WATER RESOURCES RESEARCH, VOL. 31, NO. 8, PAGES 2035-2045, AUGUST 1995

Modeling transport of multiple organic compounds:
Segregated transport-sorption/solubilization

numerical technique
Zafar Adeel and Richard G. Luthy

Department of Civil and Environmental Engineering, Carnegie Mellon University, Pittsburgh, Pennsylvania

David A. Edwards
H & A of New York, Rochester

Abstract, The transport of multiple organic contaminants in the subsurface may be
affected by their mutual interactions. Conventional modeling approaches cannot simulate
the transport of multiple organic species whose sorption and/or solubilization is
interdependent. This paper describes a numerical modeling approach for characterizing
interactive solute sorption and solubilization reactions coupled with one-dimensional
advective--dispersive transport in porous media. This numerical approach, referred to as
segregated transport-sorption/solubilization (STSS), aliows for interphase mass transfer at
each time step after solute advection and dispersion have occurred. The overall
capabilities of the STSS technique include modeling equilibrium or nonequilibrium
transport of individual and multiple solutes with linear or nonlinear sorption isotherms.
Application of this modeling approach is illustrated for the transport of a conservative
tracer, a surfactant, a hydrophobic organic compound (HOC), and a polychlorinated
biphenyl (PCB) mixture. The coupling of sorption modules for phenanthrene and
surfactant is used to reasonably describe surfactant-enhanced flushing of sorbed

phenanthrene from a sand colurnmn.

Introduction

Predictive models are used to evaluate contaminant trans-
port in subsurface media and groundwater. A potential diffi-
culty in applying existing models to situations involving organic
contaminants is that these contamination scenarios rarely com-
prise pure organic compounds. For example, organic contam-
inants of concern are often associated with other organic com-
pounds that may be present as a separate nonaqueous liquid
mixture in the subsurface [Mackay and Cherry, 1989; Abdul and
Gibson, 1991; Feenstra, 1992}. The transport of individual com-
ponents from an organic mixture can be dependent on inter-
actions among the mixture components as well as other organic
compounds in the subsurface. Examples of component inter-
actions that may affect organic compound transport include
those between organic compounds and other organic-phase
matter including humic cosolutes [Wershaw, 1986; Magee et al.,
1991}, organic cosolvents [Nkeddi-Kizza et al., 1987], surfactant
micelles [Valsaraj and Thibodeaux, 1989], and surfactant cosor-
bates [Lee et al., 1989; Holsen ef al., 1991]. In order to be
congise, the discussion in this paper considers only cases where
contaminants are present in a dissolved, solubilized, or sorbed
phase,

In general, contaminant transport problems for multiple or-
ganic compounds can be categorized according to the extent of
interaction and the nature of sorption of the individual solutes.
The interaction of multiple solutes may generally be ignored
when the solutes are present at low aqueous concentrations,
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because solute—water interactions dominate behavior of the
dissolved species, and solute—solute interactions are not signif-
icant due to a high degree of dilution [Mackay et al., 1991].
However, in the case of micellar surfactant solution flushing of
hydrophobic organic compounds (HOCs), surfactant-solute
interactions dominate over water—solute interactions because
of the strong tendency of HOCs to partition into surfactant
micelles. The complicated nature of sorption of HOCs and
nonionic surfactant onto aquifer materials has been studied
previously [Lee et al., 1989; Pennell et al., 1993; Edwards et al.,
1994; Adeel and Luthy, 19951,

A peneralized modeling approach should be capable of in-
corporating both local equilibrium and noneguilibrium sorp-
tion phenomena for organic compound transport. Also, the
most general form of a numerical transport model should
provide stable and accurate predictions while accommodating
a range of flow velocities and hydrodynamic dispersivities. In
relation to the general problem of transport of sorbing organic
contaminants in subsurface systems, the following types of
modeling scenarios may be encountered: Type 1, equilibrium
transport of a single solute; Type 2, nonequilibrium transport
of a single solute; Type 3, equilibrium transport of multiple,
noninteractive solute species; Type 4, nonequilibrium trans-
port of multiple, noninteractive solute species; Type 5, equi-
librium transport of multiple, interactive solute species; and
Type 6, nonequilibrivm transport of multiple, interactive sol-
ute species.

Mathematical Modeling Approach

This paper presents a segregated transport-sorption/
solubilization (STS3) numerical technique that can accommo-
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Figure 1. A schematic outline of different components of the
STSS technique.

date multiple component, one-dimensional interactive solute
transport phenomena. In principle, this mathematical tech-
nique can be extended to multiple dimensions. The STSS ap-
proach divides the flow domain into discrete cells and consid-
ers the phase transformation phenomena independently of the
transport mechanism during each time step in each cell. Dis-
solved or solubilized solute mass is moved at the beginning of
a given time step by considering transport by advection and
dispersion. This is followed by interphase mass transfer in each
cell during that time step, The time dependency of the inter-
phase mass transfer process can be specified, or alternatively,
local equilibrium can be assumed. A number of solutes and/or
sorbents may be included.

The modeling process is outlined schematically in Figure 1;
individual components of the model are discussed more fully in
subsequent sections. A numerical technique is used to estimate
unknown parametess associated with nonequilibriom-sorption/
transport phenomena, Treating the mathematics of sorption
and/or solubilization equations independently at each time
step from the advection-dispersion equations has several ben-
efits over accounting for multiple processes in a single equa-
tion. In the STSS technique the relationship among the con-
centration of a solute in different phases can be varied at each
time step and at different locations. Such flexibility allows for
explicit consideration of the spatial and temporal variation in
the interaction of multiple solutes when their sorption and
solubilization rates are distinctly different. In order to demon-
strate its applicability to the six organic contaminant transport
scentarios described previously, the STSS technique is applied
to several situations to predict experimental data or to simulate
hypothetical cases.

ADEEL ET AL.: MODELING TRANSPORT OF MULTIPLE ORGANIC COMPOUNDS

The numerical modeling approach of segregating transport
and transformation phenomena has been used successfuily in
air pollutant transport models [McRae et al., 1982]. This tech-
nique has also been used with some success in groundwater
transport models for mineral dissolution and ion exchange of
different solutes [Grove and Wood, 1979; Schulz and Reardon,
1983; Cederberg et al., 1992; Simunek and Suarez, 1994, Some
stochastic models for transport of solutes through groundwater
also utilize a similar modeling approach [Prickett et al., 1981].
Apparently, this technique has not been applied for modeling
the transport of organic contaminants in groundwater.

After briefly discussing the conventional approaches to mod-
eling transport of organic solutes, this paper will present the
STSS mathematical formulation and apply this technique to
several different simulations to demonstrate the versatility of
the approach, One-dimensional transport is simulated for the
following cases:

1. Transport of a conservative tracer through a laboratory-
scale column. This is a special case of Type 1 transport, where
no sorption ocecurs.

2. Transport of phenanthrene, an HOC, in a laboratory-
scale column. Type 1 and Type 2 transport are simulated.

3. Transport of Triton X-100, a nonionic surfactant, in a
laboratory-scale column. This is another example of Type 2
transport.

4. Coupled transport of phenanthrene and Triton X-100.
Equilibrium sorption for both the solutes is assumed in order
to demonstrate Type 5 transport.

5. Coupled transport of phenanthrene and Triton X-100,
The model predictions using nonequilibrium sorption modules
are compared against experimental data in this example of
Type 6 transport.

6. Transport of different PCB congeners from a contami-
nated source region in an aquifer. Linear, nonequilibrium
sorption modules are used for each PCB congener in this
simulation (Type 4).

Conventional Solute Transport Model

The conventional approach to modeling the transport of an
organic solute through a porous medium has been to employ
an advection~dispersion equation formulated to account for
reactions such as sorption, biological degradation, and chem-
ical decomposition. A number of analytical and numerical
techniques for solving these equations under a variety of flow
conformations have been presented in the literature [Enfield et
al., 1982; Grove and Stollenwerk, 1984; van Genuchten and
Alves, 1982; Molz et al., 1986; Srinivasan and Mercer, 1988;
Brusseau, 1992]. The one-dimensional transport of a single,
linearly sorbing organic solute with local equilibrium under
steady flow conditions is mathematically described by [van
Genuchten and Alves, 1982]

aC  pas

*C aC
it e

dxl - v v (1)
where C is the flux-averaged concentration of the solute in
aqueous phase (ML %), § is mass of solute sorbed per unit
weight of the solid phase (MM '), x is the distance along the
direction of flow (L), D is the hydrodynamic dispersion coef-
ficient (L2T~Y), ¢ is time (7), v is the average pore water
(seepage) velocity (LT~ 1), p is the dry bulk density (ML ™),
and # is the fractional pore volume in the porous medium
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(L2L~3). In order to solve (1) analytically or numerically
using conventional techniques, the sorbed concentration §
must be defined in terms of aqueous concentration (C). An
analytical solution has not been developed for (1) that can
characterize cases for which temporal and spatial variation of
the relationship between § and C affect the partitioning pro-
cess, that is, Types 5 and 6 transport for interacting cosolutes
and/or cosorbates.

Transport Module

As a first step in the STSS technique, the solute in a given
cell is advected and dispersed through the porous medium,
with the solute being considered nonreactive. The one-
dimensional form of the advection—dispersion equation for
transport of nonreactive solutes under steady, uniform flow
when a5/at is zero follows from (1)

acC 3*C ac

FT T Ty @
with all variables the same as in (1). Here (2) can be solved
analytically for a number of different boundary and flow con-
ditions [varn Genuchten and Alves, 1982]. In order to be con-
sistent with the finite differencing approach employed for solv-
ing the differential equations controlling the sorption/
solubilization processes, the Crank-Nicholson approach is
used. A partially implicit technique, such as the Crank-
Nicholson approach, is required to obtain an algorithm suffi-
ciently robust and stable to accommodate various flow condi-
tions [Grove and Stollenwerk, 1984). The flow domain is divided
into a number of small cells of length (A}, and the length of each
time step is correlated to cell length and flow velocity (At = Ax/v).
The solute residence time (Ar) signifies the time taken by a plug
of solute to travel the length of the imaginary cell. A floe-type
(Cauchy type) inlet boundary is used, which conserves mass in
semifinite columns as well as in finite columns. A Dirichlet-
type boundary is used at the outlet, as it has been shown to
reasonably describe the outlet boundary in cases where the
Peclet number (ratio of advective flux to dispersive flux) for the
column is greater than five [van Genuchten and Parker, 1984].
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Figure 2. A comparison of the predictions from the numer-
ical STSS approach and the analytical solution by Parker and
van Genuchten [1984]. Simulated for transport of a conserva-
tive tracer through 2.20-cm 1D, 7.53-cm-long column with av-
erage pore water velocity of 3.78 cm/min, dispersivity of 0.15
cm, and porosity of 0.34.
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Figure 3. A comparison of the transport module outputs of
the $STSS model at different time steps. Simulated for flow of a
conservative tracer through the column described in Figure 2.

The transport module of the STSS model is validated by
comparing the model prediction for one-dimensional column
transport of a conservative solute to that of a conventional
model [Parker and van Genuchten, 1984}, the results are shown
in Figure 2. Predictions from the conventionai and the numer-
ical STSS techniques are virtually indistinguishable. The sta-
bility of the numerical computer code can be demonstrated by
executing the program at time step sizes greater than those
determined by At = Ax/v, as shown in Figure 3. The time step
was increased to 5 and 10 times the computed cell residence
time and it was observed that even relatively large time steps
provide reasonably reliable results.

Sorption/Solubilization Modules

The STSS technique is sufficiently flexible to incorporate
various types of sorption or phase transfer reactions. In this
section, the discussion has been restricted to local equilibrium
and nonequilibrium sorption/solubilization models.

Sorption with Local Equilibrinm

Equilibrium, noninteractive sorption. A generalized form
for describing the equilibrium relationship between the
sorbed-phase concentration S and the aqueous-phase concen-
tration C of a solute is

5= g(C) (3

where g(C) is a function that characterizes a linear or a non-
linear sorption isotherm. During each time step, the transport
module provides an aqueous-phase concentration (Ci*') for
time (¢t -+ 1) in a cell (i). The mass sorbed per unit weight of
the solid phase, as computed from the previous time step or
initial conditions (S} is also known. A mass conservation com-
putation over the total cell volume is performed according to
(3). Evaluating the equilibrated concentrations C7*' and
S§¥*1 require simultaneous, noniterative solution of the fol-
lowing linear equations:

SHrtl g(cbfﬁ-l) (4)
M;+l — Bc?ﬂ-i_'_ ,DST"H (5)

The concentrations C¥ ! and $¥™ " are then used as initial
concentrations for the next time step of the transport model.
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Equilibrium, interactive sorption. A good example of in-
teracting species is surfactant-enhanced solubilization and
transport of HOC compounds in the subsurface. The distribu-
tion of an HOC between bulk aqueous and solid phases can be
affected strongly by the presence of a nonionic surfactant at
concentrations above the critical micelle concentration (CMC)
Abdul e al., 1990; Edwards et al., 1994). Surfactant micelles in
an aqueous phase can greatly enhance the apparent solubiiity
of an HOC as a result of partitioning of HOCs into the sur-
factant micelles (collectively referred to as a micellar pseu-
dophase). On the other hand, sorbed surfactant on solid media
can enhance sorption of the HOC. However, at high, supra-
CMC surfactant concentrations, solubility enhancement dom-
inates the overall partitioning behavior of an HOC,

A measure of the enhanced solubilization of an HOC is the
decrease in the value of its apparent solid/water partition co-
efficient (X ;). For a system of Lincoln fine sand, Triton X-100,
and phenanthrene, an inverse relationship exists between K,
and the bulk-aqueous phase surfactant concentration (C,).
Data presented by Edwards et al. [1994] for this system show
that only after the aqueous surfactant concentration increases
beyond 0.78 mM, termed C,,,, is the enhanced solubilization in
the micellar pseudophase large enough to overcome the in-
creased phenanthrene sorption due to the sorbed surfactant
molecules, for which

1/K, = 159000C, — 125 (6)

This relationship means that the isotherm expression given by
(3) can be madified to account for the effect of Triton X-100
nonijonic surfactant on HOC partitioning.

SHOC' = (0.0G4C[{Dc} for Cs < 0.78 mM

(7

1
Soc = ([1590000‘, —135] C“"C) (8)

for C, = 0.78 mM

Nonequilibrium Sorption

Two-domain approach. For nonequilibrium sorption pro-
cesses, (3), (4), and (5) must be modified to account for the
kinetics of sorption. A two-domain approach has been used
successfully to describe heterogeneities and/or nonequilibrivm
sorption of HOCs in groundwater transport models [Goltz and
Roberts, 1986; Brusseau et al., 1991]. The two-domain or bicon-
tinuum approach depicts sorption as occurring in two compart-
ments: one compartment governed by an instantaneous {equi-
librium) sorption process, with a sorbed concentration (8,),
and the second governed by a first-order, reversible, nonequi-
librium sorption process, with a sorbed concentration (S,).
The overall process can be represented by

9(C) &
Co S =8, (9)

ka

where k,; and k, are first-order forward and reverse rate con-
stants.

Sorption in the two domains is governed by the following
equations [Brusseau et al., 1991]:

8§, = Fg{(C) (10)

7 = k(1 = F)g(C) ~ §,) (11)
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The total sorbed mass at equilibrium is the sum of the mass
present in each domain is given as

S=8+8=Fg(C)+{1 -Fg(C) =g(C) (12)

where F represents the fraction of sorbed mass that attains
instantaneous equilibrium with the aqueous-phase concentra-
tion. Here (11) can be solved by using the Euler—Cauchy (pre-
dictor) method. The sorption module then comprises the fol-
lowing two nonlinear simultaneous equations which are solved
simultancously for $%7*' and C7™*' using the Bisection

method [Press et al., 1992].

§oith = S5+ Atko[(1 - F)g(CD — 84, (13)

(14)

Two-stage approach. Sorption of nonionic surfactants onto
solid media is typically nonlinear [Partyka et al., 1984; Soma-
sundaran et al., 1991]. Equilibrium sorption of Triton X-100
(CsPEs s), a nonionic surfactant, onto Lincoln fine sand has
been characterized by a Langmuir isotherm [Adeel and Luthy,
1995].

M;+1 = GC:E:H-i + ng(Ci{‘H-l) 4 pS;f+1

SmaxK.!C.r

S,=g(C) = A+ KCT (15)

where §, is the mass of surfactant sorbed per unit weight of the
soil (MM ™1, 8. is the maximum sorbed surfactant concen-
tration (MM ™'}, C, is the aqueous-phase surfactant concen-
tration (ML ~?), and K, is the Langmuir constant (LM ~1).
It was proposed by Adeel and Luthy [1995] that the sorption
kinetics of Triton X-100 onto Lincoln fine sand are governed
by two sequential sorption regimes. The sorption kinetics in
each regime are dependent on the molecular conformation of
the sorbed surfactant and the nature of molecular interaction.
Mathematically,
krz
CS i a

kpy

(16)

kr2
C,=85,

ka2

(17)

where &, and &, are first-order forward and reverse rate con-
stants, and subscripts 1 and 2 represent the corresponding
sorption regime. It is assumed in the first stage the sorbed
surfactant concentration (S,) is sparse and sorption is gov-
erned by surfactant-surface interactions (5, = 2.4 pmol/g),
whereas the sorption in the second stage (S,) is close to
saturation and is assumed to be governed by surfactant—
surfactant interactions. These assumptions result in two sim-
plified equations, (18) and (19), that comprise the sorption
module [Adeel and Luthy, 1995].

dC,
e —kﬂCs

7 for 0.0 = §, < 2.4 pmol/fg

(18)

dcs _kap
dt - 9 {[g(cs) - Sa} - SI)}

(19)

for 2.4 pmol/fg = S, < 6.5 umol/g

whereas the term g{C,) — S, represents the maximum sorp-
tion in the second regime corresponding to equilibrium, and
thus the term in braces on the right side of (19) may be
visualized as a driving force term for the second sorption re-
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gime, These differential equations are solved iteratively using
the Euler-Cauchy (predictor) method considering mass con-
servation.

Ci*l = Cl — k;ALC! (20)

M;H o 3C=:1+1 + PS?;H] + pS}{;:-él (21)
S’::Hl —_ ; [M.c-lz _ ecer} (22)
S'ﬁr-e—l = _P_ [MIH _ BCTHI — ,OS;] (23)

Parameter Estimation

The parameters describing a nonlinear, nonequilibrium
sorption module may not always be readily available from
laboratory experiments [Brusseau et al., 1991]. This problem
can be overcome by using conventional parameter estimation
methods to fit results from the STSS model to experimental
data. An iterative search method developed by Marquardt
[1963], known as the Levenberg-Marquardt algorithm, is used
here for estimation of parameter values in the nonequilibrium
models. This method varies smoothly between extremes of the
inverse Hessian method and the steepest descent method, due
to a nondimensional scaling factor being varied after each
iteration {Press et al., 1992]. It provides good convergence for
cases where initial estimates for the parameters provide model
output values close to the data being fitted.

The parameters of the model are adjusted to achieve a
minimum in a chosen measure of error, referred to as a merit
function () between the observed values and the model es-
timates. The merit function used here is a relative least squares
(RLS) function, described as {Ramila, 1990]

N C__C"z
-3 (6

i=]

(24)

where N is the number of observations, C is the observed
aqueous concentration value, and € is the predicted value of
ihe concentration. The appendix provides details of the math-
ematical derivation of the expressions used in the Levenberg—
Marquardt algorithm for the two-domain model.

Experimental Methods

Materials

Triton X-100 (CgH,-CH,-O(CH,CH,0), sH) was selected
as a representative nonionic surfactant because of its ability to
enhance solubilization of organic compounds [Edwards et al.,
1994], its having been studied by other researchers [Robson
and Dennis, 1977; Partyka et al., 1984; Somasundaran et al.,
1991}, and its availability in radiolabeled form. The *H-Triton
X-100 was obtained from New England Nuclear (NEN}), E. I,
DuPont de Nemours and Company, Inc, and in nonlabeled
form from Aldrich Chemical Company; the radiolabeled and
nonlabeled surfactant were mixed in known proportions. The
critical miceille concentration (CMC) of Triton 2-100 with 0,01
M CaCl, was determined to be 1.8 X 10™* mol/L from surface
tension measurements [Edwards et al., 1994]. The *H,O was
obtained from DuPont NEN.

Phenanthrene was selected as a representative HOC be-
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cause of its low volatility and relatively high hydrophobicity.
Radiocarbon-labeled phenanthrene was obtained from Sigma
Chemical Company and in nonlabeled form with a 98% purity
from Aldrich Chemical Company. All aqueous solutions con-
tained 0.01 M CaCl, in order to prevent migration of fines by
providing uniform ionic strength conditions.

Clean, Lincoln fine sand passing U.S. standard sieve 10 (2
mim) was used as the sediment material. The sand was air-dried
before shipment from U.S. Environmental Protection Agency
(EPA) Robert S. Kerr Environmental Research Laboratory,
Ada, Oklahoma. The Walkley-Black method [Nelson and
Sommers, 1986] was used to determine the fractional organic
carbon in Lincoln fine sand; this value was found to be 0.05%,
consistent with a value of 0.034% reported by Wilson et al.
[1981]. The surface area for Lincoln fine sand was calculated
from nitrogen adsorption data in accordance with the
Brunaver, Emmett, and Teller (BET) adsorption theory [Gregg
and Sing, 1967]. The surface area was found to be 3.0 m%/g.

Liquid Scintillation Counting

The aqueous-phase concentrations of *H,0, Triton X-100,
and phenanthrene were determined by measuring *H or C
disintegrations per minute. The liquid samples ranged in vol-
ume from 0.1 mL to 1.0 mL and were mixed with 10.0 mL
Packard Optifluor scintillation cocktail in 20.0 mEL polyethyl-
ene vials. These samples were then analyzed in a Beckman LS
5000 TD liquid scintillation counter for radioactivity.

Column Transport Experiments

The column transport experiments were performed in a
stainless steel column with a transport length of 7.53 cm and an
inner diameter of 2.20 ¢m, packed with 49.75 £ 1.00 g Lincoln
fine sand. The sand was placed in the column in 18-20 layers,
and the bulk density of the sand was determined to be 1.74 *
0.04 g/em®. The column was flushed with water until fully
saturated, and the pore volume of the packed column was
determined by the weight difference of the water-saturated
column versus the dry column; the porosity was determined to
be between (.34 and 0.37. Stainless steel frits with 0.5 pm pore
size were used at both ends of the column to prevent migration
of fine particles. The column apparatus and the related equip-
ment were designed in such a way that the surfaces contacted
by the aqueous solutions were either stainless steel, Teflon, or
glass. The aqueous solutions for column tests were sparged
with helium prior to pumping, in order to remove any en-
trapped air bubbles. A Scientific Systems, Inc. SSI Model 350
liquid chromatography pump was used to pump agueous so-
lutions from the reservoir. The effluent from the column was
collected by an Eldex fraction collector in 10-mL. glass tubes.
The volume of the liguid collected in the glass tubes depended
on the flow rate and the frequency of observations.

The column was cleaned and repacked for each separate
runt. A newly filled column was conditioned in all instances by
pumping 500 mL or more of 0.01 M CaCl, solution in order to
obtain steady state flow conditions, and to remove any spurious
suspended colloids. After the conditioning, a *H,O solution
with (.01 M CaCl, was pumped through the column and mon-
itored at the outlet. The breakthrough curve from the *H-water
flushing was used to estimate dispersivity of the sediment col-
umn by fitting the advection—dispersion transport equation to
the data. The column was then purged with 0.01 M CaCl,
solution antil the *H count was reduced to background level.
The radiolabeled Triton X-100 or phenanthrene solutions
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Figure 4. Prediction of *H,O transport by the STSS numer-
ical approach. Simulated for flow of a conservative tracer
through the column described in Figure 2.

were then pumped. In between different column runs, the
stainless steel reservoir and the tubing leading to the column
were cleansed with a methanol solution followed by distilled
water.

Model Simulations
No Sorptien

Here *H-water containing 0.01 M CaCl, was used as a non-
reactive, conservative tracer. The data from a column experi-
ment are shown in Figure 4 along with the predicted curve
from the STSS technique; such a behavior is expected of a
conservative {racer [Parker and van Genuchien, 1984]. The
volume of the tracer solution required for a complete break-
through was computed to be equal to one pore volume by
numerically integrating the area to the left of the curve, Before
using the STSS technique, an estimate of the longitudinal dis-
persivity () was obtained by fitting an analytical solution of
the advection—dispersion equation to the experimental data
[Parker and van Genuchten, 1984). The « value was determined
to be 0.15 cm, which agrees well with the reported longitudinal
dispersivity value of 0.13 em for a laboratory experiment com-
prising aqueous solution transport through a Lincoln fine sand
column [Liu et al., 1991].

Nonequilibrium, Linear Sorption

HOCs may undergo nonequilibrium sorption during trans-
port [Brusseau et al., 1991]. In this paper, data for nonequilib-
rium sorption and transport of phenanthrene in a column
containing Lincoln fine sand are modeled with a two-domain
model. The column was flushed with a phenanthrene solution
having a 4-mM aqueous phase concentration, slightly below its
solubility limit. The breakthrough curve presented in Figure 5
shows a behavior typical of nonequilibrium sorption: a re-
tarded breakthrough followed by prolonged tailing, and with
more than 80 pore volumes required to achieve a complete
breakthrough. A linear equilibrium isotherm (K, = 0.004
L/g) for sorption of phenanthrene onto Lincoln fine sand was
used in modeling nonequilibrium transport of phenanthrene
[Edwards, 1993].

A two-domain sorption module using (13) and (14) was
employed in modeling the data. Figure 5 shows a reasonable fit
by the STSS approach, where k, = 0.0073/min and F =
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Figure 5. The breakthrough curve for transport of phenan-
threne in Lincoln fine sand. Phenanthrene was flushed through
a 2.20-cm ID, 7.53-cm-long column with average pore water
velocity of 0.81 cm/min, dispersivity of 0.15 cm, and porosity of
0.37.

0.61. The analytical two-domain model provided by Parker
and van Genuchten [1984] was also used to fit the data for k,
and F. A very close agreement among the STSS model, the
analytical model, and the experimental data was found. As a
comparison, the output from an equilibrium transport model
using (4) and (5) is also shown in Figure 5. It can be observed
that the equilibrium assumption (Type 1 model) is inappropri-
ate in this case.

Nonequilibrium, Two-Stage Sorption

The two-stage nonequilibrium sorption module using (20)-
{23) is used to predict flushing of a Lincoln fine sand column
by a Triton X-100 solution at 8.9 mp, 50 times its CMC, using
kpy and k., as fitting parameters. Initial estimates of k;; and
k., were obtained by using the Levenberg-Marquardt algo-
rithm. Here (15) was used as the equilibrium sorption isotherm
in the corresponding mathematical model (K; = 967 L/mol,
Smax = 0.5 % 107% mol/g). The fitied curve and the experi-
mental data are shown in Figure 6 [Adeel and Luthy, 1995] for

1.2
+{Two-Stage Sorption Kinetic Model
1.0 | Triton X-100 Transport
A dt = 1.0 min
0.8 dx = 0.08 cm
o i
5 ]
0.4 -
B — Model
0,2 Q Experimantal
i )
0.0 7 T T T T T v T T T T
0 1 2 3 4 5 8

Pore volumes

Figure 6. The breakthrough data for transport of Triton
X-100 in Lincoln fine sand; the STSS technique was used to
predict surfactant transport according to a two-step kinetic
model. Triton X-100 was flushed through a 2.20-cm 1D, 7.53-
cm-long column with average pore water velocity of 0.02 cm/
min, dispersivity of 0.15 cm, and porosity of 0.34.
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kp = 3.7 X 107%/min and k,, = 9.0 X 10~ 7/min. The
dispersivity of the column was estimated by conservative tracer
transport, as described previously. The surfactant sorption
model as applied by the STSS technique provided a reasonable
fit for the breakthrough data and captured most of the salient
features of the two-step surfactant breakthrough curve.

Equilibrium, Interactive Sorption

Equilibrium modules for serption of phenanthrene and Tri-
ton X-100 are assumed for demonstration purposes. It is un-
derstood that sorption for either phenanthrene or Triten
X-100 may typically be a nonequilibrium process at the pore
water velocities usually encountered under natural conditions.
This simulation will illustrate the case that may be relevant to
extremely slow pore water flow velocities where local equilib-
rium assumption is valid.

Figure 7 shows model prediction for coupled transport of
phenanthrene and Triton X-100 under equilibrium conditions.
Also plotted on the same figure are experimental data for
phenanthrene transport in a sand column that was initially
saturated with phenanthrene at 4 mdM and then flushed by the
surfactant at 26 mM, 150 times the CMC. The predicted curve
describes the observed peak in phenanthrene concentration
quite well. The model prediction, however, fails to simulate the
long tailing in phenanthrene concentration. The complete re-
moval of phenanthrene in about four pour volumes, as was
simulated, can be attributed to the equilibrium assumption in
the model; this indicates that an equilibrium approach for
modeling surfactant-enhanced flushing of HOCs may not be
appropriate.

Nonequilibrium, Interactive Sorption

Nonequilibrium surfactant-enhanced fiushing of phenan-
threne from Lincoln fine sand with Triton X-100 is simulated
using the numerical STSS approach. The sorption module for
phenanthrene is based on (7), (8), (13), and (14). A two-stage,
nonlinear sorption module comprising (20)--(23) governs the
surfactant transport [Adeel and Luthy, 1995]. These two sorp-

25
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O 20+ dt = 0.1 min
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Figure 7. Experimental data and simulated flushing of
phenanthrene by a nonionic surfactant, Triton X-100, assum-
ing equilibrium sorption. The surfactant solution was flushed
through a 2.20-cm ID, 7.53-cm-long column with average pore
water velocity of 0.80 cm/min, dispersivity of .15 cm, and
porosity of (.37.
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Figure 8. Experimental data and predicted flushing of
phenanthrene by a nonionic surfactant, Triton X-100. The
STSS technique was used to couple two-domain phenanthrene
sorption kinetics with two-step Triton X-100 sorption kinetics.
The surfactant solution was flushed through a 2.20-cm ID,
7.53-cm-long column with average pore water velocity of 0.80
cm/min, dispersivity of 0.15 cm, and porosity of 0.37.

tion modules are then evaluated in series with the transport
module for simultaneous nonequilibrium transport of both
phenanthrene and Triton X-100.

The simulated relative bulk solution concentration of
phenanthrene is plotted in Figure 8, along with experimental
data, as a function of pore volumes of surfactant solution
flushed through the column. The predicted curve follows the
experimental data quite closely such that a large mass (~71%)
of phenanthrene is initially fiushed through the column, fol-
lowed by prolonged tailing at low concentrations. The differ-
ence in the peak shapes between the experimental observa-
tions and the simulations indicates that although surfactant
and phenanthrene transport are kinetically contrelled, the cou-
pled phenomena are not completely captured by the model in
its present form.

Multicomponent Nonequilibrium, Linear Sorption

Multiple organic compounds are often present in contami-
nated aquifers [Mackay and Cherry, 1989; Feenstra, 1992]. For
simulation of multicomponent transport, it is assumed that
solubilization and sorption of each compound is independent
of the presence of others (Type 4 transport). Such an assump-
tion is reasonable for hydrophobic compounds like polychlo-
rinated biphenyls (PCBs), since solute—water interactions dom-
inate the behavior of the dissolved compounds and the solute—
solute interactions are not significant owing to high dilution
[Mackay et al., 1991].

A simulation of one-dimensional transport of a sorbed-
phase PCB mixture (similar to Aroclor 1016) is performed; the
transport of different PCB congeners is predicted from a con-
taminated source region 2 m wide, with Aroclor 1016 initiaily
present at the source as a sorbed mass of 1000 mg/kg. Salient
physical and chemical properties of Aroclor 1016 are shown in
Table 1. The aroclor is treated as a mixture of five homologous
congener groups. Biphenyl and hexachlorobiphenyl are ex-
cluded from the simulation owing to their low mass fraction in
the aroclor mixture.

The sorption of PCB congener groups is considered to be a
nonequilibrium process represented by a two-domain sorption
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Table 1. Physico-Chemical Properties of Aroclor 1016
Fraction,
% by Molecular

Congener Group® mass log K, Weight
Biphenyl (1) <0.1 3.9 154.2
Monochlorobiphenyl (3) 1 4.5 188.7
Dichlorobiphenyl (12} 20 5.1 2231
Tricklorobiphenyl (24) 57 5.8 25735
Tetrachlorobiphenyl (42) 21 6.0 292.0
Pentachlorobiphenyl (46) i 6.4 326.0
Hexachlorobiphenyl (42) <0.1 7.0 360.9

Properties from {Shiv and Mackay, 1986]
“Values in parentheses represent number of isomers in the group.

model. The equilibrium sorption isotherm for each congener
group is correlated to an averaged octanol-water partition co-
efficient (K,,,) [Ofiver, 1985].

log Kp=10.41log K, + 1.5 (25)

where K, is the partition coefficient {mL/g) for a PCB conge-~
ner group. The two parameters for two-domain sorption
model, k., and F,, are determined by using quantitative struc-
ture activity relationships developed by Brusseau et al. [1991].

log kap = 24(1 — 0.825 log (1000 K,)) (26)

Fp= —0.2265 + 0.1215 log K., (27)

The concentration profiles away from the contaminant
source are presented in Figures 9 and 10 for each of the
congener group, at 5,000 and 10,000 days, respectively. The
profiles shown in these figures suggest that the concentration
of each PCB congener group is dependent on its mass fraction
in the Aroclor mixture and the degree of chlorination. The
simulated transport distances for all five congener groups are,
however, similar.

Discussion

Conventional modeling techniques for solute transport in
porous media cannot accommodate spatial and temporal vari-
ations in partitioning phenomena arising from multiple solute
interactions, Such variations may arise owing to kinetic inter-
actions among different solutes or to the presence of surfac-
tants or other solubilizing agents. The segregated transport-
sorption/solubilization (STSS) technique provides the
capability for handling such multicomponent transport prob-
lems. Coupled to the Levenberg-Marquardt algorithm for pa-
rameter estimation, the STSS approach becomes a determin-
istic tool for describing experimental data.

Precise values of the parameters k, and F used in the two-
domain models, or the parameters &k, and k,, used in the
two-stage surfactant sorption model, can be determined with
the Levenberg-Marquardt algorithm. This algorithm is often
associated with numerical modeling problems and provides
good convergence when initial parameter estimates allow for
close approximation of the experimental data. However, its
performance is limited when model predictions are relatively
divergent from the experimental data and the computed merit
function is accordingly large. In this study, initial estimates of
parameters were made by a trial and error execution of STSS,
where one parameter was incremented while keeping the other
constant until no further improvement in the output was ob-
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served. These initial estimates were then polished to final val-
ues by using the Levenberg—-Marquardt algorithm.

The predictive capability of the STSS technique is displayed
for simulated surfactant flushing of phenanthrene from Lin-
coln fine sand. As a first approximation, it is assumed that the
sorption phenomena of phenanthrene and Triton X-100 are
independent of each other. A more rigorous approach would
be to consider the variation in the kinetic behavior of surfac-
tant and/or HOC sorption as a function of surface coverage by
these compounds. The micellar Triton X-100 solution is capa-
ble of significantly enhancing the apparent solubility (in this
case up to 15 times the aqueous solubility) of phenanthrene by
its uptake in the miceilar pseudophase. However, experimenial
evidence suggests that continued flushing of HOC-contami-
nated aquifer media with surfactant solution would resuolt in
prolonged desorption and a slow mass removal after the initial
high-concentration flush.

A modeling approach that assumes equilibrium sorption for
both phenanthrene and the surfactant predicts the high-
concentration peak but fails to predict the prolonged desorp-
tion. This prediction of complete phenanthrene removal in a
few pore volumes is based on the assumption of local equilib-
rium between different phases; such a prediction appears to be
unrealistic when compared against experimental data. How-
ever, a modeling approach that assumes independent sorption
kinetics for phenanthrene and the surfactant predicts both the
initial high concentration phenanthrene flush and the subse-
quent prolonged desorption. A comparison of the two model-
ing approaches emphasizes the importance of characterizing
coupled kinetic phenomena.

The simulated transport of PCB congener groups (Figures 9
and 10) suggests some interesting results. In general, PCB
compounds have low aqueous solubility and a high degree of
hydrophobicity, which means that their transport in saturated
aquifers should be slow and that the interactions among dif-
ferent congeners should be minimal. The extent of retardation
of a congener group is related to its mass fraction in the
Aroclor mixture and its degree of chlorination, which in turn
controls the equilibrium partitioning as well as the kinetics of
the sorption phenomena. The prediction using the STSS tech-
nique shows that there is very little movement of PCB conge-
ner groups during the time scales considered {15-30 years).
Slow desorption from the contaminated zone and strong sorp-
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Figure 9. Simulated transport of PCB congeners for Aroclor
1016 after 3000 days from a contaminated region 2 m long,
with an average pore water velocity of 0.1 m/d, porosity of 0.3,
foc 0f 0.001, and dispersivity of 10 m.
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Figure 10. Simulated transport of PCB congeners for Aro-
clor 1016 after 10000 days from a contaminated region 2 m
long, with an average pore water velocity of 0.1 m/d, porosity of
0.3, f,,. of 0.001, and dispersivity of 10 m.

tion onto the clean sand appears to severely restrict the move-
ment of PCB. Such a prediction, coupled with supporting ex-
perimental evidence, can provide very useful insight into
plume containment strategies for PCB-contaminated aquifers.
In this simulation study, no pure phase PCB or facilitated
transport was considered, which may be significant in field
situations.

The scope of STSS modeling technique can be expanded to
assess other transport phenomena. The sorption of HOCs onto
colloidal particles and macromolecules may serve as a mech-
anism for enhanced mobility of organic contaminants in
groundwater [Magee et al., 1991]. These colloidal particles may
be mostly organic in nature, and the HOCs may tend to par-
tition onto these colloids just as they would onto aquifer sed-
iments. One approach for addressing this situation considers
the enhancement in transport of HOC by modifying the ad-
vective transport in (2) as [Dzombak ef al., 1994].

pdS aC a*C aC
EE}--FE:DEX—E—_U(I-I-KGCCGC)E (28)
where K, is the coefficient for HOC partitioning onto the
colloids, and €, is the concentration of the colloids in water.
The formulation in (28) assumes that the colloids are com-
pletely “mobile” (i.e., are not sorbed or physically retained by
the solid media), and that the sorption of HOC onto colloids is
completely reversible. In the STSS model the enhanced advec-
tive transport due to colloids can be accounted for by increas-
ing the average pore water velocity » by a factor of (1 +
KOCCOC)'

The dissolution from a nonaqueous phase liquid (NAPL) is
an important process at many contamination sites, where con-
taminants may exist in a residual saturation even after prelim-
Inary pump-and-treat cleanup. The kinetics of dissolution from
a NAPL phase to the aqueous phase can be modeled as a
typical mass transfer problem as shown below [Dzombak et al.,
1994).

dC ka
where C,, is the equilibrium concentration of a component of
the organic liquid-phase in accordance with the Raoult’s law,
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k, is the mass transfer coefficient for a component, « is the
surface area of the NAPL in contact with the aqueous phase,
and S, is the water saturation in pore voids. Dissolution from
pure phase liquids or mixtures can be incorporated into a
sorption module or can be treated as a separate module as
given by (29).

In practice, groundwater transport modeling also has to ac-
count for longitudinal and transverse components of advective
velocity and hydrodynamic dispersivity. In principal, there is no
mathematical limitation to extension of the transport module
in the STSS technique to accommodate such two- or three-
dimensional fiow problems.

Appendix: Determination of Derivatives for
Levenberg~-Marquardt
Algorithm (Two-Domain Sorption Model).

The values of the first partial derivatives can be obtained by
differentiating (24),

ap X - .. 3C,,
8= 3 E—C—[(c C),-——ak"] (A1)
ap X - o
Br_“é“f,:=2“az*[(c C); aF] (A2)

Taking an additional partial derivative of (Al) gives

a*C ]

-2 [ ~al, aC, R
[ - 2“L(C_C)"af«‘ak2

aF  ak,

(A3)

The second-order partial derivatives in (A3) can be simpli-
fied by using the Gauss-Newton method [Seinfeld and Lapidus,
1974]. According to this method, the second term in (A3) is a
product of the error term (€ ~ € ) and a second-order partial
derivative, and can be ignored as being small, particularly so
when the estimates are close to the observed data. Hence, (A3)
can be approximated as

P _i 2 [aCr aC,] &P Ad
e 5Fok, | 2 CI|OF ok, | akgF | M (A9
Similarly,

P & 2 [aly,)?
RLighez m“ Z C,z |: akz] (AS)
and
7P 2 [als]2
aFF=a_I;‘2.=Ea[F:|. (A6}

i=]

The partial derivatives of the concentration € with respect
to the fitting parameter cannot be obtained analytically for a
nonlinear, nonequilibrium process. In order to obtain these
partial derivatives numerically, one parameter is held constant
while the other is changed by a small increment (Ak, and AF}.
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ok, 2\ Ak (A7)
aép y é - CF)
OF ( AF T/, (A8)

where €, and € ; denote the model predictions obtained
after incrementing &, and F.

Notation

second partial derivative of the merit function with
respect to fitting parameters.
B, first partial derivative of the merit function with
respect to a fitting parameter.
@ porosity of the soil {dm®*/dm®).
buik density of soil (g/dm®).
a surface area of NAPL in contact with the aqueous
phase (cm?).
C flux-averaged aqueous-phase solute concentration
(mol/L).
C., equilibrium aqueous concentration of a component
from an organic liquid phase (mol/L).
flux-averaged aqueous-phase concentration of
phenanthrene (mol/L).
conceniration of organic colloidal particles in water
(L)
C, flux-averaged aqueous-phase concentration of Triton
X-100 (mol/L).
¢ predicted value of effluent concentration (mol/L).
D hydrodynamic dispersion coefficient {cm®/min).
F  fraction of mass sorbed instantenously
(dimensionless).
first-order forward or reverse rate constant (I/min).
first-order forward rate constant in surfactant
sorption regime 1 or 2 (1/min).
first-order reverse rate constant in surfactant
sorption regime 1 or 2 (1/min).
mass transfer coefficient for a component
(1/cm? + min).
K, Langmuir constant for surfactant sorption isotherm
(Lig).
partition coefficient of HOC between colloids and
the aqueous phase (L/g).
K, partition coefficient for phenanthrene between solid
and aqueous phase (L/g).
octanol-water partition coefficient (dimensionless).
K, partition coefficient for PCB congener between solid
and aqueous phase (L/kg).
M total solute mass per volume of a cell (mol/L).
N number of observations to be fitted by parameter
estimation,
merit function for parameter estimation, RLS
{dimensionless).
S concentration of solute sorbed onto soil (mol/g).
S, sorbed mass per unit weight of soil in equilibrium
domain (mol/g).
S, sorbed mass per unit weight of soil in
nonequilibrium domain (mol/g).
sorbed mass per unit weight of soil in surfactant
sorption regime 1 or 2 {mol/g).

Wy

hel

CHOC
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mass of sotbed HOC (phenanthrene) per unit weight
of soil (mol/g).
mass of sorbed Triton X-100 per unit weight of soil
{mol/g).
maximum mass of sorbed Triton X-100 per unit
weight of soil (mol/g).
§,, water saturation in pore voids containing NAPL
(L/L).

t time (min).
Ar  time step for finite differencing (min).

v average pore water velocity (cm/min).

x distance from the inlet boundary (cm).
Ax assumed size of a cell in the flow domain (cm).
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