 651 were exposed using an NaOH
-solgtion of the same concentration as that in which the
reversal effect was first observed i.e. 200 x 1075N,

For the highest gradient used, 156 volts /'3 cms., the
ﬁercury,drOps were immediately deflected to the posi-

tive plate, showing very little indication of the origi-

. nal positive charge. As the voltage gradient was decreased
there was more and more evidencg of the positive charge
which the &fop acquired in the field free solution until

in voltage gradients below 36 volts / 3 cmss the drop
was wholly poaitive in the field., Photograph 648 is of:

interest, the gradient inthis case being 55 volts / 3 cms.
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The loop under these conditions filled the whole of the
electric field as shown in the diagram below., Fig. 40
is a print from the actﬁal phiotograph, gas bubbles evol-

ved at the eiectrodes tending to olscure the drop path.

As the reversal effect was observed in a solution
of 220 x 10™2N WaOH with voltage gradients’ es low as
.55 volts / 3 cms., whersas in the less cohéentrated
350 x 1075 KaOH; voltage gradients as high as 246 volts
/ 3 cms. were necessary, it is obvious that as the
concentration of the NaOH increases, the voltage éra—
dient necessary to producé reversal df drop sign
decreases.

Tor all concentrations of NaOH used, the "natural"
charge on the mercury drop in a field free golution was
pesitive, the magnitude of the positive charge increas-
ingvas the Nat ion concentration increased. The rever-
sal effect was obviously due.to the presence of NaOH in

golution and an explanation of the phenomenon may be as

fidllows:




Ag previousiy gtated, the mercury / water inter-
face is of such a nature as to exert an attraction on
all positive iqns. The positive charge on the mercury
drop in distilled water is thus due to adsorpfion of
gt ions, and positive ions of impurities, et the inter-
face. The BT ions are so firmly bound at the sufface,
that even at the highest voltage gradients in use they
remain fixed. As NaOH is added, the number of HY ions
in solution decresesand Nat ions replace B* ions at the
interface, the numbe: of Na* ions availaeble for adsorp-
tion increasing as the concentration of the NaOH
‘ihcreases! It also appears that Ha't ions are less firmly
wpound” then HY ions to the inte. face and consequently
more easily removed by an electric field. Thus in the
NeOH solutions, application of a sufficiently strong .
electric field deprives the suface of the Na* ions and
the drop of its positive charges; Consequently it will
then be possible for mercurous ions,Hg*, to leave the
méfeury surfacé, the phase boundepyy acting as a mem-

' prane permeanle to positive ions oﬁly, the "atmosphere"
of positive ions tending to keep the Hg* ions in the
‘drop haviivg been removed by the electric fields, Loss
| of Hg* ions into the solution will leave the drop with
a negative charge.

The preversal effect is therefore possible because
(a) ther. are yery few HY ions available for adsorption

‘iﬂ.the NaOH solutions, and (b) Na® ions are more easily
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removed then BY ions, from the surface of the drop, by

en electric field. In order fo vefify this general theory
it was decided to observe the effect of elecfric fields
ﬁpon the poéitive charge acquired by meréury drops in
neutral solutions of soaium chloride.

If the above theory is correct, on would edpect a
mercury drop in a rolution of NaCl tc collect a posi-
tive charge by adsorption of Na' and H* ions, the charge
increasing as the concentration of the NaCl inereases,
and the proportion of Wst ions to HY ions adsorbed dep-
_ending upon their relative concentrations. If the drop
enters a suffieiéntly isrge electric field, the less
firmly pound Na¥ ions should be removed from the surface
leaving the more securely Tized HY ions still in place.
The final equilibrium charge attained should still be
p051tivm and of the same value &o that attalned in dis~
“tilled Wat@”, aa the numbe of K ions per CG.ce in NaCl
| golution is the same ss in distilled water. There may
xbe s slight time lag between some of the "places" wacated
by the Fa® ions in the electric field being taken over
by B iohs still in solution, but the final positivé charge
acguired should be the same as that for distilled water,
providing that all the Na™ ions are removed by the field.

Photographs 559 to 663 tabulated below, were exposed

using 0°66 m.m. radius drops in analar NaCl solutions.
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TABLE XXVI

Photograph |Resistance |Calculsated Voltage
Number between the|NaCl con- Applied |Drop
plateg centration Sign
x10%ohms, | x10=dN
659 D¢ 65 10+ 35 225 -
660 Q017 39¢6 211 A+
661 0+ 05 1345 180 +
662 0°05 13L°5 240 +, then-
then +
663 0= 014 L,80° 0 120 +, then-
then + . -

Plates 659 to 661 show increasing deflections of the

: mercury drops towgrds the nefative plate nroving that

E

the addition of NaCl does increase the nositive charge

acquired by the meréary drops. This again bears out

fhe suggestion that the positive charge is due to pos-

itive ion adsorption,

Plates 662 and 663 show an entirely different

type of drop path to any so far observed, a curious

double lodp occurring at the beginning z& shown in the

diagram below and in fig. 41, this being a pring from

photograph 662,
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These drop paths indicate that the drop on entering
the electric field is initially positive, but that it
quickly losed this charge and acquires a negative charge,
loging this in turm and becoming pésitive. This final

positive charge remains on the drop and is of the same
order asthat acquired by the drop in disfilled wate&.

It is to be noted that ifisimilarp concentrations of NaOH,
inctead of NaCl, had been used, there would have been a
distinct reversal of charge, the drop ending up with a
negative charge in the electric field. B A

y At the concentrations of NaCl used for photographs

562 and 663 the number of Na* ions per ¢.C. is much
greater than the number of H' ioms per e.c., for photo-
 graph 662 the ratio being 1°345 x 104 . 1’; The positive
charge on the drop in the fiéid free NaCl solutign mzst
. therefore be due almost'entirely to udsorption of Nat ions.
Upon entering the electric field the drop quickly loses -
these Na‘ ions apd tends to'gain a negative charge
owing to loss of Hg* iomns, but Eefbre this negative charge
can become very large, the "places" vacated by Nat ions
are filled, as far as possible, by the ‘H* ions in golution.
These ions being firmly bound, the drop‘rapidly attains

en equilibrium positive charge of thehéame order as that

s

/ .
acguired in distilled weter, -In efﬁ%ct.this process
causes the double loop obsermd,'and‘th¢ results therefore

bear out the simple theory used to eRplain the reversal

o

effect in NaOH solutions.



- 126 -

NH),0H ond (ﬁﬁa)g Soy solutions we e next uged in

order to see if the reversal effect could be observed

with ‘the ¥H,* iom.in solution., The photograshs 1i-ted

below were exposed.

TABLE XXVII

‘Photograph Resistance|Calculated Voltage
Rumber between RH;0H con- Appliéd | Drop Sign
_ nlates centration
66l 7 x 10° 31.0 RI0=>7] 105 + then -
ohmss )
665 &
666 190 + then -
667 140 + then -
663 65 +
. {MH)) 5 Soy
Photograph| Resistance Calcula- | Voltage
Humber Between ted (I )oApplied Drop Sign
plates SOQ cgne.
x 1020hms. x1077 H
669 1*2 L46 130 +
670 102 L6 130 +
671 5 111 2u6 +
672 5 111 a6 +

Phiotogra hs 664 - 668 2ll show the same type of looped

path, indicating reversal of sign of drop charge from posi-

tive %o negative in the electric field, in a manner similar

to that observed with the NaOH solutions. Figs. 42 and 43
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are prints from photographs 664 and 667 showing the
looped paths obtained with the NH),0H solutions of con-

3 cenﬁration‘Bl-O x 1072, '

i The voltage gradients necessary'to produce reversal
of drop sign in the NHaOH solutions were lower than when

| NaOH solutions of the same concentration were -used, the
2'100p ﬁeing evident with voltage gradients as . low as 35
volts / cme This must mean thathH*u ioné are léss firmly

held at the surface than Na+ions.

 With the (NHy)p 804 solutions used,although no

double loop was observed as with NaCl, the drops in no
case became negative as with NHupH solutions. The type
of path obtdined for these (NH,), 80, solutions is shown
in figs Li4 and i% can be seen that the drop trawvelled
abou£:3 cms. through the field before becoming suddenly
deflected towards the negative plate, The path of a drop
falling vertically is also shown as the zero dine of |
reference. 1t is reasonable to supposs that this time
delay before the drop acguired it s equilibrium positive
charge is due to loss of Nﬁh+ ions in the electric field,
and gain of H+ ions, the vertical portion of the drop
path coreesponding to the double loop obéerved with NaCl
solutions. | |

Owing to the termination of the research period
available, no further experiments wefe performed, but
the few results obtained with the pure mercury drops

described in this chapter open up new lines of -thoughtonm
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the mercury / water interface. The forces eaﬁsiag pogi~-
ion adscrption at thias interface appear 33 be purely elec-
trostatiﬁ'in naturs, as all positive ioﬂgxuse& appear to
contribute to the drop charge. They differ in this reg-
pect from the forces causing OH™ ion adsorption. at the
non conduotor / water interface.

It is also evident from these results that the foree
binding.a positive ion to the mercury surface varies with
the cation adsorbed, and it is possible that this -irding
force is intimately connected with the'radiué of the
adsorbed positive ion. It is obvious that the radius of
the ion, ™, will cohtrol the nearnese to which the ionie
~centre can approach the mercury surface, and the bind-
ing foréé, B, tending to hold the adsorbed ion in posi-

tion may be related to r in the form

B « n e

+a)
where n is the ionic valency,
e iz the electonic charge,

and a is a constant for the mercury / waier interface.




APPENDIX

Measurements on 'the decrease in the msss of
water 'dx'ops, forming in air at the tip of a
capillar,y, due to electrification of.the
drop.
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It was observed in Chepter 3, that epplying voltages

between 2 dropper and a cylindricsal copper screen surroun-
ding the dropper csused a decrease in the mess of the water
drops forming at the end of the cepillary, The mass of the
woter drops formed at the tip'bf e gless caplllary was
meesured when voltsges between O and 1860 volts were applied
between the dropper end a~cogpef screen of diameter 2 cms,
This wes done for different heights of the weter “erervolr
above the end of the dropper and the results are " tabulated
below., The mass_of the drops was determined in each case
by collecting and weighing 50 of them in & porcelein cruc-
ible,

TABLE XXVIII

Head of water cesusing drop formation = 25,8 cms.

Voltege between Wt. of 50 | Time taken | Mass of water

screen snd drops in for 50 flowing - per

dropper. grams, Gr%gﬁmto < 1g§%oggams.
0 " 0,360 83.1 L. 314
“198 0. 3585 82,9 | L.318
120 0355 | 81.8 | w330
618 0.345 . 79.4 L. 345
816, 0. 334 6.7 . 350
1047 - | 00319 73.55 L4337
1245 0. 3025 68,9 i 4,390
3o 0. 286 65.0 | L.b14
1615 | o.ee2 | s9.6 L. 396
1862 0,226 | s52.6 ly; 267
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TABLE XXIX

Helght of water csusing drop formetion = 36.5 cms,

Voltege between wt, of 50| Time taken | ilass of wster
screen ond drops in for 50 flowing per
dropper grems, drops to second
form in
seconds. | X 10 'B'gms.
o 0.367 65 5,646
198 0. 366 64,5 5.589
420 0. 3605 64 5.632
618 0. 352 62,5 5,631
816 0.342 60,75 5.628
1047 0.329 57.9 5,665
12i5 0. 306 5l bt 5. 645
1430 0,293 51 5.745
1615 '0.267 L7 §.680
0,236

1862

40,75
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TABLE XXX

‘Height of water csusing drop formation = 60.5 cms.

Voltage between “$. of 50 | Time in | Mass of water
screen and drops in | seconds - flowing per
dropper grams, for 50 second

drops to 3
form X 10 grems,

0 0.3715 | u1.3 8.995
498 0. 368 40.8 9.018
1420 0. 363 140. 35 8.997
618 0.355 39.45 8.999
816 0. 345 38,25 9,018
1047 , 0,325 36,45 8.915
1245 0.3105 34,2 9,080
1430 0.295 32,325 9.126
1615 - 0. 2695 29,7 9.074L
1862 0. 234 26 8.999
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TABLE XXXT

Height of water csusing drop formation = 77 cms.

Voltagé between | Wt. of 50 | Time in | Mass of water
screen snd drops in seconds flowing per
dropper grens, for 50 gsecond
drops to o
form X 107 grams,
0 0.375 . 32.35 1,159
198 0.370 . 32,0 1.156
420 0. 365 31.45 1,161
618 0, 3555 30,72 1.157
816 0.345 29,62 1.165
1047 10,326 28.4 1.150
1245 0.3115 26,8 1.162
1430 0.295 25,3 1.166
1615 0. 2695 23.15 1,164 -
1862 0.234 20,2 1. 164




leiaht of water csusing drop formation

- 132 =

TABLE XXXII

= 95 cms.

Voltege between | Wt. of 50 | Time in| iless of water
screen and drops in | seconds for| flowing per
dropper grams 50 drops _ " gecond
. : to form 5
X 107¢ grems,
: 0 0.371 26.1 1,422
198 0. 364 25,8 ERAY
420 10,359 25,5 1,403
618 0.353 24,95 1,415
816 0, 742 2y, 1 1,420
1047 0.325 22, 85 1,422
1245 0.307 21,82 1.407
1430 0. 2895 20. 28 1,424
1615 0.2655 18.55 1.L431
1862 0.229 16 1,431




- 133 =

' Graph 33 stows the relstionabip betwsen the weight
of 50 drops snd the voltegc between screen and dropper,
for "h", the height of wetir csusing drop formstion,.
egusl to 28,7 ems., Very eliller curves to .raph 33 were
" obtained for the cother values of h,

Frow the sbove éusults the rollowing conelusions
were 4rawn:

(1) TheAvolumgé of water flowing per second is inde-
pendent of the voltage spplicd between the screen end
dropper, This rat. of flow ia constont for eﬁy one vslue
of h end is directly proportionel to h ss would be
expected from Ioiseunille’s lew, The linesr relationship
between h end -; the veoluwune of weter flowing per second
4s shown in grasph 34,

(£) The mons of the drop is constsnt for sny one
valﬁage ¥ botween ecreen snd 4ropper being indepenfcnt.of
nowithin the 1limits of V end h used cxperimentslly.

(3) The dizinution in ess of the drop, when s cer-
taln voltege is epplied, ie the seme whether the ¢ ropper
is positive or negstive vith mapect to the screen,

(4) The position of the end of the dropper in the
gereen is not epitiesl providing thet the CGrops do not
coalesce wit'. the sides of the sorcen,

A bonnenc?> opserved that e siniler diminution in
the wei@ﬁﬂ of éropa, forming at the end of a tube, occurred

when the drops were chargedly but he made no quantitative
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measurements, ‘An attemipt was therefore .ade to relste
the results obtained cxperimentally witﬁ the results one
would expect theoretically from s consiceration of the
forces resulting from thc electricel cherges on the
surface of fhe arops.

" If the megs of a drop "m" fallingfrom the end of s
tip is independent of the shepe of the drop but is only
dependent on "r" the radius of the tip and “T" the ~urface
tensiop then g s 2N T - —= -~ 2

This mass m is denoted by Harkins and Brown20 as the
' mess of the idesl dfop, 83 no sccount has been taken of
the drop shape, end they 2odifiéd the ccuation to account

for drop sihgpe by introducinr & dimensionless function

f EE;, where r is the tip - '. .. redius and a is dependent
. on ihe redius of the dron. The equation taking the drop
shape into account thus became
WG o= 2w+ T. ?&<;g) -—— - = -3
. With the glass capillary drqppers in use ¢ (f) was

snproximstely unity as the surface tension of waigr cal-
culated from the weight of the drop formed using equation
(36) was found to be 77.5 dynes/cm et 200.0' ﬁ

Consider, now, the effect of charging the drop os
it is forming at the end of the capillery.

We shell initially assume that the drop when on the
point of leaving the dropper is sphericsal «n? of redius s,

If the voltsge between screen and dropper is V then o the
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surface density of charge will be given by the equstion

4'Tr a,z_ o/;h = Va’

o0

assuming that the charge is evenly distributed over the

surface, The force per unit ares of drop due to electri-
fication will therefore be 2 J] o2, the dielectric con-
stant of gir being unity. This force scts perpendiculer
' to the~surfaée of the drop st every ?oint. There is no
force due to electrification over the area of the drop

: intercepfed by the capillary and there is therefore s

re: sultant downwor8 force scting on the drop due to

electrification. — + —

Consider the circular element 2 JT a sin &, a @
~ shown in the diegrem,
| The vgrtical force due to surface charge‘o'/cm2 on
this elemént would have been
RTa 5.8 db 2N o? cesd
The resultant downward force due to the copillery
covering part of the drop is therefore

T2 2 o 0 .cead dP
4T o> o j;;:ur A0,

£
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= 2Wr4* g%

- Instead of the idesl equstion (36) gl .

we thus hsve, due to electrification
m\% 4+ 2T +v 0" = 2Zh+T -~ - — — 33

snd on substituting for o this becomes

4 L2 _
™y o+ 2+ Z = AT
(1200) ot
2
or ™M g = A - B(VT)-- - -39
a’?_
. A = Aw+.T
- where
B = Z.’f'L
| (200)*
Vhen V = 0, m = mo and we therefore i:ave the relationship
. 2
@mo-m)g = B¥>~___—4o
a"l—

(mo-m) being the diminution in weight due to voltage V

between screen and dropper.

No lincar relstionship was obtsined between (mo-m)

(e)*

of water welted the outer wslls of the capillery when

V)2
and (V) using gless cepillary droppers in which the drop

fofming. As the process of formation of & drop of wster
at the tip of such & dropper is by no means ideal for the
above equations, a dropper for which this wetting effect
.did not occur was constructed, This was sccomplished by

covering the outer wells of the capillary with & thin layer
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of paraffin wax,

A series of observations were made using two such

dropper;, and the results are tebulated below.

TABLE XXXIIX

Dropper A
Voltage between | Wt. of one v2 - (mo - m)
screen and drops in | =~ ’
dropper grams 32 p:4 106 . X 1075
‘ greams
0 0. 01485 (e 0
198 0.0148 1,755 5
b0 0.01472 7.91 | 13
816 0.0143 30,55 53
1047 0.0139 51.1 95
1245 0,01338 72.5 147
1430 0,013 . 100.0 | 185
1615 . 10.01236 . 132,0 < |- 249
1862 - | 0.0114 185.0 345
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TABLE XXXTV

Dropper B o .
ve
Voltage between | Wt. of one] _ mo - m
screen and drop in 2 : -5
dropper grams 8"~ x 106 X 10
' grams
0 0.00894 0 0
618 . 00862 24,6 32
816 . ~.00836 36.5 58
1047 . . 00798 4.0 96
1245 | 0076k 108.1 130
1430 . 00716 148.0 178
1615 . 00653 202, 0 241
1862 . 00572 294.0 322

© Graphs 35 snd 36 were drawn, using these results and

"show the linesr reletionship existing between (mo~-m) and

(v)2 |
(;)L for such droppers, in agreement with equation (40)

The slopes of these curves were measured snd the

radil of the capillaries calculated using the relationship
(‘”\40"‘"\:)2 B _ 2-’?"1

Cé)z -7 - Qle O)z

The radii of droppers A and B were calculated to be

0.11L4 cms. and'6.0905 cm, respectively, these values being
about ten times bigger than thc values of r messured with
8 microseope; The electrical forces acting on the surface

of the drop as outlined sbove thus: do not eccount in
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full for the observed diminution in weight of the drop.
In the sbove equsations we sssumed thet the “IOp Was
g perfect sphere'when on the voint oi leaving the tip of
the capillary)but for the sizes of drops used i.e, 2 to
53 m.m, dismeter, there wes e large deviation from this
perfect spherical shape, The drops when on the point of
leaving were of the shape illustreted below, the lower
helf being spherical but the unpgf half was elongsted es

shown,

The re~ultent verticel force due to electrification

of the lower surface ACB will be TT“EZ x 2T] 42 ecting

dowvnwards, assuming this part of the surf:ce to be sphericel

and of rsdius s,
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Owing to the distortion, the vertical force due to
chagge density élon the surface ADEB Wi;l be smaller
than théy
l AT oF (FHL? '-1743>
indiceted by the above theory. The actual megnitude of
this force isv | |

o 0N ga Cﬁ-o} -_—-WR1>
where R % +  end . WR? is the
effective ares of no electrificetion,

As ‘the ghape of the drop depends upon the Betic of
e lineév dimension of the tip such as r» and a linear
~dimension of fhe drop such as é, the devistion of the
shape of the drop from tﬁe perfect shape can ;e accounted
for in equation (38) above by introducing the dimensionless
function f/t(r) We then have -

(a)

end B ﬁ"(—t) : -= ' R.l
- .
For the extremcs of voltage used to obtainé@ the ’
results for.dfoppers A and B, i,e. O and 41861 volts, the
radius_of the drop was respectively 0,1496 cm, and 6.1370
ems. Becsuse r, the redius of the tip, was so much smeller
tﬁan‘a therc would therefore be 1little diiverence in the
"ghape" of the drop when on the point of lesving the $ip

ovef the renge of voltege used. This meens that _%'(t)
‘ ‘ a



is aimost consxant'8§g§1fﬁis-range. The values of -&'C{)
for droppers A and B were calculated from the results
obtained and found to be 14.85 for dropper 4 and 23,1 for
dropper B.

| As Herkins and Brown allowed for the shape of the
drop in the 16631 equation by introducing e similar
dimensionless function f éfi’ the equation completely

a

corrected for shspe will therefore be

, , 2 ,
’hb% + AWoe™ +* + cgj = 2 +T. 4}:f

. o

f {f) being aepproximstely unity for the droppers used in

(a)

the sbove experiments.



SUMEARY

The first pari of thc thesis is o description of
attemptc made to .cesure the natural charge: aciuired by
water drops while felling througi sir. The method of
measuremcnt is by photographing the devistion from the
vertical of drops felling through s horizontal eleciric
ficld, These initisl experiments being unsuccessful, a
description is given of sttcmpts made to i prove the sensi-
tivity of the method and e chapter ig devoted to experiments
in which it wss hoped to messure the charge sfter the water
drops fell from the sir intc the nonconducting liquid,
benzene, It is shown that such dropc sccuire e charécter—
istic negative charge in the eleciric field.in the benzene,
the chsrge being due to impuritics in solution snd propor-
tionsl to field intensity end drop redius, |

An sccount is then given of experiient. performed
using benzene drops in aquecus solutlionu, the object being
o gein information on condition: existing et the benzene/
water interface. 7The effect of hydroxyl ion concentration
on drop charge, is determined both scid and alkeline golu~
tions being used and the reassons for sttributing thc negative
charges acquired by the benzene drops to hydroxyl fon
absorption ere given. %he drops scquire a saturation nega-
+tive cherge in solution of hydroxyl ion concentration grester
than 7 X 10™9 N and a methematicel intcrpretstion of the

charge - hydroxyl jon concentration curve ia given,

n
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) The results obtained for other-non'conducting drops
,;in.aqueous solutions are listed, the simpler pdraffins
hexane, n.heptane cnd iso. octane and also toluene and
xylene being used. The "chemical® absorption of hydroxyl
ions is shown to be of very similer nsture in esch cease,
By means of csrbon tetrachloride drops the effect of Grop
radius on drop cherge is measured and a discussion of the
results in terms of turbulence of liquid flow round the
drop ié given. lome results obtained with Lanthsnum Nitrate
solution sre used es an empirical check on Hukherjee's)
equationvfor neutralizapion of charge on a colloidel par-
ticle. |

Résults obtained with pure mercury drops in sgueous
golutions, énd the influence of potentisl gradients on
drop cﬁarge, are given, Reverﬁal of drop sign from posi-
- tive to negative is observed with high potentiel gradients
in neutral gnd 2lkeline solutions and & possible explenas-
tion of the results is made.

A short appendix is devoted to the explanation of »a
' phenomenon observed in the earlicr experiments viz, the
decrease in mass of drops fslling from a capillary dropper,
due to electrificetlon of the drops at the capillery tip
by an electric field.

| I wish in conclusion to express my sinccre thanks to
Profeséop J. E. P. Wagstaff, ". 4., D.8c.., for his continusl
help, advice &nd encouragement throughout the peribd of

feéeyrch and to ell others who showed intcrest in the work,
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