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A B S T R AC T

In this study, a gasoline-contaminated site was selected to evaluate the biodegrading potential 
of methyl tert-butyl ether (MTBE) and benzene (B), toluene (T), ethylbenzene (E) and xylenes 
(X), collectively known as BTEX under aerobic, nitrate reducing, and methanogenic conditions 
at the site. Results show that in situ microorganisms had capabilities of degrading MTBE and 
BTEX using MTBE and BTEX as major carbon sources under aerobic condition. Under condi-
tions of nitrate reduction and methanogenesis, BETX could be decomposed by in situ microor-
ganism; but MTBE was not decomposed. The decomposition of BTEX under anaerobic condition 
was much slower than aerobic condition. Benzene had the slowest degrading rate. In addition, 
BTEX was decomposed faster and more completely under methanogenic condition than nitrate 
reducing condition. The on-site activated sludge system is eff ective in decomposing BTEX but 
not eff ective in decomposing MTBE. Results of this study reveal that the enhanced aerobic 
bioremediation method is more feasible for renovating this site. Injecting air, pure oxygen or 
oxygen-releasing chemicals will raise the removal rate of pollutants. Results of this study will 
be helpful in designing a practical system for bioremediation of this and other similar sites.
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1. Introduction

The extensive use of petroleum hydrocarbons leads 
to common but serious environmental pollution prob-
lems. Fuel constitutes about 40% of various petrochemi-
cal products; gasoline is one of the commonly used 
fuels. It consists of hydrocarbons of 5–12 carbons with 
40% aliphatic and branched alkanes, 20% cycloalkanes 
and 25% aromatics; the rest components are additives 
for increasing the fuel octane value [1]. Among the many 
components of gasoline, aromatics and additives cause 
the most concern because of their polluting potentials. 
The aromatics mainly include benzene (B), toluene (T), 

ethylbenzene (E) and xylenes (X), collectively known 
as BTEX, whereas methyl tert-butyl ether (MTBE) is an 
extensively used fuel additive nowadays. Benzene, tolu-
ene and ethylbenzene are included in the list of priority 
pollutants compiled by the US EPA [2]. In Taiwan, MTBE, 
benzene and xylene are regulated as controlled toxic 
substances with restrictive standards of BTEX in soil 
and groundwater [3]. BTEX may cause nerve damages, 
and benzene may cause leukemia [4]; MTBE has been 
proved to be carcinogens to animals. Hence, the US EPA 
has classifi ed MTBE as a possible cancer-causing sub-
stance in human body [5]. MTBE and BTEX are the pol-
lutants commonly found in groundwater often caused 
by accidental leaking of petroleum fuel from ground or 
underground storage tank and pipeline [6–8].
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There are several technologies for remediating pol-
luted soil and groundwater. Bioremediation is economi-
cally feasible and environmental friendly so that it is 
becoming an att ractive alternative soil and groundwater 
remediation method. Results of numerous studies show 
that MTBE and BTEX can be degraded by aerobic and 
anaerobic microorganisms [9–13]. Under aerobic condi-
tion, MTBE and BTEX are eff ectively decomposed by 
microorganisms using direct metabolism or cometabolism 
[14,15], whereas anaerobic microorganisms may degrade 
MTBE and BTEX under conditions of nitrate reduction, 
sulfate reduction, iron reduction and methanogenesis 
[16–21]. Generally, aerobic biodegradation of MTBE and 
BTEX is faster and more eff ective than anaerobic biodeg-
radation [10,17,22–24]. However, the polluted groundwa-
ter is often anaerobic so that the aerobic biodegradation 
method may not be feasible for all polluted site especially 
those with low permeability. Therefore, the biodegrada-
tion and removal of BTEX and MTBE under anaerobic 
conditions needs to be evaluated in order to understand 
how anaerobic biodegradation can contribute to intrinsic 
biodegradation at the polluted site [18,25,26].

In general, each polluted site has its own unique 
characteristics. Hence, understanding the potential of 
in situ microorganisms to degrade pollutants and the 
mechanism of degradation prior to conducting bioreme-
diation is important for providing a feasible and eff ec-
tive remediation strategy to be referenced for future 
implementation. In this study, a gasoline-contaminated 
site was selected to evaluate the biodegrading potential 
of MTBE and BTEX under aerobic, nitrate reducing, and 
methanogenic conditions at the site. Additionally, since 
the process wastewater that contains petroleum hydro-
carbons is currently treated in an activated sludge plant 
at the pollution site, the degradation of hydrocarbon 
pollutants in the activated sludge process was also eval-
uated. Major objectives of this study were:

1. to investigate the potential of in situ microorganisms 
to degrade MTBE and BTEX under aerobic condition 
and anaerobic conditions of nitrate reduction and 
methanogenesis,

2. to investigate the potential of activated sludge pro-
cess to degrade MTBE and BTEX,

3. to evaluate the mechanism of natural biodegradation 
of MTBE and BETEX, and

4. to evaluate the feasibility of applying bioremediation 
for renovating the polluted site.

2. Description of the polluted site

The site selected for conducting this research is an 
active oil-refi nery facility, which has been polluted by 
spills of gasoline. The soil consists of silty sand, silt, 

and clay with silty sand being the major component. 
There is a weak clay layer of 5–10 m thickness located 
40 m below the surface. The groundwater is 3–7 m dur-
ing dry season and 2–5 m during wet season below the 
ground; its velocity is estimated to be between 0.2 and 
1.4 m/day [7].

Results of previous studies show that the ground-
water at this site contained the highest MTBE and total 
BTEX concentrations of 0.2 and 200 mg/L, respectively, 
with dissolved oxygen of less than 1 mg/L. Additionally, 
tert-butyl alcohol (TBA), the biodegrading byproduct of 
MTBE, is also detected to exist in the groundwater with 
the highest concentration of about 1 mg/L. The aquifer 
soil at the polluted site contains about 106–107 CFU/g soil 
of total aerobic microorganisms and 105–106 CFU/g soil 
of total anaerobic microorganisms. Additionally, nitrate 
reducing microorganisms, iron reducing microorgan-
isms, sulfate reducing microorganisms and methano-
gens have been proved to exist at the site; their total 
population numbers 101–103 CFU/g soil [27].

3. Materials and methods

3.1. Source of inocula and growth nutrient

The inocula used in this research were obtained 
from three sources: (1) the aquifer sediments 4 m below 
ground, (2) extracted supernatant of the aquifer sedi-
ments, and (3) the wastewater treatment plant activated 
sludge. For extracting the microorganisms contained 
in the aquifer soil, 10 g of the collected soil was mixed 
with 200 mL of growth nutrient, and the mixture was 
incubated for 7 days in 160 rpm shaker bath with tem-
perature controlled at 30 oC. The incubated microbial 
suspension was centrifuged to remove the clear liquid. 
The remaining solids were rinsed three times with inor-
ganic nutrient solution to remove any trace amount 
of organic matt er that may interfere with subsequent 
analyses. Inorganic nutrient solution was used as the 
nutrient to carry out batch studies in this research. Com-
positions and preparation of the nutrient solution, e.g. 
buff er solution, calcium and magnesium solutions, and 
trace elements contained in the nutrient solution, are the 
same as those shown in the previous study [28].

3.2. Batch biodegradation experiments

 Serum bott les of 60 mL volume were used as the 
batch reactors to carry out aerobic, nitrate reduction 
and methanogenesis biodegradation studies. After 
preselected amounts of microbial inoculums, MTBE 
or BTEX, and nutrient solution or ground water were 
added, the reactor was immediately sealed with Tef-
lon-covered aluminum cap. The prepared reactors 
were then placed in a dark container with temperature 
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maintained constant at 25 oC to incubate with the con-
tent periodically removed for analyses. For the anaero-
bic biological degradation process, mixture of N2/CO2 
(80/20) (for methanogenesis group) or N2 (for nitrate 
reduction group) was blown into the reactor through 
the bott le neck before the reactor was inoculated. In 
addition, 0.05% of sodium sulfi de (Na2S·9H2O) was 
added to the methanogenic group to reach strict anaer-
obic conditions. The reactor was placed in an anaerobic 
box for adding microbial inoculum and other ingre-
dients. The initial pH values in all microcosms were 
adjusted to around 7, and the initial dissolved oxygen 
(DO) concentrations in the aerobic biodegradation 
experiments were approximately 8 mg/L. DO concen-
trations were monitored during the aerobic experi-
ments. When DO was less than 2 mg/L, pure oxygen 
was injected into the headspace to supply enough DO 
for aerobic biodegradation. Each group of batch stud-
ies consists of a sterilization control. Table 1 lists the 
experimental parameters of the batch experiments.

3.3. Methods of analyses

Samples to be analyzed for volatile organics includ-
ing MTBE, TBA, and BTEX were pre-treated using a 
purge and trap equipment prior to gas chromatograph/
fl ame ionization detector (GC/FID) analyses. The GC/
FID used a capillary column (HP-1, 30 m × 0.53 mm ×0.5 
m); nitrogen gas (99.9995% purity) fl owing at 10 mL/
min was used as the carrying gas. The operating tem-
peratures were maintained at 180 oC for the injector, 
and 250 oC for the detector. The oven temperature was 
maintained at 35 oC for 5 min, then elevated at the ramp 
temperature of 11 oC/min to 115 oC, and held at 115 oC 
for 6 min. Afterward, the temperature was raised at the 
ramp temperature of 7 oC/min to 130 oC, and then held 
at 130 oC for 3 min. Concentrations of BTEX presented in 
this study were total BTEX concentrations.

4. Results and discussion

4.1. The aerobic biodegradation group

4.1.1. Aquifer sediments

The MTBE molecule has ether bond and tertiary 
butyl structure, it is thus diffi  cult to be degraded bio-
logically [14]. Hence, the biodegradability of MTBE at 
the polluted site is fi rst investigated using MTBE solu-
tion with an initial concentration of 50 mg/L. Fig. 1 
shows the degradation of MTBE in aquifer sediments 
under aerobic condition. The degradation of MTBE 
was noted to begin after 20-day reaction time. During 
200 days of incubation, in situ microorganisms decom-
posed more than 99.9% of MTBE. The byproduct of 
MTBE degradation, i.e. TBA, started to form after 20 
days and the highest accumulated TBA concentration 
was reached after 50 days. Afterward, the accumulated 
TBA concentration continually decreases until day 85 
when no TBA is detected. These observations indi-
cate that in situ microorganisms have the capability of 
degrading MTBE and TBA.

Table 1
Experimental parameters of the batch experiments

Trial Redox condition Inocula Constituent

1 Aerobic Aquifer sediments Aquifer sediments 20 g + in situ groundwater 35 mL + 
MTBE 50 mg/L

2 Aerobic Extracted supernatant of
the aquifer sediments

Extracted supernatant of the aquifer sediments 1 mL +
in situ groundwater 35 mL + MTBE 50 mg/L + BTEX 50 mg/L

3 Aerobic Activated sludge Activated sludge 5 mL + nutrient 35 mL + MTBE 50 mg/L + 
BTEX 50 mg/L

4 Nitrate reduction Aquifer sediments Aquifer sediments 20 g + in situ groundwater 35 mL + 
MTBE 50 mg/L + NO3-N 100 mg/L + BTEX 20 mg/L

5 Methanogenesis Aquifer sediments Aquifer sediments 20 g + in situ groundwater 35 mL + 
MTBE 50 mg/L + BTEX 20 mg/L + reductant

Fig. 1. Degradation of MTBE by aquifer sediments under 
aerobic condition.
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4.2. The nitrate reduction group

Adding 100 mg/L of nitrate to MTBE and BTEX 
solution to carry out the degradation experiment will 
lead to understanding the degradation of MTBE and 
BTEX at this site under the condition of nitrate reduc-
tion. In this experiment, the initial concentrations were 
50 mg/L for MTBE and 20 mg/L for BTEX. Fig. 4 shows 
the degradation of MTBE and BTEX by aquifer sedi-
ments under nitrate reduction condition. MTBE was 
not decomposed in 315 days whereas 78% of BTEX was 
decomposed. Toluene had the fastest degradation rate 
with 100% reduction effi  ciency whereas benzene had 
the slowest degradation rate with only 25% removed. 
Generally, toluene degradation occurs with all terminal 
electron acceptors whereas benzene is more recalcitrant 
under nitrate reducing condition [18]. Dou et al. [20,21] 
have utilized the incubated microorganism species iso-
lated from oil-contaminated soil to degrade BTEX under 
nitrate reduction condition. Their results show the order 
of magnitude of BTEX reduction rate as: toluene > eth-
ylbenzene > m-xylene > o-xylene > benzene > p-xylene. 
Additionally, Schreiber et al. [18] sorted out the fi rst 
order rate constants for aerobic, nitrate reduction, iron 

4.1.2. Extracted supernatant of aquifer sediments

In order to exclude the infl uence of organic sub-
stances in aquifer sediments on MTBE and BTEX biodeg-
radation, the extracted supernatant of aquifer sediments 
and inorganic nutrient were used to confi rm that if in 
situ microorganisms could utilize MTBE and BTEX as 
the major source of carbon. Fig. 2 displays the degrada-
tion of MTBE and BTEX by microorganisms extracted 
from aquifer sediments under aerobic condition. After 
a lag period of 74 days, MTBE started to be degraded 
slowly to 22.2 mg/L with 57% removal effi  ciency on day 
236. Because MTBE was slowly degraded, the produc-
tion of TBA was also slow; the relatively small amount 
of TBA may be immediately biodegraded. Hence, the 
accumulation of TBA was not observed in this experi-
ment. The complete degradation of BTEX in 12 days 
shows that in situ microorganisms are well capable of 
degrading BTEX, and the results also show that MTBE 
and BTEX can be used as the major carbon sources by 
the intrinsic microorganisms.

4.1.3. Activated sludge

In this study, activated sludge was used to evaluate 
the feasibility of performing on-site treatment of pol-
luted groundwater. The degradation of MTBE and BETX 
by activated sludge under aerobic condition is shown 
in Fig. 3. During 300 days of incubation, MTBE was not 
degraded whereas BTEX was completely decomposed 
in 6 days. These results show that using the current acti-
vated sludge will not achieve eff ective MTBE degrada-
tion. Therefore, if activated sludge is considered to be 
used for treating polluted groundwater on-site in the 
future, external source of carbon needs to be added to 
evaluate the feasibility of using cometabolism for MTBE 
degradation [28]. In addition, the experimental results 
also indicate that the removal of MTBE in the wastewa-
ter process by the activated sludge system may not be 
eff ective at this facility.

Fig. 2. Degradation of MTBE and BTEX by microorganisms 
extracted from aquifer sediments under aerobic condition.
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Fig. 3. Degradation of MTBE and BETX by activated sludge 
under aerobic condition.
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Fig. 4. Degradation of MTBE and BTEX by aquifer sediments 
under nitrate reduction condition.
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reduction, sulfate reduction and methanogenesis of 
BTEX degradation. The results reveal that toluene and 
ethylbenzene had fast degradation rate, and benzene 
had the slowest degradation rate under nitrate reducing 
conditions. Kao and Wang [29] also reported that tolu-
ene had very rapid degradation while benzene removal 
was slowest within the denitrifying zone at a gasoline 
spill site. Hence, the results obtained in this study are 
similar to those reported in literature. Results of the 
experiments show that under the condition of nitrate 
reduction, MTBE cannot be removed while BTEX can be 
partially decomposed by in situ microorganisms.

4.3. The mathanogenesis group

The objective of this experiment was to evaluate the 
degradation of MTBE and BTEX at the polluted site 
under methanogenesis. Degradations of 50 mg/L MTBE 
and 20 mg/L BTEX by aquifer sediments under metha-
nogenesis condition are shown in Fig. 5. During 300 

days of reaction, MTBE was not degraded; BTEX was 
about 98% degraded. For BTEX, benzene had the slowest 
degradation rate; it was not completely degraded with 
90% removed while toluene, ethylbenzene, and xylenes 
were totally degraded. These results conform to those 
reported by Johnson et al. [30] and Schreiber et al. [18] 
that degradation of benzene is highly site-specifi c since 
the structure and shape make it diffi  cult to be degraded. 
Under methanogenesis condition, although the majority 
of BTEX can be degraded, MTBE cannot be biodegraded 
by in situ microbes.

4.4. Evaluating the feasibility of bioremediation at the 
contaminated site

Aquifer sediments, the extracted supernatant of 
aquifer sediments and activated sludge were used to 
investigate the feasibility of degrading MTBE and BTEX 
under various conditions. The results of batch studies 
as listed in Table 2 show that in situ microorganisms are 
capable of degrading MTBE and BTEX under aerobic 
condition using MTBE and BTEX as the major source 
of carbon. Under nitrate reduction and methanogen-
esis, BTEX can be biodegraded by in situ microorgan-
ism whereas MTBE cannot be decomposed. Until now, 
aerobic biodegradation of MTBE has been successfully 
demonstrated while anaerobic biodegradation of MTBE 
has not been well documented [11,14,31–33]. Although 
MTBE biodegradation under anaerobic conditions has 
been reported, many studies have failed to demon-
strate the occurrence of anaerobic MTBE biodegradation 
[13,31]. Recently, Waul et al. [13] conducted a long-term 
study of MTBE anaerobic biodegradation in batch and 
continuous reactors. MTBE removal was observed in 
only one set of the batch experiments due to acid hydro-
lysis of low pH values cased by complexed Fe(III) rather 

Table 2
Results of batch biodegradation experiments

Trial Redox condition Microorganism Pollutant Initial
concentration
(mg/L)

Incubation
time (day)

First-order rate
constant (d–1)

Removal
effi  ciency
(%)

1 Aerobic Aquifer sediments MTBE 50 200 0.0276 >99.9
2 Aerobic Extracted supernatant

of aquifer sediments
MTBE 50 236 0.0031 57

BTEX 50 12 0.4529 100
3 Aerobic Activated sludge MTBE 50 317 0 0

BTEX 50 6 0.8086 100
4 Nitrate reduction Aquifer sediments MTBE 50 315 0 0

BTEX 20 0.006 78
5 Methanogenesis Aquifer sediments MTBE 50 315 0 0

BTEX 20 0.01070 98

Fig. 5. Degradation of MTBE and BTEX by aquifer sediments 
under methanogenesis condition.
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3. BTEX was decomposed faster and more completely 
under methanogenesis condition than nitrate reduc-
tion condition.

4. The on-site activated sludge system is eff ective in 
decomposing BTEX but not eff ective in decomposing 
MTBE.

5. The enhanced aerobic bioremediation method is 
more feasible for renovating this site. Injecting air, 
pure oxygen or oxygen-releasing chemicals will raise 
the removal rate of pollutants.

6. If on-site biological systems are used to remove pol-
lutants from groundwater, the system can be applied 
by: (1) inoculating the activated sludge system with 
the extracted supernatant of aquifer sediments, and 
(2) incubating a large quantity of the extracted super-
natant of aquifer sediments to directly treat the pol-
lutants in a reactor.

7. If this site is to be renovated using natural att enua-
tion, detailed survey of the site must be done in order 
to understand whether non-biological mechanisms 
(e.g. evaporation, adsorption and dilution factors) 
can control the pollution plume eff ectively.

Results of this study will be helpful in designing a 
practical system for bioremediation of this and other 
similar sites.
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