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Abstract

Two waxes, a soft petroleum wax and a hard Fischer—Tropsch paraffin wax, have been investigated to find the reasons for multiple endothermic
peaks observed during heating in a DSC. DSC curves, molar mass distribution curves, and variable-temperature XRD results were compared, and
it was confirmed that the first endothermic peak for the soft petroleum wax was due to a solid—solid transition, while the second endothermic peak
was due to melting. However, for the hard Fischer—Tropsch paraffin wax there was no evidence of a solid-solid transition, and it was concluded
that the multiple endothermic peaks in this case were due to melting of different molar mass fractions.

© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Paraffin waxes are saturated hydrocarbon mixtures, normally
consisting of a mixture of different alkanes. They are frequently
used as phase change materials (PCMs) for thermal storage
applications because of their desirable characteristics, such as
high latent heat of fusion, negligible super-cooling, low vapor
pressure in the melt, chemical inertness and stability. The carbon
atom chain lengths for paraffin waxes with a melting temperature
between 30 and 90 °C range from 18 to 50 (C18-C50). Increased
length of the carbon atom chains increases molecular weight and
results in a higher melting temperature of the material. The spe-
cific heat capacity of paraffin waxes is about 2.1 kJkg=t K1,
Their melting enthalpy lies between 180 and 230 kJ kg1, which
is very high for organic materials. The combination of these two
values results in an excellent energy storage density [1]. This
complex behaviour makes them ideal candidates for using as
PCMs [2,3].

PCMs have received great interest in many applications such
as energy storage and thermal protection systems, as well as
in active and passive cooling of electronic devices [4-6]. Ther-
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mal energy storage is one of the most important applications of
PCM. In this case, PCM enables the temporary storage of high
or low temperature energy for later use. It bridges the time gap
between energy requirements and energy use and contributes to
the effective use of energy. Basically, the only phase change used
for PCMs is the solid-liquid change. Different inorganic as well
as organic substances were already employed for the creation of
PCMs; paraffin waxes belong to the most prospective ones [7].

The high melting enthalpy of paraffin waxes is associated
with the fact that paraffins have a high degree of crystallinity.
The applicability of paraffin waxes for PCM applications is
dominated by the crystallization properties resulting from the
composition. Itis known that various crystal polymorphic struc-
tures are formed by various alkanes. The stable low temperature
phase is typically the triclinic or orthorhombic crystalline struc-
ture for short chain alkanes, although monoclinic and hexagonal
structures have also been observed [8,9]. The crystalline struc-
ture is influenced by a unique mesophase observed in some
alkanes. This mesophase, termed the plastic crystalline or rotator
phase, occurs in a narrow temperature range, although several
rotator phases may exist between the crystalline phase and the
isotropic liquid state [10,11].

This feature of paraffin waxes was frequently observed and
investigated, especially in the case of low molecular weight
paraffin waxes. As we have shown recently [12-15], high
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molecular weight Fischer—Tropsch (FT) paraffin waxes have
completely different behaviour than low molecular weight
petroleum waxes. We showed that the DSC heating curve of
pure Wax FT depicts two endothermic peaks which are posi-
tioned at about 72 and 95 °C (for different FT waxes it changes,
but the trend is the same). We discussed that the first peak may
relate to the solid—solid transition between two different crys-
talline phases, but the multiple peaks may also be the result of
the melting of different crystalline phases. It was confirmed that
the second peak is associated with the melting of crystallites.
However, these peaks are not so unambiguously separated as
in the case of low molecular weight petroleum waxes. They lie
closer to each other and overlap.

In this paper we discuss the thermal transitions of a low
molecular weight petroleum wax and a high molecular weight
Fischer—Tropsch paraffin wax, both of which we have used
in previous PCM research [15,16]. The main purpose of this
communication is to explain the multiple peaks observed for
the Fischer—Tropsch paraffin wax in comparison to the soft
petroleum wax. The thermal behaviour of the soft petroleum
wax is in line with that observed and discussed in a number of
published papers [8-11,22-26].

2. Experimental
2.1. Materials

The following materials were investigated: hard, brit-
tle, straight-hydrocarbon chain paraffin wax (average molar
mass = 785 g mol—1, density = 0.940 kg L 1) (Sasol Wax, Sasol-
burg, South Africa)—Wax FT,; soft paraffin wax (carbon
number C18-C40, average molar mass=374gmol~1, den-
sity =0.919 kg L) (Slovnaft, Slovakia)—Wax S.

2.2. Differential scanning calorimetry (DSC)

Differential scanning calorimetry was carried out in a
PerkinElmer DSC7 differential scanning calorimeter under
nitrogen flow (20 mL min—1). Samples (5-10 mg weighed to
0.1 mg precision) were heated from —20 to 100 °C (Wax S) and
from 25 to 150 °C (Wax FT) at a heating rate of 10°Cmin—!
and then cooled at the same rate. Melting temperatures were
determined from the second heating run.

2.3. Molar mass distributions

Wax S was dissolved in hexane to make a 0.5% solution. The
samples were analysed and compared to a hydrocarbon stan-
dard using a Hewlett Packard 5890 Series 11 gas chromatograph
with a split/splitless injector and a flame ionisation detector.
The column was a 30 m x 0.25 mm i.d. Rtx-1 with 0.25 pm film
thickness. The molar mass distribution of Wax FT was deter-
mined using high-temperature gel permeation chromatography.
A flow rate of 1 mL min—! on a PL-GPC 220 high-temperature
chromatograph (Polymer Laboratories) was used and the mea-
surement was performed at 160°C. The columns used were
packed with a polystyrene/divinylbenzene copolymer (PL gel

MIIXED-B [9003-53-6]) from Polymer Laboratories. The sam-
ple concentration was 2mgmL~1 and the solvent used was
1,2,4-trichlorobenzene, stabilized with 0.0125% 2,6-di-tert-
butyl-4-methylphenol (BHT). BHT was used as a flow rate
marker. The detector used was a differential refractive index
detector.

2.4. Variable-temperature XRD measurements

Variable-temperature powder X-ray diffraction data were
collected with Cu Ka radiation on a Panalytical X’Pert Pro
MPD diffractometer. The sample stage used was an Anton
Paar HTK1200N high-temperature chamber. Peak shifts due
to variation in sample height were prevented by the use of a
parallel X-ray beam from a primary beam PW3149/63 hybrid
monochromator. Rapid data collection was achieved by using
a fast X’Celerator RTMS detector. Tube settings: 40kV and
40 mA. Step size: 0.0170° 26. Count time: 20 s per step.

3. Results and discussion

Over the past 8 years we have published a number of papers
on polyethylene/wax blends [12-21]. All the waxes that we used
showed multiple endothermic peaks in their DSC curves when
analysed between ambient temperature and about 150 °C. For
one of these waxes (called Wax S in this paper), the two peaks
are well-resolved and we accepted, based on work summarized
in Section 1 of this paper, that the first peak is the result of a
solid—solid transition in the wax crystals, closely followed by a
melting peak. In this paper we present and discuss results that
confirm what we have assumed in our previous papers.

The second wax (Wax FT) was obtained from a different
source, and forms part of a number of different waxes obtained
through the Fischer—Tropsch process, which uses a standard
starting material, syngas, rather than the more usual crude oil.
This results inamore predictable and consistent end product free
of sulphur, heavy metals and other polluting chemicals. Because
of the way in which these products are formed, the specific prop-
erties of the products in terms of viscosity, melting point and so
on can be tuned according to application needs. Since its DSC
curve also shows multiple peaks, although more overlapped, it
was important for us to establish whether one or more of these
peaks may also be the result of solid—solid transitions in the wax
crystals.

Fig. 1 shows the DSC heating curves for Wax S and Wax
FT. Wax S shows two well-resolved endothermic peaks at 41
and 57 °C, respectively. Wax FT shows an endothermic peak
maximum at 84 °C, followed by a peak shoulder at 91°C, and a
partially resolved peak at 105°C.

The molar mass distribution curve for Wax S in Fig. 2 shows
a single, well-defined and fairly narrow molar mass distribution
ranging from about 320 to about 440 g mol—!. This indicates
an n-alkane mixture with chain lengths in the range C22-C30.
Fig. 3shows the XRD spectra of Wax S obtained every 5 °C from
30 to 60 °C. The XRD spectrum of the wax at room tempera-
ture shows two distinct peaks at 26 =21.2° and 23.5°. Between
35 and 40 °C, which is the temperature range where the DSC
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Fig. 1. DSC melting peaks of Wax S and Wax FT.
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Fig. 2. Molar mass distribution curve for Wax S.
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Fig. 3. Variable-temperature XRD spectra for Wax S.
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Fig. 4. Molar mass distribution curve for Wax FT.

heat flow first increases, there is a clear phase change which is
completed at about 45 °C. This is the temperature at the min-
imum between the two DSC endotherms in Fig. 1. The first
DSC peak is therefore clearly a solid—solid transition, probably
an orthorhombic to hexagonal phase transition. On cooling the
wax crystallizes with increased preference-orientation and the
relative heights of the low-angle peaks (20=7.2°, 9.5°, 12.0°)
increase, but the pattern is still the same.

Contrary to the Wax S case, the molar mass distribution curve
for Wax FT shows two well-resolved peaks with peak maxima at
retention times of, respectively, 24 and 26.5 min, indicating dis-
tinctly different molar mass fractions (Fig. 4). Different melting
behaviour of these molar mass fractions is probably the reason
for the multiple melting peaks observed in Fig. 1. Heating of
this wax after fractional crystallization using DSC (Fig. 5 [22])
shows very little difference in the multiple peak arrangement.
The first peak moved to a slightly lower temperature, while two
peaks seem to have developed at temperatures slightly lower and
slightly higher than the peak temperature of the last peak in the
DSC curve of Wax FT in Fig. 1. This confirms that distinctly
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Fig. 5. DSC melting peaks, after thermal fractionation, of Wax FT.
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Fig. 6. Variable-temperature XRD spectra for Wax FT.

different thermal fractions have already existed in the neat wax.
The XRD spectra of Wax FT at different temperatures in Fig. 6
show two distinct peaks at 26 = 21.2° and 23.5° at room tempera-
ture. The shapes and positions of these peaks remain unchanged
throughout the heating cycle. The amorphous diffraction halo
of the wax melt is already visible at 80 °C, which is below the
peak temperature of the first peak in the DSC heating curve. At
120 °C, which is immediately after the last peak of the multi-
ple peaks in the DSC heating curve, the amorphous halo has
completely replaced the diffraction peaks. On cooling the amor-
phous halo disappears and the diffraction peaks appear without
any change in crystal structure.

4. Conclusions

Two waxes, a soft petroleum wax and a hard Fischer—Tropsch
paraffin wax, have been investigated to confirm the reasons for
the multiple endothermic peaks observed during the heating of
these waxes in a differential scanning calorimeter (DSC). DSC
curves hefore and after thermal fractionation, molar mass dis-
tribution curves, and variable-temperature XRD results were
compared, and it was confirmed that the first endothermic peak
for the soft petroleum wax was due to a solid—solid transition,
while the second endothermic peak was due to melting. How-
ever, for the hard Fischer-Tropsch paraffin wax there was no
evidence of a solid—solid transition, and it was concluded that

the multiple endothermic peaks in this case were due to melting
of different molar mass fractions.
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