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Abstract Complex fluids containing crystallizing fatty
acids are important for consumer care products. The key
features of these materials are their ability to support their
weight under gravity due to the formation of a fatty acid
crystal network, and to yield or flow beyond a critical
applied strain. In model formulations comprised of two
synthetic surfactants and a fatty acid in water, we have
shown that the fatty acid crystal network consists of crystal
aggregates linked by a non-crystallized mixed fatty acid—
surfactant mesophase. We hypothesize that this mixed
surfactant—fatty acid mesophase is critical for the mac-
roscopic stability of the formulations. Rheological mea-
surements combined with differential scanning calorimetry
(DSC), X-ray scattering, and polarized light microscopy
(PLM) measurements show the importance of surfactant
loading on the overall stability of the formulations by
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linking morphology to rheology. Macroscopically homo-
geneous formulations are realized with 7-10 wt% of fatty
acid. Increasing the fatty acid content without adding sur-
factant leads to inhomogeneous, phase separating formu-
lations. Although both stable and unstable formulations
show the presence of a surfactant—fatty acid mixed phase,
a critical loading of surfactants is found to be necessary to
create macroscopically homogenous formulations. We
demonstrate how the rheology, microstructure and the
macroscopic stability can be tuned by varying the relative
amounts of surfactants and fatty acid.
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Introduction

Pastes containing crystalline solids are often found in food,
cosmetics, consumer products and pharmaceuticals [1, 2].
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An underlying feature of these materials is the presence of
an internal structure that gives a space filling network
capable of supporting its own weight under gravity, i.e., a
yield stress [3]. Under an applied critical strain, this space
filling network breaks down which causes the material to
yield or flow [4]. Therefore, these materials have charac-
teristics of both a solid and a liquid and exhibit a complex,
often thixotropic, rheology [5].

Food products with a microstructure comprised of a fat
crystal network have been the focus of numerous studies
[6, 7]. Central to these studies is the understanding of fat
crystallization kinetics and crystal polymorphic transitions
using techniques such as time domain nuclear magnetic
resonance (TDNMR), Microscopy, time resolved X-ray
scattering, differential scanning calorimetry (DSC) and
rheology [8-11].

Crystal morphology and aggregation are known to be
dependent on waiting time, temperature of crystallization
(degree of supercooling) and processing conditions (both
thermal and shear history) [12]. Indeed, the influence of the
processing history on fat crystallization has been studied for
some systems. The effect of shear on the polymorphic tran-
sitions of fat in cocoa butter is reported using time resolved
X-ray scattering under shear [13, 14]. The rheology of palm
oil crystallization under shear has also been explored, com-
plemented by microscopy and time resolved X-ray scattering
[15-17]. These studies develop an understanding of struc-
ture—property relationships in these materials by correlating
the microstructure formed under shear to the observed rhe-
ology. Understanding this connection is of value for design-
ing products with desired consistency and appeal.

This paper extends our recent study of a model system
designed to emulate a skin care product comprised of a
fatty acid crystal network [18]. We have reported the effect
of palmitic acid (n-hexadecanoic acid) content on the
rheology and microstructure of an aqueous solution of
synthetic surfactants (9 wt% sodium dodecyl sulfate and
3 wt% cocamidopropyl betaine). Formulations with
12 wt% surfactant and varying amounts of palmitic acid
exhibited a high storage modulus (G’ ~ 10° Pa) indicative
of a macroscopic space filling crystal network. DSC mea-
surements on crystals separated from the formulation
confirmed that the crystals are comprised of palmitic acid
[18]. Recent TDNMR measurements led to the hypothesis
that these palmitic acid crystals are surrounded by adsorbed
layers of hydrated surfactants [19]. X-ray scattering, DSC
and polarized light microscopy (PLM) also confirmed the
presence of a surfactant-palmitic acid mixed lamellar
mesophase in conjunction with crystals [18]. It was pro-
posed that this lamellar phase of mixed surfactant and
palmitic acid functions as connective junctions between the
crystals. In the absence of this phase, the pure palmitic acid
crystals (density of 0.85 g/cm®) in water do not form a
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network, but rather, simply cream. This results in macro-
scopic phase separation. Therefore, the formation and
presence of this mixed lamellar phase is critical to the
physical stability of the formulations.

The importance of this mixed surfactant-fatty acid gel
mesophase is explored further in the research reported herein.
We hypothesize that surfactant content plays a significant role
in the stability of the formulations. This is tested by reducing
surfactant content to 6 wt% (compared to 12 wt% in our
previous study), while maintaining the same SDS:cocami-
dopropyl betaine ratio of 3:1 [18]. Measurements of rheology,
X-ray scattering, PLM, TDNMR, DSC and visual observa-
tions are combined to resolve the importance of this lamellar
phase on formulation stability.

Materials

Sodium dodecyl sulfate (SDS, 9 %, Sigma-Aldrich, CAS#
151-21-3) and palmitic acid (PA, 98 %, Riedel-de Haén,
CAS# 57-10-3) were used as supplied. Cocamidopropyl
betaine (tegobetaine, CAS# 61789-40-0) provided by
Unilever in 28.8 % aqueous form was frozen and lyophi-
lized to obtain the solid tegobetaine used in the formula-
tions. All formulations were prepared with deionized water
from a Barnstead nanoPURE water purification system
(Thermo Scientific, 18 MQ). Formulations with constant
4.5 wt% SDS, 1.5 wt% tegobetaine with varying amount of
palmitic acid in water were studied and compared to for-
mulations previously studied with constant 9 wt% SDS,
3 wt% CAPB with varying amount of palmitic acid in
water. The samples are designated as PA x—y %., where x,
denotes the wt% of palmitic acid and y denotes the total
wt% of surfactant.

Experimental Procedures
Rheology

Crystallization of fatty acids is known to be dependent on
both thermal and shear history. Therefore, it is critical to
develop a sample preparation and measurement protocol to
insure reproducible rheological measurements of model
system formulations. To insure mixing and homogeneity,
the TA Instruments Starch Pasting Cell (SPC) rheometer
tool on an AR-G2 rheometer (TA Instruments) is
employed. This tool has been previously employed to study
the rheology of palm oil crystallization [20]. The SPC tool
consists of a shaft with a mixing blade that can be used to
mix the formulation at a specified shear rate. This tool is
contained within a Peltier Couette cell that can control the
temperature to within +0.1 °C. Calibration of the tool
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Table 1 Sample preparation and rheology measurement protocol for
the sample formulations

Step Action Time Shear
1 Combine H,0 and 5 min 20 s ! for
tegobetaine at 70 °C equilibrium 5 min
2 Add SDS 5 min 20 s~ for
equilibrium 10 min

3 Add PA 15 equilibrium 20 s™' for
30 min

4 Cool at 1 °C/min to 25 °C 45 min 20 s~! while
cooling

5 Apply the 3 Pa oscillatory 18 h No shear

stress at 1 rad/s

geometry against rheological standards enables the
extraction of accurate and reproducible shear and small
amplitude elastic and viscous moduli from the measured
torque versus displacement [18]. The formulations were
mixed with the blades in a temperature controlled cylin-
drical cup, thereby providing excellent mixing along with
in situ rheological measurements during and after pro-
cessing all in the same geometry.

Sample Preparation and in Situ Rheology
Measurement Protocol

The sample preparation and rheological protocol for mea-
suring the microstructural development is specified in
Table 1. The formulations were prepared following a previ-
ously reported methodology in the SPC by stepwise addition
of tegobetaine, SDS and PA at 70 °C. The formulations were
mixed and then cooled to 25 °C while applying a steady shear
rate of 20 s~'. At 25 °C, an oscillatory time sweep is per-
formed at a frequency of 1 rad/s in stress control mode to
monitor the microstructure development. The applied maxi-
mum stress of 3 Pa was shown to provide reliable measure-
ments without disrupting the structure. In this manner the
rheological state of the samples could be determined during
mixing as well as post mixing within the same cell without
destruction or modification of the sample microstructure.
Note that testing in standard cone and plate or parallel plate
geometries, which requires transfer of the sample from a
mixing geometry to this tooling, led to irreproducible results
and sample drying; problems avoided through the use of the
SPC. The development of both the storage (G') and loss
moduli (G") was monitored to investigate the microstructural
evolution with time at 25 °C.

Polarized light Microscopy (PLM)

Microscopy experiments were performed on a Nikon
Eclipse TE2000-U microscope. A small amount of sample

was placed on a glass slide and then covered with a glass
coverslip. This sample preparation method insured a thin
layer of sample for ease of visualization. The edges of the
coverslip were sealed with a UV curable optical adhesive
(Norland Optical Adhesive, Norland Products, Inc., Cran-
bury, NJ, USA) to minimize water evaporation. Samples
were visualized under cross polarizers as crystals and
surfactant mesophases exhibit birefringence.

Differential Scanning Calorimetry (DSC)

Time sequence melting profiles of the samples were col-
lected using a Mettler Toledo DSC 1 Star System (Mettler
Toledo, USA). For each DSC run, approximately
10-15 mg of sample was hermetically sealed in a 40-ul
aluminum pan and was heated at 5 °C/min. The melting
temperature Ty, was defined as the maximum temperature
of the endothermic peak observed during the scan.

X-Ray Scattering

X-ray scattering experiments were conducted on a SAX-
Sess (Anton-Parr), small-angle X-ray scattering system.
Samples were placed in a vacuum-tight 1-mm diameter
quartz capillary holder, and measured at 25 °C. Cu K,
radiation (A = 1.54 A) was used with a 265-mm sample-
to-detector distance. The scattering patterns were collected
on a phosphor imaging plate with in the ¢ range
0.05-2.8 A~!. Patterns are normalized to the height of the
primary beam signal using the SAXSquant software.

Time Domain Nuclear Magnetic Resonance (TDNMR)

TDNMR measurements were performed on formulations of
12 wt% surfactant with varying palmitic acid content. The
procedure for measurements is described in detail else-
where [19]. Calculations based on equilibrium solids con-
tent were used to estimate the amounts of immobile
surfactant surrounding the palmitic acid crystals in the
formulations.

Solubility

The solubility of palmitic acid in water with 6 wt% sur-
factant was estimated by preparing a concentration series
using the following procedure. Palmitic acid was weighed
on weighing paper and transferred to sample vials. The
appropriate amounts of stock solutions of 15 wt% SDS in
DI water and 15 wt% tegobetaine in DI water, and the
required make-up water were added to the sample vials.
Each sample had a total mass of 5 g. The samples were
then placed in a water bath maintained between 70-80 °C
(above the melting point of palmitic acid) for
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approximately 4 h. The vials were inverted as needed to
insure homogeneity. The samples were then transferred to a
water bath maintained at 25 °C. The samples were left in
this water bath for 7 days. Digital pictures of the samples
in bright field and cross-polarized light were collected to
determine the solubility of palmitic acid (supplementary
material for [19]). Samples that were mostly clear indicated
solubilization of palmitic acid; crystals were apparent in
the samples where the amount of palmitic acid exceeded
the solubility.

Results and Discussion

To provide insight into the critical role of the surfactant
content in the development of yield stress in these formu-
lations the rheological properties were analyzed in terms of
the underlying microstructural change during crystalliza-
tion. The microstructural change was characterized by
X-ray scattering, DSC and PLM. We further support our
experimental observations with composition calculations
derived from recent TDNMR measurements of crystal
content of formulations containing 12 wt% surfactant with
different amounts of palmitic acid [19].

Rheology

The evolution of the mechanical state of the samples
immediately after cooling to 25°C, which defines r = 0, is
monitored by performing dynamic oscillatory sweep
experiments. The time dependence of the rheological
properties of the formulations containing 3-7 % palmitic
acid (PA) is shown in Fig. 1. In this figure, the complex
viscosity (In*l) is plotted for the PA 3-6 % and 5-6 %
samples because these samples exhibit predominantly vis-
cous behavior with very low storage modulus values
(G ~ 0.01 Pa). These formulations are observed to be
liquid-like when handled, consistent with the observed
rheology. There is a mild rise in viscosity with time that
slowly decreases with further observation time. However,
upon increasing the palmitic acid to 7 wt% (Fig. 1), there
is a significant increase in viscosity with time. In this
sample, the dynamic viscosity starts at a significantly
higher value and, after an induction time and a small dip in
modulus, increases rapidly until it plateaus at a viscosity of
order 10° Pa s. A high dynamic viscosity of this magnitude
indicates that the sample has transformed into a solid like
paste. Thus, to characterize the PA 7-6 % and samples
with a higher palmitic acid loading, the time evolution of
the storage modulus (G’) is reported.

As shown in Fig. 2, the PA 7-6 % sample shows an
initial modulus G’of 2,000 Pa after cooling to 25 °C, which
is followed by a slight decrease in modulus with time and
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Fig. 1 Dynamic viscosity of formulations with PA 3-7 wt% at
25 °C, oscillatory frequency of 1 rad/s and stress of 3 Pa

then, a significant rise and leveling off to a plateau value
of G, ~ 150 kPa. This plateau value G, is observed to
remain constant for 18 h in these experiments and is a
characteristic of the formation of a macroscopic space
filling palmitic acid crystal network, which gives paste like
consistency to the formulations. On increasing the palmitic
acid content to 18 wt%, G’ starts at a slightly higher value
and shows a similar, qualitative behavior as for the 7 wt%
until it reaches a peak value around 1 h. Note that, as
reported previously, the higher palmitic acid content leads
to a faster formation of a network [18]. However, unlike
the PA 7-6 % formulation, G’ peaks and begins to decrease
with time. This progressive decrease in G’ is a sign that the
palmitic acid crystal network is not stable and instead,
structural breakdown is observed. This is in contrast to the
samples with 12 wt% surfactant reported previously [18],
which exhibited a plateau modulus G;, without decrease
at long times. This data are also shown in Fig. 2 for
comparison.

Reducing surfactant loading also affects the rate of
structural build-up of the network, which is monitored by
the measurement of buildup of the elastic modulus. As
shown in Fig. 2, the formulation with 6 wt% surfactant and
7 wt% palmitic acid has a much higher initial modulus as
compared to its 12 wt% surfactant counterpart, although,
the final plateau moduli (G;?) are comparable. We
hypothesize that reducing the surfactant loading reduces
the amount of palmitic acid solubilized along with sur-
factants, thus increasing the concentration of palmitic acid
available for crystallization. This provides a greater driving
force for crystallization and a more rapid network build up.
This effect is not evident at higher palmitic acid concen-
tration (18 wt%). Previous work has demonstrated that
significant crystallization already occurs during cooling at
these high palmitic acid concentrations [18], which leads to
higher moduli upon cooling.
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Fig. 2 Comparison of G’ versus time for PA 7-6 %, PA 18-6 %,
PA 7-12 % and PA 18-12 % formulations at 25 °C, oscillatory
frequency of 1 rad/s and stress of 3 Pa

Further rheological characterization of the formulations
containing 6 wt% surfactants with varying amounts of PA
between 8—11 % show qualitatively the same rheological
behavior as the PA 7-6 % sample i.e., a constant GI’, at long
times. These data are shown in Fig. 3a. On the other hand,
for PA concentrations in the range of 12-20 % the samples
show a progressive decrease in G’ at long time, similar to
PA 18-6 %. This loss of modulus at long times becomes
much more pronounced as the palmitic acid loading is
increased (Fig. 3b). Visual observation of the samples
recovered from SPC at the end of rheological measure-
ments (after 18 h) show that stable formulations are real-
ized with 7-11 wt% of palmitic acid, whereas macroscopic
phase separation occurs with higher loading of palmitic
acid, as shown in Fig. 3c. This phase separation leads to a
homogeneous dense phase separated from a creamed layer
by a clear liquid.

Comparison of visual observations of stability with
rheology shows that the samples that exhibit a decrease in
the plateau storage modulus also undergo visual phase
separation. Therefore, in this system two regimes of rhe-
ological behavior and macroscopic stability are observed
(1) stable formulations that exhibit a constant GI’J and (2)
unstable formulations that exhibit a maximum followed by
a long time decrease in G’ with time. This is summarized in
Fig. 3d where the values of G;, for stable formulations and
G’ after 10 h (G),,) for unstable formulations are com-
pared. To better illustrate the regimes, the results of the
visual stability assessment have also been added to this
plot. As shown in Fig. 3d, upon increasing the palmitic
acid content in the formulation from 7 to 11 wt%, the G;,
value increases until 8 wt% and then shows a decrease with
increasing wt% of palmitic acid. A further increase in
palmitic acid content in the initial formulation to the range

of 11-14 wt% (shaded area in Fig. 3d) leads to an unstable
formulation whereby the moduli start to decrease at long
times. Further increases in PA loading result in samples
that phase separate under gravity. This is in contrast to the
formulations with 12 wt% total surfactant, where stable
formulations are realized for the entire range of palmitic
acid loading of 7-20 wt% [18]. Thus, the surfactant load-
ing is shown to play a critical role in the rheological
behavior of the formulations and is related to their mac-
roscopic stability.

Microstructural Characterization

To better understand the microstructural conditions that
lead to the stable and unstable regimes, two formulations
(7 and 18 wt% PA) were chosen to be studied in more detail.

The characterization of pure palmitic acid crystals pro-
vides a baseline for comparison to the model system for-
mulations. As reported in our earlier publication, the pure
palmitic acid crystals used in this study appear as thin
platelets when observed under a microscope using crossed
polarizers [18]. The DSC melting trace of palmitic acid is
reported to show an endothermic peak with a melting
temperature of 62.7 °C [18]. In X-ray scattering experi-
ments, the palmitic acid crystals show the presence of a
peak at q = 0.17 A~!. This corresponds to a spacing of
36.2 A, which is consistent with the crystal spacing for the
a or C form of palmitic acid as reported by us and Verma
et al. [18, 21].

To further investigate the microstructural origins of the
rheological properties of these formulations, PLM, DSC,
and X-ray scattering measurements were performed during
the time evolution of the rheological properties at 25 °C
(Figs. 4, 5). After cooling to 25°C and waiting
t = 60 min, the PA 7-6 % formulation shows the presence
of platelet-like crystals and a few Maltese crosses, which
indicates the presence of multilamellar vesicles (Fig. 4a).
The corresponding DSC melting trace shows a broad
endothermic transition around 60-65 °C indicating the
presence of crystals containing palmitic acid (Fig. 4d).
These crystals continue to grow into long platelet-like
crystals with time, as shown in Fig. 4b, c¢. The corre-
sponding DSC melting trace at long time (¢t = 19 h) shows
transitions at 46 °C and 61.2 °C (Fig. 4f). The presence of
high aspect ratio platelet-like crystals is concomitant with
the behavior of a plateau in G’ as shown in Fig. 2. This
DSC trace is similar to the system with 12 wt% surfactant,
where a fully developed transition with peak at 42 °C along
with a small transition at 61 °C is associated with the
presence of platelet-like crystals [18].

Prior to phase separation, the PA 18-6 % formulation
shows the presence of crystals, which appear bright in the
PLM image (Fig. 5a). The corresponding DSC melting
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Fig. 3 a, b Dynamic shear
moduli of formulations with

6 wt% surfactant content and
varying PA wt% as given at
25 °C, oscillatory frequency of
1 rad/s and stress of 3 Pa.

¢ Visual observation of stable
and unstable formulations.
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trace shows a sharp transition at 61.3 °C (Fig. 5c). After
140 min, when the PA 18-6 % formulation has phase
separated (as shown in Fig. 3c), samples for DSC and
X-ray scattering analysis were taken from both the top and
bottom portions of the formulation. The crystals continue
to grow and form aggregates, as shown in the sample image
after 2 h (Fig. 5b). After 140 min the bottom portion of the
formulation shows a melting peak at 62 °C and a few very
weak transitions near 41-43 °C (Fig. 5d). DSC melting
traces indicate that the top is comprised of pure palmitic
acid crystals as shown in the inset of Fig. 5d. This is
consistent with the creaming behavior as PA floats in
water. This is in stark contrast to the formulation with
18 wt% PA and 12 wt% surfactant, which forms macro-
scopically homogenous samples [18]. The DSC melting
trace for this formulation shows the presence of an endo-
thermic peak at 38 °C in addition to the observed peaks at
58 and 62 °C (Fig. 5d).
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In the prior study the time sequence DSC melting traces
of samples with 12 wt% total surfactant all show the
presence of an intermediate DSC peak at approximately
3842 °C, along with the palmitic acid melting peak
(Figs. 4f, 5d). We have shown in our earlier publication, by
separating (using a syringe filter to capture the liquid and
filter paper to capture the crystals) and characterizing the
crystals and the liquid portion of the model system for-
mulation via DSC and X-ray scattering, that the stable
formulations with 12 wt% surfactant consist of a mixed
surfactant-palmitic acid phase, which shows a DSC melting
transition at 38-42 °C, along with a palmitic acid crystal-
line phase [18]. The mixed mesophase is a swollen lamellar
gel phase and is hypothesized to act as linking domains
between the crystals. The DSC data for model system
formulations with 6 wt% total surfactant lack a clearly
defined intermediate peak at approximately 38-42 °C, but
show transitions between approximately 40-50 °C in
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addition to the clearly defined peak corresponding to the
melting of palmitic acid (Figs. 4f, 5d and supplementary
material). The magnitude of the palmitic acid melting peak
relative to the weak transitions at lower temperatures
increases with increasing palmitic acid content. Hence, we
observe that increasing the PA loading depletes this mixed
mesophase, which is known to be important for network
formation. Thus, a sufficient surfactant loading is necessary
at each PA loading to form sufficient surfactant-palmitic
acid gel phase necessary to link the crystals in a network.

The formation of lamellar gel phases was studied
extensively in early publications on industrial monoglyce-
rides [22] and mixtures of surfactants and fatty amphiphiles
as stabilizers in dermatological oil-in-water emulsion for-
mulations [23, 24]. These studies report that the gel phase
is characterized by alternating bilayers of mixed fatty
amphiphiles and ionic surfactant separated by layers of
water, forming a viscoelastic network in the continuous

phase of oil-in-water dermatological formulations. We
observe that, similar to the above mentioned studies, the
gel phase acts as a binder between the palmitic acid crys-
tals in our formulations to enable a stable network capable
of supporting its own weight under gravity. Therefore, the
presence of this gel phase is critical to the macroscopic
stability of the formulations.

Crystal Morphology

The samples were diluted to 1:10 crystal:water and
examined by optical microscopy. As shown in Fig. 6a, the
formulation with PA 7-6 % show thin, platelet-like crys-
tals, whereas the bottom portion of PA 18—-6 % formulation
shows large aggregates of irregular crystals (Fig. 6b). We
have shown in our earlier publication that the shape of the
model system formulation crystals transition from longer to
shorter aspect ratio plate-like crystals with increase in PA
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Fig. 5 Time sequence PLM for formulations for PA 18-6 % (a), (b). DSC (c), (d). X-ray scattering (e), (f). Scale bar represents 100 um

content [18] (see Fig. 6c, d). We attribute the change in
crystal shape to the change in supersaturation. The effect of
supersaturation has been reported to significantly influence
the crystal growth rates [25, 26] and will affect the
mechanism of nucleation. At 7 wt% palmitic acid, the low
degree of supersaturation leads to the slow nucleation and
growth of a smaller number of palmitic acid crystals. When
the concentration of palmitic acid is increased to 18 wt%,
near homogeneous nucleation occurs more rapidly, leading
to many more growing crystals. This leads to the rapid
formation of many more, smaller crystals rather than the
slow growth of fewer large crystals.

In addition to supersaturation effects, the total amount of
surfactant plays a role in determining crystal shape in the
model system formulations with 6 wt% surfactant. We
attribute the change in crystal habit visible between the PA
7-6 % and 18-6 % samples (Fig. 6a, b) to the change in
the solubility of palmitic acid in the surfactant solution.
While the PA 7-6 % sample (Fig. 6a) bears some resem-
blance to the PA 7-12 % sample (Fig. 6¢), the PA 18-6 %
(Fig. 6¢c) and PA 18-12 % (Fig. 6d) samples differ in
appearance. For the PA 18—6 % formulation, the amount of
palmitic acid exceeds the amount of surfactant such that it
is more favorable to form irregularly shaped crystals with
limited surface area exposed to the remainder of the for-
mulation. This change in crystal shape with increase in
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palmitic acid content in the model system formulations
with 6 wt% surfactant may contribute to instability.

Time Sequence X-ray Scattering

The time sequence X-ray scattering for PA 7-6 % is shown
in Fig. 4g—i. Initially upon cooling to 25 °C at ¢t = 50 min,
a peak at 0.0737 A~!is observed. A characteristic length
scale corresponding to the g at which the peak is observed
can be calculated using d = % We assign the d-spacing of

85 A to the interlamellar spacing of a mixed surfactantp-
fatty acid bilayer. With time (Fig. 4h, i) the low q peaks
shift to 0.15 A~ corresponding to a spacing of 41 A In
addition, a peak corresponding to the crystal spacing of
palmitic acid is also observed at 0.17 Afl(d-spacing of
36 A). The X-ray data for the bottom portion of PA
18-6 % (Fig. 5e—f) also show the presence of d-spacings of
approximately 36 A and 42 A. These results are similar to
our previous study of formulations with 12 wt% surfactants
[18].

The presence of a low q peak (d-spacing approximately
41-42 A) is a characteristic of these formulations. We have
shown in formulations with 12 wt% surfactants that a
mixed surfactant-palmitic acid mesophase is formed from a
swollen lamellar gel phase that converts into a non-swollen
structure with d-spacing of 41-43 A due to limited
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6wt% surfactant
(a)

PA
Twt%

12wt% surfactant

(d)

Fig. 6 Diluted crystal images for a PA 7-6 % b PA 18-6 %. Diluted crystal images for ¢ PA 7-12 % d PA 18-12 %. Scale bar represents

50 pm

Table 2 Summary of time sequence DSC melting traces, X-ray scattering (SAXS)

Sample (wt% PA) Time (DSC) DSC transition (°C) Time (SAXS) SAXS peak (A7) d (A)
7 60 min Broad transition 60-65 50 min 0.0737 85.25
7 3h 51.0 3h 0.148, 0.174 42.45, 36.11
7 19 h 46.4, 61.3 19h 0.150, 0.174 41.89, 36.11
Bottom portion 18 30 min 61.3 1h 0.154, 0.174 40.83, 36.22
Bottom portion 18 140 min 42 (weak), 61.14 2 h 30 min 0.151, 0.173 41.71, 36.22
PA (98 % pure) - 61.1 - 0.174 36.22

solubility of palmitic acid in the SDS-tegobetaine mixed
phase [18]. A summary of DSC and X-ray peak values for
the 6 wt% surfactant model system formulations is given in
Table 2. The molecular spacings for the model system
formulations with 6 and 12 wt% surfactants are compara-
ble. However, the amount of the mixed surfactant-palmitic
acid gel phase is critical to the stability, which is addressed
in the next section.

TDNMR

Calculations based on recent TDNMR measurements of the
solid content of 12 wt% surfactant formulations provide
insight into the stability of the 6 wt% surfactant formula-
tions [19]. The measurements show that approximately
2 wt% (based on the total weight) of the palmitic acid
resides in the lamellar gel phase for the 12 wt% surfactant

formulations. These measurements also show that an
immobilized layer of surfactant and water is associated
with the crystallized PA in the ratio of approximately 0.3 g
of surfactant and water to a gram of crystallized palmitic
acid. Thus, the surfactant partitions between adsorption
onto the PA crystals and a swollen lamellar phase in the
final formulations.

The amount of palmitic acid solubilized with 4.5 wt%
SDS and 1.5 wt% tegobetaine was determined by the
procedure described in Sect. 3.7 to be approximately
0.3 wt%. This experimentally determined solubility of PA
in SDS and tegobetaine is consistent with the recent solu-
bility calculations reported by Tzocheva et al. [27] (see
supplementary material for detailed calculations). Calcu-
lations analogous to those used for 12 wt% surfactant
model system formulations show that the predicted
immobile surfactant content (that is, layers of immobile,

€\ Springer NOCS &



282

J Am Oil Chem Soc (2013) 90:273-283

Table 3 Calculations of immobilized surfactant with palmitic acid
corresponding to the palmitic acid input [19]

Input PA Total input Predicted immobile
(ipp), Wt% surfactant (is), wt% surfactant (cg), wt%
6 41403
6 48 +£03
6 54+04
10 6 6
11 6 6.6 £ 0.5
12 6 72 +£05
13 6 79 £ 0.5
14 6 85+£0.6
15 6 9.1+ 0.6
16 6 9.7+0.7
17 6 103 £ 0.7
18 6 11.0 £ 0.8

hydrated surfactants that surround the palmitic acid crys-
tals) exceeds the initial surfactant loading for model system
formulations with 6 wt% surfactant and PA concentrations
greater than 9 wt% (Table 3, calculations in the supple-
mentary material). Thus, in the formulations studies here,
at higher PA loadings there is insufficient surfactant pres-
ent to form the hydrated, immobile surfactant layers that
surround the palmitic acid crystals and the surfactant-pal-
mitic acid mixed mesophase. Without a sufficient amount
of gel phase to bind the crystals together, the samples
macroscopically phase separate due to gravity.

Additionally, in the unstable formulations (PA 15-6 %
and 18-6 %), some of the crystals cream while some of the
crystals sediment. As noted above, the calculations show that
these formulations lack sufficient surfactant to satisfy the
amount necessary to surround the palmitic acid crystals, as
shown by previous TDNMR measurements [19]. Thus, these
formulations have an upper phase comprised of excess pure
palmitic acid, as verified by X-ray analysis. This excess pure
palmitic acid creams in the unstable formulations because of
the lower density of pure PA (0.852 g/ml) than that of the
surrounding fluid (mostly water, ~1 g/ml). The densities of
the surfactants are greater than the pure palmitic acid and
water. Therefore it is reasonable to assume that the sediment
contains PA crystals in a network bound together with the
swollen surfactant lamellar phase. This is confirmed by the
low temperature endotherm in the DSC trace of the bottom
phase.

Conclusions

Lowering the amount of surfactant is shown to adversely
affect the stability of formulations with high palmitic acid
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concentration. The characterization using DSC and X-ray
scattering shows the presence of palmitic acid crystals
along with a mixed surfactant-palmitic acid mesophase in
the formulations. However, the unstable formulations do
not contain a sufficient amount of the mixed mesophase
necessary to bind the crystals together into a homogeneous
network. Calculations enabled by recent TDNMR mea-
surements of the immobilized hydrated surfactant layers
surrounding the palmitic acid crystals confirm that suffi-
cient surfactant content is required in proportion to the
palmitic acid loading to achieve a stable formulation. Thus,
exceeding the surfactant capacity by excess loading of
palmitic acid leads to a loss of sample homogeneity. In
conclusion, we demonstrate that the rheology, microstruc-
ture and the macroscopic stability of surfactant, fatty acid
mixtures can be tuned by varying the relative amounts of
surfactants and fatty acid. These fundamental aspects can
be used to enhance the design and shelf life of consumer
products.
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