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^ABSTRACT <_

The mechanisin of solute transfer front liquid drops 
was studied. Possible mechanisms in each of three stages 
(drop-fcrmation, drop-fall, and drop-coalescence) were 
considered. Theoretical equations were developed to express 
the amount of extraction, during dr op - f o m a t  ion and drop-full.
A method for testing experimental data to determine the 
applicability of each of the possible mechanisms for drop- 

fall was developed.
The theories developed were tested with data on 

three extraction systems. Acetic acid was extracted from

with water, and from a n?xture of carbon tetrachloride and 
oil with water, In each case acetic acid was extracted from 

the dispersed phase.
The amount of extraction occurring during drop- 

formation vias found to be Vc ther snail, in accordance with 
the theoretical equation developed.

In the methyl Isobutyl ketone system the mechanism 
of solute transfer during drop-fall was analyzed on the basis 
of the conventional two-film, theory and a modification of it.
At least half of the resistance to solute transfer was found 

to be in the continuous phase. In the perchiorethy1ene system, 

the mechanism was analyzed, on tne oasis of the conventional, 
two-film tiieomu In this case practically all oh.e resistance
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to solute transfer was found to be In the dispersed phase.
The difference in behavior of the two syster:s v:ss attributed 
to a difference in drop behavior. In the carbon tetrachloride- 
oil system, the mechanism was analyzed, as a gradual approach 
to a mechanism of pure diffusion within the drop.

r""1'. • r\ Q' t V* o T*  ̂ * O,f'' ] * v't C* (1 ''.'‘O r • C ̂  ̂ ̂ S C ̂ (*"* 0
v:as found to be nrooortiona1 to the concentration of ihe crop 
just before entering this stage and to the drop diameter.
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INTRpDUCTIpN

In recent years solvent extraction has come into 
widespread use in the chemical industry. As a result, 
liquid-liquid extraction has been the subject of many In­
vestigations in the literature. However, most of these 
investigations have been concerned primarily with the overall 
performance of extraction equipment rather than the funda­
mental theory of solute transfer. As a result, the performance 
and design of continuous types of extraction equipment is a 
rather uncertain and controversial subject.

The spray type of tower is one of the simpler 
continuous extractors In which the mechanism of solute 
transfer might be investigated. However, in commercial 
spray towers, the variation in drop size, the coalescence 
of drops and the effect of the moving continuous phase 
cgiut12.2.cs.0 xXis s cxxciv ô * tiis msc^snis'^ ox* so^xxto
transfer. Hence, for the purpose of this investigation 
spray tower operation has been further simplified to the case 
of extraction from single uniform size drops passing through 
a stationary continuous phase.

Xn s.n cctxxs.1 sor1 s . o x 1 Xoz* IjXio sxtrsct-ion 
from Individual drops, the mechanism of solute transfer will 
differ in the various stages of the life of the drop. First 
the crop must be formed in the column, must then pass through 
the continuous phase and finally must be destroyed as it is 
collected at the oooosite end of the column. Since the
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mechanics of these three stages are so different, the in­
dividual stages must be studied separately before a correct
analysis of spray tov^er operation can be made.

(12)Licht and Conway recognized these three stages
in the life of a drop In a spray tower and designed an 
experimental extraction column with which an attempt was 
made to separate the amount of extraction occurring In each 
stage. Several other investigators have recognized the 
first gfcare of extraction from single droos. All of the 
previous investigators have determined the amount of 
extraction curing drop formation by making a plot of the 
logarithm fraction unextracted, or an equivalent variable, 
versus column height. For this plot, Conway'-'' obtained 
data from a column In which the extraction during the last 
or coalescence stage had been eliminated. The other 
investigators obtained data from a column in which this 
stage was either partially eliminated or not eliminated 
at all.

Since the plot usually gave a relatively straight 
line, this line was extrapolated back to zero column height. 
The ordinate intercept was considered to be the fraction 
of the solute unextracted curing drop formation. The amount 
of extraction obtained in this way varied from ten to fifty 
percent solute extracted. A surprisingly large amount of 
extraction occurred during drop f o r m a t i o n 12,16,l8 )̂

However, Conway observed that the amount of 
extraction occurring in a column three inches high was
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relatively independent of drop formation time. It is 
difficult to see how the apparent amount of extraction 
during drop formation could he so large without being a 
function of drop formation time.

In view of the above results, there is an appai’en 
need for a thorough investigation of solute transfer during 
drop formation. This would prove or disprove the validity 
of the extrapolation procedure for obtaining the amount of 
extraction during formation and thus separating the three 
s uages •

Previous investigators have also assumed that the 
two-film theory applies to the drop moving through the 
continuous phase. This assumption should also be subjected 
to investigation.

In view of the above discussion, the objectives 
of the present investigation are:

1 . Check the method used by Conway for separating 
the three stages of extraction and attempt to 
verify or explain some apparently contradictory 
results obtained, particularly the effect of 
drop formation time.

2. Liake a comprehensive study of the possible 
mechanisms of solute transfer in each stage 
and attempt to Interpret these mechanisms 
mathematically.

3. Develop methods for testing the experimental
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data to identify the various mechanisms.
4 . Obtain experimentaidata with which to check the 

mathematical solutions and tests obtained above.
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PREVIOUS INVESTIGATIONSS-rK-K-̂S-K-#

A preliminary literature search revealed that
very little work of a fundamental nature has been done on
extraction from single drops. There have been several 

(1 2 S 0)Investigations * ’ - ’' concerned with the performance of 
spray tovjers. In general, the results are reported in 
terms of an over-all extraction coefficient defined by

K TCP- _ r> \
A &  G t_vvj

where K = overall extraction coefficient (ft./hr.)
L = dispersed phase feed rate (cu.ft./hr.)

02̂ ,0-, = solute concentrations of drops at exit 
and inlet- to column (#moIes/cu»ft, )

A = total interfacial area of drops in column 
at any time (sq.ft.)

^  Cgm = log mean driving force based on C-j_ and C£ 
and txie equilibrium concentrations of 
solute in dispersed phase corresponding to 
the observed concentrations in the continuous 
phase (fjrmoles/cu.f t . ).

This type of data Is generally applicable only 
under the specific conditions of the experiment and cannot 
be extrapolated far from the conditions of the experiment.

Sherwood, Evans and Longcor^^) studied extraction 
from single drops as well as in a packed column. These
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investi0stors extracted ace lie acid from benzene ana from 
methyl isobutyl ketone with water. Over-all extx'action 
coefficients, based on the total extraction in the column, 
•were determined as a function of drop diameter. They found 
the coefficient increases with drop size for both systems. 
Also,for the same drop size the coefficient for the ketone 
was greater than for the benzene. They extrapolated a plot 
of the logarithm fraction unextracted versus column height

; ic
they concluded that 40-45h of the solute is extracted durin 
drop formation.

Farmer''*3'* studied the extraction of acetic acid 
from a series of organic solvents using water as the 
extracting and continuous medium. Single drops were used 
in this investigation. host of the data was obtained for 
one drop size. The amount of extraction during drop forma­
tion was obtained by extrapolating a semi-log plot of 
reciprocal fraction unextracted versus fall time to zero 
fall time, Trie interface at the terminal end of the 
column was maintained in a six millimeter connecting tube 
by continuous withdrawal of the collected dispersed phase. 
Hence stage three was partially but not wholly eliminated.

Farmer attempted to correlate the results with 
various systems by the following expression obtained with 
the aid of dimensional analysis. Any consistent set of 
units may be used.
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= ° ’05 7*0 ^  < r x r >

where K = overall extraction coefficient based on 
stages two arid three as described above, 

d = drop diameter (assumed spherical).
D = molecular aiffusivity.

/<  = viscosity 
f = density 

I.T. = interfa. 
v = velocity 

subscript a = dispersed phase
C — COPt-1. rVJl Ô -X ? PjTl?. ̂ 0

This expression is supposed to held only in the
, ' - T . 0 Vanr na,-i r\ i ‘ f ‘ <5 1 ‘ ( <-\ ♦=* vv> r > 1 ri'1"''r!r T  ̂ '-«• * 7,00 TiZi C\ \w w ~ ~ \ —  w* ° — / d

The resulting transfer coefficient mu3t be multiplied by a
/ 2-ncorrection factor — ) when strioping acetic acid from a

A_1

dispersed non-polar organic liquid where (n) is the decree 
of association. This factor represents the fraction of the 
solute molecules which exist as single molecules in the 
organic liquid. Farmer postulated that since acetic acid 
exists in water as unassociated molecules, the rate of 
extraction is approximetely equal to the rate at which single 
molecules diffuse across the laminar boundary film of the 
dispersed organic liquid.

Farmer showed that in the systems investigated 
the resistance to solute transfer in the continuous ohass
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is negligible compared to the resistance in the dispersed 
phase. He also obtained the apparent extraction during 
drop formation by the extrapolation procedure.

West et.ai.''-^) aT.30 studied extraction from single 
drops. They postulated the existence of transient films 
around the drops. The essential difference between this 
theory and the two-film theory is that the time of contact 
between the material in turbulent motion in the bulk of the 
drop and the transient film passing around the drop is so 
short that the film is essentially infinite in extent. This 
mechanism is considered in detail later in the thesis.

Conway'5 ) t & s mentioned previously, studied 
extraction from single droos and emoloved a new experimental
procedure for separating three stages of extraction in a 
spray column. He studied the extraction of acetic acid 
from water (dispersed phase) using methyl isobutyl ketone, 
isopropyl ether, and ethyl acetate as continuous phases.
The primary contribution of Conway’s work was the develop­
ment of the technique for separating the three stages of 
extraction. This technique is also based on the extrapola­
tion to zero column height to determine the amount of 
extraction during droo formation.
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THEORY
x*)rX*

As previously mentioned, there are at least 
three distinct stages in the life of a drop in a spray 
t o 1.".' e r  s

Stage I - Drop formation, or the creation of the 
drop in the continuous phase.

Stage II - Drop passage through the continuous phase.
S t s "6 III — Coalescence of the droo at the Interface

at the terminal end of the column.
m  U  w  .-i a Vi r. -t r» r* t~\ -f1 -o T » » a t- ■»> o n  o t1 ^  -? w o ' rv t' h V> «  am iiC OU.WJ-W m o  -k- o o  '-z .*. v* ^ v ±. ^  ̂  -u »i vj w h  vj.

three stages will be considered. For the sake of brevity 
details of the derivations are omitted but in general may 
be found in the literature cited. Except where noted, all 
the equations developed are for any consistent set of units.

Stage I
The conditions under which solute transfer is 

occurring during drop formation appear to be rather obvious. 
Since the drop is in the process of being formed, the inter! 
of the drop must be in motion and of relatively uniform 
concentration. Also, since the drop is growing and new 
surface Is being created, there is little chance for the 
formation of a relatively stagnant film on the surface of 
the drop.

The surrounding continuous phase is stagnant 
exceot for a small amount of viscous disolacement due to the

or
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expansion of one drop. Hence there is no film In the con­
tinuous phase surrounding the drop. Actually, a 11 film" of 
Infinite extent surrounds the drop. ;

To analyse this mechanism mathematically one 
pictures a bulk of material of relatively constant- and 
uniform concentration in contact with an extracting medium 
of infinite extent. The rate of extraction of solute is 
controlled by the race of diffusion of solute into this 
Infinite medium.

For convenience, the unsteady state diffusion
■* o o si r>v-a O  v-a j • 'r •

^  C C  _  n  3 ̂ C C  r . x
&t~ c a 2 KXJ^  X

where cc = point concentration of solute in continuous 
pha s e 

t = time of contact 
uc = molecular diffusivity of solute in continuous 

pha s e
x = linear distance from the surface of contact

to a point In the continuous phase.
To solve this problem exactly, the diffusion equation in
spherical coordinates should oe used but In this case the
outer radius of the sphere is considered at Infinity, a
condition which makes it impossible to obtain a definite
solution to the equation. Hence, following the notion used 

• (7 )by fiigbie 1 who studied gas absorption from bubbles, the 
oroolem has been simolified to one of a plane of contact
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having an area equivalent to that; of a sphere.
The dispersed phase is assumed uniformly mixed and 

of relatively constant composition, This latter assump­
tion neglects the decrease in the concentration of the drop
due to solute transfer during drop formation and hence will
only be valid if the total extraction is relatively small.
At the interface between the dispersed and continuous phase 
equilibrium is assumed to be maintained.

Takinx the initial concentration of the surround­
ing medium as zero, tne following boundary conditions can 
0■9 s Gst'^d *

1. at t = 0, C „ ■ 0
j_ _ j~\ 1au it — v ,  t»c — g- o^0

where E is the distribution coefficient (assumed constant) 
for the solute between the two phases.

The solution is found (4 ) to be
x

- u 2
Gc = ( 1 - 7 :  I  ' C e du) (2)n

The instantaneous rate of solute transfer at the boundary 
x = 0, is give n by

K = -D~A ( (0)
' d x  'x = 0

where the area (A) is a function of time.
 ̂V*Recognizing the fact that (?r), the volumetric feedQ u

rate, is experimentally held constant, the volume of the drop 
(assumed a sphere) after any time (t) is
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(|I> • t = VF t = | F r 5 (4 )

where Vp is the volumetric feed rats.
Combining equation (4 ) with the formula for the area of a 
sphere and eliminating the radius, the following expression 
for the area as a function of time is obtained.

i/ 0 w '5 2/JA - Cycrn 1 /IT  ■I- \ { <- \_  v -r . - , J V V U  / V p ;

The total solute lost from the drop is found by
integrating the following expression over the total time of
drop formation (tf).

r^ -p■V, —  \ “ M  ^ +■ / 1ft — ^ U w \Q  i
U

Substituting equations (p) ahd (5) into equation (6 ), integri 
ing and simplifying, the final result is

Fraction Solute -,/r̂ T—
Extracted = ‘"'F = 2.30 h c “f (7 )Hd

where d is the final drop diameter assuming the drop to be a
sphere. Any consistent set of units may be employed.
Equation (7) can be used to predict the amount of extraction
occurring during drop formation provided a satisfactory
value of H and D can be obtained.o

The derivation of equation (7) has assumed that 
the drop initially starts from zero volume. Tnis may or may 
not be the case depending on the design of the tip. In this 
present investigation, the tips used started each drop at 
as near zero volume as possible. However, if the tips are 
designed to permit appreciable wetting of the surface at

See Addendum page 169*
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the tip of the nosale, each drop will not start at zero 
volume. Actually, as the drop leaves the tip, part of the 
liquid will remain on this wetted surface to form the 
initial volume of the new drop. This initial volume will 
have been subjected to extraction under conditions different 
from those postulated In the derivation of equation (7)*
Thus depending on the design of the tip, extraction at the 
tip may be increased beyond that expected during the 
formation of the drop itself.

Stage Ix

AAA O v  .y h0oil•?.02.sm-S or comb ns11.on ol' 10.0cI0’ 
solute transfer may be postulated for Stage II. Before 
considering any specific mechanisms a general consideration 
of the mechanism of solute transfer within the drop and in 
the surrounding medium will be made. The discussion that 
follows vail directly a p p l y  only to extraction from drops 
under the conditions of the present investigation, i.e., 
single drops falling through a stationary continuous phase.

After the general considerations, the problem 
oecomes one of attempting to express tnsse various meczianisins 
of solute transfer In terms of mathematical concepts which 
can be experimentally verified. After the separate mechan­
isms have been analyzed, an attempt will be made to develop 
a generalized solution by using an appropriate resistance.

Some of the postulated mechanisms of solute transfer
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will undoubtedly be impossible to interpret in rigorous 
mathematical terms. Therefore, idealized or fictitious 
conditions will necessarily be assumed.

Survey of I'.Je chan isms
At the end of Stage I the interior of the drop is 

undoubtedly in motion, hence this condition prevails at the 
beginning of Stage II. As the drop passes through the con­
tinuous phase, the interior of the drop may assume one of 
several conditions.
1. Tne interior of the drop may remain in relatively tur­

bulent siObion and hence be of uniform but decreasing
v t j u v v u t i .  i  r i  o  Ci u o  o u i  i h V O  O l  <» vA — o  l i o  i ' O  V* ±Jljl

be a gradual transition from turbulent motion to a 
streamxme ty'pe ot motion. riiis conoioion may* gave rise 
to a fictitious film which will offer the main resistance 
to solute transfer within the drop.

2. The initial turbulent state of the drop may change over 
to a well defined streamline vortex type of motion.
That Is, the drag of the continuous phase on the surface 
of the drop may cause the material in the outer portion 
of the drop to be carried up to the top of the drop.
This material will then circulate down through the 
center of the drop and then back up the outer layers of 
the drop, thus causing a streamline vortex type of 
motion. The transfer of solute will occur by pure 
diffusion between the adjacent streamlines as well as
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by transport within the streamlines. This condition
i" 1 •-} \within the drop was postulated by Kronig and 5rinkr 

5- The interior of the aroo ;uav become stagnant andS  * V

solute will only be transferred by pure diffusion 
through the drop.

4. The actual conditions in the drop may be somewhere in 
between these three conditions.

There are also several possible conditions prevail-
-5 4 *-* 4 4 p vn V-> .> c» o  c "  vi t» <4 ■? I* *4 vi ̂
A .  11  ^  0 . 1 4  U i i b  V_» v u i j  U i . u u w u 0  V A 1 C I O  v j  «-> * .  ^  -t. v y  •

1. If the drop is falling in the viscous range of Reynold’s 
numbers, there will be streamlines passing completely 
around the surface of the drop. The velocity of the 
continuous phase will go from zero in the bulk of the 
phase to some maximum velocity at the surface of the 
drop. Employing the concept of films, there will be
an indefinite viscous film around the drop. Theoretical­
ly this film might be considered Infinite In extent.
The rate of transfer of solute through the continuous 
phase will depend on the rate of diffusion through this 
film.

2. If the drop is falling in the turbulent range (large 
Reynold’s numbers or velocities) there will be a stream­
line type of flow over the advancing half of the surface 
of the drop. However, these streamlines will break into 
turbulent eddies behind the drop. This turbulent motion 
in the rear of the drop will probably give way to stream­
line motion adjacent to the rear surface of the drop.
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p. The actual conditions may be intermediate between these 
two conditions.

The conditions in the continuous phase, as des­
cribed, can be deduced by analogy to conditions encountered

(15)in heat transfer studies. :ucAdaius presents actual
pictures of the flow ox" gases and liquids at various velocities 
normal to cylinders. Analagous conditions would be expected 
in the flow of one liquid past a drop of another liquid
-V /> <-V V« »-*  ̂̂ o  '*'■* >̂-v» v-» 4— *"3 •? 'O <-v .■% .-v "V~v —V V-. 4- t— f-y ̂  < -»>O  / w  p1 w u kjx o. vOx.j x i upwx u u n  v _i. c. x v_, i o n  0 0  w O ^ it V3 >3 * i v uti o O u a  v i v i '

of a rigid body falling through a liquid and one liquid 
drop falling through another continuous liquid. A considera­
tion of the hydrodynamics of falling drops elucidates this 
imoortant difference.

hydrodynamics
'The hyarodynamics of solid spheres falling (or 

rising) through a liquid medium have been thoroughly investi­
gated and the theory well established. However, the hydro­
dynamics of liquid drops falling (or rising) through another 
immiscible liquid have received little more than qualitative 
treatment particularly in the case where extraction is 
occurring from or to the moving drop. The present investiga­
tion is not concerned with a theoretical study of the 
hydrodynamics of falling drops. However, the subject will 
be considered t.o an extent necessary to study its effect on 
the mechanism of solute transfer.

Investigations (5>£>,20) of falling (or rising)
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liquid drops through another immiscible liquid have lea to 
the following observations.
1. The drop reaches its constant terminal velocity within 

a very short distance from the tip (about one inch).
2. As uhe drops fall they tend to assume the shape of an 

ellipsoid with its major axis horizontal, i.e., the drops 
tend to "pancake out".

y. The larger the drop the greater is the departure of its 
shftpA f'r1 ohj. ths1:- cl* s. spiisr's*

4. As the drops fall they oscillate.
5* The larger the drop, the great ex' the amplitude of these 

oscillations.
6. Fox- a drop as large as O.p cm. in diameter, the error

in calculating its area as a sphere of equivalent volume 
is less chan lOy.

7« For drops larger chan a critical drop size, the velocity
may decrease with increased drop size.

In view of the foregoing observations, it is
apparent how the behavior of these liquid drops may alter the
mechanism of solute transfer which might otherwise be expected 
if the drop had behaved like a perfect sphere. This oscillat­
ing motion of the drop may tend to increase the eddy currents 
v/ithin the drop thus minimizing the effective resistance of 
a film on the surface of the drop. Where streamline flow 
over the advancing half of the drop may be expected, these 
oscillations may set up eddy currents in the continuous phase 
surrounding the drop. In this case a fictitious film may 
exist entirely around the drop.
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The 'Two Film Theory
In studying the over-all effect, of mass transfer 

through two phases, the so called ntv:o-film theory" is 
customarily used. This theory postulates an interface 
bound!ed on each side by relatively non-turbulent layers of 
fluid which are called the films sue 'which constitute the 
main resistance to mass transfer. The effect of these two 
films is assumed to be such that all the material being 
tr,fins ricis to OS.3S t-'ox*tlioss z' 1.2.1.is i.11 colics
without accumulating in either film.

This theory has been applied with soaie success 
to the study of mass transfer in gaseous-liquid contacting 
equipment. By analogy, the theory has come ir.to use in 
liquid-liquid extraction systems. Some of the implications 
of this theory as applied to liquid-liquid extraction merit 
some consideration. When a gas is passed over a body of 
relatively stationary liquid the bulk of the gas will usually 
be in turbulent motion. However, the velocity of the gas 
directly in contact with the liquid will be zero. There will 
be a transition from zero velocity at the surface to a 
viscous or streamline type of flow very close to the surface 
to turbulent flow In the bulk of the gas phase. The break 
in the velocity gradient from the viscous film to the turbulent 
mass will be rather sharp.

Totally viscous flow is seldom encountered in 
industrial licuid-gas contacting systems. However, with 
l i q u i d v i s c o u s  flow may often be encountered. If a fluid
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is moving in viscous flow oven a surfsce^then according to 
the concepts of fluid flow, the velocity increases from zero 
at the interface to a maximum in the bulk of the fluid.
Instead of undergoing a sharp break from viscous to turbulent 
flow, the velocity gradient is parabolic in shape and hence 
the concept oi a film is meaningless•

The two-film theory also assumes that equilibrium 
is attained at the interface between the two phases. Obvious­
ly, true equilibrium cannot be maintained at an interface 
for a process involving net mass transfer to or from the 
interface. However, the displacemen t from equilibrium may 
be very slight. In spite of the theoretical shortcomings 
of the two-film theory, Its past usage requires that it be 
considered as a possible mechanism of solute transfer.

The bulk of the Interior of the crop is assumed to 
be in turbulent motion and of uniform but continuously 
decreasing concentration. This turbulent motion changes to 
viscous or streamline motion at the surface of the drop 
giving rise to a film. A film is also assumed to surround 
the drop In the continuous phase. If the drop is falling 
in the range of ReynoldTs numbers corresponding to viscous 
falljthen the film Is entirely hypothetical^’whereas if the 
drop is falling in the range of Reynold’s numbers correspond­
ing to turbulent flov;?there will at least be eddy motion In 
the continuous phase trailing the drop and in all probability 
the oscillation of the drop will cause eddy motion around the
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entire drop. This condition will give rise to a film 
around the entire drop.

The resistance of this external film may be 
negligible compared to the resistance in the dispersed phase.
This may be due to the fact that since the drop is failing 
through the fresh continuous phase, the actual time of 
contact of the drop with the continuous phase at any one 
point is so short that a concentration gradient cannot 
build un.

Assuming that the rate of extraction is controlled 
by the rate of solute transfer across the two films in 
series, the instantaneous rates of transfer across each 
individual film may be equated.

» = ka A!cdb - °di-' = A(Ccl - C o b > <&)

where N = instantaneous rate of solute transfer (#moles/hr.)
k = individual film coefficient (j=moles/hr-ft^-

#moles/ft$)
pA = interfacial area (ft )

G = concentration ( # m o l e s / f ) 

subscriptsd = dispersed phase 
c = continuous phase 
i = interface
b = bulk of the particular phase 

Squilibrium is assumed to be attained at the interface between 
the two phases so that

cdi = H (9 )
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where H Is the distribution coefficient, generally a function 
of concentration.

When allowable, as considered later, a single 
over-all coefficient, in place of the two film coefficients 
k<3 and kc , may be employed. These over-all coefficients are 
defined by the equation

N = - Cqjg) = KcA(Cce - Ccfc) (10)

where Kd = over-all coefficient based on dispersed phase
l»T   r~\ T T ,T> 10 _ <0 1 /'V , »-i +* d> O h  --\V» ■«•>—,*-*+•-? V-,V» ̂-*■^0 — s-»v i. ■“ o. jl .i. ±  u- *jC.c to. On tx;i UUuo Unaot

Cde = concentration in dispersed phase which would 
be in equilibrium with the average bulk 
concentration of the continuous phase,

Cce - concentration in continuous pnase wnich would 
be In equilibrium with the average bulk con­
centration ox the dispersed c-iis.se.

'.Then equation (9 ) applies with H constant over the 
range of concentrations involved, the relation between the 
over-all and the individual coefficients may be obtained to 
give

1 _ 1 , H
■̂ d -̂ c

and (11)
_1 1_ _ 1 _

~ k~ + HkjLi VI
The over-all coefficient can be employed only 

when (Cq^ - cde^ remains proportional to (Cce - Cc£). For 
this proportionally to hold, equation (9) should apply. The 
over-all coefficient may also be employed if the resistance 
of one of the films Is negligible compared to the resistance
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of the other.
The form of the equation which will be used is 
N = KdA(Cdb - Cd a ) (12)

T u c over-ail coeiiicient, ; a \ o e p e n d on.
1. The nature of the system
2. The viscosity, density and Interfacial

~ ~  -k- -u ̂  -u ~ ̂vciio.Lb'>] ui yuu i_-nttd co
5* The diffusivity of the solute in each phase
4. The effective film thicknesses
y. Drop velocity
6. Temperature
7 . The value of the discricuticn coefficient (H)

Several of these variables of the system are obviously inter'
dependent on one another. However, for a given system the
over-ail coefficient should be constant for a given drop
size, if the above variables remain constant. Actually, as
the concentration of the crop decreases the interfacial
tension may change. More important, the effective film
tnickness may increase if the turbulence on the interior of
the drop decreases. Hence K, mav be excected to remaina
constant only over a oortion of the fall time if K. remains 
constant at all.

Since equation (12) applies to a point in the 
column, integration over the length of the column is
necessary. Using

■». dn _ _ _n = - 75-r- and n = VChvdo do
where n = quantity of solute present in the drop 

at any time (#moles)
V = drop volume (assumed constant)(ft3)
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and substituting in equation (12), it follows that

V ^  = -KdA(Cdb - «de) U 5 >

The concentration (Ch ) of the dispersed ohasede
which would be in equilibrium with the average bulk concen­
tration of the continuous phase is assumed to be negligible 
or zero. This assumption would be vslid whenever the 
continuous phase is initially free of solute and the total 
quantity of cispersed phase fed to the column is small. 
Assuming _ to be zero arid K. constant, ecus t ion (15) can— ^ c Q J ' S '

be integrated to give
C
'-'do

where t = fall time (hrs.)
C _ = concentration of soluic x uG O  > / ^  k -phase at time t = 0 (-moles/ft?)

Since Cdb/^do represents the fraction of solute unextracted, 
equation (14) may also be written, assuming the drop to be a 
sphere, as

log (1 - E) = -2.61 t (lb)d
where E = fraction solute extracted 

d = drop diameter (feet)
Although engineering units have been specified, any consis­
tent set of units may be used since the constant 2.61 is 
dimensicnless. Also, C^0 and E = 0 are values which correspond 
to t = 0, this being not necessarily the start of fall, but 
any convenient time after detachment of the drop from the 
tip.
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Froiu equation (ly) a plot of log (1 - E) versus
drop fall time should jive a straight line with slope 

K<i(-2.61 _ )  over the range for which K, is constant. Further., d
if is constant or nearly constant for different drop 
sizes, the slope of this line should be approximately 
inversely proportional to the drop diameter.

To investigate this mechanism experimentally, a 
study of the effect of contact time on the amount of solute 
extracted from various size drops would be advantageous.
For a given system, as the drop size is increased the 
amplitude of the oscillations of the drop will increase*
This will cause increased turbulence within the drop as

o  C  ^  r  ■*" V> o  r » n n f i  n i i  r\-\ •? o  r \Vi o  o  ^  ■» v t m  v-» ̂  - - *- V-» -3 s** >***.
M ^ v/wiiuj.nuv»Atj ynuo vy x V/viilUO.iJ IfiiC ui Ou*

Increased drop size will also increase the drop velocity 
(up tc a certain point) which will reduce the resistance 
of the film in the continuous phase. Hence will be 
expected to slightly increase with increased drop size.

Diffusion Within the Drop Controlling
Another type of mechanism which may be considered, 

results from pure molecular diffusion within the drop. The 
interior of the drop is assumed perfectly stagnant and the 
transfer of solute is controlled by the raze of diffusion 
of solute within the drop. The continuous phase, surround­
ing the drop, Is assumed to offer negligible resistance to 
solute transfer.

An investigation of this type of mechanism involves
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the solution to the diffusion equation in spherical 
coordinates, i.e.,

( 16 )at d d r 2  r a r
where = point concentration in the dispersed phase

r = radius to any point in the sphere
D3 = molecular dlffusivity coefficient in

dispersed phase
The boundary conditions imposed are:

T of r —  O 0 * — Cl 'g ~ v uao
2. at r = a ^ cd = HCcb = ® (for all times)

where a is the radius of the drcr^ assumed soheric-ai • Initially, 
the drop is assumed to be of uniform concentration td o .

The solution to equation (16) with the imposed 
"oc*1 ’"icc * "’w* ccncJ c ^ d s  "tis.xsci Idv c,nr:iicsticn
orthogonal functions or can be found in any of the standard 
reference 'works on heat transfer (4). The solution is 
found to be

„  _  J  -2 0flo .(-!)»
d “ — ----------------  y n rr (1 /)a n=i n ITr ^  sin* ~ a

Since Cd , the point concentration at any radius r, cannot be 
measured, it is desirable to use an integrated mean concentra­
tion which may be defined by

/-V r ®=a
cd avg = V  \  CddV =  ^ 3  \  Cdr2dr (l8 )

o a 0
Combining equations (17) and (lS),
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“ (~") , t
= ^  e ° (1? } do n=1 n tt

cd avt: _  / >  6 _ ' a ' a

or
y  & - ^ ) 2cdt

* (1oa!

This infinite series converges sufficiently rspidly so that
for large values of t the first term will represen I the series.
Accordingly, a plot of log (1 - E) versus time should yield

TT 2
straight line of slope - { ^ )  , for larger values

••Vith experimental data, this mechanism could be
iifdt , jl i. bf x i0o v̂. — Zj / vcTauS

time are obtained for severs 1 dron sizes, after sufficiently 
long timesjstraight lines should result with slopes inversely 
proportional to the square of the radius of trie drop.
Secondly, by estimating the value of the diffusivity coefficient 
for the oarticuiar solute concerned, ecustion (l^— ) could be 
used to construct a typical curve for a given drop size.
This theoretical curve and the actual curve could then be 
compared.

The straight line portion of the curve represented
/bv ecuafion (iQa) should have an ordinate irterceot (log j  

However since extraction has occurred prior to the stage 
where this mechanism could apply, t = 0 must be taken as 
any time after the drop detaches itself from the tip and for 
which the interior of the drop first becomes stagnant.
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AcoordirgiT, at t = 0, (1 - 5) will have some value less than»j \  ̂ 7 ' '
S

one and the ordinate intercept will not be (log — -g).
The solution to equation (19a) is presented in 

convenient graphical form in the Appendix.

Diffusion Y/ithin the Di’op Plus P’ilm Resistance
A third mechanism capable of mathematical analysis 

is that of 'pure diffusion within the drop itself plus an 
additional film resistance around the drop. As will be 
shown i the mathemat i c a 1 soiution is of the same form 
whether this film is present in the dispersed phase, the 
continuous erase, or coth phases.

i. lie 1} X* O u i il 1 5 S L' uu oiici. o £ ulh I US JLOw
wit;hin xii6 Gi*oo 7;x t-riout 3. xilm r^ssis 133x100 * Tii6 501x1 "felon 
begins with equation (16), the diffusion equation in 
spherical coordinates, he.,

6 Cd _ ^ b 2Cd 2 & cd ,
T T  = '  F  ~ d i r } KL OJ

However, in this case the boundary conditions are:
1 . a. t = 0 , Cd = CdQ

d Cd
2. at r = a, K = -D^A ("T"""")ct a r 'r=a

= K jA (C, - C. )d aa ce
Simplifying boundary condition number two, the final second 
condit ion becornes :

. b  C ̂ v
2 .  at r = a, ( - ^ _ * - ) r = a =  „ u_ c da

where Cda is the concentration of tne dispersed phase at the
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outer radius a. Thus equation (12), as used in the two - 
film theory, has been adapted as a second boundary" condition. 
However, note the distinction of Cda , the concentration at 
the surface of the crop, as contrasted to the average con- 
centrnt;ion of* the Interior as used in lire two —I'llm theory* 
rroni t..1 o p2’ovious iiisouiSsiOn oi o-iis i i.j-ui *11 eo iiswismf it 1.3 
seen that the film may be considered in either or both 
phases provided H^, the over-all transfer coefficient remains 
cons c.a nt.

The solution to equation (14) can also be worked
r\,j i +“ <~s aV r n-? mop r*  ̂ o e» f ^ o ^ T*'rvf>

transfer (4). As compared to tue case of pure diffusion 
alone, the solution is considerably more complicated.

The solution of equation (14) with the stated 
boundarv conditions is

ud =
2Cdoh [o( Ja2 + (1 - ah)2 ] 6
- T f T i  F I  I  ? 3in 01 n& sinc*L % a + a h ‘ ahJ

- <* ^Dt

n = 1

vmere n = Kd

(20)

and the condition on is that it must be a root of

cK a cos c* a + (ah - 1 ) sin =k a = 0 (21)
Since Cd , the point concentration at any radius r, cannot 
be measured, the integrated mean concentration as previously 
defined by

1 _ * fr=a o (18)cd avg. ~ V  CddV --- \° a-'
will again be used.

2 - o^r^arQ
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Combi ting equations (lo) and (20), the following expression 
can be obtained

c. 6'’2 rd 2a2 + (l-«h)2 7s'nh a *a avg _ °“k La n vx S:i; is^M
.• .  edo n=l 2^ 4 r °  ? o ~7

a n L ^ n 8, + a h - allJ (22)
fui' tun at«ly, if a plot oi log v-t — ^  • vs. crmc is 

made, the series converges so rapidly that for sufficiently 
long times there should result a straight line of slope

- ^ i P d
2*50J

and of ordinate intercept, obtained by extrapolation of the 
s tra i0hfc -tine,

6 h 2 [ o l 2 o 2  +  ( i _ a h ) 2 ]  S i n 2 ^  a
l e g -------   2_^ -d. r o ^ o'-.

a " * n  l«Z *‘  + a‘h " ' a h j

However, since the drop can't possibly be formed 
under stagnant conditions, the initial extraction from the 
drop will be due to some other mechanism. Hence, the value 
of the ordinate intercept obtained by extrapolation of the 
straight line will be meaningless. The slope however will 
still be a criterion of the mechanism.

The value of h, which is directly proportional to 
the overfall film coefficient, will be effected by the operat­
ing variables in exactly the same way as the over-all 
coeificrent consrderod under the two-film theory. Equation 
(21) predicts that for a given value of the over-all film

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

coefficient, the value of OS decreases as the radius increases 
Hence,the absolute value of the slope of the straight line 
portion of the curve decreases, indicating a slower rate of 
6a j rsc tiOii •

The testing of equation (22) would be difficult 
since zK and the drop radius are not directly related.
However, this mechanism should cause a rate of extraction 
slower than that for diffusion within the drop alone. If a 
s v s usn should actually display this slow rate of extraction, 
the sloues will be tested as follows. From the slooe of

, <*?Dathe straight line (— ;— ) and usinr a theoretical value2o'oo
of Dy;, could be calculated. For this value of d i and 

s**> •*. ^

the given drop radius (a), equation (21) can be used to 
find h. If K.̂  is relatively constant. with droo size.then h 
will be relatively constant. Hence,equation (21) can be used 
to calculate the value oft^q corresponding to a new d^op 
size. For this value o? °i]_ a theoretical slope (- ^ )

may be calculated. This theoretical value and the actual 
value of the slooe for the new droo size nav then be com-—  ̂ V

pared.

Q  4- r> <3 o  1 n vo P - A r i T t n  i >-> ’ * I -S -f- V\ * v* I p V n o .  T*\■v> >/. -y g m j .  j. n  v  v  v o o. i« -x -l. - ̂ X 1

The fourth type of mechanism to be considered Has 
recently proposed and analyzed mathematically by Kronig and
- . i (10)orinx . Trie interior of the drop is assumed to contain 
streamline convection currents resulting from the drag of 
the continuous phase against the drop. These currents will
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circulate up the outer portions of the drop and down the 
center portion of the drop. Solute will be transferred 
f r o m  one streamline to another by molecular diffusion.

The mathematics involved in obtaining the solution 
Is ouite complex although the solution is in a usable form, 
briefly, Kronig and brink started with an equation known 
as "Stokes Current Function" inside the drop. This equation 
mathematically defines the streamlines within the drop. By 
combinina this eouatlon with another differential ecuation 
for the transport of solute between streamlines, the follow-

  ̂ ^ -j -j I- -• A
X  11 c-j O X  u .  o  a.  1. i  j - O  x  x  j  i  a  x  J .  j  ' c / w w o ; .  — -

Ibhot
S  _2 — r?

- rv _(1 - E) - -“h—_ 5v, e ~ (2p )w n=i ^

where U n is an eigenvalue and Bn Is a coefficient.
Although many physical and mathematical assumptions 

have been made In the solution, the more Important are:
1. Drop is assumed spherical.
2. The resistance to solute transfer in tne continuous 

phase is negligible .
3. The drop radius is greater than 0.10 centimeters.

The first two eigenvalues and coefficients have 
been evaluated as,,

U x = I .678 B1 = I .32
U 2 = 5*^5 B 2 = °*73

From these values, for sufficiently long times, only the firs 
term of the series in equation (25) is needed. Hence a plot 
of lot (1 - E) versus time should give a straight line (for
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large times ) with, a slope

-ih l o D d — r =  - 4 6 . S  — fl-1 2. pO pa*" d"1
This mechanism could be checked in the same way 

as the pure diffusion mechanism. By comparing the length of 
time repaired for the solute concentration to decrease to a

. . ifraction ^  of its original value by a pure diffusion mechan­
ism and by the streamline convection mechanism, the rate of 
extraction due to streamline convection is two ana one-half 
times as great as the rate of extraction due to pure diffusion 
within the drop.

Tract n c 5 r* t-, "h1 q 1 »i q

<3 /•% v,

Another type of solute transfer mechanism which can
(1 )•idered was orfginariy proposed by HIgbia'1 , who

studied the rate cf absorption from gas bubbles, he attempted 
to show that even though a liquid film may exist around the 
drop, the actual time of contact (penetration period) of 
the gas with the liquid at any point is sc short the- the 
film acts equivalent to an infinite medium with respect to 
solute transfer.

These transient films might also be expected to 
exist in liquid-liquid extraction. Thus a film can originate 
in the continuous phase on the bottom of the falling drop 
and pass over and disappear on top of the drop. Similarly, 
a film can possibly- be created on the bottom of the drop 
in the dispersed phase and be carried up around the drop by

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

the viscous drag of the continuous phase.
Unlike the two-film theory, only one of these two 

possible films can bo considered at any time. Thus if the 
film is considered to oe in trie dispersed phase, then due 
to this film acting as an infinite medium, no solute can 
ros sibiv reach a film in t''e cent5 '■"ncus bhsse. Si^ila ""Iv. 
if the trans ient film is in the continuous phase, no 
transient film can exist in the dispersed phase.

The mathematical analysis of this mechanism is 
similar to that used in analysing stage one. for this 
g0T*1 vstion } "ttis Hi . x s  3.ssG.r,««ci to co  ̂ ci-Lsjoox̂ soc!
phase. Starting with equation (1), i.e.,

- £ r  ■ Dd i r ^

and imposing the boundary conditions,
1. at t = 0, C.p = 0X

= 0, U
the following solution is obtained:

cu ^ - U, wfs = wdb

2 V 2 / D d t e
.2

°f “ Cdb ^  \  e du ) (2p)

where Ĉ , = point concentration in the transient film 
C^g = concentration at surface of transient film 
te = time of exposure of bulk of drop to the film 

The instantaneous rate of solute transfer at the boundarvv
x = 0, is given by

6 cf
iM = - Dc A ( 3 X )x=o (26)
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Combining equations (25) and (2o) and integrating the rate 
oi‘ extraction over tne time of exposure, the following result 
is obtained j

'db /' (2 7)TT

where n is the total solute crossing the fictitious 
boundary between the uniform duIk: or the drop and the film 
in the dispersed phase.

At this point, the definition of a film coefficient 
is introduced by

n = K ^ A  (C,,* - C * a ) (28)U  U — 'A V

where is an equivalent over-all coefficient for this
•! rh' ! f .1 4- -T w. •£» -? 1 ^ r* : ~ - - -v - — — rs ■« —
_i. 1 j m  u. 1 1 u_ v  tj u ;  a n o i o n  u  x h >  ct-j  ̂  ^ Q ©  be i i i  £2 U i i i C U .  U  •

Equating equation (27) and (23), the following 
result is obtained.,

h t  = 2/  Trt; (29)

Introducing equation (29) into equation (15)

log (1 - EJ = -2 .95/  ^  t

in which any consistent set of units may be employed and 
where

v = drop velocity
a = drop diameter (assumed spherical)
D = molecular diffusivity of tie solute in the 

phase in whlc h the film is assumed

Thus a plot of log (1 - E) versus time should give 
a straight line of slope (-2.95 J jTj)• This mechanism^llke
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the two-film mechanism gives a straight line plot for all 
values of t }  0 provided the other terms remain constant.
The mechanisms of "diffusion", "diffusion plus film" and 
"streamline convection" only give straight lines after some 
ti .e t sufficiently large, i.e., for low values of ty a 
curved plot is predicted.

To test this mechanism, the actual slope of the 
plot can be compared to a calculated theoretical slope.
A h  —v -v> ,r-> —  • .» v-v G --s w, 1 v-» t- t-» /-> n l  ->f o o ‘-'i ro 11A i d  v  j ch v t/;j o j  o vOiii viig o r  v  y  t  c ^  ^ -j v  w

be directly proportional to the square root of the drop 
velocity and inversely proportional to the three-halves
power of the drop diameter.

( i P \ .West, e t . al ' have used equation (.29) to calcu­
late individual film coefficients for the continuous phase 
ana the dispersed phase by substituting the appropriate 
diffusivities. They have then combined these individual 
film coefficients with the distribution ratio to obtain an 
over-all coefficient in the usual manner. This procedure 
seems to be illogical sin ce the transient film is equivalent 
to an infinite film. Certainly two infinite films in series 
in so far as solute transfer is concerned are impossible.

Generali zation
A generalization which could include all the 

previously developed mechanisms may be of interest. The 
rate of transfer of any material, vjaether electrons in 
electricity, heat in heat transfer or solute in extraction
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nay be ermress’d as a ratio of dr tv it-a r'ursc tc m m r r s n o o .
The resistance may be one of several tyces but the driving 
force is definitely a concentration gradient in this c«se.

1
^h i s c oncer Nation •’•rad lent should be taken as the- difference

/

bet'.veon the rotat of •. ’ i■ ea i ooncer i: r" 11 or, and the point of
"I <T7 ■*” /a yP <"* --1 >n +~ ■>*» c. o >0 c i- rr jr. v-' • - r -i' - nr 1 -I *1 ."A' .p -c ~ p» • • -*n /-> rA  ̂•'-A n ,cr:

occurs in the bulk of the cont.inuous chase which is essentially 
sit zero conccn. oration. If the dr or is of uniform ccncen traticn} 
then fcne I12 "Vicst concent rion is tnc •?.vor-r. 0* c^ 11 o0r:n0 —
tion. however, if trie drco is sta~r.ant» the highest ooint

Since this ccncsntraticn cannot be measured 
mean coneentr,!tion '.y o uid be used.

Thus}in general^
|\T =

I jP I y- - p( • vae ( 3 Dno sis o a.n c ̂ —
This equation can be treated s i m i l a r l y  to equation (12) to 
obtain the following generalization assuming P. constant.

lor (1 - y) = - ^1 ' • l . t ( -^o )

Equations (32) and (la.) are practically alike except 
the over-all transfer coefficient has been replaced by an

The generalized development has actually analyzed 
another mechanism. This mechanism assumes the interior of 
the drop is of uniform concentration and that there is an 
undefined resistance to solute transfer at the Interface 
between the continuous and dispersed nhs.se. This resistance

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



37

“iay be in the fova’. of a chemic al or rhys i cal barrier to the 
transfer* of solute molecules. for such a median:.sri, a. plot 
of lot (1 - S) versus tine v-’culd rive a straight line with 
slrre inverselv ororortIcnal tc dror> volume or the diameter
t**n non

Silvanrt*v of yechanisns
before ccnsiderinr the exeeriniental work, a general 

irevic.T of1 the eie eh a n X s >vi s e.'ee. the togs e ifc IX itv of* s. c t u. a X I. v
eg.g tet*i nr' the-̂ oe ''^hiu] , hi:e seis v/hecu seem
to be least likely to be encountered are those of ’’pure 
diffusion", "diffusion cius a. film", and "stream!ine convection."
"’""it , , „ „ ». ", * .. * , , •> * - - »- ' - 1- I- 1 — — . — -I— —. «..-j ~ -»-> —, b1 1— --V —3 , -r-x11 ltt S tf L-:ir c  w h ;h d : dal: — i)1 di: . u . ; o  ^ c - j_ o u  o  — *.* j. - o ^

na sithGT? GGi'l'Gctlv SvS.irmsmt c? fn v o u . n 5."foT°m Tioti on-*
Previous observations ha”e shewn chat the drops are

usually oscillating or vi era tic: ■:« As long as the drops are 
In this state of oscillation3it is difficult to see how the 
Interior of the dron car: be st-v.nar.t or even in uniform
2" 3m X ̂ s c; t it.v171 c th on# " c'*r ̂' ~o s * ̂ 06 "tk 13 2/ri ̂ X i X vic-s g ̂ ̂ s ̂
oscillations decreases with decreased drew size, smaller drops 
may tend to exhibit these mechanisms. Also, a dispersed phase 
with a high, viscosity may tend to dampen out the oscillations 
thereby promoting one of these mechanisms. ~n general, It 
appears as though the more nearly the actual drop velocity 
checks the theoretical drop velocity, assuming the drop a 
solid sphere, the more likely one of these three types of 
diffusion mechanisms will held.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3?

The two-film tyre of r.echar.isir. will be mere likely 
to hold in general since it postulates a turbulent type of 
motion on the interior of the drer?. Further, since the 
mechanism is semi—dmrorifal in nature , no t ho o re t t c •a 1 value
0t m Va 0 ATrovi^oi i i’v,r'n 3f0 r"*O0jLii'.iLo"'Ov">̂~ Ti *îr go CsPl^^iii^ocL 0

checked with the experiment:! value. By allow in a; for the 
effects of certain variables on the film resistances in the 
continuous and dispensed ’chases, most ?r" change in the value
n“-\ ■f' A T T i j t o ^ r t  I 1 /*\ ̂  ^  «-v v-» f- -v* ,-\ v-> c  1  i 7<a » i  -y .— In -f- V> Q iTi X*' v'-\ ' O -I W ,Oi <-

The transient film type cf mechanism m irht be
_   , J- _ .J 4 , 1 „  J  J-  _ • . _ - V -   _  J _  4-  , „c.v.jcw L.O o.> • ;-l,” a va uc:;:s j_:: > !j_Cv- o:_c niaju: 4. — c j- o
to solute transfer is ir "he continuous rhase since the 
transient film is mere likely to be present in the continuous 
chase. Any condition nromotinn streamline or laminar flow 
around the dr on 'would enc~ura-'e transient films, e.y., low 
drop velocities and no oscillations cf the drop.

The resistance in the form cf retardation cf 
molecules at the interface between the two phases will probably 
not be encountered in most common systems. However, the 
addition of a wettiny a vent which may concentrate at the 
interface or a rase controllint chemical reaction at the 
interface may7 result in such a mechanism.

The various mechanisms and their nronerties are 
summarized in the table that follows.
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'I1 A RLE I
Mechanisms of Solute Transfer in Stare II

Mechaniam
S i one 

lor (1-E) 
v a . t

Resistance
( n )

1. Two-Film ■2.01 Kd
*cf 0.318

f‘d d

Slope
a- 1
drop

1

2. Pure nif.fus.Ion 'within Prop 
(no external resistance)

3. Pure Diffusion Within Drop 
Plus Film Resistance

-17.15 .-4.

i ua 
27303

o .ol\.QlS
“Ddd

1.91 t<3 i Ddd?

Slope
-id2

If. Streamline Convecti on Within 
Drop (no external resistance) ■76.3 !jl

d2
0 .0178 
"Ddd “

Slone
L .
d2'

5. T r an s i c n t F i 1ms
■/,p

0.282
/P7cP

Slopetr—

6. Molecular Resistance at
Interface

- 0.83
in Slope

1
7^

Remarks

proportional to 
fd const an t w i th 
^ice .

proportional to

proportional to 

proportional to

proportional to

on



STAGE III

The theory of the mechanism of solute transfer in 
Stage III is rather obscured. In the first place, the 
effective interfacial area for solute transfer is unknown.
As the drop coalesces at the Interface, the area of the 
drop goes from its relatively constant vaTue in Stage II to 
zero. In addition the dispersed and continuous phases have 
a constant area of contact equivalent to the cross-sectional 
area of the column.

The actual time during which the major portion of
f \

the solute is being transferred Is unknown. Conway ̂ 1 found 
that the total extraction in a column with the interface 
maintained at the bottom was independent of how long these 
two phases were left in contact. This seems to indicave 
that extraction In Stage III occurs only when a droo 
actually strikes the interface. The period of time over 
which this extraction occurs is difficult to define.

Hence, at present no theoretical mechanism will be 
offered until more extensive data on the stage is present.
It seems logical that the entire interface at the terminal 
end of the column is effective during solute transfer.
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EXPERIMENTAL WORK
• ' " " k <«'■«{"a" . C  V  <00*a  *a “iT"î V>\ "i?

General
The pxr.raction of acetic acid was studied usirmO

three different systems. Acetic acid was extracted from 
water with use thyl isobutyl ketone as the continuous phase.
The concentration of the acetic acid solution was 0.5l2p N 
or 0.OSJ Ic.moles acid per cu.ft. of v/ater. The acetic acia- 
wster mixture was kept saturated with methyl iscbutyl ketone 
and the methyl isobutyl ketone was kept saturated with
W 3. u6 r •

Acetic acid was also extracted from perch3.orethylene 
with water as the continuous phase. The concentration cf the 
acetic acid-perchlorethylene solution was O .9267 N or 0.061 
lb. moles acid per cu.ft. of perchlorethylene. The water 
was kept saturated with perchlorethylene.

Acetic acid was also extracted from a mixture cf 
carbon tetrachlorice-mineral oil with water as the continuous 
phase. The concentration of the carbon tetrachlorice-mineral 
oil-acetic acid mixture was Q.pOQG h or 0.0p2 lb. moles 
acetic acid per cu.ft. of carbon tetrachloride-mineral oil 
solution. The acid mixture was prepared by mixing equal 
volumes of a 1.00 0 carbon tetrachloride-acetic acid solu­
tion and a heavy mineral oil. The viscosity of the feed 
mixture was p*?25 centipoises at 2p°C. The continuous 
water phase was kept saturated with carbon tetrachloride and 
mineral oil.
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In the major portion of the experimental work, 
tiro amount of extraction occurring over various column 
heights was measured for a series cf drop diameters and given 
drop formation times* Column heights as short as one-half 
inch and as long as 79 Inches were used. In order to separate 
the amount of extraction in Stage III, two types of columns 
were used with the methyl isobutyl ketone system. One 
column permitted the -as asurement of the amount cf extraction 
in all three stages while the other permitted the measurement 
of the amount of extraction In Stages I plus II. With the 
other two systems, only the second type of column was used 
for reasons explained later. The experiments were carried 
out batchwise cy allowing a given number of drops to fall 
through a stationary' continuous phase.

Columns
The two columns shown in Figures I and II wore

( o )essentially tne seme as those used by Conway'-". The nottom 
section of Column ho. I was constructed from a six-inch length 
of 47 mm I.D. pyrex glass tubing to which was joined a burette 
type stopcock. Additional column heights were obtained by 
attaching various lengths of tubing to the bottom sect!or 
with a rubber connecting sleeve. Column No. Il^as used by 
Conway d ° c *Cj-u • • was rebuilt in order that the various lengths 
of 47 mm I.D. tubing as used with Column No. I could be 
conveniently attached to the bottom section of Column No. II. 
Other modifications were made and are shown in Figure II.
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Feed Device
The Teed device consisted of a 10 ml buret, to the 

delivery end of which v;as attached a short piece of ther­
mometer capillary (for flov.: control) followed by a tip. 
Various sise tips were constructed by drawing out five- 
millimeter pyrex glass tubing in a flame and fire polishing 
the delivery end. For controlling the rate of feed of the 
more viscous carbon tetrachloride-oil-acetic acid mixture,
£5 rvr» t*. 1 o n  rr'h r\ -f* fM 1 : i m o r o v )  f n h n  n * nr. 4* ~  *1 »t* o

wool was used. Coarse control of the feed rate was accomp-
1 A r- V.« 7-.— 5 ... .  ̂ -i _ J- -U  ̂-o — -i v. -u us J Vttiivuc i.O»lQUiio U1 odb'i. J UUCXh^ Qj.
packed sections. Fine control of the feed rate was 
accomplished by adjusting the initial level of the liquid 
in the buret.

Since the total volume of feed delivered during a 
run was only about l.~ ml, the slight change in head had 
no appreciable effect on the rate of drop formation or the 
drop volume. On the other hand, the volume of feed delivered 
could be measured with an accuracy of lO.Cl ml.

For a more detailed consideration of the feed 
device and the tips, the reader is referred to the appendix,
page /2 S .

If. aterials
The materials used in the research were as follows:

Acetic Acid - Glacial Acetic Acid, C. P. Reagent,
E. I. duPont de Nemours, Inc.
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Water - Laboratory distilled water.
kethyl Isobutyl Ketone - Technical Grade, Carbide and

Carbon Chemical Corp. (Redistilled - first and 
last portions discarded - Approximate E. P. of 
portion used 117-119°^)

Perchlorethylene - Technical Grade, Carbide and Carbon 
Chemical Coro.

Liners! Oil - U.S.?., 100£ Petrolatum Li quidurn, Trade Name

Carbon Tetrachloride - U.S.P. Coleman and Bell Company.
The acidity of the methyl isobutyl ketone, 

perchlorethylene, carbon tetrachloride and mineral oil was 
found to be negligible when each of these were shaken with

•> o  4T\ *P »«• o ■*- o
i U/ — «» W

O.Op D DaCK using pheno1phthalein as an indicator.
Standard base solutions were prepared from sodium 

carbonate-free sodium hydroxide and preserved in the proper 
manner. Potassium acic phthalate was used as a standard.

Physical Properties and Constants
Densities and viscosities of the phases were 

required for various calculations. Densities, except when 
taken from the literature, were measured with a pycnometer 
and viscosities were measured with an Ostwald Viscometer.
The results are summarized in the Appendix, Table A  , page / Z  3 

Concentrations and calculated molecular diffusivities are 
also summarized.

C olumn Do. I
With the methyl isobutyl ketone system, runs were
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made with Column No. I in the following manner. Yvith a 
pipes, SO ml. of distilled water which had been standing in 
eq\: ilibrium with methyl isobutyl ketone were placed in the 
bottom section. An additional section was attached to the 
bottom section and tî a remainder of the column filled with 
ketone to a point one and one-half inches above the point at 
which the tip was to be placed. The liquid level in the 
buret was noted and the feed device was lowered until the 
tip was submerged in the ketone to a depth of one and one- 
half inches. The stopcock on the buret was opened and a 
given number of drops were allowed to fall through the 
continuous phase. From pO to 2Q0 drops were used depending 
on the drop size. A total of from one to two millimeters 
of dispersed phase were fed. Coincidentally with the 
detachment of the last drop, the feed mechanism was closed 
and the liquid level in the buret again noted in order to 
determine the volume of feed delivered.

After the last drop crossed the interface at the 
bottom of the column, the aqueous layer was drained from the 
column and analyzed for acetic acid content by titrating 
with standard sodium hydroxide solution using phenolphthalein 
as an indicator. Knowing the volume of feed, the number of 
drops delivered and the acid content of the aqueous layer, 
the drop volume and the total solute extracted could be 
determined. No attempt was made to make a material balance 
hy analysing the continuous phase for solute.
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This procedure was repeated for various column 
heights and several drop sizes. All runs were made in 
duplicate or ti'iplicate and the average recorded. Column 
height was measured from the tip of the feed device to the 
interface at the bottom of the column. Drop formation time 
was determined by measuring the total time to deliver the 
given number of drops. This time divided by the number of 
drops delivered was taken as the average drop formation 
time. Ail runs were made at 2p°C i i°C.

Column bo. II
Runs were made in Column ho. II using all three

O  v  o  fivv. A '.-n r. .-5 w-> ̂  7~> ... ~  -3
w. j w 'w.U w V w s/ w mm *• m  O v* S / v  Sa <h O v C* v v  W V II 11 Ci O xU O C vt

and the column then filled with the continuous phase to the 
desired height. The feed device was operated as previously 
described. After the last drop had passed through stopcock 
A , this stopcock was closed and stopcock B and the vent v/ere 
opened. The contents between stopcocks A and B were drained 
and included the collected drops as well as the continuous 
phase contained between the two stopcocks. The section was 
washed with distilled water through the vent line and the 
washings combined with the previous sample. This combined 
sample was titrated with standard base and pheno1phthalein 
Indicator until the first pink color appeared in the aqueous 
phase.

This procedure was repeated for various column 
heights and several drop sizes for each system. All runs 
were made In duplicate or triplicate. Drop formation time
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was measured as before. Column height was measured from the 
tip of the feed device to the bottom of the bore of stopcock 
A. From the above titration, the total solute extracted 
in this measured column height was determined. This solute 
extracted dees net include the solute extracted as the drop 
coalesces just above stopcock t> or one solute transferred 
to the continuous phase by virtue of the prolonged contact 
at the interface at the terminal end of the column. All
+" Vi o  o 1 * i t- <=> t v»on c f f.-> o  c o  O  1 o t  o  w  «■*» <■»

trapped between stopcocks A and E at the end of a run.
For a more detailed consideration of various 

parts of the procedure, the reader is referred to the 
..ppendix, page / 3 2,
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RESULTS AND DISCUSSION

PRO? FORMATION TIME
The initial phase ol‘ the experimental work was 

concerned with a preliminary study of the effect of drop 
formation time on the amount of extraction in Stage I.
Using uh.e isobut\i kston6 —Ecstic 3.ciG — Vvi6r systsiu,
a series of runs were made in Column No. I. A three-inch 
column height; and three different size tips were used. Prop 
formation time was varied from 0.4 secs, to 10.0 secs. For 
a given tip, drop size was a function of drop fo ry » e c t /O T < . . t / j* e  . 

hence a continuous range of drop srzss resulted. The time of 
fall was approximately 0.6 secs, and relatively constant ove 
the range of drop sizes Involved. fifty drops were used in 
each case. For drop formation times above approximately 
three-fourths of a second, secondary drop formation was 
observed. However, since these secondary drops were very 
tiny compared to the main drops, this phenomena should have 
little effect on the results of this preliminary study.

The results are plotted in Figure III, page S / 0 

The total miiiequivalents of acid fed is plotted against 
the mi lie on. i vale nt s of base required to neutralize the 
raffinate withdrawn from the column. The drop diameters 
and drop formation times are separated into given ranges 
for identification purposes.

Referring to Figure III, the distance (a) divided 
by the distance (a + b) represents the fraction of solute
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extracted. Since the points lie close to a straight line
3.through the origin, the ratio (- + -̂ ) is constant. Hence 

the percent solute extracted in a three-inch column is 
relatively constant and independent of drop size and drop 
formation time.

The data were plotted in this manner because the 
effect of drop formation time and drop diameter on the 
percent solute extracted are clearly shown. Due to the 
■jih i r: £ tt <0 o r' t. n vs. u. s c £ (d5) ^ o s sci? T?oin t , *t iss
percent solute extracted showed considerable variation from 
ujris iao s.n •

From the slope of the line in Figure III, on the
average 29 •2h solute was extracted. The surprising fact
is that net even the points for a 6-10 second formation time
shov; an appreciable variation from the straight line. These

( 9)results agree with those of Conwayw  who found the percent 
acetic acid extracted from water with methyl Isobutyl ketone 
(continuous phase) was independent of drop formation times 
from 0.8 secs, to 9.0 secs, for a 0.J42 cin ar>c>p diameter in 
a three-inch Column No. I. h e obtained similar results 
when using iscpropyl ether as the continuous phase in an 
eight-inch Column No. II for a O.45I cm drop and varying 
the formation time from 1.2 secs, to 4.5 secs.

The results of the present investigation may be 
explained as follows. The variation in drop diameter (O.pl - 
O .59 cm) is not sufficient to affect the amount of extraction 
during the relatively short (0.6 secs.) period of fell. The
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amount of extraction in Stage III is also relatively con­
stant. Hence the amount of extraction during drop formation 
is either relatively constant, or so small a portion of the 
total that the accuracy of the experiments Is Insufficient 
to detect it.

It seems entirely out of the question that in a 
25-fold variation in drop formation time (0.4 - 10.0 secs.) 
there should be no variation In the amount of extraction

x'opinfi'Cioti Sc^siiion (r?) s ^ — if oXc vslx'I.bv̂ ioti -
However, if this portion of the total extraction in a three- 
incii co xumn xssmaxl, ufict tins v&riatiGn might not snow up 
in the results. The only reasonable conclusion is that the 
amount of extraction occurring curing drop formation is 
sufficiently small so that the experimental results do 
not detect the variation of this extraction with drop 
format ion time.

Using equation (7),the effect of drop diameter and 
drop formation time may be seen by calculating the theoretics 
fraction of the solute extracted in Stage I for the limits 
of tr.ese variables. The value of Dc , the diffusivity of 
acetic acid in methyl isobutyl ketone, may be estimated.by the 
method of Wilke',J'? '/ as 2.J7 x 10-^ cm^/sec. at 25“C. From 
Figure32ET in the Appendix, page , the distribution 
coefficient, H, for an acetic acid solution of concentration 
O.Opp 31°. rioles acid/cu.ft. water with ketone is 2.06. The 
results are summarized as follows:
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Table II
Predicted Extraction in Stage I

d (cm) tf (sec) 100 Ey

O.pOO 0.4 1 .45 /'0
0.500 10.0 7.237
0.590 0.4 1.117
O.59O 10.0 5.587

The theoretical maxi..ruin variation in the fraction 
of the solute extracted during drop formation is from 0.0111 
to 0 .0725* & difference of about 6;7 solute extracted. From 
Figure III, the maximum difference in the percent solute 
extracted in a three— irei column for the I: I re ranee of 
variables involved Is about 10‘1- solute- extracted, 4.7 more 
than predicted for drop formation alone. However, closer 
examination of Figure III reveals that this IQu difference 
doesn’t necessarily occur between points representing the 
extremes of the variables drop formation time and drop 
diameter. In general, the distribution of points about 
m e  straight line is random with no definite trend with 
drop formation time noted. Hence, considering that the 
amount of extraction in Stages I and II is not constant 
with drop size, this 4g difference in solute extracted Is a 
result of experimental error. Thus the actual extraction 
during drop formation is so small a portion of the total
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extraetion in the three-inch column that its variation with 
drop formation time cannot be detected.

No further attempts can be made to verify 
equation (7 ) with the data for a three-inch column height.
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DROP DIAhETRR
The final phase of the experimental work was 

concerned with the investigation of the effect of drop 
diameter on the amount of extraction in each of the three 
stages. The amount of extraction occurring over various 
column heights was measured for a series of drop diameters 
and given drop formation times using three different systems. 
For a given drop diameter, the formation time was chosen so 
as to prevent the formal ion of secondary drops, a phenomenon 
noted when the formation dime was above a certain value.
In general, the longest possible formation time was used 
sir.ee this permitted accurate counting cf the drops.

iio secondary drop formation was observed in the 
carbon tetrachloride - oil system In which drop diameters 
of 0.257, 0.509, 0.5755 and 0.425 eras, were used. The 
formation time for each of these dror sizes was at?oroximatelv* - - •"* V

one second. In the methyl isobutyl ketone system, drop 
diameters cf 0.295 j 0»55^> anc* 0.418 eras. were used. Drop 
formation times varied from 0-55 secs, for the smallest 
crop to 0.42 secs, for the largest drop. In the perchlorethy- 
iene system, drop diameters of 0.209, 0.28o, 0.725, O .558 
and 0.594 eras, were used. Drop formation times varied 
from a minimum of O.pl secs, for the 0.209 CiU* drop to a 
maximum of O .58 secs, for the 0.288 cm. drop.

The data for the perchlorethylene system and the 
carbon tetrachloride - oil svs ten were obtained in Column
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Mo. II only. For the perchlorethylene system, in Column Mo. 
I, extraction occurred in Stage III not only when a drop 
crossed the interface but also as long as the raffinate was 
kept in contact with the continuous phase. Since the 
raffinate could not be removed immediately following a run. 
Stage III was eliminated altogether. However, with the 
methyl isofcutyi ketone system extraction in Stage III 
apparently' occurred only when a drop crossed the interface 
since the total extraction in the column was Independent 
of how long these two layers remained in contact after a 
run (up to one-haIf hour at least}.

The difference In behavior between the two systems
Hr

acetic acid molecules had more attraction for the water 
layer in the bottom of the column than for the ketone in the 
continuous phase. Hence extraction was not promoted. with 
the perchlorethylene system the acetic acid had a greater 
attraction for the water in the continuous phase than for 
the perchlorethylene layer in the bottom of the column.
Hence extraction at the interface was promoted.

In addition, with the ketone system It was observed 
that when the acetic acid - water drops struck the interface, 
due to their being slightly denser than the water layer the 
acid solution tended to sink to the bottom of the column. 
Refractive index waves due to the difference in densities 
were actually observed moving toward the bottom of the column 
after each drop struck the interface. Hence the acid did not
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concentrate near the interface. However, with the perchlor- 
ethylene a \ stecij the solvent - acid drops were a little 
lighter than the solvent at the bottom of the column and on 
striking the interface the acid material tended to remain on 
ton of tills lay nr near the interface thereby oromcting 
extraction. Again, cue to the difference in refractive 
indices txis lighter acid material could be noticed concentra­
ting near the interface. No attempt was made to investigate 

I I I  in csrcon ^€?t2?9.cinlo£*2.GS *™ oil systsn* Fox*
the purpose of this investigation Staae III is unimportant 
provided it can be completely eliminated from the data.

The results of the investigation are presented 
graphically in Figures IV, V, and VI as logarithm fraction 
unextracted versus fail time. The data is also tabulated 
in the Appendix. Data which were obviously inconsistent 
were discarded. The data for the perchlorethylene system 
were determined In duplicate and repeated in duplicate.
The second set of results is not included in graphical 
form. The results were plotted, however, and the measure­
ments of the appropriate slopes were made. For the purpose 
of this investigation, this procedure was preferred to 
averaging both sets of data to obtain a single plot. This 
second set of data was obtained as a check because occasionally 
very inconsistent results were obtained with this system.

For the 0.295 cra* drop diameter in the methyl 
isobutyl ketone system using Column No. II, the data is
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scattered. Tliis is due to the adhering °- tiie smaller drops 
to the bo to or,1 of the column before passing through stopcock 
A.

Reproducibility of Results
In general, the reproducibility of the results was 

good. For a set of runs at a given drop diameter the 
maximum variation in drop diameter was about 5a . This, 
however, was the exception and in general the variation in 
drop diameter was ih or less. For a set of runs at a given 
drop diameter the variation in drop formation time was 
usually about 2b. Duplicate runs to determine the fraction
O  o  ̂  u  u  t  O  '.I ci j L  Kj t / l i C b c i O u  i « I  u i l j . h  ^  , <J ♦

Drop Velocities
For the methyl isobutyl ketone system,drop velocities 

were determined by measuring the time of fall at a series of 
column heights. About twenty readings were taken and 
averaged for each point. The results for this system are 
shown in Figure VII, page , Since the velocities are 
constant over the range of column heights, for the perchlor- 
ethylene system and the carbon tetrachloride - oil system 
the velocities were measured at only two column heights of 
4p Inches and 20 or o Inches. The shorter heights were 
merely used as checks and the actual velocity was taken as 
constant and equal to the velocity measured over the 45 Inch 
column height. Fall times were calculated for the various
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column heights using these velocities.
The variation in drop velocity with drop diameter., 

i'or the systems investigated^is shown in Figures VIII, IX, 
and X, pages to . in addition, the velocities calculated
sissvuriin^" fcn.6* c3i*ot?s  s .s solisi* © s  sir© slso r'lotj'Coci on tiis

same graphs. These velocities were calculated from the 
equation (IF),

«  = / 4^ V d  - f j
/ 3 f cf

where in any consistent units,
U  -  drop velocity assumed solid sphere 

P  _  J - s  J J   - t ~ , ---, ~ „  V- — -I Oj vm _1_ C> O  m O 'w* O'.iG o

j°c = density continuous phase
g — arop g 3 s in 0 "L s
f = drag coefficient
g = acceleration of gravity.

A plot of drag coefficient versus Reynold’s number was con­
fix)

S  tj r*> 1 C  "b 0  C  *b G S  ^  S. "C 3. n v"* J S  >-»>-. wr ' s J q u o  ■* ^i'C V.’u "LH t/ "** 0

Appendix, page/f7 .  A complete summary of the drop velocity 
data including Reynold's numbers, are presented in Table III, 
page .

Vail-effect was not taken Into consideration in 
calculating the droo velocities,assuming the drors to be 
rigid spheres. For turbulent or near turbulent resistance,

( p i  \Munroe' ^ has proposed tne following correction factor:
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where fw = correction factor on calculated velocity 

d = drop diameter 
dQ = column diameter 

For the largest drop size used in this investigation (0.423 
cm.) the correction factor is only 0.975* hence for the 
purpose of this investigation the wall-effect can be neglected.

General Ooservations
A qualitative study of the plots of logarithm 

fraction unextracted versus fall time in Figures IV, V, ana 
VI, reveals several interesting generalizations.
7 m X  'i ' G  II ' 'l~ 3. ^  I ' 0  -pi r\ c n u  -nx'r .o +- ,-w* o  +" V' o  hT" i 7" X  ̂   ̂X ^ ^ " - '

unextracted) with decreasing contact time. This sub­
stantiates the results of the study of drop formation 
time.

2. For the methyl Isobutyl ketone and perchlorethylene
systems, at least a portion of each plot is a straight 
line. Since all of the postulated mechanisms indicate 
a straight line on this type of plot, perhaps one of 
the mechanisms will hold in each case.

(7 *  ̂ —V ,»» f* /"V v—. —" 1 4- -V-» /~\ "',~y T -V̂ 4 3̂ T ^ f, ■
J  • f  \J i' o l i o  o d . l ' P O 1 ii o  G  u  z h U : : a . o i  _u u_ .i. o  j  o

plot is curved in the range investigated. Some of the 
proposed mechanisms call for a curved plot at low 
values of time but none predict an entirely curved plot 
'This may- indicate a mechanism not considered under 
"Theory".
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TABLE III 
Summary of Drop Velocity Data

Velocity Velocity Reynolds Reynolds
Dianiet er Observed Calculated’"’ Number Number

(cm/se c ) (cm/sec) Observed Calcule ted'"’

Methyl I soti-atyl ketcne system
0.2Q4 ly.2 14.0 711 753
0- 355 12.5 I9.9 819 1032
0 . 41y 11.9 17 .7 y j. 0 1360

Perchiorethylene system
n . 500 1 C, 4 Q.P 16,0 zPz

y w  y Poo
0.268 lb. 92 22.F QF4 11FP
0 « y 35 IQ -20 24. Q ✓ 1165 l608

-* r-
♦ 2 y 7 X 'y * O 27.2 7 7/ - r\4_ J kj \J 1932

r* v, — 4- V  ct x ^  U  * i achloride - oil system
0*237 9.96 10.9 527 356
0.373 15.12 14.5 cpl 720
o .  309 11.91 12.6 4&9 plb
0 . 4-23 1 Z  "70 

y 15*9 791 924

"Calculated as sumIn y ri^Io sphere.
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A study of the plots of velocity versus drop 
diameter in Figures VIII, IX, and X discloses some interest­
ing results also. For the methyl isobutvl ketone system. 
Figure VIII shows that drop velocity actually decreases 
with increased drop size, a result just opposite to that 
predicted for rigid spheres. Tils is due to the fact that 
as drop size increases the amplitude of the oscillations 
increases* The distortion of the drop cr the ienurture of 
irs pct~.ivei shape ih'Qi-i thatj oi a soher'e siso xner1 eases wxti-h 
increased drop size^hence the resistance to fall becomes
- -«o /•' f~ ,0 >'» H  /0> "> O .-N *•>■» ,0 AV»* A n !  <»* ■? r* 4 nw V  1 I O  VSi-.fc >v/ -w* ̂  -1- ^  O m/ — V 'w

situation would reverse and the drop velocities would 
decrease with Decreased drop size.

From Figure VIII it appears as though the two 
curves will cross at a drop diameter between 0.2p - 0.JO css. 
For this drop diameter the actual velocity and that calcu­
lated assuming the drop to be a ririd srhsre will coincide.
Below this diameter the drops will fall faster than a rigid

( k  )sphere of equal diameter. West et »al. ' observed a 
similar situation ir. studying the velocity of benzene -
S.C0 t 1 G g c H C ̂ O "0 S t l h r  O'’ frr ̂ v;i t-9r *

From Figure IX for tne perchiorethylene system as 
drop size increases,the velocity* tends to become constant 
due. to tne increased distortion and increased amolituoe of 
tne oscillations. The deoarture from ricid scheme beV^yior 
becomes quite large.

From Figure X for the carbon tetrachloride — oil

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



7/

system, the drops come very close to rigid sphere behavior. 
Hence, of the three systems investigated this one could 
possibly display a pure diffusion type medianism. Since 
the amplitude of tne oscillations is small, the Interior 
of the drop could possibly be stagnant or relatively so.

From Table III it will bo noted that ail the drops 
in each system fell in tne range of Reynold's numbers 
corresponding to so: intermediate resistance (Re 2-R00) or

for rittiD spheres.
a turbulent resistance iRe p u e ;. Actuany, o n ay cno 
smallest broo in the carbon tetrachloride - oil system fell 
In tne 1 n termed late ran ge * The rest of the dress fell ir. 
tne turbulent range.

In the following sections, a detailed analysis of 
each stage will be made using the clots obtained.

O'l Hv

General
From the accompanying plots, one fact seems certain, 

That is, In general a plot of the logarithm fraction solute
unextracted versus drop fail time is not a straight line all
the way back to zero fall time (or zero column height).
Hence, in r-me o-umint. nj sxi-rsictioii occurriri^ during
drop formation cannot be obtained by extrapolating the
straight line portion of the plot to zero fail time.

The method proposed by Conway(3) for separating the 

three stages of extraction is based on the validity of this 
extrapolation orocedure. From the results of the present
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investigation it must be concluded that Gonvvav’s method is 
incorrect. However, Conway definitely separated the amount 
of extraction in Stage III. Unless tnis stage is eliminated 
from the data,any extrapolation procedure is incorrect since 
the extrapolated value, whatever its meaning, still includes 
tne extraction in Stage III.

As tne drop size Increases, the plots show less 
curvature for short fall times. With tne methyl isobutyl 
ketone system, Column Ho. I permits the use of column 
heights as short as one-half inch with which definite 
curvo ture in tne plot is established» Since the fall times 
for these very short heights could not be accurately 
measured, the values were read from the plot of fail time 
versus column height with the plot going through the origin. 
These fall times are probably too long since the drop is 
accelerating for at least the first inch of the column.

Uith the methyl isobutyl ketone system, the data 
of Column bo. II showed little or no curvature for a minimum 
of a six-inch column height. However, for drop sizes less 
than 0.41o cm. diameter, the plots will no doubt show some 
curvature as they approach zero fall time. The plot for the
0.4l8 cm. drop can't possibly exhibit much curvature without 
going through lOQy unextracted. Some extraction, even 
though small, will occur during drop formation.
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Comparison of Theoretical Ecuation with Reported Results■ —  -  .. —  -   ■ -    ft, - -

Assuming that solute is lost in Stage I by 
molecular diffusion into the surrounding medium, equation 
(7 ) can be used to predict the fraction of the solute 
extracted during droc'formation .

^/D’c t f
H d’- 2 . ',-0 „  j ( f )

This equation indicates that the fraction solute extracted
c  l a  A '  ' 1  7  A r t  u o n c a  7 +~ V >  \ i a  n  o  <a  c  o  *-■» * o  >»’ I F  >-» ,-■» -.*

\U w ^  V II J. UAA X-» W CA O V/U VA A O U X U lltV  U VX « A A U4A\J

plots, this trend is observed.
For tne methyl Isobutyl ketone system, using the 

previously obtained values of the constants, the predicted 
extraction curing drop formation has been eaiuciated and 
compared with the value obtained by extrapolating the 
straight line portions of Column No. II plots in Figure IV 
to zero fall time.

TABLE IV
Comparison of Predicted Results with Extrapolated Results

d
(cm. ) (secs.)

b Extracted 
[Calculated)

% Extracted 
(Straight Line 
Extrapolation)

0.418 
0. 3 p4
0.295

0.42
0.47
O .53

1.07
1.33
I .69

1*5
6.0

15*5
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With the exception of the 0.i|l8 cm. diameter drop, 
the value of the percent solute extracted in Stage I obtained 
by extrapolation of the straight line portion of the plot is 
much higher than the calculated value. The relative agree­
ment between the two values for the G.Lj.18 cm. drop is good. 
However, the graphical value can * t be greater than 1.5b or 
less than zero percent, hence the two values necessarily 
check. This indicates that there may be a drop size above
which the plots for Column No. II approach zero fall time

cbserYtfl Jewithout curvature.
From the exi-rs'odated values, it Is impossible to 

see how the amount of extraction during drop formation could 
Increase from 1.58> for a o.I|.l8 cm. drop to 6.Op fora. 0.35̂ 1- 
cn. drop, a difference of Lu55 solute extracted, when the 
data for a one-inch Column No. I for the same drop sizes 
show that the percent solute extracted increases from 12.8b 
to Ip.lbo, a difference of only 2.65 solute extracted. For 
the same droo sizes, with a one-half-inch Column No. I, the 
percent solute extracted Increases from c.L^lb to 8.67;--', a 
difference of o.26;l percent solute extracted. From Table 
IV, on the preceding page, the predicted difference in the 
percent solute extracted during drop formation Is 0.26)1, 
Hence, eolation (7) predicted the correct result whereas 
the straight-line extrapolation procedure is no
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doubt incorrect.
Conway^^ also obtained data cn the extraction of 

acetic acid froa water with methyl isobutyl ketone as the 
continuous phase • lie plotted his data as nercent acid 
extracted versus column height, hence the entire plot is 
slightly curved. On extrapolating tne plot for Column No. II 
to aero column height he concluded that 86 of the solute was 
extracted in Stape I for both a dror diameter of 0.406 cm.

n r iour? a! , a sA 3 7(o , the dataare re clotieu
as logarithm fraction acid unextracted versus fall time.
From these plots, the extrapolated value Is found to be op 
acid extracted for the 0.p42 cm. drop and 6is acid extracted 
for the 0.40c cm. diameter drop.

Considerable discrepancies are noted between these 
results and those reported in Table 3Z", page 7̂ - . However,
it will be rioted that for similar drop diameters, the slopes 
of the plots for Column No. II obtained by Conway agree 
reasonably well with those obtained in the present investiga­
tion * AlsOy the author found for a given drop diameter the 
slopes of the plots obtained with Columns No. I and II were 
parallel on a se^i-log plot. Conway did not find this to 
be the case.

A comparison of the procedure used by Conway and 
the present author reveals several differences.
1. The tips used by Conway did not permit each drop to start 

from sere volume. His tics were constructed of thick-
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walled capillary tubing the end cl which was beveled 
on s grinder. The feed solution constantly adhered to 
this ground surface. leaving a portion of each drop 
clinging to the tip. This extracted portion became 
part of the next droo. hence, tills t\oe of tin would 
cause .acre extraction in Stage I than the type of tip 
used in tne present investigation.
In using Column ho. II, Conway Included the solvent in 

op qt.nTionoV t (Ei-urs II ̂ with the CC« a v i  r .  i  m i  m i  c

phase. Hence, column height was taken from the tip to

investigation with the methyl iso’cutyl ketone system, 
the solvent in the bore of the stopcock was included 
with the sample withdrawn from the bottom section of 
the column. Hence, column height was taken from the tip 
to the top of the bore of stopcock A. The deformation 
and slowing down of the drop as it passed through the 
bore in the stopcock no doubt increased the rate of 
extraction beyond that which. Is normally obtained in a 
length of column equivalent to the length of the core. 
Hence,for a given column height, Conway would obtain 
more extraction than the author.
Conway did not mutually saturate the ketone with -water 
or the water with ketone. Hence_, due to the solubility 
of tne xetone In water ( 2 % at 20°C) the rate of extraction 
may be increased by the simultaneous diffusion of acid 
and water in the same direction. This effect, however,
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should de small. (For a more detailed discussion of 
these differences in procedure, the reader is referred 
to the Appendix.)

Disregarding the possibilities of errors, the 
results obtained by Conway by extrapolation to zero column 
height are incorrect due to the fact that in general the 
plots do not extrapolate on a straight line to zero column 
height. Conway did not operate with a sufficiently short 
ran re of column he I Th.ts to detect the curvature in the 
plots at small values of fall time.

^  ̂  ^  U  +- o  -i v> ss U  "1 -r r* ^  f  1 ~  ^  ‘.*v. ^  *2 ^  p  " r*•  IV. *  . ( . v  a  S' v  M  s> s* s. S/ v  O  V  J. S» x i C< ^  <r< «  J. V  IJlil J- 4. CX V_/ u  ^  1 4

unextracted versus fall time for a given drop diameter and 
several ternary systems. Column height was varied from 
O.p to 4.6b feet. The fraction of the solute extracted 
during drop formation was determined by extrapolatiny, the 
straight line plot back to zero fall time. For the systems
used, no curvature was noted in the plots. All of the data
were obtained in a column in which an interface at the 
terminal end of tne column was exposed to the continuous phase. 
However, this interface was maintained in a 6 mm tube leaving 
the bottom of the column. Since the drops used were larger 
than 6 mm in diameter, they must have broken or have been 
other wise distorted before entering the tube. Exactly how 
effective this orocedur-e was in eliminating or promoting the*■ O  .. C_3

extraction in Stage III is not known. So doubt some extraction 
did occur curing this final stage in the life of a drop.
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The system showing the largest amount of extraction 
tor a given column height, was that in which acetic acid was 
extracted from methyl isobutyl ketone (dispersed phase) with 
water (continuous ohsse). Using a VdLue for m (o) of Oct-01 
and a value of Dc (b) of 0.Q4 x 10“5 crr^/soc. corrected 
to 25 cC , equation (7 ) predicts the. t 5.4;.- of the solute would 
be extracted during the 0.44 sec. formation period of a drop 
0.3ob cm. In diameter. By extrapolation, Farmer concluded
u j. ica. v

From the results of the present investigation, 
for a G.pro cm. urop In Figure IV, the straight line portion 
of the solid line (Stage III included) extrapolates back to 
about 201 extracted at zero fall time. However, in till s case 
acid was transferred from water to ketone whereas in Farmer's 
work,acid was transferred from ketone to water. Owing to 
the greater attraction of the acid molecules for the water 
than for the ketone, this latter direction of transfer would 
in general be more rapid.

The system showing the smallest amount of extraction 
for a given column height was that in which acetic acid was 
extracted from carbon tetrachloride (dispersed phase) with 
water (continuous phase). For a drop size of 0.39b cm. 
diameter and a formation time of 0.46 secs., equation (7 ) 
predicts thaz of the solute will be extracted during
drop formation. By extrapolation. Farmer obtained the value 
of l6,6;l. The calculated result is obviously incorrect.
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The error in ;he calculated result is due to the
Tact that one of the basic assumptions in equation (7) is
not fulfilled. That is true equilibrium is not maintained 
at the interface between the carbon tetrachloride - acetic 
acid mixture and the water phase. For the feed concentration
<v 0.01 lb. mods acetic acid per cu.fo. of carbon tetrachloride)
used by Farmer, t h  distribution coefficient^0 ̂ ,

„  „ n r . concn. HAc in GCI4H = 0.0b = ------------------ -— —concn. HAc in ri-0

T:iis coefficient is very small indicating greater attraction 
of the acetic acid molecules for the water molecules than 
the carbon tetrachloride mole o d e s . However, acetic acid 
is nighly associated in ron-polar solvents like carbon tetra­
chloride. The acid is not associated in netr.y 1 isctutyl 
ketor e or water.

Thus the surroundinn water will only accept the 
single acid molecules and true equilibrium is established 
between the single molecules in the carbon tetrachloride and 
the single molecules in the water. Since the degree of 
association of acetic sc id (c) is I.67, only Ip.ty of the 
acid molecules exist as single molecules. nence the 
effective concentration of acetic acic in the water chase 
will be reduced to IQ.bl of its expected value. The effective 
distribution coefficient, H, will ce increased to O.Op/C.198 
or 0.2T2. On thi s basis, the calculated value of the 
fraction solute extracted during drop formation for Farmer’s 
ccncicions becomes 0.060. Hence o .0% of the solute is the
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theoretical amount of eitracticn during drop formation com­
pared to the extrapolated value of 16.61.

T.d s correction on K for ncn-polar solvents is 
-iwilsr to a correct! cn factor used bv Fume*"1. in studying 
tiio extraction ox ccotic tcic iroo a series of solvents 
with 'water as a continuous chase, he fount! tnn s in order 
to correlate the values of tre overall transfer coefficients 
for the non-polar solvents with those for the polar solvents

j. - _  2 — n - , . .a correction Aac w r  ---  ri.au to oe acoxxec wnere n is cuen
degree of association. This factor is actually the fraction 
of the acid molecules exlstin ■ a? sir^le molecules in a non-- ' O
polar solvent.

Subject to further proof, it may ce stated that in
general equation (7 ) will require a correction factor of
V — Vq
— — vvhen aoolying the equation to the extraction of a solute 
from a dispersed phase in which the solute is associated.

The distribution data for the nu rchlcrethylene - 
acetic acid - water system and the carbon tetrachloride - 
oil - acetic acid - water system are not available and were 
not deter...inec. Hence equation (7 ) v;as not apolied to 
these systems. However, from figure V the actual amount of 
extraction during crop formation is much less than the value 
•which would be obtained by extrapolating the straight line 
portion of the plots to zero fall time.

The curves in Figure VI very definitely curve 
toward the 100% unextracted mark as fall time decreases 
indicating a very small amount of extraction during drop 
format ion.
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Unfortunately, the present experimental methods 
do not permit the determination of the actual amount of 
solute lost during crop formation. Using Column ho. II, 
data for a column height less than seven inches was thought 
to he undesirable since the crop is required to pass through 
the narrow o-'t/n In0 (1 /2 inch tore } in stoococlc A (?i-rurc II ) .
TrJL s no doubt causes some end effects which are not detected 
In the seven Inch length column but which .usy become quite 
serious jf shorter column lengths are used.
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Various possible mechanisms of solute transfer 
in -Stape II have been considered and methods for testing the 
experimental results, to identify the various mechanisms, 
bin vc b 0 6 r. ci 0 v 0 3. c c w d ♦ Z n l ixx s s 0 c *b Z c 0 t? ZlC 0 v v 0 ̂  Zip0^ v s Z qs t?sl
W i_ _L 1 C6 t03t*6o IT: cU'i 3.0 X. CUip o L O GOtbri.iihc ollS p r c V C - l l T . ^

mechanism In each system investigated. For convenience, 
each of the systems will be considered separately.

The analysis of the mechanism of solute transfer 
in Stage II depends upon an important property of the type
OX VX.Ct/S 0 : ^ p i O y 6 G  • x lIS. U i s ,  oi-o i x O p u  o£ uii~ S L jX S. X. X ilV J.X.2X6

)±ot 0 Z Z o x s r i t r u n  f r s c t i o n  v n 0 xcxxip2.c b 0 c  v c p s x is• n  r  r  i /p >'1 T r. y\

Ci Cilog _=i - log —uo C0-------------------- = suope
"2 “ *1

where and C p are the concentrations of the drop correspond­
ing to any times tj and t 2 and c0 t'ne concentration
of the drop. This slope reduces to the form

G Tio -r  —0 c2

Thus, the slope of the plot is independent of the 
initial concentration of the drop. Hence_, regardless cf the 
previous history of the drop, if a given mechanism is 
established after any time t-, , the slope of the plot trill be
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the same as If this mechanism had controlled throughout 
the life of the drop.

lie thy 1 Isobutyl Ketone System
rirare IV shows that there is about an eight second 

range of fall time over which the plot is definitely a 
straight line for all drop sises. This ccrresrcnds to s 
net column length of about 40 inches. her the data of 
Column No. I the initial portion of the plot is curved and 
after a total fall time of about 9-10 seconds, curvature is 
again noticed. Hence It may be assumed that one distinct 
mechansim exists for at least 40 Inches of fall of the drop* 
After approximately 40 inces of faxi, either the mechanism 
again changes or the acid in the drop reaches equilibrium 
with the acid in the sur round 5. r gs * This latter possibility 
will be considered later.

Three of the mechanisms Investigated give mathe­
matical solutions In the form of infinite series. Numbered 
as in Table I, page 3? , these mechanisms are,

2. Molecular diffusion in the drop. No resistance 
in continuous phase.

J. Molecular diffusion in the drop. Film tyre of 
resistance surrounding drop In the dispersed 
phase or the continuous phase.

4. Streamline convection within the drop. No 
resistance in continuous phase.

Each of these mechanisms Indicate that a clot of the logarithm
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fraction uns:;tractec versus fall ti;.:e will give a straight 
line after a sufficient length of tine while for short 
contact times the plot will curve to the origin, 1QQT' 
unextractec. Hence the possibility exists that the initial 
ci i ' v s "£"Lis o if dct- xs fjot cu.s xc s c'ns.n xr1 mechanism
out xs iiiei*6 xy xnc noi’tus. j_ sitUcioion 0 x *o 0 c x 6 d Yffcion on6 o £  

these three mechanisms applies.
Figure IV shews the the ore t-ical shape of the curve

f1 r\ >> c  »vt Ph t"* -mi1 >•: rs H  ^ f* 1 a  * r»n o. 1 o v i o  ^ o n f . n r i l  1 W v "  t~ W  <z» r> o  T . a

of extraction. The value of the ciffusivitv of acetic acid
4- u  ^ r* 4— /  r \  . \  * r* r\ o  s -> r \  “”  *? ~ ^  ^v« V/1... s s a u w :  V C  u/ « --^r j \  J_ W  U i U  / £JCV^ • t - d f i  C t  O C U  hi.' Uiil

12.p°C to 25°C (6 ). A drop diameter of O .555 cru* wa£ used. 
The shape of this theoretics.! curve is very similar to that 
of the actual curves but the slope of the theoretical curve 
is much too small to represent the true mechanism. Also, 
since the drop is formed under dynamic conditions, a 
mechanism of pure diffusion couldn't apply at time zero.

Mechanisms numbers 2 and 4 indicate a definite 
theoretical value of the slope of the plot. Hence, the 
actual slope may be compared to the theoretical slope.
This comparison is summarized below.

TABLE V
Comparison of Diffusion Tvne Hechanisms

d
(cm. )

■£■* C 1 U.&1 
Slope.,
(sec”~ )

Pure Diffusion 
Slope 
(sec + )

Streamline 
Convectiop 

Slope (sec"x )

0.295
0.554
0.41b

-O.O916
-O.O678
-O.OT67

-0.00185
-0.00128
-0.00095

-O.OO5O5
-O.OO549
-0.00254
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The actual slopes are very much greater than the 
theoretical slopes. Hence these two types of mechanisms 
indicate a rate of extraction much too slow compared to the 
actual rate. A theoretical value for the slope of mechanism 
number three cannot be obtained. However, this mechanism 
would be expected to cause a rate of extraction even slower 
than that predicted for pure diffusion. Hence the theoretical 
slope of the plot woulc be smaller than that for the two 
previous mechanisms. Or: this basis, all three of the above 
mechanisms may be eliminated.

Since even the mechanism for streamline convection 
in the drop indicates much too slow a rate of extraction, 
obviously the interior of the drop must be In relatively 
turbulent motion. Thus, the two film type of mechanism of 
solute transfer will be considered next. ho theoretical 
value of the slope of the plot can be predicted. However, 
if , the over-all transfer coefficient, remains relatively 
constant with drop size, the slopes of the plots of logarithm 
fraction unextracted versus fail time should be inversely 
proportional to the drop diameter.

In Figure XII, the logarithm of the slope has teen 
plotted against the logarithm of the drop diameter. The 
slope of this plot Is (-1.J4). Hence the slopes of the 
plots of the logarithm fraction unextracted versus fall time 
are inversely proportional to the drop diameter to the 1.54- 
power .

Notice that if mechanisms 2, 5? or 4 h a(3 applied,
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the slopes of the plots of logarithm fraction unextracted 
versus fall ti;r:e would have necessarily deer; inversely 
proportional to the drop diameter squared. Conceivably, a. 
relatively large fictitious dlffusivlty coefficient, could 
h© used to make one of the diffusion equations fit the data 
for a given drop diameter. However, since the slopes of the 
plots are not inversely proportional tc the drop diameter the 
fictitious diffuslvity coefficient could not be constant.

flnv I’i-Vi'1? v analysis b°ssd on tinoso 0y oss o 1 scuo.'uior'-s 
would be purely empirical and would shed little, light on the 
true mechanism of solute transfer.

From Figure XII the ratio of tne siores of the
plots of logarithm fraction unextracted versus fall time has
been found tc be Inversely proportional to the drop diameter
to the 1. power. The slope of any one of these plots is

K ■equal to (-2.61 ~ ) . Hence,G
xv <=<d d^'^4

The value of has been calculated from the slope 
of each of the plots for the various drop diameters. The 
results follow.
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TAELS VI
Values of K, for I,‘ethyl Isobutvl Ketone Svstem-------------e---------- *----------“------------ ------

d K d K h °.*4ivdd
(cm ) (cm/sec) (ft/hr) (ft-hr)

0.294 0.010p2 1.22 0.251
0.295 O.OIO57 1.22 0.251n n n n m  0 i nd r> 02 AW * J
0.559 0.00929 1.10 0.240
0.4lS 0.00910 1.07 0.24b
0.419 0.00909 1.07 0.248

fro:.-; the above table the valve of the over-all
transfer coefficient, , decreases slightly as the drop

n 24.cianeter increases. However, the value of K^d - is
^ — — ~ ., J- — ... ~ r .• .

f x J b h i J C *  u  c x i i  u  cx y i ' c u i ' J  u w U  •

Tiz6 cli'oos i.n t'nis svst«6in y/sp'S 00s9rv6o to o0
cx a/ v.- _ o  w  .

tion. As the drop site increases the deformation ana the 
amplitudes of the oscillations increase. One would expect 
this larger amplitude of the oscillations to increase the 
turbulence in, the drop and thus reduce the effective resis­
tance of the film in the dispersed phase. lienee X3 would 
be expected to increase as drop diameter increases. However, 

actually decreases with increased diameter.
The only possible explanation is that some or all 

of the resistance tc soiree transfer actually exio to in a 
film in the continuous phase surrounding the drop. Experi­
mentally, for the range of drop sizes used in this investiga­
tion, the drop velocity actually increases as the drop size
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decreases. (See Figure VIII) hence as the drop size is 
decreased; the Taster rate oi fall reduces the resistance 
of the film surrounding the drop in the continuous phase.

Equation (11) may be used to estimate that fraction 
of the resistance act '.ally due to the continuous phase.

-L = + JL '1  ̂)
Kd kd kc ^

Theoretically, the film coefficient for the continuous phase 
may be considered a function of the drop velocity, I.e.,

Ac ~ p k
where p and :a are constants. Inserting this In equation (11) 
the following is obtained.

1 1 -!
hd ~ ku” + Hr * v111 - 55)

-i j .
According to t-nis ecrur.tion a plot of ^  versus ^  will be a 
straight line with intercept ~  provided is not a function 
of drop velocity or in other words not a function of drop 
diameter.

Trial and error plots v;ere made until the exponent 
m,which gave a straight line for a plot of 1 - versus -i— was 
found. This value of m was approximately 0.9. The results 
are summer 3.zed below.

T-A7=r/P V I T

T,/Kq versus l/v^‘9

a
(c m . )

...... i.......
/d (ft/hr)

V
(ft/hr)

1
vo. 9

0.294
0.355
0.419

0.620
0,909
O .955

1560
1476
1405

0.00154
0.00141
0.00147
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Trie clot of tX  versus — v-~o shown in r'i pure XIII,Ad vo.9
cane // . From the slooe of this line the value of —— = 6^4.hp
The ordinate Interceot is found to be (-0.2b). Since the
value of ~  cannot be negative, it must evidently be zero.

Kd
Hence tiiXs •-ins.lvsi.s r}r*ecXoXs tiisit si XX oX Xiie nesXsts.nce tc 
solute transfer is in the continuous phase.

host of the resistance to solute transfer in a 
spray tower is usually assumed to be in the dispersed phase.

( f  \Farmerv ° ' stated and attempted to prove that all the 
resistance to solute transfer Is in the dispersed phase for 
the extraction of acetic acid from a scrios of solvents with 
water as a continuous phase. He attempted to prove this by 
substituting various concentrations of a sodium hydroxide 
solution for water as the continuous phase when extracting 
acetic acid from carbon tetrachloride as the dispersed phase.
He observed negligible effect on the rate of extraction and 
thus assumed the resistance to solute transfer is not in the 
continuous phase. Actually this may be a false deduction.
The results do indicate that there is not a rate controlling 
reaction occurring between the acid and the water. However 
"tXiG sodium 9061? 130 X o ^ e d  2.X *bris ir.tsrfsc0 niusX diXXuss 
through the film away from the drop and the sodium hydroxide 
must diffuse through the film toward the drop. Actually this 
process may be just as slow as diffusion of acetic acid through 
the water film.

as previously noted, the drops in this system fell 
with oscillations of relatively large araplitii.de. These
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oscillations will keep trie interior oi1 the drop well mixed 
and rend to prevent the formation of a film in the dispersed 
phase. At the same Lime the drop will be carrying with it a 
laminar layer of the continuous phase. It is entirely possible 
that all the resistance to solute transfer will be in this 
film in the continuous phase.

The values of the Reynold’s numbers for these drops 
correspond to turbulent flow as defined for rigid spheres.
( S e e  T a b l e  I T T )  Rpv.’f>VPT> . t". r» i « n  * h o n v  j T n o n | m a r  r.ol* - - ¥ -- 9 - ~ w " - v' —» — — “'■* ■* — —* —

verification for the assumption that for a given Reynold’s
i r .) j~>, .c> -kj p  o n o  i ~'V' ' S  r 3  "Cl"1 3  S 3 3 " i ' 3  1*0 ^  "  S O I T - C X * ©

an oscillating drop. Kence the conditions In the continuous 
phase may actually not be as turbulent as expected.

Another mechanism which may elucidate the mechanism 
of solute transfer Is the transient film type of mechanism.
If this mechanism applies, the slopes of the plots of 
logarithm fraction unextracted versus fall time should be 
proportional to / - f j  • -b.e theoretical value of the slope is
-2.95 / t ^ Z •TIV,n.e analysis oi this mechanism is summarized/ db
celow where the transient film is assumed In the continuous 
phase. The value of i)̂  has oeen taxer; as before as
2.57 x 10 2 cm^/sec.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



r?

TABLE VIII 
Test of the Transient Film Mechanism

d
(cm . )

V
(cm/-sec)

Actual
Slope
(cm,'1 )

Theoretical
Slope
(cm.““ )

Actual Slope
/  u

0.294 Is.2 —0 .091b -0.327 0.00402
o. 355 12.5 -0.Obup -0.240 0 .00409
o.4ig 11 ,Q

— -  * y -0.09 06 -0.162 0.00445

from v M  aoove tacre, the ratio oi the actual siope
to / is not quits constant as the mechanism calls for 
although the disagreement is not sufficient to completely 
eliminate the mechanism, however, a comparison of the actual 
slope with the theoretical slope is sufficient grounds on 
which to eliminate the mechanism. In each case, the 
theoretical value of the slope is about three times as large 
as the actual value. If the transient film Is assumed tc be 
in the dispersed phase, the diffusivity of acetic acid In 
water is used in calculating the slope. This value, as 
previously used, is 0.94 x 10 cm^/sec. This would make 
the theoretical slope only a little smaller. Thus, the 
transient film mechanism predicts a faster rate of extraction 
than is actually observed.

Before completely eliminating the transient film 
mechanism, It i3 interesting to note how this mechanism can 
be combined with the two film theory to provide a logical 
correlation of the experimental results. The consideration 
of a transient film in the dispersed phase seems to be
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illogical. This film would originate at the bottom of the 
droo, pass up the outer surface of the drop and be deposited 
in the too of trie drop. If this film behaves like an infinite 
film then the solute could never be actually transferred 
through the film tc the surrounding continuous chase, Eence

O  '—'

it would be impossible for solute to be transferred from 
the drop.

However, the film in the continuous phase surround- 
in ~ tb-e dr or msv sctuallv act as an infinite film v^ith 
respect to solute transfer. Conditions favoring this 
situation are short owiiuact trues with tne surro11ginr, trim, 
or a thick laminar layer around the drop. Hence; the 
possibility of a transient film in the continuous chase plus 
a fictitious film in the dispersed phase will be considered. 
The consideration of this additional resistance in the 
dispersed phase may account for the fact that the transient 
film mechanism alone predicts too rapid a rate of extraction.

From equation (29), for tne transient film 
mechanism^the value of the individual film coefficent in the 
continuous chase is

« - DCR, = 2

Replacing t by its value in terms of drop velocity and drop 
diameter^the following Is the resixlt,

kc = 1 . 1 3 / ^  (55)

rhis equation may be combined with equation (11) to give
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the value oi' the over-all transfer coefficient, i.e., 

_ 11
Kd

TT
*cd

d l/2 
TTT? (34)

Assuming constant over the range of drop sizes investigated,
a plo i , d 1/2t of versus (— ) ' should oroauce a straight line with.T~ * TT • l—

Interceot -4- and sloce of
1.13 u

H
;■ ;tt/2 The results are

tabulated below.

TABLE IX
j _

i A' ,u , r vx/iwa versus (trj '

d
(cm. )

V
(cm/s e c }

a
v

(sec. )
e i to 1 h r _-w ~a 

(s e c/cm}
0.294 
0.3550.41Q

13.2 12.5 
11.9

0.0223 0.0264n.n^r,pW . _ x —
0.149
0.168
0.188

96.7
167.8 
110.0

In Eigure XiV page 9 7  , a plot of l/X^ versus
x /2.(d/v) • is shown. The slope of the straight line drawn

Is 343. Using values of Dc and H as previously used, the
calculated value of the slope is 375* Considering that
only three points were used, the agreement Is excellent.
The value of the ordinate interceot. is 47.8 or ka Is• *-a u

n.m /c .................  v u  v-*. a. vy  iw/ o  u. o  . ca. w »./ *.4 u  J . i

of the resistance to solute transfer is in the dispersed 
phase and the other half is in the continuous phase. As 
drop size increases that portion of the total resistance 
which is in the continuous phase increases from Si/ for the 
smallest drop (0.294 cm. diameter) to 57/ for the largest
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drop size (0.419 cm. diameter). Hence as drop velocity 
increases the resistance in the continuous phase decreases.

The results of this analysis do not check the 
results obtained with the previous analysis based on the two 

b-iigiO'rn~̂ Îcv.G vor1 bo hii s^slvsss ci0 ni s l_*v 3bow 3.

continuous phase. The analysis based on a transient film 
in the continuous phase seems to provide a more reliable

1 t  . T\I r\ c  c  q u  u n r .  * n n  <3 n  c  n  -i .h “c >n o  o  Q t r a n  4̂  V> v-\ 3 3  2 0 . ^ 1 2 - 0  r"

the tv^e of mechanism involved. The agreement between theL - '—}

4-1. ..1 .... T . , „ „ J-. , „ n „ -p M . .  1  , _ -I hrv a i  n o  c i x i u n c  v c;i.uc v-/ _i u n c  O I U W C  \J l. j. /
,3 -}/'->

/ U  . -i./ C .versus ) justifies the me onanism, to a certain extent.
In the analysis based on the two film theory, the 

continuous film coefficient was assumed to be proportional 
to some power of the drop velocity. Such a relation has 
never actually been established for liquid-liquid extraction 
fi’om drops although the relation is well established in 
gas absorption. Actually, up to the present time, no one 
has separated the film resistances in dropwise extraction.

From Figure XI, page ~ 7 ( p  , in which the data of
o (3 'i - - ■ j • • , - -Corrway'-'' nave oeen replotted, using tne slopes oi one 
plots for Column Ho. II, for the 0.342 cm. diameter drop 
Is I.Op ft./hr. and for the 0.406 cm. drop is 1.00 ft./hr. 
These results are in good agreement with those of the present 
invssuigauion *

Sherwood, bvans, and Longcorv~u ', when extracting
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acetic acid from me thvl isobutyl ice tone with water as a 
continuous phase, found for a 0.17b cm. drop, K ■=. l.c ft/hr 
and for a O.plb C-Ti* drop K ~ 2.0 ft. /hr. These values are 
much larper than those obtained by either Genway or the 
author. However the direction of extraction is different*
As explained by Conway, the extraction of acetic acid from 
water is mere difficult than the extraction of acetic acid 
from ketone due to the formation of hydroyen bonds between 
the .acetic acid and the water. In addition, the values of 
rv. Increase with Increased droo size whereas in the present

of
size. However^ in She rwood’s investijut ion, drop velocity 
increased with increased drop size^ hence K would be expected 
to increase also. Due to tne larye Increase in K, a larye 
portion of the resistance to solute transfer no doubt lies 
in the continuous phase. However, Sherwood explains the 
results by assuming that the oscillations in the larper 
drop cause increased turbulence within the drop.

The next step in the analysis Is to consider the 
mechanism of solute transfer duriny the initial one second 
time interval. The plots of data from Column bo. I shc-w 
definite curvature toward the 10Oh unextracted mark. 
Initially, the rate of extraction appears to be very rapid 
but then tapers off to the straight line portion cf the clot.

Tuis rapid initial rate of extraction is due to 
the oscillations of larye amplitude of the drop just after 
leaviny the tip.. As the droo starts to leave the tip, the
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V' / /liquid necks down until the crop actusIIy breaks away. Ihe 

elongated drop "springs" into a spherical shape and then 
iirunedi atelv ''pancakes cut" as the resistance to fall i n the 
continuous phase is met. Hence, there is s short period 
during which the drop is accelerating and oscillating.
Consecuentlv the initial resistance to solute transfer in thei

continuous phase is small. Evidently, these abnormal effects 
are dampened out within the first second of fall after which 
stec-oy conditions are reached«

As the drop size increases, the impact of the 
necked down portion against trie drop does not- produce oscilla­
tions as large as with small drops. Hence, the initial rate 
of extraction is less in the larger crons •

The above discussion offers a reasonable explana­
tion for the initial curvature of the data taken with 
Column Ho. I. However, further examination of the plots 
reveal that the data of Column No. 2, for the two largest 
drops, show much less curvature for short fall times. 
Actually, the plot for the O.-’-lB cm. drop shows negligible 
curvature. The vertical distance between the plots for 
Columns No. I anu II for approximately the same drop size, 
represents the amount of extraction In Stage III. As will 
be shown In the next section, for the range in ’which these 
plots are parallel, the extraction in Stage III is pro­
portional to the concentration of the drop just before 
entering State III.
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For- short fall times, the plots for Columns I\o. I 
and II are no longer parallel but tend to converge. Hence 
the extraction in Stage III is no longer proportional to 
the concentration of the drop before entering Stage III but 
is actually decreasing;. For the smaller crop sites, part of
i~ r .r. CMT'V0 "L11 w,3 I*'*"1 '''"i.C T'l.O’t ? ^  NO • "T* I*-1 S.'* C~ C O'13 t’3 "tjp 0

fact that as the column height becomes very short, the amount 
of extraction in Stage III decreases. This could be cue to 
the fact that for very short column heights, the drop does 
not have sufficient time to reach its maximum velocity.
Hence the impact of the drop at the interface is not as 
treat as when the drop has reached its terminal velocity
a  t' at: a  c ■*“ ■>■»* 1 r *. ** vi •’r o -*s v-» ̂  ̂  /-. - . ̂  v. 4- P ^ -v** -• V-/ _  W ~  .1. -L. J  ^  ^  _  i, I ^  ^  ^  y

short column heights, one might expect less extraction in 
Slate III. This stare- is considered In more detail later 
in the thesis.

.-.s previously noted, after a fail time oz a a out 
9-10 seconds, the plots again show curvature. The shape of 
this portion of the curve indicates a gradual decrease In 
the rate of extraction as compared tc that observed In the 
straight line portion of the plot. Since the plot is on a 
logs r i tmnrc scs.ie, tne ore t really the curves must not oecome 
asymptotic.

One of the assumptions in all the theories is that 
the concentration of the continuous phase is negligible.
This assumption can be checked by means of a material balance.
The concentration of the acid feed is G . O ^ . y l  lb.moles acid/
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ft' water. For an average volume of feed of l.g ml. and
assuming luO'i extraction tne concentration of acid in a FQ

_ c, zinch column would be only g.b2 x 10 ' It. moles acid/ft'
ketone. Since the distribution coefficient (R) is about 2.0,
the concentration of acic in the drop couldn’t possibly be
approaching equilibrium with that in the continuous nhsse.
Hence the final curvature in the plots must be due to a
chanye in the mechanism.

A possible explanation is that the turbulent motion
within tiie drop is beginning to calm down or become more
uniform. In effect, a d3 ffuslonal type of mechanism mav he
beginning to control the rate of extraction from within the
rr -j-j r\ ^

? d f g ^~ ~  *1
The vertical distance between the two plots for 

Columns Ho. I and II for approximate!;, the same drop size, 
represents the amount cf extraction in St a -e t i t . T or sin 
of the straight line 
may be expressed bv

V - V

where and C2 correspond to any set of points on the straight 
line portion of the plot. For a similar croo size and 
Column Ho. I, at the same values of t each of the concentra­
tions will be reduced by the amount of extraction occurring 
in Stage III. Hence the slope becomes

portion of the plot for Column Ho. zl

log
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where x arc y represent the decrease in concentration of 
"Che drop doe tc the extraction in Stspe III.

The only nossible way in which these two shores
can remain equal is for x and y to he proportional to C-̂  and
Op respectively. In addition, the proportionately constant 
must; be the sane. Hence for the ran re in which the plots 
-r' Q > > (J Q 1 ̂  v O • "* ' v* ̂ r'<] t'icl 'h 0 0 C U *" tz * or C 'h ■*’*»
Staye III may be represented by

^i i x _ a,‘v/i i i

where ETTT is the fraction solxite extracted in Stave III ana 
Cjjj is the concentration of the drop before entering Staye III.

Since vttj is pr o p o r 11 on a i uO one ciiuo vii • o ci soil; ts
unextracted in Stages I and II, this equation may be written as

E- = (i - r )0 v -  “ 2 —2

where E-, n is the fraction solute extracted in Stapes I and 
II and iS Is a new constant.

This equation has been checked at various points 
and the results tabulated below.
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TABLE X 
Analysis of Stage III

vu 4*o M 1
C cm. ) (sec ) u  “1-2 ' * ri.iu d

0.4IC 2
y\

O.llR
r\ r\Q C u

O.76OC T* i / s nr 1 p 0 .1-.1 n - OVJ *
to 0.007 O.45O

Avg.
0.149
0.149 O .550

0. -F4~ s y
55
4

0 .not;-~ S SU * O'7 0
n . -00W - ̂  y ^
0 • ̂  0 s

0.1 z6 
0 .179

6 0.052 0.57©
Avg.

0.141
0.159 O .503

r\v . 7 p 2 r\ ' s\ W • V.* vJ v/ r- /* ✓n 0 . io6
4 0.040 0 . *74 0 ,] 07
s' 0 - 01 A~ ~ s s n . - 0 3 ,- ^

Avg.
0.109
0.107 0.562

The proportionality constant is found to increase 
with drop size. A comparison of the values of shows this 
quantity to he relatively constant. Hence the proportionality 
constant is directly proportional to the drop diameter. Thus 
the amount of extraction in Stage III is proportional to the 
drop diameter and to the concentration of the drop as it 
enters Stage III. However, for very short column lengths, 
this proportionality no longer exists. Apparently the 
extraction in Stage 3 decreases as we approach zero column 
he r ght.

Actually, the amount of extraction in Stage III 
would be expected to be a function of column diameter which
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was not a variable in this investigation« nov/ever, out of 
curiosity, a small amount of chalk dust was suspended in the 
interface between the water phase in the bottom of the column 
and the methyl isobutyl ketone on top of the water phase.
As the individual drors s truce the interface, the dust rurticlss 
accelerated rapicly to tne wall ano were reflected oaCK 
toward the center of the column. Just before the particles 
reached their original position, the next drop struck the

«a V V O  * CV '

the entire area of the interface will be effective in trans-
•F o  ■*-> > J •? V-. . - O '-N ̂  ■* * A- * v~ c' ■** . - ri T **■ T"^  ^  O V< U O  X l i  C .x  h . -i. •

( o )C o n w a y f o u n d  that the amount of extraction in 
Stage III was constant and independent of drop size and 
column height (or drop concentration). These results are 
impossible to explain.

PERCHLORhTHYLhli: SYSTSLi
The perchlorethylene system was chosen for the 

investigation of Stage II because of the large value of the 
density of perchlcrethylene (l.cl gm/cc). These dense drops 
fell rapidly anc with little distortion. Actually, no 
visible vibrations were noticed except for the 0.594 c:::. 
diameter drop. hence, this system was expected to produce 
a good correlation of the data with the theoretical mechanisms 

Figure V shows that there is a considerable range— ' o

of fall time over which the plot is definitely straight. 
Unfortunately, the change in slope of the plots with drop
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diameter is very small. The plots for the 0.20° cm. drop 
r-nd the 0.2bb cm. drop exhibit a definite bre ale. The por­
tions of the curves before arid after the breaks appear ‘g o  be 
straight lines. For the purpose of checking mechanisms, 
on"i v bi'io s :"ht i.r10 portion of tlis oiots v/iii co
used. This portion is moi’e likely to represent the same 
type of mecr.anism which is controlling the rate of extrac­
tion from the larger drops.

rP V i (3 h r ' h Q p r h n p  0 . s 0 ci. i n  t ' ^ 0  v a r i o u s  v" 0 c l * £ i n i s m s

is identical with that previously used for the methyl iso-
id m  o..;h \J —

streamline convection within the drop may be eliminated by 
comparing the actual slopes with tne theoretical slopes.
The results are summarized below. The value of , the 
aiffusivity of acetic acid in perchlorethylene was estimated 
by the method of YYilke ̂  ̂ as 1.47 x 10“5 cm^/sec.

TABLE XI
Comparison of Diffusion Tvoe Lie chan isms

d
(cm . ) Actual Slope

Pure
Diffusion

Slope
St re amlir.e 
Convection 

Slope

o . 209 — O . *1 Or\ ( * i ri/Mon vo I » / v a. vyi. 1 y , 0  .n c n £\J * w J ( A n 1 r *n w • v ; (
-0.058 (Low e r portion)

0. 2o 8 - 0 . 0 94 
-0.057

(Upper 
(Lower

portion) 
portion) 0.00304 0.00830

o . p 58 -0.077 0.00221 0.00604
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Thus not even the lower straight line portion of 
the plot corresponds to a rare of extraction as slow as 
predicted by the diffusion types of mechanism.

An additional check can be made by observing whether 
the slopes of the plots arc inversely proportional to the 
square of the drop diameter. From Figure XV, the slope is 
inversely proportional to the diameter to the first power. 
Hence the diffusion types of mechanisms are definitely

 L U O u O O t  :  r C i ' i  U O I J  : c . U  U V U  •

The transient ■f’ilm mechc-nism mar be similarlv
eliminated icy comparing the actual slope with the theoretical
slope. In addition the slope should be inversely proportional

/Lv—tc trie quantity / -yr . The results are tabulated below. The/ G. *■'
film Is assumed to be in the continuous chase.

?est of the Transient Film mechanism

(cm. )
Slone,
(sec'1 )

’-L'llO O P S  “ i  C ci JL
Slope
(sec- 1 )

Actual SIone
v

cm/sec 7ZTdv

0.209 -0.126 -O.378 15.98 0.0030b
u . 212 -0.144 — 0 • 57 2 lo. 10 O.OO35O
0.265 -0.004 -0.251 16 .52 O.OO3580.280 -O.O3I -0.251 18.62 0.003280.525 -O.O85 -0.215 19.08 O.CO357
0.555 -0.080 -0.204 19.20 0.00354
0.3 30 -0.077 -0.202 I9 .5O 0.00346

before leaving this mechanism, the relative con­
stancy of the values in the last column should be noted.
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This mechanism could possibly be forced tc apply 'ey intro­
ducing a correction factor in the form of an increased time
of contact between the drop and the transient film. Since

/T)Tvtho theoretical slots of the clot is -2 .9S/ — -- , this in-' d>
creased time of contact would result in a fictitious velocity
less than the actual velocity. That is, the actual time for
this transient film to pass over the surface of the drop may
be increased due to the dragging of the continuous phase

. p ,along with the drop. A correction factor ) may be 
defined as the ratio of the velocity of the film over the 
dror relative to the center of the drop to the actual 
velocity of the drop relative to the stagnant continuous 
ohase, Le.,

2 _ vf

m e  theoretical slooe is tnen -a ■ QF /  ^ o^ -P.Qp f/ ^' y / , t ~ y ^ /  _ p •dr a '
2The value of f necessary to correct the theoretical 

slope v;as found to be about 0 .15. Thus the film is moving 
at a velocity about two-tenths of the actual velocity of 
the drop.

(18 )'.Vest et.al.'"5' ' have used a correction factor 
identical with that above but found the mechanism not to 
hold for extraction of acetic acid from benzene with water 
as a continuous phase. However, they obtained data for only 
three column heights and did not establish a straight line 
relation on a logarithmic plot or a ratio of slopes to drop
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diameter. Hence their results are inconclusive.
Although f has been /iven a physical meaning, the 

value may be fictitious. One of the assumptions in deriving 
the analytical expression for this mechanism is chat the 
time of contact of the drop with the film is so short that 
insofar as solute transfer is concerned, the film is infinite. 
However if the actual time of contact is increased to ten 
times the expected time of contact, the film may no longer 
act infinite in. extents

In conclusion, this mechanism has neither been
~ or di so roved . It does have its .ucnts , however , and 

could do much to establish the theory cf extraction from 
drops in some cases. Further work cn this type of mechanism 
is needed. The present investigation has at least established 
a method for preliminary testing of data tc see if the 
mechanism can possibly held.

The established two-film theory provides a logical 
basis for analyzing the d at a . From Figure XV the slope of 
the plot of logarithm fraction unextracted versus fall time 
is found to be almost inversely proportional tc the drop 
diameter. If the lower point or: the nloi is ne.g ?c fed, 
within experimental error the slope of the plot is -1.00.
This indicates that, , the overall transfer coefficient 
is independent cf crop diameter.

The values of XH are summarized as follows.
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I1 ABLE XIII

Values of for- Perehlorethylene System

d v l-h Kq
(c m .) (cm/sec) ( c m /s e c ) (It/hr)

0.209 15-98 0.01025 1*21
,~\ O T O
XI /“> O  11 T  -L fw' s _L_W 5

0.01170 1.3d
0 .2O9 lo.c2 0.01009 1.1b
O .525 19.OS 0.01051 1.24
0.335 19.20 0.01028 1.21
0.550 10.50 0.00097 1.1c

Prom she above table, the values of K, are seenU
to be relatively constant and independent of dron velocity.
Since the value cf K # is independent of droo velocity, all
the resistance to solute transfer must be in the dispersed
chase. Hence X. - k, over the ran,:e of drcv* sizes eraoloved.

g  c  -  - -

Por the drop sizes from 0.209 cm. to 0 .358 cm. 
diameter, the drops fell calmly with very little distortion 
and no visible vibrations. Additional data, not included 
so far in the study of the mechanisms, were obtained for 
a 0 .39^ c:r1, drop. Tuis curve is indicated as a dotted line 
in Figure V. This size drop, in contrast to the smaller 
drops, was extremely distorted and was definitely oscillating. 
The result is that this curve shows a rate of extraction 
entirely unpredicted from the trend observed with the 
smaller drops. The gradual decrease in the rate of extraction 
with increased drop size has been completely reversed until 
the rate is about eoual to that for the 0.209 cm. droo.
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Tho explanation of tills increased rate of extracbi 
can be found in the difference in behavior of the crop as 
noted above. The oscillacions of large amplitude have set 
uo stronger eddy currents within the drop as well as in the 
surrounding medium. The velocity (19-bp cm/sec) is not 
out of line with those found for the smaller range of drop 
sizes, hence the change in the rats of extraction cannot be 
credited to this.

_i. 1 • tg \J _ 1 'o  V t-- -i- v • Kj -h \J ^ X CX i i  Vw” CX O' 1 i '\.J . u  h  h . h- w f -1_ _ i C. 3  Ci O  V_« y

most of the increased extraction rate is due to the stronger 
eddy currents within the drop and the consequent reduction
*v-< T'''-'rk o  P  P . a ^ f  i r m  -f* ■? 1  v., T * o * / ^ t ’’vU £ i O C ? .  i r» r  n  n  >i q  i' n  o  • o r 1 r  * <p

reversal in the rate of extraction should be quite fruitful. 
G O 3s C I S. 1 "t.r ,  1  'r l  1  3 1 3  113 '3 O 3  1- 3, H 1- 3 1 3  0  0  1  M C 3* 3  S. S C CL C. Z* O '3 S 1  3  0

would oroduce increased tnrou^hput without sacr illcinr' 
extraction efficiency. 'Whether all systems exhibit such a 
phenomenon is not :cn own. However, no one has ever reported 
such a m e n  onenew.

Sires *u i qf* cists. In 311̂ 3 V v.’s^s o'cu2.1nsd
v/ith Column ho. II. the initial curvature of the plots 
cannot be attributed to any effects in Stage III. Since 
the drops fell relatively fast and a minimum of a six inch 
column was used, the shape of the plots below one second 
fall time Is unknown. However the plots do show definite 
curvature toward the 10 Oh unextracted mark. This is some 
justification for the use of equation (7 ) to predict 
extraction during drop formation.
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Tre reason ior the ere;
plots fcrtMe t w »

iks in trie straight line 
portion of theA smallest drop sloes is not too certain. The 
only explanation that may be offered is that the eddy 
currents have decreased within the droo an.u the effective

e  ’ o  f  o  n  A . i  T" <-\ >». o  r* o  r* -v-» ̂  <-» -f'.rv r* -> h? .o <* * 7 ,0 vh ■*“ 1 TT r ‘C p  'n o; h  C  h  ,"9a. h .O  w  v3> *. i >-» o  k_» A.i U  o  o  ^  h  o  -i. I '  a. i. i>~«» O O t ;  t i  U U .  1 __ V X̂i O  t_. 9

The fact that tine break appears to be very sharp is diffi­
cult to explain. These breaks were actually reproduced in 
the two sets of data for the smallest drop site. Perhaps 
that this break appears to occur at the intersection of twc 
straight lines Is merely a fortuitous result and the true 
plot as actually curved*

UAithuiN Th’iruiuhjiiU.-v.J.jji; - OIL - StiflEm
Prom the first two systems investigated, pure

.0 0 f  T * 1 G * nvi ' 1 ̂  P  r VI - cj v--» ̂  •’•C VI A  n  VT ■? /■> v' ’* 1 *•*•' v-v •'* >k * V-. — -- .-V * ■ o  .C '-I /■» A • t >-, r .O O  •
j -  o  • _ ; i  •_ w  u i i . u  . : -------------- v  - u  '—  :  w  _  mi w  o  —, _ .  . ,  k r  o  v u b v  '. -w i I  u  t  :  v -  v

with the normal type of systems. To determine what effect 
increased viscosity of the drop may have on the mechanism, 
this presort system was investigated. The results are 
plotted in Figure 7I and were obtained in Column To. II.
The viscosity of tne carbon tetrachloride -oil - acetic acid 
mixture was 3*95 centipoises.

Notice that no portion of the curve is a straight 
line. Hence it is Impossible to attempt to analyze this 
data es before. ine only types of mechanisms producing any 
type of curved plot are the diffusion types of mechanisms.
On this basis, an attempt was made to fit the cure diffusion 
mechanism to the data.
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Regardless of the value of the diffusivity used, 
the curves could not be reproduced with the diffusion 
equation. The plot of the theoretical diffusion equation 
invariably straightens out within two seconds of fall time. 
Hence, it must be concluded that the curvature of the plots 
is due to a continuously changing mechanism. From the shape 
of the curves, a logical assumption is that; the initial rate 
of extraction is due to the convection cr eddy currents
remaining in the drop after formation. Due to the viscosity
of the drop, dampening of these currents takes place as the 
drop falls. Eventually the interior or the drop becomes
stagnant and pure diffusion within the drop controls the
rate of extraction.

If this .mechanism just cited is the correct one, 
then the slope of the curves should gradually sooroach the 
slope for pure diffusion. To check this, the slope of each 
of the curves -was measured at a given time, for a series of 
time intervals. Since the slope is directly related to the 
diffusivity, the diffusivity was calculated for each slope 
and designated an "effective diffusivity." These effective 
dirhasivitie s were then plotted in Figure XVI against the 
corresponding fall times.

From the plot, the effective diffusivity very 
definitely approaches trie estimated molecular diffusivity, 
p.pO x 10 ° c;rf"/sec., estimated by the method of Wilke ̂ 9'. 
Hence,the proposed mechanism is probably the true mechanism.
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The drops in this system Tell very calmly with 
no visible distortions, a condition no doubt necessary for 
pure diffusion to eventually control the mechanism. In 
addition, from Figure X, the actual values of the drop 
velocities are similar to the values predicted for rigid 
spheres. This, no doubt, is also a necessary (but not 
sufficient) condition ror pure diffusion to control the 
rate of extraction from a liquid drop.
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SUVIIA.KY TC hit* 71 ITS

The mo ehanisw cf solute transfer fro::’, crops was 
studied us inn three different s’.rsterns . Toss ibis niec hanisins 
ir. each cf three scales (drop formation, dror fall and dron 
ccfî c ̂ ccnc^ ̂ \ V 6 c '*n? i C0!16'̂ a v's'.  ̂v v0s tr * r’n . 2 c -r: 11 v *
Durinr: drop formation (Sta -;e I) the rate of extraction was 
assumed tc be controlled by the rate cf molecular diffusion 
threu -h a relatively s to arrant continuous chase s u r m m d i n r  
the drop. The equation develoned for this s t a re indicated a
rO ° t '! Vfi *! V j ,9 P11 >1 'h ft ̂ .'vf’i'iof'p'pr c: r"i " 1 n, r* Q H>1 V hb

drop to m a t  I on •
: _  - U  ̂ 'w- —  J .. - a. i 0/ wt  .,i» _i_ y _L » U  .. - >,y kC O  d*. h . ’ i. T O  L * v_’ O  —  1 * 1  f't -• _t '.J1 I —> d- . ■ -tT

in the methyl isecutyl ketone system, it was found that tr e 
total ar.cunt of extras ticn cccuminr in a throe —inch column 
(including all three scares; was independent cf dr or ■ h m t i c n  
tirr.es fro.:: O.u to 11.0 seconds. This indicated that the 
ar.cunt cf extraction duriny drop forraticr. was so small a 
portion of the total extraction in the column that trie amount 
of solute transferred was obscured within ecroerimereal error.

u"1 -v-» 1- .w. y? 1 o " f r ^ v‘̂  ^'"r ~f*  ̂>"* ~ TP p C'. ”1 71 t” 0 *1 7 V  Ff ~~ ~

tr-c.0ted versus fail time, shov/ed def rlvl te curve.tv.re trv/ard 
trie 100'*- unextrncted mark , indie at in ~~ a relati velw small
a w * r' i. i of extracticn durin~ dron formation. In the basis cf
these plots , it v/a.s shown that the procedure of extr arol&tin rt 
the strairht line nortion of a semi —low d o t  of fraction solui
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unextracucd versus fail time tc obt-a: r. the extract! or. ouri: c 
drcr formation is generally incorrect.

'"lien arrlyinc th theoretical equation for St aye I
to she ext iv*. c tier of acetic acid from. non-pclar solvents, it

 ̂ . 2-nwas i cund necessaw to aoolv & ccrw-ee ulcr: j*ac cor- — — where n- - *- v\

is the deyv-e of association. This factor represented the
fraction cf the total acid molecules existin' as single mole- 
cries.

Several distinct rr.ee ban 5 sms for the transfer cf 
solute durinr Stare II (drop fall) v.*ere postulated. Fathe- 
matical equations were developed to express the amount of 
extraction. A method for testin ~ errorinert a 1 data, tc

was developed and its aorlication illustrated. In each case.
Per the extraction of acetic acid from v/a ter with

methyl isobutyl ketone (continuous phase' , the mechanism of
besolute t ran si er was i ou.c to cisf emtoiy not on 0 ci p-uro

diffusion within the droo. Two possible ir.e-ciian5.sms fcr Stage 
II were found to explain the experiment.?.1 results. Tho analysis 
based on the- two-film, theory, showed all the resistance to 
trsnsf 6^ "to "bo in c c p tr» i.v**? i c ~' s rf 3.3s * 9 g.7'”'s. X **•'’’si. s
_ JC** .T* 2 _ _ J_ 1 _ ,1 •____ _ 1.  ̂ _ X  “I
11 I d. 'f 1/ _i_ ^  k. <J U. h> j. J_ _Lhi J-Xi. L-Iici u  1  s  L'C 1'ij s ? u  u n i t  u  n :  :U. ct _u cti:i j_ 1 . <n i ‘

of solvent surrounding the drop (a "transient film’’) in the 
continuous phase, showed that one-half cf the resistance to 
solute transfer is in the dispersed phase and the other half 
in the continuous phase. Fence, it was concluded that a 
larre Portion of the total resistance to solute transfer Is in
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the continuous phase.
-or the extract? on of ace-tic acid fx’em r erchlcretfcylone 

with water (continuous phase) , a rure diffusion mechanism was 
arain found to he impossible. The analysis cased on the two-

: ! ; u S l  Ot* - h i ’ U ;  S O c P i j c u  n i c i S c  ,  v , i d .  e t c  \ j  i. t i u  v.,
\/n_ **?

transfer coefficient was found tc be cans*"ant with^drop sine 
or drew velocity.

mV- ra n  v h n c r n a  n  ■? t"* t* a- r» h- »n £  *r» o_ vi ' ^ c r o T r *  r\ "r» V» <—• T". \ ’ ’ 0  0  T  Vi O

methvl isobutyl ketone systen ard the rerchlcrethylen^ system
C cs.ii I’dtr 9.
In the Iretcne systen, the irons rere v—r** distorted cr ?lflatt 
out" -and vibrating. This evidently cau sed a laminar portion 
of continuous rha.se to be ”dra i'-red" ale no with the drop. This 
can oe verified by txie fact that f. c larger drops fall, slower 
than the smaller droos . a very < 
behavior of rigid spheres. Due 
of the drops were kept thoroughly mixed, and no film could be 
formed in the disoersed phase. Hence a.ll the resistance to 

solute transfer was found to be in the continuous phase.
However, for the perchlcrethylene system, the drops 

fell ranidly 'with very little distortion and no visible 
vibrations. Hence, these drccs tended to "glide" throush the 
continuous phase. Therefore, the continuous phase offered 
necligible resistance.to solute transfer while the dispersed 
ohase offered all the resistance.

er.er
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The semi-ley plots (perchlerethylene system) for 
the two smallest drops showed a definite decres.se in slope 
with fail time indicating an aprarent decrease in the over­
all coefficients This was probublv due to the interior of 
the drop nr pro achin y staynant conditions. however, the investi-
i. at ion of one lame dror sise in this s vs tom showed a rat e of 
extraction very much croc ter than w  s exrec ted from the 
normal trend noticed with the smaller drcrs. This was no

 . ̂ 4- _ „  „ „ „   5.----  ̂ j „  a- _ j-----------   j-----. rrt;. _ i-
^  r. -r> i..1 o  —  ̂  v _ i: ^  l- c  j . i • i u a  l-

"e drco was verv distorted ar.d net ice ablv vihratinr• 
Thus the interior of the drop was kept froc-ro uphip mined and a 
film in the dis -ersed phase could not bo formed. I:ence, part 
of the resistance to solute transfer had rrcbably shifted from, 
the dispersed erase to the continuous phase.

In conclusion, it m.ipht be expected that the decree 
of distortion and the anrlitude of the oscillations of the 

drop have a larye influence on whether the resistance to 
solute transfer will be found in the continuous chase or the 
dispersed chase. This suyyests the impomana need for a 

thorough investimation of dro*' behavior in relation to the 
prorerties of the system.

For the extraction of acetic acid from a mixture of 
carbon tetrachloride and a heavy mineral oil with wrter 
{ continuous pha.se) , ever the ran me of column he imhtr inve s t i coated, 
no one mechanism was found to apply. However, it was shown 
that the initial turbulence in the droo was "damnerinv out"
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and a process ex’ pure diffusion within the drop was starting 
to control the rate of solute transfer. The drops in this 
s vs ter. were found to fall ur.di started 'without vibratinp.

The re char. i sr cf solute tre.n s. T_>er in ft a ~e  ̂—t ( drco
rk ^  ^  ^ •»»’■ «P ' • Urtr-t* ‘ r»r* T-Vi In „o V»> *- -T--1 ’ o  ^ r n  fT»*l T~ O  TP 0U  ; w cA .. : \ V- »_J J_ tr. . i. W v*. •« -• V-- A - V a A ̂  A i. » .a. *-» >-• ^ ~ '--

system. The amount of extraction in this stare was found to 
be ororortional to the conc.entrs.tion of the drco before enter­
i n g  t i l l S Sue! ir.d t h e  d 's r r .e to r  o f ti-c t'.rOT; , I t  V:-.S a l s o

Oi'u .o>n o •*- -v* ̂ d- ̂  <-3 >\i - 4- >n a +* a - -n * r .o 1 xr o V > rw v-v +- V-» .' -r- h Vio v> +■ P T-»<o T nr.p*P«

facial area between the two rhases is effective in transferrin
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TABLE A  

Summary of Propertied

System

iviethyl Isobutyl Ketone Porchlorethylene -• Carbon Tetrachloride
Acetic Acid - Water Acetic Acid - 'Water Oil - Acetic Acid ~

Water
Dispersed Phase Acetic Acid - Water Perenit.Mttpl.ne - Carbon Tetrachloride^ Acetic Acid Oil - Acetic Acia
Continuous Phase hethy1 Isobutyl Ketone Water Water

p Dispersed Continuous Dispersed Continuous Dispersed Continuous
r ^ Phase Phase Phase Phase Phase Phase

Concentration
(#mols/ftc) O.O53 0 0.06l 0 0.032 0

Density (gm.ml)
(25°c) 1.002 0.801 1.582 O.997 1.211 O.997

Viscosity (25°c)
(centipoises) -•—  0 , ^ 4 6 '    O.B94 3*925 O.894

Diffusivity x 10^
( cm /sec ) ( 2 5°d) 0.94';:";:"̂  2. 37** 1 .47';k; 0.94*** 0. 3 30’** 0.94***

•55- Reference (3)
-5HS- Estimated by method of Wilke'1
!--S5-;:- Reference (8 ) - corrected to 2‘5°0

^■9)

F
t'

s
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Distribution Data For r.-Iethyl Isobutyl Ketone - 
Acetic Acid - Water Svst-em

Concentration of Acet 
(l b . ino 1 e s /cu bi c f

Gw

ic Acid 
oot}

H Temp.(°C)
Li terature 
Reference

5-7 9.45 I .05 22.0°C (14)10.5 I5.9 I.3I
19.1 26.7 1.40
22.5 51.5 1.3725.b 52.6 1.3127.0 55.1 i—  » ;  ^

0.0277 0.0694 1.84 21.0°0 (6 )0.0660 0.014 2.11
0.0052 0.011 2.11
O.OO552 0.0075 2.070.0017-S O.OO577 2.11
0.000625 0.00155 2»4b
0.0004-56 0.000955 2.14
0.000262 0.000511 1.95

I .56 2.96 t o  0 n 0 (16)7.4- 12.2 I .65
14.4 21.5 1-520.5 27.2 1.3525.6 24.1 1,33
27.9 36 1.29

c:.i = none, of acid in ketone

Gnr = cone, of acid in water
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FEED DEVICE 

(Supplemental In format ion)

The .feed device was designed to permit accurate 
determine ti on of the total volume of feed delivered. In- 
order to feed drops at a uniform rate, a constant head type

-P m r - t  '.v rtn I rl «  r /■»V» t~ t ►*? za tar n o  o  »-\.a vi +*.-i. _L '-■t '-A * —  V  S/ V « '— »>, l~-V W  *. A. SA J_:,W K <AW w* »y«̂  «

in investigating all types of constant head feed mechanisms. 
Since the experiments are carried out as a hatch type of 
extraction, the total Quantity of dispersed phase introduced 
into the column should be small to prevent an appreciable 
build up of solute in the continuous phase,

do practical constant head feed device permitting 
accurate measursment of a very small Quantity of liquid
C O H  i d  CO C 0 V 1.3 c C  1"SC C C  y S. i'SCd G £ V l 3 5  Oh" S d';OS "OSSd d v

Conway (k̂ °~ *v'~ u ’ ' was employed. This consisted merely of a 
standard, ten-rnlililiter glass stopcock burette to which was 
attached a feed rate control device and a delivery tip. This 
assembly was then supported by a system of clamps which held 
the entire device securely but yet permitted raising or 
lower of it on the column support by manipulation of only 
one clamp.

This type of feed device did not permit constant 
head delivery of the feed since the head was continuously 
decreasing as the liquid level fell. However, the distance 
the liquid level fell In the burette during a given run was 
only from one to two inches (about one to one and one-half
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milliliters of liquid delivered). This slight change in head 
had a very small effect on the rste of drop formation over a 
given run and hence could be tolerated.

Various designs of delivery ties or nozzles were 
tested. Con way ̂3-' used tips constructed of thick walled 
capillary tubing. The outside diameter of tne delivery end 
of the tube was reduced by beveling off the end of the tube 
on the wet grinder but still leaving some flat area exposed. 
The length of capillary tube used to construct the tip was 
chosen so as to provide sufficient pressure drop to properly 
regulate the rate cf flow or feed.

'.Yith this type of tip, the feed liquid actually 
wets the entire ground surface including the beveled sur­
faces. Hence, instead of the drop forming at the opening, 
the drop forms around the entire ground surface cf the tip. 
When this globule of liquid becomes sufficiently large to 
pull off the tip, the liquid actually "necks down" from the 
ground beveled surface. Viren the crop has left the tip, a 
considerable amount of it still clings to these wetted sur­
faces to become part of the next drop. Since conditions for 
extraction are favorable during this formation process, it 
seems desirable to have each drop start from zero volume.

Conway also had considerable difficulty in obtain­
ing uniform drop sizes unless the tip was very clean. This 
was no doubt due to the fact that the ultimate drop size 
depends on the anotrnt of ground surface wetted by the feed 
solution. If a dirt or grease film prevents the wetting of
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part of this surface, variations in drop size will result.
The author constructed a series of delivery tips 

from standard five-millimeter pyrex glass tubing. The tub­
ing was drawn out to a fine capillary in a flame. The tip 
was then cut off to produce a given size opening. In this 
way a series of tios with various sire openings were made. 
Each tip was then carefully ground to give a smooth, flat 
opening and then lightlyfirepolished to remove any ground 
sun*sc6s *

These tips were simple to construct and gave 
excellent reorcduci'oility of drop sizes. The drops formed 
only at the opening and did not wet up the outer wails of 
the tip. The maximum drop size was limited by the original 
diameter of the tubing used without drawing to a tip. The 
minimum drop size was limited by the size of opening of the 
tip which would still per nit liquid feed to flow through it 
under the maximum head obtainable In the buret. Each tip 
was approximately three inches in length.

In order to regulate the rate of flow of feed 
liquid to the tip some sort of reproducible feed rate control 
was needed. Much of the work was done using various lengths 
of thermometer capillary tubing inserted ahead of the tip to 
restrict the rate of flow. Relatively short lengths (about 
one-half inch) were required depending on the drop size and 
rate cf drop formation desired. This gave very satisfactory 
results except that great care had to be taken to prevent 
any lint or foreign matter from clogging this very fine
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capillary in the middle of a run. Later in the work it was 
found more desirable to replace the capillary tubin3 by a 
short section of standard «:lsss tubing packed with glass 
wool. By varying the amount of packing and the degree of 
packing any desired flow rate could be obtained without the 
difficultv of clokkin ~« Fine control of the feed rate wasV '■—' s-l NO

obtained by adjusting the initial level of the feed in the 
burette. To eliminate any possible errors due to the 
adsorption of acetic acid by the glass wool, the packed 
section was thoroughly soaked with the feed solution before
XI s 0 •
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PROCEDURE 

(Supplemental Information)

The column height was measured from the tip of 
the nonsle to the interface cf the water and methyl Iscbutvl 
ketone at the cottom of the column. The one and one-half

   -. C* U _  k- ^    i_r„ 4- . ... _  — i - U  ^  t  ^
i l l U U O O  \J±  b ' D i V U l i U  V  C  u l l t ?  U k  [-1 w t l i  D U l i l U i O i  i U  O V _ *  L r i i c v v  W j b ' U t i

draining the water layer from the bottom of the column, the
tip remained submerged in the solvent. This was necessary
since upon cutting off the feed at the end of a run, a small 
portion of a drop usually remained on the tip. If the sol-
V o r » T "  1 c'irQ n  *ji:o <s o i l  r\ f  o  1 1 n o !  n ’fl f  lo c  v> w  "J ,a o  -»-»o  ^ >u *■*. ̂  ^  * ** <.*W V  »f V  V S./ X CA J. J. V  lu> ̂  V  •« V**W V J, u/ It i M. A  V  U  J. r̂. J. X.i r>,»* — w

the bottom layer from the column, this portion of a drop 
detached itself and fell to the bottom of the column.

.ixie oxp, capj._L_i.ary xsngtr. unc curette were care­
fully washed and dried before use. In addition, the tip
was placed in a warm cleaning solution for about fifteen
minutes to insure uniform wetting by the feed solution and 
hence uniform drop sines from day to day. After cleaning 
and assembling, the curette was filled with the acetic acid - 
water mixture and the feed assembly placed on the support 
above but not over the column. The feed device was swung 
to one side ana a small beaker of solvent was placed on a 
platform below the tip. The tip was immersed in the solvent 
and allowed to feed drops until a burette full of feed had 
been used. Care was taken to make sure that all air pockets 
were excluded from the tip and capillary. This Insured
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thorough flushing of the device and permitted checking of 
the desired drop formation time and drop size before actually 
making a ran. After a run, the feed device was returned to 
its original position with the tip immersed in the small 
beaker of solvent.

The number of drops fed depended on the size of 
the drops. A total of about one or one and one-half milli­
liters of feed was used. This amount of feed did not cause 
an excessive variation in crop formation time due to chang­
ing head during the run. This total quantity of feed also 
prevented the concentration of solution in the continuous 
phase from building up above a negligible value (0.0oh 
acetic acid).

After the last drop had crossed the interface at 
the bottom of the column, a two hundred and fifty milliliter 
Erlenmeyer flask -was placed beneath the stopcock at the 
bottom of the column and the acetic acid - water layer was 
drained from the column. By careful manipulation of the 
stopcock, this layer could be completely removed without 
removing any of the continuous solvent phase in the column.

The drop formation time was obtained in one of 
two ways. In the initial phases of the work, the time of 
formation of the drop formed at the midpoint of the total 
drops to be formed was recorded by a stopwatch. This pro­
cedure was used through most of the work on the methyl 
isobutyl ketone system. In subsequent work, the total time
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to deliver all the drops was measured and this time divided 
by the number of drops delivered was taken as the average 
formation time. This latter method gave more consistent 
results and was more accurate since the timing of a fraction 
of a second process with a stopwatch is rather inaccurate.

The temper ature in the column was checked at 
frequent intervals. however*, practically all runs were made 
at 25°C - 1°C, the normal range of room temperatures. Con­
siderable difficulties were encountered with cooling of 
the laboratory. This cooling caused "cloud points" to occur
J_ n O l i t ?  lj i i  V  1  .L £3 O  kf U. O  i. i V C  O U I J O  O  h  v  m  c t u  u u  m  .*» v i a  i» cr u o i  • x

only practical way to remove this cloudiness was to cool 
the solvent down with ice, shake thoroughly to coalesce 
some of the larger cloud droplets, then warm back up to 
room temperature.

After an experimental run was completed, the solvent 
was drained from the column. For the shorter column heights 
(three and six inches) the solvent was only used once while 
for larger column heights, the same solvent was used for 
making a cneck run. The solvent was never used more than 
twice. This procedure kept the acid concentration well 
below O . Q y f o .

After use, the solvent was recovered by placing it 
in a large separatory funnel and shaking with a dilute sodium 
hydroxide solution. The solvent was then washed with dis­
tilled water three or four times or until the wash water 
showed no oink color with ohenolohthalein indicator. One
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extra wash was then given to insure neutrality. It was 
noticed that the solvent, which is normally colorless, 
acquired a faint tint of yellow color after continued use 
and recovery. The material, however, exhibited no differences 
in its extractive properties. Nevertheless, at the first sign 
of a yellow color, the solvent was distilled. This yellow 
color was probably due to the sodium hydroxide treatment 
which catalyzed a condensation type reaction resulting in a

irin o -v-* > r-* ,-> ,-3
» J UJ. WV-i A Vj. <J *

Considerable difficulty was had in obtaining a 
sharp end point when titrating the two phase methyl Isobutyl 
ketone - acetic acid - water mixture withdrawn from Column 
No. II. This was caused by the solvent being in excess and 
not dissolving the phenoiphthalein, hence the red color 
appeared only in the water phase. On shaking, the dispersed 
solvent obscured a sharp end point. This difficulty was 
overcome by adding two drops of a powerful wetting agent 
(pOT Roccal from the Hilton-havis Chemical Company) to the 
two phase mixture and thoroughly shaking. On titrating 
this emulsion a sharp pink end point could be obtained. A 
negligible clank on this mixture was obtained.

The column height in Column No. II was measured in 
one of two ways. When the methyl isobutvl ketone - acetic 
acid - water system was used, the rather large size acetic 
acid - water drops tended to slide down the walls of the 
stopcock A after being Tunneled into its opening. Several 
drops actually stuck in this stopcock. To avoid undesirable

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



/■3&

end effects due to this action, when Stopcock A was closed, 
the entire column was removed fx’om the stand and the con­
tinuous solvent phase was poured out of the top of the 
column. The column was then replaced on the stand and 
stopcocks A and 5 opened allowing, tiu 
collecting, cnamte: and the tore
A to drain Into tue sampling flask. When using this pro­
cedure, tne column height was measured from the delivery end
of the tip to the too of the cylinder of stopcock A.

The drops of the other two systems employed showed 
no tendency to stick to the glass stopcock out cussed through 
stopcock A without being interrupted. hence for these 
systems the more convenient method of draining o.nlv thev O  1/

liquids between stopcocks A and 5 was used. hence in this 
case, the column height was taken as the distance from the 
delivery end of the tip to the bottom of the cylinder of 
stopcock A.

When using water as the continuous phase in the 
latter two systems, the water in the column at the end of 
each run was drained and discarded. This simplicity- of
operatic;'; was one reason for switching to systems with water
as the continuous phase.

A slight difference in the handling of the feed 
device was required with the perchlorethylene and carbon 
tetrachloride systems. As previously mentioned, with the 
methyl isobutyl ketone system the tip of the feed device was 
kept submerged in a beaker of methyl isobutyl ketone between
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runs. Tills solvent was In equilibrium with a rather large 
amount oT feed walch had accumulated while making the 
necessary ti’ial measurements of drop size and formation time. 
Hence little or no extraction occurred out of the opening
i in tj *rlS 11_ O i. t 170 r*I£L i-*13G. SU DlilG 2?.'' 3cl t'XG C*3 2.Its r1 o ̂
soivon c« if cxtrsctior: i uxc occux,x',r:c, Xiis xip wcus
flushed out with several milliliters of fresh feed before 
making the next run. Till s should Insure no dilution of
T. n & fcicH rui h 1 ‘ c n>ih>»r*i f n •'•h ^ v '" A rl f*>» >n i* r\ a i*

When using the perchlorethylene - acetic acic - 
VvsttSxr sys we:.:, tiis "Cixp wu.s rzoptr su.cmsi?2sc- i.n & css.l-Z'Si' ol 
water between runs. however in this case the acetic acid 
is sc much more so lux re in zhc water tnan in the perchlor- 
ethvlene that appreciable extraction occurred throu-h the 
opening in the tip. However, the tip was flushed with 
several milliliters of feed before the next run end hence 
the feed concentration frcm the tip should have been 
standard. Nevertheless, poor checks in the amount of 
extraction were obtained at a given column height. When the 
tip was kept submerged in its own feed solution (perchior- 
ethylene plus acetic acid), consistent results were obtained. 
The errors probably were due to this extraction from the tip 
between runs. Even though the tip was flushed out with 
several milliliters of fresh feed, it is possible that flow 
through the entire length of the tip merely flushed out the 
center portion of she tip leaving some diluted feed in the 
tjid to 0vsntu22."v 00 £00 into trrs colnim *
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A stucy ol' the formation of the drops revealed 
that there was a definite limit on the drop formation time 
for most systems. With the methyl isobutyl ketone-acetic 
acid - water system and the percnlorethylene - acetic acid -
t*i -v-> -  ♦ o  <0 * t~ ’V O  ^  f  M o t  '81 *-l id >"l 1" h o  C* V» o  i"1 »■*' c  f  * r~\ Mft t> V* O S. O J O O i-—> j x  u * » c_i O \J O m w'w' V> «• v  —. -k. d  v_

time was increased above & certain value, a tiny trailer crop 
warn formed directly behind the larger drop. Prom the stand­
point of the e.xperinertal work, these secondary crops are

. A. -u. * 1

maximum formation time permissible with the two systems
: a c i i  b i O r i c C  y . O O V c  »Vcv3 i i i r c u - ’ i u a r  o i i i  u -  ct a  c C v v i i u  .  -t O  u p c r a ^ c

in a safe ran j e , drop formation times cf about one-half 
second were- usee. The crop format ion time had to be snort 
enough to prevent secondary drop format!on but long enough 
to permit accurate counting of trie individual crops. H o  

secondary drop formation was observed with trie carbon tetra­
chloride - oil - acetic acid - water system.

Although tip design determines txie ultimate size 
of the drop, other factors limited the drop size with the 
methyl isobutyl ketone system. The interfacial tension 
between methyl isobutyl ketone saturated with water and 
water was relatively small. This was noticed by observing 
the foaming which occurred on shaking a mixture of the two 
phases in a bottle. This low interfacial tension evidently 
resulted in the drops having had a tendency to stick to the 
glass of the column if conditions were favorable. It was
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noticed that when the drops left the tip they had a rather 
erratic type of motion but definitely followed a curved 
path for a distance of about two inches from the tip. Bey ond 
ti'ii s cl Xs "C °^ oo 0 d o ^ ^  ^0 'ki*' t o 71 c ^  "V • \'i ̂  t the ^^t ̂ vi 
iso outyl Ketone system, the smaller size acetic aero — water 
drops actually curved into the wall of the column and stuck 
there. Kence it became necessary to limit the sine of the 
drops to the smallest size w M c h  showed no tendencv to curve

Tnis curvin:”. motion of the droo immediateiv afterW  v

leaving the tip was thought to be due to the tip design *
A thorough investigation of the tip design showed that ail 
types of tips produced drops which had a definite curved 
path after leaving the tip. This curvature could have been 
caused ir. two wayrs. First, the curvature of path could be 
due to the interior of the drop acquiring a definite uni­
form rotation in a particular direction during formation. 
Then on starting to fail through the continuous phase the 
drop would tend to curve (much like a thrown baseball) until 
this definite direction of rotation was unbalanced. The 
second cause could be cone to the fact that when a drop fails 
from a tip, the drop initially ’’pancakes" out due to the 
sudden resistance offered by the continuous phase. This 
pancaked shaped drop may then tend to "slide off" the 
perpendicular path. That is, the drop would tend to take the 
path of least resistance which would not be in the direction 
O- the flattened out surface of tte crop. wuen the drop
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contacts and oscillates about a spherical position, it can 
then fall in a relatively vertical path.

With the perchlorethylene - acetic acid - water 
. tiie carbon tetrachloride - oil - acetic acic - 

water system this curving action was not so great and the 
drops did not reach the wall of the column. The fact that 
the curving action was not so pronounced in these, latter 
tv;o systems may add weight to the second reason given above 
for- the drops curving. The increased in ter facial tension 
of these latter two systems resulted in small amplitude 
oscillations of tne drops anc hence less curving motion 
caused by the flattened drop siidinu off to one side.
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Table 2 (continued)

Column Fall Formation 
Run Vol. Acid Height Time Time
No. Fed (ml.) (inches) (sec) (sec.)

19 1.35 41.0 7.86 O.63
2.0 1.31 41.0 7.86 O .55
21 1.32 41.0 7.86 0.56
22 1.35 41.0 7.86 0.66
23 1.32 50.0 9 *‘3 3* 0.40
2.4 1.33 50.0 9.60 O.58

■sc-Experimental values. Other fall times obtained

Vol. Base Average
Temp. Required Percent Percent 
(°C«) (ml.) Extracted Extracted

25.8 I .63 63.41
2.6.2 1.76 81.54
2.8.0 1.64 82* 23
25.0 I .59 83.82
25.8 1.42 85.22
26.2 1.42 85.33

from plot.

82.95
85.28
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TABLE 5

System: Methyl Isobutyl Ketone - Acetic Acid - Water
Continuous Phase: Methyl Isobutyl Ketone (saturated with water)
Dispersed Phase: Acetic Acid -• Water (saturated with ketone)
Drop Diameter (avg.): 0*555 cm*Number of' Drops: 50
Column: No. I
Acetic Acid: 0.8123 N
Standard Base: 0.1116 N

C olurnn
Run Vol. Acid Height
No. Fed (ml.) (inches)

Fall Formation Vol. Ease Average
Time Time Temp. Required Percent Percent
(sec) (see.) ( °c. ) (ml.) Extracted Extracted
0.10 0.4-8 27.5 7.70 8.8l
0.10 0.48 27.5 7 *79 8.R2 8.67
0.20 0.48 27.5 7-49 12.790.20 0.4-8 27.-5 7 * 05 17*91 15*350.41 0.4-8 27 .5 6.61 22. 38
0.41 0.4-8 27.B 6.80 20.82 21.60
0.6l 0.4-8 27-5 6.51 24.84
0.61 0.4-8 27 0 5 6.4^ 25.76
0.61 0.48 24.. 5 8*55 23.09
0.61 0.48 25.-5 6.44 25.02 24.68
1.22 0.48 24-5 5* 68 33*7»01.22 0.4-7 24. B 5.71 52*95 33*13
1.85 0.4-8 24 0 5 5*27 38.64
1.8} 0.4 7 24.-5 5.19 39.06 38.85
2.85 0.47 24«5 4.42 48.102.85 0.46 24. S 4.^7 49.12 48.61
5-87 0.47 24..F 3 M 57*15 56.685.87 0.47 24.-5 5*75 56.20
5.09 0.4-7 24-5 3.10 63.59
5.15* 0.47 24 «5 3.13 63.25 63.42

2^ 1.16 0.5
26 1.17 0.5
27 l.l8 1.0
28 1.18 1.0
29 1.17 2.0
30 1.18 2.0
31 1.19 3.0
32 1.19 3.0
33 1.17 3*034 1.18 3.0
55 1.17 6.0
36
5 7

1.171.18
6.0
9.0

38 1.17 9.0
39 1.17 14.0
40 1.18 14.0
41 1.18 19.0
42 1.17 19.0
43 1.17 25.O
44 1.17 25*0

s
I*Ui
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Table $ (continued)

Column Fall Forma tionRun Vol. Acid Hei ght Time TimeNo. Fed (ml.) (inches) (sec) (sec.)

45 1.17 $0.0 6.11 0.47
46 1.17 $0.0 b .11 0.46
47 1.16 $$.0 7.1$ 0.46-4b 1.18 $$.0 7.1$ 0.46
49 1.16 41.0 8.$5 8. $8*

0.47
0.4690 1.18 41.0

51 1.16 50.0 10.19 0.47
52 1.17 50.0 10.08* 0.47

^Experimental values. Other fall times obtained

Vol. Ease Average
Temp. Required Percent Percent 
(°C.) (ml.) Extracted Extracted

24.0 
25.2
24.0 
25.2
2.4.0
25.2
24.0
25.2

2.79
2.67 67.71

6b. o4 68.18
2.27
2.2$ 73*1274.0$ 73.581.90
1.88

77.5070.11 77.81
1.E4
1.66

bi.76
80.50 81.1$

from plot.

-h
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TABLE 4

System: Methyl Isobutyl Ketone - Acetic Acid - Water
Continuous Phase: Methyl Isobutyl Ketone (saturated with water)
Dispersed Phase: Acetic Acid - Water (saturated with ketone)
Drop Diameter (avg.): 0.419 cm.
dumber of Drops: 50
Column: J'0. I
Acetic Acid: 0.8123 NStandard Ease: 0.1116 N

Run
No.
55
54
5*5
58
5960
61
62 
65 
64
U

&69
70
7172

Column Fall Formation Vol. Ease AverageVol. Acid Height Time Time Ternp. Required Percent PercentFed (ml.) (inches) (sec) (sec.) ( °c. ) (ml. ) Extracted Extracted
1.92 0*5 0.11 0.30 26.0 13*02 6.841.92 0.5 0.11 0.40 26.0 12.58 9.98 8.411.92 1.0 0.21 0.35 26 ..0 12.35 31.621.94 1.0 0.21 O.34 26.0 12.16 13.88 12.751.95 2.0 0.43 O.36 26.0 12.16 13.431.92 2.0 0.43 0.35 26.0 I I . 9 0 14.85 14.141.92 3*0 0*55* 0.32 26,0 11.24 19.571.94 3.0 0.64 0*33 26.0 I I . 58 18.001.92 3.0 0.64 0.42 24,5 11.24 19.56 19*041.90 6.0 1.20* 0.40 25.7 10.08 27.121.90 6.0 1.28 0.40 25.7 9.92 28.271.92 6.0 1.28 0.42 24.5 9.89 29.23 28.21l.§4 9.0 1.80* 0.40 25.7 9.22 34.701.91 9.0 1.93 0.40 2-5*7 6.89 36.06
1*93 9.0 1*93 0.42 24.5 9.06 35.50 35*421.90 14.0 3.00 0.40 25.7 7.69 44.401.92 14.0 2.90* 0.42 24.3 7.86 43*7542.891.92 14.0 3.00 0.42 25.0 7*?S 43.681.90 19.0 4.06 0.4 2 24.5 6.66 51.841.92 19.0 4.06 0.42 29.0 6.87 50.83

(continued)
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TABLE 5

System: Methyl Isobutyl Ketone - Acetic Acid - Water
Continuous Phase: Methyl Isobutyl Ketone (saturated with water)
Dispersed Phase: Acetic Acid - Water (saturated with ketone)
Drop Diameter: 0.295 cm*
Humber of Drops: 100
Column: No. II
Acetic Acid: 0.8123 N
Standard Base: 0.1116 N

Run
No.

Vol. Acid 
Fed (ml.)

Column 
Height 
(inches)

I'all'k 
Time 
(sec)

Formation 
Time 
(sec.)

'Temp.
( °c.)

95 1.55 6.0 1.15 0.54 25„594 1*55 6.0 1.1‘3 0*55 25-595 1.54 12.0 2.30 O.54 25*596 1.54 12.0 2.30 0*55 25-5
11 1.55 18.5 3*55 0.55 25*59o 1.55 18 • 5 5*55 0*53 25*599 1.34 24.0 4.61 0.52 25*5100 1.55 24.0 4 .6l 0.52 25.5101 1*55 36.0 6.91 0.52 25-5102 1.55 36.O 6.91 0.52 25*5

*Fall times read from plot of data in Table 2.

Vol. Base Average
Roq uired Percent Percent

(ml.) Extracted Extracted

6.97 29.06
6.80 29.76 29.41
4.95 49.25
4.69 51*92 5O.594.12 58.07
3*99 59*39 58.733.70 62.07
3.61 62.71 62.392.04 79*24
2.21 77.18 78.21

s*
N
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TABLE o

System;: Methyl Isobutyl Ketone - Acetic Acid - Water
Continuous Phase: Methyl Isobutyl Ketone (saturated with water)
Dispersed Phase: Acetic Acid - Water (saturated with ketone)
Drop Diameter: 0*354 cm.
Number of Drops: $0
Column,: No. II
Acetic Acid: 0.8123 N
Standard Base: 0.1116 N

Column Fall* Formation
Run Vol. Acid He! ght Time Time Temp
No. Fed (ml.) (inches) (sec) (sec.) (°C.
103 1.15 6.0 1.22 0.48 25.8104 1.15 6.0 1.22 0.47 25.8
105 1.15 12.0 2.44 0.48 25.8
106 1.15 12.0 2.44 0.47 2,5.8
107 1.17 I8.5 3.76 0.48 2,5.8
108 1.16 I8.5 3.76 0.47 25.0
109 1.15 24.0 4.§9 0.48 2.5.8
110 1.15 24.0 4.89 O.47 25.8
111 1.15 36.0 7*33 0.46 25.8
112 1.16 36.O 7.33 0.47 25.8

Vol. Base 
Required 

(ml.)
6.73
6.74 
5.36
5.38
4.45
4.38
5.67
3.65
2*552*57

Percent
Extracted

19.5919.47
35.98
35.72
47.7548.13
56.1556.40
69-5569.56

Average
Percent

Extracted

19.53
35.84
47.94
56.28
69.55

‘'Pall times read from plot of data in Table 3.

<P
V/
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TABLE 7

System: Methyl Isobutyl Ketone - Acetic Acid - Water
Continuous Phase: Methyl Isobutyl Ketone (saturated with water)
Dispersed Phase: Acetic Acid -• 'Water (saturated with ketone)
Drop Diameter: 0.418 cm.
dumber of Drops: 50
Column: No. II
Acetic Acid: 0.8125 N
Standard Ease: 0.1116 N

Column Pall* Forma ti on Vol.. Base Average
Run Vol. Acid Height Time Time Temp. Requ ired Percen t Percent
No. Fed (ml.) (inches) (sec) (sec•) (°c.) (ml.) Extracted Extracted
113 1.92 6.0 1.28 0.4-2 25.5 11.61 16.92114 1.90 6.0 1.28 0.42 25.5 11.52 16.70 16.81
115 1.90 12.0 2.57 0.42 49.5 9-99 27.76116 1.90 12.0 S-57 0.42 25.5 10.11 26.90 27*33n  7 1.94 18.5 3.96 0.42 25.5 8.23 41.38118 1.92 I8.5 p.96 0.42 25.5 8.27 40.82 41.20119 1.93 24.0 5.14 0.42 25.5 7.02 50.03120 1.90 24.0 5.14 0.42 25.5 6.98 4-9-53 49.78121 I.96 55.0 7.49 0.42 25.5 5.29 62.92122 1.93 35.0 7.49 0.42 25.5 5.20 62.98 62.95

Fall times read from plot of data in Table 4 ,
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TABLE 8

System: Perchlorethylene - Acetic Acid - Water
Continuous Phase: Water (saturated with Perchlorethylene)
Dispersed Phase: Acetic Acid •• Perchlorethylene
Drop Diameter:(avg.)* 0.209 cm»
Number of Drops: 200
Column: No. II
Acetic Acid - Perchlorethylene: O.9267 N
Standard Base: O.O278 N

Fall Formation Vol. Base Average
Time Time Temp,. Required Percent Percent
(sec) (sec.)______(°C.)_____(ml.) Extracted Extracted

Column
Run Vol. Acid Height
No. Fed (ml.) (inches)

123 O.97 7.0
124 O.97 7.0
125 O.92 13.0
126 0,91 13.0
127 O.97 18.0
128 0.97 18.0
129 0,92 25.O
136 0.91 25.0
131 O.97 31.0
132 O.97 31.0
133 0.97 43.O
134 O.98 43.O
135 O.98 35.O
136 O.98 39.O
137 O.99 66.0
138 0.99 66.0

1.11 0.50 23,8
1.11 0.51 23.8
2.07 0.90 25.0
2.07 0.30 25.0
2.06 0.51 23.8
2.86- 0.31 23.8
3.97 0.31 25.0
3-97 0.30 23,0
4.93 0.91 23.8
4.93 0.31 23,8
6.83 0.92 24.0
6.83 0.93 24,0
8.74 0.90 24.0
8.74 0.90 24.0
10.49 O.Bl 25,0
10.49 0.51 25.0

19*9" Fall time = 3*04 sec. 
45.O" Fall time = 7.I3 sec.
Velocity = 6.29 in./sec.

8.95 72.32
8.94 72.36 72.34
4.52 85.264.41 85.46 85.36
5*73 88.46
3.68 88.62 88.54
2.37 92.27
2.4S> 91.92 92.10
2.12 93.452.15 93.41 93.43I.69 94.771.70 94.79 94.78
1.33 95.93
1.33 93.931.03 96.88
1.03 96.88 96.88
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TABLE 9

System: Perchlorethylene - Acetic Acid -Water
Continuous Phase: Water (saturated with Perchlorethylene)
Dispersed Phase: Acetic Acid - Perchlorethylene
Drop Diameter: 0.212 cm.
Number of Drops: 200
Column: No. II
Acetic Acid: Perchlorethylene - 0.8879N (average )
Standard Base: 0.0278 N

Run
No.

Vol. Acid 
Fed (ml.)

Column 
Height 
(inches)

Fall
Time
(sec;

Formation 
Time 

) (sec. )
Temp.
(°c.)

Vol. Base 
Required 

(ml. )
Percent

Extracted
Average
Percent

Extracted
1J9 O.97 7*0 1.10 O.9.I 23.3 8.40 72.89140 0.97 7*0 1.10 0.52 23.9 8.69 71.95 72.42

(1.,00 ml. Acid Req'd. 31.80 ml. Base)
141 l.OJ 13.0 2.05 O.96 9.30 83.89
142 1.00 0 2.03 O.94 3.22 83.66 83.70143 1.00 I8.O 2.84 0*95 24.0 3*79 88.13
144 1.00 18.0 2.84 O.92 3.u8 67.83 87.99
145 1.00 25.O 3*94 0*95 2.70 91.34
146 1.00 2l3.0 3.94 0.93 2.63 91.77 91.66

(0.,50 ml. Acid Req'd. 19.92 rol* Base)
147 1.00 51*0 4.89 O.93 2.07 93*32
148 1.00 31.0 4.89 0*95 2.06 93*55 93*34
149 1.00 43.0 6-79 0*93 1.92 93.24
130 1.00 43.0 6.79 O.93 1.46 95.43 95.34

(0,,50 ml. Acid Req'd. 16.01 ml. Ease)
(continued)

/_
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Table 9 (continued)

Column Fall Formation Vol. Base Average
Run Vol. Acid Height Time Time Temp. Required Percen t Percen t
No. Fed (ml.) (inches) (sec) (sec.) (°C.) (ml.) Extracted Extracted

lc,l l.Op 56.0 8.68 0.55 1.18 96.48
152 1.00 55 *0 8.68 0.FA 1.10 96.59 96.52
155 1.00 66.0 10.41 0.64 O.BJ 97.40
154 1.00 66.0 10.41 0.64 O.85 9704 97.57

(0 .50 ml. Acid Req'd, 16.08 ml. Ease)
20.0" Fall time = J.l^ sec»45.O" Fall time ~ 7.10 sec.
Velocity = 6.64 in./sec.

'T
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TABLE 12

S y s t e m : Perchlorethylene - Acetic Acid - Water
Continuous Phase: Water (saturated with Perchlorethylene)
Dispersed Phase: Acetic Acid - Perchlorethylene
Drop Diameter: O.323 cm.
Number of Drops: 75
Column: No, II
Acetic Acid - Perchlorethylene: 0*9500 N (average)
Standard Base: 0, 1116 N

Run
No.

Vol. Acid 
Fed (ml,)

C 0lumn 
Kei ght 
(inches)

Fall Formation 
Time Time 
(sec) (sec. )

Temp,,
(°c.)

Vol. Base 
Required 

(ml. )
Percent 

•n-xrr acted
Average
Percent

Extracted
190 I.2.7, 7.0 0.93 0.51 25.5 3.17 53-351.91 1.52 7.0 0.95 0.p2 25.B 3.05 84.09 53.72

(0..9 ml. Acid Req’d. 7.52 ml. Base)
192 1.52 18.0 2.40 0.53 25.5 2.45 77.73195 1*55 18.0 2.40 O.52 25,5 2.38 78.53 78.13

(0.,9 nil. Acid Req* d . 7.51 ml. Base)
194 1.55 25.O 3*33 O.51 25*5 1.81 83.67
195 1.55 25.O 3*33 0.50 25.5 1.81 83.67 83.67196 1.^3 31.0 4.12 O.5O 25,5 I.34 86.10
2.97 1,54 31.0 4.12 0.50 25.5 1.51 86.48 86.2.9
198 1.55 43.O 5.72 O.5I 25 ♦ 5 1.11 G9.98199 I.52 43.0 5.72 O.54 25.5 1.15 89.73 69.86

(0,, 5' nil. Acid Req'd. 7.44 ml. Base)
200 1.35 55.0 7.31 O.53 25,5 0.86 92.24
201 I.32 55.O 7,31 O.33 25*5 0.77 93.OO 92.62

(continued)
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TABLE 15

System: Perchlorethylene - Acetic Acid - '.Yater
Continuous Phase: Later (saturated with Perchlorethylene)
Dispersed Phase: Acetic Acid Perchlorethylene
Drop Diameter (avg.): 0*555 cn*
Humber of Drops: 75
Column: Wo. II
Acetic Acid - Perchlorethylene: O.9176 N
Standard Base: 0.1116 N

Column Fall Formation Vol. Base
Run Vol. Acid Height Time Time Temr> Required
N 0 . Fed (ml.) (inoherj ) (sec) (sec.) (°C.) (m l . )

204 1.51 7 *o 0.95 0 53 25.5 6.07
205 1*55 7 *o 0*95 0 / .y 25-5 5*77206 1.51 I3.O 1.72 0 53 25 *5 3.88
207 1.52 13.0 1.72 0 5 3 25-5 3*76
208 1.52 18.0 2.38 0 53 25*5 2*97
209 1.52 18.0 2.38 0 53 25.5 2.0 7
210 1.51 25.O 5*51 0 53 25*5 2*57
211 1.49 25.0 3*31 0 52 25.5 2.32
21d 1.50 31.0 4.10 0 53 25*5 1.99
213 1.B0 31.0 4.10 0 53 25*5 1.08
214 1.51 43.O 5.69 0 32 25.5 1.47
215 1.51 43.O 5.69 0 53 25-5 1.47
216 1.50 55*0 7.27 0 53 25*5 1.28
217 1.50 56.0 7.27 0 1 25.5 1.24
216 1.52 66.0 8.73 0 53 25.5 0.82
219 I.52 66.0 c.73 0 53 25*5 0.68

19.5" Fall time = 2.64 sec •
45.0" Fall t ime = 5*95 sec 4

Velocity ~ 7.56 in./sec.

Percent
extracted

Average
Percent
Extracted

5i.ll
54-15
66.75 69.Q2 
76*25 77*04 
79*50 
61.06 
84.19
84.76 
88.16 
88.16 
09 .65 
89.94
95.44
92.96

52.62 

69.34 
76.64 
80.3 8 
84.48 
68.16 
89.79
93.20

\
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Table 14 (continued)

Run
No.

255254
235
236

237
238

Vol. Acid 
Fed (ml.)

1.51
1.51
1.51 
1.51

1.51
1.51

Column 
Height 
(inches)

Fall 
Time 
(sec)

Forma;- i on 
Time 
(sec.)

Temp. 
(°C. )

Vol. Base 
Required 

(ml.)
Porcen t 
lix traded

55.0
55.0
60.0
66.0

7.24
7.24 
0.69
8.69

79.0 10.40
79.0 10.40

Average
Percent

Extracted

0.93 25 ..0 1.14 90.86
0.53 25.O 1.12 91.02 90.94
0.53 25 ..0 0.90 92.79 92.850.53 29„0 O.69 92.86
Reel'd. 7.4 3 nil. Bas<3)
O.93 25 ,.0 O.59 95.27
O.53 29.. 0 O.56 95*35 95-51

time “ 5*92 30C.
: 7*60 in./sec.
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Table 19 (continued)

Column Pall Formation Vol. Base

45.O" Pall time = 5.85 sec. 

Velocity = 7*69 in*/3®0 *

Average
Run 
No.

Vol. Acid 
Fed (ml.)

Height 
(inches)

Time 
(sec)

Time 
(sec. )

Temp.
(°c.)

Required 
(ml.)

Percent 
Exurac ted

Percent
Extracted

249 1.62 55.0 7.15 0.9 4 0.Q9 92.77
250 1.54 55-0 7.15 0.91 O.89 92.88 92.89
251 1.61 bb.O 0.50 O.94 O.78 94.09
252 1.6l 66.0 8.98 O.99 O.78 94.09 94.09

(1 .0 ml. Acid Re q 1d . 8.19 ml. Base (O.9096 N)
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TABLE 17

System: Carbon Tetrachloride - Oil - Acetic Acid - Water
Continuous Phase: Water (saturated with carbon tetrachloride and oil) 
Dispersed Phase: Carbon Tetrachloride - Oil - Acetic Acid 
Drop Diameter (avg.): 0*237 cm*
Number of Drops: 200
Column: wo. II
Dispersed Phase: O.5O63 N (average)
Standard Base: 0.1116 N

Run
No.

Vol. Acid 
Fed (ml.)

269
270 
271 
272 
2.73274

276
276
277
278
T
281
282 
2.83 
284

1.38
1.38
1.39
1.38
1.38
1.38

1.38
1.38
1.38 
1* 37
1.38
1.38
1.38
1.44
1.391.43

Column 
Height 
(inches)

Fall 
Time 
(sec)

Formation 
Time 
(sec.)

Vol. Base 
T e mp. Re qu i re d 
(°C.) (ml.)

(1.00 ml. acid feed required 4.60 ml. base )
7.0 I.78 O.99 26.0 4.497.0 I.78 O.99 26.0 4.43

13.0 3.31 1.01 26.0 9.72
I.3.O 3.31 1.00 26.0 >7516.0 4.39 1.00 26.0 9.40
18.0 4.59 1.00 26.0 3.42

(1.00 ml. acid feed required 4.32 ml. base)
25,0 0.36 O.99 26.0 3.14
25.0 6.36 1.00 26.0 3.18
31.0 7.9O 1.00 26.0 3.00
31.0 7.90 0.99 26.0 3.00
43.0 IO.98 0.99 26.0 4.89
43.0 IO.98 0.99 26.0 2.9I
55.0 14.01 0.99 26.0 2.83
35.0 14.01 1.07 24.6 2.99
55.0 14.01 0.92 26.0 2.86
66.0 16.82 0.97 26.0 2.91

(1.00 ml. acid feed required 4.49 ml. base)
8.0" Fall time = 1.86 ,30c45.O" Fall time = 11.46 sec.

Velocity = 3.92 in./sec.

Percen t 
Extracted

Average 
Percen t 

Extracted

28,2.8
29.24 2,8.76
41.01
40.10 40.5645.70
45.37 45.54

49.85
49.21 49.53
52,08
51*73 51.91
53.84
53-51 53.68
54.80
54.23
54.65 54.56
55-14 55.14
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TABLE 18

System: Carbon Tetrachloride ~ Oil - Acetic Acid - Water
Continuous Phase; 'Water (saturated uiitn carbon tetrachloride and oil) 
Dispersed Phase: Carbon Tetrachloride - Oil - Acetic acid 
Drop Diameter: O.3O9 cm.
Number of Drops: 100
Column: No. II
Dispersed Phase: O.5OOO N (average)
Standard Base: 0.1116 N

Column Fall Formation Vol. Base Average
Run Vol. Acid Height Time Time Temp. Required Percent Percent
No. Fed (ml.) (inches) (sec) (sec.) (°C.) (ml.) Extracted Extracted

285 1.55 7.0 1.49 1.08 24.0 3.70 17.92
286 1.51 7.0 1.49 0.97 24.0 9.60 17.22 17.•57287 1.54 13.0 2.78 0.97 24.0

4.46 .
4,98 27.82

(1..00 ml acid feed required ill. base)
288 1.55 13.0 2.78 O.96 24.0 9.02 27.72 27,• 77289 1.55 10.0 3.84 O.99 24,0 4.63 33*33290 1.55 18.0 3.84 O.99 24.0 4.64 33*19 33'.26291 1.55 23.0 5*33 0.97 24.0 4.24 38,14
292 1.55 29.0 5*33 1.03 24.0 4.30 38.08 38,.11
295 1.55 31.0 6.62 0.97 24.0 4.09 41.11

(1..00 ml. acid feed required 4.48 ml base)
294 1.94 31.0 b. 62 0.97 24.0 4.04 41.44 41,,28
299 1.99 43.0 9.17 1.00 24.0 3.90 43.85
296 1.99 43.0 9.I8 1.01 24.0 5-25 43.12 43..49
297 1.94 33.0 11.73 0.98 24,0 5.81 44.78
298 1.99 55-0 11.73 1.00 24.0 $.85 44.85 44,,82209 1.99 66.0 14.10 1.02 24.0 3.80 45.28
50 0 1. FR 66.0 14.10 1.02 24,0 3.80 45.28 45,,2.8

(1 .00 ml. acid feed required 4.48 ml. base)
45.0” Fall time - 9*60 sec.
Velocity - 4.69 in./sec.
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TABLE 19

System: Carbon Tetrachloride •• Oil - Acetic Acid - Water
Continuous Phase: V/ater (saturated with carbon tetrachloride and oil) 
Dispersed. Phase: Carbon Tetrachloride -• Oil - Acetic Acid 
Drop Diameter: 0.375 cm*
'Number of Drops : 56
Column: No. II
Dispersed Phase: O.5OI5 N (average)
Standard Base: 0.1116 N

Column Fall Forme lion Vol.. Base AverageRun Vol. Acid Height Time Time Temp. Required Percent PercentNo. Fed (ml.) (inches) (sec) (sec. ) _____ r o * i ___ (Ml. ) Extracted Extracted
301 1.35 7.0 I.36 O.94 24.2 8.21 14.12
302 1.33 7.0 1. 36 O.98 24 *2 5*23 13.78 13*95

(1 .00 ml. acid feed required 4.3 1 ml. base)
303 1.35 13*0 2.52 O.98 24.2 4.73 22.02304 1.35 I3.O 2.52 O.99 24. 2 4.77 2I .37 21.70305 1*55 18.0 3.48 O.99 24.2 4.90 25.82306 1.36 18.0 3.48 1.00 24.2 4.49 26.52 26.17307 1.36 25.O 4.84 0.99 24.2 4.24 30.62
308 1.36 25.0 4.84 0.99 24.2 4.10 32.^0 31.76309 1.36 31*0 6.00 0.99 24.2 4.04 33.89

(1 .00 ml. acid feed required 4.4b ml. base)
310 1.36 31.0 6.00 1.00 24 .2 4.11 32.74 33.31311 1.36 43.O 8.33 O.99 24.2 3*89 36.35312 1.36 43.O 0.33 O.00 24.2 3-87 36.67 36.51
313 1.35 55.0 10.63 1.00 24.2 3*82 37.O3314 1.38 55*° 10.63 1.00 24.2 3*89 57.28 37.16315 1.36 66.0 12.78 1.00 24.2 3*77

3.60
36.31316 1.36 66.0 12.78 0.99 24.2 37.82 38.07

(l .00 ml. acid feed required 4.4-9 base)
8 .0" Fa11 t ime ~ 1.31 sec.

43•0" Fall time = O.7I sec.
Velocity = 5•18 in./sec.

/C.7
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169

ADDENDUM
It should be pointed out that in deriving equation 

(7), the volumetric feed rate was eliminated by replacing its 
value in terms of the drop diameter and drop formation time. 
This leads one to conclude that the extraction in Stage I is 
proportional to the one-half power of the drop formation time, 
other things being equal. However, this elimination was 
arbitrary acid the drop diameter could have been eliminated 
just as well. The resulting equation in terms of the vol­
umetric feed rate and drop formation time leads one to 
conclude that the extraction during drop formation Is pro­
portional to the one-sixth power of the drop formation time, 
Cuiisr things cemg equal. Mathematically, both forms are 
correct, however for determining the effect of variables 
one of the three variables, volumetric feed rate, drop 
diameter, or drop formation tine, should be held constant 
during the experimental work. In this investigation, for 
runs at various drop sites, all three variables were varied. 
Hence, the equation cannot be checked other than by cal­
culating absolute values of the amount of extraction during 
Stage I.
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