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1 Introduction

Background and Rationale

Bioremediation may take advantage of either of two mechanisms of mi-
crobial attack upon contaminants—transformation or mineralization.
Transformation is the modification of the molecular structure of the con-
taminant to yield other organic compounds. If transformation products
are determined to be environmentally and toxicologically safe and stable,
bioremediation by transformation is sufficient. Mineralization is the deg-
radation of a contaminant to yield innocuous inorganic constituents.

These include carbon dioxide or methane, various inorganic salts, and
water. Complete mineralization to such products eliminates the need for
additional testing.

While mineralization is desirable for bioremediation of 2,4,6-trinitrotoluene
(TNT)-contaminated soils, for many years only TNT transformation path-
ways were reported. However, evidence for TNT mineralization under
suitable conditions has been documented in the recent literature. For ex-
ample, work by Soviet scientists suggested a potential for complete miner-
alization through the readily degradable intermediates phloroglucine and
pyrogallol (Selivanovskaya, Akhmetova, and Naumova 1986; Naumova,
Selivanovskaya, and Cherepneva 1988; Naumova, Selivanovskaya, and
Mingatina 1988). Research by Chinese scientists revealed microbial pro-
duction of reductase and dehydrogenase enzymes active on TNT (Li,
Yang, and Yang 1987).

Recent work has suggested that aerobic mineralization of TNT pro-
ceeds through the 1,3,5- and 1,2,3-trihydroxybenzenes, which are subse-
quently degraded to yield carbon dioxide and water (see reviews by
Higson (1992) and Golovleva et al. (1992)). By contrast, work by Funk
et al. (1993) revealed that anaerobic conditions may promote biodegrada-
tion of nitroaromatic contaminants in soils. Parent TNT molecules disap-
peared within 4 days in soil cultures, and by 30 days, nearly all of the
initial radiolabel appeared as 4-amino-2,6-dinitrotoluene (4A2,6DNT) and
2,4-diamino-6-nitrotoluene (2,4A6NT). Residual label was found in other
fractions and as a trace amount of carbon dioxide (CO,). Funk et al.
(1993) suggested that addition of an aerobic stage following an initial

Chapter 1 Introduction
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t accelerate degradation of 2.4,6 6-trihydroxytoluene
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lucinol or MPG) and p-crc sol, 1dent1f1ed as intermediates in the

Anaerobic or aerobic biological treatment may be acceptable if mini-
mal manipulation of the soil is required and if complete mineralization of
TNT is possible. The report herein presents an approach being evaluated
to obtain biological destruction of TNT. This approach uses a combina-
tion of microbial and enzymatic processes found to be effective in reduc-
tion of TNT (Carreira and Wolfe 1992). Previous work at the )

Environmental Research Laboratory Athens (bKL.-AtnenS) .S. Environ-

mental Protection Agency, Athens, GA, on environmental transformation
of nitroaromatic compou nds has resuited in the 1so}atioﬁ and characteriza-
tion of a redox enzyme (a nitrate reductase) from sediments and from
aquatic plants
The stud y of the reduc-
enzyme to the -nllowmg ra-

all traces of ox ; ating a itions. This is neces-

sary because the enzyme reduces nitroaromatic comnounds to their corre-
sponding amino compounds under anaerobic conditions. At this point, the
incubation regime is changed to aerobic conditions to permit the resident
microorganisms to complete the destruction process. Here, the
nitroaromatic amines are microbially oxidized to catechols, following
which fission is expected to occur. During the time this process was being
studied, the plant source of the sediment nitrate reductase enzyme was
identified with the use of monoclonal antibodies. The authors then incu-
bated untreated samples of the same TNT-contaminated soils with the
plant under aerobic conditions since the plant and associated nitrate reduc-
tase enzyme appear to function well under aerobic conditions.

Obje

ianntivae
J ‘l'vu

The objectives of these studies were to evaluate the feasibility of using
a nitrate reductase originaily isolated from pond sediment as part of a new

fa o S tan)

biotreatment process to reduce TNT to various monoammo, diamino, and

ORI I, TR Lt L T Y L .1 L L AT
triamino toiuenes, wilicit couid subsequentiy oe SuDJeC[eG to bench-scaie
hincliicoos: donndomnmtd ot ¢hn TTQ A Rl nne Mntacrncie Nomarinianst Qén
UILdIULTY UCAUIICIIL dal UIC U.D. ATIlY LIZINCCT wdlCIwdys CXPCIIINCcit ota-
tene FAATECY Thrrsiter s ¢hn Amsrenn A tlhn ntrrde;: thhn nAsse~n AL tlin celbmnén wna
LUl { VY LSO ). LJULLIE WUIT LUUIDT Ul LT dluuy, LHC YLUICC U1 LIC Hiuatc 1c-
Anntoca wae idantifiad ac tha aanatin nlant ctanawrart (AlSealla A n
HuLiasvy wad IULVIILILIUVU Aad UiV a\i ativ Plﬂll‘» StUlILWUILL Uviiciiu). N
invectiogatinn wac ennhcaanantly nndartalkan tn datarmina tha ahility tA nca
Allvevoligalivii wao ouuo\«\iuuutl GilIuViI lanvil (VU UwiviiiiiiIv LIV Qi v uow
the intact nlant to destrov TNT. The results of this work are alco renorted
S0 2RALL piall R0 GOS0, 44N 2, 240 TOSUIS O Ulls WOIR it ais0 1Cpoica.
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Enzyme Preparation and Purification

The nitrate reductase enzyme was extracted from sediment and purified
using a procedure developed at ERL-Athens (patent pending). Sediment
was obtained from a small pond near Athens, GA (Carreira and Wolfe
1992). Sediment (420 g oven dry weight (ODW)) was added to 6,000 ml
of a solution containing 20-percent glycerol in 0.5 M KCI. This mixture
was mixed gently for 5 min at room temperature and then centrifuged at
5,000 x g for 20 min at 6 °C. The resulting supernatant was decanted, and
the crude enzyme was salted out of solution using 85-percent ammonium
sulfate. The resulting enzyme precipitate was collected by centrifugation
as above, providing a 20-fold increase in activity over the initial extract.
This preparation was termed the “enzyme extract.”
to identify the native source of the
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20-mM phosphate buffer at pH 8.6. The preparation was further purified
by molecular sieve chromatography on a Sephadex CL-6B column (Phar-
macia LKB, Uppsala, Sweden) eluted with 20-mM phosphate buffer at
pH 7.0. This column has an exclusion range of 10,000 to 4,000,000 daltons,
meaning that compounds above and below this range are retained on the
column. The enzyme extract obtained from this column had a molecular
weight of 300,000 to 600,000 daltons as determined by molecular sizing
on additional Sephadex columns. Final polishing was performed with a
metal affinity column containing zinc on the amino diacetic acid side
chain. The preparation was ioaded on the column in 0.5 M KCI and eluted
with a gradient initially containing only 0.5 M KCl, then finally contain-
ing 3 M ammonium sulfate in 0.5 M KCI. The purified preparation



showed a single band upon sodium dodecyl sulfate-polyacrylamide gel
electrophoresis.

The purified nitrate reductase was used to obtain the corresponding
monoclonal antibody following standard immunological procedures (Har-
low and Lane 1988). This procedure was carried out in conjunction with
the University of Georgia monoclonal laboratory facility, Athens, GA.
Field sampling and analysis with the immunoassay technique indicated
that the plant stonewort was the source of the high nitrate reductase activ-
ity. Results of studies with TNT indicated that this plant had a great ca-
pacity to reduce TNT to triaminotoluene (TAT) using the pathway
proposed in Figure 1. Further reduction of TAT to an unidentified product
is very rapid. Products other than the single unknown product and the
amino biotransformation compounds were not evident in the analyses.

Soils were obtained from areas around munitions plants having a
known history of TNT contamination (Table 1). Upon collection, soils
were sieved through 0.5-cm mesh netting to remove rocks and possibie
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chimmannt ¢~ I C T mmemms mmonms oemssoeme ssrmm smmd cmmeelmccee ol e a2l LA 2T
SINPLICIIL LU VW EO. 111 DUIIIC CAdODS, blcvulg wdad 1101 pcn I'IIICU UIILL1 SOI1ID
wara raraivad at WEQ Tlanm aeeival at WWEQ onile wrasa ctnrad ot A4 O
WLIC ILLUILIVOU Al VY L. UPU ' 111val dal VYV LoO, dDUILID WUIC dLuICU at 4 o
““f;] I‘cﬂl’l Ql\:‘(‘ 1Irara ‘\f\ml\hﬂﬂ:"ﬁf‘ “\Il l\ﬁ“lf‘ m:v;nn Aﬁt‘ mMOAODONMNTO f“\!‘f\llnh
Uiitll UOLU. WJUILIID WUIL llUlllUsUlllLUu Uy iaiiu 111 Alllé allu PGDDGEC uuuusu
a 4-mm sicve Cuhecamnlac warae analuzad far nartirla civa dAictrihntinn

- uuuoulllylvo \AAZS ™ “llal: &LWwNd AVL Pul Viviw D14V IOV AVWLIVAL.
Samnlec for chinment ta ERT - Athanc ware trancnarted in canlarc nackead
Samples for shipment to ERL-Athens were transported in coolers packed
with ice and shipped by overnight express. Upon arrival at ERL-Athens,
subsamples of each soil were analyzed to determine organic matter con-
tent, metals, TNT, and selected biotransformation products.

Treatment 1 - Enzyme Extract as a Remediator
for TNT-Contaminated Soils

MNnle; tha Ancmmeresrn avtannt srsnn srsond Cace ¢hala Aeaade Thiac nmetanl e s

Wiily WIC CLHLYIHT TAULaLl wad udtU 11Ul Ui dtudy. rur conuol ucdl-
mante 8N o Af cnil Frnmm annh cita wrara wuratcchad tntn s diwridinal chmaser Ame
VIO, J. U 5 UVl OVl 11Vl Calvll dite willo Clsllcu 11ILU 1114l viUudl >UCICW Lap
tect tnhec to which wae addad O N ml Af dictillad watar FRnar tact camnlac
PUOL THUWO U TVIHIVIL VWWAED QUULGU /.U LT Vi GQISUIIVU VWalbi. AV ILOL DAllIpPIUD,
annroximatelv 105 o of each cnil were nlacad inta 0 51 nlactic hattlac
RPPLYALILAGIVIY 170 § Vi VAVIL DV TTWIL PIAVWU LEWY Vo %Ay placstiv vvlivo
and mixed with 350 ml of nrotein extract (annroximatelv 1 me/L of total
AllQl 1IIRACC 2382 GOV 1 UL PRIl SAMIGLE \GppiVALIialL: J & figiis Ul Ui
protein). The six samples for each treatment were placed on a low speed
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Table 1

Sources of Tested Soils

Source Abbreviated Form Used In Text Location
Hastings East Industrial Park HEIP Hastings, NE
lowa Army Ammunition Plant lowa AAP Burlington, IA
Lone Star Army Ammunition Plant Lone Star AAP Texarkana, TX
McAlester Army Ammunition Plant McAlester AAP McAlester, OK
Radford Army Ammunition Plant Radford AAP Radford, VA
U.S. Naval Compley, Bangor Submarine Base Sub Base Bangor Seattle, WA

<P

reciprocating shaker in a glove box under a nitrogen atmosphere. One-
half-ml samples were collected from each treatment at 1 and 5 days of in-
cubation for control treatments and at 1, 5, and 7 days of incubation for
test treatments. Aqueous and soil phases were separated by centrifugation
in an Eppendorf Model 5415C Microcentrifuge (Eppendorf-Netheler-Hinz
GMBH, Germany) for 14 min at 16,000 x g and 4 °C.

Following 1 week of incubation, the soil-protein extract mixtures were
returned to WES. Initially, these samples were to be placed into a one-
tenth scale version of the WES bioslurry reactor (Zappi et al. 1993). How-
ever, these units were not available at the time of the test. To simuiate the
effect of bioslurry treatment, each slurry was piaced into a 500-mi

™ _1

o ] v T . o . ~y . .«
erienmeyer 1iask and piugged with a roam stopper. oSlurries were incu-
Loa_ 3L __ AN A__._ ___ _ . _a.___. L _1 __ _.1Nn ____ __1°9Nn oM L . cmone
DALCA 10T SV adys On a gyroroidary siaker at 1oV rpm ana v "o. 11ic salll-
emTac esermema ¢haee alon i Lol 2ce sl 2o Lagsl o annlad colelh o crmay Ao anmd
pIiod CIC uIcCil pldccu DACK L0 UICIT DOLLICY, dCAICU wWilll 4 >LIT tap, aliu
ratirrnad tA EDYT _Athane FAre ann luoic Annlutinal camnlag uwara talran 1m_
1CLULIICU WU LUNL AT 1Vl alldlyd1d. Alialytival satlipivd welu tanvil i
madiataly nnnAan ratiien tn DD' _Athanc Tha ramaininag matarial wace iR s Yol PO
1ivuiailvi uPUll AWLULM LU LLINLTOALILIVILID,. i1e lculauuus i11atviial vywao i1iivu
hated far an additional manth ta varifv caontinuone reactinng
UVidlwu LVEI Gl AUMILIVIIAL 111V VWU Y ll] WwVLIILLIIIUMVUOD ivawviLaviio

Treatment 2 - Stonewort as a Remediator for
TNT-Contaminated Soils

N

Stonewort was identified as the source of the nitrate reductase enzyme

in sediment. For this reason, whole plant material was used as a concen-
1
1

A oo L oal e 1 &

trated source of the nitrate reductase enzyme. Stonew

Q*f\ﬁﬂ“"\"e aQara W\Amknr(‘ AP ‘hA r“\lf\fn“h"", (""ﬂﬂ“ a]nnn\ I\r “lk;ﬂlﬁ
DLVIIVVWULLO Aly 11iIVIIIUVI D VL L Ullluluyll] a \El\v\—ll alsa\r[ Vi Vviiiuil
thara ara thras ardarc: thae Charaleec Charanhvceae and Charanhvuta
CRAWi W Ulw VilAWwWw ViNWLIO. Vil illdilAlwoy ullulvyll]vvuw, CALANS Vlluluyll] LiL.
Nitella. the stonewort used in this work is one of the Charonhvceae
V , the stonewort used 1n this work 1s one of the Charophyceae.
Algae in this order are macroscopic and branched with nodal and internodal

Chapter 2 Methods and Materials
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Incubation conditions

All samples were mixed under aerobic conditions. The mixture was in-
cubated aerobically under static conditions at room temperature. One-half-ml
samples were removed at 0, 3, 7, 11, and 43 days of incubation.

Chemical Analysis

Soils were analyzed for particle size distribution using the method of
Patrick (1958). Total organic carbon (TOC) content was determined with
a DC-85A high temperature TOC analyzer (Dohrmann Inc., Santa Clara,
CA). Metals were measured with a Plasma II Inductively-Coupled
Plasma-Emission Spectrometer (Perkin-Elmer, Norwalk, CT). Soil mois-
ture content was determined gravimetrically following oven drying for
12 hr at 105 °C.

For chemical extraction of soils contaminated with low levels of TNT
(Radford AAP, Lone Star AAP, Iowa AAP, and Sub Base Bangor), a ratio
of 1 g of soil:3 ml of water was used. For soils contaminated with high
levels of TNT (McAlester AAP and HEIP), a ratio of 1 g soil:10 ml of
water was used. The pH and Eh of the treated samples was determined
using an Accument Ion Specific Electrode/pH Meter (Fisher Scientific,
Inc., Pittsburg, PA). Control and treated samples were centrifuged in the
Eppendorf Model 5415C Microcentrifuge in 1.5-ml capped tubes at
16,000 x g for 15 min. The resulting supernatants were decanted and set
aside for analysis. Soils were extracted with acetonitrile. Supernatants
and soils were then analyzed for TNT and several TNT-biotransformation
products, including 2-amino-4,6-dinitrotolnene (2A46DNT), 4-amino-2,6-
dinitrotoluene (4A26DNT), 2,4,6-triaminotoluene (TAT), 2,4-diamino-6-
nitrotoluene (2,4A6NT), and 2,6-diamino-4-nitrotoluene (2,6A4NT).

For Treatment 1 and all of Treatment 2 samples, except for Day 43, the
presence of TNT and its degradation products was determined by EPA
Method SWA 846 Number 8330 (U.S. Environmental Protection Agency
(USEPA) 1990). The method requires extraction with acetonitrile fol-
lowed by high performance liquid chromatography (HPLC) analysis.
Analyses were performed on a Waters HPLC (Waters Instruments,
Millford, MA) equipped with a variable wavelength ultraviolet (UV) detec-
tor. Separation was accomplished using a PRP-1 250 x 4.1 mm column
with an injection volume of 50 ul. Samples were eluted with a mobile
phase composed of 35-percent water (pH adjusted to 10 with NaOH) and
65-percent acetonitrile at a flow rate of 1.0 ml/min and detected at a wave-
length of 238 nm.

Samples for Day 43 of Treatment 2 were analyzed with a micellular
electrokinetic capillary electrophoresis system (MECE) using a Spectra
Phoresis 1000 System (Spectra Physics, Inc., Piscataway, NJ) having a
UV detector. This system is more sensitive than HPLC and separates the

Chapter 2 Methods and Materials



MECE analysis was accomnllshed using
ica column. The mobile phase employed was 25-mM sodlum dodecyl sul-
fate (SDS) in a 2.5-mM borax buffer (pH 8.6). The hydrodynamic
injection mode was used, usually lasting for 2 sec (5.37 nl/sec). Running
voltage was 20 kV, and the UV detection wavelength was 220 nm.

Chapter 2 Methods and Materials
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Table 3. All of the soils examined contained primarily sand a d lt The
highest clay contents were found in McAlester AAP and HEIP soils. Slur-
ries made with Lone Star AAP soil had a pH of 4.8. Slurries made with
each of the other soils had pH values varying between 6 and 7. In other
studies conducted at ERL-Athens, enzyme extracts from sediment or from
stonewort were found to have significant reducing activity between pH
5.5 and 8.5 (Carreira and Wolfe 1992). The only material falling outside
of this range was the Lone Star AAP slurry, which had a pH of 4.8. No
attempt was made to adjust this pH.

Organic carbon (OC) content of the soils varied from 0.13 to 2.05 per-
cent (Ta'ble '3) The rate of 'I_'NT disappearance from sediment is corre-
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Enzyme Extract Treatment Results

Effect of enzyme extract

Table 2 presents the initial TNT concentrations for each of the six soil
samples. The variation in TNT levels within a given sample is approxi-
mately 50 percent. This is likely due to sample heterogeneity, especially
in sampies passing a 4-mm sieve.

- o o ) 11
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The initial and final pH and Eh measurements of all si
remediated with the enzyme extract are given in Table 4. Th pH in-
creases with time. Generally, Eh levels of the slurries, except for Lone
Star AAP, became negative with time. This is a consequence of microbial
activity in the soil slurry. All oxygen is first consumed, followed by re-
duction of inorganic nitrate, available manganic manganese, then ferric

1ron and tmally carbon d10x1de (Yoshlda 1975) The mmal pH of the

.>¢
[7]
Q.
@,
. :==
3,
[¢]
w»

acid-toiefan‘ 1croorgamsms Hence, the Eh of this soil remained

to
he oxidized faﬁge hroughout the entire study.

Table 4
Ti]e pH and Oxidation-Reduction Potential (Eh) of Soils Treated
with Extracted Enzyme as a Fun tion of Treatment Time
Soll Time, days pH! Eh, mV (Vs Ag/AgCl)?
Radford AAP 0 4t05 32

3 7 -510

5 5i0o6 -245

7 5t06 -177
Lone Star AAP 0 4 156

3 4105 147

5 4105 107

7 ito5 174
lowa AAP 0 4105 67

3 7 -101

5 6 -543

7 516 312
Sib Base Bangor 0 4105 84

3 5 -411

5 6 -455

7 5t06 -365
McAlester AAP 0 5 75

3 6 -82

5 7 -97

7 6to7 -107
HEIP 0 4105 52

3 7 -112

5 7 5

7 6to7 -25

; pH values were determined with Slgma PH test strips.
* Eh vaiues were determined with Corning combination piatinum eiectrodes.
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The concentration of TNT remaining in the soils after 1 to 7 days of
treatment with the sediment enzyme extract and the controls (no enzyme)
are presented as a function of time for both the supernatant and the solid
phases’in Table 5. Initial concentrations of TNT and TNT by-products in
the aqueous phase were 0 since pure distilied water was added at time 0.

" e

TNT levels remained at or near the detection limit (0.25 mg/kg except

where otherwise noted in the tables) in the aqueous phases o w-

TNT soils. Somie reduction activity occurred, however, as the

monoaminodinitrotoluenes and diaminomononitrotoluenes appeared at

detectable levels in the Lone Star, Iowa, and Sub Base Bangor superna-

tants. By contrast, no removal of TNT from the supernatants of the soils
t1 <

containing high-TNT concentra ions t \les d
HEIP); in fact, TNT levels increased with time. This may be a reflection
of the microbial processes occurring in the soil phase resulting in in-
creased solubilization of TNT.

Soil phases of Radford, Iowa, and Sub Base Bangor soils exhibited
strong removal of TNT (Table 5, Page 2). However, the enzyme did not
appear to assist with the removal of TNT from any of the low-TNT treat-
ments over and above that achieved in their respective controls (native
soil microorganisms only). In addition, accumulations of the ADNT and
DANT compounds were generally very similar in the soil phase of each of
the low-TNT level sampies.
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of the failure to remove hlgher level of TNT in th treatments
may have been the result of the short incubation tlme.

Effect of bioreactor treatment

A bioslurry reactor promotes biodegradation by enhancing the contact
between soil particles, water, nutrients, dissolved gases, contaminants,
and the degrading microorganisms through the combined actions of stir-
ring and aeration. A small shake flask microcosm simulating the most im-
portant aspects of bioslurry treatment, enhanced soil-water contact and
aera‘tion was empioyed In this phase of the treatment, the native microor-
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instability of the new monoaminotoluenes, diaminotoluenes, and
triaminotoluenes. However, most past evidence has indicated that the
monoaminonitro and diaminonitro compounds seem to be refractory to
microbial degradation.

Following biotreatment at WES, all six TNT-contaminated soil slurries

were returned to ERL-Athens for analysis and additional incubation. The

.
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O =
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T e

£ e 1
week of enzyme incubation. For the HEIP soil, ADNT and DANT levels
also increased with time in the soil phase between the completion of the
1-week enzyme treatment (Table 5) and the initial sample of the posttreat-
ment stage (Table 6). However, the DANT levels apparently decreased
over the course of the posttreatment incubation period in the HEIP soil.
The observed TNT reductions could be due to continued enzymatic activ-
ity or microbial activity during biotreatment or both. Since the controls
were not incubated aerobically, no means existed to distinguish the effect
of the enzyme in this portion of the treatment.

In a time course study, the stonewort plant was used as a remediator.
The results are presented in Table 7. The concentrations of TNT and its
reduction products in the supernatant and solid phases decreased signifi-
cantly by Day 43. For the four soils contaminated with low levels of TNT
(Radford AAP, Iowa AAP, Lone Star AAP, and Submarine Base Bangor),
no detectable TNT remained in the supernatants, even at time 0, and no
ined in the solid phase at Day 43. Analysis of the

cu
a
-
[¢]
Q

w
-
=
=
b3
[¢']
-

ad -
=

-y
e
(2]
[72]

“ £

2]

>

D »
J

e
3 0
o}
w

-
y
-
-
g
£

D m
. n:
> 3
9]
w
Pod
o
L ]
>
>
v}

ol
o
e

[ g

=]
Q
b=
[

=
o »
Yty e
Q .
T W
-
.

o

(e}

n B
[~
®
=
1 N
[}
=eh o

-
=2
®
-
-
=2
(¢
(<)
3
=]
—
o
w
(o V!
o
1=
\r? 7
[¢]
=3

supernatant concentration was reduced from approximately 70 mg/L to
1 mg/L, and the solid phase level decreased from approximately

8,723 mg/kg to 11 mg/kg. Concentrations of the aminodinitro- and
diaminonitro- isomers also declined from their peak levels, although some
of these levels rose before falling.
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uld not be detected at Day 43 when analyzed by
ted with stonewort. The hmlt of detection for TAT

in the aqueous samnles and extracts was approximately 0.01 ppm. Based
on other studies with substituted anilines, the TAT was likely oxidized rap-
idly by autoxidation or microbial activity to yield catechol. Catechols are
known to be readily transformed to innocuous products by further micro-
bial degradation (see Bayly and Barbour 1984).

One of the samples from Treatment 1 (HEIP) was mixed with stonewort
under aerobic conditions. The initial levels of monoaminodinitrotoluenes

~ e

in this treatment system were 62 mg/L and 3,910 mg/kg in the supematam

. ke

and soil pnases respecnvely After 3 weeks of Treatment 2 with stone-

WOrt, omy 5.5 mgu.. and 358 mgll(g of thes C(‘)m‘pc‘)u ICIIldlllCU in the

crtmprnatamét amd call b acae cacmantivalss
bupCllldldllt alld >Ull prascd, xc>pcu.1vn:|y

MECE was used to senarate and guantify TNT and ite deoradation
MO MOoOwWNE LV DUP“I“I-U CALING \iuullbll] A AN A SIS AVD Uvbauuuslvln
products (Table 7). Compared with the retention time of standard
samples, both mongammodimtrot_!ucnc isomers and both
dxammomon nitrotoluene isomers were sepz ratcd (Eigu e 3). Also, in

eluted with solvent front). This degree of separation is not achlevable
with HPLC. The rate-limiting step in TNT remediation in these systems
may be mass transport. Thus, the remediation process can possibly be
accelerated by mixing.

Chapter 3 Resuits and Discussion
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necommenagations

—
The nitrate reductase enzyme in purified form demonstrated very little

potential to remediate soils contaminated with low levels of TNT over that
achieved with the native microflora alone

However, the nitrate reductase in intact stonewort has a high potential
to remediate soils contaminated with high levels of TNT. Stonewort was
effective in reducing TNT from as much as 8,723 mg/kg to 10.8 mg/kg in
43 days in the HEIP soil, and was also effective in all five remaining
soils. Stonewort treatment will be especially useful for soil surface
bioremediation. The treatment area can be flooded and the plant added to
the soil surface with only periodic turning of the soil required for contin-
ued treatment. In addition, stonewort is effective in indirectly regulating
the pH of the soil-water system and eliminating poisoning of the nitrate re-
ductase by Pb and Zn. This means that treatment with stonewort is appli-
cable to soils having a wide range of pH values and soils contaminated
with Pb and Zn. (Note added during revision: Since the original draft of
this report, Dr. Wolfe has demonstrated that the triaminotoluene proauced
/ the action of the stonewort plant enzyme un ergoes ring fission to form

) . ~
oy o
Latmemns need Tamémacna ML _____ _____ —a A N
ketones and lactones. These compou ds are commonly degraded to CO,
hu n voriaty AF satAarAAnmTamioma Daocnd Am ¢hia 246 50 sonmeesacs Aad slne
Uy a valicly ul llllLlUUlEalllblllb ) DdAdCU UI1 LD, 1L I ICCOLIRICIHIUCU Uidl
use of this plant be transitioned to the 6.2 level for use at the pilot scale
prior to potential application in the field.

Future investigations should focus on parameters pertinent to scale-up
of the remediation technology. Recommendations include the following:

a. Develop a procedure for mass culturing of stonewort for use in
bioremediation of contaminated soils.

b. Quantify the optimum amount of stonewort required to destroy TNT
in contaminated soils.

c. Determine the mass balance to identify any environmentally import-
ant products of TNT.

23
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d. Evaluate any potential soil toxicity resulting from the remediation
process.

Chapter 4 Conclusions and Recommendations
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