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ABSTRACT 

In this paper, binary phase diagrams of the five main fatty acids present in edible oil based 

mixtures are shown. While previously the binary systems of one saturated and one unsaturated 

acid were investigated, in this work the binary mixtures comprise of palmitic (C16:0) and stearic 

acid (C18:0) or a binary mixture of oleic (C18:1), linoleic (C18:2) or linolenic acid (C18:3). In 

order to obtain the phase diagrams with all the solid liquid and solid phase transitions, the 

mixtures were analyzed by means of Differential Scanning Calorimetry (DSC). Phase change 

boundary functions based on thermodynamic models and experimental values were fitted and 

compared. The phase diagrams obtained show behaviors in good agreement to literature. The 

paper contributes to the deeper understanding of the essential phase change effects during 

industrial crystallization processes. 

Key Words :  Binary mixtures, Solid liquid equilibrium, Saturated and unsaturated fatty 

acids, Phase diagram, DSC 
 

INTRODUCTION 

The substitution of mineral oil based products 

by ones based on edible oil and therefore 

environmentally friendly and renewable ones, 

is one of the biggest challenges of our time. 

Fatty acid based products are already 

established on the market with an increasing 

demand over the last years. Products range 

from biodiesel, textile and cosmetic products 

to nutritional additives and special chemicals 

like repellents for insects2,3. Fatty acid 

mixtures, obtained by hydrolyzing edible plant 

oils like sunflower or rapeseed oil, generally 

consist of five main compounds, namely 

palmitic (P, C16:0), stearic (S, C18:0), oleic (O, 

C18:1), linoleic (L, C18:2) and linolenic acid 

(Ll, C18:3). Depending on the type of plant 

used, there is a large variety in the fatty acid 

distribution, where typically around 10% are 

saturated and 90% unsaturated fatty acids4. 

There are many different mixtures available in 

the market, often named by their main 

component like high oleic/linoleic sunflower, 

high linoleic soya or high linolenic linseed oil 

based mixtures. These mixtures could be 

further purified by means of crystallization to 

reach lower saturated contents. The 

optimization of this purification step needs 

investigations of the kinetics involved. 

Differential scanning calorimetry was applied 

to gather information regarding the phase 

transformations and thermal properties of the 

mixtures. The binary mixtures investigated 

were P-S, O-L, O-Ll and L-Ll such that both 

compounds in the binary mixtures were either 

saturated or unsaturated. DSC thermograms 

were evaluated in order to obtain the peak 

temperatures and construct the phase diagrams. 

Additionally, literature values for all systems 

were collected and used for comparison with 

our results. All underlying phase change 

functions were fitted with different 

mathematical models with good regression 

factors, depending on the system and type of 

phase change using the fitting program 'fityk'. 

*Author for correspondence 
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MATERIAL AND METHODS 

Materials 

The standards used were supplied by Sigma-

Aldrich. Purities and the corresponding 

product numbers are shown in Table 1. The 

samples were used without further purification. 

All weighing measurements were carried out 

on a precision scale (XS105 Dual Range, 

Mettler Toledo Ltd.) with an accuracy of 

±0.1mg. Thermal analyzes were performed 

with a DSC 1 (HP DSC827e, Mettler Toledo 

Ltd.) which was equipped with a cryostat 

(TC100MT-NR, Peter Huber Kälte- 

maschinenbau GmbH). The DSC was 

successfully calibrated with an indium and 

zinc standard (<0.9999% molar fraction, 

Mettler Toledo Ltd.) and deionized water. 

Table 1 : Overview of the samples 

Fatty acid Purity Product-number 

Palmitic acid ≥98% (GC) 27734 Aldrich 

Stearic acid ≥98.5% (GC) S4751 Sigma 

Oleic acid ≥99% (GC) O1008 Sigma-Aldrich 

Linoleic acid ≥99% (GC) 62230 Fluka 

Linolenic acid ≥98.5% (GC) 62160 Fluka 

 

Differential Scanning Calorimetry (DSC) 

The prepared binary mixture was weighed in a 

standard 40µl aluminum crucible from Mettler 

Toledo with a sample size of around 2 mg. 

After preparation, the sample was put into the 

DSC oven as fast as possible, where the 

temperature profile was immediately started. 

The latter started with a hold level of 10 

minutes at temperatures at least 20K above the 

highest detectable melting peak of the pure 

compounds. The isotherm level was followed 

by a cooling segment with 1 Kmin-1 until a 

temperature of at least 15K below the lowest 

detectable solidification peak of the pure 

compounds was reached. The sample was held 

at that temperature for another 5 minutes and 

then reheated with a heating rate of 1 Kmin-1 

till the starting temperature was reached. The 

obtained thermograms were normalized to 

sample size and evaluated by means of the 

Mettler Toledo StarE Software, where 

baselines were set to be spline shaped. 

A maximum of three main, well separated 

exothermic peaks were noted on the cooling 

part of the temperature profile. During 

reheating of the sample, again up to three main 

endothermic peaks appeared, denoted as Peak 

A' to C' where A' stands for the highest and C' 

for the lowest temperature peak. A detailed 

physical understanding along with a schematic 

overview of such thermograms is given in 

literature1,5. The endothermic peaks are noted 

to have shifted to higher temperatures 

compared to their respective cooling peaks. 

Peak temperatures were obtained by 

determining the local maximum value or inset 

of each peak, where the sample temperature 

was used for evaluation. 

Curve fitting 

Modeling and curve fitting was performed 

using the software 'fityk 1.3.0' to obtain 

functions for the phase change boundary lines6. 

In order to obtain optimal regression factors, 

experimental and literature data were fitted 

with known and expected functions. Fitting 

was performed using the nonlinear least 

squares routine of Levenberg and Marquardt, 

which optimizes the coefficient of 

determination, R² to deliver the best fitting 

function parameters7,8. 

Phase change boundary modeling 

As known from literature9-11, boundaries in a 

phase diagram can be determined from the 

melting peak temperatures obtained from the 

DSC thermograms. 

Several function classes were used to find the 

best function depending on the specific trend of 

the phase change temperatures. Solidus lines 

were mostly fitted with a constant value, whereas 

https://en.wikipedia.org/wiki/Plus-minus_sign
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liquidus lines functions were fitted into the 

thermodynamic model as in Eq. 1 and 212,13. 
 

𝑇 =
𝑎[𝑏+𝑐𝑥𝐴

2 ]

𝑏−𝑅𝑎𝑙𝑛(1−𝑥𝐴)
 (Eq. 1)  

 

𝑇 =
𝑎[𝑏+𝑐(1−𝑥𝐴)

2]

𝑏−𝑅𝑎𝑙𝑛𝑥𝐴
 (Eq. 2) 

 

Eutectic systems are assumed to be ideally mixed 

in the liquid state and completely immiscible in 

the solid phase in order to fulfill the prerequisites 

of Eq. 1 and Eq. 2. Here, xA represents the molar 

fraction, ΔHA is the molar heat of fusion and TA 

the melting point of the component A. A 

summary of the thermodynamic background if 

present, of the different parameters in the 

equations is given in Table 2. ΔH and T were 

taken from the experimental data of this work 

and literature, as far as was possible. Index B 

describes the respective values for the pure 

compound B. A detailed description of the model 

can be found in previous studies1,14 

In some cases, where the theoretical model 

from Eq. 1 and 2 resulted in weak R² values or 

the theoretical prerequisites were not fulfilled, 

other function classes were applied to ensure 

better fits. Hence, Eq. 3 was used to obtain a 

logarithmic trend function. 
 

𝑇 = 𝑎 + 𝑏𝑙𝑛(1 − 𝑥𝐴) + 𝑐𝑙𝑛(1 − 𝑥𝐴)
2 (Eq. 3) 

 

Eq. 4 and 5 were used for phase change 

boundaries that obviously were following an 

exponential trend. 
 

𝑇 = 𝑎 + 𝑏𝑒(𝑐(1−𝑥𝐴)) (Eq. 4) 
 

𝑇 = 𝑎 + 𝑏𝑒(𝑐𝑥𝐴) (Eq. 5) 
 

In the case of L-Ll system, the liquidus line did 

not fit any of the models above and therefore, a 

conventional polynomial function, Eq. 6, was 

applied.  
 

𝑇 = 𝑎 + 𝑏𝑥𝐴 + 𝑐𝑥𝐴
2 + 𝑑𝑥𝐴

3 (Eq. 6) 

Table 2 : Thermodynamic background of parameters 

 
Constant Eq. 1 Eq. 2 Eq. 3 Eq. 4 Eq. 5 Eq. 6 

a [°C] or [K] TEut/Per/Meta TB TA TB TEut TB TB 

b [kJmol-1]   ΔHB ΔHA / / / / 

c [ ]   ω ω / / / / 

d [ ]             / 

 

RESULTS AND DISCUSSION 

Binary system P-S 

The palmitic stearic acid system is the most 

and best investigated one of the systems 

presented in this work. Several research where 

published with very different results. Among 

the many very different techniques used in 

literature, only those where the melting points 

of the system were investigated either 

visually15-17 or using the DSC technique18, 

could be used. Literature data and the results 

obtained in this work along with the concerned 

DSC curves are shown in Fig. 1. 

To construct the phase change boundary 

curves (Fig. 1(a)), first the liquidus functions 

for all sections, that are namely f S, f I 
S, f I 

P 

and f P as marked in Fig. 1(b), were 

determined by fitting the models from Eq. 1 

and Eq. 2. Peak temperatures of the highest 

melting peak were used to form the liquidus 

function. In Fig. 1(c), similar modeling for 

melting points, but without f I 
P, was applied to 

previously mentioned literature data15-18. 

Temperatures of the metatectic reactions          

(f Meta
S/P) were obtained by fitting the 

experimental and literature values with a 

constant. Peritectic temperatures (f Per ) were 

obtained from the intersection of function f S 

with f I 
S (Fig. 1(b),(c)) and the eutectic 

temperatures (f Eut) from the intersection of 

function f I 
S with f I 

P (Fig. 1(b)) or f P        

(Fig. 1(c)) respectively. The conformation of 

these functions was then checked with the 

corresponding experimental and literature data. 

The boundary functions for the phase changes 

and metatectic reactions are shown together 

with the fitting parameters in Table 3. A 

comparison of the obtained eutectic, peritectic 

and metatectic compositions and temperatures 
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is given in Table 4. 

There is a good agreement between the 

characteristic temperatures and compositions in 

this work and from literature, as given in Table 4. 

The obtained functions are mainly showing a 

very good fit from a mathematical point of view, 

resulting in very good regression factors, R². The 

functions for metatectic reaction (f Meta
S/P), 

peritectic (f Per ) and eutectic temperatures           

(f Eut) are not in good accordance to the 

experimental values, resulting in weak R² values. 

That is due to the method of determination by 

intersection, as previously described. However, 

they represent the predicted behavior quite well. 

The phase diagrams obtained for the P-S system 

clearly show its peritectic behavior. This is in 

good agreement to the predicted overall behavior 

of binary mixtures of consecutive, even saturated 

fatty acid systems19, 20. Unlike in general phase 

diagrams for the P-S system15-18 that are showing 

three characteristic sections (f S, f I S, f P ), a fourth 

section (f I 
P) has been added in this work. This 

behavior can also be found in literature data for 

compositions of xP= 0.7-0.816,18, but was not 

taken into account. Due to that section, a second 

metatectic temperature at the palmitic acid side 

of the system was found (f Meta 
P), what fits the 

predicted behavior19. Along with the main 

characteristic temperatures, a few smaller 

thermal events were found in the thermograms 

which are shown with regression lines in         

Fig. 1(b). These are due to transitions on the 

solid phase, which has been explained in 

literature18-19. Furthermore, regions of complete 

miscibility between palmitic and stearic acid at 

the extremes of the phase diagram are shown in 

literature18. It is marked with dashed lines in          

Fig. 1(c). We also did not obtain any further 

information regarding the latter. These areas 

were limited with dashed lines. All characteristic 

compositions and temperatures, as shown in 

Table 4, are in good agreement with literature.

 
Table 3 : Function parameters and fitting values for the P-S system 

E
q

u
a

ti
o

n
 Literature15-18 Own evaluations 

Liquidus Solidus Metatectic Liquidus Solidus Metatectic 

f S f IS f P f Per f Eut f Meta f S f IS f IP f P f Per f Eut f Meta
S f Meta

P 

1 1 2 Const. 4 Const. 1 1 2 2 Const. 4 Const. Const. 

a 342.9 333.1 335.4 57.0 55.1 58.7 342.5 338.8 329.3 335.7 56.6 55.0 58.2 55.6 

b 61.9 126.7 53.3 

  

3.53 E-28 

  

63.1 21.3 1.35 E15 54.0 

  

9.1 E-20 

  

c -1574 3167 -2332 106.8 -2410 5316 -5.04 E13 -11099 79.5 

R² 0.982 0.747 0.963 0.000 0.653 0.000 0.995 0.965 0.996 0.970 -0.617 0.476 -0.494 0.000 

 

 

Fig. 1 : a) Experimental thermograms, b) Phase diagram and c) Literature data of the P-S system; 

b) ○ Peak A’, ◆Peak B’, other symbols - smaller thermal events, c) ☆15, ○16, ◆☐✖18, △17 
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Table 4 :  Characteristic temperatures and compositions of the binary systems 

 Characteristics  
Literature Own evaluations 

 
P-S O-L O-Ll P-S O-L O-Ll 

x A[ ] 

Eutectic point 0.713 0.246 0.175 0.695 0.270 0.203 

Peritectic point 0.500 

 

0.478 

  
Peritectic composition 0.400 0.445 

Metatectic point (stearic acid side) 0.454 0.440 

Metatectic point (palmitic acid side)   0.792 

T [°C] 

Eutectic 55.1 -10.0 -15.8 55.0 -9.7 -14.2 

Peritectic 57.0 

 

56.6 

  Metatectic (stearic acid side) 58.7 58.2 

Metatectic (palmitic acid side)   55.6 

 

Binary system O-L 

Limited data is available in literature for the  

O-L system. In Fig. 2, our results are shown 

together with the available literature data 

which are either obtained by DSC21 or visual 

observation22.  

The phase diagram was constructed from the 

peak temperatures as obtained in Fig. 2(b). 

First, the liquidus function for the oleic acid 

side (f O) was fitted using Eq. 2. As the 

liquidus line for the linoleic acid side was not 

fulfilling the prerequisites of the model from 

Eq. 1 and 2, the logarithmic trend function 

from Eq. 3 was used for fitting (f L). The 

eutectic temperature (f Eut) was obtained by the 

intersection of both liquidus functions and its 

conformation checked with the corresponding 

experimental data. The functions for the 

solidus line of the linoleic acid side (f Sol) and 

solid phase transformation (f Trans) were 

obtained by fitting Eq. 4 and Eq. 5, 

respectively, with experimental data. Coming 

to Fig. 2(c), showing the available literature 

data21,22, the liquidus and solidus functions 

were obtained the same way, but no data for 

the solidus line in the linoleic acid side and 

solid phase transformation on the oleic acid 

side were available. All literature data 

available was used for fitting the oleic acid 

side liquidus function (f O). Owing to large 

differences in values, the linoleic acid side 

liquidus function (f L, f L’ ) was calculated 

separately for literature data using Eq. 3. All 

obtained function parameters and fitting values 

are given in Table 5. 

Due to the manner in which the different 

functions were obtained, as described above, 

the R² values are good for the experimental 

and literature data functions. Hereby, eutectic 

temperatures are showing lower values which 

is again due to the way of determination. 

The phase diagram clearly shows 

characteristics of a eutectic behavior for the 

oleic acid side of the eutectic point and a 

mixed crystal behavior for the linoleic acid 

side. Furthermore, it was found that the solid 

phase transformation temperature of oleic acid 

is moving down with an increasing amount of 

linoleic acid in the mixture, completely 

disappearing at the eutectic composition. This 

might be due to the fact, that oleic acid is 

crystallizing in the pure form in the oleic acid 

side of the eutectic point and therefore 

behaving like pure oleic acid. Due to the 

influence of the linoleic acid present, the 

temperature range is shifted down with 

increasing concentration. Oleic acid is forming 

a mixed crystal with linoleic acid at the 

linoleic acid side of the eutectic point and 

therefore the effect of solid phase 

transformation is completely disappearing. For 

higher oleic acid concentrations as in Fig. 2, 

solidus and solid phase transformation curves 

intersect resulting in possible thermal effects. 

Regarding the two different linoleic acid side 

liquidus functions obtained for literature values 

it is obvious, that the values obtained by visual 

observation22 are significantly lower than those 

obtained by DSC21. These are fitting our 

results well. Like in the P-S system, there were 
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some smaller thermal events detected, that are 

additionally shown in the phase diagram with 

regression lines. These might be due to 

transitions on the solid phase, what could not 

be proven in this work.  The calculated eutectic 

compositions are very similar with around 

xO=0.25 (-10.0°C) for literature and xO=0.27  

(-9.7°C) in our case. 

 

Fig. 2 : (a) Experimental thermograms, b) Phase diagram and c) Literature data of the O-L system; 

b) ○ Peak A’, ◆ Peak B’, ☐ Peak C’, other symbols – smaller thermal events; c) ○ ◆21, ☐22 

Table 5 : Function parameters and fitting values for the O-L system 

E
q

u
a
ti

o
n

 Literature21,22 Own evaluations 

Liquidus Solidus Liquidus Solidus Transformation 

f L 22 f L' 21 f O f Eut f L f O f Eut f Sol f Trans 

3 3 2 Const. 3 2 Const. 4 5 

a -6.50 -5.20 286.9 -10.0 -5.21 286.3 -9.7 -11.7 -33.3 

b 9.74 2.98 39.3 
  

13.1 37.6 
  

0.076 0.836 

c -8.66 -39.0 -290 -2.91 -201 4.43 3.46 

R² 0.996 0.998 0.999 -0.070 0.992 0.991 -1.530 0.974 0.900 

 

Binary system O-Ll 

Only one literature data source was available22 

for the O-Ll system which has been directly 

compared with the result obtained in our work 

in Fig. 3. 

The O-Ll system is basically showing similar 

behavior as the O-L system, therefore the 

method to obtain the boundary functions was 

the same as described before. Due to the fact 

that just one peak temperature could be 

determined for the linolenic acid side of the 

system in this work, no solidus function was 

found. Eq. 2 and Eq. 3 were used to fit the 

liquidus values, whereas a constant and Eq. 5 

were used for the eutectic temperatures and 

solid phase transformation values respectively. 

The functions obtained are given together with 

their fitting parameters in Table 6. 

As mentioned above, the O-Ll binary system is 

showing the same behavior as the O-L binary 

mixture. It is eutectic for the oleic acid side of 

the eutectic point and a mixed crystal system 

for the linolenic acid side. There is a solid 

phase transformation of oleic acid which is 

shifted downwards with increasing amount of 

linolenic acid. Again, smaller thermal events 

within the two phase region could be detected, 

which are shown with regression lines in for 

orientation. Compared to our results, literature 

values for the linolenic acid side are on a lower 

level, which might be due to the visual 

determination or the purity of the standards 

used in literature. A large offset of 1.6 K was 

found for the eutectic temperatures which are 

also due to the lower linolenic acid side values 

in literature. Eutectic compositions upon 

application of method of intersection are 

xO=0.18 for literature and xO=0.20 for 

experimental values. 
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Fig. 3 : a) Experimental thermograms, b) Phase diagram and c) Literature data of the O-Ll system; 
b) ○ Peak A’, ◆ Peak B’, ☐ Peak C’, other symbols – smaller thermal events, c) ○22 

Table 6 : Function parameters and fitting values for the O-Ll system 

E
q

u
a
ti

o
n

 Literature22 Own evaluations 

Liquidus Solidus Liquidus Solidus Transformation 

f Ll f O f Eut f Ll f O f Eut f Trans 

3 2 Const. 3 2 Const. 5 

a -12.8 286.6 -15.8 -10.9 286.3 -14.2 -48.9 

b 12.9 39.3 
  

14.6 37.6 
  

0.196 

c -14.7 -404 -0.926 -238 5.37 

R² 1.000 0.999 / 1.000 0.998 -1.005 0.999 

 

Binary system L-Ll 

Fig. 4 gives a summary of the thermograms, 

constructed phase diagrams from our 

experiments and literature data22 for the L-Ll 

system. Unlike the O-L and O-Ll systems, the 

L-Ll system is not a system with eutectic 

characteristics but a complete mixed crystal 

system.  

The liquidus functions (f L-Ll) were obtained 

using Eq. 6. The liquidus line for literature 

data is generally showing the same trend as our 

result but lying on a lower temperature level. 

The pure sample melting temperatures can be 

determined precisely using DSC as in our case, 

compared to those obtained by visual analysis 

as in significantly lower data in literature. It 

was obvious from the DSC curves that there 

were no peaks that could be correlated with the 

solidus line of the system, as could be seen in 

Fig. 4(a). Therefore, a second set of 

experiments with larger sample sizes of around 

25 mg was performed to increase signal 

strength. As expected, these DSC curves     

(Fig 4(b)) have wider peaks including a second 

peak (B’L-Ll) from which the solidus line (f Sol) 

of the system was obtained using Eq. 5. A 

solidus function could not be determined from 

literature data22 because only melting points 

were published. All function parameters and 

fitting values given in Table 7, show good 

results.  

Table 7 : Function parameters and fitting 

values for the L-Ll system 

E
q

u
a

ti
o

n
 Literature 22 Own evaluations 

Liquidus Liquidus Solidus 

f L-Ll f L-Ll f  Sol 

6 6 5 

a -12.8 -10.9 -10.9 

b -0.246 -0.153 4.75 E-03 

c 11.0 3.30 7.08 

d -4.46 2.53   

R² 0.999 0.993 0.991 
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Fig. 4 : a,b) Experimental thermograms, c) Phase diagram and d) Literature data of the                
L-Ll system; c) ○ Peak A’, ◆Peak B’; d) ○22 

CONCLUSION 

This study has presented the solid liquid phase 

diagrams of the binary mixtures between P-S, 

O-L, O-Ll and L-Ll by means of DSC. All 

systems depict unique phase diagrams wherein 

those of O-L and O-Ll show similar behavior. 

The P-S system depict a peritectic behavior 

with a eutectic composition at around xP=0.70. 

In contrast to general phase diagrams from 

literature, a fourth section within that phase 

diagram was found in this work. The O-L and 

O-Ll systems are showing eutectic behavior 

for the oleic acid side of the eutectic point with 

a significant influence of the oleic acid related 

solid phase transformation, especially for 

higher ratios of oleic acid. The eutectic 

compositions are lying in the same region with 

values of xO=0.27 and xO=0.20. Interestingly, 

only the L-Ll system is showing a fully mixed 

crystal formation in contrast to all the binary 

phase diagrams of the five main plant based 

fatty acids1. 

The results of this work are in a good 

agreement to literature and the experimental 

data optimally fit the models used. 
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