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ABSTRACT: The aim of this study was to use a detailed rheological characterization to gain new insights into the gelation
behavior of natural waxes. To make a comprehensive case, six natural waxes (differing in the relative proportion of chemical
components: hydrocarbons, fatty alcohols, fatty acids, and wax esters) were selected as organogelators to gel high-oleic sunflower
oil. Flow and dynamic rheological properties of organogels prepared at critical gelling concentrations (C,) of waxes were studied
and compared using drag (stress ramp and steady flow) and oscﬂlatory shear (stress and frequency sweeps) tests. Although, none
of the organogels satisfied the rheological definition of a “strong gel” (G"/G’ (w) < 0.1), on comparing the samples, the
strongest gel (highest critical stress and dynamic, apparent, and static yield stresses) was obtained not with wax containing the
highest proportion of wax esters alone (sunflower wax, SFW) but with wax containing wax esters along with a higher proportion
of fatty alcohols (carnauba wax, CRW) although at a comparatively higher C, (4%wt for latter compared to 0.5%wt for former).
As expected, gel formation by waxes containing a high proportion of lower meltlng fatty acids (berry, BW, and fruit wax, FW)
required a comparatively higher C (6 and 7%w, respectively), and in addition, these gels showed the lowest values for plateau
elastic modulus (G';yz) and a promment crossover point at higher frequency. The gelation temperatures (Tg_g) for all the
studied gels were lower than room temperature, except for SFW and CRW. The yielding-type behavior of gels was evident, with
most gels showing strong shear sensitivity and a weak thixotropic recovery. The rheological behavior was combined with the
results of thermal analysis and microstructure studies (optical, polarized, and cryo-scanning electron microscopy) to explain the

gelation properties of these waxes.
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B INTRODUCTION

Organogels are a class of soft matter systems that are
considered to be at an interface of complex fluids and phase-
separated states of matter. They comprise an organic liquid that
is physically immobilized by a network of dispersed, self-
assembled aggregates of gelator molecules."”” The normal phase
separation into aggregated gelator molecules and liquid solvent
phase is avoided in organogels due to the organization of
aggregated gelator molecules into an interconnected solid-like,
three-dimensional (3D) network, resulting in the formation of
strong or weak gels depending on the §elator—gelator
interactions as well as the solvent properties."”>* The possibility
of transforming different types of organic liquids into solid-like
viscoelastic gels (at relatively lower mass fractions of gelator
molecules) makes organogelation an attractive subject of
investigation in varied research domains for many different
applications. For example, systems where triacylglycerol
solvents (vegetable oils) are gelled using natural components,
have found potential applications in biorelated fields such as
drug delivery,s_7 cosmetics,* % and foods.'' '3 Among various
gelators explored for gelling vegetable oils, natural waxes are
considered to be the most promlslng ones because of their
excellent oil binding properties,"* economical value (capable of
gelhng oils at a significantly lower mass fractions, w. <
0.1),">' and availability of a number of waxes approved for use
in humans."”'® Moreover, the gels formed using waxes have
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interesting properties such as themoreversibility'”*° and

emulsion stabilization,”" ">* which further justifies their
popularity as organogelators for vegetable oils.

In spite of such widespread interest in these systems, a clear
fundamental understanding of the physical properties of wax-
based organogels is still missing. Unlike other low molecular
weight gelators, waxes have a multicomponent chemical nature,
comprising of components such as hydrocarbons (HCs), wax
esters (WEs), fatty acids (FAs), and fatty alcohols (FALs), and
such chemical diversity makes characterization of wax-based
organogels very complicated. Some fundamental studies have
been published in recent years where the gelation behavior of
waxes was explored based on, the chemical properties of waxes
(composition, impurities),"® thermodynamics and kinetic
aspects of wax crystallization (fractal aggregation, thermal
properties, crystal morphology, and cooling rates),'***** and
some rheological 26728 and large deformation studies (texture
analysis) of the formed gels As seen with fats (high-melting
triacylglycerols, TAGs), waxes also crystallize in low-melting
TAGs (liquid oil) when the temperature is decreased well
below their melting temperatures. Fundamentally, this type of
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crystallization includes characteristics of both melt crystalliza-
tion (crystallization due to supercooling) and crystallization of
solute from the solvent (crystallization due to the decreased
solubility of waxes in oils at lower temperatures). Similar to fat
crystallization, the formed crystallites of waxes undergo further
thermodynamically induced structural reorganization including
clustering and aggregation. These crystalline aggregates can act
as building blocks to trap the liquid oil into a gel-like structure,
resulting in organogel formation. The structure is stabilized via
weak interactions (among the neighboring building blocks)
such as H-bonding and polar—polar interactions among
constituents with polar moieties as well as weak intermolecular
interactions such as induced dipole—induced dipole inter-
actions (London dispersion force) among nonpolar compo-
nents.

In our opinion, there is a need for a comprehensive
comparative rheological profiling of wax-based organogels in
order to further probe the link between the macroscopic flow/
deformation response of gels and the microscopic interactions
between the constituent building blocks (crystalline aggre-
gates). In the present study, we report a detailed rheological
characterization using a range of steady and dynamic shear
measurements to understand the gelation behavior of natural
waxes. To make a comprehensive case, six natural waxes
(differing in the relative proportion of chemical components:
HCs, WEs, FAs, and FALs) were selected to prepare organogels
using high-oleic sunflower oil as the triacylglycerol solvent. The
critical gelling concentrations (C,) for different waxes were
identified, and the flow and dynamic rheological properties of
organogels prepared at C, of waxes were studied and compared
using drag (stress ramp), steady flow (flow and 3ITT (3
interval thixotropy test)), oscillatory shear (stress and
frequency sweeps), and mixed flow—oscillatory shear tests.
The results obtained from these measurements were combined
with the results from thermal behavior and microstructure
studies to characterize the physical properties of organogels.
The C, is the minimum concentration of wax at which the
gelation of solvent occurs, and since we are considering wax-
based organogels as fractal gels, the C, in this case corresponds
to the minimum volume fraction of crystalline particles at
which a space-filling network of rarefied fractal flocs is
formed.”® Below this concentration, the dispersed particles
contribute only in increasing the viscosity of the sol, whereas at
concentrations higher than C, a decrease in the size of fractal
flocs is observed with a resultant increase in fractal dimensions
due to the densification of flocs.*® Thus, the viscoelasticity of
fractal gels is best studied at C, in order to better understand
the nature of molecular interactions involved in gel formation at
low volume fractions of particles.

B MATERIALS AND METHODS

Materials. Refined high-oleic sunflower oil, HOS (TAGs > 99%
wt), was received from Vandemoortele Lipids N.V. (Izegem, Belgium).
Sunflower wax, Helianthus Annuus Seed Cera (SFW, acid value: 2—8
mg KOH/g, saponification value: 75—95 mg KOH/ g), carnauba wax,
Copernicia Cerifera Cera (CRW, acid value: 2—7 mg KOH/g,
saponification value: 78—95 mgKOH/g), candelilla wax, Euphorbia
Cerifera Cera (CLW, acid value: 12—22 mg KOH/g, saponification
value: 43—65 mgKOH/g), bees wax, Cera Alba (BZW, acid value: 17—
22 mg KOH/g, saponification value: 70—80 mgKOH/g), berry wax,
Rhus Verniciflua Peel Cera (BW, acid value: 48—54 mg KOH/g,
saponification value: 180—220 mgKOH/g), and fruit wax, Myrica
Cerifera (FW, acid value: 5—25 mg KOH/g, saponification value: 210—
240 mgKOH/g) were received as gift samples from Kalh GmbH &

Co. KG (Trittau, Germany). Chemical composition of waxes was
determined in-house using HPLC-ELSD to understand the distribu-
tion of main components. The main components of six waxes are
listed in Table S1. More details on the experimental setup and result
analysis will be published elsewhere.

Preparation of Organogels. Waxes were dispersed in HOS at
varying concentrations by heating above their melting points until
complete melting of waxes was achieved. The clear oily dispersions
were subsequently cooled to S °C at a rate of approximately 2 °C/min
under mild stirring (200 rpm) using a magnetic stirrer (model
EM3300T, Labotech Inc, Germany). The critical gelling concen-
tration ( Cg) for all six waxes was identified using rheological
characterization (oscillatory frequency sweeps). Samples prepared at
different concentrations of waxes were subject to frequency sweeps at a
constant stress of 0.02 Pa. The resultant values of elastic and viscous
modulus (G’ and G”, respectively) were compared at low frequency,
and the corresponding concentrations at which G’ > G” were
identified as C, for individual waxes. The samples were stored at S °C
until used further for characterization. The photograph of gels
prepared at the respective C, of waxes is shown in Figure S1.

Thermal Characterization. The thermal behavior of neat waxes
and wax-based organogels was determined in triplicate using a Q1000
DSC (TA Instruments, New Castle, DE, USA) equipped with a
refrigerated cooling system. Nitrogen was used as purge gas. The cell
constant and temperature were set with indium (TA Instruments). An
additional temperature calibration was done using azobenzene (Sigma-
Aldrich, Bornem, Belgium) and undecane (Acros Organics, Geel,
Belgium). The wax samples were heated at 90 °C in sealed aluminum
pans (TA Instruments) before being cooled to 0 °C, kept isothermally
at 0 °C for 20 min, and reheated to 90 °C. Heating and cooling were
done at a constant rate of 2 °C/min. Characteristic parameters of the
thermal curves, including onset and peak maximum temperatures for
crystallization and melting (T onset, T,, onset, T, peak, and T}, peak),
were obtained using the software TA Universal Analysis provided by
the instrument supplier.

Microstructure Studies. The microstructure of wax crystals was
observed under normal and polarized light (PLM) using a Leica
DM2500 microscope (Wetzlar, Germany) equipped with a Leica
MC170 HD color camera. For cryo-scanning electron microscopy
(cryo-SEM), deoiling of organogel samples was carried out using
butanol to remove the surface liquid oil in order to visualize the wax
crystals. Precisely, the deoiling was carried out in two different ways:
(1) A known quantity of organogel was weighed in a glass vial
followed by addition of butanol (at a gel:butanol ratio of 1:50 w/w
approximately), which led to the collapse of the gel structure and
resultant sedimentation of the crystalline fraction. After overnight
storage, the supernatant liquid was decanted to collect the sediment,
which was then placed on the sample holder. (2) The organogel
sample was directly placed on a specialized stub (sample holder with
grooves) followed by a dropwise addition of butanol to remove the
liquid oil. The stub was left for overnight drying in inverted position to
drain out all the solvent. The stub was then plunge-frozen in liquid
nitrogen and transferred into the cryo-preparation chamber (PP3010T
Cryo-SEM Preparation System, Quorum Technologies, UK), where it
was freeze-fractured and subsequently sputter-coated with Pt and
examined in a JEOL JSM 7100F SEM (JEOL Ltd., Tokyo, Japan).

Rheological Measurements. An advanced rheometer AR 2000ex
(TA Instruments, USA) equipped with a Peltier system for
temperature control was used for all rheological measurements. A
parallel plate cross-hatched geometry of diameter 40 mm was used
(geometry gap = 1000 um) for the following tests: (a) amplitude
sweeps: oscillatory stress = 0.001—1000 Pa, frequency = 1 Hz, and
temperature = S °C; (b) frequency sweeps: oscillatory stress = 0.02 Pa,
angular frequency = 0.6—240 rads™', and temperature = 5 °C; (c)
temperature ramps: oscillatory stress = 0.02 Pa, frequency = 1 Hz, and
temperature = 90—S °C; (d) stress ramp: shear stress (0.08—300 Pa)
and temperature = S °C; (e) flow-frequency test: samples were
subjected to a range of shear rate = 0.01—20 s~ followed by frequency
sweeps (v = 0.01—10 Hz); and (f) 3-ITT: samples were subjected to
alternating intervals of low and high shear rates (0.1 s~ for 10 min, 1
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Figure 1. Comparative heating (a) and cooling (b) curves of neat waxes; (c) cooling curves of organogels prepared at the C, of respective waxes; and
(d) elastic modulus (G”) at crossover point for organogels prepared at the C, of respective waxes (also refer to Figure S3).

™! for next 5 min, followed by 0.1 s for 10 min) at a temperature of
S °C. The apparent yield stress was measured by fitting the stress
versus shear rate data to a three-parameter model (Hershel Bulkley
model) as discussed later.

Statistical Analysis. Data from texture and sensorial evaluation of
cakes were compared using statistical analysis. An unpaired, two-tailed
Student’s t test was used on the data (SPSS Statistics) to establish the
statistical significance in the differences observed.

B RESULTS AND DISCUSSION

Waxes are a complex mixtures of a number of nonpolar and
polar components with major components being HCs, WEs,
FAs, and FALs with varying carbon chain lengths (representa-
tive molecular structures of main components are shown in
Figure S2). When a liquid dispersion of a melted wax in an
apolar solvent is cooled to temperatures well below the melting
temperatures of wax (supercooling), the components separate
out into crystalline phase that aggregate and further
interconnect to form a 3D network that physically traps the
liquid solvent into a gel structure.**> Depending on the major
component(s) as well as the carbon chain lengths of these
components, the waxes display strikingly different gelation
properties. The goal of this study was to have a detailed
theological profiling of wax-based physical gels in order to
better understand their physical properties. To accomplish the
goal, we selected six chemically diverse (differing in the
proportions of major components) natural waxes: SFW, CRW,
CLW, BZW, BW, and FW as listed in Table S1. DSC melting
and cooling curves of neat waxes are shown in Figure 1a and b.
On the basis of the melting peaks, the samples were categorized
into waxes containing high-, mid-, and low-melting components
(hme, mmc, and Imc, respectively). SFW was predominantly rich
(>95%wt) in WEs and showed single melting and crystal-

lization peaks and, hence, was considered as a monocomponent
wax, while the other five waxes contained at least two chemical
components in high proportions as follows: CRW (WEs, ~62%
wt; FALs, ~30%wt), CLW (HCs, ~73%wt; WEs, ~16%wt;
FAs, ~9%wt), BZW (WEs, ~58%wt; HCs, ~27%wt; FAs, ~9%
wt); BW (FAs, ~96%wt; FALs, ~4%wt), and FW (FAs, ~36%
wt; FALs, ~63%wt). Please note that some FAs in BW and FW
are esterified to a glycerol backbone. The multicomponent
nature of these waxes is further confirmed from multiple
melting and crystallization peaks seen in Figure la and b.

To identify the critical gelling concentration (Table 1), a
series of oily dispersions were made by varying the
concentration of waxes, heating them at 90 °C, and
subsequently cooling the dispersion to 5 °C at a constant
rate of 2 °C/min. The gelation was noted first by simple tube
flipping observation to identify the concentration ranges where
the gels did not flow under the influence of gravity, followed by

Table 1. Critical Gelling Concentration (C,) and
Crystallization Onset (T, Onset) and Peak (T Peak) and
Crossover (T _g) Temperatures (Mean + SD) for Waxes
in Organogels Prepared at Their Respective C,

G, (%
axis wt) T, onset (°C) T, peak (°C) Te e (°C)
SFW 0.5 5727 + 0.05 55.97 + 0.31 459 £ 2.1
CRW 4 54.61 + 0.05 52.83 + 0.44 327 £ 1.3
CLW 075 3872+082 () 3776 £ 084 (I)  13.1 + 09
3406 + 0.12 () 31.14 + 042 (II)
BZW 42.69 + 0.35 40.98 + 0.75 19.0 £ 0.7
BW 6 8.92 + 041 6.27 + 0.03 73 +02
Fw 7 14.87 = 0.11 10.55 + 0.07 173 £ 1.0
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oscillatory rheological measurements (amplitude sweeps) to
distinguish between a gel (G’ > G”) and a viscous sol (G” >
G’) at low applied shear (7,). Oscillatory measurements offer a
convenient way of measuring the flow and deformation
properties of viscoelastic samples and also facilitate the
classification of samples into strong gels, weak gels, and viscous
sols based on frequency sweeps.

For viscoelastic materials, the frequency-dependent functions
G' and G” give a measure of solid-like and liquid-like
characteristics, respectively. Typically, for gels the elastic
component (G’) dominates over the viscous component
(G") at small applied shear and attains a plateau (G'[yg) in
the linear response region (LVR, or linear viscoelastic
region).”* The end of the LVR is marked by the first point
where the G’ varies by 10% of the G’ yy value, and the
corresponding stress at this point is referred to as the critical
stress (7). As the applied shear increases further, a permanent
deformation (yielding) of the materials may occur (G’ = G”),
and the corresponding stress value at this point is referred to as
oscillatory or dynamic yield stress (zgy). ° The 7% represents
the onset of nonlinearity (and hence structure breakdown),
while 74, represents the transition from solid- to liquid-like
behavior, and the zone spanning these two events is referred to
as the yield zone.>**’

There is a significant discussion in the literature relating that
the monocomponent gel formation in apolar solvents by low
molecular weight gelators is usually achieved by a competitive
interplay of fibrous structure formation and crystallization. The
gelator—gelator interactions (mediated via hydrogen bonding,
electron transfer, etc.) need to be anisotropic (unidirectional)
to promote assembly into 1D fibers, and the relative absence of
such interactions in the other two dimensions prevents lateral
growth and subsequent crystallization.’®* The self-assembly
gets more complicated when dealing with multicomponent
systems; when more than one self-assembling components are
present, they can either coassemble (heterogeneous assembly)
or undergo “self-sorting” (coexisting, monomolecular assem-
blies) depending on the intermolecular interactions arisin
from similarities and dissimilarities in the chemical structures.”
As the concentration of the gelator(s) exceeds a certain
concentration (C,), the equivalent spherical volumes of self-
assembled linear aggregates (of anisotropically stacked gelator
molecules) start overlapping and an interconnected 3D
network is formed, leading to the formation of physical
gels."” Such a behavior can be compared to the overlapping of
hydrodynamic volumes of polymeric chains in semidilute
solutions at a defined overlap concentration (C*) that is
specific for a polymer—solvent combination.*"

As seen from Table 1, SFW, CLW, and BZW could form a
gel at a significantly lower concentration ( G < 1%wt), whereas
BW and FW required concentrations as high as 6 and 7%wt,
respectively to gel the liquid oil. The higher C, values for BW
and FW were expected since these waxes are devoid of
components with a larger “carbon backbone”; they are mainly
composed of low-melting short-chain FAs (C,40 Cis.00 Cisi0)
and FALs (C,o_»,). The relatively higher solubility of these
components is also confirmed from the crystallization peaks of
BW and FW organogels (Figure 1c), where the peaks are
shifted to much lower temperatures compared to the peaks of
neat waxes. To further understand the relationship between
crystallization and gelation, a single frequency test was done on
samples where the material functions (G’ and G”) were
measured as a function of temperature (at constant 7 = 0.02 Pa

and v = /27 = 1 Hz). The temperature (Tg_¢) and G’ at the
crossover point (or sol—gel transformation point) for organogel
samples at C, of individual waxes are shown in Figure 1d.
Interestingly, for waxes containing high- and mid-melting
components, a prominent delay in gelation was evident with
T - being much lower than T peak (Table 1), while for BW
and FW the gelation and crystallization occurred simulta-
neously. On comparing the G’ values for the gels at their
respective crossover points, one can assume that the gelation of
BW and FW gels (G’ < 2.5 Pa) is not preceded by extensive
microstructure development, in contrast to the gels formed by
waxes containing high- and mid-melting components. In BW
and FW, most FAs are not free but esterified to a glycerol
backbone, and these nonlinear molecules display lateral packing
leading to the formation of large crystals.

Due to the formation of relatively larger spherical crystal/
crystalline aggregates (Figure 2a—f) by BW and FW (along

Figure 2. Optical microscopy (under normal and polarized light) and
cryo-SEM images of gels of (a—c) BW; (d—f) FW, and (g—i) CLW.
Scale bars = S0 ym (a, b, g, and h); 20 ym (d and e); 10 um (f); and 1
um (i and c).

with a comparatively higher crystalline weight fraction), the
possibility of creating loose entanglements is higher. These
entanglements can act as transient junction points, which can
contribute to the elasticity but sustain only a very low
magnitude of stress, as confirmed from amplitude and
frequency sweeps discussed later in the text. The platelet-like
crystals are clearly distinguishable in spherical crystalline
aggregates of BW (Figure 2c), while flat crystals are seen
radiating outward from the center to form spherical units in the
case of FW (Figure 2f). Among the other four waxes, the most
striking results were observed for the CLW gel, where the G’ at
the crossover point was exceptionally high (~115 Pa), while the
gelation occurred only after completion of the crystallization
event, indicating that gel formation is a result of a significant
reorganization of the crystalline phase at lower temperatures.
As seen from Figure 2h and i, CLW crystallizes into very fine
linear particles that are further organized into an open
aggregate-like structure (Figure 2g). The sparse (noncom-
pacted) packing is also evident from a low birefringence seen in
the polarized light microscopy image (Figure 2h). The
formation of such crystalline particles by CLW is attributed
to a high proportion of linear hydrocarbons (n-alkanes).** The
formation of gels with higher elasticity at lower crystalline mass
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fraction is in agreement with previously reported studies on
CLW-oil organogels.lé’20

The plots from oscillatory amplitude and frequency sweeps
done on organogels are shown in Figure 3. As seen from the

a) 10* = SFW
» BZW

gm’-

O 4q

g 10

o

T S S ) S TS U
102 10" 10° 10" 10> 10°10% 10" 10° 10" 10* 10°
Osc. Stress (Pa) Osc. Stress (Pa)

b) oo..oooaooo..oaoo
10° el
’a .... " AAA
e l-lll:::::>>>’; AAAAAAAAAA“AQAAA
s b P .- 28 255
g DDDD Ayg% %00
o at
O 402 DDDD.nggv %
1075535602555 = SFW[ 0 « CRW
c<>QAA » BZW e I
0¥ + BW ‘
0’ 02 01 n2
100 4 (rads”) 10 10" (rads?) 10

Figure 3. (a and b) Amplitude (at v = 1 Hz) and frequency (at 7 =
0.02 Pa) sweeps for gels made at the C, of respective waxes. G’ and G”
are shown as filled and open symbols, respectively.

graphs, none of the studied samples satisfied the rheological
definition of a “strong gel” (G"/G’ (w) < 0.1). However, the
CRW gel did show the least frequency dependence (more or
less linear curve in Figure 3b), higher G’|y value, and higher
oscillatory yield stress in comparison to other gels. As discussed
earlier, the elasticity of BW and FW organogels is attributed to
loose entanglements of large crystals, and because of this
structure, the gels can sustain only a lower magnitude of stress,
which is confirmed from low values of dynamic moduli in the
linear response region. Moreover, these gels also showed very
low values of 7* (<0.05 Pa) and a narrow yield zone with 7 ,
<0.25 Pa.

The yield zone or, more specifically, the slope of the curve in
the yield zone gives information about the breakage of
intermolecular forces holding up the structure. A narrow yield
zone points at the fact that the structure breakdown occurs at
once (all bonds break at the same force). The weak structure of
BW and FW gels is further evident from a prominent crossover
(tan § = G"/G’ > 1) at higher , which is a confirmation of
structure breakdown at high rates of deformation. When
comparing the gels made with waxes containing hmc, it can be
seen that SFW gel was much softer than CRW and yielded at
much lower force (74, = 9.9 Pa compared to 19.8 Pa for the
CRW gel). However, it should be noted that SFW gel was
formed at a C, of only 0.5%wt, whereas a high C, of 4%wt was
required for CRW.

The differences in C, can be explained from the morphology
of crystals formed in these two gels (Figure 4a—f). SFW crystals
had an anisotropic, rod-like morphology (with lengths spanning
the micrometer range), which is considered to be the most
desirable shape of elementary assemblies (building blocks) to
immobilize a large volume of solvent for efficient gelation.>®
The rod-like morphology of SFW is attributed to its high
content (>95%wt) of wax esters, which are known to be the

Figure 4. Optical microscopy (under normal and polarized light) and
cryo-SEM images of gels of (a—c) SFW; (d—f) CRW; and (g—i) BZW.
Scale bars = 50 ym (a, b, d, and e); 20 um (g and h); 10 um (c and f);
and 1 pm (i).

main components resgonsible for excellent gelation behavior of
most natural waxes.'”'>** Interestingly, in recently published
work by Blake and Marangoni,** they have concluded based on
cryo-SEM imaging that the morphology of SFW (along with
other waxes such as CLW and rice bran wax) was “platelet-like”,
contrary to the observed morphology in the current work. In
the case of CRW, the three-dimensional crystals of less than 10
um in size are seen stacked closely together into larger
aggregates (50—100 um), and thus, a relatively higher
crystalline mass fraction is required for gelation because the
network formation is expected to be a result of the overlapping
of spherical volumes of these aggregates. For waxes with mmc,
both CLW and BZW gels showed similar frequency depend-
ence, but the gel formed by BZW was comparatively more
brittle and showed breakdown and yielding at lower stress
values. The crystal morphology in the BZW gel was quite
different from other waxes, showing a distinct “sea urchin”-like
morphology (Figure 4i). Formation of such interestingly
organized structures has been explained through crystal design
and engineering and is attributed to a two-stage crystallization
process initiated by a three-dimensional spherulite formation at
the nucleation center followed by the organization of needle-
like crystals in the outer layer, resulting in a radially oriented
growth.*** Such structures are also easily identifiable when
viewed under an optical microscope (Figure 4g and h).

The yielding-type behavior with a strong shear thinning
nature of all the gels is evident from the curves of apparent
viscosity (napp) versus shear rate () as shown in Figure Sb.
Flow parameters such as apparent yield stress (,,,7,) and flow
index (n) were calculated by fitting the data to a three-
parameter model (Hershel Bulkley, eq 1).

T= oty T K (1)
where K = consistency coefficient and y = shear rate.

The Hershel Bulkley model is one of the most commonly
used models for characterizing materials that display non-
Newtonian behavior after yielding, and the value of n can be
used as a measure to define the degree of shear thinning (n < 1)
or shear thickening (n > 1) of the material. All the gel samples
showed a prominent shear thinning flow behavior (n < 1), but
the degree of shear thinning was highest for CRW gels, which
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Figure S. (a) Data from stress ramp shown as shear viscosity versus
shear stress and (b) apparent viscosity (napp) versus shear rate.

incidentally also had the highest 7, (Table S2). In addition,
the CRW gel also showed the highest static yield stress (TSY)
determined from the plots of the stress ramp (Figure Sa). The
7,, measured using methods such as stress ramp and stress
growth is defined as the minimum stress required for initiating
flow, whereas the .7, determined by model fitting is defined as
the minimum stress required for maintaining flow and is often
lower in values than the former.””**” The 7,y and 7, for all
the gels were close to each other except for the CRW gel, where
the 7, was almost 3 times larger than ,7,. Such a big
difference in stresses required for initiating and maintaining
flow is taken as an indication of the existence of more than one
structure that makes up the body of a material*”*” One of
these structures is built up only during rest and can undergo
breakdown under relatively lower shear, while a more robust
structure that can withstand moderate shear rates contributes to
the appry.46’47 Since 7, is a consequence of combined structures,
it is expected to be higher than ,,,7,. The high zero-shear
viscosity of CRW gel (Figure Sb) confirms that the network
structure is built up by overlapping spherical volumes of large
aggregates, and a strong shear thinning behavior is a
consequence of the disruption of aggregate clusters into
smaller ones, which is driven by the mechanical energy. It is
also important to note that although the yield stress values of
these gels are rather low, they are still appreciably high to
prevent gravitational settling of the particle network that
structures the gels,32 which was also confirmed from the
absence of any phase separation in our samples stored for more
than a month at 5 °C. Moreover, the stored samples were also
periodically tested using oscillatory rheological measurements
to evaluate any structure changes over 4 weeks of storage, and
the results (Figure S4) confirm the stability of these gels.
Thixotropy has been defined in different ways by different
authors over the years. While some authors refer to thixotropy
simply as a time-dependent decrease in viscosity at a constant
shear rate, other authors also include the reversible and gradual
recovery of the consistency (which was lost on shearing) when
the stress or shear rate is removed.**">° The term “gradual”
when understood in terms of “finite time” required for structure
recovery, makes the definition of thixotropy complete by
enabling the inclusion of shear-thinning materials that show a
rapid recovery (near zero time of recovery), which were
previously known by the term “structural viscosity”.>* The word
“reversible” could mean both a complete recovery (viscosity
attains the original values or almost close to the original values
on removal of shear) or a less desirable, partial recovery (flow-
induced irreversible structural changes leading to an irreversible
loss in viscosity on removal of shear). Thus, the thixotropic

behavior is best studied by tracking the material response
resulting from stepwise changes in shear rate, as the coupled
effect of time and shear rate can be clearly separated in such
experiments.”>> A specific rheological test that is utilized to
measure thixotropy is known as 3-ITT; it consists of three
consecutive steps in control rate mode with alternating low and
high shear rates.*® The fraction of Napp Tecovered in the third
step or interval gives a measure of thixotropic recovery of the
material.*>>* The plots from 3-ITT done on organogels are
shown in Figure SS. The thixotropic recovery for the gels were
as follows: SFW (43.52%), CRW gel (15.84%), CLW
(58.64%), BZW (67.34%), BW (80.77%), FW (56.52%). The
CRW gel showed the least thixotropic recovery among the
studied gels in spite of having a comparatively highest viscosity
at rest as well as the highest 7, and ,,,7,. Such behavior is
usually associated with brittle gels that display a high gel
strength and a narrow LVR as well as yield zone. However,
from the results discussed in Figure 3, the CRW gel did not
show a “brittle-type” failure, as confirmed from a broader yield
zone, which indicates that the bonding in the network of
crystalline particles is more heterogeneous, leading to a
nonuniformity in bonding strength and consequent “ductile-
type” failure.>* This nonuniformity in the bonding strength is
also evident from almost a 3-fold difference between
(~20.06 Pa) and ,,7, (6.99 Pa), which basically tells us that
3 times higher force is required to initiate the flow compared to
maintaining flow. The network structure in CRW can thus be
assumed to be a random agglomeration of aggregated
crystalline particles, and the local bonding strength among
the aggregates may be stronger in certain regions compared to
other regions due to localized crowding of aggregates. As the
gel is sheared, with time, the structure breaks down into smaller
clusters of aggregates that can contribute to the viscosity
enhancement of the solvent, but the restructuring of these
clusters into a coherent network is avoided because the
Brownian motion is overcome by shear forces. In contrast, BW
and BZW gels showed a reasonable thixotropic recovery
(80.77% and 67.34%, respectively). From the microstructure
studies, these two gels show spherical-type building units that
are connected together into a network by a weak yet more
uniform type of bonding (homogeneous bonding strength),
and thus, all bonds can be broken down at the same applied
force (supported well by narrow yield zone seen for these
samples), resulting in a flow-induced structure breakdown that
is non-time-dependent (linear curves in first and third interval
of 3ITT, Figure SS). To further understand the structure of the
sheared sample, mixed flow-oscillatory measurements were
carried out on samples by first subjecting them to increasing
shear rates from 0.01 to 20 s™* followed by frequency sweeps
(0.01—10 Hz or 0.06—62.8 rads™'). The graphs of shear moduli
plotted as a function of angular frequency are shown in Figure
6. As seen from the figure, the quick recovery from flow-
induced structure breakdown was seen only in BW and BZW
samples (G’ > G” at w, = 0.06 rad s™"), while the rest of the
gels showed liquid-like behavior at low frequency. CRW gels,
on the other hand, showed complete liquification, with a
viscous component dominating over the entire frequency range.
On comparing these curves with results from frequency sweeps
done on unsheared samples, it can be seen that, out of the six
waxes studied in this work, CRW showed a maximum loss of
structure (G’ values showing more than 100-fold reduction
after the flow step), while BW showed the least structure loss
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Figure 6. Data from frequency sweeps (from the flow-frequency tests)
done on samples that were subjected to the flow test.

(G’ values showing close to 2-fold reduction after the flow
step), which is in agreement with 3ITT results.

To conclude, the rheological behavior of wax-based physical
gels can be assumed to have characteristics of a flocculated
suspension (at low volume fractions of colloidal particles) as
well as a semidilute polymer solution. At a certain
concentration, C, (analogous to C* in the case of a semidilute
polymer solution), a 3D network or agglomeration of
aggregated crystalline particles is created to form a viscoelastic
gel, which might show “ductile-type” or “brittle-type”
deformation under applied shear depending on the uniformity
of bonding strength connecting the aggregated particles (as
seen in a flocculated suspension). The C, and the rheological
behavior are strongly influenced by the morphology of the
primary crystalline particles as well as the subsequent
aggregation of these primary particles, which, in turn, depends
on the chemical components present in waxes. The waxes
studied in this work are of natural origins, and thus, they can be
used for potential applications in biorelated fields such as food,
pharmaceutical, and cosmetics industries.>> For instance, the
gelling of edible oils at such low concentrations of waxes can be
exploited in the formulation of food products with low
saturated fat content. The information obtained through this
work will help us in setting criteria for selecting waxes. For
instance, it is not the melting range but the relative proportion
of individual chemical constituents that determines the
rheological properties of obtained gels. However, since these
gels are rather “weak” in nature with high shear sensitivity and
low thixotropic recovery, incorporation of high-melting fats will
be necessary to obtain structured oil systems (ie., hybrid
systems) with desired properties for actual food applications.*®
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