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Abstract. Important end-use properties of vegetable oils based edible products are strong related
to the equilibrium between a solid crystalline network and a liquid phase. This work presents the
available literature development of solid-liquid equilibrium in triacylglycerol systems and
highlights how it can be coupled with a Computer-Aided Mixture and Blend Design framework,
for design new mixtures/blends with improved properties allowing a better use of renewable
resources as vegetable oils. Stability tests were implemented as they are an essential step for
powerful solid liquid equilibrium resolution and some results were presented for a four
component triacylglycerol mixture in different temperatures and compositions.
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INTRODUCTION

Vegetable oils are widely used in edible products. Controlling the microstructure of structured foods
is the key quality factor in tailor-made foods, which represents an actual and future trend in the food
industry technologies V. This is especially useful in fat based foods, such as margarines, butters,
chocolates and shortenings, where the crystallization and melting behaviour plays an important role in the
product acceptance and quality requirements. Designing tailor-made lipids mixtures that match desired
properties can enhance industrial opportunities regarding vegetable oils as renewable raw materials. Such
a problem lies within the scope of Computer-Aided Mixture and Blend Design (CAM'D) tools and
requires the ability to compute properties of triacylglycerol (TAG) mixtures, the major constituents of
vegetable oils (>95%). Among the properties, multiple solid — liquid phase equilibrium calculations are
the key issue. Indeed, besides the interest as fundamental science, phase related properties of lipid
mixtures strongly impact the end-user properties that are sought in industrial applications.

Despite its importance, a general phase equilibrium description of all possible mixtures of TAG
molecules is lacking and experimental data is scarce. Until 1990, only empirical calculations were used to
perform phase related calculations, focused on the solid fat content. Such empirical approach evidently
limited the application range as well as fundamental understanding of phase behaviour of TAG systems
@ After 1990, experimental data on fatty systems ¥ were published along with discussions about
general TAG phase equilibrium modelling @®©),

A general thermodynamic approach for mixture equilibrium, widely used in other areas of chemical
engineering, is difficult to apply in fat systems due the complexity arising from the multiple scales
involved V: fats consist of hundreds of different TAG, each one been a combination of three fatty acids;
in addition, each TAG crystallizes in 3 different basic polymorphic forms (a, B’ and p).

The aim of this work is review briefly solid-liquid equilibrium based on the literature available and to
highlight how it can be coupled in a CAM’D framework for a systematic search for triacylglycerol
mixtures exhibiting pre-defined properties.

MELTING AND CRYSTALLIZATION BEHAVIOUR OF TAG SYSTEMS

Pure Component Properties and Polymorphisms
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Due to their high molecular weight, triacylglycerols tend to crystallize in a solid network with
different crystals packing called polymorphisms: the unstable a-modification, the metastable [’
modification, and the stable B-modification. Many common foods such as chocolate, butter, margarine
and spreads derive their sensorial attributes from the structure created by this network of crystalline fat.
Polymorphisms are a key issue for molecules and mixtures design. Among the variables affecting the
thermodynamic properties of individual TAG molecules, there is the fatty acids distribution, their
position on the glycerol backbone and the number and position of double bonds in the fatty acid chains.

Depending on the temperature and composition, a mixture of solid and liquid exists. Controlling the
solid fat content and its temperature dependence (melting behaviour) play a significant role in edible
product quality.

Mixture Properties

In addition to all the variables previously mentioned for individual molecules, the mole fraction of
each molecule can directly affect the properties of mixtures, especially when individual molecules are
very different. For example, decreasing the amount of an unsaturated molecule in the mixture increases
its melting temperature. Chemically enhanced hydrogenated oils found in many food manufactured
products are such an example. But the process also produces trans fatty acids which are linked to total
and LDL cholesterol concentration ®.

Edible oils and fats can contain more than 500 different TAG molecules and therefore, such mixtures
don’t show a distinct melting point, but a long melting range. This melting range is one of the main
factors determining the properties of fat-based foods.

Solid-liquid Equilibrium coupled with CAM®D framework

Thermodynamic solid — liquid equilibrium calculations (PT flash) are defined as: given the overall
composition of known molecules and temperature, find the number of phases and their composition. In
our development of a framework for finding new structured lipids, the identity of compounds (and their
composition) is not known a priori, but generated along the CAM"D procedure: given a set of chemicals
and a specified set of property constraints, determine the optimal mixture or blend . Therefore, the solid
— liquid equilibrium must be coupled with a search procedure to identify the molecules and their
composition that gives, after an equilibrium calculation, the desired amount of solid and melting profile
given by the user.
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Figure 1: General View of Solid Liquid Equilibrium coupled with CAM®D procedure.
Polymorphic states and liquid differ in their expression of the Gibbs Free Energy:
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Polymorphic forms are distinguished by their own temperature and enthalpy of fusion for which
robust and accurate property models are needed.

Figure 1 shows a general description of the CAM"D framework being developed. It shows that
finding the optimal blends of natural and modified lipids that satisfy a set or pre-defined properties is
currently a heuristic procedure. But SLE coupled with optimization methods can give an alternative and
rational route to find new mixtures/blends of lipids with improved properties.

Normally, fatty acids composition of natural and modified oils are known, and can directly be linked
to triacylglycerols results from SLE — CAM®D with statistical models for fatty acids distributions (1,2,3-
ramdom and 1,3-random-2-ramdom).

MULTICOMPONENT MULTIPHASE SOLID-LIQUID EQUILIBRIUM MODELLING

The ultimate goal of solve SLE is predict the melting range and solid phase amount of fats from their
overall composition and temperature. TAGs show limited intersolubility in the solid phase, therefore
solid fat is a number of different coexisting solid phases.

In a multi-component system with a liquid phase and at least one solid phase, the condition for
thermodynamic equilibrium is that the chemical potential of each component i in each phase must be
equal to that in any other phase:
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According to ), for TAG systems ACp = 0.2 kJ/mol and the difference (T;— T) is never greater than
70 (usually between 0-20). With these assumptions, Equation 4 becomes:
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This equation is coupled with the material balance and stoichiometric condition to solve the solid-
liquid equilibrium.
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The result is the number of phases, the fraction of each phase and their composition. By this,
important properties can be assessed as total solid content and melting profile. For solving SLE, three
steps have to be considered:

1. Getting pure component properties (Tm and Hm): some experimental data is available by .
Alternatively, Group Contribution Models and Group Interaction Contribution Models by © '*
are implemented, giving the framework an estimation capacity for the thermal properties of any
type of TAG molecule.

2. Activity coefficients in solid phase: Excess Gibbs Energy Models are used. The necessary
interaction parameters (A;) between two molecules are calculated by using the concept of
isomorphisms (the degree in witch one molecule is similar to another) discussed by . There is
experimental and theoretical background to consider liquid and alpha solid phases as ideal ?
©7) Thus, only p’ and B activity coefficients must be determined.

3. Numerical methods to solve de non-linear system of equations.

Stability Tests



In a TAG multi-phase problem, the number of phases is unknown at first. The calculation procedure
is therefore divided in 2 steps: first a stability test is performed to detect phase split and the state (liquid
or solid) of the new phase that will be formed; then, the multi-phase equilibrium problem is solved to
refine the compositions of all phases by looking for a global minimum Gibbs Free Energy. There are
many works coping with numerical strategies for stability analysis and solving this optimization problem
in different types of multi-phase mixtures '"'¥. However, there is still few works addressing these
issues in triacylglycerol systems.

One of the most important methods to perform stability analysis is the so-called Michelsen Method
(4 derived from the thermodynamic tangent plane criterion. The adaptation of Michelsen’s method for
cope with polymorphism is done by increasing the number of initial estimates for the trial phase that will
be formed after split in the original mixture: pure B, B’ and o phase of each component plus an 8, B’, a
and liquid mixture with average phase composition. Then, these initial guesses are converged to
stationary points (new compositions). At this points (x) the displacement (F(x)) from the tangent plane to
the Gibbs energy surface at overall composition z can be evaluated, and the point with most negative
value of F(x) is used as initial guess for the new phase that will be formed after split. Negatives value for
function F(x) mean that the original one-phase mixture is unstable: in the other hand, stationary points
with no negative values indicate the original mixture is stable.

Stability test is performed until no more possible splits are possible (mixture stable), giving the
number of phases present and an initial guess for their composition and fraction.

RESULTS

Table 1 shows some stability tests performed in a mixture composed by 4 mono-Tags formed by the
fatty acids Palmitic, Stearic, Myristic and Oleic (PamPamPam, SteSteSte, MyrMyrMyr, OleOleOle). The
overall composition (Z) and its physical state, temperature, stationary points and tangent plane distance
are shown with the physical state of the new phase that will be formed in case of instability.

Table 1: Stability tests performed in a triacylglycerol mixture.

Feed o Stationary Points Phase
(21,72,73,.74) Temperature (°C) (X1 X2.x3,x4) FORT it
(0.1135, 0.1713, 0.5438, 0.1713) -0.9610 liquide
(0.1598, 0.0441, 0.7520, 0.0441) -0.3044 Dbeta'
B (0.1369, 0.4103, 0.0424, 0.4103) -0.0417 beta'
80 (0.0546, 0.0058, 0.9338, 0.0058) -0.4127 beta'
(0.25,0.25,0.25,0.25) (0.9170, 0.0227, 0.0376, 0.0227) 1.1466 beta
(0.0035, 0.4980, 0.0005, 0.4980) 0.1060 beta
(0.0011, 0.0001, 0.9986, 0.0001) -0.3533  beta
(0.0555, 0.0330, 0.6802, 0.2313) -1.2008 liquide
(0.0223, 0.0010, 0.9701, 0.0067) -0.8398 beta'
, (0.0880, 0.1049, 0.0728, 0.7343) 0.0012  beta'
50.1 0.1,01,0.7) 35 (0.0196, 0.0008, 0.9743, 0.0053) -0.8402 beta'
R (0.6140, 0.0110, 0.2983, 0.0768) 1.3439  beta
(0.0022, 0.1246, 0.0009, 0.8723) 0.1268  beta
(0.0004, 0.0000, 0.9994, 0.0001) -0.8160 beta
(0.1998, 0.2997, 0.2997, 0.2008) -0.0010 alpha
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(0.2291, 0.4428, 0.0314, 0.2967) 0.5508  beta'
(0.1587, 0.4953, 0.0142, 0.3318) 0.5374  beta'
LIQUIDE (0.2564, 0.0428, 0.6721, 0.0287) 0.9489  beta'
(0.2,0.3,0.3,0.2) (0.1942, 0.4695, 0.0217, 0.3146) 0.5406  beta'
(0.9568, 0.0204, 0.0091, 0.0137) 1.5714  beta
(0.0043, 0.5961, 0.0002, 0.3994) 0.6868 beta
(0.0038, 0.0003, 0.9957, 0.0002) 1.1997  beta

(0.0884, 0.2170, 0.5492, 0.1454) -0.9874 liquide
(0.1264, 0.0587, 0.7755, 0.0394) -0.3180 beta'
(0.0958, 0.5203, 0.0353, 0.3486) -0.0862 beta'
p' 80 (0.0411, 0.0070, 0.9473, 0.0047) -0.4370 beta'

(0.2,0.3,0.3,0.2) (0.1997, 0.2992, 0.3006, 0.2005
(0.8676, 0.0450, 0.0573, 0.0302) 1.3384  beta
(0.0026, 0.5969, 0.0005, 0.4000) 0.0244  beta
(0.0009, 0.0001, 0.9989, 0.0001) -0.3892  beta
In the first mixture, the temperature is higher than all melting temperatures of components; the
mixture is then in the liquid state. We assume that the initial mixture is a solid phase (B' for example), and
the stability test detect correctly that a liquid state is more stable (it has the most negative F(x)/RT).
For the second mixture, the temperature lies between the lower and the higher melting points; a
mixture of solid and liquid is expected. Initialization with a one-phase solid (B') leads to a liquid

-0.001 beta'




stationary point with the most negative value of F(x), indicating that the initial one-phase is unstable and
liquid phase will be formed in the mixture.

In the third mixture, the temperature is lower than all melting temperatures. A solid state is therefore
expected. Stating with a one-phase liquid, the method find a solid (o) as the best stationary point,
indicating that a solid phase o must be added. For this same mixture (composition), increasing the
temperature to 80 °C leads the method to detect instability in the same way if the initial mixture is
assumed to be solid, indicating melting: liquid stationary point with most negative value of plane distance
(-0.9874).

We note that the stability test indicates the physical state of the phase that will be formed after phase
split and gives a good initial estimate for its composition. The test is therefore repeated until no more
instability is detected, giving the number of phases, their fractions and their initial compositions. After
that, different methods can be applied for solve the SLE problem (achieving final compositions and
fractions of each phases).

Models Validation

Validation of the SLE calculations can be made by computing phase diagrams and DSC curves that
can be compared to experimental data. Phase diagrams show some drawbacks: time consuming, not
accurate, relative little data available, impurities leads to large deviations, start and end melting points
difficult to determine and unstable forms are not covered !

On the other hand, DSC calculation is quicker, more reliable and more versatile, as all the points in
the curve can be used, instead of using just the clear and softening points reported on the phase diagram
(the clear point is the temperature at which the last solid phase disappears -completely fusion- and the
softening point is the temperature at which the last liquid phase disappears-complete crystallization). SLE
calculations for TAG systems can therefore be applied for simulation of DSC curves of TAG mixtures
(5 The DSC simulation is based on the following equations:

OH LY
C,”=C,+ (6_Tj and  H=H"+Y > n/HY ©)

j=1 i=1
After some assumptions:

E P N on.
Cpapp _ aG ZZHi] L (10)
e or

Equatlon (10) shows that the apparent heat capacity (given by DSC measurements) can be
calculated by using two derivatives obtained by numerical differentiation requiring two flash calculations
for each point of the DSC curve.

CONCLUSIONS

Phase equilibrium has been studied for many process design problems. We have noted its potential
use in product design problems in fat systems within a CAM®’D framework as it is possible to model
solid-liquid equilibrium in triacylglycerol mixtures. This approach can allow a thermodynamic approach
for computer solid fat content and melting range in edible fat products, substituting classical empirical
calculations and allowing mixtures development in a Computer Aided Mixture and Blend Design
environment for structured lipids. Solid-liquid equilibrium for TAG systems has therefore a scientifically
and technological importance.

The optimal melting range and solid content for a particular application is typically achieved by
carefully blending natural and modified oils and fats. The proposed solid-liquid equilibrium coupled with
a CAM"D framework can be useful as an alternative for reducing cost and time for development of
improved mixtures.

For achieving a robust modelling of solid-liquid equilibrium in such systems, two important branches
must be connected: knowledge base of triacylglycerols phase behaviour and state of the art of global
resolution methods for multi-phase equilibrium.

LIST OF SYMBOLS

app apparent P: total number of phases ~ Greek:

c, heat capacity R: gas constant y: activity coefficient
E excess property S solid phase AH;:  enthalpy of fusion
G T:

Gibbs free energy temperature L chemical potential



g molar Gibbs free T, temperature of fusion o amount of a phase
energy X molar fraction

H enthalpy X: vector of molar fraction

L: liquid phase z overall composition

N number of components

n: number of moles
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