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Introduction



INTRODUCTION

The separation of electricity which occurs when two

phases come into contact, or in other words, the forma=-

tion of an '"electrical double layer," and the relative

displacement of thege two phases on application of an

electric field, give rise to a series of phenomena which

have been under observation for many years. These pheno-

mena, which come under the ;;eneral heading of "electro-

kinesis," can be conveniently divided into the following

four sections:

(1)

(ii)

(iii)

(iv)

ELECTROPLORESIS including cataphoresis, the
motion under the influence of an applied electric
field of an isolated particle suspended in:é

liquid,

DORN EFFECT, the production of an e.m.f. by the

motion of a particle through a stationary liquid.
ELECTROENDOSMOSIS, the movement of a ligquid

through a sfationary tube under the infliuence of
an electric 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) end (iv) are the converse
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effects of (i) and (iii) respectively. Of the above
phenomena, electrophoresis and electro-osmosis were the

first to be observed, and Q,uincke1 in his discussion of

them suggested that a charging effect due to separation

of electricity took place. Helmhd'_ltz2 was the first to

put forward a mathematical explanation of the effects,

his work later being amplified by Lamb:ﬁ Their treatment

was based upon the concept of an electrical doublke layer,
forming a parallel plate condenser, one laminar distri=- *
bution of charge being rigidly attached to the non mobile
phase an: the other egual and oppositely charged layer
residing in the mobile phase, The di- gram below illustrates
how this idea can he a-plied to an isolated spherical particle
in a liquid, a fixed layer of charge residing on the: particle,
and a mobile oppositely charged layer collecting in the sur-

rounding fluid.

In this case a transverse electric field will cause the
outer negatively charged lgyer to be pulled towards the

positive ﬁl@gémpde,and the particlé 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 eguation:

w = é.x.& e [

4T

where u the electrophoretic velocity

X = the potential.gradient
k = the dielectric constant of the liquid
n = the vigeosity of the liquid

4: the zeta potential i.e. the potential across
the double layer

They made the following four assumptions in their
treatment of the problem:
(a) The usual hydrodynamical eiuations for the motion

of a viascous fluid may be assumed to hold both in the bulk
of the ligquid and within the double layer.

(b) The motion of the fluid round the pérticle ié
"streamline", inertia terms in the hydrodynamic equations
being neglected.

(e) The applied electric field can be regarded as
being superimposed upon the field due to the double layer.
(dy.The thickness of the double layer i. e. the
distance over which the poteﬁtial 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
size and particle shape; |

Smoluchowakiu, treating the problem in a much more
general manner, obtained the same equation, and all sub-
sequent workers have found an eguation similar in form,
notwithstanding that it is now universally agree that
the double layer is not of the simple "parallel plate"
type illustrated. Debye and Huckels, using a similar
treatment to that devided for the motion of an iom in
an electric field obtained the equation,

w = é.x.k. - - - - = 2
AL .

in which A is dependent on ghe particle shape, being 6TV
for a sphere. Henry6, however, in a comprehensive
treatment of the problem, criticised Debye and Huékelfs
method and showed that for an insulating particle the
constant A in equation (2) should be 4T and independent
of particle shape, Debye and Huckel's theory being valid
for particies of the same conductivity as the surrounding
mediume Other workers, especially Hermans7 and Booths,
have considered relaxation effects in the double layer,
reviewing the assumption made by Helmholtz to account
for these effects, and deriving modified versions of
equation (1).

N. K, Adame_in his book "The Physics'and Chemistry

of Surfaces" reviews the possible ways in which such
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electrical double layers can be formed, and he suggests
the following three processes as being the principal causes:

(1) Escape of positive or negative particles from one
phase into the other, in the same manner as "thermiomic
emission" of electrons takes place from a heated metal.

The double layer formed in this manner is usually diffuse,
resembling the "space charge'" of electrons round a hot wire.

(2) Preferential adsorption of particles of one sign
at the interface, neither positive nor negative particles
leaving the phases in appreciable amounts, and the double
layer forming wholly on one side of the surface.

(3) Orientation of neutral molecules, which contain
electrical dipoles at the surface. Most molecules contain
such dipoles, and their przsence is one of the principal
reasons for the orientation of molecules at surfaces. An
orientated row of dipoles at s surface is in itself a
double layer, but it ié not diffﬁse. It may, however,
induce secondaery diffuse double layers extending into the
phases on either side of the interface, by attracting
mobile charged narticles.

It wes éuggested by Professor Wagstaff that measure-
ments sh&uld be made on the cataphoretic v?locities of air
bubbles in water, with a view to obtaining a clesrer

understanding of the conditions, especially the electrical
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cond;tions, existing at the air-water interface. It was
expected that the charging of the bubbles would be due to
a process similar to one of those outlined by Adam, and
listed above.

Quinekel, 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. A8 already stated, he attributed these effects
to the separation of charge at the bubble surface.

Lenard?d, in his researches on the electrification of
water drops fallingin air, observed that distilled water
drops after striking a wetted plate were positively elec-—~
trified, while inthe air surrounding the plate there was

a distrivution of negative electricity,Professor J. J.

Thompson10

continuing 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 substances in the drops themselves. He attributed
the separation of electricity to the rupture of the double
layer of electricity surrounding the drop, the mechapical
shock on striking the plate pulling the outer sheath of
electricity away from the inner layer, the latter remaining
on, and.giving the charge to, the drop. He attributed the

formation of the double layer to quasi chemical forces

existing between the gas and the water.
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11
McTaggart attempted to gain informstion on the

nature of these chemical forces by observing the cata-
phoretic veloéity of air bubbles in water. He used a
horizontal tube of circular cross section, kept in rapid
smooth rotatibn about a horizemtal axis. In this mamner,
bubbles of gas could be maintained on the axis of the
tube and, on the application of a potential difference
between the ends of the tube, the cataphoretic velocity
was measured by means of a microscope. The effects of
electroendomose in the tube were thought to be negligible
and ighored. With the information then available,
McTaggart 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 adsozption
of the hydroxyl ions in the water; this adsorption being
modified in the presence of highly charged positive ions.
In a later paper, McTaggart attempted to relate this
adsorption effect with Gibb's adsorption eguation.

In a'similar series of experiments T. Alty ;? im=
proved McTaggart's apparatus and investigated the cata-
phoresis of bubbles of the inert gases in water, com-
paring their behaviour with that of air bubbles in water.
These experiments were aiso made in an endeavour to gain
more information concerning the quasi chemical forces

acting at the gas / water interface. As a result of these
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and later experiments, Alty concluded that the movement
of the gas bubbles under the influence of the electric
field was due to a redidual eleetrie charge on the bubble
and was not a true double layer effect.' He observed the
charging up effect of such bubbles in water of different
purities, and attributed the excess of negative charge as
due to ions of impurities in the water rafher than to
hydroxyl ions, the adsorption being brought hout by orien-
tation of the water molecules in the interface, so that
the positive noles of the molecules lay inside the water.

Work has also been carried out on the cataphoresis
of other non conductors in electrolytic solutions.
Moonele, and later Mias Newton%h, measured the cataphoretic
velocity of o0il drops in electrolytic solutions using a
vertical closed tubey the velocity being measured with

the electric field (s assisting (b) acting against

gravity. Appropriate corrections were made for the electro-
endosmotic flow of liquid takihg place under the influence
of the applied fields., The charges measured were in all
cases negative but the results obtained were qualitative
rather than quantitative in nature.

The original object of the work described in this

thesis was 3o gain information on the air/water interface,

and to see 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 J. J. Thompson, and on air bubbles
in water as investigated by Alty. It was hoped that the
charges on the water drops in air could be measured while
the drops fell throush the air under the action of gravity
instead of by splashing on to a wet plate, and that a sim-
ilar method of charge measurement could be used for the
air bubbles in water. If fhe origin of the charge is pre-
ferential adsorption of ions at the interface due to

12
orientation of the water molecules, as suggested by Alty

9
one would expect a direct relationship between the two
charges measured in the above manner.

The method of charge measurementsnadopﬁed, was
developed by C. Curry at Durham University for the measure-~
ment of chérge on mercury drops in electrolytic solutions.
It entails the measurement of the deviation from the ver-
tical, of drops falling under g:avity, through a transverse
electric field, the deviation being measured photographically.
The mathematical theory relating drop charge and deflection
is given in the next chapter. Making use of this theory,
experiecghits were carried out in an endeavour to measure the
charge on watédeOps falling in air, this later being
extended to water drops in henzene and to the measurement
of charge on drops of benzene and other liguids in elec-

trolytic solutions.




CHAPTER 1I

The interpretation of the path of a drop moving
through a fluid under the influence of two forces

at right angles.
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Mathematical theory of the dron path

A charged drop moving under the influence of
gravity through a horizontal electric field will be
acted upon by two forces mutually at right angles.
These are shown in the diagram helow and are mg due to
gravity acting vertically, m being the mass of the
drop in the fluid, and F acting horizontally, due to
the electric field.

R

s

Kj\

VW\-%.

The drop in motion will also be acted upon by a
resistive force R , the magnitude of this force depend-
ing upon the conditions of .flow of fluid round the drop.
If conditions are such that there is streamline fluid

flow round the drop then

R = 6T-r\q_ou.\r
where M = the viscosity of the fluid
o = the radius of the drop
~ = the velocity of the drop in the fluid
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Curry, however, found that such streamline con-
ditions did not hold for mercury drops in sulphuric acid
solution, the resistive force under such conditions
being proportional to the square of the velocity v
and radius g. i. e

2
R 2 (ay)
= kv2

k being constant for drops of radiuvs a.

Using this resistance law, and resolving the vel-=
ocity, v , into two components vecand v valong the
vertical x axis and horizontal y axis, Curry gave the
following two egquations for the movement bf a mercury

drop in dilute sulphuric acid:

m&E® - F - REY— 1
™ EE - mg - RES—— 2

Assuming that the vertical terminal velocity
was reached before the drop entered the electric field
and that this vertical velocity was unaffected by the

field, Curry obtained the equations:

x = Ux b - o~ 3

A,

. ceabh o J& F £ ( _ _

% gty oo ]

x and y being the vertical and horizontal displacements

respectively, for time t.

If turbulence had not occurred, the motiom of the
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fluid round the drop being streamline, then Stoke's law

would apply and the original equations (1) and(2) would

become A
" %L%v‘ = F - G_IT'YZ a 'U'? ¢
these leading to
6T .
) Mna, £
"3‘ = F E — g"_‘f {! - ™ —
bl oo na

Curry derived these eguations, and used egquations
(3) and (4) for the interpretation of the paths of the
mercury drops in the aqueous solutions. The treatment
can be carried a stage further by considering a drop
entering the electric field with‘gsloeity w where w<
the terminal velocity. For guch a drop, and for stream-
line flow of fluid round the drop, we obtain the

equations

K » =

+ Qo-i%><l—-ejKt —9

%,t
r ~KEy |
Ky - ‘wEme _ _‘%Q_Q )J—:Lo
K being the constant LT

T n &
vy
From (9) and (10) we therefore have _
. K
R i T
If g is > -"—"Fj‘we may say
X = WM + W —12
& ¥

This last equation was used for the caleulation of F in
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the experiments with water drops falling in air,
described in Chapter 3.

Every attempt to utilize egquations (3) and (4)
Tor the interpretation of other drop paths was unsuc-=
cessful. On reviewing the work, however, the initial
equations (1) and (2) were found to be incorrect,
Instead of resolving the velocity of the drop, v, into
a horizontal compénent, vy, and a vertical component,
vip and. deriving the horizontal and vertical components
of the resistive force from vy and vy, the force R
should be resolved directly.

The equations of motion should therefore he:

W OL_. 1_hzt__r = o — Rees ? — 13
o T~ i}
M o;j = F - Rauncg —(1)

R and P being shown in the initial diagram. If the
resistive force R is proportional to they’'th power
of the velocitﬁ-? ie e

R = _*{|1rn,
for drops of radius a, then

. %L,l_xz - g - (&, v9®¢--—1s
[

, R, being a constant

s it??i = F - Q&L,xf§o¢~¢‘"16

Under such circumstances equations (1) and (2)
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would have been

"‘\’
o dﬁf?_ = mg A Grcun¢9 -—- - 17
aL’ \‘Y\, .
N S O T

these differing from (15) and (16) if n £ 1.

Therefore equations (3) and (i) for which n=2, are
incorrect. The other equations derived in the case in
which streamline flow takes place, and n = 1, are
correct.

Consider the problem in a more general manner using

equations (13) and (14)

™ ox = Mg R cos¢p ----13

™ = F — R oamd¢-—--14
Making the assumption that the drop reaches its
terminal velocity vertically before entering the field,

and also that this velocity ¥x is unchanged by the hori-

zontal force F, we may say X =0

.« . 'w\,% = Rceé¢

and substituting this in equation (14) we have

= £ - gb~?

v

Now tan 0 = gg%& = %F . %ﬁﬁi

ol ¢
K - F
'\3 L

LS -

from which we obtain the relationships



Putting -2 = « and —— = &) and

x=v§§t

equation (20)becomes

E -l E
'B. = W.x + ‘0%1{2, — IA{'_-__ZI
If the terminal velocity Vx is small compared with
the magnitude of g i.e, if ¥ << &g,

then « is large and (e~*% -1) very rapidly approaches

Os Under these conditions
fi z-xt —|>
quickly becomes negligible and
v =£—%.:¢———'—-—-‘22
The drop path will thus be slightly curved when the
drop first enters the electric field but it will rapidly

approach a straight line, of slope

% - F

x o
In Curry's work with mercury drops in dilute sul-

phuric acid Vy was always large and consequently ef t
never approached a sufficiently large value for
~-LE
v - |
to become negligible. The drops therefore did not have
sufficient time between the deflecting plates to enable
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, sas
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¥x was always much smaller than g.
We have seen that by making the assumption

‘X = O the path of any drop falling
with its terminal velocity through an electric field can
be interpréted using equations (21) amd(22) above. An
exact knowledge of the constant n in the resistance
equation

R = kv'

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 E = 0 is not necessarily correct,
aé the drop may experience a negative accéleration ver-
tically due to the electric field. This.becomes obvious
if the path of the drop, after an infinite time in the
electric-field, is considered. The drop will then be
travelling with a steady velocity v, say, along a

straight line path of slope

z-: tan 6 = F

x mg
this being illustrated in the diagram below
R




Under these steady conditions, the resultant of F and mg
will be equal and opposite to the resistence force R,

If the resistance law

R = &,v"  nolds oo #E
then | !
R = &~ = [FT +M%>LJ *
SR e
Yy

end the vertical component of this is

SR G ”:;“‘237")’/’9“ wc% S
!

-

When the same drop falls vertically through the liquid
in the absence of an electiric field, the verticsal

terminal velocity Vg is reached when

~
BF) = g
= - {=an
Unlese "~ = 1 ,¥x A Vx  and it can easilty
be shown that Vs << 7V . If F << mg then x will
be small and negative,but as F increcases, the magnitude
of X will increase and the nonlinear part of the drop
path will deviate more and more from that indicated gy
equation (21), derived by assuming X to be zerdf In

order to complete the mathematical treatment of the pro-

blem; the drop path was therefore considered without
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making the assumption that X = 0. By means of the
formulae produced, it should be possible to analyse
large deflect}ons in an electric field of those quickly
moving drops which do not have time to attain straight
line paths. Thus although the formulae derived below were
not of direct use for the paths photographed in the work
done for thnis thesis, they should enable curved paths such
as those of mercury drops in aqueous solutions to be
interpreted correctly and accurately. |

In the following treatment, n 1nthe resistance law

R = kv

is assumed to be 3/2. This was found to be the case for
the water drops used in benzene and for the benzene drops
in water, although any empiricélly determined vélue of
n ean-be substituted in the equations. Consider the
drop moving along thé curved path as shown in the disgram

below

4
P‘T\
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Measuring the distance along the drop path s, from

the origin 0, we have

8 = v and
R = k,V%‘
Resol#ing tangentially
MV%{%; = fma,ceo;é + Fain & —/Ez.,v3/24————23
Resolving normally
wrtdad = Feos b —fw\,%/.\«w\' $p —— — — 24
a A
ividing (23) by (24) to eliminate dl.0.
£ & Ya
1 o = LA + = /-lvw¢ - =
v Zf% ? s = s e
Rcec¢ - 3%75
Av [ F - - — . - |
e o, 39 ?’A”““¢:) - ( oo + L o ¢> =.£% %
oA { [E : ¢‘% 'y 5.
= V| — Celdp ~ QA = - [ U TR
$
{___ o&s¢ 3-OMVV<¢} = - :éﬂ_ vf%LdL¢ +‘1ﬂ3ii
. ’W\,o ’W\_,.
_____ \_ 2’5\
Where Vp is the velocity when t = 0, B = 0, usually

being the terminal velocity.
Equaiia$25) must be solved numerically in the manner
described by Plagg1°15 and outlined belows The path can ;

be considered as parts of ‘the sides of a polygon

T T






@, = angle OA; mhkes with the vertical

B, = angle Ajh, makes with OAjp

.ﬂb = angle ApA, makes with AjA, __ _ __ ete

- W oL?S = V@ 4V TP, + Uy ¢5+__etc
o

where V7 is the average velocity along OA,
V,, i8 the average velocity along AL, - - - - - etc
OA.1 0 A1A2 ete. are taken sufficiently small

for g good approximation ,to be made.
An alternative but probably equally as laborious method

would be to start from the equations

' 3 { .
x = g- ',%Lv/p"ceécf = g - ﬁt.‘v‘i < ~----26

. F /k, 3/2‘ F _,h{ L .
Y= T e Ve mnl T SOV Ry 2y
I.U i:}“ = Y — "k‘l L 2-

- 3-3& o ‘U-Lx
.o £ — & S
and adding these equations
e
e+ dLE z 4 7 ¢ e ¢ i
F L > 5,
S S =+%fvlw AL
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This will be capable of numerical solution in =
manner similar to that described for equation (25) above

Summarizing the above work, we may therefore say
that unless a drop of moving under the influence of
gravity 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 beéome most tedious. The approximation that x is
zero 1s notv very satisfactory and the valuea of F obiained
from the curved tracks using the squations derived from this
approximation, will not be accurate, especlally if the
deflections are large. In such experiments the aim must
therefore be to produce sufficiently large fieldsto allor
the drop under observation éufficient time to approach
the condition of nen acceleration for whiph the drop path
is a straight line of slope.

tan 6 = P

mg
This will obviously entail the use of large cells, espec-

ially where the drops under observation have high terminal
velocities.
The determination of charge from the value of F

caleulated from the drop path,

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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phoretic veloecity with potential gradient would be expected
to hold. The determination of the horizontal velocity in
the electric field should therefore give a direct measuﬁe—
ment of %’) the zeta potential across the double layer.
It must he remembered that with such a double layer, the
net charge on the drop, and the liquid immediately sur-
rounding it, will be zero. WagstaﬁfIG has also shown
that a spherical drop of radius a, surrounded by a double
layer'of thickness d, is acted on in an electric field Dby
a force F where

F = L, Egi_g; -

. 3 o oLy

ayv being the potential gradient in e.s.u. and ‘é

}f

[T}

the zeta potential across the double layer. The func-
tion é can therefore be derived from ejither

o
P, the force acting on the drop, or from Vy the horizontal
velocity attained in the elec¢tric field. .

If, however, the conditions of charge formation are
such that the outer sheath of charge in the double layer
is either incomplete, or even non existent, those equations
deived assuning a complete double layer, will not be valid.
The drop will then possess an excess of charge of one sign,

Q €.8.U., and the force, F, acting on it will be given

by the eqguation.

- Y, I 29;
F ; qJ. oij
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12 .
Alty in his work with air bubbles in water assumed such

a formula to hold, as the movement of the air bubbles in
electric fields, determined experimentally, did not agree
with the Helmholtz formula and were conseguently attributed
to the existence of an excess of charge on the bubbles.

Any disturbance or turbulence in the liquid round the drop
will upset and tend to remove, either completely or par—
tially, the outer portion of the double layer providing
that it is of the diffuse type and due to attraction of
ions from the liquid. As pointed out .in Chapter I, one of
the essential assumptions underlying the Helmholtz formula
is that the motion of the liquid round the drop is stream-
line, disturbance of the double layer then being at a
minimgm. It is therefore most probable that drops falling
through a liquid under the influence of gravity, and attain-
ing terminal velocities in excess of the limiting velocity
for which streamline flow takes place, are unable to
attract éll the outer layer of charge which completes the
formation of the double layer, owing to the disturbances
and turbulence occurring in the liquid immediately surround-
ing the drop. In such cases, the assumption that the force
in an electric field is due to an excess of charge on the
drop therefore seems to b?:more reasonable than attribu-
ting the movement: to dietortioﬁ of a double layer. |

- In the experiments performed using liquid drops in

electrolytic solutions it was t:erefore necessary to de-
N .
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determine the type of liquid motion taking place round
the drops, this being done by measuring the terminal

velocity of drops of different radii through the liquid.

Such meagsurements showed that the law

R === Ik V%,z'

holds good, and iﬁ 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 atiri-
buted to an excéss of charge , g ,on the drop given by
the formula '
F=q.L where E- = Ez_ 2o B Ue

dy
In the experiments described, using water drops in

air, equations (11) and (12) above, derived assuming
streamline 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 drops, and consequently the above consideratons

had no direct bearing on the measurements made.

Derivation of the resistance law in force

It can ea=ily be shown, by the method of dimensions,
'that the regsistive force R, for drops of radius a ,
and mass m , falling through a liquid with terminal

velocity v,, is given by the equation:

R - ™ g A(O*vx)m
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- 2.-
where A o F“" n " being conztant between certain

limits of a, for a given ligquid of density P and vis-
cosity M > . being constant over these limits of
a and lying between 1 and 2.

We therefore have

,&%w@mﬁ) = m,/%gwéumg +,%?wA —-— ~-30

By plotting ﬁe,j,‘o@m%)ag'ainst ,293.0 @.vx.) over the range of
radii in use the value of . in force can therefore be
obtained. Obviously for extremely small drops for which
streamline flow takes place " will be unity. Using
this method Allen17 found ~ to be 3/2 for small air
bubbles (0.08 m.m. ~ 0.8 m.m. diammeter) in water. For
benzene and similér liqhid drops in water, and for water
drops in benzene, A~ was also found to be 3/2, the
range of diameters used being 0.3 m.m. to 2m.m. As mg

& a3 » Wwe also have the relationship

Vx o a



Chapter 111
The charges on water drops falling
through air.
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The apparatus used in the first series of experi-
ments is sh-wn diagramatically in fig 1. PP were 3" x 2"
rectangular copper plates cut from 1/15" copper sheeting.
These were mounted 2 cme., apart, symetrically and verti-
cally, by.meanﬁ of two rods L, L which screwed into nuts
soldered centrally on the backs of the plates, and passed
through fwo rubber bungs R,R. These rubber inéulators-
were securely fixed in two diametrically opposite holes
drilled in a circular tin case, C , of diemeter L" and
depth 3". The 2" long 3" 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 diameter
hole drilled in the base of thecase served as an outlet,

Voltages were applied to PP by means of the arrange-
ment shown in fig 2., voltsges up to 1800 volts belng
obtained from a chain of H.T.batteries. The arrange-
ment shown enabled either plzte 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 thin glass-tube. The smallest
drops conveniently obtained by this method were of the

order of 2 m.m. diameter, as below a certain value of, r,
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the capillary radius, decreasing r does not atfect

the drop radius but only the rate of formation. Filtered
distilled water passed from a glass reservoir through
rubber tubing to the dropper and the rate of formation
of the drops coudd be conveniently regulated by adjusting
the height of the reservoir. The dropper was initially
earthed by means of a copper plate dyipping into the

ater in the reservoir, and the endlof the capillary was
placed in the centre of.thg scréening tube S. This pre-
vented any charge from being induced on the drops,
while forming, by the high voltages applied to the deflect-
ing plates.

The optical system used for drop illumination was
similar to that used by Curry and is illustrated in fig. 3
A "pointolite" was used as the source and the light con-
centrated into a vertical parallel beam of diameter slightly
less than that of the scrsening tube 8 by means of a con-
cave mirror. The falling drops were highly illuminated
between the plates in this vertical light beam, appear- -
ing as bright streaks of light on the ground glass screen
of the camera, this being a double extension £/3.5 plate
-camera, taking 9 x 12 cm. plates. Using aperture £/3.5,
with very high speed panchromatic plates (Iford H.P.}.,3hp),

actual size photographs were obtained at double extension,

the drop paths appearing on these photographs az well
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defined lines.

The timing of the drops in their fall was arranged-
by means of a light interrupter B, this being a sectored
disc driven by a high speed synchronous motor. The disc
had three vanes as shown in fig. L and interrupted the
light beam M, three times per revolution. An intermit-
tent illumination of the drops at constant known fre-
quency was thus obtained, and the drop pathé-were indi-
cated on the photograph as a series of equally spaced
bright lines. Figs. 21 {to 24 illustrate the type of
photograph obtained using thie procedure. The frequency
of the light interrupter was accurately measured using
the stroboscope effect, by illuminating the rotating
disc with light from an helium tube of frequency equal
to that of an electrically maintsined tuning forjk the
frequency of the fork being measured directly with a
Rayleight motor.

Lxperimental procedure

With the above arrangement, observations were made
on water drops of 2 m.m. diameter, falling vertically
between the plates. With thg screen 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 detected.

In.order to check the method, charges of known mag-

nitude were therefore'given.to the drops by applying
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known voltages or megnituder 100-2000 volts between the
dropper and screen as illdstrated in fige 5. A voltage
YV applied between the scfeen and the dropper in this
manner induced a ciiarge Va @.S.u. on a drop of radius
a falling from the end'ofBQge dropper.

The drops so charged were deflected in the electric
field and the magnitude of the charge weas experimentaily
determined in each case from the deflection in fields of
known strength. Thotographs 84=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 = ,001985 second

TABLE I
Voltage be-|Voltages be-| Radius mg' for
Protograph tneen soree treen def- | gf drop| drop i
wyn plates
8L 198 1862 . .1176 7.025
85 L20 1862 ,1047 |.1172 6. 25
86 618 1862 ,1047 |.1164 | 6.79
87 816 1862 ,1047 | .115 6. 56
88 1047 1862 , 816 |.113 6. 28
89 1245 1862 ,1047,|.1112 593
90 1430 1862 ,lgig, <1091 5.615
9l ‘ 16}5 1862-,1§$2, . 106 5.13
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Equation 12 given in Chapter 2 was found to fit the
photographed paths of the water drops extremely well.

The equation is

oLmEy ew oy,

€ F E

and it was derived theoretically, assuming that there was
streamline flow of fluid round the drop .

% plotted against i? as -~btained by means of a
= travelling microscope from

photozraphs 8491 gave good straight line curves in each
case, and Graph 1 shows thﬁse curves obtained from the
paths of th: drops with 1862 volts between the deflecting
plates. Such good agreement with ecuation 12 indicates
that for the velocities observed there must be streamline
air flow round the drops.

From graph 1 the vzlue of F, the horizontal force

on the drop, was obtained in each case using the rela-

F o o ()
™ X
¢ L (%)
If % is the eletric field intensity and e the

tionship

charge on the drop then
P = .L__Xe
X was equal to 1862 volts in every case
2, 54 cms.



so that e

in e. 8.1

value of P obtained,

manner is compared with Va
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was calculated directly from the

The vslue of

e obtained in this

€. 8.1, the charge inducéd

on the drop for differen%ogalues of V, in tableIl below

TABLE II )
Voltage . d(ii) a(v4)
between Radius of|Va e.s.u. from |m g for e=mgq( %)
Sereen drop"iﬂ 300 a(®/+) drop in E;Tg_??
ggg 3§3p= cms “a graph 1 air X in c8§
198 <1176 | 0.07766 .02906 | 7.025 0, 0837
420 e 1172 0, 1641 o 0594 6. 95 0. 1681
618 . 1164 0. 2396 « 0865 6. 79 O 2395
816 115 0, 3128 .1183 6. 56 0, 322
1047 ed1135 0.;22@ « 147 6. 28 Qe 3799
1245 .1112 . 195 5. 93 0. 4650
1430 « 1091 » 2259 5¢ 615 0., 5180
1615 .106 .27 5.13 0. 5670

Table F shows

values Va and e as

300

the range covered.

that there is good agreement between the
calculated from the drop deflection, over

I#therefore appears that though the

deflection method is not sufficiently sensitive to measure the
/

small "natural" charges scquired by the water drops in air it

is capable of good accuracy with the larger induced charges.

It wes noticed in the above experiments that the radius

of the drop om leaving the dropper was affected by the

voltages applied between screen and dropper.

In these



experiments it was therefore necessary to measure the
mass of the drop for each voltage used between screen
and dropper; this being done by collecting and weighing
50 drops. The drop radius for each voltage, obtdined by
the method of weighing, is given in tables I and 1I.
Though this dependence of drop mass on voltage hetween screer
and dropper was not of importance with regard to the
main problem under investigation, measurements of the
effect were made for different rates of formation i.e.
for dif rerent heights of the resrvoir above the dropper.
A summary of the results obtained together with a dis-
cuasion of them is given in the appendix, this being
done to prevent the discussion from interferring with
the trend of the main prohlem.

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
sensitivity could be obtained by (1) decreasing the mass
of the drop and thereby reducing the vertical force mg
(2) increasing the electric field intensity in order to
inecrease F, the horizontal force acting on the drop.

In order to obtain smaller drops a water dropper
of the type described by Lanel8 was constructed. In this
type of droppe , 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 their full size. The strecam of air
was directed vertically downwards, parallel to the axis
of the needle, through a small circular hole, the
needle being accurately fixed at the centre of this hole.
The air blasf assisted gravity to overcome the surface
tension forces which caused the drop to adhere to the
tip of the needle, and was supplied by a constant speed
electrically driven blower. Regulating the flow of air
through the j&, by means of an "air bleed" in the air
reservoir supplying the jet, enabled the drop size_to be
controlled, drops varying in diemeter from 0.2 mm. to
3 m.m. being possible

The diameter of the drops in use was obtained by
collecting a sample of them in a vaselined glass trough
containing light oil, the measurements being made with
a microscope fitted with a scale in the eyepieces, Drops
of water up to 3 m.m. diamter retained their spherical
shape in the oil, evaporatign hot being possible and
coalescing with the glass being prevented by the vase-
line. This method of measurement was both simple an@j
rapid, and it was the only one that could be used for
the smaller drops, the rate of formation then being so

rzpid 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 tygpe dropper
was especially obvious when the stronger air blastis
were uged to ovtain the smaller drops. ‘The direction
of emission was found to vary from drop to drop, snd
when the tip of the needle was viewed under a microscope
the drops before leaving were seen to be in viclent
oscillation, any small irregularity in the air flow
causing the direction of emission to vary. Though -
this effect was one which was never fully overcome it-
was minimized by having the jet fed from a large air
reservoir, this smo:thing out the small irrégularities
in the supply from the Iiower. The drops were also
allowed to fall through a metyre of air before entering
the electric field, this ensuring that they fell vepr-
tibally on reaching the deflecting plates.

In order to inchease F, the horizontal force on
the drop in the electric field, highervoltages were
used, these being obiained by means of a Whimshurst
machine. As corona occurred at these high voltages with
the rectangular deflecting plates, highly polished cir-
cular plates, 12 cms. in diameter and 1 cm. thick, were
constructed, all sharp edges being avoided and the cross
section of the plates being made as in fig. 6 These
plates were mounted on insulating rbds of 3 cms, diameter,

by means of O B.A. metal plugs as shown in the diagram,
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and were clamped vertically and parallel distant 3 cmse
apart. |

The voltage applied to the deflécting plates by ‘the
Whimshurst machine was measured by means of a capacity
bridge arrangement shown in fig 7. With the switch in
position 1-2, the Whimshurst machine charged condenser
Cl’ this being connected directly across the circular
plates. Cy was a high grade Muirhead porcelain insul-
ated 25,000 volt condenser of capacity 0.001 g.F. On
switehing the key to position 1-3 the charge on C; was
shared by condenser Co, the latter being a Muirhead
1500 volt 0.025 PF condenser, and the voltage across Cs
was measured by an electrostatic 0-600 voltmeter. R was
a megohm resistance inserted to prevent heavy sparking
taking place when position 1-3 was made.

If |, was the voltage supplied by the Whimshurst
machine, then the charge initially acquired by G would
be 0.001 V. comlombs. On connecting C, in parallel with
C1, the voltage across C; dropped to Vo, the charge
remaining constant so that

0.001 V5 = 0,026Vs

Vi = 26 Vo

Thus with the 600 volt electrostatic voltmeter

across C2 1t was possible to measure 15,600 volta across @7 ,

s
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Great care was taken to prevent leakage of charge
from the assembly, all @hérp points being avoided, the
shortest possible leads being used and a clean paraffin
wax block used for the switch. With these precautions
it was vpossible to charge Cj to a steady high potential
which only very gradusglly leaked away. The sphere spark
gap on the %Kimshurst was adjusted to spark at a volt-
age helow 25,000 volts and so protected Gy from over load.
Key K was a mercury.inwax key which was used to discharge
the apparatus after each voltage measurement.

Using the above high voltage system to obtain fields
of the order 7,500 volts/ cm, drops of diameter 0.2 me M: -
diameter were allowed to fall between fhe plates. These
drops while forming were screened from the high voltages
by a copper tube, both the tube and dropper being earthed.
The: small drops were noticeably 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
considered, the object being to increase the gensitivity

without using drops too small to be photographed,

The principle of the method is to allow the water

drops to fall from the air into a column of non conducting
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liquid of slightly lower densitylthan that of water,ahd
to measure the charge by deflection in this non con-
ductor. With such an arrangement, the water drops will
be in the transverse electric field a much longer time
than when falling in air due to the viscosity of the
liguid, and alsotne effective vertical force acting on
the drop will be much smaller. Benzene, foluemsand
xylene have densities of 0.88 grams/;c,c° at 200C so
thatlthe effective mass of a water drop in thesé liquids
will be 0.12 m, where m is the mass of the drop in air.
As benzene is also an extremely good conducﬁor, the use
of_high voltage gradients is still possible.

It was hoped tﬁat the charge on the drop, measured
in the benzene would 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 nen conductor as bhenzene should
be negligible.

An account of the experiments made with water drops

in benezene is given in the next chapter.




Chapter IV

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

Several flass cells were constructed before a satisfactor
type was developed. The construction of this cell is shownin
fige 8 and a photograph of the actual cell used is showm in
fig 9. The four maiﬂ walls of the cell were 10" x 4" glass
plates, of thickness 1/16", cut and ground accurately
rectangular. An 1/8" diameter hole was drilled centrally
in two of these platea. Two 4" x 2" copper deflecting
plates were mounted over these holes on two 134" lengths of
i" diameter glass tubes, the end of these being ground at
+ight angles to the axis of the tube. The deflecting plates
were cut from §" thick copper sheeting-and a thin copper
wire was soldered centrally to the back of each plate and
passed along the mounting tubes through the holes in the
cell walls., The %' diameter glass tubes thus supported
the deflecting plates verticall& and parallel, distant
3. 5. cm. apart, and also prevented the benzene in'the cell
from coming into contact with the soldered connections at
the back of each plate.

The top of the cell consisted of a glass
plate drilled centrally, with a 6" long " diameter tube
fitting through the hole and cemented perpendienlar to
the plate. This tube projected 2%" into the cell, that is
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within 3" of the top of the deflecting plates, being
directly above with its axis vertical and midway between
them. A glass plate with an 1" hole drilled in the centre
and fitted with an outlet tube and tap was used as the
bases The complete cell was mounted with the base resting
on a wooden stool.

Gelatine was the cement used for the joints, this
being made up in warm water, and applied warm to the sur-
faces. It set rapidly and hardened, to give a clean robust
joint insoluble in benzene.

In use, the cell was filled with benzene, the upper
level being " from the tor of the vertical tube: The
drops under observation were formed above the surface of
the benzene and allowed to fall into the tube, any oscil-
lations set up in the drop on breaking the surface being
.completely dampéd in the tube. On reaching the deflecting
plates the drops were therefore falling centrally and
vertically, the 15 cm. column of benzené being also quite
adequate for the drops to attain thelir vertical terminal
velocity before entering the electric field.

The deflecting plates were mounted away from the cell
walls to prevent disturbance of the benzene between the
nlates by electro endosmotic flow. Xarlier cells had been
constructed with the deflecting plates cemented directly
onto the cell walls and distant -3 cms., apart, the object

being to decrease the size of the cell and the amount of
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benzene required to £ill it. With this tjpe of cell,
the drop paths photogrephed were modified by electro-
endosmosis of the benzene along the cell walls and between
the plates, this occurring when the high deflecting
voltages were applied. The type of drop path photographed
with such a cell had a characteristic curvature near

the deflecting plates as showﬁ in Fig. 25, Many attempts
were made to analyse this type of curve until the streaming
of thie benzene along 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 illustrateé in Fig. 10 and Fig. 11,

The possibility of electro-endosmotic flow occurring
with benzene had not Been considered ﬁp to this ;ime,
chiefly because of the results obtained by Fhirbrother
and Balkin who found very small flow effects occurring
at the benzene /glass interface, under the influence of
potential gradients. .They even found thié to be the
case with benzene made artificially impure, and they
attributed it, and a similar effect for carbon tetra-
chloride, to the fact that molecules of such substances
have extremely small electric moments. That electro-

endosmosis occurred in our experiments may be due
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to either (a) much higher vdtage gradients being used
than in Feirbrother and Balkins experimnts , or (b) the
cell being constructed of soft glass whereas Fairbrother
and Balkin examined the hard glass/benzene and quartz/
benzene inteffacese

Mounting the plates away ffom the cell walls, in the
manner described above reduced the flow effects to a minimum,
and even at the highest voltages used there @as no dis-= |

turbance of the benzene between the plates..

The dropper

A glass capillary dropper of the type already des-—
cribed, earthed and well screened by an earthed tube,
was used, the drops forming in the centre of tﬂe screen.
Drops of diameter 2-3 m.m. were obtained in this manner,
and for experiments in which smaller water drops were
required the Lane type dropper, suitably earthed and
screened was used.
Method of drop illumination

The method described previously using a vertical,
highly concentrated, parallel beam of light between the
plates to illuminate the drops as they fell was not suce
cessful in these experiments, as too much light was

blocked by the screcning used. As an alternative the

drops were illuminated byalOO watt electric budd situated

g
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behind and slightly above the cell. Extraneous light
was prevented from falling on the camera by means of a
screen placed so that only the partof the cell 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. 4 time of 0.0727 second was represented
by one dash length on the photographs.

Voltage Supply and Screening

The voltages used were obtained from three 2000
volt , 250 m.A. motor generétors wired in series, and
controlled by a rheostat fitted on the motor side. Steady
D.C. voltages between 1000 and 6000 volts were obtained
in this manner. The voltage was measured by a 0-6000
volts electrostatic voltmeter and could be reversed by
a switiching arrangement shown in Fig. 13, the high
voltages always being disconnected from the cell before
the revers%pg'key was switched. As benzene is such é good
non-conductor the generatorswere running on very light
load throughout the ex;erimeﬁts, and they maintained very.

steady D.C, voltages.
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Ample screening was provided to prevent charges
being induced on the drops forming at the dropper, by the
high voltages in use. The dropper and the 15 c.m. column
of benzene was surroundgd by & half inch diameter earthed
copper tube S and further screened from the high voltages
in use by the 9" x 12" earthed copper sheet N, the tube
and sheet resting on a wooden stool, and completely
covering the top of the cell as shown in Fig.- 14. The
leads carrying the high voltages from the generators to
the reversing key were screened polythene cable, the outer
screening being earthed, and the voltage supply centre
tappdio earth across two 10 meghqm resistances, as shown
in Fig. 13. All unscreened connections and leads lay
undernedth the 9" x 12" earthed plate.

Experimental procedure used with water drops in benzene.

With the experimental arrangements as outlined above
the following experiments were performed, the water drops
falling from the air into the benzene. Photographs of
tge drop paths were taken on Ilford H.P.3 plates, the F/3.5
camera being used at double extension. The method devised by
Curry was used for the examination of the photographs, the
plates under examination being illuminated by a lantern and

the enlarged image focused on a sheet of paper pinned

on to a drawing board. The image of the drop paths was
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traced on the paper, and the measurements were made on
the enlarged tracing. The magnification was usually of
the order 25-30, but this was not needed in the cal-
culations, as the slope of the straight line paths was
all that was required. The type of photographs obtained
in this series of experiments is ghown in Figs. 26-28
and it can be seen that the drop paths became straight
lines after th: first centimetre or so between the plates.
The horizontal force P acting on the drop in each case,

was dbtained from the relationship

E
;l-'—é Z = tan ©
X

m' being the weight of the water drop in benzene.

Drops of distilled waﬁer of diameter 1l.95 m.m.
were first usedand they fell slowly and centrally between
the copper plates. Voltages between 0-6000 volts were
applied in turn between the plates and the drops of water
in every case movedtowards the positive plate. Deflec—
tions of the drops were photographed for deflections
voltages betweer <6000 volts and the magnitude of F,
the horizontal force on the drop calculated in each
case, F was found to be proportional to the
(voltage gradient)2 and not to voltage gradient as
expected. Table III below gives a series of resubts

for drops of this diameter falling through electric

fields of different ihijensities.
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mg = 4 T x(.0975) 3 xo0.12 g
= _

= 0.L575 dynes

TABLE III
Photograph| Voltage [(Voltage oltan @ = J [F = m'g tan @
Number Gradient gradiert) X dynes
-2
175 2. 20 L. 84 » QL5 2,06 x 10 ~
-2
3¢ 350 11, 22 « 11 503 x 10
3,450 | 11.9 <115 5.26 x 10~2
L.250 | 18.06 .18 8,21 x 1072
; 5
4. 375 19. 14 s 2 9.16 x 10
5,780 | 33.41 | .35 16,0 x 1072

Graph 2 was drawn from the above resultsrelating
tan © and Ez, the square of the voltage gradient in ee8.u.
and as can be seen it is a straight line graph passing
through the origin. This indicates that the chapge on'
the water drop in benzene is zero in the absence of an
electric fiedid but in an electiric field the drop acquires
a charge pronortional to the field intensity,

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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nhotographed in fields of different intensities. For
each drop size used, tan @ and therefore F was found
to be proportional to E? » the square of the field
intensity., The drops in each case fell through 15 cms.
of~§§ﬁﬁehe before reaching the deflecting plates. Table IV
below shows the results obtained with such drops agd

graph 3 shows the relationship between tan © and E in

each case,

TABLE IV
Photograph| Diameter Voltage 2 _
Number of drop Gradient E tan | F=m'g tanéf
in m.m. in &.8.u.
177 1.1 2. L4 5.76 | .125|1.12521072

3. 25 10, 56 « 225| 1. 845
3.70 [13.69 e3 2. 46

1

178 1.6 2.5 | 6,25 .08 |2,02
L.3 18.49 { .25 |6.32
L.8 23,04 | .315| 7.96

179 0,82 2. 45 6.003] .28 | 0,953
2. 85 8.123 .35 |1.19
3.1 9,60 | L2 |1.L3

If q is the charge on a drop of water, of radius a ,

in a field of intensity E E.S.U., then

F 4 q. E.
2
But in all the above results F & B
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.. @ = kE  wvhere 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 and is zero when the field is zero.

Graph 3 shows the relationship between tan8 and E2
for different size drops, so that tan © can be obtained
directly for each drop radius and these values are given in

table V below:=

PABLE ¥
. ) -2 5
Radius of drop /22 x 18 cm. tan6/E2 e, 8.u."
a in cms. .
.ol 5,94 x 102 . OL5
. 055 3.3 x 10° . 0225
.08 1.56 x 10° .01375
2 .
« 0975 1.05 x 10 « 0095
Now tan® & E o Bnd as
a3
2
F = XBE,
tane k
2 %3

Graph L4 derived from the results in table V above,

shows that there is a linear relationshin between tan 6~

B2
and 1 so that

a?

k & a
The charge acquired by a drop of water in an electrie

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.
g =A' a.B

A' being a constant. The order of charge acquired i.e.
the value of A' can easily be obtained from the above
results, A' is found to be 0,515 e.s.u. charge/ cm.
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, so that any deflection of the drop in the
electric field must have been due to other causess That
this was so was also proved by alterations made in the
earthing of the voltége supply. The earthed centre tap-
ping was removed and the positive plafe earthed. The drops
of water in the benzene atill moved towards the positive
plate and the dellection was of exactly the same magnitude
This was again the case when the negative side of the voltag
supply was earthed. Thus, as the deflection towards the
positive plate was of the same magnitude when the voltage
supply was (a) centre tapped’to earth (b) positive side
earthed (c) negative side earthed, it was evident that
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
plate and on collision acquired a positive charge. Under
the inhfluence of thé field the drops then moved towards the
negative plate but once it left the positive plate it
cuickly lost its positive charge, regained the negative
charge and moved back towards the pbsiti#e plate, Thus,
in some cases, the drop made a series of "hopsn a5wn the
positive elgctrode. Figs., 26-28, which are pr;nts from photo-
graphs taken of this phenomena, show'the efféct at different
field intensities.

This effect also makes it quite obvious that the
method is of little use for the measurement of charges
acquired by the water drops in the air, before entering
the benzene, as these charges are immediately modified when
the 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 th

electric field, other possibilities were examined. DBenzene
and water are slightly soluble in each other at room.tempera-
ture, benzene being 0.15% soluble in water at 20° @, so
that solution of one phase in the other may have occurred
during the passage of the drop through the benzene. 1In
order to see if the acquisition of charge in the electrie
field was due to this solution effect,éaturated 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 these solutions, measurements of charge on water
drops in benzene were made in the following sequence, drops
of 1.95 m.m. diameter being used in each case®

(a) Drops of distilled water in bengzene which had been re-
distilled and was therefore free from water.

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

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

(d4) Drops of distilled water saturated with benzene
in benzene free from water.

The charge acquired by the drops in the electric
fields was the same in all the above cases and identiml
with the charges acquired by the distilled water drops
of this diameter listed in Table IIlabove. 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 experiments distilled water drops were
used, no special precautions being taken to 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 before
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use. In order to see if the charges acquired could be
attributed to the presence of impurities in the water,
a reservoir and capillary tubing dropper of hard glass
were constructed. 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
system used is shown in fige 15,

A was an hard glaés 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 4 cm. diameter bulb of the cell. The
dropper D was joined directly to this cell by a 20 cm.
length of capillary tubing, and tap, as shown. The
short length of 1 cm. diameter tube BC contained a 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 ,or alternatively the pressure inside the cell was
reduced by connecting a filter pump t6 one of the tubes,
the other being closed by a tap. The cell and dropper
were mounted on a wooden baseboard which could be clamped
in a retort stand.

The cell-was first thoroughly cleaned, using strong
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chromic acid foliowed by weak solutions of caustic soda
and nitric acid. Whereas care was taken to prevent any
of the chromic acid coming into contact with the plati-
nized electrodes, the capillary and dropper were left
two or three days 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 t::e capillary dropper and washing that in
turn. An hard glass boiler containing distilled water
with a trace of potassium permanganate and pure nitric
acid was used to provide the steam. This in effect gave
the cell a thorough washing with boiling conductivity
water.

A quentity of distilled water was further purified
by redistillation three times in an hard 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 by a Mullard, 50 cycle,
A.C. bridge. The resistance measured in ﬁhis manner gave
a direct value of the conauctivity of the water as the
cell constant of tﬁe cell,C , had been previously deter-
mined by means 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

A |
L : \
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where A is the area of the electrodes

2 is the distance between the electrodes.

» « O = C.R where C is the cell constant. With the
cell in use C was 4-5. The specific conductance of
the water; K, will therefore be
- -1
K = C'_R oA

The conductance of the redistilled water when it
was first inserted was measured in this manner and it
wae then hoiled 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 redistillation and especially to
remove any dissolved carbon dioxide. The glass clinker
in tube C D prevénted any serious "bumping" during the
boiling, and reducing phe pressure by means of a filter
pump enabled the boiling to be carried out at 35°.C,
Arrangements were made so that any air entering the cell
after the water had been boiled did s¢o as small bubbles
through a fine jet in strong caustic soda solution, this
preventing carbon dioxide from coming into contact with
the water.

The resistance of the air free water prepared in
the above way was found to be 90,000 ohms at 20°C, inthe
cell. The éalculated specific conductance at thie
m—1.

- -1 .
temperature was therefore 2,47 X 10 6 ohm c 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,
thie being drawn through the cell for two hours, by way
of the capillary dropper. The resistance of the water
in the cell after air and carbon dioxide saturation was a
little less, dropping to 87,000 ohms, this being eguiva=
lent to a specific conductance of 2.55 X 10 -6 ohm -1-0::m-1
at 20° C. Even so, drops of this water were not appre-
ciably deflected in the highest voltage gradients avail-
able,

Distilled water drops of uncertain purity from the
original soft glass dropper still acquired tpe 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 tubihg was found to have g
specific conductance of 1.2 X 1072 ?hm'1 em™'. Thus all
the charges acquired by the water drops in the previous
experiments 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 consider the movement of an 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 penetrate 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 sphere due to
the polarization effect and the potentials inside and
outside the sphere due to the.surface distribution of

charge are relafed in the following manner.
1 /
o

7

¥
o

If O and O' in the diagram are inverse pointé icee T A= o>

{

then Vo = Vo

.5
-+
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where Vo and Vo' are the potentials at © and 6

respectively due to the surfece charges on the drop.

If a field of intemsity E acts parallel to the gz
axie as shown, and we have the origin as the centre of

the sphere

-V - E

k]
Vv = —E %
V being the potential at any point due to the field.

If the sphere has a potentisl C, this will be the
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
\/o =_C,+ E'b_,

i.e. the totel potential at 0 = C + Eyq = Bgq - = = C

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

of the sphere will therefore be
C Vor = &V

4
- a(CsEq)

= j};Q: + /*,Casa.EJ

+
. a(Cc + E.0p1c959:>
= ye

The total potential outside at O' is Vo' = Ez

= Vof '-'-. .9-_<C + E 0—169.’-'*9 — E4eaab
T A
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Now the resultant intensity at the surface of the sphere

Ba = 4T ¢ where o is the surface densityadf

charge at the surface.

4T o = - 3‘@;
z+ ‘f'z Co
= lCa 4+ AE @ ces® L Foub
A~ 43
= £ 4+ DE cesd
o
o = € 4 3E cesd

Aol AT

» + the total charge on the sphere; q.

= T x4T o>
AT a

= C.e.

This result means that a sphere of potential C
and of radius a, moving into a transverse electric field

with its centre along the line V = O collects a charge,

g, given by the eguation

i: CC«.,

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, however, why the water drop in the electric field

=
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should acquire a potential C £ O with reapect to the
benzene surrounding it.

The arrangément was such that the drop of water
from an earthed dropper fell midway between two plates

which were at potentials + X and - ¥ respectively i.e.
2 2

the field was centre tapped to earth. The drop at

earth potential would thus be falling with its centre
along the line V = C, s0 that unless its potentisl was
altered in the electric field, C would be O and the

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

In order 1o explain the results obtained with the
impure water drops, the potential C across the water -
benzene interface must therefore become negative in the
electric field and the magnitude of C must increase in
proportion to E, the field intensity. It is difficult
to see why such a relationship should exist. Alternatively,
the drop may acquire the negative charge in the electric
field, by the loss of positive ions of the impurities 1in
solution, across the water benzene interface, in such a
way as to leave the drop with a negative charge. It ig
8till difficult to explain wh& the negative charge
acquired, in this way should be proportional to drop
radius, a, and field intensity k.

To see if more information could be obtained on

the conditions exieting at the water - benzene interface)
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in order to throw more light on.the above results, a
series of experiments on benzene drops in water and
aqueous solutions were pegformed. An accounf of these
is given in the next chapter. Although some interesting
results were obtained with benzene drops in water, they
were not, however, of direct use in arriving at an

adequate explanation of the above work.



- 60 -

CHAPTER

The measurement of charge on benzene and other

nonconducting drops in aqueous solutions.

e it



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 m.em. thick window glass being used and this was cemented
with a shellﬁé cement, put on under heat. The cement
was 80x shellac and 20 wood tar, and it gave a robust
joint insoluble in water and benzene and resistant to
weak acid and alkaline solutions. The construction if
shown in Fig. 16 and Pig. 17 is a photograph of the actual
cell used.

The cell was 25 cms. high, %0.5 emsS. wide and 5 coms.
deep, the platinum deflecting plates mounted verfically
in the cell being 10.3 cms. long, and 2.5 cms. wide and
situated 3.05 cme. apart. These plates conéisted of 0.01
cms. thick platinum foil cemented onto rectangular glass
plates of the same area. A 3m.m. diameter hole was
drilled in the centre of each of these glass plates to
enable soldered connections to be made to tﬁe platinum
with the fine copper leads from the D.C. voltage supply.
The deflecting plates were again mounted in position by
means of two 3.5 cms. lengths of centimetre diameter

glass tubing, these also serving to prevent the liquid in
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cell from coming into contact with the soldered connec-
tions and copper connecting wires. The cell constant

A ] s Y \
C = 7 was calculated from the dimensions of the plates

and found to be 8.Lkcms. Using this value of C the con-
ductivity of the agqgueous solutions_were calculated from
the resistance between the plates measureddby a 50 cycle
Mullard bridge.

The fine thin walled capillary at which the benzene
drops formed was cemented into a wider tube fitting over
a hole drilled in the centre of the base, the tip of the
capillary being vertically below and midway between the
plates. The benzene drops rose through 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 being sufficient to ensure the regular formation
of benzene drops at the rate of one a minute. This rate
of formation could be speeded up if neceasary by applying
pressure with a cycle pump through tube E in fhe 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 reservoir was turned on
and pressure applied until a steady stream of drops
formed at the end of the capillary. This pressure was
removed when it was seen that the benzene drops were

forming steadily and evenly, and the drops allowed to

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

The diameter of these drops when on the point of leaving



- 63 -

the capillary tip was measured by means of a micro-
scope fitted with a scale in the eye-piece., The
horizontal and vertical dimensions were taken and the
mean used as the diameter of the free drop in the
solution.With drops of the order of le¢5m.m. to 2 m.m.
diameter there was a difference of 10% in the hori-
zontal and vertical diameters measured in this manner
but in the initial experiments the object was not to
get an exact value of the diameter, but to check that
drops of the same size formed throughout the seres of
observations., The terminal 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 was used throughout the initial

17,2.0.

experiments, but as has been observed by other workers,

thin walled capillaries are not dependable for
producing drops of a consistent size. The changes in
drép diameter observed in these experiments were not
serious however, the capillary delivéring drops of the
same size over long periods of time. The changes that
occurred 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 terminal velocity, the results obtained

were easily corrolated.
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The top of the cell was a fitted glass plate
which could be removed when it was necessary to fill
the cell, and the cell could be emptied by means ofthe
exit tube in the base. The cell and dropper were mounted
as a complete unit on a wooden stool and baseboard.
Voltage Supply.

D.C. voltages up to 760 volts were available from
a bank of H.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 to measure the resistance of the
solution in the cell between the platin um deflecting
plates by means of a Muilard 50 cycle A.C; bridge. The
Pohl commutator, B in the diagram, enabled the plates
to be used for this conductivity test or to be con-
nected to the D.C. voltage supply. This arrangement was
found to be most convenient, as the conductivity of the
solution in the cell was directly measureable before and
after the D.C. voltages were applied. This valwe of the
conductivity, as will be explained later, was a measure-
ment of the ioniec concentration of the solution, pro-
viding that the mobilities at 20°C of the ions present
were known. Key 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 electrolysie was therefore reduced to
a minimum. Commutator P1 enabled the deflecting volt-
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. diesmeter
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 throﬁgh the water.

Photographs of the drop paths were taken on Ilford
H.P. 3 plates, using the F/3*5 camera.at double exten-
sion as before. In all the experiments discussed in this
chapter the drops in the electric fields quickly acquired
straight line paths, no appreciable eurvature being
noticeable. This indicated that the equilibrium charge
was quickly reached and also that. the horizontal term—
inal velocity was very rapidly attaine&. The slope,
tan®, of the drop paths was again a direct measurements
of the horizontal force F on the drop as

tan © = F
mg

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

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

-
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Horizontal deflection at the top of the field being
measured as the drbps traversed the same fixed 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 plate, showing the drops to be
charged negatively.

Drops of Benzene in Water.

The diameter of the benzene drops throughout this
series of experimenis was constant and equal to 1°95 m.m.

The first object was to see if the negative charges
- acquired by the benzene drops in water was affected by
the volage gradient betwsen 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 pﬁrity, was 5 x th ohms, from which the specific
conductivity was calculated to be 2+37 x 10"'6 ohm™1 cm-l.
Tan © was measured for each voltage gradient and the : .

values are listed.
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TABLE VI
. Photograph |Voltage between |Current Tan © - Charge on
Number Plates m . amps. drop
g= tand., m'g
I e.8.U.

365 . 360 : 7.2 / /

366 L7y 95 / /

367 62 12 « 0097 « 0653

368 125 2 5 - 0136 “0L5L

369 184 : 37 * 01757 0399

370 2Ly Be 0 201815 0310

371 300 6%1 * 01815 °0252

Graphs 5 and 6 drawn from the results shown
in this table show the relationship between tan ©
and voltage gradient, and charge on drop and voli-
age gradient, respectively. It can be seen from
graph 5 that tan @ increased with increase in _
voltage gradient uplto 50 volts/ cm., above which
tan © 4id not increase. Indeed as the voltage
gradient increased above 100 volts/ ecm. the drop
paths bhecame very erratic as though the Eharge on
the drop was unsettled and unstable. Photographs

365 and 366 shown in figs. 34 and 35 illustrate

_the type of paths obtained with such fields. It

is to be noticed in these photographs that the

drops traversed fully one third of the field
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before showing any deflection from the vertical,
indicating that the charge on the drop was very
small during this periqd.

Graph 6 shows the decrease in charge on the
drop in water of this purity as the voltage grad-
ient increased, and it is evident from 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 gradient axis, the order of
this charge is meen to be 04086 e.s.u. Graph 6
makes it obvious that the voltage gradients used
o measure the charge on the benzane'drops are
themselves altering the magnitude of charge. In
order to obtain values approaching the correct
magnitude, gradients as small as possible will
therefore need to be used in water of this purity.

If 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 when the drop enters an electric
field of sufficiently high intensity some of
adsorbed ions are removed from the surface and

migrate towards the positive electrode. If the
field intensity is sufficiently great all the

. negative ions are forecibly removed leaving the



drop with zero charge and this seems to be the
state of affairs in photographs 365 and 366.

Although the water used in the above 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 cemeni used to assemble the cell and
also from the soft glass plates used in its con-
stuction. There would, however, be H* and OH"

. ions present, due to the partial dissociation of the
water., Kohlrausch and Heydw.eiller26 gave the dis-
gsociation as |

[H*][OH‘] = 06 x_lo‘u* N at 18° ¢,
this value being determined from conductivity measure-
ments on water of extreme purity, and this relation-~
ship ﬁust be satisfied in all aqueous solutions at 18°C.
In ﬁeutral solutions, the

[H‘*‘] and [ph"] are equal and

[#] = [ow] = 0.8 z 1077 »

Therefore, if the negative charge obserﬁed on the
bhenzene drops was due to selective adsorption of nega-
tive ionsas suggested, the ions adsorbed could have been
eithef OH~ ions, present due to partial dissociation of |
the water, or negative 1oné from the dissolved impuri-

ties. In order to see if the charge on the benzene

i it i ' the above
drop increased as the impurities increased _
exgzriment was repeated using distilled vaterfwtig SH'
much higher conductivity, the concentpatlon o]
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ions being the same but the concentration of negative

ions from the impuibities being much greater,

Water of

conductivity 9°16 x 10~ ohm~l om~l was used and

photographs 372 = 379, listed in table VII, below were

taken.
TABLE VII
Photograph |Voltage applied Tan © Charge an drop q.
Number between plates g=m'g tan © _
: E €. 8o U
372 61 .0135 « 086
373 61, 180 P 01135, * 086, *0762
* 0329
374 239, 121 ¢ QLO8,
° 0227 071, 0784
376 295 ° 0606 + 0856
377 350 * 0606 Q72
378 405 ° 059 * 0608
379: 462 * 0635 * 0574

Graphs 7 and 8 were drawn
and show how tan © varies with

‘charge on the drop varies with

tively.

Graph 7 shows that in

from the above results
voltage gradient, and how
voltage gradient respec-

water of this purity,

tah © increases almost in proportion to voltage grad-

ient up to 100 volts / cm but if the figld is increased

above this valwe tan © is little affected.

Graph 8

indicates that there is a decrease in charge as the

voltage gradient increasecs but this decreasec 'is small

compared with that observed in the purer water. The



magnitude of the negétive charge on the benzene drop in

the field free water obtained from graph & is 0.086 e.8.u.,

this being in exact agreement with the valvue 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 values of the specific
conductivities 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 8o indicates that it is the
hydroxylions from the dissociated water molecules 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 80 regdily affected by the higher potential
gradients up to 100 volts / cm, the great number of ions
present per‘c.c., due tp the impurities, must have helped
to "screen" the drop from the influence of the fiétd
and so prevented the adsorbed hydroxyt ions from leav-
ing the surface of the benzene. As the voltage gradient
was increased beyond 100 volts / cm this screening action
became less effective and the charge on the benzene drop
decreased.

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

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

see if such an effect made any difference to the charge

Faid

on ot and



obtained, the experiments were repeated using water
satirated with benzene and benzene drops saturated with
water. The results obtained. in these experiments were
identical with those given above, this indicating that
if solution did occur it had 1ittle effect on the charge
acquired by the drop.

In the following series of experiments no attempt
was made to change the water or agueous solutions in use
as they became saturated with benzene, and benzene sat-
urated with water was used in the dropper.

Drops of benzene in Alkaline and other Agueeus.
Solutions

As the gbove experiments indicated that the OH™
ions present in water were responsible for the negative
charge on the benzene drops, the effect of inereasing
and decreasing the concentfation of the OH™ ions on the
magnitude of the charge acquired was investigated. As
very weak solutions of alkalis and acids were used, it
was found most convenient to start each mseries of

experiments with distilled water in the cell, and to

ifigpsase the concentration by adding drops of a N/;q
soluﬁion of the electrdyte in use.

Measurement of the resistance of the solution
between the platinum plates in each case enabled the
conductivity to be caliculated in the manner already
described and using this value, the éoncentration of

the ions in solution was obtained making use of the ionic
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mobilities listed below. The mobilities of the fol-
lowing ions at 18°2 C are given in Kaye and Laby's

"Physical and Chemical Constants":

H* 330 . OH® 180
Na* 45 cl=" 68
NH, 66 - NO3 6L
tBa* 55 80" N
La*tr 57

The conductivity of a completely ionized solu-~
tion is proportional to the sum of the mobilities of
the positive and negative ions in solution. Thus a
-golution of stou and a solution of.the same normality
of HCl, assuming complete dimsociation, will have con-

ductivities in the ratio

(U+.+ U-)HQSOL}_
(U+ = U-)HCL

Where U+ and U- are the mobilities of the positive and
negétive ions. This ratio for'sumphuric acid and

hydrochloric acid will therefore be

§§O+ 21 = L_Lo__l
330 + 68 398

Similarly equal concentration solutions of Na OH

and stou will have conductivities in the ratio

S22 * 180 = 225
330 + -l -m-—

assuming complete dissociation in each solution.

The resistance between the plates when the cell was
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filled with a NVlooo solution of sulphuriec acid was
found to be 1.9 x 102 ohms. By making use of this valle,
the jionic concentration of any solution can be cal-
culated from the resistance measured between the plateé,
providing the ioﬁs in solution and their mobilities

are known. Thus a solution of NaOH with resistance R

ohmg in the cell must have an ionic concentration of

2
1.9 x 10 x 401 o N/
® S ooE 1680

¥ 1000

= 30386 x 102 .
R

It is to be noted that this value will be hhe con=
centration of the ions in solution and will not give

any indication of undissociated NaOH in solution. We

| o

have assumed that the N/,,,, sulphuric acid with cel
resistance 1°9 x 102 ohms ﬁas 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
electrolyte to be used so that a small "end correctjon"
was subtracted from the value of the concentration cal-
culated in each case. This correction was always of the
order 1 x 1072.N.

Bénzene drops of diameter 1°5 m.m. were first used

in solutions of NH)OH and H,80, and the charge on the
drop demived from the deflectious in fields of Lo volts/cm

and 80 volts/cm. The results obtained and the value of
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the charge calculated for each concentration are given

in tables VIII and IX below.

TABLE VIII

mgugg solutions
Photo- EesistanceJConc Cal- | Conc. -"end |Voltage| Tan 6 |Charge
graph No.| x104 ohm culated correciion"| Applied =
x107°N x10~°N m' gtané
E
in Ce Bel
381 32 10 10~2 121 |-0136 | 0212
385 240 |+ 02665
386 1. 865 1-7 0 7 121 »+ 01985
: * 0309
387 239 04025
388 1°02 el 2° 1 121 |-0312
* 0Lu87
389 237 |.0624 .
390 - 6L b9 39 121 |-oy025
» O6L
331 235 |*0828
392 * 10 7° 92 6 92 120 * 04418
*078
393 230 |+093
394 ° 25 12+ 75 11 75 119 |-ous3
+078
395 227 1+093
396 *097 32 8 31-8 60 |-.0221
' *078
397 118 * 0453
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H580), solutions TABLE IX
Photo- Resist- | Conce. orc. ="end | Voltage Charge
graph No.| ance -[palculafed] correction"| Applied| Tan © |q=m'g tan®
x104 ohms x10~°N x10=5N E
in Eo Se Ue
400 20 38 0+ 798 10-2 121 <0136
° 0212
4ol 238 (266
Lo2 1° 39 1° 366 0* 566 121 0136
i *0212
LO3 _ 236 2 0272
LQlk 0. 85 20 235 1. 135 120 ° 013
« 0203
LO5 235 °025
406 0 505 3 76 2: Q6 120 e 0125
*0195
LO7 231 | c024
LO8 0°255| 7-45 b* 65 120 + 0107
*0167
409 228 «Q2
410 017 10- 05 10. 05 119 * 0096
° 0149
L1l 222 « 019
Ll2 0.0751] 25 3% 2L 5 60 « 0062
' « 00966
L1l3 114 * 012
Llh 0+130] 146 13-8 117 + 0085 * 0133

Graph 9 was drawn from the results in table VIII

and shows the relstionship befween drop charge and

hydroxyl ion concentration in the NHuOH golution,

The

charge increased steadily as the concentration of the

OE™ ions increased until a maximum, or '"saturation",

charge was reached with solutions of concentration

greater than %310_5N.

Increasing the NH,0H concentra-



tion above this value had little effect on the drop charge.

Graﬁh 10 produced from the results in table IX,
shows that the drop charge is reduced by adding H2SOA
i.e. by reduc;ng the hydroxyl ion concentration. It
appears from this curve that in sufficiently high acid
concentrations the drop charge will become zero, this
probably occurring when no hydroxyl ions are present in
solutibn, |

Graph 11 shows the drop charge acquired over the
whole range of acid and alkaline solutions covered, this
being done as the two sets of results are obviously
closely connecteds Graph 12 was produced connecting the
results in another manner, drop charge being plotted
against the calculated pH values of tihe NHuOH and H2SOu
solutions used, the pH value being related to OH™ ion
concentration in the form

logqg [OH;] = pH - 14

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

in NaOH and HCI. solutions. The results obtained are

given in tables X and XI below.
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NaOH Solutions

" TABLE X
Photo- Regist- onc, Conc. ~"end Voltage 'Charge j
graph No. ange Calculated correcfion" Applied Tan 9|q=
x10%ohms| x10=° N x10~ON m'g tane
Ee. 8. U
L33 2* 75 1- 23 « 01 121 0215 | 0794
3L 2. 05 1 64 Uyl 121 © 026
» 096
L35 _ 238 . 051
L36 1- 578 21l « 91 120 * 0312
+152 -
437 | 236 - 0611
1138 0-98 3. 46 _ 2° 23 120 ° 0436 i
«161
439 23l - 0861
L0 0+ 65 5 2% Le O 120 + 0553
+ 204
Ll 032 * 110
Lh2 0t 155 745 6o 02 120 <0595 | - 220
L3 0- 291 1158 10- 35 120 « 060 ¢ 221
Llyhy 0. 208 16 23 15°0 119 « 060 » 221
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HCl Solutions TABLE XI
Photo- |Resist- Pone. Cal-|Conc., ~ "end |Voltage Charge
graph No. ance culatgd correction" |Applied | Tan © Q=
x10% ohms x107-N x10~2 N In'g tano
E
in e. 8. U.

418 203 0- 832 + 01 121 <0215 | - 0794
419 1e 35 1°418 s 586 121 - 0204 :
- 0753

L20 238 - 0L0

421 0 71 2. 695 1-863 120 -0193
_ <0712

yo22 23l *038

L23 0 52 30 68 2. 848 120 =017
s 0628

Loh 233 =033

125 0. 28 6 8l 6+ 008 120 *Q1L7
° 0542

4126 230 . 0275

1,27 0.179 | 10- 7 9. 868 119 +0125
- 0461

1428 226 .02
429 0:125 | 15¢3 14 1168 118 * 0096 |- 0355
430 0-10 | 1915 18¢ 318 118 °0085 | +0314
431 0-085 | 22¢5 21° 668 115 «00794] ° 0293
432 0°055 | 348 33968 110 -00568|-0210

Graph 13 shows the drop charge ~ hydroxyl ion con--

centration curve for the NaOH solutions.

As with

the

NH;,OH solutions, increasing the concentration of the OH

ions caused an increase in negative charge acquired by

the benzene drop, until the "saturation" charge was reached

there being little increase in charge for concentrations

above 7 x 10~°N,
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Graph 14 was drawn for the results listed in table XlI
and shows that there is again a steady decrease in charge
as the solution is made acid, this time by adding HCl.

Graph 15 shows the drop charge acquired ovef the
range of acid and alkaline solutions used and graph 16
relates drop charge with pH value for the HaOH and HCl
.8o0lutions. These curves are identical in shape with those
obtained for NH),O0H and HQSO,4 solutions.

Similar results were again obtained with XOH and
HN@3 solutions, the drop charge, pH cufve being shown in
graph 17. The experiments using these solutions were
designed to check the points of the charge / pH curve 1
between the pH wvalues 8+5 and 5°5; samples of each solu-
tion used being tested with a Marconi pH meter. There
was good agreement between the results obtained in this
manner and the previous results obtained for NaOH,

NH)OH, HCl and HpS80;. The pH value of the distilled
water used was found to be 5°8 whereas it had been ass-
umed to be 7 in the results calculated. The pH value of
a solution, however, very rapidly alters with concentra-
tion of OH  ions near the neutral value pH 7, so that
this slight discrepancy was of little importance and all
the results can be regarded as showing good agreement.
The assumption made during the calculation of ionic con-

centrations that the distilled water was neutral was

also shown to be reasonable by the fact that the pH value



of this water, determined by pH meter, was 5°8.
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The charges acquired by benzene drops of 1°85 m.m.

diameter in sodium chloride, ammonium sulphate and

potassium nitrate solutions were next measured.

The
results obtained are shown in table XII below.
TABLE XII
Photo- [Solution esiﬁtance anc; - "end oltage| - Charge
graph No.| in use x10™ ohms | Correction'|dpplied| Tan 9 1=
x10=7 N m'g tan ©
E
in e.8.U.]
448 Distilled 27 0 122 .0175 +0512
Water
L9 NaCl 13 2+ 68 121 «QL75 0512
L50 NaCl 088 516 121 - 020U « 0596
451 TacCl 067 7* 55 121 + 0181 = 0529
u52 NaCl 0° 39 1 75 120 * 0181 * 0529
453 NaCl 0- 245 250 119 *0170 * 0L 97
Lsh NaCl 0:15 La L 119 (0170 ° 0497
455 NaCl 0° 075 873 119 ° 0181 + (0529
Distilled 1:75 0 and 120 «+ 0181 * 0529
511 Water and & O« 52¢ 42 118 °0181 + 0529
(N, ) 580y,
Dist. 1- 66 0 and 120 * 0175 0512
512 Water & K & 0095 69+ 6 118 « 0181 - 0529 ~
No

3




As can be seen from this table, addition of NaCl
i.e. of Na%* and Cl1” ions, had negligible effect an the
charge acquired by the benzene drsp, the charge remaining
constant over the whole range of concentrations used.

The same was &lso found to be true when (NHM)QSOQ or
-KNO3 were used.

The conclusion drawn from the above experiments was
that the negative charge on the benzene drops, moving up
through agueous solutions, was due to selective adsorp-
tion of OH™ ions. A summary of the evidence 1eading to
this conclusion is as follows.

Benzene drops have the same charge in distilled
water and in water purified tc a much greater extent.
Remov .ing the impurities to such an extent that the speci~
fic resistance is more than three times greater than that
for distilled water,does not affect the magnitude of the
negative charge acquired. The only difference is tpat
the drops in the purer water more readily lose their
charge in eleetric fields and this is thought to be due
to the fact that the benzene drops in the less pure
water are "screened" by ionic impurities. ‘

Adding NaOH, NHMOH or KOH increases the negative
charge acquired by the drops until "saturation" charge
is reached at ‘hydroxyl ion concentrations greater than

7 x 10=5 p,

Adding HCI1, Hﬁ03 or HESOu causes -a decrease in the



charge on the drops. A decrease in hydroxyl ion con=
centration must occur in thesg acid solutions because the
relationship

(o= ][ 1-1*] = 06 x 10-14 N at 180C
must be maintained.

Adding NaCl, (NH))p 80, or KNoz has no effect on the
charge acquired by the benzene drops. Thus, in the above’
acid and alkaline solutions the Na™t, NHQ, K+, €17, Sof~
and Nog ions have no effect on the charge. It isg there-
fore obvious that it is the increase in hydroxyl 1lon con-
centrafion, when the solutions are made alkaline, which
ig effective in increasing the charge, and conversely the
decrease in hydroxyl ion concentration when the solutions
are acidified is effective in reducing the charge.

The negative charge on the drops must therefore be
due: to adsorption of the negatively charged hydroxyl ions
at the benzene watgr interface, The straight line paths
photographed in every case indicates that the equilibrium
charge is reached befare the drops enter the field, so
that the maximum hydroxyl ion adsorption possible in
each solution must 6ccur while the drop is forming at
the capillary tip and while it is moving up through the
8 cms. of solution between the tip and the deflecting
plates. Any ¢harging up time requifed by the drop must

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

and reach the electric 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 benzene drops
in distilled water could be increased by the addition of
negative ions other than hydroxyl ions. The ioms Cl7,
Sop,~ and Nog were found to have little ,if any,effect on
the charge, and @t was therefore decided to try a more
heavily charged multivalent ions. Potassium ferrocyanide,
giving the tetravalent negative ion Fe(GN)g"“, was used

in solution and the resulis ebtained are given in table XIII

below, the drop diameter being 2m.m.

Potassium Ferrocyanide TABLE XIITT
Solutions '
Photograph | Resigtance | Voltage | Tan © Charge g €. S. o
Number x10%ohms | Applied =m'g tan ©
E

L65 1- 85 121 » 0187 » 069

L66 0. 64 120 + 0198 * 073

L67 0 27 119 *+ 0187 « 069

468 Q12 115 * 0198 » 073

It is clear from these results that there was no
inerease in the negative charge on the benzene drops on
the addition of Fe(CN)g"“ ions. It therefore appears
that negative ion adsorption at the benzene water inter-
face is confined to hydroxyl ions, no other negative ions

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 expect any negative ion in solution to be
attracted to the interface, the more heavily charged the
ion, the greater being the force of attraction. That
the process of adsorption is not a simple electostatic
phenomena has already been suggested by other workers
notably Mukherjeezl, Etern22 and-Sehofieldza. Mukherjee
pictured the electrification as taking place in two
distinct pfocesses (a) the formation of a "eondensed"
layer of ions close to the surface, and (b) the electri-
cal attraction of oppositely charged ions to form a 4dif-
fuse iayer in the immediate volume of liquid surround-
ing the interface. The forces bringing about this sec-
ond process were condidered to be purely electrostatic
but the "condensation" of ions was attributed to “chemi-
cal"” or "quasi-Chemical" forces. Schofield pointed out
that there is evidence that forces non electrical in
nature come into play in the condensed layer, as some
electrocapillary curves, such as those for potassium
iodide, show that 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 lonic adsorp-
" tion in which the ion is held to the surface by a 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 orientation may also play an important part in
eleatrostatic attraction of ions to an interface. Indeed,
Alty12 explained the charges on air bubbles in water as
due to orientation of the water molecules in the inter-
face, such that negative ions of impurities present in
solution are attracted to the surface. He discounted the
effect of hydroxyl ion adsorption befause of process
(b) above, suggesting that the binding forces between
OF~ and H* ions are so grsat that an OH ion adsorbed
would be almost immediately "covered" by an H' ion, the
net charge then becoming zero. It is clear that although
molecular orientation may‘contribute towards the electro-
static attraction of ions to the benzene / water inter-
face and to the formation of a diffuse double layer of
the type suggested by Gouy2t, it damnot fully explain the
preferential adsorption of OH  ions. To do this, one
mist resort to the rather ambiguous quasi chemical forces
of Mukherjee.

Mukherjee in his paper on the neutralization of
charge on a colloidal particle, made no attempt to invest-
igate quantitative;y the chemical adsorption procegs but
confined his treatise to consideratious of the secondary
process 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 a manner similar to
that adopted by Mukherjee for neutralization of drop
charge with ionic concentration.

As the formation of a condensed layer of charge on
a drop in a stationary liquid must almost immediately pro=-
duce a diffuse distribution of charge due to electrosta-
tiec attraction of oppositely charged lons, the separation
of one effect from the other under such circumstanqes is
most difficult. In the sbove experiments, however, the
drops were moving through the solution at their terminal
velocities, and these velocities were in excess of the
maximum for which streamline flow takes place. It was
found that a resistance law of the type

R o (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
disturbances in the liguid round the drop, and conseguen-
tly it is reasonable to assume that the charge g as der-
ived from the relationship
F = Eq

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

hegligible. The charges measured in this manner will
thus give a direct indication of the number of iomns

adsorbed in the condensed layer and the effect of cogfen—
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tration on such a layer can be determined from the
above results. If the liquid motion round the drops moving
#ith these velocities is not sufficiently disturbed to
completely prevent the formation of the diffuse 2ayer of
charge i.e. if some covering ions are still able to fol-
low the drop through the ligquid, one must make the addi-
tional assumption 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 rangé of
concentirations used. The charge g will then represent a
constant percentage of the condensed charge.
From the curves relating drop charge with hydroxyl
ions concentration it is obvious that there is a maxi-
mum possible charge, which the benzene droﬁ can attain,
it then being "saturated" with hydroxyl ions. If there
are '"mo''"places" available on a drop of radius "a" at
which hydroxyl ions can be adsorbed, and if "n" of these
places are still available when the hydroxyl ion con-
centration is C gram equivalents per litre, then (no-n)
ions must be adsorbed. The charge on the drop will there-
fore Be (no-n)e where e is the electronic charge in e.s.u.
If o is the fraction of the maximum charge acquired

by the drop at concentration C then

oL = 'V\,o—’V\_
"o

o

|- o = o
.
. | — o
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If at this concentration C, there is an infinite-
simal increase in concentration AC there will be add-
itional adsorption anda corresponding decrease dn in n.
The magnitude of dn will depeﬁd upon (i) the magnitude
of dC. There may be a :linear relationship i.e. dn & 4C,
or it may be more complicated.

(ii) n the number of places available. Obviously
when n=o i.e. at saturation charge, dn will alsc be O
no matter how big dC 1is made.

As a first approximation we may therefore say

dn = - K.n, 4cC 32
where K is a constant.

-d-'.rl = = Kde¢

n

logen = = KC + constant

pe~KC

=
i

When C = 0, n = no and the constant B must equal no

n = nao S-KC
n = eKC 33
no

Substituting this in equation (31): above we have

& & 3l
‘1=t

If KC is large e5C » 1 and

K
.5.,.: - - . <
1-&

The function Tga' was calculated for contentrations of OH-
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ions between 10’5N and 6 x 10"° for each of the curves
shown in graphs 9 and 13. LoglO ﬁ_ol was plotted against
C over this range of concentrations and the stralght line
curves ohtained are shown in graphs 18 and 19. Thege are
in excellent agreement with equation (35) above and indi-
cate that over this range of concentrations ef° » 1.

The relationship between log10 S and C was plot-
ted for concentrations below 10~3 N i.e. for acid solu-
tions, from the resulté obtained for HE1l solutions and
shown in graph 1l4. The curve obtained is given in graph
20 and it shows that the straight line curves of graphs
18 and |9 becomes asymptotic to the loglo 1dd axig as
0 from graphs 18, 19 and 20, it is therefore
evident that the relationship

& = e -1
_ 1-8
is in good agreement with the results obtained experi-

mentally, proving that the assumptious upon which equation

(32) is based must be correct. The value of K derived
from the slopes of the graphs 18 and 19 are respectively
7074 x 10-4 n-1 for the NHjoH results and
7.25 x 10-4 N1 for the NaOE results.
The fundamental assumptions underlying equation (32)
are as follows:
. (a) the work necessary to adsorb an hydroxyl ion af 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 ionic atmosphere of positive
ions surrounding an OH™ ion, over the range of concentra-
tion 10710N to 10°3N, has a negligible effect, it being
as easy for an OH ion to be adsorbed from an acid solu-
tion containing many H* ions as from an alkaline solu-

tion.
(b) The OH~ ions already adsorbed in the surface exert

no repeiling force on other OH- ione which are in the
process of being adsorbed. If this were not so,the
power of n in equation (32) would not be unity. This
really means that the "places" at which OH  ions can be
adsorbed at the surface are sufficiently separated for
an OH ion:.in ome "place" to exert negligible repulsive
force on an OH ion in the adjacent "place'.

(e) The percentage of OH ions adsorbed at the surface
of the drop, moving through the fluid at its terminal
velocity of 7cms / sec, whiéh are covered by positive
ions in solution is either zero or constant over the
range of concentrations covered. |

Though thes« three assumptions are proved to be cor-
rect by the good agreement obtained, with the experi-
mental results, the nature of the chemical forces caus-
ing hydroxyl ion adsorption is still uncertain.

In all the above experiments, only monovalent posi-
tive ions were present 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 ions, in order to see if the electro-
gtatic covering effects outlined by Mukherjee Would oceur
with these more heavily charged ions.

Lanthapum nitrate and barium nitrate were the electro-
lytes used and the results obtained are given in tables

XIV and XV below, the drop diameter being 16 m.m,

IABLE X1V

Lanthanum nitrate Solutions La£NO§L§

Photoj Resé&tapce galculited _bnc. ;;Enﬁ Xol{?gg Ton 6 Chafge i
el ol FvsqstrEt et i B _g_m'qgang
in e'SZE
470 L7 1+ 255 0 121 [-01588 |-0301
L71 2. 6 1°69 0- 395 121 |+ 01418 |*0269
72 1°33 Lo 575 3+ 38 120 |+00738 01985
L73 0+ 83 733 6° 035 120 | -o062, o168
L74 O 6L 9° A 8* 205 120 s 00557 | 01525
L75 0 Ly 13+8 12° 505 119 « 00567 [+ 01525
L76 0°315 | 19°3 18 005 118 | +0051 {-0137
477 0-219 | 27-8 26+ 505 116 | *oos1 [.0137
L78 0. 148 L1°1 39° 805 115 * 00L25|+ 01143
479 0+ Q9 676 66° 305 112 *0034 [+00914
L8O 0°051 | 119-25 117° 955 110 | -00283|°0076
L81 0°018 | 338.0 336¢ 705 96 °00227]|+ 0061
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TABLE XV

Barjum Nitrate Solutions Ba(Ng)g

Photo- |Resistance|Calculate JSonc. ="End" Voltage Chazge
graph No.|x104 ohms |Conc.X10™°N C;§gg ﬁlon Applied| Tan © t Eaneg
in g.@.é
L82 2¢ Iy 2. 66 0 120 0153 * 0290
w83 | 1°5 Iy 26 1°6 120 |.01416 |- 02685
L84, 0® 95 6°73 L*0o7y 120 °01§16 * 02685
L85 Q=67 9+ 55 6° 89 120 °0136 (0258
486 0° 455 14° 05 11° 39 119 |-01332 |-02525
L87 0° 25 256 22 9L 117 0130 » 02465
L88 0°* 145 Lh=1 Llsh4y 114 * 01076 | 0215
L89 0075 85 3 82- 64 111 * 00963 |+ 01976
490 0s 024 266° 5 263 8L 98 *00794 | <0180 AJ

The drop charge related to La*** ion concentration

is shown in graph 21 and the curve relating charge with

Ba** ion concentration is chewn in Graph 22. ZXZs can be
+++ :

seen La and Bat* ions, especially.tpe former, are
effective in reducing the drop charge, this indicating
that some electrostatic "ecovering" is possible with the

more heavily charged positive ions, even when the drops

are moving through the fluid with a velocity greater than

the maximum for which streamline flow occurs.
Mukherjee derived a mathematical formula for this

"covering" effect relating fractional loss of charge S,

)

with concentration of neutralizing electpolyte C, and the

formula he obtained was
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o = ﬁLnqummfi_-C:Q_‘w'e' -8
kl AT T\:.’-L

where u = mobility of the "covering" ion
no, = valency of the "covering" ion
ny = valency of the adsorbed primary ion
W = -energy necessary to separdte the neutralim-

ing ion from the adsorbed ion.
= Boltzmann's constant

k
T = absélute temperaiure

can be regarded as a constant dependiﬁg,
%her things upon the size of the colloidal parf=
icle or charged drop.

The assumptions used in the derivation o&f this
formila are

(i) the surface does no exert any chemical affinity
on the "covering" ions, their attraction being purely
electrostatic in nature.

(ii) maximum "covering' occurs for neutralization of
charge.

(iii) the places at which primary ions are chemically
adsorbed are widely separated compared with molecular
dimensions, so thgt interaction between ions at adjacent
¥places" can be neglected.

An attempt was made to see if the neutralization

of charge on the benzene drops by La**+ ions followed

along the lines indicated by Mukherjee's equation.
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For these results, as there are only La*'™t ions in solu-

tion covering the chemically adsofbed OH~ ions
u 1is constant and equal to 57 at 18°C.
no is 3, the valency of the La***

Hy is i~for the OH™ ions

W 1is constant and eqﬁal to 3 e where D is

Dx
the dielectric constant for water, e is the electronic

charge and x is the distance between the centres of the

adsorbed OH™ ion and the La®™*% govering ion.

For the La(NO3)3 solutions we can therefore say

8, = A (I—%:_Xl-G,).C,

where A is a constant and equal to 9 R4 . W . 2

e {
The function (‘,_ i)(’—@;) was calculated for the concen-
>

\"/
T

tratione indicated in table XVI below
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TABLE XVI
Concen- e _ logqg
mttener | | IO demgs | [0
x10"5 N 21, (1s07) (1-
37 81
—3)
1 0° 358 0- 632 0 -0 1993
1.5 0° 43 0° 933 001761 =0+ 0301
2 0° 475 10075 0° 3010 0°0315
3 0e 521 1° 315 0° 4771 0° 1189
4 0- 557 1- 545 0° 5021 0° 1889
5 0579 1 705 0° 6990 0- 2316
6 0° 593 1+ 814 0- 7782 0° 2586
7 0+ 6055 10932 0 81451 0° 2860
8 0- 616 2° 017 0° 9031 0° 3047
9 0.625 2¢ 105 0° 9542 0+ 3232
10 0° 634 2,192 1+ 0000 0° 34,08
15 0+ 664 2: 532 101761 0« 4034
20 0° 6865 2- 8L 1- 3010 0+ 4533
25 0° 7015 3+ 065 1+ 3979 0- L4864
30 0° 716 3+ 315 1° 4771 0° 5204
Lo 0. 736 3+ 69 1* 6021 0° 5670

It is obvious from this table that there is no linear

o
(I- 8)(I- D,

and the concentration C as suggested by Mukherjee's equation.

relationship between the fHRé4ion
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Graph 23 was therefore plotted using 1&3m against

]
(-ox-9)

log,~C, this being done in order to see if
1077 (l- en(I- %)

was proportional to any power of C over the range covered.
This curve approaches a straight line curve for the

higher concentrations of La*** ions; the slope of this

=N
line bejng ’Q&z‘:(o Q- BI)U-— %L) - I
o C 5
indicating that over this range of concentrations i.e.
- Iy i/
between L x 10 5 and L x 10758 the wer 1aW'G—%SG—5) ®
- oll-%2
3
is more correct. It can be seen howeve - that at very
low concentrations approaching infinite dilution i.e.
below 2 X 10"5N, the slope of the curve, logjg ( e, 5 '
-0~ 94
does dapproach unity. Thus at these . 153 C? ‘4)
extreme dilutions ./ is directl ';o ort
b (-o)i- By M ¥ prop

ional to C as indicated by Mukherjee's equation. It
therefore appears that though the assumptions, upon which
the equation was bagsed, hold good in very weak sclutions,
they become incorrect as the concentration of the Laltt
jons increases above 2 x 10-5N. -

The assumption that the covering ions are so widely
separated as to eﬁert no electrostatic repulsion on each
other is definitly open to criticism at the higher con-
centrations, especially as Mukherjee based it upon the

tll who measured charges on -2i"

results of MCTaggar
bubbles in water. MNukherjee distributed the charge
% measured, evenly over the surface and thus estimated the

approximate distance between ions on the surface. The



charges on the bubbles as measured by M®Taggart, however,
may well have been only the excess of charge due to the
few adsorved ions remaining uncovered. Miss Newtonlu
has also shown that MCTaggart's results are notrelisble
as they must have been complicated by electroendosmotic
flow in the tube along which the hubbles moved.

Although in the treatment on the chemical adsorption
of hydroxyl ions, it was stated that,as equation (32)
was found to he experimentally correct, the forces of
repulsion between adjacent OH ions in the condensed
layer must be small, it must be remembered that during
such adsorption the quasi chemical forces may be very
large compared withthe electrostatic forces between the
adjacent ions, so that the latter may be neglected, As
the forces bringing about "covering," however, are
purely electrostatiec in nature, the repulsion between
adjacent covering ion will become comparable with the
forces of attraction exerted by the condensed layer.
This will be especially so at the higher concentrations
when there is a high percentage of primary ions on the
condensed layer covered, and therefore neutralized.

The fractional decrease in charge obtained with
Batt ions, over the range of concentrations covered,
is too small to enable them to be used in the above man-

ner as an empirical check on Mukherjee's equation.

There is agreement, howeve ; in the fact that the
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divalent Ba** ions are less effective in reducing drop
charge than the trivalent, and equally mobile, La*** ionsa.

In the experiments described so far in this chap-
ter drops of the order of 2m.m. diameter were used.
Attempts were therefore made to obtain benzene drops of
different sizes in order to investigate variation of
drop charge with radius. These were not very successful,
however, the difficulty lying mainly in the fact that
very fine thin ﬁalleq capillaries were needed to produce
sufficiently small drops and these capillaries were
inconsistent in behaviour. Drops with diameter much
greater than 3m.m. could not be used for this investiga-
tion, as their drop paths were erratic, the motion being
zig zag even when the drops were rising under the influ-
ence of gravity in the absence of an electric field.
. Discussion of these erratic.drOp-paths is left until a
little later in the chapter,

A set of results was: obtained witha capillary pro-
ducing drOps of diameter 2¢9 m.m. and the charge on these
in distilled water and NaOH solutions was measured.

These results are given in table XVII below,
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TABLE XVII
Photo~ iResi tance| Conc. Cal-|Conc.-"End Voltage Charge
graph No. x10%ohms. culaggd Corregtion” | Applied Tan © Q=
X107 N x10 ~“N m' gtane

inEees,ue

521 1. 95 1°7h +01 120 « 0255 | 022375
522 1° 39 2°LL 0.7 120 *0351 | 0s 396 |
523 096 30 7L 2-0 19 | -ou87|o0e55
525 0¢ 56 6 70 67 118 + 0566 | 0°638 %
526 0" 22 15¢ 4 13066 105 | -ou98 | os6u2
T ' 1

The curve relating drop charge and hydroxyl ion
concentration was plotted and is shown in graph 24. It

ig of very similar form to that obtained for the smaller
Py

drops. [— ok

Using this curve, K logip
was plotted against C and a good straight line relation-
ship again obtained. The value of K, the constant in =«
equation (32), obtained from the slope of this line was
B-06 x 10u N“l, this being in good agreement with the =
value of K obtained for the smaller drops.

Further investigations on the variation of drop
charge with radius were poatponed until other liguid
drops had been tried in aqueous solutions, in order to
see if a more satisfactory liquid than benzene could be
found. It wds decided that a liquid heavier than water
would be more convenient to use for these experiments,

as tnen a number of droppers producing drops of different
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radii could be prepared simultaneously and each one
positioned above the cell when reguired, this removing
the difficulty of sealing each dropper into the base of

the cell,

Drops of other Orgainic Liguids in Agueous Solutions

Liquids which were still less dense thanwater ﬁere
first used, and as a clean dropper énd reservoir was
needed for each liguid to avoid contamination of one
liquid with another, the cell was modified to enable the
capillary dropper to be more conveniently changed., For
this purpose the tube cemented over the hole in the '
centre of the base of the cell was replaced by a wider
tube and ground glass joint as shown in fig. 19. The
narrow tube drawn off into a capillary was cemented into
the other half of the gound glass jéint, this arrange-
ment enabling the capillary and reservoir to be removed
gquickly and conveniently from fhe cell.

Drops of the simpler paraffins hexane, n. heptane
and iso. octane and the compounds tolune and Xylene were
used in water and solutions of NaOH. The simpler para-
~ ffins are insoluble in water, and xylene gnd toluene
have slight solubilities of the same order as benzene.
Drops of these compounds behaved in a very gimilar man-
ner to benzene drops, all attaining a negative charge in
distilled water, this charge increasing to a maximum,

saturation charge as the concentration of the hydroxylions



increased.
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Details of the results cbtained are shown in

tables XVIII teo XXII below, and the drop charge - hydroxyl

ion concentration curves are plotted in graphs 25 to 29.

TABLE XVIII
" Hexane Drop diameter l°8u4m.m. Density at 209C=0- 658
Photograph |Calculated _ [Voltage Tan © | Cbarge q=
Number Conc. of Og Applied m'g tan
' ions x107-N B
in e, 8. U.
557 0 120 < 002269 - 01861
560 1° 395 116 s 00680 ° 0559
561 3o 45 120 « 01360 °1117
562 6° 345 119 * 0170 + 1396
563 12° 695 116 ° 01758 rnnn
TABLE XIX

n. Heptane

Drop diameter 1°69m.m,

Bhotogranh |Concentration|Voltage Tan 9 'Charge Q=
Number of OHT ions {Applied m'g tan ©
x10~°N 7

in e.8.u.

547 0 120 « 01305 0«0772

550 1.18 120 ° 01815 01074

540 24,7 119 - 02155 0* 1274

541 L= 9 119 c 024l 0° 1443

542 7° 0L 118 c024l 0* 1443

543 1282 117 *o2L4L O° 143




iso Octane .
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TABLE XX

Drop diameter 1:56 m.m,

Densityosn9C=0* 702

Photbgraph |Concentration|Voltage Tan 92 Charge q#
Number of OH™ iones |Applied m'g tan ©
x10~5N E
in e.s.u.
552 0 120 « 001134 * 00L9L
553 2° 56 119 ° 00456 ° 02251
554 5° 5L 118 * 00964 * 0476
555 11° 42 116 > 00964 « 0L 76
556 21°2é 113 °00é6u °0L476
TABLE XXI
Toluene Drop dismeter 202 m.m.  Density,,5n= 0-88
Photograph |Concentration|Voltage Tan 9 Charge q=
Number of OH~ ions |Applied m'g tan ©
x10™2N Be. 8. u.
567 0 120 * 00794 *0390
568 0-8 120 01134 = 0557
569 107 120 - 01475 - 0815
570 33 120 * 01985 « 0976
571 55 119 * 0227 *1116
572 81 118 °0227 °1116
573 12°6 116 + 0216 *1116.
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TABLE XXII

Xylene Drop diameter 2°L5 m.m, Densityzooc = 088
Photograph |Concentration] Voltage Tan © Charge q=
Number of OH™ ions Applied m'g tan ©
x10~5N i)

in e. 86U

576 o - 120 ° 00623 0- 0426

577 093 120 ° 00907 0° 0617

578 3029 119 * 014 7L 0< 100

579 7 91 117 01700 0* 1156

580 18° 09 115 01700 0°1156

It has been shown that the increase in charge on the
henzene drops as the hydroxyl ion concentration d&ncreased
followed the simple eaqnation

K. o C

& = —
‘and the value of the constant K was found to be

7.7 x 10l n-?

in NH),oH solutions
7-25 x 104 ¥ 4

in NagdH solutions

for drcps of 1°5 and 2 m.m. diamster and

8* 06 x 104 §=1 in NaoH solutions

for 2°2 m.m. diameter drops. From the results tabulated

ahove the following valves of K for the other non conduct-

%
|-l

ing liquids were determined from the sdope of the logl0

concentration curves

Hexane 783 x 104 n~1
n Heptane 7-86 x 1ol N-
iso Octane Be12 x 104 N-
Toluene 7.68 x 104 N=1
Xylene 8.18 x Jo4 n-1
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All these values of K are in close agreement with
the values obtained for the benzene drops.
The factors with which the constant Kof equation
(32) would be expected to vary are :
(1) the age of the drop surface
(ii) the curvature of the drop surface i.e.
the drop radius. '
¢iii) the material forming the drop.

With respect to (i), ne difference in charge was

i

T
8

Q

served in any of the above experiments between a drop

il

forned quickly at the droppér i.e. with a rate of
formation of one drop per second, and one formed siowly
with the rate of formation one drop eve-y two or three
minuteg. The "age" of the surface, however, may have ito
be reckoned in terms of a much shorter interval of time
than the second. Altyl? found that equilibrium charge

on an air bubble in water was very quickly reached except

-6 ohm™1 cm"lo In

in water of extreme puriy <<2 z 10
this pure water there was a "charging up" effect in which
equilibrium charge was nol reached until the surface was
a few minutes old.

The value of K calculated from the results obtained
with the benzene drops of diameter 1¢95 m.m. and 2.9 m.m,
also show very close agreement, pointing to the fact
that K is independent of drop radius and ruling out
factor (ii) above.

As the value of K obtained for the simpler para-

ffins, benzene, toluene and xylene are all in close
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agreement it is also evident that K is independent of

the non condvcting materials used, The actual magnitude
of the saturation negative charge does vary a little

from material 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 forces
must bring about the hydroxyl ion adsorption at the inter-
face in each case.

Variation of drop charge with drop radius.

e

Carbon disulpﬁide and carbon tetrachloride were the
next non conduecting liguids used. Their respective
densities at 20°C are 1° 263 and 1594, =so that drops of
them in water move downwards under the influence of
gravity. The ftop of the cell was modified for use with
these drops, a 15cm. long vertical tube being cemented
in, vertically above and midway between the deflecting
plates. The droppers used were separate unite from the
cell and were placed in position when required, the drops
forming in the Xiquid in the 15cm tube as shown in fig.

20, 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 éleanédf3
with chromic acid and distilled water, snd 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
velocity as measured from the photographic plates
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was also used as a measure of drop radius, the registance

law R « (Ua_a)%@L

. being in force over most of the range covered and con-

sequently
terminal velocity, Vx oA drop radius, oo

The results obtained with carbon disulphide drops
were not very satisfactory, again owing to the inconsist-
ent behaviour of the thin walled capillaries. Those
that were obHined, however, showed that in solutions of
the same hydroxyl ion concentration, the deflection in
an electric field, and consequently tan 6, was independ-
ent of drop radius for drops between 0°8& and 1°8 m.m,
diameter. This ifndicates that the drop charge acquired
under the experimental conditions was proportional to
the cube of the drop radius. That this is so was proved
by the more satisfactory results obtained with carbon
tetrachloride drops of diameters between 025 m.m. and
I Bm,m,,in distilled water and NaOH solutions.

Drops of diameter greater than 1°8 m.m. were very
erratic in motion; not even falling vertically under
gravity in the absence of an electric field, but tending
to have a zig sag type of path. This phenomenon is
similar to the one mentioned earlier, in which drops of
benzene- with diameter greater than 3m.m. were observed
to have an erratic drop path. Drops of carbon disulphide
of diasmeter greater than 2¢l4 m.m. also behaved in this

ﬁanner. This inconsistency is pmbably due to the fact



that the drops with diameter greater than thése limits,
have high terminal velocities and turbulent conditions
will consequently exist in the liguid surrounding the
drops'in motion. Measurements on the term{nal velocit-
ies of the carbon tetrachloride drops show that until
the diameter 1°8 m.m. is meached, the terminal velocity

Vi is proportional to drop radius &4 and consequently
the 1iguid resistance R is proportional to Qr,,ouz’/"_
With carbon tetrachloride drops of diameter greater
than 1l¢8 m.m.,.the terminal velocity measurements show
that the resistance laﬁ changes from & %ipower to a
square law and R becomes proportional to Qp;;a)l

Unstability is therefore to be expected above
this diameter especially as any turbulence or eddy
formatién around such a fluid sphere will almost eert-
ainly cause distortion of the sphere and motion of the
fluid in it. With the smaller spheres, when the 3/2
power law is in force, there will be less disturbance
in the liquid round the drops, enabling them to follow
a smoother drop pathe.
The results obtained with carbon tetrachloride

spheres are given in table XXIII below.



TABLE XXITT

Carbon Tetrachloride drops in NaOH Solutions

Photograph|Hydroxylion| Drop erminal | Voltage | Tan ©
Number concentra= |diameter [Velocity Applied
tion x10~2N |in scale Length
divs. of ten
10sc.divs.|/dashes in

= 2° 335 cms.
mm .
605 107 6 6°8 & 234 | °0113l

7°1
606 6 7-05 234 *0102¢
607 7 820 234 * 0102(
608 30 5 30 85 & l
L85 234 = 0113t
609 2 to 3 315 234 « Q079"
610 7* 33 2 to 3 2°6 222 = 01.58¢
611 3¢5 Le 75 222 02270
612 6 7°8 222 ° 02270
613 7 to 8 80 8 222 * 03285
614 15+ 83 8 to 9 9°3 116 ° 02150
615 6 7+ 55 116 = 01134
616 3*5 Le6 116 * 0113}
617 3 3°85 116 201020

As the terminal velocity
radius over most of the range

plot drop charge

a”

instead of a.

Now tan @ =

&

is proportional to drop

directly against terminal velocity.

covered it was decided to



- 109 -

so that tan @ was plotted against V&. Graphs 30, 31, and
32 are the tan 8, Vk curves for the distilled water and
NaOH solutions used. These graphs show that in all the
golutions used, chigge is constant over most of the

range of radii covered. There is a slight decrease in
ch%?ge for the smallest values of a, and in the two

NaOH solutions used there is a sharp increase in drop
chiﬁge Tor the highest values of s used, this increase
occurring with drops of dismeter very near the limit at
which the erratic paths are observed. This sudden increase
in @rop charge is evident in graphs 31 and 32. That this

o2
chenomenon was not observed in distilled water is due to

the fact thatsgufficiently large drops were no used, the
incrrase taking place above a sharp upper limit. The sud#
den increase in chiage at the higher values of a is pro-
bably inimately connected 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 C%‘ij The increase in the disturbances in the
fluid round these larger, and quickly moving, drops may

be gufficient to reduce even further, the amount of‘cover-
ing by positive ions in solution which was possible when
the R « (U;QJB/Z law was in foFce. This decrease in
covering will leave the adsorbed negative charge almost

completely exposed and give rise to a sudden increase in

charge , i i i
__?;§L This explanation is borne out by the fact that

—_
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there is a corresponding decrease in charge.for the
smallest drops used. For such small dr;;s mofion of the
fluid round the drop, when terminal velocity is reached,
must be approsching streamline flow, and under such con-
ditions the maximum amoutt of covering due to electrosta-
tic attraction of positive ions will be possible, this
causing a decrease in the negative charge éxposed to the
electric field.

The fact that chaﬁge is constant over the-greater
part of the range of ﬁédii uged ie a more difficuli
phenomenon to explain. One would exzpect the adsorption
of the hydroxyl ions at the interface to be a pure sur-
face effect, in whiech case the charge should be proport—
Wagstaff16 and later Curry found a similar
law to exist for the positive charges acquired by mercury
drops in sulphuric acid solutions, the charge in all cases
being proportiional to the cube of thé-dTOp radius.

A more exact knowledge of the guasi chemicéal forces
causing such ionic adsorption is essential before a sat-
isfactory explanation of this cubic law can be made.,

In conclusion, it should be noted that although no
curves relating drop charge and hydroxyl ion cohcentration
are shown for the carbon tefrachloride drops, the experi-

ments being performed to investigate the relationship

between drop charge and drop radius, the results obtained

with the solutions used, whbdw that the drop charge
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increases to a maximum, saturation chargé in a very
similar manner to that ebserved for the other non con-
ducting drops. It is therefore reasonable to assume that
the conclusions arrived aﬁ from the resultsobtained with
the carbon tetrachloride drops will apply to drops of

the other now conducting liguids used,



CHAPTER VI
Measurements of charge on mercury drops

in agueous solutions.



Curry, in his work on mercury drops in agueous
solutions, used an experimental technique véry Sim-
ilar to that described in this thesis. He measured
the positive charges acquired by mercury drops in acid
golutions and attributed the charge &6 hydrogen ion
adsorption. As the'e was also an increase in positive
charge on mercury drops in solutions other thah acid
solution, a wider explanation of the phenomena is that
the pogitive chafgo is due to adsorption of positive
ions present in the agueous solutions. It is obvkous
from the measurement of charge acguired by mercury
drops in various solutions of egual concentration,

{(Ph. D thesis p. 68) that the amount of adsorption pos-
8ible varies with the popitive ion in solution, and in
order to gain more information on this aspect of the
problem, the following series of experiments were per-
formed.

The mercury in use was purified by bubbling air
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 watkled capillary tubing, the drops forming
at the rate of one every four or five seconds. Photo-
graphs 622 - 635, as listed below, were taken using

drops of radius 0:695 m.m. -in distilled water and NaOH
solutions, the distance between the platinum deflecting

plates being 3°05 cms.



TABLE XXIV

Resistance

Photograph Voltage Calculated NaOH .
Number Between | Applied NaOH Cone. - Drop 8ign
plates x10 Concentra= End Cor-
ohms. tion x10~2N rectign
x10 -N
622 2°9 230 1-17 0 +
623 0° 82 225 L*15 2° 98 +
624 042 222 | 807 6°9 +
625 0° 24 219 | 115 1298 +
626 Q1 110 339 32073 +
627 0-0L48 BL, 105 705 69e 33 +
628 0= 014 85 2420 240~ 83 +ve & then
629 0- 01l u7 2424 0 21,0+ 83 T
630 Q.01 35 242+ 0 240~ 83 +ve & then
€31 0+ 0033 3&2 10 1028 1026- 83 —Ze
632 00033 6- L 1028 1026- 83 +
633 0° 0015 6o ly, 9-8_ 2260 2255+ 83 +
63L 0° 0007 n L840 L838-83 +.
635 1*3 7L0, 231 2¢ 6 1- 43 +

As was stated in Chapber 2, the magnitude of the

charge cannot be determined accurately from the curved

tracks photographed on the above plates, unless a ted-

ious numerical approximation 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

extremdity 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, nowever, be drawn from the above photographs: .

(i) The deflection of the mercury drops in distilled
water is towards the negative plate;, indicating a posi-
tive drop charge, and this deflecition increases with vol=
tage gradient up to 246 volts / cm.

This positive charge_cam be attributed to adsorp-
tion of hydrogen ions, formed by the partial dissociation
of the water, and also 6f positive ions of impurities in
golution. The increase of this positive charge, in the
lower voltage gradients, as NaOH is added to the water,
suggests that there is also adsorption of Na‘* ions inthese
NaOH solutions, In this case, as the solution becomes
more alkaline, there will be less HY ionm available for
adsoption and. the positive charge will be derived more
and more from the comparatively large numbers of Nat ions
available.

(1i) In the NaOH solutions, as the concentration of
the Na® and OH™ ions increases the positive charge in

the lower voltage gradients increases, but it soon becomes

evident that this positive charge 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 2.L1 x 107 N. Phdéto-
graph 629 shows that for a voltage
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gradient of L7 volts / 3 cms., the drop is decidely
positive, being attracted to the negative plate. For
the same solution, whenthe voltage gradient is increased
to 85 volts / 3 ems., the drop when ente ing the fie2d
is positive but it gquickly loses this positive charge
and acaquired a negative charge, becoming attractéd to
the pesitive plate. The drop paths on either side of
the vertical thus ferm a loop as shown in the diagram
helow and in Ffigs. 36 and 37, these being prints from

photographs 628 and 630

It therefore appears that the charge ona mercury
dfop in a field free solution of this concentration is
decidgly positive, but voltage gradients of a sufficiently
high order quickly remove the charge from the drop and
& enable it to acquire a negative charge.

This "reversal effect" is not present in the phot®-
graphs taken using solutions of greater concentration
than 241 x 10~JN, probably owing tc the fact that suf-

ficientlv high voltage gradients were not possible due
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to the very large currents and heavg "gassing" which
occur &t these higher +voltages.

(iii) In distilled water and in each of the NaOH
solutions used, the drops very rapidly acquire an equil-
ibrium charge. This is evident from the looped paths
mentioned above and also fromthe drop paths after
collision with the negzative electrode. The positively
charged drops after e¢ollision bhecome negatively charged
and are attracted towards the positive electrode, but
once clear of the negative plate the drop rapidly loses
its negative charge and reacquires a positive dharge,
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 photographs of figs. 38

and 45.

This hopping is similar to that noticed with water drops
in benzene, under the influence of large potential grad-
ients.

Although Curry did notobserve the reversal effect
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mentioned above with pure mercury drops, he noticed a
éimilar effect with hizher voltage gradients using drops
of cadmium and zinc amalgams in sulphuric acid solutions.
Thus to remove any doubt about the purity of the mercury
in use it was again'redistilled and thoroughly washed
with concentrated suépﬁuric 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

Oe 66, M.
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TABLE XXV
Photograph |Resistance |Calsulated |Conc. = Voltage
Number between I NaOH "End Cor- Applied Drop Sign
plates x107|Concentra- rectign
ohms. tion x10~5N X10=°N
636 10625 2008 0 116 +
637 " 58 +
638 " 231 +
639 " 750 +
540 Qe 203 1he 1 12+ 02 112 +
6Ll 0+ 555 601 Le02 113 +
5,2 0°* 08 123 406 22 1061 +
643 0°078 L3k Ll- 32 246 +ve and
then -ve
nn 0° 0148 2289¢ 0 226° 92 156 -ve
6L5 " 114 Mainly -v¢g
a6 " 85 +ve then -
-ve
647 " 85 +ve then
=ve
648 " 55 +ve #hen
-ve
649 I 38 +
650 1] Ll. +
651 % 20° 5 +

i
§
f

These results are in exact agreement with the'pre=

vious results, so that the effects cannot be attributed

to contamination of the mercury.

Photographs 636 to

639 were taken using distilled water, for voltage grad-

jents between 116 volts/3cms. and 750 vodts / 3cms.,
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and show that the deflections increase with voltage
grudient up to the highest gtadients available, There
is Bo indication of reversal of drop sign in distilled
water,

Photographs 640 to 642 agéin show the increase in
vositive charge, in the lower voliage gradients, on add-
. ing NaOH, the voltage gradients in each case being of
the order 116 volts / 3 cms. Photograph 643, however,
shows that if the voltage gradient is increased to 2h6
volts / 3 cms. for the solution used in photograph 642
i.e. at NaOH concentration L0 x 10‘5N, there is again a
.revergal in drop sign, the drop being originally posi-
tive and becoming negative in the electric field.
Photograph 643 is shown in fig. 39.

Photographs 6L to 651 were exposed using an NaOH
solution of the same concentration as that in which the
reversal effect was first observed i.e. 200 x 10~5N.
For the highest gradient used, 156 volts / 3 cms., the
mercury 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 evidence of the poéitive charge
which the drop acquired in the field free solutlon until
in voltage gradients below 36 volts / 3 cms. the drop
was wholly positive in the field. Photograph 648 is off

intérest, the gradient inthis case being 55 volts / 3 cms.



The loop under these conditions filled the whole of the
electric flekd as shown in the diagram below. Fig. 40O
is a print from the actual photograph, gas bubbles evol-

ved at the electrodes tending to obscure the drop path.

As the reversal effect was observed in a solution
of 220 x 10™°N NaOH with voltage gradients as low as
55 volts / 3 cms., whereas in the less concentrated
40 x 10=> NaOH, voltage gradients as high as 2u6 volts
/ 3 ems. were necessary, it is obvious that as the
concentration of the NaCH increases, the voltage gra-
dient necesssary to pnroducé reve-:sal of drop sign
decreases,

For all concentrations of NaOH used, the "natural
charge on the mercury drop in a field free solution was.
positive, the magnitude of the positive charge increas-
ing as the Na* ion concentration increased. The rever-
sal effect was obviously duve to the presence of NaOH in

solution and an explanation of the phenomencn may be as

fellows:
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As previously stated, the mercury / water inter-
face is of such a nature as to exert an attraction on
&1l positive ions. The positive charge on the mercury
drop in distilled water is thus due toc adsorption of
H* ions, and positive ions of impurities, at the inter-
face, The H' ions are so firmly bound at the sufface,
that even at the highest voltage gredients in use they
remain fixed. As NaOH is added, the number of H' ions
in solution decremsesand Nat iops replace H' ions at the
interface, the number of Na* ions available for adsorp-
tion increasging as the concentration of the NaOH
increases, It also appears that Na® ions are less firmly
"bound" than HY ions to the interface and consequently
more easily removed by an electric fields Thus in the
NaOH solutions, application of a sufficiently strong -
electric field deprives the suface of the Na¥ ions and
the drop of ite positive charge. Consequently it will
then be possible for mercurous ion, Hgt, to leave the
mercury surface, the phase boundapy acting as a mem-
brane permeahle to positive iéns only, the "atmosphere"
of positive ions tending to keep the Hg™ ions in the
drop hav: ing been removed by the electric field. Loss
of Hg+ ions into the solution will leave the drop with
a negative charge.

The reversal effect is therefore possible becauvse
(a} ther~ are very few H™ ions available for adsorption

in the NaOH solutions, and (b) Na® ions are more easily
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removed than B ionas, from the surface of the drop, by

an electric field. In order to verify this general theory
it was decided to observe the effect of electric fields
upon the positive charge acquired by mercury drops in
neutral solutions of sodium chloride,

If the above theory is correct, on would egtpect a
mercury drop in a solution of NaCl to collect a posi-
tive charge by adsorption of Na+ and H* ions; the charge
increasing as the concentration of the NaCl increases,
and the proportion of Na* ions to H' ions adsorbed dep-
ending upon their relative concentrations. If the drop
ernters a sgufficiently large electric field, the less
firmly bound Na* ions should be removed from the surface

leaving the more securely fixed H*

ions still in place.

The final equilibrium charge attained shoyld still be
pogitive and of the game value as that attained in dis~
tilled water, as the number of H ions per c.c. in NaCl
golution is the same as in distilled water. There may

be a slight tdme lag between some of the "places" wacated
by the Na* ions in the electric field being taken over

by H* ions still in solution, but the final positivé charge
acquired should be the same as that for distilled water,

providing that all the Na* ions are removed by the field.

Photographs 659 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 |[Calculated Voltage
Number between the |NaCl con- Applied Drop
plateﬁ centration Sign
x10%ohms. | x10~-5N
659 0 65 10¢ 35 225 +
660 0° 17 3906 211 +
661 0:05 1345 180 +
662 0° 05 134°5 240 +, then-
then +
663 0°01hL L80e 0 120 +, then-
then +

Plates 659 to 661 show increasing deflections of the

mercury drops towards the negative plate proving that

the addition of NaCl does increase the positive charge

acquired by the mercury drops.

Thig again bears out

the 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 as shown in the

diasgram below and in fig. 41, this being a prink 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
cuickly losed& this charge and acquires a negative charge,
losing this in turn and becoming positive, This final
positive charge remains on the drop and is of the same
order agthat acqouired by the drop in distilled water.

It is to be noted that if similar concentrations of NaOH,
instead 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.

At the concentrations of NaCl used for photographs
662 and 663, the number of Na* ions per c.c. is much
greater than the nurber of H" ions per c.c., for photo-
graph 662 the matio being 1° 345 x 104 : 1, The positive
charge on the drop in the field free NaCl solution must
therefore be due almost entirely to adsorption of Na* ions.
Upon entering the electric field the drop quickly loses
these Na* ions and tends to gain & negative charge
owing to loss of Hg* ions, but before this negative charge
can become very large, the "places" vacated by Na* ions
are filled, as far as possible, by the HY ions in soJution.
These ions being firmly bound, the drop rapidly attains
an eqguilibriuvm positive charge of the same order as that
acquired in distilled water. 1In effect this process
causes the double loop obsewed, and the results thergfore
bear out the simple theory used to e@plain the reversal

effect in NaOH solutions.
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NH),OH and (NHj)o Soj solutions were next used in

order to see if the reversgl effect could be observed

with the NH,* ion.in solution.

below were exposed.

TABLE XXVII

The photographs listed

NH,,0H
Photograph | Resistance |Calculated Voltage
Number between NH),OH con- Applidd Drop Sign
plates centration
661 7 x 10¢€ 31°0 X10-9N | 105 + then -
ohms. :
665 &
666 190 + then -
667 140 + then -
668 65 +
SNH“) 5> Sol
Photograph| Resistance Calcula- |Voltage
Number Between ted (NHy)d4Applied Drop Sign
plates So cpne.
x 10%hns. x10~° N
669 1°2 LhL6 130 +
670 1e 2 e 130 +
671 5 111 26 +
672 5 111 246 +

Photogranphs 66L - 668 all show the same type of looped
path, indicating reversal of sign of drop charge from posi-
.tive to negstive in the electric field, in a manner similar

to that obhserved with the NaOH solutions. Figs. 42 and L3



- 126 -

are prints from photographs 664 and 667 showing the
looped paths obtdined with the NH,O0H solutions of con-
centration 31:0 x 107°N,

The voltage gradients necessary to produce reversal
of drop sign in the HHMOH soclutions were lower than when
NaOH solutions of the same concentration ,were used, the
loop being evident with voltage gradients as low as 35
volts / em. This must mean that NH*u ions are less firmly
held at the surface than Na® ions.

Witnh the (NHM>2 30, solutions used,although no
double loop was observed as with NaCl, tﬁe drops in no
case became nefgative as with NH” H solutions. The type
of path obt&ined for these (NH)), 80, solutions is shown
in fig. 444 and it can be seen that the droo trawelled
about 3 ems. through the field before hecoming suddenly
deflected towards the negative plate. The patﬁ of a drop
falling vertically is also shown as the zero tdine of
reference. It is reasonable to suppos= that this time
delay before the drop acauired its: equilibrium positive
charge is due to loms of NHu+ ions in the electric field,
and gain of H ions, the vertical portion of the drop
path coreesponding to the double loop observed with NaCl
solutions.

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

described in this chapter open up new lines of though om
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the mercury / water interface. The forces causdng posi-
ion adsorption at this interface appear to be purely elec-
trostatie in nature, as all positive ions used appear to
contribute to the drop charge. They differ in this res-
pect from the forces causing OH™ ion adsorption at the
non conductor / water interface.

It is also gvident from these results that the force
binding a nositive ion to the mercury surface varies with
the cation adsorbed, and it is possible that this »inding
force is intimately connected with the radius of the’
adsorbed positive ion. It is obvious that the radius of
the ion,; ¥, will control the nearness to which the ionic
centfe can apnroach the mercury surface, and the bind-
ing force, B, tending to hold the adsorbed ion in posi-
tion may be related to r in the form

B « e
-+ )*
where n is the ionic valency,
e is the electonic charge,

-and a is a constant for the mercury / water interface.



Measurements on the decrease in the mess of
water drops, forming in air at the tip of a

capillary, due to electrificaetion of the
arop.
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It was observed in Chapter 3, that aepplying voltages

between a dropper and & eylindrical copper screen surroun-

ding the dropper csasused a deérease in the mass of the water

drops forming at the end of the cspillary, The mass of the

water drops formed at the tip of & glass capillary was

measured when voltages between O snd 1860 volts were spplied

between the dropper and s copper screen of dismeter 2 ems.

This was done for different heights of the water reservoir

sbove the end of the dropper and the resultes are tsubulated

below. The mass of the drops waes determined in each case

by collecting snd weighing 50 of them in & porcelain cruc-

ible.

TABLE XXVIII

Head of water causing drop formation =_ 25,8 cms.
Voltage between Wt. of 50 Time taken Mass-of water
screen ang drops 1in for 50 fiowing per
dropper grams. drops to second
form X 1077 greams.
0 0. 360 83.1 4,314
198 0. 3585 82.9 L.318
L20 0.355 81.8 L. 339
618 0. 345 79.4 L. 345
816 0. 334 76.7 4. 354
1047 0.349 73.55 h.337
1245 0.3025 68.9 4.390
1430 0.286 65.0 4.4h11
1615 0, 262 59.6 4,396
1862 0. 226 52.6 L. 267




Height of water causing drop formation
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TABLE XXIX

= 36.5 cms,

Voltege between Wt., of 50| Time taken | Mass of water
screen and drops in for B0 flowing per
dropper grems. dropes to second
form in
seconds. X 10 =3 gms.
0 0.36 65 5.646
198 0. 366 64.5 5.589
420 0. 3605 6l 5.632
618 0.352 62.5 5.631
816 0.342 60.75 5.628.
1047 0.329 57.9 5.665
245 0,306 S5h4. k4 5.6L45
1430 0.293 51 5.745
1615 0. 267 47 5.680
1862 0. 236 LO.75 5.792
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TABLE XXX

Height of water causing drop formation = 60.5 cms.

Voltege between Wt. of 50 Time in | Mass of water
screcn and drops in seconds flowing per
dropper grams, for 50 second

drops to -3
form X 10 7 grams.

(o] 0.3715 h1.3 8.995
198 '0.368 LO.8 9.018
L20 0. 363 LO. 35 8.997
618 0. 355 39.45 8.999
816 0. 345 38.25 9.018
4047 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 9,074
1862 0.234 26 8.999
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TABLE XXXI

= 77 cns,

Voltage between Wt. of 50 Time in Mass of water
screen and drops in seconds flowing per
dropper grams. for 50 second
drops to 2

form X 107° grams,
0 0.375 32, 35 1.159
198 0. 370 32,0 1.156
L20 0. 365 31.45 1.161
618 0. 3555 30.72 1.157
816 . 0.345 29,62 1.165
1047 0.326 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 1,164

20,2
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TABLE XXXTT
Height of weter csusing drop formstion = 95 cms.

Voltage between | Wt. of 50 Time . in]| Mass of water

screen and drops in seconds for| flowing per .
dropper grams 50 drops second

to form 5

X 10™° greams.
o 0.371 26, 1 1.422
198 0. 364 25.8 1.411
L20 0. 359 25.6 1. 403
618 0.353 2L.95 1.415
816 0.342 24.1 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 1.431
1862 0.229 16 1.431
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Greph 33 shows the relationship between the weight
of 50 drops and the voltage between screen and dropper,
for "h", the height of wster éausing drop formation,
equal to 28.5 cms. Very'similar curves to greaph 33 were
obtained for the other velues of h.

From the sbove results the following conclusions
were drawn:

.(1) The volumne of water flowing per second is inde-~
pendent of the voitage applied between the screen snd
dropper. This rete of flow is constant for any one velue
of h and is diféctly proportional to h as would be
expected from Poiseuille's law. The linesr relaetionship
between h and @ the volumne of weter flowing pér second
is shown in grsph 34.

(2) The mass of the drop is constant for eny one
voltage V between screen and dropper belng independent of
h within the limits. of V and h used experimentally.

(3) The diminution in mess of the drop, when a cer-
tain voltage is epplied, 1is the ssme whether the dropper
is positive or negetive with mspect to the screen.

(4) The position of the end of the dropper in the
screen is not criticel providing that the drops do not
coalesce with the sides of the screen,

Ab:bonnenc?? observed thet a similar diminution in
the weight éf drops, forming at the end of a tube, occurred

when the drops were cherged, but he made no guentitative
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measurements., An attemﬁt was therefore made to relate
the results obtalned experimentaliy with the results one
would expect theoretically from s consideration of the
forces fesulting from the electricel charges on the
surfgeé of the drops.

If the mass of a drep "m" fallingfrom the end of e
tip is independent of the shape of the drop but is only
dependent on "r" the radius of the tip and "T" the surface
tension ,then mg = 2T +.T - - - —- - — 3

This mass m is denoted by Herkins and Brown20 as the
mess of the i1deel drop, es no eccount has been teken of
the drop shape, and they modified the equafion to sccount

for drop shape by introducing s dimensionless function
g ()

(a)
cn the redius of the drop. The equation teking the drop

, where r is the tip of the radius and s is dependent

shepe into account thus became
g = RTT. 4(F) ---- - == 87

With the glass capillsry droppers in use f (i) was
gpproximately unity es the surfsce tension of wa%g% cal=
culated from the weight of the drop formed using equation
(36) was found to be 77.5 dynes/cm at 20° ¢,

Consider, now, the effect of charging thé drop &8s
it 1s forming at the end of the capillary. _

We shall initially essume that the drop when on the
point of leaving the dropper is sphericsl and of redius a.
If the voltage between screen and drbpper is V then ¢ the
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surfece density of chafge will be given by the equation
4T c.__l- o - ch.

i o0
assuming that the charge is evenly distributed over the

surface. The force per unti sres of drop due to electri-
ficetion will therefore be 2 ]] o2, the dielectric con-
stant of air being unity. This force ascts perpendicular
to the surface of the drop et every point. There is no
force due to electrification over the area of the drop
intercepted by the cspillary and there is therefore a
ressultent downward force acting on the drop due to

electrification.

Consider the circular element 2 JJ a sin 6. a 46
shown in the diagram,
The vertical force due t? surface charge o/cm? on
this element would have been
AT o* 4 BB 2T o> cen O
The resultant downward force due to the cspillery

covering part of the drop isotherefore

4T o o f;ﬂ:c A @ €000, 4O
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= 2M +* o
Instead of thelideal equsetion (36) being iﬁ force,
we thus have, due to electrification
m%, + ATyt o = 2NA4+T ——— —— 33
and on substituting for o -this becomes

-+ Z' ’rL V1 = L_'T"'T

M % =
(roo)* a*
= — v*y
or ™ g A ESﬁE?) 39
where A = AT . T
B S
QZOO),-
When V = O, m = mo and we therefore have the relastionship
. < -
(’W\.o—'w\,)3 = B.\{Z,_>— - — = — — 40

(mo~-m) being the diminution in weight due to voltage V
between screen and dropper.

No linear relationship was obtesined between (mo=m)
(v)2

(a)*

of water wekted the outer walls of the caplllary when

and using glass capillary droppers in which the drop

forming. As the process of formation of a drop of water
at the tip of such & dropper is by no means ideal for the
above equations, 8 dropper for which this wetting effect
did not occur was constructed. This was accomplished by

covering the outer walls of the capillary with e thin layer
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of paraffin wax,

A series of observations were made using two such

droppers, and the results are tabulated below.

TABLE XXXTITT

Dropper A

Voltage between | Wt. of one| v2 Mo - m
Sgﬁﬁﬁge?“d a;%ﬂgsin 82 x 10° X 10~
grams
0 0. 01485 0 0
198 0.0148 - 1.755 5
420 | o0.01y72 7.91 13
816 0.0143 30.55 53
1047 0.0139 51.1 95
121i5 | 0.01338 72.5 147
1430 0.0130° 100.0 185
1615 0.01236 |- 132,0 249
1862 0.0114 185.0 345
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TABLE XXXIV
Dropper B
=
Voltage between | Wt., of one| _ mo - m
screen and drop in 2 =5
dropper grams 8"l x 106 X 10
grams
0 0, 00894 0 0
613 . 00862 24.6 32
816 . 00836 36.5 58
1047 . 00798 74.0 96
1245 . 60764 108, 1 130
1430 .00716 148.0 178
1615 . 00653 202.0 241
1862 . 00572 294.0 322

Graphs 35 and 36 were drawn, using these results and

show the linear relstionship existing between (mo-m) end

for such droppers, in agreement with equation (40)

The slopes of these curves were measured and the

raedii of the capillaries calculated using the relationshilp

GWOSZMAJ g - B = 24%
(2

(200)*
The radii of droppers A and B were csalculated to be

0.114 ems. end 0.0905 cm. respectively, these values being
about ten times bigger than the values of r measured with

s microscope. The electrical forces acting on the surface

of the drop ss outllined above thuge do not account in
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full for the observed diminution in welght of the drop.
In the above equations we assumed that the drop was
a perfect sphere when on the point of leaving the tip of
the capillary,but for the sizes of drops used i.e. 2 to
3 m.m, diameﬁer, there was a large deviatlon from this
perfect spherical shape. The-drops when on the point of
leaving were of the shepe illustrated below, the lowep
half being spherical but the upper half was eiongated es

shown,

The resultant verticel force due to eleetrificetion

of the lower surface ACB wlll be TT a2 X EIT 62 acting

downwards, assuming this part of the surface to be spherical

and of radius a,
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Owing to the distortion, the vertical force due to
charge density O on the surface ADEB will be smaller
than the
Z,_IT O'L,Cll—q.." - T\——f"‘>
indiceted by the above theory. Thé actual magnitude of
this forece is
2T or C’IT&" -1 R")
where R > 4+  and T R*  is the
effective area of no electrification.
As the shape of the drop depends upon the Batlio of
8 linear dimension of the .t&p such as » ané a linear
démension of the drop such as a, the deviation of the
shepe of the drop from the perfect shape can be acecounted
for in equation (38) above by introducing the dimensionBess.

function f/ {(r) We then heave

(-8-) . -~ 3, + AT e* —6' I({) = Z.T'F.T—‘.— A1
and -%I(%iy- = liz;
A+

For the extremes of voltage used to obtained the
results for droppers A and B, i.,e. O and 1861 volts, the
radius of the drop was respectively 0.1496 cm, snd 6.1370
ems., Because r, the redius of the tip, was so much smeller
than a therewuld therefore be 1little difference in the
. "ghape" of the drop when on the point of leaving the tip

over the range of voltege used. This means that .&’Ct)
\a,



;ls almost comstant T)Jéhr:' this range. The values of —ﬁ'(’g":)
for droppers A and B were calculated fpom the results
obteined and found to be 14.85 for dropper A and 23,1 for
dropper B.

As Harkins and Brown allowed for the shape of the
drop in the ideal equation by introducing a similar
dimensionless function f {f), the equation completely

a
corrected for shape will therefore be

™mg o+ Zﬁlal*t-ﬁxg) - Zﬁ*ﬁf;ﬁea

£ (r)
(a)

the above experiments.

being approximately unity for the droppers used in



The first pert of the thesis is a desciiption of
ettempte made to messure the naturel cherges acquired-by
water drops while falling through air. The'methéd of
messurement is by photographing the deviation from the
vertical of drops felling through a horizontsl electrie
field. These inltilel experiments being unsuccessful, s
deseription is given of atteppts made to improve the sensi-
tivity of the method and a chapter_is devoted to experiments
in which it was hoped to messure the charge sfter the water
drops fell from the a2ir into the nonconducting liquid,
benzene. It.is shown that such drops ecquire & character~
istic negetive cherge in the electric field in the benzene,
the charge being due to impurities in solution end pnopor-
tionsl to field intensity and drop radius.

An secount 1s then glven of experiments performed
using benzene drops in asgueous solutions, the object being
to gain information on conditions existing et the benzene/
water interface. The effect of hydroxyl ion concentration
on drop charge, is determined,both acid and salkaline solu-
tions being used and the reasons for attributing the negative
charges ascquired by the benzene drops to hydroxyd ion
sbsorption are given. The drops acquire a saturation nege-
tive charge in solutionsof hydroxy% ion concentration gresater
than 7 X 10~ N and a mathemasticsl interpretetion of the

charge = hydroxy& ion concentration curve is given,



The results obtained for other non conduéting drops
in agueous solutions are listed, the simpler pereffins
hexene, n,heptene end iso. octeve and slso toluene and
Xylene being used. The “chemical™ absorption of hydroxy&
ions is shown to be of very similar nature in esch case,
By means of csrbon tetrachloride drope the effect of drop
radius on drop charge 1is meesured snd e discussion of the
results in terms of turbulence of liquid flow round the
drop 1s givén. Some results obteined with Lenthanum Nitrate
solution are used ss an empiricsel check on Mukherjee's
equation for neutrslizetion of charge on a colloidal par-
ticle.

Results obtained with pure mercury drops in aqueous
solutions, end the influence of potentisl gradients on
drop charge, are given. Reversal of drop sign from posi-
tive to negative is observed with high potential gradients
in ngutral and alkeline solutions and & possible explene-
tion of the results is made.

A short appendix is devoted to the explanstion of a
phenomenon observed in the earlier experiments viz. the
decrease in mass of drops falling from a capillery dropper,
due to electrification of the drops at the caplillary tip
by an electric field.

I wish in conclusion to express my sincere thanks to
Professor J. E. P. Wagstaff, M.A,, D.Se¢l., for his continual
help, sdvice and encoursgement throughout the period of

reéearch and to all others who showed interest in the work.
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The Journal of Applied Ecology

A new journal of the British Ecological Society
edited by
A. H. BUNTING

Professor of Agricultural Botany, University of Reading
and

V. C. WYNNE-EDWARDS

Professor of Narural History, Marischal College, Aberdeen

Editorial Board
J. P. COOPER R.S. GLOVER M. E. D. POORE
Welsh Plant Breeding Scottish Marine Biological University of Malaya
Station Association Kuala Lumpur
R. N, CURNOW R. W.J. KEAY H. V. THOMPSON
University of Reading Formerly Director of Forest Infestation Control Laboratory
Research, Nigeria Ministry of Agriculture,

Fisheries and Food

R.W.EDWARDS 1. D. OVINGTON E. B. WORTHINGTON

Water Pollution Research Nature Conservancy Nature Conservancy
Laborarory

The Journal of Applied Ecology will publish the results of original
research in which ecological ideas and methods are applied to the study,
conservation, management, control, development and use of natural
resources, in the widest sense. The Editors wiil be particularly interested
in reports of quantitative and experimental investigations on wild and
artificial ecosystems of actual or potential economic importance, whether
in terrestrial, marine or freshwaterenvironments, in Britain and overseas.
Papers on the structure and variations of the environment in time and
space, and their effects on organisms and on the form, population
ecology, energy flow and organization of such ecosystems, will be
welcomed.

Examples of appropriate topics are: ecological land-use survey and
development; the management and exploitation of wild or non-domestic
plants and animals, including fish, birds and mammals; the adaptation



to environment or to agronomic practice of local populations or
varieties of plants and animals; the use of light and water by vegetation;
analytical studies on interference and competition between individuals
and species in communities of economic importance ; ecologically based
methods of pest, disease and weed control; ecological aspects of soil
and water conservation, of pollution of soil, water and air, of manage-
ment of coast lines and catchment areas, and of urban and industrial
development.

The Editors realize that most papers concerned with soil science, crop
and animal husbandry, forestry, fisheries, plant and animal pathology
and epidemiology, economic entomology, parasitology and weed control
will continue to be offcred to the appropriate existing journals; but they
hope to publish in the Journal of Applied Ecology the results of work
in such fields which is primarily of ecological interest.

They will consult the Editors of the Journal of Ecology and the
Journal of Animal Ecology aboul papers which appear to be more
appropriate to those journals; but a paper offered to the Journal of
Applied Ecology will not be transferred to cither of the other two jour-
nals without the consent of the author.

The journal will publish review articles on particular fields of applied
ccology. It will also contain reviews of new books.

Two parts, each of approximately two hundred pages, will constitute
an annual volume, and the first part will appear in May 1964. Though
there will be no arbitrary limit to the length of papers, it is intended
that the average length of contributions shall not be more than fifteen
pages including figures. Intending contributors are asked to follow the
Instructions to Contributors which appear in the Journal of Ecology.
The two journals will be similar in format.

The subscription price of the journal to non-members of the Socicty
will be one hundred and twenty shillings per annum. Members’ sub-
scriptions will remain at £2 and £3.10.0 per annum for those who
reccive one and two of the Society’s journals respectively. For those who
receive all three journals it will be £5 per annum.

Contributions are now invited to the first volume of the journal.

BLACKWELL SCIENTIFIC PUBLICATIONS
24-25Broad Street *  Oxford



