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ABSTRACT: The solubility of dibenzothiophene (DBT) in sub- and supercritical propane has been measured using a static view
cell at pressures from (2.7 to 8.0) MPa and temperatures from (298 to 405) K. The values of the mole fraction of DBT varied from
1.3 3 10

�3 to 4.8 3 10
�2 over the experimental range studied. These values are 2 orders of magnitude higher than those reported in the

literature for DBT in CO2 at similar values of reduced pressure and temperature, which is indicative of the excellent solvent
properties of propane for the extraction of polyaromatic compounds, compared to CO2. On the other hand, when comparing the
solubility of DBT in propane to that of other polyaromatic hydrocarbons (PAHs), it is found that DBT solubility (sulfur PAH) is at
least 1 order of magnitude larger than that of anthracene, which in turn is 1 order ofmagnitude larger than that of carbazole (nitrogen
PAH). These results can be mainly attributed to the effect of the vapor pressure of the solutes and, to a lesser extent, to their polarity.
The experimental data have been correlated by the Peng�Robinson equation of state using two sets of mixing rules for the
calculation of mixture parameters aM and bM, obtaining values of the average percentage deviation (APD) of 17 % and 18 %.
Likewise, the empirical equation of Chrastil was used to model the experimental data, yielding a slightly higher APD (20 %).

1. INTRODUCTION

Dibenzothiophene (DBT) is a polycyclic aromatic sulfur
hydrocarbon (PASH). PASHs are abundant in petroleum, coal
tars, and wastewaters from petroleum and coal liquefaction
industries.1 They are toxic and/or mutagenic,2 bioconcentrate
more significantly than sulfur-free polycyclic aromatic compounds,3

and accumulate in sediments, plants, and animal tissues.4,5 They
are also among the most refractory compounds in the residuals at
contaminated sites.4

The low biodegradability of PASHs suggests that physical�
chemical methodsmay bemore effective than biological methods
for both the remediation of PASH-contaminated soils or
sediments6 and the treatment of PASH-containing wastes.7

Moreover, for some specific situations, such as highly polluted
but relatively narrow spots (e.g., local spilled persistent organic
pollutants), the supercritical fluid extraction (a physical-chemical
treatment) has been shown to be a good choice to be used as
remediation technology.8�10

Considering all this and taking into account that one of the
most important properties (along with the mass transfer coeff-
icients) that must be determined to design effective supercritical
extraction processes is the solubility of the target solute in the
supercritical fluid, the solubility of DBT in supercritical propane
is analyzed and discussed in this work. DBT has been selected for
the study as a PASH model compound because DBT and its
alkylated analogues are among the most abundant PASHs in
crude oils.11 Propane has been the solvent of choice because it
has been recently demonstrated that it presents better solvent
properties than CO2 for high molecular weight aromatic hydro-
carbons.12,13

Specifically, the objectives of this study are (a) to measure the
solubility of DBT in high pressure propane, at temperatures and
pressures ranging from (298 to 405) K and from (2.7 to 8.0)
MPa, and (b) to model the experimental data using the
Peng�Robinson equation of state with two sets of mixing rules

and the Chrastil equation.14,15 To the best of our knowledge,
there is no literature available on the solubilities of DBT in
compressed propane.

2. EXPERIMENTAL SECTION

2.1. Materials and Experimental Setup. The solubility of
DBT in propane has been measured in an experimental setup
(R100CW) supplied by Thar Technology, Inc. (Pittsburgh, PA)
shown in Figure 1. The setup consists of a view cell (volume 0.1 L)
with two sapphire windows mounted 90� apart for the obser-
vation and recording of the phase behavior inside the cell using
a camera and an illumination source. It is equipped with a
pressure transducer, a temperature controller (with embedded
heaters), a high pressure motor-driven mixer, and a pressure
pump (P-50, Thar Technology). A cooling system was used to
cool the propane before it was pumped to the solubility deter-
mination equipment. The camera, which was connected to a
personal computer, allowed the observation and recording of the
phase behavior inside the cell under all of the pressure and
temperature conditions tested. For decompressing the system, a
metering valve MV with a heating device was used. A filter
protected the metering valve against potential blockage due to
solidification of DBT during decompression.
Propane (mass fraction 0.995, Praxair) and DBT (mass fraction

0.980, Aldrich) were employed without further purification.
The main physical properties of DBT and propane are shown
in Table 1. The molar volumes of propane were obtained from
the National Institute of Standards and Technology (NIST).17

Special Issue: Kenneth N. Marsh Festschrift

Received: February 18, 2011
Accepted: March 18, 2011



4365 dx.doi.org/10.1021/je2001667 |J. Chem. Eng. Data 2011, 56, 4364–4370

Journal of Chemical & Engineering Data ARTICLE

The vapor pressure of DBT (PvapDBT) was calculated by eq 1,
which was obtained by correlating the experimental data reported
byHansen andEckert23 (temperature range (303 to 348) K) and by
Chirico et al.22 (temperature range (373 to 405) K), for the
experimental range of temperature studied in this work. Figure 2
shows the linear correlation (R2 = 0.9981) of these data.22,23 The
average percentage deviation of vapor pressures calculated from
this equation is 10.3 %.

lnðPvapDBT=PaÞ ¼ 31:9� 10633
T=K

ð1Þ

2.2. Experimental Procedure. To obtain the solubility data,
a given amount of DBT was placed inside the cell. After that, the
cell was closed and heated up to a given temperature by means
of the embedded heaters and the temperature controller. Once
the set temperature was reached, the mixer was switched on and
the propane pumped into the cell. To determine the DBT
solubility, the pressure was increased (at isothermal conditions)
in short intervals of (0.2 to 0.4) MPa until the point at which

only one phase was observed through the sapphire window.
Between intervals, the pressure was held for about 5 min before
the next increase. The experiments were recorded in the PC
connected to the camera. This allowed the subsequent viewing
of the phase equilibrium images with their corresponding real-
time pressure and temperature data. The solubility was deter-
mined from the amounts of DBT and propane loaded into
the cell.
The experimental pressure and temperature conditions

used in each experiment are marked in Figure 3, where the
regions for liquid, vapor, and supercritical states of propane
are also indicated. Dotted lines are also drawn in Figure 3 to
indicate the quasi-isobars at which the temperature effect was
investigated.

Figure 1. Layout of the experimental setup.

Table 1. Molar Mass (M), Normal Boiling Temperature
(Tbp), Melting Temperature (Tmp), Critical Temperature
(Tc), Critical Pressure (Pc), and Acentric Factor (ω) of DBT
and Propane

M Tbp Tmp Tc Pc

compound g 3mol�1 K K K MPa ω

propane 44.09562a 231.06b 85.5c 369.825d 4.24733b 0.1518e

DBT 184.25692a 605.7f 371.816g 897g 3.86g 0.397g

aValue taken from ref 16. bValue taken from ref 17. cValue taken from
ref 18. dValue taken from ref 19. eValue taken from ref 20. fValue taken
from ref 21. gValue taken from ref 22.

Figure 2. Vapor pressure of DBT (PvapDBT): [, values taken from ref
22; 0, values taken from ref 23. Solid line: linear correlation of the
experimental values (ln (PvapDBT) = �10633 3 (1/T) þ 31.85, where
PvapDBT is expressed in Pa, and T is expressed in K; R2 = 0.9981).
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Finally, it should be mentioned that according to the manufac-
turer's specifications of the equipment, the standard uncertainty
in the cell volume was 0.08 mL, and the possible pressure and
temperature variations in the cell were in the ranges ( 0.2 MPa
and ( 3 �C, respectively. On the other hand, the uncertainty
associated with the propane density was 2.3 %, as estimated on
the basis of three major influences: pressure and temperature
effects on the density and the uncertainty in the reference data for
the density.24 According to the relationship between mass and
density of propane (i.e., mpropane = F 3V, in which F and V are the
propane density and the cell volume, respectively), the relative
combined standard uncertainty in the propane mass, ur(mpropane),

was 0.023 [i.e., ur(mpropane) = Δmpropane/mpropane = 0.023]. The
uncertainty in the mass of DBT was 0.5 mg, according to the
balance calibration certificate and the manufacturer recommen-
dations. The standard uncertainties in the DBT and propane
molar masses16 were (0.00626 and 0.00142) g 3mol�1, respec-
tively. Lastly, all of these uncertainty data and an error propaga-
tion analysis25,26 allowed the uncertainty in the DBT mole
fraction to be estimated. The results obtained are shown in
Table 2. It can be observed that, in all cases, the relative
uncertainty in the mole fraction of DBT, ur(y2), is less than or
equal to 0.024 [i.e., ur(y2) = Δy2/y2 e 0.024]. This value was
subsequently confirmed through repeatability tests.

3. RESULTS AND DISCUSSION

Table 2 and Figure 4 show the solubilities of DBT in propane
at the experimental conditions investigated. Molar fractions of
DBT varied from 0.0013 to 0.0480, what is equivalent to
solubilities from (5.37 to 210.96) (mg of DBT) 3 (g of propane)

�1.

Figure 3. Experimental conditions and quasi-isobars marked in the
phase diagram of propane.

Table 2. Experimental Results of Solubility of DBT in
Propane

T/K P/MPa equilibrium phasesa y2
b uncertaintyc Δy2 3 y2

�1

298 3.9 solid�liquid 3.20 3 10
�3 2.30 3 10

�2

6.0 solid�liquid 4.75 3 10
�3 2.30 3 10

�2

8.0 solid�liquid 5.51 3 10
�3 2.29 3 10

�2

333 2.7 solid�liquid 9.58 3 10
�3 2.28 3 10

�2

3.4 solid�liquid 1.32 3 10
�2 2.27 3 10

�2

5.1 solid�liquid 1.53 3 10
�2 2.27 3 10

�2

7.9 solid�liquid 2.07 3 10
�2 2.26 3 10

�2

343 4.9 solid�liquid 1.65 3 10
�2 2.27 3 10

�2

370 4.8 solid�supercritical 3.42 3 10
�2 2.22 3 10

�2

6.2 solid�supercritical 3.80 3 10
�2 2.22 3 10

�2

7.7 solid�supercritical 4.81 3 10
�2 2.19 3 10

�2

388 5.1 liquid�supercritical 1.28 3 10
�3 2.38 3 10

�2

5.5 liquid�supercritical 9.80 3 10
�3 2.28 3 10

�2

6.0 liquid�supercritical 2.07 3 10
�2 2.25 3 10

�2

7.1 liquid�supercritical 2.98 3 10
�2 2.23 3 10

�2

8.0 liquid�supercritical 4.00 3 10
�2 2.21 3 10

�2

405 6.5 liquid�supercritical 4.04 3 10
�3 2.30 3 10

�2

7.0 liquid�supercritical 1.00 3 10
�3 2.28 3 10

�2

7.9 liquid�supercritical 2.03 3 10
�2 2.26 3 10

�2

aNature of the phases in equilibrium (solute�solvent). bMole fraction
of DBT in propane. cRelative combined standard uncertainty of DBT
mole fraction.

Figure 4. Experimental solubility of DBT in propane as a function of
pressure and temperature: 2, 298 K; ), 333 K; 9, 343 K; 4, 370 K; (,
388 K; 0, 405 K.

Figure 5. Variation of propane density (Fpropane) with pressure and
temperature in the experimental range investigated. Data obtained from
NIST.17.
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It can be observed that in all cases the solubility of DBT increases
by isothermically increasing the pressure, although the effect is
more marked for temperature values above the critical tempera-
ture of propane (370 K). On the other hand, for a constant value
of pressure, solubility values present a maximum at the critical
temperature of propane; that is, solubility increases with tem-
perature at temperatures values below 370 K, but it decreases
with increasing temperature above 370 K.

These results are closely related to the influence of pressure
and temperature on the density of the solvent and the solute
vapor pressure, which are the main parameters affecting the
solubility.27,28 Specifically, the higher is the solvent density, the
larger its solvent power and, consequently, the solute solubility;
on the other hand, the higher the solute vapor pressure is the
larger its solubility. Regarding the solvent density, Figure 5 shows
the variation of propane density as a function of pressure and
temperature in the experimental range studied.17 This parameter
increases with isothermal increases of the pressure; on the
contrary, it decreases by increasing the temperature for a con-
stant value of pressure, being this effect stronger above the critical
pressure and temperature. With regard to the solute vapor
pressure, it increases exponentially with the temperature.22,23

Bearing in mind all of this, pressure increases must lead to
solubility increases of DBT in propane (because of the higher
propane density). However, increases of temperature may cause
contrary effects: decreases in the solvent power due to the
decrease of propane density, and increases in DBT solubility
due to the higher solute vapor pressure. According to the experi-
mental results, it can be inferred that for temperature values
below the critical temperature, the effect of the solute vapor
pressure on DBT solubility dominates over that of solvent
density, so temperature increases lead to higher solubilities. On
the other hand, for temperate values over 370 K, the abrupt
decrease of propane density by increasing the temperature pro-
duces the decrease of the solute solubility, the effect of solvent
density being stronger than that of the solute vapor pressure.
3.1. Comparison of the Solubility of DBT in Propane and in

Carbon Dioxide. As carbon dioxide is the supercritical solvent
most commonly used, the results for the solubility of DBT in
propane have been compared to those of DBT in carbon dioxide
previously reported.29 Figure 6 shows the mole fraction of DBT
in both solvents for similar values of the reduced pressure (Pr)
and temperature (Tr). The treatment of data in this manner

avoids the influence of the proximity to the solvent's critical point
(propane: Tc, 369.8 K, Pc, 4.25MPa; carbon dioxide: Tc, 304.1 K,
Pc, 7.38 MPa). It can be observed that, in all of the experimental
conditions studied, the solubility of DBT in propane is 2 orders
of magnitude higher than in carbon dioxide. This behavior has
been also observed in previous works of our group for different
PAH compounds (concretely anthracene and carbazole)12,13 and
highlights the superior solvent properties of propane for hydro-
carbons against carbon dioxide.30�32

3.2. Comparison of the Solubility of DBT, Anthracene, and
Carbazole in Propane. The solubility of DBT (sulfur PAH) in
propane has been compared to that of anthracene (PAH) and
carbazole (nitrogen PAH), obtained in previous works of our
group.12,13 The values of solubility (expressed as mole fraction of
solute) of these three PAH compounds in propane are summar-
ized in Figure 7, for similar operation conditions (T, P).
Specifically, the temperature values used for the comparison
were the same in all cases, while the pressure values differed less
than 0.5 MPa (the pressures shown in Figure 7 are the average of
the three pressure conditions compared).
Carbazole presents the lower values of solubility at the

experimental conditions studied, being the maximummole fraction
obtained 4.2 3 10

�4. In the case of anthracene, it is 4.2 3 10
�3, that

is, 1 order of magnitude higher than that of carbazole. Never-
theless, the solubility of DBT is in all cases at least 1 order of
magnitude larger than that of anthracene.
These differences must be attributed to the vapor pressure of

the solutes and the interactions between the different solutes
with the solvent (propane), which are influenced by their
polarity. Table 3 shows the values of the vapor pressure of the
three PAH solutes for the different temperatures studied, to-
gether with their ground-state dipole moments (μg).
With regard to the interaction between the solvent and the

solutes, it must be considered that propane is a nonpolar solvent
(molecular dipole moment near 0, μg = 0.084D)

41 and therefore,
its affinity for nonpolar solutes its higher than for polar ones.
Thus, according to the polarity (molecular dipole moment) the
solute solubility in propane should follow the order antracene
(μg = 0.0 D) > DBT (μg = 0.8 D) > carbazole (μg = 1.8 D). On
the other hand, as said before, the higher is the solute vapor
pressure, the larger its solubility. Therefore, on the basis of the
solute vapor pressure, the PAH solute solubility should follow the
order DBT . anthracene > carbazole.

Figure 6. Comparison of DBT solubility in propane (this work) and
CO2.

29 Tr = T/Tc; Pr = P/Pc. Black bar, mole fraction of DBT in CO2;
gray bar, mole fraction of DBT in propane.

Figure 7. Solubility of carbazole, anthracene, and DBT in propane,
expressed as mole fraction of solute. Black bar, carbazole; dark gray bar,
anthracene; light gray bar, DBT.
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In view of the experimental results, it may be stated that in the
experimental systems investigated the effect of the solute vapor
pressure on the solute solubility dominates over that of the pola-
rity, especially in the case of the solubility values reported for
DBT and anthracene (higher solubility of DBT). Both para-
meters influencing the solute solubility (solute vapor pressure
and polarity) explain that carbazole is the least soluble PAH of
the three solutes compared in this work.
3.3. Modeling of the Solubility of DBT in Propane with

Peng�Robinson Equation of State and with Chrastil Equa-
tion. The experimental values of the solubility obtained have
been correlated in order to find mathematical expressions that
allow the prediction of the solubility of DBT in propane at
different operation conditions.
The Peng�Robinson equation of state (eq 2) can be used to

predict the phase behavior of multicomponent systems.14 Para-
meters a(T) and b are defined by eqs 3 and 4.

P ¼ R 3T
υ� b

� aðTÞ
υ 3 ðυþ bÞ þ b 3 ðυ� bÞ ð2Þ

aiðTÞ ¼ 0:45724 3
R2

3TC, i2

PC, i 3 1þ ð0:37464þ 1:54226 3ωi
�

� 0:26992 3ωi
2Þ 3 1�

ffiffiffiffiffiffiffiffi
T
TC, i

s0
@

1
A
1
A

2

ð3Þ

bi ¼ 0:07780 3
R 3TC, i
PC, i

ð4Þ

For multicomponent systems, mixture parameters aM and bM are
estimated by the expressions given in eq 5. In these equations aij
and bij represent the interaction parameters for whose calculation
different sets of mixing rules are reported in the
literature.12,14,42,43

aM ¼ ∑
i
∑
j
yi 3 yj 3 aij and bM ¼ ∑

i
∑
j
yi 3 yj 3 bij ð5Þ

The set of mixing rules used by Peng and Robinson14 to estimate
interaction parameters (aij and bij) was the one-fluid van derWaals
set of rules, which is defined by eq 6 (where kij = kji, kii = 0). This
set of mixing rules, labeled S1 in this work, implies the use of only
one adjustable parameter (kij).

S1 : aij ¼ ffiffiffiffiffiffiffiffiffi
ai 3 aj

p
3 ð1� kijÞ and bij ¼ ðb1 þ b2Þ=2 ð6Þ

Likewise, a set of mixing rules involving two adjustable para-
meters (kij and δij) has been used. It is labeled S2 and defined by
eq 7 (where kij= kji, kii= 0, δij=δji,δii = 0). This set has been used
by our group in previous works yielding good correlation of the
experimental results.12,13

S2 : aij ¼ ffiffiffiffiffiffiffiffiffi
ai 3 aj

p
3 ð1� kijÞ and bij ¼

ffiffiffiffiffiffiffiffiffi
bi 3 bj

p
3 ð1� δijÞ ð7Þ

To find the optimal values of the adjustable parameters, the
Newton method has been used to minimize the average percen-
tage deviation (APD), the objective function given by eq 8 that
compares the experimental (y2) and calculated (y2

cal) solubility
(expressed as mole fraction of DBT).

APD ¼ ∑
n

i¼ 1

jy2, i � ycal2, ij
y2, i

 !
3
ð100%Þ

n
ð8Þ

The optimal values of the adjustable parameters of the Peng�
Robinson equation with mixing rules sets S1 and S2, together
with the APD values, are shown in Table 4. It can be seen that the
set of mixing rules S2 presents a slightly smaller value of the APD
(∼17 %) and therefore the best adjustment results, which can be
attributed to the fact that it involves the use of two adjustable
parameters instead of one adjustable parameter used by S1.
Likewise, to give a visual idea of the correlation, Figure 8 shows
the estimated data versus the experimental ones for both sets of
mixing rules tested (S1 and S2). It can be observed a good fitting
of the experimental results in all cases.
On the other hand, the Chrastil equation has been also

evaluated for the correlation of the experimental data obtained
in this work. The Chrastil model relates the solubility of a solute
(y2) in a fluid at high pressure with the density of the fluid (F) and
the temperature (T), as shown in eq 9.15 Despite the simplicity of
this equation, it is often used as it provides good correlation of the
experimental data:

ln y2 ¼ a0 þ a1
T
þ a2 3 ln F ð9Þ

where a0, a1, and a2 are adjustable parameters. In this work, they
have been calculated by minimizing the objective function given
by eq 8, which compares the experimental (y2) and the calculated
(y2

cal) values of the mole fraction of DBT. Table 4 shows the
values of the optimal adjustable parameters and the APD
obtained by the correlation of experimental data with the Chrastil
equation (∼ 20 %).
It can be observed that the APD is slightly higher than that

obtained by using the Peng�Robinson equation of state, despite

Table 3. Molar Mass (M), Structure, Ground State Dipole Moment (μg), and Vapor Pressure (Pvapsolute) of the Polyaromatic
Solutes Compared

aValue taken from ref 33 and 34. bValue taken from ref 35 and 36. cValue taken from ref 37 and 38. dValue taken from ref 39 for carbazole, 40 for
anthracene, and 22 and 23 for DBT.
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the fact that Chrastil model requires the use of three adjustable
parameters, against the one or two adjustable parameters (using
S1 and S2 mixing rules sets, respectively) involved in the corre-
lation with Peng�Robinson equation. This fact can be explained
taking into account that the Peng�Robinson equation is more
complex and involves the use of a number of physical properties
of the system components, that is not required by the equation of
Chrastil because of its simplicity. Finally, the graphical compar-
ison of the experimental and Chrastil equation predicted data is
given in Figure 8. It can be observed a good agreement between
experimental and estimated data.

’CONCLUSIONS

The solubility of DBT in compressed propane has been
measured using a static method at pressures from (2.7 to 8.0)
MPa and temperatures from (298 to 405) K. The values of mole
fraction of DBT in propane under the experimental conditions
investigated varied from 1.3 3 10

�3 to 4.8 3 10
�2. These mole

fractions are 2 orders of magnitude higher than those reported
in the literature for DBT in compressed CO2, at similar condi-
tions of reduced temperature and pressure, and highlight the
excellent solvent properties of propane for the extraction of
polyaromatics, compared to CO2. The solubility data obtained
have been modeled by the Peng�Robinson equation of state,
using two sets of mixing rules (that imply the use of one or two

adjustable parameters) for the calculation of mixture parameters
(aM and bM). Both sets of mixing rules yielded similar APDs,
concretely, 17.3 and 18.5 %. Likewise, the empirical Chrastil
equation (which involves the use of three adjustable parameters)
was used to correlate the experimental solubility, giving a slightly
higher APD (20.1 %). Both expressions evaluated (Peng�
Robinson and Chrastil) yield a good fitting of the experimental
results, so they can be used to predict the solubility with more or
less accuracy (and simplicity), depending on the requirements.
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