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PREFACE

Because liquid-liquid extraction is an effective industrial tech-
nique for the geparation of materials, basgic data for proper design of
contacting egquipment has become essential, The theory of the operation
is gquite inadequate because of the complexity of the hydrodynamics and
chemical factors involved,

Most types of liquid-licquid ceontacting deviceé function by dispers-
ing one liquid phase into the second ligquid phase as droplets. The study
of the mechanism of extracticn into and from droplets may help to provide
3 sound theoretical basis for the unit operation,

Droplet diameter, flow rates of both phases and column height werse
investigated. The effect of cervain chenlcal and physical properties, such
as drop diameber, velocity of the droplet, density, viscosity and inter~
facial tension, on extrachtion rates were also studied. Attempts have been
made to confirm mess transfer mechanisms that have been proposed.

I am indebbed to many for thelr valuable guidance and assistance
throughout the course of this study. Drs, J. B. West, R. N. Maddox,

J. M, Marchello and the late C. L. Nickolls were particularly helpful

in the literature search, equipment design, and finalization of this
thesis. Messrs. B, E., McCroskey, A, L, Harris and J. Shannon were of
considerable aid in construction of component parts of the extraction unit.
I am indebted to the Department of Chemistry for financialrassistance as

a Teéching Assistant.,

Most of all, I am forever indebted to my wife, Judy, for her continued
interest and aid throughout the last two years of my college work.
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CHAPTER I
INTRODUCTION

Because of its effectiveness as a complement to distillation in
the separation of materials, ligquid-liquid extraction has assumed con-
siderable importance as one of the unit operations of chemical engi-
neering. Many investigations have been conducted to determine the rate
of mass transfer, by liquid-liquid extraction in spray towers, (17),
(21), (23), perforated plate columns (30), and pulse colums. The re~
sults have provided only empirical knowledge of these transfer rates.
Therefore, investigators recognized the need to separate the mass trans-
fer into basic studies of formation, free-rise and coalescence of the
droplets.

Improvement in the design of spray-type extraction towers and their
characteristics, such as column height and diameter, number and size of
nozzles, flow rates, and the effect of coalescence and rediépersion by
perforated plates, without extensive trial and error, cannot be achieved
unless the effect of physical properties of the systems on the extrac-
tion efficiencies during each of the three distinct stages of extraction
is first obtained.

Tt has been found that the physical, chemical and hydrodynamic
properties such as viscosity, density, interfacial tensions, veloci-
ties, drop diameter, diffusivity and flow rates, have a great influence
on the amount of extraction during all three stages. Various mass
transfer mechanisms have been proposed for each of the three stages of

extraction, Higbie (16), Heertjes (17), and Johnson (19) have proposed



mechanisms for extraction rates during formation and coalescence. The
amount of extraction during the free-rise of the droplet is governed by
cohvection currents around and inside the drop, which are established
by physical and chemical properties of the system. Mechanisms of mass
transfer for stagnant drops (11), (33), partial circulation (22), and
full circulation accompanied by oscillation (15), (19), (25), have been
proposed. Also, free-rise extraction rates have been correlated with
various chemical, physical and hydrodynamic properties to describe the
degree of circulation within the droplets (6), (15).
The objectives of this research study were reached by transferring
the solute from the organic droplet to the aqueous continuous phase.
The objectives to be attained were:
1. To evaluate the experimental transfer rates and
confirm any of the mass transfer mechanisms that
have been proposed;
2. To correlate the rate of extraction in terms of
physical and chemical properties by successive
variable elimination;
3. To obtain extraction rate coefficients which will

aid in the design of spray and perforated plate
columns,



CHAPTER II
REVIEW OF SINGLE DROPLET EXTRACTION

The first of many investigations in liquid-liquid extraction from
single droplets was that of Sherwood, Evans and longcor (30). The next
investigation was that of West, et al., (34), who tried to verify the
results of Sherwood, but without success. ILicht and Conway (23) then
proposed the basic premise, "that in the life of each drop there must be
three distinct stages and the mechanism of solute transfer in each stage
must be studied separately." The motivation for this premise was the
variance of their results with those of the two previous investigators.
The stages proposed were:

l. Drop formation;
2. Drop rise or fall in steady state;
3. Drop coalescence of dispersed phase at the
terminal end of the column.
Since the proposal by licht and Conway, many investigators have attempted
to provide medhanisms which would describe the rate of solute transfer
during each stage.

End Effects

The combined end effects are usually obtained by plotting the frac-
tion of solute extracted againét column height or an equivalent, free-
rise time and then extrapolating to zero column height or time. Sher-
wood, Evans and longcor followed this procedure, but they assumed that
the intercept at zero height was the fraction extracted during drop
formation, which was erroneous, - This is one reason why Licht and Con-

way had such difficulty in verifying Sherwood'!'s results.



Many attempts have been made to measure end effects (4), (5),
(16), (17), (19), (23), (25), (30), (34). From these investigations
several mechanisms have been proposed, By assuming Higbie's (16)
equation for transient diffusion into the surface of the drop as it
is formed, Heertjes (17) developed the following equation for the

formation efficiency:

_ 20,6 De
e % d ﬁ" (1)
Where:
Ef = transfer efficiency during formation = C1 ~ Cz/Cl - G
d = drop diameter
D = molecular diffusivity
O = drop formation time.

Licht and Pansing (25) assumed unsteady state diffusion into a plane
surface with an area equivalent to that of a sphere. They obtained the

following expression:

(2)

where:

m = Equilibrium distribution ratio (ca/co) :

Johnson and Hamielec (19) have presented a mechanism for the trans-
fer efficiency during coalescence., In this mechanism it is assumed that,
as each drop coalesces, it spreads a layer of initial uniform concentra-
tion (63) across the previously settled dispersed phase and that trans-
ient mass transfer occurs until the next drop arrives to cover the sur-

face. This mechanism is given by the expression:

=
I
|
g

(3)
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where:

Ai = jinterfacial area at coalescence

v = drop volume,

Johnson and Hamielec combined their coalescence mechanism with
the formation mechanism of Heertjes (17) for an expression for the
combined end effects:

2A L1.2 A, DO
- ( 20:6 i DO i r) (4)

AR = #"de
Free-Rise
The mechanisms proposed for the transfer efficiency during free-
rise are based on the degree of circulation within the droplet and
the amount of resistance in the continuous phase.
For the efficiency of the steady-rise period for a stagnant drop
with continuous phase transfer resistance, Grober (11) derived the

following expression:

o0 A 2
= et DQ
By=1- 6 E ; B_ exp. %i n " (5)

ael, D 2 )

r
where:
C, -C
e

For the particular case of no resistance to transfer in the continu-
ous phase the above expression has been reduced by Grober to the

following forms

P n21yD 62
EM. =] = 17?:'5 Zl _%—' eXPe. ( —~ 2 L ) (6)
Faee n r

Kronig and Brink (22) proposed a mechanism in which the interior

of the drop is assumed to contain streamline currents resulting from
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the drag of the continuous phase against the drop. The assumptions
made in the mathematical solution of the differential rate equation
were: That the drop was épherical and had a Reynolds number less than
unity; and that the resistance in the continuous phase was negligible.

With the ‘preceding boundary conditions they obtained the following

expression:
P
2 —- 16 D oM
B,=1-3/8 5 B exp. ( An 3 )
N=| :

The first two eigenvalues and coefficients have.been evaluated (25)

as:

)\l = 1,678 B1 = 1,32

Az = 9.83 B, = 0,73

Another type of solute transfer mechanism was originally pro-
posed by Higbie (16) in connection with gas absorption, He attempted
to show that even though a liquid film may exist around a gas bubble,
the actual time of contact of the gas with the liquid at any point was
so short that the film acted equivalent to an infinite medium with
respect to sélute transfer,

wgst,, et al.,(34) have indicated how this theory might be applied
to liqﬁid;liquid extraction, They have assumed that in addition to
the transient film in the continuous phase proposed by Higbie , a trans-
ient film is constantly being formed in certain areas on the surface
of the drop. This film moves over the surface of the drop and it is
enriched with solute and then disappears into the bulk of the continu-
ous phase., Their mechanish is basically the same as the two film

theory but with a more detailed picture of the films. For the particu-

lar case in which the film of the continuous phase side offers negligible



resistance,
% Dc
k0=00,m=‘ a:))-ﬁ; andl{o=ki.
Then
DV
e 8
log (1 -E,) = - 2.95 \d3 c M (8)

where:

and the effective life of the films can be related to the time for the
drop to travel a distance equal to its own diameter,

b =4/ £ 2 (9)

C
Handlos and Baron (15) proposed a circulation model which included

radial motion for their mechanism:

1)\ 16D t Pe!

d2 2048

In (1-8,) = in 2 BY-

| (10)

they also obtained an expression for the effective diffusivity as a
function of the radius of the drop.

D Pe!

2048 (6r° = 8r + 3) (11)

E(r)

Thus the multiplication factor of the molecular diffusivity is direct-

ly proportional to the modified Peclet number.

1.
Pe! 2 S
R = 30L8 fo (br" = 8r + 3) dr = 30L8 (12)
dv
R= D(1+u ) 2048 (13)

oo



Other correlation factors have been proposed. Kronig and Brink
(22) say that under the conditions of their model a value of R should
be about 3.

The latest mechanism that has been proposed is that of Johnson and
Hamielec (19), For low efficiency studies, they have obtained the fol-

lowing empirical relationship:

I 2
Ey = 0.905 391]%—3 + 0,0189 (14)
r

For high efficiency studies they have combined the equation of Grober
and the multiplication factor of molecular diffusivity presented by
Handlos and Baron. ng,resulting expression is:
2
Ey 1-6ZBH exp.( -,\n RDt) (15)

n=1 5)
r

Overall Transfer Coefficient and Correlation

From the circulation model of Handlos and Baron, a correlation
for the inside or dispersed phase mass transfer film coefficient was

presented:

K, = o.oougzgv (16)

(1 #72=1)
a

Another proposal has been that of West, et al., in conjunction with

their transient film mechanisms:

(17)

where:

(d/v fc2)= the contact time of the film.,



Whitman's "two-film" model can be simplified into the "one-film"
model by saturating the continuous phase with the solvent of the dis-
persed phase and assuming that:

1. The concentration at the interface of the droplet is
that of the bulk of the continuous phase;

2., The continuous phase resistance is negligible; that
is, there is very little mass transfer into the
droplet;

3. The ratio of the solute capacity of the continuous
phase to that of the dispersed phase is large; thus
the concentration of the continuous phase is ap-
proximately zero.
This has been done so that the film coefficient of the dispersed
phase becomes equal to the overall transfer coefficient. This can be

readily seen from the expression:

L

Wi
K_—_mk +k (18)
o (o) i
Where:
Ko = overall coefficient
ko = outside film coefficient
ki = inside film coefficient
m

= distribution ratio, Ca/Co.

If m is large and ko is infinite, K, then becomes equal to ki‘

Because many investigators felt the experimental agreement with
transfer mechanisms proposed was fortuitous, they have attempted to
correlate the transfer rates with physical and chemical properties of
the systems. Believing that the rates of transfer were functions of
viscosity, density, velocity, drop diameter, molecular diffusivity and
interfacial tension, they have, by successive variable elimination,
correlated the rates in terms of the Reynolds, Schmidt and Weber

numbers.,
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Garner, et al,, (6) found that for spherical drops with circulation,

but no oscillation, the transfer rates should correlate with Rel/zscl/3

1/2Sc1/2 for drops with full circulation pat-

for stagnant drops and Re
terns.

However, for most drops an intermediate case will be obtained.
Therefore, the exponent of the Schmidt number will lie between (1/2)
and (1/3). For drops that exhibit oscillation, which is purely a
hydrodynamic effect, the exponent of the Reynolds number will be changed
due to the altered flow patterns around the drop, Garner (6), et al.,
obtained the following correlation:

Sh = - 126 + 1.8 (Re) *° (Sc) **2 (19)
SUMMARY

The study of liquid-liquid extraction in spray towers has been
separated into three individual stages of extraction--drop formation,
free-rise, and coalescence. Various mass transfer mechanisms for each
stage have been proposed. These mechanisms Qttempt to describe mathe-
matically the rates of extraction produced by various types of liquid
films and the circulation patterns which they develop. Because it has
not been possible to experimentally determine when circulation starts
or the effect of oscillation on circulation patterns, investigators have
attempted to describe the effect on the extraction rates by dimensional

analysis of the system properties.



CHAPTER III
EXPERIMENTAL APPARATUS AND PROCEDURE
Experimental Apparatus

The experimental apparatus used in this investigation is shown in
Figure 1 and Plate 1. Preceding the design of the single droplet extrac-
tion column, the literature listed in the Bibliography was reviewed, and
an attempt made to incorporate the features of other studies in the con-
struction of this column,

Column Construction

The column consisted of three rectangular glass sections, each 5.5
in. by 6.5 in. and 10.5 in. in height. The equivalent cylindrical di-
ameter was made greater than 5.5 in. in order to eliminate excessive
wall effects (32). Teflon gaskets were placed between each section in
order to eliminate possible sources of contamination caused by chemical
reactions of the continuous or dispersed phase with material used in
column construction. The glass sections were made by cutting the bottoms
out of Pyrex battery jars. The top and bottom plates of the column were
made of 3/16 in. stainless steel on an 8 in, square,

Nozzles

The nozzles used were chamferred away from the opening at a ASO
angle to prevent spreading of the dispersed phase onto the metal around
the opening (27). In the table below listing each nozzle and its
dimensions, a number has been assigned to each and all references to

particular nozzles will be made by these numbers.

Ll
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FIGURE 1, SCHEMATIC DIAGRAM OF SINGLE DROPLET EXTRACTION UNIT
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PLATE I

DROPIET EXTRACTION COLUMN
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TABLE I

DESCRIPTION OF EXPERIMENTAL NOZZIES

No. Description 0.D. I.D.

1 Copper Cap. Tubing 0.00175 0.00121 in.
2 Brass 1/8 in, Half Union 0.125 in,

3 Copper Tubing 0.25 0.1785 in,
kL Copper Tubing 0.375 0.250 in.

Photographs of these nozzles are presented in Plates II and III,
Collection

The collection d evices used for the dispersed phase are shown in
Figure 2 and Figure 2A, The funnel shown in Figure 2 was 80 mm, in
diameter, apd a 1/8 in. copper tube was sealed in the stem of the funnel
and used to siphon the dispersed phase, The other funnel differed in
that the dispersed phase was collected in the stem of the funnel, and
3 mm., glass tubing was used to siphon the dispersed phase. The siphoned
disbersed phase was collected in a 50 ml. bué;ette.

Lines and Fittings

All valves used were 1/4 in, Hoke stainless steel needle valves
with Teflon‘gaskets. All lines were 1/4 in. copper tubing with flare
type fittings with the following exceptions: Exit line for continuous
phase was 3/8 in. copper tubing; linevfor removal of coalesced phase
using funnel in Figure 2 was 1/8 in. copper tubing; when the funnel in
Figure 2A was used, 1/k in. polyethylene tubing connected to glass tub-
ing was used. |
Materials

The two systems selected for droplet extraction work were: Methyl

isobutyl ketone - acetic acid - water; and toluene - acetic acid - water.
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SIPHONED TO 50 ml ~ SIPHONED TO
: BURETTE o T 50 ml BUREITE
i
| | /AN
COPPER TUBING AT I\ oLAss
| T TUBING

L ~ s

2 R

=

u T %

— e A ~ "

©

A |l oRGANIC PHASE | ORGANIC PHASE
Z / N . . o L .
| | // - \\\ : | ,/ \\
 AQUEOUS \\ AQUEQUS
" PHASE // \ PHASE /) \
? Vi \\ /2

TNTERFACIAL AREA \ : "’ﬁ\ITh,RPACIAL AgEA"l

0.00139 FT.< 7 0.00105 FT.

/i . | o T\ ‘, | //’7 \\

o L INCHES —————> |e———— 5 INCHES ——]|

FIGURE 2, COLLECTION DEVICES FOR DISPERSED PHASE



PLATE 1II

NOZZIES USED FOR DISPERSING ORGANIC PHASE

WUIBER I NCZZIE NUMBER II NCZZIE
TCLUENE DISPERSED TOLUENE DISPERSED

16



PLATE III

NOZZIES USED FOR DISPERSING ORGaNIC PHASE

NUIBER III NOZZIE NUKBER IV NOZZIE
TCLUENE DISPERSED TOLUGNE DISPERSED

17
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The methyl isobutyl ketone and acetiec acid were purified grade, as re-
ceived from the Fisher Chemical Company. The toluene was obtained
from Phillips Petroleum Company and was a technical grade, Once dis-
tilled city tap water was the other component., These two systems have
been widely used for extraction studies (5), (24), (30), (20), (21).

Physical Properties

The physical properties of the two systems were obtained by the
following means:
l. Density ~ Pychometer

2, Viscosity - Cannon-Fenske Viscometer
3., Interfacial tensions - Capillary rise method



TABLE II
PHYSICAL PROPERTIES OF EQUILIBRATED

AQUEOUS AND ORGANIC PHASES#*

Methyl Isobutyl Ketone - Acetic Acid - Water

Aqueous Organic
Density, gms./cc. 0.993 0.8025
Viscosity, cp. 0.925 0.5895
Interfacial Tension, dynes/cm. 7.35
Acid Concentration, 1b, moles/ft.3 0.0 | 0.0108

Toluene - Acetic Aeid -« Water

Aqueous Organic
Density, gms./cc. 0.994 0.863
Viscosity, cp. 0.926 0.568
Interfacial Tension, dynes/cm. 17.1
Acid Concentration, 1b. m.oles/ft.3 0.0 0.0103

¥Data was obtained at 770 F.

19
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Experimental Procedure

Drop Studies

Preliminary studies were conducted to determine the terminal veloci-
ties of the dispersed phase for a particular drop size, The experimental
data was compared with that of previous investigators, (5), (15), (20),
(21), and with that of perfect spheres, (5).. This is shown in Figures
19 and 20 of Appendix D, This study was made so that the drop diameters
obtained from the photographs could be used to check the veloelties re;
corded during experimental runs. Thus, if wall effects or any abnormal
effect occurred which altered the welocity, it would be noted.

The column was constructed so that photographic studies could be
made from one of the flat sides, Photographs were made using a 35 mm.
Agfa Karat 36 camera with a +6 enlarging lens. This enabled the author
to obtain the photographs from a distance of 6 in. from the drops. The
film used was Hastman Kodak Plus X. The best results were obtained at
- a shutter speed of 1/300 sec. and a lens opening of f/11, Flood lamps
were placed perpendicular to the direction of the camera and about 6 in.
from the side of the column walls, A white background provided the
best contrast. »

The photographs shown in Plate IV are typical of‘those obtained in
this study., However, a small amount of iodine was added to increase
the reflectivity of the drops. This was done by adding 0,005 gm, of
iodine to 500 ml. of the organic phase, Then a 3 ml, sample was in-
Jected into the dispersed stream at a point 2 ft. from the nozzle outlet
by means of a hypodermic syringe. No differeﬁce in the equivalent drop
diameter was found in the photographs of the dispersed phase containing

iodine and the photographs of the dispersed phase which did not contain
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iodine under the same experimental conditions. Photographs were taken at
the nozzle tip and at a point 1 ft. above the nozzle, The equivalent di-
ameter at these two points agreed within a 3 per cent deviation. Drop
velocities were measured at the same time the photographs were taken.

The column contained two small beads which were adjusted in height
so that they would appear in the photographs of the drops as a reference,
They were the same distance from the lens of the camera as the drops.,  The
smaller bead was 0,168 inches in diameter, and the larger bead was 0,271 |
inches in diameter,

Measurements obtained from the photographs made.it possible to
compute an equivalent spherical volume for each drop, based on an el-
lipsoid of revolution-about the minor axis. The volume of an ellipsoid

of revolution about the minor axis is given by the expression: (29)

2
V =4/3 (TY 2b) (20)
where:
a = major axis
b = minor axis,

The volume of a perfect sphere is given by the expression:

V= 4/3 (T ) (21)
where:

r = radius.

The drop volumes were also calculated from the volume of the dis~
persed phase collected per unit time and the number of drops per unit
time. The standard error was +7 per cent. Therefore, all diameters
recorded are those values obtained from the photographs.

Temperature Control

In this study an attempt was made to keep the column temperature
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at 7710.20 F. This was done by allowing the continuous phase to pass
through a cooling coil which was surrounded by water at 670 F. Before
entering the cooling coil, the water was usually at g2° F., depending

on the room temperature, Two thermometer; were placed in the column, one
about 3 in, from the bottom and the other about 5 in. from the top level
of the continuous phase, By development of experimental technique, the
author was able to maintain the temperature standard reported above,

The thermometers were calibrateq before being used in the column.

Flow Rate Control

An air pressure of 2 psig. was maintained on both the continuous
and dispersed feed tanks during all experimental runs., The flow rate
of the continuous phase was maintained at 4 liters per hr. For the
dispersed phase, methyl isobutyl ketone, the drop rate was 120 drops
per min, for 32 runs. For the dispersed phase, toluene, a drop rate of
60 drops per min. was maintained for 32 runs, and 120 drops per min, for
8 runs.

During the early part of this work it was noted that if the drop
rate was above 150 drops per min., the drops had a greater deviation
from a vertical rise, and a large number of the drops coalesced with the
preceding drops before reaching the top of the column.

BExperimental Runs

The runs in which MIBK was dispersed were made at a drop rate of
120 drops per min., Two series of runs were made with each of the four
nozzles, The two series were identical except for the funnel used to
collect the dispersed phase., During each series four individual runs
were made, each at a separate column height,

The method used in the toluene runs was the same as that of the
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methyl isobutyl ketone, Two series of runs were made using the same
nozzle, One funnel was used for one series and another for the other
series, PFour individual runs were made in each series, each at a differ-
ent column height. The drop rate for the eight series of runs was 60
drops per min, Also, four series of runs were made using the #1 and #2
nozzles at a drop rate of 120 drops per min. Again the two funnels were
used for the two series of runs from each nozzle.

The data recorded during each run were:

1. Drop rate, Dr
2. Drop formation time, @f
3. Column height, H

¥

4. Drop rise time, o,

5. Total volume collected, Vt

6. Total operation time, ©

7. Interfacial coalescence area, Ai

8. Continuous phase temperature, ta
Also, photographs of the drops were taken during each run, All data re-
corded during experimental runs are recorded in Appendix D.

A 50 ml, sample of the dispersed phase was collected during each run,

The samples were titrated with O.1 N and 0.0483 N solutions of sodium

hydroxide to determine the acid concentrations of the dispersed phase at

the column outlet.



CHAPTER IV

RESULTS AND DISCUSSION

Experimental Results

Drop Behavior

It was observed that methyi isobutyl ketone drops with a diameter of
less than 0.115 in. remained spherical throughout free-rise, All other
methyl isobutyl ketone drops and all toluene drops exhibited osecilla-
tions during free-rise, Droplets dispersed from the same nozzle énd from
each of the two systems had distinct but different characteristicsf The
drop diameters of the toluene runs were more than twice the size of the
methyl isobutyllketone drops while using the same nozzle. This can be
directly attributed to the differences in the interfacial tensions be-
cause interfacial tension of the toluene system was more than twice that
of the methyl isobutyl ketone system. The toluene drops also exhibited
a greater deviation from a vertical free-rise.

Physical Properties

4

The values obtained in the measurements of tke physical properties of
the two systems were in agreement with those obtained by other investiga-
tors. However, one exception did exist. Values Qf the interfacial ten-
sion for the methyl isobutyl ketone system found in the literature ranged
from 3.0 dynes/em. to 12.5 dynes/cm. for the same.acid concentrations.

The experimental value obtained was 7.33 dynes/cm.
Comparison of the experimental velocity profile with that of other

investigators seemed to be quite satisfactory. This comparison is shown

2y
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in Figures 19 and 20 in Appendix D, These comparisons show that there

were on wall effects or abnormal flow patterns in the column.
| Concentration Profiles

From the experimental outlet concentrations obtained while using

the same nozzle, a plot on a semilog scale of cin/c against column

out
height yielded a straight line over the range of experimentation. The
smallest column height wags 4 inches; therefore, it was felt that an
extrapolation to zero column height could be made without serious error.
The intercept obtained at zero column height was the amount of acid which
was extracted by the combined end effects. The concentration profiles
for the experimental runs are shown in Figures 3 through 5 of this
chapter,

The method outlined in Appendix D, Page 79, for the separation of
the combined end effects, which was obtained through the use of two
different coalescence areas, provided consistent results, From the
experimental results, the best straight line was drawn to connect the
points of: Total fraction extracted; fraction extracted by the com-
bined end effects; and the separated end effects. The difference
between the total fraction extracted and the fraction extracted by the
combined end effects was the fraction extracted during freé-rise, These
results are shown in Figures 6 and 7 of this chapter for the toluene

runs, Series B, and methyl isobutyl ketone Series A.

Evaluation of Results
End Effects

The transfer efficiency during formation ranged from 8 per cent to
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FIGURE %, EFFECT OF COLUMN HEIGHT ON THE RECIPROCAL
FRACTION OF TOLUENE UNEXTRACTED -- SERIES B
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’"_“lh:per cent for.toluene:dropSIWith;dianeters‘of 0.323 inches through 0.20
inches. The formation transfer efficiency for methyl isobutyl ketone
drops ranged from 12 per cent for'b.l8 inchddrOps to 19 per cent‘for
0.0é‘jnch drops;‘The'only formation mechanism which was found to be ap-
 plicable was that of Heertjes. The experimental‘value was' found to be
within S;per_cent of tnat predicted“by the Heertjes equation, Licht and
Pansing,iusing metnyl isobutyl ketone droplets obtained a formation
efficiency of 16,6 pervcent‘for a 0,157 inch drop. ‘This valuevobtained
by Licht and PansingIWas within 2 per cent<of>the experimental.value>
‘obtainedvby this author; | | ‘ |
- The separatlon of the end effects by the method used in this work
 seems to be quite satisiactory by the comparison of both formation and
,coalescence results with those found‘in the llterature. The only mechan-
ism ‘that has beon presented for efflciency during coalescence has beeny
that of Johnson. The theoretlcal resultsrpredicted by Johnson ] equation
were very unsatisfactory in comparison‘nitn:thetexpernnental results.
' The percentage_errorlwas:325vper cent for toluene drops and 62 per cent for
_'methyl iszutyl‘ketone drops. All'values‘obtained were larger than those
predicted%by Johnson's eduation.‘Vlne results:oflthe toluene,runs,vSeries
b, are shown:in Figure é;;and the MlBKHruns, Series A, in Figure 9.
| Because it was possitle to separate the combined‘endteffects, the
transfer efficiency during free-rise could be obtained All of the
mechanlsms mentioned in- Chapter II were compared w1th the experunental-
values.“The circulation model of Handlos and Baron proved to be the
most suddessful of‘those usedti The multiplication factor of moleculax

diffusivity, R, was used for the comparison between the experimental
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and theoretical transfer efficiencies. The experimental values of R
obtained for the toluene system compared more satisfactorily with the
theoretical values of R than did the methyl isobutyl ketone system.

The experimental values for the toluene system were, on the average, 22
per cent below the predicted value for drops with diameters of 0,27
inches or less. The valuesnobtaiﬁed for larger toluene drops showed

a sharp increase. This can bé seen in Figure 10, The values obtained
for the methyl isobutyl ketone system were considerably below the
theoretical values of R, This is shown in Figure 11,

The multiplicaﬁion factor:of molecular diffusivitj used to compare
trénsfer rates obtained by oﬁher investigators with rates encountered
in stagnant drops is shown in Table III. A portion of this table was
abstracted from the work of Calderbank and Korchinski {3). The rzsulis
presented-in this table show the favorable comparison of values of R
for the same Reynolds numbers, This table indicates that there could
be a relationship between the Reynolds number or somg other similar group
with the multiplication factor. However, the amount of data is too lim-
ited for an investigation. The values of R obtained by the author follow
the‘same pattern as that of the other'inﬁestigators. The values of R
presented in the table fell below the multiplication factor predicted
in the Handlos and Baron model. Thus it might be said that the Handlos
and Baron model represents an upper limit in the transfer rates. How-
ever, since many of the results fell below the Handlos and Baron multi-
plication factor, it is felt that this model does not exactly describe
circulation within the droplet and results obtained from its use will
be erroneous,

The experlmental values of EMg:EF, and ET for toluene and MIBK



35

180 {
/|
ot
o]
o » e
§ =
100 | &) i
¥ 1 5
H= et = o - .
é[ =T BERR= EXPERIMENTAT u
60 | & 5 -
e = Lt
20 HHE | DROP DIAMETER, INCHES
0.18  0.20 0.22 . . 0.2, ' 0,26 0.28 0.30  0.32
FIGURE 10, CORRELATION FACTOR AS A FUNCTION OF DROP DIAMETER,
SERIES B, TOLUENE DISPERSED
80
60 | o2 BV AREYaRE=S
) OO:? 1 o t( y
i E_'j L 4
=1 panms
LPO = = ;/
@] >
F
. Eq—gi b~ 3
'E-;I] = P ﬁ - .:ﬂim
e / '
20| 8 ands :
y - : i &“ ‘ an
=Y : 5 SN
0 THE ==l . DROP DIAMETER, INCHES - -
' 0.08 0.10 0.12 0.14 0.16 0.18

FIGURE 11, RORRE’LATION FACTOR AS A FUNCTION OF DROP DIAMETER,
SERIES A, MIBK DISPERSED

R



36

'drbps are shown in Figures 12 through 14, The factors which affect
these transfer efficiencies are discussed in the corrélation section

of this chapter,

Overall Transfer Coefficient

" The overall transfer coefficient during free-rise was obtained by
the evaluation of equation 7-~D. The results for toluene, Series B,
are shown in Figure 15. The MIBK results are shown in Figure 16, The
results bbtained were compared with data from spray columns. Generally
the spray column data fell below that of the single droplets. This
suggests that single droplet data represents an upper limit for the
mass transfer in the dispersed phase. The overall coefficient has ap-
proximatély the same profile as that of the velocity. The overall
coefficient for both systems approached an upper limit as the drop
diameters increased.

The transient film mechanism of Higbie with the ﬁé factor of
West (Equationllé)bwas evaluated. For toluene drops Qith 0.2 inch
diameters a value of fc = 25 Was obtained; and fc = ,8 was obtained
for drops ova.Bh inch diameter. . For methyl isebutyl ketone drops. the
value of fc ranged from 0.04 for a drop diameter of O.%S jnches to 0.54
for a drop diameter of 0,18 inches. An attempt has be;n made to cor-
relate the values of fc with system properties by West et al., (34)
and Licht and Pansing (25), but without success,

The mechanism of Handlos and Baron (15), (Bquation 15) was also
examined. The results obtained were unsatisfactory.f The @yerall
transfer coefficient profiles were apprdximately the same as the

experimental profiles, but the theoretical values for the methyl
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TABLE III

CORRELATION FACTOR OF HEAT AND

MASS TRANSFER INVESTIGATIONS

L2

M,T. of AcOH

SOURCE SY STEM R Re _DROP BEHAVIOR
l. Garwin and Cold benzene drops 1.72 1500
Smith rising in hot water- to to No Oscillation
heat transfer 2,1 1780
2, Garwin and Hot b enzene drops 1.6 730
Smith rising in cold to to No Oscillation
water-heat transfer 2.4 810 '
3. McDowell & Cold xylene drops 2.75 2400 No Oseillatioen
Myers rising in hot water -
L4, Calderbank Bromobenzene drops 1.8 10
& Korchinski falling in hot or to to  No Oscillation
cold glycercl ! 3.3 120
! solutions -
5. Heertjes Isobutanol drops 1.9 20
rising in water- to to No Oscillatien
mass transfer of 2.1 200
water
6., Calderbank Bromobenzene drops 7.0 315
& Korchinski falling in hot or to to Oscillations
cold glycerol water 12 670 of droplets
solutions ‘
7. Hughes and Water drdps falling 300
Gilliland through €O, -mass 20 to Oscillation
transfer of COzo 300 of droplets
8, Garner and Nitrobenzene drop
Skelland containing AcOH 6.5 270 Oseillation
falling in water- 10 370 indicated by
mass transfer of 21 480 R's
acetic acid,
9, Pansing Perchloroethylene 23=53 375 Oseillation
containing AcOH 40-61 591 of droplets
falling in water 50-70 700
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SOURCE SY STEM R Re DROP BEHAVIOR

10, Johnson Water drops fall- 2.2 2.0
ing through cyclo- to to No Osecillation
hexanol- M.T, of 3.8 15
cyclohexanol

11, Johnson Water drops fall- 3.0 K2
ing through n- to to No Oscillation
butanol- M.T. of 33 87 -

* n=butanol

12, Johnson Water drops fall- 32 430 Oscillation
ing through ethyl to to but no regular
acetate-~ M.T. of 52 700 eirculation
ethyl acetate patterns

13, This work MIBK drops contain- 10 250
ing AcQOH rising to to Oscillation
through water-M.T. 65 600 of droplets
of AcOH.

14, This work Toluene drops 60 865
rising through to to Oscillation
water- M,T. of 115 1400 of droplets

AcOH into water.



isobutyl ketone were appqu?mately 75 ber cent greater than the experi=-
mental values for the same,System. For Fhe toluene system, the upper
© limit ﬁof the theoretical.ﬁglues_was about 50 pef cent greater than the
upper limit of the-experimental values.
Correlation

The rate of Qpansfer.wh?phvisluged télevaluate the free-rise
transfer efficiency and~the_9§erall mass transfer cogﬁficient is
affected greatly Ey the degreerof qirdulation of solute within the
droplets. However, no satisfactory criterion for the onset or the
degree of ciréulation within the dfoplet has yeplbeen.developed. Many
investigators have observed éircp}étion within the droplet (6), (7),
(8), (9), (15), (18), (23), (34).

Frqm examination of the phy#ical properties of the system used by
the investigators, the factors which do affect circulation can be easily
seen., The interfacial tension is one of: the more predomingnt factors.
If the interfacial tension is high (above 70 dynes/em.), then arﬁéry
small amount of circulation will exist, even if the drop diameter is
greatly increased. Therefore, it can be said thap as the inﬁerfacial
tension decreaseé the probability of:circulatiqn increases and larger
mass transfer coefficients willfresult. This can be directly observed
in this work. For drops of  the same size and apprqximately the same
velocit& and visdéSity, the ove;all mass transferfcog?ficient for
methyl iSobﬁtyl ketone was four times greéter than that for ﬁhé tdluené
drops. \quiliation of the droplets will certainly increasevthéjmi;?ng
within the droplets. Oscillation of the droplets can usually be
expected wﬁen the drop diameters are large or when a‘siénificant‘density

difference exists. Also the viscosity difference has an effect.



The most promisigg method for’preducting(transfer rates seems to
lie in the corrélatioﬁ of the system propefties. The factoré considered
in this study were viscosiﬁy,‘velocity,.density, drop diametér,
diffusivity and interfacialgtehsion’ The most regeﬁﬁ work in this area
has beeﬁ that of Garner et alf;.(é). They found that the degree of
circulation within the dfopiet was a function of the exponent of the

Schmidt ﬁumber. They"fqund’thgt ﬁhéir_éorrelatiqn could not be improved
by iﬁclusion of the Weber Group. However, it must_be.noted that
interfacial tensionsvof theufouy s§stgms studied.by Ggrner‘ranged only
‘between 4.8 dynes/cm. aﬁd‘7,0 dyﬁes/cm. ;Singe'the'system used in this
investigation had distinct differences in interfacial temsion, the
JWbper.Group was. included.

It was nbted’in Chapter.III that the methyl(isobﬁtyl ketone drops
with diamete;s @f'less‘than O{ll5 inch@s“?qg%;ped spherical through-
out free~rise.‘ Thérefbre, the correlation of Garner could be used
for comparison with the experimehtal Vaiues.

The correlation of Garner was{

Sh = -126 + 1.8 RS9 53-42

The correlation obtained for the spherical methyl iéobupyl -

ketone drops was: |

Sh - 126 + 0.777 B3 5343

The standard deviation of this correlation'was 2;75 per cent. For
toluene and methyl isobutylvketone drops in which oscillation was
observed it waé foﬁhd that a correlation couid not be obtainednby use
of only the Reyhélds and Schmidt Groups. However, by inclusion of
the Webef'Group the following correlation was obtained:

Sh - =610 + 0.46 BB+ s@-47 w87
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The average deviation was 7.5 pef cent. However, the greatest
deviation occurred at thg lower end ofﬂihe correlation. This is shown
in Figure 17, The theory'proposed by Garﬁer that the degree of
circulation iﬁ spherical droplets can be represented'by the exponent
of the Schmidt number Qas not rﬁ1ed_inva1;d by this investigation
although there was oscillation of thevdrqplets encountered. However,
the Weber Group mgst be included in the correlatiog déveloped from

the present study.



CHAPTER V

CONCLUSIONS AND RECOMMENDAT IONS

Restatement of *Study

A study of liguid-liguid extracﬁion involving single droplets was
conducted in order that the individual stages of extraction could be
investigated. Also, itvwas intended to confirm any of the previously
proposed transfer mechanisms.‘ The effgqt Qf chemical and physical
properties on the rate of extraction dﬁring ffee rise were'to be

correlated by succesive variable elimination.
CONCIUSIONS

The experimental velocity profiles were in agreement with those
found in the literature. This indicated that there were no wall
effects or any abnormal flow patterns which developed under the
experimental conditions of this study. All drops observed exhibited
oscillation except for»methyl isobutyl ketone drops with diémeters of
less than‘O.llE inches.

End Effects

The operating variables were held constant except for the use of
two different coalescense areas, which allowed the combined end effecté
to be separated. The experimental transfer efficiencies during drop
formation were within 5 per cent of those values predicted by the

Heert jes equation.

L8
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The mechanism proposed by Johnson for the transfer efficiency
during coalescence of the dispersed phase was very unsatisfactory
in comparison with the experimental results. The mean variation
was 325 per cent for the toluene drops and 62 per cent for the methyl
isobutyl ketone drops. It is felt fhat the transfer efficiency during
coalescence is a function of drop diameter, coalescence area, drop
rate, concentration prior to coalescence, and molecular diffusivity.
The mechanism of Johnson has beenwsimplified too much to give an accurate
picture of the coalescence effect.
Free~-Rise

The multiplication factor Qf mglecular diffusivity used to describe
the actual transfer ra@es has been compared in Table III with the results
of other investigators. ’Thewgomparisqn‘of the values obtained by other
investigators was favorable with the results of this work. All experi-
mental values of the multiplication factor fell below those predicted by
the Handlos and Baron model, inqluding tﬁis»work which was 20 to 50 per
cent below the predicted values{ ,The Handlqs and Baron model did not
provide completely acceptable results, but it was the best of the
mechanisms tested which attempted to predict the transfer efficiency
by means of the multiplication factor of molecular diffusivity.

QOverall Transfer Coefficient

The overall mass transfer coefficients obtained in this study were
higher‘than those found in the literature for spray towers. Both systems
exhibited an upper limit of the overall transfer coefficient as the
drop diameter increased. For the same size drops the overall transfer
.Jcéefficiént of the MIBK system was four times that of the toluene system.

The system pfoperties were almost the same except for the interfacial
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tension; therefore, it is felt that the greater interfacial tension of the
toluene system caused a decrease in the circulation within the droplet.
Correlation _ v

Garner et al,, found that“the exponent of_the Schmidt number could
be used to describe circulation within the spherical droplet. An
exponent of 1/3 for stagnant drops gnd 1/2 for full circulation was
proposed. It was not necessary to include any group which contained
interfacial tensions in the Garner correlation begause the int;rfacial
tension of the syste@s used were approximatgly the same. Because the

"MIBK system had the same interfacial tension as that of the systems used
by Garner, for spherical drops the following correlation was obtainea:
Sh = 126 + 0.777 Re5 8c+h3
However, for the toluene and_MIBK drops which exhibited oscillation
the following correlation was obtained:
Sh = =610 + 0.46 Re' Sc**Twe?
The Weber group was inclqded because of the wide range of interfacial

tension of the two systems. The mean variation was 7.5 per cent.

RECOMMENDAT IONS

Future Studies

It is recommended that future extraction studies involving single
droplets be conducted. The transfer mechanism during drop coalescence,
both'experimentally and theoretically, should be rigoroﬁsly investi-~
gated. The correlation of transfer rates with physical properties
should be extended to include a wider range of values for the physical
properties. Also, it is recommended that aluminum power be used as

a tracer to study circulation patterns in the droplet and the effect



of oscillaﬁion of the patterns. The miltiplication factor of molecular
diffusivity obtained in this stgdy fell below the values predicted by

the Handlos and Baron model. Because the results of other investigations
followed the same pattern as this study, it is recommended that the
Handlos and Baron model be revised or a new eorrelation be developed after
further investigation. It is alsc recommended that further studies be
conducted to reaffirm the conclusion of this study that the Heertjes

mechanism for extraction efficiency during formation is very satisfactory.

Equipment Alteratien

A redesigned column should be constructed. It should include a more
accurate temperature control system, stainless steel fluid lines, and
collection deviees which will allow the use of three or more coalescence
areas. Also the number of dispersing nozzles'should be increased to allow

a wider and more complete range of drop sizes.
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Interfacial area at coalescence; £t.2
Minor axis of ellipsoid.

Coefficient.

Major axis of ellipsoid. n
Concentration of dispersgd phase, 1lb. moles/ft.3
Viscometer tube constant. \

Drop diameter, inches. ‘ ‘

Molecular diffusivity, ft.2/sec.

Drop rate.

Transfer efficiency.

Fraction extracted.l

Gravitatiénal constant.

Column height, ft.

Height of fluid in capi}lary»tubg.

Overall mass transfer coefficient, ft./hr.

Film mass transfer coefficient, ft./hr.

Modified Peclet number, P&/1 +NLi_,

. Aa
Dimensionless correlation factor.

Drdp or tube radius.

Reynolds number, DVEi/))jJ

Schmidt number,#€/D.
Time..
Velocity, ft./hr.

Drop volume, .3

Weber number, d @ cV2/,r’.

Sherwood numbér, kd/D.



Greek Letters

A - Eigenvalue.

&

<
yy,
e

o

Interfacial tension, dynes/cm.
Density, 1b./hr.
Viscosity, 1lb./ft. hr.

Time

Subscripts

1

2

=

In the nozzle.

Beginning of transfer mechanism during free-rise.
Point at which é;op strikes coalesced dispersed phase.
At éolumn outlet.

Aquéous or cantinuous phase.

Coalescence.

Dispersed.

Combined end effects,

Combined end effects.

Formation,

Iﬁterfacial,

Féeeerise.

Organic phase.
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'APPENDIX B
PHYSICAL PROPERTIES OF THE

EQUILIBRATED PHASES
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This appendix is a description of the experimental methods used and
the results obtained in the determingtion of the physiéal properties.
Experimental data are given in Tables III through VII. Sample calcula%

tions are given at the end of this report.
MATERTALS

Samples used for these determinations were taken from each of the
four gallons of the two dispersed phase systems. The continuous phase
was once~distilled city tap water, saturated with the organic of-

the dispersed phase. The samples taken were used immediately.
DENSITIES OF THE EQUILIBRATED PHASES

Densities of theﬁtwo phases inréach system were determined-by use
of a pycngmeter,of 11.97 ml:'capacity at.77° F. Densities in gm./cc.
at 77° Fﬁ were calculated and»comparedww?th‘the known value of water
at 77° F. The experimental data and ﬁhe calcuiated densities are given
in Table III. The calculatioﬁs are shown in the sample calculations at

the end of the appendik.

SURFACE AND INTERFACTAL TENSIONS

OF THE EQUILIBRATED PHASES

The surface tension of the organic phase of each system was
determined by the capillary rise method és described by Steinbach and
King (31). The expression fof calculating the surface tension is

given by the following equations

¥o = 0.5h, r @, 8 {1-B)
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where:
K'o = surface tension of organic phase
ho = height of fluid in thb capillary tube, cc.
e 0 = density of orgax;ic phase, gms,/cc,
r = radius of capillary tube, cm.

g = gravitational constant, $80 cm.2/sec.
The interfacial tension between the two saturated phases was obtained

from the following equation:

Fi=05r (e, +5,€,)- ¢ (2-8)
where:
a = continuous phase
0 = organic phase

The experimental data and the calculated values of G’i and 8’; are
compared in Tables V and VI,

Description of Capillary Tube

The capillary tube used in this work was made from a O to 400° C.
thermometer cut off in the middle of the bulb énd at the hOOO marke
Each unit degree was equal to 0,06667 cm., The tube was mounted vert-
ically in a 25 mm., x 200 mm, test tube,

Radius Determination

The tdbe radius was determined by the capillary rise of distilled
water in the tube, From the known surface tension of distilled water
at 77° F. (14), the tube radius was caiculated by using equation (1-B).
Experimeﬁtal data for this method are given in Table IV. . The calcula-
tions of the tube radius are presented in the sample calculations in
this appendix, The tube radius used for determination of surface and

interfacial tension was found to be 0,01207 cm.



61

VISCOSITIES OF THE EQUILIBRATED PHASES
The viscosities of the two saturated phases of each system were
determined by the method described in A,S.T.M., D445-35T (1). A number
100 Cannon-Fenske Viscometer was calibrated with distilled water to
determine the tube constant, C', at 77° F. The equation given for the
calculation of the viscdsity was:
A =ectt (3-B)

where:

(S

absolute viscosity, centipoises

0
W

’} tube constant

¢t
it

time interval,iminutes.

The experimental data recorded are presented in Table VII.

RESULTS
A summary of the experimentally determined physical properties is
given in Table II, Chapter III. The data and results of physical properties

determinations are presented in the following tables,
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TABLE IV

DENSITIES OF THE EQUILIBRATED PHASE AT 77° F.

Component, Wbight of Average Density

11.96 cc. Weight at 77° F,
gms, gms. gms. /cc.

Distilled Water 11.9205 11.9153 0.9971
11.9107

Organic Phase 9.6062 9.6055 0.8025

MIBK - AcOH 9.6051

Aqueous Phase 11.8902 11.8551 0.9945

H20 - Sat. MIBK 11,8805

Organic Phase 10.3210 10.3155 0.8625

Toluene - AcOH 10.3105

Aqueous Phase 11.8990 11.8983 0.9957

HZO = Sat, Toluene 11.8976
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TABLE V
CALIBRATION OF THE CAPILLARY TUBE

WITH DISTILLED WATER

Run Number

1 2 3
Upper Scale Reading¥ 183.0 183.0 183,0
Lower Scale Reading¥® 182.5 183,0 183.0

Average Scale Reading = 183
1° ¢, = 06667 cm.

Average Column Height = (183)(.06667) = 12,2 cm,

Calculated Tube Radius = .012073 cm.

#The upper and lower scale readings refer to the difference between the
fluid level in the test tube and that in the capillary tube., The
identical readings are accounted for by the faet that the tube was very

clean,
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TABLE VI
SURFACE TENSION OF THE GATURATED

ORGANIC PHASES

]

Methyl Isobutyl Ketone

Run Number
1 2 3 I
Upper Scale Reading _ 76.1‘ 75.6  75.2  75.2
Iower Scaie Reading 73.7  The2  The6  Th,6

Average Reading = 74.9
Average Column Height = (74.9)(,06667) = 4.97 cm.

Calculated Surface Tension = 23,6 dynes/cm.

Toluene
Run Number
1 2 3 4
Upper Scale Reading 92.4  92.4 92.3  92.3
Iower Scale Reading 92,0 92,1 92,1 92.1

Average Reading = 92.2
Average Column Height - 92.2 (,06667) = 6,13 cm.

Calculated Surface Tension = 28.9 dynes/cm.
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TABLE VII
INTERFACIAL TENSION BETWEEN
THE AQUEOUS AND THE

ORGANIC PHASES

Methyl Isobutyl Ketone

Run 1 2 3
h h h h h h
o a o a o a
Upper Scale Reading 58.6 27.4 58,5 27.2 58,5 27.2

Lower Scale Reading 58,2 26,8 58,3 27.0 58,2 27.0

Average Organic Reading = 58.4

Average Aqueous Reading = 27,1

“h, = 58.4 (.06667) = 3.89 cm.
ha = 27.1 (,06667) = 1,80 cm.
Calculated Interfacial Tension = 7.35 dynes/cm.

Toluene

Calculated Interfacial Tension = 17.0 dynes/cm.
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TABLE VIII
VISCOSITIES OF THE SATURATED
AQUEOUS AND ORGANIC

PHASES AT 77° F.

Time, Minutes

MIBK - AcOH - H,0 Toluene - AcQH - Hy0

Distilled Aqueous Organic Aqueous Organic
Water Phase Phase Phase Phase
.718 .o7h3 +595 o This +530
718 o Th5 «590 746 «528

Samne o745 .592 b .529
716 i 590 45 530
2717 o T 2290 oThls 2230

Averages
- .718 o Thly 591 o745 530

Calculated Viscosities

MIBK - AcOH - H20

Aqueous Phase = ,925 cp.

Organic Phase = .5895 cp.
Toluene - AcOH - H20

Aqueous Phase = ,926 cp.

Ortanic Phase = ,568 cp.
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SAMPLE CAICULATION

Determination of the Capillary Tube Radius

Capillary Rise of Distilled Water

From Table IV, the average column height, h, of distilled water due

to capillary rise in the tube was 12.2 cm., The density of distilled
water is 0,9971 gms./cc. The surface tension of water is 71.8 dynes/cm.

r=2¢€/n@g = 2(71.8)/12.2 (.9971) 980 = ,012073 cm.

Determination of the Viscometer Tube Constant

‘N

)

The tube constant, C', was calculated from the following values and

equation (3-B).

Viscosity of pure water at 77° F. = 0.8937 cp._

Density of pure water at 77° F. = ;9971 gms./cc.

Average time of flow through tube = 0,718 min,
G = M /@'t = .8937/(.09971)(.718)

Ct = 1,245
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SAMPLE CALCULATION

Determination of the Saturated Phase Viscosity

MIBK - AcOH -~ H.0

2

The viscosities of the organic and aqueous phases are calculated by

using equation (3-B) and the data from Table VII.

M= et = (L9945)(1.245)(Thh) = .925 cp.
w g = (.591)(1.245)(.8025) = .5895 cp.

Toluene - AcOH - HZO

o = €C't = .9957(1.245)(.7h5) = .926 cp.
g = (-8625)(1.245)(.530) = .568 cp.
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SAMPLE CALCULATION
Determination of the Surface Tension
and Interfacial Tension of

the System Phases

MIBK - AcOH - H20

The surface ‘te;hsion was calculated from equation (1-B) and the data
in Table V,

¥,=5hre g=.5(4.95)(,01207)(.8025)(980)

Xs = 23.6 dynes/cm.

i

The interfacial tension was obtained from equation (2-B) and the data

in Table VI.
b,:i. = .o (haea +hQ c>)g -8 = -5(.01207)
/7 (1.80)(.9945) + (3.89)(.8025)_7 980 - 236

= 30.95 = 23.6 = 7.35 dynes/cm.

Toluene - AcOH - H20

¥, = (.5)(6.13)(.8625)(980)(.01207) = 28.9 dynes/cm.
Y ; = (-5)(.01207)(980) /(.8625) (4.63) + (3.8)(.9957) 7

-\g,i28.9 - 35.9 - 28.9 = 17 dynes/cm.



APPENDIX C
EQUILIBRIUM AND DISTRIBUTION DATA

FOR EXTRACTION SYSTEMS

70



71

This appendix is devoted to the equilibrium and distribution data
of the extraction systems used in this experiment. The logarithmic
mean driving force is employed in computing the overall mass transfer
coefficients, In order to calculate the driving force, an exact knowl-
edge of the equilibrium distribution ratio between the solvents is
needed,

In evaluating transfer efficiencies, it is necessary to know the
concentration in the bulk phase in equilibrium with the concentration
of the solvent from which the acetic acid is being transferred., The

data presented here has been abstracted from many experimental studies

(5), (23), (28), (30).



CONCENTRATION OF ACETIC ACID IN AQUEOUS PHASE, 1b. moles/cu. ft. of Watef
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The same measurements and analyéis;of data were made for all of the
experiments, A 50 ml. sample was collééted during each run and titrated
to determine the outlet of acetic acid concentration, Four runs were
made at ﬁarious column heights using the same nozzle and the samé collec-
tion funnel.

The results obtained were converted into terms which could be
employed to determine the overall mass transfer coefficient during free-
rise, the total end effects, and also the separation of the end effects
into the transfer efficiencies,

Qverall Mass Transfer Coefficient

The overall mass transfer coefficient was obtained from an expres-
sion that was based on a modified two film theory; that is, a one film
theory. The rate equation for the resistance of the dispersed film can
be written:

14C = K (G, - C) dA (1-D)

Setting Ci = QO

2 KX
f QQ=—9fdA
le L

Integrating the above expression:

cin
In =— =XKA/L (2-D)

‘Dout
Rearrangement yields:

C,

L 1ln e
K = Cout (3-D)

A

Replacing L and A in terms of experimental variables:



3
=frd_D e
L 3

A=D Gt4T'd2 0

The resulting expression is obtained:

d lIncC, /C
1in
ge,

out

where:

drop diameter, ft.
concentration, lb. moles/ft.
interfacial area, ft,.

flow rate, ft.3/hr.

total operation time
contact time.

3

O Qa xR

T T

O
d-f
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(4-D)

(5-D)

(6-D)

overall mass transfer coefficient, ft./Hr.

The time of contact, Gt, can also be replaced by H/V, where H is

the column height and V is the velocity.
= L4 ‘
K= y3g In (cin/cout)
End Effects

The values of C were plotted

in/bout

column height. An extrapolation to zero

unextracted by the combined end effects.

(7-D)

on & semilog scale against
height yielded the fraction

Since there were two series

of runs at the same drop rate and using the same nozzle, the fraction

extracted during drop formation was assumed to be the same, The only

variable involved in the fraction extracted during coalescence was the

interfacial area. By means of the two funnels used, two equations

could be written to express the fraction
end effects:

F. + F = FE

£ c

F. + 1.32.Fc = F

£

extracted during the combined
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The coefficient (1.32) of the Fc term in the second equation is the ratio
of the two interfacial areas, Thus the combined end effects could be
separated,
Free-Rise

Since it was possible to separate the end effects, the fraction
extracted and the transfer efficiency during free-rise could be ob-

tained. The transfer efficiency was obtained from the following

expression:
E& - B
F
= = (8-D)
T ToE
where:s
E, = €y - G5 (9-D)
C2 ;
C, -C
T C
1
E, =B, + B, - B, x E (11-D)
C, -C
B - 22 20)
1 ‘ s
C, - C .
c C
3
Correlation

The overall transfer coefficient during free-rise was incorporated
in the Sherwood number and correlated with the Reynolds, Schmidt and
Weber numbers, The correlation wés:

Sh = 610 + 0.46 (Re) *° (s¢) **7 (we) *7 (14-D)



TABLE IX
EXTRACTION AS A FUNCTION OF COLUMN HEIGHT
' i
Series A¥ ‘

Methyl Isobutyl Ketone - Acetic Acid (Dispersed)

Water - Saturated With MIBK (Qontinuous)

Run Nozzle Velocity = Drop Column Conce In  Conc. Out Qf' Interfacial
Number ft./sec,  Diameter Height ft. 1b. moles/ft.3 Sec., ~ Area ft.?
1. I 0.312 0.08 0.30 0.0108 . 00400 0.7 0.00139
2. I 0.312 0.08 0.81 0.0108 .00346 0.7 0.00139
3. I 0.312 0.08 1.12 0.0108 .00314 0.7 0.00139
L. I 0.312 0.08 1.80 0.0108 00257 0.7 0.00139
5. , II 0.364 0.115 0.54 0.0108 00470 0.7 0,00139
6. 1T 0.364 0.115 1.16 0,0108 .00360 0.7 0.00139
7. II 0.364 0.115 1.50 0.0108 .00312 0.7 0.00139
8. IT 0.364 0.115 1.85 0.0108 00270 0.7 0.00139
9. III 0.343 0.145 0.33 0.0108 .00655 0.7 0.00139
10. 11T 0.343 0.145 0.83 0.0108 00491 0.7 0.00139
11. IIT 0.343 0.145 1.31 0.0108 .00377 0.7 0.00139
12. IIT 0.343 0.145 2.00 0.0108 .00258 0.7 0.00139
13, Iv 0.336 0.172 0.302 0.0108 00790 0.7 0.00139
14. v 0.336 0.172 0.760 0.0108 .00570 - 0.7 0.00139
15. Iv 0.336 0.172 1.22 0.0108 00428 0.7 0.,00139
0.7 0.00139

16. v 0.336 0,172 1.89 0.0108 .00288

#The drop rate for both runs was iZO/hin,, and the temperature of both phases was 77:.20 F.

8L



TABLE X
EXTRACTION AS A FUNCTION OF COLUMN HEIGHT
Series B¥

Toluene - Acetic Acid (Disperéed)

1

Water — Saturated Toluene (Continuouslf

Run Nozzle - Velocity 'Drop Column Conc. In  Conec. Out Qf " Interfacial
Number ft./sec. Diameter Height ft. lb. moles/ft.3 Sec. Area ft.2
1. I 04375 - 04200 0.35 0.0103 00407 1.3 0.00105
2. I 0,375 0.200 0.60 0.0103 .00381 1.3 0.00105
3. I 0.375 0.200 1.00 ~ 0.0103 .00350 1.3 0.00105
L I 0.375 0.200 1.40 0.0103 .00319 1.3 0.00105
5. 1T 0.380 0.241 0.30 0.0103 .00505 1.3 0.00105
6. 11 0.380 0.241 0.55 0.0103 00462 1.3 0.00105
Te II 0.380 0.241 0.95 . 0.0103 .00398 1.3 0.00105
8, 1T 0.380 0.241 1.40 0.0103 .00339 1.3 0.00105
9¢ ITI 0.384 0.296 0.35 0.0103 .00605 1.3 0.00105
10. II1 0.384 0.296 0.65 0.0103 00529 1.3 0.00105
11, 11T 0.384 0.296 0.90 0.0103 «00495 1.3 0.00105
12. 111 0.384 0.296 1.25 0.0103 .00412 1.3 0.00105
13. v 0.382 0.323 0.30 0.0103 . 00660 1.3 0.00105
14, IV 0.382 0.323 0.60 0.0103 .00589 1.3 0.00105
15. v 0.382 0.323 1.08 0.0103 - 00494 1.3 0.00105
1.3 0.00105

16, v 0.382 0,323 1.25 0.0103 .00438

.20 F,

#*The drop rate was 60/min., and the temperature of both phases was 77

¢
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TABLE XI
EXTRACTION AS A FUNCTION OF CO;UMN HEIGHT
Series C*
Water - Saturated Toluene.(Continuous)

Toluene — Acetic Acid (Dispersed)

Run Nozzle - Velocity Drop Column :° Conc, In Conc, Out Or Interfacial
Number ft./sec, Diameter  Height ft. 1b. moles/ft.3 Sec. - Area ft.2
1. I 0.375 ~0.200 0.33 0.0103 .00284 1.3 0.00139
2. I : 0.375 - - 0,200 0.66 0.0103 .00252 1.3 0.00139
3. I 0.375 0.200 1,08 0.0103 .00215 1.3 0.00139
L. I 0.375 0.200 1.66 0.0103 00174 1.3 0.00139
5e 11 0.380 0,241 0.25 0.0103 . 00400 1.3 0.00139
6. 11 0.380. 0.241 0.50 0.0103 .00360 1.3 0.,00139
7. I 0.380 0.241 1.00 0.0103 .00293 1.3 0.00139
8. II 0.380 0.241 1.50 0.0103 00240 1.3 0,00139
9. 11T 0.384 0.296 0.25 0.0103 .00536 1.3 0.00139
10, IIT 0.384 0,296 0.58 0.0103 «00455 1.3 0.00139
11. 111 0.384 0,296 0.96 0.0103 .00378 1.3 0.00139
12, 11T 0.384 0.296 1.50 0.0103 .00300 1.3 0.00139
13. iy 0.382 0.323 0.33 0.0103 .00624 1.3 0.00139
14, iy 0.382 0.323 0.66 0.0103 .00536 1.3 0.00139
15. Iv 0.382 0,323 1.00 : 0.0103 00458 1.3 0.00139
6. Iv 0.382 . 0.323 l.42 0.0103 .00382 1.3 0.00139

#The drop rate was 60/hiﬁ. ahd'the9temperature of both phases was 77+.20 F.



TABLE XIT

'CALCULATED CONCENTRATIONS OF EACH STAGE OF EXTRACTION

Series A

MIBK - Acetic Acid - Water

Drop ¢, gy c , Colum Ko
Diameter in. 1b. moles/ft.> Height ft. © ft./hr
.08 0.0108 ~ . .0,00879 0.00695 0,00248 2,0 0.163
.09 0.0108 0.00886 0.00670 0.00251 2.0 0.250
.115 0,0108 0.00902 0.00535 0.0025L 2.0 0.572
.12 0.0108 0.00910 0.00513 0.00256 2.0 0.6
.13 0,0108 0,00918 0.00469 0.00258 2.0 0.77
ST 0,0108 0.00926 0.00413 0.,00260 2.0 0.90
.15 0,0108 0.00934 0.00373 0.00261 2.0 1.12
.16 0,0108 0.00942 0.00350 0.00263 2.0 1.42
.17 0.0108 0.00950 000300 0.00264 2.0 1.53
.18 0.0108 0.00958 0.00274 0.00266 2.0 1.60

18



TABLE XIII

CALCULATED CONCENTRATiONS OF EACH STAGE OF EXTRACTION

Series B

Toluene - Acetic Acid -~ Water

e B o K .
Diameter im, 1 21b. moles/ft .3 3 b Height ft. ft. Jhr.
«20 0.0103 ¢ 0.00886 0.00736 0.00310 1.5 0.51
«21 0.0103 0.00892 0.00713 0.00315 1.5 0.59
22 0.0103 0.00896. 0.00700 0.00324 1.5 0.70
23 0.0103 0,00901 0,00685 0.00330 1.5 0.80
o2l 0.0103 0.00906 0.00671 0.00337 1.5 0.90
25 0,0103 0.00911 0.00661 0.00343 1.5 1.00
.26 0.0103 0.00917 0,00650 0.,00350 1.5 1.13
27 0,0103 0.00922 0.00636 0.00359 1.5 1.26
.28 0.0103 0.00927 0.00626 0.00365 1.5 1.36
«29 0.0103 0.00932 0.00616 0.00372 1.5 1.55
.30 0,0103 0.00937 0.00602 0.00380 1.5 1.73
«31 0.0103 0.00942 0.00594 0.00386 1.5 1.86
32 0.0103 ’ 0.,009L7 0.00585 - 0.00393 1.5 2,00
33 0.0103 0.00952 0,00580 0.00402 1.5 2,10
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TABLE XIV
CALCULATED CONCENTRATIONS OF EACH STAGE OF EXTRACTION
Series C

Toluene - Acetic Acid - Water

K

Drop C S C c C Column .o,
Diameter in. 1 2lb. moles/ft.> 3 b Height ft. ft-/hr
.20 0.0103 - -~ -~ 0,0085 0.00737 0.00192 1.5 0.52
.21 0.0103 0.00894 0.00715 0.00196 1.5 0.60
022 0.0103 0.00897 0.00701 0.00207 1.5 0.70
«23 0.0103 0.00902 0.00684 0.00219 1.5 0.79
2L 0.0103 0.00907 0.00670 0.00237 1.5 0.92
.25 0.0103 0.00912 0.00661 0.,00243 1.5 1.03
.27 0.0103 0.00922 0.00638 0.00271 1.5 1.25
.28 0.0103 0.00929 0,00627 0,00282 1.5 1.36
29 0,0103 0.00933 0.00615 0.00291 1.5 1.56
30 0.0103 0.00938 0.00601 0.00312 1.5 1.74
31 0.0103 0.00944 0.00592 0.00328 1.5 1.85
32 0.0103 0.00948 0.,00584 0.,00341 1.5 2.02
1.5 2.12

«33 0.0103 0.00953 0.00579 0.00349

€8



CALCULATED DIMENSIONLESS GROUPS

TABLE XV

84

d Sh Re Se We
MIBK .08 12,6 256 320 2,50
.09 21.9 312 320 3.29
.10 36,0 364 320 4,03
o1l 50.8 410 320 L.60
.12 TheT 450 320 5.07
.13 97.2 483 320 5.46
14 124,0 508 320 5.56
15 163.0 530 320 - 5.63
.16 220,0 550 320 5.67
17 252.0 582 320 5.95
.18 279.0 612 320 6.27
Toluene «20 100.0 865 270 3.86
«21 120,0 913 270 4,05
22 148.0 960 270 b 25
23 179.0 1000 270 L.45
24 209.0 1050 270 L6k
025 - 242.0 1110 270 4.83
.26 287.0 1130 270 5.03
27 330.0 1170 270 5.22
<28 370.0 1218 270 541
029 437.0 1270 270 5.60
.30 505,0 1310 270 5.80
032 622,0 1390 270 6,18
o34 713.0 1470 270 6.57
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SAMPLE CALGULATIONS

End Effects
The calculations below will be based on the data from Tables XI
and X, in which the No. II nozzle was used. This data is plotted in
Figures 3 and 4 1in terms of concentration in, divided by concentra-
tion out, against_column height., An_extrapolation to zero column
height yielded the fraction unextracted by the end effects; that is,
drop formation and coalescence.
No. II nozzle, d = 0,240 in,.
Series B: Fp =1 = .55 = 0.45
Series C: Fp =1 - Juldy = 0,556
Since the fraction extracted during drop formation should be the
same, and since only the interfacial area during coalescence was
changed, the following expression could be used:
Fe + (Rjp/Ay)) Fo = Fg (1)
Fo + (A;)/8;7) F, = Fy (2)

Ff +(.00139/.00105) . F_ = .556

Fo + (.00105/.00105) FC = o450

Subtracting (2) from (1):

O.32.Fc = 0,106
’ F, = 0.332
Ff = 0,118
A plot of Fc’ Ff, and FE is shown in Figures 6 and 7 for all experi-

nental runs,

Total Extraction

For all toluene runs the total fraction extracted (Ft) at a

column height of 1.5 feet was obtained from Figure 3 and plotted in
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Figure 6. Knowing the individual fractions of extracticn, the fol-

5

lowing concentrations could be obtained.

No, II nozzle - 4 = 0,241 in.

Series B

¢, = 0.0103 1b. moles/ft.

C, = 0.00906 1b, moles/ft.3
C5 = 0.00671 1b. moles/ft.
Cl+ = 0,00337 1b. moles/fta3
Series C

C, = 0.01030 Ib. moles/ft.,3
C, = 0.00907 1b. moles/ft.3
C3 = 0.00670 1b. m.oles/ft.3
C, = 0.00237 1b. moles/ft.

The preceding data is presented in Tables XII and XIII.

Transfer Efficiencies

The transfer efficiencies were obtained in order to compare the
experimental results with the theoretical models of Johnson (18),

Handlos (14) and others.

1 4
B, =
T Cl
S Nl
f Ei
c C
3
EM:cg-.c3
Cy
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Series B Series C

ET = 0,674 ET = 0,769
Ef = (0,120 Ef = 0,120
Ec = (0,498 ' Ec = 0,647
EF = 0,558 E% = 0,689
Eﬁ = 0,260 EM = 0,260

The preceding data is presented in Figures 6, 17, and 18.

Theoretical Model for End Effects

Johnson's model for end effects is given by the following expression:

B, = 23.6 232
N A
2A Do
E.'.:__j_- -—-w£-
c v A i\
Series B ‘ Series C
Qf =,1.3 sec, Qf = 1,3 sec.
-8 2 -8 2
S D = 2,63 x 107" ft.%/sec. D¢ = 2,63 x 107" ft.“/sec.
d = 0.24 in, d = 0,2, in.
A, = 0.00105 ft.? A, = 0.00139 £t.2
E, =0.112 B, = 0.112
E, = 0.055 E, = 0.0725
By = 0,161 B, = 0.176

D# = The values used for diffusivities are an average of the values
abstracted from the literature, 5, 15, 23 and 24, )

“ Theoretical Correlation Factor

The multiplication factor of molecular diffusivity proposed by

Handlos and Baron (14) to be used in conjunction with the mathematical

)
.

models for extraction during free-rise is given by

R =dv/D (1 + ud/ua) 2048
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Series B, No, II nozzle

(.241)(.35)
12(2.63 x 10“8)(106u)(2ou8)

R=

R

It

8Le5

Experimental Correlation Factor

Using the Handlos and Baron model:

In (1-E,) = In 2312 - ;Qgiﬁ

2
R = Q”EZBE /[ 1n 2312 ~ 1n (1~EM)_7

(.241)2
1U4(2.88) 16 (2.63) 10™° (4.3)

(In 2 = 1In .74)

75

A plot of experimental and theoretical value of R is shown in Figures
10 and 11.

Overall Transfer Coefficient

The overall transfer coefficient for free-rise is obtained by

using equation (7-D).

vd C, = (.38)(.24)(3600 00906

Ko =6 1n An e 1 Cooern)
out }

= 0,9 ft,/hr.

Correlation

The overall transfer coefficient was incorporated in the Sherwood

number and correlated with the Reynolds, Schmidt and Weber numbers,

Sh = -610 + 0.46 Re 2 Sc ** wWe *7



Series B, Toluene Dispersed

Reynolds Number

av
€1 _ (.24)(.35)(.8625)(62.4) _ 1050

71 12 (.568)(.00067)
d = ,24 in,
V = .35 ft/sec.
;= .8625 gm/cc.,
= ,568 cp.

i
Schmidt Number

A€ 4 (.568)(.00067)(.8625)(62.k) _ oo
D 2.63 x 1078

D = 2,63 x 10'-8

Weber Number

40V | (20)(62,1)(,372)°(,995) ., s L 165

k'g (12)(17)(12)(2.54)(32.2).

d = ,24 in.

€ =.995 gm/cc.

V = .385 ft/sec,

"( = 17 dynes/cm,

Sherwood Number ~ Theoretical Value
D 2,63 x10°8  (12) (3600)

Correlatioh

46(1050)°2(270)**7 (1..61)*7 - 610
(+46)(32.2)(13.9)(3.99) - 610 = 824 - 610
Sh = 214

Sh

i

= h.6L

91



VITA
Olen Varner Hurst, Jr.
-Candidate for the Degree of

Master of Science

Thesis:‘ SOLUTE TRANSFER FROM SINGLE DROPLETS IN LIQUID-LIQUID
EXTRACTION

Major Field: Chemical Engineering

Biographical:

Personal data: Born in Oklahoma City, Oklahoma, November 26,
1937, the son of Olen V. and Eleanor M. Hurst; married
to Judith Lee Smith, Tulsa, Oklahoma, in August, 1958,

Fducation: Attended grade and high schools in Oklahoma City,
Oklahoma; graduated from Classen High School in May, 1955;
attended Oklahoma State University from 1955 to 1960;
attended summer sessions at Oklahoma City University and
Cameron Junior College in 1956 and 1957, respectively;
received the degree of Bachelor of Science in Chemical
Engineering, May, 1960. Graduate study has been at
Oklahoma State University since September, 1959; com-
pleted the requirements for the Master of Science degree
in May, 1961.

Professional experience: Employed as Engineer Trainee dur-
ing summer of 1957 and the summer of 1958 by Magnolia
Petroleum Company; employed as a Teaching Assistant,
Chemistry Department, Oklahoma State University, during
the 1959-1960 school year; employed as a Chemical
Engineer with Phillips Petroleum Company, Research and
Development Department, in September, 1960.

Professional societies: Associate Member of the American
Institute of Chemical Engineers,



