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Abstract

The accurate prediction of high pressure phase equilibria is crucial for the development and the
design of chemical engineering processes. Among them the modeling of complex systems, such as
petroleum fluids with water, has become more and more important with the exploitation of reservoirs
in extreme conditions. The aim of this work is to explore the capability of the NRTL-PR model to
predict the solubility of solid polycyclic aromatic hydrocarbons in water. For this purpose, we first
validate our methodology for fluid phase equilibria predictions of aromatic hydrocarbons and gas
(CO,, CyHg) mixtures. Finally, we consider the prediction of the solid solubility of PAH in water, by
fitting group parameters either only on SLE data or on both LLE and SLE data of aromatic
hydrocarbon-water binary systems.

Keywords: solubility; solid-liquid equilibrium; EoS/G® approach; NRTL-PR model; polycyclic
aromatic hydrocarbons; water.

1. Introduction

Polycyclic aromatic hydrocarbons (PAH) are very toxic substances which are often generated by
human activities. They can be found in hydrocarbon-contaminated waste sites or in the sea after oil
discharges by ships. They are also produced by offshore oil and gas exploration [1] and by several
combustion processes [2,3], among others. Because these pollutants accumulate in soils and
sediments and are persistent in the environment, it is crucial to understand their transport and
transformation processes [4]. The solubility in water is an important transport property in the
potential distribution of these compounds throughout the hydrologic system. Besides, the solubility is
also necessary for the design of extraction processes of PAH with subcritical water [5,6] since it
provides the extractability limit which can be used. Therefore, a good representation of solid-liquid
equilibria in water-PAH mixtures is essential for many practical applications; but PAH are highly
hydrophobic compounds and, consequently, an accurate prediction of their very low solubilities is
difficult to obtain.

In literature, models proposed for the calculation of non-polar hydrophobic compound aqueous
solubility are essentially based on empirical or semi-empirical equations, which do not allow
accurate results at both low and high temperatures [7]. However, for some years, a few papers were
concerned with the modeling of solid-liquid equilibria in water-PAH systems by means of equations
of state and G models. Fornari et al. [8] compared the accuracy of the original UNIFAC, the
modified version of Dortmund and the A-UNIFAC models, the latter including association effects
between groups, for the representation of the solubility of solid PAH in subcritical water. These



authors showed that the modified UNIFAC model gives a better prediction than the A-UNIFAC one,
provided that the interaction parameters between water and aromatic groups are optimized by taking
into account SLE data in the parameter fitting procedure. More recently, the CPA EoS, which adds
an association term to the SRK equation of state, was applied by Oliveira et al. [9] to the modeling of
the aqueous solubility of PAH. The major advantage of EoS based models, such as CPA, compared
to G® models, such as UNIFAC, is to allow solubility predictions in a wide range of temperature and
pressure, and especially under high pressures. Oliveira et al. showed that a good representation of the
solubility of PAH can be obtained by fitting the solvation parameter for each binary water-PAH
system on SLE data.

The purpose of this work is to explore the capability of the NRTL-PR model [10,11] to predict
solid-liquid equilibria (SLE) in water-PAH mixtures. This model is based on the EoS/G* approach in
which the Peng-Robinson equation of state is associated with the generalized NRTL excess Gibbs
energy model [12]. In this formalism, binary interaction parameters are estimated from group
contributions providing a totally predictive EoS. In order to validate the approach, the NRTL-PR
model is first applied to the prediction of vapor-liquid equilibria (VLE) and of the solid solubility in
supercritical fluids (SFE) of aromatic hydrocarbons with carbon dioxide or ethane. Then we
investigate the capability of the model to predict both liquid-liquid equilibria (LLE) of aromatic
hydrocarbons in water and the very low solubilities of PAH (SLE).

2. Modeling
2.1. Solid-fluid equilibrium

Solid-fluid equilibrium of binary mixtures of solvent(1)-PAH(2) is described assuming that the
solid phase is pure PAH(2). The equilibrium condition for this component is thus written as:

g5 (T,P)=g4 (T,P,x) (1)

where g5 (T, P) and g3 (T,P,x) are the molar Gibbs free energies of the pure solid (2) and of the

solute in the fluid mixture, under the same temperature and pressure conditions; they are calculated
by the following equations:

g5 (1.P)=g5 (1.P" ) +v5 (P— P @)

F * P
I) (T',P’_)(j):g2 (T’Pref)+RT1n|:¢2 (T,P,)C) Pré’f X2j| (3)
with: P/ a reference pressure, v2S the molar volume of the solid, g; (T, P ) the Gibbs free energy

of pure compound 2 in the standard state and ¢,(7,P,x) the fugacity coefficient in the fluid phase.

The subcooled liquid pressure, PSCI, is chosen as the reference pressure, so that the term gg (T, P )

in Eq. (2) can be obtained from the Gibbs free energy of 2 as pure liquid, gzL (T, p* ), considering

the fusion properties:



g5 (T,PSCI) = g¥ (T,PSCI)—Aﬁ”GZ (T’Pscl) .
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and:
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where Py is the atmospheric pressure, Ay H is the fusion enthalpy of the pure solute at its normal
melting temperature 7,,, ACp is the difference in heat capacity at constant pressure between the
subcooled liquid and solid forms of the pure solute at temperature 7" and A, is the fusion molar
volume. As is usually done [13-15], in order to simplify Eq. (6), ACp is assumed to be independent
of temperature and equal to the value at T, so that Afust(T,P“l) is given by:

; T T
AfusGZ(T’Psc ):AfusHZ(TmZ’PO) l=—— |=ACpy (T2, By)| Typo =T +TIn—
m?2 m?2

# 00 (Pl ~ )

(7)

The last two terms involving ACp and Ay,,v are neglected since they are usually small compared to
the first one, especially for PAH; indeed, experimental values of ACp(T,,Py) are very low for these
compounds [13,15]. Studies about the influence of ACp approximations on the estimation of solid
solubility were reported in literature for several classes of components (see for example [13-15]).
They showed that assuming ACp = 0 in Eq. (7) for PAH doesn’t lead to deteriorated predictions of
solubilities and besides, Pappa et al. [15] recommended the use of this approximation. Furthermore,
we checked that, for the set of solutes considered in this work, the term involving ACp was more than
ten times lower than the fusion enthalpy term.

The introduction of Egs. (2-7) in Eq. (1) leads to the following expression for the solubility of
component 2:

ex
P r T,,

(T, Pl x) P RT R .

(/’2(T’PSC1) pse VQS(P—PSCZ) AfusHZ(TmZ’PO)(l 1 ﬂ
Xy = _

In this work, the fugacity coefficients of component 2 as pure liquid, ¢,(7,P), and in the fluid
mixture, ¢,(7T,P,x) are computed using the NRTL-PR model.

2.2. The NRTL-PR model

The NRTL-PR model is based on the Peng-Robinson equation of state [16]:
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in which the attractive term « is estimated using the EoS/G" approach based on the generalized
reference state proposed in [17]:

= zz—ﬁ{——Zx In+t } (10)
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where b is the covolume, b= . x;b; , r;and r=7) x5 are the volume area factors characteristic of

lattice fluid models and g” is the excess Gibbs energy expressed, with the generalized NRTL
equation [12], as:

zquj

g _RTZ.X In-+ +ZXLIIW , G]l =exp(—0(0Fji/RT) (11)
1 l
So that:
. i Zx]q]GﬂF
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In the above equation, ay is the non randomness factor (ap = -1) and ¢; are the lattice fluid surface
area parameters, estimated from the UNIFAC subgroups Qy:

9 = 2 VO (13)
k

with v the number of subgroup k in a molecule i. The group contribution and the surface area
parameters O considered in the NRTL-PR model are indicated in Table 1. It must be noted that no
distinction is made between substituted single benzene ring carbons and fused-ring carbons. In Egs.
(11-12) the binary interaction parameters /j; are computed by means of a group contribution [10]
which makes the NRTL-PR equation a totally predictive model:

Z KZ( i~ L)FLK ; eiK:ZVik(K)% with:  Tgg =0, Iy # I (14)
3

i

where ik is the probability that a contact from a molecule i involves a main group K and vk is the
number of subgroup k belonging to the main group K in a molecule i. The group interaction
parameters / ;¢ depend on temperature with the following equation:

T =T+ (?—1) with T, =298.15K (15)



Finally, the model requires the estimation of pure component parameters: the attractive term a; and
the covolume b; (necessary to calculate a; in Eq. (12)) are estimated from the critical temperature and
pressure, T,; and P,; respectively, by the formulae:

R’T? RT,
6 =04572— Lf(T.) , b;=0.0778—1

r
i Ci

(16)

C

where T is the reduced temperature, 7, = T/ Tci , and f(T,) is the generalized Soave function [20]:

f(Tr):[1+m(1—Tr7)T (17)

For hydrocarbons and non associating compounds, we used the original Soave function [21],
corresponding to y = 0.5, and the parameter m correlated to the acentric factor @ through the
generalized expression proposed by Robinson and Peng [22]:

{m =0.37464 +1.542260-0.269920” if @<0.49 (18)

m=0.379642 +1.48503w— 0.1644230° +0.016666 @ if @>0.49

On the other hand, for associating compounds, the y and m parameters were fitted on saturation
properties as proposed in [20], which allows highly improved vapor pressure representations. For
water the fitted values are : y = 0.65, m = 0.6864.

With the NRTL-PR equation, the fugacity coefficient of a component i is given by the following
relation:

1+(1++2)7
ln¢i:—an(1—n)+(Z—l)l( @j - (1++2) (a"“J (19)
b\ on; " 22 1+(1—\/§)7] on; T,
where Z is the compressibility factor, # = b/v and :
ono _a 1 ongE . 20)
on; ). b;RT 0.53( on;
’nj T,I’ll

3. Results

The set of solvents and PAH considered in this work is given in Table 2, together with the values
of the pure component properties. For PAH, the normal melting temperatures, 7,,, and fusion
enthalpies at melting point, 4y,,H, as well as the solid volumes, v,’, were taken from literature.

3.1. Solubility of PAH in supercritical fluids

As already mentioned in the introduction, PAH are highly hydrophobic compounds. Therefore, an
accurate representation of their very low solubilities in water is very difficult to obtain. As a



consequence, water-PAH systems are not the most appropriate to check if a model is able to predict
correctly solid-fluid equilibria. Thus, in order to validate the approach proposed in section 2, we first
considered the solubility of PAH in supercritical fluids; indeed, as can be seen in Tables 3 and 4 for
CO; and ethane, the experimental values are about three orders of magnitude higher than those in
liquid water.

The calculation of solid-fluid equilibria of CO,-PAH and ethane-PAH mixtures with the NRTL-
PR model (Eq. 12) requires fitting the EoS binary parameters I ,,omaric.co2 and I gromaric,c2rs (Eqs. 14,
15) taking into account simultaneously VLE and SFE data. Results thus obtained on PAH solubilities
in supercritical carbon dioxide and ethane are reported respectively in Tables 3 and 4. For almost all
mixtures, mean deviations are smaller than 30%, except for some heavier compounds involving at
least three benzene rings and exhibiting lower solubilities.

Figure 1 illustrates the prediction of solubilities, with respect to pressure, for the most
representative systems in the range of experimental temperature. It can be seen that for mixtures of
naphthalene, pyrene, phenanthrene, fluorene and biphenyl with CO,, as well as naphthalene with
ethane, predictions with the NRTL-PR model are in very good agreement with experimental data.
Figure 1d, concerning anthracene, pyrene and phenanthrene with supercritical ethane, shows that,
despite higher deviations, a satisfactory representation of the solubilities is obtained. For
measurements made in the vicinity of the mixture lower critical endpoint (Fig. la), the strong
variation of the solubility with respect to pressure and the retrograde solubility phenomenon are
accurately described.

To ensure that VLE predictions were not deteriorated by considering SFE data during parameter
fitting procedure, we represent in Fig. 2 VLE for aromatic hydrocarbons. Figures 2a and 2b for CO,-
benzene and ethane-toluene highlight that results are similar to those previously published [11] for
single benzene ring molecules. Furthermore, as shown in Figs. 2c¢ and 2d, satisfactory phase
envelopes are calculated for gas-PAH systems, although experimental data are not available in the
whole composition range.

We can therefore conclude that the NRTL-PR model is able to accurately estimate VLE of
aromatic hydrocarbons and solubilities of PAH in solvents with the same set of parameters.

3.2. Application to the solubility of PAH in liquid water

The calculation of SLE of water-PAH mixtures with the NRTL-PR model (Eq. 12) also requires
the values of the EoS binary parameters I 4 omaric. 20 and I 120,aromaric (Eqs. 14, 15).

In a first step, the modeling was performed by using the parameter values previously obtained
[11] by correlating LLE for a set of 23 binary mixtures of aromatic hydrocarbons with water; results
obtained in this case were rather satisfactory with relative deviations on the mole fractions of 12.43%
for water in the organic phase and 21.70% for hydrocarbons in the aqueous phase. Figure 3 illustrates
typical LLE behavior for benzene and m-xylene in water with the NRTL-PR [LLE] using LLE
parameters. As expected, the prediction of SLE using these parameters was not satisfactory.



In order to check the capability of the model to correlate water-PAH SLE, the EoS binary
parameters [ x and [k, were fitted to SLE data only; deviations Ax,/Xx,% [SLE] thus obtained are
given in Table 5 and solubility curves for water-acenaphtene and water-phenanthrene are shown in
Fig. 4. Qualitatively good results are obtained, with nevertheless an overestimation of solubilities
below 107,

Finally, the whole set of LLE and SLE data was correlated with the NRTL-PR equation.
Deviations Axy/x,% [LLE+SLE] thus obtained are given in Table 5 and LLE and SLE predictions
are illustrated in Figs. 5a, 5b, 6a and 6b, respectively, for toluene, p-xylene, naphthalene and fluorene
in water. For systems exhibiting LLE, it appears that the global modeling does not affect the
prediction of the organic phase, while mole fractions in the aqueous phase are slightly
underestimated. In the case of water-PAH systems, the global modeling allows predicting more
accurate solubilities for binary mixtures with the highest experimental values (>107).

4. Conclusion

In this paper, we explored the capability of the NRTL-PR model to predict solid-liquid equilibria
in water-PAH mixtures. For this purpose, we first considered high pressure phase equilibria of
aromatic hydrocarbons in carbon dioxide or ethane, since solid solubilities of PAH are higher than in
water. We showed that it is possible to accurately predict simultaneously VLE and SFE in those
supercritical fluids, provided that all kinds of data are accounted for during the group contribution
parameters fitting procedure.

We then applied our methodology to PAH-water systems. If parameters are fitted only on SLE
data, satisfactory results were obtained for all the compounds, especially in the lowest solubility
range. The consideration of both LLE and SLE data leads to an unmodified representation of the
organic phase and a slight underestimation of aqueous phase solubilities, compared to our previous
results concerning aromatic hydrocarbons-water mixtures; more accurate solubility predictions are
obtained for solid PAH with the highest experimental values.
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List of symbols

a = attractive term

b = covolume

g = molar Gibbs free energy
G = Gibbs free energy

H = enthalpy
n = mole number
P = pressure

q = surface area factor
Qi = UNIFAC subgroup parameters
r = volume area factor



R =ideal gas constant

T = temperature

v = molar volume

x = mole fraction

Z = compressibility factor

Greek letters

o. = alpha function

o = non randomness factor

n = packing fraction

¢ = fugacity coefficient

I';; = interaction parameter between molecules j and i

I’ LK(O), I’ LK” ) = interaction parameters between main groups K and L

w = acentric factor

0,k = probability that a contact from molecule i involves a main group K
vix = number of main group K in a molecule i

Subscript

¢ = critical property

fus = fusion property

i = pure component property
res = residual property

Superscript

E = excess property at constant pressure
F = fluid phase

L = liquid state

ref = reference property

S = solid state

scl = subcooled liquid
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Table 1
Group contribution of the NRTL-PR model and surface area parameters Qy considered.

Main Groups K Subgroups k (o Ref.
CH; 0.848 [18]

Alk CH, 0.540 [18]
anes CH 0.228 [18]

C 0.000 [18]

CH, 0.540 [18]

Naphthens CH 0.228 [18]

C 0.000 [18]

. CH 0.400 [18]
Aromatics C 0.120 [18]
Ethane C,H¢ 1.696 [18]
Carbon dioxide cO, 0.982 [19]
]

Water H,O 1.400 [18




Table 2

Properties of pure compounds. Critical temperature, T, and pressure, P., acentric factor, @, melting temperature, 7,,, normal fusion enthalpy,
ApsH, and solid molar volume, V.

Compounds T. (K) P.(bar)  Ref. @ Ref. T, (K) AuH (kJ/mol)  Ref. vS (m’/mol) Ref.
CO, 304.21 73.83 [23] 0.2250 [24] - - - - -

C,H¢ 305.37 48.76 [25] 0.0990 - - - - -

H,O 647.14 220.6 [24] - - - - - - -

biphenyl 773.00 33.80 [24] 0.4040 [24] 344.15 18.800 [26] 1.310x10™ [26]
triphenyl methane 841.16 21.83 * 0.6729 ok 365.60 20.920 o 2.140x10™ [28]
naphthalene 748.40 40.51 [26] 0.3020 [26] 353.50 19.060 [26] 1.100x10™ [26]
2-methyl naphthalene 761.00 35.00 [29] 0.3820 [29] 330.64 17.500 [9] 1.419x10™ [30]
2,3-dimethyl naphthalene 764.56 29.52 * 0.4283 * 377.95 25.101 [31] 1.547x10™ [31]
2,6-dimethyl naphthalene 764.56 29.52 * 0.4283 * 383.32 25.055 wokE 1.392x10™ [31]
2,7-dimethyl naphthalene 764.56 29.52 * 0.4283 * 368.85 23.349 [24] 1.564x10™ [30]
anthracene 826.54 30.85 * 0.7376 *ok 489.75 28.830 [26] 1.426x10™ [26]
phenanthrene 826.54 30.85 * 0.6280 *ok 373.65 16.460 [26] 1.510x10™ [26]
acenaphtene 809.46 33.82 * 0.3896 *% 366.56 21.460 [32] 1.262x10™ [33]
fluorene 817.53 32.21 * 0.3045 *% 387.94 19.580 [32] 1.393x10™ [31]
fluoranthene 873.82 29.40 * 0.6527 *ok 383.36 18.728 [32] 1.793x10™ [34]
pyrene 874.81 29.53 * 0.7564 * 423.80 17.360 sk 1.585x10™ [31]

* calculated from the group contributions of [27].
** fitted value.
*%% http://webbook.nist.gov/chemistry/.



Table 3

Modeling of solid PAH in supercritical carbon dioxide by means of the NRTL-PR model. Number of SFE data points, Np, percent deviations,
Ax2/x2%, on the solubility of PAH using parameters fitted on VLE+SFE data; x,* is the range of experimental solubilities and Ref. is the
reference of experimental SFE data.

Compounds Np T 4nee(K) P,4nge (bar) Ax;/x; % X% Ref.
biphenyl 82 308-333 80-538 22.45 3.1x10™* = 1.1x10™ [35-38]
triphenyl methane 22 303-323 70-414 31.29 9.4x10° —2.5x107 [39]
naphthalene 470 308-333 61-500 18.78 2.4x10™ - 6.4x107 [35,36,38,40-68]
2,3-dimethyl naphthalene 20 308-328 99-280 19.57 1.3x10°-9.0x10° [47,69]
2,6-dimethyl naphthalene 23 308-328 79-280 20.08 3.0x10*-9.2x107 [47,70]
2,7-dimethyl naphthalene 10 308-328 88-249 13.20 7.4x10* - 1.2x10 [70]
anthracene 282 293-368 69-1156 38.94 3.3x10°-4.4x10™ [39,71-78]
phenanthrene 306 303-343 78-414 24.31 2.1x10° -4.1x10 [38,39,43,47,71,73,76,79-81]
acenaphtene 45 308-348 121-356 53.55 1.3x10° - 1.4x107 [82]
fluorene 187 303-343 70-483 16.81 1.0x10°-9.2x10° [39,76,80,83]
fluoranthene 73 308-348 86-355 56.76 9.1x10°-1.5%x10 [79,82]

pyrene 254 308-373 80-483 25.69 2.7x10° - 1.6x107 [39,71,84,85]




Table 4
Modeling of solid PAH in supercritical ethane by means of the NRTL-PR model. Number of SFE data points, Np, percent deviations, 4x»/x,%,
on the solubility of PAH using parameters fitted on VLE+SFE data; x,* is the range of experimental solubilities and Ref. is the reference of

experimental SFE data.

Compounds Np T 4nee(K) P,4nge (bar) A x;/x; % X% Ref.
biphenyl 10 308-318 70-300 29.30 1.0x102-6.2x107 [86]
triphenyl methane 20 303-323 50-400 39.69 2.4x10*-5.6x10" [39]
naphthalene 69 293-328 40-360 23.95 1.8x10*-1.4x10™ [39,86]
anthracene 87 313-343 100-500 50.20 4.2x10° -4.2x10* [39,71]
phenanthrene 83 303-328 50-450 36.88 2.0x10*=1.1x102 [39,71,86]

pyrene 15 333 100-350 40.15 2.5x10% - 1.2x10° [71]




Table 5

Modeling of solid PAH in water by means of the NRTL-PR model. Number of SLE data points, Np, percent deviations, Axy/x,%, on the
solubility of PAH using parameters fitted on SLE data (4x»/x;% [SLE]) or on LLE+SLE data (4xy/x;% [LLE+SLE]); x;* is the range of
experimental solubilities and Ref. is the reference of experimental SLE data.

Compounds Np T, 4nee(K) Axy/x,% [SLE] Axy/x,% [LLE+SLE] x,* Ref.

Biphenyl 40 273-337 65.59 39.50 3.1x107 -5.4x10°° [95-105]

Naphthalene 97 273-348 52.18 26.77 1.7x10°-4.4x107 [32,95,96,98-102,104,105,107-120]
2-methyl naphthalene 2 298 40.31 10.16 3.1x10°-3.2x10° [100,102]

2,3-dimethyl naphthalene 2 298 64.60 38.10 2.3x107 =3.5x10” [100,102]

2,6-dimethyl naphthalene 2 298 51.96 18.24 1.5x107 -2.3x107 [100,102]

Anthracene 96 273-483 41.98 201.69 1.0x10° -2.2x10™ [95,102,105,111-113,116,118,123-128]
Phenanthrene 54 273-363 53.34 237.25 3.9x10%-3.3x10°  [96,100,102,104,105,111,118,122,128-131]
Acenaphtene 23 273-348 39.19 12.79 1.7x107 =5.0x10° [97,100,102,104,105,125,128]

Fluorene 34 273-383 10.09 50.86 7.2x10°% - 1.6x107 [102,105,112,113,128,132]
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Figure 1. SFE of gas—PAH systems using the NRTL-PR model.

(a) COy(1) — naphthalene(2) at (0,—) 308K, (0,— —) 318K and (A,----) 328K. (b) (0,—) COx(1) — pyrene(2),
(0,— —) COy(1) — phenanthrene(2), (A,----) COy(1) — fluorene(2) and (0, — .- — ) COy(1) — biphenyl(2) at 308K.
(c) C;Hg(1) — naphthalene(2) at (0,—) 298K and (0,— —) 308K. (d) (0,—) C,Hg (1) — anthracene(2), (0,— —)
C,Hg (1) — pyrene(2) and (A,----) C,Hg (1) — phenanthrene (2) at 333K. [Experimental data references given in
Tables 3 and 4]

Figure 2. VLE of gas—aromatic hydrocarbon systems using the NRTL-PR model.

(a) COy(1) — benzene(2) at (0,—) 273K [87], (0,——) 313K [88], (A,----) 347K [89] and (o,— - —) 414K [90].
(b) CoHg(1) — toluene(2) [91] at (0,—) 313K, (0,——) 393K and (A,----) 473K. (c) CO,(1) — naphthalene(2) at
(0,—) 373K [92-94], (0,— —) 403K [94] and (A,----) 430K [94]. (d) (0,—) COx(1) — biphenyl(2) [92] and
(0,——) CO,(1) — phenanthrene(2) [93] at 423K.

Figure 3. LLE of water—aromatic hydrocarbon systems using NRTL-PR [LLE] (—) parameters:
mole fraction of aromatic hydrocarbon in the aqueous phase x,"¢ (¢) and of water in the hydrocarbon
phase x;”"* (D).

(a) Water(1) — benzene(2) [133]: calculations performed under atmospheric pressure. (b) Water(l) — m-
xylene(2) [134]: calculations performed under P = 10 MPa.

Figure 4. SLE of water—aromatic hydrocarbon systems using NRTL-PR [SLE] (—) parameters:
solubility of PAH in water x; (0) under atmospheric pressure.

(a) Water(1) — acenaphtene(2). (b) Water(1) — phenanthrene(2). [Experimental data references given in Table
5]

Figure 5. LLE of water—aromatic hydrocarbon systems using NRTL-PR [LLE] (—) or [LLE+SLE]
(— —) parameters: mole fraction of aromatic hydrocarbon in the aqueous phase x;*? (0) and of water
in the hydrocarbon phase x;°"® (o) under atmospheric pressure.

(a) Water(1) — toluene(2) [135]. (b) Water(1) — p-xylene(2) [134].
Figure 6. SLE of water—aromatic hydrocarbon systems using NRTL-PR [SLE] (—) or [LLE+SLE]
(——) parameters: solubility of PAH in water x; (0).

(a) Water(1) — naphthalene(2): calculations performed under atmospheric pressure. (b) Water(1) — fluorene(2):
calculations performed under P = 5 MPa. [Experimental data references given in Table 5]
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Figure 1. SFE of gas—PAH systems using the NRTL-PR model.

(a) CO,(1) — naphthalene(2) at (0,—) 308K, (0,——) 318K and (A,----) 328K. (b) (0,—) COx(1) — pyrene(2),
(0,— —) CO,(1) — phenanthrene(2), (A,----) COx(1) — fluorene(2) and (0, —--— ) COy(1) — biphenyl(2) at 308K.
(c) C,Hg(1) — naphthalene(2) at (0,—) 298K and (0,— —) 308K. (d) (0,—) C,H¢ (1) — anthracene(2), (0,— —)
C,Hg (1) — pyrene(2) and (A,----) C,Hg (1) — phenanthrene (2) at 333K. [Experimental data references given in
Tables 3 and 4]
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Figure 2. VLE of gas—aromatic hydrocarbon systems using the NRTL-PR model.

(a) COy(1) — benzene(2) at (0,—) 273K [87], (0,——) 313K [88], (A,----) 347K [89] and (0,— -

—) 414K [90].

(b) C,Hg(1) — toluene(2) [91] at (0,—) 313K, (0,— —) 393K and (A,----) 473K. (c) COy(1) — naphthalene(2) at
(0,—) 373K [92-94], (0,——) 403K [94] and (A,----) 430K [94]. (d) (0,—) COx(1) — biphenyl(2) [92] and (0,—
—) COy(1) — phenanthrene(2) [93] at 423K.
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Figure 3. LLE of water—aromatic hydrocarbon systems using NRTL-PR [LLE] (—) parameters: mole
fraction of aromatic hydrocarbon in the aqueous phase x,"¢ (0) and of water in the hydrocarbon phase
X7 (o).

(a) Water(1) — benzene(2) [133]: calculations performed under atmospheric pressure. (b) Water(1) — m-xylene(2)
[134]: calculations performed under P = 10 MPa.
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Figure 5. LLE of water—aromatic hydrocarbon systems using NRTL-PR [LLE] (—) or [LLE+SLE] (—
—) parameters: mole fraction of aromatic hydrocarbon in the aqueous phase x;*? (0) and of water in the

hydrocarbon phase x;°"® (o) under atmospheric pressure.

(a) Water(1) — toluene(2) [135]. (b) Water(1) — p-xylene(2) [134].
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Figure 6. SLE of water—aromatic hydrocarbon systems using NRTL-PR [SLE] (—) or [LLE+SLE] (—
—) parameters: solubility of PAH in water x; (0).

(a) Water(1) — naphthalene(2): calculations performed under atmospheric pressure. (b) Water(l) — fluorene(2):
calculations performed under P = 5 MPa. [Experimental data references given in Table 5]



