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Microbial processes influencing the transport, fate and
groundwater impacts of fuel ethanol releases
Jie Ma1, William G Rixey2 and Pedro JJ Alvarez1
Fuel releases that impact groundwater are a common
occurrence, and the growing use of ethanol as a transportation
biofuel is increasing the likelihood of encountering ethanol in
such releases. Microorganisms play a critical role in the fate of
ethanol-blended fuel releases, often determining their region of
influence and potential impacts. This review summarizes
current understanding on the biogeochemical footprint of such
releases and the factors that influence their natural attenuation.
Implications for site investigation, risk assessment and
remediation strategies are also addressed along with research
priorities.
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Introduction
The use of renewable transportation fuels (biofuels) is
rapidly growing to alleviate dependence on imported oil
and enhance energy security, as well as to mitigate air
pollution and greenhouse gas emissions by fossil fuel
combustion [1,2,3]. Currently, the major commercialized biofuel products include ethanol and biodiesel.
Ethanol holds a much larger global market share
than biodiesel (23 483 vs. 5510 million gallons/year)
[4].
Incidental and accidental fuel releases that impact
groundwater are a common occurrence and the likelihood of encountering biofuels (mainly ethanol) in
such releases is increasing. Thus, it is important to
understand how such releases behave and affect
groundwater geochemistry, and how indigenous microorganisms respond and affect their migration, fate, and
overall impact. This information is critical to optimize
www.sciencedirect.com

site characterization, risk assessment and remediation
practices when dealing with releases of current and
future biofuel blends.

Physical behavior of ethanol-blended fuel
releases
When an ethanol-blended fuel release occurs, it infiltrates as a non-aqueous phase liquid (NAPL) through
the unsaturated zone to the water table and forms a
floating NAPL pool at the water table when a sufficient
volume is spilled (Figure 1). Ethanol will partition into
pore water throughout the unsaturated zone [5–7] and
will tend to accumulate at the water table interface and
the capillary fringe owing to its buoyancy [6,8–11]. For
high content ethanol fuels (e.g. E95, which has 95%
ethanol and 5% gasoline by volume), the fuel will
probably migrate through this interface, initially as a
water miscible phase, and then separate into two phases
as the fuel becomes diluted, precipitating a new NAPL
phase along its path [9,10,12]. Pore water containing
high ethanol concentrations will also be enriched in
hydrocarbons owing to their enhanced solubility in the
presence of ethanol (cosolvent effect) [13–16]. Thus,
different domains of microbial activity are likely to
develop: a region of anaerobic activity in the core of
a contaminant plume in the saturated zone (where the
biochemical oxygen demand [BOD] exerted by the
release exceeds the available dissolved oxygen) with
aerobic degradation occurring at the fringes of the
plume; a second region of high anaerobic activity in
the capillary zone (except in cases when ethanol concentrations are sufficiently high to be toxic to microbial
processes); and a third region in the unsaturated zone
where aerobic degradation of methane (emanating from
the anaerobic fermentation of ethanol in the capillary
zone) is predominant (Figure 1).

Biodegradation of ethanol-blended fuel
Direct exposure to ethanol in drinking water has minimal
adverse impacts on human health, but ethanol may
increase the exposure potential of toxic fuel constituents
(i.e. benzene, toluene, ethylbenzene and xylenes
[BTEX]) by hindering their biodegradation and increasing their region of influence [1]. Because ethanol generally biodegrades faster than BTEX, the latter tend to form
larger and more persistent plumes than ethanol. Therefore, substrate interactions during ethanol and BTEX
degradation and their effect on plume dynamics (range
and longevity) have received considerable attention
[17–25,26].
Current Opinion in Biotechnology 2013, 24:457–466

Author's personal copy

458 Environmental biotechnology

Figure 1

Vapor
intrusion?

Explosion?

Biodegradation
Diffusion

Infiltration
Partitioning and retention
in the soil pore water
Accumulation and migration
within capillary fringe

Unsaturated
Zone
Benzene

CH4
Volatilization

NAPL phase

Capillary fringe

Dissolution
Dissolved phase
Biodegradation

Groundwater
Advection
Diffusion
CH4, VFAs
H2, CO2

Dispersion
and dilution

Sulfatereducing

Nitratereducing

Ironreducing

Aerobic

Methanogenic

Current Opinion in Biotechnology

Fate, transport, and potential impacts of ethanol-blended fuel releases.

During transport in groundwater, ethanol and BTEX can
undergo a series of biotransformations which can be
performed by a variety of microorganisms in aerobic or
anaerobic environments [1]. The relatively high concentration of ethanol found in recently-impacted groundwater exerts a high BOD that rapidly consumes the
available dissolved oxygen and other terminal electron
acceptors in the vicinity of the source zone, which results
in the development of strongly anaerobic, fermentative
methanogenic conditions (Figure 1). Nevertheless, aerobic microbial activity might be important for the natural
attenuation of the leading edge of the plume.
Under aerobic conditions, BTEX are activated by oxygenases to form catechol or structurally related compounds,
which subsequently undergo ring fission to byproducts
such as acetyl-CoA, acetaldehyde and pyruvic acid that
enter central metabolic pathways such as Krebs’ cycle (for
final mineralization to CO2) or glycolysis [27]. Ethanol can
also be aerobically metabolized to the pivotal intermediate acetyl-CoA via acetaldehyde and acetate [1].
Under anaerobic conditions, BTEX are initially transformed via different pathways ( fumarate addition, O2independent hydroxylation, and carboxylation) to a common
aromatic intermediate, benzyl-CoA, which subsequently
undergoes ring reduction followed by hydrolytic cleavage
Current Opinion in Biotechnology 2013, 24:457–466

[28]. Further anaerobic transformations in anaerobic
(methanogenic) food webs eventually produce acetate,
which is finally mineralized by acetoclastic methanogens
to produce CH4 and CO2. BTEX fermentation also generates H2, which is consumed by different commensal
anaerobes, including hydrogenotrophic methanogens.
Ethanol is similarly transformed to acetate and H2, which
are subsequently metabolized by methanogens to produce CH4 and CO2 [1]. Depending on the available
electron acceptors, sulfate reducers, iron reducers, and
denitrifiers could also participate in the anaerobic degradation of ethanol-blended fuel, and spatially distinctive
redox zones could form in plume (Figure 1).

How will ethanol affect BTEX biodegradation?
The major impact from ethanol may be related to its
inhibitory effect on BTEX biodegradation (Table 1),
which (depending on the release scenario) may increase
the likelihood of BTEX to reach receptors (longer
plumes) as well as the potential duration of exposure
(more persistent plumes).
Benzene, which is the most toxic compound of the BTEX
and often drives the need for cleanup action, is relatively
resistant to degradation under anaerobic conditions [29],
while ethanol and its degradation byproducts (e.g. volatile
fatty acids [VFAs]) are easier to degrade under both
www.sciencedirect.com
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Table 1
Mechanisms by which ethanol affects BTEX degradation
Mechanisms
Catabolite repression
Metabolic flux dilution
pH decrease
Ethanol toxicity
Fortuitous growth of BTEX degraders
Genotypic dilution
Growth of syntrophic microorganisms
Increase richness and diversity
Electron acceptor/nutrients depletion
Thermodynamic inhibition due to VFAs accumulation

aerobic and anaerobic conditions [1]. The preferential
degradation of ethanol and its degradation byproducts
may deplete available O2 that would otherwise be available for aerobic benzene degraders, hindering their
activity. Therefore, accelerated oxygen depletion is
one of the most important inhibitory mechanisms of
ethanol on benzene degradation [17,23,24].
Although the initial steps of ethanol and BTEX degradation (including both aerobic and anaerobic pathways)
are catalyzed by different enzymes under different
pathways, their degradation may eventually converge
to common intermediates (e.g. acetate and acetyl Co-A)
that enter central metabolic pathways (e.g. Krebs cycle)
for final mineralization. Fast degradation of ethanol
may result in the accumulation of acetyl-CoA (inside
the cell) and acetate (mainly secreted in groundwater),
which may hinder BTEX degradation by both intracellular mechanisms (e.g. catabolite repression and/or
metabolic flux dilution) and abiotic constraints
(decreased pH and/or thermodynamic inhibition) as
discussed below.

Gene expression

Ethanol is metabolized by constitutive enzymes through
a central metabolic pathway, while the initial step of
BTEX degradation is usually catalyzed by inducible
enzymes. To save the energy associated with the synthesis of inducible catabolic enzymes, which are not
needed when ethanol is available, microorganisms are
likely to consume ethanol preferentially [30]. Therefore,
the presence of ethanol could repress the synthesis of
inductive enzymes required for BTEX degradation [1],
thus hindering BTEX degradation at the transcription
level [31]. Two independent experiments using different detection methods reported that ethanol (or its
byproduct acetate) could repress the tod gene (coding
for toluene dioxygenase) and that the degree of tod
repression increased with the ethanol concentration
[31,32]. It should be noted that catabolite repression
is unlikely to occur under carbon-limiting conditions that
www.sciencedirect.com
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are conducive to simultaneous utilization of multiple
substrates [33].
Metabolic flux dilution

Ethanol could hinder BTEX degradation by ‘metabolic
flux dilution’ [31,34]. The metabolic flux of a specific
compound is analogous to the specific degradation rate
and can be defined as the rate at which the compound is
metabolized per unit biomass [33]. Metabolic flux
dilution is a form of non-competitive inhibition in
which the utilization rate of one substrate decreases
owing to the metabolism of another that is not necessarily degraded by the same enzymes. For example,
BTEX and ethanol are initially transformed by different pathways that eventually converge into common
metabolic intermediates (e.g. acetyl-CoA). This could
create a bottleneck that exerts feedback inhibition and
decreases the degradation rate of a target compound
(e.g. benzene). Whereas the utilization of ethanol
would decrease the specific BTEX degradation rates,
this does not preclude a potential enhancement in
overall degradation rates owing to additional (fortuitous) growth of BTEX degraders on ethanol [34]. To
illustrate simplistically, ten bacteria degrading BTEX
at 20% capacity would be faster than one bacterium
working at 100% capacity.
Thermodynamic inhibition

The build-up of ethanol-derived acetate could thermodynamically hinder benzene degradation under methanogenic [35] and sulfate reducing [36] conditions. The
degradation of BTEX under anaerobic fermentative conditions is endergonic under standard conditions [35,36],
as illustrated for benzene: C6H6 + 6H2O ! 3CH33CH3COO + 3H+ + 3H2; DG80 = +190.19 kJ mol1.
Therefore, syntrophic consumption of acetate and hydrogen is needed for the reaction to proceed, and the
accumulation of ethanol-derived acetate at concentrations greater than about 64 mg/L makes this reaction
thermodynamically unfavorable [35]. The effects of
ethanol on the dynamics of commensal populations that
Current Opinion in Biotechnology 2013, 24:457–466
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produce and consume acetate and hydrogen remain
poorly understood.
Cell physiology

High concentrations of ethanol are toxic to microorganisms. Ethanol could dissolve phospholipids and disintegrate the cell membrane [37]. As the cell membrane loses
its structural integrity, ethanol could enter the cell and
denature enzymes. High concentrations of ethanol could
inhibit the synthesis of DNA [38], RNA [39] and proteins
[40], thus leading to loss of functions or even cell death
[37]. The inhibitory threshold of ethanol ranges between
10 000 and 100 000 mg/L for various microorganisms [37].
Concentrations in this range are possible only near the
source of relatively recent releases.
In poorly buffered aquifers, ethanol-derived VFAs could
significantly decrease groundwater pH (pH < 5 in the
core of the plume) [41]. Some microorganisms are very
sensitive to pH changes. For example, the growth of
methanogens is generally inhibited at pH < 6 [1].
Because methanogens consume thermodynamically
inhibitory byproducts (e.g. H2 and acetate) and play a
key role in the fermentative/methanogenic mineralization pathway, low pH could adversely affect anaerobic
BTEX degradation.
Community structure

Ethanol could be consumed by a wide variety of microorganisms, including some BTEX degraders. Thus, ethanol could fortuitously stimulate the growth of BTEX
degraders and enhance the potential for BTEX degradation [34,41–43]. Increases in the abundance of catabolic
genes for aromatic hydrocarbons degradation, such as bssA
(coding for benzylsuccinate synthase) [44] and PHE
(coding for phenol hydroxylase) [41,42], were reported
in systems exposed to ethanol-blended fuel. However,
more microbial species can feed on ethanol than on
BTEX, which is conducive to a greater proliferation of
commensal microorganisms and a decrease in relative
abundance of BTEX degraders (genotypic dilution)
[23]. While genotypic dilution decreases specific BTEX
degradation rates, overall degradation rates may increase
owing to higher total concentration of BTEX degraders
[34,45], especially after ethanol is removed and its inhibitory effects have waned while a higher concentration of
BTEX degraders remains.
Ethanol could also influence BTEX degradation kinetics
by affecting the growth and activity of syntrophic microorganisms. Anaerobic biodegradation of organic compounds is usually a syntrophic process which involves
the interaction and cooperation of different microbial
groups. Ethanol blend releases could stimulate the
growth of commensal syntrophs that consume inhibitory
fermentation byproducts (e.g. H2 and acetate), thereby
enhancing anaerobic bioremediation [41].
Current Opinion in Biotechnology 2013, 24:457–466

Pristine aquifer ecosystems usually have very low biomass
concentration because substrates are scarce [46]. Ethanol
blend releases increase substrate concentrations and the
available metabolic niches, thus stimulating the growth of
diverse species [41]. Ecological resilience is generated by
diverse but functionally overlapping species [47], and
phylogenetic diversity and ecological resilience are
usually positively correlated [48]. Thus, the resulting
increases in phylogenetic diversity enhance the resilience
of groundwater ecosystems to bioremediate hydrocarbons
remaining after ethanol is consumed as well as for recurring releases [41].
Table 2 summarizes the most widely used quantitative
real-time PCR (qPCR) primer sets for catabolic genes
involved in aerobic and anaerobic degradation of BTEX.
As a sensitive and reliable method to detect and quantify
genes, qPCR may be very useful in establishing the
presence of specific biodegradation potential and assessing biodegradation activities and bioremediation performance [27].
Overall effect of ethanol on BTEX plume dynamics

Several laboratory [17,23,24,31,43] and field studies
[26,35,49] showed that ethanol could inhibit BTEX
degradation and result in longer plumes. However, results
from other laboratory [50,51], pilot-scale [52,53], and field
studies [19] indicate that BTEX plume elongation may
be insignificant under certain site conditions (e.g. small
volume of spill, significant retention of ethanol in the
unsaturated zone, high replenishment rate of electron
acceptors and nutrients, and fortuitous proliferation of
BTEX degraders).
Several mathematical models have simulated the fate and
transport of BTEX and ethanol as well as potential effects
of ethanol on BTEX plume dynamics (Table 3). These
model simulations predict that the presence of ethanol
would elongate benzene plumes by 17–150%
[19,20,24,45,54,55,56]. However, the risk of exposure
depends not only on plume length but also on persistence
(plume lifespan), both of which can be affected by the
content of ethanol in the fuel blend. Simulations for
higher ethanol content blends yielded shorter-lived
benzene plumes because of decreased mass of benzene
present in the source zone NAPL and increased benzene
degradation rates associated with fortuitous growth (and
higher concentration) of BTEX degraders [45] (Figure 2).
Accordingly, a release of a high ethanol content blend
(e.g. E85) may pose a lower overall risk than a comparable
size release of a low ethanol content blend (e.g. E10) [45].

Other impacts from ethanol-blended fuel
releases
Will ethanol-derived CH4 be an explosion hazard?

Biodegradation of ethanol could result in relatively high
CH4 concentrations in groundwater (23–47 mg/L)
www.sciencedirect.com
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Table 2
qPCR primer/probe sets for BTEX biodegradation
Primer

Target enzyme

Sequence

Function

50 -ACCGATGARGAYCTGTACC-30
50 -CTTCGGTCMAGTAGCTGGTG-30
50 -TGAGGCTGAAACTTTACGTAGA-30
50 -CTCACCTGGAGTTGCGTAC-30
50 -TCTCVAGCATYCAGACVGACG-30
50 -TTKTCGATGATBACRTCCCA-30
50 -GTGCTGACSAAYCTGYTGTTC-30
50 -CGCCAGAACCAYTTRTC-30

TOD

Toluene dioxygenase

TOL

Xylene monooxygenase

RMO

Toluene monooxygenase

PHE

Phenol monooxygenase

cat23

Catechol 2,3-dioxygenase

50 -AAGAGGCATGGGGGCGCACCGGTTCGATCA-30
50 -AACAAADGCGCSGTCATGCGG-30

cat23

Catechol 2,3-dioxygenase

cat23

Catechol 2,3-dioxygenase

bssA

Benzylsuccinate synthase

bssA

Benzylsuccinate synthase

50 -CTCGTTGCGGTTGCCGCTSGGGTCGTCGAAGAAGT-30
50 -ATCGAGGCCTGGGGTGTGAAGACCACCATGCT-30
50 -AGGTGCTCGGTTTCTACCTGGCCGA-30
50 -ACGGTCATGAATCGTTCGTTGAG-30
50 -ACGACGGYGGCATTTCTC-30
50 -GCATGATSGGYACCGACA-30
FAM-50 CTTCTGGTTCTTCTGCACCTTGGACACC30 -TAMRA
50 -TCGAYGAYGGSTGCATGGA-30
50 -TTCTGGTTYTTCTGCAC-30

bssA

Benzylsuccinate synthase

50 -GTSCCCATGATGCGCAGC-30
50 -CGACATTGAACTGCACGTGRTCG-30

bssA

Benzylsuccinate synthase

bssA

Benzylsuccinate synthase

bamA

6-oxocyclohex-1-ene-1carbonyl-CoA hydrolase

50 -CCTATGCGACGAGTAAGGTT-30
50 -TGATAGCAACCATGG AATTG-30
FAM-50 TCCTGCAAATGCCTTTTGTCTCAA30 -TAMRA
50 -GGCTATCCGTCGATCAAGAA-30
50 -GTTGCTGAGCGTGATTTCAA-30
FAM-50 CTACTGGGTCAATGTGCTATGCATG30 -TAMRA
50 -GCAGTACAAYTCCTACACSACYGABATGGT-30
50 -CCRTGCTTSGGRCCVGCCTGVCCGAA-30

Aerobic degradation
BTEX
Aerobic degradation
toluene or xylene
Aerobic degradation
toluene
Aerobic degradation
BTEX in O2 limited
environments
Aerobic degradation
BTEX in O2 limited
environments
The same as above

Reference
of

[70]

of

[70]

of

[70]

of

[70]

of

[71]

[72]

The same as above

[73]

Anaerobic degradation of
toluene and xylene
(denitrifying)
Anaerobic degradation of
toluene and xylene (ironreducing)
Anaerobic degradation of
toluene and xylene
(sulfate-reducing)
The same as above

[51]

[74]

[44]

[75]

The same as above

[75]

Anaerobic degradation of
aromatic hydrocarbons
including BTEX

[74]

Note: This table uses standard code for mixed base sites: R = A, G; Y = C, T; M = A, C; K = G, T; S = G, C; W = A, T; H = A, C, T; B = G, T, C; V = G, C,
A; D = G, A, T; N = A, C, G, T.

[57,58] and in subsurface deep soil gas (68% v:v) [59].
Under ignitable conditions, CH4 can pose an explosion
risk when it accumulates in air at 50 000 to 150 000 ppmv
[60], and explosion accidents have been reported at landfill sites [61,62]. During CH4 transport through the vadose
zone, both aerobic degradation (by methanotrophs) and
physical dispersion and dilution could attenuate the CH4
flux and decrease the concentration of CH4 reaching the
surface [63]. However, the explosion risk cannot be dismissed when source-zone methanogenic activity is sufficiently high to induce pressure-driven advective flow
through a shallow unsaturated zone. No study has investigated the advective contribution to CH4 fluxes through
the vadose zones overlying ethanol blend releases.
Will CH4 generation enhance BTEX vapor intrusion?

High concentrations of BTEX and CH4 usually coexist in
aquifers impacted by ethanol-blended fuel [35,57]. CH4
aerobic degradation by methanotrophs in the vadose zone
may deplete the available O2 and hinder the aerobic
degradation of BTEX vapors, thus increasing their
www.sciencedirect.com

intrusion potential [59]. Simulations with an analytical
model inferred that methanotrophic activity could
decrease the thickness of the aerobic layer in the vadose
zone and increase benzene vapor concentrations at the
soil surface by more than 105-fold [63].
How do ethanol-derived volatile fatty acids affect
groundwater quality?

Ethanol-derived VFAs generate odor that could compromise groundwater aesthetic quality. As one of fifteen
regulated contaminants in the U.S. National Secondary
Drinking Water Regulations (NSDWR), odor significantly affects the public’s perception of the safety of
drinking water [64]. A pilot-scale ethanol blend release
experiment showed that the odor level in the impacted
groundwater (calculated based on measured concentrations of VFAs) during summer months was 350 times
higher than the secondary maximum contaminant level
(SMCL) for odor, and butyric acid was the major odor
contributor [52]. However, this aesthetic problem was
relatively short-lived owing to the fast biodegradability of
VFAs and their slower production in cooler seasons [52].
Current Opinion in Biotechnology 2013, 24:457–466
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Table 3
Fate and transport models
Model name
Reference
Heerman and
Power 1996 [76]
McNab et al.,
1999 [77]
Molson et al.,
2002 [20]

Deeb et al.,
2002 [24]

Gomez et al.,
2008 [45,54]

BONAPL/3D
2011 [56]
BONAPL/3D
2011 [19]

Conceptual model
2D (X-Z); Focus on cosolvent and
interphase mass transfer
3D aqueous transport from a finite
source zone
3D; Consider microbial growth
(Monod kinetics)
and O2 competition;
Cosolvency is not considered
2D (X-Y) transport from a gasoline
pool

3D model based on RT3D;
Consider O2 competition, catabolic
repression, metabolic flux dilution
and microbial population shifts
3D multi component NAPL
dissolution with dissolved-phase
reactive transport
The same model as [56].
Consider ethanol retention in the
unsaturated zone

Mathematical model
Analytical

Not included

Analytical

First-order decay of ethanol and
benzene;
Monod kinetics; Fermentation
pathway. BOD comes from ethanol
and its degradation byproducts

Numerical

Numerical

Numerical

Numerical

Numerical

How do fuel ethanol releases affect groundwater
geochemistry?

Depending on the amount released, ethanol-blended
fuels can greatly alter groundwater geochemistry. The
high BOD exerted by ethanol creates strongly anaerobic
(reducing) conditions [26] under which VFAs accumulate and cause a decrease in pH [41]. These conditions
promote the dissolution of redox-sensitive and/or pHsensitive metals from the aquifer matrix (e.g. iron, manganese, and arsenic), thus exacerbating groundwater contamination [65,66]. Although no studies of metal
mobilization by ethanol-blend releases has been reported
in the literature, elevated arsenic concentrations have
been detected in groundwater contaminated by
petroleum hydrocarbons [66]. Because of higher dissolved
concentrations and faster anaerobic degradation, ethanol
is more likely to induce reducing and acidic conditions
that mobilize metals than petroleum hydrocarbons.
Therefore more drastic changes in groundwater geochemistry and higher risk for metal mobilization may
be expected in groundwater impacted by ethanolblended fuel than regular fuel.

Do we need to modify site characterization
and remediation practices when dealing with
ethanol-blend releases?
Differences in the environmental behavior and potential impacts of ethanol-blended versus conventional
fuel suggest that the following modifications to site
investigation and remediation practices should be
considered:
Current Opinion in Biotechnology 2013, 24:457–466

Biodegradation

Increased benzene
plume length
Benzene not modeled
(10% for xylene)
+100%
 +150%

First-order decay of ethanol and
benzene
Benzene is not biodegraded when
Cethanol > 3mg/L
Multiplicative Monod kinetics

17–34%

First-order, Monod (O2 limited)
kinetics, Monod partial
mineralization
The same as [56]

E95 inhibits benzene
degradation while E
10 does not.
40%

40%

(1) High concentration of acetate could hinder the
thermodynamic feasibility of anaerobic BTEX degradation and could also repress inducible enzymes
associated with aerobic BTEX metabolism. Therefore, acetate in groundwater should be monitored.
(2) Ethanol degradation has the potential to produce
CH4 that could cause an explosion risk, and CH4
generation may continue after the apparent disappearance of source ethanol (owing to the presence of
acetate). Therefore, long-term monitoring of CH4 in
groundwater and soil gas near the source zone should
be considered.
(3) The release of ethanol-blended fuel may result in
lower aerobic attenuation of BTEX vapors through
the vadose zone (owing to O2 depletion by
methanotrophic activity) and thus, higher potential
for BTEX vapor intrusion into overlying buildings.
Therefore, monitoring fuel hydrocarbons in soil gas
and the corresponding vapor intrusion risk should be
considered.
(4) Since the near-source ethanol accumulates and
migrates horizontally mainly within the capillary
fringe, monitoring of ethanol should focus on this
zone. Sampling wells with shorter screen interval,
multi-level sampling well, and soil coring may be
effective approaches to collect samples from the
capillary fringe [67].
(5) Ethanol could hinder BTEX natural attenuation and
may be persistent in the source zone for years, thus
engineered remediation techniques such as source
excavation, anaerobic biostimulation [18,21,68], and
bioaugmentation with anaerobic BTEX degraders
www.sciencedirect.com
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Figure 2
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Simulated benzene plume dynamics (centerline reach) resulting from a 30-gal release of regular gasoline or various fuel alcohol blends. Adapted from
Gomez and Alvarez 2010 [55]. The anaerobic zone was arbitrarily defined at the 0.1 ppm dissolved oxygen (DO) contour.

[69] should be considered for source removal.
Monitored natural attenuation could be used as a
long-term polishing approach [3,35,41,42].

Conclusions
A primary concern about ethanol blend releases is exacerbating the potential impact of co-occurring or pre-existing
BTEX contamination. Ethanol (and other biofuels) could
increase potential exposure to BTEX in groundwater (i.e.
causing longer BTEX plumes), either by enhancing
BTEX dissolution and migration or by hindering biodegradation. The significance of these complex effects will
be site-specific, and insufficient data are available to
determine how ethanol might affect BTEX remediation
time and costs or the number of sites that will require
corrective action. In most cases, the presence of ethanol
www.sciencedirect.com

should not pose a serious threat to drinking water
resources because BTEX plume elongation is unlikely
to exceed a few hundred feet, while drinking water wells
are often located beyond one mile from fuel stations.
Recently, there has been an increased focus on vapor
exposure pathways. This has improved understanding of
the effect of ethanol on methane generation, which could
limit the attenuation of BTEX in the unsaturated zone
(owing to oxygen depletion by methanotrophic bacteria)
and enhance BTEX vapor intrusion in above-ground
enclosed spaces. Ethanol-derived methane could also
pose a potential explosion risk above-ground when ignitable conditions exist. Other ethanol degradation byproducts such as volatile fatty acids can also be problematic,
generating odor and facilitating heavy metal dissolution
into groundwater.
Current Opinion in Biotechnology 2013, 24:457–466

Author's personal copy

464 Environmental biotechnology

Metagenomic tools are currently being used to advance
quantitative understanding of the dynamics and functional diversity of impacted microbial communities. This
may lead to improved characterization of the biogeochemical processes that attenuate such releases, and
discernment of the associated microbial adaptation mechanisms and metabolic niches. The integration of this
knowledge with site-specific information on pertinent
hydrogeologic and geochemical processes will undoubtedly enhance risk assessment, remedial design and performance assessment practices.

Acknowledgements
We thank the American Petroleum Institute for financial support. Jie Ma
also received partial support from a scholarship from the China Scholarship
Council.

References and recommended reading
Papers of particular interest, published within the period of review,
have been highlighted as:
 of special interest
 of outstanding interest

Powers SE, Hunt CS, Heermann SE, Corseuil HX, Rice D,
Alvarez PJJ: The transport and fate of ethanol and BTEX in
groundwater contaminated by gasohol. Crit Rev Environ Sci
Technol 2001, 31:79-123.
A comprehensive review on fate and transport of ethanol-blended fuel.

1.


2.

Powers SE, Rice D, Dooher B, Alvarez PJJ: Will ethanol-blended
gasoline affect groundwater quality? Using ethanol instead of
MTBE as a gasoline oxygenate could be less harmful to the
environment. Environ Sci Technol 2001, 35:24A-30A.

3.


ITRC: Biofuels: Release Prevention, Environmental Behavior, and
Remediation. Washington, DC, USA: Interstate Technology &
Regulatory Council, Biofuel Team; 2011 http://www.itrcweb.org/
documents/biofuels/biofuels-1.pdf. (accessed 17.08.2012).
A report that summarizes the environmental behavior of fuel ethanol and
biodiesel releases, and provides guidelines for site investigation and
remediation.
4.

FAPRI-ISU: World Agricultural Outlook. Iowa, USA: Food And
Agricultural Policy Research Institute, Iowa State University Ames;
2011 http://www.fapri.iastate.edu/outlook/2011/. (accessed
17.08.2012).

12. Stafford BP, Rixey WG: Distribution of fuel-grade ethanol near a
dynamic water table. Ground Water Monit Remediation 2011,
31:55-60.
13. Heermann SE, Powers SE: Modeling the partitioning of BTEX in
water-reformulated gasoline systems containing ethanol. J
Contam Hydrol 1998, 34:315-341.
14. Corseuil HX, Kaipper BIA, Fernandes M: Cosolvency effect in
subsurface systems contaminated with petroleum
hydrocarbons and ethanol. Water Res 2004, 38:1449-1456.
15. He XH, Stafford BP, Rixey WG: Ethanol-enhanced dissolution of
a residually trapped synthetic gasoline source. Ground Water
Monit Remediation 2011, 31:61-68.
16. Chen CS, Lai YW, Tien CJ: Partitioning of aromatic and
oxygenated constituents into water from regular and ethanolblended gasolines. Environ Pollut 2008, 156:988-996.
17. Corseuil HX, Hunt CS, Dos Santos RCF, Alvarez PJJ: The
influence of the gasoline oxygenate ethanol on aerobic and
anaerobic BTX biodegradation. Water Res 1998, 32:2065-2072.
18. Da Silva MLB, Corseuil HX: Groundwater microbial analysis to
assess enhanced BTEX biodegradation by nitrate injection at
a gasohol-contaminated site. Int Biodeterioration
Biodegradation 2012, 67:21-27.
19. Freitas JG, Doulatyari B, Molson JW, Barker JF: Oxygenated
gasoline release in the unsaturated zone, Part 2: downgradient
transport of ethanol and hydrocarbons. J Contam Hydrol 2011,
125:70-85.
20. Molson JW, Barker JF, Frind EO, Schirmer M: Modeling the
impact of ethanol on the persistence of benzene in gasolinecontaminated groundwater. Water Resour Res 2002, 38:1003.
21. Chen YD, Barker JF, Gui L: A strategy for aromatic hydrocarbon
bioremediation under anaerobic conditions and the impacts of
ethanol: a microcosm study. J Contam Hydrol 2008, 96:17-31.
22. Zhang Y, Khan IA, Chen XH, Spalding RF: Transport and
degradation of ethanol in groundwater. J Contam Hydrol 2006,
82:183-194.
23. Da Silva MLB, Alvarez PJJ: Effects of ethanol versus MTBE on
benzene, toluene, ethylbenzene, and xylene natural
attenuation in aquifer columns. J Environ Eng-ASCE 2002,
128:862-867.
24. Deeb RA, Sharp JO, Stocking A, McDonald S, West KA, Laugier M,
Alvarez PJJ, Kavanaugh MC, Alvarez-Cohen L: Impact of ethanol
on benzene plume lengths: microbial and modeling studies. J
Environ Eng-ASCE 2002, 128:868-875.
25. Feris K, Mackay D, de Sieyes N, Chakraborty I, Einarson M,
Hristova K, Scow K: Effect of ethanol on microbial community
structure and function during natural attenuation of benzene,
toluene, and o-xylene in a sulfate-reducing aquifer. Environ Sci
Technol 2008, 42:2289-2294.

5.

McDowell CJ, Buscheck T, Powers SE: Behavior of gasoline
pools following a denatured ethanol spill. Ground Water 2003,
41:746-757.

6.

McDowell CJ, Powers SE: Mechanisms affecting the infiltration
and distribution of ethanol-blended gasoline in the vadose
zone. Environ Sci Technol 2003, 37:1803-1810.

7.

Freitas JG, Barker JF: Oxygenated gasoline release in the
unsaturated zone – Part 1: source zone behavior. J Contam
Hydrol 2011, 126:153-166.

26. Mackay DM, De Sieyes NR, Einarson MD, Feris KP, Pappas AA,

Wood IA, Jacobson L, Justice LG, Noske MN, Scow KM et al.:
Impact of ethanol on the natural attenuation of benzene,
toluene, and o-xylene in a normally sulfate-reducing aquifer.
Environ Sci Technol 2006, 40:6123-6130.
A comprehensive field study showing the effects of fuel-ethanol release
on BTX degradation and groundwater geochemistry.

8.

Molson J, Mocanu M, Barker J: Numerical analysis of buoyancy
effects during the dissolution and transport of oxygenated
gasoline in groundwater. Water Resour Res 2008, 44:W07418.

27. Alvarez PJ, Illman WA: Bioremediation and Natural Attenuation:
Process Fundamentals and Mathematical Models. Hoboken, New
Jersey, USA: Wiley-Interscience; 2005.

9.

Capiro NL, Stafford BP, Rixey WG, Bedient PB, Alvarez PJJ: Fuelgrade ethanol transport and impacts to groundwater in a pilotscale aquifer tank. Water Res 2007, 41:656-664.

28. Fuchs G, Boll M, Heider J: Microbial degradation of aromatic
 compounds – from one strategy to four. Nat Rev Microbiol 2011,
9:803-816.
A comprehensive review on aerobic and anaerobic biodegradation of
aromatic compounds.

10. Stafford BP, Capiro NL, Alvarez PJJ, Rixey WG: Pore water
characteristics following a release of neat ethanol onto preexisting NAPL. Ground Water Monit Remediation 2009, 29:93104.
11. Yu S, Freitas JG, Unger AJA, Barker JF, Chatzis J: Simulating the
evolution of an ethanol and gasoline source zone within the
capillary fringe. J Contam Hydrol 2009, 105:1-17.
Current Opinion in Biotechnology 2013, 24:457–466

29. Foght J: Anaerobic biodegradation of aromatic hydrocarbons:
pathways and prospects. J Mol Microbiol Biotechnol 2008,
15:93-120.
30. Madigan MT, Martinko JM: Brock Biology of Microorganisms.
Upper Saddle River, NJ, USA: Pearson/Prentice Hall; 2006.
www.sciencedirect.com

Author's personal copy

Microbial processes influencing the fate and transport of fuel ethanol releases Ma, Rixey and Alvarez

31. Lovanh N, Alvarez PJJ: Effect of ethanol, acetate, and phenol on
 toluene degradation activity and tod-lux expression in
Pseudomonas putida TOD102: evaluation of the metabolic flux
dilution model. Biotechnol Bioeng 2004, 86:801-808.
A chemostat experiment showing two important inhibitory mechanisms of
ethanol on toluene degradation: catabolite repression and metabolic flux
dilution. A mathematic model is also developed in that paper.
32. Da Silva MLB, Alvarez PJJ: Indole-based assay to assess the
effect of ethanol on Pseudomonas putida F1 dioxygenase
activity. Biodegradation 2010, 21:425-430.
33. Egli T: The ecological and physiological significance of the
growth of heterotrophic microorganisms with mixtures of
substrates. In Advances in Microbial Ecology, vol 14. Edited by
Jones JG. New York, NY, USA: Plenum Press; 1995:305-386.
34. Lovanh N, Hunt CS, Alvarez PJJ: Effect of ethanol on BTEX
biodegradation kinetics: aerobic continuous culture
experiments. Water Res 2002, 36:3739-3746.
35. Corseuil HX, Monier AL, Fernandes M, Schneider MR, Nunes CC,

do Rosario M, Alvarez PJJ: BTEX plume dynamics following an
ethanol blend release: geochemical footprint and
thermodynamic constraints on natural attenuation. Environ Sci
Technol 2011, 45:3422-3429.
A 10-year natural attenuation field study showing that accumulation of
ethanol-derived acetate may inhibit the thermodynamic feasibility of
benzene degradation.
36. Rakoczy J, Schleinitz KM, Muller N, Richnow HH, Vogt C: Effects of
hydrogen and acetate on benzene mineralisation under sulphatereducing conditions. FEMS Microbiol Ecol 2011, 77:238-247.
37. Ingram LO, Buttke TM: Effects of alcohols on microorganisms.
Adv Microb Physiol 1984, 25:253-300.
38. Osztovics M, Igali S, Antal A, Veghelyi P: Alcohol is not
mutagenic. Mutat Res 1980, 74:247.
39. Mitchell JJ, Lucaslenard JM: The effect of alcohols on
guanosine 50 -diphosphate-30 -diphosphate metabolism in
stringent and relaxed Escherichia coli. J Biol Chem 1980,
255:6307-6313.
40. Haseltin WA, Block R, Weber K, Gilbert W: MSI and MSII made on
ribosome in idling step of protein synthesis. Nature 1972, 238
381-&.
41. Ma J, Nossa CW, Xiu Z, Rixey WG, Alvarez PJJ: Adaptive
changes in microbial community structure in response to a
continuous pilot-scale release of an ethanol blend. Environ
Microbiol, in preparation.
42. Capiro NL, Da Silva MLB, Stafford BP, Rixey WG, Alvarez PJJ:
Microbial community response to a release of neat ethanol
onto residual hydrocarbons in a pilot-scale aquifer tank.
Environ Microbiol 2008, 10:2236-2244.
43. Ruiz-Aguilar GML, Fernandez-Sanchez JM, Kane SR, Kim D,
Alvarez PJJ: Effect of ethanol and methyl-tert-butyl ether on
monoaromatic hydrocarbon biodegradation: response
variability for different aquifer materials under various
electron-accepting conditions. Environ Toxicol Chem 2002,
21:2631-2639.
44. Beller HR, Kane SR, Legler TC, McKelvie JR, Lollar BS, Pearson F,
Balser L, MacKay DM: Comparative assessments of benzene,

toluene, and xylene natural attenuation by quantitative
polymerase chain reaction analysis of a catabolic gene,
signature metabolites, and compound-specific isotope
analysis. Environ Sci Technol 2008, 42:6065-6072.
A field study using state-of-the-art analytical techniques (signature metabolites, compound-specific isotope analysis and qPCR) to monitor in situ
anaerobic degradation of toluene and xylene.
45. Gomez DE, Alvarez PJJ: Modeling the natural attenuation of
benzene in groundwater impacted by ethanol-blended fuels:
effect of ethanol content on the lifespan and maximum length
of benzene plumes. Water Resour Res 2009, 45:W03409.
46. Griebler C, Lueders T: Microbial biodiversity in groundwater
ecosystems. Freshwater Biol 2009, 54:649-677.
47. Peterson G, Allen CR, Holling CS: Ecological resilience,
biodiversity, and scale. Ecosystems 1998, 1:6-18.
www.sciencedirect.com

465

48. Botton S, van Heusden M, Parsons JR, Smidt H, van Straalen N:
Resilience of microbial systems towards disturbances. Crit
Rev Microbiol 2006, 32:101-112.
49. Ruiz-Aguilar GML, O’Reilly K, Alvarez PJJ: A comparison of
benzene and toluene plume lengths for sites contaminated
with regular vs. ethanol-amended gasoline. Ground Water
Monit Remediation 2003, 23:48-53.
50. Schaefer CE, Yang XM, Pelz O, Tsaob DT, Streger SH, Steffan RJ:
Anaerobic biodegradation of iso-butanol and ethanol and their
relative effects on BTEX biodegradation in aquifer materials.
Chemosphere 2010, 81:1111-1117.
51. Beller HR, Kane SR, Legler TC, Alvarez PJJ: A real-time
polymerase chain reaction method for monitoring anaerobic,
hydrocarbon-degrading bacteria based on a catabolic gene.
Environ Sci Technol 2002, 36:3977-3984.
52. Ma J, Xiu Z, Monier A, Mamonkina I, Zhang Y, He Y, Stafford B,
Rixey W, Alvarez P: Aesthetic groundwater quality
Impacts from a continuous pilot-scale release of an
ethanol blend. Ground Water Monit Remediation 2011,
31:47-54.
53. Dakhel N, Pasteris G, Werner D, Hohener P: Small-volume
releases of gasoline in the Vadose Zone: impact of the
additives MTBE and ethanol on groundwater quality. Environ
Sci Technol 2003, 37:2127-2133.
54. Gomez DE, de Blanc PC, Rixey WG, Bedient PB, Alvarez PJJ:
Modeling benzene plume elongation mechanisms exerted by
ethanol using RT3D with a general substrate interaction
module. Water Resour Res 2008, 44:W05405.
55. Gomez DE, Alvarez PJJ: Comparing the effects of various fuel
alcohols on the natural attenuation of Benzene Plumes using a

general substrate interaction model. J Contam Hydrol 2010,
113:66-76.
A numerical modeling study that simulated the effects of methanol,
ethanol, 1-propanol, iso-butanol and n-butanol on the elongation and
longevity of benzene plumes.
56. Freitas JG, Mocanu MT, Zoby JLG, Molson JW, Barker JF:
Migration and fate of ethanol-enhanced gasoline in
groundwater: a modelling analysis of a field experiment. J
Contam Hydrol 2011, 119:25-43.
57. Spalding RF, Toso MA, Exner ME, Hattan G, Higgins TM,
Sekely AC, Jensen SD: Long-term groundwater monitoring

results at large, sudden denatured ethanol releases. Ground
Water Monit Remediation 2011, 31:69-81.
A five-year field study on three fuel ethanol spill sites showing unexpected
persistence of ethanol and BTEX in the capillary fringe and shallow
groundwater.
58. Freitas JG, Fletcher B, Aravena R, Barker JF: Methane
production and isotopic fingerprinting in ethanol fuel
contaminated sites. Ground Water 2010, 48:844-857.
59. Jewell KP, Wilson JT: A new screening method for methane in
soil gas using existing groundwater monitoring wells. Ground
Water Monit Remediation 2011, 31:82-94.
60. Bjerketvedt D, Bakke JR, van Wingerden K: Gas explosion
handbook. J Hazard Mater 1997, 52:1-150.
61. Williams GM, Aitkenhead N: Lessons from Loscoe-the
uncontrolled migration of landfill gas. Q J Eng Geol 1991,
24:191-207.
62. Kjeldsen P: Landfill gas migration in soil. In Landfilling of Waste:
Biogas. Edited by Christensen TH, Cossu R, Stegmann R. London,
UK: E & FN Spon; 1996.
63. Ma J, Rixey WG, DeVaull GE, Stafford BP, Alvarez PJJ: Methane
bioattenuation and implications for explosion risk reduction
along the groundwater to soil surface pathway above a plume
of dissolved ethanol. Environ Sci Technol 2012,
46:6013-6019.
64. EPA: National Secondary Drinking Water Regulations.
Washington, DC, USA: U.S. Environmental Protection Agency;
2002 http://www.gpo.gov/fdsys/pkg/CFR-2002-title40-vol1/pdf/
CFR-2002-title40-vol1.pdf. (accessed 17.08.2012).
Current Opinion in Biotechnology 2013, 24:457–466

Author's personal copy

466 Environmental biotechnology

65. Deutsch WJ: Groundwater Geochemistry: Fundamentals and
Applications to Contamination. Boca Raton, FL, USA: CRC Press;
1997.
66. Brown RA, Zimmerman MD, Ririe GT: Attenuation of naturally
occurring arsenic at petroleum hydrocarbon-impacted sites.
7th International Conference on Remediation of Chlorinated and
Recalcitrant Compounds. 2010.
67. Freitas JG, Barker JF: Monitoring lateral transport of ethanol
and dissolved gasoline compounds in the capillary
fringe. Ground Water Monit Remediation 2011,
31:95-102.
68. Da Silva MLB, Ruiz-Aguilar GML, Alvarez PJJ: Enhanced
anaerobic biodegradation of BTEX-ethanol mixtures in aquifer
columns amended with sulfate, chelated ferric iron or nitrate.
Biodegradation 2005, 16:105-114.
69. Da Silva MLB, Alvarez PJJ: Enhanced anaerobic biodegradation
of benzene-toluene-ethylbenzene-xylene-ethanol mixtures in
bioaugmented aquifer columns. Appl Environ Microbiol 2004,
70:4720-4726.
70. Baldwin BR, Nakatsu CH, Nies L: Detection and enumeration of
aromatic oxygenase genes by multiplex and real-time PCR.
Appl Environ Microbiol 2003, 69:3350-3358.
71. Lillis L, Clipson N, Doyle E: Quantification of catechol
dioxygenase gene expression in soil during degradation of
2,4-dichlorophenol. FEMS Microbiol Ecol 2010,
73:363-369.

Current Opinion in Biotechnology 2013, 24:457–466

72. Yeh C-H, Lin C-W, Wu C-H: A permeable reactive barrier for the
bioremediation of BTEX-contaminated groundwater:
microbial community distribution and removal efficiencies. J
Hazard Mater 2010, 178:74-80.
73. Phillips LA, Greer CW, Farrell RE, Germida JJ: Plant root
exudates impact the hydrocarbon degradation potential of a
weathered-hydrocarbon contaminated soil. Appl Soil Ecol
2012, 52:56-64.
74. Staats M, Braster M, Roling WFM: Molecular diversity and
distribution of aromatic hydrocarbon-degrading anaerobes
across a landfill leachate plume. Environ Microbiol 2011,
13:1216-1227.
75. Winderl C, Anneser B, Griebler C, Meckenstock RU, Lueders T:
Depth-resolved quantification of anaerobic toluene degraders
and aquifer microbial community patterns in distinct redox
zones of a tar oil contaminant plume. Appl Environ Microbiol
2008, 74:792-801.
76. Heermann SE, Powers SE: The dissolution of BTEX compounds
from oxygenated gasoline. Abstracts of Papers of the American
Chemical Society, vol 211. 1996. 104-ENVR.
77. McNab W, Heermann SE, Dooher B: Screening model evaluation
of the effects of ethanol on benzene plume lengths. In Health
and Environmental Assessment of the Use of Ethanol as a Fuel
Oxygenate—Report to the California Environmental Policy Council
in Response to Executive Order D-5-99. Edited by Rice DW,
Cannon G. Livermore, California, USA: Lawrence Livermore
National Lab; 1999.

www.sciencedirect.com

