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ABSTRACT: Solid—liquid phase diagrams of the following systems were measured using differential scanning calorimetry (DSC):
tristearin (2,3-di(octadecanoyloxy)propyl octadecanoate) + tripalmitin (2,3-di(hexadecanoyloxy)propyl hexadecanoate), tristearin
(2,3-di(octadecanoyloxy)propyl octadecanoate) + palmitic acid (n-hexadecanoic acid), tristearin (2,3-di(octadecanoyloxy)propyl
octadecanoate) + linoleic acid (cis-9,cis-12-octadecadienoic acid), tripalmitin (2,3-di(hexadecanoyloxy)propyl hexadecanoate) +
triolein (2,3-bis[[(Z)-octadec-9-enoyl]oxy]propyl (Z)-octadec-9-enoate), and tripalmitin (2,3-di(hexadecanoyloxy)propyl hexad-
ecanoate) + commercial oleic acid (commercial (Z)-octadec-9-enoic acid). The eutectic point was observed for two systems,
tristearin with tripalmitin or with palmitic acid. Polarized optical microscopy was employed to investigate the solid phase of the
systems and confirmed the occurrence of a solid solution at the extreme of the phase diagram rich in the component with a higher
melting temperature. Margules-2-suffix, Margules-3-suffix, nonrandom two-liquid (NRTL), and universal quasichemical functional
group activity coefficient (UNIFAC) models were employed to describe the liquidus line of the studied systems, except for the
system formed by tripalmitin (2,3-di(hexadecanoyloxy)propyl hexadecanoate) + commercial oleic acid (commercial (Z)-octadec-9-
enoic acid) which is a pseudobinary system that was well-described by the UNIFAC model. The best results for the other systems
were obtained when employing the Margules-3-suffix and NRTL models.

B INTRODUCTION

The importance of vegetable oils and fats in the human diet
and in a series of products of the pharmaceutical and chemical
industries is well-known. However, with the growth of the
oleochemical industry, principally based on the biodiesel produc-
tion, industry profits may further increase if byproducts gener-
ated along the different stages of oil processing, should they be
rich in fatty acids, triacylglycerols and so on, were utilized for
producing substances of high added value. Therefore, it is
important to know the phase behavior of such substances to
solve problems related to their separation and purification
processes.

Studies on the solid—liquid equilibrium (SLE) of vegetable
oils and fat components are not so often published in the
literature,"* where the most common data reported are related
to mixtures containing fatty acids and organic solvents.> > More
recently data have been gublished for systems formed by tri-
acylglycerols,®” fatty acids,”” and triacylglycerol plus fatty acids.'®
The present study is part of a series of works developed by our
research group on the SLE of fatty mixtures.” ' This study
reports SLE data of the following systems: tristearin + tripalmitin,
tristearin + palmitic acid, tristearin + linoleic acid, tripalmitin +
triolein, and tripalmitin + commercial oleic acid. The experi-
mental data were measured by differential scanning calorimetry
(DSC) and modeled using Margules-2-suffix, Margules-3-suffix,
nonrandom two-liquid (NRTL), and universal quasichemical
functional group activity coefficient (UNIFAC) equations.
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Prior studies on these systems found in the literature are
focused on the polymorphic transitions of tristearin and
tripalmitin'®">° or on the crystallization kinetics of tristearin,
tripalmitin, and their mixtures with triolein.”' Such studies
presented a detailed description of the polymorphic forms of
these compounds, but the experimental conditions employed are
different, so that a quantitative comparison of the results is not
viable.

The phase diagrams reported in this work have not yet been
published. These data give a complete description of the liquidus
line and also of some transitions observed beneath this line, as
well as they reveal the existence of a solid solution at the
extremity of the phase diagram rich in the component with a
higher melting point. In summary, the experimental data pre-
sented here could be used for developing as well as optimizing
separation processes applied to these substances. Furthermore,
the availability of these data may allow the understanding of the
phase equilibrium behavior of such systems.

B EXPERIMENTAL SECTION

Reagents. The DSC was calibrated using the following stan-
dards: indium (0.9999 mol fraction, TA Instruments; CAS
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Table 1. Fatty Acids and Triacylglycerols Employed in This Study

reagent

n-hexadecanoic acid (palmitic acid)

cis-9,cis-12-octadecadienoic acid (linoleic acid)

commercial (Z)-octadec-9-enoic acid (commercial oleic acid)
2,3-di(hexadecanoyloxy)propyl hexadecanoate (tripalmitin)
2,3-di(octadecanoyloxy)propyl octadecanoate (tristearin)
2,3-bis[[(Z)-octadec-9-enoyl]oxy]propyl (Z)-octadec-9-enoate (triolein)

purity CAS registry no. supplier
min 0.99 57-10-3 Sigma-Aldrich
0.99 60-33-3 Sigma
Merck
min 0.99 555-44-2 Nu-Chek
min 0.99 555-43-1 Sigma
min 0.99 122-32-7 Sigma

Table 2. Solid—Liquid Equilibrium Data for the Tristearin + Tripalmitin System

DSC data optical microscopy data
it Tinelting/ K Teutectic/ K transition temperatures/K N pelitin Titart melting/ K Tnal melting/ K

0.0000 345.76 332.33 328.26 329.53 0.0000 345.25 346.15
0.1038 344.81 331.22 321.22 332.39 327.19 0.0951 343.95 345.35
0.1992 344.09 33147 318.73 332.33 3258.77 0.2005 342.25 344.75
0.3045 343.19 335.64 331.39 318.68 332.38 324.73 0.2922 337.75 344.35
0.4003 342.23 335.72 331.00 318.58 332.18 323.70 0.4028 336.25 343.55
0.4994 341.12 335.67 329.92 318.45 331.73 32275 0.4881 336.25 342.35
0.5997 339.70 335.62 329.32 318.37 330.96 321.51 325.64 0.5998 335.25 341.65
0.6497 338.84 335.71 329.17 318.36 330.55 320.90 325.47 0.6789 335.75 337.35
0.7000 335.97 328.98 318.39 330.27 320.50 325.30 0.7895 335.35 337.65
0.7503 336.23 328.71 318.44 329.97 320.08 325.43 0.8936 335.75 338.35
0.7992 336.69 335.93 328.13 318.39 329.41 319.55 324.89 0.9486 336.35 338.75
0.8492 337.22 335.78 318.55 319.36 324.38 1.0000 338.35 339.25
0.9010 337.68 335.23 318.29 319.07 323.14

1.0000 338.82 31842 319.10 320.62

Registry No.: 7440-74-6), benzoic acid (min 0.999 mol frac-
tion, Metler; CAS Registry No.: 65-85-0), and deionized water
(Milli-Q, Millipore). The fatty acid and triacylglycerol suppliers
and purities are shown in Table 1. All of these substances were
used with no further purification.

Methods. The fatty acid composition of commercial oleic acid
was determined by gas chromatography of fatty acid methyl
esters according to the American Oil Chemists' Society (AOCS)
official method (1—62).** Commercial oleic acid was prepared in
the form of fatty acid methyl esters according to the Hartman and
Lago methodology,*® and the corresponding composition results
were published by Rodrigues and co-workers.”* Fatty mixtures,
used in the DSC, were prepared by gravimetry and analyzed in a
heating run, after utilizing a thermal treatment to erase thermal
memories, at a rate of 0.017 K-s™ ', as described in previous
studies.*'”'**> The experimental uncertainty was estimated
based on repeated runs performed with indium and some
selected fatty acid samples, and the obtained value was estimated
as not higher than 0.3 K.

B RESULTS AND DISCUSSION

The peak top temperature of each thermal event, melting and
transitions under the liquidus line, of the five studied systems
were determined and are presented in Tables 2 to 6. Figure 1
presents the phase diagram of the system tristearin + tripalmitin
determined by the DSC technique and also by optical micro-
scopy. Figure 2 presents the phase diagrams of the systems
tristearin + palmitic acid and tristearin + linoleic acid. The phase

Table 3. Solid—Liquid Equilibrium Data for the Tristearin +
Palmitic Acid System

Maeiting  Mawessd Vs gexef transition

Xpalmitic acid K K K temperatures/K

0.0000 345.76 329.53 32826 33233

0.0580 345.29 330.08 327.80

0.1463 344.75 32899  323.68 32692

0.2325 344.35 332.24 327.65 32383

0.2998 344.07 332.59 327.34  324.03

0.3997 343.31 332.85 32698  323.97

0.5004 342.36 333.00 326.42 323.81

0.5999 341.31 333.20 32621  323.57

0.6992 340.08 333.40 32545 32322

0.7989 337.74 333.42 324.31 32322

0.8999 334.02 324.04 32293

0.9510 334.48 323.74  322.84

1.0000 335.44

diagrams of the tripalmitin + triolein and tripalmitin + commer-
cial oleic acid systems are shown in Figure 3. In Figures 1 and 2a
there is an eutectic point at the compositions of Xtripalmitin = 0.70
and Xyipalmitin == 0.90, respectively. In the systems formed by
tristearin + linoleic acid, tripalmitin + triolein, and tripalmitin +
commercial oleic acid (Figures 2b, 3a, and 3b, respectively), the
saturated triacylglycerol (tristearin or tripalmitin) remains in the
solid state after melting of the second component of each mixture
(linoleic acid, triolein, or commercial oleic acid), that is, the
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Table 4. Solid—Liquid Equilibrium Data for the Tristearin +
Linoleic Acid System

s Mingiete mdting) oo e/ transition
Xfinoleicacid K K K temperatures/K

0.0000 345.76 329.53 332.33 328.26
0.1235 345.29 319.50

0.2076 344.84 309.53

0.3078 344.31 263.57

0.3977 343.84 263.81

0.4976 343.01 263.86

0.6032 342.06 264.45

0.7013 341.00 264.98

0.8010 338.98 267.15

0.9019 334.77 267.49

0.9910 323.73 266.39

1.0000 267.83

Table 5. Solid—Liquid Equilibrium Data for the Tripalmitin
+ Triolein System

Zgiolein  Tfus/K  Triolein melting/ K transition temperatures/K
0.0000  338.82 318.42 319.10 320.62
0.1141 33829 273.9

02072  337.84 274.61

0.3038  337.31 276.02

04041  336.47 277.72

0.5013  335.4S 277.89

0.5985  334.03 278.06

0.7011 332.15 278.15

0.8002  329.78 278.15

0.9005  326.02 278.40

1.0000  279.22 260.60

component that presents the lower melting temperature. This
behavior is the same already described for systems composed of
refined rice bran and palm oils with tristearin.*® This may explain
the transition observed in the three mentioned systems around
(265, 275, and 280) K, respectively. These temperatures are
approximately the melting temperatures of the pure components,
indicating the melting of such substances.

Thermograms of the tristearin + tripalmitin system are
presented in Figure 4. Figure 4 parts a and g show the thermo-
grams of pure tripalmitin and tristearin, respectively. Both
thermograms of pure compounds are in good agreement with
those found in the literature,"®'® and each one presents four
peaks, two endothermic and two exothermic ones. In the
thermogram of pure tripalmitin (Figure 4g) the first peak,
occurring at alower temperature, represents the melting of the .-
form, followed by the polymorphic transition and recrystalliza-
tion into the f-form, events indicated by the two exothermic
peaks.'® The last peak, at a higher temperature, represents the
complete melting of tripalmitin. In the case of tristearin the
authors'® suggest that the two exothermic peaks represent the
formation and melting of the 3'-form, followed by its recrystalli-
zation into the 3-form.

It is possible to note in the thermograms presented in Figure 4
that the increase of tripalmitin concentration causes a gradual
decrease of the melting temperature until reaching the composi-
tion of Xipaimitin = 0.70 (Figure 4e), approximately the eutectic

Table 6. Solid—Liquid Equilibrium Data for the Tripalmitin
+ Commercial Oleic Acid System

Tros/" Tcomeoleic melting/ transition

Xcomoleticacid K K temperatures/K

0.0000 338.82

0.287S 337.49 281.78
0.4988 335.38 281.66 286.58 277.33
0.6990 333.97 281.63 287.3 27698
0.7998 331.39 281.63 288.27

0.8497 330.01 281.59 288.35

0.8981 327.71 281.67 288.29

0.9402 324.92 282.03 287.53

0.9706 320.56 281.64 287.19

318.42 319.10 320.62
291.78 276.97

1.0000  281.92 247.69
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Figure 1. Phase diagram of the tristearin + tripalmitina system. Open
symbols (O and O) are related to the optical microscopy images, and
closed symbols represent the data obtained by DSC: [, beginning of
melting temperature; O, final melting temperature; M, melting tem-
perature; A, eutectic temperature; right-pointing triangle, X, +, @
transitions in solid phase. Solid lines represent the liquidus line and the
eutectic temperature; dashed lines represent the probable boundaries
between the solid solution regions and the regions of solid—solid
equilibrium (under the eutectic temperature) or SLE (above the eutectic
temperature).

point concentration. With the increase of the tripalmitin con-
centration t0 Xyipaimitin = 0.80 (Figure 4f), the temperature
required for complete mixture melting increases again.

Tristearin + tripalmitin and tristearin + palmitic acid systems
exhibit eutectic points approximately at (336 and 333) K,
respectively. In both systems the transitions attributed to the
eutectic reaction, represented in the phase diagram by the symbol
A, are observed for compositions greater than Xypaimitin == 0.30
and Xpaimitic acid = 0.23, respectively, as can be seen in Figures 1
and 2a. This is an indication of the solid solution formation at the
extremity of the phase diagram rich in tristearin. This will be
further discussed below.

In the case of the other three systems studied, tristearin +
linoleic acid, tripalmitin + triolein, and tripalmitin + commercial
oleic acid, a transition in a temperature very close to the melting
temperature of the pure light component was observed in almost
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Figure 2. Phase diagram of the (a) tristearin + palmitic acid and (b) tristearin + linoleic acid systems. B, melting temperature; A, eutectic temperature;
A, solid—liquid transition; right-pointing triangle, O, left-pointing triangle, +, X transitions in the solid phase. Solid lines represent the liquidus line and
the eutectic temperature; dashed lines represent the probable boundaries between the solid solution region and the regions of solid—solid equilibrium

(under the eutectic temperature) or SLE (above the eutectic temperature).
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Figure 3. Phase diagram of the (a) tripalmitin + triolein and (b) tripalmitin + commercial oleic acid systems; M, melting temperature; A, eutectic
temperature; left-pointing triangle, right-pointing triangle, X transitions in the solid phase. Solid lines represent the liquidus line and the eutectic
temperature; dashed lines represent the probable boundaries between the solid solution region and the regions of solid—solid equilibrium (under the

eutectic temperature) or SLE (above the eutectic temperature).

every obtained thermogram. This transition can be seen in the
thermograms of Figure 5, especially in Figure 5d, and is
represented in Figures 2b and 3 by the symbol A. In the
thermograms of Figure 5 it can also be noted that the presence
oflinoleic acid interferes on the tristearin crystallization, since the
exothermic peaks attributed to polymorphic transitions and
recrystallization into the [-form no more occur for those
mixtures in which xj,05eicacia = 0.30. In this last case only two
endothermic peaks were observed; the first one, at the highest
temperature, represents the complete melting of the sample
(liquidus line), and the second one, at the lowest temperature, is
attributed to the melting of a solid solution indicated by the left
dashed line in Figure 2b.

The thermograms of both systems, tristearin + tripalmitin
(Figure 4) and tristearin + linoleic acid (Figure S), indicated that
the last one exhibits less transitions beneath the liquidus line. The
complexity of the tristearin + tripalmitin system can be related to
the molecules that form this system, two triacylglycerols which

3280

already present a series of polymorphic transitions in their pure
forms. Furthermore, these triacylglycerols have a small difference
between their melting points, so that the SLE transition is
concentrated in a restricted range of temperatures and a series
of solid—solid transitions occur below that region. In the case of
the other four systems at least one of the following conditions
occurs: either the second component has a melting point
significantly lower than the saturated triacylglycerols, or it is a
fatty acid with a lower number of polymorphs. In fact, the
number of transitions observed under the liquidus line decreased
according to the second mixture component, be it an unsaturated
triacylglycerol, a saturated fatty acid, or an unsaturated fatty acid,
as can be seen in Figures 1, 2, and 3.

Although the studied systems show slightly different behaviors
due to the transitions under the liquidus line, all systems seem to
exhibit a solid solution at the extremity of the phase diagram rich
in the heavier triacylglycerol. To confirm the occurrence of the
solid solution in the phase diagrams, the enthalpy of the eutectic

dx.doi.org/10.1021/je200033b |J. Chem. Eng. Data 2011, 56, 3277-3284
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Figure 4. Thermograms of the tristearin + tripalmitin system:
(a) Xtripalmitin == 000) (b) Xtripalmitin == 010) (C) Xtripalmitin == 030!
(d) Xtripalmitin = 0501 (e) KXtripalmitin = 070; (f) Xtripalmitin = 090;
(g) 'xtripa.lmitin = 1.00.

reaction was plotted as a function of each mixture composition
(Tammann plot). This plot is presented in Figure 6 for the
systems tristearin + tripalmitin and tristearin + linoleic acid. The
enthalpy values were calculated by integration of the thermal
curves using the TA Universal Analysis program. For a simple
eutectic system the Tammann plot should present linearly
increasing values of enthalpy until a maximum value, occurring
exactly at the eutectic point concentration, and afterward en-
thalpy values that decrease linearly for higher compositions.”” Via
the Tammann plot it is possible to identify the concentration
ranges of the two solid phase regions associated with the eutectic
point.””’>* As can be seen in Figure 6a, for the tristearin +
tripalmitin system, this biphasic region does not extend to the
pure tristearin side, indicating the occurrence of a solid
solution at this extremity of the phase diagram. For composi-
tions higher than the eutectic point, the Tammann plot of the
tristearin + tripalmitin system also indicates the occurrence of
a solid solution. In case of the tristearin + linoleic acid system
(Figure 6b), the Tammann plot shows an increase in enthalpy
with composition until the pure linoleic acid composition is
reached. Therefore, a solid solution only occurs close to the
pure tristearin extremity. In fact, for all of the binary mixtures
studied in the present work, the formation of a solid solution
is observed at least in the left side of the reported phase
diagrams.

A further confirmation that these systems form solid solutions
was obtained by optical microscopy. Optical images of the
tristearin + tripalmitin system at Xy ipaimitin == 0.10 are presented
in Figure 7. According to the literature,” a simple eutectic system
is divided in four equilibrium regions: two biphasic regions of
SLE, one monophasic liquid region and one biphasic solid region.
The SLE regions extend from the pure components to the
eutectic composition and are delimited by the liquidus line and
eutectic temperature. The monophasic liquid region, formed by
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Figure 5. Thermograms of the tristearin + linoleic acid system:
(a) Xtripalmitin = 000’ (b) KXtripalmitin == 030) (C) Xtripalmitin == 0401
(d) xtripalmitin = 090; (e) xtripalmitin = 1.00.

both components after melting, is above the liquidus line, and a
biphasic solid region, in which the two pure components coexist
independently in a solid state, is below the eutectic temperature
(solidus line). Obeying this description, if the tristearin +
tripalmitin system behaved as a simple eutectic one, both solid
and liquid phases should coexist for temperatures higher than the
eutectic temperature, approximately 336 K. In Figure 7, at 331.15 K,
approximately 5 K lower than the eutectic temperature, the whole
sample is in a solid state, as expected. With the temperature increase
to 34345 K no change is observed in the images
(Figures 7a—d). The presence of small amounts of liquid is
noted only in Figure 7e, at 344.15 K, as indicated by the arrow in
this figure. The existence of liquid is acknowledged by the
round shape that the crystal border assumes and by the change
in color; the sample became bright due to the new arrangement
of the molecules. From this temperature (344.15 K) upward,
the amount of liquid in the images increases until complete
melting of the sample at 345.35 K, Figure 7i. These images
indicate that the tristearin + tripalmitin system does not obey
the description of a simple eutectic system, confirming the
existence of a solid solution in the extremity of the phase
diagram rich in the component with higher melting point, and
in this way, they corroborate the prior results of the Tammann
plot. According to the optical microscopy images, the eutectic
reaction can be observed only for compositions equal or
higher than %ypaimitin = 0.30. The Tamman plot suggests that
the eutectic reaction disappears close to the composition
Xeripalmitin == 0.20. A better delimitation of this boundary
requires further investigation around this composition range.
Optical images were captured for all compositions of the
tristearin + tripalmitin system, as presented in Figure 1. Both
sets of data, obtained by the DCS and the optical microscopy,
are in relatively good agreement, with average absolute devia-
tions in the melting temperature and in the eutectic tempera-
ture lower than (0.95 and 0.65) K, respectively.
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Figure 6. Tammann plots of the (a) tristearin + tripalmitin and (b) tristearin + linoleic acid systems; B, enthalpy of the eutectic reaction; —, linear fit to

the enthalpy values.

Figure 7. Optical images of the tristearin + tripalmitin system for %yipamicn == 0.10; () 33115 K; (b) 333.15 K; (c) 343.15K; (d) 343.75 K; (e) 344.15 K;
(f) 34435 K; (g) 344.55 K; (h) 344.95 K; (i) 34535 K.

Equation 1 was used to describe the SLE, and this approach
assumes that all systems behaved as simple eutectic ones.
The liquidus line of the multicomponent system formed by

12,31

tripalmitin + commercial oleic acid was predicted using the
UNIFAC model.*” The liquidus line of the other four systems
was modeled using the Margules-2-sufhix, Margules-3-suffix, and

3282
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Table 7

model name binary parameters

Margules-3-suffix A and Aj;

NRTL 8ip & and gy, &

RT In y;

[A;+2(4; — A,-]-)x,]xiz; when A; = Aj; the equation is called Margules 2-suffix
sz[fji((Gii)/(xi + ij/i))z + ((ijGij)/((xj + xtij)Z))J
Ti/ = (Agx])/(RT)r qu = AO,xj + Al,x;T)' and Gt/ = exp(iaxjrxj)

Table 8. Deviations Obtained for the Margules-3-Suffix, Margules-2-Suffix, and NRTL Models

rmsd*

gl tristearin + tripalmitin  tristearin + palmitic acid
Margules-3-suffix 0.52 0.16
Margules-2-suffix 0.73 0.36
NRTL (05 = 0.30) 0.57 0.15
UNIFAC 1.42 0.46

tristearin + linoleic acid

tripalmitin + triolein  tripalmitin + commercial oleic acid

0.22 0.10
0.71 0.40
0.22 0.37
0.92 0.57 0.79

“rmsd = (Z;lzl(Ti,exp — Ti,calc)z/ n)]/ 2, where T is temperature and # is the number of experimental points.

Table 9. Adjustment Parameters Obtained by the Margules-3-Suffix, Margules-2-Suffix, and NRTL Models

Margules-3-suffix

NRTL (o, = 0.30) Margules-2-suffix

system Ap/]. mol VSVAE mol ™"
tristearin + tripalmitin —111211.22 —7528.36
tristearin + palmitic acid 1388.68 —710.40
tristearin + linoleic acid 3017.29 —112.96
tripalmitin + triolein 643.90 —1448.26

Agio/] -mol ™! Agu/J-mol*l An/] -mol
4506.65 —5770.67 —2915,63
—3721.25 7908.08 191.25
—3199.30 9471.07 753.13
1925.32 —2083.14 —552.34

NRTL models* and also predicted using the UNIFAC model.
The model equations used are presented in Table 7.

1 AH i, fus Ti us
%71) Rl \ T

Considering the ideal behavior of the solid phase, as men-
tioned before, the liquidus line was well-described, with low
average deviations between experimental and calculated values
(Table 8), but the existence of solid solutions in the extremes of
the phase diagrams was not considered in the modeling ap-
proach. All of the adjusted parameters are presented in Table 9.
The best modeling results were obtained using the Margules-3-
suffix and NRTL models. In the case of the predictive UNIFAC
model the deviations are larger, but considering that no further
adjustment was done to represent the nonideality of the liquid
phase, the results were also good.

Il CONCLUSION

SLE data of tristearin + palmitic acid, tristearin + tripalmitin,
tristearin + linoleic acid, tripalmitin + triolein, and tripalmitin +
commercial oleic acid systems were successfully determined by
the DSC technique. The Tammann plot and images obtained by
optical microscopy confirm the occurrence of solid solutions at
the extremity of the phase diagram rich in the component with
higher melting temperature. The best modeling of the equilib-
rium data was obtained by the Margules-3-suffix model. The
UNIFAC model predicted in an appropriate way the liquidus line
of the system formed by tripalmitin + commercial oleic acid.
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