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Abstract 

X-ray diffraction patterns of binary mixtures of normal tricosane and tetracosane at 20°C 
(powder method) show the presence of two new phases, here denoted p’ and /I’, . The crystal 
structure of these phases is orthorhombic; the structure of the /I’ phase is isomorphous with 
the tricosane fi’ phase observed after the 6 transition. With increasing temperature and 
concentration, the experimental observations, both by X-ray diffraction and differential 
thermal analysis, made it possible to modify the binary phase diagram of n-C,,Pn-C2,. 

Keywords: Binary system; DTA; Tetracosane; Tricosane; XRD 

1. Introduction 

An estimate of the crystallization point of fuels is possible only when the 
thermodynamic 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 crystallo- 
graphic studies with the aim of determining the relationships between properties 
and structures. 

In our laboratory we are currently undertaking joint thermodynamic and struc- 
tural studies on the liquid/solid equilibria and transformations in the solid state 
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% n-C2.+Hs0 
n-Cd-60 

Fig. 1. Phase diagram of n-C,,H,spn-C2,H,, mixtures as suggested by Denicolo et al. [ 111. 

occurring in the pure n-alkanes found in fuels [l-3] and in their mixtures [4-81 for 
which Mazee [9] and Turner [IO] have proposed phase diagrams. This work deals 
with the structural behaviour of tricosane n-C,,-tetracosane n-C,, mixtures as a 
function of molar concentration, up to a concentration of 75% n-C,,. 

Denicolo et al. [ 1 l] suggested a phase diagram (Fig. 1) which provides the 
following information. 

(1) The orthorhombic terminal solid solution C, shows a homogeneity range up 
to 75 mol% of tetracosane n-C,, at low temperature. Its structure is that of the B,, 
tricosane n-C,, . 

(2) Only two transformations take place in the solid state of tricosane n-C,, 
when the temperature is increased: C, + RI + crRI1. 

However, Ungar and Masic [ 121 found four transitions: /$(C,) + 8’ + fl+ 
RI --f aRI1, and these results were later confirmed by Hasnaoui et al. [5]. 

These contradictory results suggest that the n-C,,-n-C,, phase diagram is more 
complex than the diagram shown in Fig. 1. 

2. Experimental methods 

The mixtures were obtained by melting appropriate proportions of tricosane and 
tetracosane. The two n-paraffins were supplied by the Aldrich company; their purity 
grade was analysed by gas chromatography and was found to be 99% for tetra- 
cosane and >99% for tricosane. 



A. Sabour et al.lThermochimica Acta 249 (1995) 269-283 211 

X-ray diffraction experiments were carried out on powder samples using the Cu 
Ka radiation. 

The X-ray patterns were made with a Guinier de Wolff Nonius chamber, which 
allows both a clear separation of the wide-angle Bragg reflections and observation 
of the structural behaviour with concentration. The exposure time was 24 h, using 
an X-beam obtained with a 10 mA filament, at 50 kV voltage, using a copper 
anti-cathode. The spacings on the X-ray patterns were measured with an accuracy 
of 0.25 mm. 

The X-ray diffractograms obtained by means of a C.G.R. goniometer are more 
sensitive at small angles, thus allowing more accurate analysis of the long axis in the 
c direction of the molecular chain. The calibration was obtained using the (1 1 1) 
and (2 0 0) Bragg reflections of the face-centred cubic structure of pure aluminium, 
of which the sample holder was made. The Bragg angles were measured with an 
accuracy of 1/20th of a degree. 

The sample holder was equipped with a heating cell and the samples were held at 
constant temperature ( f 0.05C) during the X-ray diffraction measurements. 

The differential thermal analysis (DTA) experiments were performed using a 
Setaram DSC 111G calorimeter. 

We used both X-ray diffraction and DTA to determine the solid transition 
temperatures. 

3. Structures of tricosane and tetracosane 

Keller [ 131, Broadhurst [ 141, and Heyding et al. [ 151 have described the differ- 
ences between the orthorhombic and triclinic structures of odd-numbered and 
even-numbered n -alkanes respectively. Nyburg and coworkers [ 16- 191 have iden- 
tified the structures of even-numbered n-paraffins (n = 10, 12, 14, 16, 18) and 
allotted them the triclinic space group Pi. 

At 2O”C, n-C,, tricosane and n-C,, tetracosane respectively exhibit orthorhom- 
bit (Pbcm) and triclinic (Pi) structures, denoted & and y which seem to corre- 
spond to the terminal solid solutions C,, and C, in the diagram given in 
Fig. 1. 

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. 2) and 
from the diffractograms (Figs. 3 and 4) performed at room temperature (2O”Q are 
listed in Table 1. 

Table 2 compares the experimentally determined crystalline parameters of /I0 

n-C*, and y n-C,,, with those that were extrapolated to 20°C on the basis of the 
values published by Denicolo et al. [20]. 

With increasing temperature, solid phase transitions occur in the n-C,, tricosane 
and n-Cz4 tetracosane. 

(1) The triclinic phase y (n-C,,) undergoes a transformation which gives the 
rhombohedral structure x-RI1 (RTm), also seen in even-numbered alkanes with 
n = 2p (p > 10 (11, 20, 21)). 
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Fig. 2. X-ray diffraction patterns made with a Guinier de Wolff Nonius chamber for n-C&n-C,. 
mixtures: a, n-CZ3; b, OS’% n-C,,; c, 2.5%1 n-Cz4; d 10% n-r&; e, 1.5% n-C,,; f , 3% n-C ,- 24; g, 5% n-q4 
h, 4% n-C,,; i, 90”/0 n-C,,; j, n-CzI; k, 80% n-C,,. 

1 

22 21 20 19 18 17 16 15 14 13 12 11 10 9 8 7 
e/degree 

Fig, 3. X-ray diffractogram of tricosane n-C,, at 20°C (Cu Ku). 
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Fig. 4. X-ray diffractogram of tetracosane n-C2, at 20°C (Cu Kr). 

(2) Doucet et al. [21], Ungar and Masic [ 12,221, Snyder and Maroncelli [23] and 
Hasnaoui et al. [5] characterized the solid phase transitions in the n-C,, tricosane 
by X-ray diffraction and DTA 

&I n-c,, --) fi’+fi -+ RI -+ RI1 --f liquid 

6 transition +Rotator phases- 

~31 < , 

- -orthorhombic phases- rhombohedral 

R3m 

4. Structural behaviour versus tetracosane concentration at room temperature, 20°C 

Variations in the Bragg diffractions can be noted on the X-ray patterns (Fig. 2, 
patterns b,c,d), depending on n-C,, concentrations for molar concentrations of 
0.5%, 25% and 10% n-C,,, respectively. 

The lattice spacings and the intensities as recorded experimentally are listed 
in Table 3. From these values we can conclude that the structure of these 
phases, denoted p’ 2.5% and /3’, 100/u, are orthorhombic; the parameters are listed in 
Table 4. 
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Table 1 
Lattice spacing determined both experimentally from the X-ray patterns and by calculation 

Tricosane Tetracosane 
a = 0.4958 nm b = 0.7447 nm c 2 6.2154 nm a = 0.411 nm b = 0.7447 nm c = 6.2154 nm 
C! = 90’ B = 90” ‘i = 90” c( = 97.24 B = 72.82” = 107.76” 

hkl Lpi L,l 
nm nm 

I ohs hkl 

006 
008 
00 10 
00 12 
00 14 
110 
113 
115 
020 
023 
025 
1 1 10 
I1 II 
120 
200 
207 
210 
216 
130 
134 
138 
220 
228 
229 
22 10 
22 11 
22 12 
22 13 
042 
04 11 
230 
235 
147 
302 
312 

323 
I 5 10 

1.0398 
0.7688 
0.6145 
0.5180 
0.4431 
0.412 
0.4036 
0.388 
0.3704 
0.3630 

0.353 
0.341 
0.332 
0.2961 
0.2462 

0.2330 
0.2279 
0.2209 
0.218 
0.2120 
0.2056 
0.2012 

1.0401 
0.7788 
0.619 
0.5185 
0.4438 
0.4139 
0.4059 
0.3928 
0.3739 
0.3679 

0.358 I 
0.344 
0.3341 

0.2987 
0.2485 
0.2393 
0.2358 
0.2279 
0.2228 
0.2205 
0.2142 
0.2069 
0.20 
0.198 
0.1951 
0.1927 
0.1910 
0.1884 
0.1866 
0.1768 
0.1759 
0.1742 
0.1716 
0.1654 
0.1615 
0.1510 
0.1410 

M 001 
M 002 
M 003 
M 004 
W 005 
vs 010 
s 011 
S 012 

VS 013 
M 101 
M 1oi 

W 016 
W 111 

S 016 
S 113 

021 
M 123 
M 217 
S 
M 
M 

S 
W 

3.0648 
1.5223 
1.0108 
0.7621 
0.6061 
0.4571 
0.4497 
0.4345 
0.411 
0.3814 

0.3572 
0.3503 
0.3476 
0.337 
0.2578 
0.2270 
0.2112 
0.1596 

1.521 
1.014 
0.760 
0.608 
0.4568 

0.4495 
0.434 
0.412 
0.3812 
0.3577 
0.3508 
0.3474 

0.3373 
0.2578 
0.2271 
0.2113 
0.1595 

I ohs 

M 
M 
M 
M 
M 

S 
S 
M 

M 
S 

S 
M 
M 
W 
M 
M 
W 
M 

0.1941 

0.191 

0.1857 
0.1764 
0.1143 
0.1132 
0.1699 
0.1646 
0.1603 
0.1502 
0.1398 

_ 

W 

W 

M 
M 
M 
M 
S 
S 
S 
S 
S 

The lattice parameters were determined with a relative error of 0.3%. Key: W, weak; M, medium; S, 
strong; VS, very strong. 
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Table 2 
Lattice parameters of tricosane and tetracosane at 20°C 

Parameters PO n-C&,, Y “-C,&, 

Denicolo 
et al. [20] 

This work Denicolo 
et al. [20] 

This work 

a/nm 0.497 0.496 f 0.0015 0.405 0.411 * 0.0015 
b/nm 0.7478 0.745 f 0.002 0.4801 0.480 + 0.0015 
c/nm 6.2310 6.215 k 0.02 3.284 3.20 f 0.02 

;;: 90 90 90 90 97.24 72.82 97.24 72.82 
ri” 90 90 107.76 107.76. 

It is interesting to compare the results of the X-ray diffraction measurements, 
Table 3, as regards the structures of these j?’ and p’, phases, with the results 
obtained with a powder sample of the terminal solid solution /&, n-C,,. 

5. A comparison of the X-ray patterns of the /I’ phase and of the & and fi’ n-C,, 
phases 

5.1. Variations on the X-ray patterns from the terminal solid solution PO n-C,, to 
phase f3 

The behaviour of the low-temperature orthorhombic structure of tricosane, B,, 
with Pbcm space group [24], as observed in the mixture with 1.5% n-Cz4 molar 
concentration, varies as shown in Fig. 2, patterns a,c,e, and Table 3: lines (2 1 6) 
and ( 1 5 10) disappear; line (2 0 7) appears; the intensities of the Bragg diffractions 
( 1 3 0) and (2 3 5) increase; and the intensities of the lines (0 4 11) and ( 1 4 7) 
decrease. 

5.2. Similarity of p’ and p’ n-C,, phases 

The above modifications are similar to those recorded by Ungar and Masic 
[ 12,221 and Hasnaoui et al. [5] in their studies on the structural behaviour of n-C,, 
tricosane as a function of temperature. They also correspond, in this particular case, 
to the 6 transition (&-+/I’), also observed by Snyder [23]. This observation allows 
us to state that the fi’ n-C,, phase and the 8’ phase are identical. The p’ phase in 
this mixture is actually the solid terminal solution of n-C,, in the high-temperature 
p’ n-C,, phase. An increase in the disorder of the crystallographic structure of 
tricosane is produced by the presence of a few percent of tetracosane which can 
therefore be said to have the same effect as temperature. 
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Table 4 
Variations in the lattice parameters of the mixtures as a function of tetracosane concentration 

Parameter B0 n-G, 

Molar concentration 0% 
of n-c,, 

ajnm 0.496 & 0.0015 
blnm 0.745 + 0.002 
cjnm 6.215 + 0.02 

Bo 8’ B; 

0.5% 2.5% 10% 

0.496 k 0.0015 0.496 * 0.0015 0.496 k 0.0015 
0.745 + 0.002 0.4475 * 0.0015 0.4475 * 0.0015 
6.215 k 0.02 6.2365 + 0.02 6.30 + 0.02 

6. Variations from the j?’ phase to the intermediate j?; phase 

The mixture with 10% n-C& molar concentration exhibits the orthorhombic 
structure of the intermediate b’, phase. As compared with the fl’ phase, this is 
reflected by the following features (Fig. 2, patterns c,d, and Table 3) : lines ( 1 3 4), 
(0 4 1 l), ( 1 4 7), (3 0 2) and (2 2 I), where I = 2n (4 < n < 6), disappear; line ( 1 3 8) 
widens; intensities of lines (3 1 2) and (3 2 3) decrease; intensity of line (2 3 0) 
increases; lines (2 2 Z) appear, where I = 3n + 2k, n = 3 (0 < k < 2). 

7. Domains of existence of solid solutions as a function of tetracosane concentration 
at room temperature, 20°C 

We have prepared twelve mixtures with increasing n-C,, molar concentrations in 
order to determine the solubility domain of tetracosane in the PO and 8’ structures 
of tricosane, the domain of existence of the new intermediate b’, phase, and the 
two-phase domains, /$, + B’, p’ + fi’, at room temperature, 20°C. 

In order to estimate the domains of one-phase and two-phase concentration, we 
use as a criterion the average distance d between the stacking planes of a layer of 
molecules, this value being obtained from the values of the (0 0 /)-type diffraction 
lines on the X-ray patterns: in one-phase domains, a linear increase of this value 
can be noted, depending on the n-C,, concentration (Fig. 5); in two-phase domains, 
the phase ratio alone varies, whereas the crystalline parameters remain constant 
(Fig. 5). 

7.1. The terminal solid solution PO 

The X-ray patterns made for the mixtures with n-C,, concentration ranging from 
0.5% to 1.3% correspond to the PO orthorhombic structure of n-C,,. 

7.2. The p’ solid solution 

From the 2% concentration in n-C,,, the reflections characteristically belonging 
to the PO structure lines (2 1 6) and ( 1 5 10) have completely disappeared (Fig. 2, 
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3.13 

E 
?T 

3.12 

3.10 
0 12 3 

n-Gdb 

i 
4 5 6 7 8 9 10 11 12 

% n-C24H50 

Fig. 5. The lattice spacing d variation between the stacking planes of a layer of molecules, as a function 
of n-C,, molar concentration for solutions rich in n-Cz3 (d = c/2). 

pattern f). We enter the /II’ one-phase domain which in tricosane n-C,, is observed 
after the 6 transition. This /I’ domain extends up to the molar concentration of 
3.5% in n-C,,. 

7.3. The fY, intermediate solid solution 

This fi; phase exists in the one-phase state for the molar concentration higher 
than 5% in n-C,,. The reflections belonging to the /I’ phase have disappeared (Fig. 
2, pattern g) and the domain extends up to 75% molar concentration in n-C,,. 

Both the observation of the X-ray diffraction patterns and the study of the 
variations of the distance between the stacking planes allow us to determine the 
domains of existence from 0% to 75% in n-C,, at 20°C (Figs. 5 and 6): 

n-G3b 

8; (Co) : Y Y 

> : 1 

70 _ SO 9a 

n-Cd-b0 
% n-Cz4Hm 

Fig. 6. Domains of existence of phases for binary mixtures of n-C,,Pn-C,, as a function of molar 
concentration in n-C,, at 20°C. 
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(1) Three one-phase domains: 0 < x < 1.5%, orthorhombic terminal solid solu- 
tion PO n-C,,; 1.8 < x < 4%, 8 solid solution, having an orthorhombic structure, 
isomorphous with the structure of tricosane n-C,, observed after the 6 transition; 
4.8 < x < 75%, intermediate solid solution, p’, orthorhombic structure. 

(2) Two two-phase domains: 1.3 < x < 2%, fl,, n-C,, + fi’ (Fig. 2, pattern e); 
3.5 <x < 5%, j?’ + p’, (Fig. 2, pattern h). 

Beyond x = 75%, we observe the same results as Denicolo et al. [ 111. 

Time - Time - 

b d 1 
I I ,d / I 

Fig. 7. DTA curves of n-CZ3H,, -n-C,,H,, mixtures. Compositions are given in molar concentration of 
rz-C&H,,,: a, 0.5%; b, 1%; c, 1.5%; d, 2.5”/0, e, 5%. 
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8. Structural behaviour with increasing temperature and n-C,, molar concentration 

The differential thermal analysis was performed on twenty binary mixtures heated 
at a rate of O.S’C min-’ from 8°C up to above the liquidus. The DTA curves for 
different concentrations are shown in Fig. 7. The solid phase structures were 
characterized by X-ray diffraction analyses on samples from either side of DTA peaks. 

The sequence of peaks for the first terminal solid solution & n-C,, (Fig. 7a,b) is 
similar to that obtained in pure n-C,, tricosane [ 12,21-231 

PO n-C*, + 8’ + fi + RI -+ RI1 + liquid 

6 transition t-Rotator phases- 

1231 < , 

t----orthorhombic phases- rhombohedral 

R3m 

The solid phase succession from low to high temperatures for the second terminal 
solid solution fi’ corresponds to the results (Fig. 7c,d) 

1 

’ + /I’, + p + RI -+ RI1 + liquid 

‘orthorhombic phases, rhombohedral 

R3m 

The intermediate phase /Y, undergoes peritectoid decomposition 

/?; -+fl’+fi at 39.3 fO.l”C 

The simple thermal analysis with decreasing temperature from the liquid state to 
room temperature shows the existence of this invariant point (Fig. 8). 

r 

lime - 

Fig. 8. Simple thermal analysis curve (binary mixture of I .5X n-C,,H,,) 
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Above the two-phase domain (j?’ + fl), the orthorhombic solution p appears and 
transforms into Rotator I (RI), also orthorhombic. Just below the solidus line, the 
rhomboedral ((x-RII) phase exists. 

9. Conclusion - the phase diagram 

The above structural study of n-C,,+z-C,, binary mixtures allows us to establish 
the existence at 293.2 K of two new phases, denoted b’ and fi’,, both having an 

B’1 ‘I 
30 - -x 

Bo--! $ 

I 
-r’ / 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

“-Cz,H, % n-&H,o ~-CZ~HS, 

’ I i 4 5 

n-C23Ha % ~-CIIH,~ 

Fig. 9. Phase diagram of n-C,,H,,pn-C,,H,, mixtures as suggested by our work. 
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orthorhombic structure. The first of these two phases corresponds to the p’ phase 
of tricosane which appears in the pure compound after the 6 transition [23]. The 
second corresponds to an intermediate solid solution. 

With increasing temperature, the experimental observations, together with the 
X-ray diffraction and differential thermal analysis results, show the existence of four 
solid transitions for the two terminal solid solutions &, and fi’ n-C,,; and three solid 
transitions for the intermediate solid solution /I’, , the first of these being a 
peritectoid decomposition. 

These new results made it possible to modify the binary phase diagram of 
n4&n-C,, over the concentration range from 0 to 75 mol% n-C,, (Fig. 9). 
Beyond x = 75%, we observe the same results as Denicolo et al. [ 1 l] except, 
however, for C, which is replaced by /3’, , and the triclinic terminal solid solution C, 
(n-C,,) which is replaced by y. 
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