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ABSTRACT: The abiotic reduction reactions that form the basis of in situ chemical 
reduction (ISCR) have been studied extensively, but there has been little effort to develop 
a unified understanding of what factors control ISCR performance. Some of the key 
factors are summarized here, with the ultimate goal of building a basis for rational design 
of better ISCR reductants. 
 
INTRODUCTION 
The fact that groundwater and sediment contaminants can be reduced by pathways that 
are abiotic (i.e., do not directly involve microorganisms) has been well documented in the 
literature for more than 30 years. Some of the early work on this has been reviewed 
(Tsukano 1986; Tratnyek et al. 1989; Wolfe et al. 1992), and since then there have been 
many academic studies of organic contaminant degradation 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. These putative 
abiotic reductants are of three types: minerals that derive their reducing capacity from 
FeII [e.g., magnetite (Lee et al. 2002; Gorski et al. 2010), green rust (Erbs et al. 1999; 
O'Loughlin et al. 2004), goethite (Amonette et al. 2000; Elsner et al. 2004), and clays 
(Cervini-Silva et al. 2002; Elsner et al. 2004)] or SII [e.g., mackinawite (Butler et al. 
1999) and pyrite (Kriegman-King et al. 1994; Lee et al. 2002)] and redox-active moieties 
associated with natural organic matter [e.g., quinones (Tratnyek et al. 1989; 
Schwarzenbach et al. 1990; Uchimiya et al. 2009)]. 

Despite this background, most practitioners—and some researchers—have 
assumed that in situ abiotic reduction of contaminants (e.g., as a component of natural 
attenuation) in the environment is insignificant. Recently, however, several studies have 
characterized sites where a significant portion of contaminant degradation appears to be 
due to direct reaction with reducing mineral phases (Ferrey et al. 2004; Darlington et al. 
2008), and these studies have renewed interest in the role that these phases might play in 
natural attenuation and the prospects for manipulating such systems to generate more or 
better reductants in situ (Becvar et al. 2008). An example of such a manipulation is the 
technology known is “in situ redox manipulation” [ISRM (Fruchter et al. 2000; Szecsody 
et al. 2004)], where dithionite (a soluble chemical reductant) is injected to reduce native 
ferric iron to produce adsorbed and structural ferrous iron, which is a fairly effective 
reducing agent for easily reduced contaminants (like chromate, carbon tetrachloride, and 
munitions compounds).  

Coincident with the above developments, there has been rapid development of 
remediation technologies that involve emplacement of zero-valent iron (ZVI) to serve as 
the chemical reductant of contaminants (Tratnyek et al. 2003). This field has become 
fairly mature in recent years, and there is now considerable competition among vendors 
of ZVI for remediation applications. This has led to efforts to engineer better forms of 
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ZVI, or formulations of ZVI, and other enhancements. The first major strategy for 
enhancing ZVI performance involved bimetallic combinations of ZVI and catalytic 
metals like Pd or Ni (Grittini et al. 1995; Gui et al. 2003). More recently, more attention 
has been directed toward nano-sized zero-valent iron (nZVI), where the nano-size of the 
particles is intended to impart various properties that might enhance remediation 
performance (Tratnyek et al. 2006). Other approaches to engineering better reductants 
range from controlling metallurgical properties (Landis et al. 2001) to replacing Fe0 with 
other metals like Zn0 (Tratnyek et al. 2010). 

Even more recently, recognition that all of the above chemical reductants form the 
basis for a fairly coherent family of remediation technologies—called “in situ chemical 
reduction” or ISCR (Brown et al. 2006; Brown 2008)—presents an opportunity to 
advance all forms of ISCR technologies by recognizing and utilizing some of the general 
properties of reductants that determine the strengths, weaknesses, similarities, and 
differences among the options. This paper 
reviews the general considerations that 
determine reductant reactivity, with the 
ultimate goal of addressing two key questions: 
(i) how can we make a priori predictions of 
how a particular reductant will perform in 
remediation of a particular contaminant, and 
(ii) can we make significant improvements in 
the chemical reductants that are currently 
available by rational design of new materials 
with optimal properties.  
 
BACKGROUND 
The chemical criteria that determine the 
feasibility of contaminant remediation by 
particular abiotic reductants include thermo-
dynamic, mechanistic, and kinetic factors 
(Tratnyek et al. 2000). First, we try to clearly 
distinguish these three factors, and then we 
consider ways that they are interrelated. 

Thermodynamic Criteria. Unlike some 
pathways for contaminant degradation (e.g., 
hydrolysis and oxidation), reduction reactions 
under environmental conditions span a wide 
range of free energy changes, from favorable to 
unfavorable. For the overall process to be 
favorable, the free energy of reaction must be 
negative, which requires that the sum of the 
oxidation potential of the reductant and the 
reduction potential of the reductate1 be 
                                                 
1 The term “reductate” was coined in Miehr et al. (2004) to represent the reactant that undergoes 

reduction, which in this case is a contaminant of concern. The reductate is also an oxidant, but 
the former term is more intuitive in contexts such as this. 

 
Figure. 1. Redox ladder for ISCR 
reductants (left) vs. representative 

contaminants (right). Based on 
reduction potentials for pH 7 and 
25 °C from Tratnyek et al. (2000) 

and other sources. 
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positive. In the redox ladder shown 
in Fig. 1, this condition applies for 
oxidation half-reactions on the left 
that lie above reduction half-
reactions on the right. The figure 
shows that thermodynamically 
strong reductants like Fe0 are 
capable of affecting the whole 
range of contaminant reduction 
reactions, but milder reductants 
like mackinawite and green rust 
may cause only the most favorable 
contaminant reductions (e.g., 
dechlorination of HCA and CCl4.) 
 The thermodynamics of 
many redox reactions are strongly 
dependent on pH, so comparison of 
putative or potential reductants is 
best done over the range of 
relevant pH’s. Figure 2 shows Eh 
vs. pH for the half-reactions that 
control contaminant reduction by 

selected reductants. Of the reductants shown, Zn0 has by far the lowest potential, 
followed by Fe0. The FeII containing phases magnetite, green rust, mackinawite, and 
pyrite are grouped in the middle of the plot (shaded medium gray). Among the solution 
phase reductants shown, S2O4

= (dithionite), H2, and HS− all appear to be nearly as strong 
as the iron containing solids at pH > 7, even though the former group generally reacts less 
rapidly and more selectively with most reductates. At pH > 10, S2O4

= is effective for 
reducing FeII to Fe0 (Sun et al. 2008). 

In addition to these inorganic reductants, there are naturally occurring organic 
reductants that could be included in this analysis. The data for this are available for 
simple organics that are putative natural reductants (Stone et al. 1993) and model 
compounds for the hydroquinone/quinone moieties associated with natural organic matter 
(Tratnyek et al. 2000; Nurmi et al. 2002). In Fig. 2, one quinone model compound has 
been included (lawsone) to show that these are relatively weak reductants. 

Mechanistic Criteria. Most of the redox couples included in Figs. 1-2 correspond 
to half-reactions written as two-electron transfers between relatively stable reactants and 
products. However, assuming this fully represents the pathways and mechanisms that 
occur can be misleading. For example, Fig. 3 illustrates the numerous possible reaction 
steps that together made up the several pathways that result in degradation of CCl4 under 
reducing conditions. Note that only one elementary step involves concerted two-electron 
transfer; whereas most steps involve single electron transfers or H atom transfers. The 
overall effect of competition between the elementary steps shown in Fig. 3 is branching 
between the two major pathways for product formation: one leading to CHCl3 (which is 
still a contaminant) and the other to HCOOH, CO, and/or CH4 (which are benign). 

 
Figure. 2. Eh-pH diagram for selected ISCR 
reductants. Only boundaries involving redox 
reactions are shown. QH2|Q represents the 

redox couple for lawsone. 
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Similar pathway/mechanism complications exist for other major types of 
reducible contaminants. The case with the greatest practical consequences is the 
competition between one- and two-electron dechlorination pathways for chlorinated 
ethenes (Arnold et al. 2000), where preference for the latter pathway is a major advantage 
of Fe0 (and Zn0) over other reductants. It is easy to rationalize this pattern in reactivity on 
the grounds that stronger reductants are more likely to push two electrons onto the 
reductate (before other atom transfer steps lead to hydrogenolysis), thereby favoring the 
reductive elimination products. However, other factors could also result in different 
patterns in reactivity.  

 
 
Kinetic Criteria. Even for contaminant reduction reactions where the thermodynamic and 
mechanistic considerations are favorable, the kinetics of reaction can vary widely. 
Quantitative structure-activity relationships (QSARs) commonly are used to describe the 
relative reactivity of a homologous series of contaminants with a particular reductant 
(Tratnyek et al. 2003), but there have been very few efforts to develop QSAR type 
models for the kinetics of reactions between a series of reductants and particular 
reductates. A major obstacle to the latter is the difficulty in obtaining a readily 
measurable property that can be used to represent the relative reactivity of particulate 
materials such as granular Fe0. 
 One variation on the QSAR model that can—at least in principle—be used to 
describe the relative reactivity of heterogeneous environmental reductants involves “cross 
correlations” between rate constants measured on a set of reductants using two or more 
contaminant reduction reactions. This approach gave satisfactory QSARs for suspensions 
of anoxic sediment (Tratnyek et al. 2003) and useful qualitative relationships with a set of 
nine types of Fe0 (Miehr et al. 2004). A subset of Miehr’s data set is replotted in Fig. 4, 
showing just the cross correlations for two pairs of reductates: TNT vs. TCE and 
chromate vs. TCE.  

The first pair of contaminants shown in Fig. 4A are both uncharged organic 
contaminants that are readily reduced by Fe0 (formally by electron transfer, but possibly 

 
Figure 3. Possible elementary reaction steps contributing to reduction of CCl4, 

leading to hydrogenolysis products (upper right) or reductive elimination 
products (lower right). Details are discussed in Valiev et al. (2008). 
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by a mixture of reduction mechanisms analogous to the situation with CCl4 illustrated in 
Fig. 3). The similarity between these two reductates presumably accounts for the 
observed correlation, with the clustering of the low-purity construction-grade materials at 
the low end of both axes presumably reflecting the passivation of these materials with 
oxides. Fig. 4B also shows the expected correlation between log kSA for chromate and 
TCE, but only for the high-purity materials. The low purity types of Fe0 remove chromate 
more rapidly, and appear as outliers. This reflects a difference in mechanism of 
contaminant removal (apparently there is significant adsorption of chromate without 
reduction), and illustrates the difficulty in formulating general models for predicting the 
kinetics of contaminant removal by heterogeneous reductants. 
 
CONCLUSIONS 
The above discussion illustrates some of the many obstacles to defining simple 
relationships between ISCR performance metrics (e.g., rate of contaminant 
disappearance) and properties of either contaminants or reductants. Making a priori 
predictions of reductant performance is particularly challenging, but will be essential to 
guide rationale design of improved treatment processes based on ISCR. 
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