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Abstract:
Wet air oxidation is a process that utilizes the dissolved oxygen in water with elevated temperatures
and pressures to oxidize most organic compounds to carbon dioxide, water, and low-molecular weight
acids. This process is thought to occur via a generally accepted radical chain mechanism initiated by
thermally induced reactions between oxygen and the organic substrate. Wet air oxidation could be a
very attractive process for the remediation of sediments contaminated with polychlorinated biphenyls
(PCBs). Thus far, only partial degradation of PCBs has been attained with conventional WAO. PCBs
probably do not react directly with oxygen at the conditions of conventional WAO, but are known to
react with active radical species, specifically hydroxyl radicals, which have been generated in other
oxidation technologies. Additions of catalysts, hydrogen peroxide, or easily oxidizable organic matter
have enhanced wet air oxidation rates of some compounds recalcitrant to oxidation through different
contributions to the radical chain mechanism. Experiments applying these enhancements to a batch wet
air oxidation system were conducted and the effects observed to gain insight into the governing
factor(s) for WAO of PCBs on sediments.
A high pressure, temperature controlled reactor with connections for pressurization, pressure
measurement, temperature measurement, and chemical addition was used to wet oxidize
sediment/water slurries contaminated with known quantities of PCBs. Congener specific analysis of
remaining PCBs in sediment, water, and vapor phases and on reactor surfaces was performed after each
experiment using gas chromatography with electron capture detection.
Results of these experiments indicate that oxidation of organic matter naturally associated with
sediments is not the source of radical species causing PCB degradation by wet air oxidation. In
addition, solution phase radical species do not appear to react with PCBs sorbed to sediments. Surfaces
of either sediment particles or the reactor may be catalyzing the reaction. The contribution of pH is
probably significant.
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ABSTRACT

Wet air oxidation is a process that utilizes the dissolved oxygen in water with
elevated temperatures and pressures to oxidize most organic compounds to carbon
dioxide, water, and low-molecular weight acids. This process is thought to occur via a
generally accepted radical chain mechanism initiated by thermally induced reactions
between oxygen and the organic substrate. Wet air oxidation could be a very attractive
process for the remediation of sediments contaminated with polychlorinated biphenyls
(PCBs). Thus far, only partial degradation of PCBs has been attained with conventional
WAO. PCBs probably do not react directly with oxygen at the conditions of
conventional WAO, but are known to react with active radical species, specifically
hydroxyl radicals, which have been generated in other oxidation technologies. Additions
of catalysts, hydrogen peroxide, or easily oxidizable organic matter have enhanced wet
air oxidation rates of some compounds recalcitrant to oxidation through different
contributions to the radical chain mechanism. Experiments applying these enhancements
to a batch wet air oxidation system were conducted and the effects observed to gain
insight into the governing factor(s) for WAO of PCBs on sediments.
A high pressure, temperature controlled reactor with connections for
pressurization, pressure measurement, temperature measurement, and chemical addition
was used to wet oxidize sediment/water slurries contaminated with known quantities of
PCBs. Congener specific analysis of remaining PCBs in sediment, water, and vapor
phases and on reactor surfaces was performed after each experiment using gas
chromatography with electron capture detection.
Results of these experiments indicate that oxidation of organic matter naturally
associated with sediments is not the source of radical species causing PCB degradation
by wet air oxidation. In addition, solution phase radical species do not appear to react
with PCBs sorbed to sediments. Surfaces of either sediment particles or the reactor may
be catalyzing the reaction. The contribution of pH is probably significant.
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CHAPTER ONE

INTRODUCTION

Banned from production in 1976, polychlorinated biphenyls (PCBs) have proven
to be one of the most persistent and widespread environmental contaminants to date. The
inertness, fire resistance, and thermal stability of PCBs made them highly attractive for
use as hydraulic and heat transfer fluids.

PCBs also found use in lubricants,

waterproofing coatings, inks, plasticizers, and adhesives (I). Appreciable quantities of
PCBs have been discovered in nearly every component of the global ecosystem including
soil, water, air, foodstuffs, and human adipose tissue (2).

River, lake, and marine

sediment contamination pose a special problem in that these media provide a link to the
human food chain through the contamination of aquatic organisms. Extremely slow
metabolism of PCBs results in bioaccumulation that when carried up the food chain can
cause consumption of large quantities by humans (3,4,5). PCBs have been implicated in
causing liver, thyroid, dermal and ocular changes, immunological alterations, reduced
birth weight, reproductive toxicity, and cancer (6). The probability is good that PCBs
hinder neurobiological development in children (7).
There are no efficient, cost effective technologies for removal of PCBs from
sediments. Combustion in special incinerators with long residence times was the only
method specifically approved when the regulations for disposal of PCBs were outlined in
promulgation of the Toxic Substances Control Act. However, incineration is not cost
effective for sediments that are laden with moisture. Other methods include, vitrification,
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solvent extraction, thermal desorption, and landfilling. All of these alternatives have
drawbacks when applied to sediments. Wet air oxidation (WAO), a process used to
remediate aqueous waste streams containing organic compounds, might avoid these
disadvantages.
Wet air oxidation systems utilize dissolved oxygen in water at elevated
temperatures and pressures to oxidize most organic compounds to carbon dioxide, water,
and low-molecular weight acids. Temperatures ranging from 150-325°C and pressures
ranging from 300-3000 psi are commonly used (8,9). Wet oxidation has been referred to
as “flameless combustion” and “underwater incineration”.
Unfortunately, while WAO satisfactorily degrades most organics including
polyaromatic hydrocarbons (PAHs), it is less successful with organic compounds
consisting of halogenated benzene rings lacking other functional groups like PCBs (10).
A bench-scale treatability study was conducted using Zimpro’s Wet Air Oxidation
Process on contaminated sediments from the Grand Calumut River containing PAHs and
PCBs (11). The process effectively treated the sediment for PAHs by removing nearly
99% of the contaminant. However, the treatment efficiency for PCBs was much lower,
removing only 29%.
Enhancement of conventional wet air oxidation technology with respect to PCBs
would increase its viability. The capability of treating such a common and enduring
environmental contaminant would add to the attractiveness of a technology that has many
advantages over alternative treatment methods. If the causes of the partial removal of
PCBs in conventional wet air oxidation were understood, these factors could presumably
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be manipulated to achieve more extensive or even complete oxidation of PCBs. This
requires an analysis of some of the elemental principles of wet air oxidation.
The most widely accepted theoretical mechanism for WAO consists of a series of
reactions involving radicals, which is based on a mechanism proposed by Emanuel et al.
(12). Triggered by thermal energy, oxygen reacts with the weakest C-H or O-H bond of
organic compounds present to abstract hydrogen and generate an organic radical. This
organic radical propagates the radical chain sequence by reacting with other organic
molecules to generate peroxyl radical species that eventually decompose to form
hydroxyl radicals.
Hydroxyl radicals are extremely powerful oxidizers and will react with most
organics, PCBs included, at rates that are very close to being diffusion limited (13). A
review of the literature indicates that dissolved PCB molecules do not react directly with
oxygen at an appreciable rate at temperatures utilized for conventional wet air oxidation.
In the heterogeneous sediment/water system, the partial removal of PCBs may be the
result of reactions with hydroxyl radicals produced in side reactions of organic matter
(CM) naturally associated with the sediment or the result of reactions catalyzed by the
sediment surfaces.
This thesis attempts to determine the role played by OM and sediment surfaces in
PCB destruction and explores possibilities for enhancement of PCB oxidation rates.
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General Hypothesis

The destruction of PCBs from sediment is dependant on the generation of radical
species, specifically hydroxyl radicals, either in solution or at the sediment/water
interface.

Hypothesis One
Destruction of PCBs occurs in the dissolved state. Both organic matter
(CM) and PCBs desorb from the sediment surface at the elevated
temperature.

Active radical species generated in solution during the

oxidation of OM indiscriminately react with both OM and PCBs leading
to partial removal of PCBs.

Hypothesis Two .
Destruction of PCBs occurs in the sorbed state. Active radical species
produced at the sediment/water interface during the oxidation of sorbed
organic matter result in partial removal of PCBs.

Hypothesis Three
Sediment surfaces may directly catalyze PCB oxidation via hydrogen
abstraction or indirectly catalyze destruction via generation of active
radical species.
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This thesis has been formatted to provide a literature review in Chapter 2
summarizing a variety of background issues pertinent to PCBsj wet air oxidation, and
issues surrounding remediation of PCB contaminated sediment with WAO. Chapters 3
and 4 are a treatment of the research endeavor in the form of a professional publication
covering experimental methods, results, and discussion. Conclusions, an overview of
work completed, and suggestions for future research are included in Chapter 5. All
supporting material, including detailed experimental methods and data tables are located
in the Appendices.
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CHAPTER TWO

LITERATURE REVIEW

Description of PCBs

Polychlorinated biphenyls (PCBs) are a group of 209 different chemicals that
differ from each other in the number and arrangement of chlorines attached to two
aromatic rings. Groups of PCBs that have the same number of chlorines attached are
homologues. Differences in positions of chlorine constituents separate congeners. A
typical congener is shown in Figure I.

The congeners are identified by a system

delineated in 1980 by Ballschmiter and Zell whereby congeners are numbered in order of
increasing chlorine constituent numbers (I). For this reason, the congener numbers are
often referred to as BZ numbers. After slight revision by Schulte and Malisch (2), the
system currently conforms to the IUPAC (International Union of Pure and Applied
Chemistry) naming system.
PCBs were first produced commercially in 1929 to fulfill a need in the electrical
industry for an improved dielectric fluid to replace mineral oil in transformers and
capacitors. Inertness, fire resistance, and thermal stability made PCBs highly attractive
for use as hydraulic and heat transfer fluids.

PCBs were also used in lubricants,

waterproofing coatings, inks, plasticizers, and adhesives (3).
Typically, PCBs were manufactured by reacting chlorine gas with molten
biphenyl. With this method, chlorination of the rings is governed thermodynamically,
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giving rise to preferential chlorination patterns and congener concentrations. Mixtures of
PCBs were sold under the tradenames Aroclor, Clophen, Fenclor, and Kanechlor. The
Aroclor mixtures accounted for almost all of the PCBs distributed in the United States. A
four-digit number identifies an Aroclor mixture, where the first two digits (usually 12)
refer to the 12 carbons in a PCB molecule and the second two digits indicate the
approximate percentage of chlorine by weight in the mixture. For example, Aroclor 1242
would be a mixture of different congeners that consists of approximately 42% chlorine.
The exception is Aroclor 1016, which has a 41% chlorine content.

3

2

2

3

’

4

4
5

6

Cl

Cl

6

'

5

'

'

Cl
Cl

Cl
Figure I. Example of PCB congener.
Chlorine substitution positions and numbering are shown at top.
Congener # 1 1 0 -2,3,3’,4’,6-pentachlorobiphenyl is shown at bottom.
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Environmental Issues

The first indication that PCBs were a potential environmental problem occurred in
the late 1960s when interference peaks in DDT analysis of fish were identified as PCBs
(4). Evidence began quickly mounting that PCBs were accumulating in the environment.
As there are no known natural sources of PCBs5 all environmental occurrences are.
considered to be caused by man. Federal legislation passed in 1976 (Toxic Substances
Control Act) restricting the use and application of PCBs resulted in the termination of
production in the United States (5). Promulgation of TSCA resulted in discontinuance of
use and directions for handling and disposal (6,7).
Unfortunately, by the time production ceased numerous sites had been
contaminated with PCBs. It is estimated that over 1.5 million pounds of PCBs have been
released into the environment (8). Large amounts have been discarded in landfills as
components of products or equipment that contained PCBs. Partial volatility at ambient
temperatures providesUfansport through the air. Redistribution can occur in rain or
through dry deposition (9). Detectable quantities of PCBs (parts per billion) have been
discovered in nearly every component of the global ecosystem including soil, water, air,
foodstuffs, and human adipose tissue (10,11). The average person is contaminated with
approximately I milligram of PCBs per kilogram of fatty tissue. Of special concern are
sites with high PCB concentration where spilling or dumping occurred. The scale of the
problem is growing as additional contaminated sites are continually discovered. In 1989,
216 of 1177 hazardous waste sites on the National Priorities List indicated PCB
contamination. By 1999, this number had grown to 500 of 1598 sites.
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Sediment containing PCBs can contaminate aquatic organisms, which can be
subsequently consumed by humans.

Fish and shellfish are a major source of PCB

contamination in the diet of humans (12). As metabolism of PCBs is exceedingly slow in
mammals, bioaccumulation is inevitable (13,14).

This accumulation causes a

magnification up the food chain (15). For instance, consuming contaminated fish also
means consuming any PCBs that have accumulated over the lifetime of the fish.

Health Risks

There have been few well-documented cases of human contamination at high
enough concentrations to cause acute affects. However, of greater importance are the
effects of long-term low-level exposure. Some information on health effects of PCBs in
humans is available from studies of people exposed occupationally, by consumption of

contaminated fish and other food products of animal origin, and via general
environmental exposures.

There are large differences in toxicity of congeners with

twelve of the 209 congeners considered to be “very toxic” (16). These are the “coplanar”
or fiat congeners with chlorine substitution at the meta- and para- positions that have a
similarity in structure to 2,3,7,8-tetrachlorodibenzo-p-dioxin, a highly toxic substance.
From animal studies, generally with rats and Rhesus monkeys, PCBs are reasonably
anticipated to be a human carcinogen (17,18). Contamination affects the body in several
areas (19). PCBs have been implicated in altering thyroid, hepatic, and digestive systems
and their enzymatic production. Inhibitions of the immunological system have been
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reported as caused by PCBs. Changes in eyes, skin, and liver have been assigned to
PCBs. Reduced birth weight and gestational times have been noted in women with
higher than average PCB concentrations in their body. Evidence is also growing that
PCBs hinder neurobiological development in children especially if present in the mother
during times of gestation and breastfeeding (20).

Current Treatment Methods

A need exists for an effective, economically feasible means of removing PCBs
from sediment. Alternative treatment methods include landfilling, incineration, solvent
extraction, thermal desorption, and vitrification (21). Landfilling is not considered to be
a permanent solution and may be additionally curtailed as a temporary solution by
leaching to groundwater and loss of PCBs by volatilization (22). PCBs can be destroyed
by combustion at temperatures in excess of IlOO0C using incinerators with long
residence times. Incineration and thermal desorption are expensive for sediment high in
moisture content and incineration has the added disadvantage of being perceived by the
public as a technology that emits toxins and dust to the air. Solvent extraction produces
an organic PCB laden solvent that must still be treated. Vitrification is a process that
does not destroy contaminants, but utilizes electric currents to melt soils in place, in
effect immobilizing them. This technology produces off-gases that must be treated and is
not generally applicable to sediments in river and lake bottoms. Several aerobic and
anaerobic biological processes are currently being studied. This technology generally
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suffers from extended treatment timescales that may not be ideal and it has been most
effective only on the least chlorinated congeners. Modification of a process in use with
other organic contaminants, wet air oxidation (WAO), may be a solution that avoids the
problematic issues of other methods.

Conventional Wet Air Oxidation

Wet air oxidation systems utilize the dissolved oxygen in water at elevated
temperatures and pressures to oxidize most organic compounds to Carbon dioxide, water,
and low-molecular weight acids.

WAO systems are enclosed and have a very low

interaction with the environment. Temperature ranges from 150-325°C and pressures
from 300-3000 psi are commonly used (23,24,25,26).

The high temperatures are

necessary to initiate thermal reactions between oxygen and organics. High pressure
facilitates oxygen transfer and ensures the presence of an aqueous phase, as virtually zero
oxidation will occur in the vapor phase (27). Wet oxidation has been referred to as
“flameless combustion” and “underwater incineration”. If chemical oxygen demand
(COD) is high enough, the process can be autothermal and excess energy can be
recovered.
Wet air oxidation (WAO) was originally developed for recovering vanillin from
spent pulping liquors (28,29,30). Subsequently, the process was applied as a method of
conditioning municipal sewage sludge (31,32,33,34,35) and regeneration of activated
carbon catalysts (36,37). The process is increasingly being applied to the removal of
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organic compounds from aqueous waste streams that may be either too dilute for
incineration or too concentrated for biological treatment (38,39).

Mechanism

The most widely accepted theoretical mechanism for WAO consists of a series of
reactions involving radicals. Based on the mechanism proposed by Emanuel et al. (40), a
general form of the mechanism has been elucidated over the years. Day et. al. suggested
that high conversion of propionic acid to carbon dioxide was indicative of a free radical
oxidation (41). Hydrogen abstraction as a propagating step was proposed by Imamura et.
al. in the oxidation of water-soluble polymers (42). After an exhaustive study of reaction
intermediates and carbon dioxide formation, Devlin and Harris put forward a complete
reaction pathway for phenol that allowed for decarboxylation to carbon dioxide from the
beginning of the reaction to completion (43). Nikolaou further clarified the model in
experiments with valeric acid (44). Finally, a general model was developed by Li et. al.
that can be applied to a variety of organic molecules (45).
Triggered by thermal energy, oxygen reacts with the weakest C-H or O-H bond of
organic compounds present to abstract hydrogen in the initiation step. This step could
also involve reactions with carbon/carbon double bonds. For oxidation of single organic
compounds, this step is rate-limiting. The resulting free radical reacts with O2 to form
peroxyl radicals that can further abstract hydrogen from additional organic molecules to
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form new peroxyl radicals, or abstract hydrogen from -COOH groups to produce CO2
after decarboxylation.

Reaction I

RH + O2 —> R* + H O O

Reaction 2

R» + O2 -> ROOe

Reaction 3

RH + HOOe —> Re + H2O2

Reaction 4

RH + ROOe -> Re + ROOH

Hydrogen peroxide and organic hydroperoxides generated in the above reactions
can decompose at high temperatures by the following reactions to produce hydroxyl
radicals.

Reaction 5

H2O2 + (C) -» 2H O + (C)

Reaction 6

ROOH + (C) -> RO* + HO. +(C)

Reaction 7

H2O2 + M+ -> HO. + OH + M+(n+1)

The collision partner (C) in Reaction 5 and Reaction 6 could be water molecules,
sediment in the reactor, or the walls of the reactor (46,47). The relative importance of
homogenous reactions with water molecules compared with heterogeneous reactions on
surfaces depends on the ratio of surface area to fluid volume, the chemical and physical
characteristics of the sediment and reactor, and the temperature. The metal denoted by
M+ in Reaction 7 is a transition metal such as iron, copper, chromium, and cobalt. A
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Fenton’s reagent reaction using hydrogen peroxide and ferrous iron is a commonly
known example of this type of reaction. The addition of homogenous catalysts may also
function in this fashion to enhance degradation of organic contaminants.
Hydroxyl radicals are extremely vigorous oxidizers, the strongest oxidants of the
oxy-radical family, surpassed in oxidative power only by the fluorine radical (48). The
rate of reactions between hydroxyl radicals and most organics, including PCBs, are
reported to be close to being diffusion limited (49).

Peroxyl radicals, while not as

oxidative as hydroxyl radicals, probably contribute to much of the oxidative degradation
of organic matter in WAO (50,51).

Methods to Enhance WAO Rates

Temperature
Supply of energy and oxygen are important aspects of WAO. Small variations of
the partial pressure of oxygen have almost no effect when oxygen is supplied in 3-4 times
theoretical oxygen demand.

Therefore, temperature is the key factor controlling the

reaction rate (52). Reaction rates and temperature are linked in a typical Arrhenius
relationship whereby an increase in temperature produces a corresponding increase in
reaction rate of the initial, rate-limiting reaction of the organic molecule with oxygen
(Reaction I).
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Hydrogen Peroxide Addition
Wet peroxide oxidation (WPO) is performed by the addition of hydrogen
peroxide to a wet air oxidation system either in place of oxygen as the oxidizing agent or
combined with oxygen as a free radical initiator (53).

At elevated temperatures,

hydrogen peroxide instantaneously decomposes into hydroxyl radicals.

Addition of

hydrogen peroxide increases the concentration of reactant in Reaction 5. This serves to
greatly increase the population of strongly oxidizing hydroxyl radicals within the reactor.
Temperatures typically are lower than that of conventional wet air oxidation and as a
result will offer a substantial reduction in capital expenditures.

However, hydrogen

peroxide tends to be quite costly and therefore increases operational costs. WPO has
been shown to be effective in the treatment of PCBs sorbed to sediment (54). Removal
efficiencies can be very high depending on the amount of hydrogen peroxide added.
Careful consideration of total cost must occur before application of hydrogen peroxide to
WAO.
Catalyst Addition
Application of heterogeneous and homogenous catalysts to the WAO has been
attempted. Both have been found to be effective. Obviously, in a thermal process such
as WAO, similar results from milder conditions or better results in similar conditions
would prove to be quite valuable in reducing capital and operating costs. While metal
ions will act to form radical species from peroxides (Reaction 7), this does not provide
the rate enhancing function, since these radicals are easily decomposed by severe reaction
conditions and by collisions with the reactor and sediment surfaces. Instead, catalysts
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probably function to activate oxygen to react with the organic molecule in Reaction I or
to increase the rate of generation of active radical species via Reaction 8 (55).

Reaction 8

H2O + O2 —> HO2* + HO*

In work with textile wastewaters, Lei and Sun found that salts of copper, iron, and
manganese all increased the COD removal rate with copper salts performing the best
(56).

Anions also appeared to play a role in the process with nitrates being more

effective than sulfates. Mixtures performed better than any single salt.
Experiments by Rivas et. al. found that several bivalent metals (copper, cobalt,
and manganese) enhanced the rate of phenol removal when combined with hydrogen
peroxide (57). Only copper ions appeared to be catalytically active without the addition
of hydrogen peroxide. Lin et. al. reported that the rate of decomposition of hydrogen
peroxide to hydroxyl radicals increased approximately proportionally to the copper ion
concentration in water at elevated temperatures (58).
In comparison to homogenous catalysts, heterogeneous catalysts have the added
advantage of being easier to remove after reaction and tend to not contaminate the treated
solution with dissolved metals. In their work with oxidation of phenol over a PtZTiO2
catalyst, Maugans and Akgennan found that the addition of the catalyst provided much
quicker and more complete oxidation of phenol (59). Akyurtlu et. al. reported the same
effect in studies of phenol oxidation using commercial catalysts of various metal oxides
(60).
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Catalytic WAO was performed in the presence of a monolithic copper/titania
catalyst in the treatment of wastewater as an alternative to biosolids incineration by Luck
et. al. Compared with non-catalytic experiments, the catalyst appeared to increase the
oxidation of biosolids (61).
Catalysts do not necessarily have to be added. In the remediation of sediments,
iron(II)oxyhydroxide, or goethite, a naturally occurring soil mineral, was reported to
facilitate the Fenton’s type reaction (Reaction 7) (62). Barrault et. al. found that catalytic
wet peroxide oxidation of phenol over pillared clays that contained iron and copper
species was more effective than homogenous species of the same metals (63).
Experiments by Teel et. al. revealed that oxidation of trichloroethylene over
heterogeneous goethite catalyst was more extensive than when using the standard
homogenous Fenton’s reagent (64).

Centi et. al. discovered a higher reactivity and

reduced pH dependence in reactions with zeolite containing Fe3+ than with the standard
Fenton’s reagent (65).
Secondary. Easily Oxidizable Substrate Addition
The addition of more readily oxidizable materials may act to further the
degradation of refractory compounds. A synergism was reported when phenol was added
to wet air oxidation experiments of m-xylene by Willms et. al. (66). The rate of oxidation
of /w-xylene was found to be more than an order of magnitude greater in the presence of
phenol than when oxidized alone. Birchmeier et. al. described a similar effect in studies
of the oxidation of cellobiose in the presence of phenol (67). Initially rapid oxidation
rates became much slower as unreactive products were generated. The oxidation rates of
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the recalcitrant compounds increased again when phenol was added. Boock and Klein
used a so-called “lumping strategy” to assess the kinetics of mixtures of simple alcohols
and acetic acid in view of a radical reaction mechanism (68). The addition of secondary,
oxidizable compounds to enhance oxidation rates may work by generating additional
active radical species to react with refractory organic molecules that would otherwise
react very slowly with oxygen in the initiation step.

Issues for WAO of PCB Contaminated Sediment

Unfortunately,

while

satisfactorily

degrading

most

organics

including

polyaromatic hydrocarbons (PAHs), WAO is less successful with halogenated benzene
rings that lack other functional groups like PCBs (69)'. A bench-scale treatability study
was conducted using Zimpro’s Wet Air Oxidation Process on contaminated sediments
from the Grand Calumut River containing PAHs and PCBs (70).

As expected, the

process effectively treated the sediment for PAHs by removing nearly 99% of the
contaminant. However, the treatment efficiency for PCBs was much lower, removing
only 29%.

In Work by Duffy at the University of Wisconsin studying the effect of

temperature on WAO of PCB contaminated sediment, a limiting temperature was
observed (71).

As reaction temperature was increased to 175°C, the percent PCB

remaining decreased, ostensibly as reaction rates increased and more PCBs were
degraded for the reaction time allotted (Figure 2). However, additional increases in
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temperature did not produce a corresponding decrease in remaining PCBs as would be
expected.
There appears to be a limiting factor in the system.

The available literature

indicates that dissolved PCB molecules do not react directly with oxygen at an
appreciable rate at this temperature. The partial degradation of PCBs in sediment/water
systems must therefore be occurring via a different reaction pathway. PCBs and other
halogenated benzenes may be degrading via Reaction 9 where the hydroxyl radicals are
generated as products of side reactions with organic matter naturally associated with the
sediment.
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Figure 2. Effect of temperature on percent of PCBs remaining in sediments after wet
air oxidation reaction. Used with permission from Duffy, J. E. Ph D. Thesis.
University of Wisconsin - Madison. 2000.
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Reaction 9

PCB + HO* —> PCB* + H2O

Sediment and soil materials consist of mineral particles that may have varying
amounts of natural organic matter adsorbed. Soil organic matter (OM) consists largely of
humic and fulvic acids, which together with humins make up what is collectively known
as humic substances (HS). The molecular structure of humic substances is very complex,
but current research indicates a framework of aromatic rings linked together by flexible
carbon chains. These long polymer chains are known to include alcohol, amide, amine,
carboxylic, carbonyl, phenol and quinone functional groups. Fulvic acids are smaller
molecules, much more soluble at all pHs than the other fractions, and are the major part
of dissolved organic matter (DOM). Humic acids are less soluble as they bind to metals
and attach to clays and minerals. Humins generally are the smallest fraction of humic
substances. They are very insoluble and weaker sorbants and metal binders than fulvic
and humic acids. OM is brown to black in color and is the reason that rich, fertile soils
are often dark in color.

Based on structure, OM probably oxidizes at a rate that is

substantially higher than that of PCBs via the radical mechanism outlined above. This
will have the effect of generating a population of active radical species in the reactor that
will indiscriminately attack both OM and PCBs. In the experiments by Duffy, the OM
may have acted as a secondary, easily oxidizable substrate that enhanced the rate of PCB
oxidation. If the supply of OM was completely oxidized, the rate of oxidation of PCBs
would have reverted back to the slow, rate-limiting reaction with oxygen. Complete
oxidation of OM during the reaction time at higher temperatures could account for the
limited extent of oxidation of PCBs in the temperature study.
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Hydroxyl radicals probably attack at a non-halogenated site in the benzyl ring in
PCBs. In support of this, Sedlak and Andren found a relationship between the number of
non-halogenated sites on PCB congeners and relative reactivity with hydroxyl radicals
generated by Fenton’s reagent (72). Their findings would account for the lower reactivity
of more highly chlorinated congeners. Also, within homologue groups, lower reactivity
of congeners with chlorine substitution in the meta- or para- positions is explained by
steric hindrance of attack at the ortho- site.
IfPCBs are not directly susceptible to attack by oxygen, the extent of degradation
may be largely determined by the generation of active radical species via Reactions 1-7
of other organic matter naturally associated with the sediment or by catalytic activity at
the sediment/water interface.

Summary

Due to widespread distribution and known health risk, PCBs create an
environmental pollutant of great concern especially when contaminating sediments.
Current removal technologies are either cost prohibitive or are plagued by poor public
image. Wet air oxidation would be an attractive alternative for destroying a range of
contaminants found in sediments, but.has not been found to be effective in PCB removal.
Enhancement of conventional wet air oxidation systems with respect to PCBs would
increase the viability of this technology.

A better understanding of the governing
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variables, in wet air oxidation of PCBs in sediment and the role played by OM would be
immensely helpful in illuminating potential enhancements to conventional systems.
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CHAPTER THREE
METHODS AND MATERIALS .

To test the hypotheses about the mechanism of WAO of PCBs in sediments,
experimental methods were developed for conducting batch wet air oxidation of
sediment/water slurries.

The procedures outlined include methods for preparation,

experimentation, and analysis.

Adherence to these methods insured reproducibility

between experiments and minimized the effect of variables that were not of interest.

Methods

A general overview of the experimental procedure is provided. A more detailed
step-by-step description is provided in the Appendices. Also, a simplified flowchart of
the procedure is shown in .
Sediment Characterization
Sediment materials were analyzed for organic matter by loss on ignition using a
standard test method (I). Ten grams of material were measured into a platinum crucible
and fired at 440°C until consecutive weighings were constant. Samples of each material
were also sent to the Soil, Plant, and Water Analytical Lab at Montana State University
for analysis. Samples were tested for organic matter using the Modified Walkley-Black
titrametric analysis.

Selected trace elements in each sample were quantified using
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Inductively Coupled Plasma (ICP) analysis of hydrofluoric acid digestions of the
sediment.

Slurry Prep

Reactor
Reaction
Acetone
Sparge

Water

Sediment
Centrifuge
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Sonication

Extraction

Recombination

Sonication

Centrifuge

Cleanup
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Figure 3 Procedure flow chart.

Analysis

Reactor
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Slurry Preparation
Slurry was prepared by adding 10 grams of sediment to 400 mL of high-purity
water acidified with 2 mL of I N sulfuric acid. A I 3/8” glass-coated magnetic stirbar
was added. A pH measurement was taken before the experiment. The reactor was sealed
and pressurized with oxygen. The reactor contents were allowed to equilibrate for 10
minutes with stirring.
Experiment
The reactor was completely isolated with respect to pressure by closing valves on
all supply and vent lines. Timing was begun with commencement of heating. At the end
of the reaction time a pressure measurement was taken and the reaction was quenched by
rapidly cooling the reactor using an internal cooling loop. The reactor was allowed to
cool for I hour before being depressurized and unsealed. Vapor from the headspace in
the reactor was sparged through two bottles of acetone in series.
Analysis
A second measurement of pH was taken and the contents were neutralized to a pH
range of 6-9. The sediment/water slurry was transferred to a Teflon centrifuge bottle and
centrifuged for 20 minutes at 4000g and 4°C. Supernatant was decanted into a I L
separatory funnel. A recovery spike for loss during analysis was added to the remaining
sediment in the centrifuge bottle and anhydrous sodium sulfate was added to absorb
residual water. The recovery spike consisted of PCB congeners 65 and 166 in hexane.
The spike congeners are not found in commercial Aroclor mixtures. The reactor was
rinsed with acetone and the rinsate was added to the centrifuge bottle. The bottle and
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contents were then sonicated for 60 minutes. A liquid-liquid extraction in three steps was
performed on the supernatant with methylene chloride. Methylene chloride extract was
dried by passing through a column of anhydrous sodium sulfate.

The filtrate was

concentrated and transferred to hexane in a rotary evaporator. This was added to the
centrifuge bottle after the first sonication. The reactor and associated connections were
rinsed again by pumping acetone into the reactor. The rinse was concentrated and added
to the centrifuge bottle after the first sonication. The centrifuge bottle was sonicated
again for 60 minutes and allowed to batch extract overnight. After a third and final 60
minute sonication period, the bottle was centrifuged at 3OOOg for 20 minutes at 4°C. The
supernatant was decanted through a column of anhydrous sodium sulfate and
concentrated in a rotary evaporator.

The concentrate was passed through a cleanup

column of silica gel and sodium sulfate to remove polar interference and diluted to 100
mL. The acetone from the sparge bottles used in depressurization was dried through a
column of sodium sulfate, transferred to hexane, concentrated in the rotary evaporator,
and diluted to 5 mL. Samples were analyzed on,a HP 5890 gas chromatograph with a
DB-5 capillary column operating with a splitless injector and electron capture detector.
A five-point calibration was used. An internal standard consisting of PCB congeners 30
and 204 was used for quantifying the samples. The internal standard congeners are not
present in commercial Aroclor mixtures.

All PCBs used in calibration and internal

standards were purchased from Ultra Scientific and diluted in hexane to proper
concentrations.
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Materials

Reagents
Hexane, acetone, and methylene chloride (Fisher Scientific, GC Resolv) suitable
for high-resolution gas chromatography were used as is without further purification.
Anhydrous sodium sulfate (Fisher, 10-30 mesh) was fired in a muffle furnace before use
and stored at IlO0C.

Silica gel (Fisher, 60 mesh) was also stored at IlO0C. Any

materials that could not be fired were rinsed with successive washings of acetone and
hexane. Reverse osmosis (RO) water nanofiltered in a Bamstead Nanopure® filtration
system was used for all experiments. Naturally contaminated and spiked sediments were
used.

Except as noted, sediment used was Standard Reference Material 1939a,

“Polychlorinated Biphenyls (Congeners) in River Sediment A” purchased from the
National Institute of Standards and Technology Standard Reference Materials Program
and used as is (2). Other sediment material was collected from various locations, dried
overnight in a IlO0C oven, ground, screened to pass through an 80 mesh screen, and
stored in amber colored glass jars as bulk material. Small quantities (50 gm) were spiked
with a solution of PCBs (Ultra Scientific, Aroclor 1242) in hexane, allowed to dry
overnight, and stored in amber colored glass jars.

One sample each of

iron(II)oxyhydroxide (Aldrich) and industrial quartz were prepared in a similar manner.
Glassware
All glassware was washed with Alconox® soap, rinsed with RO water, and
allowed to air dry.

Openings in glassware were covered with aluminum foil.

The
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glassware was then fired in a muffle furnace with a ramp-up rate of 3°C/min to 450°C
and a 5-hour soak time.
Equipment
A muffle furnace was used for firing all glassware. A.warming oven with a
temperature of IlO0C was used for storing silica gel and fired sodium sulfate. A Buchi
Rotavapor R-3000 rotary evaporator was used for the concentration and transfer of
samples between solvents. A Cole-Parmer 8890 sonicator bath was used (operated at a
frequency of 47 kHz) for sediment extractions. A Parr-Scientific high-pressure reactor
(Figure 4) with connections for pressurization, pressure measurement, depressurization,
chemical addition, temperature control, and overpressure protection was used for all
experiments. All reactor material in contact with reactants was stainless steel. The
reactor was heated with an external resistance-type heating band connected to a
temperature controller capable of maintaining the temperature of the reactor at +/- I 0C.
The thermocouple was Type K and was accurate to +/- 0.1°C.

A glass covered magnetic

stirbar inside the reactor was magnetically coupled to an external high power magnet
rotated by a constant speed motor with digital readout.
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Figure 4. Schematic of reactor system. Parr-Scientific high pressure reactor with
attachments for pressurization, heating, cooling, chemical addition, temperature control,
and overpressure protection. Reactor was mixed by a stirbar magnetically coupled to a
high-power magnet driven by a constant speed motor.
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CHAPTER FOUR

RESULTS AND DISCUSSION

WAO experiments were conducted to accomplish two objectives.

First,

preliminary experiments were conducted to quantify the variability in results obtained
with the experimental methods and to determine the effect of system parameters that
would be used in subsequent experiments. Second, experiments testing hypotheses about
the WAO mechanism of PCBs in sediments were conducted by analyzing the effect of
different enhancements to the mechanism. A discussion about the relevance of each
experiment to the hypotheses testing is included as each result is presented.

Development of Experimental Procedure .

Selection of Congeners for Analysis
Analyzing every congener in the sediment would be difficult due to the large
number of available congeners. Therefore, thirteen congeners were selected for analysis
covering a range of chlorine substitution numbers and patterns (Figure 5). Analysis and
quantification of these congeners is assumed to be generally representative of all of the
congeners present. Totals of PCBs remaining after experiments refer to the summation of
the selected congeners given as a percentage of PCBs initially in the sediment.
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Figure 5. Congeners used for quantification and comparison of experiments.
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Partitioning and Control Experiments
Analysis was performed on the partitioning of PCBs within the reactor after a
typical experiment (Figure 6).

Water, sediment, and vapor fractions were analyzed

separately. In addition, the acetone used to rinse the reactor after the reaction was not
combined with other fractions as discussed in the methods section. The vapor phase was
sparged through two bottles of acetone in series. An absence of PCBs collected in the
second bottle verified that all PCBs were collected in the first bottle. The contribution of
the vapor phase to the total amount of PCBs was less than 1% of initial PCB
concentrations and was assumed to be negligible in subsequent experiments. This result
was expected based on the low volatility of PCBs at ambient temperature. The reactor
was rinsed twice with acetone and the samples were analyzed separately. No PCBs were
evident in the second rinsing indicating that all PCBs on the reactor surfaces were
collected with one rinse. In subsequent experiments, PCBs collected from the water
phase, the sediment, and the reactor rinse were combined into one sample for analysis.
These results also show the tendency for higher chlorinated congeners to adsorb to
sediment and reactor surfaces as opposed to dissolving into water
A blank experiment without sediment performed after a series of other
experiments did not recover PCBs, indicating that residual PCBs were not collecting in
any of the reaction and analytical equipment. Prior work with this system has shown that
PCB loss was not occurring through means other than oxidation (I). Virtually all PCBs
were recovered in control experiments conducted at ambient temperature with oxygen
and at elevated temperature in the absence of oxygen.
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Figure 6. Partitioning of PCBs within reactor system after typical experiment.
Conditions were reaction time of 100 min., stir rate of 1000 rpm, temperature of 250°C,
and initial oxygen pressure of 300 psi.
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Standard Extraction
Multiple samples of SKM 1939a were extracted to determine the concentration of
each congener in the sediment. SRM 1939a is contaminated Hudson River sediment with
certified PCB concentration values that was used in most experiments in order to
maintain consistency. The extraction results are compared to available certified values
for congener concentrations in Figure 7. Recovery with the experimental sonication
method. agrees fairly well with the available certified values considering that some
discrepancies are expected due to differences in extraction methods and analytical
procedures.

A sample was also analyzed by Soxhlet extraction, which is a more

traditional PCB extraction technique. This result is also shown in Figure 7. All of the
recoveries are

slightly less for the

Soxhlet

extraction, indicating that

the

sonication/solvent extraction method used may be more efficient. Each spiked sediment
was also extracted by the sonication method to determine PCB concentration after
spiking (see Figure 8). The sediment congener concentrations of commercial solutions
spiked onto sediment differ from the naturally occurring concentrations due to differing
stabilities of each congener in the environment. Confidence limits for the experimental
method extraction method are shown for each congener.

These and all subsequent

confidence limits were calculated using Student’s T-test distribution with a = 0.05 (2).
Reproducibility of Experimental Method
Triplicate experiments using identical reaction conditions were conducted with
both the certified reference material SRM 1939a and one of the spiked soils to determine
reproducibility of experimental procedure (Figure 9 and Figure 10). The slurry was
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Figure 7. Extraction of SRM 1939a by method recovery and comparison to certified
concentrations and Soxhlet extraction.
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Figure 8. Extraction of spiked sediments by method extraction.
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Figure 9. Reproducibility of experimental procedure using SRM 1939a. Confidence
limits are 95%. Conditions were reaction time of 100 min., stir rate of 1000 rpm,
temperature of 250°C, and initial oxygen pressure of 300 psi.
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Figure 10. Reproducibility of experimental procedure using spiked sediment. Confidence
limits are 95%. Conditions were reaction time of 100 min., stir rate of 1000 rpm,
temperature of 250°C, and initial oxygen pressure of 300 psi.
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loaded to 2.5% sediment by weight. Reaction conditions were: reaction time of 100
minutes, stir rate of 1000 rpm, temperature of 250°C, and initial oxygen pressure of 300
psi. All subsequent experiments used a similar loading, temperature, and pressure. The
trend of less chlorinated congeners degrading more efficiently in wet air oxidation
systems is evident in the reproducibility experiments for both naturally contaminated and
spiked sediments.

This is consistent with experiments by Sedlak and Andren that

indicated better degradation of congeners with fewer chlorine substituents and more
available sites for hydroxyl radical attack (3).
Effect of Stir Rate
The possibility that the rate of oxygen transfer may limit the reaction rate in WAO
systems has been reported (4,5).

The transfer of oxygen in a batch reactor system

pressurized with oxygen is governed by the stir rate. Sonnen et. al. reported that mass
transfer of oxygen was rate controlling at low impeller speeds for the catalytic wet air
oxidation of pulp mill effluent at an oxygen partial pressure of 100 psi. Experiments
were performed at different stir rates to determine any effects or limitations imposed by
the mixing of the system (Figure 11). Reaction time for each experiment was 100
minutes. Multiple experiments were conducted at 1000 rpm to determine variability.
From these results, the system does not appear to be limited by oxygen transfer for stir
rates of 500 rpm and above. All subsequent experiments were conducted at 1000 rpm.
Effect of PCB Concentration
Experiments were conducted using sediments spiked to different concentrations
of PCBs. Different amounts of a PCB/hexane solution were spiked onto samples of

Percent PCBs Remaining
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Figure 11. Effect of stir rate. Conditions were reaction time of 100 min., temperature of
250°C, and initial oxygen pressure of 300 psi
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sediment purchased from the International Humic Substances Society (IHSS). Similar
percent of PCBs remaining was found for each concentration regardless of initial
concentration (see Figure 12). Thus, PCB degradation appears to be first order with
respect to PCB concentration.
Effect of Reaction Time
Figure 13 shows the effect of reaction time on the degradation of PCBs. The
slurry in the reaction time experiments was loaded with SRM 1939a. Reaction time was
measured from the beginning of a 40 minute warm-up period to achieve reaction
temperature. A typical time/temperature profile can be seen in Figure 14. To observe a
decrease in PCBs remaining, a reaction time of only 20 minutes was necessary. All of
the degradation that occurred was completed during the heat-up time, which took
approximately 40 minutes. However, after the initial, rapid partial degradation of PCBs,
no additional degradation is produced even with exceedingly long reaction times. This
observation supports the theory that PCB degradation is dependant upon a limiting
substance in the system, such as radicals produced by the degradation of CM.

Tests of Hypotheses

Organic Enhancement
To test the idea that OM may be generating the active radical species necessary
for PCB destruction (Hypothesis One), two types of aqueous solutions of organic
substance were added to the sediment/water slurry with a high-pressure pump after 100
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Figure 12. Effect of sediment PCB concentrations. Conditions were reaction time of 100
min., stir rate of 1000 rpm, temperature of 250°C, and initial oxygen pressure of 300 psi.
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Figure 13. Effect of reaction time. Conditions were stir rate of 1000 rpm, temperature of
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minutes of reaction time and allowed to react for an additional 60 minutes for a total
reaction time of 160 minutes. The supply of fresh, readily oxidizable organic matter to
the reactor after the initial WAO treatment was expected to produce additional radical'
species that would react with PCBs after the SOM had been completely oxidized. The
slurry was prepared using SRM 1939a. Standard reaction conditions were used, hr one
experiment, twenty milliliters of phenol solution with a concentration of 50 gm/L was
pumped in at 10 mT7min for 2 minutes (total added phenol = I gm). Another experiment
used fifty milliliters of 20 gm/L aqueous humic substance pumped in at 10 mL/min for 5
minutes (total added humic substance = I gm). Results of the two experiments are
compared in Figure 15 to conventional WAO with a reaction time of 160 minutes in
which no organic substance was added.

It appears that no significant additional

degradation occurred when comparing final amount of PCBs remaining in the reactor at
the end of each experiment. This does not support Hypothesis One that solution phase
degradation of organic matter is contributing radical species to reactions with PCBs.
Catalyst Addition
In another test of Hypothesis One, a homogenous catalyst was added to the
reaction slurry. Copper sulfate (CUSO4) was added to a slurry of 2.5% SRM 1939a for a
total slurry concentration of 5 mM of catalyst. Standard reaction conditions were used.
The presence of the transition metal catalyst could generate more active radical species in
solution to increase the rate and intensity of organic matter oxidation or to facilitate the
reaction of PCBs with oxygen.

A copper salt was chosen to test the effect of a

homogenous catalyst because it has been shown to be catalytically active in a variety of
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Figure 15. Effect of addition of aqueous organic solutions. Conditions were reaction
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solution), stir rate of 1000 rpm, temperature of 250°C, and initial oxygen pressure of 300
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situations (6,7,8). Results of this reaction are compared to conventional WAO in Figure
16. The addition of catalyst does not appear to enhance destruction of PCBs. This also
does not support Hypothesis One. This seems to be more evidence that radical species
generated through enhancements in the solution phase are not reacting with PCBs.
Hydrogen Peroxide Addition
Previous experiments have tested the enhancement or promotion of radical
generating reactions in solution.

The possibility exists that the generation of PCB

destroying radicals may be the result of reactions that occur at the surface of the sediment
particles, where OM is initially sorbed (Hypothesis Two).

If this is the case, then

generation of radical species in solution may be useless due to the fact that scavenging of
the extremely reactive hydroxyl radicals may be occurring before transport to the surface
can be accomplished.

Hydrogen peroxide is known to catalytically decompose to

hydroxyl radicals on surfaces as well as in solution (7,9,10). The addition of hydrogen
peroxide is expected to produce a population of radical species both in solution and at the
sediment surface. After conventional WAO for 100 minutes at 250°C, the reaction was
cooled rapidly with a water quench to a temperature of 200°C and twenty milliliters of a
3% hydrogen peroxide solution was pumped in with a high-pressure pump at 2 mL/min
for 10 minutes. The reactor was cooled to 200°C to avoid thermal decomposition of
hydrogen peroxide in the downcomer. The reaction was allowed to proceed for an
additional 60 minutes. Figure 17 shows the effect of hydrogen peroxide addition to the
reactor. Substantial additional removal of PCBs occurred in the experiment utilizing
hydrogen peroxide. Wliile not conclusive, these results in light of the solution phase
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catalyst and organic addition experiments may indicate that surface generation of
hydroxyl .radicals is necessary for PCB destruction. This would be consistent with some
studies conducted by other research groups.

In ambient temperature experiments

conducted with Fenton’s reagent, which generates hydroxyl radicals in solution, Sedlak
and Andren indicated that sorption of PCBs on diatomaceous earth inhibited oxidation of
the PCBs (11).

The authors presented a combined desorption-reaction model that

predicted oxidation rates quite well.

Yeh et. al. presented a similar “oxidation-

desoiption-oxidation” scheme to describe the oxidation of chlorophenols adsorbed to
soils in the presence of Fenton’s reagent (12). In addition, Lindsey et. al. observed an
inhibition of hydroxyl radical reaction with dissolved aromatics in the presence of
dissolved natural organic matter (13). The researchers speculated that the inhibition was
a result of hydroxyl radical formation in locations that were remote from the aromatic
compounds, which were sequestered in micro environments and that the hydroxyl radicals
were scavenged by dissolved natural organic matter before transport to the
microenvironments. When the contaminant is sorbed to surfaces, altering the solution
phase chemistry may have little effect on sorbed contaminants. The boundary layer
formed around the sediment particle may be creating microenvironments at the surface
that will prohibit solution phase radical species from reacting with sorbed contaminants.
Generating additional radical species at the surface may be necessary for degradation of
sorbed contaminants.
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Effect of Amount of Sorbed Organic Matter
To test Hypothesis Two, sediments with different amounts of sorbed natural
organic matter were collected from several locations and spiked to achieve identical
sediment concentration of PCBs.

Conventional WAO was performed using each

sediment and the results are compared in Figure 18. The amount of PCBs remaining
varied widely from approximately 10% to over 60% of PCBs spiked on the material. The
expectation that a trend correlating larger fractions of sorbed, radical generating organic
matter with a decrease in the amount of PCBs remaining was not supported by this set of
experiments.
Neither the presence of solution phase or sorbed organic matter seems to have a
discemable effect. It does not appear from these experiments that OM is the major
contributor to PCB destruction. However, something in the system is causing a wide
variance in PCB destruction in sediments collected from different locations.

One

possibility is that the surface of the sediment may govern the efficiency of PCB
destruction and that soils having different mineral or physical composition will exhibit
different destruction efficiencies. The wide variability in PCBs remaining is evident
when comparing sediments collected from different locations. Some sediment samples
were collected from the same site, yet contained a range of organic matter. When
sediments collected from the same location are compared the results are much more
similar (Figure 19). These sediments may not differ as much in mineral and physical
characteristics as sediments collected from different sites. Additionally, these results
may indicate that organic matter is slightly hindering the destruction of PCBs. A trend of
more PCBs remaining in the sediments with more sorbed organic matter may exist. .
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Figure 18. Effect of organic matter fraction in sediment material. Conditions were
reaction time of 100 min., stir rate of 1000 rpm, temperature of 250°C, and initial oxygen
pressure of 300 psi.
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Contribution of Sediment Mineral Fraction
The mineral character of the sediment surface may be playing a direct role in PCB
degradation.

While solution phase homogenous copper catalyst did not generate

additional PCB destruction, mineral constituents of the sediment could be catalyzing the
reaction at the surface. Two experiments were conducted using goethite and quartz that,
had been spiked with PCBs in a manner similar to the sediment materials. Both minerals
are major constituents of sediment materials and goethite has been known to catalyze a
Fenton-like reaction. As indicated in Figure 20, PCB degradation on these two surfaces
is significantly different.
What is especially interesting about these results is the fact that such a large
amount of degradation occurred in the absence of appreciable amounts of organic matter.
These results indicate that surface reactions not involving organic matter may have a
dominating effect and mineral composition of sediment may be important.
Based on this assumption, the sediment materials were analyzed for selected
metals (Cu, Fe, Ni, Pb, Al, Mg, Mn, Zn) at the Soil, Plant and Water Analytical Lab at
Montana State University - Bozeman. Attempts were made to correlate each of these
metals with the amounts of PCB degradation. No reliable contributory or inhibitory
correlation was observed.

However, analysis determined total amounts of different

metals in the soils and did not reveal their original form when present in the soil. This is
important, as the presence of different mineral compounds is not revealed by elemental
analysis. For instance, it would be impossible to determine from these results whether
the iron present was associated with the mineral goethite or hematite, two common iron
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oxides found in soils. Amounts of analyzed metals in each sample and comparison to the
percent remaining PCBs in the respective sediment is provided in Table I.

Table I. Analysis of metals in sediments and percent of PCBs remaining after reaction.
Sediment
. Ronan Lo
Ronan Mid B
Ronan Mid A
Ronan Hi
Bozeman
IHSS

%PCB
Remaining
14
18
28
33
51
63

_____________________Metal
Ni
Cu
Fe
27400
23.0
37.8
9.4
8700
9.0
10.3
10300
14.3
34.4
22.0
11300
28600
35.0
43.3
33.0
28000
27.8

Concentration (mg/kg)
Mg
Pb
Al
12500
74900
9
30900
5300
5.0
6300
5.0
35800
34400
6400
11.0
13100
43.0
63000
5300
31.0
56700

Mn
330
80.0
81.0
271.0
738.0 .
963.0

Zn
76.7
29.7
27.5
38.6
145.5
89.1

Effect of pH
Wet air oxidation is known to be pH dependant (3,14,15).

Some pH change

occurs during the reaction. Three experiments were conducted by Duffy at 200°C using a
slurry loaded with 2.5% SRM 1939a in which initial pH was the only variable changed
(15). These results are tabulated in Table 2 showing initial and final pH of the slurry and
the total remaining PCBs. For the pH range analyzed, the impact of pH during the
experiment is significant.
Table 2. Experiments by Duffy changing initial pH of sediment slurry before wet air
oxidation.
%PCB Remaining
Final pH
Initial pH
26.4
3.4
2.6
30.6
4.2
3.0
43.2
4.3
4.3
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This observed trend of decreasing degradation with increasing pH may result
from a number of factors. First, the hydroperoxyl (HOOo) and superoxide (Ogo") radicals
form an acid/base couple with a pKa of 4.8. The hydroperoxyl radical is the more
powerful oxidizer and has been demonstrated to be more reactive than its conjugate base
for the oxidation of many organic compounds of biological significance (16,17). Second,
the surface charge characteristics of minerals also change appreciably with changes in pH
near the isoelectric point of the mineral (18).

This change in surface charge may

dramatically affect adsorption of organic and inorganic species as well as the catalytic
properties of the surface. Finally, the concentration of bicarbonate and carbonate, known
radical scavengers, is substantially affected by pH (19). Acidified solutions mitigate the
role of these scavengers.
In the current studies, each slurry was acidified to approximately the same pH
(2.40+/-0.05) in an attempt to minimize the effect of pH when comparing experiments.
However, the final pH of the slurry in the goethite experiment (pH = 5.65) was much
higher than that of the quartz slurry, which did not change much (pH = 2.69). This
change in pH may have caused the wide difference in values of remaining PCBs in the
two experiments. Other experiments utilizing sediment slurries are compared, based on
final slurry pH in Figure 21. A trend may exist, but the correlation is fairly loose. A
wide range in PCBs remaining exists in a narrow pH range at approximately pH 4. From
these results, pH of the solution during the oxidation reaction is probably a contributor to
effectiveness of WAO of PCBs. However, the magnitude of its effect is unknown.
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Alternative Explanations
In addition to the soil minerals and organic matter, various other species are
known to be adsorbed to sediments.

These species may play a role in catalyzing

oxidation reactions or scavenging radical species that would otherwise be available to
react with PCBs. The presence of manganese, which is known to cycle between (+II) and
(+IV) oxidation states in reactions with H2 O2 without producing hydroxyl radicals, could
be competing to consume peroxides in the system (20).

Other species, such as

bicarbonate and phosphate anions will react with hydroxyl radicals (21,22). However,
these species are expected to play a role in solutions with a higher pH. The acidified
solutions should decrease this effect.

Chloride ions are also known to react with

hydroxyl radicals. The effect of each of these radical scavenging species on degradation
rates was not determined in this study.
The possibility exists that the reaction may be occurring somewhere other than the
' sediment surface. While solution phase organic addition and copper catalyst addition
seems to rule out an aqueous reaction, the reactor walls could be the reaction surface
instead of the sediment. The reactor is heated with a heating band that produces a region
of greater temperature in the reactor walls at the location of contact with the reactor. This
could provide a region of activity for reactions of PCBs and oxygen.

Differing

degradation rates may be related to different rates of desorption from the sediment and
mass transfer between the solution and the reactor wall.
The extent of WAO of sediments contaminated with PCBs depends on many
variables. The inability to sample intermittently during a reaction results in considerable
guesswork to determine what occurred between initial and final samples. Every effort
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was made to minimize minor external influences on the critical variables of interest. The
results provided are considered to be valid in light of the concerns, covered.
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CHAPTER FIVE

CONCLUSION

Contamination of the environment with PCBs is a matter of great concern
considering the known and potential heath risks posed to humans. Sediments containing
PCBs provide the most opportune link to human contamination. Current technologies do
not provide efficient, cost effective solutions to the problem of PCB contaminated
sediments. Wet air oxidation does not effectively treat PCB contaminated sediments, but
if enabled to do so would provide a viable alternative to current treatment technology.
The mechanism governing the partial degradation of PCBs in sediments by wet air
oxidation might be enhanced to provide much more complete destruction. This project
attempted to further elucidate this mechanism through execution of several experiments
aimed at determining the location of the PCB degradation phenomenon. Based on prior
work studying the effect of temperature on WAO rates, it was postulated that OM was a
limiting factor in the destruction of PCBs.

General Hypothesis

The destruction o f PCBs from sediment is dependant on the generation o f radical species,
specifically hydroxyl radicals, either in solution or at the sediment/water interface.
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Hypothesis One
Destruction o f PCBs occurs in the dissolved state. Both organic matter
(OM) and PCBs desorb from sediment surfaces at the elevated
temperature.

Active radical species generated in solution during the

oxidation o f OM indiscriminately react with OM and PCBs leading to
partial removal o f PCBs.

Experiments to increase the intensity and exposure time of PCB contaminated
sediments to solution phase active radical species through the addition of homogenous
catalyst and extra organic matter did not cause any further degradation. The addition of
hydrogen peroxide, which disassociates to form hydroxyl radicals both in solution and on
surfaces, showed a dramatic increase in PCB degradation.

Hypothesis Two
Destruction o f PCBs occurs in the sorbed state. Active radical species
produced at the sediment/water interface during the oxidation o f sorbed
organic matter result in partial removal o f PCBs.

Addition of hydrogen peroxide, known to decompose at surfaces as well as in
solution at elevated temperatures,, caused substantial additional degradation of PCBs.
This supports several of the hypotheses, but in light of other solution phase
enhancements, may indicate that surface generated radical species are necessary.
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However, the degradation of PCBs in sediments containing a range of sorbed organic
matter did not correlate with the fraction of organic matter present.

It is therefore

concluded that degradation of sorbed organic matter does not contribute radical species
required for PCB degradation.

Hypothesis Three
Sediment surfaces may directly catalyze PCB oxidation via hydrogen
abstraction or indirectly catalyze destruction via generation o f active
radical species.

WAO of PCBs spiked on organic matter free minerals (quartz and goethite)
resulted in appreciable amounts of degradation. This adds further evidence against the
active role of organic matter in the PCB destruction reactions and indicates that the
mineral character of sediment surfaces may strongly influence PCB destruction rates.
These experiments have shown that organic matter does not seem to contribute to
the degradation of PCBs either in the solution phase or at the surface of the sediment
particles. Mineral ,character and pH seems to have dramatic effects on the amounts of
PCBs degraded. This leaves the question of what limits the reaction in the original
temperature, study and the reaction time study unanswered. This area should be explored
further. Several possible avenues of study are available:
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n

Comprehensive identification and quantification of minerals and
trace elements in sediments used for study or studies with pure
minerals.

D Surface characterization studies of sediments, including surface
area, crystallography, and physical structure both before and after
experiments.
°

Electrochemical studies of sediments quantifying potentials and
surface charge.

Again, this should occur before and after

reactions.
°

Alterations of reactor surfaces or materials to determine,
contribution to reactions either by changing materials or surface
area.

This thesis has explained a need for PCB removal from sediments and the
attractiveness of wet air oxidation technology in this application. Experiments aimed at
deciphering important aspects of the mechanism of wet air oxidation of PCB
contaminated sediments have provided valuable information regarding the role of OM
and sediment surfaces. The results of this research have added to the current knowledge
of wet air oxidation and may contribute to the further study of remediation of recalcitrant
compounds and heterogeneous systems with wet air oxidation. Several avenues of future
research have been suggested and warrant continued study.

APPENDICES

APPENDIX A

EXPERIMENTAL PROCEDURES
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WAO Experiment Procedure

1. Fire all glassware, metal weighing dishes, and sodium sulfate.
2. Solvent wash all items that cannot be fired.
3. Store bulk amounts of fired sodium sulfate and silica gel in IOO0C oven.
4. Weigh 3 gm of silica gel into vial. Store in IOO0C oven.
5: Place I 3/8” glass-covered magnetic stir bar in bottom of reactor.
6.

Pour 400 mL of nanofiltered water into reactor.

7. Acidifyreactor contents with I N H2SO4 (2 mL typical).
8.

Weigh sediment in metal weighing dish (10 gm typical).

9. Carefully pour sediment into reactor.
10. Reweigh dish to ensure correct delivery.
11. Mix reactor slurry with stirplate while calibrating pH meter to pH 2.
12. Record pH of reactor slurry.
13. Assemble reactor being sure to tighten compression bolts with an open box wrench in
several passes following a star shaped pattern in order to evenly compress the Teflon
sealing ring.
14. After 5 minutes, retighten compression bolts with torque wrench to 25 Mbs.
15. Set stirrer to correct speed (1000 rpm typical).
16. Pressurize reactor with pure oxygen (300 psi typical).
17. Allow reactor contents to equilibrate with stirring for 10 minutes.
18. Isolate reactor by closing all valves.
19. Set heater to correct temperature (250°C typical).
20. Start timing.
21. React for allotted time (I Iir 40 min. typical).
22. Record pressure.
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23. Connect supply and drain to cooling water loop and turn offbeat.
24. Cool for I hr.
25. Depressurize reactor and turn off stirrer.
26. Record pH.
27. Adjust to pH 8 (approximately) with ION NaCl.
28. Pour half of reacted slurry into 250 mL Teflon centrifuge bottle.
29. Centrifuge for 20 min at 4000 g at 4°C.
30. Decant supernatant into I L seperatory funnel.
31. Pour remaining reacted slurry into same centrifuge bottle washing reactor with small wash
bottle of nanofiltered water. Avoid pouring the stir bar into the centrifuge bottle, instead
removing it when visible with magnetic stir bar remover and washing any slurry off with
wash bottle back into the reactor.
32. Centrifuge and decant as previously described in Steps 29 and 30.
33. Add ~65 gms of NaSCb and recovery spike to centrifuge bottle.
34. Scrape any dried, residual slurry from sides of reactor washing with 15-25 mL of acetone
from wash bottle into centrifuge bottle.
35. Sonicate centrifuge bottle for I hr.
36. Reassemble reactor and invert on stand.
37. Pump ~125 mL of acetone into reactor via the pressure measurement valve.
38. Close reactor at pressure measurement valve and disconnect pump.
39. Place reactor right side up on bench.
40. Depressurize reactor being sure to catch the ~5 mL of acetone that will escape in a 250 mL
roundbottom flask.
41. Dissassemble reactor.
42. Rinse cooling loop and top of the inside surface of the reactor liberally (~40mL) with
acetone from wash bottle.
43. Add acetone rinse to the acetone previously collected in roundbottom flask, rinsing the
reactor with acetone wash bottle.
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44. Concentrate acetone to 10 mL on rotary evaporator and set aside.
45. Add 50 mL dichloromethane to supernatant in seperatoiy funnel and close with stopper.
46. Shake vigorously for I minute.
47. Allow aqueous and organic fractions to separate for -10 minutes.
48. Drain dichloromethane into 250 mL Erlynmeyer flask.
49. If foam accumulates at interface, invert flask quickly once and allow to separate for several
more minutes, draining newly accumulated dichloromethane.
50. Repeat Steps 45-49 twice more.
51. Filter dichloromethane through 65 gms of NaSCh in drying column. Collect filtrate in 250
mL roundbottom flask.
52. Flush drying column into roundbottom flask by rinsing Erlynmeyer flask'.with 3 equal
portions of-50 mL of fresh dichloromethane and filtering through column.
53. Concentrate dichloromethane to -10 mL on rotary evaporator.
54. Add 50 mL hexane.
55. Concentrate to -1 0 mL.
56. Repeat Steps 54 and 55.
57. Use three equal portions of -50 mL of fresh hexane to transfer concentrate from
roundbottom to centrifuge bottle from Step 35. With first portion, dilute concentrate and
pour into centrifuge bottle. With last two portions, rinse roundbottom by carefully tipping
and swirling flask to coat the entire flask. Add to centrifuge bottle.
58. Similarly, transfer the concentrated acetone used to rinse the reactor with three equal
portions of-50 mL of fresh acetone.
59. Sonicate centrifuge bottle for I hr.
60. Allow to batch extract overnight
61. Remove previously weighed 3 gm silica gel vial from oven and allow to cool in dessicator.
62. Add 0.1 mL ofnanofiltered water to silica gel, cap tightly, and shake to evenly distribute.
63. Set aside silica gel.
64. SonicatecentrifLrge bottle for I lir.
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65. Centrifuge for 20 minutes at 3000 g at 4°C.
66. Filter supernatant through ~65 gms of NaSC^ in drying column. Collect filtrate in 250 mL
roundbottom flask.
67. Use three equal portions of ~50 mL of fresh hexane to rinse centrifuge bottle contents. Add
a portion, replace top, shake vigorously, and filter though column. Repeat with remaining
portions.
68. Discard rinsed contents of centrifuge bottle.
69. Concentrate supernatant in roundbottom flask to ~10 mL on rotary evaporator.
70. Add -50 mL hexane.
71. Concentrate to-SmLon rotary evaporator.
72. Prepare cleanup column by filling chromatography column with reservoir attached with
—80 mL of hexane.
73. Add prepared silica gel to top of column, tapping lightly to settle the silica.
74. Fully open stopcock of column and add -10 gm of NaSCU to top of column. Again, lighly
tap column to settle silica and NaSCU75. Drain column until meniscus is just above NaSCU. Collected filtrate is waste.
76. Carefullypipet concentrate from roundbottom flask into column.
77. Add several mL of fresh hexane to roundbottom flask and rinse by tipping and swirling.
78. Pipet into column.
79. Repeat Steps 77 and 78.
80. Drain column until meniscus is just above NaSCU. Collect filtrate in 100 mL volumetric
flask.
81. Add -80 mL of fresh hexane to column and drain until meniscus is just above NaSCU.
82. Dilute to exactly 100 mL with fresh hexane.
83. Mix contents by tipping.
84. Store in bottle with Teflon lined cap in refrigerator.
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Extraction Procedure

1. Weigh I gtn soil or sediment in metal weighing dish.
2. Empty dish into 250 mL Teflon centrifuge bottle.
3. Add recovery spike.
4. Add acetone to cover bottle contents.
5. Shake contents to mix and settle.
6. Sonicate centrifuge bottle for I hr.
7. Allow to batch extract overnight.
8. Remove previously weighed 3 gm silica gel vial from oven and allow to cool in dessicator.
9. Add 0.1 mL of nanofiltered water to silica gel, cap tightly, and shake to evenly distribute.
10. Set aside silica gel.
11. Sonicate centrifuge bottle for I hr.
12. Centrifuge for 20 minutes at 3000 g at 4°C.
13. Filter supernatant through ~65 gms of NaSC^ in drying column. Collect filtrate in 250 mL
roundbottom flask.
14. Use three equal portions of ~50 mL of fresh hexane to rinse centrifuge bottle contents. Add
a portion, replace top, shake vigorously, and filter though column. Repeat with remaining
portions.
15. Discard rinsed contents of centrifuge bottle.
16. Concentrate supernatant in roundbottom flask to ~10 mL on rotary evaporator.
17. Add~50mL hexane.
18. Concentrate to-Sm Lon rotary evaporator.
19. Prepare cleanup column by filling chromatography column with reservoir attached with
-80 mL of hexane.
20. Add prepared silica gel to top of column, tapping lightly to settle the silica.
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21. Fully open stopcock of column and add ~10 gm OfNaSO4 to top of column. Again, lighly
tap column to settle silica and NaSO4.
22. Drain column until meniscus is just above NaSO4. Collected filtrate is waste.
23. Carefullypipet concentrate from roundbottom flask into column.
24. Add several mL of fresh hexane to roundbottom flask and rinse by tipping and swirling.
25. Pipet into column.
26. Repeat Steps 77 and 78.
27. Drain column until meniscus is just above NaSO4. Collect filtrate in 250 mL roundbottom
flask.
.28. Add ~80 mL of fresh hexane to column and drain until meniscus is just above NaSO4.
29. Concentrate in rotary evaporator to IOmL.
30. Carefullypipet concentrate into 25 mL volumetric flask.
31. Add several mL of fresh hexane to roundbottom flask and rinse by tipping and swirling.
32. Pipet into volumetric flask.
33. Repeat Steps 31and 32.
34. Dilute to 25 mL with fresh hexane.
35. Mix by inverting.
36. Store in glass bottle with Teflon lined cap in refrigerator.
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Soil Screening, Characterization, and Spiking Procedure

1. Dry large quantity of soil in IlO0G oven overnight.
2. Lightly crush aggregated soil with mortar and pistil.
3. Screen with 10 mesh screen to remove rocks and roots.
4. Screen with 80 mesh/in. screen by shaking a tapping.
5. Lightly crush retained portion with mortar and pistil and re-screen.
6. Store passing portion in amber coloredjar and label as bulk material.
7. Dry at least IOgm sample in 110°C oven overnight.
8. Cool sample in dessicator.
9. Weigh 10 gm sample into 75 mL ceramic crucible.
10. Ash in muffle furnace according to ASIM

to determine organic matter content.

11. Weigh 50 gm of soil from stored bulk material into two approximately equal portions on
two metal weighing dishes.
12. Place approximately half of weighed sample into small amber colored j ar.
13. Spike with PCB in hexane.
14. Place remaining sample portion in jar.
15. Cap and shake vigorously.
16. Allow to sit for I hr. Do not openjar immediately as pressure will have built up.
17. Slowly open jar and stir with metal spatula.
18. Allow to sit open overnight in fume hood..
19. Cap and store at room temperature.

APPENDIX B

EXPERIMENTAL RESULTS
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Table 3. Distribution of PCBs remaining in reactor system upon completion of reaction.
Reaction conditions: sediment, SRM 1939a; reaction time, 100 minutes; temperature,
250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.
Component
Sediment
Water
Vapor
Reactor Rinse

6
10
7
I
5
23

19
8
2
I
4
14

32
8
9
0
5
22

Percent PCB Remaining by Congener
52
44
53
91
99 HO 151
16 23
9
29
31
28
41
3
7
28
4
3
5
I
0
0
0
0
0
0
0
9
11
9
17
17
11
24
41
28
46
48
42
53
65

146
40
I
0
22
62

174
49
I
0
25
74

180
48
0
0
21
69

Total
17
6
I
8
32

Table 4. Extraction of SRM 1939a by method extraction compared to Soxhlet extraction
and certified values.
Sample
Extraction #1
Extraction #2
Extraction #3
Extraction #4
Extraction #5

6
1412
1367
1233
1200
1419

19
5094
4953
4326
4198
4918

Concentration of PCB congeners in SRM 1939a (ng/gm)
44
32
53
52
91
99 HO 151 146
5059 1696 3505 839 530 391 1324 204 130
4949 1663 3470 824 508 381 1263 192 119
4650 1558 3324 801 491 378 1227 189 125
4551 1864 3302 869 462 357 1153 172 114
5290 2134 3793 989 532 406 1310 195 129

Average
1326 4698 4900 1783 3479 864
Conf Lim. (+) 265 1043 775 578 506 190
Soxhlet Extraction
Certified Value

174
71
82
73
69
76

180
153
157
150
140
156

505
75

382 1255 190
46 177 30

123
18

74
13

151
17

1284 4486 4570 1555 3235 761 472
4320 1131

353 1206 165
380 1068 192

114

67

141
140

Table 5. Extraction of spiked sediments by method extraction.
Sample
Ronan Lo
Ronan Hi
IHSS #1
IHSS #2
IHSS #3
Bozeman
Quartz
Goethite

6
590
641
597
590
639
605
556
558

Average
591
Conf Lim. (±) 99

Concentration
19
32
53
327 1859 244
368 2050 267
345 1955 292
331 1792 253
351 1914 266
324 1830 272
338 1773 272
329 1721 267

of PCB congeners in spiked sediments (ng/gm)
44
52
91
99 110 151 146 174
1656 1531 179 274 673 23
22
10
1792 1658 199 934 788 37
26
10
1671 1510 146 259 648 24
21
11
22
10
1573 1451 147 256 640 25
1668 1529 150 262 653 25
23
10
1561 1436 154 291 681 23
22
10
1645 1484 134 238 569 21
23
11
1532 1381 130 226 542 20
21
10

336 1831 270 1608 1465 143
33 282 40 191 172 30

255
70

622
172

23
7

22
4

10
2

180
16
17
17
17
17
17
15
15
16
4
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Table 6. Reproducibility of experiment procedure using SRM 1939a. Reaction
conditions: reaction time, 100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen
pressure, 300 psi.
Experiment
Reproduciblity #1
Reproduciblity #2
Reproduciblity #3

6
13
16
14

19
7
11
11

32
12
16
15

Percent PCB Remaining by Congener
52
44
53
91
99 HO 151
21
29
24
40
43
35
55
29
34
44
28
48
36
57
32
34
42
34
28
39
55

146
52
53
53

174
63
62
64

180
57
56
57

Total
19
24
23

Average
Conf. Lim. (±)

14
4

10
7

14
7

27
18

52
I

63
3

57
2

22
7

32
10

27
8

41
9

44
10

35
4

56
4

Table 7. Reproducibility of experiment procedure using spiked sediment. Reaction
conditions: reaction time, 100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen
pressure, 300 psi.
Experiment
Reproduciblity #1
Reproduciblity #2
Reproduciblity #3

6
8
7
7

19

11
11
10

32
13
13
12

Average
Conf. Lim. (±)

8

11

13

I

0

I

Percent PCB Remaining by Congener
44
53
52
91
99 n o 151
44
29
31
38
46
62
38
31
41
33
34
45
49
63
29
31
39
48
45
64
38

146
65
67
68

174
69
72
69

180
78
79
80

Total
27
28
27

30
5

66
6

71

78
4

28
4

39
7

32
5

36
9

47
9

45
5

63
4

10

Table 8. Experiments at 1000 rpm. Reaction conditions: sediment, SRM 1939a; reaction
time, 100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.

One
Two
Three

6
18
17
16

19
13
13
11

32
17
17
15

Percent PCB Remaining by Congener
53
52
44
91
99 110 151
27
31
47
41
38
51
66
32
41
38
49
52
67
28
24
35
46
49
39
65
28

146
62
64
62

174
74
75
74

180
70
69
69

Total
28
29
26

Average
Conf. Lim. (±)

17
4

12
3

16
5

27
6

63
3

75
2

69
I

28
4

Experiment

37
6

30
7

47
6

51
5

40
3

66
4
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Table 9. Stir rate experiments. Reaction conditions: sediment, SRM 1939a; reaction
time, 100 minutes; temperature, 250°C; oxygen pressure, 300 psi.
Experiment
150 rpm
500 rpm
1000 rpm
1250rpm
1750 rpm

6
39
19
17
16
18

19
35
15
12
14
14

32
41
17
16
18
19

Percent PCB Remaining by Congener
52
44
53
91
99 HO 151
34
94
46
50
77 100
88
47
38
27
33
31
45
61
40
27
37
47
51
66
30
44
34
41
34
43
32
58
30
33
49
51
40
67
40

146
96
62
63
56
62

174
98
72
75
69
73

180
92
68
69
66
67

Total
50
28
28
29
30

Table 10. Experiments using 100 minute reaction time. Reaction conditions: sediment,
SRM 1939a; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.

One
Two
Three

6
18
17
16

19
13
13
11

32
17
17
15

Percent PCB Remaining by Congener
44
52
91
99 n o 151
53
41
31
47
51
66
27
38
38
32
49
52 41
67
28
65
24
35
46
49
39
28

Average
Conf. Lim. (+)

17
4

12
3

16
5

27
6

Experiment

37
6

30
7

47
6

51
5

40
3

66
4

146
62
64
62

174
74
75
74

180
70
69
69

Total
28
29
26

63
3

75
2

69
I

28
4

Table 11. Reaction time experiments. Reaction conditions: sediment, SRM 1939a,
temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.

Experiment
20 minutes
40 minutes
100 minutes
160 minutes

6
25
18
17
17

19
29
12
12
12

32
31
18
16
16

Percent PCB Remaining by Congener
44
99 HO 151
52
91
53
65
81
58
53
59
59
57
54 47
47
27
36
30
68
30
47
51
40
66
27
37
44
36
56
34
30
40
28

146
78
68
63
55

174
92
78
75
68

180
86
79
69
61

Total
45
28
28
26
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Table 12. Organic enhancement experiments. Aqueous organic substance added to
reactor after initial WAO treatment. Reaction conditions: sediment, SRM 1939a;
reaction time, 100 minutes WAO + 60 minutes after addition; temperature, 250°C; stir
rate, 1000 rpm; oxygen pressure, 300 psi.
Experiment
None
Conf. Lim. (±)

6
14
4

19
10
7

32
14
7

Percent PCB Remaining by Congener
44
91
53
52
99 HO 151
41
44
56
27
32
27
35
4
4
10
18
10
8
9

Phenol
Humic Substance

11
13

9
10

12
14

22
24

29
32

25
27

38
42

44
46

37
40

58
54

146
52
I

174
63
3

180
57
2

Total
22
7

58
56

72
58

71
55

20
22

Table 13. Catalyst experiment. Catalyst added to slurry before reaction. Reaction
conditions: catalyst concentration in slurry, 5 mM; sediment, SRM 1939a; reaction time,
100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.
Percent PCB Remaining by Congener
44
99 n o 151
53
52
91
44
56
35
32
27 41
27
4
4
10
18
10
8
9

146
52

7

32
14
I

15

19

31

59

Experiment
None
Conf. Lim. (±)

6
14
4

19

10

Copper Sulfate

14

39

33

48

51

39

I

174
63
3

180
57
2

Total
22
7

60

66

65

27

Table 14. Hydrogen peroxide addition experiment. Hydrogen peroxide added to reactor
after initial WAO treatment. Reaction conditions: hydrogen peroxide, 20 mL of 3%
solution added 2 mL/min; sediment, SRM 1939a; reaction time, 100 minutes WAO + 60
minutes after addition; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.
Experiment
Conventional
Conf. Lim. (±)

6
14
4

19
10
7

32
14
7

Percent PCB Remaining by Congener
44
91
99 HO 151
52
53
41
44
35
56
27
27
32
4
4
10
10
8
9
18

Hydrogen Peroxide

2

I

2

6

10

6

13

15

9

26

146
52
I

174
63
3

180
57
2

Total
22
7

23

31

28

6

89

Table 15. Sorbed organic matter experiments. Reaction conditions: sediment, spiked;
reaction time, 100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure,
300 psi.
Experiment
Ronan Mid A
Conf. Lim. (±)

6
8

11

32
13

I

0

I

Ronan Lo (#1)
Ronan Lo (#2)
Ronan Mid B
Ronan Hi
Bozeman
IHSS
SRM 1939a

3
4
4
10
25
41
14

4

4
6

19

5
6
15
30
49

10

7
17
36
51
14

Percent PCB Remaining by Congener
53 52 44 91 99 n o 151 146 174 180
30 39 32 36 47 45 63 66 71 78
9
5
4
6
10
4
5
I
5
9
12
18
18
32
54
70
27

20
23
27
39
58
71
32

15
17
20
34
55
66
27

22
36
21
60
75
83
41

30
38
34
72
84
92
44

25
29
31
67
76
80
35

46
45
50
152
85
83
56

49
46
54
98
88
89
52

50
46
56
67
86
90
63

61
57
69
77
94
95
57

Total
28
4

OM %
9.7
0.6

14
16
18
33
51
63
22

3.6
6.0
18.9
5.5
6.0

11.0

Table 16. Experiments with organic free minerals. Reaction conditions: reaction time,
100 minutes; temperature, 250°C; stir rate, 1000 rpm; oxygen pressure, 300 psi.
Experiment
Goethite
Quartz

6
44
4

19
54
7

32
55
8

Percent PCB Remaining by Congener
44
99 HO 151
53
52
91
74
70
76
74
68
67
68
24
32
43
38
56
25
31

146
79
66

174
80
78

Table 17. Comparison of OM% as calculated by two methods.
Soil
Ronan Lo
Ronan Mid B
IHSS
Bozeman
Ronan Mid A
SRM 1939a
Ronan Hi

LOI
4.29
5.70
6.42
6.55
9.04
11.00
18.16

OM%
Modified Walkley-Black
3.55
6.00
6.04
5.51
9.73
18.87

180
71
65

Total
63
22
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