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ABSTRACT

Thefeasibility of phytoremediation of groundwater contamination with methyl-tert-butyl ether
(MTBE) was examined experimental ly using asix-channel system planted with alfalfaplants. Two bacterial
strains capabl e of degrading MTBE were each added to two out of six channels. A solution of 0.844 mM
MTBE was continuously fed into each channel at 1 L/day until astable MTBE concentration level in the
groundwater was established, then the feeding was switched back to distilled water. The channel groundwater
effluent M TBE concentration and the soil gas M TBE fluxes were monitored from the beginning of the MTBE
solution feeding until no MTBE was detected. Integration of the gas flux dataindicated that the four veg-
etated channels with introduced bacteria had less MTBE at the soil surface than channel 3 which was veg-
etated but without any introduced bacteria. The total mass balance for MTBE showed that the fractions of
MTBE that were not recovered in the planted channels were significantly higher than in the unplanted
channel. Analysis of the experimental dataindicates that, due to the presence of the plants, MTBE might have
been undergoing enhanced rhizosphere biodegradation.
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INTRODUCTION

Methyl tert-butyl ether (MTBE), and other etherssuch asethyl tertiary butyl ether, tertiary
amyl methyl ether, tertiary amyl ethyl ether, dimethyl ether, diisopropyl ether, tertiary butyl acohal,
and ethanol and methanol have been used asfuel oxygenatessince 1988 toimproveair quality.
Most refiners have chosen to use M TBE because M TBE can be produced at therefinery (ease of
production and low cost); it blendseasily without separating from gasoline; and the M TBE-gasoline
blend can betransferred through existing pipelines. MTBE wasfirst added to gasolineinthelate
1970'sto replacelead asan anti-knocking agent (NSTC, 1997). Inthe United States, almost all
MTBE isusedingasoline. Asaprincipa fuel additive, M TBE isadded to gasolinein high concen-
trations (approximately 15% on avolumetric basis) toincrease octanelevel sand to enhance com-
bustion of gasoline.

Gasoline spillsand leaksfrom pipelines, underground and above ground storagetanks, and
other transport modesare major sourcesof M TBE contamination. Inaddition, uncombusted
gasolineisalso spilled from boatsand recreational equipment directly to surfacewaters, which may
bewater supply reservoirs (MTBE Fact Sheet, 1998). Severa eventshaveraised concernover the
safety of MTBE. In 1996, the city of SantaM onicaclosed some of itsmajor drinking water wells
after discovering M TBE contamination.

MTBE hasbeen detected in groundwater and storm water. Of the 60 volatile organic
compounds (VOCs) anadyzed in samplesof shalow ambient groundwater collected fromeight
urban areasduring 1993-1994 as part of the U. S. Geological Survey’sNationa Water Quality
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Assessment program, M TBE wasthe second most frequently detected compound (after trichlo-
romethane, whichisalso named chloroform). Inastudy of stormwater, M TBE wasthe seventh
most frequently detected VV OC, occurring in 6.9% of storm water samples (Squillaceet al., 1997,
1998).

Vapor pressurereflectsthe vol atilization potentia when the chemica isnot yet dissolvedina
groundwater system. The vapor pressurefor MTBE at 25°Cis 245 mmHg (about 1/3 of atmo-
sphere), whichis 2.5 timeshigher thanthat for benzene.

Water solubility isanindication of the extent to which the compound can dissolveinto the
water phase. MTBE isvery water soluble compared to the BTEX compounds (benzene, ethyl
benzene, and xylene) and other compoundsin gasoline. Thesolubility of pureliquid MTBE inwater
isabout 50g/L, whereasthe next most soluble component of gasolineisbenzenewhich hasa
solubility of 1.8g/L, and most gasoline constituents have solubilitiesof lessthan 1 g/L. and some
dissolveto only afew mg/L. Thisisthekey characteristic that causes so much of themassof an
MTBE releaseto dissolvein groundwater. The higher solubility isassociated withthegreater
polarity of thecompound.

TheHenry’sLaw constant isan indicator of the equilibrium distribution of acompound be-
tween water and air. When compared to benzene, M TBE tendsto partition strongly into the water
phase. If the sameunitsare selected for theair and water concentrations, then Henry’sLaw con-
stant isdimensionless. Thevalue of thedimensionlessHenry’sLaw constant for MTBE is0.0216 at
25°C (Robbinset al., 1993). In contrast, the dimensionlessHenry’s Law constant for benzeneis
0.22 at 25°C, whichindicatesthat it transferseasily from water and can be removed by aeration.
Compared to benzene, MTBE tendsto stay inthewater phase, which explainswhy MTBE is
somewhat difficult to removefromwater by aeration.

Theorganic carbonwater partition coefficient (K | ) isareflection of the compound'stendency
to sorb to the organi ¢ carbon matrix within soil systems. The organic carbon sorption will retard the
migration of thecompound. Withavalueof K __equal to 11 and an octanol water partition coeffi-
cient (K ) of 17.4 (Zhanget a., 1998aand Squillaceet a., 1997), MTBE islessretarded than
other gasoline congtituents.

Compared to other gasoline congtituents, the physicochemical propertiesof MTBE and
many other oxygenates present significant issueswhen cons dering trestment optionsand thefate
and transport of these pollutantsin the environment. Given the high water solubility, MTBE isquite
mobilein theenvironment. It partitionsweakly to theorganicfractionin soils, sediments, and
suspended particles, preferentially remaining in the aqueous phase. It isexpected to move essentially
at the samerate asgroundwater flow, with practically no retardation dueto sorption.

Ethersareaclassof compoundsthat are characteristically unreactive over awiderange of
industrial and laboratory conditions, soitisunlikely that MTBE will bedegraded rapidly inthe
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aguatic environment (Church et al., 1997). MTBE isapers stent moleculeintheenvironment for
severd reasons: (1) theether bond isstable and requires acidic conditionsto cleaveit; (2) the bulky
tert-butyl group doesnot allow easy accessto theether linkage; (3) MTBE isnot anaturaly
occurring hydrocarbon unlikemost oil and gasoline constituents; and (4) it hasonly beeninthe
environment for arelatively short time, so there hasbeen little selection for indigenousmicrobesto
transform M TBE. Thebiodegradability of MTBE isgenerally presumed to besignificantly lessthan
the degradability of other gasoline congtituents. Initial studiesindicatethat biodegradationinthe
environmentissow (Bordenetd., 1997; Mormileet d., 1994; Suflitaand Mormile, 1993).

However, asubstantial record of biodegradation in both laboratory and full-scal etreatment
operations hasnow been accumulated. At least afew bacterial speciesareabletouseMTBE asa
growth substrate and mineralize the compound (Park and Cowan, 1997; Mo et d., 1997; and
Steffan et al., 1997). Biodegradation of M TBE hasbeen observed to occur inafull-scale biofilter
operating at agasolinesoil vapor extraction sitein Richmond, California, (Romstad et al ., 1998) and
inapilot-scalebiofilter operating at the Los Angelas County Sanitation Districts Joint Water Pollu-
tion Control Plantin Carson, California(Eweiset a., 1997). A review of recent studies of biodeg-
radation and remediation of MTBE indicated that in situ biodegradation may bean effective
remediation dternativefor soil and groundwater contaminated with M TBE (Zhang et ., 19984).
Liquid phasehbiologica trestment in which MTBE was mineraized hasbeen demonstrated at
laboratory scaleat University of Cdifornia, Davis(Reuter, 1998).

Phytoremediation has been described asanatural processcarried out by plantsandtreesin
the cleaning up and stabilization of contaminated soilsand groundwater. A huge number of studies
have demonstrated that plantshave arolein the degradation of persistent organic contaminantssuch
astrichloroethylene (TCE), tetrachl oroethylene (PCE), and polynucl ear aromatic hydrocarbons
(Ericksonetal., 1994; Davisetal., 1993; Newmanet al., 1997; Zhang et a., 1997a; Zhang et d.,
1997b; Zhang et al., 1998c; Makepeaceet al ., 1996; Walton and Anderson, 1990; Ferroet al .,
1994; Narayanan et a., 1995; and Schnoor et al., 1995).

Becausetherecognition of MTBE asan environmentd problemisarelatively new area,
studying thefeasibility of phytoremediation of MTBE hasonly recently been reported by acoupl e of
research groups (Zhang et al., 1998b; and Newman et a ., 1999). Using asix-channel experimental
system, Zhang et d. (1998b) investigated thefate of MTBE by monitoring M TBE concentrationin
thegroundwater flow and M TBE flux from the soil surfaceinto the atmosphere. The comparison
between theresultsfrom the planted channel sand the unplanted oneindicated that vegetation
increasesM TBE flux to the atmosphere and reducesthe groundwater effluent flow rate, and that
MTBE isdiss pated morequickly in planted channel sthan in the unplanted channel. In the study of
Newman et a. (1999), whole plantsin mass balance chamberswere used to determinethelr ability
to take up C¥*-abeled M TBE from the soil. Hybrid poplarswere found to be able to incorporate
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0.37% of thedosed M TBE into their tissueswhiletranspiring 5.1%. Eucal yptusincorporated 0.4%
of thedosed M TBE and transpired 16.52%.

In thisstudy, with the same experimenta system asused by Zhang et al. (1998b), we exam-
ined the effect of additional bacteria strains, which were capable of degrading M TBE inlaboratory
cultures, onthefateof MTBE in soil channelsunder vegetation conditions.

MATERIALSAND METHODS

Theexperimental six-channd system hasbeen schematically describedin detail by Zhang et d.
(1998b and 1998c). Each channel is 110 cmlong, 65 cm deep, and 10 cm wide, and hasinfluent
and effluent ports on each end of the channel. Five of thesix channels(channels 1, 2, 3,5, and 6)
were planted with arow of alfalfaplants (Medicago sativa) with 10 cm between plantsand
channel 4wasunplanted. Channels 1 and 6 wereair sparged through gasdistributorsinstalled at the
channe bottoms (Zhang et a., 1998c). Distilled water issupplied throughinlet water jugsto every
channel at 1L /day. Water exiting from each channel was collected and recorded daily using collect-
ing bottles.

Inthisstudy, two bacterial strainscapable of degrading M TBE wereintroduced into four of
the six channelsbeforethe M TBE feeding. We obtained the strainsfrom Dr. Kulpa sgroup at the
University of Nortre Dame. The strainswereidentified as Rhodococcus (#33) and Arthrobacter
(#41) (Moetd., 1996 and 1997). Each of thetwo bacteria strainswasmixed into four litersof
distilled water tomakea 1.5 g cells/L suspension. Two litersof the strain #33 suspension was
added into channel 1 suchthat oneliter wasuniformly spread on thetop and the other wasinjected
through theinlet port of the channel. The other two literswereadded into channel 2similarly. The
same method was used to inocul ate the suspension with strain #41 into channel s5 and 6.

Ten daysafter thestraininoculation, asolution of 0.844 mM M TBE was continuoudly fed into
each channd at 1 L/day until astable M TBE concentration level inthe groundwater was estab-
lished; then thefeeding was switched back to distilled water. MTBE solution (0.844 mM) wasfed
for 83 daysbefore theinfluent was switched back to distilled water for 96 days.

Groundwater effluent concentrationsand soil gasfluxeswere monitored from the beginning of
MTBE feeding until no M TBE was detected from both the effluent groundwater streamsand thegas
collecting containersplaced at the channd soil surface. The methodsfor sampling and analyzing
MTBE weredescribedin Zhang et d. (1997b; 1998b; and 1998c). By estimating the amount of
MTBE added into each soil channel and theamount of M TBE recovered from the groundwater
effluent and the soil surface, we employed the mass bal ance approach toinvestigate the fate of
MTBE during the entiretesting period. Theafafaplantswere harvested monthly and the biomass
production wasrecorded asthe dry weight of the harvested part.

Tolook into the M TBE concentration in plant water, the growing plantswere cut and the parts
in between the harvesting point and 8-10 cm above were seal ed into bottles so asto measurethe
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headspace concentrationsfor MTBE. Theamount of water in fresh plantswas obtained by the
difference between theweight of fresh plantsand that of plantsoven dried (80°C) for 24 hours. We
converted the headspace concentration into plant water concentration by assuming equilibrium
between the gas phase and the plant water and neglecting M TBE adsorption to plant biomassin
making themassbaanceon MTBE that isrequired for accurate headspaceandysis(Zhangetal.,
1998c). All ten plantsin each channel were sampled under steady state conditionsand distributed
intosix bottles.

RESULTSAND DISCUSSION

Thegroundwater effluent concentrationsof M TBE are plotted versusthe channel effluent
water volumein Figures 1, 2, and 3. Figures 1 and 2 each show theresultsfor two vegetated
channels, which had the same bacterial strain added except that one was aerated and another was
not. Figure 3 presentstheresults of the two channelswithout any bacteriaadded; however, channel
3isvegetated whilechannel 4isnot. All of thefive planted channel sdemonstrated similar profiles
for theeffluent MTBE concentration asafunction of effluent water volume, whereasthe unplanted
channel had adifferent tendency. These datawere used to estimate the amounts of MTBE recov-
ered from thegroundwater effluentsof channelsthrough integrating the groundwater effluent con-
centration over the effluent water volume. The subsequent resultsarelisted in Table 1 asfromliqg. in
termsof millimolesrecovered. With the sameinfluent feeding rate, morewater went through the
unplanted channel asgroundwater flow dueto thelack of plant transpiration. Consequently, more
MTBE wasrecovered from the groundwater flow of channel 4 than those of the vegetated channels.

Thesoil gasfluxesof MTBE are presented in Figures 4, 5, and 6 asafunction of daysfrom
the beginning of MTBE feeding. Gasfluxesfor thefour inoculated and planted channel sare shown
inFigures4 and 5, while gasfluxesfor the non-inoculated channel 3 (planted) and channel 4
(unplanted) arein Figure 6. From Figures4 and 5, we observethat the air-sparged channels 1 and
6 havelower gasflux than channels2 and 5, which werenot air sparged. Among al the six chan-
nels, channel 3 hasthe highest fluxesand channel 4 hasthelowest fluxesmost of thetime.

By integrating over timethe M TBE flux datain Figures4-6, we can havethe amounts of
MTBE recovered from the channel soil surfaces. Figure 7 showsthe accumul ated amount recov-
ered asafunction of timefrom the beginning of M TBE feeding. Channel 3, vegetated but non-
inoculated, had the highest lossof M TBE, whereasthe non-vegetated channel 4 had thelowest loss
of MTBE into theatmosphere. Thefour vegetated channel swith introduced bacteriahad less
MTBE lossfrom the soil surfacethan channd 3 which wasvegetated but without any introduced
bacteria. Thetotal integrated amount of M TBE from soil surfacefor theentiretesting periodisput
into Table 1 asfromgasintermsof millimolesrecovered.

Themasshbaanceresultsfor MTBE are summarizedin Table 1, in which the Added amount
of MTBE wasobtained by summing the volume of the M TBE sol ution added every day and then

Proceedings of the 1999 Confer ence on Hazar dous Waste Resear ch 231



multiplying by theinfluent concentration (i.e., 0.844 mM). Thefromlig. and fromgasarethe
amountsrecovered from the groundwater effluent and the surface soil gas, respectively. More
MTBE wasrecovered in thegroundwater for the unplanted channel 4, whileitssoil gasrecovery
waslower than for the planted channel s. For thefour channelswith additional bacteria, thetwo
aerated channelshad lower soil gasrecovery than thetwo without aeration. Air sparging appeared
to reduce the amount of MTBE released into the atmosphere from the soil. Thismay be becausethe
aeration improved the aerobi ¢ biodegradation of MTBE in the vadose zone by supplying oxygen, or
may be dueto the method of measuring the gasflux. The convectiveflow of gascaused by air
sparging may go around the contai nersbecause of pressuredifference.

Thetotal recoveriesfromthegroundwater effluent and from the soil surface are presented as
Recovered/Added in Table 1. Thevaluegreater than 1.0 for channel 4 reflectsexperimenta errors
that may be caused by several factors. First of al, dueto the high temperature sengitivity of MTBE
solubility, theuse of Henry’sLaw constant at 25°C to obtain the groundwater concentration from
the headspace measurement may give higher or lower va ues depending on whether the actual
temperatureishigher or lower than 25°C. Thisiswhy in Figures 1, 2, and 3wecan seeMTBE
groundwater concentrationsgreater than theinfluent concentration, 0.844mM. Accordingto
Robbinset al. (1993), therelationship of the Henry’sLaw constant for MTBE can be expressed as

follows H = exp@.8.4 - fosey

T H
whereH hasthe unit of atm m3/moleand T isabsolutetemperature (°K). From thiscorrelation, one
degree higher or lower than 25°C will causethe Henry’sLaw constant to increase or decrease by
8-9%. The second factor might betheinstrument error. By making triplicate measurementsfor 10
samplesunder the sametemperature, wefound both positiveand negative errorsranging from
14.5%t0 7.5%. Thisisof the same magnitude asthe effect aone-degree changeintemperature has
ontheHenry’sLaw congtant. Other possible systematic errorsincludewater volume measurement
errors, errorsin adding water to theinfluent bottle, volatilizationloss of water from the effluent
collecting bottles, and errorsinvol ved in the integrating process.

Sinceadl themeasurementswere madefor al channe sby using the samemethodsand
under the same conditions, we can make correctionsfor thetotal recoveriesof all thesix channels
by the samefactor. In order to obtain arecovery of 1.0for channel 4, we need to dividethe mea-
sured value by 1.08; dividing therecoveriesfor al other channelsby 1.08 givesriseto thevaluesin
thelast row of Table 1. Consequently, we may estimate that up to 31% of MTBE waslostinthe
vegetated channelsdueto the presence of the plants and added microorganisms.

However, the soil gasfluxeswere obtained by measuring M TBE coming out from the soll
surface, not including that portion transpired by the plants. Table 2 contains, for each channel and
for all channelssampled, thehighest, lowest, and average valuesof MTBE concentrationsin plant
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water intermsof fraction of theinfluent concentration (0.844 mM). Asaresult, the concentration
level in plant water rangesfrom 2.7%to 18% of theinfluent concentration. The concentrationin
plant water ismuch lower than that in the saturated groundwater because M TBE diffuses out of the
soil. Plant tissuesmay transform M TBE, or MTBE might diffuse out into the unsaturated soil from
theplantroots(Hu et a., 1998). A study using pure cell culturesof hybrid poplar to determineif
plant cellswere capabl e of metabolizing M TBE has demonstrated that the poplar cellswere ableto
oxidize 0.03% of the dosed C*-labeled MTBE to CO,, while 0.05% wasfixed in cell tissue over a
three-day testing period (Newman et al., 1999).

We obtained the monthly soil gasflux of MTBE for each channel by arithmetically averaging
all thevalues measured within each month, asshown in Figure 8. Among the six months, October
hasthelargest monthly gasflux for al five planted channels. Table 3liststheratiosof monthly flux to
thelargest monthly flux for each channel. To examinethelossof M TBE through the plants, we
assumethat M TBE concentration in the plant transpired water isproportional to thegasflux. When
we had the highest gasflux in the channel, the system was assumed to bein steady state. Accord-
ingly, the plant water a so reached itshighest M TBE concentration level a the sametime. Whenthe
gasflux islower, the concentration of MTBE in plant water isassumed to be reduced proportionally
based ontheratio of the monthly gasflux relaiveto the highest monthly flux of each channdl.

Thetotal water added into each channel during thewholetesting periodislistedin Table4,
together with the evapotranspired water amounts. Thelatter were obtained by subtracting thetotal
water volume collected from the channel groundwater effluent from thetotal water added into each
channd.

We estimated the quantity of MTBE lost through plant transpiration and/or plant transforma-
tion by making use of themonthly flux data, the measured M TBE concentration in the plant water of
each channel, and the amount of water transpired by the plants. Thefractional amount shownin
Table4 wasfound by multiplying thetranspired water amount (L) by the M TBE concentrationin
plant water (mmoles/L) of each month, adding theresultsof al six monthsfor each channel, and
then dividing the sum by thetotal amount of MTBE added. Whentheoverall averagefraction (i.e.,
0.078) isused from Table 2 for MTBE concentration in plant water, theresultsare presented as
Estimated average plant uptake of MTBE. Using the overall highest fraction among the four
channels sampled (0.18) givesthe Estimated greatest plant uptake of MTBE in Table4. Adding
the Estimated average plant uptake of MTBE to the Corrected recovery from Table 1 givesthe
Recovery with plant uptakefor MTBE for each channel, asshown in thelast row of Table4.

We havetotal recoveriesof lessthan 1.0 for al the vegetated channelseven if weadd the
Estimated greatest plant uptake of MTBE to the Corrected recovery. Thefractionsof MTBE,
whichwere not recovered in the vegetated channel s, might have been | ost to enhanced rhizosphere
biodegradation in the soil and/or transformation within the plants.
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CONCLUSIONS

Thepresence of alfalfaplants accel erated the upward movement of water and MTBE fromthe
groundwater to the soil surface. The soil gasrecovery at the soil surfaceislarger with plantsthan
without plants. Thevegetated channelswith introduced bacteriahad lessM TBE recovered at the
soil surfacethan channel 3 which wasvegetated but without any introduced bacteria. Moremass
losswasobserved for MTBE in planted casesthan the unplanted one. The mass balances suggest
that M TBE might have been undergoing biodegradation in the channel soilsand/or transformation
withinthe plants. More detailed work is need to get amass bal ance cl osure where biodegradation
and plant transformation areincluded.
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Table 1. Massbalance of MTBE during thetest period.

Channel #/ description plantg:i and pIantZe:j, but pIantegd, but | not pIA;anted pIanfgg, but plan?;; and
aerated | not aerated | not aerated | not aerated | not aerated | aerated

Added (mmoles) 68.1 69.1 68.5 69.1 68.8 71.7
from lig.(mmoles) 424 345 37.6 63.0 4.7 41.2
from gas (mmoles) 153 17.0 218 12.0 19.1 14.0
Recovered (mmoles) 57.7 515 59.4 75.0 63.8 55.2
Groundwater recovery 0.62 0.50 0.55 0.91 0.65 0.57
Soil gas recovery 0.22 0.25 0.32 0.17 0.28 0.20
Recovered/Added 0.85 0.75 0.87 1.08 0.93 0.77
Corrected recovery 0.78 0.69 0.80 1.0 0.85 0.71

* Strain #33 (Rhodococcus) was added.
** Strain #41(Arthrobacter) was added.

Table 2. Thehighest, lowest, and average values of MTBE concentration in plant water in termsof
thefraction of theinfluent concentration. Six sampleswere measured for each channel whenthe
systemwasin steady state.

Highest value Lowest value
Average
measured measured
Channel 1 0.100 0.027 0.068
Channel 2 0.107 0.036 0.065
Channel 5 0.177 0.044 0.116
Channel 6 0.089 0.035 0.062
Overall 0.177 0.027 0.078

Theseva ueswere collected under steady state conditionson July 1, 1999, during asecond experi-
ment that started on February 7, 1999. Inlet MTBE concentration was 0.844 mM.
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Table 3. Monthly gasfluxesof five planted channel srelativeto the corresponding highest flux value
among six months (i.e., theflux in October). Theseratioswere used to estimate the M TBE concen-
trationlevel in plant water during each month.

M onthly flux relative to the corresponding highest value(-)
Channel 1 Channel 2 Channel 3 Channel 5 Channel 6
July'98 0.09 0.16 0.12 0.12 0.22
Aug.'98 0.29 054 0.32 0.44 0.65
Sept.'98 0.55 0.64 0.53 0.64 0.96
Oct.'98 1.00 1.00 1.00 1.00 1.00
Nov.'98 0.24 0.21 0.31 0.32 0.40
Dec.'98 0.03 0.04 0.04 0.05 0.1

Table4. Masshalance of water and estimated fraction of MTBE transpired by plantsduring the
test period.

1 2 3 4 5 6
Channel #/ planted | planted | planted | unplanted [ planted | planted
description and but not | but not | and not | but not and
aerated | aerated | aerated | aerated | aerated | aerated
Total water added (L) 186 192 191 185 199 197
Evapotranspired

water (ET) (L) 81 116 109 37 106 108

Estimated average
plant uptake of 0.015 0.029 0.024 0.0** 0.032 0.035
M TBE (fraction)

Estimated greatest
plant uptake of MTBE | 0.035 0.068 0.056 0.0** 0.075 0.080

(fraction)

Corrected recovery 0.78 0.69 0.80 10 0.85 0.71
Recovery with

average plant 0.80 0.72 0.82 1.0 0.88 0.75
uptake

* Therewasonly evaporation of water in thisunplanted channel.
**No plant uptakefor thischanndl.
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Figure 1. Comparison of thegroundwater effluent concentrationsfrom channelsl1and2 asa
function of effluent water volume. Both channel swere planted with dfafaplantsand wereinocu-
lated with strain #33 (Rhodococcus), but channel 1was aerated while channel 2 wasnot.

1.40
—©—chs
1204 - - @/ V- PR
oo BN e switching poirt of feed -
s ______-MTBEto distilled wai
= 0.80 ) channel 5
s
O
W 0.60 -
|_
2 y . . .
040 @ - Switchingpointof - || /|- - - - - - - - - .
feeding from MTBE to
distilled water for

channel 6

20

40
Water volume collected (L)

100

Figure 2. Comparison of the groundwater effluent concentrationsfrom channels5and 6 asa
function of effluent water volume. Both channelswere planted with afafaplantsand wereinocu-
lated with strain #41(Arthrobacter), but ché was aerated while ch5 was not.
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Figure 3. Comparison of thegroundwater effluent concentrationsfrom channels3and4 asa
function of effluent water volume. Neither channd wasinocul ated with any additiona strain. Channdl
3wasplanted while channel 4 wasnot.
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Figure4. Gasfluxesfrom channels1 and 2 asafunction of daysfrom the beginning of MTBE
feeding. Both channelswere planted and inocul ated with strain #33, but channel 1 wasair sparged
whilechannel 2 wasnot. Thefeeding was switched from MTBE to distilled water onthe 83rd day.
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Figure5. Gasfluxesfrom channels5 and 6 asafunction of daysfrom the beginning of MTBE
feeding. Both channelswere planted and inocul ated with strain #41, but channel 6 wasair sparged
whilechannel 5wasnot. Thefeeding wasswitched from MTBE to distilled water onthe 83rd day.
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Figure6. Gasflux from channels 3 and 4 asafunction of daysfrom the beginning of MTBE
feeding. Neither channel wasinoculated with any additiona strain. Channel 3wasplanted while
channedl 4 wasnot. Thefeeding was switched from MTBE to distilled water on the 83rd day.
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