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MASS TRANSFER PROCESSES AND FIELD-SCALE TRANSPORT
OF ORGANIC SOLUTES

Mark L. Brusseau
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Abstract

The influence of mass transfer processes, such as sorption/desorption and mass transfer
between immiscible liquid and water, on the transport of organic solutes is discussed.
Rate-limited sorption of organic solutes, caused by a diffusion-constrained mechanism,
is shown to be significant under laboratory conditions. The significance of the impact
of nonequilibrium sorption on field-scale transport is scale dependent. The impact of
organic liquids on mass transfer and transport of organic solutes depends upon the
nature of the solute and the nature and form of the organic liquid. For example, while
retardation of nonionic solutes is decreased in mixed-solvent systems (i.e., systems
comprised of water and a miscible organic liquid or an immiscible liquid present in
concentrations below phase separation), the retardation of organic acids may, in some
cases, increase with addition of a cosolvent. While the presence of an immiscible liquid
existing as a mobile phase will reduce retention of organic solutes, the presence of
residual saturation of an immiscible liquid can significantly increase retention. A model
is presented that incorporates the effects of retention resulting from residual saturation,
as well as nonequilibrium sorption, on the transport of organic solutes.
Introduction

The transport and fate of organic contaminants in the subsurface has become a topic of
great concern. Investigating the chemical profile and migration pattern of contaminant
plumes emanating from landfills, hazardous waste sites, or sites of accidental spills,
evaluating the potential of drinking-water supplies becoming contaminated, and assessing
the efficacy of remediation schemes are examples of endeavors that require an
understanding of the physical, chemical, and biological processes that influence the
disposition of contaminants in the subsurface. Research on these processes has
increased greatly in response to the desire to manage, remediate, and prevent soil and
groundwater contamination. Mass transfer processes, such as sorption/desorption and
mass transfer between immiscible liquid and water, have received a significant degree
of attention because of their potential mediating impact on other transport and fate
processes. The question of nonequiiibrium is beginning to be addressed as the potential
impact of rate-limited mass transfer is becoming recognized. The impact of mass
transfer processes on field-scale transport of organic solutes will be discussed.
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Sorption/Desorption in Aqueous Systems
Rate-limited sorption/desorption can have serious implications for modeling solute
transport. A primary assumption employed for most solute transport models is the socalled local equilibrium assumption (LEA). With the LEA, interactions between a
solute and the solid phase of the porous media (e.g., sorption) are assumed to be rapid
in comparison to advective-dispersive transport (i.e., hydrodynamic residence time). The
validity of the LEA has recently come into question, reflecting the results obtained from
theoretical and experimental analyses (c.f., Rao and Jessup, 1983; Jennings and Kirkner,
1984; Valocchi, 1985; Bahr and Rubin, 1987; Brusseau and Rao, 1989a). Obviously, the
validity of a model employing the LEA will be dependent upon the appropriateness of
that assumption, which, in turn, is dependent in part upon whether or not sorption is rate
limited. Rate-limited sorption/desorption can also impact the remediation of
contaminated soils and aquifers by increasing the time required to attain cleanup
(Brusseau and Rao, 1989a; Keely, 1989; Mackay and Cherry, 1989).
Rate-Limiting Mechanisms
Although a discourse on rate-limiting mechanisms is not the purpose of this presentation,
some discussion in this regard is of interest. Processes proposed as causing
nonequilibrium can be grouped into three categories (Brusseau and Rao, 1989a): 1)
transport-related nonequilibrium, which results from heterogeneous soil/aquifer
properties (e.g., hydraulic conductivity), 2) chemical nonequilibrium, which is caused by
rate-limited sorbate-sorbent interactions, and 3) intrasorbent diffusion, which has been
postulated to occur within sorbent organic matter (i.e., intraorganic matter diffusion) or
microporous mineral particles (i.e., retarded intraparticle diffusion). The absence of
transport-related nonequilibrium has been reported for laboratory experiments
performed using columns uniformly packed with small particle-size materials (e.g., sandy
soils and aquifer materials) (Bouchard et al., 1988; Lee et al., 1988; Brusseau, 1990;
Brusseau and Rao, 1989a; Brusseau et al., 1989a; 1990a; 1990b; 1990c; Nkedi-Kizza et
al., 1989). Thus, the nonequilibrium that is observed for organic solutes in such systems
results from a sorption-related, rather than transport-related, mechanism.
The sorption of nonionic, low-polarity, hydrophobic organic chemicals (HOCs) is
generally considered to be predominated by "solvophobic" interactions (c.f., Chiou et al.,
1979; Karickhoff, 1984) and, as such, is unlikely to be constrained by a rate-limited
chemical reaction (Brusseau and Rao, 1989a; 1989b). That such is the case was recently
demonstrated by Brusseau et al. (1990b). Intrasorbent diffusion would, therefore, appear
to be the most likely cause of the rate-limited sorption observed for HOCs. Diffusionlimited sorption has been proposed by several researchers as the probable cause of

818

nonequilibrium for organic solutes (Hamaker et al., 1966; Leenheer and Alrichs, 1971;
Rao and Jessup, 1983; Karickhoff and Morris, 1985; Coates and Elzennan, 1986; Wu and
Gschwend, 1986; Ball, 1989; Brusseau and Rao, 1989a). Until recently, however, it has
not been possible to elucidate the particular mechanism causing nonequilibrium sorption.
Results of expe iments designed to identify the responsible mechanism were reported
by Brusseau et al. (1990b). After demonstrating that the observed nonequilibrium was
not caused by transport-related nonequilibrium or chemical nonequilibrium, they
analyzed their data in terms of two mass-transfer-limited, intrasorbent diffusion models:
intraorga^ic matter diffusion and retarded intraparticle diffusion. While the data could
not be explained using the latter model, they could be explained using the former model.
Hence, it was suggested that nonequilibrium soiption of HOCs is, in many cases, caused
by intraorganic matter diffusion.
Relationship Between Kinetic and Equilibrium Parameters
The relationship between kinetic and equilibrium properties of a system is a question
of great interest. To investigate the existence and nature of such relationships with
regards to sorption, Brusseau and Rao (1989b) analyzed a large set of literature data
using the linear free energy relationship technique. Their results revealed the existence
of a log-log linear inverse relationship between the first-order desorption rate constant
(k2) and the equilibrium sorption constant (Kp). Such a relationship is consistent with
a diffusion-limited nonequilibrium process (Brusseau and Rao, 1989b; Brusseau et al.,
1990b). The k2-Kp relationship has since been substantiated through experiment
(Brusseau, 1990; Brusseau et al., 1990a; 1990b; 1990c).
The regression equations relating k2 to Kp should prove useful in providing a means to
estimate parameter values for first-order bicontinuum models. Empirical equations of
this type have been successfully used to provide estimates for the prediction of
breakthrough curves influenced by nonequilibrium (Brusseau et al., 1989b). There is
potential for applying these relationships in a manner similar to that in which the
relationships are used.
Nonequilibrium Sorption in Low Organic Carbon Systems
Early research on rate-limited sorption and the influence of nonequilibrium on the
transport of organic chemicals was performed by soil scientists (c.f., Hamaker et al.,
1966; Hance, 1967; Kay and Elrich, 1967; Davidson et al., 1968; Leenheer and Alrichs,
1971; Davidson and Chang, 1972; Green et al., 1972). A significant amount of research
on this subject has since been reported in both the soil science and environmental
science literature (c.f., van Genuchten et al., 1977; Karickhoff, 1980; Schwarzenbach and
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Westall, 1981; McCall and Agin, 1985; Karickhoff and Morris, 1985; Coates and
Elzerman, 1986; Hutzler et al., 1986; Wu and Gschwend, 1986; Southworth et aL, U87;
Bouchard et al., 1988; Miller and Weber, 1988; Brusseau et al., 1989a; 1989b;
1990a; 1990b; Nkedi-Kizza et al., 1989). The organic carbon contents of the sorbents
employed in these studies ranged from 0.1% to 1.0% or greater. Research on the ratelimited sorption of organic chemicals by aquifer materials with organic carbon contents
less than 0.1% has been reported by only a few authors (c.f., Curtis et al., 1986; Lee et
al., 1988; Ball, 1989; Brusseau, 1990; Brusseau et al., 1990a; 1990b; 1990c).
The occurrence «uid significance of nonequilibrium sorption for HOCs in low organic
carbon systems was evaluated in separate experiments by Brusseau (1990) and Brusseau
et al. (1990c). Five aquifer materials collected from sites located in the U.S. and Canada
were used in the former experiments, while three aquifer materials collected in Denmark
were used in the latter experiments. Results from both sets of experiments were
generally consistent with those obtained for systems comprised of higher organic carbon
contents. For example, the relationships between k2 and Kp reported for the low organic
carbon systems were similar to those obtained for higher orgamc carbon systems.
An initial attempt at assessing the general applicability of the k2-Kp relationship for low
organic carbon systems was made by Brusseau et al. (1990c) using data reported by Ball
(1989), who employed long-term (100 days) batch rate studies to examine the sorption
of tetrachloroethene by Borden aquifer material. The data point representing :he k2 and
Kp values reported for Ball's experiment are plotted in Figure 1 along with the data
reported by Brusseau et al. (1990c). The correspondence between the two data sets
suggests that the k2-Kp relationship reported by Brusseau et al. (1990c) may be useful
as a means to estimate rate constants for systems other than those used by Brusseau et
al. (1990c). Although these results are promising, the general applicability of the k2-Kp
relationships discussed herein is a question that requires further investigation.
It is interesting to note that the data reported by Ball (1989) was obtained using the
batch-rate technique, while those of Brusseau et al. (1990c) were obtained using miscible
displacement. The similarity between the data suggests that these two techniques
provide comparable results. A similar observation was reported by Brusseau et al.
(1990a), who compared the performance of the gas-purge and miscible-displacement
techniques.

820

Impact of Time Scale on Rate Data
The potential impact of time-scale effects on the degree of nonequilibrium observed in,
and the magnitude of resultant rate constants obtained from, sorption rate experiments
is of great interest. To investigate this, Brusseau et al. (1990c) compared their data and
that of Ball (1989) to data reported by Curtis et al. (1986) and Lee et al. (I9S8). Curiii
et al. (1986) reported the results of relatively short term (i.e., 6 day) batch rate-study
experiments performed with tetrachloroethene and Borden aquifer material, while Lee
et al. (1988) reported results of miscib!e displacement experiments performed at
relatively high pore-water velocities (i.e., 24 cm/hr) using trichloroethene and two
aquifer materials, Borden and Lula. The time scales associated with the data of
Brusseau et ai. (1990c), which were obtained at pore-water velocities less than 1 cm/hr,
and that of Ball are significantly greater than those associated with the data of Curtis et
al. and Lee et al. Hence, comparison of these data sets should reveal the presence of
time-scale effects, if any exist.
Inspection of the data, provided in Figure 1, suggests that there is, indeed, a time-scale
effect. It is possible that the longer times associated with the experiments of Ball (1989)
and Brusseau et al. (1990c) may allow rate-limited processes characterized by large time
constants (i.e., small rate constants) to proceed to a sufficient extent such that their
impact is experimentally discernable. In contrast, the times associated with the
experiments of Curtis et al. and Lee et al. may not be sufficient to capture the effects
of highly rate-limited processes* The time-scale effect may also be related to the nature
in which the first-order rate constant is defined. Although k2 is assumed to be a
constant, it can vary with time scale because of changes in "average" gradients with time.
The time-averaged nature of first-order rate constants has been discussed by Rao et al.
(1980) and Cussler (1984).
The velocity dependence of k2 was investigated by Brusseau (1990), who reported that
k2 increased proportionately with pore-water velocity. However, Kp values were reported
to be essentially independent of velocity. This latter observation suggests that additional
sorption was not taking place at the slower velocity and, therefore, that the velocity
dependence of k2 was related to the nature of the first-order approximation.
These observations have significant import regarding the manner in which sorption-rate
experiments are performed and the applicability of data so obtained. These results also
suggest that a valid comparison of the performances of different experimental techniques
will be obtained only when similar time scales are employed.
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Implications For Field-Scale Transport
Trie question of whether the rate-limited sorption that has been observed for laboratory
experiments would have a significant impact on transport at the field scale vill depend
on several factors, including the hydrodynamic residence time (i.e., pore-water velocity
and system length) and the occurrence of other nonidealities such as soil/aquifer
heterogeneity (Brusseau and Rao, 1989c; Brusseau et al., 1989b). This question was
investigated by Brusseau and Rao (1989c) and Brusseau et al. (1990c) by comparing the
magnitudes of the rate constants obtained for HOCs and low organic carbon systems
from laboratory experiments to those obtained from analysis of a natural-gradient
experiment performed at the Canadian Air Forces Base Borden. The data obtained
from this field experiment were modeled by Goltz and Roberts (1986) and Brusseau and
Rao (1989c) using single-process and multi-process nonequilibrium models, respectively.
The rate constants reported by these researchers are approximately one order-ofmagnitude smaller than the values estimated using the k2-Kp relationship reported by
Brusseau et al. (1990c). Hence, it appears that rate-limited sorption was perhaps only
a minor contributor to the nonideal behavior observed in the Borden field experiment.
The impact of rate-limited sorption may be of greater significance, however, for inducedgradient systems, considering the increased velocities (and reduced residence times)
obtained with puxiiping. The effect of induced gradients on the impact of rate-limited
sorption is of special concern given that "pump and treat" is one of the most widely used
means of remediating contaminated groundwater.
Miscible and Immiscible Organic Solvents
Much of the research on organic subsurface contaminants has focused on dissolved
constituents in aqueous systems, as discussed above. However, the behavior of organic
liquids (e.g., solvents, Pasoline) is beginning to receive increased attention. The nature
of this latter work has been defined by the characteristics of the two general classes of
organic liquids: miscible and immiscible. Note that, although the term immiscible is
used, such liquids are soluble to some degree in water. The following discussion will
focus on the nature of mass transfer processes in the presence of organic liquids. The
impact of organic liquids as cosolvents will be discussed first, while the impact of
separate liquid phases will be discussed thereafter.
Cosolvency by Organic Liquids
Interest in miscible organic liquids has centered on their effect on the physicochemical
properties of water and the resultant impacts on solute behavior in the mixed-solvent
system. For example, addition of a miscible solvent such as methanol to an aqueous
system results in enhanced solubility, reduced sorption, and enhanced transport of
organic solutes (c.f., Yalkowsky et al., 1972; Rao et al., 1985; Nkedi-Kizza et al., 1985;
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Fu and Luthy, 1986a; 1986b; Nkedi-Kizza et al., 1987; 1989; Brusseau et aL, 1990a;
Wood et al., 1990). The cosolvency of immiscible liquids present at concentrations
below phase separation was investigated by Pinal et al. (1990) and Rao et al. (1990).
They found that, while the impact of immiscible cosolvents on solubility and sorption of
hydrophobic organic solutes depended upon the polarity of the cosolvent, the general
trends were similar to those observed for miscible cosolvents.
The research discussed above has concentrated on the equilibrium behavior of nonionic,
low-polarity organic solutes. In contrast, the equilibrium behavior of ionizable organic
solutes in mixed-solvent systems has been addressed by few investigators. A dearth of
research also exists for the impact of cosolvents on the kinetics of sorption/desorption.
These two topics will be briefly discussed.
Cosolvency of ionizable organic solutes
The sorptive behavior of ionizable organic solutes in aqueous systems, while having
received less attention than nonionizable solutes, is beginning to be fairly well
understood. The relative values of the dissociation constant (jpKJ of the solute and the
pH of the system are of prime importance in mediating the magnitude and nature of
sorption of ionizable solutes. For example, sorption of organic acids such as phenol is
usually much greater when the system pH is lower than the plC, value (i.e., when the
molecule is neutral), than when pH is higher than the pK, (i.e., when the molecule is
anionic). The fact that sorption is essentially nonexistent (i.e., retardation factor = 1)
for many organic acids under conditions typical to the subsurface has fomented the use
of these organic acids as groundwater tracers.
The impact of organic cosolvents on the sorption of ionizable organic solutes has
received very little attention to date. Decreases in sorption of ionizable solutes present
in the neutral form with increasing fraction of cosolvent were similar to those observed
fc nonionizable solutes (Fu and Luthy, 1986b; Lee et al., 1990), as might be expected.
In these cases, however, the system pH was fixed. The impact of cosolvents on sorption
of ionizable solutes in systems where pH is not controlled is of great interest, considering
the impact organic cosolvents can have on the pH of the system and on the pIC, of the
solute. The pFC, of an ionizable solute changes with the composition of the solvent
because of the so-called medium effect, which results from differences in solvent-solvent
and solute-solvent interactions (c.f., Bates, 1969). The pFC, value of an organic acid will
increase with increasing fraction of cosolvent (c.f., Parsons and Rochester, 1975; Rubino
and Berryhill, 1986), while that of an organic base will decrease (c.f., Gowland and
Schmid, 1969). Observe that for both cases, the shift in pK, promotes formation of the
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neutral species. This shift in speciation could significantly affect the nature and
magnitude of sorption.
To illustrate the impact of cosolvent on transport of ionizable solutes, breakthrough
curves obtained for pentafluorobenzoic acid in water and methanol systems are
compared in Figure 2. Note that no sorption is observed for the aqueous system and
that the retardation factor is, therefore, 1. In contrast, R is greater than 1 for the
methanol system. This change in R would negate the use of pentafluorobenzoic acid as
a tracer to delineate the velocity of water flow. The increase in retardation with
addition of an organic cosolvent has also been observed for other acids such as dicamba
and 2,4-dichlorophenoxyacetic acid (Hassett et al., 1981; Brusseau, 1989: unpublished
data). The behavior discussed in this section may be important at waste-disposal sites,
where ionogenic chemicals may co-exist with organic solvents.
The impact of cosolvents on nonequilibrium sorption
As discussed above, there has been little work reported on the impact of cosolvents on
nonequilibrium sorption of organic solutes. A decrease in the symmetry of breakthrough
curves with increasing volume fraction of cosolvent was reported by Nkedi-Kizza et al.,
(1987), who were investigating the transport of two herbicides (diuron and atrazine) in
columns packed with a sandy soil. The decrease in breakthrough curve asymmetry,
which was attributed by the authors to nonequilibrium sorption, with increasing cosolvent
content suggests that the rate of sorption is greater in the presence of a cosolvent. The
sorption of dioxins by soils from water/methanol mixtures was observed to be more
rapid at higher methanol contents (Walters and Guiseppi-Elie, 1988). The desorption
rate constant (k2) has been observed to increase with increasing fraction of cosolvent
(Brusseau et al., 1989c; Nkedi-Kizza et al., 1989; Elzerman, et al., 1989).
A quantitative investigation of the impact of organic cosolvents on nonequilibrium
sorption of organic ^olutes was presented by Brusseau et al. (1989c; 1990d). They
presented a model that predicts a log-linear relationship between k2 and f^ the volume
fraction of cosolvent. The validity of this model was substantiated using experimental
data. The mechanism responsible for the cosolvency effect on sorption kinetics was
postulated to involve changes in conformation of the sorbent organic carbon matrix,
which are induced by changes in solvent polarity that result from the addition of a
cosolvent.
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One question of interest is the applicability of the k2-Kp relationships discussed above,
which were obtained for aqueous systems, to mixed-solvent systems. Brusseau et al.
(1990d) have shown that k2-Kp relationships determined for systems comprised of
mixtures of miscible cosolvents and water are no different from those determined for
aqueous systems. Values of k2 determined for systems where an immiscible liquid was
the mobile phase have also been shown to be similar to those determined for aqueous
systems, as will be discussed below. Thus, it appears that k2-Kp relationships developed
from aqueous systems may be used for mixed-solvent systems.
Separate-Phase Organic Liquids
The disposition of immiscible organic liquids in the subsurface is of interest to
environmental scientists, hydrologists, environmental/civil engineers, and petroleum
engineers. The vast majority of research performed by these groups has focused on the
movement, entrapment, and displacement of the liquid (c.f., Marie, 1981; Schwille, 1988).
This reflects concerns associated with petroleum-reservoir engineering as well as
remediation of solvent- and petroleum- contaminated sites. Another aspect that has
begun to receive attention is the dissolution of residual immiscible phases, including the
partitioning behavior of multi-component liquids and the rate of mass transfer to the
aqueous phase. Consideration of the dissolution kinetics of residual phases is a
departure from the majority of models developed for multi-phase systems, which have
assumed instantaneous attainment of equilibrium, the results of earlier work, based on
laboratory experiments, suggested that immiscible liquid-aqueous phase mass transfer is
relatively rapid (van der Waarden et al., 1971; Fried et al., 1979; Schwille, 1988). More
recent research, however, has shown that inter-phase mass transfer can be significantly
rate-limited, especially under conditions that may be found in the field (Hunt et al.,
1988a).
In contrast to the behavior of the immiscible liquid itself, very little work has been done
on the impact of an immiscible liquid on the retention and transport of dissolved organic
co-contaminants. This aspect is of interest since many sites of subsurface contamination
are characterized by multiple contaminants. Enhanced transport of hydrophobic organic
solutes may be expected when an immiscible organic liquid is the mobile fluid, based
upon the differences in solubilities of hydrophobic organic solutes in organic liquids and
water. The opposite effect is observed, however, when the immiscible liquid is present
as a fixed residual phase. The residual phase serves as a sink for organic solutes,
resulting in enhanced retention and retardation. While this effect is of great interest,
considering the ubiquitous use of immiscible liquids and past disposal practices, very
little research on this topic has been reported. The presence of a residual phase of
aviation gas was observed to increase retention of petroleum constituents in column
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experiments (Bouchard et al., 1989). A large increase in retardation of naphthalene was
observed when a residual phase of tetrachloroethene was emplaced in a column packed
with aquifer material (Brusseau, 1990).
Mobile-phase immiscible liquid
As mentioned above, enhanced transport of hydrophobic organic solutes may be
expected when an immiscible organic liquid is the mobile fluid. This effect occurs
because of the greater solubilities of hydrophobic organic solutes in organic liquids,
compared to those in water. The enhanced transport effect is demonstrated by the data
of Yousefi (1986), who qualitatively investigated the impact of various mobile phases
(i.e., methanol/water, met^anol, toluene, trichloroethene) on the transport of dioxin and
benzene in packed-soil columns. While retardation was minimal in the toluene and
trichloroethene systems, it was very large in the methanol and methanol/water systems.
A question of interest is whether or not nonequilibrium sorption in organic solvent
systems is similar to that in aqueous systems. To investigate this, the data of Yousefi
(1986) were quantitatively analyzed, using a first-order bicontinuum model, in a manner
identical to the approach utilized by Brusseau and co-workers (Brusseau et al., 1990a;
1990b; 1990c). The values determined for k2 for the immiscible-solvent systems of
Yousefi (1986) are similar to those that would be predicted using the k2-Kp relationships
reported by Brusseau and co-workers (Brusseau and Rao, 1989b; Brusseau et al., 1990b)
for aqueous systems. It would appear, therefore, that the nature of nonequilibriun'
sorption in immiscible-solvent systems is similar to that in aqueous systems.
Residual-phase immiscible liquid
A mathematical model is presented below that allows for rate-limited uptake/release of
solute by a residual phase of immiscible liquid. The model also includes rate-limited
sorption/desorption of the soluies by the porous media solids, since such behavior is
often observed for organic chemicals, as described above. An initial evaluation of the
performance of the model is accomplished using data obtained from the literature.
The total sorbed concentration, Sj- (mass sorbate/total sorbent mass), is the weightedsum of the sorbed-phase concentrations in the two sorption domains and that of the
residual phase:
&r = f (Sml + S^) + (1-f) Cr

(1)
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where Cr and Cm are the concentrations of the solute in the residual and aqueous
phases, respectively (M/M; M/L3); Sml and S,^ are the sorbed-phase concentrations for
the instantaneous and rate-limited sorption domains, respectively (M/M); K^ is the
liquid-liquid partition coefficient (M/M); f is the mass fraction of sorbent comprising
that portion of the porous medium that contains no residual liquid and (1-f) is e- juivalent
to the mass fraction of the residual organic liquid. At equilibrium,
Sr - f K . C . + ( l - O K r q . - K , Q . ;

Kp - [f K. + (1-f) KJ

(2)

where Kp represents the weighted-average equilibrium sorption constant (L3/M) for the
entire porous medium.
The one-dimensional, advective-dispersive, solute-transport equation, formulated in terms
of the NANS model (non-aqueous phase-aqueous phase mass transfer with .nonequilibrium ^orption), is written:

(8m + fp Fm K J ^
#Cm

+ fp k ^ [(1-FJ K,,, Cm - S^j + (l-f)p K (KrCm - Cr) =

dCm

where 6m is the volumetric water content of the porous medium (L3 L'3); p is the bulk
density (M L"3) of the entire porous medium (note fp = pro and (l-f)P = Pr)'» D i s t n e
hydrodynamic dispersion coefficient (L2/T); and q is Darcy flux (L/T).
The three, nondimensional, governing equations:
dC *

^

(cm* - v ) + K° (cm* -cr«)
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-dp— -= k ^ (L6/q) (Cm '

-V)

(5)

dCt*
= k, (L6/q) (Cm* - Cr«)

-dp-

(6)

'•

ivelc»ped by defining the following dimensionless parameters:
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where L is the length of interest; 6 is total porosity (L3 L'3); and Co is input
concentration (M/L3). Note that the total retardation factor, R, is given by:
R = Rffli + Rm2 + Rr = [i + (p/e) Kp]

(8)

Relative or fractional retardation parameters may be defined as follows:

0»i

R-l
=R"

(9a)

R

(9b)

Rr

^r = - R -

(9c)

Note that the three 0 values sum to unity, and that /^ represents the fraction of
retardation that is attributed to sorption in domain i.
A finite-difference numerical program (Brusseau et al., 1989b) utilizing the CrankNicholson technique is used to solve the pertinent governing equations (4-6) under the
following initial and boundary conditions:
(X.0) = c/ (X,0)
c n ,••(X.0)
= 0
sm
1 ^X
p

Co

= 0

X

=o

(10a)
(10b)
(10c)

where
Co • =

i;

C :• = 0 ;

andT 01

~

0< P * T 0

(lOd)

p > T

pulse width

ac,-• (Xp)
ax X=l

0 ;p > 0

(lOe)
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It must be stressed that we are concerned with the interaction of an organic solute with
a residual-phase organic liquid and not the movement of the immiscible liquid itself. As
such, the residual phase will be assumed to be immobile in constructing the model. This
is not a particularly limiting condition, however, since it has been shown that very large
pore-water velocities (i.e., hydraulic gradients) are required to displace residual
saturation (Wilson and Conrad, 1984; Willhite, 1986; Hunt et aL, 1988b). In addition,
the size of the residual phase is assumed to be constant. This means that dissolution of
the residual is not accounted for in the model. While this constraint may limit the
applicability of the model, it is probably not severe given the nature of residual
saturation. In cases where dissolution is significantly rate limited or where the mass of
residual is relatively large, the rate of change in residual saturation may be slow enough
relative to the time scale of solute-residual phase interaction that dissolution is
insignificant. For example, Hunt et al. (1988a) have shown that residual saturation can
persist for years under conditions representative of field sites. In these cases,
constraining residual saturation to a constant value should not affect the performance
of the model.
The Damkohler Number k,0 represents the contribution of nonequilibrium associated
with liquid-liquid mass transfer to the total nonequilibrium influencing solute transport.
Inspection of (7k) reveals that knowledge of the liquid-liquid mass transfer constant (k,)
is required to determine k,0. Such knowledge can be obtained through measurement or
estimation. However, heterogeneity in the size, shape, and position of residual phase,
as well as the large impact associated with small quantities of residual, makes the
independent determination of k,. difficult. For example, the rate of liquid-liquid mass
transfer could be measured using a batch-type experiment. The applicability of the rate
constant so obtained to a dynamic column system is questionable, however, given the
significant difference between the two systems in the nature of the interface. Many
correlation equations have been developed for the estimation of mass transfer
coefficients. Application of these to our system of interest may also be problematic,
given our inability to obtain many of the required parameter values. In many cases we
.nay, therefore, have to resort to the use of "effective" mass transfer constants.
These effective rate parameters would be obtained by fitting a model that includes a
term for liquid-liquid mass transfer to a data set obtained from a system influenced by
liquid-liquid mass transfer. To make sure that the mass transfer constant obtained in
this fashion represents only liquid-liquid mass transfer, the system would ideally be
influenced only by liquid-liquid mass transfer. In such cases, a simpler, two-compartment
model (i.e., pore water and residual phase) could be used. Data reported by Brusseau
(1990) will be used to briefly illustrate this approach.
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The impact of a residual phase of tetrachloroethene (@ 10% saturation) on the
retention and transport of naphthalene in a column packed with a low organic-carboncontent (0.02%) aquifer material was investigated by Brusseau (1990). The retention
associated with the residual phase comprised 99.9% of total retardation. Sorption by the
porous media solids was therefore ignored and the data were simulated with a first-order
two-compartment model. The mass transfer constant so obtained was an effective
constant representing system-wide liquid-liquid mass transfer. Interestingly, the value
of the mass transfer constant was similar to the value that would be predicted using the
k2-Kp relationship presented by Brusseau and Rao (1989b).
To evaluate the validity of the model's conceptual basis, as well as to illustrate its use,
the model will be applied to the data set reported by Bouchard et al. (1989). They
reported the results of column experiments employing aquifer material contaminated
with a residual saturation (@ 1%) of aviation gas. The retardation of toluene and three
other gasoline constituents was shown to be greater in the presence of the residual
phase, compared to systems containing no residual. No quantitative analysis, however,
was presented. The performance of the NANS model will be tested by attempting to
predict this data, with all parameter values being obtained independent of curve fitting.
A value for R (total retardation) was obtained using moment analysis of the pertinent
breakthrough curve (BTC). The contribution of sorption by the porous media solids was
determined by analyzing a BTC obtained by Bouchard et al. (1989) for a system identical
to that used to obtain the BTC being analyzed herein, except that no residual was
present. An optimization program (van Genuchten, 1981), employing a first-order
bicontinuum model, was used to determine values for k ^ and Fm. Values for the 0
terms and for k,,,0 were calculated using this information. The remaining two unknown
parameters are P and k,0. A value for P was estimated based on experiments reported
for non-sorbing tracers and similar column systems (Bouchard et al., 1988; Lee et al.,
1988; Brusseau et al., 1990b; 1990c). A value for k, was estimated using the relationship
reported by Brusseau and Rao (1989b), which was used to calculate It,.0. All parameter
values are now specified.
The prediction obtained with the NANS model is compared to the data in Figure 3. The
model provides a very good description of the data, especially considering that all
parameter values were obtained independently. The success of the NANS model in
predicting the data of Bouchard et al. (1989) suggests that the conceptual basis of the
model is sound. Further tests are required, however, to substantiate these initial results.
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A question of special interest is the relative impact of nonequilibrium liquid-liquid mass
transfer in relation to other nonideality factors, such as aquifer heterogeneity (e.g.,
hydraulic-conductivity- or sorption-capacity- heterogeneity), on solute transport at the
field scale. The relative impact of rate-limited sorption is scale dependent arid appears
to be of lesser significance, in comparison to heterogeneity, for field-scale solute
transport, as discussed above. Based on the analysis of the Bouchard et al. (1989) data
presented above and the results reported by Brusseau (1990), it appears that mass
transfer between the residual phase and water may not be significantly rate-limited under
natural-gradient conditions typical to the field. This may not be the case, however, for
induced-gradient conditions, such as those reflective of pump-and-treat groundwater
remediation systems. The hydraulic icsidence time may be short enough under these
conditions that mass transfer between the residual saturation and water is in a state of
nonequilibrium. If this nonequilibrium were not accounted for, the time required to
remediate the site would be significantly underpredicted.
Summaiy and Conclusions

Rate-limited sorption of organic solutes, caused by a diffusion-constrained mechanism,
was shown to be significant under laboratory conditions. The significance of the impact
of nonequilibrium sorption on field-scale transport is scale dependent. The impact of
organic liquids on mass transfer and transport of organic solutes depends upon the
nature of the solute and the nature and form of the organic liquid. For example, while
retardation of nonionic solutes is decreased in mixed-solvent systems (i.e., systems
comprised of water and a miscible organic liquid or an immiscible liquid present in
concentrations below phase separation), the retardation of organic acids may, in some
cases, increase with addition of a cosolvent. While the presence of an immiscible liquid
existing as a mobile phase will reduce retention of organic solutes, the presence of
residual saturation of an immiscible liquid can significantly increase retention. A model
that incorporates the effect of a residual organic liquid on the transport of dissolved
organic contaminants was presented. The impact of residual saturation on increasing
retardation was shown to be great, even at relatively low levels of saturation. The
validity of the conceptual basis of the model was tested through application to data
reported in the literature. Successful prediction of the data, where all parameter values
were obtained independent of curve-fitting, suggested that the conceptual basis is valid.
The model should prove useful in further investigations of the effect of residual organic
liquids on the retention and transport of organic solutes.

832

References
Bahr, J. M., and Rubin, J., 1987, Direct comparison of kinetic and local
equilibrium formulations for solute transport affected by surface reactions, Water
Resour. Res., 23(3), 438-452.
Ball, W.P., 1989, Equilibrium sorption and diffusion rate studies with halogenated
organic chemicals and sandy aquifer material. Ph.D. Diss., Stanford Univ., Palo
Alto, CA.
Bates, R.G., 1969, Medium effects and pH in nonaqueous solvents, chap. 2 in:
Solute-Solvent Interactions, Coetzee, J.F. and Ritchie, CD., eds., Marcel Deker,
N.Y.
Bouchard, D.C., Wood, A.L., Campbell, M.L., Nkedi-Kizza, P., and Rao, P.S.C,
1988, Sorption nonequilibrium during solute transport, J. Contain. Hydrol., 2(3),
209-223.
Bouchard, D.C., Enfield, C.G., and Piwoni, M.D., 1989, Transport proceses
involving organic chemicals, in: Reactions and Movement of Organic Chemicals
in Soils, SSSA Special Publ. No. 22, pp. 349-371, Soil Sci. Soc. Am., Madison, WI.
Brusseau, M.L., 1990, Rate-limited mass transfer and solute transport, report
written for the USAF-UES Summer Faculty Research Program, UES, Inc.
Dayton, OH.
Brusseau, M.L., and Rao, P.S.C., 1989a, Sorption nonideality during organic
contaminant transport in porous media, CRC Critical Reviews in Environ.
Control, 19(1), 33-99.
Brusseau, M.L., and Rao, P.S.C., 1989b, The influence of sorbate-organic matter
interactions on sorption nonequilibrium, Chemosphere, 18(9/10), 1691-1706.
Brusseau, M.L., and Rao, P.S.C., 1989c, Sorption nonequilibrium and dispersion
during transport of contaminants in groundwater: Field-scale processes, pp. 237244 in Contaminant Transport in Groundwater, edited by H. E. Kobus and W.
Kinzelbach, Balkema Press, Rotterdam.
Brusseau, M.L., Rao, P.S.C., Jessup, R.E., and Davidson, J.M., 1989a, Flow
interruption: A method for investigating sorption nonequilibrium, J. Contam.
Hydrol., 4(3), 223-240.

833

Brusseau, M.L., Jessup, R.E., and Rao, P.S.C., 1989b, Modeling the transport of
solutes influenced by multiprocess nonequilibrium, Water Resour. Res., 25(9),
1971-1988.
Brusseau, M.L., Wood, AX., and Rao, P.S.C., 1989c, The influence of organic
cosolvents on the sorption kinetics of hydrophobic organic chemicals, pp. 137-140
in: Proc. of the Amer. Chem. Soc. Natl. Meet., Environ. Chem. Div., Miami
Beach, FL, Sept. 10-15, 1989, Vol 29(2), Amer. Chem. Soc. Wash. D.G
Brusseau, M.L., Jessup, R.E., and Rao, P.S.C., 1990a, Sorption kinetics of organic
chemicals: Evaluation of gas-purge and miscible-dispiacement techniques,
Environ. Sri. Technol., 24(5), 727-735.
Brusseau, M.L*, Jessup, R.E., and Rao, P.S.C., 1990b, Nonequilibrium sorption
of organic chemicals: Elucidation of rate-limiting processes, Environ. Sri.
Technol., (in press).
Brusseau, M.L., Larsen, T., and Christensen, T.H., 1990c, Rate-limited sorption
and nonequilibrium transport of organic chemicals in low organic carbon aquifer
materials, Water Resour. Res., (in review).
Brusseau, M.L., Wood, A.L., and Rao, P.S.C., 1990d, The influence of organic
colsolvents on the sorption kinetics of hydrophobic organic chemicals, Environ.
Sci. Technol., (in review).
Chiou, C.T., Peters, LJ., and Freed, V.H., 1979, A physical concept of soil-water
equilibria for nonionic organic compounds, Science, 206, 831.
Coates, J.T. and Elzerman, A.W., 1986, Desorption kinetics for selected PCB
congeners from river sediments, J. Contam. Hydrol., 1(1/2), 191-210.
Curtis, G.P., Roberts, P.V., and Reinhard, M., 1986, A natural gradient
experiment on solute transport in a sand aquifer. IV. Sorption of organic solutes
and its influence on mobility, Water Resour. Res., 22, 2059.
Cussler, E.L., 1984, Diffusion: Mass transfer in fluid systems, Cambridge Univ.
Press, Cambridge.
Davidson, J.M., Rieck, C.E., Santelmann, P.W., 1968, Influence of water flux and
porous material on the movement of selected herbicides, Soil Sci. Soc. Am., Proa,
32(5), 629-633.
Davidson, J.M., and Chang, R.K., 1972, Transport of picloram in relation to soil
physical conditions and pore water velocity, Soil Sri. Soc. Am. Proa, 36, 257-261.

834

Elzerman, A.W., Dunnivant, F.M., and Shorten, GV., 1989, Kinetic measurements
of desorption of hydrophobic compounds from suspended sediments: Results from
gas purge and cosolvent elution techniques, pp. 134-136 in: Proc. of the Amer.
Chem. Soc. Natl. Meet., Environ. Chem. Div., Miami Beach, FL, Sept. 10-15,
1989, Vol 29(2;, Amer. Chem. Soc. Wash. D.C.
Fried, JJ.S Muntzer, P., and Zilliox, L., 1979, Ground-water pollution by transfer
of oil hydrocarbons, Groundwater, 17(6), 586-594.
Fu, J. and Luthy, R.G., 1986a, Aromatic compound solubility in solvent/water
mixtures, J. Environ. Engin., 112(2), 328-345.
Fu, J. and Luthy, R.G., 1986b, Effect of organic solvent on sorption of aromatic
solutes onto soils, J. Environ. Engin., 112(2), 346-365.
Goltz, M.N., and Roberts, P.V., 1986, Interpreting organic solute data from a field
experiment using physical nonequilibrium models, J. Contarn. Hydrol., 1(1/2), 7793.
Gowland, J.A. and Schmid, G.H., 1969, Two linear correlations of pKa vs. solveni
composition, Canad. J. Chem., 47, 2953-2958.
Green, R.E., Rao, P.S.C., and Corey, J.C., 1972y Solute transport in aggregated
soils: Tracer zone shape in relation to pore-velocity distribution and adsorption,
in: Proc. 2nd Symp. Transport Phenomena in Porous Media, pp, 733-744, IAHR
and ISSS, Guelph, Canada.
Hamaker, J.W., Goring, C.A.I., and Youngston, C.R., 1966, Sorption and leaching
of 4-amino-3,5,6-trichloropicolinic acid in soils, in Advances in Chemistry Series:
Organic Pesticides in the Environment, Amer. Chem. Soc, Washington, D.C.
Hance, RJ., 1967, The speed of attainment of sorption equilibria in some systems
involving herbicides, Weed Res., 7, 29.
Hassett, JJ., Banwart, W.L, Wood, S.G., and Means, J.C., 1981, Sorption of aNaphthol: Implications concerning the limits of hydrophobic sorption, Soil Sci.
Soc. Am. J., 45, 38-42.
Hunt, J.R., Sitar, N., and Udell, K.S., 1988a, Nonaqueous phase liquid transport
and cleanup 1. Analysis of mechanisms, Water Resour, Res., 24(8), 1247-1258.
Hunt, J.R., Sitar, N., and Udell, K.S., 1988b, Nonaqueous phase liquid transport
and cleanup 2. Experimental studies, Water Resour. Res., 24(8), 1259-1269.
Hutzler, N.C., Crittenden, J.C., Gierke, J.S., and Johnson, A.S., 1986, Transport
of organic compounds with saturated groundwater flows: Experimental results,

835

Water Resour. Res., 22(3), 285.
Jennings A. A, and Kirkner, D. J., Instantaneous equilibrium approximation
analysis, J. Hydraul. Eng., 110(12), 1700-1716, 1984.
Karickhoff, S.W., 1980, Sorption kinetics of hydrophobio pollutants in natural
sediments, pp. 193-205 in: Contaminants and Sediments, edited by R.A. Baker,
Ann Arbor Science Pub., Ann Arbor, MI.
Karickhoff, S.W., 1984, Organic pollutant sorption in aquatic systems, J. Hydraul.
Eng., 110(6), 707-735.
Karickhoff, S.W., and Morris, K.R., 1985, Sorption dynamics of hydronhobic
pollutants in sediment suspensions, Environ. Toxic. Chem., 4(5), 469-479.
Kay, B.D., and Elrick, D.E., 1967, Adsorption and movement of lindane in soils,
Soil Sci., 104(5), 314-322.
Keely, J.F., 1989, Performance evaluations of pump-and-treat remediations. U.S.
E.P.A. Groundwater Issue Report, Oct.
Lee, L.S., Rao, P.S.C., Brusseau, M.L., and Ogwada, R.A., 1988, Nonequilibrium
sorption of organic contaminants during flow through columns of aquifer
materials, Environ. Toxic. Chem., 7(10), 779-793.
Lenheer, J.A. and Ahlrichs, J.L., 1971, A kinetic and equilibrium study of the
adsorption of carbaryl and parathion upon soil organic matter surfaces, Soil Sci.
Soc. Amer. Proc, 35, 700.
Mackay, D. and Cherry, J.A., 1989, Groundwater contamination: Limitations of
pump-and-treat remediation, Environ. Sci. Technol., 23(6), 630-637.
Marie, CM., 1981, Multiphase Flow in Porous Media, Gulf Publ. Co., Paris.
McCall, PJ. and Agin, G.L., 1985, Desorption kinetics of picloram as affected by
residence time in the soil, Environ. Toxic. Chem., 4, 37.
Miller, C.T., and Weber, WJ., 1988, Modeling the sorption of hydrophobic
contaminants by aquifer materials, n. Column reactor systems, Water Res., 22(4),
465-474.
Nkedi-Kizza, P., Rao, P.S.C., and Hornsby, A.G., 1985, Influence of organic
cosolvents on sorption of hydrophobic organic chemicals by soils, Environ. Sci.
Technol., 19(10), 975-979.

836

Nkedi-Kizza, P., Rao, P.S.C., and Hornsby, A.G., 1987, The influence of organic
cosolvents on leaching of hydrophobic organic chemicals through soils, Environ.
Sri. Technol., 21(11), 1107-1111.
Nkedi-Kizza, P., Brusseau, M.L., Rao, P.S.C., and Hornsby, A.G., 1989,
Nonequilibrium sorption during displacement of hydrophobic organic chemicals
and 45Ca through soil columns with aqueous and mixed solvents, Environ. Sci.
Technol., 23(7), 814-820.
Parsons, G.H. and Rochester, C.H., 1975, Acid ionization constants of 4substituted phenols in methanol+water mixtures, J. Chem. Soc.s Trans. Faraday
Soc. Is 71(5), 1058-1068.
Pinal, R., Rao, P.S.C., Lee, L.S., Cline, P.V., and Yalkowsky, S.H., 1990,
Cosolvency of partially miscible organic solvents on the solubility of hydrophobic
organic chemicals, Environ. Sci, Technol., 24(5), 639-647.
Rao, P.S.C., and Jessup, R.E., 1983, Sorption and movement of pesticides and
other toxic organic substances in soils, pg. 183-201, in: Chemical Mobility and
Reactivity in Soil Systems, Am. Soc. Agron., Madison, WI.
Rao, P.S.C., Jessup, R.E., Rolston, D.E., Davidson, J.M., and Kilcrease, D.P.,
1980, Experimental and mathematical description of nonadsorbed solute transfer
by diffusion in spherical aggregates, Soil Sci. Soc. Am. J., 44, 684-692.
Rao, P.S.C., Hornsby, A.G., Kilcrease, D.P., and Nkedi-Kizza, P., 1985, Sorption
and Transport of hydrophobic organic chemicals in aqueous and mixed solvent
systems: Model development and preliminary evaluation, J. Environ. Qual., 14(3),
376-383.
Rao, P.S.C., Lee, L.S., and Pinal, R., 1990, Cosolvency and sorption of
hydrophobic organic chemicals, Environ. Sci. Technol., 24(5), 647-654.
Rubino, J.T. and Berryhill, W.S., 1986, Effects of solvent polarity on the acid
dissociation constants of benzoic acids, J. Pharm. Sci., 75(2), 182-186.
Schwarzenbach, R.P. and Westall, J., 1981, Transport of nonpolar organic
compounds from surface water to groundwater: Laboratory sorption studies,
Environ. Sci. Technol., 15, 1360-1368.
Schwille, F., 1988, Dense Chlorinated Solvents in Porous and Fractured Media,
Lewis Publishers, Chelsea, MI.
Southworth, G.R., Watson, K.W., and Keller, J.L., 1987, Comparison of models
that describe the transport of organic compounds in macroporous soil, Environ.
Toxic. Chem., 6, 251-257.

837

Valocchi, AJ., 1985, Validity of the local equilibrium assumption for modeling
sorbing solute transport through homogeneous soils, Water Resour. Res., 22(4),
693-820.
van Der Waarden, M, Bridie, A.L.A.M., and Groenewoud, W.M., 1971, Transport
of mineral oil components to groundwater I. Model experiments on the transfer
of hydrocarbons from a residual oil zone to trickling water, Water Res., 5, 213226.
van Genuchten, M.Th., 1981, Non-equilibrium transport parameters from miscible
displacement experiments, U.S. Salinity Lab., Research Report No. 119, U.S.
Dept. Agric.
van Genuchten, M.Th., Wierenga, PJ., and O'Connor, G.A., 1977, Mass transfer
studies in sorbing porous media: Experimental evaluation with 2,4,5-T, Soil Sci.
Soc. Am. J., 41 (2), 278-285.
Willhite, G.P., 1986, Waterflooding, Society of Petroleum Engineers, Richardson,
TX.
Wilson, J.L. and Conrad, S.H., 1984, Is physical displacement of residual
hydrocarbons a realistic possibility in aquifer restoration?, paper presented at
Petroleum Hydrocarbons and Organic Chemicals in Ground Water, pp. 274-298,
Nat. Water Water Assoc, Dublin, OH.
Wood, A.L., Bouchard, D.C., Brusseau, M.L., and Rao, P.S.C., 1990, Cosolvent
effects on sorption and mobility of organic contaminants in soils, Chemosphere,
(in press).
Wu, S. and Gschwend, P.M., 1986, Sorption kinetics of hydrophobic organic
compounds to natural sediments and soils, Environ. Sci. Technol., 20(7), 717-725.
Yalkowsky, S.H., Flynn, G.L., and Amidon, G.L., 1972, Solubility of
nonelectrolytes in polar solvents, 61(6), 983-984.
Yousefi, Z., 1986, Measurement of 2,3,7,8-TCDD transport through soil in the
presence of organic solvents utilizing the soil column technique, M.S. Thesis,
University of Maryland.

838

8
-2 - •
±
•
o

PCE/Borden (Ball, 89)
PCE/Borden (Curtis et al., 86)
'
TCE/Borden-Lula (Lee et al., 88)
Data from Brusseau et al. (1990c)
-1

-0.5

0.5

logK

Figure 1. Sorption-klnetlcs data for organic solutes and aquifer materials.

839

0.8
_o
15
c 0.6
w
O

•

o
o
® 0.4

• 100%methanol, R- 1.7

(S
©

cc

•
Q.2 -

100% water, R» 1

•
Solute » pentafluorobenzolc acid
Soil • Eustls sand
8
Pore Volumes

Figure 2. Impact of cosolvent on transport of an organic acid.

840

p - 80
H - 13.8

5
(0

t,-0.1

is
o
o

'•

0.38
O

8
1
35
(0

0.76

10.3

• Data, from Bouchard *t •!. (1*89)
D Prediction from NANS modol

0.2 -

40

60

80

Pore Volumes

Figure 3. Application of th<> NANS model

100

