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Abstract

The addition of methylert-butyl ether (MTBE) to gasoline has resulted in public uncertainty regarding the contin-

ued reliance on biological processes for gasoline remediation. Despite this concern, researchers have shown that
MTBE can be effectively degraded in the laboratory under aerobic conditions using pure and mixed cultures with
half-lives ranging from 0.04 to 29 days. Ex-situ aerobic fixed-film and aerobic suspended growth bioreactor studies
have demonstrated decreases in MTBE concentrations of 83% and 96% with hydraulic residence times of 0.3 hrs
and 3 days, respectively. In microcosm and field studies, aerobic biodegradation half-lives range from 2 to 693 days.
These half-lives have been shown to decrease with increasing dissolved oxygen concentrations and, in some cases,
with the addition of exogenous MTBE-degraders. MTBE concentrations have also been observed to decrease under
anaerobic conditions; however, these rates are not as well defined. Several detailed field case studies describing
the use of ex-situ reactors, natural attenuation, and bioaugmentation are presented in this paper and demonstrate
the potential for successful remediation of MTBE-contaminated aquifers. In conclusion, a substantial amount of
literature is available which demonstrates that the in-situ biodegradation of MTBE is contingent on achieving
aerobic conditions in the contaminated aquifer.

Abbreviations: BTEX compounds (benzene, toluene, ethylbenzemgylene, m-xylene andp-xylene); DO
(dissolved oxygen); MTBE (methyért-butyl ether); TBA (ert-butyl alcohol)

Introduction oxygen by weight) in ozone and carbon monoxide
non-attainment areas, respectively. In addition, some

The addition of methy! tertiary butyl ether (MTBE) to  @réas have freely elected to market oxygenated fuels
gasoline began on a relatively small scale in the late {0 improve air quality. Currently, an aveorage of 11%
1970's with its use as an octane enhancer to replaceM TBE by volume is added to about 30% of the gas-
tetraethyl lead. The use of MTBE as a fuel oxygen- oline sold in the United States (Andrews 1998). The
ate was approved by the EPA in the 1980's. In the estimated production of MTBE in the United States
last decade, the production and addition of MTBE to Was 20 to 24 billion pounds in 1993 and its produc- _
gasoline have increased significantly as a result of the 0N has increased every year since then (Reisch 1994;
Clean Air Act Amendments of 1990 which mandated ©STP 1997). Most of the MTBE produced in the
the use of reformulated gasoline (RFG, 2.0% oxy- United States during the last decade has been used for

gen by weight) and oxygenated fuel (Oxyfuel, 2.79% fuél oxygenation.
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In general, MTBE can enter subsurface environ- associated with the cleavage of the ether bond (Mo et
ments with the other 200 components of gasoline al. 1997; White 1996) and the resistance to microbial
during the refining, distribution, and storage of oxy- attack of the tertiary or quaternary carbon structures
genated fuels. Due to its unigue physical and chemical (Squillace et al. 1997). Many studies have reported
properties relative to other gasoline components, high that MTBE is recalcitrant under both aerobic and an-
concentrations of MTBE have been shown to mi- aerobic conditions (Fujiwara et al. 1984; Jensen and
grate in subsurface environments at speeds similar toArvin 1990; Yeh 1992; Suflita and Mormile 1993;
groundwater with minimal retardation (Shaffer and Yeh and Novak 1995). However, recent studies have
Urchin 1997; Squillace et al. 1997). Consequently, the reported the ability of several bacterial and fungal cul-
occurrence of MTBE in drinking water supply wells tures from various environmental sources to degrade
has increased over the past several years (SquillaceMTBE under anaerobic or aerobic conditions either as
et al. 1999) resulting in significant national attention the sole source of carbon and energy (Salanitro et al.
focused on the use of MTBE in gasoline (USEPA Blue 1994; Eweis et al. 1997; Mo et al. 1997; Park and
Ribbon Panel 1999). Table 1 shows the results of three Cowan 1997; Fortin and Deshusses 1999a,b; Hanson
recent MTBE occurrence surveys. et al. 1999) or cometabolically (Hardison et al. 1997,

Steffan et al. 1997; Garnier et al. 1999).
Scope and objective

Anaerobic biodegradation
Petroleum hydrocarbons are naturally occurring Yeh and Novak (1994) evaluated the biodegradation
chemicals that have been exploited in a wide range of MTBE in soils from three different sites under
of industries. Many of these hydrocarbons have been various anaerobic and anoxic conditions. These re-
successfully bioremediated at contaminated sites. Thesearchers reported that the biodegradation of MTBE
major aromatic components of gasoline, benzene, was observed under methanogenic conditions in a soil
toluene, ethylbenzene, and xylenes (BTEX), degrade with a low organic carbon content. The co-existence
relatively quickly under aerobic and anaerobic condi- of easi|y degraded organic Compounds was shown to
tions. Thus, in a large majority of sites where gasoline jnhibit MTBE degradation. While there have been
releases have occurred, BTEX plume lengths tend few successful laboratory or field experiments show-
to stabilize and recede at less than 260 feet from ing MTBE biodegradation under anaerobic conditions,
the release point (Mace 1997; Rice et al. 1995). there is some evidence that MTBE is reduced under

When gasoline containing MTBE is released, BTEX methanogenic conditions in the field (Hurt et al. 1999;
plumes may still stabilize on average within 300 feet wilson 1999).

of the source but MTBE may continue to migrate.
Thus, more active measures may be required to halt Aerobic degradation

movement of MTBE plumes. Numerous laboratory and field studies have reported
This paper will assess the variables that influence the piodegradation of MTBE under aerobic conditions
the biodegradation of MTBE in the natural environ- (Table 2). In a number of these studies, it was sugges-
ment with a focus on those potentially responsible g that a monooxygenase enzyme is responsible for
for optimizing biodegradation processes in both in- the piotransformation of MTBE teert-butyl alcohol
situ and ex-situ applications. Several case studies will (TBA) (Hardison et al. 1997; Steffan et al. 1997).
be presented to assess the state of the knowledge onp general, monooxygenase enzymes catalyze reac-
MTBE biological treatment in the field and to identify  tions in which only one of the two oxygen atoms of
future directions in this area of research. molecular oxygen is incorporated into the organic sub-
strate. Results from several studies indicate that the
monooxygenase responsible for MTBE biodegrada-
MTBE biodegradation tion may be a cytochrome P450 enzyme (Hardison et
al. 1997; Steffan et al. 1997).
While much is known about the biodegradation of Most of the cultures reported to degrade MTBE
many gasoline components under both aerobic and an-have been shown to require oxygen concentrations
aerobic conditions, the biodegradation of MTBE is not greater than 2 mg/L. Park and Cowan (1997) repor-
fully understood. In general, alkyl ethers are relatively ted that a mixed culture enriched from a petroleum
stable and unreactive compounds due to the difficulty refinery activated sludge was able to degrade MTBE
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Table 1. Summary of recent MTBE occurrence data

Conc. @/L)  Mainel Californi ~ USGS
Private Public (n=5,418) (n=376)
Wells Wells
(n = 946) (n=793)
Non detect 85.0% 85.1% 98.7% 82.2%
(<0.2ug/ll)  (<0.2ug/ll)  (<3ung/ll) (<0.2uglL)
<5 12.0% 13.6% 0.5% 16.2%
5-35 1.9% 1.3% 0.3% 1.0%
>35 1.1% 0.0% 0.2% 0.5%

Adapted from 1) Maine DHS 1999; 2) California DHS 1999; 3) Moran et al.
1999.

Table 2. Summary of laboratory and microcosm MTBE biodegradation studies

Culture Initial cell Initial MTBE MTBE half Reference

density concentration Iife[d] (lag

[cells mI1] [mgL™Y Time [d])
Mixed culture from sludge (BC-%) ~3x 10° 120 0.08 Salanitro et al. 1994
Groundwater microcosm NA 5-80 2(14)-69(21) Salanitro &

Wisnjewski 1996
Groundwater field study NA ~1 693(20) (similar Borden et al. 1997
for benzene)

Pure fungal culture (cometabolic 25100 1 umole in gas 1.4 Hardison et al. 1997
onn-butane in gas phase) phase
Pure culture from sludge and gingko 540.0° (CFU) 200 29 Mo et al. 1997
Pure culture (cometabolic on propafie) ~5.7 x 108 20 0.04 Steffan et al. 1997
Groundwater field study NA NA 578 Schirmer et al. 1998
Stream-bed sediments microcosm NA 0.15 (0.4 for TBAX56 (<15 for TBA)  Bradley et al. 1999
Pure culture (cometabolic on pentafie) ~2.9 x 106 336 5(1) Gamier et al. 1999
Pure culture (PM-1) X 10P 5-50 0.8-1.7 Hanson et al. 1999

Note: 1) Assumes first-order decay; 2) Assumes 0.002 mm cell diameter: 55% of the cell is protein and 70% of the cell is water. NA =
information not collected.

under aerobic conditions with the transient accumula- from studies in suspended growth bioreactors have
tion of TBA. A decrease in MTBE degradation rates indicated that MTBE-degrading cultures are sensit-
was observed at dissolved oxygen concentrations be-ive to suboxic conditions (Sun et al. 1996; Tang &
low 2 mg/L. It was concluded that MTBE-degrading Sun 1997). In addition, studies using two pilot-scale
microbial populations could be more sensitive to low biotrickling filters treating MTBE-contaminated air
oxygen tensions than other hydrocarbon-degrading streams revealed that MTBE biodegradation rates are
populations. a strong function of dissolved oxygen concentrations
In another laboratory study, the effect of oxygen (Fortin & Deshusses 1999a,b).
supply on MTBE degradation was evaluated (Yang Finally, several in-situ field studies have demon-
et al. 1998). Results from this study revealed that a strated the importance of oxygen in stimulating MTBE
continuous supply of oxygen compared to a one-time degradation (Koenigsberg et al. 1999; Mackay et al.
oxygen addition greatly enhanced MTBE degradation 1999; Salanitro et al. 1999). In an MTBE-impacted
rates. aquifer at Vandenberg Air Force Base, Mackay et al.
Ex-situ studies have also demonstrated the de- (1999) found that increasing dissolved oxygen (DO)
pendence of MTBE degradation on adequate concen-concentrations from less than 1 mg/L to 10-15 mg/L
trations of molecular oxygen. For example, results caused MTBE concentrations to rapidly decrease from
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200-300ug/L to less than Sug/L. Similarly, other easily degradable hydrocarbons instead of MTBE. It
researchers have observed that biosparging an MTBEwill also occur when this preferential hydrocarbon use
plume at a site caused a decrease in MTBE con- results in the depletion of electron acceptors and nu-
centrations from up to 10 mg/L to non-detectable trients necessary for MTBE biodegradation in mixed

levels in a period of three months (Javanmardian &
Glasser 1997). Laboratory microcosm studies using
soil from both sites confirmed that oxygen stimulated
MTBE biodegradation by indigenous microorganisms
(Wilson et al. 1999; Yang et al. 1998).

Growth-dependent degradationGrowth rates less
than 0.25 d! and cellular yields of approximately
0.2 g cells/g MTBE have been reported for MTBE-
metabolizing mixed and pure cultures (Salanitro et
al. 1995; Fortin & Deshusses 1999a,b; Hanson et al.
1999). These cell yields are much lower than those
for cultures grown on simple sugars (0.4-0.8 g cells/g

contaminant groundwater plumes.

Environmental factorsEnvironmental conditions in
the subsurface such as temperature, pH, nutrient avail-
ability, water content, and availability of electron
acceptors can greatly affect the rate of biodegrada-
tion. Generally, soils and groundwater contaminated
with organic compounds have sufficient quantities of
trace nutrients, and thus, limiting elements for growth
are typically nitrogen and phosphorus. The required
carbon/nitrogen/phosphorus ratio varies depending on
the nature of the contaminant but is commonly in the
range of (100-300): 10: (0.05-1) (Alexander 1994).

sugar) or gasoline constituents such as pentane (0.9 gNear-neutral aquifer pH values are usually optimum
cells/g pentane) (Fortin & Deshusses 1999a; Garnier for the biodegradation of organic compounds. Ground-
etal. 1999). It has been suggested that MTBE behaveswater temperature is often one of the most important

as a metabolic or electron transport inhibitor or as an
uncoupler of ATP formation (Salanitro et al. 1995).
In addition, there is some indication that low growth
rates on MTBE might be due to the formation or accu-
mulation of metabolic intermediates which potentially
inhibit cellular growth (Salanitro 1998).

Co-occurring contaminantsMTBE is most often
found at sites that are impacted by complex mix-
tures of gasoline hydrocarbons, some of which have

factors controlling microbial activity and rates of or-

ganic matter decomposition. Generally, enzymatic
activity and microbial metabolism rates double for
every 10°C increase in temperature until close to in-
hibitory temperatures which are usually around®@0

to 50°C for most microorganisms (Gerhardt 1994).

Literature conclusions
Even though the reports discussed above vary to some
extent, several conclusions can be made regarding the

been shown to stimulate the cometabolic biodegrada- biodegradation potential of MTBE in the subsurface

tion of MTBE (Hyman & O’'Reilly 1999). Hardison
et al. (1997) and Hyman et al. (1998) isolatedran
alkane grown filamentous funguSi@phiumsp.) that
was shown to cometabolically degrade MTBE to TBF
(tert-butyl formate), and then TBA. There is some

by microbial populations:

1. MTBE biodegradation can be expected to occur
aerobically either with MTBE as the sole carbon
and energy source or cometabolically with alkanes
(Table 2);

indication that monooxygenase enzymes might be re- 2 The cellular yield of microorganisms utilizing

sponsible for the cometabolism of MTBE by cultures
grown on n-alkanes (Hardison et al. 1997). Stef-

MTBE as the sole organic carbon source can be
expected to be very low;

fan et al. (1997) reported that several propane-grown 3. The presence of more easily biodegradable or-

pure cultures were able to cometabolically biode-
grade MTBE under aerobic conditions. Stoichiometric
amounts of TBA were produced but were eventu-
ally degraded at a rate 50-75% lower than that of
MTBE. Garnier et al. (1999) isolated a pure culture
(Pseudomonas aerugingsaapable of cometabolic-
ally degrading MTBE in the presence of pentane.
Alternatively, MTBE biodegradation may be in-

ganic compounds in the subsurface can either in-
hibit MTBE biodegradation or possibly promote
cometabolic MTBE biodegradation; and
4. While MTBE has been observed to be degraded
anaerobically, the most rapid biodegradation rates
seem to occur under aerobic conditions.
The dependence of MTBE biodegradation on dis-
solved oxygen concentrations has field implications

hibited in the presence of more easily biodegradable and indicates that the effectiveness of engineered
compounds (Mo et al. 1997). This inhibition can occur - pioremediation systems in subsurface environments
when MTBE-degrading cultures preferentially utilize  may depend upon the ability to transport and sus-
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tain adequate oxygen concentrations throughout the organic contaminants. The main advantage of using
MTBE biodegradation zone. This will be discussed suspended cultures in stirred bioreactors is the inher-
below with an emphasis on strategies for optim- ent contact of microorganisms with aqueous phase
izing conditions to promote MTBE biodegradation organic contaminants and dissolved oxygen and nu-

processes.

Implementation of bioremediation for MTBE

Successful remediation can be defined by several ob-

jectives: 1) prevention of drinking water well con-

tamination; 2) prevention of off-site plume migration;

3) stabilization of contaminant plume; 4) demon-
stration of active on-going biological processes that
effect contaminant destruction; or 5) achievement of
cleanup goals. Implementation of a bioremediation
field strategy will depend on the selected objective;
however, in nearly all cases, the objective includes

trients. The defining kinetic parameters governing the
efficiency of suspended growth bioreactors are the
Mean Cell Residence Time (MCRT) and the Hydraulic
Retention Time (HRT). One way of maintaining a
high cell concentration in bioreactors is by decoupling
the HRT of the wastewater stream from the MCRT.
This is achieved by recycling the cells from the efflu-
ent stream back to the contact tank (Shuler & Kargi
1992). Cell recycling has been shown to be an import-
ant step in ex-situ MTBE bioremediation applications
(Pitre & Steffan 1999) since it conserves the biomass
of the slow-growing MTBE population and ensures
high cell concentrations of MTBE-degraders in the
MTBE/microorganism contact zone. Great care must

some type of plume control.
Control of contaminant plume migration can be ac-
complished by either achieving hydraulic controls, or

be taken when designing a suspended growth biore-
actor for MTBE bioremediation. Because MTBE-
degrading organisms are typically sensitive to sudden
by stimulating a contaminant degradation rate equal changes in environmental conditions, the installation
to or greater than the contaminant migration rate. and use of an equalization tank prior to the contact
Plumes can be captured hydraulically using pump- tank is recommended to dampen variations in influ-
and-treat (NRC 1994) where the extracted ground- ent concentrations and to prevent shock loadings of
water is treated using an ex-situ treatment process MTBE (Pitre & Steffan 1999).
(e.g., air stripping, granular activated carbon). Control
of contaminant plumes by degradation can be ac- Fixed-film bioreactors. Unlike suspended growth
complished using either biological or physiochemical bioreactors, fixed film systems, such as biotrickling
(e.g., in-situ oxidation) methods. For easily biodegrad- filters and fluidized bed bioreactors, contain a physical
able organic chemicals such as BTEX compounds, surface inside the bioreactor that allows microorgan-
biodegradation zones occur naturally and require min- isms to attach themselves as a biofilm. Biofilm re-
imal enhancement. In such a case, the bioremediationactors have the advantage of retaining slow-growing
strategy is referred to as natural attenuation and typ- cultures, such as MTBE-degraders, that could poten-
ically requires continued monitoring to verify plume tially be washed-out of suspended growth reactors due
control (Kampbell et al. 1995; USEPA 1999). How- to low growth rates. Biofilm reactors have been suc-
ever, for less biodegradable substrates such as MTBE,cessfully used to treat MTBE-contaminated water and
biological degradation zones must often be created in air streams (Eweis 1997; Tang & Sun 1997; Fortin
the subsurface using bioenhancement or bioaugmenta-& Deshusses 1999a,b). For example, in a laboratory
tion techniques to enhance MTBE removal rates. Case scale biotrickling filter, MTBE-grown cultures were
studies for each of these bioremediation approachesshown to fully convert 97% of influent MTBE to GO
are discussed in detail later in this paper. following an acclimation period (Fortin & Deshusses
1999a,b).
Ex-situ treatment
Treatment of MTBE-contaminated groundwater has Ex-situ conclusionsThe most comprehensive study
been successfully performed using both suspendedon the biological treatment of MTBE in a complex
growth bioreactors and fixed film bioreactors. waste stream compared the use of suspended growth
reactors to fixed-film reactors for the treatment of
Suspended growth bioreactorSuspended growth ~MTBE-contaminated water (Tang & Sun 1997). This
bioreactors typically utilize concentrated suspensions Study showed that suspended growth reactors can be
of active cells to biodegrade high concentrations of used for MTBE removal but that fixed-film reactors



192

were more efficient in retaining slow growing MTBE- uation of MTBE is needed prior to acceptance of this
degrading populations (Tang & Sun 1997). Thus, itis technique by the regulatory community as a control
generally agreed that fixed-film systems will be more strategy for MTBE remediation.

practical than suspended growth reactors for MTBE
treatment in the field. BioenhancementBioenhancement is a remediation
strategy that relies on naturally occurring microorgan-

In-situ processes isms to degrade organic compounds with the support

Natural attenuation. Natural attenuation involves Of introduced electron acceptors, nutrients, and/or
physical, chemical, or biological processes that, un- Co-substrates. A common approach to bioenhance-
der favorable conditions, occur naturally to reduce ment involves pumping groundwater to the surface,
the mass, toxicity, mobility, volume, or concentra- dissolving the necessary nutrients, electron accept-
tion of contaminants in soil or groundwater (55 CFR 0rs, and/or co-substrates in the groundwater, and
46 March 8, 1990). Natural attenuation processes, PUmping it back into the contaminated aquifer. Al-
particularly biological degradation, are currently best ternatively, enhancements can be directly sparged or
documented at petroleum fuel spill sites for BTEX injected into the subsurface with air or with oxygen
compounds (Kampbell et al. 1995; USEPA 1999). release compounds. The most common form of bioen-
Natural attenuation of MTBE-contaminated sites has hancement is the addition of oxygen to the subsurface
not been well documented. Some MTBE plumes, such to promote aerobic biodegradation. Bioenhancement
as in Port Hueneme, California and East Patchogue, by oxygen addition has been performed at MTBE-
New York have extended to beyond 4000 ft suggest- contaminated sites using air sparging (Javanmardian
ing limited or no natural attenuation. Researchers at & Glasser 1997; Johnson 1998), oxygen sparging
Lawrence Livermore National Laboratory have sug- (Mackay etal. 1999; Salanitro et al. 1999), oxygen re-
gested that natural attenuation of MTBE plumes oc- lease compounds (Barcelona et al. 1999; Koenigsberg
curs primarily from dispersion and not from biological €t al. 1999), or hydrogen peroxide (USEPA 1998; Yeh
activity (Happel et al. 1998). While the LLNL study & Novak 1995). Finally, bioenhancement may include
evaluated a substantial number of sites, it neither the addition of a cometabolite to effect the fortuitous
evaluated a large amount of time series data nor did biodegradation of MTBE during the energy-producing
it evaluate MTBE concentration decreases once the degradation of the cometabolite. Successful cometa-
leading edge of the MTBE plumes migrated past the bolites for MTBE degradation includiso-propanol,
BTEX plumes. Conversely, several case studies havePpropanen-butane, and diethyl ether (Hardison 1997;
demonstrated a decrease in MTBE concentrations dueSteffan et al. 1997).
to the combined effect of dispersion and biodegrad-
ation (Barker et al. 1998; Schirmer & Barker 1998; BioaugmentationEnhancing the activity of microor-
Tyner et al. 1998; Cho & Wilson 1999; Hurt et al. ganisms that are naturally growing on organic con-
1999). While seemingly contradictory, the available taminants in the subsurface is less expensive and
literature suggests that naturally occurring biodegrad- less difficult than relying on introduced organisms to
ation of MTBE is a function of site specific vari- survive, compete, and degrade target contaminants.
ables which may include the co-occurrence of MTBE However, there are several cases in which the addi-
and BTEX in contaminant plumes and/or a sufficient tion of microorganisms is needed for the degradation
MTBE residence time in the aquifer. of some organic compounds. A primary motivation
MTBE is typically degraded to TBA, which in  to bioaugment would be the presence of a small in-
most cases has been shown to further degrade to harmdigenous microbial population commonly defined as

less intermediates (Salanitro et al. 1994; Steffan et al.
1997). The reports in the literature on the rate of TBA
degradation relative to that of MTBE are inconsistent;
TBA has been shown to degrade faster than MTBE
(Bradley et al. 1999) or slower than MTBE (Steffan et
al. 1999). As a result, it is difficult to determine from
the available laboratory data whether TBA oxidation is
the rate-limiting step for MTBE biodegradation in the
field. Certainly, more information on the natural atten-

less than 19 cells/g soil, or a population that has not
developed mechanisms to degrade the target contam-
inant (Forsyth et al. 1995). Under such conditions,
the addition of a slurry of microorganisms and neces-
sary nutrients can then serve to “jump start” biological
processes by increasing the size of microbial pop-
ulations by several orders of magnitude. A second
motivation for bioaugmentation is the need to rapidly
biodegrade the target contaminant with little or no
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start-up period. By adding a large population of known ity areas thus negating the effect of bioaugmentation.
degraders to the subsurface, remediation managersThis limitation has been overcome at some sites by
are assured that microorganisms with the ability to pulsing nutrients or electron acceptors into the subsur-
metabolize the contaminant are initially present in the face (NRC 1993). For MTBE, clogging is not expected
subsurface and that degradation should occur (Forsythto be a limiting factor due to the low observed growth
et al. 1995). Finally, bioaugmentation has been used rates and cell yields of MTBE-degraders.
in cases where multiple contaminants create toxiccon-  Third, care should be taken to ensure that the exo-
centrations for indigenous organisms while exogenous genous microorganisms are capable of degrading the
organisms are capable of surviving and degrading the target contaminant and all secondary by-products. In-
mixed contaminant stream. complete mineralization can result in the formation of
The selection of a microorganism can be done us- secondary contaminant plumes that may prove to be
ing one of the multitude of vendors selling slurries more toxic and/or more mobile than the initial plume.
or freeze-dried powders. Slurries involve microorgan- This limitation can be mitigated by ensuring that a
isms that are currently metabolizing carbon and do mechanism exists for complete contaminant mineral-
not need any start-up period prior to contaminant de- ization prior to injection and by installing monitor-
gradation. Alternatively, freeze-dried powders require ing systems to verify that mineralization is actually
the introduction of water, nutrients, and a readily as- occurring in the subsurface.
similable carbon source to initiate cell activity prior
to subsurface injection. Mixed microbial slurries, as Bioaugmentation for MTBHE-or MTBE, bioaugment-
opposed to pure cultures, have been found to be theation is being implemented at several field sites. Pure
most effective due to their expected wide range of de- and mixed cultures have been derived with the abil-
gradation mechanisms (Forsyth et al. 1995). Finally, ity to effectively degrade MTBE (Hanson et al. 1999;
the use of naturally occurring microorganisms instead Salanitro et al. 1999). Slurries of these cultures have
of genetically engineered microorganisms (GEMSs) is been recently injected into the subsurface at two
generally more acceptable from a regulatory stand- MTBE-contaminated sites. In both cases, the remedial
point (Betts 1999). Once selected, the microorgan- systems were designed such that the plume migrated
isms, nutrients, and/or cosubstrates can be injectedthrough a microbial barrier. After 1 year of opera-
into the subsurface. The location and density of injec- tion at one of the sites, neither the migration of the
tion wells, the rate of subsurface microbial recharge, injected microorganisms nor the need for multiple
and the need for supplemental nutrients and electron microbial injections were observed (Salantiro et al.
acceptors are site-specific. 1999). In addition, other researchers have isolated a
The addition of an exogenous microbial popula- microorganism grown on propane, ENV425, which
tion to the subsurface requires overcoming several has been shown to successfully and rapidly degrade
obstacles. First, if the indigenous population is abund- MTBE in the presence of a cometabolic substrate,
ant and surviving under current contaminated condi- propane (Steffan et al. 1997). These researchers are
tions, it may out-compete the exogenous population. currently in regulatory negotiations to inject a com-
This challenge has been successfully addressed atbination of a slurry of ENV425 and dissolved propane
some sites by creating a temporary subsurface zoneat a gasoline-contaminated site in California.
that favors a trait of the exogenous organisms. For ex-  One potential challenge related to the in-situ bio-
ample, Dybas et al. (1995) created a zone with low degradation of MTBE is the issue of bioavailability.
trace mineral concentrations that favored microorgan- If MTBE-blended gasoline is released or diffuses into
isms with efficient trace metal scavenging systems.  low permeability regions of the subsurface, biode-
Second, bioaugmentation may result in clogging gradation will likely be limited due to mass transfer
or the creation of a low permeability zone within the limitations of electron acceptors, nutrients, or even
aquifer (MacDonald et al. 1999). This can result from microorganisms into such low permeability regions.
the addition of high concentrations of microorganisms MTBE has a relatively high solubility in water (ap-
and nutrients, or from the production of extra-polymer proximately 48,000 mg/L) and is therefore thought to
substances (EPS) by microorganisms when introducedbe more bioavailable to indigenous microorganisms
to new environments with limited substrates and nu- than other gasoline components. However, this high
trients. Aquifer clogging could cause a portion of solubility will most likely create larger concentration
the contaminated plume to by-pass low permeabil- gradients which could enhance MTBE diffusion into
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Table 3. Influent groundwater quality for bioreactors at Table 4. Statistical summary of effluent water quality
Sparks, Nevada and San Diego, California and removal efficiency data for the operations phase
of the Sparks Solvent Fuel Site (1996-1997)
Influent Nevada California
parameter Meapg L1 Meanyug L1 Statistic MTBE MTBE
Removal  Effluent conc.
MTBE 330 9,570 % ug Lfl
Benzene 100 5,770
Ethylbenzene 7.4 140 Average 83 41
m, p-Xylene 15 570 Standard deviation 9.1 24
o-Xylene 59 290 Maximum value 98 99
Toluene 4.4 650 Minimum value 59 10
TPH-extractabl® 650 550
TPH-Purgablé 410 16,300
CcoD 51,100 88,300
! Total Petroleum Hydrocarbons. (Stringfellow et al. 2000). The sorption and growth

phases are collectively referred to as the start-up
phase. The sorption phase is the period during initial
operation when the GAC had significant sorption ca-
pacity and a significant microbial population had not
accumulated in the reactor. With MTBE, the sorption
phase was brief and complete breakthrough of MTBE
was observed in the Nevada reactor after approxim-
Ex-situ fixed-film aerobic degradation ately 30 days. In the California reactor, the system
exhibited breakthroughin less than 20 days (Stringfel-
Biological reactor treatment is being used to remove low et al. 2000). Sorption of MTBE was shown to be
MTBE and other gasoline components from water an insignificant removal mechanism in these reactors
at two fuel transfer stations, one in Sparks, Nevada during the operations phase (Stringfellow 1998).
and the other in San Diego, California (Stringfellow The sorption phase was followed by the growth
1998; Stringfellow et al. 2000). The bioreactors are phase, the period during which an active biomass
up-flow fluidized bed reactors with a granular activ- accumulated in the reactor. Microorganisms capable
ated carbon (GAC) packing medium. The California of degrading BTEX compounds grew rapidly and a
reactor is a pilot-scale unit with a volume capacity BTEX removing population was quickly established
of approximately 300 gallons and is being used to in the reactors. The establishment of an MTBE-de-
treat approximately 4,000 gallons per day of MTBE- grading population took much longer. There was no
contaminated groundwater. In March of 1999, the measurable MTBE removal by the Nevada reactor for
California reactor was installed to treat MTBE. It was approximately 100 days after initial start-up. After this
started with 365 Ibs of coconut carbon and was op- time, the reactor began to degrade MTBE with in-
erated for a pilot study. In Sparks, Nevada, there are creases in removal efficiency over the next 300 days.
two full-scale 3,000 gallon-reactors operating in par- Apparent steady-state operation was achieved after
allel. Combined, these two Nevada reactors are being400 days. A summary of effluent quality and MTBE
used to treat approximately 400,000 gallons per day removal efficiency for the Nevada reactor from late
of groundwater with a mean MTBE concentration of 1996 to early 1998 is presented in Table 4. In the Cali-
330ug/L and a mean TPH (extractable and purgable) fornia reactor, the start-up phase was very brief and
concentration of 1,06Qkg/L. These full-scale fixed-  full treatment was achieved in approximately 25 days.
film reactors were originally installed in October 1995. The difference in start-up times at the two sites
Each Nevada reactor was loaded with 6,000 Ibs of has been investigated and can be explained in several
coconut carbon. Average influent characteristics for ways. First, the California reactor was inoculated with
the two sites are presented in Table 3. 20 Ibs of carbon from the Nevada reactor, presumably
The operation of the bioreactors at the two sites adding microorganisms to the California reactor with
exhibited three phases in the treatment of MTBE: the metabolic pathway already expressed for MTBE
sorption phase, growth phase, and operations phasedegradation. Preliminary results from recent studies

low permeability regions (Mackay et al. 1999) and
ultimately limit the rate of biodegradation of MTBE.

Case studies
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suggest that a cometabolic mechanism is respons-to the bioreactors to keep reactor volumes between
ible for the degradation of MTBE in both reactors 700 and 900 gallons, or discharged to another tank
(Stringfellow et al. 2000). An examination of influent for storage and/or subsequent disposal to a sewer line.
groundwater entering the two reactors demonstratesThe concentrate or mixed liquor from the filters was
that the influent has a complex character that could recycled to the bioreactor.

support cometabolic degradation (Table 3). Establish-  Pilot testing was conducted in two phases, batch
ment of the cometabolizing population occurred more and continuous operation. The objectives of the batch
rapidly in the California reactor because more eas- operation were to promote the cometabolic growth of
ily degradable hydrocarbons are available at that site ENV425 in the bioreactor, confirm MTBE degrada-
(Table 3). Current evidence suggests that volatile al- tion, and acclimate the microbial strain to increasing
kanes, measured as purgable TPH (total petroleumMTBE concentrations. During batch operation, the
hydrocarbons), may be serving as co-metabolites for MBR was inoculated with a concentrated suspension

MTBE biodegradation in the reactor. of ENV425. To increase the mixed liquor suspended
_ solids (MLSS) concentration in the bioreactor, MTBE
Conclusions concentrations in the influent stream were gradually

increased from 40 to 115 mg/L over a 40-day period.
Envirogen’s patented co-substrate approach veith
propanol was applied on an intermittent basis to effect
cometabolism. Using this method, MLSS concentra-
tions were increased from 357 mg/L to 1,430 mg/L.
Once the microorganisms had acclimated to high

Recent investigations suggest that ex-situ biological
treatment of MTBE contaminated groundwater is
technologically feasible. Experience at the Sparks site
in Nevada demonstrates that biological reactors can
be operated at high efficiencies and can deliver low
effluent MTBE concentrations_over ex_tended periods concentrations of MTBE, continuous operation was
(Table 4). Resuits frqm the Cahfor_ma_sng demonstrate initiated. Groundwater was diluted to controlled con-
thatalopg stz_irt-upnme is not an intrinsic charaqterof centrations of MTBE (100 to 2,400 mg/L) in the
MTBE biological treatment ;ystems. The operation of equalization tank and fed continuously at varying flow
such reacto_rs could potentially beneflt_ from a be_tter rates to the bioreactor. The MLSS concentration var-
understanding of the nature of MTBE biodegradation. ied from 940 mg/L at the beginning of the test to a
maximum of 4,400 mg/L.

No solids were intentionally removed during the
testing; however, large quantities of foam with sus-
Leakage from an MTBE storage tank in southeast pended microorganisms were generated on several
Texas resulted in groundwater contamination in the occasions and some of this foam was lost due to over-
tank Vicinity_ Measurements of MTBE concentration flowmg Because of these losses, the solids mass could
in the groundwater from January 1996 to April 1996 not be accurately quantified and the sludge retention
revealed concentrations ranging from 13,000 mg/L times were not reported. The pH in the bioreactor
to 42,000 mg/L MTBE. A study was conducted in Vvaried between 5.4 and 7.3. During the test, attempts
1996 to evaluate a pilot scale membrane bioreactor were made to provide excess nitrogen and phosphorus
(MBR) system for the treatment of MTBE-impacted to promote cell growth. NgtN concentrations ranged
groundwater from this site. In this study, groundwater from 1.3 mg/L to 156 mg/L whileortho-phosphate
was fed from an equalization tank into a 1,000-gallon concentrations ranged from 10 mg/L to 45 mg/L in
continuous-flow, well-mixed bioreactor vessel with a the effluent waterlso-propanol was added periodic-
suspension of ENV425, a microbial strain reported to ally to the reactor to sustain cell reproduction. The
degrade MTBE and TBA. The bioreactor system was highest loading rate achieved during the test period
equipped with a diffused aeration system designed to Was 0.271lb MTBE/Ib MLSS/day. At this loading rate,
provide airflows up to 600 ¥tper hour, a mechanical ~approximately 98% of the MTBE in the groundwater
mixer, an automated pH control system, and nutrient was removed. The average MTBE removal efficiency
and co-substrate feed ports. Effluent from the biore- over the continuous operation phase of the test was
actor was processed through an ultrafiltration system 96.2% resulting in treated water MTBE concentrations
with ceramic membrane filters designed to separate between 1.6 to 120 mg/L.
the biomass from the treated water. The treated wa- A new strain, which presumably utilizes MTBE
ter or permeate from the filters was either recirculated @s a primary substrate, is currently being tested for

Ex-situ suspended growth cometabolic degradation
(Pitre & Steffan 1999)
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Table 5. Summary of MTBE case studies

Type of remediation  Culture MTBE half life

Comments Reference

Ex-situ @ Sparks, Mixed culture- HRT =0.2 hr; 83%

Nevada fixed film on average removal
GAC

Ex-situ @ San Mixed culture-  HRT = 1.4 hr; 95%

Diego, California fixed film on average removal
GAC

Ex-situ cometabolic ~ Pure culture HRT = 3.3-5 days;

Long (400 days) start This reference

up period

Short (20 day) start up ~ This reference
period. Suspected

cometabolism with

alkanes

Iso-propanol added to Pitre and

(ENV425) 96.2% average removal increase cell growth Steffan 1999
suspended
growth reactor
In-situ natural Indigenous Similar to benzene 89% of MTBE plumes  IST 1999
attenuation @ gas microbial decreasing in size
stations population
In-situ natural Indigenous ~756 days Significant TBA Barcelona and
attenuation @ microbial (10% MTBE in 150 feet ~ formation and Jaglowski 1999
controlled release population of release) destruction
In-situ Mixed culture 693 days in control plot ~ 2-8 mgi-_initial Salanitro 1999
bioaugmentation @  (BC-4) 99 days ip®©nly plot concentrations of
Port Hueneme 18 days in BC-4@lot MTBE

use in scale-up bioreactors. Preliminary tests using concentrations of MTBE. The study objectives in-
an 85-liter reactor indicate that this strain is capable cluded the comparison of MTBE and benzene plume
of degrading MTBE from 1,100 mg/L to 5@.g/L lengths and plume areas, assessment of hydrogeologic
with a 3-day hydraulic retention time (R Steffan, pers. controls, matrix-chemical interactions, intrinsic con-

comm.). trols on plume behavior, and derivation of empirical
_ attenuation rates. Plume lengths and areas were estab-
Conclusions lished based on hand contouring MTBE and benzene

isopleths on site maps.

The mean detection frequencies and concentra-
tions of MTBE and benzene were similar (38.9% and
317 nug/L MTBE, and 42.8% and 36hg/L benzene).
The mean lengths of the 30y/L MTBE and benzene
plumes were 140 feet and 115 feet, respectively which
is similar to the results from the LLNL plume study
(Happel et al. 1998). The mean areas of theutoL
MTBE and benzene plumes were 11,985ihd 7,910
ft2, respectively. Based on well-specific time-series
analysis, it was suggested that 89% of the MTBE
plumes studied were decreasing in size. Study results
Fuel release information from 149 BP gas stations indicated that the average extent of MTBE migration
in Florida was recently reviewed (Reid et al. 1999; relative to benzene at Florida BP gas stations was less
1ST 1999). Eighty sites were selected for detailed than that reported in previous MTBE plume studies
study based on the period of groundwater monitor- completed outside of Florida.
ing, the concurrent presence of MTBE and benzene,  Empirically derived mean attenuation rate con-
the absence of pure phase hydrocarbons, and a min-stants for MTBE (at 137 wells) and benzene (at 146
imum number of monitoring wells (3) with detectable

This ex-situ field study confirms that MTBE can be
removed from groundwater using a suspended growth
bioreactor. The cell yield of microorganisms was low,
and as a result, intermittent injectionsisé-propanol
were used to sustain high cell density. The microor-
ganism population present was able to reduce MTBE
concentrations in the bioreactor from approximately
2,400 mg/L to as low as 1.6 mg/L, with an average
removal rate of 96.2% over the course of the study.

In-situ natural attenuation (1ST 1999)



wells) were also similar. It was concluded that the sim-
ilarity in rate constants could reflect related biological
controls on each compound. Moreover, it was hypo-
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of dispersion, volatilization, and sorption, respect-
ively. An oxidizing barrier utilizing Oxygen Release
Compound (ORC) was placed within the test lane to

thesized that benzene plumes lagged behind MTBE evaluate its potential for use in in-situ MTBE treat-
plumes because benzene was the preferred carborment. The site was monitored for a period of eight

source for microorganisms and because MTBE biode-

gradation did not initiate until MTBE migrated beyond
the benzene plume.

The estimated high rate of MTBE attenuation was
consistent with environmental factors unique to Flor-
ida. Florida is influenced by subtropical climate, rel-
atively flat hydraulic gradients, shallow water tables,
high rates of infiltration and recharge, and moder-
ately to highly permeable aquifers. In comparison to
other regions of the U.S., these conditions promote
lower groundwater flow rates, more rapid flushing and
groundwater oxygenation, and higher groundwater
volatilization rates.

Conclusions

While not conclusive, this study suggested that natural
attenuation rates in Florida for MTBE were suffi-

ciently rapid to stabilize MTBE plumes. The most

likely explanation for these rapid attenuation rates
is the high volume of groundwater recharge lead-
ing to well oxygenated groundwater which potentially

stimulated biological activity in the aquifer.

In-situ controlled release (Barcelona & Jaglowski
1999)

An in-situ natural gradient reactive tracer test was re-
cently conducted on the grounds of the former Wurts-
mith AFB in Oscoda, MI. The objective of the test was
to evaluate the fate and transport of MTBE and BTEX
compounds, including the contributions of common
transport loss mechanisms. Originally, the aquifer was

uncontaminated and aerobic with average DO concen-

trations of 7.7 mg/L. To simulate the impact of alkanes

months following injection.

The results of the tracer study indicated reasonably
well-behaved transport conditions over the course of
testing. Over 11,000 measurements were taken at over
3,500 locations and times during the 8 months of oper-
ation. As expected, Br, Sk, and MTBE, traveling at
an average groundwater velocity of 1.3 ft/day, eventu-
ally separated from the more retarded compounds such
as BTEX compounds and the perfluorinated constitu-
ents. TBA concentrations of 1-30y/L appeared 7 ft
downgradient from the injection well within a week of
injection. TBA was also detected at concentrations up
to 70 g/L at 20 and 40 ft downstream of the injection
well 3 to 8 weeks after injection. Analyses of the tracer
solution and background water samples revealed the
absence of TBA at detectable levels.

Based on preliminary analysis utilizing peak ob-
served concentrations, apparent mass losses were of
most significance for S~followed by MTBE and
bromide. Relative to bromide, an estimated 10% of
the injected MTBE was lost due to a combination
of mechanisms. It was speculated that the mass of
TBA formed could account for the majority of the
MTBE mass lost; however, a more refined analysis
of the data is required to further elucidate this is-
sue. Dissolved oxygen concentrations immediately
downgradient from the ORC barrier were measured
at 20—30 mg/L while in-flow concentrations were less
than 4 mg/L. It was not determined whether the ap-
pearance of 296g/L TBA immediately downgradient
from the ORC barrier occurred via biotic or abiotic
means. These results suggested that MTBE transform
ation rates were increased relative to conditions in the
anoxic aquifer upgradient from the barrier. However,
the limited MTBE mass loss prevents one from mak-

and alkenes which were not present at this site but |ng Significant conclusions regarding the effectiveness

are thought to contribute to anoxic conditions, a redu-
cing barrier was placed upgradient from the test lane
to create suboxic<£2.0 mg/L) conditions within the
aquifer. A 660 L solution containing MTBE (4,500
ug/L), benzene (1,700g/L), and other aromatic com-

of the ORC batrrier in promoting MTBE biodegrad-
ation. This uncertainty is confounded by the high
groundwater velocity which creates a short residence
time for MTBE within the ORC barrier and more
rapid dispersion of dissolved oxygen concentrations

pounds was pumped into a well at the top of the water Produced by the barrier. Regardless, the appearance
table (13—16 ft below ground surface (bgs)). The solu- of TBA in the absence of introduced or background
tion also included bromide, sulfur hexafluoride, and sources is an indication that MTBE degradation could
perfluorinated benzene and toluene which were usedoccur under suboxic conditions. Degradation is expec-
as biologically inert tracers to account for the effects ted to account for the largest fraction of mass loss



198

due to MTBE’s low expected volatilization and ad- monitored every 30 to 60 days while TBA concentra-
sorption potential. TBA mass loss was also observed tions were occasionally monitored over a test period of
although it was unclear whether it occurred due to approximately nine months. Because significant fluc-

biodegradation or to some other mechanism. tuations in MTBE concentrations were observed in the
control plots after 29 days, only results up to this time
Conclusions are discussed here.

Under well-controlled testing conditions, this field

study suggests that some indigenous organisms might
betable torc]ielgrade MTBE'Wh':eIMIOE?]/E Lnass Igzswas over the duration of the experiment. However, DO
not overwhelming (approximately o DEyonabrom- ., centrations at 20 ft bgs varied from 1 mg/L to

?de mass loss), it was acc_ompanied with an increase 20 mg/L indicating that the neighboring@njection
in mass of TBA. Finally, it appears that the trans- plot influenced the environment in the control plot.

forn:;_att}on of 'm—.BEt;O TII?’A occur(;ed ungz_er a”azft‘?b'c MTBE concentrations decreased from approximately
con I;‘)ntslwli In edp que anth atz;%écbcor_m tons 5 7 mg/L to 2 mg/L in the shallow monitoring wells
immediately downgradientirom the arrer. and 8 mg/L to 1 mg/L in the deep monitoring wells

after 129 days.

Control plot. In the control plot, the DO concentra-
tions at 15 ft remained stable at approximately 1 mg/L

In-situ bioaugmentation (Salanitro et al. 1999)

A field-scale demonstration of enhanced MTBE biore- Oz-only plot and Q + BC-4 plot.Oxygen concentra-
mediation using a mixed culture enriched on MTBE, tions in the Q plot and the @ + BC-4 plot treatment
designated as BC-4, was recently completed (Salanitrozones were consistently maintained above 2 mg/L and
et al. 1999). The study was conducted at the USN in many cases exceeded 20 mg/L over the course
Port Hueneme, CA NEX Service Station, where an of teSting. Initial MTBE concentrations in the two
MTBE plume extended over 4,000 ft in length, 400 treatment plots were similar and varied between 2
ft in width, and 10 ft in thickness. The study area t0 9 mg/L. Decreases in MTBE concentrations were
(120 x 60) was initially suboxic (DO< 1 mg/L) observed in the @+ BC-4 plots 67 days after seed-
with considerable concentrations of MTBE (2,000 to ing and continuous ®injection. In the immediate
8,000.g/L) and TBA (50 to 250ug/L). The aquifer vicinity of the BC-4 injection, greater than a 90% de-
was approximately 10 feet below grade surface (bgs) crease in MTBE concentrations was observed while
and 10 ft thick. The upper and lower portions of the less dramatic decreases were observed downstream of
aquifer consisted of silty loam and fine to medium this region. In contrast, no significant changes were
sand, respectively. Apparent groundwater velocities observed in the @only and control plots after 67
ranged from approximately 0.1 to 0.3 ft/day at 10 to days.

15 feet bgs and approximately 0.3 to 0.5 ft/day at 15 ~ Between 67 days and 129 days after BC-4 seeding
to 20 feet bgs. (173 days after initial @ injection), MTBE con-

Three plots were evaluated in this study: a con- centrations continued to decline downgradient of the
trol plot where no treatment was performed, a plot biobarrier. By this time, MTBE was no longer detec-
supplemented with ©only, and a plot supplemented ted in many of the samples collected from the closest
with O, and augmented with BC-4. Qvas injected down-gradient monitoring points, and several of the
in the treatment zone (1@ 20 ft) at approximately ~ downgradient samples had concentrations as low as
15 ft and 20 ft bgs. A one-time addition consisting of 0.01 to 0.05 mg/L. MTBE concentrations were also
nine ki|ograms of the culture (dry We|ght) was injected shown to decline in upgradient locations close to the
across the width of the third treatment plot over a 10 ft injection site. In this time period, declines in MTBE
vertical distance, 10 to 20 ft bgs. The cell concentra- concentrations were also observed in theddly plot
tion of the injected solution was approximately 2,000 and in areas of the control plot impacted by iBjec-
mg/L; of the suspended culture, less than or equal to tion. Although MTBE losses were significantly less
0.1% of the microorganisms were expected to be able (approximately 1.5 to 2 orders of magnitude) than
to degrade MTBE. @was injected intermittently over ~ those observed in the O+ BC-4 plots, it was hy-
the course of testing to maintain aerobic conditions Pothesized that @injection may have stimulated the
(>2 mg/L) in the treatment zones. MTBE concentra- activity of naturally-occurring MTBE degraders in the
tions, DO concentrations, and microbial activity were Oz-only plot.
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Measurements at 15 ft bgs after 129 days revealed success. The available literature and the case studies
that TBA was not detected (0/4g/L detection level) discussed above suggest that MTBE biodegradation

in the treatment zone of the O+ BC-4 plot. In may naturally occur given sufficient dissolved oxy-
contrast, TBA was detected consistently across the gen concentrations and relatively low groundwater
Oz-only plot after 129 days. velocities (e.g., less than 1 ft/day).
Conclusions
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