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Scope

Chemistry and use of hydrogen peroxide for in situ chemical oxidation (ISCO) of sub-
surface contaminants, including free radical and other reaction mechanisms, catalysts,
and reactive transport.

Key Concepts

� Hydrogen peroxide reaction chemistry is complex, but potentially capable of
degrading a wide range of organic contaminants depending on conditions.

� Ferrous [Fe(II)] and ferric [Fe(III)] iron, iron and manganese soil minerals, and
other metals in solution may catalyze hydrogen peroxide to form free radicals.
These catalysts may be naturally present in the matrix, or added during ISCO to
augment the reaction.

� pH has a strong effect on hydrogen peroxide chemistry and effectiveness. pH
impacts catalyst solubility and reactivity towards hydrogen peroxide, as well as
the radicals formed and the degradation of target contaminants. Some hydrogen
peroxide applications include the injection of amendments (acids or alkalis) to
modify pH to an optimal range.

� Radicals known to play significant roles in hydrogen peroxide chemistry include
the hydroxyl radical (OH�), superoxide radical (O2��), and perhydroxyl radical
(HO2�).

� Different radicals dominate the reaction under different chemistry conditions,
and are controlled by parameters such as concentration of the oxidant, catalyst,
organic or inorganic solutes, and pH. This can affect performance as some
contaminants may only degrade under specific chemistry conditions.

� Carbonate, bicarbonate, chloride, other inorganic ions, and hydrogen peroxide itself
are reactive with radicals and may affect reaction efficiency and effectiveness.

� The lifetime of hydrogen peroxide in the subsurface is short, generally hours to days.

� The reactive transport of hydrogen peroxide in the subsurface is limited, primar-
ily because of its fast reaction rate.

R.L. Siegrist et al. (eds.), In Situ Chemical Oxidation for Groundwater Remediation,
doi: 10.1007/978-1-4419-7826-4_2, # Springer Science+Business Media, LLC 2011

33



2.1 INTRODUCTION

Hydrogen peroxide is a strong oxidant that long has been used in industrial applications and
in water treatment processes. When catalyzed in water, hydrogen peroxide may generate a wide
variety of free radicals and other reactive species that are capable of transforming or decom-
posing organic chemicals. Hydrogen peroxide is often applied in combination with a catalyst or
activator, and the term catalyzed hydrogen peroxide (CHP) has been used to refer to hydrogen
peroxide systems. Reactive species formed in CHP systems can include both oxidants and
reductants.

In environmental applications, CHP has proven to be particularly useful in the degradation
and detoxification of organic contaminants. While the utility of this oxidant was appreciated
long ago by industry, detailed scientific understanding of the reactive species formed and of
the reaction mechanisms involved lagged behind its use in industry. In the early 1990’s, the
expansion of the use of hydrogen peroxide for environmental applications in soil necessitated
the use of catalysts and chemistry approaches that deviated from the traditional applications
of “Fenton’s regent” in industry. Early publications by Watts et al. (1990, 1991a, b), Pignatello
(1992), Watts (1992), Pignatello and Baehr (1994), and others began to explore the roles of soil
mineralogy and different chemical amendments on hydrogen peroxide effectiveness. This
subsequent research determined that the reaction chemistry of hydrogen peroxide is quite
complex. Despite these advances in understanding, knowledge gaps persist and the chemistry
and application of this oxidant are still fields of active research.

Fenton (1894) discovered that soluble Fe(II) salts could act as a catalyst with dilute hydrogen
peroxide (several mg/L) under mildly acidic conditions to initiate a very powerful oxidation
process. This combination of soluble Fe(II) salts and hydrogen peroxide at pH 3–5 produces
hydroxyl radicals according to the following reaction (Equation 2.1), which is commonly
referred to as “Fenton’s reagent” or “Fenton’s process”.

Fe2þ þ H2O2 ! Fe3þ þ OH� þ OH� (Eq. 2.1)

The significance of Fenton’s discovery has evolved over time. It was first applied in
industry for wastewater treatment (Schumb et al., 1955). With the growth of the environmental
industry, iron-catalyzed hydrogen peroxide was adapted to site remediation and has been used
for approximately 25 years as an oxidant for treatment of contaminated soil and groundwater.

The original concept behind early applications of hydrogen peroxide in situ chemical
oxidation (ISCO) was to apply the “Fenton’s process” within the subsurface. However, applica-
tions of this oxidant in situ result in a dramatically more complex chemistry than simply
generating hydroxyl radicals (OH�) as presented by Equation 2.1. Many other catalysts and
radicals that are not present in the original “Fenton’s” process have been found to play major
roles in contaminant degradation reactions when hydrogen peroxide is applied in situ. To
acknowledge the complexity of the chemistry that occurs with ISCO, the process of using
hydrogen peroxide for ISCO has been termed “catalyzed hydrogen peroxide propagations”
(Watts and Teel, 2005) or simply “catalyzed hydrogen peroxide” (CHP). It should be noted that
other terms such as “modified Fenton’s reagent” or “Fenton-like” reactions have been used to
refer to ISCO application with CHP. However, these terms have been used to describe several
different modifications to Fenton’s original chemistry, so the term has multiple meanings. To
avoid confusion, CHPwill be used to describe hydrogen peroxide reactions within a porousmedia.

This chapter provides a summary of present knowledge on CHP and its implications for
ISCO. Much of this information was gained from a critical review of the literature on hydrogen
peroxide and its use in subsurface environments. This literature search and review included
over 239 published studies that have relevance to hydrogen peroxide based ISCO. These studies
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include peer reviewed journal articles, conference proceedings, theses and dissertations from
academic research, government publications, and unpublished reports.

2.2 CHEMISTRY PRINCIPLES

To understand the use of CHP in ISCO applications and the reasoning behind proper
implementation of this technology, it is important to understand the basics of reaction
chemistry. Hydrogen peroxide reaction chemistry is complex, but it can be broken into several
major concepts and reaction mechanisms, including free radical chain reactions involving
initiation, propagation and termination steps; radical scavenging; oxidation of organic con-
taminants; and competing and nonproductive reactions. Because hydrogen peroxide is a very
reactive oxidant and it is rapidly consumed in the subsurface, attempts have been made to
stabilize the oxidant to promote its delivery and transport in the subsurface.

2.2.1 Physical and Chemical Properties

Several fundamental properties of hydrogen peroxide and two of the most commonly used
forms of soluble iron catalysts are given in Table 2.1. The catalysts are often supplied as
hydrated salts. Properties are given for the most common forms of these chemicals but they
may be available at different concentrations or formulations than shown.

2.2.2 Oxidation Reactions

CHP involves a large number of different reactive species and mechanisms. These reactive
species are ultimately responsible for the transformation and degradation of organic contami-
nants. The following sections describe the free radicals that are formed, their properties, and
the role they play in CHP chemistry.

2.2.2.1 Direct Oxidation

Direct oxidation refers to a direct electron-transfer reaction between a reactant and
hydrogen peroxide. The direct reaction between hydrogen peroxide and organic substances
has typically been thought to be of minor importance, with the exception of some biologic
enzymes that serve to decompose the oxidant. While hydrogen peroxide has a high standard
reduction potential (E� ¼ 1.776 V; Lide, 2006) that would indicate a favorable potential for
direct oxidation of many organic compounds, these reactions are thought to be generally too
slow to be of significance (Watts and Teel, 2005). This is in part because many common soil

Table 2.1. Chemical Properties of Selected CHP Compounds (from Lide, 2006)

Compound Formula
Molecular

weight (g/mol) Density (g/cm3)
Physical
state

Solubility
limit in water

Hydrogen peroxide H2O2 34
1.11 (30%
solution)

Liquid Miscible

Ferrous sulfate
heptahydrate

FeSO4�7H2O 278 1.895 Solid 30 wt.%

Ferric chloride FeCl3 162.2 2.90 Solid 91 wt.%

Note: g/cm3 - grams per cubic centimeter; g/mol - grams per mole; wt.% - weight percentage.
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minerals are inherently reactive with hydrogen peroxide and produce free radicals, so it is often
difficult to separate direct oxidation mechanisms from free radical mechanisms in porous
media systems. Hence, the direct oxidation mechanism typically has been viewed as not playing
a major role in the degradation of organic contaminants by CHP.

While hydrogen peroxide is presumed to have little direct reactivity with organic com-
pounds, it does have a high degree of direct reactivity with inorganic compounds; indeed direct
oxidation between hydrogen peroxide and inorganic compounds is typically responsible for the
initiation of free radical reactions and mechanisms. Also, despite its high reduction potential,
hydrogen peroxide is capable of acting as both an oxidizing and reducing agent. For instance, at
low pH, hydrogen peroxide readily oxidizes Fe(II) to ferric iron [Fe(III)], but it also reductively
dissolves manganese dioxide [Mn(IV)] to dissolved Mn(II) (Neaman et al., 2004). Inorganic
compounds that have high degrees of direct reactivity with hydrogen peroxide include dissolved
transition metals, inorganic anions, and mineral surfaces. Since these reactions typically
produce free radicals, they are discussed more extensively in Sections 2.2.2.2 and 2.2.3.

2.2.2.2 Free Radicals and Other Reactive Intermediates

There are a number of radicals and other reactive intermediates that are either known or
suspected to play a role in the degradation of organic contaminants. These radicals are formed
as the result of a reaction between hydrogen peroxide and some catalyst (see Section 2.2.3 on
catalysis). Often the existence and importance of these radicals in CHP systems is difficult to
determine because they are very short lived (half lives of seconds to even microseconds) and
conventional direct analytical methods cannot be used to detect and quantify them. Instead,
their presence or absence within a system is confirmed using indirect chemical methods often
involving considerable complexity. Because of analytical difficulties, considerable uncertainty
remains concerning the roles these radicals play in CHP reactions. Table 2.2 provides a sum-
mary of some key radicals and reactive intermediates thought to play a major role in CHP
systems, while the following section provides more detail on each individual species.

Table 2.2. Reactive Species Known or Suspected of Contributing to CHP Reactions

Species

Species

formula

Standard reduction

potential (V)a
pH where

presentb Role

Hydrogen peroxide H2O2 1.776 pH < 11.6
Strong oxidant, weak

reductant

Hydroxyl radical OH� 2.59 pH < 11.9 Strong oxidant

Superoxide anion O2�� �0.33 pH > 4.8 Weak reductant

Perhydroxyl radical HO2� 1.495 pH < 4.8 Strong oxidant

Hydroperoxide anion HO2
� 0.878 pH > 11.6

Weak oxidant, weak
reductant

Ferryl ion [Fe(IV)] FeO2+ Unknown Unknown Strong oxidant

Solvated electrons e�(aq) �2.77 pH > 7.85 Strong reductant

Singlet oxygen 1O2 Not applicable Unknown
Participates in Diels–

Alder and Ene reactions

Atmospheric (triplet)
oxygen

O2 1.23 Any Weak oxidant

aLide (2006).
bBuxton et al. (1988).
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Hydroxyl Radical (OH�)
The hydroxyl radical traditionally has been viewed as the workhorse of hydrogen peroxide

oxidation systems. It is a strong non-specific oxidant that reacts with a wide variety of organic
and inorganic compounds. Hydroxyl radicals generally react with organic compounds via three
mechanisms: hydrogen abstraction, addition to multiple bonds, and direct electron transfer
(Bossmann et al., 1998). The product of a reaction between a hydroxyl radical and an organic
compound includes an organic radical, which may react with water or other species and degrade
(Sedlak and Andren, 1991b).

Hydroxyl radicals are extremely reactive; concentrations in aqueous systems tend be very
low even in vigorously oxidizing systems because they are consumed nearly instantaneously.
Despite the strong standard reduction potential of this radical (E�¼2.59V at pH 0, 1.64V at pH
14; Bossmann et al., 1998), different organic compounds will react with hydroxyl radicals at
differing kinetic rates, depending on their affinity for the oxidant (e.g., Buxton et al., 1988).
ISCO systems involve large numbers of compounds, including contaminants and natural
organic matter, as well as inorganic minerals and dissolved solutes. Because of competition
between all of these constituents for hydroxyl radicals, the extent to which hydroxyl radicals
will degrade a particular contaminant often depends on whether the contaminant’s rate of
reaction with hydroxyl radicals is competitive with that of the other constituents in solution.

Superoxide Anion (O2��)
Superoxide anion is a free radical that has been recently implicated as a major reactive

species responsible for the degradation of organic contaminants in CHP systems. It is a mild
reductant and nucleophile. Recent research has implicated it in playing a key role in the
degradation of highly oxidized organic compounds including chloromethanes and chloro-
ethanes. Superoxide anion is the conjugate base of the perhydroxyl radical (HO2�) with an
acid dissociation constant (pKa) of 4.8 (Afanas’ev, 1989); thus superoxide will only be available
in appreciable concentrations when the pH is above 4.8.

While it long has been known to be generated in aqueous systems, superoxide has
traditionally been viewed as a weak or slow-reacting radical. Traditional applications of
hydrogen peroxide often have been optimized by using dilute hydrogen peroxide solutions
(e.g., several mg/L) to maximize production of hydroxyl radicals and minimize quantities of
other reactive species present. However, recent research has showed that when high concentra-
tions of hydrogen peroxide (~3.5–35 g/L) are present, the reactivity of superoxide is signifi-
cantly enhanced (Smith et al., 2004). This phenomenon in high-concentration systems appears
to be due to a higher rate of superoxide generation and improved solvation of the superoxide
anion, which increases its reactivity. Furthermore, Furman et al. (2009) documented that
superoxide reactivity is increased in the presence of solids, including metal oxides; therefore,
aquifer solids may actually increase superoxide reactivity.

Perhydroxyl Radical (HO2
�)

Perhydroxyl radical is the protonated form of superoxide anion. With a pKa of 4.8
(Afanas’ev, 1989), this radical is the dominant form of superoxide present at acidic pH, such as
in traditional Fenton’s systems conducted at pH 3. However, in neutral to alkaline CHP systems,
superoxide anion is the favored form. Perhydroxyl radical is considered a mild oxidant and is
important in chain propagation reactions involving hydrogen peroxide (Teel and Watts, 2002).

Hydroperoxide Anion (HO2
�)

Hydroperoxide anion is the conjugate base of hydrogen peroxide with a pKa of 11.6 (Lide,
2006). Hydroperoxide anion is a strong nucleophile that may readily attack contaminants that
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have electron-deficient functional groups. Once generated in a CHP system, it recombines with
protons at diffusion-controlled rates; nonetheless, it also likely reacts with some contaminants
at near diffusion-controlled rates, which would allow hydroperoxide anion reactivity with some
contaminants, even at low to moderate pH regimes.

Ferryl Ion [Fe(IV) � FeO2+]

Research over the last 20 years has revealed that the ferryl ion might be a principal reactive
intermediate in the Fenton’s reaction, instead of hydroxyl radicals, at least as the very first
reactive intermediate formed by the Fenton’s reaction. This theory has generated some contro-
versy in the chemistry community. Researchers have proposed that it is thermodynamically
unfavorable to directly produce a hydroxyl radical from the reaction between dissolved Fe(II)
and aqueous hydrogen peroxide, as is suggested by Fenton’s reaction (Bossmann et al., 1998). This
is because in aqueous solutions, Fe(II) is complexed with water [e.g., Fe(OH)(H2O)5

+ instead of
free Fe2+], and in order for hydrogen peroxide to react with Fe(II), it must first be incorporated
into the complex [e.g., Fe(OH)(H2O2)(H2O)4

+]. Thermodynamic calculations by Bossmann et al.
(1998) based on these complexes indicate that it may be more thermodynamically favorable to
produce Fe(IV) than OH�. Instead, it has been proposed that the ferryl ion, which contains iron in
an unusual tetravalent state [Fe(IV)], is formed as an intermediate and is extremely reactive (Rush
and Bielski, 1986; Bossmann et al., 1998). This intermediate may then rapidly react to form either
hydroxyl radicals or possibly oxidize organic compounds directly. The existence of the ferryl ion
was proposed as early as 1932 by Bray and Gorin. Yet, the controversy over the role this
intermediate plays in iron-catalyzed hydrogen peroxide reactions is still unresolved. Thus, it is
unknown what role, if any, this intermediate may play in the degradation of organic contaminants
by CHP. Bossmann et al. (1998) implicated it in the degradation of an aromatic organic
compound, which implies that the ferryl ion may play a role in contaminant oxidation in CHP
systems. However, its present importance to ISCO systems, if any, is largely unknown.

Solvated Electrons [e�(aq)]
Solvated electrons are free electrons dissolved in aqueous solution. Solvated electrons are

the conjugate base of the solvated hydrogen atom (H�), with a pKa of 7.85 (Rush and Bielski,
1986 and references within). They are short lived reactive species in water, and have been
implicated in dechlorination reactions, such as with polychlorinated biphenyl compounds
(PCBs) (Pittman and He, 2002). While their presence in CHP systems has been suspected
(Hasan et al., 1999; Watts et al., 2005a), it remains unclear when or how they are formed, and
their role has not been extensively investigated.

Singlet Oxygen (1O2)

Singlet oxygen is a form of molecular oxygen (O2) that has a higher energy than oxygen in
the ground state, which is commonly referred to as triplet oxygen (e.g., atmospheric oxygen).
The energy difference between singlet oxygen and triplet (atmospheric) oxygen amounts to
94.2 kJ/mol and is derived from the configuration and spin of electrons in the molecule’s 2p
orbital (Braun and Oliveros, 1990). This higher energy allows it to react with certain organics.
Singlet oxygen is relatively long lived in the gas phase (half life of 72 min), but is very short lived
in water (half life of microseconds). The importance of singlet oxygen in CHP systems is largely
unknown. Singlet oxygen was identified in a molybdenum-catalyzed hydrogen peroxide system
investigated by Tai and Jiang (2005) and was determined to be the species responsible for
degradation of chlorophenols in that system. However, this reactive species has not been widely
investigated in iron-catalyzed hydrogen peroxide systems, which are of more relevance to ISCO.
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However, given the complexity of CHP systems, this does not preclude the possibility that singlet
oxygen may play a role, and some have speculated that it may be present in CHP systems.

Atmospheric Oxygen (O2)

Atmospheric oxygen is the most stable reactive oxygen species produced by the decomposi-
tion of hydrogen peroxide. Oxygen gas is often evolved in large quantities, particularly because
some minerals, such as manganese oxides, tend to catalyze the decomposition of hydrogen
peroxide via Equation 2.2 (Hasan et al., 1999). Direct oxidation of organic contaminants by
atmospheric oxygen is slow, often considered too slow to be of significance during the CHP
treatment of organic contaminants. However, there is some evidence that molecular oxygen may
play a role in CHP reaction pathways. For example, Rodriguez et al. (2003) reported that when
CHP was used to degrade nitrobenzene in an aqueous system under a nitrogen only atmosphere,
only nitrophenols were produced as reaction byproducts. When the same system was reacted
under an oxygen atmosphere, perhydroxyl radicals were produced in addition to nitrophenols,
indicating a shift of mechanism. Similarly, a shift of mechanism was observed by Sedlak and
Andren (1991b), who noted that when treating chlorobenzene under anoxic conditions (difficult,
but possible), polymerization reactions resulted in generation of dichlorobiphenyl (a PCB), while
under oxic conditions, yields of this PCB were much reduced. Voelker and Sulzberger (1996)
speculated that organic radicals produced by radical attacks on organic compounds, such as fulvic
acid, may have reduced oxygen to form perhydroxyl radicals as given by Equation 2.3. Thus,
despite its low rate of direct reactivity with organic contaminants, dissolved oxygen may contrib-
ute to CHP reaction propagations. In addition, oxygen certainly contributes to aerobic biodegra-
dation, which is a ubiquitous process in the subsurface whenever dissolved oxygen is present.

2H2O2 ! 2H2Oþ O2 (Eq. 2.2)

R� þ Hþ þ O2 ! HO2
� þ Rþ (Eq. 2.3)

2.2.2.3 Impact of pH on Radical Intermediates

The rate of radical production and reactivity is often pH-dependent. For example, some
radicals are weak acids and bases, which will deprotonate (e.g., superoxide vs. perhydroxyl
radical). Deprotonation affects their reaction pathways and mechanisms, as well as their
standard reduction potential, which is the thermodynamic property that drives oxidation and
reduction reactions. Select half-reactions and their standard reduction potentials are presented
in Table 2.3. Note that the reduction potential of a species is generally lower in alkaline systems
than in acidic systems.

Table 2.3. Reduction Potentials of Select Reaction Species in CHP Systems

Reaction

Standard reduction

potential E� (V vs. NHE) pH range References

H2O2 + 2H+ + 2e� ↔ 2H2O 1.776 Acidic Lide (2006)

HO2
� + H2O + 2e� ↔ 3OH� 0.878 Alkaline Lide (2006)

OH� + H+ + e� ↔ H2O 2.59 Acidic Bossmann et al. (1998)

OH� + e� ↔ OH� 1.64 Alkaline Bossmann et al. (1998)

HO2� + H+ + e� ↔ H2O2 1.495 Acidic Lide (2006)

O2 + e� ↔ O2�� �0.33 Alkaline Afanas’ev (1989)

NHE - normal hydrogen electrode.
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2.2.3 Catalysis of Hydrogen Peroxide

In 1934, a key paper by Haber and Weiss indicated that radical reactions and chain propaga-
tions were a key part of oxidation caused by iron-catalyzed hydrogen peroxide systems. They also
observed that the iron in these systems could be cycled back and forth between Fe(II) and Fe(III)
forms, thus acting like a catalyst because it is continually regenerated and consumed by the
reaction. They further speculated that other dissolved transition metals may catalyze similar
reactions with hydrogen peroxide, particularly if they can undergo a single valance change [e.g.,
Fe(II) to Fe(III) or Cu(I) to Cu(II)]. In chemistry, this has been named the Haber–Weiss
mechanism and is thought to be the main mechanism for catalytic decomposition of peroxide
by dissolvedmetals. The original reactions proposed by Haber andWeiss (1934) for iron-catalyzed
decomposition of hydrogen peroxide are summarized by Equations 2.4–2.7. De Laat and Gallard
(1999) found the reactions shown in Equations 2.8–2.12 to be significant as well.

Fe2þ þH2O2 ! Fe3þ þ OH� þ OH� k ¼ 6:3� 101 M�1s�1 (Eq. 2.4)

OH� þ H2O2 ! H2Oþ HO2
� k ¼ 3:3� 107 M�1s�1 (Eq. 2.5)

HO2
� þ H2O2 ! H2Oþ O2 þ OH� (Eq. 2.6)

Fe2þ þ OH� ! Fe3þ þ OH� k ¼ 3:2� 108 M�1s�1 (Eq. 2.7)

HO2
� $ O2

�� þ Hþ pKa ¼ 4:8 (Eq. 2.8)

Fe3þ þ HO2
� ! Fe2þ þ O2 þ Hþ k ¼ < 2� 103 M�1s�1 (Eq. 2.9)

Fe3þ þ HO2
� ! Fe2þ þ HO2

� k ¼ 2:7 � 10�3 s�1 (Eq. 2.10)

Fe3þ þ H2O2 $ Fe HO2ð Þ2þ þ Hþ ke ¼ 3:1 � 10�3 unitlessð Þ (Eq. 2.11)

Fe HO2ð Þ2þ ! Fe2þ þ HO2
� k ¼ 2:7 � 10�3 s�1 (Eq. 2.12)

(k¼ rate constant, ke¼ equilibrium constant, M¼molarity, s¼ seconds; De Laat and Gallard,
1999 and references therein)

A chain reaction is one where multiple reactions occur, and the products of one reaction
provide reactants for another. Thus, a series of reactions occur simultaneously until a key
reactant is depleted. Chain reactions are common in radical chemistry because when a free
radical reacts with a compound, the product of the reaction is often another radical. Free radical
chain reactions may be generally categorized as involving three types of reactions: initiation
reactions, propagation reactions, and termination reactions. Initiation reactions are reac-
tions in which a free radical is produced by a non-radical reactant such as in Equations 2.4
and 2.10 above. Propagation reactions occur when a radical reacts with another reactant to
produce a different radical, such as in Equations 2.5 and 2.6. Termination reaction occurs
when a radical reacts with another species and no new radical is produced, such as in
Equations 2.7 and 2.9. Termination reactions may be desirable because they may involve the
oxidation of a target organic contaminant or regeneration of the Fe(II) catalyst as in
Equation 2.9. They also may be undesirable when they involve non-target species or
neutralize other radicals. Such non-target species, termed “scavengers,” represent a source
of inefficiency in CHP systems.

2.2.3.1 Catalysis with Dissolved Iron

Free radical-producing chain reactions, such as those described above, can be catalyzed by
reactions between a number of different dissolved transition metals and hydrogen peroxide.
Transition metals other than iron that have shown catalytic activity with hydrogen peroxide
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include copper (Haber and Weiss, 1934), molybdenum (Tai and Jiang, 2005), ruthenium
(Anipsitakis and Dionysiou, 2004), and manganese (Watts et al., 2005b). However, with the
exception of manganese, most of these metals are unlikely to be present in the subsurface at
appreciable concentrations, and their expense or toxicity makes them unlikely catalysts for ISCO.
Furthermore, while dissolved manganese [Mn(II)] did catalyze radical production in the system
studied byWatts et al. (2005b), it took substantial concentrations of Mn(II) (e.g., 11,000 mg/L) to
effectively catalyze the reaction, suggesting this metal is a weak catalyst. Indeed, Anipsitakis
and Dionysiou (2004) also evaluated Mn(II) as a catalyst but at much lower concentrations and
found that there was effectively no reaction. Hence, of the dissolved transition metals, iron is
likely to be the most important dissolved metallic species of concern within CHP systems.

Haber and Weiss (1934), Bossmann et al. (1998), De Laat and Gallard (1999), and Smith
et al. (2004) identified a series of reactions as being important in iron catalyzed hydrogen
peroxide systems. Most of these reactions are presented in Equations 2.4 through 2.12. From
this, a simplified reaction scheme is proposed that describes the possible roles of iron and
radicals in CHP systems (Figure 2.1). The blue pathways represent reactions involving reactive
oxygen species (e.g., the free radicals produced by initiation and propagation reactions) and the
red pathways demonstrate the cycling of iron in the system. As can be seen in Figure 2.1,
dissolved iron is cycled back and forth between Fe(II) and Fe(III), while hydrogen peroxide and
associated species are continually depleted.

Most of the reactions in Equations 2.4–2.11 obey second-order kinetics, where the generic
rate of reaction is expressed by Equation 2.13.

@Creactant1

@t
¼ �k2Creactant1 Creactant2 ¼ �kp1Creactant1 (Eq. 2.13)

where Creactant1 is the concentration of the reactant of interest, Creactant2 is the concentration of
the other reactant, k2 is the second-order rate constant for the reaction, and kp1 is the pseudo
first-order rate constant defined as the product of Creactant2 and k2. Hydrogen peroxide
concentrations are high in CHP systems because it is often delivered at a concentration of
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Figure 2.1. Proposed reaction scheme for reactive intermediates formed by hydrogen peroxide
when catalyzed by soluble iron species.
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approximately 1–20 wt.% (10�1–100 M). Because of this elevated concentration of hydrogen
peroxide, as well as the relatively fast second-order reaction rate for reaction (Equation 2.4),
(fast for a reaction not involving free radicals as a reactant), the pseudo first-order rate constant
of this reaction may be expected to be very fast. As a result, Fe(II) may be expected to be
depleted from solution via Equation 2.4 at a rapid rate, often within minutes or seconds. Now
considering the back reactions of Equations 2.10–2.12 that regenerate Fe(II) from Fe(III), these
are observed to be considerably slower than Equation 2.4. Thus, the cycling of iron from Fe(III)
back to Fe(II) via Equations 2.10–2.12 will generally be the limiting step in the reaction scheme
presented in Figure 2.1, and the bulk of the iron in the system may be assumed to be Fe(III).
Because of this, either Fe(II) or Fe(III) catalysts may be used for ISCO applications and may be
effective catalysts of the oxidant, but Fe(III) will dominate regardless after several minutes of
reaction. The existence and importance of the ferryl ion [Fe(IV)] in hydrogen peroxide systems
is still uncertain (see Section 2.2.2.2), but it is included in Figure 2.1 in the way it is currently
conceptualized, and dashed lines represent the suspected or proposed pathways.

The reaction scheme shown in Figure 2.1 is oversimplified because it does not include the
effect of pH, particularly on iron availability. Like all dissolved metals, iron complexes
with water and hydroxide species. As discussed, after several minutes of reaction the bulk
of iron is anticipated to be in the Fe(III) form in CHP systems. Ferric hydroxide [Fe(III)(OH)3]
forms a solid precipitate at neutral pH, and dissolved Fe(III) concentrations will be extremely low.
However, at acidic pH, Fe(III) is much more soluble and available for reaction. In addition,
other Fe(II) and Fe(III) hydroxy-complexes affect the catalytic activity of iron species with
hydrogen peroxide. Important complexation reactions are summarized in Equations 2.14–2.18.

Fe3þ þ H2O $ FeOH2þ þHþ (Eq. 2.14)

FeOH2þ þ H2O $ Fe OHð Þ2þ þ Hþ (Eq. 2.15)

Fe OHð Þ2þ þ Hþ $ Fe OHð Þ3 þHþ (Eq. 2.16)

Fe2þ þ H2O $ FeOHþ þ Hþ (Eq. 2.17)

FeOHþ þ H2O $ Fe OHð Þ2 þ Hþ (Eq. 2.18)

Because of the insolubility of Fe(OH)3 at neutral pH, traditional Fenton’s reactions have
been conducted at low pH to prevent the precipitation of Fe(III). Furthermore, the potency of
strong oxidants is enhanced in the reducing conditions typical of low pH (Watts and Teel,
2005). However, the rates of hydroxyl radical generation by the Fenton’s reaction (Equation 2.1)
have been shown to increase with increasing pH (Beltrán et al., 1998 and references within).
Through years of experience, it generally has been determined that the best breakpoint between
the highest level of hydroxyl radical activity while still keeping iron in solution lies around pH 3.
Hence, much of the research into iron-catalyzed hydrogen peroxide in aqueous systems has
focused on the acidic pH range of 2–4. However, subsurface systems are often well buffered in
the neutral pH range (e.g., pH 6–8), and it can be difficult to alter this pH. Thus, neutral pH
(ranging from 6 to 8) has also been investigated. The frequency of which various pH ranges
have been investigated is illustrated in Figure 2.2.

Some sites have employed pH adjustment in the field by injecting an acid into the subsur-
face to improve iron availability. However, at some sites, this may be impractical because the
buffer capacity of the aquifer may be too large to allow for effective acidification. Heightened
concerns over metals concentrations may also preclude the injection of an acid. To overcome
such constraints, recent research has focused on how to provide effective catalysis of hydrogen
peroxide systems at neutral pH despite the low solubility of Fe(III) in these systems. This has
been most commonly achieved by either relying on natural iron and manganese mineral
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surfaces to catalyze the reaction (see Section 2.2.3.2), or to deliver a soluble organic ligand
(chelate) with the catalyst [Fe(II) or Fe(III)] which can keep the iron in solution as an organo–
metallic complex (see Section 2.2.3.3).

2.2.3.2 Catalysis with Natural Minerals

One of the main differences between traditional hydrogen peroxide applications in water
treatment systems and CHP use in ISCO is the fact that the oxidant interacts strongly withminerals
present in porous media. The minerals can act as a catalyst similar to aqueous iron species where
radicals may be produced by surface reactions. Themineral surfaces can also act as nonproductive
oxidant sinks where hydrogen peroxide is decomposed without producing any reactive intermedi-
ates. Some reactions may also promote dissolution of minerals releasing a soluble metal, such as
iron, which can then act as a soluble catalyst as in the Fenton’s reaction. With mineral surface
catalyzed reactions, radicals are unlikely to diffuse significant distances (a few nanometers) from
the mineral surface prior to reaction due to the high reactivity of the radical.

A number of specific minerals have been investigated in pure systems to determine which
common soil minerals have the most effect on hydrogen peroxide persistence and catalysis of
reactions (e.g., Valentine andWang, 1998; Huang et al., 2001; Kwan andVoelker, 2003;Watts et al.,
2005b; Teel et al., 2007; Furman et al., 2009). These studies and others have generally found that the
iron andmanganeseminerals have themost pronounced effects on hydrogen peroxide stability and
catalysis, while other trace minerals generally have only minor effects on oxidant stability. Given
that iron and manganese minerals are very common in soil and groundwater systems, these
minerals are generally believed to be the main oxidant sinks for hydrogen peroxide in natural
systems. Studies that have compared iron andmanganese minerals, particularly Teel et al. (2007),
have often found that manganese minerals, especially pyrolusite, decompose hydrogen peroxide
faster than the iron minerals. However, iron minerals often tend to be present in soil and
groundwater systems at higher concentrations thanmanganese minerals, so the decomposition
activities of both types of minerals are of relevance to ISCO. These reactions with minerals
are also pH-dependent. Table 2.4 presents some of the most commonly investigated iron

Figure 2.2. Percent of studies investigating certain pH ranges as determined from a comprehen-
sive review of the literature. Note, the totals sum to more than 100% as many studies investigated
multiple pH ranges.
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and manganese minerals and the nature of their reactions for different pH values. Decom-
position activity refers to how rapidly the mineral promotes decomposition of the oxidant
on a qualitative basis relative to the other minerals, and considers the catalytic ability of the
mineral only on a mass basis (e.g., surface area is not factored in). The reactive species
column indicates which radicals and reactive species are suspected to form by the reaction
with that particular mineral. Finally, the catalytic effectiveness indicates whether or not the
mineral was capable of catalyzing degradation of a target organic contaminant. Question
marks indicate that the nature of the interaction is currently uncertain or unknown.

Table 2.4 illustrates that the impact of each mineral on hydrogen peroxide chemistry is
variable. The variability between minerals involving the same metal is due in part to surface
area. For instance, ferrihydrite and pyrolusite have high specific surface areas (Huang et al.,
2001; Kwan and Voelker, 2003; Teel et al., 2007), and this may result in a larger number of
catalytic sites. This may in part explain why hydrogen peroxide decomposes so rapidly in the
presence of these minerals. Indeed a study by Valentine and Wang (1998) compared the decom-
position rates of hydrogen peroxide in the presence of ferrihydrite, goethite, and a semi-
crystalline iron-oxide at neutral pH; the three iron minerals had very different decomposition
rates, but when normalized by specific surface area, the catalytic activities of the three were
nearly the same. Another comparative study by Kwan and Voelker (2003) compared ferrihy-
drite, goethite, and hematite at pH 4 and found that when normalized for surface area and
hydrogen peroxide concentration, the OH� radical production rate for goethite and ferrihydrite
was nearly the same, but for hematite, it was an order of magnitude lower. Thus, the process is
not strictly surface area dependent, but area is clearly a factor.

pH is also another major factor. Some minerals are more active at one pH than another.
For example goethite appears more active at acidic pH than at neutral pH, while hematite is much

Table 2.4. Mineral Interactions with Hydrogen Peroxidea

Mineral

Acidic pH (~3) Neutral pH (~7)

Decomposition
activity

Reactive
species

Catalytic
effectiveness

Decomposition
activity

Reactive
species

Catalytic
effectiveness

Ferrihydrite
(Fe2O3�
0.5H2O)

Rapid
OH�
O2

Effective Very rapid
?

No OH�? Ineffective

Goethite
(a-FeOOH)

Rapid
OH�

Others?
Effective Moderate

No OH�
O2��?
Others?

Effective

Hematite
(Fe2O3)

Moderate OH� Effective Very rapid ? Effective

Magnetite
(Fe3O4)

Rapid ? Effective ? ? ?

Siderite
(FeCO3)

Moderate ? ? Moderate ? ?

Pyrolusite
(b-MnO2)

Very rapid ? ? Very rapid
No OH�
O2�� Effective

Manganite
(MnOOH)

Moderate ? ? Rapid ? ?

aData from Huang et al. (2001), Kwan and Voelker (2002, 2003), Teel et al. (2001, 2007), Valentine and Wang (1998)
and Watts et al. (2005a, b).
“?” indicates that a parameter is uncertain or unknown
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more active at neutral pH than acidic pH. However, it appears overall that the rates of
decomposition of hydrogen peroxide are higher at neutral pH than acidic pH. Yet even more
important to ISCO than the decomposition rates are the changes in catalytic activity that occur at
differing pH. With the iron minerals, it appears that they are capable of catalyzing the production
of OH� radicals at acidic pH, analogous to traditional Fe(II) catalyzed systems. Several studies
have largely confirmed this through the use of scavenging experiments where an excess of a
scavenger compound known to react with hydroxyl radicals is introduced, and then the degrada-
tion of a particular organic substrate is compared between systems with and without the
scavenger (Teel et al., 2001; Kwan and Voelker, 2003). When reactions were studied at neutral
pH, the scavengers had no effect on organic substrate degradation, which implies that degrada-
tion in neutral pH systems is occurring via a non-hydroxyl radical pathway. A similar phenome-
non is likely occurring in pyrolusite-catalyzed systems at neutral pH. Here it has been shown that
a highly oxidized contaminant, carbon tetrachloride (CT), may be degraded although CT is
considered recalcitrant to reaction with hydroxyl radicals. It has been shown that the reactive
intermediate in these systems is superoxide (O2��) (Watts et al., 2005a, b; Furman et al., 2009).

2.2.3.3 Catalysis with Chelated Metals and Impacts of Other
Organo–Metallic Complexes

Chelating agents (ligands) are soluble organic compounds that have the ability to bind to
metal ions or soil minerals. By binding with metal ions, the chelating agent can maintain the
metal ion in solution under redox conditions where the metal would ordinarily precipitate. They
may also alter the reactivity of metals and minerals with hydrogen peroxide, as the bound form
of the metal or mineral may have different availability for reactions than the unbound form.
Chelating agents have been used in CHP oxidation systems as they may promote hydrogen
peroxide catalysis under pH conditions that ordinarily pose difficulties because of the low
solubility of dissolved iron at neutral pH. Thus, they have been used in some ISCO applica-
tions in situations where aquifer acidification is not practical (due to buffer capacity, metal
mobilization, etc.). Citric acid, cyclodextrines, ethylenediaminetetraacetic acid (EDTA), and
other amino-poly-acetic acids are examples of chelating agents that have been used for
chelated-metal activation of CHP (Pignatello and Baehr, 1994; Jazdanian et al., 2004; Kang
and Hua, 2005).

Several different kinds of chelating agents have been explored in the literature; depending
on the agent, multiple mechanisms may promote the degradation of organic contaminants.
Chelating agents have proven effective at slowing the decomposition of hydrogen peroxide in
the subsurface, which can promote effective delivery, thereby improving contaminant degra-
dation when compared to systems without chelants (Watts et al., 2007). Several mechanisms
may contribute to this improvement in performance. The slowing of the decomposition of
hydrogen peroxide may be due in part to the chelating agent binding with active mineral
surfaces and dissolved metals, thus reducing their catalytic activity with hydrogen peroxide;
this can lead to increased hydrogen peroxide lifetimes in the subsurface. Improved contaminant
degradation may be caused by the chelating agent keeping the bound iron in solution and
available for catalysis; Fe(III) that is not bound is likely to precipitate out of solution as ferric
hydroxide [Fe(OH)3], which is not as effective of a catalyst. Finally, the chelating agent can
enable sustained iron release. Dissolved iron is consumed by CHP reactions, reducing the
aqueous concentration of iron. This triggers additional iron release from that bound by
chelating agents, which can continue to feed the reaction.

Cyclodextrins are a novel species that have additional functionality over typical chelating
agents. These large complex molecules not only bind iron as a ligand, they also enhance the
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partitioning of low solubility organic contaminants as well. Cylcodextrins contain a hydro-
phobic core into which non-polar organic contaminants may partition, while surface sites on
the molecule bind iron. When reacted with hydrogen peroxide, the catalysis produces radicals
in direct vicinity of the contaminant and thus the degradation activity is enhanced not only by
enhanced iron availability but also by bringing the contaminant closer to the site of radical
generation. Several studies that have evaluated the addition of cyclodextrins to CHP reac-
tions have noted higher contaminant degradation yields over systems using iron catalysts
alone; they have also reported that the impact of scavengers may be reduced (Tarr et al.,
2002; Lindsey et al., 2003). One study also evaluated another novel catalyst for CHP using
heme, which is the active portion of the hemoglobin molecule, the biochemical compound
responsible for transport of oxygen and carbon dioxide in human blood (Chen et al., 1999).
Heme is a relatively complex organic molecule, but it is highly soluble and Fe(III) is bonded
into the molecule. When reacted with hydrogen peroxide, it has been proposed that the iron is
oxidized to Fe(IV), much like the ferryl ion is proposed as an intermediate in Fenton’s
reaction; the catalyst itself acts as an organic radical that can then degrade organic con-
taminants. The novel part is that once the heme radical has reacted with organics, the parent
catalyst is regenerated.

While chelating agents are generally effective at promoting iron solubility and improving
the degradation of the target contaminants, one potential downside is that the chelate, being an
organic compound itself, may be degraded by the reaction. For example, if an OH� or other
radical is evolved in direct proximity to the organic ligand, the ligand itself may be degraded.
Hence, optimizing the chelated catalyst dose is important because adding too little may result in
ineffective catalysis, while adding too much may result in excess scavenging of the oxidant and
inefficient reaction.

However, not all organo–metallic complexes are desirable. Low molecular weight organic
acids are common byproducts of organic oxidation processes, particularly when the parent
contaminant is either aromatic or contains a large number of carbon atoms. These organic
acids may act as simple chelating agents similar to citric acid or EDTA and may complex
with the iron catalyst. Depending on the organic acids being generated this may be either
beneficial or detrimental to oxidation effectiveness. Kwon et al. (1999) reported that
valeric, muconic, and propionic acids may promote iron solubilization and catalytic activity
with hydrogen peroxide, thus imparting a beneficial impact on reaction. However, multiple
investigators have found that oxalic acid, a common organic byproduct and often produced
in considerable concentrations, binds so strongly to the iron that the iron is effectively
non-reactive with hydrogen peroxide (Li et al., 1997b; Kwon et al., 1999; Lu et al., 2002).
Thus, oxalic acid may partially inhibit hydrogen peroxide catalysis if it builds to sufficiently
high concentrations.

Some organo–metallic reaction intermediates can support reactivity. When hydroxyl radi-
cals attack aromatic compounds, catechols and other aromatic diols are often formed as
intermediates. These diols possess reductive capabilities that may reduce Fe(III) back to Fe
(II), which supports continuation of Fenton’s reaction. In some investigations of hydrogen
peroxide oxidation of chlorinated phenols, it has been noted that there is a lag period at the start
of the reaction, followed by an accelerating rate of transformation until finally the contaminant
is nearly depleted and the reaction rate slows down. This initial lag and subsequent acceleration
is attributed to the role of catechol and hydroquinone intermediates supporting the reaction,
and the lag is the period needed for sufficient intermediate concentrations to form to support
the reaction (Sedlak and Andren, 1991b; Chen and Pignatello, 1997; Lu, 2000; Chen et al., 2002;
Lu et al., 2002; Zazo et al., 2005).
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2.2.4 CHP Reaction Kinetics

Reaction kinetics is an important consideration with respect to CHP effectiveness. The
stoichiometries presented in Equations 2.4–2.12 represent some of the many reactions that
potentially can occur simultaneously in CHP systems. The reactions will generally continue to
occur until one of the key reactants is depleted. The limiting reagent in CHP systems is usually
hydrogen peroxide, but it may also include the catalyst, particularly if it becomes unavailable
due to precipitation or complexation reactions. Because hydrogen peroxide is generally the
limiting reagent in these chain reaction systems, it is often desirable to know the rate at which
hydrogen peroxide is depleted within the system so that enough oxidant can be effectively
delivered into the subsurface. Furthermore, the rate at which target contaminants will degrade
is of interest; in order for ISCO to be effective, the chain reactions need to last long enough for
the target contaminant to be degraded. The rate of individual reactions that occur within CHP
chain reactions (such as radical production reactions or contaminant degradation reactions)
have been generally described by a second-order kinetic model. With second-order kinetics, the
reaction rate is dependent on the rate constant for the reaction, as well as the concentrations of
the reactants in solution. Reaction rate constants for a wide range of organic and inorganic
reactants have been measured (Buxton et al., 1988; Haag and Yao, 1992; Waldemer et al., 2009).
Despite the availability of these constants, considerable challenges exist in modeling or
predicting the concentrations of reactants and byproducts due to the wide range of reactants
in heterogeneous subsurface systems.

Modeling of CHP chemistry has been attempted and the results of these efforts are
discussed in Section 2.2.4.1. However, because of the extreme difficulty in such modeling
approaches, it is often simpler to conduct a treatability test and measure reaction kinetics
empirically to fit a pseudo first-order model. This approach is particularly useful to ISCO when
trying to predict hydrogen peroxide decomposition, which is termed “oxidant persistence” as
described in Section 2.2.4.2.

2.2.4.1 Fundamental Reaction Kinetics and Modeling Approaches

Because of the complexity of hydrogen peroxide chemistry and the many competing reaction
mechanisms described in Sections 2.2.2 and 2.2.3, modeling reaction kinetics is difficult. How-
ever, kinetic modeling within appropriate bounds does provide benefits, especially in scientific
investigations by gaining insight and making predictions without running numerous experiments.
The approaches used in the literature include: (1) precise fundamental chemistry models that track
the numerous reactions in CHP systems, (2) more simplified models based on competition of
several species for a specific radical, and (3) several pseudo first-order approaches. A discussion
of these approaches is provided to illustrate the strengths and limitations of each.

Fundamental Chemistry Models

While it is desirable to know the rates of oxidant depletion and contaminant degradation
for purposes of ISCO design and performance modeling, these rates are very difficult to
predict through chemistry modeling in CHP systems; this is due to the large number of
reactions occurring simultaneously that must be included in a chemistry model to get a
reasonably accurate representation of the system. To model a CHP system, individual rate
constants for significant reactions within the chain need to be determined, and individual mass
balances need to be written for each reactive species. These models are difficult to solve
because the large number of reactions dictate that a large series of non-linear differential
equations need to be solved to get a solution. Thus, mathematical determination of the overall
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oxidant and contaminant degradation rates becomes very difficult. In addition, the data needs
of such models become very large because the model may require specific knowledge about the
reacting species, such as aqueous concentrations, porous media compositions, reaction rate
constants and others. An example of this difficulty is presented in the work of De Laat and
Gallard (1999), where they successfully modeled rates and radical concentrations in a completely
mixed, aqueous-phase-only system (no soil present), involving only hydrogen peroxide, soluble
iron catalysts and a range of pH (no contaminants present). Even in this “simple” chemistry
system, they found that they had to include no less than 21 reactions (16 kinetic expressions and 5
iron-water-hydrogen peroxide speciation reactions) to obtain an acceptable model to fit the
experimental data. This resulted in the need to solve five simultaneous non-linear differential
equations using numerical methods. This system has vastly reduced complexity in comparison to
CHP applications in situ, where a variety of contaminants, soil minerals, dissolved solutes, and
natural organic matter (NOM) are present. Typically, data is sparse for these species. For all
practical purposes, precise theoretical modeling of CHP chemistry in situ remains impractical.

Competition Kinetics Analysis

Competition kinetics analysis is a simplified tool that allows a general assessment of the
relative rate of reaction of two or more reactants with OH�. This method of analysis can be
used to evaluate the general order of contaminant degradation, the role of potential scavengers,
or to determine whether it is reasonable to expect contaminant transformation altogether given
the presence of other targets or scavengers. Because there are many reactions that occur
simultaneously in CHP systems, this analysis provides a general indication of possible results.
In a simplified laboratory treatment system, however, results may be more specific. For
example, the relative rate of reaction (R) is the ratio of reaction rates of a potential reactant
relative to the sum of all reactants. For example, consider a system with three compounds that
react with OH�, where compound 1 is the contaminant of interest, and compounds 2 and 3 are
OH� scavengers. Then the relative rate of reaction for compounds

RC1=C1;C2;C3 ¼ kC1½C1�½OH��
ðkC1½C1� þ kC2½C2� þ kC3½C3�Þð½OH��Þ

� �
(Eq. 2.19)

where:
C1, C2, C3 ¼ concentrations of scavengers and/or target reactants.
kC1, kC2, kC3 ¼ second-order reaction rate constant between C1, C2, C3, and OH�.
Consider if the reaction rate of compound 1 (kC1 ¼ 1 M�1s�1, the concentration C1 is 1 M,

and the scavengers have reaction rates kC2¼ 0.1 M�1s�1 and kC3 ¼ 8 M�1s�1 and concentration
C2 ¼ 10 M and C3 ¼ 1 M. Then the relative rate of reaction is 1/(1þ1þ8) or 1/10. If these are
the only three reactions present that consume OH� and the reactant concentrations are not
changing appreciably, this model implies 1 out of 10 hydroxyl radicals will be consumed by the
contaminant, while the other 9 out of 10 are involved in scavenging reactions. Here, [OH�] is
assumed to be the same since the reactions take place in the same reaction vessel.

The second-order reaction rate constants for the reaction between OH� and potential
scavengers in CHP treatment systems, or other environmental contaminants vary widely in
magnitude (Table 2.5). Several well documented and comprehensive compilations of the
second-order reaction rate constants for many environmental contaminants and other reactive
species (scavengers) has been published (Buxton et al., 1988; Haag and Yao, 1992).

This method of analysis does not take into consideration other potential complexities of
Fenton-driven oxidation systems. For example, there are reaction intermediates that are
also responsible for contaminant transformation. Additionally, there may be reactants that
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are present that are not included in the analysis that could significantly affect results. Results of
this analysis should be used as a general assessment of reaction conditions, and in recognition
of the simple system it represents.

Other Approaches

Given the complexity of CHP kinetics, many studies typically model kinetics as pseudo first-
order using data obtained from laboratory batch testing. This offers the advantage of simple
mathematics for modeling or prediction purposes. However, the disadvantage is that the accuracy
of extrapolating results from batch to field systems is uncertain because so many factors impact
hydrogen peroxide chemistry and kinetics. One pseudo-theoretical approach of simplifying CHP

Table 2.5. Reaction Rate Constantsa Between OH� and Potential Scavengers, or Environmental
Contaminants

Contaminant
Second-order reaction
rate constant (L/mol s)

Carbon tetrachloride <2 � 106

Chloroform 	5.5 � 106

Methylene chloride 5.8 � 107

2-Chlorophenol 1.2 � 1010

Chlorobenzene 5.5 � 109

Perchloroethene 2.6 � 109

Trichloroethene 4.2 � 109

Vinyl chloride 1.2 � 1010

Benzene 7.8 � 109

Ethyl benzene 7.5 � 109

Toluene 3.0 � 109

m-, o-, p-Xylene 6.7–7.5 � 109

PCBs 5–6 � 1010

Polycyclic aromatic hydrocarbons (PAHs) 1 � 1010

Methyl tert-butyl ether (MTBE) 1.6 � 109

Tert-butyl alcohol (TBA) 6.0 � 108

Acetone 1.1 � 108

1,4-Dioxane 2.8 � 109

Scavenger
Second-order reaction
rate constant (L/mol s)

Chloroacetic acidb 4.3 � 107

Malonic acidb 2.0 � 107

Oxalic acidb 1.4 � 106

Hydroxide ion 1.2 � 1010

Bicarbonate ion 8.5 � 106

Carbonate ion 3.9 � 108

Ferrous iron 4.3 � 108

Hydrogen peroxide 2.7 � 107

aRate constants from Buxton et al. (1988) and Haag and Yao (1992).
bDecomposition products (carboxylic acids) from the oxidation of organic contaminants represent potential scavengers.
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chemistry to enable more effective modeling was proposed by Miller and Valentine (1995a).
They presented a simplified conceptual model of hydrogen peroxide kinetics as being described
by three pseudo first-order reactions in two steps. First, hydrogen peroxide reacts with soil
minerals and iron to produce a lumped concentration of undefined radicals, followed by two
reactions in competition that either degrade the target substrate or go to competing nonproduc-
tive reactions. Alternatively, reaction rate kinetics can be used to approximate the steady-state
OH� concentration ([OH�]SS). Subsequently, the estimate of [OH�]SS can be used to predict the
pseudo first-order transformation rates of other target contaminants in similar CHP systems
(Huling et al., 2000a). Limitations of these methods are that treatability studies are needed to
produce the kinetic constants, and simplifying assumptions are necessary that overlook the
complexity of CHP chemistry. In some cases, these reaction rates may not hold constant over
time as the actual substrates, intermediates, and byproductsmay be consumed over the course of
reaction and may change the kinetic rates. Given the complexity of hydrogen peroxide chemis-
try, the reliance on laboratory testing, and typically sparse data on system parameters (such
as scavenger concentrations), the ability to predict contaminant degradation kinetics with CHP
in situ remains challenging and the accuracy of prediction is highly uncertain.

2.2.4.2 Hydrogen Peroxide Decomposition Kinetics in Porous Media
(Oxidant Persistence)

ISCO involves the use of hydrogen peroxide in the presence of porous media; therefore the
impact of the porous media on reaction kinetics is a major factor in hydrogen peroxide decompo-
sition kinetics (hereafter referred to as oxidant persistence). For ISCO using CHP to be effective,
the oxidant and it catalystsmust be in contact with the target contaminant for a long enough period
of time that the oxidation reactions can take place. This also includes time necessary for contami-
nant desorption or dissolution if necessary. Oxidant persistence also impacts the penetration of
hydrogen peroxide into the target treatment zone, as reaction will consume the oxidant as it is
forced away from an injection point.While the chemistry ofCHP is very complex, studies focusing
on the persistence of hydrogen peroxide in porous media batch systems have generally found the
oxidant decomposition behavior to fit pseudo first-order kinetics reasonably well. Miller and
Valentine (1995a) also reported that pseudo first-order kinetics held for a one-dimensional (1-D)
transport column system they investigated. Pseudo first-order decomposition kinetics predicts a
simple exponential decay of the oxidant vs. time in the subsurface.

Hydrogen Peroxide Stabilization

Because hydrogen peroxide is typically short lived in the subsurface, it is often desirable to
increase its lifetime in the subsurface through the addition of chemical amendments that stabilize
the oxidants. Phosphate is one compound that has been used as a stabilizing agent. Phosphate
can bind and reduce the activity ofmineral and soluble catalysts, and thusmake them less available
for reaction. Studies evaluating phosphate have noted that oxidant decomposition does slow in
response to this anion, confirming its stabilizing effect (Lipczynska-Kochany et al., 1995; Valentine
and Wang, 1998; Watts et al., 1999b; Baciocchi et al., 2004; Mecozzi et al., 2006). Phosphate is
a weak hydroxyl radical scavenger, so implementing phosphate stabilization is not likely to have
detrimental effects to CHP degradation of target organics. However, because phosphate is such
a strong complexing agent, the effectiveness of implementing phosphate stabilization at field
scale is more uncertain because the transport distances of this anion are expected to be limited.

More recent efforts have focused on using organic ligands as stabilization agents, in part to
overcome the limitations of phosphate. Watts et al. (2007) screened more than a dozen organic
ligands for their potential to stabilize hydrogen peroxide in the presence of subsurface solids.
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They screened the ligands that Sun and Pignatello (1992) found to promote only low reactivity
of iron-ligand catalyzed CHP oxidations. Watts et al. (2007) found that the most effective
stabilizers are citrate, malonate, and phytate. These results are demonstrated in Figure 2.3.
These stabilizers were capable of decreasing hydrogen peroxide decomposition rates by up to
20 times in four soils collected from different regions of the United States. These results
suggest that hydrogen peroxide decomposition rates in the subsurface can be decreased
dramatically using one of the three stabilizers.

Oxidant Persistence

Of 59 studies that evaluated CHP reactions in porous media, 18 reported either pseudo
first-order kinetic rates from experimental systems or provided kinetic data (e.g., H2O2

concentration vs. time data) from which rate constants could be estimated (Baciocchi et al.,
2003, 2004; Barcelona and Holm, 1991; Bissey et al., 2006; Chen et al., 2001; Crimi and Siegrist,
2005; Leung et al., 1992; Mecozzi et al., 2006; Miller and Valentine, 1995a, b, 1999; Petigara
et al., 2002; Tyre et al., 1991; Watts et al., 1990, 1994, 1999b; Yeh et al., 2003, 2004). A total of
139 rate constants were compiled for oxidant persistence in 37 different field porous media.
A variety of chemistry parameters, such as varied oxidant concentrations, activation aid types,

Figure 2.3. Effect of several stabilizers on hydrogen peroxide lifetimes in Georgia sandy clay soil
systems. Initial H2O2 concentration ¼ 2% and 5 mL solution per 1 g soil. Note: M - molar; mM -
millimolar. From Watts et al., 2007; reprinted with permission.
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pH, and use of various stabilization aids were recorded. Table 2.6 presents the maximum,
minimum, median, and first and third quartiles for the 139 oxidant persistence rate constants.
To illustrate the effect that oxidant persistence can have on oxidant transport, the table also
includes the anticipated effective transport distances for hydrogen peroxide at these decomposi-
tion rates. This is predicted using a simple 1-D linear velocity, and the effective transport distance
is defined as the distance where the oxidant concentration reaches 10% of the initial concentra-
tion. Hence if hydrogen peroxide were to be steadily injected into a system obeying the median
rate for oxidant persistence (0.20 h�1) at a linear (1-D) injection velocity of 10 m/day, the
concentration at 5 m away would be predicted to be 10% of the injected concentration.

The large spread of oxidant decomposition rates represents the possible range that may be
encountered during ISCOwithCHP.However, extreme values such as theminimumandmaximum
rates are often the result of unique circumstances that may not be realistic for ISCO implemen-
tation (extreme concentrations of oxidant, catalyst, stabilizers, pH, etc.). Thus practitioners
might reasonably anticipate values in the middle of this large range, such as between the first
and third quartiles. It is useful to observe that a review of field scale implementations of CHP by
Krembs (2008) reported that the median observed radius of influence was about 5 m (about 15 ft).

Additional statistical analysis (ANOVA) of these rate constants revealed at least six major
factors that significantly influence oxidant persistence (e.g., >95% confidence) (1) soil miner-
alogy, including mineral types and their respective surface areas (grain size), (2) oxidant
concentration, (3) catalyst type and concentration, (4) pH, (5) the use of stabilization aids,
and (6) solids concentration (solids-to-solution ratios used in treatability tests). Several trends
were observed with respect to these factors. Oxidant concentration, mineralogy, the addition of
a soluble iron catalyst (as opposed to natural iron mineral catalysis), and soil texture (classified
by the pipette method) had the most significant effects on decomposition rates. It was unclear
whether iron minerals or manganese minerals had more impact; depending on the type of
mineral analysis done, one often proved more important than the other. Generally, as the
concentration of these minerals increases, the oxidant decomposition rates increase. Higher
oxidant concentrations often exhibited slower rates of decomposition, and the addition of any
iron catalyst accelerated decomposition. Soil texture had a complex effect in that soils with
either a medium loam or sandy loam texture exhibited faster rates of decomposition. Given the
small number of soils (n ¼ 37) included in the analysis, this may just be an artifact of unique
behavior of several specific soils. However, it does potentially indicate a correlation between
grain size and catalytic activity; this makes intuitive sense as finer-grained media have more
mineral surface area and presumably more catalytic surface sites. However, the effect appears

Table 2.6. Decomposition Rate Constants and Estimated Resultant Transport Distances with
Groundwater Velocity

First-order
rate range

Decomposition

rate constant
(1/h) Half life (h)

Effectivea 1-D transport distance (m) vs.

velocity (m/day)

0.1 m/day 1.0 m/day 10 m/day

Minimum 0.00097 713 10.7 107 1,070

1st quartile 0.036 19.3 0.27 2.7 27

Median 0.20 3.50 0.05 0.5 5

3rd quartile 1.2 0.60 0.008 0.08 0.8

Maximum 36 0.02 0.0003 0.003 0.03

aEffective transport distance defined as the distance where the oxidant concentration reaches at least 10% of the
injected concentration.
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to be complex, as silty-loams, silty-clay-loams, sands, and loamy-sands all had similar ranges of
decomposition activity. Presumably silty-clay loams and silty-loams would have even more
surface area than a sandy-loam, but perhaps the parent minerals that form these fine particles
have less intrinsic catalytic activity.

Several other parameters were found to influence hydrogen peroxide persistence but at
much lower significance (e.g., <95% confidence). Addition of stabilizers such as phosphate
decreased rates of decomposition, but the degree of stabilization that is possible seems to be
strongly influenced by the other more significant parameters. pH also affects persistence, with
generally faster rates of decomposition at higher pH. However, the reduced significance of pH
may be due to the complex effects pH may have on iron and mineral complexation reactions, as
well as speciation of reactive oxygen species. NOM had little impact on oxidant persistence,
possibly due to the complexity of the interactions with NOM (as discussed in Section 2.2.5.3), as
NOM may impart mechanisms that both accelerate and moderate oxidant decomposition.

Under field conditions, porous media mineralogy and surface area cannot be controlled.
Thus control of oxidant persistence within the subsurface must be derived from careful
selection and optimization of the other parameters, including oxidant concentration, catalyst
type and concentration, pH, and the use of stabilization aids.

2.2.5 Factors Affecting Efficiency and Effectiveness of Oxidation

A number of factors impact the efficiency and effectiveness of CHP reactions. One
consideration is the effect of competing or nonproductive reactions on efficiency. Another is
an evaluation of whether the contaminant is fully degraded, and if not determination of the
byproducts of organic contaminant oxidation. The impact of natural organic matter on CHP is
also discussed in detail, and highlights a complex effect on CHP effectiveness. Finally, other
physical factors such as temperature and oxygen gas evolution have the potential to impact
CHP efficiency and effectiveness through alteration of reaction pathways.

2.2.5.1 Competing Nonproductive Reactions

Nonproductive reactions compete with the organic contaminant for the oxidant. In some
situations, contaminant degradation may slow or cease altogether. In the past, these nonpro-
ductive reactions were termed “scavenging” reactions, and frequently focused on inorganic
solutes (carbonate, chloride, etc) that competed with the contaminant for the hydroxyl radical
(OH�) (Huling et al., 1998). Indeed, data from classical Fenton’s systems support this observa-
tion (e.g., Beltrán et al., 1998; Lipczynska-Kochany et al., 1995; Kwon et al., 1999). However,
more recent research has not only implicated other radicals in CHP chemistry (e.g., superoxide;
Smith et al., 2004), but suggests that some of these classical “scavengers” might actually
contribute productively to degradation reactions (Umschlag and Herrmann, 1999). For instance,
percarbonate is a novel oxidant that is being used for ISCO and involves hydrogen peroxide
chemistry at alkaline pH (e.g., pH 11) and very high carbonate concentrations (Kelley et al.,
2006). Thus the role these compounds play in CHP chemistry and their effect on efficiency may
in fact be more complex than acting simply as a nonproductive side reaction. The present state
of knowledge regarding these various “scavengers” is discussed in the following subsections.

Carbonate and Bicarbonate

Because the carbonate and bicarbonate anions are two of the most common anions in
groundwater, their impact on CHP chemistry is important. Traditionally, bicarbonate has been
recognized as a scavenger in a hydrogen peroxide system, especially toward hydroxyl radicals.
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When hydroxyl radicals react with aqueous carbonate or bicarbonate species, the carbonate or
bicarbonate radical is formed. These resulting radicals are thought to have much lower reactivity
and propensity to degrade organic contaminants than the hydroxyl radical. As a result, the for-
mation of carbonate or bicarbonate radicals via Equations 2.20 and 2.21 has generally been viewed
as inefficiency in CHP systems. Note that the rate of reaction between carbonate and hydroxyl
radical is roughly 45 times faster than that of bicarbonate and hydroxyl radical, so this process
may become more pronounced as the pH increases into the alkaline range (Buxton et al., 1988).

OH� þ HCO3
� ! OH� þ HCO3

� k ¼ 8:5� 106 M�1s�1 (Eq. 2.20)

OH� þ CO3
2� ! OH� þ CO3

�� k ¼ 3:9� 108 M�1s�1 (Eq. 2.21)

In addition to scavenging hydroxyl radicals, the carbonate radical also has a fast rate of
reaction with hydrogen peroxide (2.0 � 107 M�1s�1 at pH 11.8) (Zuo et al., 1999); thus, in
addition to consuming hydroxyl radicals, carbonate radicals may also consume hydrogen
peroxide. When considering the effectiveness of CHP in subsurface systems that contain
high levels of carbonate or bicarbonate, the role of radical scavenging should be considered
because of the potential impact it could have on ISCO treatment using CHP.

Recently, evidence has emerged that not all carbonate effects are adverse to hydrogen
peroxide ISCO. For instance, Umschlag and Herrmann (1999) found that the carbonate and
bicarbonate radicals were capable of degrading a series of aromatic contaminants, including
benzene. Furthermore, sodium percarbonate (Na2CO3·3H2O2) is an oxidant that has been recently
implemented for ISCO and operates at high hydrogen peroxide and carbonate concentrations
(Kelley et al., 2006). The reaction mechanisms behind this novel oxidant are not well known, but it
is likely that they include many of the same hydrogen peroxide mechanisms in addition to some
possibly unique mechanisms. In addition to reacting with hydroxyl radicals, carbonate may also
complex dissolved iron and iron from mineral surfaces and alter their reactivity. Valentine and
Wang (1998) found that the presence of carbonate slowed both the decomposition of the oxidant,
and the degradation of the contaminant in an iron mineral catalyzed system; however, no adverse
impact on reaction efficiency was observed. For aqueous Fe(II) species, the presence of carbonate
or bicarbonate appears to even speed the rate of catalysis with hydrogen peroxide, possibly
because the reactivity of FeCO3(aq) is faster than Fe

2+(aq) or FeOH+(aq) with hydrogen peroxide
(Lipczynska-Kochany et al., 1995). Many studies have noted adverse effects from this anion
(Beltrán et al., 1998; Lipczynska-Kochany et al., 1995), but there is also evidence that it may
support CHP reactions. Thus the impact of carbonate on CHP efficiency appears complex.

Chloride

Chloride ion has been found to have significant effects on reaction, typically resulting in a
slowing of the degradation of an organic substrate. Chloride affects the reaction of CHP by
both scavenging radicals produced by CHP reactions and complexing soluble iron and possibly
mineral catalytic sites. De Laat et al. (2004) found that chloride had no apparent effect on the
kinetics of a Fe(II)-catalyzed peroxide system, but in an Fe(III)-catalyzed system the kinetics of
hydrogen peroxide decomposition and contaminant degradation slowed, which was attributed
to complexation of Fe(III) by chloride. Chloride is also known to interact with the radicals
produced by CHP.When chloride reacts with hydroxyl radicals, a series of propagation reactions
may proceed to form the dichloride radical anion (Cl2��) via the reactions in Equations 2.22–2.26
(Yu and Barker, 2003 and references within). The reactivity of the dichloride radical anion with
organics is largely unexplored in the present CHP literature. However, the dichloride radical
anion has rapid rates of reaction with other chloride species and via the reactions in Equa-
tions 2.25 and 2.26 may produce chlorine gas, which can in turn cause halogenation of organic
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compounds. This has been observed to occur by Kiwi et al. (2000). However, it is likely that the
vigorous reactions during CHP could also break down halogenated daughter products as they
are produced. Conditions that favor production of the dichloride radical (which should be
avoided) are acidic pH, high chloride concentrations (over 1,000 ppm), and low peroxide
concentration (less than 1,000 ppm) (Pignatello, 1992; De Laat et al., 2004). The high con-
centrations of chloride required to produce this reactivity are unlikely to occur in most
normal groundwater environments. Generally, chloride concentrations typical of groundwater
(20–100 mg/L) are unlikely to cause significant complexation, scavenging, or halogenation.
Nonetheless, when dense nonaqueous phase liquids (DNAPLs) such as perchloroethene (PCE)
are present, chloride may accumulate in the aqueous phase from oxidation of DNAPLs and may
eventually affect the reaction. The presence of chloride in highly brackish groundwater may also
pose a challenge to CHP ISCO.

OH� þ Cl� $ ClOH�� k ¼ 4:3� 109 M�1s�1 (Eq. 2.22)

ClOH�� þ Hþ $ Cl� þH2O k ¼ 3:2� 1010 M�1s�1 (Eq. 2.23)

Cl� þ Cl� $ Cl2
�� k ¼ 7:8� 109 M�1s�1 (Eq. 2.24)

Cl2
�� þ Cl2

�� ! Cl2 þ 2Cl� k ¼ 7:2� 108 M�1s�1 (Eq. 2.25)

Cl� þ Cl2
�� ! Cl2 þ Cl� k ¼ 2:1 � 109 M�1s� (Eq. 2.26)

Sulfate

Sulfate is another common groundwater constituent that can affect CHP reactivity.
However, when sulfate reacts with hydroxyl radicals, the reaction is not necessarily unproduc-
tive, as the sulfate radical is produced and is known to have significant reactivity with organic
contaminants. Thus, the reaction in Equation 2.27 is a useful propagation reaction when sulfate
is present. Sulfate is also known to affect CHP kinetics through complexation reactions. De
Laat et al. (2004) reported that Fe(II) complexed with sulfate appeared to have faster catalytic
activity than Fe(II)-hydroxy complexes. However, for Fe(III), the opposite was true, where the
catalytic activity of Fe(III)-sulfate complexes was much lower than Fe(III)-hydroxy complexes.
Thus, the presence of a large amount of sulfate in groundwater may have mixed effects on
CHP chemistry, increasing kinetics of some reactions, while decreasing others or altering
reaction pathways. Sulfate is only likely to be encountered in groundwater in concentrations
high enough to be of concern where waters are brackish or sulfur-based remediation technol-
ogies have previously been applied (e.g., persulfate ISCO, dithionite in situ chemical reduction).

OH� þ SO4
2� ! SO4

�� þ OH� (Eq. 2.27)

Hydrogen Peroxide

When present at high concentrations, hydrogen peroxide may become its own scavenger.
Propagation reactions, such as Equations 2.5, 2.6, and others may become significant as
hydrogen peroxide concentrations increase. While the propagation reactions evolve a radical,
they also consume a radical and a hydrogen peroxide molecule; if propagation reactions
become excessive, the oxidant may catalytically decompose itself, representing an inefficiency
in the system. This is more likely to occur at high oxidant concentrations because reactions like
Equations 2.5 and 2.6 become more favored due to the high activity of hydrogen peroxide in the
system, as well as the higher rate of catalysis and thus higher concentration of radicals. Since
high oxidant concentrations are necessary for ISCO to ensure adequate oxidant delivery for
degradation of contaminants in situ, the optimal oxidant dose for effective contaminant
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degradation is best determined experimentally and the amount of oxidant scavenging that is
tolerable is often a matter of the economics of delivery.

Other Anions

Nitrate is effectively non-reactive towards hydroxyl radicals (Lipczynska-Kochany et al.,
1995; De Laat et al., 2004). However, it does have strong scavenging potential toward solvated
electrons, which might impact some CHP reaction pathways. Nitrate would generally not be
anticipated to be present in groundwater at high concentrations (e.g., >10 mg/L) unless the site
to be treated includes explosives [e.g., hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX), trinitrotol-
uene (TNT)] or is affected by agricultural activity.

Perchlorate is effectively inert in CHP systems (Lipczynska-Kochany et al., 1995; De Laat
et al., 2004), given its inability to scavenge radicals produced in the system and low affinity for
producing complexes with iron. As such, it often has been used in laboratory and theoretical
research as an acid or salt for pH and ionic strength control, as well as the conjugate base for
soluble iron catalyst salts. However, because perchlorate is itself a severe groundwater pollut-
ant, its use in field applications is precluded. Because CHP is effectively inert toward perchlo-
rate, the presence of a perchlorate plume within a target treatment zone should have no effect
on the ability of CHP to degrade organic contaminants.

Biologic Enzymes

Other nonproductive reactions in CHP systems include the reactions with enzymes that
decompose hydrogen peroxide. Microorganisms have antioxidant enzymes that serve as pro-
tective mechanisms to guard against the damage that may be done to a cell by radicals evolved
from hydrogen peroxide, which is present in all natural water systems at very low levels. Two of
the major types of enzymes that perform this function are catalase and peroxidase. Catalase is
one of the most potent biological enzymes for detoxifying hydrogen peroxide by decomposing
it to oxygen and water, as given by the reaction in Equation 2.28. Despite catalase typically
being present at very low concentrations in natural systems, it has very high catalytic activity
and thus may still influence CHP reaction chemistry (Petigara et al., 2002). Peroxidase enzymes
also catalyze decomposition of the oxidant to reaction products that do not include either
hydroxyl radical or oxygen production.

2H2O2 ! 2H2Oþ O2 (Eq. 2.28)

2.2.5.2 Contaminant Mineralization and Byproduct Formation

CHP chemistry, as described above, produces a variety of reactive intermediates that attack
and degrade organic contaminants. In ideal applications, these reactions proceed to complete
mineralization of the contaminants of concern (COCs) to carbon dioxide, water, and salts (such
as chloride, bromide or nitrate), but this is not always the case. Many organic contaminants will
require multiple oxidation steps, and therefore multiple attacks by radicals to completely
mineralize the contaminant, especially if the organic compound is composed of a large or
complex chemical structure. Between each oxidation and degradation step, various organic
intermediates are produced. If the CHP reaction is vigorous enough and the organic inter-
mediates are susceptible to degradation by the radicals being produced by the reaction, then
complete mineralization may occur. However, if the oxidant or radicals are limiting reagents or
if the intermediates produced are less susceptible to degradation by CHP, then mineralization
may be incomplete and intermediates may remain after CHP treatment. Often, this results from
the CHP treatment of large organic contaminants containing aromatic rings or long aliphatic
carbon chains. The commonly observed byproducts for a wide range of organic contaminants
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include low molecular weight carboxylic acids, such as formic acid, oxalic acid, acetic acid, and
others (Koyama et al., 1994; Bier et al., 1999; Huling et al., 2000b; Zazo et al., 2005). Generally
these are non-toxic or biodegradable. Heteroatoms (e.g., Cl�, NO2

� functional groups) within
the parent organic compound are often released as aqueous salts (such as chloride for
chlorinated organic compounds or nitrate for nitro-organic compounds), but in some cases,
their continued inclusion as intermediates has been observed (Huling et al., 2000b). Changes to
system pH have been noted; systems can become more acidic as carbon dioxide and organic
acid byproducts release H+. However, within porous media, the native mineralogy will likely
contain some buffering capacity that may prevent large pH shifts from occurring. Specific
byproducts for specific contaminants are discussed in more detail in Section 2.4.

2.2.5.3 Natural Organic Matter

The role of natural organic matter (NOM; also referred to as soil organic matter or SOM)
in CHP systems has been investigated in numerous studies, with significant variability in the
effects on chemistry observed. This may be partly attributed to the wide array of unique
experimental conditions used in these studies. However, these results are likely representative
of possible responses that occur under field conditions since a wide range of environmental
conditions exist from site to site and within each site. Specifically, NOM can:

� Serve as an adsorbent for the target compound (making it less available in solution)

� Bind with Fe and other inorganic reactants

� Serve as an electron acceptor or donor

� Shuttle electrons

� Scavenge radicals

It is reasonable to assume that the various roles of NOMmay occur simultaneously, introdu-
cing significant complexity in data interpretation. Through these reactions andmechanisms, NOM
can enhance or limit the mass transport, mass transfer, and the reaction kinetics involved in the
CHP treatment process. The end result is that the presence of NOM can have either a negative or
positive impact on oxidative treatment. Because of the difficulty in characterizing a wide range of
site conditions and predicting the role of NOM and other related parameters on treatment
performance, site-specific treatability studies may be needed to assess ISCO feasibility.

NOM is a mixture of organic material comprised of various classes of organic matter, often
described as a complex mixture of humin, humic acids (HAs), fulvic acids (FAs), and other
phenolic and quinine/hydroquinone compounds. These organics have a broad range in molecular
weight, are amorphous, and contain large numbers of carboxyl and hydroxyl functional groups,
as well as aliphatic hydrocarbon chains and aromatic rings. The specific functional groups impart
physical and chemical characteristics to the NOM, which affect soil particles and dissolved
solutes in various ways. Polar functional groups may bond the NOM to mineral surfaces and
complex dissolved ions, such as metal cations. Non-polar hydrophobic functional groups may
adsorb and sequester low solubility hydrophobic contaminants within the soil matrix. Compo-
nents of NOM are differentiated based on molecular size and solubility in acid or alkaline
solutions and have different chemical and physical characteristics. The relative quantity of
each component will influence the overall role of NOM in oxidative treatment systems.

NOM adsorption of hydrophobic compounds plays multiple roles in the fate of these
compounds in ISCO systems. A dual-mode polycyclic aromatic hydrocarbon (PAH) sequestra-
tion process involves sorption onto HA and FA, which is bound at the surface of soil particles,
and humin material, which is found in the core of soil particles (i.e., internal surface area)
(Bogan and Trbovic, 2003). Sorption onto the humin material requires PAHs to diffuse across
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the HA/FA interface on the particle surface to ultimately reach the humin phase. In a similar
conceptual model of CHP, intra-particle hydrogen peroxide inward diffusion and contaminant
desorption and outward diffusion in activated carbon particles was found to limit the extent of
contaminant oxidation (Huling et al., 2009; Kan and Huling, 2009). Similarly, intra-particle
desorption and diffusion of PAHs required longer time frames (Bogan and Trbovic, 2003) to be
transported from the NOM and required longer diffusion and reaction times for chemical
oxidants to diffuse inward. Additionally, the structure of NOMmolecules allows the binding of
organic contaminants and their sequestration from the bulk solution. The resulting physical
separation of sites associated with OH� formation and contaminant sorption is partly responsi-
ble for the inhibition of contaminant oxidation by OH� (Lindsey and Tarr, 2000a, b). It is evident
that the role of NOM and contaminant sorption is to slow down mass transport, mass transfer,
and reaction kinetics. In several studies, the rate and extent of contaminant degradation declined
in soils or water with higher organic matter and was attributed to contaminant sorption and
lower availability for oxidative reactions (Tyre et al., 1991; Watts et al., 1991a; Lindsey and Tarr,
2000a, b; Baciocchi et al., 2003; Kanel et al., 2003). This general trend is more pronounced as
contaminants become more hydrophobic and as more time has elapsed for contaminant-NOM
sorption and equilibrium to occur (Bogan and Trbovic, 2003; Lundstedt et al., 2006).

It has been proposed that oxidation of NOM occurs during ISCO, which results in the
release of sorbed PAH contaminants from the active sites (Rivas, 2006) and this effect is not
oxidant-specific. A portion of sorbed PAHs were released from the oxidation of NOM by
persulfate (Cuypers et al., 2000). Additionally, a lag was observed before the oxidation of
trichloroethene (TCE) and trichloroethane (TCA) by persulfate and was attributed to the oxi-
dation of NOM followed by contaminant transformations (Liang et al., 2003). An apparent
release of RDX from the sorbed phase was measured during KMnO4 oxidation (Struse et al.,
2002). Similarly, an increase in bioavailability of chlorinated compounds by NOM oxidation
was proposed for the observed increased rate of biological reductive dechlorination (Droste
et al., 2002). In general, these studies suggest that contaminant oxidation is inversely correlated
with NOM, and that NOM oxidation corresponds with a release (desorption) of compounds,
especially those less amenable to oxidation.

NOMmay bond with available hydrogen peroxide catalytic (Fe) sites on mineral surfaces, as
well as form complexes with soluble iron catalysts, much like a chelating agent. In some cases,
the addition of NOM to soil or the comparison between high-NOM and low-NOM soils
indicates a decrease in the hydrogen peroxide reaction rate (Valentine and Wang, 1998; Tarr
et al., 2000; Crimi and Siegrist, 2005; Bissey et al., 2006). A reduction in the hydrogen peroxide
reaction rate does not necessarily mean a reduction in oxidation efficiency, however.

NOM and oxidation reaction byproducts may react with hydroxyl radicals and other reactive
intermediates and therefore behave as a radical scavenger. For example, the ratio of pentachloro-
phenol (PCP) and H2O2 consumption rates in soil suspensions were inversely related to NOM
(Watts et al., 1990). In a different CHP treatment system, the oxidation of benzo(a)pyrene was
inhibited by the presence of non-target organics, including glucose, cellulose, and lignin (Kelley
et al., 1990). Results suggest that the organic matter may have successfully competed with the
target contaminants, although the exact mechanism could not be differentiated. Conversely, the
rates of reaction ofNOM in other CHP systemswere generally slow (Goldstone et al., 2002; Bissey
et al., 2006), suggesting that NOM is not a major oxidant sink, especially over the timeframes that
CHP reactions occur. Further, activated carbon has extremely high surface area and exhibits many
of the same ring structures and functional groups that give NOM its sorption characteristics.
However, CHP driven regeneration of spent-activated carbon (i.e., degradation of contaminants
sorbed on activated carbon used for water treatment) can be achieved despite the high level of
organic carbon content (Huling et al., 2000b, 2007, 2009; Kan and Huling, 2009).
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In some treatment systems, NOM enhanced oxidative treatment. OH� production was
enhanced in the presence of peat by one or more peat-dependent mechanisms (Huling et al.,
2001). Fe concentration and availability in the peat, reduction of Fe(III) to Fe(II) by the organic
matter, and reduction of organic-complexed Fe(III) to Fe(II) were probable causes. Similarly,
NOM either served as a reducing agent for Fe(III), or supported the reduction of Fe(III) by
H2O2 (see Equations 2.11 and 2.12), thus enhancing Fe(II) availability and supporting CHP
reaction propagations (Voelker and Sulzberger, 1996; Li et al., 1997b; Vione et al., 2004). CHP
degradation of 2,4,6-TNT was greater in a system amended with fulvic acid than in another
containing humic acid (Li et al., 1997b). Enhanced kinetics was attributed to accelerated Fe(III)
reduction. Humic material can facilitate electron transfer for Fe(III) reduction in microbial
systems (Lovley et al., 1996; Scott et al., 1998), and similar redox coupling can occur by
quinones and hydroquinones, constituents of humic materials, in CHP systems (Chen and
Pignatello, 1997). Overall, these reactions provide an additional mechanism to reduce Fe(III) to
Fe(II), resulting in more efficient OH� production. Contaminated aquifer material containing
these types of organic matter may exhibit similar mechanisms that enhance CHP oxidation.

2.2.5.4 Temperature

CHP reactions are exothermic and can raise the temperature of aquifer material and
groundwater. Significant and rapid increases in temperature have been observed in some
cases, particularly when H2O2 concentrations are high, and reaction is fast. For example,
Mecozzi et al. (2006) witnessed a rapid temperature increase from 30 to 70�C in a hydrogen
peroxide soil slurry batch system. Elevated temperatures from the exothermic CHP reaction
have been observed in the field beyond the 70�C observed by Mecozzi et al. (2006) and have
even melted polyvinyl chloride (PVC) injection wells. It is beyond the scope of this section to
discuss the health and safety concerns raised by such an extreme temperature rise. This section
focuses on the fundamental impact of temperature on the reaction chemistry.

Chemical reaction rates increase as temperature increases and obey the relationship
established by Arrhenius (Equation 2.29). Kinetic rate constants (either first-order or second-
order) are a function of the activation energy (Ea), as well as the frequency factor (A), which is
a physical parameter representing collision frequency between reactants.

k ¼ Ae�
Ea
RT (Eq. 2.29)

Because there are many simultaneous reactions that occur within CHP reaction chains and
because each reaction may have different activation energies, initial kinetic rates, and fre-
quency factors, the effect of increased temperature on kinetics for each reaction differs in
magnitude. Therefore, the dominant or fastest reactions may shift with temperature, causing
changes in dominant reaction mechanisms and efficiencies. General trends that have been noted
in the literature are that the rate of oxidant decomposition will generally accelerate with higher
temperature.

The increases in temperature due to hydrogen peroxide decomposition may or may not
improve contaminant degradation rates, as other competing side reactions will also accelerate.
Elevation of temperature may accelerate the oxidation of contaminants that are slower to react
and less soluble at ambient temperatures, such as TNT (Li et al., 1997a, b). However, higher
temperatures may also accelerate oxidant decomposition, reducing oxidant persistence. Other
physical and chemical processes also change with temperature, such as solubility, formation of
azeotropes with nonaqueous phase liquids (NAPLs), and decomposition reactions. This can
make it difficult to extrapolate overall system kinetics, CHP reaction efficiency, and treatment
effectiveness from one temperature to another. Because of the complexity of this temperature
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dependence, the uncertainty in extrapolating results from treatability studies to the field may be
reduced if the studies are conducted at temperatures that are relevant to the field. The majority
of studies in the literature have investigated CHP at ambient room temperatures between 20
and 25�C, while ambient groundwater temperature is more often in the range of 10–15�C.

2.2.5.5 Oxygen Gas

Hydrogen peroxide is approximately 94% (by weight) oxygen; therefore, oxygen gas
[O2(g)] can be a significant byproduct of some H2O2 reactions. Smaller amounts of carbon
dioxide (CO2) gas may be present as the result of mineralization of organic contaminants and
acidification of carbonates. Molecular oxygen may be evolved from reaction of hydrogen
peroxide with inorganic minerals, such as goethite and pyrolusite, as well as biologic enzymes,
such as catalase. Because oxygen has low solubility in water (8–10 mg/L), oxygen emitted from
CHP systems will readily form a gas phase. Watts et al. (1999b) found oxygen evolution from a
CHP system in the presence of goethite to follow zero-order kinetics, indicating that the rate of
oxidant decomposition to oxygen was constant with time. Rates of oxygen gas evolution
increased with increasing pH, as well as higher goethite concentrations. The use of a phosphate
stabilizer reduced the rate of oxygen evolution.

When injecting H2O2 into the subsurface, the rapid formation and expansion of O2(g) in the
pore space may serve to enhance the transport distance of the oxidant solution through the
subsurface than would be accomplished from simple fluid injection. Furthermore, oxygen is a
terminal electron acceptor used in the aerobic biodegradation of some compounds. Gas
evolution in subsurface may also result in air sparging and stripping effects, resulting in the
mobilization of volatile organic contaminants (VOCs). The formation and transport of VOC
vapors may represent unacceptable exposure pathways and health risks, in which case, they
would need to be monitored and controlled. Furthermore, the displacement of pore space by gas
may temporarily reduce the permeability and affect groundwater movement. This is a transient
effect as the gas will eventually dissolve into the aqueous phase and restore permeability, but it
requires time. Finally, the evolution of O2(g) in the presence of flammable hydrocarbon
contaminants may result in flammable or explosive mixtures, requiring careful management
of CHP when targeting these contaminants.

2.3 OXIDANT INTERACTIONS IN THE SUBSURFACE

When hydrogen peroxide is injected into the subsurface, a series of simultaneous chemical
reactions occur that result in catalysis and decomposition of the oxidant, degradation of
organic contaminants, and changes to the subsurface. Much of the previous section described
specific chemical reactions, reactive species, and mechanisms that may occur in subsurface
systems. This section describes the combined impact that these effects have on ISCO using
CHP, with an emphasis on parameters that may be controlled by ISCO practitioners.

It is worth noting that while the majority of the CHP literature has focused on reaction
chemistry and mechanisms, relatively little attention has been given to CHP reagent delivery
and transport in subsurface systems. For example, Siegrist et al. (2010) found 74 studies
evaluating CHP in batch aqueous systems; another 59 investigated CHP in batch soil-slurry
systems. However, only 12 studies investigated the transport of hydrogen peroxide through
porous media under conditions that mimic field injection and delivery processes (e.g., 1-D flow-
through columns, 1-D diffusion cells, 2-D tanks, and mockups of injection probes). Thus
considerable data gaps remain in understanding processes that impact oxidant transport and
the magnitude of their effects. One area of uncertainty lies with the formation of O2(g) from
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hydrogen peroxide in the subsurface (see Section 2.2.5.5), and the resulting effect of the gas on
oxidant and groundwater transport. Observations from Watts et al (1999b) indicate that under
some conditions, substantial gas evolution can occur. Gas evolution can result in groundwater
displacement, reductions in permeability, and other transport effects. However, no controlled
laboratory- or field-scale investigations have been published that quantify and document these
effects, making it difficult to offer detailed information on how they may impact CHP
implementation.

This section is divided into two subsections that discuss the subsurface impacts of hydro-
gen peroxide that are well explored in the literature (1) the impact that oxidant persistence has
on transport in the subsurface and (2) the effects that CHP injection may have on the
subsurface environment, particularly metal mobility.

2.3.1 Impact of Oxidant Persistence on Oxidant Transport

One of the paramount considerations in implementing ISCO is determining how effectively
the oxidant can be distributed in the subsurface. This includes consideration of generic pro-
cesses that impact any oxidant, such as permeability and heterogeneity and their impacts on
delivery of the oxidant solution. However, it also includes considerations specific to hydrogen
peroxide, especially with regard to oxidant persistence. Oxidant persistence and the factors that
affect it are discussed in Section 2.2.4.2. The following section outlines the impact that oxidant
persistence can have on oxidant distribution.

Within a given subsurface environment, hydrogen peroxide is a short lived but vigorously
reacting oxidant, with a typical half-life of several hours to several days. The persistence of the
oxidant is important because the rate of oxidant decomposition determines (1) the amount of
contact time the oxidation reaction will have in the contaminated subsurface and (2) selection
and design of the injection method. With low oxidant persistence, there is less time available for
the oxidant to transport through porous media and react with contaminants, especially those in
either sorbed or NAPL phase. There is likely to be very little transport once the injection has
actually stopped (that is, no “drift” due to the transport of the groundwater under natural
gradients).

Oxidant persistence affects the transport time and the ability of the oxidant to reach the
target zone(s) by advection, dispersion, or diffusive transport mechanisms. This is illustrated
conceptually in Figure 2.4, which shows a typical pseudo first-order decomposition of hydrogen
peroxide with respect to time. Assuming that forced advection is the primary mechanism
responsible for oxidant delivery in porous media, and that dispersion and diffusion are negligi-
ble, then the effective transport distance in the subsurface is primarily a function of the solution
velocity and the rate of oxidant decay. In some cases, a catalyst or other reagents may be
delivered and similar transport and persistence requirements are applicable to these as well.

Shorter effective transport distances necessitate closer injection point spacing; where large
NAPL or sorbed mass is present, multiple injection rounds may be necessary to deliver enough
oxidant and enable adequate contact time to degrade the target organics. To help alleviate the
need for close injection point spacing and to extend the contact time, increasing the oxidant
persistence is often a desirable goal. The negative effect of low oxidant persistence on transport
has been noted in the literature. For instance, Baciocchi et al. (2004) found that in a column
system with a Darcy velocity of 14 m/day, a 2 wt.% solution of hydrogen peroxide declined to
only 5–25% of its initial concentration after passing through only 30 cm of porous media. The
use of a phosphate stabilizer dramatically improved oxidant transport as the concentration at
30 cm was 90% of its initial concentration when the stabilizer was present (see Figure 2.5).
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In another study of hydrogen peroxide transport, diffusion over long time periods was
investigated by Seitz (2004), who reported that a 1 wt.% solution was not able to diffuse
through a 2.5-cm-long sandy loam soil core to detectable concentrations within a 50-day time
period. However, despite the inability to detect oxidant diffusion through the core, there was

Figure 2.5. Hydrogen peroxide concentration profile in soil columns after (a) 10 min and (b) 180 min
flow. Inlet conditions: H2O2 concentration ¼ 2%, flow rate ¼ 4.5mL/min, column diameter ¼ 2.5 cm:
(filled circle) H2O2 only and (filled square) H2O2 + 2.46 g/L phosphate (PO4). From Baciocchi et al.,
2004; reprinted with permission.

Figure 2.4. Conceptual diagram illustrating how oxidant persistence impacts oxidant transport.
Higher injection velocities and longer half lives increase the transport of the oxidant into the
porous media.
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some evidence of diffusive oxidant transport in this system as contaminant and NOM con-
centrations decreased in the portion of the core closest to the oxidant source, suggesting some
degradation was occurring. This system did not have any stabilizers or catalysts added to it, and
it is unclear if chemistry optimization may have improved oxidant diffusion.

These studies highlight some of the challenges of low oxidant persistence. As a result,
efforts have been made to optimize hydrogen peroxide chemistry for longer transport. As
discussed in Section 2.2.4.2, work by Watts et al. (2007) and others has focused on the use of
stabilizers which promote hydrogen peroxide lifetimes in subsurface systems, and help to
increase transport and effectiveness.

2.3.2 Impacts on Metal Mobility

The use of CHP in the subsurface has the potential to affect metals mobility through
several mechanisms. First, oxidation reactions with metals and minerals may change the
oxidation states of the metals and alter their mobility and toxicity. Metal mobility also can be
altered by the degradation of metal-binding NOM (Sirguey et al., 2008). Finally, the use of
activation aids to promote iron solubility, such as pH adjustment (Villa et al., 2008) or the
addition of chelators (Siegrist et al., 2006), or stabilizers like phosphate can also affect the
mobility of other metals present in solution.

Laboratory studies have provided evidence as to how ISCO using CHP might impact metal
mobility. These studies have shown that CHP can promote the release of various metal ions,
including those of zinc (Zn), cadmium (Cd), copper (Cu), lead (Pb), cobalt (Co), Mn, chro-
mium (Cr), and nickel (Ni) (Rock et al., 2001; Monahan et al., 2005; Villa et al., 2008). The
extent to which each is solubilized can depend greatly on the metal compound, treatment
scheme, and chemical conditions in porous media. These studies have generally employed
batch reactors with extensive contact between the oxidant and the porous media. In many cases
they have not evaluated attenuation mechanisms that might be active after the reaction has
ceased or the metals have drifted outside the ISCO reaction zone into untreated media,
especially on time-scales relevant to the field-scale. Thus the understanding of the ultimate
fate of metals during ISCO with CHP is incomplete. A case study of ISCO sites (all oxidants)
by Krembs (2008) found that metals concentrations were monitored at only 23 of the 242 sites
reviewed. Most of these were permanganate injection sites, and thus the number of CHP sites
was too small to make a significant statement about metals mobility. However, regardless of
oxidant, in most cases toxic metals such as chromium, arsenic, or nickel were attenuated
within 6 months. The following sections discuss studies that have evaluated metal mobility
and the mechanisms involved.

2.3.2.1 Studies of Increased Metal Mobility during CHP treatment

Monahan et al. (2005) found that Fe(III)-catalyzed hydrogen peroxide at pH 3 caused the
release of Cd, Cu, and particularly Zn ions from the mineral kaolinite in batch studies. Under
neutral pH and the addition of a chelator, total metals release was higher than at pH 3. Lead,
which was immobile under acidic conditions, was mobilized at neutral pH. This was attributed
to free radicals oxidizing and mobilizing the metals. At low doses of hydrogen peroxide
(<7 g/L), no detectable release of metals from kaolinite was observed. However, the behavior
of individual metals varied, with some metals rising or falling in concentration depending on
pH. The data for zinc from this study (presented in Figure 2.6) illustrate that despite higher total
metals concentrations at neutral pH with a chelator, the zinc concentration in solution was
lower than at acidic pH.
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In another study, after 3.5 days of reaction with 1.1 moles of hydrogen peroxide and
3.0 mmol of Fe(II), Villa et al. (2008) found significantly increased metals dissolution from a
soil contaminated with diesel fuel: Zn (36%), Cu (12%), Ni (8.9%), Mn (3.1%), Cr (0.9%), and Co
(0.4%). Cr, Ni, Cu, and Mn levels increased the most and their concentrations were above
accepted levels for groundwater. No increase was observed for Pb or Cd.

Rock et al. (2001) observed hexavalent chromium release from an acidic, oxidizing soil
from ore processing and electroplating sites. On addition of hydrogen peroxide, a large amount
of Cr(VI) solubilized. The release was attributed to oxidation of Cr(III) in the soil, solubilization
of Cr(VI), and oxidation of NOM. However, the elevated levels of Cr(VI) were observed to
attenuate several days after hydrogen peroxide had dissipated, possibly due to re-binding to the
remaining NOM.

Figure 2.6. Zinc data from (a) Fe(III)-catalyzed hydrogen peroxide system at pH 3 and (b) Fe(III)-
chelate catalyzed hydrogen peroxide system at pH 6 (from Monahan et al., 2005). Note different
scales on the y-axis. Conditions: soil was kaolinite with sorbed metals; solids to solution ratio ¼
1 g/35 mL; chelate used as nitrilotriacetic acid (NTA); [Fe(III)] ¼ 1 mM, [Fe(III)-NTA] ¼ 1 mM;
oxidant concentration given in figure. Note: meq/L - milliequivalents per liter. Reprinted with
permission.
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2.3.2.2 Oxidative Alteration or Destruction of NOM

Largely due to the efficiency and non-specificity of hydroxyl radicals formed during its
application, CHP can result in significant modification or loss of metal-binding NOM (Sun and
Yan, 2007; Sirguey et al., 2008). In batch studies using four different soil types, Sirguey et al.
(2008) showed that in addition to destroying a large percentage of the PAH contaminants
present in the soils, hydrogen peroxide resulted in a substantial loss of organic carbon (around
75–90%). As in permanganate or ozone ISCO, destruction or modification of NOM can release
metals bound to it.

2.3.2.3 Alteration of pH

A reduction in pH is possible with CHP use, especially when acid addition is used to
enhance iron catalyst solubility in the subsurface; this approach can increase metal mobility in
the subsurface (Huling and Pivetz, 2006). Although acidification in well-buffered groundwater
usually abates naturally in a period of days, some researchers have found pH levels as low as
2.3 to persist for longer periods in weakly buffered systems (Villa et al., 2008). The potential
binding sites for metals in minerals and organic compounds include hydroxyl, carboxyl, and
nitro groups to which abundant hydrogen ions (H+) can competitively bind, aiding desorption
and solubilization of metals (Dewil et al., 2007; Villa et al., 2008). The extremely low pH can
also cause increased solubility of certain oxides and hydroxides of metals in the porous media
(Villa et al., 2008).

2.4 CONTAMINANT TREATABILITY

Because of the nonselective nature and wide reactivity of CHP chemistry, CHP has been
used to treat a variety of organic contaminants. The frequency with which common organic
contaminant classes are encountered in the CHP literature has been surveyed and is summar-
ized in Table 2.7. Most of these studies present laboratory data, since there are far fewer
rigorous field investigations. Some studies have investigated multiple contaminants and thus
the total number of instances does not equal the total number of studies. This review provides a
glimpse of the different organic contaminants that have been targeted with CHP. Studies that
have investigated CHP in aqueous systems with no porous media present vs. systems involving
porous media are distinguished. Typically, soil slurry systems are more representative of CHP-
ISCO field conditions with high oxidant concentrations, mineral surfaces, chelates, or soluble
catalysts, while the aqueous systems are more representative of traditional Fenton’s systems
with low oxidant concentrations, low pH, and soluble Fe(II) catalysts.

2.4.1 Halogenated Aliphatic Compounds

ISCO using CHP has been extensively applied to this category of contaminants, especially
the chloroethenes, in both source zones and plumes (Krembs, 2008). Sorbed or nonaqueous
phase masses are often present at sites where these chemicals have been used and their
presence can have serious effects on ISCO effectiveness. The following section reviews the
degradability of these contaminants using ISCO. Nearly all of the studies have been con-
ducted at ambient temperatures and in small well-mixed laboratory scale batch apparatus,
such as vials or flasks, with the exception of Bergendahl et al. (2003), who used a 55-gallon
batch reactor.
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2.4.1.1 Chloroethenes

Chloroethenes are the most common COCs treated by ISCO. This class of organic com-
pounds includes those containing a carbon–carbon double bond. Their degradability is well
documented in the literature. Studies involving both aqueous and soil-slurry systems indicate
that chloroethenes are readily degradable by CHP within a wide range of conditions, including
different hydrogen peroxide concentrations, iron catalysts and concentrations, and pH ranges.

Aqueous system studies have largely employed traditional methods for hydroxyl radical
(OH�) generation by using Fe(II) catalysts and low concentrations of hydrogen peroxide. These
studies generally found increased chloroethene degradation at lower pH, in part due to the
higher availability of soluble iron. However, experiments by Teel et al. (2001) reported that at
neutral pH, a non-OH� mechanism may be responsible for degradation. A number of more
recent studies using Fe(III) or mineral catalysts have implicated superoxide (O2��) as being a

Table 2.7. Susceptibility of Different Organic Compounds to Oxidative Degradation by CHP

Contaminant category

Number of
aqueous

system studies

Number of soil-
slurry system

studies Treatablity

Chlorinated aliphatic compounds 15 19

Chloroethenes 3 5 Degradable

Chloroethanes 6 0 Conditionally degradable

Chloromethanes 2 1 Conditionally degradable

Other 14 7 Conditionally degradable

Chlorinated aromatic compounds 24 14

Chlorophenols 14 7 Degradable

Chlorobenzenes 2 1 Degradable

Polychlorinated biphenyls (PCBs)/
dioxins/furans

7 6 Conditionally degradable

Other 1 0 Conditionally degradable

Hydrocarbon compounds 25 22

Benzene, toluene, ethlybenzene,
and total xylenes (BTEX)

1 3 Degradable

Total petroleum hydrocarbons
(TPH) and saturated hydrocarbons

0 9 Degradable

Methyl tert-butyl ether (MTBE) 4 1 Conditionally degradable

Phenolic compounds 10 1 Degradable

Polycyclic aromatic hydrocarbons
(PAHs)

8 8 Conditionally degradable

Other 2 0 Conditionally degradable

Other organic compounds 37 22

Explosives and nitroaromatic
compounds

8 5 Degradable

Pesticides 8 4 Conditionally degradable

Other 21 13 Conditionally degradable

Total studies 74 59
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major reactive species in CHP systems, particularly when H2O2 concentrations are high (e.g.,
3.5–35 g/L) (Watts et al., 1999a; Teel and Watts, 2002; Smith et al., 2004). Thus, the ease of
degradation observed for chloroethenes may be due in part to a susceptibility to a variety of
reaction mechanisms, both oxidative and reductive.

Degradation of chloroethenes, particularly TCE and PCE, has been demonstrated in slurry
systems using a variety of porous media types. Permeable sands have been investigated most,
but some lower permeability media, including loams and even fractured rocks, have been
studied. The pH of slurry systems is generally in the neutral to weakly acidic range, reflecting
the natural pH of the media. Because of the near-neutral pH, use of an Fe(II)-chelate complex
has been attempted to maintain iron availability. Other studies have used the natural mineralogy
of the porous media as the only catalyst. The efficacy of this approach appears to be media-
specific, depending on what iron and manganese minerals are present. Because chloroethenes
have been shown to be degradable by both oxidative and reductive mechanisms, the presence of
minerals that catalyze either type of reaction will likely improve performance. Very pure silica
sands with little iron or manganese mineralogy may support less degradation, presumably due
to the absence of these minerals (Yeh et al., 2003). However, too high of a catalytic mineral
content could also lead to excessive oxidant decomposition, making delivery in the subsurface
a challenge.

Only a few studies have evaluated intermediates or byproducts of CHP oxidation of
chloroethenes. Chen et al. (2001) tracked both total organic carbon (TOC) and chloride and
suggested that TCE was completely dechlorinated based on a nearly stoichiometric chloride
release; TOC declined accordingly, suggesting that the carbon end product of the reaction was
CO2. However, not all studies documented such efficient chloride recovery. In an aqueous
system Teel et al. (2001) noted a chloride release of only 2 mole Cl�/mole TCE with CHP at low
pH, and only 1 mole Cl�/mole TCE at neutral pH, suggesting the possibility that chlorinated
intermediates might be accumulating. Indeed, an early chemical oxidation study by Leung et al.
(1992) detected the formation of dichloroacetic and formic acids during early stages of
reaction, but these were subsequently degraded as reaction continued and complete minerali-
zation was attained. Chen et al. (2001) and Gates and Siegrist (1995) also noted a minor pH drop
over the course of reaction, suggesting that protons (H+) were produced as well, though the
complex nature of porous media-CHP interactions cannot exclusively attribute this to reaction
with chloroethenes.

2.4.1.2 Chloroethanes

Only a few studies have investigated chloroethane degradation in aqueous systems. These
have been based on the traditional Fenton’s reaction, where OH� radicals are the primary
reactive intermediate present. These systems have shown some reactivity with chloroethanes
but at reduced rates of reaction, leading to lower extents of degradation. Results from
Bergendahl et al. (2003) seem to suggest a reduced treatment efficiency with higher chlorine
content when methods emphasizing OH� activity are used. However, a very different study by
Teel and Watts (2002) using a soluble Fe(III) catalyst at low pH demonstrated substantial
degradation of fully chlorinated hexachloroethane (HCA). HCA is a highly oxidized compound,
which would make it very resistant to degradation by oxidative mechanisms. However, this
study demonstrated degradation of other highly oxidized compounds such as CT, bromo-
trichloromethane, and tetranitromethane, thus implicating a reductive mechanism believed to
be the superoxide anion (O2��). Similar research in slurry systems by Watts et al. (1999a)
demonstrated degradation of HCA and evaluated reaction products; approximately 66% of the
chlorine was released and the daughter products detected were pentachloroethane, and lesser
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amounts of 1,1,2-trichloroethane, PCE, and both cis- and trans-1,2-dichloroethene (cis-DCE,
trans-DCE). Degradation yield improved with higher hydrogen peroxide concentrations, high-
lighting the importance of higher oxidant concentrations to promote reductive mechanisms
using CHP. Gates-Anderson et al. (2001) seem to support this; they found that in a sand
with only natural mineral content to enable reaction some treatment of 1,1,1-TCA was achieved
at high oxidant concentrations. The ability of natural minerals to catalyze degradation of
chloroethanes appears to vary with media because a sandy loam characterized with a higher
free iron oxide content and using the same experimental approach failed to attain any
treatment of 1,1,1-TCA. However, treatment of the chloroethenes TCE and PCE was detected
in both media, so the reaction pathways present may have differed within the two media.
Overall, given the limited number of studies, as well as variable performance demons-
trated by CHP treatment of chloroethanes, treatability studies are advisable for sites with
these contaminants using high concentrations in the 1–10 wt.% range for hydrogen peroxide
and Fe(III) catalysts.

2.4.1.3 Halomethanes

Halomethanes have traditionally been considered to fall outside the realm of ISCO
treatment because of their highly oxidized nature, which would make them resistant to
oxidative degradation. However, recent work has provided a scientific basis for treatment of
these contaminants by CHP. Treatment of halomethanes under field conditions has not been
well documented in the literature. Laboratory studies investigating oxidation of halomethanes
have been limited to relatively pure systems, involving either aqueous phase alone or with neat
mineral or NAPL phases, but not in porous media. Hence, caution is advised in proceeding
with ISCO targeting these contaminants. It would be advisable to demonstrate the technology
with treatability or pilot studies before proceeding to full-scale implementation.

Halomethane degradation in CHP systems is likely due to reductive mechanisms. Buxton
et al. (1988) and Haag and Yao (1992) reported rate constants for OH� radical reactions with
several chlorinated and brominated methanes and found them to be much lower than typical
OH� reaction rates with other radicals or organic and inorganic compounds. In particular, CT,
a common DNAPL contaminant, has been found to be essentially unreactive with OH� radicals.

However, recent research has focused on the possible role that a superoxide anion (O2��)
may play in these systems (Teel and Watts, 2002; Smith et al., 2004, 2006; Watts et al., 2005b).
Considering the catalyst doses reported in the literature, soluble Fe(III) catalysts appear to be
the most efficient for these reactions since they promote hydroperoxyl radical (HO2�) genera-
tion via Equations 2.10–2.12 instead of OH� generation via the Fenton reaction (Equation 2.1).
This then leads to production of O2�� via the disassociation reaction in Equation 2.8. However,
solubility of Fe(III) must be maintained either through chelating agents or low pH conditions.
The use of manganese-based catalysts in both soluble and mineral forms also appears to
catalyze degradation of these highly oxidation-resistant compounds. But it appears that very
high concentrations of these manganese-based catalysts need to be present in order to promote
the reaction. These studies have typically used concentrations of hydrogen peroxide in the
1–7 wt.% range with a variety of catalysts. These higher concentrations of oxidant are impor-
tant, as demonstrated by Smith et al. (2004), because they not only promote generation of
superoxide, but the presence of hydrogen peroxide also increases the reactivity of superoxide
by improving its solvation in aqueous systems.

Currently, little information is available with respect to reaction byproducts from CHP
treatment of halomethanes. One intermediate that has been observed in off-gas from CHP
treatment of CT is phosgene gas (COCl2). Though this gas is toxic, it is not likely to pose a threat
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in groundwater or porous media because in the presence of water, it readily hydrolyzes to CO2

and hydrochloric acid, with a reported half-life of 0.026 s, so it does not persist in these
environments (ACC, 2003). However, if occupational exposure to CHP off-gases were to
occur, particularly in enclosed workspaces, this could be of concern. In terms of potential for
contaminant mineralization, Watts et al. (2005b) found an average chloride release of 2 mole
Cl/mole CT, suggesting incomplete dechlorination. However, the production of phosgene in
these systems implies that mineralization may occur after hydrolysis of this product is complete.

2.4.1.4 Other Halogenated Aliphatic Compounds

Little is known about CHP treatment of other halogenated aliphatic compounds such as
chlorinated or brominated aliphatic compounds with three or more carbon atoms. These
contaminants are not found as frequently at sites that need remediation as the other haloge-
nated aliphatic compounds. Haag and Yao (1992) reported OH� radical rate constants with 1,2-
dibromo-3-chloropropane and 1,2-dichloropropane and found that they were higher than those
of chlorinated methanes and ethanes, but still lower than most aromatic and pesticide com-
pounds. This suggests that they may be somewhat more susceptible to oxidative attack, but
more research is needed. CHP treatability studies would be advisable for any site containing
these compounds.

2.4.2 Chlorinated Aromatic Compounds

Chlorinated aromatic compounds represent another class of groundwater COCs. These
compounds include chorophenols, chlorobenzenes, PCBs, dioxins, and others and are derived
from wood preservatives, solvents, hydraulic fluids, dielectric oil, and other materials.

2.4.2.1 Chlorobenzenes and Chlorophenols

Chlorobenzenes and chlorophenols have been extensively studied (Table 2.7). These com-
pounds are grouped for discussion since they generally follow similar reaction pathways and
may be expected to co-occur in the environment. These compounds are very degradable by
CHP, particularly by hydroxyl radicals.

There are different isomers of chlorinated benzenes and chlorinated phenols. However,
most studies on reaction mechanisms have found similar degradation pathways for these
compounds. Chlorinated benzenes and chlorinated phenols are attacked by hydroxyl radicals
to form intermediate organic radicals [chloro-hydroxy-cyclohexadienyl radicals (ClHCD�)].
These radicals then undergo transformations with other aqueous reactants to form phenols
and benzene-diols (such as catechol or benzoquinone), which may be either chlorinated or
dechlorinated. Subsequent hydrolysis reactions then lead to benzene ring cleavage, and the
products often include low molecular weight carboxylic acids. Commonly detected carboxylic
acids include the fully dechlorinated oxalic and formic acids, but one study reported the
formation of 2-chloromaleic acid as well (Huling et al., 2000b). Because of their lower suscep-
tibility to hydroxyl radical attack, accumulation of these acids in solution can occur (Koyama
et al., 1994). However, in natural systems, these acids are often important food substrates and
are readily biodegraded. In rare cases, especially those where oxidant concentrations are low
and contaminant concentrations are high, the ClHCD� radicals may cause polymerization
reactions either with each other or with other organics, leading to the formation of PCBs,
hydroxychlorobiphenyls (hydroxy-PCBs), or other phenolic polymers (Sedlak and Andren,
1991b). However, these compounds themselves are subject to attack, and their formation or
accumulation is less likely in the vigorously oxidizing systems typical of CHP.
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While the reaction pathways are similar for isomers of chlorinated benzenes and chlori-
nated phenols, the kinetics may vary from one isomer to another. The position of the hydroxy-
and chloro- functional groups on the benzene ring influence the kinetics because they direct
hydroxyl radicals to attack the ring at positions either ortho- or para- to these functional groups
(Tang and Huang, 1995). Thus, different isomers of the same chlorophenols may have different
degradation rates because some will have higher susceptibility to hydroxyl radical attack
than others. Generally, these differences between isomers of the same compound (e.g., 2,4-
dichlorophenol and 3,4-dichlorophenol) appear to be smaller (less than an order of magnitude)
when compared to that of two different compounds (e.g., dichlorophenols vs. trichlorophenols),
where the differences are generally greater (more than an order of magnitude).

Another important aspect of degradation kinetics with aromatic contaminants is that
organic reaction products produced by oxidation can themselves support and accelerate the
reaction by regenerating iron as a catalyst (Lu, 2000; Lu et al., 2002). Benzene-diols, especially
catechol, have the properties of a reducing agent and may regenerate Fe(II) from Fe(III). This
supports the reaction because Fe(II) produced is immediately available to produce more
hydroxyl radicals via the Fenton reaction (Equation 2.4). Figure 2.7 gives a typical plot of con-
taminant concentration vs. time in a batch reactor with these contaminants. The plot shows
an initial lag stage where reaction proceeds slowly and the contaminant concentration declines
very slowly. This is followed by a stage of accelerating degradation, where the contaminant
concentration declines more rapidly with time (the sharp drop). The final stage of reaction is
an exponential decay of COC concentration. The acceleration phase is the period of reaction
where these diol intermediates are accumulating in solution and regenerating the iron; the lag
phase is the period of time required to accumulate suitable concentrations of these interme-
diates to support the reaction. This lag period is up to several hours long in mineral-catalyzed
systems, but it is shorter with soluble Fe(III) systems and not observed with a soluble Fe(II)
catalyst (Lu, 2000; Lu et al., 2002).

Figure 2.7. Concentrations of 2-chlorophenol (2-CP) vs. time in a catalyzed hydrogen peroxide
system (from Lu, 2000). The different curves represent different mesh sizes of the goethite catalyst
illustrating the effect of catalytic surface area on reaction. Conditions were [2-CP] ¼ 50 mg/L;
[goethite] ¼ 200 mg/L; [H2O2] ¼ 75 mg/L; [NaClO4] ¼ 0.1 M, initial pH ¼ 3, temperature ¼ 30�C.
Reprinted with permission.
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The reaction pHmay also have the potential to affect the mechanisms of CHP degradation of
chlorophenols. All phenols are organic contaminants that may act as weak acids. For some
phenolic compounds, the pKa of the contaminant is in the neutral to alkaline range (e.g., pKa
of phenol ¼ 9.99, 2-chlorophenol ¼ 8.55, 2,3-dichlorophenol ¼ 7.44, Dean, 1999). Because
the majority of the CHP research has focused on the acidic range, most of the research on
degradation and mechanisms has been under conditions where the protonated form would be
expected to be dominant. Generally, the research indicates that CHP at low pH is more
effective for degrading chlorophenols than at higher pH, but this may be due to the more
effective catalysis and production of hydroxyl radicals at this pH, rather than changes to
chlorophenol reactivity or mechanisms. However, at alkaline pH, the ionic form of phenol
would be expected to be present, and this may change its sorption (due to higher polarity) as
well as potentially change the degradation mechanisms. One major study that did look at
hydrogen peroxide degradation of chlorophenols at high pH attributed degradation to a much
different reaction mechanism (singlet oxygen) and observed different intermediates than
those at low pH (Tai and Jiang, 2005). This study employed a molybdenum catalyst instead
of an iron catalyst, so it is unknown if this different mechanism is due to the change of pH
range, the different catalyst, or both.

The degradation of these compounds within porous media has been less thoroughly
investigated than in aqueous systems. One common trend is that increases in NOM content
cause a decline in the degradation kinetics of chlorobenzenes and chlorophenols. The mechan-
isms behind this have not been thoroughly investigated but are speculated to involve a higher
degree of contaminant sorption in systems with higher NOM, as well as the possibility that the
NOM is acting as a radical or oxidant sink. Watts et al. (1994, 1999a) reported enhanced
desorption of chloroaromatic compounds in the presence of higher concentrations of peroxide,
where contaminants were degraded at rates much faster than by mass transfer mechanisms
alone, possibly indicating that some of the challenges posed by the lower solubility of these
compounds may be partially overcome by the oxidant. Nonetheless, based on data available,
high NOM groundwater systems may pose challenges to CHP ISCO of some of these con-
taminants.

2.4.2.2 Polychlorinated Biphenyls, Dioxins, and Furans

PCBs, dioxins, and furans are persistent organic contaminants that have very low aqueous
solubility and a high propensity to sorb to organic substrates in the environment. ISCO
treatment of these contaminants has been much less extensively investigated, in part because
of their low solubility, which challenges the efficiency of their degradation by an aqueous phase
oxidant. However, the literature does provide insight for their treatment by ISCO.

PCBs represent 209 different chemical compounds (congeners) sharing the biphenyl
structure and substituted with between 1 and 10 chlorines (homologs) in various positions
around the biphenyl structure. In industry, PCBs were generally produced as a mixture of
these various compounds, so where subsurface releases have occurred, a variety of congeners
will be present.

Studies that have measured reaction rates for hydroxyl radical attack on PCBs have
generally found the rates to be quite high (e.g., 109 M�1s�1), which is certainly in the range
of treatability of other organic contaminants with CHP. However, the degradation activity is
often slow, because the aqueous concentration of PCBs is so low. A novel approach by Lindsey
et al. (2003) has used a cyclodextrin ligand in conjunction with soluble iron catalyst and
hydrogen peroxide to overcome the solubility problem in treatment of PCBs. Cyclodextrins
have hydrophobic cores which strongly hydrophobic compounds like PCBs may partition into,
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and the cyclodextrin exterior has a hydrophilic site where dissolved iron may complex.
Subsequent reaction with hydrogen peroxide may result in radical generation in direct proxi-
mity to the contaminant leading to solubilization and degradation of PCBs, provided effective
contact between the cyclodextrin and PCB can be achieved.

Several investigations have examined the reaction byproducts from the treatment of PCBs
by CHP. The present understanding of the degradation mechanism is that hydroxyl radical
abstracts a hydrogen atom preferentially from one of the non-chlorine substituted positions on
the PCB molecule, generating a hydroxy-PCB reaction intermediate. Indeed, hydroxy-PCBs and
possibly dihydroxy-PCBs have been observed by Sedlak and Andren (1991a). Further reaction
pathways beyond these intermediates or reaction pathways involving other radicals known to be
produced by CHP (such as superoxide anion [O2��] or perhydroxyl radical [HO2�]) are largely
unknown. Koyama et al. (1994) reported the formation of oxalic and formic acids in a system
investigating PCB oxidation by hydrogen peroxide, suggesting that further reaction and ring
cleavage does occur.

The rate and extent of degradation of a given PCB varies by congener. Sedlak and Andren
(1991a) investigated the degradation of Aroclor-1242 and found that the more highly chlorinated
homologs degraded more slowly than the less chlorinated homologs. They also found that
within each homolog group, the congeners that had chlorines substituted in the ortho- positions
degraded more slowly than those with chorine substituted in the meta- or para- positions. Due
to these differing rates of reaction, treatment of a PCBmixture might lead to enrichment of the
slower degrading PCBs over time, as the faster reacting PCBs are depleted from the system
(Manzano et al., 2004). However, the rates generally seem to vary less than one order of
magnitude and the extent of this effect is unknown.

Treatment of PCBs adsorbed to field porous media is less explored than systems evaluating
PCB degradation in aqueous systems. Osgerby et al. (2004) reported on the degradation of PCBs
from two volcanic field soils and found that the conditions under which CHP would degrade
PCBs were different for the two soils, and highly pH-dependent. Fe(III) catalysts were the most
effective, and alkaline (~pH 9) to strongly alkaline (~pH 13–14) conditions catalyzed the best
degradation, possibly indicating that superoxide is a contributor to the reactivity of these systems.
However, CHP implementation at alkaline pH may be difficult because the lifetime of hydrogen
peroxide at these pH levels is very short. Under acidic conditions, effective degradation was seen
in one soil but not the other, and neither was effective at neutral pH. Manzano et al. (2004) found
that in a silica sand river sediment, low catalyst doses, an optimal hydrogen peroxide concentra-
tion of 5%, and elevated temperatures led to higher extents of degradation, and up to 82%
dechlorination was observed for an Aroclor-1242 mixture.

Dioxins and furans represent a category of contaminants similar in nature to PCBs and are
known for their toxicity at very low concentrations. The degradation of these contaminants by
CHP has been investigated in only a few studies. Mino et al. (2004) found that Fe(II) catalyzed
systems were slow to initiate degradation of 2,7-dichlorodibenzo-p-dioxin (DCDD), but Fe(III)
catalysts were able to catalyze degradation and chloride liberation. Presumably, Fe(II) systems
only initiated degradation once Fe(III) had been produced by Fenton’s reaction. This lack of
degradation in an environment where hydroxyl radical activity is expected to be high indicates
that the degradation of DCDD proceeds by some other mechanism. Mino et al. (2004)
hypothesized that the ferryl ion [Fe(IV)] was responsible for this degradation but did not
embark on mechanistic experiments to determine the reactive species. However, the reac-
tion of Fe(III) with hydrogen peroxide would be expected to produce the perhydroxyl
radical (HO2�) based on reactions shown in Equations 2.10–2.12; it is unclear if this species
plays a role in the degradation as well. 4-Chlorocatechol was detected as a byproduct, suggest-
ing that the multi-ring dioxin structure was being cleaved. Watts et al. (1991a) investigated the
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degradation of octachlorodibenzo-p-dioxin (OCDD) in soil and found that degradation extent
was inversely related to the NOM content of a soil. This is a similar trend to that found with the
treatment of chlorinated benzenes and phenols and may indicate low treatment efficiency due
to either sorption processes or NOM acting as a radical sink.

2.4.3 Fuel Hydrocarbons

Fuel hydrocarbons encompass a wide range of organic contaminants contained in common
fuel mixtures such as gasoline, diesel, jet fuel, crude oil, and others, as well as additives made to
these mixtures. Because spills into the subsurface often involve light nonaqueous phase liquid
(LNAPL) releases, the contaminant mass in nonaqueous and sorbed phases may be high, which
can affect CHP treatment. Because of the large variety of compounds that may be encountered
at a fuel hydrocarbon release site, regulatory approaches often require reductions of only
certain compounds, such as MTBE or BTEX, or a summation of compounds as determined by
one method (e.g., TPH). Thus, application of CHP may need to be targeted at a specific
contaminant present in the mixture, or some portion of the hydrocarbon mass, depending on
the objective of the remediation.

Care should be taken when applying CHP to these contaminants because the application of
CHP can result in heat generation and oxygen gas evolution, which in turn can create
flammable or explosive mixtures in the subsurface when fuel hydrocarbons are present in
large concentrations.

2.4.3.1 Methyl Tert-Butyl Ether

Several investigations have generally found that MTBE is readily transformed (e.g., >90–
99%) by CHP treatment, but mineralization of the contaminant (to CO2 and H2O) is difficult.
Burbano et al. (2005) noted that even under the most effective conditions determined by their
study in an aqueous system, only 32% of the carbon content of MTBE was mineralized to CO2.
Instead, a series of intermediate and byproduct compounds have been regularly detected. These
include tert-butyl formate (TBF), TBA, acetone, and methyl acetate (Burbano et al., 2002;
Neppolian et al., 2002; Ray et al., 2002; Burbano et al., 2005). These intermediates are slower
to react with CHP than MTBE and may therefore accumulate in solution over the course of
treatment. Subsequent degradation of TBF and TBA appears to lead to acetone formation, which
is very slow to react with CHP, while methyl acetate is formed by a different pathway (Burbano
et al., 2002). Acetone generationmay be significant with concentrations in some systems reaching
almost a third of the initial MTBE concentration (molar basis). However, acetone is biodegrad-
able, so it may not be of significant risk if CHP fails to completely mineralize MTBE. CHP at
acidic pH appears to be more effective at degrading MTBE than at neutral pH.

2.4.3.2 Benzene, Toluene, Ethylbenzene, and Total Xylenes

BTEX is a common group of COCs targeted for ISCO treatment using CHP. These
aromatic compounds have been found to be readily degradable by hydroxyl radicals; phenols,
catechols, and quinones are often reactive intermediates detected during their oxidation. Much
like the reactions observed in the treatment of chlorobenzenes and chlorophenols, these
catechols and quinones may serve to support the CHP reaction by reducing iron to Fe(II),
thus regenerating the catalyst. Ring opening occurs and the byproducts often include low
molecular weight organic acids, such as formic and oxalic acids (Watts and Teel, 2005). There is
evidence that CHP treatment may also improve BTEX desorption by mechanisms other than
strictly degradation mechanisms (Watts et al., 1999a).
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2.4.3.3 Total Petroleum Hydrocarbons and Fuel Mixtures

The use of CHP to degrade mixtures of fuel hydrocarbons either in LNAPL form or sorbed
to soil has been investigated. Fuels are complex mixtures of organic chemicals but often can be
characterized as having several major fractions, including an aromatic fraction and an aliphatic
fraction. The aliphatic fraction includes chain hydrocarbons, while the aromatic fraction includes
benzene-related compounds. In addition to these two fractions, there is often a continuum of
molecular weights, ranging from low carbon number molecules (6–10 carbon atoms per mole-
cule) to very high carbon number molecules (30–34 carbon atoms per molecule). The nature of
the fuel release will influence the relative abundance of these various compounds, with gasoline
and diesel spills having lower carbon fractions than crude or bunker oil releases.

Investigations of CHP treatment of fuel hydrocarbons in soil and groundwater have
revealed two major trends. First, the degradation of the aromatic fractions proceeds more
rapidly than degradation of the aliphatic fractions. This is not surprising, given the affinity of
the hydroxyl radical for attacking electron-rich aromatic rings. Thus, the aromatic fraction will
be depleted more rapidly than the aliphatic fraction, representing a potential advantage of CHP
treatment of these hydrocarbon wastes because much of the toxicity of fuel spills is associated
with the aromatic fraction (e.g., BTEX) (Watts et al., 2000). The other major finding is that low
carbon number compounds are more rapidly degraded than higher carbon number compounds;
this may be due in part to higher carbon number compounds lower solubility and stronger
tendency to sorb to subsurface media. As a result, the reductions in TPH that are achievable
with CHP may depend on the type of fuel initially spilled and will generally not lead to complete
degradation.

In CHP treatment of a soil with diesel sorbed at 1,000 mg/kg, a 99% reduction in diesel
range organics was observed (Watts and Dilly, 1996). Other results have shown a 50% TPH
reduction to be typical in the CHP treatment of a diesel–kerosene mixture (Kong et al., 1998). In
the CHP treatment of a crude oil mixture, the maximum reduction in TPH obtained under the
conditions studied was 31% (Millioli et al., 2003). Mineralization of the fuel hydrocarbon
contaminants to CO2 may lag even further. A system evaluated by Xu et al. (2006) found
that while reductions in diesel range organics in porous media could exceed 93%, only 5–12% of
the initial contaminant carbon content was mineralized to CO2.

Because mineralization of TPH contaminants to CO2 lags behind their degradation by CHP,
intermediates and byproducts of CHP treatment of fuel hydrocarbons should be considered.
Ndjou’ou and Cassidy (2006) evaluated the physical and chemical properties of byproducts
produced during the reaction of CHP with fuel hydrocarbon contaminants and found that a
series of alcohols, aldehydes, ketones, and carboxylic acids are produced. These intermediates
and byproducts may exhibit the properties of a surfactant, with hydrophilic functional groups
imparted by the oxidation reaction and by hydrophobic hydrocarbon chains. They found that the
concentrations of these surfactant-like intermediates could become so high that they exceeded
the critical micelle concentration (CMC) by as much as a factor of 4. As a result, enhanced
solubilization of the fuel hydrocarbon contaminants was observed. These intermediates were
also susceptible to further degradation by CHP if suitable oxidant was still available to react.
Biodegradation could also occur simultaneously within the system.

2.4.4 Polycyclic Aromatic Hydrocarbons

PAHs represent a category of pollutant that is often associated with creosote, coal tar,
manufactured gas plant (MGP) residuals, and other hydrocarbon contaminant releases. These
contaminants, like fuel hydrocarbons (and often a minor component of fuel-based wastes)
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contain a wide variety of chemical compounds and structures. PAHs share in common multiple
aromatic benzene rings bonded to each other. The positions on the exterior may simply be
occupied by hydrogen atoms or may be substituted by other hydrocarbon functional groups
such as methyl or ethyl. PAHs are compounds of low to very low aqueous solubility, so they
partition strongly to the sorbed phase associated with NOM. In addition to containing PAHs,
contaminant releases often contain other lighter hydrocarbon components, such as phenols and
cresols, as well as aliphatic and aromatic fuel hydrocarbons. In complex mixtures of organic
contaminants, one trend often observed with their CHP treatment is that components of the
mixture that are either more soluble or more oxidizable are degraded at faster rates than the
less soluble or less oxidizable components, leading to enrichment of the remaining components
in the contaminant mixture over time (Forsey, 2004).

CHP oxidation of PAHs in aqueous and porous media systems is strongly affected by their
sorption to NOM and subsurface solids. The nature and amount of NOM in the contaminated
media to be treated has a significant influence on the effectiveness of CHP with PAH wastes.
Bogan and Trbovic (2003) observed a complex relationship between the organic carbon (foc)
content of porous media and the extent of PAH degradation. They found that increasing NOM
content led to improved PAH degradation and was maximized at a foc of about 0.05; above that
level, increasing NOM decreased performance. They also found that PAHs with a large number
of rings (4–5) were more readily degraded in porous media that had not aged and more readily
than PAHs with fewer rings (2–3). In all cases, the more the contamination aged, the more
treatability was reduced for all PAHs. They hypothesized that the complex relationship between
foc and extent of treatment could be explained since low foc porous media contain relatively
condensed or highly humified NOM fractions that sorb PAHs strongly, while at optimum foc
values, NOM has a larger fraction that is less condensed and may reversibly sorb PAHs, allowing
high treatment effectiveness. At very high foc, the magnitude of sorption is too extreme for the
aqueous oxidant to contact the contaminant. To explain the apparent higher treatability of 4- to
5-ring PAHs, which would seem counterintuitive, they hypothesized that rate-limited sorption
may play a role, where the larger PAHs take more time to migrate through and sequester
themselves in the NOM matrix than the smaller PAHs. This would seem to be the case observed
by Lundstedt et al. (2006), where in a highly aged mixture of PAHs, the larger 4- to 5-ring PAHs
were treated to a lower degree, presumably because of their lower rates of desorption. Thus, the
more highly aged the PAH spill, the more difficult it is to degrade the contaminant mass using
hydrogen peroxide. Use of cosolvents, surfactants, or cyclodextrines may improve performance
when treating sorbed PAHs (Lindsey et al., 2003; Lundstedt et al., 2006).

Given the complex structures of PAH contaminants, it is not surprising that various
intermediates may be formed during oxidation. In theory, it would require numerous oxidation
reactions by OH� to fully mineralize a PAH containing three or more aromatic rings. Lundstedt
et al. (2006) monitored for intermediates and found that a number of oxy-PAHs were formed.
They also observed a series of quinones and ketones, which is in line with products observed
during the oxidation of other aromatic contaminants. Kanel et al. (2003) also observed the
generation of salicylic acid from oxidation of phenanthrene. Low molecular weight organic
acids, such as acetic, formic, and oxalic acids, are also likely to be produced. Because of their
large structure and the inherent inefficiencies associated with oxidizing contaminants with
CHP, attaining complete mineralization of PAH contaminants may be quite difficult. This
difficulty is illustrated by Watts et al. (2002), where in treating benzo(a)pyrene in a soil slurry
system, the stoichiometry of hydrogen peroxide to benzo(a)pyrene needed for 85% mineraliza-
tion of the contaminant to CO2 was in the range of 1,000:1–10,000:1.

Phenols and cresols are common contaminants that often co-occur with PAH contami-
nated wastes, such as coal tar or creosote. The degradation of these compounds by CHP and
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their reaction pathways have been extensively documented in the literature, and chlorophe-
nols and nitrophenols follow similar trends. Phenols typically show autocatalytic kinetic
behavior when oxidized in CHP systems, especially those using Fe(III) catalysts, as the
reaction of hydroxyl radicals with phenols typically produces hydroquinone or catechol,
which are both effective complexing and reducing agents for Fe(III). Thus, these systems
typically show an initial slow phase of reaction, followed by accelerating rates of reaction as
the hydroquinone and catechol concentrations build (see Figure 2.7). The reaction pace then
slows as the phenols and their reductive intermediates are depleted from the system (Chen
and Pignatello, 1997). The subsequent breakdown of these aromatic intermediates leads to
production of a series of carboxylic acids, particularly formic, oxalic, acetic and maleic acids,
with lesser amounts of fumaric, malonic, and muconic acids (Zazo et al., 2005). However, if
significant numbers of organic radicals are formed during the reaction, polymerization
reactions can occur as well, forming aromatic polymer chains, which is more likely to
occur if contaminant concentrations are high and oxidant concentrations are low (Zazo
et al., 2005). Cresols generally appear to behave similarly to phenol in CHP systems.

2.4.5 High Explosives, Nitro- and Amino-Organic Compounds

High explosives include organic compounds that often contain nitrogen in an oxidized
(nitro) form and sometimes in a reduced (amino) form as well. These compounds are common
contaminants at munitions sites and places of their manufacture and may be present in pure
solid phase or in dissolved and sorbed phases. In comparison to chlorinated solvent and
hydrocarbon contaminants, the degradation by CHP of these organic compounds is less well
investigated. However, the literature does provide information on the degradability of some of
these organic contaminants, especially TNT and RDX. Elevated temperature (40–45�C) instead
of ambient temperature dramatically improves both the rate and extent of degradation,
especially for TNT. This improved reactivity at elevated temperature may be due in part to
the higher solubility of TNT (Li et al., 1997b), in addition to alteration of the kinetic rates of
reaction. Bier et al. (1999) reported up to 80% carbon mineralization of RDX in a CHP system,
with both nitrate and ammonia detected as byproducts, as well as formic acid and methylene-
dinitraamine intermediates.

Other nitroaromatics appear to degrade in a similar manner to chlorobenzenes and chlor-
ophenols in terms of both kinetics and reaction pathways. Hydroxyl radicals attack hydroxylate
sites on the aromatic ring, giving nitrophenol from nitrobenzene. In addition, a lag phase in
the kinetics is noted similar to oxidation reactions involving chlorophenols (see Figure 2.7), for
which degradation kinetics are initially slow in a Fe(III) catalyzed system and then accelerates
with time followed by exponential decay. In chlorophenol systems, this behavior is attributed to
the accumulation of catechols and quinones, which have reducing capabilities and may regen-
erate Fe(III) to Fe(II). The lag phase is the period of time needed to accumulate a sufficient
quantity of Fe(II) to support the reaction. In addition, Rodriguez et al. (2003) reported that
when oxygen was present in solution, the perhydroxyl radical was generated as a byproduct of
the reaction between CHP and nitrobenzene, providing evidence that dissolved oxygen may
support the reaction. Teel and Watts (2002) reported on the degradation of the highly oxidized
compound tetranitromethane and found that it was degradable by CHP under conditions where
superoxide is expected to form but was not degraded by hydroxyl radicals. Other organic
compounds containing nitro or amino groups have not been investigated as extensively.
Quinoline and nitrobenzene often have been employed as hydroxyl radical probes because of
their known reactivity with hydroxyl radicals.
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2.4.6 Pesticides

Pesticides encompass a broad category of compounds with a wide variety of structures
and formulas that have been developed exclusively for their toxicity towards certain plants,
animals, insects, fungi, or microbes. ISCO has not been used to treat these compounds because
the nature of their use often involves large, low level aerial applications for which ISCO is not
typically well suited. However, where such compounds have been released to the environment
as point sources or in areas where high concentrations are targeted for remediation, ISCO using
CHP may be effective. Given the various chemical structures that pesticides exhibit, the
transformation pathways and mechanisms for individual compounds may not be well estab-
lished. Thus, in cases where the chemistry associated with contaminant transformations is not
well known, treatability studies will be needed.

One common theme found in studies of CHP degradation of pesticides is that solubility or
degree of sorption affects the rate and extent of treatment achievable; higher solubility, less
strongly sorbed pesticides may be degraded more rapidly and to greater extents (Tyre et al.,
1991; Wang and Lemley, 2004).

Two pesticides that have been more extensively studied with CHP oxidation are the
herbicides 2,4-dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic acid
(2,4,5-T). The oxidation of these related compounds in CHP systems (acidic pH, low oxidant
concentration, Fe(II) catalyst) often involves the release of mono-, di-, and tri-chlorophenols,
after which the reaction proceeds as described for chlorophenols (Pignatello, 1992; Tarr et al.,
2002; Chu et al., 2004). 2,4,5-T has slower kinetics than 2,4-D. Pignatello and Baehr (1994)
reported that nearly 100% stoichiometric chloride release could be attained for 2,4-D in a sandy
loam using chelated Fe(III) catalysts at neutral pH. However, only a small amount of the
contaminant was completely mineralized to CO2. Little information is available on CHP
degradation of other pesticides.

2.4.7 Sorbed or NAPL Contaminants

CHP has demonstrated potential for effectively treating sorbed and NAPL phase organic
contaminants both in laboratory studies and in the field. Results indicate that contaminant mass
transfer and transport processes may be accelerated by the use of CHP (Watts et al., 1999a;
Lindsey et al., 2003; Ndjou’ou and Cassidy, 2006; Smith et al., 2006). However, CHP studies
evaluating NAPLs and sorbed phases have utilized experimental conditions not fully represen-
tative of subsurface mass transfer and transport processes. Typically, studies have been done in
batch reactors that are either completely mixed or stagnant. Dissolution or desorption rates in
the literature often have been measured relative to changes in aqueous concentration gradients
that are artificially imparted in a batch system, such as by continuous flow of gas through a vial
(for volatile contaminants) or by aqueous fill and draw methods. In the subsurface environ-
ment, desorption and NAPL dissolution rates tend to be dominated by advective groundwater
flow, mechanical dispersion, and molecular diffusion. The magnitude of each of these pro-
cesses is often controlled by site-specific parameters, such as groundwater gradients, site
permeability, and heterogeneity.

Nonetheless, the studies in the literature do provide some insight about how various mass
transfer processes may be impacted by CHP. For contaminants present in either sorbed or
NAPL phase, CHP has the potential to increase mass transfer by rapidly degrading aqueous
phase contamination in pore spaces adjacent to the NAPL-water interface or sorption sites,
provided there is effective oxidant delivery. This degradation reaction drives more aqueous
dissolution and can significantly enhance NAPL dissolution rates over rates that occur under
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ambient conditions of advective transport alone. By analogy to permanganate-based ISCO
research, such mass depletion rate enhancements may be significant, as dissolution rates have
been observed to increase in response to an oxidant as much as 15 times or more (Reitsma and
Dai, 2001; Petri et al., 2008).

Recent studies have demonstrated that reactive species generated during CHP can also
actively promote the dissolution of DNAPLs well beyond their maximum natural rates of
dissolution. Smith et al. (2006) investigated the enhanced dissolution of carbon tetrachloride
and chloroform DNAPLs. By generating hydroxyl radical, superoxide anion, and hydroperox-
ide anion in separate reactions, they determined that superoxide enhanced DNAPL dissolution
(Figure 2.8).

Figure 2.8. Mass balance data demonstrating enhanced DNAPL dissolution by CHP. Data for
carbon tetrachloride (a) and chloroform (b) shows that the DNAPL mass declines much faster
when CHP is present vs. a gas purge control where CHP is not present. The gas purge control
represents the maximum mass transfer rate possible by volatilization. From Smith et al., 2006.
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In addition, Watts et al. (1999a) reported that some of the reactive species formed by CHP
may enhance the desorption of sorbed contaminants in a manner beyond simply degrading the
contaminant in the aqueous phase. Corbin et al. (2007) isolated the reactive species in CHP
reactions that is responsible for enhanced contaminant desorption. They conducted reactions
that generated one of the following reaction species: hydroxyl radical, hydroperoxide anion,
and superoxide anion. Superoxide was the reactive oxygen species responsible for enhanced
contaminant desorption. Therefore, some of the reactive oxygen intermediates formed during
CHP oxidation, including superoxide, may act as surfactants or have other properties that
enhance solubilization of hydrophobic contaminants. Organic intermediates produced by
contaminant degradation reactions may contribute as well. Ndjou’ou and Cassidy (2006)
reported that the organic intermediates generated from CHP oxidation of some complex
organic wastes, such as NAPL phase fuel hydrocarbons, may produce organic surfactants as
intermediates during the reaction, and these can even become concentrated enough in solution
that they exceed the CMC. These results are presented in Figure 2.9, showing the surface
tension, CMC, and enhanced solubilization of total petroleum hydrocarbons. Thus, enhanced
solubilization of the remaining contaminant may occur, increasing its availability for aqueous
degradation reactions.

Research has shown, however, that for increasing contaminant hydrophobicity and sorp-
tion, CHP reaction efficiency will decrease, posing a challenge to effective treatment with CHP
(Quan et al., 2003; Lundstedt et al., 2006; Watts et al., 2008). Furthermore, Bogan and Trbovic
(2003) found the extent of treatment that can be achieved declines with increased contaminant
aging. Thus high organic content media containing contaminants where a spill occurred long
ago will probably be treated with lower efficiency and effectiveness than porous media in which
spills were recent. Thus, while CHP provides mechanisms in which desorption and degradation
are enhanced over ambient groundwater dissolution conditions, the absolute rates of these
processes are still strongly site-specific depending on the NOM, the contaminants present, and
the amount of time they have had to age.

Figure 2.9. Data showing surfactant production and enhanced solubilization of total petroleum
hydrocarbons in a Fe(III)-chelate CHP system. Conditions: field soil contaminated with
10,600 � 850 mg/kg TPH; solids to solution ratio of 4 g/10 mL; [Fe(III)] ¼ 40 mg/L, [EDTA] ¼
6mg/L; [H2O2] ¼ 10 g/L; initial pH ¼ 8. FromNdjou’ou andCassidy, 2006; reprintedwith permission.
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Byproducts of CHP reactions also have been shown to include heat and off-gassing,
which have the potential to influence treatment of sorbed or NAPL contaminants, though the
significance of these effects have not been quantified. Because heat can be a significant
byproduct of CHP reactions, especially in areas of vigorous reaction, elevation of tempera-
ture can occur in subsurface systems. In general, the aqueous solubility limit of organic
contaminants generally increases with temperature, as do the kinetics of degradation reac-
tions (see Section 2.2.5.4). While these changes are transient, they have implications for
NAPL mass transfer. Furthermore, rapid off-gassing, which is a common attribute of CHP
injections, and rapid heat evolution have the potential to increase dispersion in more
permeable subsurface formations. Dispersion might further enhance NAPL dissolution.
Gas evolution also has the potential to influence NAPL mass transfer and mass depletion
rates through volatilization of VOCs and through evolving vapor plumes. Vapor plumes in
the subsurface migrate upward, often spreading laterally when they encounter low perme-
ability zones (Tomlinson et al., 2003). VOCs within such gas plumes can then re-dissolve into
groundwater that is contacted as the gas rises. The potential for gas evolution should be
considered during design of CHP systems. The additional dispersion processes could be
beneficial for enhancing contaminant-oxidant contact, but care should be exercised to not
generate uncontrolled or hazardous situations.

2.5 SUMMARY

CHP has a complex chemistry that is capable of degrading a wide variety of organic
compounds. This wide reactivity is due to the ability of CHP to generate a large number of
reactive radicals through propagation reactions, which have both oxidative and reductive
capabilities. These radicals are produced via reactions between hydrogen peroxide and cata-
lysts. A wide variety of catalysts have been investigated, including soluble iron salts, soil
minerals, and novel iron-organic ligand complexes (chelates). Hydroxyl radicals traditionally
have been viewed as the main reactive species in CHP reactions, as they are strong non-specific
oxidants that react broadly with organic compounds. Recently, the importance of other radical
species has been explored and it has been found that CHP, through the action of superoxide, as
well as possibly other intermediates, may degrade highly oxidized organic contaminants (such
as halogenated methanes) through reduction reactions. These non-hydroxyl radical species
also contribute to the enhanced desorption and NAPL dissolution that can occur in CHP
systems. Typically the byproducts of CHP reactions include inorganic salts, carbon dioxide,
and other organic compounds, most commonly carboxylic acids.

While CHP has been shown to degrade a wide variety of organic contaminants, the
efficiency and effectiveness of CHP treatment is variable. Optimized chemistries can achieve
rapid and significant degradation of target contaminants in aqueous, sorbed, and even NAPL
phases. However, other systems may be challenged by a number of interactions between CHP
and constituents in soil and groundwater. If present in high concentrations, other reactants
may out-compete the contaminant for the oxidant and thus cause limited contaminant degra-
dation. Also, sorption of highly hydrophobic contaminants is a challenge in CHP treatment
because the oxidant is short lived in the subsurface and there is limited contact time for
desorption reactions to occur. Nonetheless, CHP does provide some mechanisms to enhance
desorption rates over ambient conditions, which offers an improvement in rate over sites
relying on natural attenuation alone to decrease contaminant sorbed masses.

Finally, effective CHP delivery into the subsurface is needed to achieve effective ground-
water remediation. Within the subsurface, oxidant persistence is low and is influenced by a
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number of site-specific conditions and ISCO design parameters. Longer oxidant persistence is
generally desired with CHP to increase reaction time. Use of optimized injection strategies or
stabilizers may help improve oxidant persistence and treatment effectiveness.
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