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In-Situ Chemical Oxidation

I. INTRODUCTION

I.A. Background

In-situ chemical oxidation involves the introduction of a chemical oxidant into the
subsurface for the purpose of transforming ground-water or soil contaminants into less harmful
chemical species. There are several different forms of oxidants that have been used for ISCO;
however, the focus of this course will be on the four most commonly used oxidants:

permanganate (MnQO,), hydrogen perox1de (H,O,) and iron (Fe) (Fenton-driven, or
H,0, derived oxidation), persulfate (S,05>), and ozone (Os) (Table 1). The type and physical
form of the oxidant indicates the general materials handling and injection requirements. The
persistence of the oxidant in the subsurface is important since this affects the contact time for
advective and diffusive transport and ultimately the delivery of oxidant to targeted zones in the
subsurface. For example, permanganate persists for long periods of time, and diffusion into
low-permeability materials and greater transport distances through porous media are possible
H,0, has been reported to persist in soil and aquifer material for minutes to hours, and the
diffusive and advective transport distances w111 be relatively limited. Radical intermediates
formed using some oxidants (H,0,, S,0¢>, Os) that are largely responsible for various
contaminant transformations react very quickly and persist for very short periods of time (<1
sec).



Table 1. Oxidant Form, Stability, Stage of Development and Oxidation Potential for Oxidants Used for In-Situ Chemical

Oxidation
Oxidant Reactive Species Form Persistence " Stage of Development
Permanganate MnO, powder/liquid >3 months developing
Fenton’s ‘OH,-O,_,"HO,,HO, liquid minutes - hours experimental/emerging
Ozone 0O,,-OH gas minutes - hours experimental/emerging
Persulfate -80,% powder/liquid hours - weeks experimental/emerging

Oxidant and Reactions

Electrode Potential (Ey,) @

Permanganate

MnO, +4H" +3e ———> MnO,+2H,0
Fenton’s (H,O, Derived Reactants)

H0, +2H +2¢ ——> 2H20
2-OH+2H +2e ——> 2H0

‘HO, +2H" +2e ——> 2H0

‘0. +4H +3e ——> 2H0

HO, +H,0+2¢ ——> 30H

Ozone

O;+2H +2¢ —> 0O, +H,0
203+3H,0,—> 402+2-0H+2H,0
Persulfate

S0 +2e —> 2807

S0, +& —> SO,

1.7 V (permanganate ion) 1)
1.8 V (hydrogen peroxide)
2.8V (hydroxyl radical)

1.7 V (perhydroxyl radical)

@)
®)
)
()
©6)

-2.4 V (superoxide radical)

-0.88 V (hydroperoxide anion)

2.1V (ozone)
2.8V (hydroxyl radical, see rxn 3)

7)
®)

2.1V (persulfate)
2.6V (sulfate radical)

©)
(10)

2 Reactive species in parentheses; reduction potential is negative.

1 Persistence of the oxidant varies depending on site-specific conditions. Durations specified here are based on general observations.

Permanganate-based ISCO is more fully developed than
other oxidants. Widespread use of in-situ permanganate
oxidation involving a diversity of contaminants and geo-
logical environments under well-documented pilot- and
field-scale conditions (in conjunction with long-term

monitoring data and cost information) has contributed
to the development of the infrastructure needed to sup-
port decisions to design and deploy permanganate ISCO
systems. However, additional research and development
is needed. Fenton-driven ISCO has been deployed at a
large number of sites and involves a variety of approaches
and methods involving the use of hydrogen peroxide
(H,0O,) and iron (Fe). In general, Fenton chemistry and
in-situ Fenton oxidation is complex, involves numerous
reactive intermediates and mechanisms, and technology
development has been slower. Ozone (Oj3) is a strong
oxidant that has been used in the subsurface but in much
more limited application than permanganate and Fenton-
driven oxidation. Persulfate (S,05”) is a relatively new
form of oxidant that has mainly been investigated at
bench-scale. However, considerable research and applied

use of this oxidant at an increasing number of field sites is
resulting in rapid development. The electrode (oxida-
tion) potential of the oxidant and reactive species (Table
1) is a measure of the oxidizing strength of the reactive
species, but is not a measure of the reaction rate with dif-
ferent organic compounds.

Site-specific conditions and parameters, in conjunction
with oxidant-specific characteristics, must be carefully
considered to determine whether ISCO is a viable tech-
nology for deployment relative to other candidate tech-
nologies, and to determine which oxidant is most
appropriate. These issues and the advantages and disad-
vantages of each oxidant are discussed in detail.

The breadth of ground-water contaminants amenable to
transformation via various oxidants is large. That is,
many environmental contaminants react at moderately
high rates with these oxidants. Therefore, a wide range
of contaminant classes are amenable to chemical oxida-
tive treatment (Table 2). Mixtures of contaminants may






require treatment trains involving the sequential applica-
tion of technologies to accomplish the treatment objec-
tive. Chemical oxidation can be deployed under a variety
of applications, i.e., in either the unsaturated or saturated
zones, or possibly above-ground, and under a variety of
hydrogeologic environments. In this course, the focus
is on ISCO. There are potential advantages and
disadvantages of ISCO that should be assessed when con-
sidering the deployment of this technology.

Advantages:

* Applicable to a wide range of contaminants.

» Contaminants are destroyed in-situ.

* In-situ treatment may reduce costs incurred
by other technologies such as pump and treat,
MNA, etc.

* Aqueous, sorbed, and non-aqueous phases of
contaminants are transformed.

* Enhanced mass transfer (enhanced desorption
and NAPL dissolution).

* Heat from H,O, reactions enhances mass
transfer, reaction rates, and microbial activity.

* Potentially enhances post-oxidation microbial
activity and natural attenuation.

* Cost competitive with other candidate
technologies.

* Relatively fast treatment.

Disadvantages:

* Oxidant delivery problems due to reactive
transport and aquifer heterogeneities.

* Natural oxidant demand may be high in some
soil/aquifers.

* Short persistence of some oxidants due to fast
reaction rates in the subsurface.

* Health and safety issues regarding the handling
of strong oxidants.

* Potential contaminant mobilization.

* Potential permeability reduction.

* Limitations for application at heavily
contaminated sites.

+ Contaminant mixtures may require treatment
trains.

* May have less oxidant/hydraulic control relative
to other remedial technologies.

1.B. Definition

Chemical oxidation is a process in which the oxidation
state of a substance is increased. In general, the oxidant
is reduced by accepting electrons released from the trans-
formation (oxidation) of target and non-target reactive
species. Oxidation of non-target species, including

reduced inorganics in the subsurface, also involves the
loss of electrons; however, the main target during ISCO
involves organic chemicals. Oxidation of organic com-
pounds may include oxygen addition, hydrogen abstrac-
tion (removal), and/or withdrawal of electrons with or
without the withdrawal of protons. The main objective
of chemical oxidation is to transform undesirable chemi-
cal species into species that are harmless or nonobjec-
tionable. For example, oxidation of trichloroethylene
(TCE) and perchloroethylene (PCE) may produce reac-
tion byproducts that include dichloroacetaldehyde and
dichloroacetic acid, compounds with lower toxicity.
Similarly, oxidation of phenolic compounds may pro-
duce an assortment of carboxylic acids (Huling et al.,
1998) that are nontoxic. Oxidation of these byproducts
to CO, and H,O could be accomplished through addi-
tional oxidative treatment and expense, but may not be
practical for economic purposes. These reaction byprod-
ucts may also serve as microbial substrate for natural
attenuation processes.

I.C. Process Fundamentals

In oxidative treatment systems, numerous reactions could
potentially occur, including acid/base reactions, adsorp-
tion/desorption, dissolution, hydrolysis, ion exchange,
oxidation/reduction, precipitation, etc. In environmen-
tal systems there is a wide array of reactants and condi-
tions that influence reaction rates and pathways that vary
from site to site. Often, numerous reactions are required
to achieve innocuous end products, and many of the reac-
tion intermediates are never identified. The general reac-
tions presented in this course represent a simplified
set of reactions; however, a much broader and more com-
plex set of reactions is expected under field conditions.

I.C.1. In-Situ Permanganate Oxidation
[.C.1.a. Chemical Reactions

Reaction 1 (Table 3) is the 3-electron half reaction for
permanganate (MnQ,_) oxidation under most environ-
mental conditions (pH 3.5 to 12). One of the reaction
byproducts is MnO,, and in the pH range of 3.5 to 12 it is
a solid precipitate. Under acidic conditions (pH <3.5),
Mn in solution or in colloidal form may be present in
different redox-dependent oxidative states (Mn+2, +4, +7).
Additionally, under strongly alkaline conditions, Mn may
be present as Mn+s. Under conditions where pH is <3.5
and >12, 5-electron and 1-electron transfer reactions
occur, respectively (Table 3, half reactions 2 and 3).
Reactions 1 to 3 illustrate the general permanganate reac-
tions in the subsurface. Overall, permanganate oxidation



potentially involves various electron transfer reactions
(reactions 1 to 3), but is generally considered indepen-
dent of pH in the range of 4 to 8.

Reactions 4 to 7 (Table 3) illustrate the oxidation of per-
chloroethylene (PCE), trichloroethylene (TCE), dichlo-
roethylene (DCE), and vinyl chloride (VC), respectively.
Examination of these balanced redox reactions indicate
that the oxidant demand is inversely correlated with chlo-
rine substitution. For example, the stoichiometric
requirement for PCE, TCE, DCE, and VC is 1.33, 2.0,
2.67, and 3.33 mol KMnO,4/mol contaminant, respec-
tively.

Although MnO, will oxidize a wide range of contami-
nants, there are notable exceptions for ~~
are recalcitrant, including *
1,1-dichloroethane (DCA)

chloroform (CF), methylen

zene (CB), benzene, some .

The rate of MTBE oxidatior Tor View the

orders of magnitude slowe1 COWNSY yere H
cesses indicating that oxida oz fov PD
applicability of the process ft wrchos®
al., 2002). st P

I.C.1.b. Reaction Rate close

Contaminant oxidation by M

transfer rather than through the

radical attack characteristic of
relatively slow reaction rate of ;
tems offers advantages to pern
The slow rate of reaction allows
tances of MnO," during injecti
and high permeability materials —Iownce in
the subsurface is proportional to the concentration of
MnO,. injected, and inversely proportional to the oxi-
dant demand by the aquifer material and contaminant(s).

MnO,. generally persists in the subsurface for months;
however, persistence varies based on the concentration
and volume of oxidant injected and from site to site. The
long-term persistence of MnQO,. contributes to diffusive
transport of the oxidant into low-permeability materials,
such as silty clay (Struse et al., 2002a) and fractured
shale (Parker, 2002). Consequently, this permits deeper
pene-

tration of the oxidant into aquifer materials that contain
slow-moving contaminants.

1.C.1.c. Natural Oxidant Demand

A wide range ~* -aturally occurring reactants other than
- inant(s) also react with MnO,4. and
nd oxidant demand. The background
luces oxidation efficiency and is gen-
the demand imposed by the target
n-target reactants mainly include
-‘educed chemical species (e.g., fer-
Ifidic species). In aquifer material
ities of organic carbon and reduced
ound oxidant demand can be low.
thly reduced conditions and/or
1aterials, the background oxidant
1ggesting that the mass and cost of
reatment objectives will be high
A.3. Oxidant Demand).

yalts

sermanganate, potassium per-

nd sodium permanganate
=5 grades of KMnQ, are available from
~Ziau chemical suppliers. The average prices of reme-
diation grade KMnO, and NaMnO, are $1.80/lb and
$6.50/1b ($2.50/1b aqueous 40% solution), respectively.
KMnOQ; is available as a solid that must be mixed with
water before injection and is soluble at approximately 60
g/L (6%). KMnO, concentrations are generally injected

Table 3. General Permanganate Oxidation and Related Chemical Reactions
MnOy- + 2 HO + 3 - ——> MnOy(s) + 4 OH- (pH 3.5-12) (1
MnOy- + 8 H+ + 5e-———> Mn+2 + 4 H,0 (pH <3.5) 2)
MnOj- + e-— > MnO4 2 (pH >12) 3)
4 KMnO4 +3 C2Cl4 + 4 H20——> 6 CO2 + 4 MnO, + 4 K+ + 8 H' + 12 CI (4)
2 KMnO, + C2HCl; ——> 2 CO, + 2 MnO, + 2K  + H' + 3 CI° (5)
8 KMnQg4 + 3 C;H,Cl, ——> 6 CO2 + 8 MnOy + 8 K+ + 2 OH- + 6 Cl- + 2 Hy0 (6)
10 KMnOy + 3 CoH3Cl ——> 6 CO2 + 10 MnO3 + 10 K+ + 7 OH- + 3 CI- + Hy0 7
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