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ABSTRACT OF THESIS
USE OF FUNCTIONALIZED BIMETALLIC MEMBRANES
FOR TREATMENT OF CONTAMINATED GROUNDWATER
AT A HAZARDOUS WASTE SITE IN KENTUCKY
Providing access to clean drinking water will continue to be a challenge for civil
engineers for generations to come. Since many communities around the world rely on
groundwater as a source of drinking water, remediation technologies must be implemented
at sites where groundwater contamination exists due to years of mismanagement of
hazardous waste. Using nanosized zero-valent metals such as iron and zinc embedded
within and on the surface of functionalized (PAA) membrane filters has shown to be an
effective dechlorination technique for contaminated groundwater. Introducing a noble
metal such as Pd or Ni increases reaction rates by acting a catalyst for the dechlorination
reaction.
This study focuses on the treatment of contaminated groundwater at a hazardous waste
site in Louisville, Kentucky. Once a chlorinated organic chemical manufacturing plant, the
site now operates a treatment system for the contaminated groundwater to prevent
migration into the nearby Ohio River. A portable membrane treatment system, built at the
University of Kentucky, incorporates this functionalized bimetallic membrane technology
for treatment of the groundwater found at the former manufacturing plant. Three bench
scale tests were performed with membrane treatment system using DI water spiked with
the chemical trichloroethylene (TCE). Results showed that using the functionalized Fe/Pd
membranes significant decreased TCE concentrations over time. While further tests should
be conducted to verify the results of the preliminary bench-scale tests, the membrane
treatment system shows potential for use at the hazardous waste site in Kentucky.
KEYWORDS: TCE, Fe/Pd functionalized membranes, Groundwater, Dechlorination,
Remediation, Membrane treatment system
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1.

INTRODUCTION
Clean water is vital to our health, communities, and economy (EPA, 2017a). However,

a joint report from the World Health Organization (WHO) and the United Nations
International Children’s Emergency Fund (UNICEF) found that in 2017 there were still 2.1
billion people worldwide who lacked access to safely managed drinking water sources
(WHO and UNICEF, 2017). While most citizens in the United States are fortunate enough
to have access to clean water, the American Water Works Association estimated in 2017
that $1 trillion is necessary to maintain and expand clean water service to meet demands
over the next 25 years (American Society of Civil Engineers, 2017).
In the U.S., public drinking water supplies are regulated by the United States
Environmental Protection Agency (EPA) under the Clean Water Act (CWA). The Federal
Water Pollution Control Act of 1948 was the first major U.S. law to address water
pollution; however, it was the sweeping amendments passed in 1972 known as the CWA
which provided the basic structure for water regulation in America (EPA, 2017b). The Safe
Drinking Water Act (SDWA) was subsequently passed in 1974, giving the EPA the
authority to establish minimum standards to protect tap water, and requiring all owners and
operators of public water systems to comply with these primary (health-related) standards
(EPA, 2017e).
1.1. Background of Problem
While most (approximately 80%) of the drinking water in the U.S. comes from surface
waters such as rivers, lakes, reservoirs, and oceans; approximately 20% of Americans rely
on groundwater aquifers as their primary source of drinking water (American Society of
Civil Engineers, 2017). Since water is an excellent solvent, it can contain many dissolved
chemicals. Groundwater, which moves through rocks and subsurface soil, therefore has a
greater opportunity than surface water to dissolve substances as it moves (United States
Geological Survey, 2018). These substances may be either natural or manmade; regardless,
the clean-up of groundwater poses unique challenges for engineers across the nation (Nyer,
2009).
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In the U.S., there are thousands of sites where groundwater and subsurface soils have
been contaminated due to improper management of hazardous wastes. These sites are
regulated by the EPA under the Comprehensive Environmental Response, Compensation,
and Liability Act (CERLA), established by Congress in 1980 (EPA, 2018g). CERCLA is
informally called the Superfund Program. Superfund gave the EPA the authority to regulate
the clean-up of contaminated sites and it set up a framework for forcing those parties
responsible for the contamination to either perform the clean-ups or reimburse the
government for EPA-led clean-up work (EPA, 2018g).
The EPA also oversees the clean-up of contaminated sites under the Resource
Conservation and Recovery Act (RCRA), which establishes a system for managing
hazardous waste at facilities from the time the hazardous waste is generated until its
ultimate disposal (EPA, 2011). While CERCLA governs the federal management and
response to abandoned, uncontrolled hazardous waste sites, RCRA applies to sites which
are actively managing hazardous waste (EPA, 2011). Despite the differences in much of
the nomenclature used under the two statutes, there are many similarities and consistent
outcomes. The site on which this study is focused is managed under a RCRA hazardous
waste permit.
Some of the most common types of pollutants at Superfund and RCRA sites are volatile
organic compounds (VOCs). For example, a report released by the EPA in 2017 found that
from 1982 to 2014, 86% of Superfund sites that managed groundwater were contaminated
with VOCs (EPA, 2017f). The same study reported that semi-volatile organic compounds
(SVOCs) were found at 57% of Superfund sites which managed contaminated groundwater
from 1982 to 2014 (EPA, 2017f). VOCs and SVOCs, which are described in more detail
in Chapter 2 of this report, include a variety of compounds such as halogenated VOCs
(primarily chlorinated VOCs), benzene, toluene, polychlorinated biphenyls, aromatic
hydrocarbons, and organic pesticides and herbicides (EPA, 2017f). Halogenated VOCs are
the most common groundwater pollutant found at Superfund sites from 1982-2014; they
were found at 78% of Superfund sites (EPA, 2017f). This study will focus on the pollution
of groundwater by chlorinated substances, primarily chlorinated VOCs, at a hazardous
waste site in Kentucky.
2

1.2. Importance/Potential of Membrane Technology
Chlorinated VOCs were widely used in the United States beginning in the 1940s and
were associated with a variety of uses such as degreasing, cleaning, manufacturing
processes, and dry-cleaning operations (Department of Toxic Substances Control
California Environmental Protection Agency, 2010). Due to their widespread use and years
of improper disposal, chlorinated VOCs such as trichloroethylene (TCE) have
contaminated the groundwater throughout the U.S., prompting the need for the
development of treatment methods to safely remove and/or destroy these proven or
suspected carcinogens (Meyer et al., 2009).
One of the remediation options which has been increasingly explored in the past 20
years is the injection of zero-valent nanoscale metals into contaminated groundwater
plumes to facilitate an electrochemical reduction of chlorinated organics to harmless
compounds (Meyer et al., 2009). However, environmental health concerns about the
potential impacts associated with the introduction of such particles into the environment
have limited the application of such technology. Instead, Dr. Dibakar Bhattacharyya and
his research group at the University of Kentucky, Chemical and Materials Engineering
Department, have found success using nanoscale metals embedded within membrane
filters to treat these chlorinated VOCs and SVOCs (Xu and Bhattacharyya, 2007, Meyer et
al., 2009, Bhattacharyya et al., 2010, Smuleac et al., 2011, Gui et al., 2013, Gui, 2014,
Hernandez et al., 2016, Wan et al., 2017). This study focuses on using this potential
remediation technology on-site at a RCRA-managed facility; a technique which could be
scaled-up for use at many Superfund and RCRA sites across the country and at similarly
contaminated sites around the world.
1.3. Objectives of Study
The objectives of this study include: 1.) to explore the wide variety of methods for
remediation of contaminated groundwater, 2.) to measure the effectiveness of
functionalized, bimetallic (Fe/Pd) nanoparticle membranes for reducing various organic
toxins, and 3.) to determine how pressure and flow affect the performance of these
membranes in a small-scale membrane treatment system. This study will also explore how
this membrane treatment system, constructed at the University of Kentucky and intended
3

for use at a contaminated site in Louisville, Kentucky, could be implemented on a largescale at other contaminated sited in the U.S. and beyond.
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2.

BACKGROUND
This research project involves the development of a functionalized membrane system

for the treatment of groundwater contaminated by chlorinated organic compounds. The
groundwater tested in this research project comes from a site in Louisville, Kentucky,
currently known as the Atkemix Ten site (see Figure 2.1). The site was once a chlorinated
organic chemical manufacturing plant operated by Stauffer Chemical Company. The plant
was constructed in 1953 and operated until 1983.
Much of the history of the site was obtained from the November 1999 “Corrective
Measures Study” prepared by Conestoga-Rovers & Associates (Ref. No. 8319 (9)) and the
August 1999 “Addendum to Phase II RCRA Facility Investigation” report, also prepared
by Conestoga-Rovers and Associates (Ref. No. 8319 (7)).
According to the Corrective Measures Study (1999b), the Stauffer plant was
constructed in three phases:
•

Phase 1 – original facility, constructed in 1953; produced tetrachloroethylene,
carbon tetrachloride, anhydrous hydrogen chloride, and muriatic acid.

•

Phase 2 – constructed in 1955; produced chloroform, methylene chloride, carbon
tetrachloride, anhydrous hydrogen chloride, and muriatic acid.

•

Phase 3 – constructed in 1961 for the sale and recycle of methyl chloride.

Phase 1 operations ended in 1981; Phase 2 and 3 operations were terminated in 1983.
Demolition of the process facilities was completed in the mid-1980s. The plant had one
surface impoundment regulated under the federal Resource Conservation and Recovery
Act (RCRA) and Kentucky Hazardous Waste Regulations, referred to as the “New”
Evaporation Pond; this pond was in service between November 1980 and November 1982
and was closed in September 1986 under the authority of the Kentucky Division of Waste
Management (DWM). The other waste disposal facilities on site were unregulated while
the plant was in operation.

5

Figure 2.1. Atkemix Ten site location (Conestoga-Rovers & Associates, 1999a).
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Atkemix Ten Inc. acquired the site as a result of the divestiture of Stauffer Chemical
Company in 1987. This section of the thesis will summarize the major contaminants of
concern present at the site; describe the regulatory history of the site; give a background of
the site including history, geology, soils, hydrogeology, and surface water; present the
nature and extent of contamination at the site; describe the current permits and regulations
which apply to the site; and summarize the current operations at the site.
2.1. Site Background
The site is located Jefferson County, Kentucky, in the western part of the City of
Louisville east of the Ohio River between mile markers 613 and 614 (US Army Corps of
Engineers, 2014). The relief over the site and surrounding region is generally flat at an
elevation of approximately 450 feet above mean sea level (msl) and gently slopes towards
the Ohio River to an elevation of approximately 420 feet msl. The site occupies a total area
of approximately 207 acres; facility operations were confined to the western half of the
site.
Bordering the Atkemix Ten property on the southwest is an industrial complex owned
by Borden Chemical Company. Several private properties border the property to the
northeast, as well as another industrial property owned by Superior Oil Company.
Dreamland Lake is also located approximately 400 feet to the northeast of the property
boundary. The property is located in the City of Shively, a neighborhood of Louisville.
Lee’s Lane Landfill, a former National Priorities List (NPL) Superfund site, is located
approximate half a mile from the southwest boundary of the property. The site was placed
on the NPL in 1983 because of contaminated groundwater, surface water, sediment, soil,
and air resulting from landfill operations (EPA, 2018d). The site first received waste in
1948 from domestic, commercial, and industrial sources. In 1975, residents living adjacent
to the landfill began reporting flash fires around their water heaters (EPA, 2018d). After
detecting explosive levels of methane, several families had to be evacuated from their
homes. In 1980, about 400 exposed drums containing hazardous materials like benzene,
copper, cadmium, lead, and chromium were discovered in the Ohio River bank next to the
landfill. After extensive site cleanup and continual monitoring, the Lee’s Lane site was
removed from the NPL in 1996 (EPA, 2018d).
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2.1.1.

Rubbertown

The Atkemix Ten site is located in an area of west Louisville given the nickname
“Rubbertown” due to the number of synthetic rubber and tire plants that were built there
during World War II near existing oil refineries (LouisvilleKY.gov, 2007). Standard Oil of
Kentucky was built in 1918, and Aetna Oil and Louisville Refinery soon followed in the
1930s. A rubber plant operated by DuPont Co. was approved in 1941 and within the same
year, it was announced that B.F. Goodrich Co. would also establish a synthetic rubber
plant in the area (Elson, 2015). In 1945, Union Carbide built a plant in the complex to
manufacture 1,3-butadiene (a known human carcinogen) from grain alcohol that was piped
to Rubbertown from distilleries in Louisville (Agency for Toxic Substances and Disease
Registry, 2006, West Jefferson County Community Task Force, 2018). A consortium of
five tire companies known as National Synthetic Rubber also opened a plant that year to
make styrene-butadiene rubber for tires needed in the war effort.
These factories have since been converted to industrial facilities which produce a wide
variety of chemicals and materials used in thousands of different products such as acrylic
paint, disposable diapers, labels and stickers, PVC pipe, vinyl house siding, window
glazing, and brake pads (West Jefferson County Community Task Force, 2018). A map of
Rubbertown is shown in Figure 2.2; the Atkemix Ten site is outline in red.
For many years following the war, residents of the area began complaining of health
problems such as asthma or other respiratory effects which they attributed to air pollution
emissions from the many industrial facilities (Peterson, 2013). The Louisville Metro
Department of Public Health and Wellness formed a special committee called the West
Jefferson County Community Task Force (WJCCTF) in 1996 to identify problems in the
area and citizen organizations like ReACT (Rubbertown Emergency Action) formed to
advocate for more assessment and control of air emissions (LouisvilleKY.gov, 2007).
Between 2000 and 2001, the Jefferson County Air Pollution Control District (APCD),
EPA, the Kentucky Division for Air Quality, and the University of Louisville worked with
WJCCTF to conduct an air monitoring study of a large number of toxic air pollutants at
twelve sites in western Louisville and Jefferson County. In 2003, these studies released
data that showed there were 29 chemicals found in unsafe amounts in the Rubbertown area
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including arsenic, chloroform, formaldehyde, and vinyl chloride (Agency for Toxic
Substances and Disease Registry, 2006).

Figure 2.2. Map of Rubbertown in Louisville, Kentucky (LouisvilleKY.gov, 2007).
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At the end of the study, the WJCCTF reported that the Rubbertown area accounted for 20%
of the state’s total industry releases of air toxics and 42% of all industrial air emissions in
Jefferson County (West Jefferson County Community Task Force, 2018).
The West Louisville Air Toxics Study Risk Management Plan, Part 1: Process and
Framework was then issued in 2003 to establish the process to identify the sources of
chemicals which are above target risk levels; the operations which will be evaluated for
those chemicals to lower concentrations; and the elements of a risk communication plan
and process to best inform the community on relevant issues and activities
(LouisvilleKY.gov, 2007). In 2004, the APCD created the Strategic Toxic Air Reduction
(STAR) Program. The STAR program is a set of regulations that requires companies that
release higher levels of toxic chemicals into the air to significantly reduce emissions
(Agency for Toxic Substances and Disease Registry, 2006).
Today a community group called Rubbertown Community Advisory Council (CAC)
meets and maintains a website to discuss health and community-related issues. A
documentary by Remington Smith was also made in 2016 called “Rubbertown”; the film
explored the history of the area and followed local residents to examine the environmental,
political, and social conditions which affect them.
2.2. Contaminants of Concern
There are both volatile organic compounds (VOCs) and semi-volatile organic
compounds (SVOCs) present in the soils and groundwater at the Atkemix Ten site. VOCs
are defined by EPA as:
“any compound of carbon, excluding carbon monoxide, carbon dioxide, carbonic
acid, metallic carbides or carbonates and ammonium carbonate, which
participates in atmospheric photochemical reactions, except those designated by
EPA as having negligible photochemical reactivity (EPA, 2017g)”.
More simply put, VOCs are organic compounds which readily evaporate under normal
atmospheric conditions of temperature and pressure. The European Union uses boiling
point rather than volatility in its definition of VOCs, defining them as “any organic
compound having an initial boiling point less than or equal to 250°C measured at a standard
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atmospheric pressure of 101.3 kPa (EPA, 2017g).” If using the definition based on boiling
point, SVOCs can then be defined as any organic compound with an initial boiling point
in the range of 240°C to 400°C (EPA, 2017g). The higher the volatility, or lower the boiling
point, the more likely the compound will be emitted from a product or surface into the air.
The five major VOCs (i.e., most prevalent and at the highest concentrations) identified
at the Atkemix Ten site are carbon tetrachloride, chloroform, tetrachloroethylene,
trichloroethylene, and cis-1,2-dichloroethylene. The three major SVOCs identified at the
site are hexachlorobutadiene, hexachlorobenzene, and hexachloroethane. Other organic
compounds detected in soil and groundwater samples at elevated concentrations include
1,2-dichloropropane,

methylene

chloride,

1,1,2,2-tetrachloroethane,

and

1,1,2-

trichloroethane. However, these parameters have historically been detected at lower
concentrations and at much lower frequencies than the previously identified major
compounds. The eight major compounds are summarized in Table 2.1 and described in
greater detail in the follow sections.
Table 2.1. Summary of major contaminants present at site (National Center for
Biotechnology Information, 2004).
Nickname/
Abbreviation

Chemical Name
Carbon Tetrachloride
Chloroform
Tetrachloroethylene
Trichloroethylene
cis-1,2dichloroethylene
Hexachlorobutadiene
Hexachlorobenzene
Hexachloroethane
1Measured

2.2.1.

CCl4

VOC

Boiling
Point
(°C)1
170.1

CHCl3

VOC

143

C2Cl4

VOC

250

C2HCl3

VOC

189

C2H2Cl2

VOC

140

C4Cl6
C6Cl6
C2Cl6

SVOC
SVOC
SVOC

419
612
368.2

Molecular
Formula

Carbon Tet, Perc,
Perchloromethane
Trichloromethane,
Formyl trichloride
PCE, Tetrachloroethene,
Perchloroethylene
TCE, Trichloroethene,
Trilene
cis-DCE, cis-1,2dichloroethene
HCBD
Perchlorobenzene
HCE, Perchloroethane

at 760 mm Hg (1 atm).

Classification

VOCs

There are five major VOCs present at the Atkemix Ten site. They are described in detail
in the subsections below and summarized in Table 2.2, below.
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Table 2.2. Summary of major VOCs detected at Atkemix Ten site.
Chemical Name

Primary Uses

Primary Health Effects

EPA Cancer Classification

Carbon Tetrachloride

- Refrigeration fluid
- Propellant for aerosol cans
- Cleaning fluid (spot cleaner,
degreaser)
- Extraction solvent for fats,
oils, and greases
- Spot remover
- Used in fire extinguishers
- Anesthetic during surgery
- Used to make other chemicals
- Dry cleaning agent
- Metal degreaser

- Increased risk of liver cancer
- Adverse effects on kidneys and central
nervous
system

Probable Human Carcinogen

- Central nervous system depression
- Adverse effects on kidneys and liver
- Could be development/ reproductive
effects

Probable Human Carcinogen

1 ppb (for total
trihalomethanes,
a group which
includes
chloroform)

- Irritation of upper respiratory tract
- Kidney dysfunction
- Dizziness, headache, sleepiness
- Cognitive and motor neurobehavioral
performance defects
- Adverse effects on kidneys, liver,
immune system
- Adverse effects on liver, kidneys,
central nervous system
- Developmental effects
- Associated with kidney, liver, cervix,
and lymphatic cancer

Probable Human Carcinogen

5 ppb

Known Human Carcinogen

5 ppb

- Nausea, drowsiness, or death (from
inhaling high levels)
- Adverse effects on liver, lungs (if
inhaled), red blood cell count

Not Classifiable

70 ppb

Chloroform

Tetrachloroethylene

12
Trichloroethylene

Cis-1,2dichloroethylene
1MCL

- Metal degreaser
- Used to make other chemicals
- Used to make HFC-134a
(refrigerant fluid)
- Extraction solvent for fats,
oils, and greases
- Spot remover
- Component of adhesives,
lubricants, paints, varnishes,
and insecticides
- Used to produce solvents and
chemical mixtures

= Maximum Contaminant Level

MCL1 in
Drinking
Water
5 ppb

2.2.1.1.

Carbon Tetrachloride

Carbon tetrachloride is a clear, colorless, volatile chlorinated hydrocarbon with the
formula CCl4 (National Center for Biotechnology Information, 2004). Carbon tetrachloride
has been produced in large quantities to make refrigeration fluid and propellants for aerosol
cans, and was once widely used as a cleaning fluid; in industry and dry cleaning
establishments it was used as a degreaser, and in households it was used as a spot cleaner
for furniture, clothing, and carpeting (Agency for Toxic Substances and Disease Registry,
2011). It was also used in fire extinguishers and as an insecticide, though most of its uses
were discontinued in the mid-1960s.
The primary effects of carbon tetrachloride are on the liver, kidneys, and central
nervous system. Studies in animals have shown that ingestion of carbon tetrachloride
increases the risk of liver cancer; therefore EPA has classified it as “probable human
carcinogen” and established a maximum contaminant level (MCL) in drinking water of 5
parts per billion (ppb) (EPA, 2000b). The use of carbon tetrachloride in consumer products
was banned in 1970, and its production was to be completely phased out for non-feedstock
uses by the year 2000.
When talking about the health risks from exposures to such compounds, we frequently
use terms like one part per billion (i.e. 1 ppb) or one part per million (i.e. 1 ppm). One part
per billion is equivalent to 1 microgram per liter (i.e. µg/l). Another way to think of a ppb
would be to visualize putting 1 drop of ink into an Olympic size swimming pool and then
mixing it thoroughly. This procedure would produce an ink concentration of 1 ppb or a
concentration of 0.000001%. Similarly, one part per million (i.e. ppm) is equivalent to 1
milligram per liter (i.e. mg/L). One part per million can be visualized but putting four drops
of ink in a 55-gallon drum and then mixing it thoroughly. This procedure would produce
an ink concentration of 1 ppm or a concentration of 0.001%. Finally, by way of comparison,
1 ppm = 1000 ppb.
2.2.1.2.

Chloroform

Chloroform is a colorless, volatile liquid derivative of trichloromethane with an etherlike odor and slightly sweet taste (National Center for Biotechnology Information, 2004).
Its chemical formula is CHCl3. It once had a variety of uses; it was used as an extraction
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solvent for fats, oils, greases, and other products; as a dry cleaning spot remover; in fire
extinguishers; and as a fumigant (EPA, 2000b). In the past, chloroform was also used as
an inhaled anesthetic during surgery; now it is primarily used to make other chemicals. It
can also be formed in small amounts when chlorine is added to water (Agency for Toxic
Substances and Disease Registry, 2011). Chloroform is volatile, so it evaporates quickly
when exposed to air, and it also dissolves easily in water. However, it does not stick to soil
very well, so when it is spilled it easily travels through soil to groundwater where it can
enter a water supply (Agency for Toxic Substances and Disease Registry, 2011).
The major acute effect of inhaling chloroform is central nervous system depression.
Chronic exposure could cause effects on the liver and kidney, and there may also be
developmental/reproductive effects. EPA has classified chloroform as a probable human
carcinogen and while there is no MCL for chloroform by itself, the EPA limit for total
trihalomethanes, a class of chemicals that includes chloroform, is 1 ppb in drinking water
(EPA, 2000b).
2.2.1.3.

Tetrachloroethylene

Tetrachloroethylene, also known as PCE, is a volatile, nonflammable colorless liquid
with the formula C2Cl4. It was once widely used as a dry-cleaning agent and metal
degreasing solvent. Due to its wide usage, it has been found in at least 945 of the 1,699
current or former National Priorities List (NPL) sites (about 55%) (Agency for Toxic
Substances and Disease Registry, 2011).
The acute effects from short term inhalation exposure in humans include irritation of
the upper respiratory tract and eyes, kidney dysfunction, dizziness, headache, and
sleepiness. Chronic effects are mostly neurological, including cognitive and motor
neurobehavioral performance (EPA, 2000b). PCE may also cause adverse effects on the
kidney, liver, immune system, and on development and reproduction. Studies have also
found associations with several types of cancer; as such EPA has classified PCE as a
probable human carcinogen (EPA, 2000b). The MCL for PCE in drinking water is 5 ppb.
2.2.1.4.

Trichloroethylene

Trichloroethylene, also known as TCE, is a volatile, colorless liquid that is miscible
with many non-polar organic solvents (National Center for Biotechnology Information,
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2004). TCE is mainly used to as a solvent to remove grease from metal parts and also as a
chemical to make other chemicals, especially the refrigerant HFC-134a (Agency for Toxic
Substances and Disease Registry, 2011). It has also been used as an extraction solvent for
greases, oils, fats, and tars; by the textile and dry-cleaning industry; and as a component of
adhesives, lubricants, paints, varnishes, paint strippers, and pesticides. TCE is the most
widely detected organic chemical at NPL sites and also has been found in many remote
areas (EPA, 2018f).
Acute and chronic exposure to TCE can affect the central nervous system, as well as
the liver, immunological, and endocrine systems. Developmental effects have also been
reported in humans (EPA, 2000b). TCE exposure has also been associated with several
types of cancers including kidney, liver, cervix, and lymphatic symptoms; it is classified
by the National Toxicology Program as “known to be a human carcinogen” (National
Toxicology Program, 2016). While TCE is still widely produced or imported to the United
States with an estimated use of 250 million pounds per year, EPA has proposed several
bans of TCE in the past two years, especially in degreasing, dry cleaning, and spot cleaning
products (EPA, 2017d). The MCL for TCE in drinking water is 5 ppb.
2.2.1.5.

Cis-1,2-dichloroethylene

Cis-1,2-dichloroethylene (cis-DCE) is a highly flammable, colorless liquid with a
sharp, harsh odor (Agency for Toxic Substances and Disease Registry, 2011). It is mainly
used to produce solvents and chemical mixtures. Cis-DCE is one of two isomers of 1,2dichloroethylene; the cis-isomer is configured with the chlorine atoms on the same side of
the carbon-carbon double bond, while in the trans-isomer, they are on opposite sides, as
shown in Figure 2.3 below.

Figure 2.3. Chemical structures of cis- and trans-1,2-dichloroethylene (EPA, 2009).
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Breathing high levels of cis-DCE can lead to nausea and drowsiness; breathing very
high levels can lead to death (Agency for Toxic Substances and Disease Registry, 2011).
Some animal studies have shown that breathing high levels of cis-DCE can also damage
the liver and lungs and decrease the number of red blood cells. EPA has determined that
cis-DCE is not classifiable as to its human carcinogenicity, but the MCL for drinking water
is set at 70 ppb (EPA, 2000b).
2.2.2.

SVOCs

There are three major SVOCs present at the Atkemix Ten site. They are described in
detail in the subsections below and summarized in Table 2.3.
2.2.2.1.

Hexachlorobutadiene

Hexachlorobutadiene (HCBD) is a colorless liquid with a turpentine-like odor. Most
hexachlorobutadiene used commercially in the US is imported from Germany, and is
mainly used to make rubber compounds (Agency for Toxic Substances and Disease
Registry, 2011). It is also used as a solvent, as a heat transfer liquid, a hydraulic fluid, and
is used to make lubricants.
While no studies have been conducted on the health effects of hexachlorobutadiene in
humans, studies on mice have shown that it can affect the respiratory system, liver, and
kidneys when inhaled or ingested in large quantities (Agency for Toxic Substances and
Disease Registry, 2011). EPA has classified hexachlorobutadiene as a possible human
carcinogen and has issued a drinking water health advisory at 1 ppb.
2.2.2.2.

Hexachlorobenzene

Hexachlorobenzene is a white, crystalline solid at room temperature, and is formed as
a byproduct during the manufacture of other chemicals (mainly solvents). There are
currently no commercial uses of hexachlorobenzene in the U.S., but it was once used as a
pesticide until 1965 and was also used in the production of rubber, aluminum, and dyes, as
well as in wood preservation (EPA, 2000b).
Chronic oral exposure to hexachlorobenzene in humans is associated with liver disease
and skin lesions, and animal studies have shown an association with cancer of the liver,
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thyroid, and kidney (EPA, 2000b). Therefore, EPA has classified hexachlorobenzene as a
probable human carcinogen and has set the MCL for drinking water at 1 ppb.

17

Table 2.3. Summary of major SVOCs detected at Atkemix Ten site.
Chemical Name

Primary Uses

Primary Health Effects

EPA Cancer
Classification

Hexachlorobutadiene

- Used to make rubber
compounds
- Solvent
- Heat transfer liquid
- Hydraulic fluid
- Used to make lubricants
- Used as a pesticide
- Used in the production of
rubber, aluminum, and dyes
- Used in wood preservation

- Studies on mice show
adverse effects on liver,
respiratory system, and
kidneys

Possible Human
Carcinogen

- Liver disease
- Skin lesions
- Animal studies have
shown association with
cancer of the liver,
thyroid, and kidney
- Central nervous system
depression
- Animal studies have
shown neurological,
liver, and kidney effects
- Liver tumors (in mice)

Probable Human
Carcinogen

1 ppb

Possible Human
Carcinogen

1 ppb

Hexachlorobenzene
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Hexachloroethane

1MCL

- Used by military for
smoke-producing devices
- Byproduct in production of
some chemicals
- Used in fungicides,
insecticides, lubricants, and
plastics

= Maximum Contaminant Level

MCL1 in
Drinking
Water
1 ppb

2.2.2.3.

Hexachloroethane

Hexachloroethane (HCE) is a colorless solid that gradually evaporates when exposed
to air. In the U.S., about half of the HCE produced was used by the military for smokeproducing devices (Agency for Toxic Substances and Disease Registry, 2011). While it is
no longer made in the U.S., it is formed as a byproduct in the production of some chemicals
and can also form when chlorine reacts with carbon compounds in drinking water. It may
also be found as an ingredient in some fungicides, insecticides, lubricants, and plastics
(Agency for Toxic Substances and Disease Registry, 2011).
Acute exposure to HCE is associated with central nervous depression in humans and
neurological, liver, and kidney effects have been observed in animals exposed to HCE.
Liver tumors were also observed in mice following oral exposure to HCE (EPA, 2000b).
EPA has classified HCE as a possible human carcinogen and has issued a drinking water
health advisory at 1 ppb.
2.3. Site Plan
A detailed site plan of the facility is shown in Figure 2.4. An enlarged version of the
site plan is shown in Figure 2.5. The site map presented in Figure 2.4 and Figure 2.5
includes both liquid processing units and solid waste management units. Though none of
these units are currently used at the Atkemix Ten site, their historical use as part of the
Stauffer Chemical Plant are described below.
Process Wastewater Treatment and Disposal
According to the Corrective Measures Study Report by Conestoga-Rovers & Associates
(1999b), process wastewater at the Stauffer plant consisted of spent caustic from vent
neutralization, process scrubber liquids, cooler tower and boiler blowdown, condensate,
and production area and tank farm runoff. This wastewater was collected by the plant
drainage system and treated by neutralization, aeration, and solids settling. It was then
discharged to the Ohio River under a former KPDES permit.
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Figure 2.4. Atkemix Ten site plan (Conestoga-Rovers & Associates, 1999b).

Figure 2.5. Enlarged Atkemix Ten site plan (adapted from Conestoga-Rovers &
Associates, 1999b).
The Hex Sump (shown as #1 in Figure 2.5), named for the hexachlorinated wastes
produced at the plant (i.e., hexachlorobenzene, hexachloroethane, hexachlorobutadiene),
was an underground concrete tank which received residues from the Phase I production of
carbon tetrachloride and tetrachloroethylene. The area around the Hex Sump included a
wastewater drain system. Originally, this drain system consisted of subsurface drain lines,
but was later converted to surface trenches. Any solids which accumulated in the Hex Sump
were removed from the sump daily and disposed in the landfills. The Hex Sump was filled
with concrete as part of the demolition of process facilities.
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The pH Neutralization Basin (shown as #2 in Figure 2.5) was a concrete basin which
received process wastewater and plant drainage. The pH of the combined stream was
adjusted manually in the basin and the effluent was pumped to the Settling Basin (shown
as #3 in Figure 2.5). After settling, the wastewater was discharged through plant outfall
001 into the Ohio River in accordance with KPDES permit number KY0002780.
Approximately twice a year, settled solids were removed from the Settling Basin and
disposed of in the Old Evaporation Pond (shown as #4 in Figure 2.5). The pH Basin and
the Settling Basin were filled with clean fill (clay) during site closure to prevent ponding
or infiltration.
On-site Waste Disposal Units
Various Stauffer wastes were disposed of in on-site disposal units. According to
available records, no wastes were brought from off-site for disposal in any of the Stauffer
waste disposal units.
The North and South Landfills (shown as #6 and #7 in Figure 2.5) were the first onsite disposal units constructed on the river side of the flood control levee. Both landfills
were in use between 1953 and 1975. The solid wastes disposed of in the landfills primarily
consisted of hexachlorinated wastes from the Phase I production of tetrachloroethylene.
Both landfills underwent final closure in 1982 under approval by the State of Kentucky
and the U.S. Army Corps of Engineers.
Copper Ponds 1 and 2, also called the Inactive Disposal Area (shown as #8 and #9 in
Figure 2.5) were used for the disposal of copper chloride; a byproduct generated from the
removal of residual chlorine from hydrochloric acid gas stream. The Copper Ponds were
in use between 1956 and 1976. In 1977, use of copper was discontinued at the site and
ponds were closed in 1979.
The Old Evaporation Pond (shown as #4 in Figure 2.5) was constructed in 1976 and
was primarily used for dewatering and disposal of lime-based solids from the water
treatment system and Settling Basin solids. Use of the pond was discontinued in 1980 and
it was subsequently closed under the approval of KYDEP in 1983.
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The New Evaporation Pond (shown as #5 in Figure 2.5) is the only disposal unit that
was regulated under federal and state hazardous waste regulations (RCRA). Construction
was completed in 1980, shortly before Stauffer made the decision to end manufacturing
operations; therefore, the pond was only used during shut-down operations. Use of the
pond was discontinued in 1982, and closure of the pond was completed in 1986 in
accordance with hazardous waste regulations and under approval of KYDEP.
Other Plant Disposal/Storage Areas
Ashes from the plant coal-fired boilers were collected and drawn into the Silo (shown
as #10 in Figure 2.5). Initially this ash was simply placed in the field around the boilers.
After 1967, ashes from the Silo were dumped into trucks and hauled to Floyd County; the
plant had a contract with the county to provide ash for use as fill material in various
construction projects. Some of the ash was also placed in the North and South Landfills. In
1967 a Fly Ash Settling Basin (shown as #11 in Figure 2.5) was installed to allow
collection of wash waters with small amounts of ash from the nearby Silo. A covered trench
directed wash wasters from the Silo to the Fly Ash Settling Basin. The Silo was removed
as part of dismantlement activities and the covered trench was filled in. The Fly Ash
Settling Basin was filled with clean fill (clay) to prevent ponding and infiltration.
The Scrap Metal Storage Area (shown as #12 in Figure 2.5) was located north of the
production area near the Copper Ponds. It was used for the temporary storage of any used
equipment which was to be sold as scrap metal. Used equipment was decontaminated
before storage in this area. This area was also used for temporary storage of new equipment.
2.3.1.

Geology, Hydrogeology, and Soils

Based on the investigations conducted and presented in the 1999 Corrective Measures
Study by Conestoga-Rivers & Associates, there are four major stratigraphic units identified
beneath the site. They are, in order of increasing depth, as follows:
•

Clay Unit

•

Transition Unit

•

Outwash Unit

•

Bedrock.
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Clay Unit
The uppermost geologic unit at the site is the Clay Unit consisting of dry to slightly
moist, brown to gray clay with some silt and trace fine sand. The Clay Unit ranges in
thickness from approximately 5.5 feet in the southwestern portion of the site to 41.5 feet in
the northeastern portion of the site. The average porosity of the clay was measured to be
42%, and the average moisture content was 19%, indicating that this unit is unsaturated.
Transition Unit
Underlying the clay unit is the Transition Unit, a gray to brown unit consisting of
slightly moist to moist silt with some clay and some trace sand. The Transition Unit was
predominantly found beneath the Plant area including the Settling Basin and Inactive
Disposal Area (Copper Ponds 1 and 2) and southwest of the South Landfill and flood
control levee. The Transition Unit was mostly absent near the North Landfill and the pH
Neutralization Basin area. The thickness of the Transition Unit ranges from 2 feet south of
the North Landfill to 29 feet in the northwestern portion of the former production area. The
average porosity of the Transition Unit, similar to the Clay Unit, was also measured to be
42%, and the average moisture content was 22%, indicating that this unit is also
unsaturated.
Given its clayey composition, the Clay/Transition Unit can be described as an aquitard;
restricting the flow of groundwater and reducing recharge to the underlying Outwash
Aquifer. In some areas adjacent to the Ohio River, the Clay/Transition Unit may act as a
confining bed to the Outwash aquifer. The vertical hydraulic conductivity (KV) of the
aquitard was calculated and ranged from 2 x 10-4 cm/sec to 2 x 10-8 cm/sec.
Outwash Unit
The Outwash Unit underlies the Clay Unit and Transition Unit, if present. It is
described as a relatively consistent unit of brown to gray sand, sand and gravel, with a trace
of silt. No clay lenses were encountered in the Outwash Unit; therefore, it was considered
as a single hydrogeologic unit for the purposes of groundwater flow and contaminant
transport evaluation. The Outwash Unit was encountered at depths ranging from 13 feet
below ground surface (bgs) in the southwestern portion of the site to 55 feet bgs near the
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New Evaporation Pond. The total thickness of the Outwash Unit ranges from 55.5 feet near
the North Landfill to 97 feet near the New Evaporation Pond. The average porosity was
measured to be 38%.
The Outwash Aquifer beneath the site occurs within the saturated portion of the
Outwash Unit. Since most of the upper portion Outwash Unit was found to be unsaturated,
the Outwash Aquifer was said to be unconfined over most of the site, except in small areas
where the Clay/Transition Unit aquitard was saturated, adjacent to the Ohio River. The
saturated thickness of the Outwash Aquifer ranges from 36 feet adjacent to the Ohio River
to 63 feet in the northeast portion of the former production area.
The average horizontal conductivity (KH) of the Outwash Aquifer was estimated to be
approximately 1.4 x 10-1 cm/s (400 feet/day) and the vertical hydraulic conductivity (KV)
was estimated to be approximately 4.2 x 10 -2 cm/s (120 feet/day). Groundwater elevation
contours in the Outwash Aquifer indicated a northwest flow direction towards the Ohio
River, which is also consistent with regional groundwater flow. The horizontal
groundwater velocity in the Outwash Aquifer was estimated to be approximately 3.9
feet/day. Under natural conditions, the volume of discharge from the Outwash Aquifer to
the Ohio River would be approximately 1,200 gallons per minute (gpm). Under current
conditions, the groundwater from beneath the site is intercepted by the groundwater
extraction system operating at approximately 1,000 – 1,800 gpm. Current operations at the
site are discussed later in this section.
Bedrock
The Bedrock Unit beneath the site is New Albany Shale. The bedrock surface was
encountered at depths ranging from 94 feet bgs to 115 feet bgs. Bedrock contours beneath
the site indicate a slight bedrock mound beneath the New Evaporation Pond area and a
relatively flat surface in all other areas beneath the site with a gentle slope towards the Ohio
River.
Due to the large difference in the hydraulic conductivity of the Outwash Aquifer and
the low hydraulic conductivity typically associated with shale units, the bedrock is
considered to be the base of the flow system at the site. Regionally, upward hydraulic
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gradients do occur between New Albany Shale and the Outwash Aquifer, but these were
found to be relatively small and therefore insignificant at the site location.
2.3.2.

Surface Water

The Ohio River is the western boundary of the site; the site is adjacent to mile marker
614. The site is located on the former floodplain of the Ohio River; a flood wall constructed
by the U.S. Army Corps of Engineers in the early 1950’s now prevents the site from
flooding.
The daily mean discharge of the Ohio River in the Louisville, Kentucky area from 1928
to 1994 was 116,100 ft3/s which equates to 17.3 inches per year over the drainage basin
area of 91,170 square miles (Ohio River Valley Water Sanitation Commission, 1994). The
7Q10 flow, defined as the minimum consecutive 10 day low flow within a 10 year low
flow event for the Ohio River in Louisville, Kentucky is approximately 11,000 ft3/s (US
Army Corps of Engineers, 1997). The Ohio River is the main source of the municipal water
supply for the City of Louisville; however, the main intake (the B.E. Payne Water
Treatment Plant) is located approximately 14 miles upstream of the site. Additionally, there
is a drinking water intake for the city of Evansville, Indiana located 173 miles downstream
of the facility. The mean water elevation of the Ohio River in the vicinity of the site is
approximately 395 feet msl (US Army Corps of Engineers, 1997).
Stormwater runoff at the site drains to two surface waters; the south-central portion of
the site drains to an unnamed stream, and the portion of the site lying to the west of the
flood control levee drains directly to the Ohio River. The unnamed stream runs south and
eventually empties into the Ohio River (approximately 1.5 miles downstream) via the Mill
Creek Cutoff. A residential/recreational lake, Dreamland Lake, is located approximately
2,000 feet to the north of the site center; however, the site does not drain to this waterbody.
As previously discussed, the topology of the site is relatively flat; the maximum
topographic relief generally varies from 10 to 20 feet over the entire property, with the
exception of the steep slope down to the Ohio River at the floodwall. To control stormwater
runoff, there are six main drainage channels or swales located on the site. The surface water
drainage channels and flood control levee (flood wall) are shown in Figure 2.6.
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Figure 2.6 Site surface water drainage channels (Conestoga-Rovers & Associates, 1999b)
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2.4. Regulatory History of Site and Extent of Contamination
As previously stated, there was only one regulated waste disposal facility at the Stauffer
Chemical Plant, the New Evaporation Pond. The New Evaporation Pond was not regulated
while it was in service between 1980 and 1982; rather, its closure was regulated in 1986
by the Kentucky DWM. In 1987, joint Post-Closure and Hazardous and Solid Waste
(HWSA) permits were issued for the New Evaporation Pond. As previously mentioned,
Atkemix Ten acquired the site from Stauffer Chemical Company the same year. Under the
terms of the Post-Closure permit, quarterly sampling and analyses of designated
groundwater monitoring wells is continually performed; sampling results are submitted to
the Kentucky DWM. The issuance of the Post-Closure and Hazardous Solid Waste
Amendment (HSWA) permit began a long and complex history with both State and Federal
regulatory entities.
2.4.1.

RCRA Facility Investigation

As part of its HSWA permit issued in 1987, the site entered into the RCRA Corrective
Action Program and a sequence of investigations were performed. The first RCRA Facility
Site Investigation (RFI) was performed to identify Solid Waste Management Units
(SWMUs) throughout the site. An RFI Work Plan was approved by KYDEP and EPA
Region IV in February 1991. The RFI Report was then submitted to KYDEP and EPA in
April 1993 and was approved by both parties in November 1993. A Phase II RFI was also
recommended as part of the report. Phase II continued the site investigations initiated in
Phase I of the RFI.
A Phase II RFI Work Plan was then submitted to KYDEP and EPA in August 1993; it
was approved in June 1996 and revisions were submitted in August 1996. The Phase II RFI
Report was then submitted to KYDEP and EPA in July 1997. KYDEP provided comments
on the Phase II RFI Report in February 1998 and Atkemix Ten responded to these
comments and revised sections of the Phase II RFI Report were resubmitted to KYDEP in
May 1998.
As a result of the KYDEP comments on the Phase II RFI Report, additional
investigations were performed that included collection and a more detailed analysis of soil,
sediment, surface soil, and groundwater samples. This was intended to further delineate the
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extent of contamination at the site. The results of the additional investigation were
presented in the Addendum to the Phase II RFI, dated August 1999.
2.4.2.

Interim Remedial Measures

During the time in which the Phase I and II RFIs were being performed, an Interim
Remedial Measure (IRM) was installed at the site in 1997 to control groundwater migration
toward the Ohio River from the former production area. The IRM consisted of four
groundwater extraction wells and an on-site groundwater treatment system. The system
was designed to operate in the range of 1,125 to 1,800 gpm and in 1999, were operating at
approximately 1,500 gpm. The on-site groundwater treatment system consisted of an air
stripper followed by carbon adsorption for the stripper off-gas. The treated effluent from
the air stripper was then discharged to the Ohio River via a Kentucky Pollution Discharge
Elimination System (KPDES) permitted outfall. The carbon in the carbon adsorption
system was regenerated on-site and the condensed organics were collected and sent offsite to a hazardous waste facility for disposal.
2.4.3.

Corrective Measures Study

The Phase I and II RFIs, as well as the Addendum to the Phase II RFI, were all
performed by Conestoga-Rovers & Associates (CRA), an environmental engineering
consulting firm based in Ontario, Canada. A Corrective Measures Study (CMS) was also
performed by CRA and submitted to KYDEP and EPA in November 1999. The overall
purpose of the CMS was “to identify and evaluated potential remedial alternatives for soils,
sediment, and groundwater that have been impacted by historical releases at the Site
(Conestoga-Rovers & Associates, 1999b).” The CMS summarized the air, soil, sediment,
surface soil, surface water, and groundwater analyses performed during the Phase I and II
RFI Report and Phase II RFI Addendum. The CMS evaluated different hazardous waste
treatment techniques to determine if they could be applicable to the Atkemix Ten site. CRA
performed bench scale tests for applicable treatment techniques and subsequently proposed
and evaluated five alternatives for future treatment at the site. These alternatives are
presented in Table 2.4.
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Table 2.4. Summary of Treatment Alternatives from Corrective Measures Study.
Alternative
1

Remedial Components
-

2

-

3

-

4

-

5

-

No Further Action
Continue IRM (Pump and Treat,
for groundwater)
Institutional Controls (deed
restrictions, at a minimum)
Continue IRM (Pump and Treat,
for groundwater)
Institutional Controls (deed
restrictions, at a minimum)
Containment/Capping (for surface
soils)
Soil Vapor Extraction (for
subsurface soils)
Excavation (for Ohio Riverbank
soils)
Continue IRM (Pump and Treat,
for groundwater)
Institutional Controls (deed
restrictions, at a minimum)
Containment/Capping (for surface
soils)
Soil Vapor Extraction (for
subsurface soils)
Excavation (for Ohio Riverbank
soils)
Expanded IRM (Pump and Treat,
for groundwater)
Institutional Controls (deed
restrictions, at a minimum)
Containment/Capping (for surface
soils)
Soil Vapor Extraction (for
subsurface soils)
Air/Ozone Sparging; Ozone
Injection (for groundwater)
Excavation (Ohio Riverbank soils)
Continue IRM (Pump and Treat,
for groundwater)
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Total Estimated Cost
(Based on 30 years of
Operation)
$8,840,000

$8,870,000

$14,900,000

$16,500,000

$14,300,000

After evaluating each alternative, the CMS recommended Alternative 5 for
implementation at the site. According to the CMS, Alternative 5 would provide the greatest
level of protection to human health and the environment; had the greatest potential to
achieve site-specific action levels in a reasonable time; minimized the potential for further
releases; complied with all standards for management of wastes; was reliable and effective
for long term reduction of toxicity, volume, and mobility of contaminants; and could be
readily implemented. In short, Alternative 5 would best treat the site for contamination at
the lowest cost. Even though Alternative 5 proposed more remedial controls than
Alternatives 3 and 4, it was predicted that less pump and treat methods would be needed in
the future due to the addition of air/ozone sparging technologies.
In 2000, the site began a phased approach to implement Alternative 5, as recommended
in the CMS. However, the Atkemix Ten also continued the IRM activities, which were not
originally included in Alternative 5. The current site operations will be discussed later in
this report.
2.4.4.

Nature and Extent of Contamination

The nature and extent of contamination at the Site were thoroughly investigated and
presented in the Phase I and Phase II RFIs (final reports approved in 1993 and 1998,
respectively), and the Addendum to the Phase II RFI (approved in 1999). These findings
are summarized in the Corrective Measures Study (CMS), approved in November 1999.
These investigations included extensive sampling of soil gas, soil, groundwater, dense
nonaqueous phase liquid (DNAPL), and sediments to identify the nature and extent of
chemicals at the Site. A brief description of the chemical distribution in the various media
are presented below.
Soils Data
Based on the results of the sampling conducted in the Phase I and II RFI, as well as the
Addendum to the Phase II RFI, the most prevalent organic compounds found in the highest
concentrations include the following:
•

Carbon Tetrachloride

•

Chloroform
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•

Tetrachloroethylene

•

Hexachlorobutadiene

•

Hexachlorobenzene

•

Hexachloroethane.

Other compounds found in the soil samples at elevated concentrations (i.e. above
1mg/kg) are: trichloroethylene, 1,2-dichloropropane, methylene chloride, cis-1,2dichloroethylene, 1,1,2,2-tetrachloroethane, and 1,1,2-trichloroehane. However, these
parameters were detected in much lower concentrations and at much lower frequencies
than those listed above.
The Corrective Measures Study (CMS) presents isoconcentration contour maps
showing the average concentrations for the major compounds found in the soil at various
depths. These contour maps were developed for the shallow, intermediate, and deep soils
for

carbon

tetrachloride,

chloroform,

tetrachloroethylene,

hexachlorobutadiene,

hexachloroethane, and hexachlorobenzene. The shallow, intermediate, and deep soil
intervals were defined as follows:
•

Shallow interval – 0-4 feet below ground surface (bgs)

•

Intermediate interval – Clay/Transition Unit below 4 feet bgs

•

Deep interval – unsaturated portion of the Outwash Unit.

The data presented in the isoconcentration contour maps indicate that the highest
concentrations of chemicals were found in the shallow, intermediate, and deep soils in the
former production area and at the southwestern end of the North Landfill. The highest VOC
concentrations (i.e. carbon tetrachloride, chloroform, and PCE) were found in the
intermediate

and

deep

intervals,

while

the

hexachlorinated

compounds

(hexachlorobenzene, hexachloroethane, and hexachlorobutadiene) were primary found in
the shallow interval.
Ohio Riverbank Soils Data
Soils near the Ohio River were collected at several locations: down gradient of the
KPDES Outfall 001, near the existing concrete pad on the former production area, at
potential and known seep locations, and along a former stormwater drainage swale from
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the north landfill. The analytical results from sampling indicate that hexachlorobenzene
and other hexachlorinated compounds were found at elevated concentrations near Outfall
001 during the Phase I RFI. However, these compounds were found in lower concentrations
during the Phase II RFI Addendum sampling efforts. Hexachlorobenzene was also detected
at elevated concentrations in samples collected along the stormwater drainage swale from
the north landfill in the Phase I and II RFI, as well as the Phase II RFI Addendum.
Sediment Data
Sediment samples were collected along the drainage swale down gradient of the former
KPDES Outfall 002 during the Phase II RFI and Phase II RFI Addendum. The data indicate
that elevated concentrations of hexachlorobenzene were detected in the sediment samples
collected from the drainage swale.
Ambient Air
During the Phase I RFI, a total of eight ambient air monitoring stations were installed
and monitored around the perimeter of the site’s property boundary. Three air samples were
taken at each station on three consecutive days (July 14, 15, and 16, 1991) and the 24
samples were analyzed for selected VOCs, including carbon tetrachloride, chloroform, 1,2dichloroethylene, methylene chloride, PCE, TCE, and vinyl chloride.
Based on the data collected, VOCs were not detected at any of the monitoring stations
at significant concentrations with the exception of a reported concentration of 1.4 ppb for
chloroform at location A-6. Location A-6 is located northeast of the former production area
close to Campground Road. On July 16, 1991, the day the elevated concentration was
found, the wind direction was noted to be northwest at the time of sampling. Chloroform
was not detected in samples from the same location collected on the previous two days
when the wind direction was generally to the northeast.
There is no current federal or state regulation regarding ambient air concentrations for
VOCs; currently only 7 pollutants are regulated, these include: ozone, carbon monoxide,
sulfur dioxide, nitrogen dioxide, inhalable particulates (PM10), fine particulates (PM2.5) and
lead. With only one sample showing elevated concentrations of chloroform, and the wind
direction blowing towards the facility at the time of sampling, it was determined after the
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Phase I RFI that the site was not impacting ambient air quality at the perimeter of the
property boundary, and no further air sampling was conducted.
Groundwater Data
Based on the results of the groundwater samples collected during the Phase I and II RFI
and the Addendum to Phase II RFI, the major compounds present in the groundwater were
the following:
•

Carbon Tetrachloride

•

Chloroform

•

Tetrachloroethylene

•

Cis-1,2-dichloroethylene.

The data indicates that the highest concentrations in the groundwater were found near
and down gradient of the former production area. Elevated concentrations were found in
both the shallow (ranging anywhere from 30 ft to 73 ft bgs) and deep groundwater (ranging
from 74 ft to 113 ft bgs) zones. Isoconcentration contour maps were also created for
groundwater for all four contaminants in both the shallow and deep groundwater zones.
Figure 2.7 shows the isoconcentration contour map for carbon tetrachloride in the shallow
groundwater zone as an example. The other seven maps are contained within Appendix A.
Figure 2.8 and Figure 2.9 show the general distribution of contaminants within the shallow
and deep groundwater zones.
Surface Water
Only one surface water sample was collected during the three facility investigations.
This sample was collected during the Phase II RFI at the fence line between the Borden
Chemical Plant (on the southwest border of the site boundary) and Atkemix properties,
downstream from former KPDES Outfall 002. These data indicated that VOCs, SVOCs,
PCBs, and metals were not detected in the sample.
Dense Nonaqueous Phase Liquid (DNAPL)
Nonaqueous phase liquids are have typically been divided into two categories, dense
and light. These terms relate to the specific gravity, or the weight of the fluid compared to
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that of water. Dense nonaqueous phase liquids have a specific gravity greater than water,
while light nonaqueous fluids have a specific gravity less than water (Huling and Weaver,
1991). In addition, DNAPLs are only slightly soluble in water, meaning they do not readily
dissolve. All eight of the major VOCs and SVOCs identified at the site have a specific
gravity greater than water, therefore they could all be classified as DNAPL if they exist as
nonaqueous (i.e. not dissolved in water) liquids.
Due to their specific gravities, DNAPLs released at the surface will migrate through
the subsurface soils, enter the groundwater table, and collect in “pools” within the
groundwater table and above confining units. DNAPL can also enter a confining unit if
there are fractures in the rock near the groundwater table. Figure 2.10 shows how DNAPL
can migrate through the subsurface from a source such as TCE.
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Figure 2.7. Isoconcentration contour map for carbon tetrachloride in the shallow groundwater zone (Conestoga-Rovers
& Associates, 1999b).
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Figure 2.8. Contaminant distribution in the shallow groundwater zone (Conestoga-Rovers & Associates, 1999b).
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Figure 2.9. Concentration distribution in the deep groundwater zone (Conestoga-Rovers & Associates, 1999b).

Figure 2.10. Example of DNAPL subsurface transport processes (EPA, 2000a).
During the Phase II RFI, soil samples exhibiting a concentration of any contaminant at
levels greater than 50 ppm were tested for DNAPL using Sudan IV dye, a technique that
allows DNAPL to be seen in a soil sample by turning the sample bright red (EPA, 2018b).
A total of 34 samples were tested for DNAPL using this method, and all test results for
DNAPL presence were negative. Although these tests were negative, there still exists a
potential for DNAPL contamination.
Based on laboratory data, there were certain areas that indicated carbon tetrachloride
and PCE existed at concentrations greater than 1% solubility. The CMS concluded that
there was potential for DNAPL in the saturated portion of the aquifer, both in the shallow
and deep groundwater zones, in these locations. These areas include the southern boundary
of the North Landfill, the central portion of the South Landfill, and the areas directly under
and west of the former production area. Figure 2.11 and Figure 2.12 show the distribution
of these potential DNAPL areas.

39

40
Figure 2.11. Area with potential DNAPL in the shallow groundwater zone (Conestoga-Rovers & Associates, 1999b).
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Figure 2.12. Area with potential DNAPL in the deep groundwater zone (Conestoga-Rovers & Associates, 1999b).

2.4.5.

Current Permits/Regulations

According to information found about the Atkemix Ten/Stauffer Chemical site on
EPA’s Enforcement and Compliance History Online (ECHO) system, the site holds active
permits for air, wastewater, and solid waste.
Under the Clean Air Act (CAA), the site is classified as an Operating Synthetic Minor
source and holds a permit which restricts the amount of toxic chemicals it can release into
the air. The site also holds a RCRA facility permit for solid waste which covers its status
as a hazardous waste facility.
Under the Clean Water Act (CWA), the site holds a KPDES permit which is available
to the public on the Kentucky Department of Environmental Protection’s (KYDEP)
website. The permit regulates the discharge of treated groundwater into the Ohio River and
requires monitoring of 9 different parameters, listed below.
•

Effluent flow

•

Total suspended solids

•

Oil & grease

•

pH

•

Total recoverable iron

•

Carbon Tetrachloride

•

Tetrachloroethylene

•

Hardness

•

Cis-1,2-dichloroethylene.

All parameters must be monitored once a month as a grab sample except for flow,
which is an instantaneous sample. The parameter limits of the KPDES permit are
summarized in Table 2.5. For each parameter there is both a daily max and a monthly
average limitation. If a parameter limit is listed as “report”, the site must simply report the
concentration.
Section 305(b) of the CWA requires states to assess and report water quality conditions
to EPA every two years. The states then report the water quality status for all assessed
waterbodies to Congress. This mandate is enforced by assigning one or more designated
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uses to each stream or lake. The water body of concern is then monitored to determine
whether or not it is meeting its designated use. According to Kentucky’s 2014 305(b) report
to Congress, the designated uses for the Ohio River at mile 613.5 include warmwater
aquatic habitat (WAH), fish consumption (FC), primary contact recreation (PCR),
secondary contact recreation (SCR) and domestic water supply (DWS). The Kentucky
drinking water standards for DWS designated streams and warmwater aquatic habitat
standards for WAH designated streams are also listed in Table 2.5 for comparison.
Table 2.5. Summary of parameter limitations on KPDES permit for Atkemix Ten site.
Parameter
Flow (MGD)
TSS (mg/L)
O&G (mg/L)
pH (s.u.)

KPDES
Monthly Avg.
Limit
report
30
10
6-9

KPDES
Daily Max
report
50
15
6-9

KY
limit,
DWS
n/a
n/a
6-9

Total Recoverable Iron (mg/L)

3.5

4

0.3

Carbon Tetrachloride (mg/L)
Tetrachloroethylene (mg/L)
Hardness (as mg/L of CaCO3)
Cis-1,2,-Dichloroethene (mg/L)

0.012
0.15
report
report

report
report
report
report

0.000023
0.00069
n/a
n/a

KY limit,
WAH
n/a
n/a
n/a
6-9
1
(chronic)
n/a
n/a
n/a
n/a

According to the ECHO system report for the site, there have been four violations of
the KPDES permit effluent limitations in the last three years. Two violations were for total
recoverable iron, one was for carbon tetrachloride, and one was for tetrachloroethylene.
All four violations were above the monthly average limitation. These violations are
summarized in Table 2.6.
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Table 2.6. Summary of KPDES permit violations at Atkemix Ten site.
KPDES
Monthly
Avg.
Limit

Parameter

Total Recoverable
Iron (mg/L)
Carbon
Tetrachloride
(mg/L)
Tetrachloroethylene
(mg/L)

2.4.6.

KPDES
Daily
Max

No.
violations

Violation
dates

Violation
Concentration

3.5

4

2
(Mo. Avg)

4/30/2016,
7/31/2016
(monitoring
period end)

3.69 (April),
3.95 (July)

0.012

report

1
(Mo. Avg)

12/31/2016
(monitoring
period end)

0.047

report

1
(Mo. Avg)

6/30/2017
(monitoring
period end)

0.19

0.15

Summary of Current Operations at Site

To control groundwater migration toward the Ohio River, a groundwater extraction and
treatment system was installed at the site in 1997. The system was implemented in two
phases and follows the recommendations from the CMS:
•

Phase I: Installation of four groundwater extraction wells set into the Outwash
aquifer, a 40-foot-tall air stripper, and a regenerable carbon adsorption system.

•

Phase II: Installation of low vacuum SVE wells in the deep coarse-grained soils,
high vacuum SVE in the shallow fine-grained soils, air sparging in areas of
groundwater containing elevated VOC concentrations, extension of the cap at the
toe of the North Landfill, a cap over part of the former production area, and
localized excavation and off-site disposal of soils near Copper Pond #1.

Figure 2.13 shows the locations of the various treatment systems at the site as proposed
in the CMS (Alternative 5). The air stripper and carbon adsorption system are contained in
or around the Treatment Building, identified on Figure 2.13.
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Figure 2.13. Locations of various treatment systems at Atkemix Ten site, in accordance
with Alternative 5, as proposed in the Corrective Measures Study (Conestoga-Rovers &
Associates, 1999a)
Process Description
The site currently operates three of the four groundwater extraction wells on a
continuous basis; these wells each operate at a range of 350 – 600 gpm. The combined
groundwater influent stream is then pumped to the top of a 40-foot-tall air stripper tower,
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where it is misted over high surface area plastic media, allowing the organics to volatilize.
The treated water then collects in a sump before it is discharged to the Ohio River via the
KPDES permitted Outfall 001. The contaminants which have volatilized from the
groundwater in the air stripper are then mixed with the combined air stream from 20 soil
vapor extraction (SVE) wells and 72 air sparging (AS) wells. A heat exchanger removes
moisture from the air before it is sent to a granulated activated carbon (GAC) adsorption
system. The GAC system removes the organic contaminants from the air stream, and the
treated air is released to the atmosphere. The moisture removed from the air in heat
exchanger is sent back through the air stripper for treatment.
There are two GAC columns which alternatively operate; one is used while the other
is being cleaned and then they are switched. The GAC columns are cleaned (regenerated)
by injecting steam, created by the heat exchanger, into the columns. The steam then
condensates and collects the organics removed in the carbon adsorption process. The
condensate is directed to a decant tank, where the suspended solids in the backwash water
settle out. The backwash water, which contains the organic contaminants, is pumped to a
hazardous waste holding tank where it stays and accumulates until it is picked up by a
hazardous waste management service every 90 days. Figure 2.14 is a conceptual illustration
that shows the approximate depth and relative placement of the air and groundwater
remediation wells, and Figure 2.15 is a conceptual process diagram of the treatment system
at the site.
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Figure 2.14. Conceptual illustration of groundwater remediation system at the Atkemix Ten site.
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Figure 2.15. Conceptual process diagram of groundwater remediation system at the Atkemix Ten site.

3.

LITERATURE REVIEW
This research has focused on the development of technology for use in remediating

groundwater contaminated by chlorinated organic compounds like PCE, TCE, carbon
tetrachloride, and chloroform. To date, several different strategies and technologies have
been proposed for use in remediation of sites contaminated with such compounds. The
selection of one technology over another depends on many factors including, but not
limited to: financial constraints, time constraints, contaminant concentration, depth, and
dispersion, site constraints, soil type, and depth to groundwater. Engineering judgement
must be used in selecting the appropriate remediation technology.
3.1. Overview of Other Groundwater Treatment Technologies
Technologies for remediation of contaminated groundwater can generally be split into
two categories: ex situ, or pump-and-treat, and in situ. Ex situ treatment involves using air
or water as a carrier to remove contaminants from the subsurface so that they may be treated
above ground. Depending on the site, treated groundwater can then be either pumped back
into the subsurface or discharged to a sewer or nearby waterbody. In situ treatment removes
contamination in place, below the ground surface. This can be accomplished using a variety
of methods, including injecting materials into the subsurface to chemically or biologically
treat contaminants, or through thermal destruction.
Regardless of the method used, the volatile nature of chlorinated solvents means that
harmful vapors will continue to migrate through the soil from the source of contamination,
moving laterally and upward. These vapors can then enter structures at the surface,
producing health and explosion hazards. Therefore, remediation techniques need to not
only address contaminated groundwater, but also absorbed material in the vadose zone
which will continue to be a source of contamination (Huling and Weaver, 1991, Nyer,
2009). This report will discuss traditional ex situ and in situ groundwater techniques, as
well as some which treat contamination in the vadose, or unsaturated, zone.
Ex situ treatment, or pump-and-treat, once one of the most widely used groundwater
remediation techniques (EPA, 1998) has decreased as a groundwater treatment technology
since the early 1990s and as of 2014, has reached its lowest use at 17 percent (EPA, 2017f).
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The other 83% of treatments selected for groundwater remediation in 2014 were either in
situ treatments or monitored natural attenuation, described in more detail later in this
chapter. As previously discussed, ex situ treatment involves extracting contaminants from
the source of contamination in the subsurface via air or water and pumping them
aboveground so that they may be transformed or destroyed. Common ex situ groundwater
treatment techniques include biological treatment, air stripping, carbon adsorption, thermal
treatment, and UV/Oxidation.
In situ treatment involves treating contaminants where they lie below the ground
surface. The use of in situ groundwater treatment has greatly increased over the last 30-40
years; from 2012 – 2014 it was selected as the treatment method in over half of groundwater
decision documents at Superfund sites (EPA, 2017f). In situ treatment is increasingly being
selected to remediate hazardous waste sites because, when compared to above-ground
technologies, it is usually less expensive (EPA, 2000a). Bioremediation and chemical
treatment remain the most frequently selected in situ treatment techniques (EPA, 2017f);
other popular in situ treatment methods for soil and groundwater include soil vapor
extraction/air sparging, in situ thermal treatment, phytoremediation, and monitored natural
attenuation.
Before discussing the technology pursued in this research in more detail, an overview
of other potential technologies is provided. These are summarized in Table 3.1 and Table
3.2. A summary of the frequency of use of these (and other) technologies at Superfund
sites is included in Figure 3.1 and Figure 3.2.
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Table 3.1. Summary of ex situ groundwater remediation technologies discussed in
this thesis.
Technology
Potential Limitations
Bioremediation
- Requires pumping groundwater to surface or excavating soil
- Biomass concentrations must be generated and maintained
- High temperatures are sometimes needed
- Organic carbon may need to be supplemented
Vapors must be collected and treated
Air Stripping
- Only effective for those contaminants with a high Henry’s Law
Constant
- Vapors must be collected and treated
Site conditions may not be favorable for the construction of an
air stripping tower
Carbon Adsorption
- Groundwater must be pumped to the subsurface for treatment
- Activated carbon must be regenerated, which takes energy and
can create by-products that need to be treated or disposed of
- Multiple units in series may be needed to treat high organic
concentrations
Thermal Treatment
- Wastes must be excavated and sometimes transported off-site
- Ash must be disposed in a hazardous landfill
- May include high fuel costs
- Not ideal for large areas of contamination
UV Oxidation
- Groundwater must be pumped to subsurface for treatment
- Not ideal for groundwater with high turbidity or solids content
- Pretreatment of the aqueous stream may be required
- May include high energy costs
- Handling and storage of oxidizers requires special material
handling and safety precautions
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Table 3.2. Summary of in situ groundwater remediation technologies discussed in this
thesis.
Technology
Bioremediation

Potential Limitations
- Soil conditions may not be favorable for biological dispersion
and growth
- Climate may be too cold for microbes to be active
- Groundwater may need to be pumped to surface to mix with
amendments before it is pumped back into the ground
- May take longer to remediate large areas than other treatment
technologies
Thermal Treatment
- Soil conditions may not be favorable for thermal treatment
- May include high energy costs
- Not ideal for large areas of contamination
Chemical
- While some organics may be treated, other organic
Oxidation/Reduction contaminants that do not react with certain oxidants will persist
in groundwater/soil
- Some oxidants may precipitate into groundwater
- Remediation may take longer than with other treatment
technologies
Soil Vapor
- Soils with low permeability are not ideal for SVE/AS
Extraction/Air
- Only effective for those contaminants with a high Henry’s Law
Sparging
Constant
- May be less effective in cold climates
- Vapors must be collected and treated
Phytoremediation
- Only works for sites favorable to plant growth
- Not ideal for sites with high contaminant concentrations at low
depths
Monitored Natural
- Not ideal for sites with high contaminant concentrations
Attenuation
- May take many years to achieve target contaminant
concentrations
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Ex Situ Technologies Selected in EPA Decision
Documents, 2012-2014
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Figure 3.1. Ex situ treatment technologies selected in all Superfund decision documents,
fiscal year 2012 – 2014 (EPA, 2017c).
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Figure 3.2. In situ treatment technologies selected in all Superfund decision documents,
fiscal year 2012 – 2014 (EPA, 2017c).
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Figure 3.1 and Figure 3.2 show the specific types of remedies selected in decision
documents for fiscal years 2012, 2013, and 2014. Decision documents include many
different types of legal documents pertaining to Superfund and NPL sites, including
Records of Decision (RODs), ROD Amendments, and Explanations of Significant
Differences (ESDs) (EPA, 2017f). These decision documents pertained to sediment
remedies, groundwater remedies, and vapor intrusion. In situ treatments were selected in
23% of all decision documents, and ex situ treatments were selected in 29% of all decision
documents (EPA, 2017f). Many sites selected a combination of in situ and ex situ
treatments, so it is important to realize that these percentages overlap. A large percentage
of decision documents (54%) did not include treatment at all and specified some other
remediation technique such as disposal, containment, monitored natural attenuation,
shoreline stabilization, or habitat restoration. For decision documents which specified
groundwater treatment, in situ treatment was more popular than ex situ treatments (51%
compared to 23%) (EPA, 2017f).
The most frequently selected in situ treatment technologies in recent years were soil
vapor extraction; chemical treatment, which includes in situ chemical oxidation and in situ
chemical reduction; and thermal treatment. The most frequently selected ex situ treatment
technologies in recent years were physical separation, which includes sifting, sieving,
dewatering, and decontamination; recycling, which involves collecting and processing
materials and turning them into new products, such as recovered oil; and
stabilization/solidification, which usually involves mixing waste with a binding agent such
as cement or fly ash so that they are less likely to be released into the environment (EPA,
2017f). The following sections of this report will detail several of these popular in situ and
ex situ treatment technologies.
3.2. Detailed Description of Groundwater Treatment Technologies
3.2.1.

Biological Treatment (Bioremediation)

Biological site remediation uses microorganisms, specifically bacteria and fungi, to
degrade organic contaminants. Microorganisms treat these contaminants by breaking them
down for use as an energy source or cometabolizing them with an energy source, a redox
reaction (reduction and/or oxidation) which occurs within microbial cells (EPA, 2018a).
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Cometabolism occurs when energy is required to complete the transformation of man-made
organic contaminants (Forbort, 2009). Microorganisms use redox reactions for respiration,
cell maintenance, or cell reproduction. The part of the organic compound which is not used
for energy or cell reproduction is ultimately converted to carbon dioxide or methane and
water. The basic components needed for biological redox reactions include one or more of
the following: an energy source (electron donor), an electron acceptor, and nutrients (EPA,
2018a).
Biodegradation of organic contaminants can be accomplished either aerobically, in the
presence of oxygen, or anaerobically, without oxygen. In aerobic oxidation, the organic
contaminant serves as the electron donor and oxygen typically serves as the electron
acceptor (EPA, 2000a). Anaerobic oxidation encompasses many processes, including
fermentation, methanogenesis, reductive chlorination, and sulfate- and nitrate-reducing
conditions. In anaerobic oxidation, the contaminant will also serve as the electron donor
while nitrate, sulfate, carbon dioxide, oxidized materials, or organic materials may replace
oxygen as the electron acceptor (EPA, 2018a).
In both aerobic and anaerobic degradation, inorganic compounds such as nitrogen and
phosphorus serve as the major source of nutrients required by the cell. The most common
sources of inorganic nitrogen are ammonia and nitrate. Ammonia is used for amino acid
synthesis while nitrate is reduced to ammonia and then synthesized into organic nitrogen
forms like proteins, microbial cell wall components, and nucleic acids (Forbort, 2009).
Phosphorus in the form of inorganic phosphates is used by microorganisms to synthesize
phosolipids and nucleic acids. Micronutrients such as sulfur, magnesium, potassium,
calcium, sodium, iron, zinc, copper, cobalt, manganese, and molybdenum are also used by
microorganisms to support various cell functions (Forbort, 2009). For example, sulfur is
used to synthesize two amino acids, cysteine and methionine; while calcium acts to
stabilize bacterial spores against heat and is also involved in cell wall stability (Forbort,
2009).
3.2.1.1.

Ex Situ Bioremediation

With ex situ bioremediation, groundwater is typically pumped from the subsurface and
transferred to a biological reactor so that a redox reaction can occur. Biological reactors
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are either suspended growth, in which bacteria grow in the water and are completely mixed
with the organics, or fixed film, in which bacteria grow on an inert media and organics are
passed over the bacterial film (Forbort, 2009). Suspended growth reactors typically operate
under aerobic conditions and include completely mixed reactors (“activated sludge”
bioreactors), sequencing batch reactors, membrane bioreactors. Advantages of suspended
growth reactors include the ability to treat low effluent concentrations, small footprints, the
ability to treat multiple organics at the same time, and the versatility of the equipment
(Forbort, 2009). Disadvantages include difficulty in generating and maintaining biomass
concentration, as well as the high cost of oxygen transfer (Langwaldt and Puhakka, 2000).
Fixed film reactors include fluidized bed reactors, trickling filters, rotating biological
contactors, and upflow fixed-film reactors. Advantages of fixed film reactors include
simplicity of design, operation, and maintenance, as well as low energy consumption
(rotating biological contactors), while disadvantages include relying on pumping
groundwater to the surface for treatment, and in some cases, the need for high temperatures
and organic carbon supplementation (Langwaldt and Puhakka, 2000).
Ex situ biological treatment can be an effective technology for the treatment of VOCs
and SVOCs, potentially at a lower cost than other remediation options (EPA, 2006). In
addition, because microbes change harmful chemicals into small amounts of water and
gases, few if any waste byproducts are created (EPA, 2012a). Contaminated soils and
groundwater can also be bioremediated in situ, as discussed in the following section.
3.2.1.2.

In Situ Bioremediation

As previously discussed, ex situ biological treatment is a popular and effective method
for cleaning up contaminated sites. However, in situ bioremediation is increasingly being
selected to remediate sites because it is usually less expensive and does not require waste
extraction or excavation. In addition, in situ bioremediation is more publicly acceptable
than above-ground technologies because it relies on natural processes to treat contaminants
(EPA, 2000a).
In situ bioremediation relies on microorganisms to destroy or detoxify organic and
inorganic contaminants in the environment (EPA, 2013). While microorganisms naturally
occur in soil and groundwater, site conditions may limit bacterial growth. Therefore,
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biostimulation and/or bioaugmentation made be needed to encourage or accelerate
biological treatment. Biostimulation is used when bacteria are present, but modification of
the environment is needed to stimulate bacterial growth. Biostimulation optimizes site
conditions using aeration, addition of nutrients, pH and temperature control (Adams et al.,
2015). Bioaugmentation is used when the specific bacteria needed to degrade a
contaminant is not present at a site, or the bacterial population is too low to be effective
(Environmental Security Technology Certification Program, 2005).
Biostimulation and bioaugmentation, also known as enhanced bioremediation, can be
applied to both vadose zone soils and groundwater. Treatment can also be aerobic or
anaerobic. In general, hydrocarbons and lightly chlorinated contaminants may be removed
through aerobic treatment, while highly chlorinated species are usually degraded through
anaerobic treatment (EPA, 2006). The most common type of technology applicable to the
unsaturated or vadose zone is bioventing. In aerobic bioventing, oxygen is typically
introduced by air injection wells that push air into the subsurface; vacuum wells may also
be used to increase air flow (EPA, 2006). Compared with SVE, bioventing uses lower air
flow rates and provides only the amount of oxygen needed to enhance removal. Anaerobic
bioventing uses nitrogen and an electron acceptor (such as hydrogen or carbon dioxide),
instead of oxygen, to establish reductive anaerobic conditions (EPA, 2006).
In situ bioremediation techniques used for groundwater treatment include anaerobic
reductive dechlorination, aerobic treatment, biological reactive barriers, and biosparging.
Anaerobic reductive chlorination has been used at many sites contaminated with PCE or
TCE. In this treatment, organic substrates are delivered to the subsurface where they are
fermented, creating an anaerobic environment and generating hydrogen as a fermentation
byproduct (EPA, 2006). The hydrogen is then used by a second microbial population to
sequentially remove chlorine atoms i.e. PCE (C2Cl4) would be converted to TCE (C2HCl3),
then to DCE (C2H2Cl2), VC (C2H3Cl), and/or dichloroethane (C2H4Cl2) (EPA, 1998). VC
and dichloroethane could then be dechlorinated to harmless ethylene (C2H4).
Aerobic treatment for groundwater, similar to bioventing, involves injecting air or
oxygen into an aquifer near the contamination. As the oxygenated water migrates through
the zone of contamination, the indigenous bacteria are able to degrade the contaminants
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(EPA, 1998, EPA, 2006). Biological reactive barriers are also frequently used for
groundwater treatment; a trench is dug below the groundwater table and filled with
permeable materials such as sand or mulch, and nutrients, degradable carbonaceous
substrates (e.g., manure, compost), and other additives are introduced into the permeable
layer (EPA, 2006). As groundwater flows through the treatment zone, indigenous microbes
are stimulated to improve natural biodegradation (Naval Facilities Engineering Service
Center, 2000). Figure 3.3 shows a schematic of a biological reactive barrier.
Another popular biological groundwater treatment technique is biosparging. Similar to
air sparging, biosparging involves the injection of a of a gas, and occasionally gas-phase
nutrients, under pressure, into the saturated zone to promote aerobic biodegradation
(Miller, 1996). What makes biosparging different from air sparging is an emphasis on the
biological degradation rate over physical removal, as well as lower rates of air injection
(EPA, 2006). With biosparging, the air is injected into the subsurface, creating an inverted
cone of partially aerated soils surrounding the injection point. The air displaces the pore
water, volatilizes the contaminants, and exits the saturated zone into the vadose zone,
where extraction wells bring the volatilized contaminants above-ground for treatment
(EPA, 2006). Figure 3.4 shows a schematic of a typical biosparging system.

Figure 3.3. Schematic of a typical biological reactive barrier (EPA, 2000a).
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Figure 3.4. Schematic of a typical biosparging system (EPA, 2006).
In situ bioremediation uses natural processes to clean up contaminated sites, and
because it may not require as much equipment, labor, or energy as some cleanup methods,
it can be cheaper (EPA, 2012a). In addition, because microbes change harmful chemicals
into small amounts of water and gases, few if any waste byproducts are created.
3.2.2.

Air Stripping

Air stripping is the process of moving air through contaminated groundwater in an
above-ground treatment system (EPA, 2010), and is a common treatment technique for
groundwater contaminated with VOCs. When the contaminated water is exposed to a fresh
air supply, the air and water mix, driving the volatile compounds out of solution and into
the vapor state (Suarez, 2009). The most common type of air stripper is a packed-column
air stripper; a tall tank filled with pieces of plastic, steel, or ceramic packing material (EPA,
2017f). With air stripping towers, groundwater is pumped to the top of the tower and
sprayed over packing material, creating a thin, high surface area film (LaBranche and
Collins, 1996). Concurrently, air blown from the bottom of the tank is forced up through
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the packing material, separating the VOCs from the water, either releasing them to the
atmosphere or transferring them to another treatment system (Abbasi, 1996). Figure 3.5
shows the typical design of a packed-column air stripper.
Tray towers are also common; these tanks force water through a series of stacked trays
to maximize surface area. Figure 3.6 shows the typical design of a tray tower air stripper.
The advantages of using a tray tower over a conventional packed tower are that the tray
tower is smaller and more compact and elimination of packing results in lower maintenance
costs due to media fouling (Suarez, 2009). However, tray aerators usually require a higher
airflow to achieve the same removal efficiency as packed towers, resulting in higher
operational costs (Suarez, 2009).
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Figure 3.5. Typical design of a packed-column air stripper (EPA, 2010).
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Figure 3.6. Typical design of a sieve tray air stripper (Monroe Monroe Environmental,
2018)
Air stripping is a mass transfer process, and the rate of mass transfer depends on
Henry’s Law and a rate constant (kH):

Where:

𝑝𝑝 = 𝑘𝑘𝐻𝐻 𝑐𝑐

p = the partial pressure of the solute (VOC) above the solution
kH = Henry’s Law constant
c = the concentration of the solute dissolved in the solution.

KH is the partitioning coefficient which relates the concentration of a constituent
dissolved in water to its partial pressure in the vapor phase under equilibrium conditions
(EPA, 1994). It is a measure of the relative tendency for a dissolved contaminant to
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partition between the dissolved phase and the vapor phase. Therefore, compounds with a
high KH value have a greater concentration in air when an air/water system is in
equilibrium; thus they will easily undergo a phase change from the dissolved state to the
vapor state (Suarez, 2009). Chlorinated solvents with high Henry’s Law constants are
summarized in Table 3.3 (Suarez, 2009).
Table 3.3. Henry’s Law constant for specific chlorinated solvents.
Chemical Name

Chemical
Formula

Vinyl chloride
Cis-1,2-Dichloroethylene
Carbon tetrachloride
Tetrachloroethylene
Trichloroethylene
Chloroform
Methylene chloride
Hexachlorobenzene

C2H3Cl
C2H2Cl2
CCl4
C2Cl4
C2HCl3
CHCl3
CH2Cl2
C6Cl6

Henry’s Law
Constant, kH
(atm)
355000
1841
1282
1035
544
171
89
37.8

Treated water which collects in the bottom of an air stripping tower is typically returned
to the subsurface or discharged to a nearby water body while the stripped contaminants
may require further treatment before they are released to the atmosphere. Vapor-phase
carbon adsorption, discussed in the following section, is often used for air treatment;
however, other technologies include thermal incineration, catalytic oxidation, internal
combustion engines, and flaring (Abbasi, 1996).
3.2.3.

Carbon Adsorption

Carbon has been used as an adsorbent for hundreds of years; the first documented use
as early as 1550 B.C. when carbon was used to purify medicines (US Army Corps of
Engineers, 2001, Suarez, 2009). The first documented use of carbon in water treatment was
in 200 B.C. “to remove disagreeable tastes” (US Army Corps of Engineers, 2001).
Activated carbon can be made from any carbonaceous material, including coal
(bituminous, subbituminous, and lignite), peat, wood, nutshells (such as coconut), fruit pits,
or other natural cellulose materials (Hyman and Dupont, 2001, US Army Corps of
Engineers, 2001).
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A carbon source is “activated” by a two-step process, carbonization and activation.
Carbonization is achieved by exposing a carbon source to high temperatures (600-900°C)
in an oxygen-deficient atmosphere (Suarez, 2009), a process which drives off almost all of
the organic compounds, leaving pure carbon (Hyman and Dupont, 2001). Activation of the
carbonized particles involves exposing them to an activating agent, such as steam at a high
temperature. The steam burns off the decomposition products from the carbonization phase
to develop macropores and micropores (US Army Corps of Engineers, 2001).
Organic molecules passing over activated carbon are transported to the interior of the
carbon particle through the macropores to the micropores, where most of the adsorption
takes place. Carbon adsorption is a physical process in which molecules of a liquid or gas
are attracted and then held at the surface of solid by surface tension (Suarez, 2009). The
different sized pores in activated carbon allow for a large surface area over which
adsorption can occur; a gram of carbon can have as much as 2,000 m2 of internal surface
area (US Army Corps of Engineers, 2001). Figure 3.7 shows the internal structure of
activated carbon.
In this figure, the black areas represent the carbon particle while the white root-like
structures represent the transport micropores; openings that allow the passage of
contaminant molecules and provide an entrance to the interior structure of the carbon
particle. Some adsorption may take place along these pores, i.e. the cloud-like structures
which represent the adsorption areas available to both adsorbates and the solvent, and the
circular structures which represent the adsorption areas available only to the solvent and
smaller adsorbate particles; however, most of the adsorption takes place in the adsorption
pores. These are the areas available only to the solvent, and the effective surface area for
adsorption of a particular species depends on the species size and the available surface area
of the pores it can enter (Suarez, 2009).
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Figure 3.7. Internal structure of activated carbon (Suarez, 2009).
The most common types of activated carbon are granulated activated carbon (GAC)
and powdered activate carbon (PAC), though it can be found in other forms. Some of the
raw materials used for other forms of activated carbon include rayon, phenolic resins,
cellulose, coconut shells, fruit nut/shell, bamboo, and lignite (Yu and Chou, 2000, Hyman
and Dupont, 2001, Huang et al., 2011). However, both GAC and PAC are widely favored
for their hardness, abrasion resistance, pore size distribution, and low cost (US Army Corps
of Engineers, 2001). GAC can be either in the granular form or extruded, while PAC is
made of crushed or ground carbon particles and is a much finer material. Due to the high
head loss which would occur, PAC is not usually used in a dedicated vessel like GAC, but
is rather commonly added directly to other process units, such as raw water intakes, rapid
mix basins, clarifiers, and gravity filters (US Army Corps of Engineers, 2001).
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Fixed-bed GAC filters can be either fluid downflow or fluid upflow, with the simplest
design being the downflow, gravity adsorber (Suarez, 2009). These non-pressurized
systems work well for liquid phase contaminants and are typically operated in series, with
a lead vessel and a lag vessel (US Army Corps of Engineers, 2001). However, when the
contaminant is in a vapor phase, after other processes such as air stripping or soil vapor
extraction, it is typically forced upward through an activated carbon bed as shown in Figure
3.8. This process train typically consists of piping from the source of the vapor phase
emission stream, an air/water separator, an induced draft blower, a heat exchanger to raise
or lower the temperature and relative humidity of the vapor stream, and carbon adsorption
vessel(s) (US Army Corps of Engineers, 2001).

Figure 3.8. Schematic of a typical vapor phase treatment system with activated carbon
(adapted from US Army Corps of Engineers, 2001).
Over time, the carbon’s adsorption capacity decreases as more contaminants are
adsorbed. When the carbon’s adsorptive capacity is reached, it is considered “spent” and
must be regenerated, reactivated, or disposed of (US Army Corps of Engineers, 2001).
Regeneration can be accomplished in a fixed-bed filter by passing steam though the bed,
which volatizes the contaminants within the pores (Suarez, 2009). The condensation and
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steam are then treated separately. Depending on the process, activated carbon can usually
be regenerated five to ten times before it is no longer effective. Off-site reactivation
involves transporting spent material to an off-site location where it is fed into furnaces and
heated at progressively higher temperature (up to 1,800°F) to remove moisture, VOCs, and
carbonized char, a solid material that is a byproduct of the carbonization process described
previously in this section (Suarez, 2009). In some cases, such as with radioactive
contaminants, it may be too expensive to regenerate or reactivate the carbon, and therefore
it must be disposed of at a RCRA waste disposal site (US Army Corps of Engineers, 2001).
Due to its need for frequent regenerative and/or reactivation, carbon adsorption is a
relatively expensive process. However, the technology is well-suited for low
concentrations of non-volatile contaminants, high concentrations of non-degradable
compounds, and short-term projects. In addition, the use of activated carbon is often needed
to treat the exhaust airstream from an air stripping system, since the air stripping process
can result in an unacceptable emission of organic compounds to the atmosphere (Suarez,
2009).
3.2.4.

Thermal Treatment

Thermal treatment of contaminated groundwater can be accomplished both ex situ or
in situ. Both methods involve heating contaminated media to a high temperature to destroy
or remove volatile contaminants (EPA, 2018e).
4.2.4.1.

Ex Situ Thermal Treatment

The two most commonly used ex situ thermal treatment techniques are thermal
desorption,

which

is

usually

applied

to

contaminated

soil,

and

thermal

oxidation/incineration, which is usually applied to contaminated air. While ex situ thermal
treatment is not typically applied directly to groundwater, it can be used for saturated soil
or as a treatment for an airstream after a primary groundwater treatment method such as
air stripping.
Thermal desorption is a thermally induced physical separation process (Feeney and
Nicotri, 1998). Thermal desorption removes, rather than destroys, organic contaminants
from soil, sludge, or sediment by heating them in a machine called a “thermal desorber” to
evaporate the contaminants (EPA, 2012h). Soil is typically excavated and prepared for
67

treatment by removing or crushing large rocks or debris. Water may also be removed to
improve treatment. The material is then placed in a thermal desorber where it is heated.
Lower temperatures (200-600°F) are used if the contaminant is volatile, while higher
temperatures (600-1,000°F) are needed if the contaminant is semi-volatile (EPA, 2012h).
Once the contaminants have volatilized, the gas stream is may be treated by condensation,
collection, or incineration. Figure 3.9 from Vidonish et al. (2016) shows the typical process
for ex situ thermal desorption.

Figure 3.9. Typical treatment of contaminated soil using ex situ thermal desorption
(Vidonish et al., 2016).
Thermal oxidation or incineration may be used in conjunction with thermal desorption
to treat a contaminated air stream, or it may be used directly on contaminated media. In
general, oxidation technologies cause VOCs to react at an elevated temperature with
oxygen for a sufficient time to initiate the oxidation reactions (Darby, 2009). Thermal
oxidation/incineration of process air burns VOCs at a high temperature (typically around
1,500°F, depending on the contaminant) in a combustion chamber where air is added to
ensure complete a complete oxidation reaction (Darby, 2009). The oxidation of chlorinated
VOCs may result in the formation of by-products and hydrochloric acid that may
necessitate further treatment. A catalyst such as platinum, palladium, or nickel may also be
added to the process to so that the oxidation reaction can occur at a lower temperature than
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would be required for direct thermal oxidation. Figure 3.10 shows a schematic of a thermal
and catalytic oxidizer used for treatment of process air.

Figure 3.10. Schematic of a typical thermal and catalytic oxidizer (Darby, 2009).
Incineration can also be applied to contaminated media such as soil, sludge, or
groundwater by feeding the media to a combustion chamber where it is heated to a
temperature high enough to destroy the contaminants (EPA, 2012e). With solid wastes, the
residence time may be 30 to 90 minutes, while groundwater may only require a few
seconds. Target temperatures may range from 1,600 to 2,500°F, depending on the
contaminant. Any gases that are not destroyed in the combustion chamber may pass
through a secondary combustion chamber for further heating and destruction (EPA, 2012e).
Figure 3.11 shows a schematic of this two-chamber design. Resulting gases, if they contain
particulate matter or corrosive acid gases, may be treated by air pollution control equipment
such as scrubbers or carbon adsorbers. Any ash that is generated must typically be disposed
of in a hazardous waste landfill.
Thermal oxidation/incineration can destroy a wide range of highly contaminated wastes
and can greatly reduce the amount of material that must be disposed of in a landfill (EPA,
2012e). This treatment approach is ideal for small, heavily contaminated areas. Although
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Figure 3.11. Schematic of a typical incinerator with two combustion chambers
(EPA, 2012e).
thermal de-absorbers and incinerators require a large amount of fuel to destroy the
contaminants, the heat generated can sometimes be used to generate electric power (EPA,
2012e).
4.2.4.2.

In Situ Thermal Treatment

In situ thermal (IST) treatment involves heating the subsurface to volatilize organic
compounds. The vapor phase compounds then migrate to the vadose zone where a vapor
recovery system collects the gases for subsequent treatment at the surface, usually with
GAC or thermal oxidizers (New Jersey Department of Environmental Protection, 2017).
The most commonly applied IST technologies are electrical resistance heating (ERH),
steam-enhanced extraction (SEE), and thermal conduction heating (TCH), which is also
called in situ thermal desorption (New Jersey Department of Environmental Protection,
2017). Other techniques include injection of hot water, injection of hot air, radio frequency
heating, and vitrification. Vitrification destroys contaminates by melting them rather than
volatilizing them.
Each of these technologies rely on heat to enhance the removal of contaminant vapors
and liquids from the subsurface. Depending on operating temperatures, heating may
decrease viscosity, decrease surface tension, increase biodegradation rates, increase
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solubility, and/or increase volatility (Triplett Kingston et al., 2010). What differentiates
one technology from the other is the method of delivering heat or energy.
Electrical resistance heating delivers a current throughout the subsurface among an
array of subsurface electrodes (New Jersey Department of Environmental Protection,
2017). The resistance of the subsurface materials to the flow of electricity produces heat,
converting groundwater and water in soil into steam, vaporizing contaminants (EPA,
2012d). The technology works equally well in the vadose and saturated zones. Although
silts and clays typically conduct electricity more efficiently, the technology can also be
applied to high permeability materials such as sand and gravel, or low permeability systems
such as bedrock (New Jersey Department of Environmental Protection, 2017). Figure 3.12
shows a conceptual depiction of an ERH system.

Figure 3.12. Conceptual depiction of an ERH system (Triplett Kingston et al., 2010).
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Steam enhanced extraction (SEE) involves installation of a network of injection and
extraction wells, much like an SVE system (Triplett Kingston et al., 2010). Steam is
injected into some wells, and nearby extraction wells remove the vapors, transporting them
to an above-ground treatment system. SEE systems are typically designed using an
“outside-in” approach, where the contaminated zone is surrounded with steam injection
wells and, and contaminants are recovered from the central extraction well (New Jersey
Department of Environmental Protection, 2017). Figure 3.13 shows a conceptual sketch of
a SEE system.

Figure 3.13. Conceptual sketch of a SEE system (Triplett Kingston et al., 2010).
Thermal conduction heating, also called in situ thermal desorption (ISTD), is the
simultaneous application of heat conduction heating and vacuum to remediate organic
source zones (Triplett Kingston et al., 2010). A typical array consists of heater wells (steel
pipes) in a hexagonal pattern with a heater vacuum well in the center of each hexagon (New
Jersey Department of Environmental Protection, 2017). For very shallow treatment areas
within approximately six inches of the ground surface, surface heater blankets may be
appropriate. The technology has been used to remediate a wide variety of contaminants,
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including chlorinated VOCs, and works well both in the vadose and saturated zones
(Triplett Kingston et al., 2010). Figure 3.14 shows a conceptual sketch of an ISTD system.

Figure 3.14. Conceptual sketch of a TCH or ISTD system (Triplett Kingston et al., 2010).
In situ thermal methods speed the cleanup of many types of chemicals and are among
the few in situ methods that can remediate nonaqueous phase liquids (NAPLs) (EPA,
2012d). Thermal treatment can also be used in silty or clayey soils where other cleanup
methods may not perform as well, and they can be used to reach contamination deep
underground or beneath buildings, which would otherwise be difficult or costly to dig up
and treat above ground (EPA, 2012d).
3.2.5.

UV Oxidation

UV oxidation, also called photolysis, is an advanced oxidation process where a high
energy photon (UV light) is used to react with an oxygen-based oxidant, usually hydrogen
peroxide (H2O2) or ozone (O3), to generate a high-energy hydroxyl radical (•OH) (Suarez,
2009). The hydroxyl radical then reacts with and oxidizes the organics in the groundwater,
producing carbon dioxide, water, and a small amount of ions such as chloride, nitrate, or
sulfate, depending on the contaminant. The UV light aids in the reaction by breaking or
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activating certain atomic bonds making the organic molecule more susceptible to oxidation
(Trach, 1996).
In a UV oxidation system, groundwater is pumped to the surface into a storage tank,
where it is fed through a UV reactor. An oxidant is usually injected into the system, and
the UV light bulbs are placed in the reactor where the oxidant comes into contact with the
contaminants in the groundwater (Suarez, 2009). Cooling water is used to control
temperature in the reactor. Figure 3.15 is a simplified schematic of a typical UV oxidation
system.

Figure 3.15. Schematic of a simplified photolytic treatment system (Zanta and MartinezHuitle, 2009).
The difference in a system which uses ozone and one which uses hydrogen peroxide is
the delivery method. Since ozone is an unstable gas, it must be produced on site and added
to the reactor as small bubbles. Hydrogen peroxide, however, is a stable liquid that can be
delivered and stored on site (Suarez, 2009).
Since the UV bulbs cannot come into direct contact with the groundwater, they are
typically covered by a quartz tube. This protects the bulbs but allows the UV light to enter
the water unhindered (Rashid and Sato, 2012). However, this can also lead to one of the
major problems with UV oxidation; many chemicals and minerals in groundwater coat out
on the quartz tubes, blocking the UV light from coming into contact with the contaminant
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(Suarez, 2009). However, this is a promising technology which could yield quick results at
a relatively low cost.

3.2.6.

In Situ Chemical Oxidation/Reduction

In situ chemical oxidation or reduction are chemical remediation processes which
employ injection techniques to deliver chemicals capable of reacting with and degrading
contaminants into innocuous substances (New Jersey Department of Environmental
Protection, 2017). The chemical reactions may be oxidation or reduction. Of the two
techniques, in situ chemical oxidation is the most widely used; from 2012 – 2014 it was
selected in over half of the chemical treatment remedies at Superfund sites (EPA, 2017f).
In situ chemical oxidation (ISCO) is a remediation method in which strong oxidants
are delivered into subsurface soil or associated groundwater plumes to remove organic
contaminants (Tsitonaki and Bjerg, 2008). Typically, oxidants are injected into the
subsurface via injection or monitoring wells, however, other methods can be used. ISCO
is a common method of treatment for reducing volatile or semi-volatile contaminants
including chloroethenes (e.g. PCE, TCE), chloromethanes, polychlorinated biphenyls, and
hydrocarbons (e.g. benzene, toluene) (Naval Facilities Engineering Command, 2011).
There are four commonly used oxidants for ISCO. These include ozone (O3), persulfate
(S2O82-), hydrogen peroxide (H2O2), and permanganate, either potassium permanganate,
(KMnO4), or sodium permanganate, (NaMnO4) (Tsitonaki and Bjerg, 2008). These
chemical oxidants can either be injected into the subsurface with the use of an injection
rod, also known as “direct push” technology, or by pumping them into permanent wells of
various depths to ensure that the oxidant reaches all of the contaminated area (Huling and
Pivetz, 2006). The oxidant then spreads into the surrounding soil and associated
groundwater plumes where it mixes with and oxidizes the contaminants. Monitoring wells
are also installed so that degradation can be periodically monitored. Catalysts may also be
used in conjunction with the oxidants to increase oxidation strength. For example,
persulfate is more effective if heat, iron, pH manipulation, or peroxide is used in
conjunction with its application. Huang et al (2002) found that the oxidation rate of methyl
tert-butyl ether (MTBE), a widely used gasoline additive and VOC, decreased with
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increasing pH and increasing ionic strength. However, the rate only decreased by roughly
30% from pH 2.5 to near neutral pH, suggesting that while persulfate oxidation is pHdependent, it is less sensitive to this parameter than others, such as the addition of heat,
iron, or peroxide (Huang et al., 2002, Huling and Pivetz, 2006). Using peroxide with
persulfate is an example of an ISCO “treatment train” in which multiple oxidants are used
to improve the overall reduction of contaminant at a site (Tsitonaki and Bjerg, 2008).
Figure 3.16 shows a typical ISCO system in the field.

Figure 3.16. Illustration of a typical ISCO treatment system (EPA, 2012b).
In situ chemical reduction (ISCR) uses reducing agents, such as zero-valent metals, to
help change contaminants into less toxic or less mobile forms. ISCR can treat some types
of contaminants including DNAPLs that are difficult to clean up using other methods, such
as TCE (EPA, 2012c). ISCR is also frequently used to treat metals and metalloids such as
Chromium (VI), Arsenic, and Uranium (EPA, 2018c). The most common reducing agent
used in ISCR is zero-valent iron, or ZVI.
There are two methods of bringing reducing agents into contact with contaminated soil
and groundwater: direct injection, which is often used to treat highly contaminated source
areas, including DNAPLs; and through construction of a permeable reactive barrier, or
PRB (EPA, 2012c). A PRB is a wall built below the surface to treat contaminants dissolved
in groundwater. A trench is dug, and it is filled with a reducing agent, such as large particles
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of ZVI or iron filings. Reactive media such as carbon sources (compost), limestone,
granular activated carbon, zeolites, and others had also been deployed in recent years to
treat metals and some organic compounds (Interstate Technology and Regulatory Council,
2005). Because it is permeable, groundwater flows through the PRB, allowing
contaminants to react with the reducing agent; treated water flows out the other side (EPA,
2012c). Figure 3.17 shows a typical PRB installation for treatment of groundwater
contaminated with Chromium VI.

Figure 3.17. Illustration of the treatment of contaminated water using a PRB made of ZVI
(EPA, 2012c).
In-situ chemical oxidation and reduction are widely used chemical treatments due to
their relative low cost and quick clean up times. The treatments can destroy most of the
contamination in situ without the cost of pumping groundwater or soil excavation. In
addition, no additional operational energy is needed to operate a PRB because it relies on
the natural flow of groundwater (EPA, 2012c). Based on these reasons, the use of
ISCO/ISCR will most likely to continue to increase at Superfund sites across the country.
3.2.7.

Soil Vapor Extraction and Air Sparging

Soil vapor extraction (SVE) is a cost-effective method for reducing concentrations of
volatile and semi-volatile organic compounds which are adsorbed to soils in the
unsaturated zone (EPA, 1994). SVE is an in situ remediation technique in which airflow is
created by a vacuum, causing contaminants to volatilize and move toward extraction wells.
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Pipes then carry the extracted gases to a treatment system before they are released. Figure
3.18 depicts an SVE system used to treat soil contaminated with benzene.

Figure 3.18. Illustration of an SVE system designed to treat benzene-contaminated soil.
The effectiveness of an SVE system depends in large part on the type of contaminant.
The more volatile the chemical, the more effective SVE is at removing it from the soil. The
Henry’s Law constant (KH) of a contaminant is a strong indicator of its volatility, as
discussed previously. The higher the Henry’s Law constant, the more likely the chemical
is to volatilize so that it can be extracted by the SVE system. Generally, constituents with
a Henry’s Law constant of greater than 100 atmospheres are considered amenable to
removal by SVE (EPA, 2017c). Henry’s Law constants of the primary groundwater
contaminants found at the Atkemix Ten site are listed in Table 3.3. Based on this guideline,
contaminants such as vinyl chloride, cis-1,2-dichloroethylene, carbon tetrachloride,
tetrachloroethylene, trichloroethylene, and chloroform would all be amenable to removal
by SVE. Methylene chloride and hexachlorobenzene would likely not be effectively
removed with SVE.
Air sparging (AS) is used in conjunction with SVE when contaminates are not only
present in the soil, but also dissolved in groundwater beneath the vadose zone. In this case,
injection wells are drilled to a depth below the groundwater table and an air compressor at
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the surface pumps air underground through the wells. As air bubbles through the
groundwater, it creates air channels in the soil through which the volatilized contaminants
can flow toward an extraction well (EPA, 2012g). The SVE system simultaneously creates
a negative pressure in the vadose zone which controls the vapor plume migration.
For effective remediation, SVE relies on knowledge of several important properties
including the soil’s intrinsic permeability and the concentration of the contaminants, the
latter of which is determined by chemical equilibrium relationships. The porosity of
structure of the contaminated soil are also key characteristics to consider when determining
SVE effectiveness. For example, if the soil is very dense, such as a clay soil, or it contains
clay or rock lenses, or if it has a high moisture content, SVE would not be an effect method
of remediation (EPA, 2017c). These properties have a direct effect on the rate of chemical
removal, since air flow is the primary mechanism for contaminant removal.
In addition, there are several transport and removal mechanisms occurring
simultaneously during SVE; these include diffusion, dispersion, advection, volatilization,
and biodegradation. While volatilization and biodegradation play an important role in
chemical removal, as previously discussed, advection, dispersion, and diffusion will likely
control the rate of chemical removal. Advection is the process through which volatilized
contaminants are carried along with the bulk movement of the air. However, where there
is a difference in concentrations between chemicals being carried by the flowing air and
the soil not connected to the airstream, contaminants will move by diffusion toward the
flowing air (US Army Corps of Engineers, 2002). While diffusion is caused by a
concentration gradient, dispersion is caused by a velocity gradient within the soil pores.
This velocity gradient is caused by the different sizes and shapes of the soil pores, which
affects how fast air can flow between them (Ekeleme and Agunwamba, 2018). Diffusion
and dispersion are much slower processes than advection and will limit chemical removal
rates, especially in areas with low permeability. As a general rule, soils with an intrinsic
permeability of less than 1 x 10-10 cm2 will not be favorable for removal of contaminants
by SVE (EPA, 2017c). SVE is also not appropriate for sites with a groundwater table
located less than three feet below the land surface, since seasonal or daily groundwater
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fluctuations can submerge the contaminated soil or a portion of the extraction well screen,
making it unavailable for air flow (EPA, 2017c).
SVE and AS can provide relatively quick, cost- effective solutions to removing volatile
and semi-volatile organic compounds in the soil. The effectiveness of the SVE/AS system
depends on several variables, including the type of contaminant and its chemical and
physical properties, the intrinsic permeability of the soil, the spacing of the extraction
wells, and vacuum flowrate from the wells.
3.2.8.

Phytoremediation

Phytoremediation is an emerging green technology that uses plants to remove, degrade,
or contain certain toxic chemicals in soil, groundwater, surface water, and air (EPA, 2005).
Phytoremediation has been found to be effective for treating most classes of contaminants,
including petroleum hydrocarbons, chlorinated solvents, pesticides, metals, radionuclides,
explosives, and excess nutrients (Chappell, 1997). Plants are chosen based on their
potential to evapotranspirate groundwater, the degradation enzymes they produce, their
growth rates or yield, the depth of their root zone, and/or their ability to bioaccumulate
contaminants (Chappell, 1997).
Phytoremediation techniques can be classified based on the mechanisms involved;
these include extraction of contaminants from the soil or groundwater (phytoextraction),
breakdown of contaminants in plant tissue (phytodegradation), breakdown of contaminants
within the microbe-rich soil surrounding the roots (rhizosphere degradation), volatilization
or transpiration of volatile contaminants from plants to the air (phytovolatilization), and
hydraulic control of contaminated groundwater plumes (EPA, 2000c, EPA, 2005). These
mechanisms can be grouped into three main categories: degradation, extraction, and
containment and immobilization.
Degradation of organic contaminants by plants can occur within the root zone of
influence (rhizosphere) or within the plant tissues themselves. Microbial counts in the
rhizosphere are much higher than in other areas; it is not known whether this is due to
microbial or fungal symbiosis with the plant, plant enzymes, or other physical/chemical
effects in the root zone (EPA, 2000c). Regardless, several research projects (Anderson et
al., 1993, Anderson and Coats, 1994) have shown that there are measurable effects on
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certain contaminants, specifically petroleum hydrocarbons, in the root zone of planted
areas.
Another possible mechanism for contaminant degradation is metabolism within the
plant. Some plants may be able to detoxify certain compounds by metabolizing the
available nutrients; for example, research has shown that TCE is possibly degraded in
popular trees. The carbon is used for tissue growth while the chloride is expelled through
the roots (Chappell, 1997, EPA, 2000c). Constructed wetlands are another type of
phytoremediation that have shown to be effective for removing chlorinated ethenes; Amon
et al. (2007) saw PCE removal rates of over 90% at Wright-Patterson Air Force Base near
Dayton, OH, with a constructed wetland. Figure 3.19 shows a cross-section of the treatment
cell used in their study. The wetland was constructed with three lifts of soil; the bottom
layer was also mixed with wood chips. The design also included a geomembrane liner and
perforated pipes.

Figure 3.19. Cross-section of a constructed wetlands treatment cell used for treating
contamination at Wright-Patterson Air Force Base (Amon et al., 2007).
Plants can also extract contaminants by accumulating the compounds in the shoots and
leaves of the plant. The plants can then transpire the contaminants into the atmosphere or
be harvested and removed from the site. Finally, plants can be used to contain or
immobilize contaminants by binding the contaminants within a humic molecule
(humification) or removing the contaminant’s means of transport.
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Phytoremediation can be a low cost, eco-friendly way to clean up contaminated sites;
however, there are limitations to the technology. Phytoremediation can only work at sites
that are well suited for plant growth. In addition, the contaminant concentrations cannot be
toxic to the plants, and the pollution cannot be so deep in the soils or groundwater that
plants cannot reach it (Chappell, 1997). Therefore, phytoremediation may be a good
strategy for sites with low concentration, shallow contaminants, or as a secondary or
tertiary treatment.
3.2.9.

Monitored Natural Attenuation

Monitored natural attenuation (MNA) refers to relying on natural processes to decrease
or “attenuate” concentrations of contaminants to achieve site-specific remedial objectives
(EPA, 1999a, EPA, 2012f). The natural attenuation processes at work with this remediation
approach include a variety of in situ physical, chemical, or biological processes that will,
under favorable conditions, reduce toxicity, volume, mass, or concentration of
contaminants without human intervention (EPA, 2017f). Specifically, MNA may use the
processes of biodegradation, dispersion and dilution, sorption, chemical reactions,
volatilization, or radioactive decay to destroy or degrade contaminants (EPA, 2017f).
Figure 3.20 shows where these processes occur in the subsurface. In the case of
contamination by chlorinated solvents, as the bulk contaminant moves through the
subsurface, some of the liquid may naturally volatilize; some may become absorbed to the
surface of soil particles, limiting contaminant migration; some may biodegrade both in the
vadose and saturated zones, either aerobic or anaerobically; and some disperse and become
diluted as they move through the groundwater table (EPA, 1999a). All of these processes
serve to reduce contaminant concentrations to low enough levels so that risk to human and
environmental health is minimal.
Since biological degradation, dispersion, dilution, sorption, and volatilization of bulk
liquids may be not sufficient to reduce contamination to acceptable levels in a reasonable
time frame, MNA is typically used as a last step in a remedial plan when only low
concentrations of contaminants remain dissolved in the soil and groundwater. While MNA
does not rely on human intervention, it should not be viewed as a “no action” remedy;
rather, it includes a comprehensive site characterization, including geology, hydrogeology,
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and geochemistry, risk assessment studies, and frequent monitoring of contaminant
concentrations to determine if the technique is viable and effective (EPA, 1999b).

Figure 3.20. Schematic of the processes used in monitored natural attenuation for
treatment of sites contaminated with chlorinated solvents (EPA, 1999a).
MNA can be a low-cost remediation technique since it is a less intrusive approach and
does not require as much energy compared to other in situ (or ex situ) treatments. However,
site characterization is expected to be more complex and costly, and longer monitoring
periods can also drive up overall cost (EPA, 1999b). For this reason, MNA is not usually
used as a sole remedy at a hazardous waste site, but rather in conjunction with other
treatment techniques.
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4.

FUNCTIONALIZED MEMBRANE TECHNOLOGY
Functionalized membrane technology employs traditional nanofiltration technology

with nanoscale iron particles that can be employed in either an oxidative or reductive
strategy depending upon the valence of the iron employed. Before discussing the specific
technology employed in this research, a review of the basic science behind the potential
approaches will be provided.
4.1. Filtration
4.1.1.

Nanofiltration

The polyacrylic acid-coated polyvinylidene fluoride (PVDF) membranes used in this
study are a type of microporous membrane with a pore size ranging from roughly 50 – 200
nm before functionalization and 45 – 75 nm after functionalization. Nanofiltration is a
pressure-driven membrane process that lies between reverse osmosis and ultrafiltration in
terms of its ability to reject molecular or ionic species (Nagy, 2012). Figure 4.1 shows the
relative size of particles which are targeted with nanofiltration.
Nanofiltration is characterized by a combination of features including very high
rejection of multivalent ions (>99%), low to moderate rejection of monovalent ions (<70%)
and high rejection (>90%) of organic compounds with molecular weight above the
molecular weight of the membrane (Nagy, 2012). This makes nanofiltration membranes
well suited for removal of chlorinated solvents such as those present at the study site.
The type of nanofiltration process used in this study is cross-flow filtration. In crossflow filtration, only a portion of the solution is forced through the membrane, while the
remainder is flushed across the surface and used to sweep away any rejected particles
(Bedessem, 2009). The solution that passes through the membrane is called the permeate,
while the portion that is rejected is called the retentate. In this type of process, the rejected
particles become concentrated in the retentate, and this waste stream must be managed as
a by-product of the filtration process (Bedessem, 2009).
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Figure 4.1. Relative size of particles targeted by nanofiltration membranes (©Zena
Membranes, 2018)
4.1.2.

Functionalized Membranes

Membrane processes have found extensive use in wastewater treatment and
desalination in a wide range of industries including textiles, food and dairy production, and
pharmaceuticals (Colburn et al., 2016). The focus of this study was on the use of
polyvinylidene fluoride (PVDF) nanofiltration membranes modified or “functionalized”
with polyacrylic acid (PAA) and loaded with bimetallic (Fe/Pd) nanoparticles to treat
groundwater at a site contaminated with chlorinated solvents.
4.2. Oxidation of Chlorinated Organics Using Iron Particles
Chlorinated solvents can be degraded from harmful chemicals like PCE and TCE to
harmless ethane using either a reductive or oxidative pathway. This process, called
dechlorination, can be accomplished with iron nanoparticles depending on the valence state
of iron and some type of oxidizer such as hydrogen peroxide or persulfate.
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4.2.1.

Hydrogen Peroxide

Advanced oxidative reactions require the generation of free radicals; highly reactive
compounds which can be used to degrade various pollutants (Lewis et al., 2011). One way
to produce these free radicals is via the reaction of either iron ions (Fe2+/Fe3+) or
ferrihydrite/ iron oxides (groups of chemical compounds which contain iron) with
hydrogen peroxide (H2O2) to produce a hydroxyl radical (OH•) as in the following reaction
(Lewis et al., 2011):
𝐹𝐹𝑒𝑒 2+ + 𝐻𝐻2 𝑂𝑂2 → 𝐹𝐹𝑒𝑒 3+ + 𝑂𝑂𝐻𝐻 − + 𝑂𝑂𝑂𝑂 ∙

This reaction continues until the hydrogen peroxide is completely consumed. The
hydroxyl radicals are then responsible for most of the contaminant degradation. This is due
to the unpaired electron present in the hydroxyl radical, making it a highly reactive, nonspecific oxidant (Huling and Pivetz, 2006). This above reaction is known as the Fenton
reaction, and it is prevalent in subsurface remediation due to its low cost (approximately
$0.26/lb for the H2O2 used in the reaction) and ability to remove complex mixtures of
organic compounds (Huling and Pivetz, 2006). However, the reaction is very fast and
peroxide consumption is high. In addition, the precipitation of ferric hydroxide can lead to
particle agglomeration in aqueous solutions, diminishing the reaction rate over time (Gui,
2014).
4.2.2.

Persulfate

Persulfate, or peroxydisulfate, is a strong oxidant and anion with the formula S2O82(Petri et al., 2011). Persulfate is most commonly supplied as a solid salt; either as sodium
persulfate (Na2S2O8), ammonium persulfate ((NH4)2S2O8), or potassium persulfate
(K2S2O8). However, since ammonium and potassium persulfate have low solubility in cold
water and can produce ammonia (in the case of ammonium persulfate), sodium persulfate
is usually chosen for environmental applications (Naval Facilities Engineering Command,
2016).
Persulfate reaction chemistry is complex and can involve both the direct reaction
between the target organic and the oxidant, as well as the decomposition of the oxidant
itself into a high reactive sulfate free radical (SO4-•) that can then degrade target organic
compounds (Petri et al., 2011). Catalysis of S2O82- to SO4-• can be achieved at elevated
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temperatures (35 to 40°C), with ferrous iron (Fe(II)), by UV activation, with elevated pH
(i.e. the addition of a base), or with hydrogen peroxide (Huling and Pivetz, 2006). When
persulfate reacts with ferrous iron, it produces a sulfate free radical according to the
following reaction (Huling and Pivetz, 2006):
𝑆𝑆2 𝑂𝑂82− + 𝐹𝐹𝑒𝑒 2+ → 𝐹𝐹𝑒𝑒 3+ + 𝑆𝑆𝑂𝑂4− ∙ +𝑆𝑆𝑂𝑂42−

Formation of SO4-• may also initiate the formation of the hydroxyl radical, by the
following reaction (Huling and Pivetz, 2006):
𝑆𝑆𝑂𝑂4− ∙ +𝐻𝐻2 𝑂𝑂 → 𝑂𝑂𝑂𝑂 ∙ +𝐻𝐻𝐻𝐻𝑂𝑂4−

As previously discussed, the hydroxyl radical is also a strong oxidizer due to its
unpaired electron. When remediating VOCs, it is most common to activate persulfate to
generate sulfate free radicals which can in turn generate hydroxyl radicals. This increases
the oxidation potential, or tendency of a chemical species to lose an electron, of persulfate
(2.6 volts (V)) as compared to the persulfate anion (2.1 V) and allows for degradation of a
wider range of environmental contaminants at a faster rate (Naval Facilities Engineering
Command, 2011).
Persulfate is more expensive than hydrogen peroxide at approximately ($1.20/lb)
(Huling and Pivetz, 2006); but when it is used in the subsurface, it is more stable than
hydrogen peroxide (i.e. persulfate has a longer half-life) and it has less affinity for natural
organic matter than hydrogen peroxide; hence, less oxidant is required (Naval Facilities
Engineering Command, 2011). Persulfate effectively treats a broad variety of contaminants
such as chlorinated ethenes, certain polyacrylic aromatic hydrocarbons (PAHs) such as
naphthalene, phenanthrene, and pyrene, as well as benzene, which allows persulfate to be
used in the remediation of fuel spills (Naval Facilities Engineering Command, 2016).
4.2.3.

Oxidation Using Functionalized Membrane with Embedded Iron
Nanoparticles

Iron nanoparticles (Fe(II)) with a characteristic effective diameter of less than 100 nm
are often favored over bulk metal structures in catalytic reactions because they have unique
chemical and physical properties, as well as improved reactive properties (Xu and
Bhattacharyya, 2007). The topology of the nanoparticle surface results in a large variety of
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facets, edges, corners, and defects, creating additional areas for reactions to take place and
thereby increasing the overall dechlorination rate (Xu and Bhattacharyya, 2007).
However, injecting nanosized metals into the subsurface is not always ideal; there are
issues with aggregation and dissolution of the nanoparticles, as well as developing public
health concerns about the use of engineered nanomaterials and their potential toxicity
(Lowry et al., 2012, Schug et al., 2013, Gui et al., 2015). Recent developments in
membrane technology have found that these problems can be solved by immobilizing the
nanoparticles on a fixed surface such as that of a functionalized nanofiltration membrane
(Xu and Bhattacharyya, 2007, Meyer et al., 2009, Lewis et al., 2011, Smuleac et al., 2011,
Gui et al., 2013). This is due to the membranes’ open structure and high internal surface
area, which allows for high nanoparticle loading and easy active site accessibility (Smuleac
et al., 2011).
Lewis et al (2011) used iron-embedded stacked functionalized membranes to
dechlorinate harmful contaminants such as 2,4,6-trichlorophenol (TCP), a carcinogen and
persistent pollutant, to less harmful species using an oxidative pathway. In their study,
glucose was used as the source of H2O2, synthesized in the pores of the top membrane
which was functionalized using a versatile polycation/polyanion layer-by-layer assembly
technique for the immobilization of negatively charged glucose oxidase (GOx), which
converts glucose and oxygen to H2O2 and gluconic acid (Lewis et al, 2011). H2O2 was then
convectively transported to the bottom membrane, where it reacted with bound iron species
to create the free radicals necessary for contaminant degradation (Lewis et al., 2011).
Chlorinated organics can also be treated using iron nanoparticles immobilized within a
functionalized membrane via a reductive pathway, as described in the following section.
4.3. Reduction of Chlorinated Organics Using Iron Particles
Zero-valent nanosized metals (<100 nm) such as zero-valent iron (ZVI, Fe0) have
shown to be effective for dechlorinating a wide range of chlorinated organics including
PCE, TCE, poly-chlorinated biphenyls (PCBs), and chlorophenols, with minimal
intermediate formation (Meyer et al., 2009). This is an important benefit of the reductive
pathway since intermediates such as vinyl chloride (VC) are often more toxic than the
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original compound. In the reductive pathway, ZVI acts as the electron donor. The overall
reduction for the dechlorination of chloro-organics can be written as,
𝐹𝐹𝑒𝑒 0 + 𝑅𝑅𝑅𝑅𝑅𝑅 + 𝐻𝐻 + → 𝐹𝐹𝑒𝑒 2+ + 𝑅𝑅𝑅𝑅 + 𝐶𝐶𝑙𝑙 −

where RCl represents the chlorinated hydrocarbon such as PCE or TCE (Gui, 2014). Figure
4.2 also shows how chlorinated organics such as PCE can be converted to ethene by
reductive dechlorination. In this figure, each dechlorination step involves the replacement
of a chlorine atom with a hydrogen atom.

Figure 4.2. Sequential reduction of PCE to ethene by anaerobic reductive dechlorination
(IRTC, 2005).
The downside of using bulk ZVI as the electron donor through the reductive pathway
is twofold: it is a relatively slow reaction; and the large specific surface area of ZVI
nanoparticles make them susceptible to oxidation by dissolved oxygen and water, leading
to the formation of iron oxide (rust) agglomerations and reducing the reactivity of ZVI
nanoparticles (Wan et al., 2017).
4.3.1.

Reduction Using Functionalized Membrane with Embedded Bimetallic

Nanoparticles
To address these problems, a noble metal such as Pd or Ni can be coated onto the ZVI
nanoparticle to act as a hydrogenation catalyst, thereby increasing the rate of
dechlorination. Problems with particle agglomeration can then be avoided by immobilizing
the bimetallic nanoparticles within a nanofiltration membrane (Meyer et al., 2009). Schrick
et al (2002) reported that using nickel-coated iron (3.4:1 Fe to Ni ratio) to dechlorinate
TCE resulted in a reaction rate almost three orders of magnitude faster than using bulk Fe0,
and one order of magnitude faster than most experiments with nanoscale Fe0 (Meyer et al.,
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2009). Immobilizing the bimetallic nanoparticle onto a functionalized membrane also
serves to prevent agglomeration of nanoparticles, increasing the length of time during
which the reduction reaction can take place. In addition, using a noble metal such as Ni or
Pd to coat the surface of the iron nanoparticle promotes complete dechlorination with very
little intermediate byproducts; harmful contaminants such as cis-DCE or vinyl chloride (Xu
and Bhattacharyya, 2007). This is because in the bimetallic system, Fe is considered as the
reductant for water to generate hydrogen while the chlorinated organic, such as TCE, is
dechlorinated by catalytic hydrodechlorination in the presence of Ni or Pd, resulting in the
direct reduction to ethane, as shown in Figure 4.3, below (Xu and Bhattacharyya, 2007).

Figure 4.3. Schematic diagram for reductive dechlorination pathways of TCE to ethane
using Fe0 and Fe/Ni or Fe/Pd systems (Xu and Bhattacharyya, 2007).
While either Ni or Pd can be effective as a catalyst in the dechlorination process, Pd is
typically chosen in remediation applications due to the potential toxic nature of Ni (Meyer
et al., 2009). The immobilization of bimetallic particles (in this case, Fe/Pd) onto
functionalized membranes (PAA/PVDF) is the treatment technology applied in this study,
though it is just one of many different treatment techniques for hazardous contaminants.
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5.

EXPERIMENTAL SECTION

5.1. Creation of Functionalized Membranes
5.1.1.

PAA-Functionalized PVDF Membranes

Lab-scale polyacrylic acid-coated polyvinylidene fluoride (PVDF) membranes were
functionalized with polyacrylic acid (PAA) by in situ polymerization of acrylic acid (AA),
a method described in previous work (Bhattacharyya et al., 2010, Smuleac et al., 2011,
Islam et al., 2018). Figure 5.1 gives an overview of how the membranes are functionalized
and synthesized with bimetallic nanoparticles in a laboratory environment.

Figure 5.1. Overview of functionalization of PVDF membrane by in situ polymerization
of acrylic acid and bimetallic nanoparticle synthesis by ion exchange (Gui et al., 2013).
First, a monomer solution is prepared in aqueous phase using acrylic acid (AA, ~16%
wt), potassium persulfate as an initiator (KPS, 1.0 mol% of AA) and N, N’-Methylenebis
(acrylamide) as a cross-linker (MBA, 1.0 mol% of AA). PAA is then added (1.0g) to
increase viscosity and the remaining weight is made up with deoxygenated deionized ultrafiltered (DIUF) water. The monomer solution is passed through a membrane cut to the
desired size using vacuum suction (0.14-0.16 bar). The membrane is then sandwiched
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between two glass plates and placed in an oven at 70-90°C for 30-60 min under N2
atmosphere. Heat treatment accelerates the reactions to create cross-linked PAA chains
within the membrane pores, while use of nitrogen gas ensures the removal of O2, an
inhibitor of polymerization (Gui et al., 2013). The resulting functionalized membrane is
then cooled and weighed to confirm polymerization by mass gain (Islam et al., 2018). This
process is shown in Figure 5.2, below.

Figure 5.2. Functionalization of PVDF membranes with PAA (adapted from Wan et al.,
2017).
Functionalizing the PVDF membrane with cross-linked PAA then allows the
bimetallic nanoparticles to be embedded on the surface of the membrane. Figure 5.3 is an
illustration of how the membrane looks once it is functionalized.

Figure 5.3. Illustration of a PVDF membrane functionalized with PAA (Hernandez et al.,
2016).
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5.1.2.

Bimetallic Nanoparticle Synthesis

Embedding the PVDF-PAA membrane with Fe/Pd nanoparticles requires a two-step
ion exchange. First, the membrane is soaked in NaCl (~68 mM) solution, often overnight
(10-12 h), which converts PAA from the hydrogen form (-COOH) to the sodium form (COONa) (Xu and Bhattacharyya, 2007). As carboxyl groups chelate with Na+, hydrogen
ions are released, decreasing the pH of the solution. In order to maintain a pH of
approximately 10, NaOH is added periodically to maximize Na+ loading (Wan et al.,
2017). The membrane is then rinsed with deoxygenated water; this removes excess
NaCl/NaOH inside the pores, preparing the membrane for the second ion exchange.
Next, the membrane is placed in an FeCl2 solution (~3.57 mM, pH = 5.0-5.5) and over
an approximate 4-hour time period in an oxygen-free environment, Na+ is replaced by
Fe2+, forming iron-carboxylate bonds within and on the surface of the membrane pores
(Islam et al., 2018). Figure 5.4 is an illustration of the functionalized membrane embedded
with Fe2. The iron embedded within and on the surface of the membrane comes from the
FeCl2 solution.

Figure 5.4. PVDF membrane embedded with Fe2+ nanoparticles (Hernandez et al., 2016).
Fe2+ is then reduced to Fe0 by soaking the membrane in an NaBH4 solution (26.4 mM)
under an N2 atmosphere to prevent iron oxidation, according to the following overall
reaction (Hernandez et al., 2016):
2𝐹𝐹𝑒𝑒 2+ + 6𝐵𝐵𝐻𝐻4− + 18𝐻𝐻2 𝑂𝑂 → 2𝐹𝐹𝑒𝑒 0 + 6𝐵𝐵(𝑂𝑂𝑂𝑂)3 + 21𝐻𝐻2+
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Figure 5.5 is an illustration of the PVDF membrane once Fe2+ has been reduced to Fe0.
The figure also shows an image from a scanning electron microscope (SEM) of the Fe0
nanoparticles embedded within and on the surface of the functionalized membrane.

Figure 5.5. Illustration and SEM image of Fe0 particles embedded within and on the
surface of functionalized PVDF membrane (Hernandez et al., 2016).
Finally, the membrane in immersed a K2PdCl4 solution (~153 µM, ethanol:water = 9:1,
v/v) for approximately 2 hours (Gui et al., 2013). This results in the deposition of palladium
on the iron surface through the following redox reaction (He and Zhao, 2005):
𝑃𝑃𝑑𝑑4+ + 2𝐹𝐹𝑒𝑒 0 → 𝑃𝑃𝑑𝑑0 + 2𝐹𝐹𝑒𝑒 2+

Figure 5.6 shows a focused ion beam (FIB) SEM image of the surface of the completed
Fe/Pd PAA-PVDF membrane.

Figure 5.6. FIB-SEM image of the surface of a completed Fe/Pd PAA-PVDF membrane
(Wan et al., 2017)
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The Fe/Pd functionalized membrane is then stored in pure ethanol for future use. The
last step in the nanoparticle synthesis process (i.e., loading the membrane with Pd
nanoparticles) can be easily varied to study the effect of Pd loading on dechlorination of
groundwater. Figure 5.7 shows how water flows through the pores of a PAA-PVDF
membrane.

Figure 5.7. Flow path of groundwater through a PAA-PVDF membrane (Gui et al.,
2015).
The process described above is for a single circular membrane for use with a crossflow cell. However, the same process can also be applied to a spiral membrane. Both
designs are discussed in the following sections.
5.1.3.

Cross-Flow Cell Membrane Design

The functionalized membrane used in this experiment was cut to fit a cross-flow cell
made by Sterlitech Corporation, Kent, WA. The active area of the membrane was 20.6 cm2.
The Sterlitech cross-flow cell is a laboratory-scale filtration unit that simulates the
performance of larger, commercially available membranes such as industrial spiral wound
membranes (Sterlitech, 2018). With this cross-flow cell, water is fed tangentially (parallel)
over the membrane surface. Some of the fluid stream will permeate through the membrane
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while the rest will continue to flow through the system. The stream which permeates
through the membrane is called the permeate and the stream which does permeate is called
the retentate. Having the water flow tangentially across the membrane reduces the fouling
rate by increasing the back transport of fouling agents from the membrane surface through
inertial lift, surface drag, and shear diffusion mechanisms (Sterlitech, 2018). Figure 5.8 is
a schematic of how the cross-flow cell works, and Figure 5.9 shows the Sterlitech
membrane body assembly.

Figure 5.8. Schematic of cross-flow cell.
The cross-flow cell can be used in a variety of applications depending on the type of
membrane used. These include:
•

Reverse osmosis
o Brackish water desalination
o Fruit juice concentration
o Water softening

•

Ultrafiltration
o Dye purification
o Cell harvesting
o Pharmaceuticals

•

Microfiltration
o Casein/Whey fractionation
o Fat removal in whey protein isolation.
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Figure 5.9. Sterlitech cross-flow cell body assembly (adapted from Sterlitech, 2018).
The ideal temperature, pressure, and flowrate used in the cross-flow cell depends on
the membrane type and the intended use, however, typical parameters of the Sterlitech
cross-flow cell used in this experiment are as follows:
•

Permeate flux: 30-300 liters/meter/hour (L/M/H)

•

Permeate flow rate: 1 – 10 milliliters/minute (mL/min)

•

Maximum influent flow rate: 6.8 L/min

•

Maximum operating pressure: 69 bar (1,000 psi)

•

Maximum operating temperature: 82°C (180° F)
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5.1.4.

Spiral Membrane Design

While the cross-flow cell is intended for small, bench-scale laboratory studies, a spiral
wound membrane provides a much larger active surface area for filtration. While the Fe/Pd
functionalized membrane used in this experiment had an active surface area of 20.6 cm2,
spiral wound functionalized membranes used in similar studies made by Nanostone/Sepro
Membranes Inc., Oceanside, CA may have a surface area of up to 0.465 m2 (5 ft2) (Gui et
al., 2015).
A basic spiral membrane will consist of four main elements: membranes, feed channel
spacers, permeate collection material, and a permeate tube. To make the spiral membrane,
a membrane is first laid out and folded in half with the membrane facing inward. A feed
channel spacer is then inserted and sandwiched between the folded membrane. The feed
spacer provides space for water to flow between the membrane surfaces, and allows for
uniform flow between membrane leaves (Snyder, 2018). Next, the permeate collection
material (like a spacer) is attached to the perforated permeate tube, and the membrane
sandwich is glued to the permeate spacer. The process is repeated with several more
membrane sandwiches, and the finished layers are then wrapped around the permeate tube
to create the spiral shape. The finished spiral membrane is placed in an outer wrap with
fittings to direct and contain fluid flow. Figure 5.10 shows the conceptual design of a spiral
membrane.

Figure 5.10. Conceptual design of a spiral membrane (General Electric, 2015).
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Once hoses are attached, a fluid stream is fed through the spiral membrane, flowing
tangentially across the flow channels (membrane sandwiches). Filtrate smaller than the
molecular weight cut-off pass through the membrane into the permeate collection material,
where it is carried down towards the perforated permeate tube (Snyder, 2018). The
remainder or rejected feed then exits the spiral membrane.
Spiral membranes are designed for the same uses as the cross-flow cell, but on a much
larger scale. With the increased surface area, more water can be filtered at one time,
increasing the efficiency of the treatment system. Ideal pressure, flow, and temperature will
vary greatly depending on the size of the spiral membrane, the membrane type, and the
intended use.
5.2. Experimental Design
The pilot-scale membrane treatment system was tested in the Hydraulics Lab at the
University of Kentucky. Originally, untreated groundwater was collected from the
groundwater extraction system at the Atkemix Ten site via a sampling port and stored in
5-gallon containers during transport to from Louisville to Lexington. However, due to
ventilation concerns and the highly toxic nature of the compounds dissolved in the
groundwater, the raw plant water was not used for pilot-scale tests at the University.
Instead, standards were made from deionized water and pure TCE to measure the losses
within the system and prove the efficacy of the functionalized membranes.
To ensure complete dissolution, TCE was mixed overnight in one liter of deionized
water. In the morning, 10 gallons of deionized water was poured into the 30-gallon tank of
the membrane system. The 1-liter TCE mixture was then added to the tank and stirred with
the deionized water for approximately 2 minutes using a long-handled stainless-steel bar.
A sample was collected from the tank, and the lid was then closed. The pump was turned
on, and data logging from the pressure and flow sensors commenced. The pressure within
the system was adjusted using the gate valve on the retentate line and was maintained at
approximately 50 psi. Flow was adjusted using the gate valve upstream of the recycle line
and was maintained at approximately 2.5 lpm.
Sampling was conducted after 2, 10, 20, 30, 60, and 120 minutes. Samples were
collected from two sampling locations: immediately after the particulate filter (influent),
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and from the permeate line (membrane effluent). One milliliter of the sample was pipetted
into volatile organic analysis (VOA) vials and filled to the brim with deionized water so
that there would be no head space in the vials. Samples were then kept in a refrigerator
until they were transported to a lab in the same building for analysis. A gas
chromatography-mass spectrometry (GC-MS) instrument was used for the analysis of
volatile organics. All water used in the experiments was disposed of by the University of
Kentucky’s chemical and hazardous waste disposal program.
Temperature was also monitored at the same time intervals as sampling. Four points
were monitored for temperature: the plastic tank, the pump motor, the effluent port from
the pump, and the particulate filter. Temperature was monitored using a non-contact
infrared thermometer. Section 6 presents the results of the tests.
5.3. Building the Membrane Treatment System
A pilot-scale membrane treatment system was built at the University of Kentucky to
deliver groundwater from a tank reservoir to either a cross-flow cell or spiral membrane.
The system was designed to be transportable and air tight and was intended to function in
either batch or continuous-flow mode.
5.3.1.

Schematic of System

The frame of the membrane treatment system, which is essentially a box, was
constructed out of aluminum extrusion material chosen for its light weight and high
strength. The system consists of a 30-gallon polyethylene tank, a 1-horsepower pump, a
recycle line, a 1-micron rated stainless-steel particulate filter, two flowmeters, two pressure
transducers, a retentate line, and a permeate line. Gate valves were installed to control the
flowrate and pressure of the influent coming to the membrane. Figure 5.11 shows a
schematic of the membrane system.
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Figure 5.11. Schematic of pilot-scale membrane system.

Untreated groundwater is either poured or piped into a 30-gallon tank. The tank is
raised approximately 12 inches to maintain a positive pressure head to a pump connected
to the tank. The pump then transmits the groundwater upward and into a stainless-steel
particulate filter so that suspended and dissolved solids which can negatively affect
membrane performance can be removed. A gate valve was installed downstream of the
pump immediately after the recycle line to control pressure from the pump, and a manual
pressure gauge was installed immediately downstream of the pump to monitor the pressure
of the pump effluent. The design pressure for the cross-flow cell membrane was 40-60
pounds per square inch (psi), while the design pressure for the spiral membrane was 30100 psi.
A gate valve was installed upstream of the particulate filter to control the flow going to
the membrane by allowing some of the flow to be diverted from the main line via a recycle
line back to the tank. The ideal flow for the cross-flow cell was less than 1 liter per minute
(lpm), while the ideal flow for the spiral membrane was 1-3 liters per minute. After passing
through the stainless-steel particulate filter, groundwater flows through a paddle-wheel
flowmeter and a pressure transducer to a tee which is connected to two ball valves.
Depending on which of the valves is open, the groundwater will flow to either a cross-flow
cell or a spiral membrane mounted to the system frame. The other valve must be fully
closed to achieve the desired pressure and flow within the influent line.
As previously described, some of the water which enters either the cross-flow cell or
spiral membrane does not pass through the membrane and is piped back into the 30-gallon
tank. These two lines are called retentate lines, and they join via a tee before passing
through a pressure transducer and into the tank. Ball valves were also installed on each of
these retentate lines. A third gate valve was installed immediately downstream of the
pressure transducer to control the pressure within the system. Partially closing the gate
valve increases the pressure within the system while opening the valve reduces the
pressure.
Groundwater which passes through the cross-flow cell or the spiral membrane, called
permeate, is piped to a three-way ball valve which joins the two permeate lines. A
flowmeter was installed downstream of the ball valve, and the permeate line is connected
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to a glass beaker so that permeate can be collected and periodically sampled. Figure 5.12
and Figure 5.13 are photographs of the membrane system. Figure 5.14 shows how the
cross-flow cell and spiral membrane are attached to the system. Note that the particulate
filter was changed from nylon to stainless-steel after these photographs were taken.
The two pressure sensors and two flow meters transmit data via a data acquisition
system to a laptop computer. A software program was written to convert the voltage data
from the sensors into pressure and flow measurements. This way, the pressure and flow
within the system can be monitored and adjusted in real-time. Data collected by the sensors
can also be logged and stored on the laptop’s hard drive or an attached jump drive. The
pressure range for both pressure transducers is 0-100 psi and the flow ranges for the influent
and retentate flowmeters is 0.3-9 lpm and 0.1-2 lpm respectively.
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Figure 5.12. Right view of membrane system with labels.
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Figure 5.13. Front view of membrane system.

105

Figure 5.14. Close-up view of membrane housings.
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6.

RESULTS AND DISCUSSION
Three tests were conducted with the membrane treatment system at the University of

Kentucky; one of these tests was a control test. The Control Test, performed on October
24, 2018, used a nanofiltration membrane functionalized with PAA but with no bimetallic
loading. The other tests, performed on December 3rd (Test 1) and December 4th (Test 2),
2018, used a nanofiltration membrane functionalized with PAA and embedded with Fe/Pd
nanoparticles.
The type of membrane used for all three tests was a PVDF 700 membrane with a pore
size of 0.40µm, purchased from Nanostone Water, Inc. As previously discussed, the
effective surface area of the membrane was 20 cm2. For both Test 1 and Test 2, bimetallic
nanoparticles were embedded on the surface and within the pores of the membrane; for this
process, 4.1 mg Fe was used and the amount of Pd used was 0.5% weight of Fe.
6.1. Influent and Effluent Concentrations
During all three tests, a sample was taken from the tank before the pump was turned on
to determine the initial TCE concentration. The influent sample, in the case of the control
test, was taken immediately after the stainless-steel filter; installed to minimize adsorption.
In the case of the two tests with the bimetallic functionalized membrane, the influent
sample was taken from a stainless-steel isolation valve (added after photographs in Figure
5.12-14 were taken) just prior to the membrane inlet. The effluent sample was taken from
the permeate line in all three tests.
The samples were labeled and kept in the freezer until testing was complete; they were
then transported to the University of Kentucky Environmental Training and Research
Laboratory (ETRL) for analysis. The samples were analyzed on a gas chromatography –
mass spectrometry (CG-MS) instrument (Agilent 6890N). An unpublished manuscript by
Wan et al. (2019) described this process. Briefly, at selected time intervals, 1 mL of
headspace vapor was withdrawn by a gas-tight syringe for GC analysis. The samples were
then heated up gradually. Since TCE volatilizes a specific temperature, it creates a unique
signature when it volatilizes so that the user can identify the concentration from an
accompanying plot.
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TCE was measured using the purge and trap GC-MS method (EPA method 624 for
purgeable organics). A Tekmar 3100 purge and trap concentrator, the Varian 3900 GC with
CP-select 624 CB column and Saturn 2100T MS were used in these analyses. Calibration
curves of different chlorinated organics were created by Hongyi Wan (University of
Kentucky, Department of Chemical and Materials Engineering) so that TCE concentrations
could be accurately measured.
Table 6.1 shows the permeate concentrations of TCE at various times during all three
tests. Table 6.2 shows the ratio of the final concentration of TCE in the permeate to the
initial concentration of TCE in the tank so that the results can be compared.
Table 6.1. Final TCE concentrations in permeate.

Time Elapsed
(min)

0
2
10
20
30
45
60
90
120

TCE Concentration in Permeate (ppb)
Control
(C0 = 20,655 ppb)
3825
7020
6120
6795

Test 1
(C0 = 23,040 ppb)
-

Test 2
(C0 = 21,015 ppb)
-

7605
8820
2610
2655
2655

5490
5490
4104

Note: C0 = initial concentration.
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Table 6.2. Ratios of final TCE concentrations in permeate to initial TCE concentrations
in tank.
Time
Elapsed
(min)
0
2
10
20
30
45
60
90
120

TCE Remaining in Permeate:
Final Concentration of TCE in Permeate/Initial Concentration of TCE in Tank
Control
(C0 = 20,655 ppb)
0.185
0.340
0.296
0.329

Test 1
(C0 = 23,040 ppb)
-

Test 2
(C0 = 21,015 ppb)
-

0.330
0.383
0.124
0.126
0.126

0.266
0.238
0.199

Note: C0 = initial concentration.

The Control Test data show a general decrease in TCE concentration with time;
however, the concentration of TCE in the permeate did increase from the 2-minute sample
to the 10- minute sample. The initial concentration of TCE in the tank for the Control Test
was 20,655 ppb (20.655 ppm or 20.655 mg/L). The final concentration of TCE in the
permeate after 120 minutes was 4,104 ppb (4.104 ppm or 4.104 mg/L). This is a net
decrease in TCE of 80.1%. The increase in TCE concentration from the 2-minute sample
to the 10-minute sample could be due to variation in the data, sensitivity of the GC-MS, or
human error.
The data from Test 1 also show a general decrease in TCE concentration with time;
however, the concentration of TCE in the permeate did increase from the 10-minute sample
to the 20-minute sample. Again, this increase could be due to variation in the data,
sensitivity of the GC-MS, or human error. The initial concentration of TCE in the tank for
Test 1 was 21,015 ppb (21.015 ppm or 21.015 mg/L). The final concentration of TCE in
the permeate after 90 minutes was 5,490 ppb (5.490 ppm or 5.490 mg/L). This is a net
decrease in TCE of 76.2%.
The data from Test 2 show a decrease in TCE concentration from the influent to the
effluent (permeate) samples, but do not show a trend of increase or decrease in TCE
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concentration over time. The initial concentration of TCE in the tank for Test 2 was 21,015
ppb (21.015 ppm or 21.015 mg/L). The final concentration of TCE in the permeate after
60 minutes was 2,655 ppb (2.655 ppm or 2.655 mg/L). This is a net decrease in TCE of
87.4%. While this test did show the greatest TCE reduction, there was no change in TCE
concentration from the 30-minute sample to the 60-minute sample. Figure 6.1 shows the
ratio of final TCE concentrations to initial TCE concentrations for all three tests.

Final TCE Conc. in Permeate /Initial
TCE Conc. In Tank

TCE Removal
0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

0

20

40

60

80

100

120

140

Time Elapsed (min)
Control

Test 1

Test 2

Figure 6.1. Final TCE concentration in permeate/initial TCE concentration in tank with
time for Control Test, Test 1, and Test 2.
It should also be noted that only three permeate samples were able to be taken with
both Test 1 and Test 2, for two reasons. First, the flux through the membrane was much
slower once the membranes were loaded with the bimetallic nanoparticles, compared to the
control membrane. Therefore, it took longer to fill a sampling tube with permeate for
analysis. Second, the pump used in the membrane system was unfortunately not designed
for continuous use. Consequently, the pump overheated and kicked off, usually about 90
minutes into a test. An evaporative cooler was used to attempt to compensate for this
problem, but it still overheated and turned off during all three tests.
Since there were only three permeate samples collected and tested, it is difficult to
analyze this data in order to prove the efficacy of the functionalized membranes. However,
the data from Test 2 do show a higher net percentage decrease in TCE concentrations,
compared to both the Control Test and Test 1 (87.4% removal, compared to 80.1% and
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76.2% removal, respectively). This is due to the manipulation of pressure to the membrane,
which slowed the flowrate through the pores and allowed for longer reaction times.
6.2. Membrane Flux with Varying Pressure and Flow
As previously discussed, pressure and flow through the membrane treatment system
were manipulated using three gate valves. One gate valve was installed on the recycle line
upstream of the particulate filter; this valve controlled the flowrate going to the membrane
by allowing some flow to be diverted from the main line via a recycle line back to the tank.
Closing this valve increased the flowrate to the membrane while opening the valve
decreased the flowrate to the membrane. The second gate valve was installed immediately
after the recycle line upstream of the particulate filter; this valve controlled the pressure
from the pump. Closing this valve increased pressure from the pump while opening the
valve decreased pressure from the pump. The third gate valve was installed on the retentate
(membrane reject) line; this valve controlled the pressure within the system. Closing this
valve increased the pressure within the system while opening the valve decreased the
pressure in the system.
Two pressure transducers (sensors) were used; one was installed downstream of the
particulate filter, and one was installed on the retentate line just upstream of a gate valve.
The pressure transducers were both rated for the same pressure range; 0 – 100 psi. Two
flowmeters were also used; one was installed downstream of the particulate filter,
immediately upstream of a pressure transducer, and the other was installed on the permeate
line. The flowmeter downstream of the particulate filter was rated for flows between 0.3
and 9.0 liters per minute (lpm), while the flow meter on the permeate line was rated for
flows between 0.1 and 2.0 lpm. A data acquisition system was used to translate signals
from the pressure transducers and flowmeters to a software program that allowed the user
to see pressure and flow readings from the sensors in real time and recorded this data every
10 seconds.
During the Control Test, the influent pressure stayed relatively constant from 48.2 to
49.0 psi during the 120-minute test. The pressure of the retentate (reject) line also stayed
constant, but usually 0.10 psi higher than the influent pressure. Theoretically, the retentate
pressure should have been the same (i.e. no pressure loss across the membrane housing) or
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slightly lower than the influent pressure. The slightly higher pressure of the retentate line
could have been due to a miscalibration of the signal, normal variation of the data, or the
fact that the permeate line was connected to an air-tight glass bottle, the contents of which
may have increased in temperature over time, creating a back-pressure on the retentate line.
The influent flowrate during the Control Test ranged from 2.11 to 2.45 lpm during the
120-minute test. The permeate flowrate stayed constant at approximately 0.01 lpm,
equivalent to a flux of 0.0005 lpm/cm2. Since the permeate flowrate was much lower than
the expected flowrate, and therefore the range of the permeate flowmeter, the flowrate of
the permeate had to be measured manually using a 4 mL vial (the same vial used in the
GC-MS) and a stopwatch. The pressure and flowrate inside the system during the Control
Test are summarized in Table 6.3.
During Test 1, the influent pressure ranged from 50.1 psi to 51.0 psi, while the retentate
pressure ranged from 50.9 to 51.4 during the 90-minute test, slightly higher than the
influent pressure. Although an effort was made to use the same influent pressure as in the
Control Test, influent pressure was slightly higher in Test 1. The influent flowrate was
much lower than in the Control Test; this was accomplished by diverting more flow
through the recycle line in order to increase the reaction time through the membrane pores.
The permeate flowrate was slightly lower than that of the Control Test, ranging from 0.005
to 0.006 lpm, equivalent to a flux of 0.0003 lpm/cm2. Again, this flowrate was measured
manually since it was below the range of the flowmeter affixed to the permeate line. This
lower flowrate through the membrane was most likely due to a smaller pore size in the
membrane, since it had been loaded with the bimetallic nanoparticles. The pressure and
flowrate inside the system during Test 1 are also summarized in Table 6.3.
During Test 2, the influent pressure was intentionally lowered significantly to further
increase the reaction time through the membrane. The influent pressure started very low at
2.6 psi, but after approximately 15 minutes of manipulation, the pressure was held constant
during the 60-minute test, ranging between 15.1 and 15.6 psi. The retentate pressure was
much lower than the influent pressure during Test 2, starting at 0.2 lpm and ranging from
5.2 to 5.5 psi once stabilized. This was due to the gate valve being more open than in either
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the Control Test or Test 1, creating a lower pressure inside the system and a greater pressure
differential between the influent and retentate pressures.
The influent flowrate during Test 2 was much higher than that of the Control Test or
Test 1, starting at 0.53 lpm and ranging from 10.36 to 10.43 lpm once stabilized. This was
due to the balance of pressure and flow in the membrane system; when pressure decreased,
flow increased. The flowrate through the permeate line was much lower than that of the
Control Test or Test 1, staying stable at 0.0002 lpm, equivalent to a flux of 0.00001
lpm/cm2. This lower flowrate, also measured manually, increased the reaction time even
more than in Test 1, and could explain the higher overall TCE removal (87.4% in Test 2
compared to 76.2% in Test 1). The pressure and flowrate inside the system are summarized
in Table 6.3.
Based on the results from the three tests, and the accompanying pressures and
flowrates, it could be concluded that a lower influent pressure and higher influent flowrate
are ideal for TCE removal by the membrane treatment system. However, more tests would
be recommended to confirm this hypothesis.
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Table 6.3. Pressure and flowrate inside membrane treatment system for the Control Test,
Test 1, and Test 2.
CONTROL TEST
Time
Elapsed
(min)

Influent
Pressure
(psi)

Retentate
Pressure
(psi)

Influent
Flow
(lpm)

Permeate
Flow
(lpm)*

Permeate
Flux
(lpm/cm2)

TCE
Removal Final/Initial
Conc.

0
2
10
20
30
60
120

48.2
48.3
48.6
48.5
48.6
48.6
49.0

48.3
48.4
48.7
48.6
48.7
48.8
49.3

2.45
2.45
2.35
2.30
2.30
2.21
2.11

0.01
0.01
0.01
0.01
0.01
0.008

0.0005
0.0005
0.0005
0.0005
0.0005
0.0004

0.185
0.340
0.296
0.329
0.266
0.199

TEST 1
Time
Elapsed
(min)

Influent
Pressure
(psi)

Retentate
Pressure
(psi)

Influent
Flow
(lpm)

Permeate
Flow
(lpm)*

Permeate
Flux
(lpm/cm2)

TCE
Removal Final/Initial
Conc.

0
10
20
90

50.8
50.1
50.5
51.0

51.3
51.3
50.9
51.4

0.23
0.01
0.39
0.23

0.006
0.005
0.005

0.0003
0.00025
0.00025

0.330
0.383
0.238

TEST 2
Time
Elapsed
(min)

Influent
Pressure
(psi)

Retentate
Pressure
(psi)

Influent
Flow
(lpm)

Permeate
Flow
(lpm)*

Permeate
Flux
(lpm/cm2)

TCE
Removal Final/Initial
Conc.

0
30
45
60

2.6
15.1
15.3
15.6

0.2
5.2
5.4
5.5

0.53
10.43
10.37
10.36

0.0002
0.0002
0.0002

0.00001
0.00001
0.00001

0.124
0.126
0.126

*Note: Permeate flow measured manually.
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6.3. Temperature Increase in Membrane Treatment System
During all the Control Test, Test 1, and Test 2, the temperature inside the tank, and
throughout the membrane system, increased with time. Unfortunately, the pump that was
chosen for the system was not designed for continuous use, and as it increased in
temperature with use, the water which was sent through the pump also increased in
temperature. This not only affected how long the tests could be run, but it may have also
skewed the results. Since TCE is a VOC, it is possible that the TCE volatilized out of
solution at various points in the membrane treatment system (including the storage tank)
due to the increase in temperature over time.
The temperature of the membrane treatment system was measured using a digital noncontact infrared thermometer aimed at various points in the system at the same time a
sample was taken during all three tests. Table 6.4 shows the temperature at various points
in the membrane system: the storage tank, the pump motor, the pump effluent, and the
particulate filter. Figure 6.2 shows the temperature increase in the storage tank during all
three tests. The temperature increased at approximately the same rate during all three tests;
the greatest range being from 23.7°C to 36.5°C during the 120-minute Control Test.
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Table 6.4. Temperature measured at various points in the membrane treatment system.
CONTROL TEST
Time
Elapsed
(min)

Temperature
in Tank (°C)

Temperature at
Pump Effluent
(°C)

Temperature of
Pump Motor
(°C)

Temperature of
Particulate Filter
(°C)

0
2
10
20
30
60
120

23.7
24.0
24.5
25.6
27.6
30.5
36.5

21.1
23.1
23.4
24.6
25.1
29.0

25.5
33.0
37.4
36.5
42.7
43.4

23.0
23.7
24.6
24.7
28.8
32.6

TEST 1
Time
Elapsed
(min)

Temperature
in Tank (°C)

Temperature at
Pump Effluent
(°C)

Temperature of
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Figure 6.2. Temperature increase measured at the storage tank.
Because of this significant increase in temperature in the tank of the membrane
treatment system, it is possible that TCE removal rates were skewed and that membrane
performance cannot be accurately measured. It is recommended that more tests be
conducted with a different pump designed for continuous use.
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7.

CONCLUSIONS AND RECOMMENDATIONS
A membrane treatment system was designed and built at the Hydraulics Laboratory at

the University of Kentucky as a joint effort between the Department of Civil Engineering
and the Department of Chemical and Materials Engineering. The membrane treatment
system was designed to be transported and used for bench-scale groundwater treatment at
a site in Louisville, Kentucky where chlorinated solvents were manufactured from 1953 to
1983. The site currently uses air stripping, carbon adsorption, soil vapor extraction (SVE),
and air sparging (AS) to treat the contaminated soil and groundwater at the site and to keep
any contamination from migrating to the nearby Ohio River.
7.1. Efficacy of Membrane Technology at Site
Although no tests were performed at the Atkemix Ten site in Louisville, three tests
were performed at the University of Kentucky; one control test and two tests using a
synthetic TCE solution. The overall reduction in TCE during the Control Test was 80.1%,
the overall reduction in TCE during Test 1 was 76.2%, and the overall reduction in TCE
during Test 2 was 87.4%. Test 2 saw the highest TCE reduction, most likely because there
was a much lower flux through the membrane than with Test 1 (0.00001 lpm/cm2 compared
to 0.0003 lpm/cm2), which allowed for a longer reaction time through the membrane. This
means that there was a longer period of time to allow TCE to convert to ethane using iron
to facilitate the dechlorination reaction and palladium as a catalyst.
While the membrane treatment system has not yet been transported to the Atkemix Ten
site, nor used to treat groundwater taken from the site, laboratory-scale tests performed by
our research group at the University of Kentucky using the functionalized bimetallic
membrane to treat the raw plant water have been promising. Wan et al. (2018) measured
the TCE concentration of the groundwater from the Atkemix Ten site in January and March
2018 and found it to be 185 ± 1 and 168 ± 2 ppb, respectively. They then used the Fe/Pd
membranes in a dead-end filtration cell to treat the groundwater. The results of their tests
are summarized in Figure 7.1.
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Figure 7.1. Results of membrane testing performed by Wan et al. (2018). Field water was
tested using a control membrane, a membrane with only Fe loading, and a membrane
with Fe/Pd loading (A). Chloride concentration after 1 hour (B).
In this figure, graph (A) shows the final concentration of five different chlorinated
species after 1 hour of membrane treatment over the initial concentration. The five species
tested were chloroform (CF), carbon tetrachloride (CTC), trichloroethylene (TCE),
tetrachloroethylene (PCE), and hexachlorobutadiene (HCB). While there was some
removal of all five species during the control test, the concentrations of all five species
drastically decreased when the membrane was loaded with Fe/Pd (Pd was 1% weight of
Fe). The remaining TCE concentration after 1 hour of treatment using the Fe/Pd membrane
was nearly zero.
Figure 7.1(B) shows the chloride concentration in the raw plant water and the permeate
from the control, Fe only, and Fe/Pd tests. An increase in chloride concentration shows that
complete dechlorination is taking place, as chloride atoms are replaced by hydrogen atoms
during the iron-facilitated redox reaction. The chloride production during the Fe/Pd test
was significantly higher than that of the control or Fe only test.
These results show that while the membrane technology is very promising,
improvements to the membrane treatment system still need to be made in order to treat the
large volume of groundwater that is extracted every day at the Atkemix Ten site.
7.2. Improvements to System Design
This project was a lesson in design, construction, and laboratory testing. There are
many improvements that could be made to the membrane treatment system. First, the
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primary material used for the piping in the membrane treatment system was polyvinyl
chloride (PVC). While PVC is a common, sturdy material that is easy to work with, it is
known that it will adsorb chlorinated solvents by incorporating them into the polymer
matrix (Barcelona et al., 1985). Therefore, some TCE was likely lost in the system due to
absorption by the PVC and other plastic materials. The tank, the particulate filter housing,
valves, connections, flowmeters, and various hoses were all made of plastic materials. They
should be replaced with stainless-steel or other low-absorptive materials.
Next, the pump should be replaced with a pump designed for continuous use and low
temperature applications. The increase in water temperature due to the pump temperature
increase could have increased the volatilization rate of TCE within the system, and in
particular the void space in the storage tank. It also prohibited the tests from being more
than a couple hours long. If tests could have gone longer, there could be more data on
membrane fouling, i.e. how long the membrane is effective before it needs to be cleaned
or changed. The flowmeter on the permeate line should also be swapped for one with a
much lower flow range, especially for tests using the cross-flow membrane. The flowmeter
currently installed does not have a low enough range to accurately measure permeate
flowrates.
Finally, I would redesign the system with a conical tank that could be completely
emptied prior to each test. Since the tank was rectangular, and since the bulkhead fitting
that was installed on the bottom of the tank for drainage extended into the tank about an
inch, the tank could never be completely emptied prior to each test. This affected the
accuracy of the results. And while efforts were made to completely empty the piping of
any standing water prior to each test, there may have been some residuals left in the system
between tests. This too would have affected the accuracy of the results.
7.3. Large-Scale Implementation at Site
Although more data is needed from the membrane treatment system to prove its
efficacy at the Atkemix Ten site, the technology itself presents promising results. As
discussed previously, lab-scale tests performed by our research group have shown almost
complete dechlorination of TCE and other chlorinate species found in the plant’s
groundwater using the functionalized bimetallic nanoparticle membranes.
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The results achieved in this study could possibly be scaled up to treat the volume of
groundwater extracted at the Atkemix Ten site. Currently, the site extracts anywhere from
1,050 to 1,800 gpm of contaminated groundwater. Using the flux measured in Test 2,
0.00001 lpm/cm2, which showed the greatest net reduction in TCE (87.6% in 30 minutes),
a minimum of approximately 427,786 ft2 of membrane would be needed to treat the volume
of groundwater extracted from the site at any given time. Large-scale spiral membranes
could be used, but many units would likely be needed to treat the design volume. If flux
through the membrane could be greatly increased, the technology has potential for use at
the Atkemix Ten site.
7.4. Potential Research Areas
There are many potential research areas for the functionalized bimetallic nanoparticle
membranes. Cost analysis would be needed to validate the efficacy of using this technology
at a Superfund or hazardous waste site where groundwater is contaminated with chlorinated
organics. Preliminary studies have estimated the cost of the functionalized bimetallic
membranes to be approximately $5.70/m2; $3.50/m2 for the PVDF membrane, $0.50/m2
for the functionalization chemicals (PAA monomer, cross-linker, and initiator) and
$1.70/m2 for the Fe/Pd reductants. In total, the cost for building the membrane treatment
system was approximately $7,400. However, a larger system of different materials would
likely be needed for the Atkemix Ten site and other similar sites.
In addition, membrane fouling rates should be explored if the membranes are intended
to be used continuously. Finally, whether the technology could be incorporated into a water
distribution or wastewater treatment system for home or home cluster use would be an
interesting area of research. Overall, the technology shows promising potential for treating
contaminated waters.
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APPENDIX A
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Figure A.1. Isoconcentration contour map for carbon tetrachloride in the deep groundwater zone (Conestoga-Rovers &
Associates, 1999b).
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Figure A.2. Isoconcentration contour map for chloroform in the shallow groundwater zone (Conestoga-Rovers &
Associates, 1999b).
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Figure A.3. Isoconcentration contour map for chloroform in the deep groundwater zone (Conestoga-Rovers &
Associates, 1999b)
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Figure A.4. Isoconcentration contour map for tetrachloroethylene in the shallow groundwater zone (Conestoga-Rovers &
Associates, 1999b).
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Figure A.5. Isoconcentration contour map for tetrachloroethylene in the deep groundwater zone (Conestoga-Rovers &
Associates, 1999b).
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Figure A.6. Isoconcentration contour map for cis-1,2-dichloroethylene in the shallow groundwater zone (Conestoga-Rovers &
Associates, 1999b).
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Figure A.7 Isoconcentration contour map for cis-1,2-dichloroethylene in the deep groundwater zone (Conestoga-Rovers &
Associates, 1999b)
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