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EXECUTIVE SUMMARY

In order to comply with federal Clean Air Act requirements for attainment of carbon monoxide
and ozone standards, 17 dates have opted to use oxygenated fuels. Currently, oxygenated fuels
account for more than 34% of al gasoline sold in the United States (USEPA, 1998). These dtates are
using ether federd Reformulated Gasoline (RFG) or oxygenated fud (oxyfud) containing 2.0% and
2.7% minimum oxygen by weight, respectively. Approximately 80% of these fuels contain methyl tert-
butyl ether (MTBE) to meet oxygen requirements, 15% contain ethanol, and 5% contain other
oxygenates, such as tert-amyl methyl ether (TAME), diiso-propyl ether (DIPE), ethyl tert-butyl ether
(ETBE), and tert-butyl dcohol (TBA). While the impact of MTBE-containing gasoline releases into the
environment is currently being sudied, few sudies exist on the potentid impact of ethanol-blended
gasoline releases into the environment. The purpose of this paper isto describe the fate and transport of
ethanol once released into the environment under a variety of release scenarios. atmospheric release,
underground storage tank (UST) release, or pure product spill.

Ethanal is a highly soluble, mobile, short-chained hydrocarbon which does not readily voldtilize
from water or adsorb onto soil or sediment materiad. However, it does not seem to accumulate in the
environment. Once released to the atmosphere, ethanol concentrations quickly become dilute and
rapidly diminish due to photodegradetion (haf-life = 2.4 days). Therefore, Sgnificant remova by
precipitation (rain or snow) is unlikely. If rdeased to the soil and groundwater and dlowed to
equilibrate, ethanal is expected to partition into the aqueous phase due to its low Henry’s congtant
(<0.0003 [dimensionless] at 25°C) and soil/water partition coefficient. However, ethanol will quickly
biodegrade (haf-life between 1 and 5 days) and is not likely to impact drinking water wells. Based on
redigic LUST release scenarios, maximum ethanol concentrations in groundweter in the vicinity of the
release can be expected to be between 400 and 4,000 mg/L. Higher concentrations may be
encountered in groundwaeter in close proximity to the source area of a pure product spill. However, in
both scenarios, ethanal is not likely to increase the mobility of other gasoline condtituents encountered,;

i.e., the cosolvency exhibited by ethanal is negligible.
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One of the primary disadvantages of usng ethanol-blended fuels is the reported increase in
vehicle emissons. Ethanol blended gasoline decreases carbon monoxide levels more than MTBE
blended gasoline; however, ethanol increases the total hydrocarbon (e.g., aceta dehyde, formaldehyde,
and other short chained hydrocarbons) and NO, emissonslevels—all of which are precursors to ozone
formation. Acetddehyde emissons are reported to increase by a least 100% compared to
conventiond gasoline, resulting in an increase in the formation of peroxyacetyl nitrate (PAN).

A second disadvantage of adding ethanol to gasoline is the potentid impact of ethanol
biodegradation on the natura biodegradation of other gasoline condtituents present in the groundwaeter.
Ethanal is known to readily biodegrade under a variety of aerobic and anaerobic conditions. Under
these conditions, ethanol is a preferred subgtrate and will be preferentidly utilized in the presence of
BTEX (benzene, toluene, ethylbenzene and xylenes). However, as ethanol is aerobicaly biodegraded,
oxygen and other eectron acceptors, as well as nutrients will become depleted in the subsurface. Asa
result, BTEX plumes may be lengthened due to the resstance to biodegradation in the presence of
ethanol. In 1995, the Lawrence Livermore Nationd Laboratory in Livermore, Cdifornia released a
report which concluded that the median length of BTEX plumes in shdlow groundwater was
approximately 250 feet and that in most cases, these plumes were stable. The presence of ethanol is
expected to increase BTEX plume lengths by approximately 27% under typicd Cdifornia groundwater
conditions (ranging from 16% to 34% increase in BTEX plume length). The potentid impact of
increasing BTEX plume lengths is ether a greater probability that drinking water wel fields could be
impacted by BTEX or higher BTEX concentrations at wells that are dready contaminated. Both of
these impacts would result in higher cleanup costs for BTEX plumes, if cleanup iswarranted.

If well fidds were located sufficiently near an ethanol-blended gasoline release and ethanol were
to migrate to the drinking water well, the remova of ethanol could pose significant problems. However,
if ethanol does impact drinking water, likely concentrations of ethanol will fal well below its toxicty
limits and below its high taste and odor threshold. Consequently, treatment will not be required unless
maximum dlowable drinking water concentrations of ethanol ae established based on some other
criteria. I trestment is required, the properties of ethanol will make it difficult to easily remove from
water, compared to BTEX. Due to its low Henry's congtant and low soil/water partition coefficient,

ethanol can rot be easly removed from water by air stripping or adsorption on activated carbon.
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Biologicdly activated filters can be used to remove ethanol from water, but typicdly drinking water
purveyors are reluctant to use a biological process for potable water treetment. While other emerging
technologies may be effective, such as reverse osmoss or nancfiltration, the only proven technology for
remova of ethanol from drinking water is advanced oxidation. However, this process raises additional
concerns regarding oxidation by- products.

Findly, this report briefly summarizes the aguatic toxicity and human toxicity resulting from
inhdation or ingestion of ethanol. Given redidic exposure leves of ethandl in the amaosphere,
groundwater, or surface water following either arefueling atimospheric release, a pure product spill, or a
release from an UST to soil and groundwater, it is unlikdy that any human effect will be observed as a
result of inhaation or ingestion of ethanol. However, a pure product spill of ethanol or a large UST
release could cause ethanol levels to become toxic to microbia and aguetic life.

In concluson, the fate and trangport of ethanol in the ar, soil, and groundwater is well
understood. Ethanol released done into the environment does not accumulate because it rapidly
photodegrades or biodegrades. However, the presence of ethanol may retard the biodegradation of
BTEX plumesin the groundweter. Thus, the average BTEX plume length will be increased which may
lead to a higher probability of BTEX impacting drinking water wells.
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1.0 INTRODUCTION

1.1  Purposeof Report

The purpose of this report is to summarize the scientific literature on the fate, trangport, treatment,
and toxicity of ethanol in air, soil, groundweter, and surface water as a result of its use as afuel oxygenate.
This study addresses the environmentd persstence of ethanol and the impact, if any, of ethanol on water
resources.  Also included in this report is a summary of the literature describing the advantages and
disadvantages of using ethanol to meet fud oxygenate requirements.

12  Scope

The fate and transport of ethanol will be analyzed by studying the life-cycle transport of ethanol
through the environment. The three primary scenarios for the release of ethanol to the environment are
amospheric releases, lesking underground storage tank (LUST) releases, and spills during ethanol
trangport. Each scenario will be discussed in this report.  Once released to the environment, the fate of
ethanal is controlled by physica, chemicd, and biologica processes including dissolution, volatilization,
adsorption, biodegradation, and abiotic chemica degradation. This report will describe the reldive
magnitude of these processes, as well as the effect of ethanol on other gasoline congtituents that may be
smultaneoudy released. A probabiligtic ethanol plume length andlysis will be used to quantify the impact of
ethanol on the fate and trangport of other condtituents. Finaly, this report will briefly summarize some of the
human and aquatic toxicity data associated with elevated ethanol concentrations in groundwater or surface

water.
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2.0 BACKGROUND

21  History of Use

Fud oxygenates have been used in the United States for more than two decades (Squillace &
d., 1995). Oxygenates were added to gasoline initidly to increase the octane rating, and more recently
to reduce vehicle emissions of carbon monoxide and hydrocarbons. Ethanol is one of severd gasoline
additives that fulfill the gasoline oxygen content requirements of the Clean Air Act. The practice of
adding ethanol to gasoline began in 1978 in the U.S. when a Nebraska group marketed gasohol, a
gasoline containing 10% ethanol by volume. The purpose of this program was to increase gasoline
avallability during the oil embargo (Chevron, 1996; USEPA, 1998). In 1990, the Clean Air Act
Amendments (CAAA) mandated the use of oxygenates in gasoline, either year-round or seasondly, in
ceatain ar qudity basins not meeting federd ar qudity standards for carbon monoxide (CO) and
ground-level ozone (O3), or “smog.” To meet the requirements of the CAAA, the EPA initiated the
Oxyfud Program in 1992 and the Reformulated Gasoline Program (RFG) in 1995. The former requires
the use of gasoline with 2.7% oxygen by weight during the winter months to control carbon monoxide
emissons, and the latter requires the use of gasoline with 2% oxygen throughout the year in ozone nort
attainment areas. These mass oxygen contents correspond to 7.3% and 5.4% ethanol by volume,
respectively. In 1992, 8% of dl gasolines in the United States contained ethanol.  Currently,
approximately 30% of dl fue sold in the United States is oxygenated to meet RFG requirements and an
additiond 4% is oxygenaed to meet Oxyfue requirements (USEPA, 1998). Ethanol-blended fuels
account for approximately 15% of al oxygenated fuels sold in the United States (USEPA, 1998).

2.2 Production

Ethanol can be synthesized from ethylene, acetylene or sulfite waste liquors, it can dso be
produced by the hydrolysis of ethyl sulfate, or the oxidation of methane (Chevron, 1996; Merck Index,
1989). The most common method of ethanol production is by the fermentation of carbohydrates,
mainly corn (Fimentel, 1998); subsequent to carbohydrate fermentation, ethanol is digtilled, dehydrated
and denatured prior to its addition to fud.

About 1 billion gdlons of ethanol have been produced in the United States during each of the
past few years (Fimentd, 1998). In April 1998, 100 million galons of ethanol were produced in the
U.S. compared to dmost 300 million gdlons of methyl tert-butyl ether (MTBE) (Energy, 1998).
Ninety-four percent of the ethanol produced in 1993 was from the fermentation of corn in the Midwest
(Chevron, 1996). Consequently, the production of ethanal is highly influenced by the market price of
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corn, eg., in 1996 as corn prices rose to $5/bushd (USDA, 1997), ethanol production was
dramaticdly curtailed (Dewitt, 1997).

2.3  Chemical and Physical Properties
Ethanal is a highly mobile smdl chain dcohol with an infinite agueous solubility.
hygroscopic, i.e, it has a tendency to absorb moisture when in contact with ar. Relaive to ether

It is

oxygenates such as MTBE, ethanol has high oxygen content and heet of vaporization, and low air/water
and soil/water partition coefficients.
Bureau of Alcohal, Tobacco, and Firearms, resulting in a 2% to 5% addition of an gpproved denaturant
chemicd. The physicad and chemica properties of ethanol and MTBE are summarized in Table 2.1.

In addition, ethanol is denatured in order to comply with the

Table2.1
A Summary of Physical and Chemical Properties of Ethanol and M TBE
Physical and chemical properties Ethanol (reference) MTBE (reference)
CASno. 64-17-5 1634-04-4
Molecular weight [g/mol€] 46 88.15
Elementa composition by weight
% Oxygen 34.7 18.2
% Carbon 52.1 68.1
% Hydrogen 131 13.6
Specific gravity 0.79 @ 15°F (1) 0.74 @ 25°C (8)
Boiling point [°C] 785 (1) 53.6 - 55.2 (8)
Water solubility [mg/L] Infinite (1) 43,000 - 54,300
50,000 (8)
Vapor pressure
[mm Hg] (@ 25°C) 49 -56.5(7) 245 - 276 (8)
[kPa] (@ 100°F) 17 (6)
Heat of vaporization [kJkg] 900 (6)
Henry’s Law constant [atm T g* mole™] 6.17 x 10° (7) 59x 107 (8)
5.13x 10° (7) 1.1x10° ()
6.29x 10° (7) 1.2x 10° (8)
30x 10° (8)
Henry’s Law constant [-] 2.10x 10% (7) 2.399 x 107 (8)
252 x 10* (7) 4.496 x 107 (8)
257 x 10* (7) 5.722 x 107 (8)
1.226 x 10™ (8)
2.6x 102 (8)
1.8 x 102 @ 20°C (8)
Log Koc 1.21, 0.2 (7) 1.091, 1.035, 1.049 (8)
Log Kow -0.16, -0.31 (7) 1.20 (8)
-0.32 (4)
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Maximum concentration approved by EPA
for use afuel oxygenate
Mass % O, 37(3) 2.74 (3
Volume % Oxygenate 10.0(3) 15.0 (3)
Octane rating number 110 (9
Research 111 (6)
Motor 92 (6)
Blending research octane number -- RON 129 (3) 118 (3)
Blending RVP [pd] 15 (4) 8(9)
Stoichiometric air/fud ratio 9.0 (6)
Net lower heating value
Mass [kJmg] 270 (2
Volume [KJmL] 21.3(2)

(2) Merck Index; (2) Kirchstetter et a., 1996; (3) Chevron, 1996; (4) Pid and Thomas, 1990; (5)
Reuter et a., 1992; (6) Rice et al., 1991 and (7) Zogorski et d., 1996, (8) OSTP Report, 1997, (9)
MTBE Workshop, 1998.

24  Fatein the Environment

Once released into the environment, the mechanism of ethanol |oss depends on the environmentd
compartment receiving the rdlease: atmospheric release, LUST release to soil and groundwater, or spill
during ethanol trangport. Various reports have published estimates of the range of possible haf-lives (see
Table 2.2) in each of these environmenta compartments. In the atmosphere, it is predicted that ethanol
will be oxidized quickly; the hdlf-life ranges between 0.5 and 5 days. In the soil or groundwater, the data
presented in Table 2.2 predicts rapid biodegradation of ethanol with a hdf-life ranging from 0.1 to 2.1
days. Findly, in surface water following a pure ethanol saill, ethanal is predicted to quickly biodegrade;
edimated hdf-lives range from 0.25 to 1 days. Table 2.2 implies that regardless of the release scenario,
ethanal is unlikely to accumulate in the soil, ar, surface water, or groundwater due to its rapid
photooxidation (air) and biodegradation (water/soil) rates. However, it is unclear whether these
edimated rates were developed under redigtic field conditions. Consequently, the reported vaues in
Table 2.2 represent generic order-of-magnitude hdf-lives and may not be accurate for a sSite-gpecific
asessment of the fate and transport of ethanol. In Section 4, these rates will be better defined as a
function of the specific atmospheric, hydrogeol ogic (subsurface), and limnologic (lake) conditions.
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Table2.2
Estimated Half-Lives of Ethanal in the Environment.
Adapted from Handbook of Environmental Degradation Rates (1991)
Environmental Medium Half-life
(hours)
Sail 26-24
(Based upon soil die-away test data)
Air 12.2- 122
(Based on photooxidation half-life)
Surface water
(Based upon unacclimated agueous aerobic 6.5- 26
biodegradation)
Groundwater
(Based upon unacclimated agqueous aerobic 13- 52
biodegradation)

25  Advantages/Disadvantages of Ethanol

The main advantages associated with the use of ethanol as a fud oxygenae is its high oxygen
content and short hdf-life in the environment (Table 2.2) relative to other oxygenates. Furthermore,
ethanol exhibits low human toxicity a the estimated exposure levels from the accidenta releases of
ethanol-gasolines into the environment. Ethandl is heavily used by the drinking acohol indudtry; as a
result, the human body is generdly tolerant to ethanol levels much higher than would be encountered in
environments contaminated with ethanol-blended gasolines.

Ethanol has severd disadvantages as a blending component. The addition of 10% ethanol by
volume can increase the Reid vapor pressure (RVP) of a conventiond gasoline by 1 ps (Chevron
1996). Thisincreased volatility limits the feasibility of usng ethanol as an additive during warm westher
months (EPA, 1998). Also, ethanol-blended fuels cannot be shipped by pipeline because of ethanol’s
high affinity for water (Williams, 1995). This causes ethanal to be transported by barge, rail car, or
truck. If an ethanol-blended gasoline comes in contact with water or water vapor (as in pipeines),
ethanal will bring the water into solution which leads to the phase separation of the ethanol-water-
gasoline component mixture. To prevent phase separation, ethanol is splash blended with the gasoline
a terminds (i.e, in the tank truck which will ddiver the blend to the service gation). Ethanol termind
blending involves more operating and capita expenses than the refinery blending of MTBE and other
oxygenates (Chevron, 1996; Newenham, 1997).
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3.0 PARTITIONING OF ETHANOL
IN THE ENVIRONMENT

3.1 Ethanal Partitioning Between Environmental Compartments

The purpose of this section is to describe the relative proportion of ethanol that partitions into
the arr, water, and soil phases once equilibrium is established between these compartments. The
following sections describe this partitioning between air, water, and soil compartments, as well as the
physiochemica interactions between ethanol and other gasoline condtituents in groundwater.

3.2  Air/Water Partitioning

The air to water partitioning behavior of ethanol is governed by Henry’s Law. A dimengonless
Henry’s Law constant represents the equilibrium ratio of a contaminant’s concentration in the air to its
concentration in the water. For the most part, a compound with a dimensonless Henry’s Law constant
less than 0.05 will tend to partition strongly from the gas phase into the water phase if contaminated air
is brought into contact with clean water (Zogorski et d., 1996). Vaues of Henry's Law congtant for
ethanol are given in Table 2.1 and range from 2.1 x 10” to 2.6 x 10™ [-] a 25°C. Sincethisrangeis
quite low, atmaospheric ethanal is likely to partition into water vapor droplets, and smilarly, ethanal in
water bodies is likdy to remain in the agueous phase. Therefore, volatilization from surface water or
off-gassing from groundwater are not likely to be sgnificant mechanisms for ethanol mass loss from
water.

3.3 Soil/Water Partitioning

The soil/water partition coefficient, Kq4, Specifies the equilibrium raio of a contaminant’s
concentration in/on the solid phase to that in the aqueous phase. The soil/water partition coefficient
determines a contaminant’s relative rate of movement in groundwater due to adsorption to a solid
surface.  For nonrionic compounds such as ethanol, Ky vaues are a function of the organic carbon
content of the soil and the organic carbon based partition coefficient, K. K4 isthe product of K. and
the fraction of organic carbon in the soil, f, i.e., Ky = K * foc . Although values of { are ste-
dependent, they are typicaly low in most subsurface environments (~0.005) (Zogorski et al., 1996).
Additionally, Ko vauesfor ethanol are low (Table 1) rdative to values of other gasoline oxygenates and
aromatics. Therefore, Ky values are low which results in a retardetion factor for ethanol and other
short-chain acohols very close to unity (Wood et d., 1990; Zogorski et a., 1996). Thus, under most
conditions, dissolved ethanol will migrate at the velocity of the groundwater. Adsorption to aguifer
materids in the subsurface or to sediments in surface water is not likely to affect the fate of ethanol in the
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environment. Ethanol is expected to remain predominantly (>99%) in the water phase under most
conditions.

3.4  Dissolution from Gasoline

The dissolution of hydrocarbons from gasoline into groundwater occurs as ethanol leaches from
the light gasoline-ethanol mixture. The aqueous concentrations of gasoline hydrocarbons and ether
oxygenates in contact with water can be estimated from the hydrocarbon’s solubility in water multiplied
by its mole fraction in the gasoline (maximum theoretical solubility of MTBE = 48,000 ppm x 11% by
volume = 5,280 ppm) (Poulsen et d., 1992). However, because ethanol isinfinitely soluble, thissmple
equation breaks down and the concentration must be estimated based on mixing conditions, assuming a
fud/groundwater mixing ratio and a dilution factor. For estimating purposes, the fuel/groundwater
mixing ratio is approximated to be 2 and the subsurface dilution factors are between 10 and 100. If
>09% of the released ethanol from ethanol-blended fud dissolves in the water, the maximum volume
concentration of ethanol in the water would be 5% (50,000 ppmv) based on the volume percent of
ethanol required to meet minimum oxygenate requirements (10%). After teking into consideration the
range of subsurface dilution factors specified above, the maximum range of ethanol concentrations
would be 0.05% to 0.5% by volume or about 400 to 4,000 ppm by mass. However, these
concentrations can only be expected at gasoline/water interfaces or near pure ethanol releases because
much lower concentrations are anticipated further from the source due to ethanol plume dilution.

Heermann and Powers (1997 & 1998) studied the partitioning behavior of ethanol and BTEX
compounds from an ethanol-blended gasoline.  According to Heermann (1998), the agqueous
concentration of ethanol from the dissolution of ethanol-blended gasolines is dependent on the
concentration of ethanol in the gasoline and on mass trander limitations in subsurface systems.
Heermann was able to show that when the concentration of ethanol was 10% (by volume) in a gasoline,
greater than 99% of the ethanol partitioned into the water phase. Heermann did not investigate the
dissolution rate of the dissolved ethanol and determined thet it is limited by ethanol molecular diffusion to
the gasoline/groundwater boundary which may result in longer dissolution times (> 1 year). Poulsen et
a. (1992) looked at the dissolution of methanol from an M-85 gasoline (85% methanal by volume) into
the agueous phase. Poulsen experimentally determined that approximately 99% of the methanol
leached into the aqueous phase in the time required for three volumes of water, each equd to the initid
volume, to pass by the floating product (1992). These researchers concluded that this dissolution rate
would result in ashort discrete plume.

In conclusion, al of the ethanol present in a gasoline will likely be released into the groundwater,
but the time frame for this process is dte specific. A large, thick gasoline source could result in long
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molecular diffuson paths which would limit the speed of dissolution and create long, attached ethanol
plumes, whereas, a small thin gasoline source could facilitate dissolution and create a short, detached
ethanol plume. Both of these scenarios are not only specific to the gasoline plume shape, but are dso
dependent on the subsurface groundwater flow conditions.

3.5 Cosolvency Effects

Cosolvency is a chemica phenomenon whereby one chemica dissolved in weter increases the
solubility of a second chemica due to the high solubility of the second chemicd in the first chemical.
Due to the infinite miscibility of ethanol in the water phase, it may act as a cosolvent for other gasoline
condtituents when it is present at high concentrations (Cline et a., 1991; El-Zoobi et d., 1990; Groves,
1988; Pind et d., 1990 & 1991). As areault, the presence of ethanol may significantly increase the
aqueous olubility of other hydrocarbons by effectively reducing the retardation factors and sorption
coefficients of these gasoline components in subsurface systems (Chen, 1997). However, recent
research has shown that at the currently used ethanol concentrations (up to 7.3% by volume), the
presence of oxygenates in gasoline does not cause cosolvency in gasoline-water mixtures. Even at
higher concentrations of oxygenates, no cosolvency effects have been observed. For example, up to
85% methanol in gasoline and a gasolinewater mixing ratio of 10 has been shown to produce no
enhanced BTEX solubility.
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4.0 FATE AND TRANSPORT OF ETHANOL
IN THE ENVIRONMENT

Using the chemicd and physical properties of ethanol (Table 2.1) and the partitioning factors
discussed in Section 3, it is possble to describe the movement and reactions of ethanal in the
environment. The following three subsections discuss the fate and trangport of ethanal in the atmosphere,
subsurface (i.e, soil and groundweter), and surface water. Each subsection describes the potential
source of ethanol into the respective compartment and the ensuing loss mechanisms from that
compartment.

41  Atmosphere

4.1.1 Sourcesof Ethanal in the Atmosphere

Although the 1990 Clean Air Act Amendments mandated the use of oxygenates in fuels, these
amendments did not require that these compounds be monitored in the environment. As a result, there
is alimited number of peer-reviewed documents in the scientific literature reporting either measured or
edimated atmospheric levels of ethanol in the United States. Mogt of the avallable datais for Stesin
Brazil where ethanal is used heavily both as a fud and a fue additive, and where ambient levels of
ethanol in urban areas have received considerable attention (Grogean et d., 1998a & 1998Db).

Several processes are responsible for ethanol releases to the aimosphere as a result of its
widespread use by the fuel industry. Such releases may occur from leskage or spills during the industrid
and commercid processes responsible for ethanol production, transport and storage. Data from
industria releases of ethanol are not currently available. Methanol industry releases are reported in the
Toxics Release Inventory (TRI); however, ethanol estimates are not included (Zogorski et a., 1996)
since ethanal is not currently considered a hazardous air pollutant. Other ethanol releases are primarily
from motor vehicles and include emissons during refuding, hot soak evaporative emissons, and tail-
pipe emissions of unburned gasoline (Harley et d., 1992).

Ethanol emissions during refueing result from displaced vapor as the tank is filled, or from
vapors due to overfill and accidentd spills (Backer et d., 1997). These evaporative emissons may be a
condderable source of ethanol into the atmosphere, especidly during hot weather, particularly because
the use of ethanol has been shown to increase the Reid vapor pressure (RVP) of gasoline (Pid and
Thomas, 1990) which isagood indicator of afud’s volatility (Chevron, 1996). An experimenta study
was recently performed in order to compare evaporative emissions from an ethanol-blended gasoline,
E-10 (10% ethanol by volume), to those from a non-oxygenated gasoline (Aulich et d., 1994). The
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results of this study indicated that more total fuel evaporated from E-10, but that ethanol accounted for
13% by weight of the total materid evaporated. This suggests that evaporative emissons from ethanol-
blended fudls are probably a sgnificant source of ethanol in the ambient air.

Tall-pipe emissons of ethanal result from its incomplete combustion in vehicle engines. A study
was performed to measure ambient levels of ethanol during the period of March 1996 - April 1997 in
Porto Alegre, Brazil, where 17% of light duty vehicles run on hydrated ethanol (Grogean, et 4.,
19984). Ambient levels of ethanol were found to range from 0.4 to 68.2 ppbv with an average of
12.1+ 13.3 ppbv. These vaues are higher than those reported in some urban areas in the United States
(Table 4.1) but are consstent with the fleet data in Porto Alegre, Brazil. This sudy dso estimated a
fleet emisson rate for ethanol in Porto Alegre of 2338 + 393 tons per year. The results of this study
suggest that evaporative emissions of ethanol may be accompanied by substantid releases of unburned
ethanol in the exhaugt.

4.1.2 Lossesof Ethanol from the Atmosphere

4.1.2.1 Chemical Oxidation

Once emitted into ar, ethanol molecules may be oxidized by reactions with ozone,
nitrate radicas or hydroxyl radicas. The dominant mechanism controlling the fate of dcoholsin
the atmosphere is their reaction with hydroxyl radicals (Zogorski et d., 1996). The oxidation of
ethanol via the hydroxyl radicd leads to the formation of acetaldehyde, which in turn may
produce peroxyacetyl nitrate (PAN) and formaldehyde, both of which are precursors of ozone
formation (Grogean et d., 1998a; Kirchgtetter, 1998).

Grogean et d. (1997) evaduated the impact of ethanol (and MTBE) on ambient air
qudity using laboratory and field measurements. These researchers reported an ethanol
reaction rate constant with the hydroxyl radical of 3.33 x 10™ cn?® molecule st. Thisvaueis
comparable to others reported in the literature; for example, Pid and Thomas (1990) and
Kirchstetter (1998) reported rate constants of 3.4 x 10™ and 3.05 x 10™ cn?® molecule™ s?,
respectively. Grogesan et a. (1997) dso cdculated the half-life of ethanol based on itsreaction
rate with hydroxyl radicd and found it to be 24 days (Table 4.2).
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Table4.1

Levesof Ethanol in Urban Air (and in atunnel) as Reported in Relevant Peer-Reviewed Papers

Concentration L ocation Date Reference
(ppbv) Comments

0.7 Downtown Los Angeles 1993 Grogean et ., 1998b
Prior to theintroduction of reformulated gasoline

29-49 Houston and Boston 1993 Kdly et d., 1993
At two former USEPA Toxic Air Monitoring Study sites

3-5 Four Southern CA locations 1996 Grogean et a., 1998b
After introduction of CA Phase || RFG which contains MTBE

0.4 -68.2 Porto Alegre, Brazil 1996 - 1997 Grogean et ., 1998b
17% of light duty vehicles run on hydrated ethanol

180 - 310 Mooca, Sao Paulo, Brazil 1990 Grogean et d., 1998b
28% of vehiclesrun on ethanol

1900, 2260° Cerqueiro Cesar, Sao Paulo, Brazil | 1990 Grogean et d., 1998b
28% of vehicles run on ethanol

1080 -1440 Tunnd, Seo Paulo, Brazil 1990 Grogean et d., 1998a

28% of vehicles run on ethanol

Grogean et al., 1998b

#Two highest concentrations measured in Cerqueiro Cesar
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This vaue is comparable to other atmospheric oxidation haf-lives for ethanol reported in the
literature (Handbook of Environmenta Degradation Rates, 1991).

Table4.2
Atmospheric Persistence of Ethanol
Compared to MTBE Based on Reactions with the Hydr oxyl Radical
(Adapted from Grogean et al. (1997)

Oxygenae *OH reaction rate constant Hdf life (days)
cnt molecule® st *OH = 1.0 x 10° molecule cm?®
Ethanol 3.33+0.23x 10" 2.4
MTBE 3.24+0.8x10™ 2.3

4.1.2.2 Precipitation

Like other volatile organic compounds in the atmosphere with a low Henry’s congtant,
ethanol can be expected to partition from air into water vapor. Precipitation of ethanol from the
atmogsphere can directly introduce ethanol to surface water. Precipitation falling on land can dso
contribute to surface water contamination from overland runoff and storm-weter recharge, in
addition to contaminating groundwater by infiltration and diffusion through the unsaturated zone.

Since the Henry’s congtant for ethanal is extremdy low (Table 2.1), ethanol favors the
water phase and will partition into water vapor droplets in the atmosphere. However, while
precipitation may contribute to atmospheric loss of ethanol, the rapid oxidation rate of ethanol
and the predicted low ethanol concentrations in the aimosphere may limit the amount of ethanol
which is available to partition into water during precipitation events.

4.1.3 Impact of Ethanol Use on Air Quality

While the use of oxygenated fuels may decrease air pollution, ethanol- blended gasoline has been
implicated in reductions in air qudity due to increases in acetaldehyde, PAN, ozone (O3) and NOy
levelsin urban air.

Severd sudies have been conducted in order to evduate the impact of ethanol-blended
gasolines on exhaust and evaporative emissons relaive to other oxygenated and noroxygenated
gasolines. Reuter et d. (1992) measured emissions from twenty 1989 vehicles as a function of gasoline
composition. They determined that additions of ethanol (10% by volume), MTBE (15%) or ethyl tert-
butyl ether (ETBE) (17%) to gasoline reduced exhaust total hydrocarbon and carbon monoxide
emissions, but increased NO, emissions (Table 4.3 and Table 4.4). Severd researchers have studied
the atmospheric impact of ethanol-blended gasolines and have confirmed the generd trends shown in
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Table 4.3 compared to noroxygenated fuels (Akutsu et. a., 1991; Anderson et. a., 1996; Gaffney .

al., 1997).
Table4.3
Percent Changesin Vehicle Emissions
from the Use of Several Oxygenated Blends
Compar ed to Non-Oxygenated Fuels
Adapted from Reuter et al. (1992)
Emissions Ethanol MTBE ETBE
(10% viv) (15% viv) (17% viv)

Exhaugt: Totd HC -4.9 -6.5 -5.2
Exhaust: CO -134 -9.3 -14.6
Exhaust: Acetadehyde 159 -0.9 254.2
Exhaust: NO 51 3.6 55
Evaporaive Diurnd HC 30.3 -5.8 -5.0
Evaporative: Hot Soak HC* 50.1 13.0 95

* Hot Soak emissions are releases of gasoline vapors from hot parked cars due to expansion of

the gasoline.

The Cdifornia Air Resource Board (CARB, 1998) has recently completed a series of tests
evauating evaporative and exhaust emissons from an ethanol-oxygenated gasoline compared to those
from an MTBE-oxygenated gasoline. As Figure 4.1 illustrates, the use of ethanol blends decreased the
amount of carbon monoxide emitted into the atmosphere compared to the use of MTBE blends, but
sgnificantly increased the amount of NO, total hydrocarbons, ozone forming potentia (e.g., PAN), and
toxins, in addition to the overadl potency weighted average of dl emissons combined.
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Table4.4
Selected Reportsfrom the Literature on the Impactsof Ethanol-Blended Fuels on Motor Vehicle Emissions
Relative to a Non-Oxygenated Fuels

Study description Atmospheric impacts Reference
Fud: 10% ethanol Decrease (13%) in exhaust CO Reuter et d., 1992
Emissons measured: exhaust and evaporative Decrease (5%) in exhaust hydrocarbons
Fleet of twenty 1989 light duty vehicles Increase (159%) in exhaust acetaldehyde

Increase (30-50%) in evaporative hydrocarbons

Fud: 8.1% ethanol Decreasein CO Stump et d., 1994
Emissions measured: CO and acetal dehyde Increase (120-190%) in exhaust acetaldehyde
Fleet of three pre-1985 light duty vehicles

Fud: 10% ethanol Increase in PAN Gaffney et d., 1997
Emissons measured: O, NOy, CO, PAN, aldehydes, | Increasein adehydes (>25 ppb acetal dehyde)
organic acids Increase in NOy

Feld study, ambient air, Albuquerque, NM

Fud: hydrated ethanol or E22G78 Increase in acetddehyde Grogean et ., 1990
Three urban aress, Brazil (1-35 ppb ambient air, 240 ppb in atunnd)
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Figure 4.1 Total Percent Change in Emissions From Ethanol
Compared to MTBE
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OFP is Ozone Forming Potentia; NMOG is Non-Methane Organic Gas (CARB, 1998)

The increases in emissons usng ethanol blends have been shown to be most sgnificant for
acetddehyde (a congtituent of OFP in Figure 4.1), tota evaporative hydrocarbons, and NOy. The
increase in acetaldehyde emissons is a result of the incomplete combustion of ethanol and has been
shown in many studies to increase by an average of 171% compared to conventiona gasoline (OSTP,
1997; Stump et d., 1990; Knapp et a., 1998; Reuter et a., 1992; Warner-Selph et a., 1990).
Gaffney (1997) dtates that acetaldehyde reacts in the aimosphere to form PAN, a hazardous air
pollutant and precursor to ozone. The increases in diurna and hot soak emissions are primarily due to
the higher RVP of ethanol-blended gasolines. The increase in NO, is likely because ethanol has a
grester oxygen content by weight (35%) than MTBE (2.0%) which increases the oxygen
concentrations in the combustion chamber of motor vehicles.

4.2 Soil and Groundwater

4.2.1 Sourcesof Ethanal in Soil and Groundwater

Very few data sets are available on reported levels of oxygenates in aquatic systems and
subsurface environmentsin the United States. Mogt of the available information in the scientific literature
focuses on MTBE with little or no monitoring data available for ethanol and other fuel oxygenates
(Zogorski et d., 1996). The gpparent lack of monitoring for ethanol, particularly in agueous systems, is
likdy aresult of (1) the leve of difficulty associaied with ethanol andysis in the water phase, (2) its short
hdf-life due to its high biodegradation potentid and (3) the lack of governmental monitoring and control
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requirement mandates for groundwater, surface water and drinking water (Clean Water Act, Safe
Drinking Water Act). Monitoring data is dso not avallable in countries like Brazil where ethanol has
been used extengvely in the last two decades as both a fud and a fuel additive, even though some of
these locations rely heavily on groundwater aquifers for drinking water. For example, Sao Paulo, Brazil
derives 70% of its potable water from aquifers (Corseuil et d., 1998).

There are severd processes reated to the use of ethanol as a fuel additive which are directly
responsible for ethanol releases to soils and groundwater. The dominant source is the direct release of
ethanol-blended fuelsinto the subsurface from fuel spills or lesking underground storage tanks. A minor
source is precipitation from the atmaosphere onto land which introduces ethanal into the subsurface either
by diffusion through the unsaturated zone or by infiltration. Precipitation has been shown to be a minor
source of other oxygenates such as MTBE (OSTP, 1997) into groundwater, and therefore, it is very
unlikdly that precipitation will be amgor source of ethanol into the groundwater.

4.2.2 Lossesof Ethanol from Soil and Groundwater

Due to the physiochemica properties of ethanol as discussed in Section 2, ethanol will remain
primarily in the agueous phase. In addition, dcohols, such as ethanol, are ubiquitous in nature, and
widdy produced in the environment by both chemica and biological processes (Ingram and Buttke,
1984). As areault of ethanol’s high solubility, low retardation, and naturd occurrence, the dominant
mechanism of ethanol |oss from the subsurface is expected to be biodegradation.

4.2.2.1 Biodegradation

In generd, microorganisms have been shown to play a prominent role in governing the
fate of hydrocarbons in subsurface aguatic and soil systems (NRC, 1993). When
environmental conditions are amenable to microbid activity, aerobic microbid populations
oxidize organic contaminants and consume oxygen in the process. Once the localized area has
been depleted of the oxygen necessary for aerobic respiration, anaerobic conditions develop
and anaerobic biodegradation proceeds. While it is well known that ethanol will biodegrade
reedily in the subsurface, three factors are required for successful ethanol biodegradation: the
presence of indigenous ethanol-degrading microbid populations, the availability of eectron
acceptors and nutrients, and adequate pH and temperature levels.

42211 Presence of Indigenous Ethanol-Degrading Microbes
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The ease of dcohol biodegradability is well established in the microbiologica literature.
A short chain acohol such as ethanol can be easily degraded under both aerobic and anaerobic
conditions (Chapelle, 1992). Ethanol can be oxidized by enzymes of centrd microbid
metabolic pathways (Hunt and Alvarez, 1997). Because most indigenous microbes use these
pathways to degrade other substrates, a wide distribution of ethanol-degraders in the
environment can be expected. Additiondly, the bioavalladlity of ethanal to the microorganisms
isanticipated due to ethanol’ sinfinite solubility in water.

42212 Availability of Electron Acceptors

Microorganisms obtain energy by transferring eectrons from eectron donors (in this
case, ethanol) to electron acceptors. Electron acceptors are compounds that have a lower
oxidizetion dae than the eectron donors, they include molecular oxygen, nitrate, Fe(lll),
sulfale and cabon dioxide The most energeticdly favored mechanism by which
microorganisms oxidize organic compounds is aerobic metabolism (Table 4.5).

Table4.5
Selected Types of Aerobic and Anaerobic Respiration
Involved in Microbial Metabolism of Organic Matter.
Taken from Suflita and Sewell (1991)
Process Electron Metabolic Relative
Acceptor Products Potential
Energy

Aerobic Respiration O, CO,, H,O High
Denitrification NO*- CO2, N,
Iron reduction Fe®* CO,, Fe**
Sulfate reduction SO~ CO,, H.S
Methanogenesis CO, CO,, CH, Low

When oxygen is not available, the following eectron acceptors reflect the preferentia
utilization by microbes. nitrate > Fg(lll) > sulfate > carbon dioxide (Brock and Madigan,
1991). The redox potentid in subsurface environments is highly ste-dependent. Oxygen is
usudly present in and around groundwater recharge areas as a result of infiltrating rainwater.
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The presence of oxygen is a requirement for obligate aerobic microorganisms.  Facultative
aerobic and anaerobic microorganisms are able to use other éectron acceptors when oxygen is
not available.

42213 Availability of Nutrients

Mog microorganiams require life-susaining growth factors such as nitrogen and
phosphorus for cell growth. In genera, microbia growth in most sub-soils is not limited by
nitrogen and phosphorus as long as the contaminant concentretions are in the sub part per

million (ppm) range (Tiedje, 1993).

42214 Adequate pH and Temperature Levels

Most microorganisms grow best in a relatively narrow range of pH around neutraity (6
- 8) (LaGrega & d., 1994). The reatively characterigic range of pH vaues found in
groundwater systems (5 - 9) generdly reflects the buffering capacity of the framework
carbonate or silicate mineras that make up groundwater aguifers (Chapdlle, 1992; King et d.,
1992). This characteridtic range of pH vadues in aquifers is unlikely to pose a sgnificant
problem for the biodegradation of ethanol by indigenous subsurface microorganisms.

The temperature of an environment is aso an important factor for the growth and
activity of microorganisms. Metabolism of subsurface populations acceerates with increased
temperatures up to an optimum vaue a which growth is maximum. Mog of the bacteria
present in subsurface environments operate most effectively a 20 - 40°C. This is the
temperature range of many naturd environments (Chapdlle, 1992) since subsurface temperature
within 100 meters are typicaly within 2°C of the mean annual surface temperature,

4.2.2.15 Reportsof Ethanol Biodegradation Under Various Redox Conditions

A smple acohol such as ethanol can be degraded in both aerobic and anaerobic
environments (Chapelle, 1992) at rates much faster than MTBE (see Table 4.6). Only large
concentrations (> 100,000 ppm) of acohols are generaly considered to be toxic to most
microorganisms, and are therefore not biodegradable (Brusseau, 1993; Hunt 1997a).
However, such high concentrations are rarely encountered a Stes contaminated with ethanol-
gasoline blends since the maximum alowable ethanol content in gasoline is 10% by volume in
the United States. High concentrations of ethanol may occur at fuel/water nterfaces or near
pure ethanal spills. Such concentrations may inhibit microbid activity near the source, but will
become exponentidly more dilute as the distance from the source increases.  Consequently,
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ethanol plumes will be degraded by indigenous microbes located a sufficient distance beyond
the source where ethanol concentrations are not inhibiting.

Table 4.6 Compar ative Rate Constants for
Anaer obic and Aerobic Degradation
Aerobic
Anaerobic Pseudo First Pseudo
Order Rate Congtant First Order
Rate
Constant
Compound Electron Range of Rates Range of
Acceptor (day™) Rates
(day™)
Ethanol NO;5 0.53 WM 0.230®
Fe® 0.170® 03500
804-2 0.1 (W)
Methanol NO3 0.02-0.052® ® 0.019W®
S0,? 0.016-0.010®
MTBE Anaerobic 0.0062 - 0.0012©
Range 0.00096 ® ©
Benzene NO;5 0-0.045@ 0.0430 0
Fe® 0-0.024® 0.1400
S0,? 0-0.047®®
Methanogenic 0-0.052@
Generd 0.0062-0.00096 ® @

1) Estimated from Corseuil et. d., 1997; 2) Suflitaet. d., 1993; 3)
Aronson et. a., 1997; 4) Hubbard et al, 1994; 5) USGS, 1998; 6)
Barker et. al., 1998;

7) Determined in alaboratory; 8) Determined from field data; 9)
Estimated from firgt principles.
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No known studies of ethanol biodegradation under field conditions were located for this
report. However, Table 4.6 summarizes the reported ethanol, benzene, and MTBE |aboratory
data and the methanol laboratory and field data. Comparing the biodegradation rate constarts,
it is clear that in the laboratory, ethanol degrades much faster than the other subdrates.
However, because ethanol and methanol are smilar subdtrates, the biodegradation rate
congants in the fiedd can be assumed to be smilar for both of these dcohols. Onefidd study at
the CFB Borden gte in Canada reports biodegradation rates for methanol from a methanol-
blended fuel (Barker et a., 1990). The objective of this study was to investigate the fate and
persstence of this fuel (85% methanoal, 15% gasoline) in an aerobic shadlow sandy aquifer. The
results of this study indicated that dl of the methanol (gpproximately 2,400 L resulting in an
initid concentration of gpproximately 7,000 mg/L) was essentidly biodegraded in 476 days
(haf-life gpproximated to be 40 days). Another study investigating methanol biodegradation in
soils from three different Stes under various redox conditions reveded that methanol
concentrations of 1000 ppm were removed in less than a year a temperatures of 10 - 11°C
and at pH values of 4.5 - 7.8 (Butler et d., 1992). Based on the results of these two studies,
and because of the smilar properties of methanol and ethanol, the biodegradation of ethanol
under smilar conditions is expected to be equaly effective.

While there are no known field scae studies, a few laboratory studies have focused on
ethanol biodegradation. Suflita and Mormile (1993) measured acclimation periods (periods
before degradation proceeded) and biodegradation rates of ethanol and other fuel oxygenatesin
anaerobic aquifer durries a ethanol concentrations of 50 ppm (not included in Table 4.6).
These researchers reported an ethanol acclimation period of 25 - 30 days and an anaerobic
biodegradation rate of 17.9 + 0.6 mg/L/day. The observed acclimation period for methanol
was shorter (5 days), but its biodegradation rate was dower (7.4 + 0.7 mg/L/day) than
ethanal. In alater study, these authors illustrated thet their results can be extrapolated to other
redox conditions and experimentally showed that various short chain adcohols were easly
degraded in different sediments under a range of redox conditions (Suflita and Mormile, 1994).
Corseuil e a. (1998) dso examined the biodegradation of ethanol under various redox
conditions. The time required to degrade ethanol (80 - 100 mg/L) in this study under different
redox conditionsis presented in Table 4.7.

Table4.7
Approximated Time (in days) Required to Biodegrade 80 - 100 mg/L
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of Ethanal in Aquifer Microcosms Under Various Redox Conditions.
Redox Condition in Timeto degrade 80 - 100 mg/L of
Micr ocosnt ethanol (days)®
Aerobic 5
Denitrifying 3
Iron-reducing 125
Sulfidogenic 25
Methanogenic 12

®The sources of soil and groundwater in the microcosms were different for each of the
aquifer microcosms. ° Extrapolated from figures presented by Corsevil et d. (1998).

In conclusion, it is expected that ethanol will undergo rapid biodegradation in the
subsurface under typical pH, temperature, and nutrient conditions, regardiess of te available
electron acceptors.

4.2.3 Sorption and Off-Gassing

Other ethanal loss mechanisms from the soil and groundwater include sorption, voldtilization,
and abiotic transformation. However, these processes do not contribute significantly to the loss of
ethanol from the environment because their rates are expected to be dower than the rapid rate of
biodegradation. As stated previoudly, little sorption is expected for compounds such as ethanol because
of its polarity, low Ky vaues and infinite agueous solubility. Ethanol is therefore expected to trave
through the subsurface at essentialy the velocity of water (Brusseau, 1993). In addition, the high
solubility and low Henry's congtant are expected to result in minima loss of ethanol from the
groundwater due to volatilization or off-gassing. However, ethanol will volatilize from the LNAPL
which may lead to sgnificant migration of ethanol away from the source due to vapor phase diffuson
driven trangport. No literature was identified which addressed the vapor phase transport of ethanol.
But, regardless of the location where ethanol enters the groundwater, biodegradation will likely quickly
reduce concentrations.
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4.3 Surface Water

4.3.1 Sourcesof Ethanol in Surface Water

Point sources of ethanol in surface water bodies include accidenta releases of ethanol ether
during trangport or a indudrid facilities. Other sources include spills and releases in lakes and
reservoirs used for recreationa activity during fuding and persond watercraft use. Norn-point sources
of ethanol include precipitation from the amosphere as discussed previoudy and shown to be
inggnificant.

4.3.2 Lossesof ethanol in surface water

Severd processes may contribute to ethanol losses from surface water bodies. These include
biodegradetion, abiotic degradation, volatilization and bioaccumulation. As with groundwater, the
dominant loss mechanism in surface water is biodegradation.

4.3.2.1 Biodegradation

The dominant process responsible for the remova of ethanol in surface water bodiesis
biodegradation. The reported half-life of ethanal in surface waters under agrobic conditions is
very short and spans the range of 6.5 to 26 hours (Handbook of Environmental Degradation
Rates, 1991). In moving water bodies, oxygen concentrations are sufficient to support
microbia processes and oxygen is not expected to be alimiting factor for biodegradation. Even
in oxygen-limited environments such as the bottom layers of dratified lakes, anaerobic
biodegradation is expected to proceed a rapid rates, the reported half-life for ethanol
biodegradation under anaerobic conditions ranges from 26 to 104 hours (Handbook of
Environmental Degradation Rates, 1991). The nutrient supply in rivers and lakes is generdly
not expected to regtrict the rate of biochemicd transformations because the required nutrient
supplies are congtantly recharged by rainfdl (Alexander, 1994).

4.3.2.2 Abiotic Degradation

Abiotic degradation reactions (hydroloss, photolyss, photoooxidation) are not likely to
contribute sgnificantly to ethanol remova from surface water bodies. Hydrolys's reactions
usudly transform compounds into more polar products, ethanol is avery polar molecule and is
relativdly gable in water.  Photolyss involves the transformation of a compound as a
consequence of its direct absorption of light; ethanol has a very low absorption spectrum in the
UVNidblelight range. Photooxidation of ethanol via the hydroxyl radicd is possible. Hydroxyl
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radicas are formed in water by the photolysis of nitrate, nitrite and hydrogen peroxide, from
reections with excited humic materids or from the reaction of H,O, with Fell)
(Schwarzenbach, 1993). However, biodegradation rates exceed photooxidation rates in
surface water.  Finally, bioaccumulation of ethanol is not expected to be sgnificant because
ethanol has a low K, vaue (Table 2.1) which represents minima sorption to bed sediments or
suspended sediments.

4.3.2.3 Volatilization

Voldilization is not a primary source of loss for ethanol since ethanol has alow air/water
partition coefficient and the rate of biodegradation most likely exceeds the rate of volatilization.
In a recent study, the volatilization rates for severd oxygenates and gasoline congtituents were
caculated based on their chemical properties and on lake conditions (Macolm Pirnie, 19984).
Under typicd California lake conditions (Temperature = 20°C; wind speed > 5 mph; epilimnion
~ 20 feet), ethanol was predicted to volatilize dmogt five times dower than MTBE. Under
these conditions, MTBE has a hdf-life of ~9 days, whereas, ethanol has a hdf-life of ~40 days.

4.3.2.4 Conclusions

In concluson, even though voldilization and adsorption will not sgnificantly reduce
ethanol concentrations in surface waters, ethanol will not persst due to its intringc tendency to
be quickly biodegraded.
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5.0 IMPACT OF ETHANOL ON OTHER
GASOLINE CONSTITUENTS

51  Preferential Biodegradation of Ethanol

BTEX compounds -- benzene, toluene, ethylbenzene, o-xylene, mxylene and p-xylene -- are
the most toxic group of hydrocarbons in gasoline.  Bioattenuation is a mgor control mechanism to
prevent the persstence of these compounds in subsurface environments. Due to the ease of ethanol
biodegradation, researchers have found that ethanol is preferentialy utilized over the BTEX components
under both aerobic and anaerobic conditions (Corseuil et d., 1998). Sdanitro aso found that high
concentrations of acohol oxygenates can potentidly impede the biodegradation of BTEX (1993).
Ethanol will likely be biodegraded in preference to BTEX under both aerobic and anaerobic conditions.

5.2  Current Research on Effect of Ethanal

A limited amount of work has been conducted on the effect of ethanol on BTEX bioattenuation
and most of it has involved experimenta studies in the laboratory. Corseuil et d. (1998) reported that
the presence of ethanol in aguifer microcosms retarded BTX (benzene, toluene and o-xylene) aerobic
biodegradation, and exacerbated the biochemical oxygen demand. As a result, anoxic conditions
developed as soon as the oxygen demand exceeded the available oxygen in the microcosms. This led
to the persstence of benzene in the microcosms during the study period (~100 days); i.e., no benzene
biodegradation. 1n anaerobic microcosms, ethanol was reported to adversely affect toluene degradation
under iron-reducing and methanogenic conditions. The researchers concluded that the preferentid
utilizetion of ethanol under aerobic and anaerobic conditions, in conjunction with a corregponding
depletion of eectron acceptor concentrations, strongly suggests that ethanol in dissolved hydrocarbon
plumes might have a negative effect on BTX bioattenuation. Such results are particularly important for
the fate of benzene, a known carcinogen (Dean, 1985), and the most reca citrant monoaromatic under
anaerobic conditions.

In another study, the biodegradation of ethanol and BTX mixtures was investigated usng a pure
culture, Pseudomonas putida F1 (PpFL1), in addition to aquifer microorganisms (Hunt et d., 1997). In
the aguifer microcoams, the aerobic degradation of toluene was completely inhibited until dl the ethanol
was degraded. In the pure culture studies, the presence of ethanol did not sgnificantly affect the
biodegradation of toluene at low concentrations;, however, the presence of 500 mg/L of ethanol did
exhibit adight inhibitory effect.

Information on the effect of other oxygenates on the biodegradation of gasoline hydrocarbonsin
the fidd is avaldde. In afidd experiment a the Borden Site in Canada, researchers investigated the
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influence of methanol and MTBE on the fate and persstence of BTEX in groundwater (Barker et d.,
1990). Three gasolines (M-85, 15% MTBE, and base gasoline) were alowed to migrate in an aguifer.
While methanol dowed the rate of disappearance of BTEX, MTBE had no such effect. It was
concluded that the mechanism for greater BTEX persistence in the presence of methanol may be due
initidly to inhibition by toxic methanol @ncentrations but mostly by inhibition due to the removd of
oxygen by preferred methanol biodegradation.

53  Conclusons

In concluson, while ethanol may not be persgent in the subsurface, results from severd
laboratory studies suggest that its preferentid utilization may cause a lag time before BTEX
bioattenuation begins. This lag time for BTEX biodegradation is expected to increase the average
BTEX plume length by the distance traveled by the ethanol. Alkanes are expected to be less
bioavailable due to their low solubility and biodegrade anaerobicdly a arate smilar to BTEX. Usnga
first order gpproximation for the stable length of an ethanol plume following reease from a lesking
underground storage tank, it is possble to determine a rough quantification of this increased plume
length.
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6.0 QUANTIFICATION OF INCREASED BTEX PLUME LENGTH
RESULTING FROM PRESENCE OF ETHANOL

6.1 Method of Analysis

In the following section, details are presented for a first-order approximation to eval uate the fate
of benzene, toluene, ethylbenzene and o,m,p-xylenes (BTEX) gasoline components in groundwater in
the presence of ethanol. The purpose of this effort is to determine the likely increase in BTEX plume
length due to the presence of ethanol in a gasoline release.  Previous researchers have stated that
maximum BTEX plumes will sabilize at a distance less than 260 feet (Mace, 1997; Rice, 1995).
However, this digance is highly dte specific and will change Sgnificantly as groundwater velocity
fluctuates and the chemica specific biodegradation rate constant changes.

As dated Section 4.0 of this report, researchers believe that indigenous subsurface
microorganisms preferentialy consume ethanal in the presence of other potentid substrates under both
aerobic and anaerobic conditions (Corseuil, 1997). Consequently, minima biodegradation of BTEX
compounds occurs until biodegradation and disperson reduce ethanol to sufficiently low concentrations
that encourage the microorganisms to switch to other avalable substrates such as benzene. This
effective lag time prior to the on-set of BTEX biodegradation will cause an extenson in the length of
gable BTEX plumes because the rate of biodegradation is the primary factor determining the length of a
gable BTEX plume (McNabb, 1996).

A pictorid representation of the effect of ethanol on the length of aBTEX plumesisillugtraied in
Figure 6.1. In the absence of ethanol, BTEX biodegradation occurs at a given biodegradation rate, | .
This | is a volume weighted average biodegradation rate constant composed of an anaerobic
biodegradation rate within the heart of the plume and an aerobic biodegradation rate at the edge of a
plume. Without sgnificant recharge or re-aeration, most BTEX plumes will quickly become anaerobic
due to the limited amount of oxygen available. When both ethanol and BTEX are available subgrates,
Corsauil found that BTEX will not be degraded when ethanol concentrations are greater than 3 mg/L
(1997). Therefore, when ethanol concentrations are above this threshold leve, the BTEX
biodegradation rate congtant is essentially zero. However, when ethanol concentration fdls below 3
mg/L, or the BTEX plume migrates past the ethanol plume, BTEX biodegradation will commence at the
gven! (see Table 4.6). Corseuil did not conduct experiments to completely characterize the threshold
ethanol concentration, nor did he attempt to extrapolate his results to field conditions. Therefore, the
use of 3 mg/L as the threshold concentration and the assumption that BTEX biodegradation is zero a
ethanol concentrations above this threshold represents two assumptions that should be verified in either
laboratory or fidd investigation.
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Due to the credtion of the
effective lag time prior to BTEX
biodegradation in the presence of

without —r\ ethanol, the resultant change in BTEX

plume length will be proportiond to the
length of the ethanol plume as illustrated
in Figure 6.1 (where the ethanol plume
time is defined by the dated threshold
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Figure 6.1 Schematic drawing of incressed BTEX plumelength 3 MIL), this model assumes that no
dueto the formation of aBTEX biodegradetion lagtimecrested  BTEX biodegradation is occurring.

by the presence of ethandl. Severd amplifying assumptions
have been made for this first-order gpproximation. Most importantly, the fate of BTEX compounds
was assessed through evaluation of benzene as a tracer compound. Benzene is the mogt toxic of the
BTEX compounds and the dowest to biodegrade and, therefore, of highest priority for water purveyors
with potentidly contaminated drinking weater wells.  Toluene, ethyl-benzene and o,m,p-xylenes plume
lengths will stabilize in the subsurface at different distances from those predicted for benzene. Secondly,
alkane concentrations were assumed to be low due to the low akane solubility and, thus, assumed not
to affect the biodegradation of ethanol or BTEX. Thirdly, it was assumed that ethanol concentrations
near the source are 4000 mg/L, which is based on an ethanol concentration of 5% by volume in gasoline
with a 10-fold dilution factor; however, actud field source concentrations may be higher or lower than
this vadue. Benzene was assumed to enter the water table a a concentration of 8 mg/L, which is

representative of lesking underground storage tank source conditions (Weissenborn, 1998). Findly, it
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is assumed that the gasoline release exigts in porous media and, therefore, this evauation does not apply
to fractured bedrock aquifers.

6.2 Modd Development and Analysis

The two dimensiona fate and transport equation derived by Domenico (1987) was used to
caculate the predicted concentrations of both ethanol and benzene. Use of this equation to andyze
plume behavior under a variety of hydrogeologic and geochemical conditions is widespread (see eg.,
McNabb and Dooher, 1996). The Domenico solution in two dimensionsis given by:
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Equation 6- 1

Where: Co = the source concentration [mg/L]

x = the distance from the source in the longitudind direction [m]

y = the distance from the source in the laterd direction [m]

ay = dispersvity inthe x direction [m]

a, =disperavity inthey direction [m]

R = the retardation factor based upon the partitioning coefficient of the
congtituent (K o), the organic content of the matrix (f,.), the bulk dengity (1) of the
matrix, and effective porosty (ry) of the aguifer materid [-]

| = first order decay constant of the constituent [day™]

v = the groundwater velocity based on hydraulic conductivity (K),
hydraulic gradient (i) and effective porosity (rnv) of the aquifer meterid [nvs]

Y =thelength of the sourcein the latera direction [m]

From this equation it can be seen that the governing factors in the transport of a condituent are
I, v, Rand dispersvity (ax and a,). A further evaluation shows that | and v are the most influentia
parameters for both ethanol and benzene in determining the length of a sable plume. Disperson is a
scale dependent function of the matrix and the contaminant velocity, but represents a much smdler
contribution to plume sabilization than biodegradation, despite the higher benzene retardation than
ethanol (Retex > Reon). 1N the andysis, ethanol concentrations were first caculated for any given v and
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ethanol | . The benzene | was reduced to zero (i.e, no degradation of benzene) until ethanol
concentrations dropped below the threshold value (3 mg/l) determined by Corseuil et. d. (1997). The
benzene and ethanol plume lengths were approximated based on iterative changesin the evenly spaced
observation points aong the xaxis (down the center of the plume). Consequently, the plume lengths
are not exact, but are the best approximation based on the method used.

6.3  Biodegradation Rate Constantsfor Ethanol and Benzene

At the distance where the ethanol concentration dropped below the threshold vaue, the
maximum reported value for the biodegradation rate congtant of benzene under generd conditions was
applied to Equation 6-1 (0.0062 day™ from Table 4.6). This biodegradation rate constant was aso
applied for the case when no ethanal is present. The plume length of benzene was then determined to
be the distance from the source where benzene concentrations fall below 0.001 mg/l (the primary MCL
for benzene in Cdifornid). This resulting plume length was then compared to a benzene plume length
based on the maximum reported vaue for the biodegradation rate constant, as might be conservativey
expected in the absence of ethanol. This anadysis was conducted a four values of the groundwater
linear velocity ranging from 0.004 feet per day to 0.4 feet per day. Each vaue of the velocity was
tested at three values of f,.: 0.2 %, 0.5 %, and 1.0 % (i.e., three different retardation factors).

The ethanol | reported in the literature is based upon laboratory results and is not necessarily
representative of field conditions. The average anaerobic laboratory derived | for ethanol under a
variety of reducing conditions is 0.28 day™ (equivaent to a haf-life of 2.5 days) (See Table 4.6). At
this rate, anaerobic biodegradation of ethanol reduces ethanol concentrations quickly and, therefore,
ethanal is not sgnificantly trangported.  Ethanol plume lengths cdculated based on this | were on the
order of 10 to 30 feet, which would not sgnificantly dongate sable BTEX plume lengths. However,
the laboratory data must be adjusted to field conditions in order to approximate afield derived | . This
can be done in three ways.

First, the laboratory-defined | was determined for a constant temperature of 28°C during its
expeimentation. While this | has been referred to as a firs-order biodegradation rate constant, it
actudly represents the subdrate utilization condant, as defined in the Michadis-Menten equation.
Groundwater typicdly exists a temperaures below 15°C. Based on the Arrhenius equation (a
temperature correction to the Michadis-Menten eguation) and typicd microorganisms, the
biodegradation rate constant can be reduced by one hdf for every 10°C decrease in temperature
because of diminishing biologica growth and, thus, degradation activity (Gerhardt, 1994). Second,
Corseuil stated that the number of bacteria in his laboratory experiments is gpproximately 10 times
greater than typicd microbia populations in the natural environment (Corseuil, 19988). Congstent with
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Michadis-Menten kinetics, a 10-fold reduction in biomass results in a 10-fold reduction in the substrate
utilization congtant. This dlows an order of magnitude reduction of | to gpproximate field conditions.
Findly, mass trandfer limitations in the field will produce an effective reduction in the laboratory- defined
| ; however, this factor is very difficult to quantify without extensve testing. As a result of these three
adjusments for field conditions, the ethanol | used in Equation 61 was 0.014 day™ based on a
consarvative 10°C difference in temperature between the fidd and the laboratory and an order of

meagnitude difference in the microbia population available for biodegradetion in the subsurface.

6.4 Resultsand Conclusions

The results of these andyses shown in Table 6.1 indicate that using an ethanol biodegradation
rate constant of 0.014 day™, stable benzene plume lengths travel approximately 27% further than they
would occur without ethanol present (ranging from 17% a v=0.004 ft/day and f,.=0.2 % to 34% at
v=04 ft/day and f,c=1%). The percentage generdly increases with increasng v and fo. vaues.
However, the plume lengths were approximated based on iterative changes in observation point spacing
with the lowest value observed being the reported value. As a result, the plume lengths are not exact
and represent the best gpproximation based on the method used. Similarly, the strong scde
dependency (i.e., a large v will create a longer plume) results in a larger error of the method with
increasing plume length. It should be noted that groundwater velocities of 4 feet per day are rare unless
there is a sgnificant stress on the aquifer such as pumping or other large discharge boundaries.

In conclusion, the ethanol biodegradation rate constant will control the length of an ethanol
plume and, therefore, controls increases in the BTEX plume length. Given a |aboratory-derived firg-
order gpproximation of the ethanol biodegradation rate congtant, under anaerobic conditions stable
BTEX plume lengths are likdly to increase by 16% to 34% in the presence of ethanol. Under typica
Cdifornia conditions, such as those described by McNabb and Dooher (1996) BTEX plume lengths
are expected to increase approximately 27% in the presence of ethanol. Actua changesin plume length
in the fied could vary from this cdculated figure sgnificantly due to Ste specific ethanol and BTEX
biodegradation rate congtants varying from the published laboratory vaues used here. Field evauation
of the impacts of ethanol on benzene and BTEX plume lengths is recommended given the levd of
assumptions required for thisanaysis.
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Table 6.1
Predicted Increases in the Benzene Plume Length

lis 0.005
v in ft./day Pllu;?ti I;g:glgh Plzu?ti Iggtgt)h PL2-PL1 | % difference
0.004 5 6 1 22%
0.04 26 33 7 27%
04 220 280 60 27%
foc 0.002
0.004 6 7 1 17%
0.04 38 48 10 27%
0.4 330 420 90 27%
foc 0.01
0.004 3 4 1 19%
0.04 17 22 5 27%
0.4 145 195 50 34%

Plume Length 1 - Benzene with no ethanol affect
Plume Length 2 - Benzene effected by ethanol

v = groundwater velocity

foc = Organic carbon content
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7.0 DRINKING WATER TREATMENT

7.1  Impetusfor Treatment

Whileit isunlikely that elevated leves of ethanol will persst in groundwater due to the repid rate
of biodegradation, ethanol-blended gasoline releases near drinking water supply wells could result in
drinking weater impacted with ethanol. The taste and odor concentration of ethandl is relatively high.
The odor threshold for ethanol as a pure substance has been reported at levels greater than 100 ppm,
while the tagte threshold is reported to be near 50 ppm (ECDIN, 1998). Based on currently observed
MTBE concentrations in drinking water supply wells and the knowledge that ethanol biodegrades
rapidly, it is unlikely that ethanol concentrations will reach the taste or odor threshold in drinking weter.
Therefore, the levels of ethanol adlowable n drinking water would likely be based on ether a hedth
based standard, which would aso be high, or some other aesthetic criteria

Regardiess of the driving force, it is likdy that drinking water containing elevated levels of
ethanal will require trestment before it is ddlivered to the public. There are severd trestment options
including ar dripping, activated carbon, advanced oxidation, membrane filtration, or biologicdly
activated filtration. Each of these treatment technologiesis discussed briefly below.

7.2 Air Stripping

The effectiveness of ar gripping for removing a contaminant from water is a direct function of
the contaminant’ s Henry’s congtant. As the Henry’ s congtant increases, the contaminant is more readily
removed from water. Typicaly, chemicas with a dimensionless Henry’s constant below 0.005 (20°C)
are not amenable to removad by air stripping (Roberts, 1997). Consequently, conventiona air stripping
will not be used to remove ethanol (H[-] <0.0003) from drinking water. However, increases in the
water temperature will increase the Henry’s congant, which will dlow use of stripping for removing
ethanol. This process, known as steam diripping, may be effective in removing ethanol from drinking
water. However, high costs (>$5.00/1,000 galons) are required to raise the temperature of water from
10°C to 40°C which will likely limit the acceptability and feasibility of this technology for remova of
ethanol from drinking water.

7.3  Activated Carbon

The effectiveness of activated carbon for removing a contaminant from water is a direct function
of that contaminant’s soil/water partition coefficient (K4). As discussed earlier, ethanol has a very low
soil/water partition coefficient due to its high polarity and, hence, lubility. Therefore, ethanol is not
expected to adsorb strongly to granular activated carbon (GAC) or other adsorbents. The
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ineffectiveness of adsorption is dso demongrated in the Freundlich isotherm congtants for ethanol which
range from 0.0 to 0.4 [mg/g(L/mg)*1/n]. Compared to benzene which adsorbs rdatively well (isotherm
constant ranges from ~20 to 117 [mg/g(L/mg)*1/n]), ethanol has a very small equilibrium adsorption
coefficient (Crittenden et. d., 1997). Thus, adsorption processes, such as GAC, will not be effective
for removing ethanol from drinking water.

7.4  Advanced Oxidation

The factors that control the effectiveness of advanced oxidation for removing a contaminant
from water include water qudity (alkainity, bromide), contact time, and contaminant oxidation potential.
A mgor vendor of advanced oxidation processes (AOP) clams that ethanol treatment in drinking water
requires energy input Smilar to that required for MTBE trestment. Based on arecent study by Macolm
Firnie on treatment costs associated with remova of MTBE from drinking water, the cost to remove
MTBE, and therefore ethanol, from drinking water may be as low as $0.50/1,000 gdlons for a large
scale treatment system (6,000 gpm). However, AOP technologies raise additiond problems regarding
oxidation by-product formation. The suitability of AOP for removd of ethanal requires Ste specific
pilot studies to resolve trestment cost and by-product formation issues.

7.5  Membranes

Reverse osmods or nano filtration membranes can be used to remove organic compounds from
water. These processes remove organic molecules by sze excluson. However, due to the smdl
molecular Sze of ethanol, membranes are not expected to be effective a removing this compound. No
reports have been identified which address the goplicability of this technology to ethanol removal.

7.6  Biologically Activated Filters

Biologicaly activated filters (BAFs) can effectively remove ethanol because of its rdative ease
of biodegradation. However, drinking water purveyors are often reluctant to use BAFs due to the
potentia for microbid activity in the trested effluent water. Federd law mandates the disinfection of al
groundwater used as drinking water, regardless of the groundwater qudity. Therefore, disnfection with
chlorine or ozone following a BAF will reduce purveyors water quaity concerns.  Although this
treatment option is conceptudly feasble with moderate codts, there will be resstance on the part of
water utilities because of e inherent limitations of biologica processes in drinking water trestment
goplications.  Consequently, the use of BAFs to remove ethanol from drinking water is likely to be
limited.
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77 Conclusions

In concluson, conventiona drinking water trestment technologies for organic remova (ar
dripping and activated carbon) are not effective for remova of ethanol from drinking water. Advanced
oxidation processes may be effective, but this technology presents severa other concerns as mentioned
ealier. Alternaively, biologicaly activated filters represent a cost-effective proven technology to
remove ethanol from drinking water, but this technology may be limited by treated water qudity
concerns of water purveyors. Thus, technica options for ethanol remova are limited and have not yet
been demondtrated at field Stes using field-scale applications.

Technical Memorandum 7-3 MALCOLM PIRNIE, INC.



8.0 ETHANOL TOXICOLOGY

8.1  Health Effects of Ethanol

Human exposure to ethanol can occur via severd pathways. Due to the increase in vapor
pressure of ethanol-blended gasolines, the mogt likely exposure pathway is inhdation of voldilized
ethanol during refueling. The other potentid route of exposure is ingestion of ethanol-contaminated
drinking water.

8.1.1 Inhalation

Inhalation of ethanol vapors may cause headache, nausea, vomiting, dizziness, drowsness and
sensory irritation (Hedth Effects Inditute, 1996; MSDS, 1998). The mechanisms of ethanal lossin the
human body following inhaation are not due to metabolism as is the case with ingested ethanol (Pastino
et d., 1997). Approximately sixty percent of inhaled ethanol is absorbed in humans (Kruhoffer, 1983).
As ethanol gasisinhaed, it dissolves in the mucous lining of the upper respiratory tract. It then diffuses
from a region of high concentrations, such as the lumen, to a region of low concentrations, such as
epithdid cdls and blood capillaries. As a result, some of the inhded ethanol desorbs and is exhded
(Pastino et al., 1997).

Exposure to ethanol via inhdaion can be atributed to four magor processes during which
ethanal is released to the atmosphere: (1) refuding, (2) evaporative emissons, (3) exhaust emissons
containing ethanol from incomplete combustion processes and (4) vapors from leskage and spills during
industrid and commercid processes. The legd airborne permissible exposure limit for ethanol is 1000
ppmv averaged over an 8 hour workshift period.

It has been estimated that more than 100 million people in the United States are briefly exposed
to low levels of volatile organic carbons from gasoline during refuding activities. In an effort to evduate
the risk from inhdation of ethanol during refuding, a group of researchers recently measured steedy-
state blood ethanol concentrations during exposure of femae and mae mice and rats to various ethanol
concentrations (Pagtino et d., 1997). The results of this study suggested that inhalation of ethanol at or
above the concentrations expected to occur during refueing results in minima blood ethanal
concentrations, these concentrations are too low to produce any behaviora or toxic effects in humans
(Pastino et al., 1997).

8.1.2 Ingestion
The toxicity and hedth effects from ingestion of moderate to large quantities of ethanol have
been extensvely investigated and will not be discussed in this sudy. Under these conditions, ethanol
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can increase the risks of certain cancers, adversdly affect the developing embryo, produce neurotoxicty,
and cause various other types of damage (Hedth Effects Inditute, 1996). However, it is unlikely that
such effects occur at the very low concentrations to which most people are accidentaly exposed to
from the use of ethanol-blended fudls. Letha effects of ethanol (as represented by the concentration
expected to be letha in 50% of atest population (LDsg)) are presented in Table 8.1.

Table8.1
Lethal Dosesin Ratsand Mice
Adapted from M SDS (1988)
L Dso (Oral-rat -- mgkg) 7060
LDso (IPR-rat -- mgkg) 4070
LDso (Oral-mouse -- mg/kg) 7800
LDso (IV-rat -- mglkg) 1440

8.2  Aquatic Toxicity

Most of the toxicity studies that have been conducted for ethanol have assessed the acute
toxicity of this compound in aguatic systems. Cogwill and Milazzo (1991) reported the sengtivity to
ethanal for two cladocerans, Ceriodaphnia dubia and Daphnia magna. This study reported values of
median lethd concentrations, LCs,, and median effective concentrations, ECs, for ethanol (Table 8.2).
LCx is the estimated concentration that is expected to be letha to 50% of the test anmals or plants,
and ECs is the estimated concentration that is expected to cause an effect other than death to 50% of
the tex animals or plants (non-lethd effects include changes in behavior, growth, immobilization,
reproduction and equilibrium).

Table 8.2
Reported Median L ethal and Median
Effective Concentrations for Ethanol @
Test animal or plant LCs ECs Reference
(mg/L) (mglL)

Daphnia magna 92482 14° 1
(Water fleq) (48 hours) (216 hours)
Ceriodaphnia dubia 8808° 26° 1
(Water fleq) (48 hours) (216 hours)
Hyalella azteca 454 NA © 2
(Scud)
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(1)Cogwill et al., 1991; (2) Zogorski et al., 1996 * Based on survival; ° Based on progeny, brood number and
mean brood size; © Not available

Usng the USEPA cdlassficatory scheme, the LCs, for ethanol was found to be non-toxic,
dthough the organiams falled to reproduce a high concentrations of ethanol. The researchers
concluded that this mode of action could be viewed as only dightly toxic. This sudy aso presented
comparative response data which included a marine diatom (Skeletonema costatum), a green aga
(Sedlenastrum capricornutum), the two cladocerans and fathead minnow Pimephales promelas).
The results of this sudy indicated that ethanol was essentidly non-toxic to the species tested.
Numericd results from this comparative study are presented in Table 8.3. However, Table 8.3
illugtrates that the toxicity of ethanol is greater (454 ppm for scud) for aquatic life than that of MTBE
(672 ppm for afathead minnow) (OSTP, 1997).

Table8.3
Compar ative Data of Aquatic Toxicity
for Ethanol and MTBE
Adapted from Cogwill and Milazzo (1991) and OSTP (1997)
Ethanol MTBE
Daphnia magna Pimephales promelas
LCs (based on survivd) | 9248 | (fathead minnow) 706
(mg/L) (48 hours) L Csy (basad on survival)
(mg/L) (96 hours)
Pimephales promelas Pimephales promelas
LCs (based on survivd) | 14740 | (fathead minnow) 672
(mg/L) (96 hours) LCsxo (based on survival)
(mg/L) (96 hours)
Ceriodaphnia dubia Nitocra Spinipes
L Cso (based on survival) | 8808 L Cso (based on surviva) | >1000
(mg/L) (48 hours) (mg/L) (96 hours)
Hyal€ella asteca (Scud) Bleak (European Fish)
LCso (based on surviva) | 454 LCs (based on survivd) | >1000
(mg/L) (216 hours) (mg/L) (96 hours)

In another study, Lagerspetz et a. (1993) provided a comparison of the toxicity of ethanol to
Anodonta cygnea (mussd) and Daphnia magna (water flea). The authors reported ECyi, vaues of 2
mg/L (ECnin is defined as the lowest concentration of ethanol which in one hour significantly affected the
particle transport rate by fronta gill cilia of mussds). Ethanol concentrations of this magnitude will likely
be present a the LNAPL/water interface but will quickly dilute to much lower concentrations which will
present no likely aguatic toxicity effects.
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8.21 Toxicity to Microbial Populations

In generd, large concentrations (10 - 15%) of acohol are considered to be toxic to most
microorganisms (Brusseau, 1993; Ingram and Buttke, 1984). Ethanol concentrations above 100,000
ppm result in the immediate inactivation of most vegetative organisms with spore-forming organisms
being considerably more resstant. Most bacteria exhibit a dose-dependent inhibition of growth over the
range of 1 to 10% ethanol by volume, and very few species can grow at concentrations over 10%
(Ingram and Buttke, 1984).

Limited studies have been conducted to evauate the effect of acohols from acohol-blended
gasolines on subsurface microbid populations; most of these studies have focused on methanol. In
such a study, methanol was found to degrade in soils from three different Sites up to a concentration of
1000 mg/L with no apparent toxicity to the microorganisms (Butler et d, 1992). In a study using
ethanol, Hunt et a. (1997) reported that ethanol concentrations in microcosm experiments higher than
40,000 mg/L were toxic to the microorganisms as evidenced by a complete stop in oxygen uptake. Ina
more recent study, microbia activity was measured in the presence of severa concentrations of ethanol;
high levds of microbid activity were observed for 5% and 10% ethanol by volume but the activity
decreased sgnificantly in the presence of 20% ethanol (Araujo et d., 1998).
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9.0 CONCLUSIONS

9.1 Fateand Transport

Ethanol is awiddy used fud oxygenate that can be directly released to the environment during
its production, storage, transportation, gasoline blending, and use of gasoline containing ethanol.
Ethanol is aso discharged to the aimosphere during combustion in internal engines as unburned fud. In
ground water, ethanol levels depend upon the nature of the release and the magnitude of the release.
Because ethandl is totdly miscible in water, dl of the ethanol in gasoline will partition into the water
phase. Depending upon the leve of dilution, ethanol levels in the ground water can exceed 50,000
mg/L (O dilution factor). Probable levels in the vicinity of an ethanol-blended gasoline saill range from
400 to 4,000 mg/L.

9.2  Ethanol Impact on BTEX Plume Length

In genera, ethanol is expected to biodegrade quickly regardiess of what other organic
substrates are available. Ethanol has been shown to degrade under both aerobic and anaerobic
conditions at rates that would limit the extent of any ethanol plume to within a few hundred feet of a
release Ste, under most conditions. In subsurface areas with very high ground water velocities (>1
ft/day), longer plumes are possible. The primary concern with the presence of ethanol in the subsurface
isitsimpact on the natura or engineered biodegradation of other condtituents in gasoline, namely BTEX.
Laboratory and fied data have confirmed that ethanol will be preferentidly utilized in the presence of
BTEX under both aerobic and anaerobic conditions. The implications of this finding in the fidd are not
well established. Conceptudly, this means that other gasoline components will continue to migrate until
the ethanol has disgppeared sufficiently to permit biodegradation of other condtituents to occur. The
length of BETX plumes will likely be increased and the magnitude of thisincrease, while Ste specific, is
expected to be approximately 27% for typica Cdiforniaconditions.

9.3  Ethanadl in the Atmosphere, Soil, and Surface Water

In the amogphere, the hdf life of ethanol is amilar to that of other dkyl ether oxygenates,
including MTBE. Ethanol undergoes rapid reactions with hydroxyl radicals, and in summer conditions,
hdlf-lives are on the order of days.

In both running and standing surface water bodies, ethanal is not expected to volatilize quickly,
and under quiescent conditions in areservoir or lake, ethanol may persst for months in the absence of
biodegradation. It appears, however, that biodegradation will occur if water temperatures are above
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10°C, with ethanol haf lives on the order of hoursto days. It isthus unlikely that ethanol would persist
in surface waters.

94  Treatment

Ethanol is completely miscible in water, and it has a very low Henry’s congtant (gpproximeately
100 times less volatile from water than MTBE). Most trestment echnologies that are effective in
removing benzene and MTBE from water (air stripping, granular activated carbon) are not effective in
removing ethanol. Advanced oxidation processes show promise, and it appears that ethanol oxidation
in water occurs at rates smilar to the oxidation of MTBE. Steam dripping can effectively remove
ethanol, but this process is cogt prohibitive and, therefore, not suitable for drinking water applications.
Biologica trestment processes are effective a removing ethanol from water and can be used in a
remediation context. However, use of biologica treetment in drinking water Stuations is unlikely due
to inherent concerns over process sability and treated water quality from biologica processes in
drinking water gpplications. In conclusion, if ethanol were to be found in drinking water, trestment
would be expensve and difficult.

9.5 Human and Aquatic Toxicity

The literature reviewed shows that a concentrations which are likely to exist in the environment,
ethanol will probably not be toxic to either aguetic life or humans. However, according to the
Interagency Assessment of Oxygenated Fuels, ethanol is more toxic than MTBE to aquatic life (OSTP,
1997). While the aguatic toxicity of ethanol is high (405 ppm for scud), concentrations of this
magnitude could be observed near a LUST source area or after a pure product ethanol spill. Thus, in
most cases, ethanol concentrations will be benign to surrounding organisms, but in extreme
circumstances, ethanol could prove toxic to indigenous microbes or aquatic life.

9.6  Ethanoal and Air Quality

Based on the studies conducted to date, oxygenated fuels have been shown to significantly
decrease the amount of carbon monoxide in the air. However, ethanol-blended fuels have been shown
to increase the amount of NOx and tota hydrocarbons, both of which are ozone precursors.
Specificdly, ethanol-blended fuels increase emissions of acetaldehyde by at least 100% compared to
conventiona fuels. Acetadehyde reacts in the atmosphere to form PAN, a hazardous air pollutant and
precursor to ozone. Ethanol produces a net incresse in the ozone forming potentid (e.g., increasng
atmospheric concentrations of PAN, NOx, and hydrocarbons) and the overal potency weighted toxics
in the amosphere compared to MTBE, the other widely used oxygenate. Thus, the Cdifornia Air
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Resource Board reports that MTBE is more beneficid to the overal reduction in amospheric toxics and
ozone forming potentid than ethanal.
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