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Abstract

Differential scanning calorimetry (DSC) was used to construct phase diagrams of binary mixtures of
alkylcyclohexanes and to characterize metastable phases formed in the binary mixtures. The experi-
mentally measured liquidus curves were compared to the liquidus curves calculated using ideal solu-
tion theory. The measured phase diagrams of pentadecylcyclohexane/nonadecylcyclohexane and
octadecylcyclohexane/nonadecylcyclohexane binary mixtures are consistent with theoretical phase
diagrams constructed based on the assumption that these mixtures form eutectic systems. It was also
observed that a metastable phase formed in some binary mixtures of pentadecylcyclohexane/nona-
decylcyclohexane under fast cooling conditions. It is hypothesized that this metastable phase
recrystallizes into the eutectic phase upon heating.

Keywords: alkylcyclohexanes, binary phase diagrams, DSC, metastable solutions

Introduction

Hydrocarbon mixtures have been studied extensively in order to predict solution be-
havior and to model the precipitation of waxes from hydrocarbon fuels and crude oil
mixtures. The majority of the studies have focused on normal alkanes while little is
known about the solution behavior of other components of crude oils and fuels. It is
known that crude oils contain a complex mixture of high molecular mass compounds
including normal and isoalkanes, napthenes and napthalenes [1]. In particular, the so-
lution behavior of alkylcyclohexane mixtures is largely unstudied.

The distinction of whether mixture components form solid solutions or eutectic sol-
ids, is important in predicting the solubility of solids in solution [2]. In binary solutions it
is easily shown that components forming eutectic solids are predicted to have a higher
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solubility than components that form solid solutions. Additionally, the physical charac-
teristics of solid precipitates are strongly influenced by the solid structure [3].

In our studies, differential scanning calorimetry (DSC) was used to study the
solid-solid miscibility of alkylcyclohexane mixtures by constructing the phase diagrams
of binary mixtures of pentadecylcyclohexane/nonadecylcyclohexane (CC,,/CC,) and
octadecylcyclohexane/nonadecylcyclohexane (CC,,/CC,). DSC was also used to char-
acterize phase transitions observed in some of these mixtures. The experimentally mea-
sured liquidus curves were compared to the liquidus curves constructed using ideal solu-
tion theory.

DSC is a useful technique in characterizing the phase behavior of mixtures. DSC
can provide information on the number of phase transitions, the enthalpies of phase
transitions and transition temperatures. DSC results, combined with the application
of thermodynamics, can be used to distinguish whether the binary mixtures of
alkylcyclohexanes form solid solutions or eutectic systems [4].

In previous studies of normal alkanes, mixtures of n-alkanes have been found to
form metastable solid solutions when the chain length differences between the mix-
ture components are small [3, 5, 6]. Microphase separation and subsequent demixing
have been reported for rapidly quenched mixtures of n-alkanes [7]. This demixing
takes place within a highly crystalline solid. In our studies with alkylcyclohexane
mixtures, the formation of a metastable solid phase in some mixtures of pentadecyl-
cyclohexane/nonadecylcyclohexane was observed. The composition of this meta-
stable phase was determined using mass balances deduced from DSC traces.

The phase diagrams of simple eutectic systems and solid solutions

Simple eutectic systems yield pure crystalline solids of each component when cooled.
Figure 1A illustrates the relationship between composition and solidification temper-
atures for all A/B mixtures in a simple binary eutectic system. When the mixtures are
partially solidified at temperatures below 7', or 7}, the melting points of A and B re-
spectively, pure crystalline solids of A and B are in contact with the molten mixtures.
It can be seen that there are two branches to the melting curve, intersecting at point E,
the lowest temperature at which a molten A/B mixture can exist. This point is called
the eutectic (easily melt; from v well and TNKEWV to melt) [4].

The shape of the T,ET, curve can be calculated by the application of thermody-
namics. An equation relating the mole fraction, x, of A soluble in B at a temperature 7
can be developed assuming: A and B form ideal solutions, that changes in heat capac-
ity between solid and liquid phases are negligible and the melting point 7', can be sub-
stituted for the triple point. The resulting equation is:

_Ad, 01 1
nv== EFA TE (1)

where AH, is the molar latent heat of fusion of component A (assumed to be tempera-
ture independent) at its melting point, 7, and R is the gas constant. A similar equa-
tion is valid for component B dissolved in solvent A. It follows that if the heats of fu-
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sion and melting point temperatures for both components are known, then the
eutectic temperature and composition may be calculated as the intersection between
the two branches of the melting curve as seen in Fig. 1A.
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Fig. 1 The phase diagram of a simple eutectic system consists of two branches of melt-
ing curves which intersect at the eutectic point. The dashed line represents the
eutectic temperature. The DSC curves will consist of at least two liquid-solid
transitions for the pure component and eutectic mixture (A). The liquidus curve
of the solid solution phase diagram does not have two branches as do the
liquidus curves of the eutectic system. Additionally, solid precipitate consists of
a single phase. The DSC curves of binary mixtures that form solid solutions are
expected to contain a single liquid-solid phase transition peak whose end point is
located on the liquidus curve (B)

Cooling a mixture whose composition lies to the left of the eutectic in the phase
diagram will give a solid consisting of pure B while cooling a mixture whose compo-
sition lies to the right will give a solid consisting of pure A. Conventionally, mixtures
are named according to whether their composition lies to the left or to the right of the
eutectic; the former are called hypoeutectic and the later are called hypereutectic.

The phase diagram of a binary mixture of a solid solution is shown in Fig. 1B. The
phase diagram of solid solutions of binary mixtures can be predicted based on the same
assumptions used to develop Eq. (1) except that the solid phase now consists of a solid
solution instead of a pure solid phase. The melting curves of the phase diagrams are cal-
culated using the following thermodynamic and stochiometric relationships:

a5, A,

2
x; R RT @
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where x, and x;, are mole fractions of component A and B in the molten phase of the
mixture and x; and x; are mole fraction of A and B in the solid phase of the mixture.
The four variables x,, x;, x; and x;; can be solved for by simultaneous solution of Eqs
2)-5).

The phase diagram of a mixture of two components can be constructed using
DSC to measure phase transition temperatures for solutions of varying composition.
The experimental phase diagram is then compared to the theoretical phase diagram
constructed using Egs (1) to (5).

Experimental

Instrumentation

The calorimetry experiments were performed on a Calorimetry Sciences Corporation,
CSC, 4100 multi-cell differential scanning calorimeter. The CSC 4100 is a heat-flux
DSC equipped with three Hasteloy sample cells and a reference cell, each with a capacity
of 1 ml. The sensitivity of the DSC detectors (piezoelectric devices), as specified by the
manufacturer, is approximately 40 pJ °C™'. The temperature range of the DSC is —20 to
200°C with scan rates (heating or cooling) of 0.1 to 2°C min . During the scanning oper-
ation, argon was purged through the DSC chamber at 4.0 ml min™".

The CSC DSC was used to construct the phase diagram of CC,,/CC,; binary
mixtures. The mixtures were heated to 75°C at 2.0°C min ', held for 5 min, cooled to
—20°C at 2.0°C min ', held for 5 min, and then heated 75°C at 0.1°C min . During the
scanning operation, argon was purged through the DSC chamber at 4.0 ml min .

A Perkin Elmer Pyris I DSC was also used in our studies because of its greater
temperature range and faster scanning rates. The Pyris I DSC has a temperature range
from —170 to 600°C with heating rates between 5 to 40°C min'. The Pyris I DSC is
equipped with a CryoFill® cooling system which uses liquid nitrogen to cool the
samples down to —170°C in sub-ambient experiments. The Pyris I DSC was used to
construct a phase diagram of CC,,/CC,, binary mixtures and to confirm the results of
the CSC DSC studies when an extended temperature range was required. Helium was
used as a purge gas in the Pyris I DSC.

Materials

Pentadecylcyclohexane, CC,, (Lot# FCZO01 ), octadecylcyclohexane, CC,, (Lot#
FCUO1), and nonadecylcyclohexane, CC, (Lot# FII01), were obtained from TCI
America with purities verified by gas chromatographic (GC) analysis. A Shimadzu
GC equipped with a Restek RTX-1® 30 m by 0.53 mm ID capillary column and a
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flame ionization detector was used for the chromatographic method. The purities of
penta-, octa-, and nona-decylcyclohexane were determined to be 99.7, 98.8, and
99.1% respectively. Hexadecane (Lot# 13412PR), triacontane (Lot# JN04722HN),
(purity=99%) and cyclohexane (Lot# JU20979LS) (purity=99.9%) were used for
temperature and enthalpy calibration and were purchased from Sigma Aldrich.

Preparation of the samples

For experiments conducted on the CSC 4100, samples of the binary mixtures of
alkylcyclohexane were prepared by mass directly in the Hasteloy cells provided by
CSC. For experiments that were conducted in the Perkin Elmer Pyris I DSC, samples
were first weighed into 1.5 ml glass vials and then melted to mix the sample, cooled,
and then a portion of the solid sample was transferred into aluminum sample pans and
crimp-sealed.

Enthalpy of melting measurement

The melting and crystallization heat signal measured by DSC varies with heating and
cooling rates. In order to quantify the amount of a sample undergoing a phase transi-
tion from the DSC traces of CC, /CC,; mixtures, the enthalpies of phase transitions
were measured for pure CC,,, pure CC,,, and the eutectic mixture (mole fraction of
CC,, equal to 0.137) at a heating rate of 0.1 and a cooling rate of 2.0°C min ' using the
CSC DSC. The measured heat signals of the CSC DSC were calibrated using the
melting enthalpy of cyclohexane [8]. At 0.1°C min ' heating rate, the integrated heat
signals for CC,,, CC,,, and eutectic primary phase transitions were determined to be
222,198 and 176 J g (77.8, 58.3, 53.2 kJ mol ") respectively. Two overlapping exo-
thermic peaks were visible on cooling traces of CC,, but only a single endothermic
peak was detectable on sample melting (data not shown). At a 2.0°C min"' cooling
rate, the heat signals for CC,,, CC,,, and eutectic phase were 182, 166, and 122 J g
(63.8,48.9, 36.9 kJ mol ") respectively.

Results and discussion

For pure samples, the onset of the endothermic melting peak in the DSC heating traces
provides the melting point temperatures of samples. For mixtures, the melting points of
the separate phases in the mixtures are best determined from the extrapolated end points
of the endothermic melting peaks. Details on determining the onset and the extrapolated
end points of endothermic melting peaks are given in a text by Hohne ez al. [9]. For bi-
nary mixtures of simple eutectic systems, two endothermic melting peaks are present in a
DSC trace (Fig. 2). These can be assigned to the melting of the eutectic and the pure com-
ponent phase. The extrapolated end point of the second endothermic peak corresponds
closely to the temperature calculated using Eq. (1).

For CC,,/CC,, binary mixtures, the experimentally determined solid phase dia-
gram, Fig. 3A, was constructed using DSC traces obtained from the CSC DSC. The
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Fig. 2 The DSC curve shown here is from a heating scan of a hypereutectic CC,,/CCps

mixture (0.805 mole fraction of CCys). There are two endothermic melting peaks
in the figure. The first peak near 20°C is attributed to melting of the eutectic
phase and the second peak near 40°C is attributed to the melting of pure CCps.
The auxiliary line is the linear extrapolation of the descending section of the
peak. The baseline is the linear interpolation of the signals after the peak. The
liquidus temperature is taken as the intersection between the auxiliary line and
the extrapolated baseline
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Fig. 3 Both the CC,;/CCy5 3A and CC,4/CCys 3B phase diagrams indicate the forma-

tion of eutectic solids in mixtures of alkylcyclohexanes. The solid diamonds rep-
resent the liquidus temperature of the mixtures determined from DSC curves.
The solid lines represent the liquidus curves predicted by Eq. (1). Experimental
data in (A) were obtained using curves from the CSC DSC with a heating rate of
0.1°C min ' and data in (B) were obtained using thermograms from the PE Pyris
I DSC with a heating rate of 5°C min™'. The larger deviation of experimental
data points in 3B may be a result of the faster heating rate. Both plots have two
distinct branches in their melting curves that identify them as eutectic systems
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phase diagram indicates that CC,,/CC,; binary mixtures form a eutectic system. Devi-
ation of the experimental data from the predicted solid-liquidus curve using Eq. (1)
may be due in part to non-idealities of liquid solutions or significant heat capacity dif-
ferences between solid and liquid phases.

For CC,,/CC,; binary mixtures, the experimentally determined solid phase dia-
gram, Fig. 3B, was constructed using DSC traces obtained from the Pyris I DSC. For-
mation of eutectic solids is also indicated in the CC,,/CC,, phase diagram. The larger
deviation of experimental data points from the predicted values seen in Fig. 3B com-
pared to data shown in Fig. 3A may be a result of the faster heating rate used in the
Pyris I DSC.

The composition of the eutectic phase of the binary CC,,/CC,; mixtures can be
obtained either by solving Eq. (1) for both components simultaneously or experimen-
tally by constructing a Tammann plot (Fig. 4) [4]. The eutectic phase composition of
CC,,/CC,, binary mixtures as calculated from Eq. (1) was 0.137 mole fraction of
CC,;. The eutectic phase composition obtained by the Tammann plot was 0.143 mole
fraction of CC,;, in good agreement with the calculated composition using Eq. (1).

For simple eutectic systems, two endothermic melting peaks are expected in the
DSC traces upon heating the hypoeutectic or hypereutectic samples. A single endo-
thermic melting peak is expected in the DSC traces when heating the samples of
eutectic composition. As can be seen in the DSC trace in Fig. 5A, a single endother-
mic peak is observed in the sample of eutectic composition but additional peaks are
observed in samples with hypoeutectic (Fig. 5B) or hypereutectic (Fig. SC) composi-
tions. The small endothermic peak observed at 8°C and —1°C in hypoeutectic
(Fig. 5B), and hypereutectic (Fig. 5C) mixtures, respectively, are similar to the small
peaks assigned to changes in interlamellar packing in studies conducted on normal al-
kanes by Takamizawa et al. [10]. The two endothermic peaks following this small
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Fig. 4 The Tammann plot for CC,,/CC,s mixtures is constructed by plotting the
enthalpy of fusion vs. the sample composition, solid diamonds. The enthalpy of
fusion is obtained by integrating the areas of both the eutectic peak and the pure
component peak and dividing the integrated heat signal by the total sample
mass. The Tammann plot provides an experimental means of determining the
composition of the eutectic phase. The eutectic composition is determined to be
0.143 mole fraction of CC,s from the data above compared to a calculated value
of 0.137

J. Therm. Anal. Cal., 62, 2000



170 YOUNG et al.: BINARY MIXTURES OF ALKYLCYCLOHEXANES

24

2
20
18
16
14
12
=605 10 2 30 4
= 30
28
B
E 26
E 24
22
20
= 20
- 18
S 16
Q g —=— o 10 2 2 2 )
=
30
28 C m
26
24
22
20
18 e
20 10 0 10 20 30 40 0

Temperature/°C

Fig. 5 Heating curves of 5A eutectic, 0.137 mole fraction of CC,s, 5B hypoeutectic,
0.0507 mole fraction of CCys and 5C hypereutectic mixtures, 0.451 mole frac-
tion of CCys in CC,5/CC,y mixtures obtained on a PE Pyris I DSC at a 5°C min"!
heating rate. In the hypereutectic mixture a large endothermic ‘melting’ peak, m,
followed by an exothermic ‘crystallization’ peak, mc is observed

peak in the hypoeutectic mixture (Fig. 5B) can be attributed to melting of the eutectic
phase followed by melting of pure CC,, phase.

A large endothermic peak immediately followed by a large exothermic peak is
present in the DSC heating trace of the hypereutectic mixture (Fig. 5C) prior to the
endothermic melting peak of the eutectic phase. These transitions were only observed
when hypereutectic mixtures of CC,,/CC,; were cooled quickly and are attributed to
melting and re-crystallization of a metastable phase. The melting point of this phase
was below that of the eutectic, pure CC,, and CC,; phases. This metastable phase was
found to form only in hypereutectic mixtures of CC,,/CC,, with CC,; mole fractions
of less than 0.800 and was not observed when samples were slowly cooled (less then
2°C min'). The metastable phase melting and crystallization peaks could not be sepa-
rated using the Pyris I DSC. The two endothermic peaks following the exotherm
(Fig. 5C) are attributed to melting of the eutectic solid followed by melting of pure
CC,.
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Fig. 6 Heating and cooling traces of a hypereutectic mixture of CC,,/CC,s (mole frac-
tion of CCys of 0.604) using the CSC DSC. (A) On the DSC curve we can see
one crystallization peak (metastable phase) and two endothermic melting peaks
(eutectic phase and pure CC,s phase). Below the DSC curve is the bar graph (C)
comparing the masses of the eutectic phase and pure CC,s phase calculated by
sample composition and their actual masses (black blocks) and masses calcu-
lated from the DSC curve (white blocks), assuming that CC,s completely crys-
tallizes.

(B) The cooling curve of the same sample, indicates that initially not all of the
mass of the sample has crystallized into the eutectic phase and the pure CCps
phase. The total measured exothermic signal corresponds to a sample mass of
0.0704 g, which was 20% less than the weighed mass of 0.0881 g as illustrated
in (D).

A binary mixture of CC,,/CC,; with a mole fraction of CC,; of 0.604 (0.0568 g
of CC,; and 0.0313g of CC,,) was prepared and both heating and cooling DSC traces
were obtained using the CSC DSC. The heating trace obtained at a slow heating rate,
0.1°C min™' (Fig. 6A), consists of one exothermic crystallization peak and two endo-
thermic melting peaks. The third endothermic peak attributed to melting of the
metastable solid (Fig. SC) was not observable in the CSC DSC curves due to the lim-
ited temperature range of this DSC. On cooling of the sample, three exothermic peaks
are observed (Fig. 6B). The overlapping peaks observed at higher temperature are
consistent with overlapping peaks observed in cooling curves of pure CC,; indicating
a possible solid-solid transition. The exothermic peak at the lower temperature is as-
signed to solidification of the eutectic phase (Fig. 6A).
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It is hypothesized that the metastable solid phase has the same composition as
the eutectic phase. It is further hypothesized that the pure CC, phase has completely
crystallized in hypereutectic mixtures. Using enthalpies of melting obtained at the ap-
propriate heating and cooling rate (see Materials and Methods) it is possible to verify
this hypothesis using mass balance calculations.
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Fig. 7 Analysis of both the heating and cooling curve of the CC,,/CC,s hypereutectic
mixture. When it was assumed that the composition of the metastable phase was
identical to the eutectic phase, the masses of the metastable phase, the eutectic
phase, and the pure CC,s phase summed up to 98% of the total mass and thus
closing the mass balance

The DSC traces of a binary mixture of CC,,/CC,; with a mole fraction of CC,; of
0.604 were analyzed (Figs 6 and 7). The heating trace obtained at a heating rate of
0.1°C min™' (Fig. 6A), consists of one exothermic crystallization peak and two endo-
thermic melting peaks. Figures 6A and 6C illustrate how the two endothermic peaks
sum up to the total mass (within 6%) weighed into the sample cell when the endother-
mic peaks were assumed to be the eutectic melting peak and the pure CC,; melting
peak. This means that the metastable phase re-crystallized into either the eutectic
phase or the pure CC,, phase.

Analysis of the endothermic peaks in the cooling traces of the sample in Fig. 6B
shows that the mass of solid that has crystallized as pure component and eutectic was
significantly less than expected (Fig. 6D and 7A). The total measured exothermic sig-
nal corresponds to a sample mass of 0.0704 g, which was 20% less than the weighed
mass 0f 0.0881 g. When one makes the assumption that the pure CC,, phase has com-
pletely crystallized and the missing mass is due to the incomplete crystallization of
eutectic phase, one can then determine the amount of eutectic phase that has crystal-
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Fig. 8 Region of metastable solid solutions. The figure shows the chain lengths of the
long and short components of n-alkane mixtures for the formation of a stable
solid solutions according to Dorset [3], dashed line and Matheson ez al. [11],
solid line. The horizontal axis represents the carbon number of the shorter com-
ponent and the vertical axis represents the carbon number of the longer compo-
nent. A binary mixture whose composition is located to the left of the solid line
forms eutectic mixtures and a binary mixture whose composition is located to
the right of the dashed line forms stable solid solutions. Mixtures located be-
tween these two lines have been found to form metastable solutions. The binary
mixture of CC,;/CCss and CC,4/CCss (diamonds) can form metastable solid so-
lutions if we assume that alkylcyclohexanes behave similarly to the normal al-
kanes

lized by subtracting the calculated CC,; signal from the experimentally measured
exothermic signals (Figs 6 and 7).

Even though the CSC DSC did not record the crystallization of the metastable
phase on the cooling trace, due to the instrument temperature range limitations (—20
to 200°C), the PE trace (Fig. 5) recorded the apparent melting of the metastable phase
immediately followed by an apparent recrystallization. The CSC DSC was able to re-
cord the recrystallization of the metastable phase after melting. It was assumed that
CC,, completely crystallized, the eutectic phase incompletely crystallized, and the
metastable phase recrystallizes into the eutectic phase on heating. The resulting mass
of the metastable phase calculated from the recrystallization peak produced on heat-
ing matches within 2% of the missing mass from the cooling curve (Fig. 7) of the
CC,,/CC,; mixture, thus closing the mass balance.

Conclusions

In order to appropriately model the solubility of complex mixtures of closely related sol-
utes, it is important to know whether these solutes form solid solutions or eutectic sys-
tems. In the present investigation, it was found that the alkylcyclohexane mixtures
formed eutectic systems for binary mixtures of pentadecylcyclohexane/nonadecylcyclo-
hexane (CC,,/CC,) and octadecylcyclohexane/nonadecylcyclohexane (CC,,/CCy). In
binary mixtures of n-alkanes, stable solid solutions generally form when the chain length
differences between the components are less than four carbons [3, 5, 6]. However, this
behavior exhibits a chain length dependency. As the n-alkane chain length of the shorter
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component in binary mixtures increases, stable solid solutions can form with chain length
differences of an increasing number of carbon atoms. On the other hand, as the chain
length of the shorter component decreases, stable solid solutions can only form with de-
creasing chain length differences between the components [3]. Dorset [3] pointed out that
an earlier study by Matheson et al. [11] indicated that the maximum chain length differ-
ence between the components of normal alkanes for formation of stable solid solutions
was (0.224Cn™"-0.441) with Cn™ being the carbon number of the shorter component.
Dorset, however, pointed out that further experiments indicated that some of the normal
alkane mixtures that were formerly thought to be stable solid solutions were actually
metastable because the mixtures fractionated after a period of either a few days or a few
months. Dorset therefore reformulated the equation for predicting the maximum chain
length difference between the components of stable solid solutions to be (0.33Cn™"—
7.22). It is therefore expected that n-alkane mixtures with chain length differences be-
tween (0.224Cn™"-0.441) and (0.33Cn™"-7.22) likely form metastable solid solutions as
illustrated in Fig. 8. A normal alkane with a chain length of 21 is expected to form meta-
stable solid solutions with normal alkanes with chain lengths up to 25; greater differences
than this produce segregated solids. In the present investigation, mixtures of CC,,/CC;
appear to form a metastable solid solution in quench-cooled samples. This metastable
solid solution apparently then re-crystallized into the eutectic phase. In binary mixtures of
CC,, and CC,,, the formation of the metastable phase was observed when the concentra-
tion of the heavy component was greater than the eutectic but with a mole fraction of
CC,; less than 0.80. The composition of this metastable phase is hypothesized to be that
of the eutectic and may consist of a reordering of this phase upon sample heating similar
to demixing of ordered solid solutions seen in quenched mixtures of n-alkanes [7]. Future
work will include characterization of the metastable phase transition in alkylcyclohexane
mixtures using X-ray powder diffraction or infrared spectroscopy.

Surprisingly, a metastable phase was not observed in mixtures of CC,,/CC,;.
This could be due to differences in sample preparation from CC, /CC,, mixtures. Ad-
ditional experiments with quench-cooled mixtures of CC,,/CC,, are necessary to as-
certain if these mixtures form metastable solutions.
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