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Abstract

Differential scanning calorimetry (DSC) was used to study the phase transformations of three pure n-alkanes, namely
hexadecane (C;¢Hs4), octacosane (C,gHsg) and hentetracontane (C,4;Hg4), and their binary and ternary mixtures. The DSC
results were used to investigate the liquid—solid phase equilibrium of n-alkane mixtures, all of which show eutectic behavior.
The experimental liquid—solid phase transformation temperatures were compared with predictions obtained from available
eutectic equilibrium models. The results show the presence of non-idealities in all of the mixtures. © 2000 Elsevier Science

B.V. All rights reserved.
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1. Introduction

The precipitation and deposition of paraffin waxes
from crude oils is a commonly observed phenomenon
in the production of petroleum products. Typically,
paraffin waxes are a mixture of n-alkanes and con-
stitute about 40-60% of average crude oil deposits.
Wax precipitation is undesirable because it causes
plugging of pipelines, reservoirs and process equip-
ment. This problem has been recognized for many
years, and a number of studies have investigated the
causes and means of preventing the wax precipitation
and deposition problems. A variety of mechanical (e.g.
pigging), thermal (e.g. heat tracing) and chemical (e.g.
use of pour point depressants) treatments have been
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developed over the years to alleviate the problems
associated with wax deposition as well as pipeline
transportation problems, which include heating-cool-
ing cycles, water emulsions and crystal modifiers.

Paraffin precipitation is an example of fluid—solid
phase equilibrium, which is a result of changes in the
‘solvent capacity’, temperature changes in the well-
bore, pressure and temperature changes in the equip-
ment and pipelines. Wax deposition mechanisms need
to be more thoroughly understood in order to make
better economic decisions concerning the modern
approach to petroleum reservoir development, produc-
tion system design for primary production, and
enhanced recovery [1].

A wide variety of experimental techniques and
approaches have been used to study the crystallization
behavior of paraffin waxes. Properties of crude oils,
such as thermal behavior, kinetics of crystallization,
rheological properties, structural characteristics, etc.
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have been investigated using differential scanning
calorimetry (DSC), infrared spectroscopy, X-ray dif-
fraction, dilatometry, electron crystallography, ther-
momicroscopy, nuclear magnetic resonance (NMR)
and gas chromatography [2-9].

In order to successfully formulate the mathematical
description of wax melting and solidification, it is
important to know exactly how these mixtures melt in
relation to the pure components. Binary and ternary
mixtures of n-alkanes serve as important model sys-
tems for understanding not only wax solidification, but
also for the investigation of the effect of chain-length
non-homogeneities on the properties of complex
chain-molecules such as polymers and lipid bilayers
[10].

When two members of the same homologous series
of compounds are blended together, they may form
systems representative of two extreme cases involving
either complete solubility (isomorphous solution)
or nearly complete insolubility (eutectic mixture).
Kitaigorodskii [11] established the rules and condi-
tions that would favor the formation of stable solid
solutions. It was reported that the co-solubility of
alkanes in the solid state is sensitive to the relative
molecular volumes of the two components making
up the binary mixture and their respective crystal
structure symmetries. Matheson and Smith [12] pro-
posed an empirical rule, which defines the boundary
conditions or limits for continuous solid solutions
in mixtures of alkanes. The boundary conditions for
the formation of solid solutions of n-alkanes were
prescribed by the following relationship:

Nmax = 1.244nm;, — 0.411 (1

Using a Gibbs free energy analysis, Bhat [13] devel-
oped a more theoretical relationship for the miscibility
limits

Amax = 1.160mi, + 2.07 2)

Dirand et al. [14] presented a comprehensive study on
binary mixtures and solid solutions. In spite of what is
generally found in the literature [3,6,7,15,16], two
consecutive even—even or odd—odd n-alkanes do not
form a continuous homogeneous solid solution;
instead, they form terminal solid solutions that have
the pure n-alkane structure and many intermediate
solutions. Recently, Coutinho and Meray [17] pre-
sented a new experimental DSC technique to establish

solid-liquid equilibrium phase diagrams of binary
systems of organic compounds with complete immis-
cibility in solid phase. The technique measures the
changes on the relative size of the liquid phase during
the fusion of a mixture, which is later converted into
phase diagrams using the lever rule. Chevallier et al.
[18] studied the structural behavior of eight commer-
cial and industrial waxes and a heavy crude oil by X-ray
diffraction. According to the experiment results,
each multicomponent paraffin wax (from 20 to 33
n-alkanes) having a continuous distribution of consecu-
tive n-alkanes (19<n<53), forms a single orthorhom-
bic solid solution. The structure of this multi-alkane
phase is identical to one of the two orthorhombic
intermediate solid solutions, which has been observed
in binary and ternary mixtures of consecutive alkanes.

The present study follows a previous investigation
in our laboratory [19-23] on the thermal behavior of
pure n-alkanes and their prepared mixtures using
differential scanning calorimetry (DSC). The purpose
of the present study is to provide additional phase
equilibrium data for n-alkanes with significantly dif-
ferent number of carbon atoms, to characterize the
thermal behavior of the binary and ternary mixtures
forming immiscible systems, and to evaluate the
applicability of existing empirical and semi-empirical
thermodynamic models for eutectic mixtures. All
three n-alkanes examined in this study differ consid-
erably in chain length, which were selected to pre-
clude complete miscibility in the solid phase, i.e. a
solid solution of their mixtures would not be likely. A
relatively low molecular weight n-alkane, C;¢Hjz4, was
selected to investigate the effect of a liquid n-alkane
on two solid paraffins, one even numbered n-alkane,
C,gHsg, and the other odd numbered n-alkane, C4;Hgy.

2. Equilibrium (thermodynamic) models

A number of studies in the literature deal with the
thermodynamic and kinetic behavior to simulate the
crystallization in binary systems [9,24-31]. An ‘ideal’
eutectic mixture presupposes the existence of com-
plete insolubility between the two components at all
concentrations. This seldom occurs in the strictest
sense; the eutectics frequently are of the non-ideal
type and show the evidence of partial solubility in the
solid state.
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The equation describing the ideal eutectic behavior
for binary mixtures is
1 1
- 3)

(TR);,  (TR);

When mixtures deviate from the ideal behavior,
mainly due to the non-zero heat of mixing, the non-
ideal behavior can be accounted for by incorporating
AH,=pgxx,, where pg is an (empirical) interaction
parameter. For the case of eutectic binary systems, Lee
[31] derived the following expression:

po(l —x)* _ (Tn);
(AH?)/ ]’}}deal
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Won [28-30] used the regular solution theory to
describe the non-idealities in the oil (liquid) and
wax (solid) phases. The basis of his model is the
thermodynamic equilibrium between the two phases.
The corresponding equation for the solid-liquid
equilibrium is

Py J
+ / Y= ¥s p Q)
0

Pedersen et al. [9] evaluated the performance of Won’s
[28-30] model with extensive data on the cloud-point
temperature and the amount of wax (solid) formed. To
obtain an improved representation, Pedersen et al. [9]
proposed a modification of Won’s model. Coutinho
et al. [27] developed the chain delta lattice parameter
(CDLP) model for the high temperature solid phase,
allowing a successful description of the solid-liquid
equilibrium of n-alkanes.

3. Experimental

The three n-alkanes studied in this work were
obtained from Aldrich Chemical (Milwaukee, WI,
USA) and Fluka Chemie AG (New York, NY, USA).

The results described in this study, were obtained
using a Mettler differential scanning calorimeter

Model DSC-12E interfaced with a PC for automatic
data acquisition. During all measurements, the DSC
measuring cell was continuously purged with dry
nitrogen. The DSC was calibrated for temperature
and heat flow values using the melting point and
enthalpy of fusion of high purity indium according to
the standard procedures described in the user’s manual.

For the DSC measurements, about 4-8 mg of each
alkane was weighed to £0.001 mg on a Mettler UMT2
microbalance directly into the aluminium crucible
(sample container). The crucible was then cold-
welded (mechanically sealed) to its cover using a
mechanical crucible sealer. A crimp-sealed empty
aluminium crucible was used as a reference in all
measurements.

Samples of the three binary pairs were prepared by
sealing together both alkanes in the same crucible. The
total mass of alkane pairs did not exceed 8 mg.
Samples of ternary mixtures were prepared by sealing
together predetermined masses of all three alkanes in
the same crucible. In this case, the total mass was also
8 mg or less.

Three different thermal treatment steps were
employed for each sample in the study. First, to erase
the thermal histories of the as-received alkanes, each
prepared alkane sample was annealed initially at
120°C for at least 2 min. To examine whether vapor-
ization had occurred at the temperature of 120°C, the
total mass of the C;¢Hs4 sample and crucible was
measured. No difference was found in the mass before
and after the thermal treatment, ensuring that the iso-
thermal step did not cause any vaporization of C;gHz,.
After the 2 min isothermal step, single-component
samples were cooled at the rate of 1-7°C min~"' to
a final temperature 30°C below the melting point of
the alkane. For binary and ternary mixtures, the
samples were cooled at the rate of 1°C min~' to a
final temperature 20°C below the melting point of the
shorter alkane in the mixture. The third thermal
treatment was the re-heating step. Each sample was
heated at a rate of 1-7°C min~ !, to a temperature 30°C
above the melting point, for single-component sam-
ples, or 20°C above the melting point of the longer
alkane in the binary and ternary mixtures. Further
details of the experimental procedure have been
reported elsewhere [32].

Using the procedure described by Hammami and
Mehrotra [23], the liquidus temperature as well as the
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eutectic temperature for binary and ternary mixtures
were estimated from the melting DSC thermograms

obtained at the heating rate of 1°C min~".

4. Results and discussion
4.1. Pure alkanes

The purities as well as the measured AH,, (total
phase change enthalpy) and the equilibrium melting
temperature of these n-alkanes are reported in Table 1.
Hexadecane, C;cH34, is a liquid at the room tempera-
ture whereas octacosane, C,gHsg and hentetracontane,
C41Hgy, exist in the solid phase. The melting points,
T2, in Table 1, do not correspond to the peak melting
points but rather to the return to the baseline tempera-
tures [20,21]. Melting temperatures determined by
DSC are compared to the values calculated using
Waunderlich’s formula [33], excepting C;¢H34 for
which an extrapolation of the formula was required.
The values of AH,,, are reported on molar as well as
mass basis. For AH,, of C¢H3,4 and C,gHsg, a reason-
able agreement is achieved between the experimental
and literature values [19,35]. An interesting observa-
tion was noted concerning the measurement of AH,,
for C,gHsg. For the sample tested by Hammami [19],
the measured average value of AH, for Co,gHsg was
90.6 kJ molfl, compared with 96.1 kJ mol ! that was

reported by Hammami [19]. However, as reported in
Table 1, the measured value of AH,, for a freshly
acquired sample was 99.14-0.8 kJ mol ', which is in
good agreement with the literature data [35]. The
values of AH,, on a molar basis, increase with the
molar mass of n-alkanes, which is in agreement with
other studies [36—-38]. Note that the theoretical values
of AH,, [34] are somewhat higher than the experi-
mental and literature values. Dorset et al. [7] and
Hammami and Mehrotra [20,21] have also reported
similar findings, which have been attributed to the
alkanes not being perfectly crystalline.

In this study, the equilibrium melting temperatures
of pure alkanes as well as their binary and ternary
mixtures were evaluated from the 1°C min~' melting
traces to minimize the effects of supercooling and
superheating. For pure components, additional DSC
thermal traces were measured at various scan rates (1,
3, 5 and 7°Cmin~") to study the effects of super-
heating and supercooling.

The heating and cooling scans for C;¢H34 and
C41Hg4 are shown in Figs. 1-4. It can be seen for
all measurements that the baseline is the continuation
of straight lines observed on the measured DSC curves
before and after the thermal event. Figs. 2 and 4 for
the cooling DSC curves for C;¢H34 and C4 Hgy,
respectively, show that the crystallization peaks are
essentially mirror images of the melting peaks in

Table 1
Melting temperatures and transition enthalpies for the three n-alkanes

Ci6Haa CosHss Cy41Hss
Source Aldrich Aldrich Fluka
Purity 99% 99% >97%
Tg (exp®) (°C) 18.8+0.2 63.1£0.3 84.3+0.2
7Y (calc®) (°C) 13.6 60.1 82.6
AH,o (exp?) T g™h) 228+1 25142 23342
AHy (calc®) 0 g™h 236.9 261.6 271.8
AH,y (exp®) (kJ mol ™) 51.6+0.2 99.1+0.8 134.5+1.2
AHy (lit) (kJ mol™") 47.5-53.4° 97.1-100.2°

96.1°

AH,o; (cale®) (kJ mol ™) 53.6 103.0 158.0

# Experimental (average of three to five measurements).
" Calculated — Wunderlich [33].

¢ Experimental using Metter Graphware TA89E package.
4 Calculated — Dollhopf et at. [34].

¢ Literature — Domalski and Hearing [35].

f Literature — Hammami [19].
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Fig. 1. Heating endotherms for C;¢Hs4 at indicated scan rates
(°Cmin~").

Figs. 1 and 3, except that the cooling curves are shifted
to slightly lower temperatures. The liquid—solid phase
transformation at the cooling rate of 1°C min~' occurs
about 2-3°C lower than the solid—liquid phase change
(i.e. the melting process) at the same scan rate. There
is only one major peak representing liquid—solid
transition upon cooling and/or heating regardless of
the scan rate. The temperature range for melting and
solidification at the scan rate of 1°C min " is found to
be very narrow, less than 1°C. An increase in the scan
rate brings about an increase in the peak height,
accompanied with an enlarged temperature range
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Fig. 2. Cooling exotherms for C;cH34 at indicated scan rates
(°C min~ ).
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4

Fig. 3. Heating endotherms for C,4 Hgy at indicated scan rates
(°C min™").

due to the moving away of the process from thermo-
dynamic equilibrium, e.g. at the scan rate of
7°C min~' the temperature range becomes 2°C.
DSC traces at different heating and cooling scan
rates for CogHsg are presented in Figs. 5 and 6. These
DSC curves are quite different from those obtained for
C,6H34 and C41Hgy. The DSC curves show the exis-
tence of two major peaks. The higher temperature
peak represents the hexagonal-to-melt transition and
the lower temperature peak is for the orthorhombic-to-
hexagonal crystalline transition, involving a rotational
motion at the molecular level [4]. The observed double
peak is a clear indication of the polymorphic nature of
this alkane. Normal alkanes with the number of carbon

4
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Fig. 4. Cooling exotherms for C4iHgs at indicated scan rates
(°C min~ Y.
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Fig. 5. Heating endotherms for C,gHsg at indicated scan rates
(°C min™").

atoms between 21 and 40 are known to exhibit a solid—
solid transition from an orthorhombic to a hexagonal
crystal structure upon heating [22]. With increasing
temperature, this structure transforms, before melting
occurs, into face-centered orthorhombic, the so-called
rotator form [39]. This form has a large degree of
rotational freedom; the molecules are supposed to
oscillate around their longitudinal axis, an effect that
increases with temperature [40,41].

4.2. Binary mixtures

A large number of DSC measurements were made
on the three binary n-alkane systems, C;gHs4+

Heat Flow / W g‘1

Temperature / °C

-1

Fig. 6. Cooling exotherms for CygHsg at indicated scan rates
(°C min~ ).
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Fig. 7. Melting DSC curves of C;¢Hz4+CysHsg binary mixtures at
the indicated mole fractions of C;cHz,.

CagHsg, Ci6H34+Cy1Hgy and CrgHsg+CyiHgy, at the

scan rate of 1°C min~".

4.2.1. DSC results for C;sHz4+C,5Hsg mixture

All presented binary measured DSC curves are
arranged in the order of decreasing concentration of
the mixture component with a lower molar mass. Fig. 7
presents the thermal traces for binary mixture of
C1¢Ha4+CosHsg at the heating rate of 1°C min .
All mixtures except those for C;sHz4 mole fractions
of 0.95 and 1.00 exhibit at least two peaks. The lower
temperature peak is independent of the mixture com-
position and appears at a constant temperature, which
is inferred to be the eutectic temperature. Studies on
binary eutectic mixtures of alkanes have indicated that
the eutectic melts within one degree of the pure
hydrocarbon of shorter chain length; the eutectic
mixtures usually contain 90-95% of the shorter par-
affin [13,15,23].

In Fig. 7, the DSC traces for higher concentrations
of C,gHsg exhibit three peaks. The higher temperature
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peak represents the liquid—solid transformation, the
middle peak is for the solid—solid transformation, and
the low temperature peak corresponds to the eutectic
temperature.

The solid—solid phase transition temperature for the
C6H34+CsgHsg system appears to be independent of
the mixture composition. Compared to the solid—solid
transition temperature of the binary mixture with the
transition temperature of pure C,gHsg there is practi-
cally no change in the solid—solid phase transition
temperature. For pure C,gHsg the solid—solid transi-
tion occurs at 58.8°C; for the binary mixture, the
temperature range is 58.9£0.1°C. From this evidence,
it can be concluded that the miscibility does not occur
in the solid state over the C;sH34mole fraction range of
0.0-0.4.

4.2.2. DSC results for C;sHz4+Cy4;Hgy mixture

The DSC curves for C;¢H34+C41Hgys mixture are
presented in Fig. 8. Unlike the case of pure compo-
nents, where pure C,¢Hs4 and C4,Hg,4 exhibit just one
peak corresponding to the solid-liquid transformation,
all mixtures except those for C;gH34 mole fractions of
0.95 and 1.00 exhibit two peaks. The DSC curves are
qualitatively similar to those for the C;gH344CosHsg
mixture in Fig. 7. As the concentration of C;cHzy
increases the melting point depression for the
mixture increases. More importantly, the lower tem-
perature peak occurs at the same temperature for all
compositions. From this evidence, it can be concluded
that the C¢H34+C41Hg4 mixture also forms a eutectic
system.

4.2.3. DSC results for C,gHss+Cy4;Hg, mixture

Fig. 9 presents the DSC curves for CogHsg+C41Hgy
mixtures, where all DSC curves except those for
C,gHsg mole fractions of 0.90, 0.92, 0.95 and 1.00
show three peaks. The highest temperature peak is for
the solid-liquid phase change. The two lower tem-
perature peaks occur at constant temperatures regard-
less of the mixture composition. Of these two
peaks, the one at the higher temperature corresponds
to the eutectic temperature. Note that pure C,gHsg
melts at 62.9°C, and the temperature of 61.8+0.5°C
for this peak is the experimentally obtained eutectic
temperature of the mixture. The lowest temperature
peak represents the solid—solid transformation of
CagHss.

10 30 50 70 90
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Fig. 8. Melting DSC curves of C,¢H34+C,4;Hg4 binary mixtures at
the indicated mole fractions of C;gHzy.
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Previous experimental studies of eutectic binary
mixtures [13,23] and the C¢H34+C,gHsg binary mix-
ture investigated in this study have shown that the
solid—solid transitions observed in many n-alkanes
occur at about the same temperature in their mixture.
For the case of C,gHsg+C41Hgs mixtures, however,
the temperature for the solid—solid transition is low-
ered by about 3°C. Lowering of the solid—solid transi-
tion temperature can be explained by formation of
mixed crystal in the solid phase instead of eutectic-
separate extension chains. Dirand et al. [42] also
reported similar findings and concluded that the beha-
vior of binary mixtures of n-alkanes is far more
complicated than considered in earlier studies. Instead
of the appearance of one solid—solid transition, many
orthorhombic intermediate phases can be detected due
to the possible formation of mixed crystals.
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Fig. 9. Melting DSC curves of C,gHsg+C,4;Hg4 binary mixtures at
the indicated mole fractions of CogHsg.

4.3. Binary phase diagrams

For constructing binary phase diagrams of eutectic
systems, the convention of Smith and Pennings [43-45]
was adopted, which uses the peak temperatures for the
lower melting endotherms and the return to the baseline
temperature for the higher melting endotherms. Besides
the effect of undercooling, there was no difference in the
shape of the phase diagram constructed from the cooling
curves,compared to the one from the heating curves [32].

The data treatment for all binary mixtures involved
the comparison of experimental phase diagrams with
the ideal solution theory. To define the deviation from
ideal eutectic behavior, the regular solution theory,
Won’s model [28-30] and Pedersen et al.’s model [9]
were used.

Comparisons between the experimental data and
models predictions for the eutectic systems are
presented in the Figs. 10, 11 and 12 for CgH34+C>gHsg,

70

60

50

40

30

Temperature / °C

20

SlG

® Experimental data ——— ideal theory
—-—- non-ideal theory = ------ Won's model

Pedersen's model

Fig. 10. Liquid-solid phase diagram for C;¢H3;+C,gHsg binary
mixture; Comparison between experimental data and predictions
from ideal, non-ideal, Won [28-30] and Pedersen et al. [9] models.

Temperature / °C

L Experimental

— —— ideal eutectic theory
—-—- non-ideal theory — ------ Won's model

Pedersen's model

Fig. 11. Liquid-solid phase diagram for C;¢H34+C4,Hg4 binary
mixture; Comparison between experimental data and predictions
from ideal, non-ideal, Won [28-30] and Pedersen et al. [9] models.
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Fig. 12. Liquid-solid phase diagram for C,gHsg+C,4Hgy binary
mixture; Comparison between experimental data and predictions
from ideal, non-ideal, Won [28-30] and Pedersen et al. [9] models.

Ci6H34+C41Hgy and CogHsg+C41Hgys systems, res-
pectively. The results presented in the Figs. 10, 11
and 12 show that ideal solution theory, regular solution
theory and Pedersen et al’s model yield good
results for the liquidus temperature, but with
varying success for different mixtures. Pedersen
et al.’s model gives the best fit for the C;gH34+CogHsg
system. Due to a large difference in the chain
length between C¢Hs4 and C41Hgy, the mixture of
C6H34+C41Hgy is best described by the ideal eutectic
model. For the CpgHsg+C4Hgy system, the mixture
melting points calculated from the non-ideal model
gave the best match of the experimental results. The
optimum value of pq to yield the closest match to
experimental results for C,gHsgs+C41Hgq mixture is
2.05 kI mol .

Equilibrium calculations for all three eutectic sys-
tems in this study indicated the evidence of non-
idealities. In spite of the large differences in the chain
length, all of the mixtures are non-ideal with varying
extents of mixing in the solid state. The non-ideality is
particularly significant around the eutectic composi-
tion and temperature, where instead of the formation

of two separate solid phases, formation of mixed
crystals could occur. The difference between experi-
mental results and predictions from the ideal solution
theory, particularly in the vicinity of the eutectic point,
can probably be explained in terms of the trapping of
smaller molecules by larger molecules during simul-
taneous solidification/crystallization.

Both Won’s and Pedersen et al.’s models gave
nearly the same values of the liquid phase solubility
parameter throughout the range of carbon numbers,
but the variation was greater in the values of the solid
phase solubility parameter [32]. Any difference
between the predictions from these two models can
be explained in terms of the different values of solu-
bility parameters for liquid and solid phases. Values
of the solid phase solubility parameter predicted
from the Pedersen et al.’s model were about 70%
higher than those from Won’s model. The reason
for the over-prediction of temperatures by Won’
model is perhaps the small value for the solubility
parameter in the solid state [32]. Pauly et al. [46]
performed measurements at atmospheric pressure
on mixtures made up of decane and various distribu-
tions of heavy normal paraffins from octadecane to
triacontane. The liquid—solid equilibrium data were
compared with predictions from several models,
including Won [28-30], Pedersen et al. [9] and Cou-
tinho et al. [17]. Pauly et al. also reported that all
activity coefficient models overestimate the solid
appearance temperatures slightly.

For each binary mixture, the experimental results
were also compared with predictions from the regular
solution theory. By adjusting the empirical parameter,
pos the best fit of experimental data was achieved. A
total of five values of py were available for different
pairs of n-alkanes, i.e. three from the present study and
one each from Hammami and Mehrotra [23] and Bhat
[13]. For all binary mixtures, the corresponding values
of the py and the difference in the chain length, An,
were fitted by the following correlation:

19.70
po = 0.706 + An (6)
It is emphasized that Eq. (6) should be used for the
estimation of p, for eutectic mixtures only if the
difference in chain length is outside the boundary
conditions for the formation of solid solution, which
are calculated from Egs. (1) or (2).
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Fig. 13. Melting DSC curves of C;gH34+CsgHss+C,41Hgy ternary
mixture at the indicated molar compositions (%) of C;¢Hz4, CogHsg
and Cy4;Hgy, respectively.

4.4. The ternary mixture

Four samples of the ternary mixture (i.e. C;gHz4+
CogHsg+C4Hgy) were prepared and tested on the
DSC. In Fig. 13, all measured DSC curves exhibit
three major peaks. The DSC traces for the
C6H34+CogHs3+C41Hgy mixture retain qualitatively
most of the thermal characteristics of the three pure n-
alkanes. However, the peak for the solid—solid transi-
tion of C,gHsg is not present in any of the DSC curves.
Table 2 presents the experimental values of the phase
transformation and eutectic temperatures for the

Table 2

ternary mixtures. The eutectic temperature in each
case is about 1°C lower than the melting temperature
of the shortest-chain alkane, i.e. C;¢Hz4, a result which
is similar to that for binary mixtures presented earlier.

Table 2 also includes a comparison between experi-
mental values of TE for the ternary system and the
predictions from thermodynamic models. The results
indicate that all three models overestimate slightly the
liquidus temperature. Of the three models considered,
the predictions from the ideal solution theory match
the experimental data the best. In general, the mea-
surements with ternary mixtures support the results
obtained on the binary mixtures, i.e. formation of
eutectic mixture, but existence of mixed crystals
and some solubility in the solid state. It was observed
that the interactions between n-alkanes in the ternary
system are generally the same as those in the binary
mixtures [32]. Hence, the experimental results for
binary mixtures should be sufficient for modelling
the thermodynamic behavior of multicomponent mix-
tures of paraffins.

5. Conclusions

Results obtained in this study verify that the DSC
technique, as a method of thermal analysis, is a
sufficiently accurate tool for investigating the thermal
behavior of, and the interactions between, n-alkanes.
The DSC curves show a shift to the higher temperature
as the heating rate is increased. At higher cooling

Measured and predicted phase transition and eutectic temperatures of C;gHz4+CogHsg+Cy1Hgy ternary mixtures

Sample Mixture Experimental phase Predicted values of T (°C)
composition transition and eutectic
(mol%) temperatures (°C) Ideal eutectic ‘Won’s model Pedersen et al.
model [28-30] model [9]
1 Ci6H34=24 TE=76.0 79.8 79.4 80.1
CygHsg=25 Tg=53.4
C4]H34:51 TE:180
2 Ci6H34=25 TE=755 75.7 75.8 78.6
C23H58:49 Tﬁ:620
C41Hgs=26 Tg=18.3
3 Ci6H3,=50 TE=745 75.3 75.5 78.4
C,gHsg=24 Tp=55.0
C4|Hg4:26 TE:180
4 Ci6H34=34 TE=758 77.4 79.0 79.4
C28H58:32 Tﬁ:526
C41Hgs=34 Te=18.0
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rates, the effect of supercooling is evident in the
noticeable shift of the peaks to lower temperature.
However, solid—solid transition in binary mixtures was
found to occur without much influence of supercool-
ing or superheating. All three n-alkane binary systems,
with large differences in chain length, showed eutectic
behavior; hence, a large difference in chain length is
the key factor for the occurrence of immiscible solid
phases.

The DSC results were evaluated with available
thermodynamic models. All models were found to
be highly responsive to the components in the mixture,
and predicted the melting temperature accurately for
at least one mixture. All models overestimate the solid
appearance temperature, however, this overestimation
was only slight. Also, the agreement between experi-
mental data and model predictions was not always
satisfactory, especially in the vicinity of the eutectic
composition and temperature; a fact pointing to a
complex non-ideal behavior of mixtures, where
instead of the formation of two separate solid phases,
formation of mixed crystals could occur.

It was also found that the interaction between n-
alkanes in ternary mixtures are comparable to those in
binary mixtures; hence, experimental results on binary
mixtures should be sufficient for modelling the ther-
modynamic behavior of multicomponent mixtures of
paraffins.

6. Nomenclature

ACp difference in heat capacity between liquid
and solid phases

AH,, heat of mixing

AH total phase change enthalpy (sum of
enthalpies of liquid—solid and solid—solid

transformations)
(AH?),» enthaply of fusion of component j
n carbon number
Nmax maximum chain length
Amin minimum chain length
P pressure
R universal gas constant
8; solid phase mole fraction of component j
Tg eutectic temperature
T° equilibrium melting temperature for pure

component

(Tr%)L equilibrium liquidus temperature for iso-
morphous mixture

(TE)  non-ideal liquidus temperature of compo-
nent j in eutectic mixture

T/ ideal liquidus temperature of component j
in eutectic mixture
Ty solid—solid phase transition temperature
vi molar volume of component j in liquid
A phase
Vi molar volume of component j in solid phase
by liquid phase mole fraction of component j

Greek symbols

Y activity coefficient of component j in liquid
‘ phase
Vs activity coefficient of component j in solid
phase
0o interaction parameter
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