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Solubility of Anthracene in Ternary Heptane + Propanol + 1-Pentanol and
Heptane + Butanol + 1-Pentanol Mixtures

Amy Proctor, Beth A. Martine, 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 anthracene dissolved in ternary heptane + 1-propanol + 1-pentanol,
heptane + 2-propanol + 1-pentanol, heptane + 1-butanol + 1-pentanol, and heptane + 2-butanol + 1-pentanol
solvent mixtures at 298.15 K and atmospheric pressure. For each of the four ternary solvent systems, 19
compositions were studied. Results of these measurements are used to test the predictive ability of the
ternary solvent form of the Jouyban-Acree model (also referred to in the literature as the Combined NIMS/
Redlich-Kister model). Computations showed that the model predicted the observed solubility behavior to
within an overall average absolute relative percentage deviation of about 1.8.

Introduction

Recrystallization is a purification process used widely through-
out the chemical and pharmaceutical industry during the
synthesis of organic compounds. Purification by recrystallization
generally follows one of two approaches. The first approach
involves dissolving the impure solid material in a “good” solvent
and then slowly adding a “nonsolvent” to precipitate the solute
from solution. In the second approach, an appreciable amount
of the solid material is dissolved in a hot solution, and upon
cooling, purified crystals of the solute form. Solvent selection
is important in both cases, and considerable effort has been given
in recent years to developing mathematical equations that
accurately predict how solute solubility varies both with
temperature and solvent composition.

Over the past 20 years, we have reported experimental
solubility data for anthracene and pyrene dissolved in numerous
binary solvents. As part of our solubility studies, we have
developed a simple predictive method for estimating the
solubility of crystalline organic compounds in ternary1–4
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based on the extended form of the Combined Nearly Ideal
Binary Solvent (NIBS)/Redlich-Kister solution model. Predic-
tions are based on the measured solubility data in all of the
contributing sub-binary solvent mixtures. In eqs 1 and 2 xI

o’s

refer to the initial mole fraction solvent composition of
component i calculated as if the solute were not present, and
(xA

sat)I denotes the measured solute solubility in pure solvent i.
The various SIJ,i parameters can be evaluated with a least-squares
regression analysis. Modified versions of eqs 1 and 2 have been
developed to include temperature dependence. Currently, the
most generalized version of the model is referred to as the
Jouyban-Acree model (JAM).6,7

In the present study, we report the solubility of anthracene
in four ternary solvent mixtures containing heptane and 1-pen-
tanol with either 1-propanol, 2-propanol, 1-butanol, or 2-butanol
at 298.15 K. These measurements were performed to provide
the scientific community with additional solubility data for
solutes dissolved in ternary solvent mixtures. The published
literature contains experimental solubility data for solutes
dissolved in a large number of binary solvent mixtures; however,
solubility data for ternary and higher-order multicomponent
solvent mixtures are not as abundant. Results of our measure-
ments are used to test the predictive ability of eq 1.

Experimental Methods

Anthracene (Aldrich, 99+ %) was recrystallized several times
from 2-propanone to yield a purified sample having a melting
point temperature of T/K ) 489. Heptane (Aldrich, 99 %,
anhydrous), 1-propanol (Aldrich, 99+ %, anhydrous), 2-pro-
panol (Aldrich, 99+ %, anhydrous), 1-butanol (Aldrich, 99+
%, anhydrous), 2-butanol (Aldrich, 99+ %, anydrous), and
1-pentanol (Aldrich, 99 %) were stored over molecular sieves
and distilled shortly before use. Gas chromatographic analysis
showed the solvent mole fraction purities to be 99.7 % or better.
Binary solvent mixtures were prepared by mass (Mettler AE100
balance, precision of 0.0002 g) so that composition could be
calculated to 0.0001 mol fraction.

Excess solute and solvent were placed in amber glass bottles
and allowed to equilibrate in a constant temperature water bath
at T/K ) (298.15 ( 0.05) for at least three days (often longer)
with periodic shaking in order to facilitate dissolution of the
solid. Attainment of equilibrium was verified by repetitive* To whom correspondence should be addressed. E-mail: acree@unt.edu.
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measurements after a minimum of three additional days and by
approaching equilibrium from supersaturation by pre-equilibrat-
ing the solutions at a slightly higher temperature. Aliquots of
saturated anthracene solutions were transferred through a coarse
filter into a tared volumetric flask to determine the amount of
sample and then diluted quantitatively with methanol for
spectrophotometric analysis at 356 nm on a Bausch and Lomb
Spectronic 2000 (photometric accuracy of 0.002 A). Concentra-
tionsof thedilutesolutionsweredeterminedfromaBeer-Lambert
law absorbance versus concentration working curve. Molar
absorptivities of the nine standard solutions varied systematically
with molar concentration and ranged from ε/(L ·mol-1 · cm-1)
) 7450 to ε/(L ·mol-1 · cm-1) ) 7150 for anthracene composi-
tions ranging from C/(mol ·L-1) ) 6.75 ·10-5 to C/(mol ·L-1)
) 2.25 ·10-4. Identical molar absorptivities were obtained for
select anthracene standard solutions that contained volume
fractions up to 5 % of the neat heptane and alcohol cosolvents.
The concentration of heptane and alcohol cosolvent never
exceeded a volume fraction of 5 % in the diluted samples that
were subjected to spectroscopic analyses.

Experimental molar concentrations were converted to mass
fraction solubility by multiplying by the molar mass of

anthracene, volume(s) of the volumetric flask(s) used, and any
dilutions required to place the measured absorbances on the
Beer-Lambert law absorbance versus concentration working
curve and then dividing by the mass of the saturated solution
analyzed. Mole fraction solubilities were computed from mass
fraction solubility using the binary solvent initial mole fraction
compositions and molar masses of the solute and both cosol-
vents. Experimental anthracene solubilities in the four ternary
heptane + propanol/butanol + 1-pentanol mixtures studied are
listed in Table 1. Numerical values represent the average of
between four and eight independent determinations, with the
reproducibility of the solubilities of the solute being 1.5 %.

Results and Discussion

Equation 1 expresses the “excess” logarithmic mole
fraction solubility, relative to the simple xB

o ln(xA
sat) + xC

o

ln(xA
sat)C + xD

o ln(xA
sat)D arithmetic average, in terms of

the Redlich-Kister equation. Published papers2,8,9 have
reported the calculated SIJ parameters dissolved in the nine
sub-binary systems, as well as the measured mole fraction
solubilities in heptane (xA

sat ) 0.001571), 1-propanol (xA
sat

) 0.000591), 2-propanol (xA
sat ) 0.000411), 1-butanol (xA

sat

) 0.000801), 2-butanol (xA
sat ) 0.000585), and 1-pentanol

(xA
sat ) 0.001097). Numerical values of the SIJ parameters

have been tabulated in Table 2 for convenience.

Table 1. Experimental Mole Fraction Solubilities of Anthracene,
xA

sat, in Ternary Heptane (B) + Propanol (C) + 1-Pentanol (D) and
Heptane (B) + Butanol (C) + 1-Pentanol (D) Solvent Mixtures at
298.15 K

xB
o xC

o xA
sat xB

o xC
o xA

sat

Heptane (B) + 1-Propanol (C) + 1-Pentanol (D)
0.0555 0.7846 0.000771 0.2329 0.4449 0.001117
0.0645 0.4982 0.000932 0.2662 0.6497 0.001031
0.0652 0.2894 0.001038 0.3035 0.1575 0.001326
0.0913 0.7920 0.000804 0.3502 0.5383 0.001168
0.0706 0.5966 0.000891 0.3684 0.3654 0.001273
0.1136 0.2229 0.001107 0.3976 0.1625 0.001403
0.1138 0.8121 0.000803 0.5675 0.3218 0.001441
0.1464 0.1478 0.001192 0.5788 0.2271 0.001483
0.1578 0.6208 0.000949 0.5790 0.1835 0.001507
0.1778 0.3425 0.001114

Heptane (B) + 2-Propanol (C) + 1-Pentanol (D)
0.0620 0.5132 0.000817 0.2299 0.4592 0.001027
0.0642 0.6030 0.000759 0.2615 0.6233 0.000937
0.0671 0.2616 0.001001 0.3117 0.1651 0.001307
0.0681 0.7774 0.000643 0.3591 0.5338 0.001085
0.0894 0.7770 0.000666 0.3742 0.3521 0.001222
0.1057 0.2210 0.001044 0.4095 0.1416 0.001403
0.1124 0.8117 0.000666 0.5784 0.3035 0.001383
0.1451 0.1773 0.001144 0.5975 0.2349 0.001438
0.1647 0.6083 0.000852 0.6010 0.1596 0.001526
0.1832 0.3400 0.001071

Heptane (B) + 1-Butanol (C) + 1-Pentanol (D)
0.0686 0.7538 0.000967 0.2548 0.3944 0.001247
0.0777 0.5553 0.001020 0.2992 0.5828 0.001221
0.0794 0.4373 0.001063 0.3299 0.1225 0.001372
0.0839 0.2295 0.001129 0.3826 0.4895 0.001315
0.0942 0.7642 0.000982 0.3931 0.3375 0.001365
0.1017 0.1968 0.001168 0.4032 0.1428 0.001403
0.1389 0.7520 0.001014 0.6023 0.2682 0.001530
0.1647 0.1185 0.001234 0.6052 0.1952 0.001534
0.1792 0.3186 0.001194 0.6126 0.1489 0.001507
0.1796 0.5751 0.001114

Heptane (B) + 2-Butanol (C) + 1-Pentanol (D)
0.0686 0.7690 0.000780 0.2475 0.4092 0.001147
0.0800 0.2279 0.001085 0.2984 0.5998 0.001117
0.0882 0.5597 0.000911 0.3415 0.1255 0.001376
0.0886 0.4578 0.000952 0.3945 0.3312 0.001319
0.1131 0.7609 0.000834 0.4013 0.4860 0.001259
0.1263 0.1641 0.001153 0.4193 0.1307 0.001445
0.1368 0.7832 0.000843 0.5817 0.2774 0.001471
0.1814 0.1294 0.001232 0.6022 0.1372 0.001556
0.1875 0.5670 0.001002 0.6251 0.2052 0.001514
0.2017 0.3049 0.001152

Table 2. Combined NIBS/Redlich-Kister Parameters Calculated
from Anthracene in the Sub-binary Solvent Systems

solvent (I) + solvent (J) SIJ
a ref

heptane (I) + 1-propanol (J) 1.098 2
-0.106

0.324
heptane (I) + 2-propanol (J) 1.491 2

-0.587
0.566

heptane (I) + 1-butanol (J) 0.723 2
0.004
0.201

heptane (I) + 2-butanol (J) 1.225 2
-0.292

0.000
heptane (I) + 1-pentanol (J) 0.619 8

0.082
0.014

1-propanol (I) + 1-pentanol (J) 0.216 9
0.089

-0.104
2-propanol (I) + 1-pentanol (J) 0.445 9

0.111
0.033

1-butanol (I) + 1-pentanol (J) 0.055 9
0.033

-0.016
2-butanol (I) + 1-pentanol (J) 0.106 9

-0.054
-0.035

a Combined NIBS/Redlich-Kister curve-fit parameters are ordered as
SIJ,0, SIJ,1, SIJ,2.

Table 3. Summarized Comparison between Observed Anthracene
Solubilities in Ternary Heptane + Propanol + 1-Pentanol and
Heptane + Butanol + 1-Pentanol Solvent Mixtures and Predicted
Values Based on Equation 1

ternary solvent mixture 100 ·RDa

heptane (B) + 1-propanol (C) + 1-pentanol (D) 1.48
heptane (B) + 2-propanol (C) + 1-pentanol (D) 1.74
heptane (B) + 1-butanol (C) + 1-pentanol (D) 1.81
heptane (B) + 2-butanol (C) + 1-pentanol (D) 2.03

a RD ) (1/N) ∑|[(xA
sat)calcd - (xA

sat)exptl]/(xA
sat)exptl|; where N ) 19.
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The predictive ability of eq 1 is summarized in Table 3 for
anthracene dissolved in the four heptane + propanol/butanol
+ 1-pentanol solvent systems. Examination of the numerical
entries in Table 3 reveals that eq 1 predicts the solubility of
anthracene to within an overall average absolute relative percent
deviation of 1.8, which is just slightly greater than the
experimental uncertainty of ( 1.5 %. For the four systems
studied, eq 1 was found to provide very accurate predictions of
the observed solubility behavior.
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