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ABSTRACT

Monoaromatic pollutants such as benzene, toluene, ethylbenze
now considered as widespread contaminants of groundwater. In sj i 1 er natural
attenuation or enhanced remediation has been successfully used ic pollutants,

at in some sites,

intrinsic bioremediation can reduce the monoaromatic co contaminated water to

reach standard levels of potable water. However, engi
efficient. Also, studies have shown that enhanced anaerg@®ic bi iation‘can be applied for many
BTEX contaminated groundwaters, as it is simple, ap ble and edbnomical. This paper reviews

removal from groundwater under aerobic an i s. It also discusses the factors
affecting and limiting bioremediation processes jons between monoaromatic pollutants and
other compounds during the remediation process

Keywords: Monoaromatic pollu i ign; In Situ; Groundwater; Biodegradation;
Enhanced remediation

ethyfoenzene and xylenes isomers (BTEX) are important
that have been found in sites polluted by oil production facilities

Mty than other organic compounds that are present in gasoline such as
erally, solubility of benzene, toluene, ethyl benzene, xylenes and gasoline
in water spectively 18, 25, 3, 20, 50-100 ppm when gasoline is introduced into water.
Percent volime of benzene, toluene, ethylbenzene and xylenes in gasoline, are 1, 1.5, <1-1.5
and 8-10, respectively [2]. Groundwater contaminated by toxic pollutant is a very serious
problem because many communities in the world depend upon groundwater as sole or major
source of drinking water. Maximum levels for monoaromatic compounds in potable water are
0.05, 1, 0.7 and 10 ppm for benzene, toluene, ethylbenzene and isomers of xylenes,
respectively [3]. The detection and determination of light aromatic compounds in limits up to
part per billion (ppb) for a water sample can be carried out by various methods including gas
chromatography (GC)/flame ionization detector (FID), GC/photo ionization detector (PID),
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GC/mass spectrometer (MS) or GC/solid phase micro extraction (SPME) through head space
or purge and trap depending on sample preparation methods [4]. Other methods such as
chemical extraction (benzylsuccinate, trimethylbenzene, catechol 2, 3 dioxygenase), physical
methods (depletion of dissolved oxygen, nitrate and sulfate or production of dissolved ferrous
iron, sulfide and carbon dioxide), biological (bioassay tools) or numerical, physical and
kinetic models can be used for on-line monitoring of monoaromatics degradation during the
course of in situ bioremediation.

There are different methods for monoaromatic compounds removal from groundwater,
such as physical techniques (electro remediation, air sparging, carbon adsorptiop pon,

complementary methods include sand filtration and the permeable
All above mentioned methods can be divided into in situ a nd treat)

place. Among all remediation technologies for treati
compounds from contaminated groundwater, bioremegs
economical process and environmentally sound app . itu bi ediation is generally
costly and difficult due to extraction of contamina subsurface, treatment and
recharging the underground. This has led to an in in situ bioremediation for
groundwater contaminated by oil products.

In situ bioremediation is known as 1%
about the uniformity of treatment because of ? T8

@0 secondary waste stream is produced. In situ
bioremediation is a where microorganisms metabolize organic
contaminants to inorgy i as carbon dioxide, methane, water and inorganic
salts, either in natura fiditions. When naturally occurring metabolic processes
vithout any additional alteration of site conditions, the

pollutants are completely deg

Atecting in situ bioremediation of contaminated groundwater have been
the literature. Some of the main points include [9]:

pce and concentration of pollutant.

(hemistry and toxicity of contamination.

Solubility, transport, adsorption, dispersion and volatility of pollutant compounds.
Detection, determination and monitoring of pollutants.

Chemistry, physics and microbiology of groundwater.

Chemistry and mechanics of soil at contaminated site.

Hydrogeology and hydrology of contaminated site.

Limitations of environmental standards for water and soil.

Environment conditions, nutrient sources and presence of electron acceptors.
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» Biodegradability of contaminants, and the presence of a competent biodegrading

population of microorganisms.

In in situ bioremediation, anaerobic biodegradation plays a more important role than
that of aerobic processes. Aerobic bioremediation process requires expensive oxygen delivery
systems and process maintenance is often high due to biofouling in subsurface. But anaerobic
processes have advantages such as low biomass production and good electron acceptor
availability [10]. Anaerobic processes are sometimes the only possible solution to remove
pollutants as it is often difficult to inject oxygen into underground waters.

The microbiology and metabolism of BTEX degradation and interaction betwgaa
and other compounds (such as ethanol, MTBE) during their biodegradation is 4
factor when in situ bioremediation for monoaromatic removal from groundwa;

2. MICROBIOLOGY AND METABOLISM

source for microorganisms. Also, they require macro
. . 2+ 2+ + + Q2-
micro nutrients (Ca”, Mg~ , Na', K', S, co-factors s

(oxygen is the electron acceptor for aerobic metabolj i te, ferric, manganese
and carbon dioxide in anaerobic processes) and optifim environfhental conditions for growth
(temperature, pH, salinity, presence of inhibitors an nitogey source) [11]. Therefore, the
rate of bioremediation of fuel contaminag omatic hydrocarbons can be

enhanced by increasing the concentration o 2 acceptors and nutrients in groundwater.
In aerobic respirometry after light aromatic hydrocarbons,
microorganisms produce carbon dig , etc. In anaerobic bioremediation, end
products are compounds such ggfme W mpineral salts. Biomass has also to be taken
into account even if, as alrea Q ion remains usually quite low. The electron

s degraded to catechol while toluene and ethylbenzene are degraded
pathways leading to the production of 3-methylcatechol and 3-
pectively. The xylenes are metabolized to mono-methylated catechols [14].
e derived from gasoline-contaminated aquifer has been shown to degrade all
BTEX comgpounds into CO,. Also, some enzymes involved in aerobic metabolism, such as
catechol 2,3-dioxygenase, are used for monitoring BTX bioremediation.

Degradation of benzene in anaerobic conditions by mixed populations have been
investigated. Details of the biochemical pathways for toluene and ethylbenzene for anaerobic
biodegradation are known. Zarlenga and Fiori [15] have shown that for toluene, ethylbenzene
and xylene isomers (ortho and meta), it exists a common intermediate metabolite, which is
benzoyl-CoA. This compound appears to be the most common central intermediate for
anaerobic breakdown of aromatic compounds. Benzoyl-CoA is further reduced and can be
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converted into acetyl-CoA, finally giving carbon dioxide. It must be emphasized that the
pathways for para xylene metabolization under anaerobic conditions are not completely
elucidated. In most cases, electron balances show a complete anaerobic oxidation of these
aromatic compounds to CO,. Also, some intermediates such as benzylsuccinic acid and
methylbenzylsuccinic acid isomers have been proposed as distinctive indicators for the
monitoring of anaerobic toluene and xylene degradation in fuel contaminated aquifers [16].
Biodegradation kinetics parameters for monoaromatic removal are commonly obtained
from cultivation parameters in batch or continuous conditions and fitting the data with the
Well known Monod equatlon Harrmgton et al. [17] reported that substrate disappgaues

solids retention time (SRT) in the reactor and the combination
Studies by Lin et al. [19] indicate that the rate of bio

benzene was estimated from all published data, why
ethylbenzene, and xylenes were estimated to be 4, 0

g values for toluene,

and 0.4% ! respectively.

contaminated with mixtures Q#*Cl Qlyents such as carbon tetrachloride (CT),
f ), or pentachlorophenol (PCP) [20]. Also,
®thyl tert-butyl ether (MTBE), alkylbenzene,
icants, coal tar contaminated site, nitroaromatics
and inorganic com genium have been successfully removed by in situ
bioremediation tcgh . e technologies have also been widely used for the treatment

gtnated molecules such as methyl tert-butyl ether (MTBE), tert-butyl alcohol
(TBA), methanol, and ethanol. These compounds have been added to gasoline as octane
enhancers and stabilizers at levels close to 10-20% by volume [23]. Generally, alcohols and
oxygenated derivatives have a relatively high solubility in water and high mobility in the
subsurface.

Methanol and ethanol increase the solubility of oil constituents such as monoaromatic
compounds in the water. For example studies indicate that ethanol in oil increases the
solubility of BTEX from 30% to 210% by volume [24]. The biodegradation of methanol or
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ethanol in groundwater would first deplete the oxygen and then the anaerobic electron
acceptors that potentially reduce the rate of monoaromatic pollutant. Also, high concentration
of these alcohol spills can inhibit the biodegradation of oil contaminants, especially
monoaromatic compounds [25]. Thus, the presence of methanol and ethanol in gasoline is
likely to hinder the natural attenuation of BTEX, which would contribute to longer BTEX
biodegradation processes and a greater risk of exposure [26]. It must be emphasized that
MTBE and TBA are difficult to remove from groundwater because they have high water
solubility and low biodegradation rates. Present results demonstrate that MTBE is the most
recalcitrant compound, followed by TBA.

3.1. Engineered bioremediation

Oxygen is the main electron acceptor for aerobic bioproces
bioremediation of monoaromatic pollutants is often limited by the dj
As a result, various methods such as air sparging, injection of o
(hydrogen peroxide, magnesium peroxide) and trapped gas pha

and enhance the rate of aerobic biodegradation [28 ll However, gome Tesearches have shown
that significant difficulties, such as toxicity and ial i ition may be encountered

Monoaromatic pollutants in groun
bioremediation. Important electron accepto
monoaromatic biodegradation are chemical
[31,32]. Electron acceptors can begsiected al@e (wHich may even selectively speed up the

oved by anaerobic in situ
to accelerate the rate of anaerobic

compounds [33,34].

3.2. Natural biorem

oxidants s8
+ +e
Fe’ " Mn? i

as oxygen, nitrate and sulfate and the production of reduced species such as
HZS, CH4 and C02

4. CONCLUSION
Monoaromatic pollutants in groundwaters are threatening drinking water resources and

therefore have, when present, to be removed. The analysis presented here suggests that in
some case, naturally-occurring aerobic biodegradation phenomena can take place at a rate
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high enough to reach environmental standard limits in a reasonnable time. However, the most
common situation is that it is necessary to artificially improve the performances of this
process. This approach corresponds to the so-called engineered in situ bioremediation, which
is most often really able to increase the rate of organic pollutant biodegradation.

It is also possible to make use of anaerobic approaches, since anaerobic microbial
pathways able to fully decompose aromatic hydrocarbons do exist. Present data demonstrate
that enhanced anaerobic bioremediation is already successfully applied in some areas
contaminated with oil products.
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