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Abstract

The solubility of two n-alkanes in commercial organic liquids, such as diesel fuel and jet
fuel represent a problem to industry, because they precipitate in an unpredictable fashion. First
we calculated the metastable enthalpy and entropy of fusion of the low temperature forms of
the n-alkanes. We analyzed the solubility of alkanes n-C22Haes, n-Ca3Has, n-C24Hso and n-
CagHsgin ethylbenzene, m-xylene, n-heptane and gas oil. All systems seem to be close ideal, pos-
sibly with a slight positive deviation. We analyzed the solubility at constant temperature of the ter-
nary system solvent CopHus—C24Hso, C23Hag—Cz4Hso, CizHag-CisHza, CaoH42-CazHas,
C20H42—-C24H50 and CaoH42—Ca8Hss, and looked at cloud points in various ternary systems.
When the difference in the number of carbon atoms in the two alkanes is small, four or less, a
metastable solid solution precipitates from the solvent, If the difference in the number of carbon
atoms is six or more, the ‘equilibrium’ phases, or at least phases with low solubility precipitate.
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Introduction

The solubility of two n-alkanes in commercial organic liquids, such as diesel
fuel and jet fuel represent a problem to industry. They precipitate as waxes and
plug fuel lines. Reddy [1] applied a thermodynamic model to the systems, in
which the properties of the two alkanes were ‘combined’ into one property. Qur
aim is to find the thermodynamic reason, why this unpredictable precipitation
occurs.

First we will obtain the enthalpy and entropy of fusion of the low temperature
form of the n-alkanes from the data of Barbillon er al. [2] and Schaerer et al. [3].
The entropy of fusion explains why the solubility of an n-alkane with an odd
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number of carbon atoms is the same as that of the n-alkane with one carbon atom
less. Using the enthalpy of fusion of the low temperature form of the n-alkanes,
we can calculate their solubility in various solvents, compare them with the ex-
perimental data of Ghogomu ez al. [4], Provost and Dirand [5], Beiny and Mullin
[6], Bronawell and Hollyday [7] and Holder and Winkler [8]. We will use the
Cp(L—s) model for metals and ceramics [9-11], because its results are not differ-
ent when we use the values of C,(s) and C,(L) obtained for various alkanes [12].

Results

We only evaluate other authors experimental data. The origin and purity of the
various compounds are given by these authors. We divide all thermodynamic
data by R, the gas constant, and the temperature is expressed in kK (kiloKelvin).
The units of H, the enthalpy and other energy terms are in kK, and the entropy S
and heat capacity C, are dimensionless.

Binary systems

Table 1 shows the enthalpy of fusion and transition of the various alkanes
from the data of Barbillon ef al. [2], Schaerer et al. [3], Provost and Dirand [5]
and Beiny and Mullin [6]. The metastable enthalpy and entropy of fusion of the
low temperature form of the n-alkanes is obtained by Hp=H;u+Hans and
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Fig. 1 Entropy of fusion per carbon atom, S, /(mR) for n-alkanes, both high H and low L
temperature forms. The data of Beiny (H  in their paper) gives the value for the low
temperature form. C,H,, apparently has only one form, the L form. Value of the hori-
zontal lines: S /m 0.85620.037, S, /m even 1.308+0.034, S /m odd 1.211+0.035
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Trus=Hsud/ Stis (the terms marked with * are the properties of the low tempera-
ture forms). We also calculated the entropies of fusion per carbon atom Sy, /m.
These data are shown in Fig. 1. Sg,/m for all n-alkanes lie on one horizontal line.
The Sqs/m data fall on two separate lines, one for the alkanes with an even num-
ber, the other for alkanes with odd number of carbon atoms. As the solubility
curves are determined by Stus (the stability range of the low temperature form is
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Fig. 2 Solubility of n-C,,H,, and n-C,(Cy, in various solvents. All systems are close to ideal.
‘ideal’: there is no interaction between the alkane and the solvent. The solubility de-
pends only on the properties of the alkane
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Fig. 3 Solubility of n-C,,H 4 and n- C,3C,q in various solvents. All systems are close o ideal.
‘ideal’: there is no interaction between the alkane and the solvent. The solubility de-
pends only on the properties of the alkane

. Thermal Anal., 53, 1998



SOLUBILITY OF n-ALKANES

GHOGOMU et al

$6T°6T
7911 PIig 0r ¥ 665°L L'SOE 7981 L8O Fele LEL'S 1Z
¥'60¢€ AS ! 8'60¢ SOT'8 0t
O 0'€0¢ [L9°€T LI 0962 1991 056°0 T°60¢ 118 61
¥ 10g £8¢°L 81 [¢] ro108Y08
6T
ovT'1 LTEE 0TL'¥E [$S711 (AR LLUY 68L°0 S6°EEE YLE L 8T [¢]1sor01g
LT
61¢'1 6'LT¢ L6T¥E 9¥T 11 9°GZ¢ 6T0V £V8°0 768 L1T'L 9z
YET'I ¢yTe ¥$8°0¢ £10°01 00T¢ L81°¢ 9€8°0 L'9T€ 9289 $T
8L 1 9'7TE LLY 1€ 8T 01 11ze 68L'¢ LER0 ¥4 $67'9 T
017'1 9'81¢ 6£8°LT 1L8°8 Sele 985°T 75870 80T S8T'9 €T
691¢ [
oSl AN 6812 LIS'L 1°50¢ SR6'1 80 Vel ££6°¢ 17
9°60¢ 0T
z0T'1 6'70¢ £E8'TT 9169 196 $9'1 806°0 [so¢ 79T°S 61
S10E 31 [z] uofjicaeg
)| oo b oy | A
\m:.,f_..m E\ *% \Ea:& wrg \AE& .\,Et AUAIAJY

%5 01 1y sauey[e-u Jo swiof arniesedal mo] pue yS1y oy jo uoisny jo Adonus pue Adpyiug 1 ajqer,

J. Thermal Anal., 53, 1998



SOLUBILITY OF n-ALKANES

GHOGOMU ct al.:

woj anjesaduia) moj ay) Jo 9soy) ae , B ITmM payrew sanadoad oy, Jueisuod sed oyl ‘Y AQ pIPIAIP $aNJeA [V

SEO'OF 1121 ppo /g
YE0'0F 80¢°1 uano uf g
LEOOF 958°0 u/ Mg
: | %_v.m Ui SOUtf jeyuozZrioy a3yl Jo Om:m\/
0vel L'LYE 9151 9¢
10€°1 01¥¢ ¢61v1 143 JH
68T'1 £eee 820°C1 8¢ (9] Aurag
Tl 6'LYE 90L vy 1S5°61 €She L98' 0$8°0 16ve ¥89°01 9¢
7°s€€ 9°8¢¢ 0¢
LEL'T 6¥EE Lrve STSII s €LS'E $18°0 9°9¢¢ 7S6'L 67
0621 TEes §219¢  8€0°TL (A €97 [£8°0 pyee 9LL'L 87
1z '8¢ LOLTE  OELOI €07 €/Y'¢ 6080 07 LYTL L7
671 v'8TE €65°¢E TEO'II $97¢ SL]E 5€8°0 $'6T¢ LSTL 97
el 9pTE $CO'1E 180°01 T0TE Sele 0680 L'9TE 5169 7
8 8'7TE €117 L1901 €l voL'E 0S80 8°€T€ £09°9 7
€71 98¢ 16587 6016 LEIg L19T 0880 L'0TE 76¥°9 €7
zeel 8'91¢ $6T6T  08T6 791¢ T65°€ 7¥8°0 TLIE 888°S @
wif™ M w/ Mg WE .v_ _vE u/ Mg .M MV_ 20uaI9J0Y
. ™ ’ /"H 7 A ' /M /"

panuyuo [A[qeL

J. Thermal Anul., 53, 1998



54 GHOGOMU et al.: SOLUBILITY OF n-ALKANES

much larger) this difference in Syi/m explains why the solubility of an alkane
with odd number of carbon atom falls on the curve of the alkane with one less
carbon atoms. The values of the horizontal lines shown in Fig. 1 are also given in
Table 1.

Figure 2 shows the solubility of n-CysHso and n-CysHss In various solvents.
The experimentally determined solubility curves fall on the calculated curves,
calculated from the data of Barbillon er al. [3] and Provost and Dirand [5]. Simi-
larly Fig. 3 shows the solubility of n-CaHus and n-Ciy3Has in various solvents.
The ideal curve was calculated from the data of Schaerer et al. [3] in Table 1,
which as can be seen from Table 1 and Fig. 1 are somewhat different from the
data of Barbillon ez al. {2]. The data of Bronawell and Hollyday [7] and of Holder
and Winkler [8] were read off small graphs. The systems are almost ideal. possib-
ly with small positive deviation. ‘ideal’ means there is no interaction between the
alkane and the solvent: The solubility is independent of the solvent uscd. The
‘ideal’ solubility was calculated using our model for metals and ceramics [9—-11],

as we showed that no difference is found if the heat capacity of the polymers is
used {12].

Ternary systems

FigUI‘C 4 shows the solubility of C;2Hae—Ca3Hsp and Co;Hayy—CoaHsg n Cthyl—
benzene at 290 K, calculated from the data of Ghogomu ef al. [4] in their Table 2.
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Fig. 4 Solubility of n-alkane mixtures C,,~C,, and C,;—C,, in EB at 290 K. Data of Ghogomu
et al. [4].The binary liquid systems are close to ideal. ‘ideal’: there is no interaction be-
tween the alkanc and the solvent. The solubility depends only on the properties of the
alkane
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Fig. § Solubility of C;H,,—C  H;, n-alkane mixtures in Isopar-M at 225 and 235 K. Data of

Affens et al. [13]. ‘pure’: pure C2x precipitates. C2x does not interact with the other al-
kane and the solvent
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Fig. 6 Solubility of C,;H,,~C,,H,, C,yH,5—Cyy Hyppo C,jH,,—~Co Hyy in gas oil at 290 K. Data
of Holder and Winkler {8]. ‘pure’: pure C2x precipitates. C2x does not interact with
the other alkane and the solvent

The ‘pure’ curves assume that each compound precipitates independently of the
other, forming pure solid components: alkane-1 does not interact with alkane-2
or the solvent. The solubility depends only on the properties of alkane-1 resp. al-
kane-2. The lines deviate somewhat from the horizontal resp. vertical, because
when the second component is added, the molfraction of the first component de-
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creases. Where the experimental points exceed the ‘pure’ line, metastable solid
phases are precipitating.

In the C3oHy6—C14Hsp system the specially marked point is close to the inter-
section of the ‘pure’ curves. The composition of the solid dissolved in the ethyl-
benzene is y=0.30 (y being the molfraction of Cy4Hsg in the CouHag—CaqaHsy bi-
nary). This is the composition where in an earlier paper [12] we discussed the
possibility of a metastable miscibility gap between 37 and 3 at 305 K in the
CaHys—CrsHso binary system.

The Cy3H43—C14Hso phase diagram does not show such a pronounced stability
of the intermediate phases as the CsHis—Ca4Hso phase diagram, and no meta-
stable miscibility gap can be drawn. This system precipitates below the pure val-
nes, and only close to Cy4Hso is there possibly a metastable precipitation.

Figure 5 shows the solubility of C3H,s—CiHsa in Isopar-M at 225 and 235 K.
The data were calculated from Table 4 of Affens er al. [13]. We see the same ef-
fects as in Fig. 6.

Figure 6 shows the solubility of C20H42-C22H4g, C30H42—C24H50, and C20H42
—C2sHss in a gas oil at 290 K. The data werc calculated from all the points in the
small Figs 1, 2 and 3 of Holder and Winkler [8]. The results for CysHs,~C2Hug
and CyoHyr—C2sHsg are similar to those in Figs 4 and 5. For the CyyH4>—C»3Hsg bi-
nary the solubility curve drops very rapidly, indicating that no metastable phase
or phases are precipitating.

The metastability is probably caused by the fact, that the compounds are sta-
bilized by a large positive entropy, the enthalpy of formation being also positive.
The precipitation mechanism and crystal growth process must be further investi-
gated.
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