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ABOUT ITRC

Established in 1995, the Interstate Technology & Regulatory Council (ITRC) is a state-led, national
coalition of personnel from the environmental regulatory agencies of some 40 states and the District
of Columbia; three federal agencies; tribes; and public and industry stakeholders. The organization is
devoted to reducing barriers to, and speeding interstate deployment of, better, more cost-effective,
innovative environmental techniques. ITRC operates as a committee of the Environmental Research
Institute of the States (ERIS), a Section 501(c)(3) public charity that supports the Environmental
Council of the States (ECOS) through its educational and research activities aimed at improving the
environment in the United States and providing a forum for state environmental policy makers. More
information about ITRC and its available products and services can be found on the Internet at
www.itrcweb.org.

DISCLAIMER

This document is designed to help regulators and others develop a consistent approach to their
evaluation, regulatory approval, and deployment of specific technologies at specific sites. Although
the information in this document is believed to be reliable and accurate, this document and all
material set forth herein are provided without warranties of any kind, either express or implied,
including but not limited to warranties of the accuracy or completeness of information contained in
the document. The technical implications of any information or guidance contained in this document
may vary widely based on the specific facts involved and should not be used as a substitute for
consultation with professional and competent advisors. Although this document attempts to address
what the authors believe to be all relevant points, it is not intended to be an exhaustive treatise on the
subject. Interested readers should do their own research, and a list of references may be provided as
a starting point. This document does not necessarily address all applicable heath and safety risks and
precautions with respect to particular materials, conditions, or procedures in specific applications of
any technology. Consequently, ITRC recommends also consulting applicable standards, laws,
regulations, suppliers of materials, and material safety data sheets for information concerning safety
and health risks and precautions and compliance with then-applicable laws and regulations. The use
of this document and the materials set forth herein is at the user’s own risk. ECOS, ERIS, and ITRC
shall not be liable for any direct, indirect, incidental, special, consequential, or punitive damages
arising out of the use of any information, apparatus, method, or process discussed in this document.
This document may be revised or withdrawn at any time without prior notice.

ECOS, ERIS, and ITRC do not endorse the use of, nor do they attempt to determine the merits of,
any specific technology or technology provider through publication of this guidance document or
any other ITRC document. The type of work described in this document should be performed by
trained professionals, and federal, state, and municipal laws should be consulted. ECOS, ERIS, and
ITRC shall not be liable in the event of any conflict between this guidance document and such laws,
regulations, and/or ordinances. Mention of trade names or commercial products does not constitute
endorsement or recommendation of use by ECOS, ERIS, or ITRC.
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EXECUTIVE SUMMARY

The contamination of groundwater and subsurface soil in the United States is a widespread and
challenging problem. There are estimated to be in excess of 200,000 sites requiring some form of
remediation, and many of these sites potentially threaten groundwater resources. In areas where the
groundwater resources are not considered at risk, there are frequently impediments to the reuse of
“pbrownfield” sites. In addition, for many subsurface geological settings, conventional treatment
methods, such as pump-and-treat technology, can be costly and inefficient. Emerging in situ
groundwater and subsurface soil treatment technologies may provide effective, lower-cost
alternatives, and it is important to fully understand all aspects of any new and innovative technology.

This guidance document was developed to outline the technical and regulatory requirements of in
situ chemical oxidation (ISCO), a group of technologies involving various combinations of oxidants
and delivery techniques. The primary oxidants addressed in this document are hydrogen peroxide,
potassium and sodium permanganate, sodium persulfate, and ozone. The effectiveness of some of
these oxidants can be enhanced through activation (Fenton’s reagent, activated persulfate) and used
in conjunction with other oxidants (perozone). Additionally, this document is intended to expedite
movement to a consensus on regulatory requirements through the Interstate Technology &
Regulatory Council concurrence process. It should prove useful to regulators, stakeholders,
consultants, and technology implementers.

The document is divided into sections consisting of technology overview and applicability, remedial
investigations, safety concerns, regulatory concerns, injection design, monitoring, stakeholder
concerns, and case studies. From a regulatory perspective, the most important sections of the
document are identification of injection restrictions, implementation, and post-closure monitoring.
Appendix D provides case studies of ISCO implementations, and the reference list includes
documents with additional case study data.

Site characterization is a critical step in effectively applying any remedial technology. A complete
understanding of the site geology, hydrogeology, and geochemistry, as well as the contaminant
profile, is necessary for successful ISCO projects. To obtain a complete understanding of the site, it
is important to develop a conceptual site model to integrate all data (contamination, potential
sources, geology, major migration pathways, etc.) in three dimensions. Numerous hydrogeological
and geochemical models are available to assist in site evaluations.

Regulatory issues associated with ISCO include the state or federal programs associated with
underground injection control (UIC) and air quality. Permitting will typically not be an extensive
process in ISCO deployment, as required permits may be limited to UIC concerns. Air quality
concerns are limited to controlling fugitive vapors that may be produced. Monitoring requirements
are discussed in Section 6 of this document.

Health and safety issues for ISCO include the following:
e Oxidants must be safely handed and stored.

e Permanganate and persulfate dust is hazardous.
e The presence of ozone increases the flammability of many materials.
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e The generation of ozone can involve high-voltage-equipment concerns.

e There is a potential for uncontrolled exothermic reactions.

e There is a potential for preferential migration of oxidants and/or contaminants (liquid or vapor)
through underground utilities.

As with all remediation technologies, it is important to address tribal and stakeholder concerns in
detail. This process requires frank public discussion about the potential risks and benefits of the
technology and about site-specific issues. This document provides detail on tribal and stakeholder
concerns in Section 7.
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TECHNICAL AND REGULATORY GUIDANCE FOR IN SITU CHEMICAL
OXIDATION OF CONTAMINATED SOIL AND GROUNDWATER

1. INTRODUCTION AND TECHNOLOGY OVERVIEW

This document is the second edition of the Interstate Technology & Regulatory Council’s (ITRC)
Technical and Regulatory Guidance for In Situ Chemical Oxidation of Contaminated Soil and
Groundwater. It provides a more comprehensive discussion on chemical oxidants than the first
edition, along with a more detailed presentation of some of the key concepts of remedial design. The
document is intended to serve as a technical and regulatory guide for stakeholders, regulators, and
technology implementers involved in selecting and implementing in situ chemical oxidation (ISCO)
as a remedial action. The four major oxidants used for soil and groundwater remediation—
permanganate, persulfate, peroxide, and ozone—are discussed regarding the chemistry involved, the
contaminants amenable to each oxidation process, and some of the problems encountered when
using this remedial technology. Safety considerations for each oxidant are also reviewed, and case
studies are included to illustrate how and when this technology has been applied.

The remediation of groundwater contamination using ISCO involves injecting oxidants and
potentially coamendments directly into the source zone and downgradient plume. The oxidant
chemicals react with the contaminants, producing innocuous substances such as carbon dioxide,
water, and—in the case of chlorinated compounds—inorganic chloride. However, there may be
many chemical reaction steps required to reach those end points, and some reaction intermediates, as
in the case of polyaromatic hydrocarbons and organic pesticides, are not fully identified at this time.
Fortunately, in most cases if an adequate oxidant dose is applied, the reactions proceed to
completion, and the end products are reached quickly. Contaminants amenable to treatment by ISCO
include the following:

e benzene, toluene, ethylbenzene, and xylenes (BTEX);
e methyl tert-butyl ether (MTBE);

e total petroleum hydrocarbons (TPH);

e chlorinated solvents (ethenes and ethanes);

e polyaromatic hydrocarbons (PAHs);

e polychlorinated biphenyls (PCBs);

e chlorinated benzenes (CBs);

e phenols;

e organic pesticides (insecticides and herbicides); and
e munitions constituents (RDX, TNT, HMX, etc.)

There are two main advantages of using ISCO over other conventional treatment technologies: large
volumes of waste material are not usually generated, and treatment is commonly implemented over a
much shorter time frame. Both of these advantages often result in savings on material, monitoring,
and maintenance.
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Like most technologies, ISCO has limitations that should be recognized. There are situations in
which ISCO would be ineffective at degrading the contaminants present. It is also possible that due
to the total volume of oxidant required, it would not be cost-effective to use ISCO for site
remediation. Site-specific information—including the applicability of ISCO to the specific
contaminants, the concentration range, and hydrogeologic conditions—must be gathered and
reviewed when evaluating the appropriateness of using ISCO for a remediation strategy.

The information presented in this document is based on laboratory studies, pilot tests, and full-scale
projects where ISCO has been used to remediate contaminated soil and groundwater. It points out
important considerations to take into account during all remediation projects, including site
characterization, remedial design, and the final remedy, as well as monitoring requirements.

1.1 Brief Descriptions of the Technologies

Chemical oxidation technology is based on the oxidative power of specific chemicals. Through the
process of oxidation, groundwater contaminants are ultimately broken down into carbon dioxide and
water. Some oxidants are stronger than others, and it is common to calculate a relative strength for
all oxidants using chlorine as a reference. Table 1-1 lists the relative strengths of common oxidants.

Table 1-1. Oxidant strengths

Standard oxidation :
. . . Relative strength
Chemical species potential S
(volts) (chlorine = 1)
Hydroxyl radical (OH™")* 2.8 2.0
Sulfate radical (SO4~) 2.5 1.8
Ozone 2.1 1.5
Sodium persulfate 2.0 1.5
Hydrogen peroxide 1.8 1.3
Permanganate (Na/K) 1.7 1.2
Chlorine 1.4 1.0
Oxygen 1.2 0.9
Superoxide ion (0O™)* -2.4 -1.8

*These radicals can be formed when ozone and H,0O, decompose.
Source: Siegrist et al. 2001

All the oxidants shown in Table 1-1 have enough oxidative power to remediate most organic
contaminants. The standard potentials are a useful general reference of the strength of an oxidant,
but these values do not indicate how they will perform under field conditions. Four major factors
play a role in determining whether an oxidant will react with a certain contaminant in the field, three
of which are illustrated in Figure 1-1. On a microscale, kinetics or reaction rates are perhaps the
most important. In fact, reactions that would be considered thermodynamically favorable based on
E( values may be impractical under field conditions. The rates of oxidation reactions are dependent
on many variables that must be considered simultaneously, including temperature, pH, concentration
of the reactants, catalysts, reaction by-products, and system impurities (e.g., natural organic matter
[NOM], oxidant scavengers, etc.).
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Stoichiometry The fourth major factor involves the

delivery of the oxidant. To effectively

degrade contaminants, the oxidant must

come into contact with the contaminant

molecules. Ideally, the delivery technique

would ensure that the oxidant is evenly

dispersed throughout the area to be

Thermodynamics treated. Some of the more stable forms of

contamination can be oxidized only with

Figure 1-1. Factors influencing reactions. the stronger oxidants, but stronger

oxidants are also consumed quickly in the subsurface, limiting the distance the oxidant can travel.

Less reactive oxidants are more stable and can be transported greater distances in the subsurface.

Therefore, the volume of aquifer to be treated is an important variable to consider when choosing an

oxidant. The solubility of the oxidant in water, the usual injection fluid, is also important because it
limits the mass of oxidant that can be injected per volume of injection fluid.

Kinetics

An important consideration for all ISCO designs, especially in source areas, is the amount of
contaminated water displaced from the immediate vicinity. The volume that is injected into the
saturated zone displaces same volume of groundwater with mixing occurring at the interfaces. In
source areas where groundwater contamination is grossly elevated, this displacement should be
minimized and controlled such that adequate contact with the oxidant is realized. The spatial
distribution of both the contaminants and the injected oxidant is also greatly influenced by the
commonly observed heterogeneous subsurface geology and the groundwater flow speed/direction.

This document attempts to describe the various oxidants from both theoretical and practical
standpoints. Experience has shown that many variables are involved in using chemical oxidation to
remediate contaminated soil and groundwater, some of which cannot be easily reproduced in the
laboratory. For example, the well-mixed environment characteristic of laboratory tests is not typical
of subsurface conditions in the field.

1.1.1 Permanganate

There are two common forms of permanganate—potassium permanganate (KMnQO,) and sodium
permanganate (NaMnQy). Both are available in a range of purities and have similar chemical
reactivities. KMnOQy is a crystalline solid from which aqueous solutions of a desired concentration
(up to 4%) can be prepared on site using ground- or tap water. Because it is a solid, transportation
hazards are minimized. NaMnOQy is usually supplied as a concentrated liquid (40%) but is usually
diluted on site and applied at lower concentrations. The potential for higher concentrations of
sodium permanganate solutions gives more flexibility in the design of the injection volume and,
because it is in liquid form, the dusting hazards associated with dry KMnOy, solids are eliminated.
However, NaMnO, has the additional hazard of being more highly reactive, with potential
exothermic release if neutralized with concentrated reductants. Both forms of permanganate are
strong oxidizing agents with a unique affinity for oxidizing organic compounds containing carbon-
carbon double bonds, aldehyde groups, or hydroxyl groups. The stoichiometry and kinetics of
permanganate oxidation at contaminated sites can be quite complex as there are numerous reactions
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in which manganese can participate due to its multiple valence states and mineral forms. The
primary redox reactions for permanganate are given in Equations 1-3. These half-cell reactions are
useful for two purposes:

e to evaluate stoichiometric requirements of the oxidant for complete mineralization of
contaminants via electron transfer balances and
e to determine potential environmentally significant reaction products.

For example, the half-cell reaction for permanganate under acidic conditions involves a five-electron
transfer as shown in Equation 1, with Mn®" produced. In the pH range of 3.5-12, the half-cell
reaction involves a three-electron transfer as shown in Equation 2, with MnO; (solid) as the primary
reaction product. At high pH (>12), a single-electron transfer occurs as given in Equation 3,
producing MnO,~. In these three reactions, manganese is reduced from Mn"” to either Mn™* (Eq. 1),
Mn™ (Eq. 2), or Mn"® (Eq. 3). Equation 2 represents the typical half-cell reaction under common
environmental conditions and leads to the formation of a manganese dioxide solid.

pH<3.5 MnO,~ + 8H™ + 5¢ — Mn*" + 4H,0 (1)
35<pH<12  MnO4 + 2H,0 + 3¢ — MnOy(s) + 40H" )
pH> 12 MnO;~ + ¢ — MnOs*~ (3)

The Mn" cations formed under highly acidic pH conditions (pH <3.5) can be oxidized by excess
(unreacted) permanganate ions and form a precipitate. However, MnO; is also naturally reduced
slowly to yield Mn">. These reactions are illustrated in Equations 4 and 5.

3MnO, + 2MnO;~ + 2H,0 — 5MnO,(s) + 4H" (4)
MnOs(s) + 4H™ + 2¢” — Mn®" + 2H,0 (5)

Equations 1 and 5 are significant from a regulatory perspective since highly acidic conditions may
result in long-term elevated concentrations of Mn®". The initial subsurface pH, the mass of
permanganate reacted, and the subsurface buffering capacity will influence the potential for this
effect to occur.

Typical of all oxidants, permanganate can also react with water, but at very slow rates, resulting in
nonproductive depletion of permanganate and further generation of MnO, solids. When reduced
species (contaminant or natural) are no longer available to react with permanganate, this slow
decomposition process eventually results in depletion of excess permanganate that may remain in the
subsurface after treatment. Permanganate decomposition reactions can also occur, but at appreciable
rates only under extremely high pH. Permanganate is a stable oxidant and can persist in the
subsurface for months. Thus, for ISCO projects with permanganate, the application rate and the total
mass introduced must be balanced with the subsurface oxidizable material. For the degradation of
chlorinated organic compounds, the oxidation involves direct electron transfer rather than free
radical processes that characterize oxidation by persulfate, hydrogen peroxide, or ozone.
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The stoichiometric reactions of KMnO4 with the various species of chlorinated ethenes are
summarized below:

Perchloroethene (PCE)

4KMnOy4 + 3C,Cly + 4H,0 — 6CO, + 4MnOy(s) + 4K + 12CI" + 8H' (6)
Trichloroethene (TCE)

2KMnO,4 + C,HCl; — 2CO, + 2MnOs(s) + 3CI" + H" + 2K" (7)
Dichloroethene (DCE)

8KMnO4 + 3C,H,Cl, + 2H™ — 6CO, + 8MnOy(s) + 8K" + 6CI™ + 4H,0 (8)
Vinyl chloride (VC)

10KMnO,4 + 3C,H;Cl — 6CO, + 10MnO,(s) + 10K" + 3CI" + 7O0H™ + H,0 (9)

The rate of organic chemical degradation by permanganate in the absence of substantial NOM or
other reductants depends on the concentration of both the contaminant and the permanganate and
can be described by second-order kinetics. It is important to acknowledge that contaminant
degradation rates are readily affected by the presence of competing species, such as naturally
occurring organic matter or reduced mineral species. The rate of reaction is also temperature
dependent. Reaction kinetics have been studied for common contaminants such as the chlorinated
ethenes (e.g., Schnarr and Farquhar 1992; Gates, Siegrist, and Cline 1995; Yan and Schwartz 1996;
Case 1997; Tratnyek et al. 1998; Huang et al. 1999; Siegrist et al. 1999; Struse 1999; Yan and
Schwartz 1999; Urynowicz 2000). In general, chlorinated hydrocarbons with higher chlorine
substitution consume less oxidant (per the stoichiometric requirement) and produce less MnO,
solids. Four moles MnQO, are needed to mineralize 3 moles of PCE producing 4 moles of MnOx(s)
(Eq. 6), compared to 10 moles of MnO4 needed to mineralize 3 moles of vinyl chloride producing 10
moles of MnO,(s) (Eq. 9).

While offering certain advantages of stability and persistence, permanganate is not an effective
oxidant for degradation of chlorinated alkanes such as 1,1,1-trichloroethane (1,1,1-TCA) (Gates,
Siegrist, and Cline 1995; Tratnyek et al. 1998; Gates-Anderson, Siegrist, and Cline 2001). Saturated
aliphatic compounds have no readily available electron pairs and are thus not easy to chemically
oxidize. However, permanganate oxidation is highly effective on unsaturated compounds containing
a carbon-carbon double bond because the oxidant can readily react with the more available electrons
present. Unfortunately, electrons of the double bonds of aromatic compounds are more tightly shared
and thus more stable than in aliphatic compounds. Permanganate is not effective at oxidizing most
aromatic compounds. However, the available electron pairs constituting the double bond of both
aromatics and aliphatics are more reactive when associated with substituted carbon atoms (i.e.,
chlorine present or an organic group such as CH3) due to the longer, less stable bond.
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Permanganate has been used for chemical oxidation of phenolic compounds during wastewater
treatment, but mineralization of phenol consumes a relatively large amount of permanganate (15.7 g
of KMnQy4 per gram of phenol). Polyaromatic hydrocarbons such as naphthalene, phenanthrene, and
pyrene can also be oxidized by permanganate, and the cleavage of one of the aromatic rings usually
occurs. However, since these compounds are frequently associated with fuel cleanup projects, much
of the fuel-related contamination is not be oxidized, and thus permaganate is not the preferred
oxidant. Like phenols, these compounds also exert a high demand for the oxidant. Limited studies
with PCBs indicate that permanganate is not an effective oxidant for PCB degradation. However,
permanganate oxidation of munition constituents (e.g., HMX, RDX, TNT, etc.) has been more
successful (IT Corporation 2000). The viability of applying permanganate should be determined on a
case-by-case basis and depends on the extent of contamination, the contaminant oxidant demand, the
presence of competing naturally reduced materials, and treatment goals. Table 1-2 presents a
comparison of the stoichiometric requirements for mineralization of several organic compounds with
permanganate.

Table 1-2. Stoichiometric requirements for complete mineralization by permanganate*

Target compound molcégmggl\i\gght OX'daQt demand MnO; produced
(g/mol) (g MnO47/g of target) | (g MnO,/g target)

Tetrachloroethene 165.6 0.96 0.70
Trichloroethene 131.2 1.81 1.32
Dichloroethene 96.8 3.28 2.39
Vinyl chloride 62.4 6.35 4.64
Phenol 94.1 11.8 8.62
Naphthalene 128.2 14.8 10.8

Phenanthrene 178.2 14.7 10.7

Pyrene 202.3 14.5 10.6

*Molecular weight: MnO4~ (118.9 g/mol), KMnO, (158 g/mol), NaMnO, (141.9 g/mol).

Oxidation of sorbed and nonaqueous-phase liquid chlorinated ethenes has been demonstrated with
permanganate at various sites. These oxidation reactions occur in the dissolved aqueous phase after
the contaminants desorb from the media and/or dissolve from the free phase.

Because permanganate, like all oxidants, is nonselective, it also oxidizes NOM present in the soil.
Since organic contaminants sorb to NOM in the soil matrix, they can be released as the NOM is
oxidized by the permanganate. After this initial contaminant release, the rate of continued desorption
should be increased due to the shift in equilibrium partitioning that results as the aqueous-phase
concentration of the target organic is depleted.

Poor performance of permanganate is often attributed to injection of an inadequate volume of
oxidant to contact the entire target zone, poor uniformity of oxidant delivery caused by low-
permeability zones and site heterogeneity, excessive oxidant consumption by natural subsurface
materials, and/or the presence of large masses of dense, nonaqueous-phase liquid (DNAPL).
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The following additional issues must be considered during the evaluation, design, and
implementation of permanganate oxidation, regardless of the delivery system being employed:

e Permanganate is not effective at oxidizing benzene, chlorinated benzenes, MTBE, carbon
tetrachloride, or chlorinated ethanes (1,1,1-TCA, etc.).

e As with all oxidants, the optimal oxidant loading, including both target and nontarget
compounds, should be determined before injection.

e MnO; precipitates in the soil can reduce subsurface permeability.

e As with all oxidants, metals can be mobilized within the treatment zone due to a change in
oxidation states and/or pH.

e There is a dust hazard to consider when handling potassium permanganate.

e Aggressive reactions are possible when concentrations of sodium permanganate greater than
10% are mixed with incompatible materials (reductant solutions, hydrogen peroxide, petroleum
compounds, glycol, etc.).

1.1.2  Sodium Persulfate

Persulfate salts dissociate in water to persulfate anions (S,0s>") which, although strong oxidants, are
kinetically slow in destroying many organic contaminants. Table 1-3 outlines the solubilities of three
different commercially available persulfate salts. For ISCO applications, potassium persulfate has a
low solubility, and the injection of ammonium persulfate may lead to the generation of ammonia,
which is regulated in groundwater. Therefore, the most common salt used is sodium persulfate.

Table 1-3. Persulfate solubility

Salt Solubility (at 25°C)
Ammonium persulfate 46%
Sodium persulfate 40%
Potassium persulfate 6%

The persulfate anion is a more powerful oxidant than hydrogen peroxide. Decomposition reactions
vary with persulfate concentration, pH, and oxygen, and hydrogen peroxide or peroxymonosulfate
can be produced. Under dilute acid conditions, hydrolysis of the persulfate anion yields bisulfate
anions and hydrogen peroxide. Table 1-4 illustrates how persulfate decomposition reactions vary
with pH.

Table 1-4. Persulfate reactions as a function of pH
Solution pH Reaction
Neutral $,05 + 2H,0 — 2HSO4~ + %0,
Dilute acid (pH 3-7) | $,0s> + 2H,0 + H" — 2HSO,~ + H,0,
(Note the generation of peroxide)
Strong acid S,05" + 2H,0 + H™ — HSO4~ + HSOs~
Alkaline (pH>13) $,0s” + OH” — HSO4 + SO~ + %0,

The addition of heat or a ferrous salt (Iron II) dramatically increases the oxidative strength of
persulfate. This increase is attributed to the production of sulfate free radicals (SO4~"). Free radicals
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are molecular fragments that have an unpaired electron, causing them to be highly reactive and
short-lived. The sulfate free radical is a very potent oxidizing agent roughly equivalent to the
hydroxyl radical generated using ozone or peroxide. Reactions involving radicals can be either
chain-propagating or chain-terminating reactions. Chain-propagating reactions produce another
radical, while chain-terminating reactions do not. Either type of reaction may or may not involve
reactions with the target compounds (i.e., contamination present). Examples of free radical reactions
involving persulfate are outlined below (Kislenko, Berlin, and Litovchenko 1995).

Chain-Initiating Reactions

S,0¢~ — 2S04~ (10)
Fe*" + S,05" — 2S04~ + Fe’* (11)
S,0¢° + RH — SO, + R + HSO, (12)

Chain-Propagating Reactions

SO + RH — R’ + HSO4” (13)
SO, + H,0 — OH’ + HSO4” (14)
OH + RH — R + H,O (15)
R’ + S,04” — SO + HSO, + R (16)
SO~ + OH™ — OH' + S04~ (17)

Chain-Terminating Reactions

S04~ + Fe*' — Fe’" + SO, (18)
OH' + Fe*" — Fe’™ + OH- (19)
R + Fe'" > Fe*' + R (20)
2R’ — Chain termination 21

Application of heat will also generate these radicals via Equation 10. Iron is used in the above
equations because it is commonly used to initiate the production of sulfate radicals (SO;™).
However, other metals, such as copper, silver, and manganese, can also initiate radical production
although these are not common for environmental remediation applications. Note that iron is also
involved in terminating reactions, so the ferrous ion concentration is important in controlling the
propagating versus terminating reaction rates. Sulfate free radicals have a reported half-life of about
4 seconds under elevated temperature conditions (240°C) (Banerjee and Konar 1984). It may be
expected that hydroxyl radicals have a somewhat shorter half-life because they are kinetically faster.



ITRC — Technical and Regulatory Guidance for In Situ Chemical Oxidation January 2005
of Contaminated Soil and Groundwater

Ferrous ions require highly reducing conditions such as an acidic pH to remain in solution. It may be
necessary to lower the pH as with peroxide systems to achieve this environment. Transport
capabilities are important to all remedial technologies. For persulfate to be effective in field
applications, the activator must be distributed and transported with the persulfate. One of the issues
with Fe(II) salts is that they are oxidized to Fe(III). In a soil environment, where the soil has pH-
buffering capacity, the Fe(III) that is formed precipitates out onto the soil. Thus, the effectiveness of
the iron activation degrades with time and distance. Another approach involves the use of chelating
agents, which aid in maintaining the ferrous iron solubility. Complexing the ferrous ions in solution,
chelating is readily accomplished using carboxyl groups of inorganic acids (oxalic, citric). EDTA
(ethylenediamine tetra-acetic acid, also NTA [nitrilotriacetic acid], STPP [sodium tripoly
phosphate], HEDPA [hydroxide ethidene dual phosphoric acid]) is routinely used in modified
Fenton’s systems and may be applicable to persulfate systems (Liang et al. 2003a, b, and c).

Another approach to activate the sulfate radical is the use of elevated pH. In theory, a basic solution
should increase the production of hydroxyl free radicals as they can be generated by the reaction of
OH™ and another radical. In research, lime has been added to generate an excess of hydroxyl ions,
and then persulfate is thermally activated to form sulfate free radicals (from the heat of hydration of
the lime) as an effective means of dechlorinating PCBs. Recent work has also demonstrated that
persulfate under alkaline conditions in excess of a pH of 10.5 can decompose chlorinated ethanes,
such as TCA and dichloroethane (DCA), and chlorinated methanes, such as carbon tetrachloride and
chloroform. The stoichiometry of the direct sodium persulfate oxidation of TCE requires three moles
of sodium persulfate per mole of TCE and is described as illustrated below:

3NaS,05 + C,HCl; + 4H,0 — 2CO, + 9H" + 3CI" + 3Na™ + 6 SO~  (22)

Sulfate free radical processes follow a much more complicated pathway and involve initiation,
propagation, and termination steps as described in Equations 10-21. Not only is the sulfate radical
(SO4™") formed, which is kinetically faster than persulfate anion, but hydroxyl radicals (OH™) and
organic radicals may be formed. The formation of these multiple radicals provides a very effective
tool in destroying recalcitrant compounds. Theoretically, if the chain-terminating processes are slow
with respect to the chain-propagating paths, then relatively small amounts of sulfate radicals can
generate significant contaminant decomposition, less than the stoichiometric quantities for the direct
oxidation of Equation 22. As the persulfate anion is kinetically slow in oxidation, its interaction with
NOM has been observed to be limited and much lower than that for peroxide or permanganate.
Recent studies also have shown that the soil oxidant demand for sulfate radicals is much lower than
that for permanganate and hydroxyl radicals. A confounding influence, however, is that chloride
ions, as well as carbonate and bicarbonate ions, can act as radical scavengers for sulfate free
radicals. If these scavengers are present at high concentrations, they can reduce oxidant
effectiveness.

An interesting variant is currently being investigated in which an in situ thermal technology is being
applied on sites where the contaminants are chlorinated ethanes, to be followed by a persulfate
application, using the synergistic mechanism of thermal degradation of contaminants and thermal
activation of persulfate to form sulfate free radicals. Thermal activation is very effective at initiating
the production of sulfate radicals, and a heat-activated oxidative system also has the advantage that
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many of the volatile organic compounds (VOCs) thermally degrade, thereby decreasing the amount
of persulfate required and offsetting the cost of heating. Care must be taken to ensure that
contaminants do not volatilize into the soil gas and migrate off site before destruction occurs.

Oxidation of VOCs in groundwater with persulfate also has the potential to lower the pH. In water,
without soil present to buffer the pH, the pH generally drops to the range of 1.5-2.5, depending on
the amount of persulfate used. This change in conditions could act to mobilize naturally occurring
and/or anthropogenic metals present in the soil. In a soil environment, however, the pH drop may not
be as severe as observed in water only because many soils have a pH-buffering capacity and can
mitigate the formation of sulfuric acid. Theoretically, several concerns should be addressed when
using persulfate to oxidize VOCs in soil and groundwater:

e Fe(II) does not appear to effectively activate persulfate with chlorinated ethanes (1,1,1-TCA,
etc.) and methanes (chloroform, etc.). However, recent work with persulfate under alkaline
conditions demonstrates effectiveness against these contaminants.

e The catalytic effect of the iron appears to decay with time and distance from injection. This
decrease could be the result of either poor transport of the dissolved Fe(Il) in a soil environment
or the depletion of the iron as it activates the persulfate. Chelated iron effectively increases the
iron solubility and longevity of Fe(II) in the groundwater.

e Low pH conditions may be generated by persulfate decomposition, which can cause dissolved
metal concentrations to increase in the groundwater. Natural soil buffering capacity can help
alleviate this phenomenon.

e Persulfate may degrade soft metals such as copper or brass. Materials of construction should be
compatible with long-term persulfate exposure. Appropriate materials include stainless steel,
high-density polyethylene, and polyvinyl chloride (PVC).

e As with all oxidants, the optimal oxidant loading, including both target and nontarget
compounds, should be determined before injection.

e As with all oxidants, metals can be mobilized within the treatment zone due to a change in
oxidation states and/or pH.

1.1.3 Peroxides/Fenton’s Reagent

Like persulfate, hydrogen peroxide alone is an oxidant, but at low concentrations (<0.1%) it is not
kinetically fast enough to degrade many hazardous organic contaminants before decomposition
occurs. However, the addition of a ferrous salt iron(II) dramatically increases the oxidative strength
of peroxide. This increase is attributed to the production of hydroxyl radicals (OH"). In addition, a
chain reaction is initiated, causing the formation of new radicals. Because it was first discovered by
H. J. H. Fenton, the reaction of iron catalyzed peroxide oxidation at pH 2.5-3.5 is called a “Fenton’s
reaction,” and the iron/peroxide mixture is known as “Fenton’s reagent.” Fenton’s reaction was
initially developed at peroxide concentrations of about 300 ppm (0.03%), oxidizing the iron(II)
(Fe™) to insoluble iron(IIT)(Fe™"). If the pH is less than 5, the iron(III) is reconverted to iron(II), and
the iron remains in solution to continue the initiation of hydroxyl radical production. The basic
hydroxyl radical chain initiating Fenton’s reaction is as follows:

Fe’" + H,0, — Fe’" + OH + OH~ (23)

10
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A classical Fenton’s system cannot be readily created in situ as it is generally too difficult to
maintain a well-mixed, low-peroxide concentration in the subsurface. In practice, more concentrated
solutions of hydrogen peroxide are injected, ranging 4%—-20%, with iron in acid solution either
coinjected (separate injection strings or nozzles) or injected separately, sequentially. In some cases
iron may be present in the subsurface at sufficient concentrations that may eliminate the need for
further iron augmentation. Any deviation from the traditional low-concentration hydrogen
peroxide/iron mixture is known as a “modified Fenton’s system.” This includes the use of high
concentrations of H,O, or calcium peroxide (Ca,O,), with or without chelating agents. This type of
system is significantly more complicated than traditional Fenton’s. Hydroxyl radicals are very strong
oxidizing agents. A chain-propagating sequence usually takes place, which can also generate
superoxide ions (O, 7), hydroperoxide ions (HO,"), and organic radicals (R"). As with persulfate,
reactions involving radicals are either chain-propagating or chain-terminating reactions. Equation 23
is an example of a chain-initiating reaction because the initial hydroxyl radicals are formed. Other
examples of radical reactions involving hydrogen peroxide are outlined below.

Chain-Propagating Reactions

OH" + H,0, — HO," + H,O (24)
HO, — 02~ + H' (25)
OH + RH — R" + OH™ (26)
R’ + H,0, —» ROH + OH’ (27)

Chain-Terminating Reactions

HO, + Fe*" — 0, + H" + F&’* (28)
HO," + Fe*" — HO,™ + Fe’* (29)
Fe’™ . 027 — Fe*™ + 0, (30)

When hydrogen peroxide is present in excess, many more radicals are produced when compared to
Fenton’s reaction. In addition to the reactions that occur between the oxidant and the organics
present (Egs. 26 and 27) as in Fenton’s, radical-propagating reactions also occur involving the
excess H,O, (Egs. 24, 25, and 26). Therefore, there are more radicals available to react with the
contamination. In almost all cases, the intermediates that are produced in these reactions are more
biodegradable when compared to the parent compound. An important side reaction also occurs
resulting in the formation of precipitates—it involves the reaction of two end products of this chain
reaction, hydroxide ions and Fe(III):

Fe’™ + nOH™ — amorphous iron oxides (precipitate) (31)
This side reaction consumes available iron and is favored by a basic pH. Therefore, it is necessary to

either lower the pH or use chelating agents to maximize the available iron(Il). The optimal pH is

11
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acidic, ranging 3.5-5. Typical acids commonly used to alter the subsurface pH include HCI, H>SO4,
and acetic acid. However, organic acids have a tendency to increase side reactions that are
undesirable in high-organic soils. Another way to increase the iron solubility is to use a chelating
agent. It should be noted that inorganic metal compounds present in the subsurface, manganese, for
example, can cause terminating reactions to occur as well as provide the conditions (in principle) for
a modified Fenton propagating sequence.

Certain physical properties are very important to successful applications using in situ oxidation with
hydrogen peroxide. For example, peroxide’s exothermic characteristic, when controlled, can be very
beneficial to enhance the desorption and dissolution of sorbed and nonaqueous-phase liquid (NAPL)
mass, making it available for effective treatment by oxidation or mass transfer systems. When not
controlled, these same characteristics can cause migration of the contaminants. This exothermic but
short-lived reaction can be extended when modified by the reduction in concentration of peroxide
and rate of application or by the use of chemical additive stabilizers or inhibitors that delay the
reaction rate of the peroxide.

As with other oxidation technologies, metal mobilization due to the lowering of pH appears to be
generally short-lived. In most cases, the pH rapidly reverts to preinjection conditions because of the
buffering capacity of the soil. However, under the right conditions, there is a potential for vigorous
uncontrolled reactions in the subsurface with H,O,, resulting in the release of heat. The higher the
concentration of H,O, injected, the more aggressive the reaction. It should be noted that volatile
compounds may be released to the subsurface air by even moderate changes in temperature.
Therefore, care must be taken in the design process to either minimize or utilize the heat generated
from the H,O, reactions. The presence of hydroxyl radical scavengers must also be considered.
Carbonate ions and metal compounds can react with radicals, thereby terminating the chain reaction.
This phenomenon can increase the demand for oxidant and must be evaluated as part of the design.
As a side benefit, aerobic biodegradation of contaminants can benefit from the presence of O,
released during H,O, decomposition. There are several concerns should be addressed when using
H,0, to oxidize VOC:s in soil and groundwater.

e A low pH can cause dissolved metal concentrations to increase in the groundwater.

e Heat will be generated if strong solutions of peroxide (>10%) are used.

e There is potential gas generation/volatilization of contaminants.

e Carbonate ions exert a strong demand on hydroxyl radicals and acids (H" ions).

e As with all oxidants, the optimal oxidant loading, including both target and nontarget
compounds, should be determined before injection.

1.1.4 Ozone and Ozone with Hydrogen Peroxide

Ozonation is a very common municipal water treatment technology. However, over the past 20
years, more and more literature has been published that supports the concept of also using ozonation
for treating complex organic pollutants. Ozone-based processes are unique to most other ISCO
processes in that they involve application of a gas (ozone) posing very different design and
operational issues than those faced with the application of the peroxide, persulfate, and
permanganate liquid systems. There are two distinct forms of in situ ozone application: vadose zone
injection of ozone gas and ozone sparging below the water table. More recently ozone has been
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injected dissolved in water. Because of the differences in subsurface flow physics and chemical
transport in these different applications, the operational and treatment considerations for these
approaches are very different than that of the other oxidants. For ozone-based systems, ozonation
(application of ozone alone) and peroxone (application of ozone and hydrogen peroxide) are most
often considered. ISCO ozonation can also be applied using adjusted elevated pH conditions. This
approach is a strategy for increasing hydroxyl radical production, which results in increased
degradation rates of some pollutants (such as phenolics).

Ozone is one of the strongest oxidants available for ISCO. It is an allotrope of oxygen and is more
soluble than oxygen in water. It is usually generated on site using ozone generators. Commercial
generators using an air or oxygen stream usually generate ozone within the 2—10 wt% range. When
ozone is introduced via the gas phase, the application rate is controlled by the phase equilibrium
between gases and liquids. When typical ozonated feed gases are sparged into tanks containing clean
water, the aqueous equilibrium ozone concentrations generally range 5-30 mg/L (Langlais,
Reckhow, and Brink 1991). More recently, ozone has been injected in a dissolved phase as ozonated
water or as an ozone/peroxide mixture, both of which have liquid distribution properties. This type
of application is similar to that of the other oxidants.

Ozone oxidation chemical reactions may be divided into two categories: direct oxidation and
indirect oxidation. Direct oxidation involves the oxidation of the targeted chemical by the parent
oxidizer, ozone. Direct oxidation does not rely heavily on the hydroxyl radical (OH") for achieving
targeted results. This process has found significant usage in water treatment. The second form of
ozone oxidation reactions follows an indirect pathway and results in the production of the hydroxyl
radical (OH") for contaminant oxidation. Hydroxyl radicals are nonselective oxidizers, which rapidly
attack organic contaminants and break down their carbon-to-carbon bonds. Oxidation by hydroxyl
radicals is a faster reaction than direct oxidation by the ozone itself. Oxidation products of most
organic compounds are usually hydroxylated products, aldehydes, ketones, carboxylic acids, carbon
dioxide, and water. For the direct oxidation pathway, typical modes of attack involve the insertion of
the ozone molecule into unsaturated carbon-carbon bonds which results in the formation of an
ozonide (Qui et al. 1999).

Direct Ozone Reaction

O; + RC = CR — RCOCR + O, (32)
The second mode of organic oxidation is through the reaction with hydroxyl radicals, which are
usually formed during ozonation due to the reaction with the hydroxide ion at neutral to basic pH
ranges. Hydroxyl radicals can also be formed in the presence of ultraviolet light and by the reaction
with certain cations. In addition to the production of these radicals, a chain reaction is also initiated
causing the formation of new radicals.
Chain-Initiating Reactions

O; + OH" — 0, + OH (33)

O; + H,O — O, + 20H" (in the presence of ultraviolet light) (34)
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Within soil systems, the hydroxide ion and cationic-initiating steps are the most likely initiators.
Promotion of hydroxyl radical formation may occur in the presence of key organic compounds such
as alcohols, carboxylic acids, and humics (all fairly common constituents of most soil matrices). The
hydroxyl radical chain-propagating and -terminating reactions are similar to those outlined for
hydrogen peroxide and are summarized below.

Chain-Propagating Reactions

OH" + 2H,0 — HO," + OH™ + 3H" (35)
HO,” — O, + H+ (36)
OH  + RH — R’ + OH~ (37)
R* + O; + H,O — ROH + O, + OH’ (38)

Chain-Terminating Reactions

HO, + Fe,” — O, + H" + Fey" (39)
HOZ' + F62+ — HOZ_ + F€3+ (40)
Fe;" + O, — Fe,” + O (41)

The radical chain reaction can be terminated as outlined in the peroxide systems. In addition, radical
scavangers are also common within soil matrices, including naturally occurring carbonates and
oxidation products, mainly humic acids, and tertiary alcohols. These scavengers consume ozone and
increase the ozone demand due to the nonselectivity of ozone and the hydroxyl free radical.
However, only those reactions that result in pollutant removal are of value, while the others actually
adversely affect remediation by increasing both cost and time requirements. In terms of ozonated
ISCO processes, the key aquifer soil constituents of concern are high levels of bacteria biomass, total
organic carbon, iron, manganese, hydrogen sulfide, and carbonates. The actual level of each that
poses potential problems cannot be simply listed because of unique matrix effects that the
combination of different matrix chemistries may impart. However, soils containing elevated levels of
any one constituent listed above should offer some level of concern, and thus it is suggested, when
there is doubt, some laboratory or pilot testing be initiated to ensure site compatibility (Dragun and
Chiasson 1991). One particular scavenger that is not soil derived and yet can be very problematic is
the overdosing of hydrogen peroxide (a common practice with Fenton’s reagent applications),
resulting in the scavenging reaction of the hydrogen peroxide with the generated hydroxyl radical.

Because many reactions are occurring at the same time, both H" and OH™ are being generated, and
the pH does not change appreciatively. Generally, the direct attack mechanism tends to lower the
pH, while the radical pathway tends to increase it. ) The half-life of ozone in the presence of water is
typically 30 minutes at standard temperatures and pressures, but it can be longer in subsurface
environments because of natural deviation from standard temperatures and pressures. Since the mass
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transfer of ozone to groundwater is limited, ozonation is typically sustained over a longer period of
time than with other oxidants. To maximize mass transfer to groundwater, ozone is commonly
delivered via sparge screens with very small orifices such that fine bubbles form. Also, ozone can
potentially be dissolved into water and injected in dissolved form. The contaminants are treated in
situ, converted to innocuous and/or naturally occurring compounds (e.g., H O, CO,, O, halide ions).

Because ozone is a gas, it can easily be used to remediate vadose zone contamination. As a side
benefit, when it decomposes, ozone provides oxygen to the microbial community, which can aid in
bioremediation. However, it can also be a sterilizing agent in high concentrations or long residence
times, so ozone must be carefully controlled if bioremediation is to be encouraged. Groundwater
with a high carbonate concentration can limit the effectiveness of this oxidant.

Several issues involved with the use of ozone to oxidize VOCs in groundwater:

e Longer injection times may be required than for other oxidants.

e There is potential gas generation/volatilization of contaminants.

e There is a potential for subsurface sterilization with longer injection times, but this effect is
usually localized to within a few feet of the injection well and is a temporary phenomenon.

e (Carbonate ions exert a demand on hydroxyl radicals.

e As with all oxidants, the optimal oxidant loading, including both target and nontarget
compounds, should be determined before injection.

e As with all oxidants, metals can be mobilized within the treatment zone due to a change in
oxidation states and/or pH.

Numerous successful applications of ozonation ISCO processes have been reported using ozone
injection alone as well as ozone in combination with hydrogen peroxide (Nelson and Brown 1994;
Amarante 2000; Nimmer, Wayner, and Morr 2000). Ozone—hydrogen peroxide reactions result in
enhanced generation of hydroxyl radicals. This mechanism for the formation of hydroxyl radical
during ozone—hydrogen peroxide treatment involves production of hydroxyl radicals by direct
hydrogen peroxide and ozone reactions and through intermediate ozone and hydrogen peroxide
reactions. The general reaction can be summarized as follows:

20; + H,0, — 20H" + 30, (42)

This mechanism for the formation of hydroxyl radicals during peroxone treatment is complex and
involves the production of hydroxyl radicals by peroxide and ozone independently and with
intermediate products (Langlais, Reckhow, and Brink 1991). Some of these reactions are outlined
below:

H,0, + H,0 < HO,” + H;0" (43)
O; + HO, — OH" + 02_. + O, (44)
0, + H < HOY (45)
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07 + 0, — 05 + 0O (46)
0;” + H" < HO5' (47)
HO;" — OH" + O, (48)

Many of the reactions that take place produce additional dissolved oxygen. For most ozone-injection
systems that use an oxygen feed supply (as opposed to atmospheric air) to the ozone generator, a
significant amount of oxygen can also be directly injected into groundwater (in some cases, ozone
generators using an oxygen feed supply may be injecting approximately 90% oxygen and 10%
ozone). Due to the significant amount of oxygen being injected into the subsurface and the oxygen-
producing reactions, dissolved oxygen levels during ozone—hydrogen peroxide injection are
typically very high and can help promote aerobic bioremediation downgradient of the injection
points. Although microorganism populations can be limited in source areas, they can thrive
downgradient where the oxidizing species are not present and water is saturated with oxygen.

Ozone-hydrogen peroxide injection has been used for many years to treat contaminants in water ex
situ. Much research has been conducted during the past two to three years to implement effective in
situ ozone—hydrogen peroxide injection (Wang et al. 2001, Fleming 2000, Tiang and Zappi 2003). It
is important to understand the chemistry behind the ozone and hydrogen peroxide reactions to inject
the appropriate volume of reactants. Ozone and hydrogen peroxide injection is considered to be one
of the most aggressive forms of in situ chemical oxidation technologies due to the high yields of
hydroxyl radicals obtainable (Hoigne and Bader 1983, Hong et al. 1996, Kuo and Chen 1996). In
many cases ozone—hydrogen peroxide injection is much more aggressive for the removal of
petroleum-based pollutants than ozonation and Fenton’s reagent used alone. In summary, when
implementing ozone—hydrogen peroxide injection, there are more oxidizing species introduced into
the subsurface reacting with many different contaminants and there can be significant downgradient
dissolved oxygen bioremediation effects. Issues involved with the use of 0ozone—hydrogen peroxide
to oxidize VOCs in groundwater are the same as those for the individual oxidants.

1.2 Appropriate and Applicable Uses of ISCO Technology

ISCO is potentially applicable over a range of contaminant concentrations from source area mass
reduction to intercepting of plumes to remove mobile contaminants. Table 1-5 summarizes the
general applicability of ISCO for treatment of organic contaminants at various concentration ranges,
and describes alternative technologies that should also be considered in many cases.

Each oxidant has its own unique advantages and disadvantages. Contaminants of concern (COCs)
commonly remediated through oxidation technologies include chlorinated solvents, PAHs, and
petroleum products. This includes PCE and daughter products, the BTEX compounds, as well as
naphthalenes. Stronger oxidants have been proven to be effective with chlorinated alkanes
(chloroform, carbon tetrachloride, etc.). Table 1-6 contains more details on the suitability of oxidants
for specific contaminants.
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Table 1-5. General applicability of ISCO

Organic cor_1tam|nant ISCO applicable? Considerations
concentration range

Mobile NAPL* Possible, but challenging | High oxidant dose

Residual NAPL* Yes, but challenging High oxidant dose

High groundwater Yes, a good fit Standard

concentrations™

Low groundwater Yes, but may not be cost- | Cost driven by matrix oxidant

concentrations™® effective demand and size of plume

* Mobile NAPL—Continuous NAPL pools.
Residual NAPL—Discontinuous NAPL globules.
High groundwater concentrations—>10 mg/L.
Low groundwater concentrations—<1 mg/L.

Table 1-6. Oxidant effectiveness for contaminants of concern

Oxidant Amenable COCs Reluctant COCs | Recalcitrant COCs
H,0,/Fe TCA, PCE, TCE, DCE, VC, DCA, CH,Cl,, CHCI;, pesticides
BTEX, CB, phenols, 1,4-dioxane, | PAHs, carbon
MTBE, tert-butyl alcohol (TBA), |tetrachloride,
high explosives PCBs
Ozone PCE, TCE, DCE, VC, BTEX, DCA, CHyCl,, TCA, carbon
CB, phenols, MTBE, TBA, high |PAHs tetrachloride, CHCl;,
explosives PCBs, pesticides
Ozone/H,O, |TCA, PCE, TCE, DCE, VC, DCA, CHx(Cl;, CHCI;, pesticides
BTEX, CB, phenols, 1,4-dioxane, | PAHs, carbon
MTBE, TBA, high explosives tetrachloride,
PCBs
Permanganate | PCE, TCE, DCE, VC, BTEX, Benzene, TCA, carbon
(K/Na) PAHSs, phenols, high explosives |pesticides tetrachloride, CHCls,
PCBs
Activated PCE, TCE, DCE, VC, BTEX, PAHs, explosives, | PCBs
Persulfate CB, phenols, 1,4-dioxane, pesticides
MTBE, TBA

The two most critical success factors in all ISCO projects are the effective distribution of the
reagents in the treatment zone and the reactivity of a particular oxidant with the contamination
present. This combination requires careful site characterization, screening, and feasibility testing.
Failure to account for subsurface heterogeneities or preferential flow paths can cause an uneven
distribution of the oxidant, resulting in pockets of untreated contaminants. The applied reagents also
consume natural organic matter in the soil, some of which has sorbed contamination. As the natural
organic matter is consumed, the sorbed contamination will be released. Therefore, when applying
liquid oxidants in the both the saturated and vadose zone, there is a potential to release
contamination to the groundwater. This phenomenon is highly dependent on the transport properties
of the soil. The more permeable the soil, the greater chance for release to groundwater because the
oxidant has less time for reacting with the contaminants. Desorption of contamination can be
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considered a benefit for remediation purposes because reactions typically occur in the aqueous phase
and more contamination is available for reaction. The remedial design must account for both the
sorbed and dissolved-phase contamination for effective site cleanup.

Important advantages of ISCO include its relatively low cost and the speed of reaction. However,
because of the reactivity of the oxidants, there is potential to cause a significant change in both the
concentration and distribution of contamination, potentially resulting in large changes in a site’s
established equilibrium of contaminants between the vapor, liquid, and sorbed phases. Therefore,
experts should be consulted when designing all remediation projects. Table 1-7 identifies some
considerations for in situ chemical oxidation treatment. Site-specific information is always needed
for effective field application.

Table 1-7. Considerations for in situ treatment with 1ISCO

Peroxide Ozone Permanganate Persulfate
Vadose zone Successful Successful Successful Successful
treatment
Potential Gas evolution, Gas evolution, By-products, By-products,
detrimental heat generation, | by-products, resolubilization of | resolubilization
effects by-products, resolubilization | metals of metals
resolubilization of | of metals
metals
PH/alkalinity Effective over a | Effective overa | Effective over a Effective over a
wide pH range, wide pH range, |wide range wide pH range,
but carbonate but carbonate but carbonate
alkalinity must be |alkalinity must be alkalinity must
taken into taken into be taken into
consideration consideration consideration
Persistence Easily degraded in | Easily degraded | The oxidant is very | The oxidant is
contact with in contact with stable very stable
soil/groundwater | soil/groundwater
unless inhibitors
are used
Oxidant demand | Soil oxidant demand varies with soil type; contaminant oxidant demand is
based on total mass and mass distribution (sorbed, dissolved and free phase)
Soil permeability | Low-permeable soils and subsurface heterogeneity offer a challenge for the
and heterogeneity | distribution of injected or extracted fluids

For chlorinated hydrocarbon remediation via chemical oxidation methods, the risk of a fire is
reduced since those compounds are less flammable than BTEX. However, caution should be
exercised to prevent the release or migration of quantities and concentrations of chlorinated vapors
that may be harmful from a toxicological or environmental standpoint. Design and implementation
considerations related to success include the following:

e Venting or negative pressure systems may be appropriate for some sites with ozone or Fenton’s
reagent to accommodate off-gasses and relieve pressure and buildup of organics. This
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consideration is especially important if the ground surface is paved. Some state regulatory
agencies may require negative pressure systems when using certain ISCO technologies.

e Utility surveys should be conducted to account for the effect of underground piping, utilities, or
trenches on preferential pathways and/or pockets for organic decomposition, explosive liquids
and vapors, and oxygen.

1.3 Integration of ISCO with Other Technologies

Historically, ISCO has been viewed as a stand-alone treatment technology for achieving cleanup
objectives at many sites where the time factor and the nature of contamination require a more
aggressive, rapid approach. This view, however, is being revisited as ISCO technologies prove
useful as integral parts of sequential or more complex remedial approaches. This trend is being
driven by a variety of site-specific concerns involving one or more of the following:

e complex mixtures of contaminants and/or intermingled plumes;

e the presence of NAPL;

e geologic, hydrogeologic, and geochemical limitations; and

e facility constraints such as ease of access and wellhead protection concerns.

ISCO is becoming a vital component of many site closure strategies whereby it is used to rapidly
reduce high concentrations in soil and groundwater or to destroy mass present as NAPL. This
approach enables other longer term and generally less expensive technologies to treat zones of lower
concentration. In addition, under some circumstances, ISCO has been found to enhance mass
transfer from soil to groundwater by breaking down NOM (and sorption sites) or increasing
temperature, which can result in a more complete remediation of a site because both soil sources and
groundwater contamination are removed or destroyed. The major improvements in the overall
effectiveness of remedial designs when integrating ISCO involve supplementing traditional mass
transfer (pump and treat, air sparging/soil vapor extraction [SVE], dual-phase extraction) and/or
monitored natural attenuation (MNA) technology applications.

Current/emerging industry practice related to application of ISCO to specific soil/groundwater
plumes includes the use of multiple ISCO technologies in concurrent or sequential fashion, using
ISCO with other technologies, and enhancing ISCO with other technologies such as radio-frequency
heating or surfactants. Table 1-8 provides general examples of how ISCO has been applied on
projects across the United States.

Table 1-8. Summary of ISCO project implementation scenarios

Initial technology Following/concurrent technology
Pump and treat All oxidants
Air sparging/SVE All oxidants
Resistive heating All oxidants
Surfactants* All oxidants
Persulfate or peroxide Permanganate
All oxidants Enhanced bioremediation

*When considering the application of a peroxide based-treatment after the use of
a surfactant flush, a treatability evaluation should be performed to ensure that the
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surfactant is not polymerized by the peroxide. This polymerization could result in
the severe reduction of permeability in the formation during the application if
significant volumes of surfactant remain in the formation after their use.

1.3.1 ISCO Integration with Traditional Mass-Transfer Strategies

Traditional mass-transfer technologies are limited in their effectiveness because they must rely on
the natural slow and inefficient desorption of the contaminants of concern from the soil. Desorption
rates are related to the temperature and geochemical conditions of the site and the contaminant soil
partitioning coefficient (K,.). In most cohesive or high organic content soils, the majority (>80%) of
the contaminant mass can be sorbed or present as NAPL. These systems have a tendency to rapidly
reach an asymptotic slow recovery rate throughout mass-transfer remediation techniques. It is fairly
easy to clean up soil gas and groundwater to acceptable levels without affecting the sorbed
contamination. This situation increases the potential for contaminant rebound as the sorbed phase
contamination equilibrates with the clean soil gas and groundwater. However, chemical oxidation
technologies have the ability to release the sorbed contaminants by oxidizing the organic matter onto
which the contaminant is sorbed and changing the chemical equilibrium between the sorbed mass
and the groundwater, greatly increasing the effectiveness of traditional mass transfer technologies.

1.3.2 ISCO Integration with Biological Treatment Strategies

It has been demonstrated at many sites with varying lithologies and with a wide range of
contaminants in both oxidizing and reducing environments that ISCO can enhance biological
activity. Contaminant degradation is twofold: reduction of toxic source area contamination and the
addition of chemicals beneficial to biological degradation of most organic contaminants (e.g., O, for
aerobic microbes). It is extremely difficult for ISCO technologies to render a site biologically
inactive, even those involving reductive dechlorinating (anaerobic) bacteria. Ozone, the only known
oxidant with this potential, requires very high concentrations and long injection time frames to
achieve complete biological inactivation. Even if this state occurs, it is only temporary and localized
near injection points. Natural soil and groundwater systems are not closed systems, so bacteria
repopulate areas where they have been depleted. Studies involving both chlorinated and
nonchlorinated organic contaminants have shown that, in most treatment areas where ISCO is used,
microorganisms are initially dormant before remediation due to the toxic concentrations within the
source area. When these concentrations are reduced to less toxic levels, the environment becomes
more acceptable for bacterial growth. Bacteria typically become quite viable if other, sufficient
environmental conditions permit. Post-treatment populations have been demonstrated to grow
rapidly within short periods after even the most aggressive treatments.

Aerobic biological enhancement occurs because the contaminant source and dissolved plume are
reduced to less toxic concentrations and the dissolved oxygen content of the groundwater is
increased, creating a subsurface environment for aerobic bacteria to flourish. Where chlorinated
organics are being treated, some of the intermediate products of the degradation (e.g., cis-1,2-DCE)
can be used by the indigenous aerobic bacteria as a food source. However, reducing environments
are usually rapidly restored as the oxidant is consumed by the aerobic bacteria, NOM, and the
contaminant targeted for oxidation.
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Anaerobic biological enhancement in an in situ chemical oxidation post-treatment environment has
been demonstrated (Rowland et al 2001, EPA 2004). Other investigators (Dennis, Hood, and Major
2004) have commented on the effects of permanganate on anaerobes. The enhancement mechanisms
involved appear to include (a) the reduction of the contaminant source as free phase or DNAPL and
as dissolved phase; (b) the increased availability of NOM substrate (through partial oxidation of
NOM) for anaerobes; and (c) pH buffering. Reducing environments (and the viability of anaerobic
contaminant-degrading microorganisms) are usually rapidly restored as the oxidant is consumed by
NOM or the contaminant targeted for oxidation.

1.3.3 Enhancing ISCO with Innovative Approaches

ISCO’s effectiveness is often hampered by site conditions such as low permeability and
contaminated soils that are not fully saturated with water. The following processes should be
considered to optimize the effectiveness of ISCO:

e ISCO is an aqueous-phase technology, so except for ozone, the oxidant must be applied to a
saturated or near-saturated soil matrix.

e The oxidant must be evenly dispersed throughout the contaminated soil matrix with minimal
forced migration of the contamination outside of the treatment area.

Low soil permeability is a barrier to all forms of remediation. Ozone can be used to take advantage
of the much higher gas-phase permeability. Transport properties can also be enhanced by soil
fracturing, thereby increasing secondary porosity. This approach may result in the use of fewer
injection points. However, each site must be evaluated adequately to ensure that the fracturing does
not preferentially bypass contaminated zones or provide a path to enable contaminant migration.

Hydration of the unsaturated zone soils may be required when applying ISCO in the vadose zone
because water is the reaction medium for chemical oxidation. This requirement does not necessarily
apply to ozone, but hydroxyl radical formation may be increased in the presence of water.
Techniques to hydrate the site include injection of large quantities of oxidant to saturate and
maintain saturation during the treatment period, artificial hydration of the treatment area, and use of
surfactants. The “overinjection of oxidant” approach is generally inefficient and has the potential to
enhance the release and migration of the target contaminants. If treatment occurs near the saturated
zone of the site without an impervious layer between the vadose zone and the saturated zone, there is
a tendency to mobilize both contaminants and products of the reaction. Hydration with wells or
infiltration galleries is generally effective and is less likely to mobilize contaminants due to the low
hydration pressures and saturation rates. Contaminant location, infiltration rates, and soil
permeability are important variables that must be considered.

2. SITECHARACTERIZATION AND CONCEPTUAL SITE MODEL

To properly design and implement ISCO, a site must be adequately characterized. In fact, the
completion of thorough site characterization is the most important factor in the success of any
remediation project. Adequate site characterization entails more than simply measuring contaminant
concentrations. It also includes determination of the nature and mass of the contaminants present
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(sorbed, dissolved, and/or free-product phases), an understanding of the subsurface geology
including the identification of the major migration pathways for the COCs, and the
direction/gradient of groundwater flow. A conceptual site model should be created that incorporates
all of these parameters as an ongoing process for all successful remediation projects. Important
features of a conceptual site model include the above-mentioned site characterization parameters, as
well as site topography, aquifer geochemistry, the presence of surface and subsurface structures
and/or underground utilities, surface water features/uses, and potential receptors in the area. When
developing a conceptual site model, all sources of existing information should be researched,
including facility permits and licenses, operating records, waste disposal records, interviews, site
reconnaissance maps, aerial photographs, and previous environmental/engineering reports.

In completing the site characterization, a thorough sampling and analysis plan based on specific data
quality objectives (DQOs) should be developed for the site according to U.S. Environmental
Protection Agency (EPA) requirements and/or specific state regulations. Consult the ITRC Web site
(www.itrcweb.org) for other appropriate guidance documents concerning site characterization
procedures, including accelerated site characterization guidance (ITRC publications ASC-1 to
ASC-4) and An Introduction to Characterizing Sites Contaminated with DNAPLs (ITRC’s
DNAPLs-4).

2.1 Specific Geologic and Chemical Data Needs

Site-specific geochemical data should be collected to establish baseline conditions prior to treatment,
determine oxidant dosage, and evaluate the effectiveness of ISCO treatment. Baseline conditions
should be established, including the measurement of initial contaminant concentrations and field
water quality parameters prior to treatment using ISCO. Geologic and chemical field data that should
be measured as part of the development of a conceptual site model are discussed below.

2.1.1 Hydrogeologic Data

Delineation of the lithology and characterization of the subsurface soils are the initial steps in the
development of a conceptual site model. This process includes the collection of detailed lithologic
logs from borings drilled at the site, as well as the determination of hydrogeologic data, including
hydraulic conductivity/permeability, particle size distribution, soil porosity, and the groundwater
flow direction and gradient. It is extremely important to delineate heterogeneous soils and determine
the presence of preferential flow paths, if any, to determine the major contaminant migration
pathways as well as to understand the ultimate fate of oxidants injected into the subsurface.

Hydraulic conductivity is a measure of the ease by which water can move through the saturated zone
of the subsurface geologic media. This measurement helps us understand how easily and how fast
both the dissolved-phase contamination and the injected oxidant can move. Hydraulic conductivity
can be determined via geotechnical laboratory testing using ASTM Method D5084 or by aquifer
testing. Because of subsurface heterogeneity and the difficulty of obtaining an undisturbed sample
that is representative of the subsurface environment, field aquifer testing can result in a better
evaluation of site-specific conditions than laboratory hydraulic conductivity tests. Hydraulic
conductivity is important for estimating a zone of influence, determining the spacing of wells
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required to achieve optimal distribution of the injected oxidant, and minimizing forced migration of
the contamination (displacement of contaminated groundwater) during injections.

Another parameter similar to the hydraulic conductivity is soil permeability. Permeability is the
measure of the ease of which any fluid travels though the subsurface materials. It is a property of the
soil matrix only and does not take into account any properties of the fluid. Permeability can be
determined for either the saturated or the unsaturated zone. It is determined via geotechnical
laboratory testing using API Method RP40. Saturated zone permeability is useful to understand the
potential migration of free-phase (LNAPL or DNAPL) and dissolved-phase contamination as well as
to determine the volume/pressure required to evenly distribute the injected oxidant. Unsaturated
zone (air) permeability is useful for ozone projects to determine air flow patterns in the vadose zone.

Particle size distribution is determined via geotechnical laboratory testing using ASTM Method
D4464M. This is a quantitative determination of soil particle sizes, including the percent gravel,
sand, silt, and clay of a sample. Boring logs may be used to qualitatively evaluate the variation and
heterogeneity in soil types, but soil should be tested for particle size analysis to confirm (support)
the soil type determination, especially in the source area. The soil type and heterogeneity greatly
influences the dispersion of an oxidant. This measurement is comparable to the aforementioned
hydraulic conductivity/permeability in the development of the conceptual site model.

Soil porosity (total porosity and effective porosity) is determined via geotechnical laboratory testing
using API Method RP40 or ASTM D425M. It is a measure of the void space present in the soil. Soil
porosity is necessary to estimate the required injection volume to achieve the desired radius of
influence. However, it should be noted that in fine-grained soils much of the void space can be
considered to be dead end pores from which water will not drain. Therefore, a more accurate
measure of porosity in fine-grained soils is the effective, or drainage, porosity. The effective soil
porosity may also be estimated based on aquifer testing conducted to determine the hydraulic
conductivity.

The hydraulic gradient is determined by collecting groundwater level measurements from a number
of surveyed reference points, usually monitoring wells or piezometers (at least three measurements
are necessary). The hydraulic gradient is necessary for estimation of groundwater flow direction and
velocity. Properly evaluated hydrogeologic data allows for a more complete understanding of the
physical setting of the site. It should be noted that in situations where the subsurface geology is not
very permeable (i.e., silts and clays), the presence of manmade conduits, whether current or historic,
(sewer, storm, gas, electric, and water lines, improperly abandoned boreholes) may create or
contribute to contaminant migration pathways in the subsurface and should be thoroughly evaluated
prior to implementing an ISCO remediation project. These conduits can provide a pathway not only
for the contamination, but also for the oxidant and/or the products of the reaction. Volatilized (gas-
phase) organics can move into the conduit, through the utility fill, or along the buried conduit,
creating a potentially explosive atmosphere. Care should be made to locate and monitor these
structures during the treatment program to ensure that the conduit atmosphere is maintained at a
nonexplosive level. In addition, when working in enclosed environments such as basements, the area
should be monitored and ventilated, and all ignition sources (pilot lights, blower motors, etc.)
extinguished during the treatment period.
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2.1.2 Contaminants and Chemical Data

The most common COCs for ISCO projects are measured via laboratory testing using specific EPA
methods. The COC concentrations are essential for estimating contaminant mass/location as well as
determining baseline levels (preinjection) and evaluating treatment effectiveness (post-injection).
EPA methods for some common COCs are summarized below:

EPA method:  Analytical parameters/instrument:

8015B Nonhalogenated organics (TPH) by gas chromatograph (GC)/flame ionization
detector (FID)

8081A Organochlorine pesticides by GC

8082 PCBs by GC

8260B VOCs by GC/mass spectrometer (MS)

8270C Semivolative organic compounds by GC/MS

8310 PAHs by high-performance liquid chromatography (HPLC)

8330 Nitroaromatics and nitramines by HPLC

Laboratory analysis of all the above organic compounds should be performed at least once during
the site characterization to determine whether any nontarget COCs are present at levels which may
require additional treatment. ISCO is a nonspecific treatment process that will act on any organic
contaminants present (see Table 1-6), so it is important to delineate all contamination present in the
subsurface. The contaminant mass is determined empirically from measured COC concentrations.
The estimation of contaminant mass (in pounds) should include a full lateral and vertical assessment
of the saturated zone (including any free-phase product) and the smear zone. Both the dissolved and
sorbed phases of contamination should be included in the mass estimation. Collection of soil
samples below the water table is critically important in the determination of the sorbed-phase COCs.
It is essential to know the mass/location of all contaminants present in the subsurface (within
practical limitations) to design an optimal injection system. This estimation is essential when
determining oxidant dosing and for placement of an appropriate number of oxidant injection points
(or wells). Because chemical oxidants attack the sorbed phase of contaminants as well as the
dissolved phase, it is extremely important to include investigation of the sorbed contaminant mass as
part of the site characterization. As the oxidant attacks the sorbed mass, the contaminants will be
released into the dissolved phase. Therefore, source areas must be adequately delineated to estimate
the entire mass present (both sorbed and dissolved). One of the measuring sticks used in
determination of the success of chemical oxidation is the net reduction in mass of the contaminant of
concern, including all phases.

In all ISCO projects it is important to know what metals are present in the soil and groundwater
because this treatment technology can oxidize some metals, including iron, chromium, and selenium,
to a more soluble form, thereby increasing their migration potential. This process also creates an
additional demand for the oxidant. Knowing which metals are present will aid in the selection of
metals that should be monitored throughout the injection and the amount of additional demand for
the oxidant. Metals concentrations are determined via laboratory testing using EPA Method 6010B
or 200.7 Series. The initial investigation should include the following metals at a minimum: arsenic,
barium, cadmium, chromium, copper, iron, lead, and selenium. In addition, hexavalent chromium
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should be tested using EPA Method 7199, since chromium™ can be temporarily converted to
chromium ™ under oxidizing conditions.

A general minerals analysis includes total dissolved solids (TDS), major anions (chloride, sulfate,
nitrate, fluoride), and major cations (calcium, sodium, magnesium, potassium, manganese). It is
determined via laboratory testing using EPA Method 300.0 (for anions), EPA Method 6010B (for
cations), and EPA Method 160.1 (for TDS). These analyses are useful to determine baseline levels
and to track changes in mineral composition due to oxidant treatment.

The number of remediation sites where multiple remediation technologies have been, or are being,
deployed sequentially or simultaneously (by design or otherwise) is growing rapidly. Application of
most remediation technology classes, ISCO included, involves the temporary or permanent alteration
of subsurface conditions. If an ISCO technology is being considered for application at a site after
other technologies have been or are to be used, it is appropriate to evaluate the potential impacts the
other technologies may have on ISCO technology effectiveness. For example, chemical flooding and
enhanced bioremediation technologies involve the introduction of chemicals and/or the promotion of
biomass growth that may increase oxidant demand. Chemical flooding technologies include
surfactant/cosolvent-enhanced aquifer remediation technologies. Enhanced bioremediation
technologies are centered on introduction of labile carbon sources and nutrients, which, if used
efficiently, can result in increased biological growth. All of these introduced compounds may result
in significant oxidant demand. After injection, these chemicals are often recovered from the
subsurface or biodegrade very rapidly, but some amount of the injected chemicals usually remains in
situ. The remaining mass of chemicals may exert a significant oxidant load above and beyond
natural oxidant demand, alter the redox state, or modify the nature of the contamination. Where
biological growth has been stimulated, significant organic carbon increase may be observed, and this
must also be considered in evaluating the feasibility or performing the detailed design.

Quantification of the potential impacts of other remediation technologies on ISCO effectiveness may
be supported by collecting and sending in specific samples for laboratory analytical and bench-scale
tests prior to completing the ISCO feasibility analysis or design. The types of analytical tests will
vary depending on the chemicals known or suspected of being utilized previously or expected to be
used, the type of oxidant potentially to be used, and the local geology/geochemistry.

2.1.3 Oxidizable Matter

Oxidizable matter refers to those naturally occurring organic and inorganic compounds in soil and
groundwater that will react with an oxidant. The purpose of analyzing a sample for oxidizable matter
is to help determine the natural “oxidant demand.” Laboratory tests are performed on soil and
groundwater samples to estimate the concentration of oxidant that will be consumed by both the
contaminants and the natural reducing agents during a given treatment time. Results obtained from
these tests are used to estimate oxidant dosage requirements. In the subsurface, the oxidant attacks
the naturally occurring organics and inorganics as easily as it does the organic COCs. Experience
has shown that the rate and degree of degradation of compounds such as TCE and PCE increase with
increasing concentrations of oxidant above the natural oxidant demand (NOD). The oxidizable
matter present in the subsurface can be measured using several different methods. The most common
methods were developed by bench-scale testing and are described below.
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“Natural oxidant demand” refers to the consumption of an oxidant due to reactions that are unrelated
to degradation of the COC and is usually measured during a bench test. A NOD measurement is a
direct estimate of the oxidant consumption by organic and inorganic components in the matrix (soil
or water). Such estimation is valuable in determining oxidant dosing. NOD measurement is typically
done on uncontaminated samples (background) or samples from which the volatile COCs (VOCs)
have been removed. Natural organic matter, also measured with a bench test, is a measure of the
oxidant consumption by organic materials in the soil matrix. NOM has a high oxidant demand and
therefore can be important when estimating the required chemical dosage. For highly organic soils
with high values of NOM, chemical oxidation may not be an economically feasible technology. Soil
oxidant demand (SOD) is also measured during a bench test. SOD is a direct determination of the
oxidant consumption by both organic and inorganic component of the soil aquifer matrix. A SOD
test is typically done with the COCs present in the sample. Not all of the aforementioned tests for
organic matter have been standardized. Some are performed under complete mixed conditions while
others are flow-through column tests. The amount of time the oxidant is allowed for degradation is
another factor that varies. Care should be taken when interpreting the results of these tests as some
may overestimate the amount of oxidant needed. Site conditions should be considered when
choosing the type of test and interpreting the results.

Other standard laboratory measurements of oxidizable matter in groundwater include the chemical
oxidant demand (COD), total organic carbon (TOC), and total inorganic carbon (TIC). COD is
determined via laboratory testing using EPA Method 410.4. It is a common groundwater
measurement used to estimate the organic pollution load in groundwater. It may be used as a general
tool for estimating oxidant dosing. COD values would incorporate the oxidation potential of
groundwater, including the oxidant demand imposed by dissolved/suspended oxidizable material and
therefore can be a useful indicator of oxidant demand. COD does not include the demand from the
soil itself and therefore is of limited value for design of ISCO systems. TOC is determined via
laboratory testing using EPA Method 415.1. TOC is a measurement of the organic content of the
groundwater and basically represents the NOM present. TIC, a measurement of the total inorganic
carbon, and is a potential issue in limestone aquifers and in areas where coal has been handled,
mined, or processed. Inorganics can potentially have a large impact on the effectiveness of any
treatment due to their absorptive properties (absorbs the contaminants), high oxidant demand, and
reactivity with peroxide. Because inorganic carbon is not considered a drinking water pollutant, it
does not have an EPA method and must be determined by a British thermal unit (BTU) per pound
method and compared to BTU values for coal and petroleum hydrocarbons.

2.1.4 Field-Measured Water Quality Parameters

Measurements of field water quality parameters can be useful in determining an oxidant’s
distribution and the effectiveness of the remediation project. Measurements of pH, oxidation
reduction potential (redox), dissolved oxygen, dissolved carbon dioxide, temperature, and specific
conductance should be taken to establish baseline conditions as well as during and after injection of
the oxidant.

The pH of the groundwater can be determined inexpensively by field instrument. Baseline pH values
are useful in determining the suitability of an oxidant’s effectiveness, especially for peroxide
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injections, which may require a lowered pH to promote the production of hydroxyl radicals. The pH
should be measured periodically during treatment to monitor changes. The oxidation reduction
potential (ORP or “redox,” sometimes referred to as “Eh”) can also be determined by field
instrument. It is a measure of the oxidizing environment and can be used to determine oxidant
movement in the field. Positive values of redox reflect oxidizing conditions and generally coincide
with the oxidant movement. Dissolved oxygen (DO) is another useful parameter that can be
determined by field instruments. The DO content of water is an indicator of its organic pollutant load
(i.e., DO decreases with increasing contaminant concentrations). Increases in DO concentrations
reflect oxidizing conditions and generally coincide with the oxidant movement. Carbon dioxide is a
by-product of the oxidation process and can be an indication of the rate and extent of oxidation at the
site. It should be noted that this gas is also produced by carbonate in the formation and should be
used for evaluation purposes only. Temperature can also be determined by field instrumentation.
Increases in groundwater temperature are often detected immediately after injection of hydrogen
peroxide. For safety reasons, downhole temperatures for peroxide projects should be closely
monitored and controlled. Conductivity/specific conductance is the last useful parameter determined
by field instrument. Slight increases in conductivity are frequently observed following oxidant
injections. Conductivity can also be an important parameter to establish baseline conditions and to
track the extent of oxidant dispersion. Field-measured parameters are inexpensive to obtain, yet they
can add value to the conceptual site model throughout the remediation project. The delineation of the
dispersion of the injected oxidant through field water quality measurements is valuable information
that can be easily and inexpensively obtained.

2.1.5 Additional Data Needs for Permanganate

Permanganate treatment requires the collection of additional data to aid in the design of an injection
project. Manganese groundwater concentration is determined via laboratory testing using EPA
Method 6010B. Background measurements of manganese concentration should be collected to
establish existing conditions prior to injection of permanganate. The potential for manganese dioxide
precipitation and clogging of aquifer pore space should also be evaluated. In addition to the potential
to mobilize metals, some of the commercially available potassium permanganate products already
contain elevated levels of metal impurities (e.g., chromium). Therefore, metal concentrations in
groundwater should be monitored throughout the remediation project. Permanganate concentrations
can be measured by colorimetry using a spectrophotometer. This approach allows potential real-time
field collection of permanganate concentration data that is valuable in determining permanganate
distribution in the subsurface.

2.1.6 Additional Data Needs for Persulfate

Persulfate treatment also requires additional data collection to aid in the design of the injection.
Sulfate levels in the groundwater should be monitored throughout the remediation project. Sulfate
concentrations are determined via laboratory testing using EPA Method 300.0. Background
measurements of sulfate concentration should be collected to establish existing conditions prior to
injection of persulfate.

If there is adequate iron in the soil matrix, it may not need to be added per se but may be released by
acid addition or a chelant. Total iron content is determined via laboratory testing using EPA Method
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6010B or 200.7. These are measurements of the total iron present, not the available iron necessary
for persulfate activation [Fe(II)]. This iron must be converted to Fe(II) before it can be used to
activate persulfate. The baseline iron content in the groundwater should be factored in to estimate
the iron dosing requirements for persulfate injections. Similar to peroxide reactions, persulfate
treatment requires a baseline iron content to properly dose (and not overdose) the groundwater.
Overdosing of iron can reduce the aquifer permeability due to formation of iron oxides and also
contribute to radical termination reactions. Bench tests are suitable for determining this parameter
and a pilot test in the field to confirm.

2.1.7 Additional Data Needs for Peroxide

Peroxide treatment also requires additional data collection to aid in the design of an injection
program and to establish an adequate monitoring program. The baseline iron content in the
groundwater should be factored in to estimate the iron dosing requirements for peroxide injections.
A high baseline iron content could cause the overdosing of iron, which may result in reducing the
aquifer permeability (due to formation of iron oxides) and increase radical termination reactions.
Iron content can be determined via laboratory testing using EPA Method 6010B.

Another important parameter, alkalinity, is determined via laboratory testing using EPA 310.1. In
general, alkalinity is a measure of the carbonate and bicarbonate concentrations in water. Alkalinity
measurements help determine the amount of acid required to reduce the pH level for Fenton’s
injections. Hydroxyl radicals are also reportedly scavenged in the presence of highly alkaline water.
Therefore, estimates of peroxide dosage need to account for the presence of alkalinity.

Field-measured parameters can be inexpensive but can also be extremely valuable to ensure a safe
environment when injecting peroxide. Temperature increases in groundwater are often detected
immediately after injection, and for safety reasons downhole temperatures should be closely
monitored. Oxygen gas can also be determined by field instrument. Off-gases emanating from the
injection well casing often contain elevated oxygen levels due to the generation of oxygen that
occurs during peroxide reactions. Carbon dioxide can also be determined by field instrument or via
laboratory testing using Standard Method 4500-CO2D. Carbon dioxide emissions often increase
following injection of hydrogen peroxide and ozone oxidants. The lower explosive limit (LEL) is
another important measurement determined by field instrument. If anthropogenic features exist in
close proximity to the site, the indoor air of buildings and/or manmade conduits should be screened
for the presence of explosive gases before and during chemical dosage. These measurements help
establish baseline conditions and monitor migration of explosive gases.

2.1.8 Additional Data Needs for Ozone

Ozone treatment projects often require additional data needs focused on the permeability and
chemical content of site soils. The three most critical data needs are the determination of soil
permeability, moisture content, and determination of the NOD as ozone by standard methods. The
measurement of specific field parameters, such as oxygen, carbon dioxide, and LEL, are also useful
in establishing a safe monitoring program.
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Permeability is determined via geotechnical laboratory testing using API Method RP40 and/or a
field pilot study using SVE-radius of influence (ROI) analysis or a standard pump test. Soil
permeability is required to determine dispersion of ozone through site soils (both saturated and
vadose zone) and for spacing of ozone injection points. Soil moisture content is determined via
geotechnical laboratory testing using ASTM Method D2216. Moisture content is important in ozone
injections since it has been reported that the dispersion of ozone gas is reduced with increase in soil
moisture. The presence of high moisture content reduces the air-filled porosity and therefore restricts
advective flow of ozone gas to the contaminated zone. Soil moisture can be easily reduced by
application of SVE prior to, or simultaneously with, zone injection. Carbon dioxide is measured by
field instrument or via laboratory testing using Standard Method 4500-CO2D. Carbon dioxide
emissions often increase following injection of ozone. Oxygen and ozone gases are also measured by
field instrument. Off-gases often contain elevated oxygen levels due to the generation of oxygen that
occurs during an ozone reaction. Similar to Fenton’s injections, LEL should also be measured during
ozone injections. These measurements help establish baseline conditions and monitor migration of
explosive gases. Gases are commonly monitored at the wellhead, sensitive receptors, and utility
vaults.

2.1.9 Additional Data Needs for Supporting Microbial Benefits

Measurement of the aerobic microbial benefits of ISCO focuses on the post-oxidative effects of
enhancing biological removal of a chemical COC. In many cases this post-oxidative effect acts as a
“polishing” step to help bring contaminants below risk-based concentrations, although it can also be
a primary method for reducing overall contaminant mass. When biologically based MNA or
enhanced passive remediation (EPR) is part of a remediation design (as with the oxidants of ozone,
peroxide, persulfate, or Fenton’s reagent, followed by aerobic biological reduction of residual
organic contaminants), there are additional pre-, post-, and in-process analytical parameters of
interest that should be measured and recorded, including the following:

Groundwater parameters:
dissolved organic carbon (DOC)
alkalinity
orthophosphates
total (Kjeldahl) nitrogen
Nitrogen as Nitrate
total phosphorus
dissolved contaminant (e.g., BTEX)
ORP
pH
DO

Soil parameters:
phospholipid fatty acids (PLFA)
heterotrophic plate counts (or other method of identifying microbes)
foc (fraction of soil that is organic carbon)
contaminant (e.g., chloroethenes)
NOD
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Measurement of the anaerobic microbial benefits of ISCO focuses on the post-oxidative effects of
enhancing biological reductive dechlorination (e.g., halorespiration) of the chemical contaminant of
concern. In many cases this post-oxidative effect acts as a “polishing” step to help bring
contaminants below risk-based concentrations. The aquifer commonly reverts to preinjection
conditions within six months after the oxidant is consumed, which in many cases is an anoxic
environment. The reduction of contaminant levels and the production of intermediates more
biodegradable can enhance anaerobic degradation in the post-oxidation environment.

When biologically based MNA or EPR is part of a remediation design (as with permanganate
oxidation of chloroethenes followed by Dehalococcoides ethenogenes reduction of residual
chloroethenes), there are additional pre-, post-, and in-process analytical parameters of interest that
should be measured and recorded, including the following:

Groundwater parameters:
chloride (field and/or lab)
bacterial substrate (e.g., ethanol)
DOC
alkalinity
fluoride tracer (field and/or lab)
orthophosphates
total (Kjeldahl) nitrogen
nitrogen as nitrate
total phosphorus
dissolved contaminant (e.g., chloroethenes)
ORP
pH
DO

Soil parameters:
PLFA
polymerase chain reaction (enzymes such as TCE reductase, VC reductase)
Dehalococcoides ethenogenes (or other microbes of interest)
foc
contaminant (e.g., chloroethenes)
NOD (e.g., permanganate demand)

2.2 Screening Tools for Site Characterization

There have been many advances in site characterization technologies in recent years. Many of these
technologies can result in valuable information acquired at a lower cost. This section outlines some
of the technologies useful for screening sites for potential ISCO applications.
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2.2.1 Direct-Push Technologies

Direct-push technology has been used to provide a rapid and low-cost screening tool to provide
valuable subsurface data for site characterization. One of the greatest advantages of using direct-
push technology is the elimination of soil cuttings generated with normal hollow-stem auger drilling.
The two most common direct-push technologies are discussed below.

A Geoprobe® is a hydraulically powered rig used to drive a small-diameter (typically %- to 2-inch-
diameter) probe for collection of subsurface samples. A powerful combination of hydraulic force and
percussion hammer is used to provide up to 18,000 pounds of downward force. A soil penetration
rate of 5-20 feet per minute can be accomplished. Depending on soil type, the Geoprobe can be
commonly driven to a maximum depth of approximately 30—60 feet below ground surface (bgs).
Geoprobe rigs are capable of collecting soil, soil gas, and groundwater samples at discrete depths or
at continuous intervals if needed. To provide access to hard-to-reach locations, Geoprobe rigs can be
mounted on many types of vehicles, including four-wheel-drive trucks, all-terrain vehicles, tractors,
golf carts, track-powered units, and skid-mounted rigs.

Cone penetrometer testing (CPT) is a direct-push technology that typically uses a much larger (up to
25-ton) rig to drive a stainless steel cone for collection of both lithologic data and subsurface
samples. A piezocone is an electronic device used to continuously measure tip and sleeve resistance,
pore pressure, and electrical conductivity with depth. These data are plotted and interpreted to
provide a continuous stratigraphic profile of soil behavior and types. This technique allows for early
identification of specific soil zones of concern, which then can be sampled for laboratory testing
using conventional techniques. CPT combined with a rapid optical screening tool or a membrane
interface probe (MIP) attachment can quickly and easily delineate lithology and contaminant levels
with depth.

2.2.2 Rapid Optical Screening Tool

The rapid optical screening tool (ROST) can be used in conjunction with either a Geoprobe or a CPT
rig to provide a qualitative profile of petroleum hydrocarbons with depth. Petroleum hydrocarbons
are characterized in real time from the fluorescence response induced in the PAHs present in the soil.
Laser-induced fluorescence spectroscopy is used in the tip of the probe to excite the petroleum
hydrocarbons that are encountered with depth. The intensity and duration of the fluorescence as well
as the spectrum of wavelengths of light emitted by the petroleum hydrocarbons are continuously
recorded. In some cases, a determination of the type of petroleum hydrocarbon present (gasoline,
diesel, jet fuel, or creosote) is possible by comparing the waveform signatures of common petroleum
products to the ROST results. The benefit of using ROST technology is the ability to screen several
hundred feet of soil in a single day. The actual depth of ROST sampling depends on soil type. ROST
results can be plotted on a three-dimensional map, and locations can then be selected to collect
samples for analytical testing and confirmation. Targeted soil sampling can then be performed on a
select number of samples to reduce overall analytical costs.
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2.2.3  Membrane Interface Probe

The membrane interface probe is similar to ROST in that it can be used with either a Geoprobe or a
CPT rig; however, the MIP can detect all types of organic constituents in the soil, not just petroleum
hydrocarbons. The MIP probe is 1.5 inches in diameter and approximately 12 inches long. As the
probe is advanced, a polymer membrane allows VOC:s to diffuse inside the probe. The membrane is
heated (80—125°C), causing the VOC:s to partition into a carrier gas, which is returned to the surface
where three detectors (FID, photoionization detector, and electron capture detector) are used to
measure concentrations of the VOCs. The MIP can also measure soil conductivity, which is useful in
identification of sands (lower conductivities) and silts and clays (higher conductivities). The MIP
can continuously detect both contaminant levels and lithology, but because the sensitivity of MIP is
limited (common detection limits are 100 pg/L), it should be used primarily for areas of high
contamination (source areas). This technology can be used to characterize contaminant mass in
source areas and support geologic data collected at the site. MIP data in conjunction with
groundwater flow direction can be used to quickly locate additional downgradient monitoring wells.
MIP data can also ensure the oxidant injection design has targeted the contaminant mass and taken
into consideration the permeability of the injection zones.

2.2.4 Partitioning Interwell Tracer Test

Typically, when NAPL (either LNAPL or DNAPL) is present at a contaminated site, the vast
majority of the anthropogenic organic contamination is present in the NAPL phase. It is imperative
that the presence of NAPL be ruled out or confirmed as part of an effective site characterization
effort. FNAPL is confirmed, the location, composition, total mass, and typical pore saturation levels
should be estimated accurately to support an effective feasibility evaluation, design, and application
with respect to ISCO. A number of site characterization technologies may be applicable for
investigating NAPL at a given site. An effective site characterization design will incorporate
multiple technologies as there is no one technology that can accurately determine NAPL presence,
location, composition, total mass, and typical pore saturation levels. For example, certain
technologies may be effective in relatively permeable subsurface environments, while others are
somewhat effective in low-permeability settings. Also, certain technologies rely on the information
obtained from more basic tests as input to operate at a higher level of complexity with the intended
outcome of obtaining a more detailed understanding of subsurface NAPL conditions.

The partitioning interwell tracer test (PITT) is specifically directed at detection and quantification of
NAPL. Unlike the screening tools (some discussed herein), contamination in the dissolved and
sorbed phases do not interfere with the PITT. Also unlike these other tools, the PITT can be used to
confirm the presence of NAPL, identify the location(s) of NAPL, and estimate the total volume or
mass and average saturations of NAPL. To achieve these ends, a limited amount of site
characterization data must be available on the geology, geochemistry, and contamination from soil
borings; sampling and analysis of soils; and if possible any NAPL encountered. Hydraulic
conductivity should be on the order of 10™* cm/sec or greater. A PITT can be conducted in the
vadose zone or the saturated zone and involves the establishment of a forced-gradient flow field and
the injection and recovery of a suite of tracers into and then out of the forced-gradient flow field.
The forced-gradient flow field is established by injecting and extracting air-soil gas (for vadose
zone) or potable water-groundwater (for saturated zone) using wells at constant flow rates over a
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period of days. The wells may be existing wells but are often specifically located and designed to
support the PITT. A suite of at least two tracers is used: one must be a conservative tracer relative to
the NAPL, and the other must be a partitioning tracer relative to the NAPL. Often, three to five
tracers are used to improve accuracy and in the case of vadose zone PITTs to estimate average water
saturation as well. Partitioning coefficients for the tracers and NAPL (and water in some cases) are
determined in the laboratory and, together with tracer break-through curves developed through on-
site sampling and analysis of recovery well effluent, the total volume and average saturation of
NAPL in the swept pore volume can be calculated. Multilevel samplers in boreholes or individual
clustered sampling points are often used as observation and sampling points within the swept pore
volume, and with these point estimates of NAPL presence and pore saturation are possible. One of
the key advantages associated with a site characterization strategy that includes the PITT is the high-
quality information that is produced on not only NAPL but also subsurface hydraulics. Remedial
planning can be greatly accelerated using PITT. In addition, with proper foresight and planning, the
PITT can be used in a performance assessment mode in which a PITT is performed before
remediation and then (using the same wells) after some period of remediation to evaluate the
effectiveness of the remedial effort in removing or destroying the NAPL.

3. HEALTH AND SAFETY ISSUES

Hydrogen peroxide, potassium permanganate, and sodium persulfate are relatively safe chemicals
when handled and stored according to the manufacturers’ guidelines. However, as with the handling
and storage of any oxidizing chemical, appropriate care should be taken, and the material safety data
sheets (MSDSs) always consulted prior to use. Skin and eye contact with oxidizing chemicals should
be avoided, and special care should be taken to avoid breathing the chemicals in the form of dust or
mist. Consequently, proper personal protective equipment should be employed per the MSDS. Also,
oxidizing chemicals should never be stored or directly mixed with combustible materials (such as
fuels, paper, or solvents) or reducing agents (such as metals or sulfites). Oxidizing chemicals may
not only react energetically with combustible materials or reducing agents but also release oxygen
and heat during decomposition that could help support a fire. Additionally, some oxidizing agents
are incompatible with one another. For example, potassium permanganate should never be mixed
with concentrated hydrogen peroxide because the former acts as a reducing agent (1.44 V), the latter
acts as an oxidizing agent (1.77 V), and a rapid and energetic reaction ensues. Product labeling
typically warns against these dangers. Complete familiarization with the safe handling and storage
practices of these oxidants and proper use of personal protective equipment are strongly
recommended to avoid incident or injury. National Fire Prevention Association guidelines should be
followed when storing significant quantities of an oxidizer.

The primary route of toxicity associated with oxidizing chemicals is through direct inhalation of the
chemicals; however, exposure may be irritating to the eyes and skin upon contact. Inhalation of
hydrogen peroxide mist, potassium permanganate dust, or sodium persulfate particulates can irritate
the respiratory tract. Inhalation of large quantities of permanganate dust can result in pulmonary
edema, which could develop several hours to several days after the exposure and possibly result in
death. (Note: This is highly unlikely for use in environmental remediation applications.) Exposure to
high levels of persulfate dust may cause difficulty in breathing in sensitive persons. Since the above
oxidizing chemicals are not volatile, inhalation of the chemicals could only occur if the chemicals
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were handled in a manner that would create airborne mist or dust. Workers should therefore handle
the chemicals in a manner that minimizes the creation of mist or dust. Proper respiratory, eye, face,
and skin protection should always be worn when working directly with these chemicals. Once the
chemicals are placed into solution or into the subsurface, exposure to the chemicals through
inhalation pathways is very unlikely. Therefore, the threat of toxic exposure is primarily limited to
those individuals working directly with the chemical in solid form. The life span of the above
oxidizing chemicals is short after the chemicals are introduced into the subsurface for in situ
oxidation. For example, the life span of hydrogen peroxide may last from several hours up to several
days before it is completely decomposed. Persulfate may be stable for several days to weeks.
Potassium permanganate, on the other hand, may remain in the subsurface for several months,
depending on the organic content and mineral composition of the soils. Once reacted, the threat of
toxic exposure of the aforementioned oxidizers is eliminated since the by-products of their
decomposition reactions are considered safe and nontoxic.

None of these oxidizers themselves are flammable; however, they increase either heat or oxygen or
both in the surrounding environment when in contact with oxidizable materials or reducing agents,
increasing the potential for fire. In addition, hydrogen peroxide can undergo self-accelerating
decomposition when in contact with metals or combustible compounds at elevated temperatures.
During decomposition, hydrogen peroxide releases heat and oxygen gas that can create an explosive
environment both in situ and in confined spaces. The amount of heat and gas that is released is
directly related to the rate of decomposition of the peroxide and the amount of organics/catalytic
inorganics in the treatment area. The rate of hydrogen peroxide decomposition can be controlled by
using a lower-concentration hydrogen peroxide and by controlling the application of the peroxide.
This control can be accomplished by using restricted flow, low concentrations of peroxide (<17.5%),
low pressures (<5 psig), low temperatures (<140°F), and/or stabilizers/inhibitors. The control of the
reaction rate can be determined only by the in situ real-time measurements of temperature, pressures,
and gas generation. When higher concentrations of hydrogen peroxide are used, the exothermic
decomposition of the peroxide generates heat, water vapor, and oxygen that tend to volatilize
contaminants from the soil and/or groundwater. This rapid decomposition reaction could foreseeably
create an explosive condition if used for treatment of flammable or combustible compounds due to
the resulting mixture of heat, oxygen, and flammable compound. EPA has advised caution before
approving the use of hydrogen peroxide for in situ chemical oxidation of flammable compounds
such as for gasoline remediation. One such project conducted at an underground storage tank (UST)
site in Cherry Point, North Carolina resulted in buckling of an asphalt parking lot and a subsequent
fire and explosion. This event illustrates the potential danger of using high-strength peroxide for in
situ remediation applications.

Potassium permanganate decomposes via a different mechanism than hydrogen peroxide, so the
risks associated with rapid decomposition of permanganate different from those of hydrogen
peroxide. However, fire or explosion risks still exist if an individual or contractor improperly mixes
permanganate with combustible or flammable compounds. Examples of such incompatibility include
a barn fire that occurred when a farmer mixed formaldehyde and potassium permanganate for
fumigation purposes. In another incident, a fire and subsequent plane crash occurred when a crop
duster mixed permanganate with elemental sulfur in the crop-dusting bins. A remediation worker
recently received thermal burns while working on a permanganate ISCO project at a Department of
Energy facility in Piketon, Ohio. In each case, the injured individuals apparently did not possess the
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required chemical knowledge or expertise to be working directly with the chemicals. These
examples demonstrate why environmental contractors must have adequate safe handling, storage,
and use training and knowledge of oxidizing chemicals before implementing ISCO in the field.

Sodium persulfate is a very stable, crystalline material. However, excessive heat or moisture can
result in the decomposition of the persulfate. Decomposition should occur within the crystalline
material where there is low thermal conductivity, potential examples being at the bottom of a pallet
or the center of a drum. The heat generated may induce a self-accelerating decomposition. The
resultant oxygen and heat release may result in the combustion of surrounding materials. Thus,
sodium persulfate should be stored in a cool, clean, dry place away from point sources of heat (such
as radiant heaters) and moisture (such as rain). Contamination of opened product should be avoided,
as soils and dirt may contain reducing agents or oxidizable components. In case of fire, deluge with
plenty of water to control the decomposition. Aqueous solutions of persulfate can safely be made for
injection into the subsurface, as normal aqueous decomposition of persulfate will not lead to
excessive heat generation due to the heat capacity of the water. Solutions of sodium persulfate
should be used soon after preparation, as the aqueous decomposition of the persulfate leads to the
eventual loss in persulfate concentration.

Since ozone is generated on site, handling and transportation concerns do not apply to its use.
However, pure ozone is an explosive gas in addition to being an oxidizer. High concentrations
(>2 ppm) of 0zone can cause irritation or damage to the eyes and respiratory tract. When used for in
situ chemical oxidation, ozone is typically mixed with air prior to injection, but nearly pure ozone
may be present in the generating apparatus or build up in the enclosure containing the equipment.
Therefore, adequate ventilation of this enclosure is necessary, and all ignition sources should be kept
away from the equipment.

Potassium permanganate and hydrogen peroxide may cause burns to the skin, eyes, and mucous
membranes upon contact. As with all oxidizing chemicals, the severity of the chemical reaction
depends on the concentration of the oxidant in solution. The dangers of high-strength peroxide were
illustrated earlier, and similar dangers may result from the use of high-strength permanganate
solutions. The solubility of potassium permanganate in water is typically limited to 3%—6%
(depending on the temperature of the water). This lower concentration of permanganate causes burns
to the skin upon prolonged exposure. However, sodium permanganate has a much higher solubility
and can therefore cause immediate and severe burns upon contact. Sodium persulfate may cause
irritation on contact with the skin and may sensitize certain individuals.

4. REGULATORY BARRIERS

Since the previous version of this ITRC document was published, some states have modified
permitting and variance requirements to become more supportive of the use of innovative treatment
technologies (ITTs) like ISCO. As defined in An Analysis of Barriers to Innovative Treatment
Technologies: Summary of Existing Studies and Current Initiatives (EPA 2000), regulatory and
legislative barriers “are imposed by legislature and government agencies through specific statutes,
regulations, policies and programs.” Three barriers were consistently mentioned:
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e Permitting processes are inconsistent, involve numerous levels, and are time- and resource-
intensive.

e Permitting and manifesting requirements under the Resource Conservation and Recovery Act
(RCRA) often inhibit the development of ITTs.

e Contractors and others are concerned about financial liabilities they may incur by using ITTs.

Since the most common application of ISCO is aquifer remediation via an injection well, a typical
regulatory barrier is the Underground Injection Control (UIC) program of the Safe Drinking Water
Act (SDWA). Other possible barriers are RCRA; the Comprehensive Emergency Response,
Compensation and Liability Act (CERCLA); and the Emergency Planning and Community Right to
Know Act (EPCRA).

Appendix C contains examples of ways states can permit and/or implement ISCO as a soil and
groundwater remediation technology. The six regulatory examples— from New Jersey, California,
Florida, Kansas, Missouri, and Texas—provide the reader with several different permitting methods
from across the United States.

4.1 Safe Drinking Water Act/Underground Injection Control

Injection wells are regulated by the UIC program under the SDWA. Under the UIC program,
injection of any fluid into a well is prohibited except as authorized by permit or rule. State UIC
programs may be delegated complete or partial enforcement responsibility (or primacy) by EPA.
Injection wells incidental to aquifer remediation and experimental technologies are distinguished
from hazardous waste injection wells and are designated as Class V under the UIC program. Class V
wells covered by the federal UIC program are authorized by rule and do not require a separate UIC
permit, but a Class V well regulated by a state UIC program may require a permit. Specific state
requirements are outlined in Table 4-1. The purpose of the UIC program is to protect underground
sources of drinking water (USDW) by prohibiting injections that may affect water quality.
Contaminated aquifers at Superfund sites may not serve as a USDW, and therefore UIC
requirements may not apply to wells at CERCLA sites.

4.2 Resource Conservation and Recovery Act

ISCO may take place via injection or mixing methods. When mixing occurs ex situ and potential
hazardous wastes may be generated, the need for a permit for treatment, storage, and disposal is an
issue. Although RCRA remediation staging piles and presently allow for on-site treatment of wastes,
the permit requirements for these management plans can be time-consuming and expensive.

4.3 Comprehensive Environmental Response, Compensation and Liability Act

As part of CERCLA, releases of certain quantities of hazardous chemicals are required to be
reported to the National Response Center. In regards to ISCO of contaminated soils, it is likely that
the treatment would be considered a “process” rather than a “release” and therefore exempt from
CERCLA reporting. It is strongly recommended, however, that the appropriate regulatory agency be
contacted prior to the commencement of an ISCO project to make certain that all reporting
requirements are satisfied.
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Table 4-1. Regulatory permitting requirements for oxidant injection by state
State Chemical oxidant injection Agency Permit exceptions
Alabama UIC permit ADEM Water and Land Division None
Alaska No permit required, must inventory | EPA Region 10 NA
Arizona No permit required, must inventory| EPA Region 9 NA
Arkansas No permit required, must inventory | Dept. of Environmental Quality NA
California No permit required, must inventory | EPA Region 9 NA
Colorado No permit required, must inventory | EPA Region 8 NA
Connecticut UIC permit Dept. of Environmental Protection Emergency authorization permit
Delaware UIC Authorization Dept. of Natural Resources and Env. Control NA
Dist of Columbia|No permit required, must inventory | EPA Region 3 NA
Florida UIC permit FLDEP Division of Water Resource Management|Injection permit variance
Georgia UIC permit GEPD Geologic Survey None
Hawaii No permit required, must inventory | EPA Region 9 NA
Idaho No permit required, need approval |Dept. of Water Resources NA
[linois No permit required, must inventory|Env. Protection Agency Bureau of Land NA
Indiana No permit required, must inventory | EPA Region 5 NA
lowa No permit required, must inventory | EPA Region 7 NA
Kansas UIC permit KDHE Bureau of Water Env Geology Unit None
Kentucky No permit required, must inventory | EPA Region 4 NA
Louisiana UIC permit LDNR Office of Conservation None
Maine License by rule, must inventory  |Dept. of Environmental Protection NA
Maryland UIC permit Dept. of the Environment None
Massachusetts  |No permit required, need approval [MADEP Regional Offices NA
Michigan No permit required, must inventory | EPA Region 5 NA
Minnesota No permit required, must inventory | EPA Region 5 NA
Mississippi No permit required, must inventory | Dept. of Environmental Quality NA
Missouri UIC permit MDNR Water Pollution Control Program Pilot study exception (<1-year duration)
Montana No permit required, must inventory | EPA Region § NA
Nebraska UIC permit Dept. of Environmental Quality Authorization for pilot study
Nevada UIC permit Dept. of Environmental Protection None
New Hampshire |UIC registration Dept. of Environmental Services NA
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Table 4-1. Regulatory permitting requirements for oxidant injection by state (continued)

State Chemical oxidant injection Agency Permit exceptions
New Jersey  |UIC permit NJDEP Site Remediation Program Permit-by-rule for 90-day pilot studies
New Mexico |UIC permit Environment Dept. Temporary permit for pilot study
New York No permit required, must inventory | EPA Region 2 NA
North Carolina|UIC permit Dept. of Env and Nat Resources None
North Dakota |No permit required, must inventory | Dept. of Health NA
Ohio No permit required, need exemption|Ohio EPA NA
Oklahoma UIC approval Dept. of Environmental Quality NA
Oregon UIC permit Dept. of Environmental Quality Authorization by rule
Pennsylvania [No permit required, must inventory |[EPA Region 3 NA
Rhode Island |[UIC permit Dept. of Environmental Management Approval needed
South Carolina|UIC permit Dept. of Health and Environmental Control None
Tennessee No permit required, must inventory | EPA Region 4 NA
Texas No permit required, need approval |TCEQ Groundwater Protection Division NA
Utah No permit required, must inventory |Dept. of Environmental Quality NA
Vermont No permit required, need approval |Dept. of Environmental Conservation NA
Virginia No permit required, must inventory |EPA Region 3 NA
Washington [No permit required, need approval |Dept. of Ecology NA
West Virginia [UIC permit Division of Environmental Protection Authorization by rule
Wisconsin No permit required, need approval |Dept. of Natural Resources NA
Wyoming UIC permit Dept. of Environmental Quality Department Lead Remediation Project
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4.4 Emergency Planning and Community Right-to-Know Act

EPCRA created a national program for emergency planning, notification, and reporting for releases
of extremely hazardous or toxic chemicals. There are generally three sections of EPCRA (310, 311,
and 312) that apply to ISCO treatment. Section 302 requires facilities to prepare a comprehensive
emergency response plan if an extremely hazardous substance will be stored or handled in quantities
greater than established limits. For example, if 1,000 pounds or greater of H,SOy is stored at a
facility for in situ Fenton’s oxidation, a comprehensive emergency response plan must be prepared.
Section 311 requires the submission of MSDS sheets to state and local planning commissions and to
fire departments if extremely hazardous substances and/or CERCLA hazardous substances are stored
in quantities greater than the established limits. Section 312 requires an emergency and hazardous
chemical inventory form to be submitted to state and local planning commissions and to the local
fire department for hazardous substances and/or CERCLA hazardous substances stored in quantities
greater than the established limits. It should be noted that Section 311 reporting requirements are not
much of a burden, whereas Section 312 may not be applicable for most ISCO projects if chemical
storage no longer occurs once chemical injection into the subsurface takes place.

4.5 Solutions to Regulatory Barriers

State variances have been granted from the various rules that prohibit “zones of discharge” for
injections through remediation wells. Typically, these variances are contingent upon the following:

e A corrective action plan must be approved by the state agency.

e The discharge (of treatment chemicals) must be through a UIC well which meets all of the
applicable construction, operating, and monitoring requirements of the state agency.

e The zone of discharge must be acceptable to the state agency, typically a 10-foot radius from the
point of injection, but always within the contamination plume.

e The rate and volume of reagent injection must not cause undesirable migration either of the
reagents or of contaminants already present in the aquifer.

e The corrective action plan must address groundwater monitoring requirements associated with
the use of the technology based on site-specific hydrogeology and conditions.

Some states have implemented modifications to the above rules which allow the discharges without
a variance under certain conditions, for example:

e aclosed-loop system is proposed in which the reagent is withdrawn from the aquifer and then
reinjected with the extracted groundwater and its contaminants that are only partially treated or

¢ the injected reagent does not contain secondary components that are not chemically involved in
the oxidation process which would trigger their own violations of groundwater standards.

Most typical of the latter circumstance are permanganate reagents, which may be accompanied by
small quantities of heavy-metal impurities (arsenic, cadmium, chromium, etc.), which are primary
drinking water contaminants. If such a reagent is employed, the impurities may call for a UIC
variance, or an assay may be requested from the vendor to verify that injection of the reagent will
not trigger violation(s) of groundwater standards by the secondary components.
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Federal EPA initiatives to reduce regulatory (and legislative) barriers have been implemented, such
as the following:

e Since 1992, EPA has been granting states the authority to implement the Treatability Exclusion
Rule; the Research, Development, and Demonstration Permit Program; and the Subpart X Permit
Program. Those authorities are granted to states to simplify the approval process for technologies
and to allow flexibility in testing and demonstrating ITTs.

e To further promote the use of innovative technologies, in 1994 EPA revised its Treatability
Study Sample Exclusion Rule (59 Federal Register [F.R.] 8362) to allow treatability studies on
up to 10,000 kg of media contaminated with nonacute hazardous waste without the requirement
for permitting and manifesting.

e Inaddition, EPA encouraged streamlining RCRA permits and orders for ITT development and
use and encouraged state adoption and streamlining of EPA authorization to administer the
treatment study sample exclusion rule.

e In 1993, EPA issued the Superfund Response Action Contractor Indemnification Rule (58 F.R.
5972), designed to help contractors who use I'TTs obtain lower deductibles on liability insurance.

e EPA’s area of contamination (AOC) policy allows soils to be excavated, moved, treated and
redeposited within the AOC without triggering RCRA regulatory requirements.

Individual state regulations may be more restrictive than the above-mentioned EPA requirements.
Thus, individual state regulations must always be reviewed.

5. APPLICATION DESIGN

This section describes the theoretical and practical issues related to field application and design
processes of in situ oxidation technologies. It uses theoretical knowledge gathered in the laboratory
as well as the practical experience obtained in the field. The discussion provided herein generally
applies to all in situ oxidation technologies, but unique considerations for specific oxidants are
presented separately where applicable.

5.1 Laboratory Treatability Studies

For most ISCO applications, laboratory-scale testing is performed to ensure successful full-scale
implementation. Laboratory-scale testing is used to quantify treatment efficiencies of chemical
oxidants with specific contaminants in both saturated soil and the dissolved phase. It can also be
used to evaluate the oxidant demand due to the soil matrix and the potential for metals mobilization
in cases where soil metals concentrations are high.

The results of laboratory-scale testing of an ISCO technology may or may not be directly (linearly)
applied to the design of a corresponding pilot-scale study. Nonlinear scaling up of the results from a
small scale to a larger scale may be required. Laboratory scale results are often based on extremely
small volumes of disturbed soil and/or groundwater relative to the actual volume that requires
treatment. The test apparatus often does not adequately recreate the geometric nature or flow
characteristics of the physical system observed in the field. For example, one-dimensional columns
and two-dimensional batch reactors are often used as convenient means to simulate the three-
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dimensional environment. Test boundary conditions (e.g., wall effects) that are not present in the
field can become important in the laboratory test. Also, laboratory-scale tests often are based on
well-mixed static systems, while the field implementation involves more heterogeneous flow.
Nonetheless, laboratory-scale tests are essential for estimating site-specific oxidant demand due to
the soil matrix.

The difficulty in using bench-scale studies to estimate field-scale oxidant demands may be explained
by the high degree of subsurface heterogeneity and the oxidant demand testing protocol. At the site
scale, lithologic heterogeneity implies a similar degree of heterogeneity of the oxidant demands, since
oxidant demand is primarily a function of geochemical properties of the soil, including organic carbon
content and the presence of reduced mineral phases. Little is understood about this phenomenon with
respect to persulfate, Fenton’s reagent, or ozone. In the case of permanganate, the slow reaction
kinetics of this relatively stable oxidant typically lead to overestimates of the actual oxidant demand
because of the complete mix conditions present in bench-scale studies but not present in situ.

5.2 Pilot-Scale Studies

Pilot studies provide the necessary information to perform a full-scale design, including determining
appropriate injection well/point spacing and determining appropriate injection flow rates for liquid
and or gas delivery and to compare various oxidation approaches. Pilot testing is also performed to
determine injection parameters required to estimate full-scale remediation costs. These parameters
include oxidant concentrations, injection rates, temperature, pressures, radius of influence, and
injection volumes. Pilot-scale testing can also be used to confirm complex subsurface geologic
formations and to determine treatment effectiveness for COCs. These tests are actually full-scale
remediation performed at a small area of the site. Before performing any pilot-scale testing, it is
important that all stakeholders have a realistic expectation of how the pilot-scale test results will be
used to support full-scale remediation design.

General technical considerations that should be addressed in planning for pilot-scale testing of ISCO
technologies are outlined below:

e Perform the on-site pilot test in a location that is most representative of site conditions. This is
normally a smaller contaminated portion of the site in an area that will allow for uninterrupted
operation. If the entire plume will not be treated in the pilot test, it is important to choose a side-
gradient portion of the contaminant plume, if practical, to ensure that treated areas will not be
recontaminated and to enable observation of unaffected downgradient areas.

e Design an oxidant injection program using existing wells, new injection wells, direct-push
injection points, or a combination thereof. Appropriate spacing and alignment of injection points
(i.e., grid formation) is important. To ensure uniform oxidant delivery throughout the
contaminated zone, the zones of influence of all injection points should overlap. The amount of
oxidant delivery should be determined by analyzing the amount of contaminant mass and soil
oxidant demand.

e Design a groundwater monitoring network with wells in the vicinity of each injection point.
Monitoring wells must be located near and downgradient of each injection point, so additional
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temporary monitoring wells may need to be installed. The monitoring wells should be located at
differing distances from the injection points so that dispersion of the oxidant can be tracked and
adequate monitoring data can be collected. At a minimum the perimeter of the contaminant
plume must be monitored to ensure no off-site migration of oxidant and/or contamination.

e Establish a field monitoring and sampling program that will adequately monitor both the
dispersion of the oxidant and the effectiveness of the treatment in three dimensions. Usually
measurements concerning oxidant dispersion are conducted more frequently than COC analysis.

e For gas injection systems, pilot testing should be performed to substantiate the gas-phase
influence area around an injection point. This can be performed by evaluating pressure influence,
DO increases, helium tracing, water table mounding, and concentration dispersion of the injected
gas.

e For liquid-injection systems, the pilot test should substantiate the dispersion of the solution into
groundwater (and should be performed separate from any gas-injection testing) to ensure that
there is an appropriate influence area at varying injection flow rates. This can be performed by
evaluating pressure influence, DO increases, water table mounding, or concentration of the
injected fluid.

Both laboratory tests and pilot studies are valuable tools for determining the mass of oxidant
necessary to adequately remediate a site. In most cases the oxidant demand of the soil matrix greatly
exceeds the stoichiometric demand of the COCs present. Therefore, it is essential to include this
variable in the design process.

5.3 Design of Oxidant Concentration and Volume

The oxidant injection design concentration and volume is determined by considering several factors:

e the total oxidant dose required to degrade contaminants in the sorbed, dissolved, and nonaqueous
(i.e., NAPL) phases, in excess of the losses caused by reactions with natural reductants and
oxidant scavengers (i.e., organic carbon, reduced minerals, carbonates);

e oxidant reaction rates and subsurface persistence, which in some cases can limit the radius of
oxidant delivery; and

e the desired radius of influence.

The injection volume is directly related to the fraction of the subsurface pore volume of the target
area for treatment. Care must be taken to ensure that the contaminants are not displaced outside of
the treatment zone by the injection.

The theoretical basis for determining the volume of oxidant necessary to achieve the desired
hydraulic radius of influence is related to the pore space of the soil. The fluid injected into the
subsurface will displace the fluid in the pore spaces. For the general case of injecting a liquid
oxidant into the saturated zone of an isotropic, homogeneous aquifer, the volume of the aqueous
oxidant injected displaces the same volume of water from the pore space. Porosity (1) is the
common measurement of the pore space of the soil:
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porosity () = volume of voids/total volume

In an isotropic, homogeneous medium,
this displacement takes the form of a
cylinder, as shown in Figure 5-1.
Knowing the desired radius and the height
of this cylinder, one can determine the
theoretical volume of soil that would be
affected by the injection. Multiplying this
total soil volume by the porosity
determines the volume of void space from
which the water is displaced. This volume
can be considered a baseline against
which the target injection volume can be
compared. There is not a standard
criterion for how many pore-volumes of r‘
oxidant solution must be injected to attain
adequate treatment because it depends on
the delivery method, oxidant
dispersion/diffusion, and other site-
specific factors.
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The consideration of an idealized
cylindrical injection volume is a highly
simplified model of an injection. In
reality, the subsurface environment is
highly heterogeneous and usually
anisotropic, and sometimes the secondary
porosity (fractures, bedding planes,
anthropogenic  conduits, etc.) can
represent most of the water movement in
the subsurface. Also, many of the pores in the subsurface media are not interconnected, and water is
not displaced from these dead-end pores. Diffusion is also taking place as the injected fluid displaces
the water in the pore space. Many vendors take this into account by displacing only a percentage of
the pore space in the desired ROI. Injection design must take all of these factors into account.

Figure 5-1. Hydraulic radius of influence.

The concentration of the oxidant injected is related to the specific oxidant used, the oxidizable mass
present, and the volume injected. The oxidant mass required is estimated based on laboratory testing
and site contaminant delineation. This mass must be dissolved in the volume required for adequate
distribution in the subsurface to determine the concentration of the injection fluid. Special
considerations for each individual oxidant are discussed below.
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5.3.1 Permanganate

Important environmental and design parameters can influence the ability to achieve effective
oxidation using permanganate. As the dose concentration is increased, under otherwise comparable
conditions, the rate of organic degradation increases, as would be expected. However, the amount of
permanganate consumed also increases. The mechanism underlying this behavior may be associated
with the decomposition of permanganate by the MnO; solids produced by the oxidation reaction.
NOM and reduced mineral species are also important to consider because it is usually necessary to
add excess oxidant to overcome the oxidant demand of nontarget compounds. The kinetics of these
nontarget reactions are considered fast, such that nontarget reductants can often compete with the
target contaminants for the available oxidant.

Changes in conditions are important for evaluating system effectiveness as well as the long-term
impacts of treatment at a site. Of note are changes in pH, Eh, ionic strength and composition, and the
generation of MnQO; solids. These variables affect metal speciation and mobility and can also
influence subsurface permeability/hydraulic conductivity. For example, at a site with limited
buffering capacity, a decreased pH may result from treatment, causing the unintentional mobilization
of many metals within the treatment zone because they are more soluble at a low pH. In some
instances involving large masses of permanganate or where permanganate reactions are focused on a
DNAPL interface, the production of MnO; (s) may significantly lower the permeability of the soil
matrix and/or may form a coating on DNAPL. However, as part of the Interagency DNAPL
Consortium demonstration project at Cape Canaveral, 150,000 pounds of KMnO,4 was injected into a
50- x 75- x 45-foot volume, and no reduction in soil permeability was discerned (Crimi and Siegrist
2003).

While the specifics of applications are very site dependent, ISCO systems have been engineered to
include potassium and sodium permanganate solutions at concentrations ranging 1%—40% for
treatment of contaminated groundwater using vertical and horizontal wells operated as either batch
injection wells or as injection/recovery/recirculation well networks. For treatment of contaminated
soil, potassium permanganate in concentrated solution or solid form (~50% by weight) has been
delivered using injection lances, deep soil mixing, or hydraulic fracturing techniques. The choice
between potassium and sodium permanganate is primarily based on economic considerations. While
the unit cost of the solid material (KMnOy) is significantly lower than that of NaMnO,, the use of
large quantities of KMnQy4 can require the use of sophisticated oxidant storage, transfer, and mixing
equipment to produce a concentrated oxidant solution from the crystalline powder. In contrast,
dilution of NaMnOj to the desired injection concentration may be achieved using only a metering
pump. Accordingly, the economic savings realized through the use of KMnQOj are offset by the
higher associated handling cost, suggesting that the selection of either oxidant should be considered
on a site-by-site basis using the design concentration, volume, and flow rate to guide the selection of
preferred form of permanganate.

5.3.2  Sodium Persulfate

Sodium persulfate is the newest of the oxidants, and manufacturers and consultants have formed a
joint development to develop the use of sodium persulfate for ISCO. Although there is limited peer-
reviewed scientific literature for this process, some research has determined that chelated iron(III)
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compounds can act as effective activators for the persulfate-based oxidation of VOCs. In many cases
the activity of the chelated iron(III) activators is comparable to that of the iron(II) salts. Iron-EDTA
will stay active in a soil environment, and it does not appear to come out of solution as do iron(II)
salts. Thus, iron(Ill) EDTA will transport with the persulfate. The optimal catalyst loading for
persulfate oxidation is 100-200 mg/L as Fe.

The research also determined that sodium carbonate can be added to persulfate mixtures to
effectively buffer the pH. The carbonate does slow the reaction of persulfate some but does not
inhibit the ultimate oxidation of VOCs. The optimal carbonate loading is approximately 20% of the
persulfate loading on a mole basis. At this ratio, the pH stays above 4-5. Carbonate also appears to
improve the stability of the persulfate. The concentration of persulfate appears to affect reactivity.
Generally, the higher the persulfate concentration, the more rapid and effective it is in oxidizing
VOC:s. Persulfate does not appear to react readily with NOM.

5.3.3 Hydrogen Peroxide

Concentrations of peroxide injections typically vary 3%—-35% H,0O, (by weight), which can be
applied at low or high pressures. Traditional approaches require a pH in the application wells to be
3.5-5 to maintain the solubility of the ferric iron activator. Many types of acid have been used to
achieve this pH adjustment; however, the selection should be made to ensure that the acid is
compatible with the geochemistry and contaminant so that adverse reactions do not occur. It should
be noted that only the amount of acid necessary to initiate the reaction should be applied prior to
peroxide application. Acid applied after the reaction has been initiated slows down or terminates the
reaction. Typical acids include hydrochloric acid (HCl), sulfuric acid (H,SOs), citric acid, and
phosphoric acid (H;PO4). Some modified approaches do not require pH adjustments. Instead the
ferric iron solubility is maintained through the use of a chelating agent. This technique can be used
at neutral pH conditions, which can be very beneficial in aquifers containing significant carbonate
content where acid addition is impractical.

The 3% minimum H,O, concentration is generally used to initiate the reaction and in some cases is
more applicable to injection without Fe to augment bioremediation of BTEX contaminants by
adding additional oxygen to the subsurface. The 35% maximum is more typical of DNAPL recovery
projects, where Fenton’s reagent reaction heat and higher-pressure injection is solely intended to be
used to mobilize residual DNAPL for capture in a nearby recovery wells.

The initial weight (or equivalent volume) of H,O, and Fe catalyst is based on contaminant levels in
the saturated soil (sorbed or residual DNAPL) and aqueous phase, subsurface characteristics of the
saturated soil and/or groundwater volume to be treated (i.e., hydraulic conductivity and effective
porosity), as well as the specific stoichiometry of H,O,:Fe determined during a laboratory study. In
all cases excess H,O,:Fe is applied to account for subsurface heterogeneity and related injection
distribution inefficiencies, as well as uncertainties with site characterization in regards to presence,
quantity, and location of DNAPL or sorbed contaminants.
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5.3.4 Ozone

Ozone concentrations are in the range of 5%—10% (by weight) when generated from oxygen and
about 1% when generated from atmospheric air. Ozone generator capacities are typically expressed
in terms of mass output (i.e., pounds ozone per day). Since the ozone generators produce a
continuous ozone stream, the in situ oxidation process using ozone is a continuous process,
compared to the batch injection approaches that are common with permanganate, persulfate, and
Fenton’s reagent. The ozone generator capacity required is determined from the overall oxidant
loading required, the gas flow rates that the subsurface will accept, and the allowable time frame for
treatment. For example, if 7,000 pounds of ozone is required to meet the matrix demand and the
contaminant demand at the site and if one year is allowed for treatment, then the ozone generator
capacity is determined from 7,000 pounds + 365 days = ~20 pounds ozone per day. Since many
ozone generators are very limited in flow rate capacity, it is important to select an ozone generator
that will be capable of injecting the appropriate volume and flow rate of ozone. Some ozone
generators inject less than 1 scfm, which may result in very limited (<5-foot) influence areas at each
injection wells.

As with any ISCO process, it is important to have an estimate of the demand that a polluted aquifer
will have on the oxidizer applied to properly design ozonation equipment and schedule remediation
times. The total oxidant demand is defined as the total mass of oxidizer which brings a soil system to
the point at which additional oxidizers can be added without any net reaction or loss of the dosed
oxidizer within the soil matrix due to reactions with natural soil constituents. However, in many
instances contaminant treatment may be obtainable at a lower oxidant dose. For ozone, this
phenomenon relates to the fact that ozone degrades to oxygen and promotes aerobic biodegradation
in combination with the ozone oxidation process. Ozone demand can be estimated for soil systems
by tracking ozone reaction and transfer efficiency within small bench-scale reactors containing 30%
(by weight) slurries of the actual site soils and water (using the site groundwater is best). By closing
the mass balance of introduced ozone around the reactor, it is possible to calculate ozone demand
using units such as milligrams of ozone per gram of dry site soil. Using aquifer porosity and soil
specific gravity, ozone demand can be recalculated as pounds of ozone reacted over time per unit
volume of aquifer.

5.4 Design of Oxidant Delivery

In general, oxidants are applied using a sufficient number of points/wells such that there is adequate
overlap of horizontal and vertical “effective zones” where an oxidant is in contact with
contaminants. In many cases, multiple application events or extended system operation are required
when significant contaminant mass is present either sorbed to soil or as residual and free-phase
DNAPL. Also, uncertainty in subsurface characterization data frequently leads to a phased approach,
providing a more flexible strategy for treating the site contaminants. This allows for treatment of
difficult contaminant hot spots without delivery of excess of oxidant to other areas of the site.

Oxidant transport can be reaction limited because the oxidants are being depleted as they move
through the subsurface. Therefore, the effective radius of oxidation treatment may be substantially
less than the hydraulic (or pneumatic in the case of ozone gas) ROI. Faster rates of oxidant reaction
(i.e., shorter half-lives) lead to more limited transport distances. Modeling of the reactive transport
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of oxidants is promising but not yet developed to the level where it is applicable to project designs
on a routine basis. An extensive research program funded by the Strategic Environmental Research
and Development Program is evaluating the rate and extent of oxidant demand reactions exerted by
porous media for both permanganate and Fenton’s reagent, with the objective of developing
predictive models for oxidant transport.

The options for oxidant delivery are as varied as the range in techniques for drilling, well
construction, and solution injection. Former monitoring, SVE, pump-and-treat, and temporary direct-
push wells can be used for either injection or monitoring purposes. However, it is ideal if monitoring
wells are not used for injection purposes to ensure they are monitoring general subsurface conditions
and are not directly affected by the injection. Caution should be used when using existing
monitoring wells that are screened above the water table since the injected oxidant (even if injected
with a packer in the well) will likely be directed up the well-packing material (between the well and
the boring) where a packer does not exist. In many cases, using specifically designed injection points
or equipment may be more appropriate. Depending on the oxidant and oxidant concentration that is
injected (for example, for high-concentration ozone delivery), stainless steel injection points may be
needed. Injections can also be completed through direct-push batch injections. For oxidants which
have a longer in situ half-life, such as permanganate and persulfate, oxidant delivery may also be
approached using groundwater recirculation. With this option an oxidant solution can be injected in
and upgradient of the target zone and then extracted downgradient of that target zone and reamended
with additional oxidant prior to reinjection. The advantage of this approach over batch addition for
the more stable oxidants is that it provides hydraulic control in the treatment zone and ensures that
any excess oxidant traveling downgradient of the treatment zone is captured and reinjected.
However, the recirculation approach requires more complicated and costly aboveground
infrastructure, making it cost-effective for only highly contaminated sites.

The oxidant injection pressure and flow conditions are also important and relate closely to oxidant
transport. Injection at low to moderate flow rates under Darcian-flow (i.e., laminar) conditions
usually involves gravity feed into an injection point. On the other hand, if an oxidant is injected
under substantial pressure or velocity, the turbulent flow can result in hydraulic fracturing or soil
jetting. Pressurized injection may be advantageous because it can result in less plug-flow
displacement and faster lateral transport. However, if the soil fracture pressures are exceeded, then
caution is needed to ensure that the fracture geometry is controlled so that the fractures do not move
upward to a nontarget zone or potentially breach to the ground surface. In cases where the oxidant is
being applied for DNAPL treatment, the mobility of the DNAPL from the pressurized injection must
also be considered prior to application.

There are numerous techniques for using direct-push technologies with many vendors developing
customized direct-push tools or injection well designs to get better vertical and horizontal
distribution of reagents. Injection wells are used when multiple injection events are planned, when
the depth to contamination is beyond the capabilities of direct-push injection, and in bedrock.
Injection wells may need to be built to additional specifications to be able to hold pressures
generated from subsurface reactions. Usually this process involves the use of bentonite chips versus
grout to seal the well bore. Additionally, when injections are under buildings or streets, horizontal
wells may be used. During these cases it is important to ensure equal distribution of reagent along
the entire horizontal well length. During injection well construction, implementation of a quality
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assurance/quality control plan is critical to ensuring injection wells are constructed per
specifications. Additionally, injection wells are usually screened from 10- to 20-foot intervals to
ensure uniform distribution of reagents.

Direct-push injection is often used where the depth to contamination is <100 feet and there are no
geologic barriers that result in refusal. The advantages of direct-push injection are that it is easy to
move the injection locations during additional treatment events to target specific hot spots.
Additionally, injection tools can target 1-foot intervals, ensuring uniform vertical distribution of
reagents in the treatment zone. Where injections are required in public streets or through building
floors, direct-push injection can result in less disturbance in daily operations. Vendors have
developed customized injection tooling to provide more effective distribution of reagents than by
just injecting from the end of the direct-push rod. It is important to understand material compatibility
with the various oxidants when designing injection systems.

5.4.1 Radius of Influence—Liquid Injections

Typical ROIs for injections range from 2.5 feet for tight clays to 25 feet in permeable saturated soils.
In addition to lithology, the ROI varies based on the oxidant properties, the injection technique, and
pressure. The reaction rates of the oxidant injected can limit the distance it can travel in the
subsurface. Faster-reacting oxidants, those that use the radical reaction pathway, will react before
they have time to travel appreciably. Therefore the hydraulic ROI will overestimate the actual
oxidant dispersion for faster-reacting oxidants. Subsurface environments are rarely homogeneous
and isotropic, and the injection design must also take this fact into account. For example, Figure 5-2
illustrates a system in which there are two layers of differing permeabilities in the injection zone.
The upper zone has a relatively low permeability (e.g., silty clay), and the lower zone has high
permeability (e.g., sand). Because the oxidant can enter the sand zone easier than the silty clay zone,
the ROI will be greater in the sand. If oxidant distribution in the silty clay is desired, the injection
zone must not intersect the sand.

Figure 5-3 illustrates another example of how the injection design can affect ROI. Many ISCO
injections are completed with a geoprobe and use a bottom-to-top injection scheme. In this type of
application the geoprobe rod is pushed to the desired depth, and the oxidant is injected in intervals
from the bottom upwards. As the rods are raised toward the surface, the thickness of the injection
zone increases, so the volume of oxidant required to achieve the desired ROl increases. If this fact is
not taken into account and equal volumes are injected in each interval, the volume of the subsurface
media treated resembles an inverted cone rather than a cylinder. The variation in ROI is an important
reason to perform effective pilot testing. Effective pilot-test data enable a design engineer to ensure
that the injection system is appropriately designed.
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Figure 5-2. Permeability influences. Figure 5-3. Bottom-up injections.

5.4.2 Radius of Influence—Gas Injection

For gas injection systems, feasibility tests should be performed to substantiate the design flow rate
and pressure at various injection wells. The delivered gas during feasibility testing is typically ozone
or air. Air can be used instead of ozone to determine flow/pressure versus influence area data (ozone
distribution in the subsurface acts similarly to air injection at similar injection flow rates and
pressures). Air may even be used during the actual oxidation event to help distribute the oxidizing
species or to increase ozone flow rates.

Feasibility testing should be performed similar to air sparging tests, where the gas being injected is
delivered into a screened point installed within saturated soils at varying injection pressures and flow
rates. During each injection step, the pressure and flow rate should be increased so that influence
area data can be collected. Influence data that should be collected includes, monitoring for water
table mounding due to groundwater displacement, observing pressure influences at surrounding
observation wells (gas injection will typically result in pressure changes in the vadose zone within
the areas of influence), DO changes at surrounding observation wells, or increased head space and/or
dissolved concentration of the injected gas (performed when injecting ozone). It is also possible to
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inject a tracer gas (such as helium) with the injection gas that can be more easily detected at
observation wells.

One of the most common limitations with ozone injection systems is the design flow rate of the
ozone system. Many small ozone generators cannot provide an effective influence area due to the
limited flow rate capacity of the generator. These problems typically occur when pilot testing is not
performed and ozone equipment is selected without a design basis. Pilot testing should always be
conducted prior to the system design to understand the appropriate flow rate needed at each injection
point to achieve an effective influence area and to appropriately identify the well spacing.

5.4.3 Soil Fracturing

Fracturing technologies, originally developed in the oil and gas production industry, have been used
for environmental applications to enhance a wide variety of remediation technologies, including
pump and treat, bioremediation, air sparging, SVE, and ISCO. Fracturing is used primarily in low-
permeability soils (e.g., clays) and bedrock to enhance the permeability or hydraulic conductivity of
the formation. Increases in hydraulic conductivity (K) ranging 1.5-175 times the prefractured K
values have been reported. The increase in hydraulic conductivity is usually accompanied by an
increase in the effective ROI of the treatment wells, thus requiring fewer wells to treat a given area.
Additionally, the network of established fractures may shorten diffusive pathways and provide
access to “pockets” of contamination that cannot be otherwise accessed.

In ISCO applications, fracturing has generally been conducted prior to oxidant injection to create
distinct fractures, which increase both the ROIs and the potential injection rates for oxidant
injection. However, oxidants may also be delivered as a supplement during the fracturing process.
Fracturing technologies can generally be divided into two categories, hydraulic and pneumatic
fracturing.

Hydraulic fracturing is used in low-permeability and overconsolidated clays to create sand-filled
fractures. A slurry consisting of water, sand and a thick gel is injected into the subsurface under high
pressure to create radial fractures. The residual gel biodegrades, leaving a sand-filled fracture.
Fracture radii of up to 60 feet and up to 1-2 cm in thickness have successfully been developed.
Fracture radii generally increase with depth. Injection flow rates on the order of 20-30 gpm and
pressures on the order of 1.5-2 psi per foot of depth are common.

Pneumatic fracturing is used in bedrock and well-indurated sediments. Air is injected in short bursts
under high pressure to create a radial fracture zone. Pneumatic fracturing differs from hydraulic
fracturing in that no proppant (e.g., sand) is injected to maintain the fracture aperture after the
fracturing is complete. Thus, the aquifer material must be sufficiently strong so that the fractures
stay open. Swelling clays and other low-strength materials are not appropriate for pneumatic
fracturing. Fracture radii of up to 70 feet have been reported. Fracture thicknesses, after settling, are
much smaller than propped hydraulic fractures and generally range on the order of 0.5—-1.0 mm. Air
injection flow rates on the order of 700—1,000 cfm and injection pressures in the range of 70—150 psi
are common. Pneumatic fracturing is a proprietary technology offered by a single vendor.
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Both hydraulic fracturing and pneumatic fracturing are commonly conducted from a cased borehole,
which is sealed above and below the desired fracture zone by packers, surface casing, or other
means. The fluid is injected under pressures high enough to dilate the borehole wall and open
adjacent cracks. Once the pressure exceeds a critical value, a fracture begins to propagate and
continues to grow until the fracture intersects the surface (“daylights™) or a subsurface barrier, the
pressure dissipates through the fracture trace walls, or the injection is ceased. The resulting fractures
are usually horizontal or somewhat vertically inclined. The inclination of the fractures is a function
of the injection pressure, the lithology of the formation (e.g., strong bedding planes, wetting/drying
history, etc.), the depth of the fracture, and the overconsolidation ratio of the soil. Fractures may
remain open naturally or may be held open by a proppant, such as sand.

Under the best of circumstances, it is still difficult to predict the fracture pattern, radius of fracturing,
or inclination of fractures using available models. For this reason, fracturing near structures, utilities,
or other sensitive areas should be approached with extreme caution. In addition to the high pressures
experienced in the subsurface during fracturing, surface deflections (e.g., a rise in the ground
surface) are usually experienced during fracturing. These surface deflections normally recede to an
extent over time, but some permanent deflection (on the order of 1-2 c¢cm) should be expected,
particularly for hydraulic fracturing applications where a proppant is added.

In fact, measurement of surface deflections at multiple locations during and after the fracturing is
one of the methods utilized to estimate the formation and pattern of subsurface fractures. Electrical
resistivity equipment such as tiltmeters are also commonly employed to measure ground surface
slopes created during fracturing. Injection of graphite or other conductive material into the fractures
to allow tracing of the fractures using conductance measurements has also been reported.

5.4.4 Permanganate Delivery

There are two main approaches for delivering permanganate solutions into the subsurface, batch
addition and recirculation (Figure 5-4). Permanganate has also been incorporated into a solid slurry
for remediation of low-permeability clay units using hydraulic fracturing. Permanganate is more
persistent in the subsurface than H,O; or ozone, so the ultimate ROI in highly permeable saturated
soils can be >100 feet. This fact should be taken into account when designing injection volumes.

A recirculation approach is commonly selected for this oxidant in cases where the area or quantity of
contamination is very large. Again, the type and location of injection and extraction wells varies
widely and selection must be site specific. As part of the infrastructure design, some consideration
should be made for the potential for any extracted contaminants to react with the permanganate
above ground, which can produce manganese dioxide precipitates. This effect can be achieved
through removal of the contaminants prior to oxidant addition (i.e., air sparging in a storage tank, air
stripping) or removal of solids after oxidant addition (i.e., using a settling tank or in-line filters).

In some projects permanganate has also been injected in a solid crystallized form as a reactive
barrier. In these cases the solid permanganate has been mixed into contaminated soil using large
augers. This approach is most applicable to shallow contamination within the vadose zone. Soil
mixing is illustrated in Figure 5-5.
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Figure 5-5. Soil mixing.

5.4.5 Persulfate Delivery

There are two main approaches for delivery of persulfate solutions into the subsurface, batch
addition and recirculation. Persulfate is more persistent in the subsurface than H,O,, or ozone, so the
ultimate RIO in highly permeable saturated soils will be greater. This fact should be taken into
account when designing injection volumes. As with permanganate, well pressurization doesn’t occur
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for persulfate as there is also a limited release of gases in delivery wells. A recirculation approach
can be selected for this oxidant in cases where the area or quantity of contamination is very large.
Again, the type and location of injection and extraction wells can vary widely and selection must be
site specific.

5.4.6 Fenton’s Reagent Delivery

There are several approaches for applying Fenton’s reagent. The most common are as follows:

e A sequential injection of H,O; and Fe ensures distribution of reagents before reacting. There
appears to be no benefit of applying either reagent first.

e H,0, and Fe can be injected concurrently and mix at the end of well bore; thus they are
distributed while reacting.

Ifinjection wells are used with pH adjustment, stainless steel wells are required to accommodate the
acid injection. Reagents can be injected at either low (<25 psi) or high pressure. High pressure is
typically used to mobilize DNAPL and LNAPL prior to recovery or for achieving better distribution
in a less permeable zone.

It should be noted that, because iron initiates a potentially vigorous reaction, the mixing of iron and
peroxide not be performed in tanks prior to injection. In certain instances when ferrous Fe is
available in situ, the design can even forgo the application of the Fe catalyst. The heat generated
from the reaction can also be used to encourage contaminant volatilization and thermal oxidation. At
a number of sites, a top-down injection approach has been implemented with Fenton’s reagent when
significant contamination exists just below the surface. By delivering the reagents into the
groundwater at a shallow depth, a “blanket” can be created to consume organics as they rise due to
volatilization from the heat generated by the exothermic reaction.

One advantage of applying H,O; at lower concentrations is that the most efficient generation of the
superoxides and hydroxyl radicals occur at low temperature (<160°F) and at low pressures
(<0.42 psi/foot of soil). Besides the obvious safety benefits of working with a lower concentration of
H,0,, low concentration applications reduce the chance of excessive heat and gas generation (e.g.,
short-circuiting) and reduce the potential of simply stripping contaminants from aqueous phase to
the vapor phase without oxidizing them (Frisbie 1992). In these cases, a vapor recovery system is
required. Additionally lower concentrations and no acid injection are more amenable to ongoing
natural attenuation once treatment has been completed. Most shipments of H,O5, either in drums or
bulk, are 35% or 50% H,0,. Vendors have demonstrated the ability to safely blend and inject at
lower concentrations using water as the diluting fluid.

In most peroxide applications, bench- and pilot-scale testing are performed to ensure the successful
full-scale implementation. Bench-scale testing is used to quantify treatment efficiencies of
contaminants in saturated soil and the dissolved phase. In addition, the bench test identifies any
adverse reactions or precipitates that could affect the efficiency of the reaction in the soil or
groundwater. Pilot-scale testing is performed to confirm injection parameters, such as reaction rates,
temperature, pressures, ROI, and injection volumes and rates.
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In areas with water tables close to the surface, exothermic reactions must be controlled to a greater
extent because the heat generated causes the expansion of the water and may result in aboveground
flooding. Heat generation should be minimized in these cases to avoid this outcome.

5.4.7 Ozone Delivery

The most common type of ozone generator on the market is the corona discharge generator, used
almost exclusively with ISCO applications. This generator produces ozone by passing dry air or
oxygen between two concentric, annular metallic tube electrodes of opposite charge, resulting in the
production of ozone in 2%—5% and 4%—10% (by weight) ranges, respectively. Key considerations
for ISCO applications are the need for dry air, oxygen concentrators, or oxygen sources on site; the
requirement of cooling water for the generator; and a generator compressor having higher pressure
capacities than typically used with ozone generators within water treatment systems.

The requirement of an 0zone generator can dramatically increase capital costs. However, the reduced
cost of continuously supplying ozone via the generator over the length of the remediation project as
compared to always paying for delivered oxidants coupled with potentially shorter remediation times
may easily offset this higher up-front cost. Additionally, ozone generator costs can be reduced if
multiple sparge points are serviced by one generator. Ozone is corrosive with many materials, so
special considerations are required for the selection of process equipment that will contact ozonated
media. Stainless steel, Teflon, and Kynar are excellent materials for this purpose.

Since ozone is contained within a gas stream (<10% levels of ozone within air or oxygen), mass
transfer of the ozone from the gas phase into the water phase is required. The most common ways of
accomplishing ozone introduction are sparging into the aquifer, using designs similar to those
successfully used with in situ air sparging for stimulated aerobic biotreatment, or injection of
ozonated water into the aquifer via tank sparging or the use of a venturi in-line gas injector. Of the
two introduction options, in situ sparging is the better and more commonly used option because of
the high oxidizer demands associated with most aquifer systems. For perozone oxidation, ozone is
introduced the same way as with ozonation, while hydrogen peroxide is introduced using the well-
established techniques used with Fenton’s reagent applications.

Diluted air streams are sometimes blended with ozonated gases prior to injection into sparge points.
Potential sparge points are usually vertical or horizontal wells screened within the saturated zone.
Often numerous wells are sparged as “clusters” using a cycling sparge schedule (for perozone,
hydrogen peroxide dosing must be conducted immediately prior to ozonation for the sparge points).
Depending on the volatility of the pollutants, sparge rates can range from "4—2 scfm for most
applications, but if contaminant volatility is not an issue, even higher rates of gas addition are
possible depending on site conditions (for this case, following high-rate aquifer air sparging
designs). One interesting aspect concerning volatile pollutants is the very rapid degradation rates
observed for both benzene and TCE within air phase reactions reported. These data offer some
evidence that reactions of ozone with volatile pollutants within the gas phase occur even to the point
where no pollutants or ozone may escape from the ground surface.
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6. MONITORING REQUIREMENTS

There are two types of monitoring conducted at remedial sites, process and performance monitoring
and post-treatment and closure monitoring. Process and performance monitoring is completed during
the most active phase of remediation on a frequent basis to ensure adequate distribution of the
oxidant and monitor migration of both solubilized metals and contamination. Post-treatment and
closure monitoring is conducted on a less frequent basis after the subsurface reaches equilibrium
mainly to verify contaminant destruction.

6.1 Process and Performance Monitoring

From the regulatory perspective, one of the most important topical areas within ISCO remediation is
process and performance monitoring. Process and performance monitoring is important to all
stakeholders in ISCO remediation projects because it addresses the following basic concerns
regarding the selected technology:

e applicability,

e effectiveness,

e safety,

e time to completion,

e rebound potential, and
e final cost.

As aremediation plan is implemented, the process should be monitored to continually confirm that
the technology is operating as designed. One of the most challenging aspects of conducting
remediation is determining whether the action was a success or failure. This determination can be
made in a defensible way only through an adequately designed performance monitoring and
assessment process that demonstrates achievement of treatment objectives, e.g., reduction in mass
flux resulting in shutdown of pump-and-treat systems. Performance monitoring and assessment must
provide information compatible with the agreed-upon regulatory framework treatment objectives.

Process monitoring is done as a quality control measure before, during, and immediately after the
injection operation. Common objectives of process monitoring include the confirmation of oxidant
injection concentrations, volumes, flow rates, and the ROI of the injection. For some oxidants it also
includes the measurement of oxidant impact on groundwater temperature and pressure within the
injection well. Process monitoring is also an important component of a comprehensive health and
safety program. Performance monitoring includes establishing baseline conditions at the site prior to
remediation, determining the measurement of contaminant reduction, and monitoring contaminant
release and/or migration. Process and performance monitoring is usually completed on a more
frequent schedule than post-treatment and closure monitoring.

Establishing baseline conditions includes the analysis of soil and groundwater samples from the site
for target contaminant(s); potential biological or abiotic degradation by-products; metals; and
parameters such as pH, ORP, and DO. For example, ISCO has a potential to generate by-products.
After the oxidant application, it is easier to identify the by-product(s) as a reaction by-product or rule
it out as a preexisting or baseline condition. For a site remediation situation that includes oxidant
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application under an occupied building, it is beneficial to screen the indoor air for VOCs prior to
oxidant application. Then it would be relatively easy to determine whether media transfer is taking
place due to off-gassing of contaminants. Additionally, establishing a baseline condition helps gauge
the progress of the reactions and determine when the oxidation-reduction reactions are complete.
Ideally, monitoring point(s) should be located upgradient of a contaminated zone of a site for
establishing the baseline conditions.

An issue that must be resolved when assessing treatment effectiveness is the role of displacement of
contaminated water away from the injection points. Depending on sampling locations observed,
post-injection declines might reflect the displacement of contaminated water rather than actual
contaminant mass destruction. The before-and-after monitoring results at the site should indicate
whether or not displacement occurred. The results of monitoring at all locations in the plume should
show a decline after the injections if displacement is minimized. If contaminated water had been
displaced from the source zone into the plume, increases in contamination at one or more plume
locations would be expected. Another concern inherent in remediation performance assessment is
the potential for rebound of contaminant concentrations in the treated zone as a result of persistent
residual DNAPL dissolution. Comprehensive post-injection sampling should be completed at least
three months after the last injection. Rebound will be high if appreciable DNAPL mass remains in
the source zone and soil/groundwater equilibrium should be reached within this timeframe.

For both saturated and unsaturated zone contamination, analysis for organic contaminants in both
soil and groundwater is critical for in situ oxidation. Analysis of groundwater alone does not enable
determination of the mass of contaminant desorbed from saturated soil. Groundwater analytical data
obtained during the in situ oxidation process frequently shows transient increases and decreases in
contaminant levels because of the desorption of contaminants in soil. A common observation is that
dissolved organic contaminant levels increase after injection events, followed by a permanent
decrease as the contaminant mass is degraded and the aqueous phase reequilibrates with the
saturated soil. This observation reinforces the importance of a comprehensive saturated soil
investigation and adequate monitoring well network. For sites where only the unsaturated zone is
contaminated, analysis for organic contaminants in groundwater is necessary to monitor the leaching
of organics from the unsaturated zone. The spatial location of the monitoring points should be
carefully selected so that they are located downgradient of the contamination, and the screened
interval of these points should be at the proper depth. For example, a sample from a well screened
from 25-30 feet bgs may miss the migration of contaminants in the formation if the source of
contamination is only 5 feet bgs. A good conceptual site model including subsurface lithology and
contaminant mass/location is essential in the creation of an adequate monitoring network.

To accurately represent the performance of a remediation technology, it is important to modify
the sampling and analysis protocol for the target contaminant and/or potential by-products.
Unless sampling and analysis is conducted in situ by portable instrumentation, it is critical to
remove oxidant(s) from the sampling vial prior to sending out samples for analysis at a
laboratory. Current EPA methods for analysis of VOCs allow for a 14-day holding time prior to
analysis; therefore, contaminant concentrations in a media at the time of analysis will be lower
than on the date of sampling when an oxidant is present in the sampling vial.
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Generally, injection points are not suited for either performance monitoring or post-closure
monitoring to provide accurate insight of the success of a cleanup. Concentrations of target
contaminants in an injection well are expected to be lower than in the formation because of the
presence of higher concentration of oxidant, and therefore such measurements are not representative
of site conditions. However, if sufficient time is allowed for the hydrogeologic conditions to
equilibrate after an oxidant is used up, monitoring at the injection points may be useful. Temporary
direct-push wells may be an inexpensive way to augment an existing monitoring well network.

Where DNAPL is involved, it is important to reach consensus among stakeholders on how saturated
soil and dissolved-phase concentrations will be used to determine the reduction of residual and free-
phase DNAPL. In some instances a mass flux monitoring approach may be used to demonstrate the
reduced flux of contaminants from the DNAPL leaving the site and impacting sensitive receptors
(ITRC 2000). Given the difficulties in collecting reproducible soil samples at sites where DNAPL
may be present and the reliance of regulatory agencies on groundwater criteria for determining site
closure requirements, groundwater monitoring is a critical component of process monitoring of an
ISCO system during treatment system operation. In particular, monitoring the concentration of
chloride, a typical product of chlorinated solvent oxidation, can provide evidence of ongoing
treatment by the injected oxidant. Contaminant concentrations in groundwater should be measured
on a frequent basis initially to ensure released contaminants do not migrate away from the site. For
sites with LNAPL or DNAPL under an occupied building, ISCO should not be used unless a design
for adequate collection of gases is in place.

Analysis of dissolved metals in groundwater is also important, since certain redox-sensitive metals
can be oxidized to a more soluble state, especially with a more persistent oxidant like permanganate.
The primary metals of concern include arsenic, barium, cadmium, chromium, copper, iron, lead, and
selenium. All of these metals are more mobile in an oxidized state. They may currently be in a
chemically reduced, insoluble state at a particular site and therefore not detected in groundwater.
However, because they are more soluble under oxidizing conditions, these metals can be mobilized
by in situ oxidation. Sites where this effect could be a potential problem can include sites where
either naturally occurring metals concentrations in soils are elevated or historical metals
contamination was attenuated by naturally occurring chemical reduction processes. Metals released
by historic processes may be bound up with organic substances (such as humic acids) and may be
released when these substances are oxidized by the oxidant. In most cases, field and laboratory data
have shown that the metals liberated by oxidation are readily attenuated back to background
conditions. However, this may not always be the case.

To minimize the possible risk of mobilizing metals at a site where ISCO is implemented, several
steps can be implemented for site screening:

e Soil laboratory data of total metals content can indicate whether the site contains sufficient
metals to be problematic.

e More detailed evaluation can be performed by conducting laboratory treatability tests using
samples of soil and groundwater from the site. In these bench-scale tests, aquifer materials are
subjected to oxidation, and the solution water is analyzed for metals content before and after
treatment. If metals are liberated into the aqueous solution, this solution can then be exposed to
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site soils to determine the ability of the soils to attenuate the metals to background or baseline
conditions. At the field scale, metals analysis of groundwater samples is important to verify that
metals mobilization is not occurring.

Common field monitoring parameters and suggested analyte techniques are summarized below:

e contaminants, EPA SW 846 8260B;

e oxidant, field test kit;

e metals, EPA Method 200.7 (ICP), SM 3120B;

e major ions (Na, K, Ca, Mg, Fe), EPA Method 200.7 (ICP) SM 3120B;
e nitrate, sulfate, and chloride, EPA Method 300—ion chromatography;
e alkalinity, as CaCO, EPA Method 310.1, SM 2320B;

¢ ORP (Eh) field measurement, SM 18 ED 2580B;

e pH, hydrogen ion field measurement EPA Method 150.1, 18 ED;

e temperature, field measurement EPA Method 170.1, 18 ED; and

e specific conductance, field measurement EPA Method 120.1, 18 ED.

In sensitive settings such as a site overlain by occupied buildings, monitoring of key parameters—
including VOCs, temperature, LEL, etc.—should be initiated. This monitoring is particularly
important for application of Fenton’s reagent injected at high concentrations and at high pressure.
For ozone, continuous monitoring of ozone gas, VOCs, and oxygen should be conducted.

6.1.1 Permanganate

To confirm ROI, permanganate can be detected in monitoring wells by the purple color and
measured with a field spectrophotometer. Since the kinetics of permanganate oxidative reactions are
second order, they are concentration dependent. Thus, the sufficient concentration of the
permanganate is necessary for the degradative reaction to proceed. The rule of thumb is that all
monitoring wells in the treatment zone should have >50 ppm, which would be dark purple in color.
It is important to measure metals and contamination in downgradient monitoring wells frequently to
ensure that these constituents are not mobilizing and/or migrating. This phenomenon usually occurs
in the initial stages, so monthly sampling for the first three months is recommended.

6.1.2 Sodium Persulfate

To confirm ROI, iron, pH, or persulfate can be measured in monitoring wells. It is also important to
measure metals and contamination in downgradient monitoring wells frequently to ensure that these
constituents are not mobilizing and/or migrating. This phenomenon usually occurs in the initial
stages of implementation, so monthly sampling for the first three months is recommended.

6.1.3 Hydrogen Peroxide

During applications, several key parameters in the application wells should be measured to ensure
that the design application is maintained and that a safe application can be assured. Table 6-1
outlines the injection well process monitoring parameters.
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Table 6-1. Injection well process parameters

Parameter Method Frequency
PH Field screening tool Beginning and daily
Temperature | Thermocouples Constant
Pressure Application well gauge | Constant

Each of these parameters should be within the specific design range to ensure the optimum
efficiency of the process and that the reaction will remain within safe parameters to avoid excessive
off-gassing, contaminant migration, or overconsolidation of the soil. In addition to the application of
well process monitoring, it is beneficial to observe process parameters at the adjacent monitoring
wells to determine the rate at which the process reaches it, the optimum treatment radius or the
process ROI. Table 6-2 outlines useful field parameters and the measurement frequency for Fenton’s
applications.

It should be noted that the sustained design ROI is not reached instantaneously but in many cases
may take several days to achieve and stabilize. This fact is important when performing a pilot
application to ensure that the optimum ROI is achieved and maintained. In sensitive settings such as
a site overlain by occupied buildings or subsurface structures, monitoring of key parameters,
including VOCs and temperature, should be initiated. This monitoring is particularly important for
application of Fenton’s reagent injected at high concentrations and at high pressure.

Table 6-2. Monitoring well process parameters

Parameter Method Frequency

pH Field screening tool Beginning and daily
Temperature | Thermocouples Constant

ORP Application well gauge | Daily start and close
DO Downhole field tool Daily start and close
Conductivity | Downhole field tool Daily start and close
Iron Field screening tool Daily start and close
VOCs Field screening tool Daily start and close
CO, Downbhole field tool Daily start and close

Since reduction of contaminant mass in the saturated soil is a key component of successful
groundwater remediation, baseline and post-treatment saturated soil samples are critical in assessing
performance. Section 2 presents guidance for evaluating total mass. It is also important that all
stakeholders are in agreement as to the methodology used to select sample locations, collect
samples, and interpret results.

6.1.4 Ozone
Continuous monitoring of ozone gas, and VOCs, should be conducted. Since ozone is a strong

oxidant gas, safety procedures must be followed when performing in situ or process monitoring to
avoid contact with ozone gas, which may be present in site monitoring wells or system piping.
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6.2 Post-Treatment and Closure Monitoring

One of the most challenging aspects of conducting a remediation is determining whether the
remedial action was a success or failure. This determination can be made in a defensible way only
through an adequately designed post-treatment and closure monitoring and assessment process that
demonstrates achievement of treatment objectives, e.g., reduction in mass flux resulting in shutdown
of pump-and-treat systems. Post-treatment and closure monitoring and assessment must provide
information compatible with the agreed-upon regulatory framework treatment objectives.

Subsurface conditions after oxidant injection should be allowed to reequilibrate prior to post-
treatment and closure monitoring. Monitoring for temperature, presence of residual oxidant, LEL
(for indoor air and utility areas), etc. can help determine whether chemical reactions are completed.
To determine the effectiveness of treatment and to evaluate whether the desired degree of oxidation
and desorption was achieved in both saturated soils and the aqueous-phase contaminant, monitoring
should continue quarterly for at least one year following the completion of treatment and oxidant
activity to ensure no rebound occurs. During this post-treatment monitoring phase, it is expected that
the site should have come back into equilibrium and concentrations can be expected to approach
treatment goals. Should concentrations increase over two consecutive quarters, it is most likely that
rebound is occurring and that there is still untreated contaminant mass in the saturated soils causing
increasing dissolved-phased concentrations. A subsequent injection may be necessary.

States differ on the amount of monitoring necessary to achieve site closure. Most states like to see
data collected long after the injection takes place to ensure the new equilibrium has been achieved. It
is not uncommon for states to require annual monitoring for three years to conclude that the
contamination will remain below the target levels in the long term.

7. TRIBAL AND STAKEHOLDER CONCERNS

Stakeholders and representatives of any affected tribes should be involved at every stage of the
evaluation, selection, and permitting of treatment systems and in the selection and performance
evaluation of vendors. Such involvement leads to better, more defensible solutions and expedites
cleanup of contaminated sites. One of the objectives of the responsible parties must be to integrate
tribes and stakeholders into all of their processes.

Since chemical oxidation methods are a relatively new technology, when such technology is being
considered for permitting or deployment for the first time in a given area, stakeholders and tribal
representatives should be given the opportunity to comment and to make their issues, needs, and
concerns known. Information about the technology, including alternatives analysis, should be made
widely available for public comment.

Chemical oxidation methods may have the potential benefit of cleaning up a contamination problem
quickly and therefore may be regarded favorably by tribes and stakeholders. However, since
chemical oxidation methods involve the introduction of a chemical reagent into the environment,
tribes and stakeholders will have the obvious question: Will it do any harm? This question must be
addressed carefully and honestly.
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In some instances, one can cite the examples where the technology has been tried before and report
on its success or failure in each situation. In the case of an immature technology, one may be in a
situation where one is proposing a solution that is believed to be likely to work but has not been tried
previously in a parallel situation. Explain all of the reasons why you believe that the technology is
likely to work. Give the details of what you believe to be the possible failure scenarios. How likely
is the technology to fail? What damage might be done? Have public discussions about the
alternatives. It is possible that tribes and stakeholders will embrace an opportunity to try a new
solution to a contamination problem, particularly if there is a good chance that it may succeed where
other solutions are likely to fail. Be open to the potential risks and benefits. Affected tribes and
stakeholders must be given the opportunity to weigh the potential risks against the potential benefits
since they are often the ones most directly affected by the contamination and by the success or
failure of the cleanup technology. In certain cases, they are also the ones who bear the cost of the
cleanup or, at the very least, as taxpayers in practice serve as the insurer of last resort.

In 1997, the Tribal and Stakeholder Working Group (TSWG), working with the U.S. Department of
Energy (DOE) Office of Science and Technology, developed a set of principles for the integration of
tribes and stakeholders into the process of evaluating and developing new technologies for the
treatment of mixed low-level waste. Below we discuss the applicable TSWG principles and how
they translate to a situation where ISCO is being considered for the remediation of subsurface
contamination.

1. Minimize effluents: Clean up contamination as quickly as possible. Avoid fouling. Avoid the
generation of reaction side products and new contaminants.

2. Minimize effects on human health and the environment: Protect present and future drinking
water supplies and impacts to surface water. Minimize the potential for accidents.

3. Minimize waste generation: Avoid the production of waste from the cleanup effort.

4. Address social, cultural, and spiritual considerations: Minimize land use in the cleanup process.
Discuss the transport of chemical reagents with the tribes and stakeholders and adapt such
transport to address their concerns. Respect the social, cultural, and spiritual values of specific
sites. Minimize noise and traffic. Protect local vistas. Include the costs of tribal and stakeholder
participation in cost estimates and budgets. Include the costs of compliance with
intergovernmental agreements in cost estimates and budgets.

5. Provide timely, accurate, complete, and understandable information: Explain the technology
screening and evaluation process. Provide information about any previous applications of the
technology. Provide information about the hazards and risks and also potential hazards and risks,
as well as benefits and potential benefits. Keep tribal and stakeholder representatives involved
and informed throughout the evaluation, selection, permitting, and deployment processes.
Independent technical advisory resources should be made available to the tribes and stakeholders
whenever feasible.
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6. Incorporate tribal and stakeholder involvement into the responsible parties’ procurement
process, the permitting process, and the performance evaluation of contractors.

One of the current uncertainties about ISCO is that the ROIs for different types of injections have
not been established yet for all soil types and hydrogeological conditions. Recent case studies
suggest that, for situations where the soil is tight, the number, geometry, and technique of injection
are probably critical to the success or failure of the ISCO treatment. Thus, in turn, the motivation
level of the responsible party can be a key factor in the success or failure since some
experimentation and multiple attempts with injection configuration and injection method may be
necessary.

When a new technology such as ISCO is considered for application to a difficult problem such as
DNAPL contamination of subsurface water and soil, there necessarily will be uncertainties about the
efficacy and risks of the technology in a given situation. Public acceptance of a new technology is
more likely if tribes and stakeholders are involved in a timely and meaningful manner in the
evaluation process. Such involvement enables the early identification of significant issues and the
joint resolution of these issues. In turn, public involvement promotes faster and more efficacious
cleanup of contamination and increases public acceptance of novel approaches to such cleanup.

8. CASE STUDIES

The ITRC ISCO Team presents the following case studies and suggests locations where descriptions
of other case studies may be located for review and, perhaps, application at other contaminated sites
undergoing remediation. These case studies are presented for the sole reason to illustrate the
effective in situ use of an oxidant at a particular place and time, under site-specific hydrogeologic
conditions and project operation protocols. Each remediation site is different.

It is the responsibility of each regulatory agency official assigned to an environmental remediation
project to establish the criteria for project success. See Table 8.1 and Appendix D for case studies.
Published collections of case studies are noted in the Section 9. Persons interested in additional
detail concerning these case studies are encouraged to call the identified regulatory agency and/or
vendor.
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Table 8-1. Case studies included in Appendix D

Site

Technology (scale)

Geology

Contaminant

Sunbelt Precision Potassium Medium sands with a coarse | TCE, TCA
Products, Ft. permanganate (full sand layer at 57 feet bgs,
Lauderdale, FL scale) unconfined aquifer with

groundwater 1-5 feet bgs
USG Corporation Potassium Silty sand/sandy silt alluvial | PCE
Facility, La Mirada, CA | permanganate (field aquifer, 80—100 feet bgs

pilot)

Former Manufacturing Sodium permanganate | Fill material beneath a PAHs

Facility, Quincy, MA (full scale) parking lot
Union Chemical Potassium Low-permeability glacial till | TCE, DCE, DCA
Company Superfund permanganate and fractured schist
Site followed by biological
reductive
dehalogenation (field
pilot)

Former Gasoline
Station, New Castle, IN

Persulfate activated by
Fenton’s reagent

Native glacial till soils, an
unconfined aquifer with
groundwater 8—15 feet
below grade, including a 4-
foot smear zone

BTEX, MTBE

Pierce Service Station, Hydrogen peroxide Shallow silty sand alluvial BTEX, TPH-gas
Los Angeles, CA (Fenton’s) (full scale) | aquifer, 3045 feet bgs (no MTBE)
Retail Fueling Facility, | Hydrogen peroxide Fine to coarse sand, with BTEX and MTBE
Westport, MA with biological bedrock at 35-50 feet bgs

catalysts (full scale)
Residential Fuel Oil Hydrogen peroxide Fine to medium sands with Fuel oil
Release, Connecticut numerous cobbles
Active Retail Gasoline Ozone and hydrogen Medium, well-graded sand BTEX, MTBE,
Station, Kenton, DE peroxide (full scale) with clayey sand to 32 feet TAME, TBA

bgs

Former Service Station | Ozone (full scale) Silty sand and fill material BTEX, MTBE,
Site, Southeastern PA PAH (naphthalene)
Former Oil Distribution | Ozone and oxygen Silty sand and fill material PAH (naphthalene)
Terminal Ilion, NY (full scale)
Former Automobile Ozone (full scale) Glacial till over weathered BTEX
Sales and Service shale
Center, Bound Brook,
NJ
Demolished Retail Ozone (full scale) Silty sand underlain by Petroleum
Service Station, fractured schist and shale hydrocarbons
Philadelphia, PA
Former Wood Ozone Very heterogeneous Pentachlorophenol

Treatment Site, Sonoma
County, CA

stratified silty sands and
clays

and creosote (i.e.,
PAHs)
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Many internet sites include some useful information on chemical oxidation. The following sites
are listed only to provide a beginning point for readers to start their own research:

e Comprehensive bibliography by Eric Hood, University of Waterloo:
www.civil.uwaterloo.ca/groundwater/oxlitrev.html

e Department of Defense program site:
WWwWw.estcp.org

e Federal Remediation Technologies Roundtable Case Studies:
bigisland.ttclients.com/frtr/info/abstracts.html

e Fenton’s Reagent and Potassium Permanganate Implementation (PDF files):
ost.em.doe.gov/ifd/ost/pubs/scfa.htm

e “Field Applications of In Situ Remediation Technologies: Chemical Oxidation” (PDF file):
www.gwrtac.org/html/topics/inchemox.htm
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e [ITRC Web site:
www.itrcweb.org

e Site Profiles of Remedial Technologies (EPA):
www.clu-in.org/PRODUCTS/siteprof/remdctg.cfm

e “Technology Status Review, In Situ Oxidation” (PDF file):
www.estep.org/technical documents.htm
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