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Persistent Organic Pollutant:
Polychlorinated Biphenyls

v

Environmental Legacy: Estimated 0.6-1.2 billion kg worldwide




Goal:
Microbial Degradation of PCBs
in Aquatic Sediment

Approach:
1.ldentify PCB Dechlorinating Bacteria
2.Develop in situ Monitoring Tools
3.Develop Bioaugmentation
4.Test Bioelectrochemical Stimulation
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Microbial PCB Degradation

Complementary processes

v" Aerobic biodegradation
Generally with < 4-6 CI

v" Anaerobic dechlorination
generally with = 3 Cl




Reductive Dechlorination of
PCBs

v Performed by anaerobes, e.g. members of the
Chlorofexi such as strains DF1, SF1 and
Dehalococcoides strain CBDB1

¥ Theoretically can produce biphenyl but rarely do.
Ordinarily leave mono, di and trichlorobiphenyls behind
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PCB Dechlorinating Bacteria

Dehalococcoides ethenogenesi95
DCEH2

Dehalococcoides sp. clone DHG-vic
Dehalococcoides sp. clone DHC -l
Dehalococcoides sp. FL2
Dehalococcolides sp CBDB1
Dehalococcoides sp. BAV1
DEH10

DF-1

Deep subsurface paleosol clone t0.8.f
Deep subsurface paleosol clone 10.6.1

Deep subsurface paleosol clone H1.4.f
Deep subsurface paleosol clone H3.93

Other Chloroflexi

Oscillochloris

SAR202

0.10

Based on 165 rRMNA gene sequences ( 1500+ bp)

Cutter et al. Environ. Microbiol 2001, YW et al,
AEM 2002, Fagervold et al. AEM 2006 &2007,

Kiellerup et al AEM 2008
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Detecting PCB Dechlorinating Bacteria

« Optical density

e Plating

e Direct/celicounts
e FISH
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High Throughput Microbial Analysis/Monitoring

TR
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Sediment/Soil Sample
Activity/Inhibitor Assays DNA Extraction
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Gas Chromatography
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dHPLC qPCR
’ Dehalogenating Activity | | Species Diversity | | Species Enumeration |
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Bioaugmentation with PCB Dechlorinators
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Aerobic Biodegradation of Biphenyl

NADH
NAD™

- H,0
Biphenyl cis-dihydrodiol K 2

2,3 or 3 4dioxygenase

CQOOH
o
Performed by many aerobic microorganisms, h
e.g. Burkholdenf._:r, Aeromonas, Vibrio, B CH,
Micrococeus, Acinetobacter, and Streptomyces i
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Aerobic Biodegradation of PCBs

2,3 or 3,4dioxygenase

cis-dihydrodiol L/—\

COOH
o]
Performed by many aerobic microorganisms, WC'
e.g. Burkholderia xenovorans LB400, Alcaligenes HOOC CHz
eutrophus H850 . l
Chlorobenzoate o,
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Bioaugmentation of weathered Aroclors

Baltimore Harbor Sediment: 5-10 ppm weathered PCBs

- 1 liter sediment incubated at 20°C in dark
- indigenous water with no additional nutrients
- PCB dechlorinating anaerobe DF1

and/or PCB degrading aerobe LB400

—
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Bioaugmentation of weathered Aroclors

SaNs

Dehalohalobium chlorocoercia DF-1  Burkholderia xenovorans LB400

¢ each mesocosm was inoculated with 5 x 10° cells
« inoculation by direct injection or on solid substrate
* |actate added as carbon source when indicated
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Bioaugmentation of Baltimore Harbor
Sediment with DF1
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DF1 removed about 0.9 chlorines per mol PCB in 120 days.
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Bioaugmentation with DF-1 + LB400 Results
in Degradation of Weathered PCBs

1

=& LBA00 + DF1 + Lactate

=€ Lactate
—& LB400

Absolute Amount (PPM)
O = MW L ot N DO O

~-Spent M edia

0 20 80 100

40 60
Time (day)

About 75% of total PCBs by mass degraded through
oxidative processes and reductive dechlorination in 90
days. Experiment ongoing.
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Dechlorinator phylotypes in mesocosm amended with DF1

Blue = Time 0
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Dechlorinator phylotypes in mesocosm amended
with DF1 & LB400

o Blue = Time O
s Phylotypes .
§ - 12,3 l BF Red = Time Final
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fib]
= )
g “ é‘f &£ ©
2 S 2 o«
b == g ,ip 49
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+ DF-1 detected by dHPLC at similar levels on days O and 90
- Fate of LB40O0 currently being determined
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Bioelectrochemical Approach: Hypothesis

Power Supply
|
7 Air
Water
Aerobic Degradation Reductive Dechlorination
l cl o, ¢
corticror (Ohcoone— (OHO) <= ~{O){0)
cl cl el
/,0, 1,0, H, H,
+2H +2H* +20H P + 200
H,0 H,0 H,0 & H,0
Sediment
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Sediment Bioelectrochemical Reactors (SBRs)
* Microcosm-SBRs

- Aroclor 1242 impacted sediment {~20 ppm) from Fox River, WI
- Electrode: Ti sheet (surface area: 12.5 cm?)

- Applied voltage: 0,1.5,2.2, and 3 V

Power Supply
+ -
— —

Air

Water
(10mL)

Sediment
(70 mL)

——
< 2em >

€— 5ecm —>
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Sediment Bioelectrochemical Reactors (SBRs)

PCB Removal (%)
8 8 85§ 8 8 =8

=

=]

oV 15V 22v 30V 0V 15V

Live Sterilized

Up to 65% of total weathered PCBs by mass degraded through
oxidative processes in 88 days without bioaugmentation.
Increasing chlorobenzoates and benzoate detected with all
voltages. Analysis continues.
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Application of Voltage to Aquatic Sediment

pH problem?
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Problem with pH
(Redox, O, and H, gradients follow suit)

High current density : 0.067 mA/cm? Low current density : 0.003 mA/cm?

(3.8-4.4V, 15.2-17.6 mW) (2.0-2.5V, 0.036-0.045 mW)
Electrode potential vs. Ag/AgCl Electrode potential vs. Ag/AgCl
Cathode: -1.6 V (H, generation) Cathode: -1.1 V (H, generation)

Anode : 2.5 V (O, generation) Anode : 1.4 V (no or slow O, generation)

THOF)> 0, (g} AW BY) = 4¥ A et 1) 4,001 > 0,) = 4(8Q) = 4 = a0 20

7D 45 25 Anode 30 80 30 Cathode 235 45 7.0 40 20CathodeZ8 40 65
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Removal of 2-CI-8P (%)

* Mesocosm-SBR

o

e

SBR-Polarization

- PCB-impacted sediment from Fox River, WI
- Electrodes: Ti sheet (surface area: 55cm?)

- Constant Current: 0.014 mA/cm?, 2.5-3.8V
- Model PCB added: 2-CI-BP

cl (-]
(OB (O-coon—>co,msa
60
2-CI-BP 2-CI-BA T =83 days -®— Polarization
# Control

50
o - p :

— Il ‘SN

3 _a— 1

g B

9

N

P - * ® L 3 ']

0
o + 3 s 3 i
40 20 20 a8 20 20 40

v Eoaten Distance from Electrodes {cm)
Repeated polarization (cycling of the potential) avoids pH shifts
and supports PCB degradation throughout the mesocosm.
Weathered PCBs to be tested.
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Conclusions

Bioaugmentation results in 75% PCB degradation in 90 days
Application of 1.5V results in 65% PCB degradation
Anaerobic oxidation of PCBs is hypothesized

Repeated polarization is successful and avoids pH problems

Future Goals

Determine full extent of effect of bioaugmentation and
electrochemical stimulation

Determine extent of repeated polarization

Combine bioaugmentation and electrochemical stimulation
Test in situ
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FUNNEL AND GATE APPROACKH
FORACTIVE SEDIMENT CAPS

CO-|NVESTIEGATORS:
@. LOWRY, . GREGORY, CARNEGIE-MELLON

J. HUGHES, GATECH
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¢ Reduce risk by:
+ Stabilizing sediments
* Physically isolating sediment
contaminants
* Reducing contaminant flux to
benthos and water column
+ Sand effective for strongly
solid associated contaminants

+ “Active caps” for other
situations (w/amendments) —

s Funnel and Gate approachto  __ ¥/ %
maximize ability to
place/replace amendments

| Figure | - Depiction of proposed technology | E ?

T ey
:
!
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Project Objectivas and Scope

Can a funneling cap effectively contain contaminants and
effectively channel interstitial fluids (water or NAPL) to a
collection or treatment gate

+ Can treatment gates composed of reactive materials
effectively manage residual contamination from the in-
situ treatment zone

+ Scope

+ Preliminary studies with sorbents (e.g. organoclays and activated
carbon)

+ Hollow fiber membrane to introduce oxygen in reduced
environment

* Low voltage electrodes to encourage development of appropriate
redox conditions

32




Hellow fiber mermbrane to
inftroduce esgygen & encourage
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Mne lcea or eleciro-rezctive cappling
+ Functions:

* Provide redox control

+ Direct reduction and oxidation on electrode surface

+ Deliver electron donor and acceptor for further
degradation

+ Advantages:
+ Real time and site-specific control

+ complete mineralization of contaminants through
sequential reduction and oxidation
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The idea of eleGEEEEHVEXCPPINY

’fovide redox control

* Direct reduction and oxidation on electrode surface

+ Deliver electron donor and acceptor fo

degradation
+ Advantages:

+ Real time and site-specific control

+ complete mineralization of con
sequential reduction and oxidati
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Conezpitval model- Elecirode cap

Cap — Water Interface
!’.,0."’.0'.l(

-
OO IA LT

S S S | . S Nl < o . S < < < S S i, < < < <

S o e < . . . o o i i i . S S S S S A - S
Porous Cathode

Sediment — Cap Interface
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Configuraition for PAR oxddation

+ Anode at depth to encourage oxidizing
conditions where normally strongly reducing
conditions exist

*
Water

Cathode
Reactive

External
power

supply

cap

Anode
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Influenes orf voltage

+ Real-time control of electron donor production in
the cap by adjusting voltage

10
8 the equilibrium
potential for
water electrolysis
6 L

-

hydrogen production rate
(mmol/m2/h)

T

1 2 3 4 5 6

voltage (V) 39
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Electrode stimulatad degradtion
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PAH blodegradation in slurry

+ PAH degradation under aerobic and nitrate reducing
condition

+ To verify PAH biodegradation potential by indigenous
microbe in sediment

+ To prove that biodegradation rate is faster in more
oxidizing condition (aerobic condition)

¢ Electrode enhanced degradation of PAH in slurry

+ To examine the feasibility of electrode enhanced
biodegradation of PAH in slurry phase
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[PAR! blodegradaition undar asrobic conditions
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PAF blodegradaiion undar nitraita radueing) condibon
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Electrode ennanead blodeagradaition of
PAF in sadiment slurry

Initially
anaerobic
slurries

Except fully
aerobic slurry

10000

g 1000 =
& g
= k=4
& £
z 100 —A—RE o

—B8—KC

—o—AE

—o—AN

10 '
0 20 40 60 80 100 0 20 40 60 80 100

Time (hr)

Time (hr)

PAH
degrading
genes

Log(Gene Copies /DNA)

4C RE AE AN KC

Constant condition slurries
AE: Aerobic condition
AN: Anaerobic condition

Electrode induced aerobic
conditions

RE: Electrode biodegradation
KC: Killed control




Redox comnftrel and pH changes in
sadimernt caps with clectrodes

................ ——

i Cathod
T
Anod
e

=
)

| “/J
|
- - -
s 1) 4v continuously DG Power DC Poseor
+ 2)1v continuously = 5) Anode and cathode Power
+ 3)2v continuously switched under 2v
*

ﬁ) 4v intermittently (1-3
ours per day)

48




49

= Side View
= Top View




Depth (cm)

Rados conttrol

T cell 3 ORP (mV)

0.0
05
1.0
15
2.0
25
3.0
35

4.0

N Cathode

0 20 40 60
Time (day)

80

100

Unpowered

control

50

50



Rades control
T cell 1 ORP (mV)

0.0 T
‘ 4 Anode
0.5 1 !
‘ || mm 500 ;
10 [ 00 | CONtinuously
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15 f N 200
2 | —0o to 4V DC
£ 20 100 |
= e power supply
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Il 400
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Depth (cm)
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Redox in dezp exddation moels

+ Anode at depth (sediment-cap interface)
+ PAH degradation mode

Sand Sediment

T T
Us 1r o
2F 2F control
o experiment
€3 T 3
L L
£ £
g4l 8 4
Q [a}
50 5k
6 6F
7 S 7 1 IPSA . . . .
0 00 250 300 350 0 50 0 200 250 300 350 400
ORP (mv) ORP (mv)
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Redox control by elactrod

+ Proof of concept was successful
+ Electrodes could establish oxidizing conditions at
the anode
+ Currently studying degradation and increases in PAH
degrading genes as per slurry experiments
+ pH changes were always associated with redox
changes

+ Currently studying use of siderite (iron carbonate) as buffer
material to control pH
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Intermecdiate Scale
Demonsration

+ Large flume demonstrations in cooperation with
Bayani Cardenas (UT Geosciences)

+ 2 dimensional flow (upwelling, river flow, hyporheic
exchange)




Conclusions

+ Funnel and gate approach allows significantly more
complex and sophisticated capping
+ Regular replacement of finite capacity sorbents
+ Sustainable biodegradation

+ Hollow fiber membranes to introduce air/oxygen and
encourage aerobic degradation
* Enhanced degradation shown

+ Low power electrodes for encouragement of
reduction/oxidation at different layers in sediments
* Enhanced degradation shown in idealized systems
+ In-sediment studies ongoing
* Intermediate scale demonstrations planned
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Resources & Feedback

* To view a complete list of resources for this
seminar, please visit the Additional Resources

* Please complete the Feedback Form to help
ensure events like this are offered in the future

Need confirmation of
your participation today?

Fill out the feedback form
and check box for
confirmation email.
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