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AFIT/GEE/ENV/02M-07 
Abstract 

The purpose of this study is to determine chlorinated solvent contamination levels 

in an upward flow constructed wetland at Wright-Patterson Air Force Base (WPAFB), 

Ohio. A stratified grid sampling methodology will be used in sampling the contaminated 

groundwater. Analysis will be accomplished by means of purge-and-trap gas 

chromatography. The contaminant concentration levels will be used to enhance the 

design and construction of man-made wetlands used to remove chlorinated solvents from 

aquifers. 

PCE levels declined from an average of 33.97 ppb in the inflow stream to an 

average of 3.65 ppb in the upper layer, a 91% reduction. High concentrations occurred in 

areas where high hydraulic pressure gradients and hydraulic conductivities combined to 

allow contaminated water to migrate to the upper layers of the wetland with minimal 

contact time for reduction. Removing these areas from the data set increased the PCE 

reduction efficiency to nearly 98% with an upper level concentration average of 0.84 ppb. 

Trichloroethene (TCE) inflow rates averaged 0.63 ppb while TCE concentrations in the 

upper layer averaged 0.175 ppb. TCE concentrations peaked in the middle layer of the 

wetland suggesting that reduction of PCE was occurring there and in the bottom layer. 



DETERMINATION OF CHLORINATED SOLVENT CONTAMINATION IN AN 

UPWARD FLOW CONSTRUCTED WETLAND 

I. Introduction 

The purpose of this study is to determine the levels of chlorinated solvent 

contamination in an upward flow constructed wetland at Wright Patterson Air Force Base 

(WPAFB), Ohio. A stratified grid sampling methodology will be used in obtaining 

samples of the contaminated groundwater from the wetland sediment. Analysis will be 

accomplished by means of a gas Chromatograph programmed to specifically detect 

chlorinated solvents such as tetrachloroethene (PCE) and its daughter products. The 

effort will concentrate on determining the concentrations of chlorinated solvents at 

various layers of the wetland as the contaminated groundwater is pumped through the 

wetland sediment. These concentration levels will then be used to develop detailed 

models that allow for the accurate design and construction of man-made wetlands 

specifically designed to remove chlorinated solvents from subsurface waters. 

Chlorinated solvents have a long history of use in the United States and the world. 

Chlorinated aliphatic compounds such as trichloroethene (TCE), trichloroethane (TCA), 

and tetrachloroethene (PCE), dichloroethene (DCE) and their degradation products are 

among the most commonly observed contaminants found in shallow ground-water 

systems (Chapelle, 1993). In California, for example, a water-quality survey of 7,167 

water supply wells revealed that 812, or about 11%, contained measurable concentrations 

of organic contaminants. By far the most common contaminants found were TCE and 

TCA (Chapelle, 1993). 



It is not surprising that widespread groundwater contamination by chlorinated 

solvents has occurred throughout the world. The United States (US) first began to 

produce the chlorinated solvent carbon tetrachloride in 1906 with PCE and TCE 

production beginning in 1923. Health concerns were first raised in the 1970s and have 

since caused a decline in the production of TCE and PCE in the US. However, the US 

still manufactures chlorinated solvents in large quantities. In 1986, it was estimated that 

PCE production was 560,000 fifty-five gallon drums while TCE production totaled 

260,000 drums (Pankow and Cherry, 1996). Worldwide, the use of the chlorinated 

solvents TCE, PCE, and 1,1,1-trichloroethane (1,1,1-TCA) in 1994 totaled 900,000 

metric tons (Leder and Yoshida, 1995). Chlorinated solvents comprise nine of the 20 

most common chemicals found in Superfund sites throughout the country (National 

Research Council, 1997). Chlorinated solvents, and their natural transformation products 

represent the most prevalent organic groundwater contaminants in the country. These 

solvents, consisting primarily of chlorinated aliphatic hydrocarbons (CAHs), have been 

used widely for degreasing of aircraft engines, automobile parts, electronic components, 

and clothing (McCarty, 1997). Because of the heavy industrial nature of the operations 

occurring with typical flight line operations on Air Force bases worldwide, contamination 

of groundwater aquifers occurred on a widespread basis. It is estimated that over 7300 

sites at over 1800 different locations owned by the Department of Defense (DoD) have 

groundwater that contains some type of contamination (National Research Council, 

1994). The costs to clean up these contaminated aquifers is very high. It is estimated 

that it could take upwards of $389 billion to remediate the contaminated groundwater and 

soil at DoD and several other government agencies over the next 75 years. Cost 



estimates for the cleanup of all public and privately owned sites go as high as one trillion 

dollars (National Research Council, 1997). 

PCE is used as a solvent, as a heat transfer medium, and in the manufacture of 

chlorofluorocarbons. It has caused cancerous tumors in laboratory animals and is a 

suspected human carcinogen (Masters, 1997). TCE is the most common organic water 

contaminant and is classified as a possible human carcinogen (Hageman et al, 2001). It 

has been commonly used to clean everything from electronic parts to jet engines and 

septic tanks.  It is among the most frequently found contaminants in groundwater 

(Masters, 1997). 1,2-Dichloroethane is a metal degreaser used in the manufacture of a 

number of products including fumigants, varnish removers, and soap compounds. 

Although not a known carcinogen, high exposure levels can cause liver, kidney, and 

central nervous system damage (Masters, 1997). Vinyl Chloride (VC) is the most toxic 

of the chlorinated solvents. And only a few milliliters can cause death in humans. It is 

also a known human carcinogen and is used primarily in the production of polyvinyl 

chloride resins such as PVC piping (Masters, 1997). VC has been widely distributed in 

the environment as an original component of numerous chlorinated solvent contaminant 

plumes or as a significant intermediate product of reductive dehalogenation of 

polychlorinated ethenes under anaerobic conditions (Bradley and Chapelle, 1996). 

Chlorinated solvents are released into the environment under two scenarios: 1) as 

relatively pure solvent mixtures that are more dense than water, or 2) as mixtures of fuel 

hydrocarbons and chlorinated aliphatic hydrocarbons that may or may not be more dense 

than water. These products are commonly referred to as non-aqueous phase liquids 

(NAPLs). If the NAPL is denser than water, it is referred to as a dense non-aqueous 



phase liquid. IF the NAPL is less dense than water, it is referred to as a light non- 

aqueous phase liquid. As groundwater moves through or past the NAPL source areas, 

soluble constituents partition into the groundwater and create the contaminant plume 

(Wiedemeier et al, 1997). 

Because chlorinated solvents are relatively soluble and highly volatile, the 

processes of dissolution, dispersion, and volatilization are significant transport 

mechanisms (National Research Council, 1997). The table below provides the 

solubilities and vapor pressures for a number of chlorinated solvents (Cohen and Mercer, 

1993). 

Table 1. Solubilities and Vapor Pressures of Chlorinated Solvents 

Compound Solubility 
(mg/L) 

Vapor Pressure 
(mm Hg) 

Methylene Chloride 20,000 349 
Chloroform 8,200 160 
Carbon tetrachloride 800 900 
1,1 -Dichloroethylene 400 495 
Trans-1,2-Dichloroethylene 600 265 
1,1 -Dichloroethane 5,500 182 
1,2-Dichloroethane 8,700 64.0 
Trichloroethene 1,100 57.8 
Tetrachloroethene 150 140 
1,1,1 -Trichloroethane 1,360 100 

These solubilities are several orders of magnitude greater that current drinking 

water standards, thereby preventing dilution by hydrodynamic dispersion from being a 

viable mechanism for managing contaminated sites (National Research Council, 1997). 

The National Research Council has stated that remediation can be divided into 

three different categories.   First, technologies are available that can contain, solidify, or 



stabilize the contaminant. Examples of these technologies include vitrification, in situ 

soil mixing, and passive-reactive barriers. These technologies are directed at decreasing 

the mobility and/or toxicity of the contaminant. Reducing contaminant solubility or 

volatility and subsurface permeability does this. Second, there are techno logies that 

remove the contaminant from the groundwater, mobilize the contaminant and ultimately 

extract it from the subsurface. Examples of these technologies include air sparging, 

pump-and-treat systems, and soil vapor extraction. These technologies are designed to 

separate contaminants from geologic materials in the subsurface, mobilize them into the 

groundwater or air in soil pores, and extract them from the subsurface. Finally, 

biological and chemical reactions can be used to destroy or transform the contaminant. 

These biological processes are generally known as bioremediation. The goal of 

bioremediation is to biologically convert a hazardous contaminant such as PCE, TCE, or 

VC to an innocuous end product. For example, VC can be converted into ethylene, 

carbon dioxide and water under the proper environmental and biological conditions 

(Bradley and Chapelle, 1996). Both aerobic and anaerobic microorganisms are capable 

of using contaminants as sources of carbon and energy for growth. Examples of 

biological reaction technologies include biostabilization, composting, and engineered in 

situ bioremediation. 

Using a constructed wetland to remove contaminants is a relatively new 

technology. The term "constructed" wetland is used to define those wetlands that are 

built expressly for the purposes of water quality treatment. Constructed wetlands differ 

from "created" wetlands in the respect that created wetlands are built primarily for habitat 

replacement and mitigation of destroyed wetlands. In 1973, the first intentionally 



engineered, constructed wetland treatment systems in North America were constructed to 

remove contaminants from storm runoff and municipal runoff. Since then, wetlands have 

also been designed and constructed to treat process waters from industry (Kadlec and 

Knight, 1996). 

Wetlands are defined by three primary factors. The first of these is the presence 

of water, either at the surface or within the root zone of the wetland plants. Another 

distinguishing feature of a wetland, whether natural or man-made is that the vegetation is 

adapted to the wet conditions (hydrophytes) and, conversely, are characterized by an 

absence of flooding-tolerant vegetation (Mitsch and Gosselink, 2000). The final 

characteristic of wetlands is the presence of hydric soil. Hydric soils are generally 

characterized by a lack of oxygen induced by regular and seasonal flooding. The 

resulting lower dissolved oxygen level results in the accumulation of organic matter in 

wetland soils because of a reduced level of microbial activity and organic decomposition 

which requires oxygen (Kadlec and Knight, 1996). 

Two wetlands were constructed at WPAFB for the purpose of studying the 

removal of chlorinated solvent contamination from groundwater via biochemical 

processes. They were designed to pump the contaminated groundwater upwards into the 

sediment of the wetland. Two different wetland cells have been constructed to date. The 

first was constructed using three layers of traditional wetland-soils from areas on 

WPAFB. Each layer is approximately 18 inches thick. The lower layer was mixed with 

wood chips to provide an initial source of available organic carbon for the 

microorganisms in the soil. This organic carbon facilitates microbial growth 

(Weidemeier, 1997). The top two layers were unaltered except for the introduction of 



traditional wetland vegetation in the top layer. The vegetation introduces oxygen into the 

root zone enabling aerobic reactions to occur. A cross-sectional diagram of the first cell 

is shown in Figure 1. 

Layer 3: Wetland Soil with wetland vegetation 

Layer 2: Wetland Soil 

Layer 1: Wetland Soil with wood chips 

Figure 1. WPAFB Constructed Wetland Cross Section, Cell 1 

The second of the two cells constructed include a layer of iron-rich soil. Iron has 

been shown to facilitate the mineralization of certain chlorinated solvents (Chapelle, 

1996). A layer of iron-rich soil was placed in the second cell for the purposes of 

investigating the reactions and processes leading to further degradation of chlorinated 

solvents. A cross-section of the second cell is shown in Figure 2. 



Layer 3: Wetland Soil with wetland vegetation 

Layer 2: Iron-rich Soil 

Layer 1: Wetland Soil 

Figure 2: WPAFB Constructed Wetland Cross-Section, Cell 2 

The first purpose of this thesis is to develop a protocol for sampling the 

groundwater at several different levels (strata) of constructed wetlands at WPAFB. The 

second purpose is to analyze the sampled groundwater to determine the level of 

chlorinated solvent removal in each of the wetland strata and associated vegetation plots. 

The concentrations of PCE and its daughter products will be determined via gas 

chromatography. 

Research Questions 

1. What are the concentrations of the chlorinated solvent PCE and its daughter products 

in the various levels of a constructed wetland? 



2. What is the optimal sampling and analytical methodology required to accurately 

sample the water present throughout the sediment layers of an upward flow constructed 

wetland? 

3. How effective is an upward flow constructed treatment wetland in removing PCE and 

its daughter products from water pumped from a contaminated aquifer? 

Scope/Limitations 

This study will focus primarily on the development of a sound sampling and 

analysis protocol designed to determine contaminant levels in the constructed wetland. A 

concurrent study will be conducted to determine the water pressure contour lines in the 

constructed wetland. That study will require the development and installation of a grid of 

sampling points. This grid will serve as the basis from which samples for this study will 

be taken. A total of three samples will be taken from each sampling point in each 

stratum. Another limitation to the scope of this study includes the limited number of 

sampling points (piezometers) available for the collection of samples. A sampling 

protocol will be developed to both statistically and practically optimize their use. Finally, 

sampling and analysis time constraints will force the number of samples that can be 

analyzed via gas chromatography (GC) to be smaller than may be desired statistically. 



II. Literature Review 

Background 

Chlorinated solvents such as PCE and TCE can be removed from groundwater by 

several methods. Among these methods are the demonstrated technologies associated 

with traditional pump-and-treat operations. Although these pump-and-treat technologies 

have been proven to be effective in removing contaminants from groundwater, they are 

also extremely expensive to install and operate. Recent research efforts have discovered 

that remediation of chlorinated solvents can also be accomplished by natural attenuation. 

The United States Environmental Protection Agency defines natural attenuation as: 

Naturally occurring processes in soil and groundwater environments that 

act without human intervention to reduce the mass, toxicity, mobility, 

volume, or concentration of contaminants in those media. These in situ 

processes include biodegradation, dispersion, dilution, adsorption, 

volatilization, and chemical or biological stabilization or destruction of 

contaminants (USEPA, 1997). 

In practice, natural attenuation has several other names, such as intrinsic 

remediation, intrinsic bioremediation, or passive bioremediation. This natural attenuation 

can often be the dominant factor in the fate and transport of contaminants such as PCE 

and TCE. Advantages of natural attenuation include: 1) contaminants are ultimately 

transformed into relatively innocuous byproducts such as carbon dioxide, ethane, and 

water, 2) natural attenuation is non- intrusive and allows for continued use of land and 

local facilities during remediation, and 3) natural attenuation is less costly than currently 

available remediation technologies such as pump-and-treat. Disadvantages of natural 



attenuation include: 1) natural attenuation is subject to natural and manmade changes in 

local hydro geologic conditions that may affect contaminant removal, 2) time frames for 

complete remediation may be relatively long, and 3) intermediate products of 

bioremediation (e.g. vinyl chloride) may be more toxic than the original contaminant 

(Wiedemeier et al, 1997). 

Microbial Processes 

Microbial bioremediation is the process of allowing certain populations of 

microorganisms to act upon chlorinated solvents in groundwater in order to remove them 

from the environment. Microbial metabolism and bioremediation of these chlorinated 

solvents can be separated into four different areas. These are co-metabolic oxidation 

reactions, co-metabolic reduction reactions, energy-yielding solvent oxidation reactions, 

and energy-yielding reduction reactions. (Lee et al, 1998). 

Co-metabolic Oxidations 

Co-metabolic oxidation reactions are usually the result of activities that are 

intended for other processes. When a chlorinated aliphatic hydrocarbon is biodegraded 

via co-metabolism, the degradation is catalyzed by an enzyme or cofactor that is 

fortuitously produced by the microorganisms for other purposes. The organism receives 

no known benefit from the degradation of the chlorinated aliphatic hydrocarbon; in fact, 

the co-metabolic degradation of the chlorinated aliphatic hydrocarbon may be harmful to 

the microorganism responsible for the production of the enzyme or cofactor (Wiedemeier 

et al, 1997). For example, TCE can be degraded to its daughter products by certain 

methanotropic bacteria. These bacteria produce an enzyme known as methane 

10 



monooxygenase (MMO) that can produce methanol from methane and oxygen (Chapelle, 

1993). The bacteria can oxidize methane into methanol using MMO and NADH as an 

electron donor. The MMO acts as the catalyst for the oxidation reaction. The methanol 

is then converted into formaldehyde by the enzyme methanol dehydrogenase. Finally, 

the formaldehyde is converted into formate by the enzyme formaldehyde dehydrogenase. 

In this final step, the reaction involves using the NAD+ ion as an electron acceptor. The 

NAD+ receives hydrogen in the reaction and returns to NADH and is therefore recycled 

throughout the process. This entire process will continue to occur as long as methane is 

present and can easily occur in the sediment of a wetland where production of methane 

occurs readily due to the decomposition of organic matter. When TCE is present in the 

groundwater, the NAD+ does not receive any hydrogen and therefore no NADH is 

generated. By limiting the amount of methane present or by feeding the microbes to 

build up NADH, the TCE can be degraded (Chapelle, 1993). When the amount of 

methane is limited, there is little competition between methane and TCE for MMO. 

When methane is abundant, it competes with TCE for MMO and TCE is unable to be 

degraded. Additionally, once the high levels of methane are consumed, not enough 

dissolved oxygen remains in the system for TCE degradation to occur (Semprini et al, 

1991). Because the co-metabolic oxidation reaction described above involves the use of 

oxygen, it typically occurs in the upper layers of wetland sediment where plant roots 

supply oxygen to the system. However, the use of oxygen is not characteristic of all co- 

metabolic reactions. 

11 



Co-metabolic Reductions 

Co-metabolic reduction reactions that degrade chlorinated solvents occur in 

anaerobic conditions. In these anaerobic conditions, certain bacteria such as 

methanogens and sulfate-reducers are able to reduce PCE and TCE (Bagley and Gösset, 

1989). The reactions undertaken by these types of bacteria is considered to be co- 

metabolic rather than energy-yielding because only a fraction of the total reducing 

equivalents derived from the oxidation of electron donors is used to reduce the solvent 

(Bagley and Gösset, 1989). Reduction of chlorinated solvents appears to be a minor by- 

product in these cases. However, in situations where high organic levels and high 

methanogenic respiration are found, such as wetland sediments, the partial co-metabolic 

dechlorination of solvents can be significant (Lee et al, 1998). 

Co-metabolic dechlorinations such as those described above undoubtedly are 

responsible for the incomplete, relatively slow transformations of chloroethenes observed 

at many field sites. The organisms that can mediate such processes are ubiquitous, but 

the process is sufficiently slow and incomplete that a successful natural attenuation 

strategy cannot completely rely upon it (Gösset and Zinder, 1997). 

Energy-yielding Oxidations 

Energy-yielding solvent oxidation reactions occur in situations where microbes 

use the chlorinated solvent as the sole source of carbon and energy. As the name 

suggests, these reactions may take place in areas where oxygen is readily available, such 

as the root zone of wetland sediment. However, research has shown that these reactions 

may occur in anaerobic conditions as well. Under aerobic and some anaerobic 

12 



conditions, the less-oxidized chlorinated aliphatic hydrocarbons (VC, DCE) can be used 

as the substrate (electron donor) in biologically mediated redox reactions (Weidemeier et 

al, 1997). This process is probably restricted to the fringe of contaminant plumes because 

readily oxidizable substrates and oxygen rarely co-occur within the core of mature 

contaminant plumes. An example of this reaction is the conversion of 1,2-DCE to carbon 

dioxide by certain aerobic bacteria in streambed sediments. Experiments showed that the 

microorganism community in the sediment was able to fully eliminate 1,2-DCE when no 

other sources of carbon were present. Although no microbial growth was observed 

during the experiment, studies suggest that growth would occur in the presence of greater 

contaminant concentrations. This suggests that DCE can be degraded as the primary 

substrate in microbial metabolism and that this process may contribute to the natural 

attenuation of DCE even under circumstances where aerobic cometabolism is not favored 

(Bradley and Chapelle, 2000). 

Energy-yielding Reductions 

Energy-yielding reduction reactions or dehalorespiration is the process by which 

microorganisms are capable of using PCE, TCE, or chlorobenzoates as electron acceptors 

for biologically useful energy generation. These microorganisms are distinct from the 

co-metabolic reactions found among the methanogens and sulfate-reducers. Depending 

on the species of microbes present, these bacteria may produce cis-DCE as a final end 

product or may carry out complete dechlorination to ethane (Lee et al, 1997). These 

microbial processes show that oxygen need not be present for complete mineralization of 

chlorinated solvents. They further suggest that because of the energy yielding nature of 

13 



the reactions, chlorinated solvent plumes may be self-enriching for dehalogenating 

bacteria. That is, the contaminant plume continues to supply the electron acceptors 

necessary for microbial growth (Lee et al, 1997). Hydrogen and simple organic 

compounds are typically seen as the electron donors in these reactions. 

The four biodegradation pathways described above have been well studied and 

proven to provide the necessary reactions and conditions necessary to remove and/or 

transform chlorinated solvents from groundwater. The interplay between the reactions is 

shown in Figure 3. In aerobic conditions, VC can be oxidized directly to carbon dioxide 

and chloride. At the interface between aerobic and anaerobic microenvironments, where 

methane and oxygen are both available, cometabolic oxidations can convert chlorinated 

ethenes to carbon dioxide and chloride. In anaerobic environments where electron 

donors such as organic carbon or hydrogen are present, reductive dehalogenation is the 

predominant mechanism (Lee et al, 1997). 

14 
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Figure 3. Interplay Between Different Biological Mechanisms Within a Wetland Aquifer 
with Both Aerobic and Anaerobic Conditions. 

Rapid microbkl mineralization of VC has been observed in laboratory cultures 

and aquifer samples under aerobic conditions and in systems enriched with methane and 

oxygen. Because of this, it has been suggested that sequential anaerobic/aerobic 

biodegradation by indigenous microorganisms may be an effective means of 

bioremediating aquifers contaminated with chlorinated ethenes (Vogel, 1994). However, 

the addition of oxygen to groundwater to stimulate biodegradation is expensive and in 

many cases impractical (Bradley and Chapelle, 1996). 

In contrast to reactions in which the chlorinated hydrocarbon is used as an 

electron acceptor (see energy-yielding reduction reactions above), only the least oxidized 

chlorinated aliphatic hydrocarbons (VC and DCE) can be used as electron donors in 

biologically mediated redox reactions. For example, PCE is fully chlorinated and does 

not serve as an electron donor for aerobic or anaerobic microbial consortia (Lee et al, 

15 



1997). TCE, however, is able to give up one electron and is able to be reductively 

dechlorinated. This reaction is described above as a co-metabolic reduction. McCarty 

and Semprini (1994) describe investigations in which VC and 1,2-dichloroethane were 

shown to serve as primary substrates under aerobic conditions. In addition, Bradley and 

Chapelle (1996) show evidence of mineralization of VC under iron reducing conditions 

so long as there is sufficient bio-available Fe(III) (Wiedemeier et al, 1997). 

Constructed Wetlands 

Wetlands hold properties that make them unique among major ecosystem groups 

on the earth. They have a higher rate of biological activity than most other ecosystems. 

Because of this, they are able to transform many of the common pollutants that occur in 

conventional wastewater (or groundwater) into harmless byproducts or essential nutrients 

that can be used for additional biological productivity (Kadlec and Knight, 1996). This 

capacity for transforming contaminants has led to research into using constructed 

wetlands as a means of removing contaminants from both surface wastewater and 

subsurface groundwater flows. Natural attenuation of chlorinated solvents within 

subsurface groundwater is very slow. It is often so slow that long plumes of contaminant 

are generated that can reach surface discharge sites such as wetlands (O'Loughlin and 

Burris, 1999). Recent studies have detailed the effect that a freshwater tidal wetland had 

on an aquifer contaminated by PCE at Aberdeen Proving Ground in Maryland at the head 

of Chesapeake Bay (Lorah and Olsen, 1999). Results at Aberdeen indicate that natural 

attenuation processes increase dramatically as contaminated groundwater passes through 

the root zone of a wetland system. Rate constants of 30-40 year"1 have been observed for 
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dechlorination of TCE in wetlands as opposed to 1-4 year"1 that is typically found in non- 

wetland contaminated aquifers (Pardue et al, 2000). 

One of the first demonstrations of using wetland sediments to remove chlorinated 

solvents via reductive dechlorination was performed using sediment from the Everglades 

in south Florida (Parsons and Lage, 1985). The studies identified the dechlorination 

kinetics of PCE, TCE, and other chlorinated solvents. The conclusions of these studies 

are that wetlands are ideal environments for reductive dechlorination processes (Pardue et 

al, 2000). Additional research of the root zone associated with wetland plants 

demonstrated that the biodegradation of chlorinated organics in the region directly 

adjacent to plant roots can be dramatically higher than in bulk soil (Anderson and 

Walton, 1995). A key mechanism in this degradation is the co-metabolism of chlorinated 

solvents and daughter products by methanotropic organisms that function under aerobic 

conditions using methane as an electron donor (Pardue et al, 2000). This process was 

described in detail earlier in this chapter. The process was confirmed by laboratory work 

performed by Lorah and Olsen in 1999. 

Sorption of Contaminants 

Another aspect of wetlands that enable them to remove and/or transform 

chlorinated solvents via natural attenuation is the sorption of the contaminants to 

suspended solids and sediments. Sorption of organic contaminants in wetlands is often 

greater than other ecosystems because the high biological productivity of the wetland 

system result in suspended solid and sediments that are dominated by organic matter. 

That is, the wetland sediment has a high organic fraction or foC. For example, the foC of 

17 



the peat soils found in a marsh environment can exceed 0.5 as compared to 0.05 for an 

average mineral soil or 0.0001 for an aquifer. This sorption, or retardation, of the 

contaminant is believed to provide sufficient contact time for microbial activity to reduce 

the chlorinated solvent (Pardue et al, 2000). 

Purge-and-Trap Technique 

Analysis of volatile organic compounds from water samples can be accomplished 

by either analyzing the static headspace above the sample or by the active removal of the 

compound from the sample via a purge and trap technique. To analyze the static 

headspace, a sample is place in a closed container, such as a 40 mL EPA Volatile Organic 

Analysis (VOA) vial, where a portion of the compound is allowed to migrate from the 

aqueous phase into the gaseous phase. Once equilibrium is reached, a volume of the 

headspace above the water sample is removed and injected into a gas Chromatograph for 

analysis. The purge and trap technique is a dynamic technique used to remove the 

compound from the water sample before analysis. Water samples that contain volatile 

organic compounds are placed in a purge vessel and a flow of some inert gas (commonly 

Helium) is passed through the water at a constant flow rate for a predetermined amount 

of time. The figure below shows the purge flow path during a typical purging sequence. 
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Figure 4. Valve Position During Purging Sequence. 

The volatile organic compounds are carried out of the water matrix and are 

carried to an absorbent trap where the compounds are concentrated. After the purging 

process is completed, the trap is rapidly heated. This rapid heating, called the desorb 

phase, coupled with a back flushed flow of a carrier gas, transports the compounds to the 

gas Chromatograph for analysis. The figure below shows the flows of purge and carrier 

gasses during the desorb phase. 
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Figure 5. Valve Position During Desorb Sequence 
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Gas Chromatography Technique 

Gas chromatography is one of the established, highly sophisticated methods for 

analyzing volatile organic compounds such as PCE and TCE in ground water. The 

principle of GC involves a mobile phase (carrier gas) and a stationary phase (column 

packing or capillary column coating). Carrier gasses are usually nitrogen, argon- 

methane, helium, or hydrogen. Packed columns usually contain a stationary phase that is 

a liquid that has been coated on an inert granular solid (APHA, 1998). Components of a 

sample containing a volatile organic compound are injected into the column along with 

the carrier gas (Wilson, 1995). The column is installed in an oven with the inlet attached 

to the injection port and the outlet attached to a detector. Temperature control of the 

entire system is precisely maintained. When the sample is injected into the column, the 

organic compounds are vaporized and moved through the column by the carrier gas. The 

compounds travel at different rates; governed by the partition coefficients between the 

mobile and stationary phases (APHA, 1998). The compounds are moved through the 

column until the detector is reached. Various types of detectors can then be used 

depending on the analyte in question. These detectors include the electrolytic 

conductivity detector, the electron capture detector, and the flame ionization detector. A 

simplified diagram of a gas chromatography device is shown in Figure 6. 
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Figure 6. Simple Gas Chromatograph Diagram 

The time that the compound remains in the column (both in the mobile and 

stationary phases) is called the retention time, tr. The dead time is the time a non-retained 

compound spends in the mobile phase, which is also the amount of time the non-retained 

compound spends in the column. Dead time is also generally reported in minutes. The 

adjusted retention time is the time a compound spends in the stationary phase. The 

adjusted retention time, t r, is the difference between the dead time and the retention time 

for a compound. 

t r = tr - tm (1) 

The capacity factor, k, is the ratio of the mass of the compound in the stationary phase 

relative to the mass of the compound in the mobile phase. The capacity factor is a unitless 

measure of the column's retention of a compound. 

k = 
t -t r m 

(2) 
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