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The phase diagram of (naphthalene + n-pentacosane) has been determined by
thermometrical and differential thermal analyses and X-ray diffraction carried
out on the two pure compounds and twelve binary mixtures. The solids phases
of the pure compounds are immiscible, but there is cosolubility in the liquid
state. With increasing temperature, the binary mixtures undergo structural
changes corresponding to those of pure n-pentacosane, while naphthalene
seems to retain its initial crystalline structure until fusion occurs. The binary
diagram, determined by experiments, displays an eutectic solidification with
immiscibility in the solid state:

. . /
hQUId — 50 -Cl()Hg + ﬁO(Pme) —CZ5H52.
Keywords: phase diagram; calorimetry; n-pentacosane; naphthalene; X-ray diffraction

INTRODUCTION

One of the continuing challenges in understanding the physico-chemical
and thermodynamic behavior of paraffinic crude oils and their distillates at
low temperatures has been to establish the structure-property relation-
ships among the linear n-alkane (hereafter denoted by C,,) homologues
susceptible to precipitating as wax [1-21]. However, between such waxes,

*Corresponding author. E-mail: mdirand@ensic.u-nancy.fr

103



Downloaded by [University of California, San Diego] at 10:37 11 August 2012

104 P. M. Ghogomu et al.

or between simple or multicomponent C,s and naphtenes, aromatics, and/
or asphaltenes present in oil, a number of interesting properties certainly
must exist. In particular, knowledge of the thermodynamic properties of
systems containing polycyclic aromatics and long-chain C,s is important in
numerous petroleum industrial applications. Studying such systems may be
considered as a first step towards a thermodynamic description of heavy
petroleum fractions. Wax formation problems have mainly been handled on
the basis of empirical models and, more recently, on the development of
new thermodynamic models. Those models unfortunately face the serious
problem of scarcity of experimental data on the thermodynamic and
structural behavior of multicomponent systems, indispensable for their
validation. Also, the complexity of such systems makes it difficult to explain
and exploit the structural and thermal behaviors observed.

It is in this light that we decided to investigate the thermal and
structural behavior of mixtures of normal-pentacosane (n-CosHss) and
naphthalene (C;poHg). Some studies have been carried out on similar
systems [22-29]. In this article, we present the temperatures of the solid—
solid transition and fusion of the twelve binary mixtures. The structural
evolution of the mixtures with temperature is also given. The phase dia-
gram of this system is proposed.

EXPERIMENTAL PART

Normal-pentacosane Co5 (FLUKA) and naphthalene (C,oHg) (FLUKA) had
mole fraction purities of over 0.98 and 0.99, respectively, as determined by
gas chromatography. In order to obtain a mixture the pure solid compo-
nents were weighed in the adequate proportions, melted and mixed care-
fully, then quenched in a crystallizing dish maintained at very low
temperature in a Dewar vessel filled with liquid air. A uniform concentra-
tion of the components in the mixture was thus ensured. The solidified
mixture was ground to a fine powder and stored at room temperature.
Calorimetric studies were carried out using a coupled simple thermal
analysis (STA)-differential thermal analysis (DTA) device constructed in
this laboratory. It consists of a stainless steel crucible closed by a screw
stopper. A thermocouple hermetically sealed through a hole in the stopper
was kept in contact with the sample. The crucible was introduced into a
programmable furnace oven equipped with cooling and heating elements
based on the Peltier effect, allowing it to work from 240.15K to 373.15K.
The cold junction was carried out with the same type of thermocouple
(T-type copper/copper-nickel) with the opposite poles and it was
immersed in a water-ice bath at 273.15 K. The temperature signal was
recorded on a SEFRAM 8201 recorder connected to a computer used for
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FIGURE 1 XRD pattern (AK, copper) of the mixture (0.49 of naphthalene + 0.51
of n-pentacosane); Observation of the characteristic X-lines of the structure of each
pure compound (fy-Co5 and dg-C1oHg).

the rapid analysis of the thermograms. The sample was first heated until
melted and then slowly cooled. The actual measurement then began, by
heating the sample at a rate of 1K/min. The plot of the heating curve
versus time gives the solid-state transition temperature (where applicable)
and the melting temperature. All measurements were carried out at ther-
modynamic equilibrium with increasing temperature to avoid any super-
cooling phenomenon. Our study included temperatures from 293.15K to
373.15 K. The uncertainty on the observed temperatures was estimated to
be +£0.1K.

X-Ray diffractometry (XRD) was carried out on samples at 293.15,
308.15, 317.15, 321.15, 328.15, and 338.15 K. This was done using powder
samples and a AK, copper radiation in a Theta 60 CGR diffractometer. The
sample holder was heated by the Peltier effect, and this enabled the
examination of the sample at different temperatures with an accuracy
of £0.2 intensity of the (00/¢) diffraction lines (Figures 1 and 2). A
focused monochromatic beam with a filament intensity of 10 mA and 48kV
was used, and the line positions were measured with an accuracy
of £0.025° for each Bragg angle value.

Structural Behavior of the Pure Components

Naphthalene (C;9Hyg)

The room temperature crystalline structure of naphthalene
was determined by Chanh and Haget-Bouillaud [30], and it is monoclinic
with the crystallographic space group P2;/a. The unit-cell parameters are
a=0.8259nm, b=0.598 nm, c =0.8668 nm, Z=2, and = 122,6° [49]. It is
hereafter denoted 0y(P2,/a)-C;oHs. All Bragg’s diffraction lines with
intensity greater than 10% are detected.
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FIGURE 2 Structural behavior of the mixture (0.8 of naphthalene+0.2 of
n-pentacosane) versus temperature at 293 K there is observation of the two solid
phases (fo-Cos and do-C1oHg). When the temperature is equal to 325K, all the
diffraction lines of the fy-Cos phase disappear. The diffusion halo situated between
the angles from 7° to 11° (AK,, copper) and the line (0 0 1) J, indicate the presence
of the liquid phase and the d,-C;oHg solid phase, respectively.
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As the temperature increases, the characteristic diffractions retained
their respective positions. X-ray diffraction was carried out on the pure
compound at 284.65K, 311.95K, 319.85K, and 333.65 K. Our observations
show that naphthalene does not undergo any phase change before melting
in equilibrium conditions.

n-pentacosane (Cgz5)

The C,, crystallographic structures of ‘low temperature’ solid phases
have been specified by Craig et al. [31] and Chevallier et al. [32], who have
respectively clarified the crystallographic space groups and the correlations
between the crystalline long c-parameter and the number of carbon atoms
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of pure C,s. At low temperatures, the crystalline structure of the odd-
numbered C,s is orthorhombic with the crystallographic space group Pbcm
[30], hereafter denoted as f,(Pbcm).

The structural behavior of odd-numbered C,s, as a function of tem-
perature, has been the subject of numerous publications, particularly
concerning Cos [33-50]. Concerning this C,, Ungar [43], Snyder et al.
[45], and Robles et al. [46] observed the following sequence, reported by
Chevallier et al. [42]:

Casp8, (Pbem) 2, p (Pbem) —— B(Aa) ki B(Fmmm) = f—RI(Fmmm)
— 4~RII(R3m) — Liquid,

where — denotes first-order transitions and = denotes higher-order
transitions.

Order—order transitions

o-transition [45]: According to Nozaki et al. [50], this solid—solid transition
leads to the orthorhombic (ordered) phase, denoted f, (Pbnm).

y-transition: A second order—order transition was observed by Piesczek
et al. [40], Ungar [43], and Robles et al. [46]. It corresponds to the
appearance of a monoclinic phase, called B, with the crystallographic
space group, called Aa [47-49]. However, like other authors [35,36,40,41]
Chevallier et al. [42], who studied the effects of impurities on the solid—
solid transition temperatures of the odd-numbered homologous C,s from
eicosane up to nanocosane, did not observe the y-transition in a very
high purity synthetic sample of Cgs.

Order—disorder transition. This solid—solid transition, which gives a
major thermal effect below fusion, corresponds to the appearance of the
disordered orthorhombic f(Fmmm) phase [11,33,35,36,42—-44]. Hereafter
this order—disorder transition is denoted as o—d transition. When tem-
perature increases, the molecules of this f(Fmmm) phase are driven by a
movement of the ‘Rotator’ type denoted RI; this phenomenon, which is
observed at varying temperatures for pure Css, does not correspond to a
first-order transition according to Gibb’s law but to a higher order transition
[34,36].

Disorder—disorder transition. Just below the melting point, the last
solid—solid transition is observed in Cys with the appearance of the rhom-
bohedral «-RII(R3m) Rotator phase [11,33-36,38,42-44] at the tempera-
ture equal to 322.6 K [46].
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RESULTS AND DISCUSSION

In order to determine the behavior of the mixtures (C;oHg+ Cs5) as a
function of the concentration and the temperature, and thus to establish
the binary phase diagram, we used the experimental techniques of the
thermodynamic (STA, DTA) and structural (X-ray diffraction) character-
ization that have been already described in other literature [2—-10,33-38].

Structural Behavior of the Mixtures at Room
Temperature (T =293.15K)

Twelve mixtures (C;oHg + Co5), whose concentrations are given in Table 1,
were studied by X-ray diffraction at 293.15K. In all of the diffraction
experiments, the characteristic diffraction lines of the structure of each
pure compound (fy(Pbcm)-Css and §¢(P2,/a)-CioHg) were observed
separately. Their relative intensities evolved as a function of the ratio of
each component in the two-phase mixture, and those evolutions are
observed on the XRD patterns obtained for the mixtures whose C;oHg
mole fractions are equal, respectively, to 0.49 (Figure 1) and 0.8 (Figure 2).
They particularly concern the X-ray diffraction lines (0 0¢) of the fy-Cos
phase and ((0 0 1) and (2 0 2)) of the J,-C;oHs phase, whose intensities
increase with the C;oHg mole fraction (Figures 1 and 2, T=293K).
These observations confirm that the two compounds are not miscible at
the solid state in the range of the studied concentrations, and they form
a two-phase region whatever the studied composition (Figure 3).

Thermal Behavior

Pure naphthalene seems to show no solid-state transition: only the melting
peak was registered by STA and DTA at a temperature equal to
354.05 £ 0.1 K, close to the value of 354 K recorded in literature [39].

Like numerous authors [35,36,38,40-42], we observed two solid—solid
transitions before the fusion of Cos:

o transition fo(Pbem) —f'o(Pbnm) at Ts=311.9 + 0.1K
o-d transition f',(Pbnm)—f(Fmmm) at T, q=320.75 + 0.1K

However, we did not register the y solid-state transition below the o—d
transition as was reported in other literature [43—46]; this transition may be
mixed with the o—d transition peak or may not be present as a result of the
high purity of Cy5 that we used, as mentioned by Chevallier et al. [42]. For
Css, the sequence of transitions and phases is as follows:



S0°L2€ (ururur ) g GL02E (wuqq) % (aruad) % + %9 6'T1E (wdqd) g H%D
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FIGURE 3 Phase diagram of the binary system (naphthalene + n-pentacosane).

Bo(Pbem) -Cos 2, B, (Pbnm) o B(Fmmm) = B-RI(Fmmm)

fusion

— o-RII(R3m) — liquid,

where — denotes first-order transition and = higher order transition.
Two thermal behaviors were observed by simple and differential thermal
analyses of the mixtures as a function of the x molar fraction of Cos.
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1. 0<x<0.356 molar fraction of Co5: With increasing temperature, two
peaks were observed above the ¢ transition of Cos. The first peak
appeared at a constant temperature (on average T=318.9 £+ 0.5K)
whatever x molar fraction, and the second peak at a temperature that
decreased in function with the increasing x molar fraction of Cos
(Table 1) from 0 up to 0.356. This temperature points to the fusion end
(liquidus temperature), Tgs.

2. 0.356 < x <1 molar fraction of Cos: like with the mixtures before, above
the ¢ transition of Cg5, the first peak appeared at a constant temperature
T=318.9 £ 0.5 K whatever x Co5 molar fraction. Next a second peak,
whose intensity increased against Cos molar fraction, also at a constant
temperature corresponding to the o-d transition temperature of
Cos To_q~320.75K, and finally a third peak whose temperature in-
creased with the rise of the Co5 molar fraction from 0.426 up to 1 (Table 1).
This temperature shows the liquidus point of the fusion end, Ty.

Structural Behavior with Increasing Temperature

As for pure Csgs, the structural ¢ transition fo(Pbcm)-Cos— fy(Pbnm) was
observed in all the mixtures at constant temperature (on average,
T =~ 311.9 + 0.6K) by X-ray diffraction, according to the depictions of
Jouti et al. [35] and Chevallier et al. [42]. The X-ray diffraction observations
show that below the § transition temperature (T5=311.9 + 0.56K) the
mixtures display two solid phases that correspond to the two pure com-
pounds 9y-CioHg and fo(Pbcm)-Cos, and in the temperature range set
between Ts=311.9K and T=3818.9K the two phases that coexist are
50-010H8 and ﬁé(anm)—C%.

As shown by differential thermal analyses, two structural behaviors were
observed by X-ray diffraction at T~318.9 &+ 0.5K.

1. Naphthalene-rich side (0<x<0.356 Cg5 molar fraction): all of the
characteristic X-diffraction lines of the fo(Pbnm)-Co5 phase dis-
appeared, while those of §,-C1oHg retained their positions (Figure 2).

2. Cgsrich side (0.356 <x <1 Cys molar fraction): conversely, with these
all of the characteristic X-diffraction lines of d¢-C,oHg disappeared, while
those of fy(Pbnm)-Cys were retained.

In the two cases above, the disappearance of one of the two solid phases
comes with the appearance of the liquid. The observation of an invariant
temperature of start fusion (on average Ty=3189 £+ 0.5K) in all the
binary mixtures correspond to the following eutectic fusion:

hquld — 50(P21/a) ‘CIOHS + ﬂf)(anm) —025
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Above the eutectic temperature (Tg=318.9 & 0.56K) there is a coex-
istence with the binary.

1. Liquid and solid §o-C;oHg phases on the naphtalene-rich side: on the
XRD pattern of Figure 2, carried out at 325K for the mixture with a
molar fraction of C;oHg equal to 0.8, the characteristic lines of the fy-Cos
phase disappeared and only the peaks of §,-C;oHg phase are observed,
particularly the line (0 0 1) with a diffusion halo corresponding to the
presence of the liquid phase (Figure 2, T=325K).

2. Liquid and solid S)(Pbnm)-Cys phases on the Cys-rich side: the
po(Pbnm)-Css phase underwent the o-d transition at T, q=
320.75 £ 0.5K as the pure Cys5; above the o-d transition temperature
the mixtures displayed the liquid and solid $-RI (Fmmm) orthorhombic
Rotator phases and then the liquid and solid «-RII (R3m) rhombohedral
Rotator phases above T~ 322.6 K, as observed by Robles et al. [46]. All
of the characteristic structural evolutions, observed by X-ray diffraction
in the course of the solid-solid transitions, were identical to those
already described by Jouti et al. [35].

CONCLUSION

The thermodynamic and structural experimental results are summarized in
Table 1 and lead to the binary diagram (C;oHg:Cs5) shown in Figure 3. This
diagram displays no miscibility in the solid phases of two pure compounds
with eutectic solidification as observed in other systems, for instance:

Binary diagrams: n-alkane + n-alkane, where the difference of the
length of molecules is too high [17,36,61-567]; n-alkane+
nonlinear hydrocarbon (aromatic or cyclic) [5,12-19,25-28,58]; tris
(hydroxymethy amino-methane + pentaglycerine [59] or naphthalene +
2-R-naphthalene with R = F,Cl,Br,SH,CHs [39].

Ternary diagrams: two consecutive heavy n-alkanes+light hydro-
carbons solvent [5,18,19].

Pseudobinary multicomponent systems: paraffinic wax + light hydro-
carbon [9,36,58].

NOMENCLATURE

do monoclinic structure of the solid phase of naphthalene
fo(Pbcm) orthorhombic structure of the Co; ordered phase at room
temperature



Downloaded by [University of California, San Diego] at 10:37 11 August 2012

Phase Diagram of Naphthalene and n-Pentacosane 113

Bo(Pbnm) orthorhombic structure of the Cys ordered phase above the
J-transition temperature

Sf(Fmmm) orthorhombic structure of the Cs5 disordered phase; this phase
displays the rotator state, §-RI, when the temperature increases

«(R3m). rhombohedral structure of the Cy5 second disordered rotator

phase

L liquid

Ts/ K temperature of d-transition of Cos: fo(Pbem) <= f)(Pbnm)

T/ K eutectic temperature: liquid < 6-C;oHg + f5(Pbnm)-CosHss

T, /K temperature of ordered« disordered transition of Cos:
Po(Pbnm) « f(Fmmm)

T,/K temperature of the disordered-disordered transition of Css:
B-RI(Fmmm) < o-RII(R3m)

Tre/ K temperature of melting-end
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