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a b s t r a c t

Numerical simulations were conducted to evaluate the efficacy of in situ field scale chemical oxidation
(ISCO) (with permanganate) for trichloroethylene (TCE) and tetrachloroethylene (PCE) DNAPL in eight
idealized heterogeneous porous media sites. The goal of this work was to study the effects of DNAPL
source zone remediation at the site scale utilizing a high-resolution three-dimensional numerical model.
The model results demonstrated that both dissolution (no treatment) and treatment were unable to com-
pletely deplete DNAPL mass or boundary mass flux for any of the sites over a 10 year period. Performance
was highly variable due to competition with oxidizable organic aquifer materials, manganese dioxide
(rind) formation, DNAPL architecture, and geologic characteristics. When compared to dissolution only,
DNAPL mass depletion at the end of treatment ranged from adverse impacts to a three-fold improvement,
but diminished with post-treatment monitoring. Similarly, the relative reduction in boundary mass flux
varied between unity and a factor of two at the termination of treatment, but at 10 years ranged from a
10-fold reduction to adverse impacts. During the post-treatment phase of the simulations, most of the
benefits achieved during active treatment were negated due to dissolution tailing.

� 2012 Elsevier Ltd. All rights reserved.

1. Introduction

The benefit of source zone partial mass removal on plume evo-
lution at sites impacted by dense non-aqueous phase liquids
(DNAPLs) is a topic of considerable interest in the remediation
industry [15,33,41,52,58]. A variety of approaches can be consid-
ered for in-situ DNAPL mass removal including hydraulic displace-
ment, chemical flushing, thermal treatment, and enhanced
biodegradation. Within the broad class of chemical flushing tech-
nologies, much attention has been given to oxidation using
permanganate.

The oxidation of trichloroethylene (TCE, C2Cl3H) and tetrachlo-
roethylene (PCE, C2Cl4) by permanganate ðMnO�4 Þ are represented
as [6,73,75]:

C2Cl3Hþ 2MnO�4 ) 3Cl� þ 2CO2 þHþ þ 2MnO2ðsÞ ð1Þ

C2Cl4 þ 2MnO�4 ) 2Cl� þ Cl2 þ 2CO2 þ 2MnO2ðsÞ ð2Þ

It is recognized that alternate formulations for stoichiometry have
been published for PCE [29,38]. The successful enhancement of TCE
and PCE DNAPL mass removal by permanganate has been demon-
strated experimentally in the laboratory [38,49,60,61] and at the

field scale [60]. However, the effectiveness of treatment is condi-
tional. In (1) and (2) the solid manganese dioxide is a byproduct of
the chemical oxidation process. The MnO2(s) is a colloidal particle
that can precipitate [10,28], reducing permeability by clogging soil
pores [51,61,63] and portions of fractures [65], and forming a low
permeability deposition zone (rind) at the DNAPL-aqueous phase
interface [67] that can encapsulate DNAPL source zones
[9,35,38,61]. The factors that influence the formation and precipita-
tion of MnO2(s) are highly variable and site specific, depending on pH,
interstitial pore velocity, contaminant concentration, cation concen-
tration, buffering capacity, and permanganate loading [10,11,32,46].

It has been found that (1) and (2) follow a second-order reaction
rate when MnO�4 is in excess [12,25,27,62,69,73] (first-order in PCE
or TCE and first-order in MnO�4 ). Experimentally determined sec-
ond-order reaction constants for TCE and MnO�4 (kTCE) have been
reported to range between 0.24 and 1.19 M�1 s�1 (for 20–25 �C)
[27,69,74]. Similarly, values ranging from 0.028 to 0.051 M�1 s�1

(for 20–25 �C) have been determined for PCE and MnO�4 reactions
[12,25,29,32,69]. This second-order reaction rate follows the
Arrhenius equation with respect to temperature, which is useful
for estimating reaction rate constants consistent with groundwater
temperatures [12,74].

Since MnO�4 indiscriminately reacts with a multitude of natu-
rally-occurring organic and reduced inorganic compounds, the pres-
ence of organic and inorganic species on soil subject to chemical
oxidation can result in substantial competition with the targeted
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chlorinated solvents, yielding reduced treatment efficiency [43,62].
Considering only reactive organic aquifer material (OAM), the reac-
tion between OAM and permanganate can be given by [42]:

3CH2Oþ 4MnO�4 ! 3CO2 þ 4MnO2ðsÞ þH2Oþ 4OH� ð3Þ

Eq. (3) represents a reactive sink often referred to as the natural
oxidant demand (NOD). The NOD of soil has been experimentally
investigated by Mumford [42], Mumford et al. [43], Hønning et al.
[24], and Urynowicz et al. [68]. The authors reported that the
NOD reaction between OAM and MnO�4 consisted of independent
fast and slow reactions. Mumford [42] modelled the experimental
data using two independent second-order kinetic reactions with a
reasonable match; Hønning et al. [24] studied NOD for two aquifers
finding that 50% of the MnO�4 is consumed in the fast reaction that
occurs within the first 12 h of treatment and followed a first-order
reaction rate; Urynowicz et al. [68] derived a rate expression com-
prising two independent first-order reaction rates solely dependent
on [MnO�4 ] that was a good match to their experimental results,
with the transition between fast and slow occurring at approxi-
mately 48 h.

Field-scale modelling of the in situ chemical oxidation of DNAPLs
is sparse in the literature. Zhang and Schwartz [75] conducted two

simulations: a three-dimensional domain (3 m by 2.5 m by 1 m
with 1350 nodes) representing the Borden aquifer test cell experi-
ment conducted by Schnarr et al. [60], and a large scale two-
dimensional domain (120 m by 70 m with 2601 nodes) represent-
ing a US Department of Energy site. Ibaraki and Schwartz [30]
investigated the influence of soil heterogeneity and fluid density-
effects on sweep efficiency with a 15 m by 12 m two-dimensional
domain comprising 11,640 nodes. Henderson et al. [22] studied
the effects of density-dependent flow and geochemistry on ISCO
performance for a pilot test within a sheet pile cell measuring
28 m by 32 m by 8.2 m deep, discretized into 29,791 nodes; the
modeling simulated two permanganate injections at a well-charac-
terized industrial site impacted with residual TCE DNAPL.

In this study, the three-dimensional two-phase flow reactive
transport model, DNAPL3D-RX [70], was modified and utilized to
investigate the treatment of TCE and PCE DNAPL source zones in
field scale heterogeneous porous media by chemical oxidation
with potassium permanganate. Treatment effectiveness was pri-
marily evaluated with respect to DNAPL mass removal and solute
mass flux reduction over a simulated period of 10 years in both
the presence and absence of treatment. This work focused on the
influence of: (i) soil permeability and heterogeneity, (ii) DNAPL

Notation

an effective interfacial area {L2 L�3}
C concentration {M L�3}
Cnorm normalized mean average concentration or concentra-

tion reduction
Cs effective solubility {M L�3}
d50 mean grain size diameter {L}
D hydrodynamic dispersion tensor {L2 T�1}
Do free water diffusion coefficient {L2 T�1}
Em DNAPL mass enhancement factor
Ef boundary mass flux enhancement factor
Fnorm normalized boundary mass flux or flux reduction
foc factor of organic carbon
g gravitational acceleration {L T�2}
rh hydraulic gradient
J interphase mass flux {M L�3 T�1}
k permeability {L2}
kij intrinsic permeability tensor {L2}
kla average mass transfer coefficient {L T�1}
Kl lumped mass transfer coefficient {T�1}
ko original permeability {L2}
kOAM reaction coefficient between OAM and MnO�4

{M�1 L3 T�1}
Koc organic carbon partition coefficient
kPCE reaction coefficient between PCE and MnO�4

{M�1 L3 T�1}
kr relative permeability {–}
kTCE reaction coefficient between TCE and MnO�4

{M�1 L3 T�1}
MDNAPL DNAPL mass in domain {M}
Mf total boundary mass flux {M L�2 T�1}
Mnorm normalized DNAPL mass or DNAPL mass reduction
P pressure {M L�1 T�2}
PC capillary pressure {M L�1 T�2}
q Darcy flux {L T�1}
qs volumetric flux representing sources and/or sinks {T�1}
R retardation factor
S phase saturation
SE effective saturation
SW wetting phase saturation

Srind rind function {L2 L3 M�1}
t time {T}
v average linear groundwater velocity {L T�1}
x horizontal longitudinal direction
y vertical direction
z horizontal transverse direction
Dx nodal dimension along x direction {L}
Dy nodal dimension along y direction {L}
Dz nodal dimension along z direction {L}
X dimension of domain along x {L}
Y dimension of domain along y {L}
Z dimension of domain along z {L}
a porous medium compressibility {M�1 L T2}
ax,y,z dispersivity {L}
b wetting phase compressibility {M�1 L T2}
erel relative difference in saturation
C fitting parameter
kH horizontal isotropic correlation length {L}
kV vertical isotropic correlation length {L}
l dynamic viscosity {M L�1 T�1}
lln k mean of ln k {ln (L2)}
q fluid density {M L�3}
r2

ln k variance of ln k {[ln (L2)]2}
s tortuosity
h porosity
R rate of all reactions {M L�3 T�1}

Common subscripts
0 initial condition
i, j coordinate indices for x, y, z
W wetting phase
NW non-wetting phase
m mobile species
im immobile species

Common superscript
n species number
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