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(Received infinal form December 29, 1995) 

The phase diagram of the mixtures n-C,,H,, :n-C,,H,, has been established by joint calorimetric and 
structural analyses. This study indicates the existence of nine solid single-phase domains ofequilibrium : four 
terminal solid solutions, denoted po(C,,), Po(C,,), &(C,,) and jo(C,,) with the n-tricosane and n- 
pentacosane structures, three orthorhombic intermediate solid phases, called ri, PI and P; (8; and p’; on 
both sides of P; are isostructural), with increasing temperature, two total miscibility fields : p, with the 
orthorhombic structure Fmmm, above the intermediate solid solution regions (a second order transition 
which is characterized by the Rptator RI state is observed in this phase) and below the solidus line a-RII with 
the rhombohedra1 structure R3m. These results complete the literature diagrams which only presented two 
solid single-phase domains. 

Keywords: n-Tricosane, n-Pentacosane, binary mixtures, phase diagram, intermediate 
solid phases, rotator phases. 

1. INTRODUCTION 

Earlier we have determined the structural evolutions of n-tricosane (n-C,,H,,) and 
n-pentacosane (n-C,,H,,) mixtures at 293 K’. This study showed the existence of six 
orthorhombic solid solutions when the molar concentration in n-pentacosane in- 
creases: three terminal solid solutions, denoted po(C2,), ~,(C,,) and p0(C2,) isostruc- 
tural with the n-tricosane and n-pentacosane structures respectively, and three 
intermediate phases, called pi, P; and P;: the two phases 8;’ and p; on both sides of 

are isostructural. The molar concentration ranges of single and two-phase domains 
had been defined from 0% to 100% in n-pentacosane’. The orthorhombic structures of 
the intermediate solid phases are also observed in other binary systems: n-docosane 
(n-C,,H,,):n-tetracosane (n-C,,H,,)2*3, n-tetracosane (n-C,,H,,):n-hexacosane 
(n-C,,H,,),, n-docosane (n-C22H46): n-tricosane (n-C,,H,,)’, n-tricosane 
(n-C,,H,,) :n-tetracosane (n-C2,H5,J6 and n-heneicosane (n-C, ,H,,) :n-tricosane 
(n-C,,H,,)’. Dirand et a1.’ have generalized the thermodynamic and structural 
behavior of consecutive n-alkanes (hereafter called C,) binary mixtures [even: even- 
numbered, even:odd-numbered and odd:odd-numbered (19 < n < 27)] and they have 
established the sequences of solid phase appearance when the concentration and the 
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216 B. JOUTI eta/. 

temperature vary. Our purpose is to establish the phase diagram of the n-tricosane 
(C,,) and n-pentacosane (Cz5) mixtures to complete those of the literatureg-13. 

2. EXPERIMENTAL METHODS 

The two-alkanes (C2, and CZ5) were purchased from the Aldrich Chemical Company: 
their purity grade is 99 mole per cent as determined by gas chromatography and mass 
spectrometry analyses. The samples were prepared by weighing together the solid compo- 
nents, melting and thoroughly mixing. Then, the homogeneous liquid solution was 
quenched in a crystallizing dish maintained at a very low temperature in a Dewar vessel 
with liquid air. Such rapid cooling ensured a uniform steric concentration in the solid. 

The study of the phase diagram has been carried out on twenty six mixtures by 
combined calorimetric and structural methods. 

The differential thermal analyses (DTA) were performed using a SETARAM DSC 
111 calorimeter of the Tian Calvet type14. The samples were heated from 286 K to 
above the liquidus point at a rate of0.5 K min-I. The temperatures of transition peaks 
are determined with a precision of 0.5K. The X-ray diffraction experiments were 
carried out on powder samples using lZKa copper radiation. The X-ray diffractometer 
(CGR theta 60) analyses were performed at different temperatures with the help of 
a heated sample holder. Heating or cooling of this sample holder is based on the Peltier 
effect with a precision of the sample temperature within k 0.2K around the set point. 
The focused monochromatic beam was obtained with a filament intensity of 10 mA at 
48 kV and the line positions were measured with an accuracy of 0.05” for each value of 
Bragg angle; the calibration was done with pure aluminium as standard. 

On the one hand the peaks, observed on the D.T.A. curves (Fig. l), showed solid-solid 
transitions and melting points of the mixtures and indicated the temperature domains 
of these transformations. On the other hand, these ranges were explored by X-ray 
diffraction analysis (Fig. 2-3) to characterize the structural evolutions in the course of 
these solid-solid transitions and to confirm the temperatures of transition start and end. 
All the experiments have been carried out with increasing temperature at equilibrium 
state. 

3. EXPERIMENTAL RESULTS 

3.1. Structural evolutions 

The two terminal solid solutions undergo the same solid-solid transitions, as the pure 
C,, and Cz5. These transformations have been described by many a u t h o r ~ ~ * ~ , ~ ”  5-32 

with the following sequence when the temperature increases : 
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FIGURE 1 
molar pourcentage in C,, : the temperatures are expressed in degree Celsius. 

Curves of Differential Thermal Analyses (D.T.A.) carried out on mixtures C,,:C,, at different 
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FIGURE 2 Evolution of the X-ray diffractograms from the terminal solid solution B0(C,,) with 97.5 
mol.% of C, ,  at different temperatures, using copper radiation (1Ka). 
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FIGURE 3 Evolution of the X-ray diffractograms from the orthorhombic intermediate phase 
4 mol.% of C,, (LCuKa). 
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280 B. JOUTI et al. 

Notations 

pO(Cz3 or Cz5): orthorhombic structure with the space group Pbcrn3’ 
&(C,, or C,,):orthorhombic structure which appears above the transition 834 
/?: orthorhombic structure with the space group Fmmmlg 

Rotator states 

/?-RI: Rotator state of the phase /I (Fmmm) 
a-RI1:Rotator phase of rhombohedral structure with the space group R3m” 
Figure 2 illustrates the X-ray diffraction spectra evolutions of the terminal solid 

solution /?o(C,,) with increasing temperature: 

i) the transition S(/Io(C, 5 )  + /?o(C, J) is characterized particularly by (Fig.2a-2b): 

- the disappearance of the line(1 0 26), 0 = 19,”7 (ICu Ka) 
- the intensity increase of the peak (1 3 0), 0 = 20, “4(ICu Ka) 

ii) the occurence of the phase /?(Fmmm) is accompanied by: 
-the disappearance of all the diffraction peaks whose indices (h k 1) do not have the 

- an important shift of the diffraction (0 2 0) which corresponds to a considerable 
increase in the unit cell base area (a,b) (Fig. 2d). 

iii) in the Rotator state RI of the phase /? (Fmmm), the line (0 2 0) moves progressively 
to the diffraction peak (1 1 1) with increasing temperature (Fig. 2e). 

iv) next, when the two lines (0 2 0) and (1 1 1) coincide (Fig. 2 f), the subcell is hexagonal 
@/a = f i )  and that corresponds to the appearance of the rhombohedral Rotator 
phase a-RII (R 5 m). 

In the single phase domains, the diffraction intensities do not vary; In two-phase 
regions, the relative intensities of characteristic diffraction lines of each phase evolve 
(appearance, disappearance or variation Fig. 2b-2d). 

As in the systems (C,,:C,43*15, C24:C264*32, C23:C246, C,,:C,35), when the tem- 
perature increases, the solid phase sequence from the orthorhombic intermediate 
phases P;, B; and /Y; corresponds to the following scheme: 

same parity. 

- T(K) + 

f l y ,  P; or F; + /?-(RI) -+ a-RII -+ liquid 

The structural evolutions (Fig. 3) are identical to those which were observed previously 
for the terminal solid solutions /Io (Cz3 or Cz5) above their transition 6 up to their 
melting points (Fig. 2). 

3.2. Differential thermal analyses 

The D.T.A. curves for different concentrations are shown in Fig. 1. The solid phase 
structures were identified by X-ray diffraction analyses on samples from either side of 
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PHASE DIAGRAMS OF TRI- AND PENTACOSANE 28 1 

DTA peaks. The two important enthalpy effects, that are always observed respectively 
correspond to the appareance of the phase p(Fmmm) and the melting. 

The thermal accident sequence from the two terminal solid solutions Po (C23) and Po 
(C2J (Fig. 1-f, 1-g, 1-h) is similar to that obtained in pure C,, and C,,'9*4*32 and in the 
phase Po (C,,) of binary systems (C,3:C,,)5 and (C23:C24)6. Particularly, the first small 
peak corresponds to the transition S(P, + Po) : its temperature which decreases versus 
solute concentration (Fig. 1-h, 1-g, 1-0 allows to determine the limit curve of solubility 
in the terminal solid solutions Po (Fig. 4). 

The sequence of D.T.A. peaks for the second terminal solid solution &(C,,) 
(Fig. 1-a, 1-b) corresponds to the following transitions: 

i) &, (C,,) + f l y :  first small peak. 
ii) :+ p(Fmmm): second peak which is characterized by an important enthalpy 

effect. 
iii) then, in the Rotator state RI of the phase fl (Fmmm), the differential signal does 

not return to the basis line in a many degree range. Moreover the X-ray 
diffraction line intensities do not change significantly and we have not observed 
the appearance of a second phase which characterizes a first-order transition in 
the binary systems: this structural and thermodynamic behaviour corresponds to 
a second order transition without any change in phase or concentration. 

328 

323 

t - 318 
c 

313 
B;I(C,, - 

308 

303 

298 

BO(Cd + 
293 

n-1 

L 

FIGURE 4 
of the second-order transition which characterizes the Rotator state RI of the phase j(Fmmm). 

Phase diagram of the C,,:C,, mixtures. The + + + line indicates the beginning temperature 
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282 B. JOUTI et al. 

iv) next the small peak, just below the important peak of the melting: fl-(RI) -P a- RII. 

decreases versus the molar 
concentration in C,, (Fig. la, lb). This observation allows the determination of 
the solubility limit curve of C,, in the phase Po (C,,) (Fig. 4). 

The D.T.A. curves, which have been obtained from intermediate solid solutions B;, 
B; and fl;  (Fig. lc, Id, le), are identical to those observed on the terminal solid 
so1utions:however the first small peak is not present. 

These joint thermodynamic and structural studies allow the determination of the 
whole of solid-solid and solid-liquid transition temperatures and to establish the 
C,,:C,, phase diagram (Fig. 4), using also the results that we have earlier obtained at 
293 K'. 

The temperature of the transition Po(C,,) + 

4. CONCLUSION 

The calorimetric and X-ray analyses of the binary mixtures C,,:C,, indicate the 
existence of nine solid single-phase domains of equilibrium: 

i) four terminal solid solutions: 

lo (C,,) and flO(C,,), orthorhombic Pbcm 
Po (C,,) and /lo(C,,), with the orthorhombic structure of C,, and C,,, observed 
above the transition 6. 

The Po (C,,) undergoes an eutectoid decomposition above 293 K: 

ii) three intermediate solid solutions f l y ,  P;, fl; ,  0rthorhombic:the phases fl'; and B; 

iii) with increasing temperature, two total miscibility fields: 
are isostructural'. 

- fl ,  orthorhombic Fmmm:a second order transition which is characterized by the 

- a-RII, rhombohedra1 RJm. 
Rotator RI state is observed in this phase. 

Our results complete the literature diagramsg-', which only presented two solid 
single-phase domains. They also confirm the generalization of thermodynamic and 
structural behavior in the binary mixtures of consecutive n-alkanes which has been 
established by DIRAND et ~ 1 . ' .  
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