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SUMMARY: Saturated and trans fatty acids play a significant role in the plastic properties of food. However,
health recommendations suggest limiting their intake. One approach which got the attention of researchers
was to decrease the amount of saturated and trans fatty acids in food by the structuring of edible oils through
the crystallization of waxes. The underlying mechanisms that lead to organogelation and the properties that
characterize well-structured edible oil have been slow to fully understand due in part to a lack of standardiza-
tion in their analysis which often makes the comparison between research results from different laboratories
difficult. The aim of this work was to review previously reported methods for the characterization of organo-
gelation using vegetable and animal waxes, and to propose a minimal standardization for an organogelation
analysis.
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RESUMEN: Propuesta de una metodologia estandar para la caracterizacion de la organogelificacion de aceites
comestibles con ceras. 1.os acidos grasos saturados y trans juegan un rol significativo en las propiedades plasticas
de los alimentos. Sin embargo, las recomendaciones de salud sugieren limitar su consumo. Un enfoque que han
propuesto investigadores cientificos es la disminucion en la cantidad de grasas trans y saturadas en la alimenta-
cion por medio de la estructuracion de aceites comestibles a partir de la cristalizacion de ceras. Los mecanismos
por los cuales la organogelificacidon ocurre, asi como las propiedades que caracterizan una buena estructuracion
del aceite, han sido descubiertos lentamente debido en parte a la falta de estandarizacion de los analisis impli-
cados, lo que frecuentemente vuelve dificil la comparacion entre resultados de investigacion de distintos labo-
ratorios. El objetivo de este trabajo es realizar una revision de los principales métodos para la caracterizacion
de la organogelificacion y de los organogeles formados usando ceras vegetales y animales, proponiendo una
estandarizaciéon minima del analisis de organogelificacion.
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1. INTRODUCTION

Chocolate, margarine, shortening, whipping
cream, dips, sauces, salad dressings, spreads and
cookies are examples of food products in which oil
structuring can be used to improve their sensorial
characteristics, reduce defects caused by oil migra-
tion and replace frans and saturated fatty acids
(Sato, 2001; Co and Marangoni, 2012; O’Sullivan
et al., 2016). Oil structuring is done by means of
compounds, organogelators, with properties to
structure an oil into a gel-like material (Co and
Marangoni, 2012). A gel is a substance with a per-
manent, on-time scale, continuous macroscopic
structure and dimensions, which must exhibit
solid-like rheological behavior despite its high lig-
uid-volume fraction (Flory, 1953). A gel is named
“hydrogel” when the immobilized liquid phase is
hydrophilic and “organogel” when it is hydrophobic
(Terech and Weiss, 1997; Blake et al., 2014).

An Organogel is described as a crystalline 3D net-
work of low-molecular-weight organic compounds
of colloidal dispersion in a non-polar medium
(Terech and Weiss, 1997; Co and Marangoni, 2012;
Blake et al., 2014). From this affirmation some
points must be understood before continuing the
discussion. First, up until now, the presence of
crystals has been considered mandatory to form
an organogel. Second, organogelators present a
molecular weight lower than polymers, which are
the most common hydrogelators, and that is why
organogelators are known as low-molecular-weight
compounds (Terech and Weiss, 1998). Finally, the
crystalline 3D network is a mix of crystal-liquid
and crystal-crystal interactions along with the pos-
sible presence of nanoscale crystalline fibrils with
a matrix which is capable of entrapping oil (Smith,
2009). Nanofibrils with tubular, helical and twisted-
type crystal morphologies were observed only in the
crystallization of organic compounds with strong
polar regions such as fatty acid metal salts, steroids,
anthryl derivatives, organic compounds with steroi-
dal and condensed aromatic rings, amino acids, and
organometallic compounds, among others, in non-
edible organic solvents (Terech and Weiss, 1997;
Smith, 2009; Singh ez al., 2017). It is believed that
in these cases the molecular assembly into crystals
is controlled by non-covalent interactions, result-
ing in a structure with a fibrillar appearance, simi-
lar to hydrophilic polymeric arrangements in water
(Terech and Weiss, 1997; Smith, 2009).

Edible oils have been organogelated by com-
pounds with long carbon chains, such as esters,
alkanes, free fatty acids and fatty alcohols. The dom-
inance of Van-der-Wall’s intermolecular interaction
between compounds with long carbon chains may
be the cause of the needle-type crystal formation
(Dassanayake et al., 2009; Blake et al., 2014). These
needle-type crystals had not yet been observed at

the nanoscale level, but in organogels with a high
concentration of esters, the needle-type crystals
presented a microscale fibrillar appearance (Blake
et al., 2014). The presence of minor compounds
may cause a cluster of needle-type crystals (Blake
et al., 2014), but non-clustered needle-type crystal
morphology was related to better oil structuring
(Dassanayake et al., 2012; Hwang et al., 2012). An
x-ray diffraction analysis confirmed that needle-
type crystals are responsible for edible oil organo-
gelation and that the crystals came exclusively from
the organogelator (Blake et al., 2014; Dassanayake
et al., 2012; Ogiitcli and Yilmaz, 2014).

Vegetable waxes have been considered an inter-
esting source of organogelators due to their com-
position and wide availability. They are present on
the surface of the aerial parts of plants as a com-
ponent of the cuticle and any plant is a possible
vegetable wax source (Pollard et al., 2008). Further,
vegetal waxes are composed of primary and sec-
ondary alkanols (C20 — C36), alkanes (C21 — C35),
triterpenoids, alkyl esters (C32 — C54), p-diketones,
aldehydes (C20 — C34), fatty acids (C14 - C34) and
alkylresorcinols (del Rio ez al., 2013). However, it is
known that wax composition may vary in relation
to plant source, extraction methods, plant parts and
age of the plant (Ensikat ez al., 2000). Consequently,
composition could also drastically affect the oil’s
structuring capacity (Co and Marangoni, 2012). For
instance, vegetal waxes with a higher concentration
of esters are present better organogelation capacity
(Hwang et al. 2012; Blake et al., 2014).

Recently, researchers have shown a growing inter-
est in studies concerning vegetable wax organogela-
tion in food grade products due to its technological
possibilities. Hwang et al, (2013) observed that
margarine made from soybean oil and structured
by sunflower wax presented interesting technologi-
cal properties and could substitute margarines with
higher concentrations of frans and saturated fatty
acids. Hazelnut oil structured with sunflower wax
(5% wlw) was used as shortening in the prepara-
tion of cookies (Yilmaz and Ogiitcii, 2015b). The
sensory characteristics, texture and stability of the
cookies were evaluated and compared with control
cookies which were made with commercial shorten-
ing. The results demonstrated that sunflower wax in
hazelnut oil organogel was able to satisfactorily sub-
stitute commercial shortening.

The application of organogel to develop food
products may turn into a process of trial and error
when the relevant properties of organogel to make
a good final product are unknown. Moreover, it is
difficult to evaluate which type of organogel is bet-
ter for each product without a method of standard-
ized analysis. The aim of this work was to present
a literature review about the most common and
relevant methods used to analyze organogelation
with the purpose of standardizing the methodology
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for characterizing organogelation. Previous results
published in the literature will be shown and com-
pared where they apply in order to better explain the
objective of each analysis.

2. PREPARATION OF ORGANOGEL

The first step in organogel preparation is heating
the solution of vegetable wax in edible oil to form
a homogeneous solution, which is heated to tem-
peratures between 70 and 90 °C using a heat plaque,
convection oven or water bath (Dassanayake et al.,
2009; Hwang et al., 2012; Blake et al., 2014; Yilmaz
and Ogiitcii, 2015). In fact, temperatures may vary
from one work to another because higher temper-
ature is necessary for the complete melting of the
crystals than for the melting of the solution. It is
also advisable to maintain an elevated temperature
for a certain period of time to avoid an effect called
“crystal memory”, which could influence the crys-
tallization and, consequently, the organogelation
(Hartel 2001).

Blake er al, (2014), for instance, maintained
solutions of rice bran, sunflower, candellila and car-
nauba wax in canola oil at 90 °C for 30 min before
analyses. Although not necessary, some authors
have heated the samples under stirring (Fayaz et al.,
2016).

Directly after heating comes the critical process
for the formation of organogel, the cooling (Hartel,
2001). The most commonly-used cooling pro-
cess applied to the solutions to form an organogel
has been keeping the sample at room temperature
(20 °C) until thermal equilibrium is reached without
agitation (Dassanayake et al., 2009; Hwang et al.,
2012; Hwang et al., 2013; Blake et al., 2014; Yilmaz
and Ogiitcii, 2015). Sufficient resting time to allow
temperature to equilibrate, and crystals to form com-
pletely has been about 24 hours (Blake et al., 2014;
Fayaz et al., 2017). A prolonged period of rest is
recommended to avoid the need for an analysis of
non-stable crystals present in the organogel just after
cooling (AOCS Official Method, Cd 16-93, 1997).
The method to produce an organogel which includes
heating, cooling and rest period, will from now be
named “tempering” in an allusion to the well-known
process of chocolate tempering.

2.1. Critical concentration

There is a growing consensus among authors
regarding the importance of determining the mini-
mum concentration of vegetable wax needed to
form an organogel at room temperature (Hwang
et al., 2012; Blake et al., 2014; Sagiri et al., 2015).
The lowest concentration of a vegetable wax needed
to structure an oil is named “critical concentration”.
Vegetable waxes with the lowest critical concentra-
tions have shown the best organogelation properties

(Hwang et al., 2012; Hwang et al., 2013; Blake et al.,
2014). The samples used to determine the critical
concentration may be prepared and passed through
the tempering process directly in the analysis vials.
Oil structuring is determined visually when after
cooling and rest time provided there is no gravita-
tional flow of the solution (Hwang et al., 2012). In
all the articles about vegetable wax organogelation,
the concentrations used to produce organogel and
determine the critical concentration belong to the
group of natural numbers. Exceptions arise in cases
where the critical concentrations are lower than 1%,
for instance, sunflower wax was able to structure
soybean oil at 0.5% w/w (Hwang et al., 2012).

2.2. Phase transition

Since the critical concentration was determined
through the analysis of apparent solid behavior in a
test tube, a second analysis was carried out to prove
the oil structurating. This characterization is usu-
ally carried out in a rheometer, based on the small
amplitude oscillation test (Lupi et al., 2012; Lupi
et al., 2013; Blake et al., 2014) through controlled
stress analysis using parallel plates or cone and plate
geometries.

To understand organogel structuring and when
it happens, a rheological analysis must be developed
following a temperature program that represents
organogelation tempering as close as possible. For
instance, authors have performed the controlled
stress analysis during a temperature ramp from
between 70 and 95 °C to under 20 °C, at cooling
rates from 1 to 5 °C/min (Lupi et al., 2012; Lupi
etal.,2013).

At elevated temperatures, a solution is at its liq-
uid state and its loss modulus (G”) is higher than
its storage modulus (G’). But during the process of
cooling, a solution that changes from a liquid to
solid-like state will present a temperature at which
G” and G’ crossover. This point is considered the
phase transition. So, it is implicit that a structured
organogel at room temperature (20 °C) will pres-
ent values of storage modulus (G’) higher than loss
modulus (G”). From the values of storage modu-
lus and loss modulus, it is possible to calculate the
phase transition angle (8), which is the angle cor-
responding to the tangent of the ratio between loss
modulus and storage modulus. Phase angle transi-
tion equal to 45 °C may also indicate the moment of
phase transition. (Lupi et al., 2012).

Interesting rheological results were obtained by
Lupi et al., (2012) and Lupi et al., (2013). In both
works they observed that wax concentration is
related to the organogelation temperature and the
onset of crystallization temperature. Furthermore,
the organogelation temperature was always at
lower temperatures than the onset of crystallization
temperature. These results are interesting because
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since the onset of crystallization temperature is the
temperature at which the first crystals are consid-
ered to appear, crystal presence is mandatory for
organogelation.

Crystallization is a generic term used to describe
all the steps in the process to form a crystal. In a
timeline sequence, crystal formation follows three
basic steps, starting from supersaturation of the
crystallizable compounds, nucleation and, then,
crystal growth (Mullin, 1961; Hartel, 2001). Figure 1
presents a schematic representation of saturated tria-
cylglycerol (TAG) at an elevated temperature, where
TAG is a liquid state (Figure 1a). With temperature
reduction, TAG molecules start to supersaturate
and pack in organized systems that do not last long
enough to form a crystal (Figure 1b). This state of
supersaturation, where crystallizable molecules are
not able to form crystals by themselves, is known
as the “metastable state” (Mullin,1961). At these
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FIGURE 1. Schematic representation of saturated triacylglycerol
molecular packing during cooling. Straight green molecules
represent the stable molecular packing that will form crystals
(Figure 3). Tocis the onset of crystallization temperature, which
is the temperature at which the crystals start to form.

temperatures, crystallization is possible with external
help, such as the presence of crystal seeds, agitation
and mechanical shock (Mullin, 1961).

A temperature which is low enough to allow the
formation of the first crystals is known as the “onset
of crystallization temperature” (7, Figure 1).
Under T, the molecular packing can organize into
stable crystalline structures, with a nucleus of big-
ger crystals (Figure 1c). Further temperature reduc-
tion may cause a higher degree of supersaturation,
promoting crystal growth and new crystal formation
(Figure 1d).

In a multi-component system, such as solutions
of vegetable waxes in vegetable oil, supersaturation
may be affected by the presence of different types
of compounds (Mullin 1961). Therefore, nucleation
may be assisted or avoided, depending on the char-
acteristics of the compounds present. A negative
influence on the onset of crystallization and gela-
tion temperatures due to addition of cocoa butter
to a solution of Myverol in olive oil was observed
(Lupi et al., 2012). While the presence of hydro-
carbons (6-7%) and free fatty alcohols (11-13%)
in sunflower waxes seems to have improved itd
organogelation capacity (Hwang et al., 2012; Blake
etal,2014).

2.3. Thermal analysis

The analysis of organogel and vegetable waxes
in differential scanning calorimetry (DSC) is one
of the most common analysis in the fiel. The term
“differential scanning calorimetry” refers to a tech-
nique able to measure the movement of heat in
(endothermic) and out (exothermic) of the sample
(Rheingans and Mittemeijer, 2015). The method-
ology allows precise control of temperature and
accurate determinations of phase transition tem-
peratures, enthalpy and heat capacity. The most
adequate protocol of analysis is one that similar
to phase transition analysis, is able to represent the
tempering used to prepare the organogel. A tem-
perature program coinciding with a rheological
analysis allows for comparisons (Lupi et al., 2012;
Lupi et al., 2013). In fact, even when a rheological
analysis is not carried out, authors have developed
a thermal analysis in DSC with a temperature pro-
gram similar to organogel tempering (Dassanayake
et al., 2009; Ogiitcii and Yilmaz 2014; Ogiitcliand
Yilmaz, 2015a; Ogiitcili and Yilmaz, 2015b).

The most common temperature program for
determining the organogelation parameters in DSC
is to increase the temperature of the organogel up
to 100 °C and cool at nearly 0 °C, at a cooling rate
from 1 to 5 °C/min (Lupi et al., 2012; Lupi et al.,
2013). The sample cooling step in DSC allows for
determining the onset of crystallization temperature
(Figure 2, Onset), and other parameters, such as the
temperature of the main peak of crystallization
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FIGURE 2. Schematic representation of the results obtained from DSC during analysis of crystallization. Onset,
Peak and Endset are parameters obtained during cooling or crystallization analysis and are temperatures (°C).

(Figure 2, Peak), endset of crystallization tempera-
ture (Figure 2, Endset) and the enthalpy of crystal-
lization (Figure 2, Area under the curve) that could
be used to characterize vegetable wax crystallization
in oil (Aggarwal, 2000; Tan and Nehdi, 2015). The
onset of crystallization temperature became the
most important parameter once it was shown that
no organogelation happens without the presence of
crystals (Lupi et al., 2012).

Table 1 presents the onset of crystallization tem-
peratures of different solutions of vegetable waxes
in edible oil from the literature that were structured
at room temperature. In Table 1 the influence of the
wax and oil composition on the onset of crystalli-
zation temperature can be seen. In addition to the
presence of crystals, a minimal amount of crystal
is needed for oil structuring and this is why there
are some differences between crystallization and
organogelation temperatures (Lupi et al, 2012).
The amount of crystals present in the organogel can
be determined using laboratorial nuclear magnetic
resonance as explained below.

2.4. Solid fat content

The determination of solid fat content frequently
follows an AOCS Official Method, which the most
appropriate would be the Cd 16-93 (1997) for non-
stabilizing fats and oils, used to analyze fats like
cocoa butter substitutes and replacers with fast crys-
tallization. This is a non-destructive method that
uses Nuclear Magnetic Resonance (NMR) labora-
torial equipment. The tempering process stipulated
in the protocol is similar to organogel tempering,
which allows comparison with other results.

The content of solids in organogels is in general
smaller than the proportion of waxes added to the
solution, which indicates that all the crystals pres-
ent in the organogel are from the vegetable wax
without further alterations in the oil (Dassanayake

etal.,2009). It was also observed that organogelation
rarely occurs in solutions with less than 3% solids
(Table 1). Unfortunately, the authors who obtained
organogel at a low vegetable wax concentration
(< 1%) did not analyze the solid fatty content of the
solutions at critical concentration (Hwang et al.,
2012; Blake et al., 2014). X-ray diffraction analysis
can be used to verify whether the crystals present in
the bulk vegetable waxe and in the organogels are
the same, corroborating with the previous idea that
the crystals are only from the vegetable waxes.

2.5. X-ray diffraction

X-ray diffraction is a rapid analysis that has been
widely used to understand organogelation. However,
the theory behind it is complex and deserves
some attention. A good explanation about the
x-ray diffraction (XRD) theory may be found in the
work by Idziak (2012). What is important to under-
stand here is that during crystallization, molecules
are initially packed (Figure 3A) and form sub cells
(Figure 3B), which are the structuring parts of the unit
cells (Figure 3C and 3D, Mullin, 1961; Hartel, 2001;
Idziak, 2012). A unit cell is a highly organized struc-
ture with 2 and 3-dimensional space configurations
and is the fundamental building block of a crystal
(Idziak, 2012). A crystal will have the same geometry
as the unit cells and may be called cubic, tetragonal,
orthorhombic, trigonal, hexagonal, monoclinic and
triclinic, depending on the angle between plains of
the 3D geometry faces (Figure 3E) and the distance
between parallel lattices and the face under the analy-
sis (Figure 3F, d-spacing). Figure 3F shows a repre-
sentation of the x-ray of diffraction analysis, where
d-spacing is shown as the distance between two lat-
tices and obtained by applying Bragg’s law, as pre-
sented in equation (1):

n 1 =2dsin (0) eq. (1)
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TABLE 1. Values of onset of crystallization temperature, OBC and SFC for different organogels obtained from the literature

Vegetable Wax

Vegetal Wax Oil Concentration (%) Onset (°C) OBC (%)  SFC (%) 20°C
Rice bran wax"* Salad Oil(2) 50 70.1 - -
Rice bran wax'"* Salad Oil(2) 40 68.8 - -
Rice bran wax'"* Salad Oil(2) 20 66.3 - -
Rice bran wax"* Salad Oil(2) 10 60.3 - -
Rice bran wax'"* Salad Oil(2) 5 57.9 - -
Rice bran wax"* Salad Oil(2) 3 56.6 - -
Rice bran wax"* Salad Oil(2) 1 48.1 - -
Rice bran wax" Canola Oil 5 - - 3.610.1
Rice bran wax” Canola Oil 6 - - 4410.0
Rice bran wax” Canola Oil 7 - - 5.0%0.2
Rice bran wax” Canola Oil 8 - - 54+0.1
Rice bran wax” Canola Oil 9 - - 6.0+0.2
Rice bran wax” Canola Oil 10 - - 6.9%0.2
Sunflower wax” Canola Oil 5 - - 42+0.2
Sunflower wax” Canola Oil 6 - - 4.8£0.0
Sunflower wax” Canola Oil 7 - - 6.5+0.1
Sunflower wax” Canola Oil 8 - - 5.610.1
Sunflower wax” Canola Oil 9 - - 7.3£0.1
Sunflower wax” Canola Oil 10 - - 8.4+0.1
Candellila wax" Canola Oil 5 - - 4.1£0.1
Candellila wax" Canola Oil 6 - - 48+0.1
Candellila wax” Canola Oil 7 - - 58%0.2
Candellila wax" Canola Oil 8 - - 6.7%0.0
Candellila wax" Canola Oil 9 - - 7.5%0.2
Candellila wax" Canola Oil 10 - - 84102
Carnauba wax" Canola Oil 5 - - 45%0.3
Carnauba wax" Canola Oil 6 - - 55102
Carnauba wax" Canola Oil 7 - - 6.4+0.1
Carnauba wax" Canola Oil 8 - - 7.5%0.2
Carnauba wax" Canola Oil 9 - - 8.4+0.1
Carnauba wax” Canola Oil 10 - - 9.2£0.1
Carnauba Wax‘ Virgin Olive 7 53615 71.7t1.6 59+0.1
Carnauba Wax*‘ Virgin Olive 10 56.8+0.6 934104 8.510.1
Saturated Monoglyceride™ Virgin Olive 3 37+0.5 62.3+£0.5 2.8+0.1
Saturated Monoglyceride™ Virgin Olive 7 452+03 80.7%x53 5.5+1.2
Saturated Monoglyceride™ Virgin Olive 10 49015 999%0.1 9.4+0.0
Carnauba Wax" Pomegranate seed 7 557105 733%3.6 6.310.0
Carnauba Wax" Pomegranate seed 10 56.2+1.7 973127 8.710.0
Saturated Monoglyceride™ Pomegranate seed 7 438+ 1.3 54+1.8 7.0 £0.1
Saturated Monoglyceride™* Pomegranate seed 10 485t 1.1 72.3+0.1 9.4+0.2
Beeswax with butter aroma® Virgin Olive 5 - 990 3.520.0
Beeswax with strawberry aroma® Virgin Olive 5 - 9 +0 3.610.1
Beeswax with banana aroma® Virgin Olive 5 - 99 £0 3.6+0.1
Sunflower wax with Strawberry* Virgin Olive 5 - 99 £ 0 34100
Sunflower wax with butter aroma* Virgin Olive 5 - 9 £0 3.510.2
Sunflower wax with banana aroma® Virgin Olive 5 - 97+0 34+0.1
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TaABLE 1. (Continued)
Vegetable Wax

Vegetal Wax Oil Concentration (%) Onset (°C) OBC (%)  SFC (%) 20 °C
Carnauba Wax' Canola 15 629+25 994+%0.2 13.0-14.0
Carnauba Wax' Canola 10 60.3+0.5 99.0+0.2 9.5-10.5
Carnauba Wax' Canola 5 543+%3 85.1+4.2 4.0-5.0
Beeswax' Grapeseed 15 217202  995%0.2 12.5-13.5
Beeswax' Grapeseed 10 198103 99.7%£0.5 7.5-8.5
Beeswax' Grapeseed 5 151£19  99.5+£0.1 3.0-4.0

Cooling rate in DSC was 5 °C/min for almost all samples, except for rice bran wax organogels, which were analyzed with a cooling rate

of 2 °C/min and were marked with the number ';
Indlcates a mix of Canola and Soybeen oil (50: 50)

*Identify organogelators based on hydrogenated palm oil (EEC-no E 471, F DA-CFR-no0.184.1505).
Dassanayake et al., 2009; *Blake et al.,2014; ‘Ogiitcii and Yilmaz, 2014a; *Ogiitcii and Yilmaz, 2014b; “Ogiitcii and Yilmaz, 2015; and

Yi et al., 2017.

where n is the order of reflection, A is the wave-
length of the incident x-rays, d is the interplanar dis-
tance and 0 is the angle between lattice and incident
x-ray. The most commonly used source of x-rays
is copper (Cu), which emits radiation with a wave-
length of 1.54 A (Marangoni and Wesdorp, 2013).

Since vegetable wax could be used as an additive
or trans and fully saturated fatty acid substitute in
lipid based products, it would be beneficial for veg-
etable wax compound to present a sub cell structure
configuration which is similar to lipid crystals. For
instance, triacylglycerols may crystallize in a, " and
/8 sub cell polymorphisms, which have hexagonal,
orthorhombic and triclinic crystalline geometry,
respectively (Sato, 2001; Dassanayake et al., 2009;
Idziak, 2012). The capacity that triacylglycerols have
to pack in several ways causes changes in the sub
cell structure and, by consequence, alters the unit
cell organization, what is known as polymorphism
(Sato, 2001; Hartel, 2001). 5’ is considered the opti-
mal triacylglycerol polymorphism for milk fat-based
food and substitutes due to its thermodynamic
properties, stability and better texture and mouth-
feel than other polymorphisms (Dassanayake et al.,
2009; Hartel, 2001).

In x-ray diffraction analysis the sub cell packing
may be characterized by the number of peaks and
the distance between lattices (d), or plans of unit
cells (Dassanayake et al., 2009; Idziak, 2012). For
instance, triacylglycerol presents crystals at a con-
figuration when one peak is detected with d-spac-
ing at 4.15 A, p” when a main peak with d-spacing
at 4.2 A is present and a second peak at 3.8 A and,
p configuration presents one peak with d- spacing
at 4.6 A.

The relation between the number of peaks,
d-spacing between lattices of vegetable waxes and
organogels of vegetable waxes in edible oil is pre-
sented in Table 2. The authors have identified crys-
tals either in the bulk vegetable waxes or in the
organogel with an x-ray diffraction pattern close to

triacylglycerols in the 8 polymorphic configuration
(Table 2). This is an interesting result because it indi-
cates the possibly good technological and functional
properties of vegetable wax crystals. Furthermore,
a similar x-ray diffraction pattern of bulk and
organogel shows that crystals come exclusively from
the neat vegetable wax (Dassanayake et al., 2009).
In addition, crystals with £ polymorphic con-
figuration may have a needle-like or a platelet-like
morphology that can be visualized using polarized
light microscopy.

2.6. Crystal morphology

The morphological structure of a crystal may
be seen under a microscope with polarized light. In
agreement with XRD analysis, vegetable wax crystals
present a needle-like morphology. It was observed
from previous works that a high concentration of
esters in the vegetable wax seems to be related to
bigger and isolated needle-like crystals (Blake ez al.,
2014). Further, a tendency to form clusters in the pres-
ence of minor compounds was noticed (Blake et al.,
2014). Figure 4 presents examples of flax and wheat
straw wax crystals in canola oil at 5 and 6% (w/w),
and the influence of the composition and concentra-
tion on crystal size, shape, density and morphology
can be seen. Waxes from flax straw are rich in esters
and aldehydes (del Rio et al., 2013), which help the
formation of crystals with homogeneous size and
high density. Wheat straw waxes present important
concentrations of f-diketones and primary alcohols
(Racovita et al., 2016), a composition that is related
to a less homogeneous crystal morphology at a lower
concentration and the formation of huge crystals at
higher concentrations.

Images from a polarized light microscope may
be analyzed using specialized software to determine
the number of crystals or the porosity (% area/area)
present in the organogel (Blake ef al., 2014). A free
software able to do this analysis is the Imagel”
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A) Saturated Triacylglycerol B) Subcell Arrangement

Molecular Packing

D) Crystal formed by 2D Lattices

C) 2D Lattice P
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E) Schematic representation of two different crystal planes.

F) Diagram representing the geometrical approch to x-ray diffraction, with
incident x-rays reflecting off of different crystal planes. (*)

Incident Scattered
X-rays X-rays

*$=d sin(0) \ Crystg: plan
[ ] ) P .
d I Lattice

FIGURE 3. Schematic representation of crystal substructures and XRD analysis. A) Packing of a generic saturated
triacylglycerol, B) Molecular packing organized in sub cell structure, C) Unit cells forming a lattice 2D, D) Ensemble
of lattices 2D forming a crystal, E) Representation of a crystal to show the different planes analyzed using XRD, and F)
Diagram to represent XRD analysis of a crystal face and parallel internal lattices.

(National Institute of Health, USA). It would be It is important to analyze organogel at the same
always necessary to avoid visual adjustments during concentration as the previous analysis for com-
the image analysis methodology to allow for better parison and for better understanding of the rela-
reproducibility of the results. tionship between morphology and oil structuring.
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TABLE 2. Main values of d-spacing for wide-angle analysis in XRD for bulk vegetable waxes and their respective organogels

Source of Vegetable Wax Source of Edible Oil Concentration [%] Main Peak (A) Second Peak (A) Author
Carnauba - 100 0.415 0.373 Dassanayake et al., 2009
Carnauba Olive 8 0.413 0.372 Dassanayake et al., 2009
Candellila - 100 0.409 0.37 Dassanayake et al., 2009
Candellila Olive 8 0.413 0.372 Dassanayake et al., 2009
Rice bran - 100 0.415 0.373 Dassanayake et al., 2009
Rice bran Olive 8 0.415 0.373 Dassanayake et al., 2009
Carnauba Olive 10 0.416 0.374 Ogiitcii and Yilmaz, 2014
Carnauba Pomegranate 10 0.414 0.373 Ogiitcii and Yilmaz, 2015a
Carnauba Hazelnut 7 0.414 0.373 Ogiitcii and Yilmaz, 2015b
Carnauba Hazelnut 10 0.414 0.373 Ogiitcii and Yilmaz, 2015b
Carnauba - 100 0.412 0.373 Ogiitcii and Yilmaz, 2015b
Sunflower Hazelnut 3 0.414 0.373 Ogiitcii and Yilmaz, 2015b
Sunflower Hazelnut 7 0.414 0.373 Ogiitcii and Yilmaz, 2015b
Sunflower Hazelnut 10 0.415 0.373 Ogiitcii and Yilmaz, 2015b
Sunflower - 100 0.413 0.372 Ogiitcii and Yilmaz, 2015b

a) Flax straw wax (5 %) *. " b) Flax:straw wax (6 %)

FIGURE 4. Micrographs of vegetable wax in canola oil organogels consisting of a) wax from flax straw at 5% (w/w),
b) wax from flax straw at 6% (w/w), ¢) wax from wheat straw at 5% (w/w) and d) wax from wheat straw at 6% (w/w).

Regarding oil structuring, one of the expected char- 2.7. Oil binding capacity
acteristics of the crystal is the capacity to entrap oil,

maintaining it at a liquid state but immobilized. To The theory behind the oil binding capacity analy-
evaluate the capacity of a determined group of crys- sis is interesting because it would be able to deter-
tals to hold oil, an analysis was developed called “oil mine the amount of oil entrapped within the crystals
binding capacity”. of an organogel. To measure this holding capacity,
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two methods have been used. One was proposed by
Blake et al., (2014), where the general idea was to
determine the amount of oil able to migrate from the
structured organogel in 24 h. This is a homemade
analysis that resembles the method for the determi-
nation of oil blooming (Matsuda ez al., 2001) mixed
with water-binding capacity (Lewicki et al., 1978).
The authors transferred already structured organo-
gel (100 g) to a funnel, which was placed over a grad-
uated test tube. Then, the set was placed at 40 °C
and the volume of oil which flowed from the sample
to the test tube was measured periodically. In addi-
tion to interesting results, considering the fact that
most analysis are done at room temperature, which
is not necessarily a good organogelator, this method
uses 40 °C due to varying melting behavior, and is
1solated without possibility for comparison.

The other method used is centrifuge based and
was initially proposed by Da Pieve et al, (2010).
Some adaptations of the method have appeared
elsewhere (Ogiitcti and Yilmaz, 2014; Ogiitcii and
Yilmaz, 2015a; Ogiitcii and Yilmaz, 2015b), mainly
related to the organogel tempering process before
analysis. For instance, up to now, the best procedure
for filling sample containers (Eppendorf tube of
1.5 mL) with organogel (~ 1 g) has been to transfer
the solutions in their liquid state to the Eppendorf
tubes and allow them to cool down to room temper-
ature, therefore following a similar tempering pro-
cedure to other analyses. The results for oil binding
capacity (OBC) from this last method are presented
in Table 1. Vegetable wax concentration, solid fatty
content and oil binding capacity are related and a
total oil binding capacity was not necessary to struc-
ture an oil (Table 1).

3. CONCLUSIONS

Vegetable waxes are interesting organogelators.
However, analysis is delicate because all the methods
may have a similar tempering process. Alterations in
the cooling rate from one analysis to another may
cause variations in the number and size of the crys-
tals (Mullin, 1961; Hartel, 2001), leading to misin-
terpreting results, thus producing error.

A water bath with controlled cooling rate and
microscope stages with temperature control are still
new laboratory equipment, but in the future could
help to understand the temperature of cooling vari-
ations on organogelation. It would also be possible
to more freely adjust the cooling rate temperatures
in all analyses. Until then, allowing the samples to
cool down to room temperature and use a controlled
temperature of cooling rate at 5 °C/min DSC and a
rheometer seems to be the best option.

Other analyses can be used to evaluate organogel,
such as FT-IR, Raman, Cryo-SEM, Texture and oxi-
dative stability, and are also found in the literature.
On the other hand, the objective of this work was

to present key analyses to allow the characterization
of a vegetable wax as an organogel. Further analy-
ses may be done to evaluate organogel as a product
or in the presence of compounds that could interact
with it during application, such as lecithin.
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