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ABSTRACT

Qualitative investigations have shown that nass transfer in
liguid-liquid systems takes place in three different regimes. These
have been termed diffusional, eruptive and turbulent, with the type of
transfcr depcnding on the "driving Porce" and the magnitude of surface
pressurc gradicents set up by local surface rencewal at the interface.
The present work concerns itself with the experimental procedurcs end
quantitative aspects of the physical gquantities in the three regines
inasnuch as it shows the influence of interfacial nhenonena on the rate
of nass transfer.

The quantitative deterninations of mass transfer ccefficients werc
carried out using an apparatus designed for drop formation and with-
drawal, special arrangements enabling the drop volume and tinme of forn-
ation to be kept constant. A "viscous traction! surfacc viscometer
wag cmployed for the determination of surface viscosity and is
described in detail.

Results arce given for the system benzenc-acctic acid-watcer with
the direction of transfer from the benzene to the agucous continuous
phase, and for the syster benzene--phenol-water for the transfer in both
dircctions. They indicate that surfacc viscosity and the group An/nsi
do not criticelly affeet the rate of mass trensfer and that the
important variable is the "surface strain® (piven by the ratio of
chenge in surface pressure to the surface compressional medulus) i.c.
the strain to which the interface is subjocted by eddics and movements
fron within the bulk phase. A certain valuc of this "surface strain®
must cxist bofore the mass transfer rate will increasc.

In the diffusionnl regime the experimental nass transfer co-
efficicnts were in fair apreencnt with those calculated theoretically
on the bhasis of the penetration theory. In the cruptive and turbulens
rogimes a correlation is given between the ratio of the nass transfer
coefficient to its valuc in the diffusional regine end the change in
surface pressure, cvaluatced cn the basis of a new nodel.

The addition of soluble surfacce active agents to the agueous

phasc has o pronounced effcct on the mass transfer rate, decrcasing
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it by .25 much as 75% for only a minute trace of surface active agent.
The effcet of the surface active agent is purcly hydrodynamical in
neture and it presents no dircct barricr to nass transfer at the
interface. The results show that whercas surfaoce viscosity is
relatively uninportant, surface compressibility is an cxtrenely

inportant variable in interphase transfer.
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1. INTRODUCT IO

A large number of separation processes employed in the chemical
industry rely on the transfer of a substance from one phase into another.
Thus, knowledge of the rate at which this inter-phase mass transfer occurs
is of great importance, particularly in the design of separation equipment.
The commonly accepted mechanisms proposed for its prediction assume that
the transfer takes place by molecular diffusion, either through thin
stagnant films adhering to the interface or into elements of fluid which
are periodically replaced at the interface by the turbulent motion of the
bulk fluid. Also, it is assumed that the interface does not interfere

with the transfer process in any way.

It has been felt for a long time, particularly as a result of
difficulties in correlating mass transfer data in liquid-ligquid extraction,
that this theoretical model does not adequately represent the condi+tions
existing in inter-phase mass transfer. This made necessary a closer

look at the traansfer process.

The basic equation for the calculation of mass transfer rates

in liquid-liquid extraction is

1“‘ = -—

I‘- Kod <Cd Cdi) .0 1.1
where the symbols are as indicated below. The overall mass transfer
coefficient is obtained as

l/Kod= 1/kd + m/kc eer 1.2

and the individual coefficients are given by correlations of the type
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Shd. = o Rod Rec SCd e 1.9
st P . u

ShC = g Rec Red ScC oes 1.4

where N 1is the mass flux, KO the overall mass transfer coefficient,
C the concentration of solute in the bulk phase, Ci the concentration
of solute at the interface in the same phase, k +the individual film
coefficient, m the distribution coefficient, Sh +the Sherwood number,
Re +the Reynolds number and Sc the Schmidt number; c¢ denotes the
continuous phase, d the dispersed phasc and p, g, 1y s, %, « and B

are constants.

The above relationships and procedural methods for determining
mass transfer rates were, however, found to be of restricted validity,
particularly in liquid-liquid extraction. Usually they were applicable
only to the particular system and particular eguipment for which the
values of the constants were established. Any attempts to produce a
more generalised correlation were fruitless, thus indicating that the

above equations were insufficient or incomplete to define the process.

According to equations 1.3 and 1.4 the mass transfer
coefficient in a given phase is represented as a function of the hydro-
dynamic behaviour of the bulk of the two phases (characterised by ReC
and Red> and by the molecular transport characteristics of the phase
through which the transfer takes place (Sc and D in the Sherwood
number). The resistences to mass transfer are then added, assuming

thet the interface does not interfere with the transport process in any



-3 -

way. However, there are cases in which the latter assumption mey not

be justified.

The interface is not a geometric plane; it possesses a small
but finite thickness and there are forces existing in it which are
different from those in the bulk phases. Therefore, the interface
ought to be regarded as a separate and distinct phase. Should the
transport process interfere in any way with the equilibrium of forces
existing there, movements in the interface could result, affecting the
value of the mass transfer coefficient and the hydrodynamic behaviour
close to the interfacc so that the latter would no longer be fully

described by the bulk Reynolds number.

Consider a pair of immiscible solvents with solute S Dbeing
transferred from solvent A to solvent B (Fig. 1l.la). The solute S
is positively adsorbed at the interface, i.c. an increase in concentration
decrcases the interfacial tension (Fig. 1.1b). The concentration of
solute in solvent A at the interface is C,. and o is the inter-

Aj

facial tension corresponding to this concentration.

Let us now assume that an eddy brings to the surface material
of bulk concentration CAb . This will produce a local reduction of
interfacial tension by Ac and disturb the equilibrium of forces at the
interface. Since the interfacial tension difference can be regarded as

stress acting in a plane, a gradient of interfacial tension will cause

motion in the interface (Marangoni effectl) until equilibrium is
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restored. This motion exerts a drag on the adjoining sublayers, thus
increasing the rate of surface renewal and the value of the mass transfer
coefficient. It may also affect the interfacial srea, by causing a

contraction of films flowing down a column or accelerating or decelerating

the coalegcence of droplets.

The present work is concerned with the influence of interfacial
phencmena on the valucs of nass transfer coefficients. A qualitative
study of existing phenomcna and some preliminary determinations of mass

2 . , .
transfer rates was made by Goltz ; this work has becn improved upon and
extended Yo include mass transfer in the presence of surfoce active

agents and the effectis of some interfecial parsmciers.



2. LITERATURE SURVEY

2.1 Theories of Mass Transfer

The theory most frequently applied to liquid-liquid systems
3

is Whitman's” two-film theory for gas absorption. Here it is assumed
that stagnant films of negligible capacity exist on either side of the
interface and that these films offer all the resistance to mass transfer.
Any turbulence disappears near the interface or free surface and the
flow is thus considered to be laminar and parallel to the surface. Yor
convenience it is assumed that this film cen be regarded as a layer of
thickness 2z and the mechanism is one of diffusion through this layer,

the rate of transfer for dilute :nolutions being given by

D
Kl — = .
Moo= T (c c,) eer 2.1

where
N' is the mass flux

V4 is the thickness of the stagnant film

C is the concentration of solute in the bulk phase from
which the transfer takes place

C is the concentration of solute at the interface based
on the same phase

D is the diffusivity
Since 2z is generally not knowm, D/z is replaced by k , a mass itransfer
coefficient for each film. Hence the mass flux through both films, N,
is given by

N = k
m = k (¢c. - ¢) cee 2.3

where 4 and ¢ denote the two phases respectively.
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Since the concentration at the interface is frequently not
known an overall mass transfer coefficient KO , based on the known

overall driving force, is defined by the equation

g

{1

K . (C

Oa it mCC) LR 2::4

d

) cee 2.5

L (Cg/m - C,

where m is the distribution coefficient, defined by
m = c:di/ccz.L ee. 2.6

From equations 2.2 - 2,6 it can be shown that the individual film and

overall mass transfer coefficients are related by the equation

/K,y =  l/kg + w/k = /K, var 2.7

While the film theory has been useful in giving a physical
picture of the process and in comparing mass transfer rates in a given
plece of equipment and for a given system under different operating
conditions, i1t has not led to a universally satisfactory method of
predicting mass transfer coefficients. The assumption of steady state
diffusion 1s rarely true in practice, for the surface is continuously
being renewed with fresh liquid from the bulk of the solution -~ brought
by eddies to the interface. Thus at a given moment the surface of the
liguid is a moseic of elements of different '"ages'", with the rate of
transfer varying according to age. Tne average rate of transfer depends
on the distribution of the elements of the surface among the various

"age groups'.

This is taken into account by the penetration theory, which
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considers mass transfer as unsteady state diffusion into a semi-infinite
medium. This theory requires the scolution of the partial differential

equation for diffusicn

2

2L 20
a‘t - Dd a Z LI 2'8

Using suitable boundary conditions this equation can be solved to give

C as a function of time and distance from the interface
C = Cy + (Cdi - cd) erfc (z/Q/Ddt) e 2.9

The instantaneous mass flux N' is given by

N o= =D [ac} ce. 2.10
9z| 2=0
Therefore, from equations 2.9 and 2.10
o= /Dd/nt (cy - cdi) cee 211

where t is the age of the interface, i.¢. its time of contact with
the other phase. The mean mass flux N' is obtained from the
expression
co
m = fo¢(t)th ees 2,12

vhere ¢(t) dis. the surface age distribution function, that is to say
the fraction of the surface having ages between + and (¢t + dt). The
form of this distribution function must be known or postulated.
Higbie4 postulated a simple solution in which each element of
surface is exposed for the same length of time 6 before being replaced,
i.e. regular surface renewal. Thus

g (%)

g (t)

1/8 fors <t €£0)

-

it

)
0O for t> 6 )
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then Moo= 2 Dd/;5 (cy - ¢ 2,14

)

5

Danckwerts” suggested a probably more realistic model for
films flowing over randomly arranged packings and stirred liquids. He
postulated that there is no correlation between the age of an element

of surface and its chance of being replaced. In other words, all

elements have at any time equal probabilities of heing replaced. Thus

¢ = S e 560 2&15

where s is the fractional rate of surface renewal, and

=
il

o - IS
Dy (cd cdi) ces 2,16

Although this theory gives what is probably a truer picture
of the actual conditions prevalling in practice, by allowing for
renewal of an interface by turbulence, it has since been shown by Toor
and Marchello6 that the film and penetration theories are not mutually
exclusive, but form itwo limiting cases of a more general theory known
as the film-penetration theory. Here, the fluid particles - which are
continuously exchanged by turbulence - are considered not as semi-
infinite layers but as being of finite depth z = 1L, say. Using

sultable initial and final boundary conditions the solutions cobtained
are = r o
! = } : - ] -
N D8 Ll + 2§£=1exp( 2nL/S/Dd)](Cd cdi) vee 2,17

4

or N = jigg' [I/L(Dd/s S L/B(S/Dd)% - L3/45(s/bd)%...}(cd-cdi)

ree 2.18
For intensive surface renewal (1arge s ) equation 2.17 reduces,

approximately, to 2.16, and for small s 2.18 reduces to 2.1,
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2.2 Interfacial Phenomena

During the past decade a number of ternary systems have been
discovered experimentally in which the interface was found to be
disturbed during mass transfer by eruptions and spasms, whilst the
nearby regions were agitated spontaneously. This phemonenon, known as
interfacial turbulence, has more than academic importance since it is
invariably accompanied by mass transfer rates which may be several
times higher than the theoretical ones predicted by the two-film

thoory[768:910,11,12,13,14.

Ward and Brooks15 were the first to report the existence of
spontaneous, highly localisecd, interfacial agitation accompanying mass
transfer although, about the same time, Lewis and Pratt16 observed the
spontaneous oscillation of droplets when they were attempting to measure
non-equilibrium interfacial tensions by the pendant drop method.

Battacharyal7

» studying mass transfer across moving interfaces, observed
spontaneous movements in the interface. Since then interfacial
turbulence has been studied in drops and flat interfaces, both visually

and photographically.

Thus, Kroepelin and Neumannl8 photogravhed convective streams
within pendant droplets. These convection currents emanated from the
end of the capillary and flowed through the drop as a jet. On reaching
the interface this jet caused a deformation of the droplét and an
eruption was initiated at the interface. Thus, turbulent mixing was

produced in the droplet interior and further supply from the capillary
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19

produced a new cruption. In a further paper they have shown that for
eruptions to occur the equilibrium of forces existing at the interface
nust be disturbed, that is to say adjacent areas of the surface must
have different interfacial tensions and this gives rise to violent
tangential movements at the interface. The same authorszo have photo-
graphed the flat turbulent interface of the system ethyl acetate-acetic
acid-water in profile, using a schlieren apparatus, and have shown that
eruptive mass transfer can take place across plane interfaces, and that
interfacial activity is assisted by density gradients in the direction
of transfer,

21,22

Kroepelin and Prdtt have shown that interfacial turbulence

may also be preduced when mase transfer takes place across a gas-liquid

23

interface. Interference pictures showed the disturbance created at
the surface when methanol vapour was allowed to contact the surface of
water. The disturbance was produced by local absorption of methanol

creating points of different interfacial teneion, causing rapid move-

ment in the direction of the areas of higher interfacial tension.

Spontancous emulsification and ejection of droplets has been

24,25

reported by Kroepelin and feumann who also explained these phenomena
in terms of interfacial tension changes. Sherwood and Weill, whilst
studying mass transfer with interfacial chemical reaction, noticed the
occurronoe of spontaneous turbulence in the phase boundary regions and

they found that interfacial turbulence was pronounced in the case of

exocthermic neutralizations.



Pendant droplets disturbed by rippling, pulsation, kicking and
X N . 16 26 27
eruptions were studied by Lewis and Pratt™ ~, Haydon and Garner ct al '.
Haydon28 also investigated the kicking of pendant drops both qualitatively
and quantitatively and prcposed a mechanism for it. Sigwart and

29,30

Nassenstein made an extensive photographic study of eruptions in
pendant drops using a colour schlieren technique. They showed that the
eruptions wcre caused by changes in interfacial tension, which in turn
were produced by concentration changes, usually by convective currents.
In many systens they observed cruntions irrespective of the direction of
transfer, In particular, the interfacial activity of the system carbon
tetrachloride-acetic acid-water was photographed cinematographically in

31

colour by Nassenstein and Kraus~ . The schlieren technigue has also

32

been used by Kroepelin and.Neumann18 and Goltz to photograph the
kicking, oscillation and rotation of pendant drops. Several
investigators have found that rising and falling drops bechave in the

50,3%,34

same manner as pendant ones

Almost all of the above-mentioned exmerimental observations
indicated that the phenomenon of interfacial furbulence, as the name
implies, is a chaotic and disorganised process. However, some semblance
of ordered flows was shown to be possible by directing a thin jet of

solute toward a flat interface between two immiscible liquidsl9’30.

35,36,37

More recently Linde and Orell & WéstwaterBs have succeeded in
showing that spontanecus interfacial flows can occur in a cellular
pattern. This spontancous interfacial cellular convection accompanying

mass transfer has been studied photographically using a schlicren

technique.
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Many investigators agree that interfacial motion is triggered
by local variation of interfacial tension, namely the Marangoni

+18,19,26,30,32

effec Yet until recently there was in exigtence only

the limited theory of interfacial turbulence in drops advanced by

59 40

Davies and Haydon”-. In 1959 Sternling and Scriven put forward a
theoretical gquantitative mechanism for the onset of interfacial
turbulence operating in a flat interface. They considered interfacial
turbvlence to be a manifestation of hydrodynamic instability. Their
theory maintains that small cver-present fluctuations of concentration
or temperature about the interface may, under favourable conditions,

be spontancously amplified into fully developed flows, by the Marangoni
effect. Such flows may be either highly irregular ones - covresponding
to interfacial turbulence - or ordered flows that presumably arrange
themselves in a regular cellular pattern which one may term “cellular
convection'. The basic unit of flow is a roll cell within which
liguid is circulating. The roll cells are nresumed to be analogous

to Benard cells for heat transfer, which are exhibited by an unconfinzd
horizontal thin layer of pure liguid heated from below. Sternling

and Scriven found interfacial turbulence to be promoted by steep
concentration gradients near the interface, by systems exhibiting a
large rate of change of interfacial tension with solute concentration
and by the absence of surface active agents as well as large differences
in kinematic viscosity and diffusivity in the two phases. They have
also shown that for positively adsorbed solutes the interface is
unstable for mass transfer out of the phase of higher viscosity and

lower diffusivity.
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2.3 Effect of Surface Active Agents.

The effect of surface active agents on mass transfer rates
in liquid~liquid extraction has been studied extensively by several

27,34,42,43,44,45746947,48949,50,51,52‘

workers All the investigetions
have shown that the presence of a surface active agent causes a marked
decrease in the mass transfer rate. The various explanations advanced

as to the nature of the additional resistance to mass transfer caused

by the presence of the surface active agent can be classified either

as barrier theories or as hydrodynamic theories. The former category

is based on the assumption that surface active molecules adsorbed at a
liquid-liquid interface form a kind of barrier which interferes with

the passage of diffusing solute meolecules, whereas the latter presupposes
that the adsorbed molecules are somehow capable of modifying the hydro-
dynamic conditions in the vicinity of the interface. Barlier workers

45,48,51,52

have favoured the barrier theory, but the results of more

41,42

recent work by Boye-Christensen and Terjesen and by Gordon and

Sherwood53 favour the hydrodynamic theory. Very recently Thorsen and
54

Terjesen” ' have confirmed the findings of the latter workers and have
also proposed a hydrodynamic theory bascd on interfacial turbulence with
boundary layer separation for the case of drops falling through an

aqucous continuous phase.

Until very recently no gquantitetive experimental work on the

influence of interfacial phenomena on mass transfer rates in liquid-

liguid extraction has been published. Sawistowski and Goltx55 have

since shown that there exist two distinct regimes of mass transfer;
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these are called the diffusional and the turbulent regimes and they are
separated by a transitional regime. In the diffusional regime the
experimentally determined mass transfer coefficients were in reasonably
good agreement with those calculated on the basis of the penetration
theory. Mass transfer coefficients in the turbulent regime depended
on the local increase in interfacial tension and on the concentration

level of tine solute in the droplet phase..

The present work is a continuation of this latter investigation
in an attempt to provide more information on the influence of inter-
facial phenomena on mass transfer rates in liquid-liquid extraction.

Part of the investigation covered by this thesis has already been
published56 and a reprint of the paper is submitted at the back of

this binding.
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5., TYPES OF TRANSFER

Qualitative investigations have shown that there exist three
distinct regimes of mass transfer, which have been termed diffusional,

eruptive and turbulent.

The diffusional regime is characterised by a smooth droplet
surface surrounded by a diffusional layer, which is removed by free
convection. It is usually essociated with low driving forces and with the
presence of surface active agents, or impurities. A schlieren photograph
of this phonomenon is shown in Plate 3.1 Acetic acid is being transferred
from a benzene drop to the surrounding aqueous continuous phase. The
concentration of acetic acid in the benzene drop is 0.15 M and in the
aguecus phase 0.00 M. The photograph illustrates the diffusional layer,
shown as a dark border to half the drop, and as a lighter border to the
other half. The light portion in the centre of the drop is due to the
lens effect of it, and represents the image of the pinhole which is out of

focus.,

The eruptive regime is characterised by a tangential pulling away
of the diffusional layer, followed usually by a normal ejection of solute
into the bulk of the continuous phase - hence the term eruptive. The
eruptions usually occur at moderate driving forces and are often repeated
periodically, but with quite a large deviation of the period from the mean.
Plates 3.2(a) to 3.2(d) show schlieren photographs of an eruption in
progress, at different time intervals. The example is again that of acetic

acid transferring from a benzene drop to agueuous continuous phase.
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Initially, in Plate 3.2(a), thc droplet has a smooth surface surrounded by
the diffusional layer; the remaining three photographs show the same drop-
let 0.047, 0.094 and 0.156 seconds later respectively. The diffusional
layer can be seen to be completely destroyed. Subsequently, it is rapidly
reformed and the process repeats itself. The mechanism of an eruption

is described at the end of this chapter.

In the turbulent regime the number of eruptions has increased to
such an extent that one can hardly speak of individual eruptions. Instecad,
the whole of the droplet surface is in a continual state of strong
turbulence. This regime is associated with large driving forces.

Plates 3.3(a) and 3.3(b) show schlicren photographs of this regime for the
transfer of acetic acid from the benzene drop to the aqueous continuous
phase (concentration of acetic acid in benzene phase 2.0 M, concentration
of acetic acid in aqueous phase 0.0 M), and Plate 3.4 shows the transfer of
phenol from agueous continuous phase to the benzene drop (concentration of
phenol in aqueous phase 1.0 M, concentration of phenol in benzene phase

0.0 M). In the latter example the dark and light areas around the droplet
surface correspond to sudden decreases in phenol concentration in the
agueous phase at the interface. Phenol was found to be far more surface
active in cheracter than acetic acid, and although the above regimes were
observed for the transfer of phenol from a2 benzene drop to the aqueous
continuous phase, the valucs of the driving force at which the transition

from one regime to another occurred differed appreciably.









Mechanism of an Fruption

Consider a pair of immiscible solvents A and B , with solute
S being transferred from solvent A +to solvent B (iig. 3.1(a)). Solute
S is positively adsorbed at the interface, that is to say an increase in
c&ncentration causes a decreasc in interfacial tension (Fig. 3.1(b)) and
the concentration of solute at the interface is CAi giving an interfacial

tension Oi'

Let us now assume than an eddy brings material of bulk
concentration CAb to a small arca of the surfacc (shown shaded in Fig.
3.5(a)). This area, being the more concentrated in solute 8 , will have
a lower interfacial tension Oy, than its surroundings, and hence an inter-
facial tension gradient is set up. This local reduction of interfacial
tension AG (= o, - CE) (Fig. 3.1(b)) will disturb the equilibrium of forces
existing in the interface and produces a rapid outward tangential movement
of the interface and of the adjoining sublayers (Fig. 3.1(a)). Thus, the
two phases are brought into direct contact and a high rate of mass transfer
results. However, this outward tangential movement produceé a compression
of the adsorbed molecules, giving new points of low interfacial tension at
¢ and D (Fig. 3.1(c)). A centripetal motion follows, reéulting in a
throwing out of the transferred solute S into the bulk of the solvent

B (Fig. 3.1(c)). This mechanism explains *the motion perpendicular to the

interface that is frequently associated with eruptions.

Using a high-speed cine camera, the interface of the benzene-

acetic acid-water system has been photographed at speeds up to 3,000 frames
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frames per second. Observations of the interface during an eruption
confirmed the movements in the interface explained a2bove and presented

further proof for the eruptive mechanism.
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4. THE SCHLIEREN SYSTEM

A schlieren arrangement was used in all investigations %o
enable visuval observation of the interface. Hence a direct comparison
could be made bebtween the mass transfer coefficient obtained and the

behaviour of the interface during the mass transfer process.

The basis of the schlieren system, described in detail by

57

Schradin”', is the deviation of some of the rays of light owing to
changes in refractive index, which in turn may be brought about by

changes in concentration and temperature.

The schlieren system used in the investigations is shown
diagrammatically in Fig. 4.1. It consists of a 250 watt high pressure
mercury vapour lamp as the source of light S. The beam of light was
then focused on a pinhole P by means of the lens Ll; the pinhole
could now be considered as a point source of light. The distance PL1
was equal to the focal length of the lens L2 . The schlieren object

was placed between the lenses L2 and L The beam of light from

3 .
the lens L3 was focused on a knife edge K , i.e. L3K is the focal
length of the lens L3 y and the image of the object was focused on a
screen I or on a photographic plate or film. Changes in
concentration in the cell (due to mass transfer) give rise to
refractive index changes and consequently a deviation of the light will

result. The 1light will be dfelected on to or off the knife edge,

correspondingly producing dark or light regions on the screen.
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5. EXPERTMENTAL TECHNIQUE AND APPARATUS

The ecxperimental techniques employed in the present work are
modifications of techniques used in previous work on liquid-liquid
extraction in the Department of Chemical Ingineering, Imperial College

of Science and Technology, London.

The main problem in the guantitative work was to reduce the
nunber of variables to a minimum. Since the critical drop size, d.c-.
that at which the drop would detach from the nozzle, is a function of
the interfacial tension, a method had to be developed for working below
the critical drop size and producing drops whose size would be independ-
ent of interfacial tension. The method finally adopted consisted of

58

drop formation and withdrawal (a technique first used by Skinner”” and
later by Goltz2) and the apparatus and procedure is described in detail

below.

The basis of the drop formation and withdrawal apparatus is
showm schematically in FPig. 5.1 Two DCL micropumps with diaphragm
heads and fitted with 1/8" plungers were used to form and withdraw the
drons. The stroke of the pumps could be adjusted during operaiion by
means of a micrometer screw. This adjustment was so arranged that the
drops did not reach their critical size (that is to say the size a%
which they would detach from the nozzle) and therefore the drop size
was independent of the physical properties of the systems atudied.

Both pumps were driven by & governor-controlled variable-speed motor

so that at any instant the two plungers of the pumps were in the seme
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relative position. By adjustment of the motor speed the time of

formation of the drops could be maintained constant.

Pump A will draw fresh solution from the reservoir while
pump B  withdraws the drop from the end of the nozzle N . During
the delivery stroke pump A will from a drop at N , while pump B will
discharge the withdrawn solution. Thus, at no time will the droplet

remain stationary on the end of the nozzle.

The volunetric discharge of pump A was measured at each
intégral microneter position from O to 7, and the resulting calibration
curve is shown in PFig. 5.2 For all experiments the micrometer setting
of pump A was 2.00, while that of pump B was adjusted so that the

interface of the withdrawn drop slways returned to the same position.

Fig. 5.3 shows the rclation between the ratio of the time of
drop formation to the time taken for the pump to complete one revolution
and the pump micrometer position. This ratio was obtained from the
angle through which the pump moved before striking the stops. From
the graph it can be seen that for the pump micrometer position of 2.00
this ratio is 0.173. This means that only 0.346 of the cycle is spent
in forming and withdrawing the drop; the remaining 0.654 of the cycle
pertains to the condition when the drop is withdrawn and will be called

the stagnant period.

Fig. 5.4 shows the increase in drop volume with time up to
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0.175 of the time of one complete revolution for o micrometer setting of
2.00 During the drop formation stroke the plunger will move from the
position indicated by the micrometer position 2.00, time ration 0.173,

to the origin on Fig. 5.3

In order to calculate the free interfacial area of the drop it
has been assumed that the exposed portion is always a section of a
perfect sphere, the centre of which is moving ont along the axis of the
nozzle. From a knowledge of the diameter of the tip of the nozzle a
relation between the free interfacial area and the drop volume was
calculated. Using the data of Fig. 5.4 the dependence of the free
interfacial area (for pump micromcter position 2.00) on time, as a
fraction of the time of the complete revolution, can be derived, and
this is showa in Fig. 5.5 The value at the beginning of the stroke
represcente the area of the tip of the nozzle of diameter 0.267 cm.
From this curve, the time mean arca per cycle was calculated and found

to be 0.1612 sq. cm.

Figs. 5.6 and 5.7 show details of the nozzle. It consisted
of a glass capillary tube fitted with a canillary side arm. The
nozzle tip was an accurately machined stainless steel 'cap" which was
fixed to the glass capillary tube with Araldite. The outside of the
tip was machined at 450 to the axis so that a sharp edged tip was
formed with the bore. A thin stainless steel tube was introduced
through the tip so that its free end was about 1.5 mm above the plane

of the top and inside the nozzle. This tube was then sealed with
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Araldite in the withdrawal arm of the nozzle above the entrance of the
capillary sidearm. Hence punp A forms the drop through the annulus

and pump B withdraws the drop through the stainless steel tube.

With the exception of the stainless steel pumps, the nozzle
cap and the joints from the puaps to the glass tubing (which were made
of rigid polythene, previously scaked in benzene for a long time), the
apparatus was made of glass, with hemispherical joints where accurate
alignment was impracticable. The diagrammatic arrangement is shown

in Fig. 5.8; Plate 5.1 is a photograph of the apparatus.

The vertical outlet tube from the discharge pump B had to
be long in order to provide sufficient head of ligquid to cause the
valves to seal. A sample point was located near the bottom of this
tube in order to reduce the time lag between drop withdrawal and
sapnpling, as well as to avoid evaporation, which would occur at the top

or after liquid had passed through the overflow tube.

During each run the nozzle set-up was placed in a stainless
steel cell fitted with parallel plate glass windows; the continuous
phase flowed through this cell entering at the bottom and leaving by
an overflow tube, as shown in Plate 5.2 The cell was placed in the
schlieren field to allow for direct comparison of experimental results
with visual observation, i.e. a correlation between measured transfer

rates and the type of transfer.
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6. EXPERIMENTAL PROCEDURE

6.1 Materisls

The acetic acid, phenol and benzene used were of analytical
reagent quality and were utilised as supplied without further
purification. Water was ordinary laboratory distilled and.before
beginning each experiment both phases were mutually saturated. . Five
different surface active agents, all of which were socluble in the

aqueous phase, were used and their specificetion is given below.

A. Dodecylamine Hydrcchloride —~.CH5(LH2)11.NH2.H01

A white crystalline solid, molecular weight 221.5, synthesised in the

pure state and supplied by J.M. Barrellsg.

B. Teepol 514

A mixture of sodium secondary alkyl sulphates and sodium dodecyl
benzene sulphonate in the ratio 60 : 40. Its molecular weight is 315
and it was ordinary commercial quality supplied by Shell Chemical
Company Limited, in the form of a 27% by weight solution of active

material.

C, Manoxol OT -~ Sodium dioctyl sulphosuccinate C'}H2COOCSH17
C]}HCOOCSH17
SOBNa

A white waxy substance, mclecular weight 444, and supplied 100% pure

by Hardman & Holden Limited.
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D. Lissapol N - represented by the formula R-O—CZH4(-OCEH4—)HOH

with a mean molecular weight of 572. An aqueous solution of an
alkylated phenol-ethylene oxide containing a polyethylcne glycol chain.
It was of ordinary commercial quality supplied by I.C.I. Limited in the

form of a 26.5% by weight solution of active material,

L. Sodium Lauryl Sulphate =~ CHB(CHZ)llObOBNa

A white powder of molecular weight 288, It was a general-purpose

grade reagent supplied by British Drug Houses Limited.

6.2 Determination of Concentration

The concentration of solute in the benzene phase was deter-
mined with a high-accuracy Abbe refractometer. A sodium vapour lamp
was used as a light source and all determinations were made at 250 C -

ensured by means of a thermostatic control.

The refractometer was calibrated using standard solutions and
the calibration curves are given in Figs. 6.1 & 6.2. From these curves
the concentration corresponding to any refractometer reading can be

obtained immediately.

Determinations of the concentrations of acetic acid in agueous
solution were carried out volumetrically, using a standard sodium
hydroxide solution with phenolphthalein as indicatox. As phenol is a
solid at roonm temperature the concentration of its aqueous solutions

was accurately known becauvse of the gravimetric method of preparation.
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Standard solutions of each surface active agent were prepared
and their densities determined uging a specific gravity bottle. A
known volume of this standard solution of surface active agent was then
added to a known volume of the agueous phase. Hence the molar conc-

entration of surface active agent in the aqueous phase could be found.

6w 3  Procedure

First, the nozzle and rcnovable parts of the apparatus were
thoroughly cleaned using, in order, chromic-sulphuric acid nixture,
tap water and distilled water; with a final complete drying before
re-assembly. The rescrvoir w%s filled with benzene phasge ond about
15 ml also placed in a small beaker which was raised under it until the
nozzle tip was just submerged bvelow the ligquid surface. Then the pumps
were started and, when liquid from the reservoir reachcd the nozzle,
slight suction was applied to the vent tube (located at the right-angle
bend just before the BT socket into which the delivery side of the
nozzle fitted). As soon as the nozzle and vent tube were completely
filled with liquid the stopcock on the latter was closed. Punping was
continued until the outlet tube was filled with liquid and all air had
been expelled from the apparatus. The position of the pump nmicrometer
was then fixed at 2.00 and the motor speed adjusted to give a pump

revolution time of approximately 3.5 seconds.

The aqueous phase, contained in a 2-litre aspirator fitted
with a Mariotte tube to ensurc a constant head, flowed to the observation

cell by gravity. Tts flow rate was controlled by means of a screw clip
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and was measured by noting the volume collected in a given time.

In order that the nozzle could be immerscd in the continuous
phase contained in the cell, the beaker had to be removed. This could
not be done without stopping the pumps, otherwise air was drawn into the
apparatus. But it was necessary to stop the pumps only at the point
where a drop was about to be formed by pump A , in which case, upon
restarting the pump cycle began first with drop formation, and then
followed withdrawal. The alternative of beginning with the withdrawal
part of the cycle would have resulted in aguecus phase being sucked into

the capillary tube.

Having stopped the pumps it was necessary - for reproducible
drops - to cnsure that upon immersion of the nozzle in the cell, it was
wetted by the agueous and not the benzenc phase. Hence the nozzle was
dried completely, great care being taken to avoid contamination with

grease of any sort, for example, contact with the fingers.

After immersion of the nozzle the pumps were restarted and the
position of the interface adjusted by means of the micrometer screw of
the outlet pump B . The interface must be in the plane of the nozzle
tip and was maintained there by successive adjustments throughout each

TUll«

45 minutes were cllowed to elapse beforc the first sample was

taken and thereafter samples of approximately 0.2 ml were taken at
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five-minute intervals znd analysed with the refractometer. Sampling
was continued until seven consccutive samples gave consistent results,

i.e. steady conditions existed for 30 minutes.

During cach run the pump speed was determined by timing 20
strokes, & measurement which wag frequently repeated, as was the flow

rate of the aqueous phase.

Tor ecach run a record was kept of the visual observations

of the interface of the drop ond in particular the type of transfer

which occurred.

6.4 TResults

For every run the concentrations of solute in the benzene

phese were determined before and after extraction.

The aqucous phase was analysed before each run but its
concentration was assumed to remain constant. This may be justified
by the fact that the flow rate of the aqueous phase was much larger
than that of the benzene phase, namely about 20 ml/min coﬁpared with

0.7 ml/min.

The flow rate of the aqueous phase and time for one complete
revolution wexrc noted, the drop volume being kept constant throughout
at 0.4 ml (corresponding to pump mibrometer position 2.00) The ex-

perimental results are given in Tables I & II of Appendix B
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7o EQUILIBRIUM DATA

7.1 .Determination of Solufec Conccniration

(a) Acetic Acid Concentrations of agueous solutions of acetic
acid were determined volumetrically using standard sodium hydroxide
solution with phenolphthalein as indicator; concentrations of acetic
acid in benzene were determined with the refractometer.

(b) Phenol The concentration of phemnol in the benzene phase

was also determined with the refractometer.

The concentration of phenol in the aqueous phase was found in
two ways:
(i) The initial concentration of phenol in the aqueous phase was
accurately determined gravimeirically, for phenol is solid at roon
temperature. The ihitial concentration of phencl in the bengene phase
Was ZEeT0. Thus, the amount of phenol in the agueous phase after
contbacting and separation was found from a measurement of the increase
of concentration of phenol in the bhenzene phase.
(ii) As a check for the above method, the actual concentration of phenol
in the aquecus phase, after contacting and separation, was debermined by
the bromine methodéo An aliquot of sample was taken - estimated to
contain about 0.02 gm of phenol - and transferred to a 500 cc glass-
stoppered flask. Next distilled watbter was added to make the volume
up bo approximately 200 cc, then 25 cc of potassium bro.oide solution
containing 250 gm/litre. The flask was then allowed to stand until

the temperature reached 2500 before 25 cc of potassium bromate solution,

containing 3 gm/litrc, was added. The contents of the flask were
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thoroughly mixed and, with the temperatu?e maintained at 2500, were
allowed to stand for 30 minutes, the flask being shaken two or three
times during this period. At the end of this time 25 cc of potassium
iodide solution, containing 200 gm/litre, werce added and the contents
thoroughly mixed, the flask again being allowed to stand for 30 minutes,

with intermittent shaking.

The liberated iodine was titrated with 0.1 N sodium thio-
sulphate solution, starch heing added near the end point. Any return
of the bluec iodine-starch colour was disregarded. A Dblank determination

wags performed in the same manner,

The number of moles of phenol present in the agqueous sample
is then given by

No. of moles _ _Titration diffcrence(nl) x normality 6f thiosulphate
of vhenol - 6 % 103

7.2 Experimental Procedurec

The reagents were placed in a 100 nl glass-stoppered conical
flask in quantities estimoted to give a set of points over a variable
range of acetic acid or phenel concentration; for the latter determin-
ations the initial concentration of phenol in the agqueous phase wag
accurately known. The mouths of the flasks were then waterproofed by
covering with polythene sheet and rubber bands, and the flasks immersed
in z thermostat bath maintained at 2500. They were then shaken at a

speed great cnough to disperse the two phases in one another. After



shaking the phascs were allowed to settle for an hour and samples were
analysed., The shaking and sampling proccdurces were repeated until no

further concentration changes were detectable.

7.3 Results

The experimental values are given in Tebles I & II of Appendix

C and are shown graphically in Iigs. 7.1 & T.2 The data of Brown and

Buryél', Bektourov62 and Herz & Fischer63

for the equilibrium between
benzene-acetic acid-water at 2500 are in agreenmcent with those obtained
and are shown in Figs. C.1 & C.2 of Appendix C. The datae of Rothmund

-
64, Philip & Clark6) and Nagata & Eguchi66 for the equilibrium

& Wilsmore
between benzenec-phenol-water at 2500 are in good agreement with those

obtained and are shown in Figs. C.3 & C.4 of Appendix C.
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8. INVESTIGATION OF SURFWACE PROPERTIES

The investigation is concerned with the manner in which the
surface properties influence the hydrodynamic conditions at an interface,

and hence the nmass transfer rate across the interface.

The interface betiwvcen two liquids cannot be considered as a
geometric planes; it possesses a small but finite thickness and there
are forces existing there which are different from those in the bulk
phases. Should the equilibrium of forces existing in the interface be
disturbed in any way, movements may occur in the interface (Marangoni

effect) until the equilibrium is restored.

The imporitant surface property directly linked with this effect
is that of surface pressure, = . This can be regorded as the two-
dimensional pressure of the molecules of the surface film, partially
offsetting the contractile tendency in the interface. Its wvalue 1s
gilven by 1w = (Ob - o), where v, is the interfacial tension in the
absence of solute or surface zactive agent and ¢ dis the interfacial
tension in the presence of either of then. It is an accepted fact that
the cause of movements in the interface is the presence of surface
pressure gradicents set up there as the result of local concentration
fluctuations, which themselves arise from liguid movements in the bulk
phases. The resultant force arising from these surface pressure
gradients will tond to restore the equal surface distribution of solute

or surface active molecules by displacement in the plane of the interface.
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The magnitudc of this displacement produced by the surface
force is determined by ancother important surface property, that of
surface compressibility. The compressibility of a surface is the
fractional decrease in the surface arca per molecule caused by unit
surface pressure difference, and can be expressed by mcans of the surface
compressional modulus M, defined as

dA

m cos 8.1

where Ar is the surface pressure diffcerence and A is the arca

£
M

o f

available to each molecule in the surface film. M has the same units
as ¢ (interfacial tension) and w , i.e. dynes/cm. If M is large
the film is almost incompressible and very large forces arc involved if
the film is compressed further or allowed to expand. If M is small

the film is easily compressed and small forces are involved.

The surface compressional modulus M is analogous to Young's
Modulus of elasticity gy given by Hooke's Law, which states that,
within the eclastic limit, 2 strain is proportional to the stress

producing it, i.e.

stress . .
EY = —==—  for a given naterial
strain

Hence the ratio an/M, i.c. surface pressurc difference or "surface
stress" to the surface conmpressional modulus, will give the extent to

which the interface can be "strained!.

However, the surface conpressibility gives only an indication

as to the extent to which the surface can be compressed, it gives no
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indication as to the rate of compression. The rate of compression will
be affected by another important surface property, that of a two-

dimensional or surface viscosity. This property mey augment the effect
of the surface compressional nodulus in preventing liquid movements near

the interface.

There arc two kinds of surface viscosity: (a) the surface
shear viscosity which may restrict motion by resisting two-dimensional
shear in the plane of the film itself, and (b) the surfacc compressional
viscosity which may restrict motion by presenting "resistance" to

conpression in the plane of the film itself.

The surface compressional viscosity cannot be measured
experimentally and the investigations have, therefore, been restricted
to the cxperimental determination of the surface shear viscosity
(henceforth referred to simply as the surface viscosity). Thus, the
surface viscosity is a measure of the resistance of the surface film to
shear in the plane of the surface. I% hes dimensions MT‘l and is

neasured in units of gm/sec, called "surface poises" (sp).

The importance of surface pressure gradients as controlling
factors in the rate of mass trensfer from liquid drops has been
recognised by Linton & Sutherland67. Lovich68 has stressed the
hydrodynenic importance of surface tension forces but does not appear
to refer to the surface conpressibility =s such, in thc above

connotation, although he later attributes the danping of ripples by
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surface active agents to the surface modulus which he refers to as "a
. . 69 . ..

coefficient of elasticity of the Filnm', Stuke in his paper on the

"Flow Behaviour of Interfaccs" has recognised all of the above-mentioned

surface properties, including the two kinds of surface viscosity, and

gives an account of the hydrodynamic properties of interfaces. Davies
" 50 . P a . .

& Mayers”  have investigated the effect of surface shear viscosity

{they make no mention of surfeoce compressional viscosity) and surface

compressibility on nasgs transfer rotes in o stirred cell, for the case

of insoluble surface active agents such as plasma, albunen and protein.

In the present work the respective influence of these surface
properties on mass transfer rates has been examined, first for the case
of soluble surface active agents and then, merc generally, it has becn

extended to solutes.



- 56 -

9. SURFACE  VISCOMETRY

9 s Surveyv,

'1

The most accurate method of obtaining the viscosity of an
insoluble monolayer spread at an air-water interface is to cause it to
flow (under the influence of a surface tension gradient) through a nar-
row canal placed in the surface. Under these conditions an accurate

allowance can be made for the drag on the surface film exerted by the

70,71 72 75 70

underlying liquid Joly' ~, Nutting & Harkins and Ewars & Sack
renort a variety of results for both soluble and insoluble films.
Applied to soluble adsorbed films this method suffers from the dis-
advantage that the gradient of surface tension (or surface pressure defined
as the lowering of surface tension caused by the monolayer) causes

desorption and adsorption to occur, as well as flow through the canal.

Another type of surface viscometer widely used is that

14,75,

employing the rotational torsional method With this instrument

a steady rotation of the liguid surface against a stationary disc placed

in the surface produces a nmeasurable torque from which the surface

viscosity is calculated. Although this instrumeant is widely used

there are three limitations to its sensitivity and accuracy. First,

the correction is rather high for the torque of the clean water surface

(and the immediately underlying water) on the disc.  Secondly, addition

of surface active agents can alter the water level slightly, by alter-
T4

ing the form of the menisci'’. This slightly increases the depth of

immersion of the disc and hence may lead to increased drag from the



- 57 -

underlying water. Finally, the formula used to calculate the surface
viscosity is based on the assumption that the movement of the under-
lying water is the same whether a film is present or not, i.e. the film

76

glips freely over the water. Davies has shown that there is no
slippage between the monolayer and the bulk liguid adjacent to it.

The monolayer actually adheres tc the water and therefore the measured
torque is higher than would be found for the monolayer alone. The
derived viscosities are thus too high, as has been pointed out by Ewars

& Sack7o.

Another method of measuring the surface viscosity of adsorbed
or spread films employs a moving liquid substrate to cause the film to
flow through a stationary canal in the surface. This is known as the
"yiscous traction' method. The movement of the film in the canal
(shown with talc particles) depends partly on the viscous traction of
the subjacent layers of bulk liquid; this traction tends to move the
film in the canal at the speed of the liquid. However, this is
opposed by the drag of the stationary walls on the canal acting on the
viscous monolayer, and from the movements of the talc particles the
gsurface viscosity may be calculated. There are two principal types
of viscous traction surface viscometers. The first of these employs
a linear canal and although it is suitable for insoluble monolayers,
applied to soluble adsorbed films it suffers from the disadvantage that
the gradient of surface pressure causes desorption and adsorption to
occur, and it is extremely difficult to correct for these effects7o’77

To deal more simply with soluble adsorbed films Davies78 has devised a
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circular viscous traction viscometer, This instrument consists of two
concentric stationary cylindrical knife edges, with a narrow annulus
between them. The knife edges touch on to the film surface as it
rotates in a concentric dish containing the substrate. Thus, a narrow
canal is formed in which the film is observed by sprinkling talc
perticles on to the liguid surface. The retardation of the talc,
caused by the adsorbed or spread film, is a measure of the surface
viscosity of the film. The big advantage for soluble films is that
there is no surface pressure gradient set up, therefore adsorption and
desorntion need not be considered. The instrument must be calibrated
using films of known surface viscosity, obtained by the canal method
72,79,80

in which corrections have been made for the lack of slipnage

between the monolayer and the water.

Early work on the determination of interfacial viscosities
between two liquids was carried out with oscillating needles or discs,
although the presence of the second bulk phase so reduces the sensitivity

81,82

that viscosities below about 1 sp cannot be measured Also, this

method is subject to the inaccuracies mentioned previously, under
rotational torsional methods. Recently Daviecs & MayersS5 have
nodified the viscous traction method devised by Davie878,to enable the
interfacial viscosity of spread or adsorbed films to be measured at
oil-water or air~-water interfaces. They give results mainly for

insoluble films ~ such as plasma albumen protein - spread at oil-water

interfaces.
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In this work an examination has been made first of soluble
surface active agents and more generally it has been extended to

solutes.

9.2 Construction and Calibration of Surface Viscometer

A circular wviscous traction, or ring, viscometer has been
constructed for the investigation of interfacial viscosity and it is
shown diagrammatically in Fig. 9.1 Plate 9.1 shows a photograph of
the instrument with the rings lying in the benzene-water interface.

The main feature is a pair of stainless steel rings which are coplanar
and concentric. They are of rectangular cross-section and were made
by turning two annuli from 0.056 cm sheet. The diameters of these
rings were such that they were each 0.08 cm in width, and between them
defined a canal of inrer and outer diameters 11.20 cm and 12.15 cm
respectively, that iz to say a canal width of 0.475 cn. Three support
wires were fixed to each of the rings at approximately 120° interwvals,
and these in turn were fixed to more rigid vertical support rods, as
shown in fig. 9.1, each threaded and shouldered at their upper ends.

To give some degree of flexibility of movement in the vertical plane,
and thereby allow for accurate alignment, small springs are placed on
the shoulders before passing the rods upwards through a support plate,
where they are retained by nuvts on the upper side. This constructional
arrangement can be seen in Plate 9.1. Movement in the horizontal
plane was allowed for in.the support. plate itself, simply by
enlargement of the holes through which the support rods passed. Great

care was taken to ensure that the assembled rings were closely
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concentric and coplanar, =0 that the canal formed between them was of
uniform width. The whole =zssembly was supported on a metal framework
contained in a windowed box, to prevent dust from contaminatiing the

apraratus and allow for its cbservation when in use.

At the beginning of a calibration run the whole assembly
was lifted from its box in order to clean the rings; first with chromic-
sulphuric acid mixture, then tap water followed finally by distilled
water. At the same time a Pyrex glass dish (of  inner diamecter 20.2 cm
and depth 6.3 cm) was thoroughly cleaned and placed centrally on the
turntable. This was filled to a depth of 2.5 cm with aqueous phasge
which had previously been maintained thermostatically at 20°¢. The
ligquid surface was spread with ignited talc and then sucked clean by
means of a capillary connected to a small vacuun pump (a cleansing
operation to remove any stray surfacc active impurities). The ring
assembly was then returned to the shielding box, but first the turntable
height was adjusted(by means of the four levelling screws at each
corner of the baseplate) to make sure that the rings did not reach the
liquid surface. Then the turntable was raised from below so as to
contact the liquid surface with the rings, and adjusted to such a
position that the meniscus within the canal was slightly concave
upwards. This ensured that the talc particles sat in the centre of
the canal and could therefore be readily timed. To minimise any
oscillations of the rotating turntable in the horizontal planc, it
wee supported at its circumference by two pulley wheels in contact with

it from above and below, each wheel carrying O-rings as "tyres'. The
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turntable was driven by a constant speed motor, and with suitable
reduction gearing made one revolution cvery 38 seconds. Set in motion,
it was then necessary to measure the time of revolution of a talc
particle at the centre of the canal. For this clean surface the

average time for one revolution was found +to be 98 seconds.

In order to calibrate the instrument insoluble films of pure
octadecyl alcohol and pure stcaric acid were applied from petroleum
ether solutions. The solutions were injected in small amounts at
various points in the interface by means of the needle of a microsyringe,
the needle having previously been contacted with a separaté clean water

72

surface to remove any excess solution from its tip. Joly has
determined the surface viscosities for these films at various standard
arcas per molecule and these viscosities are given in Table I of
Apvendix D. During the filn spreading operation the turntable was
lowered and after completion raised again to bring the canal rings into
contact with the liquid surface. A small correction had to be made
for the film area on account of the small surface area now being
covered by thc stainless steel rings. The revolution times of the talc
particles in the centre of the canal, in the presence of films of known
surface viscosity, were noted (the average of three. or four complete
revolutions or a half or one revolution for the very long times),

Zach experiment was repeated at least twice and the results were
recorded as "retardations', the difference in revolution times for a

talc particle on a monolayer and on a clean surface. The calibration

curve for the viscometer is shovm in Fig. 9.2; the cxperimental results
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being given in Table I of Appendix 1.

By a fortunate coincidence, when benzene is used as the
organic phase the retardation of a talc particle in the clean interface
was almost the same as that in the canal at the air-water interface.
Rotation times of 106 seconds and 98 seconds respectively were recorded
when the dish was rotated once in 38 seconds. For the water-ethyl
acetate interface the time was 101 scconds. The approximate equality
of the revolution times of the clean air-watcr and oil-water interfaces
in the canal implies that the viscous drag which the rotating oil exerts
on the talc in the canal balances the extra drag excrted on the interface
by the stationary canal walls via the adjacent oil. Consequently the

same calibration curve can be used as for the air-water surfece.

The ring viscometer is sensitive to 1.10—4 sp,y, although its
sensitivity may be incrcased or decreased by decreasing or increasing
the width of the canal respectively. By using different speeds of
rotation, the shear rate could be varied; calibration curves of films
vhose behaviour was known to be purely Newtonian would be required.
One could then use the apparatus to study surface or interfacial films

of which the viscosity was a function of the shear ratec.

9.% Experimental

In order to investigate the variation of surface viscosity
with concentration of the surface active agent, known anmounts of the

standard solutions of the surface active agents were added to the
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agueous phase and the retardation time for the talc particle was recorded
for each different concentration in the aqueous phase. For the case of
solutes the variation of surface viscosity with concentration was
determnined as follows. soluticns containing equilibrium concentrations
of solute in the aqueous and benzene phases were contacted - in a
thermostat bath - and left until eguilibrium had been fully established.
The phases were th?n separated, the concentration of solute in each
checked, and were then used in the viscometer giving a particular values
for the retardation time of the talc particle. The procedure was then

repeated for different solute concentrations in the phases.

Before each experiment all liquids were brought to 20°%¢ and

the apparatus was scrupulously cleaned with chromic-sulphuric mixture.

9.4 . Results

For every run the concentrations of surface active agent or
solute in both phases was noted, together with the revolution time of
the talc particleés (the average of 3 or 4 revolutions). The readings
are‘tabulated in Table IT1 of Appendix D. Figs. 9.3 & 9.4 show th2
variation for the solutes acetic acid and phenol respectively. The
curves for the surface active agents are similar in shape and to avoid
repetition in this part of the text only one is shown, Fig. 9.5; the

rest are given in ¥igs. D.1 to D.4 of Appendix D.
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10. INTERFACTIAL TENSION AND ITS MEASUREMENT

10.1 Apparatus and Procedure

Determinations of interfacial tension as a function of
solute/surface active agent concentrations were carried out using the
drop-weight volume method, the apparatus used bheing showm in Plate 10.1
It comprises a capillary U-tube A B C D with & bend at D . One of
the arms, A B C, is graduated and contains in it a smagll bulb B ,
the volume of the bulb between two zero marks on the graduated scale
being accurately known - 2.343 ml. A glass tip of known diameter -~
0.660 cm - is fixed to the end of the capillary at E by means of a
B7 cone and socket. The tip is contained in a glass vial F which is
kept in position by means of the brass support plate shown. The whole

apparatus can be supported in a thermostat bath by means of the rod H.

Special precautions were taken to ensure that the glass tip
was ground flat. A piece of Veridia precision tubing was joined to a
B7 socket. Using a travelling microcscope, the glass tube was positioned
vertically. It was then surrounded by a 1" diameter brass oylinder
with machined ends. The annulus between the cylinder and the glass
tubing was filled with molten paraffin wax and allowed to set. The
glass tip and brass cylinder were then togethgr ground away with

carborundum powder until the glass tip was flat and sharp edged.

The aqueous phase of known solute or surface active agent
concentration was sucked up into the pipette A B C D , this phase being

used since it will preferentially wet the glass. The organic phase,
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which was in equilibrium with the aqueous one, was poured into the glass
vial F and placed beneath the glass tip so that it was just submerged
in the organic liquid. The vial was then fixed in position by means of
its brass support platc and the whole apparatus immersed in a thermostat
bath at 2500. By meang of the tubing T +the interface of the agueous
phase in the glass tip was adjusted so that it was in the same planc as
the tip, the reading on the graduated capillary -scale being noted.

Drops were then formed slowly (not faster than one every 3 minutes) by
application of slight pressure via the tubing T . Special care was
taken to cnsure that the detachment Qf the drops occurred very slowly.
Drops werce formed wuntil the level of the aqueous phase fell bhelow the
buldb B , when the pressure was removed, the position of the interface
adjusted and the liquid level noted. Hence, from a knowledge of the
number of drops formecd and the differcnce of readings on the graduated

capillary, a mean drop volume wos deduced.

To allow for the fact thet the liquid forming the drop does

not completely leave the tip, a correcction factor given by Harkin584
- . 3 M . . . - s -

was applied, f(r/ V). This function is shown in fig. 10.1. and depends

solely on the ratio of the radius of the glass tip to the cube root of

the drop volume,

The densities of thc aqueous and organic phases were determined
with the use of a specific gravity bottle, and from a knowledge of these
densities, the drop volume and correction factor, the interfacial tension

was calculated using the equation -



V(p' - oM g

- ce 10.1
enr £(x/°/7)
where o = the interfacial tension, in dynes/cm.
p'y p" = densities of heavier and lighter phases respectively
in gm/cm.
g = the acceleration due to gravity, in cm/seo2
T = the radius of the glass tip, in cm,
v = the drop volume, in cc.

the correction factor given in Fig. 10.1.

£(x/°/7)

10.2 Results

The experimental values are given in Table I of Appendix E.
Figs.‘lO.Z & 10.3 show the variation, with acetic acid as the solute,
and Figs. 10.4 & 10.5, with phenol as the solute. The curves for the
surface active agents are similar in shape and to avoid repetition in
this part of the text only one is given here, Fig. 10.6. The others
are given in Figs. E.1l to £.4 of Appendix E. The data of Herkins &
Humphrey85.for the interfacizal tension between benzene and dilute aqueous
acetic acid are in agreement with those obtained and are shown in Fig.
E.5 of Appendix E. Ho literature values could be found for the inter-

facial tension of the system benzene-phenol-watcr.

10.% Dynamic Interfacial Tension

A1l the values of intcrfacial tcnsion referred to above were
static equilibrium values. However, in all mass transfer processes the
phases will not be in equilibrium and therefore some estimation of the

dynamic (or non-equilibrium) interfacial tensions is necessary.
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When two phascs conteining a solute arce freshly contacted the
interfacial tencion will valy with time, because the intcrfacial excess
of solute predicted by the Gibbs adsorption isotherm is not present in a
fresh interface and needs time to build up. The value of this dynamic
interfacial tension at the moment of first contact of the nhases will be
dffected by the rate of increase of the surface excess of solute, by
surface transport and by mass transfer(diffusion). Since there is no
method of calculating this initial value of the dynamic interfacial
tension it has been assumed that the adsorbed layer at thce . interface is
Tormed instantancously, or at least much more quickly than the mass
transfer process. This implies that the interfacial tension at the
moment of first contact between the phases is the static equilibrium
interfacial tension corresponding to the bulk concentration of the phase

from which the mass transfer takes place.

According to the penctration theory, at any time t > 0 the

equilibrium concentrations at the interface arc given by the equations

/DB (CB - cBi) = /Dy (Cpps - CW) ees 10,2

where
DB’ DW are the solute diffusivities in the benzene and
' aguecus phases respectively.
CB’ CW are the bulk concentrations.
CBi’ CWi arc the eguilibrium concentrations at the interfaces

for the benzene and aqueous phases respectively.
If the distribution coefficient m between the phases is given by

the equation CBi = m CWi + b

where b 1is a constant allowing for the possibility that a part of the
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equilibrium curve is & straight line not passing through the origin, then

g - Cy) = /Dg/Dy [CB - (@l 4 b)]

Gyt Sy /Dy/Dy - b /Dy/Dy
" 1 o+ m/Dp/D

10.3
oy ) i Cy + Cy /:DB/:DW + b/m

Bi
/m + /Dp/D

Mt Mt M e e e e S
°
L]

The value of m in thesc equations is that corresponding to the inter-
face concentration and hence these equations must be golved for CWi

and CBi by trial and error.
Corresponding to the concentration at the interface there will
be an equilibrium interfacial tensiom U? anf hence an equilibrium value
of the surface pressure n§ (=cb - c?). e initial dynamic value
of the interfacial tension is token as the equilibrium interfacial
tension corresponding to the concentration of the solute in the bulk of
the henzene phase, g%b s and hence the equilibrium surface pressure
corresponding to this dynamic value will be ﬁ%b (='UO - crﬁb).
The differecnce bectween these two ¥alues of the surface pressure is

termed the "surface pressure difference” Aw , i.e.

LT = n* - ¥ = ¥ - *
Bb i o3 S Bb

For the transfer of solute in the opposite direction, i.c.

from the aqueous continuous phase to the benzene droplet



O = i - ¥ = * . *
Wb i o © Vo
where
i = - * ¥ = - *
Wb (GO UWb)’ i (ob 01)

and o-éb is the equidibrium interfacial tension corresponding to the

solute concentration in the bulk of the aqucous phase, and 0'?

corresponding to the interface concentration of solute.

For the system bengzene-acetic acid-water at 20°¢

Dy = l.92x 1077 cmz/sec Refs. 86,87.

Dy = 0.86x 1077 cn°/scc  Refs. 88,89.
giving

/oo, = [i92/o.88 = 1.8

For the system benzcne-phenol-water at 20°0

Dy = 1.68 x 1072 cmz/sec Ref. 90.

Dy = 0.84x 1077 cmz/sec Ref. 91
giving

/DB/DW = /1.68/0.84 = 1.41

is thet



- 8% -

11, SURFACE COMPRESSIBILITY AND ITS DETERIINATION

11,1 Survey

It may be shown qualitatively with talc particles that the
presence of a monolayer at a liguid-liquid interface greatly reduces
the liquid movements a1t the interface. The monolayexr restrains fresh
liquid from being swept into the interface by cddies and movements

within the bulk of the phase.

Consider a nonolayer present at an interface between two
immiscible solvents A and B , with the surface active solute
mblecules orientated =s shown in ¥ig. 11.1. An eddy from within the
bulk of solvent A causes local movement of surface active solute
molecules from the interface, as shown, by partially clearing the
surface at B and causing compression of the molecules at C and D;
Consequently, owing to the high concentration of surface active solute
molecules at C and D , 2 surface pressure difference Aw will be sed
up which will tend to restore the equal distribution of molecules in the
interface. This "back spreading" surface pressure gradient opposes

and ultimately damps out the liquid novement caused by the eddy.

Quantitatively the variable concerned is the surface

compressional modulus M given by cquation 8.1, page 53

P alam)
Moo= -2

Since this back soreading surface pregssure gradient opposes movement of

the eddy at the interface, it will also oppose surface renewal and hence
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the rate of mass transfer across the interface.

Davies & Mayersso have shown that for insoluble surface active
agents - such as plasma albumen protein -~ the effect of these mono-
layers on the mass transfer rate across the interface in a stirred cell
depends quantitatively on the surface compressional modulus M , and
that this guantity correlates the effect of these monolayers on the

overall mass transfer coefficient.

Our investipation has been made in an attempt to find the
effect of the surfoce compressional modulug on the mass transfer rate
for the case of soluble surface active agents, and more generally to

extend it to solutes.
For a soluble surface active agent the surface compressibility
cannot be measurcd experimentally, and it has been determined by

calculation, both graphically and numerically.

11.2 Graphical Mcthod of Determining Surface Compressibility

This method employs the Gibbs adsorption isotherm to calculate

the value of A ', the interfacial arca available per molecule in the

interface
N do
Ts = "~ &l q(in a) - oo 11WL
where
T = the interfacial excess of solute, i.z. the number

of solute molecules in the interfacial zone less
the number that would be there if the bulk concen-
tration were to extend unchanged up to the interface.
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= the universal gas constant, 8.314 x 10/ erg/deg/mole
= absolute temperature (here 2500, ive. 298.16OA)
the Avogadro Mumber, 6.023 x 1023 molecules/mole.

= the interfacial tension

g qQ = 3 W
Il

= the activity of the solute

Assuming activity to be proportional to concentration, which is wvalid
for dilute solutions, and substituting the numerical values of R ,
T and ¥ in equation 11.1, the following equation was used for the

calculation of T;

T, = 2.42 1013 c %% molecules/cm2 .o 11.2

vhere the units of C and o are moles/litre and dynes/cm respectively.

Hence, by measuring dc/dC from the plot of ¢ vs C , the

surface excess T; was found.

The contribution of the bulk concentration T% was given by

- Fa
b N atc

0

6.023 % 10°%4 ¢ molecules/cm2 T s

It

where 4' is the diametcr of a molecvle in cm and the units of ¢  are

moles/litre.

The diameter of the molecule was given by

3 -
4 _ J/molarNyolume e 11.4

The molar volumes of acetic acid and phenol were calculated using the

92 93

Kepp rule””; the atomic volumes of each constituent c¢lement in the
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melecule being added together. For phenol and acctic acid the molar

volumes were calculated to be as follows

phenol ... 103.4 cm5 acetic acid. ... 6%.8 cm5

which gave in turn valucs for the diameters of the molccules

phenol ... 5.56 x 1078 on acctic acid ... 4.74 x 107%m
comparing favourably with the values of the collision diamcters given
in referenco94.

Thus, the surface concentration of solute molecules was

found from the sum of T1 and T% with the reciprocal of this giving

the surfoce arca available per molecule, A , i.e,
A = /(T o+ T) ..o 11,5
5 b
difference

The surface pressure{Am was then plotted vs A and the

surface compressional modulus calculated as -A@an/dA).

For the solutes acetic acid and phenol, M was calculated
using interfacial concentrations, and in this case Av  was the diff-
erehnce betwecen the interfacial tension corresponding to the
concentration at the interface and that corresponding to the

concentration in the bulk of the phase.

For the surface active agents the surface pressure was taken
as the lowering of the interfacial tension caused by their prosence,
and the contribution due to the bulk TL was neglected since it wasg

negligible compared with T .
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However, this graphical method is suscentible to large errors
involved in drawing tangents to the o ve C and Aw ve A curves, to
evaluate dc/dC and ddv/dA respectively. In order to climinate
these errors an attempt was made to find an equation which would
represent the variation of o with € vwhence the surfacc

compressibility could be determined numerically

11.3 HNumericel Licthod of Determiniag Surface Compressibility

suppese the relotionship between o and € is of the form

o = (e} - o Cn s lla6

where Go is the interfacial tension in the absence of surface active
agent or solute, and o, n are constants. Thus

n

a - c = i1 = o C ) 11.7
0 5
From equation 11.1
T _ N _dc
s RT d(1n a)
i) do
= RT C dC .o llc8
From equation 11.6
do n~-1 N
ac = -naoC .o l.].-j
1 n-1
Therefore, T. = - 5 C(-naC™ )
N n
= nT noC ‘e 11.10

There are two possible cases, depending upon the magnitudes of 1,
’ it S 1Y b

and T; with respect to cach other.
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Case (i) - T% negligible compared with T;

Then equation 11.5 reduces to

A = l/'l—é
= RT/Fnac” ce. 11.11
Now M o= -A(dw/dA)
= -A(aw/ac)(dc/aa)
Trom eguation 11,7
an/ac =  nac®t
and from equation 11.11
aa/ac =  -RT/Nac™*t
. n+l
. Moo= = ne™h, R
NnolC
i.e. M o= ach vee  11.12
Case (ii) =~ T% not negligible compared with T;
i.e. A = 1/(1; + r%)
How T% = N a'c
= a2 C gay where a = N.4!
and T; = N/RT(naCn)
= b " say where b = Tno/RT
. A = 1/(pc™ 4+ al) cer  11.13

. da/dc ~(@be™ L 4 2)/(be™ + ac)?
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‘ n 2
. * Y I‘l{ = nl IlOCCn—l (bc n—-*i aC)
bC™ + aC nbC + a
n-1
i.e. ¥ = pac® |[X-ta ver 11.16
n-1
nbC + a

2.42 lO:I'3 no

6.023 lO20 d!

if C is in moles/litre

Now b = (N/RT) na

- N g

It

and

™
|

1 | nac™ 7+ 2.49 10 %

n%ac™ 1 4 2.49 10-0

e M = noC ve 11.15

Initially it was supposed that the relationship between o

and C was of the form

Il
=
1
3
Q

- o) 11.7

o
Therefore log m = log @ + n log C eee 11.16
and if this relationship holds the plot of log m vs log C should be a

straight line of slope n and giving an intercept of value log «.

For all the surface active agents and for the transfer of
phenol from water to benzene, such a plot gives connected straight lines
of different slope, indicating that the relationship of equation 11.16
holds, but with different values of n and « for each of the two
ranges of concentration in which the straight lines occur (Figs° G.9

to G.14 of Appendix G).
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Por the transfer of acetic acid and phenol from benzene to

water équation 11.16 does not hold and in these cases a different

relationship between o and C was found. Here the plot of

7 vs log C was found to give two straight connected lines of different

slope for the two ranges of concentration (Figs. G.5 to G.8 of

Appendix G). This indicates that the relationship between

C dis of the form

(o5 = o) K
(9; = o) = 7

or more generally
T

Hence and expression for M

From equation 11,18

dg
ac

.. from equation 11.8

T3

from equation 11.3

T

.o A = 1/(T; + Tﬁ)

-n., loz C + a, for range 1

1 1

-n, log C + « for range 2

2 2

-n log C + o

do ~
-n dC(log o)

_u
C
N .80
RT ~ 4C
Nn/RT
wac
1

“ﬁ———————+ . = 1/(a + bC)
RT © °

can be evaluated as

™ and
. e 0 11‘17
e 11.18
follows:
e 11.19
. ® 0 11"—0
cee 11.21'
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where a = n/RT = 2442 1013 n
b = Ndar = 6.023 10°0 a
Now M = -A(am/da) = -A/dn/dc)(4C/dA)
and, from 11.21
dc/aa = - (a2 + bC)g/b
B M = - n{a + bC)/bC cee 11,22
__n(2.42 100 + 6.023 10%ag)
6.023 10°2a1¢C
0.4n° + 10°%narc
= - 10 o v 11023
10-7arc
For acetic acid, a' = 4.74 . 1079 op
-3 2
thus M - . 2:84610 - +_nC ee. 11,24
-8
For phenol, d!t = 5.56 . 10 ~ cm.
(s _5 2
Y
thus M o= - &7el10 5 Y ee. 11.25

Davies & Rideal76 have reviewed the literature on the various
relationships between ©w and C . Using the Kﬁster95 isotherm and

96

the Gibb's equation they have revised Szyszkowski's97 m - C relation
to apply to charsed films at the oil-water interface; and give the
relationship

log = %1og C + log (3k'TK) eve 11.26

where k'is the Boltzmann constant, T the absolute temperature and
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and K is a constant. This equation has been teste using salt
as the electrolyte and a straight line was obtained, of slope 2/3 and
giving a value of 3.14 for the constant, compared with the calculated

value of 3.04.

Por the transfer of acetic acid and of phenol from benzene
to water the relationship cobtained between w and € was similar in
form to that given by Szyszkowski97. For the transfer of phenol from
water to benzene, and for all the surface active agents used, the
relationship between n and C was of the same form as that given
in equation 11.26 above. In both cases the slope of the straight
lines and the values of the constant depended on the concentration

range in which one operated.

11.4 Results

The surface compressibility has been evaluated both graph-
ically and numerically. The latter method has been taken as giving
the more correct values and it is these that have been used. The
results for both methods are given in detail in Tableg I & II of

Appendices F and G,

For the transfer of acetic acid from benzene to water
Figs. 11.2, 11.3% and 11.4 indicate the variation of M“l (evaluated
numerically) with the concentration of acetic acid in the benzene
phase at the interface, and Figs. F.1l., F.2, and I'.3 of Appendix ¥

give the n - A plots which were used for the graphical evaluation
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of M1, Fig. 11.5 shows the dependence for the transfer of phenol from
water to benzene with the corresponding m - A plot given in Fig. F.4

of Appendix F.

The variation of M1 (evaluated numerically) with
cohcentration of surface active agent, CS , is similar for all
surface active agents. Hence only one curve is shown here, IFig. 11.6,
the rest are given in Figs. G.1, G.2, G.3 and G.4 of Appendix G. The
m - A plots for all surface active agents are given in Figs. F.5 *o

F.9 of Appendix F.
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12, BVALUATION OF EXPLRIIENTAL RESULTS

12.1 Method

All the experimentally determined mass transfer coefficients
were calculated on the basis of a constant (initial) driving force, from

the equation

Keg = Q/ A Tp(CB.- -mC)
in

It

VE / AT, eee 12,1

where
Kog= overall mass transfer coefficicnt

Q = total quantity of solute transferred

C = inlet concentration of sclute in the benzenc phase
in

CB = outlet cconcentration of solute in the benzene phase
out

CW = concentration of solute in the aqueous phase
V = +the drop volume
L = the time mean area of onc cycle
E = the fractional extraction

the time of one cycle

W5
|

BHguation 12.1 was used to calculate all mass transfer coefficients

which are given in Tables I & IT of Appendix B.

For dircct comparison with the theoretical mass transfer
coefficient the obove value must be calculated on the basis of =

logarithmic mean driving force, i.e. by substituting for B, the



(CB. - mCW)
in

(CB - ma)
out

L = log

Some recalculated values are given in Chapter 14.

12.2 Specimen Calculation

Run 20: Here € = 0.604M C = O§980M C = 0,819M
W B. B
in out

From the equilibrium curve, Fig. 7.1(see text p. 50) the value of mC_

corresponding to CW = 0.604M is 0.020M. Hence E is given by

CB. - C
in out
B = C -m¢C
B. W
in
- -980 - 081_9_
B .980 - .020
_ 0.161
B 0.960
= 0.168

The time ?p for one complete revolution was 3%.50 sec.
V and A were constent (for all runs) at 0.040 cm5 and 0.1612 cm
respectively. Thus

ke = VE/ AT,

. 040 x 0.168
.1612 x 3.50

= 0.011.8 cm/sec.
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12,3 Errors in the Mass Transfer Coefficient

A, Drop Volume

With the pump micrometer position at 2.00, repeated
determinations of the volume of liquid delivered by the pump gave
variations of the order of 0.5%. Thus, the error in drop volume is

estimated as not cxcecding 1%.

B. Pump Revolution Time

Using a stop-watch the time for 20 revolutions of the pump
was measured to within + 0,1 sec. Hence the possible error here is

not more than 1%.

C. Concentration

Although the usual error involved in the mean concentration
obtained from seven consecutive readings was estimated to be not greater
than 1%, at low values of fractional cxtraction this is greatly
increased and has been estimated to be as much as 8%. Therefore,

allowing for this fact, an error of 5% is estimated as most usual.

D. Time Mcen Arca

Errors are likely to occur in the value of the time mean area,
owing to the fact that the interface of the withdrawn drop might not

always lie in the plane of the nozzle tip.

Let v be the volume between the planc of the nozzle tip and

the interface. Then if V is the volume of the drop end e' the
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error in the area of the drop, e' 1is given aporoximately by

V2/3_ (v - v)z/5
775

= 1 - (l_%)z/B

2y
37

il

2v/3V ees 13,2
How the drop exists on the end of the nozzle for ohly 0.346 of the time
of one pump revolution, hence the error in the time mean area is given
approximetely by

e = % x 0.346 x

= 0.23% ees 1303

¥
U]
V/V is unlikely to exceed 1/8, hence the error

e = 0.23%/8

The error in A is therefore less than 3%

B. Total Lrror

Drop Volume  «v.  oo. 1%

Time ‘e . 1%
Concentration ... .. 5%
Iy i ee. 3%

10%

Therefore experimental valucs as defined by equation 13.1 are concluded

to be within ¥ 10% of the true value.



13, CORMELATION OF RESULTS.

A. Absence of Surface Active Agents.

Investipations were conducted for the systems bensene-acetic
acid-water and bengene-phenol-water, with the direction of transfer
from the benzene to the aqueous continuous phase. In addition, the
latter gysten was investigated with the direction of transfer reversed,

that is to say from the aqueous continuous phase to the benzene droplet.
The dinlet concentration of solute in the benzene phase was
Kept constant and the concentration of solute in the aqueous phase

varied, thus varying the driving force and the interfacial properties.

13.1 Correlation in Terms of Changes in Concentration.

The results for the systems benzene-acetic acid-water and
benzene-phenol-water, with the direction of traansfer from the benzene
to the aqueous phase (Table I of Appendix B), and the latter system with
the direction of transfer reversed (Table I, Appendix B, Runs 144-153),
indicated that the mass transfer coefficient depended on the
concentration in the agqueous phase. fig. 1%.1 shows this dependence
for acetic acid inlet concentrations in the benzene phase of 0.487 ¥ ,
0.980 ¥ , and 1.940 M , and “ig. 13.2 that for an inlet phenol
concentration in the benzene ~hase of 1.78 ¥ , both with the direction
of transfer from the benzene to the agueous phase. Pig. 13.5 shows
the dependence for an inlet phenol concentration of 0.0 M , with the

direction of transfer reversed.
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In all systems the throce regions of mass transfer are clearly
indicated and they were confirmed by visual observation of the interface
during each run. Mg, 13.1 indicates that as the solutc concentration
in the aqueous phase was increzsed so the mass transfer rate decreased
until a critical concentration was reached - which differed for each
benzene phase inlet concentration. Purther increases in the aqueous
phase concentration did not affect the wvaluec of the mass transfer
coefficient, which remained constant at 0.004 cm/sec for the benzene-
acetic acid-water system. This constant value of the mags transfer
coefficient is termed the "diffusional" value, since the transfer over

this concentration range is steady and diffusional in character.

The variation for the benzenc-phenol-water system, Fig. 13.2,
is very similar to the above system, the mass transfer coefficient
decreasing with increasing solute concentration in the aqueous phase.
Owing to the unfavourable distribution coefficient at high agueous
phase concentrations cf solute, no results were obtained beyond an
agqueous phase concentration of 0,072 M . Hence, it is questionable
whether +the mass transfer coefficient is constant in this region as
is shown in Fig. 13.2 (at o value of 0.0018 cm/sec); additicnal points
would be necessary before such a conclusion could be madc. For this

reason the results for this system will not be discussed further,

Fig. 13.3 indicates that as the agueous phasce concentration
of phenol was incrcascd the mass transfer rate remained concvant until

a critical value was reached. Beyond this the transfer rate incgreascd



- 109 -

rapidly with increasing agqueous phase concentration of phenol, and this
increase was accompanied with the onset of turbulence at the interface.
The diffusional value of the mass transfer coefficient was found to be

0.0014 cm/soc.

The dependence of the mass transfer coefficient on the molar
driving force (CB - C%) for the system benzene-acetic acid-water, with
the direction of transfer from the benzene to the agueous phasec, is
shown in Fig. 13%3.4 Tig. 13.5 shows the dependence for the benzene-
phenol-water system with the direction of transfer from the aqueous

continuous vhase to the benzene phase.

It can be secen that both the driving force and the bengene
phase inlet concentration affect the value of the mags transfer
coefficicent. For cach solute inlet concentration in the benzene phase
it is independent of ti:e molar driving force of low value and until a
critical value is reached. Beyond this critical point the ness
transfer coefficient increases with increassing values of the molaxr
driving force. In the case of acetic acid, Fig. 13.4, this incrcase
is extremely rapid, whilst for phenol, IFig. 13.5, the increase is not
so rapid. At sub-critical driving forces the wvalue of the mass
transfer coefficient is comstant at 0.004 cm/sec for all acetic acid
inlet concentrations in the benzene phase; for phenol it is constant

at 0.0014 cm/sec.
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13.2 Correlation in Terms of Surface Pressure Changes.

Another way of cxpressing the results is to plot them as o
function of the change in surfacc pressure, AW . This is here
defined as the difference between the ecquilibrium surface pressure
corresponding +to the composition at the interfaco ﬂ§ (= o, - 0?)

and the cquilibrium surfacc pressure corresponding to the composition

in the bulk of the drvop ¥ (= o - c{g), i.e.

Aw = o¥% ~ o¥ eae 13.1

This model for the change in surfacc pressurc assumcs that the surface
excess of solute is formed instantancously when o fresh interface is
formcd by the arrival there of material with bulk concentration. This
produces a rapid reduction in the interfacianl itension resulting in
movement in the interface. Hence, the propagation of the instability
is assumed to be much quicker than the mass transfer process and the

approach of the interface to equilibrium.

Fig. 13.6 shows the depcndence of the mass transfer rate on
the change in surface pressure for the transfer of acetic acid from
the benzene to agucous phase - for the three different concentrations
of acctic acid in benzene - and for the transfer of phenol from aguscous
to benzene phase (Table I of Appendix H). For the former system it
can be scen that the mass transfer rate is initially constant for all
inlet concentrations in the benzene phase and is independent of the
change in Av up to a2 critical value, Beyond +this critical point

the mass transfer rate increases with increasing Aw , the rate of
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incrcase differing for each inlet concentration in the benzene phase
and the curves diverging from the critical valuc of Aw ., Thus,

it follows that a certain value of the surface pressure must cxist,
in this casc 4 dynes/cm, before the mass transfer rate will increasc.
The curve showing the dependence for the transfer of phenol from
agueous to continuous phase is similer in shape to those described
above. Agein, it can be scen that a certain value of the surfece
pressure must exist before the mass transfer rate will increasc, in

this instance, 11 dynes/cm.

It is obvious from Fig. 13.6 that the above correlation is
unsatisfactory and does not correlatc the mass transfer coefficicents
for the regimes in which the curves are rising steeply. That is to
say, the mass transfer cocfficients in these regimes cennot be brought
together to form o single curve as a function of the change in surface
pressurc (this was also thc casc using the molar driving force as the
indevendent variable). However, this is not rocally surprising since
this change in surface pressure represcnts only the driving force for
the propagation of instability, whereas the resistance to movement in
the interface has not been included. A comjletc description of the
liquid behaviour at the interface can be arrived at only through the
solution of the Wavicr-Stokes equation in wvhich mass itransfer has been
accounted for. But this is hardly possiblc since the behaviour at
the interface is exbtremcly complex. Therefore, another approach had
to be selected and an attenpt has been made to investigate the influence

of certain interfacial propertics on the mass transfer coefficient.
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13.3 The Effect of Interfacial Properties.

In order to compare the relative effects of the interfacial
properties on the mass transfoer coefficicnts, they are plotted with i+t
on the samc graph against the concentration of solute in the agqueous
vhasc at the interfacco. The interfacial propertics used in these
plots are
(a) the "surfacc strain’ to which the interface is subjected,

given by the ratio of the change in surface pressurce to the
surface compressional modulus, i.e. Aﬁ/Mi .
(b) the reciprocal of the surface viscosity, termed the "surface
mobility", 1/nsi.
(c) the group Aﬂ/ﬁsi vhich, by analogy with fluid flow throush
a2 pipe, is a measure of the velocity gradicnt introduced
at the interfece.
A1l value of ﬂsi s Mi s and Aw were determined undcr interfacial
conditions, i.e¢. they corrcspond to the interfacial concentration of

sclute, and are given in Tablc T of Appendix A.

Figs. 13.7, 13.8 and 13%.9 show the variation of mass ftransfer
coefficient Kod y 0f surfoce strain Aﬁ/mi sy 0f surface mobility
l/ﬁsi s and of thc group Aﬁ/nsi, with thoe concentration of acetic acid
in the benzenc phase at the interface, for the three different benzene
inlet phasc concentrations and with the dircction of transfer from the
benzene to the aqueous phasc. From these curves it can be seen that -
the initial sharp decrease in KOd with increasing CWi is

accompanied by a similar decrcasc in Aﬂ/Mi and to a lesser extent by



sty

Surface

Mobility 1/7 x10 (

—x—  An/M s £(C,)
174 —~ 1.2 —o— K =f(C,;:) ‘ 24
o . 20:487 M ' od iy i
{ o 1/7lsi = (Cwi) R
£ D g =f(CWi ) %
15 < 104 : 20 <
C\:Q £
" ~
« o &
13" 0'8‘ -16«— >
-+t 1 o
L R
o =
© D
111 5 06 P NN
o Wrs—C Cnmman
QO G P S < [
. 5 5 B
° .
94 & 041 o 2 o | g «z o o
U S,
(S “—
. \A ; _8
4 . =
7 3 02 \x\A 4 O
§ : \x\
5“ 0 Y T T T T T Y T T
: 02 06 1-0 14 18 2:2 2:6 3-0 34 3-8
Concentration of Acetic Acid in Aqueous Phase at the interface

Cwi (gmol /I)

FIG. 13.7: MASS TRANSFER COEFFICIENT, SURFACE STRAIN, SURFACE MOBILITY,
AND THE GROUF’&W/”ZQAS A FUNCTION OF INTERFACIAL CONCENTRATION




The Groﬁp A-n'/'qsi (dyne/cm/sp)

Tj s W PR =
o & —— AW/M; = f(Cwi) 1-56
. —— K = f(Cy;i)
£ C.. =098 M od wi
v Bin —_ 1 Nei = f(C,,i) 0
Sy : 1.4
“o 20 —a— A = f(C,)
M_g ‘TQ-
4 a2
e 6 .24
® § Q
— v -
Z %
B T 12 L1-08 >
A § =
0 1
c L o
S ‘- H
O 2 [
< S 8- 0-92 =
n 2 o
e 0
v {:_
(¢
O 4' gy ST O ‘0'76 3
P \"\\\A ' v
3 3 | ==
0-60

C ) L] " T t | ¥ 1 ¥ [ 4 L] -

05 1-0 1-5 220 25 30 35 40 4-5 50 55 640

Concentration of Acetic Acid in Adqueous Phase at the interface
Cwi (gmol /1)

FI1G.13.8: MASS TRANSFER COEFFICIENT, SURFACE STRAIN, SURFACE MOBILITY,

AND THE GROUP A’ﬁ‘/‘lz AS A FUNCTION OF INTERFACIAL CONCENTRATION
Sl




St

The Group AW/‘Q _ (dyne/cm /sp)

Concentration of Acetic Acid iIn Aqueous Phase at the interface
| Cwi (gmol/I)

FIG 13.9: MASS TRANSFER COEFFICIENT, SURFACEV STRAIN, SURFACE MOBILITY,

~ 24 1.32
V
¢ —x—  An/M; = f(Cy)
£ \ T R
< 20 ) =Bin T 7Y —e—  1/n = 1(Cy) L1.24
3¢)
Q N
S 2 s
* 16+ L1165
' g
- o ™
<
BS w12 -1-08 2
<q4 3 p
© 3
= §
0 L 8 L1.00
"m‘ n ‘
c 1)
O (9]
s £ ;
5, 41 092 5
[ &) vi w
3 o]
n S .
. . &
0 L3 T T T T T T T 0‘84 c‘g
0 1 2 3 4 5 6 7 8 P
©

AND THE GRO%RJPAT&‘/QSi AS A FUNCTION OF INTERFACIAL CONCENTRATION



- 119 -

a decrcase in An/nsi. On the other hand, the variation of l/nsi
cver this range of CWi is quite small, l/T]si increasing slowly
with increasing concentration of solute in the aqueous phase at the
interface. Hence it appecars that the surfacc mobility, the group
Aw/nsi and the surface strain 2ll affect the mass transfer
coefficient, but the eritically controlling factor is the extent to

which the interface is strained, as given by Aw/Mi.

Tig. 1%.10 shows the dependence of the transfcr of phenol
from aguecous to benzenc phasc. LAgain, it can be scen that the
X - C_. and Aﬁ/M. - ¢ ., are similar in shape and concave upwards.
od wi i wi

Both Kod and Aﬁ/Mi are initislly constant and independent of CW

5
until a critical velue of it is rcached, beyond which both the mass
transfer coefficient and the surface strain increcase more or less at
the same rate. On the other hand, 1/1]Si decreases rapidly over the
concentration range in which the mess transfer coefficient and the
surface strain are constant, but thercafter remains constant whilst
KOd and Aﬁ/Mi increase rapidly. In addition, the Aﬁ/nsi - Cwi
curve is concave downwards, Aﬂ/nsi increasing in the concentration
roange in which the mass transfer coefficient and surface strain are
constant. Thus the surface mobility and the group An/ﬁsi can both

be said to have little or no offect on the rate of mass transfer, the

critical factor being the strain to which the interface is subjected.

In an atterpt to correlate the mass transfcr coefficicnts

in the regimes in which the curves are rising steeply, the coefficientc
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were plotted against the surface strain. Fig. 13.11 shows thc plots
for the ftransfer of acetic acid from benzene to aqueous phase and for
the transfer of phenol from agueous to benzene phase. The curves are
similar in shape to those of Fig. 13.6 and indicate that a certain
value of the surface strain must exist before the mass transfer rate
will increase. However, it is obvious, from Fig. 13%.11l, that the
correlation in unsatisfactory for the regimes in which the curves are

rising steeply.

13,4 New Model of Changes in Surfacc Pressurc.

Since both the correlation in terms of interfacial properties
and that in terms of surface pressure changces - based on the original
model -~ proved unsatisfactory, the only poseibility remaining was thet
this original model was in somc way incorrect. Therefore, a new
modcel has becn developed for cvaluating the changes in surface pressure
when a fresh interface is formed by the arrival there of material of

bulk concentration

In the previous model it was assumcd that the surface excess
of solute was formed instantanecously when a fresh interface was
produced, and subsequently the propagation of the interfacisl instab-
ility was much quicker than the mass transfer process and the approach
of the interfacc to cquilibrium. In the new model it is assumed that
the surfece oxcess of solute is not formed instantaneously but is
built up over a period of time. This means that when surfacc rencwal

from within the bulk of the phase takes place at the interface, the
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surface excess of solutc already existing at the interface is destroyed
and not instantancously reformed. Hence, initially, there will be no
local reduction of interfacial tension and consequently no movement in
the interface. However, the surfoce eXcess now beginsg teo build up
accompanicd with mess transfer between the two phascs, since they arc
not in cquilibrium. Ag this build-up occurs there will be a local
reduction of interfacial tension which will produce movement in the
interface. . The change in surface pressure rcsponsible for this move-
ment will, thercfore, bec given by the difference between the couil-
ibrium surfacc pressure corresponding to the composition of the solute
at thc undisturbed interface (i.e. before this initial mass transfer
Process ) ﬂi (: C, - oi), and that corrcsponding to the composition
at the interfacc after this initial mass transfer process, ni*
(= o, -ai*), i.e.

MUY = MR- mE = g¥ - gl cer 13.2

i i i i

where gi is the cquilibrium interfacial tension corrcsponding to the
composition at the undisburbed interface CWi , and g{* is that
corresponding to the composition at the interface after the initial
mass transfer proccss, C%i . It is assumed that the initial mass
transfer process takcs place between interfacial zones of composition
C. and C,. or C and G ., depending on the direction of mass
wh Bi Bb wi

transfor. This leads to the formation of new interfacial zones of

composition C!'., and C}., which arc in equilibrium.
wi Bi

For the transfer from benzene to agucous phase the values of

Céi were calculated from the equation



- 1
o Gy v OBy - W/DG/Dy 13.3
VJi - LI ) .
1 + ml/Dy/Dy
using a trial and error method. This equotion was obtaincd by

cplacing . a 2quati . age ! 2l .
replacing C . and C_ of equation 10.3 (page 81) by Ciy ond C_.

respectively. For the transfer from aqucous phase to benzene phose

the corresponding equation is

o _ G ¥ Cpy/D/Dy - bl/Dy/Dy 13.4
= i - O «o .
v 1+ m}/Dy/Dy

The form of the results has been to plot o factor T against
the change in surfacc pressure cvaluated on the basis of the above
model (Table I of Appendix I).  This factor F is the ratio of the
nass transfer cocefficlient to its value in the diffusional regime
(which is constant). Fig. 13.12 shows this dependence for the
bonzene;acetio acid-water system, with the direction of trensfer from
the benzene to the agueous phase and for three different benzene inlet
phase concentrations. Allowing for a certain amount of scatter -
particularly in what is termed the transitional regime - the values of
F fall on the same curve. Initially F is eonstant and is independ-
ent of the change in surface pressure up to & critical value of it.

hnl

Beyond this point F  increascs rapidly with increasing An' and the
increase is lincar. Henee, it appecars that a certain value of the
surface pressure differcnce must exist before the mass transfer rate

will increases; in this case the value is approximately 2.0 dynes/cm.
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The results obtained for the transfer of phenol from the agueous to the

benzene phase also fall fairly close to this line.

B. Presence of Surface Active Agents.

With acetic acid transferring from the benzene to the agueous
phase (CB ip cOnstant at 0.98 M and C_ constent at 0 M) investigations
were carried out for the following five surface active agents, all
soluble in the aqueous phase: dodecylamine hydrochloride, Teepol 514,

Manoxol OT, sodium lauryl sulphate and Lissapol N.

15.5 Correlation in Terms of Changes in Surface Active Concentration.

The results (Table II of Appendix H) indicatéd that the mass
transfer rate depended critically on the concentration of surface
active agent in the aqueous phase. Since the dependence for each
surface active agent is similar only that for Teepol 514 is shown here,
the rest comprise Figs. H.1 - H.4 of Appendix H. fig. 13.13 shows
the variation of mass transfer coefficient with concentration in the
aqueous phase of Teepol 514 and with agqueous phase éoncentration of
acetic acid. The mass transfer rate rapidly decreased with increasing
concentration of surface active agent, until the latter reached a
critical wvalue. This critical concentration differed for each surface
active agent but in all cases its value was very small, for example,

20 . 10'6 gm moles/litre for Teepol 514, and 3 . 10'6 gm moles/litre
for dodecylamine hydrochloride. Further increases in the aqueous
phase concentration of surface active agent had no effect upon the value

of the mass transfer coefficient which remained constant at 0.004 cn/sec
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in all cases. Visual observations of the interface during each run
confirmed the change from turbulent transfer - in the absence of
surface active agent - to diffusional transfer with increasing surface

active agent concentration.

13.6 Corrclation in Terms of Surface Prsssure.

The results may be expressed in another form by plotting the
mass transfer coefficients as a function of the surface pressure, which
is here defined as the lowering of interfacial tension caused by the
surface active agents; that is to say 1 = O, =0 where o, ig the
interfacial tension in the absence and o that in the presence of
surface active agent. For each of the five surface active agents the
dependence of the mass transfer rate on the surface pressure is similar,
thus only that for Teepol 514 is given here, Fig. 13,14, the rest appear
in Appendix H, Figs. H.5 - H.8 The plots are similar to those for the
mass transfer coefficient versus the concentration of surface active
agent, and indicate that as the surface pressure increases so the mass
transfer rate decreases rapidly, until a critical value of the surface
pressurc is reached. Further increcases then have no effect on the
mass transfer coefficient, which remains comstant at 0.004 cm/scc, for
all cases. The critical value of surface pressure differs slightly
for ecach surface active agent, varying from 1.0 dyne/cm for dodecylamine

hydrochloride to 2.5 dynes/cm for Manoxol OT.
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1%.,7 Effeect of Interfacial Propertics.

To compare the relative effects of surface compressibility
and surface mobility (the reciprocal of the surface viscosity) on the
mass transfer rate, they were plotted, together with the mass transfer
coefficicnt, against the concentration of surfacec active agent in the
agqueous vhase CS (The expcrimental results are given in Table II of

Appendix H).

The curves are all similar in shape and only that for sodium
lauryl sulphate is given here, Fig. 13.15, the rest form Figs. H.9 -
H.12 of Appendix H. The plots indicate that the rapid decrease in the
mess transfer ceoefficicent with increasing CS is accompanied by a
rapid decreasc in the surface compressibility, for the curves are
similar in shape, whilst cover this samc range of cencentration the
surface mobility decrcases, but not nearly so rapidly. For example,
Fig. 1%.15 shows the bend in the surface mobility curve appearing at
2.5 x 10-6 Tyul mole/litre, and in the surface compressibility curve at
1.0 x 10"6 en nmole/litre; the corresponding bend in the mass transfer
curve appcars at 0.7 x lO_6 gn mdle/litre. Hence, the graphs indicate
thet although both the surface mobility and the surface compressibility

influence the mass transfer rate, thce latter has the greater effect.
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14. DISCUSSION

In the previous chapter it has been shown that for a given
solute concentration in the bengzene inlet phase the mass transfer
coefficient is :independent of changes in surface pressure, up to a
critical value of the surfeace pressure difference. In this region,
termed the diffusional regime, thce transfer is smooth and regular and
takes place by molecular diffusion through the diffusional layer

surrounding the droplet surface (cf Plate 3.1, page 17).

In the diffusional regime the results are in reasonably good
agrecnent with the penetration theory. This was also found by Goltz2
and he has dealt mathematically with the problem of mass transfer by
purc diffusion, from growing drops, and arrived at an cquation for
the mass transfer cocfficient, for actual, non-perfect drops,

Kgq =  3:64/Dn/T see  1ial
where Kbdis the overell mases transfer coefficient, D 1s the
coefficient of diffusion, 1w = 3.142, and %) is the time for one pump

revolution (thc same pumps being used in this investigation).

For the systcn benzene-acetic acid-water the following valucs
of the mass transfer cocfficient were obtained:
Experimental ... ...  0.004 .cn/sec.
Fron equation 14.1 o 0.0048 cm/sec.

For the benzene-phenol-water system the values obtained were



Experimental o 0.0014 cm/sec.

From cquation 14.1 ...  0.0045 cn/sec.

Although the agreement between the experimental and theoret-
ical values of the mass transfer cocfficient for the former system is
very good, that for the latter is poor. A possible rcason for the
discrecpancy in the benzene-phencl-watcr system is that, in addition o
the likely crror in the diffusion coefficicnt (only a single value for
it could be found), thc fractional cxtraction rate was exceedingly
small (of the ordcr of 2% or less). Hence the crrors involved,
particularly in the deternination of concentration changes, could be

very ruch larger than normael.

Although the curves in the diffusional regime are flat and
in good agreement with the penetration theory it was difficult to find
a theory for the regimes in which the curves arc rising steepnly. In
these regimes the mass transfer coefficients were such that they could
not be brought together to form a single curve as a function of any of
the driving force, the change in surface pressure (based on the original
model), or the interfacial properties. However, it has hcen possible
to bring the mass transfer coefficients in these regimes. for the
benzene-acetic acid-water systen, to a single curve as a function of
the change in surface pressure, based on & new model explained in the

precvious chapter.

The results for the pure solutes in the absence of surface



active agents indicate that the surface mobility end the group Aﬂ/nsi
have little or no effeoct upon the rate of mass transfer. Insofar as
the surfoce mobility is concerncd, this is in agrecment with the

50

results of Davies & Mayers using insolublc surface active agents,

and was alrcady predictcd by Stuke69. The controlling factor in the
nass transfer process is the surface strain, given by the retio of the
change in surface pressurc to the surface compressional nmodulus to
which tie interface is subjected, i.e. An/M . %hen the solute
concentration is small 4w/l is large and the interface is easily
strained, that is to say surface rencwal by eddies from within the
bulk phase is relatively easy, and hcence high mass transfer coefficients
arc observed, By contrast, when the solute concentration is high,
Aﬁ/M is small and the interface is not easily strained, i.e. surface
rcnewal is much morc difficult, and mass transfer takes place by
diffusion resuliting in low valuces of the cocfficient. The plots of
K, ogeinst an/¥ (Fig. 13%.11, p.122) indicatc the transition from

the "stagnant layer" diffusional process of Whitman to the general

surface renewal ncchanism of turbulent transfer.

Here it must be rcmembered that in the calculations of the
modulus of compressibility the assumption was nade that the rate of
desorption of solutc molecules at the interface is negligible compared
vith the rate of compression of the molecules. This nay not be
justifiable at high solute concentrations, and in the next chapter -
dealing with rccommendations for futurc work - it is suggested that

this be looked into.
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A nost interesting feature of the effect of soluble surface
active agents on the mass transfer coefficient is that - in all cases
the coefficient in the diffusional regime in the sbsence of surface
active agents has the same value as that in the same regime in their
presence. This provides covidence that the surface active agent has
only & hydrodynamic effect, that is to say it influences the hydro-
dynonic conditions existing at the interface, end presents no dircct
barrier to mass transfer. This has been shown also by Boyce-~

41,42 and Gordon & SherwoodBB.

Christensen & Terjesen
The amount of surface active agent rcquired to reduce the
nass transfer coefficient to ite diffusional value is, for all cases,
extrencly minute, e.g. 2 . 10-6 gn nole/litre of dodecylamine
hydrochloride. This zmount of surface active agent is sufficient to
reduce the cocfficient by approximately 75%. This sharp decreasc in
the mass transfer coefficient is accompanied by a similar dccrecase in
the surface compressibility, whilst over this same range of concen-
tration the surface mobility dccreases, but at o much slower rate.
The indication is that the controlling factor in the masg transfer
process is the surface conpresibility. The surface active agent is
preferentially absorbed at the interface between the two phases and
tends to form a film around the droplet surfacc. Depending upon the
concentration of surface active agent present the surface will have
a ceribain "rigidity" or Velaosticity'. Por very low values of surface

active agent concentration the surfacc will be fairly elastic and
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casily stretched; hence surface rencwal by eddies from within the
bulk of the droplet phase can take place and the mass transfer rate
will rciiedin high. However, as the surface active agent concentration
increases the surface becomes more and more rigid and the eddies are
denped (sce Chapter 11, page 83%) thus cauging the rate of surface
renewal to drop sharply. This will also be the casc with the mass
transfer coefficient. Tventually, at some critical concentration of
surface nctive agent, the whole of the droplet surface will have
become completely covered with surface active agent molecules tightly
packed into the interface, and whon .this situation is reached surface
renewal by cddies is no longer possible. When this occurs nass
transfer can take place only by diffusions then further additions of

surface octive agent have no effect on the mass transfer rate.
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CONCLUSIONS

The main conclusions from the work can be sunmarised as

followss

1.

The cexistence of three different regincs of mass transfer in
liguid-liquid cxtraction - termed the diffusional, eruptive and
turbulent regimes - has been confirmed; the type of transfer
depending on the driving force and the marmitude of surface

pressurc gradients sct up by local surface renewal.

The nmass transfer coefficient in the diffusional reginc is
independent of the solute concentration and of changes in
driving force and surfacce pressure. Its valuce can be predicted

by the penetration theory.

Photographic observations of the interface during mass transfer
in the cruptive rezime, at spceds of up to 3,000 franes per
second, havc confirmed the movements in the interface cxplained
in the text. An initial, tangential, outward movemcnt is
followed by o similar inwerd movencent and, usually, by a normal
gjection of solute into the bulk phase. This presents further

proof for the eruptive mechanisn.

Tor sclutes in the abscnce of surface active agents, the surface
nobility, the group bﬁ/nci y and the surface strain to which
the interface is subjected by eddies and movements in the bulk

phasc, all of these affecct the mass transfer rate. Whereas the



cffect of the first two factors is insignificant, the surfaco
strain critically aifccts the transfer rate. Its value ig given
by the retio of the change in surface pressure to the surface
compressional modulus. A certain valuc of the surface strain

must oxist kefore the mass transfer rate will increasc.

On the basis of a new model for cvaluating the change in surface
pressure at the interface, the mass transfer cocfficients in

the eruptive and turbulent regines cen be broucht together to
form o single curve as & function of the surface pressurc diff-
crence, for the benzenc-zcetic acid-water system with the
direction of transfer from the benzene to the agucous phasc.
FTurther, & certain value of thisg surface pressure difference
must exist, 2.0 dynes/cm in this casge, before the mass transfor

rate will increasc.

Soluble surface active arents have a pronounced effecct on the

ate of mass transfer. If the solute concentration is such that
operation is in the turbulent reginme in the absence of surfacc
active agent, the addition of only a ninutc amount will shift the

mass transfer coofficient into the diffusional regime.

Beyond the critical velue of the surface active agent concentration
required to shift the transfer into the diffusional regime, further
additions of surface sctive ngent have no cffcct on the mass

transfer rate.
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The diffusional valuc of the mass transfer cocfficient in the
abscnce of surface active agent is the same as the diffusional
valuc in its presence. This indicates that the surface active
agent presents ne direct barricr to mass transfer at the interface
but that its effect is purecly hydrodynamic in naturc; i.c. it
influences the hydrodynamic conditions cxisting at the interface
by affccting valucs of surface viscosity, surfece compressibility

and surface pressurc.

The addition of surface active agents has shown that surface
compressibility is an impoertant voriable in inter-phasc transfer,
whereas surface viscosity - although affccting the tronsfer rote -

is not a critical variablc.
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16. RECQMENDATIONS FOR TFUTURL WORK

16,1 Systens Studied

In the present investigation only two systems were studied,
benzeone-acotic acid-woter and benzcne-phenol-water. It is suggested
that meny more systems be studied, varying both the solute and the
solvents uscd. 4t the same tine the effcct of such propertics as

golute diffusivity and viscosity could be determincd.

16.2 Direction of Mass Transfor

The technique uscd in this work is cesily adapteble for a study
of mess transfer from the continuous to the disperscd phasc. In
this work the benzene-phenol-woter systen was the only one studiced in

this way.,

16.% Time of Drop Fornation

It is sugoested that the effect of time of drop formation be
gtudied in coch regime. The shorter the time of drop formation the
greater the degrec of turbulence within the drop; hence there will be

& hicher rate of surface rencwal in turn affecting the value of the

rness transfer coefficient.

16,4 Rate of Compression of Solute lolcculces

Tn the calculation of the surface compressional modulus it was
assumcd that the rote of desorption of solute molecules at the inter-
face was negligible conmparcd with the rate of compression of the

golute molccules. It is suggested that o gquantitative photographic
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analysis be moade of the droplct surface, in an attempt to cstimate this
rate of comprecssion of the solute nolecules and honce to test the

validity of the above assunption.

16.5 Equilibrium Data and Diffusion Cocfficicnts

for accuratc comparision of the results it is essential that
rcliable cquilibrium data and diffusion cocfficients are available.
Dmpirical methods of predicting the latter may not be sufficicently
accurate, since no account is tzken of the variation with solute

concentration.

16.6 Modification for Low Extraction

In order to improve the accuracy at low fractional extraction a
differcntial mcthod of analysis could be used, making use of = spectro-
photometer, which has an accuracy of the order of 1%, for measuring
and comparing the optical densities of the outlet and inlet phascs.

If an optical cecll were incorporatcd in the outlet lince from the second

pump it would permit continuous analysis; and at the sane tine

avoid evoporation during the transfor of samples.
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LIST OF OYMBOLS AND UNITS.

H e o aom st R OPOp oo

R R A H o0 =

e IR

M

N!

N

surface coverage

fine mean area of one cycle
constant

activity of thc solute
constant

constant

constant

concentration

diffusivity

dianeter of nolecule
fractional extraction
Young's Modulus

error

flow rate

acceleration due to gravity

constant

overall mass transger coefficient

nass transfer coefficient
for one phasec

Boltznann constant

thickness of surfacc clements

surfacc conpressional modulus

distribution coefficient
nags flux

nean nass flux

Avogadro number

congtant

constant

total quantity of solute
transferred

Universal gas constant

e a

LI

cm2/molocu1e

2
cn

gn mole/litre
2
cn”/sec

cm
dynes/cm2

cma/soc

cm/sec2

cn/sec

cn/scc

cn

dynes/cn
2
gn nole/cm”/sec

a1 mole/cmz/sec

molecules/nole

g noles

ergs/deg/mole
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Re . Reynold's number
r . radius of nozzle tip
r! . constant
Sc . Schmidt number
Sh . Sherwood number
S . fractional rate of surfacc
renewal
! . constant
. Absolute temperature
T . time for one cemplete
P punping cycle
. time
tr . reterdation
! . constant
u . constant
v . drop volume
v . voluue between nozzle tip
and interface
Z . distance
o . interfacial tension
e . tine of drop formation or
exposure
il . surface pressure
. . surface shear viscosity
w
p . density
TE . gsurface excess of solute
T% . contribution of the bulk
concentration
g(t) ... surface age distribution
suffixcs
b .. in bulk of the vphasc
B .. benzenc phase
C s continuous phasc
d .. dispersed phase
i .. at interface
O os in abscnce of solute or surface o
S we surface active agent

aqucous phase

s e cnl
0]

¢ o I\L

e SecCs

coe secs
“en cm
. o8 Cm3
e Cc

... dynes/cn

e v 0 SCCS

«.. gn/sec (sp)
ces gm/om3
. moleoules/om2

2
... nolecules/cn

2

uperscript

E

eee 2% equilibrium

ctive agent
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APPEITDIX A,
Kev to Results Tebles

oo Tlow ratc of agucous nhase
e tine por puuap rovolution

.o+ molar concentration of inlet benszene
phase

evs Dolar concentration of outlet benzene
phase

««» molar concentration of benzene phasc
at interface

ees cguilibrium noler concentration of
benzene phase

eve cquilibriun nolar concentration of
agucous phase

+oo molar concentration of aqucous phase
at interface

«ss 1nolar concentration of surface active
agent in agucous phasc

si.  overall nass transfer cocfficient
«eo retardation time of talc particle
«+» surface viscosity

.. surfoce viscosity corresponding to
concentration at interfacc

. oo surface nobility

«es  gurface arca available per nolecule
in the interfacc

... surface compressional nodulus
corrcsponding to the concentration
at the interface

.+ surface coupressiocnal nodulus

... surfacc pressurc (= o, - a¥)

«o. cquilibriun interfacial tension in the
prescnce of surface cctive agont

eee eguilibriwn interfacial tension
corresponding to the bulk concentration
in benzenc phasc,

Cma/min
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21 mole/litre
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om molo/litro

cn/sec

secs

grn/sec  (ap)
gn/sec (sp)

sec/en (sp—l)
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cquilibriun interfacial tonsion ‘o
corresponding to bulk concecntration
in agueous phasc
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surface pressure difference PN
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depending con dircction of transfer
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APPENDTX B
Table I -~ Abscnce of Surface Active Aments
Runs 1 ~ 4% ... Transfer of acetic acid from a benzene drop to water
, , 2
ﬁgn FW Tp Cw CB in CB out Koa'lo
1 19.5 3.51 0.000 «496 426 .994
2 19.9 3.50 . 249 . 496 . 440 .816
3 20.3 3.51 -459 . 496 451 .658
4 20.2 3.49 . 750 .496 . 468 421
5 20.0 3,48 764 487 . 458 446
6 18.8 3.52 1.019 A77 . 451 14
7 20.1 3.44 1.030 496 470 409
8 19.9 3.51 1.264 . 471 .43%8 .556
9 21.1 3.49 1.500 496 . 468 LAT5
10 20.4 3.51 1.509 492 468 . 403
11 20.7 3.50 1.825 <496 475 . 380
12 19.2 3.51 2,103 496 474 421
13 19.9 3.50 2.141 484 .462 : 441
14 20.6 3.49 2.645 . 485 46T 431
15 19.7 3.49 2.645 . 484 . 468 . 386
16 20.9 3.52 3.145 A48T 473 LA14
17 20.6 3.50 0.000 . 980 744 1.710
18 19.9 3.50 . 226 .980 . 783 1.43
19 19.9 3.52 426 .980 .801 1.30
20 20.6 3.50 604 .980 .819 1.18
21 19.9 3.50 .770 .980 .8%1 1.10
22 20.9 3.51 <975 .980 . 353 +95
23 20.4 3.50 1.180 .980 .864 .88
24 20.1 3.51 1.398 .980 872 .83
25 19.9 3,50 1.853 .980 . 887 75
26 19.2 3.50 24240 .980 . 902 66
27 19.9 3.50 2.810 .980 .919 .56
28 20.1 3¢49 3.29% .381 .942 416
29 19.3 3.49 3.774 .980 . 945 387
30 19.6 5.50 4.195 . 964 .+ 933 «390
31 20.6 3.50 4.763 .984 . 956 .402
32 20.8 3.50 0.000 1.940 1.393 2.00
33 19.8 3.49 .510 1.940 1.474 1.72
34 20.1 3.50 1.112 1.940 1.551 1.45
35 20.8 3.51 1.603 1.940 1.611 1.25
%6 20.6 3.50 2. 205 1.940 1.698 .951
37 20.4 3.51 2.617 1.940 1.740 .802
38 20.8 3.50 3.720 1.940 1.806 .584
39 19.5 3.51 4,234 1.960 1.872 .399
40 19.6 3.51 4.753 1.940 1.854 419
41 19.5 3.50 5.253 1.970 1.902 . 346
42 20.5 3.50 6.331 1.940 1.875 . 398
43 20.0 3.49 T.438 1.950 1.897 421



Runs 131 - 142 .
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. Transfer of phenol from a benzene drop to water

2
Run FW Ty CW CB in vCB omt Kod.lo
131 20.1 3.50 0.000 1.115 1.035 « 507
132 19.9 .51 . 050 1.114 1.039 522
133 19.9 3.51 .100 1.117 1.071 . 370
134 20.2 3.50 . 200 1.074 1.065 « 200
135 20.2 3.51 0.000 1.797 1.687 432
1%6 20.2 3.51 . 020 1.779 1.700 .0 3523
137 19.9 3.50 . 040 1.785 1.731 .226
1%8 20.0 %.50 . 060 1.789 1.746 185
13%9 19.7 %.50 .011 1.790 1.700 .362
140 20.1 5.51 .030 1.788 1.723% . 258
141 19.9 5.51 .051 1.778 1.727 .215
142 20.1 5.51 Q72 1.782 1.73%9 .186

Runs 144 - 153% ..

Transfer of

phenol from water to a bengene drop.

, ) 2
Fun FW r W CB in CB out kod'lo
144 20.5 3.50 .03 0.000 .0015 142
145 20.0 3.50 . 058 0.000 . 0025 .120
146 20.0 3.50 . 060 0.000 . 0029 .1%3%
147 20.2 3.51 .115 0.000 . 0064 143
148 20.2 3.50 « 150 0.000 .0088 .149
149 20.0 3,50 173 0.000 .0123% .176
150 20.1 3.50 . 230 0.000 . 0245 . 248
151 20.1 3.50 . 250 0.000 .0353 . 525
152 20.2 3.50 . 208 0.000 . 059 455
153 20.1 3.51 e 345 0.000 .103%2 .629
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Table TII - Presence of Surface Active Agents

0f the five surface active agents tabulated below, in each case the
transfer was of acctic acid from a2 benzenc drop to water.

Runs 44 - 51 ... Surface active agent - dodecylamine hydrochloride

6 . 2

Run - %) CW CS.lO CB in CB out -hod.lO
4., 20.3 3.50 0 0.0 1.090 .817 1.775
45 19.9 3,51 "7 0 .75 1.010 .873 . 959
46 19.5 3.52 0 1.5 .990 .895 .679
47 19.6 3.49 0 2.25 . 980 .927 . 383
48 19.8 3.50 0 3.0 .980 .992 . 419
49 20.0 3,49 0 445 . 980 .922 .A19
50 21.2 3.50 0 6.0 .980 .924 . 405
51 21,0 3.49 0 Te5 .980 .923 414

Runs 68 - 76 ... Sur.ace active agent - Teepol 514
68 20.1 3.55 0 0.0 .980 .729 1.790
69 20.7 3.52 0 9.1 1.000 . 917 . 585
70 20.4 3.54 0 22.8 . 990 . 940 <354
71 19.0 3.54 0 45.6 . 990 . 935 . 390
72 20.7 3.50 0 68.5 . 992 . 935 « 406
13 20.6 3.50 o) 91.3 . 991 .93%5 « 400
74 20.4 3.51 0 136.9 .987 934 + 380
5 20.2 3.51 0 182.5 . 990 .929 440
76 20.7 3.51 0 228.2 1.002 944 . 408
Buns 104 - 112 ... Surface active agent - Manoxol 07

104 20.1 3.50 0 0.0 . 986 127 1.830
105 19.9 3.51 0 0.3 . 981 .842 1.001
106 20.0 3.51 o) 0.75 . 983 .876 LT70
107 19.9 3.51 0 1.5 . 996 .919 . 546
108 20.1 3.52 0 2.25 .985 .924 .436
109 20.2 3.50 0 3.00 . 992 . 939 . 585
110 20.0 3.50 0 150 1.012 .968 . 309
111 20.0 3.51 0 6.0 1.012 .964 . 335
112 20.0 3.48 0 7.5 1.012 .966 . 324
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Runs 113% - 121 ... Surface active agent - sodium lauryl sulphate
6 , 2
Run Fo Tp C, Cs.lo CB in CB out kod.lo
113 19.9 5.50 0 0.0 .980 -134 1.780
114 20,5 5.50 Y 0.3 991 .899 .657
115 19.9 3.52 o 0.75 .980 915 46T
116 20.1 5.51 0 1.50 .991 .922 .491
118 20.1 5.51 0 5.00 .991 .928 .49
119 20.0 3.51 0 4.50 <991 935 - 599
120 20.0 5.50 0 6.00 1.051 <956 $if12
121 20.1 5.50 0 T.5C 1.018 .965 . 369
Rung 122 - 130 ... Surface active agent =~ TLigsapol 1l
122 20.2 %450 0 0.0 .980 . 740 1.7%6
123 20.1 5.50 0 4.7 1.010 .928 . 505
124 20.3 3.52 0 1.8 1.010 .950 . 419
125 . 20,0 3.52 o 2345 1.010 :953 <398
127 20.0 3.50 0 47.1 . 968 <944 . 315
128 20.0 5.50 0 70.6 .990 937 . 580
129 20.2 5.49 o 94.2 <987 . 929 <420
130 20.5 3.50 0 117.9 .998 . 944 « 390



APPENDIX C
Teble T - dquilibrium Data for the System Benzene-Acetic Acid-Water
Before Contacting At Dguilibrium
CB C1V Refractometer C% C% Volunetric
| ' Reading Analysis
gives C¥
w
« 255 0 19 52 10 . 005 «250 <249
« 512 0 19 51 40 . 011 - w501 .500
. 875 0 19 50 50 .025 . 550 .850
1.115 0 19 50 00 .. 040 1.075 1.070
1.516 0 19 438 25 .066 1.450 1.45
1.740 0 19 46 27 . 091 1.649 1.645
2,110 0 19 45 36 .110 2.000 2.005
2.389 0 19 43 58 .139 2.250 2.25
2.719 0 19 41 59 170 2.549 2.54
3.010 0 19 39 30 .210 2.800 2.798
3.620 0 19 35 46 <270 3.350 3.35
4.750 Q 19 24 45 «450 4.300 4.305
6.125 0 19 14 43 .615 5.510 5.505
T.365 0 18 59 40 .860 6.505 6.505
8.371 0 18 49 12 1.031 7.340 7330
0 18 32 40 1.300 8.250 8,228

9.550
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Teble II - Egquilibrium Data for system Benzenc-Phenol-Vater at 2500
Before Contacting At Fguilibrium Sample of Seod.
Organic Thios. PR
Phase soln, Titration
taken reqd. Difference .
Cq Cp 3 Ca (mls)  (mls) (mis) -0y
.0 0 0.0 . 000 5 53.1 0.0 . 000
. 030 0 . 020 . 010 5 50.35 2.75 . 009
103 0 . 073 . 030 5 43,80 9.30 .031
.180 0 .130 . 050 5 38.10 15.0 . 050
. 256 0 .185 071 5 30.60 22.5 .075
.319 0 . 234 . 085 5 29.10 24.0 . 080
410 0 . 300 .110 5 20.70 32.4 .108
.532 0 .392 . 140 2 35.95 17.05 .143
645 0 .480 .165 2 32.70 26.4 170
1.005 0 .800 . 205 1 40.50 12.6 . 210
1.777 0 1,502 . 275 1 %6.10 17.0 . 283
3.160 0 2,803 « 357 1 32.30 20.90 . 348
4.725 0 4.30 425 1 28.50 24.6 .410
6.085 0 5.60 . 485 1 25.00 28.1 . 469
7.022 0 6.50 .522 1 22.70 30.44 .508
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APPENDIX D

Table I - Viscometer Calibration Results - Air-tiater interface
/
Tls.lOr Time for 1 rev. Mean tr
Substance (sp) (secs) (secs secs)
928 92 98 98
! 100 9 95 97
Clean water 98 100 102 100
100 97 101
o}
Stearic Acid at 23 AZ 125 125 125 125 27
on 0.01 ¥ HC1 2.3% 126 125 124 125 27
123 124 124 124 26
o}
Stearic Acid at 20.1 A2 145 146 145 145 47
on 0.01L N HC1 6.25 150 152 151 151 53
149 148 150 149 51
o}
Stearic Acid at 20.1 A2 193 196 196 195 97
on 0,001 N HC1 11.6 190 193 196 193 95
194 195 195 195 97
Octadecyl Alcohol at 276 279 279 278 180
2 44,0 265 269 273 269 171
NI Ter g
20.8 %% on 0.01 ¥ HC1 200 290 207 cor s
Octadecyl flcohol at 565 570 569 568 476G
02 g 380.0 553 572 569 558 460
20.8 A on distilled
water 568 570 566 568 470
Clean Benzene=-Water interface
Revolution times of talc particle: 105 108 103 110 105 106
. . mean time = 106 seconds
Clean Ethyl Acetate-Water interface
Revolution times of talc particle: 100 102 98 99 105 103
.°. mean time 101 seconds
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Table II -~ Surface Viscosity Results

A, 3Benzene-Acetic Acid-Water System

Mean
Revolution
0% ox Time of Talc % ns'lo
v B Particle Tr Sp
. 238 .0053% 112.0 6.0 .58
764 .021 115.5 9.3 .87
1.49 .051 115.0 9.0 .85
1.656 . 086 114.7 8.7 .80
1.999 116 115.7 9.7 .90
2,406 . 159 116.3 1C.3 .98
2.810 . 204 115.7 9.7 .90
3.650 . 320 116.3 10.3 .98
4,300 418 116.6 10.6 1.00
. 500 011 114.3 8.3 .14
. 100 .003 109.3 3.3 35
. 000 . 000 106 - -
B. Benzene-Phenol-~-Vater Lystem
.010 .022 121 15 1.%6
.020 046 123 17 1.57
.030 073 122 16 1.49
.040 099 123% 17 1.57
. 050 126 123 17 1.57
. 090 <239 123 17 1.57
.110 . 300 124 18 1.68
. 005 .010 120 14 1.30
. 002 . 004 123 7 .68
. 004 .008 117 11 1.0
.020 .046 123 17 1.57
070 .182 123 17 1.57

. 000 . 000 106 -




C. Surface Active Agent - Dodecylamine Hydrochloride
Mean
Revolution 4
. M .1C
6 Time of Talc s™T.
Cg- 10 Particle tr Sp 1/ns
.90 108 2 .20 5.0
1.80 109 3 .33 3.03
2.70 111 5 <50 2.0
3.60 118 12 1.10 .91
4.50 120 14 1.29 LT75
5.40 121 15 1.33 .75
6.30 122 16 1.49 .67
7.20 121 15 1.33 .75
8.1C 122 16 1.49 67
0.00 106 - - -
D. Surface Active Agent - Teepol 514 -
13.7 110 4 .40 2.5
27.4 . 115 9 .80 1.25
54.8 129 23 2.C4 +49
82.2 136 30 2.70 <57
109.6 137 31 2.80 .+ 36
137.0 138 32 2.92 34
164.4 140 34 3.17 . 52
191.8 139 33 3.02 .33
C.C 106 - - -
B. Surface Active Agent - lanoxol OT
42 111 5 .50 2.0
.84 112 7 .58 1.72
1.26 115 9 .80 1.25
1.68 118 12 1.15 .88
2,10 124 18 1.67 .60
2.52 123 17 1.61 62
3.36 124 18 1.67 .60
4426 125 19 1.73 .58
5.04 126 20 1.84 .54
5.88 127 21 .51

0.0 106

1.95



T, Surface Active Agent -~ Lissapol N

HMean )
’ Revolution 1 104
Time of Talc e
€50 10 Particle by Sp 1/ﬂsv
8.9 119.5 13.5 1.25 +8
17.9 126.0 20.0 1.76 .h8
26.9 128.5 22.5 2.00 .50
35.8 129.5 23.5 2.09 .48
44.8 123.5 17.5 1.54 .65
53.7 128.5 22.5 2.00 .50
71.6 129.5 23%.5 2.09 .48
£9.5 129.0 23.0 2.04 49
107.4 131.0 25.0 2.20 .45
4.5 115.0 9.0 .80 1.25
0.0 106.0 - - -
G. Burface Active Agent - Sodium Lauryl Sulphate
0.6 111 5 50 2.0
1.2 110 4 40 2.5
1.8 113 7 67 1.49
2.4 117 11 1.07 0.93
3.0 121 18 1.67 0.60
3.6 124 18 1.67 0.60
4.8 127 21 1.85 0.54
6.0 124 18 1.67 0.60
0.0 106 - - -
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APPENDIX T

Interfacial Tension Results

A+ Benzene-Acectic Acid-Water B. Benzene-~Phenol-Water
System System
R o5 c*
. 000 . 00C 34,2 . 000 . 000 37.5
. 005 «226 31.5 . 020 .010 35.8
. 0095 426 29.7 .073% . 030 33.8
015 . 604 28.4 130 .050 30.9
.021 770 27.4 185 071 29.15
. 032 .925 26.1 234 . 085 272
. 046 1.186 25.0 «300 .109 25.15
. 059 1.%48 24.0 .392 . 140 24.45
.100 1.853 21.9 . 480 .165 22435
. 143 2,240 20.4 . 700 .195 18.0
. 206 2.810 18.3 1.11 240 13.1
.270 34293 16.5 2.00 « 309 11.1
. 335 3.774 15.3 1l.412 266 1%.5
« 400 4,195 1l4.2 1.732 .286 12.4
+ 480 4.763 12.9
575 5.253 11.8
. 782 6.331 9.7
1.057 T.438 17
C. BSurface Active Agent D. DSurface Active Agent
Dodecylamine Hydrochloride Sodium Lauryl Sulphate
6 6
Cs.lo o* CSiiP i
« 00 35.2 .00 35.2
<75 3445 30 35.1
1.5 34.2 £ 15 34.75
2.25 33.9 1.5 34.4
3.0 33.6 3.0 33.75
4.5 33.5 4a5 33.2
6.0 3%.0 6.0 32.85
1.5 32.7 T.5 32.5




Surface Active Agent

E. Surface Active Agent

Teepol 514 Liccapol N
¢ .104 g% c .1O5 o*
S 8
. 000 35.1 . 000 35.2
.091 24.0 471 34.2
.228 2.7 1.179 33.25
-456 50.9 2.355 51.5
.685 28.9 4.71 29.75
913 27.15 7.065 28.55
1.369 25.2 9.42 28.0
1.825 22.45 11.79 277
2.282 22.2

F. Surface Active Agent
Manoxol OT

(@)

C_.10 o*
0.0 35.2
0.3 24.0
0.75 4.2
1.5 24.1
2.25 33.9
3.0 31.8
4.5 31.2
6.0 30.9
7.5 29.8
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APPYNDIX T

Compressibility Data -~ Gravhical Method of Bvaluation
Table I -~ Absence of Surface Active Agents
Rurns 1 -~ 16 ... Transfer of icetic Acid from Benzene Drop to Water - CB in constant at 0.487 M
: oﬁ% = 12.3% dynes/cm.
1{1&i
(cf - o%) o84 10 1 A
Run - Coy Cay o¥ = A A,.1077 a(am) A df[‘m‘)‘ N,
1 . 000 .690 .02 27.9 15.6 249
2 » 249 .96% .031 26.2 13.9 i71 - 53.4 L3512 3.2
3 . 459 1,172 .045 25,2 i2.9 126 - 26.6 211 4.7
4 « 750 1.419 .063 23.9 11.6 100 - 17.1 171 5.8
5 .64 1.460 . 066 23.7 11.4 97.1 - 16.7 172 57
6 1.019 1.700C .088 22.6 10.3 82.4 - 9.0 «109 9.2
7 1.030 1.718 091 22.5 10.2 81i.5 - 9.0 110 9.1
8 1.264 1.954 111 21.6 5.3 17.9 - 7.5 .096 10.4
9 1.500 2.150 134 20.7 8.4 69.8 - 5.0 072 13.9
10 1,509 2.160 .135 20.7 8.4 69.6 - 3.64 .052 19.3
11 1.825 2.460 167 19.6 7.3 65.1 - 2.86 .044 22.8
12 2.103 2.720 .194 18.6 6.3 62.7 - 2.14 034 29.4
13 2,141 2.758 .198 18.5 6.2 63.1 - 2.14 . 034 29.4
14 2,645 3.223 . 260 16.9 4.6 59. - 1.25 . 021 47.6
i5 2,645 3.223 « 260 16. 4.6 2 59.6 -~ 1.25 .021 47.6
16 3.145 3.69 <525 15.6 3.3 57.9 - 0.77 .013 77.6C

- 0LT -



Runs 17 - 31 ... Transfer of Acetic Acid from Benzene Drop to Water - C, . constant at 0.98 M

B
(For column heads see previous page) . oib = 8.0 dynes/cm.

17 » 000 1.43 . 462 2%.9 15.9 101.5

18 . 226 1.67 . 085 22,9 14.7 83.8 - 10.6 126 T+9

19 426 1.85 .100 22.0 14.0 T7.8 8.1 .104 9.6

20 .604 2.01 .120 21.3 15.3% 7%.3 - 6.2 . 084 11.9

21 770 2.17 .136 20.7 12.7 69.6 - 5.4 LOT77 13.0C

22 <975 2.35 +153 20.0 12,0 66.5 - 4.0 . 060 16.7

23 1.180 2.57 <179 19.2 11.2 63.9 - 2,86 .045 22.2

24 1.3%98 2.74 .195 18.5 10.5 62.6 - 2.2 ©L035 29.6

25 1.853% 2.96 . 223 17.8 9.8 61.2 - 1.67 027 27.0

26 2.240 3.51 . 300 16.1 8.1 58.2 - .79 .013 77.0

27 2.810 4,05 . 379 14.5 6.5 5T7.5 - .13 .003% 334.0

28 3.293 4.50 . 448 13.6 5.6 57.8 0.0 .000 oo

29 3.774 4.94 .578 - 12.6 4.6 58.3% 0.0 .000 oo}

30 4.195 535 .589 11,7 3.7 58.5 0.0 .000 o

51 4,763 5.85 .681 10.7 2.7 59.5 0.0 . 000 00

Runs 32 -~ 40 ..., Transfer of Acetic Acid from Benzene Drop to Water - CB in constant at 1.94 M
. dgb = 4.2 dynes/m

32 . 000 2.76 196 18.5 14.3 63.6

33 .510 3.28 .269 16.7 12.5 59.0 - 1.25 .021 47.6

34 1.112 3.69 0325 15.6 11.4 57.9 - .42 . 007 14.%

35 1.603 4423 . 403 - 14.72 10.0 57.6 0.0 . 000 oo

36 2.205 4.76 . 489 13.0 8.8 57.9 0.0 . 000 W

37 2.617 4.94 .519 12.6 8.4 58.4 0.0 + 000 o'e)

38 3,720 6.21 » 753 9.9 5.7 53.8 0.0 . 000 ooy

39 2.234 6.71 .871 9.0 4.8 59.5 0.0 .0C0 @®

40 4.T53% 7.2 997 8.2 4.0 57.0 0.0 ool

. 000
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1/,
(ox - o%) Lok o -l 4
cum Co Cs o ¥y ¥ = A% A,.10 a(ar) 10 A d(aw)
143 . 000 .000 375 375 0.0 00 - 0]
144 .03%0 .0015 33.5 36.5 3.0 408 - 100 246
145 .058 L0141 30.3 35.4 5.1 222 - 5 .203
146 .060 0147 30.0 35.4 5.4 214 - 42 .196
147 .115 . 0263 24.5 3%.8 9.3 125 - 14.6 .117
148 .150 .0335 21.4 33,0 11.6 94.6 - 9.25 . 097
149 173 .0%84 19.5 32.4 12.9 89.9 = 8.0 .089
150 « 230 0505 15.4 50.9 15.3 71.5 - 6.0 . 084
151 « 250 . 0550 14. 30.5 16.2 66.7 - 5.61 .034
152 .288 . 0630 12.0 29.5 17.5 60.0 - 5.22 .087
153 .345 .0725 9.1 28.5 19.4 54.1 - 4.61 . 085

-2L1 -
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Table II -~ Presence of Surface Active Agents

Of the five surface cetive agonts tabulated below, in cach case the transfer was of acotic acid
from o vonzene drop to water, with CW = 0 and CB in T 0.980

Runs 44 - 51 ... Surfacc active agent - Dodeccylenine Hydrochloride
o=

Ran cy-10° o (0q - o) 413 G0 -l 1
44_ 0.0 34.94 0.0 0 0.0 QO
A5 .75 34.56 .38 1.28 - .24 .31 3.2
46 1.5 34427 67 <755 - .91 .69 1.45
47 2.25 34400 .94 .519 - 1,87 .97 1.03 )
4 3.0 33.78 1.16 . 404 - 3.2 1.29 T7 s
49 4e5 33.36 1.58 «33 - 6.6 2.18 .46 3
50 6.0 3%.00 1.94 279 - 8.6 2.4 A2 '
51 7.5 32.75 2.19 . 264 -~ 12.0 3.17 o 31

Runs 68 - 76 ... Surface active agent - Teopol 514

68 0.0 35.1 0.0 foo) 0.0 0
69 9.1 34.0 1.1 .44 - 2.2 .97 1.03
70 27.8 32.7 2.4 .198 - 8.4 1.66 0.6
71 45.6 30.7 4ed .108 - 44,0 4.73 .21
72 68.5 29.0 6.1 . 083 - 107.0 8.9 W11
T3 91.3 274 7.7 .069 - 170.0 11.6 . 086
T4 136.9 2.8 10.3 . 055 - 220.0 12.1 . 083
75 182.5 22.7 12.4 055 - 220.0 12.1 .083
76 228.2 21.53 135.8 063 - 320.0C 20.0 . 050



Runs 104 - 112 ...

Surface active agent -

Monoxol OT

104
105
106
107
108
109
110
111
112

Runs 113 - 121

w
1.43
.62
.32
.23
.194
«149
.132
.12

(For column heads see previous page)

.26

.98
4.6
10.5
15.0
28.5
38.0
50.7

Sodiun Leuryl Sulphatc

113
114
115
116
118
119
120
121

Runs 122 ~ 130

98]
2.3
«99
«551
«365
.306
. 288
257

Ligsapol N

122
123%
124
125
127
128
129
130

0.0 35.1 0.0
C.3% 34.72 .38
0.75 3443 .8
1.5 33.64 1.46
2.25 3%.,01 2.09
3.0 32.45 2.65
4.5 31.5 3.6
6.0 30.64 G446
Te5 29.9 5.2
.+ burface active agent -
0.0 35.27 0.0
+3 35.05 .22
.75 34.81 46
1.5 34.41 .86
3.0 3%.75 1.52
4.5 33.7% 2.04
6.0 32.84 2.43
7.5 32.47 2.8
... Surface active apent -
0.0 35.2 0.0
4.71 34.25 0.95
11.79 33,2 2.0
23.55 31.7 3.5
47.1 29.75 5.45
70.65 28.6 6.6
94.2 27.98 7.22
117.9 27.6 7.6

.526
. 252
.172
148
.145
.194
<247

L2144
«39
1.92
5.57
9.0
12.5
18.0

1.11

- 57.5
- 100.
- 100.
- 282,

- 93.

0.0
37
.61

1.47

2.43

2.91

4.16

5.01

6.1

(e8]
2.7
1.64

.08

.41

032

28

.20

.16
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APFENDIX G

Compressibility Data - Numerical liethod of Evaluation
Table T ~ Absence of Surface Active Agents
Runs 1 - 16 ... Transfer of Acetic Acid from Benzene Dron to Water - CB in constant at 0.487 M
BN o %y = 12.3 dynes/cm.
An = -1
Run CW CBi G? (Oi " Gﬁb) tog CBi 0 I.""Ei I"Izi
1 G.0 .02 27.9 15.6 - 1.7 - 8.1 5.35 .187
Z « 249 031 26.2 13.9 -1.51 8.1 6.31 .159
3 . 459 «045 25.2 12.9 1.35 8.1 6.86 . 146
4 750 . 063 23.9 11.6 - 1.20 - 8.1 T¢23 .138
5 764 . 066 23.7 11.4 - 1.18 - 8.1 725 .138
6 1.019 .088 22.6 10.3 - 1.06 - 8.1 8.72 .115
f 1.030 .091 22.5 10.2 - 1.04 - 8.1 8.70 115
8 1.264 111 21.6 9.3% 0.95 - 13.6 12.2 .082
g 1.500 134 20.7 8.4 0.87 - 13.6 12.4 .081
10 1.509 .135 20.7 8.4 - 0.87 - 13,6 2.5 .080
11 1.825 .167 19.6 7.3 - 0.78 - 13.6 12.7 079
12 2,103 .194 18.6 6.3 0.71 - 13.6 12.8 .078
13 2+.141 .198 18.5 6.2 0.70 - 13.6 12.8 078
14 2.645 « 260 16.9 4.6 - 0.59 - 1%.6 13.0 LOT77
15 2.645 .260 16.9 4.6 - 0.59 - 1%.6 13.0 LOT7
16 3.145 .325 15.6 3.3 - 0.49 - 13.6 13.1 CT6

{
1
i
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Runs 17 - 31 ... Transfer of Acetic Acid from Benzene Drop to Water - C., . constant at 0.980 K

B in
(For column heads see previous page) BN oﬁb = 8.0 dynes/cm
17 0.0 062 23%.9 15.9 - 1l.21 - 11.1 9.45 +106
18 . 226 . 085 22.7 14.7 - 1.07 - 11.1 1l.2 .089
19 426 .100 22.C 14.0 - 1l.C0 - 11.1 11.5 .087
20 604 .120 21.3% 13.3 - 0.92 - 11.1 11.6 .086
21 .T70 .13%6 20.7 12.7 - 0.87 - 11.1 11.7 . 085
22 975 .153% 20.6 12.0 - Q.82 - 11.1 11.8 . 085
23 1.180 179 19.2 11.2 - 0.75 - 11.1 1l.9 . 084
24 1.398 .195 18.5 10.5 - 0.71 - 14.15 11.6 . 086
25 1.853 . 223 17.8 9.8 - 0.65 - 14.15 11.7 .085
26 24240 » 300 16.1 8.1 - 0.52 - 14.15 11.9 .084
27 2.810 - 379 14.5 6.5 - 0.42 - 14.15 12.1 . 083
28 34293 .88 13.6 5.6 - 0.3%5 - 14.15 12.1 » 083
29 3.774 .518 12.6 4.6 - 0.29 - 14.15 12.2 082
30 4.195 . 589 11.7 3.7 - 0.23 - 14.15 12.2 .082
31 £.763 .681 10.7 2.7 - 0.17 - 14.15 12.2 .082
Runs 32 - 40 ... Transfer of Acetic Acid from Benzene Dromn to ‘ater - CB in constant at 1.94 1 -
o ogb = 4.2 dynes/cm
32 0.C .196 18.5 14.3 - 0.71 - 15.3% 14.3% . 070
33 .510 . 269 16.7 12.5 0.57 - 15.3 14.5 . 069
34 1.112 325 15.6 11.4 - 0.488 - 15.3 ' 147 .068
35 1.603 » 403 14.2 10.0 - 0.395 - 15.3 14.8 .068
36 2.205 . 489 13.0 8.8 - 0.311 - 15.3 14.9 .067
37 2.617 .519 12.6 8.4 0.285 - 15.% 14.9 067
38 3,720 . 753 9.9 5.7 - 0.123% - 15.3% 15.0 067
39 Ge23%0 2,371 9.0 4.8 - 0.06 - 15.3 15.0 .067
40 4,753 . 997 3.2 4.0 - (.001 - 15.3 15.0 067
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Runs 143 - 153 ... Transfer of Acetic Acid from Water to Benzene Drop -~ C. ., constant at 0.0 M

B in
A = -1

Run CW CWi o@b U? o¥ - Oéb log CWi log Lw n log o lcg Mi Mi Mi
143 . 000 . C00 37.5 37.5 0.0 - o - o 0.0 o)
144 . 030 . 0075 33.5 36.5 3,0 =~ 2,125 JATT .894 2.38 .480 3,02 . 330
145 . 058 .0141 30.3 35.4 5.1 - 1.851 . 707 «894 2.38 . 728 5.34 187
146 .060 0147 30.0 35.4 5.4 -~ 1.863 732 .894  2.38 .716 5.20 192
147 .115 .0263 24.5 33.8 9.3 - 1.580 .968 .894  2.38 .969 9.31 .107
148 .150 . 0335 21.4 33.0 11.6 - 1.475 1.064 .894 2.38 1.061 12.80 . 078
149 .173 .0384  19.5 32.4 12.9 - 1.416  1.111 .894 2.38 1.117 12.9 077
150 . 230 . 0505 15.4 30.9 15.5 - 1.297 1.190 .600 1.968 1.189 13.2 .076
151 <250 . 055 14.3 30.5 16,2 - 1.260 1.209 600  1.968 1.213 13.2 .076
152 . 288 .063 12.0 29.5 17.5 - 1.201 1.243 .600  1.968 1.247 13.3 .CT75
153 . 345 .073 9.1 28.5 19.4 1.140  1.258 .600  1.968 1.284 13.4 .O75
Table II - Presence of Surface Active Agents

Of each of the five surface active agents tabulated below, in each case the transfer was of
acetic acid from a benzene drop to water, with ¢ =0 and C_ . = ©.980 1.

w B in

duns 44 - 51 ... Surface active azgent - Dodecylamine Hydrochloride
Run CS.106 5 n log log O, n log ¢ log M M T
44 0.0 34.94 0.0 - - - 0.0 w
45 0.75 34.56 .38 ~ W42 - 6.45 .81 4.54 - W42 .38 2.64
46 1.5 34.27 MY - .174 - 5.824 .81 4.54 - .18 66 1.52
47 2.25 34.00 .94 - 027 - 5.648 .81 4.54 - .03 .93 1.08
48 3.0 33.78 1.16 -~  .064 - 5.523% .81 4.54 .04 1.10 91
49 4.5 33.3%6 1.58 .199 - 5.347 .59 3435 19 1.55 .64
50 6.0 33%.00 1.94 .288 - 5.222 .59 3.35 .26 1.82 .55
51 T.5 32.75 2.19 . 340 - 5.125 .58 3.35 32 2.09 .48

_98-[..



Runs 68 - 76 ... Surface active agent - Teepol 514.
Run CS.10_6 & n log w log C n log o log H __g' ot
68 0.0 35.1 0.0 - - - 0.0 ®
69 9.1 34.0 1.1 041 - 5.04 . 833 4.23 .14 1.10 .91
70 22.8 32.7 2.4 . 380 - 4.642 833 4.23 37 2.34 .43
T1 45.6 30.7 4.4 643 - 4,341 .833 4.23% .62 4.17 .24
T2 68.5 29.0 6.1 . 185 - 4.165 .83%3 A.23 .15 5.62 .178
T3 91.3% 27.4 TeT .886 - 4.040 .83%3% 4.23% .87 T.41 «135
74 136.9 24.8 10.3 1.013 -~ 3,864 .609 3,36 1.00 10. .100
75 182.5 22.7 12.4 1.093% - 3.739 .609 3,36 1.08 12.02 . 083
76 228.2 21.3 1%.8 1.14 - 3,642 .609 3,36 1.20 15.85 .C63
Runs 104 - 112 . _durface active agent - Ianoxol OT
104 0.0 35.1 0.0 - ® - w 0.0 o
105 0.3 34.72 0.3%8 - 42 - 6.523 .841 5.07 .42 .38 2.64
106 0.75 34.3% 0.8 - 097 - 6.125 .841 5.07 .08 «83 1.21
107 1.5 33.64 1.46 164 - 5.824 841 5.07 .17 1.48 RYi
108 2.25 33%.01 2.09 . 520 - 5.648 .841 5.07 .32 2.09 48
109 3.0 32.45 2.65 423 - 5.523 . 841 5.07 .42 2.63 .38
110 4.5 31.5 3.6 .556 - 5.347 . 114 4.36 «5H5 3.55 .28
111 6.0 30.64 4. 46 649 —~ 5,222 714 4.36 .63 4.27 .23
112 7.5 29.9 5.2 .716 - 5.125 . 114 ipe36 .70 5.01 .20
Runs 113 - 121 ... Surface active agent - Sodium Lauryl Sulphate
113 0.0 35.27 0.0 - 0 - - @ 0.0 o0)
114 .3 35,05 .22 .658 - 6.523 .833  4.78 - .65 .22 4.55
115 .15 34.81 .46 - .337 - 6.125 .833% 4.78 - .32 .48 2.08
116 1.5 34,41 .86 - .066 - 5.824 .833  4.78 = .07 .85 1.18
118 3,0 33.75 1.52 .182 - 5.523 .833% 4.78 .24 1.74 57
119 4.5 33.73 2.04 . 310 - 5.347 574 3.36 .30 2.00 .50
120 6.0 32.84 2.43 . 386 - 5.222 574 3,36 .36 2.29 AL
121 7.5 32,47 2.8 LA47 - 5.125  .574  3.3%6 A2 2.63 .38

i
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Runs 122 - 130 ... Surface active agent - Lissapol W

Run CS.10-6 o¥ n log w log O n log @« log M M L
122 0.0 35.2 0.0 - @ - - 0.0 W

123 4,71 34,25 .95 - .022 - 5.318 0.8 4425 - .01 .98 1.02
124 11.79 3%,2 2.0 .301 - 4.929 0.8 4.25 31 2.04 .49
125 232,55 31.7 3.5 544 - 1.628 0.8 d.25 +55 3.55 . 28
127 AT.1 29.75 5.45 .T736 - 4.327 0.8 4.2 79 6.16 .20
128 70.65 28.6 6.6 820 - 4.151 0.24 1.819 .823 6.65 .15
129 94.2 27.98 7.22 .854 -~ 4.026 0.24  1.819 .853 7.13 .14
130 117.9 27.6 7.6 .881 - 3.929 0.24 1.819 .875 7.50 .13
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APPENDIX H

Interfacial Properties

Table I -~ Absence of Surface Active Agents
Runs 1 - 16 ... Transfer of Acetic Acid from Benzene Drop to Water
C, . constant at 0.487 U
B in
L o074
Run i Chs A 1/Mi L\\T/Mi n,; brfy, K 410
1 .69 . 02 15.6 .187 2.92 1.28 20.0 . 994
2 .96 . 031 13.9 .159 2.21 1.22 17.0 .816
3 1.17 . 045 12.9 146 1.88 1.18 15.2 .658
4 1.42 063 11.6 .138 1.60 1.16 13.5 421
5 1.46 . 066 1.4 .138 1.57 1.16 13.2 426
6 1.71 . 088 10.3 .115 1.18 1.12 11.5 414
7 1.72 . 091 10.2 .115 1.17 1.12 11.4 . 209
8 1.93 .111 9.5 . 082 .76 1.10 10.2 .556
9 2.15 134 8.4 . 081 .68 1.09 9.2 475
10 2.1¢€ .13%5 8.4 . 080 .67 1.09 9.2 . 403%
11 2.46 167 T3 . 079 .58 1.07 7.8 . 380 -
12 2.72 .194 6.3 . 078 .49 1.06 6.7 . 421
13 2.76 .198 6.2 078 .48 1.06 6.6 AT
14 3,22 . 260 4.6 LO77 « 355 1.03 47 431
15 3422 . 260 4.6 LO77 .35 1.0% 4.7 . 386
16 3.69 « 325 L 3.3 076 .25 1.02 3.5 414
Runs 17 - 31 ,.. Transfer of Acetic Acid from Benzene Drop to Water
CB .. constant at 0.98 M
in
17 1.43 . 062 15.9 .106 1.69 1.14 18.1 1,710
18 1.67 . 085 14,7 . 089 1.31 1.12 16.5 1.43%
19 2.85 .100 14.0 .087 1.22 1.11 15.5 1,30
20 2.01 .120 13.3% . 086 1.14 1.10 14.6 1.18
21 2.17 .13%6 12.7 . 085 1.08 1.09 13.8 1.10
22 2.35 .153 12,0 . 085 1.02 1.08 13.0 .95
2% 2.57 .179 11.2 . 084 .94 1.06 11.9 .88
24 2.74 .195 10.5 . 086 +90 1.05 11.0 .83
25 2.96 .223 9.8 .085 .83 1.04 10.2 Y
26 3.51 . 300 8.1 . 084 .68 1.02 8.3 .66
27 4.05 . 379 6.5 . 083 « 54 1.01 6.6 .56
28 4.50 .488 5.6 . 083 .46 1.00 5.6 416
29 4494 .518 4.6 .082 . 58 1.00 4.6 + 387
50 5¢35 +589 547 .082 50 .99 3.7 « 390
31 5.85 .681 2.7 .082 .22 .99 2.7 L 402
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Runs 32 - 40 ... Transfer of Acetic Acid from Benzene Drop to Water
(for column heads see previous page) CB in constant at  1.94 1
32 2.76 .196 14.3 .070 1.00 1.05 15.0 2.00
33 5.28 «269 12.5 . 069 .86 1.03 12.9 1.72
54 3.69 <375 11.4 . 068 ST 1.02 11.6 1.45
35 4.23 <403 10.0 . 068 .68 1.00 10.0 1.25
36 4.76 « 489 8.8 067 .59 .99 8.8 . 951
37 4.94 .519 8.4 . 067 .56 .98 8.2 .802
58 6.21 . 753 5.7 . 067 .« 38 <95 5.4 . 584
39 6.71 .871 4.8 . 067 <52 .94 4.5 +399
40 T.20 . 997 4.0 . 067 .27 .94 3.8 <419
Runs 144 - 153 ... Transfer of Phenol from Water to a Benzene Drop
CB .. constant at 0.0 II
in
144 . 0075 3.0 <33 <99 .85 2.55 142
145 . 0141 5.1 .187 .95 67 3.42 .120
146 . 0147 5.4 .192 1.04 .67 3.62 .133
147 . 0263 9.3 . 107 .99 <645 6.0 143
148 . 0335 11.6 078 .90 645 7.5 <149
149 . 0384 12.9 L O77 .99 . 645 8.3 176
150 . 0505 15.5 076 1.18 . 640 9.9 ~ 248
151 . G550 16.2 .076 1.23 640  10.4 <325
152 . 0629 17.5 075 1.31 637 11.1 «455
153 . 0725 19.4 075 1.45 637 12,4 .629
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Table II -~ Presence of Surface Active Agents

Cf each of the five surface active agents tabulated below, in each
case the transfer was of acetic acid from a benzene drop to water.

Runs 44 - 51 ... Surface active agent =~ Dodecylamine Hydrochloride
Run ¢ .106 " 1 /% (1/7 )10‘4 K ..10°
S od
44 0.0 0.0 oo 1.775
4 -75 .38 2.64 Te7 +959
46 1.5 .67 1.52 3.7 .679
47 2.25 .94 1.08 2.4 . 383
48 3.0 1.16 .91 1.41 . 419
49 4.5 1.58 .64 .78 419
50 6.0 1.94 .55 .75 . 405
51 7.5 2.19 .48 .72 .415
Rung 66 - 76 ... Surface active agent - Teepol 514
68 0.0 0.0 00 1.790
69 9.1 1.1 .91 3.7 . 585
70 22.8 2.4 .43 1.54 . 354
71 45.6 4.4 .24 .58 . 390
72 68.5 6.1 .178 .40 .06
15 91.3 1.7 «135 « 37 . 400
T4 1%36.9 10.3 .100 e 34 . 380
75 182.5 12.4 . 083 + 53 . 440
76 228.2 13.8 . 063 .32 . 408
Runs 104 - 112 ... Surface active agent - Manoxol OT
104 0.0 0.0 @ 1.83%0
105 0.3 0.38 2.64 L.8 1.001
106 .75 .8 1.21 1.96 770
107 1.5 1.46 .67 .98 <546
108 2.25 2.09 .48 .66 436
109 3.0C 2.65 .38 .60 . 385
110 4.50 3.6 .28 .56 .309
111 6.0 1.46 .23 .5% .335
112 7.5 5.2 .20 .51 . 324
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Runs 113 - 121 ... Surface active agent =~ Sodium Lauryl Sulphate
Run ¢ .10° i 1/M (1/m y107% kL .10°
_ s S od
113 0.0 0.0 ® 1.780
114 .3 .22 4455 11.1 <657
115 <75 .46 2.08 4.16 467
116 1.5 .86 1.18 1.89 491
128 3.0 1.52 .57 .62 <449
119 4.5 2.04 .50 .60 «399
120 6.0 2.43 i .59 L412
121 7.5 2.8 .58 .59 . 369

Runs 122 - 130 ... Surface active agent - Lissapol N
122 0.0 0.0 00 1.73%6
123 447 .95 1.02 1.18 .505
124 11.8 2.0 «49 .67 .419
125 23.5 3.5 .28 .51 . 398
127 47.1 5.45 .20 .49 . 315
128 70.6 6.6 .15 .49 . 380
129 94,2 T2 .14 .48 .420
130 117.9 7.6 .13 .48 . 390
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APPENDIX

Suriface Pressure Changes on the Basis of New Model

Run Cq Cy Ciz Cosi o¥ Cort o} o' K .10 T
1 . 496 0.0 0.69 .020 27.9 1.30 24.5 3.4 .994 2.37
2 . 496 .249 .963 .031 26.2 1.57 23,2 3.0 816 1.95
3 .496 .459 1.172 .045 25.2 1.78 22.3 2.9 .658 1.57
4 L496 .750 1.419 .06% 23,9 1.97 21.5 2.4 421 1.00
5 .487 .764 1.460 . 066 23,7 1.98 21.4 2.3 <346 1.06
6 ATT 1.019 1.700 .088 22.6 2.20 20.5 2.1 414 .99
7 .496 1,030 1.718 .091 22.5 2.26 20.3 2.2 .409 .97
8 ial 1.264 1.934 L111 21.6 2.40 19.8 1.8 .556 1.3%2
9 .496 1.500 2.150 134 20.7 2.65 18.9 1.8 JAT5 1.13

10 .492 1.509 2.160 135 20.7 2,62 19.0 1.7 .403% .96

11 496 1.825 2.460 L1167 19.6 2.90 18.0 1.6 380 .91

12 .496 2.103% 2,720 .194 18.6 3.04 17.5 1.1 421 1.00

13 .484 2.141 2.758 .198 18.5 3.10 17.% 1.2 441 1.05

14 485 2.645 3,223 . 260 16.9 3.50 16.1 0.8 431 1.03%

15 . 487 2.645 3,223 . 260 16.9 3.50 16.1 0.8 .386 .92

16 L487 3,145 3.690 .325 15.6 %.86 15.2 0.4 WA414 .99

17 .980 0.0 1.43 .062 2%.9 2.60 19.0 4.9 1.710 4.07

18 .980 .226 1.67 . 085 22,7 2.76 18.5 4.2 W43 3. 40

19 .980 426 1.85 .100 22.0 2.95 17.8 4,2 1.30 3.10

20 .980 .604 2.01 .120 21.3 3.07 174 3.9 1.18 2.80

21 .980 770 2.17 .136 20.7 3.15 17.1 3.6 1.10 2.62

22 .980 .975 2.35 .153 20.0 3.33 16.6 3.4 .95 2.26

2% .980 1.180 2.57 .179 19.2 3,51 16.0 3.2 .88 2.10

24 .980 1.3%98 2.74 .195 18.5 %.68 15.6 2.9 .8% 1.98

25 .980 1.853 2.96 .22% 17.8 3.86 15.1 2.7 .75 1.79

26 .980 2.240 3.51 .300 16.1 4.30 14.0 2.1 .68 1.57

27 .980  2.810 4.05 <379 14.5 4.76 13.0 1.5 .56 1.33%

28 .987  3.293 4.50 <448 1%.6 5.13% 12.2 1.4 L416 .99

29 .980  3.774 4.94 .578 12.6 5.46 11.5 1.1 . 387 .92

- gle
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EinfluB von Oberfldchenerscheinungen auf die Stoffdurchgangs-

‘zahlen bei der Flissig-Flussig-Extraktion®)
Von H. SAWISTOWSKI, Ph. D. und B. R. JAMES, B. Sc.

Department of Chemical Engineering, Imperial College of Science and Technology, London

Fir den Stoffibergang in Fliissig-Flussig-Systemen gibt es drei verschiedene Bereiche, die u. a. durch den
Grenzfldchendruck und die Oberfldchenkompressibilitét stark beeinflu3t werden. Es werden quantitative
Beziehungen zwischen den verfahrenstechnischen und physikalischen Gréfien in den drei Bereichen auf-
gestellt, sowie der EinfluB der Oberfldchenerscheinungen auf die Stoffiibergangszahlen und auf die
Koaleszenz von Tropfen an ebenen Flichen und in einer Sprithkolonne untersucht.

UOrtliche Unterschiede der Grenzflachenspannung haben
bekanntlich eine Instabilitdt der Grenzildche zur Folge, die
sich dann als hydrodynamische Stdrung weiter fortpflanzt.
Unterschiede in der Grenzildchenspannung kénnen durch
Temperatur- oder Konzentrationsschwankungen hervor-
gerufen werden, wie sie beim Warme- oder Stoffiibergang
zwischen zwei fluiden Phasen auftreten.

In unseren Untersuchungen haben wir uns auf die bei
der Flissig-Flissig-Extraktion vorkommenden Grenz-
flichenerscheinungen heschrénkt. Die grundlegenden Vor-
arbeiten auf diesem Gebiet stammen von Sigwart und
Nassenstein,?) sowie von Kroepelin und Neumann®®),
Diese Forscher haben festgestellt, daB die hydrodyna-
mischen Stérungen sehr stark sein kdnnen; wegen ihres
Aussehens hat man sie Eruptionen genannt. Man kann
erwarten, daB solche Stérungen die Oberflichenerneue-
rung beeinflussen und damit auch die Stoffdurchgangszahl
vergroBern. Das Ziel dieser Arbeit ist, diesen Einfluf der
Oberfldchenerscheinungen zu untersuchen.

Qualitative Untersuchungen

In einer an einer anderen Stelle verdffentlichten Ar-
beit?) wurde der Stoffiibergang von Essigsdure aus einem
Tetrachlorkohlenstoff- oder Benzoltropfen in Wasser qua-
litativ untersucht. Bei der in dieser Arbeit verwendeten
Methode wurde am Ende eines Kapillarrohres schnell ein
Tropfen gebildet und dann die Stoffzufuhr zur Tropfen-
phase abgeschnitten. Der Vorgang wurde in einem Schlie-
renfeld beobachtet. Es zeigte sich, daB der Stoffilbergang
in drei verschiedenen Bereichen stattfinden kann, die durch
ihr Aussehen leicht zu unterscheiden sind. Wir haben
diese Bereiche als turbulenten, eruptiven und Diffusions-
bereich bezeichnet. Im Diffusionsbereich (Abb. 1) ist der
Tropfen von einer Diffusionsschicht umgeben, die durch
freie Konvektion stetig abgefiihrt wird, Im eruptiven Be-
reich (Abb.2) wird diese Diffusionsschicht periodisch zer-
stdrt, wahrend im turbulenten Bereich (Abb. 3) die Anzahl
der Eruptionen so zunimmt, daB man kaum noch von indi-
viduellen Eruptionen sprechen kann. Statt dessen befindet
sich die Grenzilache laufend in einem stark turbulenten
Zustand.

Quantitative Untersuchung des Stoffibergangs

Fir die quantitative Untersuchung des Stoffiibergangs
in den drei Bereichen wurde eine Apparatur (Abb. 4) ge-
baut, die es erméglichte, die Anzahl der Variablen klein
zu halten. Sie bestand aus zwei gekoppelten Mikropum-
pen a, die durch die Kapillarrohre b mit einer Diise ¢ ver-
bunden waren. Ein diinnes Stahlrohr d wurde in ein Ka-

*) Vortrag des erstgenannten Autors auf dem Jahrestreffen
der Verfahrens-Ingenieure vom 7, bis 10. Oktober 1962 in Mainz.
In der Vortragsankiindigung war die Bezeichnung ,Stoffiiber-
gangszahlen" verwendet worden. Die Stoffdurchgangszahl Ky
wird auf die dispergierte Phase bezogen und ist durch folgende
Gleichung definiert:

Kp = Massenstromdichte/(cy—mcp).

Die Stoffilbergangszahl in der Phase D ist gegeben durch den

Ausdruck k= Massenstromdichte/(cD — CDg)'

m ist der Verteilungskoeffizient, Cpe die Konzentration des Ge-
16sten an der Grenzfldche.

pillarrohr eingefiihrt und dort eingeschmolzen. Die eine
Pumpe hildete den Tropfen durch die Ringspalte zwischen
dem Kapillarrohr und dem Stahlrohr, und unter der Wir-
kung der zweiten Pumpe wurde der Tropfen dann zuriick-
gezogen. Die Verdriangung der Pumpen wurde so einge-
stellt, daB der Tropfen seine kritische GroBe nicht efreichte

Abb. 1. Stoffiilbergang
im Diffusionsbereich.

Abb, 2 (oben rechts). Stoff-
iibergang im eruptiven Be-
reich.

Abb. 3 (rechts). Stoffiibergang
im turbulenten Bereich.

Abb. 4. Schema der Versuchsanlage.
a Mikropumpe, b Kapillarrohre, ¢ Diise, d Stahlrohr

und die TropfengréBe daher von den physikalischen Eigen-
schaften der untersuchten Systeme unabhédngig war. (Eine
genaue Beschreibung der Versuchsanordnung wird dem-
nédchst erscheinen?)).

Als Tropfenphase wurde Benzol und als kontinuierliche
Phase Wasser benutzt. Die geldsten Stoffe waren Essig-
sdure, Monochloressigsdure, Aceton und Phenol; die Rich-
tung des Stoffiiberganges war stets aus dem Benzol in das
Wasser. Die ZufluBkonzentration in der Benzol-Phase
wurde konstant gehalten und die Zuflufkonzentration des
Gelosten im Wasser, und damit die treibende Kraft und
die Grenzilichenspannung, gedndert.

Die Resultate wurden als Stoffdurchgangszahlen be-
rechnet und als Funktion der Konzentration des Geldsten
im Wasser ¢¢ aufgetragen. In Abb. 5 sind die Resultate
fir Phenol dargestellt. Die ZufluBkonzentration des Phe-



0.005
cm/s

r
O,

0004 +

Kp '\°\o

0003 + - \

\O\Q\
I

2002 |-

Q

I

000 !

?
|
|
I
I
|

")
:
1
1
1
1
1
1
1
1

0000 | I | ! ! i
0 001 002 003 004 005 005 gmol/l 008 -
Ce .
Abb. 5. Abhéngigkeit der Stoffdurchgangszahl Kpy von der Kon-
zentration ¢y des Phenols im Wasser bei einer konstanten Zu-
fluBkonzentration von 1,78 gmol/l Phenol im Benzol. )
I turbulenter Bereich, IT eruptiver Bereich, III Diffusionsbereich.

omis
oo - +
§ 1.94 gmol /| *@7
2 005 - / g
§> + ,/’/
S oo - o o
3 o
= " A
S O
8 | + o
& 0005 —+—+-o¥&~“g‘;8—®/8,/
aﬂﬂﬂ ! 1 [ |
[/ 5 10 15 dyn/em 20
i) 4

Abb. 6. Abhdngigkeit der Stoffdurchgangszahl Kpvon dem Grenz-

flachendruck Ao fiir das System Benzol/Essigsiure/Wasser fiir
drei verschiedene ZufluBkonzentrationen von Essigsdure
im Benzol.

nols im Tropfen war konstant und betrug 1,78 gmo/L
Ahnliche Resultate wurden mit Essigsdure und Chlor-
essigsdure erhalten. Die drei Stoffiibergangsbereiche sind
deutlich zu unterscheiden, In Abb. 6 sind die Stoffdurch-
gangszahlen als Funktion des Grenzflichendruckes fiir drei
verschiedene Zulaufkonzentrationen cp von Essigsdure
eingetragen. Daraus geht hervor, daB erst von einem ge-
wissen Grenzflichendruck an, in diesem Falle 6 dyn/cm,
die Stoffdurchgangszahl ansteigt. Der Grenzflichendruck
wird hier als der Unterschied zwischen den Gleichgewicht-
grenzflichenspannungen definiert, welche den Zusammen-
setzungen an der Grenzfliche und im Tropfeninnern ent-
sprechen. Die Verwendung dieser GroBe setzt voraus, daff
sich die Grenzflacheninstabilitdt schneller fortpflanzt, als
sich das Gleichgewicht an der Grenzfliche einstellt. Die
Verdnderung der Stoffdurchgangszahl bei Anwesenheit
von oberflichenaktiven Stoffen zeigt Abb. 7. Man erkennt,
daBl schon eine sehr kleine Menge von Teepol 514®*)
(20 pmol/l) ausreicht, um den Stoffaustausch in den Dif-
fusionsbereich zu verschieben. Die Stoffdurchgangszahl
nimmt dann denselben Wert an wie im Diffusionsbereich,
wenn keine oberflichenaktiven Stoffe vorhanden sind. Das
ist ein Beweis dafiir, daB die oberflachenaktiven Stoffe nur
eine hydrodynamische Wirkung haben und den Stoffiiber-
gang direkt an der Oberfliche nicht behindern. Dies
wurde bereits auf andere Weise durch Terjesen? gezeigt.

Die in Abb. 5, 6, und 7 gezeigten Ergebnisse stimmen
in dem Bereich, in dem die Kurven flach verlaufen, ziem-
lich mit der Penetrationstheorie iiberein®). Dagegen ist es
viel schwieriger, eine Theorie fiir den Bereich des steilen
Anstiegs zu finden. In diesem Bereich lassen sich die Stoff-
durchgangszahlen weder als Funktion der treibenden Kraft
noch als Funktion des Grenzflachendruckes in einer einzi-
gen Kurve darstellen. Das ist auch nicht erstaunlich, da der
Grenzflichendruck nur die treibende Kraft fiir die Fort-
pflanzung der Instabilititen bildet und somit der Stro-
mungswiderstand der Grenzflache nicht erfafit wird. Eine
vollstindige theoretische Behandlung des FlieBverhaltens
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Abb. 7. Abhéngigkeit der Stoffdurchgangszahl Ky von der Essig-

sdurekonzentration ¢g im Wasser bei einer konstanten ZufluB-

konzentration von ¢ =0,98 gmol/l Essigsdure im Benzol (Kurve a)

und der Konzentration des oberflichenaktiven Stoffes Teepol 514
bei cpy = 0,99 gmol/l und ¢, = 0 (Kurve b).
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Abb. 8. Abhdngigkeit der Stoffdurchgangszahi Ky, der Ober-
flachenscherzihigkeit % und der Oberflichenkompressibilitat 1/M
von der Konzentration des oberflichenaktiven Stoffes
(Teepol 514).

an der Grenzfliche kann nur mit Hilfe der Navier-Stokes-
Gleichung, in welche der Stoffilbergang mit eingefiihrt
wird, erreicht werden. Das ist aber wegen der komplexen
Verhdltnisse an der Grenzflache kaum méglich,

Wir haben daher versucht, experimentell zu klédren,
welche von den beiden wichtigsten Oberfldcheneigenschaf-
ten, die Oberfldchenscherzdhigkeit oder die
Oberfldchenkompressibilitdt, einen griBe-
ren EinfluB auf die Stoffdurchgangszahl ausiibt. Dieses Pro-
blem wurde schon von Davies und Mayers!® fiir unlds-
liche oberflachenaktive Stoffe, wie EiweiB (Albumin) und
Blutplasma, untersucht. Wir haben diese Untersuchung
zuerst auf lésliche oberflachenaktive Stoffe, dann auf ge-
loste Stoffe im allgemeinen erweitert.

" Die Oberflichenscherzdhigkeit 4 wurde mit dem Ring-
spaltenzdhigkeitsmeter!?) gemessen. Die Oberflichenkom-
pressibilitdt wurde durch den Modul der Kompressibilitat
M ausgedriickt

1 dA

T A dde

wobei do der Grenzflachendruck und A die Oberflichen-
gréBe pro Molekil des grenzflachenaktiven Stoffes sind.
A wurde mit Hilfe der Gibbsschen Absorptionsgleichung
berechnet.

/M= (1),

**) WZ der Shell International Chemical Company Ltd.,
Waschmittel aus héheren sekundédren Alkylsulfonaten.



Die Verinderung der Stoffdurchgangszahl, der Ober-
flachenscherzahigkeit und der Kompressibilitdt ist fiir Tee-
pol 514® in Abb. 8 gezeigt. Die Kriimmung der Z&higkeits-
kurve liegt bei 75 yumol/l und die der Kompressionskurve
bei 30 pmol/l. Die entsprechende Kriimmung der Stofi-
durchgangszahl erscheint bei 20 gmol/l. Ahnliche Resul-
tate wurden mit Manoxol OT®"**), Dodecylaminhydro-
chlorid und Natriumlaurylsulfat als oberflachenaktive
Stoffe erhalten. Diese Ergebnisse scheinen anzudeuten,
daB beim Stoffiibergang die Grenzflachenkompressibilitdt
eine gréBere Rolle als die Grenzflichenscherzdhigkeit
spielt. Das stimmt mit den Ergebnissen von Davies und
Mayerst?) iiberein und wurde schon von Stuke!?) voraus-
gesagt.

Stoffilbergangszahlen und Kennzahlen
Die Abhdngigkeit des Stoffaustausches von den Grenz-

flachenerscheinungen bringt das Problem der Wiedergabe
von Stoffiibergangszahlen durch dimensionslose Kenn-
groBen erneut in den Vordergrund. Bekanntlich werden
diese durch Potenzbeziehungen von der folgenden Form
ausgedriickt:

ShD ~ Rer . Rqu . SCDT (23),

ShC ~ REC‘9 . RE’Dt . SCCu (2b)
Sh ist die Sherwoodsche Kennzahl, Re die Reynoldssche
Kennzahl, Sc die Schmidtsche Kennzahl; der Index C ver-
weist auf die kontinuierliche Phase, D auf die dispergierte
Phase und p, q.r, s, t, u sind Konstanten. Da diese Bezie-
hungen keine Grenzflachenparameter enthalten, kénnen
sie kaum von allgemeiner Bedeutung sein. Dasselbe gilt
auch fiir den EinfluB des Diffusionskoeffizienten D auf die
Stoffiibergangszahl k.

In der Potenzbeziehung k& ~- D1 ist der Wert von n als
1 durch die Filmtheorie, als 0,5 durch die Penetrations-
theorie!?) und als 0 durch die hydrodynamische Theorie
von Kischinewski'3) gegeben. Die experimentell gefunde-
nen Werte schwanken im Bereich von 0 bis 0,541, Es ist
moglich, daB diese Schwankungen durch die Vernachlés-
sigung von Oberflichenerscheinungen hervorgerufen sind.
‘Wenn man die Stoffiibergangszahl in ihrer Danckwerts-
schen Form!®) betrachtet, erhdlt man fiir den Ubergang
von Stoff A durch eines der Losungsmittel bis zur Grenz-
flache

kp = (Dgsp)” (39)
und fiir Stoff B durch dasselbe Losungsmittel
kg = (Dpsp)*”? (3b),

wobei k die Stoffiibergangszahl und s die zeitliche Ober-
flachenerneuerung bedeuten. Die GIn, (3a) und (3b) geben

kp/kp = (Dp/Dp)"* - (sp/5p)"2 (4).
Es folgt daraus, daB in Dreikomponentensystemen der Ein-
fluB des Diffusionskoeffizienten nur dann untersucht wer-
den kann, wenn die Intensitdt der Oberflachenerneuerung
fiir jeden geldsten Stoff dieselbe ist. Im anderen Fall, un-
ter der Annahme von

kp/kp = (DA/Dp)® ).
wird der physikalische Sachverhalt durch einen empiri-

schen Potenzwert des Diffusionskoeffizienten nicht richtig
dargestellt.

Die Geschwindigkeit der Oberflichenerneuerung laBt
sich flir den Ubergang von zwei Stoffen gleich groB halten,
wenn man die geldsten Stoffe A und B gleichzeitig in
verdiinnte Losungen {ibertrdagt. Der hydrodynamische Zu-
stand an der Grenzfliche ist dann derselbe fiir beide
Stoffe. ’

‘Wir untersuchten daher den Stoffilbergang von Phenol
und Propionsdure zwischen Tetrachlorkohlenstoff und
‘Wasser in einer Gleichstromdiinnschichtkelonne und in
einer waagerechten Diinnschichtapparatur, Fiir Propion-

***) WZ der Firma Hardman & Holden, Manchester, Netzmittel
aus Natriumdinonylsulfosuccinat.

sdure, die eine stdrkere Oberflacheninstabilitat hervorrutt,
war die Stoffdurchgangszahl fiir den getrennten und fiir
den gleichzeitigen Ubergang dieselbe. Fiir Phenol war
sie aber fiir den gleichzeitigen Ubergang ungefdhr um
25% gréBer als beim getrennten Austausch. Wenn diese
Tatsache berticksichtigt wurde, konnten die in der senk-
rechten Kolonne und die in der waagerechten Apparatur
erhaltenen Ergebnisse mit Hilfe der Danckwertsschen
Oberflachenerneuerungstheorie, d. h. unter der Annahme
von k ~ DY, erkldrt werden!®). Ein ausfiihrlicher Bericht

-iber diese Arbeit ist in Vorbereitung??.

Koaleszenz an ehenen Fléichen

Die Grenzflacheninstabilitat beeinfluBt nicht nur die
Grenzflachenerneuerung, sondern auch die Grenzflichen-
groBe und damit die volumetrischen Stoffdurchgangszah-
len. In unserer Arbeit?") {iber den EinfluB des Stoffiiber-
gangs auf die OberflachengroBe haben wir uns zuerst auf
die Koaleszenz an ebenen Fldchen beschrénkt, wobei die
Koexistenzzeit der Tropfen an der Flache gemessen wurde.
Die Messungen wurden dann auf eine Sprithkolonne er-
weitert.

Die Apparatur fiir die Messung von den Koexistenz-
zeiten ist in Abb. 9 dargestellt. Um kinetische Effekte klein
zu halten, wurde der Tropfen sehr nahe an der Grenz-
fliche gebildet und ein System (Wasser/Kohlensaure-
didthylester) mit kleinem Dichteunterschied gewdhlt. Die
Koexistenzzeit ohne Stoffiilbergang wurde als BezugsgroBe
genommen. In Abb. 10 wurde fiir zwei Experimente (zusam-
men 400 Messungen) der Anteil F der Tropfen, die bis
zur Zeit 0 koaleszierten, als Funktion der Koexistenzzeit

m-

Abb. 9. Apparatur fiir die Messung von Koexistenzzeiten
a kontinuierliche Phase; b dispergierte Phase (Tropfenphase);
c Kapillarrohr; d Glasrohre fiir den Ein- und AusfluB der
kontinuierlichen Phase; e MaBstab fiir die Konstanthaltung des
Grenzflichenniveaus.

(Ruhezeit an der Grenzfldche) aufgetragen. Die Zeit, fiir
welche F = 0,5 ist, wude die mittlere Koexistenzzeit 0
genannt. Die Gradienten dieser Kurven stellen die Ver-
teilungskurve der Koexistenzzeiten dar (Abb. 11). Die Zeit,
welche dem Maximum einer Kurve entspricht, ist die
wahrscheinliche Zeit der Koaleszenz 0,

Fiir die Abhéngigkeit von 0, von der Tropfengrife
ergab sich, daB die wahirscheinliche Zeit der Koaleszenz
dem dquivalenten Durchmesser des Tropfens zur fiinften
Potenz proportional ist. Dieses Ergebnis ist in Uberein-
stimmung mit der Gleichung fiir die Filmdicke h wéahrend
der Anndherung von zwei parallelen Scheiben®?)

1/h = 1/H® + 16 72 (op — 0g) gt/ {ucAL?) 6),
wenn man in dieser Gleichung fiir die Kontaktfliche A,

die durch Derjaguin und Kusakow?®) fiir Luftblasen ermit-
telte Beziehung

A, = 8ar (gp—ec) glo (#)
einsetzt. In den Gln. (6) und (7) ist H die Integrations-
konstante (h = H bei t = 0); op und g¢ sind die Dichten
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Tabelle 1. Koaleszenz an der Grenzfliche Wasser/Kohlensédure-

didthylester
> q,:Q[IB - Mittlere Koexistenzzeit (s)
e
vé’ § Dispergierte Kontinuierliche ohne. mit
Sepel Ph
; § o6 ase Phase oberflichenaktiven
.;, g0 -— Stoffen ’
NPT | ! '
wgour fi : OC{OGH,), H,O 16 42+
] !
£ ! : 0.5 n GH,COOH | H,0 0,2 3,7
az bk ll : .in OC(OC,H;), ) . .
! L OC(OGH,), 0.5n C,H,COOH 66 230+
0 8 } 1 1 ! 8 | 1 1 n HZO
[ 5 0 15 20 25 30 s 35 H,0 OC(OC,H,), 4,8
Koexistenzzeit 8 9,5; (C)2H5COOH OC(OC.ZH5)2 0,5
Abb. 10. Verteilung der Koexistenzzeiten. 10
0,51 CH;COOH | OC(OC,H,), 1,0 7,5t
Kurve a Kurve b in H,O
+
kontinuierliche ) H,0 . 1 Tropfen Teepol 514 pro 1
Phase H;0 mit 1 Tropfen *+ 1 Tropfen 0,03 m Dodecylaminhydrochlorid pro 1
Teepol 514 pro 1
dispergierte OGO 0,46 n C,H,COOH nuierlichen Phase verklein.(_art die Koexiste.pzzeit (be.inahe
Phase C,H;), in OC(OG,H,), momentaneQKoaleszenz). wihrend der Stoffilbergang in der
- anderen Richtung die Koexistenzzeit stark vergréBert.
TropfengréBe [ml] 0,44 0,42 Diese Ergebnisse kénnen durch die Grenzflicheninstabili-
Anzahl der gebilde- titen leicht erkldrt werden. Im ersten Fall wird das Ab-
ten. Tropfen N, 300 ) 100 flieBen des Films durch die Grenzflichenvorgédnge erleich-
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Abb. 11. Verteilungskurve der Koexistenzzeiten.
Kurven a und b wie bei Abb. 10.

30 s 35

der dispergierten und kontinuierlichen Phasen, r ist der
dquivalente Radius des Tropfens; { bedeutet die Zeit;
o ist die Grenzflichenspannung, und u¢ ist die Zahigkeit
der Filmphase.

Aus photographisch ermittelten Werten von H und A,
wurde in 30 Experimenten, in denen der dquivalente
Radius von 2,5 bis 5,5 mm gedndert wurde, die theore-
tische Filmdicke fiir die wahrscheinliche Zeit der Koales-
zenz berechnet, Die Ergebnisse zeigten eindeutig, daBes
eine wahrscheinliche Filmdicke gibt, bei welcher der Film
reift. Unter den untersuchten Bedingungen betrug diese
9 % 0,3 4 und war von der Tropfengré8e unabhéngig. Der
Kriimmungsradius des Films war ziemlich groB8, so daB
die Annahme von ebenen Flichen keinen groBen Fehler
verursachen konnte. Bei diesen Beobachtungen wurde an-
genommen, daB der Tropfen starr ist. In Wirklichkeit ist
eine schwache Zirkulation vorhanden, wodurch die Film-
dicke ungefdhr auf 8,3 u erniedrigt wird. Ewers und
Sutherland?®) haben gezeigt, daB erst bei einer Filmdicke
kleiner als 50 A die molekulare Bewegung als Ursache fiir
das Zerreifien in Frage kommt. Man kann darum vermu-
ten, daB Kapillarwellen an dem ProzeB teilnehmen, wie es
bereits Gillespie und Rideal®®) angenommen haben.

Der Einfluf oberfldchenaktiver Stoffe und des Stoff-
iibergangs auf die Koaleszenz ist aus Tab. 1 ersichtlich. Der
Stoffiibergang in der Richtung vom Tropfen zur konti-

tert, und im zweiten Fall erschwert?6.2?), Die oberfldchen-
aktiven Stoffe erhthen, wie erwartet, die Koexistenzzeit.

Koaleszenz in einer Sprilhkolonne

Ergebnisse, die den an ebenen Fldchen gewonnenen
dhnlich sind, wurden in einer Spriihkolonne erhalten. Die
mit 4 Diisen ausgestattete Sprithkolonne hatte eine Linge
von 72 cm und einen Durchmesser von 4%: cm. Die Ko-
aleszenz wurde durch die folgende Beziehung definiert

% Koaleszenz =
Anzahl der (gebildeten — koaleszierenden) Tropfen X 100
Anzahl der gebildeten Tropfen

In dieser Beziehung ist die Anzahl der koaleszieren-
den Tropfen durch die Anzahl der Tropfen, die an der
oberen Grenzfliache angelangt sind und dort koaleszierten,
ausgedriickt. Die Tropfenzahlen wurden durch Filmauf-
nahmen bestimmt. Die Ergebnisse (Tab. 2} sind in quali-
tativer Ubereinstimmung mit der Koaleszenz an ebenen
Flichen.

Tabelle 2. Koaleszenz in einer Spriihkolonne

%/o Koaleszenz
Dispergierte Kontinuierliche ohne mit
Phase Phase oberflichenaktiven
Stoffent
Benzol Wasser 32 2,5
Benzol 0,64n C,H,COOH 1,2 0
in H,O
0,26 n C,H,COOH Wasser 43 3
in CgH,

+ 3 Tropfen Teepol 514 pro 1

Zusammenfassung

Die qualitativen Untersuchungen iiber den EinfluB von
Oberflachenerscheinungen auf den Stoffiibergang bei der
Fliissig-Fliissig-Extraktion haben gezeigt, daB es drei hy-
drodynamisch verschiedene Bereiche fiir den Stoffiiber-
gang gibt. In dem Diffusionshbereich, der stabil
und von Konzentrationsanderungen unabhéngig ist, kon-
nen die Stoffdurchgangszahlen vorausberechnet werden.
Sobald aber der Grenzfldchendruck eine kritische Grofie
erreicht, die fiir das System Benzol/Essigsdure/Wasser
ungefihr 6 dyn/cm betrigt, wird die Grenzfliche instabil,
und die Stoffdurchgangszahlen steigen an. In diesen in-
stabilen Bereichen, die als eruptiv und turbulent



bezeichnet wurden, sind die Verhédltnisse so kompliziert,
daB kein einfacher Zusammenhang zwischen den Stoff-
durchgangszahlen und den physikalischen Parametern ge-
funden wurde. Die Ergebnisse, welche bei Anwesenheit
oberflichenaktiver Stoffe erhalten wurden, scheinen aber
anzudeuten, daB der Grenzflichendruck und die Ober-
flichenkompressibilitdt dort von maBgebender Bedeutung
sind. Die Abhédngigkeit des Stoffiilbergangs von den Ober-
flichenerscheinungen zeigt, daB Gleichungen zur Berech-
nung von Stoffilbergangszahlen nur dann eine allgemeine
Giiltigkeit haben kénnen, wenn sie Oberflichenparameter
enthalten. Wenn das nicht der Fall ist, haben die Poten-
zen von verschiedenen physikalischen und verfahrenstech-
nischen GréBen kaum eine physikalische Bedeutung. Die
Oberflicheninstabilitdt beeinfluBt nicht nur den Stoffiiber-
gang, sondern auch die Oberflichengréfe und damit die
volumetrischen Stoffdurchgangszahlen. Die Koaleszenz
von Tropfen an einer ebenen Fldche und audh in einer
Sprithkolonne verlduft viel schneller, wenn gleichzeitig
ein Stoffilbergang von der dispergierten in die kontinu-
ierliche Phase stattfindet und viel langsamer, wenn der
Stoff in die andere Richtung iibergeht. Auch die Anwe-
senheit oberflachenaktiver Stoffe spielt eine wichtige Rolle
bei der Verhinderung von Koaleszenz.,

Eingegangen am 30. November 1962 [B 1541]
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