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ABSTRACT

Microbial mats are naturally occurring assemblages of aquatic organisms capable of sorbing and
degrading various organic compounds. Kinetic transformation and sorption experiments were conducted in
sealed batch vials, using microbial mats dosed with unlabel ed tetrachl oroethylene (PCE) and trichloroethylene
(TCE) and radiolabeled forms of these compounds ([**C]PCE and [*C] TCE). Resultsindicated that sorption
equilibrium was attained for both chemicalswithin afew hours. The sorption isotherm was linear, demonstrating
that the sorption mechanism was partitioning. PCE was completely degraded in periods as short as 50 days
under favorable growth conditions. Samples were aso tested for degradation products, with analysesindicating
that PCE and TCE are transformed through both aerobic and anaerobic pathways. The ability of the microbial
mats to sorb and degrade PCE and TCE suggests a potential for their application to the bioremediation of media
contaminated by these compounds.
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INTRODUCTION

Microbia matsare self-sustaining, photoautotrophic assemblages of mixed-aquatic microbia
species, primarily congsting of cyanobacteria. Although cyanobacteria(formerly termed blue-green
algee) areneither atrueagae or plant, thereissignificant promisefor the application of microbial
matsto contamination problemsinamanner smilar to conventiona phytoremediation techniques. In
recent years, microbia matshave been used to successfully treat wastewater contaminated by
metalsand metalloidsincluding lead, cadmium, copper, zinc, cobalt, iron, uranium, and manganese
(Bender et ., 1995a). The matshave also been shown to degrade many organic compounds
including trinitrotol uene, chrysene, naphtha ene, hexadecane, phenanthrene, polychlorinated biphe-
nyl, trichloroethylene, and the pesticides chlordane, carbofuran, and paraquat (Bender et a., 1995b;
Kuritzand Wolk, 1994). Recent experiments have demonstrated asignificant potential for micro-
bia matsto assimilate and transform the organic compound tetrachl oroethylene (PCE) and trichlo-
roethylene (TCE) in agueousmedia (O’ Ni€ll et al., 1997 and 1998).

PCE and TCE are common xenobi otic contaminantsthat arerecal citrant to degradation.
Widespread and prolonged use of thesevol atile solventsinindustrial applicationshasled to exten-
sive contamination of soils, groundwater, and surfacewaters (Riley and Zachara, 1992; Westrick et
al., 1984). Insturemediationtechnologies(e.g., natura attenuation, phytoremediation, biodegra-
dation, reactive subsurfacebarriers, etc.) presently used for theremova of PCE and TCE from
contaminated sitesmay require many decadesto achieve acceptabl e treatment goal s (Newman et
al., 1997). Thus, thereisaneed to develop moreefficient, cost-effective, and low maintenance
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methodsfor remediation. Our investigations havefocused on the use of microbial matsasapos-
s ble PCE/TCE remediation alternative that woul d meet theserequirements.

Theobjectivesof thisstudy wereto investigate the sorption and transformation of PCE and TCE
by bothliving and dried microbial mats. Kinetic batch experimentswere conducted to determinewhen
sorption equilibriumwas attai ned, and to eva uate the capacity of the matsto degrade PCE and TCE.
Sorption batch experimentswere conducted to cal culate PCE and TCE sorption coefficientsfor both
livingand dried mats. Resultsof theexperimentswere confirmed inreplicate experimentsusing “C-
labeled PCE and TCE. TheTCE sorption resultswere compared to TCE sorption dataavailablefor
other media. Samplesof themat and/or liquid phaseswereanayzed for variousdaughter productsto
determine possible PCE and TCE degradation products and pathways.

MATERIALSAND METHODS

Microbial mats

Thematsused in the sorption and transformati on experimentswere grown in-housefrom
inoculaprovided by Dr. Judith Bender and Dr. Peter Phillipsof Clark-AtlantaUniversity, usnga
patented technique devel oped intheir laboratory (U.S. Patent Nos. 5,522,985 and 5,614,097).
Microbial matscan bereadily constructed inalaboratory environment to produce aunique symbi-
otic community that mimicsthosefound in natural ecosystems. The constructed matsweregrown on
asubgtrate of ensilaged grassclippingsin Allen-Arnon liquid growth mediaand are hel d together by
dimy secretionsfromthevarious microbial components. The matshavefew requirementsfor
growth and maintenance and are thus capabl e of surviving and flourishingin even very harsh envi-
ronments (Bender et al., 1995a).

Likematsin natura habitats, constructed microbia matsstratify into aerobic and anaerobic
zones. Theaerobic upper layer of the constructed mat iscomposed primarily of cyanobacteria
(e.g., Oscillatoria, Nostoc, and Anabaena spp.), which overlies an anaerobic lower substrate of
silageand variousbacteria(e.g., Pseudomonas spp., Flavobacterium spp., sulfur-reducing
bacteria, purple autotrophic bacteria) (Bender et al., 1995a). The near-surfacelayersof themat
are photosynthetic and can degrade hal ogenated compoundsthrough aerobic pathways, while
bacteriain thelower layers can biodegrade these compoundsthrough reductive deha ogenation

(Bender et d., 1995b; Nzengung et al., 1998).

Reagents/chemicals

PCE and TCE were obtained from Aldrich Chemical Company, Milwaukee, Wis. Andytica
grade methanol from the Fisher Scientific Co., Pittsburgh, Penn., wasthe solvent used to prepare
stock solutionsof PCE and TCE. HPL C-grade hexane, aso fromthe Fisher Scientific Co., and
methyl-tert butyl ether (MTBE) from Aldrich Chemical Co., were used for extraction of PCE, TCE,
and their metabolitesfrom both liquid and solid phasesof samples. All chemicalsweregreater than
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99% purity, as confirmed by analysisusing agas chromatograph/ mass spectrometer (GC/MS).
Chemicalswere used as obtained without further purification. A diazomethane/M TBE mixture used
to derivatize polar-chlorinated products (chloroethanol sand chloroaceti c acids) was prepared in-
house us ng adiazomethane-generation apparatusfrom Aldrich. Thediazomethane/M TBE mixture
wasstoredin seded viasat -4°C until use, or for amaximum of 14 days. The Allen/Arnon growth
mediaproviding nutrientsto the matswere prepared i n-house using dei onized water and other

commercidly availablechemicds.

Transformation experiments

Kinetic experimentswere conducted to eval uate transformation of PCE and TCE by the
microbia matsand to determinewhen sorption equilibriumwasattained. Batch samplesof living
mat (2, 8, or 12 g wet weight) and dried mat (1 g) wereplacedin 20-ml glassviasfilled with
approximately 12 to 21 ml of deionized water. Themat mass/liquid volumeratio waskept constant
for each mat masstested. At least fivereplicatesand controlswere prepared for each experiment.
The headspaceinthevia swasminimized, and each vial wasdosed with PCE or TCE to obtain
initial solution concentrationsof 2, 4, or 8mg/l. Theviaswere sealed with Teflon-faced screw-top
septa. Thefirst samplewas sacrificed for anaysiswithin 15 minutesof dosing. All other samples
weremaintainedin either a12/12 hour light/dark environment at 25 + 2°C and analyzed at intervals
of oneto seven days, depending on the sol ution concentration of the most recently analyzed sample.
Severd atificid light intensities (15 to 120 umolss* m?) weretested during these experiments.

Hexanewas used to extract PCE, TCE, and their metabolitesfrom theliquid and solid (mat)
phases of each sample. Prior to extraction, centrifuging the sampleat 2500 rpm for 10 minutes
separated theliquid and solid phases of the samples. Analiquot (1 ml to 6 ml) of theliquid phase
wasremoved from each samplevial, added to asecond vial containing hexane (6 ml to 12 ml), and
agitated for oneminute. Theliquidin the second vial wasthen centrifuged at 2500 rpmfor five
minutesto enhance separation of the hexane and aqueousphases. Aliquotsof thehexanewere
collected and analyzed for PCE and TCE using agas chromatograph with an el ectron capture
detector (GC/ECD).

After decanting theremaining liquid fromthesamplevials, PCE, TCE, and their metabolites
were extracted from the solid phase. To enhance extraction, 1 ml of methanol and 6 or 12 ml of
hexanewere added to each vial, and the vialswere sonicated for 30 minutes. Theviaswerethen
centrifuged at 2500 rpm for five minutesto separate the hexane phasefromthemat. Aliquotsof
hexanewereremoved from thevia susing agas-tight syringeand analyzed usingaGC/ECD. The
mat in the sample via swasthen subjected to asecond extraction procedure using thetechnique
described above. During the second mat-phase extraction, sampleswere sonicated for 60 minutes
and allowed to equilibratefor 24 hours before the hexanewasremoved fromtheviasfor anayss.
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Two extractions of the mat phase were sufficient to remove 90+ % of recoverable PCE or TCE
fromthemats. All experimentswerereplicated.

Sorption experiments

Batch sorption experimentswere conducted using both unlabel ed and radiolabeled PCE and
TCEtodoselivinganddried microbia mats. Theliving matswere placed on absorbent tissuesto
removeexcessmoistureimmediately prior toweighing. Thewater content of theliving matswas
caculated at approximately 90%. Dried mat sampleswere prepared for sorption experimentsby air
dryingtheliving mat at 30°C for 48 hoursand manualy grinding thedried materid into coarsegranules.

Samplesof thelivingmat (8 gwet weight) and dried mat (0.5, 1, 1.5, and 2 g) wereweighed
into 20-ml glassvids. Fivevialswere prepared for each mat mass, filled with deionized water to
minimize headspace as much as possible and dosed with PCE or TCE at liquid-phase concentra-
tionsof 1, 2,4, 7,and 10mg/l. Five control sampleswere prepared using 20-ml glassviasfilled
with deionized water and dosed with PCE or TCE at the specified solution concentrations. Vias
were sedled using Teflon-faced septa, placed on amechanical shaker, and allowed to reach equilib-
rium at an ambient temperature 25°C £ 2°C. Samplesdosed with PCE were analyzed after six
hours, and those dosed with TCE were analyzed after 12 hours. PCE and TCE were extracted
fromtheliquid and mat phases using the procedure described above. The concentrationsof these
compoundswereanayzed usngaGC/ECD. All experimentswerereplicated. Theresulting data
were used to prepare sorption isothermsfor the various masses of living and dried mat.

Four sorption experimentswere conducted using 1“C-label ed PCE and TCE from Sigma
Chemical Co., St. Louis, Mo., to replicate and confirm previousresults. The[“C]PCE and
[“C] TCE experimentsgenerally provide better sengitivity and accuracy than GC analysisof unla
beled PCE and TCE (Nzengung et a., 1996 and 1997). Sorption batch experimentswere set up
using techniquessimilar to those previoudy described. Each samplevia wasdosed with aPCE or
TCE tracer having aninitia specific activity of gpproximately 20,000 disintegrations/minute (dpm) in
1mlof liquid.

After a24-hour equilibration period, thevia swere centrifuged for 10 minutesat 2500 rpm. One
ml of liquid wasremoved from each vid and added to aseparateviad containing 14 ml of ScintiSafe
30% scintillation cocktail from Fisher Scientific Co. Thesampleand cocktall mixturewasagitated for
oneminuteand analyzed on aBeckman 5801 liquid scintillation (LS) counter. TheL Sdatawere used
to quantify the PCE concentrationsin theliquid phasesand to prepare sorptionisotherms. Smilar
PCE and T CE sorption kinetic experimentswere conducted using 0.25 g of silage.

Analysis of transformation products

Headspace was created inthe sampleviasafter removal of 6-ml of liquid for PCE and TCE
anayses. Vapor-phase sampleswere collected from this headspace and analyzed for transforma-
tion products such asdichloroethylene, vinyl chloride, ethene, and ethane. One-ml sampleswere
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withdrawn from the headspace using agas-tight syringe and were analyzed without further prepara-
tiononthe GC/FID.

Liquid-phase samplesweretested for polar ionizabletransformation productsusing GC/ECD.
These sampleswerederivitized using diazomethane (in M TBE) prior toinjection into the GC/ECD.
Derivitization wasaccomplished by first placing 6 ml of liquid phasesampleinavid. Threedrops
of sulfuric acid (98.08%) were added, and thevial wasslowly agitated for oneminute. Six ml of
MTBE werethen addedtothevial. Theacidified liquid and M TBE were manually agitated for one
minuteand then centrifuged at 2500 rpm for five minutesto enhance separation of theM TBE and
aqueous phases. Fiveml of the M TBE phase were removed from the vial and placed in asecond
vid. Thesecondvial wasplacedinanice-water bath, and the M TBE mixturewasderivitized by
adding 0.5 ml of diazomethane (in M TBE). Themixturewaschilled for aminimum of 20 minutes
after the addition of the diazomethane and wasthen analyzed usngaGC/ECD. Chloroacetic acid
standards and blanks of neat M TBE weretreated using the derivitization procedure and analyzed by
GC/ECD.

Gas chromatography

A Shimadzu GC-14A gas chromatograph equipped with an electron-capture detector and a
Shimadzu CR501 Chromatopac integrator were used for quantitative and qualitative anaysisof the
PCE, TCE, and chloroacetic acidsinliquid- and solid-phase samples. All analyseswereby direct
splitlessinjection of 0.5to 1 pl of hexane or M TBE sample extract using a Shimadzu AOC 17 auto
injector and AOC 1400 automatic sampler. The separation column used intheanayseswasaDB-
5megabore* 0.53mm* 1.5 um (methylpolysiloxane phase) manufactured by JW. Scientific,
Folsom, Calif. Column lengthsof 30 mand 15 mwere used during theanayses. For the 30-m
length, the column temperature was programmed at 35°C for two minutes, followed by atempera-
tureincrease of 5°C/minto 90°C, and asubsequent temperatureincrease of 35°C/minto 160°C for
two minutes. Nitrogen wasused asthe carrier gaswith acombined flow rate of 40 ml/min. For the
15-mlength, the column temperature was programmed at 35°C for six minutes, followed by a
temperatureincrease of 5°C/minto 90°C, and asubsequent temperatureincrease at 35°C/min. to
160°C for two minutes. Nitrogen wasused asthe carrier gaswith anin-column flow rate of 20 ml/
min. For both columns, theinjector and detector temperatureswere 200°C and 340°C, respec-
tively. Methanol solutionscontaining 1 mg/I dichlorobenzenewere analyzed asexternal standards.
PCE and TCE standards prepared in-house were used to construct calibration curves each week to
ensure accurate quantitative results.

A Hewlett-Packard 5890 gas chromatograph with aflame-ionization detector (GC/FID) was
used to andyze vapor-phase samplesfor dichloroethylene, vinyl chloride, ethene, and ethane. Al
analyseswereby direct splitlessinjection of 1 ml of vapor sample collected from the headspace of
thebatch viasfollowing removal of theliquid phase. A 30-m DB-VRX narrowbore column* 0.25
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mm* 1.4 umwas used for theseanalyses. The column temperature was programmed at 30°C for
fiveminutes, followed by atemperatureincrease of 5°C/minto 60°C for one minute, and asubse-
guent temperatureincrease at 25°C/minto 200°C for 10 minutes. Heliumwasused asthe carrier
gaswith aflow rate of 2ml/min, and air and hydrogen were used to producetheflameinthe

detector. Theinjector and detector temperatureswere 200°C and 300°C, respectively.

Data analysis

Thedirect and difference methods were used to cal cul ate the concentrations of PCE or TCE
that were sorbed to themat. Sd (mg/Kg) isdefined asthe sorbed concentration of acompound
that was cal culated using the direct method, and Se (mg/K g) isthe sorbed concentration cal culated
using thedifferencemethod. For thedirect method, the actual concentration measured by extracting
either PCE or TCE from the mat phase was used to cal cul ate the concentration of solute per gram
of mat. Thedifference method datawere calculated by subtracting thefina liquid-phase concentra-
tions(Ceinmg/l) fromtheinitial concentrations (C, inmg/l) and attributing this differenceto sorp-
tion. Both Sd and Sewere calcul ated for the unlabeled PCE and TCE experiments, but only Se
was cal cul ated for the [C] PCE and [ *C] T CE sorption experiments. Regression anaysesof the
final liquid-phase concentrations (Ce) versusthe sorbed concentrations (Sd and Se) were used to
determinethe partitioning coefficient (Kdin ml/g) between the matsand agueous media.

Thestatistica analysis software package SA Swas used to conduct an analysisof variancefor
the PCE and TCE sorptiondata. Thelevel of significance (p-value) was calculated and used to
determinethe probability that mat mass affected the val ues of the sorption coefficients (Kd). The
interpretation of the statistical resultswasbased on the assumption that the null hypothesis—that mat
massdid not affect sorption responsefor the concentrationsrangestested—could bergjected if the
p-vaueswerelessthan 0.05. A regression anaysiswasalso conducted to determine upper and
lower 95 percent prediction bandsfor the PCE and TCE sorption isotherms (Ott, 1993).

RESULTSAND DISCUSSION

Sorption and transformation kinetics

Thekinetic experimentsindicated very rapid removal of PCE and TCE fromtheliquid phase
within 15 minutesof dosing. Therapid decrease was attributed to sorption and did not change
sgnificantly within a12-hour period (Figure 1). Thesedataare consistent with previousexperi-
ments, which have shown that organic compounds partition to a gal material inafew minutesand
partition to bacteriain afew hours (Johnson and Kennedy, 1973; Grimesand Morrison, 1975;
Matter-Mller et a., 1980; Harding and Phillips, 1978; Baughman and Paris, 1981; McRae, 1985;
Smetsand Rittmann, 1990).

Degradation of the parent compounds was a so consi dered when choosing the equilibration
periodsbecauselonger periods might result inlossesthrough transformation. 1nsamplesdosed with
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PCE, TCE typically appeared in theliquid- and mat-phase of the samples, generaly within 12 hours
to oneweek (Figure 2). TCE ismore soluble and less susceptible to biodegradation and was
allowedto equilibratefor alonger period. Therefore, equilibration periodswerelimited to six hours
for PCE and 12 hoursfor TCE.

Thetimerequired to completely remove PCE from theliquid phase varied from 50 to 628
days(Table1). Themat-phase PCE wasa so completely removed withinthisperiod (Figure 2).
Thewidevariability intimeisduein part to thenatural heterogeneity of themats, but can asobe
attributed to the varying light conditionsto which thevia swere exposed. Thegeneral trend ob-
served wasthat increaseinlight resulted in ahealthier mat (no putrefaction of themat) along with
faster PCE and TCE degradation.

Mat mass a so affected the degradation rate of PCE and TCE within the concentration ranges
used inthese experiments. Because of thevia size chosenfor the experiments, smaller massesof
mat (e.g. 4 g) had more surface areaexposed to light than larger mat masses(8and 12g). Con-
sequently, mat in the 12 g samplesbegan to dieand putrefy asthe experiment proceeded and
degradation ratesslowed. The4 g samplesremained healthy throughout the experiment and
degraded the compoundsfastest. Degradation rates cal cul ated for the 8 g sampleswere between
those of the4 g samplesand 12 g samples. Analysisof the control samplesindicated that
photodegradation did not affect the PCE and TCE concentrationsin thevials. Theseresultswere
replicated using [*C]PCE and [**C] TCE astracer compounds, and similar resultswere observed.

Transformation products studies

The appearance of TCE in the sample dosed with PCE verifiesthat the PCE wasbeing
dehal ogenated and i sindi cative of reductive dehal ogenation, an anaerobic transformation pathway.
Aerobictransformation pathwayswereidentified aswell. Dichloroacetic and trichloroacetic acid,
transformation productsindicative of oxidativetransformation, wereidentified in batch samples
exposedto higher levelsof artificial light. Aerobic degradation productswerenot identifiedin
samples maintained inlow-light conditions (lessthan 120 mmolss* n?). Theradiolabeled studies
indicated that asignificant fraction (7%) of the parent compound or metaboliteswasirreversibly
bound to the mat asindicated by theidentification of the radio-labeled compoundsin dried samples
of previoudy extracted mat.

Degradation of PCE through astrictly anaerobic pathway may produce more hazardous
compoundssuch as TCE, dichloroethylene (DCE), and vinyl chloride (VC). Degradationthrough
multiple pathways may result in production of moreinnocuous metabolites such asacetic acid and
carbon dioxide, while DCE and VV C are either not produced or arerapidly aerobically degraded. A
detailed investigation of the metabolic pathwaysfor PCE and TCE by matsgrown under different
light intensitiesispresented € sewhere (O’ Nidl and Nzengung, 1999).
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Sorption isotherms

All sorption isothermswerelinear within the specified concentrations, asdemonstrated by the
correlation coefficients (R? values) ranging from 0.95t00.99 (Tables2 and 3). TheLinear |so-
therm M odel s described the sorption datapresented in Tables2 and 3:

Kd = = (difference method) or Kd = 4 (direct method)
Ce Cd

Thelinearity of thedataindicatesthat sorption of PCE and TCE fromtheliquid phasetothe
mat phasein the batch samplesisapartitioning phenomenon. Thevaluesof Kdwerenormalizedto
the organic carbon content of the mat using thefollowing formula:

Koc = Kd
foc
Where: Koc = Sorption coefficient normalized to organic carbon content, foc = Fraction
organic carbon content of the mat.

For theliving mat, an average partition coefficient of 6.63 + 0.30 (SE) ml/g (wet weight mass)
wasdetermined for PCE whilethe average partition coefficient for TCE wascalculated at 2.34 +
0.59 (SE) ml/g. Becausemat iscomposed of approximately 90% water, amore direct comparison
of living and dry sorption responsesisaccomplished by comparing the sorption coefficientsof living
mat (5g wet weight) to the dry mat massof 0.5g. The PCE partition coefficient for 0.5 g of dry
mat varied from 52.6 + 5.9t0 73.1 + 4.6 (SE) ml/g, and the TCE partition coefficient for 0.5 g of
dry mat varied from 12.8 £ 1.4t0 23.9 + 3.3 (SE) ml/g. Theaverage partition coefficient of PCE
todried mat was58.2 + 3.29 ml/gand 16.2 + 1.50 (SE) ml/gfor TCE (Tables2 and 3). The
difference between the partitioning coefficients of PCE and TCE isattributed to the greater agqueous
solubility of TCE. The partition coefficientsfor dried mat arean order of magnitude greater than
living mat (Figures3 and 4), whichiscons stent with the trends observed for sorption of organic
compoundsto wet and dry soils (Chiou, 1990). Thedry mat wasground into smaller particles
before each experiment. Asaresult, for the samedry weight, the ground dried mat provided a
greater surface areafor adsorption than thewet living mat. Also, theunhydrated mat presented a
more hydrophobic surfacefor partitioning of PCE, TCE, and their hydrophobic metabolites.

A linear regression analysiswasused to calculate a95% predictioninterval for thesorption
coefficientsof dried mat. The predictioninterval isconstructed about variablesrather than param-
eters, and isused to predict the value of random variableswith a95% certainty (Ott, 1993). The
dried mat sorption datafitswithin these prediction bandsfor both PCE and TCE (Figures5 and 6).

Ananaysisof variancewas conducted to andyzeif the popul ation means of the PCE and
TCE partition coefficientsremained equal asmat massvaried. Thep-vauescal culated for the PCE
data(0.15for thedirect method and 0.44 for the difference method) are greater than 0.05, indicat-
ing that the mean values of Kd cal culated for thefour massesarenot statistically different. Similar
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resultswereobtained for TCE, with p-valuesof 0.14 for thedirect method and 0.67 for the differ-
encemethod. Therefore, the partitioning of PCE and TCE between the mat phase and water isnot
dependent on mat massfor the concentration ranges and mat masses specified.

The[*“C]PCE and [“C] TCE sorption experimentsyielded smilar results. Averagesorption
coefficientsof 57.3+ 4.66 ml/gand 13.8 + 0.99 ml/g were cd culated for sorption of PCE and TCE
todried mat, respectively (Tables2 and 3). Thesorptionisothermswereasolinear for the concentra-
tionrangeof 1to 10mg/l. PCE and TCE aso sorbed to the silagewith sorption coefficientsof 41.3
ml/gand 12.9 ml/g, respectively. Becausethe partition coefficientsfor sillageweresmilar tothosefor
dried mats, and silage only accounted for gpproximately 1% or lessof total mat mass, the sorption of
PCE and TCE tothematswas not significantly affected by theslage substrate.

Because published values of partitioning datafor PCE are scarce, the sorption data cal cul ated
for thematswere compared to published TCE sorption datafor other mediaincluding soils, humins,
peat moss, granulated activated carbon, algae, and other substances (Table4). Dried microbial mat
had alower valuefor Koc than the other materialslisted intheliterature, but thiscomparisonignores
severd advantages of themat. Mat can bedried for easy transport and will begin growing upon
rehydration; it isasalf-replenishing resourcethat iseasy to produce and can withstand very harsh
environmental conditionswhich may facilitate cost-effective gpplication of thismaterid asaremedid
biosorbent. The primary advantage of themicrobia matsisthe ability to degrade PCE and TCE
through multiple pathways, resultingin the mineraization of the parent compound rather thana
smplephasetransfer. Commercia production of thematswould utilize natural nutrientsand solar
energy to minimize production costs.

Desorption of PCE and TCE from the matswas not studied extensively. Two treatmentswith
stringent solvents and soni cation for 30 to 60 minutesare required to extract the sorbed PCE and
TCEfromthemats. Thisfact, along with evidenceof continued degradation of PCE and TCE,
suggeststhat desorption of these compounds may not besignificantinanatura environment.

CONCLUSIONS

PCE and TCE partitioned rapidly to themicrobia mats, with equilibration occurringinless
than 24 hours. A dower transformation and degradation of both compoundsfollowed thisrapid
partitioning to the mat phase. Metabolitesof PCE detected inthe samplesincluded TCE,
dichloroacetic acid, and trichloroacetic acid. Despiterepeated analyses, dichloroethyleneand vinyl
chloridewerenot detected in any of the samples. Theseresultsindicatethat the compoundswere
being degraded through two different pathways, reductive dehal ogenation and oxidativetransforma-
tion. Thecloseproximity of aerobic and anaerobic zoneswithin themat may enhance degradation
through these dternateroutes.

Light intensity was observed to affect mat health and influence the degradati on mechanism.
Mat mass also affected the degradation rates of these compounds. Asmat massincreased, degra-
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dation ratesdecreased. Thistrend wasattributed to masstransfer limitationsintheviasand declin-
ing mat health asmassincreased dueto thelower availability of light at higher masses.

Theability to degrade these organic compounds through aerobic and anaerobic pathwaysin as
little as 50 days under favorable growth conditions, in addition to acapability for sequestering
metalsin the waste stream, providesaunique advantage over other mediathat are ableto sorb PCE
and TCE fromwater. Theminimal growth requirementsand the ability of the microbial matsto
survive and grow in harsh aguatic environmentsare additional featuresthat enhancethe potential for
their use asacost-effective means of remediating surface water contaminated by PCE and TCE, or
inabioreactor for thetreatment of waste effluents.
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Table 1. Timeneeded for the complete removal of PCE from liquid phase by microbial matsgrown
under different light intensities.

Concentration Mass (wet) Mass (wet) Mass (wet)
49 8¢9 129
2 mglL 68.7 days (LL) 176.7 days (LL) 173.5 days (LL)
144.5 days (VLL) 179.7 days (VLL) 628.1 days (VLL)
65.8 days (ML)
4 mylL 254.4days (VLL)
49.8 days (ML)
8 mgl 230.7 days (VLL)

VLL —very low intensity artificid light (15.2 umolss* m?), LL — low intengity artificia light (71.7
pmols s m?), ML—mediumintensity artificid light (120 pmolss® m?)

Table2. Summary resultsfor batch sorption experiments—microbia mat dosed with PCE.

; M ass Kd (ml/g) 5 Kd (ml/g) 5 Kd (ml/g)
Material (9) [N@mwMHMdIQ Direct M ethod R Average
Living Mat 5.0 6.33 + 0.30 0.97 6.93 + 0.30 0.99 | 6.63 + 0.30

0.5 73.08 + 4.61 0.97| 67.40+ 3.88 0.99 | 58.2 + 3.29
Dried Mat 1.0 49.57 + 0.85 0.99 | 58.64 + 1.47 0.99
15 46.10 + 4.22 0.95| 50.47 + 8.26 0.99
2.0 62.84 + 5.31 096 | 5758+ 0.01 0.97
Dried Mat 0.5 52.64 + 591 0.99 - - 57.3 + 4.66
using[*C]PCE 2.0 61.96 + 3.40 0.98 - -
Silage [**C]PCE | 0.25 41.3 0.99 - - 41.3
+ Standard error
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Table 3. Summary resultsfor batch sorption experiments—microbial mat dosed with TCE.

. M ass Kd (ml/g) ) Kd (ml/g) ) Kd (ml/g)
Material (9) Difference M ethod R Direct M ethod R Average
Living Mat 5.0 2.93+ 0.60 0.99 175+ 0.60 0.98 2.34 £ 0.59
0.5 1557 £ 1.40 0.99 23.86 + 3.33 0.99 16.2 + 1.50
Dried Mat 1.0 11.44 + 0.53 0.99 18.63 =+ 1.36 0.99
15 18.22 + 3.68 0.99 10.86 = 3.68 0.97
2.0 13.97 £ 0.22 0.99 17.32 £ 0.92 0.99
Dried Mat using 05 12.78 + 1.40 0.99 - - 13.8+ 0.99
[#cC] TCE 2.0 14.77 + 1.01 0.99 - -
Silage [*C]TCE 0.25 12.9 0.99 - - 12.9
+ Standard error

Table4. Comparison of partition coefficientsof TCE for different media (sorbents).

M edium Kd foc Koc Concentration Range
(ml/g) (ml/g) (mg/l)

Wet Microbial Mat 234+ 34 1 2.34 1.0to 10
Dry Microbial Mat 16.2 + 1.50 1 16.2 1.0to 10
Humin @ 1.28 0.0088 145 =2
Oxidized Humin @ 04 0.0014 287 =2
Fats, Waxes, Resins @ 348 0.833 460 =
Algee ® 1400-5370 1 1440-5370 0.04-4.4
Humic Coated Alumina © 0.308 0.0045 68.4 -
Sediment (< 1 mm) © 0.12 (0.11-0.13) 0.0019 84.2 -
Sandy Loam Soail ¢ 0.5 0.001 50 175 - 875
Organic Topsoil ¢ 135 0.117 115 175 - 875
Peat Moss ¢ 93.4 0.494 189 175 - 875
Granular Activated Carbon ¢ 81076 1 81076 175 - 875

2 Garbarini and Lion (1986); *Smets and Rittmann (1990), ‘Allen-King et al. (1996); ¢ Zytner (1992)
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Figurel. Liquid and solid (mat) phase concentrations of PCE versustime. Sorption equilibrium

was attai ned in about 12 hours.
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Figur e 2. Sorption accompanied by transformation of PCE and TCE for batch studies. The parent
compound (PCE) and reductivetransformation product (TCE) were both transformed to non-

detectablelevelsintheliquid and mat phases.
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Figur e 3. Comparison of the PCE sorption effectiveness using equivalent masses of living and
dried mat.
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Figure4. Comparison of the TCE sorption effectiveness using equival ent masses of living and
dried mat.
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Figure5. Pooled, dried-mat sorption datafor PCE with upper and lower 95% prediction bands. A
linear sorption modd described all datafrom thereplicate experiments.
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Figure6. Pooled, dried-mat sorption datafor TCE with upper and lower 95% prediction bands. A
linear sorption model described al datafrom thereplicate experiments.
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