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The solubility of a drug, n-(4-ethoxyphenyl)ethanamide (phenacetin), in supercritical carbon dioxide was
determined by a saturation method at (308, 318, and 328) K from (9 to 19) MPa. The solubilities in mole
fraction of n-(4-ethoxyphenyl)ethanamide in supercritical carbon dioxide were in the range of 1.29 ·10-5 to
2.88 ·10-5, 1.13 ·10-5 to 3.65 ·10-5, and 0.91 ·10-5 to 4.28 ·10-5 at (308, 318, and 328) K, respectively. The
solubility data were correlated with the Peng-Robinson equation of state models and the Méndez-Santiago
and Teja model.

Introduction

A fluid above its critical temperature and pressure is called
a supercritical fluid (SCF) and is widely used in drug synthesis.1,2

Carbon dioxide is commonly used as a SCF because of its
moderate critical pressure, high critical density, and critical
temperature close to ambient temperature.3,4 Supercritical carbon
dioxide (SCCO2) based processes are important in pharmaceuti-
cal processing.5

n-(4-Ethoxyphenyl)ethanamide is the International Union of
Pure and Applied Chemistry (IUPAC) name for phenacetin. It
was widely used as a remedy for fever and pain, but it is
currently banned in the U.S. because the drug causes kidney
problems. However, it is still being produced in other countries
as a pharmaceutical and is also used as a cutting agent to
adulterate cocaine.6 It belongs to the family of nonsteroidal anti-
inflammatory drugs (NSAIDs). Although NSAIDs are among
the widely used drugs in the world, their oral administration is
limited because of adverse side effects such as irritation,
ulceration, and nephropathy.6,7 The solubility data of various
NSAIDs are available in the recent literature.8-14 However, the
solubility of n-(4-ethoxyphenyl)ethanamide solubility in SCCO2

has not been investigated.
The design of the SCF process requires the knowledge of

the solubilities of the compounds in SCCO2. Therefore, the
solubilities of this drug were measured at (308, 318, and 328)
K over the pressure range from (9.0 to 19.0) MPa in SCCO2.
The solubilities were correlated by suitable equation of state
and density-based models.

Experimental Section

Materials. Carbon dioxide (CAS 124-38-9) (99 % mass
fraction) was purchased from Vinayaka Gases (India). This was
purified to 99.9 % (mass fraction) by passing the gas through a
bed of silica gel. The purity of carbon dioxide was determined
by gas chromatography/mass spectrometry (Varian Saturn GC/
MS 2200 with 3800 GC with Porapak Q column). n-(4-
Ethoxyphenyl)ethanamide (CAS 62-44-2) (97 % mass fraction;
its molecular weight is 179.21 g ·mol-1, and its melting point
is 407 K) was procured from Alfa Aesar Inc. The chemical
structure of this compound is given in Figure 1.

Equipment and Procedure. The solubility measurements of
n-(4-ethoxyphenyl)ethanamide were carried out using a flow
apparatus based on the principle of saturation method, which
has described in literature.15-17 A schematic diagram of the
apparatus is shown in Figure S1 (see Supporting Information).
The carbon dioxide was pressurized with a pump (model: Jasco
PU-1580-CO2) and operated in a constant flow mode, and the
pressure was maintained within ( 0.2 MPa with a back pressure
regulator (model: Jasco BP-158081). In this method, two packed
columns (300 mm × 14 mm) in series were placed in the oven,
where the temperature was maintained within ( 0.1 K. Each
packed column was fitted with 2 µm filters one at inlet and the
other at outlet. For each measurement, about 35 g (( 0.01 mg)
of pure solute was packed with glass wool. Subsequently, carbon
dioxide from the gas cylinder was compressed into heated coils
and then to an accumulator to make supercritical SCCO2. To
ensure that the exiting SCCO2 stream is saturated with the solute,
experiments were conducted with different flow rates (based
on pump head) between 3 ·10-6 and 30 ·10-6 m3 · s-1. Because
no changes in solubilities were observed below 18 ·10-6 m3 · s-1,
all experiments were conducted with 12 ·10-6 m3 · s-1 (0.2
mL ·min-1) of SCCO2. At this flow rate, the solubilities were
determined after 1800 s, 3600 s, 7200 s, and so forth. After
3600 s the solubilities were invariant, and thus the experiments
were conducted for 7200 s. Samples from the exiting fluid phase
were collected by a quick depressurization and expansion into
a small glass trap. These samples were dissolved in acetonitrile
and analyzed by a UV spectrometer to determine the solubilities.
On the basis of the concentration and the total flow of the SCF,
the solubilities in mole fraction were determined.

A suitable wavelength for UV determination was determined
by scanning the UV spectrum between (200 and 600) nm, and
the observed maximum wavelength was at 248 nm for n-(4-
ethoxyphenyl)ethanamide. The calibration was obtained by using
standard samples of concentrations between (1 and 9) ppm. The
calibration curve obtained (with a regression coefficient better
than 99.6 %) was used to establish the concentration of n-(4-
ethoxyphenyl)ethanamide in the glass trap. Each measurement
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Figure 1. Chemical structure of n-(4-ethoxyphenyl)ethanamide.
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was carried out a minimum of three times, and the relative
uncertainty (deviation) was less than ( 5 %.

Results and Discussion

The reliability of the apparatus was tested by determining
the solubilities of naphthalene in supercritical carbon dioxide
(see Supporting Information, Figure S1) and comparing them
with the data reported earlier. Good agreement was obtained
with the literature data18 within ( 5 %.

Solubility Data. The solubility data for n-(4-ethoxyphenyl)-
ethanamide in SCCO2 at (308, 318, and 328) K at pressures
between (9.0 and 19.0) MPa are shown in Table 1. Crossover
points (CPs) in the Figure 1a are observed for the different
isotherms at about (13.8, 14.8, and 15.8) MPa, at (308, 318,
and 328) K, respectively.

Modeling. Solubilities of drugs in SCFs are modeled in
several ways,7-10 and these are broadly classified into two main
approaches, namely, the equation of state (EOS) based models
or density-based models. In this study, solubilities of solids in
SCFs were correlated with both of these models. For modeling
the Peng-Robinson EOS (PR EOS) in combination with
classical van der Waals mixing rules19 and the Valderrama
modification of Kwak and Mansoori mixing rules20-22 were
used to correlate the solubilities. Previous thermodynamic
studies23 indicate that the Valderrama modification of Kwak
and Mansoori mixing rules with the PR EOS was quite
successful in modeling drug solubilities in SCCO2. Hence these
mixing rules were considered in this study. Density-based
models such as models by Bartle et al.,24 Méndez-
Santiago-Teja,25 and reformulated Chrastil26 models were also
used to correlate the experimental data.

EOS Correlation of Experimental Solubility Data. The EOS
approach is often used in modeling SCF phase equilibria.27 The
molar solubility of the solid solute in the SCF, y2, in equilibrium
with a SCF is3,27
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where â ) (1/n)(∂n2a/∂ni) and b̂ ) (∂nb/∂ni).

For the PR EOS consistent with the statistical-mechanical
basis of the van der Waals mixing rules proposed by Kwak
and Mansoori20 (see Appendix A2 of Supporting Information),
φ̂2

ScF is

ln(φ̂2
SCF) ) (2 ∑ xibij

b
- 1)(Z - 1) - ln(Z(1 - b

V)) -

[ ∆
√2RTb] ln(1 + (1 + √2)

b
V

1 + (1 - √2)
b
V

) (3)

where

∆ ) [G
2

-
G( ∑ xibij)

b
+ ( ∑ xiaij)(1 - �RTc

a ) +

( ∑ xicij)(RT - �RTc
a )]

G ) a + cRT - 2√acRT

Equations 2 and 3 are used in eq 1 to determine the
solubilities by the models and are compared with the
experimental data. The critical temperature, critical pressure,
and acentric factor of n-(4-ethoxyphenyl)ethanamide were
estimated by the group contribution techniques,28-30 where
the properties are estimated from the molecular structure
of the compound. The sublimation pressure was obtained
using the formula, ln(p2

sub/Pa) ) A - (B)/(T/K), wherein the
constants A and B were obtained from Perlovich et al.6 Table
2 shows the estimated critical and thermophysical properties
of n-(4-ethoxyphenyl)ethanamide.

The optimization procedure reduces the absolute averaged
relative deviation percentage, AARD (%). It is defined as
(100/Ni)∑i)1

Ni (|y2
cal - y2

exp|/y2
exp) where Ni is number of data

points, y2 represents the molar solubility of the solute, and
the superscripts cal and exp denote the calculated and
experimental values, respectively. The correlation of the
experimental solubility data requires an optimization process.
The Nelder-Mead simplex algorithm, implemented in Matlab
6.1, was used to determine the interaction parameters.23 Table
3 shows the values of interaction parameters. The model
correlations based on PR EOS with classical van der Waals
mixing rules are shown as dashed lines in Figure 2a, while
model correlations based on PR EOS with the Valderrama
modification of Kwak and Mansoori mixing rules are shown
as solid lines in Figure 2a.

Density-Based Models. Three density-based models, namely,
models by Bartle et al.,24 Méndez-Santiago-Teja,25 and the
reformulated Chrastil26 model, were also used to correlate
the experimental data. The discussion related to the Bartle
et al. model and the reformulated Chrastil model can be found
in Appendix A3 (see Supporting Information). The correla-
tions to the experimental data based on these models are
shown in Figures S3a and S3b (see Supporting Information).

Table 1. n-(4-Ethoxyphenyl)ethanamide Solubility in Mole Fraction
(y2 ·105) in SCCO2 at Temperatures of (308, 318, and 328) K and a
Pressure Range of (9.0 to 19.0) MPa

T/K

p/MPa 308 318 328

9.0 1.29
11.0 1.78 1.13 0.91
13.0 2.31 1.98 1.72
15.0 2.62 2.68 2.73
17.0 2.88 3.44 3.63
19.0 2.89 3.65 4.28

Table 2. Estimated Critical and Thermophysical Properties of
n-(4-Ethoxyphenyl)ethanamide

Tc/K Pc/MPa ω 102 ·V2
s/m3 ·mol-1 A B

700.3a 3.329b 0.7c 0.0157d 39e 14481e

a Estimated by the Fedors method.28 b Estimated by the Joback and
Reid modification of Lydersen’s method.28 c Estimated by the Lee and
Kesler method.29 d Estimated by the method of Immirzi and Perini.30

e Adopted from the Perlovich et al.6
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Méndez-Santiago and Teja Model.26 It is based on the
theory of dilute solutions and relates the solubility of a solid,
y2 (in mole fraction), with the density of SCCO2 (mol ·mL-1).

(T/K)ln(y2p

pref
) ) A/K +

(B/K · mL · mol-1)(F/mol · mL-1) + C(T/K) (4)

where A, B, and C are temperature-independent constants. The
density of supercritical carbon dioxide was determined from
the Span and Wagner EOS.31

These constants are obtained by correlating the experimental
data with eqs 4, A10, and A11 (see Supporting Information)
and are shown in Table 3 along with the AARD (%). The data
consistency is verified by the Méndez-Santiago and Teja model
wherein experimental data at different temperatures collapse
onto a single straight line. Figure 2b shows the model correlation

along with experimental data, and this indicates that the
experimental data is consistent.

Conclusions

The equilibrium solubility of n-(4-ethoxyphenyl)ethanamide
in SCCO2 was measured by the saturation method in the pressure
range from (9.0 to 19.0) MPa at (308, 318, and 328) K. The
mole fraction of n-(4-ethoxyphenyl)ethanamide ranges from
(0.91 to 4.28) ·10-5. Both EOS models and density-based models
were successfully used to correlate the experimental data.

Supporting Information Available:

Additional figures and appendices. This material is available free
of charge via the Internet at http://pubs.acs.org.
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