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[1] Liquid-liquid equilibrium experiments indicate that there is a strong thermodynamic

driving force for the reversible sequestration of cis-dichloroethene (DCE) within microbially
active dense nonaqueous phase liquid (DNAPL) source zones containing chlorinated ethene
solvents. Assessment of the importance of degradation product sequestration, however,
requires accurate description of the mass transfer kinetics. Partitioning kinetics of cis-DCE
were assessed in a series of transport experiments conducted in sandy columns containing
uniformly entrapped tetrachloroethene (PCE)-nonaqueous phase liquids (NAPL). Effluent
data from these experiments were simulated using an analytical solution adapted from the
sorption literature. The solution permits interrogation of the relative importance of mass
transfer resistance in the aqueous phase and NAPL. Column data and simulations suggest
that the kinetic exchange of cis-DCE may be described with mass transfer correlations
developed for the dissolution of pure component NAPLs. Diffusive transport within the
entrapped ganglia was relatively fast, offering limited resistance to mass exchange. These
results (1) establish the applicability of dissolution-based mass transfer correlations for
modeling both absorption and dissolution of degradation products, (2) quantify the
thermodynamic driving force for the partitioning of cis-DCE in PCE-NAPL by assessing the
ternary phase behavior, and (3) guide incorporation and deployment of partitioning kinetics
into multiphase compositional simulators when assessing or designing metabolic reductive
dechlorination within DNAPL source zones. While focus is placed on examining degradation
product partitioning in DNAPL source zones, results may also be useful when considering
rate limitations in other liquid-liquid partitioning processes, such as partitioning tracer tests.
Citation: Ramsburg, C. A., J. A. Christ, S. R. Douglas, and A. Boroumand (2011), Analytical modeling of degradation product
partitioning kinetics in source zones containing entrapped DNAPL, Water Resour. Res., 47, W03507, doi:10.1029/2010WR009958.

1.

Introduction

[2] The quantification of liquid-liquid partitioning in
contaminated subsurface environments is essential when
attempting to describe the fate and transport of degradation
products within nonaqueous phase liquid (NAPL) source
zones. Sequestration of degradation products in immobile
NAPL is often proposed as a physical-chemical mechanism
influencing contaminant bioavailability and, hence, degradation rates and long-term remediation success [Carr et al.,
2000; Cope and Hughes, 2001; Yang and McCarty, 2002;
Adamson et al., 2004, Amos et al., 2007; Christ and
Abriola, 2007; Ramsburg et al., 2010]. Despite its importance, however, little work has focused on the kinetics
of degradation product partitioning in subsurface NAPL
source zones.
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[3] Consideration of liquid-liquid partitioning in NAPL
source zones has generally been associated with partitioning
interwell trace tests (PITT), which inject partitioning and
nonpartitioning tracers through a zone contaminated with
immobile NAPL to quantify subsurface saturations [e.g.,
Jin et al., 1995; Annable et al., 1998]. The first descriptions
of kinetic, liquid-liquid partitioning in the subsurface were
based upon two-region models where exchange occurred
between a mobile (flowing) aqueous phase and immobile
(stagnant) aqueous phase, as might be found in the deadend pores of soil grains [van Genuchten and Wierenga,
1976, 1977; van Genuchten et al., 1977; Rao et al., 1980;
Nkedi-Kizza et al., 1982; Hatfield and Stauffer, 1993].
Two-region partitioning has been modeled using a linear
driving force expression, assuming partitioning to the
immobile aqueous phase is controlled by mass transfer
across a thin film boundary layer [e.g., van Genuchten and
Wierenga, 1976; van Genuchten and Wagenet, 1989; Toride et al., 1993, 1999] or by solving a second equation that
describes diffusion within the immobile aqueous phase as
the process controlling partitioning kinetics [Rao et al.,
1980; Rasmuson and Neretnieks, 1980, 1981; Huang et al.,
1984; van Genuchten, 1985; Crittenden et al., 1986; Carta
and Bauer, 1990; Willson et al., 2000; Li et al., 2003].
These governing equations have been solved analytically
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and numerically and continue to serve as a foundation for
investigating subsurface contaminant transport.
[4] Few studies, however, have investigated the influence
of partitioning kinetics on degradation product fate and
transport in NAPL source zones, perhaps because of the
uncertainty regarding parameterization of the model and
mass exchange kinetics or the elucidation of the thermodynamic driving force [Hatfield and Stauffer, 1993]. Liquidliquid partitioning is especially important in chlorinated
dense nonaqueous phase liquid (DNAPL) source zones
where the DNAPL serves as a persistent source of contaminant (e.g., tetrachloroethene (PCE)) mass and the one-to-one
stoichiometry of the transformation process often leads to
near mM concentrations of degradation products (e.g., cis1,2-dichloroethene (cis-DCE)) [Carr et al., 2000; Yang and
McCarty, 2000; Adamson et al., 2004; Amos et al., 2008;
Interstate Technology and Regulatory Council, 2008; Yu
and Semprini, 2009]. The production of degradation products in the aqueous phase provides a strong driving force for
degradation product partitioning into the immobile DNAPL.
This partitioning process serves to reversibly sequester the
degradation product mass. Reversible sequestration can lead
to (1) an underestimation of degradation kinetics by neglecting product mass within the NAPL, and (2) retardation of
degradation product transport because of partitioning
between the NAPL and aqueous phases (analogous to liquidsolid sorption). Recently quantified partition coefficients for
two of the most common degradation product-DNAPL combinations, cis-DCE in PCE-DNAPL and vinyl chloride (VC)
in trichloroethene (TCE)-DNAPL demonstrate that even
moderate DNAPL saturations (e.g., 2%), can sequester 60 to
70% of the degradation product mass [Ramsburg et al.,
2010]. The results of Ramsburg et al. [2010], which elucidate the equilibrium partitioning behavior at low concentration, motivate further study to quantify partitioning at higher
concentration and to quantify partitioning kinetics under
conditions of nonequilibrium transport. The latter is particularly important given that Ramsburg et al. included an illustrative simulation to assess possible implications of kinetic
partitioning of degradation products produced within a bioactive DNAPL source zone. This simulation approximated
the absorption rate of cis-DCE at low concentration with the
mass transfer rate produced from a correlation developed for
NAPL dissolution [e.g., Powers et al., 1992]. Diffusion
within the NAPL may, however, limit the exchange process
[Willson et al., 2000]. Thus, use of dissolution-based correlations for mass transfer [e.g., Miller et al., 1990; Imhoff
et al., 1994; Powers et al., 1992, 1994a] represents a simplification that requires verification prior to widespread integration into multiphase compositional simulators.
[5] The research described herein combined experiments
and simulations conducted at the batch and column scale to
elucidate the extent and kinetics of cis-DCE partitioning
between an aqueous phase and a uniformly entrapped PCENAPL. Universal functional activity coefficient (UNIFAC)
predictions of the phase behavior and phase distribution of
cis-DCE were compared to experimentally obtained phase
data. Models developed to assess the influence of sorption
(soils) on contaminant transport were adapted to describe
liquid-liquid partitioning in chlorinated DNAPL source
zones [Rasmuson and Neretnieks, 1980]. Data, simulations,
and sensitivity analyses were employed to assess limitations
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when modeling degradation products partitioning to (and
from) entrapped DNAPL using mass transfer correlations
developed for NAPL dissolution.

2.

Materials and Methods

2.1. Materials
[6] Tetrachloroethene (PCE, 99% purity, ACS grade)
and cis-1,2-dichlorotethene (cis-DCE, 97% purity) were
purchased from Sigma-Aldrich Inc. Acetonitrile (99.9% purity, ACS high-performance liquid chromatography (HPLC)
grade), dimethyl sulfoxide (DMSO, 99.9% purity), methanol (99.9% purity, ACS HPLC grade), sodium bromide
(NaBr, 99.9% purity, ACS grade), and sodium chloride
(NaCl, 100% purity, ACS grade) were obtained from Fisher
Scientific. Isopropanol (99.9% purity, HPLC grade) was
obtained from Acros Organics. All chemicals were used as
received. The water used in all batch and column experiments
was purified to a resistivity > 18.1 Mcm and total organic
carbon (TOC) < 100 ppb using a Milli-Q ultrapure water system (model Gradient A10, Millipore).
[7] Ottawa sands (U.S. Silica Co.) were used to construct
porous media employed in the column experiments. ASTM
20 – 30 mesh sand was used as received, while ASTM 45 –
50 and ASTM 50 – 60 mesh sands were produced by sieving
Federal Fine sand (ASTM 30 – 140 mesh). The mean grain
size diameter, d50, for the 20 – 30, 45 – 50, and 50 – 60 mesh
sands are 725,
 328,and 275 m, respectively. Uniformity
indices, Ui d60=d10 , for these fractions are 1.20, 1.09, and
1.10, respectively.
2.2. Batch Methods
[8] Liquid-liquid equilibrium experiments were conducted in 35 mL glass centrifuge tubes sealed with Teflonlined screw-on caps following methods similar to those
reported by Ramsburg et al. [2010]. In brief, tubes were
loaded with Milli-Q water, cis-DCE, and PCE to arbitrarily
predetermined overall mole fractions and allowed to mix
on LabQuake oscillating shaker trays at 22.0 6 0.1  C for
72 h. Previous experiments have demonstrated 72 h is sufficient time for liquid phase equilibration [Cope and Hughes,
2001, Ramsburg and Pennell, 2002]. Following the equilibration period, the batch systems were centrifuged at 1500
rpm for 10 min to consolidate each phase prior to separation and sampling. Approximately 5 g of the aqueous
phase and 10 L of the organic phase were diluted (by
mass) into a mixture of Milli-Q water and DMSO to fall
within the linear response range of the gas chromatographic method (see analytical methods). DMSO was
employed as a cosolvent at approximately 11% by weight
in all diluted samples.
2.3. Column Methods
[9] Kontes borosilicate glass columns (4.8 cm inner diameter (ID)) were used for all transport experiments. Each
column was dry packed with an Ottawa sand fraction
(described in section 2.1), flushed with CO2 for a minimum
of 10 pore volumes, and then saturated by flushing Milli-Q
water through the column for 20 pore volumes. The PCE
used as the DNAPL was dyed red with 1  104 M of Oil
Red O (Alfa Aesar) for visualization within the columns.
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PCE-DNAPL entrapment was performed following established methods [Pennell et al., 1993]. Nonreactive, conservative tracer tests were conducted using aqueous
solutions of 0.01 M Br before and after the introduction
of DNAPL to characterize the porous medium employed
in each column experiment. Subsequent to the completion
of the second tracer test, a pulse (approximately 250 min)
of aqueous solution containing approximately 165 mg/L
cis-DCE was introduced to the column at a rate of 2.0 mL/
min using an Agilent Series 1100 quaternary pump. The
cis-DCE pulses were produced from the column using
Milli-Q water delivered at the same rate. The concentrations of cis-DCE and PCE in the column effluent were
quantified using an inline sampling and analysis system
described in section 2.4. Following the cessation of flow,
the column was deconstructed and extracted for mass balance purposes.
2.4. Analytical Methods
[10] Batch experiment samples were quantified in triplicate using a Hewlett-Packard 5890 Series II gas chromatograph (GC) equipped with a Perkin Elmer TurboMatrix 40
Trap headspace sampler and flame ionization detector. The
GC was calibrated prior to each day of use with a sevenpoint calibration curve. Headspace vials containing the
diluted samples were heated to 95  C and shaken for 25 min
prior to sample transfer to the GC where separation was
accomplished on a HP-Plot Q capillary column (30 m
length, 0.53 mm ID, 40 m film thickness).
[11] Column experiments employed an inline sampling
system comprising a 10-port, 2-position electric valve
(model EHMA, Valco Instruments Co. Inc.) fitted with a
20 L sample loop. The valve was plumbed in line with:
(1) the effluent end of the column; and (2) an Agilent Series 1100 HPLC. The HPLC was equipped with an Agilent
Zorbax Eclipse XDB-C8 packed chromatography column
(150 mm length, 4.6 mm ID, 5 m particle diameter) maintained at 40.0  C and a diode array detector set to quantify
absorbance at 254 nm. The HPLC was operated at 1 mL/min
under isocratic conditions with mobile phase composition
of 80% acetonitrile and 20% Milli-Q water. Under these
conditions, the average HPLC column retention times for
cis-DCE and PCE were approximately 2.3 and 3.2 min,
respectively. The HPLC system was calibrated before
each day of use using a 6-point standard curve established
by introducing standards through a 20 L sampling valve.
The inline system was programmed to sample the column
effluent every 4.0 min. At the end of each experiment the
contents of the column were extracted with isopropanol to
close mass balances. Extract samples were diluted to fall
within the range of a 6-point calibration curve, and analyzed using an Agilent Series 1100 autosampler connected
to the HPLC. The HPLC method was similar to that
employed for effluent sampling but excluded commands
for firing the Valco valve.
[12] Effluent samples collected during nonreactive tracer
tests were analyzed for bromide and chloride using a Dionex ICS-2000 Ion Chromatograph (IC) equipped with an
AS50 autosampler and fitted with an IonPac AS18 anionicexchange column (250 mm length, 4 mm ID, 7.5 m particle diameter). Isocratic separation was accomplished at
1 mL/min using a mobile phase containing 23.0 mM KOH.

W03507

Under these conditions, the average retention times for Cl 
and Br were approximately 4.4 and 6.8 min, respectively.
The IC was calibrated before each day of use using a 6point standard curve with calibration checks performed every 20 samples.
[13] The densities of the liquid phases present in the
batch experiments were quantified in triplicate at 22.0 6
0.1  C using 2 mL glass pycnometers (Ace Glass). Each
day of use the pycnometers were calibrated using Milli-Q
water. Calibrations were subsequently verified using isopropanol. Water content was quantified using a Karl Fisher
titrator (model DL38, Mettler Toledo). The instrument was
calibrated with a water standard (1% water by weight, EMD
Chemicals, Inc.) on each day of use.
2.5. Thermodynamic Modeling
[14] Ternary phase behavior was predicted using an
isothermal flash calculation [Smith and Van Ness, 1987]
performed in Matlab version R2009b (The MathWorks,
Inc.) with UNIFAC [Fredenslund et al., 1975] employed to
estimate activity coefficients. Iteration convergence was
established when successive changes to molar phase fractions and component mole fractions were less than 1 
1010. No attempt was made to adjust the UNIFAC parameters to fit the data. Structural parameters for the relevant
subgroups were obtained from the work of Hansen et al.
[1991] with water assigned as 1  H20 (group 7), cis-DCE
assigned as 1  HC¼C (group 2) and 2  Cl-C¼C (group
37), and PCE assigned as 1  C¼C (group 2) & 3  ClC¼C (group 37). Interaction parameters between groups m
and n are am,n and an,m, both defined in Kelvin, where: am,m
¼ an,n ¼ 0 (by definition); a2,7 ¼ 785.6, a7,2 ¼ 26.52
[Cooling et al., 1992]; a7,37 ¼ 651.9, a37,7 ¼ 1100 [Cooling
et al., 1992]; and a2,37 ¼ 237.3 and a37,2 ¼ 3.167 [Gmehling et al., 1982].
2.6. Mathematical Modeling
[15] Simulation of contaminant transport in the NAPLcontaminated columns was based on the solution of component mass balance equations assuming steady flow and an
immobile (entrapped) NAPL saturation [Abriola, 1989].
Component mass balance equations solve for the spatialtemporal distribution of a mass concentration of component
i ðCi  Þ within each bulk fluid phase (aqueous:  ¼ a; organic:  ¼ n):




 X 
@
Ei ;
s Ci þ r  s Ci V   Di  rCi ¼
@t


ð1Þ

where  is the matrix porosity, s is the -phase saturation,
D i is the three-dimensional hydrodynamic dispersion tensor for component i in phase  [Bear, 1972], V  is the
-phase pore velocity computed using a modified form of
Darcy’s law [Abriola, 1989], and Ei  is the interphase
mass exchange of component i from the - to the -phase.
In this work, interphase mass exchange is assumed to occur
only between the aqueous and organic phases (i.e., sorption
to soil particles is neglected) and is approximated using a
linear driving force expression [Weber and DiGiano,
1996]:
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Ei ¼ l C i eq  Ci ;

ð2Þ
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where Ci  eq is the equilibrium solubility of component i in
the -phase, and l is a lumped mass transfer coefficient,
which quantifies the rate of mass transfer of component i
from the - to the -phase. This lumped coefficient ðl Þ can
be obtained by employing a Sherwood number ðSh ¼
l d50 2 = Da mi Þ correlation [e.g., Miller et al., 1990; Imhoff
et al., 1994; Powers et al., 1992, 1994a] where d50 is the
mean grain diameter, and Dami is the aqueous phase molecular diffusion coefficient of component i. Dissolution
requires use of the specific interfacial area to account for
the transient nature of mass transfer resulting from reductions in interfacial area. The specific interfacial area (as) of
the organic phase globule was approximated with a uniform
distribution of spherical globules, such that as ¼ 3/b, where
b is the NAPL globule radius. Simulations of the column
experiments reported here, however, assume a pseudosteady flow with negligible changes to NAPL volume or
specific interfacial area resulting from absorption and
dissolution.
[16] Writing equation (1) for the aqueous and organic
phase results in two transport equations for each component
i, one describing transport in the aqueous phase and one
describing transport in the organic phase:


@  a

sa Ci þ r  sa Cia V a  Dia  rCia ¼ Eian
@t


@  n
sn Ci ¼ Eian :
@t

ð3aÞ

ð3bÞ

[17] Recognizing that mass balance constraints require
Eian ¼ Eian ; equations (3a) and (3b) can be combined to
form a single equation for component i across both the
aqueous and organic phases :
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@  a
@  n
sa Ci þ r  sa Cia V a  Dia  rCia ¼ 
sn Ci : ð4Þ
@t
@t

[18] Assuming pseudo-steady state conditions and spatially uniform saturation in one-dimensional (1-D) flow,
equation (4) simplifies to the 1-D advection-dispersion
equation (ADE) commonly employed in the sorption
literature :
@Cia
@C a
@ 2 Cia
1 @Cin
¼
þ V a i  Dia
;
2
@t
@z
@z
m @t

ð5Þ

sa
where, for NAPL partitioning, m ¼ 1s
and all other paa
rameters are as given previously.
[19] Equation (5) has been solved for a variety of interphase mass exchange conditions. Among the simplest and
most commonly employed is the local equilibrium condition where concentrations of component i in the aqueous
and organic phases are related algebraically using an equilibrium partitioning coefficient defined in terms of concen 
tration KpCi :

Cin ¼ KpCi Cia :

R

@Cia
@C a
@ 2 Cia
þ V a i  Dia
¼ 0;
@t
@z
@z2

ð7Þ

where R represents the retardation factor of the contaminant, assuming equilibrium.exchange with the immobile orCi
ganic phase: R ¼ 1 þ Kp m. Equation (7) is commonly
employed in the sorption and PITT literature and has been
solved for a variety of initial and boundary conditions [e.g.,
van Genuchten and Alves, 1982].
[21] Under conditions of kinetic interphase mass
exchange, equations (2) and (3) are combined and simplified by assuming exchange is proportional to the concentra.
tion gradient between theeqcontaminant
concentration at the
n
organic phase surface Cia ¼ Ci K Ci and in the bulk aquep
ous phase (Cia):
@Cia
@C a
@ 2 Cia
Cin
¼ l
 Cia
þ V a i  Dia
2
@t
@z
@z
KpCi
@Cin
Cin
¼ l
 Cia
@t
KpCi

!

ð8aÞ

!
:

ð8bÞ

[22] Equation (8), abbreviated here as the ADEK (ADE
with kinetic partitioning), has again been simplified to 1-D
pseudo-steady state flow and makes use of the equilibrium
relation provided in equation (6) to quantify the equilibrium contaminant concentration in the organic phase.
When coupled with appropriately applied initial and
boundary conditions, equation (8) can be solved analytically or numerically. Models based on equation (8) are
commonly referred to in the sorption literature as one-site
kinetic adsorption models [e.g., van Genuchten and Wagenet, 1989; Leij et al., 1993; Toride et al., 1993]. A popular
modeling program, CXTFIT, employs this model for quantifying sorption parameters [Toride et al., 1999]. Note that
equation (8), however, assumes that the organic phase is
well mixed, and therefore does not consider the potential
effect of concentration gradients present within the NAPL
globule. While appropriate for certain situations, this may
not always be the case, resulting in the need to model the
diffusion of contaminant in the immobile organic phase.
[23] Rasmuson and Neretnieks [1980] used the work of
Pellett [1964] to derive an often-employed analytical solution to equation (5) when diffusion within the immobile
phase is important. In their solution, equation (5), which is
derived assuming volume-averaged concentrations (Cia and
Cin), is coupled to a radial diffusion equation written for
the contaminant concentration (Cin ) within the organic
phase using the interphase mass exchange term as a boundary condition (equation (9b)) applied at the surface of the
immobile organic phase (r ¼ b):

ð6Þ

[20] Employing equation (6), equation (5) simplifies to
an ADE assuming equilibrium partitioning (ADEQ):
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@Cia
@C a
@ 2 Cia
1 @Cin
¼

þ V a i  Dia
m @t
@t
@z
@z2
!

Cin r¼b
@Cin
¼ l
 Cia
@t
KpCi
 2 n

@Cin
@ Ci
2 @Cin
þ
¼ Dmi
:
n
@t
@r2
r @r

ð9aÞ

ð9bÞ

ð9cÞ
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[24] Dnmi in equation (9) is the organic phase molecular
diffusion coefficient of component i, r is the radial dimension, and b is the NAPL globule radius. Equation (9), abbreviated here as ADEKD (ADEK with diffusion), models the
transport of contaminant in the aqueous phase undergoing
partitioning to the immobile organic phase, where interphase mass exchange is controlled by both (1) resistance in
the aqueous phase boundary layer separating the aqueous
and organic phase (equation (9b)) and (2) resistance to mass
exchange because of diffusion within the immobile organic
phase (equation(9c)). Although originally derived to model
adsorption because of partitioning into immobile regions
of soil grains [e.g., Rasmuson and Neretnieks, 1981; van
Genuchten, 1985; Crittenden et al., 1986], the equations
are extended in this work to model partitioning into an
immobile organic phase. Table 1 summarizes the parameters employed in the diffusion model and compares the
nomenclature between the sorption literature and the liquidliquid partitioning application of this work.
[25] The described models were employed here to simulate
cis-DCE breakthrough curves from columns contaminated
with residual PCE-DNAPL. The Brenner [1962] solution to
equation (7) published by van Genuchten and Alves [1982]
for a finite-length column was fit to tracer tests conducted
before and after the establishment of the PCE-NAPL
entrapped saturation. Pre-NAPL tracer results were employed
to obtain best-fit soil column porosities ðÞ, while postNAPL tracer results were fit to determine the longitudinal
dispersivity ðL Þ and NAPL saturation (Sn) in each column.
Gravimetrically determined values for porosity and NAPL
saturation were not explicitly used; rather the experimental
values guided the model fits, which were assumed to provide
a better approximation of the actual column conditions. The
exception here was Column A, where gravimetrically determined PCE-NAPL saturation was employed because tracer
fitting produced an unreasonably high saturation (> 20%).
Table 2 summarizes the column parameters for all three columns employed here. All parameters other than ; L ; and
Sn were independently determined through measurement or
constitutive relationships available in the literature. Note that
the NAPL globule radius (b ¼ deff,blob/2) employed here is
based on a newly formed correlation using a comprehensive
survey of the literature, as described in section 3.2.
[26] Following parameter estimation from the tracer
results, a solution to a nondimensionalized form of equation
(9) published by Rasmuson and Neretnieks [1980] was
employed to predict cis-DCE breakthrough. The Rasmuson
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and Neretnieks solution is described here since this use is
the first application for estimating contaminant transport in
a NAPL-contaminated region. Rasmuson and Neretnieks
employed Laplace transforms to solve equation (9) subject
to the following initial and boundary conditions:
Cia ðz ¼ 0; tÞ ¼ C0

ð10aÞ

Cia ðz ¼ 1; tÞ ¼ 0

ð10bÞ

Cia ðz; t ¼ 0Þ ¼ 0

ð10cÞ

Cin ðr ¼ 0; z; tÞ 6¼ 1

ð10dÞ

Cin ðr; z; t ¼ 0Þ ¼ 0 :

ð10eÞ

[27] The solution, written in nondimensional form, is:
vq
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ1
u ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
2
2
t ðz2 x0 Þ þ ðz2 y0 Þ þ z2 x0 C
B
Cia 1 2 1 6
6expBPe 
C
¼ þ
A
C0 2  0 4 @ 2
2
Z

2

0

vq
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ13
u ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u
2
2
B 2 t ðz2 x0 Þ þ ðz2 y0 Þ  z2 x0 C7 d
C7
 sinB
y

@
A5  ;
2
0

ð11Þ

with model parameters described in Table 3. Equation (11)
provides an efficient, analytical solution that can be applied
to solute partitioning in NAPL source zones.
[28] Equation (11) was implemented in Matlab version
R2010a. Numerical integration of the infinite integral followed the methods of Rasmuson and Neretnieks [1981] in
which the infinite integral is replaced by a finite integral
with max chosen as a sufficiently large upper bound. Proper
model implementation was verified by comparison with
other analytical [van Genuchten and Alves, 1982] and numerical solutions [Toride et al., 1999]. It is worth noting
that equation (11) can be made to approximate solutions to
the simpler partitioning formulations (equations (7) and
(8)). To approximate equilibrium sorption using equation
(11), l and Dnmi are assumed to be large (l >> 101 s1
and Dnmi >> 104 cm2/s), such that partitioning across the
aqueous phase boundary layer is nearly instantaneous and
diffusion within the NAPL is rapid. If rate limited mass

Table 1. Parameter Equivalence Between Solid-Liquid Sorption Model and Liquid-Liquid Partitioning Model
Parameter

Sorption Literature Definition

Parameter

Liquid-Liquid Partitioning Definition

b (L)
Ds (L2/T)
K (L3 L3)
kf (L/T)
m (-)
^q (M/L3)
qi (M/L3)
qs (M/L3)

Soil particle radius
Intra-aggregate diffusivity
Volume equilibrium constant
Mass transfer coefficient
" =ð1  "Þ
Vol. avg. contaminant concentration in particles
Internal contaminant concentration in particles
Internal contaminant concentration at particle
surface (qi(b, z,t))
Radial distance from center of spherical soil particle
Soil porosity

b (L)
Dnmi (L2/T)
Kpi (L3 L3)
l as 1 (L/T)
m (-)
Cin(M/L3)
Cin  (M/L3)
Cin r¼b ðM=L3 Þ

NAPL globule radius
Diffusivity in NAPL globule
Equilibrium partitioning coefficient
Mass transfer coefficient
sa/sn
Vol. avg. contaminant concentration in NAPL globule
Internal contaminant concentration in NAPL globule
Internal contaminant
concentration at NAPL

surface (Cin (b,z,t))
Radial distance from center of spherical NAPL globule
Soil porosity

r (L)
" (L3 L3)

r (L)
n (L3 L3)
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Table 2. Column Parameters
Column

Sand size (ASTM sieve sizes)
Range of grain diameter (m)
Median grain size diameter (d50) (m)
Uniformity index (Ui)
Column diameter (dc) (cm)
Column length (L) (cm)
Porosity (n) (Lvoid/Ltotal)
Pore volume (PV) (mL)
PCE-NAPL saturation (Sn) (%)
PCE-NAPL volume (Vn) (mL)
PCE-NAPL ganglia radius (b)a (m)
Volumetric flow rate (Q) (mL/min)
Darcy velocity (q) (cm/sec)
Pore water velocity (v) (cm/s)
Longitudinal dispersivity ðL Þ (cm)
Diffusivity of cis-DCE in the aqueous phase (Da)b (cm2/sec)
Diffusivity of cis-DCE in PCE-NAPL (Dn)b (cm2/sec)
cis-DCE partition coefficient (Kp) (Laq/LNAPL)
Retardation factor (equilibrium partitioning) (Rc) (-)
Modified Sherwood number (Sh0 ) (-)
Lumped mass transfer coefficient (kl) (s1)
cis-DCE pulse concentration (C0) (mg/L)
Pulse duration (t0) (min)
Experiment duration (tf) (min)
cis-DCE recovery in effluent (%)
cis-DCE mass balancec (%)
a

A

B

C

50 – 60
250 – 300
275
1.10
4.80
3.50
0.388
24.6
17.1
4.20
128
2.00
1.84  103
5.72  103
1.76  101
1.07  105
1.21  105
105
22.6
0.246
3.49  103
166
208.90
652.21
101.3
102.0

45 – 50
300 – 355
328
1.09
4.80
3.45
0.377
23.5
13.2
3.10
141
2.00
1.84  103
5.63  103
8.13  102
1.07  105
1.21  105
105
16.9
0.305
3.05  103
167
208.60
656.43
101.0
101.2

20 – 30
600 – 850
725
1.20
4.80
3.50
0.360
22.8
11.1
2.53
263
2.00
1.84  103
5.75  103
3.37  101
1.07  105
1.21  105
105
14.1
0.856
1.75  103
166
205.34
654.44
99.2
101.0

Model assumes PCE-NAPL distributed as a uniform population of spheres having radius b as estimated using equation (12).
Estimated at 22 C using the correlation of Hayduk and Laudie [1974].
Summation of mass recovered in column effluent and that was quantified during a postexperiment extraction of the column.

b
c

transfer is expected, but diffusive limitations within the
NAPL are negligible, equation (11) is simplified to the kinetic equation (equation (8)) by assuming Dnmi is large.
Global mass balance calculations confirmed that errors
because of numerical integration were never more than 1%.

3.

Results and Discussion

3.1. Liquid-Liquid Equilibrium
[29] The ternary phase data for water, cis-DCE, and PCE
at 22 6 0.1  C depicted in Figure 1 were employed to establish the thermodynamic driving force for the partitioning of
cis-DCE between DNAPL and the aqueous phase. The
interested reader is referred to the work of Sørensen et al.
[1979] for a summary of ternary phase diagrams within the

context of liquid-liquid equilibria. In addition, the work of
Ramsburg and Pennell [2002], and the references contained
therein, summarize the environmental relevance of liquidliquid equilibria. The data shown in Figure 1 demonstrate
that this study explores the range of possible compositions,
and that most mixtures of cis-DCE, PCE, and water produce
two phases, one organic phase and one aqueous phase,
which can be predicted using UNIFAC (dashed lines). The
dominance of the two-phase region is not surprising given
the low solubilities of PCE and cis-DCE in water (measured
mole fractions of (2.39 6 0.07)  105 and (9.77 6 0.24)
 104, respectively) and low solubility of water in PCE
and cis-DCE (measured mole fractions of (6.28 6 0.17) 
104 and (4.55 6 0.14)  103, respectively). It is noted,
however, that there are also two, single-phase regions

Table 3. Nomenclature Employed in ADEKD Solution (Equation (11))
Input

Intermediate Parameters


sinhð2Þ þ sinð2Þ
HD1 ðÞ ¼ 
1
coshð2Þ þ cosð2Þ


sinhð2Þ þ sinð2Þ
HD2 ðÞ ¼ 
coshð2Þ þ cosð2Þ



l as 1 (L/T)
mi

Rf ¼ b 3k an

v ¼ Rf

mi
¼ 2Dn

y¼ t

i

2

Ci

3

3

b (L) Dn (L /T) Kp (L L )

m (-)

b2
.
¼
b2
.
C
i
R0 ¼ Kp m

V (L/T) Dia(L2/T) z (L)

Pe ¼ zV Di
a

i
3Dmi
n Kp

¼ z=mV
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 2

2
HD1 þ HD2


2
ð1 þ HD1 Þ2 þ vHD2
HD2
H2 ð; Þ ¼
 2 
ð1 þ HD1 Þ2 þ vHD2

H1 ð; Þ ¼

HD1 þ



z2 x0 ¼ Pe Pe=4 þ H1
 2

z2 y0 ¼ Pe 2 3R0 þ H2
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3
xaq
cis-DCE < 0.40  10 ) suggests that these two limiting
assumptions can describe much of the real solution behavior that results from a balance between chemical (e.g.,
hydrogen bonding) and physical (e.g., electrostatic, induction, dispersion) interactions occurring between the compo3
nents of the phases. Below xaq
cis-DCE ¼ 0.15  10 ,
hydrogen bonding between cis-DCE and water within the
aqueous solution enhances the solubility of cis-DCE in the
aqueous phase (negative deviation from ideal solution
behavior, lower Kpxi ). In this range of aqueous mole fractions, the aqueous phase can be assumed to be dilute. Using
the phase densities ( aq and NAPL ) and average molecular
weights of the phases (MWaq and MWNAPL) to 
convert

Kpxi to a concentration basis partition coefficient
Kpxi

NAPL
aq

xaq
cis-DCE

Figure 1. Phase diagram for the water/cis-DCE/PCE ternary at 22 6 0.1 C with measured tie-lines (solid lines connecting squares), and UNIFAC prediction of binodal curves
(dashed line).
within this type II system comprising two partially miscible
pairs (water – PCE and water – cis-DCE) and one miscible
pair (cis-DCE – PCE). These two single-phase regions fall
along the PCE and cis-DCE axes, though the binodal curves
defining these regions terminate on the water axis. The
NAPL and aqueous binodal curves extend from ((6.28 6
0.17)  104, 0, (9.995 6 0.001)  101) to ((4.55 6 0.14)
 103, (9.956 6 0.001)  101, 0) and ((9.9997 6
0.0001)  101, 0, (2.39 6 0.07)  105) to ((9.990 6
0.001)  101, (9.77 6 0.24)  104, 0), respectively,
where ternary triplets are defined as (xwater, xcis-DCE, xPCE).
[30] The distribution of cis-DCE between a PCEDNAPL and aqueous phase holds more relevance when
considering product partitioning during reductive dechlorination processes [Ramsburg et al., 2010]. Examination of
the partitioning of cis-DCE between the DNAPL and aqueous phases over all possible mole fractions (Figure 2) suggests that the partition coefficient, as defined on a mole
fraction basis, Kpxi , is a function of composition. The compositional dependence of the partition coefficient is bound
by two linear models: one established by Ramsburg et al.
[2010] and another that is described by the Raoult’s Law
analogy (Figure 2). These models capture the behavior at
either extreme and represent the assumptions of ideal dilute
solution (Henry’s Law) and ideal solution (Raoult’s Law
analog). Thus, the Kpxi reported at low mole fractions
molaq

total
Þ represents a Henry’s Law coefficient
ðKpxi ¼ 59365 molNAPL
total

for the liquid-liquid partitioning (Figure 2) [Ramsburg
et al., 2010]. The partition coefficient produced using the
molaq

total
Þ employs
Raoult’s Law analogy ðKpxi ;RLA ¼ 1006625 molNAPL
total

the measured, aqueous solubility of cis-DCE (xaq
cis-DCE ¼
(0.977 6 0.24)  103), and is therefore higher than that
previously reported [Ramsburg et al., 2010]. The observation of a rather limited transition region (0.15  103 <

MWaq
MWNAPL Þ

produces KpCi ¼

Laq
105 LNAPL

KpCi ¼

(Table 2). Above

3

¼ 0.40  10 , this hydrogen bonding is counterbalanced by the electrostatic, induction, and dispersion
forces present within the aqueous phase and NAPL (positive deviations balance negative deviations, making the
ideal solution model a good approximation). UNIFAC is
unable to capture this transition and balance (Figure 2), but
does provide a reasonable estimate for Kpxi at low concentrations (Figure 2) [Ramsburg et al., 2010].
3.2. Column Experiments
[31] A series of three column studies was conducted to
elucidate the kinetics of cis-DCE mass exchange during
aqueous-phase flow. Visualization studies of NAPL ganglia
entrapped within natural porous media indicate NAPL ganglia size and shape depend upon characteristics of the porous medium (e.g., d50, Ui, NAPL ) [Conrad et al., 1992;
Powers et al., 1992; Schnaar and Brusseau, 2005; Brusseau
et al., 2009]. The fact that uniform medium to fine grain
sands produce populations characterized by a large fraction
of singlets was the basis for the selection of the porous
media employed herein [Schnaar and Brusseau, 2005]. That
is, we employ three, relatively uniform, size fractions of
Ottawa sand to control the effective diameter of entrapped
DNAPL ganglia (and therefore diffusion length within the
DNAPL). The median grain size diameter (d50) of the media
employed in the column experiments increase from Column
A to Column C (Table 2). Recently, Brusseau et al. [2009]
correlated effective blob or ganglia diameter to particle diameter. This correlation holds promise because it uses median grain size as a marker for pore size, which physically
constrains blob size. The Brusseau et al. [2009] correlation,
however, does not consider other factors such as uniformity
index or maximum entrapped saturation, both of which have
been observed to influence the size, shape, and distribution
of NAPL ganglia [Powers, 1992]. Moreover, when the
method of Brusseau et al. [2009] is expanded to consider
existing data for the effective size of NAPL ganglia
entrapped within natural porous media [Powers, 1992;
Schnaar and Brusseau, 2005; Brusseau et al., 2009] the linear correlation to median grain size begins to break down
(R2 ¼ 0.909, data not shown), particularly for the coarser
media examined by Powers [1992].
[32] Median grain size (d50), particle uniformity index
(Ui), and volumetric content of entrapped NAPL ðNAPL Þ
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Figure 2. Distribution of cis-DCE between DNAPL and the aqueous phase at 22 6 0.1  C. Data spanning all possible mole fractions of cis-DCE include this study (squares) and Ramsburg et al. [2010]
(circles). Error bars represent the standard error of triplicate measurements. Models include ideal dilute
solution [Ramsburg et al., 2010] (solid line), ideal solution (long dashed line), and UNIFAC simulation
(short dashed line). Inset shows the dilute range represented by xiaq < 1.5  104 and xiNAPL < 0.1.
are often employed in mass transfer correlations as a surrogate for interfacial area. Given the relationship between
interfacial area and blob size and configuration, these same
parameters (d50, Ui, and NAPL ) were employed to develop a
new correlation for effective blob size. Results of a nonlinear least squares correlation (R2 ¼ 0.964) process are shown
in Figure 3 for existing data on the effective size of NAPL
ganglia entrapped within natural porous media [Powers,
1992; Schnaar and Brusseau, 2005; Brusseau et al., 2009].
The new correlation produced through the regression is
shown as equation (12):
deff ;blob ¼ 3:59  ðd50 Þ0:86 ðUi Þ0:17 ðNAPL Þ0:20 :

ð12Þ

[33] The strong dependence of the correlation on median
grain size is consistent with the concept that the structure
of the porous medium controls NAPL blob size [Brusseau
et al., 2009]. The correlation, however, also highlights that

Figure 3. Measured versus predicted blob diameters
using the correlation shown in equation (12).

all else being equal, effective blob size increases with
increasing entrapped NAPL saturation. Smaller pores are
more effective at entrapping NAPL (because of higher capillary forces) so correlation against median grain size and
entrapped NAPL saturation breaks down for graded materials. The correlation represented by equation (12) is consistent with the idea that effective blob size should decrease
with increasing uniformity index because of the variation
of pore sizes that is inherent in media characterized by
larger uniformity indices. The effective blob diameters calculated using equation (12) increase from Column A to
Column C (Table 2).
[34] Mass transfer rate limitations within the aqueous
phase are characterized here using correlations based upon
pure component dissolution [Powers et al., 1992; Imhoff et
al., 1994]. An important aspect of this work is the assessment of these correlations for use in absorption and dissolution of solutes present in both the aqueous phase and
DNAPL. The governing equations employed herein also
incorporate a diffusional resistance to mass exchange within
the DNAPL. When compared to the ADEK, the additional
resistance presented by intra-NAPL diffusion is expected to
result in shorter cis-DCE mean column residence times
(because of the increased resistance to mass transfer, resulting in a smaller fraction of the cis-DCE partitioning into the
NAPL) and greater tailing (because of the longer NAPL residence times for the fraction of the cis-DCE mass that does
partition into the NAPL). Parameters for each of the three
column experiments are provided in Table 2.
[35] Breakthrough curves (BTCs) obtained from Column
A (Figure 4) and Column B (Figure 5) are similar (center of
mass at 23.4 and 23.5 pore volumes, respectively, and
skewness of 0.333 and 0.421, respectively), but the BTC
from Column C (Figure 6) suggests less partitioning (center
of mass at 20.9 pore volumes) and greater tailing (skewness
of 1.72). Also shown in Figures 4 – 6 are predictions of the
cis-DCE BTCs assuming nonreactive transport (equation
(7), R ¼ 1), equilibrium partitioning (equation (7)), and
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Figure 4. Normalized effluent concentrations of cis-DCE
and model predictions for Column A: data (circles), nonreactive pulse (short dashes), local equilibrium assumption
(long dashes, 0.161), rate limited with Powers et al. [1992]
correlation (solid line, 0.129) and rate limited with Imhoff et
al. [1994] correlation (dashes and dots, 0.120). Numerical
values represent the root mean square differences between
the data and each simulation of cis-DCE partitioning.

Figure 6. Normalized effluent concentrations of cis-DCE
and model predictions for Column C: data (circles), nonreactive pulse (short dashes), local equilibrium assumption
(long dashes, 0.162), rate limited with Powers et al. [1992]
correlation (solid line, 0.017) and rate limited with Imhoff et
al. [1994] correlation (dashes and dots, 0.023). Numerical
values represent the root mean square differences between
the data and each simulation of cis-DCE partitioning.

rate-limited mass transfer (equation (11)). The nonreactive
transport simulation is provided to illustrate the pulse duration and dispersivity. Equilibrium simulations suggest that
all of the observed BTCs result from kinetic exchange (retardation factors resulting from the partitioning are reported
in Table 2).
[36] Kinetic exchange of cis-DCE mass between the
aqueous phase and PCE-DNAPL was modeled using a mass
transfer coefficient for the aqueous phase resistance and diffusion within spherical PCE-DNAPL ganglia for resistance

within the NAPL. Use of a mass transfer coefficient presumes knowledge of an appropriate Sherwood number correlation. While there has been significant research related to
pure component dissolution from entrapped ganglia assuming constant and time variant DNAPL saturations [e.g.,
Miller et al., 1990; Powers et al., 1992; Geller and Hunt,
1993; Powers et al., 1994a; Imhoff et al., 1994], little consideration has been given to whether or not these correlations hold for conditions of absorption and subsequent
dissolution [Brusseau, 1992; Hatfield and Stauffer, 1993].
Here we employ two of these correlations, from the work of
Powers et al. [1992] and Imhoff et al. [1994], under conditions where the PCE-DNAPL saturation is presumed to be
entrapped and constant through time. The Powers et al.
[1992] and Imhoff et al. [1994] correlations were selected
because these correlations were developed from column
experiments in which PCE- and TCE-DNAPL saturations,
respectively, were entrapped using an imbibition and drainage procedure similar to that employed here. The dissolution length present in the Imhoff et al. [1994] correlation is
interpreted here as the zone within the column over which
mass transfer is occurring. In contrast to dissolution, where
this dissolution length is bounded by regions of the column
containing (near) zero and initial saturations, absorption and
dissolution of cis-DCE by/from the PCE-DNAPL were
assumed to occur over the entire column length (i.e., x ¼ L).
Interestingly, neither correlation is strictly valid for our
experimental conditions (Table 4). Thus, use of either correlation (Figures 4 – 6) represents an extrapolation in phenomenology (i.e., kinetics for absorption and dissolution are
similar) and utility (i.e., models can be extended outside of
the range of parameters employed for their development).
That notwithstanding, the greater applicability of the
Powers et al. [1992] model for Column C (given the values
of Re (or Re0 ) and d50) provides a remarkable prediction of
the breakthrough curve (Figure 6).

Figure 5. Normalized effluent concentrations of cis-DCE
and model predictions for Column B: data (circles), nonreactive pulse (short dashes), local equilibrium assumption
(long dashes, 0.129), rate limited with Powers et al. [1992]
correlation (solid line, 0.060) and rate limited with Imhoff et
al. [1994] correlation (dashes and dots, 0.043). Numerical
values represent the root mean square differences between
the data and each simulation of cis-DCE partitioning.
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Table 4. Comparison of Experimental Parameters to Those Employed for Mass Transfer Correlations

Powers et al. [1992]
Imhoff et al. [1994]
Column A
Column B
Column C

Re (-)

Re0 (-)

NAPL (LNAPL/Ltotal)

Ui (-)

x/d50 (-)

d50 (m)

0.012 – 0.200
0.00044 – 0.00654
0.0053
0.0062
0.0140

0.045 – 0.593
0.001 – 0.021
0.0164
0.0190
0.0436

0.032 – 0.064
< 0.040
0.066
0.045
0.040

1.19 – 3.46
1.19
1.10
1.09
1.20

1.40 – 180
48.2
127
105

450 – 1200
360
275
328
725

[37] While predictions for Columns A and B do not
match the data as closely as those for Column C, use of the
Imhoff et al. [1994] correlation results in better description
of the cis-DCE transport observed in Columns A and B
(given the values of Re (or Re0 ) and d50) (Figures 4 – 6, note
that the root mean square differences between the data and
each simulation are provided in the captions). The poorer
performance of the model and overprediction of partitioning
for Column A was unexpected, given that this column was
constructed using a medium that should entrap PCEDNAPL as relatively small, singlet blobs [Brusseau et al.,
2009]. That is, it was thought that conditions in Column A
best matched the key assumptions present in the model.
Given the similarities between the BTCs and porous media
for Columns A and B, the difference in PCE-DNAPL saturations (17.1% and 13.2%, respectively) opens questions
related to the errors in the saturation measurement and
accessibility of the DNAPL. Additional simulations were
conducted to explore each of these possibilities. Use of the
saturation obtained in Column B to predict the transport
observed in Column A better captures the center of mass
and peak height of experimental data, but does little to
adjust the shape as assessed through the standard deviation
of the simulated BTC ( sn¼0:171 ¼ 9.7 and sn¼0:132 ¼ 9.6)
(Figure 7). Thus, an accessibility parameter (f) was added to
modify the interfacial area (as) as described in Powers et al.
[1994b] and used as an adjustable parameter to fit the model
to the effluent data from Columns A and B. Fits suggest
34% and 67% of the interfacial area was accessible for mass

Figure 7. Model fits for Column A: data (circles), nonreactive pulse (short dashes), local equilibrium assumption
(long dashes), rate limited with an Sn of 13.2% and 100%
accessibility (dashes and dots), rate limited with an Sn of
13.2% and 34% accessibility (solid line).

transfer in Columns A and B, respectively (Figures 7 and 8).
These fitting results are consistent with observations and
simulations provided in the NAPL dissolution studies of
Johns and Gladden [1999] and Powers et al. [1994b] that
report percentages of accessible interfacial area ranging
from 30% to 72% and from 48% to 94%, respectively. Intriguingly, the finest sand fraction (Column A) appears to
result in the least accessible PCE-DNAPL, that is, DNAPL
that was thought to be distributed primarily as singlets
[Brusseau et al., 2009], and the coarsest fraction (Column
C) appears to result in the most accessible PCE-DNAPL,
that is, DNAPL that was thought to comprise a distribution
of singlet and multipore ganglia [Powers, 1992].
[38] We hypothesize that the accessibility of DNAPL in
all columns is limited (i.e., not all DNAPL is available for
mass exchange). This hypothesis suggests that the capability
of the model to predict the BTC observed in Column C (a
medium where ganglia exist as singlets and multipore
shapes) results from competing effects that allow the simple
assumption of a uniform population of spherical DNAPL
blobs to accurately describe the accessible interfacial area.
Ganglia distributed across multiple pores have less specific
interfacial area relative to that of an equivalent DNAPL
volume, but a greater number of entrapped singlets. Shape
factors have been employed to gauge the amount that ganglia deviate from a spherical shape, with spheres representing an upper bound at a shape factor equal to 1 [Mayer and
Miller, 1992]. In short, values less than unity suggest that
the fluid-specific interfacial area (i.e., surface area per volume of entrapped fluid) for any one blob is larger than that

Figure 8. Model fit for Column B: data (circles), nonreactive pulse (short dashes), local equilibrium assumption
(long dashes), rate limited with 67% accessibility (solid
line).
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represented by the effective sphere assumption (i.e., 3/b).
Consider, for example, the specific interfacial area formed
by a sphere and that formed by an oblate spheroid having
the same volume. The oblate spheroid has greater fluid specific interfacial area because the volume is held as a constant. Studies employing shape factors when characterizing
entrapped ganglia, however, often compare the volume of a
blob to the volume of the smallest sphere which can enclose
the blob [Mayer and Miller, 1992; al-Raoush and Willson,
2005]. Because this comparison is based upon shapes of
unequal volume, the use of the effective blob diameter
underestimates the total number of oblate or complex ganglia for a given nonwetting phase saturation. Thus, use of
the effective blob diameter may underestimate the total
(fluid-specific) interfacial area. Studies examining the shape
factors of entrapped nonwetting phase ganglia suggest: (1)
shape factors decrease with increasing effective blob size
[Mayer and Miller, 1992]; and (2) that values for large,
entrapped blobs, as well as average values, can be low (0.25
and 0.32, respectively) for media of similar size as the medium employed in Column C [Mayer and Miller, 1992; alRaoush and Willson, 2005]. These observations suggest that
the actual fluid-specific interfacial area for nonspherical
ganglia may be 3 to 4 times greater than that suggested by
the effective sphere assumption. Thus, the effects of accessibility (i.e., limited interfacial area for solute exchange) and
number (i.e., underestimation of interfacial area per volume
NAPL) of ganglia may counteract one another in the coarser
medium employed in Column C. The result is an accurate,
though perhaps fortuitous, prediction of solute transport
using the effective blob diameter, which highlights the need
to continue efforts that attempt to link imaging of porous
media to thermodynamic descriptions of interfacial area
[Porter et al., 2010]
3.3. Sensitivity Analysis
[39] The inclusion of resistance to mass transfer across
the aqueous film boundary layer (film resistance) and within
the immobile NAPL globule (diffusion resistance) in the
Rasmuson and Neretnieks [1980] solution facilitates the
identification of conditions under which film or diffusion
mass transfer resistance control. Crittenden et al. [1986]
employed a Biot number (Bi) to examine mass transfer resistance when considering intra-aggregate diffusion and
Willson et al. [2000] applied the Bi concept to examine
mass transfer resistance in a partitioning tracer test:
Bi ¼ 1=m

ð13Þ

where Bi (equation (13)) is defined using the nomenclature
in this work (Table 3). Crittenden et al. [1986] suggested
that when the Bi is high (> 20), intra-aggregate diffusion
controls the overall rate of mass exchange. Conversely,
when Bi is low (< 1), film resistance controls the kinetics
of mass exchange. Applying equation (13) to describe the
columns here suggests film resistance in the aqueous phase
is the dominant mass transfer process (Bi in column A: 3.1
 105, column B: 2.4  105, and column C: 4.0 
105). However, the combination of aqueous phase resistance and NAPL resistance to mass transfer mixes assumptions about the interface. The use of mass transfer
coefficients and the linear driving force model presumes

W03507

that curved interfaces can be modeled as planes. Diffusion
within fluid droplets is typically modeled by solving the
diffusion equation in spherical coordinates. Moreover, the
Biot number criteria we have described linearize both
the diffusion time scale and time scale for transport through
the envisioned aqueous boundary layer (i.e., linear driving
force model). Thus, these previously considered Biot
number criteria fail to capture the role of curvature, particularly for small droplets, and may not accurately describe
the relative importance of the exchange processes [Alvarez
et al., 2010].
[40] Simulations depicted in Figure 9 use the model to
explore the relative contribution of diffusion across the
aqueous phase boundary layer and within the NAPL globule by adjusting the magnitude of the lumped mass transfer
coefficient ðl Þ and/or the diffusion coefficient of cis-DCE
in the NAPL (Dnmi). The original simulation for Column C
serves as the baseline for this sensitivity analysis (see Table
2 for parameters). Increasing or decreasing the lumped
mass transfer coefficient while holding all else constant
appears to transition the curve between the conservative (no
partitioning) simulation and the equilibrium partitioning
simulation. Increasing the lumped mass transfer coefficient
ðl  102 Þ results in nearly equilibrium partitioning (simulation not shown). In contrast, decreasing the lumped mass
transfer coefficient ðl  101 Þ results in a lower peak concentration and extended tailing as partitioning of cis-DCE
from the PCE-DNAPL is slowed (Figure 9). Further
decrease in the lumped mass transfer coefficient ðl 
102 Þ results in nearly conservative breakthrough (simulation not shown). Increases to the organic phase diffusion
coefficient, while holding all else constant, have no visual
effect on the simulated breakthrough of cis-DCE (simulation not shown). Decreasing the organic phase diffusion
coefficient (Dnmi  103) results in less cis-DCE partitioning and extended tailing (Figure 9). In fact, further decrease
to the organic phase diffusion coefficient (Dnmi  104)
results in a simulation that appears to be a smoothed
approximation of that obtained with l  101 (Figure 9).
[41] Although the column simulations and Bi suggest the
experimental conditions employed here were dominated by
mass transfer resistance in the aqueous phase, the model
may be used to examine conditions in which resistance in
the aqueous and organic phase are important. Decreasing
the lumped mass transfer coefficient ðl  101 Þ while
simultaneously decreasing the diffusivity in the organic
phase (Dnmi  103) result in a simulated cis-DCE BTC
that deviates from that simulated, with no change to the diffusivity (Dnmi  100) and the same decrease to the mass
transfer coefficient ðl  101 Þ (Figure 9). This deviation
results from greater diffusive limitation, albeit artificial,
within the NAPL, and occurs at a Bi  4  103, well
below the established criterion (Bi < 1) that is indicative of
systems where film transfer controls the overall kinetics.
Similarly, simulation results for the case where the lumped
mass transfer coefficient was increased ðl  101 Þ and the
diffusivity in the organic phase was decreased (Dnmi 
102) suggest that resistances in both phases may be active
(compare to l  101 ; Dnmi  100 curve), despite having a
Bi of 4.0  102 (Figure 9). These results indicate that care
must be taken to understand the conditions controlling mass
transfer and that employing a model capable of capturing
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Figure 9.

Model sensitivity using the conditions present in Column C as the base case.

resistance in both the aqueous and the organic phase will
better facilitate accurate contaminant predictions.

4.

W03507

Conclusions

[42] Results from the batch experiments indicate that
chlorinated ethene NAPLs have substantial potential to
sequester cis-DCE under equilibrium conditions, even
though the partition coefficient is lower at lower concentrations. A linear simplification of the partitioning at low concentration, representing an ideal dilute solution, was found
to suitably describe the partitioning when aqueous concentrations of cis-DCE are less than approximately 8 mM.
This finding suggests that the linear simplification for
the concentration-based partition coefficient describing the
Laq
dilute region ðKpCi ¼ 105 LNAPL
Þ may aid in predicting the
distribution of cis-DCE at most DNAPL sites employing
metabolic reductive dechlorination.
[43] Existing, dissolution-based correlations for mass
transfer coefficients were found to capture the kinetics of
the absorption and dissolution of cis-DCE when examined
in column studies containing uniformly entrapped PCEDNAPL. More study is, however, required to assess the
potential influences of flow bypassing and slower mass
exchange in regions of higher DNAPL saturation. Sensitivity analyses suggest diffusion within DNAPL ganglia has
negligible influence on aqueous phase transport, implying
that a single aqueous phase resistance, in the form of a linear driving force, can capture the transport of degradation
products within ganglia dominated source zones. Validation of these frequently employed assumptions should
increase confidence placed in the results obtained using
multiphase compositional simulators when modeling the
metabolic reductive dechlorination process occurring
within DNAPL source zones. Moreover, experimental and
simulation results highlight the possibility of using these
simulators to develop conceptual designs for amendment
delivery (type and dose of amendment to limit organism
toxicity and maximize degradation within dechlorinating
consortia).
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