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ABSTRACT

Fluidized-bed biological reactors (FBBRS) may be used to remove chloroethenes such as
trichloroethene (TCE) from groundwater. Proper selection of FBBR aqueous growth medium, biofilm solid
support mediatype and size, and bed charge (bed depth to column length fraction) are critical for establishing
abiomass of sufficient quantity and activity to transform TCE viaaerobic cometabolism, which requiresa
supplemental growth substrate. Thus, proper media selection involves facilitating efficient conversion of
growth substrate to cometabolic activity for TCE degradation. In this study, five types of sand media (quartz,
garnet, ilmenite, hematite, and magnetite) were evaluated in small-scale FBBRsunder different conditions of
mediacharge, size, and type. Also, biofilm growth and TCE degradation rates were measured for three
aqueous growth mediawith phenol asthe growth substrate: mineral salt waters (MSW), groundwater with
excess nutrients (NGW), and amended groundwater with 10 times excess nutrients (AGW). MSW produced
the highest level of biomass and highest TCE degradation rates, but the other media were selected for use in
the FBBRsdueto practical considerations. Differencesin biofilm cometabolic propertieswererelated to
carbonate versus phosphate buffering of the growth media. Biofilms grown in the small-scale FBBRs on the
different sand mediawere harvested and assayed for their maximum specific TCE degradation rate (k ) and
transformation capacity (T ). Quartz sand with 30/35 mesh (500 to 594 mm) particle size and 20% col umn sand
chargewasidentified asanear-optimal mediawithak_ of 181 mg-TCE/g-VSS/dandaT _of 0.23 mg-TCE/g-
VSS. Hematite sand was al'so identified as amediathat enhanced cometabolism. When implementedina
continuously operated laboratory pilot-scale FBBR at aflow of 1 L/min and adetention time of 2.4 minutes,
TCE removal up to 81% was obtained for aninlet TCE concentration of 123 mg/L using the quartz sand.
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INTRODUCTION

Trichloroethene (TCE) hasbeenwidely used in the past and itsuncontrolled disposal hasled
to the contamination of many aquifers (USEPA, 1981; Westrick et a., 1984) and soils
(Malachowsky et a., 1984). TCE isasuspected human carcinogen (Miller eta., 1983) andis
regulatedto alevel of lessthan 5 pg/L indrinking water. Over the past decade, many researchers
have studied thein situ and ex situ remediation of TCE-contaminated aquifers. Bioremediation
technology hasbeenwidely favored becauseit potentially cost |essthan other technologies (Smith
and McCarty, 1997; Johnston et al., 1996; and Winkler et al., 1995).

Thefluidized-bed biological reactor (FBBR) isan ex situ bioremediation technol ogy that has
drawn interest asastep towardsimplementing the TCE cometabolism processinthefield. A key
design aspect for FBBR optimization isthe sel ection of fluidized-bed granular materia becauseof its
influence on bioparticle hydrodynamicsand microorganism density; thus, mediasd ection strongly
affectstreatment performance (Karapinar and Fikret, 1996). Varioustypesof minera sandsand
carbon can be used asthe biofilm attachment media, resulting intheformation of bioparticleswith
different hydrodynamic propertiesand catal ytic attributes. Some researchershave used gel beads
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astheattachment mediain an FBBR to treat TCE-contaminated watersand obtained 80 to 90 %
removal withinfluent of TCE at 0.9to 1.6 mg/L after aresidencetime of 2.6 hours (Shimomuraet
a., 1997). Actualy, severa bed-related factors potentialy affect TCE cometabolic activity in
FBBRsincluding mediatype, settled-bed depth, mediadiameter, porosity, angularity, specific
gravity, composition, and charge (theratio of clean bed volumeto reactor volume). Themedia
affectsthethicknessand density of biofilm that developson its surface and may beapopulation
selectionfactor. Biofilm thicknesscanimpact thebiomassactivity by limiting substrate avail ability
withinthebiofilm causing theaccumulation of inert material, whichisusually inactive biomass. Fora
particular application, it isdesirableto understand the effect of thesefactors so that better operating
conditions can be achieved without excessivetrial and error. Itisvery costly to conduct pilot-scale
studiesfor every type of mediacondition or to replace poorly performing media

To study mediafactors, bioparticlesweregrownwith varioustypesof sand mediain small-
scale FBBRsand their propertieswereevaluated. Phenol was chosen asthe growth substrate
becauseit supportsthe growth of biofilm-forming microorgani smsthat cometabolize TCE (Segar et
a., 1995). Furthermore, alaboratory pilot-scale FBBR was operated at amediacondition identi-
fied aspotentially optimal for atypical inlet condition (Foeller, 1998).

EXPERIMENTAL CONDITIONS
Chemicals

Loosecrystal phenol with apurity of >99 %, TCE with apurity of 99.9 %, and chloroform
with apurity of 99.9 % wereused. HPL C-grade hexanewas used astheliquid-liquid extractant.
Theinorganic compounds used in growth-medium preparation wereal reagent grade.

Filter ssndsweredonated by commercia mediasuppliers. Theapproximate chemica com-
positionsof fivefilter sand types(quartz, garnet, ilmenite, hematite, and magnetite) usedinthecolumn
sudiesarelistedin Table 1. Thesecompositionswerereported by the mediasuppliersand corrobo-
ratedwith Robert et d. (1990). Themediawerewashed and graded by sevinginto sizeclasseswith
ASTM US20(840.7 mm), 25 (706 mm), 30 (594 mm), 35 (500 mm), 40 (419 mm), and 50 (297
mm) meshes. Dengtiesof sand mediawere measured by thewater displacement technique.

Analytical Methods

Aqueous T CE concentration was analyzed by gas chromatography (GC) preceded by liquid-
liquid extraction. Extractant wasprepared by adding 0.5 mg/L chloroformto hexaneasaninternal
standard to improve measurement accuracy (Richard and Junk, 1977). Extractswereanayzed on
aPerkin EImer 8500 gas chromatograph equipped withaDB-624 30-m~ 0.53-mm capillary
column (J&W Scientific) and an electron capture detector (ECD). Thecarrier gaswas> 99.997 %
pure helium at 15 mL/minand theauxiliary gaswas> 99.998 % pure nitrogen at 45 mL/min. The
operating temperatureswereinjector, 200 °C; detector, 300 °C; oven, isothermal at 40°C for two
minutes, thenincreased at 10 °C/minto 65 °C.
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Phenol concentration wasmeasured to monitor growth substrate utilization using an ultravio-
let spectrophotometer set at 270 nm. Each samplewas centrifuged at 2,000 g for five minutes
before measurement.

Total suspended s0lids (TSS) and volatile suspended solids (V SS) were determined with
glass-fiber-filter weight differencesaccording to Sections 2540-D and 2540-E of APHA Standard
Methods (1994). Each biomasssamplewasanayzedintriplicate.

Microorganisms

A mixed-culture of aerobic phenol-utilizing microorganismswasenriched from activated dudge
collected at the Columbia, Missouri, Municipal Wastewater Treatment Plant. The enriched culture
wasfed 100 mg/L phenol and fresh mineral saltswater (M SW) every threedaysunder aerated
conditionsin sequencing (draw/fill) batch reactors.

Growth Medium

Threetypesof aqueousgrowth mediawere prepared from groundwater (GW) and deionized
distilled water (DDW) inthisstudy: mineral saltswater (M SW), groundwater with nutrients
(NGW), and excess-nutrientsamended groundwater (AGW) with 10timeshigher level of nutrients
than NGW. AGW wasused only inthe small-scale FBBR growth stagesto supply nutrientsunder
therecirculation condition. Table 2 givesthe composition of thevariousgrowth media.

Apparatus

Small-Scale FBBRs

Fivesmall-scale FBBRs made of glasstubing, 50 cm length and 1 cm diameter, were
mounted vertically inarack asshowninFigure 1. Theworking volume of each columnwas39mL.
A threaded reservoir at the outl et accepted an accessory funnel that wasuseful for filling and
retainingthemedia. A variable speed, multichannd peristaltic pumping system wasused to recircu-
late column effluent. Interconnectionsamong thereactors, the pump, and thefeeding lineswere 1/
8" tubing. Thefirst 1.0to 1.5 cm of bed at the bottom of each column wasfilled with 2-mm diam-
eter stainless steel beadsasmediasupport. Sand mediaof thedesired volume, size, and typewere
added according to the matrix presented in Table 3. Feedwater entered the columnsfromthe
bottom in an up-flow mode.

Laboratory Pilot-Scae FBBR

A single-stage FBBR was constructed as shown in Figure 2 with three distinct sections: the
inlet, the growth region, and the TCE cometabolismregion. Thetotal volumewas2.4L andthe
FBBR flow ratewas 1.0 L/minto yield an empty bed contact time of 2.4 minutes. The FBBR was
operated at aconstant flow rateyielding 20% initial bed expansion. Theinlet concentrations of
TCE and phenol were about 100 mg/L and 10 mg/L, respectively. NGW was used as aqueous
growth mediuminthisreactor. Detailed design and operational informationisfoundin Fodller and
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Segar (1997) and Foeller (1998).

Growth in Batch Experiments

Thedifferencein biomassactivity attributed to M SW and NGW mediawasevauated in
batch experiments. Two litersof MSW and NGW were prepared separately in 4-L flasksand
inoculated with 100 mL of effluent taken fromthelaboratory pilot-scale FBBR. Theflaskswere
mixed continuoudy with magnetic stirrersand aerated with an air pump. One-half of the supernatant
wasdiscarded after every 12 hoursof growth. Theflaskswererefilled with fresh MSW or NGW
and 100 mg/L phenol. After four feeding cycles, the cultureswere centrifuged at 2,000 g for five
minutesto obtai n the biomassused in the TCE degradation assay.

Growth in Small-Scale FBBRs

Flow ratesto the sand bedswereinitially set to provide 20% clean bed expansion. Inocula
tion was achieved by adding 100 mL supernatant taken from the enriched phenol -utilizing batch
cultureand 2 L of NGW with 20 mg/L phenol ina2-L beaker. Theinoculation water wasreplaced
every day for three days, then the FBBR feed was switched to five-gallon plastic containers of
AGW containing 100 mg/L phenol. Theeffluent was collected in the container and recircul ated.
Reaeration was obtained by air diffusersand an aquarium pump. Before being used and before
each growth medium replacement, the contai nerswere sterilized with 100 mL of 5.25 % sodium
hypochlorite (regular bleach) followed by severa rinsesof DDW. Thus, most of the suspended
biomassreleased from the columnswasremoved from the system and wall growth did not occur in
thefeed containers.

Theflow rate and the bed height in the reactorswere measured daily and flow ratewasheld
constant at theinitia values. Complete bed growth required 10to 15 daysafter inoculation. To
retain sand mediain the columnsasbioparticlesenlarged, biofilminrapidly growing columnswas
sheared from the mediaby agitating the bedswith asteel wire. When al bedsreached asteady
level, in some casesthetop of the column, the bioparticleswereremoved from columnsand col -
lected in beakersfor analysis. After the biomasswasdidodged by shaking, thevolumesof the
clean sand and the settled biomasswere measured in agraduated cylinder.

Three separate experimentswere conducted to compare different mediacharges, diameter,
and typesof sand mediaaslistedin Table 3. Each growth experiment was completed by harvesting
biomassfrom each column and conducting assays.

TCE Degradation Assay

Toavoid competitive effects, phenol wasnot present in the endogenous TCE cometabolic
activity assay. Immediately upon harvesting, settled biofilm was dispersed to flasks containing 200
to 250 mL MSW or NGW aerated by pure oxygen. TSSand V SSwere measured. 30 mL
biofilm suspension aliquotsweretransferred into aseries of 43-mL vids, thenfilled with MSW or
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NGW. Saturated aqueous TCE stock (~ 1100 mg/L) was added by syringeto each vial, which
was sed ed headspace-free with ateflon septum and incubated on ashaker. Incubationswere
ended by injection of hexane extractant. Threecontrol viasfilled with culture mediawithout biom-
asswerealwaysused to obtain theinitial TCE concentration, which ranged from 97 to 105 mg/L.
Experimentswere conducted at aroom temperature of 23+ 1 °C.

TCE Kinetic Model
The substrate component of the M onod equation with abiomassactivity term addressing

transformationtoxicity (Alvarez-Cohen, 1991) wasused tofit the experimental data. Thebest-fit
valuesof maximum specific utilizationrate, k , and transformation capacity, T, inequations1 and 2
weredetermined by non-linear regression of experimenta datausing Microsoft Excel Solver 5.0,
assuming ahalf-saturation constant, K , of 0.5 mg/L (Segar, 1994). A fourth-order Runge-Kutta
techniquewas used to integrate equation 1.

dac _ _k*X,*C Equation 1
dt  K_+C

C -C
Xy =X ™ °_|_ Equation 2

where, C = TCE concentration at timet, mg/L;
C = initid TCE concentration, mg/L;
K = TCEhdf-saturation constant of TCE, mg/L;
k = maximum specific TCE degradation rate, mg-TCE/g-V SSd,
= transformation capacity, ng-TCE/g-VSS;
= activebiomassconcentration, g-VSS/L; and,
X, = initia biomassconcentration, g-VSS/L.

Transformation capacity isthe maximum massof TCE transformed per unit massof active
biomassprior to completecdl inactivation. Theinitia active biomass concentration wasassumedto
bethemeasured V SS of the biomass suspension. Theactive biomass concentration, which declines
over time, accountsfor the detrimental effectsof TCE cometabolism. Differencesin specific
biomassactivity asaresult of growth conditionsinthesmall-scale FBBR werereflectedinthe

valuesof k_obtained from curve-fitting of TCE degradation data.

RESULTSAND DISCUSSI ON
Proper selection of nutrient conditionsisacritical component of applied environmenta

researchwith microbia treatments. Routinely, nutrient conditionsare selected to be“ non-limiting,”
resulting in solutionswith high dissol ved solidsand strong buffering, so that growth substrate kinetics
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may be determined and thefull capacity of the microorganismsdetermined under controlled condi-
tions. However, itisunlikely that such growth medium conditionswill be practical under field
conditionswhen contaminated groundwater comprisesthe growth medium. Natura bufferingwill
be based on the carbonate system, rather than the phosphates used in most |aboratory culture
media. Addition of excessnutrientsand dissolved solidsto the groundwater may causeaworse
water quality problem that the problem being remediated.

Thebiomassactivity and level sassociated with growth and assay inM SW and NGW culture
mediaenousenergy storage of themicroorganisms. Assay mediatypedid not affect thekinetic
parameter vauesand thesmall differenceswereattributed to experiment variance, suggesting that
either medium could be used in TCE endogenous activity assays. Although MSW appearedtobea
better growth medium becauseit yielded higher degradation rates, it wasanimpractica mediumfor
operation of the pilot-scalereactor dueto thelarge quantity of nutrientsrequired ( ~ 1 kg per day).
NGW was chosen asthe culture medium to test the laboratory pilot-scale FBBR to obtain an
acceptableleve of nutrient consumption. Amended groundwater (AGW) wasformulated to supply
thesmall-scale FBBRswith excessnutrientsfor arapid rate of growth. Recirculation reduced the
volumerequired for the growth experiment to 20 L of AGW every three days, ascompared tothe
pilot-scale FBBR daily NGW requirement of 14401L.

Sand mediachargesranging from 5% to 40% were eval uated with 30/35 quartz sand. Table5
showsthat biomass concentration decreased with increasing mediacharge, ranging from 469 mg-
VSYL at 5% chargeto 284 mg-V SSL at 40% chargein assay dilutions. These measurements
trandated to*in-column” biomass concentrationsof 12,050 and 5,450 mg-V SS/L, respectively.
Thebiomasslevelsexceeded the 2,000 t0 4,000 mg-TSS/L typica of suspended growth systems,
an expected finding that is characteristic of the FBBR. Since biomass concentration decreased with
theincrease of sand charge, someminima sand chargewill providefor amaximal level of biomass
inthereactor; presumably, increased sand volume displacesbiofilm or increasesinterparticle
abrasionthat didodgesthebiofilm.

Biomassactivity wasexpected to vary with the mediacondition, with differencesprimarily
attributed to biofilm thicknessand density. However, datain Table 5 showsthat the maximum
specific TCE degradation rate did not follow alinear trend with regard to mediacharge or biomass
concentration. Whereasthelowest mediachargevisibly had thelargest bioparticlesand highest
biomass concentration, it a so had the lowest TCE degradationrate. Thismay beattributed to the
excessively thick biofilm that limited thediffusion of phenol and oxygento theinterior of bioparticles,
resulting in aportion of the biomassbecominginactive. Thehighest valueof k was 167 mg-TCE/g-
V SS/dat a20% mediacharge. Thebiomassunder thiscondition wasmore activethan at lower
chargesdueto higher shear forcesthat controlled bioparticle sizeand biofilmthickness. The
increasein specific activity at 20 % charge morethan offset the dightly lower amount of biomass
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compared to 5 % charge; thus, the 20 % charge bed had agreater capacity for TCE degradation
than other bed charge conditions.

Transformation capacity, T_, variedinamanner oppositetok_asshowninFigure3. A similar
inverserelationship betweenk and T_was observed in subsequent experiments, although therange
of T _vaueswerelower. Generaly, thehigher thevaueof k , thelower thevalueof T_. Obviously,
T_andk wereeither correlated inthe mathematical model or linked biochemically.

With a30 % and 40 % mediacharge, the beds enlarged very rapidly during growth and daily
agitation wasrequired to keeping themediafrom flushing out. Inalarge-scaleoperation, ashear
devicewould berequired to maintain the bed condition, resulting in thin biofilmswith ayoung age.
Based on these results, a20 % mediacharge was sel ected asthe constant reference condition for
subsequent experimentsand aspotentialy optimal for scale-up.

In comparison to batch growth conditionsin Table4, AGW yielded TCE degradation rates
that werelessthan those obtained with M SW and much greater than those obtained with NGW.
Transformation capacitiesweresmilar with AGW and NGW, but AGW generdly yielded higher
valuesof T, thandid MSW. Thebiomassproducedinthesmall-scale FBBR'shad maximum
specific ratesthat ranged from 20% to 61% of rates obtained with MSW in batch growth. The
lower activity may be dueto theaccumulation of inert (older age) biomassin thebiofilm system.

Mediasizeeffectswere evaluated at 20 % quartz mediachargefor sand sizesfrom 20to 50
mesh (841 to 297 mm). Flow rateswere adjusted for each columnto provideaninitial (clean bed)
expansion of 20 % and held at aconstant rate throughout the experiment. 1t wasvisually observed
that bioparticlesgrew morerapidly in the columnswith smaller media. Hydraulic shearing of
biomass decreaseswith fluid velocity and the required fluidization flow rate decreaseswith media
diameter. Thelarger diameter quartz bioparticlesdid not completely fill the column, whereasthe
smaller diameter bioparticles occupied theentire columnvolume. Asseenin Table6, theleast
amount of biomasswas accumul ated with 30/35 sand and more than 50 % higher biomasslevels
were obtai ned with the smallest (40/50) and thelargest (20/25) sands.

Thekinetic parametersfrom the media-sze experiment are plotted in Figure4. Themaximum
TCE utilizationratewas 197 mg-TCE/g-V SS/d obtained with 30/35 mesh sand. Other sand sizes
yielded sgnificantly lower rates. Transformation capacity did not vary to any significant extent with
sand size. The 30/35 sand sizewas selected for the subsegquent mineral type experiment becauseit
yidldedthehighest rate.

Quartz, garnet, ilmenite, hematite, and magnetite sandswere eval uated at 20 % mediacharge
and 30/35 mesh size. All non-quartz sands had densitiesat least 50 % greater than that of quartz;
thus, agiven sizerequired higher flow ratesfor fluidization. Flow rateswere adjusted for each
columnto provideaninitial (clean bed) expansion of 20 % and held at aconstant rate throughout
theexperiment. Table 7 presentsbiomass|evelsand kinetic parameters. Hematite mediayielded
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thehighest level of biomassand the highest degradationrate. Quartz and ilmenite produced similar
resultswith lower biomassand degradation ratesthan hematite. Magnetite and garnet also pro-
duced smilar results, but resulted inthelowest biomass|evelsand degradation rates of thefive
mediatypes. Thekinetic parametersfor biofilm growth onthevariousmediaareplotted in Figure
5, whichclearly showstheinverserelaionship betweenk and T. Becausemediaof similar density
produced different results, it can be concluded that the minera chemical composition interacted with
thebiofilm and wasafactor inthe FBBR catalytic properties.

Uncertainty existed regarding the S gnificance of thedifferent maximum specific utilization rates
and transformation capacities measured in these experiments. For each of the three sets of experi-
ments, areference condition wasidentified as 30/35 quartz sand at 20% bed charge. Thecorre-
sponding TCE-degradation curvesfrom each of thethree experimentswere analyzed for deviation
fromtheir mean and areplotted in Figure6. Thecurveswerequitesimilar withinitial differencesin
concentration attributed to different initial levelsof TCE dosing (dueto variationsin stock concen-
tration). Parameter valuesfrom kinetic modeling were also analyzed resulting inamean and stan-
dard deviationfor k_of 181 + 15.1 mg-TCE/g-VSS/dand for T_of 0.31 + 0.07 mg-TCE/g-VSS.
Therdatively small variation in parameter val ues show that theresultsarerepeatablefromone
growth experiment to another. The standard deviationsrepresent 8.4 % and 22.6 % of the mean
parameter values, respectively; thus, the reported differencesin the maximum specific utilization
rates, which ranged from 73to 376 mg-TCE/g-V SSd, aresignificant Also, withinaset of data
from one experiment, differencesin kinetic parametersfor the various conditionsare expected to be
significant when thedifferencesin parametersare greater than two standard deviations.

Thereference media(quartz with 20% mediacharge and 30/35 mesh particle size) wasused
inthelaboratory pilot-scale FBBR tests. Table8 summarizesthe operation conditionsand mea-
sured kinetic parametersfor TCE removal ina48-day test. The detention timewas 2.4 minutes
andflow ratewas1 L/min. Theinlet TCE concentration wasabout 120 mg/L and the outlet
typicaly ranged between 20 and 30 mg/L.. Thehighest TCE remova wasover 80%. Biofilm
activity inthereactor was measured by removing some bioparticlesand assaying the recovered
biofilmsuspension. Thek wasdetermined as66 mg-TCE/g-VSSdand T was0.57 mg-TCE/g-
VSS. Themaximum specific utilization rate was somewhat |ower than the rates obtained from the
small-scale FBBR tests, which may beattributed to severa differencesbetween the pilot and small-
scale FBBRsincluding the use of NGW instead of AGW as growth medium, agreater age of
biomass, less efficient hydrodynamics, and continuous exposure of thebiomassto TCE. All the
aforementioned factorswould tend toincrease the accumul ation of inert biomassinthe pilot-scale
reactor and reducethe biomassactivity.

CONCLUSIONS
Theresultsof thisstudy show that theliquid-growth medium, the attachment-mediatype,
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mediaparticlesize, and mediacharge areimportant parameters affecting cometabolic TCE removal
inFBBRs. Theprimary effect of liquid-growth mediumison thebiofilm catalytic propertiesand the
attachment-media sel ection affectsthe hydrodynamic propertiesand biomassaccumulation inthe
reactor. Inrelating the attachment-mediaeffectsto cataytic properties, the small-scale FBBR study
waseffective and indispensablefor identifying bed conditionstoincrease FBBR performance.

Among thefivetypesof sand mediaevaluated in thisstudy, 30/35 mesh quartz at 20% charge
wasidentified asanear-optima mediafor TCE degradationin FBBRs. Three separate assaysfor
thismediacondition yiel ded amean maximum specific utilizationrateof 181 mg-TCE/g-VSS/d
(standard deviation of 15). When tested under s mulated field conditions, thelaboratory pilot-scale
FBBR achieved over 80% TCE removal. Hematitewasidentified asamediathat enhanced the
catalytic propertiesof thebiofilm, but hasyet to betested in the pil ot-scalereactor.

Inactivity assays, the TCE concentration versustimedatawerefitted well by the mathematical
mode of cometabolism kinetics, but the governing parameters of maximum specific utilization rate
and transformation capacity appear to becorrelated. Biofilmkinetic propertieswereaffectedin
variouswaysby mediafactorsresulting in different biofilm thicknessand substrate avail ability. For
al 15 mediaconditionsevaluatedinthesmall-scale FBBR's, k ranged from 73t0 218 g-TCE/mg-
VSSd (mean of 131 and standard deviation of 46) and T_ ranged from 0.19t0 0.81 mg-TCE/mg-
VSS(mean of 0.35 and standard deviation of 0.14). Thevariance of k. wasmuch lower for three
separatetestsat the reference-mediacondition, suggesting that differencesink_obtained for the
variousmediaconditionsweresgnificant.
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Tablel. Characteristicsof mineral sands.

Sand Type Color Specific Gravity =~ Composition
Quartz Browr/clear 2.6 SO,

Garnet Light violet-brown 4.1 CaAlLS.O,,
[Imenite Grey/black/brown 4.2 FeTiO,
Hemetite Black 4.8 Fe,O,
Magnetite Black 4.5 Fe,O,
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Table2. Growth-mediacomposition.

M edium Type MSwW NGW AGW
Source Water DDW GWe GW
Congtituent (mg/L)
Alkalinity® - 290 290
Na - 50.6 50.6
K* - 6.6 6.6
Ca - 60 60
Mg?* - 29.2 29.2
Sr - 0.9 0.9
PO* - 0.3 0.3
Sela - 39 39
BO* - 0.5 0.5
CIr - 314 314
H,PO, 55 55
KNO, 101 75.5 755
Na,HPO,x7H,0 67
KH,PO, 136
CaCl,x2H,0 147
MgSO, 120
FeSO,x7H,0 5.6 1.4 14
ZnSO,x7H,0 0.3 0.3 3
MnCl,x4H,0 0.2 0.2 2
H,BO, 0.6 0.6 6
CoCl,x6H,0 0.2 0.2 2
NiCl,x6H,0 0.2 0.2 2
CusO,x5H,0 0.3 0.3 3
(NH,)M0,0,,x4H,0 0.2 0.2 2
H,SO,° 49 mL 49 mL 49 mL
NaOHe as needed as needed as needed
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aGroundwater at the University of Missouri-Columbiaon Dec.13, 1995.
®mg/L asCaCO,

¢6N acid in micronutrient stock solution to prevent precipitation
dToobtainpH=7.2

Table3. Experimental matrix for small-scale FBBR study.

Experiment Pal\r/la?gie?er 1 2 3 4 5
Type Quartz Quartz  Quartz  Quartz Quartz
#1 Size (mesh) 30/35 30/35 30/35 30/35 30/35
Charge Effect Charge” (%) 5 10 20 30 40
Volume (cn) 1.9 3.8 7.6 11.4 15.1
Type Quartz Quartz  Quartz  Quartz Quartz
# Size (mesh) 20/25 25/30 30/35 35/40 40/50
Size Effect Charge (%) 20 20 20 20 20
Volume (cn) 7.6 7.6 7.6 7.6 7.6
Type Quartz  Garnet  llmenite  Hematite Magnetite
Size (mesh) 30/35 30/35 30/35 30/35 30/35
#3 Type Effect
Charge (%) 20 20 20 20 20
Volume (cn) 7.6 7.6 7.6 7.6 7.6

2 Settled sand bed depth asafraction of length (48 cm).

Table4. Biomasslevelsand kinetic parametersfrom growth medium studies.

Growth Assay X° k2 T,

M edium M edium mg-V SS/L mg-TCE/g-VSS/d mg-TCE/g-VSS
NGW NGW 177 26 0.36
NGW MSW 177 12 0.46
MSW NGW 474 376 0.22
MSW MSW 474 341 0.23

2assuming K =0.5mg-TCE/L inthecurvefitting
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Table5. Biomasslevelsand kinetic parametersfor various sand mediacharges.

Charge '\Seedt'ﬁ SBV- X, Kk, T
% chr)1 cm® mg-VSSIL mg-TCE/g-VSS/d mg-TCE/g-VSS
5 2.4 14.5 469 73 0.40
10 4.8 14.5 413 100 0.34
20 9.6 14.5 356 167 0.31
30 14.4 16.0 376 96 0.43
40 19.2 19.5 284 85 0.81
2 Settled Bioparticle Volume

Table6. Biomasslevelsand kinetic parametersfor varioussand mediasizes.

Sand Size SBV X, K. T,
M esh cm?® mg-VSSIL mg-TCE/g-VSS/d mg-TCE/g-VSS
20/25 155 736 130 0.26
25/30 14.9 560 83 0.35
30/35 11.0 390 197 0.37
35/40 16.4 549 125 0.31
40/50 15.9 633 95 0.32

Table 7. Biomasslevelsand kinetic parametersfor variousmineral sand types.

Sand SBV X, K, T,

Type cn?® mg-V SS/L mg-TCE/g-VSS/d mg-TCE/g-VSS
Hemetite 16.5 622 218 0.19

Quartz 153 463 179 0.23
lImerite 16.2 471 178 0.24
M agnetite 14.2 307 130 0.32

Garnet 16.8 411 103 0.30
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Table8. Operating conditionsand kinetic parametersfor biofilm obtained from the [aboratory
pilot-scae FBBR.

Parameter Value Units

Quartz Media

Size 30/35 mesh

Charge 20 %
Flow Rate 1.0 L/min
EBCT 24 min
Oxygen Concentration

Inlet of FBBR 25 mg/L

Outlet of FBBR 5-10 mg/L
Inlet Phenol Concentration 10.5 mg/L
Inlet TCE Concentration 123 ug/L
Outlet TCE Concerntration 24-30 ug/L
Maximum TCE Removal 81 %
Operation Period 48 days
K. 66 mg-TCE/g-VSS/d
T, 0.57 mg-TCE/g-VSS
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Figurel. Schematic of thelaboratory small-scale FBBRs.
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Figure?2. Schematic of thelaboratory pilot-scale FBBRs.
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