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Introduction

Application of vegetable waxes to gel vegetable oil is 
currently being explored to reduce the intake of fats rich 
in saturated and trans fatty acids [1]. Among the studied 
waxes, candelilla wax (CW) at concentrations higher than 
1  % (w/w) develops vegetable oil organogels with recog-
nized oil retention and textural properties that can produce 
solid-like water in oil emulsions [2, 3]. Some functional 
properties can be modulated by the addition of saturated 
TAGs (i.e., tripalmitin), as well as the application of shear-
ing during the gelation process [4]. According to previous 
reports, the main components of CW are n-alkanes, with 
n-hentriacontane (C31; 35.5  %) as the major constituent, 
triterpenic alcohols (24.8 %), fatty acids with an even num-
ber of carbons (16.6 %, of which 7.8 % is melissic acid), 
fatty alcohols (3.61  %), and C39 to C64 esters (5.83  %) 
[3]. Despite the large number of components, CW phase 
behavior is attributed almost exclusively to the C31 phase 
transitions because both CW and C31 have an orthorhom-
bic subcell packing at room temperature [4, 5]. Within this 
context, it has been hypothesized that some CW compo-
nents are incorporated into the C31 crystal lattice and that 
others melt at temperatures close to the C31 melting point 
[3, 4]. Nonetheless, the type of solid phase structure (i.e., 
solid solution, compound, solid dispersion) of CW remains 
unknown. This information is fundamental to understand 
and tailor the functionality (e.g., melting profile, organo-
gelling capacity, and rheological properties) of this natural 
wax.

The phase behavior of long-chain n-alkanes and 
fatty acids has been extensively studied, but mixtures 
of these compounds are largely unexplored. To the best 
of our knowledge only Benziane et  al. [6] have studied 
this type of mixture and observed a eutectic behavior of 
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binary mixtures of n-eicosane (C20; m.p.  =  35.80  °C)/
lauric acid (C12; m.p.  =  43.00  °C), n-octacosane (C28; 
m.p.  =  60.10  °C)/palmitic acid (C16; m.p.  =  60.60  °C), 
and n-tetracosane (C24; m.p. = 51.3 °C)/stearic acid (C18; 
m.p. = 69.65 °C) with eutectic mixtures (i.e., mixture with 
the lowest melting point) of xC20 =  0.55, xC28 =  0.4, and 
xC24 = 0.85, respectively. That is, the solid phases of these 
n-alkane/fatty acid mixtures were dispersions of one crys-
talline entity rich in n-alkanes and one rich in fatty acids. 
It was also evident that all components displayed melting 
temperature depression, but a differential behavior was 
observed as a function of the melting temperatures of pure 
components in the binary mixture. A relevant aspect that 
has also been overlooked is the mixing impact of the sys-
tem compositions on crystal microstructure. It is known 
that mixtures of stearic alcohol and stearic acid produce 
smaller crystals than pure compounds [7, 8]. Thus, modu-
lation of the crystal habit could be used to tailor rheologi-
cal properties and/or oil binding capacity of wax-based 
organogels. The aim of this investigation was to develop a 
phase diagram and study the microstructure of the binary 
system n-hentriacontane (C31)/triacontanoic acid (C30; 
melissic acid) in bulk and in high oleic safflower oil solu-
tions to model the candelilla wax crystal phase.

Materials and Methods

Refined CW was obtained from Multiceras (Monterrey, 
Mexico), and C31 (≥99 % purity; Sigma) and C30 (≥98 % 
purity; Fluka) were used as delivered. Mixtures were pre-
pared in molar fraction ratios. Compounds were weighed 
and mixed in the sample container, heated to 10 °C above 
the highest melting compound for 20  min, and mechani-
cally stirred to obtain a compositionally homogeneous sys-
tem. To evaluate the solvent effect, the CW, pure compo-
nents, and selected mixtures were added (4–90  % wt/wt) 
to high oleic safflower oil (HOSFO), heated to complete 
melting under constant stirring for 15 min, cooled to room 
temperature, and immediately used.

Differential Scanning Calorimetry

Crystallization and melting profiles of the pure compo-
nents, mixtures, and solutions were determined in a DSC 
(model 2920; TA Instruments New Castle, DE, USA) 
equipped with a refrigerated cooling unit. Prior to analysis, 
the DSC was calibrated with indium (melting temperature 
of 156.6  °C and heat of melting of 28.45  J/g). An empty 
aluminum pan was used as a reference. The DSC cell was 
purged with nitrogen (99.99  % purity) flow of 25  mL/
min. The sample (2.5–3 mg) sealed in the pan was heated 
at 15  °C above the melting point of the compound in the 

system with the highest melting temperature; after 20 min 
at this temperature the sample was cooled (5 °C/min) until 
achieving 30  °C for 1  min, then the system was heated 
(5 °C/min) to 15 °C above the system melting temperature. 
Using the first derivative of the heat flow, we calculated the 
melting enthalpy, temperature at the onset and maximum 
of the endotherms with the equipment software (Universal 
Analysis 2000 Ver. 4.2E; TA Instruments-Waters LLC). For 
each system, at least two independent determinations were 
performed.

Polarized Light Microscopy

Microphotographs were obtained using a polarized light 
microscope (BX5O; Olympus Optical Co, Ltd., Tokyo, 
Japan) equipped with a digital color video camera (KPD50; 
Hitachi Digital, Tokyo, Japan), temperature-controlled 
stage LTS 330, and temperature control station LTS350 
Linkam (Scientific Instruments, Waterfield, UK). Samples 
of the systems (3 mg) were placed over a glass slide and 
heated for 20  min at the melting temperature determined 
using DSC, and a coverslip was placed on the molten sam-
ple. Microphotographs of the systems were obtained after 
24 h of storage at 25 °C using the Linksys software version 
1.3.1. (Linkam Scientific Instruments, Waterfield, UK).

Wide‑angle X‑ray Diffraction

Wide-angle X-ray (WAX) diffraction patterns of pure com-
ponents and solutions were performed in an X-ray dif-
fractometer (Panalytical, X’Pert Pro; Almelo, the Nether-
lands) with CuKaR X-rays (λ = 1.54 A) operating at 35 kV 
and 30 mA and a 0.5° divergence slit, 1° scatter slit, and 
5.5 mm receiving slit. Bulk materials and organogels were 
developed and stored using the same thermal conditions as 
for microscopy. Prior to analysis, bulk samples were finely 
grated, and organogels were gently stirred to avoid pref-
erential orientation of the crystallites. Diffraction patterns 
were obtained by scanning the samples from 16° to 35° 
using a step of 0.02° and a scan rate of 0.039789°/min. The 
X’Pert Data Collector version 2.0 was used to analyze the 
diffraction patterns.

Hardness Measurements

Glass containers (2.4  cm ×  19 mm I.D.) were filled with 
3.0  g of the corresponding solution (90  °C) and stored 
at 25  °C for 24  h. We determined the penetration work 
(gf*mm) of the corresponding gels using a texture ana-
lyzer (LRFA 1500; Brookfield, USA) fitted with a plastic 
cylindrical probe (35  mm length  ×  12.7  mm diameter; 
TA10; Brookfield, USA). The measurements were obtained 
at room temperature (≈25  °C) in compression mode, 
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penetrating 4  mm into the sample at 1  mm/s and return-
ing to initial position at the same speed. Four independent 
measurements were obtained for each treatment condition.

Results and Discussion

DSC thermograms and X-ray diffraction patterns of CW 
and pure C31 and C30 are shown in Figs.  1 and 2. The 
thermal behavior and X-ray diffraction pattern of CW pre-
sented here will be compared with those of the pure com-
pounds and mixtures below. These data were reviewed in 
the “Introduction” of this manuscript and have been exten-
sively discussed elsewhere [3, 5, 9].

The heating thermogram of C31 showed three endo-
thermic transitions (Fig.  1), and the corresponding transi-
tions were also observed in the cooling thermograms (not 
shown). In accordance with the thermodynamic data of Bri-
ard et  al. [10], the C31 endotherms were associated with 
the following phase transitions: orthorhombic→monoclinic 
(γ transition; Tγ,C31 = 47.89 ± 0.29 °C), monoclinic→rotor 
phase (o–d transition; To-d,C31  =  62.16  ±  0.05  °C), 
and rotor phase→liquid (melting transition; 
Tm,C31 = 67.56 ± 0.11 °C). These transition temperatures, 
as well the total change in enthalpy from the onset of the 
o–d transition to the end of melting (ΔHC31 = 244.56 J/g), 
were in agreement with that reported by Briard et al. [10]; 
however, this was not the case with the temperature and 
enthalpy of the γ transition, which were lower in the pre-
sent study. The higher reported temperature and enthalpy 
values [10] were associated with crystal lattice anneal-
ing that was performed during heating at 0.5 °C/min. The 
orthorhombic phase of C31 at room temperature was con-
firmed using powder XRD (Fig.  2). The C31 diffraction 

pattern in the wide angle region (2θ  >  20°) showed two 
high intensity peaks at 21.3° and 23.6° and four low inten-
sity peaks in the 38–44° region which are distinctive of 
long-chain odd n-alkanes with an orthorhombic lateral 
packing [11, 12]. Unit cells of odd n-alkanes have simi-
lar dimensions in short spacings, but long spacings (001) 
change proportionally to the length of the molecules and 
the tilting of chains. In polymorphs with an orthorhombic 
lateral packing, long spacings depend on the number of 
carbons because the long axis of the molecule lies perpen-
dicular to the lamellar layer. C31 showed harmonics of dif-
fraction peak (001) because 2θ = 6.2°. On the basis of the 
harmonics we calculated the d spacing of 001 = 41.92 Å; 
this value was in agreement with that predicted using the 
equation developed for homologous series of n-alkanes by 
Nyburg and Potworowski [13].

C30 heating resulted in one main primary endotherm 
at Tm,C30 = 93.14 °C (ΔHm1 = 248.90 J/g) and two small 
endotherms (<0.5 J/g) at 59.98 and 51.89 °C (Fig. 1). The 
corresponding transitions were also observed in the cool-
ing thermogram (not shown). In the X-ray diffractogram 
(Fig.  2), this compound showed two intense peaks in the 
wide angle region corresponding to the orthorhombic 
lateral packing. Crystallographic modifications of even 
n-alkanoic acids have orthorhombic (Eo, Bo), triclinic (A 
form), or monoclinic (Bm and C forms) unit cells, but in 
all cases the lateral packing (i.e., subcell) is orthorhombic. 
The detailed unit cell is determined for materials crystal-
lized from solution using single crystal X-ray diffraction. 
In the X-ray powder diffraction patterns of substances with 
one long unit cell parameter, peak overlapping occurs, and, 
therefore, it is impossible to determine the unit cell type 
from this information. However, the main peaks in the 2θ 
region from 20° to 25° in this work were similar to those 

Fig. 1   Heating thermograms for CW candelilla wax, C31 n-hentriac-
ontane, and C30 melissic acid. The insert is the enlarged section of 
the heating thermogram between 40 and 60 °C for C30

Fig. 2   X-ray powder diffractograms for CW candelilla wax, C31 
n-hentriacontane, C30 melissic acid, and the C31/C30 mixture with a 
0.2 mol fraction of C30 (x30 = 0.2)
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reported by Garti et al. [14] for stearic acid in the C poly-
morphic form.

Melting thermograms of binary mixtures of C31 and C30 
are shown in Fig. 3a. In these mixtures, the o–d and melting 
transitions of C31 occur at To-d,C31 = 61.15 ± 0.8 °C and 
Tm,C31 = 66.13 ± 0.29 °C independent of the composition. 
The γ transition, observed in pure C31, was not detected. 
Conversely, crystalline phases associated with C30 changed 
with the system composition. Thus, mixtures with a mole 
fraction of C30 (xC30) from 0.8 to 0.9 displayed a single 
peak in the melting endotherm, similar to that observed 
in pure C30. However, mixtures with xC30 from 0.2 to 0.7 
displayed an additional small endothermic peak at approxi-
mately 73.5 °C. This was also observed in the cooling ther-
mogram (data not shown), and it may be associated with 
the crystallization of an unstable polymorphic modification 

of C30 (e.g., polymorphic form E). At lower concentra-
tions, two relevant thermal events were observed: (1) a sig-
nificant recrystallization exotherm (≈72  °C) in mixtures 
with xC30 = 0.2 and 0.1 and (2) mixtures with xC30 ≤ 0.05 
had no detectable C30 melting endotherm. From these ther-
mal events, it was evident that mixtures with xC30  <  0.05 
developed a solid solution rich in C31 (C31SS). Consider-
ing the absence of the γ transition due to co-crystallization 
with minor amounts of impurities [15] and the recrystalli-
zation of C30 at temperatures over the Tm,C31 in mixtures 
with xC30 = 0.2 and 0.1, we conclude that the crystal lattice 
of C31 crystals contained less than 5 % of C30, independ-
ent of the mixture composition.

Regions of the C31/C30 phase diagram were delimited 
by three temperature lines (Fig. 3b): the liquidus line, rep-
resented as dots with filled triangles and corresponding to 
the temperature at the highest melting peak in the mixture 
(Tm,C31 or Tm,C30); the solidus line, represented as dots with 
filled squares and corresponding to the onset temperature 
of the melting peak (To,C31 or To,C30); and the solid transi-
tion line represented by dots with asterisks and correspond-
ing to the temperature of the o–d transition of C31 crystals 
(To-d,C31). Thus, at temperatures above the liquidus line, 
the mixture was completely molten. Between the liqui-
dus and solidus lines, a molten mixture and a solid crystal 
phase co-existed. The solid phase was either a solid solu-
tion rich in C31 (C31SS) in a mixture with xC30 ≤ 0.05 or 
C30 crystals if the mixture had xC30 ≥ 0.1. Thus, mixtures 
found at temperatures below the solidus line and above the 
solid transition line developed fully crystallized systems: 
a monophasic system of C31SS in rotator phase in mix-
tures with xC30  ≤  0.05 or a biphasic system with C31SS 
in rotator phase and C30 crystals at xC30  ≥  0.1. Below 
the solid transition line, the C31SS changed from a rota-
tor to an orthorhombic modification. The predominantly 
monotectic behavior of this mixture was consistent with 
the behavior shown by binary mixtures of triacylglycerols 
[16] and mixtures of diacylglycerols [17] in which the dif-
ference between the melting temperatures of the system 
components (ΔTM) was close to or above 20  °C. On the 
other hand, mixtures of n-tetracosane/stearic acid (ΔTM 
≈ 19 °C) had a eutectic phase diagram and solid solutions 
(only one melting endotherm was evident) at mole fractions 
below 0.15 stearic acid [6]. From this analysis, n-alkanes 
in CW not only co-crystallize small fractions of long-chain 
fatty acids but also cause an important decrease in the melt-
ing temperature (>20 °C) of the fatty acid fraction.

As observed in Fig.  4, the microstructures of C31 and 
C30 were greatly modified by mixing. C31 grew in large 
plates and flat fibers (Fig.  4a) and developed a continu-
ous network with the flat fiber branches (e.g., permanent 
junction zones in organogels). Pure C30 had a spherulitic 
shape characterized by radial growth from a nucleation 

Fig. 3   a Melting endotherms for binary mixtures of n-hentriacontane 
(C31) and melissic acid (C30). Binary mixtures are identified by the 
C30 mol fraction (xC30). b Phase diagram for the C31/C30 mixture. 
Filled triangles represent the highest melting peak in the mixture 
(Tm,C31 or Tm,C30); filled squares represent the onset temperature of 
the melting peak (To,C31 or To,C30); and asterisks represent the temper-
ature of the o–d transition of C31 crystals (To-d,C31). M molten mix-
ture, C30 crystal rich in C30, C31SS-R crystal rich in C31 in rotator 
phase, C31SS-O orthorhombic phase
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point (Fig.  4b). This type of spherulitic growth has been 
associated with systems in which the viscosity of the liq-
uid phase is critically high [18]. According to the correla-
tion of van Velzen et al. [19], C30 had a viscosity at least 
ten times higher than C31 at the same temperature. Thus, 
addition of C31 to C30 reduced the molten phase viscosity, 
thus increasing the nucleation rate and producing a higher 
number of smaller C30 crystals. As C30 crystallized before 
C31, the C30 crystals acted as nucleation sites and caused 
a significant reduction in the C31 crystal size (Fig. 4c, b). 
Similar effects on crystal size resulting from mixing have 
been observed in other organogelator mixtures [7, 8], and 
this effect may be the main cause of the characteristic 
microcrystals of refined CW (Fig. 4e).

Solutions with concentrations higher than 50  % C31 
had one endotherm with three peaks associated with the 
phase transitions observed in pure C31 (Fig.  5a). The 
γ and o–d transition temperatures remained constant at 

Tγ,C31 = 47.62 ± 0.73 °C and To-d,C31 = 62.45 ± 0.11 °C, 
respectively, but the melting temperature (Tm,C31) decreased 
from 66.73  ±  0.07  °C in the 90  % C31 solution to 
64.23  ±  0.23  °C in the 60  % C31 solution. Conversely, 
solutions with ≤50 % C31 only exhibited the melting tran-
sition of C31 crystals. Notably, at concentrations (1–4  % 
w/w) typically used to organogel vegetable oils, the o–d 
transition of C31 is absent. Melting curves of C30 solu-
tions (Fig. 5b) had a single endothermic peak at all studied 
concentrations, which decreased from 92.54 ± 0.02 °C to 
65.13 ± 1.11 °C in 90 and 4 % C30 solutions, respectively.

The binary mixture of C31/C30 with xC30  =  0.2 was 
used as a model of refined CW in HOSFO solutions; these 
data were compared with solutions of the pure components 
to elucidate the phase behavior. Melting thermograms 
of these solutions (Fig.  5c) showed a varying number of 
endothermic peaks depending on the percentage of the 
C31/C30 mixture. The 90  % C31/C30 solution showed 

Fig. 4   Polarized light 
micrographs of bulk materials 
crystallized at 25 °C. a n-Hen-
triacontane, b melissic acid, c 
n-hentriacontane/melissic acid 
mixture with a 0.2 mol fraction 
of melissic acid (x30 = 0.2), d 
n-hentriacontane/melissic acid 
mixture with a 0.8 mol fraction 
of melissic acid (x30 = 0.8), and 
e candelilla wax. The inserts 
in a and b show the micro-
structural features of the same 
sample at higher and lower 
magnification, respectively
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an endotherm with four peaks, revealing three important 
features: (1) the absence of the γ transition of C31 crys-
tals as a result of the incorporation of C30 into their crys-
tal lattice, (2) the lower temperatures of o–d and melting 
transitions of C31, and (3) the higher melting temperature 
of the two crystalline species rich in C30 (Fig. 5c). Solu-
tions with a 70–80  % mixture had an additional endo-
thermic transition (≈67.3 °C) at a temperature very close 
to the melting peak temperature of C31 in the undiluted 
C31/C30 mixture. These transitions were assumed to be 
the melting of another fraction of C31 crystals because it 
did not affect the transitions associated with C30. In dilute 
solutions (≤60 % of C31/C30), the melting and o–d tran-
sitions of C31 increasingly overlapped, reaching a point 
(40  % of C31/C30) in which only the melting transition 
was detected; this was similar to solutions with ≤ 50 % of 
pure C31 (Fig. 5a). In contrast to C31 melting, the dilution 
effects in C30 were limited the temperature of the endo-
thermic peaks (Fig. 5c).

Fig. 5   Melting endotherms for solutions of a n-hentriacontane (C31), 
b melissic acid (C30), c n-hentriacontane/melissic acid mixture 
with xC30 = 0.2, and d candelilla wax (CW) in high oleic safflower 

oil (HOSFO). Thermograms are identified by their organogelator-
HOSFO proportion (% wt/wt)

Fig. 6   Melting endotherms for solutions with 4 % (wt/wt) candelilla 
wax (CW), n-hentriacontane/melissic acid mixture with a 0.2  mol 
fraction of melissic acid (x30 =  0.2), C31 n-hentriacontane, or C30 
melissic acid
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Melting behavior of the model mixture and CW solu-
tions under a wide range of concentrations showed a 
similar pattern. Thus, CW solutions (Fig.  5d) had a vari-
able number of overlapping endotherms that were reduced 
in number by CW dilution. Solutions with 80–90  % CW 
had an endotherm similar to pure CW. Peak temperatures 
for the 90 % CW solution were TCW1 = 60.33 ± 0.11 °C, 
TCW2  =  63.33  ±  0.18  °C, TCW3  =  67.87  ±  0.25  °C, 
TCW4 =  71.33 ±  0.15  °C, and TCW5 =  74.93 ±  0.27  °C, 

with a total enthalpy of ΔHMT = 128.45 ± 3.1 J/g. On the 
basis of the endotherm shape, the TCW1 and TCW2 peaks 
were associated with the o–d and melting transitions of 
the n-alkanes (e.g., C31), whereas the other peaks cor-
responded to the melting of other groups of CW compo-
nents (e.g., aliphatic acids). Dilute CW solutions (≤70 % 
CW) had no peaks corresponding to the o–d transition of 
n-alkanes, which was similar to the ≤60  % model mix-
ture solutions. Highly diluted solutions with ≤10  % CW 
exhibited two peaks that were assigned to the melting of 
n-alkanes and to a wide variety of other aliphatic com-
pounds (e.g., acids, alcohols). Solutions containing 4  % 
CW, pure compounds, or the C31/C0 mixture in HOSFO 
were used to develop organogels at 25 °C. The organogel 
crystal phase had melting peaks between 40 and 74  °C 
(Fig.  6) with an orthorhombic subcell packing [11, 14]. 
In the wide-angle region, the main diffraction peaks in the 
organogels were observed in the bulk materials (Figs. 2, 7). 
Conversely, the relative intensity of the diffraction peaks in 
the short-angle region of organogels was weak compared 
to the bulk materials; this resulted from the significant size 
reduction of the crystal domain in such solutions. The solid 
fat content (SFC) of these organogels was estimated using 
DSC as the perceptual ratio between the melting enthalpy 
of the organogel and the corresponding bulk material. SFC 
estimates were 6.97, 4.33, 5.65, and 3.59 % for C31, C30, 
C31/C30 mixture with xC30  =  0.2, and CW, respectively. 
Evidently, these values overestimated the actual SFC; there-
fore, they were used solely for comparative purposes. CW 

Fig. 7   X-ray powder diffractograms for solutions with 4  % (wt/wt) 
of candelilla wax (CW), n-hentriacontane/melissic acid mixture with 
0.2 mol fraction of melissic acid (x30 = 0.2), C31 n-hentriacontane, or 
C30 melissic acid

Fig. 8   Polarized light micro-
graphs of solutions with 4 % 
(wt/wt) of a n-hentriacontane, 
b melissic acid, c n-hentriacon-
tane/melissic acid mixture with 
a 0.2 mol fraction of melissic 
acid (x30 = 0.2), and e cande-
lilla wax
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organogel (7.75 ± 0.77 mJ) was at least two times harder 
than C31 (3.38  ±  0.39  mJ) and C30 (2.77  ±  0.16  mJ) 
organogels. The C31/C30 mixture (1.63 ± 0.11 mJ) had the 
lowest resistance to penetration. In plastic fats from TAGS, 
texture is primarily associated with SFC, crystal size, and 
the crystal network packing (e.g., fractal dimension). How-
ever, in polycrystalline organogels reported here, the per-
manent junction (crystal branches) plays a major role. This 
was particularly evident in organogels with similar crystal 
packing (e.g., 4 % C31/C30 and 4 % C30; Fig. 8), in which 
the system with higher SFC and smaller crystals (e.g., 4 % 
C31/C30; Fig. 8) was less hard. Within this context, mixing 
C31 with C30 modified the nucleation and crystal growth 
process of C31 and substantially reduced the number of 
permanent junction zones in the organogel. Accordingly, 
the elastic properties of CW were primarily associated with 
its characteristic small size.

Conclusions

Binary mixtures of C31 and C30 presented a predomi-
nantly monotectic phase behavior and showed an important 
decline in the C30 melting temperature and constant tem-
perature transitions (i.e., o–d, melting) for C31 in mixtures. 
Below the solidus line, a solid dispersion of one phase rich 
in C31 and another rich in C30 were obtained. The subcell 
of pure components and their mixtures were orthorhombic. 
In spite of this, microstructures of C31 and C30 in mixtures 
were different from that shown in pure systems; these dif-
ferences were primarily associated with the heterogeneous 
crystallization and the viscosity differential between pure 
systems and mixtures. In vegetable oil solutions with less 
than 50 % C31, only the C31 melting transition was pre-
sent and the o–d transition observed in C31 in bulk was 
absent. Organogels of C31, C30, or the mixture were softer 
than that of CW, and the higher strength of CW organogels 
was associated with the relatively small crystal size of this 
system.
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