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Abstract

Mixtures of heavy aromatics with high aliphatics are important in the formation of asphaltenes in the oil industry.

This work reports binary solid-liquid equilibria for naphtalene + eicosane, +pentacosane, +hexatriacontane mixtures by differential scanning
calorimetry. Results are compared with those from modified UNIFAC (Larsen and Gmehling versions) and ideal predictions. Finally, we determine
the purity according to van’t Hoff equation. Results are in good agreement with values given by ultraviolet spectrophotometry.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Solid —liquid phase equilibria form the basis for crystalliza-
tion processes, which are used in chemical and petrochemical
industry for separation of mixtures. Mixtures of high normal
long-chain alkanes and polyaromatics are important in the floc-
culation of asphaltenes, and their codeposition constitutes a
major problem during the exploitation, transport, and storage
of crude oil.

The experimental determination of thermodynamic and struc-
tural properties of pure long-chain n-alkanes and phase diagrams
of their molecular alloys have been the subject of many investiga-
tions in the literature [1-10]. Some data concerning solid-liquid
equilibria of normal long-chain alkanes +organic compounds
have been reported [11-17].

Following a systematic study of the thermodynamic prop-
erties of mixtures containing organic molecules [18,19], we
present in this paper data on solid-liquid equilibria (SLE)
of naphthalene + eicosane, +pentacosane, +hexatriacontane sys-
tems which represent a particularly interesting family of
molecules for testing theories and can be helpful to understand
the phase behavior of heavy oils. Results obtained are compared
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with those given by modified UNIFAC (Larsen and Gmehling
versions) and ideal models [20,21]. The experimental results
were also exploited in the determination of purity [22-25].

2. Experimental procedures
2.1. Materials and methods

Naphthalene, n-eicosane, n-pentacosane and n-hexatria-
contane were purchased from Fluka (purity greater than
99 mol%) and by gas chromatography have a purity >99.5%.
They were used without further purification.

A series of heavy alkane—naphthalene binary mixtures were
prepared by heating very slowly in a glass cell near the melting
temperature of the major component.

With continuous stirring, the liquefied sample was quenched
in liquid nitrogen, ground and powdered in a clean agate mortar
with as little pressure as possible (the crystal lattice of some
substances can be destroyed by excessive pressure) and dried
in a desiccator. The rapid cooling of molten samples ensured a
uniform steric concentration of components in the mixture and
homogeneity of the final molecular alloy [3].

For the analysis, 1-8 mg of solid was sealed in a DSC
7 Perkin—Elmer pan. The measurements were carried out at
constant heating rate of 1 Kmin~1 under nitrogen atmosphere
(20mImin—1). For purity determination, 1-2mg accurately
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weighed samples were run at a scanning rate of 1 Kmin—!
[23,25]. Prior to the analysis, the DSC7 was calibrated with
indium 99.999% (supplied by Perkin—Elmer), melting point
156.60°C and enthalpy of fusion 28.45Jg~1. Data acquisi-
tion (enthalpy of fusion of the pure compounds and onsets of
the solid-liquid equilibria temperatures) and processing was
done with Perkin—Elmer’s Pyris software. The uncertainties of
the measurements are estimated to be +0.1 K for the tempera-
tures and £0.20 kJ mol~* for the heats of fusion and solid—solid
transition. The masses of the samples were determined with a
precision +0.2 mg with a Mettler H31 balance. The uncertainty
of mole fraction did not exceed 0.0005.

For purity determination, the mixtures were also subjected to
UV spectrophotometry (Helios Beta). Maximum absorption was
at 275 nm for naphthalene and eicosane in 95% (v/v) ethanol and
for naphthalene, pentacosane and hexatriacontane in tetrahydro-
furan.

A series of solutions prepared with these components and
their mixtures were measured at 275 nm for different concentra-
tions to construct a calibration curve with ethanol or THF as a
blank.

3. Results and discussion
3.1. Solid-liquid equilibria

Typical DSC curves obtained are shown in Figs. 1-3. The
thermodynamic properties of the pure compounds (Table 1) are
in good agreement with literature data [1,11,26-31]. Tables 2-4
list the experimental results of each system. Plots of the eutectic
heat AH, and fusion heat AHy, versus naphthalene mole frac-
tions (Figs. 4-6) illustrate that naphthalene (1) + n-eicosane (2),
naphthalene (1) +n-pentacosane (2) and naphthalene (1) +n-
hexatriacontane (2) mixtures form single eutectics correspond-
ing respectively for naphthalene molar fractions: x; =0.349,
0.450, 0.751 and temperatures of 308.3, 318.6 and 339.4 K.
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Fig. 1. DSC curves for naphthalene (1) + n-eicosane (2) mixtures.
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Fig. 2. DSC curves for naphthalene (1) + n-pentacosane (2) mixtures.
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Fig. 3. DSC curves for naphthalene (1) + n-hexatriacontane (2) mixtures.
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Fig. 4. The eutectic heat AH, (W) and heat of melting AHn, (A) for different
compositions for the mixture naphthalene (1) + eicosane (2).
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Table 1
Thermodynamic properties of pure compounds

Compound Tm (K) AHp (kImol=1) Ty (K) AHy/kImol~—1

Eicosane 311.602 69.032
309.50° 69.73°
310.00° 69.88°
309.75¢
309.708

Pentacosane 325.928 55.53% 309.00%; 312.902 23.90%; 1.072
326.30° 57.09° 320.3° 26.67P
326.00° 54.04° 319.30° 24.43°
326.90¢ 57.78¢ 320.00; 320.15f 26.08f
326.65 56.58f 320.09; 310.509; 319.409

321.209; 322.609.

Hexatriacontane 350.192 81.552 347.332; 348.282 11.732%; 24,728
348.95° 87.68P 347° 31.07
348.80° 91.33¢ 345.059; 345.35¢ 9.90¢; 30.51¢
349.154 88.74d 345.25%; 346.95 9.91f; 30.54
349.05f 88.83f 345.39; 346.83! 10.09'; 32.12
348.941 87.68!

Naphthalene 354.692 19.552
353.4" 18.24"

& QOur experimental values.
b Ref. [5].

¢ Ref. [15].

4 Ref. [30].

€ Ref. [31].

f Ref. [32].

9 Ref. [33].

" Ref. [34].

i Ref. [35].

The DSC curves show that naphthalene +n-Cys and naph-
thalene + n-C3g exhibit solid—solid transitions. For the sys-
tem naphthalene + n-Cys, the temperatures corresponding to
solid-solid transitions are different from those given by litera-
ture [1,11,28,29]. According to Robles et al. [29], the molecules
of n-alkanes from Co2Hag to Co7Hsg are always parallel, their
end methyl groups forming parallel layers. At low tempera-
ture ordered crystalline forms are observed and their nature
depends on the parity of n the number of carbon atoms. Thus
the first transition (71 =309.0 K, AHy1=23.90kImol~1) is

Table 2
Experimental solid-liquid equilibrium temperature for the system naphthalene
(1) +n-Cx (2)

x1 T2 (K) Ty (K) x1 T1 (K)
0.000 311.6 0.597 330.4
0.019 3115 0.650 333.9
0.039 311.2 0.701 338.7
0.070 310.7 0.800 342.4
0.098 310.6 0.897 347.7
0.197 310.4 0.910 349.2
0.250 309.7 0.917 349.4
0.298 308.8 0.920 349.5
0.349 308.3 0.950 351.6
0.400 312.7 0.970 352.1
0.450 317.2 0.978 353.4
0.501 3225 0.990 354.1

0.540 325.6 1.000 354.7

attributed to the passage from an ordered orthorhombic B
phase to an orthorhombic solid B’ phase. The second transi-
tion (T2 =312.9K, AHy =1.07 kimol~1) is attributed to an
allotropic transformation of an ordered low temperature 3’ phase
to an ordered monoclinic solid phase M”.

The second system exhibits two solid—solid transitions for
x1 <0.450.

According to the literature [28,32], CsgH74 displays mon-
oclinic and orthorhombic phases, which depend on the
thermal treatment and purity. The transition (Ty1=347.3K,
AHy1=11.73kImol~1) is attributed to the transformation
from low temperature monoclinic form (M) into the high-

Table 3
Experimental solid—liquid equilibrium temperature for the system naphthalene
(1) +n-Cs (2)

x1 T; (K) T1 (K) x1 T (K)
0.000 325.9 0.648 331.6
0.050 325.6 0.698 3335
0.098 323.8 0.744 337.2
0.197 323.0 0.800 341.5
0.300 3215 0.899 347.3
0.398 319.7 0.951 350.4
0.450 318.6 0.971 351.4
0.501 322.7 0.980 352.7
0.550 325.1 0.990 3535
0.600 327.4 1.000 354.7
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Table 4
Experimental solid-liquid equilibrium temperature for the system naphthalene
(D) +n-Cs6 (2)

x1 Ta2 (K) Tp2 (K) Ty2 (K) X1 T1 (K)
0.000 350.2 0.751 339.4
0.099 350.0 0.801 342.2
0.200 349.4 0.852 345.3
0.308 348.5 0.900 347.8
0.350 347.9 0.971 350.9
0.401 346.4 0.981 351.3
0.451 344.3 0.985 352.5
0.550 343.6 0.991 352.9
0.601 343.3 0.995 353.6
0.650 342.1 1.000 354.7
0.700 341.5
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Fig. 5. The eutectic heat AH, (M) and heat of melting AH, (A) for different
compositions for the mixture naphthalene (1) + n-pentacosane (2).

temperature monoclinic form (My). The second transition
(T2 = 348.3K, AHyp = 24.72 kI mol~1) is probably the passage
from the monoclinic (My) phase to the rotator phase (R). The
temperatures, about (348.18 K) and (349.27 K), correspond to
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Fig. 6. The eutectic heat AH, (M) and heat of melting AHy, (A) for different
compositions for the mixture naphthalene (1) + n-hexatriacontane (2).
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Fig. 7. Experimental and predicted SLE phase diagrams of naphthalene (1) + -
eicosane (2) mixture: (M), experimental results; (—), modified UNIFAC
(Larsen) model; (- - -+- - -), modified UNIFAC (Gmehling) model; (———— ), ideal
model; (- ), eutectic temperature.

the end of the (M)-(My) phase transition and the (My)—(R)
rotator phase transition, respectively.

The polymorphism observed in n-alkanes has been reviewed
in detail [1,3,4,32-36].

SLE data can be used to calculate activity coefficients of the
mixture components. In the case of the systems studied, the
components are not miscible in the solid phase and all diagrams
present a simple eutectic. Therefore, the activity coefficient y; of
the component i, in the liquid phase can be calculated according
to the following expression [12,37-39]:

AHm[ T AC‘pl
INxjy, = ——mi (g 2 ) 4 2%pd
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Fig. 8. Experimental and predicted SLE phase diagrams of naphthalene (1) + n-
pentacosane (2) mixture: (M), experimental results; (—), modified UNIFAC
(Larsen) model; (- - -+- - -), modified UNIFAC (Gmehling) model; (———— ), ideal
model; (%), eutectic temperature.
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Fig. 9. Experimental and predicted SLE phase diagrams of naphthalene (1) + n-
hexatriacontane (2) mixture: (M), experimental results; (—), modified UNIFAC
(Larsen) model; (- - -+- - -), modified UNIFAC (Gmehling) model; (———-— ), ideal
model; (- ), eutectic temperature.

Table 5

Values of the relative standard deviations, o2 and of absolute mean deviations,
AP of the equilibrium temperature calculated by UNIFAC (Larsen and Gmehling
versions) and ideal models, N is the number of data points

System N Larsen Gmehling Ideal
AT(K) o AT (K) o AT(K) o
Naphtalene 26 17 0.011 1.9 0.013 0.6 0.017
(1) +n-Cx (2)
Naphtalene 20 19 0.011 1.7 0.010 0.4 0.012
(1) +n-Czs (2)
Naphtalene 21 29 0.010 2.4 0.014 1.7 0.006

(1) +n-Cs6 (2)

N 1/2

2
a4y 1 Tical—Tiexp
N Tiexp

i=1

N
b AT (K) = % E [T cal _Tiexp|-
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Fig. 10. Experimental and predicted activity coefficient, y1, vs. x1 for naphtalene
(1) + n-eicosane (2) mixture: (x ), experimental results; (—), modified UNIFAC
(Larsen); (- - -+- - -), modified UNIFAC (Gmehling).
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Fig. 11. Experimental and predicted activity coefficient, y1, vs. x1 for naphta-
lene (1) + n-pentacosane (2) mixture: (x ), experimental results; (—), modified
UNIFAC (Larsen); (- - -+- - -), modified UNIFAC (Gmehling).
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Fig.12. Experimental and predicted activity coefficient, y1, vs. x1 for naphtalene
(1) + n-hexatriacontane (2) mixture: (x ), experimental results; (—), modified
UNIFAC (Larsen); (- - -+- - -), modified UNIFAC (Gmehling).

Table 6

Comparison of experimental coordinates of eutectic points: Tey (K) and mole
fraction, x1¢y With values calculated by UNIFAC (Larsen and Gmehling versions)
and ideal models

System Teu (K) Xleu
Exp. Cal. Exp. Cal.
Naphthalene (1) + n-Cyg (2) 308.3 308.262 0.35 0.2562
307.92° 0.267°
306.30° 0.363¢
Naphthalene (1) + n-Cs (2) 318.6 318.412 0.45 0.3792
317.84P 0.401°
316.61° 0.449°
Naphthalene (1) +n-Css (2) 3394 337.642 0.75 0.6762
336.09° 0.696P
337.33¢ 0.711°

& Calculated by UNIFAC (Larsen version).
b Calculated by UNIFAC (Gmehling version).
¢ Calculated (ideal model).



K. Khimeche et al. / Thermochimica Acta 444 (2006) 166-172

Table 7

Impurities determined from the van’t Hoff plot and UV spectrophotometry? deviation = [(xPS¢ — xYV)/xYV] x 100

171

Major Component (1) Impurity (2) Expected (x7) xYV: UV spectrophotometry method xPSC: The van’t Hoff plot Deviation (%)
Naphthalene 1-C20 0.01 0.9872 (0.0007) 0.9889 (0.0019) 0.17
0.02 0.9737 (0.0005) 0.9751 (0.0014) 0.14
0.03 0.9599 (0.0003) 0.9712 (0.0010) 118
0.05 0.9450 (0.0045) 0.9661 (0.0009) 2.23
0.08 0.9080 (0.0098) 0.9447 (0.0007) 4.04
n-C25 0.01 0.9863 (0.0033) 0.9846 (0.0013) -0.17
0.02 0.9812 (0.0055) 0.9768 (0.0017) —0.45
0.03 0.9465 (0.0010) 0.9537 (0.0019) 0.76
0.05 0.9398 (0.0087) 0.9631 (0.0004) 248
0.08 0.9046 (0.0013) 0.9429 (0.0006) 4.23
n-C36 0.01 0.9889 (0.0018) 0.9897 (0.0013) 0.08
0.02 0.9856 (0.0008) 0.9756 (0.0015) -1.01
0.03 0.9640 (0.0043) 0.9684 (0.0008) 0.46
0.05 0.9324 (0.0009) 0.9623 (0.0017) 3.21
0.08 0.9014 (0.0189) 0.9325 (0.0007) 3.45

@ Values are mean (standard deviation) calculated from three replications.

where, AHm;, Tmi, ACp;, AHy,; and Ty,;, are respectively,
the molar enthalpy of melting, melting temperature, molar heat
capacity change (assumed to be independent of 7) during the
fusion process, enthalpy change corresponding to the transition
and transition temperature of the pure component i. Because of
the lack of appropriate data representing ACp; and considering
its weak contribution, as cited in the literature [40], the related
terms in Eq. (1) were neglected. The required physical constants
of the pure compounds are reported in Table 1.

The modified UNIFAC, Larsen et al., and Gmehling et al.
were used for the calculation of the activity coefficients and
prediction of SLE. Values of the required geometrical and inter-
action parameters of our systems have been given elsewhere
[41,42] and were used without modification. Experimental SLE
phase diagrams are in good agreement with those obtained
by UNIFAC and ideal thermodynamic models, as shown in
Figs. 7-9. For the binary (naphthalene + n-alkanes), the relative
and the absolute mean deviations of the equilibrium temper-
atures are given in Table 5. The deviations observed in the
experimental and calculated activity coefficients of naphthalene
y1 as illustrated by Figs. 10-12, can be attributed to the limits
of application of the group contribution methods in the case of
complex systems like polyaromatics + n-alkane mixtures. The
difficulties in representing complex systems are not surpris-
ing because a simple group contribution method is not able to
account for the order/disorder effect. The long-chain compounds
are highly ordered in the solid state. In the liquid state they still
retain much of their order [43]. The thermodynamic properties
of n-alkanes + cyclic molecule mixtures are due essentially to
the combinatorial, free volume and interactional contributions
[44,45]. The importance of the combinatorial effect is examined
in detail by Kniaz [43]. As shown in Table 6, the experimental
values of Ty, and x1ey corresponding to the eutectic points are
close to those predicted by the different models and depend on
the chain length of n-alkane. They increase with the increase of
the number of carbon atoms of the n-alkanes.

3.2. DSC purity determination

An ideal solution may be approached in the melt of naph-
thalene doped with a very small amount of the r-alkane. This
behavior is an important condition in the experimental purity
determination by DSC.

Eutectic impurities lower the melting point of the eutectic
system. This Effect is described by the van’t Hoff equation:

T2 . x% 1
Tt = T8 = Ny " F @
m,1

where 77 is the melting temperature of the impure material
(which, during melting, follows the liquidus temperature), Tm 1
and AHm 1 the melting point and the molar heat of melting (cal-
culated from the peak area) of the pure substance 1, R the gas
constant, F the fraction molten corresponding to 7, and x3 is the
concentration (mole fraction of the impurity to be determined).

Purities obtained by DSC, using van’t Hoff plots are in good
agreement with results given by the UV spectrophotometric
method. The values of naphthalene fraction (x1) determined by
the van’t Hoff plot and the corresponding values determined by
UV spectrophotometric methods are tabulated in Table 7.

The DSC method of purity determination may be limited to
high-purity samples. This study observed that maximum con-
centration levels for van’t Hoff law applicability could be as
high as 3 mol% of the impurity.
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