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Introduction

The addition of methytertiary-butyl ether(MTBE) to gasoline
became controversial after its detection in waters of the United

able at most refineriegmethanol, from natural gas and isobuty-
lene, a refinery by-productSquillace et al. 1997 It also blends
easily with gasoline and can be shipped through existing pipe-
lines.

MTBE in drinking water causes taste and odor problems. It
has a distinctive and unpleasant turpentine-like taste and odor that
can be detected at concentrations as low as 2.5 ppb for odor and
2.0 ppb for tast§USEPA 2000. The California Department of
Health and Safety has proposed a secondary maximum contami-
nant level of 5 ppb for MTBE based on taste and odor concerns
(Keller et al. 1998.

MTBE is classified as a possible human carcinogen by the
EPA as a result of inhalation cancer te@tkSEPA 2000. In 1997,
the EPA concluded that there was not enough information avail-
able on MTBE health effects and exposure to establish a national
primary drinking water regulation, and there was a low probabil-
ity that MTBE between 20 and 4Q.g/L would cause adverse

States. Probably the beginning of widespread public concern health effects. Some states have established their own standards.

about MTBE came about after the detection of MTBE in the
drinking water of the City of Santa Monica, Calif. Fifty percent of
Santa Monica’s drinking water came from groundwater, which

was found to be contaminated by underground storage tanks

(UST). In August 1995, MTBE was detected in groundwater from
one of two well fields, and by April 1996, the concentration was
up to 610pg/L. All of the wells from that well field(the Char-
nock) were closedUSEPA 2000. Additionally, the United States
Geological Survey(USGS National Water Quality Assessment
Program (NAWQA) found that MTBE was detected at a fre-
quency of 16.9% in wells in urban areas and 3.4% in wells in
rural areagSquillace et al. 1999(Fig. 1). Of 60 volatile organic
compoundgVOC), only trichloromethandchloroform) was de-

tected with greater frequency. This result is rather remarkable, as
MTBE has only recently been widely used as a gasoline additive.

For example, California and New Hampshire have proposed
drinking water standards of 1;3g/L (USEPA 2000.

MTBE has also been detected in lakes and reser(bigs 1)
coming mostly from watercraft emissions, discharge of contami-
nated groundwater, fallout from precipitation, storm water runoff
or direct release&Squillace et al. 1997 Reuter et al(1998 con-
ducted a study at Donner Lake, Calif. and found that MTBE
levels rose significantly from 0.1g/L during the winter season to
12.1 ng/L during the summetboating seasgnThe Metropolitan
Water District of Southern CalifornidDale et al. 1998 con-
ducted an MTBE monitoring program in six surface water reser-
voirs and observed that the occurrence of MTBE was correlated
to the pattern of recreational use by motorized watercraft. In
Shasta Lake, a recreational-use reservoir in California, MTBE

A more recent joint USGS/EPA study of 12 northeastern states concentrations over the 1996 Labor Day weekend ranged between

that is examining MTBE and other VOC data in a random sam-
pling of 20% of their drinking water supplies has so far detected
MTBE in 7% of drinking water samples, with only 0.8% of the
detected amount over 30g/L (the lower boundary of EPA's con-
sumer advisory (USEPA 2000. The joint USGS/EPA study also
found that MTBE was detected more frequently in drinking water
from areas with RFG or Oxyfuel than in areas without these fuel
types and that there was very little cooccurrence of BTB&n-
zene, toluene, ethylbenzene, and xylensih the detection of
MTBE.

MTBE was initially added to gasoline to boost performance in

9 and 88p.g/L. The maximum values were associated with large
boats entering the docking area or with engine exhaust from the
boats(USEPA 2000.

Elevated levels of MTBE in the Merrimack River, Massachu-
setts were detected after a release of approximately 11,000 gal-
lons of gasoline from a tanker truck. The cities of Tewksbury,
Methuen, and Lawrence, which use the river as their drinking
water supply, had to temporally close their water treatment plants
until MTBE concentrations dropped to safe leveIEsSEPA 2000.

A study of MTBE in California’s drinking watefCalifornia
Department of Health Services 200ghows that out of 670 sur-

the 1970s as alkyl lead additives were discontinued and was laterface water sources sampled, 31 sour@e6% exhibited measur-

added to improve air quality in accordance with the Clean Air Act
(CAA) Amendments of 1990. In 1992, oxygenated gasoline was

able levels of MTBE, with 10 sources having levels higher than 5
wg/L.

required in areas that did not meet the carbon monoxide standard As a result of the growing concern about MTBE, the U.S.

during the winter(Wintertime Oxyfuel program In 1995, nine

Environmental Protection Agency convened a panel, known as

ozone nonattainment areas were required to use reformulatedhe Blue Ribbon Panel, in November 1998 to investigate water
gasoline (RFG) containing oxygenates year round. MTBE is and air quality issues associated with the use of oxygenates in
added at concentrations from 11 to 15% by volume to oxyfuels gasoline. The Blue Ribbon Panel recommended improvements to
and RFG(Fig. 2). It is the most commonly used oxygenate in the nation’s water protection programs, reduction in the use of
RFG because it is low cost and produced from compounds avail-MTBE, removal by Congress of the Clean Air Act requirement
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Fig. 1. MTBE detections in ambient ground wat&tAWQA Program and in source water®ational MTBE Survey (from Clawges et al. 2000

that 2% by weight of RFG consist of oxygen, and that EPA act to graded(Salanitro et al. 1994 Some field studies have indicated
retain air quality improvements brought about by using MTBE that MTBE is degraded by adapted native microorgani§ius-
(USEPA 1999. den et al. 199 Other field studies have shown that amendments

Some states have taken more agressive action. The governor obf chemicals(oxygen, cosubstrateand microorganisméMTBE
California issued an executive order in March 1999 to the Air degradersare necessary for MTBE biodegradation.

Resources Board to develop a timetable for the removal of MTBE  This article outlines the state of knowledge on plume behavior
from gasoline by no later than December 31, 2002. Maine opted in groundwater. Our current understanding of aerobic and anaero-
out of the reformulated gasoline program in March 1999. New bic biodegradation of MTBE in both field and laboratory studies
Hampshire enacted a law in July 1999 aimed at reducing the useis presented next followed by a detailed discussion of MTBE
of MTBE. The law also required that the state request a waiver remediation using natural attenuation and bioremediation tech-
from the EPA about meeting RFG requirements until 2002. Ari- nologies among others. The article is not intended as an exhaus-
zona, Kansas, Missouri, New York, and South Dakota have eithertive analysis of MTBE remediation but rather as a retrospective of
proposed bans, phase-outs, or limited the use of MTBEEPA what progress has been accomplished to date.

2000.

MTBE'’s physical and chemical properties have given the en-
vironmental industry cause for concern. It has a relatively high Methyl tertiary -Butyl Ether in Groundwater—Plume
water solubility(approximately 50,000 mgjL(Table 1), so it can Studies
achieve higher dissolved concentrations in groundwater than
other gasoline components. It has a lower affinity for sorption Several large-scale studies of MTBE and BTEX plumes have
than other gasoline components as can be seen in Table 1 andompared the detection and concentration of BTEX and MTBE in
therefore moves with a velocity close to that of groundwater. Its groundwater and plume lengths to predict the impact of MTBE on
low Henry’s law constant leads to its partitioning to the water groundwater resources using either state databases or corporate
phase rather than air. records. In a 1998 report at Lawrence LivermdHappel et al.

As a result, MTBE's fate and transport in the environment has 1998, the impact of MTBE on groundwater in California was
been an area of active research in recent years. The biodegradaanalyzed. They studied data from 236 leaking underground fuel
tion of MTBE in laboratory and field settings has been the subject tank (LUFT) sites and found that MTBE was detected at 78% of
of numerous studies. As with most subjects of active research, thethe sites in 1995-1996. Based on data from San Diego County,
prevailing wisdom about MTBE’s biodegradability has shifted Happel et al(1998 found that the detection of MTBE and BTEX
during the last decade or so. Early laboratory resegBafiita and together in one monitoring well decreased over a period of 3
Mormile 1993, and site investigations indicated that MTBE was years, from 80 to 60%. During this same time, MTBE and BTEX
recalcitrant. Further research showed that MTBE could be biode-were detected with the same frequency. Because the authors as-
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Content of MTBE in gasoline
1 [__] No known use
2 >0to 1%
3 1t05%
4 Il 51t 10%
5 Il > 10%

Fig. 2. Content of MTBE in gasoline, Winter 1997—-%8om Clawges et al. 2000

sumed that the majority of BTEX plumes are stabihich is a concentrations above 10,0Q@/L. At the 100 ng/L concentra-
good assumption the dissociation of MTBE from BTEX sug- tion, MTBE plumes had a median length of 50(&63 ff) and a
gested that the MTBE plumes are separating from the BTEX geometric mean length of 59 (495 ft); whereas, benzene plumes
plumes and moving from BTEX-impacted to non-BTEX- were 43 m(141 ff) in median length, with a geometric mean
impacted wells. In downgradient wells, the concentration of length of 48 m(156 ft).
MTBE was equal to or higher than BTEX, implying that MTBE A few sites had enough data to allow examination of concen-
will be leaving the existing monitoring networks. The benzene trations over time in specific wells or examination of the plumes
concentration decreased by several orders of magnitude in down-over time. The authors did not observe an increase in MTBE
gradient wells, which is indicative of natural attenuation through concentration at any wells, possibly because the monitoring wells
biodegradation, but MTBE concentrations decreased by only onein the database are not at the leading edge of the MTBE plume.
order of magnitude, which is more indicative of natural attenua- The authors stated that the MTBE concentrations seem stable or
tion by dispersion. However, the data are limited, and the authorsdecreasing at many of the leaking petroleum storage aRET)
recognized the need to examine the MTBE plumes in the future sites, which may be evidence of natural attenuation of MTBE.
when more monitoring results are available. Buscheck et al(1998 reported on a plume study at service

A similar study conducted in Texas by Mace and C®98 station sites across the United States. MTBE and benzene data
used a database that had 609 sites with at least one detection ofvere available for over 700 sites, and total petroleum hydrocar-
MTBE. MTBE was above the detection limit in groundwater at bon(TPH) data were available for most of these sites. The authors
93% of the 609 sites. Seventy-three percent of the sites had maxifound that MTBE was detected at the highest percentage of sites
mum concentrations above 2Q@/L, and 28% had maximum in states where MTBE has been in use the long&skas 96%,

Table 1. Chemical Properties of Selected Hydrocarbon Compounds

Solubilit
Compound Vapor pressufenm Hg at 20°Q (mg/L)y Henry’s law constanfdimensionless log K. (at 20—25°Q
Aromatic gasoline hydrocarbofs
Benzene 95.2 1,750 0.22 1.58
Toluene 30.0 515 0.26 2.13
Ethylbenzene 10.0 152 0.32 1.98
Xylenes(mixed isomers 7.0 198 0.29 2.38
Chlorinated solvenfs
TetrachloroethylenéPCE) 19.0 143 1.21 2.43
Trichloroethyleng(TCE) 58.0 1,000 0.417 1.26
Oxygenaté%
Methyl tertiary butyl etheMTBE) 240 48,000 0.022 t0 0.12 0.55 t0 0.91
Ethyl tertiary butyl etheETBE) 130 12,000 0.11 NA
Tertiary amyl methyl ethe(TAME) 75 12,000 0.081 NA
Diisopropyl ether(DIPE) 159 2,000 0.199 1.13

Note: NA=not available.
3From Wiedemeier et al1999.
From USEPA(1998.
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Maryland 98%, California 83% High concentrations of MTBE BC-1 produced TBA, which was then metabolized via isopro-
in groundwater also varied geographically, with concentrations panol and acetone. Cowan and P&tR96 examined oxygenate
exceeding 1 mg/L at 81% of Maryland service station sites and biodegradation and oxygen uptake with a MTBE-degrading en-
only 48% of California sites. California required tank upgrades richment culture from a petroleum refinery wastewater treatment
before other states did, which may contribute to its lower MTBE plant. All five target oxygenate compounds—MTBE, ethgit-
detection rates and concentrations. At 69% of the sites in Califor- butyl ether(ETBE), tert-amyl methyl ethef TAME), tert-butyl
nia, the benzene concentration was less than, @20, and the alcohol(TBA), andtert-amyl alcohol(TAA)—were degraded. In
sites could be closed 74 out of 251 if benzene was the only risk  a later work, Park and Cowai997 used respirometry to deter-
driver. Unfortunately, of these 174 sites, 123 had MTBE concen- mine the effects of temperature and dissolved oxy(e®) on
trations greater than 3pg/L and were therefore unlikely to be MTBE degradation by mixed cultures acclimated to MTBE.
closed easily. Overall observations from the time series data wereMiller et al. (1997 used two parallel GAQgranular activated
that MTBE decreased only when benzene decreased, but MTBEcarbon bioreactors to treat groundwater contaminated with petro-
could increase independently of benzene. leum hydrocarbons and chlorinated solve(f®H and BTEX re-
Another plume study was conducted by BP Amoco to investi- movals were 80% ant 99%, respectively MTBE removal was
gate MTBE and benzene plume behaviBeisinger et al. 2000 high for the first two weekg99%), but then declined to 9%,
MTBE was detected in 38.9% of the samples, and benzene wasprobably as a result of sorption. After MTBE-degrading cultures
detected in 42.8% of the samples. The mean MTBE concentrationwere added, MTBE removal improved t075%.
was 317pg/L, and the mean benzene concentration was 365  Biodegradation of MTBE was observed in sediments from two

rg/L. The mean length of MTBE plumes using the 16/L con- gasoline-contaminated sites amended with uniformly labeled
tour was 43 m(140 ft); the mean length of benzene plumes using 4C-MTBE and'“C-TBA (Bradley et al. 1999 The authors then
the 10pug/L contour was 35 (115 ft). MTBE plumes overall  surveyed stream- and lake-bed sediments from 11 sites around the

were 18% longer than benzene plumes and 52% larger than benynited StategBradley et al. 2001band reported mineralization
zene plumes. Using well-specific time series data, the authorsijn gl sediments at a range of 15—66% after 50 days of incubation.
determined that 4.4% of the MTBE plumes were gromiagout The authors attributed the persisten@specially seasonabf
of 45), 6.6% were stablé3 of 45), and 89% were decreasing. MTBE in some surface water systems to be due to recontamina-
The above studies were mainly aimed at understanding plumetion rather than recalcitrance. MTBE biodegradation by mixed
behavior, but none of them addressed biodegradation of MTBE atcyjtures was also reported using laboratory-scale biotrickling
the field scale. (Fortin and Deshusses 1999a biofim from a MTBE-
contaminated site and uniformly label&C-MTBE (Landmeyer
etal. 200), enrichment microcosms prepared from MTBE-
Methyl tertiary -Butyl Ether Biodegradation degrading Borden aquifer material, and in uncontaminated Bor-
den aquifer materialHunkeler et al. 2001
Initial studies on the biodegradation of MTBE reported negative  Several studies have also reported aerobic biodegradation of
results. Fujiwara et a(1984) did not observe aerobic degradation MTBE by pure cultures. Mo et al1995 and Mo et al.(1997)
of 100 mg/L MTBE by activated sludge. Jensen and Aii90 isolated several bacterial strains from sludge that could degrade
found no aerobic degradation of 10 mg/L MTBE in activated MTBE as the sole carbon source. Hanson et#99 observed
sludge, aquifer material, or topsoil. Suflita and Morm(l93 MTBE biodegradation by the strain PMisolated from a com-
reported that MTBE did not degrade under methanogenic condi- post biofilter consortium that could degrade MT)BElso, Salani-
tions. They determined that oxygenates with a tertiary or quater-tro et al. (200)) isolated the species in the MC-100 consortium
nary carbon atom were more recalcitrant than unbranched orresponsible for MTBE degradation and identified itRisodococ-
slightly branched related chemicals. For example, butyl methyl cus sp. nov. Other pure cultures have been used in MTBE bio-
ether was easily degraded but MTBE was not. Salanitro et al. degradation researdhiardison et al. 1997; Hatzinger et al. 2001;
(1994 attributed the recalcitrance of MTBE to the chemically Steffan et al. 1997; Garnier et al. 1999; Hyman et al. 2998
unreactive and stable ether bond. Aerobic biodegradation of MTBE-contaminant mixtures has
Over the last 8 years, aerobic MTBE degradation has beenalso been the subject of a number of studies. When MTBE occurs
observed repeatedly in the laboratory, with mixed consortia, pure as part of a mixture of contaminants, MTBE might inhibit the
cultures, as a sole carbon and energy source, or cometabolicallybiodegradation of cocontaminants. Jensen and A({BP0 re-
However, MTBE biodegradation, when it does occur, is often ported that 200 mg/L MTBE had a slight inhibitory effect on

slow, even under aerobic conditiof8alanitro et al. 1994 It has degradation of the aromatic hydrocarbons benzene, toluene, eth-
been speculated that MTBE may inhibit metabolism or electron ylbenzene, o/m xylene, and naphthalene, but 40 mg/L MTBE had
transport or uncouple ATP formatigisalanitro et al. 1994 It is no effect on degradation. MTBE at a concentration of 740 mg/L

also possible that an intermediate along the degradation pathwayinhibited the mineralization potential of hexadecane by 50%
is resistant to further degradation. However, some researchers ar¢Horan and Brown 1995 Conversely, Fujiwara et al(1984)
now finding organisms with relatively rapid aerobic growth on found that 12.5% MTBE in gasoline did not affect gasoline deg-
MTBE (Hanson et al. 1999; Steffan 2005uccessful anaerobic  radation. Salanitro et al(1996 determined that 5-90 mg/L
degradation of MTBE has also been reported, and this continuesMTBE did not affect the degradation rate of BTEX compounds
to be an active area of research. present at 2—2.5 mg/L.

Aerobic biodegradation of MTBE using mixed microbial cul- Another issue with mixtures of contaminants is whether
tures has been reported by a number of researchers. AerobicMTBE biodegradation is affected by the presence of other con-
MTBE biodegradation in the laboratory was first reported by taminants. Mo et al(1995 found thatt-butanol, butylformate,
Salanitro et al(1994 using a mixed culture, BC-1, that was en- isopropanol, acetone, and pyruvate reduced MTBE biodegrada-
riched from the biotreater sludge of a chemical plant. In later tion in seven strains, but pregrowth drbutanol followed by
work, Salanitro et al.(1996 observed that the mixed culture transfer to MTBE only increased MTBE degradation. In a later
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study, Mo et al.(1997 found that MTBE degradation decreased methods requiring the removal of contaminated soils or ground-

if the isolates were exposed to MTBE pltsbutanol, butyl for- water. In situ bioremediation, and monitored natural attenuation,
mate, isopropanol, acetone, and pyruvate. Other studies that shoven the other hand, do not involve the transfer of contamination
inhibition of MTBE biodegradation due to BTEX presence are among the different media. The remainder of this section will
presented in Church et 1999 and Koenigsberg et a(1999. focus on advances made in natural attenuation assessments and in
Deeb et al(200) reported that when PM1 cells were grown on situ bioremediation for MTBE plumes.

MTBE, if presented a mixture of MTBEbenzene and MTBE

+toluene, MTBE degradation occurred first, and degradation of /1 Situ Bioremediation

the aromatics lagged for 4(a shorter lag than when benzene was There are three main strategies being used to aid MTBE biodeg-
present alone After the lag, the aromatics were degraded rapidly, yagation at contaminated sites. The first strategy is a result of the
and the rate of MTBE degradation declined. Once the aromaticsgyccessful aerobic biodegradation of MTBE in the laboratory.
were degraded, the MTBE degradation rate increased to |t§ earlleroXygen is added to encourage more rapid in situ biodegradation.
rate. When PM1 was grown on benzene, MTBE degradation hadgecayse some laboratory studies have shown the heterogeneous
a long Iag phase, but benzene degradation did not. The a.Uthor%istribution of MTBE-degrading organism.g., only one repli-
hypothesized that BTEX and MTBE are degraded by two differ- e of Mormile et al(1994, Yeh and Novak1994, Hunkeler
ent inducible metabolic pathways. _ et al.(2001), and Finneran and Lovley&001) studies of MTBE

In ad.d|lt|on, MTBE blodegrgdatlon via cometabolism by al- degradation showed evidence of biodegraddfianother ap-
kane oxidizers has been studied. Hardison et¥97, Steffan  roach is to augment a field site with microorganisms that are
etal. (1997, Hatzinger et al(2001. Garnier et al(1999, and adapted to MTBE. Lastly, a cosubstrate may be added to promote
Hyman et al.(1998 all reported on cometabolic degradation of piogegradation of MTBE. The addition of microorganisms and
MTBE usingn-butane, propane-pentaneh-hexane, isobutane,  he addition of a cosubstrate both have their critics. Rather than
and isopentane substrates. _ _ add microorganisms, it has been argued that the addition of oxy-

Finally, some researchers have reported biodegradation ofgen should be sufficient because the necessary organisms are
MTBE under anaerobic conditions. Studies that show evidence Ofpresent and just need time to adapt, if they are not already
anaerobic MTBE biodegradation include Mormile et @994, adapted. As for adding propane or other alkanes, the criticism
Finneran and Lovley200) (iron reduction, Yeh and Novak  yjth this approach is that adding propane increases the oxygen
(1994 (methanogenic and Bradley et al(2001a (nitrate and demand and. therefore. costs.
sulfate reduction Additionally, Wilson et al. (2000 studied Successful biodegradation of MTBE in areas of a site where
MTBE blodegrz_idatlo_n under methanogenic conditions in micro- oxygen was added was reported by Javanmardian and Glasser
cosms containing either MTBE only or MTBE plus alkylben- (1997 and Koenigsberg et al1999. The latter observed biodeg-
zenes. In the MTBE alkylbenzenes treatment, MTBE did not  raqation of MTBE at the site of a leaking underground storage
degrade until the alkylbenzenes were completely removed. In theignk in Lake Geneva, Wis. after injection of Oxygen Release
MTBE only treatment, MTBE decreased in the live microcosms Compound(ORC, a slurry of magnesium peroxide, Regenesis,
up to three orders of magnitude. It could not be determined gan juan Capistrano, Caliis a slurry to provide oxygen. Their
whether the alkylbenzenes interfered with MTBE degradation. yaq,its were confirmed by Landmeyer et €000, who con-
Coversely, Bradley et ak1999 saw no mineralization of uni-  ¢jyded that addition of ORC at their study sitather than addi-

formly labeled*C-MTBE in streambed sediments under strict o of oxygen and microorganisinsas sufficient for degradation
anaerobic conditions, but the microcosms did produce methane;of MTBE.

Landmeyer et al(1998 saw no mineralization of MTBE after 7 At Vandenberg AFB, pilot tests with oxygen addition were
months of incubation under iron-reducing conditions, and Bradley 4so conducted by Mackay et #.999. In one pilot test, release
etal. (20013 did not observe MTBE biodegradation under \yejis (tubing source emitteysfor release of oxygen and other
methanogenic conditions and limited mineralization under iron- gases were studied. Another pilot test was of a release panel,
and manganese-reducing conditions at one site. which uses a flat, permeable panel to house emitter tubing, and a
In summary, it has been clearly established that MTBE de- tjrq test was conducted of the diffusive tubing emittéAsison
grades, by both mixed cultures and pure cultures, under aerobicgt 51, 2002 in a longitudinal test facility(LTF). The DO of the
conditions. In general, slow growth has been obser&adanitro anoxic water entering the LTF was raised to 15-23 mg/L. The
et al. 1994, but organisms, such as PMt#anson et al. 1999 pseudo first-order MTBE degradation rate was estimated at 5.3
are being discovered that have more rapid growth on MTBE. In 4 g 1 day . If oxygen addition ceased, downgradient concentra-
some situations, the addition of a cosubstrate has resulted inions of MTBE rose to match the upgradient concentrations, indi-
MTBE biodegradatioriSteffan et al. 1097; Hardison et al. 1997 ¢ating that the oxygen was being used for biodegradation. The
While there are reports of anaerobic biodegradation of MTBE, it 4ythors noted that more oxygen was used than was needed to
is likely that aerobic biodegradation will prove to be the remedy satisfy the oxygen demand of MTBE, and they speculated that

chosen for quick remediation of contaminated sites. reduced minerals and other organics exerted the additional oxy-
gen demand.
Another in situ bioremediation strategy is the addition of mi-
Methyl tertiary -Butyl Ether Remediation croorganisms capable of degrading MTBE. The consortium MC-

100[formerly BC-100, Salanitro et al1994] was used in a field
Deeb and Kavanaugt2001) and Brown et al(1997 discussed test of biostimulation and bioaugmentation at the SERDP-U.S.
potential technologies for MTBE treatment. Among the technolo- Navy National Environmental Test Site at Port Hueneme, Calif.
gies presented by the authors are advanced oxidation processeResults suggest that augmentation with MTBE degraders will
(ozone, UV, and hydrogen peroxide additioadsorption, mem- more rapidly reduce MTBE concentrations and reduce them to
brane separation, air stripping, pump-and-treat, and soil vapor ex-lower concentrations than adding oxygen alone. This bioaugmen-
traction. The majority of these technologies are ex-situ treatmenttation process, now referred to as BioRemedy, was also used at
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two service stations, one in California and one in Connecticut during the monitoring period, but the MTBE/Cimass ratio de-
(Spinnler et al. 2001a)bThe MTBE-degrading microbial culture  clined only slightly, from 0.59 initially to 0.43Hubbard et al.

is added to the subsurface near the leading edge of a MTBE1994. Because the mass balance was uncertain, degradation of
plume, and oxygen gas is pulsed into injection wells. At the north- MTBE could not be demonstrated. In 1995—1996, additional sam-
eastern site, MTBE concentrations dropped by two to three orderspling was conducted to determine the fate of the MTBE plume
of magnitude after 6 months; the authors attributed the degrada-(SChirmer and Barker 199_8According to numerical mode"ng’
tion to the added culture. At the California Site, MTBE concen- maximum MTBE concentrations should have been greater than 3
trations had declined from about 20 mg/l_ to low Ug/l_ levels after mg/L if no degradation Occurred, and the p|ume should have trav-
1 year of operation. eled 240 m(790 ft). The sampling program found maximum con-

In a later field test at Port Hueneme, the biodegradative activ- centrations of MTBE below 0.2 mg/L. MTBE was detected only
ity of the mixed culture MC-100 and the pure culture SC-100 at the deepest sampling points, closest to the aquitard. Detection
(Rhodococcusp. nov is being compare@Salanitro et al. 2001 of MTBE coincided with sulfate concentrations greater than 10
Gas and microbes were added from 7.6 t0 9.X26t0 30 ) g/l and dissolved oxygen less than 1.8 mg/L. However, a
downgradient of the “beginning” or inlet of the biobarrier. Moni-  poyndary between the background groundwater and the existing
toring wells were installed within the biobarrier and up- and |anfill leachate plume could not be determined. After accounting
downgradient at two depths. The authors observed that MTBE {4 the mass of MTBE in the aquifer, it was found that only 3% of
concentrations in the shallow monitoring wells declined from 1-3 ¢ original mass remained. The authors concluded that the
mg/L upgradient to 10 ug/L in the seeded zone in all three test \\TBE mass was most likely lost through natural attenuation.
plots 64 days after inoculation and then declineatb ug/L after A field study of natural attenuation was conducted at an un-
173 and 275 days. MTBE concentrations did not decline as rap-gerground storage tank release site in Sampson County, N.C.
idly or to the same extent in the deep monitoring wells, possibly Borden et al. 1997 Four lines of multilevel wells were installed
as a result of a slower start in aeration/oxygenation. across the pluméine 1 at the source and line 4 the furthest from

Envirogen conducted the first application of in situ cometa- he sourcg The authors observed that there was degradation of
bolic degradation at a service station in New Jersey by adding \\TBE near the source but not at the furthest downgradient wells.
propane plus microorganisniSteffan et al. 2001, 2002At this The mass flux of toluene, ethylbenzene, antb-xylenes de-
site, MTBE and BTEX were both present, at an average concen-sreased by 99% between the soufiiee 1 wells and the line 3
tration of 100 and 1 mg/L, respectively. The site underwent air wells, a distance of 88 1289 f), between 1994 and 1995. The
sparging for approximately 6 mo.nths, which red.uced concentra- mass flux ofo-xylene, benzene, and MTBE decreased by 89, 87,
tions of BTEX but not MTBE. Microcosm experiments investi- a4 749 over the same distance and monitoring period. The av-
gated the biodegradability of MTBE at the sit8teffan etal.  grage first-order decay coefficient was calculated for each com-
2002. Addition of oxygen or oxygen plus propane to the micro- oynd between well line 1 and 2, line 2 and 3, and line 3 and 4.
cosms did not promote biodegradation. Addition of the propane- at the sourcgbetween line 1 and)2the decay coefficient ranged
oxidizing bacterium ENV 425, along with propane and oxygen from g high of 0.0063 day" for toluene to a low of 0.0010 day
and adjustment to neutral pH led to biodegradation of MTBE in o MTBE. Downgradient, the decay coefficients decreased. For
the microcosms. At the field site, air was added continuously and example, toluene’s decreased to 0.0005 dayAt line 4, there
propane was added as 0.2% propane in air for 10 min duration,yas~100 ug/L ofo-xylene, benzene and MTBE remaining, and
every 3 h. The system was operated in this manner for 1 monthiere was also a decrease in their decay coefficigdtsor
and then 17 L of the culture ENV425 was added to the three \TgE). As the authors state, the spatial relationship of decay
sparge wells. After 5 months, the furthest downgradient well did ¢qefficients is very significant. If the source area decay coefficient
not show any effects from the treatment; the three other wells, a5 ysed as the coefficient for the entire site, the amount of con-
however, experienced declines in MTBE concentration during tgminant transport, and therefore risk, would be underestimated.
system operation, and propane was not detected in any of the \wjison et al.(2000 reported on natural attenuation at a fuel
wells during the treatment phase. The authors state that thegym site in Elizabeth City. High concentrations of TPH and
c.han.ges in MTBE concerjtration were not due to seasonal varia-pjTBE were located 1.5—3 rt6—10 ft below ground surface. At
tion in MT_BE concentration and included pretreatment MTBE g site, it did not appear that there was any difference in the
concentration data. plumes (and pattern of degradatiprof MTBE and BTEX. A
plume of methane was detecté@lerage concentration 7 mg/L
and it coincided with the plume of MTBE. Dissolved oxygen was
absent in the source area, and there was evidence of sulfate and
While in situ bioremediation shows promise for MTBE removal, iron reduction processdsulfate depletion and ) production
much research remains to be done about its viability as a cost-in the contaminated arepd he rate of disappearance of MTBE in
effective technology. This fact combined with the increased use of the field was determined for three different groundwater seepage
natural attenuation for remediating low-risk BTEX plumes led velocities. At the upper limit, the MTBE degradation rate was 5.0
researchers to study the natural attenuation of MTBE plumes. Aper year, 2.7 per year, and 2.2 per year at the lowest velocity.
number of studies have been completed to date, including studiesThey determined the rate of natural attenuation of the source area
at Base Borden, Sampson County site, Elizabeth City site, 74 by comparing the flux of MTBE moving away from the source to
Amoco service stations, and the Laurel Bay Exchange site. Thethe total mass of MTBE in the source area. The flux of MTBE in
results from these sites are encouraging regarding the prospect4996 was 2.76 kg/year, and the mass of MTBE in the source was
for using natural attenuation for MTBE remediation. at least 46 kg. Since the MTBE average concentration in the

In a chloride tracer and oxygenated gasoline injection test at source was 1,20Q.g/L, it would take 60 years for the concentra-
Canadian Forces Base Borden in Ontario, Canada in the latetion to reach 3Qug/L.
1980s, the migration of BTEX and MTBE was monitored for 16 BP Amoco, Handex Environmental, and the EPA conducted a
months. The BTEX mass of the gasoline declined dramatically groundwater sampling survey at 74 gasoline stations in the United

Natural Attenuation
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States, looking at natural attenuation of BTEX and MTBE. Meth- fer. In this aquifer, the processes of dilution and dispersion were

ane was used as a tracer. The groundwater samples were alstikely to be responsible for the observed decreases in MTBE con-

analyzed for TBA, trimethylbenzene, and geochemical parameterscentration relative to benzene. Attenuation of MTBE through dis-

such as DO, dissolved methane, ethane, propane, and butane, Regersion and dilution is the same mechanism proposed by Happel

II, TOC, sulfate, nitrate, alkalinity, and pHKolhatkar et al. et al. (1998 in their study of UST sites in San Diego County,

2000. In this study, the concentrations of MTBE were normal- Calif.

ized by dividing by the methane concentration. The natural loga-

rithms of the concentrations were regressed with travel time to get

a first-order biodegradation rate constéhe slope of the regres- Summary and Conclusions

sion line. Using this approach, biodegradation rate constants o .

were determined for 6 of the 74 sites. The MTBE degradation [N Summary, promising results have been seen with all the ap-

rates range from 0.3 to 10.9 per year, similar to the benzene ratesProaches to bioremediation of MTBE in the field. MTBE degra-

The authors found that MTBE degradation was associated with dation has been observed with oxygen addition, bioaugmentation,

strongly methanogenic sites, not weakly anoxic ones. anq addition of propane as a C(_)s_ub_strate. It is too soon to say
Kolhatkar et al.(2002) further conducted a detailed study at Which approach is superior, and it is likely that the best approach

one of the Amoco study sites. After excavating the soil at this will depend on the cond|t|ons_of the field site. Future flel_d tests,

Long Island, N.Y. site, dual-phase extraction was conducted, fol- SUch @s those that are occurring at Port Hueneme’s National En-

lowed by an air sparging/SVE system that is currently in opera- Vironmental Test Site, will provide more information about

tion. Sampling showed that the MTBE plume descends deeper ad¥!TBE remediation methods. Evidence is mounting for natural

it travels downgradient. Methane was present in the shallow attenuation at field sites, and it is probable that as better methods

downgradient wells where MTBE was absent, and the methaneeVOIVe to study MTBE concentrations in the field, in particular,
plume was much more confined vertically durin’g this study’s two the use of carbon isotope fractionation, investigators will be better
sampling events. Using the shallow well data, a first order bio- able to differentiate sites where natural attenuation is sufficient

degradation rate constant for MTBE was calculated to be from those that require more intervention to avoid adverse out-

5.2 year . The downgradient extents of both plumes appear to comes. Clegrly,_th_ough, now th_at our understanding of MTBE
be undefined>1,000 ug/L. MTBE at most downgradient well biodegradation is increasing, with respect to groundwater con-
0.5 mg/L met’han)e Sulfate concentrations are higr’l tamination, the situation appears less dire than earlier predictions
(>25 mg/L) in the deeper portion of the plume. The authors state would h{:\ve led one_to believe. . .

that the MTBE is being biodegraded in the shallow, methanogenic Practlcall.y speaking anq as mentioned previously, many gtates
groundwater. Alternatively, it is possible that the MTBE plume is have and \.N'.” opt out of using MTBE _and seek othe_r alternatives
being driven down by seasonal rechafge observation also re- for fuel efficiency. One of the alternatives to MTBE is the use of
ported by Landmeyer et a11998 and Borden et al1997)]. Kol- ethanol. Ethanol is already the most commonly used oxygenate in
hatkar et al.(200) offer no mechanistic explanation for why the Wintertime Oxyfuel prograMUSEPA 2000, but production

MTBE would be degraded in a methanogenic zone, yet persist inWould need to be increased to meet this new demand. States that
the aerobic zones. Currently, in the literature, there is very little use MTBE-containing gasoline will likely see an increase in price

evidence for MTBE biodegradation under methanogenic condi- fcrgtzzebzmsr?gl @Iﬁ :Qdafé?eﬁfgr;s paesfoﬁr?gd}{]slzipgiﬁggmit?dst be
tions[only in one soil type in Yeh and Novald994), after 270 P 9 pIp '

days’ incubation, some apparent degradation in the methanogenicblended with gasoline at the terminal. Terminals will then need

microcosms of Wilson et a2000]. However, the authors are storage areas for ethanol. Storing ethanol inevitably leads to the
conducting detailed microcosm studies to investigate the biodeg-ggzzpsf; Ofu?ene?:}g?g?lssﬁl'"S?err]e;ia:q? Ei g;iusruat')[sz:?e?(rﬁh;? mg
radation of MTBE under different redox conditions using material resultin IE)I h concentrar'zio,ns of ethangl could lead to order-’of-

from this site. The preliminary results indicate that there is metha- 9 hig

nogenic biodegration of MTBE at this sit&olhatkar, personal Eg?)%\gridst ;Tcrzeoa(l)ie; tllr1]e ?;:); g?;ciggﬁgonﬁaég gtrho:nn(;jl"(‘gtne_r
communication 2001 : g q p

Finally, natural attenuation of MTBE using data collected over centrations from reformulated gasoline, benzene, toluene, and xy-

1 1 — 0,
a 5-year period was reported in a USGS study at Port Royal lene concentrations generz_ally Increase by only 20-60%. -
Island, Laurel Bay Exhange, MCAS Beaufort, S(Candmeyer _ Another reason for.cautlorll in the use of ethanol as an adqlltlve
et al. 1998. MTBE was detected in downgradient wells before is that ethanol is a highly biodegradable substance and will be

benzene, and higher concentrations of MTBE and benzene Wereoreferentially degraded before the regulated, aromatic compo-

detected in deeper-screened intervals of the multilevel wells thang?l_rg;)o f ﬁzszlilggge:];g:t?c;r:OI\lfjvﬁr iéegg?’lbzriinz asgiéﬂegii’eor
in the shallow intervals or in the conventional monitoring wells. ' 9 pialy

The detection of MTBE and benzene at deeper sampling Zc)nesanaerobic. BTEX plumes will probably grow longer if ethanol is

suggested to the authors that recharge is displacing these plumel%irtszf th;ﬂ'ﬁ;?ggrfggﬁgvomlrigéh\?vm'Sr%'ws%erfég?;dlggn2rs]fruodr;]
deeper into the aquifer. This phenomenon has important implica- 99 P 9 - o long

tions for risk assessment when using conventional, water-table2” ethanol-blended gasoline spill than they would from a nonoxy-

screened monitoring wells. The benzene and MTBE plumes Weregenated gasolinéPowers eF al. 2001 Eurther research \.N'” be
wider where groundwater flow was slow and narrower where flow ”?eded to evaluat(_e the environmental impacts of replacing MTBE
rates were high. There was questionable biodegradation of MTBEWlth other alternatives such as ethanol.

in concomitant microcosm studies using uniformly labeled

C-MTBE, because less than 3% was evolved‘@0, after 7 References
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