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EXECUTIVE SUMMARY 

This report presents the results of a field pilot study using an in situ chemical oxidation (ISCO) 
technology at the Cooper Drum Company Superfund Site (Site) in South Gate, Los Angeles County, 
California (see Figure 1). The ISCO technology used in the field pilot study is an advanced oxidation 
process (AOP) using the application of ozone and ozone with hydrogen peroxide. Given the Site 
groundwater contaminants (1,4-dioxane and volatile organic compounds [VOCs]), the ISCO process is 
considered a breakthrough technology. The field pilot study was conducted during the remedial design 
(RD) phase by the U.S. Environmental Protection Agency (EPA) to determine whether to include ISCO 
into the groundwater remedy for the Site. Use of an ISCO technology is consistent with the groundwater 
cleanup strategy contained in the Cooper Drum Record of Decision (ROD). The project team consisted of 
the EPA Region 9 Superfund Project Manager (Eric Yunker), EPA Office of Research and Development 
(Michelle Simon), URS Group, Inc., Project Manager (Don Gruber), URS Group, Inc., Senior Engineer 
(Venus Sadeghi), and Applied Process Technology, Inc. (APT) (Doug Gustafason). The work plan for the 
pilot study was reviewed and approved by the California Environmental Protection Agency Department 
of Toxic Substances Control (DTSC). As discussed below, the field pilot study results showed reductions 
of up to approximately 90% in the site groundwater contaminants of concern (COCs) (see Table 1). 

BACKGROUND 

The use of ozone/hydrogen peroxide is being evaluated because 1,4-dioxane is purportedly resistant to 
biodegradation. The use of ozone/hydrogen peroxide for in situ treatment of 1,4-dioxane is innovative and 
is not known to have been implemented in the past at other sites, in part because 1,4-dioxane is an 
emergent chemical that has not been monitored routinely in California groundwater. Combined ozone and 
hydrogen peroxide has been used for ex situ treatment of 1,4-dioxane. Therefore, this field pilot study 
also served the dual purpose of evaluating the effectiveness of an innovative application of an existing 
technology at this site and hopefully for use at other federal, state, and private sites. 

Before performing the ISCO pilot study, an enhanced reductive dechlorination field pilot study was 
performed at the site using a hydrogen release compound (HRC®). The HRC® pilot study was conducted 
to evaluate whether the naturally reductive conditions in the site groundwater could be enhanced to 
promote complete reductive dechlorination of groundwater COCs. During the HRC® pilot study, 
groundwater monitoring results for emergent compounds showed the presence of 1,4-dioxane. Because 
the reductive dechlorination process was not found to be effective on this compound, the HRC® Field 
Pilot Study was discontinued. Consequently, an ISCO bench-scale test was performed in May 2005 on the 
Site soil and groundwater to evaluate the effectiveness of using ozone and ozone combined with hydrogen 
peroxide to remediate site groundwater (see Appendix A). The results indicated that ozone alone, as well 
as ozone combined with hydrogen peroxide, was equally effective in destroying all detected COCs in 
groundwater. The removal of 1,4-dioxane was apparently enhanced/facilitated by the presence of natural 
constituents, such as iron and bicarbonate, in the Site soil and groundwater.  

PILOT STUDY DESIGN AND OPERATIONS 

Data obtained from the bench-scale test and groundwater monitoring performed through April 2005 were 
used to design and initiate the ISCO pilot study in July 2005. The location of the pilot study was approxi-
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mately 140 feet downgradient from the former Hard Wash Area (HWA), the main contaminant source 
area (see Figures 2 and 3). The installation consisted of a barrier configuration with three ozone/hydrogen 
peroxide injection wells laterally spaced from 35 and 50 feet apart. Each injection well contained two 
injection points at approximately 70 and 90 feet below ground surface (bgs). The pilot study monitor 
wells (extraction well [EW]-1, monitoring well [MW]-33A/33B, and MW-20/20B) were located 
downgradient and within a maximum of 30 feet of the three injection wells (MOX-1, MOX-2, and MOX-3) 
(see Figures 4 and 5). Each monitor well location included a shallow (approximately 60 to 63 feet bgs) 
and deep (85 feet bgs) sampling depth. 

The pilot study took place between July 2005 and June 2006 for a period of 321 days (approximately 10.5 
months). Oxidant injection during this period generally consisted of the following. 

• Ozone only for the first 5 months (148 days) in the 3 injection wells. Ozone was injected at a 
rate of 0.5 pound per day for 50 days and then increased to 2 pounds per day for the 
remainder of the 5-month period. 

• Ozone and hydrogen peroxide for the remaining 5.5 months; 

• Increasing the ozone and hydrogen peroxide injection rates by focusing the injection into only 
two injection wells after 8 months or 244 days. This phase will be referred to as “focused 
injection” in the remainder of this report. 

• Increasing the ozone injection rate (by adding a second ozone generator) from 2 to 4 pounds 
per day, and reducing the hydrogen peroxide injection rate to 0.7-to-1 moles peroxide per 
moles ozone (mole:mole), after just over 9 months (281 days) and for the remaining 40 days 
of the pilot study. 

Optimal system operating parameters were eventually achieved by performing the following: 

• Using continuous downhole monitoring of the dissolved oxygen (DO) and oxidation 
reduction potential (ORP) to evaluate the lateral and vertical effect of varying the operating 
parameters, such as oxidant injection cycles and injection locations; 

• Focusing/increasing oxidant injection into two injection wells (MOX-1 and MOX-2); 

• Modifying (reducing) the hydrogen peroxide injection rate; and  

• Increasing the ozone injection rate from approximately 2 pounds per day to 4 pounds per day. 

Note that air also was injected following each oxidant injection to enhance the distribution of the oxidant. 
The air volume was increased from 1.1 to 2.2 standard cubic feet per minute (scfm) after 99 days and then 
decreased back to 1.1 scfm after 244 days, and for the remainder of the pilot study. 

MONITORING RESULTS  

In situ oxidation of site COCs, including trichloroethene (TCE), cis-1,2-dichloroethene (DCE), 
1,1-dichloroethane (DCA), and 1,4-dioxane, was observed in all wells, with significant reductions (up to 
90%) in concentrations of both TCE and 1,4-dioxane, which are the primary COCs. The largest decreases 
in concentration were observed from the three shallow monitor wells. Concentration trends were unique 
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for each well during the pilot study and are discussed generally hereafter and shown on Figures 7 through 
12. 

Over the first 5 months of the pilot study, COC concentrations generally showed an overall decrease in 
the three shallow monitor wells and one deep well (note that one shallow well, MW-33A, showed an 
increase in TCE prior to the end of the 5-month period). After the 5-month period, when both ozone and 
hydrogen peroxide were being injected, COC concentrations increased slightly and/or stabilized in the 
two shallow monitor wells (EW-1 at 63 feet bgs [EW-1-63’] and MW-20) and one deeper well (EW-1 at 
85 feet bgs [EW-1-85’]). This stabilized trend persisted in one shallow well (EW-1-63’) and continued 
even after initiation of the focused injection. However, the sampling results at this well 40 days after the 
ozone injection rate was increased from 2 to 4 pounds showed a decrease of 350 micrograms per liter 
(µg/L) of 1,4-dioxane and 135 µg/L of TCE. At MW-33A, where TCE concentrations increased prior to 
the injection of hydrogen peroxide (i.e., toward the end of the first 5-month period), the other COC 
concentrations continued to show an overall decreasing trend throughout the pilot study. TCE eventually 
decreased at this well by an additional 490 µg/L. 1,1-DCA concentrations decreased by an average of 
73% in the three shallow wells; this is notable, considering the reluctant nature of chlorinated ethanes. 
Monitoring of the third shallow well (MW-20) was discontinued after injection in the closest injection 
well (MOX-3) was terminated as part of the focused injection phase. 

CONCLUSIONS 

Based on the pilot study monitor well results, the following conclusions are made for the Site. 

• Ozone injection alone can significantly reduce the concentrations of the site COCs, including 
TCE, cis-1,2-DCE, 1,1-DCA, and 1,4-dioxane. At the end of the pilot study, concentrations 
of 7 out of the 12 Site COCs at EW-1-63' were reduced to below MCLs (PCE was below 
MCLs prior to the test and remained as such.). Those still present at concentrations greater 
than MCLs at this well included TCE (65 µg/L), cis-DCE (44 µg/L), 1,1-DCA (6.2 µg/L), 
and 1,4-dioxane (47 µg/L). 

• Increased injection of oxidants increases the amount of contaminant (or COC) destruction. 

• The effect of hydrogen peroxide on COC destruction is not clear. However, ex situ testing of 
the site groundwater does indicate that it is likely that the injection of stoichiometric (0.7–to–
1 mole:mole) or less of hydrogen peroxide to ozone is required to achieve optimal results and 
to increase oxidation kinetics. This conclusion is supported by the results of laboratory tests 
conducted to evaluate the destruction efficiency of 1,4-dioxane; one literature source cites the 
optimal hydrogen peroxide to ozone mole ratio as being greater than zero but less than 0.4 to 
0.45 mole:mole (Suh and Mohseni, 2004). 

• As corroborated by the bench-test results, the presence of high levels of secondary 
constituents in the groundwater (e.g., iron, bicarbonates, organic matter) may have enhanced 
the effectiveness of oxidation by ozone. The presence of these compounds also can lead to 
scaling, biofouling, and general plugging of equipment installed below the water table. 
However, during the pilot study, only one well became plugged, and it was easily 
rehabilitated with a dilute acid. 



Field Pilot Study of In Situ Chemical Oxidation Using Ozone and Hydrogen Peroxide Executive Summary 
Cooper Drum Company Superfund Site December 2006 
RAC IX Contract No. 68-W-98-225 Page ES-4 
Cooper Drum RD WA No. 247-RDRD-091N  

 

K:\Wprocess\00147\Cooper Drum\Perozone Pilot Test\DRAFT\Report Rev 2.doc 

• Ozone injection rates were crucial to the success of the pilot study. Whereas the soil oxidant 
demand estimated in the bench test (3 grams per kilogram [g/kg]) appears to have been too 
high, the pilot study results indicated that an ozone injection rate of 2 pounds per day 
(lbs/day) per injection well (or 1 lb/day per injection interval) was required to achieve 
optimal results. 

• Overall, a greater radius of influence (ROI) was achieved in the upper injection interval in the 
shallow aquifer. The ROI of the injection wells appears to be approximately 30 feet, which is 
the largest distance between an injection well and a monitor well in the pilot study. Vertical 
profiling of DO and ORP indicated that, for optimal results, the oxidant injection interval 
probably should be placed a maximum of 10 feet below the targeted treatment area. In 
addition, the presence of less permeable aquifer material in the 40- to 50-foot bgs interval 
probably increased the ROI for the shallow injection wells. Therefore, the larger ROI in the 
upper portion of the shallow aquifer (approximately 50 to 80 feet bgs) may have been related 
to the injection screen placement and should be considered in full-scale application of the 
technology.  

• Continued migration of contaminant mass from the site source area and the naturally reducing 
aquifer conditions probably impacted the outcome of the pilot study. A more aggressive 
network of injection wells and higher oxidant injection rates associated with a full-scale 
system would be expected to produce a steady reduction in contaminant mass. 

• Data logging and the real-time measurement of field parameters, specifically DO and ORP, 
was crucial to the optimization of the operating parameters. 

• The rate of air injection was found not to be a very important factor, though higher injection 
rates (>1 cubic foot per minute [cfm]) should be avoided to minimize agitating fine sediments 
in the aquifer. 

• An evaluation of the COC destruction trends in conjunction with ORP data (see Section 3.3) 
indicates that COC destruction was caused by chemical oxidation and not a physical process, 
such as air stripping 

• The introduction of air and oxidants resulted in highly oxygenated and aerobic conditions, 
which probably promoted the growth of aerobic bacteria. While these bacteria may contribute 
to direct and/or cometabolic degradation of some COCs, they may cause some biofouling and 
possible plugging of submerged equipment. 

• There was a zero to modest rebound of COC concentrations in the pilot study monitor wells 
in August 2006, three months after cessation of the pilot study (see Table 7). Some rebound 
was expected because contaminated plumes originating 30 feet or farther upgradient were 
expected to reach the pilot study area during this time. Modest rebound was observed in 
EW-1-63’, where the largest reductions in concentrations had been obtained during the pilot 
study. TCE concentrations also rebounded slightly in MW-20. Conversely, TCE concentra-
tions in MW-33A and 1,4-dioxane concentrations in MW-33A and MW-20 continued to 
decline during the three months.  
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RECOMMENDATIONS 

In summary, once the system operating parameters were optimized, the ozone/peroxide injection system 
was successful in achieving the test objectives of evaluating system performance and reducing COC 
concentrations without significant rebound. Based on these observations, the following recommendations 
are made.  

• The use of this technology is recommended for full-scale application. It is recommended that 
the lessons learned from the field pilot study (i.e., optimal operating parameters and injection 
well construction/placement) be considered in the full-scale application of this technology. 

• The full-scale system design should include both injection of ozone and hydrogen peroxide. 
However, operation of the full-scale system could begin with injection of ozone only and 
transition to combined injection of hydrogen peroxide and ozone at less than stoichiometric 
mole ratios of peroxide to ozone. 

• With robust remedial design of a full-scale system, it is possible to attain MCLs for all site 
COCs. It is noted, however, that as concentrations approach MCLs, the oxidation reaction 
kinetics are expected to be first order with respect to the oxidant concentrations and slower 
than those observed in the pilot study. Therefore, the ISCO system should be designed to 
address COC concentrations greater than 50 µg/L. The portions of the plume less than the 
design concentration but greater than MCLs will be addressed with a downgradient remedy, 
likely to include groundwater extraction per the ROD. 

• The injection wells should be placed so that their ROIs overlap for adequate coverage; 
therefore, the recommended spacing between injection wells is 50 feet (corresponding to a 
minimum ROI of 25 feet). The oxidant injection interval probably should be placed at a 
maximum of 10 feet below the targeted treatment area. Optimal screen placement also will 
depend on location-specific lithology. 

• The full-scale system should be designed for ozone injection rates of 2 lbs/day per injection 
well (or 1 lb/day per injection interval). 

• It is recommended that remediation of the contaminated vadose zone in the source area occur 
before or concurrently with the full-scale groundwater remediation to minimize further 
impacts to groundwater. 
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1.0 INTRODUCTION 

This report presents the results of the field pilot study conducted to evaluate the use of in situ chemical 
oxidation (ISCO) technology (using ozone and hydrogen peroxide) to facilitate the remediation of 1,4-
dioxane and volatile organic compounds (VOCs) in groundwater at the Cooper Drum Company 
Superfund Site (Site) at 9316 South Atlantic Avenue in South Gate, Los Angeles County, California (see 
Figure 1). The pilot study was located approximately 140 feet downgradient from the former Hard Wash 
Area (HWA), which is believed to be the contaminant source area (see Figures 2 and 3). Use of ISCO to 
remediate contaminated groundwater is consistent with the cleanup strategy selected for groundwater in 
the Cooper Drum Record of Decision (ROD) (United States Environmental Protection Agency [EPA], 
2002). 

The remainder of this section provides background information on the previous bench-scale and field 
pilot tests, on the rationale for the present field pilot-test design, and on site hydrogeology and the 
contaminant plume. Section 2.0 presents the field pilot-study objectives and system design, installation, 
operation and monitoring. Section 3.0 presents the results of the field pilot test. Section 4.0 provides the 
conclusions and recommendations. Section 5.0 lists the references cited in this report.  

Appendices A through E provide the following documentation: 

• Appendix A: Bench-scale test report; 
• Appendix B: Field Pilot Study Photographs; 
• Appendix C: Boring logs and well completion details; 
• Appendix D: Field data sheets; and 
• Appendix E: Downhole dissolved oxygen (DO) and oxidation reduction potential (ORP) data. 

All tables and figures are provided at the end of this report. 

1.1 BACKGROUND 

The field pilot study is the second step in conducting treatability studies to evaluate chemical oxidation 
and to determine whether it is effective under site conditions. A bench-scale test was performed initially 
in May 2005. The test evaluated the effectiveness of using ozone (O3) and ozone combined with hydrogen 
peroxide (H2O2) to remediate site groundwater, which was mixed with saturated soil collected at boring 
SB-33 (see Figure 4) at a depth of 55 to 80 feet below ground surface (bgs). 

The results of the bench test indicated that ozone alone, as well as ozone combined with hydrogen 
peroxide, was equally effective in destroying all detected contaminants of concern (COCs) (see Table 1) 
in groundwater, including the following: 

• 1,4-Dioxane (a relatively recent COC discovered in groundwater since the publication of the 
ROD);  

• Chlorinated ethenes, such as trichloroethene (TCE), isomers of 1,2-dichloroethene 
(1,2-DCE), both cis and trans isomers, and 1,1-dichloroethene (1,1-DCE); and  

• Chlorinated ethanes, such as 1,1-dichloroethane (1,1-DCA).  
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The bench test discovery that ozone alone was equally capable of destroying 1,4-dioxane in the ground-
water was unexpected because this is not commonly observed in ex situ treatment of water contaminated 
with 1,4-dioxane. In ex situ treatment, the destruction of 1,4-dioxane is achieved by promoting the 
formation of the hydroxyl radical, either using a combination of ultraviolet (UV) light and hydrogen 
peroxide, or using hydrogen peroxide in conjunction with ozone. However, it is known that the hydroxyl 
radical can be produced (at a fraction of the ozone concentration) with ozone alone; literature sources 
indicate that hydroxyl radical formation can be affected by the presence of iron, soil organic matter, 
alkalinity (carbonates and bicarbonates), or even olefins (unsaturated hydrocarbons with the general 
formula CnH2n, such as ethene) (Bower and Miller, 2002; Donahue, Anderson, and Demerjian, 1998).  

Therefore, it was inferred that such constituents in site soil and groundwater might be promoting hydroxyl 
radical formation even when ozone is used without hydrogen peroxide. This would be a fortunate 
outcome because it would make it possible to remediate contaminated site groundwater in situ, with 
ozone injection alone.  

To evaluate whether certain soil or groundwater constituents could affect the hydroxyl radical production 
and 1,4-dioxane destruction, additional bench tests were performed. The results of these bench tests 
confirmed the initial bench test results and indicated that other constituents, such as iron and bicarbonate, 
enhance the degradation of 1,4-dioxane. The bench-scale tests also showed the formation of hexavalent 
chromium (Cr[VI]) and bromate, especially when ozone alone was used. The use of hydrogen peroxide 
with ozone was found to suppress both Cr(VI) and bromate formation. The final bench test report is 
included as Appendix A of this report. 

A separate field pilot study to evaluate the effectiveness of enhanced reductive dechlorination using a 
modified hydrogen release compound (HRC®) was performed in December 2003 (URS, 2003a). The test 
consisted of injecting approximately 4,500 pounds of HRC® into a 15-foot by 25-foot grid area (see 
Figure 4, HRC® area) in the site source area. The HRC® area is approximately 100 feet upgradient from 
the oxidation field pilot-test area; therefore, contamination originating in the HRC area would be expected 
to impact the oxidation pilot study area after approximately 10 months. The results of groundwater 
sampling after the start of the HRC® pilot study indicated that injection of HRC® promoted and enhanced 
anaerobic bacterial activity and reductive dechlorination within distances of 50 feet or more directly 
downgradient from the test area. In fact, full-scale application of HRC® may have been feasible to treat 
VOCs in groundwater had it not been for the discovery of 1,4-dioxane in groundwater. This semivolatile 
organic compound (SVOC), routinely used as a solvent stabilizer in the past, has been detected in the 
monitoring wells in the VOC plume footprint at concentrations ranging from below detection limits to a 
maximum concentration of approximately 700 micrograms per liter (µg/L). For comparison, the drinking 
water preliminary remediation goal (PRG) for 1,4-dioxane is 6.1 µg/L, and the Department of Health 
Services (DHS) action level for this compound is 3 µg/L. 

As a result of the HRC field pilot study, reduced/anaerobic aquifer conditions persisted in the vicinity and 
downgradient from the HRC injection area. (Accordingly, groundwater originating from this area was 
expected to present a higher oxidant demand as it passed through the oxidation barrier.)  

The use of ozone/hydrogen peroxide is being evaluated because 1,4-dioxane is purportedly resistant to 
biodegradation. (However, aerobic biodegradation of 1,4-dioxane has been observed in a laboratory 
setting. See, for example, the paper by Mahendra and Alvarez-Cohen [2006] in which the authors discuss 
the discovery of no less than 13 bacterial isolates capable of transforming 1,4-dioxane.) The use of 
ozone/hydrogen peroxide for in situ treatment of 1,4-dioxane is innovative and is not known to have been 
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implemented in the past at other sites, in part because 1,4-dioxane is an emergent chemical that has not 
been monitored routinely in California groundwater. As mentioned earlier, combined ozone and hydrogen 
peroxide has been used for ex situ treatment of 1,4-dioxane. Therefore, this field pilot study also served 
the dual purpose of evaluating the effectiveness of an innovative application of an existing technology at 
this site and hopefully for use at other federal, state, and private sites. In addition, the bench test 
observation that ozone alone, for the specific conditions at the Site, may be capable of producing enough 
hydroxyl radicals to destroy 1,4-dioxane in the site soil and groundwater was a promising, and potentially 
cost saving, possibility that was worth pursuing. The same effect can be obtained using a liquid oxidant, 
such as Fenton’s reagent, which also generates hydroxyl radicals. However, liquid oxidants are commonly 
applied in temporary injection points during injection events and, because of the relatively high costs, are 
usually more applicable for source area treatment and for COC concentrations greater than 1,000 µg/L. In 
addition, there are health and safety concerns with the use of a strong liquid oxidant, such as Fenton’s 
reagent, which can lead to increased subsurface temperatures and off-gassing. In comparison, ozone 
injection, with or without hydrogen peroxide injection, is an equally aggressive but less costly oxidation 
process that can be performed cost-effectively in permanent injection wells. 

Data obtained from the bench-scale tests, the 2002 Cooper Drum Superfund Site remedial investigation/ 
feasibility study (RI/FS), and groundwater monitoring performed through April 2005 were used to design 
this field pilot study. The design involved the injection of ozone, with and without hydrogen peroxide, 
into the shallow aquifer and monitoring the contaminated groundwater for COC concentrations and other 
relevant parameters.  

Regulatory requirements associated with the field pilot-study design included fulfilling the substantive 
components (i.e., groundwater monitoring) of the existing General Waste Discharge Requirement 
(WDR), Order No. R4-2005-0030, for the field test in the Los Angeles Basin, as specified by the 
California Regional Water Quality Control Board (RWQCB), Los Angeles Region, which were satisfied 
by the Cooper Drum Pilot-Scale Field Test Treatability Study Work Plan (Work Plan) (URS, 2005).  

1.2 SITE HYDROGEOLOGY AND CONTAMINANT PLUME 

This section provides an overview of the site hydrogeology and the contaminant plume. A detailed 
description of the site hydrogeology can be found in the 2002 RI/FS report (URS, 2002). The estimated 
lateral and vertical extent of VOCs (based on TCE concentrations) in the shallow aquifer at the Site is 
presented on Figure 3. Figure 4 presents a close up of the contaminant plume in the area of the field pilot 
study. The pilot test was located approximately 120 to 140 feet south-southeast of the HWA, as shown on 
Figure 4. That figure also includes TCE baseline concentrations for the six monitor wells used during the 
pilot study. Further discussion of these data is provided in the following sections. A generalized geologic 
cross section showing the relative locations of the pilot study injection wells and the associated monitor 
wells is shown on Figure 5. 

1.2.1 Site Hydrogeology 

As shown on the cross section in Figure 5, the lithology in the pilot study area consists of interbedded 
deposits of sand and silt with lenses of clay. Shallow groundwater occurs at a depth of approximately 45 
to 50 feet bgs. Sandy units varying from very fine to medium and coarse are generally present from 
approximately 55 to 95 feet bgs, with an underlying finer-grained material. Based on pump test results 
from EW-1 and EW-2, the average groundwater velocity in this area is estimated at 0.30 foot per day 
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(ft/day). The groundwater flow direction beneath the former HWA in the northeastern portion of the Site 
is south to southeast, as indicated on Figure 6. On the eastern side of the Site, along Rayo Avenue, the 
groundwater flow direction is southerly. 

Shallow groundwater beneath the Site occurs within or is controlled by an area of lower permeability, the 
near-surface Bellflower Aquiclude, which incorporates a perched aquifer. The perched aquifer is present 
in the HWA at approximately 35 feet bgs and is at least 5 feet thick. The perched aquifer has been 
observed to be intermittent (for example, from 1991 to 1996 the perched zone was dry), and the lateral 
extent has not been confirmed. The Bellflower Aquiclude extends to a depth of approximately 70 feet bgs, 
where it overlies the Gaspur Aquifer (also referred to as the shallow aquifer). This aquifer extends to a 
depth of approximately 110 feet bgs, the maximum depth of the site lithology presented on Figure 5. 
Groundwater contamination at concentrations exceeding drinking water standards has been found only 
down to the shallow Gaspur Aquifer. Finer-grained material (clays and silts) are present within the upper 
portion of the Bellflower Aquiclude and the lower portion of the Gaspur Aquifer, and they have 
minimized the vertical migration of COCs (including 1,4-dioxane) down into the Exposition Aquifer and 
deeper aquifers, which are used for drinking water. Municipal groundwater production wells in the 
vicinity of the Site draw water from the Gage Aquifer, the deepest of the Lakewood Formation aquifers, 
at approximately 300 feet bgs, as well as from deeper aquifers within the San Pedro Formation. The 
Exposition Aquifer is the uppermost unit of the deeper aquifer system, and it underlies the Gaspur 
Aquifer. The Exposition Aquifer is one of four water-bearing units within the Upper Pleistocene 
Lakewood Formation. 

1.2.2 Contaminant Plume in the Source Area  

There is evidence that the contaminant plume in the source area has been affected by natural attenuation 
and the two pilot tests carried out in the vicinity and downgradient of the HWA. 

VOC and 1,4-dioxane concentrations in the site groundwater have been significantly (2 to 3 orders of 
magnitude) higher beneath the HWA as compared to the DPA. This is consistent with the data plotted on 
Figure 3, which indicate the TCE plume is originating from the HWA. In the HWA, observed 
concentrations have been historically up to 800 µg/l of TCE, 1200 µg/L of cis-1,2-DCE , and 710 µg/L of 
1,4-dioxane. As shown in the table below, evidence of biodegradation from naturally reductive conditions 
has been observed at the onsite wells in the HWA (see MW-2). Enhancement of the reductive conditions 
in late 2003 and early 2004 with the HRC pilot test stimulated significant decreases in VOC 
concentrations in the HWA that appears to be continuing to the present (see EW-2). For example, overall 
TCE and cis-1,2-DCE concentrations have decreased in EW-2 (located in HWA just downgradient of the 
HRC test location but upgradient of the ISCO pilot test location). In addition, ethene concentrations have 
also increased at this well, indicating the presence of a complete reductive dechlorination sequence. (1,4-
dioxane concentrations in EW-2 also decreased by approximately 30% during this period, from 
approximately 700 to 500 µg/L, but this reduction cannot be attributed to reductive biodegradation). 

As will be explained in detail in subsequent sections of this report, results from the August 2006 sampling 
event (approximately three months after completion of the herein ISCO field pilot study) indicate that 
COC concentrations have significantly decreased in wells monitored in the location of the ISCO pilot test 
(located approximately 140 feet downgradient of the HRC test).  

In conclusion, reductions in VOC concentrations are evident in the plume source area as a result of the 
two pilot studies that were carried out in the vicinity. In general, the 100 µg/L TCE contour shown in 
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Figure 3 has significantly contracted in both the upgradient and downgradient areas. (A similar reduction 
has also been observed in cis-1,2-DCE concentrations.) By contrast, significant 1,4-dioxane reductions 
have mainly occurred in the area of the ISCO pilot study. 

HRC® Pilot Study Monitor Well Results 

Location Date PCE TCE 
cis-1,2-
DCE 

1,1-
DCE 

trans-1,2-
DCE VC 

1,1-
DCA 

1,2-
DCA Ethene 

1,4-
Dioxane 

Oct-98 <10 640 1,100 46 46 14 220 97 — — 
Nov-98 <1.0 780 1,200 32 34 12 190 82 — — 
Mar-99 <1.0 800 800 10 19 5 52 20 — — 
Oct-00 0.5 290 730 15 47 9 72 30 — — 
May-03 <25 230 790 29 46 <25 65 <25 <0.67 — 
Dec-03 <1.0 240 810 13 52 17 75 14 0.064 — 
Feb-04 <0.5 220 770 12 48 15 73 19 1.4 — 
Apr-04 <0.5 290 990 10 50 10 86 19 <10.0 69 
Jul-04 <2.5 220 730 15 46 11 64 <2.5 0.88 — 

Nov-04 <0.5 270 790 19 46 23 75 23 0.68 — 
Apr-05 <0.5 220 840 11 38E 5.8 61 16 0.6 67 
Nov-05 <0.5 370 900 23 46 21 130 32 <1.0 100 
Mar-06 <0.5 250 640 14 31 15 85 20 1.1 75 

MW-2 

Aug-06 <0.5 69 510 7.9 26 30 64D 22 3.4 79 
May-03 <50 86 1,300 46 39 12 260 46 <0.67 — 
Dec-03 <1.0 16 1,200 72 55 13 320 36 0.56 — 
Feb-04 <5.0 140 1,000 56 44 12 230 39 0.84 — 
Apr-04 <0.5 270 1,200 54 63 84 280 48 <8.0 710 
Jul-04 <2.0 130 390 27 51 460 250 39 10 — 

Nov-04 <0.5 130 210 34 72 1,100 240 41 7.8 700 
Apr-05 <0.5 81 140 12 66 360 260 24 20 560 
Nov-05 <0.5 190 120 25 59 430 250 22 21 510 
Mar-06 <0.5 42 20 4.1 42 190 200 16 88 550 

EW-2 

Aug-06 <0.5 30 46 5.4 40 110 200 21 34 430 
Dec-03 2.3 870 370 25 14 5.2 61 17 0.36 — 
Feb-04 2.2 680 330 27 16 4.9 51 17 0.49 — 
Apr-04 3 980 490 50 20 5 80 20 <8.0 280 
Jul-04 2.8 640 340 29 15 5.8 69 17 <0.6 — 

Nov-04 2.1 720 430 24 11 64 59 21 0.89 — 
Apr-05 0.43 450 300 13 11 20 32 10 1.2 170 
Nov-05 <0.5 220 120 28 12 18 35 6 0.5 240 
Mar-06 <0.5 390 280 19 17 23 50 12 6.1 360 

MW-21 

Aug-06 <0.5 260 260 20 19 30 55 16 12 280 

DCA = dichloroethane 
DCE = dichloroethene 
PCE = tetrachloroethene 
TCE = trichloroethene 

VC = vinyl chloride 
— = not analyzed 
µg/L = micrograms per liter 

 
All results in µg/L 
HRC® Pilot Study began in December 2003 with the injection of 4,500 pounds of HRC®. 



Field Pilot Study of In Situ Chemical Oxidation Using Ozone and Hydrogen Peroxide Section 1.0 
Cooper Drum Company Superfund Site December 2006 
RAC IX Contract No. 68-W-98-225 Page 1-6 
Cooper Drum RD WA No. 247-RDRD-091N  

 

K:\Wprocess\00147\Cooper Drum\Perozone Pilot Test\DRAFT\Report Rev 2.doc 

This page intentionally left blank 

 



Field Pilot Study of In Situ Chemical Oxidation Using Ozone and Hydrogen Peroxide Section 2.0 
Cooper Drum Company Superfund Site December 2006 
RAC IX Contract No. 68-W-98-225 Page 2-1 
Cooper Drum RD WA No. 247-RDRD-091N  

 

K:\Wprocess\00147\Cooper Drum\Perozone Pilot Test\DRAFT\Report Rev 2.doc 

2.0 PILOT STUDY DESCRIPTION 

This section describes the field pilot study, including its objectives and components. The section 
describes the ozone and hydrogen peroxide delivery system and the contaminant destruction process, pilot 
study layout, system installation, monitor well installation, system operation, and groundwater monitoring 
program. 

2.1 PILOT STUDY OBJECTIVES  

The primary objectives of the pilot-scale field test were generally the same as those for the bench-scale 
test:  

• To determine whether ozone, with or without hydrogen peroxide, is capable of destroying 
1,4-dioxane and the other COCs; and  

• To further assess the soil oxidant demand.  

The overall goal was to determine whether ozone/hydrogen peroxide injection is a viable full-scale 
cleanup strategy for the site groundwater. Unlike the bench-scale test, the field pilot study was performed 
in situ, under actual site conditions, and was evaluated using data collected from the site monitor wells. 

The pilot-scale field test would be deemed successful if the following were observed:  

• Concentrations of target COCs were significantly reduced;  

• Field monitoring indicated no permanent increase in unwanted products, such as hexavalent 
chromium and bromate; and  

• There was no significant rebound in COC concentrations within a reasonable timeframe, after 
allowing for the influx of upgradient COCs. 

2.2 PILOT STUDY COMPONENTS 

2.2.1 Specifications of Ozone and Hydrogen Peroxide Delivery System 

The pilot-scale field test consisted of a barrier configuration with three ozone/hydrogen peroxide injection 
wells and an ozone and hydrogen peroxide delivery system. Applied Process Technologies (APT) 
provided the ozone/hydrogen peroxide delivery equipment, consisting of a trailer unit chemical oxidation 
system, the Pulse-Ox 100T, which can direct moderate flow rates of ozone and hydrogen peroxide into 
injection wells fitted with proprietary MaxOx injection points. The system is designed to remediate both 
adsorbed and dissolved-phase organic compounds. APT, in Pleasant Hill, California, is a vendor/operator 
of the remediation equipment and provides a wide range of delivery systems that can supply up to 15 
pounds per day (lbs/day) of ozone. Photographs of the Pulse-Ox 100T system and the pilot study injection 
wells are provided in Appendix B of this report (to be provided in the final report). 

The trailer system can be operated to inject individual or variable combinations of air, oxygen, ozone, and 
hydrogen peroxide into the saturated zone. It uses a pressure-swing adsorption oxygen-generating system 
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for the production and delivery of up to 23 standard cubic feet per hour (scfh) of 90% to 95% oxygen, and 
it provides sufficient oxygen for the ozone generator to produce up to 36 grams per hour (g/hr) (approxi-
mately 2 lbs/day) of ozone. A standard chemical feed pump delivers the hydrogen peroxide from a tank 
storing 35 gallons of 7% to 35% strength hydrogen peroxide. An air compressor with an 8-port gas 
delivery manifold provides up to 3.9 standard cubic feet per minute (scfm) of compressed air at 60 pounds 
per square inch (psi). The Pulse-Ox 100T also contains a 24-port gas/chemical delivery manifold with 
0.25-inch stainless steel solenoid valves for pulsing oxygen, air, ozone, and/or hydrogen peroxide into a 
maximum of eight wells; it is controlled through an integrated programmable logic controller (PLC) 
system that controls valve sequencing and activates all audio/visual alarms. A call-out modem is included 
for reporting the system operational status.  

2.2.2 Pilot Study Layout 

The pilot-scale field test implemented an injection barrier comprising three proprietary MaxOx� 
ozone/hydrogen peroxide injection wells completed in the vicinity of EW-1 and MW-20. The pilot study 
layout is presented on Figures 4 and 5. Naturally occurring reductive conditions are observed in this area 
but not to the extent observed in upgradient monitoring wells closer to the HRC® injection area, such as 
EW-2 and MW-21. The concentration of COCs in this area has remained high, with initial TCE and 
1,4-dioxane concentrations greater than 750 µg/L (Figure 5).  

The injection wells contained injection points at depths of 70 and 90 feet bgs and were laterally spaced 
from 35 to 50 feet apart. The radius of influence (ROI) of each injection well was conservatively assumed 
to be 15 to 20 feet; therefore, to maximize the use of existing monitoring wells, an injection well was 
installed 15 feet upgradient from EW-1, and another injection well was installed 10 feet upgradient from 
MW-20. The third injection well was placed between MW-20 and EW-1 (Figure 4). Subgrade piping was 
installed to connect the individual wells to the Pulse-Ox 100T reagent delivery system, as shown on 
Figure 4. 

2.2.3 System Installation 

During the week of July 5, 2005, the three dual-completion MaxOx wells and three additional monitor 
wells were installed by Gregg Drilling and Testing of Signal Hill, California. Hollow-stem auger (HSA) 
drilling methods were used to install the wells inside a 10-inch diameter soil boring. Drilling and well 
installation were directed by a URS geologist using the methods specified in the Cooper Drum Company 
Remedial Design Sampling and Analysis Plan ([RD SAP]; URS, 2003b).  

The injection wells were proprietary MaxOx� wells with the following components: two hydrogen 
peroxide and two ozone injection screens, each completed with 1-inch outer diameter (OD) stainless steel, 
0.02-inch, V-slotted screens, 0.5-inch OD stainless steel tubing, and check valves to prevent backpressure 
into the injection lines. The ozone and hydrogen peroxide screens for each depth range were provided in a 
pre-fabricated assembly. The MaxOx� injection assembly was installed with the ozone screen at 90 feet 
bgs, the bottom of the injection well boring. A Monterey No. 3 sand filter pack was placed surrounding 
the screens to a depth of 1.5 feet above the top of the screen. A 1.5-foot bentonite seal was then placed 
above the sand pack surrounding the 1-foot-long ozone screen to prevent short-circuiting. The 3-foot-long 
hydrogen peroxide screen was positioned above the bentonite seal. Sand pack was then placed 
surrounding the screen and to a depth of 2 feet above the top of the screen. The borehole was then sealed 
with bentonite to a depth of 72 feet bgs, where the upper MaxOx� unit was placed in the borehole and 
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installed as described for the deeper unit. Following the installation of the prefabricated assembly and 
tubing, each borehole was filled with bentonite and then completed with a protective, lockable access 
vault. Construction diagrams and boring logs for the MaxOx� injection wells are included in Appendix C. 

Following the injection well installations, trenching was performed, and the conveyance piping/tubing 
was installed from the well vaults to the PulseOx trailer. Teflon tubing (3/8-inch inner diameter [ID]) was 
used for the ozone, and polypropylene (1/4-inch ID) was used for the hydrogen peroxide. All tubing was 
contained in 1.5-inch diameter Schedule 40 polyvinyl chloride (PVC) pipe. 

2.2.4 Monitor Well Installation 

Three new monitor wells (MW-20B, MW-33A, and MW-33B) were installed downgradient from the 
MaxOx� wells at the locations/depths where previously installed monitor wells were not present. The 
monitor well spacing from the injection locations was varied (10, 15, 20, and 30 feet) (Figure 4) to 
evaluate the ROI of the injection wells. During drilling of the monitor wells, soil samples were collected 
for lithologic logging purposes and logged according to the Unified Soil Classification System (USCS). 
Soil boring logs are presented in Appendix C. Groundwater monitor wells were constructed in boreholes 
using 2-inch ID, Schedule 40, flush-threaded PVC well casing. Ten feet of 0.020-inch machine-slotted 
well screen was set at the bottom of each boring. A Monterey No. 3 sand filter pack was installed from 
the bottom of the boring to 4 feet above the well screen. A 3-foot bentonite seal was placed above the 
sand pack, and bentonite-cement grout was used to seal the remaining annular space to the surface. The 
surface completions are traffic-rated, flush-mounted well boxes. Locking well caps were placed on the top 
of the casings. Well completion details are presented on the boring logs (Appendix C). 

2.2.5 System Operation 

The oxidation system was brought on line on July 19, 2005. System operation was conducted under the 
following conditions. 

• For the first 148 days (5 months) of operation, ozone and air alone were injected sequentially 
in the 6 injection points during an hour-long cycle. Ozone was injected at a rate of 0.55 
lbs/day for the first 45 days, at which time the ozone injection rate was increased to 
approximately 1.9 lbs/day over the next 3 weeks. The injection sequence consisted of 10 
minutes of ozone/air followed by 5 minutes of air alone into each injection point. The initial 
volumetric flow rate of pulsed air was 1.1 scfm, which was increased to 2.2 scfm after 
approximately 100 days of operation. 

• Hydrogen peroxide injection was initiated after 148 days (5 months), at a two-to-one mole 
ratio of peroxide to ozone (2.5 gallons per day [gpd] of 16% hydrogen peroxide solution). 
Hydrogen peroxide was injected for an hour, followed by 5 hours of lag time. After 195 days 
of operation, the lag time was reduced to 2 hours, in effect doubling the hydrogen peroxide 
injection rate (i.e., 5 gpd of 16% hydrogen peroxide solution). Also at this time, two of the 
deeper injection points (the deeper injection screens of MOX-1, MOX-2), which were found to 
be plugged, were cleared up. (Note that plugging of MOX-2 occurred as a result of infiltration 
of fines during installation and was cleared with high pressure water jetting. MOX-1 became 
plugged after being temporarily shut down. There appeared to be a greenish bio-film on the 
tubing lowered into the well during an acid treatment; however, acid treatment rehabilitated 
the well screen, suggesting the screen may have been calcified.) 
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• After 244 days (8 months), the injection of ozone and hydrogen peroxide was limited to wells 
MOX-1 and MOX-2 (at shallow and deep intervals) to evaluate the effect of focused 
ozone/peroxide injection on COC concentrations in monitor wells EW-1 and MW-33. At this 
time, the ozone injection sequence consisted of a 30-minute cycle, with 5 minutes of ozone in 
the shallow injection screens and 10 minutes in the deeper injection screens. The hydrogen 
peroxide injection remained at one hour on, followed with 2 hours of lag time. The focused 
injection was initiated because continuous data logging with a downhole ORP/DO probe 
indicated that elevated ORP levels could be sustained over longer time periods when oxidant 
injection was restricted to a smaller volume, thus increasing the oxidant concentrations. 
(Downhole data logging was initiated when negative ORP values were observed in the 
shallow monitor wells [EW-1 and MW-33A] during the November 2005 and January 2006 
groundwater sampling events. See Section 3.3 for additional detail.) 

• After 281 days (approximately 9 months), an additional ozone generator was installed, and 
the rate of ozone injection into MOX-1 and MOX-2 was doubled to approximately 4 lbs/day. At 
this time, the hydrogen peroxide injection rate was reduced (1 hour on, followed by 4 hours 
of lag time) to obtain a stoichiometric (0.7-to-1 mole:mole) ratio of peroxide to ozone. 

• After 292 days (approximately 10 months), ozone injection was increased from 5 minutes to 
10 minutes in MOX-1A (shallow interval), thus extending the ozone injection cycle from 30 to 
35 minutes.  

From system startup on July 19, 2005, until termination of the pilot study on June 5, 2006, the PulseOx-
100T operated over a period of 321 days, for a total of 7,182 hours, which equates to an uptime of 93 
percent. A detailed summary of all system operational events that occurred during the pilot study is 
presented as Table 2. A summary of pilot study costs are presented in Table 3. 

2.2.6 Groundwater Monitoring Program 

Performance of the pilot-scale field test was evaluated using groundwater monitoring that was conducted 
at 3- to 6-week intervals. Five wells (MW-20 and EW-1 and new wells MW-20B, MW-33A, MW-33B) 
were monitored to validate the ozone/hydrogen peroxide advanced oxidation process. Well MW-20 is 
screened from 55 to 70 feet bgs, and the EW-1 screen interval is 48.5 to 88.5 feet bgs. Because of the long 
screen interval in EW-1 (40 feet), groundwater samples were collected at two depths in this well (63 and 
85 feet, as shown on Figure 3). New well MW-20B is screened from 80 to 90 feet bgs; wells MW-33A 
and MW-33B are screened from 55 to 65 feet bgs and 80 to 90 feet bgs, respectively. Well MW-20, 
MW-33A, and EW-1 were consistently sampled at depths of 63, 60, and 63 feet bgs, respectively. Wells 
MW-20B, MW-33B, and EW-1 were consistently sampled at 85 feet bgs. For the purpose of evaluation, 
MW-20, MW-33A, and EW-1-63’ are referred to as shallow wells and MW-20B, MW-33B and EW-1-
85’ are referred to as deep wells. 

On July 12, 2005, an initial or "baseline" round of sampling was performed to identify groundwater 
conditions before the startup of the ozone/hydrogen peroxide injection system. After system startup, 
groundwater samples were collected every 3 weeks for 9 weeks, followed by every 4 to 6 weeks for 36 
weeks based on evaluation of the concentration trends. A total of 13 groundwater sampling events were 
performed. 
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The monitoring protocol employed standard low-flow groundwater sampling techniques with a flow 
through cell (as specified in the RD SAP) (URS, 2003b). The RD SAP has been updated with an 
addendum to include the treatability testing, the ongoing monitoring for natural attenuation parameters, 
and the ongoing sampling of new wells. The addendum is included in the Cooper Drum Pilot-Scale Field 
Test Treatability Study Work Plan (URS, 2005). 

The monitor wells were sampled by URS scientists, with the assistance of a field technician from Blaine 
Tech Services. Field parameters measured during well purging and sampling were recorded on the field 
data sheets presented in Appendix C. Groundwater samples were shipped by Federal Express to the EPA 
Region 9 Laboratory in Richmond, California, within 24 hours of collection. Samples analyzed for metals 
were sent by Federal Express to independent laboratories. On three occasions (July 12 and 28, 2005, and 
March 1, 2006), the VOC samples also were shipped to an independent laboratory. Given the 24-hour 
hold time requirements, samples analyzed for Cr(VI) were delivered by courier to EMAX laboratory on 
the day they were collected. All samples were transported in a cooler with ice under chain-of-custody 
protocol. The electronic data tables provided by the laboratory and the data validation reports are 
available at the Records Center at EPA Region 9 in San Francisco. 

Beginning on February 21, 2006, URS installed data loggers with downhole probes (YSI 600 XLM 
system) in wells EW-1, MW-20, and MW-33A to measure the real-time response of DO and ORP to 
adjustments made in the timing of system operation cycles. Downhole data logging was initiated as a 
result of negative ORP readings during the November 2005 and January 2006 sampling events, which 
happened to coincide with the leveling off of COC concentrations. Earlier, DO and ORP were routinely 
monitored in the flow-through cells during the sampling events. On two occasions (August 5 and 
December 14, 2005), the DO and ORP readings were verified with a downhole probe in response to low 
ORP readings. The data logging data, which were downloaded from the downhole probes, are presented 
in Appendix E. In addition, vertical profiling at 5-foot intervals in the monitor wells was performed; these 
results also are included in Appendix E. The roster of measured field parameters was modified to include 
the occasional use of field test kits for hydrogen peroxide and ozone testing.  

Water-level measurements were collected during each sampling event from the five monitor wells and 
selected wells in the area. The water-level data sheets are included in Appendix E. 
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3.0 RESULTS  

An interpretation of groundwater elevations and analytical data from the 13 monitoring events is provided 
in the following sections. 

3.1 GROUNDWATER FLOW DIRECTIONS AND GRADIENTS 

A recent groundwater elevation contour map of the site, based on depth-to-water measurements made on 
June 6, 2006, is presented as Figure 6. The data indicate that the groundwater gradient in the area of the 
pilot study was to the south at 0.0017 feet per foot. This is consistent with previous flow directions 
inferred for this portion of the site and confirms that the monitor wells sampled during the pilot study are 
generally downgradient from the nearest injection point. 

The water levels measured from the shallow wells MW-20 and MW-33A increased up to approximately 
one foot when compared to the deeper well pair (MW-20B and MW-33B) and more distant wells in the 
vicinity of the test. This response probably was related to the injection cycle. Considerable air pressure 
was evident in these wells (and in EW-1) when the well caps were removed for sampling. However, water 
levels in EW-1 did not appear to be elevated from the injection. The deeper monitor wells and those more 
distant from the injection wells did not appear to be influenced by the injection. 

The pressure buildup observed in the shallow monitor wells is directly related to the finer material (clays 
and silts) that have been identified as beneath the site from approximately 40 to 50 feet bgs (Figure 5). 
This material also supports the perched aquifer zone previously identified. The injected air and ozone 
does not readily flow up through this material, therefore, a temporary pressure buildup is created when the 
system operates. Consequently, the migration of ozone through the vadose zone and to the surface is very 
unlikely, and larger injection ROIs would be expected in the shallow injection interval. 

3.2 TREND ANALYSIS OF COC CONCENTRATIONS  

3.2.1 Shallow Monitor Wells  

The concentrations over time of select COCs reported in groundwater samples from shallow monitor 
wells EW-1 (at 63 feet bgs), MW-33A, and MW-20 are depicted in Figures 7, 8, and 9, respectively. 
These figures also indicate changes made to the system operating parameters described in Section 2.6. 
COC concentration data are presented in Table 4. Other general groundwater chemistry data and metal 
results are presented in Table 5. The following observations are made. 

• The COC concentrations display unique trends in each of the monitoring wells. 

• Figure 7, EW-1 (at 63 feet bgs): Decreasing COC concentration trends were observed almost 
immediately after the start of system operation. Maximizing the ozone injection rate had a 
relatively small effect on these trends. Doubling the air flow rate followed by the start of 
hydrogen peroxide injection did not improve concentration trends; rather, the start of 
hydrogen peroxide injection appeared to coincide with a period of increasing COC concentra-
tions. However, the start of focused injection into MOX-1 and MOX-2 and doubling of the 
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ozone injection rate resulted in significant reduction (>75%) in TCE and 1,4-dioxane 
concentrations. 

• Figure 8, MW-33A: With the exception of 1,4-dioxane, COC concentrations first increased 
and then leveled off and decreased, once the ozone injection rate was increased. Increasing 
the volumetric air flow rate appeared to coincide with a period of increasing trends in COC 
concentrations. Injection of hydrogen peroxide did not significantly affect these trends; 
however, there was a decrease in COC concentrations once the peroxide injection rate was 
doubled. There was an additional decrease in concentrations following focused injection into 
MOX-1 and MOX-2 and after the ozone injection rate was doubled, but the decrease was 
moderate (<30%). Aside from the moderate increase of TCE midway through the test, COC 
concentrations steadily decreased throughout the test. 

• Figure 9, MW-20: Decreasing COC concentration trends were observed immediately after the 
start of system operation, but they seemed to level off shortly thereafter. Maximizing the 
ozone injection rate and increasing the air flow rate had a relatively small decreasing effect 
on the concentration trends. Injection of hydrogen peroxide did not improve concentration 
trends; rather, the start of hydrogen peroxide injection coincided with a period of increasing 
COC concentrations. COC concentrations decreased when hydrogen peroxide was doubled 
but rebounded after ozone and hydrogen peroxide injections ceased in MOX-3, which is the 
closest injection well to MW-20.  

3.2.2 Deep Monitoring Wells 

The COC concentration trends in wells EW-1 (85 feet), MW-33B, and MW-20B are depicted in Figures 
10 through 12, respectively.  

The data plotted in Figures 10 through 12 show that, in all wells, the initial increase in the ozone injection 
rate resulted in decreasing concentration trends while doubling the air flow rate and start of hydrogen 
peroxide injection generally did not (there is an exception in the case of EW-1, where concentrations 
appeared to decrease following the increase in air flow rates). However, doubling the hydrogen peroxide 
injection rate coincided with additional reductions in concentrations, especially in MW-33B and 
MW-20B. The start of focused injection into MOX-1 and MOX-2, followed by doubling of the ozone 
injection rate, resulted in significant concentration reductions in EW-1 and, to a lesser degree, in 
MW-33B. As with MW-20, concentrations rebounded in MW-20B after oxidant injection into MOX-3 
ceased. 

3.2.3 TCE and 1,4-Dioxane Concentrations  

For a better perspective, the reported concentrations of TCE and 1,4-dioxane for the six monitoring 
locations at the beginning and end of the pilot-scale test are listed in Table 6 and shown on the geologic 
cross section of the sparge barrier on Figure 5.  

On average, TCE concentrations decreased by 83%, and 1,4-dioxane concentrations decreased by 74% in 
the shallow monitor wells. The largest reductions were observed in EW-1 (63 feet), where COC reduc-
tions exceeding 90% were obtained. Note that the data provided in Table 6 for MW-20 and MW-20B are 
from April 2006 when oxidant injection ceased in the vicinity of this well. 
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Although not included in Table 6, the 1,1-DCA concentrations decreased by an average of 73% in the 
three shallow wells. This is very notable, considering the reluctant (ITRC, 2005) nature of chlorinated 
ethanes. 

There were overall decreasing concentration trends in the deeper wells as well, with TCE concentrations 
decreasing an average of 48% in all of the wells. The largest decrease in TCE concentrations was 
observed in MW-20B, which is unexpected because injection into the nearest injection well ceased after 
approximately 260 days and this well did not benefit from the increase in ozone injection that occurred 
after this period. The 1,4-dioxane concentration reduction in EW-1 at 85 feet bgs, since the start of the 
pilot test, was 82 percent. However, initial 1,4-dioxane concentrations in MW-33B and MW-20B were 
too low to allow for any meaningful interpretation of concentration trends.  

The concentration reductions in the deeper monitor wells, overall, were less than in the shallow monitor 
wells. The reason may be related to the cone-like diffusion pattern of injected ozone and air from the 
injection well screens, which results in an increasing ROI with vertical distance above the injection point. 
In addition, the presence of less permeable aquifer material in the 40- to 50-foot bgs interval probably 
increased the ROI for the shallow injection wells. 

The reported reductions in TCE and 1,4-dioxane concentrations indicate that the application of ozone and 
hydrogen peroxide was effective at oxidizing the site COCs. Because of the complexity of the ground-
water chemistry and the possible contribution from the upgradient source area, it was necessary to use an 
experimental approach to determine the optimal injection rates for ozone and hydrogen peroxide. It 
appears that the ozone injection rate is the critical factor in achieving maximum concentration reductions. 
However, it also is likely that the addition of hydrogen peroxide at stoichiometric ratios to ozone is an 
important factor. This presumption is corroborated by ex situ testing of water from MW-33A, which 
indicated that the oxidation reaction kinetics were enhanced by the addition of hydrogen peroxide. Figure 
13 is a plot of the test results and shows the correlation between 1,4-dioxane concentrations and ozone. 
These results indicated that the 1,4-dioxane destruction rate (represented by the slope of the curve when 
1,4-dioxane was plotted versus ozone) increased three-fold when hydrogen peroxide was used in addition 
to ozone. However, the results also showed that better destruction rates were obtained when water from 
another site was used, indicating that the Site groundwater probably had a larger soil oxidant demand 
(SOD). In addition, bench testing results previously indicated that addition of hydrogen peroxide 
suppressed both hexavalent chromium and bromate formation. At least one literature source (Suh and 
Mohseni, 2004) cites the optimal hydrogen peroxide to ozone mole ratio as being greater than zero but 
less than 0.40 to 0.45 mole:mole. Therefore, hydrogen peroxide and ozone should be injected at less than 
stoichiometric mole ratios, when used in a full-scale application. 

No harmful by-products were created as a result of the pilot study. As indicated on Table 5, hexavalent 
chromium was not reported in any of the samples. Although not shown in Table 5, groundwater samples 
collected on June 5, 2006, also were analyzed for bromate. Bromate was not detected in these samples at 
levels exceeding the detection limit of 250 µg/L.  

3.3 DO AND ORP MEASUREMENTS 

DO and ORP measurements are routinely considered the most important field parameters with respect to 
gauging the effectiveness and the ROI of the oxidant injection process. If oxidant injection is performed 



Field Pilot Study of In Situ Chemical Oxidation Using Ozone and Hydrogen Peroxide Section 3.0 
Cooper Drum Company Superfund Site December 2006 
RAC IX Contract No. 68-W-98-225 Page 3-4 
Cooper Drum RD WA No. 247-RDRD-091N  

 

K:\Wprocess\00147\Cooper Drum\Perozone Pilot Test\DRAFT\Report Rev 2.doc 

successfully, DO and ORP levels are expected to rise. However, it should be noted that the range of these 
measurements may be undermined by ongoing chemical reactions in the surroundings, and by device 
selection and device calibration. For example, DO and ORP measurements using downhole and flow-
through cell devices often differ significantly, probably because one is measured in situ and the other 
ex situ. Therefore, whereas the DO and ORP trends can be very helpful, individual readings may be less 
reliable or even contradictory. 

3.3.1 Flow-Through Cell Measurements 

The DO trends since the start of oxidation in the shallow and deep wells are shown on Figures 14 and 15, 
respectively. These data were collected during the groundwater sampling events using the flow-through 
cell. DO levels responded well to increases in oxidant amounts, as is evident from the positive slopes in 
the DO curves following increases in ozone and hydrogen peroxide injection rates. Surprisingly, DO 
levels did not respond positively to the doubling of the air injection rate. This may have been caused by 
the perturbation of fine sediments following the increase in injected air flow rates. 

ORP trends in shallow and deep wells are depicted on Figures 16 and 17, respectively. These data also 
were collected using the flow-through cell. Similarly to DO trends, the ORP trends responded positively 
to increases in oxidant injection rates but negatively to increased air flow rate. 

DO and ORP measurements (used to construct Figures 14 to 17), as well as other field parameter 
readings, are listed in Table 3. Note that the DO and ORP values shown on these figures represent a 
single measurement taken over an extended (4 to 6 week) period. However, these data are useful because 
they show a general trend with the COC destruction in the shallow monitor wells. For example, during the 
first three months of the pilot study, COC concentrations were decreasing and ORP values were also 
positive (see Figure 16). After this time, negative ORP values were observed during the sampling events 
and COC concentrations also leveled off. In late February 2006, a downhole probe was used to allow for 
continuous data logging of ORP (discussed in following section). The information obtained during this 
period led to the decision to focus the injection and ultimately to increase the ozone injection rate at 
individual injection wells. 

3.3.2 Downhole Probe Measurements 

Following these negative ORP readings, 24-hour downhole data logging was performed at MW-20 on 
February 21, 2006, with only MOX-3 operating. These results indicated elevated ORP and DO levels could 
be sustained when the injection was focused at a single location. Additional data logging performed from 
March 20 through March 30, 2006, with only MOX-1 and MOX-2 operating, further supported the presence 
of sustained elevated levels of ORP and DO. Therefore, a decision was made to focus oxidant injection 
into MOX-1 and MOX-2 only and to continue to assess the real-time effect of varying operating parameters 
on DO and ORP levels with the data logging.  

Results from data loggers installed and operated in EW-1 (63 feet) and MW-33A from April 17 through 
June 1, 2006 (272 to 317 days after the start of operations) are presented on Figures 18 and 19; these plots 
show the continuous ORP readings in EW-1 and MW-33A during this time.  

In EW-1 (Figure 18), ORP levels remained negative during the first few days of data logging. On 
April 25, the system was temporarily shut down, and a second ozone generator was installed and 
operated, providing an ozone injection rate of approximately 4 lbs/day. Also at this time, the hydrogen 
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peroxide-to-ozone mole ratio was reduced to stoichiometric levels (0.7 to 1), and the air flow rate was 
reduced back to 1.1 scfm. Following these operational changes, there was a gradual build up in ORP 
levels to a sustainable ORP level greater than 300 millivolts (mV). These elevated ORP levels were 
regained shortly after the restart of system operations, following a temporary system shutdown on 
May 15.  

The ORP readings in MW-33A (Figure 19) reflect a steadier elevated profile, but with similar end results. 
The surrounding lithology in MW-33A is more permeable, resulting in a more immediate response to 
oxidant injection, compared to EW-1. 

The continuous data logging in EW-1 and MW-33A and the achievement of the sustainable and elevated 
ORP levels in these wells implied that the system operating parameters were at an optimal setting. 
Therefore, no further changes to the system operations were applied after this time.  

These resulting conditions were a clear indication that oxidation was effective in the vicinity of the 
monitor wells. As noted in Section 3.2, COC concentrations in EW-1 were significantly reduced during 
this period (see Figure 7), indicating COC destruction was related to chemical oxidation and not a 
physical process such as air stripping. At 20°C, the dimensionless Henry’s constants for TCE, 1,1-DCA, 
1,2-DCA and 1,4-Dioxane are: 0.42, 0.23, 0.04, and 0.0002, respectively. TCE is the most volatile and 
has the highest Henry’s constant and 1,4-dioxane (at 2,100 times lower than TCE) has the lowest Henry’s 
constant and is only semi-volatile. The larger the Henry’s constant, the more effectively the material is 
removed using air stripping. The results from EW-1 at 63 feet bgs over the length of the test indicate the 
TCE, 1,1-DCA, 1,2-DCA, and 1,4-dioxane destruction percentages are very similar (at 90%, 92%, 89%, 
and 94%, respectively). Considering the differences in volatility, these destruction percentages do not 
support an air stripping model. 

Furthermore, guidelines on effective air sparging for in situ air stripping recommend air volumetric flow 
rates in the range 3 to 25 cfm (preferably in the higher range of 20 to 25 cfm). By contrast, the injection 
air flow rate maintained during the most effective portions of the pilot test was approximately 1 cfm. 
These low air flow rates would have had little or no effect on the less volatile constituents, such as 
1,4-dioxane and 1,2-DCA. Additionally, the Site lithology is such that, in the absence of soil vapor 
extraction (SVE), a good fraction of hypothetical stripped gases would be expected to re-enter the 
dissolved phase, resulting in higher rebound in COC concentrations than what was observed three months 
after the pilot test was stopped. 

The above is also supported by the bench-scale test (See appendix A), which indicated that the specific 
site soil and groundwater geochemistry likely led to effective chemical oxidation of all site COCs, even 
with ozone alone. The bench test indicated that none of the COC destruction occurred as a result of air 
stripping, as evidenced by the absence of COCs in the headspace of the test bottles. It is likely that the 
particular conditions of the site subsurface geochemistry may have led to formation of high concentra-
tions of the hydroxyl radical, a non-selective oxidant capable of destroying “reluctant” contaminants, such 
as isomers of DCA. The characterization of DCA as “reluctant” (as opposed to “recalcitrant”) comes from 
the 2005 ITRC guidance document “Technical and Regulatory Guidance for In Situ Chemical Oxidation 
of Contaminated Soil and Groundwater”. This characterization implies that oxidation of DCA is to be 
expected when ozone and hydrogen peroxide are used as oxidants, although typically not as effectively as 
more readily oxidized contaminants, such as TCE and DCE. As discussed above, the results of the pilot 
test indicated that TCE, DCA, and 1,4-dioxane had similar destruction levels, even though the Henry’s 
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constant of TCE at 20°C is approximately 2 times greater than that of 1,1-DCA, 11 times greater than that 
for 1,2-DCA, and 2,000 times greater than that for 1,4-dioxane. 

The DO levels also were monitored continuously with the downhole probes. During the later stages of the 
extended data logging initiated on April 17, 2006, the DO probes were found to have been compromised 
by a marginal (low) voltage supply and by fine sediment buildup on the probe membrane. Therefore, the 
later DO readings are not considered accurate, and DO readings are not shown on the figures. 

3.3.3 Vertical Profiling  

DO and ORP measurements versus depth also were performed in the monitor wells using the downhole 
probe. These results are included in Appendix D. Measurements were collected at 5-foot intervals in the 
wells. Given the short screen intervals in MW-20B (10 feet) and MW-33B (10 feet), the measurements 
did not reflect a significant change in DO or ORP as a function of depth in these monitor wells. However, 
the shallow wells (MW-20 and MW-33A) did show increased levels of ORP and DO in the 50- to 55-foot 
depth interval versus the 60- to 65-foot depth interval. This was expected based on the pressure buildup in 
MW-20 and MW-33A, which was caused by the presence of the semi-confining layer just above 50 feet 
bgs. 

The most remarkable information was from EW-1, which has a 40-foot screen interval. On three out of 
the five profiling events during the focused injection, there was a significant change (increase) in ORP 
(up to 230 mV) and DO (up to 5.2 milligrams per liter [mg/L]) at the 80-foot depth interval (as compared 
to the deeper interval), suggesting the vertical offset of the influence of the injection system was 10 feet 
or less at this location. 

The results of vertical profiling indicated that, for optimal results, the injection interval should be a 
maximum of 10 feet below the remediation target area. This is likely because of the cone-like diffusion 
pattern of the injected ozone and air.  

3.4 OTHER FIELD MEASUREMENTS 

As noted, groundwater samples also were measured occasionally for hydrogen peroxide and ozone using 
HACH field test kits during the later stages of the pilot study. Ozone was measured at 0.3 mg/L in 
MW-20 on February 22, 2006. Hydrogen peroxide was detected at wells MW-33A and EW-1 (63 feet) in 
samples collected between April 17 and April 30, 2006. The hydrogen peroxide reading in MW-33A 
started out at 20 mg/L but decreased over time to low single digits as a result of system shutdowns and a 
reduction in the peroxide injection rates. As mentioned, the response to oxidant injection at MW-33A was 
more pronounced and immediate, probably because this well is screened in a fairly permeable soil 
interval. Conversely, the peroxide measurements in EW-1 (63 feet) were consistently in the low single 
digits. Ozone testing results at both of these locations were always negative. The reason may be related to 
the short half-life of ozone and the relatively larger separation distance between these monitor wells and 
the injection wells, compared to the distance between MW-20 and MOX-3. 

Measured temperature and pH did not vary significantly during the pilot-scale system operations. 
However, these parameters should be monitored because the injection of hydrogen peroxide at higher 
rates may lead to increases in temperature, followed by off-gassing (this is not likely if hydrogen peroxide 
to ozone mole ratios are maintained at less-than-stoichiometric levels). Hydrogen peroxide injection also 
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may result in the formation of metal hydroxides, which could increase pH; conversely, the oxidation 
process, in general, can produce some acid that can temporarily decrease the pH. 

The electrical conductivity measurements, the value of which depends on the amount of total dissolved 
salts (or ions), indicated an overall decreasing trend since the start of system operations. It should be 
noted that the amount of oxygen that can be dissolved in water increases with decreasing salt 
concentration. Total organic content (TOC) also had an overall decreasing trend. 

Ferrous iron concentrations decreased to zero in the shallow monitor wells almost immediately after the 
start of system operations, indicating a rapid oxidation process. However, the decrease in ferrous iron 
concentrations in the deeper wells was more gradual and incremental. 

The reader is referred to Table 5 for the complete listing of general water chemistry parameters and 
metals results since the start of system operation. 

3.5 ANALYTICAL DATA QUALITY ASSESSMENT 

The data validation of the groundwater analytical data collected during the 13 groundwater sampling 
events between July 12, 2005, and June 5, 2006, has been approximately 30% completed. The completed 
data validation reports (and subsequent reports) can be found in the Records Center at EPA Region 9 in 
San Francisco, California. The data from the completed reports were determined to be acceptable for 
decision-making purposes with some estimated data due to sampling and/or laboratory data quality issues. 

The overall field sampling procedures and analytical laboratory performance met the acceptable data 
quality guidelines, with the data completeness result exceeding 99 percent.  
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4.0 CONCLUSIONS AND RECOMMENDATIONS 

4.1 CONCLUSIONS 

Based on pilot study monitor well results, the following conclusions are made for the Site. 

• Ozone injection alone can reduce significantly the concentrations of the site COCs, including 
TCE, cis-1,2-DCE, 1,1-DCA, and 1,4-dioxane. At the end of the pilot study, concentrations 
of seven out of the twelve Site COCs at EW-1-63' were reduced to below MCLs (PCE was 
below MCLs prior to the test and remained as such.). Those still present at concentrations 
greater than MCLs at this well included TCE (65 µg/L), cis-DCE (44 µg/L), 1,1-DCA (6.2 
µg/L), and 1,4-dioxane (47 µg/L).  

• Increased injection of oxidants increases the amount of contaminant (or COC) destruction. 

• The effect of hydrogen peroxide on COC destruction is not clear. However, ex situ testing of 
the site groundwater does indicate that the injection of stoichiometric mole ratios (0.7 to 1 
mole:mole) or less of hydrogen peroxide to ozone probably is required to achieve optimal 
results and to increase oxidation kinetics. This conclusion is supported by the results of 
laboratory tests conducted to evaluate the destruction efficiency of 1,4-dioxane; one literature 
source cites the optimal hydrogen peroxide to ozone mole ratio as being greater than zero but 
less than 0.4 to 0.45 mole:mole (Suh and Mohseni, 2004). 

• As corroborated by the bench-test results, the presence of high levels of secondary 
constituents in the groundwater (e.g., iron, bicarbonates, organic matter) may have enhanced 
the effectiveness of oxidation by ozone. The presence of these compounds also can lead to 
scaling, biofouling, and general plugging of equipment installed below the water table. 
However, during the pilot study, only one well became plugged, and it was easily 
rehabilitated with a dilute acid. 

• Ozone injection rates were crucial to the success of the pilot study. While the soil oxidant 
demand estimated in the bench test (3,000 milligrams per kilogram [mg/kg]) appears to have 
been too high, the pilot study results indicated that ozone injection rates of 2 lbs/day per 
injection well (or 1 lb/day per injection interval) were required to achieve optimal results. 

• Overall, a greater ROI was achieved in the upper injection interval in the shallow aquifer. The 
ROI of the injection wells appears to be approximately 30 feet, the largest distance between 
an injection well and a monitor well in the pilot study. Vertical profiling of DO and ORP 
indicated that, for optimal results, the oxidant injection interval probably should be placed a 
maximum of 10 feet below the targeted treatment area. In addition, the presence of less 
permeable aquifer material in the 40- to 50-foot bgs interval probably increased the ROI for 
the shallow injection wells. Therefore, the larger ROI in the upper portion of the shallow 
aquifer (approximately 50 to 80 feet bgs) may have been related to the injection screen 
placement and should be considered in a full-scale application of the technology.  

• Continued migration of contaminant mass from the Site source area and the naturally 
reducing aquifer conditions probably impacted the outcome of the pilot study. A more 
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aggressive network of injection wells and higher oxidant injection rates associated with a full-
scale system would be expected to produce a steady reduction in contaminant mass. 

• Data logging and real time measurement of field parameters, specifically DO and ORP, was 
crucial to the optimization of the operating parameters. 

• The rate of air injection was found not to be a very important factor, though higher injection 
rates (>1 cfm) should be avoided to minimize agitating fine sediments in the aquifer. 

• An evaluation of the COC destruction trends in conjunction with ORP data (see Section 3.3) 
indicates that COC destruction was caused by chemical oxidation and not a physical process, 
such as air stripping 

• The introduction of air and oxidants resulted in highly oxygenated and aerobic conditions that 
probably promoted the growth of aerobic bacteria. While these bacteria may contribute to the 
direct and/or cometabolic degradation of some COCs, they may cause some biofouling and 
possible plugging of submerged equipment. 

• There was zero to modest rebound of COC concentrations in the pilot study monitor wells in 
August 2006, three months after cessation of the pilot study (see Table 7). Some rebound was 
expected because contaminated plumes originating 30 feet or farther upgradient were 
expected to reach the pilot study area during this time. Modest rebound was observed in 
EW-1-63’, where the largest reductions in concentrations had been obtained during the pilot 
study. TCE concentrations also rebounded slightly in MW-20. Conversely, TCE concentra-
tions in MW-33A and 1,4-dioxane concentrations in MW-33A and MW-20 continued to 
decline during the three months.  

4.2 RECOMMENDATIONS 

In summary, once the system operating parameters were optimized, the ozone/peroxide injection pilot-
scale system was successful in achieving the test objectives of evaluating system performance and 
reducing COC concentrations. Based on these observations the following recommendation are made. 

• The use of this technology is recommended for full-scale application. It is recommended that 
the lessons learned from the pilot study (i.e., optimal operating parameters and injection well 
construction/placement) be considered in the full-scale application of this technology. 

• The full-scale system design should include the injection of ozone and hydrogen peroxide. 
However, operation of the full-scale system could begin with the injection of ozone only and 
transition to the combined injection of hydrogen peroxide and ozone at less than 
stoichiometric mole ratios of peroxide to ozone. 

• With robust remedial design of a full-scale system, it is possible to attain MCLs for all site 
COCs. It is noted, however, that as concentrations approach MCLs, the oxidation reaction 
kinetics are expected to be first order with respect to the oxidant concentrations and slower 
than those observed in the pilot study. Therefore, the ISCO system should be designed to 
address COC concentrations greater than 50 µg/L. The portions of the plume less than the 
design concentration but greater than MCLs will be addressed with a downgradient remedy, 
likely to include groundwater extraction per the ROD. 
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• The injection wells should be placed so that their ROIs overlap for adequate coverage; 
therefore, the recommended spacing between injection wells is 50 feet (corresponding to a 
minimum ROI of 25 feet). The oxidant injection interval probably should be placed a 
maximum of 10 feet below the targeted treatment area. Optimal screen placement also will 
depend on location-specific lithology. 

• The full-scale system should be designed for ozone injection rates of 2 lbs/day per injection 
well (or 1 lb/day per injection interval). 

• It is recommended that remediation of the contaminated vadose zone in the source area occur 
prior to or concurrently with the full-scale groundwater remediation to minimize further 
impact to groundwater. 
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TABLE 1 

Groundwater Contaminants of Concern and Cleanup Levels  
Cooper Drum Company Superfund Site, South Gate, CA 

Medium Contaminant of Concern 
Cleanup Level 

(µµµµg/L) Basis for Cleanup Level 
1,1-Dichloroethane (1,1-DCA) 5 MCLa 
1,1-Dichloroethene (1,1-DCE) 6 MCL 
1,2-Dichloroethane (1,2-DCA) 0.5 MCL 
1,2-Dichloropropane (1,2-DCP) 5 MCL 
1,2,3-Trichloropropane (1,2,3-TCP) 1 PQLb 
Benzene 1.0 MCL 
cis-1,2-Dichloroethene (cis-1,2-DCE) 6 MCL 
trans-1,2-Dichloroethene (trans-1,2-DCE) 10 MCL 
Tetrachloroethene (PCE) 5 MCL 
Trichloroethene (TCE) 5 MCL 

Groundwater (VOCs) 

Vinyl chloride 0.5 MCL 
Groundwater (non VOCs) 1,4-Dioxane 6.1 PRGc 
 
a MCLs from Title 22 California Code of Regulation Section 64431 and 64444, unless otherwise specified. 
b No MCL established for 1,2,3-trichloropropane. The PQL was identified as a remedial goal. 
c No MCL established for 1,4-dioxane. The concentration is for the ingestion of drinking water only and does not account for 

potential dermal and inhalation exposure. EPA has established a screening criteria for PRGs. 
 
EPA = United States Environmental Protection Agency 
MCL  = California primary maximum contaminant level 
PQL  = practical quantification limit 
PRG  = EPA preliminary remediation goal for drinking water 
VOC = volatile organic compound 
µg/L  = micrograms per liter 
 



 

 

 
TABLE 2 

System Operation Events for Ozone/Hydrogen Peroxide Pilot Study 
Cooper Drum Company Superfund Site, South Gate, CA 

Date Event 
19-Jul-05 ISCO pilot study began. Based on bench-scale test, only ozone was injected. Injection rate was 

0.5 pound per day. Ozone screen at 2B was plugged; therefore, ozone was injected into H2O2 
screen. Ozone injection cycle was hourly (10 minutes at each well). 

7-Sep-05 Ozone injection concentration increased from 0.5 to 1.5 pounds per day (50 days after startup). 
29-Sep-05 Ozone injection concentration increased from 1.5 to 1.85 pounds per day (77 days after startup). 
26-Oct-05 Air injection volume increased from 1.1 to 2.2 cfm (99 days after startup). 
28-Nov-05 System went down on November 28 at 1730. Sampled on November 29. System restarted on 

November 30 (134 days); however, well 1B (ozone) was plugged. Switched ozone injection to 
H2O2 screen at 1B. 

14-Dec-05 Attempted to unplug ozone screens at 1B and 2B using air compressor and airlifting, was 
unsuccessful. Began injecting H2O2 on December 14 (148 days after startup). H2O2 injection 
cycle was one hour of pumping and 5 hours off. The hourly H2O2 cycle was 20 minutes at 1A 
and 2A and 10 minutes at 3A and 3B. Total daily H2O2 pumping was 4 hours per day. Ozone 
cycle remained hourly (10 minutes each well). H2O2 injection pump set at 0.5 gallon per hour for 
a daily use rate of 2 gallons. The H2O2 blend in injection tank was 20 gallons DI water and 15 
gallons of 35% H2O2 (49 pounds), which calculated to 16% by weight of H2O2. Also took round 
of field measurements with downhole probe on December 14 and 15 to confirm noticeably 
negative ORP values from the November 29 sampling event.  

19-Jan-06 Cleared plugged ozone wells 1B (acidified with HCl) and 2B (jetted with water) 184 days after 
startup. Began injecting H2O2 at 1B and 2B at these two locations and switched ozone to the 
designed screen at these wells. Revised H2O2 hourly injection cycle from 20 minutes at 1A and 
2A to 10 minutes at each well. Ozone cycle unchanged. 

2-Feb-06 Took round of field measurements using downhole probe. Increased H2O2 injection cycle to one 
hour on and 2 hours off for a total run time of 8 hours per day. 

14-Feb-06 Took round of downhole field measurements. Note system up and down appeared to be loose 
fitting and backpressure from H2O2 injection. 

21-Feb-06 Performed 24-hour data logging of field measurements February 21 through 23. Performed 
vertical profiling at all wells; data logged overnight at EW-1 with normal cycle. Next morning, 
operated system with only MaxOx3A and 3B and data logged at MW-20. Switched back to 
normal cycle at approximately 8:30 pm and data logged overnight. Installed larger compressor 
on February 23. The larger compressor allowed the system to inject H2O2 at up to 50 psi. 
Previous shutdowns were related to low shutdown pressure for H2O2 injection. Treated 3A 
(H2O2) and 1B (ozone) with acid, based on increased pressure. 

20-Mar-06 Performed 24-hour data logging from March 20 (244 days) through March 31. During data 
logging, system generally operated with only MaxOx1A&B, 2A&B operating on a 30-minute 
cycle (5 minutes shallow, 10 minutes deep); H2O2 remained on 3-hour cycle (1 hour on, 2 hours 
off); air volume decreased to 1.1 cfm). Minor variations performed to system operation during 
data logging. 

17-Apr-06 Initiated 24-hour data logging at MW-33A and EW-1 on April 17. Shut system down on April 17 
at 1600. Restarted at 0813 on April 18 with MaxOx1A&B, 2A&B injecting only oxygen on 30-
minute cycle. Added air injection (1.1 scfm) at 0757 on April 19. Added H2O2 injection (3-hour 
cycle) at 1513 on April 19. Added ozone at 0745 on April 21. Sampled both wells for peroxide, 
ozone, VOCs, and dioxane. Sampled for H2O2 on April 17 at EW-1 (positive not quantified) and 
MW-33A (20+ mg/L). Ozone negative at both wells. Also sampled for H2O2 on April 19 (3 mg/L 
in MW-33A, 1 mg/L in EW-1), on April 21 (1 mg/L both wells), and on April 24 (1mg/L in both 
wells, ozone negative). 



 

 

 
TABLE 2 

(Continued) 

Date Event 
25-Apr-06 Installed additional ozone generator on April 25. System off and on. Put into steady operation at 

1800 on April 26 (281 days). Total ozone output 4 pounds, H2O2 cycle switched to 5-hour cycle 
(60 minutes on, 240 minutes off) at 1mole ratio (approximately 10% solution), air valves 1.1 
scfm. No change in injection well cycle (i.e., 1A&B and 2A&B operating at 30-minute cycle). 
24-hour data logging continued at EW-1 and MW-33A. 

5-May-06 Increased cycle to 35 minutes by increasing O3 injection from 5 to 10 minutes at 1A. This was 
done as a result of the drop in ORP at EW-1, which appeared to happen approximately every 
3 days. Continued data logging at MW-33A and EW-1. 

8-May-06 Sampled wells. H2O2 4.0 mg/L at MW-33a and <1.0 mg/L at EW-1 (55' and 63') and MW-33B. 
Ozone not detected at any location. No change to system operation. Data logging continued. 

1-Jun-06 Changed DO membranes on data logging probes as a result of extremely low levels at MW-33A 
(0.2 mg/L) and somewhat low readings at EW-1. After resetting probes, batteries were deter-
mined to be low when data was retrieved from probes. Therefore, data from June 1 to June 7 
were lost. Downhole probe measurements did show high levels of DO (up to 13 mg/L); 
therefore, it appears DO data were invalid from approximately May 21 to June 1. 

5-Jun-06 Sampled wells. After arrival to sample, it was determined that system shutdown occurred on 
June 3, 2006, at 14:49. Total run time hours were 7,182 for O3 and 961.51 for H2O2. Run time 
hours for second O3 generator was 4,205 hours. System restarted at 1513 on June 5. Note second 
ozone generator would not restart. System shutdown on June 7 due to faulty timer on PSA. New 
PSA ordered; however, based on sampling results, pilot study was terminated. 

 
cfm = cubic feet per minute 
DI = deionized water 
DO = dissolved oxygen 
H2O2 = hydrogen peroxide 
HCl = hydrochloric acid 
ISCO = in situ chemical oxidation 
mg/L = milligrams per liter 
ORP = oxidation reduction potential 
O3 = ozone 
PSA = pressure swing adsorption system 
psi = pounds per square inch 
scfm = standard cubic feet per minute 
VOC = volatile organic compound 



 

 

TABLE 3 

Ozone/Hydrogen Peroxide Pilot Study Costs 
Cooper Drum Company Superfund Site, South Gate, CA 

Cost Categorya Cost 
SITE PREPARATION 

Well Drilling – 3 Monitor Wells 
                         6 MaxOx Injection wells 
Electrical Connection 
Trenching and piping 

 
$14,250 
$25,300 
$  1,500 
$10,570 

Permitting & Regulatory Requirementsb N/A 
EQUIPMENT RENTALc 
     Chemical Oxidation System 
     Air compressor 
     Hydrogen Peroxide Skid 
     Mobilization 

 
$18,750 
$  1,250 
$  2,100 
$  1,800 

SYSTEM STARTUP $  5,450 
CONSUMABLES 
     Health and Safety Gear 
     Hydrogen Peroxide 

 
$  1,500 
$  2,850 

LABOR 
     Monitor well and Injection Well Installation 
     Monitor Well Sampling (13 events) 

 
$17,000 
$44,000 

UTILITIES 
     Electricity (2 lbs/day Ozone generator) 
     Electricity (Air compressor) 

 
$ 1,800 
$   300 

RESIDUALS AND WASTE SHIPPING AND DISPOSAL 
     Contaminated Drill Cuttings 
     Monitor Well Development and Purge water  

 
$ 4,170 
$ 2,500 

GROUNDWATER MONITORING 
 Equipment Rental, 13 Sampling events (Downhole ORP/DO probe, Field 

test kits, etc.) 

 
$21,200 

ANALYTICAL SERVICESd 
     VOCs, 1,4-dioxane, metals, cations, etc. 

 
$57,200 

OPERATION AND MAINTENANCE $14,720 
DEMOBILIZATION $  1,400 

TOTAL PILOT STUDY COSTS $249,610 
 
a Costs do not include EPA personnel, ongoing project management, data evaluation and final report preparation. 
b Federal Superfund Sites exempt from permit fees.  Costs for Work Plan and Waste Discharge Requirement Permit not 

included. 
c Rental Rate discounted approximately 50% of full-scale rate. 
d Actual analytical costs budgeted from separate program.  Analytical fees estimated at $650/sample with 88 total samples. 

Analyses include VOCs, PP Metals, cations, 1,4-dioxane, hexavalent chromium, bromate, chloride, nitrate, sulfate, bromide, 
O-phosphate, alkalinity, TSS, TDD, TOC, and sulfide. 

 
lbs/day = pounds per day 
ORP = oxidation reduction potential 
DO = dissolved oxygen 
EPA = United States Environmental Protection Agency 
VOC = volatile organic compound 
TSS = total suspended solids 
TOC = total organic carbon 
 



 

 

TABLE 4 

Ozone/Hydrogen Peroxide Pilot Study Results for VOCs and 1,4-Dioxane (µµµµg/L) 
 Cooper Drum Company Superfund Site, South Gate, CA 

Date PCE TCE cis-1,2-DCE 1,1-DCE trans-1,2-DCE VC 1,1-DCA 1,2-DCA Benzene 1,2-DCPA 1,4-Dioxane Other VOCs Detected 

MW-20 
12-Jul-05 3.2 520D 200D 18 8.2 4.7 54D 10 0.85 4.4 140   
28-Jul-05 1.2 210D 98D 3.8 3.5 0.69 22 8.4 0.45J 3.00 150   

16-Aug-05 2.7 230 81 11 5.5 2.3 30 11 0.5 4.30 160 1,1,2-Trichloroethane (0.40), chlorobenzene (2.3), 1,2,3-trichloropropane (4.4) 
07-Sep-05 2 160 60 6.3 2.6 1.1 24 6.8 0.3 2.6 140 Dibromomethane (1.7), 1,1,2-trichloroethane (0.3), chlorobenzene (1.4), 

1,2,3-trichloropropane (3.5), bromoform (19) 
29-Sep-05 1.7 150 50 5.5 2.7 0.8 21 6.3 0.3 2.6 120 Dibromomethane (2.4), 1,1,2-trichloroethane (0.2J), chlorobenzene (1.5), 

1,2,3-trichloropropane (3.4), bromoform (20) 
26-Oct-05 2.4 220 71 6.5 3 1 34 6.5 0.4 3.6 120 Dibromomethane (2.9), 1,1,2-trichloroethane (0.4J), chlorobenzene (1.8), 

1,2,3-trichloropropane (3.9), bromoform (18J), isobutane (1.8) 
29-Nov-05 1.1 130 39 5.4 1.8 0.7 22 3.7 0.3 1.8 98 Dibromomethane (2.0), chlorobenzene (0.9), 1,2,3-trichloropropane (1.8), 

bromoform (23) 
18-Jan-06 2.8 240 64 10 4.2 1 34 6.7 0.5 3.5 110 Dibromomethane (2.8), chlorobenzene (1.7), 1,2,3-trichloropropane (1.1), 

bromoform (27), chlorodibromomethane (0.3) 
1-Mar-06 0.75 110D 31D 2 1 0.62 16 2.7 <0.5 <0.5 79 Chlorobenzene (0.59), bromoform (46D) 
5-Jun-06 1.8 340 77 15 6 3.1 34 6.3 0.6 3.6 160 1,1,2-Trichloroethane (0.3J), chlorobenzene (1.7), bromoform (0.9), 

1,2,3-trichloropropane (2.8) 
55-Foot Sample 

1-Mar-06 
@55 feet 

<0.5 45D 14 0.74 <0.5 <0.5 8 1.6 <0.5 <0.5 36 Bromoform (55D), dibromochloromethane (0.56), acetone (6.2) 

MW-20B 
12-Jul-05 <0.5 0.3J <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 0.8   
28-Jul-05 <0.5 16 13 <0.5 1.1 <0.5 <0.5 <0.5 <0.5 <0.5 0.5   

16-Aug-05 <0.5 19 17 0.2J 1.4 <0.5 0.3J <0.5 <0.5 <0.5 0.6 1,2,4-Trichlorobenzene (0.2J), naphthalene(0.5J),1,2,3-trichlorobenzene (0.5J) 
07-Sep-05 <0.5 18 13 0.2J 1 <0.5 0.4J <0.5 <0.5 <0.5 0.5   
29-Sep-05 <0.5 6.2 8.4 <0.5 0.6 <0.5 0.2J <0.5 <0.5 <0.5 <1.0   
26-Oct-05 <0.5 6 6.9 <0.5 0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <1.0   
29-Nov-05 <0.5 6.1 14 0.2J 1 0.2J 0.4J <0.5 <0.5 <0.5 0.8J   
18-Jan-06 <0.5 10 17 0.4 1.2 0.3 0.7 0.2 <0.5 <0.5 1.8 Dibromomethane (0.2) 
1-Mar-06 <0.5 6.3 16 <0.5 0.87 <0.5 0.8 <0.5 <0.5 <0.5 2.2 Chloromethane (0.73) 
5-Jun-06   11 19 0.4J 1.4 0.4J 0.6 <0.5 <0.5 <0.5 1.9 Carbon disulfide (0.3J) 

MW-33A 
12-Jul-05 <0.5 2.3 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 540 Chloromethane (1.1) 
28-Jul-05 5.6 940D 190D 29E 12 4.6 50D 8.1 2.5 4.9 630   

16-Aug-05 4.6 1200 190 27 15 7.2 49 7.3 2.2 3.9 470 Chlorobenzene (5.1), 1,2,3-trichloropropane (2.4) 
07-Sep-05 4.9 1200 210 33 11 5.5 52 6.1 2 3.3 500 Toluene (0.2), 1,1,2-trichloroethane (0.30), chlorobenzene (5.0), 

1,2,3-trichloropropane (2.1) 
29-Sep-05 1.6 990 100 9.9 4.3 1.6 19 4.2 0.9 1.9 350 Bromoform (0.30J), chlorobenzene (2.3), 1,2,3-trichloropropane (1.4) 
26-Oct-05 2.9 450 100 16 6 2.4 26 4.4 1.2 2.7 440 Bromoform (5.4J), chlorobenzene (3.5), 1,2,3-trichloropropane (1.9), 

dibromomethane (0.6), 1,1,2-trichloroethane (0.2), 3 TICs 
29-Nov-05 4.4 680 140 20 7.8 3.2 42 5 1 3.4 300 Bromoform (9.8), chlorobenzene (3.3), 1,2,3-trichloropropane (2.5), 

dibromomethane (1.7), 1,1,2-trichloroethane (0.3) 
18-Jan-06 1.6 670 74 10 3.7 0.9 18 3.2 0.7 1.4 270 Bromoform (27), chlorobenzene (1.7), 1,2,3-trichloropropane (1.1), 

dibromomethane (2.8) 
1-Mar-06 <2.5 280D 33 4.2 <2.5 <2.5 10 <2.5 <2.5 <2.5 170 Bromoform (19) 



 

 

 
TABLE 4 

(Continued) 

Date PCE TCE cis-1,2-DCE 1,1-DCE trans-1,2-DCE VC 1,1-DCA 1,2-DCA Benzene 1,2-DCPA 1,4-Dioxane Other VOCs Detected 

MW-33A (cont’d) 
5-Apr-06 0.60 160 25 2.3 1.1 0.3 9.4 1.7 0.3 0.9 140 Bromoform (26), chlorobenzene (0.9), 1,2,3-trichloropropane (0.8), 

dibromomethane (2.3) 
17-Apr-06 1.1 260 29 5.0 1.9 0.7 12 1.9 0.3 1.0 120 Bromoform (29), chlorobenzene (1.3), 1,2,3-trichloropropane (0.8), 

dibromomethane (2.6) 
8-May-06 0.4 120 14 1.7 0.7 0.2 5.3 0.8 <0.5 0.4 220 Bromoform (24), chlorobenzene (0.5), 1,2,3-trichloropropane (0.4), 

dibromomethane (1.6) 
5-Jun-06 1.6 180 62 3.5 2.1 0.6 22.0 2.3 0.3 2.4 99 Bromoform (3.3), chlorobenzene (1.2), 1,2,3-trichloropropane (2.1), 

dibromomethane (0.7) 

MW-33B 
12-Jul-05 <0.5 39D 41D 1.1 0.5JB 1.9B 1.3 <0.5 <0.5 <0.5 1.4   
28-Jul-05 <0.5 26D 30D <0.5 2.5 <0.5 1.9 <0.5 0.15J <0.5 2.1   

16-Aug-05 <0.5 30 36 2.3 3.8 0.6 2.9 0.5 <0.5 <0.5 2.5   
07-Sep-05 <0.5 38 42 2.4 3.3 0.6 2.40 <0.5 <0.5 <0.5 2.0   
29-Sep-05 <0.5 34 32 1.5 2.7 <0.5 1.7 <0.5 <0.5 <0.5 <1.0 Pentene (1.1J) 
26-Oct-05 <0.5 35 28 1 2.1 0.2J 1.2 0.3 <0.5 <0.5 0.6 1,2,3-Trichloropropane (0.2J), 2 TICs 
29-Nov-05 <0.5 34 28 1.3 2.9 0.3 1.3 0.3 <0.5 <0.5 0.6J   
18-Jan-06 <0.5 41 28 1.5 3.1 0.3 1.4 0.4 <0.5 <0.5 0.7   
01-Mar-06 <0.5 26D 25D 0.97 1.9 <0.5 1.2 <0.5 <0.5 <0.5 0.8   
05-Apr-06 <0.5 30.0 26.0 0.9 1.9 0.3 1.2 <0.5 0.3J <0.5 0.8   
08-May-06 <0.5 24.0 24.0 1.0 1.9 0.2J 1.1 <0.5 <0.5 <0.5 0.8   
05-Jun-06 <0.5 25.0 28.0 0.9 2.1 0.2 1.0 0.2J <0.5 <0.5 1.0   

EW-1-63 Feet 
12-Jul-05 0.62 660D 310D 40D 13JD 4.3J 74D 5.6 1.5 2.8 750   
28-Jul-05 0.82 530D 190D 43E 11 3.8 35D 4.4 1.3 2.6 860   

16-Aug-05 2.3 560 150 27 11 5.1 38 5 1.2 2.9 590 Chlorobenzene (4.4), 1,2,3-trichloropropane (1.2) 
07-Sep-05 3.0 470 140 30 8.6 4.0 53 4.9 1.1 3.0 530 Chlorobenzene (3.9), 1,2,3-trichloropropane (1.4) 
29-Sep-05 1.1 200 55 8.2 3.0 1.1 22 3.1 0.5 1.8 340 Chlorobenzene (1.9), 1,2,3-trichloropropane (1.0) 
26-Oct-05 0.6 190 45 6.1 2 0.6 25 2.5 0.3 1.6 450 Chlorobenzene (1.1), 1,2,3-trichloropropane (1.1) 
29-Nov-05 0.5 140 38 5.7 3.2 0.7 21 1.6 0.2 1.1 250 Chlorobenzene (0.6), 1,2,3-trichloropropane (0.4J) 
18-Jan-06 1.9 250 59 12 4.1 1.1 30 3.9 0.7 2.5 420 Chlorobenzene (2.5), 1,2,3-trichloropropane (1.2) 
1-Mar-2006 1.3 210D 53D 6.6 2.6 0.72 27D 3.1 0.52 1.9 420 Chlorobenzene (2.1) 

05-Apr-06 1.3 (1.3) 210 (220) 40 (41) 5.8 (5.8) 2.1 (2.0) 0.8 (0.7) 23 (23) 3.1 (3.0) 0.4 (0.4) 1.9 (1.9) 420 (370) Chlorobenzene (1.8, [1.8]), 1,2,3-trichloropropane (1.4, [1.4]), bromoform (0.2J, 
[0.2J]) 

17-Apr-06 1.2 170.0 41.0 5.9 2.2 0.7 25.0 2.7 0.4 1.8 390.0 Chlorobenzene (1.6), 1,2,3-trichloropropane (1.4), bromoform (0.2J) 
08-May-06 1.3 200.0 48.0 7.6 2.5 1.0 23.0 3.0 0.5 1.9 410.0 Chlorobenzene (1.8), 1,2,3-trichloropropane (1.5), bromoform (0.7) 
05-Jun-06 <0.5 65 44 3.7 5.5 0.5 6.2 0.6 0.2 0.5 47 1,2,3-Trichloropropane (0.6) 

55-Foot Sample 
05-Apr-06 

@ 53' 
0.2J 80 31 2.4 1.2 0.2 17 2.3 0.2 1.2 230 Chlorobenzene (0.4), 1,2,3-trichloropropane (1.3) 

08-May-06 
@ 55' 

0.7 110 32 4.8 1.9 0.6 22 2.3 0.3 1.4 340 Chlorobenzene (1.0), 1,2,3-trichloropropane (1.3) 

EW-1-85 Feet 
12-Jul-05 <0.5(<0.5) 44D(40D) 35D(35D) 3(2.9) 2.5(2.3) 0.16J(0.31J) 3.2(3.2) 0.61(0.58) <0.5(0.15J) 0.22J(<0.5) 29 (29)   



 

 

TABLE 4 

(Continued) 

Date PCE TCE cis-1,2-DCE 1,1-DCE trans-1,2-DCE VC 1,1-DCA 1,2-DCA Benzene 1,2-DCPA 1,4-Dioxane Other VOCs Detected 

EW-1-85 Feet (cont’d) 
28-Jul-05 0.19J(0.21J) 55D (89D) 30D (46D) 3.9 (2.9) 3.3 (2.3) <0.5 (<0.5) 6.3 (4.7) 1.1 (0.69) 0.27J(<0.5) <0.5(<0.5) 51 (48)   

16-Aug-05 <0.5 (<0.5) 44 (45) 30 (31) 3.8 (3.8) 3.4 (3.5) <0.5 (<0.5) 4.4 (4.6) 0.6  (0.6) <0.5 (<0.5) 0.2J (0.2J) 48 (47) Chlorobenzene (0.2, [0.2J]) 
07-Sep-05 <0.5 (<0.5) 32 (32) 26 (26) 2.0 (2.1) 2.2 (2.3) 0.3 (0.3) 1.9 (2.0) <0.5 (<0.5) <0.5 (<0.5) <0.5 (<0.5) 22 (20)   
29-Sep-05 <0.5 (<0.5) 40 (41) 27 (26) 1.8 (1.9) 2.3 (2.3) 0.3 (0.3) 2.9 (3.3) 0.5 (0.5) <0.5 (<0.5) <0.5 (<0.5) 18 (20) Chlorobenzene (<0.5, [0.2J]) 
26-Oct-05 <0.5 (<0.5) 18 (18) 14 (14) 0.8 (0.8) 1.2 (1.2) <0.5 (<0.5) 2.0 (1.8) 0.4J(0.4J) <0.5 (<0.5) <0.5 (<0.5) 52 (46) Isobutane (1.2) 
29-Nov-05 <0.5 (<0.5) 15 (15) 9.0 (9.0) 0.4 (0.4) 0.7 (0.6) <0.5 (<0.5) 0.7 (0.7) 0.3 (0.4) <0.5 (<0.5) <0.5 (<0.5) 8.2 (7.9)   
18-Jan-06 <0.5 (<0.5) 36 (41) 33 (37) 2.2 (2.6) 3.1 (3.4) 0.3 (0.3) 3.4 (3.8) 0.5 (0.6) <0.5 (0.2) 0.2 (0.3) 24   
1-Mar-06 <0.5 (<0.5) 36D (39D) 36D (38D) 1.8 (1.6) 2.6 (2.4) <0.5 (<0.5) 3.7 (3.1) 0.58 (<0.5) <0.5 (<0.5) <0.5 (<0.5) 35 (40)   
05-Apr-06 <0.5 58.0 46.0 2.1 3.0 0.3J 5.3 0.9 0.2J 0.5 48.0 Chlorobenzene (0.2J), 1,2,3-trichloropropane (0.5) 
08-May-06 <0.5 58.0 56.0 3.7 4.5 0.7 5.5 0.7 0.2J 0.5 27.0 Chlorobenzene (0.2J), 1,2,3-trichloropropane (0.4) 
05-Jun-06 <0.5 29 (30) 25 (24) 1.1 2.0 0.2 1.4 0.4 <0.5 <0.5 9.4 (5.6)   

 
B = analyte found in associated method blank and in sample 
D = detection associated with sample dilution 
DCA = dichloroethane 
DCE = dichloroethene 
DCPA = dichloropropane 
E = concentration exceeds upper level of instrument calibration range 
J = estimated value 
NA = compound not analyzed 
PCE = tetrachloroethene 
TCE = trichloroethene 
TIC = tentatively identified compound 
VC = vinyl chloride 
VOC = volatile organic compound 
µg/L = micrograms per liter 
 
Duplicate value for VOCs and 1,4-dioxane from EW-1-85 feet shown in parenthesis. 
Estimated and dilution values shown for April 2005 sampling round. 
All results reported in µg/L. 



 

 

TABLE 5 

Ozone/Hydrogen Peroxide Pilot study Results for General Groundwater Chemistry Parameters 
Cooper Drum Company Superfund Site, South Gate, CA 

Date 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Jun-06 

MW-20           

D.O. (mg/L) 0.12 0.54 7.59 (13) 11.11 7.24 10.2 1.6 1.99 3.66 1.52 
ORP (mV) 38.6 -32.4 34 (203) 81.8 170 41.4 18.8 36.8 167 62.1 
Temp. (C) 24.17 23.44 22.96 22.96 22.73 22.2 22.48 22.11 22.03 22.45 
pH 7.15 7.3 7.93 7.15 7.4 7.5 7.43 7.3 7.44 7.23 
Cond. (µmhos) 10,425 5,867 5,269 5,190 4,920 5,206 5,500 5,205 4,803 4,646 
Ferrous Iron (mg/L) 1.0 0.0 0.0 0.0 0 0 0 0 0 0 
TOC (mg/L) 18.0 25.0 14.0 13.0 11 11 7.1 12   9.8 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Alkalinity (mg/L) 8,70.0 850.0 780.0 690.0 670 640 770 700 600 930 
Chloride (mg/L) 390 390 440 430 420 340 310 320 310 250 
Bromide (mg/L) 3 2.6 3.3 3.9 3.5 3.4 1.5 2.5 1.9 1.9 
Nitrate (mg/L) <0.10 <0.10 0.33 3.5 4.1 6.8 3.5A3 5.6 12 0.14 
o-Phosphate (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Sulfate (mg/L) 2,500 2,400 2,100 2,200 2,200 1,900 1,900 1,900 1,900 1,800 
Aluminum (mg/L) 0.0819 0.06 0.0587J 0.0345J 0.0254J 0.424 0.0336J <0.200 <0.200 0.119J 
Antimony (mg/L) 0.0005 0.00095 <0.001J 0.00099J 0.0012J <0.01 0.0023J 0.00074J 0.00006J 0.0016J 
Arsenic (mg/L) 0.0794 0.0694 0.0596 0.0481 0.0354 0.0279 0.0221 0.016 0.0357 0.0113 
Barium (mg/L) 0.251 0.22 0.105 0.0713 0.214 0.133 0.147 0.0705 0.0189 0.146J 
Beryllium (mg/L) <0.002 <.001 <.001 <.001 <.001 <0.005 <0.005 <0.001 <0.001 <0.004 
Cadmium (mg/L) <0.001 <.001 <.001 <.001 0.00036J <0.005 <0.005 0.00043J <0.001 0.0015J 
Calcium (mg/L) 457 446 449 496 446 382 327 345 342 293 
Chromium (mg/) 0.0021 <0.002 0.0015J <0.002 0.00074J 0.0037 0.0005J 0.0013J 0.0018J 0.0013J 
Hex. Chrom. (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cobalt (mg/L) 0.00081 0.00094 0.00098J 0.00077J 0.00081J <0.005 0.00039J 0.00054J <0.00033J 0.0013J 
Copper (mg/L) 0.0067 0.0109 0.0108 0.0157 0.0134 0.0109 0.0133 0.0122 0.0126 0.0306 
Iron (mg/L) 0.589 0.092 0.0731J <0.1 <0.1 0.408 <0.1 <0.1 <0.1 <0.1 
Lead (mg/L) 0.00013 0.00018 0.00014J <0.001 <0.001 <0.005 <0.005 0.00029J <0.001 0.0051 
Magnesium (mg/L) 180 183 192 208 193 159 152 143 148 144 
Manganese (mg/L) 3.12 2.31 1.05 4.27 0.958 0.838 0.307 0.669 4.57 1.36 



 

 

 
TABLE 5 

(Continued) 

Date 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Jun-06 

MW-20 (cont’d) 
Mercury (mg/L) 0.00011 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0225 0.0246 0.0327 0.0137 0.0251 0.0243 0.0172 0.015 0.0031 0.0268 
Potassium (mg/L) 17 16 14.1 17.1 14.7 15.1 17 16.8 16.9 16.9 
Selenium (mg/L) 0.012 0.0114 0.0206 0.0234 0.0356 0.0512 0.0194 0.0288 0.0027J 0.007J 
Silver (mg/L) <0.01 <0.001 <0.001 <0.001 <0.001 <0.005 <0.005 <0.001 <0.001 <0.004 
Sodium (mg/L) 978 971 771 659 652 570 790 645 631 745 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.005 <0.001 <0.001 <0.004 
Vanadium (mg/L) <0.01 0.0121 0.0071 0.0037 0.0095 0.008 0.0127 0.0125 0.00051J 0.0153 
Zinc (mg/L) 0.0955 0.0104 0.0133 0.0565 0.0705 0.294 0.156 0.009 0.0043 0.0337 

MW-20B 
D.O. (mg/L) 0.11 0.32 0.08 (2.36) 0.25 0.37 0.19 0.25 0.14 0.3 0.16 

ORP (mV) -77.7 -117.3 -89.3 
(-29.1) -62.4 -1.1 -3.1 -187.1 -164.8 -110.3 -136.3 

Temp. (C) 23.12 22.67 22.97 
(20.24) 22.62 23.37 21.9 22.1 21.98 22.72 22.57 

pH 7.13 7.16 7.7 7.29 7.1 7.3 7.38 7.1 7.26 7.15 
Cond. (µmhos) 16,112 8,912 8,801 8,586 8,146 9,495 9,244 10,080 8,493 8,160 
Ferrous Iron (mg/L) 3.1 3.6 3.4 3.6 4.0 3.4 2.8 2.4 3 NM 
TOC (mg/L) 12 26 7.9 7.0 6.8 6.7 5.2 6.3   6.4 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Alkalinity (mg/L) 780 750 750.0 720.0 690.0 680.0 690 710 740 770 
Chloride (mg/L) 190 170 160 150 140 130 130 130 120 110 
Bromide (mg/L) 1.5 1.3 1.3 1.3 1.2 1.2 1.3 1.1 1.2 1.2 
Nitrate (mg/L) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 
o-Phosphate (mg/L) <1.0 <5.0 <5.0 <5.0 <5.0 <10.0 <1.0 <5.0 <1.0 <5.0 
Sulfate (mg/L) 5,400 5,400 5,500 4,900 5,000 5,100 4,700 5,400 4,900 5,000 
Aluminum (mg/L) 0.0532 <0.2 0.0949J 0.0386J 0.0396J 0.0511J 0.0381 <0.200 <0.200 <0.200 
Antimony (mg/L) 0.0005 0.0008 0.00047J 0.00023J 0.0012J <0.020 0.00027J 0.00012J 0.00059J <0.020 
Arsenic (mg/L) 0.0444 0.0491 0.0481 0.0492 0.0384 0.0397 0.0372 0.0285 0.0114 0.0274 



 

 

TABLE 5 

(Continued) 

Date 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Jun-06 

MW-20B (cont’d) 
Barium (mg/L) 0.138 0.179 0.201 0.0658 0.174 0.151 0.134 0.0163 0.07 0.0189J 
Beryllium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.010 <0.005 <0.001 <0.001 <0.010 
Cadmium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.010 <0.005 <0.001 <0.00017J <0.010 
Calcium (mg/L) 400 405 391 433 427 390 390 382 367 347 
Chromium (mg/L) 0.0011 0.00098 0.0016J <0.002 0.0063J <0.020 <0.010 0.00079J 0.0045 <0.020 
Hex. Chrom. (mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 
Cobalt (mg/L) 0.00099 <0.001 0.00089J 0.00072J 0.00054J <0.01 0.00026J 0.00025J 0.00048J <0.010 
Copper (mg/L) 0.0158 0.014 0.0152 0.016 0.0171 0.0048J 0.0054J 0.0042 0.0144 0.0102J 
Iron (mg/L) 4.34 4.75 4.53 4.52 4.37 3.89 3.63 3.39 3.16 2.91 
Lead (mg/L) 0.00004 0.00004 0.00003J <0.001 <0.001 <0.010 <0.005 <0.001 0.00014J <0.010 
Magnesium (mg/L) 367 370 353 381 388 356 361 355 342 323 
Manganese (mg/L) 6.07 6.51 6.12 7.03 7.09 6.07 2.54 4.26 0.0427 3.69 
Mercury (mg/L) 0.00021 0.000022 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0079 0.0079 0.0083 0.0021 0.0019 <0.010 0.0018J 0.0014 0.0103 0.0061J 
Potassium (mg/L) 21.5 19.7 17.4 21.6 20 21.60 23 20.3 22 26.1 
Selenium (mg/L) 0.0154 0.0117 0.0105 0.0032J 0.0038J <0.050 0.0047J 0.0011J 0.033 0.0051J 
Silver (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.010 <0.005 <0.001 <0.001 <0.01 
Sodium (mg/L) 700 1,850 1,700 1,530 1,530 1,470 1,610 1,530 1,550 1,590 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.010 <0.005 <0.001 <0.001 <0.010 
Vanadium (mg/L) <0.001 0.00063 0.00049J <0.001 0.00056J <0.010 0.00045J 0.00037J 0.0119 0.00048J 
Zinc (mg/L) 0.0343 0.146 0.108 0.0138 0.144 0.0178J 0.0178 0.0021 0.0058 <0.020 
 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

MW-33A 
D.O. (mg/L) 0.16 0.88 2.59 (15.34) 1.23 1.2 1.02 0.62 1.18 7.47 11.1 1.96 
ORP (mV) -30.8 -86.9 16.9 (84.9) 4.7 130.7 32.2 -241.4 -107.6 37.2 179.1 36.6 
Temp. (C) 24.15 22.99 22.7 (21.04) 23.09 22.18 22.3 22.22 22.12 23.11 21.18 21.09 
pH 7.14 7.16 7.58 7.92 6.9 7.2 7.38 7.1 7.23 5.7 7.4 
Cond. (µmhos) 7,102 3,955 3,971 3,863 3,488 4,195 4,071 4,877 4,398 4,516 4,142 
Ferrous Iron 
(mg/L) 0.6 0.8 0.4 0.0 0.0 0.3 0 0 0 NM 0 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

MW-33A (cont’d) 
TOC (mg/L) 35.0 41.0 12.0 11 10.0 9.3 9 12   5 8.6 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0   
Alkalinity (mg/L) 900.0 870.0 860.0 850 800.0 750.0 790 620 560 530 770 
Chloride (mg/L) 120 110 110 120 100 98 96 100 96 94 92 
Bromide (mg/L) 2.7 2.5 2.5 2.7 2.4 2.5 2.3 2.2 2 1.9 2 
Nitrate (mg/L) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.6 0.62 1.9 1.3 
o-Phosphate 
(mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

Sulfate (mg/L) 1,700 1,600 1,700 1,800 1,600 1,500 1,500 2,100 2,400 2,500 2,000 
Aluminum 
(mg/L) 0.058 <0.2 <0.2 0.364 0.0161J 0.0325J 0.382J <0.200 <0.200   0.0276J 

Antimony (mg/L) 0.00058 <0.002 0.0005J 0.0019J 0.00026J 0.00087J 0.0017J 0.0006J 0.00031J 0.00037J 0.00057J 
Arsenic (mg/L) 0.0515 0.0757 0.0676 0.0488 0.0911 0.105 0.062 0.0628 0.0273 0.0355 0.0296 
Barium (mg/L) 0.193 0.121 0.118 0.0779 0.129 0.155 0.229 0.0425 0.0386J 0.0624 0.0265J 
Beryllium (mg/L) <0.001 <0.001 <0.002 <0.001 <0.001 <0.005 <0.003 <0.001 <0.001 <0.001 <0.004 
Cadmium (mg/L) <0.001 <0.001 <0.001 0.00021J <0.001 <0.005 0.0002J 0.000090J 0.00009J 0.0001J 0.00044J 
Calcium (mg/L) 317 417 438 462 448 413 388 508 474   319 
Chromium 
(mg/L) 0.00033 0.00098 0.0013J <0.002 0.00062J <0.010 0.00056J 0.00041J 0.00025J 0.0021 <0.008 

Hex. Chrom. 
(mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Cobalt (mg/L) 0.0022 0.0022 0.0024 0.00086J 0.0022 0.002J 0.0014J 0.0012 0.00075J 0.0012 0.0008J 
Copper (mg/L) <0.001 0.003 0.0036J 0.0155 0.0047 0.0031J 0.0094 0.0025 0.0083 0.0114 0.0206 
Iron (mg/L) 0.25 0.399 0.204 0.396 0.0932J 0.0676J <0.10 <0.10 <0.100   <0.10 
Lead (mg/L) 0.0007 0.00035J 0.00053J <0.001 0.00047J 0.001J <0.003 0.00027J 0.00017J 0.00084J <0.004 
Magnesium 
(mg/L) 114 139 148 153 151 140 132 161 162   133 

Manganese 
(mg/L) 1.95 2.51 2.57 1.07 2.96 2.58 1.4 2.47 1.84 1.57 0.0549 

Mercury (mg/L) 0.0001 <0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0645 0.0696 0.0739 0.0277 0.0633 0.05 0.0412 0.0284 0.0147 0.0111 0.0187 
Potassium (mg/L) 12.6 9.87 9.5 10.6 9.41 10.5 12.2 10.1 11.5J   16.2 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

MW-33A (cont’d) 
Selenium (mg/L) 0.0094 0.0083 0.0078J 0.0391 0.0033J 0.0046J 0.0053J 0.0057 0.0065 0.0078 0.0244 
Silver (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.003 <0.001 <0.001 <0.001 <0.004 
Sodium (mg/L) 630 496 460 406 395 382 460 415 448   608 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.003 <0.001 <0.001 <0.001 <0.004 
Vanadium (mg/L) 0.00045 <00034 0.0035 0.0083 0.0022 <0.005 0.0247 0.0031 0.0057 0.0191 0.0285 
Zinc (mg/L) 0.038 0.0104 0.0186 0.108 0.0134 0.021 0.183 0.0015J 0.0024 0.0081 0.0058J 

MW-33B 
D.O. (mg/L) 0.45 0.33 0.10 (1.80) 0.4 6.6 0.14 0.45 0.12 0.24 0.32 0.11 
ORP (mV) -71.4 -121.4 -58.4 (5.0) -78.1 87.2 -0.4 -323.1 -169.7 -110.3 -98.8 -147.4 

Temp. (C) 24.29 22.64 22.63 
(20.32) 22.6 21.5 21.6 22.23 21.56 22.35 21.4 22.03 

pH 7.1 7.15 7.75 8.32 7 7.2 7.39 7 7.13 6.5 7.11 
Cond. (µmhos) 16,005 8,829 8,667 8,577 7,930 9,622 9,459 10,088 8,526 8,350 8,144 
Ferrous Iron 
(mg/L) 2.8 2.5 4.0 4.0 2.7 4 4.3 4.4 4 2.5 3.2 

TOC (mg/L) 13.0 29.0 7.8 7.7 8 7.4 7.1 8.2   8 7.3 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Alkalinity (mg/L) 800.0 800.0 840 810 800 800 790 760 770 740 750 
Chloride (mg/L) 210 190 180 190 190 200 200 200 150 170 170 
Bromide (mg/L) 1.7 1.5 1.5 1.6 1.4 1.5 1.4 1.4 1.3 1.4 1.3 
Nitrate (mg/L) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.1 <0.10 <0.10 
o-Phosphate 
(mg/L) <1.0 <5.0 <5.0 <5.0 <5.0 <5.0 <1.0 <0.50 <1.0 <1.0 <5.0 

Sulfate (mg/L) 5300 5100 4800 4800 4900 4900 4800 5300 4500 4700 4900 
Aluminum 
(mg/L) 0.0723 0.0486 0.217 0.0522 0.0422J 0.055J 0.0461J <0.200 <0.200   <0.200 

Antimony (mg/L) 0.00046 <0.0004 <0.002 0.00075J 0.00094J <0.020 0.00076J 0.00007J <0.002 0.00016J <0.020 
Arsenic (mg/L) 0.0443 0.0574 0.0304 0.0569 0.059 0.0596 0.0574 0.0567 0.0601 0.0658 0.0519 
Barium (mg/L) 0.145 0.111 0.112 0.135 0.144 0.145 0.0198 0.0239 0.0239 0.033 0.021J 
Beryllium (mg/L) <0.001 <0.001 <0.002 <0.002 <0.002 <0.01 <0.005 <0.001 <0.001 <0.001 <0.010 
Cadmium (mg/L) <0.001 <0.001 <0.001 <0.002 <0.002 <0.010 <0.005 <0.001 <0.001 <0.001 <0.010 
Calcium (mg/L) 381 393 350 422 405 371 356 390 370   354 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

MW-33B (cont’d) 
Chromium 
(mg/L) 0.00038 <0.0015 0.00072J <0.004 <0.004 <0.020 0.00037J 0.0026 0.00062J 0.00035J <0.020 

Hex. Chrom. 
(mg/L) <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Cobalt (mg/L) <0.001 <0.00091 0.00046J 0.00052J 0.00046J <0.010 0.00027J 0.00030J 0.0003J 0.0003J <0.010 
Copper (mg/L) 0.0153 0.0138 0.0061 0.0156 0.0139 0.0088J 0.0058J 0.0047 0.0199 0.002J 0.0093J 
Iron (mg/L) 3.78 4.86 4.97 5.46 5.42 5.06 4.98 5.42 5.22   4.69 
Lead (mg/L) <0.001 <0.00004 0.00023J <0.002 <0.002 <0.010 <0.005 <0.001 0.00009J 0.00023J <0.010 
Magnesium 
(mg/L) 362 377 331 392 393 367 355 376 355   338 

Manganese 
(mg/L) 5.72 6.17 3.11 6.37 7.34 6.34 2.86 7.45 6.37 6.8 5.5 

Mercury (mg/L) 0.00012 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0076 0.008 0.0042 0.0027 0.0019J <0.010 0.0024J 0.0021 0.0018 0.0014 0.0052J 
Potassium (mg/L) 21 19.2 16.6 21.2 18.8 20.7 21.6 19.2 20.4   24.2 
Selenium (mg/L) 0.0156 0.0117 0.0044J 0.0024 0.0042J <0.050 0.0038J 0.0014J 0.0026J 0.0025J 0.0042J 
Silver (mg/L) <0.001 <0.001 <0.001 <0.002 <0.002 <0.010 <0.005 <0.001 <0.001 <0.001 <0.010 
Sodium (mg/L) 1,800 1,860 1,670 1,610 1,550 1,530 1,600 1,540 1,510   1,550 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.002 <0.002 <0.010 <0.005 <0.001 <0.001 <0.001 <0.010 
Vanadium (mg/L) <0.001 <0.00048 0.00055J <0.002 <0.002 <0.010 0.00053J 0.00044J 0.00053J 0.00057J 0.00054J 
Zinc (mg/L) 0.029 0.0183 0.0105 0.0268 0.0949 0.0521 0.132 0.0021 0.0035 0.0052 0.0053J 

EW-1 (63 feet) 
D.O. (mg/L) 0.14 0.25 1.69 (4.03) 5.46 8.8 10.86 0.57 5.22 5.21 7.06 13.64 (DHP) 
ORP (mV) -86.8 -122.7 15.6 (26.1) 17.2 78.5 32.7 -277.8 -71.9 20.7 59.9 253 (DHP) 

Temp. (C) 24.82 24.76 24.04 
(20.79) 24.53 25.49 22.4 22.77 22.49 22.41 22.09 21.06 (DHP) 

pH 7.34 7.28 7.7 8.06 7.4 7.5 7.46 7.2 7.29 6.7 7.56 (DHP) 
Cond. (µmhos) 8,197 4,661 4,832 4,572 4,472 5,140 6,696 5,411 4,514 4,430 4,269 (DHP) 
Ferrous Iron 
(mg/L) 0.6 2.1 0.0 0.0 0 0 0 0 0 0 0 

TOC (mg/L) 24 40 16 13 13 12 8.1 14   9.9 6.9 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

EW-1 (63 feet) (cont’d) 
Alkalinity (mg/L) 1,000 950 900 910 820 800 790 780 760 730 820 
Chloride (mg/L) 81 72 78 85 80 77 100 87 87 83 99 
Bromide (mg/L) 2.6 2.4 2.5 3.0 2.4 2.5 1.9 2.6 2.5 2.5 1.3 
Nitrate (mg/L) <0.10 <0.10 <0.10 <0.10 <0.10 0.07J 0.89A3 2.3 2.5 3.2 0.41 
o-Phosphate 
(mg/L) <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 

Sulfate (mg/L) 1,900 1,900 1,900 1,800 1,900 2,000 3,200 2,200 1,900 2,000 4,100 
Aluminum 
(mg/L) 0.056 <0.2 <0.20 0.0262J 0.0351J 0.0434J 0.031J <0.200 <0.200   <0.200 

Antimony (mg/L) 0.00038 0.00046 <0.001 0.0015J 0.0007J 0.0018J 0.00062J 0.00049J 0.00047J 0.00097J <0.020 
Arsenic (mg/L) 0.0642 0.0713 0.0219 0.0452 0.0241 0.0181 0.0216 0.0146 0.014 0.0171 0.0157 
Barium (mg/L) 0.0963 0.131 0.0901 0.28 0.16 0.168 0.14 0.0263 0.0264 0.0342 0.0343J 
Beryllium (mg/L) <0.001 <0.001 <0.002 <0.001 <0.001 <0.005 <0.005 <0.001 <0.001 <0.001 <0.010 
Cadmium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.005 0.00015J 0.00018J 0.00006J <0.010 
Calcium (mg/L) 331 317 288 343 319 297 364 321 299   376 
Chromium 
(mg/L) 0.00034 0.00079 0.00038J <0.002 0.0005J <0.010 <0.010 0.0017J 0.00090J 0.00023J <0.020 

Hex. Chrom. 
(mg/L) <0.01 <.0002 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 

Cobalt (mg/L) 0.0011 0.0014 0.00091J 0.0018 0.0014 <0.005 0.00087J 0.0012 0.0012 <0.001 <0.010 
Copper (mg/L) 0.004 0.0063 0.0035 0.0167 0.0228 0.0238 0.0168 0.0213 0.0244 0.0205 0.0153J 
Iron (mg/L) 2.52 1.71 0.136 <0.1 <0.1 <0.1 0.133 <0.10 <0.1   0.067J 
Lead (mg/L) 0.00017 0.00022 0.00062J 0.00071J 0.00053J <0.005 <0.005 0.00065J 0.00055J 0.00066J <0.010 
Magnesium 
(mg/L) 137 136 127 154 155 155 255 158 151   290 

Manganese 
(mg/L) 2.41 2 0.623 1.31 0.777 0.362J 1.94 0.428 0.361 0.293 2.05 

Mercury (mg/L) 0.000044 <0.0002 <0.00020 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0473 0.0578 0.0322 0.0622 0.0569 <0.0461 0.0284 0.0484 0.0463 0.0476 0.0121 
Potassium (mg/L) 12.60 12.4 13.5 15.2 13.7 16.7 21.3 14.9 15.8   26.9 
Selenium (mg/L) 0.0105 0.0088 0.006 0.0238J 0.032 0.0459 0.0307 0.0558 0.0406 0.0548 0.0129J 
Silver (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.005 <0.001 <0.001 <0.001 <0.010 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

EW-1 (63 feet) (cont’d) 
Sodium (mg/L) 801 768 671 637 665 679 1100 683 599   1290 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.001 <0.001 <0.005 <0.005 <0.001 <0.001 <0.001 <0.010 
Vanadium (mg/L) <0.001 0.00034 0.0037 0.0091 0.0138 0.0148 0.0148 0.0167 0.0141 0.0168 0.0122 
Zinc (mg/L) 0.0082 0.0127 0.0126 0.13 0.0173 0.0915 0.032 0.0025 0.0028 0.0049 0.0112J 

EW-1 (85 feet) 
D.O. (mg/L) 0.31 0.33 0.16 (0.82) 0.58 0.4 0.23 0.45 0.48 0.22 0.48 0.16 

ORP (mV) -79.5 -127 -55.4 (-
13.0) -85.5 21.2 6.1 -310.6 -125.7 -79.6 12.8 -72.4 

Temp. (C) 22.93 22.5 22.0 (20.15) 22.62 23.1 21.7 21.91 21.75 21.59 21.41 21.86 
pH 7.23 7.19 7.83 8.16 7 7.2 7.37 7 7.11 6.6 7.08 
Cond. (µmhos) 15,430 8,380 8,490 8,823 8,448 9,564 10,382 10,110 8,728 8,200 8,900 
Ferrous Iron 
(mg/L) 4.2 4.0 NR 4.8 5.5 4.0 3.4 2.6 2.2 0.0 1.8 

TOC (mg/L) 15 27 8 7.9 8.8 7.6 8.5 11   7.8 8.3 
Sulfide (mg/L) <1.0 <1.0 <1.0 <1.0 <0.1 <1.0 <1.0 <1.0 <1.0 <1.0 <1.0 
Alkalinity (mg/L) 810 800 840 810 780 800.0 780 790 790 810.0 750.0 
Chloride (mg/L) 180 160 160 180 180 170 230 160 160 130 210 
Bromide (mg/L) 1.6 1.4 1.5 1.5 1.5 1.6 1.7 1.5 1.6 1.5 1.6 
Nitrate (mg/L) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 0.71 <0.1 
o-Phosphate 
(mg/L) <1.0 <5.0 <5.0 <5.0 <5.0 <10.0 <1.0 <1.0 <1.0 <1.0 <5.0 

Sulfate (mg/L) 4,800 4,700 4,800 4,800 5,400 4,400 5,400 5,000 4,700 4,600 5,500 
Aluminum 
(mg/L) 0.075 <0.2 <0.020 0.0366J 0.0454J 0.0509J 0.0445J <0.200 <0.200   <0.200 

Antimony (mg/L) 0.00042 0.00044 <0.001 0.00046J 0.00033J <0.020 <0.010 0.0004J 0.00018J 0.0052 <0.020 
Arsenic (mg/L) 0.0723 0.072 0.065 0.0609 0.0513 0.0415 0.0542 0.0232 0.0197 0.018 0.0223 
Barium (mg/L) 0.128 0.08 0.062 0.09 0.0851 0.0938J 0.0822 0.0407 0.0306 0.0368 0.0267J 
Beryllium (mg/L) <001 <0.001 <0.002 <0.002 <0.001 <0.010 <0.005 <0.001 <0.001 <0.001 <0.010 
Cadmium (mg/L) <001 <0.001 <0.001 <0.002 <0.001 <0.010 <0.005 0.00009J <0.001 <0.001 <0.010 
Calcium (mg/L) 367 354 315 386 386 354 394 391 369   380 
Chromium 
(mg/L) 0.00039 0.00077 0.0005J <0.004 0.00044J <0.020 <0.010 0.0015J 0.00035J 0.00022J <0.020 



 

 

TABLE 5 

(Continued) 

 12-Jul-05 28-Jul-05 16-Aug-05 7-Sep-05 29-Sep-05 26-Oct-05 29-Nov-05 18-Jan-06 1-Mar-06 5-Apr-06 5-Jun-06 

EW-1 (85 feet) (cont’d) 
Hex. Chrom. 
(mg/L) <0.01 <0.01 <0.0002 <0.01 <0.01 <0.010 <0.01 <0.01 <0.01 <0.01 <0.01 

Cobalt (mg/L) 0.00043 0.00069 0.00034J 0.00058J 0.00081J <0.010 <0.005 0.0011 0.00082J 0.0033 0.0014J 
Copper (mg/L) 0.0195 0.0165 0.0057 0.0158 0.0159 0.0062J 0.0049J 0.0065 0.016 0.0062 0.0108J 
Iron (mg/L) 5.41 4.7 4.64 5.08 4.48 3.2 6.27 1.17 0.796   1.36 
Lead (mg/L) 0.00004 0.00003 0.00007J <0.002 <0.001 <0.010 <0.005 <0.001 <0.001 0.00012J <0.10 
Magnesium 
(mg/L) 360 314 298 385 380 347 448 352 333   399 

Manganese 
(mg/L) 5.79 5.18 2.77 6.25 6.73 5.42 3.41 4.74 4.93 4.8 5.05 

Mercury (mg/L) 0.00023 <0.0002 <0.00020 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 <0.0002 
Nickel (mg/L) 0.0078 0.0122 0.006 0.0038 0.0074 0.0076J 0.0025J 0.0068 0.0071 0.0116 ).0078J 
Potassium (mg/L) 16.2 17.2 15.2 20.3 18.1 19.9 23.6 20.1 20.2   28.9 
Selenium (mg/L) 0.0151 0.0109 0.004 0.0031J 0.0076 0.0074J 0.0057J 0.0066 0.0072 0.0138 0.0066J 
Silver (mg/L) <0.001 <0.001 <0.001 <0.002 <0.001 <0.010 <0.005 <0.001 <0.001 <0.001 <0.010 
Sodium (mg/L) 1,710 1,630 1,410 1,530 1,460 1,350 1,740 1,360 1,370   15,550 
Thallium (mg/L) <0.001 <0.001 <0.001 <0.002 <0.001 <0.010 <0.005 <0.001 <0.001 0.00008J <0.010 
Vanadium (mg/L) 0.00039 0.00063 0.00051J <0.002 0.0044 <0.010 0.0014J 0.0112 0.007 0.0171 0.0059J 
Zinc (mg/L) 0.0396 0.0123 0.0079 0.0063 0.0086 <0.020 0.0657 0.0023 0.0033 0.0076 0.0083J 
 
°C = degrees Celsius 
DHP = downhole probe 
DO = dissolved oxygen 
J = estimated value 
mg/L = milligrams per liter 
mV = millivolt 
NM = not measured 
ORP = oxidation reduction potential 
TOC = total organic carbon 
µmhos/cm = micromhos per centimeter 
 
Note:  DO, ORP, and temperature values shown in parenthesis measured with downhole probe. 
 



 

 

TABLE 6 

TCE and 1,4-Dioxane Concentrations in Shallow and Deep Monitoring Wells 
Cooper Drum Company Superfund Site, South Gate, CA 

Well ID 

Initial TCE         
(July 2005) 

(mg/L) 

Final TCE       
(June 2006) 

(mg/L) 
Percentage 

Change  

Initial 
1,4-Dioxane 
(July 2005) 

(mg/L) 

Final 
1,4-Dioxane 
(June 2006) 

(mg/L) 
Percentage 

Change 

Shallow Wells 
EW-1 (63 ft bgs) 660 65 -90% 750 47 -94% 
MW-33A 940 180 -81% 630 99 -84% 
MW-20 520 110* -79% 140 79* -44% 
Shallow Well Average   -83%     -74% 

Deep Wells 
EW-1 (85 ft bgs) 55 29 -47% 51 9.4 -82% 
MW-33B 39 25 -36% 1.4 1.0 NA 
MW-20B 16 6.3* -61% 0.5 2.2* NA 
Deep Well Average   -48%     NA 
 
* Final data for MW-20 and MW-20B are from March 2006 when oxidant injection into the nearest injection well was ceased. 
 
ft bgs = feet below ground surface    
mg/L = micrograms per liter 
NA = Not applicable; initial concentrations were too low to allow a meaningful evaluation of changes 
TCE  = trichloroethene 
 



 

 

 
TABLE 7 

Evaluation of Rebound in Shallow Monitor Wells Three Months After End of Pilot Study 
Cooper Drum Company Superfund Site, South Gate, CA 

Well COC 

Initial 
Concentration  

July 2005     
(µµµµg/L) 

Concentration 
in June 2006 

(µµµµg/L) 

Percentage 
Change Since 
Start of Pilot 

study 

Concentration 
in August 2006 

(µµµµg/L) 

Percentage 
Change 

Since Start of 
Pilot study 

EW-1 (63 ft) TCE 660 65 -90% 120 -82% 
EW-1 (63 ft) 1,4-Dioxane 750 47 -94% 250 -67% 
MW-33A TCE 940 180 -81% 130 -86% 
MW-33A 1,4-Dioxane 630 99 -84% 74 -88% 
MW-20 TCE 520 110* -79% 140 -73% 
MW-20 1,4-Dioxane 140 79* -44% 71 -49% 
 
* Final data for MW-20 and MW-20B are from March 2006 when oxidant injection into the nearest injection well was ceased. 
 
COC = contaminant of concern 
TCE = trichloroethene 
µg/L = micrograms per liter 
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Figure 1
Site Location Map

Cooper Drum Superfund Site
South Gate, CA

Firestone Blvd

Ra
yo

 A
ve

SITE
LOCATION

71
0 

Fr
ee

w
ay

A
tl

an
ti

c 
A

ve

Lo
s 

   
A

ng
el

es
 R

iv
er



FORMER
HARD WASH AREA
(HWA)

DRUM PROCESSING
AREA (DPA)

 R
AY

O A
VE

NU
E

A
TLA

N
TIC

 A
V

E
N

U
E

TWEEDY SCHOOL

BL
DG

 2

BLDG4

BLDG 5

BLDG 6

BLDG 7

C
U

R
B LIN

E

BLOCKWALL

PATIO

OVERHANG
PATIO

PATIO
OVERHANG

PATIO

OVE
RH

AN
G

C
H

A
IN

 LIN
K

 FE
N

C
E

FENCE

FE
NC

E

O
FF

IC
E

A
TLA

N
TIC

 A
V

E
N

U
E

CORVAL STREET (ALLEY WAY)

RA
YO

 A
VE

NU
E

W
AR

EH
OU

SE

SH
ED

STORAGE/SHIPPING
OFFICE

SU
M

P

HARD WASH AREA

DISPATCH TRAILER

E

CU
RB

 LI
NE

CU
RB

 LI
NE

2 
S

TY
. W

O
O

D

R
O

O
F 

C
O

V
E

R
E

D
 A

R
E

A

S
H

E
D

S
TO

R
A

G
E

 B
U

IL
D

IN
G

ROOF OVERHANG

DOCK

M
A

C
H

IN
E

 

B
O

IL
E

R
 

P
A

DR
O

O
M

DOCK

S
U

M
P

S
U

M
P

DOCK

TA
N

K

TA
N

K

C
U

R
B

 LIN
E

CU
RB

 LI
NE

E

PP

PP

PP

PP

PP

PP

PP

DRUM PROCESSINGBLDG.

BLOCKWALL

 

EL

CU
RB

 LI
NE

940FORMER

BIMBO BAKERY
9430 RAYO AVE.

FACILITY BOUNDARY

GROUNDWATER FLOW
DIRECTION

LEGEND

POWER POLEPP

ELECTRICALE

Cooper Drum Superfund Site
South Gate, CA

Figure 2
Site Layout and Source Areas
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Figure 7.  COC Concentrations at EW-1 (63 feet)
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Figure 8.  COC Concentrations at MW-33A

0

200

400

600

800

1000

1200

-30 0 30 60 90 120 150 180 210 240 270 300 330
Days

C
o

n
ce

n
tr

at
io

n
 (

µg
/L

)

TCE cis-1,2-DCE 1,1-DCA 1,4-Dioxane

Air Volume Doubled

H2O2  H2O2 

Doubled

       O3 

Increased
Focused
Injection

O3 

Increased



Figure 9.  COC Concentrations at MW-20
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Figure 10.  COC Concentrations at EW-1 (85 feet)
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Figure 11.  COC Concentrations at MW-33B
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Figure 12.  COC Concentrations at MW-20B
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Figure 13 -  Ex Situ Test of MW-33 Water Sample
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Figure 14: Flow-Through Cell DO Trends in Shallow Wells
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Figure 15:  Flow-Through Cell DO Trends in Deep Wells
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Figure 16:  Flow-Through Cell ORP Trends in Shallow 
Wells
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Figure 17:  Flow-Through Cell ORP Trends in Deep Wells
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Figure 18:  Downhole ORP in EW-1 (63 feet)
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Figure 19:  Downhole ORP in MW-33A

0

100

200

300

400

500

17
-A

pr
-0

6
21

-A
pr

-0
6

25
-A

pr
-0

6
29

-A
pr

-0
6

3-
M

ay
-0

6
7-

M
ay

-0
6

11
-M

ay
-0

6
15

-M
ay

-0
6

19
-M

ay
-0

6
23

-M
ay

-0
6

27
-M

ay
-0

6
31

-M
ay

-0
6

4-
Ju

n-
06

Date

O
R

P
 (

m
V

)

ORP (mV)

System 
Shutdown

 
272 days

 
317 days

System 
Restart

O3 Doubled 
(4 lb/hr) 



 

 

APPENDIX A 
 

Bench-Scale Test Report 



 

 

 
 
 

DRAFT 
 

Report of Findings 
 

Evaluation of Ozone and Peroxone 
 for the Destruction of Dioxane 

 
Cooper Drum 

 
 
 
 
 

June 30, 2005 
 
 
 
 

Submitted to  
 

Don Gruber 
URS Corporation 

2870 Gateway Oaks Drive, Suite 300 
Sacramento, CA 95833 

 
 
 

Submitted by 
Cindy G. Schreier, Ph.D. 
PRIMA Environmental 

10265 Old Placerville Road, Suite 15 
Sacramento, CA 95827 

 
 
 
 
 
 

___________________________________  ______________________________ 
Cindy G. Schreier, Ph.D., Principal   Date 
 



DRAFT 

PRIMA Environmental i Evaluation of Ozone and Peroxone 
June 30, 2005  URS Cooper Drum 

EXECUTIVE SUMMARY 
 
Bench-scale treatability testing was conducted on soil SB-33 (collected from 55-77 feet) 
and groundwater EW-1 from the Cooper Drum site in Southgate, California to evaluate 
the ability of ozone and Peroxone (a mixture of ozone and hydrogen peroxide) to destroy 
dioxane.  Site groundwater also contained trichloroethene (TCE) and other volatile 
organic compounds (VOCs), but these were of lesser concern because most are known to 
be degraded by Peroxone and or ozone.  Tests were also conducted to evaluate the 
potential for ferrous iron, chelated iron, and olefins to enhance the effectiveness of ozone 
toward dioxane removal.      
 
Bench-scale laboratory testing clearly demonstrated that treatment of soil and 
groundwater with ozone alone or with Peroxone (a mixture of ozone and H2O2) could 
destroy 1,4-dioxane as well as other VOCs. Complete removal of all COCs from the 
aqueous phase was achieved with all treatments. Additional tests confirmed that dioxane 
was also removed from the soil phase.  No VOCs were detected in off-gases. 
 
COC removal was due to destruction not volatilization.  NO VOCs were detected in off-
gases from the ozone and Peroxone tests and dioxane was not removed from the aqueous 
phase by sparging with nitrogen, an inert gas.   
 
Removal of dioxane by ozone alone was probably due to ‘enhancement” of the ozone by 
iron, bicarbonate or other compounds naturally present in soil and groundwater.  In tests 
conducted on DI water spiked with dioxane and various potential enhancers, dioxane was 
completely removed in all cases except when olefins were added.  Thus, the addition of 
H2O2 as an enhancer may not be required during in situ applications. 
 
Ozone and Peroxone affected several secondary water quality parameters including 
bromate, bromide, Cr(VI), vanadium, chromium (total), manganese, iron, nickel, 
selenium, barium, tungsten and nitrate.  The direction of the change (an increase or 
decrease) was the same in most cases, but the magnitude often varied among the tests. 
Parameters affected by both ozone and Peroxone were bromate, chromium (total), 
manganese, iron, nickel, copper, barium, tungsten and nitrate. Parameters affected by 
either ozone or Peroxone were vanadium and selenium.  Copper and chromium (total and 
Cr(VI)), were effect by ozone and one of the Peroxone tests.  
 
The ozone demand of soil was approximately 3,000 mg O3/kg soil.   
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1.0  INTRODUCTION 
 
Bench-scale treatability testing was conducted on soil SB-33 (collected from 55-77 feet) 
and groundwater EW-1 from the Cooper Drum site in Southgate, California to evaluate 
the ability of ozone and Peroxone (a mixture of ozone and hydrogen peroxide) to destroy 
dioxane.  Site groundwater also contained trichloroethene (TCE) and other volatile 
organic compounds (VOCs), but these were of lesser concern because most are known to 
be degraded by Peroxone and or ozone.  Tests were also conducted to evaluate the 
potential for ferrous iron, chelated iron, and olefins to enhance the effectiveness of ozone 
toward dioxane removal.         
 
Peroxone, a mixture of ozone and hydrogen peroxide (H2O2), is a strong oxidant that can 
destroy a wide range of organic compounds, including chlorinated solvents and dioxane.  
In principal, compounds may be completely mineralized to carbon dioxide (CO2) and 
water (H2O).  Oxidation is believed to occur via the formation of hydroxyl and other 
radicals, which are even stronger oxidants than either ozone or H2O2 alone. Other 
compounds naturally present in water could also potentially react with ozone to generate 
hydroxyl radicals.  These include iron (Bower, K. C. and C. M. Miller.  “Filter Sand-
Phosphate Buffer Effect on 2,4-Dinitrotoluene Ozonation,”  J. Environ. Eng. February 
2002, 131-136, and references therein), bicarbonate, and olefins (e.g. TCE). 
 
Because ozone is a gas and H2O2 decomposes to form oxygen gas, in situ treatment via 
injection of Peroxone into the sub-surface could result in removal of volatile compounds 
by sparging rather than oxidation.  Lab testing therefore addressed whether contaminant 
removal was due to destruction or volatilization.   
 
Finally, Peroxone is a non-selective oxidizing agent that may react with soil and 
groundwater components in addition to target compounds.  The most likely effects are 
oxidation of soil chromium to form Cr(VI), mobilization of metals (particularly 
manganese and arsenic), formation of nitrate (from reduced nitrogen species), formation 
of bromate (from bromide) and precipitation of dissolved iron.   
  
The specific goals of this proposed bench-scale testing are 
 

• estimate the ozone demand of soil;  
• estimate the longevity of H2O2 in the presence of ozone, 
• confirm removal of COCs and determine whether removal is due to volatilization 

or destruction, 
• measure the effect of Peroxone on secondary water quality parameters including 

metals, Cr(VI), bromate and nitrate, and  
• assess the potential of other naturally occurring compounds to enhance dioxane 

destruction by ozone. 
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2.0  EXPERIMENTAL PROCEDURES 
 
Batch tests were conducted to meet the goals in Section 1.  A column test was also 
considered to assess whether Peroxone could be effectively applied in the field, but 
preliminary tests indicated that such a test would not yield the desired information. 
 
2.1  Soil and Groundwater Preparation 
 
Thirteen (13) sleeves of soil SB-33 (depths ranging from 55 to 77) were received for 
testing on April 20, 2005.  The soil was composited then analyzed for  
 

- Volatile organic compounds (VOCs) 
- Low-level dioxane 
- Cr(VI) 
- Metals (aluminum, antimony, arsenic, barium, beryllium, cadmium, chromium, 

cobalt, copper, iron, lead, manganese, mercury, molybdenum, nickel, selenium, 
silver, thallium, tungsten, vanadium, and zinc) 

 
 
Site groundwater (EW-1) was received for testing in two batches:  8 x 1L on April 21, 
2005 and 8 x 1L on April 22, 2005.  The water was used as received.  Untreated water 
was analyzed for  
 

- VOCs 
- Low-level dioxane 
- Bromide and bromate 
- Cr(VI) 
- Metals (aluminum, antimony, arsenic, barium, beryllium, cadmium, chromium, 

cobalt, copper, iron, lead, manganese, mercury, molybdenum, nickel, selenium, 
silver, thallium, tungsten, vanadium, and zinc) 

- nitrate 
 
2.2  Ozone Demand 
 
The ozone demand of soil was estimated using a method based on the “Ozone Demand” 
test described in Standard Methods for the Examination of Water and Wastewater, 19th 
Ed. 
 
A small amount of soil (2 g) was added to 1L of ozone-saturated water, then the 
concentration of ozone will be measured over time using the indigo method.  A control in 
which no soil was added was also performed.  The soil ozone demand (SODoz) is taken to 
be the difference in ozone consumption in the presence and absence of site material.  It 
was calculated according to the equation 
 

SODoz = {[O3 Consumed]soil – [O3 Consumed]control} x V/M   Eqn. 1 
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where 
 SOD =  soil oxidant demand in mg O3 consumed/g soil 
 [O3 Consumed]control = change in O3 concentration in the absence of soil in mg/L 
 [O3 Consumed]soil = change in O3 concentration in the presence of soil in mg/L 
 V = volume of ozonated water in L 
 M =  mass of soil in g 
 
2.3  Confirmation of COC Removal 
 
To confirm that COCs are removed and estimate the amount of removal due to 
destruction versus volatilization, two sets of tests were conducted as shown in Table 1.  
The second set of tests was conducted to confirm the results of the first ozone test and to 
better assess possible loss of dioxane due to sparging.  (Dioxane is highly soluble in 
water and does not easily volatilize upon sparging with a gas.  However, to confirm that 
losses of dioxane in the original tests were due to destruction not volatilization, three 
additional tests, including one using inert nitrogen gas, were performed).   
 
For each set of tests, soil, groundwater, and if appropriate 30%H2O2, were placed in a 
glass reactor.  The reactors to be sparged were each fitted with a gas dispersion tube and 
vent for off-gases.  The control reactors were sealed.  All reactors were stirred with a 
magnetic stirrer.  The reactors were sparged with nitrogen or ozone (26 mg/L in air for 
Set A tests, 31 mg/L in air for Set B tests) at a flowrate of 200 mL/minute for 3 hours.  
For Set A tests, off-gases were collected in 100-L Tedlar bags.  The off-gases were 
analyzed for VOCs (except dioxane).  The aqueous phase of Set A tests was analyzed for 
VOC and low-level dioxane; soil was not analyzed.  For Set B tests, both soil and water 
were analyzed for low-level dioxane (but not VOCs).   
 
 

Table 1.  Initial Conditions for COC Removal Tests 

Test Soil, g Groundwater, 
mL 

Initial 
H2O2*, % Sparge Gas 

Set A Tests  
 Control-A 
 Ozone-A 
 Peroxone-Low 
 Peroxone-High 

 
100 
100 
100 
100 

 
1,000 
1,000 
1,000 
1,000 

 
0 
0 

0.07 
0.35 

 
None 
Ozone 
Ozone 
Ozone 

Set B Tests  
 Control-B 
 Nitrogen-B 
 Ozone-A 

 
100 
100 
100 

 
1,000 
1,000 
1,000 

 
0 
0 
0 

 
None 

Nitrogen 
Ozone 

* obtained by adding 2.4-12 mL 30% H2O2 
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2.4  Evaluation of Other Potential Ozone “Enhancers”  
 
Because dioxane was destroyed by ozone (as well as Peroxone) in Section 2.3 tests, 
additional tests were conducted to evaluate compounds naturally present in soil or 
groundwater that could potentially enhance the effectiveness of dioxane oxidation by 
ozone.  These potential enhancers were ferrous iron, chelated iron, TCE (an olefin), 
bicarbonate.  Most tests were conducted using 1L deionized water spiked with 
approximately 400 µg/L 1,4-dioxane, since this enabled one compound at a time to be 
evaluated.  Other tests used 1L site groundwater or 100 g site soil, since there may be 
some unidentified compound in either matrix that may enhance ozone’s effectiveness.  
The tests are summarized in Table 2.  The test procedures were similar to those for 
Section 2.3—that is, the water or soil was sparged with ozone (25 mg/L in air at 250 
mL/min for about 3 hours), after which the aqueous was analyzed for low-level dioxane.  
When applicable, the soil was also analyzed.   
 
 

Table 2.  Summary of Tests evaluating Ozone Enhancers. 

Test Soil, g Water, 
mL Enhancer Sparge 

Gas 

Control-C None 1,000 mL 
Spiked DIa None Ozone 

Ferrous Iron None 1,000 mL 
Spiked DI 2 mg/L Ironb Ozone 

Chelated Iron None 1,000 mL 
Spiked DI 2 mg/L Ironc Ozone  

Bicarbonate None 1,000 mL 
Spiked DI 

1000 mg/L as 
CaCO3

 Ozone 

Olefins None 1,000 mL 
Spiked DI 500 ppb TCEd Ozone 

GW Only None 1,000 mL 
site GWe None Ozone 

Soil Site Soil 1,000 mL 
Spiked DI None Ozone 

a  DI water spiked with about 400 ppb 1,4-dioxane 
b  Added as ferrous sulfate heptahydrate   
c  Added as Grow-More™ agricultural iron (iron EDTA), 13% iron by weight   
d  Water also spiked with ~ 100 µg/LTCE (an olefin)   
e Site groundwater less settable solids.   

 
 
2.5  Effect of Treatment on Secondary Water Quality 
 
The effect of ozonation on secondary water quality parameters was determined by 
analyzing the aqueous phases from the Set A tests in Section 2.3 for bromide, bromate, 
Cr(VI),  dissolved metals (Al, Sb, As, Ba, Be, Cd, Cr, Co, Cu, Fe, Pb, Mn, Hg, Mo, Ni, 
Se, Ag, Tl, W, V, and Zn), nitrate, and pH.   
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2.6 Simulation of Peroxone Injection 
 
A column test was to be conducted on site 
soil and groundwater to simulate the 
anticipated Peroxone injection procedure 
that will be used in the field and determine 
whether this procedure is effective using 
an apparatus similar to that in Figure 1.  
Because of the difficulty in designing such 
a test, a preliminary test using clean sand, 
DI water and indigo (a blue solution that is 
rapidly decolorized by ozone) in place of 
H2O2 was conducted.  A two-inch 
diameter column made of clear PVC was 
filled with clean silica sand soil and DI 
water.  Ozone was injected toward the 
bottom of the column, while indigo was 
added above the ozone injection point.   

 
Despite extensive effort, it was difficult to 
disperse evenly the indigo or the ozone the 
sand column, though when the two reagents 
did mix, indigo was decolorized.  Since it was 
unknown whether this difficulty would be an issue in the field, it was concluded by 
PRIMA, URS and EPA personnel that a laboratory column test could not accurately 
demonstrate the field applicability of Peroxone injection.  A column test using site soil 
and groundwater was therefore not performed.  This simulation is discussed further in 
Section 3. Figure 1. Schematic of Peroxone Column Test Apparatus 
 
2.7  Analytical Procedures 

 
The method for each analysis and the laboratory that performed the analysis are given in 
Table 3. 
 
 

Ozone 
Injection Port

Peroxide Injection Port

Off-gas to 
Tedlar bag

GW Sample 
Port 

Ozone 
Injection Port

Peroxide Injection Port

Off-gas to 
Tedlar bag

GW Sample 
Port 

Figure 1. Schematic of Peroxone 
Column Test Apparatus 
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Table 3.  Analytical Methods. 
Analyte Method Lab performing 

test* 
COCs: 
 VOCs 
 Low-level dioxane 

 
8260B 

8260B direct inject 

 
Alpha Analytical 
Alpha Analytical 

Metals (Be, Al, V, Cr, Mn, Fe, Co, Ni, 
Cu, Zn, As, Se, Mo, Ag, Cd, Sb, Ba, W, 
Hg, Tl, Pb) 

ICP/MS Alpha Analytical 

Cr(VI) EPA 7199/Hach** Excelchem/PRIMA 
Nitrate EPA 300 Excelchem 
Bromate and bromide EPA 300 Columbia 

Analytical 
pH Probe PRIMA 

  *  Alpha Analytical (Sparks, NV), PRIMA Environmental, or Excelchem (Roseville, CA), Columbia Analytical Services (Kelso, 
WA) 
**  Hach DR 2010 Spectrophotometer and appropriate Hach kit reagents 
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3.0  RESULTS AND DISCUSSION 
 

Bench-scale laboratory testing demonstrated that treatment of soil and groundwater with 
ozone alone or with Peroxone (a mixture of ozone and H2O2) could destroy 1,4-dioxane 
as well as other VOCs.  Removal was due to destruction, not volatilization.  Both 
Peroxone and ozone affected several secondary water quality parameters.  In most cases, 
the direction of the change was the same, but the magnitude often differed.  Treatment of 
soil and groundwater with ozone was as effective as treatment with Peroxone probably 
due to iron, bicarbonate and other compounds naturally present in soil and water , which 
acted as ozone “enhancers” in the same manner as did H2O2.   
 
3.1  Characterization of Untreated Soil and Groundwater 
 
The concentrations of COCs and other parameters in untreated soil and groundwater are 
shown in Table 4.  For clarity, only detected compounds are listed.  Complete analytical 
reports are provided in the Appendix.  Site soil contained 55 µg/kg dioxane, while 
groundwater contained 720 µg/L dioxane.  No other VOCs were detected in soil.  Some 
chlorinated ethenes and ethane were detected in groundwater—the most prominent were 
TCE (520 µg/L) and cis-DCE (200 µg/L).   
 
Of the 21 metals tested, untreated groundwater contained detectable quantities of seven:  
manganese (2,700 µg/L), iron (2,400 µg/L), nickel (72 µg/L), arsenic (45 µg/L), 
molybdenum (130 µg/L), barium (39 µg/L), and tungsten (9.4 µg/L).  All of these metals, 
as well as several others, were detected in soil.  Groundwater contained 2,480 µg/L 
bromide and < 1.00 µg/L Cr(VI). 
 
3.2  COC Removal / Mechanism of Removal 
 
The results of the Set A tests are shown in Table 5, respectively.  Complete analytical 
reports are provided in the Appendix.  No VOCs were detected in the off-gases above the 
detection limit of 0.4 µg/L. 
 
The ozone and Peroxone tests were nearly identical.  In the Set A tests, dioxane and all 
VOCs detected in untreated groundwater and in the control were removed to below their 
respective detection limits and no VOCs were detected in the off-gases.  The only 
difference between the tests was the formation of a small amount of bromoform (1.4 
µg/L) in the ozone test.  Because no VOCs were detected in the off-gases, VOC losses 
from the aqueous phase must be due to destruction, not volatilization. 
 
Because dioxane is not easily removed from water by sparging, the loss of dioxane from 
the aqueous phase was assumed to be due to destruction.  To test this hypothesis, a 
second set of tests (Set B tests) was conducted.  This set of tests compared dioxane 
removal by ozone to dioxane removal by nitrogen, an inert gas.  The results are shown in 
Table 6.   Dioxane was completely removed from the ozone-sparged test, but was 
unaffected by sparging with nitrogen.  Furthermore, dioxane was not detected in soil 
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from the ozone-sparged test, confirming that removal of dioxane by ozone was due to 
destruction. 
 
 

Table 4.  Concentrations of COCs and Other Parameters in Untreated Materials. 

Analyte Units Untreated Soil
Untreated 

Groundwater
1,4-dioxane ppb 55 720
1,1,-DCE ppb < 20 32
trans 1,2-DCE ppb < 20 7.6
1,1-DCA ppb < 20 48
cis-DCE ppb < 20 200
1.2-DCA ppb < 20 5.1
TCE ppb < 20 520
Bromate µg/L n.m. < 25
Bromide µg/L n.m. 2,480
Cr(VI) ppb 1.04 < 1.0
Metals
   beryllium ppb < 1,000 < 4
   aluminum ppb 19,000,000 < 200
   vanadium ppb 50,000 < 5
   chromium (total) ppb 120,000 < 5
   manganese ppb 540,000 2,700
   iron ppb 29,000,000 2,400
   cobalt ppb 17,000 < 5
   nickel ppb 190,000 72
   copper ppb 36,000 < 10
   zinc ppb 58,000 < 100
   arsenic ppb 4,000 45
   selenium ppb < 1,000 < 5
   molybdenum ppb < 1,000 130
   silver ppb < 1,000 < 5
   cadmium ppb < 1,000 < 5
   antimony ppb 3,400 < 5
   barium ppb 290,000 39
   tungsten ppb < 1,000 9.4
   mercury ppb < 200 < 1
   thallium ppb < 1,000 < 5
   lead ppb 7,000 < 5
Nitrate mg/L n.m. 0.902
pH -- n.m. 7.43  
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Table 5.  Concentration of COCs in Set A Tests. 
Analyte Units Control-A Ozone-A

Peroxone-
Low-A

Peroxone-
High-A

1,4-dioxane µg/L 680 < 3 < 3 < 3
1,1,-DCE µg/L 23 < 1 < 1 < 1
trans 1,2-DCE µg/L 6 < 1 < 1 < 1
1,1-DCA µg/L 39 < 1 < 1 < 1
cis-DCE µg/L 160 < 1 < 1 < 1
1.2-DCA µg/L < 5 < 1 < 1 < 1
TCE µg/L 420 < 1 < 1 < 1
Bromoform µg/L < 5 1.4 < 1 < 1  

 
 
 

Table 6.  Concentration of Dioxane in Set B Tests. 
Test 1,4 Dioxane, ppb

Soil Groundwater
Untreated < 50 690
Control-B 110 600
Nitrogen-B 110 600
Ozone-B < 50 < 3  

 
 
3.3  Evaluation of Ozone Enhancers 
 
Conventional wisdom states that ozone alone cannot destroy dioxane— H2O2 is required 
in order to generate hydroxyl radicals.  However, the results presented in Tables 4 and 5 
clearly demonstrate that sparging site soil and groundwater with ozone alone can destroy 
dioxane and reduce aqueous concentrations from about 690 µg/L to < 3 µg/L.   This 
implies that other compounds naturally present in soil or groundwater can “enhance” the 
effectiveness of ozone in the same manner as H2O2.  To test this hypothesis, additional 
tests were performed.  The results are shown in Table 7. 
 
 

Table 7.  Concentration of Dioxane in Ozone “Enhancer” Tests 
Test # Test ID 1,4 Dioxane, ppb

Soil Groundwater
n.a. Untreated Spiked DI n.a. 400
1 Control (no enhancer) n.m. 98
3 Ferrous Iron n.m. < 3
7 Chelated Iron n.m. < 3
4 Bicarbonate n.m. < 3
5 TCE (Olefins)* n.m. 69
6 GW Only n.m. < 3
8 Soil Only < 50 < 3  

Notes: 
- n.a. = not applicable 
- n.m. = not measured 
- Initial TCE concentration in Test 5 = 69 µg/L 
- Test # provided to correlate Table 6 results with analytical reports provided in Appendix   
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Complete removal of dioxane was obtained in all of the tests except the test in which an 
olefin (TCE) was the “enhancer”.  Dioxane concentration was reduced in (but not 
completely removed from) the control, which was sparged with ozone but contained no 
enhancer. This confirms that iron (ferrous or chelated iron), bicarbonate (alkalinity) and 
possibly other, unidentified compounds can enhance the ability of ozone to destroy 
dioxane.  
 
3.4  Effect of Peroxone and Ozone on Secondary Water Quality 
 
The effect of ozone and Peroxone treatment on secondary water quality parameters is 
shown in Table 8.  Treatment with ozone or Peroxone affected several parameters, 
including bromate, bromide, Cr(VI), vanadium, chromium (total), manganese, iron, 
nickel, copper, selenium, barium, tungsten and nitrate.  The direction of the change (an 
increase or decrease) was the same in most cases, but the magnitude often varied among 
the tests.  
 
 

Table 8.  Effect of Ozone and Peroxone on Secondary Water Quality 
Analyte Units Control-A Ozone-A

Peroxone-
Low-A

Peroxone-
High-A

Bromate µg/L < 25 232 46 78
Bromide µg/L 2,310 1,910 2,260 4,170
Cr(VI) ppb < 1.00 9.98 < 10 < 10
H2O2, residual ppm 0 0.00 ~ 400 ~ 2,000
Metals
   beryllium ppb < 4 < 4 < 4 < 4
   aluminum ppb < 200 < 200 < 200 < 200
   vanadium ppb 27 30 130 160
   chromium (total) ppb < 5 12 < 5 6.6
   manganese ppb 2,400 < 10 180 190
   iron ppb 2,400 1,900 1,200 1,200
   cobalt ppb < 5 < 5 < 5 5.5
   nickel ppb 66 29 18 26
   copper ppb 30 40 26 79
   zinc ppb < 100 < 100 < 100 < 100
   arsenic ppb 25 29 25 26
   selenium ppb 7.0 18 7.4 9.6
   molybdenum ppb 150 160 150 140
   silver ppb < 5 < 5 < 5 < 5
   cadmium ppb < 5 < 5 < 5 < 5
   antimony ppb < 5 < 5 < 5 < 5
   barium ppb 31 19 18 16
   tungsten ppb 10 < 5 < 5 < 5
   mercury ppb < 1 < 1 < 1 < 1
   thallium ppb < 5 < 5 < 5 < 5
   lead ppb < 5 < 5 < 5 < 5
Nitrate mg/L < 0.5 29.2 38.7 15.6
pH -- 7.37 8.15 8.16 8.20  

“ppb” = µg/L; “ppm” = mg/L 
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Parameters affected by both ozone and Peroxone were bromate, chromium (total), 
manganese, iron, nickel, copper, barium, tungsten and nitrate. Bromate increased from < 
25 µg/L in the control to 232 µg/L in the ozone test and 46 to 78 µg/L in the Peroxone 
tests.  Nitrate increased from < 0.5 mg/L in the control to 15 to 39 mg/L in the ozone and 
Peroxone tests.  Manganese decreased from 2,400 µg/L in the control to < 10 µg/L in the 
ozone test, but to only 180 to 190 µg/L in the Peroxone tests.  In contrast, the reduction in 
iron was more significant in the Peroxone tests than in the ozone test.  Nickel 
concentrations decreased from 66 µg/L to 18-29 µg/L, barium decreased from 31 µg/L to 
16-19 µg/L, and tungsten decreased from 10 µg/L to < 5 µg/L.  
 
Parameters affected by either ozone or Peroxone were vanadium and selenium.  
Vanadium increased from 27 µg/L in the control to 130-10 µg/L in Peroxone tests, but 
was not affected by ozone alone.  In contrast, selenium increased from 7.0 µg/L in the 
control to 18 µg/L in the ozone test, but was not affected by Peroxone. 
 
Copper and chromium (total and Cr(VI)), were effect by ozone and one of the Peroxone 
tests.  Specifically, ozone and Peroxone-High increased the concentration of copper from 
30 µg/L to 40-79 µg/L, but the Peroxone-Low test had no effect.  Similarly, Total Cr 
increased in the ozone and Peroxone-High tests, but not in the Peroxone-Low test.  
Cr(VI) was detected in the ozone test at 9.98 µg/L.  Cr(VI) was not detected above the 
detection limit of 10 µg/L in the Peroxone-High test.  (Note:  the Cr(VI) results reported 
in Table 7 were measured using a Hach test kit.  Analyses were also performed using 
EPA Method 7199, but the value for the Peroxone tests was much higher than total Cr 
values and Cr(VI) measurements made with the Hach kit and are therefore not reported.  
PRIMA Environmental has encountered this problem in the past when using EPA 
Method 7199 to analyze low pH samples containing residual peroxide.) 
 
3.5  Soil Oxidant Demand (Ozone) 
 
The concentration of ozone over time is shown in Figure 2 for the soil ozone demand test.  
The measured soil ozone demand, calculated from Eqn. 1, was approximately 3,000 mg 
O3/kg soil.  The ozone applied in the Ozone-A test in Section 3.2 was 940 mg, which is 
about 3 times greater than the mass of ozone needed based on the measured SOD.  This 
was sufficient to destroy all of the COCs, implying that a large excess of ozone is not 
required.    
 
3.6  Simulation of Peroxone Injection 
 
A column test was conducted in an attempt to determine whether ozone and H2O2 (the 
components of Peroxone) injected one above the other in the same well would mix in the 
subsurface and destroy dioxane.  To observe the potential for mixing directly, a column 
test using clean white sand, DI water, ozone and indigo was performed.  Indigo was used 
in place of H2O2 because indigo is a blue liquid that decolorizes quickly upon contact 
with ozone.  White sand was used so the indigo could be easily observed.   
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Figure 2.  Soil Oxidant Demand (Ozone).  Ozone Remaining. 

 
 

The indigo was added to a ¼-inch injection “well” about three inches above the ozone 
injection well.  When air-pressure was applied to the indigo well, the indigo moved out 
into the sand column.  However, once air-pressure was removed, the indigo was mostly 
sucked back into the well.  Repeated applications of pressure resulted in only a little 
mixing between the indigo and the DI water within column.   
 
Mixing between ozone and indigo was erratic.  Application of ozone often resulted in 
channeling.  If the channels were in the area of the indigo, then the indigo quickly 
decolorized.  However, if the channels were away from the indigo, then the indigo 
persisted, suggesting that dissolution of ozone into the water and diffusion of ozone to the 
indigo was relatively slow.  Varying the ozone flowrate and pressure caused the channels 
to shift, eventually enabling decolorization of indigo.   
 
Because of the difficulties distributing ozone and indigo in this column test and because 
of the uncertainty about whether these problems would occur in the field, personnel from 
PRIMA Environment (Cindy G. Schreier), URS (Don Gruber and Venus Sadeghi), and 
USEPA (Michelle Simon), who were present when this column test was conducted, 
concluded that a column test could not accurately predict the effectiveness of the 
proposed field delivery system of Peroxone.  Consequently, no column test was 
conducted using site soil, site groundwater and Peroxone. 
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4.0  ENGINEERING CONSIDERATIONS 
 
Both ozone and Peroxone effectively destroyed 1,4-dioxane and other VOCs in site soil 
and groundwater.  Some observations that should be taken into consideration when 
evaluating these technologies for full-scale application are provided. 
 
Peroxone vs. Ozone.  Although conventional wisdom indicates that ozone alone cannot 
destroy low-levels of dioxane, complete removal of dioxane to < 3 µg/L was observed in 
when soil and groundwater were treated with ozone alone, as well as with Peroxone 
(ozone + H2O2).   Additional tests indicate that iron, alkalinity (bicarbonate) and possibly 
other compounds naturally present in site soil and groundwater can enhance the 
effectiveness of ozone in a similar manner as H2O2.   Therefore, at this site, ozone may be 
as effective at destroying COCs as Peroxone.   
 
Ozone Demand.  The results of the laboratory study can be used to estimate the size of 
the ozone generator needed for full-scale application.  In this study, approximately 940 
mg O3 was applied to the soil-groundwater mixture, which was about 3 times the dose 
(300 mg O3) required to meet the measured soil ozone demand.  This dose resulted in 
complete removal of dioxane and all VOCs, but also resulted in the formation of 232 
µg/L bromate.  A lower ozone dose may be able to achieve the same degree of COC 
removal without generating as much bromate.    
 
Destruction vs. Volatilization.    No VOCs were observed in off-gases from the ozone 
or Peroxone tests, implying that the VOCs were destroyed, not volatilized.  Dioxane was 
not removed from water that was sparged with inert nitrogen gas, implying that dioxane 
was also destroyed by ozone and Peroxone. 
 
Field vs. Laboratory Conditions.  The concentrations and magnitude of changes in 
secondary water quality parameters may differ between the field and the laboratory due 
to differences in the reaction conditions.  However, the laboratory data are useful as 
guides as to which parameters, if any, may be of concern in the field.           
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5.0  CONCLUSIONS 
 
Bench-scale laboratory testing clearly demonstrated that treatment of soil and 
groundwater with ozone alone or with Peroxone (a mixture of ozone and H2O2) could 
destroy 1,4-dioxane as well as other VOCs. Complete removal of all COCs from the 
aqueous phase was achieved with all treatments. Additional tests confirmed that dioxane 
was also removed from the soil phase.  No VOCs were detected in off-gases. 
 
COC removal was due to destruction not volatilization.  NO VOCs were detected in off-
gases from the ozone and Peroxone tests and dioxane was not removed from the aqueous 
phase by sparging with nitrogen, an inert gas.   
 
Removal of dioxane by ozone alone was probably due to ‘enhancement” of the ozone by 
iron, bicarbonate or other compounds naturally present in soil and groundwater.  In tests 
conducted on DI water spiked with dioxane and various potential enhancers, dioxane was 
completely removed in all cases except when olefins were added.  Thus, the addition of 
H2O2 as an enhancer may not be required during in situ applications. 
 
Ozone and Peroxone affected several secondary water quality parameters including 
bromate, bromide, Cr(VI), vanadium, chromium (total), manganese, iron, nickel, 
selenium, barium, tungsten and nitrate.  The direction of the change (an increase or 
decrease) was the same in most cases, but the magnitude often varied among the tests. 
Parameters affected by both ozone and Peroxone were bromate, chromium (total), 
manganese, iron, nickel, copper, barium, tungsten and nitrate. Parameters affected by 
either ozone or Peroxone were vanadium and selenium.  Copper and chromium (total and 
Cr(VI)), were effect by ozone and one of the Peroxone tests.  
 
The ozone demand of soil was approximately 3,000 mg O3/kg soil.   
 
Column tests (as described in this study) cannot accurately predict the effectiveness of 
proposed field application methods Peroxone injection. 
   
 
 
 
 



 

 

APPENDIX B 
 

Field Pilot Study Photographs 



B-1. Bench Scale Test Setup

B-2. Bench Scale Test
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B-3. Bench Scale Test Setup

B-4. Bench Scale Test (Attempted Column Test)
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B-5. Pilot Test Monitor Wells

B-6. Pilot Test Max Ox Injection Well Installation (MOx-1A and -1B)
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B-7. 3-Foot Ozone Injection Screen

B-8. 1-Foot Hydrogen Peroxide Injection Screen
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B-9. Injection Well Installation

B-10. Injection Well Above-Ground Valving (MOx-1A and -1B)
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B-11. MOx-2A and -2B)

B-12. MOx-3A and -3B)
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B-13. Injection Well Vault Box

B-14. Pilot Test Trenching
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B-15. Pilot Test Piping Connection to Pulse Ox Trailer

B-16. Applied Process Technologies (APT) Pulse Ox 100T Trailer
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B-17. Pulse Ox 100 Chemical Oxidation System

B-18. Pulse Ox 100 Chemical Oxidation System
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B-19. Operator Interface Terminal

B-20. Process Logic Controller (PLC) (Top of Photo)

C
o

o
p

e
r

D
ru

m
\1

2
-0

6
-c

o
o

p
e
r-

d
ru

m
-p

h
o

to
s
.c

d
r

L
C

T
1

2
.2

1
.0

6
S

A
C

1
0



B-21. Distribution Manifolds (8-Solenoid)

B-22. System Pressure and Air Flow Gauges
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B-23. Oxygen Generator Pressure Swing Adsorption System

B-24. Ozone Generator
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B-25. Hydrogen Peroxide Injection Skid

B-26. Air Injection Skid
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B-27. Groundwater Sampling at Monitoring Well MW-20
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APPENDIX C 
 

Boring Logs and Well Completion Details 



















































 

 

APPENDIX D 
 

Field Data Sheets 























































































































































































 

 

APPENDIX E 
 

Downhole DO and ORP Data 
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