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Abstract of the Final Report
The Chemical Oxidation of Polycyclic Aromatic Hydrocarbons at a Former Manufactured
Gas Plant in Bay Shore, New York
by
Kevin M. Taylor
Master of Science in Geosciences with Concentration in Hydrogeology
Stony Brook University
2012

This paper examines the history of manufactured gas plants (MGPs) and their impacts on
the environment with a specific focus on coal tar and polycyclic aromatic hydrocarbons (PAHs).
Based on their low solubility, relatively low volatility, and ability to remain sorbed to soils
within an aquifer, PAHs persist for long periods of time well after gas production operations
have ceased, and remediation that relies upon transfer to aqueous or vapor phases typically takes
a long time. Several remedial techniques have been employed to address MGP contamination,
namely, excavation and disposal, pump and treat and chemical oxidation. Chemical oxidation of
contaminants of concern (COCs) can be conducted ex-situ or in-situ. In-situ chemical oxidation
(ISCO) is an attractive remedial option since it requires fewer disturbances and is potentially a
cost-effective solution for site remediation. As such, this paper will highlight three (3) chemical
oxidation treatment technologies (fenton’s reagent/catalyzed hydrogen peroxide, persulfate and
ozone). In addition, a case study of the in-situ ozonation of PAH impacted groundwater and
aquifer materials will be provided using site-specific data obtained from publically accessible
sources.
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Chapter 1 - Introduction to Manufactured Gas Plants and the Bay Shore MGP

Former manufactured gas plants (MGPs) have left behind a legacy of contamination
issues that will transcend generations.

Several gas manufacturing processes were utilized

dependent upon time period, availability of raw materials, and productions costs (Hatheway
1997). The volume and composition of by-product wastes produced correlate with the raw
materials used.

Hatheway (1997) observed that the mishandling, dumping and treatment

technologies employed at manufactured gas plants (MGPs) contributed to the contamination of
soil and groundwater at these sites. Luthy and others (1994) note that while some of the
contaminants (e.g., more soluble mono-aromatic compounds) produced are easily treatable or
captured using typical groundwater technologies, coal tar, a viscous dense non aqueous phase
liquid (DNAPL) by-product of gas manufacture has proven to be a more cumbersome
contaminant to remediate at MGPs. Especially important components of coal tar are polycyclic
aromatic hydrocarbons, which are difficult to remediate whether associated with DNAPL phases
or in dissolved phase plumes where they can be strongly sorbed to soils and aquifer solids.
The first United States MGP was organized in Baltimore in 1817, followed by the
creation of MGPs in Boston and New York (Forstall 1912). These MGPs, also known as city or
town gas plants, produced gas utilized for heating, light and cooking purposes. MGPs operated
from the early nineteenth century to the middle of the twentieth century when they were replaced
by large diameter natural gas pipelines for distribution. Any town that had a population above
five thousand people had a town gas plant. Hamper (2006) noted that Browns Directory of
North American Gas Companies listed as many as 1,500 gas companies producing manufactured
gas for supply or distribution in 1932. According to Hamper (2006), the last Con Edison MGP
1

ceased operations in 1968.
There were three common gas processes at MGPs which resulted in tar formation,
namely carbureted water gas, oil gas and coal gasification. Each of these processes utilized raw
materials, and after processing created waste streams that required treatment or disposal. Some
of the wastes were common to all the production processes, although each production method
also created wastes with unique chemical characteristics. All processes produced what has been
termed coal tar, whether or not coal was used as the primary feedstock.
The United States Environmental Protection Agency (USEPA) noted between 3,000 and
5,000 gas producing facilities may have existed (Eng 1985). Hatheway’s research indicates as
many as 47,900 individual sites where coal tar residuals were generated including military bases,
mansions, rail yards, and other major infrastructure components (1997). This evidence indicates
that any part of society’s infrastructure that had a significant demand for power resulted in
potential production of tar and release into the environment of various contaminants. It is
unclear how many tar laden sites are under remedial action. In New York, the New York State
Department of Environmental Conservation (NYSDEC) estimates that 200 MGP sites have ongoing cleanup actions and speculates that another 100 MGP sites are unaccounted for (NYSDEC
2008).
Based on the USEPA’s known MGPs, Eng has calculated that MGPs generated an
estimated 15 x 1012 cubic feet of gas and eleven billion gallons of by-product tar in the United
States between 1880 and 1950 (Eng 1985).

Based on Hatheway’s research, and Eng’s

conservative estimates, it is plausible that there are millions or even billions of gallons of
undiscovered tar waiting to be remediated.
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Gas Processes and Waste Streams
The primary manufactured gasses were carburetted water gas (CWG), oil gas (OG) and
coal gas (CG). CWG encompassed fifty-nine percent (59%) of the gas either purchased or
manufactured by utilities (Foster and Lund 1950). Evidence will be provided that CWG was the
primary gas manufactured at the Bay Shore MGP site studied, although the other gases were
likely also produced at different times.
The creation of CWG was a two step process. First steam was heated with feedstock to
produce hydrogen and carbon monoxide. This water gas was then enriched with oil, resulting in
a high BTU gas (530 to 550 BTU). A typical feedstock was coke but anthracite or bituminous
coal were also used. After gas generation, the resulting high BTU gas was sent to a wash box for
cooling. Some tar would condense out after the enrichment process. After condensation, the
collected tar was sent to a tar separator and then to a tar well for storage purposes prior to
disposal.
By cracking oil in the presence of steam, OG was produced. By-products included
lampblack, naphthalene and tar.

CWG tars have lower specific gravities than their OG

counterparts. The carbonization of coal in retorts and/or by-product coke ovens created CG.
The coal gasification process resulted in CG, coke, coal tar, naphthalene, light oils (containing
benzene, toluene, ethylbenzene and xylene (BTEX)) and naphtha solvent. CG, CWG and OG all
produced tars and oils as waste products. In general, tars were removed from gas by either
condensation or the use of purifying techniques (Harkins et al.. 1988). After condensation (wash
box), scrubbing and gravity separation, tars were typically transported to a tar well (Harkins et al.
1988). Gravity separation would allow for separation of oil, water and tar. However, OG and
CWG process created tar-oil-water emulsions that were more difficult to separate. Tar wells
3

(a.k.a ammonia wells) were often constructed of masonry materials and therefore are subject to
fracture flow leakage. In addition, tar wells were often not properly decommissioned after site
operations ceased, or tar wells were demolished with residuals left behind (Harkins et al. 1988).
Thus, one problem with many MGP contamination sites is that tars and other contaminants of
concern were released over extended times.
The Bay Shore MGP Site
In Bay Shore, NY, a MGP operated for 84 years. The MGP site currently has an ongoing remediation of on-site (soil and groundwater) and off-site (groundwater only) to remove
MGP related by-products.

To gain an understanding of the complexity of historical site

operations, reviews of publically accessible documents obtained from online publications,
reports maintained by the Brightwaters Library, United States Geological Survey and Freedom
of Information Law (FOIL) requests with the NYSDEC were performed.
Gas production began in 1889 and ceased in 1973 when the plant was demolished
(Dvirka and Bartilucci 2003). Although no evidence of a one-time catastrophic discharge was
discovered, it is anticipated that both repeated and continual spills, leaks, sloppy handling and
improper disposal practices are responsible for the contamination plume originating from the
Bay Shore MGP. The plume emanating from the MGP was 3,400 feet long in 2003, (Dvirka and
Bartilucci 2003), which indicates that leakage occurred over a long period of time. As discussed
below, many of the mono-aromatic and PAH compounds found in the plume are known to be
highly retarded by sorption during dissolved phase transport; thus, the contamination of the site
is consistent with many decades of active contamination. Two separate groundwater plumes and
on-site tar in the aquifer have been established as originating from the site, with contamination of
mono-aromatic hydrocarbons and polyclyclic aromatic hydrocarbons (PAHs) consistent with that
4

of MGP operations (Dvirka and Bartilucci 2003). While these compounds can be found in fuel
oils, the existence of DNAPL on the site property (as opposed to lighter than water NAPL phases
from oil) is also indicative of contamination from MGP wastes. The existence of deeper and
difficult to access DNAPL makes site clean-up much more difficult. At the Bay Shore site, a
remedial cleanup is currently underway. As part of site investigation and cleanup efforts, areas
of concern have been labeled with designation units. These operable units are provided on a site
map (Figure 1).
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Figure 1 - Map of Operable Units at the Bay Shore MGP - Modified from Dvirka and Bartillucci 2003

Sanborn Historical Map Review
The MGP industry and Bay Shore site changed dramatically over time (Hatheway 1997).
To assess the Bay Shore MGP site and gain an understanding into historical site operations, an
independent analysis of Sanborn historical maps was conducted using on-line resources available
at the Stony Brook University library. A review of the Sanborn maps from 1897, 1915 and 1949
was performed for OU-1.
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1897 – Figure 2
The MGP site area was small in 1987. The presence of one large diameter manufactured
gas storage tank, generator and purifying area were observed north of the Long Island Rail Road
(LIRR) train tracks.

The northeast side of OU-1 was occupied by residential homes and

residential dwellings were present on the south side of OU-1. Gas and tar production activities
were limited to the northern end of OU-1, north of the LIRR tracks. No gas manufacturing
activities were present south of the train tracks.

Figure 2 - A map of OU-1 in 1897 – Modified from Sanborn 1897

1915 – Figure 3
In 1915, additional structures can be seen on the site. The presence of two large diameter
gas holding tanks, an oil tank of unknown capacity, and multiple buildings were observed north
of the LIRR. The MGP nearly doubled in size when compared to 1897. The fuel stock for gas
production was coke. Gas production likely consisted of a CWG process and tar was therefore
produced. Purifying areas to remove tar from the gases were present north of the train tracks.
Residential properties surrounded the site to the north, east and were present on the southern end
7

of OU-1 (south of train tracks).

Figure 3 - A map of north side of OU-1 in 1915 – Modified from Sanborn 1915

1949 – Figure 4 and 5
The area of MGP operations at OU-1 quadrupled in size from 1897 and 1949. The
northern end of OU-1 had four large diameter gas holding tanks, four oil tanks, a coal conveyer,
purifying area and several buildings. Based on the presence of coal conveyers and abundance of
oil storage at the property, gas manufacturing was either OG, CWG or CG based processes. A
tar well was observed just north of the LIRR train tracks indicating tar was generated. An
accessory property used for storage and accessory operations was noted to the west of the gas
production area (OU-3). Adjacent to a coal storage area is a gasoline filling station with three
gasoline storage tanks of unknown capacity. Tthe gasoline filling station was not associated with
8

MGP operations.

Figure 4 - Northern End of OU-1 in 1949 bound by Clinton Avenue and 5th Avenue – Modified from
Sanborn 1947

Figure 5 - A map of the southern end of OU-1 in 1947 – Modified from Sanborn 1947

The complexity of gas production operations is evident in these maps. Gas production
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operations obviously changed with increasing population in the area and therefore the change in
MGP size with time. Tar was produced, however, no evidence of gas manufacture or disposal
practices are noted on the southern most end of OU-1. In present day, the southernmost end of
OU-1 is the location of an on ozone in-situ chemical oxidation (ISCO) system. It is suspected
that DNAPL migrated from production and treatment areas (north of the train tracks) to the
hydraulically down-gradient ozone treatment area over an extended period of time. A case study
of ozone effectiveness will be provided in later in this report.
Hydrogeologic Setting
An evaluation of site hydrogeology was conducted by National Grid and their consultants
(Dvirka and Bartilucci 2003). A review of United States Geologic Survey topographic maps
indicates the site has an average elevation of twenty to twenty five feet above sea level. Based
on a review Suffolk County Department of Health Services groundwater contour maps,
groundwater at the MGP has an elevation of about fifteen feet above sea level. Therefore,
groundwater is anticipated to reach five to ten feet below grade surface. The quarterly
groundwater monitoring and operations maintenance and monitoring reports (GEI Consultants
Quarterly 2009-2011) indicates that groundwater at the site is between four and eleven feet
below grade, depending on location.
The site is located within an area of unconsolidated sediments and glacial outwash of Bay
Shore, New York. The shallowest aquifer underlying the site is the Upper Glacial Aquifer. This
aquifer has been demonstrated to be highly susceptible to contaminants from the Bay Shore
MGP. The Upper Glacial Aquifer lies above the Magothy and Lloyd Aquifers. The Upper
Glacial Aquifer at the site is approximately seventy feet thick and consists of moderately to
highly permeable glacial outwash, with inter bedded layers of sand and gravel with occasional
10

areas of less permeable silty sand present (GEI Consultants Quarterly 2009-2011). Harris and
Andreoli (1987) noted that porosities between 0.25 and 0.40 are anticipated for glacial outwash
sediments within the Upper Glacial Aquifer, with 0.30 representative of Upper Glacial sediments
responsible for groundwater transport (Franke and Cohen 1972). The typical fraction of organic
carbon content for glacial outwash sediments is 0.00077 (Priddle and Jackson 1991).
Zones of low permeability soils define the boundary between the Upper Glacial and
Magothy Aquifers at the site. Based on triangulation of well elevations and depth to water,
Upper Glacial Aquifer groundwater flows 2.1 to 2.5 feet per day in a southerly direction (GEI
Consultants Quarterly 2009-2011). For the ongoing remedial work, three groundwater zones
were created for conceptual and monitoring purposes. Shallow groundwater represents the
potentiometric surface to 26’ below grade. Intermediate groundwater represents groundwater at
depths of 26’ to 50’ below grade. Deep groundwater is described as water from 50’ to 80’ below
grade. Monitoring and recovery wells have been installed at multiple locations with screened
intervals set to intercept either groundwater zones or contaminants of concern based on historical
and investigative data.
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Chapter 2 – Major Contaminants at the Bay Shore MGP (BTEX, PAHs and DNAPL)

Coal Tar
Coal tar is a petroleum based blend of PAHs, soluble monoaromatic hydrocarbons
(benzene, toluene, ethylbenzene and xylenes, collectively called BTEX), other hydrocarbons,
metals, tar acids and bases, cyanide compounds and elemental carbon (Luthy et al. 1994). While
coal tar PAHs generally consist of primarily unsubstituted and lesser amounts of alkylated PAHs,
it may also contain heterocyclic PAHs (a carbon replaced by nitrogen, sulfur or oxygen)
(Murphy 2005). The majority of PAHs are hydrophobic, relatively insoluble in water and have
high octanol-water coefficient (Kow) values indicating they will have a tendency to remain sorbed
on natural organic matter within an aquifer system. Because it is abundant in coal tar and has a
relatively high solubility compared to other PAHs (32,000 µg/L), naphthalene is often used in
transport/fate modeling of coal tar (Abrams and Loague 2000). Modeling using naphthalene will
fail to account for the majority of higher molecular weight PAHs which will be more sorbed by
the aquifer materials with more retarded transport in a plume. Naphthalene is anticipated to
travel further then the higher molecular weight PAHs . This would result in an overestimation of
the mobility of most PAHs that will show a higher degree of retardation. The larger lower
solubility PAH will also dissolve more slowly from NAPL or residual coal tar phases resulting in
a protracted release of contaminants over time. The BTEX fraction of coal tar has lower Kow
values indicating sorption effects will be less significant, and therefore these compounds are
more mobile in groundwater systems. Figure 6 includes the 16 priority PAHs likely to be
encountered at MGP sites.
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Figure 6 - Structure of PAHs encountered at MGPs – Modified from Pariaba et al. 2011

Plumes acting independently of one another can form from the same source as a result of
MGP activities. Coal tar wastes have been reported to be sources of separate PAH DNAPL
plumes, light non aqueous phase liquid (LNAPL) BTEX plumes and dissolved metal plumes that
may move independently of one another but arise from the same source (Murphy 2005). It is
important to note the difference between non-aqueous phase liquid (NAPLs) plumes and
dissolved constituent plumes since these their physical/chemical properties will govern their fate
and transport in groundwater.

The ability of DNAPL to sink within an aquifer is well
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documented in the scientific literature, but there are other factors that can make coal tar DNAPL
inaccessible besides it’s vertical migration. Subsurface coal tar DNAPL will express an aging
effect as the soluble compounds leach out, leaving viscous low solubility coal tar constituents
behind (Murphy 2005). The aging of tars can eventually render them as immobile solids within
an aquifer making them inaccessible for remediation. Numerical modeling has demonstrated
that the time scale governing DNAPL migration is dominated by DNAPL properties (Gerhard
2007). Migration of DNAPL is further controlled by its residual saturation, and below a certain
threshold it will be present in mostly immobile ganglia within soil pores. The amount of time
required for tar DNAPL to reach this condition will be determined by viscosity, density, effective
solubility and retardation of the components. Tar migration can be considered to be 10 to 100
times slower than groundwater flow due to these properties and processes (Lehr et al. 2001).
Raoult’s law describes the dissolution of each individual coal tar component reasonably
well (Eberhardt and Grathwohl 2002), stating that the solubility of a given compound is
proportional to both mole fraction and pure compound solubility. Thus, naphthalene may reach
high concentrations in groundwater because of its relatively high water solubility and because it
is often present at high mole fractions in coal tars. However, Raoult’s law and lumped parameter
approaches for assessing total PAHs fail to account for the changes in NAPL composition over
time (Tiruta-Barna et al.. 2006). The effective solubility and retardation of PAHs must be
considered when determining contamination boundaries, contaminant gradients, and other
remedial constraints. Considering the characteristics of a coal tar plume and ability for it to
change with time, plume modeling and tracking is a challenging endeavor.
The dissolution of coal tar constituents is even more limited when NAPL pools exist, as
they will have a lower surface to water ratio, decreasing dissolution rates. In scenarios where
14

there is a potential for the pooling of coal tar (aquitards), it has been estimated that the
dissolution of BTEX may occur over decades to hundreds of years while the dissolution of PAHs
may be anticipated to occur over hundreds to thousands of years (Eberhardt and Grathwohl
2002). During dissolved phase transport away from NAPL phases, PAHs will have a tendency
to absorb to the natural organic matter within an aquifer resulting in a retardation of their
velocity. Considering the low solubility of PAHs, their recalcitrant nature and the aging effect,
PAHs will be difficult to recover using conventional pump and treat technologies.
Contaminants of Concern at the Bay Shore MGP – Pre Ozonation
The Bay Shore MGP site provides evidence of the complexity of the contaminants and
plumes originating from MGPs. The quantitative and qualitative descriptions of the DNAPL,
BTEX and PAH impacts prior to the start of an ozone treatment system are outlined below. This
will be used for comparative purposes to assist in describing the effects an ozone system had in
contaminant reduction.
In 2003, the greatest concentrations of tar NAPL and PAHs in groundwater were limited
to the southern most portion of the site property and hydraulically down-gradient of the MGP.
The combined BTEX-PAH plume migrating from OU-1 was an estimated 3,400 feet long and
500’ wide. DNAPL was noted throughout the entire Upper Glacial Aquifer column at select
locations within OU-1. No evidence of impacts to the Magothy Aquifer was observed (Dvirka
and Bartilucci 2003). A conceptual cross view of the plume in 2003 is provided in Figure 7.
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Area of gas production with DNAPL

Area of the ozone system installed Q4 2009

Figure 7 - Fate and Transport Model of Plume from Cross Section View – Modified from Dvirka and
Bartilucci 2003
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DNAPL – Pre-Ozone
The DNAPL recovery system removes about 6-9 gallons of tar per quarter of a calendar
year (GEI Consultants Quarterly 2009-2011). From July 2007 through September 2009, several
feet of DNAPL was recorded within well BBMW-22D during monitoring events. This well is
hydraulically up-gradient of the future ozone treatment system that is shown in Figure 7 and 8,
and therefore, assumed to be representative of conditions prior to the beginning of ozonation in
October 2009, or at a minimum a PAH-rich source zone for future dissolution to groundwater
into the area of ozone treatment. For the sake of simplicity, specific quarterly time frames will
be reported as Q. For example, the 3rd quarter (October, November, December) of 2009 would
be written as Q3 2009.
Shallow Groundwater System –Pre–Ozone Q3 2009
Concentrations from a large number of wells have been reported for the July – September
2009 period and contour maps generated by GEI consultants are reproduced in Figures 7 and 8.
In the shallow groundwater system, BTEX dominates. BTEX concentrations between 1,000
µg/L and 5,000 µg/L were reported on the southwestern edge of OU-1. BTEX between 500
µg/L and 1,000 µg/L was present within the cross sectional area of the future ozone system with
steep concentration gradients.

PAHs were present within groundwater, but at lower

concentrations than BTEX. Total PAHs of 100-1,000 µg/L were detected in the western half of
the future ozone area.
Intermediate Groundwater System – Q3 2009
In intermediate groundwater zones on the southern end of OU-1, lower BTEX
concentrations were seen (100 µg/L) when compared to the shallow zones. The majority of the
cross sectional area of the ozone system had groundwater with highly elevated total PAHs
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between 1,000 and 5,000 µg/L. South of the future ozone area, 10,000 µg/L total PAHs were
reported. Considering the elevated concentrations of total PAHs, there were likely DNAPL or
pockets of subsurface residual hydrocarbon phases likely present on the boundary of OU-1 and
OU-2.
Deep Groundwater System – Q3 2009
In deep groundwater zones on the southern end of OU-1, concentrations of BTEX
between 500 and 1,000 µg/L were reported and PAHs dominated the plume. The PAH plume
has a south by southwestern component, with the southeastern portion of OU-1 relatively PAH
free. Well location BBMW-22D, was in the epicenter of the hot zone in OU-1 deep groundwater
and hydraulically up-gradient of the ozone system. It s suspected that the elevated BTEX and
PAHs in the deep zones are due to residual phase DNAPL similar to conditions observed in
BBMW-22D.
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Figure 8 - ISO-BTEX Map for Shallow, Intermediate and Deep Groundwater -southern end of OU-1 and
northern end of OU-2 – Pre ozonation Q3 2009 – Modified from GEI Consultants Q3 2009 OM&M report;
concentration contours are provided in units of µg/L
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Figure 9 - ISO-PAH Map for Shallow, Intermediate and Deep Groundwater -southern end of OU-1 and
northern end of OU-2 – Pre ozonation Q3 2009 – Modified from GEI Consultants Q3 2009 OM&M report;
concentrations are also provided in µg/L.
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Calculations of PAH Migration in the area of the Bay Shore MGP
In sections below, the concentrations of BTEX and individual PAHs are examined as a
function of time following the beginning of ozone treatment. Data were available for three wells
that were on the edge or just down gradient of the ozone field, each placed just before ozonation
commenced, with screening at multiple depths. During the early phases of research it was not
clear if the area of ozone system was excavated and disturbed prior to installation of the
treatment system.

To determine if the ozone area was disturbed or remediated with any

significance, some initial calculations of PAH retardation values were performed to determine
how long it would take for PAHs from up-gradient well location OZMW-25 to reach downgradient well OZMW-23. These wells are on the north and south sides of the ozone system and
are located 210 feet apart.
Retardation factors and resulting velocity of several individual PAH species present in
wells were calculated using the following equation:
Retardation Factor = 1 + (pb/θ)(Kd)
where pb is the aquifer bulk density and Kd is the distribution coefficient. Total porosity, θ, will
be assumed to be 0.30 for the glacial outwash sediments likely to be encountered. pb for an
aquifer can then be calculated by:
n (porosity as a percentage) = 100(1-( pb/ pd)).
Since the aquifer soils are comprised of quartz containing sands, the particle density, pd,
can be estimated with the density of quartz (2.65g/cm3). pb is estimated at 1.86 g/cm3 or 1.86 x
106 g/m3. The porosity will be assumed to remain constant unless conditions dictate otherwise,
so the ratio of pb/θ is 6.18 g/cm3. The distribution coefficient is the product of the organic
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carbon fraction within the aquifer and the organic carbon partition coefficient of each species.
This is expressed by the following equation:
Kd = focKoc
where foc represents the fraction organic carbon of the aquifer solids. Koc values were obtained
from Pariaba and coworkers (2011). In the 2003 remedial investigation report, total organic
carbon was estimated at 1%. At such low foc levels, Kd may be underestimated due to a an
increased importance of mineral phase adsorption (Schwarzenbach et al.., 2003).
PAHs present in both wells include naphthalene, acenaphthene, acenaphthylene, fluorene
and fluoranthene. These relatively immobile PAHs were observed in the ozone treatment area.
Based on the amount of time it would take for contaminants to migrate to these locations, it is
unlikely the ozone area was significantly disturbed. After performing these calculations, a
review of publically accessible documentation was performed, it was determined the ozone
treatment area was not remediated or disturbed prior to installation of the system.
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Calculation of Retardation Factors and Velocities for Likely to be Encountered Groundwater Flow at 2.5 ft/day
PAH
Acenaphthene
Acenaphthylene
Anthracene
Benzo[g,h,i]perylene
Fluoranthene
Fluorene
2-Methylnaphthalene
Naphthalene
Phenanthrene
Pyrene
Benz[a]anthracene
Benzo[a]pyrene
Benzo[b]fluoranthene
Benzo[k]fluoranthene
Chrysene
Dibenz[a,h]anthracene
Indeno[1,2,3-cd]pyrene

foc
Kd (mL/g)
Koc (mL/g)
Retardation Factor
1011
0.00077
0.78
5.81
1054
0.00077
0.81
6.02
3046
0.00077
2.35
15.49
284787
0.00077
219.29
1356.19
11787
0.00077
9.08
57.09
1737
0.00077
1.34
9.27
278
0.00077
0.21
2.32
278
0.00077
0.21
2.32
3111
0.00077
2.40
15.80
7456
0.00077
5.74
36.48
46563
0.00077
35.85
222.57
100582
0.00077
77.45
479.63
48542
0.00077
37.38
231.99
96481
0.00077
74.29
460.11
51670
0.00077
39.79
246.88
365595
0.00077
281.51
1740.72
329458
0.00077
253.68
1568.76
Table 1 - PAH Retardation Calculations

Resulting Velocity

0.4302
0.4156
0.1613
0.0018
0.0438
0.2698
1.0762
1.0762
0.1582
0.0685
0.0112
0.0052
0.0108
0.0054
0.0101
0.0014
0.0016

As shown below, the PAHs that were detected in appreciable levels in both up-gradient
and treated down-gradient wells included naphthalene, acenaphthene, acenaphthylene, fluorene
and fluoranthene, with less frequent lower level detections of even less soluble 4-ring PAHs.
The presence of relatively immobile PAHs in down-gradient well OZMW-23 (e.g., fluoranthene
with a retardation factor of 57 has an estimated effective velocity of contaminant transport of
0.044 feet/day (Table 1) is an indication that the local aquifer has been contaminated for an
extended period of time. It would have taken an estimated 13 years for fluoranthene to travel the
210 feet between wells. It is apparent that the presence of higher Kow PAH in the treated wells
indicates that upon start-up of the ozone system there was local contamination in the vicinity of
the wells, as suggested by the monitoring results summarized in Figures 7 and 8.
Conclusions
The plume in OU-1 future ozone treatment area is heterogeneous in nature. Variability in
BTEX and PAH distributions were noted with location and depth. As would be expected if
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BTEX was associated more with a lighter NAPL source, BTEX fractions of the plume are
predominantly in shallow groundwater system. Conversely, the PAH fraction of the plume is
more prevalent in intermediate to deep groundwater.

The BTEX component within deep

groundwater was likely DNAPL introduced. Consistent with Eberhardt and Grathwohl’s work
(2002), DNAPL pools have lower dissolution rates since the surface area to water ratio is
lowered and BTEX leach from the immobile tar long after the initial discharge to the subsurface.
Based on the length of time that would be required for the future ozone treatment area to “reequilibrate”, it is not likely that the future ozone area was excavated and replaced by clean soil
prior to the beginning of the ozone system. More detailed research conducted indicated only that
the ozone wells were consturcted in the early fall of 2009. This becomes important when
examining the time series data for BTEX and PAH in the treated wells as monitoring in those
wells only commenced right at the beginning of treatment.
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Chapter 3 – ISCO and ISCO Using Hydrogen Peroxide

In-situ chemical oxidation (ISCO) as a remedial technology is a well documented and
studied procedure in the laboratory, with numerous field applications. While ISCO has been
used at a number of MGP sites, the number of peer-reviewed articles related to its efficacy at
MGP sites is limited to lab treatability studies rather than reports from in-situ monitoring.
Unfortunately, there is a lack of field demonstration data in the published literature for
hydrocarbon contaminated sites.

Benefits of ISCO are minimal site disturbance, shorter

timeframe of remediation when compared to bioremediation/monitored natural attenuation and
often products of chemical oxidation reactions are further available to bioremediation/dissolution
within groundwater and further oxidation reactions (Yao 1998). Oxygenation of hydrocarbons
makes them more soluble, and in the case of aromatic hydrocarbons generally makes them more
readily biodegradable as well. A number of chemical oxidants have been used in ISCO, most
commonly hydrogen peroxide, permanganate, persulfate, and ozone. The first three are added,
often along with catalysts or modifiers, dissolved in water, while ozone is introduced as an
unstable gas that has to be generated on site. Not further considered here, permanganate is
typically considered for remediation of some chlorinated solvent sites and not PAH contaminated
sites.

Chemical oxidation of PAHs within soils is commonly performed using ozone and

hydrogen peroxide (Jonsson et al.., 2006); however, the interest in ISCO technologies involving
persulfate has grown more recently and its use is briefly discussed here.
Hydrogen peroxide, or commonly referred to as catalyzed hydrogen peroxide (CHP)
system when used with catalysts such as Fe (II) has very complex chemistry. The nomenclature
becomes convoluted since these CHP systems can be homogeneously characterized as
conventional Fenton or modified Fenton where iron is typically added, or heterogeneously
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catalyzed by soil minerals or natural organic matter (Yap and others 2011 from Siegrist 2011).
Classical Fenton chemistry involves the application of diluted hydrogen peroxide reacting with
ferrous iron in a homogeneous solution to oxidize organics using radicals, with hydroxyl radical
being of special importance. CHP method that deviate from only addition of hydrogen peroxide
and ferrous iron may include the addition of organic chelators or other modifiers, like phosphate,
and are termed modified Fenton reactions and are typically initiated to overcome obstacles to
oxidation reactions that are present in heterogeneous soil water systems that may be related to
competing reactions, other catalysts, and non-optimal pH conditions.
CHP Chemistry
Hydrogen peroxide has a standard reduction potential of 1.776 V (strong oxidizer);
however, direct oxidation of organic compounds by peroxide is typically very slow or nonexistent and not effective for most remediation situations (Watts and Teel 2005). Stable in pure
water, following an application into the subsurface, hydrogen peroxide rapidly decomposes
during radical initiation reactions catalyzed primarily by iron and sometimes manganese-rich
minerals and reactive intermediates are formed, which in turn are then rapidly scavenged by
solid mineral and natural organic matter phases, contaminants of concern, and other dissolved
constituents, which may include bicarbonate and chloride in the case of hydroxyl radicals
produced by CHP. Hydrogen peroxide is initially applied into the subsurface at 1-20 wt. % (10 1

– 10 -6 M) in CHP systems). The work-horse of CHP systems is most often considered to be the

hydroxyl radical (OH·), although there are a variety of other reactive oxygen species that form
and are sometimes postulated as important reactants in ISCO, with some listed in Table 2.
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Species

Species

Standard

Reduction

pH

Where

Role

Formula

Potential (V)

Present

Hydrogen Peroxide

H2O2

1.776

pH < 11.6

Strong oxidant, weak reductant

Hydroxyl Radical

OH·

2.59

pH < 11.9

Strong oxidant

Superoxide anion

O2·-

-0.33

pH > 4.8

Weak reductant

Perhydroxyl

H02·

1.495

pH < 4.8

Strong oxidant

Hydroperoxide anion

HO2-

0.878

Ph > 11.6

Weak oxidant, weak reductant

Ferryl ion [Fe(IV)]

FeO2+

Unknown

Unknown

Strong oxidant

Atmospheric Oxygen

O2

1.23

Any

Weak oxidant

Table 2 - Reactive Species Known or Suspected of Contributing to CHP Reactions – Modified from Siegrist
2011

There are myriads of inorganic and organic radicals that can potentially form in
heterogeneous soil solutions, which can either recombine in non-productive termination
reactions or potentially act as alternative oxidants of potential importance in ISCO. However, it
is the reaction between dissolved ferrous iron (Fe(II)) and peroxide (the Fenton reaction) forming
short-lived hydroxyl radical that is generally thought to be most important. Optimizing the
production of hydroxyl radical is taken into account when designing site specific CHP based
ISCO. The hydroxyl radical has a standard reduction potential of 2.59 V and will react rapidly
with most organic compounds, including aromatic hydrocarbons, at near diffusion controlled
rates.

Oxidation occurs under both acidic and alkaline conditions (pH<11.9), but is most

favorable in acidic environments. CHP systems that operate at or below a pH of 3 maximize the
potency of strong oxidants and hydroxyl radical generation (Siegrist et al. 2011). One reason for
greater reactivity is that ferrous iron is more soluble at low pH and when oxidized to Fe(III) at
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higher pH, iron solubility becomes very limited. For this reason, acid is sometimes added during
CHP ISCO. However, since aquifer systems are often significantly more alkaline than the
proposed ideal pH, buffering of the aquifer system may prevent modification to these acidic
conditions. As an alternative to adding acid, organic chelating agents that stabilize dissolved
iron at higher pH (typically 5-7) are often added to allow for effective Fenton based reactions at
near neutral pH and also extend the life of the iron catalyst. Because some aquifers have high
levels of dissolvable iron that can be stabilized by organic ligands, the addition of dissolved iron
is not always needed.
The decomposition of hydrogen peroxide is a well-documented, limiting process within
hydrogen peroxide ISCO systems, affecting efficiency and transport, and thus limiting contact
time and ability of hydrogen peroxide to react with contaminants of concern (COCs). According
to Watts and Teel (2005), hydrogen peroxide travels no more than 3–4 m, and often decomposes
within 1–2 m of injection within ISCO systems. To minimize decomposition of peroxide in iron
rich soils, phosphate is sometimes added to increase the likelihood that activated oxygen species
like hydroxyl radical can come in contact with contaminants of concern. Slowing down the
decomposition of peroxide decomposition may also be important to decrease the temperature in
the reaction zone, minimize bubble formation, and minimize changes in the structure or
permeability of treated zones. Acidity of the environment, soil minerals, and use of ligands will
affect overall system effectiveness.
Hydroxyl radicals react with organic compounds via three mechanisms: hydrogen
abstraction, addition to multiple bonds, and direct electron transfer (Bossman et al.. 1998 from
Siegrist et al.. 2011). Assuming that CHP oxidation is allowed to fully react with the organic
compounds, the COCs will decompose to carbon dioxide and water as described by the
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following equation for hydroxyl radicals reacting with naphthalene:
.
C10H8 + 48OH → 10CO2 + 28H2O.

Dependent upon a reductant’s affinity for hydroxyl radicals, varying rates of reactions
will occur (Buxton et al. 1988). As described earlier, since coal tar is a combination of hundreds
of compounds, CHP will react with the PAH and the BTEX fractions of coal tar sorbed soils and
dissolved constituents with variable kinetics.
Activation of Hydrogen Peroxide and Chelating Agents
The radical producing chain reactions and propagation reactions associated with
hydrogen peroxide decomposition are critical to their oxidative chemistry. A typical catalyst
with CHP is iron (Fe (II)), which initiates hydrogen peroxide decomposition to form hydroxide
anion and hydroxyl radical.

The decomposition of hydrogen peroxide to form radicals is

fundamental to its strength as an oxidizer. Because it decomposes so rapidly in soils, it will have
a shortened half-life and will be unavailable for reaction at later times. It has been demonstrated
that in the presence of a catalyst, chain reactions will propagate the formation of radicals which
may be involved in other propagation reactions, reactions with target chemicals, or termination
reactions in which reductants are either chemically oxidized, or scavenging reactions consume
the radicals.

Most of these reactions are thought to follow second-order kinetics and are

dependent upon concentrations of reactants.
During the reaction process, iron will cycle between Fe(II) and Fe(III), assuming it is
available for reactions when a pH of less than 5 is present. While the acidic environment is ideal
for promoting the recycling of catalysts, this pH range can limit the viability of the microbial
community and biodegradation of the treated soils (it can be assumed that there is disinfection in
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the zone of active peroxide decomposition and treatment but that microbial communities are
rapidly re-established down-gradient from the reaction zone). One major advantage of CHP is
that almost half of the peroxide can be decomposed to oxygen and that adding hydrogen
peroxide can lead to supersaturation of dissolved oxygen at levels far in excess of that in
equilibrium with air or even pure oxygen. CHP is commonly added for in-situ bioremediation
purposes to enrich aqueous environments with oxygen.
The pH of many soils is greater than that optimal for Fenton like reactions to be favored,
and buffers the pH at levels greater than 5. For this reason, iron ligands are used to serve as an
effective method to supply soluble iron for catalytic decomposition. Upon initial injection of
hydrogen peroxide in a CHP system, Fe(II) will be depleted from the aqueous environment,
oxidizing to Fe(III). While this reaction will occur very rapidly, the cycling of Fe(III) to Fe(II)
has been documented as a rate limiting process. At neutral pH, ferric hydroxide (Fe(OH)3) will
dominate and precipitate out of solution, limiting the availability of Fe(III) for conversion into
Fe(II). Ideal CHP systems would be performed under acidic conditions. By binding to metal
ions or soil minerals, the use of ligands in CHP systems maintains soluble metal ion
concentrations (modified Fenton). The use of chelating agents (e.g., catechol or gallic acid) has
been demonstrated to be an effective method of delivering catalysts as opposed to adjusting the
pH of the system (Nam et al. 2001).

Nam et al.. (2001) noted that total PAH reduction was

reduced in soil systems in the lab with the use of chelating agents, however, a pH of 6.0-6.5 was
maintained to ensure an environment that would support post-bioremediation of soils following
the modified Fenton treatment. The study also demonstrated that the sequence of treatments has
an effect on overall PAH reduction with optimal reductions occurring when a CHP treatment is
performed following bioremediation.
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Soil Mineral Interactions
While chelating agents can assist in the formation of radicals by retaining soluble iron for
degradation, the presence of soil minerals can degrade hydrogen peroxide. Teel and coworkers
(2007) studied the decomposition of hydrogen peroxide by a variety of soil minerals including
iron and manganese oxides. Varying hydrogen peroxide concentration had little change on
reaction rates. As an example of how reactive pyrolusite is with hydrogen peroxide, when
hydrogen peroxide was in the presence of pyrolusite enriched soil between five and ten percent
H2O2 remained after ten minutes. It is apparent that natural soil minerals, like manganese and
iron oxides, can facilitate rapid decomposition of hydrogen peroxide and that the reactions tend
to be faster at neutral than acidic pH levels (Figures 10 and 11). This will leave hydrogen
peroxide unavailable for chemical oxidation at a later time. Soil minerals will affect CHP
effectiveness but no studies regarding the manipulation (addition or removal) of soil minerals to
alter the CHP environment and effectiveness were noted.

Figure 10 - 0.5% H2O2 at pH 3 - Modified from Teel et al. 2007,
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Figure 11 - 0.5% H2O2 at pH 7 - Modified from Teel et al. 2007,

Chelating Agents to Reduce Soil Mineral Interactions
To reduce the impacts of subsurface minerals on hydrogen peroxide decomposition,
Watts et al. (2007) has proposed the use of chelating agents to reduce the rates of hydrogen
peroxide decomposition by soil minerals in the subsurface. By reducing hydrogen peroxide
decomposition rates and keeping ferrous iron in a more soluble form, there is an increase in
advective transport of Fenton reagents to down-gradient impacts and contact with COCs. The
use of phytate as a chelating agent increased the half life of hydrogen peroxide (sometimes as
high as 50 fold) in four soil slurry systems while the addition of malonate had the greatest
positive effect on relative hydroxyl radical generation rates (Watts et al.. 2007). Chelating
agents may have the ability to bind with the active mineral sites within soil reducing their ability
to react with hydrogen peroxide. Modifying concentrations of hydrogen peroxide and using
catechol as a chelating agent resulted in mineralization of mixtures of PAHs exceeding 95%
within natural soil pH ranges (Ferrarese et al. 2008).
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Results also indicated an increased

remediation efficiency with increasing the iron:oxidant ratio within the modified Fenton –
catechol system. Although this was a soil/aqueous bench scale test, the soils used were iron and
manganese rich, indicating elevated rates of PAH mineralization are possible by adjusting the
ratio of iron and hydrogen peroxide concentration in the presence of specific soil minerals. As
mentioned above, phosphate has also been added during ISCO to modify the reactivity of iron
and slow down the rate of hydrogen peroxide decomposition in the subsurface (Siegrist 2011).
The selection of a chelating agent or chemical modifiers which will maximize stabilization of
Fenton’s reagents in the presence of soil minerals will likely be of upmost importance for CHP
ISCO.
Natural Organic Matter
PAH degradation in CHP systems will be influenced by the presence of natural organic
matter (NOM) within soils and groundwater. Therefore, the oxidation of natural organic matter
may be a key parameter for destruction of sorbed PAHs. Bogan and Trbovic (2003) noted that
maximal PAH degradation occurred up to a fraction of organic carbon (foc) of 0.05. Above this
fraction, increasing NOM resulted in decreasing CHP degradation percentages. This is intuitive
considering the increasing hydrophobic nature of PAHs with increasing molecular weight and
sorption capabilities of soil. It should be noted that these foc values are several orders of
magnitude larger than those to be encountered in the Long Island MGP site aquifer modeled in
later sections.
In laboratory studies, Liu and Amy (1993) noted that NOM and surface area interacted
significantly to affect PAH sorption. PAH adsorption is linearly related to NOM within media.
To further complicate the oxidative environment, NOM will compete for hydroxyl radicals,
lowering the availability of the oxidant for target compound destruction. There is evidence that
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the destruction of NOM during chemical oxidation may release PAHs from soil. When a high
dosage of H2O2 oxidant was applied in a laboratory soil study, the degree of degradation of
individual PAH was little affected by molecular size or hydrophobicitiy indicating that the high
H2O2 load likely enabled the oxidation of sorbed PAHs (Jonsson et al. 2006 from Yap et al.
2011). In a comparative study performed by Sirguey et al. (2008), it was noted that Fenton’s
reagent resulted in greater oxidation and destruction of the NOM versus other oxidants
commonly used in ISCO; e.g., degradation of PAHs was greater with Fenton-based treatment
versus permanganate oxidation (83% to 74% versus 68% to 64%, respectively). It is plausible
that the destruction of NOM “frees” strongly bound PAHs and reduces its competition effects
increasing oxidant availability and efficiency.
CHP and Combined Remedial Techniques
Although multiple researchers (Ferrarese et al. 2008, Liu et al. 1994) noted
mineralization exceeding 90% of the original PAH concentrations in soil laboratory studies using
CHP alone, CHP has not been demonstrated to fully mineralize a PAH mass.

Further

investigation into oxidant dosage, frequency of dosing, optimal chelating agent for soil specific
systems and requirements to overcome sorption effects on PAHs should be considered,
specifically for long term field scale CHP systems. Perhaps combining remedial techniques, like
other chemical oxidation methodologies or bioremediation can be considered to further remedial
goals. Considering coal tar is a blend of multiple compounds with different tendencies to sorb to
organic matter, and to date Fenton’s reagent has not been observed as fully mineralizing a
substrate, combining CHP ISCO with other remedial approaches will likely further assist in
obtaining remedial goals.

In reactor slurries, Liu et al. (1994) documented elevated PAH

removal in soils by combining Fenton’s reactions and bioremediation techniques. Using ligand
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assisted CHP systems, soil environments fostering ISCO and preventing toxic conditions can be
created to combine bioremediation and CHP (Nam et al. 2001).
CHP systems can promote a release of PAHs from soil by reacting with NOM. By
releasing PAHs from strongly sorbed phases, this will promote bioavailability for further
remediation. Other remedial combinations are possible (surfactant and CHP ISCO, solvent
extraction and CHP ISCO, etc). There are numerous laboratory studies that address Fenton
chemical oxidation (Kawahara et al. 1995; Bogan and Trbovic 2003; Jonsson et al. 2007;
Jonsson et al. 2006, Liu and Amy 1993) while there are only a few published field or pilot
studies of ISCO results using CHP systems. Further research into combing other oxidants with
CHP should be considered on a field scale. This author would recommend field studies of these
multiple remedial approaches to ensure that combining techniques in the presence of current
CHP restrictions (NOM, soil minerals, and alkaline environments) does not result in competitive,
inhibitory or termination reactions that would negatively affect CHP chemistry.
Summary of CHP ISCO
Hydrogen peroxide is a strong non-selective oxidizer for ISCO, useful for a wide range of
target chemicals. There are limitations to using CHP for MGPs, namely:
•

Hydrogen peroxide decomposition in the presence of soil minerals lowers the ability of
the oxidant to reach target areas. The use of phosphate as well as selected organic
chelating agents minimize reactions with iron-rich soil minerals, slowing hydrogen
peroxide decomposition.

By decreasing unnecessary decomposition of hydrogen

peroxide you increase contact time and distance the oxidant can transport for ISCO.
•

In many groundwater systems, ligands will be needed to keep soluble iron in solution,
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especially at pH > 5. The selection of soil media specific ligands may be needed to
ensure optimal contaminant destruction.
•

Active oxidants such as hydroxyl radical interact not only with target chemicals but also
with natural organic matter, dissolved species, and reduced minerals. Highly sorbed
contaminants like PAH are more slowly degraded by CHP, although oxidation of organic
matter during treatment may positively affect the release and reactions of sorbed
compounds.

•

CHP ISCO is not an end all solution for the mineralization of PAHs. Combinations of
remedial strategies, surfactants, bioremediation and other chemical oxidants should assist
in additional mineralization of PAHs.
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Chapter 4 – ISCO Using Persulfate

Background
Persulfate has numerous commercial and industrial applications (electronics industry,
hair bleaching products, etc.) and has been used in analytical laboratories to determine total
organic carbon of dissolved or particulate organic matter by oxidizing the organic matter to
create carbon dioxide. It also has been utilized in the environmental industry to assist with ISCO
applications. Persulfate, also known as peroxydisulfate, is a strong oxidizer and a potential
option during the selection of ISCO remedies. Persulfate, S2O8 2-, is typically delivered as a
sodium salt, so when dissolved in water it disassociates into the persulfate anion and sodium
cations. Like hydrogen peroxide, persulfate is also stable in pure water and does not react
directly with COCs at a fast enough rate in the subsurface to be important for remediation
purposes; rather it needs to be activated or decomposed to produce more reactive oxidants that
include important free radicals.
Activation of Persulfate
Although persulfate can be involved in the direct reaction during ISCO, generally most
persulfate reactions involve the persulfate anion reacting with another chemical species to form
free radicals (Siegrist 2011). The processes which result in the decomposition of persulfate to
form radicals is described as the activation process, or an initiation reaction.

Radicals in

persulfate systems will involve initiation, propagation and termination reactions. The most likely
radicals formed in persulfate chemistry that are strong enough to be effective in remediation
applications for a range of chemicals are the hydroxyl and sulfate radicals (Peyton 1993 and
Liang et al. 2007b from Siegrist 2011). The reaction of persulfate to form the sulfate radical
(SO4. -) is categorized by a standard reduction potential of 2.01 V.
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Hydroxyl radicals are suspected as playing a role primarily in alkaline environments, and
alkaline activation processes have been employed to reduce contaminants during ISCO. Under
mildly acidic conditions, the sulfate radical is thought to be the important reactant in ISCO. As
demonstrated in the laboratory, the sulfate radical (2.6 V) is a strong short lived radical. Sulfate
radical can react directly with organic contaminants by removing electrons and forming radical
organic cations (Forsey 2004 from Tsitonaki et al. 2010) in soil and aqueous systems.
Other radicals like superoxide and perhydroxyl, common to CHP systems, are suspected
of contributing to persulfate ISCO but their importance is unknown. Possible approaches for
enhancing radical producing reactions (also known as activation and/or initiation) include
alkaline conditions, or additions of iron, chelated-iron, hydrogen peroxide and heat.
Alkaline Activation
Alkaline and hydrogen peroxide activation methods mechanism are not well understood
(Tsitonaki et al. 2010). Hydroxyl radicals can be formed during alkaline activation and is
described by the following equation:
˙
SO4 - + OH - → SO42- + OH .

It is speculated that either the hydroxyl radical or the exothermic heat produced during
hydrogen peroxide reactions may also provide activation for forming the sulfate radical under
alkaline conditions.

Under field and laboratory conditions, Crimi and Taylor (2007) have

demonstrated that alkaline activation is the least efficient activation method for PAH reduction.
Transition Metals and Chelating Agents Activation
Transition metals are the most readily studied activation method, and this is likely due to
the advantages inherent in employing reactions that occur near ambient temperatures and pH
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ranges. Again the site specific application of using transition metals may be dependent upon the
use of chelating agents (Siegrist 2011). Fe (II) and Fe (III) are the most common transition
metals used in activation processes. In field studies, Crimi and Taylor (2007) note that electron
transfer from Fe(II) in the presence of persulfate most likely results in the formation of the
sulfate radical. An optimal activation method for persulfate will ensure reasonably long contact
and transport of oxidants to COCs. As noted with other methodologies, contact and transport of
oxidants to COCs is a significant limiting factor in ISCO and the longer lifetimes of persulfate in
the subsurface provide a potential advantage over CHP methods.
Availability of transition metals in the dissolved phase may restrict or enhance persulfate
performance. During the activation process Fe(II) will transform to Fe(III), the availability of
which can be limited by pH of a system. As discussed in CHP ISCO sections, Fe(II) will only
most available in acidic solutions. Under neutral to alkaline environments Fe(III) will precipitate
from solution rendering it unavailable for further activation processes. Since low pH may have
detrimental affects on microorganisms in the environment the alteration of the pH for
remediation may limit further bioremediation polishing of remaining impacts. Chelating agents
should be considered to deliver transition metals while maintaining suitable soil conditions.
Excess quantities of Fe(II) has been demonstrated to result in scavenging reactions which
do not result in radical formation (Killian et al. 2007). Optimal ratios of transition metals will
have varying results on radical generation, and therefore, oxidative chemistry efficacy.
Therefore sequential additions of Fe(II) has been demonstrated as a more productive approach to
initiate radical formation (Liang et al. 2003 from Killian et al. 2007). Killian et al. (2007)
studied the effects of persulfate degradation using sequential additions of soluble iron and
chelating agents on aged PAH containing soils from a MGP. A total PAH removal of 57 % was
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observed during sequential additions, and only 1% of Fe(II) was available in the supernatant
indicating iron may continue to have availability restrictions following sequential applications
(Killian et al. 2007). Sequential additions may be impractical during actual site remediation
since the logistics of the design and operation of optimal injection of soluble Fe(II) may be cost
or time restrictive. Furthermore, if too much iron is added and precipitated it may affect the
permeability or flow paths within the aquifer.
Soil Minerals and Natural Organic Matter
Natural organic matter can retard persulfate remediation process. Crimi and Taylor
(2007) noted that effectiveness of several activation methods was different for various porous
medias. Thus the media (mineral and natural organic components) will influence the activation
methodologies. Natural organic matter will exert a demand on reactive species formed from
persulfate ISCO. Persulfate is commonly used in analytical settings to measure organic carbon
content of soils, as it readily oxidizes organic matter to carbon dioxide, although at considerably
higher temperatures and much lower pH than those likely to be encountered in the field
(Tsitonaki et al. 2010).

Also similar to CHP, other factors which may affect persulfate

effectiveness for in-situ remediation are the presence of carbonate and bicarbonate minerals, and
chloride ions. For the purposes of conciseness, this paper will not thoroughly review carbonate
and bicarbonate interaction mechanisms since they are not well documented or understood in
literature and are not present within the aquifer at the Bay Shore MGP. One should note that it is
reasonable that soil minerals, like those discussed above, may be involved in the scavenger
reactions, consuming radicals rendering them unavailable for reaction. Considering the mineral
interactions and demand NOM can place on persulfate, the nature of porous media within a
subsurface system can dramatically affect persulfate ISCO.

40

Persulfate Effectiveness
The existing literature notes varying results when persulfate has been used for PAH
degradation. In a lab setting, Killian et al. (2007) has reported between 48 and 57% total PAH
reduction when using chelating agents with one time persulfate application. Following multiple
applications of persulfate, a 92% total PAH reduction was observed, with over 70% of the mass
of high molecular weight PAHs removed. In single dose bench scale persulfate treatments, PAH
removal was reported between 76 and 88%;, and that by combining activated persulfate and
hydrogen peroxide as an additive, total PAH removal was reported between 90 and 93%
(Ferrarese at al 2008). Adding hydrogen peroxide was assumed to produce hydroxyl radicals.
Perhaps the addition of a second oxidant overcame demands of the media (NOM/SOM and soil
minerals). The author of this work predicts that the demand NOM and soil minerals place on
radicals formed from persulfate result in unproductive decomposition of soil that cannot be
overcome in single dose applications.
Summary of Persulfate ISCO
Persulfate behaves similar to CHP in subsurface environments.

Some important key

concepts are outlined as follows:
•

Persulfate decomposition results in the formation of radicals. The sulfate and hydroxyl
radicals are the work-horse of persulfate ISCO systems.

•

The pH of the oxidant environment dramatically alters the pathways of radical formation
and therefore overall ISCO performance; while highly reactive sulfate radical is favored
at lower pH, it is also likely that hydroxyl radical and other reactive oxygen species are
formed, in relative amounts that must be highly dependent on the local geochemistry and
remediation conditions used.
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•

Naturally present transition metals can activate persulfate to form radicals for later
oxidation. The use of chelating agents can be considered to keep soluble iron in solution
which improves persulfate ISCO performance. Soil minerals and NOM put a demand on
the oxidant which can be overcome by sequential and multiple additions.

•

The physical characteristics and chemical composition of the environment limit ISCO
performance.
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Chapter 5 – ISCO Using Ozone

Background
Ozone is a very reactive and unstable gaseous oxidant. Ozone can either react in the
subsurface as a gas within the vadose zone, or dissolved in aqueous solutions. It has a standard
reduction potential of 2.076 V. Ozone oxidizes numerous organic compounds through two
reaction methods, direct oxidation and reactions with free radical intermediates. Direct oxidation
involves either cyclo-addition of ozone to an alkene bond, or electrophillic attack on aromatic
hydrocarbons (Siegrist et al. 2011; Lanflais et al. 1991). Ozone is an electrophile and will
remove electrons from electron rich positions on aromatic rings and electron rich-donating
groups promote degradation. As a result, ozone mediated oxidations are not favored for some
organic compounds with electron withdrawing functional groups, but relatively rapid primary
degradation of PAHs and alkylbenzenes is observed. In the absence of sorption to soils, the rates
of degradation increase when adding alkyl substituents to benzene and by increasing the number
of aromatic rings (Siegrist et al. 2011).
Due to the unstable nature of ozone and potential for degradation during transport from a
manufacturer to a remediation site, it is usually generated on-site during a remediation. Gaseous
ozone is created by delivering air, or oxygen, between ionizing plates that produce ozone. If
using air as a feed, the largest consumable within an ozone generator will be the electricity used
to feed the generator and create ozone. After production, ozone is introduced to the subsurface
through the use of

injection wells that are installed into contaminant areas.

This is one

remediation technique currently being employed at the Bay Shore MGP to address subsurface
soil and groundwater impact. Ozone has a relatively short half life (hours to days) in soil or
groundwater, shorter in environments with higher pH and with high organic matter or reducing
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potential.

The ability of the ozone, and other short-lived free radicals to contact with

contaminants of concern will depend on the flow paths of rising bubbles in porous media and the
dispersion of dissolved ozone in the groundwater over its finite lifetime in the soil. Ozone
degrades to form free radicals as well as oxygen. Analogous to the use of hydrogen peroxide,
the formation and dissolution of oxygen in groundwater promotes aerobic degradation of
contaminants, which is important given that oxygen is often the limited factor in in-situ
bioremediation.
Because ozone is a gaseous oxidant, the solubility of ozone in aqueous systems will
follow Henry’s Law. That is, as temperature of the aqueous environment increases the solubility
of the dissolved gas in solution decreases. The solubility of ozone in water is greater than that of
molecular oxygen and is provided in Table 3. Subsurface systems will tend to maintain steady
cool temperatures that may become elevated due to ozone decomposition reactions.
Temperature (°C)

Henry’s Law Constant
m3/mol)

(atm

Solubility limit in water at STP
and 5% O3 mass concentration in
pure oxygen (mg/L)

15

75.6

21.5

20

93.4

17.4

25

118

13.7

Table 3 - Solubility of ozone at temperature ranges encountered within Long Island Aquifers in degrees celsius and at 1
atmosphere– Modified from Seigrist 2011

During direct oxidation, ozone reactions will include cyclo-addition of ozone to an alkene
bond and electrophillic attack on aromatic rings. During cyclo-addition reactions, ozone will
44

attack a double bond creating an ozonide intermediate. These ozonides tend to be unstable and
will continue to decompose. The direct ozonation of naphthalene, a PAH, can be described by
the following equation:
C10H8 + 24O3 → 10CO2 + 4 H2O + 24O2.
It is hypothesized by Siegrist (2011) that decomposition of ozonides may result in
formation of hydrogen peroxide or other organic peroxide radicals which may be of assistance
furthering chemical oxidation (Siegrist 2011). Ozone’s electrophillic attack of aromatic rings is
the primary mechanism of reaction for direct PAH oxidation.

Ozone reacts rapidly with

naphthalene, a two ring PAH with a rate of reaction coefficient of 3000 (L mol-1s-1) (Nimmer et
al. 2000);

several orders of magnitude faster than BTEX.

Unfortunately, common soil

constituents like ferrous iron and hydrogen sulfide react even faster. There appears to be a delay
in the degradation of aromatic hydrocarbons, and appearance of oxygen, in some of the Bay
Shore MGP site wells after the initiation of ozone treatment. It may be that that the ozone first
has to overcome the demand of highly reduced soils before targeted hydrocarbons can compete
effectively for available ozone.
In aqueous phase systems, ozone will react via direct oxidation and free radicals. Ozone
will dissolve in water, driven by the concentration gradients as described by Henry’s Law.
Because ozone is unstable, and easily decomposes to form free radicals, equilibrium between the
gas and aqueous phase concentrations of ozone will not be accomplished within groundwater
environments away from the site of injection. Temperature and pH will further affect the rates at
which ozone reacts with COC and organic matter. Organic matter present will act as sink for
ozone, decreasing availability of ozone to react with COCs and affecting the necessary
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concentration or delivery rate of ozone be needed for sustained ISCO. Ensuring reasonable
contact time between the dissolved ozone and the COCs will be critical for ozone ISCO. The
retardation of PAH transport in an aquifer may be of benefit in the sense that it increases the
residence time of these contaminants in the finite zone that is being treated.
Ozone Radicals
Free radical reactions using ozone ISCO are commonplace. A general decomposition of
ozone is described by the following reaction:
O3 + OH- → Reactive oxygen species.
The rate of ozone decomposition is directly related to pH, with faster rates under alkaline
conditions. Furthermore, radical production will dominate under alkaline conditions, while
direct oxidation of COCs with ozone acting as an electrophile will be the more important under
acidic conditions. The pathways of ozone decomposition and radical formation reactions can be
complex and in the scientific community there are discrepancies about the models describing
these processes (Hoigné and Balder, 1983a, b; Staehelin and Hoigné 1982 and Tomiyasu et al.
1985, all from Siegrist 2011). Therefore, no equations for ozone decomposition were given as
part of this paper. What is known is that ISCO with ozone is expected to be more selective under
acidic conditions and largely limited to contaminants like PAHs that react rapidly with ozone
itself, with a potentially broader suite of contaminants amenable to treatment under high pH
conditions where a broad suite of reactive oxygen species, including hydroxyl radical are
expected to be present in higher amounts. Low pH offers enhanced stability and deliverability of
ozone while high pH yields greater oxidation rates and versatility for degrading a range of
contaminants (Siegrist 2011). Since Long Island groundwater tends to be acidic, direct oxidation
reactions will dominate in the aqueous environment at the Bay Shore site examined below.
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Ozone Demand
Natural Organic Matter and Soil Minerals
Ozone may also react with natural organic matter in the vadose or saturated zone. While
NOM may represent an initial sink for ozone, evidence has been provided that the ozonation of
soils may result in increased availability of sorbed organic contaminants to chemical oxidation
(Ohlenbusch et al. 1998). Furthermore, recent evidence has been provided that the ozonation of
soils in the vadose and saturated zones will result in the breakdown of NOM, that is associated
with formation of hydroxyl radicals (Siegrist 2011). Although a higher dosage of ozone may be
required to oxidize PAHs in the presence of NOM, secondary benefits assisting in overall
remediation are the increases in biovailability of sorbed PAH by breaking down sorbing phases
with a release to the aqueous phase (Nam and Kukor 2000).
Similar to CHP and persulfate ISCO, soil minerals will also place a demand on ozone.
The ozone demand for typical aquifer materials like ferrous iron and hydrogen sulfide must be
satisfied before an ozone residual can be established (Nimmer et al. 2000). Diligent treatability
studies will be needed to ensure enough ozone is delivered over time to the aquifer to overcome
demands of NOM and reduced chemical species in groundwater.
Ozone Effectiveness on PAH Sorbed Soils
Several studies have been conducted to determine the ability of ozone in degrading
sorbed and dissolved PAHs (Yao and Matsen 1992; Nam and Kukor 2000). Basically, as the
number of fused rings within PAHs increases, there is a decrease in the rate or extent of
degradation with ozone. Nam and Kukor (2000) found that 95% of 2- and 3-ring naphthalene,
fluorene and phenanthrene were degraded, while chrysene and pyrene were 65% degraded. The
decreasing reactivity of PAHs with increasing molecular size is problematic since there will

47

likely be blends of PAHs at coal tar/MGP sites with complex PAHs present. By applying
multiple treatment methods (ozonation and bioremediation, or combinations of other ISCO
systems) it may be possible to effectively degrade many of the components to at or below
regulatory guidelines. While ozone may not completely remineralize PAHs to carbon dioxide,
the oxygenated intermediates that are likely to be formed will be more polar, less sorbed to
aquifer materials, and therefore in some cases may be more readily further biodegraded; potential
problems with some potentially persistent and more toxic reaction intermediates is mentioned
below. At the decomposition of ozone to oxygen can be beneficial to biodegradation .
Ozone in Aqueous Environments
Ozone has a long history of being used for chemical oxidation in the water and
waste water industries. Consistent with Urs (2003) review of the existing literature, the stability
of ozone in natural waters will be dependent upon the nature of the matrix with the half life of
ozone will be between seconds and hours. The laboratory ozonation of an aqueous PAH,
acenaphthylene, resulted in 99% degradation when using ozone as a sole oxidant (Rivas et al.
2000), greater than the amounts degraded when other oxidizing agents were added together with
ozone. Radical initiators like hydrogen peroxide had little affect on the PAH degradation and it
was surmised that oxidation of PAH occurred without radical intermediates (Rivas et al. 2000).
Ozone has been demonstrated to be an excellent oxidant for at least primary PAH degradation,
but there is a complicated relationship between ozone availability, and the distribution between
dissolved and sorbed phase PAHs that are less subject to degradation. Therefore, ozone is
expected to be an excellent chemical oxidant for aqueous phase PAHs. The overall effectiveness
in an aquifer will depend on the extent of sorption, how fast the sorbing phase is degraded, and
the rate of dissolution of PAH from sorbed NAPL, as well as the dissolution of residual phases
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that serve as protective phases.
The ozonation of pyrene, a PAH, in the presence of water was studied in a lab to
determine reaction pathways for ozone reactions (Yao et al.. 1998). Various concentrations of
ozone and time periods of reaction were assessed to determine potential reactant products in
PAH contaminated soil solutions under acidic conditions similar to those anticipated for Long
Island aquifer systems. Ozone doses ranged from 0.02 to 2.35 mmol and the initial concentration
of pyrene was kept constant. At higher molar ratios of ozone to pyrene, the PAH was completely
lost without evidence of reaction.

At lower ozone concentrations, tentatively assigned

identification of ozonation products were noted after interpreting mass spectra; e.g., one ring was
cleaved and substituted phenanthrene products dominated. Attempts were made to avoid free
radical chemistry by altering pH but it was concluded that hydroxyl radicals were formed and
reacted in solution. The formation of oxygenated PAH intermediates (OPAHs) with intact ring
systems were observed, although often further ozonation resulted in further ring cleavage to form
phenol-like compounds. While these results do show promise for the ozonation of PAHs in
acidic environments, the data also implies that incomplete PAH degradation with ozonation (due
either to low contact time or low ozone concentration) can result in the formation OPAHs and
other intermediates. OPAHs are often more toxic and carcinogenic than their parent compound
(Lundstedt et al. 2007). Because OPAHs are more polar than their parent PAHs, OPAHs are
more soluble and likely to transport longer distances than their parent compounds. Perhaps the
ozonlysis of PAHs at the Bay Shore MGPs results in the formation of OPAHs. My literature
research revealed no evidence of regulatory guidance or criteria related to measurement or
potential risk reduction related to OPAH.
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Summary of Ozone ISCO
Ozone has a potential to be an excellent chemical oxidant for PAH degradation in
groundwater systems. The benefits, and pitfalls of ozone ISCO are outlined as follows:
•

Ozone should be relatively inexpensive to produce using a generator at the site of
intended injection. It is relatively soluble in water and a strong oxidizer. Ozone can
react directly with many but not all COCs in lower pH environments, with an increased
importance of potential free radical reactions under more alkaline conditions, which may
improve the versatility of the approach to treat more diverse chemical structures.

•

Ozone has been demonstrated to be an effective oxidizer for PAH degradation. PAH
degradation exceeding 90% is common.

•

Unlike other ISCO oxidants, the use of catalysts like iron, or ligands for controlling
metal availability and redox chemistry is not necessarily needed. Thus, there may be
fewer groundwater contaminants to worry about and potentially less worry about
dissolution and precipitation of minerals in the aquifer that could affect soil structure or
permeability.

•

Similarly, if alkaline ozonolysis is not used, pH control may be less of a concern in
heavily PAH-contaminated areas, because ozone will directly oxidize PAHs.

•

OPAHs can be formed by incomplete oxidation of PAHs. In general, OPAHs are more
toxic, carcinogenic and soluble than their parent compounds.

Evidence has been

provided that complete oxidation of PAHs and OPAH is possible, but it is suggested here
that further study is needed to verify toxic intermediates are not accumulating in the
ozone system design.
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Chapter 6 – Bay Shore MGP ISCO Using Ozone

Background
The purpose of this chapter is to provide an analysis of results data that have been
collected in association with an ozone ISCO treatment system currently being used at the Bay
Shore MGP in OU-1 as part of a bigger effort to remediate PAHs and BTEX. The remedial
strategies employed in hydraulically down-gradient area OU-2 were not considered (oxygen
injection lines, etc). The ozone ISCO system became operational after October 15, 2009 (Q4
2009) when newly installed monitoring wells were sampled once before the beginning of
operation. PAH monitoring result data was collected and interpreted from the entire period
between the fourth quarter 2009 and the third quarter 2011 for two well clusters up-gradient and
three well cluster within or immediately down-gradient of the area of ozone ISCO treatment.
Data analysis for BTEX was primarily limited to high frequency sampling results obtained
during Q4 2009 when the treatment started. Q4 2011 results were not available as of April 1,
2012, and therefore were not utilized as part of this ozone treatment analysis.
Ozone ISCO Case Study
To assess the effects of ozone on groundwater at the MGP, the following information was
collected or examined:
•

Well cluster locations and aromatic hydrocarbon data availability in relation to the
ozone system and groundwater contours -Figure 12.

•

Pre-ozone system groundwater results for BTEX/PAH (Q3 2009 – summarized in
Chapter 2).

•

Up-gradient well analytical results from quarterly reports (Q1 2010 – Q3 2011)
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and down-gradient ozone treated well quarterly results (Q4 2009 – Q3 2011) for
individual PAH –as well as some individual BTEX data.
•

Ozone treatment system design reports submitted to the NYSDEC and obtained
by a FOIL request

•

Total PAH-BTEX-dissolved oxygen (DO) time series plots generated by GEI
Consultants.

•

USGS publication that reported the detection of OPAHs down-gradient of the
MGP within OU-2.

During the data acquisition process, a USGS study revealed that OPAHs were discovered
down-gradient of the Bay Shore MGP and a review was conducted to determine whether these
potentially toxic PAH degradates may be formed by ISCO or other remediation activities that
have occurred at the Bay Shore MGP site. The USGS suggested that the formation of OPAHs
was likely due to biological degradation of PAHs or perhaps OPAHs were even initially present
within the coal tar formed as part of the gasification process (Fisher, Misut, Paulsen, Zaugg
2011). The majority of these compounds detected at relatively low levels, below 1.0 µg/L.
During ISCO treatment, it is not uncommon for a PAH to undergo attack by radicals during
ozonation, persulfate and CHP oxidants that have been demonstrated to be involved in the
formation of OPAHs (Kochany and Maguire 1994; Kotzias and Brussol 1999; both from
Lundstedt et al. 2007).

It is currently unclear if OPAH formation may represent terminal

reaction processes. Some laboratory evidence has been provided that if enough oxidant is
supplied, complete mineralization may occur and therefore no OPAH compounds will be
accumulated (Yao, Huang and Matsen 1998). Contradictory evidence has been provided that
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OPAHs are “dead end” products that will accumulate following primary biological or chemical
oxidation (Cerniglia 1992; Kochany and Maguire 1994; Cerniglia 1997; Koeber et al. 1997 all
from Lundstedt 2007).
Since ISCO technologies were utilized at the site, there is a potential for the appearance
of the PAH degradation byproducts at sites down-gradient of the areas of ISCO application.
Unfortunately no samples could be collected for OPAH analysis that were only affected by ISCO
system. Samples collected for OPAH analysis were down-gradient of the ISCO system and the
oxygen injection line to the south of the ISCO treatment area. Although microbial degradation
and original gasification processes are likely contributing to the presence of OPAH at wells
farther down-gradient, this author proposes that ISCO processes and earlier CHP and persulfate
ISCO pilot studies conducted at the Bay Shore MGP are also contributing to OPAH formation at
the site.
Ozone Design
In a treatability study, 100% of the aqueous COCs (PAHs and BETX) were destroyed in
½ hour after treatment with ozone (GEI 2009). The system was designed to supply 7,000-gram
per day (16 lb per day) of ozone to a small volume reactor loaded with soil slurry from the site to
be remediated. The added ozone was more than enough to account for COCs and NOM demand.
Unfortunately, given the experimental design it is difficult to separate loss of COCs due to
chemical oxidation and volatilization, although the latter would have been less important for
more sorbed and less volatile high molecular weight PAH. There was also no indication of how
the very large volumetric flow rates of ozone might compare to operational conditions in the
field.
Mid-late October 2009 the ozone injection system was started in OU-1 after an initial
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sampling on October 15 or 16 of the newly installed OZM wells that are the source of
monitoring data in the treated zone. The ozone system is comprised of 63 vertical ozone
injection wells and a lateral soil vapor extraction (SVE) array for collection of unused offgassing ozone and volatile organic compounds from groundwater. The 63-injection wells have
pulsed zone injected at 28’ – 30’, 38’ – 40’ and 48’ – 50’ below grade. The treatment area array
measures 70’ long (north to south) by 190’ wide (east to west), with 3 rows of 21 wells each.
The ozone injection system injects a mixture of air-ozone, delivering a maximum of 3% ozone to
the 63-well points at 60 cubic feet per hour. The radius of influence for each injection well was
estimated as 22 to 58’, dependent on subsurface geology.

In order to capture volatilized

hydrocarbons, a horizontal SVE system was installed in shallow vadose zone soils connecting
between the ozone injection well point. The SVE system is designed to pull 25 cubic feet per
minute with a radius of influence of 24’. Complicating data interpretation, ozone injection is
stated as not being continuous, but occurs at unspecified routine intervals.
After ozonation, treated groundwater flows in a southerly direction toward a barrier wall.
The barrier is intended to restrict the flow of DNAPL from deep groundwater zones to off-site
area OU-2.

The steel piling perforated barrier wall is present approximately fifty feet

hydraulically down-gradient of the ozone injection system and is “keyed” five feet into the
underlying Magothy Formation. The barrier wall is perforated in shallow and intermediate
groundwater zones (10’ – 40’ below ground surface, bgs) to permit off-site migration of
groundwater following ozone treatment; after the barrier wall there is an oxygen treatment
system designed to facilitate in-situ bioremediation of the waters that leave the area in OU-2.
GEI Consultants (2009) indicates that modeling of shallow and intermediate groundwater
systems do not indicate any significant changes in hydraulic head are occurring as a result of the
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barrier walls and ozone treatment system. Considering the deepest portion of the groundwater
system is “blocked off”, there must be some mounding of water, although it is uncertain how
much upward vertical flow of water occurs from less treated groundwater below the depth of
ozonation and the perforated sections of the barrier wall.
Well Locations
After reviewing the groundwater flow direction at the site and availability of monitoring
data it was determined that there were two monitoring well clusters that are hydraulically upgradient of the ozone treatment system (see Figure 14):
1. On the west side of OU-1 are wells BBMW-22S Shallow 5’ - 10’ deep, BBMW-22I Intermediate 20’ – 30’ deep and BBMW-22D – Deep - 64’ – 74’ deep.
2. On the east side of OU-1 are wells OZMW-25S Shallow 5’ – 15’, OZMW-25I –
Intermediate 20’ – 30’, OZMW-25I2 Intermediate 35’ – 45’ and OZMW-25D Deep 55’
– 65’.
The two well clusters are 90’ and 125’ north of the system and well beyond the radius of
influence of ozone injection. Based on retardation values calculated above, there may be a lag as
long as months to years before dissolved PAHs from these wells are transported to the active
zone of ozone remediation. However, given available longer time series monitoring data at these
wells and the timescales of MGP waste contamination of the site, it is suggested that
concentrations in these two wells are likely representative of past and even future groundwater
inputs of aromatic hydrocarbons into the ozone treatment area.
Three treated/ down-gradient wells were identified where there was continued monitoring of
PAH and BTEX that began immediately before ozone treatment commenced. Monitoring well
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clusters OZMW-24, OZMW-26 and OZMW-23 are located within the radius of influence of the
ozone system. The wells are screened at the same depths as the OZMW-25 well cluster. Based
on groundwater flow direction, up-gradient well location BBMW-22 is “in-line” with OZMW24. OZMW-25 is up-gradient when compared to wells OZMW-26 (at the upgradient edge of the
ozone system) and OZMW-23 (immediately down-gradient and also likely in zone of influence
of the ozone system), respectively. Refer to Figure 12 for a review of well locations, hydraulic
head and the groundwater contours.
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Figure 12 - Ozone Site Map - Modified from GEI Consultants Quarterly 2009-2011

Up-Gradient Wells – Pre-Ozonation and Future Contributions to the Ozone
Chapter 2 describes the plume before the start of the ozone system in October 2009. Upgradient quarterly analytical results for the treatment study period (Q1 2010 – Q3 2011) were
tabulated. Histograms of the Log of average dissolved individual and total PAH concentrations
(µg/L) at up-gradient wells were generated to gain an additional understanding of the plume.
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PAH-BTEX-DO-reports produced by GEI Consultants for the wells were also reviewed to gain
an understanding of DO concentrations at up-gradient wells. The following observations were
made:
•

Up-gradient DO concentration are either undetectable or sporadically low (which
may indicate oxygen contamination during sampling) at all well depths at
BBMW-22 and OZMW-25.

This indicates that microbial respiration of

hydrocarbons is depleting available oxygen and that biodegradation of PAH and
BTEX is likely limited by oxygen at the site. The low oxygen readings at upgradient wells are consistent with these sites not being affected by the downgradient ozone injection system.
•

At BBMW22, total PAHs average 3,170, 4,440 and 5,170 µg/L for shallow,
intermediate and deep groundwater systems, with associated standard deviations
of 1,020 and 2,010 and 1,140 µg/L , respectively. A peak concentration of 7,340
µg/L was reported in the second quarter of 2011.

•

At OZMW-25, total PAHs averaged 3,290, 3,150, 482 and 72 µg/L in 5’ – 15’,
20’ – 30’, 35’ – 45’ and 55’ – 65’ bgs, respectively - standard of deviations of
total PAH concentrations of 1,950, 1,770, 399 and 38 µg/L were calculated. A
peak detection of 6,040 µg/L was detected in Q4 2010. Deep groundwater at
OZMW-25 has less PAH’s then BBMW-22D.

•

Two-rings PAHs naphthalene and 2-methylnaphthalene are the most abundant
PAHs in groundwater in all wells (Figure 13), followed by other PAHs with threering structures: acenaphthene, acenaphthylene, fluorene, phenanthrene, and
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sometimes anthracene. Of the 4-ring PAH, only pyrene was commonly detected
at low concentrations and detections of 5- or 6-ring PAH were either always
undetected or near the quantitation limits that were typically 1 µg/L.
•

DNAPL exceeding 3’ thick is reported at well BBMW-22D throughout the
treatment period indicating a residual phase that may be buffering PAH levels in
the higher elevation wells.

•

For illustrative purposes, the peak concentrations of PAHs measured in well
BBMW-22D in a Q2 2009 sample were compared to estimates of solubility of
pure chemical in water (Table 4). Naphthalene was present at highest
concentration (6100 µg/L) which is 17% of pure water solubility at 20 C. The
actual solubility limit of PAHs in the presence of a NAPL phase is controlled by
Raoult’s Law (proportional to the mole fraction of the PAH in the hydrocarbon
liquid phase and the pure compound solubility), it may be that naphthalene is
actually near or at its solubility limit in this system; in other words the
groundwater PAHs is likely near saturation with a DNAPL or residual tar phase
with uncharacterized and likely variable mole fractions.

In this sample,

anthracene and benzo(g,h,i)perylene were detected above their respective
solubility indicating that these compounds may be present in a phase that is not
truly dissolved – either a disperse hydrocarbon liquid phase, or solubilized by
small or colloidal sized dissolved or particulate organic matter. It is not known if
the groundwater was filtered prior to analyses in these studies.

59

PAH Solubility and Peak Q2 2011 Concentrations
PAH
Solubility (µg/L) Peak Q2 2011 BBMW-22
Acenaphthene
3900
860
Acenaphthylene
16100
15
Anthracene
43.4
240
Benzo[g,h,i]perylene
0.3
13
Fluoranthene
260
0
Fluorene
1690
3
2-Methylnaphthalene
not available
52
Naphthalene
31000
6100
Phenanthrene
1150
58
Pyrene
135
5
Benz[a]anthracene
9.4
BQL
Benzo[a]pyrene
1.6
BQL
Benzo[b]fluoranthene
1.5
BQL
Benzo[k]fluoranthene
0.8
BQL
Chrysene
2
BQL
Dibenz[a,h]anthracene
2.5
BQL
Indeno[1,2,3-cd]pyrene
0.2
BQL
BQL below laboratory
Pariaba et al. 2011 Solubility data/
quantification levels
Table 4 - Solubility and Aqueous Phase PAHs at BBMW-22D

•

After reviewing the logarithmic histograms of average PAH distribution, it is
noted that PAH distribution were relatively consistent between both locations,
with lower concentrations of PAH measured with depth at OZMW25; it is noted
below that there are also lower concentrations of PAH with depth in the treated
wells OZMW-26 and OZMW23.

Although the entire plume may be

heterogeneous in nature, the dissolved phase entering the ozone system has
relative compositions that are similar in shallow and intermediate groundwater.
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Figure 13 - Log of average individual and total PAH concentrations measured in up-gradient wells BBMW22 and OZMW-25

The up-gradient groundwater at well clusters BBMW-22 and OZMW-25 are reflective of
present and future contributions of PAHs to the ozone system. It is possible that the dissolved
concentrations at BBMW-22 are buffered by a residual or NAPL phase containing high fractions
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of naphthalene; concentrations of PAHs are lower at OZMW 25, especially at depth, and the
source of PAH is not as likely to be controlled by a continuous bleed from a non-aqueous coal tar
phase.
Treated Down-gradient Wells - Q4 2009
During Q4 2009, ozone was injected at 1.6% ozone to 98.4% air ratio, although the
ultimate design was for 3% ozone to be injected. One groundwater samples from before the
initiation of treatment (T0; - October 15-16), and many subsequent samplings were conducted at
routine intervals.

An exact calendar date of first injection with ozone was not provided,

however, based on a review of GEI PAH-BTEX-DO series time plots it is known that the ozone
system began operation somewhere between October 16th and 28th..

For the purpose of

discussion it is assumed that the ozone system first began injection immediately following the
initial sampling event. Samples were analyzed for BTEX, PAH and other parameters with
results for COC available in quarterly reports that have been transcribed for this analysis. The
time course of sampling during this period was for 70-73 days depending on location. Subscript
numbers (e.g T1, T2, etc) refer to days after the initial sampling event and therefore the number of
days the ozone system has been operating. The analytical results were manually entered into
Excel spreadsheets and graphs of individual BTEX and PAH component concentrations over
time were created for each well series and depth. Percent reductions were calculated. The
results of the Q4 2009 treatment on each well series depth is discussed.
The relationship between DO, total BTEX and total PAHs were assessed by reviewing
the BTEX-PAH-DO time plots generated by GEI Consultants. The raw data for oxygen is not
publically available and could not be directly compared in the results for the initial period of
treatment (Q3 2009 described above). However, long term trends from prior to the start of the
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system through Q3 2011 were available that illustrate trends in oxygen in the treated downgradient wells in comparison to total aromatic hydrocarbon levels.

The oxygen data is not

straightforward to interpret because of the potential for contaminating anoxic or low oxygen
samples in the field; emphasis is not place on individual low level oxygen readings in time series
where most or many of the measurements were zero; more weight it placed on trends in oxygen
and where multiple readings were above a couple mg/L or even supersaturated. Ozone rapidly
decomposes to oxygen in the subsurface, although the produced oxygen may in turn be
consumed by microbial degradation of hydrocarbons that are abundant in this area. In a number
of cases, there are systematic trends where oxygen increases over time, often with a lag, in ozone
treated wells. These reproduced figures help to tell a longer-term story about the influence of
ozonation in the wells both with respect to changes in oxygen and the longer term trends in
BTEX and total PAH levels.
The changes in aromatic hydrocarbons and oxygen following the initiation of ozone
treatment are discussed below for each of the three down-gradient wells at each sampling depth.
OMMW-26
Well cluster OZMW-26 is located on the north east side of the ozone treatment system.
This well point is located within the area of relatively low PAH but high concentrations of BTEX
contamination discussed in Chapter 2.
OZMW-26S 5’ – 15’
The profound effect of ozone on BTEX levels in the surface well is seen in Figure 14a,
where concentrations of alkylbenzenes decline progressively over the first five weeks of
treatment, after which only very low BTEX levels were detected. After a 70-day period, BTEX
was reduced from 8,030 µg/L to 44 µg/L, (99.5% reduction). Starting total PAH concentration
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was low (54 µg/L), but higher levels were detected at 19 days after start of the system when
naphthalene concentrations reached 280 µg/L.

By 40 days the PAHs were generally

undetectable or at trace levels, and remained so through the next month. At the end of the
treatment period, naphthalene was completely removed from the aqueous phase. Total PAHs
were reduced by 99.7%, from the peak level at 19 days with only benzo(a)pyrene detected just at
its analytical reporting limit (1 µg/L) after ozonation. Refer to Figure 14b for PAH reductions.
Dissolved oxygen at T0 is negligible. After start of the ozone system, dissolved oxygen
concentrations rise, which directly corresponds to decreasing PAH and BTEX concentrations.
Dissolved oxygen has been above 2 mg/L since December 2010, and peaked at about 4.5 mg/L
in Q3 2011 (Figure 14c).
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Figure 14 - Ozone Effect on OZMW-26S 5' – 15, (a) BTEX response, (b) PAH response, (c) Long term DO,
PAH and BTEX response modified from GEI quarterly
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OZMW-26I 20’ – 30’
Starting BTEX concentration was at 1,350 µg/L. Following ozone injection, only 0.67%
of the original BTEX plume remained, with low detections of ethylbenzene and xylenes present.
Benzene and toluene were reduced 100% after 19-days of treatment. At time zero, total PAHs
were 785 µg/L. After 14-days of oxidation, PAHs were 100% removed from solution. After the
start of the ozone system, dissolved oxygen concentrations increased corresponding to a
simultaneous trend of decreasing BTEX and PAHs. Once the majority of the BTEX and PAHs
are removed from solution dissolved oxygen concentrations remain above 6 mg/L (Figure 15a,b).
Dissolved oxygen at T0 is negligible. After start of the ozone system, dissolved oxygen
concentrations rise, also associated with decreasing PAH and BTEX concentrations. Dissolved
oxygen peaks at nearly 18 mg/L (supersaturation) in Q1 2010, but has leveled off to levels close
to 7mg/L since December 2010 (Figure 15c).
.
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Figure 15 – Ozone Effect on OZMW-26I 20' – 30, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW-26I2 35’ – 45’
In the deeper intermediate well (35-45’) the levels of BTEX, and especially PAH, were
lower in comparison to the two higher well depths. There was also much less evidence of a large
influence of ozone on aromatic hydrocarbons in these samples, with fluctuations over time in
levels of BTEX and especially PAH. This may be because the base of ozone injection (48-50’)
is being approached and it is noted that well is on the outside up-gradient fringe of the area being
sparged. Total BTEX was detected at 704 ppb at the start of the treatment period. After the
treatment period, 66% of initial the BTEX remained, with the greatest reduction seen for
ethylbenzene (55%) (Figure 16a). Total and individual PAH concentrations varied over the time
period and total PAH levels were higher after 14 days than measured at the start of the treatment
period (44 µg/L). Fluorene and Acenapthene were initially the most abundant PAH detected at
22 and 16 µg/L. Acenapthene increased by 25% over the study period, while fluorene was 59%
degraded. The more soluble 2-methylnaphthalene and naphthalene were not detected before
system start, but these two more soluble PAHs were detected after 40 and 58-days of ozonation,
respectively, in samples with corresponding small increases in BTEX (Figure 16b). This may be
related to heterogeneities in the plume that contacts the well at this depth, or perhaps to
variability in the delivery of ozone to this zone. After reviewing GEI time plots for the 2-year
ozonation period it was noted that dissolved oxygen concentration remains low while BTEX and
PAHs are present in the aqueous environment (Figure 16c) supporting the hypothesis that there is
poor contact with ozone to this zone of the aquifer proximate to the well. On the other hand the
longer 2-year data record for this well does indicate a clearer trend for general reductions in total
BTEX (figure 18c).
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Figure 16 - Ozone Effect on OZMW-26I2 35’ – 45’, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW-26D
No BTEX or PAHs were detected at T0. After 14-days of ISCO, trace levels of BTEX
(<14µg/L) and one PAH, naphthalene at 3 µg/L, were detected (Figure 17a,b). It is noted that
the concentrations of PAH in up-gradient well OZMW-25D were also much lower, yet
detectable, than concentrations at more shallow groundwater depths.
This well is screened below the depth of ozone injection and it is anticipated that ozone
would have relatively little contact with groundwater at this depth. As is true at other wells, it is
not clear whether the fluctuations in oxygen above zero are due to problems with oxygen
measurement or that there are advected groundwater plumes that have been less exposed to
hydrocarbons and less subjected to oxygen depleting hydrocarbon biodegradation.

Low

concentration cyclical trends in DO and an increase in aqueous phase BTEX and PAHs are
observed in 2010 and 2011 (Figure 17c), although at very low total BTEX (less than 15 µg/L)
and total PAH (less than 5 µg/L).
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Figure 17 - Ozone Effect on OZMW-26D 55’ – 65’, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW-23
Well cluster OZMW-23 is located on the southeast side of OU-1. It is located in line and
hydraulically down-gradient of OZMW-25 and OZMW-26. OZMW-26 is located north of the barrier
wall and is representative of water quality exiting the site post-ozonation.

OZMW-23S 5’ – 15’
At T0, BTEX is reported at 4,540 µg/L and a general decrease in levels is observed over
the first 56 days, after which concentrations remain low. At the end of the treatment period
(T70), only 3 µg/L of mixed xylenes is reported, corresponding to a 99.3% reduction of BTEX
component over the study period. Benzene, toluene and ethyl benzene were completely removed
following 56-days of ozonation (Figure 18a).
Total and individual PAH concentrations are seen to be variable as a function of time.
PAHs are reported at 1,810 µg/L at T0. At T70, total PAHs is reported at 25 µg/L (98.6%
removal). The largest components of the PAH plume at T0 are naphthalene at 1,400 µg/L, 2methylnaphthalene at 230 µg/L and acenapthene at 74 µg/L. At T14, 99.1% of the PAH plume is
oxidized. Additional PAHs are available in solution at later times (Figure 18b).
The variability in PAH levels observed over time could be related to variable hydraulic
conditions or contact with ozone in the area near the well. It is also not clear that ozone was
being added continuously at the site and at what intervals. Another possibility that has be raised
in the literature when interpreteing results of laboratory studies is that when ozone destroys
NOM that sorbs PAHs, there may be a resulting increase in PAHs in solution (Nam and Kukor
2000). However, given the magnitude of the swings in PAH concentration, such a hypothesis
would be speculative. Naphthalene and 2-methylnaphthalene are 100% reduced and acenapthene
is 74 % removed ( see figure 18b).
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Dissolved oxygen at T0 is low. After start of the ozone system, dissolved oxygen
concentrations rise to supersaturation conditions after removal of most of the PAH and BTEX
from solution. Generally, DO remains at higher concentrations than initially detected after
complete loss of aromatic hydrocarbons (Figure 18c).
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Figure 18 - Ozone Effect on OZMW-23S 5’ – 15’, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW-23I 20’ – 30'
Lower levels of total BTEX (899 µg/L) were present in solution at T0.

BTEX

concentrations increase with time after ozone start, with a peak BTEX reported on day 23.
However, after T26, BTEX concentration decrease with time. At the end of system treatment,
benzene and toluene have been removed from solution with low concentrations of ethylbenzene
and mixed xylenes present.

Total BTEX reduction is 99% when compared to initial

concentrations (Figure 19a).
Total PAH is reported at 1,250 µg/L at T0. Naphthalene and acenaphthylene were the
most abundant PAH at the beginning of treatment at 880 and 200 µg/L, repectively. Between
start of the system and day 16 for naphthalene and 20 for acenaphthylene, the two PAHs remain
in solution above 150 µg/L, but then dropped to consistently low levels. At the end of the
ozonation period all PAHs are completely removed from solution (Figure 19b).
Dissolved oxygen at T0 is negligible. After start of the ozone system, dissolved oxygen
concentrations rise as the available PAH and BTEX are removed from solution. DO is very high
(at or around 10mg/L) after complete oxidation or removal by other means of aqueous phase
PAHs (Figure 19c). The affect of ozone on increasing the dissolved oxygen content at OZMW23I (and well OZMW-26I) are substantial and correspond with the reductions in aromatic
hydrocarbons.
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Figure 19 - Ozone Effect on OZMW-23I 20’ – 30’, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly

76

OZMW23I2 35’ – 45’
Total PAHs and BTEX were detected at much lower concentrations than shallower
groundwater within the same well cluster. For the OZMW-23I2 well (35-45’) there is an initial
increase in both BTEX and PAH concentrations, followed by a decrease to barely detectable
levels three weeks into treatment, after which the levels remained low to undetectable (Figure
20a,b). These short and long-term trends (Figure 20c) suggest a likely involvement in the ozone
treatment in driving detectable levels of aromatic hydrocarbons dow to consistently low levels
over time. However, given the low concentrations for both classes of contaminants, especially at
time zero, it is difficult to determine whether there was any changes associated with operation of
the ozone system based solely off of the percent reductions.
At T0, DO is negligible put peaks above oxygen solubility in Q1 2010, after the removal
of aqueous phase PAH and BTEX. Since the peak measurement, DO remains low. The affect
ozone had on DO and the COCs remains unclear (Figure 20c). PAHs and BTEX were initially
detected at low concentrations before rising. After these were removed from solution DO did not
increase significantly as anticipated. Ozone and/or oxygen formed from its decomposition may
be consumed by soil minerals, NOM, other reduced organic or inorganic substances in
groundwater, etc.. Without more detailed spatial information or data related to changes in
groundwater chemical parameters senstive to ozone or oxygen, it is not clear what the spatial
extent of ozone and oxygen influence has been in groundwater in the region of influence for this
deeper intermediate well, still above the depth of the base of ozone injection.
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Figure 20 - Ozone Effect at OZMW-23I2 35' - 45', (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW-23D 55’ – 65’
Levels of aromatic hydrocarbons are also low at the deepest depth interval in this well
cluster and do not change in a systematic way over the first xy days of ozone treatment. Total
BTEX of 22 µg/L is available in groundwater before system start.

Removal of 9.09% is

observed for this deep well (Figure 21a). Total PAHs of 42 µg/L are reported for the well during
the initial sampling event.

Naphthalene is the largest fraction of the plume with 16.22%

removed at the end of Q4 2009 (Figure 21b).
DO concentrations are low at this depth, and therefore, there is no consistent evidence to
support that ozone is affecting deep groundwater (Figure 21c). A peak concentration is noted
immediately following start-up of the system, however, because it is below oxygen solubility it is
proposed that this may be due to contamination induced during sampling events. The top of this
well screen is 5’ below the nearest zone of injection (48’ – 50’ bgs), and therefore should be
beyond the reach of diffiusion and dispersion of groundwater containing ozone. However, it is
pointed out that PAHs and BTEX are consistently much lower (less than 5 µg/L) during the
second year of treatment. It is not possible to determine whether these trends are due to
heterogeneity in the groundwater plume underneath the area of ozone treatment, or if in fact
there is vertical migration of ozone or its decomposition product oxygen below the base of ozone
injection that is acting to chemically or biologically treat hydrocarbons upgradient of this well; it
is recalled that PAH and BTEX concentration at T0 were low to start with.
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Figure 21 - Ozone Effect at OZMW-23D 55' - 65', (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW24
Well cluster OZMW-24 is located on the southwest side of the ozone treatment system. This well
cluster is located hydraulically down-gradient of PAH and BTEX rich BBMW-22, which has DNAPL to
DNAPL like conditions in deep well zones (55-65’ bgs).

OZMW24S 5’ – 15’
BTEX was detected at 1,460 µg/L at T0, and were 79% removed after 12 days and
further oxidized or otherwise removed (99.11%) at the end of the treatment period (T73).
Benzene and toluene were detected at 350 and 150 µg/L at T0, and were undetectable in all
samples after 54-days of ozonation (Figure 22a).
At T0, total PAHs were detected at 134 µg/L. Acenapthene and fluorene were the
most abundant PAH detected at 63 and 29 µg/L, respectively Following the start of treatment,
100% of the aqueous phase PAHs were lost At day 24, an increase in aqueous PAHs were
observed. Total PAHs were reduced by 95.5% at the end of the treatment period, presumably
due to ozone oxidation (Figure 22b).

Acenapthene and fluorene were 92% and 100%,

respectively, oxidized or otherwise lost at the end of the treatment period. At T0, DO is close to
zero, but after start of the ozone system the DO’s concentration increases slightly (Figure 22c).
In 2010/2011, after complete removal of the available BTEX-PAH, DO concentrations will peak
between 5 and 7 mg/L followed by a re-introduction of BTEX and PAHs. It is presumed the
BTEX and PAHs are being being lost and presumably oxidized.

At later times, as the

concentration in aqueous phase PAHs and BTEX increase, available DO decrease. There is an
evidence of an inverse relationship and lag time trend between DO and BTEX-PAH
concentration. If raw oxygen data were available regression and corrrelation analysis would be
valuable.
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Figure 22 - Ozone Effect at OZMW-24S 5'-15', (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly

OZMW24I 20’ – 30’
Prior to start of the ozone system, BTEX was detected at 2,470 µg/L and after 12 days of
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ozonation BTEX doubled (4,950 µg/L). After 32-days of treatment, BTEX was 94% removed
from solution. At the end of treatment, T73, BTEX were 99.11% removed from aqueous solution.
Benzene and toluene were 550 and 110 µg/L prior to ozonation. Both were 100% removed after
47-days (Figure 23a).
PAHs were 1,490 µg/L at T0, with naphthalene, 2-methylnahpthalene and acenapthene
detected at 660, 500 and 12 µg/L. After 13-days of ozonation, aqueous naphthalene and 2methylnapthalne and acenapthene are detected above starting concentrations.

Thereafter

aqueous concentrations decrease with time. No PAHs were detected after 54-days of ozonation
(Figure 23b).
At T0, DO is close to zero. After the initial loss of COCs, DO concentrations remain
elevated throughout the 2 year period, with measurements typically above oxygen’s solubility
(Figure 23c). Similar to intermediate wells OZMW-26 and OZMW-23, ozone appears to be
having profound affects on DO quality with corresponding removals of PAH and BTEX
fractions to at or near 100% supporting that ozone is presumabally oxidizing the COCs
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Figure 23 - Ozone Effect at OZMW-24I 20'-30', (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW24I2 35’ – 45’
There was much less evidence for removal of BTEX or PAH from operation of the ozone
system in this well as compared to results at shallower groundwater depths (Figure 24a,b). It is
unclear again whether this is due to a lack of contact of ozone with the contaminants upstream or
proximate to the well which was not far above the base of the ozone treatment injection.
Furthermore, this well is just downstream of the ozone injection system, such that ozone was
consumed before reaching the contaminants near the well. In this case there was also evidence
of high amounts of PAHs that may indicate coal tar phases; if so, it may be that the capacity for
consuming ozone was also greater, the treatment with ozone not long enough to see an effect on
this more contaminated zone. This well is also immediately up-gradient of the barrier wall,
which was presumabally designed to prevent the migration of DNAPL off-site. BTEX was at T0
was detected at 145 µg/L at T0. Xylene and ethylbenzene were detected at 148 and 12 µg/L,
respectively. After 73 days of ozone treatment, a 15% reduction in total BTEX and xylene and
ethylbenzene were 13 and 33% reduced. At T0, total PAHs were reported at 3,920 µg/L. No
PAHs were reduced during the treatment periods. 4,800 µg/L total PAHs were detected posttreatment. This is a 22% increase compared to initial concentrations. The three most abundant
PAHs in solution were naphthalene, 2-methylnaphthalene and acenaphthylene. Naphthalene and
2-methylnaphthalene increased by 24 and 25%, repspectively. Acenaphthylene concentrations
were unchanged during the treatment period.
At T0, DO is close to zero and aqueous phase BTEX is low (Figure 24c). As described
above, PAHs are detected at elevated concentrations while there are fluctuations in
concentrations it is clear that this deep intermediate groundwater zone remains highly
contaminated over the two year period. DO levels also fluctuate and it is not possible to
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determine whether these periodic detections of oxygen are real or whether or there may be an
inverse correlation with PAHs that could indicate variable extents of chemical or biological
oxidation that depend on the availability of oxygen.
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Figure 24 - Ozone Effect at OZMW-24I2 35' - 45', (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly
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OZMW24D 55’ – 65’

This well is below the depth of ozone injection and there is a modest but not systematic
reduction of BTEX and no evidence of a treatment effect on PAH from the remediation in the
area. BTEX was detected at 2,940 ug.L at T0. Toluene and xylene were detected at 1,000 and
1,710 µg/L, respectively. After 73 days of ozone treatment, a 42.04% reduction in total BTEX
was observed, Toluene and xylene were 59 and 32.75% reduced (Figure 25a).
At T0, total PAHs were reported at 3,600 µg/L. Concentrations of all PAHs detected
increased after ozonation. Naphthalene, 2-methylnaphthalene and acenaphthylene were detected
at 3,000, 401 and 140 µg/L pre-treatment. After ozonation, the aqueous phase concentrations of
these three PAH increased 57, 90 and 43%, respectively. Similarly, total PAHs increased by
60%. (Figure 25b).
At T0, DO is close to zero and aqueous phase PAHs are at elevated concentrations. The
distribution of individual PAHs is similar to BBMW-22D where DNAPL to DNAPL like
conditions have been demonstrated.

Like OZMW-24I2, deep groundwater remains highly

contaminated over the two year period (Figure 25c). DO levels also fluctuate and it is not
possible to determine whether these periodic detections of oxygen are real or whether or there
may be an inverse correlation with PAHs that could indicate variable extents of chemical or
biological oxidation that depend on the availability of oxygen. Furthermore, the top of the well
screen at OZMW-24D is 5’ below the deepest zone of ozone injection. Even if mechanical
dispersion of ozonated groundwater was occuring, it is proposed that high levels of sorbed or
resisidual NAPL phase PAH near the well may mask any effect that ozone may have had just
upgradient (BBMW-22D).
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Figure 25 - Ozone Effects at OZMW-24D 55’ – 65’, (a) BTEX response, (b) PAH response, (c) Long term DO,
BTEX and PAH response modified from GEI quarterly

Conclusions of the Ozone System
In all three well clusters there is good evidence for effective remediation of a
combination of BTEX and PAH compounds in the surface (5–15’) and more shallow
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intermediate well depths (e.g., 20-30’). In the shallower groundwater systems, the ozone system
removes close to 100% of the BTEX and PAHs within an initial 70-73 day treatment period;
often the reduction in BTEX or PAH occurs much faster – e.g., within the first 2- to 3-weeks,
and levels remains low following 2-years of ozone treatment. Increases in DO are most often
observed within the shallow and intermediate systems indicating ozone is making good contact
with the aquifer at these depths at least up-gradient of the wells; whether active ozone reaches
the area of influence around these wells cannot be determined by looking at oxygen, its
decomposition product. Elevated oxygen does indicate that microbial respiration is not faster
than the supply of oxygen coming from the ozone. Typically in surface and upper intermediate
wells, oxygen levels take some time to rise. Because the wells are so close to the injection
systems, it is assumed that with groundwater velocities of a couple feet/day that it would not take
many days to overcome a time lag associated unreacted ozone or oxygen.

Rather this lag is

more likely the result of there being a significant chemical demand for ozone or oxygen in the
aquifer region between the injection and monitoring well, whether it be from reduced minerals,
sorbed or residual phase hydrocarbons, or dissolved or inorganic substance in groundwater.
Alternatively there is also the possibility that the lag is due to the biological oxygen demand of
microbes utilizing oxygen to mineralize many of the same reduced species, particularly dissolved
and sorbed hydrocarbon phases.
In the second layer of intermediate groundwater (35-45’), there is less evidence for
BTEX or PAH ozonation occurring. At OZMW-26, BTEX was partially removed while PAHs
fluctuated after starting at low initial concentrations.

In OZMW-23, the low initial

concentrations of hydrocarbons affect comparisons although removal of nearly 100% of COCs
occur, and associated with low but consistently detectable oxygen at the well. PAHs and BTEX
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within OZMW-24 are not reduced, but increase in comparison to initial sampling concentrations.
The more sporadic and often low or non-detectable measurements of DO in these wells does not
indicate nearly as much contact with ozone as seen in wells at higher elevations. Alternatively,
the supply of oxidants is not sufficient to keep up with possible desorption of what may be large
pools of sorbed or residual phase PAH at OZMW-24. The introduced ozone (injected at 48-50’)
comes from wells not immediately beneath the monitoring wells and rising ozone rich bubbles
disperse horizontally and dissolve rapidly enough to promote optimal ozonation of groundwaters
within the immediate vicinity of the three monitoring wells. Regardless of how well mixed
ozone is in the lower depths of the treatment area, it seems most certain that having multiple
ozone injection depths would ensure that the higher in elevation the more ozonated the aquifer
and its groundwater will be.
The deep wells (55-65’) are screened 5’ below the deepest site of injection. Ozone has
no affect on PAH and BTEX removal at this depth. At OZMW-26 and OZMW-23, initial BTEX
and PAHs were low but it is difficult to argue that ozone is oxidizing any of the contaminants
since the shallowest portion of these well screens is 5’ below the deepest zone of ozone injection.
DO levels tend to be very low further supporting that ozone is not rendering an effect on deep
groundwater at the MGP. At OZMW-24D, there are very high aqueous phase PAHs that persist
from Q4 2009 through Q3 2011 and increase after start up of the system. The distribution of
PAHs is similar to that at DNAPL impacted BBMW-22D.
Histograms of the average individual PAH and total PAHs (for the 2010-2011 sampling
periods) for treatment lines OZMW-25 to OZMW-26-OZMW-23 (Figure 26) and BBMW-22 to
OZMW-24 (Figure 27), were created to compared long term untreated and treated groundwater
quality along approximate flow paths. The histograms are arranged with depth (vertical) and
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groundwater flow direction (horizontal from left to right). As anticipated, strong evidence of
PAH reductions, when compared to up-gradient sources is occurring along treatment line
OZMW-25 in shallower groundwater systems (5-15’ and 20-30’) and also to a lesser extent in
deeper groundwater zones. The most dramatic effects are observable when comparing OZMW25 to OZMW-23, representing an ozonation across the width of the entire system. As COCs
transport across the system, increased contact with ozone results in greater contaminant
oxidation and increased DO likely promoting secondary biodegradation.

Figure 26 – Log of average (n=7) individual PAHs and total PAH concentrations measured in quarterly samples over
2010 -2011 period) in up-gradient untreated OZMW-25in comparison to treated down-gradient wells OZMW-26 and
OZMW-23 – Not affecting the compositional data or log scale reductions in PAH concentrations as a function of
treatment, concentrations were multiplied by 7 for graphical purposes to allow for separation between concentrations
reported at the quantification limit (most often 1 µg/L which would correspond to log C = 0 without the correction) and
those below that detection limit (shown with log C = 0)
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Figure 27 - Log of average (n=7) individual PAHs and total PAH concentrations measured in quarterly samples over
2010 -2011 period) in up-gradient untreated OZMW-25in comparison to treated down-gradient wells OZMW-26 and
OZMW-23 – Not affecting the compositional data or log scale reductions in PAH concentrations as a function of
treatment, concentrations were multiplied by 7 for graphical purposes to allow for separation between concentrations
reported at the quantification limit (most often 1 µg/L which would correspond to log C = 0 without the correction) and
those below that detection limit (shown with log C = 0)
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Wells BBMW-22 and OZMW-24 are located within the western most portions of the site,
and therefore are in the “hot spot” of contamination. Shallower well reductions are consistent
with good contact with ozone, as evidence by PAH reductions and increased DO when compared
to up-gradient BBMW-22. Although no evidence of DNAPL conditions has been provided for
OZMW-24D, based on the distribution of PAHs in deeper wells (35-45’ and 55-65’) similar to
DNAPL rich BBMW-22D, it is proposed that the groundwater is likely influenced by residual
phase DNAPL to DNAPL like conditions.
There are different processes that result in the observed losses of aromatic hydrocarbons
that would be expected to be more or less important for different BTEX and PAH. A major
disappointment in this work was that there were no clear or systematic trends observed when
looking at the changes in composition of either individual BTEX or PAH compounds (Figures
14-27) as a function of time/space/or treatment. Factors that obscured any clear trends included
a large number of compounds reported near the reporting limits eliminating opportunities to look
at high fractional removals; high variability for many some PAHs as a function of time (e.g., the
error bars for many compounds in Figures 28 and 29 are greater than an order of magnitude for
some analytes; very different initial compositions of contaminants, especially BTEX at the
beginning of ozonation.
The effects ozone treatment may be having on targeted aromatic hydrocarbons are varied
and depending on the mechanism may result in much different compound-specific patterns of
degradation or physical loss from the aquifer. For example some of the loss of BTEX and
possibly PAHs is likely the result of air sparging used to inject ozone, with the added air then
collected in the vadose zone by soil vapor extraction, a process that may further remove
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contaminants in contact with the top of the water table (e.g., sorbed or residual phase
hydrocarbons in the capillary fringe zone). In the case of air sparging the alkylyated monoaromatics will be most efficiently removed followed by benzene and then the PAHs which
become increasingly less volatile from water (Henrys Law Constant); with increasing numbers of
rings or molecular weight (Schwarzenbach et al.., 2003). Furthermore, when considering total
mass removal, BTEX compounds will be lost faster than PAH to such physical transport
mechanisms because of lower sorption to aquifer solids; this would also be true for chemical or
biological oxidation reactions, assuming that sorbed or NAPL-associated compounds are more
protected from oxidation reactions. Considering the relative ease of removing BTEX monoaromatic compounds, it is interesting that in a number of ozone treated wells the rate at which
naphthalene and even other 2- and 3- (and even 4-) ring PAH compounds seem to be almost as
rapid as that of BTEX even if sometimes they re-appear later at low levels. Chemical oxidation
from ISCO is one mechanism that may be faster for dissolved PAHs than for dissolve monoaromatics because of the greater electron density of multi-ring aromatic compounds that favors
electrophilic additions by ozone (refs from above), or perhaps other electrophilic free radicals.
The extent that sorption to solids or NAPL phases affect the dissolved phase PAHs that have
been measured, will depend on the amount of contaminant that is not dissolved, the rates of
dissolution in comparison to reactions removing them from groundwater, and separation in space
or time between zones of reaction and the groundwater being sampled perhaps somewhat
removed from the area contacted by ozone.
In conclusion, ozone clearly increased available DO in groundwater and led to a loss of
BTEX and PAH, most convincingly in the upper 30 feet of the water table and above the zone of
ozone injection. However, the mechanisms that then control the measured concentrations of DO
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and result in PAH removal are not well understood.

After starting the system, DO

concentrations sometimes increased dramatically, typically with a lag time that may be related to
greater consumption of either ozone or oxygen initially when there would be more demand from
NOM or aromatic hydrocarbons. BTEX and PAH components are removed from solution along
with a depletion of DO. The depletion of DO is assumed to be associated with rapid depletion of
contaminants due to chemical oxidation and secondary aerobic biodegradation.
Implications of Ozone and Further Research
Although data trends lend support to ozone being partially responsible for the destruction
of BTEX and PAHs, this research is both incomplete and in its infancy. In addition to direct
oxidation reactions with ozone or other free radicals that may have been produced during
ozonation, other biological and physical processes associated with the ozone based ISCO
remediation process may have led to the observed losses (microbial degradation, volatilization
from air sparging, stripping from the top of the aquifer by soil vapor extraction used to collect
gas rising from the ozone injections).

In order to better understand the mechanisms of

hydrocarbon loss and conditions that might be better optimized to improve treatment, thought
should be given looking for degradation intermediates that might be more indicative of different
chemical or biological oxidation processes and modeling.

Simple analysis of oxygen data

suggests that the additions of ozone are less than optimal for oxidization of portions of the
contaminated zone being treatment; experiments need to be conducted to assess the effects of
different flow rates and durations on the oxygen exposures and thought given to a more direct
marker of where the zones of active ozone decomposition are occurring. Finally, soil cores
would be informative for determining the distribution and extent of any residual phase NAPL
containing PAHs are in and up-gradient of the treatment area. With respect to ozone and oxygen
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demand and understanding how fast PAHs can re-contaminate local groundwaters, it important
to know how much oxidizable mass of PAH-NAPL source material there is and whether such
phases serve as a local source of contaminants near area of treatment or downstream monitoring
wells.
An initial question that was pursued at the beginning of this research was whether site
remedial activities (ISCO and bioremediation induced degradation) are likely contributing to the
OPAHs detected in OU-2 groundwater; this question could not be addressed because it turns out
USGS investigators were not given permission to strategically sample in areas were ISCO
(ozone treatment or earlier not well documented pilot studies with CHP and persulfate) was the
only remediation strategy used to oxidize PAHs. As documented above, partial destruction of
the contaminant mass is occurring, especially in deeper intermediate zones (35-45’ bgs).
Lundstedt and others (2007) proposed that incomplete oxidation of PAHs can result in the
accumulation of OPAHs, consistent with these findings. Additional analysis of Bay Shore MGP
site groundwater at select locations (up and down-gradient of MGP production areas, DNAPL
zones and the ISCO system) and the DNAPL itself would be useful to prove the source of
OPAHs. Although the following statement is cynical, it is a realistic assessment of additional
investigation. With the mind-set of our litigious society and the lack of regulatory requirements
mandating investigation of OPAH accumulation, it is improbable that access would be granted to
further research OPAH formation in OU-1 at the Bay Shore MGP.
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