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CHAPTER 1
INTRODUCTION
‘§1.1 Background

Nitroaromatic compounds are introduced into the environment mainly from
anfhropbgenic‘ activities. POlynitroaromatic compbunds s‘uch‘ as 2,4,6-trinitrotoluene
(TNT) ar:é éothonly uséd military exi)losives, whereas many other nitro compounds are
widely used in production of pes_ticides, solvenfs, dyes, and pharmaceuticals (Rieger and -
Knackmuss, 1995). Nitroaromatic compounds represent an ¢n§ironmental hazard
because of their relatively recalcitrant nature to biodegradatjon by microorganisms and
their toxicological and potentially rﬁuta‘genic effects on a numbef of organisms
(Spanggord et al., 1982; Tan et al., 1992; Won et al., 1976). Hartter (1985) estimated that
TNT was produced in amounts of 2 million pounds per year ih the 1980s. TNT and its
transformation intermediates are commonly found as contaminants in soils and
subsuffa’ce envirohmehts, mostly due to leaching, leakagé, and dischargé of waste from
facilities for manufacturing, processing and disposing of e_xpiosives. There is a growing
interest in the fate of these compounds in soils and grou;ldwater aquifers because of their

complicated physical, chemical and biological characteriéfics, their adverse health effects,



and their extensive and persistent existence in subsurface environments around numerous
military locations.

A number of factors and processes determine the fate of dissolved contaminants in
aquifers. Of the physical processes governing the migration of a chemical in aquifers,
Bonazountas (1983) cited hydraulic tranqurt (advection and dispersion/diffusion),
adsorption/desorpfion, and volatilization as being important in investigation of both
small, chronic chemical réleases and large spills. In general, important chemical
processes may iﬁclude oxidation/reduction, photolysis, hydrolysis, complexation,
polymerization, and ionization, while biological processes include microbial
biotrans»formétiori and biodegradation (Samiullah, 1990). Among the physical, chemical,
and biologigal iqrocesses and phenomena li.‘sted above, some are essential and must. be
considered in studying the fate of TNT and related compounds under subsurface
conditions. These essential mechanisms include, but are not 1imited té, adsorption/
desorption, chemical oxidation/reduction, and microbial tr_ansfdrmation and degradation.
It has been reported that TNT is subject to photolysis (Téai, 1991), but this is not likely to
occur in subsurface environments. Complexation, polymerization, and ionization may
occur to some of the products of TNT transformation, but have not been reported to be
significant for TNT itself under natural conditions, probably because 6f the un-ionizable

nature of TNT molecules.

~ Considerable research has been performed investigating various aspects of TNT
fate in the environment. For example, a few research groups have reported studies on

transport and adsorption/ desorption of TNT in soils and aquifers (Pennington and



Patrick, 1990; Selim et al., 1995; Coxﬁfort et al., 1995; Haderlein et al., 1996).
Adsorption and desorption of TNT and its intermediates in soils and aquifer materials
seem to vary largely under different conditions, especially when long-term effects are
considered. Surprisingly little can be found in the scientific literature about the
characteristics of chemical/abiotic transfbrmations of TNT, although it is somewhat
arbitrary to classify TNT reactions into strictly abiotic and biological processes since
many of these twd types of processes are involved in continuous biogeochemical reaction
systems (Haderlein and Schwarzenbach, 1995). Abiotic transformations of other
nitroaromatic compounds such as nitrobenzenes and nitroarorﬁatic pesticides were
reported to occur commonly and sometimes very rapidly under various conditions (Glaus
et al., 1992; Schwarzenbacﬁ et al., 1990; Dunnivant et al.', 1992b; Tratnyek and
Macalady, 1989). Microbial transformation and degradation of TNT and other nitro
compounds have been investigated by numerous researchers (Boopathy et al., 1993;
Bradley et al., 1994; Heijman et al.,. 1995; Preuss et al., 1993; Roberts et al., 1996), and
under proper conditions, it is believed that this approach may represent an economical
alternative of remediating TNT-contaminated soils and groundwater.

Details of the current literature appear in the following chapter. Despite this
wealth of information, the fate of TNT and related compou'nds under subsurface
conditions is far from well understood. More notably, relatively few attempts have been
found in the literature to investigate the environmental fate of TNT and its transformation
intermediates which take into account the co-existence and interactions of various

physical, chemical, and biological environmental factors and processes.



In this study, the overall objective was to comprehensively as well as separately
examine three categories of environmental fate processes which were considered to
dominate the fate of TNT in aquifer environments. Batch reactor techniques were used to
provide a well-controlled environment to isolate individual environmental factors and
separately characterize physical adsorption/desorption of TNT in aquifer materials,
abiotic TNT reactions with naturally occurring reductants; and microbial transformation
of TNT under different conditiohs. Mathematical models were identified to describe the
adsorption equilibrium of TNT and its intermediates in aquifer materials. The adsorption
kinetics of TNT were studied with short- and long-term adsorption experiments.
Bisulfide, which may be present in significant amounts in sulfate-reducing environments,
was investigated as an important reductant reacting with TNT abiotically. The effects of
aquifer materials on the rate of the abiotic reactions were also investigated. TNT
biotransformation was examined under three types of electron accepting conditions,
including denitrifying, sulfate-reducing, and methanogenic, since these metabolic regimes
commonly occur in subsurface environments and play important roles in determining the
rate of biodegradation of xenobiotic compounds (Berry et al., 1987; Kuhn and Suflita,
1989). Quantitative parameters and reaction rate constants were obtained from these
batch feéctor experiments to characterize the physical, chemical, and biological processes
affecting TNT fate. In addition, aquifer column reactors were used as microcosms in
which more than one category of the abov_e-mentioned environmental processes were

taking place under dynamic (flowing) conditions. Quantitative parameters were



introduced to described the over-all effects of these environmental processes on TNT

removal in aquifer columns.

§1.2 Objectives of the Study

In light of the above concerns, the specific objectives of this study were set as
follows: |

1) To examine the equilibrium é.nd ki_ﬁetics of adsofption of TNT and several of
its r“eactionr products oﬁ aquifer materials;:
2) To examine the kinetics of the abiotic conversions of | TNT and the effects of
aquifer materials on these 'féactions; v
3) To identify electron abcepﬁhg condiﬁons faVor_’able for TNT biotransformation
by aduifer microflora; -

- 4) To characterize the patterns-of producfion and disépﬁeafaricie of rriajor TNT
‘metabolites under different electron accepting conditions; and

5) To evaluate the environmental fate of TNT in aquifer column studies.



CHAPTER 11
LITERATURE REVIEW
§2.1 Introduction

Hazardous explosives, or energetic 6rgano.-nitro compounds, are found as
contaminants in many environments. Organo-nitro compounds can be divided into at
least three categories: (1) nitroarométié compounds (e.g., 2,4,6.-tri‘nitrotoluenev, 24-
dinitrotoluene), (2) nitramines [e.g., heiahydro-1,3,5-trinitfo-1,3,5—triazine (RDX),
octahydro-l,3,5,7-tetranitro-1,3,5,7-tetrazocine(HMX)], énd (3) nitrate esters (e.g.,
nitrocellulose) (Walker and Kaplan, 1992). Nitroaromatic compounds (NACs),
especially 2,4,6-trinitrotoluene (TNT), are the main concerns of this study.‘

TNT is the most widely used military explosive because of its desirable properties
including stability and relatively safe methods of manufacture (Boopathy et al., 1993).
Soil and water contamination with TNT and other exploéi'Ves compounds has resulted
from munitions manufacturing, loading, assembling, handling, packing, and disposal
operations. Disposal 6f waste TNT has become a particularly difficult problem in
operations such as shell loading, which use large volumes of hot water to wash off
residual explosives. Relatively large volumes of water are required because TNT is only

slightly soluble in water. An important source of TNT-containing waste is “red water”, a



red colored waste stream generated from TNT manufacture and purification (Tsai, 1991).
It was a common practice to discharge wastewater which was saturated with TNT into
drainage ditches; this water might then flow into local streams or infiltrate into soils and
aquifers (Won et al., 1974). These waste streams may also be contaminated with other
explosives, such as hexahydro-1,3,5-trinitro-1,3,5-triazin¢ (RDX), another important
conventional explosive used by military forces (McCormick et al., 1981).

This literature review foéuses on major research into the environmental fate,
including physical, chemical, and biological aspects, of nitroaroniatic compounds (NACs)
in subsurface environments, with particular emphasis on biological and abiotic
transforrhation and degradation of TNT. It presents a general description of research
findings and conclusions on physical adsorption/desor’ptibon and abiotic and biological
transformations of these compounds, followed by a review of the environmental fate of
TNT in soils and aquifers. The anaerobic biotransformation and biodegradation of
nitroaromatic compounds deserve particular attention for several reasons. First,
anaerobic/anoxic conditions commonly exist in subsurface environments and anaerobic
transformations of these compounds by indigenous microorganisms occur extensi.vely.
Secondly, reductive transformation of anthropogenic organic chemicals in aquifers may
lead to intermediates and products that can be highiy recalcitrant and/or of considerable
toxicological concern. Thirdly, biodegradation of xenobiotics catalyzed by the
indigenous aquifer microflora haS proven one of the essential factors responsible for
pollution abatement in aquifers (Bradley et al., 1994; Heijman et al., 1995). Microbial

transformations are discussed with respect to different electron accepting conditions,



since alternate electron écceptors play an important role in soils andi aquifers where
molecular oxygen becomes insufficient or unavailable. Finally, a review is given on the
recent development of technologies applied to treatment and remediation of NAC-
contaminated water and soils, with the inténtiqn to lead to thoughts on the further
development of remediation technologies driven by recent research findings, including

those in this study.

§2.2 General Properties and Toxic Effects of TNT

General physical aﬁd chemical characteristics of TNT are presented in Table 2-1.
"Crude TNT usﬁally contains tﬁe meta, or ubnsymmetrical‘, isomers, dinitrotoluenes, and
oxidation products. Trinitrotoluene is one of the least impact- and friction-sensitive high
explosives (US EPA, 1992). This desirable property contributes to its large-scale
~ manufacture and use. TNT cén be"dissol?éd in water with a relatively low solubility,
about 130 mg/L at 20 °C.

TNT is believed to be toxic to certain fresh water life forms at concentrations
greater than 2 mg/L. Toxic effects have been noted for bluegills at 2.3 to 2.8 mg TNT/L,
and a mean tolerance limit of 2.0 to_‘3.0 mg TNT/L for a number of fresh water fish has
been reported (Osman and Klausmeier, 1972). In humans, TNT has been shown to cause
liver injury. Exposure to TNT is also known to éause pancytopenia, a disorder of the
blood-forming tiséﬁes characterized by a ﬁrOnounced deCr’eésé in the number of
leukocytes, erythrocytoes, and reticulocytes in humans and other mammals (Harris and

Killermeyer, 1970). It is also reportedly mutagenic (Kaplan and Kaplan, 1982a). Other



health effects in humans, including skin problems, cataracts, and male reproductive
disorders, have been reported by several researchers (US Dept. of Health and Human
Services, 1995). The Drinking Wafer Equivalent Level (DWEL), a life time exposure at
which adverse health effects WQuld not be expected to occur, is 20 pg/L as suggested by

EPA (US EPA, 1989).



Table 2-1 Physical and Chemical Properties of 2,4,6-Trinitrotoluene

Characteristic Information
CAS number 118-96-7
Chemical formula C7H5N304
Molecular weight 227.13
Structure |
Ha-
O 2N NO 2
Nb 2
Specific gravity 1.65

Color

Yellow to white

Physical state

Monoclinic rhombohedral crystals

Specific gravity

1.654

Vapor pressure

0.000199 mmHg at 20 °C

~ 0.]J06 mmHg at 100 °C

Solubility
Water
Carbon tetrachloride

Acctone

130 mg/L (20 °C)
0.65 g/L (20° °C)
109 g/L (20 °C)

Partition coefficient

LogKow

1.60 - 2.7

Melting point

80.1 to 80.6°C

Boiling point

210 °C (10 mmHg) to 212 °C

o T L
Vte i)

Explosive temperature

240 °C

Sources: (1) U.S. Department of Health and Human Services, 1995

(2) HSDB, 1994,

t0




§2.3 Adsorption/desorption of TNT in Soils and Aquifer Materials

The impact df adsorption/desorption processes of nitroaromatic compounds is very
important not only to the mobility and transport of the chemicalé but also to other aspects
of the fate of the cbmi)ounds. The dist‘ribution' of a contaminant between aqueous and
solid phases may determine its availabiiity and reactivity for abiotic and microbial
transformation reactions (Haderlein and Schwarzenbach, 1995). In the case of neutral
nitroaromatic compounds like TNT, two types of adsorption mechanisms have been
found to be predominant in most subsurface environments: (1) hydrophobic partitioning
into the organic fraction of soils or aquifef materials, and (2) adsorption resulting from
complex formation on clay’ mineral surfaces that bear exchangeable cations (Spanggord et
al., 1985; Hadéﬂein et al., 1996). TNT is a slightly polar corﬁpound with a smal‘l dipole
momentum of 1.37 debye (Xue et al, 1995). This may explain to some extent the
adsorption/desorption behaviors:of TNT on soils. In research by Pennington and Patrick
(1990), batch adsorption and sequential desorption studies were conducted with
uncontaminated surface soils collected from 13 Army Ammunition Plants (AAP). It was
found that steady state adsorption of TNT was reached within 2 hours and that adsorption
isotherms were best fit by the Langmuir adsorption model. The results showed that
oxidized conditions consistently decreased adsorption compared to reduced conditions
and that microbial transformation appeared to‘be greater, or perhaps faster, under reduced
conditions. TNT retention was found to be mofe dependent 6n soil cation exchange
éapacity (CEC) than on fraction of organic carbon (FOC), a fact that might be attributed |

to the slight polarity and the presence of -NO, groups of TNT. The authors indicated that
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TNT was only slightly resistant to desorption following the batch adsorption experiments.
For the soil with the highest fraction of organic carbon (FOC = 0.036) and most
recalcitrant to desorption among the v13 AAP soils, about 20% of adsorbed TNT was
retained after three sequential desorption cycles using water és desorbing agent. Lack of
hysteresis mgant that adsorption and desorption occurred to the same extent. These

results indicatéd tﬁat soil sorption would not effectively prevent mobility of TNT through
surface soils into the solution phase. Tucker et al. (1985) found that the TNT distribution
coefficient v;a.lues for water/soil phases were largely accountéd for by soil CEC and FOC,
with the CEC being more_responsible.' TNT desorption from soils is considered readily
achievablé, and irreversible behaviof is nof si gnificant in Shért-tenn experiments
(Pennington and Patrick, 1990; Leggett, 1985).

Haderlein and co-workers (1996) conducted an extensive study on specific
adsorption» of 31 nitroaromatic explosives and pestiéides, including TNT, RDX, 2-amino-
4,6-dinitrotoluene (2-ADNT), and 4-amino-2,6-dinitrotoluene (4-ADNT), to clay
minerals. Three types of clay minerals, kaolinite, illite, and montmorillonite, were chosen
as model minerals with representative properties. They found that the adsorption
equilibriﬁm for most of the investigated nitroaromatic compounds was essentially
established within as shéft a time as a few. niinutes. The adsorpfion isotherms of all
NAC: investigated could be approximated by the 'Lalvlgm.uir equation, although the
authors indicated that the Langmuir fit might underestimate the extent of the adsorption at
low sorbed-phase concentrations and that a linear isotherm with a slope, K4 (the

adsorption constant), might better describe the adsorption equilibrium in these cases. For
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neutral or noh-ionizable NACs, K, values remained constant betWeen pH 3 and 9. It was
shown that adsorption of NACs was high when exchangeable cations on the clays were

- K" and NH,", but was negligible for Na*-, Cé*-, Mg*-, gnd A13+-clays. The aﬁthors
suggested that the mechanisms of specific adsorption of NACs on clay minerals could be
described by the formation of an electron donor-acceptor complex with the oxygen atoms
on the external silbxane surfaces of clay minerals. Thereforé, kNACs Such as TNT, which
have a relatively ‘strong electron-accepting tendency due to the electron-withdrawing
nature of the nitro groups, can be relatively strongly adsorbed on‘vhighly exchangeable,
highly charged minerals such as K*-montmborillinite. Adsorptib_ﬁ of the NACs on the clay
‘minerals was found to be.reversible. Therefore, the mobility, Qr adsorption/desorption, of
NACs such as TNT and transformation intermediates in soilsv'rich with these minerals
may be manipulated by changing the degree of K* saturation of the minerals. This may
have useful implications for remediation practices (Haderlein ét .al., 1996).

The equilibrium of sorption or exchange of solutes present in the soil solution has
been mostly described by linear, Freundlich and Langmuir models. Among the kinetic
models for adsorption and desorption, first- and nth- order kinetic forms are perhaps the
mosf common. Multi-site and/or multi-reaction models ‘_are also used to deal with the
multiple iﬁteractions of one soluté in the soil, where two or m§re diffefent types of

reaction/retention sites are considered (Xue et al., 1995).
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§2.4 Abiotic Transformations

It has been observed that many nitroaromatic compounds are suscept_ible to
various abiotic transformation reactions (Glaus et al., 1992; Macalady et al., 1986).
Because of the electron-withdrawing.vnature of nitro groups, reducing, nucleophilic,
and/or electron-donating compounds are likely to induce the reductive transformation of
TNT and other ﬁitroaromatics. The féduc_tion of nitro groups to amines is a widely
observed transformation pathway for nitroaromatic compounds' iﬁ anaerobic
environments. Besides biological electron donating mechanismé? the most abundant
abiotic and naturally occﬁrrin g reductants inclﬁde reduced in’orgémic forms of iron and
sulfur, such as iron (II) and bisulfide (Stumm and Morgén, 198‘1). It has been reported
that total reduced sulfur concer}trations as high as 10* M (3.2 mg/L as sulfide) have been
detected in envrionments with microbial sulfate-réducing activifies, such as the bottom
sediments of lakes, wells and groundwater (Dohnalek and Fizpatrick, 1983; Chen and
Morris, 1972; O’Brien and Birkner, 1977).

Many researchers believe that naturally occurring organic chemicals such as
quinone, iron porphyrin, and extracellular biomolecules play an important role in
mediating reduction of nitroaromatic compounds (S_chwarzenbach et al., 1990; Dﬁnnivant
~etal., 1992b; ‘Tratnyek and Macalady, 1989). It has been assumed that hydroquinone-like
_sub-units are the reducing moietié‘s‘that méke up part of the humic material, a commoﬁly
ocurring form of natural organic matter (Wolfe and Macalady, 1992). Schwarzeﬁbach et

al. (1990) investigated the reaction of nitrobenzenes with sulfide mediated by quinone
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and iron porphyrin, two naturally occurring electron carriers found in biological systems
(Lehninger, 1970; Buffle and Altmann, 1987; Thurman, 1985). These electron-transfer
>mediators effectively increased the reaction rate, and it was concluded that the reactivity
of such mediators might depend on pH in a rather complex way. Tratnyek and Macalady-
(1989) reported rapid abiotic reduction of nitr‘oaroma_fic p_esticidés with quinone-
hydroquinone redox couples, which were selected to modell‘ the redox-labile functional
groups in naturél organic matter. Their expériments showed that observed rate constants
increased aé model system redox potentiél, Eh, became more negative. It was also nqted :
that the obsérved reaction rate constant had a maximum value around pH7.1. The
kinetics of thé pesticide' (methyl parathion)' were first order in methyl parathion and first
order in the monophenolate form of the hydroquinone.

Besides bquinone-like natural organic matter, other proteins; enzymes, or bacterial
cell exudates were also reported to mediate abiotic reactions of NACs. Glaus et al.
(199'2) found that the reaction of 4-_ch10r§nitrobenzene with hydrogen sulfide alone was
very slow but that the presence of cell exudates of a Stre‘ptomycesvstrain significantly
increased the reaction rate. | It should be indicated that in their experiments, very high
buffer concentrations (SQ to 100 mM), compared with the concentration of total sulfide (5
mM) and of the ﬁitro éorripound (0.1 mM), were used to maintain a constant pH. They
observed that the pH valiies affécted the reaétion réte dramatically and that the reaction
rate increased With increasing time in some cases, especially when fhe initial pH was
greater than 7. Pseudo-first order rate constants were used tob quantify the reaction

kinetics in this study and no attempt to monitor the sulfide consumption over time was

15



mentioneci. Van Beelen and Burris (1995) reported that a catalyst contained in a crude
protein extract from aquatic sediments mediated the reduction of TNT by cysteine and
that this catalyst might be Fe?*. It may be interesting to note that Schwarzenbach and co-
workers (1990) observed the reductive transformation of 4-chloronitrobenzene in a
cysteine solution mediated by iron porphyrin. Van Beelen and Burris (1995) further
indicated that while strongly reducing_cheinicals such as cysteine could reduce TNT
without a catalyst or non-enzymatically, lese strong reductants such as nicotinamide
adenosine dinucleotide phosphate (NADPH) were also capable of reducing TNT in the
presence of enzymes extraeted from aquatic sediments. These enzymes may be
originated from aquatic plants andvare ubiquitous in aquatic systems. The reduction
products include 2-ADNT, 4-ADNT, 2,4-diamino-6-nitrotoluene (2,4-DANT), and 2,6-
diamino-4-nitrotoluene (2,6-DANT).

The environmental processes and factors influencing the rate of abiotic reduction
“of nitroaromatic compounds have been rei/iewed by Haderlein and Schwarzenbach
(1995). They indicate that naturally occurring abiotic electron donors, such as reduced
iron species, reduced sulfur species, and organic carbon constituents, are all intimately .
coupled to and continuously influenced by microbial activities. Various processes and
reaction steps, ‘such as regeneration of reactive species, formation of a precursor complex,
or actual transfer of electrons, may be rate-lirniting. ‘While phosphate buffer is widely
~used in reaction ‘systems to stabilize the pH, Barbash and Reinhard (1989) found, when
they investigated the abiotic reactions of 1,2-dichloroethane and 1,2-dibromoethane with

H,O0 and bisulfide, that phosphate buffer accelerated the nucleophilic substitution of both
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halogenated compounds by H,O. The authors did not present a full explanation for the
catalysis, although it was proposed that increases in ionic strength due to the presence of
phosphate buffer could only account for a relatively minor proportion (<10%) of the

catalytic effect observed.

§2.5 Microbial Transformations

The vast majority of nitroaromatic compounds are anthrof)ogenic and considered
xenobiotic because of the inclus:ion of unusual chemical bonds and/or substitutions
resistant to enzyme systems of micfoorgénisms, which take geological time periods to
evolve the abilities to exploit certain compounds as sources of carbon and energy (Spain,
1995). Research in the past two decades, howevéf, hés revealed a number of microbial
systems capable of biotransforming or biodegrading nitroaromatic compounds. Species
of fungi have been found to degrade and mineralizé such compoﬁnds as 2,4-
dinitrotoluene and TNT. Anaerobic bacteria, including some pseudomonads under
denitrifying conditions, sulfate-;educing and methanogenic bacteria, and clostridia, are
able to reduce the nitro group vié nitroso and hydroxylamino intermediates to the
corresponding amines, which have shown promise for further degradation and
mineralization under appropriate conditions. However, deep biodegradﬁtion (e.g. ring
cleavage leading to mineralization) zvind.large-scale decontamination of nitroaromatic
compounds are still scarce, mainly because of the demﬁnding and poorly understood
biodegradation/mineralization pathways of these compounds. When biotransformation

and biodegradation of nitroaromatic compounds are studied, the difficulties of this task
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lie in the fact that some compounds are highly resistant to microbial attack while others
may be partially broken down to unknown, undetected, or nondegradable (dead-end)
intermediates or even transformed to more toxic products (Gorontzy et al., 1994). Recent
research on TNT biotransformation under various electron accepting conditions is

reviewed as follows.

§2.5.1 Aerobic Conditions

Many researchers have found that fhe reduction of the first nitro group in the
TNT ﬁlolecule can bé catalyzed by many aerobic and anaerobic bacteria (Amerkhanova
and Naumova, 1978; Kaplan and Kaplan, 198‘26; Schackmann and Muller, 1991).
However, further biodegradation of TNT under aerobic conditions is considered difficult
because TNT is usually resistant to conversion by oxygenase enzymes due to the presence
of the electron-withdrawing nitro groups on the ring (Walker and Kaplan, 1992). Another
concern is the formation of dead-end metabolites (azm;y compounds) resultin g from
polymerization of intermediates by abiotic coupling reactions under aerobic conditions
(Schackmann and Muller, 1991). The formation of azoxy compounds under aerobic
conditions, which appear to be resistant to-further biodegradation, was also reported by
earlier researchers (Won et al., 1974; Carpenter et al., 1978). '

It has been reported that several pseudomonads, fﬁngi, and yeasts transformed
TNT, leaving the aromatic ring intact. The transformation products identified were 2-
ADNT, 4-ADNT, 4-hydroxylamino-2,6-dinitrotoluene, 2,2’,6,6’¥tetranitro-4,4’-

azoxytoluene, and 2,2’ ,4,4’-tetranitro-6,6’-azoxytoluene (Won et al., 1974; Parrish,
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1977, Naumova et al., 1982). Some research has given indications of mineralization of
[(**C]TNT by some species of Pseudomonas under aerobic conditions, although the
recovery of 14Co,is as low as 0.02 to 3% (Traxler, 1974; Boopathy et al., 1994).
However, some studies with fungal systems have provided substantive evidence for
mineralization of the qrématic ring of TNT, as discussed:below, although the details of
the mechanism and pathway remain to be shown.

Fernando et al. (1990) iﬁvestigated the biodegradation of TNT by the wood-
rotting (white rot) fungus Phanerochaete chrysosporium in soil and liquid cultures. This
fungus is one of the relatively few miCroorgahisrhs known to be able to degrade lignin, a
naturally occurring and reéalcjtrant biopolymer, to carbon dioxide (Bumpus, 1989).
Phanerochaete chrysosporium is also able to degrade a wide variety of environmentally
persistent xenobiotics to carbon dioxide, including a number of chlorinated hydrocarbons
such as DDT [1,1,1-trichloro-2,2-bis(4-chlorophenyl) ethane], chloroanilines, and
polychlorinatéd biphenyls (Bumpus, 1989; Eaton, 1985). It is suggested that the ability to
de\: gradé such a diverse group of compounds is dependent on the nonspecific and
nonstereoselective lignin-degrading system which is expressed by this organism under
nutrient (nitro gen, carbon, or sulfur)-li‘miting conditions. Fernando et al. (1990) reported
that about 20% of ['14C]TNT was cohvertéd to [**C]CO; at an initial conéentration of 100
mg/L in liquid cultures, while 18.4% of initial TNTV (10,000 mg/kg) was converted to
[**C]CO, in soii culturés after a 90-day incubation period. Glucose at a concentration of
10 g/L. (56 mM) was used as the primary substrate in the incubation. In another study by

Spiker and co-workers (1992) using the same fungus, however, no significant
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mineralization was observed at TNT concentrations greater than 15 ppm. Consequently,
the utility of P. chrysosporium as an agent for bioremediation of TNT contamination was
questioned. Studies have shown that the lignin-degrading system of P. chrysosporium
functions only in the presence of a hydrogen peroxide generating system, as hydrogen
peroxide is required as a co-substrate. for lignin peroxidase (Fernando and Aust, 1994).
The production of H,0, is affected b‘y inhibitors, O, concentration, and nutritional
parameters such as nitrogen and carbon staxrvation. A study b‘vaichels and Gottschalk
(1994) showed that during the mineralization of TNT (at about 20 mg/L), the lignin
peroxidase of P. chrysosporium was inhibited by the transient accumulation of 2-
hydroxylamino—4,6-dinitrotolnene Iand 4fhydroxy1amino-2,6-dinitfotoluene, whereas such
a prbnounced inhibition was not observed at lower TNT concentrations. Bumpus and
Tatarko (1994) also found that 4-hydroxylamino-2,6-dinitrotoluene was a potent lignin
peroxidase inhibitor. ‘-

A thermophilic compost system has also transformed ring-[MC]-labeled TNT to
ADNTSs and diaminonitrntoluene compounds (Kaplan and Kaplan, 19820). In anotherv
investigation using compost systems, hnwever, only very minor amounts of these |
intermediates (<2>%) were found. The major part of the applied radioactive material was
detected in insoluble polymerized macromolecules (Isbister ét al., 1984). The formation
of insoluble products was probably due to the polyn}érization of TNT metabolites under
aerobic conditions, as mentioned above.

In a recent study, Bruns-Nagel et al. (1996) used aerobic soil columns to evaluate

the remediation of TNT-contaminated soils. A percolating fluid, containing glucose and
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phosphate buffer at pH 7, was added into soils with 70 to 2100 mg of TNT per kg (dry
weight), resulting in a TNT removal of over 90% in 19 days. The major TNT metabolites
identified were 2,4-DANT and 4-N-acetylamino-2-amino-6-nitrotoluene. Azoxy
derivatives were not detectable. After 19 days of aerobic percolation of the soil, the
numbers of viable cells gtowh on soil extracts increased by oné order of magnitude and
the inhibition of the bioluminescence of Vibrio fischeri by aqueous soil extracts decreased

by one order of magnitude, indicating a significant decrease in toxicity of the soil.

§2.5.2 Denitrifying Conditions

Denitrification is a potentially important mechanism for biotransformation of
nitroaromatic compounds in aquifers due to the widespread occurrence of anoxic zones in
this environment, especially when it is taken into account that nitrate and nitrite are
commonly occurring cofnponents in munitions wastewaters (Tsai, 1991). Nitrate-
reducing bacteria are ubiquitous in soils. While a variety of facultatively anaerobic
bacteria, including Aléaligenes, Escherichia, and Bacillus, reduce nitrate to nitrite,
various Pseudomonas species have a more complete reduction pathway, converting
nitrate through nitrite to nitric oxide (NO), and nitrous oxide (N,O) to molecular nitrogen
(Atlas‘and Bartha, 1993).

TNT biotransformation under denitrifying and other anaerobic conditions has
been of interest for many researchers. Batch bottl¢ tests by Boopathy et al. (1993)
showed that TNT was subject to anaerobic biotransformation under various electron

accepting conditions, including denitrifying, sulfate-reducing, and CO,-reducing
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conditions. The best growth and the fastest TNT removal were seen under denitrifying
conditions. The main intermediates of TNT transformation were 2-ADNT and its isomer
4-ADNT. The TNT removal in this study appeare‘d to have been accomplished by co-
metabolic processes because the reactors containing TNT as the sole source of carbon and
energy under differ¢nt electron accepting conditions showed no growth or TNT removal.
The authors suggested that under ﬁitraté-reducin g conditiqﬁs "t‘he main enzyme
responsible for nitrate reduction was nitrate reductase, which could have acted on the
nitro group of TNT and reduced it to an amino group. Similar results were also reported
by Shah (1995), with denitrifying conditions inducing the fastest TNT transformation
when compared with sulvfate—reducing‘and methanogenic conditions. Han (1993) -foun>d
that denitrifying conditions made possible the completé transformation of the
intermediates produced in anaerobic TNT biotransformation.

In the aquifer slurry reactor studie.s,reportéd by Krumhblz et al. (1997), however,
nitrate-reducing conditions yielded a TNT removal rate lower than those under
methanogenic and sulfate-reducing conditions. This observation, different from the
above-mentioned conclusions, may be at least partially due to a different procedure that
Krumholz and co-workers used. Their reactors were run for two weeks prior to the
addition of TNT to obtain better developed methanogenic and sulfate-reducing activities.
Also, aquifer materials contained in their reactors might have imposed a reaction
environment different from those in 6ther researchers’ bexperime»nts in which no aquifer

materials were involved.
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Preuss et al. (1993) found that triaminotolﬁene (TAT), an intermediate of
reductive TNT transformation, was converted to unknown products by a Pseudombnas
strain isolated from an anaerobic biofilm under denitrifying conditions. No TAT
conversion was observed with killed controls, indicating that the conversion was due to a
biological rather than a chemical process. The TAT conéentration remained essentially
constant in the absénce of nitrate. waever, unspecific chemical conversion of TAT did
- occur rapidly under other conditions where pH was lower than 6 or molecular oxygen was
present.

Braun and Gibson (1984) investigated ﬁnaerobié degradation of 2-aminobenzoate
(anthranilicbacvid) by denitrifying bacteria. They found that 2-aminobenzoate was used as
a growth su}bstratve by some Pseudomonas straiﬁs under nitraté reducing conditions. One
mole of 2-aminobenzoate was converted to 0.4 mol of NH,;" and 5 mol of CO5, indicating
a large‘ extent of mineralization. Another interesting finding was that the second stage in

denitrification (nitrite to nitrogen) never occurred before the medium was totally depleted
of nitrate. If excess nitrate was added to the growth medium, the cells grew by NO;
/NO, respiration with little or no production of nitrogen.

\ Freedman et al. (19§4) examined biotransformatiqn of 2,4-dinitrotoluene (DNT)
under‘nitra'te réducing conditions. The presence of an electron dorior (ethanol) was
necessary for DNT to .be‘biotransfo'rmed. DNT was stoichiometrically reduced to
aminonitrotolugnes and 2,4-diaminotoluene, which disappeared slowly to unknown

products..
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§2.5.3 Sulfate-reducing Conditions

Sulfate-reducing‘ bacteria are found in diverse environments and are of great
application as well as academic interest. Two strains of Desulfovibrio have been studied
extensively because of their ability to transform nitroaromatic compounds (Spain,v 1_995).
Boopathy and Kulpa (1992) studied a sulfate-reducing bacteriﬁm, D»esulfovibrio Sp. strain
B, which was capable of using TNT as a sole nitrogen source. For this bacterium, nitrate,
nitrite, and TNT could all serve as electron acceptors in the absence of sulfate. The major
intermediate of TNT transformation by this bacterium was identified as a
diaminonitrotoluene, which was fprésﬁmably converted to toluene via triaminotoluene.
This tentatively proposed pathway would be very promisiﬁ g if cvon'firmed, because the
pathway of toluené mineralization was already established (She]ley et al., 1996). The
authors did not mention whether»or not activve sﬁlfate reduction and bisulfide production
occurred in their system, which could be an interesting aspect worthy of studying because
high TNT cpncentrations (e.g. 100 ppm) might inhibit sulfate reduction (as discussed in
Chapter IV).

In another study, Preués et gl. (1993) examined ahothér strain of Desulfovibrio sp.
using TNT as the sole nitrogen source and pyruvate and sulfate as the carbon and energy
sources. The organism was ablle to reduce TNT to TAT via 2.4-DANT and 2,4-diamino-
6-hydroxylaminotoluene (2,4-DAHAT). A significant part of | thé TNT added to the
medium was chemically reducéd via ADNTs to 2,4-DANT by sulfide, which was applied

as an oxygen scavenger. The authors indicated that the conversion of 2,4-DANT to TAT
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was achieved by the growing bacteria and was the rate-limiting step in microbial TNT
reduction, aﬁd could not be catalyzed by aerobic or facultative rnicroorganisms. On the
other hand, the reduction of TNT to DANT was significantly faster and mediatéd by non- -
specific enzymes. The rate of reduction of each successive nitro group is reported to
decrease dramatically because amino groups deactivate the molecule for further reaction.
When DANT is converted to TAT, DAHAT may accumulate as an intermediate. The
authors suggést that the reduction of DANT and/or DAHAT to TAT involves a
dissimilatory sulfite reductase, which converts sulfite to sulfide and can be significantly
inhibited by CO, NH%OH, DANT and"DAHAT‘. This finding is s_ignificant because if the
reduction of sulfite, which is one of the intermediates inl the reductioh from sulfate to
sulfide (Singleton, 1993), is sfoﬁped, the whole process of sulfate reduction might be
inhibited, which, in turn, might inhibit the growth of sulfate reducers. TAT isa -
compound which may be converted or “degraded” by trac‘e elements (e.g. Mn*™) as well
as by cellular components, probably abiotically, due to the chemical instability of this
compound. The products of TAT conversion are poorly understood, although it has been
demonstrated by Preuss and co-workers (1993) that approximately one third of the amino
groups can be released as ammonia.

Many sulfate-reducing bacteria, especially so-called “classical sulfate-reducing
bacteria” which mainly utilize hydrogen, formate, lactate, pyruvate, some dicarboxylic
acids, or a few alcohols as energy substrates, cannot oxidize orgahic multicarbon

substrates beyond the level of acetate. This metabolic limitation usually reflects the

absence of a biochemical pathway for oxidation of acetyl-CoA to CO,. In the past two
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decades, however, some species or-genera of sulfate reducers have been found able to use
acetate as the primary substrate by a modified citric acid cycle or an oxidative carbon
monoxide dehydrogenase pathway, but grow more slowly and require more carefully

controlled conditions than “classical sulfate-reducing bacteria” (Hansen, 1993).

- §2.5.4 Methanogenic Conditions

Rélatively little informatjon is found in the scentific literature on the capability of |
methanogéni;: bacteria to tranSfc;fm or degrade TNT. Boopathy and Kulpa (1994)
isolated a methanogen, Methanvococ;‘us sp. strain B, which could transform 100 ppm TNT
to 2,4-DANT. The TNT. transformati'on rates were faster with éells growing on H,/CO,
than with cells growing on formate. This bacterium did not use acetate or methanol as
sole source of carbon and energy. A nearly stoichiometric ,(v97 ppm) amount of 2,4-
DANT was prodﬁced from 100 ppm TNT, and 2,4-DANT was notvfurther transformed by
this isolate. This study showed that TNT could be used as an electron sink under
anaerobic conditions by methanogenic bacteria. It is not cleér Whether or not methane
production was observed in{this study. In another study by Boopathsz et. al. (1993) using
a mixed culturé obtained from a TNT—contaﬁlinated soii; acetotrophic (acetate as carbon‘
source, no external eléctron acceptor) conditions,’Which were expectéd to be methane-
‘producing, did not result in miprobial growth or TNT removal when the TNT
concentration was 100 ppm. Under similar conditions exbept that the gas phase was

H,/CO; rather than N;, however, microbial growth and TNT removal were observed.
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Gofontzy et al. (1993) eXamined the biotransformations of nitrophenols,’p—
nitroaniline, and p-nitrobenzoic acid by several strains of methanogenic bacteria,
including strains of Methanobacterium, Me-thanosarciné, Methanospirillum,
Methanogenium, and Methanoculleus. All these bacteria were able to completely

transform the investigated NACs to corresponding amino derivatives. However, it was
necessary to pre-grow the cells to a certain density before adding the nitroaromafics. The
authors further investigated the biotransforrhation of p-nitrophenol by Methanosarcina
Jfrisia and observed that as lvong.“as p-nitrophenol was present, methane prpduction ceased
entirely. When tr}ansformationvh'ad beeh cqmpleted, bacterial growth and methane
production recovered. However, these and other re'seafchers (Fedorak et al., 1990) did
not observe inhibi}téry effects of anilines on methanogenesis. Therefore, it is assumed
that nitroaromatics and their early-stage intermediates like nitroso- and/or hydroxyl-
amines are the real inhibitors. They may react with the unique membrane components of
the rhethanoge_ns and cause cell lysis, ceasing the methane production. The authors also
suggested other toxic effects of NACs on methanogens, including that these. compounds

might act as an “electron trap” leading to the breakdown of ATP synthesis.

§2.5.5 Other Anaerobic Regirhes

McCormick et al. (1976) investigated the microbial transformation of TNT by
Clostridium pasteurianum, Veillonella alkalescens, and Escherichia coli under anaerobic
conditions. They found that cell-free extracts of these organisms, utilizing molecular H,,

reduced the three nitro groups'of TNT to the corresponding amino groups. Resting cells
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of the strict anaerobes (the former two) also reduced all three nitro groups, whereas
resting cells of anaerobically grown E. coli reduced only two of the nitro groups. In the
absence of added hydrogen, none of these organisms reduced the nitro groups. Several
other strains of clostridia have been studied because of their ability to réducé
nitroaromatic compounds. It was reported that hydrogenasé and carbon monoxide
dehydrogenase contained in two Clostridium species converted DANT to DAHAT when
ferrodoxin was included in the reaptién mixture (Preuss et al., 1993). Regan and
Crawford (1994) found that pure cultures of Clostridium bifer,‘mgntans and similar strains
degraded RDX and TNT. Gorontzy et al;_ (1993) also used two Clostridium strains in
their study of NAC biotrénsfomatiorﬁs; In cdntrast to the methanogens, these bacteria
were less sensitivé to -the présence of nitroaromatics and abie to transform these
compounds without cell lysis. The cells of these bacteria, different from methanogen
cells, might be protected by the presence of a murein-containin g cell wall and a different
composition of the cell membrane.

Heijman and co-workers (1995) studied reductivé biotransformation of ten
monosubstituted nitrobenzenes by iron-reducing anaerobes in aquifer columns. The nitro
group in the compounds was believed to be reduced to the amino group via nitroso and
hydrqulamino groups, receiving six electronsvin total. The authors indicated that the
maj'or electron donor in their system was Fe(II) which, after conversion to Fe(III), was
regenerated by iron-redﬁcing bacteria. The evidence included that the microbial activity;
and hence the nitrobenzene reduction and the Fe(II) production, was enhanced by

increasing the carbon source, acetate, in the column influent.
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Funk and coworkers (1993) investigated the biotransformation of TNT in
-explosives-contaminated soils using an anaerobic mixed culture. It was found that the
first stage of TNT metabolism, in which TNT was anaerobically reduced to its amino
derivatives, could be optimized by employing pH 6.5 ~ 7.0, femperatures-around 30 °C,
and an added NH,Cl level of 1.33 g/L for anaerobic soil cultures. The formation of |
recalcitrant polyfners could be minimized and the completion of the reductive reactions in
the first stage could be enhanced under these conditions. TAT formation, which
indicated the completion of the first stage, was indirectly demonstrated By the presence of
its transformation products, methyl phloroglucinol (MPG)‘an-d p-cresol. They suggested
a second, aerobic stage after tﬁe completiod of the first Sfage to degrade the products

produced under anaerobic conditions.

§2.5.6 Transformation and Mineralization Pathways

Under both aerobic and anaerobic conditions, the initial steps in TNT
biotransformation typicaliy idvolve reducing the nitro groups fo amino groups. It is
indicated that the para nitro group is usually the fifst to be reduced, followed by reduction
of one of the ortho groups, producing DANT isorhers (Funk et al., 1993). The
transformation of TNT to DANTSs via ADNTS can also be Completed by abiotic reactions.

‘However, the reduction of the third nitro group, or the conversjon of DANTS to TAT, is
believed to be achieved only biologically under stﬁct anaerobic conditions (Preuss et al.

1993). It seems that a commonly accepted reductive biotransformation pathway of TNT
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can be expressed as follows (Rieger, P.-G. and H.-J. Knackmuss, 1995; Gorontzy et al.,
1994; Preuss et al. 1993; Han, 1993; Shah, 1995; see also Figure 2-1):

TNT ==> 4-hydroxylamino-2,6-dinitrotoluene (4-HADNT, or its isomer 2-
HADNT) ==> 4-ADNT (or its isomer 2-ADNT) ==> 2,4-DANT ==>2,4-DAHAT
TAT ==> poorly vcharacterized products.

Bbopathy et al. (1993) proposed that the bacterium Desulfovibrio sp. strain B
metabolized TNT via TAT to toluene (Pathway A); On the other hand, Duque et al.
(1993) repoﬁed the isolation' of two Pseudomonas hybrid strains that metabolized TNT
through dinitrotoluene rand nifrotoluene to toluene by removing'the three nitro groups on
TNT and releasing them as nitrite i_onS (Pathway B) In these reactions, nitro group
removal involves.the formation of a hydride;Meisenheim'er complex (Lenke and
Knackmuss, 1992). Vobeck et al. (1994) indicate that the formation of a Meisenheimer

complex (a dark red-brown colored H -TNT complex) is the initial metabolic step of TNT

biotransformation under aefobic conditions.

" Both proposed pathways mentioned above end with the formation of toluehe.
‘Many microorganisms are able to transform toluene into TCA cycle intermediates under
both aerbbic and anaerobic conditions. Shelley et al. (1996) summarized three toluene
degradation ﬁathways, two aerobic and one anaerobic. All three toluene pathways can

lead to ring cleaQage and further catabolism.
Funk et al. ‘(1993) proposed a third TNT degradafio’n pathway beyond TAT
(Pathway C, see Figure 2-1). With the stepwise transformations from TNT to TAT the

same as the first pathway described above, this new pathway proposed TAT
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biodegradation proceeding through methyl phlorogluéinol (MPG) and p-cresol. p-Cresol
is known to be degraded under both aerobic and anaerobic conditions by various
microorganisms. Ring cleavage and mineralization pathways of p-cresol under aerobic
conditions have alréady been established '(Bayly and Bafb'our, 1984; Hopper and Taylor,
1975; Joback and Reid, ‘1-987), involving either direct ring attack by oxygen-dependent
enzyfnes or hydroxylation of the methyl group.

In addition to research on'the pathWays shown in Figure 2-1, an earlier work on
biodegradatioh of TNT wés repérted by Naumo?a‘ et al. (1988). The authors found that
2,4-DANT, aTNT rnetabolite; wzllsv used as the s01¢ nitrogen soufce )by Pseudomonas
florescence and transformed t() nitfogenjfree products pthroglucine and pyrogallol, the
latter also being a conversion pfoduct of phloroglucine. It was assumed that pyrogallol
was the last aromatic intermediate of TNT and the starting point of ring cleavage.

Shelley and co-wovrkers‘v(1996) have used a themodynémic approach to analyzing

- these three TNT biodegradation and mineralization pathways. It is firtl’c‘licated, from a
thermodynamic perspec‘tive, that the third pathway mentioned earlier (TNT => TAT =>
p-cresol) is a favorable one and should be the focus of future research because there is a

| relatively large fotal change of Gibbs free energy (-288 kcal/mql) in this_pathway and

because the stepwise free energy changes are relatively small and easy to achieve.
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(a) TNT Pathway A
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~ (b) TNT Pathway B
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(c) TNT Pathway C
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Figure 2-1 Proposed TNT biodegradation pathways
(Source: Shelley et al., 1996)



Bradley and Chapelle (1995) ‘have studied the environmental factors affecting
microbial TNT mineralization. It was observed that TNT mineralization by indigenous
soil microorganisms was inhibited by addition of cellobiose and syringate because the
: indigéndus bacteria, although capable of métabolizing TNT, preferentially utilized less
recalcitrant substrates when available. Compared with strictly aerobic or anaerobic
conditions, the éuthoré indicated that a mosaic of aerobic and anaerobic micro-
envirohments, i;e. heterogeneous micro-aerobic conditions, may be optimal for TNT

biodegradation and mineralization.

§2.6 Fate of TNT in Soils and Aquifers

TNT migration and transport, llong-t‘erm adsorption and desorption, and abiotic
and microbial transformations are the major aspects contributin g to the fate of TNT in
subsurface environments, mainly soils and aquifers. Potential migration and transport of
TNT from contaminated soils, as well as from waste disposal lagoons, is of great concern.
Selim et al. (1995) used clay (bentonite/éahd) columns and soil columns to investigate the
transport of TNT and RDX. The TNT mqbility varied lafgely, depending on clay and
soils and on the cofnposiﬁon of the background solution 'introduced into the éolumn.
Major transformation products of TNT were the ADNTs. A flow interruption resulted in
significant TNT decrease and corresponding ADNT increase in the column effluent,
indicating enhanced TNT transformation due to longer retention time. For RDX, only

limited retardation was observed under all conditions. The authors used a nonlinear
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multi-reaction and transport model, based on the classical convection-dispersion model,
to describe the transport and ti’ansformation of the investigated compounds.

Another attempt to comprehensively examine the TNT transport, transformation,
and adsorption in soils was made by Comfort and co-workers (1995) 'using column
techniques. The authors reported that TNT breakthrough vcurves based on the column
experiments nevei reached initial solute pulse concentrations, probably due to adsorption
and/or transformation of TNT. ADNTSs were identified as majo‘i transformation
intermediates. A nonlinear adsorption isothérm (F_reundlich) was employed to predict the
mobility and retardation of TNT in the soil coluinns. In their study, the sorbed TNT was
not completeiy extractable, possibly due to the relatively high organic matter content and
CEC of the soils.

Although numerous investigators, as mentioned previously, have examined
‘microbial transformation of TNT, these studies usually utilized artificially eniiched or
isolated cultures of bacteria. Surprisingly little is known about the capability of native
microbial communities to transform and/or degrade TNT in-situ. However, this type of
study may be very valuable for evaluation of the TNT fate in natural environments. One
of few :studies of biotransformation of TNT by indigenous microorganisms in aquifer
materials was reported by Bradley et al. (1994). Tiieir results ixidicated that the microbial
communities associated with surface soils and aquifer materials were capable of
completely transforming TNT, 2,4-DNT, and 2,6-DNT in 20 to 70 days. Microcosms
created to simulate the anaerobic conditions in sediments showed amino-nitro compounds

as major intermediates. Tests with uniformly labeled ["CJTNT indicated that the
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indigenous aquifer microorganisms were also capable of partial mineralization of TNT at
a concentration of 100 uM (22.7 mg/L). The activities of the white rot fungus P.
chrysosporium, which was considered one of the most promising microbial species for
mineralizing TNT, were reportedly éompletely inhibited by TNT concentrations greater
than 66 uM.

Many researchers have examined the fate of reduction ﬁroducts of TNT and other
nitroaromatic compouﬁds in soils, aquifers ahd sediments (Del_gédo and Wolfe, 1992;
Dunnivant et al., 1992b; Pillai‘et al., 1982; Somasundram and Coats, 1991). Under
anaerobic conditions, anil_ines pr'oduced from trahsformation of NACs are relatively
étable. In aerobic or sub-oxidative environments, however, the anilines are subject to
rapid further transformation to form polymers, bound residues, and other unknown or
poorly characterizéd products. Haderlein and Schwarzenbach (1995) indicate that the fate
of many of the oxidation products of aromatic amines can be better understood by
examining the formation and conversion of the aryl-amino radical, ArNH .
Delocalization of the charged site of this fadical can make the aromatic ring negaﬁvely
charged and subject to further reactibns. These radicals may combiné with each other to
form coupling products or, more likély, react with numerous substances in soils and
aquifers to yield a variety of uriknown_products. It is believed that natural organic matter
in soils and aquifers can bind fhese transformation pbrodu‘cts i’rreversibly and may be the

most important sink of aromatic amines (Haderlein and Schwarzenbach, 1995).
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§2.7 Recent Developments and Application of Treatment Technologies

Various treatment and remediation technologies, including incinération, carbon
édsorption, photolysis, chemical treatfnent, comp‘osting, and biotreatment, have been
tested for their applicability to TNT-contaminated water and soils.

A conventional and proven technology of disposal of ;fN,T-containing wastes is
incineration, an expensive and energy intensive process. -Furth’érmore, the ash
accumulated frorﬁ incineration can cause a leachate problefn whén it is landfilled (T'sai,
1991).

Waujcik et al. (1992) described a teéhnology of explosives femoval using granular
activated carbon adsorption. However, regeneration Qf spent carbon was hazardous
thermally and difficult to achi¢ve chemically.

Hao and co-workefs (1993) examined the feasibility of wet air oxidation of red
water, a TNT-containing wastewater produced in manufature of explosives. The treated
water had adverse effects on the efficiency of Nitrosomonas in converting ammonia to
nitrite, indicating residual toxicity. Another chemicé.l treatment method was reported by
Semmens et al. (1985). The TNT- and RDX-containing wastewater from a munitions
handling facility was treated with hot caustic dose and calcium hypochlorite. It was
believed that TNT could be effectively decomposed if desirable pH (~11) and
temperatures (~100 OC) were maintained for 10 to 15 minutes. However, the
toxicological and chemical characteristics of the treated water were not addressed in the

article.
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Tsai (1991) studied the biotreatmeﬁt of a TNT waste stream (red water) with
extracts from fungal systems. The enzyme complex secreted by the wﬁite rot fungus P.
chrysosporium was extracted, concentrated, and added to red water samples. Results
showed that the fungai extracts were effective in causing transformations of components
in the red water durin g’a‘one-week laboratory incubation. The red color intensity and the
acute cytotoxicity were reduced after the treatment. Pretreatment of the water with UV

' vseemed to make the water more sensitive to this form of biotreatmént. The author did not
report whether or not the TNT had Been mineralized to any extent, although the enzyme
systems of white rot fungu}s,P. chrysosporium were expected to be capable of TNT
mineralization, as discussed earlier.

Composting of explosives-contaminated soils hés been eXamined by some
researchers. Full-scale composting was conducted at the Louisianﬁ Army Ammunition
Plant (Williams et al., 1989). The test sediments contained approximately 76,000 ppm of
total explo;i_ves, including TNT (66%), RDX (25%), and HMX (9%). The results
showed that total explosives were reduced by 99% in the thermophilic pile (55 °C) after
22 weeks. In the chemical and toxicological testing of the composted explosives-
contaminated soil at the Umatilla Army Depot Activity (UMDA, Umatilla, OR), Griest et
al. (1993) fbund that the .toxicity, mutagenicity, and concentrations of explosives
decreased more than 90% in some cases after 44 days"(in a mechanical composter) or 90
days (in static pilés) of composting. However, low 1e§el§ of explosives and metabolites,
bacterial mutagenicity, and leachable toxicity remained after composting. Caton and co-

workers (1994) indicate that the bulk of the transformed products of TNT may
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accumulate as an acetonitrile-nonextractable, but hydrolyzable, fraction after static pile
composting. Their experiments showed that the insoluble fraction of transformed TNT
would not be released appreciably by the action of acid rain and sunlight. These
observations seem to be consistent with the earlier discussion (Haderlein and
Schwarzenbach, 1995) about the fate of the TNT transformation products under aerobic
conditions. |

In another development, the U.S. EPA participated in‘a technology demonstration
which tested ‘a bio-enhancemént procedure treating soils contaminéted with nitroaromatic
compounds (US EPA, 1993). ‘This technology utilized an anaerobic bioreactor amended
with nutrients and pH buffers. Preliminary data collected during a demonstration test

with dinoseb (a treratogenic,b nitrophenolic herbicide_) indicated that the dinoseb in the soil
was reduced to below the analytidal detection limit (0.15 mg/kg) in less than 25 days.
The biodegradation of TNT was anticipated to take approximately the same length of
time. Roberts et al. (1993) indic_ated that the use of an acclimated inoculum was an
effective way to complete rapid large-scale anaerobic treatment of dindseb-contaminated
soil and that it could take a much longer time period to remove the transformation
interrhediates than to remove the parent compound itself.

Funk et al. (1995_b) conducted a full-scale demonstration of ahaerobic
biorefnediation of TNT-confaminated soils. A 50/50 Soil/water slurry, amended with
phosphate buffer and 1~2% starch, was mixed and incubated in ah anaerobic bioreactor
for abdut 5 months. It has been shown that nearly complete TNT and ADNT removal

occurred after the redox potential was lowered to about -400 mV, which was driven by
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the microbial utilization of starch. Low levels of 2,4-DANT were foﬁnd in the treated
slurry at the termination date, and p-creéol transiently appeared throughout the incubation
process. This demonstration perhaps showed the promise of thefeasibility of
bioremediating TNT-contarninated soils on a large scale.

Anéther recent development is a study performed in support of the pilot
demonstration of a biolbgical soil slurry reactor (Manning et al., 1995). The investigators
in this study used an aerobic/anoxic soil siuny reactof operated in batches or
semicontinubusly, in which 100% TNT was removed and 23% was rgcovered as CO;. A
rarely reported intermédiate, 2,3—but‘anediol,> was identified in this system. This study
showed that the natural ‘soi’l bacteria present in contaminated soils were abie to cause |
extensive transformation and degradation of TNT undervaerobic/anoxic conditions and
that molasses, compared with other carbon sources, was an ideal substrate for large-scale
TNT removal.

Itis interésting to notice that the aerobic/anoxic regime in the above study might
have something in common with or similar to the concept of the heterogeneous micro-
aerobic conditions recommended by Bradley and Chapelle (1995) or the process of two-
stage (anaerobic/aerobic) bioremediation recommended by many others (Funk et al,,
1995a; Dickel et al.; Han, 1993; Roberts et al., 1996). ‘These researchers reported
successful TNT biodegradation when a second aerobic stage was introduced to degrade
the intermediates, mostly 2,4-DANT and TAT, produced in the anaerobic stage of TNT
biotransformation. Nevertheless, it is felt that the aerobic transformation and

‘mineralization pathways beyond TAT are still not fully revealed and that the extent of
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ring cleavage and mineralization, especially at high initial TNT concentrations, is not

well demonstrated in most cases.

§2.8 Summary

Mabn‘y studies haQe been conducted and significant findings have been made in the
fields of physical adsorption and desorption, abiotic conversion, and microbial
transformation of TNT and ofher nitroaromatic compounds. These sources of
information'provi‘de the basis for better qndérstan_ding of TNT enQironmental fate and
further development of related pollution-abating strategies. On the other hand, the above:
review of the current Htefafure has also revealed a number of questions which are
essential in investigation of the fate of TNT and related corﬁpounds in subsurface
environments, but have not been answered sufficiently. These questions include, but are
not limited to, the following: How do the charactefistics of long-tenn adsorption of TNT
on aquifer materials differ from those of short-term adsorption? How do the presence of
reductants and aquifer materials induce abiotic transformation of TNT? What are the
effects of such factors as the primary substrate concentration or the initial TNT
concentration on TNT biotransformation under different electron accepting conditions?
What are the effects of aquifer materials on TNT biotransformétion? How can we predict
TNT environmental fate taking into acéount the dynamic conditions in aquifers and the
co-existence of several different environmént’al processes? Attempts are made in this
dissertation to at least partially answer these and some other questions, as listed in the

study objectives in Chapter I.
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CHAPTER TII
EXPERIMENTAL MATERIALS, PROCEDURES, AND METHODS
§3.1 Materials
§3.1.1 Chemicals

2,4,6-Trinitrotoluene (TNT)‘ was purchaséd from Chem Service (West Chester,
PA). About 10~20% of water was addedto the crystallviZed TNT product (99% purity) by
the manﬁfacturer in‘ considefafion of safe Shipping and handling. Before use, therefore,
the wet TNT crystals were placed in a desiccator ét room temperatufe for at least 5 days
to refnove the moisture. Dried TNT solids were then sealeci in axglass vial at room
vtemperature until use. 2-Amino-4,6-dinitrotoluene (2-ADNT) and 4-amino—2,6-
dinitrotoluene (4-ADNT), purchased from Supelco (Bellefonte, PA), were in the form of
liquid standards dissolved in acetonitrile with a concentration of 1000 pg/ml. These
reagents were preserved at 4 °C. All other -chemicéIS‘were of the highest purity available
and were used as received. |

Deionized water was used for fhe preparation of éll growth media, nutrient
solutions, and reactor cv'o:nt‘ents. Milli-Q water (=18m€Q:cm) produced by a Milli-Q
purification system (Millipore Co., Molsheim, France) via deionization and reverse

‘osmosis was used for all chemical analyses, standard preparation, and sample treatment.
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§3.1.2 Inocula and Seed Reactors

The original bacterial inocula were denitrifying, sulfate-reducing, and
methanogenic mixed cultures used in previous experiments on TNT biotransformations
(Han, 1993; Shah, 1995). These cultures, amended with aqliifer materials, landfill
leachate (described below), and TNT, were used as inocula tp set up 160 ml seed reactors
operated under den»itrifying, sulfate-reducing, or methanogenic conditions. The methods
of setting up these initial séed reactors were described in detailvby Shah (1995). The TNT
concentration in the reactors was increased gradually from 5 mg/L to higher levels to
acclimate the Bacteria, and maintained at 80 to 100 mg/L for deni’tfifying reactors, 30 to
80 mg/L for sulfate-reducing reactors, a_nd_ 20 to 60 mg/L for methanogenic reactors.
Lower TNT concentrations were used for the sulfafe-reducing and methanogenic seed -‘
reactors because, as discussed in the literature review, sulfafe réducers and methanogens
were more sensitive to the inhibitory effects of TNT and itsv metabolites. Cultures from
these seed reactors were used as inocula for the test reactors operated under their

respective electron accepting conditions in later experiments.

§3.1.3 Agquifer Materials

The aquifer materials used in this study were collected from a methanogenic site
located within the aquifer adjacent to the municipal landfill in Norman, Oklahoma.
Landfill leachate was also collected at this site. The aquifer site has been characterized in

detail elsewhere (Beeman and Suflita, 1987). The aquifer materials were very sandy and
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had been polluted by municipal landfill leachate, with volatile solids content of about 3

g/kg dry wt. (i.e. 0.3%). Samples of aquifer solids and leachate were collected in August,
1994, by digging to the top of the ground water table (4 m depth) and collecting the solids
and the leachate separately into glass or piastic v¢ssels. Sampies were then stored at 4 °C

until use.

§3.2 Experimental Methods

§3.2.1 Batch Experiments of TNT Adsorption

§3.2.1.1 Kinetics' Kinetics experiments Were'cpnducted to determine the time
period required for the tested éompounds to reach adsorption equilibrium. ’i‘he aquifer
material was dried at 103 °C for about 24 hours. The solutions of fested compounds,
including 2-ADNT, 4-ADNT‘, and TAT, were mixed with aquifer material samples in 250
ml flasks and sampled at‘ certain time intervals. The soiution concentrations uéed for
kinetics tests were 30 mg/L for 2-ADNT and 4-ADNT, and 20 mg/L for TAT. A lower
concentration was used for TAT because dissolution of this chemicallwas difficult. The
ratio of aquifer materials to compound solution (soil/soiution ratio) was 15 g soil/75 ml.
Thé 'ﬂ'a‘sks Were covered with parafilm and wrappéd with aluminum foil. All reactors
were duplicated and incubated on a shaker table at room temperature.

To inhibit possible biotransfomation, solutiqns of the compounds were amended
with sbodium azide to achieve a final concentratioh of 0.3 g/L. Because preliminary

experiments showed that TAT tended to react significantly with biocides such as sodium
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azide and mercuric chloride, sodium azide was not added to the TAT reactors. For other
compounds, no significant interaction with azide was observed. Experiments with
different sodium azide concentrations (0, 0.3 and 2 g/L) indicated that azide addition did
not interfere or compete with the adsorption of the tested compounds. Because TAT is
chemically unstable and sensitive to oxygen, especially in solutions with pH less than 6
(Preuss et al., 1993), it wﬁs dissolved in boiled, degassedv, and slightly basic (pH 8.5)
water and handled under an argon é.tmosphere to minimize the oxygen exposure and
chemical convérsion. After the aciuifer material, solution, and sodium azide were mixed
in the flask, the pH value was adjusted to 7.5, which was considered typical under natural

conditions.

§3.2.1.2 isotherm Experiments In these experiments, the aquifer material
sample was placed iﬁ a 20 ml glass vial to which was added a 15 ml solution of the tested
compound. The soil/solution ratid was the éame as-described in the kinetics test for each
compound. The concentration levels used for each compouhd were 5, 10, 15, 20, and 30
mg/L for 2-ADNT and 4-ADNT, and 2, 5, 10, 15, and 20 for TAT. In the TNT isotherm
test, the soil/solution ratio was 1 g/5 ml and the concentrétion levels were 5, 10, 20, 50,
and 100 mg/L. Such a cbnéentratioh range was chosen for TNT mainly.because the
concentration of 100 mg/L was a freqilently used level in many other experiments of this

research. Azide addition7 TAT handling, and pH adjustmen‘t.were as described above.
The glass vials were capped, Wrapped with aluminum foil, and equilibrated at room

temperature on a shaker table for 4 hours (2 hours for TAT, because of its instability).
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Pennington and Patrick (1990) reported that TNT adsorption on a soil reached steady
state in 2 hours when the initial concentration was 16 mg/L, the soil FOC (fraction of
orgaﬁic carbon) was 0.0037, and the soil to solution ratio was 1:20. In light of this
information, 4 hours of equilibrating time for TNT was estimated to be enough in this
study and could be apprqpriate for tﬁe sake éf'consistency with other compounds. After
the equilibrating procedure, the compound concentration iﬁ -eaCh vial was analyzed to

determine the loss due to adsorption. o

§3.2.13 Désoggtion Aftcr the adsorptioh process of the isotherm experiments
was finished, desorption experiments were conducted on the samples with the initial
concentration of 20 mg/L. Thé solution phase Was removed fro‘m the» glass vial, and the
solid phase was extracted by édding 5to 7"ml methanol, shaking the vial manually for
aboﬁt 1 minute, centrifuging (IEC Céntra-7, Damon/IEC,’Needham Hts., MA) the vial. at
2000 rpm for 15 minutes, and collecting the extract. Extraction was performed three
times sequentially fér each sample. The 3 extracts from each sample were then combined

and concentrated under an argon stream in the dark.

| §3.2.1;4 Sampling | When samples were taken from the flasks in the adsorption
kinetics experiments, the mixed susPénsions“, rather than the supematants, were sampled.
The sample volumé was small (1.5 to 2 ml each time) so as to minimize the possible
change of soil/solution ratios; .Several samples were taken from each flask over a 24-hour

time period in the kinetics experiments.
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§3.2.2 Abiotic Reaction with Bisulfide

Abiotic reactions of TNT with bisulfide were examined in this set of experiments.
Since commercially obtained sodium sulfide products are not stable in air and tend to
contain various oxidation products and impurities, the following procedures have been
conducted to make Bisulfide stock solutionr as pure as ’poss_ible (Qin, 1995). Individual
erystals of NaZS-QHZO were rinsed with deexygenated (altefnately evacuated and argon-
purged) Milli-Q water to remove the oxidized surface on the crystals and wiped dry with
paper tissue inside a gasbag filled with argon. The rinsed crystals were then dissolved
with deoxygenated Milli-Q water to-prepare a stock solution of about 4000 mg/L (as total
sulfide). The solution was éfandardized using the method described in Standard Methods -
(APHA et al., 1985), Section 427D, and stored at 4 oC. ﬁnfil use.

The experimental reactors were prepared by mixihg TNT stock solution, buffer
stock (phosphate or bicarbonate), and water in a flask, adjusting the pH to 7.0, and
deoxygenating the mixture in a manner described by Glaus et al. (1992). The initial TNT
concentration was 30 mg/L (0.132 mM) in all abiotic reaction experiments. The mixture
in the flask was alternately (three times) evacuated with a vacuum pump for five minutes
and purged with argon for five minutes. The liquid was then quickly distributed into a
series of 60 or 120 ml serum bottles, with reactor contel;t of 50 or 100 ml respectively.
The bottles were further purged with argon for 20 minﬁtes, then sealed with Teﬂon-faced ’
rubber septa and alurhinum caps, and autoclaved et 248 °F and 15 psi for 20 minutes.

After the bottles were cooled to room temperature, aliquots of bisulfide stock solution
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were injected into the serum bottles to achieve the desired initial bisulfide concentraion
followed by immediate monitoring of TNT and bisulfide concentrations.

In order to test the effects of aquifer materials on the abiotic reactions, 6ne set of
serum bottles was set up as described above and amended with autoclaved and dried
aquifer materials before adding bisulfide. After the aquifer materials were added, the
bottles were purged with argon for 20 minutes, sealed with rubber stoppers, and then
amended with bisulfide stock solution. The effects of pH buffer were examined by
setting up reaction bottles with 4 mM phosphate bﬁffer, 4 mM bicarbonate buffer, or no
buffer. The contents in all bottles had an initial pH of 7.0 before bisulfide was added.

The experimental conditions used in this study are summarized in Table 3-1.

Table 3-1 Experimental Parameters Tested in the Sulfide Study

Tested Parameter Values Other Conditions
‘Total sulfide conc. Set 1: 30 mg/L TNT =30 mg/L
" 50 mg/L PO, buffer = 4 mM
No aquifer materials
Set 2: 15 mg/L TNT =30 mg/L
30 mg/LL No buffer
50 mg/L No aquifer materials
Aquifer material conc. 0 TNT = 30 mg/L
3 2/100 ml Total sulfide = 30 mg/L
10 g/100 ml PO,* buffer = 4 mM
Buffer , 0 TNT =30 mg/L
4 mM PO Total sulfide = 30 mg/L
50 mM PO,* No aquifer materials
4 mM HCO; -
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The abiotic batch reactors with bisulfide were sampled with time intervals from
20 minutes to 1 hour in most cases. If bisulfide concentrations were to be measured over
time for a set"of reactors, a series of identical serum bottle reactors was set up and two
bottles (as duplicates) were opéned each time for the bisulfide concentration
measurement. This is necessary because bisulfide measurement (iodometric method)

often requires a relatively large sample volume, 20 to 80 ml in this study.

§3.2.3 Batch Reactors for TNT Biotransformation

Batch reactors, diVided into two sets, were set up to exarhin‘e TNT
biotransformations under various conditions. These reactors were not amended with
aquifer materials so as to facilitate isolating the effects of ‘mic-robial activities and
monitoring the appearance and disappearance of TNT metabolites. Set One was designed
’to have reaction conditions (i.e. primary substrate concentrations, initial TNT
concentrations, etc.) close to those in the column reactors, while Set Two was under more

nutrient-rich conditions.

, ‘§3.2.3.1 Set‘One of Batch Reactors Serum botFles of 160 ml served as the
reactors in this sét. Three types of eiecfron acceptiﬁg conditions, dehiffifying_, sulfate-
>reducir‘1g, and methanogenic, were employed for these reabtors, which also included
~ abiotic controls. All the reactors were duplicated. The volume of liquid culture in each
reactor was 120 ml. The recipes of the media used for the reéctors are presented in Table

3-2. The nutrient concentrations, which were the same for the three types of electron
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accepting conditions, are shown in Table 3-3. Table 3-4 shows the recipe of the trace
metal solution used in the reactor media (Vishniac and Santer, 1957). These recipes were
adopted by modifying the medium recipes reported by other researchers (Boopathy et al.,
1993; Han, 1993; Shah, 1995). TNT and carbon source concentrations in these reactors
were chosen to be close to those in aquifer column réac_tors, so that the comparison of the

batch and the column results could be made as straightforward as possible.

Table 3-2. Medium Recipes for Batch Reactor Set One (Room Temperature)

Denitrifying Reactors Sulfate?reducing Reactors Methanogenic Reactors
Ac/NO;  180/360 or  Lactate/  300/450 or Ac 180 or
(mg/L) 1000/2000 SO,* 1000/1500 (mg/L) 1000

(mg/L) '
NaAc/ 250/586 or Na lactate / 380/665 or NaAc 250 or
KNO; 1390/3260 Na,SO, 1260/2220 (mg/L) 1390
(mg/L) ‘ v (mg/L)
Ac’ /NOy 3.05/5.81 or Lactate / 3.37/4.69 or Ac 3.05 or-
as mM 16.9/32.3 SO~ 11.2/15.6 as mM 16.9
as mM

TNT (mg/L) 60 or 100 TNT (mg/L) 30 or 60 TNT (mg/L) 30 or 60

TNT as mM -~ 0.264 or TNT as mM 0.132 or TNT as mM 0.132 or

0.44 0.264 0.264
N2,SO, 15 ’ . NasS (mg/L) 5
(mg/L)
pH 7.3 - pH 6.9 pH 7.0

Nutrients : see Table 3-3
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" Table 3-3. Nutrient Concentrations in Batch Reactor Set One

Yeast extract 10> mg/L
NH,CI 0.15 g/L
NaCl 0.025 g/l
CaCl, 0.02 g/L
MgCl, o 0.005 g/L.
‘NaHCO; 0.1 gL
NaHPO, 0.355 g/L
KH,PO, | 0.34 g/L

Trace metal solution - _ 1 m1/100 ml

~ Table 3-4 Trace Metal Solution

Compounds B Concentration (mg/L)
FeSO, 7H,0 200
ZnSO,TH,0 10
MnCl,-4H,0 | 3
CoCl,-6H,0 20
CuCl,-2H,0 1
NiCl,-6H,0 2
Na,MoO4:2H,0 3

Before TNT was added into the batch reactors, TNT-free cultures were grown to
obtain active microbial cultures. Serum bottles were filled with stock solutions of the

primary substrate, the electron acceptor, and other additives and nutrients listed in Tables
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3-2 and 3-3. Water was added to bring the reactor content to the 120 ml mark, and the
pH was adjusted using HCI or NaOH solution. The bottles were then purged with argon
gas for 20 minutes before they were sealed with rubber sleeve stoppers. A stock solution
of Na,S was adaed to yield a concentration of 5 mg/L in the methanogenic bottles as

oxy gen scavenger. All the reactors under each type of electron accepting conditions were
‘first set up identically. The bottles were then inoculated with 2 ml of culture from the
seed reactor under each of the respecfive_electron accepting éohditiohs and incubated at
room temperature (22 +2°C)for 6 fo IO days ﬁntil the culture turned cloudy and
significant g’és production was observed. At this point, the biomass was harvested by
centrifuging the culture at 2000 rpm fpr 15 minﬁtes and discarding the supernatant. The .
harvested cells were transferred to fresh T NT—ffec media in téSt réactors which were set
up in the same manner described above.

After several days of incubation of these bqttles at room t,emperature, active
microbial activities were observed and éonfirmed by measuring the gas production,
biomass concentration, substrate utilization, and electron acceptor consumpfion. Since
biomass (approximated as cell dry mass, or volatile suspended solids) measurement
required relatively large sample volumes and there was only 120 ml of culture in each
reﬁctbr‘, two extra -bottlés were set up under each type of electron accepfing conditions,
identical to others and dedicated to biomass determination. Thé mean value of biomass
concentrations‘of these duplicates was used to estimate the average biomass concentration
in all bther botﬂes under the same eiectron acbepting conditions. After these

measurements, concentrations of primary substrates and electron acceptors were brought
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to the desired initial levels (in Table 3-2) by injecting stock solutions, and aliquots of
TNT stock solution (12 g/L in acetonitrile) were spiked into the reactors to obtain desired
initial TNT concentrations. The abiotic control bottles were amended with sodium azide
to produce a concentration of 0.3 mg/L, sealed with Teflon-faced rubber septa and
aluminum caps, and autoclaved ét 248 °F and 15 psi for 20 minutes before adding TNT.
Blank reactors, receiving a repfesentative volume of acetonifrile (0.5 ml) without TNT,
were also set up to examine whether or not the acetonitrile would affect the microbial
activities significantly. All the reactorsb‘ were then iﬂcubated at room temperature in the

dark.

§3.2.3.2 Set Two of Batch Reactors  This set of reactors was set up mainly to

~ observe the pattems of appearahce and disappearance of TNT metabolites under three
“types of electron accepting conditiqns within a reasonably short time period. Therefore,
these reactors, compared with thdse in Set One, w‘ere amended with significantly higher
conccntratidns of primary substrates including considerable amounts of yeast extract and
peptone and incubated at 37 °C in the dark. Tables 3-5 and 3-6 show the recipes-of the

media used for these reactors.
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Table 3-5. Medium Recipes for Batch Reactor Set Two (T = 37°C)

Denitrifying Reactors Sulfate-reducing reactors Methanogenic Reactors
Na acetate 2.87 g/l Na lactate 392 g/l Na acetate 2.87 g/l
KNO; 2.02 g/L Na;SO; 2.48 g/L Na,S 0.01 g/L
Na,SO, 0.04 g/L '
TNT © 100 mg/L TNT 100 mg/L TNT 100 mg/L
Inoculum 1 ml/100 ml Inoculum 1 mi/100 ml Inoculum 1 ml/100 ml
pH 13 - pH 69 pH 7.0

Nutrients: Sée Table 3-6

Table 3-6 Nutrients Concentrations in Batch Reactor Set Two

Yeast extract 0.3 g/L

Peptone _ | 0.1g/L
NH,CI - 0.4 ¢g/L

NaCl 0.05 g/L

CaCl, 0.04 g/L.
MgCl, 0.01 g/L
NaHCO; 0.2 g/l
Na,HPO, 0.71 g/l
KH,PO, 0.68 g/L.

Trace metal solution . | 1 m1/100 ml

Set Two reactors were set up usihg 500 ml glass flasks or bottles with culture
volume of 400 ml. The procedures of setting up these reactors were similar to those used

for the reactor Set One except that all reactor ingredients, including TNT and inocula,
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were added at the starting point. Therefore, these reactors did not have a TNT-free
growth phase to accumulate a relatively high biomass concentration prior to TNT

addition. The inocula were also from the same seed reactors described earlier.

§3.2.3.3 Samg]i‘ng’ Biological batch reactors were sampled by using a 5-ml
plastic syringe with a stainless steel needle to withdraw -1.5’ to 2 ml samples each time and
replacing the r’eéctor head space with an equal volume of argon to prevent negative
i)ressure. Samples were takeﬁ at short time intervals (1 to 3 days) in the eér]y stage of the
experiments and at longer intervals thereafter. It was ensured that the total vd]ume loss of
the culture in a reactor due to sample withdrawing .Was ]eés than 15% of the initial culture

volume during the life time of the reactor.

§3.2.4 Aquifer Column Reactors

§3.2.4.1 Reactor Set-up The procedures of preparing aquifer columns were
similar to those described by Siegrist and McCarty (1987). The glass columns (Coming
Incorporated, Corning, NY) used in this study were 40 cm long and 2 cm in inner
diameter, with a narroWed bottom and a glass micropore filter fixed near the bottom
(Figure 3-1). The depth of aquifer materials fi_]ied in each column was approximately 35
cm, corresponding to a volume of about 110 ml. A layer of glass wool was placed both
underneath and atop the équifer material to obtain better hydraulic distribution and

minimize the turbulence in the column. The upper opening of the column was sealed by a
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rubber stopper, which was penetrated with a stainless steel needle connecting to Teflon
tubing. The bottom of the column was connected to glass tubing.

During filling, the aquifer material was added with a spoon through the top of the
column while argon-purged landfill leachate was pumped into the column through the
bottom at 4 ml/min by a M'asterﬂex tubing pumf) (Cole-Parmer Instrument Co., Chicago,
iL). An argon stream, provided via tubing placed into the top of the column, was
maintained in the column head space throughout the process of column filling to help
provide an anaerobic atmosphere. To obtain even settling of the aquifer material,
sometimes the column slurry was tapped periodically with a plastic rod and bubbled wifh
argon gas for a short time period during filling. Gravel and debris above 5 mm in
diameter wefe cxcluded manually from the aquifer material. When the desired depth of
aquifer materials was obtained, the top layer of glass wool was plaéed, the column head

- space was filled with landfill leachate, and the column was scaled with the rubber
stopper. Then the column was allowed té stand fof at leést two days for further settling
and stabilization of the aquifer material layer. Columns to be used as abiotic controls,
after being filled with aquifer materials, were autoclaved at 248 °F and 15 psi for 3 hours

prior to the beginning of routine operation.
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Figure 3-1 Glass column with aquifer materials
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During column conditioning and operation, the column reactors were fed in
upﬂew mode by a Harvard 22 syringe pump (Harvard Apparatus, South Natick, MA)
| equipped with 140 cc Monoj ecf polypropylene plastic syringes (Sherwood Medical,
Ireland) as shown in Figure 3-2. It was found that the plastic syringe, when filled with
100 mg/L TNT solution, would adsorb TNT slightly in the first 3 te 4 days, resulting in-a
decrease in TNTrco:.ncentration of 5 te 10%. After two to three cycles of refilling the.
syringe with fresh TNT solution and equilibrating the syringe‘for 3 days with each
refilling, the syringe wall became saturated with TNT and no significant adsorption
would be detected. In order to minimize possible adsorption by the fubing, Teflon and
glass tubing with 3.2 mm inner diameter were used in the column reactor set-up and the
tubing length wﬁs minimized, with about 8 inches betweeh the pump and the column inlet
and about 2 inches between the column outlet and the sampling port. Because of the
 rigidity of the Teflon and glass tubings, short sections of silicon tubihg were used as
connections where necessary. The columns aﬁd attached tu‘eing were wrapped with
aluminum foil to prevent light penetration. Before operation, the column was conditioned
by injecting e medium using the syringe pump at 0.028 ml/min (40 ml/day). The medium
used to condition the column was the same as the vmedium which was to be used in the
experiments immediately after conditioning, except th.at TNT, carbon source, and electron
ac‘ceptors'were omitted from the conditioning medium. Four pore volumes of

conditioning medium were pumped through before the routine operation of each column.
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§3.2.4.2 Column Media Table 3-7 illustrates the recipes of various column

media. Different levels of TNT, carbon source, and electron acceptor concentrations
were used to obtain various combinations of operating conditions in order to test their
effects on TNT transformation. Specific vconcentrations of carbon sources used in each
operation period for each column are illustrated in Section 4.4. Based on stoichiometry
and preliminary experiments, zrppropriate electron acceptor concentrations were chosen to
ensure that the columns were not electron-acceptor limited. Yeast extract was used to
supply micronutrients and organic growth factors and was iu mosr cases kept at a
significantly low concentration compared with the concentration of the primary carbon
" source (acetare or lactate) used in the medium.
Before column me(iium preparation; 150 mg/L or 120 mg/L aqueous TNT stock
-solution was macie by adding TNT crystals into water, and gently he,ating (50 ~ 60 °C)
and stining the ‘liqui(i overnight. To prepare a column medium, appropriate amounts of
'stock solutiens of TNT, the primary substrate and the electron acceptor, s‘toek solution
containing yeast extract and phosphate buffer, trace metai solution, and.water were mixed
together to achieve desired concentrations. The pH of the medium was adjusted‘ using
10% HCi or 1 NNaOH. The medium was then boiled in a flask for about 2 minutes,
transferred:irite 60 ml serum bottles, and purged uvith argon gas for 20 mjnutes to remove
' dissolved. oxygen. The serum bottles were then sealed with Teflon-faced rubber septa and
crimped with aluminum caps, and autoclaved at 248 °F and 15 psi for 20 minutes. 50 ml
of the medium was contained in each 60‘ ml serum bottle. A biocide, 0.3 g/L sodium

azide, was added to the media for abiotic columns in order to inhibit microbial growth
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due to possible contamination (Anid et al., 1993). The column medium was transferred
from the serum bottle, in which it was sterilized, into an autoclaved 140 cc syringe

aseptically and anaerobically.

Table 3-7 Recipes of Media for Aquifer Column Reactors

Denitrifying - Sulfate-reducing Methanogenic

TNT (mg/L) » 60 or 100 - 30,60,0r 100 - 30 or 60
Primary Substrate Ac 30/NO5 80, Ac 30/S0,” 80, Ac 30,
and Electron Ac 90/ NO; 250, Ac 90/ S0, 250, Ac 90, or
Acceptor Ac 180/NO; 400, or = Ac 180/S0,> 500, Ac 180
(mg/L) Ac 300/NO; 600  Ac 300/ SO,* 600, or
: ' Lactate 90 / SO,* 250
Yeast Extract 10 or 100 | 10 or 100 10
(mg/L) ’
Buffer 4 mM Na,HPO, 4 mM Na,HPO, 4 mM Na,HPO,
+ + +

4 mM KH,PO, 4 mM KH,PO, 4 mM KH,PO,
Trace Metal Sol’n 0.2 ml/100 ml "~ 0.2ml/100 ml 0.2 ml/100 ml
pH 7.3 6.9 7.0

§3.2.4.3 Tracer Experiments Tracer experiments were conducted to determine
thve flow charz;cferistics 6f the aquifer coluﬁms. de columns received a tracer solution,
50 mg Br /L, injected using the syringe pump at flow ratev éf 4.0 ml/min. Samples of the
column effluent were taken at intervals of 2 minutes until the column breakthrough was
established and the column effluent concentration reached the influent concentration.

After the breakthrough of bromide, the column was flushed with TNT-free medium with
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a few pore volumes. Then, a TNT solution of 100 mg/L was injected at the same flow
rate used for bromide to obtain a TNT breakthrough curvev under this condition.

Two other columns, also abiotic, were used for a long-term adsQrption and
breakthrough experiment at the flow raté of 0.007 ml/min. This flow rate, corresponding
to a retention time of 4 days, was used as the routine operating conditibn for all other
columns. One of thesé two columns was fed with an aqueous solution of 50 mg/L
bromide. A sulfate-reducing medium ’with 100 mg/L TNT, 90 mg/L acetate, and 250
mg/L sulfate (see Table 3-7) was continuously injected into the other abiotic -colurnn.
The pH of column feeds waé 7.0. Therefore, the bromide breakthrough cufve obtained
here can be used to compare with TNT breakthrough under the same condition, which
may reflect the effects of long-term adsofptibn or retardation of TNT in aquifer materials

when the retention time and the column operation period are long.

§3.2.4.4 Column Operation Nine aquifer column reactors were set up and

operated at room temperature (22 + 2 °C) over the course of this study. Two modes of
column operation were employed: continuous for some columns and batch-fed for others
(Table 3-8). For continuous dperation, the column was continuously fed with thev
medium from the syringe pushed by the syringe pump with a constant flow rate. For
batch-fed columns, the column fluids were exchanged at an interval of several days
(usually 4 days). When a column’s medium was exchanged, fresh medium was injected -
into the column using syringe pump at the flow rate of 4.0 ml/min to replace the medium

in the column. Based on the results of tracer experiments (discussed in Section 4.4.2) on
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columns D3 and S3, the fluid in the pore volume in a column could be completely
exchanged in about 45 minutes when the exchange flow rate was 4.0 ml/min,
corresponding to a required exchange medium volume of 180 ml. According to the tracer
study, the first 20 to 30 ml of the co}umn effluent during eéch exchange accurately
répresentgd the old colﬁmn fluid from the prevvious exchange and was not contaminated
by the fresh column feed. Therefore, this part of the column effluent was collected for
- analysis, such as for changes in TNT concentrations and other parameters during the
period since the previous exchange (S‘ie'gri‘stv and McCarty, 1987). The last 20 to 30 ml of
the column cfﬂﬁent repre‘Sentgd the newly injected feed itself, which had completely
replaced the old column fluid énd could be considered as thc; starting conditions of the

new period of column reactions.

Table 3-8 Description of Aquifer Column Reactors

Column Metabolic Regime Hydraulic Mode
D1 Denitrifying Continuous
D2 Denitrifying Batch-fed
D3 Abiotic, nitrate-amended Continuous
S1 Sulfate-feducing _ Continuous
S2 Sulfate-reducing | Batch-fed
S3 ~- Abiotic, sulfate-amended | Continuous
S4 Abiotic, sulfate-amended ~ Continuous
M Methanogenic - ‘Batch-fed
B Abidtié, bromide-amended  Continuous
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To investigate TNT transformation under different conditions (TNT
concentrations, primary substrate concentrations, etc.), several sets of different operati_on
conditions were employed for each column (see Section 4.4 and Table 3-7). Every time a
new set of conditions was introduced to a column, the column was run for at ]east'two
“pore volume retention times’; (or 8 to 10 days) for the column effluent to reach a steady

state before representative samples were taken for this set of conditions.

§3.2.4.5 Desorption of TNT in Columns TNT desorption experiments were

conducted on columns D3, S3, and 54 zifter the TNT concentration .in the column effluent
reached a stéady state. Sferilized media, the same as previously used for these columns
except that TNT was omitted; were injected into columns D3 and S3 at a flow rate of
0.067 ml/min (R.T. = 4 days) to examine the long-term desorption of TNT ‘inr aquifer
materials. For column S4, a desorption experiment was conducted by sequentially
extracting the column aquifer maferials witl‘i acetonitrile for three times. About 80 ml of
acetonitrile was used each time, and the three extracts were éombined to determine the
TNT concentration. This method provided a strong desorbing condition to estimate the

amount of TNT recovered in desorption.

§3.2.4.6 Porosity of Aquifer Material Columns  Two glass graduated cylinders,
used for column porosity measurement, were filled with aquifer materials in the same
manner as in setting up aquiferbcolumns. After the cylinders were filled with aquifer

materials to the desired volume and the pore space was filled with water (rather than
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landfill leachate), the cylinders wére allowedvto stand for two days to ensure that the
aquifer particle surfaces were fully wetted with water. Then the water table in each
cylinder was adjusted so that the aquifer materials were fully soaked in the water but with
no excess water volume abové tﬁe upper surface of th¢ aquifer material layer. The |
cylinders were weighed to obtain the weight of th¢ aquifer material with water filled in
pore space. Then» the cyliﬁders were emptied, and the équifer material in each cylinder
was collected in a glass beaker and dried at 103 °C for 24 hoﬁfs to obtain the dry weight.

| The differenéé of the weight of wet aquifer materials filled with water and the wei ght of
dried aquifer materials yielded the weight of the water filled in the pore space. This
weight, divided by the density of water, gavé the volume of the pore space, which in turn -

gave the value of column porosity.

§3.2.4.7 Sampling Continuous cqlumn reactors*wére sampled every 2 to 8 days,
depending on the retention timé of the column feactors. The column influent samples |
were faken from the 140 cc plastic syringe feeding the column. When samples were
taken for the effluents of continuous columns, a small glass vial Was attached to the
sample port on the tubing connected to the top of the column (Figure 3-‘1.). 1.5to 2 ml of
sample was collected each time. FOr batch-fed columns, éamples .of coiumh influents and
effluents were taken when the column fluid was exchanged with fresh medium, as

described earlier. .
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§3.3 Analytical Methods

3.3.1 Sample Treatment

All samplee were filtered using a Gelman Syringe Type Filter Holder assembly
with a 0.2 um pore. size, 25 mm diaﬁleter Supor-200 membrane filter. The first few drops
(about 0.5 ml) of the filtrate were discarded and the remaininé filtrate was collected.
Samples were diluted with Milli-Q water eo that the concentrations of chemicals to be
analyzed would fall within the range of vcalii)ration, and kept frozen until analysis was
performed. However, samples frorﬁ abiotic batch reactors with bisulfide were analyzed

immediately after sampling because of the instability of the reaction mixture.

§3.3.2 TNT and Its Transformation Intermediates

TNT and its trahsfonnaﬁen intermediates, including 2-ADNT and 4-ADNT, were
separated and analyzed by high performance liquid chrohlatography (HPLC) with a
Beckman liquid chromatograph (Beckman Instruments, Inc., Fullerton, CA) equipped
with two model 127s solvent pumps, a model 166 absorbance detector, and a Beckman
C18 reversed phase column (5 pm particle diameter, 4.6 mm x 25 cm). Aliquots of 20
UL were injected onto the reversed phase column. Quantiﬁcation was achieved with a
Hewlett Packafd 339611 integrator based on the peak response factor (peak ‘area). The

separated peaks were identified based upon retention times matching with those of TNT
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and ADNT standards.  The isocratic HPLC method for the analysis of each compound is

described as foilows:

(1) 2-ADNT, 4-ADNT, and TNT

Mobile phase: 45% methanol/55% 10 mM phosphate buffer (pH = 5.0) (v/v);
flow rate: 1.5 ml/min; and wavéleﬁgth: 254 nm:
(2) TAT
Mobile phase: 8% methanol/92% 10 mM phosphéte buffer (pH = 6.5) (v/v); flow
rate: 1.5 ml/min; and wavelength: 230 nm. | |
| Calibrations curves of TNT were obtained from the HPLC peak areas of a TNT

standard Sefies, which consisted of an initial TNT standard solution and its further

dilutions. At least four concentratioh levelsv‘of standard solutions, usually '5’ 10 15 and 20
: mg/L,-were used 'for a calibration curve. 2-ADNT and 4-ADNT calibration curves were
obtained with the same method except that the initial standards of ADNTs were
acetonitrile-dissolved liquid father than crystals. These curves were updated every three
to six rﬁonths and always had an R-squared value greater. than 0.99 in linéar regresSion,
indicating very good linearity in this concentration range. In routine measurement of
" samples, one standard (e.g. 10 mg/L) was run twice along with each set of samples being
analyied. The peak area of this staﬁdard was used in a cbrrectioﬁ factor which accounted
for possible fluctuations in the HPLC performance and peak responses among different
runs, as 'descrvibed, in the following formula:

Sample Conc. = [(Peak area)/(Slope 6f calibratioh cﬁrve)](Correction factor)

(Peak area of 10 mg/L std. when calibration curve was made)

Correction factor = :
(Peak area of 10 mg/L std. when samples were measured)
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This correction procedure proved to be reasonable and relatively simple. Only
one standard was used for the correction in routine analysis because it was already
ensured that the calibration curve had a good linearity in the concentration range of
interest. Since resolution of 2-ADNT aﬁd 4-ADNT isomers could not be well achieved
- under the HPLC operation conditions used in this study, the observed ADNT peak in the
reactor samples was actually the combinatiobn of both isomers "and expressed as 2-ADNT
equivalent. |

Similar procedures were followed in the diode-array HPLC analysis, which is

further described in Appendix F.

§3.3.3 Sulfate, Nitrate, Nitrite, Acetate, Lactafe and Bromide

These anions were meashred with a Dionex (series 2000i/sp) ion exchange
chromatograph equippéd with an IonPac AS4A;SC 4 mm analytical column. Nitrogen
gas was used to pressurize the ion chromatograph system. The eluent consisted of 1.8
mM Na,CO; and 1.7 mM NaHCO; under N, gas pressure of 5 psi, and the flow rate was‘
maintained at 2.0 ml/min. A 25 mM H,SO, solution undervpressure of 10 psi was used aé
column:regene.rant with a flow rate of 5 ml/min. The peak areaé vfepresenvting individual
anions were ‘intégrated on a Hewlett Packard 3380A integrator. Gravimetrically prepared
standard solutions of sodium sulfate, potassium nitrate, sodium ﬁitrite, sodium acetate,
sodium lactate and sodium bromide wfth known concentrations were used for calibration

of each anion, respectively. The calibration and correction procedures were similar to
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those used for TNT analysis discussed earlier. When analyzed, 0.4 ml sample was

injected into the instrument with a 1-ml glass syringe.

§3.3.4 Sulfide

Total sulfide was measured in samples from abiotic batch reactors added with
sodium sulfide using the iodometric method described in Standard Methods (APHA et
al., 1985), Section 427D. In this method, excess iodine is added to the sample to react

with sulfide and the remaining iodine is back-titrated with sodium thiosulfate.

§3.3.5 Methane -

Methane produced in methanogenic aquifer column and batch bottle reactors was
measured with either of the two instruments described below.

(1) Gow Mac model 350 gas chromatograbh (GCO) witﬁ thermal conductivity
detector (TCD). This chromatograph was fitted with a 6-foot stainless steel column
(I.D.=1/4 in.) packed with Porapak Q, 60/80 mesh. Helium was used as carrier gas at a
flow rate of 60 ml/min. The column temperature was maintained at 55 °C, with the
defector témperature of 170 °C and the injection port femperature of 105 °C. The bridge
current of the TCD was 70 mA and the attenuation was adjusted to full scale. A Hewlett‘
Packard model 3380A integrator was connected to this GC.

(2) HP GC model 58901l equipped with a Carbopack C column (60/80 mesh,

30% Carbowax) and a flame ionization detector (FID). Helium was used as carrier gas
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~ and the instrument was operated at oven temperature of 55 °C, detector temperature of
250 °C, and injection temperature of 200 °C. The integrator used was an HP 339611

The first GC method has the advantage that it can detect not only methane but also
CO,, giving better information about methanogenesié. However, the sensitivity of
methane detection of this instrument was relatively low, with .a lower limit of detection of
about 1~2% methane. The secoﬁd method was used when the first one was not abie to
detect methvane‘ in samples.

Methane produced in batch bottles was measured by sanipling the head space of
the bottles. Methane préduced in the rﬁéthanogenic aquifer column was determined using
the method of head space analysis (Heij‘mal_l et al., 1995; Siegrist and McCarty, 1987).
Samples of the column effluent containing disSolved methane was carefully collected in a
7-ml glass vial, ciosed with a »rubber‘ stopper and vacuumed slightly with a syringe.
Shaking the bottle for 1 to 2 minutes at room temperature wbuld equilibrate the methane
between the gaseous and the liquid phases.- Samples of the head Space in the vial was

then injected into the GC.

§3.3.6 Volatile Solids

The volatile solids content of the aquifer ‘mat‘erial was measured by igniting the
samples at 550 °C, as described in Standard Methods (APHA et al., 1985), Section 209D.
This analysis was used to estimate the organic matter co’nfent‘ iﬁ the aquifer material. |
Before ignition, the samples were dried at 103 °C for two hours. Sample size for volatile

solids measurements was between 10 to 30 grams.
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§3.3.7 Biomass

Biomass concentrations in batch reactors were approximated by volatile
suspended solids content, which was measufed using the procedures in Standard Methods
(APHA et al., 1985), Sections 209C and 209D. Sample size was between 20.0 ml to 80.0

ml.

§3.3.8 pH

A glass combination electrode in conjunétion with an Accumet model 900 pH
meter (Fisher Scientific Co.) was used for pH measurement. Standard buffer solutions
(HACH Co.) with pH values of 4.0, 7.0, and 10.0 Were used to calibrate the meter before

sample determination.
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CHAPTER 1V
RESULTS AND DISCUSSION

This chapter presents the results and discussion of the adsorption/desorption
experiments, abiotic reactions of TNT with bisulfide, biological batch reactor
experiments, and aquifer column reactor experiemnts, followed by comparisons for

results of TNT biotransformation under different conditions.

84.1 Adsorptibn/desorption of TNTband Related Amjvnotoluenes

§4.1.1 Kinetics of Batch Adsorption

Figures 4-1 and 4-2 show that the édsorption process of 2-ADNT‘.and 4-ADNT
reached steady state in about 4 hours under the soil-to-solution ratios used in this study.
No significant changes in solution concentrations occurred between 4 and 24 hours when
the initial concentration was about 30 mg/L'. Therefore, the time period_ required to reach
steady state should be eqﬁal tQ oruless than 4 hours‘ if the initial concentrations afe équal
to or lower than 30 mg/L (Penningtdn and Patfick, 1990), as are those employed in the
isotherm tests. .TAT concentration did not feach a steady state but decreased to zero in 24

hours, probably due to chemical reactions (Figure 4-3) as discussed in Section 4.1.3.
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§4.1.2 Isotherms of Batch Adsorption

The amounts of adsqrbed mass were calculated based on the solution volumes and
the decreases in solution concentrations. Adsorption data were fit to the linearized forms
of the Langmuir and Freundlich models as given below (Peﬁnin gton and Patrick, 1990) .

Langmuir: 1/q9 = (1/Q) + (1/bQ)(1/C) » 4.1)

Freundlich:  In(g) = In(K) + (1/n)In(C) | 4.2)
Where q is the solid phasé concéntration of the tested compound (pig/g); Cisthe .
vequilibrium sdlutién concentration (mé/L); IQ is the fnonolayer sorption capacity (Hg/g); b
is the Langmuir constant related to entropy; K is the Freundlich adsorption coefficient; |
and n is the Freundlich charactefistic constant. The results of the regression calculations

are listed in Table 4-1. The linearized Langmuir isotherm curves for the tested

compounds in Table 4-1 are shown in Figures 4-4 through 4-7.
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Table 4-1 Regression Results of Isotherm Experiments

Langmuir Freundlich
Compound R Q b R K n
square  (ug/g) square
2-ADNT | 0.941 84 0020 0943 1.8 1.1
4-ADNT 0.987 112 0.013 0.975 1.5 1.1
TAT 0.999 27 - 0.93 0902 = 12 3.1
TNT 0.996 41 0.026 0.993 1.5 14

For all the four cheﬁﬁcals, both tﬁe Langmuir model and the Freundlich modei
seemed to be accurate for déscription of the adsorption of the compounds in this
experiment, according to the R-squared values (square of error between the experimental
data point and the fitting curye) in Table 4-1. The adsorption behaviors of 2-ADNT and
4-ADNT were similar to each other ﬁnd both compounds were significantly more sorptive
than TNT, as suggested by comparison of Langmuir Q values. Isotherm results for TAT

. are questionable due to the lack of steady state kinetic data for this compound, which is

further discussed below. _

§4.1.3 Extraction in Batch Experiment

The extraction recovery was calculated on the basis of the following formula:

Desorbed mass (Conc. of extract)(Vol. of extract)
Recovery = = 4.3)
Adsorbed mass (Decrease in sol’n conc.)(Vol. of sol’n)

78



- The extraction recovery of each compound is shown in Table 4-2. The high
percentages of the recovery of 2-ADNT, 4-ADNT, and TNT confirmed the physical
adsorption of these compounds, although minor losses could occur due to chemical
reactions. This might account for slight concentration decreases which may be observed
between 4 and 24 hours in the kinetics curves (Figurés 4-1 and 4-2). However, the TAT
concentration changes appear to be mostly due to cherrxiéal mechanis-rhs rather than
adsorption, as several (3 or 4) unknown HPLC peaks were detected in the TAT samples
immediately after the 2-hour equilibrating process in the isotherm test. Presumably, these
peaks represented transformation products of TAT. The TAT diéappearance in the
Kinetics test is another indication of chemical conversion. The zero recovery of TAT
after desorption also implied that this chemical had been converted to unknown products
before or during the desorption treatment. Therefore, the TAT parameters presented in
Table 4-1 could be merely viewed as “apparent” parameter ‘equiv'alents for a “pseudo-
adsorption” process. It has been reported that TAT is very unstable and subject to rapid
chemical conversion in the presence of oxygen and/or trace elements, which are very

likely to occur in aquifer materials (Preuss et al., 1993).

Table 4-2  Extraction Recovery Following Isotherms

2-ADNT 99%
4-ADNT 75%
TAT 0%
TNT 87%
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§4.1.4 Column Breakthrough Curves at Low Flow Rate

Two abiotic _columns, B and S4 (see Table 3-8), were used for a long-term
adsorption and breakthroﬁgh experiment at a relatively low flow rate, 0.007 ml/min, the
flow rate at which all other continuous columns were operated. The pore space retention
time was 4 days at this flow rate since the pore volumé in av column was 40.3 rhl, as
calculated in Section 4.4.1. Column B waS fed an aqueous vsolution containing 50 mg/L
bromide. A sulfate-reducing rﬁedium with 100 mg/L TNT was amended with 0.3 g/L
sodium azide and continuousiy injécted into column S4. The pH of both column feeds
was 7.0.

Figure 4-8 presents the breakthrough curves of both bromide and TNT under the
long-term conditions. The TNT breakthrough curve at this slow flow rate (different from
that at high ﬂov;' rate as discussed in Section 4.4.2) lagged significantly behind the tracer
breakthrough curve, indicatihg significant adsorption/retardation and abiotic |
transformation at longer retention time. Dunnivant and co-workers (1992a), When
investigating the long-term adsorption of dissolved organic carbon (DOC) in aquifer
columns, also dbserved the extensive tailing (retardation) of the breakthrough curves and
believed that this phenomenon was attributed primarily to the slow adsorption kinetics of
DOC‘ to the> aquifer material and the nonlinear nature'éf the“adsorption isothcrfns. Jardine
et al. (1992) found that the initial a’dsorption rate coefficient obta_ined from batch reactors
was s‘ignificantly‘ larger than that observed for aquifer column displacement experiments.
It was indicated that the extended tailing of the observed DOC breakthrough curves was

mainly influenced by the slow, time-dependent adsorption of DOC during transport. This
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appears true for the TNT breakthrough curves observed in this study. Since the long-term
adsorption in aquifer columns, without vigorous hydraulic agitation as in short-term batch
reactors, is slow and time-dependent, it is understandable that longer retention times
resulted in more significant adsorption of TNT and lagging of the breakthrough curve.
Abiotic transformation may also be quite considerable here because longer retention timé
meant more sorbed-phase TNT available to react with various reactants in aquifer
materials.

A calculétion of TNT mass balahée can be performed on the basis of the
breakthrougl_i curves in Figure 4-8, as illugtfated below.

M=MaMaMe | (4.4)
where My is the TNT mass loss due to physical adsorptio‘n‘and chemical (abiotic)
tfansformation (biological transformation is believed negligible because the column was
maintained under sterilized conditions);y M;, is the TNT mass injected into the column;

| Moyt 18 thé TNT mass exiting the colﬁmn; and Ma; is the TNT mass accumulated in the
aqueous phésé stored in the column pore space (and the columh ‘fhead space” and other |
reiated space, e.g. tubing and the colurfm bottom space, etc.). |
Acéording to the breakthrbugh curves, we have
Mi;, - My =' (Area under brdmide breakthrough curve)(100 m’g/L)(0.0lOOS L/day)

Moyt = (Area under TNT breakt_hrough curve)(lOO mg/L)(0.01008 L/day)

Assuming that the adsorption process reached saturation by day 75 (based on Figure 4-8),
then My can be calculated by integrating the areas under these two breakthrough curves.

The detailed calculation is presented in Appendix B. It is found that My equals 13.6 mg.
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Since Mj, is known and equal to 75.6 mg in the first 75 days, Mt accounts for 18% of the

TNT mass injected into the column.

According to the results of desorption recovery for column S4 (discussed further
in Section 4.4.6 and Appendix B), 5.8 mg TNT was recovered from the column aquifer
‘material after the adsorption was finished. The unaccounted-for TNT was therefore 7.8
mg, which was about 10% of M, and might have undergone abiotic transformations
and/or been irreversibly adsorbed on the aquifer material. Small amounts of ADNTs
(about 1 mg/L) were detected 1n the desorption eitract, an indication of the occurrence of
abiotig transformations. Since column S4 was also féd sodium azide, reductive microbial
activity (such as sulfate re'dlic'ti‘on) wﬁs absent and thé redox condition in the column was
likely to be one of “suboxic” or microaerobic cbndition's (as indicated by the pink color of
the redox indicator, resazurin). Under this type of redox condition, Haderlein and
Schwarzenbach (1995) feported that anilines, produced from transformations of
nitroaromatic compounds in aquifers, tended to react with natural organic matter, clay
minerals, and iron and manganese oxides in aquifer materials to form “bound residues”
that were difficult to recover and analyze. The authors indicated thgt this binding process
was mostly irreversible and played an important role in the long-term fa_te of

nitroaromatics and aromatic amines.
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Since the mass of the aquifer material in the column was 205.5 g (dry weight), the
physically, reversibly adsofbed TNT on the aquifer materials was about 5.8 g/205.5 g =
28 ng/g. Notice that the maximum TNT adsorption capacity of the aquifer materials was
41 ug/g as determined in batch adsorption experiments (Téble 4-1). Given the amount of

“data available, i}t is difficult to determine if the difference between these two numbers
represents a statistically signiﬁcant difference between thé maximum TNT adsorption |
capacity of the dﬁuifer materials in column and in batch reactors. There were no
duplicated column data for a statistical analysis to confirm the significance of the
difference. As indicatéd e_aflier in this section, héwever, aquifer cdlUmn conditions do
impose influence that makes the initial adsorption raté cbéfﬁcient ’significantly lower than
that found in batch réactors (Dunnivant et al., 1992:;_1; Jardine et al., 1992).

" In many cases, the long-term adsorption rate is described by a fifst-order rate
equation (Chen and McTefnan, 1992),

(dg)/(dt) =r(q* - d) ; (4.5)
wherev q is the éctual solid-phase concentration of the compound of interest at time t, and |
the equilibrated solid-phase concentration, q*, is described by the Langmuir or Freundlich
isotherm in most situations, as indicated earlier. Therefqre, the procedure described
below caﬁ be used to estifnate the observed first-order adsorption mass traﬁsfer rate

coefficient, r, in aquifer columns.

(dg/dt)  (Ag/AD)

Since r= (4.6)

(q* - q) (q*-q)
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r can be determined on the basis of long-term breakthrough curves shown in Figure 4-9.
Curve 1 is the breakthrough curve of an inert tracer (e.g. bromide) obtained under the
flow rate of interest, and curve 2, under the same flow rate, is the TNT breakthrough
curve which lags behind the tracer curve due to adsorption. At any time point t, there is a
corresponding V which is the eumulative volumeof TNT solution injected into or
discharged from the vcolumn during time t. From these eerves, At = AV/F (F is flow rate),
Aq = (area IT)/(mass of aquifer material), and q = (area I)/(mass of aquifer material). If
the Langmuir isotherm holds, then g* = QbC/(1 + bC) where C is the average
concentration :Of TNT in the colurﬁn at time t. The value of C can be approximated as C
= (Cp+ Cp/2 where C,is the TNT concentretion in‘ the column effluent at time t.
Altematively; C could be estimated by a logarithmic average because the TNT
coneentration may not be linearly distributed along the length of the eolumn. Using this
method and assuming that the ratio of the physically adsorbed TNT to the total TNT loss
was 0.43 (i.e. 5.8 g/13.6 g as mentioned earlier), we obtained that the adsorption mass
transfer rate coefficient, r, was 0.04 day'1 under the conditions in this experiment
(Appendix B). This parameter will be useful in developing a mathematical model
descfibing the environmental fate of TNT, as discussed in Section 5.2. It should be ﬁoted
that the adsorption mass transfer rate coefﬁeient determiﬁed by this method is the average
rate coefficient in the entire mass transfer (non-saturated) zone. Actually, the local mass
transfer rate will vary along the length of the aquifer column and depends on the the solid
and aqueous phase TNT concentrations at a gi?en pesitien in the column (Geankoplis,

1993).
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In this experiment, TNT loss due to biological transformation was inhibited by
adding a biocide, sodium azide, into the column feed. However, chemical/abiotic
reactions in aquifer materials did occur and consume some of the TNT in the column

feed. These reactions will be discussed further below.

Figure 4-9 Determination of adsorption mass transfer coefficient
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§4.2 Abiotic Reactions of TNT with Bisulfide

The batch serum bottle experiments presented here were conducted to examine
the abiotic reactions of TNT with bisulfide, taking into account the effects of bisulfide
cdncentrations, the presence of aquifer materials, and pH buffer conditions. These
experiments were e‘ssentially performed to‘ serve as abiotic controls for the study of
microbial transformation of TNT under anaerobic coxtditions because (1) significént
amount of Bisulfide can be produced under sulfate-reducing cohditiohs, and (2) sulfide
was often used as an oxygen scavenger for anaerObi(t microcosms in many cases.
Thérefore, the conditions (pH, concentrations of‘ TNT, sulﬁdev, gnd 'buffer) in the
experiments were choseh in such a way that they were rendered similar to those used in

the microbial TNT transformation experiments.

§4.2.1 Lag Phase in Reaction Kinetics

Under most conditions examined in this study, an initial lag phase was observed
in TNT transformation (Figures 4-10, 4-11, v4—14,v and 4-16). This slow-reaction phatse
may last 0.5 ,to 2 hours, followed by significantly faster TNT transformations. Glaus et al.
(1992) also reported this phénonténon when they investigated the abiotic reactions of
various substituted nitrobenzenes with bisulfide tnédiated by Streptomycés sp. exudates.

- They found that no lag phase was observed when the reaction solution was re-spiked with
the nitro compound after complete reduction of the initially added reactant. The same

was true for TNT in this study. This phenomenon of accelerated reactions following a
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slow initial phase might be explained by one or more of the following phenomena: (1)
residual dissolved oxygen in the reaction system has to b¢ consumed by bisulfide before
TNT reactions become significant; (2) surfaces of pafticulate substances such as
elementary sulfur, which might be produced in the reaction, catalyze the TNT/bisulfide
reactions; and (3) accumulated TNT transforfnation products/intefmediates catalyze the
reactions.

The first suggested phenomenon, which meant the Oy/bisulfide reaction was
favored over TNT/bisulfide reaction, does ﬁot seem very likely because the TNT
concentration in the reaction system was about 30 mg/L (0.132 mM) while the residual
DO was estimated to be 1§wer thaﬁ 1 mg/L (‘()..031 mM, as indicated by the pink color of
resazurin ). Furthermofé, ibn the experiments by Glaﬁs et al. (19.92), the bisulfide stock
solution was added into the reactor before adding the nitro compounds. Therefore, the
residualA DO, ‘if any, should have mostly been depleted before the nitro compdund was
added. However, they still observed the lag phenomenon for some compounds. ‘The
secon‘d proposed phenomenon is not likely to be a major explanation either. In most
reactors, no precipitate formation or cloudiness was observed, vindi’c'a‘tih‘g‘ no significant
foﬁnation of sulfur particles. Also, the addition of aquifer materials, which provided
large amounts of surface areas, did notb elirﬁinate tﬁe lag phase, although this stage was
shortened and the over-a11>r‘eaction’raté was increased (discussed be.low). Therefore, the
third process, catalysis by TNT intermediates, is more likely to be a reasonable
explanation of this observation, considering the fact that the lag phase was not observed

when TNT was re-spiked.
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§4.2.2 Effects of Bisulfide Concentrations on Reaction Rates

§4.2.2.1 Reaction Rates in Presence of Phosphate Buffer Two levels of total

sulfide concentraﬁons (30 and 50 mg/L) Were used to examine the effects of sulfide
concentratioxgs on TNT reaction rétés. These concentrations of sulfide were of interest
because they were encountered in othér sulfate-reciucing reactors tested in this study.
Because of thie apparent existence of the initial lag phase in the reactions, the reaction
kinetics were determined by two stages: (1) the duration and the reaction rate in the lag
phase, and (2) the final reaction rate after the lag phase. Figure 4-10 shows the TNT
concentraﬁon change over time when ‘dif.ferent total sulfide concentrations were applied.
Because sulfide is a relatively strong base, the pH value of the reaction system increased
from 7.0 to 8.4 ~ 9.5 (depending on the sulfide éoncentration) immediately after the
sulfide stock solution was added, although 4 mM phosphate buffer was present.

Since it is known that the ionization constanis for H,S are pK,; =7.0 and pKyp =
13.9 (Mofel, 1983), the spéc‘iation of .s-ulﬁde can be calchlated oﬁ the basis of the'lpH
value and the initial total sulfide concentration (see Appendix C). According to the
calculation, the concentration of bisulfide species, [HS']}, 18 96 tp 100% of the total shlfide
conéentration when the pH is in the range of 8.4 ~ 12.5.‘ Therefore, almost all the
effective species that reacted with TNT was HS" and the concentration of this species was

essentially constant within the pH range tested.
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Based on observations of the data, it was found that the initial lag phase ended
when the TNT concentratidn décreased to approximately 2/3 the initial concentration (as
observed for most reactors). The rate of TNT removal aftervthe lag phase could be
expressed by a pseudo-first;ofder model defined as follows: |

Rate = vd[TN’ll']/dt = -kois[TNT] | ) 4.7)
Thus, | |

In(C/C) = Kops t - | | 4.8)
- where C is the TNT concentrétion at tirhe t, Kops 18 the observed pseudo-first-order
reaction rate constant, and Cy is the initial TNT _conc¢ntration.

In this experiment, kobs eQﬁaled 1.70 hr'! whéri the initial total sulfide was 30
mg/L and 1.73 hr'! When the initial total sulfide was 50 mg/L. The difference between
these twd kobs values is nbt considéred ‘bsignific.ant. However, the du?ation of the initial
- lag phase was significantly affectéd by the sulfide coﬁcentration, as illustrated in Figures
4-10 and 4-11. If we assume that the lag phase ended when the TNT concentration was -
decreased to 20 mg/L, then the lag phase was about 2 hours when the initial sulfide

concentration was 30 mg/L and about 1.2 hours when the initial sulfide concentration was

50 mg/L.
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Figure 4-11 Lag phase in TNT abiotic reactions
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§4.2.2.2 Reaction Rates in Absence of pH Buffer The same approach as

discussed above can be applied to the experimental results in this experiment. Since no
pH buffer was used here, the pH iﬁcreased from 7 to about 10.8 after adding sodium
sulfide. Nevertheless, the pH was still in the range where almost all the effective sulfide
species that reacted with TNT was HS". It is interesting to notice that the initial lag phase,
in the absence of pH buffer, was not very significant, especially when the initial sulfide
concentration was relatively high (Figure 4-12). A possibility might be that higher pH in
this experimént changed the speciatiqn status of the TNT transformation intermediates,
i.e. amino compoﬁnds, which could affect the reaétion rate, as discussed in Section 4.2.1.
The observed pseudo-first-order reaction rate constants are presented in Figure 4-
13. It seems that a linéaf relationship existed' between the kg value and the initial sulfide

concentration under the conditions in this experiment.
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§4.2.3 Catalytic Effects of Aquifer Materials

The possible catalytic effects of naturally occurring organic matter in soils or
aquifer materials on ébi’otic transformation of nitroaromatic cémpounds have been
reported by many researchers, as discussed earlier. The surfacé of aquifer material
particles may also change thé thermodynamics and kinetics of abiotic reactions (Morel,
1983).} Figure 4- 1>4 shows the effects of varying the ratio of aquifer materials to liquid.
volume (soil/solution ratio) on thé rate of TNT reaction with bisulfide., Addition of
aquifer materials si gnificanﬂyl accelerated the transformation of TNT, indicating the
influence of either or both types of catalytié mechénisms (organic matter and particle
surfaces) mentioned above.

Figure 4-15 shows the kobs Values after the lag phase varying vWith the soil/solution
ratio. The curve seems to be close to a linear relationship but begins to level off as the
soil/solution ratio increases. It is possible that when the soil/solution ratio was relatively
high, the catalytic substances and/or particle surfaces were no longer the rate-limiting
factor and the reaction ;ate was mainly controlled by other factors such as the bisulfide
concentration. However, it is difficult to confirm this trend herc becaﬁse of the limited

number of data points.
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§4.2.4 Catalytic Effects of pH Buffer

Since a phosphate buffer of 4 to 8 mM was used in all biological batch and
column reactors, 4 mM phosphate buffer was used in this study as a representative buffer
concentration. The phosphate buffer seems to have dual effects on the rate of
TNT/bisulfide reaction. On one hand, it may regulate the reaction' rate by buffering the
pH and stabilizing the speciation of HS® and other ionizable chemicals such as amino
compounds in the reaction system. On the other hand, it may increase the reaction rateby
catalyzing the reaction. Barbash and Reinbard (1989“)>f0und, when they investigated the
abiotic reactions of 1,2-dichloroethaf1e and 1;2-dibrorboethane ‘with H,0 and bisulfide,
that phosphate buffer accelerated the nucleophilic substitution of both halogenated
compounds by H,O, increasing the hydrolytic process.

Bicarbonate buffer was ysed in anothef set of reactors to examine its effects oh the -
reaction rate. It took a much longer time period (about 11 hours) for the TNT
concentration to reach zero with 4 mM bicarbonate present than with no buffer (data not
shown). Apparently, bicarbonate did not accelerate the reectien. Table 4-3 presents the

effects of buffering practice on the reaction rate after the lag phase.

Table 4-3  Effects of pH Buffer on Abiotic TNT Reaction Rate Constant

pH Buffer kobs after lag phase (1/h) pH
4 mM bicarbonate 0.5 : 9.0
No buffer 0.7 10.8
4 mM phosphate 1.7 9.0

98



§4.2.5 Abiotic Transformation Intermediates and Stoichiometry

The HPLC peaks of major intermediates observed in abiotic TNT reactions were
very similar to those observed in biological reactors. TheSe peaks included (1) ADNT
peaks, (2) two peaks around 12.0 minutes and 12.4 rninutes respectively, and (3) a
DANT peak. The tnvo early-stage peaks arcund 12.0 and 12.4 minutes have been
tentatively identified as 2—HADNT and 4-HADNT isomers, as explained in Section 4.3.2.

Glaus et al. (1992) indicate that nitroaromatic compounds (Ar-NO;) are usually
reduced to anilines»(Ar-NHé) in three steps, with_ nitroso (Ar-NO) and hydroxylamino
(Ar-NHOH) species as intermedietes:

 ARNOj 426" ==> Ar-NO + 26" ==> Ar-NHOH + 2¢" ==>Ar-NH,
Therefore, it requires six electrons in total for a nitro compound to be reduced to the
corresponding amino compound. If this is true and if the bivalent S atom in HS" is
oxidized to S°, then it would take 3 moles of HS” to meet the stiochiometric demand of 1
mole of TNT, assuming complete reaction. Figure 4;16 shows the sulfide consumption
along with TNT transformation in one of the abiotic experiments in this study. The
observed stoichiometry here was: ‘Bisulfide : TNT=2.84: 1 (mM : mM). A ratio
approximately equal to this value helvd in all abiotic:'Iv‘NT/‘bi‘stllfide reactions in which the
sulfide concentration was monitored. However, strict stoichiometric calculations are very
difficult to achieve here when one realizes that the TNT reduction consists of a series of
stepwise reactions, that conversions from TNT to ADNTSs and from ADNTs to DANTSs
may proceed simultaneously, and that branch reactions may occur before a nitro group is

completely reduced to corresponding amino group (Spain, 1995). In this study, the
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ADNTs detected by HPLC usually accounted for less than one third of the originally
added TNT.

Since the concentrations of TNT and bisulfide were of the same order of
magnitudé in these experiments and both were significantly d;:creased during the reaction,
it seems reasonable to use a second-order reaction rate model to describe the reaction
kinetics, according to general Kinetic theories (Moore and Pearson, 1981; Brezonik,
1994). However, a pseﬁdo-first-ordcr expression fit the experimental data (after the lag
phase) better than a second-order one.‘ An explanation could be that there was an
autocatalytic mechanism (possibly associated with TNT intermediates) that altered the

reaction kinetics. Other observations, as indicated earlier, support this assumption.
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§4.3 Biological Batch Experiments

Two sets bf batch reactors were set up and tested to examine biotransformations
of TNT under denitrifyting, sulfate-reducing, and methanogenic conditions. Reactor set
one wéé amended with relatively lower concentrations of carbon and energy sources and
incubated at room‘terlnperature, while reactor set two had relatively‘ higher concentrations

of carbon and ehergy sources and incubated at 37 °C (see Sectidn 3.2.3).

§4.3.1 Batch Reactor Set One |

§4.3.1.1 Denitrifying Reactors Observations in these reactors suggested that the

primary substrate concentration and the initial TNT conceniration had significant impact
on the rate of TNT biotransformatién. Figures 4-17 and 4-18 show the TNT removal in
denitfifyin‘g batch reactors with the initial TNT concentration of about 60 mg/L.. From
the slopes of the linearized curves in Figure 4-18, it is obvious that the concentration of
the primary substrate (acetate) largely influenced the rate of TNT biotransformation. If
the pseudo—ﬁrst-ordef model is used to describe the reé.ction rate; the réaqtion rate
constant, k, can be expressed in the following equation:. -
In(C/Cy) = -kt | | ) 4.9

where C is the TNT concentration at time t. |

Since the initial concentration of the primary substrate is known and other
conditiohs are comparable, a normalized initi’al reaction rate constant, kn, can be defined

as foHows:
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kn = k/(initial acetate concentration) ' 4.10)
The values of k and ky for thisiset of reactors (initial TNT concentration = 60 mg/L) aré
listed in Table 4-4. The fact that the ky vélues und'er‘ both conditions are close to each
other seems to imply that the reaction rate constant k is essenﬁally proportional to the

initial primary substrate concentration.

Table 4-4 Rate Constants of Denitrifying Reactors (TNT = 60 mg/L)

Initial Acetate (mg/L) | - 180 1000
k@ayh | 00091  0.0474
ky (L/day -mg) 5.05x107 - 4.74x10°

The performance of reactofs with iniﬁal TNT concéntration of 100 mg/L is
presented in Figuré 4-19. According to these daté, thé_abiotic loss of TNT in the
reactors wés less than 15%. Under this set of conditions, Figure 4-19b shows that the
TNT transformation intermediates, ADNT isomers, did not accumulate. The highest
~ concentration of ADNTs detected was 5.8 mg/L, corresponding to 6.7% of the initially

added TNT, on a molar basis.
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To examine the effects of the initial TNT concentration on the TNT removal rate,
the linearized TNT conceﬁtration curves with the initial TNT concentration of both 60
mg/L and 100 mg/L are plotted in Figure 4-20. Based oh Table 4-5, it is interesting to
notice that the ratio [ k tNt=so mgiL 1/ [ k T~T=100 mgzL 1 18 1.75, which is close to the ratio of
initial TNT concentrations, (100 mg/L) / (60 mg/L) = -1.67. This nearly reversely-
préportional relationship between k and the initial TNT concentration may suggest that
the TNT transformation reaction rate wasvéccordingly decreased as the initial TNT

concentration increased.

Table 4-5 Rate Constants of Denitrifying Reactors (Acetate = 1000 mg/L)

k (day™) | tNT=60 mgL 0.0474

k (day") linrstoomgr | 0.0271
[k NT=60 mg/L] / [K TNT=100 mgrL] 1.75
(100 mg/L) / (60 mg/L) 1.67
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§4.3.1.2 Sulfate-reducing Reactors Identical reactors were first set up without

TNT in order to obtain active sulfate-reducing conditions. Lactate and sulfate
concentrations were then adjusted to desired levels and the abiotic controls were
autoclaved before the TNT stock solution was spiked into the reactors (described in
Section 3.2.3). The biomass concentration was about 20 mg/L in all the reactors. It was
observéd that TNT, follo‘wing addition to the reactors, disappeared jn about 2 hours. This
rapid removal of TNT wés >attributed to abiotic reactions with bisulfide, which had been
~ produced from sulfate reduction and reaéhed a conééntration of about 30 mg/L as total
sulfide. The abioﬁc TNT transf_orination was discussed'ih Section 4.2. Since TNT was
rapidly removed, the later .r.nonitori'n.g. of the reactors was focused on its transformation
intermédiates, mﬁinly ADNTs. |

Figures 4-21 and 4-22 show the removai of ADNTs, produced from abiotic
transformation of TNT as described aboVe, under different conditions. It can be seen
from Figure 4-21 that ADN Ts could be removed abioticélly.as they reacted with
bisulfide. This was also observed in the abiotic reactors discussed in Section 4.2. The
abiotic transformation of ADNTS in the presence of sulfide was much slower than that of
TNT,‘taking‘ wegks rather than hours. Figure 4-21 indicates that it took about 25 days for
the ADNT to decrease from its highest concentration, 9.4 mg/L, to half of this value, 4.7
mg/L, under »the abiotic Conditipns. Iﬁ the presence of microbial activity, ADNT removal
was conéiderably faster, indicating thét‘ADN Ts were tfansf_ormed partially biologically

and partially abiotically. These figures also illustrate the effects of primary substrate
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concentrations on the transformation of ADNTSs, with faster transformation in the
presence of higher lactate concentrations.

In a parallel experiment, the reactors were set up without pre-growing the culture
before adding TNT. Instead, the 30 mg/L TNT was added at the beginning along with
lactate, sulfate, and the ‘inoc‘ulum..v Under this coﬁdition, the sulfate reduction was
inhibited, zis shown in Figure 4-23, although TNT was still transformed. By day 31, the
TNT concentration reaéhed_below detection limits and the coﬁcentrations of ADNTSs and
two ofher early-stage intermediates, tentatively identified as 2-HADNT and 4-HADNT
(discussed in Sectic;n 4‘.3.2 below), were decreased to negli gible levels. It was. after this
point of time that sulfate rcductiqn became active, as showh in Figure 4-23. On the other
hand, significant sulféte reduction and prim'a’ry subsfrate utilization were observed on day
24 after 30 mg/L TNT was added in the reactors with pre-grown biomass, as shown in

Table 4-6.

Table 4-6 Suifate Reduction in Reactors with Pre-grown Biomass

(Initial TNT: 30 mg/L, lactate and sulfate in mg/L)

Biological (1) Biological (II) Abiotic
- Day .| Lactate  Sulfate Lactate '>S1'11fate ~ Lactate  Sulfate
0 313 443 975 1430 978 1365
| 24 223 - 394 628 1100 960 | 1347
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Figure 4-21 ADNT in sulfate-reducing batch reactors (Set One, TNT spiked: 30 mg/L)
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§4.3.1.3 Methanogenic Reactors Similar to sulfate-reducing reactors described

earlier, identical methanogenic reactors were first set up without TNT to obtain active
methanogenic cpnditions. Acetate concentrations were then adjusted to desired levels
before the TNT stock solution was spiked into the reactors. Figures 4-24a, 4-24b, and 4-
25 show the TNT removal in methanogenic reactors. Although the reactors were actively
methanogenic before TNT was spiked, methanogeneéis ceased in all reactors after TNT
was added and never recovefed 6ver the time period the ‘reactors were monitored.
Gorontzy et al. (1993) found that nitroaromatics and their early-stage intermediates like
nitroso- and/or hjldroxyl-amines inhibited methanogenic bacteria. These compounds
could react with thé unique membrane components of the methanogens, cause cell lysis,
and ceése the methane production. Therefore, the aufhdrs indicated that it was necessary
to pre-grow the cells to a certain density before adding the nitroaromatics. In this study,
the pre-grown biomass density in the rﬁethanogenic reactors was ébout 20 mg/L (as VSS).
Probably this initial biomass concentration was not sufﬁciently high and most of the cells
lysed, or at least were inhibited, upon TNT addition, because the TNT transformation
seemed to be limited by biomass concentrations. With largely different primary substrate
concentrations (Ac = 180 mg/L and 1000 mg/L), the pseudo-first-order TNT
transformation rates (0:0366 day'1 and 0.0648 day™, respectively, in Figure 4-24b) did not
show a corrgspondingly large differenée, indicating that the biomass concentration, rather
than the primary substrate concentration, was likely to be the rate-limiting factor in these

reactors.
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Not only was TNT removal slower under methanogenic conditions than under
denitrifying and sulfate-reducing conditions, the removal of ADNTs, produced from TNT
transformation, exhibited a much lower transformation rate in the methanogenic reactors.
Figure 4-26 shows the ADNT éppearance and disappearance in methanogenic and
sulfate-reduc_ing reactors, which had an initial TNT éoncentration of 30 mg/L and initial
primary substrate concentration of 1000 mg/L. As indicat‘ed earlier, ADNT removal in

‘sulfate-reducing systems was enhanced due to the abiotic reactions with bisulfide.
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§4.3.2 Batch Reactor Set Two

TNT removal of this set of reactors is shown in Figure 4-27. The fastest TNT
removal was observed in the denitrifying reactors. TNT transfofmation was moderately
fﬁst in the reactors with sulfate as extemél elf;ctron acceptors while considerably slower
in the reactors with no external electron acceptors. Many researchers have indicated that
TNT biotransformation,‘es'pecially the reduction of the first nitro group, can be achieved
under varibus different redox conditions, as discussed in the literature review; Sincé
correlating relationships exist between redox potentiéls and electron accepting conditions,
the results obtained in this study that TNT biotransformation occurred under various
electron aécepting conditions further confirmed the observations of those researchers.
However, the electron accepting conditjons did signiificantly affect the rate of TNT
remo?al and the fate of TNT metabolites. Table 4—7 shows the TNT biotransformation
intermediates detected in this experiment. Intermediates are numbered in the order of
their appearance during TNT transformatioh. “ADNT” is the combination of both 2-
ADNT and 4-ADNT isomers and expressed as 2-ADNT equivalent. “DANT” has been
identified as 2,4-DANT by using diode-array HPLC (Appendix E).

| >Un‘der the three electron accepting conditions examined, the intermediates that
first appeared during TNT mefabolism, i.e. Int-D1 under denitrifying conditions, Int-S1
and Int-S2 under sulfate—redhcing'conditions, and Int-M1 and Int-M2 under methaﬁogenic
conditions, seemed to be two distinct cbmpounds according to their HPLC peak retention
times (Table 4-7). These two compounds exhibited very similar characteristics. Their

HPLC retention times were close to each other (12.0 min and 12.4 min). They presented
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similar concentrations (or at least similar peak sizes) during TNT metabolism, and their
appearance and disappearance occurred almost concurrently. According to other
investigations discussed in Chapter II, 4-hydroxylamino-2,6-dinitrotoluene (4-HADNT)
and its iserner 2-hydroxylamino-4,6-dinitiotoluene (2-HADNT) are often believed to be
the first intermediates appearing in TNT biotransformation. Therefore, the two early-
stage intermediates obseived in this study, behaVing very similarly, are hypothesized to be
- HADNT isomers. No analytical grade HADNTSs were available for confirmation. Under
idenitrifying conditions, Int-D1 never accumulated to a significantly high concentration
(Figure 4-28a). Therefore, this small peak might represent either oi’ the HADNT isomers
ora combination of small amounts of both. Denitrifying conditions favored rapid
removal of these two isomers and prevented them from building up to high
concentrations. On the other hand, thesecornpounds accumulated to considerable
concentrations and existed for about 40 days in methanogenic reactors (Figure 4-30a).
vGorontzy et al. (1993) and Fedorak et al. (1990) indicated that early-stage intermediates
of nitroaromatic compounds such as hydroxyl-amines were inhibitors of methanogenic
bacteria. This could perhaps explain the fact that the two intermediates discussed above
’prevailed in the methanogenic reactors much longer than in other reactors and that
methanogenesis was inhibited.

- The appearance and disappearance of ADNTSs were observed in all three types of
reactors, with the fastest removal under denitrifying conditions and slowest removal
under methanogenic conditions. Since resolution of 2-ADNT and 4-ADNT isomers

could not be achieved under the HPLC operation conditions used in this study, the
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observed ADNT peak was actually the combination of beth isomers and expressed as 2-
ADNT equivalent. The total ADNT concentrations observed in these reactors at most
accounted for 20 to 30% of the original TNT added into the systems (Figures 4-28b, 4-
29b, and 4-30b). This observation meant that while ADNTs were produced in TNT
metabolism, they were transformed at the same time, with comparable reaction rates, to
other intermediates, mairily DANT:s as discussed‘below.

While ADNT isomers could be further transformed to 2,4-DANT and 2,6-DANT
theoretically (see Chapter II), only one major intermediate peak was observed after the
completion of ADNT transformation. This peak was positively identified as 2,4-DANT
by comparing the diode-array spectrum of the peak and that of the known 2,4-DANT
standard (see Appendix F). Like its precursors, DANT was transformed the fastest in the
denitrifying reactors and the most slowly in the methanogenic reactors. By day 27 and
day 50, DANT was rerrtoved te rtegligible levels in the denitrifying and the sulfate-
reducing reactors, respectively (Figures 4-28 and 4-29). Following this, no majot
intermediate peaks were detected by HPLC with the system parameters used in this study.
In the methanogenic reactors, however, DANT still presented a considerable
concentration of about 162 uM on day 50 (Figure 4-30), accounting for 35% of the
originally added TNT, although the DANT eoncentration was in a decreasing trend at that

point of time.
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Table 4-7 HPLC Retention Times of TNT and Metabolites

Retention Time Denitrifying Sulfate-reducing Méthanogenic
(min) .
27 | Int-S3 Int-M3
3.1 | Int-M7
3.4 DANT (Int-D2)  DANT (Int-S6)  DANT (Int-M5)
43 ~ Int-D4 meS5 Int-M6
54 - Int-S7 Int-M8
120 " IntDI Int-S1 Int-M1
124 S Int-S2 Int-M2
13.4 ~ INT- : INT TNT
14.6 ADNT (Int-D3)  ADNT (Int-S4)  ADNT (Int-M4)

8§44 Aquifer Column Experiments

This sect_ion presehts the experiméntal results of the aquifer column reactors,
including the column porosity measurement, breakthrough curves, TNT removal, and
primary substrate uﬁlization. Kinetic >con‘stants‘are introduced to help describe the TNT
removal rate and to aid in comparing the effects of different factors (initial TNT
concentration, primary substrate concentration, retention time, and electron accepting

conditions) on TNT transformation in aquifer materials.
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§4.4.1 Column Porosity

Two glass graduated cylinders filled with aquifer materials were used to measure
the porosity of aquifer columns. Table 4-8 shows the measurement results. From the two
porosity values shown in this table, an average column porosity of 36.7% was obtained.
Since the aquifer columns had an inner diameter of 2 cm and an aquifer material depth of
35 cm, the volume of aquifer materials in each column was about 110 ml. Therefore, the
pore volume in each column wés (1 lbO ml)(36.7%) = 40.3 ml. This value was used in

determining “pore replacement” volumes for subsequent experiments.

Table 4-8. Aquifer Column Porosity

_ Cylinder 1 Cylinder 2
Taré Wt. (g) 100.66 49.10
Total Wt. (g) 305.40 99.72
Packing Vol. (ml) 100.0 25.0
Wet Packing (g) 204.74 50.62
Dry Packing (g) 168.10 41.44
Pore Water (g) 36.64 - 9.18
Pore Vol (ml)  36.64 918
Porosity (%) - 36.64 36.72
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§4.4.2 Breakthrough Curves at High Flow Rate

Tracer experiments were conducted to characterize the aquifer column
breakthrough at a relatively high flow rate, 4 m]/min. This flow rate was to be used in the
column fluid exchange for the batch-fed columns. The results obtained here, therefore,
were used to determine the media volume required for a complete column fluid exchange.
Columns D3 and S3, prior to routine operation, were utilized in the tracer study.
Solutions used ih this experiment vt'ere an aqueous sodiurh bromide solution as 50 mg Br
/L and a 100 mg/L‘aqueous TNT 'solution. Figure 4-31a shows that the bromide
' breakthrough eurves obtained frorn these two columns were close to each other with a
maximum error of ‘about 10% in C/C, values at any given point of time, indicating that
the hydraulic conditions among different columns were reasonably similar. The
breakthrough curve of TNT, under the conditions 1n this experiment, only slightly lagged
behind that of the tracer material, bromide, as shown in Figure ‘4-3 1b. Because the
columns were autoclaved and the pore space retention time (10 rninutes) and'the duration
~ of the breakthrough experiment (60 minutes) were relatively short, the TNT loss due to

rrljerobial and abiotic transformations was negligible and the TNT level in the column |
effluent did f1na11y reach the inﬂuent level. The lag in the TN T breakthrough curve might
indicate slight adsorptiou/retardatioh of TNT in the aquifer materials, which had not been
exposed to TNT before. From Figure 4-3 lb,_it was estimated that the column fluid in a
batch-fed column could be completely exchanged in 45 to 55 minutes, corresponding to a

medium volume of 180 to 220 ml, when the exchange flow rate was 4.0 ml/min. TNT
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adsorption in the aquifer materials was minimal at this flow rate even when the column
was new and had not beeﬁ saturafed with TNT.

In order to examine the effects of the flow rate and the retention time on TNT
adsorption in aquifer materials, a long-term adsorption experiment with a relatively low

flow rate was conducted, as presented in Section 4.1.4.

§4.4.3 Continuous Flow Columns D1 and D3

These two columns, with én inﬂﬁent medium amended with nitrate, had a pore
space retention time of 1 daybin the first 58 days and then 4 dayS in the rest of column
operation. Several sets of different coiumn operation conditiohs, as shown in Table 4-9,
were employed during the life time of the columns. The raw data of inﬂuenf and effluent

TNT concentrations are illustrated in Figures 4-32 and 4-33.

Table 4-9. * Operation History of Columns D1 and D3

Phase Time (day) Retention - Initial TNT Primary Substrate
No. Time (day) Conc. (mg/L) Conc. (mg/L)
1 0-58 T 100 | 0
2 58 - 106 4 100 0
3 106 - 168 4 100 Ac=30,Y.E.=30
4 168 - 325 4 100 Ac =300, Y.E. = 100
5 325 - 352 4 100 Ac'=90, Y.E. = 100
6 352-387 4 60 Ac=90,YE. =10
7 387 - 470 4 60 Ac=180, YE. =10
8 470 - 500 4 60 Ac=30, YE.= 10

~ * Desorption of Column D3 was started on Day 343.
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In the first, second, and third phases (day 0 - 168), there were no significant
differences in TNT removal between‘the living column D1 and the abiotic column D3
(Figures 4-32 and 4-33), indica‘tingv, that microbial TNT transformation was limited, likely
due to the limited primary substrates‘in thé column media. 30 mg/L acetate was added in
the third phase and small amounts of organic mattér might aiso éxist in the aquifer
materials, but these‘organié substances did not seem to be enough to support active
microbial growth and significant TNT removal. In the second phase, the effluent TNT’
concentrations of both columns exhibited a big drop (day 70 - 90) followed by gradual
recovery. This could be mainly attributed to two causes. First, increasing retention time
from 1 day to 4 days resulted iﬁ sigﬁificant increases in TNT loss, hence decreases in
effluent concentrations, mainly due to adsorption and abiotic transformation. In aquifer
columns, unlike in agitated batch reactors, 'c.ldsorptioni and desorption tend to be a non-
equilibrium process (Selim et al., 1995) and largely dependent on the flow rate or the
retention time (Dunnivant et al., 1992; Jardine et al., 1992). Figure 4-31b shows
negligible TNT adsorption at the flow rate of 4.0 ml/min, whereas Figure 4-8 indicates
extensive adsoi‘ption at the flow rate of 0.007 ml/min with,’al.time period of about 75 days
to reach saturation. The graduai increases foliowing the drop in effluent TNT
concentrations in Figures 4-32 and 4-33 were indications that the TNT adsorption in
aquifer materials was gradually reaching equilibrium. Secondly, a 20% decrease in
column influent concentrations occurred arouﬁd day 70, probably because of some
mishandling in medium preparation. Note that the influent concentration thgn recovered,

and this was reflected in the effluent concentration also.

135



In the first phase of column D3, adsorption equilibrium was nearly reached by day
20 (Figu_re 4-34), faster in comparison with column S4 because here the retention time
was 1 day. By using the mass balance method as used for column S4 (see Section 4.1.4
and Appendix B) and assuming M, (the TNT mass in the aqueous phase accumulated in
the column pore volume) was,the same as‘in column S4, it is obtained that the total TNT
loss due to adsorption and abiotic transformation in the first 20 days was about 15.7 mg
in column D3. This value is reasonably close to the total TNT mass loss in column S4
‘(‘13.6 mg). “This is un_dérstandable beéause column D3 also experienced a “long-term”
adsorption in the first 20 élays of Qperzition.

In phase 4, up to 60% of TNT was removed in column D1 in the presence of
relatively high concentrations of primary substrates, as shown in Figure 4-35a. Here, 3 to
1>0 mg/L of ADNTs were detected in the effluent of this qolumn. It should be noted of
Figure 4-35 that although the théoreticalbhydraulic retention time was 4 days in this
phase, it actually took 6 to 10 days for the column effluent to exhibit a response
corresponding to a given change in the ‘inﬂ'uent because the column “head space” and the
void space in the bottom portion of the column and in tubing délayed the response in the
éfﬂuent. This delay of résponse in ‘coluvmn effluent can be comfirmed in abiotic columns
D3 and 83 when these columns ﬁnderwent desorption operations, as shown in Figure 4-
45. This figure indiqates that‘ afte}r the influent TNT concentration was shifted to zero
abruptly, the efﬂuént TNT concentration remained unchanged for 6 to 10 days before

significant concentration decrease was detected. In following discussions on column
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results, therefore, for a given data point of influent conditions, the corresponding effluent
data point is considered 6 to 10 days behind when the theoretical retention time is 4 days.
During the end of phase 4 (day 280 - 325), the effluent TNT concentrations of this
qolumn exhibited a gradual increase, probably due to declining microbial activities which
were partially inhibited by the relatively high pH resulting from denitrification. The pH
vallies of the column effluent were about 9 in this period. For column_ D3, the abiotic
control, an linusual decrease in effluent TNT concentrations was observed around day
180 - 200. Microbial activity might have been initiated in this column to some extent
'during this period since the abiotic column medium was oiily periodically amended with
tiie‘ biocide; sodium azide, lilitil day 250. Before this day, the abiotic column was fed
altemzitely with azide-amended medium for 4 - 6 days and then azide-free medium foi 8-
10 days, in consideration that sodium azide might interfere with TNT adsorption. After
day 250, the_medium .for column D3 was always amended with 0.3 rhg/L sodium azide
and the abiotic condition was well maintained.
The fifth phase in column D1 exhibited a significant increase in effiuent TNT
concentrations (Figure 4-35b), resulting from a cut in primary s1ibstrate supplies.
“In phases 6, 7, and 8, column D1 Was opératéd under a ioivcr influent TNT
conccntration, 60 mg/L. Changing the concentration of the primary substrate, acetate,
resulted in corresponding changes in cfﬂueht_'TNT concentrations (Figures 4-36a, 4-36b,

and 4-36¢). These results are further discussed in Section 4.5.
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§4.4.4 Continuous Flow Columns S1 and S3

These two columns were amended with sulfate, with a pore volume retention time
of 1 day in the first 15 days and 4 days thereafter. The column operation conditions,
divided in sevgral phases, 'are _shdwn iri Table 4-10. The raw data of influent and effluent

TNT concehfrations are illustrated in Figures 4-37 and 4-38_.

Table 4-10. Operation. History of Columns S1 and S3

Phase Time (day) .- Retention Initial TNT Primary Substrate

No. Time.(day) Conc. (mg/L) Conc. (mg/L)
1 0-15 1 ‘ 100 0
2 15-63 . 4 100 0

3 | 63-125 4 100 Ac=30, YE. =30
4 125-282 4 100 Ac =300, Y.E.=100
5 282 - 309 4 100 Ac=90,Y.E.=100
6 309 - 344 4 60 ‘Ac=90,YE.=10
7 344 - 378 4 60 : Ac =180, Y.E.=10
8 378 - 427 4 60 Lact.=90, Y.E.= 10
9 427 - 458 4 60 Ac=30,Y.E. =10

* Desorption of Column S3 was started on Day 300.

Like colurnhs D1 ahd D3, columns S1 and S3 did not show significant differences
in terms of TNT removal in the first three operation phases due to insufficient primary
substrates in column S1 to support active microbial activities. The considerable drops in
effluent concentration in abiotic column S3 observed in two periods (day 27 - 47 and day

137 - 157) could be attributed. to the same causes as discussed earlier for columns D1 and
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D3 because (1) these four columns were subject to the same manner of maintenance, and
(2) the sulfate-amended columns were started 43 days later than the nitrate-amended
columns so that the effluent concentration fluctuations in D3 and S3 actually occurred
during the same time periods. Abiotic conditions were well maintained for column S3
after day 200 as described earlier.

During day 225 to 231, a stock solution of sodium sulfide was injected into
column S3 to produce a total sulfide concentration of 50 mg/L. in the column aqueous
phase in order to test abiotic reactions in aquifer columns. - This was done by injecting the
sodium sulfide stock solution through éi Small_ plastic syringe installed on the syringe
pump and letting the solution and the column medium mix at the entrance (bottom) of the
column. This practice resulted in a sharp decrease in the column effluent conuentrations
during day 235 to 250 (Figure 4-38), ihdicating that TNT was significantly transformed
by abiotic reactions in the presence of sulfide, as observed in the abiotic reaction
experiments discussed in Section 4.2. ADNT concentrations of up to 12 mg/L. were
detected during this period.

The fourth phase of column S1 (day 1J25"- 282) saw a lafge removal of TNT
because of the‘high concentrations of primary substrates. Decreased concentrations of
acetate in the fifth phase resulted in decreased TNT re‘moval and increased effluent

concentrations.
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Phases 6, 7, 8, and 9 had a constant influent TNT concentration of 60 mg/L and
varied concentrations of primary substrates, with corresponding changes in the effluent
TNT concentrations. Phase 8, with 90 mg/L lactate, gave lower effluent concentrations
than phase 6 in which 90 mg/L acetate was used as the primary substrate. The carbon
content in fhe lactate molecule (40.4%) is almost the same as in the acetate molecule
(40.7%), yet TNT removal was enhanced by using lactate as thé carbon source. The
reason may be that rﬁore sulfate—reducing bacteria tend to use lactate rather than acetate as
the primary substrate; as discussed in‘ Section 2.4.3.

In column S1, which was eXpected to produce a sulfate-reducing environment,
sulfate reduction was never significant enough to be confirmed by IC measurement of
sulfate. Because the sulfate concentration in célumﬁ media was relatively high (80 to 500
mg/L) and a 10- or 20-fold dilution was often required before it was measured by IC, and
because the lower limit of sulfafe detection on IC was about 1 mg/L, even a sulfate
concentration change of up to 20 mg/L in original samples might fail to be detected in
20-fold diluﬁons. Therefore, occurrénce of sulfate reduction in column S1 could not be
totally excluded although it was, if any, clearly very minor. The inhibition of sulfate
reduction, which waé aléo observed in batch reactors, wés likely to be the consequence of
high TNT concentrations, as discussed in the literature review.

Figure 4-39, derived from data in Figure 4-37, shows the effluent TNT
concentrations of‘ column S1 responding to different primary substrate concentrations in
the influent. It is clear in this figure that TNT biotransformation was enhanced by higher

primary substrate concentrations. These results will be further discussed in Section 4.5.
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§4.4.5 Batch-fed Columns D2, S2, and M

Several aquifer column reactors were operated under batch-fed mode, as indicated
in Section 3.2.4.4. The operation history of batch-fed column D2 is presented in Table 4-

11, and the TNT measurement is shown in Figure 4-40.

Table 4-11.  Operation History of Column D2

Phase | Time (day) Retention Initial TNT Primary Substrate
No. | Time (day) Conc. (mg/L) Conc. (mg/L)
1 0-16 4 30 Ac=300,YE.=10
2 16 - 88 ‘ 4 100 Ac=300,YE.=10
3 88 - 100 4 100 Ac=90,YE. =10
4 100 - 121 7 100 Ac=90,YE. =10
5 135-156 7 60 Ac=90,YE.=10
6 156 - 180 12 60 Ac=90,YE.=10
7 180-192 4 60 - Ac = 90,YE.=10
8 192 - 196 2 60 Ac=90,YE. =10
9 196 - 212 4 60 ©~ Ac=30,Y.E. =10
10 212 -228 | 4 60 Ac=180,YE. =10
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In the first 16 days, column D2 was fed with a medium with relatively low TNT
concentrations to acclimate the microorganisms. In the second phase it took a long time
period (until day 76) for the column effluent to reach a steady state, possibly indicating
the process of reaching the equilibrium of long-term TNT adsorption, as discussed in
Section 4.1.4. Various operation conditions, as shown in Table 4-11, were employed to
examine the effects of different facfors, including primary substrate concentration,
retention time, and initial TNT concentration, on TNT transformations. Figure 4-41
shbws the TNT removal in columnvDZ under different influent conditions.

Column S2 was started with a TNT concentration of 30 mg/L in the early stage
followed by higher initial TNT concentrations, as illustrated in Tablc 4-12 and Figure 4-

42.

Table 4-12.  Operation History of Column S2

Phase Time (day) Retention Initial TNT Primary Substrate
No. ' Time (day) Conc. (mg/L) Conc. (mg/L)
1 T 0-16 T 30 Ac =300, YE. = 100
2 16 -44 4 100 Ac=300,Y.E. =100
3 44 -76 4 30 Ac=300,Y.E.=100
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In phase 1, TNT was 100% removed in every operation cycle (4 days). Unlike in
column S1 where sulfate reduction was inhibited, most likely by high concentrations of
TNT, here active sulfate reduction was observed iﬁ the first phase in which the initial
TNT concentration was 30 mg/L. Figure 4-43 shows the consumption of electron
acceptors (sulfate) and utilization of carbon sources (acetate). By day 8, visual
observation showedv that theaquifer material in the colufnn had turned dark, an indication
of preciﬁitatieﬁ of metal sulfides in the aqﬁifer material. The TNT removal in the second
and tﬁe third phases remained as high as 100% and ADNT concentrations of up to 29
mg/L were detected. HoWever, neither substrate (aCetate) utilization nor electron
ACCeptor consumptionVWas observed iﬁ any significant amount in these phases. TNT
transformations ih this period Were e(‘)nsidered mainly the results of abiotic reactions of
TNT with sulfide. | Batch experiments showed that this type of abiotic reaction could
occur rapidly and totally remove 100 mg/L TNT in a few hours. Microbial sulfate
reduction did not recover in the third phase even when the initial TNT concentration was
decreased back to 30 mg/L. The ‘feaseﬁs may include (1) relatively large amounts of TNT
and its intermediates were adsorbed in the aquifer material dﬁrihg the second phase and
some of them remained in tile column through the third phase, and (2) sulfide toxicity
could inhibit the microorganisms responsible for sulfate reduction. It should be noted
that the TNT removal in this column was partly due to adsorption since the results of
column D2 Showed that it took about 70 days for the column effluents to reach adsorption

equilibrium.
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Table 4-13 and Figure 4-44 illustrate the operation of Column M, the batch-fed

methanogenic column.

Table 4-13.  Operation History of Column M

Phase Time (day) ‘ Retention Initial TNT Primary Substrate

No. Time (day) Conc. (mg/L) Conc. (mg/L)
1 0-20 7 10 Ac=90,YE.=10
2 20-35 - 7 20 Ac=90,YE.=10
3 35-56 7 30 Ac=90,YE.=10
4 s6-80 12 30 Ac=90,YE. =10
5 80 - 92 4 30 Ac=90,Y.E.=10
6 92 - 96 2 30 Ac=90,YE.=10
7 96 - 112 4 30 Ac=30,YE.=10
8 112 - 164 4 60 Ac=180, Y.E.= 10

In the early stage (phases 1, 2, 3, and 4) of this column,relativély low
concentrations of TNT and relatively long retention times were employed in order to
acclimate the microorganisms. In the later stages, the TN T removal was characterized by
increasing effluent concentrations. This observation indicated that the TNT removal was
partially-due to adsorption and that gradually saturated adsorption sites in aquifer
materials resulted in the decrease of i‘NT removal and increase of effluent TNT
concentrationé. N eVertheléss, TNT &ansforrvn'ation» in this column was also partially
attributed to microbial activity which was indicated by substrate utilization and methane

production, as discussed in Section 4.5.1.

154



1991

TNT Concentration (mg/L)

70

60

50

40

30

20

10

) 1 b + 11 | \
4 4
a8
L J |
. <
P | |
&
®
® <g L
L
s *
* ¢
é © ¢
& L XX .
10 20 30 40 50 60 70 80 90 100 -~ 110 120 130 140 150 160

Time (days)

Figure 4-44 TNT concentration changes in column M

170



8§4.4.6 Desorption of TNT in Aquifer Columns

Figure 4-45 shows the long-term process of TNT desorption from columné. D3
and S3. After the aquifer materials ﬁad been desorbed with TNT-free media for 57 days,
the TNT cbﬁcentration in column effluents reached below 6 rhg/L. By integrating the
area under the curve of the TNT effluent concentfatibn (Figure 4-45), it‘was estimated
that about>7 mg TNT was desorbed frpm eacﬁ column (data corrected with the TNT mass
- accumulated in the aciueous phase in cdlumns, which Waé about 10.-1 mg according to
calculations in Appendix B). In the short-term desorption for column S4, on the other
hand, measuring the TNT concentration in the acetonitrile extracts revealed that 5.8 mg
TNT Was. recovered from the column aquifer material. Therefore, a signiﬁcant amount of
TNT was not recovered iﬁ each of these three columns since the total TNT sink in é
column was about 13.6 mg, according to the mass balance calculation described earlier.
Prior to desorption, all these three columns underwent a process considered “long-term
adsorption”, i.e. an adsorption process that occurred in a relatively long operation period
(75 to 343 days) and a relatively long pore volume retention time (4 days). Some of the
- TNT loss.in this process may nof be recoverjable ‘be‘cause of irreversible adsorption and/or

abiotic conversion, as indicated earlier.
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Figure 4-45 Aquifer column desorption (flow rate = 0.007 ml/min) -
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§4.5 Comparison of Column Results under Different Conditions

This section includes comparisons among TNT removal results derived from
aquifer columns‘operated under different conditions in order to examine the effects of
-electron accepting conditions and vprimary substrate concentrations on TNT
transformations in aquifer materials. Also, a comparison between continuous and batch-

fed columns is made to present a discussion on column methodology.

§4.5.1 Aquifef Columns with Different Electron-accepting Conditions

Figures 4-36 and 4-39 show the TNT removal in columns D1 and S1,
respectively, under various conditions. TNT removal under a given set of operation

conditions, after reaching steady state, is calculated asb follows:
TNT removal = Avg[(TNT conc. in influent) - (TNT conc. in effluent)] 4.11)

The average removal is obtained from several pairs of influent/effluent data points. Note
that the effluent concentraion data usually lagged 6 to 10 days behind the corresponding
influent in thé continuous columns becaﬁse of the hydraulic deiay, as indicated earlier.
Based oﬁ the daté in Figﬁre's 4-36 aﬁd 4-39_ and the above equation, a comparison
of TNT removal for columns D1 and Sl can be made, as presented in Figure 4-46. A
statistical comparison (Student t-test) was conducted to examine the significance of the
difference between TNT removal data of these two columns (Table 4-14 and Appendix

).
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Table 4-14. TNT Removal in Columns D1 and S1 with Retenticgn Time of 4 Days

/

Substrates (mg/L)

TNT: 60 TNT:60 TNT:60 TNT:100 TNT:100
Ac: 30 Ac:90 . Ac:180  Ac: 90 Ac: 300

Denitrifying column D1:

YE:10 YE.:10 YE.:10 YE. 100 Y.E.: 100

TNT removal (mg/L) 74 9.9 16.8 28.8 49.9
No. of inf./eff. data pairs 4 3 5 .4 5
. :
Sulfate-reducing column :

Sl : 9.8 13.7 22.1 344 61.2
TNT removal (mg/L) 3 3 3 3 5
No. of inf/eff. data pairs '

Comparison of TNT ‘ .

removal 1.92 2,04 227 2.05 294
Statistic t value 2571 2.776 2.447 2.571 2.306
t with 95% confidence ‘

Significant difference ? No No No No Yes

* An inf /eff. data pair refers to an influent TNT concentration and the corresponding
effluent TNT concentration used to calculate the TNT removal.

From this table, it can be seen that although the TNT removal in column S1

seemed to be about 20% higher than that in column D1 (Figure 4-46), the difference was

not statistically significant except for one set of substrate conditions (TNT = 100 mg/L,

Ac =300 mg/L). Factors that could contribute to the similarity of these two columns may

include the fdllowing; First, active sulfate reduction, which could have produced

significant amounts of bisulfide and resulted in rapid abiotic transformations of TNT, was

never detected in column S1. However, the primary substrate was still utilized to the

same extent as in column D1. This may indicate that other microorganisms, rather than

sulfate reducers, played important roles in TNT transformation in column S1. Among the

possible candidates of these organisms are iron-reducing bacteria and clostridia. These
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bacteria have been demonstrated to be capable of transforming various nitroaromatic
compounds (Heijman et al., 1995 ; Gorontzy et al., 1993). Heijman and co-workers
(1995) repérted that microbial iron-reducing activity in aquifer columns was able to
completely transform-nitrobenzenes to corresponding amino compounds in as short as 15
hours when the parent cqﬁlpound concentration ‘was 250 uyM andv acetate concentration
was about 10 mg/L. ‘. Secondly, the TNT removals in column D1 and in column S1 appear
‘to be similar becausé only the 'colum'n‘efﬂuents were monitoréd. Before the pfimary
_substrate was depletéd at some poiht in the column, the TNT transformation rate might
have been different in these two colﬁmns’. However, this possible difference was not

confirmed because there were no sampling porfs along the length of the glass columns.
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Cdlumns M and D2, both batch-fed, were operated under methanogenic and
_denitrifying conditions, respectively. It should be noted that there were a few

inconsistencies between the operation conditions of thése two columns that made their
comparison somewhat difficult. Based on the effluent data points in Figure 4-44, it can
be ﬁnderstood that the TN T adsorption in column M had not reached equilibrium when
the column operation Ce‘zixsed. bTherefore, TNT removal in this column can be accounted
for by adsorption to a sigﬁificant e;_;t_ent. On the other hand, it ‘appe;ared that TNT
adsorption was 1n equilibrium.mdst of the time in column D2. The substrate conditions
for thvese’t‘wéxcdlumns, as ‘svhoWn in Table 4-15, Wefe not exactly identical either.
Nevertheless, a prelirrlinal;y. comparison for TNT removal in columns M and D2 can be
performed on the basis of mass balance calculations as follows.

From day 112 td day 164 in column M wﬁén the inﬂuent TNT concentration was
60 mg/L, the total TNT mass injected into and discharged from the column was 31.7 mg
and 8.3 mg,: respectively, according to Figure 4-44. On the basis of long-term adsorption
experiments (Appendix B), the total TNT loss due to adsorptioh and abiotic reactions,
before equilibrium was reached, was approximately 13.6"mg (or about 18.8% of the total
input of TNT) in an aquifer column when the influent TNT concentration was 100 mg/L.
This value (13.6 mg) can be used aé _én overstated or conservative estimate for column M
because the influent TNT concentration for this column was 10, 20, 30, or 60 mg/L rather'
that 100 mg/L and becaﬁse the column did not reach adsorption equilibrium. If the
percentage 18.8% was used for estimation, then the total TNT loss in non-biological

processes in column M was 6.0 mg from day 112 through day 164. From day 168 to day
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232 in column D2 wheﬁ the influent TNT concentration was also 60 mg/L, on the other
“hand, the total TNT mass ipjected into and discharged from the column was 37.3 mg and
31.2 mg, respectively, accofdiﬁg té Figure 4-40. The column was apparently in
adsorption equilibrium in this,timé period; and TNT was likely not being removed by
physical adsorption. The TNT loss due to abiotic reactions, according to data from
abiotic columns D3, S3, and S4, might be in the range of 4 to 10% of the total TNT input,
'Qr 1.5t0 3.9 mg. Therefovr.e,vmicro’bial‘TNT remo?al data can be derived from the above
{mass balance procédures. Detaile‘d‘ .caICulations of mass balance are presented in

Appendix J and the results are Shdwn in Table 4-15.

Table 4-15. TNT Removal in Columns M and D2

Column . M D2
Time period - : dayl12 - day 164 day 168 - day 232
(52 days) (64 days)
Influent TNT conc. : 60 mg/L 60 mg/L
Hydraulic retention 4 days 2 to 12 days
‘time average 5.37 days
- Total acetate input * 96.2 mg - 63.3 mg
Total acetate utvilization ' 15.7 mg | - 57.0mg
Influent acetate conc. 180mg/L - = 30,90, or 180 mg/L
Total TNT input 1 317mg 373 mg
Total TNT discharged , 8.3 mg 31.2 mg
Adsorption and abiotic 6.0 to 13.6 mg 1.5t03.9 mg
removal of TNT
Microbial removal of TNT 9.8t017.4 mg 22t04.6 mg
Percentage of microbial 31to55% 6to 12%
TNT removal **

* A parameter referred to as “total” represents the cumulative total mass during

the indicated time period.
** This percentage is defined as [microbial TNT removal/total TNT input]x100%.
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The data in Table 4-15 show that the total input and the influent concentration of
acetate were higher for column M while the total acetate utilization was significantly |
higher in column D2. Otﬁer operation conditions were reasonably siﬁﬁlar in both
columns durihg the indicated time periods. Under these éonditions, the percentage of
microbial TNT transformation: in column M was several times higher than that in column
D2 even though the TNT loss due to non-biological processes in column M may have
been overestimated. This result means that the TN T'Biotransformation rate was
significantly higher in column M than in column D2 if we considér the fact that the
average hydraulic retention time was even slightly longer for D2 than for M.

This findiﬁg is very different ffom the observations derived from the previously
discussed batch reactors (Section 4.3) in which 1;10 aquifer materials were present, but it is
suprisingly éonsistent with what Krumholz and co—wérkers (1997) observed in batch
reactors containing aquifer materials. Thes¢ batch studies revealed a TNT remoyal rate of
27 uM/day under methanogenic conditions and of 5.9 puM/day under nitrate-reducing
cond'itio‘ns.v In batch reactors with no aquifer materials (Section 4.3), denitrifying
conditions were characterized by the highest TNT removal rate while methanoganic
conditidﬁs exhibited the lowest. The column results indicate that fhe aquifer material
may support gfowth of certain species of microorganisms which, in turn, accelerated
: bidtrarisfo'rmations of TN T. As discu’séd earlier, ith-redUciﬁg bacteria may be among
these microbrganisms. Methane production did occur in column M, indicating the
existence of methanbgenic activity. But the trace amount of methane detected in the

column effluent was not enough to account for the acetate utilization in the column. The
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dissolved methane concentration in the column effluent was at most 1.5 mg/L,
corresponding to acetate utilization of about 5.8 mg/L (see Appendix K for stoichiometric
calculations). However, the measured acetate utilization in this time period was 20 to 40
mg/L. Furthermore, 10 mg/L yeast extract and other organic matter in the aquifer
materials were also available as primary sub‘strates. Utilization of these carbon sources
must be accounted for by some non-methanogenic microorganisms. Therefore, it was
very likely that other microbial activities, besides methanogenesis, webre greatly
contributing to the TNT biotransformations in column M.

Although TNT i'emoval was eiihanced in column M, it was doubtful that the
metabolic regimes in cblumn'M were also very favqfable for biotransformation of
ADNTs. ADNT concentrations as high as 17 mg/L (86 uM) were detected in the column
effluent when the TNT concentraion was decreased from 64 (282 v|.|M) mg/L to 31 mg/L
(137 uM). For column D2, however, no ADNT was detected in the effluent when the
TNT removal was above 30 mg/L, indicatilig_ minimal accumulation of ADNTSs. This is
consistent with the observations from batch reactors.

In column D2, it is not clear whether or not ‘the reactions pf TNT transformation
proceeded to TAT and further. By assuming that acetate was stoichiometrically
converted to CO,, TNT to TAT, and NOj5 to N, an electron balance calculation can be
conducted to estimate the extent of the TNT transformation preliminarily. The detailed
calculation is shown in Appendix J. The results show that the total supply of electrons
from acetate was approximately equal to the amount of electrons accepted by nitrate and

TNT, revealing no indication of conversion of TAT to more oxidized intermediates and
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eventually CO,. If TAT was further conVertéd to more oxidized products, it would
donate electrons, resulting in the likely consumption of more of the terminal electron
acceptor, NOg- . prever, this is not confirmed by the electron balance calculation. :The
same is true for the denitrifying reaétors in batch reactor Set Two. It should be noted that
the concent’rétions of acetate aﬁd of nitrate in tﬁese reactors (both column and batch) were
close to each other and much higher than that of TNT. This situation made it difficult to

observe the significance of the electron transfer originating from TNT.

§4.5.2 Effects of Primary Substrate Concentrations -

The effects of primary substrate concentrations on TNT removal can be examined
in Figure 4-46. In column D1, for example, the average TNT removal was increased as
acetate concentrations in the influent increased. If we define an observed pseudo-zero-

order TNT removal rate constant as follows,

Average TNT removal
ko= , (4.12)
Retention time ‘

then the relationship between ko and acetate utilization is basically a linear one, as shown
in Figure 4-47. This linear relationship suppor;s the argument that TNT
biotransformation is a co-metabolic process and is dependent upon the utilization of

primary substrates (Boopathy et al., 1993). Similar results were found for column S1.
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§4.5.3 Comparison between Continuous and Batch-fed Columns

Continuous column D1 and batch-fed column ‘D‘2 were both under denitrifying
conditions. Based on data in Figures 4-36 and 4-41 andk the method of calculating
average TNT removal vdiscussed in Section 4.5.1, the TNT removal in columns D1 and
D2 has been calculated and shown in Table 4-16. The detailed calculation procedures are

presented in Appendix J.

Table 4-16. TNT Removal in Cdllimns D1 and D2 with Retention Time of 4 Days

| T | INT:60  TNT:60 _ TNT: 60
Substrates (mg/L) | Ac:30 Ac: 90 - Ac: 180
| ¥YB:10  YE:10 _ YE:10

Continuous column D1:

_ TNT removal (mg/L) 7.4 9.9 16.8
- No. of inf /eff. data pairs * 4 3 5
Batch-fed column D2: o
TNT removal (mg/L) 6.4 9.8 13.5
No. of inf./eff. data pairs 4 3 3
Comparison of TNT removal
Statistic t value 0.93 0.02 1.40
t with 95% confidence 2.447 2.776 2.447
Significant difference ? No No No

* An inf./eff. data pair refers to an influent TNT concentration and the corresponding
effluent TNT concentration used to calculate the TNT removal.

The statistics in this table show that TNT removal in continuous column D1 and

batch-fed column D2 did not exhibit significant difference under comparable conditions. -
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- In theory, a batch-fed column is,v in fact, a batch reactor because the column fluid
resides stagnantly in the cslumn for a certain time period after each column fluid
exchange. A continuous column, however, is actually moré like a plug-flow reactor.
Neyertheless, the efficiency of an ideal plug-flow reactor withsut recycle is equal to that
of a batch réactor, provided that both reactors have the same reaction kinetics and the
same hydraulic residence time (Metcalf and Eddy, 1991). Therefore, it is not suprising
that columns D1 and D2 had very similar TNT removal characteristics. Even though a
plug-flow reactor can be as cfﬁcien_t as a corresponding batch reactor, the spatial
distribution of substrates aﬁd biomass in it is different from that in a batch reactor. In
batch reactors, the substrates, biomass, and other items or parameters are relatively evenly
distributed iﬁ thé .reactor space. Iﬁ plug;ﬂsw reactors, however, the concentration of
substrates and biomass are higher ﬁea‘r the entrance (Metcalf and Eddy, 1991). Siegrist |
and McCarty (1987) and Miller et al. (1985) observed that continuous feed of a primary
substrate into a column reactor would stimulate growth at the entrance to the column and
that microorganisms in periodically exchanged columns would tend to grow more evenly
throughout the column. While a nearly-ideal plug-flow reactor (continuous column) and
a batch reactor (batch-fed column) do not significantly differ ff@m each other in TNT
removal, batch-fed columns may be more dcsirable in some circumstances. For'rélatively
slow processes such as biotransformations of TNT or other xenobiotic compounds,
continuous feed of a column reastor meansthat very small volumes of column medium
are injected into the columh continuously at low flow rates (e.g. 10 or 20 ml/day). This,

in turn, means either that some of the medium may have to stay in the syringe (assuming
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a syringe pump is used as in this study) for a long time before it enters the column or that
one has to frequeiitly install a new syringe filled with small amounts of fresh column
medium. The former increases the risk of letting the chemicals in the medium undergo
possible reactions in the syringe before they enter the column, and the latter requires
intense mainienan‘ce and increases the chance of exposure to air (for anaerobic columns)
and i)f microbial c_ontamination (for abiotic columns). These difficulties can be
eliminated or minimized by using batch-fed columns. Also, more evenly distributed
sv,u‘b"strates and biomass_in'batch-féd columns are desirable for data interpretation. Of
course, continu(ius aquifer columns with sampling ports along the length should be used
if one is to examine dynamic conditions and related phenomena within the aquifer

column.
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CHAPTER V
CONCLUSIONS
§5.1 Conclusions

This study made an attempt to cofnprehenSively investigate the environmental fate
of TNT and its transformation intermediates in subsurface environments, including
physical, chemical, and biological aspects. Physical adsorption and desorption of TNT in
aquifer materials were examined on long-term as‘ well as short-term bases. Abiotic
reactions of TNT with bisulfide were investigated under differeﬁt conditions, taking into
account the effects of the presence ef aquifer‘matefials and pH buffer. TNT
biotransformation was studied under three types of electron accepting conditions,
including denitrifying, sulfate-reducing, and methanogenic, by using aquifer column as
well as batch reactor techniques. The main findings of this study ere summarized as
follows:

1. Under the conditions of short-term batch experiments, the equilibrium of TNT
adsorption on the aquifer materials could be described by a Langmuir isotherm with a
maximum adsofption capacity of 41 ug/ g, indicating ihat ‘TNVT was considerably less

sorptive than its two important transformation intermediates, 2-ADNT and 4-ADNT.
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2. The adsorption of 2-ADNT and 4-ADNT on aquifer materials reached steady
state in about 4 hours in the short-term batch experiments. The TAT concentration did
not reach a steady state but decreased to below detection limits in 24 hours, probably due
to chemical reactions. TAT was considered unstable and subjecf to rapid chemical
conversion in the preSénce of trace elements, which are very likely to occur in aquifer

‘materials. |

3. Desorption experiments fdllowing thé short-term adsorption showed that the
TNT, 2-ADNT, and 4-ADNT sorbed on aquifer mateﬁals were extractéd with reasonably |
high recovery, indicating that physi,céd adsorption was the predomin'axvit' inechanism in the
short-term adsorption. |

4. Under the .condi‘tions of aquifer column operat‘i.on' with a relatively short
retention time (2.5 minutes), TNT adsorption on aquifer materials was negiigible énd the
breakthrough curve only slightly lagged behind that of 'bromid‘e tracer.

3. 1ong-teﬁn TNT adsorption in aquifer columns (retention time: 4 days, column
operation period: over 75 days) revealed that the TNT breakthrough curve was
significantly retarded and that about 57% of the TNT loss was irreversible, implying the
existence of either or both of the following processeé:_(a) irreversible adsorption of TNT
on aquifer materials, or more likely, (b) abiotic transfprmation of TNT by various
substances in aquifer materials. |

6. Comparing the obServations in (4) and (5) with each other resulted in tﬁe

conclusion that TNT adsorption on aquifer materials under dynamic (flowing) conditions
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involved a non-equilibrium process in which the un-recoverable TNT loss was dependent
on the retention time.

7. Abiotic reaction of TNT with bisulfide occurred rapidly in comparison with
abiotic reactions of other nitroaromatic compounds (Such as nitrobenzenes) with bisulfide
reported by other researchers'.i TNT could be completély tré.nsformed by bisulfide in
several hours in the absence of é.ny additional mediators, catalysts, or electron carriers.

8. The kinétics of abiotin reai:tion of TNT with bisulfide was characterized by an
initial lag (slow) phase followed by significantly‘ faster transformations. The increased
}reaction rate following the lag phase'i‘ndicated_a possible éutocatalytic rnechanism
associated with TNT transforrnation intermediates.

9. The presence of aquifer' materials shortened the duration of the lag phase and
accelerated the abiotic reactions of TNT with bisulfide, indicating the catalytié 'or
mediating effects of aquifer materials.

10. Phosphate buffer exhibited a catalytic effect that increased the TNT-bisulfide
réaction rate aftei the initial lag phase while bicarbonate buffer did not show such an
effect.

11. The identified intgrm_ediates in the abiotic’ TNT reactions, which appeared
within 24 hours, included ADNT isomers and 2,4-DANT.

12. Of the three types of ‘election accepting conditions examined in the biological
batch experinients, denitrifying conditions promotéd the faStést biotransformation of TNT ‘

while methanogenic conditions exhibited the slowest. This was observed in the batch
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reactors where sulfate reduction and methanogenesis were inhibited by high TNT
concentrations (about 100 mg/L).

13. When pre-grown sulfate-reducing microorganisms weré present and active
sulfate-reducing activities were establisiled, TNT'was. completely transformed in a few
hours due to the abiotic reaction with bisulfide. Under this condition, the inhibition of
sulfate reduction by added TNT was less severe than in reactors without pre-established
sulfate-reducing activity.

14. In batch reactors with .and‘ without pre-established methanogenic activities,
the addition of TNT into the syStem éould‘ totally cease the methane production.
Although methanogenic conditions mi g_ht be consideréd favorable for TNT
biodegradation because of the lt)w redox potentiai asst)ciated with methanogenesis, this
type of conditions was unlikely to be readily achievable and feasible for TNT
biptransforrnation in consideration of the high sensitivity of methanogens to the presence
of TNT, especially when relatively high TNT concentrations were present.

15. Under the three types of electron accepting conditions, the sequence of
appearance and disappearance of major TNT metabolites, including two early-stage
intermediates (tentatively identified as 2-HADNT and 4—HADNT), ADNTs, and 2-
DANT, was basiéally the same. Each of these compoﬁnds was transformed the fastest in
the denitrifying reactors and the most slowly in thevmethano genic reactors.

16. Signiﬁt:ant TNT transformations could occur, both biologically and

abiotically, in aquifer materials under different electron accepting conditions. When there
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was no significant amount of strong reducing agents such as bisulfide present, biological
transformations could account for up to 90% of the total TNT transformations.

17. As invbatch reactors, sulfate reduction may also be inhibited in aquifer
columns. This was shown in the sulfate-amended column when the influent TNT
concentration was 60 tq 100 mg/L.. When the initial TNT concentration was relatively
low (30 mg/L), abtive sulfate reduction was observed, which resulted in complete TNT
transformatioﬁ in 4 days.

18. The TNT biotransformation rate in the methanogenic column was
significantly higher than that in the denitrifying column. Stoichiometric calculations
based on methane pr(')ducti'on suggésted that this fast TNT removal was mostly due to
other microorganisfns in aquifer materials rather than methano gens. The
biotransformation of TNT metabolites was not favored as well by the metabolic regime in
this column. The least accumulatién of majdr TNT mefabolites, ADNTs and 2,4-DANT,
was observed in denitrifying columns.

19. TNT biotransformations were largely affected by the primary substrate
concentration. In nitrate- and sulfate-amended aquifer columns, a nearly linear
relationship existed between the obsé:rved pseudo-zero-order TNT removal rate constant
and acetate utilization, indicating the co-metabolic nature of TNT biotransformation.

20. Continuous flow and batch-fed denitrifyiﬂg columns, when the hydraulic
retention time and other operation conditions were the same, exhi‘bited very similar

characteristics in TNT transformation. However, when low flow rates are used, or for
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relatively slow processes such as TNT biotransformation, batch-fed columns are more

desirable in terms of column operation/maintenance and data interpretation.

§5.2 Recommendations for Future Research

From the results and conclusions in this study, it can be seen that many questions
are still unanswered and require further study in order to better understand the
environmental fate of TNT and related compoundsl The following topics are
recommended for future research.

1. Inlong-term TNT adsorption on acjuifer matérials, there may be more than one
mechanism that results ih non-biological loss of TNT. These mechanisms may include
abibtic reactions of TNT with minerzil surfaces in aquifer materials as well as irreversible
or specific adsorption with different equilibrium_and kinetics. These'pfocesses seem to
be relatively slow and very important to the environmental fate of TNT and its
transformation intermediates.

2. While TNT can be abiotiéally transformed by bisulfide within hours, the
transformation intermediates, such as ADNTSs, react with bisulfide much more slowly.
The abiotic reactions of these intermediates deserve further investigation if we are to fully
understand the long-term impact of these compounds.

3. The inhibition of sulfate reduction and methanogehesis, pdssibly by TNT
and/or its interrnediates, needs to be better understood. Under certain conditions, it is
desirable to know what the major inhibitors are, whether or not an inhibition threshold

exists, and if it is possible to overcome the inhibition.
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4. Besides the three types of electron accepting conditions examined in this siudy,
other metabolic regimes, such as irpn-reducing conditions, may be interesting for future
research on TNT biotransformation because (1) Fe species exist in aquifer environments
extensively and may be significant; and (2) the microbial ironi‘-reducing process has been
demonstrated to be important in ,transforriiation of other nitroaromatic compounds
(Heijman et al., 1995).

5. On the basis of further prédicting TNT fate in the subsurface, it is valuable to
develop a mathematical model describing' the enyironmental fate of TNT and, possibly,
some of its important intermediates. This model may have a form similar to those
proposed by other r¢searchers (Wilber, 1991; Chen and McTéman, 1992) and take into
account hydraulic transport, physical (short- and long-term) adsorption/desorption, abiotic
reactions, and biotransformations of interested compounds in aquifer materials.
Parameters derived in this study, such ias the adsorptidn mass transfer rate coefficient
(Section 4.1.4) and biotransformation rate constants (Section 4.3.1), will be helpful in the
development of this mathematical model.

6. In order to better test a dynamic model of TNT fate in aquifer materials,
further ci)lilmn st'udies’are recommended using columns with sampling ports along the
length. It vizould be valuble to qilantify the microbial biomass in aquifer columns using a

biochemical marker such as ATP, phospholipids, or cellular protein (Findlay et al., 1989).

177



REFERENCES

Amerkhanova, N. N. and R. P. Naumova, 1978. 2,4,6-Trinitrotoluene as a source of
nutrition for bacteria. Translated from Microbiologiya 47:393-395.

Ahid, P.L,P.J.1J. Al?af_ez and T'."M.'Vogel, 1993. Biodegradation of monoaromatic
hydrocarbons in aquifer columns amended with hydrogen peroxide and nitrate.
Water Research 27:685-691.

APHA (American Public Health Association), AWWA and WPCF, 1985. Standard
Methods for the Examination of Water and Wastewater, 16th Edition. APHA,
Washlngton DC.

Atlas, R. M. and R. Bartha, 1993. Microbial Ecology—, 3rd ed. 323, The
Benjamin/Cummings Publishing Company Inc., Redwood City, CA.

Barbash, J. E. and M. Reinhard, 1989. Abiotic dehalogenation of 1,2-dichloroethane and
1,2-dibromoethane in aqueous solution containing hydrogen sulfide. Environ. Sci.
Technol 23:1349-1357.

Bayly, R. C. and M. G. Barbour, 1984. Degradation of aromatic compounds by the meta
and gentisate pathways. In: D. T. Gibson (ed.) Microbial Degradation of Organic
Compounds, 253-286, Marcel Dekker, New York.

Beeman, R. E. and J. M. Suflita, 1987. Microbial ecology of a shallow unconfined
ground water aqulfer polluted by municipal 1andf111 leachate. Microb. Ecol.
14:39-54.

Berry D. F., Al L. Frahcjs and J.-M. Bollag, 1987. Microbial metabolism of homocyclic
and heterocyclic aromatic compounds under anaerobic conditions.
Microbiological Reviews 51:43-59.

Bonazbuntas, M, 1983. Soil and ground water fate modeling. 1n: R. L. Swann and A.
Eschenroeder (eds.) Fate of Chemicals in the Environment. ACS Symp. Ser. 225
(Chapter 3), 41-65.

Boopathy, R. and C. F. Kulpa, 1992. Trinitrotoluene (TNT) as a sole nitrogen source for

a sulfate reducing bacterium Desulfovibrio sp. (B strain) isolated from an
anaerobic digester. Current Microbiology 25:235-241.

178



Boopathy, R. and C. F. Kulpa, 1994. Biotransformation of 2,4,6-trinitrotoluene (TNT) by
a Methanococcus sp. (strain B) isolated from a lake sediment. Canadian Journal
of Microbiology 40:273-278.

Boopathy, R., J. Manning, C. Montemagno, and C. Kulpa, 1994. Metabolism of 2,4,6-
trinitrotoluene by a Pseudomonas consortium under aerobic conditions. Current
Microbiology 28:131-137. '

Boopathy, R., M. Wilsori, and C. F. Kulpa, 1993. Anaerobic removal of 24,6~
trinitrotoluene (TNT) under different electron accepting conditions: laboratory
study. Water Environment Research 65:271-275.

Bradley, P. M. and F. H. Chapelle, '199‘5 Factors affecting microbial 2,4,6-trinitrotoluene
mineralization in contammated soil. Environ. Sci. Technol. 29:802-806.

Bradley, P.M., F. H. Chapelle J. E. Landmeyer, and J. G. Schumacher, 1994. Microbial
transformation of nitroaromatics in surface soils and aquifer materlals Appl.
Envzron Microbiol. 60:2170-2175.

Braun, K. and D. T. Gibson, 1984. Anaerobic degradation of 2-aminobenzoate
(anthranilic acid) by denitrifying bacteria. Appl. Environ. Microbiol. 48:102-107.

Brezonik, P. L., 1994. Chemical Kinetics and Process Dynamics in Aquatic Systems,
Lewis Publishers, Boca Raton, FL.

Bruns-Nagel, D., J. Breitung, E. von Low, K. Steinbach,> T. Gorontzy, M. Kahl, K.-H.
Blotevogel and D. Gemsa, 1996. Microbial transformation of 2,4,6-trinitrotoluene
in aerobic soil columns. Appl. Environ. Microbiol. 62:2651-2656.

Buffle, A. J. and R. S. Altmann, 1987. In: W. Stumm (ed)Aquatzc Surface Chemistry,
Wiley Intersc1ence New York.

Bumpus, J. A., 1989. Biodegradation of polycyclic aromatic hydrocarbons by
Phanerocha_ete chrysosporium. Appl. Environ. Microbiol. 55:154-158.

Bumpus, J. A. and M. Tatarko, 1994. Bioremediation of 2,4, 6-trinitrotoluene by
- Phanerochaete chrysosporium: Identification of initial degradation products and
the discovery of a TNT metabolite that inhibits lignin peroxidases. Current
Microbiology 28:185-190. |

Carpenter, D.F.,N. C. McCormick and J. H. Cornell, 1978. Microbial transformation of

14C-labeled 2,4,6-trinitrotoluene in an activated-sludge system. Appl. Environ.
Microbiol. 35:949-954.

179



Caton, J. E., C. H. Ho, R. T. Williams ahd W. H. Griest, 1994. Characterization of
insoluble fractions of TNT transformed by composting. Journal of Environmental
Science and Health. Part A: Environmental Science and Engineering 29(4):659-
670.

Chen, K.Y.andJ.C. Morris, 1972. Kinetics of oxidation of aqueous sulfide by O,.
Environ. Sci. Technol. 6:529-539.

Chen, Z. and W. F. MéTerhan, 1992. Multi-substrate, multi-option groundwater transport
model. J. Contam. Hydrol. 11:215-244.

Comfort, S. D.; P. J. Shea, L. S. Hundal, Z. Li, B. L. Woodbury, J. L. Martin and W. L.
Powers, 1995. TNT transport and fate in contaminated soil. .J. Environ. Qual.
24:1174-1182. o 3

Delgado, M. C. and N. L. Wolfe, 1992. Structure-activity relationships for the reduction
- of p-substituted nitrobenzenes in anaerobic sediments. In ACS, Extended Abstract
Books, American Chemical Society, San Francisco, CA.

Dickel, O., W. Haug and H.-J. Knackmuss, 1993. Biodegradation of nitrobenzene by a
sequential anaerobic-aerobic process. Biodegradation 4:187-193.

Dohnalek, D. A. and J. A. Fizpatrick, 1983. The chemistry of reduced sulfur species and
their removal from ground water supplies. American Water Works Association
Journal 75:298-308.

Dunnivant, F. M., P. M. Jardine, D. L. Taylor and J. F. McCarthy, 1992a. Transport of
naturally occurring dissolved organic carbon in laboratory columns containing
aquifer material. Soil Sci. Soc. Am. J. 56:437-444. .

Dunnivant, F. M., R. P. Schwarzenbach and D. L. Macalady, 1992b. Reduction of
substituted nitrobenzenes in aqueous solutions containing natural organic matter.
Environ. Sci. Technol. 26:2133-2141.

Duque, E., A. Haidour, F. Godoy-and J. L. Ramos, 1993. Construction of a Pseudomonas
~ hybrid strain that mineralizes TNT. J. Bacteriol. 175:2278-2283.

Eaton, D. C., 1985. Mineralization of polychlorinated biphenyls by Phanerochaete
chrysosporium, a ligninolytic fungus. Enzyme Microbial. Technol. 7:194-196.

Fedorak, P. M., W. B. Kindzierski and S. E. Hurdfy, 1990. Effects of anilines and
hydantoins on the methanogenic degradation of selected phenols. Water Research
24:921-925. '

180



Fernando, T. and S. D. Aust, 1994. Biodegradation of toxic chemicals by white rot fungi.
In: G. R. Chaudhry (ed.) Biological Degradation and Bioremediation of Toxic
Chemicals, 386-402, Dioscorides Press, Portland, Oregon

Fernando, T., J. A. Bumpers and S. D. Aust, 1990. Biodegradatibn of TNT (2,4,6-
trinitrotoluene) by Phanerochaete chrysosporium. Appl. Environ. Microbiol.
- 56:1666-1671. '

Findlay, R. H., G. M. King and L. Watling, 1989. Efficacy of phospholipid analysis in
determining microbial biomass in sediments. Appl. Environ. Microbiol. 55:2888-
2893.

Freedman, D. L., F. Huang, D. Nbguera, R. Shanley, J. T. Pfeffer and R. Scholze, 1994.
Biotransformation of 2,4-dinitrotoluene and aminonitrotoluenes. ASCE National
Conference on Environmental Engineering, Boulder, Colorado.

Funk, S. B., D. J. Roberts, D. L. Crawford and R. L. Crawford, 1993. Initial-phase
optimization for biodegradation of munition compound-contaminated soils. Appl.
Environ. Microbiol. 59:2171-2177. '

Funk, S. B., D. L. Crawford, D. J. Roberts and R. L. Crawford, 1995a. Two-stage
bioremediation of TNT contaminated soils. In: B. S. Schepart (ed.)
Bioremediation of Pollutants in Soil and Water, ASTM STP 1235. American
Society for Testing and Materials, Philadelphia.

Funk, S. B., D. L. Crawford, R. L. Crawford, G. Mead and W. Davis-Hoover, 1995b.
Full-scale anaerobic bioremediation of trinitrotoluene (TNT) contaminated soil: A
US EPA site program demonstration. Applied Biochemistry and Biotechnology
51/52:625-633. -

Geankoplis, C. J., 1993. Trdnsport Processes and Unit Operations, 31rd edition. PTR
Prentice-Hall, Inc., Englewood Cliffs, New Jersey.

Glaus M. A., C. G. Heijman, R. P. Schwarzenbach and J. Zeyer, 1992. Reduction of
nitroaromatic compounds mediated by Streptomyces sp. exudates. Appl. Environ.
Microbiol. 58:1945-1951.

Gorontzy, T., J. Kuver and K .-H. Blotevogel, 1993. Microbial transformation of
nitroaromatic compounds under anaerobic conditions. Journal of General
Microbiology 139:1331-1336.

Gorontzy, T., O. Drzyzga, M. Kahl, D. Bruns-Nagel, J. Breitung, E. von Loew, and K.

Blotevoge, 1994. Microbial degradation of explosives and related compounds.
Critical Reviews in Microbiology 20:265-284.

181



Griest, W. H., A. Steward, R. Tyndall, J. Caton, C. Ho, K. Ironside, W. Caldwell and E.
Tan, 1993. Chemical and toxicological testing of composted explosives-
contaminated soil. Environmental Toxicology and Chemistry 12(6):1105-1116.

Haderlein, S. B. and R. P. Schwarzenbach, 1995. Environmental processes influencing
the rate of abiotic reduction of nitroaromatic compounds in the subsurface. In: J.
C. Spain (ed.) Biodegradation of Nitroaromatic Compounds, 199-225, Plenum
Press, New York.

Haderlein, S. B., K. W. Weissmahr and R. P. Schwarzenbach, 1996. Specific adsorption
of nitroaromatic explosives and pesticides to clay minerals. Environ. Sci.
Technol. 30:612-622.

Han, G. B., 1993. Biodegradaﬁon of nitroaromatic compounds in TNT munitions wastes
under different metabohc regimes. Ph.D. dissertation, Oklahoma State
~ University.

Hansen, T. A, 11993. Carbon metabohsm of sulfate-reducing bacteria. In: J. M. Odom
and R. Singleton, Jr. (eds.) The Sulfate- reducing Bacteria: Contemporary
- Perspectives, Springer-Verlag, New York.

Hao, O.7J., K. K. Phull, A. P. Davis, J. M. Chen and‘S.”W. Maloney, 1993. Wet-air
oxidation of trinitrotoluene manufacturing red water. Water Environment
Research 65:213-220.

Harris, J. W. and R. W. Killermeyer, 1970. The Red Cell Production, Metabolism,
Destruction: Normal and Abnormal. Harvard Umver51ty Press, Cambridge,
Massachusetts.

Hartter, D. R., 1985. The use and importance of nitroaromatic chemicals in the chemical
industry. In: D. E. Rickert (ed.) Toxicity of Nitroaromatic Compounds, 1-14.
Chemical Industry Institute of Tox1cology Series. Hemisphere Publishing Corp.,
N ew York.

Heijman, C..G., E. Grieder, C. Holliger, and R. P. Schwarzenbach, 1995. Reduction of
© nitroaromatic compounds coupled to microbial iron reduction in laboratory

aquifer columns. Environ. Sci. Technol. 29:775-783.

Hopper, D. J. and D. G. Taylor, 1975. Pathways for the degradation of m-cresol and p-
cresol by Pseudomonas putida. J. Bacteriol. 122:1-6.

HSDB, 1994. TNT. Hazardous Substances Data Bank. N atlonal Library of Medlcme
National Toxicology Information Program, Bethesda, MD.

182



Isbister, J. D., G. L. Anspach, J. F. Kitchens and R. C. Doyle, 1984. Composting for
- decontamination of soils containing explosives. Microbiology 7:47-73.

Jardine, P. M., F. M. Dunnivant, H. M. Selim and J. F. McCarthy, 1992. Comparison of
models for describing the transport of dissolved organic carbon in aquifer
columns. Soil Sci.‘ Soc. Am. J. 56:393-401.

Joback, K. G. and R. C. Reid, 1987. Estimation of pure-component properties from
group contributions. Chem. Eng. Commun. 57:233-243.

Kaplan, D. L. and A. M. Kaplan, 1982a. 2,4,6-Trinitrotoluene-Surfactant complexes:
decomposition, mutagenicity, and soil leaching studies. Environ. Sci. Technol.
16:566-571.

Kaplan, D. L. and A. M. Kaplan, 1982b. Separation of mixtures of 2,4,6-trinitrotoluene
reduction products with liquid chromatography. Analytica Chimica Acta 136:425-
428. : '

Kaplan, D. L. and A. M. Kaplan, 1982c. Thermophilic biotransformations of 2,4,6-
trinitrotoluene under stimulated composting conditions. Appl. Environ.
Microbiol. 44:757-760.

Krumholz, L. R., J. Li, W.-W. Clarkson, G. G. Wilber and J. M. Suflita, 1997.
Transformations of TNT and related aminotoluenes in groundwater aquifer
slurries under different electron-accepting conditions. Journal of Industrial
Microbiology and Biotechnology 18:161-169.

Kuhn, E. P. and J. M. Suflita, 1989. Microbial degradation of nitrogen, oxygen, and
sulfur heterocyclic compounds under anaerobic conditions: Studies with aquifer
samples. Environmental Toxicology and Chemistry 8:1149-1158.

Lebron, C. A>., L.A. Kaﬁ, T. Fernando and S. D. Aust, 1992. Biodegradation of 2,4,6-
trinitrotoluene by white-rot fungus. US Patent 5,085,998.

Leggett, D. C.; 1985. Sorption of military explosive contaminants on bentonite drilling
mud. U. S. Army Cold Regions Research and Engineering Laboratory, CRREL
Report 85-18.

Lehninger, A. L., 1970. Biochemistry, Worth Publishers Inc., New York,

Lenke, H. and H.-J. Knackmuss, 1992. Initial hydrogenation during catabolism of picric

acid by Rhodococcus erythropolis HL 24-2. Appl. Environ. Microbiol. 58:2933-
2937.

183



Macalady, D. L., P. G. Tratnyek and T. J. Grundl, 1986. Abiotic reduction reactions of
anthropogenic organic chemicals in anaerobic systems: a critical review. J.
Contam. Hydrol. 1:1-28.

Manning, Jr., J. F., R. Boopathy and C. F. Kulpa, 1995. A laboratory study in support of
the pilot demonstration of a biological soil slurry reactor (Report No. SFIM-AEC-
TS-CR-94038). U.S. Army Env1ronmental Center, Aberdeen Proving Ground,
Maryland.

McCormick, N. G., F. E. Feeherry and H. S. Levinson, 1976. Microbial transformation of
2,4,6-trinitrotoluene and other nitroaromatic compounds Appl. Environ.
Microbiol. 31:949-958.

McCormick, N. G., J. H. Cornell, and A. M. Kaplah, 1981. Biodegradation of
hexahydro-1,3,5-trinitro-1,3,5-triazine. Appl. Environ. Microbiol. 42:817-823.

Metcalf and Eddy, Inc:, 1991. Wastewater Engineering: Treatment, Disposal, and Reuse.
McGraw-Hill, Inc., New York.

Michels, J. and G. Gottschalk, 1994. Inhibition of the lignin peroxidase of
Phanerochaete chrysosporium by hydroxylamino-dinitrotoluene. Appl. Envzron
Microbiol. 60:187-194. :

Miller, G. D., G. M. Deeley, J. C. Chang and J. T. Wilson, 1985. Minimizing problems
caused by unequal development of biological activity within column microcosms
used to predict the fate of pollutants in subsurface materials. In: N. N. Durham
and A. E. Redelfs (Editors), Proceedings, Second International Conference on
Ground Water Quality Research. Oklahoma State University Printing Services,
Stillwater, OK, 197-198.

Moore, J. W. and R. G. Pearson, 1981. Kinetics and Méchanisms. John Wiley ans Sons,
Inc., New York.

Morel, F. M. M., '1983. Principles of Aqugtic Chemistry, p96-105. John Wiley and Sons,
Inc., New York.

'Naumova, R.P., S. Y. Selivanovskaya and F. A. Mingatina, 1988. Possibility of deep
bacterial destruction of 2,4,6-trinitrotoluene. Translated from Microbiologiya

57:218-222.

Naumova, R. P., T. O. Belousova and R. M. Gilyazova, 1982. Microbial transformation
of trinitrotoluene. Translated from Prikl. Biokhim. Mikrobiol. 18(1):85-90.

O’Brien, D. J. and F. B. Birkner, 1977. Kinetics of oxygenation of reduced sulfur species
in aqueous solution. Environ. Sci. Technol. 11:1114-1120.

184



Osman, J. L. and R. E. Klausmeier, 1972. The microbial degradation of explosives.
Devel. Ind. Microbiol. 14:247-252.

Parrish, .F. W., 1977. Fungul transformation of 2,4fdinitrotoluene and 2.4,6-
trinitrotoluene.  Appl. Environ. Microbiol. 34(2):232-233.

Pennington, J. C. and W. H. Patrick, Jr., 1990. Adsorption and desorption of 2,4,6-
trinitrotoluene by soils. Journal of Environmental Quality 19:559-567.

Pillaj, P., C. S. Hellinhg and J. Dragun, 1982. Soil-éatalyzed oxidation of aniline.
Chemosphere 11:299-317.

Preuss, A., J. Fimpel, and G. Diekert, 1993. Anaerobic transformation of 2,4,6-
trinitrotoluene (TNT). Archieves of Microbiology 159:345-353.

Qin, Y., 1995.‘ Abioﬁc reactions of acetanilide herbicides with bisulfide. Master’s thesis,
Oklahoma State University.

Regan, K. M. and R. L. Crawford, 1994. Characterization of Clostridium bifermentans
and its biotransformation of 2,4,6-trinitrotoluene (TNT) and 1,3,5-triaza-1,3,5-
trinitrocyclohexane (RDX). Biotechnol. Lett. 16:1081-1086.

Rieger, P.-G. and H.-J. Knackmuss, 1995. Basic knowledge and perspectives on
biodegradation of 2,4,6-trinitrotoluene and related nitroaromatic compounds in -
contaminated soil. In: J. C. Spain (ed.) Biodegradation of Nitroaromatic
Compounds, 1-18, Plenum Press, New York. '

Roberts, D. J., F. Ahmad and S. Pendharkar, 1996. Optimization of an aerobic polishing
‘'stage to complete the anaerobic treatment of munitions-contaminated soils.
Environ. Sci. Technol. 30:2021-2026.

Roberts, D J., R. H. Kaake, S. B. Funk, D. L. Crawford and R. L. Crawford, 1993.
Anaerobic remediation of dinoseb from contaminated soil: An on-site
demonstration (scientific note). Applied Biochemistry and Biotechnology 39/40:
781-789.

Samiullah, Y., 1990. Prediction of the Environmental Fate of Chemicals. Elsevier
Applied Science Publishers Ltd., New York.

Schackmann, A. and R. Muller, 1991. Reduction of nitroaromatic compounds by

different Pseudomonas species under aerobic conditions. Appl. Microbiol.
Biotechnol. 34:809-813.

185



Schwarzenbach, R. P., R. Stierli, K. Lanz and J. Zeyer, 1990. Quinone and iron
porphyrin mediated reduction of nitroaromatic compounds in homogeneous
aqueous solution. Environ. Sci. Technol. 24:1566-1574.

Selim, H. M., S. K. Xue and I K. Iskandar, 1995. Transport of 2,4,6-trinitrotoluene and
hexahydro-1,3,5-trinitro-1,3,5-triazine in soils. Soil Science 160:328-339.

Semmens, M. J., D. Barns and M. O’Hara, 1985. ‘Treatment of an RDX-TNT waste from
a munitions factory. In: Proceedings of the 39th Industrial Waste Conference,
Purdue University, 837-842. Butterworth Publishers, Boston, MA.

Shah, S. R., 1995. Anaerobic degradation intermediates of 2,4,6-trinitrotoluene (TNT)
under different electron accepting conditions. Master’s thesis, Oklahoma State
University.

Shelley, M. D., R. L. Autenrieth, J .FR. Wild and B. E. Dale, 1996.  Thermodynamic
analysis of trinitrotoluene biodegradation and mineralization pathways.
Biotechnology and Bioengineering 50:198-205.

Siegrist, H: and P. L. McCarty, 1987. Column methodologies for determining sorption
and biotransformation potential for chlorinated aliphatic compounds in aquifers.
J. Contam. Hydrol. 2:31-50.

Singleton, Jr., R., 1993. The sulfate-reducing bacteria: an ovefview. In: J. M. Odom and
R. Singleton, Jr. (eds.) The Sulfate-reducing Bacteria: Contemporary
Perspectives, Springer-Verlag, New York. :

Somasundram, L. and J. R. Coats (eds.), 1991. Pesticide Transformation Products - Fate
and Significance in the Environment. American Chemical Society, Washington,
" DC.

Spain, J. C., 1995. Biodegradation of nitroaromatic compounds. Annual Review of
Microbiology 49:523-555.

Spanggord, R. J., K. E. Mortelmans, A. F. Griffing and V. F. Simmon, 1982.
Mutagenicity in Salminella typhimurium and structure activity relationships of
waste water components emanating from the manufacture of trinitrotoluene.
Environ. Mutagen. 4:163-179.

Spanggord, R. J., W. R. Mabey, T. W. Chou and J. H. Smith, 1985. Environmental fate
of selected nitroaromatic compounds in aquatic environments. In: D. E. Rickert
(ed.) Toxicity of Nitroaromatic Compounds, Hemisphere Publishing Corporation,
Washington.

186



Spiker, J. K., D. L. Crawford and R. L. Crawford, 1992. Influence of 2,4,6-trinitrotoluene
(TNT) concentration on the degradation of TNT in explosive-contaminated soils
by the white rot fungus Phanerochaete chrysosporium. Appl. Environ. Microbiol.
58:3199-3202.

Stumm, W. and J. J. Morgan, 1981. Aquatic Chemistry, 2nd ed., 442, Wiley Interscience,
New York.

Tan, E. L., C. H. Ho, W. H. Griest and R. L. Tyndall, 1992. Mutagenicity of
trinitrotoluene and its metabolites formed during composting. J. Toxicol.
Environ. Health 36:165-175.

Thurman, E. M., 1985 Orgamc Geochemistry of Natural Waters, Nijhff- Junk
Pubhshers Boston, MA.

Trathyek, P.G.and D. L. Macalady, 1989. Abiotic reduction of nitro aromatic pesticides
in anaerobic laboratory systems. J. Agric. Food Chem. 37:248-254.

Traxler, R. W., 1974. Biodegradation of trinitrotoluene (o-TNT) and its production
isomers. AD-A 029346, Department of Plant Pathology-Entomology, University
of Rhode Island, Kinhston.

Tsai, T. S., 1991. Biotreatment of red water -- a hazardous waste stream from explosive
manufacture -- with fungal systems. Hazardous Waste and Hazardous Materials
8:231-144.

Tucker, W. A., E. V. Dose, G. J. Gensheimer, R. E. Hall, C. D. Pollman and D. H.
Powell, 1985. Evaluation of critical parameters affecting contaminant migration
through soils. Final Report for the U. S. Army Toxic and Hazardous Materials
Agency. ESE, Gainseville, FL. :

U.S. Department of Health and Human Services, 1995. Toxicological Profile for 2,4,6-
Trinitro:toluene. Agency for Toxic Substances and Disease Registry, Atlanta, GA.

US EPA, 1989. Drinking Water Health Advisory of 2,4,6-trinitrotoluene. Washington,
DC: Office of Drlnkmg Water.

US EPA, 1992. Drinking Water Health Advisory: Munitions, 237-238. Lewis
Publishers, Boca Raton, FL.

US EPA, 1993. Demonstration of the J. R. Simplot ex-situ bioremediation téchnology for

treatment of nitroaromatic contaminants at the Bowers Field site in Ellensburg,
Washington. EPA Fact Sheet, August.

187



Van Beelen, P. and D. R. Burris, 1‘995 . Reduction of the explosive 2,4,6-trinitrotoluene
by enzymes from aquatic sediments. Environmental Toxicology and Chemistry
14:2115-2123.

Vishniac, W. and M. Santer, 1957. The Thiobacilli. Bacteriol. Rev. 21:195-213.

Vobeck, C., H. Lenke, P. Fischer and H.-J. Knackmuss, 1994. Identification of a hydride-
Meisenheimer complex as a metabolite of 2,4,6-trinitrotoluene by a
Mycobacterium strain. J. Bacteriol. 176:932-934.

Walker, J. E andD L. Kaplan, 1992. Biological degradatlon of explosives and chemical
’ agents. Bioremediation 3:369-385.

Wilber, G. G., 1991. Kinetics of alachlor, atrazine and chloroform transformation under
various electron acceptor conditions. Ph.D. dissertation, the University of Jowa.

Williams, R. T., P. S. Ziegenfuss, G. B. Mohrman and W. E. Sisk, 1989. CompoSting of
explosives and propellant contaminated sediments. In: Hazardous and Industrial
Wastes: Proceedings of the 21st Mid-Atlantic Industrial Waste Conference, 599-
611. Technomic Publishing Co., Inc., Lancaster, PA.

Wolfe, N. L. and D. L. Macalady, 1992. New perspectives in aquatic redox chemistry:
abiotic transformations of pollutants in groundwater and sediments. J. of Contam.
Hydrol. 9:17-34.

Won, W. D., L. H. Di Salvo and J. Ng, 1976. Toxicity and mutagenicity of 2,4,6-
trinitrotoluene and its microbial metabolites. Appl. Environ. Microbiol. 31:576-
580.

Won, W. D, R. J. Heckly, D. J. Glover, and J. C. Hoffsbmmer, 1974. Metabolic
Disposition of 2,4,6-trinitrotoluene. Applied Microbiology 27:513-516.

Wujcik, W. J;, W. L. Lowe, P. L. Marks and W. E. Sisk, 1992. Granular activated carbon
pilot treatment studies for explosives removal from contaminated groundwater.
Environmental Progress 11:178-189.

Xue S. K, I. K. Iskandar and H. M. Selim, 1995. Adsorption-desorption of 2,4,6-

trinitrotoluene and hexahydro-1,3,5-trinitro-1,3,5-triazine in soils. Soil Science
160:317-327.

188



APPENDICES

189



A) Kinetics Data

APPENDIX A

RAW DATA OF BATCH ADSORPTION EXPERIMENTS

2-ADNT

4-ADNT TAT
Time Conc. Time Conc. Time Conc.
(hrs) (mg/L) (hrs) (mg/L) (hrs) (mg/L)
0. 29 0 29 0 20
0.33 25 0.33 24.4 0.5 171
1 23.6 1 23.2 4 15.2
1.83 235 1.83 24.4 7 10
4 23.2 4 23.3 24 0
9 21.6 9 21.9
24 23 24 21.1
B) Isotherm Data
1) Isotherm of TNT
Initial Final Conc. 1/C 1/q In(C) - in(q)
conc. conc. (C) in solid (g)
(mg/L) (mgl)  (ug/g)
5.27 3.82185 1362038 0.26165  0.27621 1.34073  1.28658
10.39 7.63779 6.88053 0.13093 = 0.14534  2.03311 1.9287
21.29 16.8369 . 11.1329  0.05939  0.08982 2.82357 2.4099
54.1 45943 20.3926 0.02177  0.04904 3.8274 3.01517
95 81.0654  34.8364 0.01234 0.02871 - 4.39526  3.55066
Regression as Langmuir : - R square: 0.9958
Slope: 0.9596
Intercept: 0.02454
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2) Isotherm of 2-A-4,6-DNT

Initial Final Adsorbed
conc. conc. (C) amount
(mg/L) (mg/l)  (mg)

5 3.7579 0.018632
105 = 8.5409 0.029387
14.8  11.1202 0.055197

20 15.4223 0.068666

29 23.2 0.087

3) Isotherm of 4-A-2,6-DNT

Initial Final  Adsorbed
conc. conc. (C) . amount

(mg/L) (mglL) . (mg)

5. 3.9026 0.016461
10 7.911 0.031335
15 12.3418 0.039873

" 20 15.6186 0.065721
29 23.3 0.0855

4) lsotherm of TAT

Initial Final Adsorbed
conc. conc. (C) amount

(mg/L) (mg/ll)  (mg)

2 0.4438 0.023343
5 1.6626 0.050061
10 5.5765 0.066353
15 . 10.0231 0.074654
20 15.2231 - 0.071654

Conc.
in solid (q)
(ug/g)

6.2105.

9.7955

. 18.399
22.8885
29

Conc.
in solid (q)

(ug/g)

5.487
10.445
13.291
21.907

28.5

Conc.
in solid (q)
(ug/g)

7.781
16.687
22.1175

24.8845:

23.8845
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1/C

0.052423
0.023065
0.017716
0.012774
0.008491

1/C

0.050479

0.024902
0.015962
0.012613
0.008455

1/C

0.308698
0.082401
0.024567

0.013668

0.008999

1/q

31.72047
20.11128

10.7071
8.606942
6.793103

1/q

35.90304
18.8607
14.82206

-8.992559

6.912281

1/q

17.60699

8.209984 .

6.19419
5.505435
5.735938

In(C)

2.948412
3.769418

'4,033315

4.360366
4.768704

In(C)

2.986195

3.692806
4.137543
4.373014
4.773005

In(C)

1.175393
2.496157
3.706336
4.292667
4.710588

In(q)

-3.456962
-3.001281
-2.370907
-2.152569
-1.915908

In(q)

-3.580822
-2.93708
-2.696117
-2.196398
-1.9333

In(q)

-2.868296
-2.105351
-1.823612
-1.705736
~1.746751



APPENDIX B
LONG-TERM ADSORPTION IN AQUIFER COLUMNS
B.1 Breakthrough Curves at Low Flow Rate

Breakthrough curves at a felatively low flow rate were obtained from columns S4
and B, which had the following operation conditions:

Flow rate = 0.007 ml/min = 0.01008 L/day, Retentlon time = 4.0 days
Influent of column S4: TNT conc. = 100 mg/L, Ac = 90 mg/L
SO, =250 mg/L, Nutrients: the same as in other columns (Table 3-7)
NaN; = 0.3 g/L, autoclaved, pH=7.0 -
Influent of column B: Br =50 mg/L, pH=7.0

The effluent data for both columns are shown in the following table.

Time | (TNT)eff [(C/CO)TNT| Time (Brjeff | (C/CO)Br

(days) (mg/L) (days) (mg/L)
0 0 0 0 0 0
6 0 0 3 0 0
9 9 : 0.09 6 8.2 0.164
13 42 0.42 9 - 17.4 0.348
20 61 0.61 12 35.6 0.712
25 69 - 0.69 - 15 43 0.86
28 73 1 073 18 46 0.92
31 74 | 074 21 47 0.94
34 75 : 0.75 24 52 1.04

37 77 0.77 27 46 0.92

- 40 81 10.81 31 - 49 0.98
43 75 - 0.75 .33 52 1.04
46 814 0.814 36 48 0.96
50  86.9 0.869 39 52 1.04
52 88 0.88 42 52 1.04
55 90.4 0.904 50 48 0.96
58 93 0.93 60 51 1.02
61 91 0.91 70 49 0.98
68 95 0.95 ‘
75 94 0.94
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B.2 Mass Balance for Column S4

A calculation of TNT mass balance can be performed on the basis of the
breakthrough curves in Figure 4-8, as illustrated below.
ML = Min - Mou - Mac
where M, is the TNT mass loss due to physical adsorption and chemical/abiotic
transformation (biological transformation is negligible because the column was
maintained under sterilized Cunditions); |
M;, is the TNT mass injecbte‘d into the column;
Moy is the TNT mas:s exiting the column; and
M., i1s the TNT mass accumulated in the aqueous phase stored in the column pore
* space (and the cqlumn “head space” and other related space).
According‘to the breakthrough curvés; , ‘
Min - M, = (Area under bromide breakthrough curve)(100 mg/L)(0.01008 L/day)
Mou = (Area under TNT breakthrough curve)(100 mg/L)(0.01008 L/day)
Assume that the adsorption process reaéhcd saturation by day 75, then the values of (M, -
M.,.) and M can be calculated by integrating the areas under these two breakthrough
curves in the range from day O through day 75.
Since ML = Min - Mout - Mac = (Min - Mac) - Mou,

Then M, = (Area under bromide breakthrough curve)(100 mg/L)(0.01008 L/day)
- (Area under TNT breakthrough curve)(100 mg/L)(0.01008 L/day)

= (Area between tWo breakthrdugh}curves)(‘lOO'mg/L)(0.0lOOS L/day) -
=13.6 mg/L
M, can be represented by fhe area between the straight line C/Cy =1 and the
bromide breakthrough curve. This value is estimated to be 10.1 mg according to Figure

4-8.
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The data for desorption of column S4 are as follows:
3 times of sequential extraction with acetonitrile
Total volume of the extract = 240 ml
TNT conc. in the extract = 40.1 mg/L
Total TNT recovered = (0.24 L)(40.1 mg/L) = 9.62 mg/L.
Aquifer materials in column = 205.5 g
This recovered TNT mass included the TNT desorbed from the solid phase and
the TNT from the aqueous phase remaining in the pore space of the aquifer material. The
latter should be subtracted from the total recovered TNT to yield the TNT mass desorbed
from the solid phase. | '
Column pore space = 40.3 ml. The TNT concentration of the aqueous phase
remaining in the pore Space was about 94 mg/L. Therefore,
TNT mass in aqueous phase = (40.3 ml1)(94 mg/L) = 3.8 mg
TNT desorbed from the aquifef material = 9.62 mg - 3.8 mg = 5.8 mg
Unaccounted-for TNT = M - 5.8 mg = 13.6 mg -5.8 mg = 7.8 mg

B.3 Mass Baiance for the First Phase of Column D3

According to Figure 4-34, assume that the TNT adsorption was close to
equilibrium by day 20 in the first phase of column D3, which was under the following
conditions: |

Flow rate = 0.028 ml/min = 0.0403 L/day, Retention time = 1.0 days

Influent of column D3 in the 1st phase: .

~ TNT conc. = 100 mg/L, Ac = '0, NO; =80 mg/L
NaN; = 0.3 g/L, autoclaved, pH = 7.3

Since all of the aquifer column reactors were set up in the same manner and had
approximately the same porosity, it is assumed that the accumulated TNT mass M, in
column D3 was the same as that in column S4, which was 10.1 mg based on the tracer

study. In column D3, therefore, we have
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M, = Min = Mout - Mac

= (Area under influent TNT conc. curve through day 20)(0.0403 L/day)
- (Area under effluent TNT conc. curve through day 20)(0.0403 L/day) - M,

=74.15mg - 48.36 mg - 10.1 mg
=15.7 mg

This value is reasonably close to the My, value for column S4 (13.6 mg).

B.4 Long-term Adsorption Rate Coefficient for Column S4

In many cases, the long-term adsorption mass transfer rate coefficient, r, is
expressed in a first-_()rdér rate equation (Chen and McTernan, 1992) |
([d)/d = 1(g* - q) . -
where g* 1s the equilibrated solid-phase concentration which can be described by
Langmuir or Freundlich isotherm in many situations, and q is the actual solid-phase

" concentration at time t. Therefore,

(dg/dt) (Ag/At)
r= — = :

q*-9 (@*-9

For column S4, t can be determined on the basis of long-term breakthrough curves shown
in Figure 4-8. '
| - Theoretically, r can be obtained at any time point t if the kinetics is strict first-
. order. Assume t = 15 days, At =2 days (day 15 - day 17). Then we have |
| Qobs =My /M,

where qobs is,the observed, actualuTNT loss per unit weight of aquifer materials, mr is the
tofal observed TNT loss ’by day 15, and m, is the mass of aquifer materials in the column.
mr can be calculated from the area bet'\vavee‘n‘brom‘jde’ and TNT breakthrough curves.
From Figure 4-8, Qobs = (2.85 mg)/(205.5 g) = 13.9 ug/g

The observed TNT loss was attributed to both reversible adsorption and
irreversible loss (including abiotic transformation and irreversible adsorption) as

discussed earlier. According to the results in Section B.2, the ratio of reversibly adsorbed
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TNT to total TNT loss was (5.8 mg)/(13.6 mg) =42.6%. For a tentative estimate, assume
this ratio held in column S4 throughout the column operation. Then the reversibly
adsorbed solid-phase TNT concentration, q, can be estimated as: |
q=42.6% qobs = 42.6%(13.9 pg/g) = 5.9 ug/g

Suppose the Langmuir isotherm held for adsorption equilibrium (as shown in
§4.1.2), then g* = QbC/(1 +bC) -
where C is the average concentration of TNT in the column at time t (day 15), pafameters
Q (41 pg/g) and b (0.026) were Obtained in fhe batch adsorption experiment (§4.1.2).
The value of C can be estimated as C = (Co + C)/2 where Cyis the influent TNT
concentration (about 100 mg/L) and C; is the TNT concentration in the column effluent at
time t. Alternatively, C can be estimated by a logarithmic avefage as follows, because the

TNT concenﬁration méy not be linearly, but exponentially, distributed along the length of

the column.
C = (Cy - C)/In(Cy/Cy) = (100 - 46)/In(100/46)
=69.5 (mg/L) |
Therefore, = q* = (41)(0.026)(69.5)/(1 + (0.026)(69.5))
=26.4 ug/g .

Consider Agobs = Amt /m,
where Aqqbs and Amr are the observed TNT loss per unit-weight of aquifer materials and
the total observed TNT loss, respe‘ctively, in time interval At (2 days). Thus,
Agebs = (0.8 mg)/(205.5 g)=39 ug/g bésed on Figure 4-8,
and Aq = (42.6%)Aqebs = (42.6%)(3.9 ng/g) = 1.7 pg/g

(Ag/At) 172 .
. = =0.041 day

Sowehave r= =
(q*-q) (264 -5.9)

~ The same procedure can be repeated at time point t = day 30, where it is estimated

that q* = 29.5 ug/g, q = 15.7 ug/g, and Aq = 1.04 pg/g. Thus, r =0.038 day 1

196



APPENDIX C
SPECIATION OF H,S IN WATER

The total concentration. of sulfide speciesv, Stot, In an aqueous solution can be
expressed as followé (Morel, 1983):
S = [HoS] + [HS] + [S7] C.1
According té t-ﬁe Mass Reaction Law, we have
[HS] Ky = [HST [H'] | Cc2
and [HSTKa=[S"][H"] | C3
where the equilibri_um constant K,; equals 107 and K., equals 10132,
Combining Equaiions C.1,C.2, and C.3 yields
[HS] = Sio: - [HS] - [S*]
= St - 107 [HS] [H+] - 10"%° [HS")/[H"]
Therefore  [HST {1+ 10" [H']+10"*°/[H"]} = St
%[HS in solution = [HSY/ Su:
=1/{1+ 10" [H']+ 10"*°/[H"]} | C4
When pH=84,[H] = 1(»)"3'4 , %[HS] in solution = 96%. |

When pH = 11.0, [H*] = 10", %[HS] in solution = 100%
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- APPENDIX D

RAW DATA OF BIOLOGICAL BATCH REACTORS: SET ONE

D.1 Denitrifying Reactors

Reactors: _
D11 and D12: TNT = 60 mg/L, Ac = 180 mg/L
D21 and D22: TNT = 60 mg/L, Ac = 1000 mg/L
D31 and D32: TNT =100 mg/L, Ac = 1000 mg/L

D41 and D42: TNT = 100 mg/L, Ac = 1000 mg/L, abiotic controls

TNT concentration data (mg/L):

Time (day) 0 3 7 12 20 53
D11 57 49.7 | 439 41.0 - 40 36.2
D12 57 49.5 51.0 46.8 42 29.7
D21 58 39.2 36.4 27.7 15.4 4.4
D22 58 40 ’ 33 29.7 20.8 4.0
Time (day) 0 3 7 12 20 53
D31 96 80.8 71 65 46.9 12.8
D32 96 85 66.3 64 64 30
D41 . 96 92 87 90 90 87
D42 96 - 88 85 86 88 81

ADNT concentrations in reactors D31 and D32:
Time(day) 0 3 7 12 20 53
D31 0 0 0 4.6 5 3.4
D32 0 0 0 7 6 4
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Acetate and nitrate concentrations (mg/L):

Time (day) 0 7 20
Acetate Nitrate Acetate Nitrate Acetate Nitrate
D11 175 360 5 0 3 0
D12 170 362 5 0 0 0
D21 900 1800 98 626 5 600
D22 945 1760 68 382 4 375
Time (day) VS B 7 20
Acetate Nitrate Acetate Nitrate Acetate Nitrate
D31 900 1800 240 839 2 488
D32 960 1820 180 684 3 475
D41 ;980 | 1800 960 1760 954 1790
D42 960 1860 985 - 1790 976 1786

Acetate and nitrate were re-spiked on day 22

Reactors:

D.2 Sulfate-reducing Reactors

S11 and S12: TNT =30 mg/L, Lactate = 300 mg/L

S21 and S22: TNT = 30 mg/L, Lactate = 1000 mg/L

S31 and S32: TNT = 30 mg/L, Lactate = 1000 mg/L, abiotic controls
TNT and ADNT concentrations (mg/L):

TNT ADNT TNT ADNT TNT ADNT
Reactor S11 | S12 | S11 | S12 | S21 | S22 | S21 | S22 | 831 | S32 | S31 | S32
Day 0 -30 30 | 22122 ]| 30 30 | 21 23 | 30 30 | 22 ] 22
Day 0.1 0 0 6.3 7 0 0 | 67|65 0 0 6.0 | 6.4
Day 1 0 0 69|75 0 | O 95165 0.1 O 9.0 | 80
Day 6 "9.0 | 82 » : 8 ‘| 74 8.5 110.3
Day 12 45 | 65 4 | 2 95 | 85
Day 24 1 1 0 | o0 6 | 46
Lactate and sulfate concentrations (mg/L):
Lactate Sulfate Lactate Sulfate Lactate | Sulfate
Reactor S11[S12 | S11 [ S12 1821 [ S22 | S21 | S22 | S31 | 832 | S31 | S32
Day O 314 | 312 | 450 | 436 | 981 | 969 | 1438|1422 983 | 973 | 1370|1360
Day-24 236 | 210 | 406 | 382 | 645 | 611 |1200|1000| 965 | 955 } 1353 | 1341
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Reactors:
S41 and S42: TNT = 60 mg/L, Lactate = 300 mg/L
S51 and S52: TNT = 60 mg/L, Lactate = 1000 mg/L

TNT and ADNT concentrations (mg/L):

TNT ADNT TNT | ADNT

Reactor S41 S42 | S41 S42 | S51 S52 | S51 | 852
Day O 60 57 . 0 0. 58 57 0 0

Day 4 0 0 | 9.1 10.5 0 0 14.5 9.5
Day 12 0 0 8.0 6.8 0 0 9.0 7.0
Day 25 ' ‘ 1 70 | 6.0 3 4.2

Reactors S61 and S62 (without pre-grown cells):
TNT =30 mg/L, Lactate = 1000 mg/L

' Time (day) TNT (mg/L) 1 Lactate (mg/L) Sulfate (mg/L)
» S61 S62 S61 S62 S61 S62
0 28 28 955 965 984 1002

1 20.4 22.6 900 920 973 987

6 114 12.0 920 .| 946 969 975

12 1.2 20 | 925 963 933 957

20 1 1 900 900 930 964

31 0 0 910 890 943 957

57 525 455 803 837

72 305 - | 345 621 669

D.3 Methanogenic Reactors
Reactors:

M1 and M12: TNT = 30 mg/L, Acetate = 180 mg/L
M21 and M22: TNT = 30 mg/L, Acetate = 1000 mg/L
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TNT and ADNT concentrations (mg/L):

TNT ADNT TNT - ADNT
Reactor M11 | M12 | M11 | M12 | M21 | M22- | M21 | M22
Day 0 28 26 0 0 | 30 32 2 0
Day 4 20 18 4 3.6 20 24 4.3 3.9
Day 15 135 | 127 | 6.4 5.4 9.9 10.3 4.6 5.2
Day 28 . 9.8 8.4 8.2 9.0 4 6 8.1 8.7

Reactors: v
M31 and M32: TNT = 60 mg/L, Acetate = 180 mg/L
M41 and M32: TNT = 60 mg/L, Acetate = 1000 mg/L
- M51 and M52: TNT = 60 mg/L, Acetate = 1300 mg/L, abiotic controls
TNT concentrations (mg/L): '

Time (day)| M31 M32 M41 M42 M51 M52
0 58 56 - 58 58 59 57
3 54.2 522 | 51.7 . 50.5
7 48.7 45.3 439 | 42 53 55
12 46.5 44.7 413 | 397 '
20 43 41.6 40 39.2 55.9 57.3
32 . 422 40.4 368 - | 35.6 50.1 52.5
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APPENDIX E
RAW DATA OF BIOLOGICAL BATCH REACTORS: SET TWO

E.1 Denitrifying Reactors

TNT (mg/L) Acetate (mg/L) Nitrate (mg/L)

Time (days)| RD1__ | RD2 RD1__ | RD2 RD1 RD2
0 ~99.9 101.8 1935 1865 1207 1181
0.5 922 82.9
1 " 61.4 64.4 ~
2 12.7 14.4 1318 | 1356 0 14
3 2.3 1.9 ,

4 2.1 11 500 500
5 0.6 2 971 | 1001 7.4 12.9
6 14 14 | |

8 1.9 0 -

10 0 0 500 500
12 1.9 1 '

14 2.1 0.8

16 0

18 0 9

20 0 0 380 440 63 | 94
22 1 12 ; _ -

27 0 15 400 400 43 4.8
32 15 0 , i

39 0 0 400 | 400 | 26 3.4

500 mg/L nitrate was re-spiked on Days 4,10, and 47.
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HPLC Peak Area of Intermediates in Reactors RD1 and RD2

Time Int #1 Int #2 Int #3 - Int #4
(days) ‘
Int-D1 ADNT DANT Int-D4
0 0 ’
0.5 81295
1 29810 0 0 - .0
2 32805 122660 28563 7573
3 33094 382571 31403 12725
4 0 - 457652 259134 8220
5 568223 312992 12234
6 484151 482284 12160
8 620292 515904 11679
10 485025 630078 - 9699
12 42568 826001 0
14 0 .- 742838
16 " 577190
18 387738
20 244838
22 91835
27 0
E.2 Sulfate-reducing Reactors
TNT (mg/L) Lactate (mg/L) Sulfate (mg/L)
Time (days) RS1 RS2 RS1 RS2 RS1 RS2
0 100.7 100.5 3300 3250 1526 1447
0.5 80.2 89.7
1 81.2 84.5 :
2 54.8 625 | 3300 3300 1500 1400
3 43 485 |
4 40 36.3
5 41 28.7
6 29.9 19
8 21.8 6.1
10 12.5 0
12 4.5 0
14 0 0
16 0 0
18 25 0
20 1.5 1.2 3300 3039 1560 1562
22 0 1.4 .
27 2.0 1.5 1225 1123 1549 1457
32 0 0 1236 1155 1600 1500
39 0 0 1250 1100 1500 1500
50 0 0 927.6 1080 1355 1500
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HPLC Peak Area of Intermediates in Reactors RSt and RS2:

Time . Int#2 | Int#3 | Int#4 | Int#5 | Int#6 Int #7

(days)

Int-S1 | Int-S2 | Int-S3 | ADNT | Time Int #1 Int-S7
0 0 ' ,

0.5 145085 0

1 418230 | 154340 0

2 489118 { 515108 | 19605 0 0

3 560833 [ 647000 . 9905 | 21858 | 13470

4 | 663560 | 729895 | 52275 | 150535 0

5 784715 | 921875 |. 12603 | 209323 | 0

6 783422 | 925163 | 26825 | 258590 7363

8 859978 | 990495 | 6445 | 394883 11533

10 957400 |1077975] 10528 | 535323 13505

12 852005 | 987273 | 30750 | 604785 0

14 818465 | 802038 | 73588 | 718158 12380

16 720560 | 671615 | 115020 | 888163 0

18 399738 | 487823 | 574553 | 656200 42848
20 0. 77840 | 811868 | 196215 423000

22 0 165240 0 429408
27 0 85775 0
32 _ 60883 | 21163
39 ) . 47238 | 34220
50 38710 | 35690
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E.3 Methanogenic Reactors and Abiotic Controls

TNT concentrations (mg/L):

Time Abiotic controls Methanogenic
~ (days) C1 C2 RM1 RM2
0 102.7 105.3 103.9 105.3
0.5 ' 89.1 98.6
1 88 87.5
2 96.2 101.3 58.3 - 58.5
3 52 57.1
4 49 48.1
5 96.3 97.7 48 46.3
6 42.4 39.7
8 » 41 37.1
10 100.8 104 35.7 36.5
12 28.1 33.5
14 26.8 29.6
16 102.8 103.2 24.8 28.6
18 18.3 21.1
.20 16.9 17
22 99.8 94.8 14 13.1
27 94.7 89.6 4 0
32 0 1.1
39 92.8 94.1 1 1.1
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HPLC Peak Area of Intermediates in Reactors RM1 and RM?2:

Time Int #1 Int #2 Int #3 Int #4 Int #5 int #6 Int #7 Int #8
{days) ; ’
Int-M1 | Int-M2 | Int-M3 | ADNT | DANT | Int-M6 | Int-M7 | Int-M8
0 0 »
0.5 41210 0
1 310940 | 142265 O 0 0
2 431978 | 504695 | 19945 | 25000 | 10468
3 581810 | 669740 | 11135 | 11670 | 10073
4 569080 | 634358 | 7393 97705 6938
5 599835 | 693130 | 11578 | 108078 | 9220
6 605533 | 698803 | 6715 | 117958 | 7630
8 670255 | 750693 | 6565 | 133265 | 5485
10 684458 | 707955 | 5655 | 192815 | 12780
12 730048 | 757775 | 7225 | 219513 | 9925
14 786815 | 827135 | 6412 | 227978 | 15003
16 | 790093 | 812483 0 314675 | 16130 0
18 802088 | 833230 317705 | 18480 7005
20 850223 | 864693 366930 | 17580 8388 :
22 860193 | 852483 421720 | 17322 7768 0
27 752023 | 775190 626088 | 21445 | 13235 | 79783
32 224765 | 323050 311185| 538973 | 8188 | 180188
39 0 0 0 1054300] 15885 | 44453 0
50 911293 0 30898 | 41805
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APPENDIX F

IDENTIFICATION OF A TNT INTERMEDIATE
USING DIODE-ARRAY HPLC
Samples taken from most bétch and column reactors consistently contained an
“unknown chemical whic‘h had a peak -retention time of about 3.4 minutes on the currently
‘used HPLC systém (Section 3.3.2). This chemical was considered a TNT transformation
intermediate and identified by using a diode-array HPLC system at the University of
Oklahoma. The model and parameters of the di'ode-array equipment are as follows.

Beckman HPLC pump: prog'rammablé solvent Module 126
| Detector: model 168

Column: Econosphere C18 5u column, length: 250 mm
Flowrate: 1.0 ml/min.

Wavelength of diode-array scanning: 206 - 302 nm

Mobile phase: acetonitﬁle 35%, 10 mM PO, (pH 6.0) 65%

A 50 uM ‘solutiOn of analytical grade 2,4-dianﬁho-6—nitrotoluene (2,4-DANT) was used
as identification standard. The following figure shows the normalized absorbance of
diode-array scanning of the standard and the unknown peak in one of the samples. This
sarﬂple was taken from one of vthe sulfate-reducing batch reactors in reactor Set Two. The
absorbance spectra of the standard and the unknown peak matched to each other very

closely. Several other samples were analyzed using this method and the scanning results
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were the same. Therefore, it was concluded that the unknown peak in these samples

represented the same chemical, which was positively idénti_fied as 2,4-DANT.
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APPENDIX G
RAW DATA OF CONTINUOUS COLUMNS D1 AND D3

TNT Concentration in Influent and Effluent of Column D1

Time TNT Inf. Time TNT Inf. Time TNT Inf.
(days) | (mgl) | (days) (mg/L) (days) (mg/L)
0o 101.7 106 97.4 230 106
4 94.5 110 100 238 96.3
10 .|~ 95.8 114 93 246 96.7
13 95.1 118 95.6 256 97.7
16 98.2 ‘ 122 | 10441 268 103.1
19 99.4 126 105.6 275 100.4
22 105 130 107.7 286 86.4
25 96 134 101.6 297 916
28 105 138 101.1 - 314 100.9
31 -96.1 I 142 102.3 326 -104.5
34 101.9 146 107.4 334 97.2
37 100.2 150 103.1 343 104
40 98.6 154 102.3 352 102
43 98.1 158 104.9 353 60
46 100 162 107.5 367 56
50 92.8 166 103.5 374 58
52 96.7 , 170 92.9 380 - 59
55 96.5 : 174 92.5 387 58
58 - "101.2 178 | 98 394 60
60 99 - 182 ©90.9 410 55
62 105.1 186 1051 417 61.5
66" 78 190 103.9 423 56
70 80.3 194 98.4 435 57.3
74 98.6 198 102.2 443 60.3
78 , 105.2° - 202 99.7 456 57
82 103.2 206 - 92.9 471 55
86 99.7 210 126.8 478 56
90 94.8 214 106.6 486 55
94 102.9 218 103.6 496 59
98 104.7 222 98.9 500 57
102 100 226 96 ‘
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TNT Eff.

Time TNT Eff. Time Time TNT Eff.
(days) (mg/L) (days) (mg/L) (days) (mg/L)
0 0 110 76.3 256 49.5
5 65.8 114 74.6 268 45.6
7 69.2 118 745 275 47.9
11 80 122 66.6 281 51.3
14 79.7 126 68.5 285 58.2
17 86.1 130 68.9 295 63.5
20 86.9 134 73.4 307 - 72.9
23 93.1 138 74 315 66.9
26 89.4 142 76.3 329 59.1
29’ 87.1 146 73 335 70.6
32 77.8 150 67.6 343 73.8
35 87.1 154 67.9 351 76.9
38 96.4 158 771 361 711
VTR 91.3 162 67.4 367 66.2
44 85.5 166 64.8 373 47.4
47 93.5 170 63.9 383 48
51 88.5 174 - 67.8 387 48
53 71.6 178 57.4 395 43.6
56 83.1 182 52.5 400 411
59 87.2 186 43.6 414 411
61 87.8 190 36.4 421 39
63 83.2 194 417 429 41.1
67 84.7 198 42.4 434 44
71 75.2 202 45.3 443 35.1
74 65 206 425 456 40
78 57.4 210 421 464 42.6
82 50.6 214 40.9 471 38.4
86 51.2 218 45.2 486 48.4
90 59.9 222 47.7 492 471
94 63.4 226 47.9 498 50
98 66 230 46 508 52
102 71.4 238 43.3
106 73.1 246 50.4
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TNT Concentration in Influent and Effluent of Column D3:

Time TNT Inf. Time ‘ TNT Inf.

(days) | _(mg/L) (days) ~ (mg/L)
0 93.6 134 102.6 -
4 915 138 101
10 87.4 142 103.8
13 89.7 146 102.8
16 97.4 150 103.7
19 96.1 154 103.2
22 ' 105 158. 105.7
25 99.2 162 107
28 99.6 166 105.1
34 96.9 170 92.4
37 97.2 174 91.1
43 94 . 178 97.7
46 B 95.5 182 90
50 96.7 - 186 102.9
52 . 91.4 190 102
55 ~ 89.1 194 - 97.8
58 985 198 99
60 96.3 202 99.4
62 100 206 93.4
66 81.2 210 121.9
70 76.1 214 106.1°

74 88 218 99.5
78 94.9 222 93.5
82 101.1 226 98.3
86 101 230 94.3
90 - 96.7 238 105.3
94 98.4 246 103.9
98 106.1 256 . 99.4
102 99.6 268 102.3
106 96.2 286 | 90
110 110.5 297 | - 944
114 91 314 106.4
118 '98.1 326 ~ 104.6
122 - 96 334 97.2
126 98.2 342 100
130 T 106.7 343 0
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Time TNT Eff. Time TNT Eff.
(days) {(mg/L) (days) (mg/L)
0 0 150 75.2
-5 - 48.8 154 80.4
7 67.5 158 76.8
11 62.5 162 86.5
14 74.1 166 82.4

17 80.9 170 77.3
20 83.4 174 80.9
23 81.6 178 75.3
26 86.7 182 48
29 ' 85.5 186 42.5
35 76.4 190 53.3
38 87.7 194 55.5
47 82.3 198 59.8
51 70.1 202 85.2
53 . 67.3" 206 64.9
56 75.7 210 86
59 80.5 214 84.9
- 61 77.9 218 74.7
63 76.5 1222 77.9
67 81.5 226 87.7
71 59.3 230 : - 93.1
74 39.7 238 89.9
‘78 38.9 246 78
82 39.2 256 83.9
86 48.8 268 89.6
90 62.2 275 96.4
94 57.1 285 90
98 70.7 307 92.6
102 69.1 315 93.5
106 74 . 335 97.1
110 79.1 - 343 . 95
114 75.9 346 89.2
118 69.1 353 90
122 706 . 358 69.3
126 66.5 363 472
130 71.7 367 31.6
134 © 752 373 12.4
138 74.7 380 6.5
142 73.3 387 5.5
- 146 71 400 5
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APPENDIX H

RAW DATA OF CONTINUOUS COLUMNS S1 AND S3

“TNT Concentration in Influent and Effluent of Column S1:

Time

TNT Inf.

Time TNT inf. Time TNT Inf.

(days) . (mg/L) (days) (mg/L) {days) - {(mg/L)
0 98 99 102.9 232 - 103.9
3 83.5 . 103 103.1 243 94
7 103.7 107 98.4 254 95.2
9 91.7 111 94.5 271 103.3
12 © 90.9 115 . 101 278 98
15 99.3 119 103.1 283 108.6
17 93 123 100.4 291 99.4
19 107.2 127 94.9 300 99.9
23 76.9 131 - 94.1 308 102
27 . 81.9 135 85.6 309 60
31 98.5 139 771 320 62
35 100.9 143 104.1 331 63
39 108.6 147 100.6 338 60
43 100 151 97 350 61
47 97.6 155 102.3 360 60.9
51 99.3 159 102.5 370 62
55 106.8 163 102.3 380 64.6
59 102.9 167 119.2 384 62
63 102 171 110.4 - 392 57.7

.67 107 175 - 109.9 400, 63.2
71 100.9 179 99.6 408 61
75 94.8 183 99.6 413 57
79 95.6 187 - 95.7 428 61.4
83 99.3 195 105.9 443 60
87 - 107 203 103.3 453 61
91 101.8 213 104.1 458 59
95 97.5 225 102.6
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TNT EF.

Time

Time Time TNT Eff. TNT Eff.
(days) (mg/L) (days) (mg/L) (days) (mg/L)
0 o, | .107 66.4 272 33

4 54.1 111 721 286 36.9
-8 64.5 115 74.7 292 51.1
10 67.2 119 - 60.1 300 65

13 76 123 61.5 308 64.6
16 81.9 127 64.4 | 318 68.4
18 77.4 131 63.9 330 49
20 74.7 135 66.5 337 46
24 75.5 . 139 48.2 344 49

28 61.9 143 . 34.4 352 43.1
31 48.2 147 26.7 357 38.4
35 45.8 - 151 23.6 371 40.5
39 44.2 155 26.1 377 38.6
43 . 52.5 159 32,2 382 44
47 58.6 " 163 24.3 386 36.9
51 -59.5 . 167 25.4 391 42
55 66.6 171 25.4 400 37.2
59 66.5 175 24 408 31.5
63 71 179 36.7 413 . 36
67 76.5 183 30.7 421 40

7 -75.3 187 34.1 428 38

75 72.2 195 29.8 437 40
79 66.5 203 31.1 443 44.8
83 62.3 213 22.7 449 42.7

.87 66 225 30.7 452 52
91 70.3 232 32.3 461 50.6
95 69.6 242 38.2 465 48
99 71.4 252 44.2

103 67.3 264 36
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TNT Concentration in Influent and Effluent of Column S3:

TNT Inf,

Time TNT Inf. Time

_(days) (mg/L) (days) (mg/L)
0 - "~ 98 115 107.4
3 87.2 - 119 103.1
7 98.8 123 103.2
9 93.9 127 93.6
12 89.6 131 93.8
15 96.1 135 89.2
17 95.2 139 90.1
19 105.9 143 103.4
23 77.5 147 106
27 82.6 151 97.2
31 104.3 155 103.1
35 103.8 159 94.1
39 108.7 163 90.3
43 104.3 167 123
47 ' 98.4 171 108.1
51 97.8 175 108.3
55 103.9 179 99.9
59 98.6 183 106.7
63 T 98.4 187 102.6
67 - 107 195 103.8
71 91.9 203 107.4
75 94.7 213 106.6
79 98 224 100
83 101.9 232 99.8
87 108.3 - 243 89.5
91 103.4 254 95.4
95 98.9 271 101.3
99 97.4 291 99.4
103 - 105.7 299 99
107 104.7 300 0
111 "103.1
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Time TNT Eff. Time TNT Eff.
(days) (mg/L) (days) (mg/L)
0] .0 135 82.4
4 63.9 139 60.5
8- 59.1 143 42.8
10 69.2 147 41.5
13 69.7 151 45.5
16 72.2 155 71.9
18 68.1 159 90.7
20 63.6 163 89.3
24. 62.7 167 92.5
28 50.4 171 85.5
- 31 475 175 108.9
35 42.8 179 102.8
39 43.9 183 97.2
43 53.8 187 96.4
47 58.9 195 70.9
51 59 203 93.7
55 65 213 94.9
59 68.9 225 97.6
63 69.7 232 104
67 71 234 98.4
71 72.5 238 35.1
75 68 242 31.4
79 66.2 252 78.2
83 63.2 264 94 .4
87 67.2 272 93.1
91 70.5 292 88.7
95 70.7 306 95.6
99 71.2 310 58.7
103 71.8 315 30.9
107 72.3 320 18.2
111 74.8 324 15.5
115 76.8 330 7.8
. 119 78.9 . 341 5.9
.. 123 76.9 344 5.1

127 74.6 350 5
131

79.5 -
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APPENDIX I

RAW DATA OF BATCH-FED COLUMNS

TNT Concentration Changes in Column D2:

Time TNT Inf. | TNT Eff. || Time TNT Inf. | TNT Eff.
(days) | (mgl) | (mgl) | (days) | (mgl) | (mglL)

0 32 100 110 90.1
4 33.2 -0 107 . 109.2 "71.6

.8 -33.5 -0 114 105.7 90.7
12 31.1 0 121 32.2 89.3
16. 100 0 128 31.1 39.8
20 - 109.6 0 135 62.6 324
24 95.1 9.6 142 63 46
28 108.6 0 149 61 . 53
32 104.8 321 156 62 50
36 111.5 41.2 168 63 46
40 111.8 49 180 61.3 41
44 110.6 65.4 184 -.62.4 54.2
48 94.6 - 65.7 188 58 49
52 102.6 59.8 192 61.3 49
56 102.8 67.6 194 63.6 57.4
60 96.4 74.9 196 62.9 57.6
64 97.5 61.8 200 61 57
68 204 62 52.9
72 98.5 .- B0 208 63 . 554
76 97.1 77.5 212. 63 55
80 101.2 78.3 216 61.3 53.9
84 103.2 78.2 220 59.1 48.1
88 101.7 75.6 224 -62.4 46.1
92 98.2 90.4 228 60 48
96. 102.2 - 911
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Raw data for column S2:

Time

TNTin/eff Time SOdin/eff | Ac in/eff
day) | (mg/D | (day) | (mg/h | (mg/L)
-0 0 107
0.01 33.5 0.01 503 300
3.99 0 3.99 . 280 158 -

4 29.7 4 490 330
7.99 1.4 7.99 88.7 40.3
8 27.6 8 490 340
11.99 0 11.99 147 117
12 32.1 12 - 465 335
- 15.99 0 156.99 160
16 106.6 - 16 510
19.99 0 19.99 508 350
.20 112 20 513 353
23.99 29 23.99 438 350
24. - 97.8 24 530 350
27.99 ¢ 0 27.99 467 350
28 112.8 28 480 328
31.99 0 31.99 495 350
32 105.2 32 498 350
35.99 1.9 35.99 480 340
36 -109.9 I 36 480 332
39.99 0 39.99 484 340
40 108.4 40 480 340
43,99 1.2 43.99 489 346
44 34.6 44 503 327
47.99 0.3 47.99 519 352
48 27.7 48 523 355
51.99 0 51.99 476 355
- 52 325 52 482 358
55.99 0 . 55.99 - 556 340
56 35 56 553 321
59.99 25 '59.99 530 325
" 60 329 60 510.9 320
63.99 0 63.99 511 320
64 31.6 64 523.5 . 298
67.99 0 67.99 529 300 -
68 31.5 68 532 327
71.99 0 71.99 483 330
72 29.5
75.99 0
76 -31.3
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Raw data for column M:

- TNTin/eff

Time TNTin/eff Time TNTin/eff Time
(day) (mg/L) (day) (mg/L) (day) (mg/L)
0 11.1 84 30 128 58
6.9 0.2 87.9 0 . 131.9 14.8
7 10.8 - 88 29.8 132 60.8
13.9 0 91.9 1.1 135.9 16.6
14 10.7 92 31.3 136 60
209 [ 0 93.9 1 139.9 11
21 - 20.7 94 30.5 140 65
27.9 0 95.9 ] 143.9 9.1
28 21.7 96 30.1 144 59
"34.9 0 99.9 2.4 147.9 20.5
35 31.9 100 31.1 148 60.2
41.9 05 - 103.9 2.7 151.9 24
42 30 104 31.8 152 59
489 0 107.9 5.2 155.9 26.6
49 290 108 32.1 156 61
55.9 0 111.9 2.4 159.9 22.6

112 65 160 - 60
56 29.2 115.9 4.8 163.9 30.2
67.9 0 116 61.8
68 - 31.7 119.9 7
79.9 0 120 50.8
80 29.2 123.9 7.7
83.9 0 124 56

127.9 9.9
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APPENDIX J

COMPARISONS OF COLUMN RESULTS UNDER
- DIFFERENT CONDITIONS

J.1 Column D1 vs. Column St

(1) TNT =60 mg/L, Ac = 30 mg/L, Yeast extract = 10 mg/L

Time TNTinf. Time  TNTeff. - Removal
(day) (mg/lL) (day)  (mg/L) (mg/L)
D1: 478 56 486 48.4 _ 7.6
486 55 492 471 ' 7.9
496 59 498 50 9
500 57 508 52 5
Mean = 7.38 mg/L
S1: 443 60 452 52 8
453 61 461  50.6 10.4
458 59 465 48 11

Mean = 9.8 mg/L

Statistic t = 1.92 < t(0.025,5) = 2.571

(2) TNT =60 mg/L, Ac = 90 mg/L, Yeast extract= 10 mg/L -

Time  TNTinf. Time  TNTeff. Removal

(day) (mg/L) (day)  (mg/L) (mg/L)
D1: 367 56 373 47.4 8.6
374 58 383 48 10
380 59 387 48 11
Mean = 9.87 mg/L
S1: 320 62 330 49 13
331 63 337 46 17
338 60 344 49 11

Mean = 13.67 mg/L

Statistic t = 2.04 < t(0.025,4) = 2.776
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(3) TNT =60 mg/L, Ac = 180 mg/L., Yeast extract = 10 mg/L

Time TNTinf. Time TNTeff. Removal

Mean = 16.76 mg/L

(day) (mg/lL) (day) (mg/L) (mg/L)

D1: 387 58 395 436 14.4
| 394 60 400  41.1 18.9
410 - 55 414 411 13.9

417 615 421 39 225

423 56 429 419 14.1

St: 350 61 357  38.4 | 226
360 609 371 405 20.4

370 62 - 377 38.6 234

Mean = 22.13 mg/L

Statistic t = 2.27 < t(0.025,6) = 2.447

(4) TNT = 100 mg/L, Ac = 90 mg/L, Yeast extract = 100 mg/L

Mean = 28.83 mg/L

Time  TNTinf. Time TNTeff. Removal

(day) (mg/lL) (day) (mg/L) (mg/L)

D1: 326 1045 335 706 33.9
334 972 343 738 23.4

343 104 351 769 27.1

352 102 361  71.1 30.9

st 291 994 300 65 34.4
300 999 308 646 . 353

308 102 318 684 33.6

Mean = 34.43 mg/L

Statistic t = 2.05 < (0.025,5) = 2.571
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(5) TNT =100 mg/L, Ac = 300 mg/L, Yeast extract = 100 mg/L

Time TNTinf. Time  TNTeff.
(day) (mg/L) (day) (mg/L)

D1: 238 96.3 246 50.4
246 96.7 256 49.5
256 97.7 268 45.6
268  103.1 275 47.9
275 100.4 281 . 511

St 232  103.9 242 382
243 -~ 94 252 44.2
254 952 264 - 36
271 103.3 272 33
278 98- = 286  36.9

Statistic t = 2.94 > 1(0.025,8) = 2.306

Removal '
(mg/L)

45.9
47.2
52.1
55.2
49.3
Mean = 49.94 mg/L

65.7
49.8
59.2
70.3
61.1
Mean = 61.22 mg/L

J.2  Column D1 vs. Column D2

(6) TNT =60 mg/L, Ac = 30 mg/L, Yeast extract = 10 mg/L

Time TNTinf. Time TNTeff.
(day) (mg/L) (day) (mg/L)

- D1: © - 478 56 - 486 48.4
486 55 492 471

496 59 498 50

- 500. 57 ~ 508 52

D2: 62.9 57
61 55.9

62 55.4

63 55

Statistic t = 0.93 < 1(0.025,6) = 2.447
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7.6
7.9
9
5
Mean =7.38 mg/L

5.9
5.1
6.6

8
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(7) TNT =60 mg/L, Ac = 90 mg/L, Yeast extract=10mg/L -

D2:

Time
~(day)
367

374
380

(mg/L)

TNTinf. © Time
(day)

56 373

58 383

59 387
- 61.3
62.4
58

TNTeff.

(mg/L)

47.4
48
48

54.2
49
49

-Removal

(mg/L)

8.6
10
11
Mean = 9.87 mg/L

71
13.4
9
Mean = 9.83 mg/L

Statistic t = 0.02 < 1(0.0254) = 2.776

(8) TNT =60 mg/L, Ac = 180 mg/L, Yeast extract = 10 mg/L

Removal

Time  TNTinf. Time  TNTeff.

(day) (mg/L) (day) - (mg/L) (mg/L)
D1: 387 58 395 43.6 144
394 60 400 41.1 18.9
410 55 414 41.1 13.9
417 61.5 421 39 225
423 56 429 41.9 1441

Mean = 16.76 mg/L

D2: 61.3 48.1 13.2
59.1 46.1 13
62.4 48 14.4

Statistic t = 1.40 < 1(0.025,6) = 2.447
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J.3  Column D2 vs. Column M

Column D2 (day 168 - day 232)

1) TNT injected: 37.25 mg based en influent TNT data in Appendix L.
2) TNT discharged: 31.18 mg based on effluent data in Appendix L
3) AblOth loss: 4% to 10.4% accordmg to data from columns D3 and S3. Thus, abiotic
loss = 1.49 to 3.87 mg.
4) Adsorption: zero (the column was in status of adéerption equilibrium).
5) Accumulation of TNT the aqueous phase in the column pore volume: zero (because
the column fluid was periodically replaced, and the TNT accumulatlon was accounted for
in discharged TNT in the last cycle of column replacement).
6) Acetate mJected. 63.3 mg.
7) Acetate dlscharged 6.4 mg. ‘
Therefore the biological TNT removal can be calculated as follows.
Biological removal = Injected - Dlscharged - Abiotic loss - Adsorption
- Accumulation |
=37.25-31.18 - (1.49 ~ 3.87)
=22~ 476 (mg)
Percentage of biological removal = (2.2 ~ 4.6)/37;25 =6~12%
Acetate utilization = 63.3 - 6.4 = 57 (mg)

Column M (day 112 - day 164)

1) TNT injected: 31 .66 mg based on inﬂuent TNT data in Appendix 1.
2) TNT discharged: 8.25 mg based on effluent data in Appendix 1.
3) Loss due to adsorption and abiotic reactions:
a) At most 13.6 mg according to data in Appendix B; or
. b) Approximately 18.9% of the total injected TNT according to data in Appendix
B. Thus, TNT loss = (18.9%)31.66 = 5.97 (mg).
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4) Accumulation: zero.
5) Acetate injected: 96.2 mg.
6) Acetate discharged: 80.5 mg.

Biological removal = Injected-- Discharged - Abiotic loss - Adsorption

.= Accumulation |
-=31.66 - 8.25 - (5.97 ~ 13.6)
= 9.8 ~ 17.4 (mg)
Percentage of biological removal = (9.8 ~ 17.4)/31.66 = 31 ~ 55%
Acetate tilization = 96.2 - 80.5 = 15.7 (mg)

J.4  Electron Balance in Denitrifying Reactors

1) The Stoichiometry of Electron Transfer
a)  CH;COO +3H,0 == CO, +‘HCO3' + 8H" + 8¢’
b)  TNT+18 ==> TAT -
c) NO; + 6‘H+ +5¢ == 0.5N, + 3H,0
2) The Observed Data
a) Column D2 (Day 80 - 88, TNT = 100 mg/L, Ac = 300 mg/L)
Ac utilization = 21.2 mg = 0.36 mM, equivalent to 2.9 mM ¢’
TNT conversion = 2.04 mg = 0.009 mM, equivalent t0 0.16 mM e
- NOs consumption = 33 mg = 0.53 mM, equivélent to2.7mM e
Electron supply = 2.9 mM
Electron sink = 0,16 mM + 2.7 mM = 2.86 mM
b) Denitrifying reactors (duplicates) of batch reactor Set Two (TNT = 100 mg/L)
Ac utilization = 2789 mg = 47.3 mM, equivalent to 378 mM ¢
TNT conversion = 80 mg = 0.35 mM, equivalent to 6.3 mM e
NOj; consumption = 4283 mg = 69.1 mM, equivalent to 345 mM e
Electron supply = 378 mM
Electron sink = 6.3 mM + 345 mM = 351.3 mM
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APPENDIX K
STOICHIOMETRIC CALCULATIONS FOR METHANOGENESIS

~ Assuming the chemicél composition of bactérial cells is CsH;O,N and the
substrate is acetate, we have the following eqﬁations for methanogenesis.
Rc: 0.05C5H702N +0.45H,0 = '0;2C02 +0.05HCO; + 0.05NH," + H" + ¢
Ry 0.125CH, + 6.25H2'o = 0.12.5c<52 +H +¢
Ra: - 0.125CH;COO" + 0.375H,0 - 0.125C0, + 0.125HCOy + H' + &
| Assume that the cell yield, Y, is 0.03 mg VSS/mg HAc (Wilber, 1991). Thus,
f,= 1.42Y =0.043, f, = 1- f, = 0957.
The final reaction equation R equals (Rq - iR - f.R,). Theréfore,

CH3COO" +0.0256 COZ +0.0172NH," + 0.928 H,0
=0.0172 CsH;0,N +0.957 CH, + O.984HCO3'

From the above equation, the ratio of acetate utilization to methane production is as
follows.

(CH3COO')/(O.957 CH.,) = 59/(0.957x16) = 3.85/1
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