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Abstract

The aim is to replace mineral waxes with vegetable fats as an organogel for
UMRG144, Nantes, France candle m_an_ufacturing while keeping the same te_xture._ The physico-chemic_:al
SDenis et Fils, RN149 Recouvrance, Gétign, characteristics of renewable vegetable raw materials differ from those of min-
France eral waxes and consequently the structure of the blends in which they are used
is modified. Their properties are measured at different scales using FT-IR anal-
ysis, polarized light microscopy, calorimetry and rheology. The addition of
12-hydroxystearic acid (12-HSA) promotes the creation of hydrogen bonds
within the rapeseed oil that makes possible its incorporation to form an organo-
gel. The addition of 12-HSA also results in a modification of the crystal micro-
structure of blends made of 90% vegetable raw materials. Hence, the crystal
lattice is denser and the crystal size is reduced compared to blends including
mineral waxes. At a macroscopic scale, the physical properties of blends with
12-HSA are modified compared to the reference one, mainly made of mineral
waxes. A modification of crystallization and melting temperatures as measured
by differential scanning calorimetry as well as the rheological behavior and the
hardness assessed by penetrometer are observed. This results in a higher sta-
bility against exudation for blends with a high content of 12-HSA. Mineral
waxes can thus be substituted in the formulation of candles by renewable
materials for the use of organogel, via the incorporation of an organogelator,
12-HSA.
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INTRODUCTION

many everyday products: for the manufacture of can-
dles, rubber, in pharmaceuticals and cosmetic prod-

Mineral waxes are by-products of crude oil refining
(Wauquier, 1998). They are obtained by distillation in
group 1 refineries, which produce base oil with a sulfur
content higher than 0.03%. These refineries close day
by day and turn to group 3 and 4 refineries that produce
base oils with a sulfur content lower than 0.03%; they
are more efficient and less polluting. In this way, the
availability of mineral waxes is decreasing while needs
increase every day. Indeed, mineral waxes are used in

ucts, papers and matches (Kraus, 2018). To overcome
this lack of supply, alternatives are emerging towards
the use of renewable vegetable raw materials. A poten-
tial drawback of these vegetable fats is the fact that
most of them are liquid or have a low melting point
close to room temperature. The structure of the prod-
ucts can thus be impacted and of lower quality leading
to migration of oil at their surfaces during storage. In
order to provide texture and strength to finished
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products, vegetable fats are preferably hydrogenated,
partially or totally, or undergo other chemical modifica-
tions such as epoxidation or esterification. Wang and
Wang’s study (Wang & Wang, 2007) shows that the
epoxidation of partially hydrogenated soybean oil
allows the introduction of new chemical functions,
including hydroxyl groups that promote cohesiveness
and increase the hardness of the oil. Nowadays, it is
well known that vegetable fats like palm stearin (solid
fraction mainly made of saturated fatty acids like palmi-
tic and stearic acids) and soy wax present good textural
characteristics. These two vegetable fats can be used
in candles as a replacement for paraffins (Rezaei
et al., 2002). An important characteristic of vegetable
fats and waxes is their ability to crystallize. As in all
everyday products, food (chocolate, margarine), drug
products (suppositories) and cosmetics (lipsticks), crys-
tallization is a phenomenon to be controlled. In particu-
lar, the crystallization of chocolate is the subject of
numerous studies because it determines the organo-
leptic and physical characteristics of the finished prod-
ucts (surface crystallization, fat blooming; Loisel
et al., 1998). In order to limit this phenomenon of crys-
tallization, the addition of vegetable oils is implemen-
ted. However, too much oil causes the system to
soften, and the exudation to increase at high tempera-
tures. The use of an organogel could be the solution to
incorporate high oil content in a formulation. An organo-
gel is a system composed of an organic liquid and an
organogelator, added to a very small percentage
(<1%). The organic liquid, here the liquid fat, is solidi-
fied at room temperature thanks to the organogelator.
Organogels are increasingly used in the food, cos-
metics, pharmaceutical and petrochemical industries.
Organogels could also be used in candles manufactur-
ing: since, it could limit the incorporation of petrochemi-
cal paraffins. They confer many beneficial properties to
the products in which they are introduced. In food prod-
ucts (e.g., chocolate, margarine), they allow the substi-
tution of solid fats that may be composed of trans fatty
acids, harmful to human health, with polyunsaturated
vegetable fats (Hwang et al., 2012; Hwang et al., 2013;
Patel, 2015). In the field of cosmetics (lwanaga
et al., 2010; Kirilov et al., 2015), gels are mainly used
for their ability to vectorize molecules of interest
through the skin to the target organs. In addition, these
gels are transparent and very stable because of their
structure. Organogelators form a three-dimensional
network that traps the liquid fraction, the vegetable
fat that is liquid at room temperature. Various mole-
cules are considered to be organogelators: vegetable
waxes (like Candelilla wax, Carnauba wax, Beeswax;
Hwang et al.,, 2012), fully hydrogenated vegetable
fats (hydrogenated castor oil) and fatty alcohols
(12-hydroxystearic acid, 12-HSA). 12-HSA is a hydrox-
ylated fatty acid obtained from the hydrogenation of rici-
noleic acid, the main fatty acid of castor oil (more than

90%). 12-HSA is already the subject of numerous stud-
ies for which it is mixed with a single fat, a vegetable oil.
Co and Marangoni (2013) studied the impact of shear
and cooling rate on the microstructure of 12-HSA in
canola oil: too high shearing and too fast cooling of the
system lead to gel destructuring, thus causing the oil to
be released from the system. They also demonstrated
the mechanism of 12-HSA imparting structure to canola
oil as unique fibrillar crystal habit. Rogers and Maran-
goni (2008, 2009) highlighted the difference in crystalli-
zation and in particular the nucleation of 12-HSA in
different solvents (canola oil, mineral oil, triolein, methyl
oleate and glycerol) at different cooling rates. The nature
of the solvent affects the nucleation rate, crystal size,
crystal distribution and degree of branching. However,
the impact of 12-HSA in more complex blends, that
means a blend of several vegetable fats in a combina-
tion with an organogelator, has not yet been studied.

The objective of this article was to increase the con-
tent of renewable raw materials as a substitute of petro-
chemical paraffins for making candles. This was
performed by replacing mineral waxes to a large extent
by an organogel made of 12-HSA and rapeseed oil in
blends and by increasing the content of rapeseed wax.
In this way, the part of renewable material including
12-HSA increased from 40.5% in the reference blend to
90% in the modified blends. The impact of 12-HSA, at
different concentrations on the structure of candle
blends made of high content of renewable raw mate-
rials, in particular on their microstructure was investi-
gated. For this purpose, the structure was analyzed at
three scales: at molecular scale, using the infrared
spectra, at microscopic scale, by polarized light micros-
copy to characterize the size distribution of the crystals,
and at macroscopic scale by measuring rheological
behavior and hardness of these blends. The phase
transition of blends was analyzed by differential scan-
ning calorimetry (DSC).

MATERIALS AND METHODS
Raw materials

A mineral wax with a low crystallization point (47-52°C)
was purchased from Sasol Wax GmbH (Hamburg,
Germany). The rapeseed wax, having a high melting
point (65—70°C) and the rapeseed oil, liquid at room
temperature, were both obtained from Cargill (Schiphol,
The Netherlands). 12-HSA (melting point of around
75°C) was purchased from Castor International
(Deume, The Netherlands). The blend made of 12-HSA
and rapeseed oil is called organogel.

Raw materials pure and mixed in the different
blends were analyzed. First of all, the chemical compo-
sitions of these raw materials were determined by gas
chromatography with an Agilent 7820A, TR-FAME

85U8017 SUOWILIOD 8RO 8|qel(dde aLp Aq peusenob a e S9le YO 8sn JO Sa|NnJ 10} A%eud1 78U UO A8 ]I UO (SUORIPUOO-PUB-SWBIW0 A8 | 1M AsRIq 1 BUIUO//SANY) SUORIPUOD Pue SWe 1 8y 89S ' [£202/S0/ET] U0 Akeiq18ullUO A8]IM ‘SeIUeN 8 91SeAIN AQ GZ9ZT'SI08/Z00T 0T/10p/LL0o" A3 | 1MAke.d 1 jpulu0'So0e//sdny Wy papeojumod ‘2T ‘2202 ‘TEE68SST



JOURNAL OF THE AMERICAN OIL CHEMISTS’ SOCIETY

AOCS&_WILEYL"®

TABLE 1 Formulation of the reference and modified blends (% wt/wt)
Modified blends
Reference Blend Mod1.4 Mod3.5 Mod4.9 Mod7
Mineral wax 59.5 10.0 10.0 10.0 10.0
Rapeseed wax 10.5 20.0 20.0 20.0 20.0
Rapeseed oil 30.0 68.6 66.5 65.1 63.0
12-HSA - 1.4 3.5 4.9 7.0

column 260M142P (0.25 mm i.d., 0.25 pm thickness,
30 m length; ThermoFisher Scientific, France). Thus,
the results of this analysis showed that rapeseed wax
contains mainly stearic acid (91.4%), while rapeseed oil
contains mostly unsaturated fatty acids (67.4% of oleic
acid and 24.1% of linoleic acid). 12-HSA is made of
stearic (84.8%) and palmitic (11.5%) acids. Mineral
wax contains 92.3% of n-alkanes, mostly medium
chains (23-28), and 7.7% of iso-alkanes.

Preparation of samples

Two types of mixtures were studied: a reference blend
and four modified blends. The composition of the five
blends is presented in Table 1. The reference blend is
composed of 40.5% vegetable fats and 59.5% mineral
wax. The modified blends contain 90% of renewable raw
materials. They are composed of 70% organogel, 20%
rapeseed wax and 10% mineral wax. The organogel con-
sists of rapeseed oil and 12-HSA. Different contents of
12-HSA were tested within the organogel: 2%, 5%, 7%
and 10% wt/wt. The modified blends are named Mod1.4,
Mod3.5, Mod4.9 and Mod7 according to their 12-HSA
content. No blank sample without 12-HSA was studied:
as the reference blend was commercialized, the substitu-
tion of petrochemical paraffins by an organogel (in the
modified blends) is compared to this reference blend. The
organogel is prepared by adding 12-HSA to rapeseed oil
in a stainless jug and heated to 85°C to ensure the melt-
ing of 12-HSA. All the blends were prepared in triplicate
by mixing and heating the raw materials until 85°C in a
stainless jug. The samples were then cooled at room tem-
perature except when cooling is controlled for thermal
analysis (calorimetry, rheology) and crystal size analysis
(microscopy). All the modified blends, as the reference
blend, were opaque, independently of 12-HSA content.
All testing were conducted on these triplicate blends.

Chemical composition of raw materials
and blends by FT-IR analysis

The chemical analysis of raw materials and blends was
completed by the analysis of the main chemical func-
tions by a Bruker tensor 27 FTIR spectrometer (Bruker

Optics, Germany) equipped with an attenuated total
reflection mode (ATR) platinum module, with a deuter-
ated triglycine sulphate detector RT-DLaTGS. Infrared
spectra were recorded on the single reflexion diamond
crystal of the ATR accessory loaded with one drop of
liquid materials or a few milligrams of solid raw mate-
rials. The spectrometer was set up with the following
parameters: the spectral resolution was fixed to
4 cm~', the number of scans to 16, the selected spec-
tra ranged between 4000 and 400 cm~'. Background
spectra were collected using the same instrument set-
tings and were performed against air. Spectra were
analyzed using the OpusLab v7.0.122 software. Spec-
tra were recorded for three replicates per sample.

Fat crystal structure by microscopy

Observation of crystalline microstructure by
polarized light microscopy

The microstructure of raw materials and blends was
observed using polarized light microscopy (Leica Micro-
systems, DM R, Germany). Crystallization of samples
was directly performed on microscope slide. First of all,
crystal memory of each sample was erased by melting
to 80°C. Microscope slide was also heated at 80°C. A
small amount of sample, around 1 pl, was put on the
slide and covered by a cover slip. The prepared slides
are then cooled at room temperature during 1 h. Three
images per sample were acquired with a CCD camera
and were treated with Visilog software.

Crystals size analysis of blends

The crystal size distribution was determined by the Ima-
geJ software, according to the following steps: thresh-
olding (white crystals on a darkfield), then edge cutting
and finally individualization of the crystals. Each crystal
was characterized by its maximal Feret diameter, which
defines the distance between two tangents including
the crystal at a given orientation (0°, 45° or 90°). Fifteen
classes of maximal Feret diameter were determined
according to a geometrical progression of reason R,
using the following formula:
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_( largest maximal Feret diameter /N
~ \ smallest maximal Feret diameter ’
where Nis the number of classes(N = 15)

The calculated reason was thus equal to 1.30. The
number size distribution was plotted to determine the
median diameter dso and the dgo. This analysis was
carried out on three images of a same blend corre-
sponding to about 900 crystals per image.

Melting and crystallization properties by
differential scanning calorimetry

A wax sample of 7.0-10.0 mg was placed in an alumi-
num cup. A calibration was made with indium as the
standard, on the calorimeter Q100 (TA Instruments,
New Castle, DE, USA). The temperature program
was: 3 min at 20°C followed by an increase to 80°C at
5°C/min with a 3 min hold at 80°C to ensure complete
melting. Then the sample was cooled to —10°C at
5°C/min and held at this temperature during 20 min to
achieve complete crystallization. Finally, the sample was
heated to 80°C at 5°C/min and held at this temperature
for 3 min. The onset temperatures, peak temperatures
and enthalpies of crystallization and melting were deter-
mined from the cooling and second heating steps
respectively (Universal V4.5A TA Instruments software).

The solid fat content (SFC) of each sample was also
determined by using the crystallization curve during the
cooling from 80°C to —10°C at 5°C/min rate. The SFC
was plotted as a function of the temperature by integrating
the crystallization curve for each temperature T, thanks to
the following equation (Raemy & Lambelet, 1991; Univer-
sal V4.5A TA Instruments software):

JT H(T)dT
SFC(T)="7———

J: H(T)dT

where Ty is the onset temperature of crystallization
(°C), T4 is the end temperature of crystallization (°C)
and H(T) is the enthalpy (J g~ ).

Each sample was measured three times.

Mechanical properties of blends by
rheology

Determination of viscosity under flow

The viscosity of blends was determined on cooling on the

Physica MCR500 rheometer (Anton PAAR, Courtaboeuf,
France) using two coaxial cylinders and 20 ml sample

(CC27, 26.66 and 28.92 mm diameters). With this geom-
etry, no wall slip could be identified. The following protocol
was applied: first, a stabilization for 60 s at 70°C, at 1 s~
and then a cooling from 70 to 30°C at 5°C/min at 20 s~ .
Three measurements per sample were performed.

Determination of the viscoelastic properties
under oscillation

During this analysis, the elastic (G') and viscous (G")
moduli of the blends were determined using the Physica
MCR500 rheometer (Anton PAAR, Courtaboeuf, France)
with two coaxial cylinders (CC27, 26.66 and 28.92 mm
diameters). With this geometry, no wall slip could be iden-
tified. Measurements were made at constant frequency
(f= 1 Hz) and with an imposed strain of 0.1% in the linear
domain. A volume of 20 ml of sample was placed in the
fixed cylinder, heated at 70°C for 3 min, then cooled to
30°C at 5°C/min and stabilized at 30°C for 3 min. Three
measurements were made per sample.

Hardness of blends by penetrometry

The hardness of the five blends was measured using
a Petrotest® PNR10 penetrometer (Villeneuve La
Garenne, France). For this purpose, the blends were
melted and poured into metal buckets at 70°C. They
were then cooled to room temperature and maintained
at that temperature for 1 hour. The buckets were finally
placed in a water bath at the considered temperature
(25 or 40°C) for 1 h. Penetrability measurements were
made at these two temperatures and expressed as the
penetration depth of the needle into the studied blend dur-
ing 5 s. Five measurements were performed by blend.

Statistical analysis

The statistical analyses were performed using XLSTAT
statistical analysis software (Addinsoft, Bordeaux,
France). Analysis of variance (ANOVA) followed by a
Fisher test (LSD) to compare means were performed
on experimental data. There were three replicates for
each measurement for each blend, except for the hard-
ness test where were five replicates. The level of signif-
icance used for this test was 5%.

RESULTS AND DISCUSSION

Molecular structure: Chemical
composition

The infrared spectra of the raw materials alone and
the reference and modified blends are given in
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Figures 1 and 2, respectively. The correspondence of
the peaks obtained with the different chemical bonds
is determined using correlation tables (Merck, n.d.;
INSA Rouen, 2020; Canesi, 2020). The percentage of
each chemical groups was not calculated, only the
nature of these chemical groups and the potential
interactions between them were studied. The spectra
of vegetable materials (rapeseed wax and rapeseed
oil), shown in Figure 1, highlight the main chemical
functions characterizing these types of materials: the
C—C bonds of alkanes (2850, 2915 and 1460 cm*1),
the C—O bond of the typical ester function of triglycer-
ides (1176 cm ™), the C=0 bond of carboxylic acids at

T T T T 1

T
2400 2000 1600 1200 800 400

Wavenumber (cm-')

1380 and 1470 cm™' and unsaturations represented
by peaks at 720 cm~'. 12-HSA spectrum has the
same chemical functions as the vegetable fats with
two particularities: an absorbance range between
2650 and 3295cm ' and two peaks at 1060 and
1130 cm~" appear on the spectrum. These peaks cor-
respond respectively to the O—H bond of the alcohol
group and the C—O bond of a secondary alcohol. This
clearly shows the substitution of a hydrogen by a
hydroxyl group on the aliphatic chain of 12-HSA. The
spectrum of mineral wax is less complex than those of
vegetable fats. Indeed, only the C—H bonds of alkanes
appear (at 720, 1380, 1460, 2850 and 2956 cm ).
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A low intensity peak is also present at 890 cm™’, sug-

gesting the presence of a C=C double bond, highlight-
ing the presence of an oily part in the mineral wax,
because of its partial refining. Concerning the spectra
of the four blends (Figure 2), the appearance of these
spectra clearly shows the different peaks obtained for
the raw materials described before. There are there-
fore no chemical transformations, such as the forma-
tion of covalent bonds between raw materials for
neither the reference nor the modified blends, that
could be detected upon the prism of FT-IR analysis.
By adding 12-HSA (Figure 2), a peak appears at
1695 cm~'. By observing more precisely the peaks at
1730 and 1695 cm™", a carboxylic acid dimerization is
observed at 1695 cm~" corresponding to a gelation of

T T T
3400 3300 3200 3100 3000 2900 2800 2700

T
2600 2500 2400

the rapeseed oil by 12-HSA. The intensity of this peak
is all the more important when the 12-HSA content is
high. On the contrary, the higher the 12-HSA content,
the lower the intensity of the peak at 1730 cm~'. By
comparing the spectrograms of 12-HSA and Mod7
(Figure 3a), a shift from specific peaks of O—H bonds
to lower frequencies (from 1287 to 1262 cm™' and
from 1270 to 1247 cm™') is observed. In addition
(Figure 3b), the peak corresponding to the O-H bond
stretch is very wide (between 2400 and 3400 cm™ ')
and centered on the peak of the C-H stretching region
showing strong hydrogen bonds between the carbox-
ylic functions of vegetable raw materials and the
hydroxyl group of 12-HSA. Thus, hydrogen bonds are
created both between 12-HSA molecules and
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Reference blend
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Organogel
(10% 12-HSA + 90% rapeseed oil)

FIGURE 4 Polarized light microscopic images of raw materials (a) and blends after thresholding by ImageJ (b) at room temperature

between 12-HSA and rapeseed oil. These observa-
tions are supported by those made by Wu
et al. (2013).

Microstructure: Crystals morphology by
polarized light microscopy

In order to compare the microcrystalline structure of
blends with and without 12-HSA, polarized light
microscopy images were performed (Figure 4). First
of all, the microcrystalline structures of raw materials
used in the different blends such as mineral wax,
rapeseed wax, 12-HSA and the organogel (made of
10% wt/wt of 12-HSA and 90% wt/wt of rapeseed oil)
were analyzed. The structure of mineral wax is
completely different from the one of vegetable raw
materials. The crystals of the mineral wax present
rod-like forms while rapeseed wax and 12-HSA pre-
sent a spherulitic microstructure, like Maltese
crosses. The organogel presents a fibrillar micro-
structure exhibiting segmented birefringence. This
result is consistent with Co and Marangoni (2013)
when studying the crystallization of an organogel
formed by 12-HSA in canola oil. The reference blend
(Figure 4b) has a particular crystalline microstructure:
the crystals present a rod-like form and a homoge-
neous and organized crystal lattice. The addition of
12-HSA significantly alters the microstructure of
blends. The crystals of modified blends are smaller,
more numerous and do not have exactly the same
shape as those of the reference. The characteristic
diameters of the blends are determined thanks to
cumulative frequencies (Figure 5): dgo of the refer-
ence blend is equal to 25 pm against 9.0, 8.9, 10.1
and 7.2 um for Mod1.4, Mod3.5, Mod4.9 and Mod7,
respectively. Addition of 12-HSA seems to have a
beneficial effect by limiting crystallization. The
median diameters dso of the modified blends are

rather similar whatever the concentration of 12-HSA:
Mod1.4 and Mod7 have a ds5o of 1.8 and 1.9 um
respectively, while Mod3.5 and Mod4.9 blends have
a dso of 2.5 and 3.1 um respectively. The reference
blend differs from the modified blends with a median
diameter of 5.1 pm. In the modified blends, the crys-
tals are particularly small, more numerous and thus
form a denser lattice by filling more of the free space
corresponding to the liquid fraction. The ability to trap
the liquid fraction might therefore increase, resulting
in a decrease in the exudation of the blends. 12-HSA
is therefore considered as a crystallization initiator.

One of the benefits of using organogels made of
vegetable oil and 12-HSA instead of vegetable
waxes, such as Candelilla, Carnauba, rice bran and
cane sugar waxes or animal waxes such as bees-
wax, is their specific crystalline microstructure.
Indeed, the microstructure of organogels made of
12-HSA and rapeseed oil, as shown by the polarized
light microscope images (Figure 4a), is much finer
than the ones of vegetable waxes: the crystals are
finer and more elongated (Blake et al., 2014;
Jana, 2016; Patel, 2015). It has already been shown
by Co and Marangoni (2013) that 12-HSA crystal-
lizes in one axis, the fiber axis, and form fiber-like
crystals. In this structure, non-covalent cross-links
(like hydrogen bonding, determined by FT-IR) are
made forming the so-called self-assembled fibrillar
network (SAFiN). The crystallization of mixtures in
which 12-HSA is incorporated is thus limited; the
homogeneity of the blends is therefore improved. In
addition, by increasing the density of the crystalline
network of the blends in the presence of 12-HSA, the
exudation of the blends is reduced by trapping the
rapeseed oil via capillary forces. This observation
could be verified by placing the four blends contain-
ing the organogel in an oven preheated at 40°C: the
higher the 12-HSA content, the less the exudation
(results not shown).
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Phase transition: Melting and
crystallization profiles by differential
scanning calorimetry

The crystallization and melting profiles of the raw mate-
rials and the blends are presented in Figure 6. The
enthalpies, the onset and end temperatures and the
peaks temperatures of crystallization and melting are
presented in Table 2.

The thermal profiles of the isolated raw materials
(Figure 6a) and blends (Figure 6b,c) are compared.
Rapeseed oil is not represented because of its liquid
state at positive temperatures. For the reference
blend in Figure 6b, the first crystallization peak, at
45.1°C, could correspond to the crystallization peak
of rapeseed wax (Figure 6a). The second peak of
crystallization, at 33.9°C, could correspond to the
major peaks of the mineral and rapeseed waxes. It
should be emphasized the fact that the mineral wax
because of its very broad composition of n-alkanes,
mostly medium chains from 23 to 28 (this was deter-
mined by gas chromatography) exhibits a large range
of melting temperatures. The same approach can be
used for the modified blends and particularly for
Mod7: the crystallization peak of Mod7 at 51.4°C
could correspond to the 12-HSA peak, and the major
peaks of Mod7 and Mod 4.9 at 42°C would corre-
spond to the crystallization peak of the rapeseed wax
at 47.0°C. A clear shift towards peak temperatures is
observed between the profile of the isolated raw
materials and the blends.

The impact of adding 12-HSA as an organogel to
blends is shown in Table 2. The content of 12-HSA in

final blends affects considerably the crystallization and
melting profiles: number and temperature of peaks,
onset temperatures and enthalpies are modified. The
higher the 12-HSA content, the higher the onset tem-
perature of crystallization. Nevertheless, only Mod4.9
and Mod7 blends have higher onset temperatures of
crystallization compared to the reference blend. The
temperature ranges between the onset and the end of
crystallization are less wide for the modified blends
than for the reference blend, and it depends on the
12-HSA content in the modified blends: the higher the
12-HSA content, the lower the temperature range of
peaks (Table 2). The crystallization and melting
enthalpies are halved for the modified blends. In the
melting profiles of the modified blends (Figure 6¢) and
especially Mod4.9 and Mod7, a crystallization is
observed during melting (around 46°C), which did not
happen for the reference blend. This can be because of
a rearrangement of molecules in the crystalline lattice.
These differences of enthalpies and ranges of tempera-
tures between the reference and the blend could have
an impact on the melting behavior, thus causing diffi-
culty in melting. The crystallization temperature of the
different blends was determined (Figure 6b): Mod1.4
and Mod3.5 have a lower crystallization temperature
than the reference blend. On the contrary, Mod4.9 and
Mod7 have a higher crystallization temperature than
the reference blend. This parameter is important during
the manufacture of final products: it allows to determine
the pouring temperature of the blends in containers.
With regard to the melting profiles of the reference and
modified blends (Figure 6c¢), the liquid fat content is
reduced by the addition of 12-HSA and in particular at
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FIGURE 6 Differential scanning (a)
calorimetry recordings of

crystallization of raw materials (a) and
crystallization (b) and melting (c) of
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room temperature and at higher temperatures around
35-40°C.

The solid fat content (SFC) profiles of the raw mate-
rials and the five blends are determined by integrating
the crystallization curve obtained by DSC and are
shown in Figure 7. Mineral and vegetable waxes
(Figure 7a) have solid fat content decreasing between

—Reference blend

70 80

49.7

Temperature (°C)

50 and 60°C. 12-HSA melts at much higher tempera-
tures (Figure 6a): it is totally liquid at 70°C. The SFC
profiles (Figure 7b) of the four modified blends differ:
the higher the content of 12-HSA, the higher the melt-
ing point. Moreover, a difference in solid fat content is
observed between the reference and the modified
blends between 25 and 45°C. The SFC of the modified
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FIGURE 7 Solid fat content (SFC) profiles of raw materials
(a) and blends (b) (mean standard deviation = 0.6%)

blends (Mod4.9 and Mod7) is higher than that of the ref-
erence blend limiting exudation at high temperatures.
The thermal stability of these modified blends is there-
fore improved. This is not the case for blends having a
12-HSA content less than 4.9%.

Phase transition: Mechanical properties
measured by rheology

All the studied blends in the liquid state behave like
Newtonian fluids; the viscosity is independent of the
shear rate. To monitor the evolution of viscosity during
crystallization, a shear rate of 20s~' was applied.
Figure 8 shows the variation of viscosity of the five
blends during cooling (from 70 to 20°C at 5°C/min). The
modified blends have a higher viscosity than the refer-
ence blend at high temperatures, when they are
completely melted. The modified blends are therefore
more viscous at temperatures higher than 60°C: more

-e Mod1.4
-#-Mod3.5
10 ——Reference blend
* 4 atg e —-Mod4.9
@ A e e Mod7
g 1 . M
> [ .
B N “oe
8 041 - .
g ° . Cooling
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FIGURE 8 Evolution of the viscosity of the reference and
modified blends during cooling at 5°C/min under a shear rate
of 205"

than 0.01 Pa.s for the modified blends against 0.008 Pa.
s for the reference blend. The 12-HSA content influ-
ences significantly the viscosity. Indeed, at a content of
7%, the viscosity increases: 0.018 Pa.s for Mod7 against
0.015 Pa.s for Mod1.4, Mod3.5 and Mod4.9.

The crystallization of the blends induces an increase
in viscosity; the temperatures at which crystallization
begins can thus be determined. The reference blend
begins to crystallize at 47°C. This temperature is modi-
fied by adding 12-HSA. The higher the 12-HSA content,
the higher the temperature at which crystallization
begins. For contents of 1.4% (Mod1.4) and 3.5%
(Mod3.5), the crystallization temperature is 36.4 and
41.6°C, respectively; they are lower than that of the ref-
erence. On the contrary, 12-HSA contents higher or
equal to 4.9% lead to higher crystallization temperatures
compared to the reference (50.6°C for Mod4.9 and
57.7°C for Mod7). The same observations can be made
by observing the viscoelastic moduli (Figure 9). The
crystallization temperature corresponds to the crossing
of the curves of the two moduli: 45°C for the reference
and 33, 40, 48 and 52°C for the modified blends
Mod1.4, Mod3.5, Mod4.9 and Mod7 respectively. Above
these temperatures, the blends have a viscous behavior
while below these temperatures, they behave like visco-
elastic systems. Differences in crystallization tempera-
tures are observed with the DSC (39.5, 42.2, 50.0 and
53.8°C for Mod1.4, Mod3.5, Mod4.9 and Mod7 respec-
tively) although they remain within the same orders of
magnitude. This could be a result of cooling rates that
are not the same and to the sample size that is more
important for rheological measurements and affects the
temperature of the considered sample.

As shown with polarized light microscope images
and the crystals size analysis, modified blends have a
denser crystalline lattice and are therefore more com-
pact and better structured. More connexions between
crystals are thus created, increasing the strength of this
network and thus viscosity. However, only Mod4.9 and
Mod7 exhibit onset temperatures of crystallization higher
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than those of the reference blend (50°C for Mod4.9 and
53.8°C for Mod7 compared to 49.0°C for the reference).
The formation of the crystal lattice of these two modified
blends thus appears at higher temperatures leading to
an increase in the viscosity. It is completely different for
Mod1.4 and Mod3.5, their onset temperatures of crystal-
lization are lower than that of the reference (39.5°C for
Mod1.4 and 42.2°C for Mod3.5 compared to 49.0°C for
the reference). Thus, the crystal lattice may be less
structured than for higher 12-HSA contents.

Macrostructure: Hardness measured by
penetration measurement

The results obtained from penetration measurements
at 25 and 40°C for the reference and modified blends
are shown in Figure 10. These measurements calculate
the distance traveled by the needle in the blend during

Mod4.9 Mod7

5 s; the higher the penetrability values, the softer the
blend. At 25°C, the penetrabilities of the modified
blends are more important than the reference. This
results to the high rapeseed oil content and the
decrease in the mineral wax content. For high tempera-
tures (40°C), the same trend is observed for two lower
concentrations (1.4% and 3.5% HSA). However, the
Mod7 is harder than the reference blend
(13.10 + 0.30 mm for Mod7 against 14.16 £+ 0.14 mm
for the reference). The hardness of Mod4.9 is close to
the hardness of the reference. The hardness of the
blends significantly depends on the microstructure: as
shown by microscopy analysis, the crystals of the refer-
ence blend are larger than those of the modified
blends. This induces a higher hardness at 25°C. A cor-
relation between these results and those obtained by
DSC can be made: the SFC of Mod4.9 and Mod7 is
more important than the SFC of the reference at high
temperatures. In addition, as can be seen on melting
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profiles (Figure 6c¢), the SFC of these same modified
blends is higher than that of the reference blend around
40°C. The liquid fraction in these blends is therefore
lower, which justifies a higher hardness. In addition, at
any temperature, the higher the 12-HSA content in the
modified blends, the higher the hardness. 12-HSA pro-
vides hardness because of its high melting tempera-
ture. As shown by IR spectra, the hydrogen bonds
created between 12-HSA molecules and rapeseed oil
are all the more important when the 12-HSA content is
high. Interactions between molecules are therefore
more important, promoting a harder blend.

CONCLUSION

The addition of 12-HSA as organogel in complex
blends of vegetable fats and mineral wax modifies the
structure at all scales. From a molecular point of view,
stated by FT-IR measurements, many weak bonds
such as hydrogen bonds are created between 12-HSA
molecules and between 12-HSA hydroxyl groups and
triglyceride hydroxyl groups from vegetable wax. The
higher the 12-HSA content, the higher the extent of the
hydrogen bonds. This has an impact on structure at the
microscopic scale and on the physical properties at
macroscopic scales. Indeed, the crystalline microstruc-
ture of modified blends is denser and the crystals finer
and smaller. This modification of the crystal lattice
leads to a change in the behavior of these blends under
temperature fluctuations. The onset temperatures of
crystallization are thus impacted, as shown by DSC
and rheology. The extent of this modification depends
on the 12-HSA content: contents higher or equal to
4.9% lead to higher onset temperatures of crystalliza-
tion. Blends containing 12-HSA are more viscous than
the reference one. All these observations highlight the
benefits of adding 12-HSA in complex blends: increas-
ing the rate of renewable materials as a substitute for
petroleum paraffins, limiting the crystallization of raw
materials thanks to the modification of the crystal lattice
by acting like a crystallization initiator and thus improv-
ing the macroscopic aspect of finished products.
Blends with a 12-HSA content higher or equal to 4.9%
are thus harder at high temperatures limiting the poten-
tial exudation by releasing the oily part at the surface
under the effect of temperature increasing. Thus,
thanks to the different results obtained in this research,
the best formulation would be the one having the higher
content of 12-HSA in the organogel, Mod7, to produce
candles. The tendency evolving towards natural, bio-
sourced products, the replacement of mineral raw
materials by vegetable raw materials could be an effec-
tive alternative. Thus, the innovation in the formulation
of natural candles would be the incorporation of an
organogel as a substitute of petrochemical paraffins.
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