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Optical microscopy and differential  scanning calorim- 
etry were used to  s tudy the behavior of dilute aqueous 
s y s t e m s  containing mixtures  of  a long-chain cationic 
surfactant  and long-chain fa t ty  alcohols.  Both  alcohol- 
rich particles with  a lamellar structure and crystall ine 
f ibers conta in ing  cons iderable  sur fac tant  were ob- 
served,  the  f ibers  b e c o m i n g  more  preva lent  wi th  
decreasing values  of  the alcohol-to-surfactant ratio r. 
For values  of  r exceeding about  two,  separate f ibrous 
and particulate regions were seen, the latter forming 
cont inuous  networks  throughout  individual samples  
and hence contributing to  the viscoelast ic  properties 
known to characterize these  formulat ions .  Studies  of  
s y s t e m  behavior as a funct ion of temperature showed 
that  melt ing temperatures  of  the fibers and particles 
were about 55 C and 60 C, respectively.  

/ 

The phase behavior of surfactant-alcohol-water sys- 
tems is complex. In many such systems various liquid, 
liquid crystalline and solid phases are found. The 
liquids, especially those containing micelles, and liquid 
crystalline phases have been the subject of considerable 
research in recent years which has led to an improved 
understanding of their internal structure and properties 
(1-4). Much less is known about the solid phases, 
however. 

Nevertheless, solid phases occur in some systems of 
practical importance. The present study, for instance, 
focuses on a system containing a long-chain cationic 
surfactant and a mixture of long-chain fat ty alcohols. 
Similar systems have been the subject of several 
previous studies {5-8} because of their use in various 
waxes, cosmetics, personal care products and pharma- 
ceutical preparations. 

Of particular interest here is the suggestion made in 
these papers that particles of a surfactant-rich phase 
can sometimes form a network structure which imparts 
viscoelastic properties to even quite dilute formulations 
of this type, i.e., those containing over 90% water. 
Indeed, Gstirner et al. (9) observed with electron 
microscopy a network consisting of interlocked chains 
of submicroscopic particles (0.1-1~m diameter} in a 
closely related system containing a mixture of long- 
chain anionic surfactants and long-chain fatty alcohols. 
The particles appeared to be of more or less spherical 
shape. In all these studies of network development 
attention was limited to systems with a high ratio of 
fa t ty  alcohol to surfactant, approximately 9:1 by 
weight. 

The formation of networks in dilute colloidal disper- 
sions is not, of course, limited to surfactant-containing 
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systems. Overbeek (10,11) has suggested that networks 
can form in dispersions where the particles are highly 
anisotropic or attract one another strongly. Figure 1 is 
a schematic view of such a network, the cells being 
water enclosed by a continuous thin layer of closely- 
spaced particles. A possible mechanism of network 
formation involving spinodal decomposition has been 
put  forward recent ly and a theoretical  analysis  
presented for the case of strongly interacting spherical 
particles (12). 

The existence of a network structure is also related 
to syneresis, the release of water from a viscoelastic 
preparation. When a structure such as that of Figure 1 
is disturbed, for example by being sheared, the network 
is broken at certain points. Since the interaction 
between particles is attractive, the network has a 
tendency to become more compact so that excess water 
is exuded. These changes in network structure also 
produce changes in rheological properties such as a 
yield point and shear-dependent viscosity. 

The objective of the present study was to determine 
by optical microscopy and differential scanning calor- 
imetry the phase behavior and microstructure on the 
colloidal scale of a cationic surfactant-fatty alcohol- 
water  sys tem as a function of composition and 
temperature. As discussed below, the observations 
reveal that two types of colloidal particles can form in 

FIG. 1. Network formation in unstable colloidal suspension. 
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this system. They also confirm that a network does 
develop under some circumstances and provide infor- 
mation about its structure. 

EXPERIMENTAL 
The surfactant used in the experiments was Stedbac 
(stearyl dimethyl benzyl ammonium chloride), manufac- 
tured by Hexcel, Inc. (Zeeland, Michigan).A 60:40 mix- 
ture by weight of cetyl and stearyl alcohols was used be- 
cause it is the eutectic composition and thus minimizes the 
likelihood of alcohol recrystallization at low temperatures 
(13). The individual fat ty alcohols (FA) were provided by 
the Procter and Gamble Company (CO-1695 and CO- 
1897} and had purities of 95% and 97%, respectively. 
The water was deionized and distilled (Ricca, Inc., 
Dallas, Texas). 

Appropriate quantities of the two solid alcohols for a 
60:40 mixture were combined, heated above the melting 
point (to about 70 C), and mixed thoroughly with a 
magnetic stirrer. The FA melt was then poured into a 
glass vial, allowed to recrystallize, and stored at room 
temperature. 

Weighed amounts of Stedbac and of the FA mixture 
were combined with the correct volumes of distilled 
water to form 10-g samples in Teflon-capped flat- 
bottomed test tubes. The samples were heated to 50 C, 
where the Stedbac dissolved and the FA crystals 
floated to the top of the aqueous phase. The solutions 
were further heated until the FA mixture melted. 
Thorough mixing was achieved by several heating and 
cooling cycles with frequent vor tex mixing. This 
procedure required three or four days. Once relatively 
homogeneous and uniform mixtures were formed, they 
were stored in an environmental room maintained at 
30.0 ± 0.5 C. 

After storage for a suitable time, the test tubes were 
viewed when placed between two sheets of polarizing 
material having perpendicular orientations (14,15). The 
textures and any phase separation observed with this 
polarized light screening (PLS) technique were noted for 
various samples with different compositions. 

Rectangular optical capillaries (Vitro Dynamics, 
Inc., Rockaway, New Jersey) having an optical pathwidth 
of 100 ~m were used for the microscopy studies (16). 
Samples were imbibed by capillary action, either 
shortly after mixing or after storage at constant  
temperature for an extended period. Once a sufficient 
volume of the mixture was imbibed into the capillaries, 
they were sealed with a fast-setting, two-part epoxy 
resin and fastened to standard microscope slides for 
ease in handling. Owing to the high viscosity of some 
samples, it took several hours to several days to fill a 
reasonable volume of the cell by capillary action. 

A Nikon polarizing microscope (Optiphot-Pol) was 
used. It  was equipped with a 35-mm camera and an 
automatic exposure control system (Nikon UFX). 
Selected samples were examined by both conventional 
polarizing microscopy and with modulation contrast 
optics (17), a filtering system which enhances variations 
in optical density and hence enables structural details 
to be discerned. Modulation contrast optics have been 
used previously to s tudy the defect s t ructure  in 
lamellar liquid crystals (18). A Mettler hot stage (FP52) 
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and controller (FP5) were used to investigate tempera- 
ture effects. 

Differential scanning calorimetry (DSC) studies were 
made on samples having various ratios of a FA mixture 
t o  Stedbac. The FA mixture for the DSC studies was 
50/50 wt % cetyl/stearyl. The measurements were made 
on a Perkin Elmer DSC-2C at a heating rate of 10 
C/min. For the water-free studies, the proper propor- 
tions of this FA mixture and Stedbac were melted 
together and held at about 80 C until clear, cooled t o  
room temperature and held there for 24 hr before 
sampling for DSC measurement. For aqueous systems 
the water was heated to 80 C, the Stedbac added and 
stirred until clear, and then the FA added. The mixture 
was stirred for about 10 min, then cooled while stirring. 
It  was reheated to 80 C and cooled while stirring one 
more time, then held 24 hr at room temperature before 
sampling for DSC. 

RESULTS 
Composition effects on phase behavior in Stedbac- 
water-fatty alcohol systems. The polarized l ight  
screening (PLS) technique was used to observe the 
behavior of various samples containing water, Stedbac 
and the FA mixture at 30 C. More than 100 samples 
were viewed, with the Stedbac concentration ranging 
between 0 and 2 wt % and the FA concentration 
between 0 and 6 wt %. Relatively few samples were 
formulated in the regions exhibiting macroscopic 
phase separation (see below) and for alcohol contents 
above 3 wt %. All samples were allowed to equilibrate 
for at least 60 days at 30.0 ± 0.5 C. 

As indicated in Figure 2, macroscopic  phase 
separation into a colloidal disperson exhibiting some 
birefringence and an isotropic aqueous phase was 
observed when surfactant content was below 0.3 wt % 
and FA content below about 3 wt %. Separation also 
was seen at higher surfactant contents whenever the 
alcohol-to-surfactant ratio dropped below about 0.9. 
Since compositions exhibiting such separation are not 
of practical interest,  this region was not studied 
further. 
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FIG. 2. Schematic phase diagram from microscopy at room 
temperature of Stedbac and C,6OH: C18OH (60:40) mixture. 
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FIG. 3. Photomicrograph of 0.4% Stedbac and 2.1% F A  mix. Pol + 1/4L X 72. 

FIG. 4. Photomicrograph of 0.4% Stedbac and 2.1% FA mix. Modulation contrast )< 361. 
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At other compositions no macroscopic phase sepa- 
ration occurred. The samples in the low FA portion of 
this region exhibited some birefringence, while those 
with higher FA contents scattered light extensively 
and appeared creamy. As discussed below, these 
samples also contained birefringent material, but the 
birefringence was obscured by scattering during the 
macroscopic {PLS) observations. 

Optical microscopy was used to observe at room 
temperature a series of samples containing 2.1 and 3.0 
wt % of the FA mixture, with Stedbac concentrations 
ranging from 0.4 to 1.2 wt % in each case. The use of 
modulation contrast optics was emphasized because it 
provided a clearer picture of system structure. 

Figure 3 shows that  at the lowest surfactant  

FIG. 5. Photomicrograph of 0.4% Stedbac and 2.1% FA mix. 
Modulation contrast X 723. 

concentration of 0.4 wt %, many small particles are 
present. When viewed with crossed polarizers, these 
particles exhibit Maltese crosses. They appear gener- 
ally spherical with sizes below about 10 t~m. But they 
may well be disk-like, as we have found for particles of 
similar appearance in systems containing anionic 
surfactants and short-chain alcohols {19) and as others 
have also reported (20}. Although Figure 3 is for a 
sample containing 2.1 wt % FA, similar behavior was 
seen when the FA concentration was raised to 3.0 wt %. 

Particularly striking in Figure 3 is the nonuniform 
distribution of particles. Indeed, numerous regions 
having dimensions of about 100 t~m appear to be 
virtually free of particles. However, careful inspection of 
Figure 4, taken at higher magnification, reveals that  the 
"particle-free" regions contain many closely-spaced 
fibrous crystals. At still higher magnification the 
particle-containing regions are found to themselves 
have small patches of fibrous material where particles 
are excluded (Fig. 5). We emphasize that  division of the 
sample into particulate and fibrous regions is on a 
microscopic scale only. No macroscopic phase separa- 
tion was seen in the test tubes having the same overall 
compositions, even after extended storage for several 
months. 

Returning to Figures 3 and 4, we note that  the 
particle-containing regions are interconnected and 
appear to extend throughout the entire sample. This 
conclusion has been confirmed by focusing at different 
depths to follow the particle-rich regions over long 
distances. Thus, these regions form a network which 
may impart  viscoelastic properties to the overall 

FIG. 6. Photomicrograph of 1.0% Stedbac and 2.1% FA mix. Modulation contrast X 723. 
(A) Fibrous region with some particles; (B) fibrous region with no particles. 
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mix ture  similar to those which have been found in 
c losely-re la ted s y s t e m s  (5-8). The two-d imens iona l  
view of Figure 3 sugges ts  tha t  the fibrous regions are 
l a rge ly  isolated.  I t  is conceivable ,  however ,  t h a t  
interconnections would be found upon careful investi- 
gat ion of the three-dimensional s tructure.  In any case 
the existence of the microscopic ne twork  s t ruc ture  
leads to high s tabi l i ty  with respect  to macroscopic 
phase  separat ion exhibited by  these dilute formula- 
tions. 

Wi th  FA content  mainta ined cons tan t  at  2.1%, 
separa t ion  into microscopic f ibrous and par t icula te  
regions as described above was seen at  concentrat ions 
of 0.4% and 0.6% Stedbac.  As sur fac tan t  concentrat ion 
increased, fewer part icles and more fibers were visible. 
A t  1.0% sur fac tan t  the relat ively few particles present  
were incorporated within the fibrous regions as shown 
in Figure 6A, i.e., there were no separa te  par t iculate  
regions. Other  pa r t s  of the  fibrous regions remained 
largely free of particles and exhibited greater  overall 
a l ignment  (Fig. 6B). As shown in Figure 6B, some 
microscopic separat ion was again observed, but  in this 
case  the  f ibrous reg ions  ev iden t ly  coexis ted  wi th  
domains  of the cont inuous  aqueous  phase.  A few 
part icles exhibit ing Brownian motion could be seen in 
the aqueous regions. I t  appears  f rom large-scale views 
of o ther  samples  conta in ing  m a n y  fibers and few 
part icles t ha t  the fibrous regions can somet imes form 
networks.  I f  so, it seems likely tha t  such networks,  
which contain significant amounts  of nearly particle- 
free water,  would be more susceptible to s t ructural  
breakdown and syneresis  than  those discussed above 
where no large, separa ted  aqueous domains exist. 

A t  1.2% Stedbac even fewer part icles are present.  
Figure 7 shows tha t  fibrous crys ta ls  can form around a 
particle,  g iving i ts  ex terna l  boundary  a polygonal  
appearance,  generally hexagonal.  As indicated below, 
the FA-rich particles form first  on cooling, and their  
surfaces m a y  provide si tes for nucleation and growth  of 
the fibrous crys ta ls  at  lower temperatures .  Also visible 
in the upper  r igh thand corner of Figure 7 is pa r t  of an 
aqueous  region which has  s e p a r a t e d  as descr ibed  
above. 

A similar s tudy  was made  of the effect of sur fac tan t  
concentrat ion with FA concentrat ion mainta ined con- 
s t a n t  a t  3%. As  m e n t i o n e d  p rev ious ly ,  n e t w o r k  
format ion and separa te  par t icula te  and fibrous regions 

were observed at  low sur fac tan t  concentrat ions (Fig. 4). 
As sur fac tan t  concentrat ion increased, there were again 
fewer part icles and more fibers, a l though at  a given 
sur fac tan t  concentrat ion more part icles were present  at  
3% FA than  at  2.1% FA. The few particles present  at a 
su r fac tan t  concentra t ion of 1.4% were again  incor- 
pora ted  into the fibrous regions. But  no separat ion of 
aqueous regions was observed a t  3% FA. The mixtures  
had a ra ther  uniform appearance  similar to tha t  of 
Figure 6A and were quite viscous. At  2.0% sur fac tan t  
there was even more fibrous material ,  and some of it 
collected in small  globular domains  which seemed to 
aggrega te  to form larger clumps. 

F igure  2 p rov ides  an overa l l  s u m m a r y  of the  
microscopy resul ts  for samples  containing no more 
than  3 wt  % alcohol. The boundary  between composi- 
t ions having a network of separa te  par t iculate  and 
fibrous regions and composi t ions having only fibrous 
regions is not  sharp but  occurs at  an FA-to-Stedbac 
r a t io  of a b o u t  two on a we igh t  bas is ,  the  ra t io  
increasing slightly with increasing FA content.  

FIG. 7. Photomicrograph of 1.2% S t e d b a c  a n d  2,1% FA m i x .  
M o d u l a t i o n  c o n t r a s t  X 800. 

TABLE 1 

E n d o t h e r m s  o f  A n h y d r o u s  F A - S t e d b a c  S y s t e m s  

Wt % FA Wt % Stedbac 

Endotherms [onset temp., °C (enthalpy, cal/g)] 

T, T~ T3 

100 0 
90 10 
67 33 
50 50 
40 60 
20 80 
10 90 
0 100 

25 (6) 51 (32) -- 
19 (6) 52 (24) 61 (3) 

- -  50  ( 7 )  71  (25) 

- -  - -  7 8  (33) 

- -  4 8  ( 1 . 4 )  71  (25) 

1 4 ( . 7 )  42 (4) 59 (14) 
17 (10) 41 ( . 9 )  60(2,5) 

- -  - -  6 4  (33) 
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DSC results. DSC studies  were f i rs t  done on A" 
Stedbac-FA mixtures  without added water. Table 1 
shows the onset temperatures  and enthalpies of the 
endotherms found for samples of varying Stedbac and 
FA concentrations. The enthalpies are expressed in 
cal/g of total  sample, so they do not  necessarily express 
the absolute enthalpy of the transit ion except when the 
entire sample is part icipat ing in the particular phase ~ , ,  
change. If the actual enthalpy changes for two peaks 
are similar (e.g., T~ and T~), then  the size of the 
measured enthalpy change for a peak may indicate 
approximately the amount  of the sample part icipat ing 
in tha t  phase change. We note further  tha t  the observed 
t r ans i t ions  are not  i sothermal .  The resul ts  l ikely 
depend on heating and cooling rates  to some extent  
because of molecular t ranspor t  processes which occur 
in addition to the actual phase t ransformations.  

For  the pure fa t ty  alcohol mixture  we obtain results 
in good agreement with those of Kolp and Lut ton  (21) 
(Fig. 8A). The lower peak is the change from /3 to a 
crystalline forms while the peak at 51 C is the melt ing 
point  of this mixture. With addition of 10% Stedbac B~"T 
these two peaks are still present but  diminished in size 
while a new high temperature  peak has appeared. The 
lower peaks gradually disappear and the amount  of 
material  part icipat ing in the higher tempera ture  peak 
increases as the amount  of Stedbac is increased to 50%. 

The trends of peak sizes in the region of 0 to 50% 
Stedbac suggest  s trongly tha t  two different crystals  
exist  in this composition range. One melts at about  51 
C, contains very  little Stedbac and is predominant  at 
high FA/Stedbac ratios. The other melts at about 78 C, 
contains about equal amounts  of FA and Stedbac on a 
weight basis and is predominant  at  higher surfactant  
concentrat ions (Fig. 8B). The data  also suggest  tha t  
this sys tem has a eutectic tempera ture  of about 50 C. 

At  approximately 100% Stedbac (a small amount  of 
water  is probably present  since the material  was not  
dried) there is a transit ion at 64 C from crystal  to 
lamellar liquid crystal  (Fig. 8C). In the Stedbac/water 
phase diagram shown in Figure 9 the lamellar region 
cont inues down to about  85% Stedbac.  A viscous 
isotropic phase and a hexagonal phase are found at C .... 
lower Stedbac concentrations. Note tha t  even in dilute 
aqueous  s y s t e m s  S t e d b a c  c r y s t a l s  are found  at  
tempera tures  below about 40 C. 

With addition of water  to 50%, the DSC results 
show tha t  the FA melting peak at about 50 C is lost 
and all the material melts at a higher temperature,  as 
shown in Table 2. In this table, the enthalpies are based w 
on the total  solids weight (FA + Stedbac) in the sample ~ '" 
excluding the water, even though some water  may be in 
the dispersed phase and a small amount  of Stedbac is 
dissolved in the water. 

At  even higher water  levels a peak is found in the 
mid-50's, in addition to the high tempera ture  peak. 
F rom the DSC studies alone, it is not  clear whether the 
two different crystals  seen in anhydrous systems also ,.., 
exist  at high water  levels. The t radeoff  in size of one 
peak for another  on the repeat  heat ing of the high water  
91/9 sample suggests  tha t  the two peaks are melt ing 
points of different crystals  instead of the same material  
undergoing two sequential phase transitions, as in the 
pure fa t ty  alcohol. Indeed, the existence of only one 
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FIG. 8. DSC curves for anhydrous samples containing (A) 100% FA 
mixture; (B) 50% Stedbac and 50% FA mixture: (C) 100% Stedbae. 
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peak in the 50/50 sample and the increase in enthalpy of 
this low tempera ture  peak with increasing Stedbac 
concentrat ion indicate, when combined with the mi- 
croscopy results described previously, tha t  the fibrous 
crystals  described above melt at about  55 C and the 
FA-rich particles at about  62 C. I t  is possible tha t  
equilibrium is not  maintained during heat ing in some of 
these experiments because of the short  equilibration 
times relative to those used in the PLS and microscopy 
studies. 

Temperature effects on phase behavior by microscopy. 
Behav io r  of se lec ted  samples  was obse rved  as a 
function of temperature  using hot  stage microscopy. 
Observations made with two samples are of pr imary 
interest.  One sample had a high FA-to-Stedbac ratio 
and exhibited the network s t ructure  involving particle- 
rich and fibrous regions discussed previously. The other  

T'C 

90 

r 

L1 H il~ V l L,, 

/ / /  

fll 

ISOTROPIC 
+ 

CRYSTAL 

I I i 

wt. % STEDBAC 

FIG. 9. Stedbac-H~O phase diagram. L~, Micellar solution; H, 
hexagonal; V, viscous isotropic cubic; La, lamellar phases. 

with less FA and more Stedbac contained many fibrous 
crystals  bu t  very few particles. 

Figure 10A, taken with crossed polarizers, shows the 
s t ruc tu re  at  35.7 C of a sample conta in ing  0.6% 
Stedbac and 6% of the FA mixture. In registrat ion with 
this view but  with a 1/4 ~ plate at 45 ° relative to the 
polarizers is Figure 10B, in which the network of 
particle-rich regions is readily visible. Also noteworthy 
is tha t  the periphery of the large particles is not smooth 
but  exhibits some "corners ."  Presumably,  the same is 
t rue for the small particles. The basic network can also 
be discerned from Figure 10A upon recognizing that  
Maltese crosses are the character is t ic  b i refr ingent  
pa t te rn  produced by the particles, whereas the rather  
fuzzy, br ight  patches emanate  from fibrous regions. 
Without  this knowledge, however, identification of the 
network would be difficult using only the image taken 
wi th  c rossed  polar izers  (Fig. 10A). Use of o ther  
microscopy techniques, especially modulation contras t  
optics, has not  only allowed us to see the network 
clearly bu t  also demonst ra ted  the existence of fibrous 
and particle containing regions. 

The corresponding view (still in registration) with 
crossed polarizers + 1/4 )~ plate but  at a temperature  of 
58.4 C is shown in Figure 11. The network s t ructure  
seems basically the same as at the lower temperature,  
but  it appears to have become less distinct. 

Upon further  heat ing the birefringence disappears 
completely at a tempera ture  near 60 C. As the DSC 
results indicate, melting of the solid phases is complete 
at about  this temperature.  

When Stedbac and FA contents  are 2.0% and 1.4% 
by weight, fibrous regions are seen at  room tempera- 
ture, as shown in Figure 12. The overall appearance is, 
as might  be expected, similar to tha t  shown in Figure 7 
for a sample with slightly lower Stedbac content. An 
interest ing structural  feature is the bright  region at the 
center of Figure 12. I t  resembles a cluster of small 
particles but  was found on careful examination of the 
sample by  focusing at various depths to actually be the 
ends of many closely-packed fibers which are oriented 
perpendicular to the plane of the photograph but  bend 
into the plane at some depth. 

TABLE 2 

Aqueous Fatty Alcohol-Stedbac Dispersions 

Wt % FA Wt % Stedbac 

Endotherms [onset temp, °C (enthalpy, cal/g solids}] 

T1 T~ T~ 

A. 50% Water 
90 10 
67 33 
50 60 
0 100 

18 (4) 64 (311 
-- 67 (21) 
-- 74 (31) 

40 

B. 93.4% Water (lst heating) 
91 9 
50 50 

c. 93.4% Water (Repeat heating) 
91 9 

57 (10) 62 (20) 
56 (18) 

55 (5} 63 (261 
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PIG. 10. Photomicrograph of 0.6% Stedbac and 6.0% FA mix. X 181. Temp = 35.7 C. 
(A) polarized light; (B) same + 1/4L 

FIG. 11. Photomicrograph of 0.6% Stedbac and 6.0% FA mix. FIG. 12. Photomicrograph of 1.4% Stedbac and 2.0% FA mix. 
Polarized light + 1/4L X 181. Temp = 58.4 C. Modulation contrast X 723. 
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W he n  th is  sample  was h e a t e d  to 66.5 C, all 
birefringence disappeared, and drops of a liquid phase 
immiscible with water  were seen. When it was cooled to 
60 C and maintained at tha t  temperature  for five hr, 
both  individual drops and clusters of drops were found. 

Fur ther  cooling to 48.8 C caused crystallization of 
fibers, most ly  as more or less spherical clumps, as 
shown in Figure 13A, taken with crossed polarizers, 
and Figure 13B, in registrat ion with Figure 13A and 
with the 1/4 X plate also inserted. Note tha t  several of 
the clumps appear to be interconnected, an illustration 
of a possible method for network formation in samples 
con t a in ing  m o s t l y  fibers.  No f u r t h e r  changes  in 
s t ructure  were found upon further  cooling to 30 C. 

We emphasize tha t  for both these samples, as well as 
for others  not  discussed here in detail, observable 
changes in the initial s t ructure  did not  occur until the 
t empera tu re  exceeded 55 C, i.e., unti l  the melt ing 
tempera ture  was approached. In particular, no changes 
were seen between room tempera ture  and about  49 C, 
even when temperatures  near the lat ter  value were 
maintained for periods of up to 24 hr. 

DISCUSSION 

The observations described above clearly indicate tha t  
two types of colloidal material are present  in these 

systems. One type has a generally spherical appearance 
l a l though  the  ac tua l  shape  m a y  be disk-like, as 
indicated above}, exhibits Maltese crosses when viewed 
with crossed polarizers, and becomes more prevalent 
when the alcohol-to-surfactant ratio is increased. Such 
particles may  consist of alcohol-rich lamellar liquid 
crystal,  or, more likely, in view of the corners seen 
along their  outer edges, a "gel"  phase in which the 
hydrocarbon chains of a lamellar phase are in a frozen 
state  instead of the liquid-like s ta te  characterist ic of 
liquid crystalline phases. Particles with corners made 
up of such a phase have been observed in another 
sys tem 122 and Benton, W.J., unpublished results}. 

The o ther  colloidal mater ia l  cons is t s  of small 
crystalline acicular or needle-like fibers which clearly 
contain more surfactant  than the spherical particles 
since they become predominant  with decreasing values 
of FA-to-Stedbac ratio. Some information about their 
composition may be gained from the observation that  
v i r tua l ly  no FA-rich par t ic les  are seen when the 
FA-to-Stedbac ratio is less than about  1.5 by weight. 
Thus, the composition of the fibers apparent ly  does not 
differ great ly from tha t  of the crystalline complex 
formed in anhydrous systems. 

Groups of fibers clearly have a s t rong tendency to 
become aligned and pack together,  forming the fibrous 
regions descr ibed previous ly .  Such a t endency  is 

FIG. 13. Photomicrograph of 1.4% Stedbac and 2.0% F A  mix. X 181. Temp = 48.8 C. 
(A) polarized light; (B) same -t- 1/4A. 
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expected for such highly anisotropic particles and has 
been observed for the rod-like tobacco mosaic  virus and 
analyzed theoret ical ly  by  Onsager  (23). Theoret ical  
calculations show tha t  separat ion of a phase  of aligned 
rods is caused by  an en t ropy  effect and takes  place even 
when there is no a t t rac t ive  interact ion between rods 
{although with a t t rac t ion  phase  separat ion occurs more 
readily). Moreover,  separat ion can occur at  very  small 
volume fract ions of part icles when the aspect  ratio, i.e., 
rat io of length to diameter,  is large. For example,  if 
the aspect  rat io  is 50, phase  separat ion begins at a 
volume fraction of about  0.05 {24). A similar effect 
occurs for anisotropic particles having the shape of 
disks. 

Since the fibers contain a subs tant ia l  proport ion of 
sur fac tan t  molecules, they p resumably  are posit ively 
charged. To a first  approximation,  electrical repulsion 
can  be inc luded  in O n s a g e r ' s  a n a l y s i s  of  p h a s e  
separat ion by tak ing  an effective radius of the fiber 
equal to i ts  actual  radius plus a length comparable  to 
the thickness of the electrical double layer, which is a 
measure  of the range of significant repulsion (22,23). 
This so-called Debye length is about  3 nm in these 
sal t-free sys t ems .  Hence,  the  f ibrous  regions  m a y  
contain appreciable quant i t ies  of water.  

Wha t  seems to happen in the present  sys t em is tha t  
a mixture  of the two colloids forms upon cooling a 
sample  f rom above about  70 C, the relat ive amounts  of 
the two depending on s y s t em  composition. The FA-rich 
part icles form first. Then fibrous regions develop in 
accordance with  the  above  separa t ion  mechanism,  
excluding m o s t  par t ic les  which d i s rup t  local fiber 
alignment.  I f  m a n y  particles are present,  as is the case 
at  high FA-to-Stedbac ratios, the remaining port ion of 
the sample  becomes a concentrated colloidal suspension 
of par t ic les  and  a ne t work  s t r u c t u r e  develops  as 
d e s c r i b e d  a b o v e  {Fig. 3). The  m o r e  d i sk l ike  the  
part icles,  the more  they  too favor  separa t ion  into 
d is t inc t  pa r t i cu l a t e  and f ibrous  regions.  The fine 
s t ruc ture  of the par t icula te  region could not be seen 
clearly with the modulation contrast  objectives presently 
available. Thus, we cannot  say whether  the particles are 
a r ranged in chains as repor ted by  Gst i rner  et  al. (9) 
based  on electron microscopy s tudies  in a re la ted 
system. 

I f  few par t ic les  are present ,  as seen at  lower 
alcohol-to-surfactant ratios,  the fibrous regions m a y  
still aggrega te  to form a network. As indicated above it 
would s eem t h a t  such  a n e t w o r k  would  be more  
susceptible to s t ructura l  breakdown and syneresis than  
tha t  found in the sys t ems  with higher alcohol content.  

The behavior  shown in Figure 2 can now be explained 
quali tat ively.  A t  low Stedbac concentrat ions (below 
about  0.3 wt %), m a n y  particles and few fibers are 
formed. Since the FA-rich part icles are not  s t rongly 
charged electrically, they  flocculate and separa te  f rom 
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the water.  As Stedbac concentrat ion is increased, the 
amounts  of par t icula te  and fibrous mater ia l  become 
comparable,  and a network s t ruc ture  exhibit ing bo th  
par t icula te  and fibrous regions is seen which stabilizes 
the system, prevent ing  macroscopic separat ion.  

With  fur ther  increases in Stedbac concentrat ion,  
fibrous regions predominate.  They m a y  occupy the 
entire sample  as occurs at the higher solid contents ,  or 
they may  form a network having cells or channels of 
water.  Finally, addition of still more Stedbac leads, at  
low FA concentrat ions,  to macroscopic phase  separa- 
tion. In this case, separat ion occurs between a colloidal 
dispersion, which p resumably  contains fibers, and an 
aqueous solution. 
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