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In this paper experimental data on the solid-liquid and solid-solid equilibria in the binary system
(docosane + tetracosane) and solid solubility data in the ternary system (heptane + docosane +
tetracosane) are presented. For 14 binary mixtures of the two heavy alkanes, DSC measurements were
performed to detect the solid-liquid and solid-solid phase transition temperatures. Solid disappearance
temperatures were measured for 14 mixtures of docosane and tetracosane dissolved in various quantities
of heptane. The experimental results reveal that the solubility curves found in the ternary system
correspond to the phase behavior of the binary subsystem studied. At low concentrations of heptane,
probably almost ideally mixed crystals are in equilibrium with the liquid phase, while at high heptane
concentrations, the solid-liquid equilibrium involves most likely different nonideal solid phases.

Introduction

The controlled precipitation of solid phases from multi-
component fluid mixtures is widely applied in, e.g., chemi-
cal, pharmaceutical, and food industries as a separation
method. However, in the petroleum industry it is an
undesirable phenomenon (wax formation) which severly
hampers transportation or other processes taking place
(Erickson et al., 1993; Reddy, 1986; Keating and Watten-
berger, 1994). No matter whether one wants to control or
prevent the precipitation of either mixed or pure solid
phases from solutions, adequate thermodynamical models
should be available to describe the phase behavior of the
system under consideration.
In the past, the wax formation problem was mainly

handled on the basis of empirical models. In recent years,
more effort has been spent on the development of adequate
thermodynamical models (Coutinho, 1995; Lira-Galeana et
al., 1996). A general problem faced is the scarcity of
experimental data on the phase behavior of well-defined
multicomponent mixtures. Abundant experimental data
are available on systems with either only one solute (Kniaź,
1991) or two solutes certainly precipitating as independent
pure component crystals (Jakob et al., 1995). Further
experimental data sets are available on binary systems
possibly forming mixed crystals, which means the absence
of a solvent (Mazee, 1960; Sabour et al., 1995; Achour et
al., 1992; Dorset, 1990; Maroncelli et al., 1985). Other data
sets on real reservoir fluids or fuels (Holder and Winkler,
1965; Van Winkle et al., 1987) do not allow us to make a
clear distinction between different mechanisms involved
in the solid precipitation, due to characterization proce-
dures and experimental accuracies (Erickson et al., 1993).
To bridge the gap between the different type of data sets

available in the literature, it is desirable to have phase
equilibrium data for systems of one solvent and a few
solutes that are known to form mixed crystals in at least
one of the binary subsystems. Some data sets are available
for these kinds of systems (Ghogomu et al., 1989; Roberts
et al., 1994; Asbach and Kilian, 1991). In this paper,

experimental results on the solid solubility in the ternary
system composed of n-heptane, docosane, and tetracosane
for 14 relative solute concentrations are presented. Ad-
ditionally, experimental data on the phase behavior of 14
mixtures of docosane and tetracosane are presented.

Experimental Section

The chemicals used in this study were tetracosane
supplied by Janssen Chimica with a stated purity of better
than 99 mass %, docosane supplied by Aldrich with a stated
purity of better than 99 mass %, and n-heptane supplied
by Fluka with a stated purity better than 99.5 mass %.
DSC analyses of the docosane and the tetracosane showed
less than 0.5 mole % impurities, respectively, which were
not further identified. All chemicals were used without
further purification.
The experiments on the binary subsystem (docosane +

tetracosane) were carried out with a differential scanning
calorimeter (DSC Polymer Laboratories, Gold-Cell). The
calibration of the calorimeter was based on the melting
temperatures of pure gallium and pure indium. Binary
samples of about 5 mg weight were prepared by weight
using a Sartorius microbalance (Type M3P). This results
in an accuracy of better than (0.005 in mole fraction for
the composition of the sample.
The applied heating rates were 2 K min-1. To determine

the different transition temperatures from the DSC curves,
the following procedure was applied. For a monovariant
transition the corrected onset temperature was equated
with the transition temperature. In cases of a nonisother-
mal solid-solid or solid-liquid transition, the lower transi-
tion temperature was again equated with the corrected
onset temperature. The higher temperature of the transi-
tion interval was, following a reasoning given elsewhere
(Schawe, 1993; Höhne et al., 1994; Asbach et al., 1982),
equated with the point of inflection in the rising flank of
the peak. The accuracy of the monovariant phase transi-
tion temperature determined is (0.25 K. For the noniso-
thermal transitions of the binary mixtures, the accuracies
of the solidus R, solidus â, and liquidus temperatures are
better than (0.5 K.* Corresponding author.
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The experiments on the solid solubility in the ternary
system were based on the visual observation of the disap-
pearance of the solid phase with increasing temperature.
The samples are again prepared on a weight basis. The
total amount of the two solutes contained in a glass sample
tube is for all mixtures approximately 1 g. Via a septum
in the lid of the sample tube, subsequently, distinct
amounts of n-heptane were added to the sample from a
syringe. The amount of n-heptane added is again deter-
mined on a weight basis. Due to the procedure applied,
the accuracy of the composition deteriorates in the course
of an experimental run. However, the uncertainty does not
exceed (0.01 in the mole fraction of n-heptane, while the
accuracy of the relative mole fraction of the two solutes is
better than (0.005.
The different sample tubes are placed in a thermostated

water bath (Lauda Type CSG) controlled within (0.03 K.
Mixing and temperature equilibrium are established by
agitation of a stirrer inside the tube by magnetic coupling.
Temperatures are measured by means of a Pt-100 res-
tistance thermometer connected to a resistance bridge (ASL
F-16). The accuracy of the temperature measurement is
(0.01 K.
Through storage at lower temperatures, the samples are

brought into a two-phase (solid + liquid) state. After the
samples are placed in the thermostated water bath, the
temperature is gradually increased until the disappearance
of the solid phase is visually detected. This procedure is
repeated several times, so that for a given composition the
solution temperature is determined to an accuracy better
than (0.25 K.

Results

The experimental results of the differential scanning
calorimetry are given in Table 1. In Figure 1 the experi-
mental results on solid-liquid and solid-solid equilibria
are displayed. For comparison also the transition and
melting temperatures given in literature (Mazee, 1960;
Achour et al., 1992) are included. Regarding the scattering
of the literature data, it seems fair to conclude that the
literature data and our data agree and that the data
presented here increase the certainty of the course of the
phase boundaries found in the system {docosane (A) +
tetracosane (B)}. This holds especially for the melting
behavior of mixtures containing mainly docosane. For
these mixtures both literature sources give solidus tem-
peratures lower than the melting point temperature of pure
docosane. This is, excluding the presence of other solid
phases, only possible in a so-called hylotrope where as in
an azeotrope, the coexisting phases are of equal composi-

tion. The data given in the literature do not indicate this
kind of compositional behavior. For the solid-solid transi-
tion a distinct temperature minimum with T ) 301.4 K at
a tetracosane mole fraction of 0.24 is found. Further, two
discontinuities in the solid-solid phase boundaries are
found for mixtures with a mole fraction of tetracosane of
approximately 0.05 and 0.85.
Solid solubilities in the ternary system {heptane (C) +

docosane (A) + tetracosane (B)} are determined for 14
different mole fraction ratios of docosane and tetracosane.
Table 2 contains the experimental solid disappearance
temperatures as a function of the heptane mole fraction.
Our results on the solid solubilities in the binary sub-
systems incorporating heptane agree quite well with the
data given in the literature (Roberts et al., 1994; Domańska
and Rolińska, 1989; Brečević and Garside, 1993; Domań-
ska, 1996). No literature data are available on the solubili-
ties in the ternary system studied. Figure 2 shows the solid
disappearance temperatures for different ratios of tetra-
cosane and docosane at a fixed heptane mole fraction of
0.75. Following the interpretation of Coutinho (1995), the
proposed discontinuities in the line drawn to guide the eye
separate the regions of different solid structures. In Figure
3 isothermal solid solubility curves are displayed. For
higher temperatures the solid solubility curves connect the
two binary subsystems almost linearly. With the increas-
ing mole fraction of heptane this changes. At lower
temperatures the solubility is significantly increased com-
pared to a hypothetical ideal solid solutionsas is easily
derived, the isothermal solubility curve in a system with
ideal mixtures in the liquid and solid phases is curved
toward higher heptane concentrations. Close to the binary
subsystem (heptane + docosane) a maximum of solubility
is detected for the different isotherms.

Discussion

The experimental results on the phase behavior of the
binary system {docosane (A) + tetracosane (B)} are in good
agreement with literature data (Achour et al., 1992; Mazee,
1960). However, our data are more consistent since the
scattering is much smaller than for the literature data. The

Table 1. Temperatures of Phase Transitions in the
System (Docosane (A) + Tetracosane (B)): TSS low (sâ or sγ

f sâ or sγ + sr); TSS high (sâ or sγ + sr f sr); TSL low (sr f sr

+ Liquid); TSL high (sr + Liquid f Liquid)

xB TSS low/K TSS high/K TSL low/K TSL high/K

0.000 315.56 315.56 317.06 317.06
0.036 305.00 305.35 316.90 317.44
0.079 302.79 303.20 317.11 317.78
0.148 301.90 302.24 317.47 318.31
0.219 301.60 302.03 317.56 318.87
0.270 301.28 301.73 317.64 319.03
0.363 301.75 302.66 318.55 319.73
0.503 303.15 304.56 319.26 320.38
0.609 304.75 306.61 320.22 321.52
0.709 307.32 308.81 320.95 322.04
0.796 309.16 311.04 321.40 322.95
0.859 311.47 312.57 322.08 323.15
0.930 315.79 316.78 322.50 323.43
1.000 320.39 320.39 323.44 323.44

Figure 1. Solid-solid and solid-liquid phase transition bound-
aries in the binary system (docosane (A) + tetracosane (B)). Key:
(0) this work; (4) Achour et al. (1992); (O) Mazee (1960); sL, low-
temperature solid form with either triclinic or orthorhombic
structure; sH, high-temperature solid form with hexagonal struc-
ture; l, liquid phase. Lines were drawn to guide the eye.
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smooth curves found clearly indicate that there is no
temperature minimum present for the solid-liquid transi-
tion at high docosane concentrations. An extensive discus-
sion of the different solid phases found below the solid-
solid transition is given by Achour et al. (1992). Close to
the pure components, regions of mixed crystals of triclinic
structure are found, while in the intermediate composition
range, three regions characterized by different orthorhom-
bic structures are present (Achour et al., 1992). The
discontinuities of the solid-solid transition curves found
most likely correspond to the changes of the crystal
structure from triclinic to orthorhombic.
In the ternary system {heptane (C) + docosane (A) +

tetracosane (B)}, the shape of the solubility curves found,
see Figures 2 and 3, show systematic patterns. For the
correct interpretation of the experimental results, the
phase behavior of the binary subsystem (docosane +
tetracosane) is of major importance. From the experimen-
tal results it seems fair to conclude that the mixed crystal
formed at higher temperatures (322.5 K, 317.5 K) is almost

ideally mixed. Taking this and the information given
elsewhere (Coutinho, 1995) into account, it is most likely
that this mixed crystal is of hexagonal structure. At lower
temperatures, or higher heptane concentrations, the solu-
bility curves reveal discontinuities. These are shown in
Figure 2 and indicated with dashed curves in Figure 3.
Following the same reasoning as above, these discontinui-
ties can be related to the appearance of the different solid
structures. With increasing mole fraction of heptane xC
and decreasing temperature, the ternary solution is in
equilibrium with a mixed solid phase with, depending on
the relative solute concentration, either a triclinic, hex-
agonal, or orthorhombic structure. Similar results were
found by Ghogomu et al. (1989) for the systems (ethylben-
zene + docosane + tetracosane) and (ethylbenzene +
tricosane + tetracosane). They also reported maxima of
the isothermal solubility curves for high relative solute
mole fractions of the shorter n-alkane.
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