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Abstract
Vegetable fats are complex multi-component mixtures of triglycerides. Here, the solidification behavior of a few vegetable fats is calculated using the Hildebrand equation. This calculation assumes, in the liquid phase, ideal mixing of the different components, in combination with literature data about the temperatures and enthalpies of fusion of the individual triglycerides. It further assumes a decomposition of the triglyceride blend into binary blends dissolved in an inert solvent. The solid fat content is calculated as function of the temperature, assuming that all triglycerides solidify in a single crystal habit (all α or all β or all β’). The minor triglyceride components are explicitly taken into account. The calculated solid fat contents for cocoa butter, palm oil, inter-esterified palm oil and palm kernel olein oil are compared to pNMR data, reported in the literature. Temperature ranges are found, in which specific crystal modifications match to the pNMR data for the solid fat content. These temperature ranges are found to be consistent with literature data obtained using X-ray diffraction. As a by-product, the calculation presented here, enables the construction of scenarios that describe which triglyceride solidifies in which temperature interval. 
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Introduction

One of the main challenges of the physical chemistry of oils and fats is the a priori calculation of the solid fat content of vegetable fats as function of the temperature, using solely the thermodynamical data of the separate components of the blend (Wesdorp, 1990). Such a calculation would enable the prediction of the melting behavior of inter-esterified fats and eutectic effects of blends of different fats (Timms, 2003; Talbot, 2009).
The solid fat content characterizes the melting behavior of a fat as function of the temperature. In the development of food-products it is often tuned to optimize the properties of different products, such as bakery, spreads and confectionery (Timms, 2003; De Bruijne et al 1999; Flöter, 2009). Various techniques are available for this purpose, such as fractionation, blending different fats and fat fractions, and inter-esterification.
Vegetable fats are multi-component blends of several different triglycerides. This complicates the prediction of the melting properties of the fat. Another complicating factor is that most of the triglycerides are able to solidify in different crystal forms, with different thermodynamic characteristics (Himawan et al, 2006; Marangoni, 2005). The best-known crystal modifications in fat, are α (hexagonal), β (triclinic) and β’ (orthorhombic).
There are a few publications in which attempts are made to calculate the solid fat content [Wesdorp (1990), Teles dos Santos et al (2014)]. These studies make use of a Margules equation for multicomponent mixtures. In these calculations, in which non-ideal mixing effects are taken into account, the equilibrium states are obtained numerically. This approach has the disadvantage that some of the physics of these systems tend to be obscured by numerical procedures. 
Recently, Marangoni et al (2022) developed a model on basis an entropy-centric equilibrium cooperative theory for non-ideally mixed triglycerides, which can be used to fit experimental data for the solid fat content. Here, again, the mathematical and numerical procedures, tend to overshadow interesting details of the solidification process.
So far, no attempt has been made to study the simpler case in which the triglycerides are ideally mixed in the liquid state. This latter approach has the advantage that the equilibrium states are described by a simple analytical equation: the Hildebrand equation (Marangoni, 2005; Atkins, 1989; Schaink, 2020). It is of interest to see what can be achieved when such a simple approach is used for the calculation of the solid fat content of vegetable fats that contain many different triglycerides.
[bookmark: _Hlk73826107]The theory presented here, attempts to establish how well the liquid-solid behavior of fats can be described, when only a minimum of relevant physical knowledge is used. No adaptable parameters are used. The theory is based on the description of 2 solidifying agents dissolved in an inert edible oil, which has been published recently [Schaink, 2020]. The calculation is performed for three different situations in which all fat crystalizes in a single crystal modification: either α or β or β’. The predictions are compared to published data of several solid fat content measurements [Ribeiro et al, 2012; Noor Lida et al, 2002]. This comparison is done for 4 different vegetable oils: cocoa butter, palm oil, inter-esterified palm oil and palm kernel olein oil. The findings are discussed using available X-Ray diffraction data for these fats (Van Malssen et al, 1996; Zahila et al, 2018; Rousseau et al, 1998).




THEORY
The solid fat content
[bookmark: _Hlk65334450]One aspect of solid fats is the observation that there are different crystal habits. Generally, three crystal habits are identified, which are named α, β’ and β. Details about these crystal habits can be found elsewhere [Himawan et al., 2006; Marangoni, 2005]. Here it suffices to mention that these crystal habits differ in melting temperature and enthalpy of fusion. The α-crystals formed by a triglyceride generally have the lowest melting temperature and lowest enthalpy. The individual triglyceride molecules in an α crystal still have some rotational freedom. This freedom is lost in the β’ and β crystals. The β-crystals formed by the same triglyceride generally have the highest melting temperature and enthalpy of fusion. For example, the triglyceride PPP in the α-configuration has a melting temperature of 44.7oC, while for PPP in the β-configuration the melting temperature is 65.9oC [Kloek et al. , 2000]. For food applications often the β’ crystal habit is targeted. [Ghotra et al. (2002), De Bruijne & Bot (1999)].
[bookmark: _Hlk65335238]The solid fat content is a property that is used for quantifying the melting behavior of fats. It quantifies the amount of solid fat present in the sample as function of the temperature. Due to the crystal polymorphism described above, the measurement of the solid fat content is not a simple straightforward experiment. Often, the solid fat measurement is preceded by a well described procedure for the sample treatment, that aims to get most of the crystalline fat in the β’ habit. This procedure consists of 1) heating the fats so that all material becomes liquid, 2) a freezing step that solidifies almost all material, 3) a step in which the α crystals are molten and 4) the sample is cooled again to enable the molten material to crystallize on the already present β’ crystals and finally 5) the solid fat content is measured, after equilibration, at the temperature of interest. This is usually done using p-NMR. An example of this procedure has been published by Herrera et al (1999). 
The solid fat content is not only a quantity that describes the thermo-physical state of a fat. It is also a quantity linked to various attributes experienced by consumers. As such it provides product developers a guideline for optimizing their products [Floeter, 2009].

Fatty Acid Nomenclature
Triglycerides consist of 3 fatty acid groups bonded to a glycerol group. The nomenclature of the fatty acids is presented in table 1. 

The Hildebrand equation
In this paper, a calculation of the solid fat content of vegetable fats is presented, that makes use of the Hildebrand equation [Himawan et al. (2006); Marangoni, A.G. (2005]. This equation can be derived by equating the chemical potentials of the liquid and solid state for each component in the system [Atkins, (1989)]. For the liquid state it is assumed that the components are ideally mixed. The equality of the chemical potentials leads to the following well known expression for the solid-liquid transition for component A

Here xA is the mole-fraction of component A in the liquid state, R is the gas constant, T the temperature, TA the temperature of fusion of component A and -ΔHf,A represents its enthalpy of fusion. Numerical data for TA and ΔHf,A for separate triglycerides is tabulated and correlated by several authors [Wesdorp, 1990; Moorthy et al, 2017; Seilert and Flöter et al, 2021). Here, the Shiny app of Moorthy et al. (2017) is used for the calculation of TA and ΔHf,A.
Equation 1 should be combined with a closure relation for the mole fractions, which states that the sum of all mole fractions equals one. For binary mixtures, an example of a calculated phase diagram is shown in figure 1. 
For temperatures above the upper line the system is in the liquid phase. This line is called the liquidus. For temperatures below the lower straight line, which is called the solidus, all material is solid. In the calculation presented below, the solidus temperature is an important quantity.
In the case that one or more components do not contribute to the crystallisation process, then these components can be considered as an inert solvent [Schaink (2020)]. The closure relation for the mole fractions becomes

Here, the summation runs over all components that contribute to the solidification, and xSolvent is the mole fraction of all components that do not solidify in the temperature range of interest. Although this closure relation for the mole fractions appears to be trivial, it is essential for understanding the calculations that will be presented below. The Hildebrand equation combined with relation (2) has been used recently to describe the phase behavior of organo-gelling systems like for instance stearic acid + stearyl alcohol dissolved in sunflower oil [Schaink, 2020; Schaink et al. 2007]. 


Three component blends
Vegetable oils generally contain many different triglyceride molecules. This makes it difficult to explain the calculation presented here. For this reason, consider first the main components of cocoa butter. They are: POP (20.0% (w/w)), POSt (43.8% (w/w)) and StOSt (22.8% (w/w)) [Ribeiro et al. (2012)]. Other triglycerides account for 13.4% of the total mass of cocoa butter. First, it is assumed that cocoa butter can be modelled as a ternary blend of POP, POSt and StOSt. 
The following approach is used. The system is subdivided into three different subsystems in which two components are dissolved in a third component:
1) POP + POSt dissolved in StOSt so that the mole fraction of StOSt is constant
2) POSt + StOSt dissolved in POP so that the mole fraction of POP is constant
3) POP + StOSt dissolved in POSt so that the mole fraction of POSt is constant
The third component is assumed not to interfere with the phase behavior of the other two components. In other words: the third component acts as an inert “solvent”.  For each of these three subsystems it is possible to calculate a solid-liquid phase diagram, from which a solidus temperature can be extracted.
[bookmark: _Hlk65702572]As an example, figure 2 shows this approach works for a system consisting of a ternary blend of POP, POSt and StOSt, with a weight-ratio of POP:POSt:StOSt = 21.2: 50.6 : 26.3, which is equal to  the weight ratio given above, but now it is scaled up to a total of 100%. Since the calculations are performed using mole fractions, it is necessary to convert the weight ratio to a mole fraction ratio. The corresponding mole fraction ratio is POP:POSt:StOSt = 23.9: 50.6 : 25.5. For each of these subsystems 1) -3) it is possible to calculate the binary solid-liquid phase diagram. These diagrams are shown in figure 2.
It should be noted that the mole fractions in these plots do not vary between from zero and one, as is observed in the more familiar phase diagram of real binary mixtures. This is because of the presence of an “inert solvent”, which contributes only to count of mole fractions (see equation 2).
First of all it is possible to identify the liquidus temperature for the ternary blend with the mole fraction ratio 23.9 : 50.6 : 25.5. This is the highest liquidus temperature found for the 3 plots for that specific composition. Above that temperature, which, in the present case, equals 36oC, the blend is predicted to be completely liquid.  
For each of the three liquidus curves, shown in figure 2, it is possible to identify a solidus temperature. These are tabulated in table 2
Now the question is, how to relate these solidus temperatures to the amount of solidified triglycerides. For a simple binary mixture both components will be solid at temperatures below the solidus temperature. For the ternary mixture it is predicted that all three components are solid below the lowest solidus temperature. But what can be said about the ternary mixture at the other two solidus temperatures. 
First consider two hypothetical ternary mixtures. When the two most abundant components of the ternary mixture have a solidus temperature that is the highest all solidus temperatures, then that solidus level is very likely to be important in the solidification process. Another case is when two minor components have the highest solidus temperature. Then solidification of those minor components will occur, but that will not contribute significantly to the build-up of solid material. So, it is reasonable to expect that all solidus temperatures do contribute to the build-up of solid material as the sample is cooled.
[bookmark: _Hlk64060116]Here a function AB is introduced to estimate the relative contribution of a solidus of two triglycerides A and B to the build-up of solid material as the temperature is decreased, starting at the liquid state. It is possible to formulate some general conditions by that should be obeyed by AB. 
i) AB should be symmetric in A and B in order to ensure that a blend of A+B yields the same result as a blend of B+A.

ii) Summed over all solidus-states AB should be equal to the mole fraction of all solidified material
iii) The extent to which a solidus of a binary blend contributes to the solid fat content, should depend on the mole fractions of its components. The larger the mole fractions of a pair of triglycerides, the more these triglycerides should contribute to the build-up of the amount of solid material.
For a blend consisting of triglyceride A + triglyceride B it is assumed that, at the solidus of A and B, the probability that a molecule A contributes to the solidification of A, is proportional to xA+xB. Then, the probability that a molecule A and a molecule B simultaneously contribute to the solidification of A and B, is proportional to (xA+xB)2. Therefore, the simplest approximation for AB is

Where c is a normalisation constant:

Here the summation runs over all triglyceride pairs; the factor 2 corrects for double counting the pairs i+j and j+i. The normalisation constant guarantees that condition ii) is obeyed. The simplicity of equation 3 might be surprising. However, equation 3 captures what happens in this calculation: at the solidus temperature of triglyceride A and triglyceride B, p grams of solid A and q grams of solid B is added simultaneously to the solid phase. It is easy to show that for a ternary blend (with xSolvent=0) for all three solidus temperatures combined the following sum is found

Or, when there is an inert solvent:
	
The contribution factors are used to estimate the solid fat content at temperature T. This is done by summing all ij for the solidus temperatures Tij, starting with the highest solidus temperature found, down to temperature T.

Here Tij represents the solidus temperature of the triglycerides i and j. The factor 1/2 is introduced to compensate for double counting ϕi,j and ϕj,i . In equation 6,  is used to represent a Kronecker step function

In table 3 an example of this calculation is shown for the three-component mixture. The results of this calculation are compared in figure 3 to the solid fat content of cocoa butter, as measured by Ribeiro et al (2012), which mainly consists of these three triglycerides. It is found that the predicted solid fat content in the three-component calculation, is too high, as compared to the experimental data. 
However, consider next a mixture of a weight fraction composition of 20%POP+43.8%POSt+22.8%StOSt dissolved in 13.4% unspecified “solvent”, which consists of unspecified triglycerides. The triglyceride composition of this blend equals that of cocoa butter. The three subsystems now become
[bookmark: _Hlk72964307]1) POP  + POSt dissolved in StOSt+solvent so that the mole fraction of StOSt+solvent is constant
2) POSt + StOSt dissolved in POP+solvent  so that the mole fraction of POP+solvent is constant
3) POP  + StOSt dissolved in POSt+solvent so that the mole fraction of POSt+solvent is constant
It is assumed that the “solvent” has a molar weight that equals the average molar weight of POP, POSt and StOSt. This is a reasonable assumption since the “solvent” consists of other triglycerides. The calculation for this system, using equations 1 and 2, yields a solid fat content that compares more favourable to the experimental data. This is shown also in figure 3. It can be seen that the presence of the “solvent” shifts the calculated curve downwards. Complete solidification of these three triglycerides, in this example, corresponds to a solid fat content of 86.6%. 
 
	



RESULTS
Throughout this section, whenever a binary mixture of triglycerides is mentioned, it is assumed that this mixture is dissolved in an “inert solvent”, which consists of other triglycerides. The sum of mole fractions is given by equation 2. 
i) Cocoa butter
[bookmark: _Hlk120615652]The polymorphism of cocoa butter is well researched experimentally using X-Ray diffraction [van Malssen et al (1996), Ghazani & Marangoni (2021)]. Often special attention has been paid to the 3 main components of cocoa butter which account for at least 80% of the triglyceride weight fraction. This is done in order to reduce the number of relevant parameters. In cocoa butter at least four different polymorphs have been found. There are temperature intervals in which specific polymorphs are dominant.
Ribeiro et al. (2012) have measured the solid fat content and the triglyceride compositions for several cocoa butters from different origin.  Here blend A from their experiments is considered. They also have identified the triglycerides in this blend., and their mass fractions. Using the DSC data compiled by Wesdorp (1990) and the app developed by Moorthy et al. (2017), the combined enthalpy- and temperature data are obtained for these triglycerides. The triglyceride composition, combined with the thermodynamic data is presented in table 3.

For one triglyceride (StOA) it is not possible to determine the relevant thermodynamic data using the app developed by Moorthy et al. (2017). Since that triglyceride has a concentration of only approximately 1%, it is assumed that it is part of the “inert solvent”. Thus, only 9 triglycerides contribute directly to the calculation presented here. This implies that, on basis of equation 8, the number of solidus temperatures, that have to be considered in this calculation, is equal to 36. Added to these solidus temperatures, is the highest liquidus temperature that is found in the calculation. This temperature serves as the lowest temperature for which this model predicts a solid fat content of the fat equal zero. The calculations are done using RMarkdown.
The solid fat content is calculated, assuming that all triglycerides solidify in the same crystal conformation. So, the calculation yields three sets of data: α, β’and β. It not realistic to assume that all triglycerides in a fat crystallize in the same conformation. Therefore, the calculations presented here, should be considered as limiting scenarios.
The calculation yields for β’ the solidus temperatures presented in the left-hand side of figure 4. It shows for each triglyceride, the different solidus temperatures, that are found using the method described above. In figure 4, for each binary blend of TAG1+TAG2, two points are given: one for TAG1 and one for TAG2. Therefore, the plot on the left-hand side, made for 9 triglycerides, contains 9*8=72 points, for each triglyceride combination 2 points. The right-hand side of the plot shows the weight fractions of the different triglycerides, as reported by Ribeiro et al. (2012). This enables to estimate the relative importance of the triglycerides in the solidification process.
For the β’ modification, the highest solidus temperature, predicted by this method, is found to be equal to 35.1oC. This value is calculated for the blend PStSt+POSt. The second highest solidus temperature is found for POSt+PPSt. From the right-hand side of figure 4, it can be seen that POSt is the most abundant triglyceride in cocoa butter. 
The lowest solidus temperature is found for StOO+POO. Using figure 4, for each triglyceride a temperature interval can be identified, in which crystallization in the β’-modification occurs. 
Similar plots can be made for the α- and β-modifications. For β the result is shown also in figure 4. On the whole the solidus temperatures are found to be higher than those found for β’. The order in which the different triglycerides partake in the solidification process is found the different than for β’ modification. The triglyceride pair with the highest solidus temperature for the β modification, is found to be PPSt+PPSt. The β solidus temperature of this blend is found to be 43.4oC. Both PPSt and PPSt are minor components in cocoa butter. The highest β solidus temperature of the most abundant triglyceride in cocoa butter (POSt), is found to be 28.5oC, for the blend POSt+StOSt.
The solidus temperatures, as shown in figure 4, combined with weight fractions of the triglycerides involved, form a basis for the calculation of the solid fat content. The solidus temperatures define discrete points on a temperature axis, for which the solid fat content is calculated using equations 3 and 6. This type of calculation generates a set of discrete points. In the plot these points are connected by straight lines to guide the eye. It is not possible calculate a solid fat content between two successive solidus temperatures.
The calculated solid fat content is compared in figure 5 to the experimental solid fat content measured by Ribeiro et al (2012).
Each non-zero β’ or β point in figure 5 corresponds to a pair of solidus points in figure 4. Figure 5 also shows the highest liquidus temperatures for the α, β and β’ modifications. The highest liquidus temperature is considered to be the lowest temperature, at which the solid fat content equals zero. These liquidus temperatures are found to be consistent with the corresponding solidus temperatures. 
In figure 5 it can be seen that the calculation for the β’ modification gives a good match to the experimental solid fat content for temperatures between 0oC and 30oC. On the other hand, for temperatures of 35oC and higher it is found that the β modification provides a better match to the experimental data, than the β’. Something similar is found by van Malssen et al (1996) in their experiments using real time X-Ray Powder diffraction. They established a melting interval of the β’ modification in cocoa butter between 20oC and 27oC and for the β modification between 29oC and 34oC. They also find a melting interval for the α modification between 17oC and 22oC, and for a γ modification between -5oC and 5oC. However, the experimental measurement of the solid fat content, using pNMR, is designed so that almost all α and γ crystals have been converted into β’ or β crystals. The calculation results in figure 5 suggest that, during the sample preparation before the p-NMR measurement, most of the α and γ crystals are converted to β’ crystals.
Finally, it is interesting to compare figures 3 and 5. In figure 3 the predicted solid fat content is shown for the case in which only the main components of cocoa butter are taken into account.  This comparison shows that the inclusion of minor components into the calculation, as is done in the calculation of figure 5, causes a broadening of the temperature interval between the fully liquid state and the fully solid state.

ii) Palm oil
[bookmark: _Hlk121144482]Noor Lida et al. (2002) have measured the solid fat content of palm oil, and they have performed a triglyceride analysis of their sample. The results of their triglyceride analysis, combined with the thermodynamic data from Moorthy are presented in table 3. These data are used to calculate the solidus temperatures of all binary combinations that can be formed from the different triglycerides present in palm oil. The result of this calculation for β and β’ is shown in figure 6, combined with the triglyceride composition reported by Noor Lida et al. (2002)
It can be seen in figure 6 that, for the β’ and β modifications, the triglycerides with the highest solidification temperatures (PPP, PPSt and PPM) are all saturated and relatively low in concentration (below 7%). The solidus temperatures for these triglycerides are found to be higher in the β modification than for the β’. The highest solidus temperature for β’ is found to be 35.4oC; for β this is found to be 46.9oC (both for PPP+PPSt).
[bookmark: _Hlk121140543]An important difference between the ordering of the solidus temperatures for the β- and β’ modifications, is found for POP, which is the component of palm oil with the highest weight fraction. In the β’ modification the highest solidus temperature for POP with another triglyceride is 25.9oC for POP+PPP. Which is the fourth highest solidus temperature for β’. In the β modification POP+PPP has a solidus temperature 31.7oC, which is the third highest solidus temperature for β. 
The combination of the results presented in figure 6 with equations 3 and 6 enables the calculation of the solid fat content. Figure 7 shows a comparison of the calculated results for β, β’ and α to the experimental data presented by Noor Lida et al (2002).
For palm oil it is found that the points obtained by the theoretical calculation are scattered around the curve with experimental data. An interesting aspect of the calculated data is minimal increase of the calculated solid fat content of the β’ modification as the temperature decreases from 38oC to 27oC. This is below the trend shown by the experimental data. It can be seen that these solidus temperatures are found for the subsystems PPP+PPSt, PPM+PPP and POSt+PPP. As noted earlier, the concentrations of these triglycerides are relatively low. The consequence of these low concentrations is, that these subsystems, in this calculation, have only a minor contribution (1.25%) to the β’ build-up of the solid fat content. 
However, when the calculation results for the β modification are compared to the experimental data, another picture emerges. For the temperature interval between 40oC and 30oC the calculated results follow the increase of the solid fat content as observed in the experimental data. For temperatures between 8oC and 17oC the measured solid fat content falls between the calculated results for β’ and β. This is consistent with the findings of coupled powder XRD-DSC experiments published by Zaliha et al (2018). They find for deodorized palm oil that for temperatures between 5oC and 14oC a mixed β’+β polymorph and for temperatures above 30oC a transition from β’ to β. The palm oil used in their experiments was completely melted at 43oC. Within this context it is interesting to note that Smith et al. (2011) have mentioned that the addition of PPP to palm oil, in order to speed up the crystallization, promotes the formation of β crystals. The calculations presented here, show that PPP+PPSt is the first triglyceride pair to solidify.
Similar predictions for palm oil are obtained, for the experimental data measured by DeClerck et al (2012).


 
iii) Interestified palm oil
In inter-esterified vegetable oil, the fatty acid groups are re-distributed over the triglycerides. This causes a change in the profile of the solid fat content. Noor Lida et al. (2002) have measured the solid fat content of inter-esterified palm oil, and they have performed a triglyceride analysis of their sample. These data are combined with the thermodynamic data, calculated using the program of Moorthy et al. This enables the calculation of the solidus temperatures. It is found that the inter-esterification process has caused a redistribution of the weight fractions. For PPP, PPSt and PPM the weight fractions are somewhat larger than for Palm Oil; for POP the weight fraction has decreased. 
[bookmark: _Hlk123227865]The calculated solid fat content for the α-, β- and β’ modifications is compared in figure 8 to the experimental data from Noor Lida et al (2002). It can be seen that β’ systematically underestimates the solid fat content for the temperatures between 40oC and 8oC. The β modification provides a better match to the experimental data. Rousseau et al. (1998) have observed, using X-Ray diffraction that inter-esterified palm oil contains more β than β’. The calculations presented here, confirm this observation.



iv) Palm Kernel Olein Oil
The chemical composition of Palm Kernel Olein Oil is completely different from palm oil. The triglycerides in palm kernel oil are rich in lauric acid groups and myristic acid groups, two fatty acid groups almost absent in cocoa butter and palm oil. 
[bookmark: _Hlk123649307]The chemical composition of palm kernel olein, as measured by Noor Lida et al. (2002) is presented in Table 4. Table 4 also contains the melting temperatures and the enthalpies of fusion, as calculated using the R-studio App developed by Moorthy et al. (2017).
The calculated solidus temperatures for the triglycerides in Palm Kernel Olein are shown in figure 9. It can be seen that for the β’ modification, the most abundant triglyceride (LaLaLa, 22.7% (w/w)) has the highest solidus temperature (22.5oC, for LaLaLa+PPM). The solidus temperatures of saturated triglycerides LaLaLa, PPP, LaLaM, MMM, LaMM, LaLaP and LaPP are almost equal to each other. Combined, they account for roughly 50% (w/w) of all the triglycerides in Palm Kernel Olein. For β, the solidus temperatures are found to be considerably higher than those found for β’. The highest solidus temperature for β is found to be 36.6oC (for MMM+PPP). Both PPP and MMM are minor components in palm kernel olein oil. 
The considerable difference between the temperature ranges for β’ and β is also evident in the temperature dependence of the calculated solid fat content, as shown in Figure 10. It can be seen that the predicted solid fat content for β grossly overestimates the experimental values for the temperatures between 15oC and 35oC. The prediction for β’ underestimates the onset of the crystallization, but on the whole the prediction follows the curve with experimental data for temperatures below 18oC. Below 10oC the predicted curves for β’ and β are found to be indistinguishable.
The calculation also enables the estimation of the temperatures at which the triglycerides with unsaturated fatty acids, contribute to the solidification. The highest solidus temperatures for these triglycerides are found to be for LaLaLa+POP, with 27.8oC for β and 17.7oC for β’. For lower temperatures the unsaturated triglycerides are expected to contribute to the solidification.








Discussion
The calculation presented here, is based on several assumptions. The first assumption is that all triglycerides are ideally mixed when the lipid system is in the liquid state. This assumption enables the usage of the Hildebrand equation, which originates from the equilibrium condition between an ideally mixed liquid phase and a solid phase. 
[bookmark: _Hlk122442537]The second assumption is that the Hildebrand equation can be used to calculate the solidus temperature of two triglycerides in an inert medium. In this calculation all binary triglyceride combinations are considered, that are possible within the triglyceride composition of the chosen fat. This yields a list of solidus temperatures. These solidus temperatures are calculated using the temperatures and enthalpies of fusion for a chosen specific crystal modification (third assumption). The Shiny app from Moorthy et al provides the numerical values of these temperatures and enthalpies for the α-, β- and β’ modifications. Therefore, the calculation, presented here, yields solidus temperatures for only α-, β- and β’ modifications. 
These solidus temperatures are directly linked to specific pairs of triglycerides. This makes it possible to make plots that relate the solidus temperatures to specific triglycerides, as is done in figures 4, 6 and 9. This defines for each triglyceride a melting temperature range. This provides a new insight in the crystallization of vegetable fats. 
The next two assumptions make it possible to relate the solidus temperatures to the solid fat content. It is assumed that all triglycerides solidify in one and the same modification (assumption 4). This will eventually lead to three datasets for the solid fat content: all α, all β and all β’. As such, the results of this calculation must be considered as limiting scenarios.
The fifth assumption relates the solidus temperatures to the solid fat content. This is done using a relatively simple expression for the contribution factor given in equation 3. This expression tells to what extend a specific solidus temperature contributes to the build-up of the solid fraction. These contributions are summed using equation 6 to yield the solid fat content as function of the temperature. The outcome of this calculation is a set of discrete pairs of points (solidus temperature, solid fat content).  
The discrete character of the outcome, is the main disadvantage of the calculation presented here. This makes the calculation, as such, less suitable for product development, which requires accurate smooth curves. However, a possible remedy for this shortcoming, could be a suitable polynomial fit to the calculated discrete points, using a number of fit-parameters that is smaller than the number of solidus temperatures.
The simplicity of the calculation presented here, makes it possible to attribute the contributions to the solid fat content of ALL triglycerides in the fat, including the minor components. This is a feature that, so far not has been presented in the theoretical studies on fat crystallization. Often special attention is devoted to the most abundant triglycerides. The work present here shows that inclusion of minor component results in a broader profile for the solid fat content.
Comparison of the calculation results to the experimental solid fat content, shows that the calculation using the Hildebrand equation is able to capture the solidification quite well. Closer inspection of the results reveals even more. For cocoa butter and palm oil it is found that for the temperatures at which the solid fat content is low, the modification of the solid fat has a β character. For cocoa butter this is consistent with the X-Ray diffraction results of van Malssen et al (1996). For palm oil this result is consistent with the coupled powder XRD-DSC experiments published by Zaliha et al (2018). From figures 5 (for cocoa butter) and 7 (for palm oil) it can be inferred that the initial β solidification can be attributed to saturated triglycerides, that are minor components in the fat.
At higher temperatures, the dominant crystal modification is found to be β’ for cocoa butter, while for palm oil the calculations suggest a mixture of β and β’. This is also consistent with the experimental results of van Malssen et al (1996) for cocoa butter, and Zaliha et al (2018) for palm oil.
For inter-esterified palm oil, it is found that the calculated β solid fat content gives the best match to the experimental data from Noor Lida et al (2002). Rousseau et al (1998) have used X-Ray diffraction to study crystal morphology of inter-esterified palm oil. They have found that the occurrence of β is dominant over that of β’. This finding is in agreement with the results of the calculation presented here.
Summarizing, it can be concluded, that despite its simplicity, this theory, using the Hildebrand equation, is able to reproduce several different observations in fat crystallization. The details revealed by calculations presented here, are unmatched by earlier theoretical studies on fat crystallization. This calculation method can be a stepping stone for various further investigations.
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Headings of Tables

Table 1
Fatty acid nomenclature

Table 2
The calculation of the solid fat content of a blend of a mole fraction ratio of StOSt:POSt:POP = 25.5:50.6:23.9 (β’ modification) in combination with equation 3.

Table 3
The triglyceride compositions of cocoa butter (CB), palm oil (PO) and inter-esterified palm oil (inPO), combined with the temperatures and enthalpies of fusion for the triglycerides in the α, β’, β modifications; the weight fractions are taken from Ribeiro et al (for CB) and Noorlida et al (for PO and inPO); the temperatures and enthalpies are calculated using the app of Moorthy et al.

Table 4
The triglyceride compositions of palm kernel olein oil, combined with the temperatures and enthalpies of fusion for the triglycerides in the α, β’, β modifications; the weight fractions are taken from Noor Lida et al. (2002); the temperatures and enthalpies are obtained using the app by Moorthy et al.  





Captions to the figures

Figure 1
Schematic solid-liquid phase diagram of a binary mixture A + B, calculated using the Hildebrand equation; below the solidus (red line) A and B are both solid; above the liquidus (blue line) A and B are both liquid; between the liquidus and solidus one of the two components solidifies.

Figure 2
From top to bottom: the solid-liquid phase diagrams calculated for POP+POSt dissolved in 25.5% (mole %) StOSt, StOSt+POP dissolved in 50.6% (mole %) POSt, POSt+StOST dissolved in 23.9% (mole%) POP; the dashed lines indicate StOSt:POSt:POP = 25.5:50.6:23.9, which is the mix ratio of these triglycerides in cocoa butter.


Figure 3
The solid fat content cocoa butter; black: experiments reported by Ribeiro et al; red: the main components cocoa butter in the mix ratio POP:POSt:StOSt=26.3:50.6:23.1 ; blue: the main components of cocoa butter in an unspecified triglyceride solvent with a mix ratio POP:POSt:StOSt:”solvent”= 20.0:43.8:22.8:13.4; the solid symbols represent the calculated liquidus temperature.



Figure 4
Left: the β’ (top) and β (bottom) solidus temperatures of each triglyceride in cocoa butter, as calculated using the Hildebrand equation, using the pseudo two-component approximation, in combination with equation 2; for a triglyceride pair TAG1+TAG2, the TAG1 points are black, the TAG2 points are red; right: the weight percentages of the triglycerides in cocoa butter (Ribeiro et al (2012)).

Figure 5
The Solid Fat Content of cocoa butter, black: experimental results from Ribeira et al, red: calculated β’ ; blue: calculated β; green: calculated α; the points are connected by straight lines; the filled symbols represent the lowest liquidus temperatures.
[bookmark: _Hlk121390915]
Figure 6
Left: the β’ (top) and β (bottom) solidus temperatures of each triglyceride in palm oil, as calculated using the Hildebrand equation, using the pseudo two-component approximation, in combination with equation 2; for a triglyceride pair TAG1+TAG2, the TAG1 points are black, the TAG2 points are red; right: the weight percentages of the triglycerides in palm oil (Noor Lida et al (2002)).



Figure 7 
[bookmark: _Hlk121145991]The Solid Fat Content of Palm Oil, black: experimental results from Ribeira et al, red: calculated β’; blue: calculated β; green: calculated α; the points are connected by straight lines; the filled symbols represent the lowest liquidus temperatures.

Figure 8 
The solid fat content of Inter-esterified Palm Oil; black: experimental results from Noor Lida; red: calculated β’ ; blue: calculated β; green: calculated α; the points are connected by straight lines; the filled symbols represent the lowest liquidus temperatures.

Figure 9
Left: the β’ (top) and β (bottom) solidus temperatures of each triglyceride in palm kernel olein oil, as calculated using the Hildebrand equation, using the pseudo two-component approximation, in combination with equation 2; for a triglyceride pair TAG1+TAG2, the TAG1 points are black, the TAG2 points are red; right: the weight percentages of the triglycerides in palm oil (Noor Lida et al (2002)).

Figure 10
The solid fat content of Palm Kernel Olein; black: experimental results from Noor Lida; red: calculated β’; blue: calculated β; green: calculated α; the points are connected by straight lines; the filled symbols represent the lowest liquidus temperatures.
