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SUMMARY

This project was designed to examine the ion and water permeability of
lipid phases i*, various lipld-water and lipld-polymer-water mixtures; the
effect that.changes in phase structure might have upon that permeability;
and whether the permeability relations so elaborated might have some
utility in water extractive processes. Only very simple amphipathle
llplds (alkylamlnes, alkanols, fatty acids, glycerldes, alkyl phosphates)
were considered in these investigations.

Permeability was studied w~th llplds incorporated into membranes or dis-
persed in a bulk phase. Membrane forms included: the lipld-loaded membrane,
in which membranes were prepared by saturating a microporous, polymeric
support with llpi~a and then treating in various ways; the llpld-skln
membrane, formed by compressing a thin film of lipid particles onto one
face of a mleroporous support; the cast-llpld memDrane, formed by casting
a solution containing both lipid and polymer upon a glass surface; and
the bilayer lipid membrane (BLM).

Results of studies on the lipid-loaded membranes demonstrated that they
generally had a low resistance at temperatures below a transition temper-
ature near the melting point of the lipid. At this point, an abrupt I00
to 10,000-fold increase in resistance occurred in all cases, except with
primary alkylamlnes. Other 2 to 5-fold perturbations of resistance with
changing temperature, indicated the existence of several different, re-
producible phase changes in a number of the composite membranes. At
temperatures below the llqulfylng transltlons, some membranes containing
dlalkyl phosphates or some alkylamlnes had excellent ion selective proper-
ties with low resistance (I0 to 50 ohm cm2).

A novel photoelectric reaction was observed in the llpld-loaded membranes.
Various membranes, consisting of alkanols, alkyl esters or aldehydes (but
not fatty acids, hydrocarbons, or halogenated hydrocarbons) supported in
cellulose ester mlcroporous filters, produced photovoltalc and/or photo-

" conductive responses to ultraviolet"illumiuatlon. Photopotentials ranging
up to 150 mv were obtained. Sensitization to visible light could be
developed with certain dyes (e.g., methylene blue, rhodamlne B).
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Bome of the li~i~-~ki~ membranes, nnder conditions used h~re, h~d excellent
ionoselectlve permeability properties, eu~gestlng thac mechanisms mlght be
developed for applying them in situations where membrane generation and
r~movatirn in situ might be desirable. Neither the llpid-skln nor lipid-
loaded membranes showed desirable properties for reverse osmosis applica-

Certain formulations of cast-llpid membranes, however, showe5 promise for
development of good reverse osmosis properties. Polyamide membranes cast
with certain anionic or neutral long alkyl chain llpids incorporated into
the casting solutions showed better water permeability and salt reje~tlon
than similar membranes prepared without llpids.
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SECTION 1

The investigation of phase relations in complex lipid systems was largely
instigated by the realization that very little information was available
on the effect of transition~ between various phase structures in lipid-
water or lipi4-water-po!ymer mixtures upon permeability or sequestering
properties of those systems. In particular, the data on ion and water
permeability or sequestering in solid lipid i~ase structures i~ extremely
scanty. This lack of information could be hiding useful properties that
might be readily applied to separation processes, especially in the re-
moval of salt and other contaminants from water.

Even simple mixtures of water and ~c liplds* may exist in several
distinct phase structures, some of ~ich may be rather complex (1-3). Some
structures involve sequestering regions, in ~i~ both water and ions may
be trapped, with spacing dependent upon ion strength as well as the nature
of the ion; others include c~~ that mi~t provide ion-conducting
channels through an otherwise i~ conductivity barrier. Phase structures
in lipid water systems depend not only upon the structure ~ the lipid,
but also on the relative concentrations of water and lipid and upon the
concentration and nature of ions in the system.

The introduction of a third componen~ into the lipid-water mixture, further
increases the potential complexities ~f the phas~ structures. A soluble
macromolecule, such as a protein, may be incorporated into the lipid-water

An amphipathic lipid is a molecule which possesses distinct, separate
regions of hydrophilic and hydrophobic character. They have also been
referred ~o as hereto-polar or amphiphillc liplds.
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structure in a numher Of different ways (A). The introduction of the lipid
an< water into a highly porous, polymeric matrlx~ having different affinities
from those exhibited by the llpids, can serve a similar purpose. Thus, ad-
sorptlon of liplds onto a mloroporous filter (5-8), or loading a mloroporous
filter w£th solvents (9-13) may create membranes having interesting proper-
ties reflecting structural and group functional ~roperties of both components.

in our own early studies of ]ipi~phase relations in membrane applications,
we had found mechanisms for preparing low resistance membranes, with high
ionic selectivity, using microporous filters as supports for various lipids
(14). Low resistances were obtained in the cation selective membranes
prepared with dioctadecyl phosphate only after specific aqueous heat treat-
ments altered t~e phase structure of the membrane to develop conducting
channels. Other experiments suggested that phase structures could also be
altered as a consequence of applying high potential gradients across ¯
micropore filter-lipid membrane in which the lipids were asymmetrically
distributed.

These data, along with other lines of evidence pointing t~ard permeability
control with lipids~ suggested that properties of the amphlpathic llplds
could be usefully applied to water purification processes. This ~roject
was initially directed toward doveloplng more information on the permeability
of ~imple lipld-water phases, the ion exchange or sequestering capabilities
of these systems, and the changes that might develop in any of these proper-
ties as the result in the change of phase structure. This letter interest
expressed the view that such alterations might be successfully applied in
cyclic processes for water purlfleation.

The initial objectives of the prodect included:

I. Examination of the exchange and sequestering properties of dis-
persions of liplds ~ aqueous media and h~ ~ese properties are altered
through changes in phase relations induced by physical treatments or light.

2. Determining the permeability properties of membranes consisting
of lipide supported upon a variety of ~lym~ films and how permeability
is affected by phase ~s.

3.. Evaluating the potential for application of lipid systems to water
purlflca~ion processes~ eigher as membranes or in countercurrent extraction
mechanisms.

The final objective implies utilization of practical materials. Accordingly,
the investigations were carried out with simpl~ lipid suhs~anoes, avoiding,
for =he most part, te~tlng exotic or unstable materials. Howaver~ some
attention was given to stabilized lipid bilayer membranes slnee previous
work (15-22) has established that some properties of these membranes are
increasing for selectS.re leoletlon or purification processes. In these



experiments, materials best suited to lipid bilayer formation were utilized
without particular regard to simplicity or practical availability.

In the initial program outline, investigations of properties of bulk phase
or disperse phase llpid-water systems were given essentially equal footing
with the studies of membrane properties. As indicated in the experimental
section~ early experiments wi~ ~c disperse phase relations suggested
~at the lipid systems would have little advantage in water purification
over more common ion exchange or partition processes. Consequently, the
major attention was shifted to membrane systems.
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The studies in this project encompassed a group of diversified approaches
in which methods and materials themselves were under study. Consequently,
some of these factors may be discussed specifically under Section 3, Experl-
mental Results. The more generally applicable procedures are given below.

2.1.1 LIPIDS AND MISCELLANEOUS CHEMICALS

Most liplds and other chemicals used in these studies were obtained from
commercial sources. Some processln B was required for some commercial pro-
ducts to provide a better defined material. All glycerol esters were ob-
tained from K & K Laboratories, Plalnvlew, New York, as technical grade
materials. These esters were recrystallized from hemane, methanol, or
hexane-methanol mixtures. In some cases~ several crystalline fractions
were obtained with relatively diverse properties, indicating rather hetero-
geneous aompositlon of the original material. Chromatography indicated
that some of the resrystalllzed fractions used in the experimental work
still retained significant amounts (5% to 15~) of esters other than those
designated as the major constituent.

Oetadecan-l-ol, hexadecan-l-ol, and ethylene glycol monododecanoate were
also purchased from K & K.

The l-n-decylamlne, l-n-dodeoylamlne, l-n-tetradecylamlne, l-n-ootadeeyl-
amine, dodecanelc acid, tetradecanolc acid, octadecanolc acid, mono-octa-
decylphosphate, and dl-octadecyl phosphate were obtained frmn Aldrich
Chemical Company, Milwaukee, Wisconsin. The primary ami~:es were recrystal-
llzed for use while the remainder were used as received. Didode~yl phosphite
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(dilauryl phosphide), gridodecyl phosphita, dloc~adecyl phosphate, octa-
deeyl phosphate and didodecyl phosphate ~ere also obtained from Aldrich.
D~-n-oetylamine, di-n-deoylamlne, dl-n-dodecylaminc, =ri-n-decylamine, trl-
n-dodecylamlne, decan-l-ol, dodecan-l-ol and tetradecan-l-ol were products
of Eastman Organic Chemicals Division, Rochester, New York.

Oxidized cholesterol, a mixture of at least four different steroid com-
ponents, was prepared by refluxlng reorystalllzed cholesterol (Eastman
Organic Chemicals Divislon), 4% in octane, for about 6 hours while bubbling
oxygen through the solution. The precipitate formed upon cooling was re-
moved, the octane evaporated in vacuo and solutions prepared from the
syrupy material in nonane, decane, or dodecane.

Sphlngomyelin was purchased from ICN Nutritional Biochemlcals Corporation,
Cleveland. Although O~is material was generally used as received, slow
deterioration during storage required occasional refinement through acetone
precipitation from a solution in 2:1 ohloroform-med~anol (10 volumes acetone
to i volume ~loroform-me~anol solution) in the cold.

Fatty acid esters of cyclohexanol and of phenol derivatives were synthe-
sized by Dr. J. W. Mason and Mr. R. Salisbury.

’~orbltan tristearat~’ was Span 65, an emulsifier product of Hercules
Chemlea] Divls~on, Wilmington. It is actually a complex mixture of esters
of the 1-4 anhydro sorbltol, ~e I-5 anhydro sorbitol and isosorbidc (I-4~
3-6, dlanhydro sorbltol).

Solvents and salts used in experiments here were analytical or reagent
grade commercial preparations used without additional treatment.

Water, in most experiments, was de-ionized and distilled in glass.

Nylon 66, poly-(hexamethylene-diamlne edlpamlde), was ~e Zytel preparation
from E. I. DuPont de Nemours & Company, Wilmington. Nylon 6, polycaprolactam,
was Gulf Nylon Rosin No. 452, Gulf Oil Corporation, Houston. Nylon 610,
poly-(hexamethylenedlamine sebacamlde), was s~nthesized from sebacoyl
chloride and hexamethylenediamlne through interracial condensation with the
amine in aqueous solution and the acid chloride in carbon tetrachloride or
ether. A similar synthesis was used for the preparation of Pip-10 poly-
amide, poly-(piperazyl sebacsmlde). The synthesized polyamides were ex-
haustlvely washed ~ith solvents prior ~o use. Another polyamldc of un-
defined composition, Emerez 1537, Emery Industries, Cincinnati, was similar
to the Pip-lO in solubility properties and maF have been related in structure.

Polyphenylene oxide was General Elec~ric preparation No. 691-111. Polysulfone
was obtained from Union Carbide Corporation, but had no further designation



as reeelved. Cellulose acetate was Eastman Chemical Produces, Ino.
(Kingsport, Tennessee) preparation E-398-I0. Ethyl cellulose was Ethoael,
of medium ethylatlon, viscosity 50 eps, a produot of Dew Chemleal Company,
Midland, ~lichigan.

Commercial mieroporous supports wore also tested, in addition to the poly-
mers above, as supporting structures for the lipid phases. These included
Nilllpore filters (Milllpore Corporation, Bedford, Nassae husetts) type 
mixed cellulose nitrate and acetate ester, of 0.22 ~m, 0.45 ~ and 5.0 ~m
pores; LC, Teflon, with i0 ~m pore; EG, cellulose acetate, 0.2 ~m pores;
NS, nylon polyamlde, 7.0 ~m pore. Nuclepore membranes (General Electric
Corporation, Schenectady), polynarbonate films with 0.5 or 5.0 ~m pores,
were also used.

2.2 ~E~S

2,2. I }~MBRANE PREPARATION

Several different kinds of membranes have been used in ~lese studies. For
convenience in discussion, these may be designated as the lIpid-.loaded
~embrane, the lipld-skln membrane, the ca~.t-~ipld ~embrane, and the ~ilaye~
lipid ~embrane, or B~L

The lipld-loaded membrane was prepared by filling the pores of a micro-
porous support film with ~e lipid material. The mieroporous support was
allowed to imblbo liquid lipid to fill the pores. The imblbltion was
carried ant on n ~lass surface (a large mioroscope slide cover slip) 
top of a hot plate, at a temperature above the melting point of the lipid.
Excess lipid was removed by pressing the loaded film between smooth filter
papers on the surface of the hot plate. The films were then treated to
alter phase structure in various ways, most frequently by treating wi~
water or salt solution at n temperature above ~e melting point of the
lipid. This approach initially forms a mosaic type of membrane, with

~ lipid pores surrounded by polymeric re,ions. However, the liplds may also
form monolayers, or multilayers over ~e polymer surfaces, and complex con-
struction may develop.

The llpid-skin nembrane was formed by pressing a colloidal dispersion of
the lipid in water or salt solution through a polymeric support so that a
thin skin of the lipid was formed on one side of the support. The disper-
sions were prepared by mechanical homogenization of the llpids in water at
a temperature above the melting point of the llplds. After a uniform sus-
pension was obtained, the dispersions were =ooled bel~¢ the lipid melting
point. The skins, therefore, were initially formed £rom solid mioelles or
crystals. In some eases, properties were modified by heating th~ lipid-
skin membranes above the melting points of the lipids in air or water and
then cooling in the same medium.



The initial structure produced by these procedures would be a thin skin of
lipid m~terlal packed unto the surface and into the pures of the suppurting
material. The skin, itself, would generally have a porous structure, with
aqueous channels formed ba~cn the packed mloelles or crystals of lipid.
The mloelles and crystals, themselves, often had complex structures, in-
cluding multilamellar, tubular, polygonal, spherical, or irregular jagged
configurations. Subsequent heat treatments, however, would alter these
conflguratluns, ranging from removing the skins to forming more uniform
lipid structures on the surface and in the pures of the support. Generally,
some degree of asyn~etrlc structure was retained even after beat treatments.

Cast-lipld membranes were made by spreading on glass plates, applying the
same techniques described belm~ for preparing polymeric support films, but
using a casting solution uontainlng both polymer and lipid. The lipid in
the casting mixture can alter phase relations during the gelling and leach-
ing and may create different structures from those obtained in absence of
the lipid. The specific structure obtained is dependent upon polymer and
lipid interactions as well as lipid solubility and phase relations with the
solvent system.

The bilayer lipid membran: (BLM) is formed by brushing a lipid solution
across an aperture or apertures in a septum i~m~ersed in an aqueous medium
(19,22,23). The film initially formed will spontaneously thin to a bilayer
configuration (ca 7 nm thick) if certain kinds of amphipashlc llplds are
utilized and certain conditions are met. The normal mechanisms for BLM
preparation have been widely desorihod, hut the question of aoneern in
these investigations was the preparation of stabilized BLMs ~lat would not
be as fragile as these normally prepared. The specific methods used to
this end are dasarZbed in the experimental results.

2,2,2 FILM AND ~EMBRANE CASTING PROCEDURES

~enerally, an effort was made to keep fi~s ~d m~es ~ by
casting procedures to ~s belm~ 5 ~ with the exception of some
~e~c cellulose acetate ~s used as references. This was done
to reduce frictional factors in water transport in the llpld-contalnlng
membranes, slnee their structure usually involved a resls~an= phase through
t~ ~tlre ~c~ of ~e ~, ~ c~t with the th~ l~er at
one face that forms the resistant region of the ~, reverse osmosis

Films were usually spread on glass with a doctor knife set at 25 to 75 ~m,
with solution concentrations gauged to produce the final thiukness of I
to 5 ~m. As indicated in the experimental results, films were spread either
at room temperature o~ with the i/2-inch glass substrata hea~ed to about
45°. In some cases, solvent was permitted to evaporate completely or
nearly completely before stripping or immersing in water to assist in
stripping the film from the glass. In others, the membranes were immersed



in water at 0°C at various periods following spreading to leach the sol-
vent rapidly, providing a more asymmetric structure.

Films that were formed with a leaching process were generally stored in
water until after testing was finished except in Rose eases where the
film was intended only as a porous support for the llplds. For the latter
purpose, the membranes were air-drled before lipid loading was carried out.

Our methods for measuring elcc~rlcal oha=acteristics of hilayer lipid mem-
branes have bem~ described in some detail previously (14,19,24). Currents
and potentials are monitored through afar salt bridges in each electrolyte
compartment to calomel electrodes. ~e electrodes are coupled to a
Keithley Electrometer, Model 610B, in the im~ impedance mode, acting as
anmleter, while a second Keithley electrometer, in high impedance mode
(1014 ohm input impedance), measures potential drop across the membrane.
For the normal, high resistance BLN, ~is simple circuit can be essentially
equivalent to a voltage clamp, with a low resistance in series wi~ d~e
membrane, or to a current clamp, with a high series resistance. A dry
cell and voltage divider circuit provides the monitoring signal. Outputs
of the electrometers are recorded on X-Y recorders to obtain current-voltage
characteristics of membranes (with potential on the X-axls, current on the
Y-axis), or, using the X-axis in the time mode, simultaneous current-time
and potential-tlme recordings can be obtained on two recorders.

For measur~ements of polymer or lipid-polymer membrane characteristics, ~e

hlgS hame ~;~t~min~m~y~e~r~,~elrd)~a FoU rSed whorl Cower r~sistanc.~s~ ,mbrane resistancet She syste~mainew des

modified by introducing a regulated DC power supply, variable to 40 volts,
and using platinum current carrying electrodes (in~erted directly into =he
electrolyte compartments) with separate calomel electrodes for potential
measurements. The Keithley electrometer was still used for measurement of
potential drop, but current was measured wi~ a low resistance mlcroammeter
since the lowest impedance of ~e Kelthley was about 104 ohm,

Many of the thin polymer and lipid polymer membranes examined here were
relatively fragile, requiring some careful handling. Cbnsequently, it
was desirable to utilize small membrane areas for electrical measurements,
with mounting conditions that would minimize handling. Two systems were
used for m~unting. One (Figure IA) was simply a pair of hemis~hqrical
glass joints, ground to a flat face, each attached to upright tub~ for a
current carrying and potential measuring electrodes. The membrane was
simply clamped between the two flat faces (sometimes using a small amount
of silicone grease on the surface to insure proper seallng), the reservoirs~l~ea~l~2~O%~e~. ~s~d ~llf sOt measuremen .el l was. adequatLembranf ear measurea -tee exposed

ments made at room temperature, but did not lend itself to measurements at
varying temperature.





For variable temperature measurements, the cell normally used in BL~!
studies was adapted for use with solid membranes, as illustrated in Figure
IB, The membrane is clamped tightly in a polyethylene vial, using a diagon-
ally split polyethylene ring as a ~edge device to press the membrane against
the inside surface of the vlal and provide a tight electrical seal. This
supporting cup formed one electrolyte compartment of the cell when it was
placed inside a water-jacketed glass cup, whloh acted as the second electro-
lyte compartment. These compartments were coupled with monitoring instru-
ments, as described above. Temperature was controlled by circulating water
from either of ~o refrigerated constant temperature baths through the
jacket. Rapid transitions from one temperature to another oould be made
simply by switching circulation from one bath to =he other or sl~ transi-
tions could he developed through changing the control temperature in one
or the other of ~e baths.

For some of the more fragile membranes, the potentially disruptive process
of clamping the membrane was avoided entirely by using simple adhesion to
a film of silicone vacuum grease to seal the membrane to the polyethylene
support. This was accomplished by putting a thin film of the grease
around the aperture on the outer surface of the polyethylene vlal~ illus-
trated in Figure i, and then rolling =his surface over the membrane on a
flat surface. The thin membranes would adhere tightly and would remain in
place, ~th good electrical isolatlo~ during a long period of immersion in
the electrolyte solution. The external solution was generally maintained

"at a level of about 1 mm higher than the internal solution during tests
to avoid the possibility that a small internal hydrostatic pressure would
dislodge =he membrane.

Elect:olyte solution ~emperatures ware monitored as the potential produced
hy an iron-co~stantan thermocouple, i~ a glass shield, placed in the inner
compartment near the membrane. The potential was measured wi~ a Hewlett-
Packard Microvoltan~eter, Model 425A, and the output of this meter could
be introduced into the X-axle of the recorders, as described below, for
producing current-temperature and potential-temperature recor~ings.

Measurements for membrane conductance and diffusion potential (ion selec-
tivity) were usually carried out simultaneously. The two compartments
were filled w~th electrolyte solution of two different concentrations,
usually with 0. i M NaCI or KCI in the outer compartment, and 1.0 N salt
in the inner compartment. The outer compartment was connected with the
reference (ground) electrode. Consequently, negative diffusion poten-
tlals would indicate cationic selectivity in the test membranes, positive
diffusion potentials would show some anionic selectivity.

A current-voltage curve (outputs of ammeter and voltmeter introduced to
Y and X axes of a single recorder) was generally obtained for each membrane
as soon as it appeared that the characteristics were reasonably constant
after setting up the membrane in the cell. Where thermal transitions were
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to be studied, the current and potential outputs were then transferred to
Y-axes of separate X-Y recorders with the temperature transducer to the
X-axes ofboth recorders. As temperatures were being programmed, record-
ings were made alternately on the two recorders, depressing the voltage-
temperature recording pen after adjusting a biasing potential to obtain a
zero current level through the membrane and then immediately recording the
current similarly upon application of a constant I0 my polarizing potential
added to the biasing potential. This produced two point records, one
corresponding to the change in "open clrcui~’ potential (zero current), and
the other for a short circuit current obtained with constant i0 my polar-
ization. With the low polarizing potentials, and consequent small currents,
the DC resistance observed was generally nearly symmetric, even with asym-
metric solutions. The potential recording provided a measurement of the
diffusion potential and its change with temperature while the current re-
cording revealed any changes in membrane conductance.

The great diversity of membranes tested in this project dem,nded a large
number of tests for water and solute permeability. Since facilities for
testing membranes under standard reverse osmosis conditions were generally
in demand for other projects and a relatively long test period would be
required for each membrane, it was necessary to apply alternative testing
procedures that would give the required permeability information more
rapidly and conveniently. The approach used was the evaluation of hydraulic
conductivity and reflection coefficients with a small apparatus similar to
that described by Hayer, etal. (25).

The body of this apparatus (Figure 2) consists of a Swinney Filter holder
(Milllpore Filter Company) of either stainless steel or plastic construc-
tion. This body has Luer-lock threading on the input, or high concentra-
tion side of the compartment, permitting attachment to a high pressure
system. The membrane is clamped in the body, supported by a perforated
disc, sealed between Teflon or silicone rubber gaskets. The normal con-
struction of this system permits application of up to I00 Ibs/in 2 against
the membrane and this limit may be raised by introduction of a secondary
support beneath the perforated plate. Thus, the system is quite adequate
for balancing osmotic pressures due to solutions in the range of 0. i to
0.2 osmolar.

The lower side of the filter holder is atcached, through a three-way stop-
cock, to a syringe and a calibrated capillary (usually a 50 ~I Miorooap
pipette). Volume transfer across the membrane was observed by movement of
the meniscus in the capillary, with 2 mm movement indicating I ~I volume
transfer. The syringe was used to adJus~ meniscus position in the capillary,
to withdraw any excess liquid in the lower compartment after initial mount-
ing, and as a volume reservoir to absorb any abrupt changes in the system
as the result of applied pressure changes on the top compa[tment.

11



Syringe

CompressedGasCapillarYlnlet ~ Pressurecap

- ’~

Luer-lock
Connector P~Y~h~ene

Tube

Plate
Ta ~ctor

Three-way valve.

The cell body consls~ed of a Swinney filter holder. Membrane
diameters of either 0.5 inch or 1.0 inch could be used with appropriate
filter holders. The body was either stainless steel or plastic, with
little difference in handling or behavior in either case. The membrane
was introduced and clamped in the holder wi~ the latter submerged in water
to facilitate handling fragile membranes and ~o avoid air bubbles. The
holder was then mounted in the valve and the top attached (for pressure
experiments). The syringe was used to adjust meniscus position in the flow-
measuring capillary. The syringe and capillary were mounted on a stand
above the water level of the controlled temperature bath surrounding the
rest of the apparatus.

12



The upper compartment was fltt~d with couplings to permit application of
pressure from compressed nitrogen. Simple liquid reservoirs (syringe tubes)
could also be attached.

The membranes were generally inserted and moun~d with the body totally
i~mersed in distilled water so that no air was trapped in the system. The
body was then mounted on the syrlnge-capillary fitting, meniscus and in-
ternal volumes adjusted with the syringe, end the pressure fitting attached
for a determination of hydraulic conductivity (water flow through the mem-
brane under specified transmembrane pressure conditions) of the membrane.

Following this determination, the distilled water in the upper compartment
was replaced with a test solution by flushing the 2 ml volume of that com-
partment with about 20 ml of the test solution, through a polyethylene
tube inserted through the neck of the compartment to the membrane level in
the compartment.

Two kinds of experiments could then be carried out. With both chambers
open to atmospheric pressure, the rate of transfer of solution or water
volume due to osmotic pressure was measured. With pressure applied to the
upper chamber, accurate e~aluetlons of osmotic pressure and of reflection
coefficients could be obtained.

In these experiments, the permeability characteristics of the membrane for
water and a given solute can be expressed in terms of K, the hydraulic con-
ductivity coefficient and ~, the reflection coefficient for the solute.
The latter coefficient may be calculated from the relation:

J = K(AP-~) (I)
v

in which J is net vol~ flux, ~P’is the pressure differential across the
membrane, ~nd ~ is the osmotic pressure. The value of ~ may vary from 1.0,
for a completely impermeant (ideal) solute, to zero,.for a solute that
flows through the membrane as readily as water (or other solvent). Negative
values of ~ may be obtained under certain circumstances, indicating a mem-
brane structure that de.clops preferential transport of the solute o~er
the solvent. .

d~£c measurements. While a value for c may be obtained from simple
measurements of fluxes at atmospheric pressures with a concentration dif-
ferential, ~ese ~ m~ be ~t~ distorted by concentration
gradients developing at the membrane Interface as a consequence of the flow
through the ~r~e. In exper~nts in ~ioh a s~n~t volume flux

of the sol~tlon will develop in the s~t layers at the membrane sur-
face as water flows into the high concentration side from the low conoen-
~i~ side~ ~g in some decrease in the ~p~t dr~g f~ce



across the membrane. Correspondingly, if the solute is permeable in the
membrane, to some degree, its concentration at the low concentration inter-
face may not accurately reflect the concentration in ~he bulk solution on
that side of the membrane. For reflection coefficients calculated from
flux data gained under these conditions, both factors will acL to reduce
the observed value below the true value. On the other hand, with applied
pressures greater than ~e osmotic )ressure, the concentration of a low
permsabillty solute will increase at the membrane interface as solvent
selectively flows outward, increasing the effective osmotic pressure, re-
ducin~ the difference between applied pressure end osmotic pressure and
consequently, the volume flux. This, once more, would result in calculated
reflection coefficients lower than the true values,

Consequently, reflection eoefflclenLs should be determined under conditions
approaching as closely as possible to equilibrium conditions, either with
applied pressures very close to the osmotic pressure to obtain low volums
flux or at very low solute concentrations to produce I~ osmotic volume
fluxes. Either procedure actually requires numerous determinations at
varying pressure or concentrations in order to obtain curves that may be
extrapolated to zero conditions, where flow rates should be undisturbed by
concentration polarizations. In view of the large number of samples to be
tested in this program, this procedure would also have been excessively
time consuming, and it was applied only for a relatively small number of

The alternative, rapid analysis, utilized a simple comparison of reflection
coefflclenI:s determined from fluxes at atmospheric pressure under specified,
constant conditions. As indicated above, the apparent reflection coefficient
will generally be considerably lower than the true value. In addition, the
distortion will be greater as the hydraulic conductivity coefficient in-
creases so that the reflection coefficient obtained re@ a membrane with a
very low hydraulic conductivity cannot be compared directly with that for
a membrane with a high conductivity.

Despite these problems, the data derived from simple osmotic flux and
hydraulic conductivity measurements can be valuable guides to the potential
utility of a novel msmbrane. 8onsequently, most of ~e data generated on
membrane systems has uL~ized only single concentration osmotic flux measure-
ments. Selected membranes have been tested subsequently under more preulse
conditions to obtain more properly c~,parable relations.

For the latter measurements, determinations of osmotic flux were made with
several different conoentratlons of NaCl and curves extrapolated to zero
concentration. In calculating reflection coefficients, the osmotic pres-
sures ~re derived from the relation,

14



in which R and T have their usual meanings, ~ is the osmotic coefficient,
and C. is the concentration of the solute. Values of # for salts were
taken=from tables in Robinson and Stokes (26).

In the tabulations of data on permeability in this report, those values ob-
tained from single concentration measurements will be labeled as "apparent
reflection coefficients" while those obtained from multiple concentration
observations and extrapolation will be given the designation of reflection
coefficients.

The small apparatus described above was readily immersed in a water bath,
with aapillary tube and syringe mounted above water level, to provide
temperature ~ontrol. A small circulating thermoregulator immersed in the
same water ba~h provided a simple mechanism for study of relation of perme-
ability to temperature. Unfortunately, relatively few experiments on temper-
ature relations could be accomplished due to press of other experiments.

The photoelectric responses of various membranes were measured with the
same systems described under the section on electrica] conductivity. A
quartz window in the water jacketed outer compartment permitted illumination
of the membranes with ultraviolet light from a Minerallght Model R-51
(~itra-violet Products Corporation, San Gabriel, California) shortwave
mercury vapor lamp or with visible light from a 15 watt, focused microscope
lamp. Light intensities were varied simply by varying the light distance
to the membrane.

Most measurements of light response were made under low external resistance
conditions (potential control), but these obser~atlons were frequently
supplemented with current control measurements, utilizln~ a high series
resistance or open circuit.

2.2.7 ACID-BABE AND ION EXCHANGE CAPACITY TITRATIONS

Various lipid dispersions were aualyzed for acidic or basic equivalence, " "
above and below the melting points of the llplds. Titrations were carried
out using a pH meter and glass electrode to follow change of pH with acid
or base additions and determine the proper re~ions of inflection for
optimal accuracy in determining equivalence points. Titrations were carried
out with 0,100 N NaOK or HC1 on samples containing 1 to 10 mg lipid per ml
water. <

~on exchange capacities were evaluated by mixing a neutral salt solution !i
~%~th a suspension of a kno~cn quantity of lipid in water, and mixing thor-
o~hly in a homogenizer at a.temperature above the melting point of the lipid.



A p~ measurement was made at the eleva~e~ t=mperature and ~hen the sample
was allowed to cool in a water bath and the pH taken once more. The excess
lipid was removed by filtration or centrifuging and a portion of the super-
natant solution was tittered back to neutrality. The titration was taken
as the exchange capacity cf ~e sample although it ~ould be subject tO
some error where the lipid had a finite solubility in the sa]~ solutions.
This was a significant factor for some of the amines, but does not really
ha~e any effect upon the conclusions derived from these data.



3. i. I PHASE STRUCTURES i

Although an extensive analysis of gross phase structure of a large number
o~ llpld-water systems was out of the scope of this project~ it was desir-
able to determine the main characteristics of some of the systems with
which extensive work might be done. Therefore, for a limited series of
neutral, basic and acidic llplds, aqueous dispersions were prepared and
observed on a gross and microscopic basis.

For most observations, each lipid was mixed with water in two proportions,
a concentrated system, in which lipid was ~0 to 30 percent of the total,
and a dilute system, in which the lipid constituted only around 1 percent
to 2 percent of the total. Mixtures were prepared in both distilled water
and in IM NaCI to determine the effect of salt on the phase relations. In
these studles~ only the free amines and acids ~ere utilized, rather than
salts which generally form stable disperse phases very readily. In order
to give the lipids adequate opportunity to form disperse phases, each
aqueous-llpld mixture contained in a conical glass tissue homogenizer, was
warmed in a water bath to liquify the lipid. A rotating plunger was then
used to homogenize the mixture. The plunger action was usually maintained
during cooling in a room temperature water bath. Despite this action,
many of the materisls simply reaggregated on the water surface or precipi-
tated on the surfaces of the ho~ogenlzer and pestle, rather than maintain-
ing a disperse phase. In other cases, mlcro-crystalllne forms were pro-
duced. Many systems, though, produced complex phase structures.
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Lipid and
Melting Point

n-decylamine
liquid

~~e
69-76°

~l~ine
53°

~-n-dewlamine
33-36°

Conc.-Viscous gel, lamellar
sheets. Poor birefring.;
Dilute- Viscous, stable
~usp. of 1-20 ~m spherical
to longstrlng mice~les.
Concentric ring structure
in polar, light.

Cont.-Stable solid gel,
lame llar sheets.
9ilpt ~- Irregular 0.5-50 ~m
micelle~ in stable disper-
sion.

Cont.-Folded lamellar and
1-50 ~m micelles in stable,
solid gel, poorly birefring.;
Dilute- Stable susp. of
I-I0 ~m micelles and mlcelle
aggregates.

9ong.-Stable, solld gel of
linearly folded lamellar or

~long needle crystals,

irreg, micelles with near
crystalline appearance.

Separates. rapidly into two
liquid phases above room
temp. Forms solid water
in oil gel separating from
water at room temp. or
below.

Precipitates on homogenizer
surfaces during cooling.
No disperse phase.

Structure in IM NaCIb

Cont.-Viscous semi-gel of
I0-20 ~ spherical micelles
Birefring, ;
Dilute w Unstable susp.
~lar 1-20 ~ mlcelles.

Cont.-Close-packed,
birefring, micelles to
lamellar sheets.
Dilute- Dnstabla susp. of
~-25 ~m irreg, micelles.

ConF.-Solid gel, irregular
micelles and lamellar with
high birefring.
Dilute- Unstable susp. of
irreg, micelles to crystal-
line aggregates.

~ill not emulsify.

Same as water.
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TABLE I (Continued)

Lipid and
Melting Point

di-n-dodecylamine
44.&6o

trl-decylamine

Oct anoic Acid

Dodccanoic Acid
44-45°

Hexadeeanoic
56-58°

Octadeeanolc

n-dodecan-l-ol
25°

n-hexadecan-l-ol
48-49°

di-dodccyl-
phosphite
liquid

As above.

Separates to two clear

Conc.-0.5-100 ~m droplets
in partly stable emulsion.
Dilute- Similar but with
~ore of small droplets.

Conc. and Dilute- Forms
separate lipid phase on top
of aqueous phase. Lipid

Emulsions separate
rapidly to clear liquid
lipid and aqueous phases.

Alcohol crystallizes end
separates upon cooling.
No stable dispersion.

Separates to nearly clear
water ~ese (few 0.5-20 

Structure in IM NaCIb

As above,

Same as in water.

As above.

Fails to emulsify.

Poor emulsification.
Forms_separate solid
lipi~ phase.

As above.

As above.

Same as in water.

Same as in water.

Separates as in water
system but large sac-like
mleelles, 20-50 ~, with
spike or halr-llke pro-
tuherances constitute
oil phase.
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TABLE 1 (Continued)

Lipid and Structure in Watera

Melting Point
Struature in IM NaCIb

tri-dodecyl Separates slowly to two
phosphite liquid clear phases.

~e~l Irregular mlerocrystals
phosphate and some micellar struc- mice llar structures.
42° tures in semi-stable

suspension.

Di-octadecyl Needle mlcrocrystals,

~sphate
0.5 x2 to Ix20 ~m, crystals more irregular.
and aggregates of crystals.
Crystals slowly separate
to form close-packed
phase at top.

Ethylene glycol Rough micro-crystals and
mono-dodecanoate aggregates.

Glyceryl mono- Rough plate micro-crystals,
~eanoate rectangular to phomblc.

Tendency to smaller crystals
in dilute system.

Glyoeryl dl- Irregular microcrystals and
dodecanoate aggregates.
450

Span 65 Solid phase separates during
(Sorbltan cooling. Solid phase traps
trlsterate) some aqueous mieelles.

a Lipids ware homogenized with distilled water at two dlfferen= concentra-

tions. Mixtures designated by Cone. were about 20-3~4 lipid. Those
indicated by Dilute were around I%.

b
Mixtures in iM NaCI were prepared as indicated in (a) and in text.
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3.1.2 BULK PIIASE TITRATIONS

One of the questions of some importance to this investigation ~as whether
a phase transition in aqueous lipid dispersions could affect ion exchange
or cold-base equivalence properties sufficiently to permit application of
such transitions in cyclic regeneration processes for water dcsalting. This
question was approached through the evaluation of normal acid-base equiva-
lence of lipld dispersions and ion exchange properties of some of these
dispersions at temperatures above and below the melting point of the lipids.
Only a f~ materials were tested, since it became apparent that practical
appl~cations would be rather difficult and would compare poorly with normal
ion exchange processes. Even where significant differences did appear in
solid and liquid disperse phases, the differences were largely apparently
due to rate limitations, radlcr than equivalence relations, with permelbillty
into solid dispersed material limiting the observed reactions. Thus, titra-
Eions of solid phase materials generally indicate degree of exposure of
titratable groups.

General results are indicated in Table 2. In general, the amines tested
formed clear or nearly clear solutions or sols during titration to ~e
equivalence point, earboxyllc acids formed turbid colloidal sols when
tltratlons were carried out at temperatures permitting total titratlens.
Similarly, the phosphates tittered to uniform mlcellar dispersions at temper-
atures above their melting points and would remain disperse upon cooling,
but the samples tltrated at room temperature ~lowed little change and only
a small part of the total acidity was tltrated within a reasonoble period.

The ion exchange measurements here do not really give an indication of the
probable differences in exchange capacity in two phase structures since
the tltratlons are only for ~e low temperature system. They do indicate,
however, that the exchange capacities are really too i~ for practical
application even if there were sc~ significant ~an~s between liquid and
solid states. Even if these llplds were to approach their theoretical ion
~ capacity, whlah they do not, ~e heat ones would he no better th~
normal strong base or strong acid resin ion exchangers. Oonsequently, there
appeared to be little p~ in ~u~g ~is area of ~e~ f~.

S~o tests were als0 mad4 to determine %~e£~cr neutral lipid dispersions
could affect salt concenhratlons in salt solutions as a consequence of
differential sequesteFing of ~e salts and water, ~u~ homogenizing the
neutral liplds in a salt solution and determining change in ~ or conduc-
tivity between the original dispersing solution and ~e supernatant from
the homogenates. Practically no effect was observed with dodecanol, several
glycerldes, or Span 65, at any temperature tested.

Some titrations and ion sequestering experiments were also carried out with
llplds in assoelatlon with polymers, either by making thin films containing
the lipid and polymer, or homogenizing the polymer solution (in a water



Lipid Temperature Titer Specific
°C

Ion Exchange
eq./mole Titer Capacity

meq./gm meq./gm

Dodecanolc Acid 24 0.42 2.1 0.08
50 0.96 4.8

n-dodecylamlno 24 0.93 3.5 0.21
40 0.95 5.6

dl-n-dodecylamine 24 0.92 2.8 O. 05
(llquld)

di-dodecyl phosphate 24 0.20 0.49 O. II
50 1,78 4.4

soluble solvent) and lipid together while adding water to precipitate the
mixture (for octanoic sold plus n~len 66). The polymer reduced ~oth io~
exchange and free acid or base titers to insignificant values.

3.2 CHARACTERISTICS ~ ~D~O~ MS~RANES

3.2. i THERMAL TRANSITIONS IN LIPID-LOADED MICROPOROUS FILMS

The measurement of the changes in conductivity and ion selectivity (diffu-
sion potential) of composite membranes as a function of temperature was one
of the most interestin~ ~spscts of this investigation. Some of the results
are i~lustrated in F~gures 3-10.

It may be noted that each lipid membrane (with one exception) shows a very
large chanBe in conductance (note that conductance scale is logarithmic)
near but not always at the melting point of the lipid. There is also
generally a slmilar abrupt change in diffusion potentlal at the same point.
~n addition, many of the membranes demonstrate further smaller, ~u~ still
significant fluctuations in conductance or diffusion potential a~ temper-
atures well below the melting points.
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FIGURE 3. THERMAL TRANSITIONS IN ALKANOL-CELLULOSE ESTER LIPID-LOADED
}~NBRANES.

Measurements were made with O.I M KCI in outer (re~erence elec-
trode) compartment and 1.0 ~ KCI in the inner (active electrode) compart-
ment, Afte~ loading the membrane with lipid (as descrlbed in Sec£1en 2)
and mounting, temperature was programmed upward or d~nward at 1° to 2° per
mlnute~ recording conductance and diffusion potentials simultaneously as

millivolts indicated by right hand scale. Horizontal scale is temperature
in degrees centigrade. The observed melting point of each lipid in air is
indicated by the triangle on the conductance curve. Curves for Figures
3-10 are presented for the second increasing temperature cycle~ except
where otherwise noted.

Curve GI, membrane conductance with dodecan-l-ol on a Millipore
}{A support; Vl, membrane potentials for the same membrane; G2~ conductance
for hexadecan-l-ol ~n Milllpore ~A; G3, conductance for octadecan-l-ol in
Milllpore HA| V3, d~ffuslon potential for same membrane.
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F~E 4. ~ERMAL TRANSITIONS ~ ETHY~ GLYC~ M ON~ODEC~OATE-CELLULOSE
ESTER }~IBR~.

Curve G, conductanoe for ethylene glycol monododecanoate in a
Milllpore HA filter; V, diffusion potential for the same membrane. Con-
ditions as for Figure 3.

With two exceptions, only the curves for a rising temperature program are
shown here. In almost all cases, some hysteresis was evident between rlslng
and falling temperature curves~ but the curves representing the total cycle
were fairly well reproducible beyond the first warming cycle, where some
irreversible changes might occur. The hysteresis in subsequent cycling was
probably partly due to failure to develop true equilibrium conditions since
the temperature program of i-2 ° per minute would create some thermal grad-
ients across the membranes. There may also be some lag due to time required
for transitions between phases.

Nhile it might be possible to attribute some of the multiple fluctuations
to the heterogeneity of the samples, particularly in the case of glyaerldes
where compound definition remained rather poor, the multiple transitions
can still be observed regularly with materials known to have a relatively
high degree of purity, as for the alkanole. In the latter cases, double
transitions occur with all three llplds.

It should also be noted that the multiple transitions or fluc=uations were
either much subdued or absent with the same llplds in Teflon supports rather
than the mixed cellulose ester supports used in most of the illustrated ex-
periments, The effect of support is also indicated by the change in thermal
curves for glycerol monododecanoate in Figure 5. In this case, a distinct,
low temperature conductance fluctuation is apparont in the cellulose ester
support, but in neither the polysulfone nor ~e Nuclepore membrane support.
On the other hand, the polysulfone curve does maintain the secondary in-
flection in the main transition region and develops an inverted transition
not found with the other supports.

None of the membranes concerned in these illustrations appeared to have a
very low resistance in their most conductive state. However, as demon-

This applied especially to the alkylamlnes on Teflon and to the dialkyl
phosphates (not illustrated in these Figures) on various supports.
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FIGURE 5

-zo I

~NOAtE

T~N~ D~rees ~

FIGU~ 6

FIGURE 5. THER~IL TRANS~IONS FOR GLYCEROL NONODODECANOATE }~HBRANES IN
VARIOUS SUPPORTING MEDIA.

Curve GI, conductance for glycerol monododecanoate in a Milll-
pore HA filter; VI, diffusion potential for same membrane; G2, conductance
with lipid in a porous polysulfone support having pores lees than 1 ~m
diameter and thickness of about I0 ~m; G3, conductance for lipid in Nucle-
pore filter, 0.5 ~m pore, 11 ~m thickness.

See Figure 3 for conditions,

FIGURE 6, T’~P, MAL TRANSITIONS FOR GLYCEROL DIDODECANOATE ~E}~RANES,

Curve GI, conductance for glycerol dldodecanoate in Millipore
HA filter; Curve Vip diffusion potential for the same membrane on a ~eseendlnfi
temperature cycle; G2, conductance for same li~id in Nuclepo~e, 0.5 ~m pore,
membrane. !i
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~RISTEARATE

Curve G, conductance for membrane with Span 65 ("sorbltan
trlstearate") in Millipore HA support, for descending temperature cycle.
Curve V, membrane potential for same membrane, descending temperature. The
Span 65 was recrystalllzed once before preparation of the membrane.

See Figure 3 legend for conditions.

FIGURE 8. THERmaL TRANSITIONS IN MEMBRANE CONTAINING FATTY ACIDS.

Curve GI, conductance for dodecanoic acid in Millipore HA support.
Ascending and descending temperature cycles are indicated by arrows on
curves. The fatty acid membranes demonstrated large thermal hysteresis ef-
fects, as illustrated, in contrast with most other systems where small
hysteresis effects could be attributed almost entirely to thermal gradients.
Curve Vl, diffusion potential for same membrane, but ascending temperature
only. Curve G2, octadecanolc aold in Milllpore HA, ascending temperature|
V2, membrane potential for octadecanolc acid membrane.

gee Figure 3 legend for conditions.
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~40

FIGUKE 9, MONOALKYIAMINE }~MBRANE T~EPd4KL TRANSITIONS.

Curve GI, l-tetradecylamlne in Millipore ~0, Teflon filter with
8 ~m pores; VI, diffusion potential for the same membrane; G2, 1-octadecyl-
amine on Millipore LC| V2, diffusion potential for the same membrane.

Conditions as in Figure 3.

FIGURE I0. THERMAL TRANSITIONS FOR DIALKYIAMINE )EMBRANES.

Curve G, di-n-desylamlne on Nuclepore, 0.5 ~m pore; V, diffusion
potential for the same membrane.

See Figure 3 legend for conditions.
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Almost all membranes demonstrate a significant ion selectivity, as indicated
by diffusion potentials. Unfortunately, in most eases, maximal ion selec-
tivity is developed only at higher temperatures where conductivity is ex-
tremely low. The exceptions are the monoalkylamines (Figure 9) and dialkyl
phosphates (not shown). In these cases, the maximal conductance and ion~ l~i~t~Oa;~mf~da~l~l:~i~i~ morP e°int ~hafn°r9~;ereenl t~pidse f fentivW eith reslstaneel sn

blocking the co-ion transport. Thus, the selectivity and conductivity appear
to be rsther strongly dependent upon both specific lipid properties as well
ns support interaction with ~he lip~ds.

In addition to ion permeability or electrical conductivity, another important
parameter to determine for the lipid-loaded membranes was water permeability.
A summary of comparisons of conductivity, ion selectivity, and water perme-
ability for selected membranes is given in Table 3. These membranes do not
constitute the total tested but may represent the characteristics of ~e
intorestlng systems.

It may be noted, first, d~at several membranes have ion selectivitles and
resistances well within the range found with commercial ion exchange mem-
branes. In most instances, the high permeability to ions is not accompanied
by a similar permeability to water. In the thick (more ~an I00 ~m) cellu-
lose ester membranes, water permeability tends to be extremsly poor, as in-
dicated by the low hydraulic conductivity coefficient. The water perme-
ability is improved, however, in the much thinner polyamide films (less
than i0 ~m) in which the resistant path may be much shorter with consequent
reduction of frictional resistance. There is some possibility, however,
that some of the increased conductivity of the thinner membranes may be due
to flaws in the membranes. Regions of high water flux and low ion selec-
tivity may be caused either from excessively large pores developed in casting,
in which lipid loading is faulty, or from extrusion of lipid from pores
under the pressure exerted in the hydraulic conductivity testing procedure.
Under controlled conditions, with pores of appropriate diameter, the latter
mechanism might produce high water flux without interfering significantly
with ionic selectivity or salt rejection, where Donnan exclusion was the
major factor in salt rejection rather than hyperfiltration. In addlt~on,
hindered diffusion in micropores may create significant molecular perme-
ability discrimination, even though the pore diameters may be several-fold
the diameters of the diffusing molecules (27).



TABLE 3

ION PER~A~TY AND SE~CT~ITY AND
WATER PE~ABILITY IN ~LECTED LI~D~OADED MEMBRAN~a

Ethylene CE 2500 0.5 500 0.80 30,35,~8 ~.I
glycol PCA 6700 0.5 50O 39,43 ~.I

monododec- PA6 lOP 2500 = 0.6S 4.0 0.85 39~
anoate

Giyceryl CE 2000 0.5 <0. i
monododec-
anoate PCA 2.0 0.81 ’ 43__ ~.I

Pip-lO 0.5 0.62 !__41 <0. i

Glyceryl I0000 0.5 i00, O. 89 i ~43
dldodec- PCA 2500 0.5 I0. 0.88 __44 <0. I
anoate PSul 3300 0.5 500. 0.88 35-40

Span 65 CE i000 0.5 10. 0,80 58
BOO0 0.5 3.89 __~58

Dodocanol CE 8000 0.65 0.5 3.7 ~.I
Pip-10 2000 0.60 0.5 ~3,7 25 0.8
PSul 15000 0.65 0,013,8

Dodecanoic CE* 50000 0.5~ 10. 0.94 10,34,41
Acid CE~ 59 0.75 6.0 D.92 ~.i

Pip-lO 320 0.60 40 D,95 35-38 1.8

Dodecylamine Te~lon 0.08 0. I 0.45 45 0.19
PCA 70 0.15 800, 0,48 ~__45

DfdecylamCne PCA 1400 0.5 90, 0.08
~rldecylamlne Nylon 66 7O 0. I0 0;3 0,05 __25 0.5

Didodecyl CE 8 0.95 0.1]0.95
phosphate Nylon 66 Ii 0.89 2.1 0.90 0.3

Didoc~adecyl CE 14 0.94 0.2 0.89 78 ~.i
phosphate Pip-10 68’ 0.92 8 0.95 78 0.7
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TABLE 3 (Continued)

The tabulated values may be considered as representative of class be-
haviors to some degree. Many other membranes ware tested, but either
showed inferior ~laracterlstlcs or properties similar to those already
tabulated here.

CE = mixed cellulose ester Milllpore filter ~L~ or GS, Ii0 um thick;
PCA = Nuclcpore polyccrbonate membrane filter, 0.5 ~iii pore, ii um ddck-
hess; PA610P = i:I mixture of nylon 610 polyamide wi~ Pip-10 polyamide
in porous film east from formic acid, will most pores less than I ~m,
1-2 ~m thick; Pip-10 = pelyamide film cast from formic acid, 1-2 ~n thick,
with pores less d~an i ~m in diameter; PSul = polysulfone film, cast
from formamide, 3 ~tm thick, pores less than ! um; CE*, Nilliporc HA
filter loaded with fatty acid with strong beating during loa4ing re-
suiting in large change in filter structure before further processing;
CE~, Nilllpore I~ filter loaded with fatty acid just at melting point;
Teflon = Mi!lipore LC Teflon filter with 6 ~m pares, 125 ~m thick;
nylon ~6 = membrane 3 ~m thick with pores less than 2 um diameter, cast
from trifluorocthanol containing small mnounts of sodium borate and
washed after casting to remove borate crystals.

~a~t~ cati°npclnts transp°rtof the me.fanes,augers bolm~Determinodand ab°ve’wlth respectivelY’n I0:i salt grndientthe

across the membrane and calculated from the Nornst ~elation,

ED = (~- ~’)~ ~ al~ , 

perfect cation selectivity and 0.0 ~ows a perfect anion selectivity.



TABLE 3 (Continued)

Temperatures of conductivity and/or seleetlvlty transitions for the
membranes. The underlined ~alue indicates the major transition or only
transitlon~ smaller transitions are indicated by values without under-
lining.

Hydraulic conductivity coefficients, determined as outlined in methods
section. Reflection coefficients were not generally determined for these
membranes, since the small hydraulic conductivity normally found made
reflection coefficient measurements difficult as well as of little
practical value.

3.3.4 PROPERTIES OF ~ZNBRANES FOR}~D BY D~NA~C LOADING PROCESSES

Materials adsorbed to a support as micelles or microparticles from a
liquid suspension may develop a different membrane structure from that ob-
tained in a process involving direct incorporation or application, as in
the previous section. "Dynamic" formation of a membrane by such mechanisms
has received extensive attention, particularly with polymers introduced onto
a porous matrix to form a barrier layer with desired selectivity (e.g.,
ref. 28) or surfactants adsorbed onto an already active membrane to im-
prove rejection properties (e.g., 29).

In the present investigation, the dynamic formation was accomplished by
expressing various llpids, in dilute suspensions, from a syringe ento the
porous film, supported in a Swlnne? syringe filter unit. This compact
unit permitted carrying out the coating operation at any desired temperature
simply by submerging the filter holder and part of the syringe body in a
bath of the desired temperature. Application pressures were simply con-
trolled manually, avoiding exertion of pressure that would puncture the
membranes.

Since the suspensions used in these operations were, again, formed from
unneutralized acids or amines and alcohols or esters without additional
surfactants, particles in the suspensions were frequently rather hetero-
geneous in size. Excessive heterogeneity was avoided by using only the
stable suspension obtained after prolonged settling of the initial homo-
genates.



The results with the materials actually tested here (Table 4) suggest that
these substances are not remarkably well adapted to this kind of application.
In general, there is no improvement in ionic selectivity of the dynamically
loaded membranes over ~e membranes loaded by ~e melting procedures. In
fact~ several membranes fall to demonstrate significant ion selectivity in
the dynamic system where the normal loading techniques were quite effective
in developing selectivity. Only water permeability relations are improved,
but this is of little value without ion retention mechanisms.

There is some redemption, however, in the b~avlor of d~e dynamically
loaded membranes after cycling through a melting sequence. In several in-
stances (dloctadecyl phosphate and the monoamlnes) this treatment produces
ion selectivity quite comparable with ~at of the melt-loaded membranes.
~Is might m~e it possible to consider utilization of a dynamic loading
process with llplds as a mechanism for making and regenerating membranes
in eleetrodlalysis operations where fouling might be a significant factor
in membrane llfe.

Unfortunately, no tests were made using the more stable and highly dispersed
neutralized amines, acids, or phosphates. Su~ neutralized llplds gener-
ally exist in highly iom[zed mlcellar dispersions in ~i~ mlcelle sizes
are much more uniform and smaller than those encountered with the substances
used here. Such structures might have produced tighter pore structures
with much greater ion exchange and selectivity properties.

3.3 PROPERTIES OF CAST-LIPID ~MBRANES

The presence of a lipid in the polymer solution used for casting a mem-
brane may have a significant effect on the phase relations of the polymer
in the gelling process, leading to potential alterations of the membrane
structure from ~at expected in absence of lipid. Such structural altera-
tions may persist, with effects on permeability relations of the membranes,
even though preparative conditions may eventually totally remove the lipid
from the final membrane. Consequently, the study of effects upon struc-
ture and permeability of llplds present during casting of polymeric mem-
branes could have far reaching consequences. A study of the effect of
simple trlglycerides on permeability of asymmetric membranes has already
suggested that llplds may have beneflelal effects upon the water perme-
ability and salt rejedtlon of cellulose membranes (30).

Water and sob~e permeability of numerous east~llpld membranes were examined

in our project. Most of these membranes were very thin, less than 5 ~m in
thickness, with only a few approaching the normal thickness of the cellulose
acetate, asymmetric membrane used as standard. " Many of these membranes must
still be considered as asymmetric in many respects, even though their
physical description and properties may net correspond entirely to those
expected in as>.~etrlc memb:anes for reverse osmosis. This may be best
illus~rated by the electrical conductance curves for one of the high



Lipi~ Support R 2 T+ ~aa~c Apparent

! E~hylene N-610,P’I0 2,300 0.69
Glycol
Nonododec-
anoate

Glyceryl CE -HA 0.50 18.7 0.0
Nonododec- CE-HA~V 0.83
enoate PCA 0.50

Glyceryl 2,000 0.50 5,3
Didodec- CA 400 0.50 2,2 0.35
anoate PCA 2,000 0.50

Span 65 ~CA 7,700 0.50 0,I
PCA~ 500,000 0.85

Hexadecanol CE -GS 80O 0.50 12.8 0.05

Bodecanoic CE -GS 180 0.78 0.09
Acid CE-GS~ 1,000 0.80 0,2 0.21

PCA 5.000 0.60

Dioctadecyl CE -GS ~8 0.89 6.2 0.12
Phosphate CE -GS~ 0.92 ~.I

CE-HA~V 95 0.85 ~.I

Didecylamine Teflon 0.35 12.2 0.1

Dodecylamina Te£1on I00 0.40 3.3 0.0
Te flon~’~ 88 O. 12 0.8 0.2

See Table 3 for general notations. The lipide were generally applied
near, but below their melting points until flow of the suspension through
the filter (under ha~d pressure in a I0 ml syringe) decreased substanti-
ally or stopped.
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TABLE 4 (Continued)

These values were obtained for membranes at temperatures above the
melting point of the llpids contained in them.

These values were obtained at about room temperature but after going
through a warming ~d cooling cycle in which a high resistance was ob-
tained in the warmer state.

resistance membranes containing a combination of polymer and lipid, as in
Figure II. This current-voltage curve shows a distinct rectification,
indicating that the energy barrier for current carrier passage through the
membrane is greater in one direction than the other. Such asymmetry does
not only appear with the cast-lipid membranes, but may he obtained also
with polymer membranes that have had one face coated with a lipid film,
or even in membranes containing only a single polymer or mixture of poly-
mers. The critical factor appears to be the development of an asymmetric
structure as a consequence of forming the membrane wi~ opposing faces in
contact with two media of varying dielectric and functional properties,
glass and air in these instances. If conditions are utilized that reduce
the differences between the two interface contacts, the asymmetry may be
greatly reduced or disappear entirely.

The effect may be attributed to the different energies arising from polar-
izatlon within the asymmetric layers of solution and membrane. Thus, a
particular casting process provldes, at one face of the membrane, a narrow
region of low dielectric (e.g., lipid) that comprises the major charge
transport barrier, together with a second region of distinctly higher dl-
electric with a relatively sharp boundary between these regions. This
asymmetric structure may create a large energy differential between trans-
port of a charge carrier in the sequence from aqueous interface into and
through the high dielectric membrane region, into and through the low dl-
electric region, and into the aqueous interface on the other side, and i~s
transport in the opposite sense. The process may be analogous to~ and in
some cases, quite similar mechanistically, to the semiconductor diode in
which a charge depletion region adjacent to the interface may control
passage of charge carriers through the diode.
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FIGURE ~ I. ASYmmeTRIC RESISTANCE IN CAST’LIPID MEHBRANES.

The figure sh~s current-potentlal curves for e thin membrane
(ca 2 m~) cast from a solution of 5°Io Ethocel plus 0.057° tocopherol succln-
ate in 2: I chloroform-methanol. Positive currents (cation flow from glass
contact side of membrane to air interface side) are smaller than negative
currents.

Liplds are not entirely essential in producing similar curves
Even greater asymmetry may be obtained with some combinations of polymers
only (e,g.~ Plp-10 with Ethocel) and appears to depend upon differences
in composi=ion or group orlen~atlon on ~o sides of the membrane.
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Table 5 presents a su~m~ary of water permeability (hydraulic conductivity
eeefflalent) and apparent reflection coefficients for NaCI for a number
of cast-llpid membranes. It may be reiterated here that the "apparent"
reflection eoeffielents listed in Table 5 must be used only as comparison
standards since they were determined essentially on single point estimates
(one solute oonoentratlon, one pressure differential) subject to the
probable distortions discussed in the seetlon on procedures. A more
accurate reflection coefficient for NaCI in a few selected membranes is
given in Table 6, where values were obtained through evaluation of osmotic
fl~ at several solute concentrations and utilizing the slope at zero
solute concentration from extrapolated curves. This me~lanlsm avoids ~e
severe concentration polarization problems found with the single point
analysis, but requires a substantial amount of time for each analysls.
Therefore, it could be utilized only on a few systems ~at demonstrated
promise under the single point evaluation.

The results indicate that none of the samples tested so far can match the
hydraulle conductivity along wi~l the salt rejection characteristics of
the standard asymmetric cellulose acetate membrane normally used for re-
verse osmosis. On the other hand, the relative water permeability and
salt rejection characteristics of several llpld-polymer membranes are
greatly improved over those found for membranes containing only the corre-
sponding polymer. Consequently, it appears likely that some llpid-polymer
combinations might be developed into excellent reverse osmosis membranes
if some attention weru given to formulating optimal casting eoncentratlons
and conditions.

The BLM was not a primary concern of this project, despite in~eresting
permeability characteristics, since fragility makes it of little
practical value. However, studies on stabilization of BLMs with polymeric
supports were in progress in another project in this laboratory (31) and
some of the polymers and techniques for membrane preparation developed in
~e project on phase relations were of value in developing mechanisms for
significant BLM stabilization. These studies were of note in demonstrating,
first, that a BLM may he formed in pores of t~e order of I ~m in diameter
under proper conditions, and also ~n showing that membranes with BI~|
properties may be formed from combined lipid and polymer solutions with
added stability due to an internally generated’polymerlc matrix, These
relations are clearly concerned with phase relations in composite lipid
membranes and are presen=ed here as supplemental information on the be-
havior of complex lipid systems.

The experimental BLM is normally formed by stretching a film of lipid
(usually in solution in some solvent) across an aperture in a relatively,

thlner ’ee genera~h lyydr°ph°blrcanges septumf ~romSUbmergea dbout 0,2inmm2anupwarda ~que°usdependins g°Inti°n’up~nhet~eperture

36



~mbrane
Polym~

CA

Nylon 66(b)
(c)
(d)
(d)

(d)

(d)

(d)
(e)

(~)
(e)

Nylon 6 (f)

(O

(O

(O

Pip-lO (g)
(s)
(g)

(g)

Composltlon(a) Hydraulic Apparent Approximate ?
Lipid

~i/atm/cm2/minC°nductlvity ~NaCI ThickneSSam

S=andard R.O.
Membrane

Dodecanol
Tetradecanoic
Acid

Glyceryl
Monododec-
anoa~e

Glyceryl
Didodec-
anoate

Span 65
Tetradec-

anoic Acid
Dodccanol
Glyceryl
Monododec-
anoate

Dodecanol
Dodecanoic
Acid

Glyceryl
Monododec-

Dioctadecyl
Phosphate

Dodecylamine

Dodecanol
Tetradecanoic
Acid

Glyceryl
Monododec-
anoate

2.62-3.0

!.53
0.25
2.1
2.1

13

0.9

5.2
3.1

I. 15
15

0.25
Open
0.8

Open

1.5

1.2

0.08
0.8
0.45

8.2

0.26-0.35

O. 13 7
0.15 4
0.13 3
0,24

0,0

O. 07 3

O. 01
0.08 4

0.20
0,0

(0.05) "2

0.35

O. 32

0.28

(0.6) 2
0.21 3
0.43 3

O. 02

Fragile
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TABLE 5 (Continued)

Membrane ~dt~ n %aCl ThickneSS~m

Polymer
. Composltion(a) Hydraulic Apparent Approximate

Lipid

Pip-lO (h) 2.0 O. 05 4

Pc lypheuylcue -
Oxide (1) ~.1

(i) Benzoic Acid 0.2 0.8

Membranes were cast on glass from solutions and under conditions indicated
in the footnote corresponding to the letter in parenthesis in the membrane
designation. ,

Nylon 66 (DuPont), 25%, in 90% formic acid, cast at I mil at ° wi th a
10 sac. air cure, 0° water gel bath.

c As in b, but with 60 sac. air cure.

d Nylon 66, 15%, plus 0.2 to 1.0% of lipid cast at I mil on 45° plate,
30-60 see. cure, 0° water gel bath,

e As in d, but cast at room temperature.

Nylon 6, 3 to I~ in trifluoroethanol, cast at i to 2 mils, 15 to 30 sac.
cure at room temperature, 0° water leach bath. Lipid added at 0. I to 2%
depending upon lipid.

Pip-10, 5% in chloroform-methanol, cast at 2 to 3 mils at room temper-
ature. Lipids incorporated at 0.1 to 0,5~. Castln~s essentially full~-
dried at 30-60 seconds. Water bath used to llft thin films from glass.

Pip-lO, IY4 in formic acid, was cast at 3 mils at room temperature, air-
cured 30 seconds, gelled in 0° water.

Polyphenylene oxide, 5Z, in i:I methylene chloride-benzene, cast at
2 mils at 45° , a~r-drled and lifted from the glass with water. Benzoic
acid added at about 0.5~.
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TABLE 6

SALT AND WATER PER}ZABILITY OF CAST-LIPID ~MBRANES

MEmbranE Composltlon(a) Hydraulla
Polymer Lipid Conductivity

~NaCI(b)

Cellulose Acetate 2.58 0.95

Nylon 66 0.25 0.39
Nylon 66 + Tetradecanolc Acid 2.1 0.84
Nylon 66 + Dodecanol 2.1 0.42

Nylon 6 0.20 (0. OS)
Nylon 6 + Dodecanolc Acid 0.8 0.75
Nylon 6 + DE decy~amlne 1.2 0,70
Nylon 6 + Dioctadecyl Phosphate 1.5 0.79

Pip-10 TEtradEEanolODodE~ano1 Acid 0.08 (0.6)

! ~[I~
0.45 0,70

++ 0.8 0.55

a Casting conditions and proportions were those listed for corresponding
systems in Table 5 footnotes.

Reflecti°ntion of osmoticC°efficientflux atf°rsEveralNaCI’ GNaCI concentratlonsTM determined andthroughextrapolatlngObServa-
curves to zero concentration to evaluate true osmotic flux.
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me~anlsms being used for spreading the film and the purpose to which the
membrane is to be applied. ~nder these conditions, the thick film norm-
ally obtained upon initial stretching will spontaneously thin to a film
consisting largely of two monomolecular leaflets of lipid, less than 10 nm
in thickness. With smaller apertures~ and the usual septum thickness of
shout 0.I to 0.5 mm, it may be dlffieult to obtain spontaneous thinning to
a bilayer. This is due to opposition from capillary forces within the aper-
ture to the forces stimulating bulk phase compression and spontaneous
collapse of the two monolayers bounding the bulk phase to a bilayer with
extrusion of excess lipid to the aperture walls. Successful thinning in
small openings must depend upon development of appropriate Interfaelal re-
latlons between the lipid and support, and a favorable relation of aperture
depth to diameter, as well as appropriate phase relations that promote
active extrusion of solvent with development of ordered structure in the
stretched films.

It has been apparent, however, that BLM stability to mechanical and elec-
trleal stress is improved by reducing the ratio of membrane area to circum-
ferential support structure. Consequently, it has been desirable to
attempt to produce stable Bl~|s through formation in mlcroporous supports,
or through generation of a strong polymeric network simultaneously with
the formation of the BLM. Both mechanisms have now been achieved here,
with existence of the BLM configuration proven through analysis of the
interaction of certain materials that will create changes only in the bl-
layer structure and not in thicker films.

The first mechanism was demonstrated on mlcroporous films prepared from
Pip-10 polyamlde. Castings were prepared with films having thicknesses of
about 1 ~m with pores of a similar or smaller diameter. The Pip-lO film
was mounted in the standard thin film holding device (Figure 1B) and spread
with oxidized oholesterol in nonane solution. The spreading of the lipid
solution greatly increased the film resistance but, after a few minutes,
resistance decreased slightly again. Tests of current-voltage relations
showed, at this point, a non-llnear curve, with some asy,,l*,letry, which,
except for the asymmetry, was rather characteristic of thin lipid films
stretched across wide apertures. Various other properties (lability to
hlgh potentlal stress, photoelectric responses with iodide ion) also
helped to suggest that some areas of bilayer configuration existed.

Meehanises for unequlvocal]y demonstratlng the exlstence of a BLM eonfigura-
tlon in a membrane of this structure are limited. Normally, thickness of
the stretched black films across wider apertures may be estimated through
measurements of capacitance or through optical reflection techniques.
Otherwise, one may resort to difficult and uncertain fixing, imbedding and
sectlcning for electron microscopy. Neither capacitance nor optical reflec-
tion could he applied to the membranes here~ since the pores were ton small
for optlcal observations and it was impossible to estimate area of lipid
membrane to obtain values of unit area capacitance. Coneequently~ a



convenient alternative was utilized, the interaction of EIM, or "excito-
billty inducing material" (23), wi~% BLMs. It has been demonstrated (32,
33) that EIM changes the conductance of BLMs by penetration of a protein
substance through the membrone to form a long-lived oonductln~ channel.
Those channels can be formed only if the membrane is actually in a bllayer
configuration or differs from a bilayer by a very small thickness. Con-
sequently, the development of a conductance characteristic of the EIM,
with typical reversible ncgatlve resistance regions, must demonstrate
existence of significant regions of bilayer thicknesses.

As indicated in Figure 12, the reaction of EIM with a Pip-lO supported
lipid film results not only in the lo~.;orln~ of resistance, but develop-
ment of a region of transition (no~atlvo) roslstanco, corresponding 
the eharaoterlstlcs expected for a small negative resistance shunted by
the relatively large linear resistance of the rest of the msmbrane area.
Thus, the existence of a bilayer structure in very small pores has been
demonstrated for the first time.

Although bilayer stability was significantly increased for both mechanical
and electrical stress in those configurations, it was not by a spectacular
margin. For electrical stress, the breakdown potontlals appeared to he in-
creased often by a factor of about 50 to 150 percent. Mechanical strength
was not measured by any objective quantitative me=hanlsms in this case,
but there was a substantial degree of improvement in stability to dis-
turbonce of the electroly~e solution in the vicinity of the membrane.

The Pip-lO supports arc not compatible with lipid solutions containing
benzene or halegenated hydrocarbons, which are components of lipid solu-
tions that have been most versatile in BLD! preparations. Consequently, a
search ~as made for supports with a greater adaptability. Nylon 66,
610, and 6 have very little solubility in chloroform so these were tested
in mioroporous supports for BLM stabilization. Although bilayers could
apparently be formed, BLN stability seemed lower than normally obtained
with forge aperture membranes. This appeared to be duo to poor inter-
action of llplds with the supporting material. It may be mentioned that
the Pip-lO BLMs showed some evidence of self-heallng charecteristics.
Under high potential stress membrane resistance would decrease abruptly,
indicating rupture of BLMs in some region. However, the resistance would
return to original values upon lowering the potential gradient, indite=lag
repair of the region of electrical rupture.

Even though the to=el area of membrane in these mlcropore sys=ems was
relatively large~ it is obvious that only a very small percentage of the
area ever attained BLM status. Consequently, much further work may be
required to obtain large area, stable HLMs.
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FIGURE 12. DENONST~TION ~ I~E~C~ OF E~ITA~ ~C~G ~TERI~
(ElM WITH eLMs FOR~D IN A ~S S~.

The Pip-10 polyamlde film was cast on glass from a chloroform
solutio~ containin~ formamide to produce porosity. Film thickness was prob-
ably less than 1 ~m while pores of about I ~m were visible under phase con-
tras~ microscopy.

After mounting and i~m~ersin B this film, oxidized eholesteroX in
noaane was brushed across one face. After I0 minutes standing at 25°, cur-
rent-vol~age curve A was obtained. EIM was added ~o one side and Curve B
and C were obtained after standing for 20 minu~es. The increase in con-
ductance at low potentials together wi~h the negative resistance at higher
levels, indicate existence of bilayer regions where EIM could penetrate,
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Simultaneous generation of BLMs with an integral support network provided
relatively largo areas of membrane having good bilayer characteristics and
with better stability than the BL~ in mloropore films. Furthermore, uhese
membranes demonstrated a pronounced self-healing capability in which steep
increases in conductivity at high potential gradients could be reversed,
without apparent permanent alteration of the membrane structure, by return
to low stress nonditions.

Three polymers were found effective in creating some degree of stabilization
of the BLN when incorporated as part of the membrane generating solution.
These were ethyl cellulose (Ethocel), Pip-10, and polyphenylene oxide. The
first two ware approximately equivalent in developing electrical and mechani-
cal stabilization, usually providing a two- to three-fold increase in both
factors. The lette~ polymer was less effeotlve~ partly as the result of
requiring solvents in the llpid-polymer mixtures that were not normally
used in genaratlon of BLNs.

Solutions containing 2-3 percent sphlngomyelln and about 20 percent toco-
pherol and 2 percent of E~ocel or Pip-10 in chloroform-methanol solvent
were used for generating ~e BLMs. The thinning process was generally some-
what inhibited by the polymer and care was required in stretching the solu-
tions or little or no thinning would develop. With polyphenylene oxlde~
it was necessary to replace the ~loroform-methanol solvent wi~ benzene.

In contrast with the analysis of BLMs in the micropore support systems, the
formal indicators of 5ilayer oonfiguratlon, increase In capacitance er
optical reflection, could b~ used for demonstrating approach to a bilayer
configuration. Capaeltancee~ determined from charging time constants with

~fhlgo h.5 ~s~a~;~2,s~ ~ lWslt~ompa.bt le he membraneclth ~eo~e~l~oi~rt,/~2r~g.e
talned normally with BL~. ~owever~ the thickness cannot be calculated
accurately since the average dielectric constant of the mixture of liplds
~nd polymer is unknown.

These membranes reacted readily with EIN to develop negative resistance
regions, as shm~ in Figure 13~ but they also showed some ~araeterlstlos
in =he EIM ~nteraotlon =hat suggested that a substantial part of the meu-
brahe area was in some state of organization that was rather different
from that of the normal BLM in absence of the polymer. Thus, it was pre-
sumed that a fair proportion of the lipid in the black area must be im-
mobilized through association with a polymeric matrix interwoven through
the system.

The stabilizing capacity of this supporting matrix was best demonstrated
hy the apparent self-healing characteristics of the potential-stress injur~
to the membrane. As illustrated in Figure 14~ when a Pip-10 membrane is
subjected to an increasing ramp potential (our~e A) s point is reached 
which conductance abruptly increases by several order= of magnitude.
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FIGURE 13. EIM NEGATIVE RESISTANCE IN A LIPID BILAYER INTERNALLY STABILIZED
WITH ETHYL CELLITLOSE.

The membrane was generated in 1 M NaCI on a polyethylene aper-
ture, from a solution containing about 1.5% sphlngomyelln, 20% tocopherol
and 2% ethylcellulose in chloroform-ethanol solution. ElM was present during
the generatlon of the lipid bi!ayer, resulting in rapid reaction as thinning
occurred. Resistance was monitored with a +IO mv potential during thinning
and EIM interaction.

After a reasonably steady resistance was attained, the potential-
current scans illustrated were made. An initial posltlvc ramp potentla~
caused recording of curve A with the decreasing ramp creating llne B (dashed
llne), The Doge=lye ramp, immediately following, showed the steep increase
in resistance above 50 mv~ in curve C. After return to zero potential
(curve D), subsequent positive ramps (E,F) showed that a negative resistance
region could also be obtained in the positive sector, but the open state
did not return completely even with a long rest at zero or moderate positive
polarizing poten=lals. It may be noted that the region of initiation of the
increase in resistance in the positive sector occurs at somewhat lower poten-
tials than would normally he expected for the same type of membrane without
the stabilizing polymer.
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FIGURE 14. INTERNAL STABILIZATION AND ~LF-~PAIR .OF ~MBRANE PUNCNTHR~GH
REGIONS IN A BLM CONTAINING A POLYAMIDE ~TRIX.

Curves are tracings of current-voltage recordings obtained with
a triangular (ramp) potential applied across a BLH stabilized with Pip-10
polyamlde. The membrane was prepared from a solution containing 2% sphlngo-
myelin, 2~% tocopherol and 2% Pip-10 in chloroform-methanol. Shortly after
thinning to a full black state was achieved, Curve A was obtained with a
rising ramp to 325 mv under potential control. Instabilities bezin to
appear at 250 my, but the membrane does not rupture even though conduetanoe
is increased over twenty-fold according to separate measurements. As the
potential gradient is reduced, conductance approaches normal values again
(Curve B) and, after a short rest at zero polarization, another increasing
ramp shows that the membrane is essentially totally repaired.
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Although conductance may fluctuate wildly in this region, the membrane is
generally still stable and will remain intact (still higher potentials
may cause rupture with the rupture most frequently occurring at the edges
where discontinuities may exist). Upon reduction of the poteatlal gradient
(curve B), the conductance gradually returns toward O~e original value.
A subsequent increasing ramp potential (curve C) differs only slightly
from the original curve A.

~ese phenomena suggest that at potential gradients of about 400,000 to
600,000 volts/cm (250 my to 300 my across a 50 =o 70 A barrier) the lipid
bllayor regions may be broken, creating areas of high conductance. How-
ever, the polymer matrix is apparently sufficiently strong to keep such
broakdo~,m regions from propagating in a zippering reaction and maintain
each rupture within a limited region over a long period of time. Upon
removal of the stress, the lipide that were displaced in the rupture must
return to the conformation that is most stable for those conditions, the
bilamellar structure characteristic of the BLM, with consequent increase
in reslstan¢o as the ruptured areas are healed.

While these results may not be of great immediate significance in present
membrane technology, there is a strong suggestion that mechanisms may be
developed in the future for formation of stabilized BI~ under conditions
~ere their particular properties may be of real advantage.

In the previous sections of this report, phase transitions have been in-
duced either by thermal changes or by alterations of the medium in contact
with the lipide. Another mechanism for ~atroduclng energy into a complex
lipid structure in a manner that might stimulate phase transitions would
he the absorption of radiant energy in the membranes. Prior to initiation
of this project, some experimental evidence had been obtained that the
absorption of near ultraviolet light by llpld-loaded membranes could pro-
duce significant photovoltaio or photoconductive responses under cirnum-
stances that suggested that ionic injection or ejection mechanisms were
involved rather than electronic processes. Since there was a distinct
possibility ~hst the photoelectric responses could be due to phase tran-
sitions that caused a change in sequestering activity of the lipid struc-
tures in the membranes, this phenomenon was pursued further here.

~e photoelectric reactions of llpld-loaded ~s were first observed
in systems consisting of a Millipore O$ filter containing ~. :~is
system was tested ~c~ it had ~i~s~ been observed that a film of
tocopherol (possibly ~t 1 ~ thie~ stretched across ~ ~t~e in 
insulating sept~ produced a photovoltalc response with ~ seti~ ~
~e~d~g to the ~a~i~ pe~ of the ~c~l at 294 ~ (22).
~bse~t tests, however, ~mons~ed that even greater photoelectric
responses could be obtained wi~ other llpids, so~ of ~i~ h~e ~t~y



poor absorption bands in the region of illumination. Consequently, a
survey of photoelectric reactions with simple llpids in Nilllpore mixed
ester filters (Mil~pore GS) was carried out. Results of this survey are
summarized in Table 7.

Although these tests do not exhaust the possible combinations, they do
seem to indicate some interesting requirements for photoelectric activity
in this kind of response. First, it may be noted ~lat best responses were
generally obtained with alcohols, particularly phytol, @tile little or no
response was derived from carboxyllc acids. This is particularly signifi-
cant slnoe the electronic absorption bands of the acids are much more ef-
fective in the region of the mexlmum energy from the light source than are
those of the alcohols. If the response ~ere si~ly related to electronic
activation, one might expect the opposite magnitude of response. Thus,
even though the electronic excitation may be, and probably m~s~ be, in-
volved, it cannot he the only limiting factor.

Some care was exerted to differentiate photoconductive and photovoltalc
responses, in contrast with some studies of photoelectric effects lq mem-
branes where the two terms are frequently confused or used interchange-
ably. The two processes are really quite distinct, with the photocondus-
tlon developing simply as the result of increased numbers and/or mobility
of carriers in the barrier region andphotovoltalc effects developing due
to vectorial separation of charges across an energy boundary with conse-
quent development of a potential across that boundary. In most instances,
the degree of contribution of PC and PV effects may be determined through
an examination of current-voltage curves in the light and dark (i.e.,
variation of current under varying applied potentials under potential con-
trol condi=ions or variation of potential with current under current con-
trol). A reaction that is largely photovoltalc will be indicated by
es~entlally parallel light and dark curves, with thelight curvu simply
displaced along the potential axis. A photoconduetlve reaction will
generally be indicated by an increase of the slope of the current-voltage
curve in the light over that in the dark. While a number of complications
may arise in interpretations, particularly as the result of non-linearity
of current-voltage relations, the analysis of these curves may be of some
assistance in determining %~ether the observed photoelectric phenomena
are largely due to bulk phase relations (PC) or to Interfaolal reactions
(~V).



Liplda) v b) I e) Light d) Zype ofs)~°mev n.a~;/cm2 incheDi ss=ance Response

Hexanol Low resls~ance, no response

Cy¢lohexanol (25°) 2 60 6 PC

l-me~hyl cyclohexanol (25O) 3 12 6 PC

l-menthol (35°) 2 0.3 6 PC

l-octanol (35°) 4.5 20 6 PC & PV

l-decanol (35°) 5 25 6 PC & PV

l-decanethlol (35°) 3.5 0.8 6 PC

l-dndecanol (~2°) 9 IO 6 ]V & PC

l-hexadecanol 15-20 15 6 PV & PC

9-oc~adecene-l-ol 42 3.5 12 PV(& PC)

Geraniol 20 39 12 PV

Li~alool 15 15 12 PV

Phytol 120 15 6 PV

Acids

9-oc~adecenole acid
(oletc acid) 0 0 6

Lino~elo acid 2 0.01 6 PC

Decanolc acid 0 0 6



TABLE 7 (Coutluued)

Liplda) v---b) i c) Lish~d) Typa o~e)-

°emv n-amp]um2 Dis~ance Response
Inches

Methyl oleate 0.5 0.9 6 PC

Butyl olea~e 0.6 1.5 6 PC

Butyl steara~e 0 0°24 6

Glyceryl monooleane 8 4.5 6 PV(& PC)

Glyceryl dloleate 22 2.1 6 PV(& PC)

Cyalohe:~yl oleate 9 0.7 6 PV & PC

Span80

Span 85, fraction Bg) 12 2.8 6 PV & PC

Span 85 (sorbltan trioleate) 2 0.03 6 PC

Pheuyloleate 5 O. 3 6 PV

p-methyl phenyloleate 7 25 6 PV

m-methyl phenyloleate 8 1.2 6 PV

p=muthoxy phenyloleate 15 4.5 6 PV

Aldeh~des

Denanal 6 Z8 6 PV

a) Milllpore GS (0.22 ~m pore, cellulose ester) was saturated with 

llquld or molten lipid, blo~ted to remove excess lipid and mounted
in the cell ~Ith 0.1 M NaCI both s£dee. All measurements here
were Oaken at 50°C unless otherwise specified.

b)Voc = maximum open circuit po=entlal for the illuminated membrane.



TABLE 7 (Continued)

c.~ I = short circuit current for the illuminated membrane.
sc

d) Distance of ~Knerallght R-51 from the exper~nental membrane.

e) The abbreviations PV and PC indicate the predominant photoelectric

response, photovoltaic or photoconductive. Parentheses enclosure
indicates relatively minor response characteristics.

f) Span 85 ("sorbitan trioleat~9 end Span 80 C~orbitan monooleat~’)
are mixtures of a number of compounds, each containing, apparently,
relatively large quantities of both moan- and tri-eeters, Span 85
fraction B is a silloon gel fraetlonatlon product, probably mainly
a dl-oleate.

The differences observed in photoconductivity and photovoltaic responses,
then, appear to have some significance in the interpretation of the photo-
electric phenomena of the composite membranes. Again, it is rather inter°
estlng that materials with closely related functional groups (and, therefore,
similar light absorption characteristics) varied greatly in the type of
response given. This suggests, again, that some faotor other than the
energy absorption in the functional group is responsible for determining
the nature and degree of response.

It seemed likely that structural organization of the composite membrane
might be responsible for many of the differences. Such organization may
have siEnifleant effects in many areas, ranging from direct effects upon
the electronic absorption spectra and movement of absorbed energy in
exeiton transfer mechanisms, to variation in interface area and structure
as well as development of penetrating regions of hydration through the
membrane that would provide regions of ionic conduction (possibly variable).

?urther studies were carried out to evaluate some of the organlzationa~
relations. These included determining relation of response to supporting
material, effect of temperature (particularly at a phase transition) upon
response characteristics, the change in response upon dilution of an active



lipid with an inactive material. These studies used dodecanol as the ac-
tive lipid, slnee it had a reasonably good response, showed both photo-
voltaic and photoconductive components in the response, had a melting
point within easily controlled temperature ranges, and could be handled
readily in liquid, solid, or solution forms.

The results of tests of a variety of supports indicated that only the
cellulose esters produced good responses, although smaller effects could
be obtained in a few others such as polysulfone and polyamides. Even in
the Milllporc supports, however, there was a surprising difference in the
behavior with the mixed cellulose esters (acetate and nitrate), as repre-
sented by the GS filter, and a pure cellulose acetate filter (Hillipore EG)
of similar structure. The dodecanol-EG membrane produced a bimodal re-
sponse, in which the early current response (at zero external polarization)
was directly opposite to that normally observed with the GS membrane, and
then reversed itself upon longer exposure to develop a similar polarity.
Further investigation suggested that the reason for the difference was
probably the independent development of photovoltalc and photoconductive
responses in these membranes. In the GB membrane, an immediate photo-
voltaic response developed, driving a current through the external circuit
in a corresponding direction. A photoeonduetlvc effect developed essenti-
ally simultaneously. On the other hand, a marked photoeonductivlty developed
before the photovoltale response in the EG-membrane. Consequently, the
small currents across the membrane, always present due to slight as~-
mettles in the ~ystem, were increased upon lowering of membrane resistance.
Then, as e potential developed across the membrane, opposing the sme~l
endogenous potentials, the current reversed itself. A unidirectional re-
sponse could be obtained simply through applying a small polarizing poten-
tlal to counteract the normal asymmetries. However, a blmodel response
still existed due to the differences in rate of development of PO and PV
effects. The photoeonductlvlty remained a greater factor in the EG than
in the GS membrane, while very poor photovoltalc responses occurred in
the EG as compared with the GS system.

In ~lew cf thelr marked dependence upon the support, some experlments
were also carried out to determine whether the photoelectric reactions
could be attributed to impurities in the commercial filters. To this end,
both GS and EG filters were extracted exhaustively with several solvents,
dried and retcsted with dodecanol or phytol for photoelectric reactions.
Extraction with alcohols, hydrocarbons, or halogenated hydrocarbons had
little or no effect upon the responses in the GS filter, but the alcohol
cr halcgenated hydrocarbon extraction ~estr¢~ed the response w~th tFe EG
filter. However, this effect may be due to structural alterations of the
filter since it was apparent that these solvents had swelled and distorted
the filter.

The investigation of change of response with temperature showed that there
was no photoelectric reaction below 2&°, the approximate melting point of



the dodecanol, but a strong reaction could bc obtained wiLhln a fraction
of a degree above that temperature. In fact, an interesting delayed re-
action could be developed in membranes thermostatted just below the tran-
sition point, with the energy of the light abe~rbed apparently being
sufficient to cause a transition to the active (liquid) state after 
short period of illumination. Above this temperature, there was a small
.ncrease in magnitude of response with increasing temperature until a
maximum was reached around 40 to 45° for the photovoltaic response and
around 50° for the photoconduction. Above these temperatures, both reac-
fleas decreased rather rapidly. Rates of development of maximal responses
showed a regular increase with increasing temperature.

It must be emphasized here that the abrupt transition to an observable
photoelectric response at the melting point of the lipid coincides with
a tremendous change in resistance of the membrane (of. Figure 3). Conse-
quently, the lack of an observable photoelectric roacelon may not entirely
preclude the possible existence of an effective light-stlmulated driving
force across the membrane. It may be possible that a similar light re-
sponse develops across the membrane, but cannot be monitored on the ex-
ternal circuit due to internal short-circuiting through transport of ions
across the membrane in the low resistance channels of the solid lipid
system. Unfortunately, this possibility was not considered until it was
too late to carry out the relatively difficult analyses to detect changes
of ionic concentrations across the membrane due to such transport. If
this reaction existed, however, it could provide a potentially useful
me~anlsm for llght-stimulated ion transport.

With dilution of the dodecanol by an inactive, but similar hydrocarbon,
hexadecane or tetradecane, the photoelectric response decreased according
to a first pm~er relation at higher concentrations of the dodecanel, but
approaching a second power relation at lower concentrations (Figure 15).
These relations would bc compatible with a surface-related mechanism, in
which the limiting factor would be the adsorption of n regular array of
the dodecanol to an interface, ei~er of its o~ mlcelles or at the cellu-
lose ester surface.

All the studies above were carri~ out with ultraviolet light stimulation,
using a lamp ~ith maximal energy in the region of 250 am. Sinne studies
with lipid bilayers had demonstrated that photoelectric reactions of
tocepherol or iodide ion could be sensitized to visible light with various
dyes, tests were also made for sensitizing the composite membrane to visible
light. A number of dyes (rhodamlne B, methylene blue~ crystal violet, etc.l
were mixed with the dodecanol and introduced into the filter in the usual
manner, and then tested for light response. None of these dye-llpld com-
binations demonstrated significant light responses with either visible or
ultraviolet light stimulus (again, it may be pointed out that these mem-
branes were generally low resistance compared with the normal dodecanol
membranes and short circuiting conld have occurred), On the other hand,
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LOG MOLE FRACUON OF DODECANOL

FIGURE 15. DILVEIONoRESPONSE RELATIONS FOR PHOTOCtr~RENT IN A DODECANOL-
CELLULOSE ESTER MEMBRANE.

The membranes were loaded With mixtures of dodecanol In hexa-
deaaue and the steady sta~e photocurrent (constant potential conditions)
determined for eaoh concentration of dodecenolo Each point represents the
averase of two ~o six experiments with the bars indlcatln 8 ~he ranEe of
current values ob~alned. Hexadeaane alone Eave an imperceptible response.
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when a dodeaanol-GS membrane was prepared and then exposed to a solution
of either rhodamlne B or msthylene blue in water, these membranes, with
adsorbed and absorbed dyes, remalnedresponslve to ultravlolct light and
also gained a slgnifleant response ~o visible light (comparisons are not
possible at this time since neither light source was calibrated so rela-
tlve incident energy is unknown), This demonstrated not only that the
composite membrane light reaatlon could be sensitized to a wide range of
the light spectrum, but also that the structure of the dodecanol membrane
is important in maintaining the response.

Through a related mechanism of sensitization, some of the otherwise
photoelectrically inactive membranes could be activated. Milllpore-hydro-
carbon membranes were normally totally insensitive to light, but a tetra-
decane-GS membrane would show a strong photoelectric response to ultra-
violet light when KI was added to the electrolyte on the dark side, or to
visible light when KI and ferricyanide both wore added.

Similarly, some cast membranes could be made photoelectrically active
through introduction of photoactive ions. Ethecel membranes containing
either tocopherol or octadecanol had very little or no light response
until KI and/or ferrieyanlde was introduced into the solution on the da~¢
side of the membrane. ’~len large responses were obtained with photo-
voltaic reactions predominating with KI and photoconductlon being the
major process with ferrloyanlde. Other cast films, utilizing several
different polymers or llplds, also behaved similarly. However, in ~he
cast films, the lipids were not generally essential to the development of
a photoelectric reaction (photoactlve ions were essential in all cases)
although the responses were normally increased or modified through incorpora-
tion of the lipid.

These studies demonstrate that composite membranes can be used to convert
some forms of light energy to potentially useful electrical energy. While
power yields are still small, even in comparison w~th those obtained from
BLMs under proper conditions, the potential seems unrestricted. It may he
noted that photoelectric cells, utilizing thin gel films of dye, with
semiconductor electrodes replacing the aqueous electrodes of these experl-
manta, have yielded l~ht energy to electrical power conversion with
efficlenoles in excess of 0.5 percent (R. E. Kay, Aeronutronic Division,
unpublished results), bringing the thin organic film photocell within
range of the inorganic semiconductor photocells. Further studies on the
mechanisms responsible for the composite membrane photoelectric reactions,
together with mechanisms for improving the aqueous electrode interaction,
might permit application of such membranes to salt extraction processes
utilizing solar power.
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One of the major points of interest in the present study of composite mem-
branes was to evaluate differences between the solvent-filter membranes
prevlously studied extensively (9-13) and similar lipld-loaded filter
membranes in which the llplds could exist in solid or various mlcellar
forms in addition to simple liquid phases. The results of experiments
with the llpid-loaded membranes demonstrate that their properties may be
as diversified as the llplds utilized in them and the various phase rela-
tions that can exist in the membranes.

In this class of membrane, the liquid state for the lipid almost invari-
ably imposes a high resistance structure upon the membrane, with the ex-
ceptlons existing in the case of some of the amines. Some of the mono-
alkylsmlnes manage to maintain a high conductivity above the solid to
liquid transition point. On the other hand, ionic selectivity was gener-
ally much greater in the high resistance state above the liquid transition,
but exceptions occurred with alkylamlnes and alkyl phosphates. In the
latter cases, low resistance membranes, with excellent ion selectivity,
~ere obtained through relsti~el~ simple procedures. Such membranes, ~ith
further development, might be considered for special purpose applications
in place of normal polyneric ion exchange membranes. Some of the experi-
ments with dynamic loading of poro~s supports suggests that such membranes
may be formed and renovated in sltu, a factor that might be of significant
advantage in conditions of high eontamlnatlon.

There was little expeetatlon that the normal lipld-loaded membranes, with
a region resistant to water penetration extending clear throush the full
thlokness of the membrane, should be very useful in reverse osmosis applica-
tions. ~ope in this area was reserved for membranes in whioh the resistant
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layer would be o very thin film produced by dynamic loading processes or
in films in which the casting procedure produced a very thin barrier
region. The llplds utilized in these investigations did not prove readily
adaptahle to formation of tight, thin skins under the conditions utilized.
However, the possible mechanisms for developing good barrier skins through
dynamic processes have not be~n fully explored. ~e materials used here
suffered from formation of celatively unstable, large particle dispersions
in aqueous media. The salts of the acids and bases, on =he other hand,
form stable suspensions of micelles that would have the potential for
forming rather tight skins, with higk ionic selectivity. Further studies
should be made in those directions.

A more promising area was uncovered in the investigation of ~aracteristics
of cast films in incorporating llplds in the casting media. The inoorpora-
tlon of llpids into cast films resulted, in a number of cases, in substantial
improvement of salt rejection or water permeability over ~ose ~araoter-
istlcs in the asymmetric membranes east from polymer alone. There appears
to be substantial basis for assuming that novel membranes with good reverse
osmosis properties could be developed, utilizing a variety of different
polymers and llplds.

A question i~erent in the investigation of effects of phase transitions
on permeability of lipid systems ~as whether such transitions could be
applied to transport processes in a cycling process for efficient salt or
water extraction in water desalination. Such processes might be considered
an "active transport" in the sense that they would involve an introduction
of energy at some point to alter the system so that material taken up at
low concentration could ~e discharged in a region of high concentration.
In this sense, o~ course, even reverse osmosis may be considered as active
transport, with the energy imparted ~, the form of a high prossure counter-
acting the normal osmotic relations.

The most obvious mechanism for utilization of phase transitions in useful
transport would be a counter-current operation in ~%ich water or salt was
adsorbed or absorbed by mioelles or partlcles of lipid lu one portion of
the cycle and then discharged in another portion of the cycle as a conse-
quenco of a phase transition that destroyed the structure essential to
retention of the transported material. Initial experiments along this
line were not promising since capacities of lipid systems were low and
little difference in capacities could be detected between different phase
structures.

A more promising mechanism may be derived from the apparent photosensitivity
of the lipid membranes, particularly the llpid-loaded systems. A wide
variety of llplds in cellulose ester membranes demonstrated capabilities
for developing photoconductlvlty or photovolta~c potentials upon exposure
to an ultraviolet exci=ing light. Through introduction of an appropriate
sensitizing dye, the response could be extended to the visible regions.
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Present power factors and efficiencles are very low in the lipid membranes,
but there is substantial promise of increasing the yield into useful ranges.
This has already been accomplished in ’~embran~’ photocells in which the
lipid membrane has been replaced with a gel containing the dye and the
aqueous electrode with a semiconductor (tin oxide) electrode. Such or-
ganic photocells are capable of producing micro-watts per square centimeter
with conversion efflciencias ranging up to 0.5 percent of incident light.
This compares with the normal efficlenciss of about 5 percent conversion
for good inorganic semiconductor photocells.

Finally, experiments with bilayer lipid membranes have demonstrated mech-
anisms for substantial stabilization of these fragile, but useful systems.
While it is unlikely that the present degree of stabilization will permit
significant application of the BLMs, fur=her progress may permit wider
utilization of their unique permeability properties.
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