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Phase diagram of mixtures of stearic acid and stearyl alcohol
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Abstract

Stearyl alcohol (98.4%), stearic acid (96.0%) and their binary mixtures were investigated by differential scanning calorimetry
(DSC) at a heating and cooling rate of 10 K min−1. The phase diagrams on heating and cooling were constructed and showed
a eutectic behavior for the solid–liquid equilibrium line. In the heating phase diagram, the eutectic line was not always visible
due to the existence of a phase transition in the solid state. A shift in the eutectic phase composition towards the acid was
observed on cooling. The cooling and heating phase diagrams further differed in the fact that only two exotherms were
observed during cooling where three endotherms were observed during heating. A plot of the enthalpy of the mixtures versus
the mole fraction shows that different processes are involved in the solid state.
© 2003 Elsevier Science B.V. All rights reserved.
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1. Introduction

Many food or home and personal care products
are composite materials, consisting of a continuous
phase and at least one dispersed phase. The dispersed
phase structures the product by forming a network
throughout the continuous phase. An interesting class
of such structuring agents are low-molecular weight
gelators of organic liquids. So-called organogels are
usually prepared by dissolving the gelator (mixture)
and subsequent recrystallization upon cooling[1].
The properties of these systems are controlled both by
thermodynamic properties (solid–liquid equilibrium)
and kinetic aspects (crystallization kinetics).

In a recent paper[2], fatty acids, fatty alcohols and
their mixtures were evaluated for their oil structuring
potential. Mixtures showed a synergistic effect below
20◦C at the composition ratios of 7:3 and 3:7 (w/w).
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This synergetic effect was most pronounced for the
stearyl alcohol–stearic acid mixture. This effect was
attributed to effects on the crystallization kinetics.

A lot of work has been published on Langmuir
monolayers of fatty acids, fatty alcohols and their
mixtures [3,4]. Mixtures of stearic acid and stearyl
alcohol are miscible though non-ideality was ob-
served both from measurements of viscosity[5] and
permeability to water vapor[6]. In the “crystalline”
region of the pressure–area isotherm of monolayers
of mixtures of tetradecanoic acid and hexadecanol,
deviation from ideality has been observed in the
area/molecule at collapse point[7]. Monolayers of
mixtures of heneicosanoic acid an heneicosanol were
shown to be completely miscible[8–10].

The phase behavior of mixtures of fatty acids (lau-
ric, palmitic, stearic and oleic acid) in the bulk solid
phase was reported recently[11,12]. The heating and
cooling phase diagrams of a fatty alcohol binary sys-
tem (n-heptadecanol/n-octadecanol) with a detailed
description of the solid–solid transitions were reported
by Yamamoto et al.[13]. Takiguchi et al.[14] reported
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that mixtures of fatty acids and fatty alcohols form a
eutectic system and exhibit solid state transitions. The
phase diagram of the binary behenyl alcohol–behenic
acid system was given as an example. Sasin et al.[15]
reported the solidification points of stearic acid–stearyl
alcohol binary mixtures.

The present paper is intended to study the phase be-
havior of stearic acid, stearyl alcohol, and their mix-
tures in the solid bulk state. Characterization will take
place by means of differential scanning calorimetry
(DSC).

2. Experimental

2.1. Materials

Stearic acid 97% and stearyl alcohol 95% were
purchased from Acros Organics. All these structur-
ing agents were used without any further purification.
The purities of stearic acid and stearyl alcohol were
checked by gas chromatography analysis and were
respectively 98.4 and 96.0 mol%. The abbreviations
C18-OH and C18-acid will be used throughout this pa-
per for respectively stearyl alcohol and stearic acid (cf.
Table 1).

2.2. Methods

The phase behavior of binary mixtures of C18-OH
and C18-acid was studied by DSC using a Perkin-Elmer
Pyris 1 DSC equipped with a heating system under
nitrogen circulation and a controlled cooling ac-
cessory using liquid nitrogen as cooling agent. The
samples were prepared by melting the solid powders

Table 1
Physical properties ofn-alcohols andn-fatty acids

Common name Systematic name Abbreviation Polymorph Tfus (◦C) �trsH (kJ mol−1)

Stearic acid Octadecanoic acid C18-acid C 69.6a 61.3a (C → liquid)
C18-acid B 54b 5.8b (B → C)
C18-acid A 64b

Stearyl alcohol 1-Octadecanol C18-OH � 58.0c 41.1c (� → liquid)
C18-OH � 57.4c 25.6c (� → �)

a Data from[25].
b Data from[17].
c Data from[20].

of the components followed by cooling at room
temperature. In this study, 6–8 mg of sample was ac-
curately weighted into a stainless steel sample pan.
DSC-curves were recorded between 5 and 80◦C at a
heating and cooling rate of 10 K min−1. Some sam-
ples were investigated at a heating rate of 1 K min−1

to resolve the endotherms. Samples were kept 1 min
at 80◦C after heating and then 1 h at 5◦C before the
second heating. Heat flow data was acquired during
these temperature sweeps. Overlapping endotherms
or exotherms were separated using the Fraser–Suzuki
algorithm in the Netzsch Peak Separation program.

3. Results and discussion

3.1. The pure components

3.1.1. Stearic acid
Stearic acid has four different crystal forms or poly-

morphs, A, B, C and E[16] (cf. Table 1). The C
form is thermodynamically the most stable. It may be
obtained by solidification of the melt and sometimes
by crystallization from a polar solvent. Crystallization
from a non-polar solvent usually gives either the A
form or a mixture of the B and C forms. At tempera-
tures just below the melting point, the A and B forms
transform irreversibly to the C form[17]. The B and
E polymorphs appear only by solution crystallization
where single crystals of the E form transform to the B
form [18]. The solubility curves of B and C intersect at
32◦C, which allows enantiotropy to break down with
the B form becoming more stable than the C form[19].

Fig. 1a shows the cooling and second heating
DSC-curves of C18-acid. Only one endotherm is
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Fig. 1. DSC-curves of the pure components: (a) C18-acid and (b) C18-OH.

observed on heating and one exotherm on cooling.
At a heating rate of 1 K min−1, the endotherm has an
onset melting temperature of 68.4◦C and an enthalpy
of melting of 60.0 kJ mol−1 which is attributed to the
C polymorph. These measurements are close to the
69.6◦C and 61.3 kJ mol−1 reported in the literature
(cf. Table 1) and agree very well with published values
of Cedeño et al.[11] taking into account the purity of
the samples.

3.1.2. Stearyl alcohol
Straight chain, even numbered, fatty alcohols are

known to crystallize as three distinct polymorphs,�,
� and� [13] (cf. Table 1). The�-form appears mainly
in shorter members of the even alcohols. The poly-
morphs show enantiotropic behavior, with each form
being thermodynamically stable in a definite range of
temperatures and pressures.

Fig. 1b shows the cooling and second heating
DSC-curves of C18-OH. Only one endotherm with
a shoulder is observed on heating and two distinct
exotherms on cooling that can be resolved by peak
separation. van Miltenburg et al.[20] have shown that
on heating a transition occurs between the ordered
phase� and the rotator phase�, and then the� phase
melts. The solid–solid phase transition,� → �, is
very close to the melting point of the� phase and
thus appears as a shoulder on the curve during the
heating scan. From the peak separation in the heating

run, the enthalpy of the transition� → � yielded
22.5 kJ mol−1, which is close to the 25.6 kJ mol−1 re-
ported in the literature (cf.Table 1). From the second
cooling exotherm the enthalpy of the phase transition
� → � was determined to be−21.9 kJ mol−1. This
solid–solid phase transition shows a significant su-
percooling of 3.2 K whereas the supercooling of the
liquid → � phase is very small at 0.4 K.

3.2. Binary phase diagram

3.2.1. Heating run
Fig. 2 shows some of the DSC-curves of the

C18-OH/C18-acid binary mixtures as a function of
the mole fraction of alcohol for the second heating
run. The temperatures of the peak of the endotherms
and enthalpies extracted from these thermograms are
listed in Table 2. The binary mixtures showed one,
two or even three endotherms. Upon crystallization,
in general a binary mixture will form a solid solu-
tion, or an intermolecular compound or a eutectic
system[21]. When ideal mixing (zero excess energy)
occurs the mixture will form an ideal solid solution.
In such a case, the DSC-curve for a particular mix-
ture will be composed of one endotherm and the
temperature of this endotherm will lie between the
melting temperatures of the pure components. In the
C18-OH/C18-acid binary system the melting tempera-
tures of the endotherms go through a minimum. This
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Fig. 2. DSC-curves of the C18-OH/C18-acid binary mixtures as a function of the weight fraction of alcohol (second heating run at
10 K min−1).

Table 2
Peak temperatures and enthalpies of melting of stearic acid, stearyl alcohol and the binary mixtures (from the second heating scan)a

Mole fraction (C18-OH) Temperature,Tp (◦C) Peak enthalpy (J g−1) �fusH (J g−1)

First Second Third First Second Third

0.00 71.6 (70.5) 211.0 211.0 (210.8)
0.05 12.5 195.8 208.3
0.10 53.4 69.2 27.0 177.6 204.6
0.15 (55.3) (67.7) 41.9 (33.0) 167.6 (177.9) 209.5 (210.9)
0.19 56.1 67.2 47.9 160.8 208.7
0.24 (56.0) (65.7) 50.7 (52.7) 129.5 (158.0) 211.1 (210.7)
0.29 56.0 (54.1) 59.9 (57.4) 64.8 (63.2) 51.8 (10.7) 118.1 (85.8) 38.9 (108.7) 208.8 (205.2)
0.35 56.9 60.9 65.6 21.7 165.3 26.3 213.3
0.39 59.8 (57.3) 64.1 (61.8) 208.4 208.4
0.44 61.0 214.4 214.4
0.49 58.5 209.0 209.0
0.53 58.4 (55.5) 213.2 213.2 (210.1)
0.59 57.3 214.0 214.0
0.62 57.4 215.2 215.2
0.69 51.8 56.3 18.6 197.2 215.8
0.74 52.3 58.0 49.5 165.9 215.4
0.80 50.1 57.9 74.9 139.1 214.0
0.89 46.1 51.0 58.2 38.4 47.9 129.6 215.9
0.94 43.8 53.8 59.4 13.2 92.6 114.7 220.5
1.00 55.1 58.9 83.1 143.8 226.9

a Data in parentheses are for experiments at a scanning rate of 1 K min−1.
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behavior is characteristic of a eutectic system where
demixing and segregation occurs in the solid phase.
In such a case, two endotherms must be present on
the DSC-curves with the first endotherm appearing
at a constant temperature referred to as the eutectic
temperature. This eutectic behavior is observed for
our system with a eutectic temperature of 56◦C as
determined from mixtures with a mole fraction of
stearic acid between 0.15 and 0.25. At a mole fraction
of 0.1, the small endotherm appears at a temperature
below the eutectic temperature which implies that
C18-OH is partially miscible in the stearic acid solid
matrix. On the C18-OH side, the first peak does not
appear at a constant temperature and furthermore a
third endotherm is present in the thermogram. Ob-
viously, the solid phase transition of C18-OH has an
effect on the solidus line (eutectic line) of the phase
diagram.Fig. 3shows the phase diagram of the binary
system as obtained by plotting the peak temperatures
of the endotherms as a function of the mole fraction
of alcohol. The solid–liquid equilibrium line can be
modeled by using equation[22]:

ln x = �fusH

R

(
1

Tfus
− 1

T

)
(1)

also known as van’t Hoff freezing point relation where
x is the mole fraction of the major component at the
temperatureT, R the gas constant,�fusH the molar

Fig. 3. Phase diagram of the binary system C18-OH/C18-acid for the heating run.

enthalpy of fusion andTfus is the melting temperature
of the pure component. This equation applies to either
side of a eutectic phase diagram with full miscibility
and ideality in the liquid phase. A comparison of theo-
retical and experimental curves for the phase diagram
is shown inFig. 3. The agreement is reasonable.

Looking closer at the prediction, deviations can be
noticed. The eutectic line, predicted from the inter-
section of the two solid–liquid equilibrium curves, is
not followed in the real system due to the existence
of multiple endotherms in the solid state. In order
to attribute the peaks to a eutectic line or a possible
solid–solid transition, the enthalpies of the various
peaks were carefully analyzed inFigs. 4 and 5. The
enthalpy of the eutectic endotherm is plotted versus
the mole fraction of C18-OH in Fig. 4. In the case
of a eutectic system, the plot should show two linear
portions intersecting at the eutectic composition and
forming a triangle. In our system, the triangle pattern
was followed for mixtures rich in C18-OH or C18-acid.
In the middle range, a considerable deviation from
the triangle pattern is observed. For compositions rich
in C18-acid, deviation occurs as the third endotherm
appears. Deviations were more pronounced for the
scanning rate of 10 K min−1. At a reduced scanning
rate of 1 K min−1, the linear relationship between
the enthalpy of the eutectic endotherm and the mole
fraction of C18-OH is maintained in the region with
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Fig. 4. A plot of the enthalpy of the endothermic events vs. the mole fraction of C18-OH.

the three endotherms. At the 1 K min−1 scanning rate,
two endotherms were clearly visible with little over-
lapping at the 0.29 mole fraction. In that case, the
third endotherm appears as a shoulder on the left side
of the first endotherm. This illustrates the fact that
at 10 K min−1 equilibrium in the solid state was not
reached for mole fractions of 0.29 and 0.35. The ki-
netics of the solid state transformation is a slow pro-

Fig. 5. A plot of the enthalpy in J g−1 of C18-OH or C18-acid for the liquidus endotherms vs. the mole fraction of C18-OH.

cess.Fig. 5shows a plot of the enthalpy of the last en-
dotherm in joules per gram of pure component. Com-
positions rich in C18-acid yield a plateau illustrating
the fact that the endotherm is due to pure C18-acid
melting. A break in the plateau is observed at the mole
fraction 0.29 with a different plateau level. Composi-
tions rich in C18-OH yield also a plateau and deviation
is observed below a mole fraction of 0.8.
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Fig. 6. Phase diagram of the binary system C18-OH/C18-acid for the cooling run.

3.2.2. Cooling run
Fig. 6 shows the phase diagram of the binary sys-

tem as obtained by plotting the onset temperatures of
the exotherms as a function of the mole fraction of al-
cohol for the cooling run. The onset temperatures and
enthalpies of the exotherms are listed inTable 3. The
binary mixtures showed either one or two exotherms
upon crystallization. The phase diagram shows a
eutectic behavior similar to the phase diagram of
the heating run with the difference that were three
endotherms were observed only two exotherms are
observed in the cooling curves. A comparison of the
theoretical and experimental curves for the phase dia-
gram is also shown inFig. 6. A clear shift of the eu-
tectic composition towards C18-acid is observed. This
deviation could be due to the association of the acid
molecules in the liquid as dimers. In such a case, the
solubility of the acid is enhanced and the eutectic is
displaced towards the associative species[23]. Fig. 7
shows a plot of the enthalpy of the eutectic exotherm
versus the mole fraction of C18-OH. A linear behavior
is clearly observed for mixtures rich in C18-acid. At
a mole fraction of 0.3, where the crystallization tem-
perature deviates from the prediction, the enthalpy of
the eutectic exotherm shows a different linear behav-
ior with an apposite slope sign. From the linearity of
the enthalpy it is clear that a new process is involved

Table 3
Peak onset temperatures and enthalpies of stearic acid, stearyl
alcohol and the binary mixtures (from the cooling scan)

Mole
fraction
(C18-OH)

Temperature,
Te (◦C)

Peak enthalpy
(J g−1)

Total
enthalpy
(J g−1)First Second First Second

0.00 65.2 −208.5 −208.5
0.05 66.0 48.4 −196.1 −12.5 −208.6
0.10 63.4 48.3 −170.0 −27.8 −197.8
0.15 63.5 50.9 −160.1 −45.2 −205.3
0.19 60.4 50.3 −144.7 −60.1 −204.8
0.24 60.2 52.0 −138.7 −68.3 −207.0
0.29 56.5 50.7 −156.9 −44.8 −201.7
0.35 55.3 52.0 −161.2 −45.5 −206.7
0.39 52.8 −171.1 −31.9 −203.0
0.44 51.8 −210.4 −210.4
0.49 49.3 −202.2 −202.2
0.53 50.1 −207.5 −207.5
0.59 51.0 −208.8 −208.8
0.62 52.1 51.2 −210.3 −210.3
0.69 52.1 46.4 −156.9 −54.1 −211.0
0.74 53.2 48.0 −142.6 −70.2 −212.8
0.80 53.3 43.7 −136.5 −73.5 −212.1
0.94 54.3 41.6 −140.9 −71.2 −214.9
0.89 55.5 44.2 −137.5 −77.4 −221.7
1.00 55.2 45.9 −140.8 −80.9 −221.7
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Fig. 7. A plot of the enthalpy for the eutectic exotherms vs. the mole fraction of C18-OH.

at that point. On the C18-OH side, no eutectic behav-
ior is observed due to the presence of a solid–solid
transformation.

4. Conclusions

The phase diagrams on heating and cooling were
constructed for the stearyl alcohol/stearic acid system
showing a eutectic behavior for the solid–liquid equi-
librium line. Nevertheless, a closer investigation at the
enthalpies of the mixtures shows a complex behav-
ior in the solid state where differences were observed
on varying the heating rate. The existence of a range
of concentration where the two components possibly
form a solid solution close to the eutectic composition
cannot be excluded as proposed by Ralston[24].
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