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INTRODUCTION

One of the main chalenges for environmenta professionds involved in the assessment
and remediation of contaminated Stes is the development of aremediation Strategy to
ultimately achieve site closure and dlowing for future development of the Site with
minimd ligbility for itsintended use. When excavation and subsequent trestment and/or
disposd is not viable, environmentd professonds typicdly look toward in-gtu
technologiesto achieve thisgod. A variety of geologic consderations exist for in-gtu
remediaion. Although many good in-Stu remediation technologies exig, to illudtrate the
factors and evauate the decison making process, this article reviews one technology (in-
gtu chemicd oxidation) using one ddivery method (high pressure jetting ) with two
treatment oxidants (hydrogen peroxide and potassium permanganate).

In-Stu remediation is the reduction, extraction, remova, stabilization and/or containment
of contaminants in the subsurface to aleve acceptable for Ste closure. Site closureis
essentidly the reduction of risks posed by the presence of contaminants in the subsurface
to an acceptable leve. 1n-9tu remediation technologies can be divided into two generd
categories. One category involve a strategy of extraction or removal of contaminants
from the subsurface, typicaly in association with exigting conventiond gpproaches such
as soil vapor extraction of the vadose zone or pump and treet for groundwater. The other
primary category involves a srategy of stabilization/destruction and/or containment of

the contaminant in the soil matrix. Where extraction and remova reduces the overal
concentration and quantity of contaminant in the subsurface, the latter Smply reduces
contaminant mobility and in some cases its toxicity.

Regardless of the strategy employed, most in-Stu systems designed for the reduction or
remova of contaminants incorporate the introduction of some trestment media. Over the
past two decades, environmental professionds have been innovative in their approach to
in-stu remediate or enhance remediation of subsurface contaminants. They have injected
air, water, bacteria, heet, electrica currents, radio frequencies and/or chemicds (i.e,
which includes nutrients, oxidants, catalyds, etc.). They have aso utilized plants
(phytoremediation), pneumatically and hydraulicaly fractured subsurface materids, or
congtructed reective and filtration wals, into or within discrete zones, with varying
success to achieve thisgodl.

THE IMPORTANCE OF ADEQUATE HYDROGEOLOGIC
CHARACTERIZATION



In formulating any remediad drategy, understanding of the subsurface environment is
essentia to development of apracticd, efficient, codt- effective and timdly in-Stu
remediation srategy. In performing peer review of numerous remedid higtories, itisa
common occurrence to encounter ineffective and inefficient in-Stu remediation systems
duein large part to a greaster emphasis placed on engineering design, and less toward
subsurface lithologic characterization and basic hydrogeol ogic understanding. From the
client’s perspective, characterization does not directly reduce or clean up the Site,
wheress, actua system design and implementation does. Another factor commonly
overlooked isthe overal development of a closure strategy in the early phases of the
project. Itisthusimportant for environmenta professondsto make their client
understand that a sound and comprehendgve characterization program actudly saves
money over the course of the project, and allows for smart design of aremedid Strategy
that will be both effective and efficient.

Before aremedid strategy and system design can be formulated, a through understanding
of the subsurface environment must be attained. System design is optimized when
important geologic factors such as lithology, permeability, porosty, soil and groundwater
chemistry, and contaminant type and concentration, and their anticipated fate and
transport, are fully evauated with repect to the design and ingtdlation of injection ports,
and rates of injection. Geologic factors control the movement, distribution and qudity of
groundwater as well as contaminants via a combination of severd physical, chemicdl,
and biological processes (Testa, 1994; Testa and Winegardner, 2000). Thus, chemical
reaction and biological degradation rates must be considered.

The largest percentage of environmentaly contaminated Stes lie on dluvid and coastal
plains consisting of complex interdtratified sediments. Lithologic contacts, some abrupt
and some gradationd, sgnificantly influence permegbility, porosity and preferred flow
pathways of contaminantsin soil and groundwater. The mgority of contaminated Stesin
the world have some component of impacted shallow soil or unconsolidated sediments.
Shallow groundwater contamination can result from surface or near- surface activities
incdluding unauthorized relesses or leaching from landfills, repositories, underground and
above-ground storage tanks and pipdines, wdls, septic systems, and accidenta spills.
Contamination can aso occur from the application of agricultural chemicasto the land
surface, or from non-point sources. Deeper soil or rocks may aso become impacted due
to preferred flow pathways aong fault zones, lack of a competent aquitard or confining
layer to inhibit migrating contaminants or via conduits such as abandoned mines or
improperly designed or abandoned wells

Since geology is the prime-controlling agent for the movement of groundwater, thus,
contaminants, comprehensive understanding of the three-dimensond framework of
geologic materidsis essentid. This understanding provides for a comprehensive
assessment of groundwater vulnerability to contamination, and the laterd and vertical
extent of hazardous and toxic congtituents in the subsurface, and dlows for effective
design and monitoring of subsurface remedid systems.

Lithology and stratigraphy are the most important factors affecting contaminant
movement in soils and unconsolidated sediments. Stratigraphic features including



geometry and age relations between lenses, beds and formations and lithologic
characterigtics of sedimentary rocks such as physica compostion, soil type and
chemigtry, grain size, grain packing, and cementation, are among the most important
factors affecting groundwater and contaminant flow in sedimentary rocks. gneous-
metamorphic rocks are geologic systems produced by deformation after deposition or
cryddlization. Groundwater and contaminant flow in igneous- metamorphic rocksis
mogt affected by structurd features such as cleavages, fractures, folds and faullts.

IN-SITU REMEDIATION TECHNOLOGIES

The main bendfits of in-Stu remediation systems over conventional methods are the
lower find cogt for remediation, minimum cost for operations and maintenance, no
moving parts that could break and no discharge permits or waste disposd of liquids for
in-Situ groundwater treatment. In-Situ remediation programs require detailed
undergtanding of the lithology and hydrogeology of the subsurface. Thetypica timeline
is broken into five main tasks. Thefirg task is the characterization of the subsurface,
typicdly usng adirect push technology soil and groundwater sampling rig or hollow
stem auger rig. Other specidized rigs might be required, depending on the subsurface
lithology. During this phase of work, soil and water samples are collected to evauate the
vertical and latera extent of contamination and the distribution of contaminants. For
remediation usng achemical oxidation technique, chemica parameters such as
contaminant concentrationsin soil and groundweter, pH, akalinity, iron content, total
organic compounds (TOC), vertica and horizontal porosity and permesbility as well as
other parameters are evauated. A specific chemica stoichiometry is determined in the
laboratory to determine optimum contaminant trestment. If aerobic bioremediation isan
gppropriate remediation option, microbia parameter sudies (total heterotrophs, specific
contaminant degraders), total organic carbon (TOC), akdinity, dissolved oxygen, pH,
and nutrient levels (ammonia nitrogen, ortho-phospate), as well as other parameters are
examined. Anaerobic bioremediation parameter sudies include the microbia counts, as
well as nitrate, sulfate, ferric iron, pH, and Redox. A typica in-Stu remediation program
scheduleis summarized in Table 1.

In-Stu trestment technologies can be an attractive dternative when on-Ste activities or
sructure precludes more conventiona remediation methods, relaively deeper soilsare
impacted, and/or when tight time congiraints are not an issue The key to theinjection of
liquidsfor in-gtu remediation of soil and groundwater is achieving proper exposure of

the trestment chemicals and amendments to the contaminated soil and groundwater,
regardiess of the delivery method used. Treatment chemicals can be injected to favorably
enhance anumber of chemica and biological processes. chemica oxidation, enhanced
biodegradation, soil flushing, pH adjustment and metd's stabilization.

Chemical Oxidation

In-stu chemica oxidizersrapidly treat soils contaminated with toxic and recacitrant
organic wastes (Jacobs, 1995, 1996, 1997). In-Stu oxidation uses contact chemidry of
the oxidizing agent to react with petroleum hydrocarbons, volatile organic compounds,
munitions, certain pesticides and wood preservatives. The gasoline additive, methyl



tertiary butyl ether (MTBE) has been shown to bresk down with Fenton’s chemistry
(Jacobset d. , 2000, Leethem, 2002, Kelly et d., 2002). The two most common liquid
oxidizers used in soil and groundwater remediation are hydrogen peroxide and potassum
permanganate. These oxidizers are non-sdlective and will oxidize the contaminants, as
well as natura organic materia (tree roots, organic carbon), reduced metals, carbonates,
and aulfides. Liquid oxidants can act as solvents, desorbing contaminants from soil
particles. Severd stes have been observed where the concentrations in groundwater
increase after the first treetment event, while the vadose zone decreases in contaminant
concentrations. This rebound effect is noted, however after severa trestment events total
contaminant concentrations are reduced in both groundwater and vadose zones.

Tables 2 and 3 show how hydrogen peroxide and potassum permanganate relate to other
commonly used oxidizers. A summary of the advantages and limitations of these three
oxidizersis presented in Table 4.  Other oxidants are available, but are less commonly
used due to cogt, safety and handling issues or potentia toxic by-products.

Hydrogen Peroxide

A common oxidizer used for in-situ applications is hydrogen peroxide (H,O.). Hydrogen
peroxide is the most common peroxide in commerce. Pure hydrogen peroxide and its
aqueous solutions are clear liquids resembling water. Unlike water, the hydrogen
peroxide has a dightly sharp and distinctive odor. Low concentrations of hydrogen
peroxide are sold in drug stores (1-3%) as amild antiseptic.

Hydrogen peroxide is one of the earliest chemica oxidants to be discovered and used in
industry. It was discovered in the late 1700s and was commercidized in the early 1800s.
Hydrogen peroxide works as aremedid trestment chemicd in two ways. freeradicad
production and direct chemical oxidation using hydrogen peroxide.

A British Professor H.JH. Fenton (1893, 1894) described the exothermic and somewhat
violent reaction of hydrogen peroxide with iron sats (ferrous sulfate). Fenton's
chemigtry or Fenton's reagent uses atrangtion meta catalyst or an acid to enhance the
oxidation chemica reaction of hydrogen peroxide by producing the hydroxyl radical.

For in-situ chemica oxidation, the meta catalyst is usudly provided by iron oxides
within the soil or fill materid, or added separately as a solubilized iron sdt, such asiron
aulfate. In addition, pH adjustment using an acid such as sulfuric (H2SO4), iscommon
since the chemica oxidation is more rgpid and efficient under lower pH conditions (pH
2-4isoptimd). Fenton's chemistry has been well documented for over 100 years and has
been in use in water trestment plants for over 50 years. The supportive chemica
processes which essentidly results in the destruction of petroleum hydrocarbons, and
other volatile organic compounds, are well-documented (Watts, 1991, 1992 and 1994).
Although Fenton’s chemistry has been documented for well over 100 years, it has been
employee safety and handling issues that have kept large numbers of environmenta
contractors from using in-Situ chemica oxidation technology. Although this technology
can be used safely, sgnificant safety planning, worker training, persond protective



equipment, on-Ste supervison and monitoring must be an integra part of dl oxidetion
projects.

When chemicd oxidant H,0, isinjected at concentrations of 10 to 35% into the
subsurface, it decomposes readily into reactive hydroxyl radicds (OH") and water. The
hydroxyl radicd (OH") in the subsurface can be used to rapidly minerdize hydrocarbon,
solvent and other contaminants to water and carbon dioxide. Thisreaction isenhanced in
the presence of iron. Iron is naturaly occurring in soil and groundwater or can be added
during the injection process, if needed. The reaction is based on the principle of Fenton's
Chemistry where iron and hydrogen peroxide react to form hydroxyl radicals and other
by- products as shown in Equation 1.

The double bonds, C=C, that characterize chlorinated ethenes are more resctive than the
sangle C-C bonds of chlorinated ethanes. Therefore, PCE and TCE are more susceptible
to chemica oxidation than TCA. Although al these chemicas are susceptible to
chemical oxidation, relative res stance to oxidation from highest to lowest: PCE, TCE,
vinyl chloride, phenanthrene, benzene and hexane. The oxidation reaction for acommon
solvent, trichloroethene (TCE), forms severa unstable daughter products (epoxides), then
breaks down to ketones and adehydes, findly yidding carbon dioxide, water and
chloride ions (Suthersan, 2002). The oxidation of TCE is shown in Equation 2:

Equation 1 Fe2+ + HZOZ -->0H + OH + |:e3+
Fe+ + H,0, -->Fe +HOOy + H'

Fe+ + HO,/0, -—->Fe™* + 0y +H'
(iron catalyst gets regenerated)

OH" + H202 -->HO,/O, + H,O
2 3 .

OH +Fet --> Fe *+ OH

HOZ/Oy +Fe™* +H'--> Fe™* + H,0,

OH’ = hydroxy! radicd

Equation 2: 40H" + CHClz--> 2CO;™ + 3Cl +5H"

The hydroxyl radica that attacks the carbon-hydrogen bonds is capable of degrading
many chlorinated solvents, chloroakenes, esters, aromatics, pesticides and other
recacitrant compounds such as MTBE, PCP and PCB. The Fenton’'s chemistry
reaction is highly complex, Theiron cycles between the Fe(Il) and Fe(l11) oxidation
states yields the hydroxyl radica and other by products (Suthersan, 2002).



Residua H,O, not used in the oxidation process breaks-down to water and oxygenin a
meatter of hours. In addition to the reaction described in Equation 2, thereare also a
large number of competing reactions including the free radical scavengers, most
importantly, carbonate and bicarbonate dkdinity, that will greetly affect the overal
reaction scheme. In addition, H,O,, can serve as an oxygen source for microbesin the
subsurface to enhance biodegradation of contaminants.

Although handling hydrogen peroxide and other oxidants requires Sgnificant safety
training and planning, the oxidant is effective a remediation of avariety of organic
contaminants and is rdaively inexpensve. The reaction time for hydrogen peroxide in
the subsurface is usudly within minutesto a mogt, hours. Risein temperaturesin the
subsurface illustrates the exothermic nature of the oxidation process. Rapid degradation
of hydrocarbons, solvents and organic compoundsisthe goa of in-stu chemica
oxidation, not the violent decomposition of hydrogen peroxide which does occur at
elevated reaction temperatures.

Based on fidd research, the optimum reaction temperature is relatively low, as measured
on thereaction foam in the fidd usng infrared thermd metersis 35° C to 41° C.
Increases in temperature beyond about 57° C the peroxide becomes more volatile asiit
starts to produce awispy white vapor (Figure 4). The gasiswater vapor and carbon
dioxide, the end products of chemical oxidation. Subsurface reaction temperatures, as
measured using the infrared therma meter in the range of 82° C to 93° C are explosive
and unsafe. Temperatures of subsurface chemica reactions can be monitored and
lowered by adding water, lowering concentrations of the catalyst or oxidant and reducing
injection pressures.

Hydrogen peroxide reacts in an optima manner in lower pH settings, with lower
akalinity readings. In some cases, acids are used to lower pH. The end products of
oxidation are carbon dioxide and water. Trace chloride from chlorinated compounds will
likely combine with sodium or calcium ions to form sdts or with hydrogen to form weak
acids. Careful evauation of soil and water chemidiry using a bench test (Figure 1) with
soil and water samples is recommended prior to the start of any injection process. Dueto
the rapid reaction time, subsurface spacing of injection ports must be relaively close
which is dependent on lithology. Clays and silts which are problematic to remediate in-
Stu, typicaly require 0.6 to 1 meter spacing, whereas injection ports for clean sand and
gravels can be placed at 2 to 3 meter spacing.

Potass um Permanganate

Potass um permanganate has been used in water trestment plants for several decades
because it can oxidize phenols, Fe**, S* and taste and odor producing compounds
(Suthersan, 2002) Although aweaker oxidizer than hydrogen peroxide, potassum
permanganae (KMnO,,) lasts longer in the environment (hours to days) and can react in
an environment with much higher pH and akalinity than hydrogen peroxide. For fidd
use, potassum permanganate is shipped as agray crystdline powder and is mixed with
water creating a deep purpleliquid. The bright purple color can be used as an indicator



for non-reacted potassum permanganate, whereas the reacted permanganate is dark
chocolate brown or black in color, indicating the presence of manganese dioxide (MnQO5)
precipitate. Magnesium dioxide is anatura compound commonly found in soils.

The solubility of KMnQO,, is strongly influenced by temperature and a 30° C, hasa
concentretion of dightly over 8%. The pH rangeiscritica in being able to determine
whether the oxidation reaction will befast or dow. The chemica formulafor chemica

oxidation of TCE using potassum permanganate is shown below in Equation 3
(Nickelsen, et. d., 1992):

Equetion 3: 2KMnO, + CoHCl3 --> 2MnO; + 2CO, + K* + 3CI +H" + 2K ™

The oxidation end products when using potassum permanganate include carbon dioxide,
water, and the potassium ion (K ™). Under certain conditions, the injection of an oxidant

such as potassum permanganate into the subsurface potentialy oxidizes and remobilizes
certain soluble metas under certain conditions. The highly toxic, oxidized variety of

chromium, hexavdent chromium (CrV1) can be formed from the reduced variety,
trivdent chromium (Crlll). The amount of (Cr\VV1) mohilized will depend on the
background chromium concentrations in the soil. However, any hexavadent chromium
formed from the reaction with an oxidant should become reduced and attenuate back to
trivaent chromium within a short time frame and distance.

Chemica compatibility of the injection equipment components and safety procedures
become critica with theinjection of strong acids, bases, oxidants and other chemicals.

TREATMENT TRAIN APPROACH

Although chemica oxidation can be used as a single technology, in some cases, multiple
treatment technologies are more effective. After achemical oxidation program has been
performed to reduce hydrocarbon concentrations, enhanced aerobic biodegradation can
be implemented easly with the excess oxygen left in the subsurface from the breskdown
of the chemica oxidant. All microbes will be destroyed by chemica oxidation, however
reestablishment of bacteriain the soil and groundwater is likely to occur within severd
weeks.

Naturd attenuation is unenhanced physica, chemical and biologica processes that act to
limit the migration and reduce the concentration of contaminants in the subsurface (Testa,
1996). The most important processin respect to petroleum hydrocarbons is aerobic
bioremediation because it is capable of destroying a large percentage of the hydrocarbon
contaminant mass. Destruction occurs as aresult of bacteria oxidizing reduced materids
(i.e., hydrocarbons) to obtain energy. Aerobic biological degradation of fuel
hydrocarbons and sdlected other organic compounds have been well-documented (Rice,
et. d., 1995, Mace, et. a., 1997). Supplying the appropriate amount of oxygen, nutrients



and other amendments to the subsurface can enhance the biodegradation process, and
sgnificantly increase remediation effectiveness and decrease treatment time,

DELIVERY METHOD

Anintegrd part of in-stu remediation planning is the evauation of the ddivery method of

the treetment chemicas. Jetting is an old groundwater development technology that has been
modified for remediation purposes. The technology for high pressure, low to high volume
injection of nutrientsinto the subsurface usng a 12.5 mm (1/2-inch) diameter hand-held
wand or lance driven into the ground has been widely used for severd decades. Thejetting
technology, at its most basic, uses tree root feeder systems to inject nutrients and other
chemicals into the subsurface by means of a high pressure injector tip on the end of asmall-
diameter, 2 to 5 foot long sted wand. A more powerful and versatile jetting systemn has been
developed to efficiently implement avariety of remediation processes including chemica
oxidation, bioremediation, pH adjustment and metas Sabilization (Figure 2). The 3to 4.6
meter long lances use high-pressure liquid pumps to increase flow at the tip of the wand to
pressures from 2,109 to 3,515 meters-head (3,000 to 5,000 psi). At these pressures, the
lances are pushed downward into the subsurface with little physical effort. The high pressure
cuts into the soil and the lances descend at velocities up to one foot per second. High
pressure injection points are placed on close spacing, from 1 meter centersfor claysto 3
meter centersfor clean gravels. The high pressures alow for the treetment liquids to be
dispersed into the soil matrix both verticaly and laterdly, as well as into the groundwater.
Field experience shows that clays start to fracture at about 844 meters-head (1,200 psi) tip
pressure. At these pressures, the pressure gauges build up and sustain the pressure, and the
fracture occurs a breskthrough and the pressure immediately drops significantly until

another zone isfractured. The fracturesin clays and other low permesbility sediments create
preferred remedia pathwaysthat may extend 3 meters or more, however, the matrix of the
fractured low permesbility soil isunlikely to be uniformly treated.

After the reaction occurs, additional treatment events may be required to reduce
contaminants to regulatory approved levels. RIPa projects performed for consultants
indicated aradius of influence around injection ports up to 8.6 meters. After the liquids
areinjected and the jetting tool is removed from the subsurface, no pieces or parts are | eft
behind. Theinjection holes are then either abandoned asis or sealed with cement grout
or bentonite, as needed.

Thejetting injector wands can be used to remediate limited access areas such as undernesth
dabs, railways, and buildings, around tanks, pipelines and subsurface utilities, and into
hillsides, excavation pits and stockpiles. Jetting technology has the capabiility to remediate a
variety of condituents both in-situ or ex-gtu including petroleum hydrocarbons, BTEX,
MTBE, chlorinated solvents, soluble inorganics, phenols, PCBs, PAHSs, and other organic
and inorganic contaminants. The flexibility and accuracy of thisinjection ddivery sysem
provides digtinct advantages over both conventiona in-Stu and ex-9tu remediaion sysems.
Asareault, the jetting technology can provide appreciable savingsin cost and time over
traditiona remediation technologies. Probe injector rods have been used successfully with
direct push technology (DPT) rigs for greater target depths (4.6 meters to 18 meters) (Figure
3).



CASE HISTORIES

CASE STUDY# 1: Based on previous Site investigations, the soil and groundwater
benegth a petroleum storage facility in northern California was found to be impacted
with, free product conssting of TPH as diesd (TPH-d) and gasoline (TPH-g) range
hydrocarbons. As part of a proposed pilot study, four soil borings were initidly drilled
using adirect push probe sampling rig. Soil samples were collected at 2 and 3.4
meters below ground surface (bgs) to provide pre-trestment data for the pilot scae
test.

Groundwater samples were aso collected as groundwater was encountered at

about 2 metersbgs. Theinitid investigation detected free product, with
concentrations of TPH-d as high as 6,500,000 micrograms per liter (ug/L) and TPH-g
ashighas 770,000 pg/L. Theimpacted soil extended to a maximum depth of
gpproximately 4.6 meters bgs and generaly consisted of fine sand, silts and clays.

Remediation Approach - The pilot study was designed to tregt gpproximately 102

cubic meters of impacted soils buried afew meters below the 3.7-meter by 6.2-meter
surface area. A grid pattern was established with 77 lance injection points spaced on
0.6 meter centers.  After coring through the concrete and preparing the pilot study

area, 1,874 liters of 18% hydrogen peroxide were injected over 4.25 hours. The
injection pressure at the lance tip ranged from 1,055 to 2,109 meters-head (1,500 ps to
3,000 ps) during the injection process.

Results - Significant reductions of diesel range hydrocarbons were found to occur in
the groundwater. TPH-d was reduced in the groundwater from a maximum
concentration of 6,500,000 pg/L prior to the injection treetment down to a maximum
detected concentration of 4,700 pg/L following the oxidation process. No free
product was detected after trestment. With only 4.25 hours of trestment, the overdl
average diesdl concentration in the groundwater was reduced by greater than 99% and
gasoline by greater than 50%.

Discussion - The concentrations of the lighter-end hydrocarbons such as TPH-g did
not exhibit the same reductions. The chromatograms from the laboratory analysis of
pre-and post-treatment samples were digtinctly different. Based on the chemidry of
oxidation processes, longer chain diphatics (C-12 to C-24) such as diesd tend to
oxidize before lighter-end hydrocarbons, such as gasoline. Therefore, upon injecting a
strong oxidizing agent, such as hydrogen peroxide, into the subsurface where the soil

is impacted with petroleum hydrocarbons, larger decreases to existing total organic
carbon (TOC) and any ail or diesdl range organics should initially be exhibited as
these congtituents are preferentialy oxidized.

During the oxidation process, shorter-chain hydrocarbons are produced from the
oxidation of the long-chain hydrocarbons, such asdiesd. Some of these may
appear as gasoline-range compounds and could explain the differencein
chromatograms before and after treetment. It isdso likely that various straight-chain



acids, such as acetic acid, would be crested during the chemical oxidation process,
however, these mild acids are not athreat to groundwater. Both the gasoline range
compounds and mild acids would ultimately break down to carbon dioxide and water
with further exposure to hydrogen peroxide.

The sgnificant reduction of diesdl concentrations in the groundwater indicate

the heavier-end diesdl chains are being broken apart during the injection

of the hydrogen peroxide. Thelikdy by-products of the oxidation of diesd are
gasoline-range petroleum hydrocarbons and sraight-chain acids. With continued
exposure to hydrogen peroxide, the diesd will be preferentidly destroyed and the
gasoline will gart to be consumed at afaster rate. Table 5 summarizes the results.

CASE STUDY 2: For another case outside of Olympia, Washington, a manufacturing
facility hed soil contaminated with volatile organic compounds, including
perchloroethylene (PCE), trichloroethylene (TCE), dichloroethylene (DCE) and
toluene. The contaminants were reduced in the soil using 15 to 17 percent hydrogen
peroxide and a smdl amount of ferrous sulfate.  The TCE, DCE and toluene were
destroyed after one trestment event. Approximately 70 percent of the PCE in the soil
was destroyed after two treatment events, enough to alow for site closure within 5
months. The actua remediation cost was about eight percent of the dternative which
was adig and haul project with shoring, estimated to cost about $500,000. Regulatory
objectives were met and Site closure, property transfer and redevel opment were
accomplished within Sx months of the firgt injection event. Table 6 summarizesthe
results.

SUMMARY:

In-Stu remediation requires greet geologic skill to perform successfully in a cost
effective and time efficient manner. Use of chemica oxidants requires sgnificant
planning and on-site monitoring and supervison. Project safety includes worker
protection as well as supervisng the handling, mixing and injection of these

chemicds. Project successis more likely when the regulatory requirements are agreed
upon in advance, the optima Ste specific trestment chemistry is defined in abench
tes, the preferred pathways (porosity, permesability and other geologic parameters) are
clearly understood, and the injection port spacing and injection volumes are evaluated
within ageologic perspective. When planned with a clear understanding on the Site-
specific chemidiry and hydrogeologic characteridtics, in-Situ remediation projects have
proven to be less time consuming, less disruptive, and less costly than more
conventiond remediation dternatives.

NOTES: The ddivery system described is the Remediation Injection Process, (RIPa )
which isatrademark of FAST-TEK Engineering Support Services, For more
information: www .fast-tek.com
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AN EXAMPLE SCHEDULE FOR AN IN-SITU
CHEMICAL OXIDATION REMEDIATION PROGRAM

TABLE 1
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TASK

TIME

OBJECTIVE

Subsurface
Investigation

1 week

Characterize
lithology,
hydrogeology,
contaminant
fate and
transport

Bench-Scde
Test

Under
|aboratory
conditions,
evauate
contaminated
soil and
groundwater
to determine
whether
treatment will
work. Design
optimum
Specifications
for
contaminant
dedtruction

Filot-Scae
Study

weeks

Perform a
pilot sudy in
thefidd to
evauate the
treatment and
contaminant
destruction.

Full-Scale
Remediation

Based on
successul
treatment
procedures
developedin
the lab and
during the
pilot study,
desgn
digtribution of
treatment
chemicasfor
full-scale
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remediation.
Confirmation 1-2 Collect
Sampling weeks adequate
and Site number of
Closure soil and
groundwater
samplesto
confirm
successtul
remediation.
Site closure
by regulatory
agency.
Note: TOTAL.: Common
Specific 9-15 approach:
project weeks typicaly
requirements inject ona
may vay. grid spacing,
then focus on

hot spots.




TABLE 2

COMPARATIVE RELATIVE STRENGTH OF VARIOUS OXIDANTS

Species Chemical Formula Standa | Oxidants
rd commonly used in
REDO | chemical oxidation
X remediation
Potenti
al Eo
(Volts)
Huorine F> 3.0 No
Hydroxyl Radica HO° 2.8 Yes—with acid or
(Created with Fenton's iron catayst
Chemidry)
Oxygen Radical KO, (Superoxide) 2.4 No
Ozone O3 2.1 Yes- sparged
Hydrogen Peroxide H,O» 18 Yes—see *OH
Potassum KMnO4 1.7 Y es— mixed with
Permanganate water and injected
Hydrochlorous Acid HOCI 15 No
Chlorine Dioxide ClO» 15 No
Chlorine Cly 14 No
Oxygen O, 1.2 No
Bromine Br, 11 No
lodine P 0.8 No
ACTIVATED Formed by action of light on

OXYGEN SPECIES

naturd organic matter,
peroxides or various

(Suthersan, 2002) inorganic cataysts
Singlet Oxygen '0,

Protonated Superoxide | HO,°

Hydrogen Peroxide H,O»
Hydroperoxide anion H,02/HO,
Hydroxyl Radica HO°

Ozone O3
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TABLE 3
CHEMICAL OXIDATION: OXIDIZING AGENTS

Commonly used for chemical oxidation

Less Common:

Hydrogen Peroxide (Hydroxyl Radical)

Sodium permanganate (solid)

(liquid)
Potass um Permanganate (solid) Peracetic acid (liquid)
Ozone (gas) Cacium peroxide (solid)

Sodium peroxide (solid)

Note: solids soluble in water

Sodium perborate (solid)

Sodium percarbonate (solid)

Sodium persulfate (solid)

Magnesium peroxide (solid)
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TABLE 4
SUMMARY OF ADVANTAGESAND LIMITATIONS

OF TWO COMMON OXIDIZERS

HYDROGEN POTASSIUM PERMANGANATE
PEROXIDE (KMnOy)
(HzOz) (With acid
or iron catays as
Fenton's
Chemidry)
FACTOR DESCRIPTION DESCRIPTION
Reactivity Very fagt, strong Fast, strong reaction
reaction
Reectant half- Seconds — minutes Minutes— hours
life
Avallability Widdy Avalleble Generdly avallable
Phase Clear liquid Gray powder, mixed with water to about 5-
6% turnsto bright purple color. Over 8%
concentration begins to precipitate.
Target Works wdl with: Works well with: Chlorinated alkenes,
Chemicds Chlorinated phenals, sulfide/organosulfur compounds,
(Lesthemet d., akenes, PAHS, olefins (Alkenes
2002) MTBE, BTEX,
Olefins (Alkenes);
Does not work Does not work Does not work well on: gasoline, diesd,
wdl on: wel on MTBE, BTEX, dkanes, methylene
(Lesthemet d., Chlorinated chloride, carbon tetrachloride
2002) akanes, some
akanes
Safety and Specid handling Specid handling and safety precautions:
Handling and safety PPE for skin, eyes, mucous membranes,
precautions. PPE lungs. Purple gaining and burnsif handled
for kin, eyes, poorly.
MUCOUS
membranes, lungs.
Serious white
burnsif handled
poorly.




pH requirements | Low pH (2-4) Reactive under neutrd pH (7); more
optimd; requires flexibility with pH and dkalinity than
acidic hydrogen peroxide, pH control and
environmentswith catalysts not needed.
low akdinity
<200 ppm)
Cost inexpengve
Reaction by- Nor+toxic by- Nont+toxic by-products (CO,, H,0)
products products (COo,
H>0)
Typeof oxidizer | Non-sdective Norsdective oxidizer
oxidizer
Resduds CO,, water, iron Mn, K, MnO2, MnO4
sdts, Oq,
chlorides, if MnO is an insoluble precipitate that dso
chlorinated formsin soil naturdly.
compounds
present.
Injection Closeinjection Injection spacing can be further apart due
Spacing port spacing to longer reaction time than hydrogen
reflects short peroxide.
reaction period
(minutesto
hours).
Phasell: Kills microbes, L ess toxic to microbes than hydrogen
Aerobic reestablished peroxide.
bioremediation within weeks,
Regulatory Low regulatory Higher regulatory resstance due to Mn.
Resstance resstance, as
componentsare H
and O.
Commentson H202: The amount KMnOg: The amount of Cr(V1) mobilized
oxidizing Cr(lll) | of Cr(VI) depends on the amount present. Cr(V1)
to Cr(VI) mobilized depends will regttenuate within a short time and
on the amount distance (Suthersan, 2002).
present. Cr(VI)
will regitenuate
within a hort time
and distance

(Suthersan, 2002).
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TABLE S5 SUMMARY OF CASE STUDY #1

Contaminants TPH-diesdl; TPH-gasoline
Medium Groundwater and Soil
Volume Edtimated 60 cubic meters
Depth 0 to 6 meters

Trestment Solution Hydrogen Peroxide
Reduction Significant for 4.25 hours
Location Napa, Cdifornia

19



TABLE 6- SUMMARY OF CASE STUDY #2

Contaminants PCE, TCE, DCE, Toluene
Medium Soil

Volume 1,000 cubic meters

Depth 0to 5 meters

Trestment Solution Hydrogen Peroxide
Reduction > 85%

Location Tumwater, Washington
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5 L
Figure 1 - Bench tests are an integra part of the science behind any successful in-Situ
project (Courtesy FAST-TEK)

Figure 2 - Injecting hydrogen peroxide on ajob site in Tumwater, Washington, (Case 1).
(Courtesy FAST-TEK)
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Figure 3 - Jetting using hydrogen peroxide with 12-foot long lancesin alimited access
environment in northern Cdifornia (Courtesy FAST-TEK).
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Figure 4 — Reaction producing water vapor at approximately 57°C sgnifiesreaction is
above the optimal temperature range. (Courtesy FAST-TEK)
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