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Notice

The views expressed in these Proceedings are those of the individual authors and do not
necessarily reflect the views and policies of the U.S. Environmental Protection Agency (EPA).
Scientists in EPA’s Office of Research and Development have prepared the EPA sections and
those sections have been reviewed in accordance with EPA’s peer and administrative review
policies and approved for presentation and publication. Mention of trade names or commercial
products does not constitute endorsement or recommendation for use. 
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Foreword

The U.S. Environmental Protection Agency is charged by Congress with protecting the
Nation’s land, air, and water resources. Under a mandate of national environmental laws, the
Agency strives to formulate and implement actions leading to a compatible balance between
human activities and the ability of natural systems to support and nurture life. To meet this
mandate, EPA’s research program is providing data and technical support for solving
environmental problems today and building a science knowledge base necessary to manage our
ecological resources wisely, understand how pollutants affect our health, and prevent or reduce
environmental risks in the future.

The National Risk Management Research Laboratory is the Agency’s center for
investigation of technological and management approaches for reducing risks from threats to
human health and the environment. The focus of the Laboratory’s research program is on
methods for the prevention and control of pollution to air, land, water and subsurface resources;
protection of water quality in public water systems; remediation of contaminated sites and ground
water; and prevention and control of indoor air pollution. The goal of this research effort is to
catalyze development and implementation of innovative, cost-effective environmental
technologies; develop scientific and engineering information needed by EPA to support regulatory
and policy decisions; and provide technical support and information transfer to ensure effective
implementation of environmental regulations and strategies.

This publication has been produced as part of the Laboratory’s strategic long-term
research plan. It is published and made available by EPA’s Office of Research and Development
to assist the user community and to link researchers with their clients.

E. Timothy Oppelt, Director
National Risk Management Research Laboratory
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1.0  OVERVIEW

A workshop on biodegradation of methyl tert-butyl ether (MTBE)-contaminated soils and

groundwater was held in Cincinnati, OH, on February 1-3, 2000, and was sponsored by the U.S.

Environmental Protection Agency’s (EPA) National Risk Management Research Laboratory

(NRMRL) and the American Petroleum Institute (API). Researchers in academia, industry, and

government agencies were invited to attend and present current research. The goals of the workshop

were:

! To gain an understanding of the types of MTBE research that various organizations are

conducting and of the conclusions that this research is generating.

! To identify the remaining research needs on MTBE biodegradability.

! To understand what research is being planned for the future and to identify potential

opportunities for collaboration.

The following sections present information discussed during the Biodegradation of MTBE

Workshop and present  a summary of the authors’ written and oral presentations. These sections

include:

! Scope of the problem (Section 2.0)

! Current research (Section 3.0)

! Research needs (Section 4.0)

! Collaborative efforts (Section 5.0).

Numerous presentations are summarized in this report. The presentations referenced throughout

the report are those made at the February 2000 workshop. 

1
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2.0  SCOPE OF THE PROBLEM

MTBE has become the subject of significant attention in recent  years due to public focus on several

sites where MTBE plumes are very large and are impacting drinking water sources. The attention has been

particularly acute in California where gasoline usage is the highest in the U.S. and the population density and

water usage results in increased potential for contaminant migration into drinking water wells. MTBE

production and usage in the U.S. has risen steadily since 1982, resulting in potential contamination in many

more areas (Bauman, 2000).

The National Water-Quality Assessment Program (NAWQA) of the U.S. Geological Survey (USGS)

has assessed the extent of MTBE contamination in the U.S. and the role of non-point MTBE sources on

distribution. These studies have shown that MTBE is widely distributed in the hydrosphere, and that significant

regional patterns are present. In a national study of 2,948 wells during the period 1985-1995, approximately

20% of mixed well types  located in areas using MTBE as the principal fuel oxygenate contained detectable

concentrations of MTBE (>0.2 µg/L). However, in areas where MTBE use was not widespread, less than

5% of wells contained measurable MTBE concentrations. This general pattern of MTBE distribution in

groundwater was confirmed by more localized studies (Chapelle, 2000). 

At present, there is inadequate health effects data for the USEPA to set an oral reference dose for

MTBE. However, because MTBE has a very unpleasant taste and odor, the EPA has issued an Advisory

on MTBE in drinking water of 20-40 Fg/L. Table 1 shows the Standards, Guidelines, and Action Levels as

currently set by individual states. Four states have health-based Primary Drinking Water Standards. At the

time of this workshop, three states have enforceable guidelines, while twelve more have guidelines, or action

levels, in place. The levels range from 5 Fg/L (CA) to 240 Fg/L (MI). The specifics of enforcement are

determined by each State (Speth, 2000).
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Table 1. MTBE State Drinking Water Regulations (Speth, 2000)

Concentration
Fg/L Type

Primary Drinking Water Standards
Maine 35 Health Based
New Jersey 70 Health Based
New York 50 Health Based
South Carolina 20-40 Health Based

Enforceable Guidelines
California 5 Aesthetically Based
Michigan 240 Health Based
West Virginia 20-40 EPA Advisory

Guideline or Action Level
Arizona 35 Health Based
California 13 Health Based
Connecticut 70 Health Based
Illinois 70 Health Based
Kansas 20-40 EPA Advisory
Maryland 10 Aesthetically Based
Massachusetts 70 Health Based
New Hampshire 15 Aesthetically Based
Pennsylvania 20-40 EPA Advisory
Rhode Island 20-40 EPA Advisory
Vermont 40 EPA Advisory
Wisconsin 60 Health Based
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3.0  CURRENT RESEARCH

This section describes the current research on biodegradation of MTBE as described

during the workshop presentations. It has been divided into four general sections including an

overview of MTBE biodegradation, enhanced in situ bioremediation, natural attenuation, and ex

situ bioremediation.

3.1 Overview of MTBE Biodegradation

MTBE has been shown to biodegrade under various conditions including aerobic,

anaerobic, and cometabolic conditions,  however it is not well understood under which

geochemical conditions degradation occurs.. A summary of the research in these areas is

provided in the following sections.

3.1.1 Aerobic Degradation of MTBE

Several researchers described successful mineralization of MTBE in laboratory-scale

research (Cowan, 2000; Morales and Deshusses, 2000; Salanitro, 2000; Scow et al., 2000;

Venosa et al., 2000: Suidan et al, 2000). Microorganisms were isolated from a variety of sources,

generally from petroleum or chemical plant wastewater bioreactors. 

Scow et al. (2000) and Salanitro (2000) have identified  pure cultures capable of utilizing

MTBE as a sole carbon and energy source. Salanitro (2000) and other researchers (Cowan,

2000; Morales and Deshusses, 2000; Venosa et al., 2000) have also developed microbial consortia

capable  of mineralizing MTBE under aerobic conditions. Microbial cell yields tend to be lower on

MTBE than those observed for aromatic hydrocarbons (0.1-0.2 g cells/g MTBE). In addition,

biodegradation rates tend to be slower than those observed for the aromatic hydrocarbons. 

The microorganism, bacterial strain PM1, isolated by Scow et al. (2000) was further

studied by Church and Tratnyek (2000) to determine the degradation pathway. This study

confirmed the mineralization of MTBE by strain PM1 and ascertained that the degradation rates

of tert-amyl methyl ether (TAME), ethyl tert-butyl ether (ETBE), di-isopropyl ether (DIPE), tert-
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butyl alcohol (TBA), and tert-amyl alcohol (TAA) were of the same order of magnitude as the

degradation rate of MTBE. Together with a consistency in product formation, these results

suggested that similar enzyme systems are responsible for all of the reactions. The proposed

aerobic degradation pathway for MTBE is shown in Figure 1.

The degradation pathway shown in Figure 1 contains some hypothesized steps in the

pathway. Clearly, aerobic biodegradation of MTBE is demonstrable. Additional research is

necessary to clarify the microorganisms involved in the process, factors that impact cell yield and

biodegradation rates, and the degradation pathway.

Figure 1.  Proposed Degradation Pathway of MTBE by Bacterial strain PM1 (Church and Tratnyek, 2000)
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3.1.2 Anerobic Degradation of MTBE

The majority of researchers have investigated MTBE biodegradation under aerobic

conditions, and in fact, Morales and Deshusses (2000) and other researchers were unable to

demonstrate any MTBE biodegradation under anaerobic conditions. However, Finneran and

Lovley (2000) and Kropp et al. (2000) have demonstrated biodegradation of MTBE under

anaerobic conditions.

In the study by Finneran and Lovley (2000), several sediments were investigated for

MTBE and TBA biodegradation potential. Results varied among sediments, with the most

success occurring when Fe (III) oxide and humic substances were added to the serum bottles.

Radiolabeled [14C] MTBE was added during investigation of two of the sediments and

conversion to carbon dioxide and methane was observed, although at low levels. TBA  was

observed to biodegrade much more rapidly than MTBE under iron-reducing and methanogenic

conditions. Anaerobic  TBA degradation is relatively rapid and extensive. Rates are comparable to

those seen for aerobic TBA degradation. Sediment adapted to degrade TBA converts 50% of the

added uniformly labeled [C-14] TBA to both [C-14] CO2 and [C-14] CH 4 in 45 days.

Kropp et al. (2000) conducted a similar study in which sediment slurries were

investigated for anaerobic biodegradation of MTBE and other alternative gasoline oxygenates

such as methanol, ethanol, and isopropanol as well as several of the ethers such as TAME,

ETBE, and DIPE. Kropp et al. (2000) found that the simple alcohols were susceptible to

anaerobic  biodegradation, but the effect of increased branching, as seen with TBA, was

increased recalcitrance to anaerobic decay. This same observation (that increased branching

tends to cause recalcitrance to anaerobic decay) was also seen with MTBE and its isomer butyl

methyl ether. In general, while Kropp et al. (2000) found definite evidence for anaerobic

degradation of MTBE and other ether oxygenates under methanogenic conditions, the

phenomenon was not widespread. Kropp et al. concluded that MTBE should be considered as a

compound for which anaerobic biodegradation is extremely difficult. 

Information on the pathway of anaerobic MTBE has not yet been investigated.

Investigation of the anaerobic biodegradation of MTBE is still in the early stages and more

research is necessary to fully understand this process.
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3.1.3 Microbial Cometabolism of MTBE

Hyman (2000) provided a  review of microbial cometabolism of MTBE. A summary of

this review is provided in this section.

Several aerobic microorganisms, including bacteria and fungi, have been identified that

are capable of cometabolically-degrading MTBE. There are also several primary substrates that

have been identified that can be used to stimulate MTBE biodegradation, including alkanes,

aromatics, and cyclic compounds. In general, MTBE cometabolism appears to be associated most

strongly with microorganisms that grow aerobically on the short chain alkanes (<C8).

Of particular interest is the ability of microorganisms, in particular Mycobacterium

vaccae JOB5 , to grow on iso-alkanes. This is of interest for two reasons:

! Hyman (2000) hypothesizes that the ability of microorganisms to cometabolically

degrade MTBE is consistently found in strains that are predisposed to catabolize

structural analogs of MTBE such as simple branched alkanes; and

! Simple branched alkanes are important components of gasoline and compounds such

as iso-pentane and can represent up to 10% v/v of fresh gasoline. Therefore, gasoline

contains many important primary substrates for organisms that are capable of

cometabolically oxidizing MTBE. Treatments designed to maximize gasoline

hydrocarbon degradation at point sources of gasoline contamination may fortuitously

result in the concurrent cometabolic degradation of MTBE.

Current research indicates that the initial step in the aerobic cometabolism of MTBE is

catalyzed by oxygenase enzymes, specifically a cytochrome P-450 monooxygenase. While

inhibition studies have supported the role of this enzyme in fungal systems, it is less clear that this

enzyme plays a key role in bacterial systems. Further research is also required into the substrate

range of these oxygenase enzymes. This research is essential to determine the potential effect on

MTBE biodegradation caused by inhibition by other substrates.

The pathway for cometabolic MTBE biodegradation requires further study. The

production of tert-butyl formate (TBF) prior to TBA accumulation has been demonstrated;

however, the remaining steps in the process are largely unknown. It appears likely though that

substantial oxidation does occur.

Researchers are currently investigating the potential for cometabolism of MTBE at the

field-scale. Stringfellow (2000) has demonstrated successful stimulation of MTBE biodegradation
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with iso-pentane as a primary substrate in laboratory-scale bioreactors. Field applications of iso-

pentane-degrading bacteria are currently being implemented by Stringfellow (2000). Field

evidence obtained by Butler et al. (2000) strongly suggests that cometabolism of MTBE was the

primary mechanism for MTBE removal from the aquifer.

3.2 Enhanced In Situ Bioremediation

The information in this section discusses the enhanced in situ bioremediation techniques.

This section is divided into bioaugmentation studies and studies in which indigenous

microorganisms were stimulated.

3.2.1 Bioaugmentation

Two studies were presented in which MTBE-degrading microbial cultures were

introduced into the subsurface (Salanitro, 2000; Scow et al., 2000). Scow et al. (2000) worked

with the bacterial strain PM1. The objectives of this study were to determine, both in laboratory

and field experiments, if strain PM1 was effective at removal of MTBE from a contaminated

groundwater aquifer at the Port Hueneme Naval Facility in Oxnard, CA. Microcosm studies were

first conducted to determine whether MTBE biodegradation by strain PM1 would occur in site

sediments. MTBE biodegradation was significantly higher in those microcosms inoculated with

strain PM1 than in those microcosms without inoculation. Initial concentrations of MTBE were

removed within 5 days, and subsequent concentration spikes were removed more rapidly.

Nutrient addition appeared to have no impact on biodegradation rates.

The field study was initiated in November 1999 and currently, the system has not

operated for a sufficient period of time to determine the effectiveness of the process. The field

study consists of two test plots located 610 m downgradient from the source of MTBE. Both

plots are aerated using an oxygen generator from which oxygen is injected into seven 20-gallon

tanks associated with each plot. Plot A receives only oxygen and Plot B receives oxygen and

was inoculated with strain PM1 (density of approximately 109 cells per ml in the final injection

solution). 

Salanitro (2000) has demonstrated the use of biobarriers, also at the Port Hueneme Naval

Facility in Oxnard, CA and at a site in Tahoe City, NV. Salanitro (2000) worked with a mixed

culture, MC-100, and examined its MTBE biodegradation potential first in laboratory studies using
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site groundwater. MTBE biodegradation was much more rapid when microcosms were

inoculated with MC-100 than in uninoculated microcosms. MTBE concentrations of 10 to 12

mg/L were degraded to below detection limits within two weeks. MTBE (70-80 mg/L) and BTEX

(45 mg/L) in groundwater with high concentrations of gasoline (700 mg/L) were also completely

degraded in microcosms inoculated with MC-100.

The field studies at Port Hueneme consisted of creating three test plots: one with oxygen

injection only; one with oxygen injection augmented with MC-100; and one control (no treatment).

The experiment was conducted for one year. In the control test plot, no significant decline in

MTBE concentrations was observed. In the oxygen-injection-only plot, MTBE degradation

appeared to occur after a lag time of approximately 260 days. However, TBA was not degraded

in this test plot. In the inoculated test plot, MTBE biodegradation occurred soon after inoculation

and was non-detectable after 260 days. TBA was not detected in this test plot. Similar results

were obtained at a different field site in Tahoe City.

The results from both of these studies indicate that bioaugmentation has merit and

warrants further research. Additional research is needed to verify results and to determine the

effectiveness of bioaugmentation under different operating conditions and under different

hydrogeologies.

3.2.2 Stimulation of Indigenous Microorganisms

Stimulation of indigenous microorganisms was investigated by Mackay et al. (2000).

Laboratory and field experiments were conducted at an MTBE plume at Vandenberg Air Force

Base, CA. Microcosm studies with site sediments suggested that native aerobic MTBE-degrading

bacteria  were present in the site sediments and could be stimulated to degrade MTBE solely by

adding oxygen (Wilson et al., 1999). In two separate field tests, dissolved oxygen was released

into the MTBE plume by diffusion through the walls of tubing pressurized with oxygen and in

contact with the groundwater flowing through unpumped well screens or permeable walls.

Upgradient concentrations of MTBE ranged from 100-400 µg/L. In both field tests, significant

reductions in MTBE concentrations (<5-100 µg/L) were measured downgradient of the diffusive

oxygen release systems in repeated sampling events, suggesting that oxygen release led to

stimulation of in situ biodegradation of MTBE. Appearance of TBA also indicated the activity of

MTBE-degrading microorganisms.
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Results from this research indicate that oxygen addition alone may be sufficient at some

sites to effect the biodegradation of MTBE. Further research is needed to optimize the process

and to determine factors that may affect the process.

3.3 Natural Attenuation Several field analyses of natural attenuation of MTBE were

presented. Some of the studies showed that natural attenuation of MTBE was possible, but the

degree of attenuation varied greatly from site to site. Evidence of biodegradation in groundwater

was demonstrated by Borden (2000), Butler et al. (2000), Landmeyer (2000), and Wilson (2000);

and by Baehr et al. (2000) in the vadose zone. In contrast, Hunter (2000) and Weaver (2000)

found no evidence of biodegradation; however, both of these studies were conducted in areas

with high groundwater velocity and, at Weaver’s sites, high recharge rates. Happel et al. (2000)

presented preliminary results that also indicated fairly slow attenuation of MTBE as compared to

BTEX (two orders of magnitude lower).

Related to natural attenuation is the development of a new method for monitoring

petrochemical biodegradation as described by Mills and Haines (2000). In this method, the

isotopic composition of biodegradation products was analyzed. This method may allow the

differentia tion between degradation of gasoline components, MTBE, and natural organic matter,

thereby offering the potential for more conclusive evidence of MTBE biodegradation.

Borden (2000) described an extensive three-dimensional field characterization that was

conducted to define the horizontal and vertical distribution of BTEX, MTBE, and indicator

parameters in a shallow coastal plain aquifer. Field-scale degradation rates were highest near the

source and declined further downgradient. Laboratory microcosm studies conducted under

aerobic and denitrifying conditions showed an identical pattern of biodegradation with high

biodegradation rates near the source and lower rates further downgradient. Mathematical

modeling studies using BIOPLUME II and a three-dimensional analytical solution showed that: 1)

the field data could not be adequately fitted using a spatially uniform first-order decay rate; and 2)

use of a spatial uniform first-order decay rate would substantially underestimate contaminant

concentrations and risks to downgradient receptors. Therefore, while biodegradation was

occurring in the aquifer, current models were inadequate to predict MTBE natural attenuation

accurately.
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Schirmer et al. (2000) conducted a natural gradient experiment in the Borden Aquifer,

CFB Borden, Ontario. MTBE was injected in 1988 in a 2,800 L slug at a concentration of 270

mg/L plus 19 mg/L BTEX and 515 mg/L Cl. It was found that approximately 3% of the initial

MTBE mass remained after eight years. MTBE was found where expected based on modeling,

but it was found sporadically and at concentrations much lower than predicted. The nature of the

aquifer, the characteristics of the contaminant, and the fact that the slug was introduced 1.5 m

below the water table, indicated that the processes of sorption, abiotic degradation, and

volatilization were not significant contributors to the observed MTBE attenuation (Butler et al.,

2000). The most likely explanation appears to be biodegradation. Additional laboratory studies by

Butler et al. (2000) demonstrated biologically-catalyzed MTBE degradation in the Borden aquifer;

however, this result appeared to be incidental and difficult to predict. Cometabolism was easily

initiated in laboratory microcosms and this may be the more likely mechanism for MTBE

biodegradation in the Borden aquifer.

Landmeyer (2000) conducted a study of the fate of MTBE in anaerobic aquifer

sediments. Very little biodegradation was observed under anaerobic conditions over a 7-month

period. However, recent evidence indicates that complete degradation of MTBE to carbon

dioxide is possible under mixed anaerobic/aerobic conditions, such as those present where

anaerobic  groundwater discharges to aerobic surface waters. Other field evidence indicates

significant uptake of MTBE by oak trees. 

Wilson (2000) is in the process of conducting a survey of existing underground storage

tank (UST) sites in association with BP/Amoco. Groundwater samples were analyzed for MTBE,

TBA, BTEX, naphthalene, methane, iron (II), total organic carbon (TOC), oxygen, sulfate, and

sulfide. Results are still being analyzed, but methane concentration doesn’t appear to explain TBA

or MTBE concentration. There is generally more TBA than MTBE, possibly as a biodegradation

product from MTBE or possibly due to the higher solubility of TBA.

Baehr et al. (2000) conducted a study investigating the concentration of MTBE measured

in the unsaturated zone. Concentrations indicated that degradation of MTBE in the unsaturated

zone in southern NJ is sufficient to eliminate the atmosphere as a viable source of MTBE present

in shallow ground water. This may have some implication on natural attenuation at gasoline-spill

sites. Degradation of BTEX compounds within the capillary zone has been shown to greatly

enhance the transport of BTEX mass from the water table to the unsaturated zone due to
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volatilization and upward diffusive transport, resulting in a significant natural attenuation pathway.

Given that MTBE is degraded in the vadose zone, a similar pathway may exist for MTBE natural

attenuation. 

Hunter (2000) presented data on a small gasoline spill (7-12 gallons of reformulated

gasoline [RFG]) that contaminated bedrock drinking water wells. MTBE concentration in the

reformulated gasoline was estimated to be 11% by volume. Contaminated soil was removed and

households were provided with point-of-entry filtration. Otherwise, no other remedial efforts were

employed. Initial MTBE concentrations were approximately 6,500 µg/L. Within two years, all

wells were below the 35 µg/L health standard. It is believed that removal was due to rapid

groundwater flow and dispersion rather than biodegradation.

Weaver (2000) characterized four plumes on Long Island, NY. The aquifers all had high

groundwater velocities and recharge rates. In general, the MTBE plumes were thousands of feet

long. All plumes were documented to “dive” into the aquifer possibly due to recharge. Inadequate

site characterization would have missed the plumes if groundwater monitoring well screens were

only screened across the water table.

Happel et al. (2000) conducted an analysis of compliance data from over 500 Leaking

Underground Fuel Tanks (LUFT) sites in CA. Approximately 7,000 sampling events were

conducted on these 500 wells. Approximately 50% of the sampling events detected MTBE.

Preliminary data indicate that MTBE attenuated at a rate two orders of magnitude lower than

BTEX.

These studies illustrate both the potential of MTBE natural attenuation as well as the

inadequacy of natural attenuation. Natural attenuation of MTBE is highly sensitive to site

characteristics and may simply not be feasible at some sites. In addition, Borden (2000)

demonstrated that existing models are not adequate to predict MTBE natural attenuation and may

significantly underestimate the plume size over time. In particular, these studies illustrate the need

for additional research into the factors that influence natural attenuation.

3.4 Ex Situ Bioremediation

Several researchers are investigating the potential for ex situ bioremediation of MTBE.

Ex situ bioremediation of MTBE could be applied as part of a pump-and-treat approach for
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remediation of contaminated groundwater, or it may be used as part of the treatment train for

drinking water. The majority of the investigations that were presented are currently at the

laboratory-scale; however, Chang et al. (2000) presented data from a pilot-scale test.

Cowan et al. (2000) examined the kinetics of an MTBE-degrading microbial culture. The

microbial growth rate was slower than for most heterotrophs, with maximum specific growth

rates ranging from 0.017 to 0.057 h-1 at 30°C. Consequently, the low growth rates limited the

types of bioreactors that could be used for water treatment. Reactors that were examined

included a sequencing batch reactor (SBR), a submerged attached growth air-lift (SAGAL), and

a cyclically operated submerged attached growth bioreactor (COSAG). With the SBR, effluent

concentrations were sustained at <20 µg/L; however, two shocks occurred to the system during

the experiment and recovery times were quite long (1.5-2 months). The SAGAL reactor

performed well, also sustaining effluent MTBE concentrations <20 µg/L. Variations in reactor

temperature impacted the reactor performance. The COSAG bioreactor is currently in operation

and data is currently being evaluated; however, results to date are promising, with no MTBE

detected in the reactor effluent at a hydraulic residence time of 4.5 hours.

Venosa et al. (2000) described results from four bioreactors operated for over one year

to determine MTBE biodegradation under different substrate/co-substrate conditions. The

reactors used were porous pot reactors. The reactor conditions were as follows:

! influent  MTBE concentration of 150 mg/L with MTBE  the only organic carbon

source;

! influent MTBE concentration of 75 mg/L with ethanol also added at a

concentration of 75 mg/L;

! influent MTBE concentration of 75 mg/L with diethyl ether also added at a

concentration of 75 mg/L; and 

! influent MTBE concentration of 75 mg/L with diisopropyl ether also added at a

concentration of 75 mg/L.

Results showed that at high biomass concentrations, MTBE was biodegraded in the

presence or absence of other carbon sources. Mineralization of MTBE occurred, as confirmed

through chemical oxygen demand (COD) and carbon analysis. Little loss occurred from the

control reactor, confirming system integrity. This bioreactor design was useful for laboratory
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situations, but would probably be ineffective in the field due to limited flow rates. Future research

includes pilot-scale evaluations using commercially available membrane bioreactors.

In a related study by Suidan et al. (2000), the kinetics of MTBE biodegradation of

cultures developed in the Venosa et al. (2000) studies were examined. Studies were conducted in

batch reactors and several parameters were investigated including MTBE, TBA, total and

inorganic carbon, dissolved oxygen, pH, and gaseous carbon dioxide and oxygen. MTBE was

mineralized to 1 Fg/L within 24 hours with initial concentrations at 5, 15 and 40 mg/L. Results

indicated that biotransformation of TBA was the rate-limiting step in the mineralization of MTBE 

In addition, the presence of ethanol competed with TBA biodegradation, but not MTBE

degradation.

Morales and Deshusses (2000) conducted microcosm and column studies with an

MTBE-degrading consortium. Biodegradation was only observed under aerobic conditions and in

the presence of the MTBE-degrading consortium. No degradation was observed under anaerobic

conditions or with indigenous microorganisms. In the presence of the consortium, complete

degradation of 20-25 mg/L MTBE was observed in approximately 10 days. The degradation rate

decreased with successive MTBE spikes, possibly due to toxic levels of nitrite. Column studies

were operated for 6 months with an approximate 100% MTBE removal efficiency for loadings of

0.25 - 3 g/m3-h for columns packed with soil and 0.25 - 3 g/m3-h for columns packed with perlite.

Microcosm studies showed 70% conversion of MTBE to carbon dioxide, with a lower conversion

in columns. A new treatment technique Deshusses called “pump and trickle” where groundwater

is brought to the surface and reinjected in an infiltration trench seeded with MTBE degrading

micro-organisms was proposed.

Chang et al. (2000) described the use  of a mixed culture and bacterial strain PM1 in a

biotrickling filter unit used to treat MTBE-contaminated groundwater. The biotrickling filter unit

consisted of seven granular activated carbon (GAC) packed-bed columns with a diameter of 14

inches and a depth of six ft. Start-up and operation of the columns was not steady, but shut down

periods were unrelated to problems with the biotrickling filter. One column was inoculated with

the strain PM-1 from a pure culture grown on ethanol. Influent concentrations of MTBE ranged

from 290-460 µg/L, with removal efficiencies of greater than 90%.
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       A pilot-scale, compost-based biofilter for treatment of MTBE vapor also has been

investigated. To date, the removal efficiency approaches 100% for loading rates less than about

300 g/m3-d.
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4.0  RESEARCH NEEDS

Historically, there has been concern regarding the recalcitrance of MTBE. While all researchers

presented data and agreed upon the biodegradability of MTBE, it was apparent that additional research was

necessary to more fully understand both the basic microbiology of MTBE biodegradation, as well as develop

effective technologies for remediation of MTBE-contaminated groundwater and soils and to understand the

environmental conditions under which MTBE is degraded. It is critically important that this research on

MTBE biodegradation be conducted to improve the understanding and performance of MTBE remedial

technologies.

The following areas appear key for further research into the microbiology of MTBE biodegradation:

! The influence of various environmental parameters on MTBE biodegradation, including

geochemical factors and temperature should be investigated.

! The effect of BTEX on MTBE biodegradation in moderate to low BTEX concentrations and

high BTEX concentrations needs to be understood.

! The by-products of MTBE biodegradation, such as TBA, should be studied since they are

often detected at sites.

! A better understanding of the cause for low growth rates and low cell yields on  MTBE

should be developed. Adequate biomass must be maintained for efficient degradation of

MTBE.

! Given that evidence has been shown for MTBE biodegradation under aerobic, anaerobic, and

cometabolic  conditions, identification of the microorganisms involved in these processes may

provide a link between research conducted in different laboratories.
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! Likewise, given the variety of conditions under which MTBE biodegradation has been

observed, more research is needed on the mechanism of MTBE biodegradation, including

pathways and regulators of MTBE metabolism under aerobic, anaerobic, or cometabolic

conditions. This may have an impact on ex situ  bioreactor performance and provide

information on the potential for and  predictability of in situ bioactivity.

Prior to implementing MTBE remedial technologies, it is also apparent that there needs to be a better

understanding of the scope of the problem nationwide and the state-of-the-art for treatment technologies.

These research needs are summarized as follows:

! Develop a database containing information on MTBE-contaminated sites nationwide

representing various environmental conditions. Site data should ideally include contaminant

concentrations and distribution, geochemical data, and hydrogeological information. The EPA

and BP/Amoco have formed a collaborative effort to obtain this information from a number

of petroleum-industry sites. Additional input from other sources would be beneficial.

! Assess ability of various technologies to achieve different target levels and associated costs

to achieve the target level.

! Develop a database of technologies that are at pilot- or full-scale and may work for MTBE.

As much cost and performance data as possible should be included.

Detailed suggestions for research needs on specific technologies were discussed during the

workshop. The technologies under discussion could be broadly categorized by monitored natural attenuation,

enhanced in situ treatment, and ex situ treatment. In addition, a number of research needs were apparent

in the area of site characterization. In the following paragraphs, the research needs for these specific areas

are discussed.
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Site Characterization. Site characterization is a critical component of the site cleanup. If site

characterization is not adequately performed, site cleanup may not be achieved and serious health and

environmental impacts could occur later. Conventional site characterization strategies that have been

implemented at BTEX-contaminated sites may not be adequate to delineate the MTBE plume or to identify

and quantify MTBE biodegradation indicators. The following research needs have been identified:

! Sites must be more comprehensively characterized. Plumes may be deeper and longer than

expected. 

! Source mass should be better characterized since this impacts treatment.    

! Understand the effect recharge has on the downward movement of an MTBE plume.

! Guidance in the form of a protocol should be developed on the proper site characterization

methods and analytical methods.

Monitored Natural Attenuation. Monitored natural attenuation may be applicable under specific site

conditions; however, a significant amount of research is still needed to fully understand the processes that

impact natural attenuation of MTBE. The following research needs have been identified:

! Determine data needs beyond those obtained for BTEX assessments. Microbiological studies

may help determine these data needs.    

! Screen a large number of sites to better understand how prevalent MTBE biodegradation is

and how significantly MTBE biodegradation contributes to natural attenuation of MTBE. This

is also necessary to determine in situ MTBE biodegradation rates.    

! Determine specific site conditions conducive to or inhibiting biodegradation of MTBE. This

data could come from a combination of microbiological studies and assessment of a database

of site data.    

! Understand the role of groundwater/surface water interfaces.    
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! Develop a protocol for conducting natural attenuation assessments of MTBE.

Enhanced In Situ Biodegradation. Enhanced in situ biodegradation is being investigated in the field

and promising results have been demonstrated. Additional research needs are as follows:

Conduct additional pilot-scale field trials and assess the following parameters:

! Life cycle costs and reliability

! Achievable degradation rates

! Biomass required and maintained

! Electron acceptor delivery methods

! Adequate methods to evaluate performance

 ! Development of techniques for effective electron acceptor delivery                       

! Study of enhanced in situ MTBE biodegradation under a variety of conditions including

different hydrogeological conditions, different contaminant concentrations, and mixed

contaminant systems

! Development of aggressive source area technologies. It is unknown whether enhanced

biodegradation will be effective for residual nonaqueous phase liquids.    

! Compilation of case studies of enhanced in situ bioremediation to find determinants of

success or failure    

! Development of techniques for determining the presence of MTBE-degrading bacteria and

identify what factors may be limiting their activity. Microbiological studies would provide

information to assist in this determination    

! Development of protocols for conducting and monitoring in situ MTBE bioremediation

technologies



20

Ex Situ Bioremediation. Ex situ bioremediation techniques have shown successful biodegradation

of MTBE under a variety of conditions. In addition to some additional research at the laboratory-scale level,

there are several areas of research to be explored at the field-scale. Additional research needs are as follows:

Conduct pilot-scale field trials and assess the following parameters:

! Life cycle costs and reliability

! Achievable degradation rates

! Biomass required and maintained

! Adequate methods to evaluate performance

! Long term performance data with shock loadings and other operational performance

requirements

! Mechanisms and processes to control degradation in aboveground water treatment reactors

! Reactor performance and costs under different influent conditions, including varying MTBE

concentrations, loadings, and mixed contaminants

! Existing GAC systems for biological activity and evaluate efficacy and cost of inoculating

existing GAC reactors with MTBE-degrading cultures

! Biotreatment as cost competitive compared to existing technologies such as GAC treatment

! State-of-the-practice database providing operational information of various reactor types

! Protocols for conducting and evaluating ex situ bioremediation of MTBE

Overall. A combination of technologies is likely to be the most appropriate choice for site

remediation. As such, it is important to examine the best treatment train technologies that bring MTBE

concentrations to low levels (i.e. thermal destructive technologies combined with air sparging or SVE followed
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by biodegradation). This is an important area of research since a treatment train approach may likely be

necessary at many sites.
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5.0  COLLABORATIVE EFFORTS

The need for collaborative efforts into investigating bioremediation of MTBE  became evident during

the workshop. Different research groups have different strengths, and combining these strengths would bring

the most powerful approach to solving the problem of MTBE contamination. A work group comprised of

government agencies (e.g., EPA and USGS), industry representatives (e.g., the American Petroleum

Institute), and academia would be the most productive. Additional suggestions are as follows:

1. Many different areas of expertise were evident during the workshop. These can be grouped

into three broad categories: microbiology, bioreactor design, and field expertise. The team

could include a combination of these areas of expertise. The microbiology of MTBE

bioremediation is not fully understood and researchers working with MTBE-degrading

microbial consortia or those examining field biodegradation would benefit from the input from

microbiologists. Likewise, researchers involved with bioreactor design and implementation

could create a strong team if working with researchers with significant field experience.

2. Lead organizations should be aware of the need to create this combination of experts when

developing new programs. The best way to create this awareness is through widespread

dissemination of current research and existing research needs.

3. In order to disseminate the current information on MTBE bioremediation, workshops

designed for lead organizations could be developed. Government agencies with experience

conducting these types of workshops could collaborate with various experts in the field of

MTBE bioremediation.

4. An organization is needed that would take the lead on disseminating information on MTBE

remediation. A combination of government agencies, industry, and academia would provide

an appropriate forum for this activity. 
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