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Estimation of the Enthalpy of Formation of Multialkane Synthetic
Mixtures: Measurement by Mixing Calorimetry and Modeling by the

UNIQUAC Model
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Measurements of the dissolution enthalpies in heptane at ambient temperature were carried out by mixing
calorimetry on multialkane synthetic mixtures with an exponentially decreasing distribution of the
n-alkane mole compositions, as observed in petroleum cuts. These experimental results and those of
literature concerning the pure n-alkane dissolution enthalpies in the same experimental conditions allow
us to determine the enthalpy of the formation of one or several crystallized solid solutions of these mixtures
and thus, to highlight the influence of the characteristic parameters of the paraffinic distribution
(theoretical average chain length, n-alkanes number, monophasic or polyphasic state) on the excess
properties in the solid state. Second, this data bank permits us to test the predictive capacities of the
UNIQUAC thermodynamic model. After modifying the expression of the interaction energy A;; to take
into account the effect of the size difference between the n-alkanes of the mixture and the internal disorder
induced by the n-alkane distribution length, this model gives very good results for the prediction of the
excess enthalpy of complex multialkane samples.

Introduction

Accumulation of waxy deposits is a commonly occurring
problem during the exploitation and the transport of
paraffinic crude oils in very cold regions. Removal of these
undesirable solids increases production costs and could
cause damage to industrial equipment. An adequate ther-
modynamic model to describe solid/liquid equilibrium
would be helpful to predict the solid deposition conditions
and thus to adjust exploitation parameters. In recent years,
more effort has been spent on the development of a
model~* able to represent the solubility and the solid/liquid
equilibrium, and this requires a lot of experimental data.
Consequently, the measurements of the solubility of pure
n-alkanes®~2° (hereafter denoted by C, for simplification,
n being the carbon atom number of the chain) and of
binary,16:27.30 ternary,3® synthetic, and real complex mix-
tures®1=37 of Cps in solvents are numerous because they
constitute an essential data bank.

However there are very few experimental data on the
enthalpies of formation of solid phases formed by complex
multi-C, mixtures. This lack of experimental data does not
allow us to determine the excess enthalpies of these phases
and to improve the mathematical representation of these
excess properties. Indeed, the UNIQUAC model is very
successful with solid phases of simple mixtures of Cps
whose chain lengths are close, but it is not really appropri-
ate for complex systems where the C, chain lengths
disparity can be great.

This paper will bring a contribution to the two aspects
of the problem by:

(1) The experimental measurement of the enthalpies of
formation of solid phases of synthetic multi-C, mixtures,
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differing by their average chain length and the C,, number,
to highlight correlations between the characteristic pa-
rameters of the C, mole compositions distribution and the
evolution of the enthalpy of formation of the solid solutions.

(2) The use of the UNIQUAC model, after adjustment,
for the prediction of the excess values.

Measurement of Dissolution Enthalpies and
Estimation of the Formation Enthalpies of the
Solid Phases of Complex Synthetic Multi-C,
Mixtures

Principle of Estimation of the Enthalpies of For-
mation of Solid Phases. To determine the formation
enthalpies of the solid phases of multi-C,, mixtures, we
undertook the measurement of their dissolution enthalpies
in heptane at ambient temperature (T = 296.15 K) by
mixing calorimetry. To obtain the different thermodynamic
properties involved with the dissolution of synthetic multi-
C,, samples in heptane, we represented the thermochemical
cycle of the dissolution of a polyphasic mixture, at a given
temperature T, in Figure 1. The following general equation
was derived

AgissH(mixture) =
p

q
Z XiAgissH(Cy) + A ﬁ);c - Z AformH(QOj) (1)
K= =

where AgissH(mixture) is the dissolution enthalpy of the
mixture in a solvent, AgissH(Cy) is the dissolution enthalpy
of the pure Cps of the mixture in the same experimental
conditions, AwmH(¢j) is the enthalpy of formation of ¢j in
the solid phase, AHpy is the excess enthalpy in the liquid
phase, p is the C, number in the mixture, q is the phase
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with 1 Agiss H = enthalpy of dissolution of a multi-C,, solid mixture or of a pure solid C,,
Agorm H= enthalpy of formation of a solid solution from pure solid C,,

AH leizc = enthalpy of mixing of pure C,, in the liquid phase

Figure 1. Thermochemical cycle of the dissolution of a multi-C,, polyphasic mixture, at a given temperature T.

number in the mixture, and xi is the C,, mole fraction in
the mixture.

According to literature results,382° the enthalpy of mixing
of Cps in the liquid phase is almost equal to zero and the
mixing enthalpy?4-26:38 of two paraffinic complex liquid
phases is always lower than 1 J-g~%; thus, AHET = 0 for
the multi-C,, mixtures. In a previous paper,3® we deter-
mined the enthalpies of dissolution in heptane of C,s with
chain lengths ranging from 22 to 36 carbon atoms at
ambient temperature (T = 296.15 K) and highlighted (1) a
linear relation between the enthalpies of dissolution and
the n carbon atom number and (2) the athermal character
of the mixing process of a C, in the liquid phase with a
solvent of the same nature.

From experimental enthalpy data of dissolution of pure
Cns and of their multi-C,, mixtures in the same experimen-
tal conditions and according to the eq 1, it is possible to
evaluate the enthalpy of formation of one or several solid
solutions of synthetic mixtures

q p
ZAformH((pj) = Z XiAgissH(Cy) — AgisH(mixture)  (2)
i= K=

The excess enthalpy in the solid phase can be calculated
from the enthalpy of formation and the transition enthal-
pies of the reference states of pure components. Indeed,
the excess enthalpy of a solid phase ¢ is equivalent to the
enthalpy of formation of this phase from the pure constitu-
ents taken in the same crystalline state as that of the solid
phase ¢ at the considered temperature. However, for
polyphasic mixtures, it is impossible to separate the
contribution of each phase to the total measured enthalpy
of formation.

Samples Preparation. Up to now, most of the indus-
trial and commercial multi-C,, samples, which have been
studied in the literature,*°=*4 show a continuous distribu-
tion of consecutive C,, mole compositions of the “normal
logarithmic” type. However, in the petroleum fluids, the
C, mole composition decreases regularly as a function of
the carbon atom number. These synthetic mixtures with a

C mole composition distribution of the “decreasing expo-
nential” type were prepared by mass of the solid pure C;s,
melting, and thoroughly mixing. The homogeneous paraf-
finic liquid solution was allowed to cool at ambient tem-
perature. All the pure C,s used were purchased from Fluka;
their purity grade is =98%, as determined by our gas
chromatography analyses. All the samples were composed
of successive C,s whose mole fraction x,, decreases regularly
according to the recurrence relationship xn+1 = ax,, where
the coefficient oo was fixed at 0.858, which matched the
average compositions observed in waxy crude oils. Seven-
teen multi-C, synthetic mixtures were split them into three
characteristic families:

(i) Family 1:8, monophasic simple systems whose C,
numbers, k, were 2 < k < 6: Cy—Cys5, C2o—Co4, Co3—Cos,
C24—Ca6, C22—Css, C21—Css, C22—Cz6, and C2—Cor.

(ii) Family 2:5, more complex monophasic systems whose
Cn numbers were 7 < k < 11 with distributions going from
C2—Cys to Cy—Csp, which differentiate them by the
addition of heavier C,,.

(iti) Family 3:4 diphasic mixtures whose C, numbers
were 12 < k < 15 with distributions going from C,,—C3;3 to
C2,—Cgz6, Which differentiate them by the addition of
heavier C,,.

(iv) The first short C, of families 2 and 3 was always
C22.

The first part of this experimental study will be focused
on the evolution of the enthalpy of formation of the solid
phases of complex multi-C,, mixtures and on the effect of
the parameters of the paraffinic distribution: theoretical
average chain length, number of components, number of
crystallized solid solutions.

Samples Characterization by X-ray Diffraction. All
the synthetic solid samples were analyzed by X-ray dif-
fraction at ambient temperature (T = 294.15 K) by a
combination of two methods: a Guinier De Wolff Nonius
camera and a counter diffractometer (CGR Theta 60). The
main observation is that the number of crystallized solid
solutions increases with the C, number of the paraffinic
distribution:
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(i) All systems containing 2—11 consecutive Cys (families
1 and 2) form a single solid phase, whose orthorhombic
structure is isostructural to the ' and " ordered inter-
mediate phases of binary and ternary C, molecular
alloys;*5—7 a single periodicity of the molecule layer stack-
ing along the long crystallographic c-axis is observed; it is
equivalent to the chain length of an hypothetical orthor-
hombic pure odd-numbered C,, whose number of carbon
atoms is equal to the n theoretical mean number of carbon
atoms of multi-C, mixtures with an excess value close to
one carbon atom.4%4! Thus, all C,s combine them into a
single molecular layer; the longer molecules bend to insert
themselves between the stacking planes and associate them
with shorter molecules to obtain a single solid solution with
a dense structure.

(i) Samples from C,,—Cgz3 to C,—Cgze (family 3) crystal-
lize in two solid solutions with the same orthorhombic
structure /' but with different mean carbon atom numbers;
the successive addition of heavier C,, to the distribution
induces the instability of the paraffinic system and the
emergence of a second solid solution, richer in high mo-
lecular weight Cps. The increase of the chain-length dispar-
ity into the lamellar structure by gradual extension of the
C, distribution requires two molecular layer thicknesses
to combine all C,s into dense and stable orthorhombic
structures: the chains of the heavy C,, added between each
sample, insert themselves into the crystallographic struc-
ture of the solid phase whose stacking periodicity is
compatible with their own chain length to minimize the
molecular gaps; they crystallize into the new heavy phase,
whose average chain length gradually increases. The
lighter phase, with a lower layer thickness, could not
accommodate these heavy C,s and thus has unchanged
average composition.

Note: The n theoretical average carbon atom number per
molecule of a synthetic mixture is calculated by the
following relationship

with Nmax and Npin, respectively, the carbon atom numbers
of the longest and the shortest C, of the distribution and
Xn, the mole fraction of each C,.

These structural analyses by X-ray diffraction allow us
to confirm that all the solid solutions of the synthetic
samples are in a low-temperature ordered structure, as
pure Cps, at the study temperature of the dissolution
experiments (T = 296.15 K).

Measurement and Operating Conditions. Enthalpies
of dissolution were measured using a Setaram C80 dif-
ferential calorimeter. The calorimeter principle and the
scheme of the cell have been described before.3° The solid
sample and the solvent are initially in two compartments
of the cell, separated by a mercury joint, and the mixture
is made by reversal of the calorimeter. A differential
assembly involves the presence of two cells in the calorim-
eter: the measurement cell, containing the sample to be
analyzed and the solvent, and the reference cell, filled only
with solvent. To accurately measure the enthalpy of
dissolution and to minimize the asymmetry effect of the
two cells (the cells are linked in opposition), the quantities
of material (sample, solvent, and mercury) must be identi-
cal between each compartment of the two cells, the solid
reagent mass in the measurement cell being replaced by
an equivalent mass of solvent in the reference cell. The
reversal of the calorimeter occurs in a linear stable base-

Table 1. Specific and Mole Experimental Enthalpies of
Dissolution in C; (T = 296.15 K) and Enthalpies of
Formation of Solid Phases for Synthetic Mixtures with
an Exponentially Decreasing Distribution of the C,, Mole
Compositions xCp

XCn Adgissh AgissH Aformh AformH
mixtures n % J-g?t

Cxu—Cys 245 0.089 226.0 77922 34.9 12020
C—Co 229 0.094 2226 71874 38.0 12258
Cx—Cys 239 0.090 227.7 76711 30.8 10388
Cxu—Cy 249 0.088 226.9 79623 31.4 11035
Cp»p—Cys 233 0.093 2231 73295 36.2 11887
Co1—Cys 227 0.095 223.0 71372 34.6 11082
C»—Cz 237 0.092 227.0 75827 311 10395
Cp—Cy7 241 0.093 2252 76371 35.2 11939
C»—Cos 244 0.089 225.2 77452 35.7 12279
C»n—Cy 247 0.086 220.9 76950 39.5 13775
C»p—C3 25.0 0.088 2241 78970 37.0 13053
Cp»p—Cs1 253 0.085 217.2 77392 43.9 15637
C»n—Cz, 255 0.085 219.7 79048 41.8 15029
C»p—Cszz 258 0.085 212.0 76967 49.3 17888
C»p—Css 26.0 0.084 2144 78474 47.1 17261
C»—Cszs 262 0.084 221.8 81820 39.8 14685
C»—Csz 264 0.083 222.1 82485 394 14641

J'mol~*  J.g1  Jmol?!

line. The dissolution of the samples in C; is associated, in
each case, with an endothermic effect.

Experiments were performed at the temperature of
296.15 K, determined within +0.2 K of the set point, the
solvent is the heptane C;Hi¢ (purity > 99%), the reagent
quantities are of 9.3 mg for the multi-C, mixtures and 3 g
for heptane, all experimental values of the enthalpies of
dissolution are the average of two reproducible experi-
ments, and the experiments were carried out under atmo-
spheric pressure.

Heptane is used as solvent because it is cheap and
nontoxic. Furthermore, a significant difference between the
carbon atom number of the solvent and the mean carbon
atom number of the multi-C,, sample decreases the risk of
forming a solid solution and improves the dissolution
without increasing the temperature. The masses of reagent
and solvent are chosen so as to have a total dissolution of
the mixture in the solvent, whatever its average mole mass.
The dissolution enthalpy values were reproducible with
uncertainties lower than 3%.

Results and Discussion

The mole and specific experimental enthalpies of dis-
solution and of formation (T = 296.15 K) are reported in
Table 1 as a function of the mole composition of solute of
each binary system (multi-C,, mixture + C;) and the n
theoretical mean carbon atom number of each distribution.
The enthalpies of formation of one or several solid phases
are obtained from eq 2. The dissolution enthalpies as the
enthalpies of formation are always positive values.

The experimental dissolution and formation enthalpies
are of the same order for all the synthetic samples studied
here. However, to better display the influence of the
parameters of the paraffinic distribution on the solubility
of multi-C,, mixtures, the variations of the enthalpy of
formation are represented as a function of the C, number
of the distribution in Figure 2, and their analysis shows
three characteristic evolutions:

(i) For the simple monophasic systems of family 1
(distributions containing 2—6 consecutive C,s), the en-
thalpy of formation of the solid solution is invariant and
independent of the length of the distribution and of the
carbon atom number of the first short C, of the mixture,
the C, arrangement in the molecular layers and the
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Figure 2. Evolution of the enthalpy of formation of solid phases
as a function of the C,, number of the mixture.

internal disorder being similar for a low number of
components.

(if) For the more complex monophasic systems of family
2 (distributions containing 7—11 consecutive C.s), the
enthalpy of formation of the solid phase increases linearly
with the C, number of the sample, and this raising is
closely related to that of the disorder in the lamellar
structures during the addition of heavier C, to the distri-
bution; when the number of constituents and the disparity
of chain lengths become important, the system has more
and more difficulties to combine all of the Cs in a single
dense stacking and the miscibility gap in the solid state is
the reaction to a too strong instability.

(iii) For the biphasic systems of family 3 (distributions
containing 12—15 consecutive Cps): the enthalpy of forma-
tion of the two solid phases decreases to finally reach a
constant value, because the miscibility gap in the solid state
(for a C,, number >11) involves the appearance of two new
solid solutions more ordered than the original phase that
generates them (the C,s combine them by chain lengths
affinity).

It can be also noticed that, for a same C,, number (in the
case of the ternary and quinary multi-C, samples of family
1), the mole dissolution enthalpy increases with the n
theoretical mean carbon atom number of the distribution
(enrichment in heavier C,), while the mole enthalpy of
formation of the solid phase shows any noticeable evolution
according to the mixture average composition.

Modeling of the Enthalpies of Formation of the
Solid Phases

The aim of the second part of this study is now to try to
restore these experimental results by using the expression
of the free excess enthalpy of the UNIQUAC model and to
test its predictive capacity. Because the measured proper-
ties were close to the excess enthalpies, we were interested
only in the residual part of the UNIQUAC model, taking
into account the deviations to ideality due to the molecular
interactions.

General Presentation and Choice of the Model of
the Free Excess Enthalpy Used in this Study. For
strongly nonideal systems, which is apparently the case
for all our multi-C,, synthetic mixtures with an exponen-
tially decreasing distribution, two models are available:
UNIQUAC and Wilson. The UNIQUAC model®*® and the
Wilson equation®® are purely predictive (knowing the
sublimation enthalpies of pure components). However, we
chose the UNIQUAC model for two reasons:

(i) The UNIQUAC model allows us to separate the excess
enthalpy and the excess entropy, which is not the case for
the Wilson equation, which gives only access to a global
expression of the free excess enthalpy.

(i) The UNIQUAC model is applicable to systems
showing a partial miscibility in the solid state, which
concerns a part of our synthetic multi-C,, mixtures.

The UNIQUAC model, which rests on the concept of local
composition of Wilson,% was initially developed by Abrams
and Prausnitz® in the aim to have a general equation to
take into account the differences of size and shape of
molecules (entropic contribution), as well as the molecular
energetic interactions (enthalpic contribution). The expres-
sion of the residual part of the Gibbs function (close to the
formation enthalpies) of a binary system is the following

E
g
R_zl' = —0;X; IN(0; + 6,75) — A%, IN(6, + 6,77))
0. = X1Q;
X0+ X0,
0. — X20,
2 X0, + X0,
and
Aug,
N7, =~ &y
Auy,
Nt ==&y

where grE is the mole residual Gibbs function, g; is the
molecular surface-area parameter, relating to the area
occupied by a molecule i, 6; is the surface-area fraction of
a molecule i within the mixture, t;; is the coefficient of
binary interaction, defined from the energies of interaction
ujj and uj;, X; is the mole fraction of component i, R/J-K~2-
mol~1 is the universal gas constant (8.314), and T/K is the
temperature.

Extrapolation to the Multicomponent Systems. In
the case of multi-C, mixtures, the expression of the excess
enthalpy used in this study is written according to the
following expression

N N
—RT() xq; In() 0,Ay) (3)
7 JZ iNij

where HE/J-mol~! is the mole excess enthalpy, R/J-K™1-
mol~! is the universal gas constant (8.314), T/K is temper-
ature = 296.15 K (in our study), x; is the mole fraction of
component i, g; is the molecular surface-area parameter,
relating to the area occupied by a C,, molecule i, 6; is the
surface-area fraction of a C,, molecule i within the multi-
Cn mixture, 4j/J-mol~1 is the energy of interaction between
two different C, molecules i and j, A;i/J-mol~1 is the energy
of interaction between two identical C, molecules i, Ajj is
the coefficient of binary interaction, defined from the
energies of interaction 4; and 4;;, and N is the C,, number
in the mixture.

The C, characteristic parameters are related to the n
carbon atom number by the following equations:
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(i) Surface-Area Fraction 60; and Structural Surface-
Area Parameter q;

Xid;
0, = " (4a)

.Z X0

and

g, = 0.1n, + 0.1141 (4b)

The expression connecting the structural parameter q;
to the n carbon atom of the considered C,, is obtained by a
method of group contribution®2 by taking a carbon chain
of 10 CH; groups as a reference unit for molecular interac-
tions (UNIQUAC-10). The g parameters estimated by the
method of groups contribution are so divided by the g value
of 10 CH; groups

(N = 2)dcn, + 20ch, .
100cy, -
0.848n, + 2(0.848 — 0.540)
10(5.40)

Qi =

=0.1n; + 0.1141| (5)

(i) Energy of Interaction 4;; between Two ldentical
Molecules. Scatchard and Hildebrand were the first to link
the energies of interaction between two identical molecules
to the energy of vaporization of the saturated liquid to the
ideal gas. The adaptation of this concept to the Wilson
equation requires the replacement of the volume fractions
by the mole fractions and the introduction of the coordina-
tion number Z. Moreover, its transposition to the solid
phases implies the use of the sublimation enthalpies
instead of the vaporization enthalpies. The energy of
interaction A;; between two identical molecules i is thus only
a function of the sublimation enthalpy Asy,H; and of the
coordination number Z

2

1
Ay =— 7 (Ag,Hi — RT) =— 3 (Ag,Hi — RT)  (6)

(with Zz = 6 for the solid solutions with orthorhombic
structures).!

The term AgypHi corresponds to the sublimation enthalpy
of a C, molecule i and can be written, for pure C,, into the
sum of the enthalpy variations of the successive phase
changes

AgupHi(296.15 K) = AHT™ | (296.15 K) +

H,(296.15 K) (7)

Tva
I ms" Coi AT + Ay
where AgpHi is the sublimation enthalpy of C,, molecule i,
AHT'UZ- is the enthalpy variation from the order/disorder
transition temperature T,_q4 up to the melting point Ty, of
Cn molecule i, AyapHi is the vaporization enthalpy of C,
molecule i, Cy); is the heat capacity of C,, molecule i in the
liquid phase.

According to literature,® the AHTfus enthalpy variation
of a C, is equivalent to its enthalpy AgissH required to
entirely dissolve in a solvent, at a reference temperature
(T = 296.15 K). As the heat capacity term is very weak by
comparison to the phase change enthalpies, it can be
neglected and eq 7 becomes

Ag,Hi(296.15 K) = A, H,(296.15 K) +

AapHi(296.15 K) (8)

The linear fitting of the experimental data for the
dissolution enthalpies of pure C,, proposed by Briard et al.3°
and of results by Chickos®2 for the vaporization enthalpies
lead to the following relations as functions of the n carbon
atom number

AgiecH;(296.15 K)/J-mol > = 3687n (20 < n < 36) (9)

A4pH;(296.15 K)/J-mol ™t = 5222n (5 < n < 30) (10)

Although the vaporization enthalpies provided by Chic-
kos were measured at the temperature of 298.15 K, a
difference of 2 K does not modify these enthalpy values,
and by summation of egs 9 and 10, the expression linking
the sublimation enthalpy of pure C,, becomes

Ag,H;i(296.15 K)/J-mol ™ = 8909n (11)

(iii) Energy of Interaction 4;; between Two Different
Molecules i and j. Numerous authors!24345455 put for-
ward the hypothesis according to which the energy of
interaction between a short molecule i and a longer
molecule j is similar to the energy of interaction between
two short molecules i, which involves the following equality:
Aij = Zii (i <J). To take into account the differences of chain
lengths, a new expression for these energies of interaction
Aij is proposed.

So, the energy required to replace a molecule i, in a
crystal built only by molecules i, by a molecule j of different
size, is proportional to the difference of the carbon chain
lengths between these two molecules i and j, noted (n; —
n;). For a multi-C, mixture, we multiply this term by a
factor of disorder, reflecting the number of components of
the distribution; this factor of disorder is equivalent to the
ratio (1/(Nmax — Nmin)), Nmax b€iNg the chain length of the
longest C, and npi, that of the shortest C, of the multi-C,
mixture. The new relation for the energy of interaction 4;;
corresponds to the eq 12

And the parameter of binary interaction Ajj, proportional
to the difference (4;i-4;;) of the interaction energies between
molecules i and j, becomes eq 13

Nimax ~ Nimin

ln) (12)

Ay = exp(/u) =exp\l———==——" (13)
I RT RT

where 4;j/J-mol~! is the energy of interaction between two
different C,, molecules i and j, A;i/J-mol~?! is the energy of
interaction between two identical C, molecules i, Ajj is the
coefficient of binary interaction, defined from the energies
of interaction Aj; and ;;, n; is the carbon atom number of
Cn molecule i, nj is the carbon atom number of C,, molecule
J, Nmin IS the carbon atom number of the shortest C, of the
distribution, and nmax is the carbon atom number of the
longest C, of the distribution.

Comparison between Experimental and Predicted
Values. The excess enthalpies calculated by the UNIQUAC
model are gathered in Table 2, with the experimental mole
enthalpies of formation of solid phases of multi-C, synthetic
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Table 2. Comparison between the Experimental Mole
Enthalpies of Formation of Solid Phases of Multi-C,
Synthetic Mixtures with an Exponentially Decreasing
Distribution and Excess Enthalpies Calculated by the
UNIQUAC Model

AformHEP  AgcH®C  relative gap(14)
mixtures n J-mol—t J-mol—1 %
C24—Cys 24.5 12020 4359 63.7
Co—Cos 22.9 12258 6478 47.1
C23—Cys 23.9 10388 6747 35.0
C24—Cy 24.9 11035 7016 36.4
C2—Cys 23.3 11887 8298 30.2
C21—Cys 22.7 11082 9363 15.5
C22—Ca 23.7 10395 9756 6.1
C2—Cy7 24.1 11939 10968 8.1
Co—Cos 24.4 12279 11990 2.3
C2o—Cy9 24.7 13775 12858 6.7
C2—C3p 25.0 13053 13597 4.2
C2—Cas1 25.3 15637 14228 9.0
C2o—Ca32 25.5 15029 14767 1.7
C22—Cs3 25.8 17888 15227 14.9
C2—Csq 26.0 17261 15618 9.5
C2—C3s 26.2 14685 15950 8.6
C22—C3s 26.4 14641 16231 10.9

mixtures, having an exponentially decreasing distribution
of the C, mole fractions.

The relative gap between the calculated and the experi-
mental results is obtained by the following expression

exp _ calc
IAformH AexcH
|
exp
AformH

1100 (14)

This modified UNIQUAC model gives good results in the
prediction of the enthalpies of formation of solid phases of
complex multi-C, mixtures; for all mixtures containing
5—15 consecutive C,, the gap between the calculated and
experimental values is, on average, of the order of 8%.
However, the capacity of prediction of this model is more
limited in the case of simple mixtures going from the binary
to the quaternary mixtures of family 1. This inadequacy
finds its origin in the fact that the UNIQUAC model was
developed to represent the behavior of strongly nonideal
compounds. Now, a calorimetric study carried out on these
mixtures put in evidence that, in the case of synthetic
multi-C,, samples with an exponentially decreasing distri-
bution, the deviation to ideality of the ordered solid phases
increases with the C, number of the distribution. The
increase of the chain lengths disparity in the lamellar
layers induces a more important internal disorder in the
structure, which raises the nonideal character of family 2
mixtures. The model proposed is thus more appropriate to
the prediction of the formation enthalpies of solid phases
of complex multi-C,, samples (those whose interest within
the framework of the modeling of the crystallization of
paraffinic solid deposits) than C, binary or ternary paraf-
finic mixtures, whose behaviors are closer to ideality.

Nevertheless, although this model gives good agreement
in the case of complex monophasic or polyphasic mixtures
(families 2 and 3), it will be always difficult for it to
represent with accuracy the notion of internal disorder and
molecular rearrangement into the lamellar structures,
because this predictive model is based only on pure
compounds properties; the enthalpies of formation calcu-
lated by this model regularly increases with the C, number
of the mixture, while experimentally the miscibility gap
in the solid state, which appears from a C,, number >11,
leads to the formation of new solid phases, which are more
ordered, and to a decrease of the formation enthalpies of
the polyphasic mixtures of family 3.

Note: The use of the UNIQUAC model, by keeping the
hypothesis collectively admitted according to which 1;; =
Aii, gives much less satisfactory results than ours, obtained
by modifying the expression of the energy of binary
interaction /;;. Indeed, the calculated excess enthalpies are,
on average, of the order of 3700 J-mol~*. Now, these values
are much lower than the experimental enthalpies of
formation or than the calculated excess enthalpies pre-
sented in Table 2. So, this strengthens the taking into
account of the chain lengths difference and of the factor of
disorder in the expression of the energy of binary interac-
tion /1ij-

Conclusion

This paper was focused on two main objectives: first, the
measurement of the dissolution enthalpies in heptane of
synthetic multi-C, mixtures to point out the influence of
the parameters of the C,, distribution (theoretical average
chain length, C, number, monophasic or polyphasic state)
on their enthalpies of formation; second, the estimation,
by means of this experimental data bank, of the predictive
capacity of the Uniquac model, concerning the formation
enthalpies of solid phases of complex multi-C,, samples.

In the case of synthetic mixtures showing an exponen-
tially decreasing distribution of the C, chain lengths, the
value of the formation enthalpy of solid phases is closely
related to the internal disorder in the lamellar structures:

(1) It is constant for simple monophasic mixtures,
composed of 2—6 successive Cps,

(2) it increases with the C, number for more complex
monophasic samples, composed of 7—11 consecutive C,s,
but

(3) it decreases after the miscibility gap in the solid state,
which leads to a C,, reorganization in two more ordered
solid phases, for the polyphasic systems, composed of a C,,
number > 11.

According to the literature, the UNIQUAC model allows
a good prediction of the crystallization onset temperatures
and of the crystallized deposit quantities as a function of
the temperature.1:2347365455 Also, the use of the Uniquac
model in this study, after modification of the expression of
the energy of interaction A in order to take into account
the effect of size difference between two C, and of the
internal disorder induced by the length of the distribution,
leads to satisfactory results in the prediction of the en-
thalpies of formation of solid phases of complex multi-C,
mixtures (from 5 consecutive C,). However, the predictive
capacities of this UNIQUAC model will inevitably be
limited by its difficulty to represent the disorder and the
molecular rearrangements in the lamellar structures,
because being purely predictive, the writing of the char-
acteristic expressions of this model only rests on the pure
C, properties.

Literature Cited

(1) Coutinho, J. A. P. Phase Equilibria in Petroleum Fluids, Mul-
tiphase Regions and Wax Formation. Ph.D. Thesis, Technical
University of Denmark, Lingby, 1995.

(2) Coutinho, J. A. P.; Stenby, E. H. Predictive Local Composition
Models for Solid/Liquid Equilibrium in n-Alkanes Systems: Wilson
Equation for Multicomponent Systems. Ind. Eng. Chem. Res.
1996, 35, 918—925.

(3) Lira-Galeana, C.; Firoozabadi, A.; Prausnitz, J. M. Thermody-

namics of Wax Precipitation in Petroleum Mixtures. AIChE J.

1996, 42, 239—247.

Coutinho, J. A. P. Predictive Local Composition Models: NRTL

and UNIQUAC and Their Application to Model Solid—Liquid

Equilibrium of n-Alkanes. Fluid Phase Equilib. 1999, 158, 447—

457.

(4

=



®)

6

=

@

-

(8

-

©

-

(10

(11

(12)

(13)

(14)
(15)

(16)

1

(18)

(19)
(20
(1)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

(29)

(30)

Journal of Chemical and Engineering Data, Vol. 49, No. 4, 2004 905

Hoerr, C. W.; Harwood, H. J. Solubilities of High Molecular
Weight Aliphatic Compounds in n-Hexane. J. Org. Chem. 1951,
16, 779—791.

Dernini, S.; De Santis, R. Solubility of Solid Hexadecane and
Tetracosane in Hexane. Can. J. Chem. Eng. 1976, 54, 369—370
Madsen, H. E. L.; Boistelle, R. Solubility of Long-Chain n-
Paraffins in Pentane and Heptane. J. Cryst. Growth 1976, Paper
5/1466, 1078—1081.

Madsen, H. E. L.; Boistelle, R. Solubility of Octacosane and
Hexatriacontane in Different n-Alkane Solvents. J. Chem. Soc.,
Faraday Trans. 1979, 75, 1254—1258.

Chang, S. S.; Maurey, J. R.; Pummer, W. J. Solubilities of Two
n-Alkanes in Various Solvents. J. Chem. Eng. Data 1983, 28,
187—-189.

Bosselet, F.; Létoffé, J. M.; Claudy, P.; Esson, S.; Valentin, P.
Etude du Comportement Thermique des n-Alcanes dans des
Milieux Hydrocarbonés Complexes par Analyse Calorimétrique
Différentielle. 1. Etude du Comportement Thermique des n-
Alcanes en Programmation Linéaire de Température. Thermo-
chim. Acta 1983, 70, 7—18.

Bosselet, F.; Létoffé, J. M.; Claudy, P.; Valentin, P. Etude du
Comportement Thermique des n-Alcanes dans des Milieux Hy-
drocarbonés Complexes par Analyse Calorimétrique Différentielle.
11. Détermination du Taux de n-Alcanes Contenu dans un Gazole.
Détermination du Point de Trouble. Thermochim. Acta 1983, 70,
19-34.

Beiny, D. H. M.; Mullin, J. W. Solubilities of Higher Normal
Alkanes in m-Xylene. J. Chem. Eng. Data 1987, 32, 9—10.
Domanska, U.; Hofman, T.; Rolinska, J. Solubility and Vapour
Pressures in Saturated Solutions of High-Molecular-Weight
Hydrocarbons. Fluid Phase Equilib. 1987, 32, 273—293.
Domanska, U.; Rolinska, J.; Szafranski, A. M. International Data
Series Selected Data on Mixtures 1987, 4, 269—276.

Domanska, U. Solubility of n-paraffin hydrocarbons in binary
solvent mixtures. Fluid Phase Equilib. 1987, 35, 217—237.
Domanska, U.; Rolinska, J. Correlation of the Solubility of Even-
Numbered Paraffins C2oHa42, Ca4Hs0, CoeHsy, and CogHsg in Pure
Hydrocarbons. Fluid Phase Equilib. 1989, 45, 25—38.
Ghogomu, P. M.; Dellacherie, J.; Balesdent, D. Solubility of
Normal Paraffin Hydrocarbons (Cy to Cp4) and Some of Their
Binary Mixtures (Cz, + Cz4) and (Czs + Cy4) in Ethylbenzene. J.
Chem. Thermodyn. 1989, 21, 925—-934.

Ghogomu, P. M.; Dellacherie, J.; Balesdent, D. Impurity Effects
on the Solubility of High Molecular Weight Normal Alkanes in
Ethylbenzene. Thermochim. Acta 1990, 157, 241—257.
Domanska, U.; Kniaz, K. International Data Series Selected Data
on Mixtures 1990, 3, 194—206.

Kniaz, K. Solubility of n-Docosane in n-Hexane and Cyclohexane.
J. Chem. Eng. Data. 1991, 36, 471—472.

Brecevic, L.; Garside, J. Solubilities of Tetracosane in Hydrocar-
bon Solvents. J. Chem. Eng. Data 1993, 38, 598—601.
Ksiazczak, A.; Moorthi, K.; Nagata, I. Solid—Solid Transition and
Solubility of Even n-Alkanes. Fluid Phase Equilib. 1994, 95, 15—
29.

Roberts, K. L.; Rousseau, R. W.; Teja, A. S. Solubility of Long-
Chain n-Alkanes in Heptane between 280 and 350 K. J. Chem.
Eng. Data 1994, 39, 793—795.

Aoulmi, A.; Bouroukba, M.; Solimando, R.; Rogalski, M. Thermo-
dynamics of Mixtures Formed by Polycyclic Aromatic Hydrocar-
bons with Long Chain Alkanes. Fluid Phase Equilib. 1995, 110,
283—297.

Ghogomu, P. M.; Schuffenecker, L.; Dellacherie, J.; Dirand, M.;
Balesdent, D. Dissolution of Some Normal Alkanes in Ethylben-
zene: Deduction of the Enthalpy of Mixing of Two n-Alkanes in
the Solid State. Thermochim. Acta 1997, 294, 147—155.
Ghogomu, P. M.; Bouroukba, M.; Dellacherie, J.; Balesdent, D.;
Dirand, M. Calorimetric Measurement of Mole Excess Enthalpies
of Dilute Solutions of Ethylbenzene + Higher n-Alkanes. Ther-
mochim. Acta 1997, 302, 159—164.

Ghogomu, P. M.; Bouroukba, M.; Dellacherie, J.; Balesdent, D.;
Dirand, M. Excess Thermodynamic Properties of Some Binary
Solutions of Ethylbenzene + n-Alkanes. Thermochim. Acta 1997,
302, 151-158.

Floter, E.; Hollanders, B.; de Loos, T. W.; de Swaan Arons, J. The
Ternary System (n-Heptane + Docosane + Tetracosane): The
Solubility of Mixtures of Docosane and Tetracosane in Heptane
and Data on Solid—Liquid and Solid—Solid Equilibria in the
Binary Subsystem (Docosane + Tetracosane). J. Chem. Eng. Data
1997, 42, 562—565.

Provost, E.; Chevallier, V.; Bouroukba, M.; Petitjean, D.; Dirand,
M. Solubility of Some n-Alkanes (C,s, Czs, Cz6, C2g) in Heptane,
Methylcyclohexane, and Toluene. J. Chem. Eng. Data 1998, 43,
745—-749.

Mahmoud, R.; Solimando, R.; Bouroukba, M.; Rogalski, M. Solid—
Liquid Equilibrium and Excess Enthalpy Measurements in
Binary {Dibenzofuran or Xanthene + Normal Long-Chain Al-
kane} Systems. J. Chem. Eng. Data 2000, 45, 433—436.

@D

(32

~

(33)

(34

=

(35)

(36

=

@7

(38

~

(39

~

(40)

(41)

(42

—

43

(44

(45

-

(46)

(47)

(48)

(49)

(50)

(51)

(52)

(53)

Provost, E.; Chevallier, V.; Bouroukba, M.; Dirand, M.; Ruffier-
Meray, V.; Behar, E. Experimental Determination and Repre-
sentation of Binary and Ternary Diagrams of n-Hexacosane,
n-Octacosane and n-Heptane. Revue de I'Institut Francais du
Pétrole 1998, 53, 27—33.

Bosselet, F.; Létoffé, J. M.; Claudy, P.; Esson, S.; Valentin, P.
Etude du Comportement Thermique des n-Alcanes dans des
Milieux Hydrocarbonés Complexes par Analyse Calorimétrique
Différentielle. 111. Etude en Programmation Discontinue de
Température. Thermochim. Acta 1983, 70, 35—47.

Bosselet, F.; Létoffé, J. M.; Claudy, P.; Damin, B.; Maldonado, P.
Etude du Comportement Thermique des n-Alcanes dans des
Milieux Hydrocarbonés Complexes par Analyse Calorimétrique
Différentielle. 1V. Etude de L'action D’additifs Abaissant le Point
de Trouble de Gazoles. Thermochim. Acta 1983, 70, 49—62.
Brady, T. J.; Wei-guo, S.; Williamson, A. G. Enthalpies of Mixing
of Multicomponent Alkane Mixtures. Aust. J. Chem. 1988, 41,
1763—1767.

Daridon, J. L.; Xans, P.; Montel, F. Phase Boundary Measurement
on a Methane + Decane + Multiparaffins System. Fluid Phase
Equilib. 1996, 117, 241—248.

Pauly, J.; Dauphin, C.; Daridon, J. L. Liquid—Solid Equilibria in
a Decane + Multi-Paraffin System. Fluid Phase Equilib. 1998,
149, 191-207.

Dauphin, C.; Daridon, J. L.; Coutinho, J. A. P.; Baylére, J.; Potin-
Gautier, M. Wax Content Measurements in Partially Frozen
Paraffinic Systems. Fluid Phase Equilib. 1999, 161, 135—151.
Chevallier, V.; Briard, A. J.; Bouroukba, M.; Petitjean, D.;
Daridon, J. L.; Pauly, J.; Dirand, M. Solubility of an Industrial
Multiparaffinic Wax in the Normal Tetradecane: Phase Diagram.
Entropie 2001, 231, 38—42.

Ghogomu, P. M.; Bouroukba, M.; Dellacherie, J.; Balesdent, D.;
Dirand, M. On the ldeality of Liquid Mixtures of Long-Chain
n-Alkanes. Thermochim. Acta 1997, 306, 69—71.

Briard, A. J.; Bouroukba, M.; Petitjean, D.; Dirand, M. Variations
of Dissolution Enthalpies of Pure n-Alkanes in Heptane as
Function of Carbon Chain Length. J. Chem. Eng. Data 2003, 48,
1574—1577.

Dirand, M.; Bouroukba, M.; Chevallier, V.; Provost, E.; Petitjean,
D. Multicomponent Paraffin Waxes and Petroleum Solid Deposits:
Structural and Thermodynamic State. Fuel 1998, 77, 1253—1260.
Chevallier, V.; Provost, E.; Bourdet, J. B.; Bouroukba, M.;
Petitjean, D.; Dirand, M. Mixtures of Numerous Different n-
Alkanes - 1. Structural Studies by X-ray Diffraction at Room
Temperature - Correlation between the Crystallographic Long ¢
Parameter and the Average Composition of Multi-Alkane Phases.
Polymer 1999, 40, 2121—-2128.

Chevallier, V.; Petitjean, D.; Bouroukba, M.; Dirand, M. Mixtures
of Numerous Different n-Alkanes — I1. Studies by X-ray Diffrac-
tion and Differential Thermal Analyses with Increasing Temper-
ature. Polymer 1999, 40, 2129-2137.

Craig, S. R.; Hastie, G. P.; Roberts, K. J.; Gerson, A. R.; Sherwood,
J. N.; Tack, R. D. Investigation into the Structures of Binary-,
Tertiary- and Quinternary- Mixtures of n-Alkanes and Real Diesel
Waxes Using High-Resolution Synchrotron X-ray Powder Dif-
fraction. J. Mater. Chem. 1998, 4, 859—869.

Retief, J. J.; Le Roux, J. H. Crystallographic Investigation of a
Paraffinic Fischer—Tropsch Wax in Relation to a Theory of Wax
Structure and Behaviour. S. Afr. J. Sci. 1983, 79, 234—239.
Dirand, M.; Achour, Z.; Jouti, B.; Sabour, A. Binary Mixtures of
n-Alkanes. Phase Diagram Generalization: Intermediate Solid
Solutions, Rotator Phases. Mol. Cryst. Lig. Cryst. 1996, 275, 293—
304.

Nouar, H.; Bouroukba, M.; Petitjean, D.; Dirand, M. Ternary
Phase Diagram n-Docosane:n-Tricosane:n-Tetracosane Molecular
Alloys at 293 K. Mol. Cryst. Lig. Cryst. 1998, 309, 273—282.
Nouar, H.; Petitjean, D.; Bouroukba, M.; Dirand, M. Isothermal
Sections of Ternary Mixtures: n-Docosane + n-Tricosane +
n-Tetracosane. Mol. Cryst. Lig. Cryst. 1999, 326, 381—394.
Chevallier, V.; Petitjean, D.; Ruffier-Meray, V.; Dirand, M.
Correlations between the Crystalline Long c-Parameter and the
Number of Carbon Atoms of Pure n-Alkanes. Polymer 1999, 40,
5953—-5956.

Daridon, J. L.; Dauphin, C. Measurement of Pressure Effect on
Wax Content in Partially Frozen Paraffinic Systems. Meas. Sci.
Tech. 1999, 10, 1309—1314.

Abrams, D. S.; Prausnitz, J. M. Statistical Thermodynamics of
Liquid Mixtures: A New Expression for the Excess Gibbs Energy
of Partly or Completely Miscible Systems. AIChE J. 1975, 21,
116—-127.

Wilson, G. M. Vapor-Liquid Equilibrium. XI. A New Expression
for the Excess Free Energy of Mixing. J. Am. Chem. Soc. 1964,
86, 127—130.

Larsen, B. L.; Rasmussen, P.; Fredenslund, A. A Modified
UNIFAC Group-Contribution Model for Prediction of Phase
Equilibria and Heats of Mixing. Ind. Eng. Chem. Res. 1987, 26,
2274—2286.



906 Journal of Chemical and Engineering Data, Vol. 49, No. 4, 2004

(54) Chickos, J. S.; Wilson, J. A. Vaporization Enthalpies at 298.15 K (56) Mirante, F. I. C.; Coutinho, J. A. P. Cloud Point Prediction of Fuels
of the n-Alkanes from Cj; to Cyg and Cgp. J. Chem. Eng. Data and Fuel Blends. Fluid Phase Equilib. 2001, 180, 247—255.
1997, 42, 190—197.

(55) Queimada, A. J. N.; Dauphin, C.; Marrucho, I. S.; Coutinho, J.

A. P. Low-Temperature Behaviour of Refined Products from DSC Received for review October 29, 2003. Accepted March 25, 2004.
Measurements and Their Thermodynamical Modelling. Thermo-
chim. Acta 2001, 372, 93—101. JE030244+



