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10.1 INTRODUCTION

In situ chemical reduction (ISCR) has been defined in various ways since the term first
began appearing in the late 1990s (Szecsody et al., 2004; Brown et al., 2006; Brown, 2008;
Dolfing et al., 2008; Brown, 2010; Tratnyek, 2010). In general, and for the purposes of this
chapter, ISCR refers to the category of in situ groundwater remediation technologies in which
treatment occurs primarily by chemical reduction of contaminants. The emphasis of ISCR is on
abiotic processes, but contaminant reduction by biogenic minerals is included if the role of
microbial activity in the contaminant reduction is indirect. The reducing conditions necessary
for ISCR can arise from natural intrinsic biogeochemical processes, can be generated by
stimulating in situ microbial activity, or can be created by adding chemical reductants.

The chemical reductants that contribute to ISCR include reduced metal species such as
Fe**, Fe;0,4, and Fe°, reduced sulfur species (HS™, S,04°7, FeS, FeS,) and other labile, electron-
donating substances (natural organic matter [NOM]). The branch of ISCR that relies on
intrinsic reductants is limited to minerals that contain Fe"', S™" and/or S™', and NOM, whereas
the more highly engineered ISCR technologies may employ stronger reductants, such as
dithionite (S,04%7) or zero-valent metals. More details on the reductants used for ISCR are
given in Section 10.2.2.

The reduction processes responsible for contaminant treatment by ISCR include degrada-
tion of organics and sequestration of inorganics. Contaminants that are subject to reduction
under ISCR conditions include (1) organic compounds with chloro-, nitro- or other readily
reducible functional groups; (2) metal oxyanions that become less mobile upon reduction; and
(3) a few nonmetal inorganics such as nitrate and perchlorate. More detail on the contaminants
that are treatable by ISCR is given in Section 10.2.1, but the scope of this chapter is limited
primarily to chlorinated solvents.

The application of ISCR for chlorinated solvent source remediation is a more recent
development than its use for plume containment or treatment (Brown, 2010). This chapter
describes the technical basis, engineering aspects, past experiences and future prospects for
ISCR treatment of chlorinated solvent source zones. The discussion begins with a summary of
the fundamentals, including the chemistry of contaminant reduction reactions and the geotech-
nical aspects of implementation. The chapter presents case studies for each of the major
variations of ISCR in current use and discusses lessons learned from this experience. Finally,
the chapter summarizes the overall status of this approach to source zone remediation, with a
forecast of likely near-term developments and an assessment of barriers to future progress.
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10.1.1 Technology Development

The fact that groundwater and sediment contaminants can be reduced by abiotic pathways
(i.e., pathways that do not directly involve microorganisms) has been well documented in the
research literature for more than 30 years. Most of the early work on these processes has been
summarized in several reviews (Macalady et al., 1986; Tsukano, 1986; Wolfe and Macalady,
1992). More recently, there have been many academic studies of organic contaminant degrada-
tion reactions using model systems designed to represent the natural reductants that are most
likely to be responsible for abiotic reduction reactions in soils, sediments and groundwaters.

Three types of naturally occurring, abiotic reductants have been studied most thoroughly:

1. Minerals or their amorphous analogs that derive reducing properties from Fe'’. These
include magnetite (Lee and Batchelor, 2002a; Gorski et al., 2010), green rust (Lee and
Batchelor, 2002b; Erbs et al., 1999; O’Loughlin and Burris, 2004; Ayala-Luis et al., 2012),
ferruginous clays (Cervini-Silva et al., 2002; Elsner et al., 2004), goethite with adsorbed
Fe'! (Amonette et al., 2000; Kenneke and Weber, 2003; Elsner et al., 2004; Butler et al.,
2011; Zhang et al., 2011), and possibly minerals commonly associated with basalt (Ingram
et al., 2000).

2. Minerals deriving their reducing properties from S~ (or S™') as well as Fe''. Mack-
inawite (Butler and Hayes, 1999; Butler and Hayes, 2001; Butler et al., 2011) and pyrite
(Kriegman-King and Reinhard, 1994; Lee and Batchelor 2002a, b) are the most studied
of these minerals, but other Fe'' and ST~ phases of possible significance include
greigite, marcasite and amorphous FeS.

3. Redox-active moieties associated with natural organic matter. These are mainly qui-
nones (Tratnyek and Macalady, 1989; Schwarzenbach et al., 1990; Uchimiya and Stone,
2009) but could also include thiol groups and/or complexed metals (Xia et al., 1998;
Struyk and Sposito, 2001; Szulczewski et al., 2001).

Few documents have attempted a comprehensive review of the peer-reviewed literature on
these intrinsic ISCR reductants; the most thorough and comprehensive review to date is He et al.
(2009). However, there are numerous detailed reviews of the recent literature on specific classes
of abiotic contaminant reduction pathways (Haderlein and Schwarzenbach, 1995; Haderlein
et al., 2000; Tratnyek and Macalady, 2000; Amonette, 2002; Totten and Assaf-Anid, 2003;
Adriaens et al., 2004; Elsner and Hof'stetter, 2011; O’Loughlin et al., 2011; Strathmann, 2011), and
these reactions are attributed to the same putative reductants as listed above.

Despite this extensive background, most in the remediation engineering community have
long assumed that in situ abiotic reduction of contaminants in the environment is insignificant
as a component of natural attenuation or as a basis for remediation technologies. Recently,
however, a growing number of field studies have characterized sites where a significant portion
of the overall contaminant degradation appears to be due to direct reactions with reducing
mineral phases (Ferrey et al., 2004; Darlington et al., 2008). This trend has created interest in the
role these phases play in natural attenuation and in the prospects for manipulating such systems
to generate more or better reductants in situ (Becvar et al., 2008; He et al., 2009).

Along with these developments, there has been a rapid growth of remediation technologies
that rely on zero-valent iron (ZVI) to serve as the chemical reductant of contaminants (Tratnyek
et al., 2003a; Henderson and Demond, 2007; Gillham et al., 2010). This field has become fairly
mature in recent years, and considerable competition exists among vendors of ZVI for
remediation applications. This competition has led to efforts to engineer better forms of ZVI
or to develop other enhancements that will improve ZVI reactivity, longevity or delivery. One
major strategy for enhancing ZVI performance involves bimetallic combinations of ZVI and
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catalytic metals such as Pd or Ni (Grittini et al., 1995; Gui and Gillham, 2003). Another strategy
involves nanoscale zero-valent iron (nZVI), where the nano size of these particles provides
greater reactive surface area and may impart other nano-size effects that could enhance
remediation performance (Li et al., 2006; Tratnyek and Johnson, 2006; Lowry, 2007; Geiger
and Carvalho-Knighton, 2009; Comba et al., 2011; Scott et al., 2011; Crane and Scott, 2012;
Mueller et al., 2012). Other approaches to engineering better reductants range from manipula-
tion of metallurgical properties (Landis et al., 2001) to replacement of Fe® with more strongly
reducing metals such as Zn° (Li and Klabunde, 1998; Arnold et al., 1999; Tratnyek et al., 2010).

Even more recently, it has been recognized that all of the above chemical reductants form
the basis for a coherent family of remediation technologies, which has come to be known as in
situ chemical reduction or ISCR (Brown et al., 2006; Brown, 2008; Brown, 2010). This
recognition may allow researchers and practitioners an opportunity to advance all forms of
ISCR technologies by utilizing some of the general properties of reductants that determine the
strengths, weaknesses, similarities and differences among the options. Furthering this goal is a
major objective of this chapter.

10.1.2 State of the Practice

In situ chemical reduction is now widely recognized as a major category of remedial
options, encompassing a range of technologies including some that are well established, others
that are emerging and a few that are still under development. No consensus has been reached on
any one scheme for classification of ISCR technologies, but two approaches seem promising.

The first classification approach distinguishes between technologies based on the relatively
natural, intrinsic reductants (including minerals of geological origin or minerals formed by
in situ stimulation of otherwise natural biogeochemical processes) and technologies using
addition of chemical reductants that do not otherwise occur in nature, such as zero-valent
metals. This distinction was made previously in the summary of ISCR reductants in the
preceding section. In Figure 10.1, it is represented as a continuum of effective strength, from
relatively mild, generally natural, to stronger, typically engineered, reductants.

Another useful way of classifying ISCR technologies distinguishes between those used to
create reactive treatment zones that intercept contaminant plumes and those that target source
zones directly. In general, plume treatment technologies are designed to be longer lasting, and
often can be implemented with relatively less invasive methods. Source zone treatment requires
more reductant per unit volume treated, and this is usually accomplished by emplacement into
the source zone using comparatively disruptive methods.

Both of these classification schemes are used in Figure 10.1 to provide a summary map of
ISCR technologies that currently are established or emerging. The ISCR technologies included
in the map are briefly described below, and case studies of each are given in Section 10.3.2.
Combined remediation and other variations on these technologies are addressed in Sec-
tion 10.2.5. A broader perspective on combined remedies is given in Chapter 15 of this volume.

Abiotic Monitored Natural Attenuation. Contaminant degradation during monitored natural
attenuation (MNA) is usually dominated by biodegradation, but recently it has become recog-
nized that abiotic degradation pathways can be significant (Ferrey et al., 2004). In these cases,
referred to here as abiotic MNA (Brown et al., 2007; Brown, 2010), significant contaminant
degradation occurs by direct reaction with mild reductants, primarily ferrous iron and iron
sulfide minerals, that are generated from natural biogeochemical processes. Abiotic MNA
applies only to contaminants that are relatively labile to reduction and concentrations of
contaminants that are relatively small, e.g., part per billion [ppb] levels of trichloroethene.
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Figure 10.1. Map of ISCR technologies in current practice. The horizontal dimension represents
the continuum from naturally occurring and/or mild reductants (Fe" and S"'~ containing
minerals) to the generally strong chemical reductants used in fully engineered systems (Fe®
and Zn°). The vertical dimension represents the various modes of application, from emplace-
ment of reductants to intercept plumes (PRBs) to injection of reductants that target the source
zone (nZVI). Acronyms used to identify the specific technologies are defined in the following
subsections.

Biogeochemical Reductive Dechlorination. The term biogeochemical reductive dechlorina-
tion (BiRD) was coined by Kennedy et al. (2006a, b) to describe the process of stimulating
abiotic reduction of chlorinated solvents by forming reactive iron sulfides. In this scenario, iron
sulfides are created by stimulating microbial sulfate reduction in the presence of iron. The
application of BiRD requires the presence of sufficient carbon source, sulfate and iron. Carbon
and sulfate generally must be added, and iron may be added although naturally present iron
minerals are often sufficient. Biogeochemical reductive dechlorination is primarily employed
as a barrier technology, and to date these usually have been biowalls of mulch amended with
gypsum and goethite.

In Situ Redox Manipulation. In soil matrices with significant iron (>1 wt%), applications of
moderately strong chemical reductants such as sodium dithionite or calcium polysulfide cause
reduction of the ferric iron associated with the mineral matrix. The resulting Fe"-bearing
minerals can then serve as the reducing agent to effect reductive transformation of contami-
nants. An example of such a process is the technology known as in situ redox manipulation
(ISRM) (Fruchter et al., 2000; Szecsody et al., 2004), where dithionite, a soluble chemical
reductant, is injected into the subsurface to reduce native ferric iron to adsorbed and structural
ferrous iron, which can in turn reduce contaminants such as chromate, carbon tetrachloride,
trichloroethene and some munition compounds.

Permeable Reactive Barriers. Technologies that mitigate contaminant plumes by in situ
placement of permeable, reactive material transverse to groundwater flow are known as
reactive treatment zones (RTZs) or more commonly, permeable reactive barriers (PRBs).
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A wide range of materials (leaf litter, fish bones, activated carbon, etc.) can be used in PRBs to
effect a variety of contaminant removal processes, but the most significant is granular ZVI in
various forms (Scherer et al., 2000; Tratnyek et al., 2003a; Comba et al., 2011). Permeable
reactive barriers may be placed near a source zone or downgradient, such as before a receptor,
depending on site-specific considerations. Emplacement of the early ZVI PRBs was done by
trenching, but now they often are constructed by hydraulic or pneumatic fracturing, soil
mixing, or direct injection of micron- or nano-sized ZVI. Several other ISCR technologies
(ISRM and source zone targeted injection [SZTI]) can have operational characteristics that
overlap with PRBs.

Source Zone Targeted Injection. The injection of chemical reductants to directly target source
zone contamination is not yet widely utilized, but a growing range of applications is being
considered. The reductants that have been studied the most include ZVI (both micron- and nano-
sized iron) and polysulfide foam, although other forms of chemical reductants are feasible.
In general, the materials are either particulate, such as ZVI types, or liquids and foams.
Particulate forms of reductant are attractive because they may remain resident and reactive in
the source area for longer times than do liquids/foams and therefore provide residual treatment
capacity. Recently, SZTI with nanoscale zero-valent iron (nZVI) has attracted a great deal of
attention for these reasons, but the fine particulate nature of this reductant raises other
challenges related to longevity and emplacement, as discussed below in Section 10.2.4.6.
Calcium polysulfide has been used for the in situ treatment of hexavalent chromium source
zones. In this treatment method, calcium polysulfide foam is injected throughout the source
zone to reduce Cr"" to the less mobile Cr'™ form (Graham et al., 2006). It has been employed at
many locations in the United States and elsewhere (Fruchter, 2002).

In Situ Soil Mixing. Relatively shallow contaminated sites can be treated by mixing with
a variety of treatment agents using large-diameter augurs. The most prominent example of
in situ soil mixing (ISSM) for ISCR involves both ZVI and clay (Shackelford et al., 2005;
Wadley et al., 2005). Typically, a mixture of clay (5-10%) and microscale ZVI (0.5-2%) is
mixed into a soil matrix using large-diameter (4-8 feet (ft); 1.2—2.4 meters (m) diameter) augurs
or soil mixers (e.g., Lang Tool). The clay has the potential to disperse dense nonaqueous phase
liquid (DNAPL) as a Pickering emulsion (Roy-Perreault et al., 2005) and can also inhibit
the movement of contaminated groundwater by decreasing overall aquifer permeability. The
mixing ensures uniform contact between the emulsion and the ZVI. The main application of
this technology thus far has been DNAPL zones (Water Science and Technology Board, 2004),
including soils at depths as great as 50 ft (15.2 m).

Catalytic Reductive Dechlorination. Dechlorination by noble metal-catalyzed hydrogenolysis
has been adapted for in situ remediation of contaminated groundwater, and this process is
being called catalytic reductive dechlorination (CRD). Although CRD has performed well in
bench-scale tests (Davie et al., 2008) and at least one extended pilot test (McNab et al., 2000),
deactivation of the Pd catalyst occurs, especially when the groundwater contains sulfide
(Reinhard et al., 2006; Munakata and Reinhard, 2007). This deactivation is reversible upon
treatment with a suitable oxidant such as sodium hypochlorite (Lowry and Reinhard, 2000) or
air-saturated water (Munakata and Reinhard, 2007). Improved catalyst formulations, for
example, incorporating Au clusters on Pd or using zeolite supports to separate the Pd from
constituents in the water that deactivate the catalyst, can improve resistance to deactivation and
increase the time needed before regeneration (Schiith et al., 2000; Heck et al., 2009). However,
implementation of CRD using in-well recirculating reactors remains promising. The reduction
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of other common groundwater contaminants including perchlorate and nitrate by Pd-based
catalysts has also been studied (Wang et al., 2009; Choe et al., 2010).

Combined ISCR and In Situ Bioremediation. Amendments that combine chemical reductants
(especially ZVI) with materials that stimulate microbial activity (organic carbon in various
forms) are available as commercial products. The products include EHC” and Daramend”
(FMC Environmental Solutions), ABC” + (Redox Tech, LLC), and emulsified zero-valent iron
(EZVI) (National Aeronautics and Space Administration). The relative significance of abiotic
versus biotic contaminant degradation by these amendments is usually not known, but they are
included among the case studies described below. Additional discussion of these technologies is
presented in Chapter 12 (/n Situ Bioremediation of Sources).

10.2 TECHNICAL BACKGROUND

This section provides an overview of the general aspects of ISCR, including the processes
that lead to contaminant removal (Section 10.2.1), conditions and agents that cause reduction
(Section 10.2.2), strategies for accomplishing source zone remediation (Section 10.2.3), engi-
neering aspects of implementation (Section 10.3.3) and considerations regarding the compati-
bility of ISCR in combination with other remediation technologies (Section 10.3.2).

10.2.1 Chlorinated Solvent Degradation Under Reducing Conditions

Dehalogenation can occur by several reductive pathways (Elsner and Hofstetter, 2011). The
simplest results in replacement of a C-bonded halogen atom with a hydrogen and is known as
hydrogenolysis or reductive dehalogenation. For a generic chlorinated aliphatic compound,
RCl, hydrogenolysis is described by the half reaction:

RCI+H" +e” — RH+CI™ (Eq. 10.1)

Polychlorinated compounds can undergo sequential hydrogenolysis, resulting in a charac-
teristic sequence of partially dechlorinated products. For polychlorinated methanes, sequential
hydrogenolysis via chloroform, dichloromethane, and others is represented by the solid lines in
Figure 10.2a. For polychlorinated ethenes, sequential hydrogenolysis results in the dichlor-
oethenes and vinyl chloride, which is shown with solid arrows in Figure 10.2b.

In both cases, each step in the sequence is much less favorable, thermodynamically and
kinetically, than the one before; therefore, sequential hydrogenolysis tends to result in partially
dechlorinated products that are persistent and therefore problematic. This is a well-known
problem with anaerobic biodegradation of carbon tetrachloride (CT), perchloroethene (PCE)
and trichloroethene (TCE). In the case of CT, degradation appears to stall at chloroform and
methylene chloride, while degradation of PCE/TCE stalls at the 1,2-dichloroethenes and vinyl
chloride. Under conditions where abiotic reduction of contaminants proceeds mainly by
sequential hydrogenolysis, as is often observed when CT reacts with ZVI (Matheson and
Tratnyek, 1994; Tamara and Butler, 2004), the problem of accumulated intermediate dechlori-
nation products may also arise in ISCR.

In contrast to hydrogenolysis, the other major dehalogenation pathway involves eliminating
two halogens, leaving behind a pair of electrons that usually forms a carbon—carbon double
bond. Where the pathway involves halogens on adjacent carbons, it is known as vicinal
dehalogenation or reductive -elimination, and where both chlorines are eliminated from the
same carbon, it is known as gem- or a-elimination. This pathway tends to produce characteristic
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Figure 10.2. Reaction schemes for reductive transformations of (a) carbon tetrachloride and other
chloromethanes and (b) perchloroethene and other chloroethenes. Solid arrows represent hydro-
genolysis; finely dashed arrows are for - and a-reductive elimination; and coarse dashed arrows
show hydrogenation, hydrolysis and other steps. The scheme for chloromethanes (a) is synthe-
sized from several sources (McCormick and Adriaens, 2004; Tratnyek, 2010); the scheme for
chloroethenes (b) is reproduced from Tratnyek et al. (2003a), which in turn was adapted from
Arnold and Roberts (2000).

products: alkenes from vicinal dihaloalkanes (Equation 10.2), alkynes from vicinal dihaloalk-
enes (Equation 10.3), and fully dehalogenated products from dihalomethanes (Equation 10.4).

Cl Gl cl. ¢l
Ri—C-C-R, +2e” — (C=C  +2CI (Eq. 10.2)
Cl CI R R>
cl
C=C +2e — Ry—C=C-R, + 2CI (Eq. 10.3)
Ry Rs
% Q
Ri—C-Rp + 26" — Ry~C-Ry +CO, CH, etc. (Eq. 10.4)

Cl

After reductive elimination, hydrogenolysis of polychlorinated contaminants can occur,
resulting in another series of partially dechlorinated intermediates. On the left side of Figure 10.2b,
this process is shown for PCE.
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In addition to the two major reductive pathways for dechlorination, two additional reactions
must be considered: hydrogenation, which involves addition of hydrogens across a C—C double
or triple bond (Equation 10.5), and dehydrohalogenation, which involves elimination of H" and
X to give a new C—C double bond (Equation 10.6). Hydrogenation has been invoked to explain
the distribution of products observed in several studies involving chlorinated alkenes and Fe’
(Arnold and Roberts, 2000) and is particularly important where a noble metal like Pd is present
to act as a catalyst for activation of H,. Note that H,(surf) in Equation 10.5 represents all of the
various forms of surface-activated hydrogen (e.g., H®) and is not meant to imply that the
reaction necessarily involves adsorbed diatomic molecular hydrogen. Dehydrohalogenation
(Equation 10.6) has received relatively little attention as a reaction that might contribute to
degradation of chlorinated ethenes by Fe°, even though it can be base-catalyzed (Roberts et al.,
1993), which might make it favored under alkaline conditions, such as those created by corrosion
of zero-valent metals.

cl, Gl HEH
C=C_ + Ha(surf) — R;=C-C-R; (Eq. 10.5)
R4 Ro Cl CI
H Cl cl Cl
R—f-R, — )= +H* +CF (Eq. 10.6)
Cl Cl Ry R

The relative significance of hydrogenolysis, reductive elimination, and dehydrohalogena-
tion in the degradation of chlorinated solvents during remediation depends on the contaminant
structure, properties of the reductant, and environmental conditions. In general, hydrogeno-
lysis tends to be more important for contaminants that are more nearly per-halogenated (all
positions available for substitution are occupied by chlorines) and reductants that are relatively
mild and therefore favor l-electron reduction processes (Equation 10.1). Reductive elimination
tends to be most important for contaminants with few chlorines per carbon center and strong
reductants that favor two-electron processes (Equations 10.2, 10.3 and 10.4). Dehydrohalogena-
tion is not a reduction reaction and therefore does not require a reductant, but this reaction is
base-catalyzed so it is favored at higher pHs.

To improve on the qualitative rules of thumb above, some research has concentrated on
developing quantitative models for predicting the relative rates of reduction reactions for the
various chlorinated solvents (Tratnyek et al., 2003b). Most of this work has focused on
dechlorination by zero-valent iron, and for this reductant—for the limited range of conditions
addressed in existing studies—several quantitative structure—activity relationships (QSARs)
have been reported (Tratnyek et al., 2003b; Onanong et al., 2007; Cwiertny et al., 2010).
However, these relationships do not take into account the reductant type (Fe® and Fe" minerals
are likely to produce different relative rates of dechlorination) or the reductant concentrations;
thus, they predict only relative rates not absolute rates under specific environmental conditions.
In principle, this restriction can be overcome by cross-correlation of reduction rates between
two systems (Kenneke and Weber, 2003) or incorporation of site conditions into the QSAR
model (Peijnenburg et al., 1991), but neither approach has been applied at the field scale, to date.

10.2.2 Reductants Contributing to ISCR

The dechlorination reactions responsible for most chlorinated solvent degradation during
ISCR are written generically as reduction half reactions in Equations 10.1, 10.2, 10.3 and 10.4.
To complete these reactions, they must be balanced with oxidation half reactions involving
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the reducing agents (reductants) that are relevant under ISCR conditions. Identifying the
relevant reductants and their corresponding oxidation half reactions is complicated by a
number of factors, including equilibrium speciation, kinetically controlled metastable phases,
and spatial heterogeneity. This complexity precludes a complete understanding of which
reductants are responsible for contaminant degradation during ISCR in any particular field
site, but the general principles presented below provide a framework for assessing, predicting,
and optimizing the performance of ISCR over all types of sites.

The reductants that play the largest overall role in natural and engineered ISCR processes
are the reduced Fe and S mineral phases that were summarized in Section 10.1.1. The relation-
ships between the most stable forms of these phases are shown as redox potential (Eh-pH)
diagrams in Figure 10.3a (for Fe minerals) and Figure 10.3¢ (for Fe/S minerals). From
Figure 10.3a, for example, it is evident that the half reaction for contaminant reduction by
Fe’ at pH <6 results in Fez+(aq) but at pH >7 the thermodynamically preferred oxidation
product is Fe;O,4 (magnetite). At slightly higher (more positive) potentials, reduction by Fe;Oy4
favors Fe,O; (hematite) as the oxidation product. In the presence of S, FeS, (pyrite) largely
replaces Fe;0O,4 as the most stable intermediate valence phase (Figure 10.3c).

While the thermodynamically stable phases are favored over the long run, biogeochemical
cycling of iron and sulfur or purposeful manipulations of geochemistry for remediation tend to
produce metastable phases, which are inclined to be more reactive and therefore can be the
dominant reductants of contaminants. To represent these conditions, some of the equilibrium
phases in Figure 10.3a, ¢ have been suppressed, resulting in Figure 10.3b, d. In the absence of S,
the most important metastable reducing solid phase is probably Fe3(OH)g (green rust), and in
the presence of S, the phase of greatest interest is amorphous FeS.

Where they occur naturally in subsurface environments, the reducing phases represented in
Figure 10.3 ultimately arise from and are sustained by microbial activity. This process is mainly
due to the metabolism of iron-reducing and sulfate-reducing bacteria, which produce the Fe''
and S" that go on to form Fe" oxides and sulfides as diagramed in Figure 10.4. The four
scenarios represented in Figure 10.4 are well supported by laboratory studies of dechlorination
in biogeochemical model systems (Lee and Batchelor 2002a, b; Elsner et al., 2004; McCormick
and Adriaens, 2004; Butler et al., 2011; Jeong et al., 2011) and are consistent with recent reports
of abiotic MNA in the field (Ferrey et al., 2004; Elsner et al., 2010).

However, all of these reducing phases can also be generated in situ through purely abiotic
processes by introducing a strong chemical reductant such as dithionite or ZVI. For example,
green rust has been detected in and downgradient from ZVI PRBs, and it has been proposed
that this phase provides additional opportunity for reduction of contaminants or intermediates
of contaminant reduction (Johnson and Tratnyek, 1994; Kamolpornwijit et al., 2004). Recently,
it has been shown that green rusts can be synthesized with improved characteristics for
remediation (Ayala-Luis et al., 2012; Larese-Casanova et al., 2010), and this might represent a
new class of solid-phase reductants engineered for source zone treatment by ISCR.

The reductants emphasized in Figures 10.3 and 10.4 are all solid phases, which implies that
contaminant degradation occurs only after direct contact between these reactants. This requires
mass transport of the contaminant to the reductant surface and formation of a precursor
complex between the two species, either of which can limit the rate of contaminant degradation.
In contrast, the analogous steps tend not to be significant barriers to reaction of contaminants
with solution-phase reductants; thus, other factors being equal, solution-phase reductants can
produce faster degradation rates. Solution-phase reductants that are relevant to ISCR include
soluble complexes of Fe'' (Fe'-citrate, Fe''-porphyrins), lower-valent forms of S (disulfite,
dithionite, thiosulfate, polysulfides), redox-active moieties associated with NOM (quinones)
and other redox-active biomolecules such as cobalamins and others.
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Figure 10.3. Eh-pH diagrams for iron—water (a, b) and iron—sulfur-water (c, d) systems. The left
pair (a, c) shows the most stable species, and the right pair (b, d) shows metastable phases. Blue
shading represents solution-phase species and yellow represents solid phases. Calculations were
performed using the Geochemist’s Workbench software suite and its default database of thermo-
dynamic stability constants. Red lines represent the conditions with equimolar concentrations of

reactants and products.

A selection of these redox couples is summarized on the right side of Figure 10.5 along a
redox ladder that represents their standard reduction potentials at pH 7. The figure also shows
ranges of potentials of two redox couples involving solid phases (Fe’,,no/Fe" and Fe''/Fe'™
oxides), and comparing these with the data for soluble reductants shows that the two groups
overlap in their strength as reductants. Adding the iron sulfide phases and soluble forms
of reduced sulfur to Figure 10.5 would not expand the overall range of potentials covered.
All of the above are sufficiently strong reductants to make dechlorination thermodynamically
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Figure 10.4. Conceptual models for in situ chemical reduction of TCE initiated by microbial
metabolism that generates solid-phase reductants: FeS, green rust, Fell-doped goethite, and
magnetite. Figure from Stroo and Ward (2010), which was adapted from Becvar et al. (2008),
used with permission.

favorable (Haas and Shock, 1999; Dolfing, 2003); however, this analysis alone does not ensure
that these reactions will be kinetically facile.

The link between reductant strength and kinetics of contaminant dechlorination is made in
Figure 10.5 by plotting (left of the axis) the one-electron reduction potentials (£') for dissocia-
tive electron attachment. This step is often the rate-limiting step in dechlorination reactions, and
therefore, E' is usually a good predictor of dechlorination rates (Tratnyek et al., 2003b; Bylaska
et al., 2011). Comparison of the E' for dechlorination of various chlorinated solvents to the
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Figure 10.5. Redox ladder of one-electron reduction potentials for dechlorination (/eft) and stan-
dard reduction potentials putative reductants involved in ISCR (right). All potentials are for pH 7.
Figure from Elsner and Hofstetter (2011), used with permission.

standard potential for various reductants shows that the initial electron attachment step is only
favorable for the more highly chlorinated methanes and ethanes. Even for the less chlorinated
alkanes and alkenes, the overall dechlorination reaction (Equations 10.1, 10.2, 10.3 and 10.4) is
favorable under most conditions.

Another aspect of contaminant reduction implied by Figures 10.4 and 10.5 is the scenario by
which a redox couple of intermediate potential serves to mediate or “shuttle” electrons from the
original electron donor to a terminal electron acceptor. This effect can serve to bypass a kinetic
barrier to direct reduction of the terminal acceptor by the original donor, if the steps involving
the mediator are more facile. It has been shown that the reduction of contaminants can be
significantly accelerated by electron transfer mediation involving aqueous complexes of iron,
iron oxides, natural organic matter, and model compounds for the quinone moieties associated
with natural organic matter (Van der Zee and Cervantes, 2009; Sposito, 2011; Zhang and Weber,
2009). These effects are likely to play a key role in the sustained performance of natural ISCR
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processes, but they are hard to quantify under field conditions. Electron transfer mediation can
also be utilized to achieve enhanced remediation performance in engineered ISCR technologies,
although this aspect of ISCR is not yet well developed (Johnson and Tratnyek, 1994).

Throughout the above discussion of contaminant reduction pathways (Section 10.2.1)
and the reductants responsible for ISCR processes (this section), half reactions were written
that explicitly involve electron transfer (Equations 10.1, 10.2, 10.3 and 10.4), and redox potentials
were used to represent relative strength of prospective electron donors and acceptors
(Figures 10.3 and 10.5). Most contaminant dechlorination reactions do occur by electron
transfer mechanisms, but exceptions exist (e.g., see Equation 10.5 and Smolen et al., 1999),
and the potential difference between the electron donor and acceptor does generally correlate
with redox reaction rates (Miehr et al., 2004). Furthermore, it is true that faster reduction rates
are generally observed in systems that exhibit lower, more negative, overall oxidation—-reduc-
tion potential (ORP) of the system. However, the latter relationship is weak and indirect, and
therefore not a reliable predictor of field scale performance of ISCR, as discussed further in
Section 10.3.1.

A full explanation of why the system ORP (as measured by immersing a Pt electrode in a
sample of site water or suspension of subsurface sediments) is often not predictive of
dechlorination rates and why ORP, per se, should not be interpreted as the cause of contami-
nant reduction is beyond the scope of this chapter. However, many of the fundamental aspects
of this issue have recently been described as they apply to SZTI with nZVI (Shi et al., 2011), and
earlier analyses of the general issue of ORP interpretation are cited therein. In the case of SZTI
with nZVI, measured ORP has a very complex relationship to the availability of nZVI as an
electron donor to effect dechlorination of chlorinated solvents. In ISCR systems dominated by
reduced sulfur species, the relationship between ORP and contaminant degradation rates is
likely to be even more distant because the mechanism of contaminant reduction by iron sulfides
is more complex.

10.2.3 Treatment of Source Zones

As with most other in situ restoration techniques, delivery of reductants to the target treatment
zone 1is critical to the effectiveness of ISCR. In the context of source zone treatment, three
types of commonly encountered sources of contaminants are considered here: aqueous plumes
(Section 10.2.3.1), entrapped nonaqueous phase liquid (NAPL) sources (Section 10.2.3.2), and diffu-
sional sources (e.g., slow back diffusion of contaminants entrapped in clay lenses) (Section 10.2.3.3).
Treating each type of source presents different challenges associated with delivery of materials and
will have different requirements in terms of reactivity and reactive lifetime.

10.2.3.1 Treatment of Aqueous Plumes

Although the focus of this book is on treatment of source zones, rather than dissolved
groundwater plumes, there are a number of reasons to discuss in situ chemical reduction of
aqueous groundwater plumes. Perhaps the most important reason is that many NAPL and
diffusion source zones are difficult to access directly because they are located under structures
in active use or because the location of the source has not been or cannot be sufficiently
characterized to allow for targeted treatment of the source. In these cases, cutting off the
source zone with, for example, a permeable reactive barrier may represent the best long-term
solution. This approach is practical with ZVI PRBs because they can have very long reactive
lifetimes and may require little monitoring, which results in overall favorable life cycle
costs when compared with alternatives (Mak and Lo, 2011). Permeable reactive barriers in
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difficult-to-reach environments (under buildings and in deep groundwater aquifers)
may eventually be possible using nZVI. However, challenges with their emplacement
(Section 10.2.4.6) will have to be addressed, as will issues related to the relatively short reactive
lifetime of nZ VL.

10.2.3.2 Treatment of Nonaqueous Phase Liquid Zones

Assuming that the location of the NAPL sources can be determined with sufficient
accuracy, delivering reactants to NAPL zones still presents a number of challenges that must
be considered if ISCR is to be successful. These challenges are of two general types: hydraulic
and partitioning.

Hydraulic challenges arise because ISCR reactive materials are typically delivered using water
as the delivery vehicle. Nonaqueous phase liquid zones, and in particular NAPL pools, may have
relatively limited contact with flowing groundwater. This situation is common because many
sources have been in place for decades, and areas with high NAPL—water contact will have
already dissolved away. This limited water—NAPL contact can have significant consequences
on the effect of added ISCR reagents. For example, in the nZVI case, the nZVI may not be
delivered directly to the NAPL—water interface, but instead will form a reactive barrier in the
vicinity of the entrapped NAPL. In this scenario (Figure 10.6), the reaction will be limited
by the rate of mass transfer of contaminants from the NAPL phase (present in the layer or in the
media or in the intermediate K-layer) into the aqueous phase, where the dissolved contaminants
are then transported to the reactive nZVI surfaces (Fagerlund et al., 2012).

Partitioning challenges arise from the hydrophobic nature of NAPLs, so that water-soluble
reagents may move with the groundwater, but will tend to stay in the water phase. A significant
amount of research has focused on designing reductants such as nZVI that partition to the
NAPL—water interface (Figure 10.7) (Saleh et al., 2005) or completely into the NAPL phase

)0.0.0.(¢

)
)]

Intermediate K layer

)00000000000000000000000 ¢
)0 0000000000000000000000 ¢

0000 (XXX

00000000000000.

Entrapped NAPL

Flow

Figure 10.6. Schematic illustrating an entrapped NAPL source of contaminants to an aquifer. Slow
dissolution of the entrapped NAPL serves as a long-term source of contamination to the aquifer.
Emplacement of nZVI or other particulate reductant in the vicinity of the NAPL or into the NAPL
can decrease the source mass, thereby decreasing the mass emission from the source and its
lifetime. Challenges lie in providing sufficient reductant to eliminate a significant mass of the
entrapped NAPL.
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water

TCE

Figure 10.7. Hydrophobic segments (red) of the polymer coating swell in TCE (NAPL) while
hydrophilic segments (blue) swell in water. This modification of nZVI could provide thermody-
namic affinity of the particles to the NAPL—water interface, causing them to partition to where they
can effect maximum NAPL degradation.

(Ramsburg and Pennell, 2001; Ramsburg and Pennell Kurt, 2002; Ramsburg et al., 2004;
Ramsburg et al., 2005). Promoting contact between nZVI and the NAPL will, other factors
being equal, increase the rate of reaction because the reaction is proportional to the concentra-
tion of dissolved TCE at the nZVI surface (Liu et al., 2007).

However, the approach illustrated in Figure 10.7 still requires that reductants reach the
NAPL interface, which can be difficult to achieve because the NAPL may be located in poorly
accessible (low conductivity) regions of the aquifer. Furthermore, even if the nZVI can be
concentrated at the NAPL—water interface, this will result in rapid oxidation of the nZVI
(Fagerlund et al., 2012), the products of which then remain at the NAPL—water interface,
thereby preventing attachment of fresh reactive particles (Phenrat et al., 2011). Overall, the
concept of targeted delivery of particulate reagents to the NAPL—water interface in situ has
proven to be conceptually and practically challenging and has not yet been demonstrated to be a
feasible technology for field applications.

10.2.3.3 Treatment of Diffusion Source Zones

Diffusion source zones are created when high-concentration sources such as NAPL remain
in contact with lower-permeability media for an extended period of time (years). Such sources
can occur at the surfaces of the low-permeability media (beneath pools of NAPL) or deeper
within media because of NAPL movement down fractures, and subsequent diffusion. Back
diffusion of contaminants from the lower-permeability media such as clay lenses can result in a
very long-lived, low concentration sources (Figure 10.8).

To treat source zones such as those represented in Figure 10.8, the delivered reductant must
have sufficient longevity and reactive capacity to sustain adequate degradation rates of
contaminants that arrive by diffusion at an interface where groundwater is moving (the surface
of the diffusion source). It is necessary in this case to maintain high concentrations of reactant
at these interfaces, requiring emplacement of significant quantities of reductant or replenish-
ment of the reductant by repeated or sustained injection via recirculation, for example.

Nanoparticle-sized reagents may ultimately be designed with the desired traits for treating
diffusion sources (Khandelwal et al., 1998; Rabideau et al., 1999). For example, particulate
reductants could be emplaced into the higher conductivity regions surrounding a clay lens
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Figure 10.8. Schematic illustrating a diffusional source of contaminants to an aquifer. Slow
diffusion of contaminants from clay lenses serves as a long-term source of contamination to the
aquifer. nZVI or other particulate reductants can be emplaced in the high K region surrounding the
lenses in order to degrade contaminants as they released.
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serving as the source (Figure 10.8). The relatively low mobility of these materials
(Section 10.2.4.6) could allow them to remain in the region surrounding the lenses and serve
as a reactive barrier that degrades contaminants as they are released. This remediation strategy
requires reductants that have sufficient capacity and reactivity to produce the required decrease
in contaminant concentration, but also have a relatively long reactive lifetime so that they do
not need to be replaced frequently.

The process described above primarily treats the mass leaving the diffusion source and has
relatively little impact on mass within the diffusion source. If the latter is to be addressed, then
the reductant to be delivered must have a number of additional characteristics. For example, it
must have a sufficiently large diffusion coefficient that it can penetrate into the diffusion
source. Also, it must be sufficiently inert to persist as it diffuses, but also sufficiently reactive
to degrade the contaminants when the two come together. Once again, it must have been
delivered to the interface with the diffusion source in appropriately high concentrations and for
an extended period to control the long-term flux of contaminants from the diffusion source.

This is a challenging set of criteria to meet. Fortunately, the overall process of diffusion
and reaction can probably be predicted with reasonable accuracy using numerical modeling
(Fagerlund et al., 2012). Thus, if delivery of the reductant to the interface can be accomplished,
the effectiveness of the ISCR likely can be assessed.

10.2.4 Strategies for Delivery

Reagents for ISCR are diverse in their chemical form, and some forms involve unique
considerations for effective delivery in the subsurface. /n sifu chemical reduction reagents can
include dissolved aqueous species (sodium dithionite), NAPLs (edible oils), emulsions and
foams (calcium polysulfide), gases (H,), and particles (ZVI and nZVI). Approaches and
challenges for delivery of aqueous solutions of dissolved aqueous species are similar to those
for delivery of oxidants for ISCO (Simpkin et al., 2011) (Chapter 9 of this volume). However,
delivery of the NAPLs, emulsions, foams, gases, and particulate reagents used in ISCR can
present unique challenges. A range of delivery strategies have been utilized for in situ delivery
of these various forms of reductants, and they are summarized briefly below.


http://dx.doi.org/10.1007/978-1-4614-6922-3_9

In Situ Chemical Reduction for Source Remediation 323
10.2.4.1 Delivery of Aqueous Solutions of Dissolved Reductants

Perhaps the most common approach for delivery of reductants is by injection of an aqueous
solution of a dissolved species via wells into the subsurface. This approach is applicable to
moderately permeable media, where the reductants can be emplaced into the formation over
distances of meters in time frames of a few days. In high-permeability media, such as gravels,
groundwater velocities can be sufficiently large that the residence time of the reductant within
the treatment zone may be too small to achieve the required degradation of contaminants or to
provide any residual capacity for reduction. In this case, alternate pumping strategies, for
example, recirculation and/or injection—extraction (“push—pull”), may be more effective.

In low-permeability materials (clays, tills), solution injection rates can be too low to provide
reasonable zones of influence from a given injection well, so hydraulic or pneumatic fracturing
has become a common approach to enhance distribution. At least two strategies are used in this
type of fracturing. The first is to use the fractures to deliver reductants directly to the source.
The second is to use the fractures to focus the groundwater flow through the fractures filled
with reductant such that treatment occurs within the fractures. With respect to chlorinated
solvent source zones, there has been little evaluation of the relative importance of these
mechanisms at the field scale.

10.2.4.2 Improved Delivery of Injected Dissolved Reagents

The delivery of aqueous solutions of reductants is challenging because of the presence of
heterogeneity in the porous media and subsequent flow field. In heterogeneous media, targeted
delivery of dissolved reductants to source zones is especially difficult if higher flow zones exist
that lead the reductant away from the source zone. Several strategies have been developed to
improve contact between the reductant and the source. Two of them, shear-thinning fluids and
density-enhancing agents, are briefly discussed here.

Shear-thinning fluids have the characteristic that their viscosity decreases as shear velocity
increases (Kaplan et al., 1994; Kaplan et al., 1996; Cantrell et al., 1997; Truex et al., 2011a, b). As
a result, under high flow rate (injection) conditions, a shear-thinning fluid may be delivered to a
high hydraulic conductivity zone, but under lower flow conditions (normal groundwater flow),
that fluid will be sufficiently viscous that, once emplaced, flow through that zone will be
decreased and as a result increased flow through lower conductivity zones (where the source
might be located) will occur. Significant increases in viscosity can be achieved easily with
relatively low concentrations (0.1-1 gram per liter [g/L]) of food-grade biopolymers such as
xanthan and guar gum. Shear-thinning polymers are commercially available (Truex et al.,
2011b). These materials have an added advantage, in the context of ISCR, because they provide
readily biodegradable carbon sources that help drive aquifer systems to more strongly reducing
conditions.

Shear-thinning fluids have been widely used in the petroleum industry to enhance oil
recovery, but they have received less consideration in reductant delivery. One reason may
be the compatibility of the viscosity agents and the reductants. For example, the presence of
these biopolymers may decrease the reactivity of ZVI or nZVI that is injected along with the
shear-thinning fluid (Phenrat et al., 2009a; Tratnyek et al., 2011; Truex et al., 2011b).

Density-driven flow also can be used to deliver aqueous phase dissolved reductants
(Henderson et al., 2009; Heiderscheidt et al., 2011). The addition of almost any solute to
water increases the density of the resulting solution. For highly soluble solutes, such as
inorganic salts, resulting densities can be quite large (>1.2 grams per milliliter (g/mL)).
If these solutions are injected into the subsurface, significant downward movement due to
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gravity can occur. If managed correctly, this enhanced downward movement can be utilized
to increase contact between the injected solution and source zones. Several commonly used
chemical reductants (sodium dithionite and calcium polysulfide) are very soluble and can be
prepared readily at concentrations well suited for density-driven injection.

10.2.4.3 Delivery of Nonaqueous Phase Liquids, Emulsions, and Foams

Nonaqueous phase liquids can be used to emplace reactive materials in the subsurface. The
NAPL can be the reactive material itself, or it can be a carrier for other materials. For example,
nonaqueous, edible oils have been combined with reductants (especially ZVI) to create biogeo-
chemical zones favorable for ISCR (Quinn et al., 2005). The NAPLs have an important
advantage over aqueous liquids because they can become immobilized in the subsurface and
as a result can provide a practical approach for maintaining high concentrations of reductants
at or near source zones. Furthermore, the low solubility of NAPLs allows them to remain in
place and serve as a long-term sources of reductant.

However, it is challenging to deliver nonaqueous fluids in the subsurface in a predictable
manner. At least two strategies can improve deliverability of NAPLs: emulsions and fracturing.
Emulsions of oil and micron-sized ZVI have been examined in laboratory and field studies
(Quinn et al., 2005). The reactivity and transport of oil-in-water emulsions containing nZVI
have also been demonstrated in the laboratory (Berge and Ramsburg, 2009). The emulsion may
provide multiple benefits:

e Enhanced transport of the ZVI through the subsurface and to the NAPL interface,
thereby requiring less dissolution of NAPL constituents for them to be reduced by
the ZVI.

e Protection of the ZVI from the processes that contribute to natural reductant demand,
thereby increasing the ZVI lifetime and possibly its efficiency (proportion of its
capacity that goes to reduction of contaminants rather than water and other geochemi-
cal oxidants).

e Provision of organic carbon that can stimulate the biogeochemical conditions that are
favorable to microbial dechlorination process.

In practice, the movement of emulsions through the subsurface is problematic for three
primary reasons: (1) distribution of emulsions is highly influenced by physical and chemical
heterogeneities within the aquifer, (2) emulsions tend to be unstable in porous media (porous
media have historically been used to break emulsions created during chemical synthesis) and (3)
the emulsions typically used (water—oil-water emulsions) are very viscous (up to 100s of
centipoise (cP)) and difficult to inject in porous media, even in relatively high conductivity
sand aquifers (Quinn et al., 2005).

Foams are liquid—gas emulsions that have been studied and used to remediate DNAPL and
heavy metals from unsaturated soils (Wang and Mulligan, 2004; Shen et al., 2011). The foam is
created from mixing a surfactant solution and nonwetting gas. They are very low density and
the stability of the foam (time to collapse) can be designed based on surfactant choice to allow
for delivery in the subsurface. Foams have been used in at least one field demonstration
(Hirasaki et al.,, 1997) to remove TCE DNAPL. Foams have historically been developed
to solubilize and mobilize the contaminants. However, the appropriate choice of surfactants
and gas could potentially make foams a viable delivery tool for ISCR reactants in the unsatu-
rated zone.
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Movement of NAPL phases, including emulsions and foams, can be enhanced by
fracturing. However, precise delivery of these fluids to specific locations (source zones) has
proven difficult, even in relatively homogeneous media because it can be difficult to control
propagation of the fractures. As discussed above, fracturing can be used to focus groundwater
flow and treatment within the fractures, and this may provide the best opportunity for utilizing
NAPLs to increase ISCR.

10.2.4.4 Delivery of Gases

Reducing gases, particularly hydrogen, have been used to enhance in situ reduction both
in the unsaturated zone (Evans et al., 2011) and in the saturated zone (Newell et al., 1997;
Newell et al., 1998; Newell et al., 2000). Delivery of gases in water-saturated media is typically
accomplished using in situ sparging, although the use of hollow-fiber membranes also has been
investigated (Fang et al., 2002). However, hydrogen solubility in water is only -2 mg/L,
equivalent to ~800 micromolar (UM) at ambient pressure and groundwater temperature, so
delivering significant quantities of dissolved H, by sparging groundwater is not practical. As
with other types of specialized gas sparging, relatively low flow rates and pulsed operations are
commonly employed.

In most aquifer materials, especially those with grain sizes less than ~1 millimeter (mm),
gases travel almost exclusively in channels, rather than as individual bubbles (Johnson et al.,
1993; Clayton, 1998). This limits the contact between water and gas to the flow of water around
the gas channel. However, during pulsed operation, significant amounts of gas can remain
trapped within the medium, and this trapped gas can provide a long-term low-level source of
reductant between pulses. This trapped gas can persist from days to months, depending on the
rate of groundwater flow.

One of the important limitations of sparging in source zone treatment is that it can again be
difficult to deliver the reactants to the source zone, particularly if those sources are associated
with lower-permeability layers (pools on top of those layers or diffusion sources within those
layers.) As a result, sparging may be better suited to cutting off plumes from those source
zones, rather than in trying to treat the zones directly (Johnson and Johnson, 2012).

10.2.4.5 Emplacement of Solids

Direct in situ mixing of solid-phase reductants and aquifer materials (ISSM) is an attractive
approach to ISCR of source zones if conditions allow it (aquifer materials are amenable to
auguring and the depth is not prohibitive). If excellent contact between the reductants and the
source materials can be achieved, this approach can be quite successful (Olson et al., 2012).
However, it does necessitate a significant input of resources. For example, a dense network of
augured holes, including significant overlap between the holes, will likely to be necessary if
remediation is to be complete. This approach has potential disadvantages, in addition to cost. It
may result in mobilization of DNAPLs as part of the auguring process. This mobilization could
result in additional downward movement of the DNAPLs, increasing their environmental
impact.

As discussed above, in the context of source zone treatment, emplacement of solid
reductants as PRBs will probably be useful only when cutoff of the resultant groundwater
plume represents the best treatment strategy. In this context, reductant PRBs have been used in
conjunction with impermeable barriers (sheet pile, slurry walls) in funnel and gate configura-
tions (Gillham et al., 2010). Fractures propped open with reactants have been proposed for
treatment of groundwater plumes (as mini-PRBs) as well as for direct treatment of sources.
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As discussed above, the focus of source treatment can be either to deliver directly reactants to
the source or to capture groundwater flow from the source and treat it within the fractures.
In the context of ISCR, emplacement of granular metals or metals mixed with sand, within the
fractures, can be an effective approach.

10.2.4.6 Injection of nZVI Suspensions

Of all the in situ approaches discussed here, injection of suspensions containing nZVI has
received the most attention from researchers. Nanoscale zero-valent iron has a number of
desirable characteristics that have contributed to this interest:

e [t is highly reactive toward a number of important contaminants, including many of the
chlorinated solvents.

e In principle, nZVI or micron-sized ZVI particles can be made mobile in a range of
porous media types.

e The surface properties of these materials can be modified to increase their mobility in
the subsurface and to provide NAPL targeting, although the benefits of such targeting
are yet to be proven, as discussed above.

e  With sufficient mobility, injection using existing deep wells allows for emplacement of
reductants in the deep subsurface, or in other difficult to reach areas, such as under
buildings.

e If the selectivity of nZVI toward the target contaminants can be improved, the
emplacement of particulate materials provides excess reductant that will remain in
place for extended times (to treat back diffusion sources, for example).

In practice, delivery of nZVI to treat source zones has proven to be more difficult than
anticipated. A number of important challenges remain:

e Magnetic effects of the commonly used nZVI materials are sufficiently large that
aggregation (Phenrat et al., 2007) and subsequent straining become an important
process limiting nZVI mobility except at very low nZVI concentrations (<<1 g/L)
(Phenrat et al., 2009a).

e Magnetic properties also may contribute to deposition within the subsurface because
nZVI particles have a tendency to deposit on previously deposited nZVI particles.

e Three-dimensional flow pathways tend to cause nZVI transport directions to shift
easily as plugging of the formation occurs, particularly in the immediate vicinity of
injection wells.

e Reliance on water as the injection fluid for the dispersion limits the amount of nZVI
that can be delivered directly to entrapped DNAPL (Figure 10.9).

The combination of these challenges makes it difficult to deliver nZVI in porous media and
to deliver the quantities of nZVI necessary to significantly reduce the contaminant masses
characteristic of source zones.

As a rule of thumb, travel distances of approximately 1.5 m (5 ft) are required to make
nZVI injection an attractive remediation alternative. This spacing allows for an injection gallery
with wells approximately 3 m (10 ft) apart. Lower mobility will require too many wells/injection
points to distribute the material in the subsurface to create a PRB for plume treatment or to
deliver sufficient material to entrapped NAPL. While some laboratory and field data suggest
that nZ VI transport distances of >2 m (6.5 ft) should be possible (Bennett et al., 2010), there are
few field examples of where significant quantities of nZVI have been directly observed at
distances of more than 1.5 m (5 ft) from an injection point (Johnson et al., 2013). Within those
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Figure 10.9. Images of polymer-coated nZVI targeting entrapped NAPL in situ. A 3 g/L dispersion
of nZVI was flowed past the entrapped NAPL, and a fraction of the nZVI remained in the source. (a)
A source with low NAPL saturation allows some nZVI to access the entire source. (b) A source with
high NAPL saturation diverts water and nZVI above the source and only allows for attachment at
the upper surface. Reprinted with permission from Phenrat et al. (2011). Copyright 2011, American
Chemical Society.

few examples is evidence that flow was primarily along preferential flow pathways, in
agreement with expectations and with laboratory studies (Phenrat et al., 2010a).

It should be noted that travel distance is operationally defined. Sometimes travel distance is
considered the distance where nZVI is detected; however, this distance may represent only a
small fraction (<1%) of the concentration of nZVI in the injection solution (Johnson et al.,
2013). In other cases, it may be defined as the distance where a sizeable fraction (e.g., 25%) of
the injected concentration is measured. Inconsistent use of the term travel distance has led to
confusion over what is truly achievable in terms of travel distance for nZVI.

These field scale results suggest that it will be difficult to deliver significant quantities of
nZVI to NAPL source zones when relying on water as a carrier for the nZVI. These data do,
however, suggest that emplacement of nZVI into higher conductivity regions lying above
diffusion sources may be possible. This remediation strategy can provide a reactive barrier to
degrade contaminants as they diffuse from the low conductivity region to the higher conduc-
tivity regions. Progress continues to be made with regard to minimizing aggregation and
increasing mobility through the use of surface modification, and the current state of research
is summarized below.

A very important limitation of nZVI transport in the subsurface is its aggregation
and subsequent filtration by the aquifer materials (Johnson et al., 2013). This leads to pore
plugging, changes in flow patterns, and an inability to deliver sufficient material to the source
(Phenrat et al., 2010b). The transport of polymer-coated nZVI in porous media can be good at
low concentrations (100s of mg/L), but delivery of concentrated nZVI suspensions (~10 g/L)
is required to make nZVI a useful remediation alternative, regardless of whether the goal is
to emplace a PRB for plume treatment, to target NAPL directly, or to emplace nZVI in
high conductivity regions to prevent back diffusion of contaminants. Effective delivery of
concentrated solutions may be achieved through the use of surface modifications of nZVI
using polymers (polypropylene glycol or carboxymethylcellulose) to prevent aggregation and
deposition. It may also be achievable through the use of excess polymer in the injection solution,
which can modify the surfaces of porous media as the solution carrying the nZVI moves
through. Modification of the porous media further decreases deposition of nZVI, which vastly
improves transport (Kim et al., 2012). Shear-thinning fluids for delivery of nZVI may also prove
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useful, as this method has been used to deliver 2-micron-sized ZVI particles in porous media
(Truex et al., 2011a).

Two approaches may be used to modify the surfaces of nZVI. The first is to physically
adsorb (physisorb) polymers to the nZVI surface (Phenrat et al., 2008). Polymers readily adsorb
to nZVI, and modification is achieved simply by dispersing the nZVI in the presence of the
dissolved polymer. This simple procedure allows one to select from a variety of polymer types
available. It also allows for the selection of polymers compatible with the site’s geochemical
conditions, and polymers that can potentially serve as a biostimulant for microbial degradation
of contaminants if free polymer is present in the injection solution. The presence of poly-
aspartate coating on nZVI increased microbial biomass in an organic carbon limited marine soil
by several orders of magnitude (Kirschling et al., 2010). Polymers with average molecular
weights greater than ~1,000 g/mol will typically adsorb to nZVI with densities ranging from a
0.25 to 2 mg/m” (Golas et al., 2010). Adsorption of large molecular weight polymers (e.g.,
>2,000 g/mole) occurs at multiple points on the nZVI surface and is therefore effectively
irreversible over time scales of interest, for example, months to years (Kim et al., 2009).

The second modification approach is to synthesize the nZVI in the presence of the
polymeric modifier (carboxymethylcellulose) (He and Zhao, 2007; Liu et al., 2008). In this
scenario the polymer is also used to help control the size distribution of the nZVI being
synthesized. This process seems to provide surface-modified nZVI that is quite stable against
aggregation and has improved transport characteristics over other types of nZVI (Bennett et al.,
2010; He et al., 2010).

It should be noted that the adsorption of the polymeric coating onto nZVI will also alter the
reactivity of the nZVI (Tratnyek et al., 2011). The coating generally decreases reactivity by a
factor of 4 to 10 (Saleh et al., 2007), due to a combination of site blocking and an effective
decrease in the surface concentration of the contaminant at the nZVI-water interface (Phenrat
et al., 2009b). Typically this reduction in nZVI reactivity will not decrease reactivity to levels
that make it impractical, but the reactivity of surface-modified material should be used in
design calculations, especially for a PRB scenario where the length of the reactive zone will
depend on the reaction rate of the target contaminant with the nZVI.

10.2.5 Combined Remedies

Some of the most significant improvements in remediation efficiency over the last decade
have come through combined remedies in which two or more approaches are combined to take
advantages of both. Two strategies for enhancing ISCR are the addition of heat and the
arrangement of ISCR and other treatment processes into combinations of spatial zones. Further
discussion of combined remedies is provided in Chapter 15 of this volume.

10.2.5.1 Heat

Heat represents a straightforward approach for increasing the reactivity of ISCR agents.
Since the rates of many abiotic processes increase in a predictable manner with increasing
temperature (they show Arrhenius-type behavior), even modest increases in temperature can
have a significant effect. Thus, a small amount of electrical resistance heating that raises the
temperature 10 or 20°C (50 or 68°F) can result in a several-fold increase in rates. Of course,
rates of reactions that compete with the target reaction may also be increased, and as a result
the persistence of the reactants may be reduced. However, a number of scenarios have been
proposed that are designed to take advantage of increased reaction rates for both oxidants and
reductants (La Mori et al., 2010; Truex et al., 2011a, b).
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10.2.5.2 Sequential Zones

The deliberate combination of treatment methods into sequential zones has been proposed
fairly frequently. Three early efforts of this type were the systematic study of various
sequenced reactive barriers for treatment of chlorinated solvents (Fiorenza et al., 2000), a
sequential reactive treatment zone proposed for reductive and then oxidative treatment of
explosives contaminated groundwater (Tratnyek et al., 2001), and pretreatment zones for
protecting ZVI PRBs from premature failure (Kenneke and McCutcheon, 2003). Recently,
this approach has been further developed and referred to as multibarrier design (Bastiaens
et al., 2005). There are, of course, many possible combinations of treatment zones in a
multibarrier design, and it will be some time before the most beneficial combinations are
identified and recognized as proven.

Most multibarrier concepts entail combination of a chemical (ISCR) treatment process with
some form of enhanced bioremediation. In some cases, the intent is clearly to form distinct
zones that isolate treatment processes over a scale of several meters of more (Becvar et al.,
2008), whereas other approaches attempt to stimulate abiotic and biotic contaminant degrada-
tion in closer Pr0x1m1ty (millimeters to centimeters). Examples of the latter (involving products
such as EHC") were summarized in Section 10.1.2. All these scenarios still have uncertainty
about whether the abiotic and biotic processes are synergistic or antagonistic: the conditions
within a ZVI PRB would seem to be unfavorable for most forms of microbial activity, yet
recent work has generally found that the overall effect on remediation performance is positive
(Cullen et al., 2011; Kirschling et al., 2010; Van Nooten et al., 2008).

10.3 IMPLEMENTATION

As with any remedy for contaminated groundwater, the implementation of ISCR involves
three stages: (1) site delineation and characterization, (2) technology assessment and selection
and (3) technology design and implementation. Each of these stages is discussed in the
following subsections, with emphasis on aspects unique to ISCR and relevant to source zone
remediation.

10.3.1 Site Delineation and Characterization

In addition to the site delineation and characterization requirements that are prerequisite to
any sort of remedial action (type and extent of contamination, lithology and hydrology of the
contaminated zone, proximity to receptors), several considerations require special attention if
ISCR is to be a candidate for source zone treatment.

The first of these requirements is whether the types of contaminants at the site are subject
to degradation by reduction. As described in Section 10.2.1, chlorinated solvents, explosives,
and pesticides containing nitro groups and a few other types of organic contaminants can be
reduced under ISCR conditions. Organic compounds without these functional groups—such
as aliphatic and aromatic hydrocarbons (surfactants, most fuel components, polycyclic
hydrocarbons [PAHs])—generally will be unaffected by ISCR. Furthermore, with respect
to dechlorination, relatively highly chlorinated aliphatic compounds, such as CT and PCE,
will be much more labile to reduction than less highly chlorinated aromatic compounds.
These trends in susceptibility to ISCR are the inverse of what is expected, and observed,
under conditions of ISCO.

The second type of characterization requirement that has aspects unique to ISCR concerns
the site geochemistry: specifically, the type, quantity and availability of redox-active materials
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that will act as sinks for reductants in the treatment zone. The most rigorous approach to this
issue would be to inventory all the potentially important materials (reducing minerals, natural
organic matter, reducible contaminants, dissolved oxygen) and develop a biogeochemical
reactive-transport model for the system based on principles summarized in Section 10.2.2.
This, however, is rarely feasible, so a more practical alternative approach is needed. One
approach that probably offers the best compromise between rigor and practicality involves
standardized assays of reductant demand that are analogous to the assays for oxidant demand
that are now widely used to determine the applicability of ISCO to particular sites (Haselow
et al., 2003; ASTM, 2007).

The analogy between reductant demand and oxidant demand extends to a range of issues,
from the operationally defined nature of these parameters to the variety of qualifiers needed to
refine the terminology (natural, total, aquifer, and others). All of these issues have been
discussed extensively for oxidant demand (Lee and Batchelor, 2003; Urynowicz et al., 2008;
Xu and Thomson, 2008; Xu and Thomson, 2009), but the concept of reductant demand is much
less well developed. Few previous publications have explicitly addressed this subject (Ford,
2002; Brown and Robinson, 2004; Johnson et al., 2013), but to be consistent with that work, the
term used in this chapter is natural reductant demand (NRD). While the main significance of
NRD is to characterize the capacity of the system to consume reductant, any assay for NRD
will depend on the reductant used and the time of exposure to the reductant used in the assay
(just as NOD depends on the exposure time to a particular oxidant) (Borda et al., 2009).

Currently, there are no validated or widely used protocols for characterizing NRD of an
aquifer system. Instead, current practice is to rely on oxidation—reduction potential (ORP)
measurements made with an inert working electrode (usually Pt). As a general rule, negative
ORPs (vs. the normal hydrogen electrode, NHE) suggest reducing conditions, which means low
NRD to be overcome with added reductant, and together these things favor ISCR. Furthermore,
treatability by ISCR generally will be more favorable at more negative ORPs.

However, the use of ORP in this way has important caveats. First, ORP measurements
generally do not reflect the contribution of solid phases, such as minerals and natural organic
matter; these can be significant sinks for reductants. In addition, the ORP response of
dissolved-phase redox-active species varies greatly in sensitivity (Fe" is high, but ammonia is
low), reversibility (electrode reactions involving N and S are irreversible), and electrode
material and condition (H, is electrode active on Pt but not on carbon). Due to these limitations,
ORP should be regarded only as a qualitative indicator of the prospects for source zone
treatment by ISCR.

Beyond NRD and ORP, other biogeochemical conditions that should be considered in
assessing the applicability of ISCR to any particular site are the background concentrations of
dissolved species indicative of the major microbial terminal electron-accepting processes
(TEAPs). These include O,, iron, nitrate, sulfate, sulfide, methane and hydrogen. Carbonate
concentrations (because it can cause precipitation) and pH should also be measured.

10.3.2 Technology Assessment and Selection

Several broad classes of technology are typically considered for chlorinated volatile organic
compound (CVOC) sites in addition to ISCR, including physical removal (excavation), contain-
ment, extraction (aqueous and volatile; with and without applied heat), chemical destruction
and biological treatment. Even within the category of ISCR, the range of technologies (sum-
marized in Section 10.1.2) is rather diverse. To select from among all of these options, four
general criteria need to be assessed:
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1. Inmitial Site Conditions: (1) degree of chlorination of the contaminants (number of
chlorine atoms per carbon atom), (2) oxidation—reduction state, (3) pH, (4) site perme-
ability and heterogeneity (in lower-permeability and more heterogeneous media, tech-
nology selection may be directed toward aggressive emplacement methods, such as
mixing or fracturing) and (5) size of treatment zone in relation to the remediation
technology (very large sites may be better managed using containment strategies rather
than aggressive source treatment).

2. Performance Goals: (1) the treatment goal, (2) the time needed to treat or to achieve
the treatment goal and (3) the length of time the agent remains active to address mass
transfer issues associated with posttreatment rebound.

3. Implementability: (1) site lithology (permeability, heterogeneity) that can control the
distribution of reactants, (2) site conditions/accessibility (e.g., if the CVOCs are located
under buildings, in areas of subsurface pipes, one or more technologies may be
eliminated from consideration) and (3) depth of contamination may also preclude the
use of some technologies.

4. Cost Criteria: (1) the chemical agent(s) to be applied, (2) the application methods, (3)
the number of applications and (4) monitoring requirements.

Among these criteria are several aspects of particular importance for ISCR. With regard to
site conditions, the aquifer should, in general, be in a reduced state prior to ISCR to minimize
reductant demand and mineral precipitation. Ideally, the pH should be slightly acidic (4 < pH
<7) and ISCR approaches will, in general, be more effective if the contaminants are highly
chlorinated (at least one carbon atom with >50% maximum chlorination).

Since ISCR can be applied in a number of ways (recirculation of reactants, containment
using PRBs, direct mixing in source zones), it is difficult to evaluate the strengths and
weaknesses of ISCR in a general way. Of the ISCR approaches currently in use, application
of granular zero-valent metals (ZVMs) represents a technology that fills a niche without many
direct competitors. This is due in part to the comparatively long useful lifetime of granular
ZVMs in the subsurface as PRBs. Since transport of ZVMs, including nano- and micro-sized
materials, is difficult, the emplacement techniques should be considered carefully. These can
include trenching (PRB construction), mechanical mixing, and movement in induced fractures.
At the same time, ZVMs are not well suited for distribution via groundwater wells, and
application of ISCR in this context utilizes divalent metal such as Fe'' species and/or reductant
anions (S,04%7).

10.3.3 Technology Design and Implementation

For many ISCR applications, design and implementation are intimately coupled to the
technology itself. This is particularly the case for ZVM applications, where the mode of delivery
will often be chosen simultaneously with the reductant. The situation is less defined for dissolved
species delivered by some form of aqueous injection such as recirculation wells. In this case,
tradeoffs between several candidate reductants and delivery options may need to be evaluated.

The objective of the design process is to provide detailed engineering parameters for
implementing the technology. The design process may employ both bench scale and pilot
scale testing in order to identify these aspects:

e The dosage of reactive agent required to reach the treatment goal. The beneficial and
nonbeneficial (reductant demand) consumption of the reactive agents.

e An estimate of the number of sequential treatments necessary to achieve cleanup goals.
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e The construction and spacing of application points, if used, including permanent
points, temporary points, in situ mixing design (if used) and monitoring system.

e Design of the monitoring program including frequency, duration, and density of
monitoring points necessary to characterize the performance of the technology.
In the context of ISCR, this program should include both a strategy to monitor the
delivery and persistence of the reactants as well as to monitor the destruction of
the CVOCs.

Of particular design relevance in the context of ISCR are reductant demand, persistence of
the reductant in the medium due to competitive reactions, efficacy of the degradation process
under site-specific conditions, and the impacts of the reductants on biohydrogeochemical
conditions in the aquifer (precipitate formation, pH, dissolved metals concentration).

In situ chemical reduction technologies, like ISCO, come with some inherent level of risk
because large quantities of reactive materials are being handled and/or injected under pressure.
As a consequence, health and safety aspects of technology implementation are important.

The most common concern of ISCR implementation almost certainly deals with the
mobility of nano- and micrometer-sized ZVM. As discussed above, historical interpretation
of ZVM transport has, in general, been overly optimistic. Design and implementation of ZVM
injection systems, excluding fracturing, should be undertaken with the idea that transport
distances will likely be less than 1 m (3.28 ft), except in exceptional circumstances, and as a
result, target areas must be small or the number of injection points must be large.

10.3.4 Case Studies

Well documented and characterized sites provide case studies for most of the ISCR
remediation technologies. Most ISCR technologies (abiotic MNA, BiRD or ISRM) have only
a few such sites, so selection of which case studies to feature below was straightforward.
However, for the ZVI-based approaches, a plethora of informative case studies exist. In these
cases, the sites with the longest assessment history have been featured to provide evidence
regarding longevity.

10.3.4.1 Abiotic Monitored Natural Attenuation Case Study

In 2003, at the Air Force Center for Environmental Excellence (AFCEE) Technology
Transfer Workshop, John T. Wilson presented a paper titled “Abiotic reactions may be the
most important mechanism in natural attenuation of chlorinated solvents” (Wilson, 2003).
This presentation was one of the first public discussions of the role of reduced minerals
in the attenuation of chlorinated solvents. This observation was based on the study of a
cis-1,2- dichloroethene (DCE) plume at the Twin Cities Army Ammunition Plant (TCAAP) in
Arden Hills, Minnesota, USA. It is of note that the TCAAP site was studied as a biologically
mediated MNA site (Wilson et al., 2001).

Ferrey and co-workers discussed the analysis of abiotic MNA of the site (Ferrey et al.,
2004), comparing laboratory microcosm results to 13 years of monitoring data. They concluded
that the reductions in measured groundwater concentrations at the site were consistent with
dechlorination rates measured in the microcosms. The rates of dechlorination for autoclaved
and live microcosms were observed to be similar, and they attributed the abiotic degradation to
magnetite, which was detected in aquifer solids from the site. This result was consistent with
their modeling of dechlorination by magnetite using surface-area normalized rate constants
derived sample data and literature sources (Lee and Batchelor, 2002a, b).
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10.3.4.2 BiRD Case Study

At Dover Air Force Base, Delaware, USA, a portion of a solvent plume was treated with
Epson salt (MgSO4e7H,0) and sodium lactate (Kennedy et al., 2006a). The solution was
injected into a contaminated groundwater plume in five wells positioned 3 m (10 ft) apart
and perpendicular to groundwater flow. Sediment was sampled prior to and 8 months postin-
jection. Significant iron sulfide minerals were developed in the sandy aquifer matrix. Trichlor-
oethene reduction was observed a few weeks after injection, and 95% reductions in PCE, TCE
and cis-DCE concentrations were achieved in less than 1 year.

10.3.4.3 ISRM Case Study

In Fort Lewis, Washington, USA, an extensive treatability study was performed to deter-
mine optimal conditions for ISRM (Szecsody et al., 2000), and then a buffered solution of
sodium dithionite (Na,S,0,) was injected at the site to reduce the iron in the phyllosilicate clays
of the aquifer sediments (Vermeul et al., 2000). After four injections (Figure 10.10), more than
40% of the ferric iron was reduced to ferrous iron, and TCE degradation was observed.
Downgradient from the treated, reduced zone, TCE concentrations were decreased by as
much as 92%.
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Figure 10.10. Conceptual model and treatment plan for ISRM proof-of-principle test site at the Fort
Lewis Logistics Center, WA. From Vermeul et al. (2000), used with permission.
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10.3.4.4 Conventional ZVI PRB

Case studies of ZVI PRBs are so numerous that they have been reviewed many times (U.S.
Environmental Protection Agency, 1999; Vidic, 2001; Wilkin and Puls, 2003; Wilkin et al., 2003)
and there even have been several meta-analyses of data across ZVI PRB case study sites (Powell
et al., 2002; Henderson and Demond, 2007). The original pilot test of a ZVI PRB by Gillham
and co-workers at Canadian Forces Base Borden in Ontario, Canada, was studied extensively
and documented (O’Hannesin and Gillham, 1998; Wadley et al., 2005), and the first full-scale
commercial application of a ZVI PRB by Geosyntec Consultants in Sunnyvale, California,
USA, was also described in detail and monitored over a considerable time period (Sorel et al.,
2003; Warner and Sorel, 2003). However, these efforts were soon followed by several even
more thorough and comprehensive assessments of in situ performance of ZVI PRBs. Three of
the most impactful early case studies include:

1. Denver Federal Center in Denver, Colorado, USA, led by U.S. Geological Survey
investigators (McMahon et al., 1999; Paul et al., 2003; Wilkin et al., 2003)

2. Naval Air Station Moffett Field in Mountain View, California, USA, led by Battelle
investigators (Gavaskar et al., 1998; ESTCP, 1999; Gavaskar, 1999; Yabusaki et al.,
2001; Jeen et al., 2011)

3. Elizabeth City, New Jersey, USA, led by USEPA investigators (Puls et al., 1996; Blowes
et al., 1999a, b; Blowes and Mayer, 1999; Puls et al., 1999a, b; Mayer et al., 2001;
Furukawa et al., 2002; Paul et al., 2003; Wilkin et al., 2005; Lee and Wilkin, 2010)

Conventional ZVI PRBs are not applied directly to source zones, although they are
frequently used for source zone containment. Direct application of ZVI to source zones is
mainly through targeted injection or mixing into source zones, and case studies for each of
these are presented in the two sections that follow.

10.3.4.5 Source Zone Targeted Injection of nZVI

Since 2000, at least 34 uses of nZVI injection have been documented, primarily for
remediation of chlorinated solvents. These have included direct injection of aqueous slurries
of nZVI, injection of emulsions (EZVI) and the use of shear-thinning fluids (for 1 micron-sized
ZVI). Pressure injection is the most commonly used injection method, but some cases of gravity
fed (low pressure) injections have also been documented. The most comprehensive list of
these sites can be found at the U.S. Environmental Protection Agency (USEPA) CLU-IN site
(http://clu-in.org/download/remed/nano-site-list.pdf; accessed January 27, 2014).

In some cases cleanup goals were met using the technology, but in many cases cleanup
goals were not achieved. Reasons for missing cleanup targets vary by site, but it is likely that the
distribution of iron at most sites was insufficient to meet cleanup objectives. Unlike PRBs, very
few cases of nZVI injection are documented sufficiently with respect to the distribution of the
injected iron and the longevity of treatment to fully assess the potential of these technologies.
Some of the best-documented studies are presented here to shed light on the state of
the technology with respect to the ability to emplace the nZVI using injection wells. Injections
of either nZVI emulsions (EZVI) or stabilized nZVI slurries have shown limited success
for emplacing the nZVI uniformly in the subsurface at reasonable distances from the
injection wells.

In the most prominent case study of EZVI emplacement (Krug et al., 2010), pneumatic
fracturing and direct-push injection was used at a site that consisted of fine to medium sand.
With coring they found evidence of EZVI emplaced 1.8 and 0.8 m (6 and 2.6 ft) from the
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injection well for pneumatic fracturing and direct-push injection, respectively. They also
observed significant variability in the vertical distribution of the EZVI in those soil cores.
A second example used a recirculating well system to inject an aqueous dispersion of nZVI;
Henn and Waddill (2006) showed evidence of nZVI at one monitoring well approximately 1.2 m
(4 ft) from an injection well. He et al. (2010) conducted a field test using nZVI that was
prepared in the field by borohydride reduction of FeSO, in carboxymethylcellulose (CMC).
With this material, they achieved transport distances of 1.5 m (5 ft); however, breakthrough at
that distance occurred more rapidly than was expected based on a simple geometric calculation,
probably because of preferential flow in a high hydraulic conductivity layer present at the site
(F. He, Oak Ridge National Laboratory, personal communication, 2011). As a consequence,
the nZVI was likely delivered into only a small fraction of the vertical injection interval.
All of these documented cases suggest that transport of significant quantities of nZVI in the
subsurface has been limited using existing injection methods and available nZVI formulations.

Emplacement of injected ZVI (~2 + 1 micron-sized particles) in a TCE source zone, and
the subsequent effect on TCE concentrations in monitoring wells, was documented by Truex
et al. (2011a). They injected approximately 190 kg (420 lbs) of these mZVI particles at Joint Base
Lewis-McChord (formerly Fort Lewis) near Tacoma, Washington, USA, using a shear-thinning
polymer (SlurryPro™) present at 0.019 wt%. They injected a total volume of 13,660 L
(3,610 gallons) at approximately 83 L/minute (22 gallons per minute) over a 2.5-hour period.
Unlike previous reports for injections of nZVI, this injection method in this very high-
permeability formation did not cause undue increases in pressure at the injection well (about
1.5 m head). The presence of ZVI was measured at a monitoring well as far as 4 m (13 ft)
away from the injection well; however, the maximum concentration of ZVI found at any
well away from the injection well was only 26% of the injection concentration at a distance
of 1.2 m (4 ft). Most measurements were less than 10% of the injected ZVI concentration, and
only 2.6% of the injected ZVI concentration was found at a distance of 4 m (13 ft). The lack of
a trend in measured concentration of ZVI versus distance from the injection point suggests
that heterogeneity likely influenced the distribution of ZVI in the subsurface.

Despite the nonuniform distribution of nZVI and an initial increase in TCE concentrations
in monitoring wells due to the displaced water during injection, TCE concentrations decreased
over a 44-day period after injection in all monitoring wells to levels below those observed
before treatment, and the formation of reduction products (ethane, acetylene and 1,2-DCE) was
observed. Electrical resistance heating of the site to approximately 50°C further enhanced TCE
degradation and mass removal. The ZVI kept aqueous phase concentrations of TCE low during
the heating which minimized migration of TCE in the vapor phase (Truex et al., 2011a). Overall,
this demonstrates the potential to emplace particulate phase reductants for ISCR in a source
zone, but highlights the issues surrounding their use, notably the difficulty in obtaining uniform
emplacement at significant distances away from an injection well.

10.3.4.6 In Situ Soil Mixing Case Study

A number of in situ soil mixing demonstrations have been presented in the literature
(Shackelford et al., 2005; Fjordboge et al., 2012a, b; Olson et al., 2012). The results from
Camp Lejeune, North Carolina, USA, are representative of those observed elsewhere. A total of
22,900 m* (30,000 cubic yards) of soils were treated to an average depth of 7.6 m (25 ft) with
2% ZV1 and 3% sodium bentonite (dry-weight basis, Olsen et al., 2012). After one year the total
concentrations of CVOCs in soil samples decreased by site-wide average and median values of
97% and >99%, respectively. Because of the addition of the bentonite, pre- and post-mixing
average hydraulic conductivity values were 1.7 x 107> and 5.2 x 10~® meters per second (m/s),
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Figure 10.11. Apparatus used for ISSM at Camp Lejeune, NC. (a) Crane-mounted rotary table and
hollow kelly bar, (b) 3.0 m diameter augers. From Olsen et al. (2012), used with permission.

respectively, indicating a reduction of about 2.5 orders of magnitude. To control volatile
organic compound (VOC) volatilization during mixing, a 4-m diameter “hood” was used
(Figure 10.11).

10.4 SYNTHESIS AND RECOMMENDATIONS
10.4.1 Advantages and Limitations: Lessons Learned

The remediation technologies grouped under ISCR, as defined here, are diverse in many
respects, including the two classification criteria emphasized in Figure 10.1 (treatment volume
and reductant strength) and other considerations such as expected longevity, compatibility with
other treatment technologies, and track record of successful full-scale implementations. Diversity
with respect to the first two criteria is an advantage of ISCR, in that specific ISCR technologies
can be applied to a wide range of scales and contaminants. However, diversity with respect to
the latter considerations reflects the relative immaturity of ISCR as a family of technologies, and
this means the full potential value of ISCR applications probably has not yet been realized.

The background and experience currently available on remediation of contaminated
groundwater with ISCR, as summarized in this chapter, lead to the following specific conclu-
sions and recommendations:

e Treatability of Contaminants: /n situ chemical reduction treatment processes range
from mild to very strong, so a wide range of contaminants are potentially treatable
from CT with dissolved forms of Fe'' to chlorinated aromatics with H,/Pd. The rates
and products of these processes can be favorable, but results may vary.

e Deployment: In many cases, successful treatment can be achieved by influencing the
natural biogeochemical conditions to favor contaminant reduction, and this approach is
usually more straightforward to deploy. In cases where deployment of strong, artificial
reductants is justified, the natural reductant demand should also be considered.

e Delivery: Effective delivering of reactants as fluids to source zones is challenging
because of aquifer heterogeneity and risk of NAPL displacement and must be consid-
ered a limitation in the context of ISCR implementation. In some cases delivery may be
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improved using amendments such as viscous fluids. There has also been considerable
interest in delivery of nZVI with surface treatments designed to favor partitioning into
NAPL. However, delivery of sufficient quantities of those materials through aquifers to
source zones will require delivery strategies beyond well injections primarily used today.

e Complementary Processes: Other processes may be stimulated or inhibited by ISCR
treatment. In particular, biodegradation is an important component of many ISCR
activities (as either the primary or a secondary mode of action) and should be
considered in the design of most ISCR systems. The addition of organic and/or
inorganic reductants to directly or indirectly facilitate biodegradation represents an
important component of long-term treatment.

e Longevity: The reductant lifetime is an important consideration. As with other in situ
chemical treatment approaches, chemical reductants added to the subsurface may have
a relatively short lifetime during which the contaminant treatment goal must be
achieved, or sufficiently reducing conditions must be created so that contaminant
degradation will continue after the added reductant is exhausted.

Of the ISCR approaches discussed above, those involving granular zero-valent iron are the
only ones that have been applied at a sufficient number of sites to be considered proven.
Zero-valent iron PRBs have been shown to remain active for many years in most cases. In the
context of source zone treatment, in situ soil mixing with granular ZVI has been shown to be
reliably effective.

10.5 FUTURE PROSPECTS AND NEEDS
10.5.1 Near-Term Prospects Without Additional Research

In situ chemical reduction has developed over the past decade from a plume containment
technology to a technique that is being used to treat and/or contain source zones. Despite some
limitations, it is a promising technology that can help practitioners manage source zones more
effectively and efficiently in the future (Stroo et al., 2012). It is likely that use of ISCR will
continue to grow (just as with ISCO some years ago) based on pooling of available technology
and information alone, even without or before any new technology development.

Increased adoption of ISCR techniques for source zone treatment is expected as an
outgrowth of increased awareness and acceptance of ISCR. The technology can provide
rapid mass destruction in situ, potentially with continued long-term treatment of any residual
contamination remaining after treatment. /n situ chemical reduction also offers remarkable
flexibility, with different formulations and products for different objectives and site condi-
tions. Practitioners have learned how best to deploy the different reductants and how to
combine them with other processes such as biodegradation, so increased use of existing
products and development of improved materials is likely.

10.5.2 Longer-Term Research Needs

Despite the increased use and attention, ISCR still has several important limitations as a source
zone treatment technology. Research and development in this area are necessary to overcome or
mitigate these limitations and to expand the use of the ISCR technologies. Key areas for future
research include the following:

e Better understanding of the interactions between chemical and biological processes.
The emphasis should be on the inferactions, because the processes are linked.
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For example, a more refined distinction between biotic and abiotic is not necessarily
that useful, but a more quantitative understanding of the biotic—abiotic interactions
should lead to more efficient use of the combined processes.

e Better methods to characterize in situ reducing conditions. Effective diagnosis and
design requires tools that can distinguish intensity from capacity. The current methods
are not adequate for characterizing field sites to select or design and ISCR technique.

e A method to predict dechlorination rates from a readily measurable or controllable
system property. This has been the stated goal of many research studies over the last
decade, but a variety of factors have prevented the emergence of a practical method of
quantitatively assessing the performance of ISCR at any particular field site based on
general characteristics of the site and contaminants.

e More emphasis on improving the overall efficiency of treatment rather than alternative
reductants. Most of the most viable candidate reductants are already known, but there
are many ways to improve their performance after deployment (catalysts or other
activation strategies, innovative delivery techniques or longevity enhancements).

e Methods to deliver reductants in sitfu in a controlled manner and with a more uniform
distribution are needed.
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