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1 Introduction

Site Background

The former Nebraska Ordnance Plant (NOP) is located in Mead, NE
(approximately 20 miles’ southwest of Omaha). The site is a former explosives
manufacturing and assembling facility of the U.S. Army. The facility has operated
intermittently since 1942 to support both World War II and Korean War efforts.
Various Department of Defense entities have used the facility for training and
testing operations. During 1990, the site was placed on the National Priorities List.

Past military-related activities at the NOP have resulted in the contamination of
the groundwater with low levels of explosives and chlorinated solvents. The
U.S. Army Engineer District, Kansas City, is performing cleanup activities at the
NOP. Woodward-Clyde Consultants, Overland Park, KS, is assisting the Kansas
City District with these activities under a task order contract. Both the Corps of
Engineers and Woodward-Clyde are currently investigating various treatment tech-
nologies for the contaminated groundwaters at the site. Technologies under
investigation include activated carbon adsorption and advanced oxidation processes
(AOPs).

The U.S. Army Engineer Waterways Experiment Station (WES), Vicksburg,
MS, under direction of the Kansas City District and in conjunction with Woodward-
Clyde evaluated several AOPs for treatment of groundwater from the NOP using
bench-scale reactors. This report summarizes the results of these efforts. Candidate
AOPs that were evaluated were irradiation of hydrogen peroxide with ultraviolet
(UV) light emitted from low-pressure mercury vapor UV lamps (LPUV-HP),
irradiation with UV light emitted from a low-pressure mercury vapor UV lamp with
ozone sparging (LPUV-0Z), irradiation of hydrogen peroxide with UV light emitted
from a medium-pressure mercury vapor UV lamp (MPUV-HP), and peroxone
(ozone sparging with hydrogen peroxide dosing).

! A table of factors for converting non-SI units of measurement to SI units is presented on page vii.
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Advanced Oxidation Processes

Chemical oxidation is a treatment technology that uses powerful chemical
oxidizers to destroy organic contaminants. Typical oxidizers used in chemical
oxidation processes include ozone, chlorine, hydrogen peroxide, and potassium
permanganate. The chemical reaction products are usually simple organic
compounds, such as carboxylic acids, and/or inorganic compounds, such as carbon
dioxide, water, and chlorides, which is the case with the oxidation of chloroform.

The technology has historically been used as a treatment technology for
municipal drinking water (Metcalf and Eddy, Inc. 1991). Chlorination has been
used almost extensively in the United States for disinfection of municipal drinking
water (James Montgomery Engineers, Inc. 1985). Chemical oxidation has been
used primarily with UV photolysis for contaminated site remediation and industrial
wastewater treatment. Hydrogen peroxide (H,0, ) and ozone (O,) have generally
been used in conjunction with UV photolysis with respect to groundwater
remediation projects. Mayer et al. (1990) concluded that chemical oxidation
processes are very competitive with both air stripping and activated carbon
adsorption for treating volatile organic compound (VOCs) in contaminated
groundwaters.

Chemical oxidation processes that result in the generation of the hydroxyl radical
(OH') have been referred to as AOPs by the American Water Works Association
(1991). Commercial application of AOPs for contaminated groundwater treatment
in the United States has traditionally involved UV irradiation of hydrogen peroxide,
ozone, or a combination of both.

There are many different oxidation processes that may be considered an AOP.
Examples include electron beam irradiation, supercritical oxidation, irradiation of
oxidizers with UV light (all of the AOPs evaluated during this study, except
peroxone, fall into this category), peroxone, sonozone, and irradiation of
semiconductors. Technically, these AOPs should provide sufficient treatment;
however, when process economics and the potential for near-term field
implementation are also considered, many of those processes become cost
prohibitive for treating low levels of explosives and VOCs such as those found in
the NOP groundwater.

UV/hydrogen peroxide

The addition of UV light to an aqueous solution of H,0, or O, results in the
generation of hydroxyl radicals. The hydroxyl radical is a much more powerful
oxidizer than either H,0, or O, (Sundstrom et al. 1986).

The absorbance of UV light by both hydrogen peroxide and ozone varies greatly.
Ozone absorption of UV light occurs primarily at 254 nm (2,540 angstrom units),
while hydrogen peroxide absorbs wavelengths of approximately 230 nm and lower.
The low-pressure (LP) mercury UV lamp, commonly used in water treatment for
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disinfection, emits its radiation spectrum almost exclusively at the 253.9-nm
wavelength. The medium-pressure UV lamp emits the majority of its radiation
spectrum over a wide band from approximately 190 to 600 nm, with a large portion
of energy centered around the 200- to 300-nm range. Chemical oxidation systems
using ozone are better served using LPUV lamps. These lamps are more efficient
and produce the exact UV spectrum that is readily usable by ozone for production of
OH: radicals.

Medium-pressure UV (MPUV) lamps are much more energy intensive than
LPUYV lamps. Much of the electrical energy used by the MPUV lamp is wasted as
heat radiation. However, chemical oxidation systems using hydrogen peroxide are
better served with MPUYV lamps that emit more UV energy in the absorbance band
of the hydrogen peroxide, thereby, resulting in optimal OH- radical production.
Although MPUYV lamps are more energy intensive, some benefit may be derived by
using an MPUV lamp for treatment of some organic contaminants because of direct
photolysis of the contaminants by UV absorption. Many organic compounds
absorb at lower UV wavelengths (i.e., <230 nm), making the direct absorption of
UV energy from an LPUV lamp of little benefit toward direct photolysis. However,
in UV-based chemical oxidation systems, it is usually more advantageous to convert
the parent chemical oxidizers (O, and H,0,) into hydroxyl radicals with the UV
energy unless the rate of contaminant degradation under direct photolysis is rapid.
An optimal UV/chemical oxidizer system should be selected and designed on the
basis of the photochemical properties of the contaminant(s) and oxidizer and the
physical, chemical, and optical properties of the influent water.

The stoichiometric mechanism responsible for generation of hydroxyl radicals in
UV/hydrogen peroxide systems as proposed by Sundstrom et al. (1986) is presented
below:

hv
H,0, --- 20H-

Oxidation of liquid phase contaminants using UV and hydrogen peroxide is
commonly referred to as UV/peroxidation. This technology has been successfully
used for treatment of several contaminated waters containing a variety of organic
contaminants (Zappi et al. 1990; Froelich 1992; Zappi, Fleming, and Cullinane
1992).

Sundstrom et al. (1986) evaluated the feasibility of using UV/hydrogen
peroxide-based systems for treatment of a variety of VOCs including chloroform.
They concluded that the rate of trichloroethylene (TCE) removal increases as the
hydrogen peroxide dose increases. Increased rate with increasing oxidizer dose is
probably due to increased radical production rates. They also conclude that
photolysis alone was responsible for removal of some of the VOCs. Direct
photolysis of chloroform and tetrachloroethane was nearly as effective as the AOP
process. These studies were performed using LPUV lamps with hydrogen peroxide.
Use of MPUYV lamps would probably have increased the reaction rate by increasing
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the hydrogen peroxide absorption of the photons emitted at the lower UV
wavelengths produced by the MPUV lamps (i.e., <254 nm).

Sundstrom, Weir, and Klei (1989) also used LPUV lamps with hydrogen
peroxide to treat a variety of aromatic compounds. They concluded that by
increasing the hydrogen peroxide concentration, they could also increase the reaction
rate. As discussed for the previous study, higher quantum yields than those
achieved in their bench reactors may have been realized using MPUV lamps instead
of the LPUV lamps used because of the relatively low absorbance of UV energy by
hydrogen peroxide at the 254-nm wavelength. Reduced costs may be realized by
using the LPUV lamp instead of the MPUV lamp; however, using LPUV lamps
may require more hydrogen peroxide, thereby, adversely impacting costs.

Hager, Lovern, and Giggy (1987) presented several case studies where a
commercial UV/hydrogen peroxide-based system successfully treated a variety of
contaminants. They suggest the costs for treatment would range from $1.37 to
$58.51 per 1,000 gal treated.

DeBerry, Viehbeck, and Meldrum (1984) evaluated a host of AOPs for
oxidation of trinitrotoluene (TNT) (pink water) and 1,3,5-trinitrobenzene (TNB), a
known intermediate of incomplete TNT oxidation. They primarily focused on
UV/ozone and UV/hydrogen peroxide oxidation systems; however, both Fenton’s
reagent and peroxone were briefly evaluated. They concluded that the two
UV-based AOPs were effective, while the Fenton’s reagent and peroxone indicated
promise for treating low-level contaminated waters. They suggested that additional
investigation into the peroxone process is required to establish further process
feasibility.

UV/ozone

Burrows (1983) indicated that ozonation alone was a poor means for TNT
removal. He concluded that the addition of UV to the ozonation reactor yielded
removals in excess of 90 percent for TNT within 30 min of batch treatment from a
wastewater initially containing >18,000 pg/¢ TNT. Burrows noted that 2,4,6-
trinitrobenzoic acid appears to be a potential intermediate of TNT oxidation based
on gas chromatography/mass spectrometry (GC/MS) analysis. A first order rate
constant of 0.051 min™ for TNT removal was reported by Burrows (1983).

Peyton, Michelle, and Peyton (1987) present a mechanism for OH: generation
during UV irradiation of ozone. This mechanism is summarized below:
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hv
O, + H0 -~ 0, + H0,

H,0, + H, O -~ H,0*' + HO,
O, + HO, -~ 0, + <0, + *OH
0; + <0, + H,O -- 20, + OH* + *OH

Jody, Klein, and Judeikis (1989) used UV/ozone to treat wastewater
contaminated with hydrazine compounds. They concluded that UV/ozonation with
the addition of tungsten catalyst was the most optimal system evaluated. The
UV/ozone/ tungsten system had a slightly slower kinetic rate than other systems
evaluated; however, this system produced an effluent with fewer intermediates (e.g.,
n-nitrosodimethylamine [NDMAY], which is a proven animal carcinogen).

Barich and Zeff (1989) list a variety of contaminated groundwaters and
wastewaters that were successfully treated using a commercially available
UV/ozone system. They indicate that treatment costs range from $0.15 to
$86.00 per 1,000 gal treated.

Fochtman and Huff (1975) evaluated ozonation under UV irradiation produced
by a low-pressure mercury vapor UV lamp. The test influent used in this study was
a synthetic pink water solution containing approximately 100 mg/¢ of TNT. Their
results indicated that ozonation alone was not effective for TNT removal (based on
total organic carbon removal); however, photolysis of the ozonated solution was
quite effective by reducing total organic carbon from 53 to 28 mg/¢ within 45 min of
batch treatment. They performed an organic carbon mass balance analysis using a
gravimetric technique for estimating carbon dioxide mass captured from the sparged
reactor. Their results suggest that over 85 percent of the TNT carbon atoms were
oxidized to carbon dioxide, implying a high degree of mineralization.

Layne et al. (1982) evaluated LPUV/ozone for treatment of pink water from an
Army facility using a commercially available pilot-scale system. Their results
indicated that meeting a TNT effluent concentration of 1,000 pg/t was easily
obtainable; however, the process costs approximately twice as much as activated
carbon. They noted that as treatment levels are reduced to lower limits, the
technology will become much more cost competitive with activated carbon due to
carbons reduced efficiency as target levels decrease.

Zappi, Hong, and Cerar (1993) evaluated a variety of AOPs for treatment of
explosives-contaminated groundwaters. AOPs evaluated included ozonation with
low-pressure mercury vapor UV lamp-based photolysis, medium-pressure mercury
vapor UV lamp-based photolysis with hydrogen peroxide dosing, low-pressure
mercury vapor UV lamp-based photolysis with hydrogen peroxide dosing,
ozonation with medium-pressure mercury vapor UV lamp-based photolysis and
hydrogen peroxide dosing, and peroxone. The groundwater contained
approximately 30,000 pg/t TNT, 32,000 pg/t RDX, 2,000 ng/t HMX, and
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1,500 pg/t TNB. Their results indicated that only the UV/ozone-based AOPs were
capable of removing all of the explosives and TNB to the current treatment standard
of 2 ng/t for TNT, RDX, and TNB and 400 pg/¢ for HMX. Peroxone did result in
explosives removals in excess of 90 percent, yet it was not successful in meeting the
2-ng/t TNB standard after 60 min of batch treatment. The UV-based hydrogen
peroxide-dosed systems yielded mixed results. The medium-pressure lamps with
hydrogen peroxide removed all of the explosives, but was unsuccessful in meeting
the TNB standard. The low-pressure mercury UV-based system with hydrogen
peroxide addition was the least aggressive of all those tested.

Ozone/hydrogen peroxide (peroxone)

Peroxone is an AOP that uses the combination of hydrogen peroxide and ozone
to form the hydroxyl radical without use of UV light. The results reported by Glaze
and Kang (1988) indicated that peroxone could effectively remove chlorinated
solvents from the groundwater. Since peroxone does not require the addition of
high concentrations of chemical oxidizers and UV light, it is estimated that
reductions in treatment costs as high as 50 percent may be realized. Langlais,
Reckhow, and Brink (1991) present the following mechanism for the formation of
the hydroxyl radical during peroxone treatment:

H,0, + H,0O -~ HO, + H,0*
O; + HO, -~ OH + 0, + 0,
O, +H -~ HO,

0, +0, -~ 0,+0,

O, +H -~ HO;

HO, -- OH- + 0,

Discussions with French researchers indicate that some water utilities in France
are currently using peroxone to treat millions of gallons per day of pesticide-
contaminated groundwater.! The French researchers claim that treatment costs are
on the order of $0.05 per 1,000 gal treated.

Glaze and Kang (1988) performed laboratory-scale studies on the ability of
peroxone to remove trichloroethylene (TCE) and tetrachloroethylene from a
contaminated groundwater. The results proved positive enough to warrant

subsequent pilot-scale evaluations (Aieta et al. 1988). Both the bench and pilot
studies concluded that the reaction rates of TCE and PCE were increased by factors

! Personal Communication, 1992, Dr. Marcel Dore, University of Poitiers, France.
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of 1.8 t0 2.8 and 2.0 to 6.5, respectively, as opposed to those achieved by ozonation
alone. Apparently, TCE was reactive toward ozone alone as well as the hydroxyl
radicals formed; PCE was only reactive toward the radical species. Both studies
indicated that a hydrogen peroxide-to-ozone ratio between 0.25 and 0.5 was optimal
for removing TCE and PCE from the groundwater studied.

The Metropolitan Water District of Southern California (1991) evaluated
peroxone using pilot-scale systems for treatment of 2-methyllisobornel (MIB) and
trans-1,10-dimethyl-trans-9-decanol (geosmin). The District concluded that
optimum hydrogen peroxide-to-ozone ratios for removal of MIB and geosmin was
0.1t0 0.2. They further conclude that peroxone was better for removal of MIB and
geosmin than ozone alone due to increased hydroxyl radical production.

The addition of UV is not always required. The addition of UV light in chemical
oxidation systems usually accounts for 20-90 percent of treatment costs.
Eliminating the addition of UV could potentially reduce treatment costs by this
percentage range. There are several catalysts that may be used to increase the
reaction rate between a chemical oxidizer and contaminant(s). The reaction rates
obtainable may be rapid enough to make chemical oxidation without UV feasible
from both a technical and economic standpoint. One major drawback of
UV/chemical oxidation systems is the scumming of the quartz tubes housing the UV
lights with oxidized iron and manganese. Once the tubes become fouled up with
scum, UV irradiation transmittance through the tubes can become severely limited.
Treatment of contaminated water containing these cations (i.e., groundwaters) using
chemical oxidation without UV light eliminates the problem of quartz tube
scumming. If the scumming of the UV quartz tubes becomes a problem, then the
addition of a cation removal system may be required. However, recent advances in
UV/chemical oxidizer reactor design have incorporated cleaning devices for the
quartz tubes housing the UV lamps. The concept of UV tube cleaning systems is
not new; cleaning systems have been successfully used for years by the water
treatment industry.

Zappi et al. (1994) evaluated peroxone as a treatment technique for TNT
contaminated waters. His experiments compared the extent of TNT and TNB
removal achieved from the more traditional UV-based AOPs to those obtained using
peroxone with and without ultrasonic catalyzation. The results indicated that the
peroxone systems are comparative to the UV-based AOPs in terms of both rate and
extent of removal. Zappi suggests that the potential reduction in capital and
operational and maintenance (O&M) costs due to peroxone not requiring UV lamps
is especially promising. A steady-state hydroxyl radical model was proposed and
evaluated for a range of hydrogen peroxide-to-ozone (H/O) ratios. The model
predicted that a point of diminishing returns is met after an H/O ratio of
approximately 2.5 is exceeded. A 10-mg/¢ hydrogen peroxide, 30.68-mg O,/min
peroxone system was the most efficient peroxone system evaluated.

Zappi et al. (1994) also concluded that adding ultrasound and increasing pH in
the reactors had the most dramatic positive impact on the ozonation system. These
adjustments converted ozonation from a system achieving slow TNT removal rates
to one of the most rapid TNT degradation systems evaluated. Some benefit was
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found in that similar TNT and TNB removal rates could be obtained by decreasing
hydrogen peroxide from 100 to 10 mg/¢ and adding 24 W of ultrasonic power.
Another significant conclusion made was that hydrogen peroxide should be
continuously added to the peroxone system to maintain the system H/O ratio at an
optimum. The optimal H/O ratios determined from this study appear to be in the
0.4 to 1.3 range, which is slightly higher than those suggested in literature. This
approach will make design of the peroxone system slightly more complicated;
however, the technical and economic benefits of continuously adding hydrogen
peroxide could be significant. Also, the economic benefit of replacing higher doses
of hydrogen peroxide with lower doses along with ultrasonic catalyzation should be
further investigated.

Hydroxyl radical formation kinetics

To further understand some of the results presented in this report, a brief
description on key hydroxyl radical reaction mechanisms is presented. Researchers
at WES have recently published a numerical model for estimating the steady-state
hydroxyl radical concentrations in various AOPs (Hong, Zappi, and Kuo 1994).
The key mechanistic pathways for production and reaction with hydroxyl radicals
are illustrated in Figure 1. From Figure 1, it can be seen that there are numerous
chemical reactions that may occur that produce and subsequently remove radical
species from an AOP reactor. Radical production mechanisms include photolytic,
PH, and ozone-hydrogen peroxide reactions. Radical degradation or scavenging
reactions include contaminant, inorganic constituent, and parent oxidizer reactions.
Only those reactions that result in the destruction of the contaminant are considered
beneficial. The other reactions usually have an adverse impact on reaction kinetics
due to the scavenging of radicals that would have been available for contaminant
destructive reactions. WES identified three predominant scavenging reactions that
will likely occur within traditional AOP reactor systems. These are reactions with
bicarbonate/ carbonate ions, reduced cations (i.e., iron), and excessive amounts of
primary oxidizers (i.e., ozone and hydrogen peroxide). Of key interest is that too
much hydrogen peroxide or ozone may be added to an AOP system. Usually
obtaining excessive amounts of ozone is difficult because ozonation is mass transfer
limited (gas to water transfer). However, introduction of hydrogen peroxide (a
liquid) is much easier and is likely a potential scavenging source in AOPs. There is
an optimum dose for each oxidizer and optimum stoichiometric mass-to-mass ratios
for those AOPs using both oxidizers, such as peroxone. Some of the data presented
in this report serve as excellent examples of these mechanisms.
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Study Objectives

The primary objective of this study was to evaluate the comparative performance
of the four candidate AOPs for removing TCE, RDX, HMX, TNT, and TNB from a
representative sample of the NOP groundwater. Secondary objectives included the
following:

a. Evaluate if innovative processes such as peroxone and LPUV/hydrogen
peroxide were competitive with the more established AOPs in terms of
meeting target treatment goals.

b. Provide Woodward-Clyde with design information concerning each AOP for
evaluation of engineering feasibility.

c. Provide performance information for planning a potential onsite pilot-scale
effort.

Chapter 1 Introduction




2 Experimental Methods

Materials

The groundwater influent sample used in this study was a three-way composite
(equal parts) of groundwater collected from three site observation wells (Wells
MW-11A, MW-40B, and MW-47B). Samples were collected by Woodward-Clyde
during November 1994 and transported to WES in two 55-gal drums by WES
employees. Upon receipt at WES, the two samples were mixed at a 50/50 mix to
formulate the test influent used during this study. Table 1 lists the resulting
contaminant concentrations and the targeted treatment goals selected for this study.
The composite samples were stored at 4 °C until testing.

Table 1

C?‘le:\ical Analysis of the NOP Composite Groundwater Sample
and Target Treatment Goals

Analyte Concentration, mg/e Target Treatment Goal, mg/y
TCE 0.697 0.005

RDX 0.0128 0.002

HMX 0.0028 0.400

TNT 0.0001 0.0002

TNB 0 0.0002

2A-DNT 0.0003 Ni

4A-DNT 0.0007 NI

Note: NI = No target treatment goal identified.

Figure 2 presents an illustration of the AOP reactor units used in this study. The
outer shell of the reactors are constructed of borosilicate glass with the inner
immersion well, which houses the UV lamps, being constructed of quartz glass.
Quartz glass is required because most glass types or plastic materials cannot
transmit UV photons. The immersion well is jacketed to control the temperature
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of the UV lamps, which can produce significant heat (especially the MPUV lamps).

Cooling was accomplished by circulation of chilled water through the cooling jacket.

The working (wetted) volume of each reactor is 1 §. Two UV light sources were
used in this study; a 200-W, medium-pressure mercury vapor UV lamp and a 12-W,
low-pressure mercury vapor UV lamp. Both lamps were manufactured by Hanovia,
Inc., and marketed by Ace Glass, Inc. The spectral characteristics of the 200-W
MPUYV lamps used in this study in the far and middle UV band (220 to 320 nm)
were 30.2 W. The LPUV lamp 254-nm energy output was 3.5 W.

Ozone was sparged at a rate of 2.5 standard cubic feet per hour (scth) into the
reactor using an Ozotec ozone generator with turn-down capability to control the
percent ozone composition (w/w) of the sparged gas. A 50-percent (w/w) analytical
grade hydrogen peroxide stock solution was used to dose the AOP reactor according
to the target process formulation.

Methods

Reactor operation

Table 2 lists the various process formulations evaluated during this study. Each
of these experiments were performed in duplicate runs.

Table 2
AOP and Respective Treatment Conditions Evaluated
Hydrogen Peroxide Ozone Dose, Percent
Candidate AOP Light Source Dose, mgh O, in Air
MPUV/HP 200 W MPUV 100 NA
LPUV/OZ 12 WLPUV NA 2
LPUV/HP 12 W LPUV 100 NA
Peroxone NA 10 2
Peroxone NA 100 2

Note: MPUV = Medium-pressure Hg vapor UV lamp; LPUV = Low-pressure Hg vapor UV lamp;
0Z = Ozone; NA = None applied.

At the initiation of each experiment, the groundwater dosed with hydrogen
peroxide (when peroxide was used) was poured into the reactor at a working volume
of 1 ¢. For the UV-irradiated runs, initial time (t = 0) was marked when the
groundwater with hydrogen peroxide was added to the reactor only after the UV
lamp was allowed to come to full radiance. For the ozonated experiments, ozone
was sparged into the reactor continuously, while the hydrogen peroxide was batch
added with the groundwater. This means that the reactor system was operated in
semibatch mode. When ozone and UV were both added, the lamp was allowed to
come to full radiance and ozone sparged into the reactor before initial time was

Chapter 2 Experimental Methods
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marked. When ozone was used without UV, initial time was marked when ozone
sparging was initiated into the hydrogen peroxide-dosed groundwater.

During most of the experiments, samples were collected at test times of 3, 5, 10,
20, 30, and 60 min of treatment. The samples were collected in precleaned sample
bottles. The volatile organics and explosives were collected in 40-ml volatile
organic analysis (VOA) vials and 1-{ bottles, respectively. Small quantities (<0.5 g)
of bovine catalase were added to sample vials to remove residual oxidizer species
from the sample vial to prevent further oxidation of the contaminants beyond the
representative sampling times intended. Since the analytical method for explosives
required 1 ¢ of sample and the reactor volume was 1 ¢, each sampling event was
performed individually. That is, each sampling event represents a separate
experimental run. Therefore, each experimental series with the six samples
collected (3 to 60 min) indicates that six separate runs were performed.

Temperatures were monitored using Fisher brand thermometers immersed into
the reactors via a sampling port fitted with an O-ringed compression fitting.
Reactor pH was periodically monitored by analysis of the collected samples using a
Beckman pH meter with a combination electrode that was calibrated using a
standard two-point calibration (buffers of 4 and 10). Reactor temperatures were
maintained at operating temperature ranges of 25 to 30 °C. The reactor pH initially
started at approximately 6.9, then increased to approximately 8.0 for the ozonated
runs. The runs without ozonation did not exhibit an increase in pH. The reason for
the slight increase in pH during the ozonated runs was believed to be due to ozone-
induced reaction of the free hydronium ions with carbonates. Appendix A lists the
reactor temperatures and pH values for each experimental run.

Chemical methods

The VOC analyses were run on a Hewlett-Packard MS/GC with a purge and trap
system manufactured by O. I. Analytical using U.S. Environmental Protection
Agency (USEPA) Method No. 8240. USEPA required sample holding times were
not exceeded during this study. Explosives analyses were performed using USEPA
Method 8330 using a Waters brand high performance liquid chromatography unit
operated with solid-phase preconcentration procedures. The detection limits for
TCE and explosives using these analytical procedures were 0.5 and 0.2 pg/t,
respectively.

An HNU brand photoionizer detector (PID) was used to analyze the off-gases
exiting various AOP systems to quantify the amount of VOCs stripped from the
reactor during ozonation. This technique is capable of analyzing VOC levels as low
as 0.1 ppm. Figure 3 illustrates the experimental setup used for off-gas analyses.
The process off-gases were passed through two potassium iodide (KT) traps to
remove excess ozone. After removal of the ozone, the gases were passed through
the PID and the levels recorded. Ozone removal was required because the UV
detector used in the PID is sensitive to ozone.

Chapter 2 Experimental Methods
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Five individual experiments were performed using the PID setup. Each
experiment used the same sparge gas flow rate, which was also the same flow rate
(2.5 cfh) used in the actual runs involving the site groundwater. The five
experiments performed were as follows:

a.

Distilled, deionized (DDI) water with aeration (no ozone) - This experiment
was performed to quantify the amount of water vapors being analyzed by the
PID as total organic carbon (TOC).

NOP groundwater with aeration - This experiment was used to quantify the
full extent of volatilization possible with the NOP groundwater composite
used in this study.

DDI with a 100-mg/t hydrogen peroxide-dosed peroxone system - This
experiment quantified the effectiveness of the KI traps to remove oxidizers
from the gas stream prior to entering the PID. Comparing these results to
the DDI/aeration study (Bullet “a”) allows for a quantitation of oxidizer
input by subtracting DDI/aeration data set from the data generated from this
experiment.

NOP groundwater with a 100-mg/¢ hydrogen peroxide-dosed peroxone
system - This experiment allows for quantification of the extent of VOC
stripping from a peroxone system.

NOP groundwater with an LPUV/ozone system - This experiment allows for
estimation of the VOC removal in an LPUV/ozone system attributable to
stripping.

Chapter 2 Experimenta! Methods




3 Results

The results of this study are presented and discussed on an individual
contaminant basis. Process effectiveness is evaluated based on the ability of the
AOP to meet the target treatment goals listed in Table 1. The data discussed in the
body of this report are presented using tables of test time or hydraulic retention time
(HRT) versus the averaged contaminant concentration for each contaminant. The
results of each duplicate run (and the respective averages used in generating
Tables 3-8) are presented as Appendix A. The averages are shown in the tables for
the experiment where one of the two replicates had detectable hits while the other
replicate was calculated by assigning the less than detect data a numerical value of
half of the detection limit shown. For example, a detection limit of 5 ppb was given
a 2.5-ppb value for use in calculating the average. If neither of the two replicates
had measurable amounts of contaminant, then the average was given a less than
detect label. Concentration values that were measurable, yet were lower than the
allowable method quantitational value, were still used in the calculation of the
average by giving these numbers the exact value estimated by the analyst. This
approach allows for better evaluation of the data, especially when comparing results
that are very similar.

TCE

Table 3 presents the TCE removal data for the various AOPs evaluated. These
data indicate that TCE was easily removed by all of the AOPs tested. This
observation is not surprising since it is well documented on the relative ease of
removing TCE using AOPs (see Chapter 1). Target treatment goals were met
within 3 min of each ozone-based AOP and within 20 min of each hydrogen
peroxide-based AOP.

The LPUV/hydrogen peroxide appears to have achieved conditions to provide
slightly better removal of TCE than did the MPUV/hydrogen peroxide system. This
is surprising since the MPUY systems are usually much more effective than the
LPUY systems for hydrogen peroxide because of improved quantum yields
associated with the UV absorption characteristics of hydrogen peroxide (see
Chapter 1). However, as stated above, both systems did remove TCE down to
target levels within 20 min of treatment.

Chapter 3 Restits

17




18

Table 3

TCE Removal from NOP Groundwater

Contaminant Concentrations, mg/

Test Time MPUV/ LPUV/ LPUV/ Peroxone Peroxone
min 100 HP Ozone 100 HP (10 HP) (100 HP)
0 0.695 0.690 0.710 0.705 0.685
3 0.195 0.002 0.135 <0.005 <0.005
5 0.049 <0.005 0.074 <0.005 <0.005
10 0.012 <0.005 0.008 <0.005 <0.005
20 0.004 <0.005 0.002 <0.005 <0.005
30 0.001 <0.005 <0.005 <0.005 <0.005
60 <0.005 <0.005 <0.005 <0.005 <0.005

Note: LPUV = Low-pressure UV lamp; MPUV = Medium-pressure UV lamp; HP = Hydrogen

peroxide.

The ozonated systems all performed similarly by removing TCE to sub-detection
limit levels within 3 min of treatment. The two peroxone systems performed
slightly better than the LPUV/ozone system by removing TCE to subdetection limit
levels within 3 min of treatment, while the LPUV/ozone system actually had low
amounts of TCE detected in 3 min (0.002 mg/¢).

RDX

Table 4 presents the RDX removal data for the AOPs evaluated. From Table 4,
the LPUV/ozone system was far superior to the other candidate AOPs tested in
terms of complete RDX removal. However, in terms of meeting the target treatment
goals, all of the UV irradiated systems met target treatment goals (0.002 mg/t)
within 5 min of treatment. This is not surprising since RDX is very photoreactive,
especially within the UV light bands. The MPUV and LPUYV hydrogen peroxide
systems performed very similarly to each in terms of RDX removal. Neither of
these two systems completely removed RDX to subdetection limit levels (i.c.,
<0.0002 mg/t) until 60 min of treatment. As expected, the MPUYV light source
provided a slightly better rate of removal compared with the LPUV system due to its
higher energy output within the region RDX absorbs UV and the better quantum
yield afforded with hydrogen peroxide using the MPUV.

The 100-mg/¢ hydrogen peroxide-dosed peroxone system removed RDX to
below target treatment goals within 60 min of treatment. Conversely, the 10-mg/!
hydrogen peroxide-dosed system did not meet target treatment goals by the 60-min
mark. The 10-mg/t hydrogen peroxide peroxone removed RDX to 0.0042 mg/t,
which is twice that of the target goal of 0.002 mg/¢ selected for this study.
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Table 4

RDX Removal from NOP Groundwater

Contaminant Concentrations, mg/¢

Test Time MPUYV/ LPUV/ LPUV/ Peroxone Peroxone

min 100 HP Ozone 100 HP (10 HP) (100 HP)
0 0.0144 0.0128 0.0134 0.0128 0.0130

3 0.0021 0.0003 0.0036 0.0105 0.0083

5 0.0007 <0.0002 0.0032 0.0086 0.0080

10 0.0004 <0.0002 0.0021 0.0077 0.0064

20 0.0005 <0.0002 0.0008 0.0071 0.0040
30 0.0002 <0.0002 0.0020 0.0062 0.0034
60 <0.0002 <0.0002 <0.0002 0.0042 0.0019

Note: LPUV = Low-pressure UV lamp; MPUV = Medium-pressure UV lamp; HP = Hydrogen
peroxide.

HMX

Table 5 presents the HMX data for the various AOPs evaluated. From this
table, HMX was already present at levels over two orders of magnitude below the
target treatment goal of 0.4 mg/(.

The LPUV/ozone and MPUV/hydrogen peroxide systems removed HMX to
subdetection limit levels within 5 min of treatment. The LPUV/hydrogen peroxide
system did not remove HMX to subdetection limit levels within 60 min of treatment
evaluated during this study; however, it did remove HMX to the detection limit by
60 min. The difference in performance between the LPUV/ozone and
LPUV/hydrogen peroxide systems is interesting; if photolysis was the primary
removal mechanism for HMX, it is expected that they would perform similarly.
However, since the maximum absorbance of HMX is approximately 232 nm,! which
is within the high-absorbance band area for hydrogen peroxide, competition for UV
photons within this area may have hindered either photolysis of hydrogen peroxide
into hydroxyl radicals (if oxidation by radical species was the primary removal
mechanism) or direct photolysis of the HMX (if photolysis was the primary removal
mechanism). The vastly better performance of the LPUV/ozone system in terms of
HMX cannot explain the poor performance of the LPUV/hydrogen peroxide system
because the LPUV/ozone, due to the lack of photon competition (ozone absorbs at a
much higher wavelength (254 nm) than HMX), could be removing HMX by either
oxidation and/or photolysis.

! Personal Communication, 1995, Dr. Mohammad Qasim, U.S. Army Engineer Waterways
Experiment Station, Vicksburg, MS.
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Table 5

HMX Removal from NOP Groundwater

Contaminant Concentrations, mg/t

Test Time MPUV/ LPUV/ LPUV/ Peroxone Peroxone

min 100 HP Ozone 100 HP (10 HP) (100 HP)
0 0.0029 0.0028 0.0028 0.0026 0.0027

3 0.0004 <0.0002 0.0014 0.0027 0.0020

5 <0.0002 <0.0002 0.0010 0.0024 0.0020

10 <0.0002 <0.0002 0.0006 0.0020 0.0018

20 <0.0002 <0.0002 0.0004 0.0022 0.0022
30 <0.0002 <0.0002 0.0005 0.0020 0.0014
60 <0.0002 <0.0002 0.0002 0.0017 0.0015

Note: LPUV = Low-pressure UV lamp; MPUV = Medium-pressure UV lamp; HP = Hydrogen
roxide.

The peroxone systems both performed similarly by only removing approximately
50 percent of HMX within 60 min of treatment. This indicates that HMX is not
very reactive with hydroxyl radicals (i.e., HMX is not very reactive with oxidizing
agents). Photon competition between the HMX and hydrogen peroxide, thereby
reducing the extent of photolysis achievable, was the likely reason for the
performance of the LPUV/hydrogen peroxide system compared with the
LPUV/ozone system.

TNT/TNB

TNT was almost never detected in the influents used during this study. When
TNT was detected in the test influents, it was present at levels below 0.002 mg/t
(the target treatment goal) and was removed by those AOPs within 3 min of
treatment. TNB, a by-product of TNT oxidation/photolysis, was not detected in any
of the test influents nor any of the samples collected during treatment of the Mead
groundwater.

2-amino-4,6-dinitrotoluene (2A-DNT)

2A-DNT was detected in most of the test influents used during this study. The
2A-DNT removal data are listed in Table 6 for all of the AOPs evaluated. There
was not a treatment goal established for 2A-DNT; however, these data are presented
(along with the 4A-DNT data discussed in the next section) to further evaluate the
performance of the various AOPs for removing nitro-based cyclic organics from the
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Table 6
2A-DNT Removal from NOP Groundwater

Contaminant Concentrations, mg/

Test Time MPUV/ LPUV/ LPUV/ Peroxone Peroxone

min 100 HP Ozone 100 HP (10 HP) (100 HP)
0 0.0004 0.0002 0.0003 0.0005 0.0003

3 <0.0002 <0.0002 0.0002 0.0002 0.0002

5 <0.0002 <0.0002 <0.0002 <0.0002 0.0002

10 0.0002 <0.0002 <0.0002 0.0001 0.0002
20 <0.0002 <0.0002 0.0005 0.0001 <0.0002
30 0.0001 <0.0002 0.0001 <0.0002 <0.0002
60 0.0001 <0.0002 0.0002 <0.0002 <0.0002

Note: LPUV = Low-pressure UV lamp; MPUV = Medium-pressure UV lamp; HP = Hydrogen

peroxide.

NOP groundwater. From Table 6, it appears that the ozonated systems provided
much higher and complete 2A-DNT removal than did the hydrogen peroxide-based

systems.

4-amino-2,6-dinitrotoluene (4A-DNT)

4A-DNT was detected in most of the test influents used during this study. Table
7 lists the results of the various AOP runs performed in terms of 4A-DNT removal.
These data generally indicated somewhat mixed results due to the low levels of 4A-
DNT present compared with the detection limits of the method used (0.0002 mg/t).
Since the data exhibited such an extent of variation, firm conclusions cannot be
made concerning the ability of the AOPs for removing 4A-DNT from the NOP
groundwater.

Estimating of VOC volatilization from sparged reactors

Figure 4 presents the results of the PID analysis of the off-gases exiting the
reactors. The potential for water vapor or ozone/hydrogen peroxide to register as an
organic compound by the PID (via a hit on meter) was evaluated by sparging ozone
into hydrogen peroxide-dosed DDI water. Since the PID did not register any hits,
then any hits observed with the actual groundwater during zonation is believed to be
actual organic contaminants,

The runs that used the NOP groundwater all had measurable amounts of VOCs
exiting the reactors. The acrated experiments had detectable amounts of VOCs
almost immediately with each experiment. The peroxone experiment began to have
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Table 7
4A-DNT Removal from NOP Groundwater

Contaminant Concentrations, mg/

Test Time MPUV/ LPUV/ LPUV/ Peroxone Peroxone

min 100 HP Ozone 100 HP (10 HP) (100 HP)
0 0.0007 0.0009 0.0008 0.0004 0.0004

3 0.0001 0.0008 0.0005 0.0004 0.0003

5 0.0001 0.0012 0.0004 0.0002 0.0002

10 0.0001 0.0009 0.0002 0.0002 0.0003
20 <0.0002 0.0006 0.0003 0.0002 0.0010
30 0.0002 0.0008 0.0001 0.0002 0.0007
60 0.0003 0.0007 0.0003 0.0002 0.0004

Note: LPUV = Low-pressure UV lamp; MPUV = Medium-pressure UV lamp; HP = Hydrogen
peroxide.

measurable amounts after 2 to 3 min of operation. Unfortunately, the PID does not
have the capability to separate and identify individual organic species (i.¢., no
chromatographic separation such as a GC/MS). These data clearly indicate that
VOC:s are exiting the reactors; however, the type of VOCs exiting cannot be
estimated. It is a good hypothesis that the aerated runs were likely volatilizing the
VOC:s that were present in the groundwater influent without any chemical
transformation occurring. It is possible that the AOP runs were stripping volatile
organic acids (carboxylics), a by-product of primary contaminant oxidation, from
the reactor. Organic acids would still be registered as organic carbon by the PID.
This theory of TCE being converted to organic acids that are in turn volatilized
would account for the delay in the registration of VOCs in the AOP runs. The
LPUV/ozone system clearly had the least amount of volatilization occurring,
suggesting that this system was mineralizing a greater percentage of the VOCs
present.

The highest VOC concentration in the off-gases exiting any of the PID
experiments was 0.45 ppm. These experiments indicate that stripping may be a
factor in terms of VOC removal. Unfortunately, exact quantification of the extent
of stripping cannot be estimated using the PID. However, the possibility that the
organics measured in the off-gases from the AOP systems were volatile organics is
high based on the rapid depletion of the TCE within the first 3 min of treatment, yet
the PID registered organic compounds (OC) in the off-gases well beyond this time
increment. Comparing the results listed in Table 3 to the PID data illustrated in
Figure 3 supports this theory. By 3 min, no detectable amount of TCE was present
in the LPUV/ozone and peroxone systems, yet the PID data indicate detectable
organics present in the off-gases well beyond 15 min.
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Summary

Table 8 lists the treatment times required by each candidate AOP to reach target
treatment goals (see Table 1). Table 8 also lists the critical contaminants for each
that are limiting the AOP from meeting the target goals for complete treatment and
the respective minimum HRT required to remove the critical contaminant to target
levels. It is not surprising that the UV-intensive systems were limited by TCE
removal, which is not very photoreactive (Sunstrom et al. 1986). On the other hand,
the peroxone systems were limited by RDX, which is very photoreactive (Zappi,
Hong, and Cerar 1993).

Table 8
Summary of Treatment Effectiveness

Time to Reach Target Treatment Goals, min
Analyte MPUV/HP LPUV/OZ LPUV/HP PER/10HP PER/100 HP
TCE <20 <3 <20 <3 <3
RDX <5 <3 <20 NR <60
HMX 0 0 0 0 0
TNT [+] 0 o] [*] 0
TNB 0 0 0 0 0
AOP Critical TCE TCE/RDX TCE/RDX RDX RDX
Contaminant:
Minimum 20 min 3 min 20 min >60 min 60 min
HRT:
Note: NR = Not reached within the 60 min of treatment evaluated.

The LPUV/ozone was obviously the best of all the AOPs evaluated. This AOP
provided excellent conditions that yielded rapid degradation rates. Both RDX and
TCE are listed as critical contaminants; however, their respective minimum HRTs
are only 3 min. Both MPUV/hydrogen peroxide and LPUV/ hydrogen peroxide had
TCE as their critical contaminant. They both also required 20-min HRTs to remove
TCE.

The peroxone systems had the longest minimum HRT of all the AOPs tested.
RDX was the critical contaminant for both peroxone systems. The 10-mg/¢
hydrogen peroxide-dosed system did not remove RDX to target levels within the 60-
min HRT used, while 60-min was the minimum HRT required for the 100-mg/¢
hydrogen peroxide-dosed peroxone system to meet the 0.002-mg/¢ RDX treatment
goal.

Some of the TCE may have been volatilized in the ozone-sparged experiments.
The volatilization experiments indicated a difference in the apparent amount of
organic carbon exiting the system. The LPUV/ozone system clearly had the least
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amount of contaminant volatilization. It is believed that the total amount of
contaminant removal obtained via stripping is likely to be minimal.
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4 Engineering Significance

The results of this study clearly indicate that all of the candidate AOPs except
the 10-mg/t hydrogen peroxide-dosed peroxone system can be used for treatment of
NOP-contaminated waters. This allows the design team to select an AOP strictly on
an economic basis. The more traditional commercialized AOPs (MPUV/hydrogen
peroxide and LPUV/ozone) offer well-designed, field-ready units that are skid
mounted. These AOPs also have a large experience base that can be relied upon to
give a high potential for operational success.

The LPUV/hydrogen peroxide and peroxone systems offer the design team
options that potentially are much more cost effective than the more traditional
AOPs. Unfortunately, neither system has a long history of application for
remediation of contaminated groundwaters on an appreciable scale. Peroxone has
been used for municipal water treatment on a multimillion gallon per day scale with
a high degree of success.

As stated above, the results of this study clearly indicate that advanced oxidation
offers an attractive option for treating the NOP groundwater. These processes result
in the onsite destruction of the contaminants, plus they are flexible enough in terms
of changing influent chemical matrices to be adjusted to maintain appropriate
effluent qualities. The LPUV/ozone and MPUV/hydrogen peroxide systems are
relatively well established with competent vendors available. However, peroxone
and LPUV/hydrogen peroxide are not well developed. It is suggested that onsite
pilot studies be performed to evaluate these systems using dynamic reactors. This
information can further support the bench results and possibly lead into the use of
one of these cost-effective AOPs at the NOP.

Suggested design considerations of an AOP treating the NOP-contaminated
groundwater are that the system should be plug-flow to prevent the expensive loss
of oxidizers over the weir of the system via the effluent. The hydrogen peroxide
should be dosed on a continual basis, which makes the design of such systems more
complex. In terms of peroxone design, this feature should be considered to
maximize the reaction rate achievable by keeping the hydrogen peroxide/ozone ratio
at an optimum (i.., 0.2 to 1.0). The residence times should be designed around the
contaminant that had the slowest degradation rate for each of the candidate AOPs
under consideration (i.e., the critical contaminant). The critical contaminants varied
with each AOP evaluated during this study.
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Based on the positive results of previous and several ongoing studies at WES, a
pilot-scale peroxone unit has been constructed and was recently tested at Rocky
Mountain Arsenal (RMA), Colorado. The system was used to treat groundwater
that was contaminated with low levels of diisopropylmethylphosphonate. Results
are very encouraging further substantiating the findings of this study and others
on-going by WES as to the potential for peroxone to treat contaminated
groundwaters. Zappi et al. (1994) summarize the preliminary results of a pilot
study completed at RMA during August 1994 (Appendix B) and illustrate the type
of information that can be generated using a dynamic pilot system such as the
Peroxone Oxidation Pilot System (POPS).
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5 Conclusions

The primary conclusion of this study is that all of the AOPs except the 10-mg/¢
hydrogen peroxide-dosed peroxone system appear capable of reaching the target
treatment goals set for the NOP site. The LPUV/ozone system was the best
performer in terms of rate and extent of contaminant removal. The 100-mg/(
hydrogen peroxide-dosed system appears to be the next best performer, followed
closely the MPUV/hydrogen peroxide system. The LPUV/hydrogen peroxide
system did meet target treatment goals at a much slower and, in some cases, less
complete manner.

There appears to be significant optimization that can be done on both the
peroxone and LPUV/hydrogen peroxide systems. This effort can be done using
either bench- or pilot-scale equipment. Pilot-scale, dynamic systems would deliver
better design-quality information on both processes.

Chapter 5 Conclusions
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Table A1
Temperature and pH Values for Advanced Oxidation Processes
Experiments in Mead Army Ammunition Plant (MAAP)
Groundwater
Label Time, min pH Temp, °C
Low-Pressure Mercury Lamp
12-W/2% Ozone'
MAAP1-0 0 6.91 224
MAAP1-3 3 7.46 20.7
MAAP1-5 5 7.62 20.7
MAAP1-10 10 7.86 21.0
MAAP1-20 20 8.03 21.0
MAAP1-30 30 8.12 20.9
MAAP1-60 60 8.03 204
MAAP6-0 0 6.91 236
MAAP6-3 3 7.82 23.7
MAAP6-5 5 8.02 237
MAAPE-10 10 8.23 23.7
MAAP6-20 20 8.30 23.7
MAAP6-30 30 8.31 23.7
MAAPS-60 60 8.02 23.9
12-W/2% Ozone®
MAAP11-0 0 6.78 24.1
MAAP11-3 3 7.63 24.1
MAAP11-§ 5 7.62 24.1
MAAP11-1 10 8.05 24.2
MAAP11-2 20 8.25 24.4
MAAP11-3 30 8.35 246
MAAP11-6 60 8.37 24.9
MAAP16-0 0 7.16 24.7
MAAP16-3 3 7.67 259
MAAP16-5 5 7.74 25.8
MAAP16-1 10 8.24 25.8
MAAP16-2 20 7.58 257
MAAP16-3 30 8.21 25.7
MAAP16-6 60 8.23 24.7
(Sheet 1 of 5)
! 40-mi VOC samples.
2 1-g Explosives samples.
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Table A1 (Continued)
Label Time, min pH Temp, °C
Low-Pressure Mercury Lamp (Continued)
12-W/100-mg/s Hydrogen Peroxide’
MAAP3-0 0 6.95 21.3
MAAP3-3 3 6.92 214
MAAP3-5 5 6.93 21.5
MAAP3-10 10 6.89 21.5
MAAP3-20 20 6.85 21.5
MAAP3-30 30 6.87 215
MAAP3-60 60 6.95 21.5
MAAPS-0 0 6.86 23.7
MAAPS-3 3 6.81 23.9
MAAPS-5 5 6.91 24.0
MAAPS-10 10 6.78 24.0
MAAPS-20 20 6.75 24.1
MAAPS-30 30 6.76 24.1
MAAPS-60 60 6.97 24.0
12-W/100-mg/¢ Hydrogen Peroxide®
MAAP13-0 0 6.93 24.9
MAAP13-3 3 6.76 24.7
MAAP13-5 5 6.92 23.5
MAAP13-1 10 7.09 23.6
MAAP13-2 20 7.13 23.7
MAAP13-3 30 7.09 24.1
MAAP13-6 60 7.06 24.5
MAAP19-0 0 6.97 25.1
MAAP19-3 3 6.81 239
MAAP19-5 5 6.91 24.0
MAAP19-1 10 6.78 . 24.0
MAAP19-2 20 6.75 241
MAAP19-3 30 6.76 24.1
MAAP19-6 60 - 6.97 24.0
Medium-Pressure Mercury Lamp
200-W/100-mg/t Hydrogen Peroxide'
MAAPS5-0 0 6.92 22.7
MAAPS-3 3 6.63 23.0
MAAPS-5 5 6.57 23.0
MAAPS-10 10 6.55 22.7
(Sheet 2 of 5)
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Table A1 (Continued)

Label Time, min pH Temp, °C
Medium-Pressure Mercury Lamp (Continued)
200-W/100-mg/t Hydrogen Peroxide' (Continued)
MAAPS-20 20 6.63 22.8
MAAP5-30 30 6.64 22.7
MAAPS5-60 60 6.77 22.7
MAAP10-0 6.96 25.1
MAAP10-3 3 6.94 25.2
MAAP10-5 7.12 25.3
MAAP10-1 10 6.78 25.4
MAAP10-2 20 6.79 25.4
MAAP10-3 30 6.79 25.4
MAAP10-6 60 6.89 255
200-W/100-mg/? Hydrogen Peroxide?
MAAP15-0 0 7.08 25
MAAP15-3 3 7.16 25.1
MAAP15-5 5 7.14 25.1
MAAP15-1 10 7.18 25.2
MAAP15-2 20 7.14 24.7
MAAP15-3 30 7.28 25.2
MAAP15-6 60 7.32 25.4
MAAP20-0 6.96 25.1
MAAP20-3 6.94 25.2
MAAP20-5 7.12 25.3
MAAP20-1 10 6.78 25.4
MAAP20-2 20 6.79 254
MAAP20-3 30 6.79 25.4
MAAP20-6 60 6.89 25.5
100-mg/2 Hydrogen Peroxide/2% Ozone'
MAAP2-0 0 6.94 20.7
MAAP2-3 3 7.71 20.7
MAAP2-5 5 7.90 20.7
MAAP2-10 10 8.07 20.7
MAAP2-20 20 8.17 21.0
MAAP2-30 30 8.18 20.7
MAAP2-60 60 7.98 21.0
MAAP7-0 6.97 23.7
MAAP7-3 3 7.71 24.0
(Sheet 3 of 5)
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Table A1 (Continued)

Label Time, min pH Temp, °C
Medium-Pressure Mercury Lamp (Continued)
100-mg/7 Hydrogen Peroxide/2% Ozone' (Continued)
MAAP7-5 5 7.92 23.9
MAAP7-10 10 8.18 24.0
MAAP7-20 20 8.09 24.0
MAAP7-30 30 8.21 24.0
MAAP7-60 60 7.87 23.9
100-mg/¢ Hydrogen Peroxide/2% Ozone?
MAAP12-0 0 6.93 25.5
MAAP12-3 3 7.66 25.5
MAAP12-5 5 7.90 25.4
MAAP12-1 10 8.20 254
MAAP12-2 20 8.16 25.4
MAAP12-3 30 8.09 25.5
MAAP12-6 60 7.98 25.8
MAAP17-0 : 7.19 25.2
MAAP17-3 | 768 257
MAAP17-5 5 | 769 25.7
MAAP17-1 10 7.81 25.7
MAAP17-2 20 8.19 257
MAAP17-3 30 8.08 25.7
MAAP17-6 60 7.94 25.7
Peroxone
10-mg/t Hydrogen Peroxide/2% Ozone'
MAAP4-0 0 6.65 20.4
MAAP4-3 3 7.46 20.4
MAAP4-5 5 7.84 204
MAAP4-10 10 8.06 20.4
MAAP4-20 20 8.13 204
MAAP4-30 30 7.99 -20.4
MAAP4-60 60 7.92 20.5
MAAP8-0 6.72 24.7
MAAP8-3 7.67 24.7
MAAP8-5 7.91 24.8
MAAPS-10 10 8.03 24.7
MAAP8-20 20 8.21 24.7
MAAP8-30 30 8.26 24.8
MAAP8-60 60 8.22 24.9
(Sheet 4 of 5)
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Table A1 (Concluded)
Label Time, min pH Temp, °C
Peroxone (Continued)
10-mg/¢ Hydrogen Peroxide/2% Ozone?
MAAP14-0 0 6.96 23.5
MAAP14-3 3 7.43 23.6
MAAP14-5 5 7.57 23.3
MAAP14-1 10 7.51 23.2
MAAP14-2 20 7.68 23.5
MAAP14-3 30 7.66 20.4
MAAP14-6 60 7.58 20.5
MAAP18-0 6.91 25.1
MAAP18-3 3 767 24.7
MAAP18-5 791 24.8
MAAP18-1 10 8.03 24.7
MAAP18-2 20 8.21 24.7
MAAP18-3 30 8.26 24.8
MAAP18-6 60 8.22 24.9
(Sheet 5 of 5)
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Abstract

Advance oxidation processes are treatment processes that rely on the hydroxyl
radical to destroy contaminants in polluted waters. Peroxone is an advanced
oxidation process that utilizes the reaction of ozone and hydrogen peroxide to
produce hydroxyl radicals without the requirement of ultraviolet light. The
U.S. Army Engineer Waterways Experiment Station evaluated the use of peroxone
at Rocky Mountain Arsenal (RMA) for treatment of groundwater contaminated with
diisopropylmethylphosphonate (DIMP) and low levels of pesticides. This
evaluation was performed at RMA using a pilot-scale treatment system. Results
indicate that DIMP was easily oxidized to below detection limit levels.
Optimization of the process indicated that a 250-mg/¢ hydrogen peroxide dose in
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four columns plumbed in series were all sparged with 2.2-percent ozonated air at a
rate of 2.5 scfm.

Introduction

Rocky Mountain Arsenal (RMA) is an installation of the U.S. Army occupying
more than 17,000 acres in Adams County, Commerce City, CO. RMA was
established in 1942 and has been the site of chemical incendiary munitions
manufacturing and chemical munitions demilitarization. Following World War II,
Congress approved the leasing of some portions of RMA to private industry.
Agricultural pesticides and herbicides were manufactured onsite from 1947 to 1982.
Past military and industrial activities at RMA have resulted in the contamination of
the alluvial aquifer with various organic compounds such as
diisopropylmethylphosphonate (DIMP), pesticides, and volatile organic compounds.

In support of the Office of The Program Manager Rocky Mountain Arsenal
(PMRMA), the U.S. Army Engineer Waterways Experiment Station (WES)
evaluated peroxone for treatment of contaminated groundwaters using a pilot-scale
peroxone oxidation system. These activities focused on evaluating the feasibility of
using peroxone as either a pretreatment technology for the removal of organic
contaminants from the influents to existing RMA systems that do not adsorb well
onto activated carbon, such as DIMP (thus reducing the activated carbon usage as a
cost-saving measure), or for direct remediation of the contaminated groundwater.
This paper summarizes some of the results generated by this study that was recently
performed at RMA by WES during August 1994.

The Peroxone Process

Chemical oxidation processes that result in the generation of the hydroxyl radical
(OH’) have been referred to as advanced oxidation processes (AOPs) by the
American Water Works Association (Langlais, Reckhow, and Brink 1991).
Commercial application of AOPs for contaminated groundwater treatment in the
United States has traditionally involved ultraviolet (UV) irradiation of hydrogen
peroxide, ozone, or a combination of both. In UV light-based AOPs, irradiation of
chemical oxidizers with UV light produces hydroxyl radicals. The hydroxyl radical
is a much more powerful oxidizer than either hydrogen peroxide or ozone
(Sundstrom et al. 1986).

Peroxone is an AOP that utilizes the combination of hydrogen peroxide and
ozone to form the hydroxyl radical without the requirement of UV light. The results
reported by Glaze and Kang (1988) indicated that peroxone could effectively
degrade chlorinated solvents from the groundwater. Since peroxone does not
require the addition of high concentrations of chemical oxidizers and UV light, it is
estimated that reductions in treatment costs as high as an order of magnitude over
more traditional AOPs may be realized.
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Langlais, Reckhow, and Brink (1991) present the following mechanism for the
formation of the hydroxyl radical during peroxone treatment:

H,0, + HO -~ HO, + H,0

0O, +HO, -- OH + 0, + 0,
0, +H -~ HO,
0,+0, -~ 0, + 0,

0, + H —~ HO,

H03 - OH' + 02

Discussions with French researchers indicate that some water utilities in France
are currently using peroxone to treat millions of gallons per day of pesticide-
contaminated groundwater.! The French researchers claim that treatment costs are
on the order of $0.05 per 1,000 gal treated. Glaze and Kang (1988) performed
laboratory-scale studies on the ability of peroxone to remove TCE and
tetrachloroethylene (PCE) from a contaminated groundwater. The results proved
positive enough to warrant subsequent pilot-scale evaluations (Aieta et al. 1988).
Both the bench and pilot studies concluded that the reaction rate of TCE and PCE
was increased by factors of 1.8 to 2.8 and 2.0 to 6.5, respectively, as opposed to
those achieved by ozonation alone. Apparently, TCE was reactive toward ozone
alone as well as the hydroxyl radicals formed; PCE was only reactive toward the
radical species. Both studies indicated that a hydrogen peroxide-to-ozone ratio
between 0.25 and 0.5 was optimal for removing TCE and PCE from the
groundwater studied. The Metropolitan Water District of Southern California
(1991) evaluated peroxone using pilot-scale systems for treatment of
2-methylisobornel (MIB) and trans-1,10-dimethyl-trans-9-decanol (geosmin). The
District concluded that optimum hydrogen peroxide-to-ozone ratios for removal of
MIB and geosmin was 0.1 to 0.2. They further conclude that peroxone was better
for removal of MIB and geosmin than ozone alone due to increased hydroxyl radical
production.

Researchers at WES have recently developed a numerical model for estimating
the steady-state hydroxyl radical concentrations in peroxone systems (under
publication). The hydroxyl radical production and destruction mechanisms as
described by the WES model are presented in the equation below,

(2k [05) [H)0,] K s, [H +]

[OH-] =
ks [05]) + (ks [Hy0,]) + (ky[X]) + (K [S])

! Personal Communication, 1992, with Dr. Marcel Dore, University of Poitiers, France.
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where
X = Target contaminant
§ = Radical scavengers
K and k = Rate constants

The above model indicates that there are numerous chemical reactions that may
occur that can remove hydroxyl radical species from a reactor fluid. Only those
reactions that either result in production of the radical (shown in the numerator of
the equation) and/or the destruction of the contaminant are considered beneficial
(the X term in the denominator). The other reactions have an adverse impact on
reaction kinetics due to the scavenging of radicals that would have been available
for contaminant destructive reactions.

Based on radical production/reaction chemistry, WES has identified three
predominant scavenging reactions that will most likely govern reactions within
traditional AOP reactor systems when treating contaminated groundwaters. These
are reactions with bicarbonate/carbonate ions, reduced cations (i.e., iron), and
excessive amounts of primary oxidizers (i.e., ozone and hydrogen peroxide). Of
particular interest to this study is that too much ozone or hydrogen peroxide may be
added to an AOP system. Usually obtaining excessive amounts of ozone is difficult
because ozonation is mass transfer limited (gas to water transfer). However,
introduction of hydrogen peroxide (a liquid) is much easier and is likely a potential
scavenging source in AOPs. There is an optimum dose for each oxidizer and an
optimum stoichiometric mass-to-mass ratios for those AOPs utilizing both
oxidizers, such as peroxone. Some of the data presented in this report serve as
excellent examples of these interactions.

Study Background and Objectives

In 1993, WES evaluated the potential for three AOPs for removal of DIMP from
RMA groundwaters. AOPs evaluated include UV/hydrogen peroxide, UV/ozone,
and peroxone. These efforts were accomplished using 1-¢ bench reactors. The
results from this effort indicate that any time UV light was added to the hydrogen
peroxide system or ozone, extremely rapid degradation rates were observed.
Although the peroxone system did not have as rapid degradation as the UV-based
processes, appreciable degradation of DIMP was observed. The peroxone bench
study indicated that hydraulic residence times (HRTs) in excess of 30 min will be
required to remove DIMP to below detection limit levels (BDLLs). The parent
oxidizers used in the bench study, ozone and hydrogen peroxide, were found not to
be reactive toward DIMP. This indicates that the primary removal mechanism for
DIMP was the hydroxyl radical and/or photolysis.

The results of the bench studies for DIMP removal were considered promising.
The UV-based systems had more rapid DIMP degradation rates than the peroxone
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systems. Unfortunately, UV-based systems are more expensive than peroxone
systems and are sensitive to influent UV transmissivity. UV-based systems are also
susceptible to fouling of the quartz tubes that house the UV lamps. Peroxone
oxidation is estimated to cost as low as an order of magnitude lower than traditional
UV-based AOPs and are not susceptible to problems associated with iron fouling or
poor influent UV transmissivity. Therefore, further evaluation of peroxone
oxidation for DIMP removal to BDLLs was initiated using a WES-developed and
constructed pilot-scale system with the objective of evaluating the two application
scenarios discussed above.

Equipment Description

The peroxone oxidation pilot system (POPS) used in this study was designed
and constructed by WES. The system had the capability of evaluating influent flow
rates ranging from 0.5 to 15 gal per minute (gpm). For this study, a constant flow
rate of 0.9 gpm was used. The system was plumbed in a countercurrent flow mode
with the hydrogen peroxide-dosed influent flowing downward and the ozonated gas
flowing upward through the columns. Hydrogen peroxide doses were mixed with
the influent using an in-line vortex mixer.

The POPS unit used a 3-1b-per-day Orec ozone generator capable of producing a
continuous stream of air containing up to 2.5-percent ozone (wt/wt). Ozonated air
was introduced into four 6-in. ID by 14-ft-high, all-glass columns via ceramic
spargers located on the column bottoms. A central data logging system control unit
comprised of a Gateway 486, 200 Mbyte, 50 MHz computer was used for on-screen
operations analysis of process operations that were used for system operation and
real-time data logging. Hydrogen peroxide was introduced into the influent stream
using a metering pump to precisely dose the peroxone system with hydrogen
peroxide of varying strengths (depending on the target dosage). Two IN-USA
ozone monitors were used with the system for gas phase analysis. One unit was
used to monitor ozone generator output in percent ozone (wt/wt). The other unit
had multiport capability for analyzing air phase ozone concentrations at various
sampling points including column headspace, preozone and postozone destruct unit,
and ambient air. An IN-USA in-line ozone monitor with multiport capability will be
used for analyzing residual ozone levels in the effluents exiting any of the four
columns. Ozone exiting the columns that was not transferred into the column
influents was passed through an ozone destruct system to prevent release of ozone
into the ambient air. DIMP is not volatile, so there were no concerns about DIMP
loss via volatilization during ozonation.

Approach

RMA groundwater was used as the influent for this study. This influent contains
DIMP at approximate levels that approach 100 ppb. The POPS unit was operated
at a constant ozone feed of 2.2 percent ozone at a flow rate of 2.5 scfm with varying
hydrogen peroxide doses into the influent added prior to entry into the first column.

Appendix B Peroxone Pilot Study Paper

B5




B6

Influent was added to the system at a constant flow rate of 0.9 gpm, which
represented an approximate system HRT of 90 min (23 min per column).
Analytical samples for DIMP analysis using gas chromatography were collected
periodically after each POPS column in precleaned all-glass, 1-¢ sample bottles.
DIMP analyses were performed by the RMA Analytical Laboratory. Ozone and
hydrogen peroxide concentrations exiting the columns were also recorded.

Results

A DIMP concentration of BDLLs (<1.78 pg/t) was selected as a target treatment
goal for comparison of process formulation performance. Tables B1-B3 summarize
the results of the POPS runs for hydrogen peroxide doses of 100, 250, and
500 mg/t, respectively. These data indicate that the 250-mg/¢ dose (Table B2) had
slightly more rapid removal kinetics than the 100-mg/¢ dose (Table B1). The
addition of 500 mg/¢ (Table B3) had a slight inhibitory effect on DIMP removal.
The mechanism of rate inhibition is believed to be the reaction of hydroxyl radicals
with the excessively high amounts of hydrogen peroxide present in the reactors
(Table B3). The WES steady-state hydroxyl radical model for peroxone presented
earlier illustrates how excessive amounts of either oxidizer may hinder contaminant
degradation rate. In fact, the rationale for the 100-mg/¢ hydrogen peroxide dose to
perform slightly worse than the 250-mg/¢ dose was attributed to excessive amounts
of ozone present in the column, which reacted with some of the hydroxyl radicals
produced because of the limited amounts of hydrogen peroxide present in the
columns. This effect is also illustrated in the steady-state hydroxyl radical model
for peroxone systems.

Table B1
100-mg/¢ Hydrogen Peroxide-Dosed POPS Run
Sample Cumulative Water (H,0,) Water (DIMP)
Location' HRT, min mg/e Water (O,), mgit | pght
Influent 0 100 0 70
Column 1 23 80 0.6 14
Column 2 46 30 BDL BDL
Column 3 69 1 0.3 BDL
Column 4 93 0.2 BDL BDL
Note: BDL = Below detection limit (0.1 mg/¢ for oxidizers and 1.78 ug/t for DIMP).

‘ ! Column data based on samples collected diractly after exiting the column.
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Table B2

250-mg/¢ Hydrogen Peroxide-Dosed POPS Run

Sample Cumulative Water (H,0,) Water (DIMP)
Location' HRT, min mg/e Water (0,), mg/e ﬁ/ﬂ

Influent 0 250 0 65

Column 1 23 200 1.7 10

Column 2 46 125 1.2 BDL

Column 3 69 50 04 BDL

Column 4 93 0.2 BDL BDL

Note: BDL = Below detection limit (0.1 mg/t for oxidizers and 1.78 ug/¢ for DIMP).

' Column data based on samples collected directly after exiting the column.

Table B3

500-mg/¢ Hydrogen Peroxide-Dosed POPS Run

Sample Cumulative Water (H,0,) Water (DIMP)
Location’ HRT, min mg/e Water (O,), mg/t Aﬂl

Influent 0 500 0 60

Column 1 23 500 20 14

Column 2 46 350 1.9 37

Column 3 69 275 2.0 BDL

Column 4 93 200 1.6 BDL

Note: BDL = Below detection limit (0.1 mg/¢ for oxidizers and 1.78 pg/2 for DIMP).
! Column data based on samples collected directly after exiting the column.

In summary, all three hydrogen peroxide doses were capable of meeting the

target treatment goal of BDLLs. The 100- and 250-mg/¢ doses reached target levels

within an HRT range of greater than 23 min, but less than 46 min. This HRT
supports the results of the WES bench study, which predicted that an HRT of at
least 30 min would be required to meet the BDLL target. The 500-mg/t dose
appeared to hinder DIMP oxidation reactions due to the excessive amounts of
hydrogen peroxide present. This hindering effect is explained by the numerical
model for steady-state hydroxyl radical concentrations in peroxone systems.

Further Efforts

The results of this study were considered very encouraging. Further analysis of

the applicability of the peroxone process at RMA is ongoing. The 250-mg/¢
hydrogen peroxide dose appeared to be the optimum process formulation for the

conditions evaluated to date. However, WES has generated additional data using
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varying ozone doses and flow rate. The steady-state (OH') model predicts that
reduced ozone and hydrogen peroxide doses may provide similar treatment
efficiencies at significantly reduced treatment costs due to decreased oxidizer
demands. These data are currently being evaluated and will be published when
available.
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ABSTRACT (Maximum 200 words)
Chemical oxidation processes that result in the generation of the hydroxyl radical (OHe) have been referred to as advanced

oxidation processes (AOPs) by the American Water Works Association. The U.S. Army Engineer Waterways Experiment
Station under the direction of the U.S. Army Engineer District, Kansas City, and in conjunction with Woodward-Clyde
Consultants, Overland Park, KS, evaluated the comparative performance of four AOPs for removing trichloroethylene, RDX,
HMX, trinitrotoluene, and 1,3,5-trinitrobenzene from a representative sample of groundwater from the Nebraska Ordnance
Plant using bench-scale reactors. During 1990, this site was placed on the National Priorities List. Candidate AOPs that
were evaluated were irradiation of hydrogen peroxide with ultraviolet (UV) light emitted from low-pressure mercury vapor
UV lamps (LPUV-HP), irradiation with UV light emitted from a low-pressure mercury vapor UV lamp with ozone sparging
(LPUV-02Z), irradiation of hydrogen peroxide with UV light emitted from a medium-pressure mercury vapor UV lamp
(MPUV-HP), and peroxone (ozone sparging with hydrogen peroxide dosing).

The groundwater influent sample used in this study was a three-way composite (equal parts) of groundwater collected
from three site observation wells (Wells MW-11A, MW-40B, and MW-47B). The experiments were performed using a 1-

borosilicate reactor configured to sparge ozone into the test solution. This reactor has an inner immersion well that houses
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the UV lamps. A 200-W MPUYV lamp and a 12-W LPUV lamp were used as light sources. Hydrogen peroxide was
added according to the specific run conditions. Ozone was added semicontinuously via constant sparging of
ozonated air (2-percent ozone). The fate of oxidants and contaminants was monitored by taking samples from the
reactor at preset times during each experimental run. The volatile organic compound (VOC) analyses were run on a
Hewlett-Packard gas chromatography/mass spectrometry system with a purge and trap system manufactured by

O. I Analytical using U.S. Environmental Protection Agency (USEPA) Method No. 8240. Explosives analyses
were performed using USEPA Method 8330 using a Waters brand high performance liquid chromatography system
operated with solid-phase preconcentration procedures. An HNU brand photoionizer detector was used to analyze
the off-gases exiting various AOP systems to quantify the amount of VOCs stripped from the reactor during
ozonation.

Process effectiveness was evaluated based on the ability of the AOP to meet the preset target treatment goals.
For the specific operating conditions evaluated in this study, the LPUV/ozone system was the best performer in
terms of rate and extent of contaminant removal. The MPUV/hydrogen peroxide (100 mg/¢) was the next best
performer, followed by the 100-mg/¢ hydrogen peroxide-dosed peroxone system. The LPUV system did meet target
treatment goals at a much slower and, in some cases, less complete manner.
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