REPORT DOCUMENTATION PAGE FORM APPROVED
OMB No. 0704-0188

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions,
searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. Send
comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing this burden to
Washington Headquarters Services, Directorate for Information Operations and Reports, 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA
22202-4302 and to the Office of Management and Budget, Paperwork Reduction Project (0704-01880), Washington, DC 20503.

1. AGENCY USE ONLY 2. REPORT DATE 3. REPORT TYPE AND DATES COVERED

4. TITLE AND SUBTITLE 5. FUNDING NUMBERS
Field Demonstration of Slurry Reactor Biotreatment of Explosives-
Contaminated Soils

6. AUTHOR(S)

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING
Argonne National Laboratory ORGANIZATION
Environmental Research Division, Bioremediation Group REPORT NUMBER
9700 South Cass Avenue

None
9. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSORING/
MONITORING AGENCY
U.S. Army Environmental Center (USAEC) REPORT NUMBER

Environmental Technology Division

SFIM-AEC-ET-CR-96178

11. SUPPLEMENTARY NOTES

USAEC Project Officer: Mr. Mark Hampton (410) 612-6852

12a. DISTRIBUTION/AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

Distribution Unlimited

13. ABSTRACT (MAXIMUM 200 WORDS)

Bioslurry technology requires excavation and screening of soil to remove rocks, mixing soil with water
to form a slurry, mixing the slurry in a reactor, and removal of the slurry from the reactor.
Biodegradation of explosives also requires a co-substrate (e.g., molasses), pH > 6, and aerobic-
anoxic operation. In this study, the native microbial population degraded explosives in soil. Four
reactors (350-380 gal) were operated at the Joliet Army Ammunition Plant: a control with no
co-substrate, 20% and 10% weekly replacement (by volume) reactors, and a 5% daily replacement
reactor. This design allowed investigation of different soil (and therefore TNT [2,4,6-trinitrotoluene])
loading rates. The target soil slurry was 15% (weight/weight). Explosives concentrations in soil were
2,000-8,000 mg/kg. Environmental conditions were identical for all reactors, and temperature, pH,
and dissolved oxygen were similar. This demonstration showed that the important process
parameters for successful (> 99%) removal of TNT are an organic co-substrate (molasses), operation
in an aerobic-anoxic sequence, and temperature. Cold temperatures slowed the rate of microbial
metabolism. The demonstration successfully removed explosives and microbial intermediates from
the soil. In summary, the bioslurry system has a real potential to degrade explosives, particularly
TNT, from soil.

14. SUBJECT TERMS 15. NUMBER OF PAGES
180
Contaminated Soil, Explosives, Slurry Reactor, Soil Treatment, 16. PRICE CODE

2,4,6-Trinitrotoluene

17. SECURITY 18. SECURITY 19. SECURITY 20. LIMITATION OF
CLASSIFICATION OF CLASSIFICATION OF CLASSIFICATION OF ABSTRACT
REPORT THIS REPORT ABSTRACT

Unclassified Unclassified Unclassified Unlimited




Field Demonstration of Slurry Reactor
Biotreatment of Explosives-
Contaminated Soils

Report No. SFIM-AEC-ET-CR-96178

by J.F. Manning, Jr., R. Boopathy,
and E.R. Breyfogle

Bioremediation Group, Environmental Research Division

Argonne National Laboratory, 9700 South Cass Avenue,
Argonne, Illinois 60439-4843

December 1996

Work sponsored by the U.S. Army Environmental Center, SFIM-AEC-ETD,
Aberdeen Proving Ground, Aberdeen, Maryland 21010-5401



NOTICE

The views, opinions, and/or findings contained in this report are those of the
author(s) and should not be construed as an official Department of the Army
position, policy, or decision unless so designated by other documentation.

The use of trade names in this report does not constitute an official
endorsement or approval of the use of such commercial products. This
report may not be cited for purposes of advertisement.

Distribution unlimited. Approved for public release.

Requests for this document must be referred to:
Commander

U.S. Army Environmental Center

Aberdeen Proving Ground, Maryland 21010-5401



Field Surry Reactor

Contents

NN} 7= 1 o o Xi
S 0T 7= 1
2 Background INfOrmation............oouiiii i 4
2.1 Nature of the Problem ... 4
2.2 BioSIUITY REACIOIS. ... e e e 4
2.3 Bioremediation of Explosives-Contaminated Soil..............ccooiiiiiiiiinnnnnn. 5
2.4 Joliet Army Ammunition Plant........ ... 5
2.5 Site Description and History (Group 61, SiteL1).......c.coviiiiiiiiiiiinennnnnn. 7
3 Test Objective and APPrOaCh ......c.viieii i 9
Bl O OtV . .ttt 9
3.2 Technical Issues Requiring INVestigation. ..........ccooeviiiiiiiiiiii i e, 9
G TR T LY o] (0 7='o: o 10
4 Materialsand Methods ...... ... 12
4.1 Overview Of TeSt SYStemM. ..ottt e 12
4.2 Location and SIte LayOUL ......c.uiiniiie it e 12
4.3 BioSIUMTY REACIOIS. ..ttt aas 12
A4 TESE SO e 16
4.5 Materials Handling and Slurry Preparation...........ccooeviiiiiiiiiiii i, 16
4.6 Water Piping and DiSCharge.........coiuiiiiiit i 17
4.7 GasS SUPPIY SY S M. . 19
4.8 Dewatering System for Treated SIUMy .......ooovieiii i 19
4.9 Description of Bioslurry Reactor Operation..........cvveeviveiiiiiieiieiieineannnn. 21
4.10 Operational MONITOMNG. ... .ouei e e eeaaens 23
g 0 T 0 1 23
4.10.2 Sampling PrOoCEAUIES. ........oueiii it e 23
4.10.3 Analytical ProCedUIreS ........c.oiiniiii i 24
4.11 Short-Term Laboratory Biodegradation StUdI€s............covvviiiiiiiiiiiiiiiinnns 27
4.11.1 Laboratory Soil Slurry ReaCtors. .......coviiiiiiiii i 27
4.11.2 Carbon-14 Mineralization Studies in the Slurry Reactor .................. 27

4.11.3 ldentification of the Unknown Intermediate Generated in the
Reactor Radiolabeling Study Described in Section 4.11.2................ 28
4.11.4 Plant Growth StUAIES. ... ..ouieii e 28
4.11.5 Studies of the Fate of Total Organic Carbon.........................c.. 28
A.12 CREMICAIS. .. e 28
D RESUIS. .ttt 29
5.1 SOIl CharaCteriStiCS .. .ottt e e e 29
5.2 Phase| — Reactor CharaCteristiCs..........oovuiiiiiiii e 29
5.2.1  SOIl SUSPENSION. ...ttt 29
5.2.2  OXYQEN TranSf Ol ..t 32



Field Surry Reactor

Contents (Cont.)

5.3 Phasell and Phase |11 — Biological Degradation Studies......................... 33
5.3.1  CONtrol REACION .. ... 33

5.3.2 20% Replacement REaCIOr ..........coviiiiiii i 35

5.3.3 10% Replacement REaCIOr ..........coiviiiiiiiii i 46

5.3.4 5% Daily Replacement ReaCtor...........ccoovviiiiiiiiiiiiiiiiiieie e 56

5.4 Degradation of 2,4- and 2,6-Dinitrotoluene..............cciiviiiiiiiiii i 67
5.4.1 DNT in Soil inthe Control Reactor............coooviiiiiiiiiiiiiiiieen, 67

5.4.2 DNT in Soil in the 20% Replacement Reactor..................ccooveenne. 67

5.4.3 DNT in Soil in the 10% Replacement Reactor..................coovveenne. 67

5.4.4 DNT in Soil in the 5% Replacement Reactor.....................oeveee. 69

5.4.5 DNT inLiquidinthe Control Reactor.............ccooviiiiiiiiiiiiininnnns 69

5.4.6 DNT inLiquidin the 20% Replacement Reactor.......................... 71

5.4.7 DNT inLiquidin the 10% Replacement Reactor.......................... 71

5.4.8 DNT inLiquidin the 5% Replacement Reactor............................ 71

5.5 Separation of SolidS........cviiiii 73
5.6 Laboratory (Bench-Scale) Studies.........c.coiiiiiiii i 75
5.6.1 Laboratory (Bench-Scale) Reactor Studies............ccoovviiiiiiiiiiinnnnn. 75

5.6.2 Radiolabeling StUdIeS .......covviiiii i, 77

5.6.3 S0Il DISpoSItion SIUAIES .. ..o vveii e e 80

I o Tox 1T =T o] 84
T LESSONS LBAIMNEA. ... ettt e 86
B RE B ENCES. .. 89
Appendix A: Drawings Relevant to the Field Demonstration.................c.oovviiinn.n. A-1
Appendix B: On-Site Analytical ProceduresS............ocoiiiiiii i B-1
Appendix C: Daily Operating Data.........ouviuiiiiii i i C1

Figures

1 Location Map for JAAP. ... 6
2  Overview of Functional Areasat JAAP...........ccooiiiiiiii 6
3 Bioremediation FIOW Diagram........c.ovuiiuiiiiii i 13
4  Wet-Screening and MiXing OPeration..........uvuereeeieee e aeieaaeneanaanens 14
5  Bioslurry Reactor Tank with Anchor-Type Impeller..........ccooiiiiiiiiiiinnns 14
6  Bioslurry Reactor Tank with Dual-Turbine Impeller...............coooiiiiiiinls 15
7  Schematic Diagram of Piping for the Bioslurry Reactor ................ccoovvvinnnnnn. 18

vi



Field Surry Reactor

10
11
12

13
14

15

16

17

18

19

20
21
22
23
24
25
26

27
28

Figures (Cont.)

GaS SUPPIY Sy SO .t 19
Wedgewater Filter Bed..........ooiiiii i 20
Explosives Concentrations in Soil in the Control Reactor ...................ccocevee. 34
Explosives Concentrations in Liquid in the Control Reactor ........................... 34
Concentrations of TNT and Aminodinitrotoluenes in Soil

inthe 20% Replacement REaCIOr .........c.viiiiiii e 36
Explosives Concentrations in Soil in the 20% Replacement Reactor ................. 36
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 20% Replacement Reactor during Adaptation...............cccoviiiiiiiininnns 37
Explosives Concentrations in Soil in the 20% Replacement

Reactor during Adaptation..........coviiiiiii e 37
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 20% Replacement Reactor during Cold Weather .................ccoieiiiinnns 39
Explosives Concentrations in Soil in the 20% Replacement

Reactor during Cold Weather....... ..o 39
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 20% Replacement Reactor during Warm Weather................cccooevivinnns 40
Explosives Concentrations in Soil in the 20% Replacement

Reactor during Warm Weather ....... ..o 40
Explosives Concentrations in Liquid in the 20% Replacement Reactor .............. 42
Solids Concentration in the 20% Replacement Reactor..............coovveviviiniinnnns 42
Ammonia Concentration in Slurry in the 20% Replacement Reactor ................. 43
Nitrite Concentration in Slurry in the 20% Replacement Reactor ..................... 43
Phosphorus Concentration in Slurry in the 20% Replacement Reactor............... 45
Bacterial Count in Solids in the 20% Replacement Reactor............................ 45
Concentrations of TNT and Aminodinitrotoluenes in Soil

inthe 10% Replacement REaCIOr .........c.viiiiiii e 47
Explosives Concentrations in Soil in the 10% Replacement Reactor ................. 47

Concentrations of TNT and Aminodinitrotoluenesin Soil
in the 10% Replacement Reactor during Adaptation...............ccoeviiiiiiiininnnns 48

Vii



Field Surry Reactor

29

30

31

32

33

35
36
37
38
39
40

41
42

43

45

46

47

Figures (Cont.)

Explosives Concentrations in Soil in the 10% Replacement

Reactor during Adaptation...........o.viiiii i 48
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 10% Replacement Reactor during Cold Weather .................ccooviiiinnns 50
Explosives Concentrations in Soil in the 10% Replacement

Reactor during Cold Weather....... ..o 50
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 10% Replacement Reactor during Warm Weather.................ccooeiiiiinnns 51
Explosives Concentrations in Soil in the 10% Replacement

Reactor during Warm Weather ....... ..o e 51
Explosives Concentrations in Liquid in the 10% Replacement Reactor .............. 53
Solids Concentration in the 10% Replacement Reactor..............covveviiiinninnnns 53
Ammonia Concentration in Slurry in the 10% Replacement Reactor ................. 54
Nitrite Concentration in Slurry in the 10% Replacement Reactor ..................... 54
Phosphorus Concentration in Slurry in the 10% Replacement Reactor............... 55
Bacterial Count in Solids in the 10% Replacement Reactor............................ 56
Concentrations of TNT and Aminodinitrotoluenes in Soil

in the 5% Replacement REACION...........oviiiii i e 58
Explosives Concentrations in Soil in the 5% Replacement Reactor................... 58

Concentrations of TNT and Aminodinitrotoluenes in Soil
in the 5% Replacement Reactor during Adaptation...............ccoviiiiiiiiininnnns 59

Explosives Concentrations in Soil in the 5% Replacement
Reactor during Adaptation..........co.viiiii i 59

Concentrations of TNT and Aminodinitrotoluenes in Soil
in the 5% Replacement Reactor during Cold Weather....................oooeiiiinins 60

Explosives Concentrations in Soil in the 5% Replacement
Reactor during Cold Weather....... ..o e 60

Concentrations of TNT and Aminodinitrotoluenes in Soil
in the 5% Replacement Reactor during Warm Weather ......................cconl 62

Explosives Concentrations in Soil in the 5% Replacement
Reactor during Warm Weather ....... ..o e 62

viii



Field Surry Reactor

48
49
50
51
52
53

55
56
57
58
59
60
61
62

63

65

66

67

68

69

Figures (Cont.)

Explosives Concentrations in Liquid in the 5% Replacement Reactor................ 63
Solids Concentration in the 5% Replacement Reactor................ccooveiiiiiininnn, 63
Ammonia Concentration in Slurry in the 5% Replacement Reactor................... 65
Nitrite Concentration in Slurry in the 5% Replacement Reactor....................... 65
Phosphorus Concentration in Slurry in the 5% Replacement Reactor ................ 66
Bacterial Count in Solidsin the 5% Replacement Reactor ......................o....e. 66
Dinitrotoluene Concentrations in Soil in the Control Reactor........................... 68
Dinitrotoluene Concentrations in Soil in the 20% Replacement Reactor.............. 68
Dinitrotoluene Concentrations in Soil in the 10% Replacement Reactor.............. 69
Dinitrotoluene Concentrations in Soil in the 5% Replacement Reactor ............... 70
Dinitrotoluene Concentrations in Liquid in the Control Reactor........................ 70
Dinitrotoluene Concentrationsin Liquid in the 20% Replacement Reactor........... 71
Dinitrotoluene Concentrationsin Liquid in the 10% Replacement Reactor........... 72
Dinitrotoluene Concentrationsin Liquid in the 5% Replacement Reactor............ 72
Concentrations of TNT and 4-Amino-2,6-Dinitrotoluene versus Time

in the Laboratory 20% Replacement Reactor.............covviiiiiiiii i 75
Concentrations of TNT and 4-Amino-2,6-Dinitrotoluene versus Time

in the Laboratory 10% Replacement Reactor.............ccovviiiiiiiiii i 76
Concentrations of TNT and 4-Amino-2,6-Dinitrotoluene versus Time

in the Laboratory 5% Replacement REaCtor............c.ooviiiiiiiiiiii i 77
Concentrations of TNT and 4-Amino-2,6-Dinitrotoluene versus Time

in the Laboratory Control REACION...........oviiiii i 78
Distribution of Radiolabeled TNT in a Sample Taken from

the Field Control REACION ..........ouie e 78
Distribution of Radiolabeled TNT in a Sample Taken from

the Field 20% Weekly Replacement Reactor.............ccooviiiiiiiiiii i, 79
Distribution of Radiolabeled TNT in a Sample Taken from

the Field 5% Daily Replacement Reactor............covvviiiiiiiii i 79
Effect of Treated Soil Slurry on the Growth of Corn Plants......................... 8l



Field Surry Reactor

70
71
72

aa A W N P

Figures (Cont.)

Effect of Treated Soil Slurry on the Growth of Bluestem Grass..................... 81
Degradation of Total Organic Carbon in Mixtures of Slurry and Clean Soil....... 83
Carbon Dioxide Generation in Mixtures of Slurry and Clean Soil ................... 83
Tables
Summary of Analytical Results for Explosivesin SOil............cccoiiiiiininnnn.. 30
SOOIl SUSPENSION DALAL ... .. eeeeiteeee e e e aeaans 31
Results Of ReaEIation TSt .......ouiieiiie e 32
Soil Size Distribution before Treatment ...........ccoevuiiiiiiii e, 73
Soil Size Distribution for Samples A and B after Treatment .......................... 74



Field Surry Reactor

APHA
2A46DNT
4A26DNT
Btu

°C

CDM

cfm

CFU

cm

cpm

DNB

DNT

DO

EPA

°F

ft

g

od
GC/IMS
gpm

HMX
hp
HPLC
HRS
i.d.
in.
JAAP
kg

LAP
Ib

mol
mCi
mg
min
mL
mM

Notation

American Public Health Association
2-amino-4,6-dinitrotoluene
4-amino-2,6-dinitrotoluene

British thermal unit(s)

degree(s) Celsius

Camp Dresser and McKee, Inc.
cubic foot (feet) per minute
colony-forming unit

centimeter(s)

count(s) per minute
1,3-dinitrobenzene

dinitrotoluene

dissolved oxygen

Environmental Protection Agency
degree(s) Fahrenheit

foot (feet)

gram(s)

galon(s)

gas chromatography/mass spectrometry
galon(s) per minute

hour(s)
octahydro-1,3,5,7-tetranitro-1,3,5, 7-tetraazocine
horsepower

high-performance liquid chromatograph(y)
Hazard Ranking System

inner diameter

inch(es)

Joliet Army Ammunition Plant
kilogram(s)

liter(s)

L oad-Assemble-Package (Ared)
pound(s)

meter(s)

molar

mole(s)

millicurie(s)

milligram(s)

minute(s)

milliliter(s)

millimolar



Field Surry Reactor

mm millimeter(s)

Mg microgram(s)

pL microliter(s)

pMm micrometer(s)

N normal

NB nitrobenzene

nm nanometer(s)

NPL Nationa Priority List

NT nitrotoluene

psig pound(s) per square inch gauge

QA/QC quality assurance/quality control

RCRA Resource Conservation and Recovery Act

RDX hexahydro-1,3,5-trinitro-1,3,5-triazine

RF response factor

rpm revolution(s) per minute

S second(s)

SARM standard analytical reference materia

tetryl N-methyl-N,2,4,6-tetranitroaniline

TNB 1,3,5-trinitrobenzene

TNT 2,4,6-trinitrotoluene

TOC total organic carbon

USACHPPM U.S. Army Center for Health Promotion and Preventive Medicine
USAEC U.S. Army Environmental Center (formerly USATHAMA)
USAEHA U.S. Army Environmental Hygiene Agency (now USACHPPM)
USATHAMA U.S. Army Toxic and Hazardous Materials Agency (now USAEC)
uv ultraviolet

\% volt(s)

VN volume/volume

WN weight/volume

W/W weight/weight

yd yard(s)

i



Field Surry Reactor 1

Field Demonstration of Slurry Reactor Biotreatment
of Explosives-Contaminated Soils

1 Summary

The U.S. Army Environmental Center (USAEC) has conducted field demonstration studies
a the Joliet Army Ammunition Plant (JAAP), located at Joliet, Illinois, on a biodlurry soil
treatment system. These studies were conducted between July 1994 and August 1995. The overall
goa was to determine the effectiveness and cost of biodurry systems for degrading explosives in
soil. The biodlurry system is another biological treatment technology (in addition to composting)
that could represent an acceptable, cost-effective dternative to incineration for the treatment of
explosives-contaminated soils. The biodurry system removed more than 99% of explosives from
the input soil and demonstrated mineralization of 2,4,6-trinitrotoluene (TNT). We edtimate that
bioslurry technology could be implemented for $290-350/ydS.

Biodurry technology requires excavation of soil, screening of the soil to remove large
rocks (larger than 0.25 in.) and plant roots, mixing of the soil with water to form a slurry, mixing
of the durry in a reactor, and, finally, remova of the durry from the reactor. In addition,
biodegradation of explosives requires a co-substrate (molassesin this case), pH adjustment (to pH
> 6), and an aerobic-anoxic operating strategy. The biosurry system can be operated as a batch or
semibatch process, depending on site-specific conditions. The operation described in this report
relied on the native microbia population to degrade explosivesin soil.

Four reactors were operated a JAAP. a control with no co-substrate, a 20% weekly
replacement (by volume) reactor, a 10% weekly replacement (by volume) reactor, and a 5% daily
(four days per week) replacement (by volume) reactor. This design alowed investigation of
different soil loading rates and therefore different TNT mass loading rates. All reactors had a target
soil durry of 15% (weight/weight [W/W]); in redity, the reactors operated with a 10-16% W/W
soil slurry. The reactors were subjected to identical environmental conditions, and the temperature,
pH, and dissolved oxygen level were approximately the same in dl systems. The composition of
molasses was consistent throughout the field demonstration. Explosives concentrations in soil
were 2,000-8,000 mg/kg. The reactors had working volumes of 350-380 gal.

The results from the study indicated that the control reactor did not have the conditions
necessary to achieve degradation of explosives. No co-substrate was added to this system. Over
the period of the study, no explosives (TNT, RDX [hexahydro-1,3,5-trinitro-1,3,5-triazine], or
TNB [1,3,5-trinitrobenzene]) were removed from the soil. In addition, none of the intermediates
associated with TNT degradation was observed. These results confirmed that added co-substrate is
needed for degradation of TNT.
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The 20% weekly replacement reactor (with a soil retention time of five weeks)
demonstrated the capability to degrade TNT effectively. When the temperature was above 25°C, the
residual TNT concentration in the soil was less than 50 mg/kg, and the 4-amino-2,6-dinitrotoluene
(4A26DNT) concentration was less than 100 mg/kg. In addition, RDX and TNB levels were
below 10 mg/kg. When the temperature was below 25°C, the biological system could not maintain
this high rate of TNT degradation, and significant accumulation of the 4A26DNT intermediate
occurred.

The 10% weekly replacement reactor (with a soil retention time of ten weeks) had alarge
capability to degrade TNT. In addition, RDX and TNB were effectively removed to residual
concentrations in soil of less than 10 mg/kg. When the temperature was above 25°C, the residua
TNT in the soil was less than 20 mg/kg, and the 4A26DNT level was below 10 mg/kg. When the
temperature was below 25°C, TNT remova continued with very little change in soil
concentrations, but 4A26DNT accumulated to concentrations of 100 mg/kg.

The 5% daily replacement reactor (with a soil retention time of five weeks) had a large
capability to degrade TNT. On the basis of mass, this reactor was similar to the 20% weekly
replacement reactor, but the concentrations of explosives surrounding the microorganisms at any
particular time were significantly less. In this system, TNT was removed to levels below
20 mg/kg, and the 4A26DNT concentration was less than 50 mg/kg. When temperatures were
below 25°C, the TNT concentration was less than 200 mg/kg, and 4A26DNT accumulated
significantly in the system.

A laboratory study with radiolabeled TNT was conducted on samples from the control
reactor, the 20% weekly replacement reactor, and the 5% daily replacement reactor. The purpose of
this study was to measure the mineralization of TNT by the reactors. The sample from the control
reactor generated essentially no radiolabeled carbon dioxide; in samples from the active reactors,
approximately 20-23% radiolabeled carbon dioxide was generated from the radiolabeled TNT,
indicating that ring cleavage had occurred. Most of the remainder of the radiolabel was distributed
in water-soluble biomass and fatty acid intermediates. A very small fraction was incorporated into
4A26DNT.

Overdl, the important process parameters, as determined in this field demonstration, are the
need for an organic co-substrate (molasses), the operation of the reactors in an aerobic-anoxic
sequence, and temperature. In warm temperatures, operation of the system a 20% (or higher)
replacement will achieve remova of explosives. Cold temperatures did not destroy the microbial
activity, but they slowed the rate of microbial metabolism. In particular, degradation of TNT
continued with the accumulation of 4A26DNT. The reactors were operated successfully a lower
replacement rates < 10%) in cold weather. The treated soil (bioslurry) can be applied directly to
land and will not affect plant growth. In summary, the bioslurry system has a red potentia to
remove explosives, particularly TNT, from soil.
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The purpose of thisreport isto summarize dl procedures and activities associated with the
biodurry field demonstration. The results of the field activities are presented, aong with a
discussion.

Previous studies supporting the field demonstration described here were reported in the

following documents:

Montemagno, C.D., and Irvine, R.L., 1990, Feasibility of Biodegrading TNT-
Contaminated Soils in a Surry Reactor, Technica Report CETHA-TE-CR-
90062, U.S. Army Toxic and Hazardous Materiads Agency, Aberdeen Proving
Ground, Maryland, prepared by Argonne National Laboratory, Argonne,
[llinois, June.

Montemagno, C.D., 1991, Evaluation of the Feasbility of Biodegrading
Explosives-Contaminated Soils and Groundwater at the Newport Army
Ammunition Plant (NAAP), Technicd Report CETHA-TS-CR-92000,
U.S. Army Toxic and Hazardous Materids Agency, Aberdeen Proving
Ground, Maryland, prepared by Argonne National Laboratory, Argonne,
[llinois, June.

Manning, Jr., J.F., Boopathy, R., and Kulpa, C.F., 1995, A Laboratory
Sudy in Support of the Pilot Demonstration of a Biological Soil Surry
Reactor, Technica Report SFIM-AEC-TS-CR-94038, U.S. Army Environ-
mental Center, Aberdeen Proving Ground, Maryland, prepared by Argonne
National Laboratory, Argonne, Illinois, July (available in print and on
CD-ROM).
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2 Background Information

2.1 Nature of the Problem

The manufacturing and handling of explosives and propellants at Army industrial facilities
have resulted in contamination of soils and sediments. Contamination has often resulted from
disposal practices that were common and acceptable at the time of discharge.

Because of the potentia for groundwater contamination and the migration of hazardous
substances, treatment of the contaminated source may be necessary to safeguard the environment,
to protect the public, and to avoid costly groundwater remediation in the future. Treatment of soil
can be labor intensive and expensive when large quantities are handled. Incineration is one method
that has been used to treat explosives-contaminated soil. Unfortunately, incineration is costly and
often is not favored for other reasons. Composting is a biologica method of remediating
explosives-contaminated soil. The USAEC (formerly the U.SArmy Toxic and Hazardous
Materials Agency [USATHAMA]) has conducted extensve work on composting explosives-
contaminated soil. Successful demonstrations of this work have led to full-scale application of
composting to biologically degrade explosives-contaminated soil (Weston 1993).

Composting may not be useful at al facilities with explosives contamination. This report
describes the field demonstration of a biogurry system to treat explosives-contaminated material.

2.2 Bioslurry Reactors

Biodurry reactors operate by a process in which organic materials are biodegraded by
microorganisms, and organic and inorganic by-products result. Contaminated soil is loaded into a
reactor or tank to produce a water-based slurry (typicaly 1-20% soil W/W). Appropriate electron
acceptors (oxygen, nitrate, nitrite, or sulfate) and nutrients are supplied. The biodurry reactor
provides an optimal environment alowing microorganisms, nutrients, and contaminants to be in
contact. Microorganisms that can degrade the contaminants of interest by a co-metabolic process
occur naturaly. Generally, enhancing the indigenous microbial numbersin the contaminated soil &
the siteis sufficient. No supplemental organisms are typically required.

The biodlurry reactors used in this study were designed to be operated in a sequencing
batch mode. In this system, each cycle of biodurry operation involved three discrete periods:
FILL, REACT, and DRAW. During FILL, a contaminated soil slurry and any water needed to
achieve the proper solids concentration (typicaly 12-17% W/W) were added to a tank that was
being mixed. This took approximately 15-30 min. The volume of slurry added depended on the
percent replacement established for the given tank. For example, atotal of 17.5gal (i.e., 5% of
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350 gal, the usable volume of each tank) was added to a tank during each cycle if the reactor was
being operated as a 5% replacement system. After FILL, co-substrate and pH-adjusting chemicals
were delivered to the reactor. The REACT period followed FILL. During REACT, the mixers
remained on, and the reactions necessary to degrade the explosives took place. When oxygen was
serving as the exogenous electron acceptor, the aeration system was activated. When nitrate,
nitrite, or sulfate was serving as the exogenous e ectron acceptor, only the mixing system was used
to suspend the slurry. In either case, the co-substrate served as the primary carbon and energy
source, and the soil contaminants (the explosives) were co-metabolized.

2.3 Bioremediation of Explosives-Contaminated Soil

Previous studies (Montemagno and Irvine 1990; Manning et a. 1995) showed that
indigenous microbes at JAAP can biodegrade TNT. Soil samples collected at the Site contained a
bacterial consortium capable of degrading TNT. Shake flask experiments indicated that succinate or
malate used as co-metabolites enhanced TNT biodegradation. In addition, laboratory reactor
studies demonstrated that the addition of molasses and the use of varying electron acceptor
conditions (aerobic-anoxic) could achieve mineralization of TNT.

The advantage of the biodurry reactor in treating contaminated soil isits inherent flexibility.
Co-substrate, nutrients, oxygen, and mixing can be atered to achieve the desired treatment. The
reactor can naturally select populations with increased degradation rates and the ability to degrade
metabolic intermediates. Only naturally occurring microorganismswere used in this study.

2.4 Joliet Army Ammunition Plant

The USAEC sdected JAAP as the dte of the pilot-scale demonstration field study. An
initial sitevisit by the USAEC (then USATHAMA) and Argonne personnel occurred in early 1991.
Personnel from the U.S. Environmental Protection Agency (U.S. EPA), the Illinois EPA, and the
command and staff at JAAP supported the proposed bioslurry pilot demonstration study.

In the early 1940s, JAAP was constructed in Will County, Illinois, approximately 17 miles
south of Joliet (Figure 1). As Figure 2 shows, JAAP is divided into two major functional areas.
The section west of U.S. Highway 53, referred to as the Manufacturing Area, covers 14 square
miles. The principa operations in this area were the production of constituent chemicals and
explosive materials. The section east of U.S. Highway 53, referred to as the Load-Assemble-
Package (LAP) Area, covers approximately 27 square miles. This area contains munitions filling
and assembly lines, storage magazines, and a demilitarization area. Items such as bombs,
projectiles, fuses, and supplementary charges were produced almost continuously from World
War Il through 1975 in the LAP Area.
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During the ingtallation assessment (U.S. Army 1978) and the installation restoration
surveys (Batzner et al. 1982) conducted by USATHAMA in 1978 and 1982, respectively, Ste
conditions indicated the potential for contamination from past and present operations. A number of
additional investigations were conducted at various production, waste management, and spill areas
throughout JAAP. Past studies a the LAP Area included Phase Il contamination surveys
(Underwood et al. 1983a,b,c), a surface water sampling investigation (Hazelton Laboratories
1982), an historic aerid photointerpretation (Stout and Sitton 1986), a Midwest Confirmation
Survey (Dames and Moore 1986), soil sampling and baseline studies (Dames and Moore 1988a,b;
CDM 1989, 1990; Health Effects Group, Inc., 1990a,b), an investigation of underground storage
tanks (U.S. Army Corps of Engineers 1989), outfall monitoring (USAEHA 1990), and sampling
for polychlorinated biphenylsin soil (Uniroyal, Inc., 1990).

As evaluations of the LAP Area proceeded, they revedled severa areas of contamination.
The LAP Area was proposed for placement on the Nationa Priority List (NPL) and designated a
Superfund site on the basis of its Hazard Ranking System (HRS) score of 35.23 for the overal
potentia for contaminant migration. In April 1989 the LAP Areawas, in fact, placed on the fina
NPL.

2.5 Site Description and History (Group 61, Site L1)

Group 61, constructed in 1941 as part of the initial operations of the JAAP installation to
support Word War |1 efforts, is centrally located in the northern portion of the LAP Area. The LAP
Area, covering approximately 80 acres, has been the site of demilitarization and reclamation efforts
for various munitions, including the defusing of munitions, the remova of explosives, and the
recycling of various munitions. Originally used for crystallizing ammonium nitrate, the area was
extensively modified and functioned as a shell renovation and TNT recovery plant until 1945. In
April 1946, the facility was reactivated to reclam TNT from 75-mm, 90-mm, and 3-in. high-
explosive shells (U.S. Army Corps of Engineers 1950). Washout operations involving the larger
munitions were performed outside the main building on a concrete pad. During recycling of the
removed explosives as part of JAAP operations, process water was collected in a large concrete
sump south of the main building. The solids that settled out in the sump were sent to Site L2
(Explosive Burning Grounds), while the overflow water from the sump (pink water) was
discharged for infiltration into a 10-acre ridge-and-furrow system (or evaporating bed) adjacent to
the sump. Historical aerid photos reveded that by 1952, two rectangular pits or lagoons were
constructed southeast of the ridge-and-furrow system on either side of the drainage ditch. Water
flowing in the drainage ditch would occasionally accumulate in the lagoons. The lagoons are no
longer identifiable features of the area. Ponding also apparently occurred in alow area east of the
sump and washout area. During the July 1990 site reconnaissance, red water was observed within
the sump located southeast of Building 4, which collected runoff from the washout operations
before it was discharged to the ridge-and-furrow system. The water was presumably rainwater,
probably contaminated by residual contamination still in the sump. Red soil was observed around



Field Surry Reactor 8

the drainage ditch and evaporating bed, both of which are currently fenced to keep out grazing
cattle. All soils used in the field-scale demondtration were obtained from Group 61, SiteL1 (the
ridge-and-furrow area).

Previous environmental sampling indicated that surface TNT concentrations in the ridge-
and-furrow area of Group 61, Site L1, were 20-14,400 mg/kg. The primary risk associated with
explosives-contaminated soil is areactivity hazard. Soils with a concentration of explosives greater
than 12% can propagate detonation. This generalization does not preclude an explosion if the
explosives content is below 12%, but it describes a limit below which propagation will not occur.
The USAEC uses a 10% safety limit on the explosives concentration in soil. Argonne added a
further safety margin by limiting the explosives content to 8% (Manning and Montemagno 1992b).
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3 Test Objective and Approach

3.1 Objective

The overdl objective of the biodurry field-scale demonstration was to examine the technical
viability and cost of bioremediating explosives-contaminated soil in a slurry reactor. The specific
objective was to evaluate afield-scale system for its mechanical integrity and its ability to enrich for
amicrobia consortium capable of degrading explosives and to analyze system performance over an
extended operating period.

To determine the ability of the biodlurry system to degrade explosives, testing was
conducted in four phases. (1) determination of mechanicd and physical information about the
reactors, (2) adaptation and the development of operating characteristics, (3) long-term operation
with avariety of weather conditions and explosives input concentrations, and (4) optimization of
physical operating conditions. During the last three phases, four reactors were operated to
investigate several different soil-processing rates. In addition to explosives concentrations,
extensive information was collected on nutrient and dissolved oxygen (DO) concentrations and on
pH. Thisinformation allowed the operational process to be characterized extensively.

3.2 Technical Issues Requiring Investigation

The god of this biodurry field demondgtration was to prove that bioremediation of
explosives-contaminated soil in a slurry reactor could achieve cleanup standards and be operated
cost-effectively. Concentrations of TNT below 20 mg/kg were assumed as the target, because
cleanup goals for JAAP had not been established at the time of this study. To achieve this goal,
equipment had to be evaluated for its ability to mix a soil durry and provide oxygen.
Microorganisms capable of degrading explosives had to be present in sufficient numbers, and the
ability of the system to degrade explosives biologically had to be validated over an extended period
of time. Because TNT isthe major contaminant in the JAAP soils selected for this demonstration,
TNT was used as the target compound to monitor the degradation of explosives. Influent and
effluents were analyzed for al explosives and TNT metabolites. Particular attention was given to
the 2-amino-4,6-dinitrotoluene (2A46DNT) and 4-amino-2,6-dinitrotoluene (4A26DNT)
intermediates.

In practice, operation of the biodlurry reactor depended on three congtrants:
(1) enhancement of the appropriate native microbial consortia, (2) operation under appropriate
conditions with a suitable electron acceptor, and (3) replacement of a volume of soil to provide
new, contaminated soil for microbial processing. If more soil can be replaced during each period,
the overall remediation will be faster. Thislast constraint will determine the overall efficiency of the
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bioremediation process. The demonstration a JAAP tested whether field-scale biodlurry
degradation of explosives-contaminated soil isfeasible.

Previous laboratory studies showed that TNT can be degraded by microbes under both
aerobic and anoxic electron acceptor conditions (in the presence or absence of oxygen) with
molasses as a co-substrate. Both aerobic and anoxic conditions require a co-substrate to promote
TNT degradation. For this field demonstration, molasses was chosen as the co-substrate.

The key technicdl issue in the JAAP field demonstration was selection of the appropriate
equipment and operating conditions to degrade explosives under three distinct operating systems.
All of the operating systems investigated the effect of soil residence time on aerobic-anoxic
biodegradation of explosives.

Overal, the key technical issues examined in the present study were the following:

» Evauating anchor and impeller mixers, to determine the optimal soil-mixing
regime

» Determining the oxygen transfer characteristics of the reactorsin the presence of
uncontaminated soil

» Monitoring the development of a microbia consortium capable of degrading
explosives

» Testing the ability of the microbes to degrade explosives under aerobic-anoxic
reactor conditions

» Evaluating operation of the bioslurry reactor with a variety of soil replacement
volumes on both adaily basis and aweekly basis

* Investigating the effectiveness and degradation rates of explosives under
various reactor operating conditions, including temperature and input explosives
concentration

3.3 Approach

The field demonstration study was divided into three phases. The first two phases each had
severa experiments. In Phasel, two tanks were constructed. For Phases!Il and I, two
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additional tanks were constructed. Phase | studies examined the mechanica integrity of the tanks
and the oxygen transfer characteristics of the mixers and aeration devices in clean water and in
uncontaminated soil. In Phase Il work, enrichment was provided to enhance a native microbial
consortium appropriate to degrade TNT. In Phase 111, four tanks were used to investigate long-
term operation at different replacement rates, including 5% slurry replacement per day, four days
per week; 10% slurry replacement per week; and 20% dlurry replacement per week. The fourth
tank was a control containing contaminated soil that was mixed and aerated; however, this control
tank received no nutrient or co-substrate additions or soil replacements.
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4 Materials and Methods

4.1 Overview of Test System

A process flow diagram is presented in Figure 3. The field biodurry system included the
following units: a soil-screening operation to remove oversized particles (Figure 4) and initidly
mix the durry; four 420-gal biodurry reactor tanks (Figures5 and 6) tested and operated in
paralel; a2,000-gal tank for storage and delivery of recycled process water; a 2,000-gal tank for
storage and delivery of clean water; a chemica ddivery system for adding nutrients, co-substrate,
and pH-adjusting chemicals; two durry dewatering beds; and a 2,000-gal storage tank for treated
process water. Initialy, only two reactors were operated. One was equipped with a variable-speed-
drive mixer and alarge anchor-type impeller for mixing (Figure 5). The other also had a variable-
speed-drive mixer but was equipped with a double-turbine impeller (Figure 6). Phase | activities
evauated the tanks and the mixing equipment and assessed oxygen transfer capabilities. During
Phases |1 and Il1, dl four tanks were outfitted with a dual-turbine impeller system. Four reactors
were operated: acontrol reactor, areactor receiving 20% replacement per week, a reactor receiving
10% replacement per week, and a reactor receiving a 5% replacement per day (four days aweek).

4.2 Location and Site Layout

Thefield biodurry system was housed in awarehouse in the area designated as Group 70,
Building 47. This building has a concrete floor. The reactor location was maintained at a minimum
of 55°F with the aid of a boiler-hot air heating system. The electrica distribution system in the
building was retrofitted to provide 208-V (three-phase) and 100-V (single-phase) power as needed.
All dectricd service in the reactor and soil-processing area was explosion proof for dust.
Schematic diagrams of the building layout arein Appendix A, FiguresA.1 and A.2.

4.3 Bioslurry Reactors

Four biodurry reactor units were operated in the field study. All of the units had a variable-
gpeed-drive mixer equipped with a double-turbine impdler (Figure6). All reactors had the
following specifications:

1. The420-gal reactor tank was made of 304 stainless steel plate. Side walls were
3/16 in. thick, and the tank top and bottom were 1/4in. thick. The interior
tank diameter was 4 ft. The total height was 4 ft, 5in. (not including leg
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height), with 8in. of free board. The usable volume was approximately
350ga. The tank top was seded with a flange-gasket arrangement.
(Construction drawings are in Appendix A, FiguresA.3 and A.4.)

2. The 1-hp, explosion-proof-drive motor (three-phase, 208 V) for the impeller
had a variable motor speed controller (30-100 rpm). The motor was obtained
from JWI, Inc., Holland, Michigan.

3. Four fine-bubble diffusers (Eimco Equipment Corporation, Salt Lake City,
Utah) were mounted along the reactor bottoms. The mountings of these
diffusers are shown in Appendix A, Figure A 4.

4. Theair déelivery system included a blower, hoses, connectors, and valves.

5. A 10-gdlon-per-minute (gpm) air-operated diaphragm pump transferred treated
slurry from the reactor to the slurry dewatering bed. The pumps were obtained
from Wilden, Inc., Grand Terrace, California, and were of three diameters
(2in., 1.5in., and 1in.).

15
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6. The 4-in. bottom drain valve was operated manually. This was a knife-type
valve.

7. The flow meters for the diffusers had a capacity of 10 cubic feet per minute
(cfm).

8. All necessary valves and fittings were provided for slurry discharge, chemica
feed lines, gas lines, and sample ports. The sampling ports on the reactors
were Teflon-on-Teflon ball valves.

9. The 2-ton-capacity adjustable gantry had a 15-ft span and 10ft, 8in.
maximum height, with a 2-ton-capacity hoist and trolley for lifting the reactor
tops during maintenance.

10. Anexplosives safety review was conducted for all components in contact with
explosives. The finad design was based on the information obtained in that
review.

4.4 Test Soil

Explosives-contaminated soil was obtained from the Group 61, Site L1, ridge-and-furrow
area. Theintention in this study was to have soils in the field demonstration area contain no more
than 8% TNT.

Only soils with a TNT content below 80,000 mg/kg (on the basis of dry weight) were
used for the field study. Soils containing large crystal aggregates of TNT were excluded from use.
Soil was excavated by hand with shovels and scoops. Soil was screened in the area of excavation
within the area of contamination. The material passing through the screen was contained in a55-gal
storage drum. The screen had 1/4-in. openings and was agitated by hand. Materid not passing
through the screen was returned to the area of excavation in the area of contamination. The storage
drums were decontaminated by wiping them with a dry cloth. After decontamination, the drums
were transported by truck to the building containing the field-scale demonstration system.

4.5 Materials Handling and Slurry Preparation

The drummed contaminated soil was stored in a portable berm containment pad in the
warehouse housing the biodurry system. This soil was subjected to additionad mechanical
screening to remove rocks, stones, very coarse sand, and other debris with nomina diameters
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greater than 0.0165 in. (#40 mesh). This screening required shoveling the contaminated soil out of
the drums and onto a multiple-deck vibrating-screen system equipped with water spray bars and
screens with openings of 0.187 in. (#4 mesh) and 0.0165 in. (#40 mesh) (Figure4). The
contaminated, screened soil durry passing through the bottom screen was deposited directly in a
stainless steel mixing tank placed on a 2,000-1b-capacity floor scale. When the mixing tank reached
its operating volume (200 gal), the screens and spray water were turned off manually. The weight
of the dlurry was used to estimate and control the solids content of the slurry before it was pumped
to the biodlurry reactors. This mechanical screening system tended to produce a very dilute slurry
(with about 5% solids). Use of this system was discontinued for this reason.

Slurry for the field demonstration was prepared in the following manner. Soil excavated
and screened in the field was removed from its storage drum. A known volume of water was
placed in adrum on the 2,000-1b scale. Soil was added to the water until a 15% durry (W/W) was
achieved. Thisslurry was mixed with a high-torque pneumatic mixer to maintain the suspension.
After the appropriate slurry was prepared, it was pumped with a 2-in. air-operated diaphragm
pump to one of the four reactors. The volume of replacement slurry varied with the replacement
strategy. Thetarget durry was 15% W/W, but the durry in the reactors generally ranged from 12%
to 16% W/W. The range was due to settling and inaccuracies in materia preparation (including the
initial soil moisture content).

Oversized materia from the slurry preparation in Building 70-47 was stored in a 55-gal
drum.

4.6 Water Piping and Discharge

A detailed schematic diagram of the piping for the bioslurry reactor is in Figure 7. The
original assumption was that the fabric filters, granular activated carbon, and ion exchange system
shown in Figure 7 would be needed to remove particles, soluble carbon, and sdts prior to
discharge of water, but this treatment was not necessary for the demonstration. All piping shown
in Figure 7 was made of reinforced Viton tubing. To reduce the volume of water used, discharged
process water from the soil dewatering was held in the tank for recycled process water.

Pump sizes and hose sizes were chosen with ease of operation as the primary
consideration. Generally, it was easier to pump surry through the 2-in. pump, because settling in
the pump and pump failures were minimized. Fresh water and recycled water from the dewatering
process were pumped through a 1-in. or 1.5-in. pump. Because these process streams contained
very few discrete solid particles, clogging of these pumps was not a problem.

Water from the dewatering operation was recycled into the slurry preparation system to
reduce the need for fresh makeup water.
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4.7 Gas Supply System

A schematic diagram of the aeration system is shown in Figure 8. Air was supplied a
4.2 pounds per square inch gauge (psig) to the fine-bubble diffusersin each bioslurry reactor by a
ring compressor/blower (maximum capacity 60 cfm) at arate of 5 cfm per reactor. During anoxic
operation, the air supply was turned off, but the mixer was left on at 80% of maximum speed.

4.8 Dewatering System for Treated Slurry

Treated slurry was pumped from the biodurry reactors through a 1.5-in.-i.d. Viton
discharge hose to slurry dewatering beds. Two sand filter beds with a wedgewater-type underdrain
system (Figure 9) were used to dewater treated slurry. Each bed had a total surface area of 72 ft2
and was constructed from shallow, square carbon steel tanks with a baffle system (8 ft by 9 ft by
24 in. deep). The drainage surface was a geotextile fabric. The geotextile was supported by a
wedgewater polyurethane plate underdrain system. Each wedgewater platewas 2 in. by 12 in. by
12 in. (for atotal of 64 plates per bed) with 0.015-in. slot openings. Drain lines and risers were
made of 2-in.-diameter stedl pipe. Inlet ports were made of 1.5-in.-i.d. steel pipe with 1.5-in. sted
ball valves.

Thisoriginal design for the dewatering system did not work. Because of the size reduction
of particles during the bioslurry processing, approximately 50% o