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HIGHLIGTHS 
 

• n-hentriacontane (C31) and monoacid saturated TAGs had eutectic mixtures 

• The eutectic composition changed as a function of the TAG melting 

temperature 

• In mixtures, C31 had a major effect on TAG’s crystals microstructure 

• Microstructural changes for trimiristin were driven by heterogeneous 

nucleation 

• Microstructural changes for tripalmitin were driven by crystal growth inhibition 

• Microstructural changes for tristearin were driven by crystal growth inhibition 
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Resumen 
La gelificación de aceite vegetal con cera de candelilla (CW) y triacilgliceroles 

saturados (TAGs) es una estrategia prometedora para el desarrollo de bases 

grasas, cosméticos y sistemas de liberación de medicamentos. El n-hentriacontano 

(C31) define, en gran medida, las propiedades térmicas de CW. Por lo tanto, 

estudiamos el comportamiento de fase y la microestructura de las mezclas binarias 

de C31 y trimiristina (MMM), tripalmitina (PPP) o triestearina (SSS), que 

proporcionarán la base para comprender las mezclas complejas que los contienen. 

Mediante calorimetría diferencial de barrido y difracción de rayos X se desarrollaron 

diagramas de fase para sistemas binarios C31-TAG. Estos diagramas de fase 

presentaron un comportamiento de fase eutéctica, en el que las mezclas de C31-

TAG por debajo de la línea sólida son dispersiones sólidas de cristales ricos en C31 

y cristales ricos en el correspondiente TAG. Dicha segregación en la fase sólida se 

atribuyó a la incompatibilidad del empaquetamiento de subcelda de los 

componentes puros en la forma polimórfica estable, la cual es ortorrómbica para 

C31, y monoclínica para TAG en la forma polimórfica β. El C31 en las mezclas tuvo 

un efecto importante en la microestructura de TAGs. Para la MMM, los cambios 

morfológicos a nivel microestructural fueron impulsados por su nucleación 

heterogénea en la superficie de los cristales de C31. En contraste, los cambios 

microestructurales para los cristales de los TAGs en las mezclas de C31-PPP y 

C31-SSS fueron inducidos por la inhibición del crecimiento del cristal por adsorción 

de moléculas de C31 en las superficies del cristal en crecimiento. 

 

Palabras clave: Diagrama de fase, equilibrio sólido-líquido, n-hentriacontano, 

triestearina, tripalmitina, trimiristina, triacilgliceroles saturados, cera de candelilla, 

oleogeles. 
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Abstract 
 
Gelation of vegetable oil with candelilla wax (CW) and saturated triacylglycerols 

(TAGs) is a promising strategy for engineering solid-like fat-based foods, cosmetics, 
and drug delivery systems n-hentriacontane (C31) defines, to a large extent, the 

thermal properties of CW. Therefore, we studied the phase behavior and 

microstructure of binary mixtures of C31 and trimyristin (MMM), tripalmitin (PPP) or 

tristearin (SSS), which will provide the basis to understand complex mixtures. 

Through differential scanning calorimetry and X-ray diffraction the phase diagrams 

for C31-TAG binary systems were developed. These phase diagrams had a eutectic 

phase behavior, in which C31-TAG mixtures below de solidus line are solid 

dispersions of crystals rich in C31, and crystals rich in the corresponding TAG. Such 

segregation in the solid phase was attributed to the incompatible subcell-packing of 

the pure components in the stable polymorphic form, which is orthorhombic for C31, 

and monoclinic for TAGs in the β-polymorphic form. C31 in mixtures had a major 

effect on the TAGs microstructure. For MMM, morphological changes at the 

microstructural level were driven by its heterogeneous nucleation on C31 crystals. 

Conversely, microstructural changes for TAGs crystals in C31-PPP and C31-SSS 

mixtures were induced by the crystal growth inhibition by adsorption of C31 

molecules at the growing crystal surfaces. 

 
Keywords: Phase diagram, solid-liquid equilibrium, n-hentriacontane, tristearin, 

tripalmitin, trimyristin, saturated tryacylglycerols, candelilla wax, oleogels. 
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1. INTRODUCTION 

The relationship between different scales of structure, physical properties, and 

stability, is of paramount relevance to develop new matrices for foods, 

pharmaceutical vehicles, or cosmetic products (Marangoni et al., 2012). The micro 

and mesostructural features of systems structured by a crystal network, as plastic 

fats and oleogels, define several macroscopic properties like the system elasticity, 

yield stress, optical transparency, liquid binding capacity, and diffusivity (Sánchez-

Becerril et al., 2018; Blake, Co, & Marangoni, 2014). On the other hand, the 

molecular structure and thermodynamic properties of the solid phase are 

determinant to predict the gel stability, the gelator solubility, and the processing 

conditions in general (Toro Vazquez & Pérez Martínez, 2018). Thus, the design of 

stable oleogels and plastic fats requires a full understanding of the interactions 

among different species at the molecular packing level. Such interactions can be 

understood from the phase behavior and crystal ripening process of pure neat 

gelators and their mixtures (Abdallah & Weiss, 2000; Ostuni, Kamaras, & Weiss, 

1996; Serrato-Palacios et al., 2015; Toro-Vazquez et al., 2007).  

 

Edible oleogels are typically structured with low molecular weight gelators 

including steroids, plant sterols, tri-, di-, and monoglycerides, and natural waxes 

(Yang et al., 2017). Among this gelators, waxes stand out, as these can produce 

thermoreversible oleogels at very low concentrations (as low as 0.5 wt.%) (Patel, 

2015; Blake et al., 2014). Natural waxes are complex mixtures of wax esters, 

hydrocarbons, fatty acids, fatty alcohols, phenolic esters, among others. Most 

studied waxes include rice bran wax, sunflower wax, sugarcane wax, beeswax and 

candelilla wax (CW) (Blake et al., 2014). Thermodynamically stable oleogels with 

excellent oil binding capacity can be produced using ≥ 1% CW, nevertheless, the 

rheological properties of these gels do not match the requirements for several edible 

applications. Typically, these oleogels are too soft to produce stick margarines, 

spreads, and confectionery coatings (Blake et al., 2014; Dassanayake, Kodali, 

Ueno, & Sato, 2009; Hwang et al., 2013; Toro Vazquez et al., 2007). In this regard, 

wax content can be increased to harden the oleogels but, this will also increase the 

gel’s melting temperature, causing a pasty mouthfeel which negatively affects the 
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sensorial properties (Hwang et al., 2013; Zetzl & Marangoni, 2014). To overcome 

these limitations, Chopin-Doroteo et al., (2011) added 1% tripalmitin (PPP) to 3% 

CW vegetable oil solutions, producing composite oleogels with higher elasticity and 

yield stress than 3% CW gels produced without PPP while the melting temperature 

was maintained between 36 to 38 °C. The elasticity increment was associated with 

the CW and PPP co-crystallization, as the distinctive PPP spherulites were not 

spotted by polarized microscopy, neither detected by X-ray diffraction. More 

recently, Ramírez-Gómez et al. (2016), produced composite oleogels with CW and 

saturated triacylglycerols (TAGs) from fully hydrogenated soybean oil (FH). They 

observed a synergistic effect of FH and CW on the systems’ elasticity (i.e., G’), and 

a positive effect of FH on the mechanical reversibility of CW gels. Nonetheless, the 

underlying mechanisms for the positive interaction between CW and saturated 

TAGs are not fully elucidated. 

 

TAGs have a monotropic polymorphism, where all but one polymorph are 

unstable. For these compounds, crystallization kinetics leads to the formation of 

unstable or metastable polymorphs (i.e., α or β') that spontaneously will transform 

to the stable polymorph β (Small, 1986; Walstra, 2003). The unstable α polymorph 

has a hexagonal subcell packing where the hydrocarbon chains molecules are 

perpendicular to the lamellar plane, while the metastable β' polymorph has an 

orthorhombic subcell packing where the hydrocarbon chains are inclined 108° with 

respect to the plane. On the other hand, the stable β polymorph has a triclinic subcell 

packing with a hydrocarbon chain inclined 128°. In this research we analyze 

mixtures of n-hentriacontane with trimyristin (MMM), tripalmitin and tristearin (SSS); 

a series of trisaturated TAGs found in high melting natural fats (i.e., nutmeg, palm 

oil) and/or fully hydrogenated vegetable oils (Da Silva et al., 2016; Frank, Roberts, 

Snell, Yates, & Collins, 1971; Son et al., 2010). The phase behavior of these 

components is found elsewhere (Da Silva et al., 2016; Haghshenas, Smith, & 

Bergenståhl, 2001; Hong et al., 2012; Kellens, Meeussen, & Reynaers, 1992; Sato, 

2001; Timms, 1984). 
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Main CW components are n-alkanes with odd number of carbons from C29 to 

C33 (47.3%) and n-hentriacontane (C31H64, 35.5%) as the major constituent. Other 

components include triterpenic alcohols (24.8%), fatty acids with even number of 

carbons from C26 to C34 (16.6%), fatty alcohols with even number of carbons from 

C28 to C34 (3.61%), and esters from C39 to C64 (5.83%) (Toro-Vazquez et al., 2013). 

Despite the large number of components, the crystallization, gelation, and physical 

properties exhibited by CW in vegetable oil are determined to a great extent by its 

major constituent, n-hentriacontane (C31) (Serrato-Palacios et al., 2015; Toro-

Vazquez et al., 2013). Pure n-alkanes phase behavior is determined by three 

parameters: temperature, carbon atom number, and parity of the hydrocarbon chain. 
The crystal packing of solid phases of n-alkanes can be grouped in ordered and 

disordered polymorphs. The subcell structure of ordered polymorphs includes 

triclinic, monoclinic, orthorhombic, while disordered polymorphs are triclinic disorder 

phase, monoclinic disorder phase, orthorhombic rotator phase and the 

rhombohedral rotator phase (Briard, Bouroukba, Petitjean, Hubert & Dirand, 2003). 

Odd numbered n-alkanes with 9-69 carbons has an orthorhombic crystal structure 

at low temperature, while even numbered has a triclinic for 6-26 carbons, monoclinic 

for 28-36 carbons and orthorhombic for 38-44 carbons. In every case, the increase 

in temperature below the melting point originates solid-solid polymorphic transitions 

of the type order-order and order-disorder transitions (Dirand et al., 2002). Besides, 
the polymorphism of n-alkanes can be modified when small amounts (< 2%) of 

impurities are introduced in their crystal lattice, or when is crystallized from solutions 

(Abdallah & Weiss, 2000; Serrato-Palacios et al., 2015; Shearer & Vand, 1956).  

 

Despite the molecular self-assembly of neat gelators might differ from that in 

the three-dimensional crystal network of oleogels, the phase behavior of binary 
mixtures of long-chain n-alkanes and TAGs can provide valuable information to 

engineer composite oleogels with mixtures of CW and TAGs with specific melting 

properties and improved rheology. To the best of our knowledge, there is no 

information regarding the phase behavior and microstructural characterization for 

these mixtures. Within this context, the objective of this work was to develop the 
phase diagrams of neat binary mixtures of n-hentriacontane and MMM, PPP or SSS 
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using differential scanning calorimetry and X-ray diffraction, and complement the 

diagrams with microstructural features. 

 

2. MATERIALS AND METHODS 

2.1. MATERIALS 

n-hentriacontane (C31) was obtained from Santa Cruz Biotechnology (≥ 95% purity), 

and the saturated monoacid TAGs (MMM, PPP, and SSS) were from Sigma-Aldrich 

(purity ≥ 99%). Mixtures (C31-TAG) were prepared weighing the corresponding 

amount of each compound in a sample container, heating at 20 °C above the highest 

melting compound for 10 min, stirring with a micro spatula to produce a 

homogeneous melt, cooling at room temperature, and processing according to the 

methods described in Sections 2.2.1, 2.2.2, and 2.2.3.  Mixtures were prepared in 

molar fraction ratio.   

 
2.2. METHODS 

2.2.1. DIFFERENTIAL SCANNING CALORIMETRY 

Crystallization and melting profiles of pure components and mixtures were 

determined using a differential scanning calorimeter (model 2920; TA Instruments 

New Castle, DE, USA) equipped with a refrigerated cooling unit. The DSC was 

calibrated with indium (melting temperature of 156.6 °C, melting enthalpy of 28.45 

J/g), and an empty aluminum pan was used as a reference. The DSC cell was 

purged with chromatographic grade nitrogen (≥ 99.99% purity; 15 mL/min). Samples 

weighed in aluminum pans were processed as described in Section 2.1, hermetically 

sealed, and placed in the measuring cell. Pure compound and their mixtures were 

heated to 95 °C for 20 min, cooled (5 °C/min) to 0 °C and maintained isothermally 

for 2 min. After that, the system was heated (5 °C/min) to 20 °C above the system 

melting temperature. Samples showing recrystallization during this heating step 

were annealed to eliminate unstable polymorphs. The annealing process consisted 

of heating to 95 °C for 20 min, cooling (5° C/min) to 0 °C, kept isothermal for 2 min, 

heating (5 °C/min) to the recrystallization temperature for 5 min, and cooling (5 °C/ 

min) to 0°C for 2 min. After that, the annealed sample was heated (5 °C/min) to 95 
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°C to obtain the melting thermogram. To improve the peaks resolution, the final 

heating of annealed samples was also performed a 1°C/min for pure compounds 

and mixtures showing a single melting peak. The thermal parameters measured 

were temperatures of onset (𝑇𝑇𝑜𝑜𝑖𝑖) and peak (𝑇𝑇𝑐𝑐𝑖𝑖) of each compound detected in the 

first cooling thermogram, as well as the enthalpy (∆𝐻𝐻𝑚𝑚𝑖𝑖), peak (𝑇𝑇𝑚𝑚𝑖𝑖) and end point 

(𝑇𝑇𝑒𝑒𝑖𝑖) of each melting compound, and the temperature peak of the order-disorder 

transition of C31 (𝑇𝑇𝑜𝑜𝑜𝑜) obtained from the heating thermogram of annealed samples. 

These parameters were assessed using the first derivate of heat flow with software 

equipment (Universal Analysis 2000 Ver. 4.2E; TA Instruments-Waters LLC). 

 
2.2.2. WIDE-ANGLE X-RAY DIFFRACTION 

Wide-angle X-ray diffraction patterns (WAX) of pure components and their mixtures 

were analyzed using an X-ray diffractometer (Panalytical, X'Pert Pro, Almelo, The 

Netherlands) equipped with a CuKaR source (λ = 1.54 Å) exited at 35 kV and 30 

mA, 0.5° divergence slit, 1° scatter slit, and 5.5 mm receiving slit. Samples were 

placed in an aluminum sample holder (≈ 500 mg), molten and annealed according 

to Section 2.2.1. After that, the annealed sample was stored at 25 °C for 24 h. The 

temperature program was controlled with the software Rheoplus/32 V3.61 (Anton-

Paar, Germany), and applied with a Peltier plate (P-PTD200/62/TG, Anton-Paar, 

Germany) on the bottom of the sample holder and a Peltier hood (H-PTD-200, 

Anton-Paar, Germany) on the top. To avoid the crystallites preferential orientation, 

samples were finely grated at room temperature before analysis. The diffraction 

patterns were obtained by scanning the samples from 3° to 35° using a step of 0.02° 

and a scanning speed of 0.04 °/min. Diffraction patterns were collected by the X'Pert 

Data Collector software version 2.0. The X-ray diffraction analysis was carried out 

for pure compounds and three mixtures of each binary system. 

 
2.2.3. POLARIZED LIGHT MICROSCOPY 

Microphotographs of pure compounds and binary mixtures were obtained with a 

polarized light microscope ECLIPSE LV100N POL (Nikon, Japan), equipped with a 

digital color video camera Micropublisher 3.3 RTV Q (QImaging, Canada) and a 
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temperature-controlled stage (Lynkam Scientific Instruments LTS420, UK) 

connected to a liquid nitrogen pumping system (Lynkam Scientific Instruments 

LNP95, UK). The temperature program was controlled with the software Linksys 32 

ver. 2.3.0 (Lynkam Scientific Instruments LTD, UK). Samples (≈ 10 mg) were placed 

on a glass slide and heated to 95 °C and stirred with a micro-spatula, after that a 

coverslip was placed on the molten sample. Samples were processed according to 

the annealing program described in Section 2.2.1. Microphotographs of samples at 

25 °C were collected with the software NIS-Elements AR 4.51 (Nikon, Japan).  
 

2.3. STATISTICAL ANALYSIS 

Plots were done with Prism 5.0 software (GraphPad Software Inc. San Diego, CA, 

USA). Statistical analysis for the effect of C31 molar fraction was performed by one-
way ANOVA (P < 0.05) for each mixture using STATISTICA V 7.1 (StatSoft, Inc. 

Tulsa, OK). 

 

3. RESULTS AND DISCUSSION 
3.1  PURE COMPONENTS 

The cooling/heating thermograms for the pure TAGs (i.e., MMM, PPP and SSS) 

and C31 are shown in Fig.1. During cooling of the molten, TAGs presented just one 

crystallization exotherm (Fig. 1A), while the corresponding heating thermograms 

(Fig. 1B) showed one recrystallization exotherm and two endotherms for each TAG. 

Based on previous reports, the lower endothermic peak was associated with the 

melting of the α-form crystals, and the other to those in β-form (Hartel, von Elbe, & 

Hofberger, 2018). The recrystallization corresponded to the α  β polymorphic 

transformation. To develop the phase diagrams, all compounds must be at 

equilibrium (i.e., β-form for TAGs). After the annealing process, the heating 

thermograms of TAGs showed a single melting endotherm (Fig. 2A). The melting 

temperature and melting enthalpy agreed with those for the β-form reported 

elsewhere for these TAGs (Table 1; Hartel, von Elbe, & Hofberger, 2018; Da Silva 

et al., 2009; Matovic., 2005; Kolbe et al., 1999; Kellens &Reynaers., 20009). The β 

form in the annealed TAGs was corroborated with the X-ray diffractograms obtained 

at 25 °C, where the diffraction pattern showed three peaks in the wide angle region 
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(2θ > 19°) at d values of 4.6 Å, 3.7 Å and 3.9 Å (Fig. 2B), which are distinctive of a 

triclinic subcell (Silva et al., 2014). 

Given the enantiotropic polymorphism of C31, the heating thermogram of this 

compound showed the same endothermic transitions after crystallization of the 

molten, and after applying the annealing treatment used for SSS (Fig. 1B & Fig. 2A). 

The lower temperature endothermic peak was associated with the orthorhombic  
rotor phase transition (Tod,C31 = 61.55 ± 0.35 °C) and the higher temperature 

endotherm to the rotor phase  liquid transition (Tm,C31 = 67.82 ± 0.56 °C). The 

enthalpy associated with the o–d transition and the melting (222.70 ± 4.53 °C), and 

both temperature transitions were consistent with the reported data (Briard et al., 

2003; Serrato-Palacios et al., 2018). The X-ray diffractogram of C31 showed two 

peaks of high intensity at d values of 4.2 and 3.8 Å (Fig 2B), characteristic the 

orthorhombic packing subcell, which is the stable form at 25 °C.  

 

The crystal microstructure of the annealed compounds obtained by PLM is 

shown in Fig. 3. C31 is shown as large birefringent fibers much larger than those 

reported by Serrato-Palacios et al. (2015), which was attributed to the 

recrystallization process occurred during the annealing (Fig. 3A). On the other hand, 

the three TAGs observed spherulites with the typical Maltese cross shape in 

different sizes. PPP produced the larger crystals of this type, SSS had the smaller 

ones, while MMM had an intermediate size. In between of some Maltese cross-

shaped crystals of MMM was a circle of granular microcrystals of very small size 

(Fig. 3B). This type of structures could be associated with the recrystallization 

occurring during de annealing process (Magill, 2001). 

 

3.2. N-HENTRIACONTANE/TAGS MIXTURES  
3.2.1 DYNAMIC CRYSTALLIZATION 
The cooling thermograms of molten C31-TAG mixtures are shown in Fig. 4. 

Independently of the mixture composition, C31 crystallized to the highest 
temperature, showing a decline in the crystallization onset (To,C31) proportional to 

XC31 (Fig. S2). Thus, independently of the chain length, there was an evident dilution 

effect of these TAGs on C31. For the C31-MMM mixtures, the C31 crystallization 
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was detected all along of the concentration range. The C31 exotherm of systems 

with XC31 = 1.0-0.60 had two overlapping peaks associated with crystallization from 

the isotropic liquid  rotor phase, and the rotor phase  orthorhombic transition. 

On the other hand, C31 exotherms for systems with XC31 = 0.5-0.05 only evidenced 

the peak corresponding to the transition from the liquid  orthorhombic phase 

(Serrato-Palacios et al. 2015). The same trend was observed in mixtures with the 

higher melting TAGs, but the C31 exotherms were detected only in systems with an 

XC31 = 1.0-0.30 or XC31 = 1.0-0.20 for mixtures with PPP or SSS, respectively. TAGs 

crystallization in mixtures were different for each mixture. In mixtures with MMM, the 

C31 increased the To,MMM (P < 0.05) approximately 6 °C with respect to that of pure 

MMM (Fig. 4A). These results agreed with the seeding effect of sunflower wax on 

anhydrous milk fat (AMF), which reduced the induction time to nucleation, and 

increased the number of AMF crystals (Kerr, Tombokan, Ghosh & Martini, 2011; 

Martini, Carelli, & Lee, 2008). Thus, we concluded that C31 crystals acted as hetero-

nuclei for MMM. In contrast to the C31-MMM mixture, the C31 crystals did not 

change (P < 0.005) the To,PPP, and had a slightly negative effect (P < 0.05) on the 

To,SSS when compared with the corresponding pure component (Fig. 4B & 4C). This 

behavior is consistent with Ramírez-Gómez et al. (2016), where mixtures with 

different ratios of candelilla wax and fully hydrogenated soybean oil (FH) shown 

neither significant changes nor a slight depression in the crystallization onset of FH 

as the CW in the system increased. Considering the FH is mainly constituted SSS 

and other medium chain trisaturated TAGS, we concluded that the C31 crystals do 

not act as hetero-nuclei under dynamic crystallization conditions for PPP and SSS.  

 
3.2.2 TAG MIXTURES ANNEALING 
The heating thermograms from C31-TAG mixtures crystallized under dynamic 

cooling conditions showed recrystallization events associated with polymorphic 

transformations of unstable forms of TAGs (Fig. S3). As materials must be in 

equilibrium to construct phase diagrams, all mixtures were annealed to produce 

systems with TAGs crystals in the stable β-form, and C31 in the orthorhombic 

subcell packing. Regardless of the mixture composition, the XRD diffraction patterns 

from annealed C31-TAG mixtures showed the three distinctive peaks of the triclinic 
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subcell of TAGs in the β-form (Fig. 5) and the most intense peak of C31. The peak 

of C31 diffracting at 3.8 Å could not be detected as it is relatively less intense than 

the peaks at 3.7 and 3.9 Å produced from TAGs crystals in the β-form. Thus, we 

confirmed the annealed mixtures were thermodynamically stable, and that in all 

cases they were constituted by a mixture of TAG and C31 crystals.  

  
3.2.3 SOLID-LIQUID PHASE DIAGRAMS 
Melting endotherms of annealed mixtures of C31-TAG (Fig. 6) were used to 

construct solid-liquid equilibrium diagrams as a function of temperature and 

composition. These diagrams have liquid (L), solid-liquid equilibrium (SLE), and 

solid (S) regions. The liquidus line, separating the L region from the SLE region, 

were constructed with the melting peak Tm,i of the highest melting compound in the 

mixture; while the solidus line corresponded to the Tm,i of the lowest melting 

compound in the mixture. The o-d solid transition line of C31 was traced with the 

corresponding endotherm peak (Tod,C31).  
 
3.2.3.1 N-HENTRIACONTANE – TRIMIRISTIN 

The heating thermograms of annealed mixtures (Fig. 6) showed up to three 

endothermic peaks associated with the TAG melting, the o-d transition and melting 

of C31. For C31-MMM system, the highest temperature endotherm, corresponding 
to the melting of C31, were detected for systems with XC31 = 1-0.3 (Fig. 6A). Within 

this composition range, Tm,C31 decreased with the amount of C31 in the mixture. On 

the other hand, the endotherm of C31 o-d transition was identified systems with XC31 

= 1-0.5 at 61.5 °C independently of the mixture composition. The lower melting 

endotherm, corresponding to MMM crystals, were detected in all mixtures. In 

contrast with Tm,C31, Tm,MMM had only slight changes with the system composition. It 

is worth to note that, the single endotherm detected for C31-MMM mixtures with 

XC31 ≤ 0.3 (Fig. 6A, Fig. S4A) was attributed to the concomitant melting of β-MMM 

and C31 crystals, as both crystals species were detected in the X-ray diffractograms 
(Fig. 5A). Phase change temperatures (i.e., Tm,i,Tod,i) used to draw the delimiting 

lines in the C31-MMM phase diagram are in Table 2. From these data, the liquidus 

line (solid line in Fig. 7), corresponding to Tm,i of the highest melting compound in 
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the mixture (Tm,C31 or Tm,MMM), exhibited an eutetic at XC31 = 0.2 with Tm = 56.30 °C. 

Below the solidus line, corresponding to the temperature of the melting peak of 

MMM (Tm,MMM), the systems were a micro-heterogeneous dispersion of β-MMM and 

C31 crystals (Fig. 7). Two SLE regions were found in mixtures with XC31 > 0.20 

above the solidus line and below the o-d transition temperature. In these regions, 

the liquid phase was a mixture of MMM and C31 crystals. C31 was in the 

orthorhombic polymorphic form (C31ss-O) or in the rotor phase (C31ss-R) if they 

were below or above the o-d transition temperature, respectively.  

 

Crystal habit of the studied TAGs were greatly modified in the mixtures, while C31 

crystals maintained its characteristic fiber shape (Figs. 3, 7-9). C31 modified the 

shape of MMM crystals, changing from the spherulitic to a grainy habit. Also 

exhibited a crystal size reduction with the increment of C31 in the mixture (Fig. 7). 

These phenomena were attributed to the secondary nucleation of MMM on the C31 

crystals surface as detected from the cooling thermograms (Secc. 3.2.1).  

 
3.2.3.2 N-HENTRIACONTANE – TRIPALMITIN 

In the heating thermograms of C31-PPP with XC31 > 0.50, the highest melting 

component was C31 (Fig. 6B). In this system, the melting temperature of C31 

decrease with the amount of C31 while the o-d transition appeared around 61.5 °C, 

and the melting peak of PPP was detected at ∼60 °C. Mixtures with 0.3 ≤ XC31 ≤ 0.5 

presented only one endotherm with a single peak (Fig. 6B), which was attributed to 

the simultaneous melting of the two crystal species detected by XRD (C31 and β-
PPP) (Fig. 5B). On the contrary, mixtures with XC31 = 0.1-0.2 showed one melting 

endotherm with two overlapping peaks, the highest peak in these mixtures 

corresponded to PPP. The phase change temperatures used to draw the delimiting 

lines in the C31-PPP phase diagram are in Table 3. From these data, the liquidus 

line (solid line in Fig. 8) revealed a eutectic at XC31 = 0.4 with Tm = 60.32 °C. The X-

ray diffraction analysis confirmed that below the solidus line, these components 

were structured as a micro-heterogeneous dispersion of β-PPP and C31 crystals 

(Fig. 8). This mixture had three SLE regions, one in mixtures with 0.2 ≤ XC31 ≤ 0.3, 

and two for those with 0.3 < XC31 < 0.95. In the former case crystals of β-PPP and a 
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liquid phase were in equilibrium, while the later a liquid phase and C31ss-O were 

found above the solidus line and below the Tod,C31, and a liquid phase and C31ss-R 

above the Tod,C31 and below the liquidus line. The microstructure of PPP crystals in 

mixture with C31 showed the most significant changes with respect to the pure PPP.  

 

The grainy crystals in C31-PPP mixtures were much smaller than those of pure PPP, 

C31-MMM and C31-SSS mixtures (Figs. 3, 8). Nonetheless, thermograms of C31-

PPP mixtures did not show evidence of a secondary nucleation process (Secc. 

3.2.1). Therefore, the huge crystal size reduction of PPP crystals could result from 

the inhibition of the crystal growth by adsorption of C31 at the surface of the growing 

crystals. This effect is produced when impurities (i.e., C31 molecules) in the 

crystallizing media are adsorbed at the crystal surface, hindering the incorporation 

of the crystallizing species (i.e., PPP), as this has to be displaced before the 

incorporation of PPP to the crystal lattice can occur (Hartel, 2001). 

  

3.2.3.3 N-HENTRIACONTANE – TRISTEARIN 

For C31-SSS system, the highest melting endotherm corresponded to SSS in those 

with XC31 < 0.6, and to C31 in mixtures with XC31 > 0.8 (Fig. 6C). On the other hand, 

mixtures with 0.6 ≤ XC31 ≤ 0.8 showed only one endothermic peak, which was 

attributed to the concomitant melting of the C31 and β-SSS crystals as detected by 

XRD (Fig. 5C). From these data (Table 4), the liquidus line revealed a eutectic region 

at 0.6 ≤ XC31 ≤ 0.8 with Tm = 64 °C (solid line in Fig. 9). As in the other systems, the 

melting temperature of C31 decrease with the amount of C31 while the o-d transition 

appeared around 61.5 °C, and the melting peak from SSS decrease to a minimum 

63.87 °C. The solidus line corresponding to the melting of either C31 or β-SSS was 

practically an exothermic line at ∼64 °C. Below this line and above Tod,C31, mixtures 

with XC31 ≥ 0.4 coexist as a mixture of β-SSS and C31-R, but below Tod,C31 these 

systems consisted of a physical mixture of β-SSS and C31-O crystals (Fig. 9). Two 
SLE regions were identified for this system, one for mixtures with XC31 < 0.6 where 

β-SSS and a liquid phase coexist, and other for mixtures with XC31 > 0.8 where the 

C31-R was in equilibrium with the liquid phase.  
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The SSS crystal microstructure changed as a function of the C31 content in the 

mixture. At X31 = 0.1, the spherulitic shape and crystal size were quite like that of 

pure SSS (Figs. 3, 9). On the other hand, mixtures with X31 ≥ 0.4 had grainy crystals, 

with slight changes in crystal size. As in C31-PPP mixtures, such morphological 

changes could not be associated with a secondary nucleation process (Secc. 3.2.1), 

but to the crystal growth inhibition by adsorption of C31 at the surface of the growing 

crystals. It is worth to mention that the size reduction of TAGs crystals induced by 

C31 is desirable for a number of lipid-based matrices for food, cosmetic and drug 

delivery products, as a smaller crystal size produces a smoother texture, and 

increases the product elasticity (Keer et al., 2011). 

 

4. CONCLUSIONS  

Mixtures of C31 and the TAGS here studied had a eutectic phase behavior. The 

eutectic composition was richer in the TAG as the melting temperature of the TAG 
increased; that is XC31 = 0.2, XC31 = 0.4, and XC31 = 0.7-0.8 for MMM, PPP, and SSS, 

respectively. Thus, below the solidus line these systems were a solid dispersion of 

crystals rich in C31 and crystals rich in the corresponding TAG. Such segregation in 

the solid phase was attributed to the difference in subcell-packing of the pure 

components stable polymorphic form, orthorhombic for C31, and monoclinic for 

TAGs in the β-polymorphic form. The microstructure of TAGs crystals was largely 

modified in mixtures with C31. Morphological changes in MMM crystals were driven 

by its heterogeneous nucleation on C31 crystals developed while mixtures were 

cooled from the molten. On the other hand, microstructural changes for TAGs 

crystals in mixtures with PPP and SSS in mixtures were driven by the crystal growth 

inhibition by adsorption of C31 molecules at the growing crystal surfaces. 
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CAPTIONS 

Figure 1. Cooling (A) and heating (B) thermograms obtained at 5 °C/min for neat n-

hentriacontane (C31), trimyristin (MMM), tripalmitin (PPP), and tristearin 

(SSS).  

Figure 2 Heating thermograms obtained at 5 °C/min (A) and X-ray diffractograms 

(B) for annealed n-hentriacontane (C31), trimyristin (MMM), tripalmitin 

(PPP), and tristearin (SSS).  

Figure 3 Polarized light microscopy images for annealed n-hentriacontane (A), 

trimyristin (B), tripalmitin (C), and tristearin (D). 

Figure 4 Cooling thermograms obtained at 5 °C/min for mixtures of n-hentriacontane 

(C31) and trimyristin (A), tripalmitin (B), or tristearin (C). Mixtures 

composition are identified by the n-hentriacontane mole fraction (XC31). 

Figure 5 X-ray diffractograms for annealed for mixtures of n-hentriacontane (C31) 

and trimyristin (A), tripalmitin (B), or tristearin (C). Mixtures composition 

are identified by the n-hentriacontane mole fraction (XC31). 

Figure 6 Heating thermograms obtained at 5 °C/min for annealed mixtures of n-

hentriacontane (C31) and trimyristin (A), tripalmitin (B), or tristearin (C). 

Mixtures composition are identified by the n-hentriacontane mole fraction 

(XC31). 

Figure 7 Phase diagram for n-hentriacontane (C31) and trimyristin (MMM) binary 

system and polarized light microphotographs of selected mixtures. 

Mixtures’ composition is identified by the C31 mole fraction (XC31). Melting 

peak temperatures for C31 and β-MMM, and the order-disorder transition 

for C31 are indicated in the graph. Liquid (L), crystal rich in trimyristin (β-
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MMM), crystal rich in C31 in rotator phase (C31-R), crystal rich in C31 in 

orthorhombic phase (C31-O). 

Figure 8 Phase diagram for n-hentriacontane (C31) and tripalmitin (PPP) binary 

system and polarized light microphotographs of selected mixtures. 

Mixtures’ composition is identified by the C31 mole fraction (XC31). Melting 

peak temperatures for C31 and β-PPP, and the order-disorder transition 

for C31 are indicated in the graph. Liquid (L), crystal rich in trimyristin (β-

MMM), crystal rich in C31 in rotator phase (C31-R), crystal rich in C31 in 

orthorhombic phase (C31-O). 

Figure 9 Phase diagram for n-hentriacontane (C31) and tristearin (SSS) binary 

system and polarized light microphotographs of selected mixtures. 

Mixtures’ composition is identified by the C31 mole fraction (XC31). Melting 

peak temperatures for C31 and β-SSS, and the order-disorder transition 

for C31 are indicated in the graph. Liquid (L), crystal rich in trimyristin (β-

MMM), crystal rich in C31 in rotator phase (C31-R), crystal rich in C31 in 

orthorhombic phase (C31-O). 

 

Figure S1. Heating thermograms obtained at 1 °C/min for annealed n-

hentriacontane (C31), trimyristin (MMM), tripalmitin (PPP), and tristearin 

(SSS).  

Figure S2. The crystallization onset of n-hentriacontane (To,C31) versus XC31 for 

mixtures of n-hentriacontane (C31) and trimyristin (MMM), tripalmitin 

(PPP), or tristearin (SSS).  
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Figure S3. Heating thermograms obtained at 5 °C/min for mixtures of n-

hentriacontane (C31) and trimyristin (A), tripalmitin (B), or tristearin (C). 

Mixtures composition are identified by the n-hentriacontane mole fraction 

(XC31). 

Figure S4 Heating thermograms obtained at 1 °C/min for pure components and a 

selected number of annealed mixtures of n-hentriacontane (C31) and 

trimyristin (A), tripalmitin (B), or tristearin (C). Mixtures composition are 

identified by the n-hentriacontane mole fraction (XC31). 
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Table 1. Melting temperatures and enthalpies for pure triacylglycerides after the 

annealing process for the polymorphic β form. 

TAGs 
Tma  

(°C) 

∆𝑯𝑯𝒎𝒎 P

a  

(J/g) 

Tmb  

(°C) 

∆𝑯𝑯𝒎𝒎 P

b (

J/g) 

Tm  

(°C) 

∆𝑯𝑯𝒎𝒎 P

  

(J/g) 

MMM 

PPP 

SSS 

56.99 ± 0.02 

64.33 ± 0.08 

71.97 ± 0.37 

182.45 ± 10.11 

188.65 ± 1.63 

190.95 ± 3.46 

56.00 – 58.50 

66.00 – 66.4 

73.00 – 73.50 

188.13 

203.82 

213.24 

 

65.8f 

72.4 ± 0.05c, 

71.2f 

 

190.69f 

217±1.6c, 219.6d, 

211.1e, 213.13f 

(a) Experimental data; (b) Hartel et al., 2018; (c) Da Silva et al., 2009; (d) 

Matovic., 2005; (e) Kolbe et al., 1999; (f) Kellens and Reynaers., 1992. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 2. Experimental temperatures of the solid-liquid equilibrium in the binary 

mixture C31 (1) + MMM (2). 

 

 

XC31 

 

Liquidus line 

 

Solidus line 

The o-d solid 

transition line 

 𝑇𝑇𝑚𝑚, 𝐶𝐶31 𝑇𝑇𝑚𝑚, 𝑀𝑀𝑀𝑀𝑀𝑀 𝑇𝑇𝑜𝑜𝑜𝑜, 𝐶𝐶31 

0  56.99 ± 0.02  

0.05  57.18 ± 0.33  
0.10  56.86 ± 0.46  

0.20  56.30 ± 0.08  
0.30 58.22 ± 0.05 56.69 ± 0.08  

0.40 58.23 ± 0.18 55.94 ± 0.57  
0.50 61.53 ± 0.16 55.71 ± 0.01  

0.60 63.15 ± 0.13 55.57 ± 0.16 61.55 ± 0.26 
0.70 63.50 ±0.07 55.44 ± 0.13 61.53 ± 0.05 

0.80 64.75 ± 0.02 55.04 ± 0.05 61.38 ± 0.08 
0.90 66.55 ± 0.02 54.94 ± 0.05 61.70 ± 0.00 

0.95 67.65 ± 0.09 54.45 ± 0.18 62.01 ± 0.08 
1 67.82 ± 0.56  61.55 ± 0.35 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Table 3. Experimental temperatures of the solid-liquid equilibrium in the binary 

mixture C31 (1) + PPP (2). 

 

 

XC31 

 

Liquidus line 

 

Solidus line 

The o-d 

solid 

transition 

line 

 𝑇𝑇𝑚𝑚𝑖𝑖 i 𝑇𝑇𝑚𝑚𝑖𝑖 i 𝑇𝑇𝑜𝑜𝑜𝑜, 𝐶𝐶31 

0 64.33 ± 0.08 PPP    

0.05 64.19 ± 0.11 PPP    

0.10 64.30 ± 0.19 PPP    

0.20 62.84 ± 0.21 PPP 59.80 ± 0.09 C31   

0.30 61.96 ± 0.00 PPP 60.32 ± 0.08 C31   
0.40 60.69 ± 0.01 C31 & PPP 60.69 ± 0.01 C31 & PPP  

0.45   61.19 ± 0.33 PPP  

0.50 61.20 ± 0.06 C31 & PPP 61.20 ± 0.06 C31 & PPP  

0.60 62.56 ± 0.94 C31 60.42 ± 0.62 PPP 61.63 ± 0.07 

0.70 63.70 ± 0.02 C31   61.08 ± 0.91 

0.80 65.29 ± 0.03 C31 56.49 ± 0.03 PPP 61.45 ± 0.04 

0.90 66.08 ± 0.29  C31 59.46 ± 0.06 PPP 61.57 ± 0.21 
0.95 67.61 ± 0.10 C31 59.61 ± 0.06 PPP 62.24 ± 0.13 

1 67.82 ± 0.56 C31   61.55 ± 0.35 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 



Table 4. Experimental temperatures of the solid-liquid equilibrium in the binary 

mixture C31 (1) + SSS (2). 
 

 

XC31 

 

Liquidus line 

 

Solidus line 

The o-d 

solid 

transition 

line 

 𝑇𝑇𝑚𝑚𝑖𝑖 i 𝑇𝑇𝑚𝑚𝑖𝑖 i 𝑇𝑇𝑜𝑜𝑜𝑜, 𝐶𝐶31 

0 71.97 ± 0.37 SSS    

0.05 72.27 ± 0.25 SSS    

0.10 71.56 ± 0.02 SSS 63.56 ± 0.51 C31  

0.20 71.29 ± 0.21 SSS 62.92 ± 0.34 C31  

0.30 70.18 ± 0.37 SSS 62.79 ± 0.29 C31  

0.40 69.04 ± 0.16 SSS 63.29 ± 0.08 C31 61.73 ± 0.26 

0.50 67.88 ± 0.08 SSS 63.56 ± 0.08 C31 61.11 ± 0.06 

0.60 66.43 ± 0.08 SSS 64.14 ± 0.01 C31 & SSS 61.42 ± 0.02 

0.70 64.04 ± 0.46 C31 & SSS 64.04 ± 0.46 C31 & SSS 61.55 ± 0.64 
0.75   64.94 ± 0.18 C31 61.80 ± 0.11 

0.80 64.35 ± 0.10 C31 & SSS 64.35 ± 0.10 C31 & SSS 61.28 ± 0.01 

0.90 66.24 ± 0.04 C31 64.03 ± 0.19 SSS 61.67 ± 0.22 

0.95 67.79 ± 0.00 C31 63.87 ± 0.48 SSS 62.19 ± 0.03 

1 67.82 ± 0.56 C31   61.55 ± 0.35 
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