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This research project is concerned with liquid~-liquid
extraction. Specifically, it is a study of the mechanlsms
of solute transfer in spray towers. A theory is proposed
which postulates the existence of three separate stages of
solute transfer. These stages of extraction and the
operating variables which seem to affect them are discussed.

The extraction of acetic acid from water is
gtudied using the following solvents: isopropyl ether,
methyl isobutyl ketone and ethyl acetate. The acetic acid-
water solution (1.063 W) was the dispersed phase.

A special feed device was designed to disperse the
feed solution in the continuous phase. The desizn of this
device also enabled the volume of the drops delivered to be
measured quite accurately. The reproducibility of this feed
device was found to be quite satisfactory.

Two different columns were designed and employed
to prove the existence of the three stazes of extraction
rostulated in the theory. The experimental data obtained
made it possible to calculate the amount of solute extracted
from the dispersed phase in the different stages. Values
obtained for the extraction oceurring during drop formation
were lower than those previously reported in the literature.

The differences in this case are thought to be due to the
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ii.

different directions of extraction. Two different drop
gizes were studied while using isopropyl ether and methyl
isobutyl ketone. Overall extracticn coefficients are
calculated for one of the stages of extraction and although
these values vary with the different solvents, they are
seen to be little affected by varying drop size.

A short section is devoted to drop behavior. The

g of

N}

nhysical prorerties which seem to affect thse drop si
the dispersed phase are discussed. A curve is included %o
show the effect of inlet solute concentration on drop size.
The behavior of drops during fall is also commented on.
Certain reculiarities regarding the falling velocities of
drops are pointed out.

Methods of calculating licuid diffusivities are
presented; Newman's equation as applied to extraction is
discussed; the Ilkovic equation of polarography is reviewed;
and finally the previous research articles ceoncerned with

spray tower operation are considered, discussed and evaluated.
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As a unit operation, solvent extraction is gradually
assuming industrial importance. Since Elgin (8) first
reviewed this field, rapid and encouraging advances have
been mede. These have catalyzed the interest in this branch
of chemical engineering to the extent that its industrial
applications are increasing proportionately.

Solvent extraction refers to the separation of
the components of a solution by treatment with a solvent in
which one or more of the components of the solution are
soluble. In the case where all the substances involved are
liquids the process is referred to as liquid-liquid extraction.
The solvent used being immiscible with the solvent of the
treated solution, a distribution of solute between the two
layers ensues.

Extraction processes are usually concerned with
separating the components of a binary mixture although this
need not be the case. In the petroleum industry, for
example, numerous applications of this unit operation have
to deal with multi-component mixtures.

As a means of separation, extraction is particulsarly
successful in the following instances:

~ a) when the two components of a binary mixture form an
azeotrope and cannot be separated by distillation;
b) when one of the components is heat sensitive and

cannot be subjected to high temperatures;
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¢) when both components of a binary mixture have equal
volatilities and cannot be separated by distillation;

d) when the solute is present in very small concentra-
tions and hence separation'by distillation would be
uneconomical;

e) as a preliminary operastion prior to distillation in
order to save heat (the latent heat of vaporization

olvents 1s low).

1)

v

of most
In all phases of extraction work certain terms

are used consistently. These must be thoroughly understood
before proceeding further and must be kept in mind throughout
the perusal of this dissertation. For purposes of simplifi-
cation these terms will be defined from the standpoint of
ternary systems, although the definitions can readily be
extended, with certain obvious modifications, to more complex

systems.

Equilibrium disgrem - a diagram showing the solubility
relationship existing between the three components.
(For a detailed explanation of the equilibrium diagram
see (6).

Saturation or binodal curve - a curve on the equilibrium
diagram which indlcates the composition of satursted
phases of the three components. It forms a boundary

between one-phase and two~-phase areas on the equilibrium

diagram,.
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4.

Diluent -~ the solﬁent of the solution to be treated. The
diluent originally contains the solute or material to
be recovered.

Solute -~ the material to be recovered or removed from the
diluent.

Solvent - the substance used to extract solute from the
diluent.

Non-consolute pair - a pair of liquids which exhibit
partial or complete lmmiscibility.

Consolute palr - a pair of liqulds exhibiting complete
miscibility.

Conjugste layers - layers of liguid solubtions which are in
physical and chemlcal equilibrium; thelr compositions
are represented by points on the binodal curvee.

Tie-line - a line on the equilibrium disgram which connects
the two points representing the compositions of the
conjugate layers.

Extract layer - that layer, after contacting, which is rich
in solvent,

Raffinate layer - that layer, after contacting, which is
rich in diluent.

The princilple of extraction is based on the fact
that when a solvent and a diluent, which are immiscible, are
brought in contact, the solute originally present will

distribute itself between these two layers. With intimate
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contect and sufficient time, definite equilibrium compositions
determined by the chemical nature of the compounds, the
concentration and the temperature, are set up between the

two layers. Hence, if a solution of this solute in the
diluent is treated with the solvent in proportions which

give two laﬁers, the liquids intimately mlxed, allowed to
seftle, separated, and the solvent then removed from each,

a separation and recovery of the solute from the original
solution is effected.

Extraction processes are thus seen to consist of
three parts:

a) mixing of original solutlon and solvent;
b) separation of phases formed;
¢) removal and recovery of solvent from each phases

The mixing and separation operations constitute
a unlt or "extraction stage". A stage in which equilibrium
'between the two phases is attalned is an ideal or theoretical
extraction stage. The degree to which equilibrium is
approached is used as a measure of the efficlency of the
stage.

The mixing or contacting operation is of immediste
interest to the design engineer because it affects the degree
of extraction and the separation obtainable. Methods of
contacting can be classified generally as either batch or
continuous. These methods are listed by Sherwood (22) and

more recently by Elgin (8,9,10,11).
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The present study is concerned with a type of
operation referred to as continuous countercurrent. In
this method of operation the material to be treated 1s fed
continuously at one end of the apparatus while the treating
solvent is fed continuously at the opposite end, the two
liquid streams flowing countercurrent to each other.
Vertical column extractors operating in this manner ususally
belong to one of the following types:

a) Spray columns

b) Plate columns

¢) Packed columns

d) Wetted-Wall type columns
A modification of the packed tower has been proposed by
Scheibel (20,21). This apparatus consists of alternate
empty (mixing) and packed ({separating) sections and is
provided with a central rotating shaft carrying agltating
blades et each empty section and extending through the
entire tower. High efficiencies are reported.

The following discussion is concerned primarily
with spray tower operation and is a study of the mechanisms
by which solute may be transferred from the diluent to the
solvent phases.

In spray tower operation, one of the phases is

~dispersed (by means of spray nozzles) in the form of fine

drops and these drops rise or fall through the other (continuous)
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phase depending on the relative densities of the twc phases.
Eilther phase may be dispersed in this type of operations
The direction of extraction is obviously influenced by the
choice of the dispersed phase. When the solvent 1is dispersed,
extraction occurs from the continuous phase into the drops;
when the diluent phase is dispersed the direction is reversed.
The advantages of spray tower operation are:

(2) high rates of flow;

(b) ease of operation;

(¢) low initial cost, and low maintenancs

costs;

(d) ease of cleaning.
This combination of advantageous factors results in spray
towers being of industrial importance. The performance of
a spray tower is usually expressed in terms of an overall
extraction transfer coefficient, which is somewhat analogous
to an overall heat transfer coefficient. The detailed
calculation of such a coefficient will be explained later,
but for the moment it is sufficient to say that it is a
measure of the net overall rate at which solute is transferred
from the diluent phase to the solvent phase in the tower.

The mechanism of solute transfer in sprey towers

is still a controversial tépic. liany questions concerning
tower performance remain unanswered. Among the more

important of these are the following:
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a) what general circumstences combine to give the
highest values of the extraction coefficient?

b) which phase should be dilspersed for maximum
efficiency?

¢) what is the effect of flow rates and drop size on
the extraction coefficient?

Elgin and Browning (12) studied the extraction of
acetic gcid from water with iscpropyl ether in a spray
column. Their fesults indicate that the capaclity of a spray
coclumn is dependent upon the rates of flow of both dlspersed
and continuous phases, upon which phase is dispersed, and
upon the direction of solute transfer. Inlet solute concen-
tration was shown Yo have an appreciable effect. Graphs are
presented to indicate the effect of operating variables on
the transfer coefficients. The diameter of the spray
nozzle (and hence drop size) also affects transfer coefficients.

Sherwood, Evans and Longcor (23) made a study of
the mechanism of diffusion in spray towers employing benzene
and methyl isobutyl ketone. Acetic acid was the solute and
water the third component in each case. Experiments were
employed to study the extraction from single drops. It was
shown that the transfer coefficient varied with the diasmeter
of the inlet drops. The transfer coefficients were shown
to increase with increased solute concentration when benzene
was used and to be unaffected when the ketone was used. It

was shown also that 40-45 percent of the solute is extracted
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before the drop leaves the nozzle. Extraction during these
experiments was from the benzene and ketone to water with
the former phase dispersed.

Elgin (7) in a written discussion reports that
20 to 70% of the total extraction obtained in a spray column,
four feet high, may occur within an inch or so of the entrance

of the dispersed liquid.

o]
—~~
N
o pr®
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Blanding and Elgin flooding velocities
in spray and packed towers. They also pointed out the
importance of end construction in the operation of a spray
column. The proper end design for a column 1s illustrated.
Graphs are presented te indicate allowable rates of flow of
the continuous phase at speciflied rates of flow of The
dispersed phase, etce.

Johnson snd Bliss (18) studled liquid-liquid
extraction in spray towers and employed four systems. They
indicated that the extraction coefficient increases with
increasing flow rates of both dispersed and continuous
phases, increases slightly with increasse in concentration
of the entering solute and tends to decrease somewhat with
increase in tower length. When the diréotion of extraction
was from continuous to dispersed phase, the extraction
coefficient was shown to be greater énd drop coalescence
was less than when extraction was in the opposite direction.

The column end sectlon reported by Blanding and Elgin (3)
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was employed. The following proposals concerning operating
techniques are deduceds
a) disperse the phase with the highest flow rate;
if the flow rates are equal, disperse the phase
recelving the solute as this reduces coalescence
of drops, thus keeping contact area at a maximume

b) spray towers are most efficient when operating with

gystems of low

l...vo

nterf
These few published articles concerned with spray
tower operation have done muéh to stimulate interest in this
mode of operation. The mechanism of solute transfer in
these towers is still in need of investigation and clari-
fication. J. C. Elgin in the Januery lssue of Industrial
and Engineering Chemistry continues to review this field
annually and as late as 1949 has emphasized the need for more
research in spray tower work.
The present work is‘an attempt to elucidate the

mecnanism of solute transfer in spray towers and to correlste

the results of research work previously reported.
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THEORY
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Postuletes:

Heterogeneous equilibrium in ternary liquid-liquid
systems is described by the so-called Distributlon Law.
This law expresses mathematically the relationshlp between
the concentrations of the solute in the two phases, at
consteant temperature. A simple algebraic statement of this
law takes the form

Cc
-—-g'-zH (1)

Ca
where C7 is the concentration of solute in the first, and
Co that in the second, liquid phase and H 1s a constant.
Actually, this ratio of concentrations 1s constant only for
a limited number of ternary systems. For accurate relation-
ships the equilibrium diagram together with tie-line date
is needed,

In continuous countercurrent extraction, squilibrium
between the flowing phases 1s -seldom realized but merely
approached. The equilibrium distribution law then, is only
of limlted use. Any investigation of thils type of operation
mast concern itself with the rate of extraction, and the

factors which affect 1t; i.e. the kinetics rather than the

thermodynamics of the process,
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Theoretlical considerations, based on the close
physical similarity of extractlon with the process of
gas-absorption and supported by thé few availlable data,
justify the assumption that the same diffusional mechanism
is operative in both of these processes. In the theory
of liqguid-liquid sxtraction, two liquid films in series
replace the gas and liquid films in gas-absorption theory.
In applying the sc=called "two-film theory"
that when the immiscible liquids flow past each other there
exists on either side of the interface between the two
liquids, a relatively stagnant film of each liquid. Employ=-
ing these concepts the present day theory of extraction has
been developed.

Consider the transfer of a solute between wwo
immiscible liguids in contact, moving counter-currently
to each other, where the interface between the two liquid
phases represents the boundary surface. In the moving and
disturbed main portion of each liquid, solute concentration
gradients will be rapidly and completely equalized, and
passage of solute throughout the main body of each liquid
will take place due to mixing by the turbulence of the

prevailing fluid motion. In the relatively stagnant films

on either side of the interface, however, passage of the
solute cannot take place by means of mixing. Solute may

only traverse these stagnant liquid layers by diffusion,
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with the result that solute concentratlon gradients are
set up in the stationary films adjacent to the interface.
Therefore, the transfer of solute between two immiscible
liquids under the above conditions must be controlled by
the laws of diffusion. Furthermore, the two-film thsory
assumes that equilibrium exists at the interface between
the phases in contact.

The postulatses involvsd in
solute transfer between two immiscible phases in contact
may be summarized as follows:

a) On either side of the interface between two moving
immiscible ligquids in contact, there exlists =a
relatively stationary fluid film.

b) The disturbed maln body of each fiuild is in
comparatively violent motion, and solute concentra=-
tion gradients therein are rapidly equalized due
to mixing by fluid motion.

¢) In the stationary films passage of solute can occur
only by diffusion, and in consequence, concentration
gradients are set up through each stationary film,.

d) Transfer of solute across the interface itself does
not take place by diffusion. This trensfer is so
rapld that it is not a controlling factor in the
process. Equilibrium is set up here and the

transfer of solute involved is the result of the
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prevailing equilibrium conditions.
e) The only controlling factor in the process is the
rate of solute diffusion across the interfacial

stationary films.

Fick'!s Law:

Hunter and Nash (17) have reviewed the theories
of solute transfer and have developed working equations
pertinent to the design of liquid-liquid contacting equip-
ment. These workers employed the two-film theory and
assumed that the transfer of solute between two immiscible
liquids in contact is controlled by the law of diffusion
known as Fick's Lew (13). This law states that the rate of
diffusion is proportlional %o the concentration gradient and
the surface area of cross section through which diffusion
is taking place. For diffusion in one direction only, the
amount of solute ds which traverses a given cross-sectional

area "a" of solution in a time dt is expressed by

ds = ~Da 98 g (2)

ax
where the minus sign denotes that the solute diffuses in

the direction of decreasing concentration. The rate of

diffusion is given then by

ds de
2= = wDg =X
dt & dx (3)
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where D is the diffusion coefficient or specific diffusivity;
i.8., the amount of solute diffusing across a unit area in
unit time under a unlt concentration gradient if the rate

is constant during that time, that is, with a uniform or
stationary concentration gradient.

In applying Pick's Law due consideration must be
given to the assumptions made in developing this law.

These assumptlons are (16):

a) all motions except that of molecular agltation

are rigorously excluded.

b) linear diffusion only is considered.

¢) diffusion takes place linearly upward against

the force of gravity.

If Fick's Law is applied in conjunction with the
two~film theory, ﬁhe concentration gradient through each
interfacial film represents the driving force causing
transfer of solute. The mass of solute per unit time, M/@,
transferred at a constant rate through either film must be
proportional to the surface of the interface A, and the
concentration difference in the film. Therefore, if a
solute is being extracted from phase P at a steady rate by
countercurrent scrubbing with phase W (see Figure 1) the

following expressions can be written:
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For the P film:

kp (Cp = Ci)A (4)

o=

end for the W film:

=

ky (Cz - CylA (5)

where: Cp 1s the solute conceniration on the outside of the

P film - any units of concentration;

C4 is the solute concentration on the P slde of the
interface - same concentratlon units -as above;

Cy is the solute concentration on the W side of the
interface - same concentration units as above;

Cw is the solute concentration on the outside of the
W film - same concentration units :as above;

M is the mass of solute passing across the interface
quring the time 6;

A 1s the interfacial area;

ky and kp are "individual film coefficients" for

phases W and P respectively.

w P
félm  Film

Meain ' ¢ G Maern
, Body Body
e f Cr oF
l' rPhase p Phase
w ' P
N

(linferface

Figure 1
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The term "film coefficient" introduced here is defined as

follows:

k=2 = specific diffusivity
X film thickness

as may be seen by comparing equations (4) and (5) with Fick'!s
Law, equation (3).

Writing the distributlion law

2 _ = (6)
Cy
it 1s seen that
Cy
—_—= G
T I (7)

because equilibrium condltions are assumed to exist at the
interface.

Now, if a steady state is maintained, the amount
of solute diffusing per unit time through esch film must

be the same, hence, equations (4) and (5) can be equated:

%—: kp (Cp - C3) A = ky (CT - Cy) A (8)

The concentrations at the interface, Cj and Cgp
are difficult if not ilmpossible to measure. It becomes
convenient therefore to employ an "overall coefficient" to

be used with an "overall concentration gradient". Equation

(8) then becomes

i
5= %w (C'w - Cy) A =Xp (Cp - C'p) 4 (9)
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where: Cy and Cp are as prevlously defined;

C'y 1s the W phase concentration which would be in
— equilibrium with the P phase concentration Cp;

C'p is the P phase concentration whlch would be in
— equilibrium with the W phase concentration Gy;

Ky and Xp are the overall transfer coefficients for

the W and P phase respectivelye.
The overall concentration gradient employed here 1s seen to
be a measure of displacement from equilibrium conditions.
It should be noted from equation (9) that overall transfer
coefficients can only be employed in cases of 1sothermal
extraction where the simple distribution law holds or for
normal solutes present in small concentrations where the
distribution law can be assumed to hold. If in equation (9},
the ratio Cp/bw is not a constant then Xy or Kp will vary

with conecentration (22).

w P
film Fi/m
Meb‘ﬂ Me"”
Ce

500’)’ C, Body

of £ ;‘, ofF
Fhaese G Phase

w P

/ N

Linferfece

Figure 2
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Application to Extraction Unit:

20.

A counter-current extraction unit is 1llustrated

in Figure 3. The amounis of the two solute-free licuids

P w
Yo ¢0
y —
’ * ¢/

yrdy X +dy

Yi %
b
Figure 3

passing through the
apparatus in unit time are

P and W mols, respectlvelye.
The solute concentrations
are expressed as mols of
solute per mol of solute~free
liguid. The P phass hsas
inlet and exit solute con-
centrations of y; and y,
respectively. The scrubbing
liquid W has inlet and exit
concentrations Xo and Xxj.
Conslidering a cross~section
of the tower where the
concentrations are x and 7,
and a second cross-section

a differential distance dl
below the first where con-

centrations are x + dx and

Y + 4y, then the amount of solute lost by one liquid 1s gained

Iby the other assuming continuity of operation, so that in

this section

Pdy = Wdx

(10)
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With continuity of operation W and P are fixed by
operating conditions, therefore, by integration
Py = Wx + const.

or ¥ o= g.x + const,

In other words, at any point in the system the relationship
‘between the solute concentrstlons in the two liqulds may be
represented by a straight line plot of y versus x with a
slope equal to W/P, the mol ratio of the inlet solute-frse
liquids, always assuming of course that the two liquids are
mitually insoluble. This line determined solely by a material
balance is called the "operating line" and is of the same
significance as the operating line used in gas absorption
theory, the slope of which is the ratio of liguid %to gas
flow ratese.

The driving force for the calculation of the over-
all doefficient Ky is, from equation (9), (C'y - Cy), that

is L - x, hence
H

%1 - dx = df (12)

where df 1s the differentlal shift in driving force across

the section dl.
W

Since from equation (10} dy = % dx

then adx = -—W—-ﬁ____. (13)
(- 1y
PH
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In figure 3, if "a" is the interfacial area per
unit volume of the extractor, and A is the cross-section of
the tower, then the total interfacial area exposed in the
section dl will be (aAdl). Now Wdx must be the differentisl

welght of solute transferred in area (aAdl) per unit time,

therefore
-de—.-KW[%-xJ aAdl
waf
and - g——— = Ky f aAdl
JU | W
PH
¢ af 1 1
c e = F = Ky aAdl [I{ﬁ - {Gf] (14)

Assuming Ky, "a", and H constant across the column

(14) may be integrated to yileld:

1 1 1 f
= = Xy alAl — - = 1
in T, ] PH W (15)

Now let F be a "mean concentration difference over the

total length of the extractor, then

i 1 1 '
—_— = R : Al e - =
F 1ln T Kyy a PE T W (16)

when F is so defined that FKy aAl is the total amount of

solute transferred per unit time. Thus:
FKy aAl = P (y1 - yo) (17)

and from (11),
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1. 1~ % - (18)
W P(y1- yo)

Substituting these values in equation (16) and

simplifying:
f -
1 J1 Jo
Fln — = 4y P -
fo H )(xl %o)
/&1 \ /vﬂ
=== - x - == - x = fy - ¢
(H l) a o) 1 )
. fqy - T
. Fe 30 (19)
1n =%
fo
or from the definition of f
Acl"ACo
P = (20)
1n £>Cl
ACo

. Thus F is seen to be a "logarithmic mean driving
force" for a continuous extractor operating under the
conditions assumed and 1is used with overall transfer
coefficients to calculate the total amount of sclute trans-

ferred per unit time by thils equation

Péi::{AAclm (21)

where K is the overall transfer coefficient for the film

corresponding to the concentrations used. A Ciy is the
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logarithmic mean driving force a=s given by equation (20)
and A is the interfacial area.

In most types of tower operation it is Impossible
to calculate or measure the actual interfacial area A,
Under these conditions a specific area term is employed in
conjunction with the tower volume to make possible the use

of overall coefficients. Equation (21) then has the form

~ = Ka VA Cp - (22)

RS

where "a" 1s the specific area, ft2 of interfacial area per
unit of volume and V is the tower volume in ft5. When this
equation is employed, tower operation is reported in terms
of the values of Ka. These values are considered preferable
to the values of K as given by equation (21). In using
values of Ka, however, certain precautions must be observed
and these will be discussed below,

The theory outlined above 1s that which appears
in the literature at this time. It 1s felt, however, that
there are a number of objections to be raised in connection
with the application of this theory to spray towers. There-
fore, it was considered desirable to undertake a more

detailed study of the actual mechanism by which solute is

transferred in spray towers.
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The Mechanism of Solute Transfer:

It is impossible to obtain a correct interpretation
of spray tower performance by employing the overall co-
efficients as calculated by equations (21) and (22). The
very nature of these coefflcients prohibit this, as explained
below. The present work, concerned as it is with the
mechanism of solute transfer, will employ these coefficients
only under certain conditions when it is felt that they are
applicable.

A closer analysis of this mechanism may be had by
dividing spray tower operation into three distinct parts.
It is assumed that extraction or solute transfer occurs in
three stages. First, extraction occuré as the drop is
forming at the spray tip. Secondly, extraction occurs as
the drop falls or rises through the continuous phass. This
stage of extraction begins the instant the drop is detached
from the tip and ends when the drop strikes the bottom or
top interface. Thirdly, extraction may occur when the drop
strikes the bottom or top interface or when it breaks and
crosses this interfacs.

A graphical interpretation of the three stages of
extraction as outlined above 1s given by the accompanying

figure, which represents a spray tower 1n continuous

operation.
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Solvent F————-Solute
Outlet < plus
', Diluent
(a) &
Drop
h
Figure 4
sl
Bottom
Layer

I S Diluent

Qutlet

Stage 1 =~ Exbtraction occurs at (a) during drop formation.
Stage 2 - Extraction occurs during fall of drop;
drop falls through height '"h".
Stage 3 =~ Extraction occurs at (b); either as a result of
drop striking the interface or during its

breaking and subsequent crossing of the interface.

Referring to equations (21) and (22) it is seen
that the term 1/8 is a rate of solute transfer. Indeed, it
is the total overall rate at which solute is transferred in
the tower as a whole. In view of the above assumption,

this overall rate can be considered as a combination of

three individual rates; thus,

Ry = My + Mp + Mg (23)
61 + 62 + 832
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where Rg is the overall rate of solute transfer as represented
by M/S;
17 is the amount of solute transferred by means of
stage 1 in time 63;
Mp is the amount of solute transferred by means of
stage 2 in time ©p;
M3 is the amount of solute transferred by means of

stage 3 in time 6z.

In view of the above then, a correct interpretation
of extraction phenomena 1is not possible unless each individual
stage and the factors which affect it are considered
separately. It is quite possible for instance, that the
factors affecting the amount of solute lost during stage 2
may not be the same as those which affect the amount of
solute lost during the other stages. The extraction mechanism
and the rate in esch individuvual stage of extraction must

then be considered. If appreciable difference in the factors

affecting each individual stage is found, it is obviously
unsound to try to correlate all three by means of a single
overall K as proposed in the theory outlined above.
Stage 1:

The mechanism of extraction during drop formation
has been studied by comparatively few suthors but all seem

to agree that a large portion of the extraction takes place

during this period. Sherwood, Evans and Longcor (2%) have
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shown that 40 to 45 percent of the total sclute present in

the drop originally is lost during the formation of the drop.
Elgin (12) reported that 20 to 7O percent of the total
extraction obtained in a spray column four feet high may occur
within one inch or so of the entrance of the dispersed liquild.

In spray tower coperation it is thought that the
film within the drop is controlling. It is felt that the
convection currents set up within the forming drop are
responsible for the rapid extraction during this period,
inasmuch as mass transfer by convection is fairly rapid.

The factors which influence extraction during drop
formetion are as yet not fully understood. It is desirable,
therefore, to list ell possible variables which might be
pertinent in this stage and attempt to explain or predict
the effect of each. Such a list might include: drop size,
drop formation time, inlet solute concentration, direction
of extraction, phase dispersed, and tip diameter.

1) Drop size =~ During drop formation this variable increases
from zero (as also does the surface area of the drop) to a
maximum at the moment of detachment. For a given drop size
at detachment, however, what is the interrelation between
drop size and the amount of extraction? Sherwood, Evans and
Longecor (23) report that the amount of extraction during
drop formation will vary with drop size. It seems quite

logical to assume that the amount of extraction during drop
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formation 1s proportional to drop size. Indeed it should be
proportional to the drop volume to the two-thirds power.
This, of course, must be based on equal times of drop
formation in each case. Under thls condition, the time

rate of drop volume increase will be greater in the case of

the larger drops thus:

av av
(EE)T,2>(5‘5 7,1 (24)

where V is drop volume

t 1is time

+3

is drop formation time

2 indicates the larger drop

1 indicates the smaller drop.
'2) Drop formation time - The research work cited previously
indicated very rapid extraction during the formation period.
In the work by Sherwood, Evans and Longcor (23) a drop forma-
tion time of 0.5 seconds was employed. If the amount of
extraction during drop formation is directly proportional to
the time of drop formation, it would be advantageous to employ
long periods of time for drop formation. Theoretical considera-
tions seem %o indicate that a direct proportionality exists
here. In other words, doubling the drop formation time should
produce a two fold increase in the amount of extraction. There

is, however, no experimental data avallable on this point,
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%) Inlet solute concentration - According to Fick's Law

and to equation (21), increased inlet solute concentration
should lead to an increased rate of extrasctlion during this
stage. Overall transfer coefficients, on the other hand,
should be independent of this variable (see equation (21).
Sherwood, Evans and Longcor (23) using overall coefficients
found these to be independent of solute concentrations in

the ranges studied, for the extraction of acetic acid from
methyl isobutyl ketone with water with the acetic acid-ketone
solution dispersed. However, in another case they found that
the overall coefficient was affected by solute concentration
when acetic acld was being extracted from benzene with water.
The acetic acid-benzene solution was dispersed. It is
interesting to note in regard to this work that the solute
cbncentrations in the benzene were very much lower than those
in the ketone.,

Inasmuch ag the above investigation was concerhed
wlth overall coefficients, it is not possible to apply their
conclusions with respect to solute concentrations to a
prediction of extraction rates for stage L. These results,
however, should be kept in mind in considering this variable.
4) Direction of Extraction -~ There are data avallable for
the extraction of acetic acid from methyl isobutyl ketone,
and from benzene with water but no data exist with which to

compare them for extraction in the opposite direction, i.e.,
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the extraction of acetic acid from water with methyl iso-
butyl ketone or benzene. This lack of data, therefore,
prevents an accurate interpretation of the effect of this
variable. It seems possible, nevertheless, that opposite
directions of extraction will have a pronounced effect on
both the rate and amount of extraction during drop formation.
When a drop is formed at the delivery tip, it
immediately possesses surface free energy which tends to
remaln at a minimwm. This free energy is the result of

molecular attractions and is fully discussed by Adem (1).

(The meaning of the term "free energy" as applied here to
surfaces should not be confused with the meaning of the term
free energy as used in chemical thermodynamics). Furthermore,
the possession of surface free energy causes droplets to
assume the smallest possible volume. It is also responsible
for the fact that work must be done in extending these
surfaces. This tendency of the surface free energy to
remain at a minimum 1s also responsible for the orientation
of certain molecules in the surface. This latter concept

is manifested in the marked lowering of the surface tension
when rather small amounts of certain solutes are placed in
solution. By so concentrating themselves in the surface of
a2 solution these molecules cause a substantial decrease in

the surface tension and also cause the surface free energy
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to become a minimum.

Employing this concept of surface free energy, it
might be possible to anticipate the effect brought about by
different directions of solute transfer. If, for instance,
s solute 1s contained in a solvent and causes a decrease in
the surface tension of this solvent, it is to be considered
that this represents a condition in which the surface free
energy of a drop formed of this solution is at a2 minimume.

A loss of solute by this drop consequently would necessitate
an increase in the surface free energy and since this 1s
opposed by the tendency for this quantity to remain at a
minimum 1t might be expected that solute transfer would be
slow. If, on the other hand, however, this same solute is
contained in a solvent with no appreciable reduction in
surface tension being effected (and hence without a similar
effect on the surface free energy) then loss of this solute
by this solvent would not result in an increase in the surface
free energy and would not be opposed by the tendency of the
surface free energy to become a minimum. It should be
expected that the solute transfer would then be faster than
that of the previous case. For instance, acetic acid in
water causes a reduction in the surface tension of water and
consequently reduces the surface free energy. Acetic acid
in methyl isobutyl ketone causes no such reduction in the

surface tension of the ketone and consequently does not
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reduce the surface free energy. The loss of acetic acid by
the water would be accompanled by an increasé in surface

free energy while the surface free ensergy of the acetic acid-
methyl isobutyl ketone sclution would be unaffected by the
loss of acetic acid. Therefore, under the same conditions

of operation it should be easler tc extract acetié acld

from methyl isobutyl ketone with water than to extract acetic
acid from water with methyl isobutyl ketone. This effect

of different directions of extraction should show up in

stage 1 of spray tower operation and possibly in other stages

as well.

Purther indications of the effsct of direction of
extraction during stage 1 may be had from a consideration
of the work of Harkins (14) which may be read in Weilser (25).
The work of Harkins was concerned with the spreading tendency
of immiscible liquids but 1t is felt that some of these
principles are applicable here. Harkins employed the concepts
of cohesional and adhesional work. If a bar of liquid "a'
of unit cross section, Figure 5, is pulled apart along the
plane p, it will reculre the work of cohesion Wo, which is

the work required to form the two new unit surfaces, that is,

We = 2 Ya ergs (25)

where ),a 1s the free energy of surface "a", i.e., the work
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required %o incrsase its surface by 1 cm®. Since ftwo new
surfaces of unit cross section are created, Wg is as given
above.

If a bar consisting of the two liqulds a and b of

unit cross section is pulled apart at p, the interface ab

vanishes and two new surfaces
7 em™S appear. The work involved,
called the work of adhesion
Wg, is thus:

— Wo =Yg + xb - Yab (26)
<:;:fL;> where 3’ab is the free senergy
b of the interface ab and 3%
is the free energy of the sur-

face b,

(08

>

The pressnce of a polar

group has the effect of in--
Figure 5
creasing the work of adhesion Vg,

very much more than it increases the work of cohesion Wge
The reason for this is explained diagrammatically. This
flgure has been reproduced below to clarify the explanation.
Part 1 of Figure 6 shows the condition which exists when a
bar of octyl alcohol is pulled apart. The circles represent
the OH groups and the rectangles the hydrocarbon chains.

At this stage, the alcohol molecules in both of the parts
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Alcohol Alcohol
L O
UoHEHEBEEE

Alcchol Weter

1 -2
Pigure 6

being separated are so oriented that thelr hydroxyl groups
point inward. The hydrocarbon parts of these molecules,
therefore, are closer to the surface. This indicates that
the final work of separation will be affected chiefly by
the attraction between the non-polar ends of the alcohol
molecules. Harkins points out that in the first period of
the separation, some of the hydroxyl groups which are to go
on the upper side of the plane of separation will have to
be separated from others that are to go on the lower side.
One would expect, therefore, that the work of separation of
thé alcohol %o be greater, but not ruch greater than that

of octane. This has been verified experimentally by Harkins.
If the octyl alcohol is to be pulled away from

water, Figure 6-2, the final break must come between the
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polar hydroxyl groups of the alcohoi and water. This is
because the alcohol molecules at the interface between the
alcohol and water are oriented with their hydroxyl groups
pointed toward the water. Harkins shows experimentally that
the work of adhesion in this case is much greater than the
work of cohesion, i.e., the work needed to separate the
alcohol from itself,

Now let the above considerations be applied to a
definite extraction process. The extraction of acetic acid
from both water and methyl isobutyl ketone will be consldered
to illustrate how the above principles are applied. First
of all, consider the extraction of the acetic scid from
water using methyl isobutyl ketone as the solvent. In the
water, the acetic acid molecules are oriented in such a way
that their carboxyl groups point into the water. Ths methyl
groups, therefore,'are protruding, so to speak, from the
surface. When the methyl isobutyl ketone extracts the
solute from the water, its dissolving influence is exerted.
on the methyl groups of the acetic acid molecules. When
these molecules are pulled from the water, the final break
must come between the carboxyl groups of the acid molecules
and the OH groups of the water molecules. Since these two

groups undoubtedly form hydrogen bonds bebtween themselves,

the attraction between these two groups is strong and the
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extraction of the acetic acid from the water is difficult,

Now, 1f the extraction of the same solute from
methyl isobutyl ketone with water is considered slightly
different conditions exist. The soclute molecules in the
ketone have no special orientation or at least the
orientation is not as pronounced as with acetic acid in
water. When water 1s used to extract the solute in this
case the water molecules attract solute molecules by forming
hydrogen bonds between the carboxyl groups of the acetic
acld molecules and the hydroxyl groups of the water molecules.
This is made possible due to the random orientation of the
solute molecules in The ketone. The final breask in this
case appears therefore to come between the methyl groups
of the acid and the solvent molecules. No hydrogen bond
formation is possible in this case and the attraction
between these two must necessarily be weak, at least wesker
than if hydrogen bond formation were possible.

In terms of the concepts proposed by Harkins (14),
the adhesion between the acetic acid and water is greater
than that between the acetic acid and methyl isobutyl ketone.
Hence, it might be expected that the rate of extraction of
acetic acid from methyl isobutyl ketone with water would be
greater than the rate of extraction of acetic acid from water

with methyl isobutyl ketone, all other conditions being the

Same.
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The above considerations seem to indicate that
the direction of extraction should have a significant
influence on the rate of extraction during stage 1.
Experimental verification of this concept must await data
on the extraction of acetic acid from water with methyl
isobutyl ketone. This influence may also exert its effect
in other stages as well.

5) Phase dispersed - When acetic acid, for instance, 1is

being extracted from liquid A by liquid B it is possible to
disperse ligquid B, the phase receiving the solute, or to
disperse liquid A, the phase containing the solute. Experia
mental work has shown that differences in the capacity of
extraction columns arise when the phase dispersed is changed.
This phenomenon, however, has not been explained as yet. It
might be possible to explain this in terms of the differences
in convection currents set up within the drop when different
phases are dlspersed.

Johnson and Bliss (18) have proposed two rather
simple rules to serve as guides in obtaining proper phase
dispersal. These rules are cited in the introduction of
this thesis. Since the work of Johnson and Bliss was
concerned with overall transfer coefficients, it 1s not
possible to employ the above rules for rhase disperssal to

explain or interpret solute behavior during stage 1.
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6) Tip diameter - The effect of the diameter of the inlet
distributor tip at which the drops are formed is important
only as it affects drop diameter. The effects of drop
diameter have already been dlscussed.
In view of the foregoing considerations several
tentative conclusions may be drawn:
a) Stage 1 is characterized by rapid rates of extraction.
b) the relative amount of extraction occurring in this
phase may be large.
c¢) the factors which affect the mechanism of extraction
during stage 1 are: drop size, drop formation time,
inlet solute concentration, direction of exbtraction

and phase dispersed.

Stage 2.

Stage 2 begins when the drop is detached from the
tip and ends when the drop strikes the bottom (or top) inter=-
face. It is probable that the rate of extraction during
this stage is slower than the rate of extraction in stage 1.
The calculations connected with this phase are somewhat
simpler since the btransfer ares remains substantially
constant. Fick's Law of Diffusion therefore may be applied
directly. It must be realized that this will only be an

approximation due to the limitations which are imposed on

Fick's Lawe.
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When the drop is released from the tip, it has a
definite volume which is dependent upon tip size, inlet
solute concentration, etc. This corresponds to a certain
surface area which can be assumed to remain constant during
its fall through a given column height "h". This last
assumption 1s admittedly incorrect on two counts:

a) the drop loses solute during its fall with a
subsequent reduction in volume and area.
b) the drop is continually pulsating and vibrating
during its fall.
The inaccuracies produced by this assumption are unavoidable.
The simplification which ensues justifies its uss.

As an example, let the extraction of acetic acid
from water using isopropyl ether be considered. The acetic
acid solution will be dispersed and falling (since its
density is greater than that of isopropyl ether). The iso-
propyl ether is the continuous phase. Referring to Figure 4,
let it be assumed that the drop has just left the tip and
is starting its fall through height "h". Now if,

Ag = the surface area of the drop (assumed constant
during this stage)

Cwd = the solute concentration in the drop at any time
during stage 2 -~ 1lb moles acetic acid/Tt5 of

solution
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Cg = the solvent concentration, lb moles of acetic acid/rt5
of solution
C,¥ = the solute concentration of water in equilibrium
with solvent concentration C§V~ lb moles of
acetic acid/ft3 of solution
then the rate at any time during stage 2 will be given by

(see equation (9),

Rp = Ky A£g (Cpg - Cy) (25)

where K,, = the extraction coefficient. The rate, Ro,
during stage 2 may not necessarily remain constant since

"> Ag, and probably Ky change throughout the height

An equation similar to (21) can be written for

stage 2 by employing logarithmic mean concentration gradients

as employed in ordinary extraction calculations (see Theory).
Rp (overall) = Ky Ag (A Clim (26)

where Ky = overall extraction coefficlent for stage 2.

PaN Cim

Il

logarithmic mean concentration gradient across the
terminal conditions of height "n".
If it is assumed that the concentration of acetic
acid in isopropyl ether is zero, as it approximately is, a
simplification is possible. This assumption makes the con-
centration gradient equal to the instantaneous solute concen-

tration in the falling drop. Equation (26) then becomes
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Ro (overall) = Ky &g ( A Clim (27)

where (A C)iy is now the logarithmic mean of Cy, and Cwej
Cwo 1s the drop concentration at the instant of detachment

and Cyp 1s the solute concentration of the drop when it hits

the bottom interface, i.e., at the end of stage 2.

Since the rate of extraction during the falling
period (stage 2) has not been studied as a separate entity
it is not possible to describs accuratsly the effects of
certain operating varlables on this gquantity. It 1s possible,
however, to conslider each of the supposedly important
variables individually and predict tentatively the effects
of each by applying the fundamental laws of diffusion. The
fundamental law of diffusion, Fick's Law, may be directly
applied to this stage of operétion inasmuch as the transfer
area remains substantially constant. However, even this
assumption must be viewed with some suspicion. PFirst of all,
the drops are continuously vibrating and pulsating during this
phase leading to a certain amount of agitation both within
and external to the drop. Secondly, the drops are moving
with a substantial veloclty such that turbulent flow is
present. This latter condition should certainly lead to an
enhanced value of the diffusivity of the solute. The usual
values of the solute diffusivity are those as given by

Fick's Law, the assumptions underlying which have already

been discussed.
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The factors which seem to be important in stage 2
are drop size, drop formation time, inlet solute concentra-
tion, direction of extraction, phase dispersed, tlp dlameter,
continuous phase flow rate, and dispersed phase flow rate.

1) Drop size - For a given dispersed phase rate, decreased
drop size increases both total surface and total time of
contact. Under these conditions, decreased drop size shounld
result in an increase in the amount of solute extracted during
this stage. The transfer coefficlents, however, should be
unaffected by this variable inasmuch as they are based on

unit area.

On the other hand, decreased drop size results in
a decrease in the pulsatlons occurring within the drcp which
decreases the internal convection and probably offsets the
above factors.

2) Drop formation time - This variable would seem Lo have

no effect on stage 2 except as it affects the concentration
at the start of this stage. The concentration of the drop at
the end of stage 1 is equal to its concentration at the start
of stage 2, hence if drop formation time affects the corcen-
tration of the drop at the end of stage 1, 1ts effect will

show up in stage 2. Drop formation time is affected by the

dispersed phase rate which is discussed below.
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%) Inlet solute concentration - Increased inlet% solute concen-
trations probably leads to higher drop concentrations at the
start of stage 2. Applying the laws of diffusion to this
phaese it might be expected then, that the increased driving
forces so produced would lead to higher rates of extractione.
Since the rates of extraction during this falling period
have not been studied as such it is impossible to predict
the effect of this variable. The affect of inlet solute
concentration on the overall transfer coefficient as studled
by Sherwood, Evans and Longcor (23) has slready been
discussed (page 30).

Furthermore, in the work of Johnson and Bliss (18),
in which overall transfer coefficients were calculated by
equation 22, these coefficients were found to increase
slightly with an incresse in inlet solute concentration but
the effect was found to be only slight. For instance, in
the extraction of acetic acid from water with methyl isobubtyl
ketone, the water phase being dispersed, the inlet solute
concentration in the water phase was increased by 50%. At
constant values of the contacting phases this resulted in an
increase in the overall transfer coefficient of only 10%. A
similar situation was produced when the methyl isobutyl ketom
was dispersed.

4) Direction of extrabtion - The rate of extraction during

stage 2 is probably affected by the direction of extraction
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in the same way as is the rate in stage 1. It is expected
therefore that the same principles apply here as were
discussed under this variable in stage 1. The diffefences

in adhesions of the solute for the two liquids is probably
the important factor.

5) Phase dispersed - It is difficult to see how this variable
would have any effect on the rate of extraction during

stage 2 under similar conditions of operation. For instance,
consider the extraction of acetic acld from water with

methyl isobutyl ketone. If the water phase is dispersed

the solute transfer is from the drops to the continuous phase
(methyl isobutyl ketone). However, if the methyl iscbutyl
ketone 1s dispersed, the solute transfer is from the continuous
phass (acetic aclid water solution) into the drops of methyl
isobutyl ketone. Now, if the drop size is the same in both
cases, there seems to be no reason why the transfer mechanism
should be different in the two cases. The rate of extraction
a8 well as the total amount of solute extractedvduring this
stage should ke the same for the two different methods of
operation. Johnson and Bliss (18) however, found thet a
difference actually exists when the gbove experiment is
carried out. Their results indicaﬁe that the phase recelving
the solute should be dispersed as this leads to higher values

of the overall transfer coefficient as calculated by
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equation (22). This conclusion was based on the fact that
when the phase receiving the solute was dispersed, drop
coalescence in the tower was less and hence the transfer
area remained at its maximuam valus. |

This behavior might be explained in terms of the
differences in convection currents set up within the drops
(see page 38).
6) Tip dismeter -~ This variable again affects only drop size,
the effects of which have already been discussede.
7) Continuous phase flow rate - This variable varies the time
of rise or fall of the dispersed drops and thus affects the
contact time. The velocity of the dispersed phase, however,
relative to the continuous phase remains fixed, and hence
the film thickness and the film transfer coefficient remain
constant with this variable.
8) Dispersed phase rate - The rate at which the dlspersed
phase is delivered into the column is alsoc of some importance,
This variable has no effect on drop fall or drop rise time;
it merely affects the number of drops in the column at =
given time. This increase in transfer area, however, does
not affect the overall transfer coefficient which is per unit
area.,

The above variables seem to be the more important
factors which affect the rate of extraction during stage 2.

If other factors are operative in this respect, and this is
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quite possible, these will have to be established experimentally.

Stage %

Heretofore, the existence of this stage has not
been recognized. At least, if it has been recognized (and
there is no record of this) 1t has been assigned but little
importance and the rate during this stage has been assumed
negligible. It must, however, be considered as a separate
stage of extractlon and its mechanism studied individually.

The instant a drop strikes the bottom or top
interface, depending on whether it is fealling or rising,
stege 2 endé. The drop then begins the process of crossing
the interface with which it has just come into contact.
Usuaily, the drops do not hesitate very long but breask and
cross the interface almost instantaneously. It is not
possible to apply the same theory to this stage of extraction
as applied to stage 2. As a matter of fact it appears
impossible to develop any type of theory which would be

applicable to this stage. The veriables which affect the

rate of extractlion during this stage are not obvious and
a detalled discussion of thls stage cannot be presented at

the present time.
The existence of stage 3 is no assumption. Its

presence is as real and definite as that of the other stages
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just discussed. The importance of this stage, however, has
never been evaluated; the magnitude of the rate of extraction
has never been considered nor determined. Untll this is

done any assumptions regarding 1ts ilmportance are to be
guestioned.

The above discussion has postulated that the
extraction in spray towervoperation occurs in three distlnct
stages. The differsnces in sach stage have been indicated
and the effects of certain operating variebles on the rate
of extraction dﬁring sach stage have been considered. The
above dlscussions show the reasons why overall transfer
coefficients must be used with caution. Strictly spesking,
stage 2 1s the only stage of the extraction process to which
these coefficients sre directly applicable. In stages 1 and
3 the transfer areas are not constant and are not readily
discernible. In the calculation of overall transfer
coefficlents, as presented in the literature, using equation
(21), the transfer area of stage 2 is assumed bo apply to
the other two stages as well. The errors in this assumption
are obvious. The use of overall transfer coefficients as
calculeted by equation (22) is also subject to criticism. The
use of Ka values (equation 22) is objectionsble since thess
have a tendency tc misrepresent if not conceal the effect of
the operating variables. For instance, an incresse in the

dispersed phase rate increases the number of drops in the
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tower at a given time and hence increases the specific area
term "a". Values of Ka, therefore, increase with increase

in dispersed phase rate. However, a correct representation
of the effect of the dispersed phase rate on the extraction
mechgnism is not given since the increase in Ka may or may

not be due entirely to the increase in "a". The effect on

X, therefore, is concesaled.

The above criticisms do not imply that Fick's Law
may not be applied to each of the three stages of extraction.
If Fick's Law is spplied, nowever, it is quite likely that
each stage would have a different value of the individual
transfer coefficient, k, since such things as film thickness,
diffusivities; etc. would probably be affected differently

"in each stage. The use of overall coefficients therefore is

still objectionable.
| The present work is directed toward an investigation
of the three stages of extractlion just postulsted. Experi-
~mental work was performed to study the rates during each
of these stages as well as certain of the variables which

may affect these rates.
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Preliminary Experiments

Having postulated the exlstence of three separate
and distinct stages of extraction in spray tower operation,
the primary purpose of the experimental part of the present
research was to investigate the mechanism of extractlion in
each of the above stages and to determine the relative

Importance of each stage. Such an investigation was found

to be not devold of experimental difficulties.

At the outset it was considered desirable to carry
out certain preliminary experiments to exploit the work to
be done. In all, twenty preliminary experiments were
performed in an attempt to famillaerize the writer with some
of the intricacies of spray tower operation. Although the
results of these experiments were entirely qualitative, this
plan was quite successful in enabling the author to appreciate
a little more fully the difficulties to be sencountered later
on in the experimental work and to plan the work more
efficiently. It is not implied that all of the preliminary
experiments that were performed eventually proved to be of
some value. Actually many of these experiments turned out
to be worthless.

The preliminary experiments which were found to

be of considerable value are described below. Together with

these are included the important observations made during
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the performance of each of these experiments,

In all of the preliminary experiments, unless
otherwise specified in the descriptions which follow, the
phase to be dispersed was placed in a 250 cc. separatory
funnel. To the delivery end of'this funnel the distributor
tip was attached. This distributor tip was simply a 6 inch
length of ordinary soft glass tubing (6 mm). One end of this
tubing was rotsted in the flame of a bunsen burner until
the glass melted enough to cause the inside diameter to be
reduced to approximately 1/16". The end of the & inch tube
with the small dlameter was always used thereafter as the
delivery end. The other end of this 6 inch length of glass
tubing was then attached to the delivery end of the 250 cec.
separatory funnel by means of a short length of rubber tubing.
In actual operation the distributor tip was placed in the
continuous phase; the material to be dispersed was then
placed in the separatory funnel which was then supported
firmly. The stopcock of the separatory funnel was opened
8lightly to allow the material in the separatory funnel to
fiow down by graviity through the distributor tip and to be
delivered into the continuous phase in the form of small
drops. The drops, of course, formed on the end of the & inch
glass tube and then when they reached a certain size they

were detached from the tip and then fell to the bottom of the
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continuous phase (assuming here that the dispersed phase
has a higher density than the continuous phase). The rate
at which the dispersed phase was delivered into the
continuous phase was controlled by manipulating the stop-
cock on the separatory funnel.

In all the experiments which are to be described
below, the continuous phase was contained in a pyrex gless
column of 45 mm. inside diameter. The height of the column
was varied to sult the needs of the experiment and will be

mentioned in the following discussions.
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Preliminary Experiment #1

System: The ternary system: ethyl ether-acetic acid-water

Continuous phase: A solution of acetic acid in ether, 4%
by weight

Dispersed phase: Water with methyl orange indlcator in 1%;
falling

Column: O8" pyrex glass column; 45 mm. inside dismeter

Procedure:

The 8 inch length of pyrex glass tubing was closed
at one end with a rubber stopper. The column was supported
vertically and filled with the continuous phase. The
dispersed phase was placed in the separatory funnel. This
funnel was then supported in such a way that the delivery
end of the 6" distributor tip was inside the glass column
and below the top interface of the continuous phase, By
opening the stopcock on the separatory funnel the dispersed
phase was delivered dropwise intc the continuous phase.
Observations:

1) The feed solution was yellow. When the drops
of this solution formed in the continuous phase, they turned
pink (the acid color of methyl orange) immediately showing
a very rapid pick-up of acetic acid. This pick-up was so
rapld that no yellow color could be seen in the drop during

any stage of 1ts formation. However, as the drop detached
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itself from the tip a yellow core could be seen.

2) About 1-1/2 inches down from the tip the drops
deviated shraply from their vertical descent. This
apparently agitated the drop as complete color change of

the indicator seemed %o coincide with this point.
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Preliminary Experiment #2

System: The ternary system: ethyl ether~ acetic aclid-water
Continuous phase: A solution of acetic acid in ether, 4%
| by weight
Dispersed phase: Water with methyl orange indicator in it;
falling

Column: 8" pyrex glass column; 45 mm. inside diamstsr
Procedure:

The column was set up exactly as that iIn Experiment
#L. However, the separatory funnel with attached distributor
tip was not used. Instead the feed solution (dispersed
phase) was introduced above the top of the continuous phase
by means of an eye-dropper. The drops were formed just |
above the continuous phase and‘upon being released from the
tip of the dropper they fell onto and through the continuous
phase. |
Observations:

The drops changed color immediately showing that
extraction does not necessarily occur as a result of the

formation of the drop.
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Preliminary Experiment #3

System: The binary system: n-butanol-water

Continuous phase: Water

Dispersed phase: n-butanol; rising

Column: 26" pyrex glass column; 45 mm. inside diameter
Procedure:

The 26 inch pyrex glass column was supported
vertically. In the bottom of this column a one-hole rubber
stbpper was placed. The 6 inch distributor tip was then
pleced in the hole in the rubber stopper so that the end of
the glass tube having the small inside diameter pocinted
upward. The other end of the 6 inch distributor tip was
then external to the 26 inch column. This end was then
attached to the delivery end of the separatory funnel by
means of a three foot length of rubber tubing. The column
was filled with water %o within one inch of the top. The
butanbl was placed in the separatory funnel which was then
supported so that the level of the butanol was above that of
the water in the column. This was necessary in order for
the n-butanol to flow by gravity into the bottom of the
column now filled with water.

Observations:

1) The drops formed at the tip in the bottom of

the column and rose through the water.
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2) The drops formed at the tip seemed to be much
smaller than those obtained with ethyl ether.

%) The drops became considerably smaller, rising
through the water, due no doubt to the solubility of
n=butanol in water.

4) A 1little tail could be seen on each drop,
agaln probably due to n-butanol leaving the drop. This
tall seemed to extend quite a distance below the drops,

perhaps 4",
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Preliminary Experiment #4

System: Same as #3
Continuous phase: Same as #3
Dispersed phase: Same as #3
Column: Same as #3
Procedure:

| For this experiment another hole was drillsd in
the rubber stopper which was used in the bottom of the column
in Experiment #3%. A plece of glass tubing was placed in
this hole so that water could be drawn from the bottom of
the column. A stopcoeck was attached to this wabter outlet
so that the rate of water withdrawal could be controlled.
Then arrangement was made in a similar manner for introducing
water at the top of the column. In this way the continuous
phase (water) could be made to move through the column. The
experiment was then run as in Experiment #3,
Observations:

The rise of the drops occurred smoothly. Their
paths did not seem to be affected by the motion of the
continuous phase until within 6" of the distributor of the
continuous phase. The continuous phase was made to move

through the column at the rate of 120 cc./minute.
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Preliminary Experiment #5

System: The binary system: n-propanol-water
Continuous phase: n-propanql

Dispersed phase: Water; falling

Column: 8" pyrex glass column; 45 mm, inside diameter
Procedure:

The cclumn was arranged in the same way as in
Experiment #l. The water was placed in the separatcory
funnel and this was fastened in place. The column was
filled with propanole.

Observations:

With the delivery tip out of the propanol, drops
were formed and detached at a rate of 10 drops per minute
but when the tip was placed in the propanol, a steady
stream came out of the tip. Droplets could not be made to

form.
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Preliminary Experiment #6

Systems: The binary systems:
diethyl ether-water
benzene-water
n-butanol-water
Continuous phase: Water in all cases
Dispersed phases: Dilethyl ether, benzene and n-butanol
Column? 8% pyrex glass column; 45 mm. inside diameter
Procedure:
The column was arranged as in Experiment #l. This

was an attempt To study the relationship between drop size

and interfacial tension. The column was filled with water;

diethyl ether was placed in the separatory funnel. This was
fastened in place above the column in such a way that the
delivery end of the tip was below the surface of the water.
The stopcock was opened slightly and the size of the drops
delivered by thg tip was observed. The column was then
emptied and made ready for another run. The above procedure
was repeated for benzene and n-butanol using water as the
continuous phase 1n each case.
Observations:

The drops were largest in the case of benzene and

smallest with the n-butanol. The inftierfacial tensions are:

Benzene-water 33,6 dynes/cm
Diethyl Hther-water 10.7 dynes/mn
n-bubtanol-water 4,04 dynes/em
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Hence, high interfacial tension leads to large
drops and low interfacial tension leads %o smaller drops.
Although other factors undoubtedly affect drop
size, the effect of interfacial tension is thought to be

more important in this case.
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Preliminary Exneriment #7

System: The binary system: benzene~water

Continuous phase: Water

Dispersed phase: Benzene; rising

Column: 26" pyrex glass column; 45 mm. inside diameter
Procedure:

This experiment was designed to measure ths
velocity of the rising drops. The set up was the same as
that described in Experiment #3, with the column filled
with water. The benzene was placed in the separatory
funnel which was placed so that the benzene liquid levsl
~was above the water level in the column. This allowed
gravity flow of the benzene into the bottom of the column
filled with water,

Observations:
1) The time of rise of the benzene drops was

4+4 seconds for a height of 25 inches or a rate of 5.7 inches
per second.

2) The rising drops after arriving at the top of
the continuous phase paused there for several seconds before

crossing the interface into the laver of bengzens which

accumulated above the water.
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Preliminary Exveriment #8

System: The ternary system: benzene-acetic acid-water
Continuous phase: Water
Dispersed phase: A solution of acetic acid in benzense, 49
by weight,

Column: 26" pyrex glass column; 45 mm. inslde diameter
Procedure:

The same procedure was used as in Experiment #7.
The column was filled with water and the acetic acid-benzene
solution was placed in the separatory funnel. The drops
formed in the bottom of the column were drops of the acetic
acld-benzene solution. The time of rise of these drops
was measured,
Observations:

1) The drops appeared Lo be exactly the same size
as those obtained in Experiment #7.

2) The time of rise was 4.7 seconds for a height
of 25 inches,vor a rate of 5.3% inches per second.

3) The drops agaln paused before crossing the
ton interface just as in the previous experiment.

The slowing down of the drop is attributed to the
presence of the.solute in the drop. The water and benzene

exerting attractive forces on the acetic acid act to slow

down the drop by creating a drag effect.
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Preliminary Experiment #9

System: The ternary system: diethyl ether-acetic acid-water

Continuous phase: Water

Dispersed phase: A solution of acetic acid in ether, 3% by
welight; rising

Columns: 26" ﬁyrex glass column; 45 mm. inside diameter

Procedure:

The column was arranged in the same'way as in
Experiment #%. The column was filled with water. The acetbic
acidfether solution was placed in the separatory funnel.
When the stopcock on the separatory funnel was opened
slightly, the acetic acid-ether solution was delivered into
the bottom of the column in the form of drops. These drops,
upon belng detached from the delivery tip, rose through the
continuous phase (water).

Observations:

1) As the drops were forming diffusion currents
could be seen within the drop. These seemed to come to the
surface of the drop and create a very thin layer around the
drop. As the drop left the tip, this outer layer was shed
by the drop about 3/4" off the tip and this layer then faded

into the continuous phase and was no longer visible.
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2) The dispersed phase (acetlc acid-ether solution)
rate was increased by opening the stopcock on the separsatory
funnel. The drops then came out of the tip faster. A point
was finally reached at which the drops no longer formed at
the tip. The acetic acid-ether solution came out of the
tip in a fine continuous stream. This stream then broke

up into drops about 1-1/2" away from the tip.
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Preliminary Experiment #10

Systems: The ternary systems:

mercury-water-n-heptane
aniline-water-n-heptane

Continuous phase: Water and n-heptane
Dispérsed phase: Mercury and aniline
Column: 8" pyrex glass coluwmn; 45 mm. inside diameter

Procedure:

This experiment was an attempt to investigate the
conditions at an interface. The column was set up as in
Experiment #l. The column was filled half-way with water.,
Then n-~-heptane was placed on top of this. These liquids
are immiscible so there were two layers in the column, the
n-heptane being on top. First of all, mercury was placed in
the separatory funnel. This was then placed so that the
delivery end of the tip was beneath the heptane. The stop-
coclk was opened slightly and drops of mercury were formed
at the tip in the heptane.

Secondly, the mercury was removed from the separatory
funnel and aniline used in its place. Aniline, water and
n-heptane are mutually immiscible. Now the aniline was

allowed to be delivered into the n-heptane in the form of

drops.
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Observations:

1) With mercury dispersed, the drops of mercury
formed in the n-heptane and upon being detached from the %ip
fell through the heptane, crossed the interface between the
water and heptane and fell through the water to the bottom
of the column. When the drops crossed the interface between
the water and heptane, they did not break but remalned
intact.

2) with the aniline dispersed, the drops of
aniline formed in the n-heptane and then fell through the
la tter to the interface. In crossing this interface
between the water and heptane, the drops were broken. The
anlline continued to fall to the bottom of the column but
not in the form of the originel drops. When the drops of
anlline arrived at the heptane-water interface, they broke
and formed a thin layer at this interface. liore drops of
gniline arriving at this interface added to this layer.
After a certain point was reached, "globs" of aniline, much
larger than the original aniline drops, formed and fell to
the bottom of the water layer.

3) Aniline was also dispersed in water during this
experiment by allowing the delivery tip to be submerged in

water. The drops formed in this case were quite large and

fell through the water very slowly. This, of course, is
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probably due to the very small density difference in this
case. This suggests a very good binary system, aniline-
water, to study experimentally in an attempt to apply
Stoke's Law to falling drops. The velocity of fall is so

low that viscous conditions probably prevail,
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The experiments just described did much toward
projecting the‘experimental work into 1its advanced stages.
While approaching the more important phase of
this experimental work, several problems were anticipated.
All of these problems were concerned, directly or indirectly,
with operational procedures and it was felt that the success
of the present research was dependent on the correct solu-
tion of these problems. Specifically, these problems were
as follows:
1) the selection of the ternary systems to be studied
2) the selection of the direction of extraction
3) the selection of the phase to disperse
4) the proper concentfation of solute in diluent to use
5) the design and construction of the necessary extrac-
tion columns. Specially designed columns wers
necessary in order to obtain the proper experimental
data
6) the design of an adequate feed device. This device
had to possess a distribubor tip capable of deliver-
ing drops of constant size and also a means of
measuring the drop size

7) the proper methods of sampling and analysis to employ.
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Ternary Systems Employed

The extraction of acetic acid from water is of
industrial importance. It was decided, therefore, to study
the mechanism of this extraction. Acetic acid and water
therefore are two of the components in all the three
ternary systems studied. Furthermore, in all the experimental
work to be reported the acetic scid was always exiracted
from the water., It was also decided to operate at all times
with the acetic acid water sclution as the dispersed phase.
The preliminary experiments indicated that a 6% (by weight)
solution of acetic acid in water would be satisfactory. This
corresponds approximately to a one normal solution.

The solvents used in the present work for the
extraction of acetic acid from water were chosen after a
conslderation of toxicity, availability, relative industrial
importance, and other factors. The design of the feed device,
eg will be discussed latef, made 1t necessary that these
solvents be the continuous phase in all experimental runs.
The design of the feed device also made it necessary for the
dispersed phase, the acetic acid-water solution, to fall
through the continuous phagse, This, of course, imposed
another restriction on the selection of the solvents., It
made 1t necessary that their densities be less than the

density of the acetic acid-water solution. (In the
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concentration used this density was substantially that of
water).

The solvents finally selected were Isopropyl Ether,
Ethyl Acetate and Methyl Isobutyl Ketone. These solvents
seemed to satisfy all the requirements previously set forth.
Isopropyl Ether and Ethyl Acetate are actually two of the
solvents used industrially for this extraction. MNethyl Iso-
butyl Betone is not, however, used in industry for this
extraction, mainly because 1t forms an azeotrope with acetic
acid mseking eventual recovery of the solute from this
solvent rather difficult. This solvent was chosen because
i% 1is rather 2 good solvent for this extraction, at least
from equilibrium considerations. The value of the distribu-
tion coefficient of acetic acid betwesn methyl isobutyl ketone
end water is approximately unity indicating favorable
conditions for extraction.

Iﬁ should be noted at this point that the above
selection of solvents presents three instances in which the

distribution coefficient of acetic acid between water and

solvent 1s approximately unity. Equilibrium relationships
indicste, therefore, that these three solvents should be

qulte satisfactory for the extraction of acetic acid from

water.
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It should be noted further that this selection of
solvents presents three ternary systems with different
interfacial tensions. The values of the interfacial tensions
for these systems have not been determined experimentally but
approximate methods for estimating this property indicate
that the lsopropyl ether system has the highest value and
the ethyl acetate system the lowest interfamcial tension value.
The effect of interfacial tension on spray tower operation
is not at present understood but Johnson and Bliss (18) have
postulated that spray towers give better performance
characteristics when operated with systems of low interfacial
tensione.

The ternary systems, therefore, chosen for

experimental study in this research were:

1) Isopropyl Ether~Acetic Acid-Water
2) Ethyl Acetate-Acetic Acid-Water
3) Methyl Isobutyl Ketone-Acetic Acid-Water
These conslderations represent the solutions to
the first four problems discussed previously on page 70.
FTurthermore, problem number seven was hereby partially
solved inasmuch as the analysis for acetic a2cid is quite

simple by titrating with sodium hydroxide using phenol-

rhthalein as indicator.
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Materisals

'The materials used in performing the preliminary
experiments are not important inasmuch as the results were
only qualitative. Speclifications for these chemicals will
not be discussed here.

The chemicals employed in the major portion of the
research were as follows:

Acetlc Acid - Glacial Acetic Acid, C.P. Reagent;

| E. I. Du Pont de Nemours and Co., Inc.
Water - Laboratory distilled water
Isopropyl Ether - Technical grade; Carbide and Carbon
Chemicals Corporation

¥ethyl Iscbutyl Ketone - Technical grade; Carbide and
Carbon Chemicals Corporation

Ethyl Acetate - C.P. Reagent, 99.5% Ethyl Acetate;

Coleman and Bell Co.

Menufacturers' specifications on these solvents
indicated an acidity less than 0.01% as acetic acid. It was
found necessary to use the C.P., 99.5% grade of Ethyl
Acetate as the cheaper grade made operation impossible. The
cheaper grade is 85% Ethyl Acetate and contains 15% Ethyl
Alcohol. The conditions produced when using the lower greade

of Ethyl Acetate will be discussed later.
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Column Design

Experimental verification of the theories presented
in this thesls necessitated the design of speclal extraction
columns. <The column designs employed by previous researchers
in spray tower work were inadequate for‘the purpose &t hand.

The necessary features to be incorporated in the
design of the ¢olumns were dictated by the ultimate aims
set forth in the theory. Three separate objectives were
indicated as being the most important. PFirst of all, it
was necessary to determine the amount of extraction occurring
during drop formation., Secondly, it was necessary to study
the extraction which takes place while the drop is falling
through the continuous phase. Thirdly, it was ﬁecessary to
devise & means for determining the amount of extraction
which occurs while the drop crosses the bottom interface.

It was decided, first of all, to carry out the
extraction in a batchwise rather than continuous manner.

By this 1s meant, filling a column with a definite quantity
of solvent which remailns stationary, and then allowing a

fixed number of drops of solution %o fall through the solvent.
If the concentration of the feed solution is known, the

amount of extraction taking place may be determined by
analyzing the drops after falling a certain distance

through the solvent. This batchwise method of operation,

although of no industrial importance, makes the experimental
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work mmch simpler. This was one of the main reasons why
this method of operation was chosen. It was felt that
accurate conclusions in regard to the three stages of
extraction could be drawn using either method of operation.
If the results obtained using the batchwise method of
operation were encouraging, i.e. indicated the existence of
three separate stages of extraction, it was the intention
to carry out future work using the continuous method of
operation.

In order to identify the amount of extraction
occurring in each of the three stages separately, the
following procedure was adopted. Two series of experiments
involving two different spray columns were used. In column
#1, the drops form in the continuous phase, detach them-
selves and fall a certain height through the continuous
phase, strike the bottom interface, break and cross this
interface and go into the water layer which is placed 1in
the bottom of the column before the remainder of the column
is filled with solvent. A definite number of drops fall
through the column height being studied. Now, if the bottom
water layer 1s drained from the bottom of the column and
analyzed, the total amount of solute lost during all three
stages can be calculated. The above procedure is repeated

for various column heights using the same number of drops
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in each case. With this data a plot 1s made of total
amount of solute extracted versus column height. This
curve 1is then extrapolated back to zero column helght. The
valus obtalned at zero column height is the sum of the
amount of solute extracted during drop formation (stage 1)
and the amount of solufe extracted during the process of
the drop bresking and crossing the bottom interface (stage 3).
In column #2, the drops form in the continuous
phase, detach themselves and fall through a certain helght.
After falling a given height, the drops are eanalyzed for
solute content. The amount of solute lost is then calculated.
In this case, however, the solute is lost in only two stages:
drop formation (stage 1) and drop fall (stage 2). The
above procedure 1s repeated for various column heights again
using the same number of drops in each case. A plot of the
amount of solute extracted versus column height is made and
extrapolated to zero column height. This value of the
intercept is the amount of solute extracted only during drop
formation (stage 1). The value of the intercept obtained
from the plot made from the data obtained using column #1
should be greater than the value of %this intercepta Indesd,

it should be greater by an amount equal to the amount of

solute extracted during the process of drop breaking and
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crossing the bottom interface (stage 3).

The above concepts are illustrated in Figure 6A.

Bg", at zero column height, represents

The ordinate intercept
the amount of solute extracted during stagés 1 and 3. The
intercept "b" represents the amount of solute extracted
during stage 1 only. The difference between "a" gnd "b"

represents the emount of solute extracted during stage 3.

Data from Column #1

Amount
a
of Data from Column #2

Solute

* b
Extracted

Total
. Extraction

Stages 1 and 2

!

Column Height
Figure 6A

The use of two separate colwumns completely justifies
1tself in the fact that two unknowns are evaluated. The

ordinate intercept of the plot of data of column #2 evaluates
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the amount of solute extracted during drop formation; the
intercept of the plot of data of column #1 minus the inter-
cept of the plot of data of column #2 eveluates the amount
of solute extracted during the process of drop breaking and
crossing the bottom interface (stage 3).

The procedure employed in the operation of cclumn #2
for analyzing the solute content of the drops after they
have fallen a given height will be discussed below in the
section devoted to the design of column #2.

Design of Column #1

Obviously, the design of this column had to
satisfy certain requirements. It was necessary to be able
to vary the column height; it was necessary to be able to
introduce a small amount (about 50 cc.)} of water into the
bottom of the column before the column was filled with
solvent; it was necessary to make some arrangement for
draining the water layer from the bottom of the tower after
the drops had fallen through the solvent and crossed the
interface into this water layer. This latter requirement
Was necessary for purposes of analysis.

The column was constructed of pyrex glass tubing
47 mm. inside diameter. The choice of this type of glass
was based on its availability from the stockroom. It was

necessary to-choose glass tubing of sufficient inside
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diameter in order to prevent the drops from hitting the
walls of the tublng during their fall and in order to

avold wall effects. The 47 mm. tubing was considered large
enough to avoid these difficulties.

The fact that it was necessary to introduce a water
layer (50 cc.) into the bottom of the column before each
experimental run required that the column, when greater
than 3 inches in height, be made of two sections of pyrex
glass tubing. For instance, if a 20 inch column was being
employed, it would be very difficult, 1f not impossible,
to introduce the water layer into the bottom of this column
without having the water adhere to the sides of the column.
Column #1, therefore, cohsisted of two lengths of glass
tubing whenever the column helght exceeded % inches.

Of the two lengths of tubing in column #1, the
piece which was to serve as the bottom vortion of the
column was considered to be the more important since this
section of glass tubing had to contain some means by which
the water layer in the bottom of the column could be with-
drawn after each experimental run.

The first lower section to be constructed
.consisted of an elght inch length of pyrex glass tubing
47 mm. inside diameter. The bottom of this section was
fitted with a one-holed rubber stopper containing a stop-

cock. The space between the walls of the column and the
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stopper was filled with paraffin to allow for complete
drainage of the column contents when the stopcock was
opened. This deslgn proved unsatisfactory since the acetic

acld attacked the wax.

The second design of the lower portion of column #1
was found to be quite satisfactory and was the one used
throughout the experimental work. This column section was
made from a separatory funnel whose length was much greater
than its diameter. The body of this separatory funnel was
cylindricél and by chance its internal and sxternal diameters
corresponded very closely with those of the pyrex glass
tubing previously mentioned. The top portion of this glass
stoppered separatory funnel was cut off by means of a hot
wire. The resulting glass section then served as the
bottom portion of column #l. Furthermore, at the lower end
of this glass section its diameter gradually decreased in
usuvual separatory funnel manner and its delivery end was
fitted with a stopcock. This all-glass section thus served
the purpose quite satisfactorily. The water layer could be
drained quite completely with no danger of the acetic acid
causing any damage to the parts of this section. The extent

of drainasge was determined and it was found that by careful
manipulation of the stoncock on this bhottom section a

minimum of 99.6% of the water layer could be drained from
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the column.

The bottom section so constructed served as the
bottom portion of all columns of whatever helght employed
in the experimental runs. In meking runs with increased
column height, i1t was only necessary to attach a piece of
pyrex glass tubing of desired length to the lower portion
and make the run. The upper section of the column was
attached to the lower portion with a large piece of
rubber tubing, of inside diamefer slightly less than the
external diameter of the sectlon to be attached. The fit
of the rubber tubing used was not as good as could be
desired but leaks were prevented as long as the column
height was less than 30 inches. If column helghts greater
than this are to be studisd in the future, it will be
necessary to obtain a piece of tubing which fits much more
snugly. The upper sections employed were pieces of pyrex
glass tubing of the following lengths: 6", 11", 17", 24%,
36",

A sketch of column #1 is given in Figure 7.

Design of Column #2

The design of column #2 had to satisfy the follow=-

I

ing requirements. It was necessary to be able to vary the

column height and it was necessary to be able %o analyze
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the drops for solute content after they had fallen a certaln
distance without being allowed to break across an interface
within the column height being studied.

The design finally adopted to sccomplish this was
that shown in Figure 8. In making a run with this column,
stopcock B is closed and stopcock A is opened. The column
is filled with solvent. A fixed number of drops is allowed
to fall through the continuous phass. Thess drops fall
through the column and pass through the open stopcock A
without being broken or even deformed. (The bore of this
stopcock and also stopcock B is 1/2" as seen from Figure 8.
The drops are much smaller in diamebter and hence can pass
through the stopeock without being disturbed). The drops
fall to stopcock B where they accumulate. When the last
drop has reached stopcock B, stopcock A is closed. Stopcock B
is then opened and the entire section between the two stop=-
cocks is drained and analyzed. (The vent allows this section
to be drained even though stopcock A is closed). The results
of the analysis allow the concentration of the drops to
be calculated just after passing stopcock A. In other words,
this procedure makes it possible to calculate the solute
content of the drop after it has fallen a certain height, the
height being measured from the delivery tip down to stopcock

A. The drop continues to lose a small amount of solute
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after i1t passes stopcock A but since this entire section
between the two stopcocks is drained and analyzed the value
obtained is truly indicative of the solute content of the
drop just after passing stopcock A.

As was previously polnted out the solute lost 1n
this column is lost in two stages: drop formation (stage 1)
and drop fall (stage 2). Therefore, data obtained with this
column relating the amount of solute extracted to column
height is useful in making the required plot for determining
the amount of extraction occurring during drop formation
alone. Column height was varied by employing sections with
different values of H in Figure 8.

The sections for this column were vpurchased from
the Fischer and Porter Company of Hatboro, Pennsylvania.
All the parts are standard parts with the exception of the
section containing stopcock A. This section was specially
designed here in the department and fabricated by the above
manufacturers. Although all parts of column #2 are made of
pyrex glass, all the jolnts are formed with metal flanges
with neoprene gaskets. Referring to Figure 8, sections

were obtained with "H" values of 6", 12", 18", 24" ang 361,

Deslign of Feed Device

Any study of the extraction from liquid drops
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demands that the exact size of these drops be known in order
to be able to calculate the area of transfer. The first
requirement then, of a feed device is that it be able to
measure drop size, eilther drop diametsr or drop volume.
Furthermore, the drop size and delivery rate must be
constant during the period of operation which means that

the device must operate at a constant head. Finally, the
device must give reproducible results. In other words,

under similar operating conditions the drop silze delivered
by the feed device must not vary too greatly from day to day.

The glass dellvery nozzles used in the feed device
in the present research were obtained from the Fischer and
Porter Company. Theée nozzles were actually lengths of
precision bore, capillary glass tubing, 6 inches long, with
an outside diameter of 1/4 inch and an inside dlameter of
0,020 inches, running the entire length of the tubesa
Furthermore, the delivery ends of these capillary tubes
were slightly beveled.

The procedure to be employed in making an experi-
mental run made 1t necessary that the design of the feed
device be given special consideration. In the discussion
concerned with column design, it was pointed out that as
far as the feed solution was concerned both columns were to

be operated in the same manner. In other words, in both
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cases, drops of the feed solution were to be formed in the
continuous phase and upon detachment from the delivery tip
they were to fall through the contingous phase. Further-
more, it was indicated that a definite number of drops

were to be employed in each run. Therefore, the‘method of
operstion of the feed device was clearly outlined. In every
experimental run it would be necessary to count the drops
of feed solution as they formed and detached themselves
from the tip and when the required number of drops had been
delivered it would be necessary to stop the flow of the
inlet feed solution. The drop size would then have %to be

measurede.

The first feed device tested was that described
by Sherwood, Evans, and Longcor (23). A side tube was
connected to the glass delivery nozzle. The feed rate was
controlled by dropping from an analytical burette into the
side tube attached to the glass nozzle. The level in this
side tube was maintained constant by close observation and
regulation of the burette cock. Thus, the feed rate was
maintained constant and also the amount of feed introduced
into the column was measured. This device was found to be
entirely unsultable for the purbose at hand. It was

impossible for one person to both count the drops forming

at the delivery nozzle and to maintain the ligquld level in
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the side tube by manipulation of the burette stopcock.
Furthermore, the level in the burette would have to be read
while the liquid was moving which, of course, leads to

inaccuraciss,

The feed device finally employed was very simple
but proved to be sufficiently accurate. The 6 inch length
of capillary glass tubing was attached to the tip of a 50 ml.
craduated glass stoppered burette by means of a piece of
rubber tubing in such a way that thé tip of the burette was
in contact with the face of the capillary tubing. When the
stopcock was opened wide, the rate of flow was controlled
by the pressure drop across the capillery length of glass
tubing, and the height of the liquid in the burette. It
was necessary to determine a height in the Burette which
would lead to a satisfactory discharge rate, Furthermorse,
1t was found that the discharge rate at a given liquié
height in the burette (the liquid in the burette was the
same solution in all cases) was also altered when different
solvents were used aé the continuous phase., This, of course,
was understandable inasmuch as the densities, viscosities,
and surface tensions of these solvents differed and drop size

and hence drop delivery rate 1s probably affected by these

physical properties.,

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



90.

In all the discussions to follow when mention 1is
made of the feed device, 1t will refer to the assembly just
mentioned: a 50 ml. graduated glass stoppered burette with
the 6 inch capillary tube attached to its tip by means of a
plece of rubber tubing.

This design of the feed device obviously sacrifices
the principle of constant head but it was felt that the
resulting inaccuracies would not be serious. Indeed, 1t was
shown that the small decrease in head taking place during
an exverimental run affects drop size and drop formation
time only slightly. The sketch of the feed device is
shown in Figure 9. Note that the discharge end of the

delivery tip is beveled.

Calibration of Feed Device

The feed device was filled with 1.063 N acetic
acid-water solution (the feed solution to be used in the
experimental runs to be described later). ' This device was
supported above column #l in such a manner that the delivery
end of the tip was below the surface of the isopropyl ether
contained in the column. The burette stopcock was opened.
The feed solution flowed down through the capillary tube and
was delivered into the continuous phasé (isopropyl ether).

At first, when the liquid level was nigh in the burette, the
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delivery rate was very high; as é matter of fact, a stream
of liquid was discharged from the capillary tip and broke
up into drops ebout 1-1/2 inches below the tip. As the
liquid level in the burette fell the discharge rate was

gradually decreased until drops formed and detached
individually at the tip. However, at first, each drop was
'followed by a secondary drop much smaller in diameter. When
the liquid level had fallen a little further in the burette,
these secondary drops disappeared. The feed solution was
then delivered into the continuous phase in the form of
individual drops. These drops formed in a?proximately

1 second and after reaching a certain size broke away from
the tip and fell through the continuous phase. These drops
were not followed by secondary drops. Finally when the
liquid level had fallen still further in the burette, the
formation of secondary drops was observed again. It was
thought advisable to operate in the complete absence of
these secondary drops. Hence, the operating range of the
feed device was limited to those liquid levels in the
burette which produced only individual drops. This range

of 1iquid levels was determined by the above experiment.

The feed device was then calibrated in this range

of liquid levels as follows: Column #1 was filled with
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isopropyl ether. The level of the feed solution in the
burette was allowed to fall until it was just within the
range which produced individual drops. When the liquid level
had fallen to the desired point, the stopcock was closed
coincidentally with the detachment of a drop from the tip.
The reading of the liquid level in the burette was then
taken. The feed device was lowered carefully until the
delivery tip was below the surface of the isopropyl ether.
The stopcock was then opened wide and fifty drops were
allcwed to be delivered into the continuous phase. The
stopcock was closed colncidentally with the detachment of
the fiftieth drop from the delivery tip. The burette
reading was agaln taken and thus the total volume of 50
drops was obtained. From this the volume per drop and
drop diameter could be calculated by assuming each drop to
be a sphere of the same size. The drop formation time was
about 1 second so that the counting of the drops was in no
way difficult. The time of formation of an individual drép
was measured with a stop-watch. The total volume of fifty
drops in this case was found to be equal to 2.40 ml.

As mentioned previously, the discharge rate at a
given liquid height in the burette is affected by the
physical properties of the continuous phase. The above

procedure, therefore, was repeated for the other two solvents,
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methyl isobutyl ketone and ethyl acetate. The same general
observations were made when these solvents were used as were
made when the isopropyl ether was used. Howsever, the
phenomena occurred at different liquid heights in the burette.
Consequently, the range of operation of the feed device
(leading to the formation of individual drops, i.e., no
secondary dreps) differed for each solvent. These ranges
were, nevertheless, determined for each solvent and used
subsequently in the calibration of the feed device for each
of the remalning solvents.,

The calibration of the feed device using methyl
isobutyl ketone and ethyl acetate was carried out in the same
manner as that employed for isopropyl ether. The ranges of
ligquid levels in the burette necessary for the formation of
individual drops in each case being duly observed. The time
of drop formatlion was also determined in each case, drop
volumes being determined as before.

When 1t was observed that the total volume of
50 drops was in the neighborhood of 2.0 ml. in each case,
it became obvious that the 50 ml. burette would not be
sufflciently accurate for measuring this volume. Accordingly,
the 50 ml. burette was replaced by a 10 ml. graduated
burette which could be read accuratsly to the nearest one

hundredth of a millliliter. Further accuracy was assured by
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calibrating this burette in the ranges to be used in operation.
The feed device finally accepted for operation

consisted of a 10 ml. graduated, calibrated glass stoppered

buretts in place of the aforementioned 50 ml. burette. The

procedure for feed device calibration was again repeated

for the three.solvents in order to determine the operating

ranges of liquid levels in the burette such that the formation

of individual drops was obtained.

Reproducibility of Feed Device

As mentioned previously, one of the main require-
ments of a feed device 1s that it give reproducible results.
The size of the drops delivered by this device, under similar
operating conditions should not vary too greatly from day
to day. At first, such was not found to be the case with
the feed device just described. The calibration of the feed
device on one day would differ substantially from that
obtained a day laster. The volume of the drops delivered
was found to differ appreciably from day to day. This
behavior was ascribed to the fact that the tip was dirty.
The tip was continually immersed in dichromate cleaning
golution. Every 24 hours the tip was removed from the
cleaning solution, washed with distilled water, attached to
the 10 ml. burette and a calibration was made. This

precedure was continued for a week. At the end of this
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period it was found that the cleanliness of the tip was such
that reproducible results were obtained. The volume of the
drops delivered by the feed device was the same from day %o
day. The calibration was perlodically checked and it was
shown conclusively that the feed device would deliver drops
of the same volume at all times, provided the delivery tip

was kept scrupulously clean.

After the feed device was used and 1t was necessary
to suspend operation until the next day, the capillary tip
was removed from the burette and washed with distilled water,
The delivery end of the tube was allowed to stand in
distilled water until the next run was made. In continuing
operation after such a layover (even though it be only one
day) the delivery end of the capillary tube was allowed to
stand in warm (60°C) cleaning solution for five minutes
prior to use. A% fhe end of the five minutes, the tip was
washed with distilled water and attached to the tip of the
10 ml. burette. With this procedure for the care of the
capillary tip, the results of the feed device were gulte
satisfactory. Reproducibility was well within acceptable

limits. A variation in drop volume of mors than 10% was
considered objectionable.
Using this capillary tip the calibrations of the

feed device led to the following results with the different

solvents:
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Initial

Solvent Volume Burette Reading
Isopropyl Ether 50 drops = 2.40 ml. %3.80 ml.
Methyl Isobutyl Ketone 50 drops = l.75 ml. 7.05 ml.
Ethyl Acetate 50 drops = 1.80 ml. 7425 mlo,

The initial burette readings listed above for isopropyl ether,
methyl isobutyl ketone and ethyl acetate correspond to
liguid heights above the delivery end of the capillary tip
equal to 18-1/2", 14-1/2", and 14-1/4" respectively. The
capillary tip, of course, is 6" in length.

The capillary tip used above was called tip #1.
Another delivery tip (bip #2) was used on the feed device in
order to obtain smaller drops than those delivered by %ip #1.
Tip #2 wés also obtained from the Flscher and Porter Company
and had the same dimensions as tip #1, i.e., 6 inches long,
1/4 inch outside diameter and 0.020 inches inside diameter.
In order to obtain small drops, however, it was found
necessary to reduce the outside diameter of the delivery end
of this tip. This was done on the wet grinder in the
metallography laboratory in this department. The outside
diametsr of the delivery end of this tip was thus reduced
to one-half its original size. All other dimensions remained

the same. Using this tip (tip #2) the feed device was

calibrated in the same manner as used for tip #1. The
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following results were obtained for this tip using the

different solvents:

Initial
Solvent Volume Burette Reading
Isopropyl Ether 80 drops = 2.40 ml, 3,80 ml.
Methyl Isobutyl Ketome 90 drops = 1.95 ml. 7.05 ml,
Ethyl Acetate not calibrated -

Several other capillary tips were used with the
feed device but calibration data were obtained only for those
two mentloned above. Tip #3 was used when photographs
were taken of the drops (see section on photography). This
tip was 2-1/2 inches long, had an outside diametesr of
1/4 inch, an inside dismeter of 0.020 inches and its deliverj
end was beveled. Another tip was used in the photography
section of this thesis. No number was assigned to this
tip but its dimensions were the same as those of tip 73
However, its delivery end was flat rather than beveled.

The photographs presented later show the effect of the

shape of the delivery end of the tip on the shape of the

drope.
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Photozrarhy

The earliest work with drop formation indicated
the desirability for permanently recording certain observa-

tions.

Visual studies of drop formation using a magnifying
device made it vrossible to see diffusion currents leaving
the drops during their formetion. Actually, these diffusion

currentsa;

fle]

ansed by the solute leaving the drops,; can be
seen with the naked eye. These observations seemed to
indicate that these diffusion currents were more intense at
the moment of dropr detachment. It was felt that this observa-
tion could be verified only by rhotograprhy.

Photogranhy was employed for three reasons:

1) to record the shape of a drop during various stages

of i1ts formation;

n

to attempt to show the diffusion currents leaving
the drop during its formation, thereby determining
when the drops lose the solute;
3) to study the effect of the shepe of the delivery

tip on the shape of the dron.

The drops were photographed first, using diffused
transmitted light. The light source was a reflector tyre
rhoto-flood lamp benind a sheet of ground slass. The results

obtained by this method were fairly satisfactory but the
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licht rays were too diffuse to allow the diffusion currents
to be recorded on a photographic film. This light source
was therefore discarded. The drops were then photographed
by specular transmitted licht. This light source consisted
of a lantern slide projector lamp and condenser system,
arranzed so that the focus of 1lisht from the condenser fell
upon the camera lens.

In baking phobographs of the drops, the continuous
rhase was placed 1in a rectanguler battery jar. The feed
device, as described in a previous section, wss used in
delivering the dispersed phase into the continuous phase.
The specular light source was set up directly behind the
rectangular battery jar with the cemera in front so that the
center of the light source, the drov and the axis of the
camers lens were in line. With the light source directed
toward the camera the effective illumination was very intense
so that it was possible to use a shutter speed of 1/400
seconds and effective aperture of f:64 or smaller and
produce a vroperly exposed negative using Xodak Super Panchro
Press Type B sheet film. The camera was a 4 x 5" Crown
“ravhic equipped with Xodak 127 mm. f 4,7 Ektar lens in
supermatic shutter. Using the above procedure and equipment
the vhotographs presented below were taken.

Photosraphs "a" through "j" indicate the shape of

the drop during different stages of its formation. These
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photogzranhs represent a sequence of drop shapes during
formation and detachment. The 1.063 N acetlic acid solution
was the dispersed phase using tip #1 on the feed device. The
continuous phase was isopropyl ether. The temperature of
both rhases was 25°C.

Photographs " through "n' indicate the effect of
the shape of the delivery tip on the shape of the drop.
Photographs k" and 1" were taken.with the 1.00% T acetic
acid solution dispersed in benzene. The tip used on the
feed device was 2-1/2 inches long, 1/4 inches in outside
diameter, and 0.020 inches inside diameter. Its delivery
end was beveled. The liguid level in the burette was at
a reading of about 3 ml.

In photographs "m'" and "n" the 1.063 N acetic acid
solution was agaln dispersed in bpenzene. A different tip
was used however. This tip was 2—1/2 inches long, 5/16 inches
outside diameter and 0.020 inches inside diameter. Its
delivery surface was not beveled but was flat.

It was found impossible to show, by the rhotogravhic
technique employed, the diffusion currents leaving the
forming drops. It was felt that even the light rays from
the specular licht source employed were diffuse gnough to
prevent this. If these currents are %o be nhotographed, and
1t 1s quite vossible that they may be, a more intricaie

lighting system must be employed.
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The series of photographs showing the shape of
the drop during different stages of its formation reveals
some very interesting points. Starting in photograph "a'
where the drop i1s just beginning to form, the next few
photographs show the drop increasing in size ("a" to "a").
In "e" the drop has gotten quite loné and a "neck" forms
between the main bedy of the drop and the tip. In "f" the

drop has

73

mobttsn longer and the "neck® has become narrower.

Photograph "g" is quite unusual. The "neck" has become
very narrow. Detachment has taken place and the photograph
was taken just at the instant of detachment. The neck of

13

02

uid has narrcwed down to a point at the point of separa-
tion. At this instant the drcop is slightly ellipsoidal with
its long axis vertical. In photograph "h" the narrow neck
of llquid is in the process of springing back to the tin,
being in an extreme stete of tension at the moment of
detachment. The detached dropr is seen to flatten out some-
what just after detachment. This again was caused by the
drop being in a slight tension owing tc its attachment to
the "neck" of liquid. In photograph "i" the neck of ligquid
has returned almost completely to the face of the tip. The
detached drop has fallen a little further and hes flattensd
out considerably. WNote that the horizontal axis is much
greater than the vertical axis at this vpoint. As a matter

of fact, the drop has assumed a disk-like shape. Finally,
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in photograph "j" a new drop is beginning to form on the
tip and the detached drop has fallen still further through
the continuous phase. The drop has changed shapre somewhat.
Its vertical axis is starting to increase and its shape 1is
becoming more spherical.

Photographs "k" and "1" show the drops forming in
venzene. In "1" the flattening in the top of the drop just
after detachment 1s clearly iliuvstrated. This is a zeneral
effect caused by the tension ir this portion of the drop due
to 1ts attaclment to the "neck! of liquid., This behavior has
besn observed also for liquid drops forming in air (15). 1In
"' 2 drop is seen resting on the bottom water-benzene inter-
face. Drops were found to hesitate for about one second here
before crossing into the water phase.

Photographs "m" and "n" indicate the effect of tip
diameter on drop size, these drops being somewhat larger
than those in phobtographs "k" and "1". Drop size was found
to be substantially unaffected by the amount of Dbevel in the
face of the delivery tip as longz as the internal and external

diameters were equal.

In all the photogravhs presented the brisht streaks

at the bottom are the solvent-waber interface.
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Procedure for Experimental Runs

Columns #1 and #2, described above, were supported,
during a run, by a special column support designed and built
in the depsrtment. This support was made of 1-1/8 inch
angle~iron and its frame was 9 feet high and 22 inches
across. Thres 1/2 inch steel rods ran vertically the height
of the frame. These rods made it possible to secure the
extraction columns and the feed-device to this support by
means of ordinary laboratory.clamps. Two clamps were found
sufficient to hold extraction column #1 firmly in position
during a run. This made the procedure quite simple. Thus,
in order to make a run at an increased column helight, the
securing clamﬁs holding the column were loosened, the
column in use removed, the lower clamp was slid to a lower
position on the vertical rod, thé column with the increased
column height was placed in position, the clamps tightened
and the run made.

As mentioned previously, the present study was
concerned with the extraction of acetic acid from water
using different solvents. The acetic acid-water solution
was dispersed and the drops of this solution fell through
the continuous, solvent phase, extraction taking place from
the water into the solvents. The concentration of the

acetic acid-water solution was 1.063 N (about 6% by weight).
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A sufficient quantity of this solution was made up at the

start so that the fleed concentration would be the same for
all the experimental runs to be made. This feed solution

was stored in a cork-stoppered two gallon bottle.

Before runs were made on any given day the tempera-
tures of the feed and solvent were taken. If these tempera-
tures differed from 25°C by niore than 1°C, runs were not
made on that day. This situation was very unusual as long
as runs were not attempted in July and August. During these
months the laboratory temperature is high enough to raise the
temperatures of these liquids much above 25°C., All runs,

therefore, were made at 25°C + 1°C,

Procedure for Column #1

Experimental runs using column #1 were the first
to be undertsken. The first solvent employed was isopropyl
ether.

After cleaning the tip as previously described,
the fip was washed off with distilled water and attached
to the 10 ml. burette. The burette was filled with feed
solution and the stopcock was opened. The feed was allowed
to run through the tip to make sure that the feed solution
was not being diluted by the water which remained in the

capillary tip after cleaning and washing. Approximately 20 ml.
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of feed solution was allowed to run through the capillary
tip. The feed device was then considered to be ready for

SO

The first runs were made using the bottom portion
of column #1 (see Figure 7). When using the bottom portion
only, the rubber connecting sleeve shown in Figure 7 was
not used. The bottom stopcock on this botiom portion was
closed. By means of a transfer pipette 50 ml. of water was
accurately measured and carefully placed in the bottom of
this portion of the column. This column was then attached
to the column support by means of the clamps used for this
rurpose. Isopropyl ether was then carefully added to the
column and the column was filled to within 1/4 incn of the
top.

The level in the feed device was then allowed to
fall to the proper level. (The initial reading to be used
wita each solvent has already been indicated on pages 97 and
98). When the level had fallen to this value the stopcock
on the feed device was closed coincidentally with the
detachment of a drop from the tip. Allowing time for
draining the burette reading was taken. Then, the clamps
holding the feed device were loosened and the feed device

was moved down very carefully until the delivery tip was

submerged in the continuous phase until its delivery end
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was 1-1/4 inches belaw the surface of the solvent. The
clamps were tightened on the feed device and its stopcock
opened. Fifty drops were allowed to form and fall through
the continuous phase. Coincldentally, with the detachment
of the fiftieth drop from the delivery tip, the stopcock
on the feed device was closed. Time was allowed for
drainage and the buretite reading again was taken.

The assembly shown in Figure 10 indicates the
position of the feed device relative to the column.

After all the drops had fallen through the
continuous phase and passed 1into the bottom water layer,
the latter was drained and analyzed. (See section below
on sampling and analysis).

During all runs, the time of drop formation and
the time of fall was measured. Furthermore, the height
through which the drops had fallen was mesasured as from the
dellivery end of the tip to the bottom interface. This
distance 1s the column height and the time of drop fall also
measured during the run corresponds to this height, the
time of drop fall beiﬁg taken from the instant the drop
detaches itself from the tip until it strikes the bottom
interface. When using this bottom portion of column #1,
the column height was approximately 5 inches. This was the

smallest coluwmn height studied in this research.
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The next run waes made at a column height made by
by attaching a 6 inch length of glass tubing to the bottom
portion of the column. In making such a run the rubber
connecting sleeve was first attached to the bottom portion
of the column. Then 50 ml. of distilled water was placed
in the bottom of this portion of the column. The 6 inch
length of glass tubing was then carefully worked into the
other end of the rubber connecting sleeve until the glass
sectlons were almost touching. Thls assembly was then
fastened to the column support by means of the clamps already
discussed. The column was then carefully filled with solvent
wntil within 1/4 inch of the top. In filling the column
with solvent, the latter was poured down the sidses of the
column very slowly to prevent splashing any of the water up
onto the side walls of the column.

The feed device with its liquid level properly
ad justed and read was lowered very carefully so that the
delivery end of the tip was submerged in the solvent. Again,
the delivery end of the tip was placed so that it was about
1-1/4 inches below the surface of the solvent. The run was
then made as described before with the lower column height.,.
Drop formation time, drop fall time and column height were
agaln measured as previously described. After all the drops

had fallen through the continuous phase and passed into the
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water layer the latter was drained and analyzed.%

The above procedure was repeated for column
heights obtained by attaching the following lengths to the
bottom portion of the column: 11", 17", 24", 36", Thus,
"H" in Figure 7 could be given values of 6", 17", 24", or

36". The rubber connecting sleeve did not form a good fit

when the 36" length was attached and hence this joint leaked
considerably. 'lhe use of this length therefore was abandoned
except in a very few cases.

The runs at 211 the column heights were made in
either duplicate or triplicate. In doing this the following
procedure was observed. After the ligquid layer had been
drained for analysis and after all the necessary measurements
had been made, the feed device was ralsed so that the delivery
tip was no longer inside the column. The column in use,
whether it was the bottom portion itself or the assembly
of the bottom portion and an additional length, was removed
from the column support. The solvent was poured from the
column and the column was washed and dried. The run was
then repeated using the usual procedufe.

The above procedures made it possible to obtain
data on the amount of solute extracted from the drops as =

fanction of column height, i.e., the distance through which

the drops fall. PFurthermore, since the time of drop fall

# See Addendum, Page 205.
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was also measured, it was further possible to calculate the
emount of solute extracted from the drops as a function of
their time of fall.

The experimental runs as just described for the
solvent isopropyl ether were also made using methyl iso-
butyl ketone and ethyl acetate. Procedures employed were
exactly the same as those described above. In using the
different solvents, however, the liquid level in the feed
device to be employed for each solvent was different. The
liguid levels to be used in connection with the different
solvents have already been discussed.

In the case of isopropyl ether and methyl isobutyl
ketone the above procedures were empnloyed for two different
drop sizes. With ethyl acetate, however, only one drop
size was used; the reason for which will be given later.
The data obtalned with the different solvents is given in a
subsequent.section. Although fifty drops were used when
the large drop size was studied, this was not the case with
the smaller drop size. The number of drops used in each
set of experimental runs will be indicated in the data to
be presented later.

In making experimental runs in duplicate and
triplicate considerable amounts of solvent were reguired.

After a solvent had been used once, the acidity was found

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



1l2.

to be negligible. Thus it was possible to employ a solvent
twice before it needed treatment to reduce its acidity.
However, after the solvents had been used twice, the
acidity was above 0.04%. Although this is very small, it
was decided not to use any solvent the acidity of which was
greater than 0.04%. When the acidity of a batch of solvent
had risen above 0.04%, i.e., after the solvent had been
used twlice, steps were taken to reduce their acidity. (See

section on washing of solvents).

Sempling and Analysis: Column #1

It is evident from the descriptions of column #1
and column #2 that different sampling technigues must be
employed dependent upon the column in use. In the procedure
pertaining to column #l, after the fifty drops had fallen
through the solvents and crossed the bottom interface,
sampling was begun.

The stopcock on the bottom portion of the column
was opened and the water layer was drained very carefully.
This sample was very close to 50 ml. since, by cafeful
manipulation of the stopcock, almost all the bottom layer
could be drained off without removing any of the solvent
rhage with it. A 25 ml. portion was removed by means of a
25 ml. transfer pipette and.this sample was titrated with

0.1 N NaOE using phenolphthalein as the indicator. It was
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thus possible to calculate the total acetic acid content of
the water layer by knowing how.much acetic acld was contained
in the 25 ml. sample. The volume of the water layer used

in this calculation was taken as the 50 ml. placed in the
bottom of the column originally plus the volume of acetic
acid—water solution equal to 50 drops. This is gn assumption
which infers that the volume of the drcps 2t the bottom of
the column is the same as that read from the burette. In
other words, the loss of solute by the drop does not cause

a reducticn in its volume. The errors introduced by this
assumption are small and will not affect, very greatly the
accuracy of this calculation.

The sampling procedure described above was qulte
lengthy inasmuch as after the sample was taken a further
aliquot portiorn had to be removed for titration. Calculatlons
were then necessary to determine the total acidity of the
water layer. About halfway through the experimental work
a'more convenlient sampling procedure was employed which
saved considerable laboratory time. The design of the
bottom portion of the column made it possible by careful
manipulation of the stopcock, to remove in excess of 99.6%
of the watér layer without removing any of the solvent
phase. When sampling was done in this manner, the entire

sample was titrated and the acidity sc obtained was assumed
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to be the total acidity of the water layer. Of course,

this method of sampling'and analysié is slightly in error
because to be strictly correct the acidity so obtained should
be divided by 0.996. However, the error produced by this
assumption is small enough to be tolerated especially since
it saves considerable time. As a matter of fact, identical
runs were made wherein the two different methods of sampling
were employed. The results were found to be in satisfactory
agreement. The use then of the simpler method of ssmpling

is quite justified. Great emphasis must, however, be placed
on the sampling when this shorter method is'empioyed. Careful
manipulation of the stopcock must be exercised to make
certain thatv almost all the water lsyer is drained without

removing any solvent.

When the water layer is being drained from the
column during the sampling operation, the solvent layer in
the column falls correspondingly. It was found that if the
top solvent interface fell below the delivery end of the
tip the portion of the drop clinging to this tip would be

knocked off and would fall to the bottom. This is undesirable

since this portion of the drop would be removed with the

sample and be titrated to give incorrect results. This
difficulty could be avoided by making certain that the

delivery end of the tip was 1-1/4 inches below the surface
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of the solvent before o run was begun. Thus when the bottom
liquid layer is removed in sampling the top solvent inter-
face does not fall below the delivery end of the tip.

The 0.1 N NaOH used for the titrations was pre-
pared carbonate free and standardized with potassium acid
phthalate.

When the samples requlired less than 10 ml. of
titrant, a graduated and calibrated 10 ml. burette was

used for greater accuracye.

Procedure for Column #2

In using column #2, the special glass section
(see Figure 8) was never used alone. Another section of
glass plpe was always jolined to this section in making an
experimental run.

The first runs were made at the lowest column
height. The six inch length of glass pipe was joined to the
special glass section. A piece of rubber tubing sbout
2 inches long was plsced on the vent arm on the special
section and its end was closed with a vinch clamp. This
ascsembly was then attached to the column support. In
attaching the assemblies of column #2 to the column
support, three clamps were used, one around each stopcock
and another half way up the top section. Stopcock B was

closed and stopcock A opened; the column was then filled
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with solvent until within 1/4 inch of the top of the column.

The caplllary tip to be used in the feed device
was cleaned in the same way as described in the procedure
for column #l. The feed device was also used in exactly
the same way as that previously described. The liquid
levels in the feed device were the same as those already
indicated. At the start of the run the feed device wes
lowered in the same way as already described until the
delivery end of the tip was about 1-1/4 inches below the
surface of the solvent. As a matter of fact, the entire
procedure as far as the feed device is concerned 1is

identical for both columns.

"F1fty drops were allowed to fall through the
continuous pnase. These drops fell through the column and
passed through stopcock A and collected just above the
closed stopcock B. The drops in falling did not always
vass through the open stopcock A without touching the sides
of the special glass section. In many cases the falling
drops actually hit on the sides of the special section
where these sides taper down to meet stopcock A. It must
be emphasized that these drops did not break here nor did
they even cling to the sides after striking them. Their

contact with the sides of this section Was very short=lived.
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The drops actually bounced off these sides after striking
them and then continued down through stopcock A. The
breaking of a drop as a result of its collision with these
sides was never observed.

When the last of the drops had passed stopcock A,
this was closed. Then stobcock B was opened and the chamber
between the two stopcocks was drained. Thils sample was then
analyzed for its acetic acid content.

The above procedure was repeated for different
column heichts. The column height was varied by attaching
different lengths of glass pipe to the special slass section..
The cclumn height was measured from the delivery end of the
carillary tip down to the lower side of stopcock A. This is
necessary because the solvent in the bore of stopcock A
remains there when this stopcock is closed. This liquid is
not drained when s topcock B is opened. (This point will be
made a little clearer in the section on sampling which
follows).

During the course of a run the column height and
drop formation time were measured but the time of drop fall
was not measured. The time taken by a drop in falling a

siven height may be determined by reference to the data

obtained with column #1.
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The procedure described above was used for all
the different solvents and in the case of isopropyl ether
and methyl isobutyl ketone two different drop sizes were
studied. Runs were again made in duplicate or triplicate.

The solvents were used twice, just as described
in the section concerned with column #l. When the acidity
beceme greater than 0.04% by welght, the solvents were
treated for acid removal.

When column #2 was first used, a leak was detected
in stopcock A. The solvents would leak out around the
barrel of this stopcock when operating at the highef‘column
heights. It was felt that this was due to the fact that the
surfaces of this stopcock were not in intimate contact. This
stopcock was dismantled and some carborundum was mixed with
silicone stopcock crease to form a paste. This paste was
placed between the contacting surfaces of the stopcock and
the barrel was carefully worked between the open and close
vositions for each quadrant of the stopcock. This apparently
removed the rough spots and thereafter satisfactory operation
was obtained. Silicone stopcock grease was used in both
stbpcocks on this column. This stopcock grease is attacked

by the solvents used but the action is not very rapid.

Sampling and Analysis: Column #2

After all the drops had fallen past stopcock A,

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



119.

the latter was closed. Stopcock B was opened and the
chember between the two stopcocks was drained. The pinch
clamp on the rubber tubing on the vent line was opened and
by means of a wash bottle with a 6 inch capillary delivery
tube the chamber was washed out with water. The delivery
tube of the wash bottle was a piece of glass tublng that

had been drawn out considerably and cut to the proper size.
This delivery tube could be inserted into the vent arm and
its diameter was such that it sxtended almost into the
chamber to be washed. The chamber was thus washed completely,
the washings being caught in the same sampling flask as the
contents of the chamber just previously drained. These
samples were then analyzed by titration with 0.1 N NaOH.
This gives the amount of acetic acid in the drops just after
pagsing stopcock A. It is true thet the drops continue to
lose acetic acid to the solvent in passing from stopcock A
to the point where they collect at the top of stopcock B

but this acetic acid is detected in the titration since the
entire contents of this chamber are drained for analyslis.
The solvent contained in the bore of stopcock A is not
drained since when stopcock A is closed the solvent is still
contalned in the bore of the latter. The drops, however,

in passing through the bore of this stopcock lost solute Lo

the solvent therein. This is the reason why the column heizht
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is measured from the delivery end of the capillary tip down
to the bottom side of stopcock A, The titration then gives
the amount of acetic acild contained in the drops just after
passing stopcock A.

It is obvious that the samples obtained in the
above procedure contalned the fifty drops of acetic acid-water
solution, (which have lost some acetic acid) the solvent
which was contained in the chamber between the two stop-
cocks and the washings. The titration then was made in
the presence of two layers. This, however, does not affect
the accuracy of the titration as was shown by analyzing
known samples. The indicator was added and the end-point
was taken as the first appearance of pink in the water layer

after considerable shaking.

Speclal Deta on Analysis of Ethyl Acetate Solutions:

In making the runs with ethyl acetate as the solvent,
a very unfortunate observation was made. It was found
impossible to titrate, accurately, the amount of acetic acid
convained in the samples. Since the samples obtained using
column #2 always contained appreciable amounts of the solvent
as described above, it was impossible to determine the
correct acetic acid content in the presence of ethyl acetate.
¥hen the samples were Titrated, the ethyl acebtate itself

was hydrolyzed to acetic acid and ethyl alcochol. This reaction
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was catalyzed by the NaOH used as titrant and probably
auto-catalyzed by the acetic acid. The results, of course,
of this titration are incorrect. In an attempt to remedy
the situation ethyl aslcohol was added to the samples before
titrating them but even this nrocedure failsd. In running
known samples, even when ethyl alcohol was added to suppress
the hydrolysis, the amounts of sodium hydroxide required to
reach the end point were in excess of those required for the
known acetic acid content of the samples.

This unfortunats circumstance was not anticipated
and 1t was dlscovered too late 1In the research to select
ancther solvent in place of ethyl acetate. The results
rerorted in the runs for ethyl acetate are approximate,
however, since certain corrections were made. In'the first
prlace, it is felt that the runs made with column #1 are
correct since the titrations were made in the absence of
this solvent. The results of column #2 were corrected by
running known samples. The sodium hydroxide required in
excess of the known acetic acid content of thess known
samples was calculated. The known samples were so chosen
as to approximate the sanples obtained in the experimental
runs. In analyzing the sawuples made in the actual experi-
mental runs then, the titratlons were corrected by subtracting

the appropriate amounts of sodium hydroxide as obtained in
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the analyses of the known samples. The results are not
accurate, however, but it is felt that this procedure enables

the results to be looked upon as fairly approximate.

The circumstance just discussed is the reason why
the ethyl acetate system was not studied in more than one

drop size as were the other solvents.

Washing the Solvents

As already mentioned the solvent employed in making
experimental runs was used twice. At this time‘the acidity,
as acetic acid, was over 0.04% by weight. When this situation
existed the batch of solvent was treated to reduce its
acidity.

This was done by washing The solvents with approxi-
mately 0.5 N sodiuwn hydroxide. This washing was carried out
batch-wise in a 2 gallon cork-stoppered bottle. This bobttle
was half filled with the sodium hydroxide solution and then
about 3 liters of the solvent was placed in the bottle. After
vigorous shaking the contents were allowed to settle which
requlred about 3 minutes. Then about 2 liters of solvent
were poured out of the bottle and replaced by 2 liters of the
solvent to be treated. This procedure was repeatsd until
the batch of solvent had been washed. The final separation

of the contents of the washing bottle was made by means of a

2 liter separatory funnel.

Then, the solvent which had been washed with 0.5 N
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sodium hydroxide was next washed with distilled water using
the same procedure as described above. The product of this
washing was then allowed %o stand over calcium chloride for
48 hours to dry it. The solvent was then filtered through
cotton and was ready for reuse. The acidity as acetic acigd
was less than 0.02# in all cases.

The above washing procedure could not be used for
the ethyl acetate due to the hydrolysis which would take
place. The treatment of this solvent for acetic acid
removal was never necessary, however, because the original
batch of 5 gallons was sufficient for all the runs periormed
using this solvent. However, at the end of the experimental
werk this solvent was treated for acetic acid removal prior
to returning it to storage. It was washed batchwise with

1.5 N Napl0z and then with water and dried over Drierite.
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Experimental Results and Calculations

The datza obtained with columns #1 and #2, tips #1
and #2, using the procedures just described are presented in
tabular form in the appendix.

The main objective of the present research was the
determination of the relationship between the amount of
solute extracted and column height. The results of the
experimental work rerresent such a relationship and are
presented in the following tables.

These results are presented to indicate the amouns
of solute extracted at certain column heights with the
different solvents emnloyed. The results are presented in
such a way as to include all tﬁe vertinent information in
egach table. This pertinent information is presented at the
top of each table.

Table 1 contains the results obtained with column
#1, tip #1 vsing the three solvents. Percentages of extrac-
Gion are listed with the corresronding column heights.

Table 2 contains the results obtained with column
#2, tip #1 using the various solvents. Percentages of
extraction are listed with the corresponding column heights.

Table % ceontains the results obtained with column
#1, tip #2 using isopropyl ether and methyl isobutyl ketone,
Percentages of extraction are listed with the corresponding

column heights,
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Table 4 contains the results obtained with column
#2, tip #2 using 1sopropyl ether and methyl isobutyl ketone.
Percentages of extraction are listed with the corresponding

column heights.

Tables 5 and & contain the results obtained with
isopropyl ether and methyl isobutyl ketone using different
tips. Runs were made at a definite colﬁmn helght but the
drop formation time was varied (see sppendix). These results
may be internreted by referring to the information at the
top of egch of these tables.

The results presented in Tables 1, 2, 3, 4, 5, 6
are plotted in Figures 11, 12, 13, 14, 15, 16, 17, 18, 19.
Figure 20 was plotted from the data contained in the appendix
and represents the relation between drop fall time and
column height for the different systems and drop sizes.

(The dispersed phase was always 1.06% N acetic acid solution).

Figures 21 thrcugh 23 represent ithe relation
between the amount of acetic acid extracted and the time of

drop fall.
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Sample Calculstion: Table 1, Run #1
Volume of feed = 6.22 = 3.82 = 2.40 ml.

Initial acetic acid = 2.40 x 1.060 = 2.54 milli-
equivalents

Final acetic acid = 22.40 x 0.C974
= 2.18 milliequivalents

Acetic 4cid lost = 2.54 - 2,18 = 0.36 milliequivalents

AN
o~

l

Percent Extracited = —

0. . ,
STis * 100 = 14.2%

N
>

The celculations can also be made in terms of
acetic acid lost per drop but the percent

extracted, of course, 1s the same.
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TABLE 1 =~ Column #1; Tip #1; Tempersture = 25°C + 1°C
50 drops of acetic acid solution used.
Isopropyl Ether Methyl Isobutyl Ketons Ethyl Acetate
Column Percent Column . Percent Column Percent
Run No.: Height (in.) Extracted Run No. Height (in.) Extracted Run No. Height (in.) Extracted
1 3 1/4 14.2 29 3 1/4 2644 54 3 1/4 3645
2 3 3/8 14.6 30 31/8 27.3 55 3 1/4 37.9
3 3 1/4 13.3 31 31/4 29.4 56 31/4 38.5
4 3 1/4 13.6 32 9 1/4 42.5 57 3 1/2 37.9
) 9 1/2 20.1 33 9 1/4 41.0 58 31/ 3740
6 9 3/4 19.2 34 9 3/8 42.5 59 9 1/2 54.1
7 20 1/4 29.6 35 14 50.8 60 9 1/2 53 42
8 20 28.9 36 14 1/4 5040 61 9 1/2 48,7
9 20 28.5 37 20 58.4 62 14 1/2 6343
10 20 29,4 38 20 58.8 63 14 1/2 63.5
11 27 1/4 3645 39 27 1/4 6743 64 20 1/2 75.1
12 27 1/2 35.8 40 27 3/8 67.8 65 20 1/4 7543
41 27 1/2 68.2 66 27 1/2 82.1

AN
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TABLE 2 = Column #2; Tip #1; Temperature = 25°C + 1°C
50 drops of acetic acid solubion used.

Isopropyl Lther Methyl Isobutyl Ketone Ethyl Acetate
Column Percent Column Percent Column Percent
Run No. Height (in.) Extrected Run No. Height (in.) Extracted Run No. Height (in.) Extracted
13 8 10.9 42 8 24,7 67 8 1/4 33.5
14 8 11.7 43 8 25.1 68 8 1/4 38.6
15 8 12.5 44 8 23.9 69 8 37.0
16 8 12.2 45 13 1/2 36.2 70 8 37.2
17 13 1/2 17.6 46 13 3/4 3545 71 8 1/4 38.1
18 14 17,9 47 13 3/4 35.3 72 13 3/4 53.4
19 14 17,8 48 20 1/4 46.8 73 13 3/4 53 .4
20 20 23.8 49 20 46.3 74 13 3/4 53.0
21 20 23.6 50 20 1/4 47.1 75 20 1/4 66.5
22 20 23.9 51 25 3/4 53.8 76 20 6445
23 26 27.4 52 25 3/4 53.1 77 20 65.6
24 26 2740 53 25 3/4 53.7 78 25 3/4 73.0
25 26 28.0 79 26 3/4 73,0
26 25 1/2 28.2 80 25 3/4 7240
27 25 2746
28 25 1/2 27.9
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TABLE 3 - Column 7#1; Tip #f2; Temperature = 25°C + 1°C
Isopropyl Ether Methyl Iscbutyl Ketone
(80 drops of acetic acid solution used) (90 drops of acetic acid solution used)
Column Percent Column Percent
Run No. Height (in.) Extracted Run No. Height (in.) Extracted
81 3 13.6 100 3 1/8 28.2
82 3 1/8 15.5 101 5 1/8 28.0
83 3 1/4 15.6 102 3 1/a 2744
84 3 1/8 13.6 103 9 3/8 43.2
85 9 1/4 22.4 104 9 1/2 44,2
86 9 1/4 22,5 105 9 3/4 44.0
87 20 32.4 106 14 1/2 53.5
88 20 33.3 107 14 3/8 54.1
89 26 3/4 3943 108 14 1/2 53.2
90 26 3/4 39.1 109 19 7/8 63 .4
110 19 7/8 61.8

*631
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TABLE 4 -~ Column #23 Tip #2; Temperature = 25°C + 1°C
Isopropyl Ether Methyl Isobutyl Ketone
(80 drops of acetioc acid solution used) (90 drops of acetic acid solution used)
Column Percent Column Percent
Run No., Height (in.) Extracted Run No. Height (in.) Extracted

91 8 1/4 13.8 111 8 24.8
92 8 1/4 12.7 112 7 3/4 29,1
93 8 1/2 15.1 113 8 24,0
94 8 1/2 14.8 114 8 1/4 26.9
95 14 1/2 20.3 115 8 1/2 27,1
96 14 20,5 116 8 3/4 27,3
97 26 32.8 117 14 37.5
98 26 1/4 32.9 118 13 3/4 38.0
99 26 1/4 32,7 119 14 37.5

120 13 1/2 38.3

121 13 1/2 39.9

122 13 1/4 38.1

123 25 1/4 58,4

124 25 3/4 58,0

125 25 3/4 57,7

*0eT
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TABLE 5 - Column #l; Column Height = 3 inches (approximately)
Temperature = 25°C + 1°C

Isopropyl Ether Methyl Isobutyl Ketone
(Tip #1; (Tip #2;
50 drops of acetic acid solution used) 85 drops of acetic acid solution used)
Drop Drop
Formation Percent Formation Percent
Run No. Time (sec.) Extracted Run No. Time (sec.) Extracted
126 | 1.3 14.3 147 0.7 28.0
127 1.3 14,7 148 0.8 2842
128 1.3 13.4 149 0.8 29.4
129 l.4 13.6 150 0.8 26.7
130 2.0 12.0 1561 1.5 29.5
131 3.5 11.6 152 3.0 34.2
132 340 14,9 153 3.0 29.4
133 240 13.2
134 4ed 14.2
135 349 13.0
136 1.3 14.8
137 1.3 13.0

*TeT
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TABLE 6 - Column #2; Column Height
Temperature = 25°C + 1°C

= 8 inches (approximately)

50 drops of acetic scid solution used)

Isopropyl Ether

(Tip #1;

Methyl Isobutyl Ketone

(Tip #2;
90 drops of acebic acid solution used)

Drop

Formation Percent

Run No. Time (sec.) Extracted
138 1.2 11.7
139 1.2 12,5
140 1.2 12.2
141 l.e 11.7
142 1.0 12.0
143 2,9 12,9
144 4,5 13.5
145 4,3 12.7
146 1.2 10,2

Drop
Formation Percent
Run No. Time (sec.) Extracted
154 0.8 26,9
156 0.8 27.1
156 0.8 | 273
157 1.9 273
158 1.6 26,9
159 1.9 27.6

* 221
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RESULTS AND DISCUSSION
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The ultimate results of the present research depend
on an interpretation of the calculated results presented in
the previous section. The calculations made with the
experimental data (see appendix) have been presented
graphically in the preceding figures. It is the inter-
pretation and discussion of these graphs which constitutes
the maln object of the present section.
he curves presented in Figzures 11, 12, 13, 14
and 15 have been extrapolated to zero column height. The
intercepts so obtained represent the amount of soclute
extracted during drop formation and breaking or during drecp
formation only depending cn the column used. It will be
recalled that in the extrapolation to zero column heisht of
the results obtained using column #1, the intercept
revresents the amount of solute extracted durins drop
formation nlus drop breaking. On the other hand, the inter-
cept obtained by extrapolating the results obtained with
column ;#2 represents the amount of solute lost during drop
formation only. The reasons why these extrapolations lead
to two separate results have been presented in the discussions
concerned with column dasisn,

The intercepts obtained in Fisnre 12 vrepresent the
amount of solute extracted durinsg drop formation only with

each of the solvents, i.e. the amount of solute transferred
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in stage 1. The intercepts of Fizure 11 represent the amount
of extraction which occurred in stage 1 plus stage 3, i.e.,
during drop formation and during drop breaking. By subtract-
ing the value of the intercevt in Figure 12 from that of
the corresponding intercept in Figure 11 the amount of
extraction occurring during stase 3 only is obtained.

Using the above method of infternretation the
following valunes for the amount of solute lost during stage 1
and stage % were obtalned. The amount of solute extracted
1s obtained as the percent of the total solute content of the
original drop.

Percent Acetic Acid Extracted

Stage 1
Lrop plus
Solvent Diameter Stase 1 Stage 3 Staze 3

Isopropyl Ether 0.451 cm 59 114 6%
0.35% cn 5e 11% 7
Hethyl TIsobutyl 0.406 cm 8% 21% 13%
“ebone 0.%42 cm 84 21% 13
Ethyl Acetate 0.406 cm 174 28% 119

These values indicate that for the two different
drop sizes studied with isopropyl ether and methyl igsobutyl
ketone the rercent of total sclImte, ver drop, extracted
durinc~ drop formation is the same in each case. OF course,
the actual amount in moles is different but the nercentaces

of the total are equal. It is Aifficult to eXplain this
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observation until more is known of the mechanism of drop
formaticn. It seems advisable to determine, first of all,
when the sclute is actus2lly lost during drop formation. #ith
this information, then, some insight into this mechanism may
be obtained. For instance, if the solute 1s lost as a

result of the "meck" of liquid springing back to the tip

<

(see page 155) then the amount of solute lost during stage 1

may be some function of the size of this "meck! of liquid
and this may account for the above observation. "The same
applies to the percent of solute extracted during stage 3,
This behavior may be due to the fact that the same volume of
feed solution was used in both cases, 1.8., in the study of
the two different drop sizes, the volume of fesd solution
delivered into the continuous pvhase was the same in each
case although the number of drops differed in order to
obtain this slfuation. It is felt that a definite quantity
of solute is adsorbed at the bottom interface and since the
volume of the feed solution employed in each case was the
same the percent of the total solute lost dufing stage 3
would be expected to be the same despite the difference in
drop size.

The vercentage of the solute lost during drop
formation using isopropyl ether, methyl isobutyl ketone and
ethyl acetate is 5%, 8% and 177 resvectively. These values

are much less than the values reported by Sherwood, Evans

and Longcor (23) for the extraction of acetic acid from
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methyl isobutyl ketone with water with the former rhase
disnersed. The difference here is undoubtedly due to the
difference in the direction of extraction. It is expected
that it is more difficult to extract acetic acid from water
with methyl iscbhutyl ketone than to extract acetic acid from
the ketone with water. No contradiction exists here: the

differences are due almost entirely to the differences in

is)
ot

ct
0]

s 2 ~ 2 — T oy s * L] b N -1 -
dirsctions of extraction. Nore snscifically, they are

W
'_
]

due to the differsnces in adhesional force as discussed
previously. When adhesional force was discussed, the above
obssrvation was actually predicted.

The amount of solute extracted during stage 2 1is
obtained from Fizure 1l. The intercept in‘this case
represents the amount of solute extracted during stane 1
plus stage %. The curves for the different solvents
represent valnes of total solute extracted in the three stazes
versus column height. In determining the amount of solute
transferred during stage 2 then these curves are referred to
at a given column height. The reading of the ordinate is
the total amount extracted. The intercept of the respective
curve ls substracted from the ordinate readins obtained which
thms ~ives the amount of solute transferred during stage 2
alone. Again, this amount is ziven as a percent of the
total solute present in the drop originally. The actual

number of moles of solute transferred may be calculated using

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



151.

the value for the acetic acld oresent initially.

The effect of drop siée on the amount of solute
extracted is indicated in Fijures 1% and 14. *Two solvents
were emnloyed, isopropyl ether and methyl isobutyl ketone.
The curves obtained for both drop sizes studled are plotted
on the same graph to illustrate the effect of drop size.

In both these fizures the extrapolation to zero column height
vields the same inftercept for a given solvent despite the
variation in dron size. In these Figures the curves for the
smaller drop size lie above those for the larger drop size.
This indicates that for a ziven column height a greater
percentage of the total soluts content is extracted when
using the smaller drop size. This is not unexpected and is
due to the increase in transfer area. The tables of data
{see appendix) indicate that when different drop sizes were
studied the volume of feed solution used was approximately
the same in each case. Of course, more drops had to be used
when the smaller dron sizes were studied. This alsc is
indicated in the tables of data. TFor a given volume of feed
solution, therefore, more transfer areaz is made available by
using a smaller dropo size. This, then, accounts for the fact
that the curves for the smaller drop size lie abovs those
for the larger drop sigze.

A further analysis of Figures 11 through 15 leads

to some rather interesting observations. In the first place,
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the curves in Figures 1% through 15, for a gilven system and
drop size, plotted from the results obtained with columns

#1 and #2 are parallel. This implies that the percent of
the total acetic acid lost during stage %3 1is independent of
column height. This is again probably due to the adsorption
which occurs at the interface as discussed on page 149. 1In
the second place, the curvature of the curves in these Figures
is instructive. The curves for the isopronyl ether system
are linear which indicates that the amount of solute trans-
ferred ver unit increase in column height is censtant up to
a column heicht of 30 inches. This occurs despite the fact
that the concentration driving force decreases as the column
height incresses. Thils, however, is not the case with the
other systems studied. The amount of solute transferred per
unit increase in column heizht gradually decreases after a
certain column height is reached. This is thought to be due
to the decrease in driving force caused by loss of solute
from the drops.

Ficures 11 throush 15 may be used to compare the
three solvents as fér as their abhility to extract acetic
acid from water is concerned. Theoretically, such a
comparison should be made only when all the systems are
studied using the same drop size. A strict comparison here

is therefore not nossible since it was not convenient to

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



bring about such a condition. An approximate comparison can
be made, however, inasmuch as the drop sizes employed in the
methyl isobutyl ketone and ethyl acetate systems are almost
identical. Marthermore, the smaller drop size used in the
iscpropyl ether system is not very much different than the
larger dropn sizes used in the other two solvent systems. An
approximate comparison of these three solvents is therefore
vossible. Referring to Fisures 11 through 15, it is seen

that the solvents arranged in a decreasing order of effective-
ness are as follows: ethyl acetate, methyl isobutyl ketone,
isopropyl ether. This order is z2lso maintained when the
amounts of solute extracted during dren formation are compared,
althoush it does not seem to hold for stare 3. Furthermore
the slones of the curves in these figures indicate that

column height has a greater effect on the amount of solute
extracted when methyl isobutyl ketone and ethyl acetate are
used than when isopropyl ether is used.

A comparison of the amounts of solute lost during
stage % cannot be made due to the fact that the curve in
Figure 12 for ethyl acetate is questionable. The reason for
this has already been discussed and was seen to be due to
the inabillity to titrate for acetic acld in the presence of
ethyl acetate. This inability was due bto the hydrolysis of
the ethyl acetate. The titration values actnally observed

in obtaining the data for this series of runs were corrected
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to take care of the hydrolysis. This has been discussed in
the appendix. Despite the use of the corrected values, 1in
the case of the ethyl acetate, it is felt that the resulbs
are not more than 2% off. These results then, can be and are,
used only to serve as approximations. In the comparison

made above, the results of Figure 11 using ethyl acetate were
used since these were not afrlfected by the presence of ethyl
acetate.

The above comparison of the three solvents is
quite interesting and is also in accord with a statement
made by Johnson and Bliss (1&), that a spray tower ~ives
better results wlith a sysvem of low interfacisl tension than
with a hizh interfacial tension system. Apvroximate methods
for estimating interfacial tension indicate that the values
for the ethyl acetate and methyl isobutyl ketone systems are
higher than that for the isopnropyl ether system. This order
is the same as that given above when the three solvents were
compared and seems to corroborate the work of the above authors.
Figures 16 throvugh 19 indicate the effect of drop
formaticn time on the amount of solute extracted. The daba
in these figures were all obtained at a ziven column height.
The results of this dsta imply that the amount of extraction
obtained at a definite column heicht is independent of drop

formeticn time in the ran-~es studied. In other words,
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increasing the drep fermation time does not result in propor-
tionate incresses in the amount of solute extracted at any
one column height. This resvlt is quite unexpected and
suscests keeping the drop formation time at a mipimum. This
methed of operation would obviously increase the capacity or
throughput of the svray tower without a proportionate decrease
in the tetal amount cof sclute extracted.

The above results seem to indicate that the solute
is lost zs the drop detaches 1tself from the tin. TIf this
is truve, then the amount of solute lost during drop formatlon
would bhe independent of fhe drop formation time. This
explanatlion seems %o be in line with the observation that
the diffusion currents leaving the drop were more intense
just after the dreop detached itself from the tip. This
observetion was discussed in the secticn devoted %o photo-
zravhy. The photeographs presented show the stem of liguid
Just at detachment. This elongated section of liquid was
also shown %o spring back to the face of the tip. The solute
may quite possibly be lost as a result of the collisior of
this sten of liguid with the face of the tip. The impact of
this collision may well cause ejection of the solute. As
previously mentioned the photographs of drop formation failed
to indicate the diffusion currents asround the dropn during
this period. TFinal verification of the exact time at which
the drop loses its solute muszt await more delicate vhotographic

techniques.
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Ticure 20 represents a plot of drcep fall time versus
column height. The data for all the systems and drop sizes
studied lead to straigh®t lines on this chart. This, of
course, infers that the drons fall with a constant velocity.
Since the lowest column helght studied was % inches, it must
be concluded that the falling drops attain their terminal
or maximun falling velocity within the first three inches
after detachment from the tip.

It is interesting to note in Figure 20 that the
smaller drops of the disnmersed vhase (1.063 W acetic acid
solution) fall through a civen solvent with a hicher
veleocity than the larzer drops. This is true in the case
of i1soproryl ether and methyl iscbuiyl ketone. Since all
other conditions were the same this represents an nunexpected
occurrence. It was expected that smaller drons of the feed
solution would fall throuch a riven solvent with a2 slower

N

velocity as 1s the case with soligd spheres; The exyxlanation
of this phenomenon is discussed in the section concerned
with a study of drop behavior.

The results plotted in Iigures 11 throush 15 with
the aid of Figure 20 are replotted in Figures 21 through 23%.
These Figures renresent the relation between the amount of

solute extracted and the time of dron fall. It was felt that

a proper comparison of the different sclvents used shoulé not
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be made at constant values of column height but rather at
constant valnes of the time of drop fall. This latter
quantity represents the time of contact, hence a compariscn
made in terms of this variable gives some insight into the
rates of extraction. Fipures 21 through 23 have been extra-

olated to zerc time of drop fall. The intercepts obtained
are the sasme as those previously obtained in Figures 11
threugh 15. Thess intercepts alssc represent the same
quantities 2s the intercepts of Fisures 11 through 15 inas-
much as a zero time of drop fall corresponds slse to a zero
cclumn height.,

The slore of the curves in Figures 21 through 23
indicates the amount of solute extracted per second of
contact time. A compariscn of the solvents based on these
"gures leads to the same results as previously noted, i.e.
the solvents arranged in a decreasing order of their effective-
ness are as follows: ethyl acetate, methyl isobutyl ketone,

isopropyl ether.

The Calculatlion of Uverall Transfer Coefficients¥

The data obtained during the exrerimental runs made
1% possible to calculate values of overall transfer coefficients.
The coefficients csloulated below are for the falling period
only, i.e., stage 2, since this is the only stage of extrac-

tion for which the transfer area is known. BEven in stage 2

s+ See Addendum, Page 205, for the calculation of overall trans-
fer coefficients for stage 1.

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



158.

several approximations are msde which allow the transfer
area Lo be calculated. These are that the drops are spherical
and that their surface ares is not reduced due to the loss
of solute.

The values of the overall transfer coefficients
for stage 2 were calculated using equation 21. These
calculations were made using the curves of Figures 11 through
'15 and were applied to single drops. In making these
calculations i1t was necessary to select & representative
drop volume. The tables of data (see Appendix) indicate that
the drop volumes for a given system varied slightly through-
out each series of runs. It was necessary. therefore, to
select an average or representative drop volume for each
system. The curves then in Figures 11 through 15 were assumed
to apply te this representative drop volume chosen for eadh
system. The drop area was then calculasted for each dron
volume selected and values of the overall transfer coefficient
for stage 2 were then calculated based on a single dron.
These calculations were based on the water phase and were
made for different column heichts. The values obtained are
listed below; the tabulated calculations are ziven in the
Arpendizx.

In the calculations presented below the following

procedure was employed in obitaining values for the overall
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transfer coefficients for stage 2: the initial amount of
acetic acid per drop was obtained by mmltiplying the
representative drop volume by the normality of the feed;

the ecetic acid lost per drop during dreop formation was
obteined by multiplying the initial acetic acid per drop by
the proper intercept of Figure 12; the amount of acetic

acid lost per drop during drop breaking was obtained in a
similar manner; the total amounﬁ of acetic acid lost per
drop for a given column height was obtained by multlplying
the initial amount of acetic acld per drop by the ordinate
on the proper curve in Figure 11 corresponding to that
column height; thé amount of acetic acid lost ver drop
uring stage 2 was obtained by substracting that lost in
stage 1 plus stage 3 from the total amount of acetic acid
lost per drop; the amount of acetic acid per drop at detach-
ment was obtained by subtracting the amount of acetic acid
lost per drop during stage 1 from the initial amount of acetic
acld ver drop; the amonnt of acetic acid per drop at the end
of stage 2 was obtained by subtracting the amount of acetic
acid lost per drop during fasll from the amount of acetic acid
per drop at detachment; the drop concentration at detzchment
was obtained bv applyinc a conversion factor to the values
for the amount of acetic a2cid per drop at detachment in

milliequivalents; the drop concentration at the end of stage 2
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was obtained in a similar manner; the drop fall time was
obtained from Figure 20; the pound moles per hour per droo
transferred during stage 2 was obtained by applying a
conversion factor to the values for the milliequivalents of
acetic acid lost per drop during stage 2; the concentration
driving force was obtained by assuming the concentration in
the continuous rhase to be zero, as 1%t very nearly was;:; the
driving forces then at the topr and at the end of stage 2

were taken as being equal to the drov concentrations at

those points: the overall driving force used in the calcula-
tion of overall coefficients was taken as the arithmetic

mean of the driving forces at the top and bottom of stage 2
when the ratio of these driving forces was 2reater than two,
the losarithmic mean was used; values of Ky were then
calculated by dividing the value of the pound moles of sonlute
transferred per hour by the product of the drop area in sa. ft.

and the overall driving force in pound moles ver cu. ft.

Sample Calculations

Table 22 (apnendix); 20" column height
Revresentative droo volime = 0.048 milliliters
Drop area = 0.686 x 10-3 rt2
Concentration of feed solution = 1.060 W

Initial Acetic =cid per drop = 1.060 x .048 = .0509 milli-

equivalents
Acetic acid lost per drop during stage 1 = .0509 x .05 =
.00254 milliequivalents

'
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Adcetic Acid lost per drop during stage 3
= ,0509 x .06 = .00305 milliequivalents

Total acetic acid lost per drop
= 0509 x .295 = 0150 milliequivalents

(29.5% was obtained from Figure 11 for
Isopropyl Ether at a 20 inch column heizht)

Acetic Acid per drop lost during stage 2
= 0150 - .00305 ~ .00254 = 0.0094 nmilliequivalents

Acetlic Acid per drop at detachment
= .0509 - .0025 = 0.0484 milliequivalents

Acetic Acid per drop at end of stage 2
= .0484 - .0094 = ,03%390 milliequivalents

Drop concentration at ton of stage 2

62.4
= .0484 x 5w T = 0.n6pa 1ib. moles

Drop concentration at end of stage 2

02.4
0.04¢ x 1000

lb. moles
i vpe

0.0%20 x

= 0,0507

Fall time = 3.4 seconds (Figure 20)

W/® 1b. moles per hour of solute transferred

0.0024

= 0.00703 x = =219x 10=5 1b. moles per hour
Ac - (0.0629 - 0) + (0.0507 - 0)
2
,q 1lb..moles
= 0.0 O\J — s
2 ££5
Yy for stage 2 = __W/8 - 2.19 x 1075

A xAC 0.686 x 10-% x 0.0568
= 0.563 1b. moles/hr. ft2 1b. moles/Fft3
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The values of the overall transfer coefficients
for stage 2 calculated at various column heilishts are listed
below in Teble 7. (See Appendix for calculations).

These values are plotted as a funetion of column
heizht in Figure 24. In the isopropyl ether system the
coefficlents increase slightly with column height., This is
true for both drop sizes. Table 22 for this system indicates
that ths pound moles transierred per hour remains approxi-
mately constant for the different column heights. Since the
transfer area also remains substantially constant, the
effect must be due to the concentration driving force. The
fact that the cverall transier coefficient increases is
due to the fact that the overall concentration drivinz force
decreases with column height (see Figures 25 and 26).

The values of tThe overall transfer coefficient are
seen to be only slishtly affected by varying drop size.

The values obtained in the methyl isobutyl ketons

system seem to be in agreement with those reported by

Sherwood, Evans and Longcor (23). (See section on Analysis
of Previous Research Articles). The difference betwseen the
value presently obtalned and that revnorted by the abhove
authors 1s due to the differences in the direction of
extraction and also due to the fact that these suthors

report the value for the ketone system as Ky instead of Ky o
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These values, of course, are interrelated by the distribution
coefficient.

The Ky values for the ethyl acetate system are
questionable due to the fact that the results of Ficure 12
were used in their calculation.

Figures 25 and 26 show the acetic acid concentra-
tion of the drops during stage 2. These plots were made
from the calculations concerned with the overall transfer
coefficients of stage 2. The drovp concentration is seen to
decrease with increasing column height. The horizontal

line on each grarh vepresents the drop concentration at the

start of stage 2, i.s., just after it has been detached from

the tip.

Note: See Addendum, Page 205, for the calculation of overall
transfer coefficlents for stage 1.
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TABLE 7~ Calculated Values of Overall Transfer Coefficients
For Stage 2 At Various Column Heights

Column Height,Inches

Ky

Ky

5 10 15 20 2b 30

— Sant . v Aatn e L

Isopropyl Ether System;Representative Drop Volume = 0.048 ml.
0.5456 0,537 0.585 0,563 0,578 0.594
Isopropyl Ether System;Representetive Drop Volume = 0.0295 ml.
04583 04693 0.602 0,617 0.638 0.€59
Methyl Isobutyl Ketone System;Representative Drop Volume = 0.035 ml,
0,928 0.966. 06995 0.98& 0.283 -
Methyl Isobutyl Ketone System;Representative Drop Volume = 040210 ml,e
0.965 0,980 1,01 1,05 1.01 -——
Ethyl Acetate Systemj;Representetive Drocp Volume = 0.0352 ml,

0,941 1.01 1.090 1.14 1.11 —————

*l9t
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ANALYSTS OF PREVIQUS RESEARCH ARTICLES
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The experimental work with spray towers reported
by other authors has been concerned primarily with the
calculatlon of overall transfer coefficients expressed
either as Ky or Kya. These coefficients were calculated
using equations similar to equations 21 and 22. This, of
course, 1is the standard, present day practice in reporting
the performance of extraction columns. The coefficients

calculated by these authors have actually been overall-column,

overall exbtraction coefficients inasmuch as the existence

nto

jde

of three separats stages of extraction was not Taken

acecount. The calculations of these coefficients were based

A}

on the inlst and exit column streams. Furthermore, the

{2

caleulation of values for Ky regquired the use of an ares
ternm which was undoubtedly wrong. The area employed was
that of the drops falling or rising through the tower. Such
an area 1s incorrect on two counts. First of all because
the transfer area during drop formation is variable and
secondly, the area during stase 3 is unknown. The calcula-
tion of values of Kya is egually objectionable inasmuch as

a specific area coefficient "a" is employed. These latter
coefficients have the further disadvantace that the effect
of operating variables on the Ky and on the "a" %term is not

indicated or distinguished.
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It seems desirable, therefore, to review certain
of the important research articles concerned with spray
tower operation and attempt to analyze the results revorted
therein. Three such articles have besn selected and will be

discussed below.

1) ¥lzin and Browning (12).

A study of the extraction of acetic acid from water
with isopronyl ether and of acetic acid from isopropyl ether
with water.

These authors present a curve showing the effect
of the dispersed phase flow rate on Kywa. The value of Kya
is shown to increase with increase in the dispersed phase
flow rate. Of course, a freat deal of this increase 1n Kya
is brouzht sbout by the lncrease in the svecific area
coefficient "a¥ which is nroduced. The effect then of the
dispersed phase flow rate on Ky is obscured. The curves
presented in this article also show that Kya is hizher, for
a slven direction of extraction, when the phase receiving
the solute is dispersed.

The effect of the inlet acetic acid concentration
on Kya was also studied with the isonropyl ether disperssd.
When the acetic acld was Dbeing extracted from the ether
the values of Kya were found to be almost unaffected by

variations in inlet acid concentration. FHowever, when the
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acetlic acid was being extracted from the water the values

of Kwa increased with increase in inlet solute concentration.
The different effects in this case are probably caused by
the variations in the specific area coefficient "a. When
the acetic acid concentration in the water is increased, the
dispersed drops are smaller and hence for a siven dispersed
phase rate the value of "a' is increased. ithen the acetic
acid is in the isopronyl ether, however, this condition does
not exist and "a" is not changed by changes in the inlet
solute concentration (see section entitled "A Study of Drop

Pehavior").

2) Sherwood, Evans and Longcor (23).

4 study of the extraction of acetic acid from
benzene and methyl isobutyl ketone with water. The benzene
and ketone phases were dispersed and rose throusgh the water
phase.

Values of Ky (transfer coefficilent based on ketone
rhase) and Kp (transfer coefficient based on benzene phase)
were calcnlated as a function of drop diameter and inlet
solute concentration. It was found that the values of K
increased with increasing drop size and also that for a given
drop size Ky was greater than K. Furthermore it was found
that variations in acid content of the inlet ketone had no

effecyv on Ky, but that Ky for a given drop size increased
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with increase in inlet solute concentration,.

The value of Xy for a drop size having a diaumeter
of 0.405 em. was found to be 2.2 1lb. moles/hr. (sg. ft.)
(1b. moles/cu. ft.).

This stvdy also was concerned with the amount of
extraction occurring during drop formation. Their results
indicated that 407 of the sclute present in the dron
oricinally was lost during drop formetion. This was found
to be the case for both systems studied. Dropr formation
time was about 0.4 seconds. The solute concentration in
the benzene was 0,00374 1b. moles/cu. ft. and that in the

retone was 0.060% 1b. moles/cu. ft. Drop diameters were 0.3G cm

and 0.29 em. in the berzene and Zetone systems respectively.

%) Johnsen and Bliss (18).

A study of the extraction of acetic acid from water
with methyl isobutyl ketone and from methyl isobutyl ketcne
with water.

Their results show that Kpa (the overall transfer
coefficient based on the ketone pvhase) incrsases with increasing
diswnersed phase rates. This again 1s probably larcely due

g, The effect of the dispersed

to the increased value of
phase flow rate on Ky is obscured.

This article also confirms the work of Elsin and

8

Browning (12) regarding the effect of inlet solute concentration.
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Values of Kpa increase with increasing inlet solute concen-
tration in the water phase. This effect has already been
explained and is probably due to the increase in "al.

The experimentzl resulis have led ths esuthors to
prorose certain rules rejarding the proper phase to disperse
for most efficient operaticn. Whenever one flow rate is
considerably in excess of the other, the rhase with the
higher flow rate should be dispersed because such disversal
results in a greater interfacial area. When the flow rates
are very nearly equsal, disperse the vhase receiving the
sclute. This is based on the fact that when extraction
is from the continuous phase to the dispersed phase coalescence

erfacisl area at a maximum.

<t

was small, thus keening the in
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SPECIAT, RELATED TOPICS
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The Calculation of Licuid Diffusivities

It is often necessary to interpret diffusion
processes in terms of diffuvsion coefficlents. The experi-
mental determination of these values is tedious and hence
several empirical methods of calculation have been boroposed.
These methods are smnloyed below to calculate the diffusion

ceefficients rertinent to ths present research,

The diffusion cosff:

¥

cient of ligquid solutes in
liquid solvents may be estimated by the following ecuation

oroposed by Arnold (2):

where
D = the diffvsion coefficient of solute 1 in
solvent 2 in cm?®/sec.
B = a constant equal to 0.0100 at 20°C and
0.00918 at 15°C.
i1 = molecular weight of solute
Mo = molecular weight of solvent
Zp = viscosity of solvent in centivpoises
S = the sum of the cube roots of the molecular
volumes trns, 3 = (le)l/B + (Vm2)1/5
The units of molecular volume are ce¢/zrem mole

41, A2 = abnormallty factors for ths solute and solvent

respectively, no units.
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Acetic Acid in

176.

Water

o

—
’_l
|

D

= 60 VMo

1.27 Ao = 4.7 (see (2).
1.0 centipoise _

1o

= 1.06 x 1079 em2/sec. at 20°C

This is in fair agreement with the experimental value of

0.95 x 10~5 cmi/sec. (22).

Acetic Acid in

Isopropyl Ether

Assume Ay

N
o
i

Acetic Acid in

= 1.27 and Ay = 1.00

0.379 centivoises

= 60 lp = 102

D = 2.5 x 10-5 cmz/sec.

liethyl Isoputyl Xetone

Assume Al =

Z2
My

]

]

Acetic Acid in

1.27 and Ap = 1.00
0.546 centipoises
60 Ko = 100

D = 2.20 x 10~ cm?/sec.

Lthyl Acetate

Assrme Ay =
4o =
Ny =

1.27 and Ap = 1.00
0.455 centinoises

60 Mo = 86

D = 2.71 x 10=5 om?/sec.

The diffrsivities of acetic acid in the above

solvents have not been determined experimentally hence their

veglues must be

calculated as above. Another empirical method

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



177

for estimating liquid diffusivities has been proposedAby
Wilke (26) but the results of this method are about 30%
higher than the results calculated above.

The diffusion coefficients of acetic acid in the
three solvents studied are seen to be approximately equal

but 21l are higher than that for acetic acid in water,

The Newman Equation

Several authors especially Sherwood, Evans and
Longecor (2%) have employed the Newman Equation in an attempt
to explain certain results of spray tower work concerned
with liouid-liquid extraction.

Newman (1Q) has developed thecretical equations to
exnress mathematically the Adrying of solids having different
shapes. These equations apply to that portion of the drying
time in which the surfaces are substantially dry and
evaporation takes place gs rapidly as licuid can diffuse
from the interior to the surfaces. Fick's Law is applied
to the transfer of water vapor and surface resistance is

assumed negligible. TFor svheres the expression is as follows:

72 Dpe 472D 8 -n2y-2Dp 8

2 2 2
a
=0 e + 1/4 ¢ & + oeee. 1/m2 e B

m* d
where B is the fraction of solute remaining in the sphere
after time 6 ‘

D is the diffusion coefficient
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8 is the time
a is the radius of the sphere
n is the term number in the series
Applying this tec extraction, E becomes the fraction
of extractable solute left unextracted. It 1s not entirely
correct to apply this ecuation to the extraction which occurs

during drop formation since the radius of the drop is

Jo

increasing. This calculation, however, is interesting since

=

experimentel values have been determined as previovsly

discussed.

Sample Calculation:

Tor purvoses of illustration the runs made using

column #1, tin #1 and iscprcpyl ether will be employed. In

" o—23 !

4

{

this case the drop radius in its final form is 0.220 cm.;
drop formation time is 1.% seconds; the diffusion coefficient
for acetlic acid in water is 0.95 x 105 cmg/%ec. (22).

Using ten terms of the =above expression F is found
to be 0.94. The agreement between this value and the valuve
of 0.95 as experimentally determined is astonishing.

The eguation, however, is of little uvse inasruch
gg no account at all is tallen of the solvent. In other
words the above calculation would have yielded a value of E
ecual to 0.94 regardless of the solvent employed. That this
would not be the case has already been found experimentally.
The agreement obtained above rmust, therefore, be considered

coincidental.
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The Ilkovic Equation

Tn polarography, the Ilkovic Equation expresses
the current flowing into a drop of mercury forming on the
end of a caplllery tip as a function of several variables.

This equation has the form
i = constant (nF) ¢ (v')2/3 pl/2 41/6

- —
where i = current, am

ercs

[

n = valence of ion under consideration

T = Raraday's constant - 96,500 coulombs

C = cnncentration outside drop

V! = volume rate of increase of drop

D = diffusilvity of ion uvnder consideration

in liquid media used

t = time, seconds
The value of the constant used in the above ecuation depends
on the units of concentration, volume rate of increase of
drop and diffusivity.

This ecuation for the dropping mercury cathode
shows that the current increases with the sixth root of the
time cduring the life of the drop. It is thus possible to
calculate the instantaneous current at any time t, which is
flowing into the forming drop.

Thils mechanism is similar to that of solute transfer

during drop formation in spray tower operation. It should
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be possible fo formulate a similar eguation for this process
thus,

¥ = consbant C (V')Z/5 Dl/2 51/6

where M = instantaneous rate, moles of solubte transferred
per nit time

C = concentration of snlute outside drop
V' = volume rate of increase of drop

D = diffusivity of solute 1in licquid media outside
drop

t = time of drop formation

This eguatiocn should make it possible to calculste
the moles of solute being transferred at any time t. By
integration of this eauation over the drep formatlion time

the total amount of solute transferred during drop formation

W = constant C (V1)2/% pl/2 $7/6

where W = total moles of solute transfsrrzd during drop formation.
The above eqgquation, however, would be expected to

apply, if at 2ll, only to diffusion occurring from the

continuous phase into the dispersed phass.
Furthermore. it seems necessary to modify this

equation in scme way to include the diffusivities of the

solute in both vhases., In any case this seems s lozical

starting voint for further study.
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A 3tudy of lron Behavior

Literature references concerned with the formation
of licuid drcps in a second licuid immiscidble with the first
are scarce. Further studr i1 this regard seems desirable.
The present research concerned as it was with drop formation
may easily serve as the foundation for such a study.

Some insight into this subject, in the absence of
detailed laboratory research, may be had from a stndy of

the formation of liquid drops in alr. Hsuser, Edgerton, Holt

1

and Cox (15) have made such 2 situdy =nd employed an incenious
rhoto~raphic technique to record the mechanism of drop
formation. Their description of dron formation is 28 follows:

"The dron cgrows lonzer and larzer on the end
of the tip. Instability sets in and a neck
forms between the nart of the drop remaining
on the tin and the vpart that eventually falls
off. This neclz zrows lonzser and narrower
untll the drop finally separates. At this
noint the drop is slishtly ellipsoidal with
the long axis vertical. The neck of liguid
connecting the two rarts of the drop narrows
down %o a point at the roint of separation.
The main drop then separates and owing to

the slizht tension cavsed by attachment to
the stem, 1t flattens out scmewhat immediately
after separation takes place. The main
oscillation is marred slishtly by secondary
oscill=ations set up at the same time, so that
the drop assumses somewhat irre-mlar shanes
though the main effect is a sinzle oscillation
about its form of equilibriwum,; 2 sphers. The
neck of remaining liquid segments at first
into a series of nearly equal«sized nodes.

In all cases ovserved, the stem of water
coalesces rapidly into cne dron. OCther sub-
stances give more secondary drons.”
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The above mechanism is very much the same as that
observed when liquid drops arz formed in liquids (the two
liguids must, of course, be immiscible). The photograrhs
presented earlier Indicate this fact very clearly. The
nhenomenon of secondary drop formation was also ovbserved as

described in the section dealing with the calibration of

)J-

the feed device. The appearance, disappearance and regprearw
ance nf secondary drops as described 1in that section are,
however, unexvlained.

.

The subject of drop formation is gquite comnlex.
The more important factors which seem to affect the size of
a drop formed at a tip ars: +t1ln diameter, head of licuid,
surface Tensions of the two liquids, and the densities and
viscositlies of the two liguids. ‘The effect of surface
tension or interfacial tension on dron size was illustrated
in the Preliminary Expseriment #6 where it was shown that a
hisk interfacial tension leads to lsr-e drops while a low
interfacial fension 1eads‘to small drons.

on

'_Jo

rowning (12) report that dispers
of isopropyl ether of relatively hizh acetic acid concen-
tration in water gives large drops whereas dispersion of
acid free ether into water of apprsciable acid concentration
produces small drops. Thais shows the effect of the surface

tensions of the two phases on drop size., The presence of
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acetic acid in isopropyl ether affects its surface tension
very little hence avproximately the same drop size will be
obtained whether the acetic acid concentration of the

dispersed isopropnyl ether 1s low or high. As a matter of

fact, nure isopropyl ether dispersed in water will cive

inrs appreciable acetic acid merely because the acetic acid
has little effect on the surface tTension of this solvent.

It seems, therefore, that the difference in surface tension
between the two liquid phaseé has a pronounced effect on
drop size. This point is further illustrated by considering

the dro

S

sizes produced when water of different acetic acid
content is dispersed in isooropyl ether., Fizure 27 shows
the drop sizes obtained when water containing different

n different sclvents,

|

amounts of acetic acid is disnsrsed
Note that as the scldity increases the drop size decreases.
Note, further, that as the acetic acid content increases the
surface tension of the water phase decreases thus aporoaching
that of the solvent. This figure further substantiates the
above postulate that the difference between the surface
tensions of the two liouild phases has a pronounced effect on
drop size. A direct proportionality seems to exist between
these two variables. (The data presented in Misure 27 were

obtained using tip #1).
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While working with ethyl acebate the effect of
another variable on dropn formation was indicated. In the
discussion concerned with the materials to be used in the
present research 1% was pointed out that a C.P. 99.5% grade
of ethyl acetate had to be employed rather than the 85%
~rade. Operation with the latter was found to be impossible.
When the feed solution (1.063 N acetic acid solution) was

s A miva ethv]l sests o e o
versad in the purse ethyl acetate the drops ormed

}-

1]

ai
individually and periodically. The drop formation time was
about 1.1 seconds and the drops could be counted very
easily. This of course was at a certain liguid level in
the burette. However, using the same liguild level in the
burette and dispersing the same feed solution in the 859
zraede of ethyl acetate an entirely different situation was
obtained. The feed solution was emitted from the delivery
end of the tip very rapnidly and 1t was found imnossible to-
elther measure the dron formation time or count the drops.

Furthermore, it was found impossible to reduce the liaquid

level in the burette enough to remedy this situation. This

1

o

O

precluded the use of & ethyl acetate in the present experi-

By o
ment and hence the 99.5% ;srade was emnloyed. As previously

€

dicated the imourity in the 5% zrade ethyl acetate is

1%
t
V)
(]

15% of ethyl alcohol. The effect then of the physical

propertiies of the continuous phase is clearly illustrated.

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



136,

The unusual behavior here is probably due to the effect of
viscosity. The ethyl alcochol impurity affects the surface
tension and density of the ethyl acetate only slightly but
alters its viscosity appreciably. Although this explanation
is open to dispute the fact remains that impurlities which
affect the nhysical properties of the continuous phase also
affect drop formation in this phase. The need for a compre-
hensive study of all the factors affecting drop formaﬁion
in liquid-liquid systems still exists,

The factors affecting the falling of drops have
also been studied but little. The development of an

nz or falling velocity of ligquid

}‘JD
g

squation to express the ris
drops in liquid media would be of considerable interest.
Here azaln, however, the problsem is a complex one wilith many
factors influencing fthe prhenomsnon to be studied. The

observatlons made in the preliminary exveriments of this

paper pointed out that the rise and fall of liguid drops do

ct
<t

no ake place smoothly. Drops in falling or rising are

1t

deflected perlodically from their vertical paths which, of

course, reduces their anperent velocitiss. Furthermore,

ct

hese drops are vibrating constantly which also undcubtedlvy
affects their velocity. Iliobt only does this constant

vibrating affect the longitudinal dimension of the drop but

it also necessarily affects it latitudinally. 1In srreement
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with the observations made by Hauser, HEdgerton, Holt and
Cox (15) for liquid drops fallins through air, it was found
here that liguid drops falling through liquids also seem %o
oscillate about their form of eguilibrium, a sphere. The
intensity of oscillation (both frecuency and amplitude) was
observed to be dependent upon several varlables. For
instance, the larcer the drops the more intense the
oscillation; also the physical properties of the continuous
phase seem to affect this oscillation. Drops falling through
ethyl acetate were sesn to oscillate very little as compared
to the drops falling throuch isopropyl ether.

Exprressions for calenlating the velocity of fall
or rise of liquid drops in limiid media are few. Accurste

expressions do not exist. Bond (4) and Zond and Newton (5)

jay

ave maGe & ratvher limited study of this subject and have

presented the following expression, which is merely a modifica-

tion of Stoke's Law.
V::J.:. .‘?‘:(f’-f)gaZ
k 9 AL
where v is the terminal velocity o¥ the drop, i.e., the

velocity which it ultimately attains., This is
e hiczhest velocity the drop can obtain under
2 ~lven set of conditions.
L' is the density of the liguid in the drop

F is the density of the continuous phase
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2 is the radius of the drop
c is the acceleration due to szravity
A 15 the viscosity of the liguid in the drop

4% is the viscosity ol the continuous phase

2/% + Atjie
1 + Al

(consistent units must be used throughout)
Applying this equation to the case of drops of
1.063 N acetic acid falling through isopropyl ether:

~tt ! = 1 centipoise = .000672 lbs./ft sec.

}

.379 centipoise = .000255 lbs./ft. sec.
f ! = 62.4 los./ft3
f = 125 x 62.4 1bs./ft3

£ = 32,2 ft/sec?

- 0148 ..
e > ft.
k = 0.908

The calculated v is about 24 ft./sec. In contrast to this
the observed velocity was 0,492 ft/sec. This work by Bond
and lewton postulates that for any drop radius appreciably
less than a certain critical value the drop bshaves almost
like a ricid sphere. This is prokably true since as the
drop diameter decreases the intensity of oscillation also

decreases thus allowing the drops to fall smoothly.
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It is felt that the equation nropeosed by the above
authors is net applicable here inasmuch as viscous flow
conditions were not realized in the present experiments.
furthermore, the equation proéosed by Bond did not take into
account mass transfer which also would prevent this equation
from being directly applicable to the present work. It is
nrobable that the drops studled in this research were much
sbove the critical drop size mentioned above. Indeed, it
was ohserved that the smaller drops studied fell fester than

-

the lerser drops. Thies behavier has besn discussed previously.
It is interesting to anpply to the present problem
the thecry developed for the settling of solid spheres in
licuids. This theory is fnlly discussed by Waller, Lewis,
licAdams and Gilliland (24). This sopplication will be
11lustrated usinz the data of Table 1, Run 1.
volume ner drop = 0.045 cem?

diameter per drop = 0.45 em = 0.0148 ft,

SV. £r. of ethsr = 0.725
viscosity of ether = 0.377 centipoises = .000255 1bs./
t/sec.
velocity (Fi~ure 26) = 5.9 in/sec. = 0.402 ft./sec.
Feynolds Number of I'allin< Dror
2e. Vo, = 2 n P _ .0148 x 0.402 x .725 x 62.4
e .000255
Re. No. = 1200 (This indicates turbulent motion)
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In calculating the eshove Reynold's Number the
observed velocity of fall was used. It i1s alsc rossible to
calculate the velocity of fall which weculd be possessed by
spheres of a ~iven size. (See Walker, Lewis, lcAdams and

C1l1liland (24).

£ (Re. Wo.)2 = L& D3P (g% - £)
3 AL
£ (Re. N0.)2 = 1.66 x 100

from ¥isure 99 (24),
Re. lo. = 2500
and the falling veloclty is found to be 0.95 ft./sec.

The calculated fallin~ velocity is thus zreater
than the observed velocity. This is probably due to the
fact that attractive forces undoubtedly act on the licguid
drops due to mass transfer and also to the fact that the
drops are not svheres. It misht also be due to the fact
that the falling drops are being deflected during their
descent which slows them dcwn considerably.

If the equation for falling velocities in turbulent

flow is emnloyed (24)

Pea—

W = K, FD(ﬂff—.P)

where Ke = 1.74 for sphercs, the velocity is found to be

1\

1.0% ft/sec.

Kg for falling disks is ziven by (24)
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where t = Thickness
D diameter

Il

The value of Xe for disks is much lower than Xg for spheres
hence this would lead to velocities much closer to the
observed. Since the drops in fellins have a disk-like share,

the nse of the latter value of Xg seems more advisable,

Forces Acting on a TFalling Drep

If the Talling drops are assumed to be spherical,
it is possible to develop a theory similar to that developed
for solid particles falling in & finid medium.,

When e sphere of liguid fells throush another liquid

' 6

[}

where b i1s the droo dlametsr

J5 is the density of the liquid in the drcp
¢ 1s the scceleration dne to gravity
2) the buoyant force

i b = Z__}Q_z*f.‘_:;;

where J’ is the density of the continuous phase

WH
~

the resistapnce dras which, assumins Newton's Teaw to arnly, is

~ 2
Rl = __Al‘—..‘{‘:ﬁ“ y_

2
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where is a constant - "drag coefficient®

>

is the frontal area of the drep

is the density of the continuous vhase

= S

is the velocity of fall

4) the retarding influence (due to solute transfer) ceaused
by the attraction of the continuous phase for the material
of the drop. This has not been evaluated but may be

represented by R2.

a

The net resultant force acting downward is Fg - Fp.
In falling, tke drops assume a veloclty that
causes the forces acting on them to balance. This veloclity
is called the "free-settling velocity" or the "terminal
velocity". Thus,

Ry + Ro = Fg - Py

X APV o _ ZDPo (K- £

2 6

whence

y2 - 2 702 c (fe= L)
= - R
k Af 6 2

This ecuation indicates that in falling, the drops
assume a velocity which 1s less then that calculated by
Wewton's Law for freely fallinc spheres.

It is possible to solve the previous equation for

the Term Rpj
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2T 6 2

Letting k = 0.43 as originally pronosed by Newton, this
eauation can be used to calculate the attraction of the
centinuous phase Tor the disversed.

Using the data on Table 1, Run %1,

7(.0148)7 32.2 (.275) 62.4 _

Ro = 5
0.43 x 7 (.0148)2 (.492)2 .725 x 62.4
: 8
= 937 x 1070 - 4.01 x 1074
= .000937 - .000401 = .000536 IE: Eounds
55 secC
Rp = T.41 dynes

Similar calculstions can be made for the other
systems stndied and using the different drop sizes empleyed.

These calculations lead to the following values of Ro:

Droo :
System Diameter (cm) Rp (dynes)
Isopropyl Ether 0.451 741
, 0.36% 5.53
Metrhyl Tsobutyl ¥etone 0.406 3.04
B ” | 0.3%42 1.7
Tthyl Acetate 0.406 1,62

These values are cuite reasonsble and their dimensions are
the same as surface tension (or interfacial tension) times

distance in centimeters. Further study along these lines seems

desirable,
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The complexity of the forces acting on falling
drops of liquid is further illustrated by reference to
7ioure 20. Note the velocity of fall for different size
drecvs in isopropyl ether. The smaller size drops actually
fall faster than the larger drops. This is somewhat
unexpected inasmuch as larze spheres of solids fall faster
than smaller svheres. The reason for this unusual occurrence
in the case of llquid drops 1s probably attributable tc the
oscillations taking place in the falling drops. As mentioned
nreviously these oscillations decrease with decreasing drop
diameter and hence the retarding effect which these oscillations
undoubtedly exert also decreases. It is expected that a
drer diameter exists below which normal behavior exists, i.e.,
decreasing the drop dismeter results in decreased falling
rates. This is in accord with the observations made by Bond
and Newton (5) as already mentioned.

Fisure 28, prevared from the data obtained in the
present research indicates the velocity of fall of liquid
dreps at different column heights. Note that the dreops
attain thelr terminal velocity within thres inches after
their detachment from the tip. This fact is also indicated

by the straight lines in Ficure 20.

2
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SUMMARY AND CONCLUSIONS
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The mechanism of solute transfer in spray towers
was studied. A theory wés ororosed which postulated the
existence of three separate stages of extraction. Stage 1
is during drop formation; stage 2 begins at the moment the
drop is detached from the delivery tip and ends when the
dron strikes the bottom interface: staze % involves the

nrocess in which the drops break across the bottom interface.

-

The operating variables which seemed to effect each of tThe
stages of extractlon were discussed.

Exrerimental work was undertaken to prove the
existence of the three separate stages of extraction. A
feed device was designed by which the feed solution could be
delivered dropwise into the continuous prhase. This feed
device also made 1t possible to measure cuite accurately the
velune of the drons delivered into the continuous phase.

The extraction of acetic acid from water with iso-
vropyl ether, methyl isobutyl ketone and etnyl acetate was
studied. The acetic scid-water solution was 1.063 N and was
the dispersed phasa. This dispersed vhase fell throuzh the
solvents during the exnerimental runs.

fwo s»ecial columns were designed and employed in
obtaining the necessary experimental dats. The data obtained
made 1t possible to nrove the existence of the three separete

stages of extraction and also to evaluate the relative

importance of each of these stages.
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The amounts of acetic acid lost during drop
formation, i.e., during stace 1, using isopropyl ether,
methyl isobutyl ketone and ethyl acetets were found to be
57, 8%, and 17% resrectively. The value for the methyl
isobutyl ketone system is much less than that reportad
earlier by Sherwood, Evans and Longcor (23)., The difference
here is thousht to be due to the differences in . the

direction of extractlion. These authors studied the extrac-

o

tion of acetic acid from the ketone.

The amounts of acetic acid lost during stage 3
using isopropyl ether, methyl isobutyl ketone and ethyl
acetate were found to be 6%, 13%, and 11% respectively.

The explanation of this phenomenon is nrobably that the
solute 1s adsorbed at the bpottom interface.

The experiments with isopronyl ether and methyl
isobntyl ketone were repeated for two different drop sizes,
The experimental results indicate that the same percentage
of the solute is extracted during stare 1 irrespective of
drop size. The same anpliss to sta-e 5. The percentages
of the solute extracted wers calculated on the basis of the
solute present in the drop orizinally.

The solute extracted during staze 2 could be
calculated by referring to the zravhs nlotted from the
experimental data. The effect of drop size on the extraction

occurring during stage 2 was indicated. It was found that
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for a given volume of feed solution more solute was extracted
when the smaller drops were employed. This was to be

expected and is due, of course, to the increase in the

transfer area.

Values for overall transfer coefficients based
on the waber phase were calculated for stage 2, i.e., the
falling veriod. The falling drons wers assumed to be

hese

=]

spheres end the trensfer arss was calculated.

[

coefficlents were calculated for an individual drop so thast
the transfer area was equal to the surface area of a sphere.
These coefficients were calculated a2t various column heights
and a plot of these czleulations was preparsd. The values
were seen to vary slishtly with column height. In the iso-
nropyl ether system this was thouzht to be dvue to the fact
that the concentration driving force decreased with column
height while the amount of solute transferred per unit
time remained constant with column height. The values of Ky
for methyl isobutyl ketone and ethyl acetate were higher than
those for isopronyl ether, indicating the superiority of
these two solvents. Drop size was ssen to have 1little effect
on the overall transfer coefficient of staczs 2%

A study was made of the effect of drop formatlion
time on the total amount of solute extracted. TIn these runs

the column heisht was kent constant. Drop formation time

was seen to have no affect on the amount of golute extractsd

% See Addendum, Page 205, for calculation of overall transfer
coefficients for stage 1.
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at a given column height. This resulf susrests lkteening drop
formation time at a minimum.

The thres solvents weres compared as far as theilr
ability to extract acetic acid from water was concerned.

This compariscn indicated that the solvents should be arranged
in the followins order of decreasing effectiveness: ethyl
acetate, methyl isobutyl ketone, isopropyl ether. This order
remains the same 1f these systems are arranged in a decreasing
order of interfaclal tension values, This corroborates the
statement made by Johnson and Bliss (18) regardinz the

effect of interfacial tension on spray tower oneration.

The time of drop fall was measuvred in all the
svstems studied. These data indicate that the drons attein
their terminal velocities within the first three inches of
their fall. FUrthermore, it was found that the smaller drops
of the feed sclution fell more rapidly through the continuous
phase than the larger drops. This is thousht to be due to
tre oscillations occurring during drop fall. Tt is thousht
further that a critical drop size exists below which smaller
drons fall with lower velocitiss.

Photographs were presented showing the different
stazes of drop formation. At detachment of the drop, the
drop was seen to be slishtly ellipsoidal with its lonz axis
vertical. The stem of liquid springs back to the tin Just

after the dron» is detached.
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An analysis was made of previous researcn articles
vhich pointed out the precautions to be observed when
employing values of Kya. The effect of increasing dispersed
rhase rates and inlet sclute concentrations on the specifilc
srea coefficient "a" was discussed.

Certain spnecial topics related to extraction were

considered. A study of drop behavior was included in this

&
¢t

o Al a1
gsection. Drop size was o be affected by such varisbles

&)

e¢e

e

as tip diameter, head of liquid, density of the dispersed
phase and the continuous nhase, the surface tensions of

both 1liquid phases, viscosities etc. 1I% was shown experi-
mentally that the difference between the surface tensions of
the two phases has a nronounced effect on dron size. As the
surface tension differsnce decreases the droo size also
decreases. The factors influencing the rate of drop fall
were also considered in this section.

The pressnt thesis has nointed out some very
important concepts. The existence of three separate stages
of extraction in spray tower operation has been firmly
established. It is felt that the recognition of these three
stages of extraction and an understanding of the factors
which affect them will lead to a proper interpretation of
spray tower operation. |

It 1s interesting to compare the values of Ky

obtained previously for stasze 2 with overall coefficients
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calculated over the entire 3 stazes. Values of the overall
transfer coefficients over the entire % stages were calculated
for the isopropyl ether and methyl isobutyl lketone systems
using Tables 22, 23, 24 and 25 and Fisures 21 and 23. These
calculations were made for a drop formation time of 1 sec.

% and for a drop fall time of 3,4 seconds in all cases. Ky for

the isopropyl ether system was found to be 0.70 1b. moles/hr.

ih
ct
I

1b. moles/ftd for both drop sizes; for the methyl iso-
butyl ketone system Ky was 1.31 for a dropo diameter of 0.406 cm
and 1.24 for = drop diameter of 0.3%42 cm. Compare these
values with those listed in Table 7.

Tn the present thesis it was impossible to study
211l the factors which affect the three stages of extraction.
Several of these factors have been evaluated and their effects
have been discussed. The sextrection occurring during stace 1
ig Independent of drop size. AT least, this is true of the
percentage of fthe total solute content of the drers. The
extraction during this stage is also uvnaffected by drop
formation time. Short dror formation times result in the
same amount of extraction as do longer dron formation times.
The only factor studied in staze 2 was dropr area which of
course was &s expected. TIncreasing transfer area resulted
in increased amounts of exbtraction. A4 dirvect pronortion

A.are

-~

seerls to exist here. The factors affecting stare
difficult vo evaluate. The amount of sclute lost in this

stage was, nevertheless, si-nificant.
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ADDENDUM

Page 110, line 1

The layer was drained immediately at the end of
each run. However, it was found that the amount of solute
extracted was not affected if this layer was left in
contact for appreciable lengths of time. A run was made in
which the layers were left in contact for two and a half
hours before the water layer was drained and analyzed.

The results were found to be unaffected.

The Calculation of Overall Transfer Coefficients for Stage 1

Overall transfer coefficients for stage 1 were
calculated in much the same way as the coefficients for
stage 2 (see page 158), using equation (21) modified as
described below.,

The term M/6 was evaluated as follows: +the initisal
acetic acid per drop was obtalned by multiplying the drop
volume by the normality of the feed; the amount of solute
lost during drop formation was obtained by multiplying the
value of the initial acetic acid per drop by the appropriate
ordinate intercept of Figures 12, 13 or 14. The drop
formation time was then employed to calculate the 1b. moles

of solute transferred per hour during this stage.
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The concentration of the drop at the beginning
and end of stage 1 was cslculated in a manner similar to
that employed for the calculations concerned with stage 2.
The area term was used 1n the form of an integrated
mean area. The ares increases from zero to a maximum during
this stage and since the volumetric feed rate is constant
it was possible to develop an expression for the areas as a
function of drop formation time, thus, assuming the drop to

be spherical at all times:

2/3 ( dV) 2/3

)T

where A is the area of the drop in cm@

T 2/3

av is the volumetric feed rate in cm5
aT sec.

T is the time of drop formation in seconds.
Since the above equation expresses the surface area of the
drop as a function of time, it is possible to calculste an
integrated mean area of the drop for its period of drop

formation. The method of calculation 1s as follows:

-
Ay (T-O):/AdT

(-}
whencs
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av \ 2/3
1 5 2/5 (&)

_ T
T ~0 - ) (l ) 1/5
@ 4 7T

This value was converted to £t2 and used in the following

v 2/3 ar

eguation:

M/8

Ky =

It was possible to use the arithmetic mean concentration
driving force asithe change was not appreciable.

These calculations led to the following resulis
for Ky for stage 1 (see Table T72). The units of Ky are
1b moles hr™t £t2 L 1b moles f+™3, or simply ft/hr.

The overall transfer coefficients for stage 1
are larger than those for stage 2 (except for the larger
drop size in the methyl isobutyl ketone system). This is
thought to be due to the convection currents set up within
the forming drop causing rapid mass transfer. During stage 2
these convection currents are less intense and hence the
bransfer coefficients are less. A situation might exist,
however, when the coefficient for stage 1 would be less than
that for stage 2. This would be true 1f the drop formatilon
time was increassd to such an extent that the convection

currents during drop formation would be less than those during

stage 2.
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The results presented in Table Ta clearly indicate
the effect of drop size on the overall transfer coefficients
for stage 1. A marked increase is noted with decrease in
drop size whereas the coefficients for stage 2 were found
to be substantially independent of drop size. It is felt
that as the drop size decreases there is more convection
currents set up within the drop during its formation and
hence mass tranafer is much more rapid (assuming of course
equal volumetric feed rates). Thus the oversll transfer

coefficients increase with decreasse in drop size.
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TABLE 7a =~ OQOverall Transfer Coefficients for Stage 1
M 5
Drop 6 (= 10%) Mean Area ( C) mean
Solvent Size (em.) 1b moles/hr. £t2 g 109 1o moles/ft3 Ky, ft/hr.
Isopropyl Ether 0.451 1.55 0.41 0.0845 0.585
Isopropyl Ether 0.383 1.55 0.297 0.0845 0.81
Methyl Isobutyl
Ketone 0406 1.83 0.336 0.0637 0.855
Methyl Isobutyl
Ketone 0.342 1,79 0,243 0.0639 1.15
Ethyl Acetate 0.408 3.88 0,337 0.0607 1,90

*602
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APPENDIX
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411 the dats contained in this sectlon were obteined
with either column #1 or column #2. The procedures followed
in obtaining these data were as previously described. Two
different capillary tips were used in connection with the
feed device. Tin #1 was used in obtaining the larger drop
sizes and tip #2 for obtaining the smaller drop sizes.

In the tesbhles of date which follow, each table
renresents a series of experimental runs using a definite
column, solvent and capillary tip on the feed device. It is
to be neoted that ths duplicate and trinlicate runs at =
ziven column height have been included.

In all the runs made the normality of the feed
solution was 1.063 ¥. [(1.06C W being used in Tables 8, 14
and 15).

The datza is presented in such a manner that all
the information pertinent to a given series of runs is ~iven
at the head of each table. This information includes:
column used (#1 or #2); sclvent used; capillary tip employed
in feed device; normality of feed solution and finally the
nunmber of drops of feed sclution allowed to fall throush the
solvent in each run. The initial bturette height employed
is easily determined from the second column in each table.

The temneratures of the fead solution and solvent
were taken before each set of runs. All runs were made ab

a temperaturc of 25°C + 1°C,.
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Tables 8 through 17 indicate that the column
heichts were varied within each series. ‘Yhus a relation
between the zmount of solute extracted and column height
was obtained. Tables 18 throuch 21, on the other hand,
represent seriss of runs in which the column heights were
congtant and the drop formation time was varled. This was
an attempt to show the effect of drop formation time on
the amount of extraction oceurring during drop formation.

The nrocedure used in obtaining the data of Tables 18 through
21 was exactly the same as that previously described, the
only difference being that at the start of a run the stoo-
cock on the feed device was‘not opened all the way. The

time of drop formation for these series of runs was varied

by varying the amount by which this stencoclt was opensd during
each run. Drop fzll times were not measured. Tt was assumed
that these wonld be aporoximately equal since the column

heighte emrloyed were anproximately the same.

The runs made in obtaining the data of Table 18
were made using the 50 ml. burette instead of the 10 ml.
hrette, As a matter of fset, these runs were made before
the 10 ml. burette was obtained. It was not felt necessary
to reveat these runs using the 10 ml. burette since they
seem to serve the purpose. It is admitted that the accuracy

is low when using the 50 ml. burette but the accuracy is not
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low enouzh to oprevent this series of runs from serving their
purpose. Furthermore,_the results obtained with this burette
compare favorably with comparable runs made with the 10 ml.
burette.

The following is an explanation of the items
anpesring in the followling tables. The initisl burette
reading 1s the licuid level height which was read in the
burette on the feed device before the start of the run.

The finel burette reading is the reading chtained after the
number of drops, indicated at the head of each table, had
been dellivered from the tip. The volume 1s the difference
in the two burette readings. The drop volume may be
calculated by dividing this fisure by the number of drops
indicated at the head of each table.

Drop formation time was measured as The time

between successive drop detachments from the tin. Drop fall
time has slready been explsined. Column height has 2lsc been '
exvlained.

The valuve for the initial acetic acid is obtained
by multiplying volume by normality of the feed solution.

Sodium hydroxide used is the amount recuired in
the analysls of the samnles obtained in each run (See Samnling
Procedure). In some runs, a'25 ml. aliquot was withdrawn
and titrated. These runs are indicated by prefixing a (25)

before the value for the sodium bydroxide uvsed.
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The normelity of the sodium hydroxide used in
titrating the samples is civen in the column following the
volume of base used.

Talues for the final acetic acld content are
caleulated by multiplying the volume of the base used by its
normality, the answer being in milliecuivalents. In the runs
in which the volume of base used has a (25) prefixed to it
e speclal calculation is needed. The product of the volume
the base uvsed by the normality mst further be multiplied
by the factor

50 + volume of feed solution

25

(The wvolume of feed sclution 1s obtained from the fourth
column in the table).

Tn runs 67 through 60 the values for the volumes
of sodium hydroxide used in each case have already been
corrected for the hydrolysis of the ethyl acetate., This has
been discussed previously. The titration values originally
obtained were decreased by 1.25 ml. and are listed in their
proper places. The value of 1.25 was obtained by running
sariples of known acetic =2cid content and finding that in the

titrations 1.25 milliliters of 0.1104 normzl sodium hydreaxide

were added in excess.,
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Sample Calculation
To find values for final acetic acid:
Run #1
Volume of NaOH = 22.40 ml
Wormality of base = 0.0974
Final acetic acid = 22.40 x 0,.0974
= 2.16 milliequivalents
Volume = (25) 7.39
Normality = 0.0925
Volume of feed = 1.81

Final acetic acid = 7.39 x 0.0925 x 0 251'81

1.415 milliequivalents

1]

Values for the acetic acid lost are obtained by
suttracting the final acetic acid from the initial, the

answer being in milliecquivalents of acetic acid.
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TABIE 8 - Date on Total Extraction of Acetic Acld
Column #1; Tip #1; Isopropyl Ether
Normality of Feed = 1,060; 50 drops used
Drop Volume = 0,048 ml,
Initjal Final Volume Drop Drop Initial Final Acetic
Burette Burette of Formation Fall Column Acetic NeOH Normality Acetic Acid
Reading Reading TFeed Time Time Helght Acid Used of Acid lost
Run (ml.) (ml.) (ml.) (sec.) (secs) (in.) (m.e.) (ml.) Ne.OH (meee) (m.s.)
1 382 6422 2.40 1.3 - 31/4 2.5 22.40C 0.0974 2.18 0.36
2 3.81 6.21 2,40 1.3 - 3 3/8 2.54 22,30 0.0974 2,17 0437
3 3.79 6,20 2,41 1.3 - 31/4 2,85 22,73 0.0974 2,21 0.34
4 3484 6.19 2,35 1.3 0.55 3 1/4 2.49 22,08 0.0974 2,15 0.34
5 380 6420 2.40 1.3 - 91/2 2.5 20,80 040974 2403 0.51
6 3.83 629 2446 1.3 1.6 9 5/4 2.61 21.7C 0.,0974 2,11 0,80
7 3,80 6425 2445 1.3 - 20 1/4 2.60 18.80 - 0.,0974 1,83 0.77
8 3.84 6426 2.42 1,3 - 20 2.56 . 18.74 0.0974 1,82 0.74
9 3.83 6428 2445 1.3 - 20 2.60 19.08 0.,0974 1.86 0.74
10 3.78 6422 2,44 1.3 304 20 2.59 18,80 . 040974 1.83 0.76
11 3485 6430 2445 1,3 - 27 1/4- 2.60 16.90 0.0974 1.85 0,95
12 3.81 6429 2.48 1.3 4,65 27 1/2 2463 17,36 0.,0974 1.69 0.94
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TABLE 10 « Deta on Total Extraction of Acetic Aecid
Column #); Tip #1; Methyl Isobutyl Ketone
Normelity of Feed = 1,083 N; 50 drops used;
Drop Volume = 0,036 ml
Initial Fineal Vo lume Drop Drop Initial Final Acetic
Burette Burette of Formation Fall Column Acetic NaOH Normelity Acetic Acid
Reading Reading Feed Time Time Height Acid Used of Acid Lost
Run (ml, ) (ml.) (ml.) (seca ) (sec.) (in.) (m.e.) (ml.) NaOH (mee.) (mee.)
29 7465 9.46€ 1,81 1.3 0.8 31/4 1.92 (25) 7.39 0.,0925 1,416 0,505
30 7405 8.75 1.70 1.3 0.7 31/8 1.81 (25) 6.86 0.0925 1,315 0.495
31 7403 8.74 1.71 1.2 0.7 3 1/4 1.82 (25) 6.71 00925 1.285 0.B35
32 7,06 8.86 1.80 143 2,1 9 1/4 1,91  (25) 5.76  0.0925 1,10 0.8l
33 7.10 8483 1.73 1.2 2.0 9 1/4  1.84  (25) 5.67  0,0926 1,085 0,755
34 7.09 8.80 1.71 1,2 2.1 9 3/8 1,82 (25) 5.45 0.0926 1,048 0.775
35 7.07 8.875 1.805 1,3 301 14 1.02 (25) 4.92 0.0925 0,945 0275
36 7.08 8.83 1.75 1.2 3.1 14 1/4 1.8  (25) 4.85  0,0925 0.93 0,93
37 7.09 8.82 1.73 1,2 403 20 1.84 (26) 3.99 0.,0925 0.765 1,075
38 7409 8.,82 1,73 1,2 4,3 20 1.84 (25) 3.97 0.,0926 0.76 1.08
39 7405 8.86 1.81 1.3 6.0 27 L/4 1.92 (25) 3.30 0.,0925 0.63 1,28
40 705 8,79 1,74 1.3 640 27 3/@ 1.85 (25) 3.10 0.,0925 0.595 1.255
41 7.09 8.82 1,73 1,3 6.0 27 1/? 1.84 (25) 3.05 0.0925 0.,E856 1.255
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TABLE 11 - Data on Extraction of Acetic Acid in Stage 1 plus Stage 2
Column #2; Tip #1; Methyl Isobutyl Ketone
Normelity of Feed = 1,063 N; 50 drops used;
Drop Volume = 0,035 ml

Initial Final Volume Drop Drop Initiel | Final Acetic

Burette Burette of Formetion Fall Column Acetiec NaCOH Normelity Acetic Acid

Reading Reading TFeed Time Time Height Acid Used of Acid Lost
Run (ml.) (ml. ) (ml.) (sec.) (sec, ) (in.)} (m.es) (ml.) Ne.OH (m.e.) (m.e.)
42 7.03 8.78 1.75 1.3 - 8 1.86 12.67 0.1104 1.40 0.46
43 7.03 8,76 1.72 1.2 - 8 1.83 12.43 041104 1,37 0.46
44 7,09 8.82 1.73 1.3 - 8 1.84 12.70 0,1104 1,40 0.44
45 7,03 877 1,74 1,3 - 13 1/2 1.85 10.70 0.1104 1,18 0,67
46 74045 876 1.7186 1.3 - 13 3/4 1.826 10.66 0.1104 1,178 0.647
47 7,015 8745 1,73 1.3 - 13 3/4 1.84 10.80 0.1104 1.19 0.66
48 7.05 8477 1.72 1.2 - 20 1/4 1.83 8480 0.1104 0.972 0.858
49 7,045 80755 1.7 1,2 - 20 1.82 84845 0.1104 0.977 0.843
50 7.03 80745 1,715 1.3 - 20 1/4 1.825 8.74 0.1104 0,965 0.860
51 7.045 8,745 1,70 143 - 25 3/4 . 1.81 ToE76 0,1104 0,837 0,973
62 7.04 8.77 1,73 1.2 - 25 3/4 1.84 7.81 0.1104 0,863 0.277

63 7.08 8795 1,745 1.2 - 25 3/4 1.8556 777 0.1104 0.858 0,997
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TABLE 12 = Data on Total Exbraction of Acetic Acid
Column #1; Tip #1; Ethyl Acetate
Normelity of Feed = 1.063 N; 50 drops used
Drop Volume = 0,0352 ml.
Initial Final Vo lume Drop Drop Initial Final Acetic
Burette Burette of Formetion Fall Column Acetic NaOH Yormality Acetic  Acid
Reading Reading Feed Time Time Height Acid Used of Acid Lost
Run (ml.) (ml,) (ml.) (sec.) (sec.) (in.,) (m.e.) (ml,) Ne.OH (mee.) (mee.)
54 7.23 9,086 1.83 1.3 1.0 3 1/4 1.95 (25) 5.69 0,1053 1.24 0.71
55 74325 9422 1.895 1.3 1.0 3 1/4 2,02 (25) 5.745 0,1063 1.256 0.765
56 7422 8698 1.76 1.2 1.0 3 1/@ 1.87 (25) 52756 04,1053 1.15 0.72
57 7.18 8,905 1,725 1.2 1.0 3 1/? 1.835 (25) 5.23 0,1053 1.14 0.695
58 74215 9.155 1.94 1.2 1.0 3 1/% 2.06 (25) 5,93 0.1053 1.30 0.76
59 7.205 8,935 1.73 1.2 3.0 9 1/2 1.84 (25) 3.88 0.1053 0.845 0.995
60 720 8.915 1.715 1.2 249 9 1/2 1.825 (25) 3.91  0,1053 0.855 0,97
61 7417 8.865 1.695 1.2 249 9 1/% 1,80 (25) 4.24 0.1053 0,925 0,875
62 T.21 8.91 1,70 1.2 403 14 1/2 1,81 (25) 3.05 0.1053 0.665 1.1456
63 7453 9.27 1.74 1.2 4,3 14 1/2 1.35 (25) 3,09 0,1053 0.675 1,175
64 7,51 9.285 1.775 1.2 549 20 1/% 1.89 (25) 2.15 0.1053 0.47 1.42
65 T«495 9.255 1.76 1.3 640 20 1/4 1,87 (25) 2.41 0.,10563 0.46 1.41
66 7.53 9.505 1.775 1.3 8.2 27 1/2 1.89 (25) 1.76 0.1053 0.34 1.56
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TABLE 14 - Data on Total Extraction of Acetic Acid
Column #1; Tip #2; Isopropyl Ether
Normality of Feed = 1.080 N; 80 drops used
Drop Volume = 0.,0295 ml,

Initial Finel Vo lume Drop Drop Initial Final Acetic

Burette Burette of Formation TFall Column Acetie NaOH Normality Acetic Acid

Reading Reading Feed Time Time Height Acid Used of Acid Iost
Run (ml,) (ml.) (ml,) (sec.) (sec.) (in.) (m.e.) (ml.) NaOH (mee.) (mee.)
81 3.84 6420 2.36 0.8 - 3 2450 22420 0.0974 2.16 0434
82 3.82 6.19 2.37 0.8 - 3 l/b 2,451 21.80 0.0974 2.12 0.39
83 3.81 6,17 2,36 0.8 - 3 1/@ 2.80 21.62 0.,0974 2411 0439
*84 3.81 6,17 2,36 0.8 0455 31/8 2450 22,18 0,0974 2,16 0.34
85 3.81 6.18 2.40 0.8 - 9 1/% 2,54 20,21 0.0974 1.97 0.87
*B86 3.83 6.47 2.64 0.8 1.5 9 1/4 2.80 22.30 0.,0974 2,17 0.63
87 3.81 6417 2,36 0.8 - 20 2450 17,36 0,0974 1.69 0.81
%88 3481 6425 2,44 048 3425 20 2.58 17.70 0.0974 1.725 0.865
89 3.81 6.17 2,36 0.8 - 26 3/4 2,50 15.568 0.,0974 1,52 0.98
*90 3.82 6.16 2.34 0.8 4.3 26 3/4 2.48 15,51 0.0974 1.51 0,97

* Drops not counted in 84, 86, 88 and 90. Evidently more than 80 drops in 86 and 88,



‘uoissiwlad 1noyum pauqiyold uononpoidas Jayung -saumo ybuAdoo ayi jo uoissiwiad ypm paonpoiday

TABLE 15 - Data on Extraction of Acetic Acid in Stage 1 plus Stage 2

Column #2; Tip #2; Isopropyl Ether

Normality of Feed = 1.060 N; 80 drops used
Drop Volume = 00,0295 ml.

Initial Final Volume Drop Drop Initiel Final Acetic

Burette Burette of Formation  Fall Colunn  Acetic NaCH Normality Acetic  Acid

Reading Reeding  Feed Time Time Height Acid Used of Acid Lost
Run (ml.) (ml.) (ml.) (sec.) (sec.) (in.) (m.e. (ml.) Ne.OH (mee.) (m.e.)
91 3.80 6.13 2433 0.8 - 8 1/4 2.47 21.81 0.0974 2,13 0,34
92 3.80 6.11 2631 0.8 - 8 1/4 2445 21.96 0.0874 2.14 0.31
93 3.79 6,10 2431 0.8 - 8 1/2 2445 21430 0.0974 2.08 037
94 3.79 6.09 2430 0.8 - 8 1/2 2444 21,40 0.0974 2.08 0.36
96 3478 6.20 2442 0.8 - 14 1/2 2.56 20.89 0.0974 2.04 0.52
96 3.80 6.24 2.44 0.8 - 14 2.59 21.10 0.0974 2.06 0.53
97 3.80 6.13 2433 0.8 - 26 2447 17.02 0.0974 1.66 0.81
98 3.1 6.16 2435 0.8 - 26 1/4 2.49 17.11 0.0974 1.87 0.82
99 3.82 6.19 2.37 0.8 - 26 1/% 2.51 17,31 0.0974 1.69 0.82



‘uoissiwiad noypm panqgiyosd uononpoidal Joyung “Joumo ybuAdod ayi Jo uoissiwiad yum paonpoiday

TABLE 16 - Data on Total Extraction of Acetic Aecid
Column #1; Tip #2; Methyl Isobutyl Ketone
Normality of Feed = 1.063 N; 90 drops used
Drop Volume = 0.0210 ml.
Initial Final Volume Drop Drop Initial Final Acetic
Burette Burette of Formetion Fall Column  Acetic NaOH Normality Acetic  Acid
Reading Reading TFeed Time Time Height Acid Used of Acid lost
Run (ml.) (ml.) (ml.) (sec. (seca ) (in.) (m.e.) (ml,) Ne.OH (meees) (mee.)
100 7 .06 8.96 1.90 0.8 - 3 1/% 2.02 15.74 0.0922 1.45 0.57
101 7.08 8.96 1.88 0.8 - 3 1/% 2400 15.62 0.0922 . 1.44 0.56
%102 7,06 8,95 1,89 048 047 3 l/% 2.01 15.88 0.0922 1.46 0.55
103 7.08 8,92 1.87 0.8 - 9 3/8 1.99 12,30 0.0922 1,13 0.86
104 7.06 8,93 1.87 0.8 - 9 1/2 1,99 12.04 0.0922 1.11 0.88
%105 7.10 8.98 1.88 0.8 2.0 9 3/4 2.00 12.18 0.0922 1.12 0.88
106 7.12 8497 1.85 0,8 - 14 1/% 1.97 9.94 0,0922 0,916 1.054
107 7.055 8,94 1.885 0.8 - 14 5/@ 2.00 9.9€¢ 0.0922 0.918 1.082
%108 7.04 8.93 1.89 0.8 2.95 14 1/2 2.01 10,22 0.,0922 0.942 1,068
109 7.12 9.04 l.02 0.8 - 19 7/8 2404 8,12 0.0922 0,748 1.292
*110 7.05 B.94 1,89 0.8 4.1 19 7/8 2.01 8.35 0.0922 0.770 1,24

* Drops not counted in 102, 105, 108, and 110,
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TABLE 18 - Data on Total Extraction of Acetic Acid
Column #1; Tip #1; Isopropyl Ethser
Normality of Feed = 1.063 N; 50 drops used
Drop Volume = 0,050 ml,
Initial Final Volume Drop Drop Initial Final Acetic
Burette Burette of Formetion Fall Column Acetic Na.OH Normality Acetic  Acid
Reading Reading Feed Time Time Height Acid Used of Acid Lost
Run (ml.) (ml,) (ml.) (sec.) (seec.) (in.) (mee.) (ml.) NaOH (m.e.) (m.e.)
126 3709 39.88 2.49 1,3 - 3 2465 (25) 11.72  0.0925 2427 0.38
127 37.03 39.52 2.49 1.3 - 3 2.65 (25) 11,67 0.0925 2.26 0.39
128 37.07 39.83 2.,46 1.3 - 3 2.€1 (26) 11.68 0,0925 2,26 0,35
129 37,10 39.58 2,48 1.4 - 3 2,64 (25) 11,77 0,0926 2,28 0.36
130 40,70 43,20 2450 2.0 - 3 2.66 (25) 12,07 0,0925 2,34 0.32
131 38,50 41.01 2481 3.5 - 3 2.67 (25) 12,19 0,0925 2.36 0.31
132 37,06 39 .64 2.58 3.0 - 3 2.74 (25) 12,00 0.0925 2,33 0.41
133 37.09 39465 2.56 2.0 - 3 2,73 (25) 12.17 0,0925 2.37 0.36
154 37.03 32,55 2452 4.4 - 3 2.68 (25) 1k.82 0,0925 2.30 0.38
135 3702 39,56 2.53 3.9 - 3 2.69 (25) 12,02 0,0925 2.34 0435
136 37.02 39.50 2 .48 1.3 - 3 2.64 (25) 11.589 0.,0925 2,25 0.39
137 37.07 39.52 2.45 1.3 - 3 2.61 (25) 11.67 0.0925 2.27 0.34
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TABLE 19 =~ Data on Extracticn of Acetic Acid in Stage 1 plus Stage 2
Column #2; Tip #1; Isopropyl Ether
Normality of Feed = 1.063; 50 drops wused
Drop Volume = 0.050 ml.
Initial Final Volume Drop Drop Initial Final Acetic
Burette Burette of Formation Fall Column  Acetic NaOH Normality Acetic  Acid
Reading Reading Feed Time Time Height Acid Used of Acid Lost
Run (ml,) (ml.) (ml.) (sec.) (sec.) (in.) (m.e.) (ml.) Na.OH (mee.) (m.e.)
138 3.80 6,21 2.41 1.2 - 8 2.56 20.52 0.1104 2.26 0.30
139 3482 6.23 2.41 1.2 - 8 2.56 20.30 0.1104 2.24 0.32
140 3.81 6.21 2.40 1.2 - 8 2,55 20.30 0.1104 2,24 0.31
141 3.865 6.36 24495 1.6 - 8 1/4 2.66 21.29 0.1104 2.35 0.31
142 3.83 6434 2.51 1.9 - 8 2.67 21,24 0.1104 2435 0.32
143 3.80 6434 2.54 2.9 - 8 2.70 21.26 0.1104 2035 0.35
144 3,808 6,31 2.505 4.5 - 8 1/4 2,66 20.84 0.1104 2,30 0.36
145 3.78 6429 2,81 4,3 - 8 1/4 2.67 21,07 0.1104 2,33 0.34
146 3.81 6.24 2,43 1.2 - 8 2,58 23.48 0.,1104 2.30 0.28
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TABLE 20 =~ Date on Total Extraction of Acetic Acid
Column #1; Tip #2; Methyl Isobutyl Ketone
Normelity of Feed = 1,063; 85 drops used
Drop Volume = 0,0218 ml.
Initial Final Yolume Drop Drop Initial Final Acetic
Burette Burette of Formation  Fall Columm  Acetic Ne.OH Normality Acetic  Acid
Reading Reading Feed Tine Time Height  Acid Used af Acid Lost
Run (ml.) (ml,) (ml.) (sec.) (sec.) (in.) (m.e.) (ml.) Ne.OH (meeo) (meee)
147 7405 8.80 1.85 0.7 - 31/8 1.97 15.22 0.0922 1.40 0.57
148 7.05% 8.93 1.876 0.8 - 3 1/8 1.99 15.49 0.0922 1.43 0.56
149 7.05 8,90 1.85 0.8 - 3 1/4 1.97 15,11 0.0922 1.39 0.58
150 707 8.90 1,83 0.8 - 3 1/4 1.95 15,58 0,0922 1.43 0.82
151 7.05 8,93 l.88 1.5 - 3 3/8 2,00 15,29 0.0922 1.41 0.59
152 7.06 8.90 1.84 3.0 - 323/8 1.96 13.95 0.0922 1,29 0.67
153 7.06 8.91 1.85 3.0 - 3 1/4 1.97 15,06 0.0822 1.39 0.58
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TABLE 21 -~ Data on Extraction of Acetic Acid in Stage 1 plus Stage 2
Column #2; Tip #2; Methyl Isobutyl Ketone
Normality of Feed = 1.,063; 90 drops used
Drop Volume = 0.,0227 mle
Initial Final Vo lume Drop Drop Initial. Final Acetic
Burette Burette of Formation Fall Colum  Acetic Na.CH Normality Acetic Acid
Reading Reading Feed Time Time Height Acid Used of Aecid lost
Run (ml.) (ml.) (ml.) (sec.) (sece) (in.) (meos) (ml.) Ne.OH (mees) (me.ea)
154 705 8.97 1.92 0.8 - 8 1/4 2.04 16.20 0.0922 1.49 0.55
155 7.06 9,00 1.94 0.8 - 8 1/2 2,065 16.35 0.0922 1.505 0.56
1566 707 9.00 1.93 0.8 - 8 3/4 2.055 16.25 0,0922 1,495 0.56
187 7 404 8.97 1,93 1.9 - 8 1/2 2.055 16.23 0.0922 1.495 0.56
158 7.06 9.00 1.95 1.6 - 8 1/2 2.08 16.50 0.0922 1,520  0.56
159 7.05 8499 1,94 1.9 - 8 1/4 2.065 16.20 0.0922 1.495 0.57
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TABLE 22 - Calculations of Overall Transfer Coefficients For Stage 2

Isopropyl Ether System; Representative Drop Volume = 0.048 ml.

Drop Diameter = 0.451 cm; Drop Area = 0.686 x 10=3 £t2,

Initial acetic aeid/drop (m.e.)

Acetic acid lost during drop
formation (m.e.)

Acetic acid lost during drop
breaking (m.e.)

Total acetic acid lost (m.e.)

Acetic mcid lost during fall (m.e.)
Acebic acid/drop et detechment (m.e.)
Acetic acid/drop at bottom (m.e.)

Drop concenbtration at top, 1b moles/'i‘t3
Drop concentration at end, 1lb moles/ft°
Fall time (seconds)

W/b, 1b. moles/hour (x 105)

AC, 1b. moles/rtd

Ky for Stage 2

Column Height, Tnches

5

10 15 20 25 30
0.0509 0.0509 0.0509 00,0509 0.0509 00,0509
0.,00254 0.00254 0.00254 0.00254 0.00254 0.00254
0.00305 0.00305 06.00305 0,.00305 0.,00305 0.00305
0.0080 0.0103 0.0127 0,0150 0.,0173 0.0197
Q.0024 0.0047 0.0071 00,0094 0.,0117 0.0141
0.0484 0.0484 0.0484 0.0484 0.0484 0.0484
0,0460 0.,0437 0.0413 0.0390 0.0367 0.0343
0,0629 0.0629 0.,0629 0.0629 0.0629 0.0629
0.0597 0.0568 0.0537 0.0507 0.,0477 0.04486
0.83 1.7 2,54 3.4 4.24 5,1
229 2420 2.22 2.19 2.19 2.19
0.0613 0.08588 00,0583 0.0558 0.0553 0.0538
0.545 0537 04555 0.563 0.578 0,594
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TABLE 23 - Calculations for Isopropyl Ether System

Representative drop volume = 0.,0295 ml,

Drop diameter = 0,383 cm; drop area = 0,493 x 10-3 £42

Initial acetic acid/drop (m.e.)

Acetic acid lost during drop
formetion (m.e.)

Acetic acid lost during drop
breaking (me.c.)

Total acetic acid lost (m.e.)

Acetic acid lost during fall (m.e.)
Acetic acid/drop at detachment (m.e.)
Acetic acid/drop et bottom (m.e.)

Drop concentration at top, 1b moles/ft3
Drop concentration at end, 1lb moles/ft3
Fall time (seconds)

WV@, 1b. moles/hour (x 10%)

AC, 1b. moles/ft5

Ky for Stage 2

Column Height, Inches

5 10 15 20 25 30
0.0313 0.0313 0.0313 0.0513 0.0313 0,0313
000156 0.,00156 0400156 0,00156 0.,00156 0.00156
0,00188 0.00188 0.00188 0.00188 0.00188 0,00188
0.00516 0.,00688 - 0.00855 0.0102 0.0119 0.,0136
0.00176 0.00348 0.0051b6 0.0068 0.0085 0.0102
0,0297 0.0297 0.0297 0.0297 0,0297 0,0297
0.0279 0.0262 0.0245 0.,0229 0,0212 0.,0195
0,0628 0.,0828 0.0628 0.0628 0.0628 0.0628
0.,0690 0.0554 0.0518 0.04856 040449 0.0412
0.8 1.6 24 342 4.0 4.8
1.75 1.73 1.70 1.69 1.69 1.69
0.0609 0.0591 0.,0573 0.0556 0.0538 0.0520
0,583 0,593 0.602 0.617 0.638 0.659
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TABLE 24 -

Drop diameter

Calculations for Methyl Isobubyl Ketone System
Representative drop volume = 0,035 ml,

0,406 om; drop area = 0.555 x 103 £t

Initiel acetic acid/drop (m.e.)

Acetic acid lost during drop
formation (m.e.)

Acetic aecid lost during drop
breaking (m.e.)

Total acetlec acid lost (m.o.)

Acetic acid lost during fall (m.e.)

Acetie acid/drop at detachment (m.e.)

Acetic acid/drop at bottom (m.c.)

Drop concentration at top, 1b moles/ft3

Drop concentration at end, 1b moles/ft3

Fall time (seconds)
W/8, 1b. moles/hour (x 109)
AC, 1b. moles/Ptd

Ky for Stage 2

Column Height, Inches

5

0,0372

0,0030

0.0048
0.0119
0.0041
0.0342
00,0301
0,0610
0.0637
1.1
2.95
0.,0573

0,928

10

0.0372

0.0030

0.0048
0.0158
0.0080
0.0342
0,0262
0.0610
0,0467
242
2.88
0.0538

0,965

15

00,0372

0.0030

0.,0048
0.0194
0.0116
0.0342
0.0226
0.0610
0.,0403
3.3
2,79
0.,0506

0.995

20

0,0372

0.0030

0.0048
0.0223
0.0145
0,0342
0.0197
0.0810

00,0351

0.,0480

0.985

25

0.,0372

0.0030

0.0048
0.0246
0,.0168
0.,0342
0.,0174
0.0610
0.0310
5.5
2.42
0.0443

0.983
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TABLE 25 - Calculations for Methyl Isobutyl Ketone

Representative drop volume = 0,0210 ml,
Drop diameter = 0,342 cm; drop area = 0,394 x 10~3 £t

Initial acetic acid/drop (m.e.)

Acetic acid lost during drop
formation (m.e.)

Acetic acid lost during drop
breaking (m.e.)

Total acetic acid lost (m.e.)

Acetic acid lost during fall (m.e.)
Acetic ecid/drop at detachment (m.e.)
Acetic acid/drop at bottom (m.e.)

Drop concentration at top, 1b moles/'ft3
Drop concentration at end, 1b moles/';f.‘t3
Fall time (seconds)

W/e, 1b. moles/hour (x 109)

AC, 1b. moles/ft3

Ky for Stage 2

Column Height, Inches

5 10 15 20 25
0.0224 0,0224 0.0224 0,0224 0.0224
0.0018 0,0018 0.0018 0.0018 0.0018
0.0029 0.0029 0.0029 0.0029 0.0029
0.,00745 0.0100' 0.0123 0.0143 0.0157
0,00275 0,0053 0.0076 0.0096 0,0110
040206 0.0206 0.020C6 0.0206 0.02086
0.0178 0.0153 0.0130 0.0110 0.0096
0,0612 0.0612 0,0612 0.0612 0.0812
0.0529 0.0455 0,0386 0.0327 0.,0285
1.01 2.04 3.07 4.1 5.12
2,16 2,08 1,99 1.86 1.70
0,0570 0.0533 0.0499 0.0452 0.0427
0.965 0.980 1.01 1.06 1.01
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TABLE 26 - Calculations for Ethyl Acetate System

Representative drop volume = 0.0352 ml.
Drop diameter = 0.406 cmj drop area = 0.555 x 10=% £t

Initial acetic acid/drop (m.e.)

Acetio acid lost during drop
formation (m.2.)

Acetioc acid lost during drop
breaking (m.e.)

Total acetic acid lost (m.e.)

Acetic acid lost during fall (m.c.)
Acetic acid/drop et detachment (m.e.)
Acetic acid/drop at bottom (m.s.)

Drop concentration at top, 1b moles/ft3
Drop concentration at end, 1b moles/ft3
Fall time (seconds)

W/, 1b. moles/hour (x 10°)

A, 1b, moles/ft3

Ky for Stage 2

Col umn Height, Inches

5 10 15 20
0.0374 040374 0.0374 0.0374
0.00636 0.00636 0.00636 0.00636
0.00411 0.00411 0.00411 0.00411
0.0155 0.0203 0.0246 0.0281
00050 0,0098 0.0141 0.0176
0.0310 0.0310 0.0310 0.0310
0.,0260 0.0212 0.0169 0,0134
0.0550 0,0550 0.0550 0.0550
0.0461 0.0376 0.0300 0.0238
1.5 3.0 4.45 5492
2,64 2459 2,51 2.36
0.0606 0.0463 (0,0413)1m  (0.0374)1m
0.941 1,01 1.09 1.14

25

0.0374

0.00636

0.00411
0.0303
0.,0198
0.0310
0.0112
0.0550
0.0199
7e4l

2.12
(040345 )1m

1.11



