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Introduction
Environmental contamination problems commonly involve
wastes consisting of complex mixtures of chemicals. The
behavior of these mixtures has not been well understOOd
because the primary chemodynamic properties (e.g.,
solubility, sorption, transport) of organic chemicals have
usually been characterized in aqueous solutions which are
simple in composition relative to many waste mixtures found
at or near disposal/spill sites. Typically, laboratory studies
have focused on chemodynamlcs of single solutes in water or
In dilute electrolyte solutions.
The research summarized in this report focuses on the
effects which organic cosolvents have on the sorption and
mobility of organic contaminants. This work was initiated In
an effort to improve our understanding of the environmental
consequences associated with complex mixtures and to
enhance our ability to deal with these consequences in a
technically responsible manner.
Specific objectives of the project were to:
(1) measure solubility and sorption for selected organic
chemicals in complex solvent mixtures consisting of
mixtures of organic cosolvents and water; and
(2) utilize isocratlc- and gradient-elutlon techniques to
characterize the Impacts of organic cosolvents on the
transport of hydrophobic organic chemicals in soils and
aquifer media.
The results of this work have application to the definition,
prediction and remediation of soil and groundwater contamination problems. Since an increase in the concentration of
organic cosolvents is reflected In decreased sorption, organic
contaminants at waste disposal/spill sites are likely to be
present at higher concentrations In pore water. Decreased
sorption, in tum, will lead to organic contaminants being
transported further than predicted from aqueous-based
'Soil Set Dept, Univ. of Florida, GaInesville, FL 32611; 2R.S. Kerr
Env. Res. Lab.. U.S. EPA, Ada, OK 74820

transport data. While this manifestation of cosolvency can
exacerbate environmental problems, Judicious application of
the principles of cosolvency can assist In alleviating eXisting
probJems. For example, removal of contaminated soils from
a disposal/spill site and extraction with solvent mixtures (socalled "solvent washing") is one remediation technique that Js
receiving considerable anention. The results presented here
should be of direct use In selection of the appropriate solvent
mixtures to extract the organic contaminants of Interest.

Background
We define here complex mixtures as those systems haVing
multiple solutes and multiple solvents. The solute mixtures of
interest might consist of various combinations of nonpolar,
hydrophobic organic chemicals (HOCs); hydrophobic,
Ionizable organic chemicals (HIOCs); and ionic organic
chemicals (IOCs). The solvent may be a mixture of water
and one or more organic cosolvents. Cosolvents that are
soluble In water In all proportions will be referred to as
completely-miscible organic solvents (CMOSs). Other
solvents which have only a finite solubility In water will be
referred to as partially-miscible organic solvents (PMOSs).
Two types of solvent mixtures are of interest: (i) solvents
consisting of water and cosolvents in a single, homogeneous
liqUid phase; and (Ii) solvents containing water and
cosolvents that form at least two distinct liqUid phases. In
this report, the first type will be referred to as mixed solvents,
while the second type will be designated as muttiphas/c
solvents.
In recent years, several researchers have recognized the
need to study the chemodynamlcs of complex mixtures; and
coordinated efforts were Initiated to develop theoretical
approaches and data bases. This worn has been funded
primarily by the U.S. Environmental Protection Agency (EPA),
the U.S. Department of Energy (DOE), and the U.S. Air
Force (USAF). Research funded by DOE, conducted
primarily at Banelle PNL, has focused on competitive sorption
by soils and clays from HIOC mixtures found in energy
wastes (Felice et aI., 1985; Zachara et al., 1987). With
funding from EPA. researchers at the University of Florida
hav3 also studied the sorption from mixtures of HOCs and
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organic cosolvents (e.g., alcohols), sImilar data for mixed
solvents Involving partially-miscible organic cosolvents were
essentially nonexistent prior to this stUdy. Only IIm~ed data
for solubility and sorption 01 HIOCs in mixed solvents are
available (Fu and luthy, 1986a; Zachara et aI., 1988).
Cosolvent impacts on kinetics of phase partitioning have
been examined, though mostly in a qualitative manner
(Freeman and Cheung, 1981; Nkedi-Kizza et aI., 1989;
Walters et aI., 1989).

HIOCs (selected to represent the so-called Appendix VIII
compounds) that are commonly found at hazardous-waste
land-treatment facil~ies (Rao et aI., 1986). EPA has also
funded much of the work. completed to date on the effects of
cosolvents on chemodynamics of organic contaminants
(Yalkowsky, 1985, 1987; Rao et aI., 1985; Rao and Lee,
1987; Nkedi-Kizza et aI., 1985, 1987, 1989; Woodbum et
Guissepi-Ellie, 1988; Watters et aI., 1989). Sorption 01 jet
fuel constituents from liquid and vapor phases has been
examined with funding from the U.S. Air Force (Mcintyre and
deFur, 1985; Rao et aI., 1988).

Laboratory studies were conducted during this project to
collect solubility data, and these data were used to evaluate
two theoretical approaches (the UNIFAC model and the logUnear model). Based on the solubility data collected,
modifications to the log-Unear model were proposed to
Improve Its predictive capabilities. Batch equilibration and
column displacement techniques were used to characterize
equilibrium and nonequl1ibrium sorpllon of HOCs and HIOCs
from mixed solvents. These data Were used to compare
cosolvent effects on solubility and sorption and to assess
cosolvent Interactions with the sorbent which impact
eqUilibrium and kinetics of sorption. Partitioning of HOCs into
water from complex mixtures of liquids was examined in
order to provide data essential for estimating solubilization
and release of aromatic constituents from fuels such as
gasoline, diesel, and jet fuel, and from such wastes as coal
tar and creosote. Retention of several HOCs from mixed
solvents by synthetic sorbents (reversed-phase
chromatography supports) and a surface soil was measured
at several temperatures to characterize the energetics of
HOC sorption and to better understand the sorptlve
mechanisms.

The log-linear cosolvency model and the UNIFAC model are
among the theoretical approaches that have been used to
examine cosolvent effects on solubility and sorption. The loglinear cosolvency model (Yalkowsky and Roseman, 1981) Is
based on the central assumption that the logarithm of the
solute solubility in a mixed solvent is given by the weightedaverage of the logarithms of solubilities in the component
solvents in the mixture; the weighting coefficient Is taken to
be the volume fraction of each solvent component. Thus,
(1)

where S is solubility (mg/L), 1is volume fraction 01 the
solvent, and the subscript m denotes mixed solvent while i
denotes a specific solvent component. Note that averaging
the logarithms 01 solubilities is equivalent to averaging the
free energies of solution In different solvents in the mixture.
The UNIFAC model (Fredenslund et aI., 1975) is a groupcontribution scheme for calculation of the activity coefficients.
This model is based on the UNIQUAC model (Abrams and
Prausnitz, 1975) and the solution-of-group concept (Wilson
and Deal, 1962). In this model, a mixture of different
chemicals is treated as a mixture of the functional groups
constituting the components in solution.

In the following sections, a brief summary of our findings In
each of these areas is presented. Details can be lound in
several publications listed in Appendix A and Appendix B.

Cosolvency

In many cases, the UNIFAC model may be preferred over the
log-linear model because: (i) it has a more sound theoretical
basis, (ii) activity coefficients in mixtures can be calculated
given only pure component data, and (iii) all possible
interactions among the components in the mixture are
expllcitly considered. A limitation of the UNIFAC model,
however, IS that although the group interaction parameters
required to estimate the solute activity coefficients are
continuously reviewed and updated, their values are not
available for a number of systems of interest here.

The effects on solubility and sorption (hence, on transport) of
organic chemicals upon addition of one or more organic
cosolvents to an aqueous solution are defined here as
cosolvency. The alterations In solubility might result from the
following interactions: solute-solute, solute-cosolvent.
cosolvent-cosolvent, and water-cosolvent. For nonpolar
soluteS and at low concentrations of polarlionlzable solutes,
solute-solute interactions are likely to be negligible and are
not considered further. The work presented here focuses on
the other interactions listed above.

An extensive amount of data has shown that in binary mixed
solvents, HOC solubility increases and sorption decreases in
a log-linear marmer as the volume fraction of the organic
cosolvent increases (Rao et aI., 1985; Nkedi-Kizza et aI.,
1985; 1987; Woodburn et aI., 1986; Fu and Luthy, 1986a,
1986b; Rubino and Yalkowsky, 1985; 1987a, 1987b, 1987c).
These experimental findings are consistent with the
predictions of both the UNIFAC model and the log-linear
cosolvency model. The successful extension of the log-linear
model to describe solubility and sorption in binary, ternary
and qUinary mixed solvents has also been demonstrated
(Rao and Lee, 1987; Rubino et aI., 1984; Rubino and
Yalkowsky, 1985; Yalkowsky and Rubino, 1984).

Sorption of organic solutes, especially HOCs, is inversely
related to solubility. Thus, an increase in solubility resulting
from the addition of a cosolventleads to a proportional
decreaSe in sorption. In addition to the interactions listed for
solubility, sorption is influenced by solute-sorbs nt, and
sorbent-cosolvent interactions. Both solute and cosolvent
interactions with the sorbent were investigated in this project.
A convenient measure of cosolvency Is the cosolvency
power, defined here on the basis of the inherent ability of a
cosolvent to produce an alteration In the solubility or sorption
upon addition of a cosolvent. Behavior in a pure (neat)
aqueous solution and a pure (neat) organic solvent will seNe
as the basis for quantifying the cosolvency power.

In contrast to the large amount of data on solubility and
sorption 01 HOCs in mixed solvents with completely-miscible
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The cosolvency power (0 s c) of a cosolvent for a solute
(subscript s) may be defined as:
0s,c :: log [Ss.c I Ss.wl

(2)

where S is the solute solubility (mgll) in neat cosolvent
(subscript c) or pure water (subscript w). Since HOC solubility
in organic solvents is larger than that in water, 0, c > O.
Larger values of Os c indicate a greater solubilizing power of
the solvent for a specific solute.

The measured HOC solubility profiles in binary solvent
mixtures generally deviate from the expected log-linear plot,
primarily because of water-cosolvent Interactions. The extent
of such deviations may then be taken as an Index for the
magnitude of such Interactions. The observed cosolvency
power in a binary mixed solvent is defined here for solubility

as,
o"m :: log [Ss.m I Ss.w1

(3)

and for sorption as,
" may be expected that with decreasing polarity of the
cosolvent,
wlllincrease for hydrophobic solutes. Thus,
values s1i'buld be inversely related to various indices of
s~fvent polarity (e.g., dielectric constant, Rohrschneider
polarity index, Er (30), and others). Rubino and Yalkowsky
(1987a, 1987b) liave investigated such relationships for
solubilization of pharmaceutical drugs. The Inverse relationship between
and E r (30) for solubilization of anthracene
In several solvesri¥s is shown in Figure 1. For a given solvent,
c values should Increase with increasing hydrophobicity of
thSe solute. Morris et al. (1988) have shown that values are
indeed positively correlated with log K_ values. Two
examples of such a relationship are shown in Figures 2A
and 28. "is evident from the data In Figures 1 and 2 that
the cosolvency power (0, c) values can be estimated given
specific properties of the solute and the solvent. Data
presently available for several solute-solvent systems can be
effectively utilized to estimate Os c for other systems.

°

°

o,.m .. log [K s.w I Ks.ml
where

is the experimentally-measured value of

cosolve~cy power, S is the measured HOC solubility (mglL),
and K is the measured sorption coefficient (mUg), with the
subscripts m and w denoting a binary mixed solvent and
water, respectively.

°

°

°

(4)

°

For operational convenience, in calculating values in eqs
(3) and (4) we use solubility or sorption values measured in
50% (vlv) solvent mixture for CMOS-water systems and
saturated solutions for PMOS-water systems. This choice
also precludes problems associated with mutual miscibility of
organic coslvents (e.g., methanol, acetone) with liquid solutes
(e.g., benzene, toluene). When cosolvent-water interactions
are significant, the predicted (eq 2) and measured (eqs 3 or
4) cosolvency powers are not eqUivalent. We may therefore
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Figure 1. Inverse relationship between cosolvilncy power (Os.J and solvent polarity index Er<30). Values for Er<30) were taken from Reichardt
(1988).
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J and solute octanol-wal9r partition coefficient (K_> !of (A) methanc:X-waltlr, and (8)
•

define lor solubility,

Our results indicate that PMOSs can indeed significantly
Increase the solubility 01 HOCs, provided that the PMOS
concentration Is about 1% (vi\') or larger. In an aqueous or
predominantly aqueous solvent, PMOSs such as o-cresol
and aniline which have strong polar functional groups (e.g.,
-OH, -NO a) would exhibit considerable cosolvency. Nonpolar
PMOSs, such as trichloroethylene (and other haloalkenes)
and toluene (and other aromatic hydrocarbons), are not
expected to show appreciable cosolvency « 20% increase).
Only in the presence of a CMOS can the concentration 01
these PMOSs be sufficiently high to have a measurable
impact on HOC solubility.

(5)

and for sorption.
(6)

where the empirical constants a and ~ account for watercosorvant and sornenl·cosolvenl interactions, respectively,
that lead to deviations from the expected log-linear behavior.
Nole thai ~ .. 1 implies the absence 01 water-cosolvent
interactions, and a. 1 suggests thai the sorbenl-eosolvent
Interactions are negligible. Work done during this project was
aimed at examining the deviations from the log-linear
cosolvency model, and to provide a phenomenological basis
for the empirical constants a and 13.

COsolvency and Solubility
The solubilities of several HOCs were measured in binary
mixtures (water-CMOS, water-PMOS) and in ternary
rrixtures (water-CMOS-PMOS). Several aromatic
hydrocarbons (all solids) were used In these studies in order
to minimize specific solute-solvent and solute·solute
interactions. The cosolvents used permitted measurement of
cosolvency over a broad range 01 solvent properties. The
measured HOC solubiliZation profiles were coJTl)ared with the
predic1ions of the log-linear model and the UNIFAC model
[refs. 2, 12, Appendix A; ref. 7, Appendix B }.

4

Preliminary evidence suggests that the greater cosolvency of
polar-PMOSs relative to that of nonpolar-PMOS can be
attributed, in large part, to water-PMOS interactions arising
Irom the polar moieties such as -0H and -NO,. The
presence of strong polar functional groups has a dual effect:
(i) aqueous solubility of the PMOS is higher, such that
relatively high cosolvent concentrations can be achieved; and
(Ii) the ~kelihood of water-PMOS interactions is increased.
Modifications to the Iog-lillear model were proposed to
account for such specific interactions [l9f. I, Appendix B ).
In Figurn 3A .nd 38, the measured solubility profiles for
anthracene in CMOS-water (acetone-water) and in PMOSwater (butanone-water) mixtures are COflll8Ied with those
predic1ed by the modified log-linear model. Whlle good
agreement between the predicted and measured solubility
profiles Is encouraging, further work to understand the
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FIgure 3. Predicted and measured solubility of anthracene In binary solvent mixtures: (A) acetooo-waler, and (B) butanone-water. Note that
butanone is miscible with walDr only up to Ie • 0.25, while acetone is miscible with water in all proportions.

SpeCifiC nature of the cosolvent·water Interactions Is

creosote. The solubility of a given component in a mixture
may be aitered by other components that may act as
cosolutes or cosolvents. We investigated partitioning of
various aromatic compounds into water from several
gasolines and from known mixtures of aromatic and aliphatic
solvent mixtures [ref. 9, Appendix A]. The purposes of these
studies were to assess: (i) the variability In gasollne·water
partitioning of aromatic hydrocarbon constituents arising from
variability in gasoline composition (source variations); (ii) the
application of Raoull's law for the partitioning of aromatic
hydrocarbons from complex solvent mixtures; and (iii) the
cosolvent effects from oxygenated additives (e.g., methano~
ethanol, MTBE).

recommended.
Results similar to those for HOCs have been observed for
Ionizable organic chemicals (yalkowsky, 1985, 1986;
Yalkowsky and Roseman, 1981; Fu and Luthy, 1986a). As
solute polarity increased relative to the solvent, Yalkowsky

and Roseman (1981) observed that cosolvency curves
became increasingly more parabolic In shape until an inverse
relationship was actually observed (i.e., a decrease in
solubility with cosolvent additions). Such behavior was
explained on the basis of the solute·solvent interactions.

HOC Partitioning from Complex Solvent Mixtures
Aromatic hydrocarbon concentrations in water extracts 01 31
gaSOline samples varied over an order 01 magnitude,
reflecting the diversity in gasoline composition. However. the
fuel·water partition coefficients (~) varied by less than 30%

An understanding of solubility (or partitioning) of HOes from
complex liquids is essential10r predicting contaminant
release from mixtures such as gasoline, coal tar, and

5

was evaluated. The cosolvent effects on HOC solubility and
sorption were compared In order to examine cosolvent·
sorbent Interactions (I.e., estimation of a and Pl [refs. 1,3,
Appendfx A; ref. 2, Appendix B ].

among these samples. HOC partitioning between water and

known mixtures of aromatic and aliphatic solvents was
measured and used to estimate the upper and lower bounds

of K... values for more complex solvent mixtures such as
gasoline and diesel fuel.

As anticipated from the solubility studies, nonpolar- PMOSs
(e.g., toluene, trichloroethylene) had small or no effect on
HOC sorption. Sufficiently high concentrations of these
PMOSs needed to measurably decrease HOC sorption could
only be achieved when CMOS concentrations were high (ca.
30% by volume or larger). In contrast, the cosolvency of
polar·PMOSs was sufficiently high to cause significant
reduction in sorption In predominantly aqueous solutions;
however, the measured cosolvency for sorption was different
(usually higher) from that predicted from solubility data. For
example, sorption of anthracene by Eustis 11ne sand (organic
carbon content 01 0.39%) with increasing amounts of o-crasol
was less than would be predicted based on measured
solubilities (l.e, 0. > 1l (FIgure 5A). However, fluoranthena
sorption measured in butanona-water mixtures (Figure 58)
was greater than that predicted 1rom solubility measurements
(l.e., 0. < 1).

Assuming that gasoline is an Ideal mixture of solvents, the
following relationship can be derived:
w

log KfW '" A· log Sl

(7a)

A = log {10 3 (SiMW o) 1

(7b)

where 0 and MW are the average liquid density (g/mL) and
molecular weighto(g/mole), respectively, of the gasoline; and
Is the aqueous solubility (lJg/mL) 01 a specific gasoline
component. The observed Inverse, log-log linear
dependence of K values on aqueous solubility (FIgure 4)
could be well prelJlcled by eq (7). These results suggest that
given the gasoline composition, reliable estimates of likely
concentrations in groundwater can be made.

st'

Cosolvency and Equilibrium Sorption
A series of batch and column studies was performed to
further investigate the interactions of polar· PMOS (e.g., o·
cresol, aniline, butanone, MTBE) with selected solis with a
broad range of organic carbon contents [l'9f. 2, Appendix B ].
It was hypothesized that uptake of polar-PMOS by the
sorbent organic matter decreased sorbent hydrophobicity

Sorption of HOes from Mlx«J Solvents
Sorption of several HOCs by two soils was measured from
mixed solvents containing CMOSs and/or PMOSs. The utility
of the log-linear cosolvency model for predicting cosolvency

..... 5 , - - - - - - - - - - - - - - - - - - - - - - - - - :.c~
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Figure 4. Relationship between fuel-water partition coefficients (K.,,) and aqueous solubility (5,1 for major gasoline constituents. The Une shown is
calculated assuming Raoulfs laW ID be applicable (eq 7).

6

1.5
Anthracene Sorption
Cosolveney of o-Cresol

,

A

.'.
0.5
".

o

".

•

.(l.5

a "" 1.5

Measured

.... Reference

., o

0.08
0.12
Volume Fraction a-cresol

0.04

0.16

2.5
2

B

Fluoranthene Sorption
Cosolvency of Butanone

'.

.•..

".
1.5

".

....
1

'. '.

a "" 0.52

0.5

o

o

0.05

0.1
0.15
Volume Fraction Butanone

0.2

0.25

FIgure 5. Cosolvency of (A) o-c:resol on the solubility and sorpllon of 12G-anttuacene in 50:50 dlmethylsUIfoJddetWater mixtures, and (B) butanonEI
on !he solubility and sorption ol'te-anthracene.

resulting In reduced HOC sorption by the solI. The
magnitude of such an effect would depend on the following
factors: (I) the polarity and functionality of the PMOS, which
determine the manner and the amount of sorption/uptake by
soil; (ii) the hydrophobicity of the solute..as indicated by Its
KOIIl'; and (iii) the hydrophobicity of the sorbent, as Indicated
by its organic carbon content.

199OC). We conducted a series of RPLC studies to evaluate
the suitability of RPLC supports as experimental surrogates
for solis and sediments with high OC content. The retention
data collected at several temperatures during lsocratic,
Isothermal elution w~h binary mixtures of methanoVwater and
aceton~rilelWater mobile phases were used to assess
selected chromatographic models and to Investigate the
mechanisms of hydrophobic solute retention in the presence
01 mixed solvents [ret. 7, Appendix A; rets. 3,4,5,6,
Appendix B ].

Energetic. of HOC SOlJ'lIon from Mixed Solvent.
Reversed-phase liquid chromatography (RPLC) techniques
have been used to investigate retention of hydrophobic
solutes in solis and sediments (e.g., Ve~h et at, 1979; Swann
et at, 1981; McCall et aI., 1980; Szabo et al., 1990a, 1990b,

7

Changes In chromatographic retention factors (k) were
correlated with the folloWing Indices of solute hydrophobicity
and molecular topology: octanol-water partition coefficient

was measured from aqueous electrolyte solutions (0.01 N
CaCI 2) saturated with a PMOS, and from several biphaslc
solvents. The PMOSs used were n-octano], toluene, pxylene, and TCE, which are considered nonpolar PMOSs [ref,
3, AppBndix A]. The sorption data are shown In Figure 6.
These results suggest that even ~ present In a separate liqUid
phase, nonpolar PMOSs did not Influence HOC sorption for
these salls, As preViously discussed, nonpolar PMOSs had
little effect on HOC sorption due to their limited aqueous
solubilities,

(K ), hydrophobic surface area (HSA), and first-order
moarrecular connectivity (IX); and with solvent Indices, such as,
solvent surface tension (y) and dielectric constant Index (1'1,
Also, the solvophoblc model (Horvath et ai, 1976) and the
entropy-enthalpy compensation model (Melander et aI.,
'978» were successfully applied to describe the dependence
of solute retention on solvent composition and te"1>8rature.
Correlations obtained between solute retention factors and
various solute indices, along with the thermodynamic analysis
of the retention data using the entropy-enthalpy
c0r11>8nsatlon model showed that alkylbenzenes behaved
differently from the polycyclic aromatic hydrocarbons and the
monohalobenzenes. Such distinctive thermodynamlc
behavior Is Indicative of the dl1lerences In mechanisms of
retention of these compounds.

Cooolvency end Trensport
_octatlc Elution
Miscible displacement experiments were conducted to
measure the transport of three HOCs (naphthalene,
phenanthrene, anthracene), a substituted urea herbicide
(diuron), and an Ionizable cOrT'pOund (pentachlorophenol)
with methanol-water mixtures as the mobile phase [l9fs.
4,5,6,8,10, Appendix A ]. The objectives of these studies
were: (i) to utilize the column-measured retardation factors at
several cosolvent contents to estimate equilibrium sorption
constants (K, mUg) for aqueous systems, and (i1) to
determine sorption rate coefficients (k 2, hr1) to assess the
Impacts of cosolvents on sorption kinetics.

Sorption of four polycyclic aromatic hydrocarbons by Webster
silty loam (OC "" 3%) from a methanol-water mixture (30:70
VY) at three temperatures was measured using batch
equilibration methods {l9f. 7, Appendix A]. Results from a
thermodynamic analysis of the sorption data were similar to
those obtained from the RPlC supports. This suggests that
mechanisms for sorption/retention of polycyclic aromatic
hydrocarbons from methanol-water are similar for RPlC
supports and the Webster soli; however, comparable sorption
data for alkylbenzenes on solis have not been measured.

Sorption of Hoc. from Multfph••lc Solvent.

Solute retardation factors were determined from
breakthrough curves measured for HOC displacement with
methanol-water mixtures. The column- and batch-measured
K values were generally in agreement at all cosolvent
contents, Indicating that cosolvency power can be estimated
using either technique. Extrapolation of the mixed solvent
data to fc • 0 (I.e., aqueous solutions) yielded K values that
were generally equal to or larger (by a factor of s 2) than the
batch-measured aqueous K values (Figure 7). It was
suggested that the extrapolated values were, in fact, more

For HOC sorption in multiphasic solvents distribution between
the three phases (soil, water, PMOS) can be described by
the soil-water and PMOS-water partition coefficients if HOC
sorption on soli is assumed to occur only through the
aqueous phase (I.e., no direct solute transfer between the
PMOS and soil) and if the dissolved PMOS has a negligible
cosolvencyeffect. Sorption of the herbicide diuron (a
substituted urea) by Webster silty loam and a Eustis sand

Figure 6. Equilibrium Isotherms lor sorption and diuron herbicide by Webster and Eustis soils from biphaslc solvents and from
aqueous soIUlions saturated with several PMOS.
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between K and fc' The regression coefficients for the
measured log It. vs. fc plots were In agreement with
Independent esflmates based on simple empirical equations.
Also, the measured k2 values in aqueous solutions compared
well with the estimates based on extrapolation 01 the mixedsolvents data, lending further support to the log-linear model.
It was proposed that sorption kinetics are controlled by
somate diffusion within the sorbsnt organic matter; the
addition of a cosolvent appears to alter the conformation of
the polymeric matrix of the organic matter, hence, the rate of
solute diffusion {refs. 4,5,6, Appendix A ].

reliable because direct measurement of sorption 10r strongly
hydrophobic solutes was subJect to several artifacts (ref. 5,
App9ndix A I.
Tha validity of the log-linear madeller describing the Impact
of cosolvenls on the mobility of organic solutes Is confirmed
by the batch and the column data. For transport. this model
can be written In terms of the commonly used retardation

factor (R) as follows:
In (R m-l) '" tn (R..-l)· ODa,A

(8)

where the subscripts m and w denote values obtained In
mlxed solvents and water, respectively; and other parameters
are as defined prevlously_

G~.nt

Efutlon

Most studies dealing with HOC transport in mixed solvents

have used time-lnvarlant solvent composition (I.e., Isocratlc
elution)_ From a practlcaJ point of view. environmental
contamination problems Involving solvent mixtures normally
exhibit a constantly changing solvent phase. Thus, It Is
Important to understand the behavior of contaminants under
conditions of variable cosolvent corrposition. Therefore, we
examined the utility of classical gradient-elution
chromatography theory for describing HOC transport through
solis under such conditions {ref. 11. Appendix A J.

The column data were also used to assess nonequllibrlum
sorption during HOC displacement with mixed solvents [refs.
6.8.10, Appendix A l- The bicontlnuum sorption model was
fitted to the measured breakthrough curves to estimate
sorption rate constants ~). In this model, sorption Is
represented as a two-step process: Initial rapid
Vnstantaneous) sorption Is followed by a slower, diffusioncontrolled approach towards equilibrium; ~ Is the rate
constant forthe slow step (Brusseau et at, 1990). A loglinear Increase In ~ was noted with Increasing volume
fraction cosolvent (tj:) (FIgure 8), Implying faster sorption
kinetics In mixed sorvents. This relationship was expected
based on the existence of a log-log, Inverse relationship
between K and ~ and log-linear, Inverse relationship

SeIec1ed HOCs were displaced through laboratory soli
columns using standard Isocratlc- and gradlent-elutlon
chromatography techniques. The mobile phase consisted of
binary mixtures of water and methanol or acetonitrile. First,
!socratic elutions were used to confirm the log-linear
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reversed-phase chromatography are also useful for
Investigating cosolvent effects on HOC sorption and transport
In soils and aqUifer media.

functionality between solvent composition and the retention
factor. k (equivalent to R-1). second, retentIon 1actors were
measured for elutions with several linear solvent gradients.
Third, the following equation, adapted from gradient-elution
theory, was used 10 predict observed R values:

o

(R_l).(_V_ )In[I+( '.

J'bL~

e

Practical Applications 01 Project Findings
~gmwdtofCosoWantE~.

))

(9)

where _~Q.jS the retardation factor (dimensIonless) measured
for a spttt;lfled gradient elution, v Is average pore-waler
velocity (crrVmln), 0'. c Is the cosolvency power, b Is the slope
of the linear solvent gradient (mln-1)(l.e., the constant rate at
which the fraction cosolvent content Is changed), L Is the
column length (em), p is the soil bulk density (gicm 3 ), 9 Is the
volumetric liqUid content (cm 3/cmS), and K1ls the sorption
coefficient (mUg) value at the Inltlalfractlon cosolvent when
the gradient elution is initiated. The sorption and cosolvency
parameters for this model were measured independently
from balch or isocratic elution data.

A variety of organic cosoJvents may be expected at and near
waste disposal sites, especially If codlsposaJ of a number of
wastes had been practiced. However, protocols for site
Investigations usually do not call for monitoring of organic
cosolvents In groundwater. Site-specific Information on
concentrations and types of cosolvents that may be present
can be surmised only If waste composition Is known. Thus,
estimating the magnitude of cosolvent Impacts In enhancing
solubility and decreasing sorption/retardation is often difficult.
Although direct field-scale evidence for cosolvency Is lacking,
anecdotal evidence from site investigations suggests that
organic cosolvents are present and may have contributed to
facilitated transport of organic contaminants at waste
disposal facilities.

In general, the agreement was good between measured and
predicted capacity factors (Figure 9). These results suggest
that gradient-elution techniques and theory developed from

This study was aimed at developing the necessary data base
from laboratory studies and theoretical approaches that can
be used In evaluating the likely magnitude of cosolvent

\I
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effects. Our data and model calculations suggest that

alcohols, are generally not sorbed by solis and they can
readily leach with water. Hence, cosolvent effects of CMOSs
and polar-PMOSs may be of concern In the "far-fleld- regions
as well.

solublllty enhancement for most organic contaminants Is
likely to be small « 20% Increase) as long as cosolvent
concentrations in pore water are < 2% by volume (or about
20,000 mgIl). Thus, dramatic alteratIons of chemo-dynamlc
properties are to be expected only In close proximity to a

DI..olutlon of auolf,. CoMtltwnt.

disposal site (I.e.• the -near·fleld- region) where high
concentrations of cosotvents are likely. With increasing
distance from the site, cosorvant effects should dJmnlsh In
proportion to decreasing cosotvent concentrations.
Partlally·miscible coso'vents (e.g., MTBE. o-cresol. butanone)
have greater cosolvency power compared to completelymiscible cosolvents (e.g., methanol, ethanol, acetone) and as
a result they should be expected to enhance solubility or
decrease retardation to the same extent at much lower
concentrations. Usually equivalent decrease in retardation
may be noted with a partially-miscible organic solvent at
concentrations 2 to 4 times less than that of a completelymiscible organic solvent. Properties, such as high aqueous
solubility, of the polar-PMOS that cause them to have greater
cosolvency power than nonpolar-PMOS also lead them to be
sorbed less and to have a greater mobility in soils and
aquifers. Thus, significant concentrations of polar-PMOSs
may be detected at considerable distances from waste
disposal sites. COl'T'f)letely-m1scb1e organic solvents, such as

'1

Our data Indicate that Raoult's law can be used to provide
reliable estimates 01 organic contamnant concentrations in
groundwater in contact with multk:omponent nonaqueousphase liquids (NAPls) such as gasoline and diesel fuel.
Even though these fuels are complex solvent mixtures, the
nonldeallty resulting from interactions with other constituents
Is apparently sufficiently small to be neglected for most
practical applications. Equilibrium or maxImum concentration
of a fuel constituent In groundwater, C I (mgIL), can be
estimated as follows:
w,

C.,,, [C", I K,." J

(10)

where C~iS the concentration (mgIL) of the constituent In the
fuel and
, Is the fuel-water partition coefficient which can
be calcula 8d using eq (7).
For fuels enriched with oxygenated additives such as
methanol (a CMOS) or methyHertiary butyl ether (a polar-

PMOS), solubility enhancement of aromatic hydrocarbons by
these cosolvents appears to be small. The concentrations 01
the oxygenated additives in fuels on the mar1<.et now is
usually tess than 10% by volume. Assuming that residual
NAPLs in the saturated zone do not occupy more than 2030% 01 the pore spaces, the likely concentrations of the
oxygenated additives in groundwater will be less than 1% by
volume. Our luel-water partitioning data are consistent with
this expectation.

with various combinations of cosolvents. If a CMOS-water
mixture Is to be used as the extracting solution, the
concentration of a CMOS needed may be decreased by
adding a small amount of a polar-PMOS (a better solvent).
Our data suggest that for a given additiOn of PMOS, the
reduction In the amount of CMOS Is proportional to the ratios
of the cosolvency powers of the two solvents. If a mixture of
water and a polar-PMOS are to be used as the extractant,
the addition of a small amount 01 a CMOS can increase the
maximum concentration of PMOS and still achieve the same
level of extraction efficiency.

Alternative Fuels

Lsboratoty Protocol.

Consideration is being given to wide-scale use of fuels that
have much greater quantities of oxygenates, especially
methanol. For example, the often mentioned "alternative
fuel- M-85 is a 85:15 mixture of methanol and gasoline. This
mixture will be completely miscible in water, and the aromatic
constituents are likely to be transported with little or no
retardation as a result of cosolvency from high methanol
concentrations.

Our results suggest that sorption data (for both equl1lbrium
and kinetics) collected using mixed solvents can be reliably
extrapolated to estimate HOC sorption from aqueous
solutions. This is an Important finding because mixed
solvents can be used to facilitate the experimental
measurement of sorption and transport behavior of strongly
hydrophobic organic solutes (log KlJI¥ > 5). The use 01 mixed
solvents reduces the time needed 10 conduct the sorption
experiments and may also reduce various artifacts, including
losses via volatilization, degradation, and sorption to
glassware. Our column studies with methanol as the
cosolvent suggest that long-term exposure to this cosolvent
had little effect on sorptive and transport properties of a
surface soil. This result further lends support to our
recommendation that mixed solvents, In particular methanolwater mixtures, be used for experimental facilitation.

Consider a hypothetical scenario of p-xylene transport in
groundwater as a result of a continuous leak of gasoline
containing 10% methanol contrasted to a leak of M:85luel.
The volume fraction of methanol In groundwater would be
about 1% in the first case and about 80% in the latter case.
Assuming a = 1 and (J = 2.5, eq (8) would predict an 8-fold
increase in tlle mobilitlof p-xylene as a result of the
presence of methanol from the M-85 fuel. For the case of M10 luel. the enhancement in p-xylene mobility would be too
small to be measurable and may be neglected for all pratcical
purposes.
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