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ABSTRACT: The solid solubilities of 1,4-naphthoquinone and of S-hydroxy-2-methyl-1,4-naphthoquinone (also known as
plumbagin) in supercritical carbon dioxide (scCO,) were measured using a static analytical method at 308.2, 318.2, and 328.2 K, and
for pressures between 9.1 and 24.3 MPa. For the three studied isotherms, experimental solubilities (in terms of solid molar fraction)
ranged from 5.0- 10> to 4.9:10 > (for 1,4-naphthoquinone) and from 5.0+-10"> to 9.0-10 > (for plumbagin). Experimental
solubility data were correlated with three density-based models (Chrastil, Bartle, and Méndez-Santiago—Teja models) and with the
Peng—Robinson equation-of-state (PR-EOS), together with the conventional van der Waals mixing and combining rules (one
adjustable parameter, vdW1; two adjustable parameters, vdW2). Distinct experimental and estimated critical and thermophysical
properties of the two solid substances were employed for the PR-EOS correlation and were discussed in terms of the quality of the
obtained fitting results. Employed semiempirical density-based models led to AARD values lower than 11 %. Best results were
obtained with the Chrastil model: 5.8 % and 8.5 %, for plumbagin and 1,4-naphthoquinone, respectively. Good correlation results
were also achieved when using the PR-vdW2 model (with AARD values between 4.0 % and 12.2 %, for both substances and for
different isotherms) despite the fact that the adequate choice of the employed critical and thermophysical properties estimation

methods was critical for the obtained correlation results.

M INTRODUCTION

Chemodiversity in nature offers an unlimited number of natural-
based substances with several different and recognized bio-
activities." These compounds, usually known as secondary
metabolites, are known to provide plant protection against
herbivores and pathogenic microorganisms, as well as play an
important role in other plant functions, such as structural
support (e.g, lignins) or pigmentation (e.g., anthocyanins).?
Many higher plants can accumulate these extractable organic
substances in relatively high quantities to be economically
useful and viable as chemical feedstocks or as raw materials
for different scientific, technological, and commercial applica-
tions, including food, cosmetic, and pharmaceutical ones.
Currently, there are a large number of distinct natural-based
chemical substances, which have been recognized to present
some potentially important pharmacological properties®, mak-
ing them desirable candidates for optimization in drug discov-
ery and development processes.*

Quinones represent one of the most widespread groups of
secondary metabolites in nature. These natural phenolic com-
pounds occur in various families of plants, fungi, bacteria and
insects, and play an important role as biologically active com-
pounds in many biological electron-transfer processes, such as
respiration and photosynthesis (e.g., vitamin K and coenzyme
Qi0).> ® Plant extracts containing naphthoquinones, an impor-
tant subgroup of the quinones families, have been used for long
time as traditional medicines and, presently, are being the focus
of attention of researchers mostly because of their well-known
and broad-range of biological activities (such as phytotoxic,
insecticidal, antibacterial, fungicidal, anti-inflammatory, antiviral,
and cytotoxic effects).”'* Moreover, their potential anticarcino-
genic and antiamyloidogenic properties make them also potential
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phytopharmaceuticals for cancer treatment'® and for neurode-
generative disorders prevention and therapeutics (such as
Alzheimer’s and Parkinson’s diseases).'®

However, the toxicological and pharmacological effects of most
naphthoquinones are strongly dependent on their chemical struc-
tures, namely, on the presence and on the molecular position of
hydroxyl groups, which can significantly change the physical,
chemical, and biological properties of these compounds.'*'”'®
Among all naphthoquinones, plumbagin (S-hydroxy-2-methyl-
1,4-naphthoquinone) is arousing a great interest in recent years
because of its effective biological activities such as antioxidant, anti-
inflammatory, anticancer, antibacterial, and antifungal effects.’°

The extraction of natural compounds from vegetable raw
materials or residues requires the choice of the proper extraction
method, as well as the adequate selective and nontoxic solvent,
principally if food, cosmetic, and pharmaceutical applications are
intended. Moreover, extracts activities and stabilities are also
dependent on the employed extraction solvent. The absence of
light and of air during the extraction process, together with the
use of relatively mild temperatures, are also very important issues
as they can significantly reduce extracts degradation.26

The increasing necessity of “greener” processes for the extrac-
tion of these compounds has recently led to the replacement of
some conventional extraction methods (such as maceration or
hot extraction using organic solvents), by supercritical fluid (SCF)
based technologies, namely, by supercritical carbon dioxide (scCO,)
extraction processes. In addition, the possibility of adjusting the
supercritical solvent density (by changing process temperature and
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pressure) is one of the advantageous key factors of SCF-based
extraction process since it will permit selectivity improvement toward
specific compounds. Finally, SCF-based processes are known to
reduce or even to avoid the needs for further extracts purification and
solvent evaporation steps.

Nevertheless, the design and optimization of extraction and
purification SCF-based processes always require an accurate
knowledge of the experimental and of the modeled equilibrium
solubility data between the solutes of interest and the SCF
solvent (at different temperature and pressure conditions).”’”
Moreover, other SCF-based technologies, such as SSI (supercri-
tical solvent impregnation/deposition) and rapid expansion of
supercritical solutions (RESS) (which can be used in the food
and pharmaceutical industry to load bioactive substances, to
modify solid particles shape, polymorphism, morphology, and
surface structure) are also extremely dependent on the solubility
of the pharmaceutical/food ingredient in the SCF solvent.

In this work, the equilibrium solubilities of 1,4-naphthoqui-
none and of plumbagin in scCO, were experimentally measured
at 308.2, 318.2, and 328.2K, and in a pressure range from 9.1 up
to 24.3 MPa. A static analytical method was employed for this
purpose. Obtained experimental results were compared with
previously reported solubility data for 1,4-naphthoquinone”®™
and for plumbagin28 in scCO,, although these were obtained by
employing different experimental solubility determination meth-
ods or pressure—temperature conditions/ranges. Experimental
solubility data were correlated with three density-based models
(Chrastil, Bartle, and Méndez-Santiago—Teja models) and with
the Peng—Robinson cubic equation-of-state (PR-EOS), to-
gether with the conventional van der Waals mixing and combin-
ing rules (with one adjustable parameter, vdW1; with two adjust-
able parameters, vdW2). Different experimental and estimated
critical and thermophysical properties of the two solid substances
were employed for the PR-EOS correlation procedures and
results were discussed in terms of the quality of the obtained
fitting results (best average absolute relative deviation values,
AARD).

This work continues and extends our previous research activi-
ties on the experimental determination and correlation of the
solubility of several bioactive substances and of other solid
compounds in scCO,,*' 73 as obtained data are critical for the
successful design and optimization of supercritical fluid technol-
ogies, namely, those to obtain selective naphthoquinones-rich
extracts (from different vegetable raw materials sources); those
to process the obtained extracts (e.g., micronization and to
increase in vivo bioavailability); and those to allow their impreg-
nation/deposition into solid matrices intended for controlled
delivery (e.g, for cosmetic and pharmaceutical applica-
tions). In all the above-mentioned processes, and in particular
in the case of micronization (like RESS) and impregnation
processes, the solubility of the solute in the pressurized media
(at different conditions of pressure, temperature, and pre/post
expansion rates) is one of the main variables affecting the effec-
tiveness of these processes.

B EXPERIMENTAL SECTION

Materials. Carbon dioxide (CAS 124-38-9, purity >99.998 %
v/v) and ethanol (CAS 64-17-S, purity >99.5 % v/v) were
obtained from Praxair and from Panreac Quimica SA, respec-
tively. 1,4-naphthoquinone (CAS 130-15-4, purity =97 % w/w)
and plumbagin (CAS 481-42-5, purity =95 % w/w) were

obtained from Sigma-Aldrich, and were used without further
purification. The chemical structures of 1,4-naphthoquinone and
of plumbagin are shown in Table 2.

Experimental Solubility Measurement Procedures. Experi-
mental equilibrium solubility data were obtained by a static
analytical method and using a solubility apparatus already de-
scribed and validated in previous works.”' *® The apparatus
comprises a high-pressure stainless-steel equilibrium cell (HPC),
coupled to a known-volume sampling loop which is connected
through a six-port sampling valve (Rheodyne, model 7060) to
previously calibrated volumes. These volumes include tubing
lines, a glass trap (immersed in ice) and a stainless steel balloon
(immersed in a water bath at room temperature). The sealed
HPC is loaded with an excess amount (~600 mg) of each
solid substance (1,4-naphthoquinone or plumbagin) and a
magnetic stirrer. After closing the HPC, it is placed into a
thermostatic water bath, equipped with a temperature controller
(ThermoHaake, model DC30) that maintains the experimental
temperature within & 0.1 K. The HPC is then pressurized with
CO, until the desired experimental pressure is achieved at the
chosen operational temperature. Pressure is measured by a high-
pressure transducer (Setra, model 204, (0 to 34.4 + 0.04)
MPa). After pressure and temperature stabilization, the mixture
is continuously stirred for one hour, followed by a stabilization
period of 15 min. A sample is then taken from the HPC into the
sampling loop through the six-port sampling valve. The dissolved
solid is forced to precipitate into the cold glass trap and after
expanding the compressed mixture into the trap and the stainless
steel balloon (which was previously brought to subatmospheric
pressure). The resulting pressure increase in the balloon is
measured using a calibrated high precision low-pressure trans-
ducer (Setra, model 204, (0 to 0.175 + 1.9-10 *) MPa). To
recover all the sampled solid substances, a cleaning solvent
(ethanol) is injected through the sample loop and the expansion
lines and recollected in the same cold glass trap. The tubing lines
are additionally cleaned/dried with fresh and slightly pressurized
CO..

Analytical Method. The amount of solid substance (1,4-
naphthoquinone or plumbagin), which was solubilized in sc-
CO,, at the employed pressure and temperature conditions, was
quantified by spectrophotometric analysis using a UV—vis
spectrophotometer (Jasco V-530, Japan) and previously deter-
mined calibration curves (in the range 2.5- 10 mg-mL71 and
50-10> mg-mL™"). The solutes that were collected in each
sampling step were diluted to a convenient ethanol volume and
the absorbance of the resulting solutions was measured at a fixed
wavelength of 332 nm or at 420 nm (for 1,4-naphthoquinone and
for plumbagin, respectively). The amount of CO, in each
sampling step was calculated using the Virial EOS (alpplied to
pure CO,) as previously reported and explained.®” All the
prepared solutions were carefully stored and protected from
light to avoid solid substances degradation.

Correlation of Experimental Solubility Data. Chrastil Model.
The well-known Chrastil model®” relates the solubility of a solid
solute in a SCF with the density of the pure SCF and with the
absolute temperature, according to the following expression:

InS=klnp + a/T +p (1)
Ineq 1, S (kgrm >), is the solubility of the solid in the

supercritical phase, p (kg-m ), is the density of the pure
supercritical fluid, k, is the association number, @, is a constant,
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defined as AH/R, (where, AH, is the sum of the enthalpies of
vaporization and solvation of the solute and R is the gas constant)
and f, is another constant, which is related to the molecular
weights of the solute and solvent. The parameters k, a, and 3, are
obtained from a multiple linear regression on the obtained
experimental solubility data.

Bartle Model. Bartle et al.*® developed a straightforward
semiempirical correlation which relates the solubility of the solid
in the SCF with the experimental pressure, P (bar), and the pure
SCF density, p (kg-m ), according to eqs 2 and 3:

P
In (y> — A+ Clp— pu) @)
Pref
a
A=a + FZ (3)

In these expressions, P, is a standard reference pressure (set equal
to 1 bar), P, is a reference density (considered as 700 kg'mfs),
T is the experimental temperature (K), and a,, a,, and C are
empirical constants, which are determined by fitting the experi-
mental data obtained for each isotherm using eq 2 and 3.
Constant C is assumed as temperature-independent and is an
average of the values obtained for each isotherm. Its averaged
value is employed to recalculate the A constant for each isotherm,
which will then be used to calculate a; and a, using eq 3. The
parameter a, is related to the solid solute enthalpy of sublimation,
ay = —AHg,,/R, where R is the gas constant.

Méndez-Santiago—Teja Model. Méndez-Santiago and Teja*
developed a linear semiempirical model which describes the
solubility of a solid solute as a function of temperature and of
pure SCF density:

Tla(yp) = A + Bp + CT (4)

In eq 4, A, B/, and C' are pressure- and temperature-
independent constants that are obtained by the multiple linear
regression of the solubility data. The consistency of the solubility
experimental data can be checked by the convergence of all the
solubility isotherms into a single straight line.

Peng—Robinson EOS Model. The equilibrium solubility of a
solid solute in a high pressure fluid can be calculated by the
general expression

P o1 v (P — P5™)
=2 S
)2 P gDgcp exp RT ( )

Ineqs, P;ub is the sublimation pressure of the solid solute, v, is
the molar volume of the solid, and ¢5°" is the fugacity coeficient
of the solid in the fluid phase, which account for the nonideality
of the high pressure fluid phase and that can be evaluated by an
adequate equation-of-state (EOS). This equation is valid only if
the solubility of the solvent in the solid solute is negligible, if the
solid is incompressible and if the pure solid saturated vapor (at
sublimation) behaves like an ideal gas. The fugacity coeflicient
of the solid in the fluid phase, ¢§C , can be calculated from the
Peng—Robinson cubic equation-of-state (PR-EOS) ¥ described
by eq 6 and using the classical van der Waals (vdW) mixing/
combining rules with one (vdW1) or with two (vdW2) adjus-
table binary interaction parameters, k;; and j; according to eqs 10
and 11

ijs

RT a

P:v—biv(v—k b) + b(v—1b)

(6)

Table 1. Experimental Solubilities of 1,4-Naphthoquinone
and of Plumbagin in Supercritical Carbon Dioxide

T P 0" y s

K MPa kg- m > .10° kg- m

L4-naphtho- 3082 97 4004 66925
quinone 124 +0.02 77437
1524001  817.20

183 4006  850.56

212+ 008 87533

240 £ 005 89493

3182 954001 36138

122 +0.03  666.47

1514011 743.88

1854+ 002  795.02

2124003 82458

2424003 85113

3282 954001 267.80

1224002 51581

1514001  659.13

1854+ 001  725.52

2124002 77108

24.1 +0.01 802.32
plumbagin 3082 9.1 £0.05 67037

123 £0.05 77197
152 +£0.01 816.59
18.0 £ 0.05  848.04
212 £0.08 87546
243 £0.04 89647
3182 9.1 +0.14 35162
121 £0.17  662.08
152 £ 049 74512
18.0 £0.52 78942
212 £055 82445
239+£029 84850
3282 924002 26752
122+ 0.07 51751
15.0 £0.03  652.39
18.4 £0.02 72892

0.96 £0.018 231 & 0.035
1.80 £ 0.053  5.02 £ 0.148
2.32 £0.031 6.83 +0.091
2.86 £0.058 8.76 + 0.179
321 £0.041 10.14 = 0.124
3.50 £ 0.071 11.29 £ 0.234
0.14 £ 0.012 026 & 0.022
1.06 £ 0.042  3.60 & 0.141
2.01 40039 7.62 £ 0.127
3.00 £ 0.026 12.20 £ 0.102
3.67 £0.038 15.48 £ 0.155
4.26 £ 0.050 18.56 + 0.221
0.05 4+ 0.003  0.07 £ 0.004
0.78 £ 0.038  2.05 % 0.098
1.86 +0.048 6.28 £ 0.159
3.11 40039 11.52 £ 0.142
428 +0.071 16.89 £ 0.282

4.93 £0.030 20.26 + 0.127
125 +£0.012  3.58 £ 0.049

241+ 0.058 7.99 £ 0.185
3.12 £ 0.108 11.18 +0.373
3.80 + 0.133 13.85 + 0.494
4.55 £ 0.121 17.11 £ 0.461
5.04 £ 0.121 19.43 4+ 0.469
0.12 = 0.008 0.21 £ 0.015
1.82 +0.085 6.17 £+ 0.289
3.40 £ 0.025 12.94 4+ 0.084
4.68 + 0.058 18.90 + 0.245
5.98 £ 0.011 25.29 + 0.06
6.95 + 0.087 30.28 + 0.387
0.05 £+ 0.006 0.07 4 0.007
1.61 & 0.040 4.25 + 0.069
3.66 & 0.078 12.22 £+ 0.276
5.80 + 0.059 21.69 + 0.246
21.2 +£0.02 770.69 7.39 +0.032 29.26 £+ 0.129
24.0 = 0.02  801.00 9.00 £+ 0.072 37.09 £ 0.297
“Data from NIST webbook (http:/ /webbook.nist.gov/chemistry/ ).

RAT2 ™%
= 0.45724 < 1 1— (= 7
a b, +n (Tc> (7)
n = 0.37464 + 1.54226w — 0.26992w* (8)
RT.
b = 0.07780 9)
P

C

a= Z Z yiy;-(a,-a;-)o's(l — ki) (10)
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o= % S5 )a- (1)

The optimal binary interaction parameters, k; and [; are
obtained through the minimization of the average absolute-
relative-deviation (AARD) objective function

cal __ , exp
AARD (%) = 10 5 DT =] (12)
N 5

In eq 12, N is the number of experimental data points for each
isotherm, y*' are the calculated solubilities, and y™® are the
experimental solubility data points.

Estimation of Critical and Thermophysical Properties. The
critical properties and the sublimation pressure of both solid
substances (1,4-naphthoquinone and plumbagin) were esti-
mated by different methods available in literature to verify its
influence on the accuracy of the PR-EOS fitting correlation. The
critical pressure (P.) and critical temperature (T.) of 1,4-naph-
thoquinone and plumbagin were calculated using three different
estimation methods, namely, the _]oback,41 Wilson—_]asperson41
and a group contribution method recently proposed by Marrero
and Gani.”> The Pitzer’s acentric factor was estimated by the
Ambrose—Walton corresponding states method*' and the molar
volume of naphthoquinones were estimated using the Fedors
group contribution method.* 1,4-naphthoquinone and plumba-
gin sublimation pressures were estimated by the Ambrose—
Walton corresponding states method,*' assuming that both
solids can be treated as subcooled liquids.

B RESULTS AND DISCUSSION

The equilibrium solubility of 1,4-naphthoquinone and of
plumbagin in scCO, was experimentally measured at 308.2 K,
318.2 K, and 328.2 K, and in the pressure range from 9.1 MPa to
24.3 MPa. Results are presented in Table 1 and are expressed in
terms of the studied solid compounds mole fractions, y, as well as
in terms of the mass of solid compounds per unit of volume of
scCO, (S, kg-m?). The overall uncertainty of the performed
solubility measurements, taking into account the random un-
certainties corresponds to a stated measurement detection limit
lower than 1.8-10° (in terms of solid compounds mole frac-
tions, ).

The obtained solid compounds mole fraction solubilities varied
between 5.0-10"> and 4.9-10 > (for 1,4-naphthoquinone) and
between 5.0-10 > and 9.0-10 > (for plumbagin). The relative
standard deviations (RSD) for pressure, for solid compounds mole
fractions and for mass of solid compounds per unit of volume of
scCO, are also presented in Table 1. Each reported experimental
data point is the average of, at least, three replicate measurements
that lead to RSD values lower than 10 %. The solid compounds
mole fraction solubilities presented RSD values between 0.6 %
(T=3282K,P=24.1MPa,y=493-10 >) and 8.5% (T =3182K,
P=9.2MPa,y=1.42-10"") for 1,4-napthoquinone and between
02% (T=3182K,P=212MPa,y=598-10 ) and 10.9% (T =
328.2K,P=9.2MPa,y =520 10™°) for plumbagin. An overall
RSD of 2.6 % was obtained for all experimental data points (and
for both compounds). As can be observed and as it was expected,
the solubilities of 1,4-napthoquinone and of plumbagin were
found to increase with pressure for all isotherms. This is due to
the enhanced solute—solvent specific interactions that were
favored by the reduction of the intermolecular mean distance of
the involved molecules. Moreover, the crossover effect (which is
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Figure 1. Experimental solubility data in scCO, of (a) for 1,4-naphtho-
quinone measured in this work (@, 318.2 K; A, 328.2 K) and measured by
Schmitt et al.”® (O, 3182 K; A, 3282 K). Data measured at 3132 K by Ngo
et al*® (+) and by Rodrigues et al®® (%) are also represented for com-
parison purposes; (b) for plumbagin measured in this work (M, 308.2 K;
@, 3182 K) and measured by Rodrigues et al®® (%) at 3132 K.

usually found for the solubility of organic solids in scCO,) was
also observed for both studied solids, with crossover regions
located around 18.0 MPa to 19.0 MPa and around 15.0 MPa to
16.0 MPa, for 1,4-naphthoquinone and for plumbagin, respec-
tively. This retrograde solubility behavior results from the opposite
effects of temperature on the SCF density and on the sublimation
pressure of the solid solutes. At lower pressures, the decrease in the
scCO, density with the increasing temperature is the dominant
phenomenon, leading to a decrease of the solvent capacity and of
solute solubility. Above the crossover region (the point at which
the three isotherms intercept and cross over each other), the effect
of temperature on the solute vapor pressure begins to prevail and
thus the solute solubility will increase with increasing temperature.

The experimental solubilities obtained in this work were compared
with other experimental data previously reported in the literature for
1,4-naphthoquinone and for plumbagin (Figure 1).

In the case of 1,4-naphthoquinone (Figure 1a), the experi-
mental data measured by Schmitt et al* (at 318.2 and 328.2 K,
and using a flow-type apparatus) were always higher than the
ones obtained in the present work. The observed differences
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were even more pronounced at lower temperatures and pres-
sures and for solid compounds mole fractions lower than 1-10°.
This may be due to larger experimental errors that resulted from
the employed analytical procedure (namely, the flow-type method
that was used to quantify the amount of solubilized solid and which
was based on gravimetric mass differences). Other e;sperimental
data (measured by Rodrigues et al.*® and by Ngo et al,*" at 3132 K
and using in situ spectroscopic techniques) are also presented in
Figure 2a for corngarison purposes. While the results measured by
Rodrigues et al*® present a pressure-solubility tendency more
similar to the one obtained in the present work, the data obtained
by Ngo et al.** seem to be overestimated.

The only experimental solubility data reported in the literature
for plumbagin were those measured at 313.2 K by Rodrigues
et al.*® These values were compared with the ones measured in
this work at 308.2 K and 318.2 K (Figure 1b) and seem to be in
quite good agreement despite they were measured by different
experimental methods.

35
30
25

20

yxi0?

3 e
1,4-Naphthoqui Jugl

Figure 2. Solubility of naphthalene,** 1,4-naphthoquinone (this work),
plumbagin (this work), and juglone36 in scCO, (at 25 MPa). Results are
expressed in terms of solid solute mole fraction at 308.2 K (light gray),
3182 K (medium gray), and 328.2 K (black).

Generically, 1,4-naphthoquinone can be regarded as a
naphthalene derivative since it that can be obtained from its
oxidation. This molecule can be then further modified in order to
obtain other naphthoquinone derivatives such as plumbagin (-
hydroxy-2-methyl-1,4-naphthoquinone) or as juglone (S-hydroxy-
1,4-naphthoquinone). The solubility in scCO, of all these
molecules (naphthalene, 1,4-naphthoquinone, plumbagin, and
juglone), expressed as solid solute mole fraction, is compared
in Figure 2, for the three different temperatures studied in this

Table 3. Experimental Solubility Correlation Results for 1,4-
Naphthoquinone and Plumbagin, Obtained with the Three
Density-Based Models (Chrastil, Bartle, and Méndez-
Santiago—Teja)

1,4-naphthoquinone plumbagin
Chrastil model

k 5.0§ S.64
a (K) —5653.11 —6814.25
p —13.53 —13.30
AH (kJ-mol ™) —47.0 —56.7
AARD (%) 8.5 5.8
N 18 18

Bartle model
a 26.16 32.65
a, (K) —6586.7 —8525.1
C(m*-kg ") 0.0097 0.010
AH,, (kJ-mol ") 54.8 70.9
AARD (%) 10.1 10.5
N 18 18

Meéndez-Santiago—Teja model

A (K) —8853.9 —11201.1
B (K-m®.kg™") 3.1 34
c 19.5 26.6
AARD (%) 10.8 103
N 18 18

Table 2. Physicochemical Properties of Naphthalene, 1,4-Naphthoquinone, Juglone, and Plumbagin

I)sub (Pa)b
-1 3 -1ya
Solute Structure M, (g.mol™) V (ecm”.mol™) 3082 K 3182 K 3282 K
Naphthalene 128.17 118.0 28.70 69.77 159.03
1,4-Naphthoquinone L] 158.15 114.8 0.23 0.69 1.96
T
o
Juglone ® 174.15 105.8 0.23 0.53 115
OH O
Plumbagin e 188.18 1203 0.48 1.03 213
“ Molar volume (V,,) estimated by the Fedors method.**  Experimental sublimation pressure (P*™®) data from Fowler et al.** (for naphthalene), and

from Kruif et al.*® (for 1,4-naphthoquinone) and estimated data by the Ambrose—Walton corresponding states method*' (for juglone and for

plumbagin).

477

dx.doi.org/10.1021/je200675g |J. Chem. Eng. Data 2011, 56, 4173-4182



Journal of Chemical & Engineering Data

4
2 a
(m]
E
£ 0
a
£
D/
2 /
(a)
4 T
54 59 6.4 6.9
In (p/kg.m=3})
4 -
2 4
A
o
E
20 |
2
£
2 -
A
{b)
4 T T
54 59 6.4 6.9
In (plkg.m-3)

Figure 3. Logarithmic relationship between the solubility of (a) 1,4-
naphthoquinone and of (b) plumbagin in scCO, (S, kg-m ) and the
density of the pure scCO, (p, kg-mfa). Experimental: @, 308.2 K; [,
3182 K; A, 328.2 K; —, correlated by the Chrastil model (eq 1).

work (3082 K, 318.2 K, and 328.2 K) and at the same pressure
(25.0 MPa).

The experimental solubilities of these molecules follow the
trend: naphthalene > plumbagin >1,4-naphthoquinone > juglone.
As can be verified, the solubility of 1,4-naphthoquinone and of its
derivatives is significantly lower than that of naphthalene,
decreasing by 3.5 times at 308.2 K and 21 times at 328.2 K,
being the lowest solubility observed for juglone. These observed
differences can be explained by the less favorable interactions that
could be established between naphthoquinones and scCO,,
when compared to naphthalene. This is mostly due to the pre-
sence of polar groups (hydroxyl and carbonyl) in their chemical
structures (and in opposition to naphthalene, which is an apolar
molecule). A comparison between the three naphthoquinones
shows that (i) when the hydroxyl group is “added” to the
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Figure 4. Solubility of (a) 1,4-naphthoquinone and of (b) plumbagin asa
function of pure scCO, density (p, kg-m™>). Experimental: @, 308.2 K;
0, 3182 K; A, 328.2 K; —, correlated by the Bartle model (eqs 2 and 3).

1,4-naphthoquinone molecule (forming juglone), the solubility
in scCO, decreases because of the unfavorable hydroxyl/CO,
interactions and (i) when the methyl group is “added” to the
juglone molecule (forming plumbagin), the solubility increases 3.5
and 5.7 times at 308.2 K and 328.2 K, respectively, and plumbagin
becomes even more soluble in scCO, than 1,4-naphthoquinone
because of the favorable methyl/CO, interactions. This means that
the low polarity methyl group contribution for the solubility over-
comes the high polarity hydroxyl group unfavorable contribution.
Additionally, this solubility trend seems not to be directly related
with the molecular weight of these substances as well as with their
estimated solid molar volumes (Table 2).

However, and above the crossover point, the observed experi-
mental solubilities of these substances follow the same trend as
their sublimation pressures (for the three isotherms): as sub-
limation pressure increases, the corresponding solubilities will
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Figure 5. Relationship between the solubility of (a) 1,4-naphthoqui-
none and of (b) plumbagin and the density of pure CO,. Experimental:
@, 3082 K; M, 3182 K; A, 328.2 K; —, correlated by the Méndez-
Santiago—Teja model (eq 4).

also increase. It is also clear that naphthalene and plumbagin
present much higher sublimation pressures than 1,4-naphtho-
quinone and juglone. This is a clear evidence that the solid
sublimation pressure is a key factor in the solubilization of these
solids into scCO,. Finally, it was also observed that the pressure
at which the crossover point occurs increases when solubility
decreases, according to the following sequence: naphthalene (12 +
2 MPa) < plumbagin (15 £ 1 MPa) < 1,4-naphthoquinone
(18 £ 1 MPa) < juglone (21 + 1 MPa). 364

The correlation of experimental solubility data was performed
using three density-based correlations (Chrastil, Bartle, and
Meéndez-Santiago—Teja) and a cubic EOS model (Peng—Robinson
EOS with classical van der Waals mixing and combining rules, vdW1
and vdW2). The correlation results and the corresponding AARD

values obtained with the three density-based models are shown in
Table 3 and represented in Figures 3 to S.

Results show that the three employed density-based models
successfully correlated the experimental 1,4-naphthoquinone and
plumbagin solubilities in scCO,, for all experimental isotherms and
in the pressure range between 9.1 and 24.3 MPa. Good AARD
correlation results were obtained for both solid substances (between
5.8 % and 10.8 %), even at lower pressure/density, which usually
present the larger deviations for the fitted curves.

The experimental solubility data were also correlated using the
PR-EOS with the vdW mixing and combining rules with one
adjustable parameter (PR-vdW1, k;, [; = 0), or with the vdW
mixing and combining rules with two adjustable parameter
(PR-vdW2, ky, I;). The required critical and thermophysical
properties (boiling temperature, acentric factor, solid molar
volume, and sublimation pressure) were predicted by different
group-contribution estimation methods available in literature, as
no experimental data was found with the exception of the experi-
mental sublimation pressure of 1,4-naphthoquinone. Because of
their simplicity, these predictive methods are not always reliable
and our recent works demonstrated that the choice of the right
combination of properties has an important effect on the ac-
curacy of the EOS correlation results.** >* In this work and
taking in consideration our previous works, this issue was ac-
counted by testing different estimation methods that led to three
different sets of estimated properties for 1,4-naphthoquinone
(sets 1 to 3) and to two different sets for plumbagin (sets 4 to S)
as presented in Table 4.

In these sets, the solids critical properties were estimated by
different methods being the Pitzer’s acentric factor and the sub-
limation pressure estimated by the Ambrose—Walton method,*" in
all cases. The solid molar volumes for 1,4-naphthoquinone and for
plumbagin were estimated by the Fedors group contribution
method™ (already presented in Table 2). The influence of the
estimation methods on the solid properties is well demonstrated by
the large discrepancies observed mainly for the acentric factor and
for the solid sublimation pressures which, consequently, will affect
the PR-EOS correlation results. For example and in the case of 1,4-
naphthoquinone, the influence of the estimated critical properties
on the PR-EOS correlation results quality can be assessed by com-
paring the results obtained by employing set 1 with set 2 of pro-
perties, as both used the Ambrose—Walton method to estimate the
solid sublimation pressure, while the influence of the sublimation
pressure data can be assessed by comparing those results obtained
using set 1 with set 3 of properties, as both used the same method for
the estimation of critical properties (Marrero—Gani method). The
optimal fitted binary parameters as well as the corresponding AARD
values, obtained by experimental data correlation using the PR-EOS,
are presented in Table 5.

For 1,4-naphthoquinone, reasonable correlation results were
obtained when employing the PR-vdW1 and using set 1 (4.6 % to
9.9 % AARD) or set 3 (8.7 % to 12.9 % AARD) of estimated
properties. Finally, in general terms and as expected, lower
AARD values were observed when the correlation was performed
using two adjustable parameters (PR-vdW2). In this case, set 1
(4.0 % to 9.8 % AARD) and set 3 (6.1 % to 9.5 % AARD) of
estimated properties led again to good correlation results.

Previous works reported the use of modified versions of the
PR-EOS to correlate the experimental solubility data of 1,4-naph-
thoquinone (for temperatures between 318.2 K and 343.2 K,
and for pressures between 10 MPa and 36.5 MPa).*>*® Despite
that the authors observed an improvement in their correlation
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Table 4. Estimated Critical and Other Required Thermophysical Properties of 1,4-Naphthoquinone and of Plumbagin®

estimation method

set T, P, 0 w [
1 M-G M-G AW AW
2 Job Job AW AW
3 M-G M-G AW Exp.
4 M-G M-G AW AW
s W-J Pred. AW AW

T. P, T P® (Pa)
K MPa K ) 3082 K 3182 K 3282 K
1,4-naphthoquinone

871.2 4.290 579.60 0.379 6.26-107" 1.52-10° 3.49-10°

877.2 4.070 610.30 0.570 222-1077% 6.88-1072 1.91-10"

871.2 4290 579.60 0.379 226-107" 6.89.10" 1.96-10°

plumbagin

872.4 3.608 610.90 0.554 325-107% 9.50-102 2.57-107"

1073.8 4320 657.10 0.100 475.10" 1.03-10° 2.13-10°

“M-G: Marrero—Gani method.¥ A-W: Ambrose—Walton corresponding states method.*" Job: Joback method.*' Exp: Experimental.*® W-J:

Wilson—Jasperson method.*' Pred: Predicted by ACD/Labs.*”

Table 5. PR-EOS Correlation Results for the Solubility of 1,4-
Naphthoquinone and of Plumbagin in scCO,, at 308.2 K,
318.2 K, and 328.2 K, Obtained for Different Sets of Critical
and Thermophysical Properties

PR-vdW1 PR-vdW2
T AARD AARD
set ki ki> lip |
K % %
1,4-naphtho- 3082 1 0.114 65 0.093 —0.050 4.0
quinone 3 0067 129 0.046 —0.050 9.5
2 0048 245 —0.084 —0.331 8.1
3182 1 0110 46 0.130 0.050 42
2 0044 273 —0.078 —0.304 134
3 0069 87 0.052 —0.041 6.1
3282 1 0100 99 0.103 0.007 9.6
2 0030 357 —0.116 —0.366 157
3 0065 8.8 0.053 —0.036 6.9
plumbagin 3082 4 0062 17.5 —0.005 —0.133 9.0
S 0117 59 0.151 0078 5.1
3182 4 0051 235 —0.012 —0.140 116
S 0.103 9.0 0.120 0.040 5.2
3282 4 0.037 349 —0.029 —-0151 22.2
S 0.089 208 0.098 0.026 122

results (when comparing to the original PR-EOS), they still obtained
AARD values of 29 % and 16 % for the vdW1 and vdW2 mixing and
combing rules, respectively, which are clearly higher than the ones
obtained in the present work. This probably occurred because of the
different (and inaccurate) critical and thermophysical properties that
were employed in those works. Other models that were attempted to
correlate the solubility of 1,4-naphthoquinone in scCO, included: a
simplified cluster solvation model with three adjustable parameters
(AARD values of 8.37 %),” a modified activity coefficient model
coupled with the Flory—Huggins equation with three and four
adjustable parameters (AARD values of 1343 % and 531 %,
respectively)*® and a regular solution model with the Flory—Huggins
equation with one or two adjustable parameters (AARD values of
21.7 % and 12.7 %, respectively).>" These literature 1,4-naphthoqui-
none solubility correlation results (which were obtained by the same
PR-EOS model or by other models, using two or more than two
adjustable parameters), also confirmed the good PR-EOS data
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Figure 6. Solubility of (a) 1,4-naphthoquinone and of (b) plumbagin in
scCO,. Experimental: A, 308.2K; &, 318.2 K; M, 328.2 K; —, correlated
with the PR-EOS model and with the vdW mixing and combining rules.
(a) PR-vdW2 model using set 1 of estimated properties (for 1,4-
naphthoquinone) and (b) PR-vdW2 using set S of estimated properties
(for plumbagin). See Tables 4 and S for more details.

correlation that were obtained in the present work since lower or
similar deviations were achieved.

For plumbagin, the PR-EOS correlation results showed that,
when employing the PR-vdW1 correlation procedure, set S of
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estimated properties was capable to generate good correlations
to experimental data (AARD values <10 %) except in the case of
the highest temperature (328.2 K) for which an AARD value of
20.8 % was obtained. Set 4 of estimated properties did not lead to
good PR-vdW1 correlation results (AARD values between 17.5 %
and 34.9 %). However, a significant improvement was observed
when experimental data were correlated with two adjustable para-
meters (using the PR-vdW2 model): once again, set S of estimated
properties led to the best correlation results for all isotherms (with
AARD values between 5.1 % and 12.2 %). The PR-vdW2 correla-
tion results that were obtained using those sets of properties that led
to the better correlation results (set 1 for 1,4-naphthoquinone and
set S for plumbagin) are presented in Figure 6 (for all isotherms).

As can be seen and using these sets of properties, this model is
able to accurately describe the pressure dependence of the solubility
data for all isotherms as well as the already referred retrograde
solubility behavior.

Bl CONCLUSIONS

The solid solubilities of 1,4-naphthoquinone and of plumba-
gin in scCO, were experimentally measured using a static
analytical method at 308.2 K, 318.2 K, and 328.2 K, and for
pressures between 9.1 and 24.3 MPa. Experimental solubility
data were correlated with three density-based models (Chrastil,
Bartle and Méndez-Santiago—Teja models) and with the PR-
EOS together with the conventional van der Waals mixing and
combining rules (one adjustable parameter, vdW1; two adjus-
table parameters, vdW2). Different experimental and estimated
critical and thermophysical properties of the two solid com-
pounds were employed for the PR-EOS correlation and were
discussed in terms of the quality of the obtained fitting results.

Employed semiempirical density-based models led to AARD
values lower than 11 % (for both solid compounds). Best results
were obtained with the Chrastil model: 5.8 % and 8.5 %, for
plumbagin and 1,4-naphthoquinone, respectively. Good correlation
results were also achieved when using the PR-vdW2 model (with
AARD values between 4.0 % and 12.2 % for both substances and for
different isotherms), despite the fact that the adequate choice of the
employed critical and thermophysical properties estimation meth-
ods was critical for the obtained PR-EOS correlation results.

Bl AUTHOR INFORMATION

Corresponding Author
*Tel.: +351 239 798749. Fax: +351 239 798703. E-mail: hsousa@
eq.ucpt (H.C.d.S.); adias@eq.uc.pt (A.M.A.D.).

Funding Sources

This work was supported by Fundagao para a Ciencia e Tecno-
logia (FCT-MCTES), QCA III/FEDER, Portugal, under con-
tract PTDC/SAU-BEB/71395/2006. AM.A.D. acknowledges
FCT-MCTES for fellowship SFRH/BPD/40409/2007.

B REFERENCES

(1) Kinghorn, A. D. The role of pharmacognosy in modern medi-
cine. Expert Opin. Pharmacother. 2002, 3, 77-79.

(2) Taiz, L.; Zeiger, E. Secondary Metabolites and Plant Defense.
Plant Physiology, Sth ed.; Sinauer Associate, Inc: Sunderland, MA, 2010;
pp 283—300.

(3) Farooqi, A. A; Sreeramu, B. S. Cultivation of Medicinal and
Aromatic Crops; University Press: Delhi, India, 2001; pp 9—10.

(4) Volpato, M; Abou-Zeid, N.; Tanner, R. W.; Glassbrook, L. T.;
Taylor, J; Stratford, I; Loadman, P. M,; Jaffar, M.; Phillips, R. M.
Molecular Chemical synthesis and biological evaluation of a NAD(P)H:
quinone oxidoreductase-1 targeted tripartite quinone drug delivery
system. Cancer Ther. 2007, 6, 3122-3130.

(S) Diner, B. A,; Babcock, G. T. Structure, Dynamics, and Energy
Conversion Efficiency in Photosystem I In Oxygenic Photosynthesis: The
Light Reactions; Ort, D. R., Yocum, C. F., Eds.; Kluwer: Dordrecht, the
Netherlands, 1996; pp 213—247.

(6) Crofts, A. R. The Q-Cycle: A Personal Perspective. Photosynth.
Res. 2004, 80, 223-243.

(7) Boudalis, A. K; Policand, X.; Sournia-Saquet, A.; Donnadieu, B.;
Tuchagues, J.-P. Synthesis, Spectroscopic, Structural and Electrochemi-
cal Studies of Carboxyl Substituted 1,4-Naphthoquinones. Inorg. Chim.
Acta 2008, 361, 1681-1688.

(8) Duroux, L.; Delmonte, F. M.; Lancelin, J.-M.; Kéravis, G.; Jay-
Allemand, C. Insight into Naphthoquinone Metabolism: -Glucosidase-
Catalysed Hydrolysis of Hydrojuglone f-p-Glucopyranoside. Biochem.
J. 1998, 333, 275-283.

(9) Babula, P.; Adam, V.; Havel, L.; Kizek, R. Noteworthy Secondary
Metabolites Naphthoquinones—Their Occurrence, Pharmacological
Properties and Analysis. Curr. Pharm. Anal. 2009, S, 47-68.

(10) Tandon, V. K; Chhor, R. B.; Singh, R. V.; Rai, S.; Yadav, D. B.
Design, Synthesis and Evaluation of Novel 1,4-Naphthoquinone Deri-
vatives As Antifungal and Anticancer Agents. Bioorg. Med. Chem. Lett.
2004, 14, 1079-1083.

(11) Montenegro, R. C; Aratijo, A.].; Molina, M. T ; Filho,].D. B.M,;
Rocha, D. D.; Lépez-Montero, E.; Goulart, M. O. F.; Bento, E. S.; Alves, A.
P. N. N; Pessoa, C.; De Moraes, M. O.; Costa-Lotufo, L. V. Cytotoxic
Activity of Naphthoquinones with Special Emphasis on Juglone and Its
S-0-Methyl Derivative. Chem.—Biol. Interact. 2010, 184, 439-448.

(12) Ambrogi, V.; Artini, D.; de Carneri, L; Castellino, S.; Dradi, E.;
Logemann, W.; Meinardi, G.; Di Somma, M.; Tosolini, G. Studies on the
Antibacterial and Antifungal Properties of 1,4-Naphthoquinones. Br.
J. Pharmacol. 1970, 40, 871-880.

(13) Babula, P.; Adam, V.; Kizek, R; Sladky, Z.; Havel, L. Naphtho-
quinones As Allelochemical Triggers of Programmed Cell Death.
Environ. Exp. Bot. 2009, 65, 330-337.

(14) Hughes, L. M; Lanteri, C. A;; O'Neil, M. T; Johnson, J. D.;
Gribble, G. W.; Trumpower, B. L. Design of Anti-Parasitic and Anti-
Fungal Hydroxy-Naphthoquinones that are Less Susceptible to Drug
Resistance. Mol. Biochem. Parasitol. 2011, 177, 12—19.

(15) Phillips, R. M.; Jaffar, M.; Maitland, D. J.; Loadman, P. M,;
Shnyder, S. D.; Steans, G.; Cooper, P. A;; Race, A,; Patterson, A. V,;
Stratford, I. J. Pharmacological and Biological Evaluation of a Series of
Substituted 1,4 Naphthoquinone Bioreductive Drugs. Biochem. Pharma-
col. 2004, 68, 2107-2116.

(16) Bermejo-Bescds, P.; Martin-Aragdn, S.; Jiménez-Aliaga, K. L.;
Ortega, A.; Molina, M. T.; Buxaderas, E.; Orellana, G.; Csaky, A. in Vitro
Antiamyloidogenic Properties of 1,4-Naphthoquinones. Biochem. Bio-
phys. Res. Commun. 2010, 400, 169-174.

(17) Murakami, K.; Haneda, M.; Iwata, S.; Yoshino, M. Effect of
Hydroxy Substituent on the Prooxidant Action of Naphthoquinone
Compounds. Toxicol. in Vitro 2010, 24, 905-909.

(18) Ollinger, K; Brunmark, A. Effect of Hydroxy Substituent
Position on 1,4-Naphthoquinone Toxicity to Rat Hepatocytes. J. Biol.
Chem. 1991, 266, 21496-21503.

(19) Padhye, S.; Dandawate, P.; Yusufi, M.; Ahmad, A.; Sarkar, F. H.
Perspectives on Medicinal Properties of Plumbagin and Its Analogs.
Med. Res. Rev. 2010, 9, 1-28.

(20) Yang, S.J; Chang, S.-C; Wen, H.-C,; Chen, C.-Y,; Liao, J.-F,;
Chang, C.-H. Plumbagin Activates ERK1/2 and Akt via Superoxide, Src
and PI3-Kinase in 3T3-L1 Cells. Eur. J. Pharmacol. 2010, 638, 21-28.

(21) Checker, R; Sharma, D.; Sandur, S. K; Subrahmanyam, G.;
Krishnan, S.; Poduval, T. B.; Sainis, K. B. Plumbagin Inhibits Proliferative
and Inflammatory Responses of T Cells Independent of ROS Generation
but by Modulating Intracellular Thiols. J. Cell. Biochem. 2010, 110, 1082
1093.

4181 dx.doi.org/10.1021/je200675g |J. Chem. Eng. Data 2011, 56, 4173-4182



Journal of Chemical & Engineering Data

(22) Checker, R.; Sharma, D.; Sandur, S. K.; Khanam, S.; Poduval,
T. B. Anti-inflammatory Effects of Plumbagin Are Mediated by Inhibi-
tion of NF-xB Activation in Lymphocytes. Int. Immunopharmacol. 2009,
9, 949-958.

(23) Serrilli, A. M.; Sanfilippo, V.; Ballero, M.; Sanna, C.; Poli, F.;
Scartezzini, P.; Serafini, M.; Bianco, A. Polar and Antioxidant Fraction of
Plumbago europaea L., A Spontaneous Plant of Sardinia. Nat. Prod. Res.
2010, 24, 633-639.

(24) Aziz, M. H,; Dreckschmidt, N. E; Verma, A. K. Plumbagin, A
Medicinal Plant-Derived Naphthoquinone, Is a Novel Inhibitor of the
Growth and Invasion of Hormone-Refractory Prostate Cancer. Cancer
Res. 2008, 68, 9024-9032.

(25) Dzoyem,].P; Tangmouo, J. G; Lontsi, D.; Etoa, F. X,; Lohoue, P.J.
In Vitro Antifungal Activity of Extract and Plumbagin from the Stem Bark of
Diospyros crassiflora Hiern (Ebenaceae). Phytother. Res. 2007, 21, 671-674.

(26) Subramaniam, B.; Rajewski, R. A.; Snavely, K. Pharmaceutical
Processing with Supercritical Carbon Dioxide. J. Pharm. Sci. 1997,
86, 885-890.

(27) Mukhopadhyay, M. Natural Extracts Using Supercritical Carbon
Dioxide; CRC Press: Boca Raton, FL, USA, 2000.

(28) Rodrigues, S. V.; Viana, L. M.; Baumann, W. UV/Vis Spectra
and Solubility of Some Naphthoquinones, and the Extraction Behavior
of Plumbagin from Plumbago Scandens Roots in Supercritical CO,.
Anal. Bioanal. Chem. 2006, 385, 895-900.

(29) Schmitt, W. J.; Reid, R. C. Solubility of Monofunctional
Organic Solids in Chemically Diverse Supercritical Fluids. J. Chem.
Eng. Data 1986, 31, 204-212.

(30) Ngo, T. T.; Bush, D.; Eckert, C. A;; Liotta, C. L. Spectroscopic
Measurement of Solid Solubility in Supercritical Fluids. AICKE J. 2001,
47,2566-2572.

(31) Coimbra, P.; Gil, M. H.; Duarte, C. M. M.; Heron, B. M.; de
Sousa, H. C. Solubility of a Spiroindolinonaphthoxazine Photochromic
Dye in Supercritical Carbon Dioxide: Experimental Determination and
Correlation. Fluid Phase Equilib. 2008, 238, 120-128.

(32) Coimbra, P.; Duarte, C. M. M.; de Sousa, H. C. Cubic Equation-
of-State Correlation of the Solubility of Some Anti-inflammatory Drugs in
Supercritical Carbon Dioxide. Fluid Phase Equilib. 2006, 239, 188-196.

(33) Coimbra, P.; Blanco, M. R.; Costa Silva, H. S. R.; Gil, M. H.; de
Sousa, H. C. Experimental Determination and Correlation of Artemisi-
nin’S Solubility in Supercritical Carbon Dioxide. J. Chem. Eng. Data
2006, 51, 1097-1104.

(34) Coimbra, P.; Fernandes, D.; Gil, M. H,; de Sousa, H. C.
Solubility of Diflunisal in Supercritical Carbon Dioxide. J. Chem. Eng.
Data 2008, 53, 1990-199S.

(35) Coimbra, P.; Fernandes, D.; Ferreira, P.; Gil, M. H.; de Sousa,
H. C. Solubility of Irgacure 2959 Photoinitiator in Supercritical Carbon
Dioxide: Experimental Determination and Correlation. J. Supercrit.
Fluids 2008, 45, 272-281.

(36) Marceneiro, S.; Coimbra, P.; Braga, M. E. M; Dias, A. M. A.; de
Sousa, H. C. Measurement and Correlation of the Solubility of Juglone
in Supercritical Carbon Dioxide. Fluid Phase Equilib. 2011, DOI:
10.1016/j.fluid.2011.08.024.

(37) Chrastil, J. Solubility of Solids and Liquids in Supercritical
Gases. J. Phys. Chem. 1982, 86, 3016-3021.

(38) Bartle, K. D.; Clifford, A. A; Jafar, S. A.; Shilstone, G. F.
Solubilities of Solids and Liquids of Low Volatility in Supercritical
Carbon Dioxide. J. Chem. Phys. Data 1991, 20, 713-756.

(39) Méndez-Santiago, J; Teja, A. S. the Solubility of Solids in
Supercritical Fluids. Fluid Phase Equilib. 1999, 158—160, 501-510.

(40) Robinson, D. B.; Peng, D. Y. A New Two-Constant Equation of
State. Ind. Eng. Chem. Fund. 1976, 15, 59-64.

(41) Poling, B. E.; Prausnitz, J. M.; O’Connell, J. P. The Properties of
Gases and Liquids, Sth ed.; McGraw-Hill: New York, 2001.

(42) Marrero, J.; Gani, R. Group-Contribution Based Estimation of Pure
Component Properties. Fluid Phase Equilib. 2001, 183—184, 183-208.

(43) Fedors, R. A Method for Estimating Both the Solubility
Parameters and Molar Volumes of Liquids. Polym. Eng. Sci. 1974, 14,
147-154.

(44) Gupta, R. B; Shim, J. J. Solubility in Supercritical Carbon
Diowxide; Taylor and Francis Group: New York, 2007.

(45) Fowler, L.; Trump, W. N.; Vogler, C. E. Vapor Pressure of
Naphthalene New Measurements between 40 °C and 180 °C. J. Chem.
Eng. Data 1968, 13, 209-210.

(46) Kruif, C. G; Smit, E. J; Govers, H. A. J. Thermodynamic
Properties of 1,4-Benzoquinone (BQ), 1,4-Hydroquinone (HQ), 14-
Naphthoquinone (NQ), 1,4-Naphthohydroquinone (NHQ), and the
Complexes BQ-HQ 1:1, NQ-HQ_1:1, NQ-NHQ 2:1, and NQ-NHQ_
1:1. J. Chem. Phys. 1981, 74, 5838-5841.

(47) ChemSpider Home Page, http://www.chemspider.com/
Chemical-Structure.9790.html, Pred. Prop. ACD/Labs (last accessed
on 15th June, 2011).

(48) Coutsikos, P.; Magoulas, K.; Tassios, D. Solubilities of p-Quinone
and 9,10-Anthraquinone in Supercritical Carbon Dioxide. J. Chem. Eng.
Data 1997, 42, 463-466.

(49) Cheng, J.-S,; Tang, M,; Chen, Y.-P. Calculation of Solid
Solubility in Supercritical Carbon Dioxide Using a Simplified Cluster
Solvation Model. Fluid Phase Equilib. 2003, 214, 169-186.

(50) Cheng, J.-S; Tang, M; Chen, Y.-P. Calculation of Solid
Solubility of Complex Molecules in Supercritical Carbon Dioxide Using
a Solute Model Approach. Mol. Simul. 2003, 29, 749-754.

(51) Su, C.-S;; Chen, Y.-P. Correlation for the Solubilities of
Pharmaceutical Compounds in Supercritical Carbon Dioxide. Fluid
Phase Equilib. 2007, 254, 167-173.

4182 dx.doi.org/10.1021/je200675g |J. Chem. Eng. Data 2011, 56, 4173-4182



