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ABSTRACT

The world currently faces hundreds of millions of cubic meters of soil
contaminated with petroleum crude oil residuals. The application of ozone gas (Os) to
contaminated soil is an effective means to oxidize petrogenic compounds and, when used
with bioremediation, remove the oxidized byproducts. The overarching goal of this
dissertation was to evaluate two areas of potential concern to large-scale Os deployment:
the capacity of Os-treated petroleum contaminated soils to support seed germination
before bioremediation and the transport characteristics of Os in soil columns.

A matched study comparing the germination outcomes of radish (Raphanus
sativus L.), grass (Lagurus ovatus), and lettuce (Lactuca sativa) in soils contaminated
with three crude oils at various O3 total-dose levels showed that radish germination was
sensitive to the soluble byproducts of oxidized petroleum (assayed as dissolved organic
carbon [DOC]), but not sensitive to the unreacted petroleum (total petroleum
hydrocarbon [TPH]). A multivariable logistic regression model based on the radish
results showed that adverse germination outcomes varied with the DOC concentration
and that DOC ecotoxicity decreased with increasing Os dose-level and background
organic material. The model was used to create a risk management map of conditions that
created 10%, 25%, and 50% extra risks of adverse radish germination. Thus, while Os
effectively lowered TPH in soils, the byproducts exhibited ecotoxicity that inhibited
radish germination. On the other hand, the sensitivity of radish germination to oxidized

petroleum byproducts could be utilized to assess ecological risk.



The feasibility of gas transport in the soil matrix is also of paramount concern to
field-scale utilization of Os. A matched study comparing TPH removal at three field-
relevant loading rates (4, 12, or 36 mgozone/ gsoit/ Nr) and various total dose-levels showed
an anisotropic pattern along the axial distance favoring the column inlet end. The
asymmetry decreased as loading rate decreased and with concurrent improvements in Os-
transport distance, Os utilization, and heat balance. Overall, a low Os loading rate
significantly improved Os transport and utilization efficiency, while also better
distributing reaction-generated heat along the gas flow path for a depth typically utilized

in bioremediation field settings.
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1 INTRODUCTION: CHEMICAL CHARACTER, ENVIRONMENTAL
BEHAVIOR, AND REMEDIATION
1.1 The World’s Crude Oil Supply

Global oil demand contracted in 2020 for the first time in a decade because of the
social and economic restrictions imposed by the novel Coronavirus (COVID-19).! This
period and the recession of 2009 are the only anomalies in the last quarter century, in
which global oil consumption otherwise steadily rose from just below 70 million barrels
per day (mbd) in 1994 to nearly 100 mbd in 2020.2 Qil consumption grew in Asia,
Africa, and the Middle East, and it remained unchanged in the CIS?, Europe, South and
Central America, and North America.’

Increasing consumption patterns have been satisfied by expansions in oil
exploration and extraction.® Table 1.1 shows proven global oil reserves (R) between
1999 and 2019 in the 15 countries that together hold 93% of the world’s crude oil
supply.® The values in Table 1.1 indicate that oil reserves have risen by a remarkable
54% in the last 20 years. Geological and engineering information indicates with
reasonable certainty that approximately 245 billion metric tons (~1,800 billion barrels)
can be recovered in the future.® Even if only 0.1% of the recovered oil is spilled during
exploration, extraction, transport, or storage, the world’s natural and anthropogenic
spheres will have to cope with crude oil contamination on the order of 245 million metric
tons—a mass of oil 6,600 times greater than Exxon Valdez and 350 times greater than

Deepwater Horizon.*°

2 The Commonwealth of Independent States (CIS) is a regional intergovernmental organization of nine members post-Soviet republics
in Eurasia. They include Armenia, Azerbaijan, Belarus, Kazakhstan, Kyrgyzstan, Moldova, Russia, Tajikistan, Uzbekistan.

1



Table 1.1 Proven Global Oil Reserves in 1999 And 2019 And R/P Ratio.?

1999 (10° Barrels) 2019 (10° Barrels) %4  %Supply  R/P(Years) Region
Venezuela 77 304 300% 17.5% >500 C/S America
Saudi Arabia 263 298 13% 17.2% 69 Middle East
Canada 182 170 -6.5% 9.8% 82 N America
Iran 93 156 67%  9.0% 121 Middle East
Iraqg 113 145 29%  8.4% 83 Middle East
Russian Fed. 112 107 -4.4% 6.2% 26 CIS
Kuwait 97 102 52% 5.9% 93 Middle East
UAE 98 98 0.0% 5.6% 67 Middle East
us 30 69 130% 4.0% 11 N America
Libya 30 48 64% 2.8% 110 Africa
Nigeria 29 37 28% 2.1% 48 Africa
Kazakhstan 5 30 460% 1.7% 43 CIS
Qatar 13 25 2% 1.5% 37 Middle East
China 15 26 74%  1.5% 19 Asia
Total Above 1155 1614 40%  93% 93 Regions Above
Total World 1277 1734 54%  100% 50 World

2 Data adapted from source.?



Table 1.1 also shows the R/P ratio: the value, in years, until reserves (R) are
depleted at current production rates (P). If worldwide production remains unchanged, the
International Energy Agency (IEA) estimates the world to have a roughly a 50-year oil
supply: the United States (4% of world supply) has 11 years, Russia (6% of world
supply) has 25 years, and Saudi Arabia (17% of world supply) has 69 years.®> During
these final decades of oil production, all the world’s remaining reserves will be drilled,
pumped, and hydraulically pressurized to release product. As reserves wane, efforts will
eventually turn to decommissioning and dismantling oil drills, wells, pipelines, and
refineries, and society will face the inevitable task of assessing the residuals left behind
after more than a century of manipulating vast volumes of crude 0il.®

Early oil exploration yielded the lightest® crudes first, because of their relative
buoyancy and ease of extraction. Since it is unlikely that the world will discover any
other significant reserve of light “sweet” (low-sulfur) crude oil, the oil industry will also
turn to refractory stocks, like Canada’s Athabasca tar sands and the extra heavy crude in
Venezuela’s Orinoco Belt; if they were to be developed, those reserves would extend the
proven world supply by 9.4% and 15.4% (respectively).® Thus, the endgame crude oil
product that is piped, trucked, and tanked thousands of miles across the globe will be

those oils that are heaviest and already degraded of simpler components.’2

‘Light, medium, heavy, and extra heavy are categories are established using the American Petroleum
Institute gravity, or simply, the API gravity. The formula to calculate API gravity from Specific Gravity
(SG) is:

141.5

API Gravity = ~c 131.5

Light crude oil has an API gravity higher than 31.1° (i.e., less than 870 kg/m?), medium oil has an API
gravity between 22.3 and 31.1° (i.e., 870 to 920 kg/m?®), heavy crude oil has an API gravity below 22.3°
(i.e., 920 to 1000 kg/m3), and extra heavy oil has an API gravity below 10.0° (i.e., greater than 1000
kg/m3).
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1.2 The Chemical Characteristics of Crude Oil
Petroleum crude is a mineral oil of natural origin consumed at a rate of 98 mbd.*-3
Accurate information about the composition of crude oil is especially important for the
selection of appropriate “downstream” refining processes, which determine the oil’s net
economic value.® The precise characterization of crude oil, however, is difficult due to
the manifold structural potential of hydrocarbons.”®

Petroleum crude oil has been described as one of the world’s most
compositionally complex organic mixtures, containing anywhere from 10,000 to 100,000
chemically distinct constituents.® The elemental makeup, by contrast, is fairly small.
Roughly 83-87 wt% of crude oil can be attributed to carbon and another 10-14 wt% to
hydrogen.”*-1* The remaining 3-7 wt% of crude mass results from the presence of the so-
called heteroatoms: nitrogen (0.1-1 wt%), sulfur (0.05-6.0 wt%), and oxygen (0.05-2.0
wt%).1t Small amounts of organometal complexes can be ascribed mostly to vanadium
(~1200 ppm) and nickel (120ppm).”*-11 Nevertheless, this elemental simplicity belies the
vast number of bonding configurations possible from these basic building blocks. The
molecules in crude oil have manifold structural possibilities because the carbon backbone
can reach C150, bonding configurations can include single as well as double bonds, the
molecular structure can be a straight chain, branched, ringed, or a combination of each of
these, and, finally, the presence of even one heteroatom can fundamentally change the
chemical character.’
That petroleum and its derivatives tend to follow a homologous series simplifies the
characterization to an extent. The most fundamental series has no rings and no double
bonds and begins with methane (CH4), which has a hydrogen:carbon (H:C) mole ratio of

4



4:1. Extending methane one carbon at a time forms the molecules ethane (C2Hs),
propane (CsHs), and butane (C4Hao), the volatile end of the homolog series of “normal”
alkanes (i.e. n-alkanes), which are propagated according to the formula CnHzn+2.” As the
chain is lengthened with the addition of methylene (—~CHz2), the additional hydrogen
atoms of the methyl group (—CHs) at either end (the “+2” in the alkane formula)
contribute less and less to the H:C ratio, which gradually decreases toward the methylene
mole ratio of 2:1.” When the alkane structure is branched, however, “isoalkanes” have a
methyl cap at the end of each branching chain, adding to the overall hydrogen count and
driving the H:C mole ratio above 2.1° The n-alkanes are sometimes referred to as the
“paraffin” group, especially when above C20. A higher H:C ratio signifies greater
paraffinic character in a given group or crude-oil fraction. > The denomination is
derived from the Latin phrase parum affinis, describing the “little affinity” paraffins have
for other chemicals. In other words, the paraffins are noted for having a low level of
reactivity.® The n-alkanes and isoalkanes comprise approximately 30-35 wt% of most
producible® crude oils. 8

When a singly bonded carbon backbone forms one or more rings (with or without
side chains), the resulting molecule is known as a cycloalkane, or a cycloparaffin when
greater than 20 carbon atoms are present.® These types of molecules are an extremely

important constituent of crude oil. A singled-ringed cycloalkane has the formula CaHzn

4 Producible crude oil refers to that oil which is free flowing to distinguish it from bitumen source oil.

& Cycloalkanes are also sometimes called “naphthenes” in the petrochemical industry. The term
“naphthene” must be distinguished from the term “naphthalene,” which is the name for a polyaromatic
unsaturated hydrocarbon comprised of two fused benzene rings. Naphthenes should also be distinguished
from “naphtha” the mixture of n-alkanes and cycloalkanes that distils between 30°C and 220°C in a
refining process.
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and is named according to its straight-chain homolog (cyclopropane, cyclobutane,
cyclopentane, cyclohexane, etc.). Each additional ring creates a hydrogen deficit of - 2,

and a general chemical formula for the cycloalkanes is C.Hy 41— 4, where “c” equals the

(I

number of carbon atoms and “g” equals the number of rings in the molecule. The carbon
atoms in cycloalkanes are singly bonded and, like n-alkanes, are relatively unreactive.
They can contain straight-chain projections or form isolated rings, spiro rings, fused
rings, or bridged rings. Small rings, containing 3- and 4-carbons, have significant angle
strain resulting from the distortion of the sp® carbon bond angles from the ideal 109.5° to
60° and 90°, respectively.* This angle strain often heightens the chemical reactivity of
such compounds relative to the straight-chain homolog. On the other hand, a ring shape
also enhances London forces that give cycloalkanes higher boiling points, melting points,
and densities than n-alkanes.®

The cycloalkanes make up the next 30-35 wt% of crude oil. Like n-alkanes,
cycloalkanes also can contain straight-chain branches. Above C10, mono- and di-
cycloalkanes comprise between 50 and 55 wt% of all cycloalkanes. Next, the three-
ringed tri-cycloalkanes comprise approximately 20 wt% of all cyclic alkanes, while tetra-
and penta-cyclics account for about 25 wt% together. Polycyclic molecules can be
comprised of up to 6 rings, with 5- and 6-carbon rings appearing in the same molecule.®
Some of the larger polycyclic alkanes fall into the class tetra-cylic steranes (C27-C30)
and penta-cylic triterpanes (C27-C35), important biomarkers that document the
provenance of crude oil or its degree of degradation.'®” Triterpanes like hopane are
sometimes used as an internal standard to describe the degree to which an oil has shifted

from its baseline composition.*®1° Whether straight-chain, branched, or cyclic, a
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hydrocarbon molecule formed by only C—C single bonds, even when heteroatomsf are
present, is described as “saturated.” Together, the n-alkanes, isoalkanes, and
cycloalkanes comprise about 60 wt% of most producible crude oils that have not been
degraded by environmental processes.

That the carbon backbone can form double or single bonds greatly amplifies the
complexity of the crude mixture. When a straight-chain alkane loses two hydrogens to
form a C—C double bond along the chain, the molecule is said to be “unsaturated.” This
group is referred to as the alkenes, or more often as the “olefins,” a corresponding term to
“paraffin” and widely used in organic chemistry and the petroleum literature.3?° The
straight-chain olefins are not naturally present in high quantities in petroleum, but are
important products formed during the refining process.2 In crude oil, naturally
occurring C—C double bonds occur predominantly in the cyclic analogs of olefins,
otherwise known as the “aromatic” group.'® To meet the chemical definition of
aromaticity, the unsaturated chemical compounds must be characterized by at least one
resonance-stabilized unsaturated ring core; the smallest such unit is the benzene ring.?*

Crude-oil compounds comprised of 2-6 benzene rings are known as the
polyaromatic hydrocarbons (PAHSs), or sometimes the polyaromatic compounds (PACSs)
for those molecules containing heteroatoms. The benzene homolog series is propagated
by the addition of subsequent C,H, according to the chemical formula C.H,._g, as in
naphthalene (2 rings), anthracene (4 rings), pyrene (4 rings), benzo(a)pyrene (5 rings),

and benzo(ghi)perylene (6 rings). Of all aromatic compounds, monoaromatics are ~33

f Of the heteroatoms, only oxygen appears with any important mass percent in the saturated group, usually
due to some degree of degradative acidification.?
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wt%, diaromatics are ~23 wt%, triaromatics are ~13 wt%, and <tetra polyaromatics are
~7 wt%. A true aromatic molecule will contain only aromatic rings and chains.®
However, in crude oil characterization, napthenoaromatics also are major constituents of
the aromatic group. They are characterized by one five-membered saturated ring in
addition to the aromatic rings as in fluorene (3 rings), benzofluorene and fluoranthene (4
rings), and benzofluoranthene (5 rings). In addition, the aromatic group also includes
sulfur-containing compounds. Thiophene derivatives are constructed of five- and six-
membered rings with at least one of the rings containing a sulfur atom (e.g., benzo- and
dibenzothiophenes). The thiophene derivatives comprise up to 24 wt% of all aromatics in
crude oil. Taken together, the aromatic, napthenoaromatics, and sulfur aromatic
compounds comprise 20-45 wt% of crude oil .2

The geologic pressures that form saturated and aromatic compounds also can
produce the heaviest and most polar molecules from the covalent bonding of these basic
groups: The most complex examples of such molecules are the asphaltenes and
resins.®822 The asphaltenes and resins are typically comprised of 6 to 20 fused rings with
finger-like alkyl projections. They can comprise 0-40 wt% of all crude oil, though on
average are around 14 wt%.8 Heavily degraded crudes, like the Athabasca and Orinoco
deposits, can have an asphaltene and resin content of 25-60 wt%.2® Their enrichment
usually indicates degradation of the oil. These molecules also have a higher-than-average
frequency of heteroatoms and can complex with metals such as nickel and vanadium.?*
The nitrogen in crude oil is primarily found in resins and asphaltenes, although it
sometimes appears in PAHSs as a six-membered pyridinic ring or five-membered pyrrolic
ring.” In contrast, sulfur appears with almost equal frequency in aromatics, resins, and
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asphaltenes. >1%24 The increase in heteroatom frequency leads to an increase in polarity,
which in turn causes asphaltenes and resins to absorb much more readily to soil and
rock.®

The molecular size and structure of asphaltenes and resins have been notoriously
difficult to characterize, because the molecules form non-covalent complexes and
aggregates in the form of dimers and tetramers at high concentrations and even in some
solvents.”2526  |_ow-energy collisions were finally able to separate aggregates without
causing fragmentation.”?>27 These analyses demonstrated that asphaltenes, in particular,
can contain up to 150 carbons and have an average mass between 400 and 800 Da (with
distribution extending between 300 and 1400 Da).?>?8 The asphaltenes are typically
larger than resins, with a higher degree of aromaticity and heteroatom content. Thus, the
two groups are defined operationally based on their differing solubility. Resins show
solubility in low molecular mass aliphatic hydrocarbons (n-heptane or n-hexane), as well
as aromatic solvents (benzene and toluene). Asphaltenes are insoluble in the former

group but soluble in the latter because of their higher aromatic character.?-3!

1.3 Chemical Characterization of Crude Oil

As molecular weight increases, aliphatic character decreases, while aromaticity
correspondingly increases, and heteroatoms appear with higher frequency.?*2* However,
sorting the petroleum hydrocarbons based on mass alone cannot elucidate structure, since
the nearest integer mass of groups like —CHz vs N, —NHz vs. O, and CHa vs. O are
identical 3> Instead, a hierarchical characterization of crude has been proposed as more
logical and orderly.” The field of “petroleomics™ has emerged to meet the challenge of
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complete chemical characterization of crude oil and related substances like bitumen, tar
sands, or coal as well as the products of downstream refining processes such as vacuum
residuals.”®3233 This field relies on dimensional characterization of crude oil that
includes three levels.®

First, hydrocarbons can be sorted by relative abundance according to “class.” The
term “class” describes the elemental composition of a given hydrocarbon molecule
(CcHnNnQ,Ss).232434 Depending on the crude oil type and provenance, 10-60% of the
molecules in crude oil will be comprised of hydrogen and carbon atoms only. Other
classes with greater than >1% abundance include N1, Oz, N1S1, N1S2, N101, N102, N2,
O1, 0181, 0281, 03S1, and O4S1.” This is particularly true in heavy crudes oils (APl <10)
and sour (sulfur-containing) crude oils. Overall, the classes occurring with the most
frequent % abundance (depending on crude and analytical method?) are usually N1, N1Sz,
and 02.7’10'24’32

Second, since the H:C ratio deviates in a predictable manner based on the presence
of rings, double bonds, and nitrogen, the integers of C.H,,N,,0,S, can be used as a
quantitative descriptor of hydrocarbon “type.” This value is called the double-bond

equivalent (DBE)." The DBE is equal to the number of rings plus double bonds
involving carbon (CcHhNnOoSsi = ¢ — g + 2 + 1 Equation 1.1), and it is a direct
measure of aromaticity of petroleum components.’

(CHRpNp0GSs) = c =2+ +1 Equation 1.1

Y Positive and negative modes in electrospray ionization between mass spectrometry methods can yield
different relative abundances for the same crude oil. 724323

P The petroleum industry sometime uses the measure called “hydrogen deficiency” or “Z” defined as
CcHac+z to describe the degree to which the H:C ratio deviates from that of an n-alkane.
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where ¢ = the number of carbon atoms, h = the number of hydrogen atoms, and n = the
number of nitrogen atoms. Thus, within a given a class, relative abundance can be sorted
according to DBE, i.e., according to type.

Finally, for a given heteroatom class and a given DBE type, the third level of
characterization depends on carbon number. By first sorting according to class (i.e.,
number and identity of heteroatoms), then type (bonding configuration quantified by the
DBE), and then carbon number, the overlap of functional groups is avoided, and a highly
refined identification system of the hydrocarbons in crude oil is possible.” This 3-
dimensional characterization requires sophisticated techniques with an ultra-high degree
of resolution, like the Fourier-transform ion cyclotron resonance mass spectrometry (FT-
ICR-MS)', such that classes can be recognized by mass differences to the nearest 1000%"

decimal place.”®

1.4 The Crude Oil Products

At atmospheric pressure and temperature, crude oil usually! exists in the liquid
phase, though physical liquid characteristics like density and viscosity can vary
considerably. These physical differences are exploited in the process of turning most of
the recovered crude oil into a wide range of petroleum products.

Fractional distillation recovers the lightest compounds first, consisting of non-

condensable gases hydrogen, methane, ethane, and short-chain olefins. The gases

i This technique makes use of a mass spectrometer for determining the mass-to-charge ratio (m/z) of ions
based on the cyclotron frequency of the ions in an extremely powerful fixed magnetic field. The technique
can achieve mass resolution as high as m/Amsge, = 400,000.

I Some crude oils with high level of long chain n-alkanes or isoalkanes are characterized as “waxy,” may be
solid at room temperature, even though they are characterized by “light” API.
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condensable under pressure, mainly the light saturated paraffinic hydrocarbons propane
(CsHs) and butane (C4Hao) (or a combination of the two), come next and are sold as
liquefied petroleum gases (LPG). Together, ethane and LPG account for 15% of the
crude oil product soil.! The next important chemical product is called “naphtha” (7%
v/v) and is comprised of “light naphtha,” recovered between 30°C and 90°C (Cs-Cs), and
“heavy naphtha,” recovered between 90°C and 200°C (Ceé—C12). Naphtha is an essential
feedstock of the petrochemical industry and is the backbone for the manufacture of
ethylene plastics. Motor gasoline, perhaps the most important product of modern age,
comprises 25% v/v of crude oil. It also distills between 35°C and 215°C; it is the light
hydrocarbon (C4-C12) used for internal combustion engines of land-based motor
vehicles.

The jet fuel/kerosene group comprises aviation gasoline (30°C -180°C), gasoline
type jet fuel (100°C -250°C), kerosene type jet fuel (150°C-300°C), and other kerosene;
these account for 8% v/v of crude oil product. Gas/diesel oil includes heavy gas oils.
Gas oils and diesel (180°C and 380°C) are obtained from the lowest fraction from
atmospheric distillation of crude oil, while heavy gas oils are obtained by vacuum re-
distillation of the residual left over from atmospheric distillation. They are used for
diesel compression ignition (cars, trucks, marine transport, etc.) as well as light heating
oil for industrial and commercial uses. This group also includes heavy gas oils which
distill between 380°C and 540°C and which are used as petrochemical feedstocks.
Finally, fuel oil, spirits, lubricants, bitumen, paraffin waxes, petroleum coke, tar, and
sulfur are the most rigid elements derived from crude oil from vacuum residuals. Figure
1.1 recapitulates the demand of the products derived from crude oil.

12



Fuel Oil and

other
20%
Diesel/Gasoill
28%
Naptha
7%
Jet/Kerosene
8%
Ethane and LPG Gasoline
(C2-C4) 24%
13%

Figure 1.1 Global oil demand by product.®!

1.5 Crude Oil Released into the Environment

The accidental release of petroleum into the environment is an inevitable outcome
of a global supply chain that moves up to 100 mbd.* Such releases, whether on land or
sea, are attenuated and transformed by microbial biodegradation, photooxidation,
hydrolysis, and evaporation', as well as dispersive and diluting processes of dissolution,
spreading, and emulsification.®® Taken together, these collective “weathering” processes
enrich recalcitrant components that often are among the most toxic and, via photo-
modification, generate oxidized intermediates which have demonstrable acute toxicity to
a variety of species.3*“? The weathering of crude oil is possible because the individual

chemicals that comprise crude oil exhibit strong differences in air diffusion coefficient,

K Modified from source.
' The literature on petroleum spills often refers to the “evaporation” of labile components, though the term
volatilization is more appropriate. The interested reader should use both terms.3637
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liquid density, water solubility, pure chemical vapor pressure, boiling point, and Henry’s
Law constant.® In essence, weathering is a process by which natural media (air, water,
and soil), physical elements (heat and light), and biological actors (more frequently lower
order organisms like bacteria and yeast) can preferentially change or remove specific
chemical components thereby selectively enriching the remainder.

Ambient conditions such as temperature and the presence or absence of wind can
make profound changes to a spilled crude oil; the extent of those changes is governed by
the chemical makeup of the crude itself and the thickness of the spill. A crude oil release
first loses those components that are volatile at ambient temperatures (-25°C-45°C). Ina
few days, light crude oils can be reduced by up to 75% of their initial volume and
medium crudes by up 40% of their volume.®” In contrast, heavy or residual oils only lose
about 5% of their volume in the first few days following a spill.3” Although each
individual crude-oil component has a unique loss rate, the differing rates of volatilization
among different components give the appearance of a logarithmic loss rate with respect
to time.®® Most oil that is lost to volatilization does so within the first 8 hours of a spill.*®
The presence of wind will sharply advance the volatilization rate since moving air
prevents the air-oil interface from becoming saturated; while the presence of wind is
important, the intensity of the wind has not been shown to be a significant factor.3"4* It
has also been noted that oil thickness, or the size of the spill, will change the degree to
which oil can lose mass to volatilization—thicker spill volatilizes less by allowing waxy
crust formation and adhesion forces between oil molecules.*?

Sunlight is another factor that significantly alters the chemical profile of crude oil
and enhances toxic effect.*> Sunlight causes a substantial decline of the aromatic fraction
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and the concomitant increase in the resin and asphaltene fractions.*> The aromaticity of
irradiated oil has been found to be significantly lower.#> The oxygen content in irradiated
oil is also found to increase with greater exposure to sunlight, a process called photo-
oxidation. The sunlight mediated photo-oxidation significantly increases the water-
soluble fraction of crude oil.** Maki et al. found that the concentration of dissolved
organic carbon (DOC) increased linearly during sunlight irradiation, matched by an
increase in ultraviolet absorptive materials in the seawater.*> Another feature of sunlight
is photoactivation of PAHs.*6 The absorption of UV light and even visible light by PAHs
causes a molecular excitation that can lead to the formation of reactive oxygen species
(ROS) and other reactive intermediates that can damage DNA, protein, and cell
membrane.**® Thus, sunlight irradiation of PAHSs, while sometimes leading to their
removal, also can cause acute toxicity and genotoxicity.>

Dissolution, spreading, and emulsification are most salient to open water crude oil
spills, where the action of large volumes of moving water separates crude oil
constituents. For example, an oft-encountered frothy oil-water emulsion is commonly
known as “mousse.”® Smaller molecules of aromatic hydrocarbons and small polar
molecules, such as naphthenic acids, dissolve if sufficient water is present, causing the
heavier molecular components to aggregate then precipitate. Other commonly
encountered features in water-spill scenarios are tar balls, which are floating aggregations
of asphaltenes and resin. In the case of highly dense material, tar balls become tar mats
that condense on the ocean floor.%> The removal of water-soluble components of oil
spills is sometimes known as “washing,” and it is of real importance when significant
volumes of water are present, allowing oil to disperse into the water column.>® The
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dramatic increase in the surface area in open water also allows for microbial colonization
and biodegradation.

The microbial alteration of crude oil is known as biodegradation, and is well-
established fact in the reservoirs of the petroleum industry and in environmental
contamination scenarios.**154% Biodegradation of crude oil is a selective utilization of
certain types hydrocarbons by microorganisms, usually started under aerobic conditions,
but also including anerobic processes.®® The biodegradation of petroleum is carried out
largely by diverse bacterial populations which, even in pristine environments, are
ubiquitous though not abundant (< 1% of the total bacterial population).® These bacteria
presumably utilize hydrocarbons that are naturally produced by plants, algae, and other
living organisms, particularly waxy exudates that are themselves geologic progenitors of
crude 0il.2 The microorganisms are selectively enriched in contaminant scenarios, where
they can exceed 10% of the total bacterial population.>®

Biodegradation by aerobic and/or anerobic microorganisms results in partial or
total removal of n-alkanes first, usually C10 to C26, then slightly branched alkanes
(isoprenoid alkanes), and finally some smaller low-molecular-weight aromatics such as
benzene, toluene, and xylene, which are among the toxic compounds found in
petroleum.! Decreasing levels of simpler, smaller carbon chains increase the relative
abundance of those molecules with greater complexity. The distribution of cycloalkanes
with 1 to 5 rings remains practically unchanged. Larger branched isoprenoids—Ilike
pristane and phytane—only decrease in scenarios of extreme oil degradation. Molecules
with multiple aromatic rings—the PAHs—are also relatively resistant when intact crude
oil is spilled. These also include sulfur-containing compounds like thiophene derivatives.
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The loss of light compounds enriches the nitrogen-containing end of the crude oil profile
as well, due to the recalcitrance of asphaltenes and resins to biodegradation. Thus, as the
simpler biodegradable compounds disappear, the resistance of the residual mixture to
further biodegradation steadily increases, and the rate of oil removal takes a steep
decline.>” A residue is nearly always left over and often appears as black tar due to the
relative enrichment of asphaltenes and resins.>* Moreover, slow rates of biodegradation
necessarily increase the likelihood of accumulating partially oxidized metabolites.5!

The microbial pathways that are used in hydrocarbon utilization are well-
characterized.%” Molecular oxygen is required in initial steps that involve enzymatic
oxidation of hydrocarbons via oxygenases.>’ Alkanes are converted to carboxylic acids
and then biodegraded via p-oxidation, which forms acetate, which then enters the
tricarboxylic acid cycle.%” Aromatic compounds, on the other hand, are oxygenated to
form diols, which are then cleaved to catechols.>* These compounds also ultimately enter
the tricarboxylic acid cycle. The biodegradation of aromatic hydrocarbons results in
detoxification and does not produce toxic intermediates.®” For those compounds that can
be assimilated by bacteria and fungi, the digestion of hydrocarbons results, like complete
combustion, in carbon dioxide and water byproducts, as well as cell biomass.

In surface conditions, molecular oxygen is not normally a rate-limiting factor, and the
complete digestion is possible for those compounds that can be mobilized by microbiota.
Oil—water emulsions, which are facilitated by the secretion of biosurfactants by bacterial
communities on crude oil, can lead to mobilization.>* Even when mobilized in the
presence of excess oxygen, biomass production also requires nitrogen and phosphorus.
These nutrients often are limiting in common contamination scenarios.®’ In fact, the
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simple addition of fertilizers has shown demonstratable efficacy for promoting crude oil
biodegradation.>! After the Exxon Valdez oil spill, the application of oleophilic fertilizer
to field test plots stimulated biodegradation so that the surfaces of the oil blackened rocks
on the shoreline turned white and appeared to be free of surface oil within 10 days after
treatment.>® The striking visual results strongly supported the idea that oil degradation in
Prince William Sound was nutrient limited and that fertilizer application was a useful
bioremediation strategy.°®

A crude oil that penetrates to the subsurface will become a multi-phase,
physically sequestered problem, due to limitations in oxygen and nutrients. The
distribution of subsurface petroleum hydrocarbons can involve 4 distinct phases: (1)
hydrocarbons trapped in the vadose zone as a solid phase sorbed to soil particles; (2)
volatile hydrocarbons in the gas phase (in the vadose zone); (3) an immiscible free-phase
liquid at the capillary fringe, above the water table; (4) and a dissolved phase of water
soluble hydrocarbons.5*¢1 The sorbed- and free-phases at the focal point of the spill are
often referred to as the “source zone” since they continually release material both in the
gas phase and in the aqueous phase. ®* While the heaviest and most polar molecules,
such as the asphaltenes, strongly absorb to soil, lighter constituents from the sorbed phase
and free phase can be continually released as vapor to the surface above. The problem of
“petroleum vapor intrusion” (PVI) from subsurface contamination onto the above-ground
surface is heavily researched.®? Likewise, light non-aqueous phase liquid (LNAPL) at the
capillary fringe or otherwise contacting the water table will release water soluble oil

components into groundwater, creating plumes that can stretch for miles.63-6
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In general, the weathering process can be summarized first by the physical process
of volatilization and dissolution, which primarily remove lower boiling-point components
of oil. Second, oxidative processes, particularly those mediated by UV radiation,
promote a loss in saturated and aromatic hydrocarbons with a concomitant increase in
asphaltenes. Biodegradation also results in the almost total removal of n-alkanes, smaller
isoprenoids, and monoaromatics. Thus, nearly all environmental weathering processes
(physical, chemical, and biological) leave behind heavier, more complex materials and
oxidize saturated molecules, shifting the crude oil profile to one with a higher proportion

of large aromatic molecules and molecules with greater NSO character.

1.6  Goals of the Dissertation

Soils are multicomponent, thermodynamically open systems comprised of solids,
liquids, and gases that exchange matter and energy with the surrounding environment.
Soils support biomass, promote nutrient cycling, and act as reservoirs for carbon,
nitrogen, and biodiversity.®5-* For example, carbon is 50-fold more concentrated in soil
than in the parent material of Earth’s crust, and soil nitrogen is 80-fold more
concentrated.®” Soils also purify and store a considerable portion of Earth’s fresh water
supply, sometimes called “green water” to distinguish it from the open “blue water” of
lakes and rivers.®%8 Thus, soil pollution can harm the soils’ capacity to support biomass,
thus causing lasting damage, particularly when contamination affects soils in biomes with
major impacts on biodiversity, climate regulation, and material cycles (e.g., water,

carbon, and nutrients).5%70
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Petroleum contamination is a ubiquitous soil pollutant that is proven to harm
human health and disrupt ecological systems.*¢1-74 Point sources of petroleum release
include overflowing, failing, or unlined oil pits; leaking oil pipelines; leaking tanks;
leaking well heads; and interaction between ground water and petroleum inside well
bores. Diffuse petroleum residuals from large-scale catastrophic releases also remains a
prominent concern.*5275-78 After a spill, large volumes of petroleum are lost due to
environmental weathering processes leaving behind residual petroleum hydrocarbons that
are recalcitrant to further natural attentuation.” In practice, the level of petroleum-
hydrocarbon contamination is measured as Total Petroleum Hydrocarbons (TPH), which
usually varies between 1 wt% and 10 wt%; regulatory maxima range from 0.1%, the
upper limit for agricultural use, to 1 wt%, the upper limit for industrial use. #8781 Soils
targeted for decontamination typically are unsaturated material excavated within 3-8 feet
of the surface.

Ozone gas (Os) has been proposed as a means to enhance the bioremediation of
large quantities of soil contaminated with petroleum hydrocarbons.®? Os is advantageous
because it decays into non-hazardous O2 molecules, leaving no residue. On the one hand,
Chen et al. showed that O3 treatment could lower TPH by 40-50%. The loss of total
organic carbon, on the other hand, was <12%%8 The TPH molecules were converted to
partly oxidized products, which were readily biodegradable.®® In particular, the loss of
TPH was accompanied by increases in dissolved organic carbon (DOC), soluble chemical
oxygen demand, and 5-day biochemical oxygen demand (BODs). Thus, treatment with

Os gas increased the bioavailability of petroleum hydrocarbons, resulting in accelerated
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bioremediation, enhanced ability to meet regulatory limits, and a decrease in the time that
the soil could not support ecosystem or agricultural functions,4>83.8586

Oxidation of petrogenic compounds by Os will create a new set of residuals—
carboxylic acids, ketones, aldehydes, quinones, alcohols, and esters—which, though not
technically classified as “TPH,” may persist in the environment, particularly if the soil is
not subsequently bioremediated. A means to quantitatively understand the fate and
toxicity of these oxidized crude oil byproducts is urgently needed, particularly in the
context of a remediation effort that targets returning the soil to productive ecological
roles (nutrient recycling, purification of water, and decomposition of biomass) or for
managed human use (e.g., provision of food in agriculture, fiber and raw materials in
forestry, etc.). One metric that measures the biological production potential of soil is its
ability to facilitate the germination of plant seeds; in the context of Ozs-treated soils,
information about this characteristic is non-existent.

A primary goal of this dissertation is, therefore, to evaluate the capacity of Os-
treated petroleum contaminated soils to support seed germination before bioremediation.
Because crude-oil contamination is a global problem, the number of salient terrestrial
plant targets for germination studies is vast. This dissertation looks at lettuce (Lactuca
sativa), a species with dose-response sensitivity to petroleum contamination; radish
(Raphanus sativus L.), a known accumulator of soil contaminants; and fountain grass
(Lagurus ovatus), since grass are known to be pioneer organisms in contaminated soils as
well as candidates for petroleum phytoremediation efforts.8-%% Plant diversity is
paralleled by crude-oil variability, which can take on different compositional profiles
based on the relative proportion of saturates, aromatics, resins, asphaltenes.®* Thus, a
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subordinate goal in this work is to test each of the three selected plant species with
respect to toxic effect between three distinct crude oils which have been treated with Os.

A second goal of the dissertation is to evaluate a major operational parameter of
the dosing regimen in field settings: Os loading rate (mass Os/ mass soil/ hour). While in
situ advanced oxidation (ISCO) and ex situ treatment (involving soil excavation) are
viable treatment means, both require improved knowledge about depth of treatment when
contamination exceeds 1 wt% TPH. While Oz deployment as an ISCO technology is in
its nascent stages, landfarming is a mature setting in which to deploy this treatment
model.®® In landfarming, the depth for treatment is typically ~2 ft, the total treatment
area is large (1-2 acres), and moisture levels are kept between 30 and 80% field capacity
to ensure the survival of hydrocarbon-degrading bacteria.?>%

Since industrial Oz production can be anywhere from 1 wt% to 16 wt%, the
relative advantages and disadvantages of the range of production must be substantively
evaluated.®” For instance, a low loading rate will confer a given mass of Oz in a higher
total volume of gas at a longer treatment time; this may be more advantageously utilized
with larger soil volumes. On the other hand, high-concentrations of Oz will necessarily
decrease contact time, since a given dose of Os is supplied more quickly, potentially
decreasing the treatment interval between bioremediation cycles.?® Thus, a primary goal
of this dissertation is to systemically evaluate three fields scale loading rates—4, 12, or
36 mgos/ gsoil/ hr)—for petroleum contaminated soil.

Given the complex chemical and physical structure of soil, as well as the
necessary presence of soil water, an auxiliary concern is the dimensional reactivity of O3
with TPH. While multiple studies have evaluated O3 break-through, these findings were
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limited with respect to information about the reaction path of Os in highly contaminated
soils (i.e., >1 wt% TPH). Therefore, this dissertation evaluates Os transport at 5 points
along the the axial distance at a depth close to that seen in a landfarm (45 cm) and in
conditions of ~2 wt% TPH contamination. Along with visualizing TPH removal in the
axial distance, the transport of soil moisture and the movement of heat along the reaction
path are also systematically assessed.%

The overarching goal of this dissertation was to evaluate two areas of potential
concern to large-scale Os deployment: the capacity of Os-treated petroleum contaminated
soils to support seed germination before bioremediation and the transport characteristics of
Os in soil columns. Overall, this work lays a foundation for field-scale deployment of

ozonation by evaluating two highly salient to field-scale deployment concerns.

1.7 Dissertation Outline
The chapters that follow lay out the scientific bases for using ozone to remediate
soils contaminated with crude-oil residuals. This section provides a “road map” to the

following chapter: the topic of each and why it is important to my research.

Chapter 2, Background on the kinetic and thermodynamic principles of Oz and its
reactions with organic carbon compounds. In this chapter, I discuss the basic principles
of hyperconjugation and induction that influence the positions of attack of the Os
molecule on complex hydrocarbons, as they relate to the scope of this work. This chapter
describes the stepwise reactions in which Os is known to attack electron-rich
hydrocarbons. Special attention is paid to ozonation kinetics and thermodynamics in the
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gas-phase for different classes of hydrocarbons (normal alkanes, branched alkanes,
cycloalkanes, aromatics, resins, and hetero-atom containing molecules etc.). These
reactions are relevant for gas-based ozonation of crude oil in soil. Chapter 2 also lists

potential ozonation products.

Chapter 3, Ozonation among 3 distinct crudes at 3 distinct doses. This chapter
summarizes the effects of Oz gas on three different crude oils at three distinct dose levels.
This study serves as the basis for examining toxicity of the oxidized crudes and the
ensuing logistic regression analysis in Chapters 4 and 5. Briefly, | evaluated 3 crude oils:
ANS (API gravity 29-32), ARAB (API gravity 30-32), and SJV (API gravity 13-15)
ozonated at 5 g, 10 g, and 20 g O3z with continuous monitoring of effluent (unreacted)
ozone gas. The control soil and Os treated soil were then evaluated for total petroleum

hydrocarbon (TPH), dissolved organic carbon (DOC), and pH.

Chapter 4, Lettuce, grass, and radish germination by simple logistic regression. | used
simple logistic regression to evaluate germination difference between treatment groups
(background soil, crude oil contaminated soil, and soil with crude oil treated with O3),
dose groups (59 Os, 10g Os, and 40g Ogz), and crude oil groups (ANS, ARAB, and SJV
crude oils) for the germination lettuce, grass, and radish seeds. | performed in-depth
logistic regression analysis using Stata v. 16.1. The use of a formal logistic regression
model allowed me to build confidence intervals and test statistical significance of

differences between the groups under study as they relate to crude oil, seed, and dose.
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Chapter 5, Using radish (Raphanus lativus L.) germination to establish a benchmark
dose for the toxicity of ozonated-petroleum byproducts in soil. The concentration-
response relationship between the adverse germination outcome of radish (Raphanus
lativus L.) and ozonated petroleum residuals was determined from Chapter 4.
TREATMENT categories (control, petroleum, petroleum + 5 g Os, petroleum + 10 g Os,
and petroleum + 40 g Os) were used to create a dilution series for radish germination
using different proportions of the test soil and a commercially available potting mix
(~75% w/w organic matter) to evaluate the effects of background organic matter (b-
ORGANIC) in conjunction with TPH and DOC. Multivariable logistic regression was
performed on the adverse germination outcome as a function of TPH, DOC,
TREATMENT, and b-ORGANIC. Results showed that the parameters controlling
germination were the continuous variable DOC, categorical variables TREATMENT, and
b-ORGANIC. The results were used to tabulate extra-risk levels for adverse germination

effects.

Chapter 6, Ozonation of Petroleum Hydrocarbons in Soil Columns: Effects of Ozone
Loading Rate along the Axial. Columns containing soils containing petroleum crude oil
(~20,000 ppm) were treated with ozone gas (Os) at 3 loading rates (4, 12, or 36 mgozone/
gsoit/ hr) to achieve 3 total-dose levels (5 g, 10 g, and 20 g Os). Every experiment was
monitored for effluent O3 (“break-through™) and temperature at 10 points along the axial
distance (45 cm). After ozonation, soil columns were evaluated in five segments for total
petroleum hydrocarbons (TPH) and moisture. TPH changes, moisture flux, temperature,
and total heat were described along the axial distance of the column.
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Chapter 7, Summary and Future Work. This chapter provides a summary of findings

and suggestions for future work.
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2 BACKGROUND: O3 AND ITS REACTIONS WITH ORGANIC CARBON
COMPOUNDS

2.1 OsDiscovery and Current Production

Os is as old as lightning, but it was Christian Friedrich Schonbein (1799-1868)
who first identified it as a distinctly odorous gas at the University of Basel in 1939 and
named it accordingly™.1® At the time, Schonbein reported that the electrolysis of water
produced, at the cathode, an odor that was identical to the odor produced by an arc
between two electrodes and attributed that odor to a new chemical.*® Since its
discovery, Os quickly transitioned from a chemical curiosity to an important reagent in
analytic and synthetic chemistry, as well as in water treatment. As early as 1910, the city
of Paris began using O3 gas for the disinfection of drinking water and wastewater.1%
Drinking-water disinfection remains an application in which Os gas is generated on a
large scale.%? Ozonation also is valuable in bleaching, semiconductor processes, and,
increasingly, for neutralizing pathogens on fruits and vegetables and even as a sanitizing
oxidant in liquid foods.1%31%4 Finally, Ozalso has become an indispensable reagent for
organic synthesis and an extremely useful tool for structural determination of natural
products.10®

Os is an allotropic modification of O2 that, unlike Oz, is intensely colored,
diamagnetic, poisonous, and explosive at high concentration (>60 wt%).%7-196.107 |t js

generally produced by a device that employs dielectric barrier discharge, hereafter

™ From the Greek ozein, “to smell”, as suggested by Schénbein’s colleague, W. Vischer, Professor of Greek
in Basel, Switzerland.
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referred to as an ozone generator (OG), from either Oz or air feed gas.'® In this
arrangement, Oz is separated into O atoms by direct electron impact as in
e+0,>20+e Equation 2.11%8
The O3 molecules are then formed from a three-body collision between the remaining O
atom, and a third body denoted M (Equation 2.2).108
O0+0,+M-0;+M Equation 2.2
When Os is generated from a pure-O2 feed gas, the third body (M) can be Os, O2, O, or a
surface.1® Innovation in the efficiency of electron transfer has enabled the production of
high concentrations of 03.1% This was accomplished first by adopting pure O: as a feed
gas and second by shortening the discharge gap in the OGs to achieve a high electric
field.1%® These improvements have yielded Os concentrations exceeding 200 mg/L.1%2
The remarkable physical and chemical properties of Os are a result of the large

excess of energy of its molecule upon decomposition to O2.1%1
03 = 20, + 143 kj /mol Equation 2.3

It is this energy that makes Oz extremely explosive at a certain critical concentration:
Self-sustaining decomposition occurs above 15 wt%, deflagration at ~50 wt%, and
explosion at ~60 wt%.° Ultra-high-efficiency OGs can reach concentrations of 15 wt%
using an Oz feed gas, which is considered safe to handle.%? Higher concentrations can
only be achieved through some form of separation of Os from the feed gas like low

temperature liquid" distillation or silica-gel absorption/desorption at super-cooled

" The liquid or solid pure O3 product is extremely unstable and explosive.
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temperatures (-60 to -80°C).106.107.111 Thys, gas-based ozonation reactions must occur in

the presence of the carrier gas, which will contain Oz at high concentrations.**

2.2 The Criegee Ozonolysis

The exceptional reactivity of Os gas was determined very soon after its discovery.
From 1840-1845, it was shown qualitatively that Os reacted with a host of inorganic
compounds (particularly metals).l%° By 1845, the reactivity of O3 with organic
compounds became established when it was demonstrated that the potent odor of O3
disappeared in the presence of straw, humus, humus containing earth, sawdust, flour,
potato starch, egg white, mushrooms, and many more.%° Even at this early stage,
chemists noted that the reactions of Os with organic compounds did not convert the
organic substrate to the highest oxidation state (CO2), but instead to aldehydes and
carboxylic acids. The vigorous reaction of O3 with unsaturated organic compounds
attracted the attention of organic chemists. The work of C. D. Harries, from 1903 to
1916 in the German towns Berlin and Kiel, established experimental procedures for
“ozonolysis,” the process by which the unsaturated bonds of alkenes, alkynes, or azo
compounds are cleaved using O3.1% Harries also initiated investigations into the
mechanistic understanding of ozonolysis, which was proposed nearly 40 years later by
Rudolf Criegee in Karlsruhe, Germany and confirmed in 2009.105112.113 The reaction of
Os with double bonds, along with the decomposition of the resulting products, is one of
the most dependable procedures for oxidative splitting of unsaturated molecules as well

as for the determination of the double-bond position.14
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The Criegee ozonolysis of alkenes (aka olefins) is a classic reaction of organic
chemistry and underscores the ability of Os to pinpoint the double bond position on an
unsaturated straight-chain hydrocarbon.'2 The electrophilic attack by Oz is described as
a 1,3-dipolar cycloaddition® and produces a unique molozonide or primary ozonide
(1,2,3-trioxolane) that rapidly rearranges to a carbonyl compound and a biradical (or
zwitterion),P the so-called Criegee intermediate.!'2113115-118 These, in turn, recombine to
form the class of secondary ozonides, the 1,2,4-trioxolanes, that are reactive and
thermally unstable (decomposing at 70-80 °C).13%15 Secondary work-up determines the
downstream products. If the work-up is reductive, the ozonide degrades to alcohols or
carbonyl compounds, while oxidative work-up leads to smaller carboxylic acids or
ketones. For this reason, Oz was used in the early in the 20" century to “cut” high
molecular weight alkenes into smaller molecules that were easier to analyze with the then

available organic chemistry techniques. 1%

2.3 The Relative Reactivity of Os

The remarkable reactivity of Os with unsaturated (olefinic) compounds was naturally
followed up by the ozonation of other organic groupings. Os is like most oxidants in that
the nature of the substituents exerts a strong effect on position of attack and rate of the
reaction for a given compound.!*® This relative reactivity is noted among hydrocarbon
types (alkanes, cycloalkanes, aromatics, heterocycles) and with respect to the attack

position of the hydrocarbon itself.10%120.121 The simplest example can be observed in the

° Although this reaction is most accurately described as a pericyclic reaction, chemists have observed that
electron-rich alkenes react faster with ozone than electron-poor alkenes.
P A molecule containing the oxide of a carbonyl group.
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oxidation differences within the alkane group due to substituent pressure around a given
carbon position. A carbon atom with only single bonds will form four specific bonding
arrangements.*?123 Aside from the unique structure of methane, a carbon can be in a

primary, secondary, tertiary, or quaternary position depending on whether it is bonded to

one, two, three, or four other carbon atoms, as illustrated (Figure 2.1). %

(a) Unique (d) Tertiary Carbon
Carbon (e.g., “methine” group in

R A e )

V4 W PR PP Y

| --\/;”

9
b) Prima
C(ar)bons (erg/ (c) Secondary (e) Quaffernary Cartlon
« om0 Carbon (e.g., “quaternary .

Figure 2.1 Aside from the unique bonding arrangement in (a) methane, a carbon atom can
form (b) primary, (c) secondary, (d) tertiary, and (e) quaternary bonding arrangements
depending on whether it is bonded to one, two, three, or four other carbon atoms as
demonstrated with ethane, propane, isobutane, and neopentane, respectively.

The bonding arrangement within a hydrocarbon molecule determines the electron
density proximal to each carbon, which in turn establishes the degree to which a carbon
undergoing bond cleavage can delocalize an electron deficiency. This delocalization
phenomenon is known as hyperconjugation and is important in hydrocarbon reactions

that produce either a carbon radical by homolytic™ bond cleavage or hydrocarbon ion

9 Methane is considered “unique” in this series.
"Homolytic bond cleavage results in the breaking of a covalent bond in a single molecule such that
resulting structures (atoms or molecules) each gain only one electron from a bonding pair.
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through heterolytic® bond cleavage.'?#1?> The relative stability of carbon radicals and
carbocation increases with the number of adjacent carbon atoms that can delocalize an
unpaired electron.*?®> As such, an unpaired electron at a tertiary carbon position is more
stable than a secondary carbon, which is more stable than a primary carbon, which, in

turn, is more stable than a methyl radical, as shown in Figure 2.2.

Secondary Tertiary (3°)

Figure 2.2 Hydrocarbon radicals represented in order of increasing stability; stability
improves (from left to right) as an electron deficiency can be dispersed among p-orbitals
of adjacent bonding carbons.

Hyperconjugation effects explain differences in C—H bond dissociation energy in
alkanes.''® In a demonstration of this feature in ozonation, Paltenghi and coworkers
measured the rates constants of alkyl radicals reacting with Os at 298K shown in Table
2.1.%%6 The trends were similar to those observed for the reaction of organic reactions
with Oz, wherein the rate constant k increased with decreasing ionization potential (IP) of

the radical.

$ Heterolytic covalent bond cleavage, otherwise known as ionic fission, results into both electrons in a
bonding pair leaving with one molecule (or atom). For a hydrocarbon, a leaving pair creates a carbocation
that follows the stability pattern of carbon radicals (tertiary>secondary>primary). On the other hand, if the
hydrocarbon keeps both electrons the resultant carbanion will be destabilized by adjacent carbons
(tertiary<secondary<primary).

32



Table 2.1. Relative reactivity of alky radicals with Os gas by the rate constant k1. Data
modified from source.'2®

Radical ki (10°%2 cm3/molecule-s)
Methyl (CH3) 2.53+0.54

Ethyl (C2Hs) 25.3+5.80

Propyl (1-CsH7) 24.4+5.90

Propyl (2-C3sH7) 46.5£10.9

Tert-Butyl (t-CaHo) 545+11.4

The energy for a homolytic bond cleavage between a carbon atom and hydrogen
atom is, by definition, exactly equal to bond dissociation energy (BDE) and decreases if
the resulting radical species is more stable.?11°127 Hence, the BDE of a carbon—
hydrogen (C—H) bond is inversely related the to the number of carbons adjacent to the
C—H bond being broken. It is then unsurprising that the BDE of C—H bond in methane
is 440 kJ/mol, in a primary carbon it is 410 kJ/mol, in a secondary carbon it is 400
kJ/mol, and in a tertiary carbon it is 390 kJ/mol.*?® In other words, BDE can be
considered a measure of radical stability, and ease of oxidation.

This order of reactivity is relevant to chemical transformation of a petroleum
crude oil, which contains a mix of hydrocarbon structures reacting at different rates.
Since any factor that either helps to donate electron density to the half-filled orbital, or to
delocalize an unpaired electron will stabilize a radical intermediate and promote the

oxidation, some structures will be oxidized more readily than others. Carbon position
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(methyl < primary < secondary < tertiary) is one example. However, several other
factors are important to stabilizing free-radicals: e.g., an adjacent aromatic core, such as
benzene or adjacent atoms with lone-pair electrons, like nitrogen.

The relative importance of each kind of substituent (alkyl group, aromatic group,
lone pair) has been observed in the various types of Os attack on organic molecules.
While O3 behaves with a 1,3-dipolar addition to carbon—carbon double bonds, Os also
reacts as an electrophile and, in some cases, as a nucleophile. O3 can react with carbon
triple bonds (acetylenic compounds), aromatic rings, nucleophilic groups (like amines
and sulfides), carbon—nitrogen and carbon—sulfur double bonds, carbonyl groups,
carbon—hydrogen bonds, and organometals.*?® These reactions occur at different rates,
with some to the exclusion of others when more than one group is present in the system

at the same time. Figure 2.3 describes the general trends observed for the functional

groups.
.. .. — C=0 (C Hbond)
ccc > N »>» c=c > |
7 N H
> “C -N »» ~N=N > Benzene Ring > Alkanes
e

Figure 2.3 The order of reactivity of Oz gas for various organic groupings.'?

The great difference in reaction order indicates that ozonation, at least in non-
participating aprotic solvents, may proceed in series. Indeed, certain organic materials

are known to “shield” other organic substituents from a reaction with ozone. Cataldo and
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Ori experimented with buckminsterfullerene (C60) dissolved in CClsto determine
whether it could shield a dienic rubber (cis-1,4-polyisoprene, an olefinic polymer) from
oxidation.'?® Instead, the authors found the opposite: While fullerene alone began to
oxidize in Oz gas in 3 minutes, the presence of dissolved cis-1,4-polyisoprene acted as an
O3 scavenger and protected buckminsterfullerene for additional 40 minutes. Similarly,
Bailey notes that, while Os can react vigorously with alcohols, alcohol can still be used as
a solvent when it contains organic compounds that are more reactive toward 03.1° These
results suggest that Oz oxidations tend to happen in series, not in parallel, particularly

when the reactants are in excess.

2.4 Ozonation of the - Conjugated Ring

Detailed knowledge of the mechanism of the reactions of Os with aromatic
hydrocarbons is of great importance for a complete understanding of the chemistry of the
petroleum hydrocarbon oxidation because of their typical prevalence (~30-60 wt %) in
petroleum crude and their ease of oxidation relative to the other major group, the
saturates. A mechanistic understanding informs Os utilization and expected products.
The precise mechanism of the reaction of ozone and has been most studied with respect
to the benzene ring. This model is used here, although benzene is typically not present in

weathered crude oils.

2.4.1 Mechanism and Products of Benzene Ozonation
It became obvious early on that the aromatic compounds reacted much more
slowly than alkenes. Indeed, a phenyl substituted alkene would be attacked at the double
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bond only, even if the alkene were in ring conformation.'?® Confirmation comes from
Atkinson et al., who found the following rate constants for the reaction of Os
(cm®moleculess) with the following napthenoaromatics®: fluorene, <2x10°; indane,
<3x10% 9,10-dihydroanthracene, (9.0+2.0)x10-%°; and, indene, (1.7+0.5)x101%; reactions

were executed in tropospheric conditions, Figure 2.4.1%°

Figure 2.4 The reaction rates of Os trend as follows: a. fluorene < b. indane < c. 9,10
dyhyrdoanthracene << d. indene.

It is generally acknowledged that the Os attack on a benzene ring is like that of the
Criegee ozonolysis: The Os molecule attacks two adjacent (ortho) carbons in what is
described as a 1,3-dipolar cycloaddition. This nomenclature indicates that the terminal
(1,3) O atoms are oppositely charged and simultaneously attack a double bond forming a
primary ozonide with a 1,2,3 trioxolane conformation.3%131 However, the reaction is
slower than the alkene ozonolysis by 6 orders of magnitude.'32133 The thermodynamic
differences naturally recapitulate the preferential order of the kinetics, though not with
the same scale differences. Hendrickx and Vinckier found that the following theoretical
activation barriers for benzene, phenol, and ethylene, respectively: +15.8, +9.5, and +3.3,
kcal/mol, which agreed with experimental values. 139133 The theoretical differences in

exothermicity also corresponded to experimental values, though the differences between

 Napthenoaromatics include one or several condensed aromatic rings, fused with naphthenic rings and
chains.®
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hydrocarbon classes were smaller in magnitude: —18.9, —29.0, —52.5 kcal/mol, for
benzene, phenol, and ethylene, respectively.® Though reactions with an aromatic ring
are orders of magnitude slower than alkenes, the energy released from a delocalized
double bond in benzene is half as much as that released from normal alkene.

The activation energy of the first reaction (for the preferred -endo geometry) is
noted by Wen et al. to be close to 16.6. kcal/mol (very close to the 15.8 kcal/mol found
by Hendrickx and Vinckier).13%134 The initial release of energy from the first-step of the
reaction of benzene is thought to be 18.9 kcal/mol from Wen et al. and 21.8 kcal/mol
from Hendrickx and Vinckier.13%13 The formation of the primary ozonide (POZ)
intermediate is the rate-limiting step which cleaves the first C—C double bond to single
bond and disrupts the aromatic core. The two ortho carbons are bound to the 3 oxygen
atoms in a ring conformation exactly like the 1,2,3-trioxalane POZ in the ozonolysis of an
alkene. The two remaining C—C double bonds are no longer aromatic but olefinic,
though still probably linked in ring conformation.

The second Os molecule disrupts a n-bond, not a conjugated n-system. Therefore,
the reaction is predicted to be faster, more exothermic (-40 to -50 kcal/mol), and with a
negative activation energy of -5 kcal/mol, meaning that it has nearly no energy barrier.
The second addition of Os can proceed by several paths. The most thermodynamically
favored is the addition of a second Os molecule, which causes the 1,2,3-trioxalane bridge
of the first Os to collapse to a carbonyl oxide and a biradical (just like in a Criegee
mechanism) and open the ring of carbons into a chain conformation. Unlike the Criegee
ozonolysis of an alkene, the benzene reaction produces a carbonyl and biradical that are
linked by the remaining double bond, which is illustrated in Figure 2.5.
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Figure 2.5 Cleavage of the POZ intermediate on the addition of a second Oz molecule.!?

The final C—C double bond also is vulnerable to ozonolysis. Like the second
addition, the third addition has little energy barrier and is exothermic (-40 to -50
kcal/mol).*3* Also like the second addition, the third molecule O3 appears to cause the
bridge of the second Os to collapse. Unlike the second addition, however, the third
addition causes molecular cleavage, which releases several products, such as COzand
glyoxal, major non-peroxidic products. The remainder of the carbon chain, containing

carbonyl oxides, can form peroxidic depending on the reaction environment.

2.4.2 Substituent Effects on the 7-Conjugated Ring

The presence of substituent groups enhances the reaction rates of Oz with benzene
or its homologs. Figure 2.6 summarizes some of these findings normalized to the
ozonation of benzene in CCl4 at 25°C and clustered for polyaromatic hydrocarbons,
methyl-substituted benzene rings, and ethyl-substituted benzene rings. Compared to
benzene, phenanthrene and pyrene react over 1000 times faster. Similarly, methylated
benzene homologs show remarkable increases in reactivity. Compared to benzene,
toluene reacts 3 times faster; an additional methyl group to form xylene increases that
rate another 3- to 5-fold. The rate constant for mesitylene (3-methyl groups) is 70 times

greater than benzene, and for durene (4 methyl groups) 400 times greater.
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Substituents to the benzene ring increase the reaction rate considerably, but the
increase in rate constant appears to maximize and level-off at some point. In addition,
certain types of moieties create steric hindrance (as in hexaethylbenzene, not shown) and
slow the rate of oxidation. Nevertheless, the trends appear to indicate that larger, more
substituted aromatic rings and polyaromatic rings react more readily than less substituted
ones. In a complex hydrocarbon mixture like crude oil, reactivity is likely to vary over
many orders of magnitude. This feature is sometimes called “activation.” Electron-
donating groups enhance (i.c., “activate”) the rate of oxidation by O3, and electron-
withdrawing groups “deactivate” the ring to which they are attached. The principles
underpinning “activation” or “de-activation” of the aromatic core might be considered an

extension of the delocalization concepts discussed in Section 2.3.

2.4.3 O3 Attack on Benz-Fused Carbocyclics: Polyaromatic Hydrocarbons

The reaction on polyaromatic hydrocarbons, or benz-fused carboxylics, like
naphthalene and phenanthrene, are indeed activated by the adjacent aromatic cores. As
noted, the reaction rates for PAHSs can be orders of magnitude higher than that of benzene
because of the electron-donating effects of adjacent aromatic rings. On the other hand, a
primary ozonide that has decomposed on a fused aromatic ring does not usually open a
chain of olefinic bonds (naphthalene is the exception). The following discusses 2
homolog conformations, angular and linear, and their pattern of reactivity with Os.

Angular PAH homologs are shown in Figure 2.7.
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In Figure 2.7, the primary reacting bond is shown in red and is the bond of lowest
localization energy (LEb)Y. The unique placement of the LE, means that a 1,3-dipolar
cyclo-addition by Os at the LEs disrupts aromaticity for some, but not all, the carbons on
the reacting ring, as happens in benzene. Os attack on naphthalene (Figure 2.7a), for
example, disrupts the aromaticity of 4 of the 6 carbons on the reacting ring. The
remaining 2 carbon atoms on the breached aromatic ring are still bond to a conjugated n-
centers on the adjacent ring. For phenanthrene (Figure 2.7b) and chrysene (Figure 2.7¢),
only the 2 carbons directly involved at the reacting bond are affected; the remaining 4
carbons are still in a n-conjugated system on adjacent rings. The following section
discusses the 2-ringed naphthalene, 3-ringed phenanthrene, 4-ringed chrysene, and 5-

ringed picene in more detail.

(b)
(c)

(d)

U Defined as the n-binding energy required to attach a proton or a hydride ion to a given m-electronic
system.!3
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Figure 2.7 Angular PAHSs discussed include: (a) Naphthalene, (b) phenanthrene, (C)
chrysene, and (d) picene. Bond with lowest localization energy (LEb) noted in red.

Wibaut and coworkers found that naphthalene reacted much more readily than
benzene with two moles of Os, whereas a third mole of Os reacted much more slowly.*%
The reaction product was primarily phthalic acid (Figure 2.8). Rindone et al. also
ozonated naphthalene and found that the primary products were phthalic aldehyde, 2-
formyl benzoic acid, and phthalic anhydride. Each of the structures found by Wibaut and
Rindone shows that only one of the aromatic rings was cleaved by 2 moles of Oz, while
the other ring remained intact. As an analogy to benzene, the first mole of O3 attacks an
aromatic core activated by the adjacent core. This first addition also exposes a single
olefinic bond on the breached ring, making a second molar addition of Os to that ring
thermodynamically favorable and faster.!?® However, carbonyl groups from the cleavage
of the first core deactivate the addition of a third mole of Osto the unreacted aromatic

ring .120,136,137

Reacting Bond  HO.
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Figure 2.8 Oz reacts with naphthalene to produce phthalic acid in 48% yield.1?

Wibaut and coworkers also ozonated methylated naphthalene, finding the
activation of substituents groups for oxidation noted above.*® The products of
methylated naphthalene (2,3 and 1,4-dimethylnaphthalene) produced small yields of
glyoxal, methylglyoxal, biacetyl (in reducing conditions), and a major product of acetic
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acid (in oxidizing conditions). These results suggest that activating methyl groups,
particularly in oxidizing reaction conditions, cause a complete degradation of both
aromatic rings in naphthalene. As in the discussion for benzene, polymeric intermediate
may also be formed, but decompose on further reduction or oxidation. Though unstable,
the suggested structure of the polymer nearly always contains a repeating benzene

core. 1?0

Phenanthrene is considerably more reactive to O3 than naphthalene because the central
benzene ring is highly stabilized by two adjacent aromatic cores. Nevertheless, the
opening of the core aromatic ring does not expose C—C double bonds, as in benzene or
naphthalene. Instead, the ozonide and biradical intermediate degrade to a variety of
products depending on secondary work-up. In oxidizing conditions, like with additional
02/0O3, the cleavage produces diphenic acid in 50% yield, though as many as six other
products are possible (Figure 2.9).12013 Researchers have found the products of
ozonation of phenanthrene to be less biodegradable and more toxic.**® It also is clear that

the reaction product has not lost carbon atoms.

Reacting Bond (0
h I
(O~ —)

—C—O0H

0

Figure 2.9 Os reacts with phenanthrene to produce diphenic acid in 50% vyield.
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Chrysene has four aromatic cores and, like phenanthrene, easily absorbs 1 mole of
Os at the bond of lowest localization energy (5,6 position). The resulting primary
ozonide is peroxidic, which likely is polymeric in a non-participating solvent.!? In an
oxidizing environment, however, these primary products decompose to 2-(o-
carboxyphenyl)-1-naphthoic acid in 48% yield (Figure 2.10) according to Bailey.2%13
Luster-Teaseley et al. found also found this product as well as additional products 2-(2’-
formyl) phenyl-1 naphthaldehyde and 2-(2’formyl) phenyl-1-naphthoic acid, which were
more toxic than chrysene itself. In particular, 2-(2’-Formyl) phenyl-1-naphthaldehyde
inhibited in vitro gap-junctional intercellular communication (GJIC) and caused
irreversible damage that lead to cell death.'3® Each of the three reaction products listed
above retain 3 of the 4 aromatic cores on chrysene. The 2 carbon positions (the 5,6
carbons on chrysene) where the initial Os molecule attacked lead to some combination of

carbonyl and carboxylic acid, though there is not loss of carbon from the molecule.

Reacting Bond

Figure 2.10 Os reacts with chrysene to produce 2-(o-caroxyphenyl)-1-napththoic acid in
48% Yield.
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The 5-ringed picene molecule readily absorbs 2 moles of Oz gas, attacking the 5,6
and 7,8 positions, both which are bonds of lowest LE». Like chrysene and phenanthrene,
the primary products are peroxidic polymeric ozonides in a non-participating solvent,
which are oxidatively decomposed to a 35% yield of terphenyltetracarboxylic acid
anhydride (Figure 2.11). It is worth noting that the C—O—C bridge in the center
position represents the “anhydride,” which is formed by the loss of H20 from two —OH
groups of the central carboxylic acids. The loss of H20, and often H202 as well, is a
frequent decomposition products of work-up (both oxidative and reductive) of the

primary reaction products of O3 and PAHs.1%

é\|\ ¢

— C—OH
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Figure 2.11 O3 reacts with picene to produce terphenyltetracarboxylic acid anhydride
in 35% yield.

The reactions of PAHs are activated by fused aromatic rings and are, therefore,
considerably more reactive than the unsubstituted benzene ring. The positions of attack
are usually the bond of lowest localization energy; that is, the bond that can most

approximate double-bond character in the overall ring structure. For the angular PAHS,
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the attack on this position does not typically expose olefinic bonds, as in benzene. Hence,
although angular PAHs are more reactive, they also only absorb between 1 and 2 moles
Os. The overriding feature of the above reactions is the residue of some of the aromatic
rings, deactivated by adjacent electron withdrawing groups. Because of the residual
aromatic cores, additional ozonation can occur, although it is much slower and more
exhaustive.

The linearly fused PAHSs (sometimes called polyacenes), represent a different
combination of the straight-chain aromatics, which are also highly reactive.®® They
include naphthalene (2 rings) as well as anthracene (3-rings), tetracene" (4 rings),
pentacene (5 rings), hexacene (6 rings), and heptacene" (7 rings). Anthracene is more
reactive than naphthalene; it is easily oxidized in the middle ring to anthraquinone.
Tetracene, pentacene, and hexacene (6) also are readily photo-oxidized. Except for
anthracene, the polyacenes are not prevalent in crude oil. Nevertheless, the ozonation of
these compounds shows an entirely different kind of Oz attack on a fused aromatic
structure, the electrophilic substitution at atom of lowest localization energy (LEa). That

is, the most reactive site in these molecules is the innermost solo carbon atom.

v Tetracene is also known as naphthacene.'?
W 6 Heptacene is so unstable that it has never been obtained in a pure state.3®
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3 RESEARCH: OZONATION OF THREE DISTINCT CRUDE OILS FOR
TOXICOLOGY TESTING*

3.1 Introduction

Over the last 50 years, the exploration, extraction, transport, and storage of 70-
100 million barrels per day (mbd) of crude oil have resulted in stockpiles of contaminated
soil and water from continual small releases and vast catastrophic ones.>#3:5276.77 The
spilled oil, though susceptible to chemical, physical, and biological degradation, can still
leave residuals that persist for decades and present environmental hazards to native
ecology and human health.3848.78140 This widespread contamination has necessitated
research into petroleum fate and transport in environmental matrices, interaction with
microbial consortia, and standards for risk assessment,55.86140.141

Exposure to crude oil and weathered residuals of crude oil spills have been
extensively studied in plants and animals.>#7.72.74,91,140,142-147 Fayy studies, however, have
looked at the effect of multiple intact crude oils simultaneously. Many studies have
focused on the environmental releases of a single crude oil in an accidental release
scenario. For example, Cowell examined large oil spills in Pembrokeshire, Wales; de
Jong looked at crude oil contamination from a fractured pipeline in Saskatchewan,
Canada; Han et al. used samples from the Chennai oil spill in India; Venosa et al.
examined the Exxon Valdez oil spill in Alaska’s Prince William Sound; Klinger et al.

assessed the toxicity of the Deepwater Horizon disaster in the Gulf of Mexico; and

X This Chapter and the next will be incorporated into a manuscript.
47



Incardona et al. looked at Cosco Busan bunker oil spill in San Francisco Bay, etc.* 79148
150

Other scientists simply obtain oils from a single site or sources without being able
to control for background conditions: e.g., Chaineau and colleagues used oil obtained in
Marne, France; Besalatpour et al. obtained oil-contaminated soils from a field in Tehran,
Iran; Tang et al. used soil from Shengli Qilfield in Shandong Province of China; and Zhu
et al. used samples from a field of the Beijing Agriculture and Forest Science,
etc.’®144146.151 At times, diesel, gasoline, motor oil, lubricating oil, or even vegetable oil
were used to characterize the toxicity of hydrocarbon contaminants.1152-155 A study by
Ogboghodo et al. looked at two crude oils simultaneously, but they were closely related:
Forcados and Escravos were light crude oils received from Nigerian National Petroleum
Corporation (NNPC) in Warri, Nigeria.1%®

Crude oil differences can be vast, however. On the one hand, the elemental
composition is relatively simple: 83-87 wt% carbon and 10-14 wt% to hydrogen, and the
remaining 3-7 wt% from the heteroatoms nitrogen (0.1-0.2 wt%), sulfur (0.05-6.0 wt%),
and oxygen (0.05-2.0 wt%), with trace metals due mostly to vanadium (~1200 ppm) and
nickel (120ppm).”%*1 On the other hand, the vast bonding configurations of those simple
ingredients can create between 10,000 to 100,000 unique chemical constituents.® The
molecular differences of these constituents contribute greatly to differences in behavior in
the environment and the potential for toxic affect.

The lighter compounds components of crude oil have increased motility in the gas

phase through volatilization, aqueous phase via a higher partition coefficient in water,
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and sometimes even the solid phase through thermodynamic flexibility and adsorption to
native organic content.*>"-180 [ ighter (<C20) saturated compounds are not usually
implicated with serious ecological or human health risks and are highly susceptible to
aerobic and anaerobic biodegradation. Aromatic compounds, on the other hand, can
include some of the most notoriously toxic and carcinogenic compounds in our
environment. Benzene, for example, has no safe level of exposure according to the
American Petroleum Institute (AP1).1* While benzene is attenuated through
volatilization in weathered crude oil, fused benzene homologs are not. Most PAHSs are
mutagenic in cell experiments and carcinogenic to animals and humans.*** The large
molecular size and increase in heteroatom frequency of asphaltenes and resins leads to an
increase in polarity and van der Waals forces.*®® Both features allow these molecules to
resist volatilization, dissolution, and transport through the solid matrix, since they adsorb
much more readily to inorganic substrates such as the soil mineral backbone.?16% The
recalcitrance and immobility of resins and asphaltenes often mean they are discounted
from hazard assessments, though that view is changing.160162.163

The toxicity of these basic groups is mediated through exposure to weathering
conditions and, in some cases, can increase toxicity dramatically.41:4873.74.164165 Exposure
to sunlight, in particular, creates oxidized weathered petroleum products that show acute
toxic effect in a variety of ecological settings.*>4748.53.150.164.166 Eqr example, Maki et al.
found that photo irradiation increased oxygenation, decreased aromaticity, increased the
relative fraction of asphaltenes and resins, and increased dissolved organic carbon (DOC)

thereby increasing bioavailability of oil. The oxidized water-soluble fraction, however,
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showed acute toxicity to crustaceans.*® Barron et al. found that Alaskan North Slope
Crude oil (ANS) was phototoxic and that UV could be a causative factor in the mortality
of early life stages of herring.*® In a later study, Barron et al. find that phototoxicity can
create a 2- to 1000-fold increase in chemical toxicity to aquatic organisms.*’ Incardona
et al. found that Cosco Busan oil and UV co-exposure were necessary and sufficient to
induce an acutely lethal necrotic syndrome in hatching herring embryos.'%

Natural oxidative processes play a critical role in destroying petroleum
hydrocarbons and removing them from the biosphere.>® Owing to their efficacy, artificial
oxidation has been proposed as a means to accelerate environmental remediation of crude
oil spills. Advanced oxidation processes (AOPs) for removing weathered crude oil, and
indeed many types of hydrocarbon contamination, are an important environmental tool.
AOPs include Fenton oxidation, photocatalysis, plasma oxidation, and ozonation.® Yet,
direct evidence is minimal about changes to toxicity when crude oil residuals are
transformed into oxidized products in a remediation setting. Research demonstrating
these technologies with reference only to decreased TPH or PAH levels neglects the fact
that, outside the specific case of complete mineralization, the oxidation of petrogenic
compounds will create a new set of residuals—carboxylic acids, ketones, and esters—
which, though not technically classified as “PAH” or “TPH”, persist in the environment.
While it is true that oxidization byproducts will have increased solubility and
biodegradability, it is also the case that these compounds will have new routes of

environmental exposure for toxic affect.
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While ozone (Os) gas has been proposed as an effective oxidant to accelerate the
bioremediation of petroleum hydrocarbons, of urgent need is assessing the toxicity of the
oxidized residuals in a terrestrial setting, in which O3 gas would be deployed. This
assessment must (1) control background soil condition, (2) assess the effect of different
types of crude (both untreated and Os-treated), and (3) determine the effect of increasing
Os dose. This chapter serves as a foundation for the following two chapters, which assess
terrestrial toxicity of ozonated crude oil in three plant species. In this chapter, | create
synthetically contaminated soils using three distinct crude oils: ANS (API gravity 29-
32), ARAB (API gravity 30-32), and SJV (API gravity 13-15). | evaluate how each soil
responds to ozonation at three doses by evaluating the loss of TPH, the gain of DOC, and
pH change. The use of a standard background controls for the potential effects of the
mineral background, the simultaneous comparison of three crude oils allows me to
examine whether ozonation can create important differences in amount and carbon
number of oxidized products, and the dosing sequence allows me to observe whether the

degree of ozonation can affect toxicity as examined in later chapters.

3.2 Laboratory Methods
3.2.1 Test Soil (TS) Classification

The base Test Soil (TS) used in all experiments was locally sourced topsoil (All
Star Materials, Guadalupe, AZ) that was free of organics that would interfere with the
quantitation of hydrocarbons or their oxidized byproducts (<2%). Before use, the soil

was sieved through a No. 10 mesh to remove material that larger than 2 mm in diameter.
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After sieving, particle-size distribution was determined using ASTM Method D422-63
“Standard Test Method for Particle-Size Analysis of Soils” (Appendix A).1¢" Liquid
limit (LL) and plastic limits (PL) were determined using ASTM Method D4318-10
“Standard Test Methods for Liquid Limit, Plastic Limit, and Plasticity Index of Soils”
(Appendix A).1%8 The particle-size analysis, LL, and PL were used to determine the soil
classification using ASTM Method D2487 — 11 “Standard Practice for Classification of
Soils for Engineering Purposes (Unified Soil Classification System) (Appendix A).”16°
Soil conductivity and organic matter content by the loss-on-ignition method
(360°C) were determined at the University of Connecticut Soil Nutrient Analysis
Laboratory (Storrs, CT).17%171 Conductivity was 1.73 + 0.2 dS/mm and organic matter
was 0.5 + 0.05% w/w. The pH, before and after ozonation, was measured in 1:2 (w/w)
soil/water mixture with a Thermo Scientific Orion 2 Star pH probe (Thermo Fisher

Scientific Inc.).

3.2.2 ICP-MS for Total Metals

Total metal content was tested at ASU facilities using a Thermo Scientific
Quadrupole Inductively Coupled Plasma — Mass Spectrometer (ICP-MS). Soils
preparation for ICP-MS followed EPA method 3051a.17% Briefly, soils for analysis were
air-dried, ground with a mortar and pestle, and weighed to a sample size of approximately
0.1 grams. The soil sample was then added to a clean Teflon microwave tube; to this, 9
mL of concentrated nitric acid, 1 mL of concentrated hydrochloric acid, and 1 mL of

concentrated hydrofluoric acid were added. The Teflon sample tubes were microwave
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heated for 1 hour and 30 minutes in a heat sequence to 150°C to aid in the digestion of all
organic material. The samples were then cooled for 30 minutes. Samples were digested
for over 72 hours in a chemical hood. After digestion, samples were moved to clean
heat-resistant polypropylene tubes. The samples were heated on a hotplate to 240°C in a
chemical hood to evaporate HF and other acids for approximately 4 hours. The samples
were then re-suspended in nitric acid and run on ICP-MS for the following metal

elements: iron, manganese, copper, chromium, zinc, and nickel.

3.2.3 Crude Oil Analyses

Chevron Energy Technology Company (ETC) (Richmond, CA) provided three
distinct crude oils coded ANS (API gravity 29-32), ARAB (API gravity 30-32), and SJV
(API gravity 13-15); they are categorized as medium, medium, and heavy crude oil,
respectively. Crude-oil samples were sent to Eurofins Lancaster Laboratories
Environmental (Lancaster, PA) for analysis of total petroleum hydrocarbon (TPH) using
MA DEP EPH and polyaromatic hydrocarbons (PAHSs) using EPA Method SW-846
8270C.173174 From these analyses, | determined gasoline-range (GRO, C5-C12), diesel-
range (DRO, C12-C22), and oil-range (ORO, C22-C40) organics, as well as aliphatic and

aromatic fractions.

3.2.4 Preparation of Test Soil with Crude Oil (TSC)
| created three batches of Test Soil with Crude (TSC) by mixing ANS, ARAB, or

SJV into the TS. In a fume hood, a 15-kg batch of TS (initial moisture <1-2% w/w) was
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spiked with a crude oil at 10% w/w. The mixture was vigorously mixed by hand with a
trowel until an even consistency was achieved and transferred to clean heat-resistant (up
to 60°C) to 57-L polypropylene containers. The containers were placed on a heated
platform to raise the soil temperature to ~40-50°C and kept at this temperature for up to 1
week with intermittent trowel mixing to allow off-gassing of volatile components. Then,
the soils were lightly sprayed with water and mixed every 2-3 days for a period of 4-6
weeks to stimulate the natural attenuation of the most biodegradable and volatile
compounds. The soils for testing are identified as TSC-ANS, TSC-ARAB, or TSC-SJV
according to the crude with which they were contaminated. After contamination and
artificial weathering, soil was analyzed for TPH.
3.2.5 Moisture Determination

Moisture content was determined before ozonation, to bring samples up to 10 wt%
moisture, and after ozonation to make TPH and DOC determination normal to dry mass
of soil. Each measurement was an average of 3 independent samples taken from the
homogenized soil and weighting exactly 2.00 g each (Soil Massy,.; (g)). The soil
samples were then dried in an oven (105°C) until constant weight was achieved

(Soil Massp,, (9)). The moisture content (moisture %, w/w) of a soil was determined by

difference:

Soil Massye¢—Soil Massp,y

Moisture % (w/w) = x 100 Equation 3.1

Final Massyyet

Untreated TSC had a native moisture content of <2% w/w. | increased the soil

moisture % to ~10% w/w moisture (confirmed by measurement) to simulate field
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conditions for ozonation experiments. After ozonation, moisture % (w/w) was measured
determined again.
3.2.6 Preparation of Test Soil with Ozonated Crude Oil (TSOC)

TSC, at a mass of 600-g and 10% w/w moisture, was loaded into the main
chamber of the reaction vessel, which was gently tapped to allow the soil to settle to a
height of 45 cm. The final volume of the soil was approximately 500 cm?, giving
estimated density of 1.2 g/cm? and pore space of 0.50 based on soil classification. For
the 60- and 240-min doses, | interrupted the ozone gas flow every 30 min, removed the
soil from the chamber, mixed the soil thoroughly, and returned the soil to the chamber;
this method prevented uneven treatment from gas-channeling.®* A 600-g batch of one of
the crude-oil contaminated soils (TSC-ANS, TSC-ARAB, or TSC-SJV) was ozonated at
one of three ozone-doses (5 g, 10 g, and 40 g), which corresponded to treatment times of
30, 60, and 240 min at 5 L/min flow rate. A portion of each of the TSC soils were
reserved as the no-ozone control.

The ozonation apparatus is shown in Figure 3.1. Briefly, O3 was generated with
an Ozonia (Trevose, PA) Triogen LAB2B laboratory ozone generator. The feed gas was
ultra-high purity (UHP) oxygen delivered at 5 L/min via a dual-stage pressure regulator.
At the maximum power setting and at 5 L/min feed-gas flow rate, the production
concentration was 17,000 ppmv Os, giving a mass output of approximately 10 g Os/h.
The Os-bearing gas (1.70% O3z, 98.30% O2 by volume) was directed through a 500-mL
gas-washing bottle to add humidity and then connected to the antechamber of the reaction

vessel via the ¥4” threaded glass inlet. A 10-min stabilization period was allowed for the

55



ozone generator before it was connected to the apparatus. After this, the influent ozone
was connected to the washing-bottle, which was connected into the antechamber of the
reaction vessel. The Os gas advected through the course frit diffusion plate in up-flow
mode into the chamber containing the soil. Effluent gas was released out of the top of the
chamber by the other '4” hose connection and directed into desiccation vessel to remove
water vapor. The gas leaving the desiccation chamber was directed into a Model 465M
Ozone Monitor (Teledyne Advanced Pollution Instrumentation, San Diego, CA). The

concentration of Os in the effluent was measured every 5 minutes during treatment.

Figure 3.1. Schematic of the experimental set up for soil ozonation directed gas as
follows: (A) ultra-high purity (UHP) compressed tank provided O2 to a (B) dual stage
pressure regulator, then to a (C) flowmeter, (D) Ozonia Triogen LAB2B laboratory O3
generator for low and medium loading experiments, or Ozonia Model CFS-1 2G Os
generator for high loading experiments, (E) gas-washing bottle containing 500mL of
18MQ water for humidification, the (F) %4”-influent connection to reaction vessel
antechamber, the (G) Y”-effluent connection, and (H) Model 465M Ozone Monitor.
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3.2.7 Extraction and Quantitation for TPH

Extraction and quantitation of TPH closely followed the methods of Chen et al.®3
Triplicate independent measurements of 2-g soil samples were performed. Each
independent measurement was placed in a 40-mL VOA glass vial (Scientific Specialty
Services, Hanover, MD), vigorously mixed with 12 g of sodium sulfate, and then
transferred to a clean cellulose extraction thimble (Advantec, Ottawa, IL) supported in a
54 mm x 130 mm glass extraction beaker (Gerhardt, Kénigswinter, Germany). To the
glass extraction beaker, | added 130 mL of reagent-grade dichloromethane in a chemical
fume hood. The beaker was placed in a Gerhardt automated Soxhlet extraction
mechanism (Soxhlet Basic Unit 2-place; Gerhardt, Kénigswinter, Germany) for 2 cycles.
The final extract (<30 mL) was concentrated under a stream of ultra-high purity (UHP)
N2 gas to <2 mL and transferred to a Target® 2-mL clear glass GC vial. The volume was
then brought back up to exactly 2 mL using clean DCM. The 2-mL extract was measured
for TPH by Gas Chromatography-Flame lonization Detection (GC-FID) according to the
methods established by the Method for the Determination of Extractable Petroleum
Hydrocarbons (EPH) as established by the Massachusetts Department of Environmental
Protection (referred to as the MA EPH Method).17#

The resulting GC-FID chromatogram demonstrated the classic unresolved complex
matrix (UCM) containing aliphatic and aromatic hydrocarbons in approximately the
range C9-C40. The instrument’s output (area) was converted to concentration using a
calibration factor (CF) specific for each compound. For the hydrocarbons, CF differed

slightly with carbon content, differences of 5-10% across the carbon range. | chose 15
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representative hydrocarbon carbons from C9-C40 to determine the CF for any given
carbon range using a standard mix (System Performance Standard of n-alkanes (50
Hg/mL) in Hexane, provided by AccuStandard® (New Haven, CT)). The areas of the 15
individual segments (C9, C10-C12, C13-C14, C15-C16, C17-C18, C19-C20, C21-C22,
C23-C24, C25-C26, C27-C28, C29-C30, C31-C32, C33-C34, C35-C40) was converted
into a raw concentration using the CF of the respective aliphatic hydrocarbon for each
subgroup. The relationship of the calibration factor, response area, and concentration of a

compound is:
Raw Concentration cqrpon subarou (ﬂ):
g P \mL
Area Under the Curve carpon Subgroup(dimensionless)

- Equation 3.2

, , u
Calibration Factorrepresentative Hydrocarbon(m)

The raw concentration was converted to a final concentration for each section using
the soil moisture content, sample soil mass (g), and final DCM volume (mL). The

calibration procedure allowed me to customize the computed carbon range from Ca to Ce:

Total Petoleum Hydrocarbong,_c, (%g or p'pm) =

. ug i
Cp [Raw Concentratlon(;a_cb (—)xFlnal Volume DCM(mL)]

e [ mL Equation 3.3

Soil mass (g)—(Soil Mass(g)xMoisture Fraction)]

TPH is reported as the average mass (g) of TPH extractable carbon per mass of dry soil
(kg), or g/kgary soit. For total TPH, the carbon range is C9-C40.
3.2.8 Extraction and Quantitation for DOC

Extraction and quantitation of dissolved organic carbon (DOC) followed the methods
of Chen et al.®% Triplicate independent measurements of 2-g soil samples were

performed. Each 2-g soil sample was retrieved from a batch of well-mixed control or
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ozonated soil and placed in a 15-mL centrifuge tube containing exactly 10 mL of 0.5 M
K2SO4 aqueous solution. The so0il-K2SO4 slurry was vortexed for 45 min at 2000 rpm
and centrifuged for 5 min at 10,000 rpm. | withdraw supernatant and filtered exactly 2
mL through a 25-mm acrylic syringe filter with a 0.2-puM pore-size cellulose acetate
membrane (VWR™, Radnor, PA) into a 40-mL glass VOA vial (Scientific Specialty
Services, Hanover, MD) containing exactly 28 mL of water acidified with H2SOa4 to pH
2-3. The final volume of the analyte was 30 mL. The diluted and acidified extract was
analyzed for DOC using a Shimadzu TOC analyzer (Shimadzu, Kyoto, Japan). The raw
DOC concentration was adjusted for blanks, total sample volume, extract fraction, and
soil dry mass of soil as shown in Equation 3.4. Soil DOC is reported as the average mass

(g) of water-soluble carbon (C) per mass of dry soil (kg), or g/kgary soil.

Dissolved Organic Carbon (%)

_ [Raw DOC(%)—BlankAvemge (%)]XO.MOL analyte

Equation 3.4

%supernatantxDry Soil Mass (g)

For comparisons of TPH reduction and DOC production, g TPH was converted to g C
by multiplying by 85% (according to the mass percentage of carbon in petroleum

hydrocarbons). 8

3.3 Results and Discussion
3.3.1 Test Soil (TS) Classification
The particle-size distribution of the sieved soil (Appendix A) revealed that the TS

was primarily sand (71.2%) and silt/clay (28.6%). Data from the particle size
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distribution, along with LL and PL data (Appendix A), were used to classify the TS as a
silty-clayey sand (SC-SM), or a “course-grained soil with fines according to Unified Soil

Classification System” (Appendix A)™

3.3.2 ICP-MS for Total Metals
Total metals analysis by ICP-MS showed Table 3.1. Values for a typical topsoil
are shown in parentheses.

Table 3.1 Metal elements in a standard soil (San Joaquin), test soil (TS)

Metal (Typical Quantity) Test Soil Content (ppm)
Chromium (100 PPM) 17.2

Manganese (600 PPM) 251.0

Iron (38000 PPM) 13138.4

Nickel (50 PPM) 11.0

Copper (30 PPM) 16.5

Zinc (50 PPM) 33.4

3.3.3 Crude Oil Analyses

The TPH profiles across the carbon range of the raw crude oils are shown in
Figure 3.2. The total TPH values for ANS, ARAB, and SJV oils were 510,000 ppm,
440,000 ppm, 520,000 ppm, respectively. ANS and ARAB were comparatively enriched
in the C12 to C26 carbon range. On the other hand, the SJV’s carbon range was more
uniform, with closer agreement between the carbons from C12 to C36, although the

lighter end was slightly higher.
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TPH Profiles of Raw ANS, ARAB, and SJV Crude QOils
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Figure 3.2 TPH (C8-C38) profiles of raw crude oils ANS, ARAB, and SJV before any
treatment.

The analyses included gasoline range organics (GRO, C5-C12), diesel range
organics (DRO, C12-C22), and oil-range organics (ORO, C22-C40). Those results are
shown in Figure 3.3. Although the GRO range was considerably different for SJV, the
weathering process likely volatilized the lighter end, and the oil compositions among
ANS, ARAB, and SJV were similar in the testing phase. Finally, the analyses
distinguished between aliphatic and aromatic hydrocarbons from C10 to C25. Those
results, in Figure 3.4, show general agreement of those proportions among the three crude

oils.
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Figure 3.3. Relative abundance of GRO (C5-C12), DRO (C12-C22), and ORO (C22-
C40) for crude oils ANS (API gravity 29-32), ARAB (API gravity 30-32), and SJV (API
gravity 13-15).

Relative Abundance of Aliphatics and Aromatic
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Figure 3.4. Relative abundances of aliphatic and aromatic hydrocarbons (C10-C35) for
crude oils ANS (API gravity 29-32), ARAB (API gravity 30-32), and SJV (API gravity
13-15).

After addition to soil (10% wi/w) and artificial weathering, petroleum
hydrocarbons C6-C36 were extracted and measured as mg TPH per kg dry soil. These
concentrations were 33,400£2,440 ppm (7% CV), 45,400+2,280 ppm (5% CV), and
38,100£1,990 ppm (CV 5%) for ANS, ARAB, and SJV contaminated soil, respectively.
The results in Figure 3.5 indicate that, as expected, the C9 hydrocarbons (and presumably

lighter hydrocarbons) were volatilized. The C10-C12 range also was reduced
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substantially for TSC-ARAB and TSC-SJV soils. TSC-ANS soil had a higher relative
decrease of C12-C26 hydrocarbons compared to TSC-ARAB and TSC-SJV. The latter
soil was relatively unchanged for carbons >C12. For comparisons of raw and weathered

crude oil normalized to total TPH see Figure D, APPENDIX .

TPH Profiles of Weathered ANS, ARAB, and SJV Crude

Oils
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Figure 3.5 TPH (C9-C36) profiles of weathered crude oils ANS, ARAB, and SJV before
ozonation, but after addition to soil

3.3.4 Effluent O3

Effluent O3 was measured every five minutes for each of three contaminated
s0ils—TSC-ANS, TSC-ARAB, TSC-SJV—at each of the three ozone doses (5 g, 10 g,
and 40 g). No Os was detected (<0.1%) in the effluent in the first 30 minutes for each of
the three contaminated soils. From 0 to 60 minutes, TSC-ANS and -ARAB still showed

negligible Os breakthrough, while TSC-SJV showed a total discharge of 1-2% of applied
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Os. When O3 application was extended to 240 minutes (i.e., a 40-g dose), the
concentration of Os in the effluent continued to rise for TCS-SJV and became detectable
for TSC-ANS and -ARAB. The results for this high dose are shown in Figure 3.6. Each
line represents an average of the triplicate experiments for each crude. Dips in effluent
O3 occurred at 30-min intervals, when treatment was paused to mix soil. Integrated over
time, the losses of Os in the effluent account for <1% for TSC-ARAB and TSC-ANS.
The losses for TSC-SJV, on the other hand, amounted to a loss of 7% of the total dose O3
administered. In other words, at the highest dose for SJV contaminated soil, 3 g of O3
were lost in the effluent for a total absorbed dose of 37 g Os. A summary of doses and

discharges in the effluent are shown in Table 3.2.

EFFLUENT LOSSES =SV ——#rab ——ans

18%

13%

8%

3%

EFFLUENT LOSSES (AS % OF INFLUENT)

29% 0 30 60 90 120 150 180 210 240
TIME (MIN)

Figure 3.6. Effluent losses of O3z over time for the 240-min (40-g dose) group. Lines
represent the average of triplicate experiments.

Table 3.2. Summary of ozone losses as effluent over time. The most meaningful loss of
ozone gas as effluent occurred in the during the 240min ozonation of SJV contaminated
soil. Values represent the average of triplicate experiments.
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Dose (min) Ozone Dose (g)  ANS Arab SV

30 5 n/a n/a n/a
60 10 n/a n/a <1%
240 40 <1% <1% 7.30%

3.3.5 Quantitation of TPH Removal (C9-C36)
The TPH levels of untreated soil (control) and soils treated at 5 g, 10 g, and 40 g

Os for ANS, Arab, and SJV contaminated soils are summarized in Figure 3.7.

Summary of TPH Decreases with O5 (PPM)
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Figure 3.7 Summary TPH removal (C9-C36) for ANS, Arab, and SJV crude oil: control
(light green), 5 g Os (light blue), 10 g O3 (yellow), and 40 g Os (dark green). *Soil
contaminated with SJV at the highest dose level absorbed only 37g of Os, with 3 g Os lost
in the effluent.

The measurable TPH from C9-C36 is shown in Figure 3.8 for (a) TSC-ANS, (b) TSC-

ARAB, and (c) TSC-SJV. TSC-ARAB tended to have even removals across the carbon
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range, but TSC-ANS and TSC-SJV showed a slight tapering at the lighter and heavier

ends, with the bulk of treatment happening from C13-C30.
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Figure 3.8 (a-c) TPH decreases across the carbon range (C9-C36) for (a) ANS, (b)
ARAB, and (c) SJV crude oil: control (light green), 5 g Os (light blue), 10 g Os (yellow),
and 40 g Os (dark green).
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Table 3.3 summarizes important average values for the 9 experimental conditions
(all runin triplicate). The control values for the mass of quantifiable TPH for the 600 g
soil experiments are listed in the first row, followed by soil loading (g Os/kg Soil/h) and
TPH loading (g Os/g Initial TPH/h). TPH removal, TPH removal rate, and Os utilized
per mass of TPH removed are also listed. Os utilization per mass of TPH removed
represents the lowest value of g Os applied/g TPH removed, which I call the “O3
utilization ratio.”
Table 3.3. Summary of TPH removal results from 600 g of soil using 5 g, 10 g, or 40g

Os for 3 distinct crude contaminated soils. Data are average of 9 measurements; boldface
is peak Os utilization.

Group Units ANS ARAB SV
Soil Loading | g Ozone/g Soil/h 0.017 0.017 0.017
TPH Loading | g Ozone/g TPH/h 0.55 0.41 0.49
Control TPH | g TPH (C9-C40) 18 25 21

5 g Ozone g TPH removed 0.2 (1%) 1 (4%) 0.5 (2%)
1 0g Ozone 2 (11%) 2 (8%) 2 (9%)
40 g Ozone 5 (27%) 6 (23%) 5 (23%)
5 g Ozone g TPH removed/h 04 2.0 0.9

10 g Ozone 2.0 2.1 1.8

40 g Ozone 1.2 1.4 1.2

5 g Ozone g Ozone/g TPH removed 25.7 5.0 10.9

10 g Ozone 4.9 4.8 5.6

40 g Ozone 8.3 7.1 7.9

“The Os utilization (g Os/g TPH removed) for the 40g dose of the SJV group is adjusted
for the 7.3% loss of Os as effluent.

The masses of measurable TPH (C9-C40) before treatment with Os were 18 g, 25
g, and 21 g for ANS-, ARAB-, and SJV-contaminated soils (600-g batch), respectively.
O3 gas was administered at 17 g Os/kg Soil/h, while loading rate normalized to mass of
TPH depended on the differences in initial TPH. Removal rates varied from a minimum

of 0.40 g TPH removed/h (TSOC-ANS 5g Os) to a maximum of 2.1 g TPH removed/h
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(TSOC-ANS 10g O3 and TSOC-ARAB 10g Os). The Os utilization ratio is highlighted
in boldface in Table 3.3, and the minimum values occurred for the 10 g dose for all three
crude oils (4.8 — 5.6 g Os/g TPH removed), with TCS-ARAB having the lowest ratio of
Os needed for TPH removed. The largest ratios occurred for the smallest dose (ozonation
for 30 minutes), which indicates that the TPH-oxidation process was delayed. The
highest Os doses (240-minutes of ozonation) also had increased ratios, which suggests

that the most readily oxidizable TPH may have been consumed in the first 60 minutes.

3.3.6 Quantitation of DOC

The DOC levels of untreated soil (control) and soils treated at 5 g, 10 g, and 40 g
Os for ANS-, ARAB-, and SJV-contaminated soils are summarized in Figure 3.9. Table
3.4 summarizes key findings for DOC production (given in g-C) during ozonation. The
measurements of DOC before ozonation, noted in the first row, were 0.14 g, 0.09 g, and
0.15 g for ANS-, ARAB-, and SJV-contaminated soils, respectively. The DOC level of
background soil only (TS, no crude), measured before and after a 4-h ozonation, were
below the detection limit. The production rates of DOC varied from a minimum of 0.2 g
DOC produced/h to a maximum of 2.0 g DOC produced/h. Like TPH reduction, DOC
production rates plateaued. However, the lowest utilization ratio of O3 consumed per
DOC produced (i.e., the most efficient ratio) was with the 5-g Os dose, different than the

minimum at a 10-g dose for Os consumer per TPH removed.
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Figure 3.9 The DOC concentration of soils contaminated with either ANS, Arab, and SJV
crude before (Control, No O3) and after treatment with O3 gas at either a 5-g, 10-g, or 40-
g dose.

Table 3.4 Summary of DOC production results from 600g of soil using 5 g, 10 g, or40 g
Os for 3 distinct crude contaminated soils. Data are average of 9 measurements; boldface
is peak Os utilization.

Units ANS Arab SV
Soil Loading | g Ozone/g Soil/h 0.017 0.017 0.017
Initial DOC | g Initial DOC 0.12 0.08 0.13
5 g Ozone g DOC Produced 0.8 (640%) 1.0 (1300%) 0.9 (700%)
10 g Ozone | (%) 1.3(1100%) 1.4 (1800%) 1.5 (1100%)
40 g Ozone 2.9 (2300%) 4.1 (5200%) 3.3 (2500%)
5 g Ozone g DOC Produced/nh 1.6 2.0 1.9
10 g Ozone 1.3 1.3 1.3
40 g Ozone 0.2 0.2 0.2
5 g Ozone g Ozone/g DOC 6.3 5.0 5.4
10 g Ozone | Produced 7.7 6.9 6.6
40 g Ozone 13.8 9.9 11.5
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3.3.7 Comparison TPH Reduction to DOC Production

Figure 3.10 directly compares the production of DOC (in g C) to the loss TPH (in
g C).Y The ratio of DOC loss to TPH gain (in g DOC/g TPH-C) for ANS, ARAB, and
SJV were, respectively: 4.8, 1.2, and 2.4 at the 5-g O3 dose; 0.7, 0.8, and 1.0 at the 10-g
dose; and 0.7, 0.8, and 0.8 at the 40-g dose. At a 5-g Os dose, all ratios are > 1 for all
three crude oils, reinforcing that a small amount of oxidation was needed to make the
partially oxidized TPH soluble.®* The ratio of DOC gain/TPH loss was < 1 g DOC/g

TPH-C at the 10-g and 40-g doses.

7 DOC Gain/TPH Loss
5

+DOC (gC) 3 ' I
— 1 m m B i
-TPH(gC) -1 T F T F T -

3
5
) 59 109g40¢g 59 109 40g 59 109g40g¢g
ANS Arab SV
= (+) DOC (g C) 0.9 14 32 11 16 45 10 1.7 37
= (-) TPH (g C) 02 -19 -46 09 -20 -53  -0.4 -1.7 -45
Ratio (9 DOC Lostlg o 5 7 7 12 08 08 24 10 08

TPHc Gain)

Figure 3.10 Comparison of the total mass of DOC produced and TPH lost in 600-g
batches of soil. TPH has been normalized to it g C for direct comparison to DOC.

Y | assume that carbon comprises 85% of all TPH measured.®
71



3.3.8 Residual Material for Toxicity Testing

Much of the TPH reductions can be accounted for in the DOC gains. Hence,
depending on Os dose, between 1% and 27% of the measurable TPH and other organic
material was not mineralized, but was transformed into a new organic material. The
ozonation of TPH, therefore, leaves two types of residuals: (1) un-oxidized TPH and (2)
DOC (the transformed TPH). Figure 3.11 recapitulates the amount of residual (i.e.,
remaining) material in the soil. The clear trend is a net loss of carbon among all crude
oils, suggesting some degree of mineralization. The important result is that soils
submitted for toxicity testing will have considerable amounts of carbon from remaining
TPH and carbon from DOC production. The toxicity of those combinations will be tested

against crude oil alone and background soil for three plant species in Chapter 4.

25.0 Residual Material for Toxicity Testing

_ .
150 i
0.0
5g OZdige O20ge0zone 59 OZdite O40geOzone 5g OZdige O406geOzone

ANS (API1 29-32) Arab (AP130-32)  SJV (API 13-15)
mgCTPH mgCDOC

g C TPH/DOC in Remaining Soil
o
o

Figure 3.11 The combined concentration of TPH (C9-C40) and DOC in control and
ozonated soils. TPH has been normalized to g C for comparison to DOC.
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3.3.9 Soil pH, Moisture, and Salinity

The pH of background soil was 7.8 £ 0.25. Treatment with O3 gas created
oxidized residuals, many of which are known to be carboxylic acids.8+1?° Thus, the pH
of ozonated soil decreased. Table 3.5 shows the pH of crude oil contaminated soil (TSC)
and those treated with Os gas at the 5-g, 10-g, and 40pg dose levels (TSOC-5g Ozone,
TSCOC-10g Ozone, TSCOC-40g Ozone). The addition of crude oil only (TSC) only
slightly lowered pH for all the soils (7.42+0.33). Os gas, on the other, hand lowered pH
in soils, often significantly. The 5-g dose of O3 lowered the pH to 7.14+0.15, on average,
while the 10-g dose yielded 7.02+0.16. The 40-g dose of Os created substantially more
acidic conditions, with an average pH of 6.07£0.15. The SJV crude oil appeared
somewhat less acidified than either the ANS or the ARAB crude oil.

Table 3.5 Soil pH for crude only contaminated soil (TSC) and crude 0il+O3 soils (TSOC)
at three different dosages among 3 crude oils.

SV ANS ARAB Average St dev.
TSC 1 7.23 7.15 7.69 7.42 0.33
TSCOC-5g Ozone | 7.06 7.02 7.26 7.14 0.15
TSCOC-10g Ozone | 6.93 6.94 7.10 7.02 0.16
TSCOC-40g Ozone | 6.28 6.15 5.98 6.07 0.15

3.4 Conclusions

This chapter describes the creation and characterization of weathered soils that had
been contaminated with three unique crude oil and then dosed with O3z gas at three levels.
The data presented in this chapter do not show great differences in total quantity of
oxidized material produced. Furthermore, they do not address whether or not the soils’

toxic potentials were affected by the crude oil, the ozone dose, the amount of oxidized
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material (reported here as DOC), or some combination. I ask in ensuing chapters whether
I can detect and quantify the toxicity of oxidized crude oil, whether I can separate that
toxicity from that of crude oil alone, whether differences exist for the different crude oils,
and whether Oz dose level change the quantity of oxidized material and the toxic
potential of that material. | do this using the techniques of logistic regression in Chapter

4 and Chapter 5.
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4 RESEARCH: LETTUCE, GRASS, AND RADISH GERMINATION BY

SIMPLE LOGISTIC REGRESSION?
4.1 Introduction

Much of the research on weathered petroleum toxicity has followed catastrophic

releases, such as the Exxon Valdez or Deepwater Horizon,394%149.165176 Ejsh are the most
frequent target organisms in these studies because fish populations are key economic and
ecological indicators of harm when crude oil is released into a marine
environment. 4114214716517 Apyndant evidence indicates that exposures to PAHs and
petrogenic mixtures alters normal fish development in multiple mechanisms of toxic
action, including severe disruptions in cardiac development and, hence, circulatory
function that lead to bradycardia, arrythmia and the interdependent responses of
pericardial edema, yolk-sac edema, and mortality.142147.149.176.178 Terrestrial examination
of crude-oil toxicity is less common, but has focused on the response characteristics of
plants like lettuce (Lactuca sativa), millet (Panicum miliaceum), radish species
(Raphanus), red clover (Trifolium pratense), wheat (Triticum aestivum), corn (Zea mays),
soybean (Glycine max), and sunflower (Helianthus), as well as animal models like the
earthworm (Eisenia fetidia).%146:151.153.156,179 | ettyce is especially important because it is
sensitive to crude oil and is, therefore, used as an indicator species.®> TPH pollution in
the soil has been shown to inhibit seedling emergence, root/shoot biomass, and
chlorophyll content. Yields of cereal crops also have been shown to decrease

considerably in the presence of crude oil in oil (>0.2 wt%)."”®

Z This chapter will be combined with the previous chapter into a manuscript for publication.
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Oxidation by UV radiation of petrogenic compounds is an important component
of natural attenuation of spilled crude oil. Such processes promote oxygenation of the
compounds, which can break open otherwise stable ring conformations of saturated and
unsaturated ring structures.841%0.180 As Maki and colleagues have shown, oxidation of
biodegraded crude oil by sunlight irradiation decreased the aromatic fraction, with a
concomitant increase in asphaltenes and resins, along with an increase in dissolved
organic carbon (DOC).*> The biodegradability of the oil increased with oxygenation.
Nevertheless, the chemically transformed water-soluble fraction showed acute toxicity
against crustaceans. Similarly, Barron et al. demonstrated photo-enhanced toxicity of
weathered Alaska North Slope crude oil (ANS) against the eggs and larvae of Pacific
herring (Clupea pallasi), as did Incardona et al. in a separate study.*8150

Attention to the toxicity of oxidized petrogenic compounds also is found in the
literature for oil sands process water (OSPW), a type of wastewater produced from the
process of hydraulic fracturing (HF), otherwise known as fracking.'8:-18 An estimated 3
trillion liters OSPW has resulted from these processes which contain large amounts of
salts, mineral particles, metals, radionuclides, and numerous oxidized organic compounds
produced in the high-heat/high-pressure operations.'81:182 Particular concerns have been
raised about the toxic mixtures of water soluble naphthenic acids (NA) in the process
water, thought to be the main toxic factor.82-185 Analyses by He and colleagues, which
separated the organic contaminants from minerals ones, showed that the organic fraction
of OSPW significantly increased spinal malformation, pericardial edema, and delayed

hatch in exposed zebrafish embryos (Danio rerio).*®” The toxicants also altered the
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expression of a suite of target genes related to biotransformation, oxidative stress, and
endocrine-mediation during development.'®” Acids produced from OSPW include
alicyclic, aromatic, or naphthenoaromatic species, all of which have been reported from
the oxidation of aromatic compounds.2%:185

O3 gas has been proposed as an effective tool to oxygenate and sometimes remove
residual petrogenic compounds.+18 This is particularly true for OSPW, where
ozonation (targeted to remove NAs by 90%) has been shown to decrease toxicity of NAs
against fish larvae, as noted by He et al.181.18%.1% Nevertheless, most ozonation schemes
against high level (>1%) petroleum contamination cannot meet such exhaustive cleanup
goals because of practical and chemical limitations.'?%1°! The byproducts are most
frequently quinones, aldehydes, ketones, alcohols, and, in the presence of excess Os,
carboxylic acids. Thus, in an intact crude oil setting, particularly a terrestrial one where
only a moderate level of chemical oxidation by O3 gas can be achieved, the likelihood of
creating byproducts that, though more bioavailable, are also more toxic is high.
Therefore, studying the effect of ozonation byproducts on plants and animals in a
terrestrial setting is an essential step before ozonation can be recommended as an
environmental-remediation tool.
To my knowledge, the effects of ozonated crude oil on plants have not been studied.
Moreover, no study has evaluated the effect of three different crude oils simultaneously,
nor has any looked at dose effects. Here, | present the result of germination studies of

radish (Raphenus sativus), grass (Lagurus ovatus), and lettuce (Lactuca sativa) in 3 crude
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oils that had been treated at 3 doses of ozone gas that achieved the following final molar
ratios®:

e 1.6,1.2,and 1.4 mol Os/mol TPH at the low dose (5 g Os)

e 3.3,2.4, and 2.8 mol Os/mol TPH at the medium dose (10 g O3)

e 13,9.5 and 11.3 mol Os/mol TPH at the high dose (40 g Os)

This study distinguishes whether or not an indicator species can show a dose-
response effect to the oxidized residuals of crude oil. | chose radish because of its quick
germination and prolific output in good soil conditions, grass as a hardy species, and
lettuce because it is an indicator species that shows a statistically sensitive response to
petroleum contamination.

4.2 Laboratory Methods

4.2.1 Ozonation of Soils

Chapter 4 describes the methods used to ozonate 600-g batches of soil from 3 distinct
crude oils. Briefly, three raw crude oils were obtained from the Chevron Energy
Technology Company (ETC): ANS (API gravity 29-32), ARAB (API gravity 30-32),
and SJV (API gravity 13-15). Each crude oil was analyzed for gasoline-range (GRO, C5-
C12), diesel-range (DRO, C12-C22), and oil-range (ORO, C22-C40) organics, as well as
aliphatic and aromatic fractions. A locally sourced topsoil with extremely low organic
matter (OM, <2%) content was spiked with each of the three crudes at 10% w/w
concentration and attenuated for labile compounds under laboratory conditions. The soils

were then ozonated with 5 g, 10 g, and 40 g Os, with continuous monitoring of effluent

@ The differences are based on starting TPH concentrations for ANS, ARAB, and SJV crude oils discussed
in Chapter 6.
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(unreacted) ozone gas. The control soil and Os treated soil were then evaluated for total

petroleum hydrocarbon (TPH), dissolved organic carbon (DOC), and pH. The soils were

then prepared as described below for toxicity testing. Details of the methods are in

Chapter 3.

Each crude oil was used for 5 treatment conditions:

1.

2.

4.2.2

untreated Arizona background soil (test soil, TS)

soil contaminated with crude oil and synthetically weathered (test soil with crude,
TSC)

soil contaminated with synthetically weathered crude oil and then treated with 5 g
of O3 gas (test soil with oxidized crude, TSOC-5g)

soil contaminated with synthetically weathered crude oil and then treated with 10
g of Os gas (test soil with oxidized crude, TSOC-10g)

soil contaminated with synthetically weathered crude oil and then treated with 40
g of Os gas (test soil with oxidized crude, TSOC-40g)

Water Holding Capacity (WHC)

The water holding capacity (WHC) is the weight percent (w/w) of water that can

be stored in a volume of soil. To determine WHC, | saturated 50 g of soil (control,

petroleum, and petroleum + ozone) with water and allowed it to drain for one hour. After

the excess water had drained from the soil, | measured the weight of the saturated soil to

yield “Soil MassSg,urated’ (@) The soil was then dried in an oven (105°C) until constant

weight was achieved, and the weight was taken as “Soil Massp,” (9). The w/w percent
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water held by the soil was determined as the difference in saturated weight and the dry

weight over saturated weight (multiplied by 100) as follows:

WHC = Soil Masssaturared—S0il Masspry % 100

Equation 4.1

Final Masssaturated
All soils were tested for moisture content after ozonation and before the
germination studies as described in Section 3.2.5. Depending on moisture content of
soils after the ozonation process, between 25 and 100 mL of water was used to bring soils
to the 10 w/w (or 50% of total water holding capacity).
4.2.3 pH Adjustment
The pH was measured in 1:2 (w/w) soil/water mixture with a Thermo Scientific Orion
2 Star pH probe (Thermo Fisher Scientific Inc.) and results are described in 3.3.9. Soils in
the high-dose group were brought to circumneutral pH with the exceedingly small
additions of 50% sodium hydroxide diluted in water (25-50 uL/kg of acidified soil) used
to increase hydration. The volumes of NaOH needed (10-50 pL for adjustments of 600-g
of soil) did not significantly alter soil conductivity, which remained at 2-4 ds/m.
4.2.4 The Dilution Series, Planted Tray, and Crude-Seed Set
In order to determine the effects of background organic content, test soils were
subject to a dilution series using Nature's Care Organic & Natural Potting Mix (Marysville,
OH), formulated from 50-60% sphagnum peat moss, processed forest products, coir,
perlite, and yucca. The organic matter content was 75.5 + 2.9% w/w as determined by the
loss-on-ignition method (360°C) at University of Connecticut Soil Nutrient Analysis
Laboratory (Storrs, CT). Itis important to underscore that, with regard to the TSOC group,
treatment with O3 gas preceded dilution with organic background material. This avoided
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the large O3 demand from the organic background, which would have obscured the Os dose
utilization of the weathered crude oil 19219

The basic experimental unit was a 140 x 140 x 22-mm plastic tray (VWR Catalog
No. 10770-450) containing 100 g of soil at 70% WHC and planted with 10 seeds, each at
a depth of ~2.5-times seed diameter, as recommended by ASTM E1963 — 09.1% The first
planting condition was the full-strength test soil, after which a dilution series was created
Like TS, TSC, and TSOC, the potting mix was also moistened to 70% WHC. The dilution
series was comprised of 6 trays: The first condition was 0% potting mix (by mass), then
10%, 40%, 80%, 90%, and finally, 100% potting mix (by mass), as shown in Figure 4.1.
Because the organic content of the base test soil was 0.5 + 0.05% wi/w, the background
organic (b-ORGANIC) content was ascribed to the amount added by the potting mix. For
the dilution series, b-ORGANIC increased with addition of more potting mix, and, thus,

germination was expected to increase from left to right in Figure 4.1.

100 g Test Soil 90 g Test Soil 60 g Test Soil 20 g Test Soil 10 g Test Soil 100g Potting
10g Potting Soil 40g Potting Soil 80g Potting Soil 90g Potting Soil Soil
(Bin Control)

Figure 4.1 Dilution series for a given test condition.

A set of 6 trays in each dilution series were placed together in a larger 28-quart
plastic bin. The bottom of the plastic bin was lined with ¥2-in depth of peat moss moistened

to 50% w/w water, and the top of the bin was covered with a transparent plastic film,
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punctured to allow air exchange. The slow release of moisture from the peat moss and the
plastic wrap served to keep ambient growth conditions at >80% humidity in accordance
with ASTM E1963 — 09.1% The tray containing 100 g potting mix served as the “bin
control” used to determine whether differences in light, temperature, and ambient moisture
affected germination between sets of seedlings.

A 6-tray dilution series was created for each of the five experimental categories:
TS (control test soil with no crude oil and no ozone), TSC (test soil contaminated with
untreated crude oil), and TSOC (test soil contaminated with crude oil and then ozonated).
The TSOC group can be further divided into three subgroups based on ozone dose:
TSOC-5g, TSOC-10g and TSOC-40g of ozone. Together, the five experimental
categories and six trays in each dilution series gave 30 planted trays for each CRUDE
OIL—SEED combination, as shown in Figure 4.2. Each CRUDE OIL—SEED set was
performed in duplicate, which totaled 60 trays. The trays were placed in a rooftop
greenhouse for germination and maintained at 25°C throughout that period. The
germination period was set to 14 days, as recommended in ASTM E1963 — 09.19°
Emergent seedlings were counted at 3, 7, 10, and 14 days. After the 14-day period,
seedlings were counted and harvested at the base of the hypocotyl, the part of the stem of

an embryo plant beneath the stalks of the seed leaves, and directly above the root.
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Figure 4.2 Matrix of mixtures of the potting soil and the amounts of each of the test soils.

A complete CRUDE OIL—SEED set was placed in a rooftop greenhouse for
germination. Due to limited greenhouse space, one CRUDE OIL—SEED set (60 trays)
could be germinated in a given two-week interval. Seeds were germinated between the
months of October and February in the following order: ARAB-RADISH, ARAB-
LETTUCE, ARAB-GRASS, ANS-RADISH, ANS-LETTUCE, ANS-GRASS, SJV-
RADISH, SIV-LETTUCE, SJV-GRASS. In total, this study evaluated 540 trays and
counted 5400 seedlings (6 dilutions x 5 groups x 2 duplicates x 3 seeds x 3 crudes x10

seeds). Figure 4.3provides a schematic representation of the test categories and the trays.
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Figure 4.3 Schematic of the study design; the 270 trays above were performed in
duplicate for 540 trays total, and 5400 seeds planted.

4.3 Results and Discussion
4.3.1 Water Holding Capacity (WHC)

The 100% WHC values for each of the types of soil are shown in the top row of
Table 4.1 as w/w of dry soil. Crude oil contamination increased the total WHC of soils
from 17% w/w to approximately 20% w/ for all crude oils. While some test protocols
suggest the use of >80% WHC (i.e., 16% wi/w soil) for seed planting, the nearly 30%
silt/clay content of ASM soils changes soil plasticity at that WHC. Saturation tests
showed that soil retained an arable, loamy texture at approximately 70% of the total
WHC for all soils (contaminated and clean). This point was 12% w/w moisture for the
clean background soil and 14% w/w moisture for crude contaminated soils and. Soils
treated with crude oil and ozone gas were kept at the at 14% wi/w, the same as the crude-

oil-only group.
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Table 4.1 Water holding capacity measurements for soils under study.

Soil Type Background ANS Arab SV

100% WHC (w/w) 17% 20% 20% 21%
Ozonation WHC (w/w) n/a 10% 10% 10%
Ozonation WHC (as % of Total WHC) | n/a 50% 50% 50%
Planting WHC (w/w) 12% 14% 13% 14%
Planting WHC (as % of Total WHC) | 70% 70% 68% 68%

4.3.2 Evaluation of the Bin Control for Climate Conditions

The temperature of the greenhouse was maintained by an external system at 25°C
throughout that period. The climate and lower latitude of Arizona meant that sunlight
was consistent and strong—daylight hours in that period ranged from 10-12 hours (10 h
35 min on average, +/- 32 min). Examination of the 100% potting soil group for each
seed (i.e., bin controls) between October and February did not show significant
germination differences, demonstrating that the climate conditions were equivalent

among germination sequences.

4.3.3 Effects of Treatment Type on Germination

Table C.1 in Appendix C summarizes the statistical differences among treatment
groups (TS, TSC, and TSOC) for all crude oils grouped together then evaluated by seed
type. Tables C.2-C.4 Appendix C summarize the statistical differences between (i.e.,
raw) crude oil (TSC) and ozonated crude oil (TSOC) by crude oil type and seed type.
Finally, Appendix C, Table C.5 shows differences between dose levels (TSOC-5 g,
TSOC-10 g, and TSOC-40 g) for all ozonated soils differentiated by crude oil type and

seed type for ozonated soils.
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The "treatment” analysis compares the three broadest categories studies for each
individual seed (n = 1800 seeds): TS (n = 360 seeds), TSC (n = 360 seeds), and TSOC (n
= 1080 seeds). In this analysis, the ozonation levels (5 g, 10 g, and 40 g) were combined
as a single category. Figure 4.4a shows that “treatment” was a predictor of radish
germination. Radish in control soil (TS) was 1.6 times more likely to germinate than in
soil with crude oil (TSC) (p = 0.01). When radish was germinated in the presence of
ozonated crude oil (TSOC), the decrease is germination was statistically significant
compared to TS (p = 0.00) and TSC (p = 0.00). The odds of radish germination in the
presence of untreated crude oil were nearly 3 times the odds when the same crude was
ozonated. The odds of germination in clean background soil were nearly 5 times higher
than the odds of germination in the presence of ozonated crude oil.

(a) Radish by Treatment (b) Lettuce by Treatment (c) Grass by Treatment
14 14 14
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Figure 4.4 Germination of proportions between treatment groups for Radish, Lettuce, and
Grass. Statistical differences from TS are noted with an asterisk (*) at p=0.05.

TS TSC  TsOC TS TSC  TsOC
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When comparing the treatment groups in lettuce (Figure 4.4b), the presence of
untreated crude oil decreased the probability of lettuce germination by approximately
20% (p = 0.000). The level did not change when crude oil was ozonated, with TSOC
showing a slightly lower, though not statistically different, germination rate than TSC.
The odds for lettuce germination in uncontaminated TS was 2.3 times the odds with
crude-oil-contaminated soil (p = 0.00, not shown in table) and 2.6 times the odds in soil
with oxidized crude (p = 0.00). For grass, Figure 4.4c, the differences between the
treatment groups were not statistically significant, although germination was low in all

cases.

Radish and lettuce showed statistically significant sensitivity to the presence of
crude oil in soil. In both cases, ozonation of petroleum did not attenuate the effects of the
crude oil, and, in the case of radish, ozonation decreased germination probability by a
significant level. These results show that transforming crude oil into an oxidized
intermediate with no additional treatment (e.g., biodegradation) did not attenuate in the
toxicity of crude in the short-term, but in fact further decreased germination probability

for radish.

4.3.4 Effects of Crude Oil Type on Germination (Both Untreated Crude and
Ozonated Crude)
Figure 4.5 shows germination for TS compared to the set of untreated crude oils
TSC-ANS, TSC-ARAB, and TSC-SJV, as well as the set of oxidized crudes TSOC-ANS,

TSOC-ARAB, and TSOC-SJV for Radish. Although the combined set of TSC
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germination showed a significant decline as compared to TS, the shift was largely driven
by the decrease in radish germination in TSC-SJV (heavy) crude. Taken individually, the
TSC-ANS and TSC-ARAB crudes did not show statistically significant differences from
TS soil, and, in fact, TSC-ARAB had a slight upward trend. The oxidized counterparts,
however, showed statistically significant differences from TS (83%), germinating at 54%,
54%, and 45% for TSOC-ANS, TSOC-ARAB, and TSOC-SJV, respectively.

Each oxidized crude oil also was statistically different from its untreated
counterpart for radish, as shown in

Figure 4.6. The ORs of TSC/TSOC were 3.1, 4.6, and 2.1 for pairs of ANS,
ARAB, and SJV analyses, respectively. The relative drop in germination from TSC to
TSOC were 24%, 30%, and 18% for ANS, ARAB, and SJV crude, respectively. It is also
worth noting that TSOC-ANS and TSOC-ARAB also were statistically more likely to
germinate than TSOC-SJV (OR = 1.4 and p = 0.026 for both). These results indicate that
crude identity made a difference in reaction to the oxidized crude. The general trends,
however, remained similar. Radish planted in crude-oil-contaminated soil had less

germination when the crude-oil- was ozonated.
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Radish Germination in TS, TSC, TSOC
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Figure 4.5 Effects of crude oil type on Radish Germination. Statistical differences from
TS are noted with an asterisk (*) at p = 0.05.

(1a) Radish by ANS Crude (1b) Radish by ARAB Crude (1c) Radish by SJV Crude
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Figure 4.6 Crude/Oxidized Crude comparisons for Radish germination. Statistically
significant ORs (TSC/TSOC) noted with an asterisk (*) at p = 0.05.
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Analysis according to crude oil did not reveal important differences between
untreated and ozonated crude oils for lettuce, as shown in

Figure 4.7 and Figure 4.8, and summarized Table G.2 in Appendix C.

Figure 4.7 shows TS compared to the set of untreated crudes TSC-ANS, TSC-
ARAB, and TSC-SJV, as well as the set of oxidized crudes TSOC-ANS, TSOC-ARAB,
and TSOC-SJV for lettuce. All crude conditions, whether untreated or oxidized, showed
a statistically significant decrease in germination, compared to TS. Like radish, lettuce
germination appeared to be lower in the heaviest TCS-SJV, but not a difference of
significance as compared to either TCS-ANS or TCS-ARAB (p = 0.09 and p = 0.24,
respectively). Oxidized SJV (TSOC-SJV), on the other hand, was statistically worse
than either TSOC-ANS or TSOC-ARAB (p = 0.01 and p = 0.00, respectively). Figure
4.8 (a-c) shows the comparison between the untreated and oxidized counterparts for each
crude. No pair shows statistically significant differences. In other words, the presence of
any of the three crude oils decreased lettuce germination, but ozonation did not attenuate

the decrease in germination for any crude oil.
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Lettuce Germination in TS, TSC, TSOC
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Figure 4.7 Effects of crude oil type on Lettuce Germination. Statistical differences from
TS are noted with an asterisk (*) at p = 0.05.
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Figure 4.8 Crude/Oxidized Crude comparisons for Lettuce germination. No OR
(TSC/TSOC) reaches statistical significance.

91



Analysis by crude oil reveals that grass germination was worse in TSC-ANS and
TSOC-ANS, compared to background TS, as shown in Figure 4.9 and Table G.3 in
Appendix C. No other crude-oil condition showed a statistical difference from TS.
Figure 4.10 (a-c) shows the comparison between the untreated and oxidized counterparts
for each crude oil. The only pair in which a difference existed was ANS (OR =0.44,p =
0.01), and this was the only instance in which oxidation statistically improved
germination for a seed under study. Grass was less than half as likely to germinate in
ANS (TSC-ANS) contaminated soil than when some of that crude was oxidized (TSOC-

ANS).

Grass Germination in TS, TSC, TSOC

Germination Probability

T T T T T T T
151 sc—'“‘? SC_ARI—\B 150‘53}'500"*}*5500—'*%3 500—53\’

Figure 4.9 Effects of crude oil type on grass germination. Statistical differences from TS
are noted with an asterisk (*) at p = 0.05.

92



(3a) Grass by ANS Crude (3b) Grass by ARAB Crude (3c) Grass by SJV Crude
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Figure 4.10 Crude/Oxidized Crude comparisons for Grass germination. Statistically
significant ORs (TSC/TSOC) noted with an asterisk (*) at p = 0.05.

4.3.5 Effects of Dose on Germination

| showed that radish germination was statistically decreased when any of the three
crude oils was ozonated. However, lettuce germination was not more affected by
oxidized crude, while grass germination was largely unaffected by either crude or
oxidized crude oil (except for the case of ANS). Because crude oil differences largely
trended together, | combined crude oils to check for differences among ozone doses. The
results are shown in Figure 4.11 and Table H in Error! Reference source not found..

Figure 4.11a showed a downward trend for Radish germination as ozone dose
increased from 5 g to 40 g of ozone. The difference between the 5-g dose and the 40-g
dose was significance (p = 0.01). On the other hand, Lettuce germination at the 10-g
showed a statistical improvement over the 5 g dose (p = 0.00, not shown in table) and the
40-g dose (p = 0.03). Grass germination showed no meaningful differences among dose
groups.
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(a) Radish by Dose (TSOC Only) (b) Lettuce by Dose (TSOC Only) (c) Grass by Dose (TSOC Only)
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Figure 4.11 Oxidized crude oil comparisons about dose. Statistical differences from the
40-g Oz dose are denoted with an asterisk (*) at p = 0.05.

4.4 Conclusions

This is one of the few studies to look at the terrestrial toxicity of oxidized
petroleum crude residuals in plants. To my knowledge, it is the only study to compare
multiple crude oils simultaneously and the only study to look at oxidized crude oil
residuals by dose. | describe a few key findings:

1. Treatment Effects: Radish germination was slightly reduced by the presence of
petroleum crude, and that effect was greatly enhanced when the crude was
ozonated. Lettuce germination was greatly reduced by the presence of petroleum
crude, but effect was unchanged when the crude was ozonated. Grass
germination was unchanged by the presence of petroleum crude, a finding that
was unchanged when the crude was ozonated.

2. Crude Oil Effects: Separating treatment effect by crude oil type did not show

substantial changes in the treatment effects noted above. The only exception was
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the grass species, that showed statistically improved germination in ANS crude
after ozonation. This was the only instance where ozonation improved
germination outcome.

3. Dose effects: Radish germination was reduced when crude oil was oxidized with
10 g ozone and significantly reduced when the crude oil was oxidized with 40 g
ozone, both compared to the 5-g dose. Lettuce germination was significantly
improved when crude was oxidized with 10-g ozone, compared to the 5-g and 40-
g doses. Grass germination was unchanged by any of the 3 ozone doses.

4. Radish appears to be an important indicator of oxidized crude oil residuals.
Radish germination showed a significant decrease in the presence of untreated
SJV heavy crude, although the response to untreated crude-oil contamination was
not seen with ARAB or ANS crude oils. For all crude oils, the decrease in
germination of Radish was amplified by increasing ozonation. This ozone-dose-
response effect of Radish should be useful to quantitatively track the response of

radish germination to increasing oxidized byproducts, measured as DOC.

In Chapter 5, I use multiple logistic regression to create a multivariable model of

radish germination as function of TPH, DOC, crude oil type, and organic background.
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5 RESEARCH: USING RADISH (RAPHANUS LATIVUS L.) GERMINATION
TO ESTABLISH A BENCHMARK DOSE FOR THE TOXICITY OF
OZONATED-PETROLEUM BYPRODUCTS IN SOIL
This Chapter is in peer review at Chemosphere. The author list is: Yavuz, Burcu;

Januszewski, Brielle; Chen, Tengfei; Delgado G., Anca; Westerhoff, Paul; and Rittmann,

Bruce.

5.1 Introduction

The accidental release of petroleum into the environment is an inevitable outcome
of a global supply chain that moves up to 100 mbd.* Such releases, whether on land or
sea, are attenuated and transformed by microbial biodegradation, photooxidation,
hydrolysis, and evaporation, as well as dispersive and diluting processes of dissolution,
spreading, and emulsification.®¢* Taken together, these collective “weathering”
processes enrich recalcitrant components that often are among the most toxic and, via
photo-modification, generate oxidized intermediates which have demonstrable acute
toxicity to a variety of species.3*4? Oxidation of petrogenic compounds by UV radiation
is an important component of natural weathering of spilled crude oil. It promotes
oxygenation that can break open otherwise stable saturated- and unsaturated-ring
structures.®4150.180 Oxidation of weathered crude oil by sunlight decreases the aromatic
fraction, with a concomitant increase in asphaltenes and resins, and an increase in
dissolved organic carbon (DOC).*® The increase in aqueous solubility of the oil thereby

increases its biodegradability.
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The naturally oxidized residuals of crude oil, however, have shown acute
ecological toxicity in several settings. Residual DOC has demonstrable toxicity to
crustaceans, while the photo-enhanced toxicity of weathered Alaska North Slope crude
oil has been proven against the eggs and larvae of Pacific herring (Clupea pallasi).*>48:150
Toxicity of oxidized petrogenic compounds is also found in the literature for oil-sands
water produced by hydraulic fracturing (or fracking), with particular concerns about the
toxic mixtures of water-soluble naphthenic acids in the process water.82-186 The organic
fraction of oil-sands water significantly increased spinal malformation, pericardial
edema, and delayed hatch in exposed zebrafish embryos (Danio rerio).*®” The toxicants
also altered the expression of a suite of genes related to biotransformation, oxidative
stress, and endocrine-mediation during development.*®” Acids produced by fracking
include alicyclic, aromatic, and naphthenoaromatic compounds. 120185

Ozone (O3) gas has been proposed as an effective tool to oxygenate and remove
residual petrogenic compounds.?+18 However, most ozonation schemes against high-
level (>1% wi/w) petroleum contamination cannot meet exhaustive cleanup goals because
of practical, chemical, and economic limitations. For direct Oz attack, the Os/hydrocarbon
mole ratio has been set at 1-to-3, not nearly enough for complete chemical degradation by
03.12% The products are most frequently quinones, aldehydes, ketones, alcohols, and, in
the presence of excess O3, carboxylic acids.838498.101,120 Hence, questions arise as to
whether the byproducts of ozonation may demonstrate ecological toxicity as has been

observed for the oxidized residuals of UV radiation or those resulting from fracking.
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Luster-Teasley et al. performed one of the few dose-response studies on the
toxicity of ozonation byproducts of a petrogenic compound using chrysene.!3® They
found that, at the lowest dose (1.75 mol Os/mol chrysene), ozonation byproducts of
chrysene inhibited in vitro gap junctional intercellular communication (GJIC) more than
chrysene itself. Only when Oswas extensively deployed (= 3 mol Os/mol chrysene) did
ozonation attenuate the toxicity of chrysene on GJIC. These results indicate that, in a
terrestrial setting involving released crude oil where only limited oxidation by Os gas can
be achieved, the likelihood of creating products that are more toxic than the original
contaminants is high. Therefore, studying and understanding the adverse effects of
ozonation products of petrogenic compounds on plants and animals in a terrestrial setting
is essential before selecting ozonation as a remedial technology for crude oil
contamination. Evaluating the differences in toxicity at the dose level is also a salient
concern.

Ecological risk assessment is a flexible approach to evaluating data, assumptions,
and uncertainties about the likelihood of adverse ecological outcomes of human-related
activities or contaminants. Ecological risk assessments often characterize concentration—
response (i.e., dose—response relationships) and reference doses, such as the lowest-
observed-adverse-effect-level (LOAEL) or the no-observed-adverse-effect-level
(NOAEL).1%-1% The LOAEL is the lowest dose at which adverse effects can be detected,
while the NOAEL is the highest dose at which no adverse effects can be detected.
NOAELs and LOAELSs are used to determine a point-of-departure from baseline effects

to observable adverse outcomes based on available data.'®>%% In contrast, analysis of a
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benchmark dose (BMD) can resolve the entire dose—response curve over all available
treatment groups.?®® BMD analysis is essentially a “curve-fitting exercise” using a variety
of mathematical techniques to find the best-fitting curve to describe the concentration-
response relationship in the dataset. Once an appropriate model is identified, the curve
can be used to extrapolate a specific effect level (e.g., 10% extra risk in adverse
outcomes, described below), called the benchmark response, within the range that the
model can statistically predict. The BMD approach is generally used for human-health
risk assessments, but it is increasingly used in ecological risk assessments.

In this study, | determined the concentration-response relationship between the
adverse germination of radish (Raphanus. lativus L.) (i.e., no germination) and oxidized
petroleum in soil. | used multiple multivariable logistic regression to perform a BMD
analysis of the outcome of adverse radish germination as a function of the continuous
variables DOC concentration (DOC) and total petroleum hydrocarbon (TPH)
concentration, along with categorical variables treatment (TREATMENT) and background
organic (b-ORGANIC). Radish was chosen because of its relatively fast and robust
germination in good soil conditions, sensitivity to contamination, and bioaccumulating
attributes.3%-4% Radish has shown sensitivity to organochlorine insecticides (e.g.,
hexachlorocyclohexane) and accumulation of a wide range of anthropogenic
contaminants including pesticides like diazinon, selenium, boron, bioavailable arsenic
and antimony, cadmium, molybdenum, uranium (depending on pH conditions),
veterinary antibiotics (e.g., chlortetracycline, enrofloxacin, and sulphathiazole),

nanoparticles, and the antimicrobial agents triclosan and triclocarban.0201-206 \While
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radish has not been found sensitive to soil contaminated with a high concentration of
motor oil (24,000 ppm), some studies have shown that radish accumulates polyaromatic
hydrocarbons (PAHS), especially 2- and 3-ring PAHs.207:208
5.2 Materials and Methods
5.2.1 Crude Oil and TPH Analyses

Chevron Technical Center (a Chevron U.S.A. Inc. division, Richmond, CA)
provided a crude oil known as Alaska North Slope (ANS) having an API gravity of 29-
32° and classified as a medium crude oil. Methodology and results for examination of
crude oils are listed in 3.2.3 and 3.3.3, respectively.
5.2.2 Characterization of Test Soil (TS)

The base Test Soil (TS) used in all experiments was a locally sourced topsoil (All
Star Materials, Guadalupe, AZ). Soil preparation and analysis are listed in 3.2.1 and
3.3.1, respectively.
5.2.3 Preparation of Test Soil with Crude Oil (TSC)

Preparation of test soil with crude (TSC) are listed in 3.2.4.
5.2.4 Preparation of Test Soil with Ozonated Crude Oil (TSOC)

A schematic of the experimental system used for ozonation of soil in this study is
shown in Figure 3.1. Ozonation followed the procedure described in 3.2.6.
5.2.5 Determination of TPH, DOC, Moisture, pH, and Water-Holding Capacity

The methods for TPH and DOC determination are listed in detail in 3.2.5 and
3.2.7, while water-holding capacity and pH adjustment are noted in 4.2.2 and 4.2.3,

respectively.
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5.2.6 The Planted Tray and the ORGANIC Series

The methods for the planted tray and the ORGANIC series are noted in 4.2.4 and
the figures therein.
5.2.7 The Independent Covariates

| used the multiple logistic regression model to investigate the effects of 4
independent covariates on the probability of adverse effects on radish germination (i.e.,
no germination): TPH concentration (ppm) by carbon (TPHc), DOC concentration (ppm)
(DOC), the effect of treatment level (categorical at 5 levels) (TREATMENT), and
background organic content (b-ORGANIC). For comparisons of TPH reduction and DOC
production, g TPH was converted to g C by multiplying by 85% (according to the
approximate mass percentage of C in petroleum hydrocarbons). | used Stata v. 16.1
(College Station, Texas) to find the values for the log-likelihood L(B") and the estimated
coefficients B’. The software provides estimates for the standard errors (SE) of each
coefficient in the model from the matrix of the second partial derivative of the log-
likelihood function as well as their respective 95% confidence intervals. Appendix D
provides a detailed explanation of the foundation of the simple logistic regression model,

the log-likelihood L(B"), and the formulas used to build a logistic regression model.

5.2.8 Purposeful Selection of Covariates
Appendix D details tables and figures of this section. | treated the germination of
each planted seed as an independent observation. TPHc and DOC are continuous

variables, while TREATMENT and b-ORGANIC are polychotomous independent
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variables scaled with k > 2 possible levels. The method to evaluate such category levels
in the logistic regression model is to transform k levels into a set of k — 1 design
variables. Table J.1 (in Step 0. The independent covariates in SI) demonstrates the use of
reference cell coding for these variables with further discussion. TS served as the control
and was the reference cell against which all other levels were compared for the variable
TREATMENT (k = 5; k — 1 = 4). The 100% b-ORGANIC level (0 g test soil, 100 g
potting mix) was the reference cell against which all other levels were compared for the
parameter b-ORGANIC (k = 6; k — 1 = 5). The variables and their levels are listed in
Table J.2. The equations of the line for each of the individual variables tested are listed in
Table J.3.

The logistic regression model was built using the method of “Purposeful Selection
of Covariates,” as described in Hosmer et al.?%° The first step was to evaluate the
importance of each independent variable individually for predicting the germination
outcome of radish in a univariable logistic regression model; from this, | obtained
estimated coefficients (), estimated standard errors, and the likelihood ratio test for
significance of the coefficient (G statistic, Equation 1.11). Results of Step 1 are listed in
Table J.4. The likelihood-ratio statistic (G) followed a chi-squared distribution (df = 1
for the continuous variables TPHc and DOC, df = 4 for the TREATMENT, and df =5
for b-ORGANIC). Each of the covariates were statistically significant (p < 0.000) and
were included in Step 2.

In step 2, the multivariable model simultaneously fit all independent variables that

had significance in Step 1. The importance of each covariate was assessed using the p-
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value of the Wald Statistic (Equation 1.12). The multivariable model simultaneously fit
all independent variables and the results, in Table J.5, show that continuous variables
TPHc and DOC had statistically significant positive coefficients, meaning that an
increase in the value of either variable increased the likelihood of the outcome (adverse
germination), though to differing degrees, as shown by the magnitude of the coefficients
(0.00689 for TPHc and 1.99 for DOC). For the continuous variables, only DOC added
significant predictive power to the model (p < 0.000), and TPHc was a candidate for
exclusion (p = 0.784). For the categorical variables, only the 40-g level of the variable
TREATMENT was statistically different from the base level. Similarly, the b-ORGANIC
category was of statistical value when greater than 10% by mass, as compared to the base
level.

In step 3, | tested for modifiers (or confounders), a step especially important in
this analysis because of the interdependent relationships of soil components.®7210211 The
equation for delta-beta-hat-percent (Equation 1.13) identifies variables that change the
magnitude of coefficients of other covariates in the model by more than 20% (our
criterion level). The results are listed in Table J.6 (a, b). TPHc was a modifier of the TSC
level of the TREATMENT categorical variable and 80% b-ORGANIC level. Similarly,
TREATMENT was a strong modifier of TPHc and DOC, as well as a modifier of soil b-
ORGANIC at 40% and 80% levels. Finally, the b-ORGANIC covariate was a modifier of
TPHc and all TREATMENT levels. The predictive importance of DOC to radish
germination is clear. Since TREATMENT is a modifier of DOC, | kept that variable in the

model. As TPHc was a modifier of TREATMENT, that variable also was held in the
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model. Similarly, b-ORGANIC was a strong modifier of TREATMENT at all levels and,
therefore, retained.

In step 4, | considered the statistical value of the levels of categorical variables.
Compared to the base (100% b-ORGANIC), only 0% and 10% b-ORGANIC levels
presented statistically different conditions based on the Wald p-values (0.000 and
0.0710). That is, all other model inputs being the same, the germination conditions of 0%
and 10% organic background were inherently worse. Thus, | condensed the 6-level b-
ORGANIC covariate to a binary (dichotomous) covariate. Coded at 2 levels, the
dichotomous variable was coded as k = 1 for conditions when b-ORGANIC>10% and
k = 0 for conditions when b-ORGANIC<10%. The new dichotomous covariate was
called b-ORGANIC _2 (coefficients in Table J.7).

The change in covariate levels of b-ORGANIC to b-ORGANIC_2 reduced the
difference between TS and TSC dose levels, as evident in the Wald Statistic (p = 0.747).
Therefore, | also condensed levels of TS and TSC to one unified code (TS/TSC) but kept
the identification of dose levels TSOC-5 g, TSOC-10 g, and TSOC-40 g of O3 separate to
preserve resolution. The new variable is called TREATMENT _2 (coefficients in Table
J.8) and coded at 4 levels (TS/TSC, TSOC-5 g, TSOC-10 g, TSOC-40 g). All parameters
(TPHc, DOC, TREATMENT _2, and b-ORGANIC_2) were run through the previous three
steps (Table J.9). The covariate TPHc was again, a candidate for exclusion (Wald p-value
0.620). However, this time TPHc was not found to be a modifier of the condensed

variables TREATMENT _2 and b-ORGANIC_2 (Table J.10). Hence, TPHc was dropped
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from the model, and the new model contained only three variables (DOC,
TREATMENT _2, and b-ORGANIC_2).

In step 5, I checked the assumption that the logit increased or decreased linearly
as a function of the covariate for each continuous variable in the model using LOWESS
(locally weighted scatterplot smoothing) curves (Figure 1.1) and the method of fractional
polynomials developed by Royston and Altman (Tables J.10a and J.10b, see sources for
further information).22213 Both methods supported the assumption that the model was
linear in the logit for the continuous variable DOC. The model at the end of this step is
the main effects model.

In step 6, | added each of the relevant interaction terms— DOC x
TREATMENT 2, DOC x b-ORGANIC_2, TREATMENT 2 x b-ORGANIC 2—one at a
time, and assessed the statistical significance of the interaction using first the Wald
statistic (Equation 1.12) and partial likelihood ratio test (Equation 1.11) at a significance
level of p < 0.01. These results are in Tables J.11, J.12, and J.13, respectively. No
interaction met our criteria for statistical significance cutoff. | therefore excluded
interaction terms from this analysis.

The preliminary final model included the relevant main effects: DOC, TREATMENT _2
(coded at 4 levels), and b-ORGANIC_2 (coded at 2 levels). In this step, | assessed
whether the probabilities predicted by the model accurately reflected the observed data. |
used two tests of significance: (1) the receiver operating characteristics (ROC) curve,
which is a plot of sensitivity vs.1 — specificity for all possible outcomes of the model

and (2) Hosmer-Lemeshow goodness-of-fit tests, which tested the null hypothesis that the
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estimated output predicted by the model was not different from observed outcomes. The
ROC curve is shown in Figure J.2 and provides a measure of the model’s ability to
discriminate correct outcomes from the data given from the area under the curve (AUC).
The AUC (0.902) indicates outstanding discrimination.?%® Furthermore, the Hosmer-
Lemeshow goodness-of-fit test (p = 0.0743) indicates that | could not statistically
differentiate the observed data from the predicted data. Thus, | conclude that the model
fits well and is best represented by the following equation for g(x), the estimated logit,
which is linear in its parameters:

g(X) = - 0500 + 1.76XDOC + O.876szoc_5g 03 - 0.493szoc_1og 03

— 1.93%7150c-40g 05 — 2-30XH16H 0RGANIC

Equation 5.1
The function g(x) represents the log-transformed odds ratio of the conditional mean of an

event (Y) under given conditions (x) when the logistic distribution is used. In this case,

that event () is the probability of adverse germination, i.e., no germination.

5.3 Results and Discussion

5.3.1 Quantification of TPH Removal (g C from C9 to C36) and DOC Production
Figure 5.1 (A, B, and C) shows our findings with respect to TPH, TPH loss, and

DOC gain. Figure 5.1A shows that the changes in TPH concentration (ppm) across C9-

C36 by dose were nearly uniform, although the rate of TPH removal was clearly slowing

at higher Os doses. While Oz reactivity in the soil column will be a complex mix of

reactions including direct attack by the Os molecule and indirect attack by radicals

formed by the decomposition of Os, the finding of uniform reactivity across carbon range
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appears to favor the latter explanation.101.126.132.192.214 The data for ANS crude indicate a
predominately aliphatic character (85%), another point favoring the explanation of
indirect O3 attack via radical oxygen species, since direct attack by the Os molecule is
usually slow against aliphatic compounds.'11%0 The radical reactions would be facilitated
by the reactive metals in the soil (Table 3.1), including iron (13,100 ppm), manganese
(250 ppm), copper (16.5 ppm), and nickel (11.0 ppm), all of which decompose Os in the
gas phase.192215216 For radical-type, ozone-initiated auto-oxidation, the reason for the
plateau may be saturation of the metal catalyst surface or that the Os-induced radical
chain process is autoinhibiting.?'52" For example, a manganese oxide catalyst for Os
degradation of cyclohexane loses its reactivity after 120 min, and intermediate products
can be evolved off the surface as CO2 upon heating the metal catalyst to 500°C.%5

Figure 5.1B shows a direct comparison of loss of TPH (in g C) to gain of DOC
(also in g C). The most salient feature is the recovery of 0.745 g C of DOC at the 5 g dose
of O3 gas, a finding that is not recapitulated by TPH measurements, which showed only a
loss of 0.165 g C. This indicates the formation of an intermediate set of compounds that
could be extracted and detected by TPH and DOC methods, products that were not
detectable by DOC methods before ozonation. Intermediate compounds, including 1,2,3-
and 1,2,4-trioxolanes, are well-documented for direct Oz attack double bonds, particularly
on p-conjugated rings, but they are highly unstable and difficult to isolate.8
Intermediates for radical-type reactions are more elusive, and information is scarce as to
the mechanism or intermediate products of such reactions.*? It also is possible that an

initial dose of Os reacted first with higher molecular weight asphaltenes and resins, not
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quantified in the TPH profile.1%321° Chacon-Patifio found that photo-oxidized lower
carbon number asphaltenes with an archipelago (multicore) structural motif exhibited
products with a fingerprint typical of dissolved organic matter.?%°

Figure 5.1C shows that measurable TPH loss rates (g A C /h) were lowest at the 5-
g Os dose (-0.330 g Crpn/h), maximized at the 10-g Os dose (-1.74 g Ctpr/h), and began
to plateau at the 40-g dose (-1.02 g CtpH /h). DOC gains, on the other hand, peaked at the
5-g Os dose (+1.49 g Cpoc/h), slightly decreased at the 10-g Os dose (+1.30 g Cpoc/h),
and then dropped off sharply at the 40-g Os dose (+0.780 g Cpoc/h). Nonetheless, the
peak utilization of O3 (g O3/ g A C) occurred at the 10-g Os dose for TPH (5.76 g O3/ g A

C) and DOC (7.67 g O3/ gA C).
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Figure 5.1 (A-C). (A) TPH decreases across the carbon range (C9-C36) for ANS crude
oil; (B) Direct comparison of TPH loss to DOC gain (both in g C); (C) Comparison of

TPH and DOC for absolute change in mass of carbon (g C), mass of carbon change per
hour (g A C/h), and ozone utilization (g Os/g A C).
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5.3.2 NOAEL and LOAEL for TPH and DOC

Figure 5.2 (A-O) summarizes adverse germination rates, TPH, and DOC in the
dilution series (b-ORGANIC, y-axis) for each treatment group (TS, TSC, TSOC-5 g,
TSOC-10 g, and TSOC-40 g). The baseline adverse germination rate, established by the
background control (TS) (Figure 5.2A), ranged from 5% to 55%, depending on the
amount of b-ORGANIC. Adverse germination in the TSC (Figure 5.2D) dilution series
closely matched that seen in TS (control), except at the highest TPH concentration (0 %
b-ORGANIC), wherein adverse germination was 90%, compared to only 55% in TS
control. Some regulatory guidelines prescribe a minimum germination rate for the control
group: For example, the UN OECD 208 sets minimum germination in the control at
70%.%2° At the highest TPH concentration (0 % b-ORGANIC), the 70% criterion was not
attained, with only 45% germination; hence, the LOAEL 27,300 ppm for TPH (Figure
5.2E) did not meet the UN OECD criterion.??

At up to 10% b-ORGANIC (or ~24,500 ppm TPH), the germination rates between
TS and TSC were identical and, thus, 24,600 ppm is the NOAEL TPH (Figure 5.2E). This
finding agrees with that of Banks et al., where no statistical evidence of adverse radish
germination was observed in soil contaminated with up to 24,000 mg/kg motor 0il.** The
DOC produced from ozonation, on the other hand, had negative impacts on germination
at a fraction of the full-strength dose. The NOAEL of TSOC-5 g was 150 ppm DOC
(Figure 5.21) and occurred at 10% of the original strength of contamination. The NOAEL
of TSOC-10 g was 770 ppm (Figure 5.2L) and that of TSOC-40 g (Figure 5.20) was 1730

ppm DOC (both at 20% of the full-strength dose). The LOAEL showed corresponding
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trends: 480 ppm for the 5-g dose (Figure 5.21), 1920 ppm for the 10-g dose (Figure 5.2L),
and 4320 ppm for the 40-g dose (Figure 5.20).

TPH (outside the full-strength TSC) did not significantly alter germination, as also
noted by Banks et al.®! In contrast, DOC produced from ozonation had profoundly
negative impacts on radish germination. Moreover, the DOC produced from a 5-g dose
was more toxic than from a 10-g or 40-g dose, based on the NOAELSs. Potential reasons
are discussed more fully in the logistic regression analysis. For TSOC-5 g, the NOAEL to
LOAEL range was narrow (140 to 480 ppm DOC), while the range for the TSOC-10 g
dose and TSOC-40 g dose levels were broader: 770 to 1920 and 1730 to 4320 ppm DOC,
respectively, an artifact of study design.?® Therefore, | performed a benchmark dose
(BMD) analysis using multiple logistic regression to determine a few key benchmark
responses for the full set of data and make differentiations based on TREATMENT _2 and

b-ORGANIC 2 levels.
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Figure 5.2 (A-O). Comparison of germination rate (%), DOC (ppm), and TPH (ppm), by
dilution series (% b-ORGANIC) for TS (A-C), TSC (D-F), TSOC-5 g O3 (G-1), TSOC-10
g Os (J-L), and TSOC-40 g O3 (M-O). NOAEL and LOAEL are highlighted in yellow
and noted in red for TPH (TSC only) and DOC (TSOC groups only).
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5.3.3 Interpretation of Model Results

Examination of the model coefficients (Table 5.1) indicates, first, that the
covariate DOC had a strong positive slope (1.76), directly indicating the harmful effect of
oxidation products on the probability of radish germination. Second, TPHc could be
excluded from the model, meaning that the presence of background crude oil (as
measured by GC-FID) had no predictive bearing on radish germination. Third, dose level
had predictive importance: DOC produced from a 5-g dose of O3 gas had meaningfully
worse impacts on germination than DOC from a 10-g or 40-g dose, implying that the
nature of the DOC was different. Finally, the presence of b-ORGANIC 10% (by mass)
strongly attenuated the adverse effects of DOC.

Table 5.1. Results of fitting the multivariable logistic regression model with TPHc*
variable removed (n = 840)".

Covariate Unit/Level Coef.  Std. Wald [2E 95% ClI
Err. (2)
DOC per 1000 1.76 0.241 7.29 0.000 (1.29,
ppm 0 2.23)
TREATMENT_ | TS/TSC Base
2

TSOC-59  0.876 0364 241 0016 (0.163,
0 1.59)

TSOC-10¢ 0.506 -0.970  0.330 (-1.49,

0.493 0.499)

TSOC-40g  -1.93 0814 -2.37 0018 (-353,-
0 0.335)

b-ORGANIC_2 | b-ORG<10% Base

b-ORG>10% -2.30 0.268 -856  0.000 (-2.83, -
0 1.77)
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“Total petroleum hydrocarbon by carbon (TPHc), approximately 85% of the TPH by
mass.

TIntercept-only loglikelihood is -515, the log-likelihood of the model is -278, and G (df
= 5) is 474 for the model, statistically significant at p < 0.000.

ITS, test soil; TSC, test soil contaminated with crude oil; TSOC, test soil contaminated
with ozonated crude oil.

The categorical variables make it possible to parse the model outcomes based on
the effects of organic matter and dose level as shown in Figure 5.3. The results for the
full model are shown in Figure 5.3A, in which the probability of adverse effects (i.e., no
germination) with 95% confidence intervals (dashed boundaries) are modeled as a
function of DOC (ppm); here, TREATMENT _2 and b-ORGANIC are held at mean values.
The model parsed by low (< 10% by mass) versus high (> 10% by mass) b-ORGANIC is
shown in Figure 5.3B, where only TREATMENT _2 is held in the mean position. The
model of low b-ORGANIC_2 parsed by TREATMENT _2 is shown in Figure 5.3C, while
the high b-ORGANIC parsed by TREATMENT _2 is in Figure 5.3D. The steep slopes of
the model at low organic conditions vs. high organic conditions (Figure 5.3B) show that
background organic matter strongly attenuated the adverse effects of increasing DOC
concentration while Figure 5.3C and Figure 5.3D show the increase in toxic effects of

DOC produced from lower doses of Os.
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Figure 5.3(A-D). Predictive margins with 95% confidence intervals: (A) the full model;
(B) the model parsed by high (navy) and low (maroon) background organic; (C) the
model of low background organic parsed by the 5 g (dark navy), 10 g (medium navy),
and 40 g (light navy) Os dose; (D) the model of high background organic parsed by the 5
g (dark maroon), 10 g (medium maroon), and 40 g (light maroon) Os dose.

| used the full model and the parsed models to evaluate the positions of risk of
adverse effects. If p(d) is defined as the probability of adverse outcomes (i.e., no
germination), and p(0) is defined as the probability at background level, additional risk is
defined as:

y(d) =p(d) —p(0) Equation 5.2.22
Extra risk, y(d), is defined as additional risk of adverse outcomes in the fraction of plants

expected to germinate normally:

_ [p@-p© -
y(d) = [ 2(0) ] Equation 5.3
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When background effects are small (e.g., background organic > 10%), the BMD results
are comparable between additional risk and extra risk; when background effects are large,
the difference is greater. Thus, extra risk considers background effects.

Table 1.1 lists the 10%, 25%, and 50% extra-risk levels (£ std. error) for the full
model, the model parsed by b-ORGANIC_2, and the model parsed by b-ORGANIC_2 and
TREATMENT _2. These values compute the additional risk of adverse germination
outcomes given the background risk of adverse germination. Figure 5.4 maps those risk
levels along a tree diagram and shows that the mean position of the full model can be
subdivided first by background organic and then by dose. For example, at the average
position for all criteria, a 10% extra risk of adverse germination is expected at 450 ppm
DOC. If I specify b-ORGANIC_2<10%, 10% extra risk occurs at 260 ppm DOC, while a

b-ORGANIC_2>10% tolerates up to 650 ppm DOC (2.5x higher)
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Table 5.2 List of the 10%, 25%, and 50% extra-risk margins (z std. error) in ppm of DOC
for the full model, the model parsed by high and low organic background, the model of
low organic background parsed by dose, and the model of high organic background
parsed by dose.

Model Extra Risk (10%, 25%, and 50%)
Full Model 450+15, 900+24, 1550+50

High Organic 250+44, 500+40, 900+36

Low Organic 650+23, 1150450, 175079

Low Organic 5 g Dose n/a, nfa, 250+79

Low Organic 10 g Dose 450411, 650+11, 1050487

Low Organic 40 g Dose 1250416, 1500£15, 1850+12
High Organic 5 g Dose 150£37, 600+54, 1150+74

High Organic 10 g Dose 900444, 1400+70, 1950+91
High Organic 40 g Dose 1750167, 2200+98, 2700+11
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Figure 5.4. The 10%, 25%, and 50% extra-risk margins for the full model (black), the
model in b-ORGANIC_2<10% (navy), and the b-ORGANIC_2> 10% (maroon). At each
risk level, risk is delineated first for the full model, then for the b-ORGANIC 2, and,
finally, for the TREATMENT _2.

Low and high b-ORGANIC can be further subdivided by dose level. The model
could not predict 10% extra risk in b-ORGANIC_2<10% because of the steepness of the

curve — an area future studies can address. In b-ORGANIC_2>10%, the 10% risk at a 5-g
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dose is drawn at 150 ppm DOC (~3% the full concentration of all the DOC produced at
the 40-g dose). Indeed, the first measurable risk level at low b-ORGANIC for a 5-g dose
of O3 is the 50% extra-risk level predicted at 250 ppm DOC — in other words, less than
1/5t" of the DOC produced by a 5-g dose conferred a nearly 50% increase in adverse
germination outcomes. This number is comparable to the LOAEL (480 ppm) (Figure
5.21). Conversely, the 10% risk level in low b-ORGANIC can be resolved for the 10-g O3
dose (450 ppm) and 40-g Os dose (1250 ppm). Increasing dose increased the tolerance to
DOC at a given risk level. The same trends are observed with b-ORGANIC>10% w/w,
where DOC tolerance is even higher.

Our findings are consistent with those of the Luster-Teasely et al., who examined
dose levels of 1.75, 3.00, 4.25, and 5.00 mol Os/mol chrysene and found the lowest dose
to be more toxic than chrysene itself.*3° Our dose levels of 5 g, 10 g, and 40 g Os,
expressed as molar ratios, are 1.63, 3.26, and 13.1 mol Os/mol TPH, respectively. | find
that 1.63 mol Os/mol TPH is considerably more toxic to radish germination than either
3.26 or 13.1 mol Os/mol TPH. The reaction mechanisms and thermodynamics likely
explain these results. First, for ringed structures, the first ozonation step is rate-limiting
and has a positive activation energy barrier (e.g., 15.8 kcal/mol in benzene), while the
second step is predicted to be faster, more exothermic (—40 to —50 kcal/mol), and with a
negative activation energy of —5 kcal/mol. 30134 Hence, direct O3 attack may
thermodynamically favor the oxidation of a first set of intermediate products over initial
products, thereby creating an evolving group of intermediate products that peak in

reactivity (and toxicity) after the first ozonation step, where a highly reactive
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intermediate is created, and then steadily decrease as downstream products become more
oxidized. The reaction path for aliphatic compounds involves a complex chain of radical
reactions, and is less understood; however, a changing group of intermediates also occurs
in such scenarios.'? The role of background organic matter in quenching the toxicity has
been shown for nanoparticles (Zn-O NP), heavy metals (cadmium), and other trace
elements by chemisorption or complexation.??>-225 This finding is also true for the more
complex molecules like herbicides: For instance, an early study found that five times
more herbicide was required at 20% organic matter than at 4% for equal toxicity,
regardless of the herbicide.??® Such results are recapitulated in our study, which shows
the ameliorating effects of greater than 10% w/w potting mix (itself containing ~75%

organic matter).

5.4 Environmental Implications

Our study highlights that ozonation of weathered-petroleum hydrocarbons in soil
is a dynamic process that creates intermediates whose toxicity to radishes depended on
the level of ozonation. This finding poses a risk-management paradox. A low dose of O3
removed less TPH and produced a lower absolute quantity of oxidized byproducts, but
that material was more toxic per unit mass. In contrast, a higher dose removed more TPH
and produced more DOC, but that DOC was less toxic per unit mass. The tradeoff
between toxic potential and absolute quantity of DOC produced must be evaluated with
respect to the time it takes to remediate partially oxidized intermediates efficiently,

particularly by biodegradation.8384% previous findings have indicated that a multicycle
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treatment process that integrates O3 doses with periods of bioremediation can reduce
contaminant levels to strict regulatory limits of 1% TPH (10,000 mg/kg), remove the
residuals created by ozonation treatment, and improve soil quality.®"® Until
bioremediation of oxidized residuals is complete, ozonation must be coupled with

bioremediation, regardless of the dosing regimen 8498
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6 RESEARCH: OZONATION OF PETROLEUM HYDROCARBONS IN SOIL
COLUMNS: EFFECTS OF OZONE LOADING RATE ALONG THE AXIAL
DISTANCE

This chapter is in preparation for publication in the Journal of Hazardous Materials. It is

being reviewed within Chevron before submission. The author list is Yavuz, Burcu;

Chen, Tengfei; Montoya, Garrett, Januszewski, Brielle; Delgado, Anca; Dahlen, Paul;

Westerhoff, Paul; and Rittmann, Bruce.

6.1 Introduction

Aeration-based in situ treatment technologies are an established means to remediate
petroleum-based contaminants in subsurface source zones and dissolved-contaminant
plumes. 59227.228 For example, in situ air sparging injects clean air directly into an aquifer
to provide the oxygen (O2) necessary for aerobic biodegradation. The analogous process
for unsaturated soils is bioventing, or the delivery of air to the vadose zone. Air sparging
and bioventing are bioremediation tools that promote aerobic biodegradation processes:

e.g., mono-oxygenation followed by B-oxidation, tricarboxylic acid cycle, and aerobic

respiration.>®

A non-biological option is in situ soil vapor extraction (SVE) for remediating
unsaturated soils contaminated with volatile organic chemicals such as chlorinated
solvents or petroleum derivatives like the light aromatics benzene, toluene, ethylbenzene,
and xylenes (BTEX).??® An SVE system uses compressors or vacuum pumps to move air
through the vadose zone and extract volatile compounds, which are then sent to an above-

ground treatment system to condense, adsorb, biodegrade, or incinerate the vapors.??
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In the case of soil contaminated with unrefined crude oil, these technologies can
attenuate some degree of contamination, because raw crude oil contains components with
a wide range of water solubility, vapor pressure, and Henry’s Law constant.! SVE can
volatilize lighter fractions, and bioventing or air-sparging can stimulate biodegradation of
some n-alkanes (usually C10 to C26), slightly branched alkanes (isoprenoid alkanes), and
low-molecular-weight aromatics such as BTEX.237:51 However, SVE, air sparging, and
bioventing are not effective for petroleum components that are semi- to non-volatile or
recalcitrant to normal oxidative bioremediation. In fact, these technologies enrich the
recalcitrant components by removing more labile ones, thus shifting the residual crude oil
profile to one with a higher proportion of large aromatic molecules and molecules with
greater heteroatom character (i.e., molecules containing nitrogen, sulfur, or oxygen).

Contacting recalcitrant compounds with ozone (O3) is a means to add oxygen-
containing functional groups and overcome the limitations of the conventional in situ
technologies.?3® The addition of oxygen-containing functional groups to recalcitrant
petroleum compounds (e.g., saturated or condensed aromatic rings) often increases
solubility and biodegradability.®384 Due to the high redox potential of Oz (2.08 eV) and
its primary decomposition product, the hydroxyl radical (¢OH) (3.06 e¢V), O3 exposure
oxidizes a wide range of organic compounds to produce alcohols, aldehydes, ketones,
carboxylic acids, and quinones.®”-191.231 Generation of Oz typically occurs via a high-
voltage discharge across an oxygen or air feed-gas; the technology is mature, can be
performed on-site, and requires no storage. 8:°7.108.192 Hence, in situ oxidation with Oz gas

may present a technical avenue to decrease the total time needed for bioremediation and
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to allow removal of petroleum contamination that is inherently recalcitrant to
bioremediation.?3?

How Os transports through the soil profile is complex, because Os reacts rapidly
and non-specifically with many organic and inorganic compounds.10%:193.231.233 Since
many factors can promote or impede the ability of Os to transport along a soil column, O3
transport has been the subject of numerous studies.35:192:193234-236 Hg) and Masten found
Os to be an effective oxidant against phenanthrene, with water content and organic matter
being factors that impeded Os transport in 10-cm and 30-cm columns.?*” Choi et al.
examined the effect of soil media, OH-radical scavengers, Oz dosage, and humic acid for
the ozonation of 10 ppm of PAHSs (e.g., phenanthrene) in glass beads, sand, and baked
sand in a variety of slurry experiments.?% These authors found that the time needed for
Os to break-through decreased with greater soil moisture, a result they attributed to
decreased pore volume and access to soil organic matter (SOM) and metal oxides. Chen
et al. also showed that the reaction of Os with petroleum hydrocarbon was impeded by
increased soil moisture, even at high concentrations of residual petroleum (18,000 ppm
and 33,000 ppm).%°® Most recently, Ying et al., examining the importance of iron-content
and soil particle-size distribution, corroborated the impact of SOM in two soil types of an
Israeli coastline aquifer.?32

The prior studies agree that increased water content, SOM, and metal oxides
impede Os transport, either by blocking gas pores or creating an Oz demand; the outcome
is that the Os dose has to be increased to reach a target contaminant. Each of the studies,

however, looked at bulk contaminant removal within the column without examining
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reactivity with axial distance, which affects treatment efficacy for in situ applications.
Only Zhang et al. looked at the degradation of anthracene along 6 points in sand-packed
columns, but with a relatively low anthracene concentration, 50 ppm. Moreover, no
studies have evaluated treatment regimens with higher than 1 wt% of O3 gas.

Small-scale O3 generators can produce between 1-5 wt% Os , and high-efficiency
O3 generators can reach concentrations of 15 wt% using an Oz feed gas, the upper limit
for safe-handling.1%? High concentrations deliver treatment mass in a smaller volume of
carrier gas (i.e., increased loading of mass Os/mass soil/time), thereby decreasing
treatment time and the volume of the total of gas that must be contacted with soil. On the
other hand, increasing the concentration of a reactive gas in complex soil matrix will
have non-linear consequences for Os half-life, transport distance, and the generation of a
hydroxyl radical, a key secondary oxidant that is dependent on available catalytic
surfaces.

The spatial reactivity of Os, the effective Oz concentration, and the efficiency of a
given total dose level are key concerns for in situ application of Oz for soil contaminated
with >1 wt% petroleum.”” Yet little direct evidence demonstrates how Oz reacts along the
gas-flow path using treatment-relevant Oz concentrations for field-relevant contaminant
conditions. This work expands beyond previous work by evaluating Os consumption
along the axial distance of a 45-cm column using high concentrations of O3 gas (~2 wt%,
~5 wt%, and ~14 wt %) for soils contaminated with petroleum at 5 wt%, initially by
looking at the ability of Os to traverse the column (“break-through”) under each condition

and secondarily at the removal of total petroleum hydrocarbons (TPH) along axial
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distance. In addition, the axial length for temperature change, water (H20) flux, and total
heat evolved based on the specific heat of soil+H20, temperature, and AH20 are
examined. The results show clear spatial patterns with respect to Os transport and
utilization efficiency based on a 3x3 array of concentration and total dose, and they
reveal key spatial concerns about the balance of heat as the reaction proceeds through a
soil column.
6.2 Materials and Methods
6.2.1 Crude Oil Source and Characteristics

Chevron Technical Center (a Chevron U.S.A. Inc. division, Richmond, CA)
provided a crude oil known as ARAB having an American Petroleum Institute gravity of
30-32° and classified as a medium crude oil. The crude oil characteristics are described in
3.2.3 and 3.3.3.
6.2.2 Soil Source and Characteristics

Locally sourced topsoil (All Star Materials, Guadalupe, AZ) served as the
background soil in all experiments. Soil preparation and classification analyses are
described in 3.2.1 and 3.3.1.
6.2.3 Preparation of Petroleum Contaminated Test Soil

A petroleum contaminated test soil using ARAB crude mixed with background
soil (initial moisture < 1-2% w/w) at a concentration of 5% w/w was created. The mixture
was vigorously mixed with a hand trowel for even consistency, and the soil was
transferred to clean, heat-resistant (up to 60°C) 57-L polypropylene containers. Soils

were artificially weathered in the lab, in methods described in further detail in 3.2.4.
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6.2.4 Soil Column Ozonation Apparatus

The ozonation setup is shown in Figure 6.1. Each experiment was conducted
using 600 g of contaminated soil containing 5% w/w crude oil and moistened to 10%
w/w moisture. Before ozonation, the experimental soil was loaded to a height of 45 cm
into a custom reaction vessel (4.0 cm ID x 60 cm) comprised of two fused chambers: a
700-cm?® main reaction chamber for soil and a 50-cm?® antechamber separated by a coarse-
grit diffusion plate (ASU Glassblowing Facility, Tempe, AZ). A temperature-indicating
label (McMaster-Carr; Aurora, OH) was placed every 5 cm from 0 to 45 cm (inclusive)
along the length of the column for a total of 10 measurement points; the labels indicated
surface temperature in 5-degree increments from 25°C to 100°C and are rated for
accuracy of £2°C (Figure 6.1, right panel). Ambient laboratory temperature was 24.4°C.

All hosing connections and fittings were made of Os-compatible
polytetrafluoroethylene (PTFE). A tank of ultra-high purity (UHP) compressed Oz (S.3A)
was supplied to a dual-stage pressure regulator (S.3B) and then passed through a flow
meter (S.3C) to regulate flow to 2 liters per minute (LPM). The gas then flowed into an
Ozonia (Trevose, PA) Triogen LAB2B laboratory Os generator (S.3D), which delivered
Os at a loading rate of ~2 wt% (10,000 ppmv) for the low loading rate and ~5 wt%
(30,000 ppmv) for the medium loading rate. For high-loading rate experiments at ~14
wt% (84,000 ppmv), the setup was connected to an Ozonia Model CFS-1 2G O3

generator.
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Detail of Column

Figure S.F/G
Column With Label

Figure 6.1. Left-panel shows the schematic of the experimental setup for soil ozonation:
(A) ultra-high purity (UHP) compressed tank provided O: to a (B) dual stage pressure
regulator, then to a (C) flowmeter, (D) Ozonia Triogen LAB2B laboratory Os generator
for low and medium loading rate experiments, or Ozonia Model CFS-1 2G O3 generator
for high loading rate experiments, (E) gas-washing bottle containing S00mL of 18MQ
water for humidification, the (F) %4”-inlet connection to reaction vessel antechamber, the
(G) ¥”-outlet connection, and (H) Model 465M Ozone Monitor. Right-panel shows detail
of column (Figure 1. F/G) with temperature indicating labels in position.

The Os-bearing gas was directed through a gas-washing bottle (S.3E) filled with
500 mL of acidified (pH 2) 18-MQ deionized water to attenuate stripping of moisture
from the soil and then allowed to passively advect in up-flow mode into the first chamber
(S.3F), across the diffusion plate, and then into the chamber containing the soil (S.3G).
Effluent gas was directed into a Model 465M Ozone Monitor (S.3H) (Teledyne
Advanced Pollution Instrumentation, San Diego, CA).

A total of 9 experimental conditions (Table 6.1) were run in duplicate. The O3
concentration in the effluent gas was recorded every five minutes during an ozonation
experiment. Temperature at each of the ten points along the surface of the glass column
was also recorded every five minutes. To quantify the spatial differences, the soil in the
reaction vessel was removed in 5 discrete sections (as demonstrated in Figure E,

Appendix E) and analyzed in triplicate for TPH and moisture. An O2-only control column
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was run for 240 minutes to determine moisture stripping effects of gas-flow along the

five column sections.

Table 6.1. Summary of the 9 ozonation experiments, each using 600 g of TSC.

Ozone Gas Conditions to Achieve Targeted Ozone Dose

Loading Rate | For a Gas flow rate of 2 LPM for different times and Ozone

(mgozone/ gsoit/ | Gas Phase Concentrations

h) 5g Ozone Dose 10 g Ozone Dose 40 g Ozone Dose

4 120 min of 240 min of 10,000 480 min of 10,000
10,000 ppmv ppmv [Os3] ppmv [O3]
[Os]

12 40 min of 30,000 80 min of 30,000 160 min of 30,000
ppmv [Og] ppmv [Os] ppmv [Og]

36 15 min of 84,000 30 min of 84,000 60 min of 84,000
ppmv [O] ppmv [O3] ppmv [O]

6.2.5 Quantification for TPH and Moisture
Extraction and quantitation of TPH (C9-C36) closely followed the methods
described in 3.2.7.
6.3 Results and Discussion
6.3.1 Extractable TPH Prior to Ozonation of Soil Columns
Figure 6.2 compares TPH concentrations (C9-C36) between raw and weathered

crude oil. The initial pre-weathering concentration was ~23,600+700 ppm TPH
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(coefficient of variation [CV] = 3%). After weathering, the TPH concentration was on
average 20,000 * 1,200 ppm TPH (CV = 6%). DCM-extractable carbon accounted for
~40% of available hydrocarbons, since asphaltenes and resins were not quantified in the

analysis.® The synthetic weathering process removed 86% of hydrocarbons from C9 to

C12, 26% from C12 to C13, and ~15% of overall TPH.

Arab Medium Crude (API 30-32)
3500

3000

2500

TPH (ppm)
e (g
=)
s S
==

B Post-Weathering Pre-Weathering

Figure 6.2 Arab medium crude oil before and after laboratory weathering processes.

6.3.2 Effluent Ozone Profiles (“Break-through”) over Time
Effluent Os is defined as the concentration of Oz in the gas exiting during the
ozonation experiments. Integrated over time, | measured how much for the supplied dose

exited the column unreacted. Gas flowrates influenced the change in measured gas phase
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0zone concentrations across the lengths of the soil column. For experiments at the low-
gas loading rate, 2-3% of the supplied Os dose exited as effluent at the 5 g total dose, 7%
at the 10 g total dose, and 32% at the 20 g total dose. Thus, Os traveled the length of the
column and broke through for the low Os-loading rate. At the medium loading rate, the
O3 concentration in the effluent was negligible at the 5 g and 10 g total dose, and it was
2% at the 20 g dose. No effluent O3 was detected at any total dose level for highest gas
loading rate.

6.3.3 Bulk TPH Removal and Os-utilization Efficiency

TPH results for the matrix of Oz loading rates and total O3 doses are summarized
in Table 6.2. TPH loss rates (g A C /h) increased with increasing O3 loading rate: from
0.44 g AC/hr for the lowest Os-loading rate to 2.3 g AC/hr for the highest rate. This trend
IS expected, given that organic oxidations involving Os are commonly bimolecular, i.e.,
first-order with respect to each reactant.01:238.239 |n contrast, the efficiency of the reaction
between Oz and TPH was greatest at the lowest Os loading rate at every total dose, as
evidenced by the Ogs utilization ratios, which were highest for the lowest loading rate.

A possible reason for decreased Os utilization with increased loading rate is that
the higher gas loading rates of ozone led to more direct attacks by molecular Os and
fewer radical reactions. The generation of hydroxyl radicals is a dominant reaction when
Os is deployed in a complex matrix like soil, where metals in soil mineral backbone
(Table 3.1) catalyze the formation of hydroxyl radicals.?'4-216240 Catalytic ozonation has
been found to be almost 3-fold more efficient than ozonation alone for the oxidation of

hydrocarbons.?*! The major catalytic mechanisms depend on surface absorption such that
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either (1) the O3 decomposes to free radicals by metal ions which react with
hydrocarbons or (2) the complexation between organic molecule and the catalyst and
subsequent oxidation of the complex.?42-246 With a high ozone loading rate, radical-
generating sites may have become saturated, thereby increasing the proportion of
molecular O3 present.236247 Direct attack by the Oz molecule is more selective and slower

than radical attack and may favor larger, more complex hydrocarbons.0%:237
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Table 6.2. TPH Summary of average TPH values for 9 ozonation experiments are noted
below. Ozonation-utilization was tabulated from grams of carbon removed (85% of
TPH).

Total O3 Applied 5903 10g0s 20903
Start TPH 21,000 19,000 21,000
End TPH 18,000 15,000 15,000
Low Loading rate
% TPH Reduction 13% 20% 30%
4 mgozone/ gsoiI/ h
g TPH removed 1.4 2.0 3.0
Utilization ratio, g Os/g C 4.1 5.8 7.9
Start TPH 18,000 19,000 20,000
Medium Loading End TPH 17,000 16,000 15,000
rate % TPH Reduction 9% 17% 24%
12 mQozone/ Gsoit/ g TPH removed 0.84 1.8 2.4
Utilization ratio, g Os/g C 7.0 6.5 9.9
Start TPH 21,000 20,000 22,000
End TPH 19,000 17,000 18,000
High Loading rate
% TPH Reduction 8% 10% 18%
36 MQozone/ gsoil/ h
g TPH removed 0.90 1.1 2.2
Utilization ratio, g Os/g C 6.5 11 11

6.3.4 TPH Removal by Distance Through the Length of the Soil Column
The removal of TPH along the column is presented in Figure 6.3. The horizontal

axis is the TPH concentration normalized to the respective control, while the vertical axis
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represents axial distance along the column. The top row of Figure 6.3 (A-C) shows the
low loading rate (4 mgozone/ gsoil/ N), the middle row (D-F) shows the medium loading rate
(12 mgozone/ gsoit/ h), and the bottom row (G-1) shows the high loading rate (36 mgozone/
Osoil/ h).

Because Os gas reacts with the first available hydrocarbons along the transport
path, the inlet end always had a more pronounced TPH removal than the outlet end. This
TPH pattern was also shown for the degradation of phenanthrene.® The degree of
asymmetry between the ends of the column increased sharply with increasing Os loading
rate. At the low loading rate, TPH removal began to equalize as the dose time moved
from 120 to 480 min (top row). TPH removal for medium loading rate, however, retained
a pronounced difference between the two ends, and the difference was more extreme at
high Os loading rate, where TPH removal stalled at the 20-cm mark, even at the highest
dose (20 g Os). A trade-off was that the high loading rate conferred a significant
improvement in TPH reduction at a short distance (0-10 cm) compared to the medium
and low loading rates: 62%, 56%, and 48%, for high, medium, and low loading rate,
respectively. This feature, combined with the lack of effluent O3 observed for high
loading rate experiments, may be an advantage to the high-loading rate regimen for

contamination scenarios that have a shallow depth.
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Figure 6.3 (A-1). The vertical axis represents distance (cm) from the inlet end, and the
horizontal axis represents % TPH removal normalized to respective control experiments.
The axes correspond to a column’s orientation, i.e., upright (Figure 6.1).
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6.3.5 Temperature at Input, Mid-Point, and Outlet End of the Soil Columns

Temperature measurements made at 10 points along the axial length every five
minutes enabled the monitoring of a “heat front” that began at the inlet end and moved
along the soil column in each of the 9 experimental conditions. Figure 6.4 (A-I) shows
the temperature profile (y-axis) as a function of experimental duration (x-axis) at the inlet
(5 cm), mid-point (10-20 cm), and outlet (>40cm) ends of the column. For the low Os-
loading rate (Figure 6.4 (A-C)), the heat front emerged within 1-2 minutes, traversed >40
cm in 60£20 min, and then dissipated, although the column did not completely cool to the
ambient temperature, ~24°C. Peak temperature, which was 35°C at each total-dose level
of low loading, was observed only between 10 and 20 cm and only in the first 60
minutes. After 60 minutes of ozonation, the heat front reached >40 cm, but the column
temperature did not continue to increase along the length, and remained at 27+£2°C for the
duration of the experiment, even though TPH removal continued from 120 to 480
minutes (Figure 6.3B and 1C). The temperature results show that the initial reactions
were strongly exothermic, while later reactions were less s0.231:248 The stable
temperatures indicate that the energy emission from the oxidation reactions was balanced
by heat loss due to the advection of warm gas, latent heat of evaporation, and losses to
the surroundings.

The heat front generated by the medium Os-loading rate (Figure 6.4 (D-F)) shows
that tripling the Os-loading rate increased the reaction rate and, thus, shortened the time

for a temperature increase to reach >40cm from 60£20 min to 36+20 minutes. Heat
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accumulated more quickly, as evidenced by the increase in peak temperature, to 40-45°C
recorded at 10-20 cm along the column. Since Oz lost in the effluent was significantly
decreased (<2%), the higher temperature may have increased Os reaction kinetics, which
decreased its half-life.19%24% The increase in O3 consumption was not matched by more
removal of TPH, as shown in Figure 6.3 (D-F); instead, Os may have been oxidizing
asphaltenes and resins, which were not measured. Similar to the low Oz loading, medium
loading showed no further increases in temperature >60 min, but converged to ~35+4°C
for the remainder of the experiment at the highest total dose (20 g).

The trends intensified at the highest loading rate (Figure 6.4 (G-1)), which had an
additional tripling of the O3 loading rate to 36 mgozone/ gsoit/ h. Temperature increases
occurred at >40cm after only 18+5 min, and peak temperatures at 10-20 cm were higher
than for lower Os loading rates: 55°C for the total dose of 5 g Os, 60°C for 10 g Os, 65°C
for 20 g Os. The 20-g total dose yielded a second heat front after 55-60 minutes at the Os
inlet (0-5cm): There, the temperatures spiked to >100°C. The temperature spike was
exacerbated by the substantial loss of water from the inlet end of the column (discussed
below). Schubert et al. noted that 100°C is approximately the lower limit wherein alkanes
can be induced into slow combustion in the presence of Oz and Os. The combustion
reactions increase temperature still further, which vaporizes more moisture and further

propagates the reaction,?%2! a smoldering phenomenon that was noted by Chen et al.*
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Figure 6.4 (A-1). The vertical axis represents distance (cm) from the inlet end, and the
horizontal axis represents time (min) of each experimental condition. For each condition,
temperature is monitored at the inlet (green), mid-point (blue), and outlet (yellow) to O3

distri

bution.
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6.3.6 Movement of Moisture Across the Column

Precise moisture measurements taken across the column for each of the 9 experimental
conditions allowed us to evaluate the mass of water gained or lost (compared to the
starting level) along the axial direction; the moisture results are shown in Figure 6.5 (A-
I). These data provide a “snapshot” of the moisture profile at each dose level (i.e., each
time point) and demonstrate that a moisture “front” moved along the reaction path,
creating a non-uniform moisture pattern; water loss near the column’s inlet and gain near
the column’s outlet. For total doses >5 g Os, experiments indicated a net loss of moisture.
The low loading rate experiments (Figure 6.5 A-C) delivered volumetrically more gas
than those for higher loading rates; hence, the moisture-stripping effect was more
pronounced. At the highest total Os dose, the low loading rate experiment yielded a net
loss of 9 g H20 from the column over 480 minutes, with the inlet and outlet ends showing
approximately -8 g H20 and +3 g H20, respectively. The medium loading rate
experiments (Figure 6.5 D-F) showed a greater degree of imbalance between moisture at
inlet and outlet ends for the highest dose: approximately -9 g and +7 g H20, respectively.
This pattern was heightened at the highest Os-loading rate (Figure 6.5 G-I):
approximately -12 g and +7 g H20, respectively.

The flux of water along the axial distance was reinforced by the balance point (net
zero AH20). At low loading, the axial position for the balance point of water increased
from ~15 to 30 cm as the reaction time increased, showing that moisture moved up and
out of the column (as evidenced by the 9 g net loss of water from the entire column at the

20 g total dose). The balance point for medium loading also advanced, but at a lower final
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position (~25 cm). The balance point of high loading, on the other hand, stalled at ~15
cm, even while the temperature increased still further at the inlet end to 100°C due to
both a decrease in water content near the diffusion plate and stalled evaporative cooling.
Moreover, the accumulation of water at the outlet end had a detrimental effect on O3
reactivity at >20cm.®%1°2 The finding that moisture impedes ozonation by blocking
catalytic surfaces and access to the contaminant target has been shown to be one of the
chief hindrances to Os transport in the soil column, which was recapitulated here at high

loading.°1%2
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Figure 6.5 (A-1). The vertical axis represents distance (cm) from the inlet end, and the
horizontal axis represents g of moisture (lost is in orange and gained is in blue). The axes
correspond to a column’s orientation, i.e., upright (Figure 6.1).
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6.3.7 Heat Gain and Loss Along the Column

The continuous temperature measurements (Figure 6.4) and changes in moisture
content (Figure 6.5) make it possible to compute the net heat generated or lost by a
change in temperature (specific heat) and by the latent heat of evaporation or
condensation (latent heat) by location and time. The specific heat (kJ) was computed

from:

Qspec = AT[(MdrysoilCdrysoil) + (Mwater Cwater)] Equation 6.1
The latent heat (kJ) was:

Qlat = Mwater (loss/gain)Lwater Equation 6.2

The net heat (kJ) was calculated from:

Qnet = AT[(Mdry soilcdry soil) + (Mwater Cwater)] + Mwater (loss/gain)Lwater
Equation 6.3
where AT is the temperature change for a given time interval (°C), Mary soil is the mass (g)

of dry soil, Cary soil IS the specific heat capacity of the dry soil (0.837 J/g/°C), Mwater is the
mass of water in the fraction, Cwater is the specific heat capacity of the water (4.186
J/g/°C), Lwater is the latent heat of vaporization for water (2,260 J/g), and
My ater (10ss/gain) 1S the net change in water for a given time interval at a given position.
Latent heat measurements were corrected for moisture losses due to the movement of Oz
gas only, as described in the Appendix F with Figure F and Table F. The moisture
adjustment preserved all original trends such that the final reported values for Qia are
conservative.

Figure 6.6 (A-1), which presents Qspec, Qiat, Qnet, and the sum of Qnet along the

column, identifies three key trends. First, Qnet Was positive for all experiments and
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increased with loading rate and dose, such that the highest total heat production occurred
at the 20 g dose of high loading (bottom-right panel). Second, increasing the loading rate
at each dose level increased the Qnet SUM, even though TPH reduction was not increased,
as evidenced in Figure 6.3 (A-1). Hence, heat generation likely was the result of O3
oxidation of hydrocarbons outside the C9-C36 TPH range, particularly with
aromatics.91120.237 Third, Qnet (Figure 6.6, grey lines) was nearly always net negative at
>20cm on the columns in every experiment, indicating that the heat measured at the
outlet end was overwhelmingly due to the condensation of heat removed from the inlet
end. Heat deposition was primarily due to heat released from condensation, and Qret
closely tracks latent heat throughout the column. Thus, moisture changes along the
reaction path were key to controlling temperature. For example, heat release from the
reaction with the low loading rate could be balanced by evaporating moisture such that
the inlet, midpoint, and outlet points of the column converged to ~27°C (Figure 6.4 B, C).
In contrast, overall heat production for the highest loading rate was great enough that the
evaporation could not moderate the temperature rise, particularly in the middle of the
column (Figure 6.4 G, H, and 1). The high rate of moisture loss at the inlet end was
matched by high condensation at the outlet end, effectively blocking evaporative cooling
such that high loading became self-limiting with respect to axial transport but self-
propagating with respect to heating at the inlet end. This created a risk for smoldering

near the diffusion plate which has been observed previously.*®
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Figure 6.6 (A-1). Spatial distribution of specific heat and latent released or gained along
the column in the same orientation as the experimental design, i.e., upright (Figure 6.1).
The vertical axis represents distance (cm) from the inlet, and the horizontal axis
represents heat released (+) or lost (-) (J). Qiat is in blue bars, Qspec is in red bars, and Qnet
is in the grey line. The sum of Qnet for the entire column is listed in kJ.
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6.4 Summary and Conclusion

The results have immediate applicability to the in situ use of Os to accelerate the
bioremediation of soils contaminated with crude oil. The Os reaction in the soil column
was made more uniform by using a low O3z concentration and gas phase loading rate. A
more uniform reaction improved the Os-utilization efficiency for removing TPH in the
C9-C36 range. It also lowered the net heat generation, making the temperature more even
along the axial direction of the column and minimizing the disparity of moisture content
from the inlet to the outlet. Evaporation and condensation of water were crucial to
determining the heat balance and temperature as the reaction moved forward. The rate of
TPH oxidation, causing heat release, could be well-balanced at the low loading rate, and
the temperature did not increase to >35°C. Evaporative heat losses were less able to
moderate the temperature for the high loading rate, and a heat pocket with a possible
ignition risk occurred, especially near the Os inlet, where moisture losses were greatest.
Overall, it is clear that O3 deployment has great potential for in situ oxidation, but
concentration, total dose, and moisture dynamics must be balanced to maintain a reaction

that reaches the intended treatment zone.
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7 SUMMARY AND FUTURE WORK
7.1 Summary and Implications

The remediation of petroleum hydrocarbons will remain a global concern even as
crude oil is displaced in the energy mix by renewables like solar, wind, and hydro-
electric.1> Site closure will entail investigation of petroleum contamination and
remediation of contaminated soil stockpiles. Oxidation with Oz is a valuable component
of the technology toolbox needed to remediate residuals left from decades of crude oil
handling.

| experimentally evaluated a wide range of ozonation conditions for the loss of

TPH, utilization of Oz, and formation of DOC.
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Table 7.1 lists the experimental conditions evaluated in Chapters 3 and Chapter 6.
In aggregate, O3 gas was capable of removing 18%-30% of TPH hydrocarbon at single
high dose. Chapter 3 demonstrated that increasing the crude oil’s API led to improved
ozonation efficiency: 5.6, 4.8, and 4.9 g Os/gTPHc removed for SJV (API 13-15),
ARAB (API 30-32), and ANS (API 29-32), respectively. However, Chapter 6
demonstrated that O3 concentration was a stronger governing factor over Os utilization,
as illustrated by the differences at a 20-g dose among low, medium, and high loadings
(i.e., via the input O3 concentration). The over-arching conclusion is that Os could
remove close to 25% of TPH, regardless of crude API, with dosing strategy being more

important than crude oil type.
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Table 7.1 Summary of the impacts of O3 dosage among the three crude oils, O3 dosages,
O3 concentrations

Crude | API [Os] Flow | Os | Start End % TPH | gOs/gTPHC
oil gravity | (ppmv) | (LPM) | (9) | TPH TPH | Removal | Removed
ARAB | 30-32 | 17,000 5 5 [45,000 | 44,000 4% 5.0
ARAB | 30-32 | 17,000 5 10 | 45,000 | 42,000 8% 4.8
ARAB | 30-32 | 17,000 5 40 | 45,000 | 35,000 23% 7.1
ANS | 29-32 | 17,000 5 5 |33,000 | 33,000 1% 25.7
ANS | 29-32 | 17,000 5 10 | 33,000 | 30,000 11% 4.9
ANS | 29-32 | 17,000 5 40 | 33,000 | 25,000 27% 8.8
SJV | 13-15 | 17,000 5 5 [38,000 | 37,000 2% 10.9
SJV | 13-15 | 17,000 5 10 | 38,000 | 35,000 9% 5.6
SJV | 13-15 | 17,000 5 40 | 38,000 | 29,000 23% 7.9
ARAB | 30-32 | 10,000 2 5 21,000 | 18,000 13% 4.1
ARAB | 30-32 | 10,000 2 10 | 19,000 | 15,000 20% 5.8
ARAB | 30-32 | 10,000 2 20 | 21,000 | 15,000 30% 7.9
ARAB | 30-32 | 30,000 2 5 18,000 | 17,000 9% 7.0
ARAB | 30-32 | 30,000 2 10 | 19,000 | 16,000 17% 6.5
ARAB | 30-32 | 30,000 2 20 | 20,000 | 15,000 24% 9.9
ARAB | 30-32 | 84,000 2 5 21,000 | 19,000 8% 6.5
ARAB | 30-32 | 84,000 2 10 | 20,000 | 17,000 10% 11
ARAB | 30-32 | 84,000 2 20 | 22,000 | 18,000 18% 11

A key focus of this dissertation is to determine whether ozonation byproducts
have toxic effects on seedling germination, since the utility of applying Os for large
stockpiles of soil is necessarily linked to toxicity of remaining residuals as soils wait for
or undergo bioremediation treatment. Chapter 4 focused on screening of three distinct
ozonated crude oils (ANS, ARAB, and SJV) for the germination of three seeds (Grass,
Lettuce, and Radish). The key finding from Chapter 5 was that radish (Raphanus lativus
L.) germination was demonstrably affected by the presence of DOC, but not by the
presence of remaining petroleum as TPH. These findings were critical in the
identification of radish as an indicator species of oxidized petroleum residuals, a result

that is greatly relevant to eco-toxicity assessments after petroleum clean-up. Moreover,
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the differences in radish germination among the oxidized residuals of three distinct crude
oils (Chapter 5) were minimal, with only a slight increase in adverse germination effects
of oxidized heavy crude oil, SJV. This is an important finding, since it shows that
toxicity thresholds maybe broadly applicable among different crude oils when using
radish as an indicator species.

The continuous measurements and the categorical variables allowed me to build a
multiple logistic regression model of radish germination (in Chapter 5) to assess the
relative toxicity of ozonation byproducts (measured as DOC), while controlling for
variables like TPH concentration, crude oil type, organic background, and O3z dose-level.
The final model showed that, while absolute concentration of DOC could be used to draw
boundaries for risk to germination, lower overall doses of Os yielded products that had
greater effective toxicity. These results are corroborated by other studies that have shown
toxic effect of ozonation of hydrocarbons increasing before they decrease with further
oxidation.'® Organic background content was important to attenuating toxic effects,
while petroleum could be excluded from the model entirely. Establishing benchmark
doses for adverse effects of oxidized petroleum hydrocarbon is a key step to field
deployment of Os gas.

Another field concern addressed by this dissertation is Os transport within the soil
column. For a static contacting scenario in which ozone is being pumped through a given
volume of soil, the utilization of O3 greatly depends on distance, especially at higher
concentrations of Oz as demonstrated in low, medium, and high loading rate experiments

in Chapter 6. The use of three distinct doses for each of the three loading rates provided
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a timeline of Os reactivity across the column length. By looking at the spatial orientation
of the reaction, | provided a visualization of reaction position with time. | demonstrated
that a lower loading rate improved the efficiency of Os utilization and increased Os-
transport distance. These trends suggest that a lower loading rate favored oxidation
reactions with TPH over secondary reactions with already oxidized intermediates.
Alternatively, a higher loading rate increased oxidation reactions with organics outside
the TPH range.

The low loading rate ([Os] at 10,000 ppmv) was self-propagating in that heat was
evolved from the reaction path and transported out of the column (~45cm); in other
words, those columns experienced net cooling. Alternatively, the high loading
experiments ([Os] at 84,000 ppmv) were self-limiting as demonstrated by net heating.
These studies demonstrate that maintaining a heat balance by taking advantage of the
high latent heat of water can ensure that the reaction is maintained at a safe temperature
(e.g., 35°C in low loading). The alternative is to risk a reaction, particularly at the
distribution point, that undergoes a runaway heat spike. These results are relevant to
scenarios in which Oz may be deployed either to treat large batches of soil (e.g., 1000 md)
in which gas would have to be contacted with bulk soil volumes or to amend already
existing gas-based technologies for in situ soil treatment.

In conclusion, ozonation has the potential to be an important technology for
remediating soils contaminated with residual crude oil, since Os is effective for removing
substantial percentages petroleum hydrocarbon. However, the byproducts of ozonation

pose ecological toxicity, and radish emerges as an important indicator species that is
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sensitive to oxidized byproducts but not sensitive to untreated petroleum. The risk of
ecological toxicity underscores that importance of coupling ozonation with
bioremediation, as the soluble products of ozonation are biodegradable.8384% The
column studies show that Os-transport distance, Os-utilization efficiency, and
heat/moisture balancing can be enhanced by using lower Os-loading rates. This is
particularly important to bioremediation settings when large volumes of soil must be

contacted with Os gas over extended periods.

7.2 Potential for Field Deployment

This research lays the foundation for a practical means to optimize field
deployment of Os+bioremediation. The fundamental concept driving a field-practicable
application is one in which ozone is delivered intermittently in a series of discrete
applications that reduce TPH hydrophobicity and increase its biodegradability. Chen et
al. showed how a multi-cycle approach can remove TPH and other organic carbon
using sequence of biodegradation and ozonation.®® In this treatment regimen, DOC
becomes the dominant substrate for microbial consumption as the concentration of
readily biodegradable TPH decreases. While Os treatment does not directly enhance
the biodegradation rate of the residual TPH after ozonation, the conversion of TPH into
DOC makes it possible to utilize microbial activity for greater overall TPH reductions.

One example of a treatment regimen is one in which Os generation takes
advantage of a pulsed-injection technology applicable for in-situ and ex-situ

applications. For example, pulsed-injection technology was initially developed by
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Arizona State University as a low-cost, low-Operations and Maintenance (O&M)
method for the treatment of dissolved-phase hydrocarbons in groundwater.?2253 Pulsed
injection enabled effective treatment and minimized infrastructure investment to
successfully remediate hydrocarbon-contaminated groundwater in a large-scale (500-ft
long, 250-injection well) biobarrier application in Port Hueneme, CA.?? Translating
the pulsed-injection technology into a treatment mechanism for soil containing residual
weathered petroleum in the soil has great potential. The resulting technology could be
utilized in-situ for large-scale treatment areas or ex-situ as a method to more quickly
and more effectively treat stockpiled soils with weathered-petroleum residuals.

My research evaluates key concerns of field-scale deployment, such as a pulsed
injection sequence. First, I show important advantages and disadvantages for using a
high ozone loading rate versus a low loading rate. The application of a maximum O3
concentration (10% v/v) over a short treatment time (i.e., a high loading rate) yielded
the greatest reductions in TPH for points physically closest to the ozone distribution
point. In contrast, applying the same dose of ozone using a lower concentration and
longer reaction time (i.e., a low loading rate) enhanced the overall efficiency of O3
utilization and distributed the reaction over a greater treatment volume. As such, a
pulsed-injection scenario utilizing Os at the highest concentration (i.e., taking
advantage of the maximum generator capacity) will require closely spaced injection
points; on the other hand, delivery of Os at a lower concentration will improve spatial

reach and utilization efficiency requiring fewer wells and treating larger soil volumes.
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For ex situ settings like land farms or biopiles, the pulsed injection approach may
be coupled to gas-extraction wells to aid in containing and distributing Oz gas, as well
as improving timeframes for bioremediation post-contact with Os. Soil-gas extraction
has been in use for decades as a cost-effective and relatively low-tech strategy for the
removal of volatile or semi-volatile contaminants from the vadose zone, where it is
termed soil vapor extraction (SVE).?2%25%425 |n attempting to remediate heavy
weathered crude oil, which is low in volatile elements, SVE is not utilized as a
remediation tool. Instead, gas-extraction wells can be used to create a closed injection
loop through the subsurface without the need for full containment infrastructure,
thereby eliminating the possibility of escaping Os. This may be especially useful in
low-loading rate scenarios which have proven effluent discharge. Extracted gas can
also be monitored for effluent O3 creating an effective and simple way to determine that
Os consumption is nearing completion for a given dosing sequence. After a pulse of O3
is passed through the treatment radius, the pulsed-injection system can be used to
introduce air into the treatment zone to meet the minimum needs of aerobic
biodegradation in situ, or can take the place of tilling in an ex situ land-farming
scenario.8384.98

My research provides a picture of the trends in the reaction profile in the direction
of gas flow in soil columns. It also outlines a risk management strategy for periods
between ozonation and biodegradation. Here, I show minimum distances for treatment,
the profile of TPH reduction along the Os reaction path, the transfer of heat and the

movement of water in the direction of gas flow, all as functions of loading rate and
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dose. | also demonstrate that, if biodegradation is not completed, the ecological risk of
oxidized residuals may be monitored by the impacts on radish germination. Taken
together, my loading-rate experiments help determine the Os-application strategy, and
my risk-assessment model can be utilized to manage risks associated with the

generation of oxidized petroleum byproducts.

7.3 Future Research

The plateau of Oz utilization during petroleum treatment must be better
understood, especially for in situ scenarios. At the molecular scale, this may be
understood as a function of the molecular scale transport and reactivity of Os at the soil-
petroleum interface. While some authors describe agglomerated petroleum particles, it is
more likely that petroleum spreads and coats soil surfaces, creating non-aqueous phase
liquid (NAPL) on a microscopic scale.?>%25" Asphaltenes and resins stack toward to soil
minerals.16%258 A molecular simulation by Wu et al. showed that the most likely oil
distribution on quartz surface was a complex of asphaltenes surrounded by resins, into
and out which transported aromatics and saturates. 6% If Oz transport is limited by the
diffusion across a NAPL layer, advanced imaging technologies -- like scanning electron
microscopy, spectroscopy of sorbed Oz, or molecular simulations -- may be helpful to
determine the nature of the layer.256.259,260

Studies of O3 reactivity would be greatly aided by measuring hydroxyl radical
production directly. The quantitation of radical activity is particularly important for

detecting a shift in chemistry from hydroxyl radical attack to direct Os attack. While heat
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measurements showed an increase in absolute heat production in high loading
experiments, this finding was not directly linked to a relative decrease in radical activity
in favor of direct Osattack. The production of hydroxyl radicals can be tested indirectly
by measuring the production of hydroxyl-radical adducts to petroleum hydrocarbons
through the use of chemical derivatization and then measurement with high-performance
liquid chromatography linked mass spectrometry.132248.261.262 Qther techniques include
direct measurement using liquid chromatography with electrochemical detection and
mass spectrometry, gas chromatography with mass spectrometry, capillary
electrophoresis, electron spin resonance and chemiluminescence.?%?

Advanced methods for total hydrocarbon characterization are necessary to go
beyond the analysis of saturates, aromatics, resins, and asphaltenes (SARA). The
fractions of crude oil that may be reacting Os may change significantly based on overall
composition and dynamically as the reaction of O3 oxygenates larger molecular
groups.?8 Physical approaches take advantage of dominating affects like solubility in
solvents of differing polarity. Dichloromethane was used in this dissertation, but this
solvent did not capture the initial or changing composition of asphaltenes and resins. For
instance, thin layer chromatography with flame ionization detector (TLC/FID) has been
shown to be a sensitive indicator of compositional changes of coal derived liquids and
may be applicable to the changing composition of petroleum contamination after
contacting with Os gas.?

Once the characteristics of O3 diffusion at the NAPL surface and the reaction of

O3 with the complete crude oil matrix are better characterized, experimental and
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theoretical analysis of Os transport in the soil column will be much better understood.
While this dissertation explored greater distances than reported elsewhere, it did not
ascertain a fundamental limit for Os transport and reactivity along the macroscopic scale.
Typical soil vapor extraction (SVE) technologies, for instance, can operate from 15 to
100 feet between injection wells.?28265 At the lower limit, this is 10 times the distance
explored here. Hence, building a theoretical and empirical knowledge base of O3
transport will be key before the technology could be recommended on a large scale.
Detailed techno-economic analysis would also be of high value as a means to integrate

advancements on the molecular scale and the industrial scale.
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6.7

Table A.1 Sieve analysis to determine particle size distribution of TS.

Sieve (Particle

Particle Diameter

Classifica Size Terms

% Mass Retained

Cumulative %

Diameter) (mm, pnM) tion (Wentworth, 1922) on Sieve Passing

All particles All Sizes --

3/8in >9.5 mm Pebbles Medium Pebbles and 0.00% 0.00%
above

No. 4 9.5 mm —4.75 mm Medium and Fine 0.00%
Pebbles

No. 10 475 mm -2 mm Very fine pebbles 0.00%

No. 20 2 mm -850 uM Sand Very course/Course 6.25% 71.3%
Sand

No. 40 850 uM — 425 uM Course and Medium 21.30%
Sand

No. 60 425 uM - 250 uM Medium Sand 14.91%

No. 140 250 uM - 106 uM Fine and Very fine 20.22%
Sand

No. 200 106 uM — 75 uM Very fine Sand 8.64%

Pan <75 uM Silt & Very fine sand, All Silt, 28.68% 28.7%

Clay All Clay
All particles All Sizes 100.00% 100.00%




Percent Water
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R*=0.3353
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Figure A.1 Liquid limit of the test soil (TS).

Table A.2 Plastic limit results of the test soil (TS).

35

Tri  Cup Cup+Soil+Water Cup+Soil  Soil+Water Only Water %

al  (9) (9) (9) (9) (9) Water
1 14.10 15.95 15.64 1.85 0.31 16.76
2 14.02 18.85 18.07 4.83 0.78 16.15
3 1419 17.54 17.01 3.35 0.53 15.82
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Figure A.2. Soil classification using liquid limit and plastic limit. The red star indicates position
for TS, which is classified as a silty-clayey sand (SC-SM), or a “course-grained soil with fines.
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Binary Codes

Treatment, Dose, and Crude are polychotomous independent variables scaled with k > 2
possible levels. The k levels are categories without numeric significance. The method to
evaluate such category levels in the logistic regression model is to transform k levels into
a set of k — 1 design variables. Coded as either 0 or 1, k — 1 design variables can
accommodate k levels when all design variables are set to zero for the reference cell.
Table (a-c) demonstrates the use of reference cell coding for this study. In the logistic
regression model, the slope of the logit assessed when a categorical variable is in effect
(i.e., when k=1). Although the use of any reference cell yields mathematically equivalent
relative comparisons, | selected the category with the lowest probability germination

(where possible) as the reference cell to yield whole number odds ratios.

Table C.1. Reference-cell coding for scaled variables Treatment, Dose, and Crude

Treatment (Code) BS BSC
Background soil only |1 0
Background soil with crude 0 1
Background soil with oxidized crude 0 0

Dose (Code) S BSC BSOC-5§ BSOC-10g

B
Background soil only |1
Background soil with crude 0
Background soil with oxidized crude, 5g 0
Background soil with oxidized crude, 10g 0
Background soil with oxidized crude, 40g 0

cocorow
coor oo
oOr ooo

Crude (Code) BS BSC-ANS BSC-ARAB
Background soil only 1 0 0
Background soil with untreated ANS crude 0 1 0
Background soil with untreated ARAB crude 0 0 1
Background soil with untreated SJV crude 0 0 0
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Statistical Differences Between Treatment Groups by Seed

Table C.2. Probabilities, Odds, and Odds Ratios (OR) between treatment groups for
Radish, Lettuce, and Grass.

Treatment No Yes Total Prob. Odds OR P 95% CI

Radish | TS 61 299 360 0.83 490 474 0.00 (3.51,6.40)
TSC 89 271 360 0.75 3.04 295 0.00 (2.25,3.84)
TSOC 531 549 1080 0.51 1.03 Base

Lettuce | TS 120 240 360 0.67 2.00 256 0.00 (1.99,3.28)
TSC 191 169 360 0.47 0.88 1.13 0.31 (0.89,1.43)
TSOC 606 474 1080 0.44 0.78 Base

Grass | TS 265 95 360 0.26 0.36 1.11 0.44 (0.84,1.46)
TSC 285 75 360 0.21 0.26 0.82 0.17 (0.61, 1.09)
TSOC 817 263 1080 0.24 0.32 Base
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Statistical Differences Between Raw and Ozonated Crude by Seed

Table C.3. Probability, Odds, and OR for Radish germination by crude/oxidized crude.
Treatment No Yes Total Prob. Odds OR P 95% CI
Radish | TSC-ANS 26 94 120 0.78 3.62 313 0.00 (1.93,5.06)
TSOC-ANS 167 193 360 0.54 1.16 Base
TSC-ARAB 19 101 120 0.84 532 4.60 0.00 (2.70,7.83)
TSOC-ARAB 167 193 360 0.54 1.16 Base
TSC-SJV 44 76 120 0.63 1.73 2.09 0.00 (1.36,3.19)
TSOC-SJV 197 163 360 0.45 0.83 Base
Table C.4. Probability, Odds, and OR for Lettuce germination by crude/oxidized crude.
Treatment No Yes Total Prob. Odds OR P 95% ClI
Lettuce | TSC-ANS 58 62 120 0.52 1.07 128 0.25 (0.84,1.93)
TSOC-ANS 196 164 360 0.46 0.84 Base
TSC-ARAB 62 58 120 0.48 094 093 0.71 (0.61,1.39)
TSOC-ARAB 179 181 360 0.50 1.01 Base
TSC-SJV 71 49 120 041 0.69 1.24 0.33 (0.80, 1.88)
TSOC-SJV 231 129 360 0.36 0.56 Base
Table C.5. Probability, Odds, and OR for Grass germination by crude/oxidized crude.
Treatment No Yes Total Prob. Odds OR P 95% ClI
Grass | TSC-ANS 108 12 120 0.10 0.11 0.44 0.01 (0.23,0.85)
TSOC-ANS 288 72 360 0.20 0.25 Base
TSC-ARAB 94 26 120 0.22 0.28 1.00 1.00 (0.60, 1.65)
TSOC-ARAB 282 78 360 0.22 0.28 Base
TSC-SJV 83 37 120 031 045 0.97 091 (0.62,1.52)
TSOC-SJV 247 113 360 0.31 0.46 Base
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Statistical Differences Between Ozonated Group by Dose and Seed

Table C.6 Probability, Odds, and OR for germination by TSOC dose. Highest dose is the
base for all seeds.

Dose No Yes Total Prob. Odds OR P 95% CI

Radish | 5g Ozone 161 199 360 0.55 1.24 149 0.01 (1.11,2.00)
10g Ozone 173 187 360 0.52 1.08 1.31 0.07 (0.97,1.75)
40g Ozone 197 163 360 0.45 0.83 Base

Lettuce | 5g Ozone 221 139 360 0.39 0.63 0.85 0.29 (0.63,1.14)
10g Ozone 178 182 360 0.51 1.02 1.38 0.03 (1.03,1.85)
40g Ozone 207 153 360 0.43 0.74 Base

Grass |5gOzone 276 84 360 0.23 0.30 0.96 0.79 (0.67,1.34)
10g Ozone 268 92 360 0.26 0.34 1.08 0.67 (0.76,1.51)
409 Ozone 273 87 360 0.24 0.32 Base
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The Simple Logistic Regression Model

Linear regression determines the mean value of an outcome variable Y given a
specific value for the independent variable x. This “expected value of Y given X” is a
conditional mean and can be expressed as E(Y|x). An example of the equation of the
line with an intercept 5, and a single independent variable S, in the linear regression
model is:

E(Y|x) = By + f1x Equation D.1

Equation 1.1 implies that (1) as x varies from —oo to 400, so does Y and (2) that the
equation is linear in x. | compare this to a logistic-regression scenario, in which the
outcome Y is coded as either 1 or 0. Here, the scatterplot of Y by x falls along two lines:
a set of values for the independent variable x when the outcome is present (Y = 1) and
another set of x values when the outcome is absent (Y = 0). If x is a good predictor of Y,
those two scatterplots will have greater separation along x.

To achieve some of the useful properties of the linear-regression method, the first step
of logistic regression is to reframe the dichotomous Y values as a set of numbers that can
vary along a single line. This is achieved if Y is expressed as the cumulative probability
of the positive outcome (Y = 1) along x. In other words, the expression E(Y = 1|x)
must denote the “conditional probability that the outcome is present given x”. In simpler
notation, E(Y = 1|x) is represented by m(x).

This transformation has limitations, however. For the plot of m(x) along x, the
continuous predictor x can vary from —oo to 40, but the conditional probability (x)
can only vary between 0 to 1 (i.e., 0 < m(x) < 1). Moreover, as m(x) approaches its

lower and upper boundaries, the change in the conditional probability per unit change in
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x becomes smaller, yielding a more gradual slope. Instead of a line, the plot of (x) by x
resembles an S-shaped curve. The functional form of that curve is one derived from the

logistic distribution:

eBO+le .
TI.'(X) = T3oBothix Equation D.2

To regain some of the useful attributes of a linear model, the logistic regression
method uses another transformation called the “logit transformation,” one that is central

to the procedure. This transformation, in terms of (x), is:

90 =In(FE) = gy + pix Equation D.3

1-7(x)
By this transformation, the logit, g(x), becomes linear in its parameters, can be
continuous, and can range from —oo to +oo; it can also adhere to some of the principles
that guide linear regression. If | denote the probability of the positive outcome as
Pr(Y = 1|x) = n(x), the multiple logistic-regression model (with p independent

variables) is given by:

g(x) =1In (L(Tx(l)) = Bo + B1x1 + B2x; + -+ +B,x, Equation D.4

ed(x)

TG If the collection of p independent variables (also called

where (x) =
“covariates”) in a multivariable model can be denoted by the following vector:

X' = (x1,%2, .., Xp) Equation D.5
then the collection of coefficients (also called “parameters”) of those variables can be

denoted by:

B, = (ﬁO'ﬁll B2, Bp) Equation D.6
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The goal of logistic-regression modeling is to find the best collection of independent
variables x’ to predict g(x) and to find the best estimates for the coefficients of those
variables in the set B’

The log-likelihood

Linear regression uses the least squares function to find the unknown parameters that
minimize the sum-of-squared deviations of the observed values from predicted values for
a given model. The least-squares function is derived from a general method of estimation
called maximum likelihood; this general method is also used to estimate values of
predictive parameters in logistic regression.

In the context of logistic regression, the method of maximum likelihood yields a
likelihood function, called I(B"), that expresses the probability of the observed data as a
function of the set of unknown parameters B’. The objective is to find the set of values of
B’ that maximize L(B"). In practice, this is done by taking the log of the likelihood
function [(B"), denoted L(B") and differentiating L(B") with respect to the unknown

parameters (.., Bo, B1, B2, --- Bp)- The resulting equations (one for each parameter) are

set to zero and solved for a set of maximum likelihood estimators called B’. This process
is iterative and requires statistical software.

| used Stata v. 16.1 (College Station, Texas) to find the values for the log-likelihood
L(B") and the estimated coefficients B’. The software provides estimates for the
standard errors (SE) of each coefficient in the model from the matrix of second partial
derivative of the log-likelihood function as well as their respective 95% confidence
intervals:

B+ z,_q/,SE(B) Equation D.7
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where z;_, , is the upper 100(1 — a/2)% point from the standard normal distribution
(i.e., 1.96). The value of the log-likelihood L(B") reflects the probability that the data
would give the estimated parameters. A theoretically perfect (or saturated) model has a
log-likelihood of zero (L(B") = 0). Thus, the closer the value of log-likelihood is to 0,
the better is the model.

Building the logistic regression model

When log-likelihood is multiplied by —2, it yields a statistic called the deviance (D),
which follows a chi-square distribution with p degrees of freedom (equal to the number
of variables in the model, not including the constant 3,). The deviance D and the set of
estimates B’ are the foundation of model building in logistic regression by a simple test
called the likelihood ratio. The likelihood ratio produces the statistic G, which is chi-
square distributed with degrees of freedom equal to the difference in the number of
independent variables between the two models being compared:

G = D(model without the variable) — D(model with the variable) ®®
Equation D.8

| used the statistic G in two important ways. First, | tested the importance of each
independent variable of interest by subtracting the deviance of the univariable fitted
model from the deviance of the intercept-only model:

G = Deviancegyy)- g, — Deviancey(y)= g,+5,x ~ Equation D.9

b0 The likelihood ratio test gets its name from the following expression for G:

ikelihood of model without the variable)
(likelihood of model with the variable)

G = —2In [“
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In this case of simple logistic regression, | test the null hypothesis that 8; = 0 against
the alternative hypothesis that g, # 0; the statistic G follows the chi-square distribution
with 1 degree of freedom.

The likelihood ratio also allowed us to test whether any single coefficient in the set p
coefficients for a multivariable model was equal to zero:

G = Devianceg(x)zﬁo — Devianceg(x)z Bo+B1%x1+ B2 X0+ +Bpxp
Equation D.10
Here, | tested the null hypothesis that all p coefficients are equal to zero against the
alternative hypothesis that at least one coefficient is not equal to zero; the statistic G
follows the chi-square distribution with p degrees of freedom.

The likelihood ratio allowed us to systematically build a logistic regression model by
adding and removing coefficients and testing the significance of G using the partial
likelihood ratio test:

G = Deviancegy(x)= g,+p,x, — Deviancegy )= g, +pyx, +Baxs+Bsx
Equation D.11

In the above case, | tested the null hypothesis that either g, or S5 is equal to zero,
against the alternative hypothesis that at least one of the added variables did not equal
zero; the statistic G follows the chi-square distribution with 2 degrees of freedom. The
likelihood ratio (LLR) test determined the overall significance of p coefficients in each
model.

In summary, these tests (Equations 1.9 to 1.11), used in conjunction with the Chi-

squared table, tested the null hypothesis that any additional coefficients beyond that
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represented by the base model equal zero. The alternative hypothesis was that at least
one of the added covariates had a coefficient that did not equal zero.

The univariable Wald test statistic (z) tested each individual variable for significance:

W; = £ Equation D.12
SE

=)

The Wald test examined the null hypothesis that a given coefficient was zero and
followed the standard normal distribution. It was used to evaluate each covariate in a
multi-variable model.

Finally, the degree of statistical adjustment (i.e., controlling for confounding) was
determined by looking at the relative change in the value of a coefficient between
models. This occurred when a model contained a covariate, “d”, that was important to
the overall log-likelihood, and another covariate, “a,” the adjustment covariate, that was
not important to the predictive value of the model overall but affected the value of the

(I

coefficient “d”. The coefficient of “d” in a model without the adjustment variate “a” was

6,, while the coefficient of “d” in a model that contained the adjustment variate “a” was

;. The degree to which the presence of the covariate “a” in a model changed the value

of the coefficient of “d” is known as delta-beta-hat-percent and was determined from:
AR% = 100 ("&;’*1) Equation D.13
B1

If the presence of “a” in the model changed the coefficient of “d” by more than some set
minimum, then the covariate “a” was used to adjust the value of “d.” The minimum %

change was set to 20%.
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Preliminaries
Step 0. The independent covariates

Table J.1 demonstrates the use of reference cell coding for these variables. Any
reference level yields mathematically equivalent relative comparisons; reference levels
are noted in the table below. The blank test soil (TS) served as the control and was the
reference cell against which all other levels were compared for the variable TREATMENT
(k=5; k—1=4). The 0% Test soil (i.e., 100% potting mix) was the reference cell
against which all other levels were compared for the parameter b-ORGANIC (k = 6; k —
1 = 5). The variables and their levels are listed in Table J.2. The equations of the line for

each of the individual variables tested are listed in Table J.3.

Table D.1. Reference-cell coding for scaled variables TREATMENT and b-ORGANIC

(a) TREATMENT (Code) BSC BSOC-5g BSOC-10g BSOC-40g
Background soil only (Base) 0 0 0 0
Background soil with crude 1 0 0 0
Background soil with oxidized crude, 5 | 0 1 0 0
Background soil with oxidized crude, 10g | 0 0 1 0
Background soil with oxidized crude, 40g | 0 0 0 1

(b) b- ORGANIC (Code) 10% 20% 60% 90% 100%
0% Test / 100% Organic (base) 0 0 0 0 0
10% Test / 900% Organic 1 0 0 0 0
20% Test / 80% Organic 0 1 0 0 0
60% Test / 40% Organic 0 0 1 0 0
90% Test / 10% Organic 0 0 0 1 0
100% Test / 0% Organic 0 0 0 0 1
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Table D.2. Individual variables tested in the multiple logistic regression model

Covariate Type Increment
TPHc Continuous per 1000 ppm C
DOC Continuous per 1000 ppm C
TREATMEN | Categorical (k — 1 = 4 levels) TS (base)
T
TSC
TSOC+5 g Ozone
TSOC+10 g Ozone
TSOC+40 g Ozone

b-ORGANIC | Categorical (k — 1 = 5 levels) 0% Test / 100% Organic (base)
10% Test / 90% Organic
20% Test / 80% Organic
60% Test / 40% Organic
90% Test / 10% Organic
100% Test / 0% Organic

Table D.3. Equations of the line for each of individual variable tests

Covariate Univariable Model
TPHc g(x) = BAO+€TPchTPHc
DOC G(x) = Bo+PpocXpoc

TREATMENT" | §(x) = B + Brscxrsc + ’BTSOC—Sg 0sXTsoc-5g 05 T

Brsoc—10g 0:XTsoc-10g 05 T Brsoc-40g 0;XTsoc-40g 04

*%x

b-ORGANIC Q(x) = Bo + BrowX10%tB20%%20% + Beo%Xe0% T BoowXaoy T

KKk

B100%X100%

TS is base of categorical comparisons. When all other variables are 0, the intercept-
only represents TS.

0% Test Soil/100% Potting Soil is base of categorical comparisons. When all other
variables are 0, the intercept-only represents 0% Test Soil/100% Potting Soil.
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Model Construction
Step 1. Univariable analysis of each independent variable

Table D.4. Results of fitting the univariable logistic regression model (n = 840) *

Covariate Units Coeff Std. Err. G (df) p
TPHC™ per 1000 ppm 0.125  0.00877 266 (1) <0.000
DOC per 1000 ppm 1.49 0.131 305 (1) <0.000
TREATMENT | TS Base 80.6 (4) <0.000

TSC 0.304 0.262

TSOC-5¢g 1.49 0.231

TSOC-10g 1.29 0.232

TSOC-40g 1.56 0.230
b-ORGANIC 100% Base 308 (5) <0.000

90% -0.379 0.508

80% 0.445 0.427

40% 1.54 0.380

10% 2.68 0.369

0% 3.91 0.389

“Intercept-Only Loglikelihood is -515 for all variables.

““TPH is input into the model as mass of carbon in the TPH (TPHCc), or approximately
85% of the TPH by mass.

““Stata does show more than 3 decimal places for the p-value
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Step 2. The multivariable model

Table D.5. Results of fitting the multivariable logistic regression model (n = 840)"

Units Coeff  Std. Wald p 95% ClI
Err. (2)
TPHc™ per 1000 ppm 0.0068 0.0251 0.270 0.784  (-0.0423,
9 0.0562)
DOC per 1000 1.99 0.355 5.60 0.000 (1.29, 2.68)
ppm
TREATMEN | TS Base
T
TSC 0.122 0.588 0.210 0.835 (-1.03,1.27)
TSOC-5¢g 0.865 0.474 1.82 0.068 (-0.0640, 1.79)
0
TSOC-10g -0.572 0.565 -1.01 0.312 (-1.68, 0.536)
TSOC-40g -2.34 0.952 -2.46 0.014 (-4.20,-0.474)
0
b-ORGANIC | 100% Base
90% -0.605 0.516 -1.17 0.241 (-1.62,0.405)
80% - 0.444 -0.100  0.917 (-0.917,0.824)
0.0462
40% -0.710 0.540 -1.31 0.189 (-1.77,0.348)
10% 0.933 0.517 1.80 0.071 (-0.0803, 1.95)
0
0% 2.84 0492 577 0.000 (1.87, 3.80)

“Intercept-only loglikelihood is -514, the log-likelihood of the model is -260, and G
(df = 11) is 510 for the model, statistically significant at p<0.000.
“"TPH is input into the model as mass of carbon in the TPH (TPHc), approximately
85% of the TPH by mass.

*kKk
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Step 3. Evaluation for Confounding (Delta-Beta-Hat%)
Table D.6a Delta-beta-hat-percent

Category  Full Reduced A Comment
Model Model
TPHc  Dropped
DOC Continuou 1.99 2.03 -
S 2.07%
TREATMEN | TS Base
T
TSC 0.122 0.256 - TPHc2 is a
110% modifier
TSOC-5g 0.865 0.941 -
8.74%
TSOC-10g -0.572 -0.526 7.96%
TSOC-40g -2.34 -2.37 -
1.19%
b-ORGANIC | 100% Base
90% -0.605 -0.597 1.22%
80% -0.0462 -0.0278 39.8% TPHc2 is modifier
40% -0.710 -0.665 6.35%
10% 0.933 0.998 -
7.03%
0% 2.84 2.90 -
2.13%
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Table D.6b Delta-beta-hat-percent (continued)

Category  Full Reduced Af  Comment
Model Model
TPHc Continuo 0.00689  0.0354 - DOSE is a modifier
us 414%
DOC Continuo  1.99 1.26 36.7% DOSE is a modifier
us
b-ORGANIC | 100% Base
90% -0.605 -0.672 -
11.2%
80% -0.0462 -0.200 -334% DOSE is modifier
40% -0.710 -0.379 46.6% DOSE is modifier
10% 0.933 1.03 -
10.6%
0% 2.84 2.81 0.875
%
TPHc Continuo 0.00689  0.0839 - ORGANICisa
us 1120 modifier
%
DOC Continuo  1.99 1.60 19.3%
us
TREATMEN | TS Base
T
TSC 0.122 -1.32 1190 ORGANICisa
% modifier
TSOC-5g 0.865 -0.894 203% ORGANICisa
modifier
TSOC- -0.572 -2.17 -279% ORGANICIisa
10g modifier
TSOC- -2.34 -3.41 - ORGANICisa

40i 45.6% modifier
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Step 4. Establishing the preliminary main-effects model
Table D.7. Results of fitting the multivariable logistic regression model with b-

ORGANIC variable condensed to b-ORGANIC_2 (n=840)"

Covariate Unit Coef. Std. Wald p 95% ClI
Err. @
TPHc per 1000 0.0013 0.0234 0.0600 0.955 (-0.0444,
ppm 1 0.047)
DOC per 1000 1.73 0.305 5.68 0.000 (1.14,2.33)
ppm
TREATMENT | TS Base
TSC 0.184  0.569 0.320 0.747  (-0.932, 1.30)
TSOC-5¢ 0.929  0.452 2.06 0.040 (0.0433,1.82)
0

TSOC-10g -0.424  0.534 -0.790  0.427 (-1.47,0.623)
TSOC-40g -1.83 0.834 -2.19 0.028 (-3.46, -0.193)

b- Organic<10 Base
ORGANIC 2 | %
Organic>10  -2.30 0.301 -7.64 0.000 (-2.89,-1.71)
%

“Intercept-only loglikelihood is -515, the log-likelihood of the model is -278, and
G(df=7) is 474 for the model, statistically significant at p<0.000.

““TPH is input into the model as mass of carbon in the TPH (TPHc), approximately
85% of the TPH by mass.

*kk

Stata does show more than 3 decimal places for the p-value.
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Table D.8. Results of fitting the multivariable logistic regression model with

TREATMENT variable condensed to TREATMENT _2 (n = 840)"

Covariate Unit Coef. Std. Wald P™  95% ClI
Err. (2)
TPHc™ per 1000 0.0077 0.0123 0.620 0.53 (-0.0165,
ppm 1 2 0.0319)
DOC per 1000 169 0264 639 000 (1.17,2.20)
ppm 0
TREATMENT _ | TS/TSC Base
2
TSOC-5¢ 0.846 0.368 2.30 0.02 (0.124,1.57)
2
TSOC-10g -0479 0503 -0.950 0.34 (-1.47,0.507)
1
TSOC-40g -1.80 0.821 -2.20 0.02 (-3.41,-0.196)
8

b-ORGANIC 2 | Organic<l0 Base
%
Organic>10  -2.26 0.275  -8.22 0.00 (-2.80,-1.72)
% 0

“Intercept-only loglikelihood is -515, the log-likelihood of the model is -279, and
G(df=6) is 474 for the model, statistically significant at p<0.000.

““TPH is input into the model as mass of carbon in the TPH (TPHc), approximately
85% of the TPH by mass.

*hKk

Stata does show more than 3 decimal places for the p-value
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Table D.9. Delta-beta-hat-percent for TPHc removal.

Covariate Units Full Reduced Delta-Beta-Hat-Percent
TPHc per 1000 ppm 0.0077109 Dropped n/a
DOC per 1000 ppm  1.69 1.76 4.14%
TREATMENT 2 | TS/TSC Base
TSOC-5¢g 0.846 0.876 3.51%
TSOC-10g -0.479 -0.493 2.89%
TSOC-40g -1.80 -1.93 6.52%
b-ORGANIC 2 Organic<10% Base
Organic>10% -2.26 -2.30 1.64%

Step 5. Linearity of the logit for continuous variables/the main effects model.

Log-Odds Germination, Radish

Lowess Smooth Curve
Radish by DOC, n=600

N

3
DOC (per 1000 ppm)

4 5 6

Figure D.1. Lowess smooth on the log-odds scale of the outcome, radish germination,

versus DOC (per 1000 ppm), n = 600.
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Table D.10a. Fractional polynomial analysis of linearity of DOC in the logit.

df Deviance diff. p Powers
omitted 4 556 4.98 0.290
linear 4 556 4.98 0.290 1
m=1 2 552 0.979 0.613 3
m=2 0 551 0 -- 0.5 2

Table D.10b Fractional polynomial analysis of linearity of DOC in the logit

Covariate Units Coef.  Std. Wald p 95% CI
Err. 2
DOC per 1000 -1.15  1.76 -0.660 0.512 (-4.60, 2.29)
ppm
TREATMENT_ | TS/TSC Base
2
TSOC-5¢ 1.14 0.421 2.71 0.007 (0.316, 1.96)
TSOC-10g - 0.559 -0.0900 0.926 (-1.15,1.04)
0.0517
TSOC-40g -2.63 1.24 -2.12 0.034 (-5.05, -0.202)
0
b-ORGANIC_2 | Organic<10 Base
%
Organic>10 -2.26  0.303 -7.44 0.000 (-2.85, -1.66)
%
DOC m=1 2.06 1.84 1.12 0.264 (-1.55, 5.68)
DOC m=2 0.625 0.320 1.95 0.051 (-0.00276,
1.25)

“Intercept-only loglikelihood is -515, the log-likelihood of the model is -276, and
G(df=5) is 479 for the model, statistically significant at p<0.000.

““TPH is input into the model as mass of carbon in the TPH (TPHc), approximately
85% of the TPH by mass.
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Step 6. Interactions between terms are systemically checked/preliminary final model.

Table D.11 Results of fitting the multivariable model with interaction term DOC x

TREATMENT_2

Category Coeff  Std. Wald p 95% ClI
Err. (2)
DOC per 1000 ppm 570 247 2.31 0.021 (0.859, 10.5)
TREATMENT | TS/TSOC Base
2
TSOC-5¢g 175 0445 392 0.000 (0.872,2.62)
TSOC-10g - 0.800  -0.86 0.390 (-2.26,0.879)
0.688
TSOC-40g -2.67 1.35 -1.98 0.048 (-5.32, -
0.0293)
b- Organic<10% Base
ORGANIC_2
Organic>10% -2.18 0.325  -6.70 0.000 (-2.82,-1.54)
Interaction DOC x TS/ITSC  Base
DOCxTSOC- -491 241 -2.03 0.042 (-9.63, -
59 0.178)
DOC x TSOC- -359 248 -1.45 0.148 (-8.45,1.28)
10g
DOCxTSOC- -355 251 -1.42 0.156 (-8.47,1.36)
409
LL Interactions  -273 G -0.17
LL Model -278 p- 0.019
value 6
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Table D.12. Results of fitting the multivariable model with interaction term DOC x b-

ORGANIC_2.
Category Coeff  Std. Wald p 95% ClI
Err.
DOC per 1000 ppm 168 0347 483 0.00 (0.997, 2.36)
0
TREATMENT | TS/TSOC Base
2
TSOC-5¢g 0.893 0.369 242 0.01 (0.170, 1.62)
5
TSOC-10g - 0509 -096 0.33 (-1.49,
0.487 9 0.511)
TSOC-40g -199 0.852 -234 0.01 (-3.66,-
9 0.323)
b- Organic<10% Base
ORGANIC_2
Organic>10% -234 0299 -7.82 0.00 (-2.93,-1.75)
0
Interaction DOC x Base
Organic<10%
DOC x 0.117 0.367 0.32 0.75 (-0.603,
Organic>10% 1 0.836)
LL Interactions -278 G -
0.64
LL Model -278 p- 0.75
value 5
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Table D.13. Results of fitting the multivariable model with interaction term

TREATMENT x b-ORGANIC_2.

Category Coeff  Std. Wal p 95% ClI
Err. d
DOC per 1000 ppm 188 0280 6.72 0.00 (1.33,2.43)
0
TREATMENT | TS/TSOC Base
TSOC-5g - 0.641 - 046 (-1.73,
0.470 0.73 4 0.786)
TSOC-10g - 0548 - 024 (-1.71,
0.633 115 9 0.442)
TSOC-40g -2.12 0903 - 0.01 (-3.89, -
234 9 0.347)
b- Organic<10% Base
ORGANIC_2
Organic>10% -2.47  0.297 - 0.00 (-3.06, -1.89)
833 0
Inter. TS/TSC x Org<10%  Base
TS/TSC x Org >10%  Base
TSOC-5g x Org Base
<10%
TSOC-5g x Org 165 0.680 243 0.01 (0.320,2.99)
>10% 5
TSOC-10g x Org Empty
<10%
TSOC-10g x Org Omitted
>10%
TSOC-40g x Org Empt
<10% y
TSOC-40g x Org Omitted
>10%
LL Interactions 2714 G Obs differ: 760 vs. 840
LL Model -278  p-value n/a
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Step 7. Goodness-of-fit testing

ROC Curve of Radish Germination
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Area under ROC curve = 0.9025

Figure D.2. Receiver operating characteristic (ROC) curve of Radish germination by the

model.
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APPENDIX E
COLUMN AND COLUMN BREAKDOWN
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Figure E. The soil column after during ozonation experiments, including the five
sections sampled at the end of the experiment.
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APPENDIX F

LATENT HEAT ADJUSTMENT FOR MOISTURE LOSS
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Prediction of Moisture Flux

An oxygen (Oz2) only control column was run for 240 minutes to evaluate the effect of
gas-flow on moisture changes across the column, without the element of heating. The
column was evaluated in 5 segments for the change in moisture and the normalized

results are graphed in Figure L to evaluate the slope changes.

Normalized Changes in Moisture to 02-only Control

—--40cm 30cm 20cm 10cm ---0cm
H0 y =0.0005x + 1
_ 100 e==— y =-0.0001x + 1
£ T y =-0.0005x + 1
c =
S 0.80 —
2 y =-0.0008x + 1
©
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Figure F. Normalized changes in column moisture over time for each column segment.
Equations of the lines predict moisture (y) at given time (x) for 40 cm (y = 0.0005x + 1),
30 cm (y =-0.0001x + 1), 20 cm (y =-0.0001x + 1), 10 cm (y = -0.0005x + 1), and 0 cm
(y =-0.0008x + 1).

The equation for the trendline shown in Figure L at each column segment was
used to predict changes in moisture due to the flow of Oz gas-only as a function of time.
Table L shows the changes in absolute mass of H20 (from starting mass of ~6 g),

expected for a given loading rate, time (i.e., total dose), and column position. Predictably,
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changes are most significant at low loading, where gas-flow is the longest duration. The
final total moisture values in each experiment were adjusted by the amount of H20
lost/gained due to gas flow of gas-only such that latent heat calculations for
evaporation/condensation increased from 0-30cm and decreased at >40 cm. These
moisture adjustments do not change trends and, in fact, decrease the degree of difference
observed between experimental groups. Hence, reported values for Qiat are conservative.
Table F. Mass of H20 (g) change due to the flow of Oz gas-only. The negative (-) values
of moisture noted below are added back in to final moisture such that 0-30 cm is
increased by the moisture lost and >40 cm is decreased by the water gained through the

flow of gas-only.
Time (min) Ocm 10cm 20cm 30cm  >40cm

Low Loading 120 (5 g Os) 058 -0.36 -007 -0.07 0.36
240 (10g03)  -115 -0.72 -0.14 -0.14  0.72

480 (209 0s)  -2.30 -144 -029 -029 144

Medium Loading 40 (59 O3) -0.19 -0.12 -0.02 -0.02 0.2
80 (10 g O3) -038 -024 -005 -005 024

160(20g0s)  -0.77 -048 -010 -0.10 0.18

High Loading 15 (5 g O3) 007 -0.04 -001 -001 004
30 (10 g O3) 014 -009 -002 -0.02 0.09
60 (20 g O3) 029 -0.18 -0.04 -0.04 0.18
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