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Solubility in Binary Solvent Mixtures: Pyrene Dissolved in Alcohol

+ Acetonitrile Mixtures at 299.2 K

Cassandra |I. Monarrez, Jee H. Woo, Priscilla G. Taylor, Anh M. Tran, and William E. Acree, Jr.*

Department of Chemistry, P.O. Box 305070, University of North Texas, Denton, Texas 76203-5070

Experimental solubilities are reported for pyrene dissolved in seven binary alcohol + acetonitrile solvent
mixtures at 26 °C. The alcohol cosolvents studied were 1-propanol, 2-propanol, 1-butanol, 2-butanol,
2-methyl-1-propanol, 3-methyl-1-butanol, and 2-pentanol. Results of these measurements are used to
test a mathematical representation based upon the Combined Nearly ldeal Binary Solvent (NIBS)/
Redlich—Kister equation. For the seven systems studied, the Combined NIBS/Redlich—Kister equation
was found to mathematically describe the experimental data to within an overall average absolute

deviation of approximately +1.0%.

Introduction

Solid—liquid equilibrium data of organic nonelectrolyte
systems are becoming increasingly important in the pe-
troleum industry, particularly in light of present trends
toward heavier feedstocks and known carcinogenicity/
mutagenicity of many of the larger polycyclic aromatic
compounds. Solubility data for a number of polycyclic
aromatic hydrocarbons (i.e., anthracene and pyrene) and
heteroatom polynuclear aromatics (i.e., carbazole, diben-
zothiophene, and xanthene) have been published in the
recent chemical literature (for a listing of references see
Acreel3). Despite efforts by experimentalists and scientific
organizations, in terms of both new experimental measure-
ments and critically evaluated data compilations, there still
exist numerous systems for which solubility data are not
readily available.

To address this problem, researchers have turned to
predictive methods as a means to generate desired quanti-
ties. Numerous equations have been suggested for predict-
ing solute solubilities in binary solvent mixtures. For the
most part, the predictive methods do provide fairly reason-
able estimates for noncomplexing systems. There still
remains, however, the need to develop better predictive
expressions and mixing models to describe the more
nonideal complexing systems believed to contain hydrogen
bonding solvent components. Continued development of
solution models for describing the thermodynamic proper-
ties of a solute in binary solvent systems requires that a
large database be available for assessing the applications
and limitations of derived expressions. Currently, only a
limited database exists for crystalline nonelectrolyte solu-
bility in binary solvent mixtures. For this reason, pyrene
solubilities were determined in seven binary alcohol +
acetonitrile solvent mixtures. Results of these measure-
ments are used to further test the descriptive ability of the
Combined Nearly Ideal Binary Solvent (NIBS)/Redlich—
Kister equation. This marks the first time that we have
used acetonitrile as a binary cosolvent in our pyrene
solubility studies.
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Experimental Methods

Pyrene (Aldrich, 98%) was recrystallized three times
from anhydrous methanol. 1-Propanol (Aldrich, 99.9+%,
anhydrous), 2-propanol (Aldrich, 99+%, anhydrous), 1-bu-
tanol (Aldrich, HPLC, 99.8+%), 2-butanol (Aldrich, 99+%,
anhydrous), 2-methyl-1-propanol (Aldrich, 99.5%, anhy-
drous), 3-methyl-1-butanol (Aldrich, 99+ %, anhydrous),
2-pentanol (Acros, 99+%), and acetonitrile (Aldrich, 99.8%,
anhydrous) were stored over molecular sieves and distilled
shortly before use. Gas chromatographic analysis showed
solvent purities to be 99.7 mol % or better. Binary solvent
mixtures were prepared by mass so that compositions could
be calculated to 0.0001 mole fraction.

Excess solute and solvent were placed in amber glass
bottles and allowed to equilibrate in a constant tempera-
ture water bath at (26.0 £ 0.1) °C with periodic agitation
for at least 3 days (often longer). Attainment of equilibrium
was verified both by repetitive measurements after a
minimum of 3 additional days and by approaching equi-
librium from supersaturation by pre-equilibrating the
solutions at a higher temperature. Aliquots of saturated
pyrene solutions were transferred through a coarse filter
into a tared volumetric flask to determine the amount of
sample and diluted quantitatively with methanol for spec-
trophotometric analysis at 372 nm on a Bausch and Lomb
Spectronic 2000. Concentrations of the dilute solutions
were determined from a Beer—Lambert law absorbance
versus concentration working curve derived from measured
absorbances of standard solutions of known molar concen-
trations. Apparent molar absorptivities of the nine stan-
dard solutions varied systematically with molar concen-
tration and ranged from approximately /(L mol~ cm~1) =
237 to €/(L mol~t cm~1) = 220 for pyrene concentrations
ranging from C/M = 8.31 x 1074 to C/M = 4.15 x 1075
Identical molar absorptivities were obtained for select
pyrene standard solutions that contained up to 5 vol % of
the neat alcohol and acetonitrile cosolvents. Experimental
pyrene solubilities in the seven binary alcohol + acetoni-
trile solvent mixtures are listed in Table 1. Numerical
values represent the average of between four and eight
independent determinations, with the measured values
being reproducible to within +1.5%.
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Table 1. Experimental Mole Fraction Solubilities of
Pyrene (x3) in Binary Alcohol (B) + Acetonitrile (C)
Solvent Mixtures at 26.0 °C

0 t 0 t
X Xa X Xa

1-Propanol + Acetonitrile  2-Methyl-1-propanol + Acetonitrile

0.0000 0.004 26 0.0000 0.003 26
0.1499 0.007 02 0.1714 0.006 42
0.2732 0.008 65 0.3074 0.008 72
0.4927 0.009 90 0.5382 0.010 72
0.5924 0.009 84 0.6341 0.010 58
0.6906 0.009 29 0.7241 0.009 92
0.8323 0.007 94 0.8686 0.008 02
0.9245 0.006 89 0.9331 0.006 99
1.0000 0.006 14 1.0000 0.006 14
2-Propanol + Acetonitrile  3-Methyl-1-butanol + Acetonitrile
0.0000 0.002 90 0.0000 0.005 46
0.1619 0.005 55 0.1981 0.009 95
0.2662 0.006 86 0.3709 0.012 23
0.4903 0.008 45 0.5829 0.012 96
0.5636 0.008 62 0.6600 0.012 55
0.6684 0.008 28 0.7605 0.011 32
0.8408 0.007 25 0.8929 0.008 49
0.9241 0.006 63 0.9461 0.007 34
1.0000 0.006 14 1.0000 0.006 14
1-Butanol + Acetonitrile 2-Pentanol + Acetonitrile
0.0000 0.006 22 0.0000 0.006 40
0.1806 0.010 34 0.2222 0.012 74
0.3037 0.012 17 0.3733 0.015 17
0.5242 0.013 63 0.5690 0.015 84
0.6349 0.012 80 0.6652 0.014 95
0.7332 0.011 79 0.7626 0.012 83
0.8770 0.008 86 0.8900 0.009 25
0.9377 0.007 48 0.9494 0.007 51
1.0000 0.006 14 1.0000 0.006 14
2-Butanol + Acetonitrile
0.0000 0.004 39
0.1711 0.008 39
0.3252 0.011 18
0.5339 0.012 25
0.6346 0.011 63
0.7300 0.010 50
0.8762 0.008 07
0.9412 0.006 93
1.0000 0.006 14

Results and Discussion

Acree and co-workers*~6 suggested the Combined NIBS/
Redlich—Kister model,

N .
Si (g — xQ)

1)

sat _ 0 sat 0 sat 0,,0
In X3 = Xg IN(X3)g + Xc IN(X3)c + XgXe

as a possible mathematical representation for describing
how experimental isothermal solubility of a crystalline
solute dissolved in a binary solvent mixture varies with
binary solvent composition. Ineq 1, xg and xg refer to the
initial mole fraction composition of the binary solvent
calculated as if solute (A) were not present, N is the number
of curve-fit parameters used, and (xSAat)i is the saturated
mole fraction solubility of the solute in pure solvent i. The
various S; “curve-fit” parameters can be evaluated via least-
squares analysis.

The Combined NIBS/Redlich—Kister equation has been
shown to provide very accurate mathematical representa-
tions of anthracene, pyrene, and carbazole solubilities in
a large number of both complexing and noncom-
plexing solvent mixtures. 3 Jouyban-Gharamaleki and co-
workers’10 successfully used the volume fraction, ¢,

modification of eq 1,

N
In X3 = ¢ INOGM)g + 2 I + dade Y Silds — ¢0)'
@)

to describe the solubility behavior of various drug molecules
in binary aqueous—organic solvent mixtures. In the phar-
maceutical industry, researchers often express the solvent
composition in terms of volume fractions, rather than in
terms of mole fractions. In the case of structurally similar
drug molecules, the numerical values of the S; coefficients
were found to be nearly constant in a given binary solvent
mixture.’® More recently, Deng et al.1~13 and Pribyla et
al.1#~16 have shown that the S; coefficients determined by
regressing experimental anthracene data in binary alkane
+ alkane, alkane + alcohol, alcohol + alcohol, alcohol +
ether, and alkane + ether solvent mixtures allow one to
predict anthracene solubilities in ternary alkane + alkane
+ alcohol, alkane + alcohol + alcohol, and alkane + alcohol
+ ether solvent mixtures. The predictive expression for the
ternary solvent mixture is
In 32 = x3 In(G25 + x2 INGYe + x3 InGY, +
r S
XgXe Y Sigc(e = X)' + x%x%ZSj,BD(x% —xp) +
E
t

&
X?:X% Z}Sk,co(x(c): - Xg)k (3)
=

a mole fraction average of the logarithmic solute solubilities
in the three pure solvents [(X3)s, (X, and (x3)p] plus a
Redlich—Kister summation term for each solvent pair. The
documented success16 of eq 3 in predicting anthracene
solubilities in more than 60 different ternary solvent
systems illustrates the need for measured solute solubilities
in binary solvent mixtures.

In the chemical literature, different mathematical ex-
pressions can be found for describing how the measured
solute solubility varies with binary solvent composition (see
Jouyban-Gharamaleki and co-workers’~19). For many of the
published mathematical representations, the equations are
limited to binary solvent systems. The calculated equation
coefficients cannot be used to predict the solubility of the
solute in ternary solvent mixtures. This is not the case with
the Combined NIBS/Redlich—Kister equation. Equation
coefficients determined by curve-fitting the measured
solute solubility data in accordance with eq 1 can be used
to predict solubilities in ternary solvent mixtures through
eq 3. Pyrene solubilities have been measured at 299.2 K,
rather than 298.2 K, because all of our earlier solubility
studies involving pyrene were performed at 299.2 K. The
curve-fit coefficients of eq 1 will be used in subsequent
solubility studies involving pyrene dissolved in ternary
solvent systems.

The ability of eq 1 to mathematically represent the
experimental solubility of pyrene in the seven binary
alcohol + acetonitrile mixtures is summarized in Table 2
in the form of curve-fit parameters and percent deviations
in back-calculated solubilities. Each percent deviation is
based upon the measured pyrene solubility data at the
seven different binary solvent compositions. Careful ex-
amination of Table 2 reveals that eq 1 provided a fairly
accurate mathematical representation for how the solubil-
ity of pyrene varies with solvent composition. Deviations
between the experimental mole fraction solubilities and
back-calculated values based upon eq 1 differed by an
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Table 2. Mathematical Representation of Pyrene
Solubilities in Several Binary Alcohol (B) + Acetonitrile
(C) Solvent Mixtures by Equation 1

eql
% devP

binary solvent system
component B + component C Si@

1-propanol + acetonitrile 2.698 1.0
0.860
0.217

2-propanol + acetonitrile 2.822 1.0
1.273
0.294

1-butanol + acetonitrile 3.158 0.8
0.062
0.515

2-butanol + acetonitrile 3.539 11
0.908
—0.088

2-methyl-1-propanol + acetonitrile 3.537 1.0
0.708
—0.136

3-methyl-1-butanol + acetonitrile 3.285 1.0
0.079
0.701

2-pentanol + acetonitrile 3.822 1.0
—0.011
0.476

a Combined NIBS/Redlich—Kister curve-fit parameters are
ordered as So, S1, and S;. ® Deviation (%) = (100/N)¥ |[(x:2)calc —
(ROl

overall average absolute deviation of about +1.0%, which
is less than the experimental uncertainty of +£1.5% based
upon replicate measurements. Equation 1 correctly de-
scribes the maximum pyrene mole fraction solubility that
is observed in each solubility versus acetonitrile composi-
tion curve. The solubility of pyrene passes through a
maximum at approximately xg = 0.5.

Literature Cited

(1) Acree, W. E., Jr. Polycyclic Aromatic Hydrocarbons in Pure and
Binary Solvents; IUPAC Solubility Data Series, Vol. 54; Oxford
University Press: Oxford, U.K., 1994.

(2) Acree, W. E., Jr. Polycyclic Aromatic Hydrocarbons: Binary
Nonaqueous Systems. Part 1 (Solutes A—E); IUPAC Solubility
Data Series, Vol. 58; Oxford University Press: Oxford, U.K., 1995.

(3) Acree, W. E., Jr. Polycyclic Aromatic Hydrocarbons: Binary
Nonaqueous Systems. Part 2 (Solutes F—Z); IUPAC Solubility
Data Series, Vol. 59; Oxford University Press: Oxford, U.K., 1995.

(4) Acree, W. E., Jr. Mathematical Representation of Thermodynamic
Properties. Part 2. Derivation of the Combined Nearly Ideal
Binary Solvent (NIBS)/Redlich—Kister Mathematical Representa-
tion from a Two-Body and Three-Body Interactional Mixing
Model. Thermochim. Acta 1992, 198, 71—79.

(5) Acree, W. E., Jr.; McCargar, J. W.; Zvaigzne, A. |.; Teng, I.-L.

Mathematical Representation of Thermodynamic Properties. Car-

bazole Solubilities in Binary Alkane + Dibutyl Ether and Alkane

+ Tetrahydropyran Solvent Mixtures. Phys. Chem. Liq. 1991, 23,

27—35.

Acree, W. E., Jr.; Zvaigzne, A. |. Thermodynamic Properties of

Nonelectrolyte Solutions. Part 4. Estimation and Mathematical

Representation of Solute Activity Coefficients and Solubilities in

Binary Solvents Using the NIBS and Modified Wilson Equation.

Thermochim. Acta 1991, 178, 151—-167.

Jouyban-Gharamaleki, A.; Clark, B. J.; Acree, W. E., Jr. Prediction

of Drug Solubility in Ternary Solvent Mixture. Drug Dev. Ind.

Pharm. 2000, 26, 971—-973.

Jouyban-Gharamaleki, A.; Acree, W. E., Jr. Comparison of Models

for Describing Multiple Peaks in Solubility Profiles. Int. 3. Pharm.

1998, 167, 177—182.

Jouyban-Gharamaleki, A.; Hanaee, J. A Novel Method for Im-

provement of the CNIBS/R—K Equation. Int. J. Pharm. 1997, 154,

243-245.

(10) Jouyban-Gharamaleki, A.; Barzegar-Jalali, M.; Acree, W. E., Jr.
Solubility Correlation of Structurally Related Drugs in Binary
Solvent Mixtures. Int. J. Pharm. 1998, 166, 205—209.

(11) Deng, T.; Childress, S. D.; De Fina, K. M.; Sharp, T. L.; Acree,
W. E., Jr. Solubility of Anthracene in Ternary Propanol + Butanol
+ 2,2,4-Trimethylpentane Solvent Mixtures. J. Chem. Eng. Data
1998, 43, 1065—1067.

(12) Deng, T.; Childress, S. D.; De Fina, K. M.; Acree, W. E., Jr.
Solubility of Anthracene in Ternary Propanol + Butanol +
Heptane Solvent Mixtures. Chem. Eng. Commun. 1999, 172, 217—
224.

(13) Deng, T. Thermodynamic Properties of Nonelectrolyte Solutes in
Ternary Solvent Mixtures. Ph.D. Dissertation, University of North
Texas, Denton, TX, 1999.

(14) Pribyla, K. J.; Ezell, C.; Van, T. T.; Acree, W. E., Jr. Solubility of
Anthracene in Ternary Methyl tert-Butyl Ether + Alcohol + 2,2,4-
Trimethylpentane Solvent Mixtures at 298.15 K. J. Chem. Eng.
Data 2000, 45, 974—976.

(15) Pribyla, K. J.; Chuca, I.; Van, T. T.; Acree, W. E., Jr. Solubility of
Anthracene in Ternary Methyl tert-Butyl Ether + Alcohol +
Heptane Solvent Mixtures at 298.15 K. J. Chem. Eng. Data 2000,
45, 533—535.

(16) Pribyla, K. J. Thermochemical Study of Crystalline Solutes
Dissolved in Ternary Hydrogen-Bonding Solvent Mixtures. Ph.D.
Dissertation, University of North Texas, Denton, TX, 2001.

6

=

(7

-

8

-

9

~

Received for review December 23, 2002. Accepted March 14, 2003.
This research was supported in part by the University of North
Texas Research Council.

JE020226C



