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Abstract An oil-refining plant site
located in southern Taiwan has
been identified as a petroleum-
hydrocarbon [mainly methyl tert-
butyl ether (MTBE) and benzene,
toluene, ethylbenzene, and xylenes
(BTEX)] spill site. In this study,
groundwater samples collected from
the site were analyzed to assess the
occurrence of intrinsic MTBE bio-
degradation. Microcosm experi-
ments were conducted to evaluate
the feasibility of biodegrading
MTBE by indigenous microorgan-
isms under aerobic, cometabolic,
iron reducing, and methanogenic
conditions. Results from the field
investigation and microbial enumer-
ation indicate that the intrinsic bio-
degradation of MTBE and BTEX is
occurring and causing the decrease
in MTBE and BTEX concentra-
tions. Microcosm results show that
the indigenous microorganisms were
able to biodegrade MTBE under
aerobic conditions using MTBE as
the sole primary substrate. The de-
tected biodegradation byproduct,
tri-butyl alcohol (TBA), can also be
biodegraded by the indigenous
microorganisms. In addition,
microcosms with site groundwater as
the medium solution show higher
MTBE biodegradation rate. This
indicates that the site groundwater

might contain some trace minerals
or organics, which could enhance the
MTBE biodegradation. Results
show that the addition of BTEX at
low levels could also enhance the
MTBE removal. No MTBE removal
was detected in iron reducing and
methanogenic microcosms. This
might be due to the effects of low
dissolved oxygen (approximately
0.3 mg/L) within the plume. The low
iron reducers and methanogens
(<1.8·103 cell/g of soil) observed in
the aquifer also indicate that the iron
reduction and methanogenesis are
not the dominant biodegradation
patterns in the contaminant plume.
Results from the microcosm study
reveal that preliminary laboratory
study is required to determine the
appropriate substrates and oxida-
tion-reduction conditions to enhance
the biodegradation of MTBE. Re-
sults suggest that in situ or on-site
aerobic bioremediation using indig-
enous microorganisms would be a
feasible technology to clean up this
MTBE-contaminated site.
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Introduction

Methyl tert-butyl ether (MTBE) has been used as a
gasoline additive to improve combustion efficiency and
to replace lead since 1978. MTBE is the most commonly
used oxygenate now due to its low cost, convenience of
transfer, and ease of blending and production. Cur-
rently, MTBE has become a prevalent groundwater
contaminant because it is widely used and it has been
disposed inappropriately. MTBE is a highly water-sol-
uble compound and its biodegradation rate is low in
many cases. Consequently, a MTBE plume typically
results in longer remediation periods (Squillace et al.
1996; US EPA 1998; US EPA 1999; Fischer et al. 2004).
Recent studies indicate that MTBE is a possible human
carcinogen. Thus, the US Environmental Protection
Agency (US EPA) has set its advisory level for drinking
water at 20–40 lg/L (US EPA 1997).

MTBE may release to the environment from above-
ground and underground storage tanks, gasoline pipe-
lines and industrial wastewater. Moreover, recreational
watercraft using MTBE-containing fuel is also one of
MTBE releasing sources (US EPA 1997; Toran et al.
2003; Zuccarello et al. 2003).

Many physical and chemical technologies such as air
sparging, chemical oxidation or pump and treat have
been used to treat MTBE-contaminated groundwater
(US EPA 1997; Sutherland et al. 2004). However, bio-
remediation is a more attractive remediation option
because of its economic benefit. Recently, intrinsic bio-
remediation or natural bioremediation has been consid-
ered as one of the potential methods for the cleanup of
petroleum-hydrocarbon contaminated sites. Compared
to other traditional technologies, intrinsic bioremedia-
tion has a cost-effective advantage (Hooker and Skeen
1996; Suthersan 1997; Alexander 1999). If the intrinsic
bioremediation rate is limited by in situ environmental
factors (e.g., oxygen, nutrients and electron acceptors),
enhanced in situ or on-site bioremediation can be applied
to stimulate contaminants biodegradation (Borden et al.
1997; Van Cauwenberghe and Roote 1998; Bradley et al.
1999; Langwaldt and Puhakka 2000; Finneran and
Lovley 2001; Kharoune et al. 2001). Therefore, biological
systems, including intrinsic and enhanced approaches,
offer the possibility of a cost-effective destruction tech-
nology for groundwater remediation (Mo et al. 1997;
Somsamak et al. 2001; Fiorenza and Rifai 2003; Schir-
mer et al. 2003; Schmidt et al. 2004).

MTBE is biodegradable under both aerobic and
anaerobic conditions. Nevertheless, rates of MTBE
biodegradation under aerobic conditions are higher than
those under anaerobic conditions (Deeb et al. 2000;
Prince 2000; Kern et al. 2002; Wilson et al. 2002; Deeb
et al. 2003; Moreels et al. 2004). Aerobic bioremedia-
tion generally proceeds more quickly than anaerobic
bioremediation. Organic compounds are removed com-

pletely under aerobic biodegradation (Van Cauwenber-
ghe and Roote 1998; Langwaldt and Puhakka 2000).
Further degradation of MTBE results in the production
of tri-butyl alcohol (TBA). TBA has been used as an
indicator of MTBE biodegradation (Mo et al. 1997;
Deeb et al. 2000; Finneran and Lovley 2001; Kharoune
et al. 2001; Somsamak et al. 2001; Kern et al. 2002;
Fiorenza and Rifai 2003; Schirmer et al. 2003; Moreels
et al. 2004; Schmidt et al. 2004).

The main objectives of this study were to (1) evaluate
the occurrence of intrinsic bioremediation of MTBE and
BTEX (benzene, toluene, ethylbenzene and xylenes) at
an oil-refining plant site through field investigation and
microbial enumeration, (2) conduct microcosm experi-
ments to evaluate the biodegradability of MTBE using
indigenous microorganisms under aerobic, aerobic
cometabolic, iron reducing and methanogenic condi-
tions and (3) evaluate the feasibility of using alternative
primary substrates (e.g., propane, ethanol and BTEX) to
enhance the cometabolism of MTBE.

Study site description

The selected site in this study is an oil-refining plant
located in southern Taiwan. Main products manufac-
tured by the plant are gasoline, diesel, jet fuel, kerosene
and lubricating oils. For years, inappropriate operation
and storage have resulted in groundwater contamina-
tion. Results from previous studies reveal that MTBE
and total BTEX concentrations were approxi-
mately 200 mg/L in collected groundwater samples from
the highly contaminated zone, respectively. In the
downgradient monitoring well, MTBE and BTEX con-
centrations were approximately 10 and 1.2 mg/L in
collected groundwater samples, respectively (CPC 2001).

Soils at the site consist of browny silty sand and
clayey silt. A thickness of 5–10 m clay layer is located at
40 m below land surface. Depth of the seasonal high
water table is 2–5 m and the seasonal low water table is
3–7 m. The average hydraulic conductivity of the host
geological material is 0.1 cm/sec and the groundwater
slope is approximately 0.25%. The groundwater flows at
a velocity of 0.2–1.4 m/day from southwest to northeast.
Figure 1 shows the contaminant source area, ground-
water flow direction and the soil and groundwater
sampling locations used in this study.

Materials and methods

Field investigation and microbial enumeration

Monitor wells MW1, MW2 and MW3, which were
located near the source zone, downgradient area
and background area, respectively, were selected as the
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representative wells for the investigation of intrinsic bio-
remediation. During the investigation period of one and a
half years, groundwater samples from the three monitor
wells were collected and analyzed for organic compounds
and geochemical indicators, including MTBE, BTEX,
TBA, methane (CH4), CO2, inorganic nutrients, anions,
pH, redox potential (Eh) and dissolved oxygen (DO).
Organic compound analyses were performed in accor-
dance with US EPA Method 502.2, using a Varian 3800
gas chromatograph (GC). Methane was analyzed on a
Shimadzu GC-9A GC using headspace techniques. Ion
chromatography (Dionex) was used for inorganic nutri-
ents and anions (NO3

), NO2
), SO4

)2 and PO4)3) analyses.
Total iron and ferrous iron were analyzed by Hach DR/
400 spectrophotometer using EPA Method 8008 and
Method 8146, respectively. DO, Eh, pH, CO2 and tem-
perature were measured in the field. Two MP120 pH/Eh
meters (Mettler-Toledo) were used for pH and Eh mea-
surements; a WTWDOmeter (Oxi 330) was used for DO
and temperature measurements and a Hach digital titra-
tor cartridge was used for CO2 measurements.

Aquifer sedimentswere collected from soil borings SB1
and SB2, which were located near MW1 and MW2,
respectively (Fig. 1). Collected aquifer sediments were
used for microbial enumeration and microcosm study.
Microbial enumeration was performed to determine
the number of total heterotrophs, total heterotro-
phic anaerobes (total anaerobes), iron reducers, sulfate
reducers and methanogens. Total plate counts were con-

ducted using plate count agar (Difco) to assess the
approximate size of the total heterotrophic bacterial in
soil samples SB1 and SB2 using the spread plate method
(APHA1995). Prepared plates were incubated at 30�C for
48 h, then counted for colony forming unit (CFU). The
analytical methods for total heterotrophic anaerobes
(total anaerobes), iron reducers and sulfate reducers are
described by Kota (1998) and Kao and Wang (2000).
Total anaerobes andmethanogenswere enumeratedusing
five-tubeMPN assay. The total anaerobe tubes contained
media described by Kota (1998) and were score positive
based on optical density. The methanogen tubes con-
tained 20% H2 and 80% CO2 in the headspace and were
score positive based on production ofmethane. Total iron
reducers and sulfate reducers were determined by a ten-
tube multiple probable number (MPN) assay using media
individually selective for ferric iron reducers and sulfate
reducers as described by Kao and Wang (2000).

Microcosm study

Microcosm experiments were conducted to examine the
feasibility of MTBE biodegradation under aerobic, aer-
obic cometabolic and anaerobic conditions. The inocula
used in this microcosm study were aquifer sediments
collected from SB1 and SB2. In the aerobic cometabolic
microcosms, propane and ethanol were added as the
primary substrates (or primary carbon sources). Because
BTEX was also detected at this site, BTEX was also
applied as the primary substrate for the cometabolic
microcosms. Iron reducing and methanogenic micro-
cosms were prepared in an anaerobic glovebox to pre-
clude intrusion of oxygen. Hungate techniques were used
to prepare anaerobic solutions (Kota 1998; Kao and
Wang 2000). A redox indicator (0.0002% of resazurin)
and reducing agent (1 mM of sodium sulfide) were added
to each bottle. Sodium sulfide was chosen because it
would not serve as a carbon source and it has a redox
potential ()571 mV) low enough to completely reduce
resazurin. In the iron reducing microcosms, amorphous
Fe(III) oxide was used as the source of ferric iron (elec-
tron acceptor). The sodium sulfide was prepared by
neutralizing 0.4 M of FeCl3 solution with 1 M of NaOH
and washing the suspension with deionized water to re-
move NaCl (Kota 1998; Kao and Wang 2000).

Each microcosm was constructed with 35 mL of
mineral medium or in situ groundwater (collected from
MW2), 20 g of sediments and 10 mg/L of MTBE in a
70-mL serum bottle sealed with thick butyl rubber
septa. In the cometabolic microcosms, primary sub-
strates (either 1 mL of propane, 10 mg/L of ethane or
1 mg/L of each BTEX compound, respectively) were
added in the bottles. The mineral medium con-
tained the specified concentrations (units are in grams
per litter of water): Na2HPO4, 71; KH2PO4, 68;
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Fig. 1 Site map showing the contaminant source area, groundwater
flow direction and the soil and groundwater sampling locations
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(NH4)2SO4, 33; CaCl2•2H2O, 3.3; MgCl2•6H2O, 12.4;
FeSO4•7H2O, 5; ZnSO4•7H2O, 4; MnCl2•4H2O, 0.2;
CoCl2•6H2O, 0.5; NiCl2•6H2O, 0.1; H3BO3, 0.15;
EDTA, 2.5. The medium solution was autoclaved be-
fore use. Table 1 lists the components of each micro-
cosm. The groundwater and aquifer sediments were
purged with air before use. Control bottles containing
250 mg/L of HgCl2 and 500 mg/L of NaN3 and inoc-
ula, used for control groups, were autoclaved before
use. Duplicate microcosms were scarified at each time
point for the analysis of MTBE, BTEX and TBA
during the 170-day incubation period.

Results and discussion

Field investigation and microbial enumeration

Groundwater samples were collected from two monitor
wells MW1 and MW2, which were located near the spill

location and downgradient area of the plume, respec-
tively. Groundwater samples were analyzed for organic
compounds and geochemical indicators to evaluate the
occurrence of the intrinsic bioremediation of MTBE.
Table 2 shows the results of groundwater analyses.
Results are the averaged values of five sampling events
during the investigation period of one and a half years.
Aquifer sediments collected from soil borings SB1 and
SB2 were used for microbial enumeration. Results of
the bacterial population assessment are also shown in
Table 2.

High CO2 concentrations were observed in MW1 and
MW2. This indicates that significant microbial activity
and intrinsic bioremediation occurred in this area.
Methane was also detected in MW1 and MW2, indi-
cating that methanogenesis might also be occurring
within the contaminated zone. Higher ferrous concen-
trations were detected in MW1 and MW2. Ferric iron
might have been used as the electron acceptor during the
low oxygen conditions. The low nitrate concentration

Table 1 Characteristics of microcosms

Microcosm and control Treatment Inocula Constituents

A1 and A1-Ca Aerobic biodegradation Aquifer sediments (SB2) Sediments (SB2) + mineral medium + MTBE
A2 and A2-C Aerobic biodegradation Aquifer sediments (SB2) Sediments (SB2) + groundwater + MTBE
A3 and A3-C Aerobic biodegradation Aquifer sediments (SB1) Sediments (SB1) + mineral medium + MTBE
B1 and B1-C Cometabolism Aquifer sediments (SB2) Sediments (SB2) + mineral medium + MTBE + propane
B2 and B2-C Cometabolism Aquifer sediments (SB2) Sediments (SB2) + mineral medium + MTBE + ethanol
B3 and B3-C Cometabolism Aquifer sediments (SB2) Sediments (SB2) + mineral medium + MTBE + BTEX
C1 and B1-C Iron reduction Aquifer sediments (SB2) Sediments (SB2) + mineral medium + MTBE + Fe(III)
D1 and D1-C Methanogenesis Aquifer sediments (SB2) sediments (SB2) + mineral medium + MTBE

aControl group, HgCl2 + NaN3 were added into each control microcosm

Table 2 Field investigation
results

a’’-’’ Not available
bArithmetic mean
cStandard deviation

MW1 MW2 SB1 SB2

Location Source zone Downgradient –a –
MTBE (mg/L) 0.2b±0.05c 0.075±0.012 – –
TBA (mg/L) 0.92±0.23 0.01±0.007 – –
Benzene (mg/L) 116.68±31.26 0.52±0.28 – –
Toluene (mg/L) 47.63±17.45 0.30±0.14 – –
Ethylbenzene (mg/L) 10.14±2.59 0.10±0.07 – –
m, p-Xylene (mg/L) 14.30±3.77 0.16±0.10 – –
o-Xylene (mg/L) 8.93±2.19 0.18±0.12 – –
PH 6.67±0.31 7.00±0.19 – –
DO (mg/L) 0.36±0.10 0.34±0.13 – –
Redox potential (mV) )84±25 )1±31 – –
Carbon dioxide (mg/L) 286±73 102±51 – –
Temperature (�C) 29.0±1.5 31.3±1.4 – –
Nitrate (mg/L) 0.56±0.22 0.37±0.18 – –
Total iron (mg/L) 9.12±2.0 3.46±1.5 – –
Ferrous iron (mg/L) 8.28±3.7 3.28±2.9 – –
Sulfate (mg/L) 6.6±1.8 27±3.5 – –
Phosphate (mg/L) 5.82±1.77 7.02±1.56 – –
Methane (mg/L) 12.1±3.2 46.2±11.9 – –
Total heterotrophs (cell/g) – – 1.2·106 3.0·107
Iron reducers (cell/g) – – 1.2·102 3.8·102
Sulfate reducers (cell/g) – – 4.4·101 1.3·102
Methanogens (cell/g) – – 8.0·102 1.8·103
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reveals that denitrification was not the dominant bio-
degradation pattern in the site. The decreases in MTBE
and BTEX concentrations from MW1 to MW2 indicate
the occurrence of natural attenuation processes. The
detected biodegradation byproduct (TBA) also suggests
the occurrence of MTBE biodegradation.

Results show that significant amount of total het-
erotrophs (>106 cell/g of soil) was detected in the
collected SB1 and SB2 samples. Approximately, only
101–103 of iron reducers, sulfate reducers and metha-
nogens per g of soil were observed in SB1 and SB2. Iron
reduction, sulfate reduction and methanogenesis might
not be the dominant biodegradation processes around
soil sampling locations. Thus, aerobic biodegradation
process plays a more important role in MTBE removal.

Microcosm study

Under aerobic conditions, a total of eight groups of
microcosms were prepared including three groups of
aerobic (A1–A3) microcosm, three groups of cometa-
bolic microcosms (B1–B3), one group of iron reducing
microcosm (C1) and one group of methanogenesis (D1)
(Table 1). Figures 2–4 show the MTBE biodegradation
results in Microcosms A1, A2 and A3, respectively.
Because no extra carbon sources were added in Micro-
cosm A1, results from A1 indicate that MTBE can serve
as the sole carbon source (primary substrate) under
aerobic conditions (Fig. 2). More than 90% of MTBE
removal was observed in A1 after a 175-day incubation
period. Therefore, the studied MTBE-contaminated site
contained bacteria which can biodegrade MTBE with-
out the supplemental second carbon source. MTBE was
biodegraded completely in A2 within a 50-day incuba-
tion period (Fig. 3). In contrast to microcosms inocu-
lated with mineral medium (A1), microcosms with site
groundwater as the medium solution (A2) show higher

MTBE biodegradation rate (Figs. 2, 3). Site ground-
water might contain some trace minerals or organics
which could enhance MTBE biodegradation. Less
MTBE biodegradation rate was observed in microcosms
inoculated with highly BTEX-contaminated sediments
(SB1) (Fig. 4). The toxicity of BTEX in SB1 might
inhibit microbial activity. Results from all aerobic
microcosms reveal that MTBE was biodegraded by
aquifer sediments and resulted in the formation of the
detected biodegradation byproduct, TBA. Moreover,
TBA can also be biodegraded completely by the indig-
enous microorganisms.

In Microcosm B1 and B2, propane and ethanol were
added as the extra carbon sources, respectively. Results
from B1 and B2 reveal that decrease in MTBE concen-
trations in B1 and B2 were not observed during the
experimental period (data not shown). This might be due
to the preferential utilization of more favorable carbon
substrates by microorganisms. The presence of alterna-
tive carbon sources caused competitive inhibition of
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Fig. 2 Results of MTBE biodegradation in Microcosm A1 under
aerobic conditions
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Fig. 3 Results of MTBE biodegradation in Microcosm A2 under
aerobic conditions
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aerobic conditions
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MTBE biodegradation (Bradley et al. 1999; Kern et al.
2002). Results also indicate that the cometabolism
mechanism in microcosms with propane and ethanol
addition was not effective enough to enhance MTBE
degradation. Because BTEX was also detected at this
site, BTEX was applied as the primary substrate in the
cometabolic microcosms (B3) to evaluate BTEX-influ-
ence on MTBE biodegradation. Figure 5 shows the
MTBE biodegradation results in Microcosms B3. The
addition of BTEX enhanced MTBE removal (Fig. 5).
This might be due to the cometabolic process causing the
removal of MTBE cometabolicly. Furthermore, BTEX
compounds were also completely depleted in this
experiment within 25 days of incubation (data not
shown). TBA was detected in the experiment and was
degraded subsequently without accumulation. Results
from cometabolic microcosm study reveal that the
application of an appropriate primary substrate could
significantly enhance the biodegradation rate of MTBE.
However, no MTBE removal was observed in anaerobic
microcosms prepared under iron reducing and metha-
nogenic conditions during the 170-day incubation peri-
od. Because low DO (approximately 0.3 mg/L) was
observed in monitor wells within the MTBE plume, this
might cause a longer acclimation period to initiate
MTBE biodegradation processes under anaerobic con-
ditions. The limited populations of iron reducers and
methanogens (<1.8·103 cell/g of soil) observed in the
aquifer may also have caused insignificant anaerobic
biodegradation.

Conclusions

An oil-refining plant located in southern Taiwan
was contaminated by MTBE and other components of

fuel-oil. MTBE is one of the resistant compounds in
the environment and a possible human carcinogen. In
general, intrinsic biodegradation is an important process
for contaminant mass reduction and plume contain-
ment. In this study, soil and groundwater samples col-
lected from the MTBE-contaminated site were analyzed
to assess the occurrence of intrinsic MTBE biodegra-
dation. The field investigation results show that the
intrinsic bioremediation mechanisms are occurring
which cause the removal of MTBE and BTEX through
mixed biodegradation processes. Evidences of intrinsic
biodegradation include the following:

1. Depletion of DO within the plume
2. Production of dissolved iron, CO2 and methane

within the plume
3. Decreased MTBE and BTEX concentrations along

the transport path
4. Production of MTBE degradation byproduct, TBA
5. Sufficient microorganisms in the subsurface.

Microcosm study was conducted to evaluate the
feasibility of using bioremediation technology to clean-
up MTBE-contaminated sites. Conclusions from the
microcosm study include the following:

1. Indigenous microorganisms can biodegrade MTBE
under both aerobic and aerobic cometabolism con-
ditions.

2. MTBE could be used as the sole carbon source by the
indigenous microorganisms.

3. Microcosms with in situ groundwater as the medium
solution had a more effective MTBE biodegradation
compared to the microcosms inoculated with the
laboratory mineral medium. This indicates that the
site groundwater might contain some trace minerals
or organics which could enhance the MTBE biodeg-
radation.

4. Microcosms inoculated with highly BTEX-contami-
nated sediments in the aerobic microcosm study had
a less MTBE biodegradation rate probably due to the
toxicity of BTEX.

5. Enhanced MTBE removal was observed in micro-
cosms with low levels of BTEX added. However,
microcosms with propane and ethanol addition could
not enhance the degradation of MTBE. No MTBE
removal was observed in anaerobic microcosms.
Thus, preliminary laboratory study is required to
determine the appropriate primary substrates and
oxidation-reduction conditions to significantly en-
hance the biodegradation of MTBE.

Based on the results from the field investigation and
laboratory microcosm studies, MTBE could be biode-
graded by natural microbial populations at the studied
site under both aerobic and cometabolic conditions.
Results from this study could be useful in determining
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favorable bioremediation conditions and designing an
efficient and cost-effective bioremediation system, such
as monitored natural attenuation or in situ or on-site
MTBE bioremediation.
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