Enhanced Anaerobic Bioremediation
of Chlorinated Solvents

] | I| et |
e TN o
i el
IRRNRRNNRNRNNRNDOOSRNS- ey o
=l b
] i
i

August 2004

N 4

Technology Certification Program

Environmental Security

| L.S.ARMY |

U.S. AIR FORCE



This page intentionally left blank



PRINCIPLES AND PRACTICES OF ENHANCED ANAEROBIC
BIOREMEDIATION OF CHLORINATED SOLVENTS

August 2004

Prepared for:

Air Force Center for Environmental Excellence

Brooks City-Base, Texas

Naval Facilities Engineering Service Center

Port Hueneme, California

and

Environmental Security Technology Certification Program

Arlington, Virginia



This page intentionally left blank



ACKNOWLEDGEMENTS

The Parsons Corporation (Parsons) prepared this Principles and Practices document under
contract to the Air Force Center for Environmental Excellence (AFCEE, Contract F41624-00-
D-8024) and the Naval Facilities Engineering Service Center (NFESC, Contract N47408-98-
D-7527). The NFESC contract was funded by the Environmental Security Technology
Certification Program (ESTCP). The United States Army Corp of Engineers (USACE)
assisted with technical review. This document is intended to assist AFCEE, NFESC, ESTCP,
USACE and their United States (US) Department of Defense (DoD) technology-transition
partners in evaluating and applying enhanced in situ anaerobic bioremediation for restoration
of groundwater contaminated with chlorinated solvents. The authors acknowledge the
assistance of numerous individuals who provided review services, and to several
environmental contractors that provided case studies and information regarding respective
areas of expertise. These individuals and their affiliations are listed in Appendix A.

022/738863/28.doc


40314
022/738863/28.doc


DISCLAIMER

In no event shall either the United States Government or Parsons have any responsibility
or liability for any consequences of any use, misuse, inability to use, or reliance on the
information contained herein; nor does either warrant or otherwise represent in any way the
accuracy, adequacy, efficacy, or applicability of the contents hereof. Mention of trade names
in this report is for information purposes only; no endorsement is implied.

-1 -

022/738863/28.doc


40314
022/738863/28.doc


TABLE OF CONTENTS

Page

ACKNOWLEGEMENTS ...ttt sttt sttt sttt i
DISCLAIMER ..ottt ettt sttt ettt et sae et e esae e beeneesaeens i
SECTION 1 - STATE OF THE PRACTICE .......ooieiieieeeeeeeee e 1-1
1.1 Problem Statement..........ccueiiiiieiiieeiie ettt 1-1
L2 OBJECHIVE. .o eutietieeiieciie ettt ettt et ettt et e st e et e sabeeaeeenbeenseeenbeenaeeenne 1-2
1.2.1 Intended AUIENCE.......cocueriieiieiiriieieeieee et 1-3

1.2.2 Using the Principles and Practices Document.............ccccveevevieenciveenneens 1-3

1.3 Roadmap to Enhanced /n Sifu Anaerobic Bioremediation............cccceevvervencnnen. 1-4
1.4 Technology DeSCriPtion .......c.ccccueiciieriieeiieiiieeiienie ettt et sere et esaee e eee 1-6
1.4.1 Remedial Objectives and Regulatory Acceptance ..........ccoecveveeereennveennen. 1-7

1.4.2 Applicable Contaminants (Chlorinated Solvents)..........cccccccvveervieennenns 1-7

1.4.3 Degradation ProCeSSES. ......cccouieriieriiiiiieiieeiie ettt 1-8

1.4.4 Anaerobic Reductive Dechlorination ...........cccceeeevervienieneeneniieneeneenens 1-9

1.4.5 Molecular Hydrogen as a Direct Electron Donor.............cccccvevuvrenneeee. 1-11

1.4.6 Microbiology of Anaerobic Reductive Dechlorination.......................... 1-12

1.5  Application of Enhanced Anaerobic Bioremediation.............cceecueeveenieennennnne 1-12
1.5.1 Technology SCreening.........ccceevieriieriieeiieiieeie e eieeiee e eiee e 1-13

1.5.2  Substrate (Electron Donor) AIternatives .........cccccveeeveerieenieenieeeieenneennn 1-14

1.5.3  System Configurations ..........ccceeeeveerieeerireenieeesieeerreeeeeeeereeeeneeeeveees 1-16

1.5/4 Delivery OPtiONS .......c.coeevueriinierienieniteieeitesieeee ettt 1-19

1.6 Alternative Remedial Strategies..........occvieviieriieiiieniieiieeieeieeeie e 1-20
1.7 Advantages and Limitations of Enhanced Anaerobic Bioremediation .............. 1-21
1.7.1 Advantages of Enhanced Anaerobic Bioremediation................ccuoen..... 1-21

1.7.2 Potential Limitations of Enhanced Anaerobic Bioremediation.............. 1-22

1.8 SUMIMATY ...ttt et e et e et e e sttt e s abeesnbaeessbeeesabeeesabeeenns 1-23

SECTION 2 - MICROBIOLOGICAL AND GEOCHEMICAL CONSIDERATIONS ..2-1

2.1

Microbial Processes and Degradation Pathways..........cccceeeviieeiiieiciecciecceens 2-2
2.1.1 Degradation Processes for Chlorinated Solvents ........c..ccccceeerveniencnnnenn 2-2
2.1.2  Anaerobic Reductive Dechlorination ...........ccccceveeverieneenienienieneniene. 2-2
2.1.3 Native Electron Acceptors and Oxidation-Reduction Conditions ........... 2-5
2.1.4 Fermentation Reactions and Molecular Hydrogen.............ccccvvevveennnennn. 2-6
2.1.4.1  Fermentation .........cccccecueeeeiuireeiiieeeieeeeieeeeeeeeevee e reeeseveeesareeens 2-7

- 1ii -

022/738863/28.doc


40314
022/738863/28.doc


TABLE OF CONTENTS (Continued)

Page
2.1.4.2  Donor-Specific Fermentation Reactions .........c..cccceecverveuennee. 2-7
2.1.43  Molecular Hydrogen as an Electron Donor............ccccceceennenee. 2-8
2.1.4.4  Stoichiometric Relationships........cccccccveeeviieeiiiecciiecieeee, 2-11
2.1.5 Alternate Degradation ProCesses..........cceoueeiuieriiinieniiienieeiieeieeiee e 2-12
2.1.5.1  Oxidative Pathways ..........ccoevcveeiieniiiiieieeiece e 2-12
2.1.5.2  Abiotic Pathways........cccceveiiiiiiieiiiieciie e 2-13
2.1.6 Relative Rates of Degradation...........ccceeecueeeriieeniie e 2-14
2.2 Microbial Communities Required for Anaerobic Reductive Dechlorination ....2-16
2.2.1 The Role and Occurrence of Dehalococcoides Microorganisms........... 2-17
2.2.2  Microbial ECOlOZY .....ocoiiiiiiriiieiieeiieieeeieeeeee ettt 2-19
2.2.3  Occurrence and Site-Specific Variability.........c.ccceevvveeviieecieecieeeen. 2-19
2.2.4 Environmental REQUIrEMENts .........cceveeiiieiieiiiienieeiieeie e 2-20
2.2.5 Reasons for Apparent/Actual DCE Stall or Slowdown........................ 2-21
2.2.6  Bloaugmentation.........c.ceccuieeeiuieeriiieeniieenieeesieeesireeesereeeseneesnreesnaneesnneens 2-22
23 Effects of Substrate Addition on DNAPL and Sorbed Contaminant Mass........ 2-23
SECTION 3 - PRELIMINARY SCREENING .....c.ccccceiiiininininieieieieeesese e 3-1
3.1 Remedial Objectives and Regulatory Considerations For Enhanced
Anaerobic Bioremediation...........cc.eevuirieriieniieierieeeeeceeee e 3-2
3.1.1 Remedial ObjJECtIVES. .....cceiuiiieiiieeiiieeiiee ettt et e e e e sveeeesaee e 3-2
3.1.2 Regulatory Considerations ..........coceeveeuerieniersieneenieeieneenieeeeeeeseeee s 3-3
3.2 Conceptual Site MOdeIS......cccoeeiuiiiiiiiiieiieiieeieee et e 3-4
3.2.1 Classification System for Chlorinated Solvent Plumes............c...cccoc....... 3-6
3.2.1.1  Type 1 Environment: Groundwater Systems that are Highly
Anaerobic due to High Levels of Organic Carbon.................. 3-6
3.2.1.2  Type 2 Environment: Systems that are Mildly Anaerobic
due to Moderate Levels of Organic Carbon .............ccoeeuenee. 3-7
3.2.1.3  Type 3 Environment: Aerobic Systems with Low Levels of
Organic Carbon........ccccoveviiiiiiiiniieceeeee e 3-8
3.2.1.4 Mixed Environments and Sequential Anaerobic/Aerobic
Degradation.........c.cooovieeiiieeiiecieecee e 3-8
33 Site Screening Technical Considerations............cceecvvieeveieeeiiieeeiieeciie e 3-9
3.3.1 Contaminant DiStribution ...........cccceeecieiiiiiiienieiiee e 3-10
3.3.2  MICIODIOIOZY ..ottt ettt 3-11
3.3.3  Hydrogeology ...cc.eievieiiieiieeiieieeeie ettt 3-12
3.3.4  Groundwater GEOChEMISIIY......cccvieiiiiieeiiieeiieeeie e 3-13
3.4  Potential Adverse IMPacts..........ccccceeriiriiiiiiiiiieeiee et 3-15
341 Water QUANILY ..ooveieiieiieciieeeeee e e e 3-15
3.4.1.1  Mobilization of CAHS ......cccceeviriirieiieierieeeeeeeee 3-15
3.4.1.2  Secondary Water Quality ISSUES........ccceevvuirerciieercrieeerieeeeen. 3-16
3.4.2 Generation of Volatile Byproducts and Noxious Gases............c..couce.... 3-18
3.5  Proceeding with Enhanced Anaerobic Bioremediation............c.ccceeveevveeniiennnnnne 3-18
- iV -

022/738863/28.doc


40314
022/738863/28.doc


TABLE OF CONTENTS (Continued)

Page
SECTION 4 - PRE-DESIGN......ootiiitiiiiieiiiieritesie ettt st 4-1
4.1 Evaluating EXiSting Data.........cc.ccovieriiiiieiieeiieieeieceeeeie et 4-3
4.1.1 Reviewing Field Data for Anaerobic Biodegradation Potential............... 4-4
4.1.2 Geochemical Requirements for Anaerobic Dechlorination ..................... 4-5

4.1.3 Justification for Proceeding at Sites Lacking Evidence of Anaerobic
DechlOrnation .....co.eeiiiiiieiieiieeeeeeee et 4-6
4.2 Site-Specific Evaluations for Engineered Anaerobic Bioremediation................. 4-6
4.2.1 Pre-Design Screening Techniques.........ccceveeiirieneniienieneenienicneeeneens 4-7
4.2.2  Optional Analytical Methods ..........cccceeviiiiieiiiniieiieceeeeee e 4-9
4.3 Laboratory IMICTOCOSITIS. ........eeeuiieiiereieeiieeteesieeereessseeseessseeseeeseesseesseenssesseens 4-10
4.3.1  MiCroCOSIM DESIZN......uviiiiiiieiiieeiieecieeeeieeesiee e e esreeeeaeeeereesreeeeereees 4-10
4.3.2  Utility of MicrocoSM TeStS.....cccueriirieiiriiniiniieieeienie e 4-11
4.3.3 Applying Microcosm ResultS...........cccceeriiiiniieiiiiniieiieeieeieeieee e 4-12
4.4  Small-Scale Pilot Tests and Substrate Utilization Tests ...........cccceevueriereeneennee. 4-13
4.5 Molecular Screening TeChNIQUES ........ccecvvieeiiieeiiieeiee e 4-14
4.5.1 Molecular Identification Methods ............coceeiiiiiiiniiiiiiiieeeee, 4-14
4.5.2 Using Molecular Identification Data.............cccceeviieiiiiniieiienieeiee, 4-17
4.5.3 Potential for False Negatives and False Positives..........ccccccveecveenireennenn. 4-18
4.6  When Should Bioaugmentation be Considered?............cccoevvuvveecveencieencreeenennn. 4-18
SECTION 5 - SYSTEM DESIGN AND ENGINEERING.........ccccocveiiiniieienieeeeeee. 5-1
5.1 Remedial Objectives and Technical Approach ...........cccoecevevieiiiiiniienciienieeieenen, 5-1
5.2 System CONfIGUIALIONS .......ccueeeeiiiieeiieeeiieeriieerieeeriee et e e e esireeeaaeeeneeesareeeans 5-2
5.2.1 Source Area Treatment.......coccueiiiiiiiiiiiiiiiiiniieeeiieeeee et 5-2
5.2.2 Biobarrier Containment SYStEMS......cc.ceeueerueruereenieeiienienieeieeeeneeieneeene 5-3
5.2.3 Plume-wide Treatment Strat@@ies..........cceeveerureruieeiiienieeiiesieeieeeveeees 5-4
53 Substrate (Electron Donor) OPtions ...........cccueeeieeieeriencieenieeieeseeesreeseeesseesnneens 5-5
5.4 Substrate DelIVEry OPLIONS ......cc.eeeeiieeiiieeiiieeiieeeiee e e erreeesereeeereeesaeeeeeee e 5-9
5.4.1 Direct INJECION ....cccuuiiiiiiiieiieeieee ettt st 5-10
5.4.2  ReECITCUIATION. c..coutiiiiiiiiiiiiteicete ettt 5-11
5.4.3 Biowall Trenches.......occoiiiiiiiiiiiiiiiiicceeeeeee e 5-12
5.5 Substrate Mixing and DeliVery........c.coccviieiiieeiiieciie e 5-13
5.5.1 Treatment Zone Volume and Radius of Influence ...........cccocceeeiennennne 5-13
5.5.2  Substrate (Electron Donor) Loading and Lifespan............c.cccceeeueennenne. 5-15
5.5.3  Soluble Substrate SYStEMS.......cc.eeriiriiieriieiienieeriee e e e eeee e eene 5-19
5.5.3.1  Suitability of Soluble Substrate Systems...........cccceervveeneen. 5-19
5.5.3.2  Soluble Substrate TYPES .......ccccervereeruerienienenieneeneeieneeenee 5-20
5.5.3.3  Mixing and Delivery of Soluble Substrates.............c.cccue....... 5-21
5.5.4 Viscous Fluid Substrate SyStems..........cccceeevierierriierieeniienieeieeeee e 5-23
5.5.4.1  Suitability of Viscous Fluids as Long-lasting Substrates......5-23
5.54.2 Hydrogen Release Compound (HRC™) Applications............ 5-23

- V -

022/738863/28.doc


40314
022/738863/28.doc


TABLE OF CONTENTS (Continued)

Page

5.5.43  Vegetable (Edible) Oil Applications ..........cccccceevveerrienneennen. 5-24

5.5.5 Solid Substrates (Mulch and Compost)..........cccuervrereeeiieenieeiienieeieenns 5-27

5.5.6  Experimental SUDSIIates .......cccceeviiieiiiiiieiieciieecee e 5-29

55601 WY it 5-29

5.5.60.2  CRITIN cueeiiiiiiieiicieeeceee e 5-29

5.5.6.3  Gaseous Hydrogen.........ccceeveeeiienieeiieniecieccie e 5-30

5.6 Implementation CONSIIAINES. ........c.eeeeciereeciieeeiieeeieeeeieeeeieeeereeeereeesreeeesveeeseneees 5-30
5.6.1 Geochemical Design Considerations for Substrate Selection ................ 5-31

5.6.2 Hydrogeologic Considerations for Substrate Delivery .............ccc........ 5-31

5.6.3 Short-Circuiting or Substrate Bypass..........ccceeveriievienieenieeiieeieeieenns 5-32

5.6.4 Changes in Hydraulic ConducCtivity ..........cccccuveeiiieeniieeniieeeiie e 5-33

5.6.5 Biofouling Control Methods..........coccociriiiniiiiniiiniininiceceececeeen 5-34

5.7  Implementing Bioaugmentation ............cceecueerieriiienieeieenieeieeseeeieeseveeseeesiaeens 5-34
5.7.1 Technical Approaches to Bioaugmentation............cccceeeveerveerieenveennnne. 5-34

5.7.2 Culture Selection and Estimation of Volume Requirements.................. 5-36

5.7.3 Selection of Electron Donors for Bioaugmentation ............ccccceeeneeee. 5-37

5.7.4 Adding Bioaugmentation Cultures to the Subsurface..............ccccoeeuneee. 5-38

5.7.5 Bioaugmentation Performance Monitoring...........ccccceeecvveencuveencnreennnen. 5-38

5.8 System Design SUMMATY.........cccviiiiieeiiieeciie ettt e e e raeeeeaeeeaeee e 5-38
SECTION 6 - SYSTEM MONITORING .....cceootiiieiieieieeesteie e 6-1
6.1 MONItOTING SrATEZICS ...evveenvieeiiieiieeiieeiieeiteeee et e eaeeteeeteeaeesteenseessseeseesnseesnes 6-1
6.1.1 Baseline Characterization...........ccocueevueerieeniinieenieeieesie e 6-2

6.1.1.1  Soil and Soil Gas Analyses..........ccceeeeuvreerieeriiieeiiee e 6-2

6.1.1.2  Groundwater ANalySes..........cocuereeruiriineirienieneeieeieneeeeeens 6-4

6.1.1.3  Hydraulic Characterization.............cccceevvereiienieeieenieenieenneens 6-9

6.1.2  Process MONItOTING........cccueeeiuiieeiiieeiieeeieeeiieeeiteeeireeeaeeeeareesareeenneeas 6-10

6.1.3  Performance MONItOTING ......cc.ceevireerieeeiiieeiieeeeieeerreeeiveeeereeeeveeeeneas 6-12

6.2  Monitoring System DeSIZN........cocueriiriiriiniiiiniinieeieeiene et 6-13
6.2.1 Monitoring Network Design.........cceevuieriiriiiiniieiieieeieesie e 6-13

6.2.2 Monitoring FreqQUENCY .......cccviiiiiiiieiiiieeiie et 6-14

6.3 Data Interpretation........ccccueeeeciieeciie ettt e e e e e e eae e eare e eereeenneees 6-15
6.3.1 Anticipated Changes in CAHs and Biogeochemistry ........c..cccccecueneenee. 6-15

6.3.2 Changes in Contaminant Concentration and Mass...........cccccceerveennennne. 6-16

6.3.2.1  Calculation of Molar Concentrations .............ccccevceevveeeennenne 6-17

6.3.2.2  Contaminant Molar Concentration Plots ..........c...cccccceneenee. 6-18

6.3.2.3  Changes in Total Molar Concentration ..........c..cccceevveeeennenne 6-20

6.3.2.4  Changes in Molar Fractions............ccccceevueerveriiienieenieenreenen. 6-21

6.3.3 Statistical TEChNIQUES.........ccceeviieriiieiieiecie e 6-22

6.3.4  GEOCHEMISIIY ...eeiiiiieiiieeeiieeiee et et e e e eeereeetae e eareeenaaeeenneeas 6-23

6.3.4.1 Competing Electron AcCeptors........ccceeeerervuereeneenueneeneenn 6-23

6.3.4.2  General Geochemical Indicator Parameters ..............cccc...e... 6-24

6.3.5 Microbial Evaluation.........cccccecerienieiinienieieeeeeee e 6-25

022/738863/28.doc


40314
022/738863/28.doc


TABLE OF CONTENTS (Continued)

Page

6.3.6 Biodegradation Rate Calculations...........ccccceevveriienienieenieciienieeieene, 6-26

6.3.7 Pilot Test Results and Test CONtrols ..........ccecceevereeneriienieneeienieeenee, 6-26

6.4 System ModifICAtIONS ........cccuiieiiiieiiieeciie ettt re e ee e ee e e eaeeeereeees 6-27
6.5  Reporting of System Monitoring and Performance...........cccccoceverviincnenncnnns 6-28

SECTION 7 - ENHANCED ANAEROBIC BIOREMEDIATION REFERENCES....... 7-1

Appendix A — Key Project Personnel
Appendix B — Sample Statement of Work
Appendix C — Determining Substrate Requirements
Appendix D — Evaluation of Alternative Systems
Appendix E — Illustrative Case Studies of Substrate Field Applications
Appendix E.1 — Case Study of Enhanced Bioremediation of a DNAPL Source Area:
Four Years of Data from Test Area North, INEEL
Appendix E.2 — Enhanced Reductive Dechlorination of a PCE Plume using Molasses
at a Former Dry Cleaning Site in Wisconsin
Appendix E.3 — Enhanced Reductive Dechlorination of a PCE Plume using Corn
Syrup and Cheese Whey
Appendix E.4 — Use of Hydrogen Release Compound (HRC®) to Remediate a
Chlorinated Solvent Plume in Fisherville, Massachusetts
Appendix E.5 — HRC® Pilot Test at Portland, Oregon Dry Cleaner Site
Appendix E.6 — Enhanced Anaerobic Biodegradation of Trichloroethene Using Edible
Oil Substrate (EOS™) in a Permeable Reactive Barrier
Appendix E.7 — Pilot-Scale Mulch Biowall, Building 301, Offutt AFB, Nebraska
Appendix E.8 — Pilot-Scale Low-Volume Hydrogen Biosparging Project, Cape
Canaveral, Florida
Appendix E.9 — Rapid and Complete Treatment of Trichloroethene via
Bioaugmentation in an Active Biobarrier
Appendix E.10 — Comparison of Field Sites Undergoing Enhanced In Situ
Bioremediation using Aqueous Electron Donors
Appendix E.11 — Enhanced Reductive Dechlorination of CAHs using Soluble
Carbohydrates - A Summary of Data from 50 Sites
Appendix E.12 — Hydrogen Release Compound (HRC®): A Review of Published
Papers and Case Histories 1999-2003
Appendix E.13 — Bioaugmentation to Enhance Anaerobic Bioremediation of
Chlorinated Solvents in Groundwater: Technology Overview and
Design Criteria

- Vil -

022/738863/28.doc


40314
022/738863/28.doc


5.2
53
54

5.5

5.6
6.1
6.2
6.3

6.4
6.5

No.

1.1
1.2
1.3
1.4

1.5

TABLE OF CONTENTS (Continued)

LIST OF TABLES

Title Page
Potential Degradation Processes for CAHS........ccccoevviieiiieeiiieecieceeceee e 1-9
Substrates Used for Enhanced Anaerobic Bioremediation .............cceeeeeueeeneee. 1-15
Description of Degradation Processes for CAHS .........cccccvevieiiienieeciieieeieeee, 2-3
Examples of Fermentation Half Reactions Using Organic Substrates as an
Electron Donor to Yield Hydrogen .........c.ccoccvveviiieiiiieniieeceeecee e 2-9
Examples of Half Reactions Using Hydrogen as the Electron Donor................ 2-10
Range of Hydrogen Concentrations for a Given Terminal Electron-Accepting
PLOCESS ...ttt 2-11
Characteristics of Chlorinated Aliphatic Hydrocarbons and Dechlorination
PrOQUCES ...ttt ettt et e 2-24

Suitability of Site Characteristics for Enhanced Anaerobic Bioremediation.....3-10
Considerations and Red Flags for Preliminary Screening of Sites with PCE

ANA TCE .ottt 3-12
Water Quality Parameters Subject to Regulatory Compliance at Enhanced
Anaerobic Bioremediation SIteS..........cocveruerierienierienieieeieneee et 3-17
Summary of Microbial Screening Techniques and Supplemental Analytical
IMETROMAS ..ot 4-8
Molecular Genetic Identification Methods............ccoeeiiiniiiiiiniiiiieeeee, 4-15
Summary List of Substrates (Electron Donors) Used for Enhanced Anaerobic
BiIoremediation ........cceveiiiiiniiniiniirieie et 5-7
Enhanced Anaerobic Bioremediation Delivery Options..........ccccveeeeveeecieennnennne 5-9
Examples of Radius of Influence for Varied Injection Scenarios....................... 5-14
Typical Substrate Loading Rates, Injection Frequencies, and Lifespans of
Common Organic SUDSLIALES ..........ccvieriierieeiiierieeieeere e see e sneereessaeeaee e 5-16
Hydrogeologic Parameters Required for Design of Enhanced Anaerobic
Bioremediation SYSTEIMS .......cc.eeuiriiriiiieienice ettt 5-32
Examples of Mixed Cultures that Dechlorinate PCE or TCE to Ethene............ 5-36
Soil and Soil Gas Analytical Protocol for Enhanced Bioremediation.................. 6-3

Groundwater Analytical Protocol for Enhanced Anaerobic Bioremediation....... 6-5
Summary of Process Monitoring at Test Area North at the Idaho National

Environmental and Engineering Laboratory, Idaho...........cccccoeviiiiieniiiininnnnn, 6-11
Molecular Weights for Various Chlorinated Compounds.............ccceeeveerureennenn. 6-17
System Modifications for Special Site Conditions...........ccccveeevieeerveeeniieennieenns 6-27
LIST OF FIGURES

Title Page
Enhanced Anaerobic Bioremediation Road Map.........ccccecveevviiniieniienciieiieeneene 1-5
Elements of a Conceptual Site Model ...........ccoevviieiiiieniieeieeeeeee e 1-6
Reducing Zones Established Downgradient of Substrate Injection.................... 1-10
Sequential Reduction of PCE to Ethene by Anaerobic Reductive
DechlOrNation .. ..coueiiiiiiieiiieie et 1-11
Schematic of Source Area and Biobarrier Injection Configurations.................. 1-17

- viii -

022/738863/28.doc


40314
022/738863/28.doc


No.

1.6
2.1
2.2

23
24
3.1
3.2
33
4.1
4.2
4.3
5.1
52
53
54
5.5
5.6
5.7
6.1
6.2
6.3
6.4
6.5
6.6

6.7

TABLE OF CONTENTS (Continued)

LIST OF FIGURES
Title Page
Schematic of a Horizontal Recirculation System............cccccveeveiieeiieencieennieens 1-19

Oxidation-Reduction Potentials for Various Electron-Accepting Processes ....... 2-5
Reaction Sequence and Relative Rates of Degradation for Chlorinated

EEhENEsS ... et et 2-15
Reaction Sequence and Relative Rates of Degradation for Chlorinated

EHhanes ...co..ooiiii e e 2-15
Reaction Sequence and Relative Rates of Degradation for Chlorinated

IMELRANES. ....coneieeiiieeie ettt ettt ettt et et b et ens 2-16
Preliminary Screening on the Enhanced Bioremediation Roadmap .................... 3-1
Elements of a Conceptual Site Model ..........cccueevieiiiiniiiiieieeieeee e 3-5
Geochemical Characteristics of Three Types of Chlorinated Solvent Plumes ....3-7
Site-Specific Evaluation for Enhanced Anaerobic Bioremediation..................... 4-2

Gel Band Responses for Dehalococcoides Species for Multiple Samples. ....... 4-16
Denaturing Gradient Gel Electrophoresis Image of Amplifiers from a

Conserved Region of Bacterial 16S TDNA .......ccoviiiiiiecieeeeeeeeee e 4-16
Schematic of Source Area and Biobarrier Injection Configurations.................... 5-2
Injection Configuration for Plume-wide Treatment of a Small Drycleaner Site..5-5
Schematic of a Horizontal Recirculation System...........c.cccceeveveenieecieenneenneennen. 5-11
Schematic of a Vertical Recirculation System ...........ccccvveevieeeiieeeiieeeiee e 5-12
Reducing Zones Established Downgradient of Injection in a High-flow
ACTODIC AQUITET....eoiiiiiiieiieeieee et et st ens 5-20
Soluble Substrate Injection SYSteM.........ccecccuieriieeiieiieeieeie et 5-22
Continuous Trenching for Biowall Installation, Altus AFB, Oklahoma............ 5-28
Plan View of a Typical Monitoring Well Network for Enhanced
BioremMediation ..........cc.eeviiiiiriiiiiiiesieeee e e 6-13
Cross-Section View of a Monitoring Well Network for Enhanced
Bioremediation ...........c.eoiiiiiiiiieeee e 6-14
Conceptual Changes in Contaminant Molar Concentration over Time with
Sequential Anaerobic Dechlorination ..............cceeeeeeeieniienienieeieeieeee e 6-19
Conceptual Changes in Contaminant Molar Concentration over Time with
DiIlution ONLY .....coouiieiiieeiie et 6-19
Changes in Molar Concentration over Time (Well MW4, Site SS015, Travis
AFB, California).........cccvieiiiieiiiieciie e 6-20
Total Molar Concentration over Distance along Groundwater Flowpath
through a Mulch Biowall at Altus AFB, Oklahoma.............cccoeevvieviieeniieenneen. 6-21
Changes in Molar Fraction and Total Molar Concentration over Time (Well
MW4, Site SS015, Travis AFB, California)............cccceeeevveeiieeecieecieeeeeeee. 6-22
- X -

022/738863/28.doc


40314
022/738863/28.doc


ACRONYMS AND ABBREVIATIONS

ug/L micrograms per liter

AFB Air Force Base

AFCEE Air Force Center for Environmental Excellence

AFRL Air Force Research Laboratory

ASTM American Society for Testing and Materials

atm atmospheres

bgs below ground surface

BOD biological oxygen demand

°C degrees Celsius

CA chloroethane

CAHs chlorinated aliphatic hydrocarbons

CCAFS Cape Canaveral Air Force Station

CERCLA Comprehensive Environmental Response, Compensation, and Liability
Act

CF chloroform

CM chloromethane

cm/sec centimeters per second

CO, carbon dioxide

COD chemical oxygen demand

CSM conceptual site model

CT carbon tetrachloride

DCA dichloroethane

DCE dichloroethene

DCM dichloromethane

DNAPL dense non-aqueous phase liquid

DO dissolved oxygen

DOC dissolved organic carbon

DoD Department of Defense

Eh hydrogen electrode

ESTCP Environmental Security Technology Certification Program

Fe(II) ferrous iron

Fe(III) ferric iron

FeS iron monosulfide

FeS, iron disulfide

foc fraction of organic carbon

ft/day feet per day

ft/yr feet per year

gpm gallons per minute

GSI Groundwater Services, Inc.

H, molecular hydrogen

HCl hydrochloric acid

HFCS high-fructose corn syrup
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ACRONYMS AND ABBREVIATIONS (Continued)

HRC" Hydrogen Release Compound®

ITRC Interstate Technology and Regulatory Council
1b/ft pounds per foot

LEL lower explosive limit

Koc partitioning coefficient between organic carbon and water
Ks(Hy) Monod half-saturation constant

MAROS Monitoring and Remedial Optimization System
MC methylene chloride

MCL maximum contaminant level

mg milligram

mg/L milligrams per liter

MNA monitored natural attenuation

mol/L moles per liter

MSDS Material Safety Data Sheet

mV millivolts

NFESC Naval Facilities Engineering Service Center
nmol/L nanomoles per liter

0&M operation and maintenance

ORP oxidation-reduction potential

Parsons Parsons Corporation

PCA tetrachloroethane

PCBs polychlorinated biphenyls

PCE tetrachloroethene (or perchloroethene)

PCR polymerase chain reaction

PLFAs phospholipids fatty acids

ppm parts per million

psi pounds per square inch

PVC polyvinyl chloride

QA/QC quality assurance / quality control

RABITT Reductive Anaerobic Biological In-Situ Treatment Technology
RCRA Resource Conservation and Recovery Act
rDNA ribosomal deoxyribonucleic acid

redox reduction-oxidation

ROI radius of influence

RPM restoration or remedial project manager
scfm standard cubic feet per minute

SVE soil vapor extraction

TCA trichloroethane

TCB trichlorobenzene

TCE trichloroethene

TDS total dissolved solids

TEAP terminal electron accepting process
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ACRONYMS AND ABBREVIATIONS (Continued)

TeCB tetrachlorobenzene

TOC total organic carbon

USACE United States Army Corp of Engineers

USEPA United States Environmental Protection Agency
VC vinyl chloride

VFAs volatile fatty acids

VOCs volatile organic compounds
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SECTION 1
STATE OF THE PRACTICE

1.1 PROBLEM STATEMENT

The Department of Defense (DoD) has identified hundreds of sites where groundwater is
contaminated with chlorinated solvents; these represent one of the DoD’s largest remediation
liabilities. In addition to their use in many industrial processes, chlorinated solvents have
historically been used for cleaning and degreasing such diverse products as aircraft engines,
automobile parts, electronic components, and clothing in the military and commercial sectors.
Chlorinated solvents were often released to the subsurface environment in waste water or in
the form of dense non-aqueous phase liquids (DNAPLs). As a result of their physical and
chemical properties, DNAPLs are difficult to remediate once they have migrated into
groundwater aquifers.

Enhanced n situ anaerobic

bioremediation can be an effective Enhanced in situ anaerobic

method of  degrading various bioremediation involves the delivery of an
chlorinated  solvents dissolved in organic substrate into the subsurface for
groundwater, including chloroethenes, the purpose of stimulating microbial
chloroethanes, and chloromethanes. growth and development, creating an
Collectively, these compounds (some of anaerobic groundwater treatment zZone,
which are degradation products of and generating hydrogen through
chlorinated solvents) are referred to as Jfermentation reactions.

chlorinated  aliphatic  hydrocarbons This creates conditions conducive to
(CAHs).  Advantages of enhanced anaerobic biodegradation of chlorinated
anaerobic  bioremediation  include solvents dissolved in groundwater. In
complete m.mer‘ahzat.lon _ of  the some cases, organisms may need to be
contaminants iz situ with little impact added, but only if the natural microbial
on infrastructure and relatively low cost population is incapable of performing the

compared to more active engineered required transformations.
remedial systems.

Numerous government entities, private industries, and university researchers have applied
a variety of organic substrates to promote anaerobic reductive dechlorination of chlorinated
solvents to innocuous end products. Large-scale anaerobic bioremediation projects have been
initiated and are showing promising and even remarkable results. However, in light of the
recent advances in the science and technology associated with enhanced anaerobic
bioremediation, it is expected that research may increase not only the range of sites (e.g.,
DNAPL source areas) and contaminants amenable to this approach, but also will improve on
the current practices in terms of the tools available to implement and monitor bioremediation.
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Therefore, enhanced anaerobic bioremediation holds promise as a method to address
remediation of chlorinated solvents in groundwater.

1.2 OBJECTIVE

The objective of this Principles and Practices document is to describe the state of the
practice of enhanced anaerobic bioremediation. The scientific basis of enhanced anaerobic
bioremediation is explained, and relevant site selection, design, and performance criteria for
various engineered approaches in current practice are discussed. The practice of enhanced
bioremediation of chlorinated solvents has developed rapidly over the last decade. This
development should continue for the foreseeable future, and hopefully will lead to a body of
information that will allow a more accurate and reliable comparison (and predictive
capability) of the cost and performance of bioremediation alternatives relative to other
remediation technologies than is available today.

Information provided in this document is intended to help restoration or remedial project
managers (RPMs) make informed decisions about enhanced bioremediation as a remedial
alternative, to select specific enhanced bioremediation approaches that are suitable for
achieving remedial goals, and to track the cost and performance of enhanced bioremediation
applications. Results and observations from enhanced bioremediation applications by the
DoD will thereby contribute to the body of information available for improving the
predictability of the cost and performance of enhanced bioremediation of chlorinated solvents
in groundwater.

It should be noted that this document was written to help guide evaluation and application
of enhanced anaerobic bioremediation; it is not intended as a critical evaluation of the process
or as a strict protocol to implement the technology. Although enhanced anaerobic
bioremediation has been applied at over 600 sites to date, it has yet to gain widespread
acceptance as a proven technology, primarily due to a lack of consistency in achieving
remedial objectives. It is clear that this process can enhance destruction of chlorinated
solvents in situ at certain sites. However, there are likely many sites where conditions may
limit or even preclude the use of enhanced bioremediation as part of the overall site
remediation strategy. This document seeks to help the user identify these “red flag”
conditions where enhanced bioremediation may not be usefully applied (see Appendix D for a
discussion of application to several sites, including some where success was limited).

It is hoped that this document will allow the RPM and practitioner to better understand the
process and only apply it where the probability of success is high. There are many sites
where defensible data has been collected and published demonstrating enhancement of
anaerobic biodegradation, and others where practitioners claim to have achieved site closure
applying the process. However, the authors are not aware of any site where complete clean
up or even site closure has been achieved for which quantitatively rigorous data has been
published clearly demonstrating the site-wide clean up. This is not unusual; collection of data
of this kind is expensive and can be difficult. The same is true of other in situ technologies
such as in situ oxidation and in situ thermal treatment. Those considering enhanced anaerobic
bioremediation must weigh the risk of failure in setting goals and in evaluating the process,
versus the potential for enhanced bioremediation to effectively meet remedial objectives.
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1.2.1 Intended Audience

This document is intended to provide DoD RPMs and their contractors with the
information necessary to make informed decisions on using enhanced anaerobic
bioremediation as a treatment technology for chlorinated solvents in groundwater. This
document provides the RPM with the tools required to assess the application of enhanced
anaerobic bioremediation at their sites and to identify optimum approaches, particularly when
soliciting and reviewing enhanced bioremediation services.

1.2.2  Using the Principles and Practices Document

This Principles and Practices document is

essentially divided into three parts, including an
overview of enhanced anaerobic bioremediation
(Section 1), a description of the science and
principles of anaerobic biodegradation (Section 2),
and the steps required to practice and evaluate the
technology (Sections 3 through 6).

Section 1 introduces the reader to the document
and provides a condensed overview of enhanced
anaerobic bioremediation of chlorinated solvents.
Section 2 provides a more detailed description of the
“principles” of anaerobic biodegradation for those

There are three parts to this
Principles and Practices of
Enhanced Anaerobic
Bioremediation document:

Part 1. Introduction and
technology overview (Section 1)

Part 2. Principles of the science
of enhanced bioremediation
(Section 2)

Part 3. State of the practice of
enhanced bioremediation

who desire more insight into the science of enhanced (Sections 3 through 6)

anaerobic bioremediation, including degradation
processes and  geochemical and  microbial
considerations.

Sections 3 through 6 summarize the “practice” of enhanced bioremediation. The reader
who has sufficient knowledge of the science and wishes to screen the technology for
applicability at a given site may go directly to Section 3, Preliminary Screening. The authors
caution that use of the preliminary screening section does require some subjective judgment,
and the user should first consider reading Section 2. Section 4 provides pre-design
considerations and describes tools used to evaluate application of the technology once
preliminary screening has been conducted, but before proceeding with system design.
Section 5 provides design and engineering considerations, while Section 6 provides
considerations for system monitoring and performance evaluation.

Section 7 contains references cited in the text of this document. Appendix A contains
contact information for key project personnel involved in the generation of this document,
including technical contributors and reviewers. Appendix B contains a sample contractual
statement of work for RPMs who may need to solicit enhanced anaerobic bioremediation
services. Appendix C provides a description of approximation techniques commonly used to
determine substrate demand. Appendix D is an evaluation of alternative enhanced anaerobic
bioremediation systems, while Appendix E contains example case studies for several
substrate types.
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1.3 ROADMAP TO ENHANCED IN SITU ANAEROBIC BIOREMEDIATION

Enhanced in situ anaerobic bioremediation has emerged in recent years as a remediation
strategy for CAHs in groundwater. Advantages include complete mineralization of the
contaminants in situ with little impact on infrastructure and relatively low cost compared to
more active engineered remedial systems (e.g., groundwater extraction, permeable reactive
iron barriers, or chemical oxidation).

There are many considerations to take into account when selecting and designing an
enhanced bioremediation system. Enhanced anaerobic bioremediation as a remediation
technology may not be appropriate at all sites due to the complexity of chlorinated solvent
contaminant plumes (e.g., DNAPL source areas) and potential site-specific limitations (e.g.,
difficult hydrogeologic conditions). At some sites, it may have utility only when coupled
with other remedial technologies. However, it is clear from the “success” stories described in
this document that the technology holds promise when properly applied.

Enhanced anaerobic bioremediation may be appropriate at sites where:

o Site-specific data indicate that the contaminants present (including any toxic
degradation products) can be readily degraded by native microbial populations under
anaerobic conditions.

o Subsurface conditions (e.g., aquifer permeability) are conducive to adequate
emplacement and distribution of a substrate, and creation of an in sifu reactive zone
conducive to anaerobic degradation of the targeted contaminants.

o A cost/benefit analysis indicates that the technology is cost-effective relative to other
remedial measures (e.g., monitored natural attenuation [MNA], air sparging,
groundwater extraction, permeable iron reactive barriers, or chemical oxidation).

A few conditions that may preclude the use of enhanced anaerobic bioremediation are
listed below. “Red flags” are described in more detail in Section 3.3 (Site Screening
Technical Considerations).

o Sites with impacted receptors, or with short travel time or distance to potential
discharge and/or exposure points.

o Sites with inaccessible DNAPL sources.

o Difficult hydrogeologic conditions that may preclude cost-effective delivery of
amendments, such as low permeability or a high degree of aquifer heterogeneity.

e Geochemical conditions (e.g., unusually low or high pH) that inhibit the growth and
development of dechlorinating bacteria.

The intent of this Principles and Practices document is to provide a roadmap for
appropriate and successful implementation of enhanced anaerobic bioremediation, while
identifying “red flags” and avoiding “road blocks” that may limit success or lead to failure to
achieve remedial goals. Figure 1.1 illustrates the steps involved in pursuing site closure using
enhanced anaerobic bioremediation.
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Remedial Action Objectives
« Remedial Objectives (Section 3.1)

+ Conceptual Site Model (Section 3.2)
(Assumes some characterization data)

Preliminary
Screening (Section 3)

* Red Flags?

* Develop a list of alternatives

. S . Consider Alternative Technologies
with preliminary cost estimate

* Does this approach appear
competitive with alternatives?

ST

Pre-Design
Considerations

(Section 4)

* Is data from site
available and useful?

* |s data adequate to develop

final design and comparisons?,

Identify Data Needs (Section 4)

« Collect Additional Site Data?
* Microcosms?
« In Situ Test?

Final Comparison
Alternatives and
Cost/Risk Analysis

* |s this the most
reasonable choice?

Design (Section 5)

Implement and Evaluate (Section 6)

A4

Figure 1.1 Enhanced Anaerobic Bioremediation Road Map
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Development of remedial objectives, a conceptual site model (CSM), and preliminary
screening (Section 3) are the first steps in evaluating the potential for applying enhanced
anaerobic bioremediation for CAHs in groundwater. Development of a CSM (Figure 1.2)
involves characterization of the nature of the release, the resulting contaminant plume, and
site hydrogeology. In addition, an exposure pathway analysis is required to determine the
level of risk posed by the contaminant release and to select and design an appropriate remedy.
The physical and chemical characteristics of CAHs, whether in a DNAPL or aqueous phase,
affect the fate and transport of these contaminants, and are also taken into account when
developing the CSM.

Nature and Extent
of
Geochemistry and Contamination
Oxidation-Reduction Hydrogeology
Conditions

!

R

CONCEPTUAL
SITE
MODEL

TN

\

Receptor and

Biodegradation Exposure Pathways

Potential
otentia Contaminant Fate

and Transport

Figure 1.2 Elements of a Conceptual Site Model

Additional site characterization, laboratory microcosm studies, or small-scale field tests
may be required as pre-design steps (Section 4) before a field-scale system can be designed
and a cost calculated for comparison to other remedial technologies. If a determination is
made to proceed with enhanced bioremediation, site-specific factors will continue to
influence the design of the remedial system (Section 5) and the interpretation of performance
results (Section 6).

1.4 TECHNOLOGY DESCRIPTION
Enhanced anaerobic bioremediation can be an effective method of degrading various forms

of chlorinated compounds dissolved in groundwater. When anaerobic degradation of CAHs
occurs naturally, it is considered a component of natural attenuation.
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However, the site-specific conditions
supporting natural degradation processes
(biotic or abiotic) may not be optimal (e.g.,
organic carbon limited). Thus, the
addition of an organic substrate to an

aquifer has the potential to further
stimulate microbial growth and
development, creating an anaerobic

environment in which rates of anaerobic
degradation of CAHs may be enhanced.
Therefore, a variety of organic substrates
have been applied to the subsurface to
promote anaerobic degradation of CAHs to
innocuous end products. In some cases,
microorganisms also may be added
(bioaugmentation), but only if the natural
microbial population is incapable of

Enhanced anaerobic bioremediation is
not effective unless:

o The contaminant is anaerobically

degradable,

Strongly reducing conditions can
be generated and conditions for
microbial growth are met,

A microbial community capable of
driving the process is present or
can be introduced to the
subsurface, and

A fermentable carbon source can
be successfully distributed
throughout the subsurface
treatment zone.

performing the required transformations.
1.4.1 Remedial Objectives and Regulatory Acceptance

In general, the remedial objective of enhanced anaerobic bioremediation is restoration of
contaminated groundwater to pre-existing levels of beneficial use. In the case of drinking
water aquifers, this is usually to federal or state established maximum contaminant levels
(MCLs). In many cases, cleanup criteria may be less stringent if the impacted groundwater
does not constitute a potable water supply. Exposure pathways such as surface water
discharge or volatilization to soil vapor also may dictate cleanup criteria. Project- or site-
specific remedial objectives may vary accordingly.

Regulatory acceptance of enhanced anaerobic bioremediation has evolved over the last
several years. Enhanced bioremediation has been implemented under various federal
programs, including the Comprehensive Environmental Response, Compensation, and
Liability Act (CERCLA) and the Resource Conservation and Recovery Act (RCRA). The
technology has been applied in over 32 states (Parsons, 2002a), including under the
jurisdiction of regulatory agencies such as the California Regional Water Quality Control
Board and the Florida Department of Environmental Protection. While the use of enhanced
bioremediation has been approved by the United States Environmental Protection Agency
(USEPA) and the majority of the states, it has yet to gain widespread acceptance as a proven
technology, primarily due to a lack of consistency in achieving remedial objectives (see
Section 3.1).

1.4.2  Applicable Contaminants (Chlorinated Solvents)

The most common chlorinated solvents released to the environment include
tetrachloroethene (PCE, or perchloroethene), trichloroethene (TCE), trichloroethane (TCA),
and carbon tetrachloride (CT). These chlorinated solvents are problematic because of their
health hazards and their resistance to natural degradation processes.
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Because these compounds exist in an
oxidized state, they are generally not
susceptible to aerobic oxidation processes
(with  the possible exception of

This Principles and Practices document
addresses bioremediation of chlorinated
solvents in groundwater, including
chloroethenes, chloroethanes, and

cometabolism). Howgver, oxidi;ed chloromethanes.

compounds are susceptible to reduction

under anaerobic conditions by either biotic Collectively, these compounds (chlorinated
(biological) or abiotic (chemical) solvent parent compounds and their

chlorinated degradation products) are
referred to as chlorinated aliphatic
hydrocarbons (CAHs).

processes. Enhanced anaerobic
bioremediation is intended to exploit
primarily biotic anaerobic processes to
degrade CAHs in groundwater.

Other common groundwater contaminants that are subject to reduction reactions are also
susceptible to enhanced anaerobic bioremediation. While not addressed in this document,
constituents that can also potentially be treated with this approach include the following:

« Chlorobenzenes;

o Chlorinated pesticides (e.g., chlordane), polychlorinated biphenyls (PCBs), and
chlorinated cyclic hydrocarbons (e.g., pentachlorophenol);

o Oxidizers such as perchlorate and chlorate;

« Explosive and ordnance compounds;

o Dissolved metals (e.g., hexavalent chromium); and
o Nitrate and sulfate.

Many of the techniques described in this document to create anaerobic reactive zones for
chlorinated solvents may also be applicable to the design and implementation of enhanced
anaerobic bioremediation systems for the constituents listed above.

1.4.3  Degradation Processes

There are many potential reactions that may degrade CAHs in the subsurface, under both
aerobic and anaerobic conditions (Table 1.1). Not all CAHs are amenable to degradation by
each of these processes. However, anaerobic biodegradation processes may potentially
degrade all of the common chloroethenes, chloroethanes, and chloromethanes. A more
detailed description of these degradation processes may be found in Section 2.1.

Anaerobic reductive dechlorination is the degradation process targeted by enhanced
anaerobic bioremediation. Through addition of organic substrates to the subsurface, enhanced
anaerobic bioremediation converts naturally aerobic or mildly anoxic aquifer zones to
anaerobic and microbiologically diverse reactive zones, making them conducive to anaerobic
degradation of CAHs.
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Table 1.1 Potential Degradation Processes for CAHs

Compound ¥
Chloroethenes Chloroethanes Chloromethanes

Degradation PCE TCE DCE VC |PCA TCA DCA CA|CT CF MC CM
Process

Aerobic N N P Y N N Y Y N N Y P
Oxidation

Aerobic N Y Y Y P Y Y Y N Y Y Y
Cometabolism

Anaerobic N N P Y N N Y P N N Y P
Oxidation

Direct Anaerobic Y Y Y Y Y Y Y Y Y Y Y Y
Reductive

Dechlorination

Cometabolic Y Y Y Y P Y Y P Y Y Y P
Anaerobic

Reduction

Abiotic Y Y Y Y Y Y Y Y Y Y Y Y
Transformation

Modified from ITRC (1998) using references listed in Table 2.1 in Section 2 of this document.

a/  PCE = tetrachloroethene, TCE = trichloroethene, DCE = dichloroethene, VC = vinyl chloride, PCA = tetrachloroethane,
TCA = trichloroethane, DCA = dichloroethane, CA = chloroethane, CT = carbon tetrachloride, CF = chloroform, MC =
methylene chloride, CM = chloromethane.

N = Not documented in the literature.

Y = Documented in the literature.

P = Potential for reaction to occur but not well documented in the literature.

Biodegradation of an organic substrate depletes the aquifer of dissolved oxygen (DO) and
other terminal electron acceptors (e.g., nitrate or sulfate), and lowers the oxidation-reduction
potential (ORP) of groundwater, thereby stimulating conditions conducive to anaerobic
degradation processes. After DO is consumed, anaerobic microorganisms typically use native
electron acceptors (as available) in the following order of preference: nitrate, manganese and
ferric iron oxyhydroxides, sulfate, and finally carbon dioxide. Figure 1.3 illustrates a CAH
plume where substrate has been injected into the source area. An anaerobic treatment area is
created with the development of progressively more anaerobic zones closer to the source of
organic carbon as electron acceptors are depleted. Anaerobic dechlorination has been
demonstrated under nitrate, iron, and sulfate reducing conditions, but the most rapid
biodegradation rates, affecting the widest range of CAHs, occur under methanogenic
conditions (Bouwer, 1994).

1.4.4 Anaerobic Reductive Dechlorination

The following three general reactions may degrade CAHs by anaerobic reductive
dechlorination:

o Direct Anaerobic Reductive Dechlorination is a biological reaction in which bacteria
gain energy and grow as one or more chlorine atoms on a CAH molecule are replaced
with hydrogen in an anaerobic environment. In this reaction, the chlorinated
compound serves as the electron acceptor, and it appears that hydrogen serves as the
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direct electron donor. Hydrogen used in this reaction is typically supplied by
fermentation of organic substrates. This reaction may also be referred to as
halorespiration or dehalorespiration (USEPA, 2000a).

Spill slute el |

Ground Surface

. ‘ ,Contaminated Zone Water Table
E E Groundwater Flow
Anaerobic”” Fe'teFe” 2
Reaction MnO; —» Mn
Zone Iron-Reduction NO; —> N,
Maganese-Reduction 0, —» H,0

Nitrate-Reduction

Aerobic Respiration

Figure 1.3 Reducing Zones Established Downgradient of Substrate Injection

o Cometabolic Anaerobic Reductive Dechlorination is a reaction in which a
chlorinated compound is reduced by a non-specific enzyme or co-factor produced
during microbial metabolism of another compound (i.e., the primary substrate) in an
anaerobic environment. By definition, cometabolism of the chlorinated compound
does not yield any energy or growth benefit for the microbe mediating the reaction
(USEPA, 2000a). For the cometabolic process to be sustained, sufficient primary
substrate is required to support growth of the transforming microorganisms.

o Abiotic Reductive Dechlorination is a chemical degradation reaction, not associated
with biological activity, in which a chlorinated hydrocarbon is reduced by a reactive
compound. Addition of an organic substrate and creation of an anaerobic environment
may create reactive compounds, such as metal sulfides, that can degrade CAHs (e.g.,
Butler and Hayes, 1999; Lee and Batchelor, 2002). In this case, substrate addition may
indirectly cause and sustain abiotic reductive dechlorination (Section 2.1).

In practice, it may not be possible to distinguish among these three different reactions at
the field scale; all three reactions may be occurring. Enhanced bioremediation applications to
date have targeted biotic dechlorination processes. As used in this document, anaerobic
dechlorination includes the biotic processes of direct and cometabolic anaerobic reductive
dechlorination and abiotic reductive dechlorination.

In general, biotic anaerobic reductive dechlorination occurs by sequential removal of
chloride ions. The most thoroughly studied anaerobic dechlorination pathway is degradation
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of PCE to TCE to cis-dichloroethene (DCE) to vinyl chloride (VC), and finally to ethene.
Sequential transformation from PCE to TCE to the DCE isomers (cis-DCE or trans-DCE) to
VC to ethene is illustrated in Figure 1.4.

trans-DCE
H Cl
b C= C/
Cl Cl  2442¢ CI H  2H+2e cl \H 2H'+2¢’ H H 2w+ H H
c=C C=C/ —%b \C=C/ \C=C/
N H N
Cl Cl  w+cr ClI Cl  w+cr N o/ H+CI cl H H+cr H
PCE TCE /C - C\ vC Ethene
Cl Cl
cis-DCE

Figure 1.4  Sequential Reduction of PCE to Ethene by Anaerobic Reductive
Dechlorination

In this reaction, hydrogen is the electron donor, which is oxidized. The chlorinated ethene
molecule is the electron acceptor, which is reduced. While other fermentation products (e.g.,
acetate) may serve as an electron donor, hydrogen appears to be the most important electron
donor for anaerobic dechlorination of CAHs (Maymo-Gatell et al., 1997; Fennell and Gossett,
1998).

Similar to the chloroethenes, the common chloroethanes and chloromethanes may be
transformed sequentially by anaerobic dechlorination as follows:

o Chloroethanes: 1,1,1-TCA to 1,I-dichloroethane (DCA) to chloroethane (CA) to
ethane.

o Chloromethanes: CT to chloroform (CF) to methylene chloride (MC) to
chloromethane (CM) to methane.

Anaerobic dechlorination of CAHs depends on many environmental factors (e.g.,
anaerobic conditions, presence of fermentable substrates, and appropriate microbial
populations). Anaerobic dechlorination also affects each of the chlorinated compounds
differently. For example, of the chloroethenes, PCE and TCE are the most susceptible to
anaerobic dechlorination because they are the most oxidized. Conversely, VC may degrade at
lower reaction rates because it is the least oxidized of these compounds. Therefore, the
potential exists for VC to accumulate in a treatment system when the rate at which it is
generated is greater than the rate at which it degraded. This is a common concern because
VC is considered more toxic than the other chlorinated ethenes. However, there are other
degradation pathways for VC (Table 1.1), and the formation and persistence of large VC
plumes (i.e., larger than the footprint of the initial CAH plume) is rarely observed in practice.

1.4.5 Molecular Hydrogen as a Direct Electron Donor
Researchers have recognized the role of hydrogen as a direct electron donor in the

anaerobic dechlorination of CAHs (Holliger et al., 1993; Gossett and Zinder, 1996; Smatlak
et al., 1996; Ballapragada et al., 1997). Laboratory cultures used to study direct anaerobic
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reductive dechlorination are typically mixed cultures, with at least two distinct strains of
bacteria: one strain ferments the organic substrate to produce hydrogen, and another strain
uses the hydrogen as an electron donor for anaerobic dechlorination.

Hydrogen is generated by fermentation of non-chlorinated organic substrates, including
naturally occurring organic carbon, accidental releases of anthropogenic carbon (fuel), or
introduced substrates such as carbohydrates (sugars), alcohols, and low-molecular-weight
fatty acids. As hydrogen is produced by fermentative organisms, it is rapidly consumed by
other bacteria, including denitrifiers, iron-reducers, sulfate-reducers, methanogens, and
dechlorinating microorganisms. Section 2.1 includes examples of biodegradation reactions
that utilize hydrogen as an electron donor for reduction of native electron acceptors and
CAHs. The production of hydrogen through fermentation does not, by itself, guarantee that
hydrogen will be available for reductive dechlorination of CAHs. For anaerobic reductive
dechlorination to occur, dechlorinators must successfully compete against other
microorganisms that also utilize hydrogen.

1.4.6  Microbiology of Anaerobic Reductive Dechlorination

Current literature suggests that anaerobic reductive dechlorination of CAHs is carried out
by a relatively few metabolic classifications of bacteria. These groups, which may behave
very differently from one another, include methanogens, sulfate-reducing bacteria, and
dechlorinating bacteria. The classifications and strains of bacteria that can reduce PCE and
TCE to cis-DCE appear to be ubiquitous in the subsurface environment.

Some dechlorinators sequentially dechlorinate PCE to TCE, some to cis-DCE, and some to
VC. (He et al., 2003a, 2003b). Complete dechlorination of PCE to ethene by a single species
has only been demonstrated in the laboratory for Dehalococcoides ethenogenes.
Dehalococcoides ethenogenes appear to be common, but not ubiquitous, in the environment
(Hendrickson et al., 2002a; He et al., 2003a). Therefore, microorganisms that may facilitate
dechlorination of DCE and VC to ethene may not be as prevalent at those capable of
dechlorination PCE and TCE to cis-DCE.

But in nature, anaerobic dechlorination is typically carried out by mixed cultures of
dechlorinators (Bradley, 2003). Flynn et al. (2000) demonstrated complete dechlorination of
PCE to ethene with a mixed culture that did not contain the Dehalococcoides species, and
found that at least two populations of dechlorinators were responsible for the sequential
dechlorination of PCE to ethene observed. This suggests that mixtures of differing
dechlorinating strains can achieve complete dechlorination without reliance on any one
specific strain of bacteria. In addition, other degradation pathways exist for the less
chlorinated compounds such as DCE and VC in both aerobic and anaerobic environments,
which also may achieve the desired degradation endpoint.

1.5 APPLICATION OF ENHANCED ANAEROBIC BIOREMEDIATION

Application of enhanced anaerobic bioremediation starts with a review of site-specific
conditions and evaluation of remedial objectives to determine if this remedial approach is
appropriate for a site (refer to the Road Map in Figure 1.1). Once enhanced bioremediation is
selected as a remedial alternative, design criteria for implementation are developed including
selection of a substrate and system configuration. The following subsections describe some
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common technology screening criteria, substrate alternatives, and system configurations used
for enhanced anaerobic bioremediation. More detailed information can be found in Section 3
(Preliminary Screening), Section 4 (Pre-Design), and Section 5 (System Design and
Engineering).

1.5.1 Technology Screening

The addition of an organic substrate Site-specific conditions must be reviewed
to the subsurface to stimulate and prior to selecting enhanced anaerobic
enhance the anaerobic dechlorination bioremediation as a remedial alternative.
process in situ has been explored at
many sites. Enhanced anaerobic It must be feasible to effectively distribute
bioremediation has been applied under an organic substrate and induce strongly
a broad range of site conditions, reducing conditions in the subsurface.

including the following:

« Hydrogeologic Settings. Enhanced anaerobic bioremediation has been applied in a
variety of hydrogeologic settings, from low permeability silts and clays to high
permeability alluvial sand and gravel deposits to fractured bedrock. Enhanced
bioremediation has been applied at depths up to 400 feet below ground surface (bgs)
and with groundwater velocities ranging from a few feet per year to several feet per
day. However, there are limits to applying the technology in settings with the extremes
of very high and very low rates of groundwater flow. It may be impractical to maintain
reducing conditions in high flow settings, due to the magnitude of groundwater and
native electron acceptor flux. On the other hand, it may be difficult to inject substrates
into tight formations, and under low flow settings mixing of substrate with
groundwater due to advection and dispersion may be limited.

o Contaminant Levels and Distribution. The technology has typically been applied to
groundwater plumes with concentrations of CAHs ranging from 0.01 to 100 milligrams
per liter (mg/L). Sites with indications of residual or sorbed DNAPL (dissolved CAH
concentrations in excess of 100 mg/L) also have been successfully treated. However, it
may not be realistic to expect rapid remediation of source areas with DNAPL pools.

o Geochemical Conditions. During anaerobic dechlorination, CAHs function as
electron acceptors in competition with naturally occurring (inorganic) electron
acceptors. For example, a high rate of groundwater flow coupled with high
concentrations of DO may create an oxygen electron acceptor demand that cannot
practically be overcome with substrate addition.

In some cases, adverse site conditions can be mitigated with proper system design. For
example, recirculation systems may be used to impose a hydraulic gradient and enhance
groundwater flow at sites with very low natural hydraulic gradients. However, when
pumping of significant quantities of groundwater is required, the technology may not be cost
competitive with pump and treat; this becomes a site-specific issue. Once enhanced
bioremediation has been selected as an appropriate technology, there are several substrate
alternatives and system configurations to consider.
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1.5.2  Substrate (Electron Donor) Alternatives

There are many organic substrates which can be naturally degraded and fermented in the
subsurface that result in the generation of hydrogen. Examples of easily fermentable organic
substrates include alcohols, low-molecular-weight fatty acids (e.g., lactate), carbohydrates
(e.g., sugars), vegetable oils, and plant debris (e.g., mulch). The substrates most commonly
added for enhanced anaerobic bioremediation include lactate, molasses, Hydrogen Release
Compound (HRC®), and vegetable oils. Substrates used less frequently include ethanol,
methanol, benzoate, butyrate, high-fructose corn syrup (HFCS), whey, bark mulch and
compost, chitin, and gaseous hydrogen.

Table 1.2 summarizes the attributes of several substrate types. These substrates are
classified here as soluble substrates, viscous fluids and low viscosity fluids, solid substrates,
and experimental substrates. The physical nature of the substrate dictates the frequency of
addition, the addition technique, and potential system configurations.

The selected organic substrate should be suitable for the biogeochemical and
hydrodynamic character of the aquifer to be treated. A common goal is to minimize overall
project cost by minimizing the number of required injection points, the number of injection
events, and substrate cost (Harkness, 2000). The physical and chemical characteristics of the
substrate (e.g., phase and solubility) may make certain substrates more suitable than others in
particular applications. Furthermore, combinations of various substrates are becoming more
common. For example, an easily distributed and rapidly degraded soluble substrate such as
lactate may be combined with a slow-release substrate such as vegetable oil. HRC® is also
available from the manufacturer in both a fast acting primer and a longer lasting HRC-X™
product.

The following paragraphs summarize each of the general substrate types and also describe
some common substrate amendments/nutrients and bioaugmentation cultures. Further
discussion of substrate and amendment alternatives can be found in Section 5.

Soluble Substrates. Substrates applied as a dissolved or “aqueous” phase offer the greatest
potential for uniform distribution throughout the aquifer matrix relative to substrates applied
as a viscous fluid or solid phase. Molasses and lactate are the most common substrates
applied in an aqueous phase. Soluble substrates travel with advective groundwater flow, and
are typically applied in a continuous or periodic (pulsed) mode to maintain a specified
reactive treatment zone.

Viscous Fluids. Slow-release, viscous fluid substrates include HRC® and neat vegetable oils
(Section 5.5.4). These substrates are intended to be long-lasting, where a single or limited
number of injections are sufficient for site remediation. They are intended to be relatively
immobile in the subsurface, and rely on advection and dispersion of soluble compounds
(lactic acid for HRC®, metabolic acids generated by degradation of vegetable oil) for effective
delivery throughout the aquifer matrix.
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Table 1.2

Substrates Used for Enhanced Anaerobic Bioremediation

Substrate

Typical Delivery
Techniques

Form of Application

Frequency of Injection

Soluble Substrates

Lactate and Butyrate

Injection wells or
circulation systems

Acids or salts diluted in
water

Continuous to monthly

Methanol and Ethanol

Injection wells or
circulation systems

Diluted in water

Continuous to monthly

Sodium Benzoate

Injection wells or
circulation systems

Dissolved in water

Continuous to monthly

Molasses, High
Fructose Corn Syrup

Injection wells

Dissolved in water

Continuous to monthly

Viscous Fluid Substrates

HRC® or HRC-X™

Direct injection

Straight injection

Annually to bi-annually for
HRC" (typical); Every 3 to
4 years for HRC-X™,;
potential for one-time
application

Vegetable Oils

Direct injection or
injection wells

Straight oil injection
with water push, or high
oil:water content (>20
percent oil) emulsions

One-time application
(typical)

Low-Viscosity Fluid Substrates

Vegetable Oil
Emulsions

Direct injection or
injection wells

Low oil content (<10
percent) microemulsions
suspended in water

Every 2 to 3 years
(typical); potential for one-
time application

Solid Substrates

Mulch and Compost

Trenching or
excavation

Trenches, excavations,
or surface amendments

One-time application
(typical)

Experimental (few applications)

Whey (soluble) Direct injection or Dissolved in water or Monthly to annually
injection wells slurry

Chitin (solid) Trenching or Solid or slurry Annually to biannually;
injection of a chitin potential for one-time
slurry application

Hydrogen (gas) Biosparging wells Gas injection Pulsed injection (daily to

weekly)

Humic Acids (electron
shuttles)

Direct injection or
injection wells

Dissolved in water

Unknown; potentially
semi-annually to annually

Low Viscosity Fluids. Vegetable oil emulsions have been developed in an effort to improve
the distribution of substrate in the subsurface while still providing a long-lasting source of
organic carbon. Microemulsions consisting of 5 to 10 percent vegetable oil in water ‘%y
volume are relatively low-viscosity mixtures (e.g., non-dairy creamers like Coffee Mate™)
compared to the viscous fluids described above. The use of microemulsions is the result of
lessons learned in early vegetable oil field trials in which high injection backpressures,
limited radii of influence (ROI), and reductions in hydraulic conductivity were observed using
coarse viscous emulsions or neat vegetable oil (Section 5.5.4.3).

Solid Substrates. Solid phase substrates include mulch and compost. Mulch is generally
obtained from shredding and chipping of tree and shrub trimmings and is primarily composed
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of cellulose and lignin. Often “green” plant material or compost is incorporated to provide a
source of nitrogen for microbial growth and as a source of more readily degraded organic
carbon. Degradation of the substrate by microbial processes in the subsurface provides a
number of breakdown products, including metabolic and humic acids, which act as secondary
fermentable substrates. Solid substrates are typically placed in trenches or in excavations as
backfill in a one-time event using conventional construction techniques.

Experimental Substrates. Experimental substrates are those selected for use as organic
substrates, but for which few field applications have been conducted and whose performance
is currently being evaluated. These include chitin, whey, and hydrogen gas. Other potential
substrates that have been identified, but have yet to be demonstrated at the field scale, include
milk, lactose (milk sugar), flour, tetrabutyl orthosilicate, and oleate (Yu and Semprini, 2002;
Yang and McCarty, 2000a). Biomass produced by microbial growth also has been shown in
the laboratory to be a suitable secondary substrate for anaerobic reductive dechlorination
(Yang and McCarty, 2000a), and may extend effective treatment times beyond the depletion
of the primary substrate.

Nutrients and Amendments. Under natural conditions, the aquifer may contain suitable
amounts of trace nutrients for microbial growth; however, the nutritional demand imposed by
rapid microbial growth in response to addition of an organic substrate may exceed the
capacity of the aquifer system (Chamberlain, 2003). Substrate amendments may be used to
provide additional nutrients for microbial growth. Substrate nutritional amendments
generally include nitrogen, phosphorous, and yeast extracts.

In addition, fermentation of complex substrates to metabolic acids and hydrochloric acid
(HCI) during anaerobic dechlorination may decrease the pH significantly in low-alkalinity
systems. Lowering of pH to below 5 or 4 standard units may inhibit growth of sulfate-
reducers, methanogens, and some dechlorinating microbes (Maillacheruvu and Parkin, 1996).
Therefore, pH buffer amendments such as sodium bicarbonate may be required in
groundwater systems with insufficient natural buffering capability.

Bioaugmentation. In many cases, the sole use of an organic substrate is sufficient to
stimulate  anaerobic reductive dechlorination (i.e., biostimulation). However,
bioaugmentation may be considered at a site when an appropriate population of
dechlorinating microorganisms is not present or sufficiently active to stimulate complete
anaerobic reductive dechlorination of the CAH constituents present. To date, experience with
bioaugmentation is limited, and there is some disagreement among practitioners as to its
benefits. Bioaugmentation involves the injection of a microbial amendment comprised of
non-native organisms known to carry dechlorination of the targeted CAHs to completion. For
example, the presence of Dehalococcoides-related microorganisms has been linked to
complete dechlorination of PCE to ethene in the field (Major et al., 2001; Hendrickson et al.,
2002a; Lendvay et al., 2003). Commercial bioaugmentation products that contain these
microorganisms are available.

1.5.3  System Configurations

Enhanced in situ anaerobic bioremediation can be implemented to provide source area or
dissolved plume treatment or containment, or a combination of source area and dissolved
plume remediation can be used. Enhanced bioremediation and conventional source treatment
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or containment approaches (e.g., chemical oxidation or groundwater extraction) will be
subject to the same difficulties associated with mass transfer limitations of a continuing
source and preferential flow paths in heterogeneous formations. The single largest difference
between conventional remedial technologies and enhanced bioremediation may be that
enhanced bioremediation, if properly implemented, can maintain effectiveness over a longer
period of time at a lower overall cost. This may make enhanced bioremediation an effective
remedial approach due to the substantial challenges associated with significant CAH source
mass removal. Typical system configurations and associated remedial action objectives that
engineered anaerobic bioremediation may be used to address include the following:

o Source Zone Treatment: Remediation of source zones where good
substrate/contaminant contact is possible.

o Plume Containment using a Biologically Reactive Barrier: Reduction of mass flux
from a source zone or across a specified boundary.

o Plume-Wide Restoration: Total treatment of an entire dissolved plume.
In some cases, several approaches may be combined. For example, a source area may be

targeted for remediation using a grid configuration, combined with a linear barrier
configuration upgradient from a downgradient point of compliance (Figure 1.5).

Containment Barrier

Source Area

Groundwater

Dissolved Plume -

® Iniection Point
Figure 1.5 Schematic of Source Area and Biobarrier Injection Configurations

The appropriate application of enhanced anaerobic bioremediation will be site-specific and
based on a strategy that takes into account final remedial objectives, feasibility of the
application, and regulatory issues. Ultimately however, there will be an economic limit to the
size of a plume that can be treated with a complete plume-wide application of enhanced
bioremediation. For plume sizes greater than 10 to 20 acres, use of containment strategies
combined with other remedial approaches may be more feasible.

Source Zone Treatment
Enhanced anaerobic bioremediation has been used to address source zones either to limit

mass flux from the source zone or to accelerate source mass removal. Mass flux reduction is
achieved by stimulating biodegradation in the dissolved phase, reducing contaminant mass
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available to migrate downgradient. Source mass removal is achieved by accelerating DNAPL
dissolution and then stimulating biodegradation of the dissolved contaminants. It should be
recognized that many practitioners currently believe that not all CAH DNAPL source zones
can be economically or feasibly cleaned up (e.g., Interstate Technology and Regulatory
Council [ITRC], 2002; USEPA, 2003). Anaerobic dechlorination is a process that takes place
in the aqueous phase and does not directly attack DNAPL mass. Therefore, enhanced
bioremediation may be limited in its ability to rapidly treat DNAPL source zone areas.

On the other hand, treatment to reduce mass flux and to perhaps increase the rate of
dissolution and treatment as compared to natural attenuation or groundwater extraction may
be more achievable. Enhanced bioremediation of DNAPL sources is being researched and
may someday be a proven and feasible long-term remedial alternative. The potential for
enhanced dissolution or desorption using organic substrates is discussed in Section 2.3.
Alternatively, injection of a low solubility, persistent carbon source such as vegetable oil into
a source area may serve to reduce mass flux and to effectively sequester the source due to
partitioning and lowering of hydraulic conductivity. However, while degradation of dissolved
constituents may be stimulated, this may not accelerate destruction of DNAPL or sorbed
source mass.

Plume Containment using Biologically Enhanced Barrier Systems

For large plumes having poorly defined, widely distributed, or inaccessible source areas,
enhanced bioremediation systems may be configured as permeable reactive barriers
(biobarriers) to intercept and treat a contaminant plume. For example, biobarriers may be
employed at a property boundary or upgradient from a point of regulatory compliance to
prevent plume migration to potential receptors. Biobarriers typically consist of either rows of
substrate injection wells or a solid-substrate trench located perpendicular to the direction of
groundwater flow.

Passive biobarriers typically use slow-release, long-lasting substrates (e.g., HRC®,
vegetable oils, or mulch) that can be either injected or otherwise placed in a trench, and that
are designed to remain in place for long periods to maintain the reaction zone. Contaminant
mass is delivered to the treatment zone via natural groundwater flow. Capital and operating
costs for a passive biobarrier configuration are typically lower than for plume-wide
configurations because of a limited treatment area. However, life-cycle costs could be
significant if the source of the CAHs upgradient of the biobarrier is not addressed.

Semi-passive or active biobarriers are similar to passive biobarriers except that a soluble
substrate is typically injected periodically (semi-passive) or via a recirculation system
(active). Soluble substrates migrate with groundwater flow, are depleted more rapidly, and
require frequent addition. However, these systems offer the advantage of being able to adjust
the rate or type of substrate loading over time, and soluble substrates may be easier to
distribute throughout larger volumes of the contaminant plume. Recirculation can improve
substrate distribution, contaminant/substrate mixing, and retention time for treatment; but the
overall groundwater flux downgradient of the system does not change.
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Plume-Wide Restoration

Enhanced bioremediation systems may be configured to treat dissolved CAHs across an
entire contaminant plume. Creating an anaerobic reaction zone across broad areas of a plume
is an aggressive approach that may reduce the overall timeframe for remediation. Plume-wide
delivery systems will typically be configured as a large injection grid, or a recirculation well
field may be employed to increase the effective area of substrate distribution. Higher initial
capital and operating costs of recirculation systems may be offset by shorter remedial
timeframes with lower monitoring and total long-term operating costs. However, plume-wide
applications where substrate is delivered to the entire plume may be cost prohibitive for very
large plumes or cost inefficient for low-level contaminant plumes.

At sites where larger plumes are present (greater than several acres), or the depth of the
plume makes installing injection wells difficult and expensive, multiple treatment lines can be
established perpendicular to the direction of groundwater flow, typically separated by 6 to 12
months of groundwater travel time. A recirculation approach may not be practical or cost
effective at a large scale due to the large volumes of groundwater to be processed and
ineffective in situ mixing in heterogeneous environments.

There is some controversy as to the cost effectiveness of using enhanced anaerobic
bioremediation for plume-wide restoration. For any kind of recirculating system,
groundwater pumping rates may have to be similar to pump and treat methods; the cost of
enhanced bioremediation must be carefully compared to pump and treat. If substrate addition
is done by some kind of multiple point injection relying on natural groundwater flow for
dispersion, this may require very close spacing of injection points and or it may not result in
good mixing of substrate and CAHs in situ.

1.5.4 Delivery Options

Common substrate delivery options
include direct injection or recirculation of [ Amendments |
fluid substrates, or emplacement of solid
substrates in biowall trenches (Section 5.4).
Where direct-push methods can be used,
substrate may be injected directly through the
probe rods. This is a common approach for
both slow-release and soluble substrates.
Otherwise, injection wells are used. Soluble
substrates may be injected in batch mode, or
in the case of frequent injections, the use of
automatic  injection systems may be
warranted.

Figure 1.6 Schematic of a Horizontal
Recirculation System
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Recirculation systems may also be employed for distribution of soluble substrates. Figure 1.6
is an example of a horizontal circulation system. Recirculation may be continuous or in a
pulsed mode. Substrates are added to the groundwater as it is reinjected into the treatment
zone. Recirculation systems may be effective for difficult hydrogeological conditions. For
example, recirculation may be used to effectively mix substrate and contaminated
groundwater at sites with very low hydraulic gradients and low rates of groundwater flow.
Delivery options are discussed in greater detail in Section 5.4.

1.6 ALTERNATIVE REMEDIAL STRATEGIES

Enhanced anaerobic bioremediation can be applied to achieve source reduction or plume-
wide treatment, and it may be possible to complete the remedy in as little as 2 or 3 years. But
for difficult sites (e.g., DNAPL source areas), it may be advantageous to combine enhanced
anaerobic bioremediation with other remedial strategies or measures.

Strategies or measures that can be used in combination with an enhanced bioremediation
application to either expedite treatment or to achieve site closure at lower life-cycle cost
include the following:

o Monitored Natural Attenuation:. MNA can often be employed as a polishing
technique after enhanced bioremediation or to address large areas of low-level
contamination that cannot be cost-effectively remediated with enhanced anaerobic
bioremediation. For very large, dilute plumes at some DoD sites, this may be the only
feasible and cost-effective approach.

o Supplementary Engineered Remedial Measures: Aggressive source reduction
measures (e.g., soil vapor extraction (SVE), excavation, chemical oxidation, thermal
technologies) may be used to quickly reduce contaminant source mass flux when a
large percentage (greater than 95 percent) of the source mass can be effectively
removed by these technologies. Use of enhanced bioremediation as a polishing step
following source reduction may facilitate more rapid attainment of remedial endpoints.
Some source removal methods (chemical oxidation or thermal treatment) may
adversely alter the subsurface environment for application of enhanced bioremediation.
However, this option is being considered as a potential remedy.

o Maximizing Mass Removal with Ongoing Treatment Techniques: Many sites have
inefficient long-term pumping systems in place for hydraulic containment and/or mass
removal. These systems are typically diffusion-limited, and often exhibit asymptotic
mass removal rates. An enhanced bioremediation approach may be used in
conjunction with an ongoing pumping system to expedite mass removal in source areas
while pumping maintains containment of the contaminant plume.
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1.7 ADVANTAGES AND LIMITATIONS OF ENHANCED ANAEROBIC
BIOREMEDIATION

When  selecting  enhanced Advantages of enhanced anaerobic
anaerobic bioremediation relative bioremediation include the potential for
to other technologies, the RPM complete destruction of dissolved CAH mass in
should evaluate both  the situ with little impact on site infrastructure,

lower capitol and maintenance costs relative to
other highly engineered remedial technologies,
and potential application to a wide variety of
contaminants.

advantages and limitations of this
approach as described below.

1.7.1  Advantages of Enhanced Anaerobic Bioremediation

Remediation of CAHs in the subsurface is difficult and sometimes technically infeasible
due to aquifer heterogeneity and the density and hydrophobic nature of chlorinated solvent
DNAPLs. Highly engineered remedial techniques such as pump-and-treat are costly due to
inherent mass transfer limitations, capital expenditures, the need for treatment of secondary
waste streams, energy consumption, and long-term operation and maintenance (O&M)
requirements. Conversely, enhanced in situ anaerobic bioremediation may in some cases
offer the following advantages:

o Lower Capital and Maintenance Costs: Lower capital costs often are realized
because substrate addition can be easily accomplished using conventional well
installations or by wuse of direct-push technology. Soluble substrates or
soluble/fermentation products of slow-release substrates can potentially migrate into
and disperse within heterogeneous lithologies via advection and diffusion. Systems
used to mix and inject substrates can be readily designed and installed by
environmental engineers, and O&M is generally routine.

o Destruction of Contaminants In Situ: CAHs that are treated have the potential of
being completely mineralized or destroyed. Destruction of contaminants in situ is
highly beneficial because contaminant mass is not transferred to another phase, there is
no secondary waste stream to treat, potential risks related to exposure during
remediation are limited, and there is minimal impact on site infrastructure. The
biologically mediated reactions involved can generally be driven by indigenous
microorganisms that are already resident in the groundwater.

o Interphase Mass Transfer: It appears that the enhanced anaerobic process may
increase the rate of DNAPL source zone dissolution. This has sparked interest in
enhanced bioremediation as a more efficient and expeditious method for remediating
CAH source areas where remediation has been dissolution limited (see Section 2.3 for
further discussion and Table 2.6 for a list of CAH compound physical and chemical
properties).

o Potential Application to a Variety of Contaminants: In addition to CAHs, the
technology may be applicable to a variety of other contaminants (see Section 1.4.2).
Enhanced anaerobic bioremediation has the potential to treat any contaminant that can
be made less toxic or less mobile through reduction reactions.
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o Treatment Train Options: Enhanced anaerobic bioremediation can be used in
tandem with existing or alternative remediation systems to optimize performance.
(e.g., source removal via excavation or vapor extraction). Alternatively, anaerobic
bioremediation systems may be coupled with downgradient aerobic reaction zones
(e.g., air sparging trench) to degrade dechlorination products such as cis-DCE or VC
that are amenable to degradation by oxidation processes.

1.7.2 Potential Limitations of Enhanced Anaerobic Bioremediation

Implementation of enhanced anaerobic

bioremediation involves injection of a substrate If not carefully designed and

that causes profound changes to the subsurface implemented, disadvantages of
environment, and the degree of success may be enhanced anaerobic

subject to hydrogeological, geochemical, and bioremediation may include longer

biological limitations. Some of these problems timeframes for remediation,

also affect other remedial techniques and are not
necessarily unique to enhanced anaerobic
bioremediation. Several issues that should be
considered prior to applying enhanced anaerobic
bioremediation include, but are not limited to,
the following:

incomplete degradation of CAH
parent compounds, adverse
impacts to secondary water quality,
and generation of volatile or
noxious gases.

o Site-Specific Limitations. Site-specific limitations may include low permeability or a
high degree of heterogeneity that limits the ability to effectively distribute the substrate
throughout the aquifer. The depth to which enhanced bioremediation can be applied is
a function of drilling capabilities and cost, and not necessarily a limitation of the
bioremediation process. Other site-specific limitations may include high levels or
influx of competing electron acceptors (e.g., DO, nitrate, or sulfate); inhibitory
geochemical conditions (e.g., pH); or lack of appropriate microbial communities or
species. As a result, degradation may be limited.

o Timeframe for Remediation. Enhanced bioremediation via anaerobic dechlorination
is not an instantaneous process. The time required to develop the appropriate
environmental conditions and to grow a microbial population capable of complete
degradation may be on the order of several months to years at many sites. Therefore,
the technology may require prolonged process monitoring and system maintenance.

o Remediation of DNAPL Sources. While anaerobic dechlorination has been shown to
be a viable remedial approach for dissolved contaminant mass, and perhaps for limiting
mass flux from or containing DNAPL source zones, it is not yet a proven technology
for reducing significant DNAPL mass in source zones.

o Incomplete Degradation Pathways and cis-DCE Stall. Microbial populations
capable of anaerobic dechlorination of the highly chlorinated compounds (e.g., PCE
and TCE to cis-DCE) are thought to be more or less ubiquitous in the subsurface
environment. However, the ability of these dechlorinators to compete with other native
microbial populations or to complete the degradation of these compounds to innocuous
end products may be an issue at some sites.
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o Secondary Degradation of Water Quality. While anaerobic dechlorination may be
effective in degrading chlorinated solvents, secondary degradation of groundwater
quality may occur. Degradation reactions or excessive changes in groundwater pH and
reduction-oxidation (redox) conditions may lead to solubilization of metals (e.g., iron,
manganese, and potentially arsenic), formation of undesirable fermentation products
(e.g., aldehydes and ketones), and other potential impacts to secondary water quality
(e.g., total dissolved solids). Many of these changes are not easily reversed, and in the
case of a slow-release carbon source it may take many years for the effects of the
substrate addition to diminish. These issues should be considered during technology
screening (Section 3.4.1).

o Generation of Volatile Byproducts and Noxious Gases. Stimulating biodegradation
also may enhance generation of volatile byproducts and noxious gases (e.g., VC,
methane, or hydrogen sulfide) that may degrade groundwater quality and/or
accumulate in the vadose zone.

While these concerns and potential limitations should be considered when evaluating
enhanced anaerobic bioremediation, many of them can be mitigated or compensated for by
understanding the biogeochemical and hydrogeologic conditions of the aquifer system and
using an appropriate design.

1.8 SUMMARY

Enhanced anaerobic bioremediation is a promising technology for the in sifu remediation
of CAHs in groundwater, which has been and is being applied at many sites. There are many
substrate alternatives and system configurations that can be employed to stimulate anaerobic
reductive dechlorination of CAHs. This principles and practices document is intended to
provide RPMs with the information necessary to assess the application of enhanced anaerobic
bioremediation at their sites and to identify optimum approaches, particularly when soliciting
and reviewing enhanced bioremediation services.

A road map for implementing enhanced anaerobic bioremediation (figure 1.1) begins with
characterization of a site, development of a CSM, and defining remedial objectives.
Preliminary screening and evaluation of existing data is required to determine if enhanced
anaerobic bioremediation is a suitable remedy for a specific site (Section 3). Often additional
data collection or pre-design testing (Section 4) are required prior to a final decision as to
whether enhanced anaerobic bioremediation is the most reasonable choice of a remedy
compared to alternative technologies. Common attributes of system design (Section 5) and
the implementation and evaluation of enhanced anaerobic bioremediation (Section 6) are
described in this document to assist the RPM in assessing applications of this technology.
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SECTION 2
MICROBIOLOGICAL AND GEOCHEMICAL CONSIDERATIONS

Enhanced anaerobic bioremediation can

be an effective method of degrading Enhanced anaerobic bioremediation is
various forms of CAHs dissolved in not effective unless:

groundwater. The most common CAHs o The contaminant is

released to the environment include PCE, anaerobically degradable,

TCE, TCA, and CT. Because these
compounds are in an oxidized state, they
are generally not susceptible to aerobic
oxidation processes (with the possible
exception of cometabolism). However,

Strongly reducing conditions
can be generated and other
environmental conditions for
microbial growth are met,

oxidized CAHs are susceptible to A microbial community capable
reduction under anaerobic conditions by of driving the process is present
either Dbiotic (biological) or abiotic or can be introduced to the
(chemical) processes. Enhanced anaerobic subsurface, and

bioremediation is intended to stimulate and A fermentable carbon source
exploit biotic anaerobic processes to can be successfully distributed
degrade chlorinated solvents in throughout the subsurface

groundwater. treatment zone.

For enhanced anaerobic bioremediation to be effective, the contaminants and
dechlorination products must be anaerobically degradable, strongly anaerobic conditions must
be achieved, and environmental conditions for microbial growth must be met. Not only does
this require the presence of a microbial community capable of driving the appropriate
degradation processes, but the organic substrate used to stimulate anaerobic biodegradation
processes must be uniformly added to the reaction zone and mixed with contaminated
groundwater at appropriate concentrations.

This section describes the microbiological and geochemical conditions that must be
achieved to successfully implement engineered anaerobic biodegradation of chlorinated
solvents. Section 2.1 describes microbial processes and degradation pathways for chlorinated
solvents.  Because enhanced anaerobic bioremediation specifically targets biological
anaerobic reductive dechlorination, Section 2.2 describes the microbial communities required
for complete dechlorination to occur. Finally, Section 2.3 describes biological and chemical
processes by which enhanced bioremediation may enhance the transfer of contaminant mass
from DNAPL or sorbed phases to the dissolved phase, where it is subject to anaerobic
biodegradation processes.
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2.1 MICROBIAL PROCESSES AND DEGRADATION PATHWAYS

The study of the natural attenuation of chlorinated solvents has led to many discoveries as
to how these contaminants are degraded in the subsurface. Understanding these processes
and the pathways by which chlorinated solvents are degraded is essential to the application of
engineered anaerobic bioremediation. Under some conditions, these processes may be
sufficient to protect human health and the environment without the need for enhancement. 4
natural attenuation assessment should be conducted prior to considering the need for
enhanced bioremediation. To date, successful enhanced bioremediation has simply been
done through gaining an understanding of these naturally occurring attenuation processes and
altering the environment to further stimulate them. This has resulted in many practitioners
referring to enhanced bioremediation processes as enhanced natural attenuation.

2.1.1  Degradation Processes for Chlorinated Solvents

There are several potential reactions that may degrade CAHs in the subsurface, but not all
CAHs are amenable to degradation by each of these processes (Table 1.1). For example, PCE
is not amenable to any process of aerobic degradation, while TCE may only be degraded by
aerobic cometabolism that typically requires addition of a substrate in the presence of oxygen.
However, anaerobic biodegradation processes may potentially degrade not only PCE and
TCE, but all of the common chloroethenes, chloroethanes, and chloromethanes. Table 2.1
further describes these potential degradation processes.

Enhanced anaerobic bioremediation seeks to exploit anaerobic biodegradation processes to
completely degrade chlorinated solvents to innocuous end products. This approach involves
the addition of organic substrates to the subsurface to create anaerobic and microbiologically
diverse reactive zones that are conducive to the anaerobic degradation of CAHs. The
degradation processes and the conditions under which they occur are described in the
following subsections.

2.1.2 Anaerobic Reductive Dechlorination

The process of microbially facilitated anaerobic dechlorination has been well documented,
and discussion of the overall process can be found widely in the literature (for example, see
Wiedemeier et al. [1999] and USEPA [1998a and 2000a]). Anaerobic dechlorination of
CAHs depends on many environmental factors including strongly anaerobic conditions,
presence of fermentable substrates, generation of molecular hydrogen, and appropriate
microbial populations to facilitate the reactions.

As listed in Tables 1.1 and 2.1, the three general reactions that may degrade CAHs by
anaerobic reductive dechlorination include the following:

o Direct Anaerobic Reductive Dechlorination is a biological reaction in which bacteria
gain energy and grow as one or more chlorine atoms on a CAH molecule are replaced
with hydrogen in an anaerobic environment. In this reaction, the chlorinated
compound serves as the electron acceptor and hydrogen serves as the direct electron
donor. Hydrogen used in this reaction is typically supplied by fermentation of organic
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substrates. This reaction may also be referred to as halorespiration or dehalorespiration
(USEPA, 2000a).

Table 2.1 Description of Degradation Processes for CAHs
Degradation Reaction Process Alternate Process Example References
Process Terminology
Aerobic Compound is oxidized (used as Hydroxylation, Bradley and Chapelle,
Oxidation an electron donor). Yields energy Epoxidation 2000; Tandoi et al.,
to the microorganism facilitating 2001; Hage and
the reaction. Hartmans, 1999
Aerobic Compound is oxidized by an -- McCarty et al., 1998;
Cometabolism enzyme or co-factor produced Hopkins and McCarty,
during microbial metabolism of 1995; McCarty and
another compound. Semprini, 1994
Anaerobic Compound is oxidized (used as -- Bradley and Chapelle,
Oxidation an electron donor) by electron 1997; Bradley et al.,
acceptors other than oxygen. 1998a, 1998b, and
Yields energy to the 1998c; Dijk et al., 2000
microorganism facilitating the
reaction.
Direct Anaerobic ~ Compound is reduced (used as an  Halorespiration, Maymo-Gatell et al.,
Reductive electron acceptor). Yields energy = Dehalorespiration 1999; Fennell and
Dechlorination to the microorganism facilitating Gossett, 1998; He et al.,
the reaction. 2003b
Cometabolic Compound is reduced by an Anaerobic Maymo-Gatell et al.,
Anaerobic enzyme or co-factor produced Cometabolism 2001; McCarty and
Reductive during microbial metabolism of Semprini, 1994;
Dechlorination another compound. Rheinhard et al., 1990
Abiotic Compound is reduced by Abiotic Reductive Lee and Batchelor, 2002;
Transformation chemical reactions. For example,  Dechlorination, Butler and Hayes, 1999;
degradation by iron monosulfides  Hydrolysis, Vogel and McCarty,
and other reactive inorganic Dehydrochlorination, 1987; Adrians et al.,
compounds. Elimination, 2001; Gander et al.,
Hydrogenolysis, 2002; Ferrey et al., 2004
Dichloroelimination

o Cometabolic Anaerobic Reductive Dechlorination is a reaction in which a
chlorinated compound is reduced by a non-specific enzyme or co-factor produced
during microbial metabolism of another compound (i.e., the primary substrate) in an
anaerobic environment. By definition, cometabolism of the chlorinated compound
does not yield any energy or growth benefit for the microbe mediating the reaction
(USEPA, 2000a). For the cometabolic process to be sustained, sufficient primary
substrate is required to support growth of the transforming microorganisms.

o Abiotic Reductive Dechlorination is a chemical degradation reaction not associated

with biological activity where a chlorinated hydrocarbon is reduced by a reactive
compound (Vogel et al., 1987). For example, abiotic transformation of CT, TCA,
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PCE, TCE, and cis-DCE by metal sulfides has been investigated using pyrite
(Weerasooriya and Dharmasena, 2001; Kriegman-King and Reinhard, 1994), troilite
(Sivavec and Horney, 1997), mackinawite (Butler and Hayes, 1999 and 2000), and
magnetite (Ferrey et al. 2004). In this case, substrate addition may indirectly cause and
sustain abiotic reductive dechlorination.

In practice, it may not be possible to distinguish between the three different reactions listed
above at the field scale. As used in this document, anaerobic dechlorination includes the
biotic processes of direct and cometabolic anaerobic reductive dechlorination, and abiotic
reductive dechlorination.

Anaerobic reductive dechlorination of CAHs using hydrogen as an electron donor are
typically based on the following two half reactions:

(1) H,=>2H" + 2¢
(2) 2¢’+H +R-C-Cl=>R-C-H + CI'

These half reactions can be combined and balanced to produce the following generalized
complete reaction:

3) H, +R-C-Cl1=>R-C-H+H" + CI'

where C-Cl represents a carbon-chloride bond in a chlorinated molecule, C-H represents a
carbon-hydrogen bond, and R represents the remainder of the molecule. In these reactions,
two electrons are transferred with molecular hydrogen (H;) as the electron donor (which is
oxidized) and the chlorinated molecule (R-C-Cl) as the electron acceptor (which is reduced).

Although fermentation products (e.g., acetate) other than hydrogen have been identified as
direct electron donors, several pure microbial cultures isolated to date require hydrogen as the
electron donor for complete dechlorination of PCE to ethene (Maymo-Gatell et al., 1997;
Fennell and Gossett, 1998). Therefore, it appears hydrogen may be the most important
electron donor for anaerobic dechlorination.

In general, anaerobic dechlorination occurs by sequential removal of a chloride ion. For
example, the chlorinated ethenes are transformed sequentially from PCE to TCE to the DCE
isomers (cis-DCE or trans-DCE) to VC to ethene. This process of sequential dechlorination
is illustrated in Figure 1.3.

Similarly, the common chloroethanes and chloromethanes may be transformed
sequentially by anaerobic dechlorination as follows:

Chloroethanes: 1,1,1-TCA to 1,1-DCA to CA to ethane.
Chloromethanes: CT to CF to MC to CM to methane.
Anaerobic dechlorination of CAHs is associated with the generation of dechlorination

products and chloride ions, and affects each o