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ABSTRACT
Emulsion liquid membrane processes constitute an emerging separations
technology with widespread applications, including wastewater purification. However,
they currently remain excessively vulnerable to one or more of four major problems.
The difficulties lie in developing liquid membranes that combine high levels of both
stability and permeability with acceptably low levels of swelling and ease of subsequent
demulsification for membrane and solute recovery. This work provides a new
technique for simultaneously overcoming the first three problems, while identifying
physical indications that the proposed solution may have little adverse effect upon the
fourth problem (demulsification) and may even alleviate it. The numerous benefits of
suitably optimized non-Newtonian conversion of the membrane phase are identified,
their mechanisms outlined, and experimental verifications provided. These include
increased stability, retained - or enhanced - permeability, reduced swelling, increased
internal phase volume, and increased stirrer speeds. The responsiveness of both
aliphatic and aromatic membranes to the new technique has been demonstrated.

;7.

P-,

l',C,-1,kF,

4-. i .,%.- 11

,e - 111,t

.,

19. Security Class.
(Report)

, 21. No. of
Pages

' 20. Security Class.
(Page)
i

22. Price

•'

WRSIC 102 (REV. MAY 1988)

Send to:
Water Resources Scientific Information Center
GEOLOGICAL SURVEY, Mail Stop 425
U.S. DEPARTMENT OF THE INTERIOR
Reston, VA 22092

Final technical report on award No. 14-08-0001-G2106.
Recipient: The Georgia Institute of Technology.
Principal Investigator: A. H. P.. Skelland
Title of Proposal: Non-Newtonian Enhancement of Both Stability
and Permeability of Liquid Membranes for Detoxifying Wastewater.
Project Period: July 1, 1991 to Sept. 30, 1993.

Research supported by the U.S. Geological Survey (USGS),
Department of the Interior, under USGS award number 14-08-0001G2106. The views and conclusions contained in this document are
those of the authors and should not be interpreted as necessarily
representing the official policies, either expressed or implied, of the
U.S. Government.

U

./

om,/v

vv r vv

A

1/51c).

(,)

Contents

Chapter 1: Non-Newtonian Enhancement of both Stability and
Permeability of Liquid Membranes for Separation Processes.
Chapter 2: Stabilization of Emulsion Liquid Membranes with NonNewtonian Additives but without Permeability Loss.
Chapter 3: The Critical Concentration at which interaction between
Polymer Molecules begins in Dilute Solutions.
Chapter 4: Increased Stability, retained permeability, and reduced swelling
of Aliphatic or Aromatic Liquid Membranes by Non-Newtonian
Conversion.

by
A. H. P. Skelland and Xiquan (Michael) Meng

Chapter 1
Non-Newtonian Enhancement of Both Stability and Permeability of Liquid
Membranes for Separation Processes

by
A. H. P. Skelland and Xiquan (Michael) Meng

Abstract

The long-held maxim that increased stability of liquid membranes can be obtained
only at the cost of reduced permeability is disproved by the present study. This was
achieved by conversion of the membrane to suitable non-Newtonian form resulting
from the dissolution of small amounts of an appropriate polymer in the membrane
phase. The polymer concentration must be below the critical value at which
interaction or overlapping of dissolved polymer molecules begins, in order to avoid
solute impedance. This utilizes findings from non-Newtonian fluid mechanics that
solute diffusivities in dilute polymer solutions are virtually unchanged by the
substantial increases in solution consistency ("viscosity") caused by the dissolved
polymer. (Other aspects of polymeric stabilization also follow). The result is
increased stability of the membrane without the previously inevitable loss in
permeability so characteristic of Newtonian membranes. Further benefits include
reduced stabilizing surfactant, with consequent reductions in interfacial resistances
to mass transfer and chemical reaction, plus diminished swelling problems.
Extensive confirmation is provided by data on three different solutes (benzoic
acid, ammonia, and phenol), transferred from external to internal aqueous phases,
across an isoparaffinic membrane containing the surfactant Span 80 and small
amounts of polyisobutylene (M. W.: 1.25 million) or polybutadiene (M. W.: 0.94
million).

Non-Newtonian Enhancement of Both Stability and Permeability
of Liquid Membranes for Separation Processes

Liquid membrane separation processes constitute an emerging technology
with unusually widespread applications that include the separation of
hydrocarbons, wastewater treatment, recovery and purification of metal ions, oil
well control, and biomedical applications such as the artificial kidney, removal of
phenolic toxins from blood, the treatment of drug overdose, and the timed release
of enzymes and drugs.
In spite of this high promise, the authors know of only one commercial plant
operation - for the removal of zinc from low concentration wastewater from a
textile plant - in Lenzing, Austria. The problem lies in the instability of those liquid
membranes that have acceptable levels of permeability. This is why Frankenfeld
and Li (1987, p. 846) reiterate the widely accepted "...need for trade-offs between
extraction rate and emulsion stability in nearly all liquid membrane processes".
However, this study shows, for the first time, that the need for such trade-offs
can be eliminated by conversion of the liquid membrane phase to suitable nonNewtonian form. This exploits findings that solute diffusivities in dilute polymer
solutions are largely unaffected by the increase in overall consistency ("viscosity")
caused by the dissolved polymer. This new approach greatly increases stability
without sacrificing permeability.
Although the principle will be primarily illustrated with reference to
1

emulsion or unsupported liquid membranes, it will be evident that the ideas
involved may be easily adapted to the so-called immobilized or supported liquid
membrane. The latter is formed when a liquid is impregnated in the pores of a
porous solid for mechanical support (Noble and Way, 1987, Ch. 1).

The System and The Problem

Unsupported or emulsified liquid membrane systems are shown in Figure 1
and consist of a solute receptor phase, emulsified or encapsulated as fine droplets of
0.5-10 wn in diameter, in another immiscible liquid. Globules of this emulsion,
often having diameters of 0.1-5 mm, are dispersed in a third liquid phase containing
the solute to be removed. The latter is called the continuous or donor phase, and
solute travels from the external donor to the internal receptor phase through the
intervening immiscible liquid which, because of its selective barrier function, is
referred to as a liquid membrane. Ideally there is no direct contact between the
encapsulated and continuous phases, which are commonly miscible in each other.
The insulation of these two phases from each other depends on preserving the
stability of the intervening immiscible liquid membrane, accomplished by the
presence of an appropriate surface active agent, initially in the membrane phase. To
maintain a solute concentration gradient across the membrane the solute is often
caused to react chemically with a "trapping" reagent in the receptor phase, giving a
product that is insoluble in the membrane liquid, so preventing its countertransfer
back to the donor phase. "Carrier" agents are sometimes added to the membrane
phase to solubilize otherwise insoluble solutes, thereby facilitating their transfer
2

across the membrane as complexes. Figures 1 and 2 illustrate the terminology and
experimental procedure for emulsion liquid membrane systems, and Figure 3
specifically shows the removal of acidic compounds from wastewater by an organic
membrane. Recent literature surveys are given by Noble and Way (1987) and
Frankenfeld and Li (1987). The last two authors refer to membranes without carrier
agents as Type 1 systems, while those with carrier agents are Type 2 systems; the
latter may possess special stability problems arising from the presence of the carrier,
as noted by Chaudhuri and Pyle (1992).
Most studies to date have been subject to the same recurring problem
namely the difficulty in preserving the stability of the liquid membrane against
rupture or breakage, thereby permitting leakage of the internal or receptor phase
back into the external or donor phase, thus nullifying the solute separation already
achieved. Such membrane rupture is promoted by the agitation shown in Figure 2
and by inappropriate formulation of certain components. The magnitude of the
problem may be gauged from the following five recent quotations:

"...no commercial processes are yet in operation,...as...some of the stability problems are
solved, commercial processes should be forthcoming." (Frankenfeld and Li, 1987, p. 845).
"The major problem associated with emulsion liquid membranes is emulsion stability, ... The
'long term stability of liquid membranes promises to be an important issue that may limit the
A\

.

commercialization of liquid membrane technology".

(Noble and Way, 1987, pp. 2, 119).

11-14;,. 1,.."Stability of the emulsion globules (due to membrane rupture) is known as one of the most
serious problems in the application of the liquid surfactant membrane to industrial
separation." (Chan and Lee, 1987).

3

"Facilitated transport usually employs a liquid membrane containing a complexing agent or
carrier. ...No significant commercial example of facilitated transport has been achieved, ...the
principal problem is instability of the liquid membrane..." (Haggin, 1990).
"...the emulsion stability is the 'Achilles heel' of the process. ...the problem...has not been
solved yet, and no solution is apparent in the foreseeable future." (Abou - Nemeh and van

Peteghem, 1992).

Two remedies for this problem are currently in use, but they are known to be
far from ideal, as follows:
The first current remedy: Increase the concentration of stabilizing surfactant
in the membrane phase.
Unfortunately this reduces the rate of solute transfer by inhibiting any
internal motion within the emulsion globules, and by setting up both mechanical
and adsorptive barriers to solute transfer at the interfaces between the membrane
and the inner and outer phases. The effect is well illustrated in Figure 4, where the
eightfold reduction in transfer rate with increasing surfactant concentration falls to
only half the value predicted even for internally stagnant drops that are free from
surfactant.
In addition, surfactants have been found to decrease the rate of interfacial
chemical reactions like that in Figure 3 (Nakashio et al, 1988).
The second current remedy: Increase the viscosity of the membrane phase.
Numerous workers (e.g.; Terry et al, 1982; Frankenfeld et al, 1976; Yang and
Rhodes 1980) have found that membrane stability increases but transfer rates
decrease substantially as the membrane viscosity is increased. This is to be expected
4

from the Eyring-Stokes-Einstein relations for molecular diffusivity in Newtonian
liquids (Skelland, 1985, pp. 54-5):

Diffusivity =(constant) (a function of molecular parameters) (T°K)/viscosity (1)

Evidently a ten or twentyfold increase in membrane viscosity decreases the
molecular diffusivity to around 1/10 - 1/20 of its value in low-viscosity membranes.
This has been widely observed in the liquid-membrane context (e.g. Kataoka et al,
1989).
Thus the current remedies for liquid membrane instability both tend to
nullify its advantage of high permeability, the latter resulting from short transfer
path, strong selectivity, and high diffusivity.

A Proposed Solution

About 25 years ago several groups of workers in the field of non-Newtonian
fluid mechanics discovered that the molecular diffusivities of solutes in many
non-Newtonian solutions or slurries are almost independent of the concentration
of either dissolved polymer or dispersed fine particles. The diffusivities are thus
nearly independent of the large increases in consistency or "apparent viscosity" that
occur as the concentration of such additives is increased (Skelland, 1967, p. 168).
Hopper (1964), for example, found negligible change in the diffusivity of benzoic
acid in cyclohexane containing up to 4 wt. % of polyisobutylene, despite an increase
in fluid consistency of more than a hundredfold.

5

This is in contrast to the Newtonian fluid situation, represented by equation
(1), and is explained in terms of internal structuring of the solution by the dissolved
polymer, in a manner facilitating solute transport (Osmers and Metzner, 1972).
Even more interesting is the increase sometimes found in molecular diffusivity
with increase in the consistency and non-Newtonian nature of such solutions with
low but increasing polymer concentration (Astarita, 1965; Metzner, 1965; Ponter and
Davies, 1966; Barlage, 1969). To quote Ponter and Davies (1966):

"...at the concentrations considered, the presence of the polymeric molecules has little
effect on the molecular transport of the solute, although such molecules have a profound
effect on the flow properties of the solution."

In the liquid membrane context this says that there will be little effect on
solute permeability but membrane rupture will be much reduced.
These considerations indicate the conversion of the membrane phase (for
example, kerosene, dodecane, or cyclohexane) to appropriate non-Newtonian form,
by adding a few percent of polyisobutylene (PIB), polybutadiene (PBD), or other
suitable additive. This should
(A) increase the membrane consistency ("viscosity") and hence its stability,
(B) avoid the substantial reduction in diffusivity that would otherwise result
if the membrane were Newtonian - and may even increase it, as noted above, and
(C) reduce the amount of stabilizing surfactant needed and thus lessen its
retarding effects on both the transfer rate and the chemical reaction rate at the phase
interfaces. Reduction in the problem of "swelling' should also follow.
6

It is important to note that the concentration of added polymer will be low; in
this context this refers specifically to values below what has been called the "critical
concentration" C c above which the polymer molecules start to overlap. Relatively
small increase in polymer concentration above this "critical" value results in the
polymer molecules becoming more entangled, until finally they form a network
through the membrane. This condition is to be avoided by using dilute polymer
concentrations below the "critical" value, thus avoiding solute impedance through
the membrane by any such network. The concept of this "critical concentration" C c
was identified by Nishijima and Oster (1956), by Simha and Zakin (1960), by Boss et
al (1967), and by Osmers and Metzner (1972). None of these studies bore any relation
to liquid membranes; they were instead devoted to the internal structure of polymer
solutions. In each case C c was formulated as follows:

b
C c =—
[i]

(2 )

where [rl ] is the polymeric solution intrinsic viscosity, as defined by Middleman
(1968), and b is a dimensionless constant. Unfortunately, as noted by Osmers and
Metzner (1972), "depending upon the polymeric solution, the reported values of the
constant b range (widely) from 0.2 to 5.0 ... it seems reasonable (therefore) to limit
the application of a dilute solution theory to polymer concentrations of only a few
per cent."
The following three findings should now be noted:

7

i)

Polymeric stabilization of dispersions (including "steric" and "depletion"

stabilization) increases with increasing molecular weight of the stabilizer polymer
(Piirma, 1992; Heller and Pugh, 1954).
ii) The "critical concentration" of polymer at which the polymer molecules begin to
overlap decreases with increasing molecular weight of a given polymer and is
associated with a dramatic decrease in solute diffusivity. (Nishijima and Oster,
1956).
iii) The successful results obtained in the present study were achieved with the use
of 2% or less by weight of the polymers polyisobutylene (with molecular weight of
about 1.25 million) and polybutadiene (with molecular weight of about 940,000), the
most effective polymer concentrations being below C c .
These three observations show the desirability of using polymers with higher
molecular weight, with consequent reduction in the "critical concentration" and
thus in the polymer concentration to be used to avoid polymer network formation
in the membrane, thus avoiding solute impedance. Clearly a more specific
formulation of equation (2) is needed, perhaps with b expressed in terms of
molecular weight and structural characteristics of the polymer.
In the meantime, pending such development, the fact that operation in the
right polymer concentration range has been achieved in a given application may be
recognized by a preliminary glassware-scale run. Results that show enhanced
stability (greater extraction), coupled with negligible or no reduction in transfer rate
[i.e., the attainment of a given value of C t / C. in the same (or less) time as that
obtained without polymer in the early stages of the process] correspond to the
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desirable range of polymer concentration. The absence of reduction in solute
transfer rate shows the absence of any impeding polymer network in the membrane,
and hence that the polymer concentration is indeed below C c .
Conversion of the membrane phase into an appropriate non-Newtonian
fluid has the additional and specific advantage that its apparent viscosity is
dramatically reduced by the high shear rates prevailing during the emulsification of
the internal phase in the membrane phase (Skelland, 1967, pp. 7, 10). This enables
greater fragmentation of the internal phase into droplets with even smaller
diameters. In addition to providing greater interface for transfer - presumably
occupied by an adequate supply of surfactant - this results in increased stability of the
emulsion (Lissant, 1974, pp. 35, 76). The latter is then further enhanced by the
return of the membrane phase to its original high apparent viscosity under the
much less severe shearing conditions used later to disperse the emulsion as globules
in the continuous phase.
The final recovery of the internal phase and its solute content from the
coalesced emulsion globules is a subject for further study. It should, however, be
noted that emulsions with the most enhanced stability may be those most easily
demulsified by an electrical coalescer (Nakashio et al, 1988). In other words, the
proposed non-Newtonian conversion will not necessarily create problems in the
subsequent demulsification step.
Polymer addition will also reduce the swelling of the membranes. The
problem of swelling (the incorporation of solvent from the external phase into the
emulsion globules) occurs by the mechanisms of permeation (osmosis) across the
membrane, and

entrainment and secondary emulsification, perhaps assisted by
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surplus surfactant in the original emulsion (Kinugasa et al, 1989).
Itoh et al (1990) note that permeation across the membrane by the external
solvent arises from
a) solvation of the surfactant by the solvent,
b) encapsulation of the external solvent by reversed micelles of the surfactant
in the membrane, and
c) solvation of the transferring solute by the external solvent.
The reduction in surfactant concentration permitted by the stabilizing effects
of polymer addition must yield corresponding reductions in swelling caused by (a)
and (b) above, as well as reduced secondary emulsification, associated with the
second swelling mechanism. Furthermore, the increased apparent viscosity of the
non-Newtonian membrane will inhibit the entrainment of water into the emulsion
globules, resulting in further decrease in swelling. While experimental
confirmation of these beneficial effects on the swelling problem appear elsewhere
(Skelland and Meng, 1994), some results on membrane stabilization and
permeability are presented in this paper.

The Experimental Program

1). Materials:

The membranes were mainly made of Soltrol 220, an isoparaffin oil (mixture
of C13-C17 hydrocarbons) with high flash-point (222°F) from Phillips Petroleum
Company. The adjustment of the viscosity in Newtonian fluid systems was
achieved with addition of either S500N or S1 00N, both of which are neutral
10

hydrocarbon oils - Newtonian fluids with higher viscosity, provided by Exxon
Company. The physical properties of the oils used are listed in Table 1.
The conversion of the fluid from Newtonian into non-Newtonian was made
by addition of either polyisobutylene (PIB) EL-100 from Exxon with average
molecular weight of 1.25 million or polybutadiene (PBD) from Polymer Scientific
with average molecular weight of 940,000. The apparent viscosity of these nonNewtonian fluids "at zero shear rate" (Skelland, 1967, p. 7) with <3% polymer,
increases by up to 100-fold.

Table 1. Physical Properties of the Oils Used
Property

Soltrol 220

S100N

S500N

Boiling point, ° F
Specific Gravity 60/60 ° F
Molecular weight (average)
Viscosity, cP (100 ° F)
Viscosity, cP (Exp., 295K)

450-550
0.809
NA
3.7
4.2

-520
0.86
370
36.9
38.2

-620
0.88
500
197.5
230

Span 80, sorbitan monooleate, from Emulsion Engineering, was chosen as the
surface active agent throughout the present study because of its wide usage in
emulsion liquid membrane work.
2). Procedures

The solutions of either polymer in Soltrol 220 were prepared by dissolving
small pieces while stirring. Addition of S500N and S100N could be achieved by
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simple mixing. The membrane phase was made by mixing the proper amount of
Soltrol 220 oil, either S500N or S100N, and concentrated polymer solution, as well as
Span 80. The apparent viscosity of the resulting membrane phase at or near zero
shear rate was measured with a Brookfield viscometer Model RV. The internal
phase was either aqueous sodium hydroxide for acid and phenol extraction, or
aqueous sulfuric acid for the extraction of ammonia. While stirring the membrane
phase magnetically, the internal phase was slowly added using 2 fillings of a 10 mL
pipet. The mixture was simultaneously emulsified with an XL-2020 Ultra-sonicator
from Heat Systems, Inc. The machines' energy output was fixed on 20% because of
the use of a mini-tip and the emulsifying program was run as "3-second-on-and-2second-off" so that the change in the emulsion temperature was not significant.
Total emulsifying time was usually 5 minutes. The emulsion volume (total
volume of membrane phase and internal phase) in every experiment was fixed at
100 ml, and it was made in a 200 mL Pyrex No. 1060 beaker. The latter was
surrounded by a bath of water at 20 0C to a height equal to that of the emulsion for
added temperature control.
The extraction was carried out in a cylindrical, flat-bottom glass vessel, with a
diameter of 110 mm and height of 150 mm. Four radial baffles, each 10 mm wide,
were placed at 900 intervals to prevent vortex formation. A six flat-blade turbine
impeller with diameter of 76.4 mm was centrally mounted in the vessel since this
type of impeller showed the best dispersion performance for uniform mixing
(Skelland and Lee, 1978). The experimental Agitator Model ELB manufactured by
Bench Scale Equipment Company was used to mix the liquids. The unit was
equipped with a 1/4 hp drive motor, and provided an infinitely-variable output
12

speed of 0-18 rps. The speed control was calibrated directly in rpm with a
tachometer.
For the extraction of benzoic acid and ammonia the conductance of the
continuous phase was measured by an electrical conductivity cell constructed from
two 7 mm diameter glass capillary tubes 21 cm in length, both parallel and side by
side, each containing 15 mm of 20 gauge platinum wire exposed at one end. A glass
bead was placed at the tip of the platinum wires to prevent them from moving in
the turbulent flow field. The platinum wire was spot welded to a nickel-copper wire
which ran the length of the capillary tube. The cell constant was determined to be
0.821/cm. The cell was connected to a Yellow Spring Instrument Conductivity
Meter Model 32. The output was then recorded by a Fisher Recordall Series 5000
strip chart recorder. The relationship between solute concentration in the external
phase and the conductance was calibrated before the study. The effect of the
dispersed phase on the conductance reading of the continuous phase was allowed
for by the well-known Maxwell equation (Skelland and Kanel, 1992). Therefore, the
solute concentration in the external phase at any time during the process could be
directly evaluated for the membranes with negligible leakage. When the leakage
rate cannot be ignored, calculation of the solute concentration also requires
information on membrane leakage. Membrane leakage was quantitatively
followed as a function of time in separate experiments in which the continuous
phase initially consisted of pure water. Leakage of an acid or base from the internal
to the external phase was followed by change in electrical conductivity of the latter
with time. Suppose, for example, hydrochloric acid is leaking in this way; if the
transfer of HC1 from the inner to the outer phase occurs exclusively by membrane
13

breakage, the percent of such breakage is then given by :

B(%) —

[HCl] e• Vet
•
• x100%

(3)

where [HC1] is concentration and V the phase volume, respectively, and subscripts e
and i stand for external and internal phases; t and o denote values at time=t and
time=0.
For the extraction of phenol, samples were taken from the agitated vessel
during the extraction with an open-mouth syringe. Each sample was about 3 mL
and was separated in the sampler within several seconds. The continuous phase
was then poured on to a filter paper, which was placed on a beaker, and a clear
sample was obtained. After adding a certain amount of HC1 , the concentration was
determined with a HP8451-A spectrophotometer.
The whole extraction system was located in a water bath to maintain the
temperature at 298K. When the system was at the required temperature, the
agitation was started and both the conductivity meter and recorder were turned on
before the emulsion was rapidly poured from a beaker into the continuous phase
while stirring continued.

Results

Membrane Stabilization with Surfactant and PIB
1). Effect of Surface Active Agent:

14

An appropriate surface active agent and its proper concentration are always
needed for the formation of emulsion liquid membranes. Takahashi, et al (1981)
found that the more the surfactant used, the more stable the membrane when the
Span 80 level is below 2% by weight. The same tendency was observed in the
present study even for systems with PIB. However, there seemed to be a limit on
the membrane stability if larger amounts of the surfactant are added, as shown in
Figure 5. In the Figure, phi, is volume ratio of the internal phase to emulsion and
Phi the treatment ratio or volume ratio of the continuous phase to emulsion. Also
interesting is the slight decrease in membrane stability sometimes found for
Newtonian oils with higher surfactant concentration, as other researchers in the
field of emulsion science have noticed (i.e., Cavallo et al, 1990). The increased
viscosity in our systems containing PIB (or PBD) was believed to play an important
role. On the one hand, the membrane stability will be improved with increased
membrane viscosity because of greater resistance to breakage by shear and because
the movement of the internal drops ( and hence their coalescence), for a given size
and size distribution, is retarded. On the other hand, the dispersion of the internal
phase with a given energy input will become less effective if the membrane
viscosity under emulsifying conditions is higher.
2). Effect of PIB:

The results in Figure 5 also demonstrated the stabilization of the membrane
with addition of PIB. It is seen that with Span 80 > 5%, the membrane stability measured by leakage rate - tended to reach a limit and leave little room for
improvement. At the lower levels of Span 80, however, such as 2%, the membrane
stability was improved by the addition of 1 or 2% of PIB so dramatically that the
15

leakage rate of the internal phase to the continuous phase was reduced from about
14 %/hr to less than 1 %/hr. The use of the surfactant, Span 80, for the most stable
membranes could then be cut by at least 50%. With Span 80 < 2%, the membranes
without addition of PIB became too unstable to be used in practice. For example, in
Figure 6, with 0.5 and 1.0% Span 80, the leakage of the internal phase was about 75%
and 40% after 6 minutes of contact, respectively. In contrast, the membranes
stabilized with 1.0% PIB yielded only a few percent of leakage after an hour.
Moreover, the amount of internal aqueous phase that can be emulsified is basically
unchanged. The extraction capacity, which is usually achieved by employing
enough reacting agent in the internal phase, is thus maintained.
The stabilization of the membrane with PIB depended not only on the level
of the surfactant, but also on other operation parameters. Generally, the less stable
the Newtonian membrane, the more remarkable the stabilization achieved. For
example, Figure 7 shows that with 2% surfactant and no PIB the leakage rate of the
internal phase for the Newtonian membrane was increased from 14.5 %/hr to 36
%/hr by increasing the internal phase ratio phi (internal phase to emulsion) from
0.2 to 0.4. The stabilization by addition of PIB for the latter was highly significant so
that with PIB > 2%, the stability for all of the membranes tended to overlap at 1.5 %
leakage/hr. A similar tendency (not shown) was found for the membranes with phi
= 0.4 but different Span 80 concentrations. Increased agitation in the stability study
yielded higher leakage rates -- hence worsening membrane stability. The
stabilization after non-Newtonian conversion (Figure 8), however, is still evident.
The results in Figures 7 and 8 suggest that the optimum use of PIB should not
exceed 2-3% by weight. With increase in the amount of PIB added, the membrane
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stability improved and reached an optimum in a range of PIB concentration below
2%, beyond which the leakage rate increases again, perhaps due to poorer dispersion
of the internal phase because of the higher consistency of the membrane phase at
higher PIB concentrations. Even though such increase in the leakage rate at higher
PIB concentrations was slight and their levels still far below those of Newtonian
membranes, the tendency can clearly be seen.

Enhanced Extraction Performance of the Non Newtonian Membranes
-

1). Extraction of Benzoic Acid

In all examples in this section, the initial concentration of benzoic acid in the
feed (external) phase was 500 ppm and NaOH in the internal phase was 0.50 N. The
volume ratio of internal phase to the emulsion (phi) was 0.2. The treatment ratio
for extraction (Phi) was 1000 mL/80 mL (feed phase/emulsion). The concentrations
of both polymers and surfactant are expressed in percentage of weight in volume
(i.e., 1% means 1 gram in 100 mL). The extraction processes are all interpreted as
plots of Ct /C o vs time. C t is the solute concentration in the external phase at time t
and C o is its initial concentration at time t=0. The lower the value of C t /C o , the
better the extraction. The solute mass transfer rate out of the external phase at a
given instant may be represented for comparative purposes by the slope of the
relevant curve as d(C t /Co)/d(time). The greater the slope the faster the extraction.
With 2% Span 80 in the Soltrol 220 and under somewhat high agitation of 500
rpm, the improvement of the membrane stability was achieved by non-Newtonian

membranes with only a small amount of PIB, as illustrated in Figure 9. Without
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PIB, the traditional Newtonian membrane made of Soltrol 220 with 2% Span 80
extracts for only a few minutes and then the residual concentration of the acid in the
external phase increases because of high leakage of the membrane. For example,
from the 3rd to the 20th minute, about 60% of the initial acid in the feed phase that
had been extracted leaked back into the feed phase and transformed into salt which
could not be extracted again. This indicates that the long-term extraction efficiency
with such a traditional Newtonian membrane was low and not of industrial
importance. In contrast, the non-Newtonian membranes with 0.5 or 1.0% PIB
provided much better performance. The residual concentration of the solute in the
external phase after 4 minutes of phase contact was about an order of magnitude
lower than that achieved with a traditional membrane. The long-term extraction
efficiency was easily maintained as better than 90%. At the same time, the mass
transfer rate in the first few minutes of extraction does not show any decrease even
though the consistency of the membrane (as seen from the apparent viscosity) has
increased up to 5-fold. As a matter of fact, the addition of PIB also increases the
overall mass transfer rate, as indicated by the increased value of d(C t /C.)/d(time).
Extractions were next carried out at 4% Span 80 under the same conditions as
above, including the rather high agitation rate of 500 rpm. Comparison between the
curves of C t /C o vs time in Figure 10 for the Newtonian membranes consisting of
Soltrol 220 and the non-Newtonian membranes consisting of 1 or 2% of PIB in the
same solvent shows practically no reduction in extraction rate, despite the much
higher consistency caused by the dissolved PIB (from 4.2 to 89.9 cps, a 20-fold
increase). The enhancement in membrane stability arising from the non-
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Newtonian conversion yields a residual acid concentration that is about an order of
magnitude smaller than that for the purely Newtonian membrane at contact times
beyond 4 minutes. This corresponds to an acid removal with such non-Newtonian
membranes of the order of 99.9% after only 4-5 minutes of contact.
Under the less severe agitation of 250 rpm, the effects of PIB and PBD were
found to be similar as in Figures 11 and 12. The composition of the non-Newtonian
membranes, however, requires a proper amount of polymer. As can be seen from
Figure 11, some sort of network apparently forms if too much polymer is utilized
and the diffusivity and mass transfer rate are then significantly reduced. The effect
is even clearer in Figure 12.
A liquid membrane containing a much higher concentration of low
molecular weight copolymer was also tried for benzoic acid extraction. (The
copolymer was ethylene-vinyl acetate - EVA- of molecular weight 2,000, containing
37% by weight of vinyl acetate, supplied by Exxon). The polar nature of one of the
repeat units in this copolymer renders it surface active, so that this polymeric
surfactant (Piirma, 1992) was used without Span 80. Figure 13 compares the relative
ineffectiveness of this membrane with the new formulations prescribed in this
study, both at room temperature.
The much higher concentration of low molecular weight EVA may have
resulted in the formation of an obstructive network within the membrane oil so
that the mass transfer rate was significantly reduced. The results in Figure 13
demonstrate that the new formulation (bottom two curves) is different from that
using this EVA, in that the formation of a polymer network in the membrane is
avoided by using sufficiently dilute solution of high molecular weight polymer.
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The result, according to Figure 13, was improved membrane stability and mass
transfer rate.
In short, Figure 13 suggests that, in the present context, "high" concentrations
of low molecular weight polymer are not equivalent to "low" concentrations of
high molecular weight polymer.
2). Extraction of Ammonia
In all extractions in this section, the volume ratio of the internal phase to the
emulsion (phi) was 0.2 while the treatment ratio (Phi) was 1000 mL/160 mL
(external phase/emulsion). The internal phase was 1.00 N H2SO4 water solution.
Initial concentration of ammonium hydroxide (NH 4 OH) was always 450 ppm.
With 2% Span 80 and under 250 rpm agitation, the extractions of ammonia by
a traditional membrane (no polymer addition), a non-Newtonian fluid membrane
with 0.5% PIB, two possibly Newtonian membranes with 0.5 and 2.0 %EVA of
molecular weight 2,000 , and a membrane with 10% EVA (no Span 80), were carried
out and the results are plotted in Figure 14. The non-Newtonian membrane with
0.5% PIB gives the best performance. It not only improves membrane stability
(shown by greater total extraction) but also has a higher mass transfer rate (shown by
the greater slope of the curve) compared to the traditional membrane. However,
the membranes containing EVA reduce the mass transfer rate (shown by reduced
slopes). With a Span 80 concentration of 2.0%, the mass transfer rates are obviously
decreased by addition of 0.5 or 2.0% EVA. This may be because the membrane phase
remains a Newtonian fluid [since the EVA molecular weight may be too low to
exhibit non-Newtonian behavior in the range of shear rates used here (Middleman,
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1968, pp. 147-156, 178-184). Such decrease in mass transfer rate is much more
significant when the EVA concentration is 10%. This is perhaps due to the
formation of a polymer network within the membrane at the high polymer
concentration used, with correspondingly increased impedance of solute transport
through the membrane. Overall, the solute transfer rate, measured by the slope
d(Ct /C 0)/d(time), is obviously less for the top four curves than for the bottom curve
with PIB in Figure 14.
3). Extraction of Phenol
In all extractions for phenol, the experimental conditions were the same as in
the above Section 1 for benzoic acid, except that the initial phenol concentration in
the external phase was 518 ppm.
With 2% Span 80 in Soltrol 220 and under 500 rpm agitation, extractions of
phenol with different membranes were conducted with the results shown in Figure
15. Compared to the membranes made of Newtonian fluids, the non-Newtonian
membranes containing 1 or 2% PIB give much improved stability and no reduction
in mass transfer rate [measured by d(C t /Co/d(time)] even though their apparent
viscosities have increased more than 20-fold. In contrast, the Newtonian
membrane containing S100N and of intermediate viscosity shows slower extraction
and higher membrane breakage. Figure 16 shows similar improvement in
membrane stability with the addition of 1.87 %PBD. Again no reduction in mass
transfer rate is observed, despite an 8.5-fold increase in apparent viscosity at zero
shear rate. After conversion with PBD, the non-Newtonian membrane with 2%
Span 80 performs even better than the Newtonian membrane with 5% Span 80.
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This means the use of surfactant can be cut at least 50% for the new membrane.
The extractions for all three solutes above show that non-Newtonian
conversion of the liquid membrane phase provides better membrane stability
without loss of permeability. The same approach could be adapted to Type II
systems in which the membrane phase contains "carrier" agents, though only Type I
systems are addressed in the present study.

Conclusions

In a recent authoritative review of the liquid membrane field Frankenfeld
and Li (1987) repeated a widely accepted maxim regarding the "...need for trade-offs
between extraction rate and emulsion stability in nearly all liquid membrane
processes."
This study, however, shows for the first time that such trade-offs are
unnecessary if the liquid membrane is converted to appropriate non-Newtonian
form. This is achieved by dissolving small amounts of a suitable polymer in the
membrane phase at polymer concentrations below the critical value, C c , at which
interaction and overlapping of dissolved polymer molecules first occurs. This
utilizes findings from non-Newtonian fluid mechanics, that solute diffusivities in
such dilute polymer solutions are essentially independent of the dramatic increases
in consistency ("viscosity") of the solution caused by the dissolved polymer. (Other
aspects of polymeric stabilization also follow). The results are enhanced stability of
the membrane without the previously inevitable loss in permeability always found
in Newtonian membranes. Entrainment contributions to the problem of swelling
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are also reduced by the increased apparent viscosity of the membrane. Reduction in
the concentration of the stabilizing surfactant is also possible because of the
stabilizing role of the dissolved polymer. This partially eliminates interfacial
resistances to mass transfer and chemical reaction caused by the surfactant, while
permeation contributions to swelling are also correspondingly reduced.
These propositions are confirmed with extensive experimental data on three
different solutes (benzoic acid, ammonia, and phenol) extracted from an aqueous
phase across an isoparaffinic membrane containing various small amounts of Span
80 as stabilizing surfactant and polyisobutylene (M. W. c.a. 1.25 million) or
polybutadiene (M. W. c.a. 0.94 million) as non-Newtonian additives. Aqueous
solutions of acid or alkali formed the internal or receptor phase.
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Nomenclature

B -- breakage of the membrane, %

b -- proportionality constant, demensionless.
Cc -- critical concentration of polymer in solution, g/dl
Co -- solute concentration in the continuous phase at time t=0.
Ct -- solute concentration in the continuous phase at time t=t.
phi -- volume ratio of internal phase to the emulsion.
Phi -- treatment ratio or volume ratio of continuous phase to the emulsion.
T -- temperature, K
t -- time.
Ve, t
V, 0

n

]

-- volume of continuous (external) phase at time t=t.
volume of internal phase at time t=0.
intrinsic viscosity, dl/g.
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Figure Captions
Figure 1. Emulsion liquid membrane systems
Figure 2. Experimental procedures for emulsion liquid membranes
Figure 3. Schematic of extraction of acidic compounds by emulsion liquid
membranes
Figure 4. Reduction in mass transfer rate by surfactant
Figure 5. Effect of surfactant on membrane stability
Figure 6. Membrane stabilization by PIB at lower Span 80 levels
Figure 7. Comparison between the effects of a) varied phi at fixed Span 80 and b)
varied Span 80 at fixed phi on membrane stability
Figure 8. Effect of PIB on membrane stability at different agitation speeds
Figure 9. Enhanced benzoic acid extraction by membranes containing 2% Span 80 in
which apparent viscosities are increased by PIB addition as shown
Figure 10. Benzoic acid extraction with different membranes
Figure 11. Enhanced extraction of benzoic acid by PIB
Figure 12. Enhanced extraction of benzoic acid by PBD. 1.87% PBD apparently
exceeds Cc for this polymer
Figure 13. Comparison of a membrane containing a surface active copolymer (EVA)
of low molecular weight (2,000) & high concentration (10c7c) with the new
membrane containing non-surface active polymers of high molecular weight
& low concentration (0.5%).
Figure 14. Effects of membranes containing different polymers on ammonia
extraction
Figure 15. Phenol extraction with different membranes
Figure 16. Effect of membranes containing PBD on phenol extraction
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Chapter 2
Stabilization of Emulsion Liquid Membranes with Non-Newtonian
Additives but without Permeability Loss

by
A. H. P. Skelland and Xiquan (Michael) Meng

ABSTRACT

Conversion of the membrane phase in emulsion liquid membranes into
appropriate non-Newtonian form has been achieved here by dissolution of a
suitable polymer at concentrations below the critical value C c at which interaction
or overlapping of polymer molecules begins. This is to exploit findings in nonNewtonian fluid mechanics that large increases in solution consistency ("viscosity")
due to the dissolved polymer - at concentrations below C c - produce negligible
change in solute diffusivities. This, and other aspects of polymeric stabilization,
result in increased stability without the previous reduction in permeability that
accompanied viscosity increase in Newtonian membranes.
Membrane stability is reduced by decrease in its surfactant content, increase in
the volume fraction of the internal phase, and increase in the agitator speed during
emulsion dispersion. All of these adverse effects are countered by adequate but
small amounts of appropriate dissolved polymer. Four out of five mechanisms of
swelling are also reduced by the presence of this polymer in the membrane,
assuming that the obvious opportunity is taken to reduce the amount of stabilizing
surfactant used. This paper focuses on experimental confirmation of the effects of
dilute polymer addition on membrane stability and swelling, with aqueous NaOH
leaking from the internal to the external phase for a variety of compositions and
operating conditions.

Stabilization of Emulsion Liquid Membranes with Non-Newtonian Additives
But without Permeability Loss

Extraction with surfactant or emulsion liquid membranes (ELM) is a highly
selective and energy saving separation process (Schlosser and Kossaczhy, 1980).
Since its introduction by Li about 25 years ago (Li, 1968, 1971), the technique has
repeatedly been shown to be ideally suitable for many separation processes, such as
the separation of hydrocarbons (Li, 1971; Plucinski and Szust, 1988; Gupta, et al,
1990), the removal of organic bases and acids from water (Cahn and Li, 1974;
Halwachs et al, 1980; Teramoto et al, 1981, 1983; Terry et al, 1982; Chang and Li, 1983;
Baird et al, 1987; Wang and Bunge, 1990), metal recovery or removal from dilute
aqueous solutions ( Martin and Davies, 1976/1977; Kondo et al, 1979; Volkel et al,
1980; Cahn et al, 1981; Gutknecht et al, 1986; Bart et al, 1986; Mikucki and OsseoAsare, 1986), pharmaceutical separations (Frankenfeld et al, 1976, Itoh et al, 1988,
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Thien et al; MR separations in the food industry (Etuk and Murray, 1990), and in
analytical chemistry (Braun and Frag, 1978). Some excellent reviews have been
given by Marr and Kopp (1982), Noble and Way (1987), Frankenfeld and Li (1987),
Noble, Way and Bunge (1988), and Araki and Tsukube (1990).
Unfortunately, all current liquid membrane processes are seriously flawed by
membrane instability. The new technique presented here uses additives that
convert the membrane phase to suitable non-Newtonian form, thereby enhancing
its consistency - and hence stability - without the sacrifice in permeability so
characteristic of all previous membranes, which were Newtonian. Less stabilizing
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surfactant will now be needed, thus lessening its retarding effects on both the
transfer and the rate of any chemical reaction at the inner phase interfaces.
"Swelling" problems associated with the presence of the surfactant will also be
reduced. This approach makes use of findings in the field of non-Newtonian fluid
mechanics, where it has been shown that solute diffusivities in dilute polymer
solutions are essentially independent of the substantial increase in consistency
("viscosity") resulting from the dissolved polymer.
It will be appreciated that the findings below for emulsion liquid membranes
should be capable of extension to immobilized or supported liquid membranes of
the type described by Noble and Way (1987, Ch. 1).

EMULSION LIQUID MEMBRANES AND THEIR CURRENT PROBLEM

These membranes comprise an emulsion of fine droplets of the solute
receptor phase, having diameters of perhaps 1 dispersed in another immiscible
liquid. This emulsion is then itself dispersed as globules of diameter 0.1-5 mm in a
third liquid in which the dissolved solute is initially located, as shown in Figure 1.
This third liquid is variously called the external or donor or continuous phase; its
solute content transfers, at least in part, across the intervening liquid in the
emulsion globules, and into the internal droplets of solute receptor phase. The
intervening liquid in the globules that separates the internal from the external
phase, and across which the solute transfers, is called the liquid membrane.
Although the internal (receptor) and external (donor) phases are usually miscible,
they ideally remain separate from each other because of the stability of the
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intervening liquid membrane. The latter contains a suitable surface active agent to
promote the necessary interfacial stability and prevent membrane breakage. The
solute arriving in the internal phase is commonly prevented from transferring back
again by reacting with a suitable "trapping" agent in the internal phase. The
reaction product must of course be insoluble in the membrane liquid. When a
solute is insoluble in the membrane liquid its transfer is facilitated by the
incorporation of a "carrier" agent in the membrane phase. This solubilizes the
solute in the membrane, and "ferries" it across to the internal phase for sequestering
as before. Frankenfeld and Li (1987) describe Type 1 and Type 2 systems as those
without and with "carrier" agents, respectively.
A major obstacle to the commercialization of the emulsion liquid membrane
process to date has been the inability to render the membrane sufficiently stable
against breakage caused by agitation of the entire system or by inadequacies in
formulation. Such breakage of the membrane of course results in contact between
the internal and external phases, with undesired return of the solute to the external
phase.
The seriousness of this problem cannot be overemphasized; only a few
months ago, Abou-Nemeh and van Peteghem (1992) stated that
"...the emulsion stability is the 'Achilles heel' of the process, ...the problem...has not
been solved yet, and no solution is apparent in the foreseeable future."

Essentially the same statement was made recently by Noble and Way (1987,
pp. 2, 119), Chan and Lee (1987), and Haggin (1990).
Attempts to resolve the difficulty so far are two in number; neither is
completely satisfactory, as outlined below:
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The first attempt involves increasing the membrane phase viscosity.
Unfortunately, although the membrane stability increases, its permeability decreases
extensively with increasing viscosity (Terry et al, 1982; Frankenfeld et al, 1976; Yang
and Rhodes, 1980). This is predicted by the Eyring-Stokes-Einstein equations for
molecular diffusivity D in Newtonian liquids. These show that D varies inversely
with viscosity (e.g. Skelland, 1985, pp. 54-55) as observed, for example, by Kataoka et
al (1989) in Newtonian liquid membranes.
The second attempt to overcome the stability problem consists of adding
more stabilizing surfactant to the liquid membrane. However, this reduces the rate
of chemical reaction at the interface (as with the trapping agent in the internal
phase) (Nakashio et al, 1988). In addition, excessive surfactant immobilizes the
interior of the globules and provides adsorptive and mechanical barriers to transfer
of solute across the membrane interfaces with both the donor and the receptor
phases. Garner and Skelland (1956, Figure 4), for example, found an eightfold
reduction in fractional extraction of acetic acid from nitrobenzene drops 0.5 cm in
diameter, falling 50 cm through water containing 0.002 gmol per liter of sodium
dodecyl sulfate 6. Their data show that the surfactant reduced the transfer rate to
half that predicted for uncontaminated drops that are internally stagnant.
Evidently the two approaches presently used to overcome the membrane
instability problem both partially defeat the purpose by substantially reducing the
membrane permeability, thus eliminating one of the major advantages of the
process.
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AN ANSWER TO THE PROBLEM
An unexpected finding was made by several independent groups of nonNewtonian fluid mechanicists nearly 3 decades ago. They showed that the
molecular diffusivities of solutes in dilute polymer solutions were essentially
unaffected by the substantial increase in overall consistency resulting from only
small amounts of dissolved polymer. Typical of these observations were those by
Hopper (1964); he found that the consistency . (apparent viscosity) of cyclohexane
increased more than a hundred times when it contained up to 4 wt% of dissolved
polyisobutylene, yet the diffusivity of benzoic acid in these solutions differed only
slightly from that in pure cylcohexane.
The difference between this and Newtonian systems, in which diffusivity
varies inversely with viscosity, is remarkable. According to Osmers and Metzner
(1972), solute transfer is assisted in such solutions by an internal structure arising
from the dissolved polymer. An extension of the phenomenon has been observed
(Metzner, 1965; Astarita, 1965; Ponter and Davies, 1966; Barlage, 1969) in which low
but increasing concentrations of dissolved polymer result in actual increases in the
molecular diffusivity of a dissolved solute, despite increasing consistency of these
non-Newtonian systems.
The implications of all this for enhancing the stability of liquid membranes
without the previously inevitable loss of permeability are now apparent. It will be
necessary to convert the liquid membrane phase into a suitable non-Newtonian
fluid by adding some low concentration of an appropriate polymer (Skelland, 1967,
pp. 144, 168, 333). It appears that membrane stability is enhanced by low polymer
concentrations because of some combination of increased apparent viscosity
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(Frankenfeld et al, 1976; Yang and Rhodes, 1980; Terry et al, 1982) and so-called
"depletion" and "steric" forms of stabilization, depending on the nature of the
polymer (Heller and Pugh, 1954; Napper, 1983, pp. 12-14; Piirma, 1992, Ch. 1).
However, the specification of "low polymer concentrations" has a particular
meaning in the present context. In studies of the internal structure of polymer
solutions, several workers [Nishijima and Oster (1956), Simha and Zakin (1960),
Boss et al (1967), Osmers and Metzner (1972)] have recognized a "critical
concentration" of polymer, C c , above which interaction and overlapping of the
polymer molecules occurs. Increasing entanglement and network formation by the
polymer molecules takes place as their concentration increases above C c, causing
increasing obstruction of any solute molecules diffusing through the solution.
Attempts to formulate C, in mathematical terms have taken the form of
Cc =b/i ro , where [ri] is the intrinsic viscosity of the polymer solution as defined by
Middleman (1968). Unfortunately, the dimensionless "constant" b varies between
0.2-5 for the systems studied so far; dilute polymer solutions (below C c ) are
accordingly regarded as those having "polymer concentrations of only a few
percent" (Osmers and Metzner, 1972).
It is therefore important to ensure that any polymeric stabilization of liquid
membranes be done with polymer concentrations below C c . The use of lower
concentrations of higher molecular weight polymer is indicated by the fact that
increasing molecular weight of the polymer increases the polymeric stabilization of
dispersions (Heller and Pugh, 1954; Piirma, 1992), whereas C c decreases with
increasing molecular weight of a given polymeric species (Nishijima and Oster,
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1956). The latter authors also showed that solute diffusivity decreases dramatically
when polymer concentrations exceed C c ; such decreases are of course undesirable in
liquid membranes.
A further important and unique advantage of converting the membrane
phase into suitable non-Newtonian form is that its apparent viscosity will diminish
substantially under the high shear rates provided by, say, an ultrasonicator during
emulsification of the internal phase in the membrane phase (Skelland, 1967, pp. 7,
10). This will enable greater subdivision of the internal phase into smaller droplets
(Hanna and Larson, 1985), which makes for a more stable emulsion - assuming that
enough surfactant is present to occupy the increased total interface between the
internal and membrane phases (Lissant, 1974, pp. 35, 76). The apparent viscosity of
the membrane phase then returns to its original high value under the much more
gentle shearing conditions in which the emulsion is subsequently dispersed as
globules in the external or donor phase, thereby enhancing the membrane stability.
The eventual retrieval of the internal phase (and its solute content) from the
coalesced emulsion following the extraction process is a matter for separate
investigation. However, Nakashio et al (1988) have shown that an electrical
coalescer may demulsify increasingly stable emulsions with decreasing difficulty.
The benefits of non-Newtonian conversion of the membrane phase in
maintaining - or enhancing - a high permeability for solute removal from the
external phase while increasing membrane stability are confirmed elsewhere
(Skelland and Meng, 1994). The present paper is concerned with the effects of such
non-Newtonian conversion on the problems of leakage and swelling when
surfactant concentration, volume fraction of internal phase, or agitator speed are
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varied.

EXPERIMENTAL WORK

1. Materials

The principal component of the membrane phase was Soltrol 220, which is a
mixture of isoparaffins (C13-C17) with a flash-point of 2220F, as supplied by Phillips
Petroleum Company. Newtonian membranes of various viscosities were made by
adding the neutral hydrocarbon oils S500N and S1 00N, as provided by Exxon.
Relevant physical properties of these materials appear in Table 1.

Table 1. Physical Properties of the Oils Used

Property

Soltrol 220

SIOON

S500N

Boiling point, oF

450-550

-520

-620

Specific Gravity 60/60 oF

0.809

0.86

0.88

Molecular weight (average)

NA

370

500

Viscosity, cP (100oF)

3.7

36.9

197.5

Viscosity, cP (Exp., 295K)

4.2

38.2

230

Conversion of the membrane phase to non-Newtonian form was performed
by dissolution in the Soltrol 220 of either polybutadiene (PBD) (average molecular
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weight = 940,000) from Polymer Scientific or polyisobutylene (PIB) EL-100 (average
molecular weight = 1.25 million) as obtained from Exxon. Increases of up to 100-fold
in the apparent "viscosity at zero shear rate" (Skelland, 1967, p. 7) were found for
these non-Newtonian solutions containing < 3% of polymer.
Perhaps the most widely used surfactant in emulsion liquid membrane work
(with organic membranes) is Span 80 (sorbitan monooleate). It was used as supplied
by Emulsion Engineering in this study.
2. Procedures

The polymers were divided into small pieces and dissolved in the Soltrol 220
with stirring. The liquid oils S100N and S500N were completely miscible with the
Soltrol and easily blended, as was the Span 80. A Brookfield Viscometer Model RV
was then used to measure viscosities at room temperature.
Eighty ml of the prepared membrane phase (Soltrol 220, dissolved polymer,
Span 80, and possibly S100N or S500N) were then placed in a 200 mL Pyrex No. 1060
beaker and the contents stirred by a magnetic stirrer bar inside the beaker. The tip of
an XL-2020 Ultrasonicator from Heat Systems was immersed in the beaker contents
and was programmed to a "3— second-on-and-2-second-off" mode of operation to
avoid overheating of the beaker contents (see more on the use of temperature-bathcontrol later). The Ultrasonicator's energy output was fixed on 20% to accommodate
its mini-tip. While magnetic stirring and ultrasonication in the above manner were
proceeding, the internal phase (0.5 N aqueous sodium hydroxide) was slowly added
using fillings of a 10 ml pipet. After emulsification for the prescribed time, 80 ml of
emulsion were taken for stability and swelling studies.
The latter were performed in a flat-bottom glass vessel with a height of 15 cm
9

and a diameter of 11 cm, containing four radial baffles each of width 1 cm and which
were equally spaced around the periphery. Agitation was provided by a centrally
located turbine with six flat blades, 7.64 cm in diameter, as recommended by
Skelland and Lee (1978). The mixing unit used to disperse the emulsion in the
continuous phase was the Agitator Model ELB manufactured by the Bench Scale
Equipment Company. It included a 1/4 hp drive motor, and provided an infinitelyvariable output speed of 0-18 rps. A tachometer was used for calibration of the speed
control.
The continuous or external phase initially comprised one liter of deionized
water having an electrical conductivity below one .tmho/cm. The release of NaOH
from the internal phase by membrane leakage into the external phase increased the
conductivity of the latter in a way that was continuously measured by an electrical
conductivity cell like that used by Skelland and Kanel (1992). The cell consisted of
two glass capillary tubes 21 cm in length and 0.7 cm in diameter, side by side with 1.5
cm of 20 gauge platinum wire protruding from one end. The two wires were held
motionless by a glass bead encasing their tips. Each platinum wire was spot welded
to a nickel-copper wire that ran axially through the capillary tube. Standard NaC1
aqueous solution was used to obtain the cell constant as 0.821/cm. The cell was
connected to a Yellow Spring Instrument Conductivity Meter Model 32, and the
output was recorded by a Fisher Recordall Series 5000 strip chart recorder. The
relationship between conductivity and aqueous concentration of NaOH was found
to be linear. It has been shown (Skelland and Kanel, 1992) that the effect of the
dispersed emulsion globules on the conductance reading for the continuous
aqueous phase can be allowed for by Maxwell's equation. The amount of NaOH
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leaked at any time can therefore be determined from these conductivity
measurements and the leakage, L, expressed as a percentage, is given by

L, %= 100

where

[NaOHL

(1)

[Na01-1] ;0 Vi0

V, = volume of continuous phase

Vio = initial volume of internal phase
[NaOHL = molar concentration in the continuous phase
[Na0H]jo = initial molar concentration in the internal phase
Both Vi o and [Na0FI]i 0 were well defined during the preparation of the emulsion
while V, could be reasonably considered as a constant because V, » V ic) and the
volume increase of the continuous phase due to leakage of the membrane is
negligible.
The whole system was located in a water bath to maintain the temperature at
298K. When the system was at the required temperature, the agitation was started
and both the conductivity meter and recorder were turned on before the membrane
phase was rapidly poured from a beaker into the stirred continuous phase.

RESULTS

Membrane Formulation
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Viscosity modification with additives:
Soltrol 220 is Newtonian and has a viscosity of 4.2 cP at 295K. Addition of
about 3% of PIB increased its apparent viscosity at zero shear rate by about 200-fold.
Comparable results were obtained with PBD. The increase in viscosity resulting
from blending with the Newtonian oils S500N or S100N was more gradual, as
shown in Figure 2.
Temperature control and order of mixing during emulsification:
It was found necessary to add the internal phase slowly to the membrane
phase (containing dissolved surfactant) in the presence of simultaneous agitation
(stirring) and ultrasonication in order to get the most stable form of emulsion. For
example, application of ultrasonication after the internal and membrane-surfactant
phases had previously been placed together gave a much less stable emulsion.
The heat generated by the ultrasonication during emulsification was found to
impede the formation of the emulsion. It has been noticed (Rosen, 1989, pp. 313-315)
that increase in temperature results in decreased emulsion stability, and
emulsification may become impossible at elevated temperatures for many systems.
Thus with the XL-2020 Ultrasonicator, it was found that continuous emulsifying for
one minute gave a hot mixture of two clear, separated phases, in contrast to the
rather unstable emulsions obtained by hand shaking of the same mixture at room
temperature.
The problem was overcome by preparing the emulsion in the way described
earlier, and with the Pyrex No. 1060 beaker and contents immersed in a larger second
beaker containing either tap water (at about 20 oC) or ice-water (between 5-10 oC) for
added temperature control. Figure 3 shows the change in emulsion temperature
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with emulsification time for different cooling conditions. The reproducibility of
these curves was proved by 5 replications on each.
For the measurements in Figure 4 the percentage of internal phase that leaked
to the external phase increased linearly with the contact time between the emulsion
globules and the external phase. The slopes of these lines - i.e., the leakage rates were used as measures of the membrane stability and are plotted as functions of the
emulsification time in Figure 5. Small but continuous improvement in membrane
stability (i.e. reduced leakage rate) is observed up to an emulsification time of 8 min
in the case of either tap-water or ice-water-cooled emulsions. This presumably
results from greater dispersion of the internal phase into smaller droplets (Lissant,
1974, pp 35, 76). In contrast, the uncooled emulsion yielded membranes whose
stability deteriorated drastically after five minutes of emulsification.
The data were then plotted as leakage rate versus emulsion temperature
during emulsification, without regard to variation in emulsification times, in Figure
6. Evidently for this system emulsification temperatures must not exceed 50 0C,
while no membrane can be formed when the emulsion temperature reaches 65 0C.

Effects of Surfactant, Polymer, phi, and Agitation Speed on Membrane Stability

Figure 7 shows a limit on the membrane stability (measured by leakage rate) at
about 5% of Span 80. However, at a Span 80 content of only 2% the addition of PIB
reduced the leakage rate from 14% to less than 1% per hour. In Figure 8, with Span
80 < 2%, the membranes without addition of polymer become too unstable for
practical use. Thus with 0.5 and 1.0 % Span 80, the leakage of the internal phase was
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about 75% and 40% after 6 minutes of phase contact, respectively. In contrast, the
bottom two curves of Figure 8 show dramatic increases in stability upon addition of
1% of PIB at the same low Span 80 concentrations. Also, with 1% Span 80, Figure 7
shows that membranes stabilized with 2% PIB gave leakage rates of only 2% per
hour.
Additional factors affecting membrane stability include the internal phase-toemulsion ratio, phi, and the agitator speed. However, the stabilizing effect of
polymers is consistent once these parameters are fixed. Figure 9 compares the
interacting effects on leakage rate of surfactant concentration, phi values, and
polymer concentration for PIB and PBD. It shows, for example, that with 2%
surfactant the leakage rate for Newtonian membranes (zero polymer) increased from
14.5 %/hr to about 36 %/hr when phi increased from 0.2 to 0.4. The stabilization
achieved - particularly for the latter case - by addition of small amounts of PBD or
PIB is noteworthy; thus for concentrations of PIB or PBD of about 2% the leakage
rates for all the membranes shown coincide at about 1.5 %/hr. Similar effects were
found at phi of 0.4 with other concentrations of Span 80.
The increased shear rates resulting from higher agitator speeds reduce the
stability of the membrane, as shown in Figure 10, but the stabilizing benefits of nonNewtonian conversion remain evident (i.e., more complete dispersion of the
internal phase during emulsification - due to reduced apparent viscosity of the
membrane under high-shear-ultrasonication - followed by restoration of the
membrane to high apparent viscosity at the more gentle shear rates prevailing in the
leakage experiments). Figure 9 and 10 indicate optimum levels of PIB and PBD at or
below 2-3%. Concentrations above this level may cause poorer dispersion of the
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internal phase during emulsification, with consequent reduction in membrane
stability.

Swelling

This refers to the incorporation of solvent from the external phase into the
emulsion globules, thus augmenting the internal phase. It is undesirable because of
the reduction in concentration of the extracted solute in the swollen internal phase,
the increase in membrane breakage that ensues, and the increased agitation required
for emulsion dispersion (Itoh et al, 1990).
The volume of external phase solvent thus transported is the sum of that
crossing the membrane by permeation (osmosis) and that entering the emulsion
globules by entrainment and secondary emulsification, possibly assisted by surplus
surfactant in the original emulsion (Kinugasa et al, 1989).
Itoh et al (1990) have noted that the contributions to swelling by permeation
include
a) solvation of the surfactant by the external phase solvent, thus solubilizing
the solvent into the membrane,
b) encapsulation of the external phase solvent by reversed micelles of
surfactant, and
c) solvation of the transferring solute by the external phase solvent.
The stabilizing benefits of dilute polymer addition enable less surfactant to be
used. This must result in corresponding reductions in swelling attributable to (a)
and (b) above, together with reduction in secondary emulsification. In addition,
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entrainment of water into the emulsion globules will be reduced by the increase in
apparent viscosity of the non-Newtonian membranes, thus decreasing the swelling
from this source.
Several workers (Kinugasa et al, 1989; Tsuboi et al, 1987) have shown that
substantial entrainment and secondary emulsification of the external phase solvent
into the emulsion is dramatically suppressed by the presence of electrolytes in the
external phase.
In the present work the internal phase was 0.5 N aqueous NaOH, the external
phase was initially pure water, and the membrane (Soltrol 220) was a mix of
isoparaffins containing Span 80 as surfactant, with or without polymer. An
expression for swelling was developed which contains correction for leakage effects
from consideration of the emulsion density, as follows:
(2)

Pe = 9Paq ± (1 OPoil

where p e , p aq and Pon are the densities of the emulsion, the aqueous internal
phase, and the organic membrane phase, respectively. The volume fraction of
internal phase in the emulsion is cp and is evidently evaluated as

Pe - Pod

(3)

Paq - Poll

In this study P e was measured before emulsion dispersion and then after 5
minutes of settling from the external phase following the dispersion process. The
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volume of internal phase after 10 minutes of sustained dispersion is
(4 )

Vi10 = Vio Vim + VS10
-

where Vi o is the volume of internal phase at the start of dispersion,

VIA()

is the

volume of internal phase lost by leakage during 10 minutes of phase contact, and
Vsio is the volume of water gained by swelling in the same period. Then swelling, S,
is represented by

V510 -

S,% = 100 - 100 \lin
Vio

-

Vi0 + V I,10
Vio

(5)

where the volume of internal phase leaked in 10 minutes is given by

Vio (L 10 %)
VL10 =

(6)

100

The quantity L 10 % is the percentage of internal phase leaked in 10 minutes and

Vi0 = Voii

90
1 - (Po

;

‘,
910
Viio = voil
1 - 910

Combining these expressions gives the swelling percentage corrected for leakage as

S,% =100 (1 - (Po )(Pio 4- 140% — 100
(1 -(pio)(po

( 7)
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Kinugasa et al (1989) noted that "there remain many obscure matters in the
mechanism of water permeation through emulsion liquid membranes".
Nevertheless, considerable understanding of our results emerges, when it is
remembered that
i) Span 80 is particularly noted as a surfactant that promotes water transport
across an organic membrane (Nakashio et al, 1988) and
ii) higher concentrations of polymer should inhibit entrainment of water into
the emulsion globules because of the resulting increase in apparent viscosity.
(Permeation contributions to swelling should be less affected for a given % of
surfactant because diffusivities will remain virtually unchanged by polymer
concentrations below C c ).
When the swelling % is compared with the leakage rate for each membrane,
first as a function of % Span 80 (Figure 11) and then as a function of % PBD (Figure
12), we note that a high leakage rate accompanies a low swelling % for these systems,
and vice versa. This is consistent with the observations of Kinugasa (1989) and
Tsuboi (1987) that electrolytes in the continuous phase suppress entrainment and
secondary emulsification of the continuous phase solvent. Consider Figure 12ii, for
example. For zero PBD and Span 80 of only 2%, the membrane has poor stability and
therefore a high leakage rate. This deposits NaOH (a strong electrolyte) into the
continuous phase adjacent to the globules, with consequent suppression of
entrainment and low swelling %. At higher PBD (0.5%, apparent viscosity increase
from 4.2 to 7 cP), the membrane is more stable, leakage is therefore reduced, so
NaOH deposition in the continuous phase is now slight. Entrainment is accordingly
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not suppressed, and the swelling % is thus greater. With continued increase in PBD
the increased apparent viscosity of the membrane reduces the entrainment so that
swelling decreases.
Analogous considerations are qualitatively consistent with each feature of
Figures 11 and 12. In Figures 11i and 12i, for instance, the high Span 80 content gives
a stable membrane with low leakage, despite the absence of polymer. Swelling is
high due to both entrainment and increased permeation of the membrane by
external water associated with the water-carrying Span 80 via hydration and perhaps
reverse micelles. In Figure 12iii the high phi of 0.4 and moderate Span 80
concentration of 2% results in a process dominated by leakage - i.e., (Vi 10 - Vio )-erVuo at the lowest PBD concentrations.

Comparison Between the Stabilizing Effects of Increasing Membrane Consistency
by Newtonian and Non-Newtonian Additives

The effects on membrane stability of adding increasing amounts of the viscous
Newtonian oils S1 00N and S500N to the membrane phase (Soltrol 220) appear in
Figure 13. Inferring a predominantly viscous effect, the abscissa was translated into
corresponding viscosity values and replotted as Figure 14, for comparison with the
effects obtained with increasing amounts (<3%) of the non-Newtonian additives PIB
and PBD.

5

The Newtonian additives show improvement only up to viscosities of 8-cP,
with marked deterioration at higher concentrations. The greatest reduction in
leakage achieved is also poorer than that obtained with PIB or PBD at the same
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"viscosity".
The contrast provided by the sustained and major reduction in leakage rate
arising from non-Newtonian conversion is evident in Figure 14. This is thought to
result from the smaller drop size achieved for the internal phase by the reduction in
apparent viscosity of the non-Newtonian membrane due to the high shear rates
generated by the ultrasonicator during emulsification. [Lower viscosities promote
such smaller droplets (Hanna and Larson, 1985)]. These smaller internal phase
droplets yield more stable emulsions (Lissant, 1974, pp. 35, 257), a condition further
promoted by the return of the membrane to a high apparent viscosity under the
milder shearing conditions existing during the measurements of leakage. These
effects are all absent from the Newtonian membranes, whose viscosities are
independent of shear rate.
The fact that the apparent viscosities of our non-Newtonian membranes may
diminish greatly under the high shear rates produced by the XL-2020 ultrasonicator is
indicated by Figure 15. This shows flow curves for some of the membrane phases
used in this study (Soltrol 220 plus additives), as obtained from Bueche's equation
(Bueche, 1954; Middleman, 1968, pp. 147-150, 178-184). It clearly demonstrates that
the non-Newtonian membranes with very high apparent viscosity at low shear rate
range can be even less "viscous" than some Newtonian membranes that remain
highly viscous when high shear rates are prevailing. The Middleman reference just
cited shows comparable characteristics for PBD solutions.
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CONCLUSIONS

Non-Newtonian conversion of the membrane phase in emulsion liquid
membranes has been achieved here by dissolution of suitable polymer at
concentrations below the critical value C c at which interaction or overlapping of
polymer molecules begins.
The benefits include
1) Increased stability of the membrane because of
A) the smaller droplets of internal phase obtained at the low apparent
viscosity of the membrane under the high shear rates of emulsification,
B) the high apparent viscosity of the membrane under the low shear rates
prevailing during subsequent emulsion dispersion in the external phase, and
C) "depletion" and possibly "steric" stabilization of the emulsion by the
dissolved polymer.
2) Retained - and possibly enhanced - high permeability of the membrane by the
transferring solute, despite the substantial increase in apparent viscosity due to
the dissolved polymer, when polymer concentrations are below C c . This exploits
a distinction between these non-Newtonian fluids and Newtonian systems.
3) Reduced amounts of stabilizing surfactant needed, which
a) partially eliminates retarding effects of the surfactant on the solute transfer
rates across the phase interfaces, and
b) partially removes the effect of the surfactant in diminishing the chemical
reaction rate at these interfaces.

4) Reduced swelling problems, achieved by diminishing four of the following
five swelling mechanisms:
i) entrainment of external phase in the emulsion globules,
ii) secondary emulsification of the entrained solvent, via surplus surfactant in
the membrane,
iii) solvation of surfactant by the external solvent,
iv) encapsulation of this solvent by reversed micelles of surfactant, and
v) solvation of the transferring solute by external solvent.
The first mechanism is diminished by the increased apparent viscosity caused
by the dissolved polymer, while the next three are reduced because of the lower
surfactant content permitted by the stabilizing effects of the dissolved polymer.
5) Increased volume fraction of the internal phase (phi), which may become
possible because of polymeric stabilization, and
6) Increased agitator speeds, which may become allowable during solute
extraction for the same reason.
Benefit 2 above is confirmed experimentally elsewhere (Skelland and Meng,
1994); the remaining benefits are shown in an experimental program involving a
variety of Newtonian and non-Newtonian organic membranes. The latter
contained dilute amounts of polyisobutylene (M.W.=1.25 million) or polybutadiene
(M.W.=0.94 million), with Span 80 as surfactant, and with aqueous NaOH leaking
from the internal to the external phase for a variety of compositions and operating
conditions.
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NOMENCLATURE

b

-- proportionality constant, dimensionless.

Cc

-- critical concentration of polymer in solution, g/dl

L

-- leakage of the internal phase back into the continuous phase, %

L10 % -- percentage of internal phase leaked in first ten minutes.
[NaOH], -- sodium hydroxide concentration in the continuous phase.
[NaOH]i 0 -- initial sodium hydroxide concentration in the internal phase.
phi

volume ratio of internal phase to the emulsion.

Phi -- treatment ratio or volume ratio of continuous phase to the emulsion.
-- swelling expressed in percentage.

S
Vc

volume of the continuous (external) phase.

Vio

volume of the internal phase at time t=0.

Vi10 -- volume of the internal phase after 10 minutes of sustained dispersion.
VL10

volume of internal phase lost by leakage during first ten minutes.

Voil

volume of the membrane phase.

Vsio

volume of water gained by swelling during ten minutes of phase contact.

[11]

intrinsic viscosity, dl/g.

Paq

density of the aqueous internal phase.

Pe

density of the emulsion.

P oil

density of the organic membrane phase.

cp

volume fraction of internal phase in the emulsion.
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Figure Captions

Figure 1. Schematic of the liquid emulsion membrane systems
Figure 2. Effects of additives on the viscosity of Soltrol 220 (295K)
Figure 3. Change in emulsion temperature with emulsifying time
Figure 4. Some results of leakage measurement as function of time (et: emulsification time)
Figure 5. Effects of emulsification time on membrane stability
Figure 6. Temperature zones for stable membranes
Figure 7. Effect of surfactant concentration on membrane stability

Figure 8. Membrane stabilization by dilute PIB solutions at lower Span 80 levels
Figure 9. Comparison between the effects on membrane stability of
a) varied Span 80 for fixed phi IPBD,C0.0))
b) varied phi for fixed Span 80 (P1 B,(11,11:, PBD (O, 1)J
Figure 10. Effect of PIB on membrane stability at different agitation speeds
Figure 11. Effect of Span 80 concentration on swelling and leakage
Figure 12. Effect of polymer (PBD) on swelling and leakage
Figure 13. Effect of viscosity enhancement with Newtonian oil on membrane stability
Figure 14. Impact of fluid nature on membrane stability -- Effect of apparent viscosity
Figure 15. Effect of shear rate on viscosity of Soltrol 220 solutions containing additives, obtained
from Bueche's equation
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Chapter 3
The critical concentration at which interaction between Polymer Molecules
begins in Dilute Solutions

by

A. H. P. Skelland and Xiquan (Michael) Meng

ABSTRACT

A critical concentration C c is identified at which interaction or
overlapping of the domains of polymer molecules in solution first
occurs. Thirty-three experimental values of C, from eight different
systems and drawn from ten literature sources are correlated with an
average error of 22.1%. Extension of the study to wider ranges of
polymer and solvent types is advocated.

THE CRITICAL CONCENTRATION AT WHICH INTERACTION
BETWEEN POLYMER MOLECULES BEGINS IN DILUTE SOLUTIONS

In studies of the internal structure of polymer solutions, dilute conditions
have been regarded as corresponding to "polymer concentrations of only a few
percent" (Osmers and Metzner, 1972). Several investigators [e.g., Nishijima and
Oster (1956), Simha and Zakin (1960 and 1962), Boss et al (1967), and Osmers and
Metzner (1972)] identified a "critical concentration" of polymer, C c , at which
interaction or overlapping of the domains of the polymer molecules in solution
begins. Increasing entanglement and network formation by the dissolved polymer
molecules occurs as their concentration rises above C c . This provides increasing
obstruction to any solute molecules diffusing through the solution; indeed, the
onset of reduction in solute diffusivity by this mechanism has been used to quantify
the value of C, by some workers [e.g., Nishijima and Oster (1956)].
Attempts in the references cited to formulate C, in mathematical terms have
been expressed as

(1)

where [-r] is the intrinsic viscosity of the polymeric solution, as defined by
Middleman (1968). The quantity B is a dimensionless constant which varied over
the 25-fold range of 0.2 to 5.0, according to Osmers and Metzner (1972). This renders

1

equation (1) of dubious value for the prediction of C, in some new system.
The need to know C c arises in several applications; for example, in the wet
spinning of fibers from a polymer solution, it is necessary that the solution contain
sufficient dissolved polymer to form entanglements that will produce a fiber under
spinning conditions (Nishijima and Oster, 1956). In this case, therefore, usable
solutions require polymer concentrations above C c . In contrast, polymer
concentrations below C c are needed for the conversion of liquid membranes to
suitable non-Newtonian form for separation processes, with the attendant benefits
recently demonstrated by Skelland and Meng (1994 a &

by

y iiita6AAA, (\

The present study attempts to formulate C c in terms of known quantities for
comparison with literature data.

Development of An Expression for Cc

The effective volume of a mole of polymer in solution, V ep (in cm 3 /mol), is
prescribed by the following proportionality (Rodriguez, 1989, pp. 188, 190):
[ii]Mp

Vep

Where

Mp

(2)

is the molecular weight of the polymer. But from the Mark-Houwink

relationship (Rodriguez, 1989, pp. 185-190),
[1]

a

(3)

Ma

2

•

•

in which 0.5 < a < 1.0. Then

Vep a MP

(4)

It is further proposed here that V ep may be related to the molal volume of the
single repeat unit, V„„, and to the number of such repeat units in the polymer
molecule, thus:

Vep = y( mP )13 Vsni

(5)

-Lv±sni

where Ms, is the molecular weight of the single repeat unit, y is a constant, and p
accommodates the fact that the effective volume of the polymer in solution may
increase in a non-linear manner as its number of repeat units (Mp /Msru) increases.
Consider a 100 ccs of polymer solution at the concentration C c (in g/dl), in
which the volume fraction occupied by the domains of the dissolved polymer
molecules is a . Then

100a = Vep Cc

(6)

Q,AVat.

,ioAluzAvAcy

`1,0k0SL tV■Z
Combining with equation (5)

100a =y(

MP )5 V
sruC c
M ST11
Mp

(7)

3

or

Cc

= iooa

(msni )p
7 Vs, MP -1

(8)

This result may by rearranged and combined with equation (5) to give
Mn
Cc = (Constant) (—--)

(9)

Vep

which is entirely consistent with the forms resulting from the theoretical
considerations of Nishijima and Oster (1956), Simha and Zakin (1960), Boss et al

(1967), Vidakovic et al (1982), Ying and Chu (1987), and Brown and Mortensen
(1988).
The quantities a / y and 13 may be evaluated from the intercept and slope of

a logarithmic plot of experimental data in the following form from equation (7):

Log (

Mp

) = Log

Vsni Cc

(100a)
7

+ [3 Log ( MP )

(10)

Msru

The values of V sr ,, are estimated as the molal volumes of the pure liquid
single repeat units at their normal (atmospheric) boiling temperatures - i.e., at the
same "reduced temperatures" (T/T c ) of about 2/3 - compiled from Le Bas' table of
atomic volumes and structural contributions (Perry, 1963, p. 14-20). The
experimental values of C c for the systems found in the literature are shown in Table
1; most involve "good" solvents, although cyclohexane is described by the authors
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as a theta solvent for polystyrene at the conditions of their work. Table 1

consistently shows that C c decreases with increasing molecular weight of the
dissolved polymer, Mp, so that the exponent

will exceed unity.

Results

The thirty-three experimental values in Table 1 are plotted in Figure 1 in the
manner indicated by equation (10); the correlation coefficient is 0.996. The intercept
and slope of the plot result in the following formulation from equation (8)
x

C c = 228

)5/3

Vsru M p2 / 3

Values of the critical concentration calculated from this expression are
compared with corresponding experimental values in Figure 2, which shows an
average error of ±22.1%.
It may be noted that attempts to allow for the volume of solvent associating
with a mole of polymer by substituting (Vsru + nVb) for V„,, in equation (5),

followed by analogous manipulations, led to no significant change in the
correlation.
The degree of correlation achieved is considered somewhat remarkable, in
view of the wide variety of methods used by different authors to determine C c.
These include the following:
1. Breaks in solute diffusivity - polymer concentration profiles
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a) using an interferometric micromethod (Nishijima and Oster, 1956),
b) via mass transfer from rotating disks (Ghosh et al, 1991; Greif and
Paterson, 1973),
c) by a pulsed magnetic field gradient, spin-echo NMR method (Boss et
al, 1967), and
d) from quasi-elastic light scattering (Brown and Mortensen, 1988).
2.

Viscosity - concentration measurements and molecular compression
estimates (Simha and Zakin, 1960, 1962).

3. Changes in polymer sedimentation rates (Roots and Nystrom, 1981;
Vidakovic et al, 1982), and
4. Excimer fluorescence (Roots and Nystrom, 1979).
The consistency revealed by Figure 2 in correlating C c from such diverse
measurement techniques is reassuring.
The values of molecular weight used in Table 1 and equation (11) are the
weight averages in all cases except for the data of Simha and Zakin, where the
number average was given. However, they do state that the specimens used in their
study were narrow distribution polystyrenes.
Equation (11) may also be considered to be a correlation for 1:ril , the intrinsic
viscosity of the polymeric solution, for those systems in which C c Erl) = 1 , as in the
work of Utracki and Simha (1963 and 1973); Boss et al (1967); Roots and Nystrom
(1979 and 1981); and Brown and Mortensen (1988).

6

Conclusions

A correlation has been developed for C c, the critical concentration at which
interaction or overlapping of the domains of polymer molecules in solution begins.
The resulting equation correlates thirty—three data points from eight different
systems drawn from ten literature sources, with an average error of 22.1%. Further
data are needed to extend the approach to wider ranges of polymer and solvent
types.

Nomenclature

a, b -- Exponents, dimensionless
B

-- Proportionality constant, dimensionless

C, -- Critical concentration of polymer in solution, g/dl
Mp -- Molecular weight of the polymer
Msru --

n

Molecular weight of the single repeat unit in the polymer

-- Number of moles of solvent associating with a mole of single repeat unit in
the polymer.

T, Tc -- Temperature, critical temperature, respectively, K.
Vb

--

Molal volume of the pure liquid solvent at its normal boiling temperature,
cm3 /mol.

V e p --

Effective volume of the polymer in solution, cm 3 /mol.

V sru — Molal volume of the pure liquid single repeat unit in the polymer at its
7

normal boiling temperature, cm 3 /mol.

a

— Volume fraction occupied by the domains of the dissolved polymer
molecules in solution at concentration Cc

13 — Constant
y

— Constant introduced in equation (5)

[TO — Intrinsic viscosity of polymer solution, dl/g

References

Boss, B. D.; Stejskal, E. 0; Ferry, J. D. Self-diffusion in high molecular weight
polyisobutylene-benzene mixtures determined by the pulsed-gradient, SpinEcho method. J. Phys. Chem. 1967, 71, 1501.
Brown, W.; Mortensen, K. Comparison of correlation lengths in semidilute
polystyrene solutions in good solvents by quasi-elastic light scattering and
small-angle neutron scattering. Macromolecules. 1988, 21, 420.
Ghosh, U. K.; Kumar, S.; Upadhyay, S. N. Diffusion coefficient in aqueous polymer
solutions.

J. Chem. Eng. Data. 1991, 36, 413.

Greif, R; Paterson, J. A. Mass transfer to a rotating disk in a non-Newtonian fluid.
The Physics of Fluids. 1973, 16(11), 1816.
Middleman, S. The Flow of High Polymers; Interscience John Wiley, New York,

1968.
Nishijima, Y.; Oster, G, J. Diffusion in concentrated polymer solutions. I: A. An
interferometric micromethod for diffusion measurements. B. Diffusion of
8

sucrose in solutions of polyvinylpyrrolidone. J. Polymer Sci. 1956, 19, 337.
Osmers, H. R.; Metzner, A. B. Diffusion in dilute polymer solutions.

Ind. Eng.

Chem. Fundamentals. 1972, 11, 161.
Perry, R. H.; Chilton, C. H.; Kirpatrick, S. D., Eds., Chemical Engineers' Handbook;
4th edition, McGraw Hill, New York, 1963
Rodriguez, F. Principles of Polymer Systems; Third Edition, Hemisphere Publishing
Corp., 1989
Roots, J.; Nystrom, B. Transition between dilute and concentrated solution
behavior as revealed by excimer fluorescence.

European Polymer J. 1979, 15,

1127.
Roots, J.; Nystrom, B. Application of scaling concepts to sedimentation phenomena
in semidilute macromolecular solutions. J. Polymer Sci. 1981, 19, 479.
Simha, R.; Zakin, J. L. Compression of flexible chain molecules in solution.

J.

Chem.

Phys. 1960, 33, 179.
Simha, R.; Zakin, J. L. Solution viscosities of linear flexible high polymers. J. Colloid
Sci. 1962, 17, 270.
Skelland, A. H. P.; Meng, X. Non-Newtonian enhancement of both stability and
permeability of liquid membranes for separation processes. 1994a, in the
course of publication.
Skelland, A. H. P.; Meng, X. Stabilization of emulsion liquid membranes with nonNewtonian additives but without permeability loss. 1994b, in the course of
publication.
Utracki, L.; Simha, R. Corresponding state relations for the viscosity of moderately
concentrated polymer solutions. J. Polymer Sci. 1963, Al, 1089.
9

Utracki, L.; Simha, R.

The viscosity of concentrated polymer solutions:

corresponding state principles. Rheol. Acta

1973, 12,455

Vidakovic, P.; Allain, C.; Rondelez, F. Sedimentation of dilute and semidilute
polymer solutions at the theta temperature. Macromolecules. 1982, 15, 1571.
Ying, Q.; Chu, B. Overlap concentration of macromolecules in solution.
Macromolecules. 1987, 20, 362.

10

Table 1. C, Data, Relevant Parameters and Predictions
System

Cc, Exptl.
(g/dl)

Mp
Vsru
Msru Cc, Calc.
(x10-3 ) (cm 3/mol.)
(g/dl)

Reference(s)

Polyisobutylene
(PM) in Benzene

1.200

250*

88.8

56.0

0.529 Boss et al (1967)

Polyethylene Oxide
(Polyox) in Water

0.700

300

56.4

44.0

0.493 Greif & Paterson (1973)

0.050

4,000 56.4

44.9

0.088 Ghosh et al (1991)

Polystyrene(PS)
in
1,2 Dichloroethane

2.050
1.200
0.580

111
392
900

118.2 104.0 1.916 Roots & Nystrom (1979)
118.2 104.0 0.826
118.2 104.0 0.474

Polystyrene(PS)
in
Benzene

3.510
1.600
1.310
0.660
0.600

78
245
271
599
754

118.2
118.2
118.2
118.2
118.2

104.0
104.0
104.0
104.0
104.0

2.425 Ying & Chu (1987)
1.130
1.057
0.623
0.534

Polystyrene (PS)
in
Cyclohexane

1.000
0.500
0.200
0.100
0.060

422
1,260
3,840
8,420
20,600

118.2
118.2
118.2
118.2
118.2

104.0
104.0
104.0
104.0
104.0

0.786 Vidakovic et al (1982)
0.379
0.180
0.107
0.059

Polystyrene(PS)
in
Methylene Chloride

1.700
0.400
0.230

100
118.2 104.0 2.055 Brown & Mortenson
930
118.2 104.0 0.464
(1988)
2,950 118.2 104.0 0.215

Polystyrene(PS)
in
Toluene

7.610
3.880
3.510
1.480
1.380
0.530

15
40
45
150
165
600

118.2
118.2
118.2
118.2
118.2
118.2

104.0
104.0
104.0
104.0
104.0
104.0

7.282 Sirnha & Zakin
3.786
(1960 and 1962)
3.500
1.568
1.471
0.622

2.000
0.850
0.280
0.140
0.047

111
392
1,700
4,480
20,600

118.2
118.2
118.2
118.2
118.2

104.0
104.0
104.0
104.0
104.0

1.916 Roots & Nystrom (1981)
0.826
0.310
0.163
0.059

7.8
50
560

106.3 97.0
106.3 97.0
106.3 97.0

Polyvinylpyrrolidone 4.410
2.070
(PVP) in Water
0.470

9.151 Nishijima & Oster (1956)
3.230
0.645

*: Corrected after communication with supplier (Exxon).

Figure Captions

Figure 1. Correlation between the two dimensionless groups in equation (10) for
thirty-three data points from the systems shown

Figure 2. Comparison between experimental C, values and those calculated from
equation (11) for thirty-three data points from the systems shown
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Figure 1. Correlation between the two dimensionless groups
in equation (10) for thirty-three data points from the systems shown
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Average error = 22.1 %
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Figure 2. Comparison between experimental Cc values and those
calculated from equation (11) for thirty-three data points
from the systems shown

Chapter 4

Increased Stability, Retained Permeability,
and Reduced Swelling of Aliphatic
or Aromatic Liquid Membranes by Non-Newtonian Conversion.

by
A. H. P. Skelland and Xiquan (Michael) Meng

ABSTRACT

Emulsion liquid membrane processes currently remain excessively vulnerable to
one or more of four major problems. The difficulties lie in developing liquid membranes
that combine high levels of both stability and permeability with acceptably low levels of
swelling and ease of subsequent demulsification for membrane and solute recovery. This

paper provides a new technique for simultaneously overcoming the first three problems,
while identifying physical indications that the proposed solution may have little adverse
effect upon the fourth problem (demulsification) and may even alleviate it. The
numerous benefits of suitably optimized non-Newtonian conversion of the membrane
phase are identified, their mechanisms outlined, and experimental verifications provided.
These include increased stability, retained - or enhanced - permeability, reduced swelling,
increased internal phase volume, and increased stirrer speeds. The responsiveness of both
aliphatic and aromatic membranes to the new technique has been demonstrated.

Surfactant - stabilized emulsion liquid membrane processes constitute an emerging
separation technology that has repeatedly been shown to be highly suited for such diverse
separation processes as metal recovery or removal from dilute aqueous solutions
(Gutknecht et al, 1986; Bart et al, 1986; Mikucki and Osseo - Asare, 1986), separations in the
food industry (Etuk and Murray, 1990), removal of organic bases and acids from water
(Baird et al, 1987; Wang and Bunge, 1990), separation of hydrocarbons (Plucinski and Szust,
1988; Gupta et al, 1990), and pharmaceutical separations (Itoh et al, 1990; Thien et al, 1988).
Some excellent recent reviews of the field include those by Frankenfeld and Li (1987),
Noble and Way (1987), and Araki and Tsukube (1990).
Unfortunately, despite all this and other recent activity, most such processes today
remain excessively vulnerable to one or more of four major problems; this may be stated
as the current inability to develop a liquid membrane that combines high levels of both
stability and permeability with an acceptably low level of swelling and ease of subsequent
demulsification for membrane and solute recovery (Nakashio et al, 1988).

The present paper will offer a solution to the first three of these problems, while
existing knowledge (Hsu and Li, 1985; Nakashio et al, 1988) suggests that , in the operating
range proposed, this solution may have little adverse effect upon the fourth problem
(demulsification), and may even alleviate it.
The structure and behavior of emulsion liquid membranes for separation processes
was recently described in detail by Skelland & Meng (1994 a&b). Briefly, an aqueous phase,
for example, is dispersed under high agitation as very small droplets (c. a. 1-10.t) in an oil
phase containing a surfactant to stabilize the emulsion. The emulsion itself is then
dispersed under more gentle agitation as globules (0.1-3mm) in a third aqueous (external)
phase, which contains a solute for removal into the small droplets inside the emulsion
globules. This occurs across the intervening oil phase which, because of its selective
barrier function, is referred to as a liquid membrane. The solute concentration gradient
across the membrane is maintained usually by a "trapping" reagent in the internal phase,
which reacts with the solute to give a product that is insoluble in the membrane liquid.

In some cases "carrier" agents are added to the membrane to solubilize the solute and
facilitate its transfer across the membrane. Systems without and with carrier agents have
been called Type 1 and Type 2 systems, respectively (Frankenfeld and Li, 1987).
The external phase and the emulsion are then allowed to separate, and the
emulsion is broken by electrical or other means to allow recovery of the membrane phase
and of the solute.
A recurring problem has been breakage of the membrane under the agitation
conditions prevailing during the solute extraction step. This membrane instability permits
leakage of the internal phase - and its acquired solute - into the external phase, thus
nullifying some of the solute separation already achieved. Attempts to remedy this either
by adding more stabilizing surfactant or by increasing the viscosity of the membrane phase
both result in substantial reduction in solute permeability through the membrane and
hence a reduction in extraction rate. This arises in the former case because of increased
mechanical and adsorptive barriers to transfer at the interfaces between the membrane and
the internal and external phases caused by the adsorbed extra surfactant (Garner and
Skelland, 1956). Also, interfacial chemical reactions - as with the trapping reagent - are
slowed down (Nakashio et al, 1988). In the latter case, as predicted by the Eyring - Stokes Einstein equations for molecular diffusivity D in Newtonian liquids (Skelland, 1985, pp 545), D varies inversely with viscosity. This explains the reduction in extraction rate found
with increasing membrane viscosity (e.g., Kataoka et al, 1989). The difficulty was succinctly
expressed by Frankenfeld and Li (1987, p 846), who reiterated the need for trade - offs
between extraction rate and emulsion stability in nearly all liquid-membrane processes".
One object of the present paper is to eliminate this seemingly indispensable "trade - off".
An increase in volume of the emulsion globules is usually observed during the
solute extraction step, due to the incorporation of some of the external phase solvent - or
external phase itself - into the globules. This "swelling" constitutes a serious problem
(Frankenfeld and Li, 1987, p 846; Itoh et al, 1990) because it increases the volume of
emulsion to be handled, reduces the solute concentration in the swollen internal phase,

increases the membrane breakage, and increases the agitation required to disperse the
emulsion Swelling mechanisms include three separate processes of external solvent
permeation (osmosis) on the one hand (Itoh et al, 1990), and entrainment and secondary
emulsification of this solvent on the other (Kinugasa et al, 1989). A further object of the
present study is to achieve a significant reduction in the swelling problem.
The demulsification of a water-in-oil emulsion having a given water content and
specific surfactant is influenced by three physical characteristics of the emulsion, according
to Hsu and Li (1985). These are the disperse phase droplet size, the surfactant
concentration, and the oil viscosity. They found "the ease of coalescence (to be) a very
sensitive function of droplet size ... reduction in emulsion droplet size greatly reduces the
ease of coalescence". Demulsification was also found to be more difficult with increasing
surfactant concentration. [In this regard, Nakashio et al (1988) explored a variety of
surfactants; they showed that a) the surfactant giving the most stable emulsion liquid
membrane was also the one most easily demulsified by an electrical coalescer, b) the
structure of the hydrophilic head group in the surfactant strongly affects demulsification by
an electrical coalescer, and c) Span 80 - used here - provided the second-most-easilydemulsified emulsion of the four surfactants they studied). The coalescence of the smallest
drops into larger drops, and the settling of the latter towards the oil/water coalescing
interface, are both facilitated by reduction in the oil viscosity. However, according to Hsu
and Li (1985), oil viscosities below about 10cP will not significantly impair the performance
of an electric coalescer. For higher oil viscosities, they suggest heating the coalescer
contents.
An interesting observation was made by Nakashio et al (1988), who found that an
aliphatic (membrane) solvent, n-heptane, gives better results than an aromatic solvent,
toluene, regarding the break-up and swelling of the water-in-oil emulsion,..." In this
regard, Kinugasa et al (1989) reported that "A liquid membrane consisting of aliphatic
hydrocarbons becomes more stable with increasing number of carbon atoms, while one

consisting of toluene has very low mechanical strength." Both aliphatic and aromatic
solvents were therefore selected for the present study.
Elimination of the "trade - off" between Membrane Stability and Permeability.

The seeming inevitability of a sacrifice in membrane permeability in exchange for
increasing its stability was overcome by Skelland (1993) and Skelland and Meng (1994 a&b),
by exploiting a 25-year-old finding in the field of non-Newtonian fluid mechanics. This is
that molecular diffusivities of solutes in dilute polymer solutions are essentially
unchanged by the substantial increase in overall consistency caused by small amounts of
dissolved polymer. Hopper (1964), for instance, found that the consistency ("apparent
viscosity", Skelland 1967, pp 7, 10) of cyclohexane increased more than a hundred-fold
when it contained up to 4 wt % of dissolved polyisobutylene and yet the diffusivity of
benzoic acid in these solutions differed only slightly from that in pure cyclohexane. Others
(Metzner, 1965; Astarita, 1965; Ponter and Davies, 1966; Barlage, 1969) found actual
increases in solute diffusivity in spite of increasing consistency of these non-Newtonian

systems as polymer concentration increased. This remarkable contrast with Newtonian
systems (a category to which previous membrane phases belonged) is accounted for in
terms of facilitation of solute transport by an internal structure resulting from the
dissolved polymer (Osmers and Metzner, 1972).
It becomes evident that non-Newtonian conversion of the liquid membrane by
dissolution of suitable amounts of an appropriate polymer will resolve several of the
current problems in liquid membrane technology (Skelland, 1993).
When converting their membrane phases to suitable non-Newtonian form using
polymers in this way, however, Skelland and Meng (1994 a&b) found it necessary to ensure
that the polymer concentration was near or below C c , the critical value at which
interaction and overlapping of polymer molecules begins. This avoids obstruction of the
diffusing solute by any polymer network within the solution. A correlation of C c in terms
of known quantities for certain types of polymer solutions was then obtained by Skelland
and Meng (1994c).

Further benefits of appropriate non-Newtonian conversion of the membrane phase
on stability, permeability, swelling, internal phase volume, stirrer speeds, etc., may be
identified as follows.

The Benefits of Non-Newtonian Conversion of the Membrane Phase.
A. Stability of the membrane against rupture or breakage during the extraction step is
increased by the following three factors:
1. The smaller droplets of internal phase obtained because of the low apparent viscosity
of the non-Newtonian membrane (Hanna and Larson, 1985); such low "viscosities are
brought about by the high shear rates used in emulsification. That such smaller drops
enhance stability is shown by Lissant (1974, pp 35 & 76) and Hsu and Li (1985).
2. The high apparent viscosity of the membrane under the low shear rates used during
the subsequent dispersion of the emulsion in the external phase. This stabilizing effect
of increased "viscosity" results from increased resistance to membrane breakage by
shearing forces, and is in accordance with the findings of Frankenfeld et al, 1976; Yang
and Rhodes, 1980; and Terry et al, 1982.
3. The so-called "depletion" and possibly "steric" forms of polymeric stabilization of the
emulsion by the dissolved polymer (see e.g. Heller and Pugh, 1954; Napper, 1983, pp 1214; and Piirma, 1992, Ch. 1).
B. Permeability of the membrane by the transferring solute is essentially retained at its
high value through the pure solvent - and may even be enhanced, in spite of the
substantial increase in apparent viscosity due to the dissolved polymer at concentrations
below C c . This exploits the remarkable distinction between these non-Newtonian
membranes and Newtonian fluids, as described earlier. Examples of such simultaneous
enhancement of membrane stability with retained - or enhanced - permeability appear in
Figures 9-16 of Skelland and Meng (1994a).
C. Transfer enhancement by surfactant reduction follows because of the lower
concentrations of stabilizing surfactant permitted by the stabilizing effects of the dissolved
polymer. This

i) removes some of the resistance to solute transfer across the phase interfaces offered
by the adsorbed surfactant (e.g. Garner and Skelland, 1956), and
ii) lessens the retarding effect of the surfactant on the chemical reaction rate (as with
the trapping reagent) at these interfaces (Nakashio et al, 1988).
D. Swelling problems are reduced by a diminution in four of the following five swelling
mechanisms, the first two of which were identified by Kinugasa et al (1989) and the
remaining three by Itoh et al (1990):
a) entrainment of the external phase in the emulsion globules,
b) secondary emulsification of the entrained solvent, due to excess surfactant in the
primary emulsification,
c) encapsulation of the external solvent by reversed micelles of surfactant,
d) solvation of the surfactant by the external solvent, and
e) solvation of the transferring solute by the external solvent.
The high apparent viscosity of the membrane caused by the dissolved polymer at
the low shear rates prevailing during extraction will diminish the first mechanism
(entrainment), while the next three must be reduced because of the lower surfactant
content permitted as described under C above. This was exemplified during
measurements of leakage of an internal phase (aqueous NaOH) from its emulsion with a
mixture of isoparaffins (Soltrol 220) containing 4% of surfactant Span 80, into an external
water phase (Skelland and Meng, 1994b, Figures 12i & ii). The dissolution of 2% of
polybutadiene (ay. mol. wt. 940,000) in the membrane phase reduced the swelling after 10
minutes of agitated contact plus 5 minutes of settling from 373.5% to 139% - i.e, a 2.7 - fold
reduction, presumably by curtailing mechanism (a) - and hence (b) - above. Simultaneous
reduction in surfactant concentration from 4% to 2% then gave a total reduction in
swelling from 373.5% to 50.2% - i.e., a 7.4 - fold reduction, presumably by diminishing
mechanisms (a to d) above. Leakage rates were very low throughout, mostly below 2%/hr.

E. Increased volume fraction of the internal phase (phi) in the emulsion is made possible
by the polymeric stabilization described here. This will
I) increase the total internal interface,
II) reduce the thickness of the membrane, and
III) increase the capacity of the internal phase for transferred solute.
Items I and II above both increase the mass transfer rate. The feasibility of this
proposition is proved by Skelland and Meng's Figures 12 ii and iii (1994b), for the system
outlined under D above. For a constant Span 80 content of only 2%, phi (vol. fraction of
internal phase) of 0.2, an agitation rate of 300 rpm, and no dissolved polymer, the leakage
rate was about 13%/hr. This increased 3-fold to about 38%/hr when phi was increased to
0.4. But the latter leakage rate was then reduced to about 3%/hr upon dissolution of 2% of
polybutadiene (M.W. 940,000) in the oil phase - i.e., a 12.7 - fold reduction in leakage, and
with swelling as low as 25% after 10 minutes of contact plus 5 minutes of settling.
F. Increased agitator speeds during extraction are permissible because of polymeric
stabilization of the membrane. This
a) increases the rate of solute transfer through the external phase (Skelland and Moeti,
1990), and
13) increases the total surface area of the emulsion globules by reducing their size (Hong
and Lee, 1985).
Both factors increase the mass transfer rate, while maintaining adequate stability, as
shown by Skelland and Meng's Figures 10 and 11 (1994a).
G. Electrostatic demulsification of emulsions containing non-Newtonian membranes has
not been studied. However, the following observations may be made regarding the three
relevant emulsion characteristics identified earlier (Hsu and Li, 1985) - namely internal
drop size, surfactant concentration, and oil viscosity.
The apparent viscosity of the non-Newtonian membrane phase decreases
substantially under the high shear rates used for emulsification (Skelland and Meng,
1994b, Figure 15). This enables formation of internal phase drops that are smaller than

would correspond to the (higher) apparent viscosity at (or near) zero shear rate (Hanna and
Larson, 1985). However, the apparent viscosity at high shear does not fall as low as that of
the solvent without dissolved polymer. The internal phase drops are accordingly still not
as small as would be obtained in the absence of polymer. The effect of non-Newtonian
conversion on the internal drop size is therefore strongly in the direction of promoting
electrostatic demulsification, according to Hsu and Li (1985).
The use of non-Newtonian additives allows the surfactant concentration to be
substantially reduced (e.g. halved in Skelland and Meng's Figures 12i and ii, 1994b). Hsu
and Li (1985) contend that this also facilitates demulsification.
Some of Skelland and Meng's (1994a) best results on membrane stability and
transfer rates from non-Newtonian conversion were achieved with Soltrol 220
membranes containing polyisobutylene (M.W. 1.25 million), at concentrations of 0.5%, for
which the membrane viscosity near zero shear rate was 10.7 cP (their Figure 11); and with
polybutadiene (M.W. 0.94 million), at concentrations of 0.25 and 0.5%, for which the
membrane viscosities near zero shear rate were 5.3 and 7.0 cP, respectively (their Figure
12). In the present study, successful results were obtained using toluene membranes
containing polystyrene (M.W. 280,000), at concentrations of 1 and 2%, for which the
membrane viscosities near zero shear rate were 1.98 and 4.17 cP, respectively. All of these
oil viscosities are too low to significantly impair the performance of an electric coalesces
operating at ambient temperature, according to Hsu and Li (1985).
Furthermore, item E above (increasing the volume fraction of the internal phase)
has been shown by Hsu and Li (1985) to increase the recovery rate of the internal aqueous
phase by electrostatic demulsification.
The effects of any "steric" or "depletive" polymeric stabilization of the emulsion
(Piirma, 1992, Ch.1) upon electrostatic demulsification is a subject for further study, but
evidently there are indications that the proposed non-Newtonian conversion may not
adversely affect the problem of demulsification and might even alleviate it. It should also
be remembered that in some applications recovery of the membrane phase and solute are

unnecessary, rendering demulsification irrelevant. This would be the case, for example, in

a) artificial kidney applications, b) treatment for drug overdose, and c) the slow release of
enzymes or drugs in biological systems, all of which are outlined by Frankenfeld and Li
(1987, pp 856-8).
It will be appreciated that judicious selection from among these benefits may be
indicated in a given case.

Experimental Studies

1. Materials

The aromatic membranes were made from certified A.C.S. grade toluene supplied by
Fisher Scientific, and the aliphatic membranes contained Soltrol 220, an isoparaffinic oil (a
mixture of C13 - C17 hydrocarbons) with a flash point of 222T, provided by Phillips
Petroleum Company. Physical properties of the latter have been listed by Skelland and
Meng (1994 a&b), including its viscosity of 4.2 cP at 295°K and specific gravity (60/60T) of
0.809. The solute was certified A.C.S. benzoic acid (Fisher), the internal phase was 0.5N
NaOH (NF/FCC from Fisher), and deionized water was used throughout. The surfactant
was Span 80 (sorbitan monooleate) from Emulsion Engineering. Four different polymers
were used; polyisobutylene (PIB) EL-100, ay.mol.wt. 1.25 million, from Exxon;
polybutadiene (PBD), ay.mol.wt.0.94 million, from Polymer Scientific; polystyrene (LPS),
ay.mol.wt. 280,000, from Scientific Polymer Products; and polystyrene (HPS),
ay.mol.wt.0.942 million, from Pressure Chemical. Use of these polymers was partly
necessitated because the last two have inadequate solubility in Soltrol 220 (Brandrup and
Immergut, 1975, p IV-248).

2. Procedures

The procedures closely followed those recently described by Skelland and Meng
(1994 a&b). The reader is referred to those sources for details.

Briefly, the toluene and Soltrol 220 membrane phases were prepared by mixing with
Span 80 and concentrated polymer solutions. After viscosity measurement, the aqueous
NaOH internal phase was slowly added with magnetic stirring and simultaneous
emulsification using an XL-2020 Ultra-sonicator from Heat Systems, Inc. The sonicator tip,
machine settings, temperature control, emulsion volume (100 ml), emulsifying time (5
minutes), and beaker dimensions were all as previously reported (Skelland and Meng,
1994 a&b). The density and viscosity of the emulsion were immediately measured, the
latter using a Brookfield concentric cylinder rotary viscometer, Model RV, with a UL
adapter.
The external phase (one liter of water containing 500 ppm of benzoic acid) was
contained in a baffled, flat - bottomed, cylindrical glass vessel (ID = 11 cm) located in a
water bath at 298°K. Agitation was provided by a centrally located six-flat-bladed turbine
7.64 cm in diameter, as part of the Agitator Model ELB from the Bench Scale Equipment
Company. After agitation was established the emulsion was poured in rapidly, and the
transfer of benzoic acid out of the external phase and across the membrane in the
emulsion globules was followed via an electrical conductivity cell immersed in the
external phase and connected to a strip chart recorder. The leakage was followed
quantitatively in separate experiments in which deionized water initially constituted the
external phase. Leakage of NaOH from the internal to the external phase was determined
by change in electrical conductivity of the external phase with time, in accordance with the
expression
{NaOH] Vc
L,% = 100 ,
[NaOHL V,.

(1)

where Vc is the volume of the external (continuous) phase, considered constant; Vi c, is the
initial volume of the internal phase; [NaOH] c is the molar concentration in the
continuous phase; and [Na0H]; o is the initial molar concentration in the internal phase.

Swelling of the emulsion was determined after 10 minutes of agitated contact with
the external phase, followed by 5 minutes of undisturbed disengagement of the emulsion
globules from the external phase by settling. This required measurement of the emulsion
density at the end of settling, for use with the emulsion density measured before
dispersion, using an expression for swelling corrected for leakage, derived by Skelland and
Meng (1994b) and summarized later below.

Results

Emulsion Viscosities

Viscosities of the emulsions, consisting of an aqueous NaOH solution dispersed in
oil containing surfactant with or without polymer, were measured in a concentric cylinder
viscometer over the shear rate range 0.6 to 120 sec -1 . This embraces the average shear rates
prevailing during dispersion of the emulsion in the external phase, calculated from the
expression

(E111 ) = k N
dr A
s

(2)

where, for the 6-bladed turbines used here, k s is 11.5 (Skelland, 1983), and the impeller
speed, N, was either 250 or 300 rpm, corresponding to (du/ dr),N of 48 and 58 sec -1 ,
respectively. The results appear in Figures 1 and 2.
The toluene-based emulsions show substantial non-Newtonian behavior even in
the absence of dissolved polymer, in contrast to the emulsions based on Soltrol 220. The
former emulsions exhibit much higher viscosities at very low shear rates than those seen
in the Soltrol emulsions when polymer is absent. This difference between the two
emulsions evidently diminishes greatly in the presence of dissolved polymer.
On the other hand, at the average shear rates prevailing during dispersion of the
emulsion in the external phase, the viscosities of the Soltrol - and toluene - based
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emulsions have respectively similar values with and without polymer, according to
Figures 1 and 2.
Stability and Swelling of toluene and Soltrol 220 membranes with Surfactant and polymer.

Takahashi et al (1981) showed that membrane stability increased (i.e., leakage rate
decreased) with increasing concentration - up to 2% - of Span 80; Figure 3a shows a similar
effect, but up to 3% Span 80, for both the toluene and Soltrol 220 membranes in the absence
of any added polymer. However, the membrane with toluene is clearly substantially
weaker (i.e., has a higher leakage rate) than that made with Soltrol 220 at all surfactant
concentrations. Furthermore, the optimum concentration of Span 80 for minimum
leakage rate lies in the narrow range of 3-4%, after which leakage rates increase
substantially again. This contrasts with the Soltrol 220 membrane, for which leakage rates
continue to decrease slightly, up to at least 6% of surfactant. The surfactant concentration
is therefore less crucial for successful operation with the Soltrol membrane. Figure 3b
shows the swelling of the emulsion after ten minutes of continuous agitation, followed by
five minutes of settling to separate the emulsion from the external phase. The ordinate
represents the percentage swelling of the emulsion, corrected for leakage, as developed by
Skelland and Meng (1994b) in the following expression

SW% = 100

(0 10 -0 0
(1-0,o)0°
)

+
to

(3)

where L10% is the percentage of internal phase leaked in 10 minutes of agitated contact.
The volume fraction of internal phase in the emulsion, 0, is obtained as (Skelland and
Meng, 1994b)
0 = P P 0"•
Paq P oil

(4)

the quantities 00 & 010 in equation (3) denote 0 before emulsion dispersion, and after ten
minutes of agitated contact plus settling, respectively. The symbols P e, p aq , and poii

represent the densities of the emulsion, the aqueous internal phase, and the organic
membrane phase; p e was measured before emulsion dispersion (to obtain 00), and after
five minutes of settling from the external phase following ten minutes of agitated contact
(to obtain 010).
Figure 3b shows substantial increase in swelling for surfactant concentrations
beyond 3%, presumably due to mechanisms D c and

Dd

described earlier. With regard to

the higher swelling exhibited throughout by the toluene membrane, this perhaps results
from greater entrainment of external phase by the less viscous toluene membrane during
dispersion, followed by reduced disengagement of entrained water from the emulsion
during subsequent settling, because of the much greater toluene - emulsion viscosity at
low - or zero - shear rate (Figures 1 and 2).
When one percent of polymer (polystyrene of M.W. 280,000) is dissolved in the
toluene membrane, the improvements in both leakage rate and swelling are evident from
Figures 4a and 4b. The optimum range of surfactant concentration for minimum leakage
rate is now extended down to 2%; the reduction in membrane stability (increased leaka e
rate) at surfactant concentrations above 4% is probably a consequence of the increased
swelling by the mechanisms detailed earlier.
The stability (leakage rate) and swelling (after 10 minutes of agitated contact
followed by 5 minutes of settling) for the toluene - based and Soltrol - based membranes,
each containing 1% of their respective polymers, are compared in Figures 5a and 5b.
The corresponding plots in the absence of dissolved polymer are Figures 3a and 3b;
comparison reveals substantial reductions in both leakage and swelling due to polymer
addition. For the weaker (toluene) membrane, the optimum concentration range of
surfactant, Span 80, for minimum leakage rate is extended down to 2%. Furthermore,
within this optimum range (2 - 3.5%) the leakage performance of the toluene and Soltrol
membranes become comparable.

Extraction Enhancement resulting from Non-Newtonian Conversion of the Membranes.

In all data presented in this section, the internal phase was 0.5N NaOH in water, and
the external phase was water containing 500 ppm benzoic acid. The internal phase
constituted 0.2 volume fraction (phi) of the emulsion, while the ratio of external phase to
emulsion (Phi) was 1000 ml/80m1. Surfactant (Span 80) was 2% of the membrane phase
throughout, and such concentrations - including those of the polymer - are expressed in
percentage of weight in volume (thus, 1% signifies 1 gram in 100 ml). All the extraction
results are presented in graphs of Ct/C o vs appropriate parameters - notably time of
agitated contact, t, or polymer concentration. Ct and C o are solute (benzoic acid)
concentrations in the external phase at time t and time zero, respectively. Better extraction
corresponds to lower Ct/C o . For purposes of comparison, the rate of solute transfer out of
the external phase at a given time may be represented by the slope, d (Ct/C o)/d(time), of
the relevant curve. Faster extraction corresponds to a greater negative slope.
Figure 6 compares the performance of the toluene and Soltrol - based membranes in
the absence of dissolved polymer. In the early stages of the process, the rate of extraction is
greater (i.e., the slope is steeper) for the less viscous toluene membrane. As the duration of
agitated contact increases, however, both membranes tend to leak the internal phase, thus
returning the solute to the external phase. The two curves cross at t of about 15 minutes,
so that the solute concentration in the external phase at greater times is higher for the
toluene membrane.
The benefits of dissolving one percent of the appropriate polymer in each of the
membranes is apparent in Figure 7. The effect on extraction rate in the earlier stages of the
process is slight, as shown by the negligible change in d(Ct/C o)/d(time) for the respective
curves in Figures 6 and 7. The substantial increase in stability is shown after 20 minutes of
agitated contact by the reduction in Ct/C o from around 0.6 in the absence of polymer
(Figure 6) to 0.05 for the Soltrol membrane with PIB, 0.11 for the toluene membrane with
HPS, and 0.16 for the toluene membrane with LPS (Figure 7). Furthermore, the Soltrol
plot remains steadily horizontal as t increases, whereas the weaker toluene membrane is
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showing somewhat increasing leakage with increasing t. The latter is nevertheless
substantially improved by this small polymer addition, and to a greater degree by the HPS
than by the LPS.
In view of the significance of the critical polymer concentration, C c , identified
earlier, further experiments were performed in which the polymer concentration was
varied over the range 0 - 3%. The results appear in Figures 8 and 9 for the toluene and
Soltrol membranes, respectively, where t was arbitrarily selected as 8 and 12 minutes. It is
apparent that an optimum polymer concentration exists for best extraction (i.e., minimum
Ct at a given t).
Skelland and Meng (1994c) developed the following expression for C c from
experimental data which included the species of polymers used here, but with different
molecular weights;

Cc(grn/c11)= 228

(Msr.
)5/3
sru

(5)

m 2p / 3

where M sru and Vsru are the molecular weight and volume of the pure liquid single repeat
unit at its normal boiling temperature (from LeBas in Perry, 1963, p 14 - 20) (see
nomenclature for units), and Mp is the weight-average molecular weight of the polymer.
Application of equation (5) to the three systems in Figures 8 and 9 gives the following
results;

C„ gdmi

Polymer

Mp

Polyisobutylene (PIB)

1.25 million

0.18

Polybutadiene (PBD)

0.94 million

0.23

Polystyrene (HPS)

0.942 million

0.46

The data for PIB in Figure 9 do not permit precise location of the minimum in the
curve, but its abscissa is probably less than 0.5%. With this in mind, the computed values
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of Cc are in good agreement with the minimal regions of the curves, as shown by the
arrows in Figures 8 and 9. Furthermore, the rather gradual increase in the value of Ct to
the right of the minima shows that concentrations of polymer somewhat above C c will not
seriously affect Ct, while further enhancing membrane stability.

Conclusions
Optimized non-Newtonian conversion of the membrane phase in emulsion liquid
membranes has been achieved by dissolution of suitable polymers at concentrations very
near Cc , the critical value at which interaction between polymer molecules begins. The
following benefits have been demonstrated.
A.

Increased stability of the membrane is obtained by three (or four) separate
mechanisms that are described in the text.

B.

The permeability of the membrane is retained - or enhanced - in accordance with an
established characteristic that distinguishes these non-Newtonian systems from their
Newtonian counterparts.

C.

Transfer enhancement occurs because of the surfactant reduction permitted by the
stabilizing effects of the dissolved polymer. Two simultaneous mechanisms are
identified to account for this result.

D.

Swelling problems are substantially reduced by a diminution in four of the five
mechanisms known to produce swelling.

E.

The volume fraction of the internal phase in the emulsion may be increased
because of the polymeric stabilization described, resulting in three separate
contributions to improved performance.

F.

The agitator speed during extraction may be increased, giving greater transfer rates
from two sources outlined in the text.
The effect of suitable non-Newtonian conversion of the membrane phase on

electrostatic demulsification has not been studied. However, its influence on key
emulsion characteristics recently identified by previous workers [namely internal drop
size, surfactant type and concentration, and membrane (oil) viscosity] suggests that the

proposed solution may not adversely affect demulsification and might even facilitate it.
While toluene membranes are innately weaker than those made from Soltrol 220,
their performance can be rendered satisfactory by appropriate combination with surfactant
Span 80 and polystyrene polymers, as demonstrated here.

1

Nomenclature

Cc

critical concentration of polymer in solution at which interaction between
polymer molecules begins, g/dl.

Co , Ct

solute concentrations in the external phase at time zero and time t,
respectively.

(du/dr)A

average shear rate in an agitated vessel 1/sec.

HPS, LPS

polystyrene with molecular weights of 942,000 and 280,000, respectively.

kb

a constant in equation (2).

L,%, L10% percentage of the internal phase that has leaked into the external phase; after
10 minutes of agitated contact.

Mp

weight - average molecular weight of the polymer.

Msru

molecular weight of the single repeat unit in the polymer.

N

rotational speed of the impeller, rps.

PBD

polybutadiene.

phi

volume ratio of internal phase to the emulsion.

Phi

volume ratio of external (continuous) phase to the emulsion.
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PIB

polyisobutylene.

SW%

percentage swelling of the emulsion, corrected for leakage, see equation (3).

t

time.

Vc

volume of the external (continuous) phase.

vio

initial volume of the internal phase.

Vsru

molal volume of the pure liquid single repeat unit in the polymer at its
normal boiling temperature, calculated from LeBas, cm 3 /mol.

Paq, Pe, Poil

densities of the aqueous internal phase, of the emulsion, and of the oil
(membrane) phase, respectively.

0, 00, 010 volume fraction of internal phase in the emulsion; before contact with the

external phase (t = o); after 10 minutes of agitated contact with the external
phase plus 5 minutes of undisturbed settling.
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Figure Captions

Figure 1.

Viscosity of toluene emulsions vs. shear rate

Figure 2.

Viscosity of Soltrol 220 emulsions vs. shear rate.

Figure 3.

Comparison between leakage and swelling performances of toluene and
Soltrol 220 membranes without polymer.

Figure 4.

Effects of polymer addition on the leakage and swelling performances of
toluene membranes.

Figure 5.

Comparison between leakage and swelling performances of toluene and
Soltrol 220 membranes containing dissolved polymer.

Figure 6.

Benzoic acid extraction with toluene and Soltrol 220 membranes without
polymer.

Figure 7.

Benzoic acid extraction with toluene and Soltrol 220 membranes containing
dissolved polymer.

Figure 8.

The optimum polymer concentration for minimum residual solute
concentration in the external phase, Ct, at a given time, t, for toluene
membranes.

Figure 9.

The optimum polymer concentration for minimum residual solute
concentration in the external phase, Ct, at a given time, t, for Soltrol 220
membranes.
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