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Chapter 1

1 Introduction

Background and Relevance

Degradation of organic contaminants into basic inorganic components (e.g.,

carbon dioxide, water, and nitrate) is termed mineralization. Earlier work by
several investigators indicated that 2,4,6-trinitrotoluene (TNT) can be biologi-
cally transformed into several organic by-products, some of which are more
toxic than TNT (Carpenter et al. 1978; McCormick, Feeherry, and Levinson
1976; Kaplan and Kaplan 1982). For example, Kaplan and Kaplan (1982)
identified 2-amino-4,6-dinitrotoluene (2ADNT), 4-amino-2,6-dinitrotoluene
(2ADNT), 2-4-diamino-6-nitrotoluene (2,4DA6NT), 2,6-diamino-4-
nitrotoluene (2,6DA4NT), 2',4,6',6-tetranitro-2,4'-azoxytoluene, 2,2',6,6'-
tetranitro-4,4'-azoxytoluene as biotransformation products formed under aero-
bic, organically rich conditions. Recent research, such as that of Funk et al.
(1993), Boopathy and Kuipa (1992), Preuss et ai. (1993), Duque et al. (1993),
as well as emerging research including that of Crawford (1995) and Funk et
al. (in press), indicate that mineralization of TNT is possible.

However, despite these findings, high ieveis of TNT persist in the soils of
many military installations. Remediation of soils contaminated with TNT is a
serious problem for military installations. Bioremediation with TNT-
mineralizing microorganisms is a potentially cost-effective technology with
several possible variations, including composting, bioslurry, land-farming, and
in situ treatment. In situ biotreatment is an emerging technology for the
remediation of both saturated and unsaturated soils (Sims et al. 1993). This
technology has been widely applied for the treatment of petroleum hydrocar-

bon contamination and, to a lesser extent, chlorinated solvents. However,

in situ biotreatment has had limited utility for the treatment of TNT-
contaminated soils because this compound tends to remain in the surface layer
and is therefore more concentrated and more toxic. Bioslurry treatment has
the potential to be rapid and highly effective because of the intimate contact
between the contaminated soil, TNT-degrading microorganisms, dissolved
oxygen, water, and activity-enhancing chemicals that may be added (Zappi et
al. 1992a). However, the bioslurry treatment process requires excavation and
handling of contaminated soils and the addition of energy for stirring and/or
heating. For these reasons, the use of bioslurry treatment is probably best

restricted to highly contaminated soils for which the use of in-place treatment
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techniques is unsuitable due to the prolonged treatment time required for
contaminant removal. Land treatment is highly desirable for explosives

because it minimizes soil excavation and iowers energy requirements for
remediation.

Test Rationaie

A three-tiered approach to determine the microbial requirements for land-
farming biotreatment of explosives was developed (Figure 1). The tiered
approach requires an initial soil characterization followed by Tier I, the
screening plate test developed previously (Gunnison et al. 1993). This test is
based on the addition of TNT with and without the use of additional chemicals
added to separate treatments to stimulate microbial activity. Chemical treat-
ments include toluene, dinitroaniline, dinitro-o-cresol, dinitrophenol, sodium
acetate, sawdust, or sodium succinate. Following 1 to 4 weeks of incubation
in static and slurry modes, individual soil treatments are plated onto a crystal-
iine lawn of TNT overlying a basal salts agar containing one of three cosub-
strates (sodium acetate, giucose, or sodium succinate). Activity against TNT
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3 been g
thorouehlv mxxed Ho er, once the sample has been divided into replicates
and each replicate has been moistened, heterogenous abiotic and microbial
activities and sorptive processes produce a varied distribution of TNT and its
transformation products. Therefore, replicates for each sample interval are

required to minimize sample variation.

In Tier II, combinations of nutrients, cosubstrates, and/or surfactants
required to maximize the removal of TNT, while minimizing the production
of undesirable products, are determined. The use of shake flask testing was
advocated by the in situ biotreatment advisory committee (Zappi et al. 1992a),
which indicated that this is the best procedure for assessing the degradability
of comparatively recalcitrant (difficult to biodegrade) compounds. As with
soil bioslurry treatment, shake flask conditions provide optimum contact of the
degrading biomass with moisture, nutrients, cosubstrates, surfactants, and the
contaminated soil. If recalcitrant compounas cannot be acgraaea under these
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CHARACTERIZATION OF SOIL
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may be effective in facilitating the biotreatment of surface soils in a static test.
A main goal in developing the test was to keep the execution as simple as
possible; i.e., a load-and-forget system that can be examined at the start and at
the end of a reasonable incubation period. If results of Tier II tests indicate
that biodegradation rates are unacceptably low, a nonbiological treatment
aiternative shouid be considered for the soii. However, if an acceptabie deg-

Yy 7~ 1

radation rate is achieved, Tier III Static Cell tests are conducted.
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sampling interval. Since degradation is anticipated to occur very slowly,
treatment periods of several weeks to several months are necessary. The
system also permits incubation of the treatments in the dark to prevent photo-
lytic degradation of TNT. Ventilation prevents the stagnation of air or the
accumulation of excessively high moisture content. Individual treatments are
easily accessible for sampling, addition of nutrients, and monitoring of mois-
ture and soil gas content. The system, described in the static cell test proce-
dure section below, consists of an incubation chamber containing 40 individual

test units, or cells, on sliding trays.

If the degradation rate is suitable in Tier II, the compliment of additives
and the optimal conditions generated in Tier III can be used to design pilot-
level tests.

Objectives

To obtain cost-effective remediation of explosives-contaminated soils,
effective treatment technologies must enhance degradation pathways of endog-
enous microflora within the contaminated soil matrix. This work was under-
taken to develop simple tests to determine the chemical compounds (additives)
required to stimulate TNT destruction by site-specific native microflora and to
assess the feasibility of obtaining treatment in static soil, where surface appli-
cation must be used to distribute degradation activity-enhancing additives.

Specific objectives were to rapidly determine which additives (nutrients,
surfactants, cosubstrates) are required to support rapid, extensive mineraliza-
tion of TNT by native microbial popuiations at contaminated sites and to
determine which combination of additives achieves maximum destruction of

L 2l S (a2 3 Y SRR I}

TNT under static soil conditions simulating surface application in the field.
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Soii Seiection

Four candidate soils for shake test development were selected based on
their history of TNT contamination (soils 1 through 4, Table 1). The Hast-
ings East Industrial Park (HEIP) soil, also listed in Table 1, was used for the
static soil test development because previous biotreatment experiments demon-
strated extensive TNT destruction (Gunnison et al. 1993, Zappi et al. in
press).

Tabie 1
Sources of Soils Used in This Study
Particle Size Composition, %

Soii Number Sampiing Location Sand Siit Ciay

1 Seattle, WA 77.5 22.5 0

2 Crane, IN 18.0 58.0 23.0

2 Hastings, NE 33.0 54.0 13.0

4 McAlester, OK 42.5 42.5 15.0
{5 WES reference soil 0 90.0 10.0
Soil Handling

Surface soils obtained from each of the sites were sieved through 0.5-cm
mesh netting to remove rocks and large chunks of other materials and were
stored at 4 °C until used. Samples of these soils were analyzed to determine
particle size, organic matter content, and TNT and TNT transformation prod-
ucts. Dry weight was assessed by weight loss of 10 g of soil after drying for
12 hr at 105 °C. Soils were tested for microbial activity against TNT using
the methods of Gunnison et al. (1993).

Chapter 2 Methods and Materiais
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Soils were dried for 2 to 5 days at room temperature, placed into two
5-gal! carboys and then mixed on a roller mill at 4 to 5 rpm for 24 hr. Soils
from each carboy were combined in a separate 5-gal carboy, mixed, and then
placed back into the original carboys for an additional 24 hr of mixing. The
soil was then passed through a 2-mm sieve, placed into a screw-capped plastic
bottle, and refrigerated until used.

Shake Test Procedure

Shake flask microcosms

A 12-g dry weight equivalent of soil (DWE) and 25 mL of medium were
added to each test flask. High nutrient media consisted of 46.5 mg NH,CI
and 23.8 mg K,HPO, per liter of reverse osmosis (RO) water. Low nutrient
treatments received one-tenth of the high nutrient treatment. Cosubstrates
differed from soil to soil and were selected based on the one or two cosub-
strates producing the strongest positive results in the screening test (Gunnison
et al. 1993). These cosubstrates included one or both of the following:

1 percent acetate or 0.1 percent toluene. All samples were prepared in tripli-
cate and incubated for 30 days with shaking on a gyrorotary shaker at 75 rpm
and 25 “C.
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Sample collection and treatment

Samples were taken initially and after 30 days of incubation with shaking.
At the end of incubation, each soil was suspended and aseptically transferred
into sterile 150-mL Corex™ centrifuge bottles (Corning Glass, Inc., Corning,
NY). Shake flasks were rinsed three times with sterile distilled water, and
this was added to the soil. The soil was collected by centrifuging at
6,084 x g for 20 min. The supernatant was decanted, and the volume of the
supernatant was determined. Then, 5 mL of the supernatant was collected for

1 To convert gallons (U.S. liquid) to cubic meters, multiply by 0.003785412.

\L
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the analysis of TNT and TNT transformation products. A 1-g subsample of
the wet pellet material was taken for each of the following determinations:
dry weight, chemical analysis, and microbial plate counts.

- -

Cell Test Procedure

Static

Establishment of Tween 80 treatment levels

Dilutions of Tween 80™ surfactant in distilled deionized water were pre-
pared containing 0.0, 0.25, 0.50, 0.75, 1.0, 2.0, 3.0, 5.0, and 10 percent
(v/v) concentrations of the surfactant. Three replicate 15-mL volumes of each
dilution were measured into glass bottles and sealed with teflon-lined screw
caps. A large mass (>0.1 g) of crystalline TNT was added to each solution,
and each mixture was vortexed for 30 sec. The mixtures were stored in the
dark at room temperature until analyzed. A 10 percent Tween 80 control
sample without added TNT was also run.

When Hastings soils were treated in a previous slurry study approximately

0 mg/L of TNT desorbed from Hastings soil into the aqueous phase

(G unnison et al. 1993). Based on the assumpuon that TNT-degrading micro-

~ R A <ssolY __ __1__ _ 1:__ MLTmM ~ JRE P = sl MATYT ____ _
orga.msms WIIli oIy utuiize 1iN1 in the ucous pnase, as mucn 1iIN1 was
Lamdcem de el ftn 4l e aalinin AL Ul bmnd e mdanler mn o emmemoaslal o g ) MU PO
HILIOUuUCCU 1O LIC ducous pIidsC 01 UIC LCSL IIIdLIIX 45 POSSIDIC.  11IC TCSUILS
of this study indicate that a Tween 80 concentration of 1.4 percent (v/v)
would maintain TNT solution levels at approximately 150 mg/L (Figure 2).
Development and construction of experimental scil test cells

A test was conducted to determine whether soil test cells should be con-
structed of teflon or polypropylene due to the potential sorption of TNT and
TNT transformation products by the material used. Six 250-mL centrifuge

bottles of polypropylene and of teflon were filled with water spiked with a
solution containing 2 mg of 2ADNT, 2 mg of 4ADNT, and 6 mg of TNT per
liter. The test cells were incubated in the dark under static conditions. At 12
and 34 days, half the bottles of each type were analyzed for 2ADNT,
4ADNT, and TNT.

For unsaturated soil studies, each 250-mL centrifuge bottle was modified to
include a moisture probe through the side and a small drain valve at the bot-
tom (Figure 3). During testing using unflooded soil treatments, the valves
were normally left open, but no drainage was observed with any of the mois-
ture doses applied. (For flooded soil studies, drain valves will be kept closed
and the probes omitted.) The bottom of each cell was lined with a circuiar
disc of geotextile material having a diameter the same as the inside diameter

of the cell. A2 /.D-g layer of garnet sand was placed o top of the filter and

~L .1
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CA) was soaked overnight in RO water, dried, and then placed in the static
soil cell with teflon tape wrapped around it to form a seal. The cell was then
placed into the sliding tray of the static incubation chamber. Moisture read-
ings were determined periodically throughout the experiment with a Water-
mark meter (Irrometer Company, Riverside, CA).

Soil incubation chamber
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Development of moisture dosing procedures

Table 1 shows that 132 g of WES reference soil DWE were loaded into
each of four cells (Figure 3). One soil received no treatment. To simulate
surface application, the remaining three cells were sprayed evenly with dis-
tilled water applied in quantities of 10, 20, or 30 mL, respectively, using a
pipetting machine fitted with a distribution wand (Figure 5). These cells were
incubated at room temperature and monitored periodically for the detection of
moisture at the probe surface.

To simulate the incorporation of moisture and nutrients by mixing, three
additional cells were loaded with probes and 132 g DWE of soil that had been
moistened wi and 30 mL of distilied water, respectively. These

=1_ — 3 L _1__ ~

cells were placed vertically on a reciprocating shaker and shaken continuousiy,
a . 1. -
C. [8)

gw
5
P
S
[
S
2
U.
c
Q
—r
=
&
8

Loading and treatment of soil in test cells
As described above, 132 ¢ DWE of soil were placed into each cell. Abio-

1ed 7 g HgCly/kg DWE of soil and
ing the material before placing it into the control cells.

Active experimental treatments consisted of two blocks of twelve cells each
(three replicates for each of four sample times) for the high nutrient and low
nutrient treatments (Table 2). Control treatments consisted of two blocks of
eight cells each (two replicates for each of four sample times) for the biotic

Chapter 2 Methods and Materials
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Treatment Components Added to Nutrient Solution

Biotic Controi None - water oniy

Tween 80 - 14.0 g/L
NH4NO,; - 126 mg/L

K HPQ, - 18 mg/L
KH,PO, - 18 mg/L
Sodium acetate - 6.75 g/L

Low Nutrient Treatment

Tween 80 - 14.0 g/L
NH,NO, - 1,260 mg/L
K,HPO, - 180 mg/L
KH.PO. - 180 ma!l
KH,PO, - 180 mg/L
Sodium acetate - 67.5 g/L

High Nutrient Treatment

Tween 80 - 14.0 g/L
NH NO; - 1,260 mg/L
K,HPO, - 180 mg/L

KH,PO,4 - 180 mg/L
Sodium acetate - 67.5 g/L

and abiotic controls. Nutrient treatments were each sprayed with 30 mL of
the appropriate autoclaved nutrient solution. Biotic controls received 30 mL
of sterile RO water, while abiotic controls received 30 mL of sterile high
nutrient solution. Untreated samples were taken in triplicate prior to test cell

loading to determine time O ievels of microorganisms and soil contaminants.

™ __ 2 __ oAy Y Y oV oA Lt __ ) o PR, | P

Ke€aaings oI tne moistur€ prooe€s were taken 4 ume nen celis
mmmmle ] AL 4. AN P i Sman werem oy
I A1CA 20 1O DV 4ppropridic O11 wad
reapplied to each Air purging was initially conducte per
waals tA Aatarin 3vrs tha mnend nAd tA

(=1 U UGLLlLL 1 Uic lJl U IV RN AV

replace spent as forced cugh
the drain valv mL/min cells was
passed over ar ered Systems
Model III, New acell, an was
taken every mint ed for 3 consecutive minutes. Stabi-
lization times Since no detectable decreases in

frequencies were changed from four times per week to once per week.

Sample collection and processing

Static cells were sacrificed at 2.5, 4, 6, and 7 months of incubation. To
monitor the actual disappeararice of TNT from the most active treatment, soils
were removed from the cell with a sterile spatula and subsampled for dry
weight, TNT and TNT transformation products, and microbial enumeration.

13
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Microbial Enumeration Procedures

A um w1th yeast extract and 100 mg of
e (other than Loluen ), and 15 g of agar per liter

and (b) | peptone-tryptone-yeast extract-glucose agar (PTYG).
When toluene was used as the cosubstrate BSA-TNT plates were incubated in
closed containers in the presence of toluene fumes. The compositions of these

media are presented in Tables 3 and 4.

Table 3
Composition of BSA Medium for isolation and Growth of Bacteria
Degrading Expiosives?-?3

Chemical
Component Formulation Amount? 10X Strength
Ammonium Suifate, g {NH,},S0, .4 4.0
Potassium Phosphate, K,HPO, 0.1 1.0
Dibasic, g
Potassium Phosphate, KH,PO, 0.05 0.5
Monobasic, g
Magnesium Sulfate, MgSO,*7H,0 0.05 0.5
Heptahydrate, g
Manganese Chloride, MnCl,*4H,0 0.02 0.2
Tetrahydrate, g
I Calcium Chioride, CaCl,*2H,0 0.005 0.05
I Dihydrate, g
I Ferrous Chloride, FeCl,"4H,0 0.005 0.05
Tetrahydrate, g
Calcium Carbonate, g CaCO, 0.2 omit
Tap Water {as neededj, L 1L 1L
Agar, g N/A 156.0 omit

1 Modified from Aaronson’s Medium for Enrichment and Isolation of Pseudomonas Capable

of Oxidizing Naphthalene (Aaronson 1970).

2 For normal strength medium, add each of the ingredients in the order listed to at least
800 mi of tap water whiie stirring. Wait until the iast ingredient added has dissolved
before adding the next. Filter the final medium through a fine filter paper or a 0.45-um
micropore filter before adding any organic ingredients or agar and sterilizing. For the 10X
medium, again add the ingredients, except for CaCO,, to at least 800 mL of tap water.
Store in refrigerator. Since no organics will be added to the 10X medium, it should be
good for several weeks. When ready to use, dilute 100 mL of the 10X to 1 L with tap
water, add 0.2 g of CaCO, while stirring, and filter as for normal strength medium. Then
add any remaining ingredients and sterilize.

3 The normal pH of this mediumis 6.9 t0 7.0.

Chapter 2 Methods and Materials



trength
However,

5.0
2.5
5.0
0.7
omit

Amount
0.5
0.25
0.5
0.07

15.0

Chemical
Formulation
N/A

N/A

CaCl,

N/A

Il

0

Numbers of microorganisms were

' The pH of this medium can be adjusted to the prevailing pH value of the soil.

for this work, the pH was maintained at 6.9 to 7.0.

Component
Glucose, g
Tryptone, g

Yeast Extract, g
Calcium Chloride, g
Agar, g

Iy

s

eauired to sup-

ST

rtia (Gunnison et al. 1993).

=

o

Separation was accomplished using a Supelco LC-18 25-cm by

s were performed on a

. lyse
o a 600 MS System Controller/Solvent Delivery

a

\

”

0
700 Satellite WIST Injector, and a 991 MS Photodiode Array

1
S

4.6-mm cell having a pore size of 5 um eluted with 30 percent acetonitrile in

-

o

Soils were anaiyzed for particie size

Total or

method.

e
2435

yste
Detector.

S

o

[Te}

-



-—
()]

water at a flow rate of 1.2 mL/min. The TNT and the 2ADNT, 4ADNT,
2,4DNT, 2,6DNT, 1,3,5-trinitrobenzene (TNB), 2,4,6-triaminotoluene (TAT)
and 1,3-dinitrobenzene (DNB) analytes were confirmed using analytical refer-
ence standards.! An analysis for azoxytoluene compounds in static celi soil
samples was conducted by extraction with 100 percent acetonitrile. Separation

| PR Y r

lished with

21 TYNY

of azoxytoluenes on the HPLC was accom,

Statistical analysis of the data was conducted with the SigmaStat™ statisti-
cal software system (Jandel Scientific, San Rafael, CA) using one-way analy-
sis of variance followed by the Student-Newman-Keuls method for pairwise
multiple comparisons. Graphs and bar charts were constructed using the
SigmaPlot™ graphing system (Jandel Scientific, San Rafael, CA).

1 Standards provided by Dr. Ronald Spanggord, SRI Inc., Menlo Park, CA.

Chapter 2 Methods and Materials
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Shake Test Resuits —Enumeration of
Microorganisms

was ) 12 units (CFUs)/g DWE (Figure 6).
After 30 days of incubation, the numbers of bacteria recovered from the biotic
control had increased to approximately 10’ CFUs/g. No microorganisms were
recovered from the acidified control. Nutrient levels alone had little impact
on the numbers of heterotrophs compared to the biotic control. However,
nutrients in combination with toluene, Tween 80, or with both increased the
numbers significantly. These results demonstrate that toluene can serve as a
cosubstrate to support microflora in this soil. Furthermore, nutrients plus
Tween 80 or toluene alone or together will be sufficient to support an active
heterotrophic population. In addition to enhancing desorption of TNT from
soil, Tween 80 may also serve as a cosubstrate to support the growth of
microflora. Since microorganisms were not recovered on the BSA-TNT
media (results not shown), TNT degraders were either not present in this soil,
or required nutrient(s) were not provided by the BSA-TNT medium.

units

~ ~or. ~ o
vrane sitter Lonveyor soil
T rtal hatamntmnmbia honiosls DTV conr) mrpcpnt af tha ctart Af jnrtihatian
10udl llClClULlUplllb vaciClid \Iri1 19 dsdl} pl SCIIL dl LLIT dldil Ul 1IILUUdLIVII
im tha Meana Qiffar Manvaunr cnil wara alon anneavimataly 10 CRET e/ NWE
il UI€ Lrane SIter Lonveyor SOl WEere disO approXimailly 1vu” CriusS/ig vw oo
nf enil (Rigure 7\ A ftar 20 Aave nf incnithatinn miimhere nf mirranroanieme
Vi ouvill \l lsulb ’,- Lrilvi IV Uq]o Vi iilvuvativil, 11uiilvwio Vil 1wl UUIB“‘IIOIIIO
in tha acidified contrale fall ta 104 781 CFllc/o DWE of coil cunogectino
A1k Vilw AWwiMILIWVAGL WULILL VIV Lwill VWV AV - LR S Y § Uuls AS VYV Ao UR UULLy u“bbvu&lll&
that the HC1 was successful in killine most, but not all, of these microorgan-
V n xulmmg most, but not ail, o these microorgan

° CFUs/g DWE), while the

7

remaining treatments were more or less equal to the biotic control (107 to
10° CFUs/g DWE). The high nutrient dose alone, with toluene, or with
Tween 80 and toluene in combination was unable to support growth in excess
of the biotic control. Moreover, the low nutrient dose plus Tween 80 and

toluene inhibited growth.
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LogloNumber of Colony—Forming Units per

Gram Dry Weight of Bangor Soil
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Low Nutrients Only i N
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Response of native heterotrophic bacteria cultured on PTYG agar to treatment
with various combinations of additives in the shake flask test with Bangor soil
{No microorganisms were recovered on BSA-TNT medium. Bars are the means

of 3 replicates + standard error of the mean. The honzontal line marks total
heterotrophs in the biotic control.)

When assayed on BSA-TNT medium, microorganisms from Crane Sifter
soils grew on the biotic and acidified controls and on the low nutrients plus
toluene both with and without Tween 80 (Figure 7). However, growth on the
latter media was virtually the same as the acidified control and was exceeded
by that recovered on the biotic controi. Apparentiy, a steady source of mois-
{1 as sufficient to support the activity of 1croorgamsms recovered on this

e w
SR L S, AAd e~ T arilecdmntac <sravs cmmaotcoling fellllio o AL
medium. Additional substrates were somewhat inhibitory. This particular soil
alen ~rnntaing ioh AnnAranteatine o 2 & havaloden 1 Q2 & $olomloca
also contains a high concentration of 1,3,5-hex iydra-1,3,5-trinitrotriazine
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(RDX) and 1,3,5,7-tetraniiro-1,3,5,7-octahydrotetrazocine (HMX) levels as
high as TNT (see sorption report by Pennington et al. in press). This mixture
of explosives in combination with high nutrients may have been toxic, particu-
larly when Tween 80 and toluene were also included.

Initial levels of total heterotroph_ic bacteria (PTYG agar) in the Hastings
soil were also approximately 10° CFUs/g DWE (Figure 8). The acidified
controls had no bacteria at 30 days, indicating that poisoning with acid was
successful in preventing growth. The levels of microorganisms from most of
the remaining treatments equalled or exceeded the biotic controls, often reach-

ing 108 CFUs/g DWE in 30 days.

When the Hastings soil samples were plated onto BSA-TNT plus a cosub-
strate (biotic control), the colony count rose from below detection in the initial
samples to 107 CFUs/g DWE (Figure 8). The results demonstrate that nutri-
ents with and without Tween 80 will enhance (increase) numbers of TNT-
degrading microorganisms in Hastings soil.

iVicAiester soii
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agar, the number of microorganisms recovered from thc biotic
decreased approximately two orders of magnitude (Figure 9). Microorgan-
isms recovered from the active treatments without toluene remained at the
same level as on PTYG agar, suggesting that the same microorganisms may
have been recovered on both media. By contrast, the number of microorgan-
isms recovered from the low nutrients plus toluene treatment increased by
approximately one order of magnitude on the BSA-TNT agar, indicating that
the low nutrient plus toluene treatment supported more microorganisms able to
utilize toluene as a cosubstrate than on the PTYG medium. No microorgan-
isms were recovered on BSA-TNT agar inoculated with samples from the
other toluene-containing treatments. Based on microbial recoveries obtained
on both media, the treatments of choice for this soil are the low nutrients with
Tween 80 and the high nutrients plus Tween 80, followed closely by the low
nutrients only and the low nutrients pius toluene treatments.

When the microorganisms from these treatments were plated on BSA-TNT
co
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“Fate” of TNT in the soils tested

Detailed descriptions of the fate of TNT and TNT transformation products
for each of the soils based on the testing are presented in Tables 5 through 8§,
while the overall results for TNT are summarized in Figure 10(a). Low nutri-
ents, low nutrients plus toluene, and high nutrients plus toluene were generaily
most effective in supporting some disappearance of TNT. Generally, the
persistence of TNT increased as the initial leveis of this compound in soii
increased.

c rane sifter soil (Figure 10(c)). In a similar
manner, most treatments increased TNB in each of the soils except Bangor;

S eciaillv pronounced increase in McAlester soil
(Figure 10(d)).

Variability of data

The TNT levels in the 30-day samples were extremely variable. The
variability may be related to abiotic and biotic transformational processes
active on TNT. With McAlester soil data, variations in levels of each constit-
uent at time O were quite similar and quite small (around 1 percent of the
mean value). However, the final values indicate that while variations for TNT

levels increased markedly during treatment, those for RDX and HMX were
similar to the initial variations as illustrated in the following tabuiation:

Constituent Initial Value Final Value

TNT 3,390 + 75.1 3,160 + 1,940

RDX 808 = 9.74 94 + 1.03

HMX 213 + 2.09 16 + 0.204
Similar results were observed for the other soils. This suggests that some
interaction of TNT with treatment matrices occurs. Possible mechanisms of
interactions include adsorption, chemical transformation (abiotic transforma-
tion and/or polymer formation), and biological (susceptibility to biotransfor-

These mechanisms would be more dependent upon uncontrolled variables in

23
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the experiments. These variables may include total organic carbon and the
nature of the organic carbon, cation exchange capacity, and pH.

Fabrication of test cells

Results of this test indicated no significant sorption of any of the com-
pounds by either polypropylene or teflon at 12 or 34 days (Table 9). While
the initial trial test cells were constructed of teflon, polypropyliene units were
used for all subsequent testing, including the work conducted herein.

probe, and only marginally improved detection of moisture with the 20 mL
spray. For this reason, 30 mL was selected as the appropriate volume for use
in routine moistening of this soil. Initial incubations in the chambers indicated
that with the fan on to circulate air through the chamber, moistening intervals
of 5 to 7 days were needed to maintain moisture at the probe in the static
cells. Therefore, moisture was added weekly in 30-mL increments.

Effects of treatment

Numbers of microorganisms in the abiotic controls fell to zero following
the addition of mercuric chloride (Figure 12). Except for the high nutrient
treatment sampie at 6 months, the growth patterns of total heterotrophs recov-

o~ O A MATM a°

ered on PTYG and microorganisms recovered on BSA-TNT media were simi-

1 . . X _ e T2 __ O L.l .l T __. _ U I T, [ . S DR SR
lar in magnitude and behavior for both the low and high nutrient treatments
L oo Ta 2 32 a3 2l d cenmnc: L mnt Al AL 4l el mmA A nsiocens manmtraear]
1111S TESUIl 1NnAICdiCU Lldl , 11 110U dil, OI UIC 111C100L 1IDIL ICLOUVCICU
essmen tlhn nnema e hhadle cevadia Nerasnll mmineablinl e~ no indiAata y

ere the same on both media. Overall, microbial growth, ndicated b
recovery on these media, was somewhat stronger during the first 2.5 months
than during the remainder of the treatment period. The reasons for the
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Tabie 9
Sorption of TNT and TNT Transformation Products by Centrifuge
Botties {Soiution concenirations in poiypropyiene compared with
a_ L0 L o_axl__ _La__ AN ___ 1 NA don o e bl Al om bl o Tl )
tetion potties arter i< ana 54 aays Or1 iNncupation in thné aark)
Replicate Concentration of Compound, mg/L
No. and
Anaiytical TNT 2A4, 6DNT 4A2, 6DNT
Chemistry
Code’ Polypropylene | Teflon Polypropylene | Teflon Polypropylene | Teflon
12 Days
1a 6.16 7.02 1.96 1.89 1.88 1.91
1b 6.19 7.15 1.85 2.08 1.81 2.05
1c 6.37 7.22 1.86 2.09 1.70 2.05
2a 5.76 5.85 2.05 1.94 1.91 2.00
2b 5.74 5.84 2.12 1.95 2.01 2.01
2c 5.46 5.92 2.14 1.87 1.99 1.86
3a 6.04 6.53 2.06 2.09 2.1 2.08
3b 5.88 6.55 1.90 2.00 1.91 2.01
3c 6.03 6.54 1.98 2.01 1.96 2.08
Mean 5.96 6.51 2.00 1.99 1.92 2.01
STD 0.28 0.49 0.09 0.08 0.11 0.07
34 Days
1a 6.09 6.68 1.99 2.10 1.87 2.15
ib 6.17 6.65 2.00 2.04 1.87 1.96
1c 6.37 5.66 1.95 2.02 1.86 1.99
2a 6.16 4.90 2.02 1.94 2.03 1.9
2b 5.55 5.02 1.97 1.76 2.04 1.78
2c 5.45 4.91 1.98 1.79 1.82 1.83
3a 5.96 6.22 1.94 1.98 1.93 1.92
3b 6.02 6.33 1.83 2.12 2.01 2.10
3c 5.91 6.24 1.85 1.93 1.76 1.80
Mean 5.96 5.94 1.96 1.96 1.91 1.94
STD 0.27 0.6S 0.04 0.1 0.09 0.12
“ 1 Replicates are designated 1, 2, and 3. Letters a, b, and c stand for analytical chemistry
|| subsamples.
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Figure 11. Time required for 10, 20, and 30 mL volumes of water to reach the moisture
probe in the static cell following spray application (Resistance decreases as

decline during the later portion of treatment were not determined, but may be
related to the disappearance of TNT or the accumulation of toxic intermediates
in the soils.

Over the first 2.5 months, the level of TNT dropped prodigiously in the
high nutrient treatment, while remaining at approximately the initial level in
the other three treatments (Figure 13). Over the course of 7 months, TNT
levels in the high nutrient treatment dropped below 290 mg/kg, representing a
disappearance of more than 97 percent of the criginal material. Levels in
each of the remaining treatments fell to approximately half the original value

ver this same period. However, losses from the remaining treatments were

treatment had nearl y disappeared. Losses of T?
occurred slightly more rapidly than from the control treatments, indicating that
active microbial populations were responsible for at least some of the observed

removal. By months 6 and 7, no significant differences were evident between
TNT levels in these three treatments, suggesting that much of the loss in the
biotic control, and possibly some of the loss in the low nutrient control may
have been abiotic in nature. By contrast, most of the 2ADNT- and 4ADNT-
forming activity occurred in the treatments receiving nutrients and/or in the
biological control. The abiotic control had little accumulation of 2ADNT and
virtually no 4ADNT accumulation. Some DNT and trinitrobenzenes
accumulated in the abiotic control, as well as the high nutrient treatment.
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However, detectable levels of these materials were not found at 2.5 months of
treatment.

The high nutrient plus acetate plus Tween 80 treatment produced the most
extensive disappearance of TNT (approximately 2.2 percent remaining after

7 months), while aiso supporting some removai of 2ADNT and TNB (Fig-

ure 14). In contrast, the remaining treatments showed some loss of TNT
towards the end of treatment, but none was as effective as the high nutrient
te plus Tween 80 treatment.

Whan tha initial and final cnil camnlac wara avtrantad and analurad fAr

vy ieh i€ iMitiai and Iinar SO Samip:es wert €XiraCiea and anaiyzea ior
arnyvy romnnnndce 1 28 L 2 20N ma nf tha 9 VA ﬂ’=fnfrqnifrn_/1 /1’=
abUAJ VUL UVULIUY, 10 .JJ L &V llls UVl WUV &y ULYZU LLLL QLI UTT,, T
azayvinliene/ko DWE wac fouund in the initial ¢nil camnle and 448 +
“L\JI\J LA LI l\s A7 VY As YY QD LUWLINA 111 CLldw 113303 Q% OV OmllPlV aililvu TTo 1
258 mo/ke DWE was nresent in the abiotic control aone of thic azovvnitro-

26 ME/Kg DWE was preésent 1 € asiolic control. None of S azoxynliro

toluene was found in the biotic control or the low or high nutrient treatments.
The 4,4'6,6'-tetranitro- 2’-azox_ytoll_ e was n 1t in the initial sample,

:'.‘.
é
'fb
l'D
"1
L9,]
O‘\ o
L))
+

6.260 mg/kg was nresent in the abiotic ontrol and 13 99 + O 300 mg/kg
DWE was present in the high nutrient treatment. No other peaks suggestive
of other azoxy or related compounds were found in the vicinity of the
standards.
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Shake Flask Testing

In general, the addition of nutrients and toluene supported the treatment
process. The addition of Tween 80 sometimes stimulated treatment. Each
soil tested was unique in most of the properties examined, especially in the
TNT degrading behavior of its microbial inhabitants. Replication of measure-
ments within a soil sample were tight. The requirement for specific combina-
tions of additives to accelerate treatment was site specific for the soil. The
data support the need for individual testing at each site.

The variable requirement for a surfactant agrees with the findings of
Pennington et al. (1995) who found that surfactants generally increased aque-
ous phase levels of the explosives, but the impact was less pronounced in soils
having low explosives concentrations, as was the case here for Bangor and
Crane soils. However, high concentrations of explosives in soil aqueous
phases can be toxic or inhibitory to the degrading microorganisms. The pres-
ent study indicated that the addition to a shake fiask of a singie charge of
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Addition of the cosubstrates toluene and/or acetate sometimes inhibited
growth slightly when used with nutrients. However, this inhibition was often
offset when Tween 80 was used in combination with the cosubstrates. This
may be related to the fact that Tween 80 is biodegradable and, therefore, a
potential growth substrate.

The results of the present study indicate that in examining the feasibility of
using biotreatment for clean up of explosives-contaminated soils, several

Chapter 4 Conclusions
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microbial requirements are important. These requirements include inorga
asu

nutrients, cosubstrates, and sometimes a surfactant. Gererahzmg require-
ments for effective biotreatment at all sites is not good practice. Instead,
requiremenis must be evaluated on a site-specific basis. Furthermore, pro-
cesses used in land-farming treatment to solubilize explosives should be
regulated o allow explosive degradation to keep pace with solubilization,
precluding leaching of undegraded explosives into groundwater (Pennington et
al. in press)

Static Cell Testing

The results obtained from the static cell testing demonstrated that weekly
dosing with 30 mL of the high nutrient solution produced the most rapid and
compiete disappearance of TNT. This corresponds to weekiy dosages of
16.2 g of sodium acetate, 3.36 g of Tween 80, 0.304 g of ammonium niiraie,
and 43 2 mg each of monobasic and dibasic potassium phosphate administered
to 1 m? of soil to a depth of 1 cm over a-7 month period. The remaining

$on i d +. A A A £ TANIT ¢l ¢

treatments produced disappearances of TNT that were the same as or differed
el s . .

little from the ab:ot:c control. The static cell test result md:catcd that the test

Implications for Engineering Treatability Studies

Development of the shake and the static cell tests completes the tiered
evaluation system (Figure 1). This system can now be used in treatability
studies as a tool for determining the ability of the native microflora to degrade

- rre

TNT, and to optumze microbial aegraaauon in soii surface biotreatment.
T - A e aae 1= 4L

Information ootamed from this sysu:m can be applied by the engineer in the

PR R P

design of pilot- or demonstration-scale systems.

r 4 Conclusions

w
~



38

References

Aaronson, S. (1970). Experimental Microbial Ecology, Academic Press,
NY.

Allison, L. E. (1965). “Organic carbon.” Methods of Soil Analysis, Ameri-
can Society of Agronomy. C. A. Black, ed., Part 2, Ch. 90, Agronomy
Series No. 9, 1367-1378.

Boopathy, R., and Kulpa, C. F. (1992). “Trinitrotoluene (TNT) as a sole
nitrogen source for a sulfate-reducing bacteria Desulfovibrio sp. (B Strain)
isolated from an anaerobic digester,” Current Microbiology 25, 235-241.

Carpenter, D. F., McCormick, N. G., Cormnell, J. H., and Kaplan, A. M.
(1978). “Microbial transformation of “C-labeled 2,4,6-Trinitrotoluene in
an activated sludge system,” Applied and Environmental Microbiology 35,
949-54.

Crawford, R. L. (1995). “Biodegradation of nitrated munition compounds
and herbicides by obligately anaerobic bacteria,” Biodegradation of Nitro-
aromatic Compounds, J. C. Spain, ed., Plenum Press, NY, 87-98.

Duque, E., Haidolur, A., Godoy, F., and Ramos, J. L. (1993). “Construc-
tion of a Pseudomonas hybrid strain that mineralizes 2,4,6-Trinitrotolu-
ene,” Journal of Bacteriology 175, 2278-2283.

Funk, S. B, Roberts, D. J., Crawford, D. L., and Crawford, R. L. (1993).
“Initial-phase optimization for bioremediation of munition compound-
contaminated soils,” Applied and Environmental Microbiology 59, 2171-
2177.

Funk, S. B., Crawford, D. L., Kaake, R. H., Crawford, R. L., Higdem, D.,
Mead, G., and Davis-Hoover, W. (in press). “Full scale anaerobic biore-
mediation of trinitrotoluene (TNT) and 2-sec-butyl-4,6-dinitrophenol
(Dinoseb) contaminated soil: A USEPA Site Program Demonstration.”

References



Gunnison, D., Pennington, J. C., Price, C. B., and Myrick, G. B. (1993).
“Screening test and isolation procedure for TNT-degrading microorgan-
isms,” Technical Report IRRP-93-2, Environmental Laboratory,

U.S. Army Engineer Waterways Experiment Station, Vicksburg, MS.

Kaplan, D. L., and Kaplan, A. M. (1982). “Thermophilic biotransforma-
tions of 2,4 ,6-Trinitrotoluene under simulated composting conditions,”
Applied and Environmental Microbiology 44, 757-760.

McCormick, N. G., Feeherry, F. E., and Levinson, H. S. (1976). “Micro-
bial transformation of 2,4,6-Trinitrotoluene and other nitroaromatic com-
pounds,” Applied and Environmental Microbiology 31, 949-958.

Patrick, W. H., Jr. (1958). “Modification of method of particle size analy-
sis,” Proceedings of the Soil Science Society of America 4, 366-367.

Pennington, J. C., Olin, T. J., Myers, T. E., Davis, W. M., Alexander,
T. A., Hayes, C. A., and Townsend, D. M. (1995). “Impacts of sorption
on in situ bioremediation of explosives contaminated soils,” Technical
Report IRRP-95-1, Environmental Laboratory, U.S. Army Engineer
Waterways Experiment Station, Vicksburg, MS.

Pope, D. F., and Matthews, J. E. (1993). “Environmental regulations and
technology. Bioremediation using the land treatment concept,” Technical
Report EPA/600/R-93/164, R. S. Kerr Environmental Research Labora-
tory, Ada, OK.

Preuss, A., Fimpel, J., and Diekert, G. (1993). “Anaerobic transformation
of 2.4,6-trinitrotoluene,” Archives of Microbiology 159, 345-353.

Sims, J. L., Sims, R. C., Dupont, R. R., Matthews, J. E., and Russell,
H. H. (1993). “In situ bioremediation of contaminated unsaturated sub-
surface soils,” Engineering Issue EPA/540/S8-93/501, R. S. Kerr Environ-
mental Research Laboratory, Ada, OK.

U.S. Environmental Protection Agency. (1990). “Method 8330,” Methods
for chemical analysis of water and wastes, SW-846. 3rd ed., November
1990 revision, USEPA Office of Solid Waste and Emergency Response,
Washington, DC.

Zappi, M., Gunnison, D., Pennington, J., Cullinane, M. J., Teeter, C.,
Brannon, J. M., and Myers, T. (1992). “Technical approach for in situ
biological treatment research: Bench-scale experiments,” Technical Report
IRRP-93-3, U.S. Army Engineer Waterways Experiment Station, Vicks-
burg, MS.

Zappi, M., Gunnison, D., and Teeter, C. (in press). “Bioslurry treatment of

a petroleum hydrocarbon contaminated soil,” Annals of the New York
Academy of Sciences, New York, NY.

References



Form Approved

DEDADRT NNCIIMENT . .
i i OMB No. 0704-0188

NErwn WL WIVILIY

Public reporting burden for this collection 01 mformmon 1s estimated 10 average 1 hour per response. including the time for reviewing instructions, searching existing data sources,
gathering and ing the data ded, and ing and reviewing the collection of information. Send comments ardlng this burden estimate or any other aspect of this

! { sugges! for reduci his burde Wash Head Se
Collecion of nlor o g oo o Fe g B o e Bader Faperwork Redukhon project (704.0 186y W ashington, D gasds. > ‘eHerson
1. AGENCY USE ONLY (Leave blank) |2. REPORT DATE 3. REPORT TYPE AND DATES COVERED
February 1996 Final report
4. TITLE AND SUBTITLE 5.

Microbial Requirements for In Situ Biotreatment of Explosives

FUNDING NUMBERS

6. AUTHOR(S)
Douglas Gunnison, William M. Davis, Glenn Myrick,

Michael Ochman, Wayne Evans, Tonya Acuff, Cheryl Pettway,
Barry Marbie, Derek Wiliis
7. PERFORMING ORGANIZATION

Te T Rt wTMIVIS WSS A e TwsNIvie s

MAMEICY AND ADDR
~i e/ - S

ESSIES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

S. SPONSORING/MONITORING AGENCY NAME(S) AND ADDRESS(ES) . SEON NG/MONI
AGENCY REPORT NUMBE
rrT o A ~ . oLt T o e
U.d>. Army COIps Ngineers 1ecnnicdl REport
Wachin o~ NN IRRD._QA_?
AAINAINL TOUT &L

Available from National Technical Information Service, 5285 Port Royal Road, Sﬁringﬁe]d, VA 22161.
12a. DISTRIBUTION / AVAILABILITY STATEMENT 12b. DISTRIBUTION CODE

13. ABSTRACT (Maximum 200 words)

The biological destruction of explosives in soil depends upon several factors in addition to the presence of suitable
microorganisms or microbial consortia. Successful bjoremediation requires sufficient moisture, nutrients, and

mneaA

co-substrates (additives) at optimal concentrations. Enhancement of bioavaiiability by stimuiating increased desorp-

tion of the contaminant from soils may also be required. Objectives of this study were to develop simple tes:s to
determine the chemical compounds required to stimulate TNT destruction by native microorganisms and the specific
combination of additives required to support the most efficient destruction of TNT under static conditions simulating
surface application of additives in the field.

A three-tiered test system was developed to meet these objectives. Tier I consisted of a previously developed
screening test; this was used to determine the presence of TNT-degrading microorganisms and cosubstrates required
to support microbial degradation. Tier II consisted of a shake flask test that was developed to determine the combi-
nations of nutrients, cosubstrates, and/or surfactants rcqu1red to enhance TNT removal with minimal production of

undesirable products Resuits of shake flask tests indicated that low levels of nutrients generally enhanced the num-
ber of nucroorg anisms while supporting and stimulating the treatment process. High levels of nutrients sometimes
(Continued)
14. SUBJECT TERMS 15. NUMBER OF PAGES
Explosive Mineralization TNT 47
In situ biotreatment Natural microbial communities 16. PRICE CODE
Microbial nutrition Surfactant
17. SECURITY CLASSIFICATION |18. SECURITY CLASSIFICATION [19. SECURITY CLASSIFICATION |20. LIMITATION OF ABSTRACT
OF REPORT OF THIS PAGE OF ABSTRACT
UNCLASSIFIED UNCLASSIFIED
NSN 7540-01-280-5500 Standard Form 298 (Rev. 2-89)
Prescribed by ANSI Std Z39-18




7. (Concluded).

U.S. Army Engineer Waterways Experiment Station, 3909 Halls Ferry Road, Vicksburg, MS 39180-6199;
American Scientific International Corporation (AScl), 1365 Beverly Road, McLean, VA 22101; Hinds Junior
College, Raymond, MS 39154; Mississippi College, Clinton, MS 39060; Alcorn State University, P.O. Box 509,

Lorman, MS 39096

13. (Concluded).

stimulated, but at other times inhibited, growth and treatment. Addition of the surfactant Tween 80 sometimes stimu-
lated treatment. Addition of the cosubstrates toluene or acetate sometimes inhibited growth slightly

when used with nutrients, but inhibition was commonly offset when Tween 80 was used in combination with the
cosubstrates.

Treatment effectiveness and the required concentrations of additives were determined in the Tier III test—a static
cell test developed specifically for this purpose. Results of static cell testing indicated that for Hastings soil, weekly
dosing with a high nutrient solution produced rapid and nearly complete disappearance of TNT over a 7-month
period.

Study results suggest that when examining the feasibility of explosives biotreatment using surface application of
additives, site-specific factors operate to determine microbial requirements for inorganic nutrients and cosubstrates, as
well as the possible need for a surfactant. Consequently, microbial requirements must be evaluated on a site-specific
basis. Therefore, the tiered testing approach is ideally suited for optimizing treatment conditions prior to pilot-level

tests.



