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Abstract

:

Two bio-oleogels were investigated. These materials were produced with a combination of canola and soybean oil with 4, 6, 8, and 10% of beeswax (by weight). Sensible heat storage capacity, melting parameters, and enthalpies were investigated by the differential scanning calorimetry (DSC) test. An ordinary DSC dynamic test was performed. Cycles of heating and cooling were performed, as well as tests with different heating rates. According to the results, the materials present a melting temperature between −16 to −12 °C and a total latent heat between 22.9 and 367.6 J/g. BC10 (canola oil with 10% beeswax) was the sample with the best performance, with a latent heat of 367.6 J/g and a melting temperature of −13.6 °C, demonstrating its possible use as a phase change material for cold storage.
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1. Introduction


Phase change materials (PCMs) are well known when it comes to thermal energy storage (TES) due to their large thermal energy storage capacity through latent heat [1]. Nowadays, many studies have been investigating the use of PCM in buildings and construction materials, indicating that PCMs can remarkably improve the building energy performance [2,3,4,5,6,7].



The appropriate use of PCMs can minimize the peak heating and cooling loads and has the capability to keep indoor temperatures within comfort range due to smaller temperature fluctuations, providing buildings with higher thermal inertia, smaller range of diurnal temperature variations, and reduced energy consumption [8].



This remarkable feature led research to the improvement of PCMs, involving characteristics such as thermal conduction during the melting of the material and use, through encapsulation, of porous material, among other methods [9,10,11].



The use of PCM in cooling systems has attracted the attention of research related to the food industry, more specifically for the development of packaging that can preserve food without fluctuating the temperature of products that are part of the cold chain system. The main reason for such interest relies on the fact that the shelf life of most food is quite sensitive to temperature variations. This is the main cause of deterioration and economic loss of perishable goods in processes of transportation, handling, distribution, storage, and consumption [12].



Some studies [13,14] describing this possibility and other practical applications of PCMs as packaging material have already been published [15,16,17,18,19,20]. However, most of this research worked with commercial PCMs such as Rubitherm RT5 or commercial acids such as octanoic acid.



The search for sustainable and renewable materials has been gaining importance worldwide. In this context, bio-based materials often present themselves as more eco-friendly alternatives to conventional materials. Bio-based PCMs are derived from animals or plants, being mostly waxes, oils, or greases, among others. As they are more complex materials, their phase change temperature range is slightly wider compared to other organic PCMs such as paraffines. They have already been extensively researched for several applications, including buildings, solar energy, and applications that require temperatures below 0 °C [21,22,23,24].



Combining different bio-based materials opens up the possibility of modifying their properties, potentially leading to more efficient products. Since oils present low solidification temperatures and waxes present high melting temperatures, compared to the ambient temperature, the combination of the two results in a material with an intermediate melting temperature. With this prospect, oleogelation was proposed as a feasible method to achieve this. Oleogel is a gel-like material formed by a low concentration (<10%) of an oleogelator, generally wax, and an oil. Using the appropriate gelation method, oleogelator molecules are dispersed in the oil phase and self-assemble to form a network, structuring the liquid oil. The crystalline phase is usually prepared by controlled rapid cooling of a warm liquid oil phase to a temperature well below the melting point of the crystalline phase. The formation of very large crystals is prevented by deep cooling and high cooling rates. This avoids crystallization conditions just below the melting point of the crystalline phase, where supercooling can occur relatively easily because nucleation rates are low and crystal growth rates are large [25,26,27].



This research can be considered a new approach in the use of oleogels as a PCM. In order to verify this possible application, this work has the objectives of: (1) demonstrating oleogel’s effectiveness as a PCM for cold storage; (2) comparing these results with other organic PCMs developed in other studies.




2. Materials and Methods


2.1. Bio-Oleogel


The oils (soybean and canola), as well as the beeswax, were obtained in a local market. The soybean oil utilized was from Liza brand, produced by Cargill Agricola S.A. (Brazil). The canola oil utilized was from Purilev brand, produced by Cargill Agricola S.A. (Brazil). Oil content in these products was 100%, according to the label.



The raw materials were weighed, and then the wax was added to the oil in a water bath at 80 °C and the mixture was manually stirred with a glass stick for 10 min. After that, the material was cooled at 20 °C for 24 h. Figure 1 illustrates the formation process of the oleogel. In Figure 1a, oil molecules are dispersed in the oil phase. When the oil was heated, the oleogelator (wax) was added and both were dispersed in the oil phase as demonstrated in Figure 1b. During the cooling process, the oil and the wax molecules, present in the oil phase, self-assemble to form a network, structuring the liquid oil and obtaining the oleogel, as observed in Figure 1.



The sequence of produced oleogels is presented in Table 1. A total of eight different formulations is studied: four with soybean oil and four with canola oil. All oleogels were prepared with beeswax at different contents by oil weight (4, 6, 8, and 10%).




2.2. Methods


2.2.1. Attenuated Total Reflectance Infrared Spectroscopy (ATR–IR)


Infrared spectroscopy tests were carried out (Varian 660-IR, Agilent Technologies, USA with ATR Pike MIRacle, Pike Technologies, Madison, WI, USA), analyzing spectra in the wavenumber range between 4000 and 400 cm−1 with 2 cm−1 resolution and using air as background. No prior sample preparation was needed for the oleogel samples. Both sample and background spectrum were registered with 32 scans.




2.2.2. Differential Scanning Calorimetry (DSC)


Thermal energy storage (TES) was evaluated by DSC. A heat-flux DSC method, named as a dynamic method, was applied. German codes DIN 51005:2022 [28] and DIN 51007:2019 [29] have been used as a reference to perform DSC tests, whereas IEA standard procedure DSC 4229 PCM Standard [30,31] is followed to determine the heat storage capacity of the PCMs. Detailed information about the calculation of the heat storage capacity can be found in [32]. The test was performed in a NETZSCH, equipment model DSC 214. An alumina crucible (capacity of 40 µL) with a hole in the lid was used. Figure 2 illustrates the preparation of a sample for a DSC test.



The DSC test was performed over a temperature range of −50 to 60 °C. Each test was performed with three cycles, according to IEA proceedings. An initial analysis was performed on soybean and canola oil gels with lower and higher contents of beeswax (4 and 10%, respectively). The analysis was performed at 10 °C/min. A single test of each oleogel was performed. The PCM with the best performance, in this case, canola oil with beeswax, was further evaluated, including intermediary oleogels (with 6 and 8% of beeswax). These tests were performed in order to evaluate and indicate the optimum amount of beeswax on canola oleogel. Further, the best oleogel was carefully tested at different heat rates: 0.125, 0.5, and 1 K/min. This last step was performed according to TES parameters. This procedure is necessary in order to obtain a more realistic understanding of the material. In the dynamic measuring mode with a constant heating or cooling rate, a temperature gradient occurs within the specimen. This temperature gradient depends on the specimen geometry, specimen mass, and material properties (enthalpy and thermal conductivity). The effect is more significant inside the phase change than outside. To achieve sufficient measurement accuracy, thermal equilibrium within the sample must be targeted. Accordingly, the DSC test must be performed using suitable heating/cooling rates.



In this way, the DSC measurement must be carried out with several samples, changing the heating rate from 10 to 0.125 K/min. This process must be performed until the temperature between its enthalpy curves presents a value of 0.2 K. The tests were performed with heating rates of 10, 1, 0.5, and 0.125 K/min according to IEA standards, and can be used to control/solve heating rate issues, as has been shown.




2.2.3. Thermogravimetric Analysis (TGA)


Oleogel samples were subjected to thermogravimetric analysis. The test was performed with an STA 449 F5 Jupiter instrument from NETZSCH. Samples were heated from 25 °C to 1000 °C in nitrogen gas flowing at 20 mL/min with a heating rate of 10 °C/min. The degradation temperature was determined from the intersection of the baseline in the differential thermogravimetric (DTG) curve. An open alumina crucible was used.




2.2.4. Viscosity


Viscosity was determined by using a Brookfield viscosimeter, model DVII Brookfield. Samples were placed in a beaker (100 mL). A spindle #64 was used. The test was performed at 20 °C, with an angular velocity between 12 and 60RPM [33,34].






3. Results and Discussion


3.1. Structural Characterization of Oleogel by ATR-IR


In order to evaluate the chemical structure of the produced oleogels, FTIR analysis was performed. ATR-IR spectra of all samples are presented in Figure 3.



According to [35], beeswax represents a complex organic mixture of numerous compounds. However, in a typical IR spectrum, only the most dominating ones are observable and considerable as beeswax. The results observed in Figure 3 are mostly analyte signals belonging to hydrocarbons, esters, and free fatty acids in accordance with [35]. A typical FTIR–ATR spectrum of canola and soybean oil in comparison to characteristic beeswax (raw materials) is presented in Figure 3. It is characterized by a molecular structure related to hydrocarbon absorption bands (at 2922, 2852, 1743, and 1157 cm−1). The main spectral differences between beeswax and the oils are observed in the fingerprint region. The analyte signals are related to the ester and free fatty acids vibrations (at 1743 and 1157 cm−1). These signals are considerably stronger and characterized by the increase in maximum absorption in comparison to beeswax signals.



Figure 3 shows the FTIR spectra of canola oleogel (4, 6, 8, and 10% of beeswax). These spectra showed the typical characteristic of absorption bands similar to the raw materials. The most prominent absorption band at 1743 cm−1 can be assigned to the C=O stretching of aliphatic esters. The strong bands at around 2922 and 2852 cm−1 can be ascribed to the asymmetrical and symmetrical C–H stretching vibrations of CH2 groups. The band at around 1157 cm−1 can be assigned to the stretching of the C–O bonds of aliphatic esters. Similar results were found in canola oil [36], beeswax [35] and soybean oil [37]. At first sight, the entire ranges of spectra of the oleogel with different concentrations look similar. However, the 2852 and 1157 cm−1 bands reveal some discrepancies with 4, 8, and 10% beeswax concentration.



Figure 3 shows FTIR spectra of soybean oleogel (4, 6, 8, and 10% of beeswax). Each band and shoulder in FTIR spectra corresponds to the functional group responsible for IR absorption and exhibits the characteristic bands for edible fats and oils and it shows in accordance with the spectra of the raw materials. All spectra look very similar to the raw material and are dominated by FTIR spectra triglycerides. However, if we examine the spectra closely, they reveal some differences in terms of peak intensities or shift, which can be observed in the region around 2922–2852 cm−1, as well as at the fingerprint region, between 1743 and 1157 cm−1. It was observed that different concentrations of beeswax) reveal discrepancies in the FTIR spectra, mainly in 2852 and 1157 cm−1 bands for 8 and 10%. This can be associated with the differences in compact entrapment of oil within crystal network, in addition to differences in van der Waals interaction oil–wax, depending on the concentration of beeswax [38].




3.2. Analysis of Thermal Properties


After confirming the structures of the raw material, the thermal properties of the material were investigated. In order to obtain a better comparison between BC and BS, the two materials (BC10 and BS10) were analyzed. The results of these DSC measurements are described in Table 2. The melting temperature range of the specimens was between −13.6 °C and −16.7 °C. Canola oil oleogel presented a higher melting temperature than the soybean oil oleogel, with the oleogel containing 10% beeswax presenting a total latent heat of 367.6 J/g, compared to 22.9 J/g for the soybean oil oleogel with the same content of beeswax.



According to the melting temperature range obtained in this study, this PCM is suitable to be applied in food conservation, which requires lower temperatures. Some studies show the efficiency of utilizing PCM in that application [24,39,40,41].



The data presented in Table 2 are a summary of the curves presented in Figure 4, showing the evolution of specific heat capacity and enthalpy with the temperatures of the oleogels made with different oils.



Canola oil oleogel presents a higher capacity for thermal storage than the soybean oil oleogel. This can be associated with the fatty acid present in each oil, which could also explain the peaks in the curves: canola oil oleogel presented only one (major) peak at −12 °C, whereas soybean oil oleogel presented two small peaks around −20 °C. Canola oil is about 2.5 times less saturated, 2.5 times more monounsaturated, and 2 times more polyunsaturated than soybean oil [42], which can impact the oleogel structures and thermal properties. Holey et al. [43] report that higher unsaturation and polyunsaturated content in oil leads to an increase in the strength of oleogels with compact entrapment within the crystal network. In addition, the temperature difference between the onset melting temperature and peak melting temperature significantly decreased with an increase in oil saturation.



In Figure 5, comparisons with an ample gamma of phase change materials, both organic and inorganic, used for miscellaneous applications, are shown. The range of latent heats was from 100 J/g to 279 J/g, with most being between 180 and 220 J/g, including PCMs for cold storage, with melting temperature under −10 °C [40,44]. As can be seen, BC10 presented latent heat far beyond the other researched PCMs, demonstrating its possible applicability for cold storage in cold chain foods and their preservation.



Figure 6 shows the comparative evolution of the melting peak temperatures at the heating rate of 10 °C/min, with temperatures between −40 and 60 °C. In Table 3, the latent heat of oleogels produced from different concentrations (%) of beeswax with canola oil and their respective sample masses are presented.



It can be observed in Figure 6 that oleogel BC8 presented the best results of specific heat capacity and enthalpy among the three formulations. An increase in the content of beeswax increased the heat storage capacity of the materials, however, BC4 and BC6 presented a greater increment in heat storage capacity compared to BC8. Although it would seemingly be more efficient to add more than 10% beeswax to the oleogel, studies in this field [58,59,60,61,62] have already demonstrated the unfeasibility of doing so.



Furthermore, the latent heat and total heat storage measurements demonstrated that the oleogel BC10, made of canola oil and 10% beeswax, presented higher total heat storage (1320 J/g) than the other formulations. Other studies [63,64] found beeswax latent heat values of around 395 J/g with melting point between 55 °C and 64 °C, whereas [65] found 141 J/g. This can be explained by how the raw material was treated along with the bee species that produced it.



Besides that, [66] related the high content of wax ester in beeswax (about 60–70%) with the crystal morphology. That could assist in the formation and maintenance of the structure at the temperatures used in the present study. In [67], the authors explain that a higher amount of wax esters will result in a strong and brittle gel, which is expressed in a high storage modulus and flow yield stress of the wax-based oleogels. The fatty acids will contribute to the consistency and stability of the wax-based oleogels.



The dynamic DSC test was performed for all oleogels, considering heating rates (from 1 K/min to 0.125 K/min) with sample masses described in Table 3. The effect of the heating rate, between −40 to 60 °C, was investigated for only one of the oleogels. Table 4 shows sample masses and the enthalpy of each sample at different heating rates.



Figure 7 shows the curves of each sample at different heating rates (0.125, 0.5, and 1 K/min) along with specific heat capacity and enthalpy (latent only). A significant difference can be observed among each sample with different heating rates. The melting temperature (Tm) presented a high and defined peak in the sample with a heating rate of 0.125 K/min. Other authors [32,68,69,70] realized that different DSC heating rates (latent only) in PCMs can influence the DSC curves during melting, and lower heating rates result in a higher specific heat capacity of the materials. For the two (local) peaks of heating rates, more pronounced at 0.125 K/min, the first peak (also maximum) was registered at −20 °C, and the second local peak was achieved at −12 °C. The two major melting curves can be associated with the polymorphism of natural oils and fats. A similar observation was found by [71] in different types of oils.



This peculiarity can be related to the different types and concentrations of fatty acids and other components present in the material of the mixture (oleogel), the wax and the oils having different chain lengths, structures, and a possible occurrence of solid–liquid latent phase transition prior to the melting or degradation. A similar observation was made in a study using lactones as PCMs by Ravotti et al. (2019) [72]. According to [66], that could be associated with an initial disaggregation of the network in oil followed by the melting of crystals. In [71], the authors emphasize that oils and fats do not have specific melting and crystallization temperatures. Rather, they show melting/crystallization profiles.



Figure 8a shows the scattering of specific heat capacities following the dynamic DSC tests between −40 and 60 °C in BC10 with a heating hate of 0.25 K/min. A single heating rate was adopted to avoid the influence of this parameter on specific heat capacity. In Figure 7, the DSC curves are characterized by an almost sensible behavior in the temperatures from −20 to −12 °C, in accordance with the results in Figure 8. It can be observed that the results show a deviation, as indicated by arrows in Figure 7b, which can be related to the heating rate used, causing a variation in the signal in the lower temperature ranges (solid sensible responses, between −20 and −12 °C). In the latent only response (Figure 8c,d), heating and cooling cycles are represented by red and blue lines, respectively. The pronounced peaks in Figure 8c represent the solid–liquid phase change in the samples. According to [67], in temperatures above the melting points, waxes can show liquid-like behavior, and the solubility of the wax in liquid oil decreases, causing microscopic phase separation and further supercooling results in nucleation.



The enthalpy curves (latent only) represent the mean values of the measurements conducted for three BC samples over three cycles (Figure 8d). This analysis represents the absorbed and released thermal energies during heating and cooling and the unitary latent heat during a phase change [32]. Enthalpy results are shown in Table 5, along with melting and crystallization peaks, onset, and offset.




3.3. Viscosity


During the application and use of the PCM, information about viscosity is important to predict the behavior of resistance to flow and how that affects heat exchange [73,74]. This property also decreases with increasing temperature, being higher at the beginning of the curve. Thus, it is possible to evaluate the thermal energy storage system’s efficiency through its viscosity. Empirical equations to determine viscosity and specific heat capacity of PCMs have been formulated by previous studies [75,76,77].



The results of the viscosity of the oleogels obtained at 20 °C are shown in Figure 9, where we can observe three effects of the formulation: they presented a higher viscosity with a greater content of beeswax; there has been a difference in viscosity results between canola and soybean oils, being more discernible when the content of beeswax increases; increasing from 6 to 8% beeswax caused a significant increase in viscosity for both oleogels.



The first effect described could be explained by beeswax’s higher solidification temperature. This effect has been reported in other works where inorganic PCMs with higher transition temperature ranges were used [78,79], and as there is an abrupt change in viscosity with temperature, this may be affected by the content of beeswax [80].



The other two effects may have been influenced by the oils and the network between the molecules, as the oils and beeswax have different properties and several kinds of functional groups affecting the viscosity. These effects have been reported in others works. In addition, the higher the oil viscosity, the lower the oleogel viscosity [81,82,83].





4. Conclusions


Soybean and canola bio-oleogels were produced and tested in order to verify their possible use as phase change materials (PCMs). The dynamic DSC test performed for these oleogels samples and considering the heating rates used (1 K/min to 0.125 K/min), showed that bio-oleogels can be reliable PCMs. The content of beeswax combined with the type of oleogel could be associated with different results in the heating rate capacity, enthalpy, and melting temperatures. BC10 (canola and 10% beeswax oleogel) was considered the formulation with the best performance compared to the other oleogel formulations tested, with a total latent heat of 367.6 J/g. This oleogel also presented higher energy storage capacity compared to other PCMs found in the literature. The phase change temperature in the oleogels tested (between −16 and −12 °C) suggested that they can potentially be used as PCMs to preserve or maintain food at cold temperatures in packaging materials or containers in cold chain food. However, the necessity to test the toxicity of the PCM in future research and its efficacy in a practical experiment should be emphasized. Another important factor observed was that the heating rate, as well as the masses utilized in the analysis, can affect the results of DSC tests.
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Figure 1. The formation process of the oleogel: (a) oil molecules; (b) oil molecules with wax molecules in liquid phase; (c) self-assembly of the molecules, forming a network and obtaining the oleogel. 
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Figure 2. Oleogel with 10% canola oil after storage at −5 °C (a); oleogel melting (b); oleogel sample at room temperature being prepared to DSC test in an alumina crucible (c). 
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Figure 3. FTIR spectra of raw materials and oleogels. 
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Figure 4. DSC measurements of canola and soybean oleogels with 10% beeswax (BW): canola oleogel specific heat capacity (a) and enthalpy (b); soybean oleogel specific heat capacity (c) and enthalpy (d). 
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Figure 5. Latent heat of several PCMs: △: Schaake et al. (1982) [45], ◇: Feldman et al. (1989) [46], ⯀: Hawes et al. (1993) [47], □: Abhat (1983) [48], ▪: Himran et al. (1994) [49], ▫: Paris et al. (1993) [50], ⭘: Regin et al. (2008) [51], ⬤: A. Sharma et al. (2013) [52], ♦: Ahmet Sari et al. (2004) [53], ▸: A. Sari et al. (2013) [54], ▾: Barone et al. (1990) [55], ◂: Aydin and Aydin, (2012) [56], ⸋: Haillot et al. (2011) [57]. 
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Figure 6. DSC measurements of canola oleogels with different beeswax (BW) contents: specific heat capacity (a) and enthalpy (b) measurements. 
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Figure 7. Specific heat capacity at different heating rates (a); peak comparison (b); and enthalpy measurements (c) of dynamic DSC analysis (latent only). 
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Figure 8. Scattering of specific heat capacities (a) and enthalpy (b); latent only responses (c,d) following the dynamic DSC tests between −40 °C and 60 °C. 
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Figure 9. Viscosity values of studied oleogels with different beeswax contents at 20 °C. 
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Table 1. Formulations of studied oleogels (values in total weight %).






Table 1. Formulations of studied oleogels (values in total weight %).





	Oleogels
	Beeswax (%)
	Soybean (%)
	Canola (%)





	BS4
	4
	96
	-



	BS6
	6
	94
	-



	BS8
	8
	92
	-



	BS10
	10
	90
	-



	BC4
	4
	-
	96



	BC6
	6
	-
	94



	BC8
	8
	-
	92



	BC10
	10
	-
	90
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Table 2. Dynamic DSC information (tests performed at 10 K/min).
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	PCM
	Sample Mass (mg)
	Total Latent Heat (J/g)
	Melting Temperature (Tm)





	Canola 10% BW
	14
	367.6
	−13.6



	Soybean 10% BW
	10
	22.9
	−16.7
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Table 3. Different contents (%) of beeswax used to produce oleogels with canola oil.
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	Beeswax (%)
	Sample Mass (mg)
	Latent Heat (J/g)





	4
	23.2
	112.5



	6
	23.3
	251.8



	8
	17.4
	334.1
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Table 4. Canola and 10% beeswax oleogel latent heat measured at different heating rates.
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	Heating Rate (K/min)
	Sample Mass (mg)
	Latent HEAT (J/g)





	0.25
	19.2
	128.7



	0.5
	19.1
	298.2



	1
	19.2
	359.4
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Table 5. Dynamic DSC information of BC10 sample (tests performed at 10 K/min).
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	PCM
	  Δ  h (J/g)
	Tm Peak 1/ Peak 2 (°C)
	Tm Onset (°C)
	Tm Offset (°C)
	Tc (°C)
	Tc Onset (°C)
	Tc Offset (°C)





	BC10 (Canola 10% BW)
	367.6
	−19.9/−13.6
	−24.6
	−4.1
	168.1
	−36.8
	−34.6
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