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ABSTRACT namely from an isotropic to a birefringent
state. The birefringent liquid crystalline
Microemulsions are optically clear, region exhibited unusual rheological pro-
transparent, and stable dispersions of oil, perties. Using X-ray scattering and freeze-
vater, surfactant and cosurfactant mixed in etching electron microscopy, it was shown
specific proportions. Stability and trans- that these systems consisted of the lamellar
parency have been used as sufficient criteria structure and that upon shearing the parallel
for defining microemulsions by several in- orientation of the lamellae was transformed
vestigators. Using a combination of physical into a disordered state. This disordering
techniques such as electrical resistance, of the lamellae presumably increases the
high resolution NMR (220 Mc), spin-lattice viscosity of the system.
relaxation time, and viscosity measurements
ve have: shown that two isotropic clear sys- INTRODUCTION
. tems with identical compositions except one L - S
contatning ‘n-pentanol and the other n-hexanol, . Microemulsions are optically isotropic,
'?Q‘jﬂtructuxjally quite dissimilar systems. " clear; and stable dispersions of oil, water,
The'1sotropic clear system containing pentanol surfactant and cosurfactant (1,2). Such oil-
- Was proposed to be a cosolubilized system in-water or water-in-oil microemulsions have
(1.e.- similar to molecular solution) whereas been examined by low-angle X-ray measure-
the hexanol containing system to be .a micro- ments (3), light-scattering techniques (4),
emulsion. The results suggested that.a ultracentrifugation (5), electron microscopy
difference of one carbon atom in the cosur- (2), high resolution NMR spectroscopy (6,7)
f'e‘_'-,‘nt.zmolecule can significantly influence and viscosity (8,9) and have been shown to ,
the wicrostructure as well as the macroscopic consist of droplets 100 to 1000 A in diameter.
”‘_’P@‘;ﬁie&_ e.g. viscosity) of such systems. We have shown previously (10) that upon in- .
: Wl IR . S creasing the water to oil ratio, one cam
% P@E;increasing the water to oil ratio; convert a water-in-oil microemulsion to: an
8ystems undergo a phase transition, - . | oil-in-water type. : The microemulsions appear | -
o e Sae TIVERET e o mraienn transparent because the droplet size-is - = .
i .‘Qferqnee; ‘and i}llustrations at end of paper. RS
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electrodes were separated by 0.8 cm. .

gmaller than one quarter wave-length of light.
Several investigators have considered the
transparency and stability as sufficient cri-
teria to define microemulsions. However,

in the present study we would like to decribe
two stable, isotropic clear systems made with
the same oil, water and surfactant but con-
taining n-pentanol or n-hexanol as the co~
surfactant and to establish that these two
systems have strikingly different micro-
structure. Therefore, one cannot use trans-
parency and stability as sufficient criteria
for defining microemulsions.

We have shown (10) previously that as
the amount of water is increased, the micro-
emulsion exhibits a clear to turbid to clear
transition. Unlike the clear regions, the
turbid region possesses birefringence. The
development of birefringence is also accom-
panied by a sharp decrease in the electrical
resistance. Using electrical, birefringence,
and nuclear magnetic resonance data we have
proposed (10) a mechanism of phase inversion
of the microemulsions reported in this paper,
which can be described as water spheres in

., 01l +“yater cylinders im o0il + water-oil

lamellae + oil spheres in continuous water
phase. The birefringent structures exhibit
unusual rheological (rheopectic) properties.
The present paper reports our results on

the structure of the birefringent region as
well as the mechanism of rheological changes
exhibited by these systems, obtained from
X-ray scattering and freeze-etching electron
microscopy.

EXPERIMENTAL

Microemulsions were prepared by mixing
hexadecane (o0il), n-hexanol, and potassium
oleate (i.e. oelic acid and equivalent a-
mount of KOH) in a large beaker in the
following proportions: For 1ml hexadecane,
0.4 ml n-hexanol, and 0.2 gm potassium
oleate. Distilled water was added in small
amounts to the mixture which was stirred
vigorously to insure homogeneity. For the

'second system, all the components were the

same except n-hexanol was substituted with
n-pentanol. Similar systems were also
prepared by substituting n-hexanol with 2-
hexanol or cyclohexanol. All chemicals were
of high purity (greater than 99%), and the
water was double-distilled. - A

Electrical resistance: Two glass-sealed
silver wires (diameter=0.16 cm) were used
as electrodes. A one centimeter length at
the end of each wire was exposed outside
the glass tube, and the Ag-AgCl

The;
electrodes were electro plated in dilute-

. HC1 to produce Ag-AgCl electrodes.. The -
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electrical resistance of the microemulsiong
was measured by dipping the electrodes, con-
nected to a conductivity bridge (Beckman mode;
RC 16 B2), into the microemulsions.

High resolution NMR spectroscopy: Nucle;
magnetic resonance spectra of microemulsions
at various water to oil ratios were obtained
after the gradual addition of water to.. the
microemulsion in the sample tube of the NMR |
spectrometer (Varian HA-220 megacycle). Tetr;
methylsilane was used as an internal standarq.
The chemical shifts of water, methylene and
methyl protons were measured as a function of
added water to the microemulsion system.

Spin-lattice relaxation time: The spin-
lattice relaxation time (Tl) was measured
using Praxis pulse NMR spectrometer using 90°
90° pulse program. The long relaxation time
component, characteristic of water protons,
was plotted as a function of water to oil
ratio in microemulsions. :

Viscosity measurements: All viscosity
measurements were made with a model LVF:
Brookfield viscometer. For viscosities up
to 100 cp, a #1 spindle was used. The vis-
cosity of various microemulsion systems were
measured as a function of volume fraction of
dispersed water. A plot of relative viscosity
against volume fraction of dispersed water was
made for systems containing different cosur-
factants (e.g., n-pentanol, n-hexanol, 2-
hexanol and cyclohexanol). :

X-ray scattering measurements: X-ray
scattering data were collected using a
Phillips copper-anode X-ray tube operated at
40 kilovolts and 20 mA. The spot focus (1.2
mm X 1.2 mm) was used for all experiments. A
Bonse-Hart goniometer, with multiple-reflectis
crystals removed, served conveniently for
mounting components of a block collimation
system. Scattered X-rays were detected by
means of a NAI (T1l) scintillation detector.
Electronic pulses from the detector were
passed through a linear pulse amplifier and
single channel analyzer was operated in dis-
criminator mode to minimize electrical noise-
Output pulses were accumulated by Hewlett-
Packard scalar (Model 5243 L) operated in.
frequency mode. Data were printed on paper
tape by Hewlett-Packard digital recorder.

Freeze-etching electron microscopy: Spec
imens were fractured and replicated in a Bal-
zers freeze-etch apparatus as described else-
where (11,12). The carbon platinum replica
of the fractured surface was photographed
through an electron microscope. o

RESULTS AND DISCUSSION

" 'Figure I shows the optical appearance

—
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f(,r-'iﬁ(ffelectrical resistance of dispersions con-
. taining n-hexanol or n-pentanol as- the cosur-
' factant. It is evident that both systems
" remain isotropic, clear and stable up to the
water to oil ratio of 0.7. Upon further ad-
dition of water both systems became birefrin-
gent and transluscent. However, the pentanol
. containing system was more clear in the
birefringent region as compared to- the hexanol
system. The electrical resistance of these
. two: systems showed a striking difference in
‘the: region 0.1 to 0.7 water to oil ratio. -As
‘the water: to oil ratio is. increased from 0.2
t0.0.6, the hexanol containing cl:l.spers:l.ons5
maintained the electrical tesistance at 10
ohms- . . However, the pentanol containing
- ~dispersions exhibited a continuous decrease
in the electrical resistance from 10”to about
50 Ohms. upon the addition of water..
These results very clearly indicate that al-
though both these systems are isotropic,
clear,-and stable, their electrical properties
are strikingly different, and that the differ-
ence of one carbon atom in the chain-length
of the cosurfactant molecule can strikingly
-influence the electrical resistance of these
gystems. @ - RS . T . e
(&)

';*7% Figure 2 shows the chemical shift of
‘water and hydroxylic protons' resonance peak
in the high resolution NMR (220 megacycles)
spectra. As water to oil ratio is increased
from 0.1 to 0.7, the chemical shift of these
protons remained constant for the hexanol
containing system whereas there was a con-
tinuous upfield shift of the resonance peak
in the pentanol system. This suggests that
the environment of water and hydroxylic
protons changed continuously as more water
vag added to the pentanol containing system,
vhereas in the hexanol containing system

the environment of these protons remained the
same as shown by the relatively constant
chemical shift.

N

*‘aice peak is developed jointly by the hydrox-
.- YHc protons of alcohol and water protons.

>, This single resonance peak for hydroxylic and
¢ water protons suggests that the rate of proton
" .exchange must be very rapid between the

' hydroxyl groups and water molecules. The
-upfield chemical shift of pentanol containing
8ystem upon addition of water can be ex- -
‘plained qualitatively as follows. Two factors
‘can contribute- towards upfield shift, one the
‘Increased separation between pentanol mole-
‘cules and the other weighted average of .
chemical shift of protons depending upon the
elative number of protons of hydroxyl groups
dnd of water molecules. In the pure alcohol,
hydrogen-bonded polymeric structures-exist
and the chemical shift observed 1s character-
1stic of protons with extensive hydroge '
Bonding. However, upon dilution, C

‘monomeric alcohol begins to form and the

- pears to bring about the separation of pentano

_not appear to bring about as much upfield

~alcohol, one would expect the resonance signal

It should be pointed out that this reson- J

degree of hydrogen bonding between: the hydrox-
yl1 groups decreases resulting in an upfield
shift. The observed upfield shift of the
hydroxylic proton signal is a well-known
phenomenon (13). Gillberg et al (14) have
shown a 3.5 ppm upfield shift of hydroxylic
proton signal upon dilution with benzene. ' In
the present study, the addition of water ap- IH

molecules. It is likely that pentanol mole-
cules interact strongly with one another at
low water to oil ratio. However, upon addi-
tion of water, pentanol molecules appear to
disperse in the monomeric form in the system.
The addition of water to n-hexanol system does

shift as pentanol system.

'i'he average chemical shift of hydroxylic
and water protons (SO_H) can be expressed (14)
as » .

60_3- p . GR_OH"' (l-p)cnzo -0.-.00.(1)
wh_ere‘ P™ nOH/ (noH + ZnH;‘a) and Bon and nHzO

are the number of molecules of alcohol and
water respectively. Since the resonance of
water occurs upfield compared to that of

to move upfield as the amount of water is in-
creased in the system according to equation
(1). The two factors discussed above can
explain qualitatively the upfield shift of
water and hydroxylic protons in the pentanol
system. The chemical shifts of methylene '
and methyl protons showed no significant
change upon addition of water for both pentano]
or hexanol containing systems.

Figure 3 shows the spin-lattice relax-
ation time (T,) of pentanol or hexanol con-
taining dispersions as a function of water to
oil ratio. It is evident that at any water
to oil ratio the relaxation time of hexanol
containing dispersions was greater than that
of pentanol containing dispersions. It is
also clear that the slope of the relaxation
times plot of hexanol containing dispersions
is greater than that of pentanol containing
dispersions. In view of the observation that
the spin-lattice relaxation time is. linear
with respect to water to oil ratio,. the re-
‘laxation time can be used to determine the oilj
water ratio during several oil recovery
processes. It should be pointed out that at
water to oil ratio of 0.9 there is a sudden -det
crease in the spin-lattice relaxation time in
hexanol containing system which is presumably"
due to:the: formation of liquid érystalline . -
phase within the system. & . ..;ii: :ogwsl

e




- free to reorient in the benzene phase. In

. water.

 .viscosity of dispersions containing cyclo-

'-_;gontaining‘dispersions give viscosity that is
Intermediate to that exhibited by dispersions

* Using high resolution (100 MC) and
pulsed NMR spectroscopy, Hansen (15) inves-
tigated potassium oleate-n-hexanol-water—
benzene system. It was found that the polar
ends of the oleate molecules are relatively
immobilized at the aqueous interface, while
the terminal methyl end of the molecule is

contrast, hexanol shows no motional restric-
‘tion and presumably exchanges rapidly between
the interfacial film and the benzene phase.
Hansen (15) also measured the spin-lattice
relaxation time (T,) of D,0 containing micro-
emulsions and showed that Tl increased with
droplet size. . ' .

The spin-lattice relaxation time T, is thJ
half-life required for a perturbed sys%em of
nuclei to reach an equilibrium condition (16).
A large value of T, indicates an inefficient
relaxation process. The data presented in
Fig. 3 suggest that spin-lattice relaxation
process occurs much more efficiently in pen-
tanol containing system as compared to the
one containing hexanol. 2

Devereux (17) used spif-lattice re-
laxation time measurements of sandstone-
water gystem to characterize pore size dis-
tribution within the sandstone. He showed
that when sandstone was exposed to various
surfactant solutions, the relaxation time in-
creased linearly with the length of the ad-
sorbed surfactant molecules. He also attri-
buted three resolved components of the relax-
ation time to water in very fine, coarse, and
large pores in the sandstone.

Figure 4 shows the relative viscosity
plotted against the volume fraction of dis-
persed water in four isotropic, transparent,
stable dispersions containing identical com-
ponents except different cosurfactants. It
is obvious that the relative viscosity of
hexanol containing system increases rapidly
upon increasing the volume fraction of dis-
persed water, whereas for pentanol containing
dispersions, the relative viscosity increases
linearly with volume fraction of dispersed
It should be pointed out that on the
relative viscosity curve for pentanol systems,|
there 1s a large peak in viscosity in the
birefringent region between volume fraction
of water 0.3 to 0.5. If one considers the
relative viscosity plot for three hexanols,
namely n-hexanol, 2-hexanol, and dyclohexanol
it is obvious that the microstructure of thes%
isotropic, clear systems made by the three
hexanols must be different. The relative

hexanol fall on. the plot of Einstein's re-
lationship for relative viscosity and the
volume of dispersed phase. The n-hexanol . - .

" 4 1llustrates very cleary the striking effect

‘cosurfactant.

‘would influence the hydrogen bonding ability

- spheres at a given concentration, it is a
-relative viscosity (n, ) of a suspension con-

. (monodispersed) spheres, Roscoe (20) has giv¢
'the. following expression~‘»a;¥ ECS I O
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containing 2-hexanol and cyclohexanol. Figy,

of the chain-length and the shape of cosur-
factant molecules on rheological propertieg !
of such isotropic, clear, and stable dis- °

persions. : 3

Figure 5 shows our proposed structures fei
the isotropic, clear, stable dispersions preg
pared by using n-pentanol or n-hexanol as ¥
These structures are consiste;
with the results obtained using electrical =
resistance, high resolution NMR, spin-. :
lattice relaxation time, and viscosity mea-
surements. We propose that the pentanol copd
taining system is a co-solublilized system i}
which one can visualize the surfactant and t
cosurfactant forming a liquid which can dis-}
solve both oil or water as molecular solutio}.
whereas hexanol containing system is a true
water-in-oil microemulsion in which water is
present as spherical droplets. In the co-
solubilized system, as one increases the
amount of water the average distance between
the water molecules as well as between alcohe
molecules would change amd~this subsequently

-
¥

P b Aa

of water and alcohol molecules which sub-~

sequently would influence the chemical shift
of the resonance peak. Also in the co-solub-
ilized system as one adds more water it be-
comes more and more electrically conducting
and hence exhibits a continuous decrease in
the electrical resistance. However, in the
hexanol containing system since it contains
water spheres in a continuous oil medium, th:
addition of water creates more spheres and/o:
larger spheres. However, the continuous

medium is still an oil phase and hence the
electric resistance is maintained at a hig
value (10”ohms).

The relative viscosity increases much
more rapidly in the hexanol containing syste:
as compared to pentanol system which does no:
contain spherical droplets of water. It has
been shown by Einstein (18) that at extreme
dilution, the relative viscosity ‘“n) for a
suspension of spheres in a liquid should be
glven by the relation

7Y

Mg =1+ 2.5C .oveeeeeecccsanccnassl
where C is the volume fraction of the dis- )
persed phase. However, Ward and Whitmore (14
have found that while the relative viscosity
is independent of the viscosity of the sus-
pending liquid and the absolute size of the

funciton of the size distribution. For the

taining a high concentration of uniform -
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..:..'.-.‘..'..'.....(3)

-\»( 1-1 35 C)

‘is the volune fraction of epheres

4 qhe:;
: However, Matsumoto and

(disperaed,phase)
Sherman (21) subtracted the term C from C,
" where C_ is the volume fraction of the dis-
p‘:se& phase which is molecularly solubilized
by the “‘excesa surfactant molecules and C is
the total.volume fraction of the dispersed
phaag. .Therefore, C-C_ is the volume fraction
. of water.present in the form of microemulsion.
“Inour. previously reported study (9) on the
, eology of microemulsions and liquid crystals,
:"v! have used the following expression for the’
b “fit of experimental data.
[ 1—135 (CC)] .......‘.'...(4)
‘v'xecently, Attwood et al (22) have used the
" following expression to describe the relative
- viscosity of micellar solutions 1n the pre-
sonce of’solubilized oil, L

‘.';«exp [—-m ] .................(5)

& where’e s a constant and k is the hydro—
dyuamic.interaction coefficient.
ot‘our conclusion that cosolubilization leads
toa Iowet relative viscosity than micro-
enulsification, we have studied (unpublished)
the relative viscosity of molecular solutions
 of water containing different volume fractionms
of ethanol, propanol or butanol. The plot of
"relative viscosity vs volume fraction of dis-
solved alcohol of these systems exhibited a
slope of 2.5 to 3.3, but always less than the
slopes for microemulsions.

In summary, we would like to emphasize
that isotropic, clear, stable systems com-
posed of identical components except a small
change in the chain-length or the shape of
cosurfactant molecules can have strikingly
different microstructure and that it is de~
sirable to use a combination of physical
technique3~to elucidate their microstructutes.

::.1‘)

A »fvery extensive studies on the phase— C
,;}equilibria as' well as electrical,. birefring-
° ence, and viscosity characteristics ‘of micro-
_emulsfons of interest in tertiary oil recovery
- - have been reported by Healy.and Reed (23, 24).
. It' 18 1ikely that some of the microemulsion
~systems reported in the: literature “ which
.exhibit low electrical resistance at a rela-
‘tively small: water’ to oil ratio may be co-
‘*'Olubilized systems tather than,true
"ﬁﬁtoemulsions. .

; The*formation of liquid-crystalline
Phaael;haa,been.observed often during the -

emulsions (7,10). . A birefringent liquid- : -

. initial isotropic, clear region in the systems
*’reported in this paper.

"for a day or so the viscosity decreased "

- shaken for 30 seconds, it became gel.

‘ the rheology of the liquid-ctystalline phase.

In support |

~ disorder of the lamellae.

- place in the arrangement of the lamellae as

‘past one another during the flow and exhibit
- However, upon agitation or shaking, the

‘:qi one another resulting in a 3e1—like state.
Phase-inversion of several micro- and macro-' | v

;.fteeze-etching electronmicroscopy, we have

This liquid~ crystal-
line phase had very unusual rheological
properties. If the sample was kept on a shelf

strikingly and the sample became very fluid.
However, if such a sample was vigorously
Figure
6 shows the liquid-crystalline phase of the
n-hexanol containing system at the water to
oil ratio of 1.4 before and affer shaking the
sample tube. We were interestéd in determin-
ing the mechanism of this striking change in

. Figures 7 and 8 show the X-ray scattering
intensity of the birefringent phase before
and after shaking the sample tube. The in-
tensity of scattered X-rays is plotted as a
function of scattering parameter S
(i.e. S= 2sin 8/\ , where 9 is the scattering
angle and A the wave-length of the X-rays).
The first-order diffraction maxima at :
S = 0.0053 and the birefringent properties ‘
as well as previously reported high resolution
NMR (220 MC) characteristics of the sample
indicated that this system I3 probably in
the form of parallel lamellae. The increased
width of the first order maximum for the
shaken sample (Figure 8) can be due to var-
iation in the separation or orientational
It is evident from
Figures 7 and 8 that the maximum intensity of
scattered X-rays at S = 0.0053 sharply de-
creases after shaking as well as the
deconvoluted band-width increases. The X-ray
scattering data suggest that after shaking
the sample tube, the degree of order decreased
in the birefringent sample.

Figures 9 and 10 are the electronmicro-
graphs of the lamellar liquid-crystalline
structures before and after shaking the sample
tube, obtained using the freeze-etching
technique. It is obvious that before shaking
the tube, the lamellae orientate parallel to
one another as seen in Figure 9 whereas upon
shaking the sample tube, the disordering takes

well as significant breakdown of the lamellae
occurs. It should be pointed out that each
leaflet seen in Figure 9 is about 62 A thick,
which corresponds to the thickness of a bi-
layer of surfactant and cosurfactant molecules]
swollen with oil. Therefore, it appears that
upon standing on the shelf the lamellae or-
ientate parallel to one another. They slide

the characteristics of low viscosity fluid.

lamellae are disordered and are entangled with

lf, In summaty, using x—ray scattering and

.c=Ystalline phase also formed after the

T R
X
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" been able to elucidate the structure as well
- as the mechanism of rheological changes that
are induced in such birefringent systems

CONCLUSIONS

" define microemulsions.

' structure of the surfactant formulation.ﬂ

upon shearing. Although the studies pre-: -
sented here were carried out on well defined
systems, work is in progress on similar

systems and phenomena in petroleum sulfonate
and crude 011 containing systems. S

The isotropic, clear, and stable systems
can be either true microemulsions or co- -
solubilized systems. By using a combination
of physical techniques such as electrical
conductivity, high resolution NMR, pulse NMR,
and viscosity measurements one can distin-
guish between them. Therefore, transparency
and stability are not sufficient criteria to

The spin—lattice relaxation time of
microemulsions or co-solubilized systems
increases linearly with the water to oil
ratio. The slope of such a plot can be con-
sidered a characteristic of the micro-

The unusual rheological properties of
the lamellar liquid-crystalline phase are
related to disorientation of lamallae upon
shearing. Physical techniques such as
X-ray scattering and freeze-etching electron-
microscopy can elucidate the mechanism of
such rheological changes.
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