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The increased probability of groundwater contamination by ethanol-blended fuel calls for

improved understanding of how remediation efforts affect the fate and transport of

constituents of concern, including the generation and fate of fermentation byproducts. A

pilot-scale (8 m3) model aquifer was used to investigate changes in the concentrations of

ethanol and its metabolites (methane and volatile fatty acids) after removal of the

contamination source. Following the shut-off of a continuous release of a dissolved

ethanol blend (10% v:v ethanol, 50 mg/L benzene, and 50 mg/L toluene), fermentation

activity was surprisingly stimulated and the concentrations of ethanol metabolites

increased. A microcosm experiment showed that this result was due to a decrease in the

dissolved ethanol concentration below its toxicity threshold (~2000 mg/L for this system).

Methane generation (>1.5 mg/L of dissolved methane) persisted for more than 100 days

after the disappearance of ethanol, despite clean air-saturated water flowing continuously

through the tank at a relative high seepage velocity (0.76 m/day). Quantitative real-time

PCR showed that functional genes associated with methane metabolism (mcrA for meth-

anogenesis and pmoA for methanotrophy) also persisted in the aquifer material. Persistent

methanogenesis was apparently due to the anaerobic degradation of soil-bound organic

carbon (e.g., biomass grown on ethanol and other substrates). Overall, this study reflects

the complex plume dynamics following source removal, and suggests that monitoring for

increases in the concentration of ethanol metabolites that impact groundwater quality

should be considered.

© 2014 Elsevier Ltd. All rights reserved.
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Fig. 1 e Plan view (a) and profile view (b) of the aquifer tank.
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1. Introduction

Fuel ethanol is increasingly being used as a blending agent

for gasoline, which increases the likelihood of ethanol

blend releases during fuel transportation and storage. A

primary concern associated with ethanol-blend releases

has been that the presence of ethanol may increase the

persistence and region of influence (and thus the exposure

risk) of co-occurring or pre-existing toxic aromatic hydro-

carbons such as benzene, toluene, ethylbenzene and xy-

lenes (BTEX) (Corseuil et al., 1998; Gomez et al., 2008;

Mackay et al., 2006; Rasa et al., 2013; Zhang et al., 2006).

However, as higher ethanol blends (e.g. E85) are intro-

duced, there is growing interest in discerning potential

impacts from ethanol degradation byproducts (Ma et al.,

2013b).

Ethanol biodegradation rapidly depletes the available

dissolved oxygen and other electron acceptors, creating an

anaerobic/fermentative environment. Under these condi-

tions, ethanol can be fermented to volatile fatty acids (e.g.,

acetic, propionic and butyric acids), butanol, methane, and

carbon dioxide (Ma et al., 2013b; Powers et al., 2001). Some of

these metabolites could impact public safety, groundwater

quality or natural attenuation processes. For example, high

generation of methane may pose an explosion hazard or

enhance BTEX vapor intrusion (Freitas et al., 2010; Jewell and

Wilson, 2011; Jourabchi et al., 2013; Ma et al., 2014, 2012;

Sihota et al., 2013; Wilson et al., 2013). Butanol is a regu-

lated compound in drinking water in several states in the U.S.

(Nelson et al., 2010). The accumulation of acetate could

hinder the thermodynamic feasibility of anaerobic benzene

degradation, increasing the length of benzene plumes

(Corseuil et al., 2011). Volatile fatty acids (particularly butyric

acid) generate odor that could compromise groundwater

aesthetic quality (Ma et al., 2011). The accumulation of vola-

tile fatty acids may also decrease groundwater pH, possibly

facilitating heavy metal dissolution into groundwater (Brown

et al., 2010). Therefore, improved understanding of the gen-

eration and fate of ethanol metabolites is critical to enhance

risk assessment of releases of current and future biofuel

blends.

Whereas several studies have quantified the formation

of ethanol metabolites following discrete or continuous

release of ethanol blends (Capiro et al., 2008, 2007; Corseuil

et al., 2011; Feris et al., 2008; Ma et al., 2011; Mackay et al.,

2006; Nelson et al., 2010; Spalding et al., 2011), previous

studies have overlooked how the system responds

following source removal, which is usually the first step to

remediate a contaminated site. This motivated us to

investigate changes in the concentrations of ethanol and its

anaerobic metabolites (i.e., acetate, propionate, butyrate,

butanol, and methane) following the shut-off of a contin-

uous release of an ethanol blend solution in a model aquifer

system. To support data interpretation, quantitative real-

time PCR (qPCR) and functional gene microarray (GeoChip)

were used to assess changes in the abundance of selected

functional genes associated with methanogenesis, meth-

anotrophy, and extracellular polymeric substance (EPS)

production.
2. Materials and methods

2.1. Pilot-scale aquifer system and release experiment

An 8 m3 (3.7 m � 1.8 m � 1.2 m) pilot-scale continuous-flow

tank packed with fine grain sand was used in this study

(Fig. 1). Tap water was added at 170 L/day (average seepage

velocity of 2.5 ft/day) to obtain a water table elevation of about

70 cm from the bottom of the tank. The total aquifer thickness

was 115 cm and the depth of the water table was 45 cm below

the sand surface. Tap water amended with 10% (v/v) ethanol,

50 mg/L benzene, 50 mg/L toluene and 24,000 mg/L of sodium

bromide (NaBr) was continuously injected into the channel at

22.5 cm below the water table at a rate of 0.4 L/day. NaBr was

added as a conservative tracer, and to maintain a solution

density to reach neutral buoyancy with the flowing ground-

water (Ma et al., 2011). The addedNaBrwas diluted by the tank

flow to less than 2000 mg/L (measured at groundwater sam-

pling well B, Fig. 1), which is within the typical tolerance range

of soil bacteria (Atlas and Bartha, 1997). NaBr tracer test

showed that the groundwater travel time between the injec-

tion point and sampling port B was less than 1 day. Details on

the tank construction and packing methods can be found in

Ma et al., 2012 and Ma et al., 2011.

Figure S1 (in the supporting information) shows the time-

line of the release experiment. The continuous release (flow

rate 0.4 L/day) of the ethanol blend solution began on August

17th 2009 and lasted for 2 years. On September 5th 2011,

ethanol was removed from the blend solution and the solution

containing 50mg/L benzene and 50mg/L toluene continued to

be released at the same flow rate (0.4 L/day) for 8months. This

stage, which mimics the earlier removal of ethanol than hy-

drocarbons (Corseuil et al., 2011), investigated how the

disappearance of ethanol affects the fate of benzene and

toluene. Note that the added benzene and toluene was diluted

by the tank inflow to less than 0.1 mg/L (measured at well B).

Thus, the presence of benzene and toluene in groundwater

http://dx.doi.org/10.1016/j.watres.2014.10.023
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Fig. 2 e Changes in the concentrations of ethanol and its

degradation byproducts at groundwater sampling well D

(a) and C (b) after the ethanol release was shut off

(t ¼ 0 day).
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did not significantly affect microbial fermentation and

methanogenic activities. On May 4th 2012, the release of

benzene and toluene mixture was shut off. For this experi-

ment, groundwater sampling began on September 5th 2011

and continued until neither ethanol nor its metabolites (vol-

atile fatty acids, butanol, and methane) were detected.

2.2. Chemical analysis

Four replicate groundwater samples were collected from each

sampling well A, B, C and D, which were at the same depth as

the ethanol/benzene/toluene injection port (22.5 cm below the

water table, Fig. 1b). Ethanol, methane, acetate, propionate,

butyrate, and butanol were measured by GC-FID (Agilent

Technologies Inc., Santa Clara, CA). The detection limits were

1mg/L for ethanol, acetate and propionate, 2mg/L for butyrate

and butanol, and 0.1 mg/L for methane. Details on ground-

water sampling and chemical measurement can be found in

Ma et al. (2011).

2.3. Microcosm experiment

A series of microcosm experiments containing different con-

centrations of ethanol was conducted to assess potential

inhibitory effects of high ethanol levels and to characterize

the distribution of degradation products at different ethanol

concentrations. To set up the microcosm, ~1.3 L tank water

was collected from the sampling well D and ~800 g sand was

collected from a depth of 50e75 cm below ground surface near

well D in October of 2012 (Fig. 1). Microcosmswere set up in an

anaerobic chamber. The sand was homogenized before use.

Fifteen grams of sand were mixed with 30 mL tank water and

various concentrations of ethanol (0, 500, 1,000, 1,500, 2,000,

3,400, 10,000, 40,000, 80,000 mg/L). The mixture was placed in

sterile 125-mL serum bottles and sealed with gas-tight butyl

rubber stoppers and aluminum crimp caps. Four replicate

microcosms were prepared for each ethanol concentration.

The microcosms were incubated at room temperature (24 �C)
for 133 days. Methane concentrations in the headspace were

monitored using GC-FID. On the last day of the microcosm

experiment (day 133), water samples in the microcosm were

collected to measure dissolved concentrations of acetate,

propionate, butyrate, and butanol.

2.4. Sand sample collection and qPCR analysis

For qPCR analysis, sand samples were collected in four repli-

cates from a depth of 50e75 cm below ground surface near the

groundwater sampling well D (Fig. 1) after ethanol was

removed from the release solution (September 5th 2011,

Fig. S1). Details on sand sampling can be found in Ma et al.,

2013a. DNA was extracted from 0.25 g of sand using a Pow-

erSoil DNA Isolation Kit (MOBIO, Carlsbad, CA, US). Absolute

quantification was used to enumerate the gene copy number

for two functional genes associated with methane meta-

bolism: 1) methyl coenzyme-M reductase gene (mcrA) for

methanogens and 2) methane monooxygenase gene (pmoA)

for methanotrophs. The target genes, primer sequences, and

DNA standards for calibration are given in Table S1 of the

supporting information. The practical quantification limits for
mcrA gene and pmoA gene were 1000 copies/g dry sand.

Melting curve analysis was conducted after the thermal cycle

was completed to ensure that no nonspecific PCR products

were generated. Details on qPCR method can be found in the

supporting information.
2.5. Sand-associated organic carbon

Sand samples were collected in five replicates from a depth of

50e75 cm below ground surface near the groundwater sam-

pling well D on three different dates: 1) August 7th 2009 (pre-

contaminated baseline samples); 2) September 5th 2011 (sam-

ples exposed to ethanol blend release for 2 years) and 3)

September 2nd 2012 (one year after ethanol was removed from

the release solution). Total organic carbon content of sand

samples was measured using an Elementar VarioMax CN

analyzer (Elementar Analyses systemGmbH, Hanau, Germany)

with the primary furnace temperature set at 650 �C at Soil,

Water and Forage Testing Laboratory of Texas A&MUniversity.

The detection limit for total organic carbon was 0.002%.
2.6. GeoChip analysis

GeoChipwas used to characterize functional gene structure of

sand collected on August 7th 2009, September 5th 2011 and

September 2nd 2012 (same samples used for organic carbon

measurement, Fig. S1). Triplicate samples at each time point

were used for GeoChip analysis. DNA was extracted from 10 g

sand using a modified PowerMax Soil DNA isolation kit

(MOBIO, Carlsbad, CA, US) with several modifications (see

http://dx.doi.org/10.1016/j.watres.2014.10.023
http://dx.doi.org/10.1016/j.watres.2014.10.023
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supporting information) to increase DNA yield. Details on the

DNA extraction method, GeoChip experiment and GeoChip

data processing can be found in the supporting information.
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3. Results and discussion

3.1. Faster ethanol degradation following source
removal

After the ethanol-blended fuel release was shut off in the

model aquifer system, dissolved ethanol concentrations

gradually decreased to zero within 60 days at samplingwells C

and D (Fig. 2). Unlike ethanol, the concentration of acetate at

well D first increased 2e2.5 fold and then decreased below

detection (<1 mg/L) within 90 days (Fig. 2a). Similar to acetate,

butyrate and butanol concentrations at well D also tempo-

rarily increased and their peak concentrations (301 and 45mg/

L, respectively) appeared following the acetate peak concen-

tration (Fig. 2a). Under methanogenic conditions, ethanol is

first metabolized to acetate and hydrogen, which can then be

transformed to methane and carbon dioxide (ITRC, 2011; Ma

et al., 2013b). Acetate can also be transformed to butyrate

and butanol (ITRC, 2011). The increases in acetate, butyrate,

and butanol concentrations corroborate that the fermentative

biodegradation of ethanol was temporarily stimulated

following the shut-off of the ethanol release. The transient

accumulation of acetate was also observed at well C, but there

was no obvious increase in butyrate and butanol concentra-

tions following the increase in acetate concentration (Fig. 2b).

Well C is closer to the source zone (ethanol/benzene/toluene

injection port) (Fig. 1) and the travel time was apparently

insufficient to observe this progression of microbial trans-

formation processes.

3.2. Decreasing the source-zone concentration of ethanol
enhances fermentation activities

A microcosm experiment confirmed that faster ethanol

degradation following source removal was attributed to a
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Four parameters were inferred from the microcosm experi-

ment: 1) methane accumulation after 133 days of incubation

(Fig. 3a), 2) the acclimation time for methane generation

(Fig. 3b), ) methane generation rate (Fig. 4), and 4) total dis-

solved concentrations of ethanol metabolites after 133 days of

incubation (Fig. 5). Microcosms with 1000e2000 mg/L of

ethanol exhibited the highest ethanol biodegradation activity.

Higher initial ethanol concentrations (>3400 mg/L) resulted in

lower metabolite accumulation (Figs. 3a and 5) and slower

methane generation rate (Fig. 4). When ethanol concentra-

tions reached 40,000 mg/L, the generation of volatile fatty
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acids, methane, and butanol were strongly inhibited. Fig. 2b

also shows that the microcosm containing higher initial

ethanol concentrations experienced longer acclimation time.

These results indicate that 40,000mg/L (5.1% v:v) of ethanol

could strongly inhibit microbial activity, which is consistent

with the ethanol toxicity threshold reported by Igram and

Vreeland (3.1% v:v) and Nelson et al. (6% v:v) (Ingram and

Vreeland, 1980; Nelson et al., 2010). However, such a high

concentration (>1% v:v) would likely occur for only high

ethanol content fuels and would be confined to the capillary

fringe near the source zonewhere a non-aqueous phase liquid

(NAPL) phase exists (Freitas and Barker, 2011, 2013b; Stafford

et al., 2009; Stafford and Rixey, 2011). Concentrations of dis-

solved ethanol in groundwater impacted by ethanol-blended

fuels are usually lower than 10,000 mg/L (Corseuil et al.,

2011; da Silva and Corseuil, 2012; Freitas and Barker, 2013a;

Freitas et al., 2011; Spalding et al., 2011). Since the active

zone for biodegradation is usually located within the dis-

solved plume (especially at the plume edge) rather than in the

NAPL phase source zone, information on how ethanol con-

centrations lower than 10,000 mg/L affect microbial activities

is of more practical significance to assess the environmental

behavior of ethanol-blended fuel releases. Microcosm results

showed that 3400 to 10,000 mg/L of ethanol exert partial

inhibitory effects on ethanol biodegradation (for this system),

corroborating previous studies with a wide variety of micro-

bial cultures (Bringmann and Kühn, 1980; Eaton et al., 1982;

Heipieper and Debont, 1994).
3.3. Ethanol stimulated EPS production and increased
sand-associated organic carbon content

The release stimulated extracellular polymeric substance

(EPS) production and increased the organic carbon content in

the impacted aquifer materials. Fig. 6 shows the total organic
carbon content of the sand samples collected on three

different dates. The sand used in this study had relatively low

level of organic carbon content (0.066 ± 0.011% on August 7th

2009), which increased significantly (p < 0.05) by 85% following

exposure to the ethanol blend release for 2 years (September

5th 2011). A sand sample collected 1 year after the shut-off of

ethanol release (September 2nd 2012) had 34% significantly

(p < 0.05) lower organic carbon content than the sample

collected on September 5th 2011, indicating a net consump-

tion of sand organic carbon after the shut-off of ethanol

release.

In addition to organic carbon content data, GeoChip anal-

ysis (a comprehensive functional gene microarray (He et al.,

2007)) shows that, compared to the pre-contaminated sand

sample (August 7th 2009), several functional genes involved in

extracellular polymeric substance (EPS) production were

significantly (p < 0.05) enriched in the sand sample exposed to

ethanol blend release for 2 years (September 5th 2011, Fig. 7).

The enriched EPS production genes included gene encoding

for mannose-1-phosphate guanylyltransferase, LPS heptosyl-

transferase, NAD dependent epimerase dehydratase family

protein, UDP-3-O-[3-hydroxymyristoyl] glucosamine N-acyl-

transferase, capsular polysaccharide biosynthesis protein,

glycosyltransferase, tyrosine protein kinase. This corrobo-

rates that fuel ethanol releases could stimulate EPS produc-

tion, thus increasing the sand organic carbon content.
3.4. Persistent methane accumulation may be due to
anaerobic degradation of remaining acetate and bound
organic matter

Methane persisted in the aquifer tank even several months

after the disappearance of ethanol and its metabolites (i.e.,

acetate, butyrate and butanol). At well C, ethanol and its me-

tabolites disappeared after day 47, while methane persisted in

http://dx.doi.org/10.1016/j.watres.2014.10.023
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the groundwater until day 131 (Figure S9a). Similarly, at the

well D, ethanol and its metabolites disappeared after day 89,

while methane persisted until day 212 (Figure S9b). The

persistence of dissolved methane was also reported in several

field studies. At a site impacted by an accidental fuel ethanol

spill, the ethanol concentration decreased from ~20,000 mg/L

to below detection limit (0.1 mg/L) within the first 3 years, but

20 mg/L of dissolved methane was still detected even 6 years

after the spill (Sihota et al., 2013; Spalding et al., 2011). At an

experimental site impacted by a pulse injection of Brazilian

gasoline which contains 24% (v:v) of ethanol, oversaturated

dissolved methane (>24 mg/L) was continuously detected in

the groundwater even 6.5 years after the spill, while ethanol

disappeared 4 years after the spill (Corseuil et al., 2011). Based

on these field studies and our pilot-scale experiment, it ap-

pears that methane persistence is likely to be common at sites

impacted by ethanol blend fuel releases.

In addition to methane accumulation, functional genes

associated with methane metabolism also persisted in the

model aquifermaterials. Two functional geneswere analyzed:

1) methyl coenzyme-M reductase gene (mcrA) for metha-

nogens and 2) methane monooxygenase gene (pmoA) for

methanotrophs (Fig. 8). Ethanol releases stimulated strong

methanogenic activity. Accordingly, the abundance of mcrA

gene increases for four orders of magnitude from 1.0 � 103

copy/g dry sand (pre-contamination baseline, August 7th,

2009) to 6.4 � 106 copy/g dry sand (exposed to ethanol blended

solution for 2 years, September 5th, 2011). However, even one

year after the ethanol solution was shut off, a high abundance

of mcrA gene (~106 gene copy/g dry sand) still existed in the

aquifer, thus indicating the persistence of methanogens in

this system. The pmoA gene showed a similar temporal trend

as the mcrA gene.
Although this and several other studies corroborate that

methane persistence may be a common phenomenon at fuel

ethanol impacted sites, previous studies did not clarify why it

happens. In this experiment, tap water was continuously

injected into and flowed out of the tank, with an average

seepage velocity of 0.76m/day. Sincemethane is unlikely to be

adsorbed and retained by aquifer materials, methane accu-

mulating post shut off must have been generated from

anaerobic degradation of other organic compounds. Figure S9

shows that ethanol metabolites (acetate, butyrate, and

butanol) remained in the groundwater for a longer time than

http://dx.doi.org/10.1016/j.watres.2014.10.023
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ethanol after the ethanol solution was shut off. Therefore, it is

very likely that ethanol metabolites (especially acetate)

contributed to the persistence of dissolved methane.

Interestingly, methane generation persisted for more than

80 days after the disappearance of dissolved acetate, butyrate,

and butanol (Figure S9). Thus, there must have been an

alternative carbon source to support the activity of metha-

nogens. A potential alternative carbon source is organic car-

bon associated with the aquifer materials. Both GeoChip data

and the sand organic carbon content data show that the

ethanol blend release stimulated the growth of microorgan-

isms that attach to aquifer material, excrete EPS and accu-

mulate intracellular carbon reserves, which would increase

the organic carbon content associated with the impacted

aquifer materials (Figs. 6 and 7). Therefore, it can be inferred

that the persistent generation of methane was supported by

organic carbon bound to the aquifer material. In this study,

the aquifer tankwas packedwith sandwhich has low sorption

capacity for organic carbon such as EPS. Natural aquifers

containing clay and silt lenses are likely to have much higher

sorption capacity for organic carbon and thus may have even

longer methane persistence time. Nevertheless, we cannot

rule out the possibility that some ethanol trapped in the

capillary fringe (and not detected in the groundwater) also

contribute to methanogenesis.
4. Conclusions

Recently, there have been increasing concerns over the

methane vapor intrusion risk associated with ethanol blend

fuel releases (Freitas et al., 2010; Jewell and Wilson, 2011;

Jourabchi et al., 2013; Ma et al., 2014, 2012; Sihota et al.,

2013). This study shows that methane generation in ground-

water impacted by ethanol blends would continue well

beyond the disappearance of ethanol and its degradation

products (e.g., acetate, butyrate, and butanol). Note that the

groundwater velocity (0.76 m/day) in this sandy aquifer is

relative fast compared to real aquifers. Therefore, at real

contaminated sites with slower groundwater flow, methane

persistence time could be much longer. These results suggest

that, for site closure, long-term monitoring for methane

should be considered to fully understand the vapor intrusion

risk from methane, even when the ethanol source is removed

and residual ethanol was attenuated.

Besides methane, other ethanol metabolites (e.g., acetate,

butyrate, and butanol) may also impact groundwater quality

(e.g., inhibit benzene biodegradation (Corseuil et al., 2011),

cause aesthetic impacts (Ma et al., 2011), and facilitate heavy

metal dissolution (Brown et al., 2010)). This study shows that

after the ethanol source was removed, ethanol anaerobic

degradation activities may be temporarily stimulated when

the ethanol concentration decreases below its toxicity

threshold (e.g., ~2000 mg/L for this system), thus resulting in

transient accumulation of problematic ethanol degradation

metabolites. Overall, this study reflects the complex plume

dynamics following source removal, and suggests that long-

term monitoring for the problematic ethanol metabolites

that impact groundwater quality (beyond the disappearance

of ethanol) should be considered.
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