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Multicomponent nonaqueous phase liquid (NAPL) con-
taminants that contain compounds that are solids in their
pure states can undergo phase transformations. This
paper examines the relationship between NAPL composition
and liquid phase stability for mixtures of polycyclic aromatic
hydrocarbons (PAHs), most of which are solids in pure
form at ambient temperatures. Because any natural or
engineered process that acts to selectively extract
compounds will alter NAPL composition, knowledge of phase
stability is an important determinant in risk assessment,
remediation effectiveness, and research. Ideal solubility theory
dictates that a NAPL will be a homogeneous liquid if each
constituent’s mole fraction is less than the solid-liquid
reference fugacity ratio at the system temperature. Through
experimental observation of binary and ternary systems,
it is shown that ideal solubility theory is a reliable guide for
predicting PAH-NAPL phase stability. Uncertainty in
melting temperature and entropy of fusion is a significant
determinant that may limit predictive power. The principle
of liquefaction through mixing was exploited to produce
complex synthetic NAPLs which can be used as surrogate
materials to simulate the behavior of contaminants such as
coal tars. NAPL/aqueous phase equilibrium studies were
conducted to demonstrate the utility of these materials in
experimentation.

Introduction
Many organic contaminants are complex, multicomponent
mixtures that are present in the environment as separate
organic liquid phases, commonly referred to as nonaqueous
phase liquids (NAPLs). Those that are derived from petroleum
or coal processing have some fraction of aromatic hydro-
carbons, which may pose a risk to human health. An example
is coal tar, which is a dense NAPL consisting primarily of
polycyclic aromatic hydrocarbons (PAHs), that commonly
exists as a subsurface environmental contaminant at sites of
former manufactured gas plants (1).

Multicomponent NAPLs containing PAHs can exist as
liquids even though most PAHs are solids in their pure form
at ambient temperatures. Melting point depressions can
result for all constituent compounds because PAH mixtures
form eutectic systems. The larger the number of constituent
compounds, the larger is the window of possible system

compositions that are stable liquid solutions at ambient
temperatures. Processes that alter NAPL phase composition
can result in transformation to solid. The dissolution and
partitioning behavior of a contaminant is dependent on its
phase state. For solid phase contaminants in contact with
water, the maximum aqueous phase concentration is de-
termined solely by the solute aqueous solubility. For mul-
ticomponent organic liquid contaminants, the maximum
aqueous phase concentration of a constituent depends on its
NAPL phase mole fraction, NAPL phase activity coefficient,
and pure subcooled liquid solubility. Consequently, knowl-
edge of NAPL phase stability and the possibility for phase
transitions is important for risk assessment, predicting
remediation effectiveness, and experimental research.

In this paper, we discuss NAPL/solid/aqueous phase
equilibria and discuss predictive thermodynamic relations
that describe solubility limits for NAPL constituents. We
demonstrate how these constraints extend to multicompo-
nent systems and explore the utility of these relations in
providing composition criteria for phase stability of multi-
component NAPLs containing PAHs. An experimental in-
vestigation of solid-liquid phase equilibria was conducted
for simple binary and ternary systems. Experimental results
demonstrate the extent to which ideal solubility estimates,
using melting temperature and entropy of fusion data from
the literature, predict solubility limits in the NAPL. The effect
of uncertainty in predictive parameters was assessed using
first-order analysis. Analysis of published coal tar composi-
tion data demonstrates that these principles hold for very
complex mixtures.

Also, we have employed the principles of liquefaction
through mixing to enable controlled laboratory study of NAPLs
that are PAH mixtures. Experimental investigations involving
complex multicomponent NAPLs are often limited by the
analytical difficulties that preclude complete characterization
of composition and bulk properties, making it difficult to
draw inferences from experimental data. We describe a
procedure to generate a synthetic PAH-containing NAPL for
which the complete composition is readily determined. This
synthetic NAPL can be used as a model organic liquid that
is representative of materials such as coal tar, without
involving the uncertainties associated with field samples. In
this paper, NAPL/aqueous phase equilibrium studies are
presented to demonstrate the utility of this material for
experiments to simulate PAH-NAPL contamination in aque-
ous environments and to demonstrate the thermodynamic
criteria for the liquid phase stability of multicomponent
NAPLs.

Multicomponent NAPL Stability and Phase Equilibria
NAPL/Solid Systems. Thermodynamic theory of phase
equilibria dictates the equality of fugacities for components
across phases. For a solid PAH in equilibrium with a
multicomponent NAPL, assuming that the fugacity of the
solute in the solid is equivalent to that of pure solid i, the
requisite equality of fugacities for compound i is written

where xi
N is the mole fraction of i in the NAPL phase, γi

N is
its activity coefficient in the NAPL phase, f p,i

l is the reference
fugacity of pure liquid i, and f p,i

s is the reference fugacity of
pure solid i. For compounds that are solids in the pure state
at the system temperature, f p,i

l refers to a hypothetical
subcooled liquid state. In notation from here on the subscript
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p is implied. Equation 1 rearranges to provide the inequality

representing the solubility limit of i in the NAPL phase.
The liquid-solid fugacity ratio (f l/f s) is indicative of the

Gibbs energy needed to convert solid i to liquid i, at a particular
temperature. Hildebrand and Scott (2), and more recently
Prausnitz et al. (3), demonstrated that a compound’s fugacity
ratio can be calculated using

where ∆hf is the enthalpy of fusion at the melting temperature
(Tm), T is the system temperature, and R is the universal gas
constant. Derivation of eq 3 requires assumptions that the
compound’s melting temperature is approximately equal to
its triple point and the heat capacities of solid and liquid i
are approximately equal. Melting temperatures are fairly easy
to measure, and numerous observations have been reported
in the literature for PAHs. The enthalpy of fusion is more
difficult to measure, and fewer values have been reported for
PAHs. Where data are unavailable, ∆hf can be approximated
from ∆hf ) Tm∆sf, where a common value for ∆sf, the entropy
of fusion at the melting temperature, is assumed. Yalkowsky
(4) demonstrated that for rigid molecules the entropy of fusion
is roughly constant with a median value of 13.5 cal/mol-K.
This approximation method is commonly used for data
compilations such as Mackay et al. (5).

The constraint given in eq 2 illustrates that the solubility
limit for xi

N is dependent on the composition of the NAPL
(i.e., the mole fractions of other constituent compounds)
entirely through the γi

N term. If the NAPL is an ideal solvent
for compound i, i.e., γi

N ≈ 1, then eq 2 simply states that the
NAPL phase mole fraction cannot exceed the solid-liquid
fugacity ratio. In this case, the solubility limit for xi

N is an
inherent property of the compound, referred to as its ideal
solubility (3). The same constraint would apply for the
solubility of i in any organic liquid that behaves as an ideal
solvent. The assumption of ideality in the NAPL phase
(Raoult’s law) implies that the molecular interactions of a
constituent in the NAPL solution are the same as for that
compound in a liquid of pure material. Because of the
chemical similarity of constituent compounds, Raoult’s law
is usually a reasonable approximation for PAH-containing
NAPLs. Recent experimental work has shown that the
assumption of ideality holds for these mixtures (6).

Very little information on solid-liquid phase equilibria
for PAHs has been published. Rudolfi (7) published experi-
mental observations for binary naphthalene/phenanthrene
and naphthalene/anthracene systems, demonstrating eutectic
systems with good agreement between experimental and ideal
solubilities. Their observations also validate the assumption
of pure solid formation, which is implicit in eq 1.

NAPL/Aqueous Phase Systems. When a multicomponent
NAPL is in equilibrium with water, the requisite equality of
fugacities results in the following relation for the equilibrium
aqueous phase concentration, C i

A (mg/L), of a NAPL phase
constituent:

where Cs,i is the aqueous solubility of pure i (mg/L). The
product of Cs,i and (f l/f s)i is the pure solute subcooled liquid
solubility. Derivation of eq 4 and its implicit assumptions
has been previously discussed (8), and similar theoretical

discussions have been put forth by others in various contexts
(e.g., refs 9-15).

When a solid PAH is in equilibrium with water, we have
by definition C i

A ) Cs,i. Substituting the right-hand side of
the inequality in eq 2 for xi

N in eq 4, we see that Cs,i serves as
the upper limit for the concentration in the aqueous phase
for a system in which a multicomponent NAPL is in
equilibrium with water.

Implications for NAPL Aging. The thermodynamic
constraint on NAPL phase mole fractions shown in eq 2 has
implications for the natural weathering of NAPL contaminants
over time in saturated subsurface environments and for
accelerated weathering effected by pump-and-treat reme-
diation processes. As lower molecular weight, more soluble
compounds are extracted from a multicomponent NAPL, the
mole fractions of the higher molecular weight compounds
increase. Eventually, as compound mole fractions reach their
solubility limits in the NAPL phase, portions of the NAPL will
precipitate out and form solid. In other papers, we present
numerical simulations of NAPL composition dynamics and
the resulting impact on NAPL phase behavior and dissolution
(16, 17).

To demonstrate the NAPL phase stability concept for
contaminants in the field, published coal tar composition
data are shown in Table 1 for two tar materials (18). Raoult’s
law has been assumed for the present demonstration. The
liquid tar material from site 4 has a composition for which
the mole fractions do not violate the constraint given in eq
2. In contrast, the tar material from site 6 is described as a
hard solid. Several violations of the constraint in eq 2 are
observed in the composition data for this tar, specifically for
anthracene, chrysene, and benzo[g,h,i]perylene. Violation
of the constraint in eq 2 is more likely for the higher molecular
weight compounds, and additional violations are likely to
occur for the higher molecular weight compounds that are
not specifically identified in the composition analysis for the
site 6 tar.

xi
N e

1

γi
N(f s

f l)
i

(2)

ln
f l

f s
) ∆hf

RTm
(Tm

T
- 1) (3)

C i
A ) xi

Nγi
NCs,i(f l

f s)
i

(4)

TABLE 1. Demonstration of NAPL Phase Stability Criterion for
Field Samples of Tar Materials

xi
N, mole fractiona

mol wt
site 4

liquid tar
site 6

solid tar
(f s/f l)b

25 °C

benzene 78 1.2e-5 2.2e-4 1.0
toluene 92 1.3e-4 NDc 1.0
ethylbenzene 106 6.5e-4 ND 1.0
o-xylene 106 0.0011 3.0e-5 1.0
m/p-xylenes 106 0.0040 ND 1.0
indan 118 8.0e-4 ND 1.0
naphthalene 128 0.0934 0.0121 0.30
1-methylnaphthalene 142 0.0348 0.0072 1.0
2-methylnaphthalene 142 0.0606 0.0079 0.86
acenaphthylene 152 0.0183 0.0094 0.22
acenaphthene 154 0.0013 0.0048 0.20
dibenzofuran 168 0.0015 0.0176 0.25
fluorene 166 0.0095 0.0137 0.16
anthracene 178 0.0070 0.0268 0.0098
phenanthrene 178 0.0220 0.1020 0.27
fluoranthene 202 0.0054 0.0675 0.19
pyrene 202 0.0078 0.0489 0.13
benz[a]anthracene 228 0.0024 0.0135 0.04
chrysene 228 0.0024 0.0166 0.0097
benzo[b]fluoranthene 252 0.012 0.0098 0.039
benzo[k]fluoranthene 252 5.6e-4 0.0053 0.013
benzo[a]pyrene 252 0.014 0.0090 0.03
indeno[1,2,3-cd]pyrene 276 9.0e-4 0.0203 0.04
dibenz[a,h]anthracene 278 1.2e-4 0.0026 0.004
benzo[g,h,i]perylene 276 0.011 0.0241 0.003

a Computed using data published in EPRI (18). b Computed using
data published in Daubert and Danner (19) where available; otherwise
from Mackay et al. (5). c Nondetectable.
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In the remainder of the paper, we present experimental
observations of phase stability of binary and ternary PAH
mixtures, formulations of more complex PAH-NAPLs, and
phase equilibria of multicomponent NAPL/aqueous phase
systems. The validity of the conditionality shown in eq 2 as
a predictor of NAPL phase stability together with its associated
uncertainty is demonstrated.

Materials and Methods
Chemicals. PAHs used in this study were obtained from
Aldrich Chemical Co. and had a purity greater than or equal
to 97%. The reported purities of the compounds for which
freezing point observations were made are 99+% for naph-
thalene, 98% for 2-methylnaphthalene, and 99+% for 2-eth-
ylnaphthalene. HPLC-grade toluene, acetonitrile, and metha-
nol were obtained from Mallinckrodt, Inc. The water used
was double-distilled, deionized water (Milli-Q, Millipore
Corp.). Prepurified nitrogen used for purging the NAPL in
its preparatory stages had a purity of 99.98%. All reagents
were used as received.

Binary Solid-Liquid Phase Equilibria. Three binary pairs
were examined using naphthalene, 2-methylnaphthalene, and
2-ethylnaphthalene. Binary mixtures of specific compositions
were prepared in sealed vials by weighing desired amounts
of each compound to sum to a total mass of approximately
5 g. For each binary pair, 11 mixtures were prepared in
increments of tenths of mole fraction.

Each vial was heated until the contents formed a homo-
geneous liquid phase, and then solidified by cooling to -15
°C. Freezing point determinations followed three similar
protocols depending on freezing points: (a) 20 °C and up, (b)
8-20 °C, and (c) below 8 °C. According to this breakdown,
each vial was placed in (a) a water bath on a heating mantle,
(b) an ice and water bath, or (c) a methanol-water solution
bath submerged in dry ice. The samples were heated slowly
(i.e., < 0.2 °C/min). Visual observation indicated the tem-
perature at which the sample was completely liquefied.
Freezing points were not determined by cooling because of
the tendency to form subcooled liquids that would suddenly
crystallize at lower temperatures. For each vial, three replicate
observations were made, which resulted in standard devia-
tions of less than 1 °C.

Ternary Solid-Liquid Phase Equilibria. One ternary
system was examined consisting of naphthalene, acenaph-
thene, and 2-methylnaphthalene. Solid-liquid phase equi-
libria observations were made at a single temperature by
determining the boundaries of the two-phase regions of the
ternary phase diagram. For naphthalene and acenaphthene
phase boundaries, individual experimental systems were
prepared with overall compositions within the two-phase
regions. The chemicals were added to individual centrifuge
tubes, which were then sealed and heated to liquefy. The
vials were then cooled to the system temperature, 26 ( 1 °C,

by equilibration in a constant temperature room for 1 day.
The vials were centrifuged (10 min at 430g), and the liquid
phase was sampled and analyzed using HPLC techniques for
NAPL samples as described below.

For 2-methylnaphthalene, it was not possible to design
experiments with overall system compositions that resulted
in two-phase systems with a sufficiently large volume of liquid
phase for sampling. This phase boundary was determined
by successive bracketing. Systems with overall compositions
near and around the phase boundary were prepared. After
equilibration, visual inspection determined whether the
composition resulted in a two-phase or homogeneous liquid
system. By averaging the mole fractions of proximal liquid
systems and two-phase systems, bisection points were
determined which had associated uncertainties of less than
(0.02 mole fraction units.

Synthetic NAPL Preparation. Several complex multi-
component synthetic NAPLs were prepared from eight PAHs
that are common coal tar constituents: naphthalene, 1-me-
thylnaphthalene, 2-ethylnaphthalene, acenaphthene, fluo-
rene, phenanthrene, fluoranthene, and pyrene. Table 2 lists
the physical and chemical properties of these compounds.
The initial relative amounts of PAHs were chosen such that
the mole fractions would not exceed the corresponding
fugacity ratios at 25 °C.

The procedure for making the synthetic NAPLs involves
dissolution of predetermined amounts of the PAHs in toluene
and subsequent evaporation of the bulk of the toluene.
Toluene was chosen because of its high PAH solubility so as
to minimize solvent requirements, its high volatility so as to
facilitate separation from the resulting NAPL, and its aromatic
nature such that residual solvent would not affect the aromatic
character of the resulting NAPL. Removal of toluene was
achieved first through rotary evaporation (Bucchi Rotovapor
Model R-110) at 50 °C for 3 h, which reduced the toluene
mole fraction to about 0.5. Residual toluene was removed
by nitrogen purging for several days until the NAPL volume
was constant, which corresponded to a toluene mole fraction
of less than 0.05. The final NAPL density was denser than
water. The resulting NAPL composition was determined using
HPLC analysis.

Four synthetic NAPLs were prepared: two with naph-
thalene and two without naphthalene. All were prepared
initially without naphthalene, and this compound was added
subsequently when desired by direct dissolution of a mea-
sured mass of crystals. Heating in a water bath aided the
dissolution of naphthalene. The naphthalene concentration
in the synthetic NAPLs could thus be controlled as a design
variable for subsequent experiments.

Batch Equilibration Experiments. NAPL/aqueous phase
equilibrium experiments were conducted in 25-mL corex glass
high-speed centrifuge tubes containing approximately 0.5 g
of NAPL and 25 mL of Milli-Q water. The tubes were sealed

TABLE 2. Physical and Chemical Properties of Compounds Used in Experimental Systems

compound mol wt
melting

pointa (°C)
∆sf at Tm

a

(cal mol-1 K-1) f s/f l 25 °C Cs,i
b (mg/L) 25 °C

toluene 92.14 -95 8.90 1 530
naphthalene 128.17 80 12.83 0.30 ((0.10) 31
1-methylnaphthalene 142.20 -30 6.84 1 28
2-methylnaphthalene 142.20 35 9.42 0.86 ((0.06) 25
2-ethylnaphthalene 156.23 -4 13.5 1 8
acenaphthene 154.21 93 13.99 0.20 ((0.80) 3.8
fluorene 166.22 115 12.06 0.16 ((0.09) 1.9
phenanthrene 178.23 99 10.57 0.27 ((0.12) 1.1
fluoranthene 202.26 110 11.68 0.19 ((0.09) 0.26
pyrene 202.26 151 9.79 0.13 ((0.09) 0.13

a Source: Daubert and Danner (19). Entropies of fusion were computed from reported enthalpies of fusion and melting temperatures. b Based
on data compiled by Mackay et al. (5).
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and tumbled end-over-end in the dark for 2 weeks at 25 °C.
Following equilibration, phase separation was aided by
centrifugation at 7500 rpm for 30 min (Sorvall Centrifuge
Model RC-5B, Dupont, Inc.). The aqueous phase was sampled
and analyzed immediately. The NAPL phase was sampled,
diluted in methanol (dilution factor 1000), transferred into
autosampler vials, and stored at 5 °C prior to analysis.

HPLC Analysis. The concentrations of all compounds in
the NAPL and the aqueous phases were analyzed using a
Hewlett Packard 1090 high-performance liquid chromato-
graph (HPLC) equipped with a diode array UV detector (DAD)
and a fluorescence detector (FLD). A reverse-phase octa-
decylsilane column with 5 µm packing diameter and dimen-
sions of 250 mm by 4.6 mm (VYDAC 201 TP, The Separations
Group, Hesperia, CA) was used. The chromatography
program was as follows: flow rate of 1 mL/min, at 35 °C, 50%
acetonitrile for 5 min, rising with a linear gradient to 65%
acetonitrile at 30 min, remaining constant at 65% up to 33
min, post time of 5 min, injection volume of 5 µL for NAPL
samples and 15 µL for aqueous samples. Calibration curves
bracketing the range of expected unknown concentrations
were generated using external standard solutions containing
all of the compounds dissolved in methanol. Duplicate
injections were made for each standard and sample. Only
the DAD detector (at 220 and 240 nm) was used for
quantification of PAHs in the NAPL phase diluted in methanol.
Both the DAD detector and the FLD detector were used for
quantification of PAHs in aqueous samples. The FLD detector
was set at 220 Hz and was time-programmed with respect to
PMT gain and wavelengths for excitation and emission.

Results and Discussion
Ideal Solubility Predictions and Uncertainty Analysis. For
each compound, ideal solubilities were estimated using
fugacity ratios calculated from eq 3, with the melting
temperatures and entropies of fusion reported in Daubert
and Danner (19). Fugacity ratios at 25 °C, expressed in the
common form of (f s/f l), are shown in Table 2. For 2-eth-
ylnaphthalene, neither a reliable value of ∆sf nor Tm is
available, so ∆sf )13.5 cal/mol-K was assumed (4), and the
experimental observation for Tm from this study was used.
Examination of Table 2 reveals that the values of ∆sf do not
all fall within the 10-17 cal/mol-K range theorized for rigid
molecules (4) and that appreciable errors would result if the
common value of 13.5 was assumed to hold for all PAHs.
Differences in fugacity ratios across compounds arise mainly
from the magnitude of Tm/T. For higher molecular weight
PAHs, with very high melting points, the value of (f s/f l)
becomes very small.

An uncertainty analysis was conducted to estimate the
uncertainty in ideal solubility predictions and the extent to
which it is attributable to uncertainty in Tm and ∆sf. This was
accomplished using a first-order approximation for variance
in a derived variable (20), which assumes independent errors,
negligible covariances, and negligible higher order effects.
This, combined with differentiation of eq 3, results in

where σx
2 is the variance of variable x. Based on the ranges

of values reported for melting temperatures of PAHs (5), σTm

was estimated to be 2 °C. Because little published data exist
for enthalpies of fusion of PAHs, the associated uncertainties
are difficult to estimate. It is assumed that σ∆sf is 3.5 cal/
mol-K, which is taken from the range of ∆sf for rigid molecules
reported to be 10-17 cal/mol-K (4). Because γi

N is assumed
to equal unity in an ideal solubility prediction, eq 5 also
represents the relative variance of the mole fraction solubility
limit, (σxi

N/xi
N)2. The resulting 1σ error estimates for fugacity

ratio are shown in Table 2. Relative errors range from 6% for
2-methylnaphthalene to 70% for pyrene, revealing that the
uncertainty increases as the ratio of Tm/T becomes large.

Binary Solid-Liquid Phase Equilibria. For each of the
three binary pairs, freezing point curves were computed
through estimation of ideal solubilities as a function of system
temperature and are shown in Figure 1. In binary temper-
ature-composition diagrams, these curves separate homo-
geneous liquid systems (above) from systems that are two-
phase or homogeneous solids (below). In all three binary
systems studied, the assumption of ideality predicts a eutectic
point where the ideal solubility curves intersect, below which
no liquid phase is stable. The implication of this type of
binary solid/liquid phase diagram is that for temperatures
below the melting temperatures of both components, there
is a window of viable compositions for which mixtures will
exist as homogeneous liquids. For example, for naphthalene
and 2-methylnaphthalene, ideal solubility theory predicts that
at 25 °C homogeneous liquid systems will exist for mixtures
with compositions having a 2-methylnaphthalene mole
fraction greater than 0.70 and less than 0.86. Systems with
naphthalene mole fractions greater than 0.30 at 25 °C would
contain solid naphthalene in equilibrium with a binary liquid
solution containing naphthalene at its solubility limit. Simi-
larly, at the other phase boundary solid 2-methylnaphthalene
would form.

The dotted curves depict the range of uncertainty in the
solubility limits at a given temperature. In the limit of xi f
1, the uncertainty in the solubility limit approaches a limiting
value of σTm∆sf/(RT), which is due solely to uncertainty in the
melting temperature. As the system temperature becomes
different from Tm, the ideal solubility estimate is increasingly
sensitive to the uncertainty in ∆sf. For example, at 25 °C the
solubility limit for naphthalene of 0.30 has an uncertainty of
(0.10, of which 98% is due to uncertainty in ∆sf.

Also shown in Figure 1 are the experimental observations.
Observed melting temperatures for the pure systems are 80.6
°C for naphthalene, 34.0 °C for 2-methylnaphthalene, and
-4.4 °C for 2-ethylnaphthalene. The first two values are in
close agreement with literature reported values (Table 2).
Close agreement with ideal solubility theory is shown for the
binary systems except near the eutectic points for the two
systems containing 2-methylnaphthalene. The deviations
observed for the solubility limit of 2-methylnaphthalene may
be explained by uncertainty in ∆sf, but as is discussed below,
the results from the ternary system analysis indicate some
NAPL phase nonideal behavior for 2-methylnaphthalene.

Ternary Solid-Liquid Phase Equilibria. The solid-liquid
phase diagram for the ternary system containing naphthalene,
2-methylnaphthalene, and acenaphthene at 26 °C is shown
in Figure 2. The solid lines delineate the two-dimensional
space bounding the window of viable compositions of
mixtures that will exist as homogeneous liquids, as predicted
by ideal solubility theory. At 26 °C homogeneous liquid
systems will exist for mixtures of these three compounds
provided that naphthalene’s mole fraction is less than 0.31,
2-methylnaphthalene’s mole fraction is less than 0.87, and
acenaphthene’s mole fraction is less than 0.20. Overall system
compositions outside of this region will result in multiphase
systems. The effect of increases in temperature on the ternary
solid-liquid phase diagram would be enlargement of the
window of compositions forming homogeneous liquids.

Experimental observations of the liquid phase composi-
tions are shown in Figure 2 as open symbols. For naphthalene
and acenaphthene, the experimentally determined solubility
limits are slightly but consistently lower than those predicted
by ideal solubility theory. For 2-methylnaphthalene, the
experimentally observed solubility limit is lower than the ideal
prediction when the mixture is rich in naphthalene and higher
when the mixture is rich in acenaphthene. The deviations
observed in the ternary phase diagram for the naphthalene/

σln f l/f s
2 = σTm

2 (∆sf

RT)2

+ σ∆s f
2 1

R 2(Tm

T
- 1)2

(5)
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2-methylnaphthalene binary pair are consistent with those
observed at 26 °C in the binary system depicted in Figure 1.
Uncertainty bands for the ideal solubility limits are not shown
in the diagram, but can be inferred from the estimated errors
in the fugacity limits listed in Table 2. If it is assumed that
the fugacity ratios have been accurately estimated, deviation
of experimental observations may be an indication of
nonideality in the NAPL phase. For 2-methylnaphthalene,
because the observed solubility limit curve is nonparallel with

the ideal solubility limit, deviation cannot be explained by
uncertainty in the fugacity ratio. It was observed that a binary
mixture of naphthalene and 2-methylnaphthalene has a
solubility limit of 0.74 mole fraction for 2-methylnaphthalene,
corresponding to γi

N) 1.2. For a binary mixture of
acenaphthene and 2-methylnaphthalene, the mole fraction
limit for 2-methylnaphthalene is 0.89, corresponding to
γi

N ) 0.98.

Regardless of whether observed deviations indicate slight
deviations from ideality or uncertainty in the parameters used
to predict fugacity ratios, these results indicate that for all
three compounds in the ternary system the ideal solubility
predictions provide a reliable means of estimating the window
of NAPL phase stability. The valid use of eq 1 to predict
solid-liquid phase equilibria for systems within the mul-
tiphase region is less clear. Ideal solubility theory predicts
that an overall composition that violates only one solubility
constraint would consist of a two-phase system: a liquid
solution and a solid solution rich in the compound whose
solubility constraint is violated. Tie lines would connect the
points, indicating the compositions of these two phases. A
system with an overall composition that violates two of the
solubility constraints would result in a three-phase system of
liquid solution and two solids nearly pure in each of the two
compounds. For example, according to ideal solubility theory,
a mixture that has a naphthalene mole fraction exceeding
0.31 and an acenaphthene mole fraction exceeding 0.20 would
produce a liquid phase of 0.31 mole fraction naphthalene,
0.20 mole fraction acenaphthene, and 0.49 mole fraction
2-methylnaphthalene. This liquid phase would be in equi-
librium with two solids, one rich in naphthalene and one rich

FIGURE 1. Temperature-composition diagrams of solid-liquid equilibria for three binary PAH mixtures. Circles are experimental observations.
Solid curves are the ideal solubility predictions, and dotted curves bound the associated uncertainty in these predictions.

FIGURE 2. Solid-liquid phase diagram for ternary PAH mixture at
25 °C. Open symbols are experimental observations of liquid phase
composition boundaries. Dashed lines represent experimental tie
line observations. Solid lines denote ideal solubility limits.
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in acenaphthene. The exact proportions of the three phases
would be determined by the lever rule (21).

The formation of solid solutions is evidenced in Figure 2
by the slopes of the observed tie lines which connect liquid
phase compositions with overall system compositions shown
as filled symbols. Solid phase compositions were not
determined, but for each system the solid phase composition
lies somewhere along the tie line. The three systems that
exceed the naphthalene solubility limit and the five systems
that exceed the acenaphthene solubility limit all result in the
formation of solid of both naphthalene and acenaphthene.

Synthetic NAPL Formulations. Table 3 lists the mole
fractions of the components and bulk properties for each of
the four synthetic NAPLs. The mole fractions are based on
measurements of concentration in the NAPL phases after
equilibration with water and, based on mass balance con-
siderations, are very similar to the mole fractions prior to
equilibration. Density was computed by summing the mass
concentrations of the NAPL phase constituents, which
assumes that the composition is completely characterized.
In an analogous fashion, the reciprocal of the molar volume
was computed using molar concentrations. The number-
average molecular weight was then computed as the product
of NAPL density and molar volume.

NAPLs 1 and 2 were the first formulations to be made that
were homogeneous liquids at ambient conditions, but when
the temperature in the laboratory dropped below 20 °C, a
solid precipitate was observed. When warmer conditions
returned, the solid dissolved, thus indicating a reversible
temperature-dependent solid-liquid phase equilibrium. In
an effort to produce a more stable synthetic NAPL, the system
was forced through a phase transition by a cycle of cooling
to 15 °C, removal of the solid phase, and rewarming to 25 °C.
After NAPL 1 was put through this cycle, the resulting liquid

phase contained higher mole fractions of 1-methylnaphtha-
lene, 2-ethylnaphthalene, and fluorene. The liquid phase
composition after cooling was used to design NAPL 3. Both
NAPLs 3 and 4 were stable for temperatures approximately
above 10 °C.

These efforts demonstrate the ability to design multi-
component PAH formulations that result in homogeneous
liquid phases and are stable with respect to temperature
variations. This extends the results from the binary and
ternary systems to further validate the contention that ideal
solubility limits can serve as useful guides for prediction of
NAPL phase stability. In principle, the use of fugacity ratios
as indicators of NAPL phase solubility limits can be extended
to very complex systems such as coal tar, provided that the
assumption of ideality in the NAPL phase holds.

NAPL/Aqueous Phase Equilibria. The results from the
NAPL/aqueous phase equilibrium studies are tabulated in
Tables 3 and 4. Table 4 lists measured and estimated aqueous
phase concentrations. The estimated errors of the measured
concentrations are typically less than 5%, but pyrene and
fluoranthene concentrations have standard errors up to 20%.
Notice that in NAPL 1, xi

N for acenaphthene is very close to
its solubility limit, resulting in an aqueous phase concentration
very close to its pure solute aqueous solubility. The same is
true for naphthalene in NAPL 2.

The estimated concentrations were computed using eq 4
assuming that γi

N ) 1 and using the measured NAPL phase
compositions for xi

N values. A first-order uncertainty
analysis was conducted to estimate uncertainty in the
predicted values of Ci

A due to measurement error in xi
N and

uncertainty in the fugacity ratio and pure solute aqueous
solubility. It was found that the largest contributor to error
is the uncertainty in the fugacity ratio. Because of the
multiplicative form of eq 4, the relative error in (f s/f l)
translates directly into relative error in C i

A. Thus, uncer-
tainty in C i

A predictions can be as large as 70%, as for pyrene.
Again, the uncertainty increases as the system temperature
becomes much smaller than the melting temperature, and
thus is larger for the higher molecular weight PAHs.

The close agreement between the measured and estimated
values of C i

A indicates that the assumption of γi
N ) 1

combined with available data to estimate the subcooled liquid
solubility provides a reliable means of predicting aqueous
concentrations in multicomponent NAPL/water systems.
Deviations between measured and predicted values may
indicate NAPL phase nonidealities or may simply reflect the
inability to accurately estimate fugacity ratios.

These results demonstrate the utility of the synthetic NAPL
materials for experiments to simulate PAH-NAPL contami-
nation in aqueous environments. The formulations are
sufficiently complex to result in stable liquefied PAH mixtures
and to simulate the complex multicomponent NAPLs en-
countered as environmental contaminants, such as coal tars.

TABLE 3. Composition and Property Data for Four Synthetic
PAH-NAPLs

xi
N, mole fraction

compound NAPL1 NAPL2 NAPL3 NAPL4

toluene ND ND 0.021 0.018
naphthalene 0.297 0.116
1-methylnaphthalene 0.214 0.233 0.301 0.266
2-ethylnaphthalene 0.094 0.056 0.146 0.129
acenaphthene 0.203 0.121 0.155 0.137
fluorene 0.087 0.053 0.067 0.060
phenanthrene 0.175 0.104 0.135 0.119
fluoranthene 0.153 0.091 0.117 0.104
pyrene 0.074 0.044 0.058 0.051

rel. error in xi
N <1% 1% 4% <1%

mol wt 168 153 162 158
density (g/mL) (25 °C) 1.09 1.08 1.07 1.10

TABLE 4. Measurements of Aqueous Concentrations in NAPL/Water Phase Equilibrium Experiments

C i
A, concentration in aqueous phase (mg/L) with estimated error of (1σ (25 °C)

NAPL 1 NAPL 2 NAPL 3 NAPL 4

compound measd estda measd estd measd estd measd estd

toluene 10.7 ((0.4) 11 8.0 ((0.5) 9.5
naphthalene 29.4 ((0.7) 30 11.3 ((0.2) 12
1-methylnaphthalene 6.9 ((0.3) 6.0 7.3 ((0.3) 6.5 9.2 ((0.3) 8.4 8.0 ((0.1) 7.4
2-ethylnaphthalene 0.85 ((0.03) 0.75 0.51 ((0.04) 0.45 1.23 ((0.03) 1.2 1.07 ((0.01) 1.0
acenaphthene 3.5 ((0.2) 3.8 2.1 ((0.1) 2.3 2.5 ((0.1) 3.0 2.24 ((0.06) 2.6
fluorene 1.01 ((0.04) 1.0 0.66 ((0.05) 0.6 0.76 ((0.03) 0.8 0.67 ((0.03) 0.7
phenanthrene 0.73 ((0.03) 0.7 0.58 ((0.07) 0.4 0.57 ((0.02) 0.6 0.50 ((0.03) 0.5
fluoranthene 0.21 ((0.03) 0.2 0.24 ((0.05) 0.13 0.157 ((0.001) 0.16 0.16 ((0.01) 0.15
pyrene 0.08 ((0.02) 0.08 0.11 ((0.02) 0.05 0.071 ((0.001) 0.06 0.07 ((0.01) 0.05

a Estimated aqueous concentrations assuming ideality in the NAPL phase are shown for comparison.
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Conversely, the mixtures are sufficiently simple to facilitate
complete NAPL characterization, in terms of composition
and bulk properties. This allows experimentation to simulate
the dynamics of these characteristics with time such as may
occur in natural or engineered environments. For example,
the synthetic NAPLs have been used to measure mass transfer
rates for NAPL dissolution (6) and the bioavailability of NAPL
constituents in NAPL/aqueous phase systems.
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