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Structural Behavior of n-Tricosane and
n-Pentacosane Mixtures at 20°C

B. JOUT!}, J.-B. BOURDET, M. BOUROUKBA and M. DIRAND

Laboratoire de Thermodynamique Chimique et Appliquée Ecole Nationale Supérieure des Industries
Chimiques Institut National Polytechnique de Lorraine 1, rue Grandville-BP 451-54001 Nancy Cédex
(France)

( Received March 13, 1995)

The study of the n-tricosane (n-C,3H,z): n-pentacosane (n-C,,Hs,) mixtures was carried out using X-ray
analyses. In spite of what is found in the literature, the X-ray diffraction results show the presence of six
orthorhombic solid solutions when the molar concentration in n-pentacosane increases: three terminal solid
solutions, denoted f,(C,3), fo(C,3) and ,(C,s), isostructural with n-tricosane and n-pentacosane struc-
tures and three orthorhombic intermediate phases, denoted 81, f and B3. On the basis of powder X-ray
patterns, the phases 81 and # are indistinguishable and they are isostructural with the solid solution §” of the
binary systems n-C,,H,q: n-C,,Hsq and n-C,,Hsy: n-CysHs,. The orthorhombic intermediate solid
solution ' is also isostructural with the phases | and f, of the binary systems n-C,,H,q: n-C,,H, and
n-C,4Hsy: n-C,6Hs,. The six solid solutions ranges are determined by the X-ray patterns examination of
twenty seven mixtures at 20°C.

Keywords: Powder X-ray diffraction, Ca3, Czs and Ci3:Cas mixtures, intermediate
solid solutions.

INTRODUCTION

An estimate of the crystallisation point of fuels is possible only when the thermo-
dynamic properties of the pure components and their respective mixtures are known.
Moreover, the thermodynamic properties of normal paraffins are closely related to
their structural properties. This has prompted a number of crystallographic studies
with the aim of determining a relationships between properties and structures.

In our laboratory we are currently undertaking joint thermodynamic and structural
studies on the liquid/solid and solid/solid equilibria occurring in the pure n-alkanes
found in fuels'~® and in their mixtures.*> The binary phase diagrams of two even-
numbered n-alkanes [n-docosane (n-C22Ha4¢): n-tetracosane (n-C24Hs0)],%7 and [n-
tetracosane (n-Cz4Hso): n-hexacosane (n-C26Hs4)]® and of an odd-numbered n-
alkane with an even-numbered n-alkane [n-tricosane (n-C,3Hasg): n-tetracosane
(n-C24Hs0)]° have been determined. In spite of what is generally found in the
literature,' '8 two consecutive even-numbered n-alkanes do not form a continuous
homogeneous solid solution at “low temperature.” The studies of Smith,'? Luth,??
Gerson and Nyburg,?! and our laboratory*™® show the existence of two limited
terminal solid solutions, which have the structure of the pure n-alkanes, and the
presence of many orthorhombic intermediate phases.
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This work deals with the structural behavior of the binary odd-numbered alkanes
mixtures [n-tricosane(n-C23Hasg): n-pentacosane (n-C»sHso)] (hereafter denoted by
C,3 and C35) as a function of the molar concentration up to a concentration of 100%
n-Czs, which has been studied by Retief et al..??

EXPERIMENTAL METHODS

The mixtures have been prepared by melting together appropriate proportions of
n-tricosane and n-pentacosane. The two n-paraffins were purchased from the Aldrich
Chemical company; their purity grade was analysed by gas chromatography and was
found to be 99% for n-pentacosane and over 99% for n-tricosane, respectively.

X-ray diffraction experiments were carried out on powder samples using the Cu K,
radiation. The X-ray patterns were made with a GUINIER DE WOLFF NONIUS
camera, which provides both a clear separation of the wide angle BRAGG reflections
and observation of the structural behavior with concentration. The exposure time was
24 h, using an X-beam, obtained with a 10 mA filament, at 50kV voltage. The spacings
on the X-ray patterns were measured with an accuracy of 0.25 mm for distances ranging
from 10.5 to 125 millimeters. The calibration was obtained with spectroscopic pure
gold as standard.

STRUCTURES OF TRICOSANE AND PENTACOSANE

Smith,?? Teare,?* Heyding,?® Gerson,?® Denicolo?” have identified the structures of
odd-numbered n-paraffins and allotted them the orthorhombic standard space group
Pbcm n° 57.

At 20°C, the two n-paraffins (C23 and C;s) exhibit an orthorhombic (Pbcm)
structure, denoted f,(C23) for the n-tricosane and ,(C2s) for the n-pentacosane.

The lattice spacings determined both experimentally and by calculation, as well as
the intensities of the BRAGG reflections obtained from the X-ray patterns (Fig. 1)
performed at temperature 20°C and calculated are listed in Table I. The intensities were
calculated with help of the Lazy Pulverix?® program using the data (Pbcm) from
Smith.?3

Table IT compares the experimental crystalline parameters of $4,(C23) and ,(C2s),
with those published by Gerson.?®

STRUCTURAL BEHAVIOR VERSUS C,; CONCENTRATION
AT TEMPERATURE 20°C

Variations in the BRAGG diffraction patterns are noticeable on the X-ray photo-
graphs for molar concentrations of Czs of 2%, 3%, 30%., 50%, 80%, and 95%
respectively (Fig. 1).
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FIGURE 1 X-ray powder photographs taken with a Guinier de Wolff Nonius camera for several C,,—C,
mixtures when the molar concentration in n-pentacosane increases.

The lattice spacings and the intensities as experimentally recorded are listed in
Table IIT and Table IV. These values demonstrate the existence of the four solid phases,
denoted B (2%), B1 (3%), B’ (30% and 50%), B4 (80%), and two terminal solid solutions
Bo(C23) and B,(C2s) (95%).

The structures are orthorhombic with the parameters listed in Table III and
Table IV. It is interesting to compare the results of the X-ray diffractions (Table III and
Table IV) about the structures of these fo, B1, B', f5 phases, with the results obtained on
powder samples of the terminal solid solutions §,(C23) and B,(C2s).
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TABLEII

Lattice parameters of tricosane and pentacosane at 20°C

Bo(n-Cy3H,,) Bo(n-C,sHs;)

Parameters This Work GERSON This Work GERSON

(21) 21
a(nm) 0.494 0.4968 0.496 0.4962
b(nm) 0.745 0.7441 0.745 0.7442
¢(nm) 6.226 6.2369 6.7505 6.724
a(”) 90 90 90 90
B 90 90 90 90
() 90 90 90 90

A COMPARISON BETWEEN THE X-RAY PATTERNS
OF po f,(C23) AND Bo(C2s)

Variation of the X-ray patterns from the terminal solid solution
B(C2:) to fo versus the Czs concentration

The behavior of the “low temperature” orthorhombic structure of tricosane, noted
Bo(C23), with the Pbcm space group?*:2# as observed on the mixture with the molar
concentration 0.5% C;s, varies when the molar concentration of Cs is equal to 2%
(Fig. 1, Table I1I}):

i) the lines d = 0.229 nm (1024), 0.1765nm (2 1 23) disappear
ii) the lines d = 0.237 nm, 0.1675 nm appear
iii) the intensity of the BRAGG diffractions d = 0.221 nm(1 3 0) increases.

Similarity between #; and f(C2s)

The above modifications are similar to those recorded by UNGAR?%*? and HAS-
NAOUI® in their studies of the pure C,; structural behavior as a function of
temperature. In this particular case, they also correspond to the 4 transition:
Bo(C23)— Bo(C:3), as observed by SNYDER?!. These observations allow us to say
that the f5(C23) and the fo are identical. The phase fio in the mixture is actually the
solid high temperature terminal solution of C,s in £6(C23). An increase in the disorder
of the crystallographic structure of C,3 is produced by the presence of a few percent of
C.s which can therefore be said to have the same effect as temperature; this behavior
has also been observed in the binary mixtures [C;3:Cz4] by SABOUR?®, when the
concentration of C,4 increases in Cas.

STRUCTURAL VARIATIONS FROM THE TERMINAL PHASE g,
TO THE INTERMEDIATE PHASE g4

The mixture with a molar concentration of 3% Cj,s exhibits the orthorhombic
structure of the intermediate f1 phase. As compared with Bo, this is reflected by the
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following modifications of the X-ray patterns [(Fig. 1) and Table III]. The lines
corresponding to the following d values disappear: 0.219nm {1 124),0.200 nm (1 2 23),
0.195nm (1224), 0.190nm (1225), 0.170 nm (1 323), 0.165 nm (1 3 25), while the lines
corresponding to the following d values appear: 0.215nm, 0.210nm, 0.203 nm,
0.198nm, 0.193 nm, 0.189 nm, 0.170 nm, 0.167 nm.

STRUCTURAL VARIATIONS FROM g7 TO g

The mixture with a molar concentration of 30% C;s exhibits the orthorhombic
structure of the intermediate phase f'. As compared with the 1 phase, this is reflected
by the following values [(Figure 1) and Table III].

i} the lines corresponding to the following d values disappear: 0.167 nm, 0.1675 nm,
0.170 nm, 0.189 nm, 0.193 nm, 0.198 nm, 0.203 nm, 0.210nm, 0.215 nm.

ii) while the lines corresponding to the following d values appear: 0.164nm,
0.165nm, 0.168 nm, 0.191 nm, 0.195nm, 0.199 nm, 0.201 nm.

STRUCTURAL VARIATIONS FROM g; TO g

The mixture with a molar concentration of 80% C;s exhibits the orthorhombic
structure of the intermediate phase 7 (Table IV, Fig. 1).

On the basis of powder X-ray diffraction photographs (Fig. 1, Table IV), both 7 and
p3 intermediate solid solutions are indistinguishable except when considering the
¢ parameter variation, thus they are isostructural.

The variations of the X-ray patterns between f3 and §' intermediate solid solutions
are identical to those observed with f1 and f’ (Fig. 1, Table III and IV).

STRUCTURAL VARIATIONS FROM THE TERMINAL SOLID SOLUTION £,(C2s)
TO THE INTERMEDIATE PHASE p:

The behavior of the low temperature orthorhombic structure (space group Pbecm?23-24)
of C;5, noted B,(C35s), is characterised for a mixture with a molar concentration of 95%
C,5 as shown in Figure | and Table IV. When the molar concentration of Cas
decreases from 95 to 80%, the following modifications of the X-ray patterns have been
observed:

i) the lines corresponding to the following d values disappear: 0.229 nm (10 26),
0.219nm(1126),0.199 nm (1 225),0.195nm (12 26),0.190 nm (1 227),0.1765 nm
(2125),0.1705 nm (1 325), 0.165nm (13 27).

ii) while the lines corresponding to the following d values appear: 0.214nm,
0.210nm, 0.203 nm, 0.197 nm, 0.192 nm, 0.189 nm, 0.1685 nm, 0.167 nm, 0.1665
nm.

iil) the intensity of the BRAGG diffractions corresponding to d = 0.221 nm (1 30)
increases (Fig. 1, Table IV).
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DOMAINS OF EXISTENCE OF SOLID SOLUTIONS AS A FUNCTION
OF THE C.s CONCENTRATION AT A TEMPERATURE OF 20°C

We have prepared twenty seven mixtures with increasing Cs molar concentrations in
order to determine:

i) The solubility domains of C;s in the §,(C23) and fo(C23) structure of Ca3.

i) The domain of existence of the three intermediate phases i, f', 2 and the

solubility domain of C,3 in the f,(C2s) structure at 20°C (Table V).

The terminal solid solution £,(C2)
The X-ray patterns corresponding to the mixtures with C,s concentrations ranging
from 0% to 0.5% show the lines of the orthorhombic structure §,(Cz3).

The fo(C2) solid solution

For concentrations of at least 1.5% in C;s, the reflections characterizing the ,(Cz3)
structure, (1 024) and (2 1 23), have completely disappeared (Fig. 1). That is the $6(C23)
single-phase domain, whose structure is observed in C,3 above o transition.

The g7 intermediate solid solution

Bi exists as a single-phase for a molar concentration higher than 3% in C;s. The
Bo(C23) reflections have disappeared (Fig. 1). The concentration domain extends up to
S mole % in Cs.

The §’ intermediate solid solution
f’ exists as a single-phase between 22.25 and 50 mole% of C,s. The reflections
belonging to 1 have disappeared (Fig. 1).

TABLE V

Domains of existence of solid solutions versus n-pentacosane concentration at a temperature of 20°C

Molar Concentration Solid Solution Molar Concenration Solid Solution
(% in n-C,5) (% in n-C,)

0.5 Bo(n-Cj3) 54 B +8;

1 Bo(n-C,3) + fo(n-C,3) 60 B +B;

15 Bo(n-Cy3) 70 B+ 83

2 Bo(n-C53) 75 B

25 Bo(n-Cy3) + By 80 B

3 8 85 B3

4 f 88 B

o Bi+p 90 B+ Bol-Css)
20 Bi+8 91.5 3 + Bo(n-Css)
22.25 B 92 B3+ Bo(n-C,s)
25 g 93.5 B3+ Bo(n-Cas)
30 B 95 Bo(n-Cy)
40 B 100 Bo(n-Css)
50 B
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The f: intermediate solid solution

B4 exists for molar concentrations ranging from 75 to 88 mole % in C;s. The reflections
belonging to the 8 phase have disappeared (Fig. 1). % and 1 show identical X-ray
pattern. Then these two phases are isostructural.

The terminal solid solution £,(Cas)

The X-ray patterns made on the mixture with C,s concentration ranging from 100% to
95% correspond of the §,(C2s) orthorhombic structure of Cs.

s B . v B

e | L o
Pocwy g, i P e A" 7
: : : : B
] X ] : | Gomnnnnd > G P
n-CpHyg 0.75 1 125 2 2.25 275 3 6
% n-CysHs,
N e o
B : B : + B" + Bo(C2s)
B" Bo(Cas)
....... >_<>_<>—<>___<)_<>
225 53 73 88 95 100
°’on-C25H51

FIGURE2 Domains of existence of phases for binary mixtures of C,;-C,5 as a function of molar
concentration in C,; at 20°C.

A COMPARISON BETWEEN g1, g2 AND g’ WITH THE INTERMEDIATE
PHASES OBSERVED IN BINARY MIXTURES OF OTHER N-ALKANES

On the basis of powder X-ray diffraction photographs (Fig. 1; Table III and Table 1V)
the following results are established:
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i) the orthorhombic indistinguishable intermediate phases ' and f", are isostructural
with the second Jntermedlate solid solution B”, observed in the binary systems
[C: C24] " and [Ch: Czé] and with §", which appears also, in the [C,,:C,,] and
[C,:C,,] binary mixtures near the termmal solid solution B,(C,;) when the solute
concentration increases in C,;."

ii) the second intermediate phase B is also 1sostructura1 with the flrst intermediate
phases 3, and , observed in the [C,;: C,J"" and [C,,: Cyl systems and with the
first intermediate phase 3, detected in the [C,,:C,,] systems.

CONCLUSION

X-ray diffraction patterns allow us to determine the domains of single-phase existence
from 0% to 100% in C2s. At 20°C there are (Fig. 1 and Fig. 2):

i) three domains of terminal solid solution.

+ 0 < x<0.75%: terminal solid solution B,(Cz3), orthorhombic Pbcm.

+ 1.25 < x < 2.25%: terminal solid solution f5(C23). [t is the orthorhombicstructure
of C33, observed above the ¢ transition, (high temperature form of C,3).

+ 95 < x < 100% terminal solid solution f,(C3s), orthorhombic Pbcm.

ii) three domains of intermediate solid solutions:

+ 3 < x < 6%: intermediate solid solution f1, orthorhombic.

+ 22.25 < x < 53%: intermediate solid solution f’, orthorhombic.

« 73 < x < 88%: intermediate solid solution f3, orthorhombic. B and f% are
isostructural.

As for binary systems of consecutive even-numbered alkanes, it appears from our
work that mixtures of the consecutive odd-numbered [C,;:C,] n-alkanes do not form a
continuous homogeneous solid solution as that was presented in literature.” On the
contrary, ~ll these n-alkanes binary mixtures are molecular alloys and their behaviors
present similarities with these of metal alloys.
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