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ABSTRACT: Bio-Sep® beads consist of 3-4 mm diameter spherical beads engineered
from a composite of 25% aramid polymer (Nomex) and 75% powdered activated carbon
(PAC). The bulk density is about 0.16 g/cn? with a porosity of 74%. Beads are sur-
rounded by an ultrafiltrationlike membrane with pores of 1-10 microns. Bio-Sep® beads
have been shown to concentrate exiant microbes in intemal biofilms providing biomark-
ers for viable biomass, redox environment, microbial community composition, and nutri-
tional status. Bio-Sep® beads may also be “baited” with potential remediation amend ments
during fabrication or amendments may be loaded onto PAC post-fabrication.

Bio-Sep® bead traps, some baited with milk solids, molasses, or sodium acetate,
were incubated in groundwater monitoring wells in a PCE-contaminated aquifer for
30 days. Collected biofilms were compared by extraction and analysis of phospholipids
and PCR-amplified 168 rDNA. “Baiting” of Bio-Sep® bead traps with molasses and milk
solids resulted in increased viable biomass recovery and changes in community structure,
including increased diversity and increased anaerobic character, when incubated in a
PCE-contaminated aquifer. We propose that the microbial community collected in the
non-baited beads was indicative of the untreated aquifer while the more diverse and more
anaerobic commumity collected in the milk- and molasses-baited {raps was predictive of a
post-milk- or post-molasses-amended aquifer. These results suggest that the addition of
molasses or milk solids to the aquifer in the proper quantities will create the requisite
anaerobic conditions for redwtive dechlorination activity. Since no Dehalococcoides
were found in trap biofilms this site is a candidate for bioaugmentation to ensure full
reductive dechlorination activity. An ex sifu microcosm study has confirmed these con
clusions. Using groundwater and sediment from the site, conversion of PCE to ethene
was observed only after bioaugmentation with D. ethenogenes and more rapid conversion
was observed with molasses or milk whey as electron donors (vs. lactate and HRC).

INTRODUCTION

Implementation of a comprehensive groundwater-monitoring program to assess
whether desired bioprocesses are occurring is critical to a defensible risk-based manage-
ment approach for sites contaminated with chlorinated hydrocarbons. Geochemical
parameters must typically be collected over an entire plume and in suitable control areas
over an extended period of time. From this data the predominant bioprocesses are
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deduced. When active intervention is necessary remediation amendments must be evalu-
ated for their effects on in situ microbial ecology to ensure that their introduction into 2
contaminated aquifer will have the desired effect of stimulating reductive dechlorination.
These field tests are labor and analytically intensive.

The pre- or post-amendment microbial ecology of a contaminated aquifer is better
represented by i situ biofilms than planktonic orgzmlsms in sampled groundwater. By
conventional means subsurface biofilm sampling requires coring of aquifer sediments and
extraction of viable microorganisms or biomarkers {lipids, DNA, etc.). However, the
efficiency of these extractions varies with the geochemistry of the sediments. We propose
that biofilms characteristic of aquifer conditions can be rapidly and eﬁcxenﬂy collected
using a biofilm-sampling system based on Blo-Sep technology. Bio- Sep consists of 3-
4 mm diameter spherical beads engineered from a composite of 25% aramid polymer
(Nomex) and 75% powdered activated carbon (PAC) with a porosity of 75%. The median
pore diameter is 1.9 microns, however, large macropores (>20 microns) also exist inside
the beads. Beads are swrrounded by an ultrafiltration-like membrane wfzh pores of I-
10 microns and the internal surface area is greater than 600 nf/g. Bio- -Sep® beads may be
heated to 300°C for sterilization and to render the beads free of fossﬂ biomarkers.

Biomarkers are more efficiently extracted from Bio-Sep® beads than aquifer sedi-
ments and provide measures of viable biomass, redox environment, microbial community
composition, and nufritional status. Bio- Sep® beads are also more efficient collectors of
biofilms than materials like glass wool. When like bulk volumes of Bio- -Sep® beads and
glass wool were mcubated in a PCE-contaminated aquifer for 30 days the beads collected
over seven times as much viable biomass (as represented by exiracted phospholipids) as
glass wool (Sublette et al., 2002). Bio-Sep® beads have also been shown to collect detect-
able bicfilms in a drinking water distribution system in one day (White et al., 2003). The
efficiency of biofilm formation in Bio-Sep® has been attributed to the high internal
surface area, low-shear conditions in the bead, the concentration of limifing nutrients by
the PAC, and the rapid formation of pre-conditioning films.

Potential remediation amendments may be incorporated into the Bio-Sep® beads
during fabrication by entrapment or post-fabrication by adsorption onto the PAC compo-
nent of the beads. The availability of nutrients, like Hydrogen Release Compound (HRC,
Regenems) inside the bead have been shown to aiter the community structure of biofilms
formed in the bead. “Baiting” of Bio-Sep® beads with HRC resulted in increased viable
biomass recovery, increased metabolic activity, and changes in community structure,
including reduced diversity, when incubated in a PCE-contaminated aquifer (Sublette et
al., 2003). There was also evidence of stimulation of CVOC-degrading bacteria in HRC-
amended beads, These data suggested that the effects of potential remediation amend-
ments can be readily evaluated by incorporating the amendments into Bio-Sep® beads,
incubating the beads in the aquifer to be treated, and evaluating the effects of the amend-
ments on the microbial ecology of bead biofilms using biomarker analysis, all of which
can be accomplished a greatly reduced costs relative to field injection of amendments.

We have also described the results of the incubation of Bio-Sep® bead traps baited
with sodium acetate, molasses, or milk solids and non-baited beads in groundwater
monttoring wells in the same PCE-contaminated aquifer in which HRC-baited beads
were previously incubated (Peacock et al., 2003). However, a new tube-in-tube trap
design was utilized to provide a continuous low concentration of these very water soluble



“baits™ in the presence of Bio-Sep® beads where biofilms were collected. Collected bio-
films were compared by extraction and analysis of phospholipids and PCR-amplified 16S
rDNA. In this paper we compare the results of the incubation of these ‘In sifu micro-
cosms” with ex sifu microcosms which used groundwater and groundwater sediments
from the same PCE-contaminated site as source material and molasses, whey, lactate, or
HRC as electron donors for the reductive dechlornation of PCE.

Site Description. The source of the PCE plume at the test site was leakage from an
above- ground storage tank (AST) of PCE at a dry cleaning business. The AST was in use
from 1964-1991. Groundwater at the site is found in fracture systems and solution fea-
tures in underlying bedrock (calcareous shale with embedded limestone) at 10-13 m.
Horizontal flow is very slow (about 19 cm/yr) and controlled by fractures and bedding
planes. Groundwater monitoring wells (5-cm OD) have been installed at locations shown
in Figure 1 and are screened over 3 m across the top of bedrock. Note that MW1 is
upgradient of the PCE plume. The results of groundwater analysis from the site are sum-
marized in Table 1. Daughter products of PCE dechlorination (TCE and c¢is-DCE) were
found in the plume in addition to ekvated chloride concentrations. Elevated concentra-
tions of ethene {92 ng/L) were also found in MW2A associated with the highest concen-
trations of chlorinated hydrocarbons. These results indicate that the requisite organisms
and environmental conditions necessary for reductive dechlorination exist at some
locations in the plume despite the fact that the bulk dissolved oxygen concentration in the

plume ranges from 2.5-5.5 mg/L.
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FIGURE 1. Dry cleaners site map showing monitoring well locations.

MATERIALS AND METHODS

Preparation and Deployment of Bio-Sep” Bead Traps. Construction of Bio-Sep® bead
traps baited with molasses, milk solids, and sodium acetate has been described n detail
elsewhere (Peacock et al., 2003). Pairs of traps, one tube-in-tube baited trap and one
single-tube nom-baited trap, were attached to braided nylon line with nylon ties about
30 ¢cm from the end of the line to which was attached an epoxy-coated lead weight. These



TABLE 1. Groundwater analysis at dry cleaners PCE site.

MW

(Sampling PCE TCE cis-DCE  Chloride

Depth, m) (mgl) (ngL) (ngl)  (mgl)
MW1{10.7) ND* ND ND 27
MW1 (13.7) ND ND ND 27
MW2A (11.9) 59 50 42
MW2B (13.4) 0.03 16 35 29
MW2B (16.5) 0.03 1.6 33 29
MW3 (9.4) 22 40 25 400
MW3 (12.5) 2.2 40 25 400
MW4 (8.5) 2.6 52 31 480
MW4 (11.6) 2.6 52 31 480

*not detected.

bug traps were lowered into each accessible monitoring well at the site and secured to
place each pair of traps in the screened interval. All traps were retrieved after 30 days of
incubation and bead biofilms characterized sing PLFA and DNA analyses. Details of
biomarker analysis in Bio-Sep” beads have also been described previously (Peacock et
al., 2003).

Microcosms . Microcosm fests were conducted as described by Findley and Fogel (2000).
Groundwater and sediment from MW-4 were used as source material in the microcosms.
Microcosms were constructed on June 13, 2003 using 160-mL microcosm bottles flushed
with argon. Each microcosm contained 100 mL of the MW-4 groundwater sample. The
microcosms were sealed and flushed to replace the argon in the headspace with 30% CO»
in nitrogen. Bottles were then pressurized, placed upside down in a dark room at 22°C,
and shaken three times per week. The six conditions constructed included: 1) killed
control; 2) lactate-amended; 3) HRC-amended, bioaugmented; 4) whey-amended, bio-
augmented; 5) molasses-amended, bioaugmented; and 6} lactate-amended, bioaugmented.

The killed control was prepared by adding enough 6 N HCl to lower the pH below
2. Microcosms 2-6 were initially amended with 30 mg/L phosphate, and then with
40 mg/L NHs-N after NQs;™ was reduced. Sub-samples was removed from each micro-
cosm on day 1, day 18, day 33, and day 63 of the test. These sub-samples were analyzed
for PCE, daughter products (TCE, ¢DCE, VC, ethane, methane), nitrate and sulfate.
Microcosms 3-6 were inoculated with a dechlorinating culture of D. ethenogenes (NJ-14)
on day 19 of the test, after S0, had been reduced, in order to evaluate the potential for

successful bioaugmentation at the site.

RESULTS AND DISCUSSION

In Sifz Microcosms (Bio-Sep® Bead Traps). Table 2 gives the total biomass collected
by all traps in terms of pmoles of prokaryote PLFA recovered. In each well the greatest
biomass was collected in the milk- and molasses-baited traps. A hierarchical analysis of
the fatty acid components of phospholipids extracted from the traps showed that the



TABLE 2. Biomass collected in Bio-Sep” bead traps in terms of pmoles of

prekaryate PLFA.
Monitoring
Well Ceontrol Acetate Milk Molasses
MW1 1510 1300 12300 4500
MW2ZA 310 1540 6150 13900
MW2R 1100 220 3370 4380
MW3 780 1350 12950 20690
MW4 5090 540 13350 16600

microbial community structures in the molasses and milk-baited traps were generally
similar to each other but different from those collected in the norrbaited and acetate-
baited traps. Further the communities collected in the non-baited traps and acetate-baited
traps were seen to be similar to each other (for details see Peacock et al., 2003).

When Shannon’s diversity index was calculated for fatty acids in the PLFA it was
seen that the greatest diversity was evident in the microbial communities from the
molasses and milk-baited Bio-Sep® bead traps (H = 2.3 = 0.3 in molasses- or milk-baited
traps vs. H= 1.6 + 0.3 in non-baited or acetate-baited traps). This increase in diversity is
in contrast to the decrease in diversity observed when HRC was used as a bait in this
aquifer (Sublette et al., 2003). The increase in diversity seen with the milk sohids and
molasses is likely due to the complexity of these materials in terms of the number of dif~
ferent electron donors available, Figure 2 shows the concentration of anaerobic indicators
in each trap as represented by the sum of the mole fractions of the terminally branched

20

187

B Control -
& Acetate
241113

B Moiasses

46

14

12

10

Anaerobic Indicator

MW MW3 w4

FIGURE 2. Anaerobic indicators from micrebial communities extracted from all
baited and non-baited traps. Control = non-baited; anaerobic indicator is defined as
the swm of the mole fractions of terminally branched saturated, branched
monoenoic, and mid-chain branched saturated fatty acids.



saturated, branched monoenoic, and mid-chain branched saturated fatty acids. These
results suggest that anaerobic environments are more likely to be found in the presence of

milk components or molasses.
DGGE analysis of 168 rDNA fragments amplified from DNA extracted from trap
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beads showed that the presence of all of the electron donors produced changes n the

eubacterial community structure compared to the norn-baited traps in both the plume and
upgradient of the plume. However, no Dehalococcoides was detected through sequence
identification or target gene analysis using specific primers directed to a conserved region
of the 168 TRNA gene (He et al., 2003).

Ex Situ Microcosms. Of the six microcosms, four completely dechlorinated PCE to
ethane (Table 3). The killed control maintained a 35 + 4 uM PCE concentration, a 0.4
+0.1 uM TCE concentration, and & 0.8 0.1 uM ¢DCE concentration throughout the
course of the study. No VC or ethene was detected during the study, and only a minimal
amount of methane (0.5 M) was detected at day 33. The sulfate concentration exhibited
a slight increase between Days 0 and 33 (from 25 to 31 mg/L). No nitrate was detected on
Day 33.
The lactate-amended microcosm without bicaugmentation reduced PCE to cis-
¢DCE, but failed to reduce ¢DCE to VC or ethene by day 63, at which point the monitor-
ing of most of the microcosms was concluded. However, this microcosm was analyzed
again at 231 days and still showed no VC or ethane strongly suggesting the absence of
active Dehalococcoides. Again, minimal amounts of methane were detected by day 63
(0.3 uM). Sulfate was compleiely reduced (originally 25 mg/Ly by Day 13. No nifrate
was detected throughout the test.

The lactate-amended microcosm with bioaugmentation was able to completely
reduce PCE to ethene in 63 days. As the PCE was reduced, an accumulation of ¢cDCE
was noted, and as the ¢cDCE was reduced, an accumulation of VC was noted. Ethene
concentrations slowly increased as the ¢DCE and VC was reduced. At Day 63, no cDCE
or VC was detected. Methane was detected in increasing concentrations from Day 33
reaching a concentration of 2.7 pM at day 63. The production of methane loosely mir-
rored that of ethene. Nitrate was completely reduced {originally 5 mg/L) by Day 4 of the
test, and sulfate (originally 22 mg/L) was completely reduced by Day 18.

The HRC-amended microcosm with bicaugmentation was also able to completely
reduce PCE to ethene in 63 days. The VOC constituent concentration patterns for dechlo-
rination in this microcosm were very similar to that of the lactate-amended microcosm
with bioaugmentation, which is not surprising because HRC is a form of lactate. The
difference is that HRC was able to reduce more of the cDCE to ethene by Day 33 with a
lower concentration of VC (7.2 uM as compared to 15 pM in the lactate-amended micro-
cosm). More methane was also produced in this microcosm than the lactate-amended
microcosm, attatning a concentration of 4.7 uM at Day 63, but again, the methane was
not detected until the PCE was completely reduced, and its production loosely mirrored
that of ethene. Nitrate was completely reduced (originally 5 mg/L) at Day 4, and sulfate
{originally 23 mg/L) at Day 18.

The whey microcosm with bioaugmentation was able to completely reduce PCE
to ethene in only 33 days with only a minimal accumulation of VC. Methane production m
this microcosm was greater than any of the other five, attaining a maximum conceniration



TABLE 3. Ex situ microcosm VOU data

Kilied Control ub
Day Date PCE TCE  cDCE vC Ethene iethane
1 08/20/03 39 0.4 0.8 <01 < (.05 <1
18 07/07/03 31 0.3 0.8 < 0.1 < 0.05 <1
33 07122103 35 0.5 0.9 < 0.1 < Q.05 0.5
63 08/21/03 — — - - — —
Lactate
Day Date PCE TCE  ¢DCE Ve Ethene Methane
1 06/20/03 40 0.5 1 <01 <0.05 -
18 07107103 <03 <03 46 <01 <005 | <1
33 07122103 <03 <03 54 <01 < 0.05 0.2
63 08/21/03 <03 <03 55 <0.1 < 0.05 0.3
231 02/05/04 <03 <03 414 < 0.1 < 8.65 938
Lactate-Bioaugmented i
Day Date FPCE TCE cDCE VC Ethene Methane
1 06/20/G3 39 0.5 1 < 0.1 <0.05 <1
18 07/07103 <03 <03 43 < 0.1 < 0.05 <1
33 07122103 <03 <03 21 15 8.4 0.7
83 08/21/03 <03 <03 <04 <01 38 2.7
HRC-Bioaugmented
Day Date PCE TCE  ¢DCE vC Ethene Methane
1 06/20/03 40 0.5 1 <0.1 < .05 -
18 07/07/03 <03 <03 40 < (.1 <{.05 < 1
33 07722103 <03 <03 3.4 72 24 0.8
83 08/21/03 <03 <03 <04 <041 33 4.8
Whey-Bioaugmented
Day Date PCE TCE  eDCE vC Ethene Methane
1 06/20/03 48 0.8 1 < 0.1 <0.05 <1
18 Q7/07103 <03 <03 44 <01 <0.0&6 <1
20 07/22/03 <03 <03 44 07 < (.05 1
33 08/21/03 <03 <03 <04 <01 35 45
Molasses-Biocaugmented
Day Date PCE TCE  oDCE VC Ethene Methane
1 06/20/03 40 0.5 1 < 0.1 <0.05 -
18 0767703 <03 <03 50 < 0.1 < 0.05 <1
33 07122103 <03 <903 <04 <01 40 8
63 08/21/03 — — — — — -

of 49 uM at Day 63. As with microcosm 3 and 4, the methane did not appear until after
PCE reduction was complete. Nitrate was completely reduced (originally 6 mg/L) at Day
4 and sulfate (originally 25 mg/L) at Day 13.

The molasses microcosm with bioaugmentation was also able to completely reduce
PCE to ethene in 33 days with no accumulation of VC. Methane was produced, first
detected after the reduction of PCE and increasing as the ethene concentration increased,
attaining a final concentration of 6 uM at Day 33. Nitrate was completely reduced
(originally 6 mg/L) at Day 4 and sulfate (originafly 28 mg/L.) at Day 13.



CONCLUSIONS :
“Baiting” of Bio-Sep® bead traps with molasses and milk solids resulted in

increased viable biomass recovery and changes in commmmitly structure, including
increased diversity and increased anaerobic character, when incubated in a PCE-

contaminated aquifer. We propose that the microbial community collected in the non
baited beads is indicative of the untreated aquifer while the more diverse and more
anaerobic comrmunity collected in the milk- and molasses-baited traps is predictive of a
post-milk- or post-molasses-amended aquifer. These results suggest that the addition of
molasses or milk solids to the aquifer in the proper quantities will areate the requisite
anaerobic conditions for reductive dechlorination activity. Since no Dehalococcoides
were found in trap biofilms these #n sifu microcosm results suggest thai this stie is a
candidate for bioaugmentation to ensure full reductive dechiormation activity. The ex situ
microcosm study confirmed these conclusions.

Although more field tests are necessary these data support the hypothesis that the
effects of potential remediation amendments can be readily evaluated by incorporating
the amendments into Bio-Sep® bead traps, incubating the beads in the aquifer to be
treated, and evaluating the effects of the amendments on the microbial ecology of bead
biofilms using biomarker analysis, all of which can be accomplished a reduced cost

relative 1o field injection of amendments or ex sifu nucCroCcOSMS.
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