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Abstract

With the current practice of amending gasoline with up to 15% by volume MTBE, the contamination of ground-
water by MTBE has become widespread. As a result, the bioremediation of MTBE-impacted aquifers has become
an active area of research. A review of the current literature on the aerobic biodegradation of MTBE reveals that a
number of cultures from diverse environments can either partially degrade or completely mineralize MTBE. MTBE

is either utilized as a sole carbon and energy source or is degraded cometabolically by cultures grown on alkanes.
Reported degradation rates range from 0.3 to 50 mg MTBE/g cells/h while growth rates (0.01-0.05 g MTBE/g
cells/d) and cellular yields (0.1-0.2 g cells/lg MTBE) are generally low. Studies on the mechanisms of MTBE
degradation indicate that a monooxygenase enzyme cleaves the ether bond yerieingy! alcohol (TBA)

and formaldehyde as the dominant detectable intermediates. TBA is further degraded to 2-methyl-2-hydroxy-1-
propanol, 2-hydroxyisobutyric acid, 2-propanol, acetone, hydroxyacteone and eventually, carbon dioxide. The
majority of these intermediates are also common to mammalian MTBE metabolism. Laboratory studies on the
degradation of MTBE in the presence of gasoline aromatics reveal that while degradation rates of other gasoline
components are generally not inhibited by MTBE, MTBE degradation could be inhibited in the presence of more
easily biodegradable compounds. Controlled field studies are clearly needed to elucidate MTBE degradation poten-
tial in co-contaminant plumes. Based on the reviewed studies, it is likely that a bioremediation strategy involving
direct metabolism, cometabolism, bioaugmentation, or some combination thereof, could be applied as a feasible
and cost-effective treatment method for MTBE contamination.

Abbreviations:BTEX compounds (benzene, toluene, ethylbenzenrylene, m-xylene andp-xylene); DIPE
(diisopropyl ether); ETBE (ethytert-butyl ether); HIBA (2-hydroxyisobutyric acid); MHP (2-methyl-2-hydroxy-
1-propanol; also known as 2-methyl-1,2-propanediol); MTBE (metésttbutyl ether); ORC (oxygen release
compounds); PHS (peat humic substances); TAkE-amyl methyl ether); TBAtert-butyl alcohol).

Introduction et al. 1997), are added to gasoline to increase com-
bustion efficiency and to reduce air pollution. These
History of problem compounds are used worldwide in quantities that

vary by season and country. Among fuel oxygenates,
Fuel oxygenates, including methyért-butyl ether =~ MTBE is most commonly used because of its high
(MTBE), ethyl tert-butyl ether (ETBE),tert-amyl octane level, low production cost, ease of blending
methyl ether (TAME), diisopropyl ether (DIPBEgrt- with gasoline, and ease of transfer and distribution
butyl alcohol (TBA), methanol and ethanol (Zogorski (Nakamura 1994; Piel & Thomas 1990). MTBE was
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initially added to gasoline in low quantities to re- Because the problems associated with the con-
place lead as an octane enhancer in the late 1970’'s.tamination of drinking water resources by MTBE
In the United States, the addition of MTBE to gas- have evolved fairly recently, a comprehensive data-
oline significantly increased following the Clean Air base on effective MTBE treatment technologies is
Act Amendments of 1990 which mandated the use of not yet available (Brown et al. 1997). While both
reformulated and oxygenated gasoline in certain urban conventional and innovative remediation methods are
regions to reduce air pollution from motor vehicles. expected to work for MTBE, its high solubility and
Starting in 1992, oxygenated fuels were used dur- biological recalcitrance result in lower efficiencies and
ing the wintertime in carbon monoxide non-attainment higher costs in comparison to the removal of other
areas and, more recently, throughout the year in met- gasoline hydrocarbons from water (Creek & Davidson
ropolitan areas severely impacted by photochemical 1999). Moreover, the low taste and door thresholds of
smog. In addition, some cities have freely elected to MTBE will necessitate stringent clean-up levels that
market oxygenate-blended fuels to enhance air quality are based on consumer acceptance rather than poten-
(EPA 1998). Currently, MTBE-blended fuels make up tial health effects further increasing the cost of remedi-
30% of the total gasoline consumed domestically with ating MTBE-contaminated water. In addition, the role
MTBE representing 11% of this volume on average of previously accepted passive remediation technolo-
(Andrews 1998). In 1995, the estimated production gies such as natural attenuation for gasoline-impacted
of MTBE in the United States was 18 billion pounds sites has to be re-evaluated due to the persistence of
(Zogorski et al. 1996), most of which was used for fuel MTBE in the subsurface. As a result, the biodegrad-
oxygenation. ability of MTBE has received considerable attention
Like most other gasoline components, MTBE is recently and the bioremediation of MTBE-impacted
introduced into various environmental compartments groundwater has become an increasingly active area of
during the production, distribution, use and storage of basic and applied research. While there is no convin-
oxygenate-blended fuels. MTBE has been detected in cing evidence to date that the biodegradation of MTBE
urban air (Backer et al. 1997; Grosjean et al. 1998; occurs rapidly in the field under natural conditions,
Vainiotalo et al. 1998), surface water (Reuter et al. several studies have demonstrated the biodegradability
1998), storm water (Zogorski et al. 1997) and ground- of MTBE in laboratory settings.
water (Church et al. 97; Landmeyer et al. 1997, 1998;
Lince et al. 1998; Squillace et al. 1995). While the Scope of paper
half-lives of MTBE in the atmosphere and in surface
water are relatively short (on the order of days), along The primary objective of this paper is to present a
half-life (on the order of years) has been estimated in review of the current state of research on the biode-
subsurface systems (Howard 1991). In fact, MTBE has gradation of MTBE under aerobic conditions. Studies
been shown to persist in aquifers, and MTBE plumes that have addressed the utilization of MTBE by mi-
have been shown to migrate at rates comparable tocrobial cultures as a primary or cometabolic substrate
groundwater velocities (Shaffer & Urchin 1997). The are examined in detail. Secondary objectives of this
mobility of MTBE in the subsurface is due in part to paper include an examination of likely MTBE degrad-
its high agueous solubility, low octanol water partition ation mechanisms, an assessment of the potential for
coefficient and chemical structure which is relatively the accumulation of MTBE metabolic intermediates,
resistant to microbial attack. and an evaluation of the effect of co-occurring gasol-
MTBE detection in the environment is frequent ine components on MTBE degradation rates. Finally,
in areas with high oxygenate-blended fuel use. In the challenges of using enhanced bioremediation as
California, for example, approximately 13000 sites a treatment technology for MTBE are discussed and
were shown to have hydrocarbon-impacted ground- future research needs are identified.
water and greater than 10000 of these sites were
estimated to be impacted by MTBE (Happel et al.
1998). A recent study by the United States Geolo- Biodegradation of MTBE by laboratory cultures
gical Survey identified MTBE as the second most

common volatile organic compound detected in wells Although the detection of MTBE in groundwater was
monitored in urban areas nationwide between 1985 reported as early as 1986 (Garrett et al. 1986), until

and 1995 (Squillace et al. 1995 & 1996). recently there were few studies conducted to evaluate
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its biodegradability. While early studies suggested that than 1 mg/L (Sun et al. 1996; Tang & Sun 1997). It
MTBE is resistant to microbial attack under both aer- was suggested that low influent flows and long cell res-
obic and anaerobic conditions (Fujiwara et al. 1984; idence times are needed to maintain effective MTBE
Jensen & Arvin 1990; Suflita & Mormile 1993; Yeh mass removal rates using this culture.

1992), recent studies have revealed that bacterial and The abilities of several cultures related to BC-1
fungal cultures from various environmental sources to degrade MTBE were later reported (Salanitro et
are capable of degrading MTBE either as a primary al. 1998 & 1999). These cultures included consortia

source of carbon and energy or cometabolically fol-
lowing growth on another substrate (Bradley et al.

1999; Eweis et al. 1997; Fortin & Deshusses 1999a,

b; Garnier et al. 1999; Hanson et al. 1999; Hardison
et al. 1997; Mo et al. 1997; Park & Cowan 1997a,
b; Salanitro et al. 1994; Steffan et al. 1997; and oth-

ers). These studies include reports of either the partial

degradation of MTBE to dead-end metabolic interme-
diates or its mineralization to GOA summary of key

designated BC-4 and MC-100, and a pure culture, des-
ignated SC-100, which was identified aRhodococ-
cus Inoculation of soil and groundwater microcosms
with laboratory cultures showed that up to 80 mg/L of
MTBE were degraded to non-detectable limits in 16
weeks.

A mixed culture enriched from petroleum refinery
activated sludge was also shown to degrade MTBE and
TBA, and to utilize both as sole sources of carbon and

results from these studies is presented in Table 1 and aenergy (Park & Cowan 1997a, b). The maximum spe-

synopsis of each study is given below.

Direct metabolism

Mixed and pure microbial cultures from a number of

cific growth rates of the culture on MTBE and other
ether oxygenates were low (0.015-0.06/h) but in the
range of previously reported rates while cellular yields
were moderate (0.33—-0.43 mg cells COD/mg substrate
COD at 3C°C). A similarity to previously reported res-

environmental sources have been shown to metabol-Ults by Salanitro et al. (1994) was that TBA degraded

ize MTBE under controlled laboratory conditions. The
first report of a culture capable of MTBE degrada-
tion involved a heterotrophic microbial consortium,
designated BC-1. This culture was enriched from

slower than MTBE resulting in the transient accumu-
lation of TBA. The consortium was also shown to be
sensitive to decreases in temperature with maximum
specific growth rates declining from 0.043 to 0.012/h

an activated sludge unit treating industrial chemicals and cell yields declining from 0.41 to 0.33 mg cells

(Salanitro et al. 1994). BC-1, which is thought to

COD/mg MTBE COD when temperatures decreased

consist of up to 6 different species, was maintained from 30 to 20°C. In addition, at dissolved oxygen

on MTBE in a chemostat with cell recycle and was
shown to degrade up to 200 mg MTBE/L at rates up
to 34 mg/g cells/h. However, MTBE removal rates
declined with MTBE concentrations over 5 mg/L and

concentrations below 0.9 mg/L, the rate and extent of
MTBE degradation were substantially reduced.

Mo et al. (1997) isolated three pure cultures,
Methylobacterium mesophilicunfATCC 700107),

mineralization rates decreased at concentrations overArthrobacter ilicis (ATCC 700109) and aRhodo-

20 mg/L. While this culture was able to utilize MTBE

coccussp. (ATCC 700108) from activated sludge

as a primary growth substrate, growth rates (001/d) Samples, the fruit of a Glngko tree, and soil surround-

and cellular yields (0.21-0.28 g cells/g MTBE) were
low. The low growth rate on MTBE was speculated to
be due to either the slow metabolism of a rate limiting
intermediate or to the action of MTBE as a metabolic
inhibitor. TBA was formed as a transient metabolic in-
termediate during the breakdown of MTBE with TBA

degradation occurring mostly after MTBE was com-
pletely utilized (Salanitro & Wisniewski 1996). The

degradation rate of TBA was slower (14 mg/g cells/h)
than that of MTBE and TBA was not utilized effect-

ively by BC-1 for growth. When this culture was used

ing the tree, using MTBE as the enrichment substrate.
The Gingko tree was chosen since it is thought to
produce tertiary butyl groups in its fruit. The three
cultures were shown to biotransform 29% of 200 mg/L
MTBE in less than 2 weeks with 8% of the MTBE
mineralized to CQ by the end of the first week (in-
oculum densities= 5x 10°-5x 10’ CFU/mL). MTBE
degradation rates decreased significantly in the pres-
ence of other carbon sources including TBA, TBF,
iso-propanol, acetone and pyruvate. Slow growth rates
on MTBE were observed leading the researchers to

to seed bioreactors treating MTBE-contaminated wa- conclude that MTBE was either a poor growth sub-
ter, the activity of BC-1 decreased at temperatures lessstrate or that one of its metabolites might inhibit
than 20°C and at dissolved oxygen concentrations less culture growth.
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Table 1. Representative maximum MTBE biodegradation rates by a range of mixed and pure cultures

Culture Source Metabolism Rate of MTBE  Ref.
type degradation

BC-1 mixed culture Activated sludge treating  Primary substrate 34 mg/g cells/h  Salanitro et al. 1994
industrial chemicals Complete metabolism

Methylobacterium Activated sludge Incomplete metabolism 0.18 mgiL/h Mo et al. 1997

mesophilicum(ATCC 700107) Gingko tree fruit

Rhodococcusp. and surrounding soil

(ATCC 700108)

Arthrobacter ilicis

(ATCC 700109)

Mixed culture MTBE-degrading Primary substrate 10 mg/g cells’/h  Fortin & Deshusses
biotrickling filter Complete metabolism 1999a, b

Rubrivivaxsp. PM1 Consortium enriched from Primary substrate 50 mg/g cells/h  Deeb 1999
MTBE-degrading biofilter Complete metabolism Deeb et al. 2000a

Graphiumsp. ATCC 58400 n-butane and Cometabolic 0.92 mg/g cells/h Hardison et al. 1997
propane-oxidizing culture Partial degradation

Xanthobactesp n-/iso-alkane oxidizing Cometabolic 43.6 mg/g cells/h Hyman et al. 1998

Alcaligenes eutrophus cultures Complete degradation Hyman & O’Reilly 1999

Mycobacterium vaccae

ENV425 Pure propane-oxidizing Cometabolic 26.7 mg/g cells/h Steffan et al. 1997

ENV421 cultures Complete degradation

Pseudomonas aeruginosa  Mixed pentane-oxidizing Cometabolic 11.3 mg/g cells/h Garnier et al. 1999
culture from gasoline- Complete degradation

contaminated soil

PEL-B201 Pure benzene-oxidizing Cometabolic 0.33 mg/g cells/h Koenigsberg et al.
culture 1999

a|noculation density = 5 10°-5 x 10’ CFU/mL.

Values were obtained from the literature and reported in mg MTBE/g cells/h using the following assumptions: 0.55 mg protein/mg
cells (Brock & Madigan 1991); cell dry weight/wet weight = 0.3 (Brock & Madigan 1991); spherical bacterial cell shapepmth 2
diameter; density of cellular materials = 1 g/mL.

In studies by Fortin et al. (1997) and Fortin and yields (0.09-0.12 g cells/lg MTBE) on MTBE were
Deshusses (1998, 1999a, b), a mixed culture was en-low but consistent with values obtained from other
riched from two MTBE-degrading biotrickling filters.  MTBE studies.

This consortium was shown to degrade high concen-  Eweis et al. (1997) reported the removal of MTBE
trations of MTBE and TBA (up to 550 and 800 mg/L, in a biofilter at the Los Angeles County Joint Water
respectively) in batch reactors. Initially, peat humic Pollution Control Plant. These researchers enriched
substances (500 mg PHS/kg MTBE) were added to a mixed culture from the biofilter material, consist-
assist in establishing the culture. It was suggested thating primarily of commercial compost, that was able
the humic acids might form complexes with MTBE to utilize MTBE for growth. The activity of the con-
therefore improving its microbial uptake rates. At con- sortium was found to be a strong function of pH with
centrations of 50 to 800 mg/L, MTBE and TBA were decreasing activities outside a pH range of 6.5 to 7.8.
degraded at rates of 1-3 mg/L/h. The formation of MTBE degradation rates in liquid culture increased
TBA during the biodegradation of MTBE was not from 0.031 to 0.062 mg/L/d with increases in biomass;
noted suggesting that TBA was degraded faster than however, the amount of biomass was not quantified
MTBE. Specific growth rates (0.023—-0.026/d) and cell in this study. The culture was shown to also degrade



TBA, toluene and methanol. Under optimum condi-
tions, the rate of TBA degradation was slightly higher
than that of MTBE, and no accumulation of TBA was
observed during the biodegradation of MTBE. Two
pure cultures capable of degrading MTBE were isol-
ated from this consortium (Hanson et al. 1999). One of
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degradation products. TBA was further degraded, al-
beit slowly, by theXanthobacter(7.6 mg MTBE/g
cells/h) andM. vaccaestrains.

Steffan et al. (1997) reported the ability of several
propane-grown pure cultures to cometabolize MTBE.
One strain, designated ENV425, was shown to min-

these cultures, designated PM1, has been found to be eeralize MTBE. Stoichiometric amounts of TBA were

Rubrivivax a member of thé.eptothrixbranch of the
B-ProteobacteriaPM1 has been shown to have rapid
MTBE degradation rates (50 mg/g cells/h) at MTBE
concentrations up to 500 mg/L following growth on
MTBE (Deeb et al. 2000a). PM1 was also capable
of growth on TBA as sole carbon and energy source.
TBA accumulation was not observed during the bio-
transformation of MTBE presumably due to a TBA
degradation rate that is higher than that of MTBE
(Church et al. 2000; Deeb et al. 2000b).

Cometabolism

Studies on the cometabolic degradation of MTBE have
reported the ability of mixed and pure cultures to de-
grade MTBE to TBA or to CQ following growth on
either alkanes or aromatic compounds. To begin with,
Hardison et al. (1997) reported the ability of a fila-
mentous fungusGraphiumsp. strain ATCC 58400,
to partially degrade MTBE to TBA following growth
on propane on-butane. When cells were grown on
n-butane and exposed to 18 mg/L of MTBE, a max-
imum biodegradation rate of 0.92 mg MTBE/g cells/h
was observed. In this study, TBF was identified as
the first metabolic intermediate of MTBE degradation.
TBF was subsequently converted to TBA by a combin-
ation of biological and non-biological processes but

produced during the biodegradation of MTBE. In fact,
in nearly every case, TBA degradation did not occur
until MTBE was completely removed from the re-
actors. In addition, TBA had lower degradation rates
(4.4-5.9 mg/g cells/h) than MTBE (11.3-26.7 mg/g
cells/h). The rates of MTBE and TBA biotransform-
ation by ENV425 were comparable to those observed
with other propane-grown strains tested in this study.

In a recent study by Garnier et al. (1999), a mixed
culture from gasoline-contaminated soil that was en-
riched on pentane was shown to degrade MTBE only
in the presence of pentane. A pure cultuRsgudo-
monas aeruginogaisolated from the mixed culture
was reported to metabolize MTBE up to concentra-
tions of 900 mg/L following growth on pentane. The
degradation rates of MTBE and TBA by the mixed
and pure cultures were reported to be 2.3 and 10.2 mg
substrate/g cells/h, respectively.

Finally, MTBE cometabolism was reported with
a benzene-grown culture designated PEL-B201
(Koenigsberg et al. 1999). PEL-B201 was shown to
degrade approximately 3.4 mg/L of MTBE in 12 hours
following growth on benzene (inoculation density
= 2 x 108 cells). MTBE degradation was severely
inhibited in the presence of benzene at concentrations
as low as 0.15 mg/L presumably due to competitive
inhibition. In the presence of 0.3 mg/L of benzene,

further degradation was not observed. The degrada-the time required to degrade 3.4 mg/L of MTBE

tion of MTBE was inactivated by-alkane enzyme
inhibitors including acetylene, ethylene and other un-

increased from 12 to 50 hours. Accordingly, increas-
ing concentrations of MTBE were shown to inhibit

saturated hydrocarbons suggesting that MTBE and benzene degradation. Preliminary results from this

gaseousi-alkanes are oxidized by the same enzyme,
a putative cytochrome P-450. In addition, MTBE de-
gradation rates decreased in the presencelmftane
presumably due to competitive inhibition.

In later studies, the abilities &fanthobacter, Alca-
ligenes eutrophuand Mycobacterium vaccastrains
to cometabolize MTBE following growth on either

simple straight-chain or branched alkanes were repor-

ted (Hyman et al. 1998; Hyman & O’Reilly 1999).
MTBE oxidation rates ranged from 17 to 44 mg
MTBE/g cells/h depending on the growth substrate
and the culture (Hyman & O'Reilly 1999). With all
three cultures, TBF and TBA were the major MTBE

study suggested that MTBE degradation can also take
place by cultures grown on cyclohexanoonesylene
or camphor.

Bioreactor studies

Several studies have addressed the use of fixed-film
bioreactors for the removal of MTBE from air and wa-
ter streams. Such bioreactors are capable of retaining
slow-growing bacteria that might otherwise be washed
out from suspended-growth reactors. Given the low
cellular yields of MTBE-degraders, fixed-film biore-
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actors would be expected to be effective in enriching MTBE degradation in microcosms and at field sites is
and retaining MTBE-degrading cultures. presented below.

The biodegradation of MTBE was recently evalu- A number of microcosm studies have reported the
ated in biotrickling filters (Fortin & Deshusses 1999a, biodegradation of MTBE in soil and/or groundwa-
b). Groundwater and aquifer materials from two field ter samples obtained from MTBE-impacted sites. In
sites were used to inoculate two laboratory-scale bio- studies using groundwater samples from two wells
trickling filters. MTBE in an air stream was introduced at the Sparks Terminal Site in Nevada, MTBE at
as the sole source of carbon and energy. Following a concentrations of 5 to 80 mg/L was degraded follow-
6-month acclimation period, the removal of MTBE in ing lag periods of 2 to 3 weeks at rates of 0.01 to
both bioreactors proceeded and reached a maximumO0.32/d (Salanitro et al. 1998). In soil and groundwa-
of 50 g/n? reactor volume/h, a value comparable to ter samples from a site in New Jersey, MTBE was
removal rates of BTEX compounds in similar sys- degraded at a rate of 0.28 mg/L/d with a half-life of
tems. Most of the MTBE was mineralized (97%) 21 days (Salanitro et al. 1998). A survey conducted to
and no biodegradation intermediates were detected inevaluate the presence of naturally occurring MTBE-

either the liquid or gas phase. A specific MTBE de-
gradation rate of 5 to 10 mg MTBE/g cells/h was
reported. Cell yields (0.09—-0.12 g MTBE/g cells) and
cellular growth rates (0.023-0.026/d) were similar to
those reported for laboratory-grown mixed and pure
cultures. The removal of MTBE in the bioreactors
was reportedly limited by biological rather than mass
transfer processes.

In studies by Eweis et al. (1997 & 1998), a com-
post biofilter at the Joint Water Pollution Control Plant
of the Los Angeles County Sanitation District that was
treating air streams containing MTBE and other hy-

degraders at 10 gasoline-contaminated sites located
throughout the United States indicated that popula-
tions of MTBE-degrading microorganisms were low
in subsurface environments with concentrations that
were typically below 1&g soil or 100/L groundwater
(Salanitro et al. 1998).

In aerobic microcosms prepared using soil from a
gasoline-contaminated site in North Carolina, MTBE
concentrations were shown to decrease from 2.1 to
1 mg/L following a 20-day lag period (Borden et al.
1997; Daniel 1995). No further MTBE degradation
was observed. During the degradation of MTBE, a

drocarbons started removing MTBE after a lag phase compound speculated to be TBA was shown to accu-
of over 1 year. Concentrations of up to 200 ppb MTBE mulate reaching levels as high as 0.35 mg/L. In a par-
in the gas phase were removed at an average efficiencyallel field study, MTBE concentrations in groundwater
of 90%. The removal rate of MTBE was estimated to plumes were shown to decrease near the contaminant
be 6 to 8 g/m reactor volume/h. Mixed and pure cul-  source, but not downgradient from the source, with a
tures derived from the biofilter material were shown to first order decay rate of 0.001/d.

grow on MTBE as sole carbon and energy source (see
previous section). A pilot-scale biofilter containing an
inert ceramic matrix was subsequently inoculated with
the mixed culture and operated with inlet air concen-
trations of 30 to 40 ppm MTBE. After an acclimation
phase of 10 weeks, the removal efficiency of MTBE in

In studies by Church et al. (1999), the biode-
gradation of MTBE was evaluated in aerobic columns
packed with aquifer materials from four different
sites. Preliminary results from this study revealed that
MTBE was degraded in each of the aquifer columns
but only in the absence of BTEX compounds. TBA

this bioreactor was reported to be 95%. concentrations increased in column effluents with de-
Overall, the results of these studies suggest that creasing MTBE and oxygen concentrations. However,
attached growth might be a key factor in obtaining no evidence of TBA degradation was observed in any
and maintaining active MTBE-degrading populations of the columns.
in engineered reactors. The mineralization of MTBE was recently demon-
strated in microcosm studies using stream-bed sedi-
ments from two gasoline-contaminated groundwater
sites (Bradley et al. 1999). Both sites had previous ex-
posure to measurable concentrations of MTBE, TBA
and BTEX compounds. The fraction of MTBE miner-
There is little information on the occurrence of MTBE ~ alized in microcosms with sediments from both sites
degraders in the environment (Salanitro & Wisniewski ranged from 30 to 70% in 105 days. MTBE degrad-
1996). A summary of a number of studies evaluating ation was lower at the site with the higher organic

Biodegradation of MTBE in environmental
samples



content presumably due to competitive inhibition by
alternative carbon substrates. The mineralization of
TBA was more rapid than that of MTBE with 70%
of the TBA recovered as GQn 27 days.

In a field study at the Port Hueneme Naval Base
Site, California, approximately 2 to 8 mg/L of MTBE

were degraded in aquifer zones that were amended tga  CHs e

with oxygen over a period of 260 days suggesting

MTBE
CH,

|
CH;— C— O — CH,

CH,

l
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TBF CH,

sre---s# CH,— C— O— CHO

CH,

that naturally-occurring MTBE degraders are present 5™ |C — o Formaldehyde
at some sites (Salanitro et al. 1999). The degrada- CH,
tion of MTBE was reportedly stimulated after a lag
period of 2 months when oxygen levels were increased |
from 1 mg/L up to a maximum of 20 mg/L. The de- '
gradation of the TBA (0.05-0.25 mg/L) presentinthe mur  cH,
MTBE plume was not initially observed in the oxy- |
gen amended zone but later took place following alag ~ CH:— ¢ — CH.— oH
phase. OH
In a field study conducted to monitor the long term
attenuation of MTBE in subsurface environments, |
groundwater amended with MTBE, a number of other '
gasoline hydrocarbons and a conservative tracer was HiBA  CH; o
injected below the water table at the Borden Aquifer - (|:_ C/
in Canada (Hubbard et al. 1994). While the concen- <™ |~ '\~ Propmel ———= Acetone
trations of BTEX compounds decreased rapidly over on OH

time du_ring the ﬁr_St 16 month_s, the initial mass of Figure 1. A demonstrated pathway for the degradation of MTBE
MTBE introduced into the aquifer persisted. AImost under aerobic conditions. Adapted from Hardison et al. (1997),

eight years later, a mass balance on the MTBE remain- Salanitro et al. (1999) and Steffan et al. (1997).

ing in the groundwater revealed that 97% of the initial

mass was lost (Schirmer & Barker 1998; Schirmer

et al. 1998). Based on the well-characterized prop- jes suggest that the ether bond of MTBE is enzymat-
erties of this site, sorption, abiotic degradation and jcally cleaved yielding TBA and formaldehyde as the
volatilization were ruled out as significant MTBE loss  predominant detectable metabolic intermediates (Fig-
mechanisms and it was suggested that the majority yre 1) (Salanitro et al. 1999; Steffan et al. 1997). Some
of the missing MTBE was biodegraded. In support studies, however, suggest that TBF is the first meta-
of this hypothesis, the biodegradation of MTBE was polite of MTBE degradation (Hardison et al. 1997)
evaluated in microcosm and column batch studies us- and that due to its rapid hydrolysis rate, it is quickly
ing groundwater and aquifer materials from the site converted to TBA and is unlikely to accumulate at
(Church et al. 1997; Schirmer et al. 1999). Results detectable levels (Church et al. 1997). TBA has been
from the laboratory studies confirmed the presence of shown to further biodegrade to 2-methyl-2-hydroxy-
indigenous aquifer microorganisms with the ability to  1-propanol (also known as 2-methyl-1,2-propanediol,
degrade MTBE (Schirmer et al. 1999). MHP) and 2-hydroxyisobutyric acid (HIBA) (Stef-
fan et al. 1997). Speculated downstream intermedi-
ates include 2-propanol, acetone and hydroxyacteone
(Church et al. 2000; Deeb et al. 2000b; Salanitro et al.
1998; Steffan et al. 1997).

All of the above reports suggest that a monooxy-
genase enzyme is involved in the initial biotrans-
Although several pure and mixed cultures have been formation of MTBE to TBA under aerobic conditions
reported to degrade MTBE, the pathway(s) respons- (Hardison et al. 1997; Salanitro et al. 1999; Steffan
ible for MTBE degradation have not been fully elucid- et al. 1997). In some cases, a complex monooxy-
ated. Results from several of the above discussed stud-genase, cytochrome P-450, has been implicated in

Mechanisms of MTBE biodegradation

Proposed metabolic pathways
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catalyzing this reaction (Hardison et al. 1997). Cyto- diates of MTBE degradation include formaldehyde,
chrome P-450 enzymes are common to both proka- TBA, MHP, HIBA, 2-propanol and acetone (Figure
ryotic and eukaryotic cells and are a group of integral 1). While the biodegradability of formaldehyde, 2-
membrane proteins. Cytochrome P-450 hydroxylates propanol and acetone is well documented, not much
organic compounds at the expense of one oxygeninformation is available on the biodegradation poten-
atom from molecular oxygen and a reducing equiva- tials of MHP and HIBA. However, based on the chem-
lent (ASM 1994; Brock & Madigan 1994). This type ical structures of these two compounds, both should
of enzyme has been shown to be responsible for the be expected to degrade at faster rates than MTBE and
transformation of MTBE and ETBE to TBAinratand TBA. In fact, the accumulation of significant concen-
mouse tissues and in human liver microsomes (Hong trations of MHP and HIBA during the biodegradation
etal. 1997 & 1999). of MTBE and TBA has not been observed in laborat-

The metabolism of both MTBE and TBA in animal  ory studies (Steffan et al. 1997). On the other hand,
and human tissues has been the subject of a number oimany studies have documented the accumulation of
studies. The results of these studies revealed that, inTBA during the biodegradation of MTBE (Hardison
most cases, the intermediates of MTBE metabolism by et al. 1997; Park & Cowan 1997a, b; Salanitro et al.
eukaryotic cells are the same intermediates associatedl994; Steffan et al. 1997). In some of these studies,
with its prokaryotic metabolism. For example, TBA MTBE was incompletely degraded to TBA as a dead-
has long been known to be the major product of MTBE end product (Hardison et al. 1997). In other studies,
metabolism in tissues of mice and rats (Johanson et al. TBA was shown to accumulate until MTBE was sig-
1995; Miller et al. 1997) and more recently in human nificantly degraded (Salanitro et al. 1994; Steffan et
tissues (Nihlen et al. 1998). al. 1997). Perhaps one of the most interesting ques-

Similar results have been observed in studies with tions regarding the enzymatic mechanisms involved
animal subjects including mice and rats. Previously, in the degradation of MTBE by prokaryotic cells is
TBA was thought to be inert in tissues and was heav- whether MTBE monooxygenase is also responsible
ily used as a solvent and perfume carrier in cosmetics. for TBA degradation. It is unclear from previous stud-
Later, studies revealed that TBA has potentially harm- ies whether the enzymatic attack on MTBE or TBA
ful effects and that it can be metabolized in tissues is the rate limiting step for the complete degradation
to formaldehyde and acetone (Cederbaum & Cohen of MTBE. In fact, the observed range of results with
1980; Cederbaum et al. 1983; CIREP 1989). Recent respect to the accumulation of TBA during MTBE
studies with improved analytical methods revealed degradation suggests that the kinetics may differ sig-
that MTBE can be rapidly metabolized to TBA in an- nificantly among different species. The purpose of
imal tissues, and that the major metabolites recoveredthis section is to give an overview of TBA degrada-
in urine samples of animal subjects were also MHP tion reports, to compare MTBE and TBA degradation
and HIBA (Miller et al. 1997). In a study where rats rates by MTBE-degrading cultures, and to determine
were exposed to MTBE by inhalation and to TBA or- whether the available information suggests that the
ally, TBA conjugates, MHP, HIBA and acetone were metabolism of TBA is the rate limiting step for MTBE
detected as metabolites (Bernauer et al. 1998). degradation.

Studies that have evaluated the metabolism of  To begin with, a comprehensive summary of res-
MTBE by humans showed that each of the major ults from studies reporting both the degradation of
detectable intermediates were MPH and HIBA with  MTBE and TBA is presented in Table 2. In some
traces of formaldehyde and acetone (Nihlen et al. cases, cultures were capable of degrading TBA but
1999). Each of these four compounds has also beennot MTBE. For example, Fayolle et al. (1999) demon-
detected as an intermediate of MTBE metabolism by strated the mineralization of TBA, but not MTBE, by
bacterial cells (Steffan et al. 1997). activated sludge consortia. A pure cultuRséudomo-

nassp. IFP 2003), isolated from a consortium, was
Potential accumulation of rate limiting intermediates ~ Shown to utilize TBA as the sole carbon and energy

source. While not being capable of MTBE degrada-
The results from a number of the studies discussed tion, the culture rapidly mineralized TBA at a rate of
in previous sections suggest that low growth rates on 18 mg/g cells/h. In another study, TBA at a concen-
MTBE could be due to the slow metabolism of a rate tration of 3 mg/L was completely biodegraded after
limiting intermediate. The proposed major interme- 200 days in microcosms using soil from a gasoline-



contaminated site while no biodegradation of MTBE
took place following incubation periods up to 1 year
(Zenker et al. 1999). In a third study, TBA was de-
graded with a half-life of 16 days in aquifer soils
from a gasoline-impacted site while MTBE was not
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The effect of co-contaminants on MTBE
degradation rates

The biodegradation of MTBE can either be enhanced
or repressed by the presence of other organic contam-

(Salanitro etal. 1998) These observations are not Sur-inantsin groundwater p|umes_ Thatis, the biodegrada-
prising since the degradation of TBA has been widely tion of MTBE can be stimulated by a cometabolic sub-
reported (Hickman & Novak 1989; Hickman et al. strate as was discussed in a previous section. On the
1989; Novak et al. 1985; Yeh & Novak 1991, 1994, other hand, MTBE biodegradation can be inhibited by
1995). Novak et al. (1985) investigated the biodegrad- the presence of more readily degradable compounds
ation potential of TBA and reported its disappearance in subsurface environments. The inhibition of MTBE
in microcosms prepared using soils from three subsur- degradation by organic contaminants can be caused by
face sites. Hickman and Novak (1989) reported the a number of phenomena including specific inhibition
degradation of TBA in a range of subsurface soils at of the MTBE-oxidizing enzyme, preferential utiliz-
rates of 0.1 t0 0.3 mg/L/d TBA degradation has also ation of hydrocarbons by MTBE_degrading cultures,
been shown to take place under anaerobic COﬂditiOﬂSor growth of non_MTBE_degraderS that can outcom-
in a range of soils at rates of 0.05 to 0.15 mg/d/g pete the slow-growing MTBE-degraders for available
soil (Yeh & Novak 1994) suggesting that naturally 0C- electron acceptors and nutrients.
curring TBA degraders are indigenous to subsurface  Following a spill involving an MTBE-blended gas-
environments. oline, MTBE is typically the first compound to be
The inconsistency of the summarized results in detected in groundwater downgradient from the spill
Table 2 suggests that the degradation mechanisms(Shaffer & Urchin 1997). This is because MTBE has
of MTBE and TBA could be culture dependent. A the highest solubility and polarity, and the lowest sorp-
better understanding of the monooxygenase enzymestion potential among gasoline hydrocarbons. While
responsible for MTBE and TBA degradation by dif- the aliphatic components of gasoline are relatively
ferent cultures will facilitate predictions of when TBA  immobile due to their low solubility in water, ground-
oxidation is the rate-limiting step for MTBE degrad- water contaminated with MTBE-blended gasoline can
ation. While it seems that both MTBE and TBA are pe expected to contain the monoaromatic components
initially attacked by monooxygenase enzymes, it is of gasoline together with MTBE. Key physical and
unclear whether the same enzyme could be respons-chemical properties of MTBE are presented in Table 3
ible for the degradation of both compounds. In a study and are contrasted to properties of BTEX compounds,
with a cometabolizing culture, the enzyme inhibitor, the major aromatic components of gasoline. BTEX
acetylene, was shown to inactivate the oxidation of compounds are used to enhance the octane rating of
propane, MTBE and TBA suggesting that MTBE and gasoline and to reduce knocking in combustion en-
TBA were both oxidized by propane monooxygenase gines. When leaded gasoline was phased out, the frac-
(Hyman et al. 1998). In a study with a culture that tion of BTEX compounds in gasoline increased from
grows on MTBE, MTBE-grown cells degraded TBA  about 26 to 34% on a volume basis (Cline et al. 1991).
rapidly while TBA-grown cells did notdegrade MTBE  More recently, depending on the source of crude oil
suggesting that the monooxygenase enzymes inducedand the refining method used, the total aromatic frac-
by MTBE and TBA were different (Deeb et al. 2000b).  tion in gasoline has been as high as 40% but in some
As the problems associated with MTBE contam- cases limited to a maximum of 25% when fuel oxy-
ination continue to emerge and magnify, interest in genates are added (Poulsen et al. 1992; Thomson et al.
the fate and transport of TBA in the subsurface is 1999). Therefore, while MTBE is likely to dominate
likely to intensify. To begin with, TBA can be present  at the leading edge of gasoline-impacted groundwa-
in MTBE-blended gasoline as an impurity and may ter plumes, it can be expected to co-exist with BTEX
therefore appear in groundwater at gasoline spill sites. compounds near contaminant sources and at the lag-
In addition, microbial oxidation and hydrolysis of gmg edge of contaminant p|umes_ A recent survey
MTBE in aquatic environments is expected to produce reported the co-occurrence of MTBE and BTEX com-
TBA. As a result, the detection of TBA in subsurface pounds at a |arge number of gaso”ne-contaminated
environments has been suggested as an indicator ofsjtes in California (Happel et al. 1998). Once the point
MTBE bioattenuation (Church et al. 1997). source was eliminated, and given time and distance,
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Table 2. Comparative summary of MTBE and TBA degradation rates by cultures from a number of environmental sources

Reference Notes MTBE degradation TBA degradation
rate rate
Salanitro et al. 1994 Mixed culture (BC-1) 34 mg/g cells/h 14 mg/g cells/h

MTBE was used for growth
TBA was not effective as a growth substrate
TBA accumulated (transient) during MTBE degradation

Park & Cowan 1997a,b  Mixed culture MTBE > TBA TBA < MTBE
MTBE and TBA were used for growth NR NR2
TBA accumulated (transient)
during MTBE degradation

Fortin et al. 1997 MTBE and TBA were used for growth 1.1-2.6 mdlL/h 1.8-2.8 mg/L/R
TBA did not accumulate during
MTBE degradation
Church et al. 2000 Pure culture (PM1) 2.16x 102 mM/h P 2.96x 102 mM/hP
Deeb et al. 2000a, b MTBE and TBA were used effectively for growth
Hanson et al. 1999 TBA did not accumulate during MTBE degradation
Hyman et al. 1998 Pure cultur¥#énthobactesp.) 5.9-15 nmol/min/mg protein 3.1 nmol/min/mg protein

MTBE and TBA were degraded cometabolically

Steffan et al. 1997 Pure cultures (ENV425 and ENV 421) 2.1-9.2 nmol/min/mg protein 1.3-2.4 nmol/min/mg protein
MTBE and TBA were degraded cometabolically

Garnier et al. 1999 Pure culturBgeudomonas aerugingsa 3.9 nmol/min/mg protein 0.95 nmol/min/mg protein
MTBE and TBA were degraded cometabolically

Bradley et al. 1999 Stream-bed sediments from gasoline-contaminated sites 30-70% mineralized in 105d  70% mineralized in 27 d
MTBE and TBA were mineralized

Salanitro et al. 1998 Groundwater from Southbridge site SND Half-life =16 d

Fayolle et al. 1999 Pure cultur®¢eudomonasp. IFP 2003) NB 18 mg/g cells/h
Cometabolic

Zenker et al. 1999 Soil from gasoline-contaminated site ¢ND 3 mg/L MTBE in 200 d

&NR = not reported.
b Inoculation density not reported.
C ND = not degraded.

dissolved plumes of MTBE were shown to separate the ease of degradability of BTEX compounds could
from BTEX plumes causing detection frequencies of cause the repression of MTBE degradation in mixed
concurrent BTEX and MTBE to decrease in monitor- contaminant plumes.
ing wells at these sites from 80 to 60% over a period Limited studies have evaluated the effect of sub-
of three years. strate interactions on the biodegradation rates of
Because aromatic compounds are ubiquitous in MTBE and BTEX compounds in contaminant mix-
the environment, a variety of microorganisms have tures. In most of the reported studies, the pres-
evolved that are capable of exploiting them as sourcesence of MTBE at concentrations comparable to
of carbon and energy (Smith 1990; Zylstra 1994). those reportedly detected in groundwater at gasoline-
The widespread distribution of soil bacteria capable of contaminated sites did not have a negative effect on
metabolizing BTEX compounds is well documented BTEX degradation rates suggesting that the presence
(Gibson & Subramanian 1984). As a result, biode- of MTBE does not affect the cell viability and activity
gradation is recognized as the major attenuation mech-of BTEX-degrading cultures (Deeb & Alvarez-Cohen
anism for BTEX compounds in groundwater aquifers 2000; Jensen & Arvin 1990; Salanitro et al. 1999).
(Rice et al. 1995; Salanitro 1993). It is therefore im- The results from studies that have evaluated the ef-
portant to determine whether the presence of MTBE fect of BTEX compounds on MTBE biodegradation
could negatively impact BTEX attenuation rates lead- rates are not as clear or consistent. In one case, the
ing to the elongation of BTEX plumes, or whether cometabolic degradation of MTBE by cultures grown
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Table 3. Selected physical and chemical properties of benzene (B), toluene (T), ethylbenzemaylEhe ©-X), m-xylene fn-X), p-xylene

(p-X) and methyltert-butyl ether (MTBE)

Benzene Toluene Ethylbenzene o-xylene m-xylene p-xylene MTBE
Molecular weight 78.1 92.1 106.2 106.2 106.2 106.2 88.2
[g/mol]
Specific gravity 0.88 0.87 0.87 0.88 0.86 0.87 0.74
Boiling point 80.1 110.6 136.3 144.4 139.3 137-138 53.6-55.2
[°q
Water solubility 1780 535 161 175 146 156 43000-54 300
[mgiL]
Vapor pressure 76-95 28 9.53 6.6 8.3 8.7 245-256
[mm Hg] @ 25°C
Log K&, 15-2.1 1.6-2.2 2.0-3.0 1.7-1.8 2.2-3.2 2.1-3.1 1.0-1.1
Log ng 1.6-2.2 2.1-2.8 3.2 2.8-3.1 3.2 3.1-3.3 1.2

8 K¢ is the organic carbon based partition coefficient.
8 Kow is the octanol water partition coefficient.

Adapted from Howard (1991), Mackay & Shiu (1981), Mackay et al. (1992), Merck Index (1989), Verschueren (1996) and Zogorski et al.

(1997).

on benzene oo-xylene was severely retarded by low
concentrations (0.15 mg/L) of benzene (Koenigsberg
et al. 1999).

In studies with a pure culture PM1, MTBE and

two independently-induced monooxygenase-initiated
pathways (Deeb et al. 2000a).

The impact of toluene on MTBE degradation was
also evaluated in studies conducted with a pilot-scale

benzene were each utilized as the sole source of carborbiofilter that was inoculated with an MTBE-degrading

and energy (Deeb et al. 2000b). PM1 was not shown

consortium (Eweis et al. 1997 & 1998). After this

to degrade ethylbenzene and the xylenes at concen-biofilter had been treating a 30 to 40 ppm MTBE-

trations of 20 mg/L and the concurrent presence of
these compounds in mixtures with MTBE completely
inhibited the biodegradation of MTBE. Substrate in-
teractions during the degradation of mixtures of 20
mg/L benzene and 20 mg/L MTBE by MTBE-grown
cells were particularly distinctive. The degradation of
MTBE proceeded until benzene started to degrade.
Following a lag phase of approximately four hours,
benzene degradation proceeded rapidly. At this point,
the rate of MTBE degradation slowed significantly
until all of the benzene was degraded after which
the rate of MTBE degradation increased to previous

levels. The lag in benzene degradation was presum-

ably due to the induction of the enzymes necessary for

contaminated air stream for 180 days, 8 to 25 ppm
toluene were added to the MTBE-laden influent. The
biofilter acclimated quickly and was able to fully
remove both compounds. However, when the concen-
tration of toluene was increased to 70 ppm, MTBE and
toluene removal efficiencies dropped to less than 70%
presumably due to nitrogen limitations at the higher
carbon loading rate. Itis unclear from this study which
organisms within the consortium were responsible for
the degradation of MTBE and toluene, and whether
they shared a common enzymatic pathway.

In studies by Church et al. (1999), the biodegrad-
ation of MTBE was evaluated in laboratory columns
packed with aquifer material from four different sites.

its degradation. However, once the necessary enzymesMTBE was shown to degrade under aerobic condi-
were induced, sequential additions of benzene or tolu- tions but only in the absence of BTEX compounds.
ene were rapidly degraded. Benzene-grown cells of The authors of this study suggested that the degrad-
PM1 degraded toluene without a lag phase whereasation of MTBE is not likely to occur in the presence
MTBE was degraded after a long induction period (15 of significant levels of readily degradable hydrocar-
hours). Results from this study suggest that MTBE bons. Observations from a number of field studies
and benzene degradation by PM1 takes place by support the results of this study. For example, at a
site in Michigan where the activity of aquifer mi-
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croorganisms was stimulated using Oxygen Releasing the addition of electron acceptors, inorganic nutrients,
Compounds (ORC), MTBE degradation was shown or a primary substrate if the contaminant of concern
to occur but only after BTEX concentrations were is not a good source of carbon and energy (NRC
significantly reduced (Koenigsberg et al. 1999). Sim- 1993). In some cases, the addition of exogenous mi-
ilar trends of MTBE and BTEX disappearance were croorganisms could be needed to promote contaminant
observed at other MTBE-impacted sites where ORC destruction.

were used. In laboratory studies conducted in paral-  Several studies have examined the effect of envir-
lel with the above-mentioned field studies, the pres- onmental conditions, particularly dissolved oxygen,
ence of xylene together with MTBE caused a 52% in addition to temperature and pH, on the activity of

reduction in MTBE degradation.

MTBE-degraders. In the absence of oxygen, MTBE

The results from the above studies suggest that has been shown to be relatively resistant to microbial

the bioattenuation rates of BTEX compounds might
not be significantly affected by the concurrent pres-
ence of MTBE in contaminant plumes. However, it
is possible that the bioattenuation of MTBE could be
inhibited by BTEX compounds due to BTEX prefer-

ential utilization or to the depletion of electron accept-

attack with some exceptions (Hurt et al. 1999; Yeh
& Novak 1995). In the presence of oxygen, decreas-
ing activities of MTBE-degraders have been shown
to be strongly correlated to reductions in dissolved
oxygen concentrations. This phenomenon has been
observed in laboratory studies (Park & Cowan 1997a,

ors and nutrients. Therefore, it is likely that even in b; Fortin & Deshusses 1999a, b; Koenigsberg et al.
the presence of indigenous microorganisms capable1999; Yang et al. 1998), in pilot scale bioreactors
of degrading MTBE, the rate of MTBE degradation (Sun et al. 1996; Tang & Sun 1997) and in field tri-
could be delayed if more easily degradable contamin- als at gasoline-contaminated sites (Javanmardian &
ants are present. Clearly, controlled field studies are Glasser 1997; Salanitro et al. 1999). In studies by
needed to elucidate MTBE degradation potential in Park and Cowan (1997a, b) and Steffan et al. (1997),
co-contaminant plumes. 10 to 15°C increases in temperature induced up to
four-fold increases in MTBE degradation rates in ad-
dition to optimizing growth rates and cellular yields
of MTBE-degrading cultures. When investigated, the
activity of MTBE-degrading cultures was also found

As was described in previous sections, several cul- tobea Strong function of pH with decreasing activities
tures from diverse environments have been shown to outside the neutral pH range (Eweis et al. 1997).
efﬁcient]y degrade MTBE in shake flask experiments The results from these studies are useful for devel-
under controlled laboratory conditions. In addition, ©Oping strategies to apply engineered bioremediation
the successful removal of MTBE from contaminated for the treatment of MTBE-contaminated aquifers. To
fluids has been demonstrated in a number of pilot begin with, it is clear that the presence of oxygen
and field scale fixed-film or suspended-growth biore- is critical for the degradation of MTBE by most of
actors. While in some instances MTBE was shown the examined cultures. Therefore, addition of oxy-
to degrade in laboratory aquifer microcosms and at gen to the aquifer would be beneficial especially in
gasoline-contaminated sites, there are no compelling the vicinity of gasoline release sources where rapid
indications that the bioattenuation of MTBE is occur- consumption of oxygen is typically observed. Next,
ring at significant rates in subsurface environments. if the indigenous microbial populations do not pos-
As a result, biological removal of MTBE has yet to S€ss the ability to utilize MTBE as a primary sub-
be widely applied in the field. In order to increase Strate, a cometabolic substrate can be introduced to
the feasibility of usingin situ bioremediation as a  groundwater aquifers in order to support microbial
treatment technology for MTBE, an active engineering growth and to provide energy. Several compounds,
approach can be implemented to enhance and optim-including propane,iso-propanol andn-butane, are

ize MTBE biodegradation processes. Enginedred —documented cometabolic substrates for MTBE bio-
situ bioremediation involves the stimulation of mi- degradation (Hardison et al. 1997; Steffan et al.
croorganisms within a subsurface aquifer to degrade 1997). However, some studies have suggested that

contaminants of concern by active manipulation of even when indigenous MTBE-degrading cultures are
physicaL chemical or bio|ogica| conditions. In most present in subsurface environments, their concentra-

cases, stimulation of microbial populations requires tions could be too low to sustain MTBE metabolism

Current and future research directions
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(Salanitro et al. 1998). Therefore, aquifer seeding Backer LC, Egeland GM, Ashley DL, Lawryk NJ, Weisel CP, White
(bioaugmentation) with laboratory enriched MTBE- MC, Bundy T, Short E & Middaugh JP (1997) Exposure to reg-

: : . ular gasoline and ethanol Oxyfuel during refueling in Alaska.
degrading populations could be necessary in some Environ, Health Perspect. 105: 850855

cases to promOtet MTBE degrad_ation at_leve!s required gerauer U, Amberg A, Scheutzow D & Dekant W (1998) Biotrans-
to adequately mitigate contaminant migration. As a  formation of 12C- and 2-13C-labeled methgrt-butyl ether,
result, several field studies are Currently belng conduc- ethyl tert-butyl ether andert-butyl alcohol in rats: Identifica-

. . oo . . tion of metabolites in urine by 13C nuclear magnetic resonance.
ted to investigate the feasibility of bioaugmentationat  ~ - "res Toxicol. 11: 651-658

gasoline-contaminated sites. Preliminary results from orden RC, Daniel RA & LeBrun LE (1997) Intrinsic biodegrad-
a bioaugmentation study conducted at Port Hueneme, ation of MTBE and BTEX in a gasoline-contaminated aquifer.
CA, using a mixed culture (MC-100) revealed that _ Water Resour. Res. 33: 1105-1115

. . . Bradley PM, Landmeyer JE & Chapelle FH (1999) Aerobic miner-
oxygen-amended biobarriers seeded with the laborat- alization of MTBE andert-butyl alcohol by stream bed sediment

ory culture were more effective than unseeded ones  microorganisms. Environ. Sci. Technol. 33: 18771879
for degrading MTBE (Salanitro et al. 1999). In a Brock TD & Madigan MT (1991) Biology of Microorganisms.
second field trial, a pure bacterial culture (PM1) and __Prentice-Hall, Englewood Cliffs, NJ

v bei . di h Brown A, Devinny JS, Davis MK, Browne TE & Rodriguez RA
oxygen are currently being injected into the MTBE- (1997) A review of potential technologies for the treatment

contaminated aquifer at Port Hueneme. MTBE de-  of methyl tertiary butyl ether (MTBE) in drinking water. In:
gradation readily occurred when aquifer microcosms Proceedings of the API/NGWA Conference on Petroleum Hy-

; ; o ol ; drocarbons and Organic Chemicals in Groundwater: Prevention,
with sediment samples from this site were inoculated Detection and Remediation, 12—14 November, Houston, TX

with PMl SUgg?Sting that this site would be a good cederbaum Al & Cohen G (1980) Oxidative demethylationt-of
candidate for bioaugmentation (Hanson et al. 1999).  butyl alcohol by rat liver microsomes. Biochem. Biophys. Res.
Results from these studies suggest that bioaugmen- Commun. 97: 730736

. s . Cederbaum Al, Qureshi A & Cohen G (1983) Production of form-
tation may be a promising situ teChnOIogy for the aldehyde and acetone by hydroxyl-radical generating systems

removal of MTBE from groundwater. during the metabolism of tertiary butyl alcohol. Biochem. Phar-
In conclusion, contrary to early reports of MTBE macol. 32: 3517-3524

. s . (1997) Method for determination of methtdrt-butyl ether and
biodegradability of MTBE suggests that MTBE is its degradation products in water. Environ. Sci. Technol. 31:

indeed degradable by a wide range of different mi-  3723-3726
croorganisms. Therefore, it is likely that an aerobic Church CD, Tratnyek P & Scow K (2000) Pathways for the de-
bioremediation strategy involving direct metabolism, gradation of MTBE and other fuel oxygenates by isolate PM1.

taboli bi tati bi Preprints of Extended Abstracts, Am. Chem. Soc. 40: 261-263
cometabolism, bioaugmentation, or some combina- cpyrcp CD, Tratnyek PJ, Pankow JF, Landmeyer JE, Baehr AL,

tion thereof, could be applied as a feasible and cost-  Thomas MA & Schirmer M (1999) Effects of environmental
effective treatment method for MTBE contamination. conditions on MTBE degradation in model column aquifers.

However. a better understanding of the factors Iimiting In: Proceedings of the Technical Meeting of USGS Toxic Sub-
! L . stances Hydrology Program, Vol 3 93-101). Charleston,
MTBE biodegradation in the environment are needed  g¢ yerology Feg (PP )
to effectively design such strategies. Cline PV, Delfino JJ & Rao PS (1991) Partitioning of aromatic
constituents into water from gasoline and other complex solvent
mixtures. Environ. Sci. Technol. 25: 914-920
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