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Abstract

As a result of examinations carried out, 16 strains of microorganisms able to grow on mineral media with methyl tert-butyl ether as the
sole source of carbon and energy were isolated. Bacteria prevailed among the isolated microorganisms . The growth of microorganisms
under laboratory conditions was long and accompanied by low biomass increase. Under the conditions of the experiment, the isolated
microorganisms did not show any quantitatively measurable biodegradability of methyl tert-butyl ether (MTBE) under aerobic conditions.
This requires far-reaching caution with respect to trading in MTBE-modified petrols in order to protect the natural environment in Poland

against contamination with that hard-to-biodegrade substance.
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Introduction

From among the huge amount of pollutants emitted
to the atmosphere, volatile organic compounds (VOCs)
constitute one the largest groups. They are part of crude
oil, liquid fuels, various thinners and solvents, and
many other products of the chemical industry. In the
chemical sense, these are aliphatic, aromatic and cyclic
hydrocarbons, alcohols, ketones, ethers, halogenated
hydrocarbons, and other compounds. They are encoun-
tered within a broad range of concentrations in outdoor
and indoor air (Massolo et al., 2010) as well as waters
and soils (Lehr and Lehr, 2000).

This group of noxious volatile organic compounds
includes, among others, methyl tert-butyl ether (MTBE)
also called methyl tertiary-butyl ether. In the last dec-
ade of the twentieth century, its production underwent
a considerable increase from 8 to 28 million tonnes
(Hamid and Ali, 2004). In 2004, the MTBE production
in the country of its largest consumer, i.e. in the USA,
amounted to about 5.6 million tonnes (EPA, 2008).
According to Grzyb and Kotowski (2001), the world

consumption of MTBE in 1997 amounted to 22.6 mil-
lion tonnes and its share in petrols was as follows: 1.8%
in Europe and 3.4% (ordinary formulated, unleaded
petrols) and 10.8% (reformulated petrols) in the USA

In the USA, it was introduced into wide use in the
1970s, whereas in Europe it has been applied since 1985.
It is being added to petrol to increase total octane num-
ber and improve combustion efficiency (Yacobucci,
2006). Besides, its application aims at reduction of car-
bon monoxide levels, generated during fuel combustion
(EIA, 2000). Considering its high volatility, MTBE is
included among volatile organic compounds.

MTBE is an easily water-soluble substance. Due
to its mobility, methyl tert-butyl ether penetrates into
deeper soil horizons leading additionally to the con-
tamination of ground waters (Alimohammadi etal,
2005). MTBE may penetrate into ground water through
spills and leakages from fuel storage tanks, persisting
in it for a long time. Even a small leakage of 1 gallon
of fuel containing 11% MTBE may lead to contamina-
tion of 4 million gallons of water with the concentra-
tion of methyl tert-butyl ether reaching up to 20 pg/1
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(Davis and Thomas, 2006). Environmental problems
connected with the environmental contamination by
them are being discussed in original papers as well
as those of the state-of-art-review type. For instance,
Achten etal. (2001) describe in their original paper
the situation in Germany, whereas that in the USA
has been presented in a publication signed by the U.S.
Environmental Protection Agency (EPA, 2008). Dif-
ferent aspects of introducing MTBE to petrol used
in the USA, especially legal ones, are described by
McGarity (2004). The scale of the arising problems is
well illustrated by the following facts. In 1990 MTBE
was, according to some analyses, the fastest growing
chemical product in the world, nine years later adding
this substance to petrol in California was forbidden,
whereas in the year 2004 it was already prohibited in
fifteen American states (McGarity, 2004). The largest
danger for the environment from MTBE is connected
with petrol leakage into the ground while filling storage
tanks and from tanks improperly sealed. This has lead
countries to establish certain criteria for underground
storage tanks and their equipment (Barker and Marples,
2001). Moreover, requirements for the composition
of gasoline, including ethers, are regulated by proper
European directives, the last of which allowing 22%
content was issued in 2009 (European Parliament, 2009;
Paluchowska and Jakdbiec, 2011). Permissible content
of ethers in petrol for the Polish market is determined
by the regulation of the Minister of Economy from
9% December 2008 regarding the quality requirements
for liquid fuels (Minister of Economy, 2008).

Even in the first half of the 1990s of the last century,
methyl tert-butyl ether continued to be considered as
anon-biodegradable substance. Since then, knowledge
about the susceptibility of the compound to biodegra-
dation has been significantly expanded and it is known
today that it can be broken down by certain micro-
organisms. This refers in particular to bacteria being
active under aerobic conditions (Zhong et al., 2007)
and in situations when MTBE co-occurs with simple
hydrocarbons (Fortin and Deshusses, 1999a, b). A few
cases of MTBE co-metabolism by fungi are also known
(Hardison et al., 1997). The cases of MTBE biodegra-
dation described in the literature were usually charac-
terised by a slow course (Volpe et al., 2009) and small
biomass yield (Deeb et al., 2000). Its biodegradation in
nature is also slow - its half-life is about 2 years (Fayolle
etal., 2001). Large resistance of MTBE to biodegrada-
tion is induced by the structure of its molecule, in which
the ether bond and tertiary carbon atom occur simul-
taneously (Fayolle et al., 2001). The most characteristic
intermediate products of its biodegradation are tert-
butyl alcohol and formaldehyde. The biodegradation of
MTBE usually starts with the attack of monooxygenase
and the formation of tertiary-butoxy methanol (Fayolle
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etal.,2001), followed by the liberation of formaldehyde
and the formation of tert-butyl alcohol. The research on
MTBE biodegradation and bioremediation of MTBE-
contaminated environment has been reviewed, among
others, by Deeb et al. (2000); Fayolle et al. (2001) and
Zanardini et al. (2002). It results from these reviews that
methyl tert-butyl ether is being degraded in the aerobic
environment by different microorganisms, in particular
by those occurring in the environment contaminated
with aliphatic hydrocarbons being found in petrols.
Biodegradation under anaerobic conditions is more
rarely encountered and is much slower or does not
occur at all. In the opinion of Fayolle et al. (2001), the
biodegradation of ethyl tert-butyl ether — being used
as the replacement of MTBE by some petrol produc-
ers, including the Polish ones - should be easier. This
results from the liberation after ether molecule cleavage
of a molecule containing two atoms of carbon more
easily undergoing hydroxylation.

Some researchers describe utilisation of the phe-
nomenon of MTBE biodegradation in the cleaning of
air contaminated with it either at the laboratory scale
or in pilot applications (Fortin and Deshusses, 1999a, b;
Eweis et al., 1997, 1998).

The general aim of this paper was to evaluate the vul-
nerability of methyl tert-butyl ether to biodegradation
with the use of microorganisms harvested from sources
situated within the area of the Western Pomerania under
the conditions similar to those prevailing in environ-
ment. The specific aims were to isolate microorganisms
from the environment and to characterise their indi-
vidual abilities to biodegrade the substance with kinetic
methods (so called screening). The isolated microorgan-
isms could be used for inoculation of waters and soils
in MTBE-contaminated areas in order to accelerate the
processes of their self-cleaning as well as of bio-filter
beds cleaning the air and water contaminated with it.

Experimental
Materials and Methods

Tested microorganisms. The first group of micro-
organisms used in this examination was isolated from
the environment in earlier studies and is part of the
collections of the Department of Microbiology and
Environmental Biotechnology and the Department of
Physical Chemistry and Fundamentals of Environmen-
tal Protection of the Western Pomeranian University of
Technology in Szczecin. They were able to biodegrade
Diesel oil (Nowak et al., 2008) and volatile organic com-
pounds, such as styrene (Wieczorek and Przybulewska,
2008), ethylbenzene (Wieczorek and Przybulewska,
2006) and methyl isobutyl ketone (Przybulewska and
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Wieczorek, 2008). Also a broad screening was carried
out to search for new microorganisms able to degrade
MTBE using it as a sole source of carbon and energy.

The strains kept in these collections are as follows:

- Diesel oil-degrading bacteria labelled: b/6, b/2

and b/7;

— ethylbenzene-degrading bacteria: Bacillus pumilus

and Rhodococcus rhodochrous;

— styrene-degrading bacteria: Agrobacterium rhizo-

genes and Pseudomonas aeruginosa; and

- microorganisms being able to biodegrade methyl

isobutyl ketone: Gordonia terrae, Agromyces medio-
lanus, Rhodococcus globerulus, Gordonia bronchia-
lis, Bacillus subtilis and Fusarium solani.
Successive microorganisms were harvested during
the 1st stage of screening, i.e. screening tests, using the
materials sampled from locations situated in the open
ground as well as isolated locations.
Sample No. 1 - a mixture of materials:
- compost bed from styrene-degrading bio-filter
(Wieczorek, 2007),

- compost bed from bio-filter installed in the
“Zalom” Cable Factory (Wieczorek, 2005),

- compost from municipal-industrial waste from
a composting plant in Racula.

Sample No. 2 - a mixture of soil samples contami-
nated with oil derivatives collected from:

- “Trans-Masz” Transport and Road Construction

Machinery Enterprise in Stargard Szczecinski,

— fuel depots in Kluczewo,

- “Emulex” fuel station in Stargard Szczecinski,

- liquid fuel reloading bases in military units,

- military vehicle parking lots in military barracks,

— Polish Railway and Motor Transport Enterprise

grounds in fuel collection point and vehicle park-
ing areas,

- “Lotos” fuel station in Stargard Szczecinski.

Sample No. 3 - a mixture of liquid substances com-
ing from drains and oil separators at the fuel station in
Osinowo Dolne.

Sample No. 4 - a mixture of liquid residues after the
cleaning of petrol tanks from different fuel stations of
the PKN “Orlen” in the Western Pomeranian Province.

Sample No. 5 - turbid water from a humidifier of
the test installation being used in the Department of
Physical Chemistry and Foundations of Environmental
Protection of the Szczecin University of Technology,
through which the MTBE-contaminated air was passed
for a long time.

Sample No. 6 — a mixture of samples 1 and 2.

Isolation of microorganisms. The isolation of
microorganisms from samples 1-6 was made by direct
method as well as after enrichment in liquid cultures.

Direct isolations were carried out by making two
parallel lines of inoculations of the material from
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a series of 1:10 dilutions prepared from each sample
on dishes with media according to Bushnell and Haas
(1941) and Kojima etal. (1961). After incubation of
cultures in 15 dm’ desiccators at room temperature in
an atmosphere of air saturated with MTBE vapours,
single colonies being different morphologically were
grafted on fresh media and again incubated under the
same conditions. The MTBE saturation of the air filling
desiccators was obtained by placing in them beakers
with 25 cm® MTBE.

When performing the isolations from enriching
liquid cultures, the first stage, i.e. inoculations from
dilutions, was omitted.

The enriching cultures, targeted by medium and
substrate selection, which preceded inoculations on
dishes and by definition were to facilitate the searching
for most active microorganisms. They were carried out
in a liquid mineral medium with MTBE as a sole source
of carbon and energy according to the description of
the kinetic tests presented below. Instead of inoculum,
a sample of 1g of environmental material was intro-
duced. The enriching cultures established this way were
differentiated from primary samples by supplementing
the sample number with the letter “2”.

The strains of bacteria, actinomycetes and fungi
harvested by the two methods were grafted on agar
slants - bacteria on a medium according to Bushnell
and Haas (1941), actinomyctes on a medium according
to Tsyganov et al. (1964), while fungi on a PDA medium
(Honda et al. 1998).

Kinetic tests. Tests of biodegradation kinetics,
treated simultaneously as confirmation tests, were car-
ried out in a testing unit presented in Fig. 1, described
in earlier papers (Wieczorek and Przybulewska, 2008,
2006). Inoculum for the inoculation of cultures car-
ried out on a liquid medium in scrubbers of the testing
set was obtained by rinsing the strains with 3 cm? of
physiological saline. For inoculation of 10 cm® medium,
1 cm® of inoculum was used.

The concentration of MTBE in a gas stream was
determined by the chromatographic method (Wieczo-
rek, 2005).

Based on the results of gas composition analyses
and the data referring to the flow of MTBE-air mixture
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Fig. 1. Schematic of the experimental setup; F — air rotameter;

PN - humidifying scrubber; BF - bacterial filters; PK - control

scrubber, P — scrubbers with microorganisms cultures; K - sam-
pling ports, P — scrubber with MTBE, z — valves.

MTBE
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vapours, the mass loading of scrubber with MTBE was
calculated, as well as total biodegradation efficiency
(performance) and MTBE elimination capacity (spe-
cific biodegradation rate).

Gx C x107
M="2r (1)
v
C-C
NI >

1
Gx(C -C)x107
B v

3)

where: C - inlet / outlet MTBE concentration, mg/m’,
G - flow rate, m*/s, V — culture (suspension) volume, m?,
M - mass loading of scrubber with MTBE, g/m’/s,
S, - biodegradation efficiency, %, EC - elimination
capacity (biodegradation rate), g/m?/s.

Results and Discussion

Samples from the culturing of strains coming from
own collections showed no ability to grow when the
sole source of carbon and energy was methyl tert-butyl
ether. Further tests with these microorganisms were not
taken up.

As a result of the first stage of screening, i.e. screen-
ing tests, 12 bacterial strains, 3 actinomycetal strains
and 1 fungal strain able to grow on mineral media in
the presence of MTBE were harvested from direct sam-
ples and enriching cultures. The fact of no measurable
MTBE degradation observed during carrying out the
enriching cultures (Table I) requires emphasising. In
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Table I the tests carried out and the obtained qualitative
results are compared.

The MTBE-degrading ability by the harvested
microbial strains listed in Table I was evaluated in
kinetic tests, fulfilling simultaneously the role of con-
firmation tests.

Despite long-lasting research process, any expected
activities of these microorganisms in breaking down the
tested substance were clearly demonstrated qualitatively
(based on the observation of culture growth) and even
more evaluated quantitatively. Changes in MTBE con-
centrations taking place during its flow through scrub-
bers with liquid culture obtained in measurements were
within the range of chromatographic measurement
error. The description of recorded qualitative changes is
presented below. After several days of enriching the cul-
tures with MTBE-air mixture with concentrations rang-
ing 40-500 mg-m™, a minimum decrease in turbidity
was usually observed, followed by its small increase
(initial turbidity originated from inoculum). On the
other hand, no significant decrease in MTBE concen-
tration was observed after passage through a scrubber
which would be evidence of occurring biodegradation.
After longer time, turbidity occurred in the humidify-
ing scrubber (Fig. 1) where distilled water was present
for the purpose of preserving proper humidity in the
system, which might have been evidence of spontane-
ous inoculation and microbial growth. This may be
explained by the fact that dusts containing waster-sol-
uble mineral components and microorganisms pen-
etrated into the washer due to long air purging. In the
environment prepared this way, the microorganisms
brought together with air found appropriate conditions

Table I
Summary of the experiments

et e R
P1 Solid mineral medium acc. to Kojima/Bushnell-Haas No growth
Pla* Enrichment culture, mineral medium acc. to Kojima/Bushnell-Haas Below sensitivity level of the method
P2 Solid mineral medium acc. Bushnell-Haas Actinomycete Acl
Solid mineral medium acc. Cyganov Actinomycete Ac2
MPA solid medium Bacteria B1
P2a* Enrichment culture, mineral medium acc. to Bushnell-Haas Below sensitivity level of the method
P3 MPA solid medium Bacteria B2-B5
Solid mineral medium acc. Bushnell-Haas B6-B7
P3a* Enrichment culture, mineral medium acc. to Bushnell-Haas Below sensitivity level of the method
P4 Solid mineral medium acc. Bushnell-Haas Bacteria B8-B10
P4a* Enrichment culture, mineral medium acc. to Bushnell-Haas Below sensitivity level of the method
P5 MPA solid medium Bacteria B11-B12
Fungi F1
Actinomycete Ac3
P5a* Enrichment culture, mineral medium acc. to Bushnell-Haas Below sensitivity level of the method
P6a* Enrichment culture, mineral medium acc. to Bushnell-Haas Below sensitivity level of the method
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Fig. 2. Sample result from kinetic tests; S1-S6 — scrubbers with
inoculated mineral medium; inoculum (sample or microorganism
code): 1 -B5+ B12,2-B7,3 - P1,4- B12,5 - Ac3,6 - Ac2

for growth. They were used as inoculum in successive
measurements — sample No. 5.

Examples of quantitative results are presented in
Figure 2.

No repeatability in the sequence of point positions
on successive days is evidence of the lack of a founda-
tion for acknowledging that microorganisms present in
one of the washers degraded MTBE. When assuming
that the gas flow through a washer amounts to 3 dm?*/h,
the culture volume to 11 cm?, the inlet concentration to
250 mg/m’ and the smallest distinguishable change in
concentration is equal to 10% of inlet concentration, it
is possible to state that concentration drop should be
at least 25 mg/m’ to acknowledge that biodegradation
occurs. The biodegradation efficiency and its rate cor-
responding to it, calculated according to relationship
(2) and (3), would amount respectively to 10% and
6.8 g/m’/h. At the lowest concentration being used,
i.e. 50 mg/m’, measurable biodegradation rate would
amount to about 1.4 g/m*/h. Having this in mind and
assuming that MTBE biodegradation by the tested
microorganisms took place, it is possible to state that
its rate was smaller than 1.4 g/m*/h.

Summing up the measurements, it is possible to
make a careful assumption that MTBE was degraded
by the isolated microorganisms. This is founded on
such symptoms as the occurrence of microbial growth
on solid media with MTBE as a sole source of car-
bon and energy as well as the increase in suspension
expressed by increase of liquid culture turbidity. The
results of kinetic measurements indicate that the rate of
that hypothetic biodegradation was very small, smaller
than 1.4 g/m’/h.
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In the reference literature, it is possible to find papers
in which the authors demonstrated the occurrence of
MTBE biodegradation in the natural environment or
under laboratory conditions as well as its practical use
(Fortin and Deshusses, 1999a, b; Charathirakup and
Reungsang, 2006; Chen et al., 2006; Fortin et al., 2001;
Kane et al., 2001; Lin et al., 2006, 2007; Mo et al., 1997;
Schirmer etal., 2003; Schroeder et al., 2000; Zaitsev
etal., 2007). From among them, Fortin and Deshusses
(Fortin and Deshusses, 1999a, Fortin and Deshusses,
1999b) describe the application of biodegradation for
cleaning air containing MTBE with the biofiltration
method. After six-month adaptation of bio-filters, they
obtained high degradation rates, approximating even
50 g/m?/h, with no accumulation of intermediate pro-
ducts and 97% conversion of substrate to CO,. Other
authors describe the process of MTBE biodegradation
occurring in the natural environment and / or labora-
tory. For instance, Kane et al. (2001), Chen et al. (2006),
Charathirakup and Reungsang (2006) and Zaitsev et al.
(2007) examined MTBE biodegradation with the use
of microbial cultures isolated from the environment or
directly from material sampled from the environment,
e.g. soil, sediments, and ground water. The biodegrada-
tion rates obtained were significantly smaller than those
in bio-filters. Generally, they were within the range of
tenth parts to 1g/m’/h. Similar biodegradation rates
were obtained by Lin et al. (2007), Mo et al. (1997) and
Zaitsev et al. (2007), who used pure bacterial cultures.
The bacteria used by them are respectively as follows:
Pseudomonas aeruginosa, Methylobacterium sp., Rho-
dococcus sp., Arthrobacter sp., Hyphomicrobium facilis
and Methylobacterium extorquens. One of the higher
rates of biodegradation with the use of pure cultures
was obtained by Zaitsev et al. (2007), and its value esti-
mated based on the research data amounting to about
1.2g/m’/h. Other MTBE-mineralising strains are
a broadly described PM-1, identified as Rubivivax sp.
(Deeb et al., 2000), and Hydrogenophaga flava (Steffan
etal., 2000). In the context of this information, it is pos-
sible to conclude that detection of the biodegradation
running at smaller rates most frequently obtained in
tests was not possible at the level of biodegradation
detectability in scrubbers obtained in this study and
assessed at 1.4 g/m’/h. To some extent, this explains the
differences in the results obtained in this experiment,
i.e. between the observed microbial growth in the pres-
ence of MTBE in plate cultures and the lack of meas-
urable biodegradation result in kinetic measurements.

It results from reports of other authors that MTBE
biodegradability strongly depends on the conditions
of the process itself while a rule controlling it is hard to
be detected. For instance, Volpe et al. (2009) demon-
strated biodegradability of MTBE occurring inde-
pendently and its lack in case of co-existence with
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aliphatic hydrocarbons. On the contrary, others found
co-metabolic degradation of MTBE with light alkanes,
like for example propane, pentane, efc. (e.g. Hernan-
dez etal., 2001; Haase etal., 2006; Nava et al., 2007).
As a rule, these authors unanimously state biodegra-
dation-inducing or adaptation time-reducing effect
of alkanes (Hernandez et al., 2001; Nava et al., 2007).
However, the rate of MTBE biodegradation in the
presence of alkanes is sometimes lower than when it is
found alone (Kane et al., 2001).

Recapitulation and Conclusions

1. As a result of the isolation of microorganisms in the
presence of a gaseous form of methyl tert-butyl ether,
16 microbial strains were harvested, with bacteria
prevailing among the isolated microorganisms.

2. Microbial growth under laboratory conditions was
long. It ranged from a few to several weeks, depend-
ing on the strain and the medium applied.

3. Despite broad screening, the isolated microorgan-
isms did not show significant quantitatively deter-
minable ability to biodegrade methyl tert-butyl ether
(MTBE). This fact inspires a further search and isola-
tion of microorganisms as well as determination of
the factors deciding about their metabolic activity
towards the examined compound.

4. The studies carried out point to major difficulties in
isolating microorganisms from environmental sam-
ples, particularly from soil, that effectively degrade
methyl tert-butyl ether under aerobic conditions and
constitute indirect proof that this compound is very
poorly biodegraded. This stresses the need for increas-
ing requirements referring to trading in MTBE-
modified petrols in order to ensure best possible
conditions for protecting soils and waters against
contamination with this substance which is little
susceptible to degradation under Polish conditions.
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