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Hydrodynamic Effects in Liquid Membrane Transfer

RAYMOND D. STEELE* and JAMES E. HALLIGAN

DEPARTMENT OF CHEMICAL ENGINEERING
TEXAS TECH UNIVERSITY
LUBBOCK, TEXAS 79409

Abstract

An experimental apparatus was developed which permitted the thickness of
liquid membranes to be measured. The observed values for the thickness were of
the order of 0.01 cm which is considerably in excess of those values previously
reported in the literature. The experimentally observed data were favorably com-
pared to the thicknesses computed using boundary layer theory. Finally, dimen-
sional analysis was used to develop a correlation of the computed membrane
thickness as a function of the droplet diameter and system properties.

INTRODUCTION

The discovery of selective mass transfer across liquid membranes has
made available an entirely new separation technique for application in
chemical technology. To date only a limited number of studies have been
reported which attempt to explain the underlying factors influencing liquid
membrane permention rates. Li, when reporting his studies of liquid mem-
brane transport, suggested several mass transfer mechanisms for such
systems (). Later work has indicated that some of these proposals might
need reconsideration (2). In particular, the suggestion that liquid mem-
branes are very thin has been called into serious question.

Steele and Halligan, using a modified liquid membrane diffusion column,
measured the thickness of liquid membranes and found them to be of the
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F1G. 1. Liquid membrane diffusion column.

order of 0.005 cm (2) while Li in his work has suggested that such films
were probably a few molecules thick. However, the studies of Steele and
Halligan were limited to a diffusion column, and their results may or may
not extend to membranes formed using a different experimental apparatus.
The majority of permeation data reported in the literature were obtained
using a single-droplet apparatus similar to that shown in Fig. 1. To make
informed judgments concerning the mechanism of liquid-membrane
transfer, it was deemed necessary to design and carry out experiments in a
situation which was hydrodynamically similar to that existing in the
single-drop apparatus.

EXPERIMENTAL PROCEDURE AND RESULTS

The experimental technique used to determine the thickness of liquid
membranes in the single-droplet experiments involved reversing the normal



14:17 25 January 2011

Downl oaded At:

HYDRODYNAMIC EFFECTS IN LIQUID MEMBRANE TRANSFER 463

)

Droplet Material

Spent
Membranes

Surfactant Solution

-

Solvent Phase

Fi1G. 2. Device for determination of liquid membrane thickness.

fluid densities found in a diffusion column. A droplet was allowed to fall
through an aqueous surfactant solution during which it obtained a mem-
brane coating. Below the surfactant solution was a solvent phase. A
droplet, after leaving the surfactant solution and entering the solvent phase,
fell through a curved leg into a reservoir. After a sufficient time the droplet
broke and the membrane rose through a different leg to the top of the
reservoir where it was collected. A drawing of this apparatus is shown in
Fig. 2.

The interfacial area of the droplet was calculated by observing its
diameter during formation with a cathetometer. If a large number of
droplets were injected into the surfactant, a measurable amount of mem-



14:17 25 January 2011

Downl oaded At:

464 STEELE AND HALLIGAN

brane material could be collected at the top of the reservoir and the film
thickness calculated.

The injection of a sufficient number of uniformly sized droplets into
the solution to obtain a significant amount of membrane material presented
a problem. This difficulty was resolved by developing a constant-rate
feeding device. The plunger was removed from a 50-ml syringe, and a bottle
of droplet material was inverted with its mouth in the syringe. Since the
top of the syringe was open to the atmosphere, a pressure head equal
to the height of the column of liquid in the syringe was generated. If the
level in the syringe fell, air could enter the bottle and allow fluid to flow
into the syringe, thereby readjusting the level to a constant height of droplet
phase in the syringe. The constant-pressure head on the orifice at the top
of the hypodermic needle made possible a constant rate of generation of
droplets of known size. This rate could be measured and used to determine
the total number of droplets formed in a given time.

The above device was operated with carbon tetrachloride as the droplet
phase and a mixture of 1,1,1-trichloroethane and 2,2,4-trimethylpentane
having a density of 1.16 g/ml as the solvent phase. Solutions of various
surfactants in water were used for the membrane; however, in all cases the
density was very near 1 g/ml. The apparatus was operated for about 45 min
in this manner at a formation rate of approximately 100 drops/min.
Knowing the size of the droplet, the time of operation of the apparatus,
and the amount of surfactant collected, it was possible to calculate the
mean thickness of an individual liquid membrane. The results of these
experiments are summarized in the first three columns of Table 1.

The film thicknesses reported in Table 1 are reasonably consistent with
the values of approximately 0.005 cm obtained from diffusion-column
data (2). The extent of the membranes might lead one to suspect that the
hydrodynamic factors suggested with regard to the diffusion-column
membranes might also be the controlling influence in the apparatus de-
signed to simulate single-droplet experiments. For an application in which
one liquid is in contact with another on a plane surface, Davies and Rideal
have suggested that the film thickness might be controlled by the associated
hydrodynamic boundary layer (3). The size cf the film thickness reported
in Table 1 would seem at first examination to be consisient with that
expected from boundary-layer theory.

The description of a boundary layer around a sphere is discussed by
Schlichting in his work Boundary Layer Theory (4). The velocity profile in
a boundary layer is given by a simplified form of the Navier-Stokes
equation. One of the boundary conditions used in the solution of this



00100 $1800°0 80L00°0 LLSOOO €8900°0 $800°0 LvTo [oyoo[e [Auakiod 7 |
18600°0 70800°0 L6900°0 89500°0 9LY00°0 £€00°0 0s1°0
20100 758000 LILOO0 ¥8500°0 68100°0 ¥00'0 orl'o
1010°0 12800°0 €1L00°0 18500°0 98400°0 0r00°0 s1°0
10100 ¥7800°0 91L00°0 ¥8500°0 68700°0 6800°0 wio
2010°0 0£800°0 12L00°0 88500°0 6¥00°0 9900°0 810 sygjins wntpos [£3spoct 74 1
LL600°0 $6L00°0 06900°0 295000 IL400°0 9910°0 vLT°0
6L600°0 96L00°0 169000 ¥9500°0 1L¥00°0 85100 891°0
99600°0 £8L00°0 £8900'0 99500°0 §9100°0 1800°0 £0C°0
6L600°0 96,000 16900°0 $9500°0 1Lv00°0 1020°0 8910
786000 86L00°0 £6900°0 99500°0 £L100°0 0L10°0 910 SyejIns WNIpos [£39pead % 10
0010°0 91800°0 60L00°0 8L500°0 £8¥00°0 6L00°0 917’0
£8600'0 66L00°0 $6900°0 99500°0 ¥L¥00°0 2L00°0 o
8600°0 T6L00°0 ¥6900°0 $9¢00°0 £L¥00°0 0L10°0 §TT0 uruodes 7 1
$010°0 8¢800°0 L0000 90900°0 LOS000 - 2500°0 00
$010°0 9¥800°0 9€L00°0 66500°0 10S00°0 6£00°0 88C°0
0010°0 €1800'0 LOLOOI0 9L500°0 8400°0 <I10'0 LTC0
1010°0 £€2800°0 S1L00°0 £8500°0 88100°0 £500°0 8¢T°0
€010°0 ££800°0 §TLOOO 06¢0010 v6v00°0 2010°0 ILT0
0010°0 S1800°0 60L00°0 LLSO0'0 £8100°0 IZ10°0 870
0010°0 S1800°0 60,000 LLSOOO £8700°0 6500°0 8¥T'0
00100 S1800°0 60.00'0 LLSOO00 €8100°0 01000 09T°0
£8600°0 66L00°0 §6900°0 99500°0 vLV00'0 $L00°0 0£T°0
$010°0 17800°0 TELOOO 96500°0 66v00°0 710°0 $6C°0
0100 7¢800°0 ¥ZL000 065000 b6v00°0 8¥00°0 87°0
£010°0 9£800°0 97L000 765000 96¥00°0 1900°0 8LT°0 utuodes 7,10
(u) (wo) (wo) (u) (o) (wo) (wo) jueloRINg
66 $6 06 08 0L ssowypory) Jajourelp
wty widoI

AJD0[RA Wwies3s JO % SuImo[jo] oY) 03 JuIPuXd IoKE|
A1epunoq sy} ‘A10dY) JoAe] Arepunog WOIy SSIUNIY) WLy

SOURIQUIOIN PINDIT JO SISSAUNDIY Y, W]

I 319VL

1102 Alenuer Gz /T :¥T

v pspeo jumog

465



14:17 25 January 2011

Downl oaded At:

466 STEELE AND HALLIGAN

equation matches the velocity obtained at the surface of a sphere from
potential flow with the velocity at an infinite distance from the sphere
in the boundary layer. This assumption is tantamount to assuming that
the boundary layer is small when compared with the diameter of the sphere.
The differential equation mentioned above has been solved in series form,
giving the velocity in the boundary layer as a function of the velocity
of the sphere relative to the surrounding fluid, the position on the surface
of the sphere, the radius of the sphere, and the properties of the fluid.
The solution and its associated coefficients are tabulated in Schiichting (4).

In a previous discussion it was pointed out that the thickness of liquid-
membrane films might not be too different from the size expected of a
boundary layer (2). The thickness of a boundary layer is normally defined
as the distance at which the fluid velocity is 999 of the stream velocity
at the surface, based on potential flow. Other definitions exist, however,
and they might provide an equally good basis for developing correlations
for the thickness of liquid membranes.

To examine several possible relations between the predictions obtained
from boundary-layer theory and the thickness of liquid membranes, it was
decided to examine the boundary layer thicknesses at 70, 80, 90, 95, and
999 of the potential flow velocity. The solution to the boundary-layer
problem varies with position; thus the calculations were carried out over
the entire surface and an integration was performed to determine the mean
value of the thickness. Since the boundary-layer equations are valid only to
the point of separation (109.6° from the leading edge of a sphere), the
membrane thickness was assumed to be negligible in the wake of the
droplet. The velocity of the droplet through the surfactant was assumed
to be the terminal velocity of the droplet in the fluid. Relations in Bird,
Stewart, and Lightfoot were used to calculate the terminal velocity (5).

The boundary-layer thicknesses resulting from the above calculations
are tabulated in the last five columns of Table 1. Values calculated for
boundary-layer thicknesses were clearly of the same order as those
measured for liquid membrane thicknesses. There was, however, a great
deal of variation from point to point. This variation could be in large
portion due to the amount of the membrane material that was associated
with the wake of the droplet. The results tabulated in Table 1 suggest that
the experimentally observed liquid-membrane thicknesses are of the same
order of magnitude a§ the values predicted by boundary-layer theory.
This observation does not in itself prove that the hydrodynamics of
droplet flow controls the size of liquid-membrane films; however, the
mechanism is at least given credence. Regardless of the exact mechanism



14:17 25 January 2011

Downl oaded At:

HYDRODYNAMIC EFFECTS IN LIQUID MEMBRANE TRANSFER 467

of film formation, this suggests that boundary-layer theory will at least
make a reasonable estimation of the thickness of liquid membranes in
single-drop experiments.

The calculation of membrane thicknesses from boundary-layer theory is
not a simple undertaking. For this reason it was considered desirable to
find some means of simplifying this procedure. It was observed that the
number of independent variables was such that dimensional analysis might
provide a simple graphic solution to the flow equations and the boundary-
layer equations (6). If the mean boundary-layer thickness is assumed to be
a function of droplet diameter, the density of the surfactant, the density
difference between the surfactant and the droplet, and the acceleration of
gravity, a dimensional analysis may be made. In mathematical terms it is
assumed that

Y =f(d’ps5(p2 - Ps),ﬂs,g) (1)

Using the Buckingham-Pi method (6), proper grouping of the terms in
Eq. (1) leads to

y d*o’g (p2 — py)

Zf:fz[ kT } @
Equation (2) implies that it may be possible to plot y/d as a function of
d*pg/u, on lines of constant (p, — p,)/p,. This correlation was tested
using data calculated for a wide range of the independent variables. The
resultin.g solution obtained using the calculated data is plotted as Fig. 3.

It was previously noted that the solution of the boundary-layer equations
required a relatively thin boundary layer. Since the droplets typical of
emulsions are approximately the size which would be represented by the
left-hand side of Fig. 3, the application of this relation to emulsion systems
should be viewed with suspicion. It should also be noted that the velocity
typical of the droplets in emulsions might not be due to free fall but due
to mixing effects related to the creation and transfer of the emulsion.
Regardless of the difficulties in applying boundary-layer equations to
emulsion systems, the data from Fig. 3 still suggest that reasonably thick
films could be expected in droplets of emulsion size. Unpublished data
obtained by McHaney suggest that film thickness in emulsion systems
might not be too different from that indicated in Fig. 3 (7).

In summary, the thickness of liquid membranes has been measured
experimentally. This thickness was found to be of the order of 0.01 cm,
which is considerably larger than the value previously assumed. In addition,
membrane thicknesses were estimated using boundary-layer theory. A
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4 | /‘* (DZ'DS)/DS = 0.01
i 0.10

(pz'ps)/ps =

0.57

]

(py=pg) /o

Log (y/d)

Log (d3p529/u5)

F1c. 3. Correlation for film thickness based on boundary layer extending to
.95 of stream velocity.

dimensionless correlation was presented to simplify the estimation of
membrane thicknesses.
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SYMBOLS

d  droplet diameter

g acceleration due to gravity
e viscosity of the solvent phase
D density of droplet

Ps density of the solvent phase
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