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9.1 TECHNOLOGY DESCRIPTION

This section discusses the topic of in situ chemical oxidation (ISCO) including highlights of
the overall principles and practices of ISCO for groundwater remediation. Much of the
material in this section has been adapted from the recent book In Situ Chemical Oxidation
for Groundwater Remediation (Siegrist et al., 2011).

9.1.1 Overview of ISCO

In situ chemical oxidation is one of the technologies that have the potential for cost
effective remediation of soil and groundwater contaminated by organic chemicals (ITRC,
2005; Huling and Pivetz, 2006; Krembs et al., 2010; Tsitonaki et al., 2010; Siegrist et al.,
2011). Many of the most prevalent organic contaminants of concern (COCs) at sites can
be destroyed using a chemical oxidant such as catalyzed hydrogen peroxide (H2O2),
potassium permanganate (KMnO4), activated sodium persulfate (Na2S2O8), ozone (O3), or
combinations of oxidants such as ozone and hydrogen peroxide or hydrogen peroxide and
sodium persulfate. Under the right conditions, oxidants can transform and often mineralize
many COCs including solvents (such as perchloroethene [PCE], trichloroethene [TCE],
1,1,1-trichloroethane [1,1,1-TCA], and 1,4-dioxane), fuels (such as benzene, toluene, methyl
tertiary butyl ether), phenols (pentachlorophenol), polycyclic aromatic hydrocarbons (PAHs)
(such as naphthalene, phenanthrene), explosives (trinitrotoluene) and pesticides (lindane).
Degradation reactions tend to involve electron transfer or free radical processes with simple
to complex pathways. Oxidation reactions typically follow second-order kinetics. The need for
activation to generate reactive species and the sensitivity to matrix conditions, such as temper-
ature, pH and salinity, vary with the different oxidants and specific contaminants.

An oxidant and amendments (if needed) can be delivered into a target treatment zone
(TTZ) within the subsurface at varied concentrations and mass loading rates in liquid, gas or
solid phases. Delivery has most commonly been accomplished through permeation by vertical
direct-push injection probes or flushing by vertical groundwater wells (Figure 9.1) (Krembs
et al., 2010). Other delivery approaches have included horizontal wells, infiltration galleries, soil
mixing and hydraulic or pneumatic fracturing.
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9.1.2 Historical Evolution of ISCO

There is a long history of using chemical oxidation to destroy organic contaminants in
water within the municipal and industrial water and waste treatment industry. The first step in
the evolution of ISCO involved research and development (R&D) to adapt use of chemical
oxidants like hydrogen peroxide and ozone to treat organic COCs in groundwater that was
pumped to the surface and containerized in tank-based reactors (i.e., ex situ treatment) (Barbeni
et al., 1987; Glaze and Kang, 1988; Bowers et al., 1989; Watts and Smith, 1991; Venkatadri and
Peters, 1993). While a concept underlying ISCO was patented in 1986 (Brown and Norris, 1986),
the first commercial in situ application of hydrogen peroxide occurred in 1984 to treat
groundwater contaminated with formaldehyde (Brown et al., 1986).

Beginning in 1990, researchers began to explore hydrogen peroxide and modified Fenton’s
reagent oxidation as applied in soil and groundwater environments (Watts et al., 1990; Watts
and Smith, 1991; Watts et al., 1991; Tyre et al., 1991; Ravikumur and Gurol, 1994; Gates and
Siegrist, 1993, 1995; Watts et al., 1997). Research also was initiated with alternative oxidants
such as ozone (Bellamy et al., 1991; Nelson and Brown, 1994; Marvin et al., 1998) and potassium
permanganate (Vella et al., 1990; Vella and Veronda, 1994; Gates et al., 1995; Schnarr et al.,
1998; West et al., 1997; Siegrist et al., 1998a, b, 1999; Yan and Schwartz, 1998, 1999; Tratnyek
et al., 1998; Urynowicz and Siegrist, 2000). The development of ISCO continues to expand as
evidenced by more recent research with newer oxidants like sodium persulfate (Brown et al.,
2001; Block et al., 2004; Liang et al., 2004a, b; Crimi and Taylor, 2007).

In the late 1990s and early 2000s, case study reports became available (USEPA, 1998;
ESTCP, 1999), followed by the publication of the first reference book (Siegrist et al., 2001) and
the first technical and regulatory reference manual (ITRC, 2001). These documents provided

Figure 9.1. ISCO using (left) direct-push injection probes or (right) well-to-well flushing to deliver
oxidants (shown in blue) into a TTZ of groundwater contaminated by DNAPL compounds (shown
in red) (Siegrist et al., 2011).
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valuable insight into principles and practices, field experiences and regulatory requirements.
However, they did not provide the state of the science knowledge and engineering know-how
needed for a standard of practice to ensure effective, timely and cost effective site-specific
application of ISCO alone or in combination with other remedial options. As a result, the
implementation of ISCO was hampered by uncertain and variable design and application
practices. This caused ISCO performance to be unpredictable for some site conditions and
remediation applications.

To advance the science and engineering of ISCO and resolve questions regarding its design
and performance, ISCO research and development efforts were escalated during the early
2000s. This research was catalyzed in a large part by the promising potential of ISCO and
growing interest in its use, notably at Department of Defense (DoD) sites across the country.
Around 2002, a major ISCO research program was launched within DoD’s Strategic Environ-
mental Research and Development Program (SERDP) and Environmental Security Technology
Certification Program (ESTCP), as part of its Dense Nonaqueous Phase Liquid Source Zone
Cleanup focus area.1

A portfolio of ISCO projects and activities, both within the DoD ISCO initiative and
through other sponsored research programs, has increased the understanding of ISCO.
Advancements have included improved fundamental understanding of the following:

� COC oxidation chemistry and treatment (Gates-Anderson et al., 2001; Jung et al., 2004;
Qiu et al., 2004; Smith et al., 2004; Watts et al., 2005a; Forsey et al., 2010)

� Oxidant interactions with subsurface media (Siegrist et al., 2002; Crimi and Siegrist,
2003, 2004a, b; Anipsitakis and Dionysiou, 2004; Shin et al., 2004; Jung et al., 2005;
Monahan et al., 2005; Mumford et al., 2005; Bissey et al., 2006; Jones, 2007; Teel et al.,
2007; Sun and Yan, 2007; Sirguey et al., 2008; Urynowicz et al., 2008; Woods, 2008;
Xu and Thomson, 2008, 2009)

� Destruction of DNAPLs (Crimi and Siegrist, 2005; Heiderscheidt, 2005; Kim and
Gurol, 2005; Urynowicz and Siegrist, 2005; Watts et al., 2005b; Siegrist et al., 2006;
Smith et al., 2006; Heiderscheidt et al., 2008a; Petri et al., 2008)

� Examination of newer oxidants (Liang et al., 2004a, b; Crimi and Taylor, 2007;
Waldemer et al., 2007; Liang and Lee, 2008)

� Oxidant transport processes and deliverability (Choi et al., 2002; Lowe et al., 2002;
Struse et al., 2002; Lee et al., 2003; Tunnicliffe and Thomson, 2004; Heiderscheidt,
2005; Ross et al., 2005; Zhang et al., 2005; Petri, 2006; Hønning et al., 2007;
Heiderscheidt et al., 2008a; Petri et al., 2008; Smith et al., 2008; Christiansen, 2010,
2011; Christiansen et al., 2010; Silva, 2011)

� Combining ISCO with other remedies (Sahl, 2005; Dugan, 2006; Sahl and Munakata-
Marr, 2006; Sahl et al., 2007; Dugan et al., 2010)

� Treatability test methods (Haselow et al., 2003; Mumford et al., 2004; ASTM, 2007)

� Formulation of mathematical models and decision support tools (Kim and Choi, 2002;
Heiderscheidt, 2005; Heiderscheidt et al., 2008b)

Research efforts have revealed that the successful use of ISCO for remediation of
contaminated soil and groundwater fundamentally depends on the reaction chemistry of the
oxidant used and its ability to degrade the COCs. Success also depends on effective delivery of

1 http://www.serdp.org/Featured-Initiatives/Cleanup-Initiatives/DNAPL-Source-Zones, January 24, 2014
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oxidants into the subsurface, which is determined by the oxidant reactive transport under the
hydrogeological and geochemical conditions present. Oxidant reaction chemistry (both with
the COCs and with natural organic matter [NOM] and minerals) and subsurface transport
affect ISCO application, COC destruction, and cost effectiveness. In addition, the application
of ISCO can be affected by, and can also effect changes in, the pre-ISCO subsurface conditions
(such as groundwater flow direction and velocity, redox potential [Eh], pH, temperature,
dissolved organic carbon), which should be considered and accounted for during ISCO system
design and implementation.

9.1.3 Retrospective Analysis of ISCO Performance and Costs

Field applications of ISCO have continued to grow over the past decade. These field
experiences have enabled a retrospective analysis of ISCO system design features and site
conditions and the factors affecting performance and cost. Of 242 ISCO projects examined by
Krembs et al. (2010), PCE or TCE were the targeted COCs at 70% of the sites, the subsurface
conditions were characterized as permeable at 75% of the sites and oxidants were delivered
using permanent or temporary injection wells at 70% of the sites. For 99 full-scale ISCO
projects that attempted to meet a specific goal and reported success, the results were as follows:
21% of 28 projects attempting to achieve drinking water maximum contaminant limits (MCLs)
met this goal (all of these projects were characterized by lower concentrations without reported
nonaqueous phase liquids [NAPLs]); 44% of 25 projects attempting to achieve alternative
concentration limits (ACLs) met this goal; 33% of six projects attempting to reduce the COC
mass by a certain percentage met this goal; 82% of 34 projects attempting to reduce the
COC mass and/or time to cleanup met this goal; and 100% of six projects attempting to
evaluate effectiveness and optimize future injections met this goal.

Krembs (2008) reported the median total cost for 55 ISCO projects to be $220,000; the
median unit cost was $94 per cubic yard (cy) ($123 per cubic meter) treated based on 33 projects
with unit cost data. McDade et al. (2005) reported median and unit costs of $230,000 and $125/
cy ($163 per cubic meter), respectively, for 13 ISCO projects. It is important to recognize that
the cost of an ISCO project can vary by an order of magnitude or more depending on various
factors. For example, sites with fuel hydrocarbons and permeable subsurface conditions
typically cost less than those with DNAPLs or complex subsurface conditions. High unit
costs can also result where ISCO has been used to treat relatively smaller source zones.

The effectiveness of ISCO varies: at some sites, ISCO has been applied and the destruction
of the target COCs has occurred, enabling cleanup goals to be met in a cost effective and timely
manner, whereas at other sites, ISCO applications have had uncertain or unsatisfactory
treatment performance. Poor ISCO performance often has been attributed to application of
an inadequate oxidant dose or volume, inadequate oxidant delivery caused by low permeability
zones and formation heterogeneity, and excessive oxidant loss due to interaction with natural
subsurface materials or the presence of large masses of DNAPLs (Siegrist et al., 2001, 2006,
2008a). In some applications, concerns have arisen over secondary effects, such as mobilization
of metals, loss of well screen and formation permeability, and gas evolution and fugitive
emissions, as well as health and safety practices (Siegrist et al., 2001; Crimi and Siegrist, 2003;
Krembs, 2008; Krembs et al., 2010).

Rebound is a condition where post-treatment concentrations of target COCs in groundwater
within a TTZ return to levels near or even above those present prior to treatment. Rebound is
a relatively common occurrence with ISCO. It may be a negative condition or could reflect
an inherent shortcoming of ISCO or a site-specific performance deficiency. The rebound
observed at an ISCO treated site can be beneficial if it is used in an observational approach
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to refine the conceptual site model (CSM) and refocus subsequent treatment. The use of ISCO
can be viewed as an ongoing, iterative process that will take advantage of contaminant rebound
rather than view it as an indication that the technology was inappropriate for a site or was applied
improperly. It is noted that rebound also can occur with other approaches and technologies that
depend on injection of remedial amendments.

9.1.4 ISCO System Selection, Design, and Implementation

In situ chemical oxidation system selection, design and implementation practices should
rely on a clear understanding of ISCO and its applicability to a given set of contaminant and site
conditions to achieve site-specific remediation objectives. A number of key issues may be
relevant and need to be addressed regardless of the oxidant and delivery system being
employed, including: (1) amenability of the target COCs to degradation by oxidants; (2)
effectiveness of the oxidant for NAPL destruction; (3) requirements for effective implementa-
tion (oxidant dose, concentration, volume delivered, method of delivery) for a given TTZ in a
given subsurface setting; (4) nonproductive oxidant loss due to interactions with NOM, reduced
inorganic species, and some mineral phases in the subsurface; (5) nonproductive oxidant
consumption due to auto-decomposition reactions and free radical scavenging reactions; (6)
potential adverse effects (mobilizing metals such as chromium, forming toxic byproducts,
reducing formation permeability, generating off-gases and heat) and (7) potential to combine
ISCO with other remediation technologies and approaches (Siegrist et al., 2011).

The selection, design and implementation of a remedial action are generally accomplished
within a phased project approach. During the feasibility study for a given site, consideration of
ISCO as a viable remedial option is often based on the general benefits that ISCO can offer. These
include rapid and extensive reactions with various COCs, applicability to many subsurface
environments, ability to tailor ISCO to a site and rapid implementation that can support property
transfers and site redevelopment projects. Potential limitations for ISCOare also considered during
decision making, including the resistance of some COCs to complete chemical oxidation, the level
of nonproductive loss exerted by the subsurface, the stability of the oxidant in the subsurface,
the constraints on effective oxidant distribution, the possible fugitive gas emissions, the potential
for contaminant rebound and the effects of chemical oxidant addition on water quality.

If ISCO is selected as a viable alternative for a particular site and a site-specific design
must be accomplished, many choices and decisions have to be made. For example, choices must
be made between oxidant type (hydrogen peroxide, persulfate, permanganate, ozone), delivery
method (direct push probes, injection wells, air sparging wells), process control and perfor-
mance monitoring. These choices should be made carefully to improve the likelihood that the
ISCO system will yield a sufficient concentration of a suitable oxidant in contact with the target
COCs under amenable conditions over a sufficient period of time for the COCs to be destroyed.

The ISCO systems that can be, and have been, applied in the field are highly varied in their
features. Different oxidants and additives (such as stabilizers or activators) have been used.
Concentrations and injection flow rates can vary widely, and a variety of subsurface delivery
methods can be employed. In addition, overall site remediation goals and regulatory constraints
may influence the remediation objectives established for the ISCO technology. To improve the
confidence level in the choices and decisions made, treatability studies and field-scale pilot tests
are frequently necessary. If ISCO is selected for a site, remedial design and system construc-
tion must be accomplished. Finally, ISCO operation and performance monitoring ensues. Given
the properties of chemical oxidants, the use of ISCO requires diligent attention to safety and
waste management issues (Siegrist et al., 2011). Eventually site closure can be achieved through
ISCO alone or in conjunction with another remediation technology or approach.
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9.2 KEY CONCEPTS OF ISCO AND DNAPL SOURCE ZONES

While the previous section highlighted the general principles and practices of ISCO for
remediation of soil and groundwater, there has been great interest in the potential of ISCO to
remediate groundwater where contamination includes DNAPL source zones present in a variety
of subsurface geological media. The theoretical basis for the degradation of DNAPL residuals
by ISCO is well established, but its cost effective realization generally depends on several
factors: (1) susceptibility of DNAPL organics to destruction using chemical oxidants, (2) rate
and extent of interphase mass transfer of the DNAPL, (3) ability to deliver and transport the
oxidant in the subsurface, (4) effects of subsurface conditions on ISCO reactions and (5) ISCO
effects on subsurface permeability and biogeochemistry. These issues are discussed in detail in
the following sections.

9.2.1 Chemically Reactive Zones and Mass Transfer

In situ chemical oxidation involves the creation of a chemically reactive subsurface
environment. This reactive environment is one where a chemical oxidant is introduced with
the sole purpose of oxidizing the identified target COCs. By definition, the reaction process
results in the oxidation state of a target COC increasing. For example, the oxidation of TCE
involves a half reaction where the valence state of carbon is increased from +I to +IV as shown
by Equation 9.1 and the associated oxidant is reduced (lowering of oxidation state) as noted
below in Section 9.2.2:

C2Cl3Hþ 4H2O ! 2CO2 þ 3Cl� þ 9Hþ þ 6e� ðEq: 9:1Þ
Chemical oxidation can involve more than electron transfer (hydrogen transfer, hydride

transfer, oxygen donation) and thus includes all reactions that convert a compound to a higher
oxidation state (Stewart, 1964). In situ chemical oxidation is an in situ mass destructive
technology where the objective is to create reaction conditions so that when the COCs are
either contacted or intercepted, they are immobilized or degraded into nontoxic end products.
The underlying reaction mechanisms and pathways can be very complex and in many cases are
unknown. Complete mineralization to CO2 and H2O may not occur. Reaction intermediates,
which form temporally before they are oxidized to end products, are difficult to identify.
Forsey et al. (2010) indicate that ketones and carboxylic acids are potential oxidation reaction
end products that may form during the oxidation of coal tars with permanganate. In some cases
these end products are nontoxic and can be used as a carbon source for indigenous microbial
communities.

A thermodynamic analysis can be used to determine the feasibility of a reaction to take
place, but the results provide no information relating to the oxidation reaction rate or kinetics
(Schwarzenbach et al., 1993). In some cases the reaction may be deemed feasible, but the
kinetics will be far too slow to be useful. In general, the reaction between a chemical oxidant
and target COC can be described by a second-order kinetic expression as given by Equation 9.2
(Siegrist et al., 2011):

dCCOC

dt
¼ �kox CCOC½ � Cox½ � ðEq: 9:2Þ

where CCOC and Cox are the concentration of the COC and the oxidant, respectively, and kox is
the second-order rate coefficient with respect to the organic compound. As shown by
Equation 9.2, the rate of destruction of the COC depends not only on the reaction rate
coefficient kox but also on the product of the concentration of the COC and the oxidant.
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To maximize the chemical oxidation reaction, the concentration of the oxidant needs to remain
elevated. This can be controlled, in part, by system design. However, as the concentration of the
target COC decreases, so will the overall oxidation rate. Second-order rate coefficients for
most environmentally relevant DNAPL compounds dissolved in water have been experimen-
tally determined (see IscoKin database at http://cgr.ebs.ogi.edu/iscokin/; accessed January 24,
2014). Reaction rate coefficients are sensitive to temperature variations and pH conditions
(Schwarzenbach et al., 1993).

While the in situ destruction of DNAPL contaminants (such as PCE and TCE) is one key
attribute offered by ISCO, the second attribute is that this technology has the ability to increase
mass transfer from DNAPL contaminated regions. There is potential for gas–NAPL or gas–
solid reactions, but nearly all reactions of interest that occur between a chemical oxidant and a
target organic compound in groundwater take place in the aqueous phase and not in the
DNAPL phase. Thus, DNAPL dissolution or mass transfer from the DNAPL phase to the
aqueous phase is extremely important since it will, in large part, control the degree of mass
destruction and hence source zone treatment effectiveness. The rate at which constituents
dissolve from the DNAPL determines the dissolved phase plume concentrations and its
longevity. The presence of a DNAPL results in dissolved phase DNAPL constituents that create
a concentration gradient across a stagnant boundary layer between the DNAPL and the bulk
aqueous solution (Figure 9.2). The larger and more sustained the concentration gradient, the
greater the mass of DNAPL depleted.

The mass transfer of a single component DNAPL into the aqueous phase is generally
expressed by a macroscopic variation of the stagnant film model given by Equation 9.3
(Schwarzenbach et al., 1993):

dCaq

dt
¼ �kdiss C� � Caq

� � ðEq: 9:3Þ

where Caq is the aqueous concentration of the COC, C
* is the aqueous solubility limit and kdiss is

the lumped mass transfer or dissolution rate coefficient. In a porous medium, the lumped mass
transfer rate coefficient cannot be determined from first principles, and hence, various
methods have been developed to estimate it from system parameters such as pore size
distribution metrics, DNAPL saturation, molecular diffusion coefficient and groundwater
velocity (Siegrist et al., 2011). As shown by Equation 9.3, the rate at which DNAPL mass is
depleted is a product of the dissolution rate coefficient and the concentration difference or
gradient between C* and Caq. Oxidation reactions in the aqueous phase can decrease the
concentration of the DNAPL constituents in the bulk solution and, thus, increase or steepen
the concentration gradient, which in turn will increase the overall rate of DNAPL mass removal
from the system. Results from laboratory studies have shown that a 6 to 10 times increase in the
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Figure 9.2. Schematic of the dissolved phase concentration gradients near a DNAPL/aqueous
phase interface with and without an oxidant present in close proximity.
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mass transfer rate is possible to achieve when a DNAPL residual or pool is treated using
permanganate (Schnarr et al., 1998; MacKinnon and Thomson, 2002). Research with catalyzed
hydrogen peroxide (CHP) has similarly demonstrated increases in mass transfer rates (Watts
et al., 2005b; Smith et al., 2006).

In regions of the DNAPL source zone where preferential flow pathways and non-advective
locations are present, diffusive dominated transport is the principal mechanism for the
migration of DNAPL compounds out of these locations and for the migration of oxidants
into these locations. Persistent chemical oxidants, those that are stable in the subsurface for an
extended period of time, are particularly advantageous in these situations. When delivered into
the treatment zone by way of the preferential flow pathways, these oxidants can diffuse from a
preferential pathway into more non-advective regions driven by an oxidant concentration
gradient (Figure 9.3). This is in the opposite direction of the gradient associated with the
aqueous DNAPL constituents. This counter-diffusion, or two-way diffusion process, increases
diffusive mass transfer by decreasing the distance between the DNAPL/aqueous phase inter-
face and the zone where the concentrations of dissolved DNAPL compounds have been reduced
as a result of oxidation. Favorable mass transfer rate enhancements have been estimated for
these situations, assuming that the chemical oxidant is persistent.

9.2.2 Oxidant Properties

The current chemical oxidants in widespread use are hydrogen peroxide (H2O2), potassium
or sodium permanganate (KMnO4, NaMnO4), sodium persulfate (Na2S2O8), and ozone (O3).
Siegrist et al. (2011) provide a comprehensive overview of these oxidants including chemistry
principles and contaminant treatability. The following tables provide insights into some of the
key properties of these oxidants. Table 9.1 provides some characteristics of the chemical
oxidants in use, while Table 9.2 lists reactive species along with their respective standard
electrode potential.

9.2.2.1 Hydrogen Peroxide

Hydrogen peroxide is a strong oxidant that has a high standard reduction potential and is
delivered into a source zone as a reagent solution (Table 9.1). Hydrogen peroxide has the
potential for direct oxidation of many organic compounds; however, the reaction kinetics are
too slow for use (Watts and Teel, 2005). When catalyzed, H2O2 can generate a wide range of

Figure 9.3. Illustration of the two-way diffusion process occurring between a preferential flow
pathway (black arrow) and an isolated DNAPL residual (red).
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free radicals and other reactive species that can attack the target organic compound. Hence,
hydrogen peroxide is usually applied so that it is catalyzed to generate free radicals such as OH�

(Table 9.1). This can be accomplished by coinjection of a catalyst (such as FeSO4) or through
H2O2 interactions with naturally occurring minerals. The reactive species formed in a CHP
system include oxidants and in some cases reductants. A CHP system should not be confused
with the classic Fenton’s reagent (Walling, 1975) where dilute hydrogen peroxide and ferrous
iron are combined under acidic pH conditions to produce hydroxyl radicals as given by
Equation 9.4:

H2O2 þ Feþ2 ! Feþ3 þ OH� þ OH� ðEq: 9:4Þ
Research has shown that when hydrogen peroxide and ferrous iron are applied in situ using

a significantly higher H2O2 concentration, a much more complex set of reactions occurs
(Watts and Teel, 2005). A CHP system involves numerous reactive species and mechanisms
that result in significant contaminant transformation or degradation. Notable reactive species
are the hydroxyl radical, superoxide anion, perhydroxyl radical and hydroperoxide anion

Table 9.1. Characteristics of Chemical Oxidants Used for Destruction of Organic Contaminants
(adapted from Huling and Pivetz, 2006, as presented in Siegrist et al., 2011)

Oxidant1 Oxidant Chemical Commercial Form Activator Reactive Species

Hydrogen peroxide H2O2 Liquid None, Fe(II), Fe(III) OH�, O2
��, HO2

�,
HO2

�

Permanganate KMnO4 or NaMnO4 Powder, liquid None MnO4
�

Persulfate Na2S2O8 Powder None, Fe(II), Fe(III),
heat, H2O2, high pH

SO4
2�, SO4

��

Ozone O3 (in air) Gas None O3, OH�

Peroxone H2O2 plus O3 (in air) Liquid, gas O3 O3, OH�

Percarbonate Na2CO3�1.5H2O2 Powder Fe(II) OH�

Calcium peroxide CaO2 Powder None H2O2, HO2
�

Table 9.2. Reactive Species and Their Electrode Potentials (adapted from Huling and Pivetz, 2006,
as presented in Siegrist et al., 2011)

Reactive Species Name Formula

Electrode Potential (Eh),

volts (V)

Hydroxyl radical OH� +2.8 V

Sulfate radical SO4
�� +2.6 V

Ozone O3 +2.1 V

Persulfate anion SO4
2� +2.1 V

Hydrogen peroxide H2O2 +1.77 V

Permanganate anion MnO4
� +1.7 V

Perhydroxyl radical HO2
� +1.7 V

Oxygen O2 +1.23 V

Hydroperoxide anion HO2
� �0.88 V

Superoxide radical O2
�� �2.4 V
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(Siegrist et al., 2011). Radicals have an unpaired electron and are highly reactive and unstable.
Thus, their in situ transport distances are short. Therefore, for a CHP system to treat a DNAPL
source zone effectively, it must be applied directly in the source zone given that limited
transport of the reactive species will occur.

Many stabilizers (chelating agents) have been considered as a means to enhance the
transport of hydrogen peroxide and ferrous iron in situ (Watts et al., 1999, 2007; Kakarla
and Watts, 1997). Ethylenediaminetetraacetic acid (EDTA) is one of the most popular chelating
agents used to reduce the decomposition of hydrogen peroxide by suppressing the catalytic
activity of naturally occurring transition metals (Jones and Williams, 2002; Ramo, 2003). Sun
and Pignatello (1992) assessed the effectiveness of 50 chelating agents and determined that
nitrilotriacetic acid (NTA) and hydroxyethyliminodiacetic acid (HEIDA) were the most effec-
tive chelating agents for iron. While currently used or proposed chelating agents are poorly
biodegradable (e.g., EDTA), associated with health issues (e.g., NTA is a carcinogen), or not
very effective (e.g., citrate), Xu and Thomson (2007) explored a newly available and environ-
mentally friendly chelating agent, ethylenediamine disuccinate (EDDS), to stabilize hydrogen
peroxide. They found that EDDS was able to reduce hydrogen peroxide decomposition rates in
the presence of various aquifer materials by close to 40% in column trials. Schmidt et al. (2011)
reported that phytate (25 millimolars [mM]) was effective as a stabilizer for transport of H2O2

through iron-coated sand, resulting in H2O2 concentrations two orders of magnitude greater
than without phytate.

Rapid destruction of DNAPLs, such as TCE, PCE and carbon tetrachloride, has been
demonstrated with CHP systems (Watts and Teel, 2005; Yeh et al., 2003). Smith et al. (2004,
2006) demonstrated that the superoxide and hydroperoxide anions are the reactive species
responsible for the degradation of some recalcitrant organic contaminants.

Watts et al. (1999) reported that some reactive species formed by CHP may enhance
desorption of sorbed contaminants. Corbin et al. (2007) isolated the reactive species in CHP
reactions that are responsible for enhanced contaminant desorption – the superoxide species.
Therefore, some of the reaction oxygen intermediates formed during CHP oxidation, including
superoxide, may act as surfactants or have other properties that enhance solubilization of
hydrophobic contaminants. Organic intermediates produced by contaminant degradation reac-
tions may contribute as well. Ndjou’ou and Cassidy (2006) reported that the organic inter-
mediates generated from CHP oxidation of some complex organic wastes, such as NAPL-phase
fuel hydrocarbons, may produce organic surfactants as intermediates during the reaction, and
these can even become concentrated enough in solution that they exceed the critical micelle
concentration. Thus, enhanced solubilization of the remaining contaminant may occur, increas-
ing its availability for aqueous phase degradation reactions.

9.2.2.2 Potassium Permanganate

Potassium permanganate, which is the most commonly used reagent in ISCO applications,
is a crystalline solid that is derived frommined potassium ores. Neutral permanganate solutions
prepared with water are relatively stable because water is the only solvent that reduces
permanganate very slowly in the presence of manganese dioxide (or dust). Manganese species
have potential valence states ranging from +1 to +7, of which the +2, +4 and +7 states are the
only ones that are stable over a wide range of acidity. Manganese in permanganate has the
highest oxidation state. Permanganate is typically delivered into a source zone as a reagent
solution, but other applications have used the solid form (see Siegrist et al., 1999).

Because permanganate is highly reactive with compounds containing C¼C bonds, the most
common use of permanganate-based ISCO is to remediate groundwater contaminated by PCE,
TCE, dichloroethene (DCE), and vinyl chloride (VC) (Siegrist et al., 2001). In addition to
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chlorinated ethenes, recent studies have shown that permanganate is able to oxidize other
contaminants such as hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), some PAHs and pesticides
(Tollefsrud and Schreier, 2002; Adam et al., 2004; Waldemer and Tratnyek, 2006; Forsey et al.,
2010). Oxidation of target COCs by permanganate occurs by electron transfer and no radicals
are involved. Thus, the reaction rate is slower and the range of reactivity is limited.

The most common permanganate reaction employed in environmental engineering is the
complete reduction of permanganate (Mn7+) to manganese dioxide (MnO2) (Mn4+) (Schnarr
et al., 1998; Siegrist et al., 2001; Crimi and Siegrist, 2004b), which is a three-equivalent reaction
as shown in Equation 9.5. This reaction proceeds differently as a function of pH as shown in
Equations 9.5–9.7 (Siegrist et al., 2011):

MnO�
4 þ 2H2Oþ 3e� ! MnO2 sð Þ þ 4OH� 3:5 > pH < 12 ðEq: 9:5Þ

MnO�
4 þ 8Hþ þ 5e� ! Mn2þ þ 4H2O pH < 3:5 ðEq: 9:6Þ

MnO�
4 þ 1e� ! MnO2�

4 pH > 12 ðEq: 9:7Þ

An important product of the reduction of permanganate is manganese oxide, which forms
at the point of reaction. Manganese oxide is a water insoluble solid that is highly polar and tends
to coagulate by aggregation to form hydrated colloids with high water contents (Perez-Benito
and Arias, 1991). The degree to which the colloids will aggregate depends on the presence of
other ions as well as the system Eh and pH (Morgan and Stumm, 1963). Laboratory research has
demonstrated that the precipitation of manganese oxides and the formation of CO2, another
reaction product, decreased the hydraulic conductivity between 50 and 90% (Schroth et al., 2001)
in sand-packed columns, caused flow divergence around regions of higher DNAPL saturations
in a two-dimensional physical model (Li and Schwartz, 2004), and resulted in pore plugging and
the formation of a distinct manganese oxide layer in the vicinity of the NAPL that reduced the
post-treatment mass transfer (Mackinnon and Thomson, 2002; Conrad et al., 2002; Urynowicz
and Siegrist, 2005). The longevity of the trapped CO2 is temporary, but the manganese oxide
deposition is believed to be stable as long as the geochemical conditions are conducive (pH >3;
Appelo and Postma, 1999). As a result, some have hypothesized that treatment of a DNAPL
source zone by permanganate will initially result in some degree of mass destruction until
manganese oxide deposition has reached a level to impact hydraulic conductivity and mass
transfer. When this point is reached, the manganese oxides will adversely affect the hydraulic
performance of the delivery system and/or the rate of mass destruction will decrease.

It has been observed, however, that the deposition of MnO2 is dependent on the architec-
ture of the DNAPL source zone, the concentration of permanganate delivered and the velocity
of the oxidant-amended groundwater across the DNAPL–water interface (Petri et al., 2008;
Heiderscheidt et al., 2008a, b). Research findings revealed lower oxidant concentrations and
higher flow velocities can result in more dispersed deposition of MnO2 and limited impacts on
mass transfer and DNAPL destruction. Other research has explored the use of additives
(hexametaphosphate) to stabilize the MnO2 solids and limit their deposition at DNAPL–water
interfaces (Crimi et al., 2009).

9.2.2.3 Sodium Persulfate

Sodium persulfate is the most common and effective form of persulfate salt for ISCO
applications and is delivered into a source zone as a reagent solution. The solubility of sodium
persulfate that controls the amount of oxidant mass that can be delivered is high (730 grams per
liter [g/L]), although density-driven transport is a concern at higher oxidant concentrations.
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The persulfate anion is not affected by sorption (Liang et al., 2008), and it is more stable in the
subsurface as compared to peroxide and ozone (Brown and Robinson, 2004; Johnson et al.,
2008; Sra et al., 2010).

The chemistry of persulfate is quite complex and not fully understood. Oxidation by
persulfate at ambient conditions may occur either by direct oxidation (Equation 9.8) or through
the activation of persulfate to sulfate radicals using ferrous iron (Equation 9.9), heat (Equa-
tion 9.10), hydrogen peroxide (Equation 9.11), or hydroxide (i.e., base) (Equation 9.12) (House,
1962; Huang et al., 2002):

S2O
2�
8 þ 2e� ! 2SO2�

4 ðEq: 9:8Þ
S2O

2�
8 þ 1e� ! SO2�

4 þ SO��
4 ðEq: 9:9Þ

S2O
2�
8 ! 2SO��

4 ðEq: 9:10Þ

S2O
2�
8 þ OH� ! SO2�

4 þ SO��
4 þ 1

2
O2 þ Hþ ðEq: 9:11Þ

SO��
4 þ OH� ! SO2�

4 þ OH� ðEq: 9:12Þ
Direct persulfate oxidation is not able to destroy some organic contaminants such as

saturated chlorinated solvents and normal chain alkanes (Liang et al., 2008). A higher reaction
activation energy is required for persulfate to react with these organic compounds. Compared
to unactivated persulfate, activated persulfate reacts with a wider range of organic compounds
through production of sulfate and hydroxyl free radicals. As shown in Equations 9.9–9.11,
sulfate radicals are produced as a result of persulfate activation and initiate a chain of reactions
that may form other free radicals and other highly oxidative species such as the hydroxyl
radical, superoxide anion, perhydroxyl radical and hydroperoxide anion (Furman et al., 2010;
Siegrist et al., 2011). These types of reactive species are very similar to the suite of reactive
species generated in a CHP system. However, for activated persulfate, the reactive species
generated can vary with the activation approach employed. A free radical reaction, in general,
involves a chain of initiation, propagation and termination reactions. Kolthoff and Miller
(1951), House (1962) and Liang et al. (2004a, b; 2007) have studied this three-step chain reaction.
As a result of persulfate activation and initiation of radical-based chemical reactions, the
reaction rate of organic compound degradation can be significantly increased until all reactions
are terminated (Liang et al., 2007).

Persulfate has been shown to be an effective oxidant for a variety of DNAPL compounds
including chloroethenes (PCE, TCE, DCE, VC). The reactivity of persulfate with halogenated
aliphatics is variable and appears to depend on the nature of the carbon bonding, the degree of
halogenation and the persulfate activation approach. Literature suggests that persulfate is able
to degrade polychlorinated biphenyls (PCBs) and some PAHs (Yukselen-Aksoy et al., 2010).

9.2.2.4 Ozone

Ozone is a gas that is delivered to the TTZ as a mixture with ambient air or pure oxygen. In
the saturated zone, the gas distribution is controlled by the same processes that occur during
in situ air sparging (IAS) (Thomson and Johnson, 2000). Oxidation of the target COC can occur
in the gas channel after the contaminant has volatized (gas phase oxidation) or in the aqueous
phase once the ozone has dissolved (aqueous phase oxidation). In either case the controlling
process is mass transfer between the gas and aqueous phase, which is limited to very near the
gas phase channels (Braida and Ong, 2001). Thus, for successful treatment of a DNAPL source

264 R.L. Siegrist et al.



zone, closely spaced gas channels are required within the TTZ, and ozone gas delivery must
normally occur for an extended period of time (several months).

Oxidation can occur by direct reaction with ozone or by the hydroxyl radical that forms
from ozone during the following decomposition reaction (Siegrist et al., 2011):

O3 þ H2O ! O2 þ 2OH� ðEq: 9:13Þ
When hydrogen peroxide is present in the water or coinjected into the source zone along with

ozone (as used in a peroxone ISCO system), then a more aggressive treatment system is possible
(Siegrist et al., 2011). Ozone is a short-lived oxidant with a relatively low solubility and high
reactivity with a range of nontarget compounds. With minimal transport in the aqueous phase,
ozone has to be injected directly into a DNAPL source zone to enable effective treatment.

9.2.3 Oxidant Reactions in the Subsurface

The oxidants in common use for ISCO can react with DNAPL compounds that are
prevalent in DNAPL source zones (such as PCE, TCE, DCE). In addition, naturally occurring
reductants and catalysts at many contaminated sites can be reactive and, thus, influence
oxidant persistence. Typically, the role of the aquifer solids overshadows that of the dissolved
groundwater species. Inorganic species containing iron (Fe), manganese (Mn), sulfur (S) and
the NOM associated with the aquifer solids are usually of concern. The possibility of multiple
inorganic species, as well as a range of NOM, creates an extremely heterogeneous environment
in which reactions may occur (Figure 9.4).

The result of the interaction between the selected oxidant and aquifer material leads to
either an increase in the consumption of the oxidant by the aquifer solids or an enhancement in
the oxidant decomposition rate. When an oxidant is consumed, the reactive species associated
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Figure 9.4. Pore-scale conceptual model for natural oxidant interactions showing the possibility
of reaction with reduced aquifer solid species, reaction with dissolved DNAPL species, and
transport of unreacted oxidant (adapted from Mumford et al., 2005).
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with the aquifer solids are finite, and hence there exists a finite consumption or natural oxidant
demand (NOD). Once the maximum NOD is satisfied, there is minimal additional oxidant and
aquifer material interaction. Conversely, an enhancement in the oxidant decomposition rate
implies that infinite interaction capacity is available, that is, all oxidant will eventually be
consumed by decomposition reactions. To capture these behavioral differences and the asso-
ciated underlying processes for all oxidant behavior, the term nonproductive oxidant depletion
can be used rather than natural oxidant demand. Regardless of the way in which nonproductive
depletion may manifest itself, it can result in (1) a decrease in the transport of the oxidant within
the subsurface, (2) a decrease in the reaction rate with the target COCs and (3) a reduced mass
of oxidant available. All of these can result in an inefficient ISCO system. Quantification of the
nonproductive oxidant depletion is a requirement for site-specific assessment and the design of
cost effective ISCO treatment systems. Table 9.3 describes the observed nonproductive behav-
ior of the four widely used oxidants in the presence of uncontaminated aquifer materials.

To illustrate the inherent differences between the persistence of peroxide, permanganate
and persulfate in the presence of aquifer solids, consider the following injection scenario: (1) an
uncontaminated aquifer is subject to the injection of an oxidant (peroxide, permanganate or
persulfate) in two sequential episodes spaced 30 days apart; (2) following injection the oxidant
solution remains immobile as it reacts with the aquifer material; (3) the controlling in situ
kinetic parameters are taken from bench-scale efforts performed on the same aquifer material
and (4) the injection concentration is adjusted so that the oxidation strength is identical for each
oxidant. Figure 9.5 depicts simulated oxidant concentration profiles over 60 days, illustrating
the following features:

� Peroxide concentration is rapidly reduced.

� The peroxide profiles following injection 1 and injection 2 are identical.

� The permanganate concentration profile following injection 1 decreases quickly and
then slows down as it approaches an asymptote.

� The decrease in the permanganate concentration profile following injection 2 is much
less than after injection 1, reflecting the consumption ofmuch of the fast reacting NOM.

� The persulfate concentration profile is nearly identical following injection 1 and
injection 2.

Table 9.3. Characteristics of the Nonproductive Behavior of Common Chemical Oxidants

Oxidant Nonproductive Behavior

Ozone � Enhanced first-order degradation rate
� Infinite interaction, infinite NOD

Hydrogen peroxide � Enhanced first-order degradation rate
� Insignificant change in NOM
� Repeated decomposition behavior
� Infinite interaction, infinite NOD

Permanganate � Fast initial and slow later consumption rates
� Significant change in NOM
� MnO2 catalyzed decomposition
� Finite interaction but with increased persistence with each injection
� Definitive NOD

Persulfate � Enhanced first-order degradation rate
� Slight to moderate decrease in NOM
� Repeated decomposition behavior
� Infinite interaction, infinite NOD
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� The persulfate reaction rate is substantially less than peroxide; thus, persulfate is more
persistent in this system than peroxide.

Aside from the important nonproductive reactions just noted, other competing and non-
productive reactions occur in ISCO systems. For oxidants involving free radical generation,
radical scavenging reactions can decrease the concentration of free radicals available to
degrade targeted contaminants. Therefore, scavenging reactions can also result in system
treatment inefficiency. Common groundwater anions such as nitrate, chloride, carbonate and
bicarbonate are thought to be the most important radical scavengers. Relevant reactions with
the bicarbonate ion and the hydroxyl radical or sulfate radical are given below (Buxton et al.,
1988; Huie et al., 1991):

OH� þ HCO�
3 ! H2Oþ CO��

3 ðEq: 9:14Þ
SO��

4 þ HCO�
3 ! SO2�

4 þ CO��
3 þ Hþ ðEq: 9:15Þ

The scavenging effect of carbonate or bicarbonate anions on the efficiency of persulfate
reactivity has been observed in experiments (Huang et al., 2002; Liang et al., 2006; Waldemer
et al., 2007). Waldemer et al. (2007) used PCE as a model compound with three different
concentrations of carbonate to investigate changes in the pseudo first-order kinetic rates. The
results showed, as expected, that an increase in the carbonate concentration decreases the rate
of PCE oxidation with persulfate.

9.3 CURRENT PRACTICES FOR DNAPL SOURCE
ZONE TREATMENT USING ISCO

In this section, the current state of practice for ISCO applied to sites with DNAPL source
zones is highlighted. This section conveys what practitioners working at DNAPL sites have
normally done, even though this may not represent best practices based on recent research and
field experiences. In Section 9.4, remedial design issues are presented with alternative and
recommended practices that ideally should be followed to help achieve remedial objectives in a
cost effective manner for DNAPL source zones.

To reveal the current state of practice for ISCO applied to DNAPL source zones, it is
insightful to examine case studies of field projects. The site conditions and ISCO performance
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Figure 9.5. Concentration profiles following two sequential injection episodes into a synthetic
aquifer for peroxide (red), permanganate (purple), and persulfate (green).
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data for ISCO projects at sites with DNAPL source zones are summarized in Example 1. These
case studies reveal the general types of approaches that have been and are being used to apply
ISCO to achieve varied treatment goals at sites with contrasting site conditions and contamina-
tion characteristics.

Example 1. Examples of ISCO Applications to Sites with DNAPL Source Zones

Naval Submarine Base Kings Bay, St. Marys, Georgia. Modified Fenton’s reagent was
used to treat a chlorinated solvent DNAPL source zone beneath a landfill (reported in
NAVFAC, 2000, and Chapelle et al., 2005). After the first application, monitoring data
indicated that the source zone had not been completely delineated prior to the design of
the first ISCO injection event. Additional modified Fenton’s reagent was applied in
three additional delivery events. A total of 0.23 pore volumes were applied throughout
the course of the project. The cumulative dose of oxidant applied was 24 grams (g)
oxidant/kilogram (kg) of impacted media. COC concentrations in the source zone were
reduced to below MCLs. However, the offsite plume that was not targeted by ISCO
remediation remained and has not attenuated to below MCLs over an approximately
10-year monitoring period.

Sun Belt Precision Products. Four applications of permanganate were applied to a
source zone at a site with a known DNAPL release (reported in USEPA, 2003, and
ITRC, 2005). The relatively homogeneous sand treatment zone was particularly amenable
to ISCO treatment. Only 0.16 pore volumes were delivered over the course of the project,
which the design team indicated was intentional to minimize physical displacement.
A design radius of influence of 7 feet (ft) (2.1 meters [m]) was used for injections. While
NOD was not reported, the sand stratigraphy suggests that it was likely low. Aqueous
phase groundwater concentrations were reduced by three to four orders of magnitude
throughout the treatment zone. ACLs were met in the treatment zone, allowing the site to
obtain closure.

U.S. Department of Energy Portsmouth Gaseous Diffusion Plant. The X-701B site
has been treated with permanganate delivered through horizontal wells (West et al., 1997;
1998) and CHP delivered with direct push points (Cross et al., 2006; Cross and Baird,
2008; Wymore et al., 2010). The DNAPL source zone is located in a heterogeneous
formation directly overlying low permeability shale. The permanganate recirculation deliv-
ered approximately 0.7 pore volumes. While transient COC reductions in groundwater
were observed, significant rebound occurred throughout the treatment zone. Catalyzed
hydrogen peroxide delivered in multiple injection events was able to reduce aqueous and
soil phase COC concentrations in the majority of the treatment zone, but was unable to
adequately contact the DNAPL located directly above the shale at the base of the
treatment zone. The source zone is currently being remediated by excavation.

U.S.ArmyCorpsofEngineers, EastlandWoolenMill SuperfundSite (Corinna,Maine).
Laboratory treatability tests, field pilot tests and full-scale implementation of ISCO were
conducted for the site and completed in 2007 (Osgerby et al., 2006). The COCs at
the site include 1,2,3-trichlorobenzene; 1,2,4-trichlorobenzene; 1,2-dichlorobenzene; 1,3-
dichlorobenzene; 1,4-dichlorobenzene; benzene; and chlorobenzene. The target area is a
portion of the site composed of basal till and weathered/fractured bedrock that could not be
excavated and contained residual DNAPL. Bench-scale testing showed activated persulfate
and CHP to be potentially applicable; however, field pilot testing demonstrated activated
persulfate to be a superior ISCO process for the site due to the reactive nature of site soils

(continued)
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Example 1. (continued)

that severely limited distribution of the CHP. Full-scale application of activated persulfate
was performed between 2005 and 2007 in four phases for treatment of overburden basal
till (Phases I and II), weathered bedrock (Phase III), and fractured bedrock (Phase IV). This
final phase demonstrated that distribution of the oxidant and treatment of the bedrock would
be feasible, though some fracture bedding planes would require high-pressure injections.
Tracer tests also indicated that oxidant mass flux into secondary porosity features within the
fracture matrix would be an important mechanism to treat the contaminant mass within
the bedrock. Nearly 200,000 pounds (lbs) (91,000 kg) of activated persulfate reagents
were applied during the four phases of treatment. Over the four phases of injection, an
approximate 60% reduction in soil contaminant mass and 90% reduction in groundwater
contaminant mass (ISCO objective was an 85% reduction in groundwater COC concentra-
tions) have been achieved.

Industrial Site in New Hampshire, Multiple Source Areas. Remedial investigations
identified the contamination as a mixed DNAPL including chlorinated ethanes and chlori-
nated ethenes. The primary COCs were identified as 1,1,1-TCA and TCE. The contamina-
tion was found in silty fine sands; the silt content increased progressively silty with depth.
ISCO was selected as the preferred remedial technology. The objective of the remediation
was to treat the source and allow the plume to attenuate naturally. As the soils at the site
became increasingly silty with depth, the potential existed for preferential flow into the more
shallow portions of the injection area that could cause failure of the ISCO to meet its goal.
Therefore, modeling of the vertical placement of the injection wells was performed to
optimize the distribution of reagents in the subsurface. Bench-scale testing was performed
for CHP, which was the ISCO technology selected; the work was completed in 2005–2010
(Smith et al., 2012). During the bench-scale tests, it was determined that H2O2 was unstable
in the presence of the site soils, which would result in inadequate distribution of the H2O2.
A variety of CHP stabilization agents were tested to develop a protocol that would allow
for better reagent distribution. Direct injection, via installed polyvinyl chloride (PVC) wells,
of the stabilized H2O2 was selected for the remedial design. The four identified source
areas were treated with 76,000 lbs (34,500 kg), 142,000 lbs (64,500 kg), 110,000 lbs
(50,000 kg), and 76,000 lbs (34,500 kg) of stabilized H2O2, respectively, within 645,200 gal-
lons (gal) of solution. The ISCO application (in most source areas, one or two applications
were required) achieved a reduction of >80% of dissolved phase chlorinated compounds,
which exceeded the ISCO application objective for the site.

Active Manufacturing Facility (New England). The COCs at this facility were 1,1,1-TCA
(historical levels over 100 miligrams per liter [mg/L] detected), PCE, and 1, 4-dioxane. The
ISCO goal was to reduce COCs concentrations to<1mg/L to allow natural attenuation of the
residual plume prior to reaching downgradient receptors. As the DNAPL source area was
under an activemanufacturing facility, safety concerns eliminated the application of CHP and
alkaline activated persulfate (AAP) was selected for the ISCO application. Alkaline activated
persulfate required adjustment of the aquifer pH to alkaline conditions (typically >pH 10.5).
Bench-scale testing demonstrated that the site-specific soils had both a high buffering capac-
ity andnontargetoxidantdemand,but thatAAPcouldbesuccessful inachievingdestructionof
the COCs to below target levels; the work was completed in 2007–2008 (Crawford et al.,
2009). The full-scale application required approximately 55,000 gal (208,000 L) of oxidant
solution over two separate field events to treat a 30 ft � 60 ft (9mby18m) sourcezoneover a
targeted saturated zone thickness of approximately 15 ft (4.6 m), which is equivalent to
approximately 0.45porevolumesof the treatment zone for eachevent. Twodistinct geological

(continued)
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Example 1. (continued)

units were identified within the TTZ: an upper sandy silt zone overlying a deeper, lower
permeability glacial till zone. This required installation of two separate injection well systems
at two discrete depths to optimize oxidant distribution into each soil layer. The post-treatment
results showed that thegroundwatergoalsweremet inall performancemonitoring locations.A
yearofpost-ISCOsamplingwascompleted,andsamplingconfirmed thata>99%reductionof
the target contaminants was achieved, with final concentrations approaching MCLs in many
monitoring wells.

To obtain more quantitative insight into ISCO design and performance, databases of
project applications have been compiled. Krembs developed a database of ISCO projects that
were carried out at 242 sites (Siegrist et al., 2010; Krembs et al., 2010; Krembs, 2008). A subset
of these sites was categorized as DNAPL sites. Based on critical review of those sites
categorized as having DNAPL contamination, the following general trends were noted for
treatment of DNAPL sites using ISCO:

� In situ chemical oxidation practitioners use longer delivery events, greater injection
volumes and higher oxidant doses for DNAPL sites. The average duration of delivery
was longer for DNAPL sites as well.

� A median cumulative injection volume of 0.13 pore volumes was delivered at DNAPL
sites. While this number is low, it is more than twice the median volume delivered at
sites where DNAPL was not believed to be present (median of 0.056 pore volumes).

� At the 82 DNAPL sites studied, it was more common to use ISCO with other
technologies (79%) than to apply ISCO alone (62%), especially post-ISCO (56% vs.
40% of 59 sites).

� Enhanced bioremediation and monitored natural attenuation (MNA) were the most
frequently used post-ISCO technologies applied at DNAPL sites (33 and 21% for 34
sites, respectively). In this analysis, MNA was considered as a coupled technology
when source documents specifically stated that it would be used, which likely results in
an underestimation of the frequency of the use of MNA after ISCO.

� Practitioners attempted to meet MCLs immediately after ISCO at only 14% of 110
DNAPL sites reviewed.

� No DNAPL sites met MCLs following ISCO.

� DNAPL sites were able to attain ACLs in 39% of cases.

� Rebound in COC concentrations in groundwater was observed in at least one monitor-
ing location at 82% of DNAPL sites.

Based on anecdotal reports of technology developers and practitioners, commonly cited
reasons for not meeting the desired ISCO performance goals at sites with DNAPL source zones
include (1) a lack of contact between the COCs to be treated and the injected reagents (oxidants,
catalysts or activators), (2) back diffusion from low permeability and heterogeneous materials,
(3) inadequate desorption of sorbed COCs, (4) NAPL solubility and mass transfer limitations
and (5) incomplete characterization of the extent or mass distribution of the contaminants
(Siegrist et al., 2008b).
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9.4 REMEDIAL DESIGN ISSUES AND APPROACHES

9.4.1 DNAPL Source Zones and Viability of ISCO

Dense nonaqueous phase liquid source zones challenge all treatment technologies, particu-
larly where the treatment goals are unrealistic for the site-specific conditions. For example, to date
there are no documented cases where DNAPL source zones have been treated and maintained at
MCL concentrations by any remediation technology. In situ chemical oxidation is applicable to
source zones, however, only when treatment goals are realistic and site conditions are amenable;
ISCO alone is not recommended for source zones if significant treatment of DNAPL pools is
required. Furthermore, ISCO alone is not recommended where >99% concentration, mass, or
mass flux reduction is the treatment goal, unless the site is relatively homogeneous (hydraulic
conductivity varies by less than a factor of 1,000) and permeable (>10�4 centimeters per second
[cm/s]) (Siegrist et al., 2011). Concentration, mass and mass flux reductions of 50–90% are
achievable and have been well documented in source zones using ISCO; treatment to 99%
reduction of concentration, mass or mass flux is feasible but less likely in source zones (Siegrist
et al., 2011). The probability of meeting treatment goals, regardless of their stringency, decreases
with increasing complexity (such as increasing heterogeneity and/or decreasing permeability)
(Krembs et al., 2010; Siegrist et al., 2011). Site complexity reduces the ability to establish contact
between oxidants and contaminant – the more challenging the contact of any remediation
amendment with contaminants, the less likely successful treatment will be achieved.

Table 9.4 provides an overview of potential oxidant types, delivery methods, potential for
rebound and performance goals for various DNAPL source zones (single compound or
mixtures), and associated geological subsurface conditions. A discussion of remedial design
considerations and approaches is given in the following sections.

9.4.2 Remedial Design Issues

A number of specific issues should be addressed to successfully implement ISCO at
DNAPL sites. These issues can be categorized as conceptual site model, site treatment goals,
site-specific limitations, effects of source zone treatment, and contaminant rebound (Table 9.5).
Further discussion of each of these remedial design issues is given below.

9.4.2.1 Comprehensive Conceptual Site Model

It is well established that geological heterogeneities have a significant impact on source zone
architecture (Schwille, 1988; Kueper et al., 1993) (Figure 9.6). Dense nonaqueous phase liquid
migration, in particular, has been studied quite extensively as a function of site geology (Pinder
and Abriola, 1986; Kueper et al., 1989; Mackay and Cherry, 1989; Kueper and Frind, 1991a, b;
Johnson and Pankow, 1992; Poulsen and Kueper, 1992; Held and Illangasekare, 1995a, b;
Illangasekare et al., 1995a, b; Ball et al., 1997; Liu and Ball, 2002; Sale et al., 2007). These studies
emphasize the complex behavior of DNAPL within source zones, including lateral spread over
finer grainedmedia layers as it sinks within the aquifer, entry into and storage within these lower
permeability layers, and DNAPL pooling in coarser layers. When ISCO is applied to a DNAPL
source zone, for example the DNAPL site depicted in Figure 9.6, it is both efficient and cost
effective to deliver the oxidant to regions with high contaminant mass densities. When a site is
poorly characterized and complexities are misunderstood or ignored, ISCO systems can bypass
zones of high contaminant mass densities. While no site characterization effort will result in a
complete understanding of the subsurface conditions, it is important to have a comprehensive
CSM. The more geologically complex the site, the higher the degree of characterization that is
required.
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Table 9.4. Characteristics of DNAPL Source Zones and General Amenability to Successful Appli-
cation of ISCO

DNAPL Type

Subsurface
Conditionsa

Simple Mixturesb (Solvents [PCE,
TCE, DCE,. . .])

Complex Mixturesb (e.g., Solvents
w/Fuels, Coal Tars)

Globs and ganglia
(higher GTP ratio)

Pools (lower
GTP ratio)

Globs and ganglia
(higher GTP ratio)

Pools (lower
GTP ratio)

A. Permeable and
homogeneous
(21%)

Oxidant type: A
Delivery: P, I
Rebound: LM

Goal: ACL or MF
Combined: N

Oxidant type: S
Delivery: P

Rebound: LM
Goal: ACL or MF
Combined: Y

Oxidant type: S
Delivery: P, I
Rebound: LM

Goal: ACL or MF
Combined: Y

Oxidant type: S
Delivery: P, I
Rebound: HD

Goal: ACL or MF
Combined: Y

C. Permeable and
heterogeneous
(47%)

Oxidant type: A
Delivery: P

Rebound: LM
Goal: MCL, ACL,

MF
Combined: N

Oxidant type: S
Delivery: P, M, O
Rebound: HD

Goal: MCL, ACL,
MF

Combined: Y

Oxidant type: A
Delivery: P

Rebound: LM
Goal: MCL, ACL,

MF
Combined: N

Oxidant type: S
Delivery: P, M, O
Rebound: HD

Goal: MCL, ACL,
MF

Combined: Y

B. Impermeable
and
homogeneous
(3%)

Oxidant type: S
Delivery: M, O
Rebound: U
Goal: ACL

Combined: Y

Conditions not likely
to occur

Oxidant type: S
Delivery: M, O
Rebound: U
Goal: ACL

Combined: Y

Conditions not
likely to occur

D. Impermeable
and
heterogeneous
(15%)

Oxidant type: S
Delivery: M, O
Rebound: U
Goal: ACL

Combined: Y

Conditions not likely
to occur

Oxidant type: S
Delivery: M, O
Rebound: U
Goal: ACL

Combined: Y

Conditions not
likely to occur

E. Consolidated
material with low
matrix porosity
(7%)

Oxidant type: A
Delivery: I, O
Rebound: HD
Goal: MF

Combined: Y

Conditions not likely
to occur

Oxidant type: S
Delivery: I, O
Rebound: HD
Goal: MF

Combined: Y

Conditions not
likely to occur

F. Consolidated
material with
high matrix
porosity (7%)

Oxidant type: A
Delivery: I, O
Rebound: HD
Goal: MF

Combined: Y

Conditions not likely
to occur

Oxidant type: S
Delivery: I, O
Rebound: HD
Goal: MF

Combined: Y

Conditions not
likely to occur

Note: GTP ganglia to pool ratio
Oxidant type: A ¼ All oxidants of equal applicability; S ¼ Certain oxidants likely more effective
Delivery method: P ¼ Probes surgically emplaced; I ¼ Injection wells; M ¼ Physical mixing; O ¼ Other enhancements
(e.g., well-to-well recirculation)
Rebound potential: LM limited and can normally be managed with subsequent targeted injections, HD high likelihood
and difficult to manage with subsequent injections
Goal achievement: MCL maximum contaminant levels, ACL alternative concentration limits, MF mass flux reduction.
Note that for DNAPL source zones, setting a goal of MCLs will almost always require implementation of a remediation
approach or technology following ISCO
Combined remedy needed: Y ¼ almost always needed; N ¼ not always necessary; U ¼ uncertain
aThe classification of subsurface conditions was developed by Krembs et al. (2010) and the percentage listed in
parentheses represents the percentage of sites (n ¼ 209 sites) compiled by Krembs et al. (2010) where ISCO was
applied (includes all types of sites, not just those with DNAPL source zones)
bIn the opinion of the authors, the general attributes given are associated with more successful applications of ISCO
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Table 9.5. Conditions That Challenge Successful ISCO Treatment of DNAPL Source Zones

Category Challenging Conditions

Conceptual site
model

Site can be poorly characterized with respect to contaminant mass density
(pools vs. residual) and distribution, total contaminant mass present, and degree
of media heterogeneity

Site geology can be challenging/complex, limiting contact of oxidant
and contaminant

Significant contaminant mass can have moved into lower permeability media
via diffusion and/or mass transport

Prediction of oxidant and/or oxidant amendment distribution at the site can be poor

Site treatment goal Treatment goal can be unrealistically stringent for a source zone site

Site-specific
limitations

Amount of oxidant necessary to treat the mass of contaminant present can be cost
prohibitive

Volume of oxidant necessary to treat the mass of contaminant present at the site
can be prohibitive in terms of time onsite (cost) or the ability of the formation
to accept the volume

Project schedule, budget, and timeframe cannot accommodate multiple
oxidant delivery events

Effects of source
zone treatment

Byproducts of ISCO can be incompatible with aquifer physical or chemical
characteristics and/or contribute to implementation/contact challenges

Rebound Rebound is more prevalent at source zone sites

Figure 9.6. Generic contaminated site CSM for a DNAPL source (DNAPL contamination is shown
in red) (Siegrist et al., 2011).
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For source zone treatment, it is critical to understand the contaminant phases, mass,
architecture and age, in addition to typical hydrogeology, geochemistry and other site data.
At some sites it may be cost prohibitive to attempt to treat all of the mass in a source zone.
However, because of the DNAPL architecture, it is often viable to treat enough mass to cost
effectively reduce COC mass flux (expressed as mass/time/area) and mass discharge (flux
integrated across a cross section of the plume perpendicular to flow) (mass/time). Treatment
objectives and monitoring should be established as a function of the phase in which contami-
nants are present. For example, it is unrealistic and inappropriate to monitor only groundwater
concentration within source zones that contain high DNAPL and sorbed phases of contaminant.
This is true both for pre-ISCO site characterization and post-ISCO monitoring. Contaminant
mass will dictate the chemical oxidant needs for treatment. Dense nonaqueous phase liquid
architecture will dictate design features such as the oxidant delivery approach and delivery
point spacing. For example, localized DNAPL pools call for closely spaced delivery of oxidants
and direct-push injection (multiple events) may be appropriate, whereas residual DNAPL
spread relatively uniformly across a site may call for wells installed at a wider spacing.
Where contamination has migrated into lower permeability layers, more aggressive delivery
approaches, including soil mixing, may be considered. A comprehensive CSM will not only
guide ISCO design, it will also serve to guide post-treatment expectations. When it is known that
the contaminant is located within lower permeability zones, longer-term back diffusion and site
recontamination could be anticipated, and follow-on injections could be planned accordingly.

Current site characterization efforts use systematic planning, dynamic work strategies and
real-time field measurements to reduce CSM uncertainty and guide the treatment effort. This
dynamic approach is termed the accelerated site characterization process by the American
Society for Testing and Materials (ASTM) and the Triad approach by the U.S. Environmental
Protection Agency (USEPA) (ITRC, 2003, 2007; ASTM, 2004; Crumbling et al., 2001, 2003;
USEPA, 2008). The focus of each of these is managing the uncertainty associated with both the
site characteristics and the influence of treatment on site conditions. These approaches are even
more valuable to source zone sites because of their complexity. With these iterative data
collection and analysis approaches, decisions regarding follow-on data collection efforts can
be made near real time to fill data gaps based on information about the site as data is collected.
For example, in a source zone where NAPL is suspected, grab sampling can identify a high
contaminant concentration location. Follow-on and more refined efforts, where time and
budget allow, can be localized in that area with high density data collection rather than moving
forward with a grid sampling approach that may be of limited value when a hot spot is
identified. During and following ISCO treatment of a site, a similar dynamic approach can
and should be used to assess delivery and treatment effectiveness.

Modeling is one tool that can help improve understanding of subsurface conditions and the
viability of remediation using ISCO. For example, by simulating possible processes and
matching observed data, potential source zone locations and architectures can be estimated.
These simulations can help to select appropriate oxidant and delivery approaches for the likely
source architecture and hydrogeology. By performing simulations using expected upper and
lower limits for site parameters, the effect of uncertainty can also be examined. Examples of
ISCO-specific modeling tools include CDISCO and CORT3D.

The conceptual design for ISCO (CDISCO) tool was developed with support from the ESTCP
under Projects ER-0626 (Borden et al., 2012) and ER-0623 (Siegrist et al., 2010) and is intended to
assist with the conceptual design of injection systems for ISCO using permanganate. The
conceptual design for ISCO tool allows the user to evaluate permanganate delivery as a function
of aquifer thickness, permeability, total NOD, NOD kinetics, permanganate concentration, injec-
tion flow rate and injection duration. It does not, however, model contaminant concentrations and
in fact assumes an equal distribution across the treatment zone to which the model is applied.
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While CDISCO is an invaluable tool to help design a permanganate delivery system, often
models applied to source zones need to consider greater complexity than CDISCO captures. The
three dimensional chemical oxidation reactive transport model (CORT3D) was developed with
support from SERDP under Projects ER-1290 (Siegrist et al., 2006) and ER-1294 (Illangasekare
et al., 2006). CORT3D is based on a modified form of reactive transport in three dimensions
(RT3D) version 2.5 (Clement, 1997, 2001; Clement et al., 1998, 2000; Clement and Johnson, 2002;
Johnson et al., 2006) and MODFLOW, 2000 (McDonald and Harbaugh, 1988; Harbaugh and
McDonald, 1996a, b; Harbaugh et al., 2000). It allows for simulation of three-dimensional (3-D)
ISCO reactive transport in groundwater (Heiderscheidt, 2005). CORT3D includes NAPL disso-
lution, equilibrium or rate-limited sorption, second-order kinetic contaminant oxidation, kinetic
oxidation of NOD – both a fast kinetic portion and a slow kinetic portion – and different
diffusion coefficients for each aqueous species. The code tracks three aqueous mobile compo-
nents (contaminant, aqueous chloride and aqueous oxidant) and five immobile components
(NAPL, sorbed contaminant, manganese oxide, fast NOD and slow NOD). The code was
developed for permanganate, but it may be applicable to other oxidants with further investiga-
tion and appropriate oxidant-specific assumptions.

The best predictive tools are only as reliable as the data that is entered into them. Therefore,
sophisticated modeling tools are only worth the expense and effort of using them if compre-
hensive CSM and monitoring plans exist that can be implemented during and after ISCO.

9.4.2.2 Treatment Goals

As discussed in Section 9.3, application of ISCO to DNAPL sites has not been successful in
achieving MCLs, though it is capable of meeting less stringent remedial action objectives (such
as ACLs). Generally, it is more reasonable to deploy ISCO in the source zone with the intent to
reduce the source zone mass and perhaps decrease the mass discharge so that a combined
remedy such as ISCO followed by MNA can be effective.

9.4.2.3 Oxidant Type and Concentration

Some oxidants are more viable for treatment of source zones than others based on their
stability (longevity) in the subsurface and their ability to be distributed throughout a TTZ.
Because of their persistence, permanganate and persulfate, under some activation approaches,
tend to be more viable for source zone treatment compared to CHP or ozone (Siegrist et al.,
2011). On the other hand, where contaminants such as coal tar or chlorinated solvents are
trapped at high saturations, the more aggressive ISCO oxidants, such as CHP or ozone, might
facilitate movement of the contaminant, which could increase accessibility and make the
DNAPL more amenable to ISCO and combined treatment technologies and approaches.

Where contaminants are present at high concentrations, such as in source zones, it may seem
intuitive to deliver high oxidant concentrations in order to rapidly and extensively destroy
contaminants. Several factors, in addition to contaminant mass, should be considered when
selecting an appropriate oxidant concentration. Extensive nonproductive oxidant depletion occurs
due to interaction with the natural constituents of the subsurface, regardless of the oxidant
selected. The higher the concentration of oxidant that is delivered, the faster this nonproductive
oxidant depletion occurs. Oxidants react more rapidly with most contaminants than with subsur-
face media; therefore, high concentrations are not problematic where the full contaminant mass is
present in the aqueous phase. This is rarely the case, particularly in source zones. It is only
efficient to provide oxidant in excess of what is consumed by contaminant reactions and rapid
reactions with the media so it can persist long enough to allow for the transfer of remaining mass
from the nonaqueous or sorbed phases and to allow for transport into lower permeability areas
via diffusion or downgradient via advection and dispersion. In addition to nonproductive oxidant
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consumption, using a concentration higher than necessary can exacerbate the generation of
byproducts, such as gas or acidity/alkalinity, with effects that may be undesirable.

Another issue associated with the need for a large mass of oxidant is that when the large
mass is delivered at high concentration, the oxidant solution can experience density-driven flow
downward through the aquifer due to gravitational forces. Schincariol and Schwartz (1990)
reported that this could happen in subsurface systems when the density difference between
fluids is as little as 0.0008 g/cm3, which is equal to the density difference caused by a
concentration of 1,000 mg/L of sodium chloride. This effect has been noted with permanganate
by several investigators (Nelson, 1999; Stewart, 2002; Siegrist et al., 2006). While this density
effect can be advantageous if expected, treatment can be ineffective in cases where the
contaminated zone is completely bypassed.

9.4.2.4 Oxidant Delivery

Certain delivery approaches are more amenable to source zone treatment as well. Typically
treatment of source zones requires longer delivery of a greater volume of remediation fluids;
therefore, it is advantageous to use a delivery approach that will accommodate this effort. It
may ultimately be cost effective to install delivery wells (as opposed to direct push probes) or
recirculation systems to accommodate longer delivery periods. Also, soil mixing and hydraulic
fracture-emplaced ISCO have the potential to be effective approaches for source zone treat-
ment, particularly where these approaches are closely matched to site conditions. Soil mixing
can help overcome heterogeneities through the physical mixing process. Fracturing might be
used to facilitate delivery in low permeability formations, although closely spaced fractures will
likely be needed to overcome diffusion-limited mass transport. The key point is that more
expensive and aggressive delivery approaches improve cost effectiveness as site complexity
(hydrogeology and contaminant mass distribution) increases.

Delivery into complex source zones can be enhanced by improved hydraulic delivery and
distribution, and improved oxidant stability and reactivity with the COCs. Improved hydraulic
delivery can improve contact between the oxidant and COC to increase treatment efficiency and
effectiveness. Improved oxidant stability can lead to increased contact duration, which is
particularly important where contaminant oxidation is controlled by mass transfer limitations.
Oxidant stability can be improved by the addition of amendments to alter its chemical or physical
properties. Table 9.6 summarizes methods that are being developed for enhanced ISCO delivery.

Table 9.6. Emerging Approaches for Enhanced ISCO Delivery (after Siegrist et al., 2011)

Approach Description and Examples

Stabilized oxidants Phytate, citrate, and malonate have been shown to increase the half-life
of H2O2 during CHP reactions (Watts et al., 2007)

Encapsulated oxidants Potassium permanganate in solid microcapsules (Ross et al., 2005)
or within a paraffin matrix (Dugan et al., 2009) to achieve controlled
release into groundwater (Lee and Schwartz, 2007; Lee et al., 2009)

Polymers and delivery aids Use of polymers like xanthan to overcome ISCO delivery problems
caused by zones of low permeability, site heterogeneity, and excessive
NOD (Smith et al., 2008; Crimi et al., 2011)

Density-driven delivery Density-driven flow was used to deliver permanganate to NAPL located
in groundwater on top of an aquitard and a model (MIN3P-D) could
simulate the observed behavior (Henderson et al., 2009)

Mechanical mixing Mechanical mixing of oxidant solutions into shallow soils and subsurface
porous media using augers for deep soil mixing or tilling and excavator
mixing in shallow soils
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In situ chemical oxidation system design must accommodate the treatment limitations of
sorbed and DNAPL phase contaminants in source zones as dictated by the rate and extent of
mass transfer into the aqueous phase. In addition to controlling the volume, duration, concen-
tration and approach for oxidant delivery, the number of planned delivery events is another
design parameter that can be controlled to accommodate the challenges of treating source
zones. In fact, for sites with low rates of mass transfer from the sorbed and DNAPL phases, or
from lower permeability media, it may be more cost effective to plan multiple delivery events
over time with a lag time between them to accommodate contaminant re-equilibration with the
aqueous phase than to plan single, longer duration events where oxidant may be used less
efficiently.

9.4.2.5 Cost Considerations

Cost is a key consideration that can influence the viability of successful ISCO for source
zone sites. Between the extensive amount of oxidant that can be consumed in DNAPL source
zones with high contaminant mass densities and oxidant depletion due to reactions with the
media within that treatment zone, chemical costs can be very high for source zone treatment
(see Example 2).

Example 2. Oxidant Requirements Using a Mass Balance Approach

Site X contains high concentrations of TCE – up to 100 mg/L in groundwater and
1,000 mg/kg in porous media. Presence of DNAPL is suspected. Permanganate injection
via wells has been deemed most viable for the site and multiple injections are planned.
The contamination is between 10 ft (3.05 m) and 30 ft (9.1 m) bgs over an area 100 ft
(30.5 m) in length and 100 ft (30.5 m) wide.

Assuming a porosity of 0.30 and a bulk density of 1.6 g/
cm3, the total mass of TCE estimated in the treatment
zone is approximately 9,250 kg (~20,400 lbs). With a
reaction stoichiometry of 1.8 g of permanganate (as
MnO4

�) per g of TCE, approximately 16,650 kg
(~36,600 lbs) of permanganate is needed to oxidize the
TCE. This mass does not consider the natural demand of
the media for permanganate, which would need to be
added in excess. Using a simple mass balance approach
and an assumption of an NOD of 2 g of permanganate per
kg of media, an additional (approximately) 18,160 kg
(~40,000 lbs) of permanganate is necessary. If potas-

sium permanganate is used, this translates to 76,600 lbs of KMnO4. At a current cost of
$2.25 per pound of KMnO4, the total cost of permanganate alone is $172,350. This is $23/
cy of media treated accounting for only the chemical costs. Major assumptions include the
following: (1) all of the permanganate is consumed within the target area with no bypass
through or around, (2) this mass of oxidant can be delivered uniformly at a reasonable
concentration and (3) all contaminant is present in an available aqueous phase within the
treatment timeframe. The first assumption presumes a fairly homogeneous formation. Any
degree of heterogeneity will cause some extent of bypass. The second assumption
depends on numerous design variables. If, for example, a concentration of 1 wt% KMnO4

is used, 1.09million L (2.9million gal) is required. Thiswould equal not quite 2 pore volumes
of fluid. An underlying concern is whether the formation and budget will accept this volume
and associated time onsite. A recirculation approach may be one means to facilitate
delivery of this volume/mass of oxidant.
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In situ chemical oxidation projects at DNAPL sites have, on average, a higher total cost of
treatment relative to other sites (Krembs et al., 2010), which can be attributed to the longer
duration of oxidant delivery, greater volume of reagents, greater mass of oxidant and a higher
number of delivery events necessary for effective treatment. Sites with large zones of very high
contaminant mass density, such as DNAPL pools, are unrealistic to treat with ISCO alone.
However, partial mass removal using ISCO followed by alternative treatment approaches that
are more cost effective for residual mass may be appropriate. Partial mass removal using
ISCO, in fact, may provide enough treatment to reduce mass flux to an acceptable limit,
depending on the contaminant architecture. Alternatively, ISCO may be appropriate for
residual mass following excavation or other source removal approaches. As discussed earlier,
ISCO is best considered as part of a comprehensive approach for source zone remediation.

9.4.2.6 Impacts of ISCO Source Zone Treatment on Aquifer Conditions

Table 9.7 provides an indication of the major subsurface interactions that may occur during
ISCO treatment of DNAPL source zone, while Table 9.8 presents some oxidant specific
interactions. As discussed below, these interactions can affect aquifer conditions with benefi-
cial or adverse effects.

In situ chemical oxidation can alter subsurface geochemistry (oxidation–reduction poten-
tial [ORP], pH) and cause changes to the mobility of metals. Metals of concern include
antimony, arsenic, barium, cadmium, hexavalent chromium, copper, iron, lead, mercury, nickel
and selenium. Typically, changes are temporary and conditions return to pre-ISCO conditions
after the aquifer has re-equilibrated. In source zones containing DNAPL where high oxidant
concentrations, oxidant mass, or treatment duration occurs, it is possible for these effects to be
amplified over long distances and/or durations.

Gas evolution during ISCO can fill pore spaces and reduce permeability of the formation.
For example, gas evolution (CO2 byproduct) during permanganate ISCO of DNAPL has been
reported where groundwater flow has been altered, bypassing zones where significant gas is
produced such as the NAPL interface (Reitsma and Marshall, 2000; Lee et al., 2003; Li and
Schwartz, 2003). Also, oxygen generation during CHP reactions can be extensive (Watts et al.,
1999). While no controlled studies have evaluated the impact in transport systems, it is reason-
able to infer that localized O2 production during CHP reactions can impact permeability much
like CO2. In fact, O2 generation during CHP reactions is much faster and more aggressive than
CO2 generation during permanganate reactions, so its impact is likely even more pronounced.

Chloride is a byproduct of the reaction of oxidants with many common DNAPLs including
TCE and PCE. When oxidation is occurring within source zones, extensive amounts of chloride
can be generated local to the point of reaction. For example, Petri (2006) measured concentra-
tions in excess of 3,000 mg/L when treating nonaqueous phase chlorinated solvents with
permanganate near the point of reaction. In permanganate systems, chloride does not create
challenges to treatment; however, in free radical oxidation systems, such as persulfate and
CHP, chloride can act as a free radical scavenger, limiting productive oxidation of contami-
nants. Furthermore, chloride can form complexes with amendments used to catalyze or
facilitate catalysis of free radical oxidation reactions such as iron, impacting oxidation kinetics
(Sung and Morgan, 1980). Finally, when present in high concentrations (>3,500 mg/L), chloride
can react with contaminants and natural organic carbon to form halogenated intermediates that
are potentially more toxic than the parent contaminant (Aiken, 1992; Waldemer et al., 2007).

As discussed in Section 9.2.2.2, manganese dioxide solids (denoted MnO2, although
actually the Mn is in a mixed oxidation state) are a byproduct of ISCO unique to permanganate.
Manganese dioxide solids have the potential to alter subsurface hydraulic conductivity and
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permeability near the point of oxidant injection and within a TTZ, affecting transport of
permanganate in the subsurface. Crimi and Ko (2009) and Crimi et al. (2009) determined
that MnO2 particles in groundwater could be controlled, inhibiting deposition using the
amendment sodium hexametaphosphate (SHMP). When SHMP is included in a permanganate
oxidation solution, the resulting MnO2 particles are smaller in size and remain suspended in
solution (mobile). During one-dimensional (1-D) transport evaluations of MnO2 mobility both
with and without SHMP in various porous media (organic matter, clay, mineralogy), SHMP
enhanced MnO2 stability in groundwater and resulted in significantly less MnO2 deposition,
particularly within the contaminant source zone. Currently, Crimi et al. (2011) are conducting a
field demonstration to evaluate the use of SHMP with permanganate to enhance delivery and

Table 9.7. Major Subsurface Interactions that Can Potentially Occur During ISCO

Interaction Type Comments

Altered behavior
of COCs

Organic COCs Formation of films and rinds due to chemical oxidation at
NAPL–water interfaces is possible; this can reduce mass
transfer into the aqueous phase where oxidation reactions
typically occur

Metal co-COCs Oxidation reactions can change the redox state of certain
metals and change their toxicity and mobility in groundwater
(e.g., Cr+3 to Cr+6, more toxic and more mobile; As+3 to As+6,
less toxic and less mobile)

Permeability loss
in injectors and
porous media

Particle generation Formation of reaction products can result in generation
of particles, which can clog injectors, well screens, and
boreholes (e.g., oxidation using MnO4

� can generate MnO2

particles)

Gas evolution Oxidation reactions can generate gas (O2 and CO2), which
can become entrapped in soil and groundwater and reduce
effective permeability for flow

Biogeochemical
changes

Chemical
impurities

Oxidant formulations can include impurities, which can affect
groundwater quality (certain permanganate formulations
contain metal impurities)

pH Oxidation of organics can yield acidity and depress
subsurface pH in zones of intense reaction (at NAPL–water
interfaces)

Ion behavior Permanganate ISCO delivers ions into the subsurface, which
can affect sorption and cation exchange sites (e.g., Na+ can
cause dispersion of expandable clays; K+ and Na+ can
displace sorbed cations)

Natural organic
matter (NOM)

Oxidation of NOM can reduce the foc and Kd of the subsurface
within a TTZ

Dissolved organic
carbon

Oxidation of NOM and hydrophobic organics can generate
dissolved organic carbon, which can serve as a substrate
for microbial reactions

Microbiology Oxidation within a subsurface TTZ can perturb ambient
microbial ecology initially depressing biomass, diversity
and activity but subsequently stimulating biomass and activity
levels to pre-ISCO levels or higher
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Table 9.8. Subsurface Interactions for Contrasting Oxidants Used for ISCO

Feature Catalyzed H2O2

KMnO4 or
NaMnO4 Persulfate O3

Subsurface effects on potential rate and extent of oxidation of COCs

Effect of
nonproductive
reactions

Can lead to high
mass delivery of
oxidant solutions

Can lead to high
mass delivery of
oxidant solutions

Can lead to high mass
delivery of oxidant

solutions

Can lead to high
mass delivery of
oxidant solutions

Effect of pH Optimum <4 Effective at pH
3–12

Optimum >11 for
alkaline activation; other
activation approaches
are less pH dependent

Optimum pH <7

Effect of total
dissolved solids

Little to no effect Little to no effect Little to no effect Little to no effect

Effect of CO3
�2 Radical scavenger No effect Radical scavenger Radical scavenger

Effect of
temperature

Affects rate of
reaction

Affects rate of
reaction

Increased temperature
increases rate of

activation and reaction

Affects rate of
reaction

Potential for oxidation to alter pre-ISCO subsurface conditions

pH in target
treatment zone
(TTZ)

Can be lowered to
acidic conditions
depending on

buffering capacity

Can be lowered to
acidic conditions
depending on

buffering capacity

High pH can persist
following reaction using
alkaline pH activation;
pH can be lowered to
acidic conditions in
other activation

approaches depending
on buffering capacity

Can be lowered
to acidic conditions

depending on
buffering capacity

pH at DNAPL
interfaces

Can be lowered
toward pH 2

Can be lowered
toward pH 2

Can be lowered
toward 2

Can be lowered
toward pH 2

Temperature Appreciable
increases possible

depending on
oxidant

concentration used

Minor increases
possible under

normal applications

Minor increases
possible under

unactivated or iron
activated conditions;
appreciable increases
can result from H2O2 or

heat activation

Moderate to
appreciable

increases possible
depending
on oxidant

concentration used

Metal
mobilization

Limited potential Potential for
mobilization of
redox metals,
notably Cr+3

Potential for
mobilization of redox
metals, notably Cr+3

Potential for
mobilization of
redox metals,
notably Cr+3

Permeability
loss

Potential for loss at
injection wells and
in formation due
to gas evolved

Potential for
substantial losses
at injection wells
due to MnO2

formation

Dependent on
activation approach;
H2O2 activation can
lead to permeability
losses due to gas

evolved; alkaline pH
activation could
potentially lead to

formation of precipitates
in/near injection

Potential for loss at
injection wells and
in formation due
to gas evolved

Microbiology Potential to disrupt
biomass levels and
activity within TTZ
but effects are
short term

Potential to disrupt
biomass levels and
activity within TTZ
but effects are
short term

Potential to disrupt
biomass levels and

activity within TTZ but
effects are short term

Potential to disrupt
biomass levels and
activity within TTZ
but effects are
short term



distribution. The demonstration is ongoing at the Marine Corps Base Camp Lejeune in
Jacksonville, North Carolina, USA (Figure 9.7). The test area is located within the site of the
former base dry cleaning facility, which operated from the 1940s until 2004 when the building
was demolished. The subsurface in the test area is comprised of sands of varying permeability
with some interbedded silt layers. Perchloroethene contamination has been detected at high
concentrations in soil and groundwater samples.

9.4.2.7 Rebound of DNAPL Compound Concentrations

A general rule of thumb used during groundwater monitoring is that a change of <10% in
the field parameters and contaminant concentrations between three consecutive monitoring
events can be used to demonstrate re-equilibration or rebound. Re-equilibration may also be
presumed to have occurred when geochemical parameter concentrations measured at certain
monitoring locations are within the 95% confidence interval for the average baseline condition.
A substantial length of time may be required for complete re-equilibration to occur depending
on rates of advection versus contaminant desorption, dissolution and back diffusion.

Rebound after an initial ISCO DNAPL source zone treatment event is common. The data
presented by Krembs et al. (2010) indicated that rebound (based on an increase of 25% or more)
was observed in at least one well following ISCO application at 78% of DNAPL sites and at 56%
of the sites where DNAPL was not suspected to be present. While a number of factors may
contribute to rebound conditions, the primary reason for rebound at DNAPL sites is because
oxidation reactions occur in the aqueous phase (see Section 9.2.1). Dense nonaqueous
phase liquid and sorbed contaminants must first dissolve or desorb to be accessible for
destruction by oxidants. Once oxidants are depleted due to their reaction with contaminants
and/or natural media constituents, any remaining contaminant will continue to partition into the
aqueous phase.

Figure 9.7. Field demonstration Marine Corps Base Camp Lejeune, Jacksonville, North Carolina,
of ISCO for remediation of chlorinated solvent contaminated groundwater using coinjection of
oxidant and amendments to enhance delivery (from Crimi et al., 2011). The ISCO system includes
coinjection of KMnO4 (5 g/L), SHMP (5 g/L), and xanthan gum (0.5 g/L) during a single-well injection
event to treat a 10 meter (m) (33 foot) diameter zone of sand and silty sand in the depth interval of
11 to 16 m below ground surface (bgs).
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While rebound has a negative connotation when associated with performance assessment at
treated sites, there are indeed positive attributes of rebound. Rebound marks the transfer of
contaminants into a more treatable aqueous phase when identified appropriately as rebound
and is not attributable to migration of contaminant into the treated zone from upgradient areas.
Rebound itself is an indication that there is untreated mass at the site and additional delivery
events are required. Furthermore, rebound data can be used to help locate specific source areas
where effort, time and budget can be focused for follow-on treatment.

9.4.3 Remedial Design and Implementation

Implementation of ISCO for treatment of DNAPL source zones should follow the same
overall considerations that apply to the general application of ISCO (Siegrist et al., 2011),
including:

� Selection of an appropriate approach for delivery that is compatible with site conditions
and is consistent with a realistic CSM

� Safe work planning, procedures and equipment

� Provision of appropriate equipment and experienced personnel for chemical handling,
mixing and injection operations

� Clear implementation targets for oxidant dose and volume based on a rational
design

� An appropriate monitoring program that includes process and performance monitoring

� An adaptive approach that allows dynamic work planning and facilitates use of real-
time data in the field

However, since the treatment of DNAPL source zones is inherently challenging, the
tolerance for inappropriate application of a technology like ISCO is minimal.

The primary challenge for successful treatment of DNAPL source zones using ISCO is to
achieve effective contact between the oxidant and DNAPL. For this reason, careful selection of
an implementation approach that is consistent with site geologic conditions is especially critical
when treating a source zone. Hence, a realistic CSM is critical because it provides the
framework for identifying the specific target locations that require treatment.

Developing an appropriate ISCO implementation approach involves professional judgment
as well as technical analysis. Often, several potentially viable implementation approaches exist,
and the most favorable approach might consider nontechnical factors related to accessibility of
treatment areas, cost, etc. The primary elements of an ISCO implementation approach include
the following:

� Consideration of combinations of ISCO and other treatment technologies or use of
ISCO as part of a treatment train (such as integrating ISCO with bioremediation,
thermal, or MNA)

� Clear treatment objectives defining the TTZ and the treatment endpoints

� Identification of site-specific conditions that may impact the oxidant delivery method
or the design oxidant dose and volume

� Selection of an appropriate oxidant and delivery method that overcomes the identified
limitations to the maximum extent possible
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9.4.3.1 Combining ISCO with Other Technologies and Approaches

Combined remedies often are required for treating DNAPL sources (see Chapter 15). Using
ISCO as a component of a combined remedy can be accomplished simultaneously or through
various temporal or spatial combinations with other approaches (Siegrist et al., 2011). Enhanced
in situ bioremediation (EISB) and MNA are most frequently combined with ISCO. ISCO can be
an effective pretreatment step to bioremediation by providing partial treatment and making
COCs more bioavailable. ISCO has been shown to temporarily decrease microbial abundance
and diversity, but these typically rebound with time. In some cases, bioremediation and MNA
may actually be enhanced by ISCO as the oxidant may add terminal electron acceptors or
partially oxidize contaminants making them more amenable to biodegradation.

In situ chemical oxidation is one component of a comprehensive approach for source zone
remediation. A case study review by Krembs et al. (2010) found that sites with NAPL present
were more likely to have ISCO coupled with other technologies, especially post-ISCO technol-
ogies such as EISB and MNA. Currently, remediation of source zones is increasingly viewed as
best accomplished by combining remedies simultaneously or sequentially for different zones of
contamination (NRC, 2005) (Figure 9.8). In situ chemical oxidation can be appropriately

Figure 9.8. Illustration of in situ technologies that might be viable for a combined remedy for a site
with a DNAPL source zone and associated groundwater plume (DNAPL contamination is shown in
red) (Siegrist et al., 2011).
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coupled with pre-ISCO excavation, air sparging, soil mixing with amendments, surfactant
flushing, steam flushing, thermal desorption or engineered bioremediation. On the other end
of the treatment train, ISCO can be coupled appropriately with air sparging, reductive dechlo-
rination, aerobic biodegradation, in situ chemical reduction (ISCR), permeable reactive barriers
or MNA.

Coupling ISCO with different remediation technologies can improve the probability of
meeting remediation objectives, especially at sites with unique challenges or aggressive cleanup
goals. To optimize the performance of ISCO and the combined remedy, careful consideration
of potential interactions is recommended prior to implementation. Siegrist et al. (2011)
describe principles of combining ISCO with other approaches, along with key considerations
and guidance.

9.4.3.2 ISCO Treatment Objectives

For DNAPL source zone treatment, typically ISCO treatment objectives are related to COC
mass reduction although in some situations a numerical concentration-based treatment objec-
tive may be adopted. In some cases, an appropriate ISCO treatment objective may stem from an
evaluation of the impacts of source zone treatment upon other portions of the site and related
exposure pathways. The relationships between source treatment and plume mass discharge or
concentration are often an important consideration in developing source area treatment goals
(see Chapter 6).

In developing site-specific ISCO treatment objectives, it is critical to differentiate between
the vadose zone and saturated zone portions of the source. Vadose zone treatment using ISCO
has been largely limited to the application of ozone due to the challenges of applying aqueous
oxidant solutions to the vadose zone (Siegrist et al., 2011).

9.4.3.3 Overcoming Site-Specific Limitations on ISCO Application

For ISCO to be successful in treating a DNAPL source zone, several potential limitations
must be overcome:

� Difficulty in delivering an adequate mass of oxidant to meet stoichiometric demands
uniformly across the TTZ

� Limited persistence of some oxidants and the resulting difficulty of maintaining
sufficient oxidant concentrations to sustain elevated COC reaction rates and allow
diffusive transport to occur

� Potential for adverse secondary geochemical effects

These limitations form an important framework for selecting an appropriate ISCO imple-
mentation approach. When dealt with in a site-specific context, identification and consideration
of the potential limitations for ISCO application can lead to the development of a more
effective implementation approach. Low permeability media and geologic heterogeneity
are two primary potential limitations for ISCO application, particularly within DNAPL source
areas. Low permeability conditions in some cases restrict the volume of oxidant that can
be delivered, which may prevent an adequate oxidant dose from being applied. Low
permeability conditions also require higher injection well density, which increases costs.

When oxidants are injected into the subsurface in a heterogeneous formation, the amend-
ments tend to be transported primarily in the more transmissive zones. Therefore, oxidant
delivery into the lower permeability zones occurs more gradually over time by advection or
diffusion transport processes. For ISCO, the relative rates of oxidant transport into the lower
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permeability zones and oxidant consumption are critical implementation considerations.
Oxidants that are more persistent will be more amenable to delivery into lower permeability
zones in heterogeneous environments.

9.4.3.4 Oxidant Selection and Delivery Methods

The primary oxidant delivery methods are batch injection, continuous injection (constant
pressure systems or metered flow systems) and continuous recirculation or mechanical mixing.
These are discussed individually below. Although in theory each method can be used with any
oxidant, selection of the appropriate oxidant and delivery method should be considered together
since in some cases oxidant characteristics may limit the available delivery alternatives.
For example, oxidant formulations including percarbonate are typically a solid slurry and will
have a limited radius of influence compared to aqueous phase oxidants. Therefore, percarbo-
nate applications may require a higher injection well density or may rely on mechanical soil
mixing or other means of delivery such as hydraulic or pneumatic fracturing.

Batch oxidant injection is the most prevalent ISCO implementation approach. Batch
injection involves injecting a specified volume of oxidant solution into the subsurface in one
or more discrete injection events. For DNAPL source zone treatment, multiple batch injection
events should be anticipated to achieve effective COC treatment. Batch injection can be
performed using either permanent injection wells or temporary injection points. Direct push
drilling of temporary injection points is a common approach, which may facilitate targeting of
specific vertical treatment intervals. Proper abandonment of temporary injection points using
tremie grouting or other techniques is critical to ensure that the penetrations do not serve as
conduits for daylighting or preferential flow of injected fluids.

Continuous oxidant injection systems involve automated delivery systems that maintain a
steady delivery of oxidant over a sustained period of time. Ozone gas systems are by default
continuous or pulsed injection systems. Similarly, aqueous oxidant solutions can be delivered
continuously over extended time periods using either flow metering or constant pressure
automated systems. Continuous oxidant delivery may be advantageous for treatment of source
zones, where elevated COC concentrations lead to large stoichiometric oxidant dose require-
ments. Also, continuous oxidant delivery may be advantageous to overcome limitations
associated with low permeability and heterogeneous environments.

Oxidant recirculation systems take advantage of groundwater extraction to provide hydrau-
lic control, to increase gradients for oxidant transport through the treatment zone, and to
minimize the net addition of water volume to the TTZ. Recirculation systems are generally
most practicable in moderate to high permeability environments, although they can still be
used in lower permeability environments. Oxidant recirculation systems may require relatively
sophisticated fluid handling to mitigate potential impacts of precipitant formation and other
secondary geochemical effects related to pH, oxidant presence, potential off-gassing, etc.

Mechanical soil mixing can be accomplished using large diameter augers, rotary drums or
other configurations. Mechanical soil mixing has the primary advantage of being able to
overcome the delivery limitations in heterogeneous and low permeability settings. However,
mechanical soil mixing requires unobstructed access and is limited to a relatively shallow TTZ.
Mechanical soil mixing of ISCO reagents involves adding either aqueous oxidant solutions or
solid-phase oxidant directly to the soil during the mixing process. Mechanical soil mixing may
impact the geotechnical properties of soils, and a geotechnical engineering analysis should be
performed to assess the suitability for post-treatment construction, if applicable.
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9.5 PROJECT MONITORING AND SYSTEM OPTIMIZATION

9.5.1 Program Components and Elements

In situ chemical oxidation monitoring programs are typically designed to meet several
objectives under complex, uncertain and difficult-to-predict conditions. A typical monitoring
program includes baseline, delivery and treatment performance monitoring activities, which are
conducted to achieve the following goals: (1) collect the necessary data to measure and
document achievement of the ISCO treatment operational objectives and treatment milestones,
(2) monitor the ISCO process to continually confirm that the design is performing as intended
and (3) provide engineering performance parameters for subsequent applications and/or post-
ISCO technologies (Siegrist et al., 2011). The elements that are typically addressed in a
monitoring plan include:

� Clearly defined data needs and data quality objectives

� Frequency of observations and sampling

� Duration of the monitoring period

� Number and location of monitoring points

� Environmental media to be sampled

� Field and laboratory analytical methods

� Quality assurance/quality control procedures

� Data analysis, evaluation, and documentation

While the types of data collected (contaminant, oxidant, intermediates/byproducts, geo-
chemical changes) for sites where ISCO is being used to treat DNAPL source zones may not
differ relative to sites with dilute contaminant plumes, the data collection locations, frequency
and duration should be greater for sites with DNAPL source zones. Greater spatial density of
data collection will help to ensure that oxidant is transported throughout the TTZ and makes
contact with the DNAPL for an adequate time to achieve the expected mass depletion. Also,
frequent monitoring will help guide modifications to the ISCO system, if necessary, to achieve
target concentrations and oxidant longevity. Long-term monitoring will not only help to assess
if treatment objectives have been met, it will also help to establish whether rebound (re-
equilibration in the case of source zones) is occurring or likely to occur.

Monitoring only groundwater may underestimate the extent of treatment. Source zones
can have contaminant present in multiple phases, including NAPL, sorbed, aqueous and vapor
phases. In many cases it is important that monitoring includes each of these phases, although it
is common to monitor only the aqueous phase via monitoring wells. However, significant
DNAPL mass depletion can occur at a site without significant changes to post-treatment
groundwater concentrations after sites have re-equilibrated. Furthermore, monitoring only
groundwater provides a limited understanding of potential exposure pathways and associated
risk, such as vapor phase concentrations. An integrated monitoring approach will often be
required for ISCO applied to DNAPL source zones. Such an approach would include sampling
and analysis of COC concentrations in groundwater along with porous media phases comple-
mented by diagnostic techniques such as vertical profiling (using membrane interface probes)
and other chemical analyses (chloride concentrations and compound-specific isotopes). Samples
collected for analyses need to be carefully handled and preserved to avoid errors and artifacts.

An important foundation for a monitoring program associated with an ISCO project
involves the establishment of operational objectives. These are defined as a set of specific
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delivery and treatment performance-related objectives that, if met, should result in the achieve-
ment of the treatment goals for the ISCO remedy. Selecting operational objectives is a project-
specific decision. In most cases, they are beneficial for use as a standard against which to
compare performance measurements and as a basis for follow-up optimization activities to
improve ISCO treatment efficiency. For example, an oxidant recirculation project may include
a minimum runtime operational objective to ensure that the treatment system infrastructure is
capable of meeting oxidant delivery requirements. If the system runtime does not meet the
operational objectives, then optimization activities are needed.

Care should be taken to ensure that the operational objectives are realistic and achievable
and, if achieved, lead to successful ISCO treatment. Operational objectives may be established
based on bench or field pilot testing, modeling, literature review, previous experience or
engineering judgment. Consultation with prospective or contracted ISCO treatment contractors
may be beneficial to help define these objectives. Some ISCO contractors have developed
unique and proprietary knowledge of ISCO treatments under certain hydrogeochemical and
contaminant settings. Typical operational objectives focus on ensuring that the oxidant makes
contact with the contaminants within the TTZ for an adequate amount of time to achieve the
desired contaminant mass/concentration reduction. Operational objectives that may be consid-
ered for an example activated persulfate ISCO application include the following:

� Co-deliver a minimum persulfate concentration of X mg/L and activator concentration
of Y mg/L to the zones of highest groundwater contamination within the TTZ.

� Maintain a minimum of Z days of persulfate residence time within the TTZ for the
oxidation reaction to occur.

� Minimize loss of oxidant from the TTZ during the delivery process due to daylighting
or short-circuiting.

� Maintain hydraulic control and mitigate spread of contamination outside the TTZ.

� Utilize a real-time measurement and data analysis routine to optimize/adapt the
injection/monitoring program, ensure cost effective treatment and protect sensitive
receptors in the area of treatment.

� Experience zero health and safety incidents.

9.5.2 Monitoring Phases

9.5.2.1 Baseline Monitoring

Baseline monitoring is performed to establish pre-existing conditions and, at a minimum,
must include the analysis of environmental samples from impacted media (groundwater,
aquifer solids, etc.) at the site for target contaminant(s) and general water quality parameters
(dissolved oxygen [DO], ORP, temperature, conductivity) (Siegrist et al., 2011). These baseline
analytes are selected because they may affect oxidant performance and may be useful in
understanding the ISCO delivery needed; parameters such as ORP, DO and conductivity may
be used as surrogate tracers for oxidant migration and distribution. Based on detailed site
understanding, the baseline testing may need to be expanded to other parameters, such as
potential biological or abiotic interferences, reduced or redox-sensitive metals (if present),
products of ISCO treatment (chloride, manganese oxides, acetone, sulfate), fraction organic
carbon ( fOC) of the sediments and biological sampling to evaluate pretreatment biodiversity.

In general, the baseline monitoring program focuses on characterizing the conditions that
affect the injection and monitoring program design, and it is critical to provide a basis for
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oxidant delivery and contaminant treatment performance assessment. Therefore, much of the
baseline sampling focuses on hydrogeological parameters, water chemistry and contaminant
phase distribution. Baseline sampling generally should include (1) locations upgradient of the
contaminated zone to establish ambient conditions, (2) locations within the TTZ to establish
ambient baseline conditions and (3) locations downgradient of the TTZ for treatment perfor-
mance monitoring (e.g., if downgradient migration of oxidants is expected or if mass flux
evaluations are conducted as a treatment cessation criterion). In situ chemical oxidation
treatment zones are often placed within the core of the contaminated zone and are often
subject to some degree of influx or rebound.

Baseline monitoring is typically performed to achieve the following specific objectives:

� Determine pre-existing contaminant concentrations in the different phases.

� Estimate pre-existing contaminant mass.

� Estimate pre-existing mass flux emanating from the contaminant source.

� Estimate ambient variability in water quality concentrations due to natural conditions
such as precipitation, seasonal or tidal influence and wet/drought cycles if historical
data is available or multiple rounds of baseline monitoring are possible.

� Perform field test for pre-existing geochemical conditions.

� Quantify background metal concentration if metals are at levels of concern.

� Quantify background vadose zone contaminant vapor concentrations if vapor migra-
tion is of concern.

� Estimate background biological degradation processes.

Baseline monitoring can be accomplished in many different ways. The most common is to
supplement an existing well network and historic database of contaminant concentration data
with data collected from a few new borings and wells within the TTZ. Often rapid assessment
tools such as a membrane interface probe can assist in developing good data on the contami-
nant mass and phase distribution. In this way, valuable historical data can be used to aid in
assessing the ambient variability of contaminant concentrations, and a one-time analysis of a
few key analytes including geochemistry (if missing from historic data set), metals or microbi-
ology can be used to meet the remaining baseline data objectives. Future performance moni-
toring data can be compared to the historic database to assess treatment efficiency outside the
range of historic fluctuation, for example.

Sites seeking to expedite schedules by performing ISCO infrastructure construction and
baseline sampling in the same mobilization should be cautious. Well drilling, construction
and development activities can cause significant disturbance to the surrounding groundwater.
Care must be taken to comply with state requirements, and avoid sampling wells too soon after
well development to ensure that baseline samples are representative of the equilibrated forma-
tion. Multiple rounds of baseline monitoring can help prevent inaccurate baseline assessment.

Mass flux measurement can be complex and generally requires a detailed understanding of
the source and associated dissolved plume geometry and hydrogeological setting. Mass flux
measurement requires an understanding of groundwater hydraulics and the dissolved COC
distribution. Groundwater hydraulics can be measured using standard slug or pump testing
techniques, tracer dilution testing or passive flux meters. The COC distribution can be
measured using single or multiple transects of multilevel samplers. Careful consideration
should be given to the mass flux measurement methods because method applicability depends
upon site conditions.
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Baseline monitoring data must be adequate prior to proceeding with the ISCO treatment;
ISCO delivery and treatment performance can only be judged after an adequate understanding
of the pre-existing conditions.

9.5.2.2 Delivery Performance Monitoring

Delivery performance monitoring is conducted to measure and evaluate the nature and
extent of oxidant delivery and hydraulic effects on the water table and includes physical
measurements and analysis of environmental samples from the site for parameters indicative
of oxidant presence. It does not typically include analysis of target COCs since oxidation
reactions are occurring.

In general, the delivery monitoring focuses on characterization of the nature and extent of
oxidant delivery for the purposes of evaluating achievement of the design conditions, deciding
the scope of continued oxidant injection activities and/or triggering optimization actions. One
delivery performance monitoring approach is the observational method (Terzaghi and Peck,
1948). The observational method is an adaptive ISCO implementation method for sites with
uncertainty. If the observational method is applied, then delivery performance monitoring data
are used to evaluate and optimize the ISCO injection process. The data are compared to trigger
levels specified in a site-specific developed implementation or operations plan, and the results
are used to determine the next phase of work, whether it be for additional injections, lower
pressure application, or delivery cessation because the delivery objectives have been achieved.
As such, plans are highly site specific. Delivery performance monitoring is typically performed
during and shortly after oxidant delivery for the following purposes:

� Monitor oxidant and activator injection flow rates and volume.

� Monitor water levels and hydraulic controls.

� Monitor injection pressures to ensure aquifers are not plugging or excessive pressures
are not applied that could cause well damage, formation deformation or contaminant
spreading outside the TTZ.

� Monitor for the appearance of the oxidant to determine if adequate subsurface
distribution of the oxidant and activators is occurring; it is very important to recognize
the potential for preferential flow and mobile zones in a formation given the pore
volumes of oxidant solution delivered and the spacing of observation wells.

� Test changes in ORP, conductivity, pH, DO and temperature to indirectly monitor
oxidation reactions and distribution.

� Monitor byproducts to help determine effective radius and the mass of contamination
treated.

� Monitor and manage aquifer conditions that affect oxidant chemistry such as pH.

� Monitor nearby utilities for potential breakout (sewer and storm drainage lines).

� Monitor migration/displacement of VOCs in vapor or groundwater during injection.

� Maintain protection of sensitive receptors, human health and the environment.

The timeframe and measurement parameters depend on the oxidant applied, the type of
contamination being treated, and the site-specific oxidant persistence. For some oxidants (CHP
and ozone), delivery performance monitoring also includes the measurement of oxidant impact
on groundwater temperature and off-gas generation in the vadose zone and wellhead space. As
such, delivery performance monitoring is also an important component of a comprehensive
ISCO health and safety program. Many of the parameters to be monitored are measured using
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field instrumentation (a YSI 600XL [or similar] water qualitymeter equippedwith a flow-through
cell to collect water samples utilizing standard low-flow sampling techniques) or through field
kit methods (hydrogen peroxide or persulfate using a CHEMetrics CHEMets® Kit [or similar]).

9.5.2.3 Treatment Performance Monitoring

In situ chemical oxidation, as with any in situ technology, is subject to the relatively slow
pace of subsurface hydrogeological and contaminant phase distribution equilibrium and mass
transfer processes. As such, despite the rapid rates of ISCO contaminant destruction reactions,
the re-equilibrated results of an ISCO application are typically not immediately observable.
Therefore, most ISCO applications implement treatment performance monitoring. The treat-
ment performance monitoring is typically initiated after oxidant delivery objectives are
achieved and the project focus moves toward concentrations of target COCs. Treatment
performance monitoring is intended to determine whether the specific treatment goals and
milestones established by stakeholders during the design phase are met.

Treatment performance is generally monitored to achieve the following objectives:

� Measure progress toward, and achievement or failure to achieve, the ISCO treatment
goals (the degree of source removal or source mass flux reduction)

� Evaluate the extent and uniformity of COC treatment within the TTZ

� Evaluate changes in aquifer solids and aquifer conditions due to the treatment process

� Evaluate effects of recontamination and/or rebound

� Monitor conditions for system optimization through additional applications of ISCO or
polishing using another technology within a treatment train approach

Common ISCO treatment goals, as discussed previously, typically include the following:

� Reducing the contaminant mass in the source zone and/or mass discharge

� Numerical standard in a specific phase (soil gas, groundwater or aquifer solids)

� Removal of visible or mobile NAPL

� Achieving a risk-based contamination target

Treatment performance monitoring is often designed to include evaluation of the impact to
the contaminant mass whether it is a specific ISCO treatment goal or not because ISCO is most
commonly used as a mass reduction technology and evaluation of the impacts to mass is
typically the most direct measurement of the effectiveness of the treatment technology. If mass
flux reduction is the ISCO treatment goal, it may become important to understand the
relationship between mass reduction and mass flux. At many sites, the relationship is not
linear, and a large mass reduction may be needed to reduce the mass flux and meet the ISCO
treatment goal. Different approaches can be used to estimate contaminant concentrations and
mass levels in a target treatment zone and locations downgradient from it. For performance
assessment related to ISCO, it is important to pay careful attention to (1) general issues and
concerns with sampling and analysis of volatile organic compounds (e.g., West et al., 1995;
Oesterreich and Siegrist, 2009) and (2) the effects of ISCO on NOM and associated changes in
partitioning behavior (e.g., Woods et al., 2012).

Monitoring dissolved contaminant concentrations in the presence of oxidant requires
appropriate sample preservation to prevent further oxidation reactions that may degrade con-
taminants within the sample container and introduce a negative bias to laboratory results (Huling
et al., 2011). Several emerging and innovative tools are available to support an evaluation of ISCO
effectiveness. Compound-specific isotope analysis is a useful tool to evaluate whether
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contaminant destruction has occurred; it may be especially useful to document contaminant mass
destruction in source areas where dissolved concentration rebound through dissolution of NAPL
or sorbed phase mass into groundwater masks treatment effectiveness. In addition, measurement
of chloride concentrations can be used as an indicator of chlorinated solvent mineralization.

Depending upon site-specific concerns of the stakeholders and others involved in the
project, an objective of the treatment monitoring plan may also include monitoring the impact
of ISCO on subsurface conditions. This may be a concern in site-specific cases as ISCO has the
potential to result in changes to microbial populations, geochemical conditions, nontarget
organic compounds and aqueous concentration of metals (Siegrist et al., 2011).

In addition, ISCO is often used as part of a treatment train, and other remediation
technologies, such as EISB or MNA, may follow ISCO treatment. In this situation, one of
the objectives of the treatment performance monitoring may be to establish a baseline condition
for follow-up remedy. Therefore, additional parameters beyond those discussed here, such as
microbiological analysis, may need to be added to the ISCO treatment performance monitoring.

9.6 STATUS AND AREAS FOR ADVANCEMENTS

9.6.1 Status

In situ chemical oxidation has been developed and deployed for in situ remediation of
organically contaminated soil and groundwater. The principles and practices associated with
ISCO applied to treat dissolved and sorbed phase contamination are generally well established
and documented in design manuals and reference texts (ITRC, 2005; Huling and Pivetz, 2006;
Siegrist et al., 2011). The application of ISCO to treat DNAPL source zones is not as well
established, and field applications for this purpose have had mixed results. While there is a
theoretical basis for the degradation of DNAPL residuals by ISCO, cost effective remediation
generally depends on the following: (1) susceptibility of DNAPL organics to oxidative destruc-
tion, (2) rate and extent of interphase mass transfer of the DNAPL, (3) delivery of an adequate
amount of oxidant that contacts DNAPL in the TTZ, (4) effects of subsurface conditions on
ISCO reactions and (5) ISCO effects on subsurface permeability and biogeochemistry. These
issues have been discussed in the previous sections.

The theoretical considerations related to the application of ISCO to treat DNAPL source
zones can be summarized as follows:

� DNAPL source zones tend to be present in highly heterogeneous subsurface settings,
both physical and chemical, and delivery of oxidants and amendments is challenging to
accomplish and difficult to predict.

� Chemical oxidants, by nature, are nonselective and thus reactions are competitive; in
some cases nontarget reactions (nonproductive reactions) can dominate the overall
oxidant use.

� A large mass of oxidant is necessary to treat a DNAPL source zone; because use of
high concentrations of oxidant can result in greater nonproductive consumption due to
NOD and faster decomposition, high fluid volumes are generally necessary.

� Higher oxidant concentrations can give rise to density-driven transport.

� Delivery must overcome physical heterogeneities.

� DNAPL/oxidant contact will maximize treatment. Due to mass transfer limitations of
DNAPL, this requires a longer duration of oxidant delivery and/or persistence than a
typical aqueous phase application.
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� Preferential pathways will cause non-ideal conditions and increase diffusion mass
transfer limitations. DNAPL sites will often have significant mass trapped in lower-
permeability zones. Over time, DNAPL compounds can back-diffuse into more trans-
missive zones, and thus, greater oxidant persistence is advantageous.

� Dense nonaqueous phase liquid architecture must be suitable for reagent delivery.

The key challenges to the successful application of ISCO for treatment of DNAPL source
zones include:

� Inappropriate goals, schedule, and budget for the site

� Lack of a comprehensive CSM

� Inadequate understanding of site-specific limitations related to contaminant and
hydrogeological characteristics

� Limited availability of appropriate predictive tools

� Limited understanding of the effects of ISCO reactions on aquifer physical and
biogeochemical processes

� Incomplete and/or inappropriate monitoring (such as groundwater concentrations
only) to determine mass depletion

� Contaminant rebound

Successful implementation of ISCO depends on understanding and anticipating these
challenges. Approaches for managing these challenges include:

� Coupling ISCO with other site management approaches

� Setting appropriate goals and performance metrics

� Using dynamic characterization and assessment approaches and striving to effectively
monitor the right locations and phases to assess DNAPL destruction

� Applying appropriate predictive tools

� Applying enough oxidant solution (volume) at an appropriate concentration for long
enough to reflect contaminant mass transfer limitations

� Enhanced delivery approaches

� Multiple delivery events

� Use of rebound data to plan future injections

9.6.2 Areas for Advancement

9.6.2.1 Emerging Approaches and Technologies

Areas for advancement of ISCO, including effective application for DNAPL source zones,
have been summarized by Siegrist et al. (2011) and include emerging approaches and technol-
ogies in areas such as:

� Using ISCO as part of an integrated approach coupled with other approaches or
technologies for improved treatment efficiency and effectiveness

� Enhanced delivery methods for ISCO

� Improved ISCO monitoring and assessment

Interest in using ISCO combined with other technologies is increasing. Using ISCO as a
component of a combined remedy can be accomplished simultaneously or through temporal or
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spatial implementation approaches. In situ chemical oxidation and other technologies can be
applied sequentially to the same zone, such as ISCO followed by bioremediation, or ISCO can be
used to treat a portion of a site, with different technologies applied to other portions. For
example, ISCO may be used to treat the source zone, and ISCR may then be used to treat the
associated groundwater plume. Potential benefits of combining technologies include improved
effectiveness, shorter treatment times, less rebound, and lower overall treatment costs. Exam-
ples of emerging approaches and technologies coupled with ISCO include the following: (1)
ISCO via multiple oxidants, (2) ISCO with EISB, (3) ISCO with MNA, (4) ISCO with ISCR,
(5) ISCO with surfactants and (6) ISCO with thermally enhanced recovery. Issues to consider
when selecting and designing a coupled remedy include compatibility of reactants, particularly
if used simultaneously (e.g., surfactants and oxidants), and the implication of the byproducts of
one technology serving as the inputs for follow-on approaches (such as ISCO followed byMNA
– ISCO byproducts will serve as inputs for bioprocesses and other geochemical interactions).

Improving and advancing oxidant delivery approaches is of particular interest because
delivery effectiveness is strongly affected by certain hydrogeological and geochemical condi-
tions. Oxidant delivery can be enhanced by improving hydraulic delivery and distribution of the
solution containing the oxidant and/or improving oxidant stability and targeted reactivity
toward contaminants. An array of approaches are under development, including investigation
into oxidant stabilization and/or encapsulation, the use of polymers and other delivery aids to
enhance contact between oxidant and contaminant, density-driven delivery and mechanical
mixing approaches.

Successful ISCO application also requires appropriate monitoring and assessment of
oxidant delivery and treatment effectiveness. The integrated use of field methods and real-
time analysis in an expedited approach (Triad) can enhance ISCO system design and imple-
mentation. The development and deployment of in situ sensors and continuous data logging
also can aid in understanding how an ISCO application is progressing.

9.6.2.2 Research Needs and Breakthrough Areas

Research needs and breakthrough areas to enhance ISCO development and deployment
include ISCO process chemistry, ISCO delivery, ISCO system design and ISCO process control
and assessment (Siegrist et al., 2011). While extensive knowledge about ISCO-related reaction
and transport processes is available to guide design and implementation, knowledge gaps need
additional attention. Research is needed to more effectively and predictably apply ISCO to a
broader range of sites and achieve equal or better outcomes in less time and expense.
Additional understanding of reaction mechanisms and kinetics for complex contaminant
conditions (pesticides) and/or complex mixtures (manufactured gas plant residuals) is needed.
The understanding of oxidant interactions with subsurface constituents needs to improve,
along with approaches to minimize nonproductive oxidant consumption. The applicability of
ISCO to large, dilute plumes can be improved through such development. The long-term
impacts of ISCO on water quality and on specific subsurface constituents (NOM), including
influences on post-ISCO natural attenuation, need further attention. Innovative methods for
delivering oxidants that will improve movement into or control contaminant migration out of
lower permeability zones are necessary. Advances in delivery need to be coupled with tools to
understand and predict delivery and treatment effectiveness. Finally, the development of robust
sensors to understand oxidant delivery, contaminant treatment, contaminant migration and
biogeochemical impacts (which can be deployed in situ and transmit data for real-time decision
making) would have a beneficial impact on ISCO success.
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