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biotransformation assays. Rate was calculated from the end of the lag phase (Table 4.6-
1) until DNAN was no longer detected. The vertical dashed line indicates threshold of
linear correlation of rate constant with OC. Linear regression for OC in Panel A valid
for 0-2.07% OC. Two-sided t-test, n = 5, p ≤ 0.005
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ATO (□) concentration measured in the effluent. 
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Figure 4.13-1. Main anaerobic DNAN (bio)transformation pathway (structures inside 
box): DNAN undergoes nitro reduction to MENA and DAAN. Reactive intermediates 
formed during nitro-group reduction enable coupling reactions that form dimers and 
other oligomers by reacting with aromatic amine. Chemical structures of individual 
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ABSTRACT 
Objectives. 2,4-Dinitroanisole (DNAN) and 3-nitro-1,2,4-triazol-5-one (NTO) are two insensitive 
munitions compounds (IMCs) being used to replace conventional munitions, TNT and RDX, 
respectively. Relatively little is known on how these compounds will perform in the environment 
with respect to their biotransformation and retention in soil systems. The objectives of this study 
were to evaluate the interaction of abiotic and biotic factors contributing to the attenuation of IMCs 
in the soil leading to the formation of environmentally safe end-points. 

Technical Approach. A series of soil or soil mineral microcosm experiments were conducted in 
which IMC biotransformation products or IMC sorption were monitored with liquid 
chromatography (including quadrupole time of flight mass spectrometry detection), toxicity assays 
and 14C fractionation studies. Staggered toxicity tests were used in which microbial and zebrafish 
embryo toxicity was monitored as a function of biotransformation time and product composition. 
To evaluate mineralization of IMC, common N ions were measured with an ion chromatograph 
and CO2 and N2 were measured with a gas chromatograph.  

Results. DNAN was initially converted to 2-methoxy-4-nitroaniline (MENA) and 2,4-
diaminoanisole (DAAN) in soil especially under reducing conditions provided with electron 
donating substrate in a reaction involving both abiotic and biotic mechanisms. The rate of 
reduction was correlated strongly to the soil organic carbon (OC). The aromatic amines reacted 
chemically with nitroso-intermediates of DNAN reduction to form azo-linked dimers and 
subsequently both the aromatic amines and dimers were subjected to secondary metabolism 
causing O-demethylation and N-methylation and N-acetylation. The aromatic amines also reacted 
with soil organic (NOM) to become covalently and irreversibly bound with the insoluble humus 
fraction (humin). The extent of 14C-DNAN incorporation into humin could be accurately predicted 
by the mass ratio of organic carbon (OC) and initial DNAN (OC:DNANinitial mg:mg) regardless of 
the source of the soil organic matter. Comparing incubations conditions indicates that the most 
rapid incorporation of 14C-DNAN into humin occurs under completely anaerobic conditions. The 
most likely mechanism of anaerobic incorporation is a nucleophilic substitution reaction between 
quinone moieties in humus and the aromatic amine daughter products. 

The biotransformation intermediates of DNAN were observed to be toxic to some microbial 
systems such as acetoclastic methanogenesis, nitrification and the marine bioluminescent marine 
bacterium, Aliivibrio fischeri (Microtox assay). The toxicity was often either in the same range or 
moderately lower than the parent DNAN depending on the test system and the specific 
intermediate. However, only an N-acetylated DAAN metabolite was distinctly less toxic than 
DNAN by many orders of magnitude. Staggered bioassays revealed methanogen inhibition 
increased sharply early as reactive intermediates formed during nitro-group reduction but the 
inhibition reversed when dimers were formed. Aliivibrio fischeri tolerated the early intermediates 
but progressively became more inhibited as dimer levels accumulated over longer 
biotransformation time periods. To evaluate ecotoxicity, zebrafish embryo were utilized as the 
model system. Intermediates of DNAN biotransformation caused detectable developmental and 
behavioral toxicity in zebrafish embryos. Most concerning was the high level of developmental 
toxicity caused by a surrogate azo-dimer intermediate and 4-methoxy-5-nitroaniline (iMENA) 
(both at 6.4 µM) as well as evidence of locomotor toxicity caused by DAAN at higher 
concentrations. In staggered assays significant increase in acute mortality was observed at the 
onset of dimer formation. The toxicity tests clearly indicate that intermediates of DNAN 
biotransformation are often still quite toxic, thus the goal of remediation should be to achieve 
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environmentally safe end points such as irreversible covalent incorporation into humin (“bound 
residue”) or complete biodegradation to mineralized products (“mineralization”). 

NTO was also readily reduced to its corresponding heterocyclic amine, 3-amino-1,2,4-triazol-
5-one (ATO) under anaerobic conditions in soil via a microbially catalyzed reaction requiring an
electron donor. Under aerobic conditions in aqueous soil suspensions, NTO was not
biotransformed; whereas, under anaerobic conditions ATO was not degraded further. Full
biodegradation could be achieved by properly sequencing redox reactions. NTO must first be
reduced to ATO to subsequently be able to mineralize it under aerobic conditions. NTO
degradation was achieved in a continuously fed aerobic biotrickle reactor. The reduction of NTO
in an aerobic bulk environment of the reactor was plausible due to the presence of putative
anaerobic microniches in the reactor’s biofilm. ATO was fully biodegraded as the sole C and N
source by a sustainable enrichment culture (EC) developed from soil inoculum. The EC
mineralizes C in ATO completely to CO2 and the N in ATO by approximately 50% to NH3 and
the other 50% to N2. The EC requires O2, indicating at least one O2- dependent step. Clone library
studies indicated a possible role of Hydrogenophaga previously implicated in oxidative 4-
aminobenzenesulfonate degradation and Hyphomicrobium, known for C1 metabolism.
IMC adsorption studies were carried out with the clay, montmorillonite and the iron oxides,
goethite and ferrihydrite. DNAN and its daughter product, MENA were adsorbed strongly by the
layer silicate clay; whereas NTO and to a lesser extent ATO was adsorbed by the iron oxides. K+

enhanced DNAN adsorption to the clay due to its lower hydration shell compared to other major
cations, enhancing the innersphere complexes.

Common occurring soil minerals can cause transformation reactions. Birnessite (MnO2) and 
ferrihydrite. During reductive (bio)transformation of DNAN and NTO, the progressive 
replacement of electron withdrawing nitro-groups by amino groups, increases the oxidative 
susceptibility of the IMC molecules and they were rapidly oxidized by birnessite. In contrast, the 
parent compounds, DNAN and ATO were completely resistant to oxidation. ATO was extensively 
oxidized to safe end products consisting of CO2, NH3 and urea during the reaction with birnessite. 
Lastly, the mixed valent iron containing mineral, green rust, reduced DNAN in the time scale of a 
few days and NTO in the time scale of minutes to the corresponding amine daughter products. 

Benefits. The most important benefit of the project is the recognition that IMCs can be converted 
by a sequence of reduction and oxidation (or substitution) reactions to environmentally safe end 
points. The sequence is required since our study shows that primary daughter products are still 
quite toxic and yet significantly more prone to oxidation. The sequence enables extensive 
degradation of NTO by forming ATO which in turn is extensively mineralized by aerobic bacteria 
or birnessite to CO2, NH3, N2 and urea. The sequence also enables extensive incorporation of 
DNAN into NOM by first reducing it to aromatic amines that later undergo nucleophilic 
substitution reactions with quinone moieties in NOM creating irreversible covalent bonds. The 
mass ratio of OC to DNAN was identified as a parameter predicting humus-bound residue 
formation, with the implication of NOM addition enhancing the remdiation of amines. 

Other benefits include the discovery that iron oxides in soil can significantly adsorb NTO. 
Adsorption of DNAN in clay soils can be greatly increased by adding K+ to soil. The project also 
demonstrates the importance of both soil minerals and bacteria in the transformation of IMCs. And 
lastly, an enrichment culture was developed that reliably mineralizes ATO as sole C and N-source 
to benign products, CO2, NH3 and N2, with potential for bioaugmentation applications. 
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1. OBJECTIVES 
The Department of Defense (DoD) plans to increase the use of two new insensitive munitions 
compounds (IMC), 3-nitro-1,2,4-triazole-5-one (NTO) and 2,4-dinitroanisol (DNAN), yet little is 
known about their environmental behavior. In order to better understand the environmental fate of 
these IMCs, the goal of this project is to study the interaction of biological and abiotic processes 
in the soil that collectively contribute to their conversion and attenuation under different 
biogeochemical conditions. The project sought to provide a better understanding of the potential 
risk for the accumulation of toxic (bio)transformation intermediates and provide a scientific basis 
to predict the long-term fate of the IMCs to either mineralized products, bound residue in humus 
or tightly adsorbed species based on soil composition and biogeochemical conditions. 
This study evaluated the interaction of 
microbial and abiotic factors in soil 
leading to the conversion of IMCs to 
potentially toxic (bio)-transformation 
intermediates and environmentally safe 
end points such as mineralized products 
or bound residue in humus (Figure 1.0-
1.). The first goal was to evaluate the 
environmental fate of IMCs as a function 
of soil type from selected soils 
representing a range of soil 
characteristics. The fates that were 
monitored included IMC sorption to soil, 
and (bio)transformation yielding 
intermediate compounds, mineralized 
products and/or humus-bound residue. 
Based on the fates observed, soils were 
selected for further study to elucidate the 
main mechanisms of sorption, 
biodegradation and/or abiotic 
transformation. This information was 
combined to test the hypothesis that small structural modifications catalyzed by abiotic or biotic 
reactions will determine the ultimate fate of IMCs (mineralized versus bound residue in humus). 
Lastly, the consequences of the findings were assessed by evaluating the microbial and ecological 
toxicity of IMCs and their (bio)transformation products. The overall objective was to understand 
which mechanisms lead to the conversion of IMCs to safe end products so as to predict which soil 
conditions are suitable for attenuating IMCs and to apply measures for improving attenuation. The 
specific objectives of the project dictated the five main research tasks: 
 

1) Attenuation and fate of IMCs over a range of upland soil types; 
2) Mechanisms of biodegradation and biotransformation of IMCs in soils; 
3) Mechanisms of sorption and abiotic transformation of IMCs in soils; 
4) Interaction of biotic/abiotic mechanisms dictating the fate of IMCs 
5) Microbial and ecological toxicity of IMCs and their (bio)transformation products  

Figure 1.0-1. Overview of research project. 
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2. BACKGROUND

2.1. Background on Insensitive Munitions Compounds 

Conventional explosive compounds such as 2,4,6-trinitrotoluene (TNT) and 1,3,5-
trinitroperhydro-1,3,5-triazine (RDX) are falling out of favor with the military because they are 
prone to serious accidental explosions 2. The military is thus replacing conventional explosives 
with new insensitive munitions. Insensitive munitions are those munitions which reliably fulfill 
their performance, readiness and operational requirements on demand, but which will minimize 
the violence of a reaction and subsequent collateral damage when subjected to unplanned heat, 
shock, mechanical stress, electromagnetic energy, or radiation3-5. Two insensitive munitions 
compounds (IMCs) have become the most widely used replacements in munitions formulations. 
They are 2,4-dinitroanisole (DNAN) 2,5 and 3-nitro-1,2,4-triazol-5-one (NTO) 5-7 (Figure 2.1-1), 
which are used to replace TNT and RDX, respectively. 

Table 2.1-1. Important properties of IMC relevant for environmental chemistry in 
comparison to conventional explosives they replace† 
IMC MW pKa aqueous solubility Log Kow 

g mol-1 mg L-1 
TNT 227 N/A* 100 1.62 
DNAN 198 N/A 276 1.61 
RDX 222 N/A 60 0.87 
NTO 130 3.76 12,800 0.21 

*Not applicable.
†References for DNAN 8; references for NTO 7,9,10; references for TNT and RDX 11,12.

Important environmental chemistry properties of DNAN and NTO are provided in Table 2.1-1. 
DNAN has a limited solubility of a few hundred mg L-1 at room temperature. Nonetheless DNAN 
is somewhat more soluble in water than TNT. However NTO is very soluble with an aqueous 
solubility of tens of thousands of mg L-1, greatly exceeding that of RDX by three orders of 
magnitude, indicating that NTO is much more polar and soluble than any of the commonly used 

Figure 2.1-1. Chemical structures of DNAN and NTO 
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explosive compounds. Similar trends are also evident for the logarithm of the octanol-water 
coefficient (Log Kow, a measure of hydrophobicity). DNAN is moderately hydrophobic with a 
Log Kow value almost the same as TNT. On the other hand NTO has an estimated Log Kow value 
that indicates it is very polar 10, which is distinct from the clearly more hydrophobic Log Kow 
value for RDX. 

2.2. Background on Adsorption of Insensitive Munitions Compounds by Soil Components 

The IMCs DNAN andNTO13,14 have been shown to undergo microbially-mediated reductive 
transformation under anoxic conditions, as commonly occurs within bio-active soil aggregates 
subjected to precipitation events. As indicated elsewhere in this report, DNAN, the nitroaromatic 
IMC, undergoes biotransformation under anoxic conditions to form 2-methoxy-5-nitroaniline 
(MENA) 15. Likewise, previous work has shown that NTO undergoes reductive biotransformation 
to 3-amino-1,2,4,triazole-5-one (ATO)16. Therefore, an assessment of adsorptive partitioning of 
DNAN and NTO on surfaces should also include their (bio)transformation products MENA and 
ATO in order to predict more comprehensively the environmental fate of these IMCs. 

Organic matter is commonly assumed to dominate the sorptive retention of hydrophobic 
organic contaminants in soils, but the affinity of organic compounds for mineral surfaces can also 
be very high, particularly for compounds comprising polar functional groups, such that significant 
underestimates of contaminant retention may result from consideration of organic matter alone 17. 
The siloxane surfaces of layer silicate clays, such as smectite, have been shown to be effective 
sorbents for nitroaromatic compounds (NACs) 17-19. The type of exchangeable interlayer cation 
(e.g., K+ versus Na+) has also been shown to affect the uptake of nitroaromatics by layer silicate 
clays:  cations of lower hydration energy (e.g., K+ relative to Na+) may increase adsorptive affinity 
17,18,20, highlighting the potential for significant effects on organic sorptive retention of relatively 
small changes in mineral surface chemistry.  In prior work, silicate clays have been shown to 
exhibit pH-dependent affinity for nitrogen heterocyclic compounds (NHCs) such as acridine 21 or 
quinoline 22, although with significant modulating effects of exchangeable cation or adsorbed 
natural organic matter.    

Metal (oxyhydr)oxides are ubiquitous soil constituents that can also affect contaminant 
retention at their variably-charged hydroxylated surfaces.  Iron (oxyhydr)oxides such as goethite 
and lepidocrocite present polar, pH-dependent charged surfaces that can affect electrostatic or 
covalent bonding of aromatic compounds comprising charged or polar functionalities 23,24.  
Whereas manganese (III, IV) oxides also represent a significant fraction of reactive interface in 
soils, they are among the strongest oxidants outside of molecular oxygen present in soils 25.  For 
example, the Mn(IV) oxide birnessite was observed to oxidize aromatic amines such as toxic p-
methoxyaniline and α-naphthylamine26 and converted catechol (dihydroxybenzene) to 
polymerized products and CO2 27. The oxidation and subsequent polymerization of aromatic 
amines into larger and/or smaller molecular weight compounds is a potential mechanism for 
reducing their mobility in soils.   

Despite the fact that layer silicate clays and metal oxides dominate the reactive interfacial 
area of soil systems 28, the adsorption-desorption behavior of new IMCs at such surfaces remained 
poorly known prior to this project.  This left a significant gap in our ability to develop mechanistic 
models of the transport and fate of these contaminants in aqueous mineral soil systems, which are 
the principal recipients unexploded IMC residues. An improved understanding of IMC 
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environmental fate requires a knowledge of how these contaminants react at representative mineral 
surfaces, including the charged siloxane surfaces of layer silicate clays and the hydroxylated 
surfaces of metal (oxy)hydroxides. Therefore, the objectives of the adsorption experiments 
conducted as part of the study (discussed in Sections 3.4 and 4.1 of this report) were to (1) 
determine the adsorption affinity of the IMCs DNAN and NTO, as well as their microbial reduction 
products MENA and ATO, in abiotic aqueous suspensions of smectite, goethite and birnessite and 
(2) assess whether any abiotic transformation reactions may ensue as a result of sorbent-sorbate 
interaction. 
 
 
2.3. Background on Biodegradation and Biotransformation of IMC 
 
Nitroaromatic compounds (NAC) with two or more nitrogroups are not prone to becoming 
extensively biodegraded by a large diversity of microorganisms. The electron withdrawing 
character of the nitro-group impedes oxidative mechanisms of attacking polynitroaromatic 
compounds 29,30. This accounts for the persistence of explosive compounds in aerobic subsurface 
environments for decades 31,32. A few remarkable strains of aerobic bacteria have developed 
mechanisms of extensively biodegrading NAC with two nitro-groups such as via the formation of 
a Meisenheimer hydride complex resulting from the reduction of the aromatic ring 33. In contrast, 
TNT with three nitro groups is not extensively biodegraded to mineralized products, instead TNT 
is susceptible to reductive biotransformation whereby the nitro-groups are reduced to 
hydroxylamine and amine groups 29,34.  
Nitro-group reduction proceeds via three two-electron transfers generating nitroso- and 
hydroxylamine intermediates before fully reducing the nitro-group to an amine (Figure 2.3-1) 35. 
The nitro-groups of NAC are susceptible 
to abiotic reduction such as by iron 
(Fe2+) adsorbed onto iron oxides 36-38 or 
via redox mediators, transferring 
electrons from hydrogen sulfide (H2S) 
38-40. In the subsurface, Fe2+ and H2S are 
biogenic compounds produced by iron-
reducing and sulfate reducing bacteria. 
Riboflavin produced by a bacterium 41 
abiotically reduced a RDX. Likewise 
NAC are reduced by a wide diversity of microorganisms such as methanogens, sulfate reducing 
bacteria, Clostridium spp and intestinal bacteria 34,42-44. The best described enzymes are broad-
spectrum nitroreductases (containing flavin groups) in microorganisms 35. Aside from 
nitroreductases, there are potentially other enzymes in anaerobic microorganisms that reduce 
nitroaromatic compounds. For example, an Fe-only hydrogenase from Clostridium acetobutylicum 
reduced TNT to hydroxylamine intermediates 45. 

Nitro-group reduction is thus carried out by a combination of abiotic and/or biotic factors, 
necessitating the term, “(bio)transformation” to describe the reductive transformation of 
explosives. Both chemical and enzymatic reactions are responsible for reducing nitro-groups and 
bulk chemical reducing agents (Fe2+ and H2S) and some redox mediators (e.g. riboflavin) are 
themselves biogenic compounds produced by microbial activity. 
 

Figure 2.3-1. Pathway of reductive (bio)-
transformation of nitro aromatic compounds to 
aromatic amines 
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2.3.1. Biodegradation and biotransformation of DNAN 
There have previously only been a few studies examining the biodegradation and 
biotransformation of DNAN. Most studies have examined reductive cometabolism of DNAN 
resulting in the reduction of one or two of the nitro-groups. In anaerobic bioreactors, DNAN was 
reduced to 2,4-diaminoanisole (DAAN) 46. Under anaerobic conditions, several pure strains of 
bacteria reduced DNAN to 2-methoxy-5-nitroaniline (MENA) and DAAN 47. Under aerobic 
conditions DNAN was reduced to MENA in a soil slurry supplemented with carbon and nitrogen. 
A Bacillus strain isolated from the soil converted DNAN to MENA and 2-hydroxylamino-4-
nitroanisole, 2-N-acetyl-4-nitroanisole and 2-N-acetyl-4-nitrophenol 48. The O-demethylation of 
the methoxy group was confirmed by formation of formaldehye. Cell free extracts of the Bacillus 
culture yielded formation of 2-nitroso-4-nitroanisole. Collectively the cometabolism of DNAN 
indicates the pathways illustrated in Figure 2.3-2. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.3-2. Pathways of aerobic and anaerobic cometabolism reported in the literature. 
 
 
Under aerobic conditions, a highly specialized bacterial strain, Nocardioides sp strain JS1661, was 
recently shown to catalyze the O-demethylation of DNAN to 2,4-dintrophenol (DNP) and 
subsequently extensively degrade DNP via a Meisenheimer hydride complex as evidenced by the 
stoichiometric release of nitrite 49,50. A proposed pathway is provided in Figure 2.3-3. 
 
 
 
 
 
 
 
 
Figure 2.3-3. Aerobic DNAN biodegradation pathway of Nocardioides sp strain JS1661 
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2.3.2. Biodegradation and biotransformation of NTO 
The first studies of NTO biodegradation were conducted by Le Campion et al. 16,51. The bacterium, 
Bacillus licheniformis, utilized in their studies was found to cometabolize NTO in the presence of 
15 g L-1 sucrose at pH 6 by 
reducing the nitro-group to an 
amino group yielding 3-amino-
1,2,4-triazol-5-one (ATO) as an 
intermediate. Subsequently after 
raising the pH to 8, B. 
licheniformis biodegraded ATO to 
CO2 and urea 16as shown in Figure 
2.3-4. The microsomal fraction of 
rat liver also reduced NTO to 
ATO when incubated 
anaerobically with NADH. 
However when microsomal 
fraction of the rat liver is exposed 
to air, NTO is converted to 
urazole and nitrite is released in 
the process 51 as illustrated in 
Figure 2.3-4. Circumstantial 
evidence of NTO biotransformation has also been witnessed by observing greater decrease of NTO 
concentration in soil as compared to heat sterilized soil 52,53. 
 
2.3.3. Irreversible covalent incorporation of aromatic amines into humus 
The cometabolic and anaerobic (bio)transformation of DNAN results in the formation of aromatic 
amines.  The aromatic amines are reactive in soils and sediments. There is strong evidence that 
they become covalently linked with the soil humus 54-57. As such, the aromatic amines become 
irreversibly incorporated into soil humus with an expected 
low bioavailability that coincides with a demonstrated 
lowered ecotoxicity 58,59. Two major mechanisms can 
account for extensive incorporation into humus. The first 
mechanism involves substitution reactions that cause 
covalent bonding of amines with ketones and quinones 60-

63 as shown in Figure 2.3-5, illustrating the formation 
anilino-hydroquinone by reaction of an aromatic amine 
with a 1,4-benzoquinone. The second mechanism involves 
the one-electron oxidation of aromatic amines resulting in 
the formation of cation radicals. The formation of the 
cation radical causes coupling between aromatic amines 
or between aromatic amines and soil humus. Extracellular 
oxidative enzymes such as laccases and peroxidases 64-67 
can catalyze the oxidative coupling under aerobic 
conditions; however oxidized manganese-containing 
minerals (e.g MnO2) also catalyze the one electron 

Figure 2.3-4. Pathways of NTO biotransformation and 
biodegradation 

Figure 2.3-5. Postulated 
nucleophilic substitution of the 
aromatic amine, 2,4-
diaminoanisole (DAAN), with a 
quinone moiety in humus. Mineral 
oxides of Fe and Mn are expected to 
regenerate quinone from 
hydroquinone. R = rest of molecule. 
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oxidation of aromatic amines and subsequent coupling in anaerobic environments 25,26,68 as shown 
in Figure 2.3-6. 
 
 
 
 
 
 
 
 
 
 

 
 
2.4. Ecotoxicity of DNAN and NTO 
 
In the last five years, considerable development has occurred in toxicity evaluation of DNAN to 
aquatic, terrestrial, and other relevant ecological toxicity organism models 69,70. The fifty-percent 
lethal concentrations (LC50) of DNAN for different species have been determinered: freshwater 
crustaceans (Daphnia carinata 48-h LC50 – 14.9 mg L-1 71; Ceriodaphnia dubia 48-h LC50 = 42 
mg L-1; Daphnia pulex 3-d LC50 = 18-20.3 mg L-1) 70, Northern leopard frog (Rana pipiens 96-h 
LC50 = 24.3 mg L-1) 72, earthworm (Einsinia andrei 7 d-LC50 = 98 mg kg-1) 69, fathead minnow 
(Pimephales promelas 48-h LC50 37 mg L-1) 70, and adult zebrafish (Danio rerio, 48 h-LC50 = 35 
mg L-1) 73.74. In addition to mortality, there are also considerable toxic effects at sublethal 
concentrations. A median effective concentration (EC50) that was less than half the lethal values 
(48h-EC50 = 31 mg kg-1 soil) was determined in toxicant avoidance tests with E. andrei 69. The 
phytotoxicity of DNAN has been evaluated in ryegrass growth assays monitoring shoot elongation 
(Lolium perenne, 19 d-EC50 = 7 mg kg-1) 69. While the primary endpoint in ecotoxicity studies has 
been lethality, DNAN sublethal effects should also be evaluated in in vivo models since many 
NACs are mutagenic to different types of organisms, including bacteria, algae, plants, 
invertebrates, and mammals 75-77. Recently, exposure to sub-acute toxicity concentrations of 
DNAN was also found to induce significant DNA damage in a freshwater crustacean D. carinata 
71. 

In some assays DNAN has been shown to be significantly less toxic than TNT, for example 
the lethal concentration calculated for DNAN in bioassays with larval fathead minnows (P. 
promelas) was one order of magnitude higher (96-h LC50 = 37 mg L-1) 70 compared to the 
corresponding value reported for TNT (3.1 mg L-1) 78. Likewise, DNAN was seven-fold less toxic 
to D. carinata (48-h LC50= 14.9 mg L-1) than TNT (2.3 mg L-1) 71.  

Information about the ecotoxicity of NTO is still limited. Concern about the potential 
environmental impact of NTO is compounded by the high mobility of this chemical. 

Figure 2.3-6. Postulated one-electron oxidation of the aromatic amine, DAAN, to form a 
cation radical. The cation radicals either react with each other to form azo-dimers, diphenyl 
amines and oligomers or they couple with humus to become irreversibly covalently bound. 
Mineral oxides = manganese oxide. R = rest of molecule. 
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Measurements of the dissolution of different IMC formulations showed that those containing NTO 
are likely to reach the groundwater in the absence of biotransformation 79. 

A few recent studies have reported on the aquatic toxicity of NTO. This compound was 
shown to exert very low toxicity in growth inhibition assays with the freshwater organism C. dubia 
(48-h LC50 = 460 mg L-1) and the unicellular green algae Selenastrum capricornutum (lowest 
observable effect concentration or LOEC = 2680 mg L-1) 80. NTO, however, was found to be more 
toxic to tadpoles. In toxicity assays performed with leopard frog tadpoles, the lowest observed 
effect concentration for survival (28-d LOEC) for NTO was 5 mg L-1, while the LOEC value for 
TNT was 0.003 mg L-1 72. Although these results suggest that NTO is less toxic than traditional 
explosives, only a limited number of organisms have been tested to date. With regard to the 
mutagenic potential of NTO to aquatic species, Reddy and coworkers 81 reported that this IMC 
was not mutagenic in the Ames test or in Escherichia coli 81.No work has been done prior to this 
SERDP project on the toxicity of IMC biotransformation projects. 
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3. MATERIAL AND METHODS 
 
 
3.1. Materials 
 
3.1.1. Chemicals 
3-nitro-1,2,4-triazol-5-one (CAS# 932-64-9, NTO, purity > 95%) was purchased from Interchem 
(San Pedro, CA, USA) and ATO (CAS# 1003-35-6, purity > 95%) from Princeton BioMolecular 
Research (Monmouth Junction, NJ, USA) or synthesized.82,83 3-hydroxyamino-1,2,4-triazol-5-one 
(CAS# 134706-78-8, HTO) was also synthesized based on a method adapted from Le Campion 
and Ouazzani.84 The structures of ATO and HTO were verified with high resolution quadrupole-
time-of-flight mass spectrometry (QToF-MS, see below).82 Uniformly ring labelled 14C-DNAN 
(77 mCi mmol-1) was obtained from American Radiolabeled Chemicals, Inc. (St. Louis, MO, 
USA). 2,4-dinitroanisole (DNAN; CAS # 119-27-7, 98% purity) was purchased from Alfa Aesar 
(Ward Hill, MA) and 2-methoxy-5-nitroaniline (MENA; CAS # 99-59-2, 98% purity) and DAAN 
(CAS# 615-05-4, analytical standard) were purchased from Sigma–Aldrich (St. Louis, MO).85,86 
To study the toxicity of DNAN (bio)transformation products, monomer products and azo-dimer 
and trimer surrogates were acquired for bioassay with acetoclastic methanogens and the marine 
bioluminescent bacterium, Allivibrio fischeri.87 3-nitro-4-methoxyaniline (CAS# 577-72-0, 
denoted “iMENA”, purity 97%) was obtained from Accela ChemBio Inc. (San Diego, CA, USA). 
N-(5-amino-2-methoxyphenyl) acetamide (CAS# 64353-88-4, denoted “Ac-DAAN”, purity 95%) 
was purchased from ChemBridge Corporation (San Diego, CA, USA). 2,2′-dimethoxy-4,4′-
azodianiline (CAS# 6364-31-4, denoted “dimer L”, purity >90%) was acquired from MolMall Sarl 
(Lonay, Switzerland). Bismarck Brown Y (m-Bis(2,4-diaminophenylazo)-benzene, CAS# 8005-
77-4, denoted “BBY”, dye purity 46%) was obtained from Chem-Impex International (Wood Dale, 
IL, USA). N-methyl-p-nitroaniline (CAS # 100-15-2, MNA, 97% purity) was obtained from Alfa-
Aesar (Ward Hill, MA, USA) and N-methyl-p-phenylenediamine (CAS# 5395-70-0, MPD, 98% 
purity) was acquired from AK Scientific (Union City, CA, USA).88 All other chemicals used were 
analytical reagent or HPLC grade. 
 
3.1.2. Soils and inoculum 
All soils were collected within 20 cm from the surface. Roger Road soil was collected from the 
University of Arizona Campus Agricultural Center in Tucson, AZ. Catlin agricultural soil was 
from Illinois.89 Maricopa soil was collected from the University of Arizona Maricopa County 
Agricultural Station in Maricopa County, AZ. Camp Navajo (AZ), Camp Butner (NC), Camp 
Ripley (MN), and Florence (AZ) soils were collected by CH2M HILL at U.S. National Guard 
bases. All soils, with the exception of Catlin and Roger Road soils, were immediately placed on 
ice and shipped overnight to the laboratory. Roger Road (AZ) soil was immediately transferred to 
the laboratory. All soils with the exception of Catlin were sealed to maintain original moisture, 
while Catlin soil was air-dried. All soils were sieved (2 mm) and stored at 4 °C until used in 
experiments. Soil used to understand sequential anaerobic-aerobic biodegradation of NTO90 was 
collected from the garden of Gortner Laboratory on the University of Minnesota campus (St. Paul, 
MN, USA). Granular sludge85 was obtained from a full-scale upflow anaerobic sludge blanket 
reactor located at an industrial brewery wastewater bioreactor (Mahou, Guadalajara, Spain). 
 
3.1.3. Humin purification 
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Humin was purified from IHSS (International Humic Substances Society)91 Pahokee Peat soil in 
order to investigate if additional endogenous organic carbon from soil and artificially added humin 
would increase significantly the amount of 14C-labeled DNAN incorporation. Five grams of 
Pahokee Peat Soil were added to 50 mL of 0.5 M NaOH, and placed in a rotating tumbler for four 
hours. Then, samples were centrifuged (10 min, 4,000 rpm) and the liquid was decanted. This 
alkaline hydrolysis cycle was repeated ten times. Remaining solids were washed with a 18 mM 
phosphate buffer (pH=7.2) until circumneutral pH was achieved. Purified humin was dried 
overnight in an oven (60 °C) and ground in a mortar before use.  
 
 
3.2. Analytical Methods 
 
3.2.1. HPLC-DAD 
DNAN, MENA, and DAAN were quantified on an ultra-high performance liquid chromatograph 
coupled to a diode array detector (UHPLC-DAD) with an Acclaim RSLC Explosives E2 column 
(2.1×100 mm, 2.2 μm) (Thermo Fisher Scientific, Waltham, WA, USA) and a methanol/H2O 
eluent (isocratic 40/60, v/v, 0.25 mL min−1) at room temperature.83,87 Detection wavelengths and 
retention times were (nm:min) 300:9, 254:5, and 210:2.3 for DNAN, MENA, and DAAN, 
respectively. NTO, HTO, and ATO were also analyzed by UHPLC-DAD (using an Agilent 1200 
series instrument; Santa Clara, CA).82,83,90 Samples were diluted (1:3) into 0.1% trifluoroacetic 
acid (TFA) buffer prior to analysis. Injections (5 μL) were separated with a Hypercarb column 
(150 mm × 4.6 mm, 5 μm pore size) at a temperature of 30 °C based on Le Campion et al.92 The 
mobile phase (1 mL min–1) was operated under the following v/v ratios of 0.1% TFA aqueous 
buffer and acetonitrile: 0–3 min 100/0; 11 min 85/15; 15 min 50/50; 17 min 50/50; 19 min 100/0; 
20 min 100/0. NTO was detected at 15 min/340 nm, HTO at 13 min/360 nm, and ATO at 8.9 
min/216.5 nm. 
 
3.2.2. UHPLC-Q-ToF-MS 
MENA, DAAN, and oligomer products in the liquid phase were semi-quantified without internal 
standards on an UltiMate 3000 UHPLC (Dionex, Sunnyvale, CA) using the same chromatography 
parameters and column described above for UHPLC-DAD, that was coupled to a TripleTOF 5600 
quadrupole time-of-flight mass spectrometer (Q-ToF-MS) (AB Sciex, Framingham, MA, 
USA).85,87 Oligomeric products of MNA were also characterized by Q-ToF-MS as described 
herein.88 The Q-ToF-MS was run with an electrospray ionization source in positive mode at 450 
°C with a capillary setting of 5.5 kV, and a declustering potential of 80 V. N2 was used as curtain 
gas, desolvation gas, and nebulizer gas at 30, 35, and 35 psi, respectively. Transformation products 
were detected and quantified by integrating accurate, selected parent ion (M+H+) mass 
chromatogram peaks from a survey scan (m/z 30–1000) based on newly detected, and previously 
characterized, transformation products. Semi-quantitative comparisons of transformation product 
abundances were determined based on integrated peak areas of parent mass ions extracted from 
mass chromatograms using a 10 mDa window centered on the calculated masses. AnalystTF 1.6 
with PeakView 1.2.0.3 and MultiQuant version 2.1 were used to develop ion lists and to quantify 
individual ion masses from integrated mass chromatogram peaks. 

QToF-MS analysis was used to confirm the exact mass of ATO and HTO82 as well as inspect 
any ATO-birnesite products.83 ATO ([M + H]+ = 101.0447 detected, 1.1 ppm from expected) was 
verified via direct infusion of a 1 mg L–1 solution in positive mode. HTO ([M + H]+ = 117.0390 
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observed, 1.7 ppm from expected) was verified as well. QToF-MS analyses were also used to 
screen for metabolites in selected microcosms. Microcosm contents were centrifuged and diluted 
(1:10–1:20 final dilution in water v/v) before infused directly into the QToF-MS. Spectra were 
obtained in both positive and negative mode, and a mass range of 35–600 m/z was acquired. 
Analyst TF 1.5.1 (and later Analyst TF 1.6) and Formula Finder 2.02.0 were used to process data. 
 
3.2.3. Ion chromatography 
Ammonium (NH4+), nitrite (NO2–), and nitrate (NO3–) were measured with ion chromatography 
(IC) for assays investigating the aerobic degradation of ATO.82 The IC analyses were performed 
on an ICS-3000 system (Dionex, Sunnyvale, CA) with a split flow for simultaneous anion and 
cation analysis on an AG18 RFIC column (4 × 50 mm, Dionex) and IonPac CG16 RFIC column 
(3 × 50 mm, Dionex), respectively. The eluent flow rate for anion analysis was 1 mL min–1 and 
for cation analysis 0.5 mL min–1. 
 
3.2.4. Methane analysis by GC-FID 
The concentration of methane in serum flasks headspace was determined by gas chromatography 
using an HP5890 Series II system (Agilent Technologies, Palo Alto, CA) equipped with a flame 
ionization detector (GC-FID)88 and a DB-FFAP capillary column (J&W Scientific, Palo Alto, CA) 
with helium at a flow rate of 9.3 mL/min and a split flow of 32.4 mL/min. according to Ochoa et 
al.93 Headspace samples (100 mL) were collected using a pressure-lock gas syringe. 
 
3.2.5. Nitrogen and carbon dioxide analysis by GC-TCD 
An Agilent Technologies 7890A Gas Chromatography (Santa Clara, CA) was used to measure the 
concentration of gas phase N2. The GC was equipped with a Supelco Mol Sieve 5A PLOT column 
(30 m x 0.32 mm). The inlet was heated to 150 °C (splitless mode). Helium was used as carrier 
gas at a flow rate of 7 mL min-1. The oven temperature was kept at 32 °C, and the TCD detector 
was heated to 230 °C. To measure the carbon dioxide from closed bottle systems the same GC 
system was utilized an Agilent Technologies J&W 113-4332 GS-GASPRO column was used (30 
m x 0.32 mm). A helium gas flow was heated to 200 °C and kept at a pressure of 14.68 psi. The 
total flow rate was 25.9 mL min-1. A total carbon detector was used to measure the signal at 50 
Hz.  
 
3.2.6. Ultraviolet-visible (UV-Vis) analyses coupled to zebrafish toxicity 
In an effort to consider transformation products of MENA (2-methoxy-5-nitroaniline) that might 
be difficult to separate chromatographically or ionize by electrospray ionization, and couple them 
to zebrafish toxicity,94 UV-vis spectra were recorded along the incubation course and summarized 
as an oligomer index, based on the ratio of absorbance at 400 nm to 254 nm, the former wavelength 
being chosen to quantify polymers95 that have visible absorbance (e.g., azo dyes) and the latter 
being a common wavelength for aromaticity. Ultraviolet-visible (UV-vis) spectra of the 
supernatant from MENA samples incubated for 1 d, 6 d, 9 d, 20 d, and 30 d were recorded (200–
600 nm) in quartz cuvettes with a UV-1800 Shimadzu spectrophotometer. Samples were diluted 
with a 50mM phosphate buffer (pH 7). 
 
3.2.7. Solid phase characterization of the soils 
Soils were characterized for various soil properties including pH, total organic carbon (TOC), 
particle size distribution, and Brunauer–Emmett–Teller (BET) specific surface area. The 
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mineralogy was also characterized. The pH was measured on a 1:5 (w/w) mixture of soil and water 
using a VWR Symphony pH Electrode (VWR International, Randor, PA). External specific 
surface area was determined using the BET dinitrogen gas adsorption method (Beckman Coulter 
SA-3100). TOC was calculated from the difference between total carbon, and total inorganic 
carbon. Total carbon was determined by combustion at 900 °C, and total inorganic carbon was 
determined by phosphoric acid addition followed by combustion at 200 °C using a Shimadzu 
5000A-SSM TOC Analyzer (Columbia, MD). In some cases soil organic carbon was determined 
by loss on ignition.96 For particle size analysis, samples were pretreated for organic matter removal 
and analyzed with a fully automated Beckman Coulter LS 13 320 Laser Diffraction Particle Size 
Analyzer (Fullerton, CA). Mineralogical analysis was conducted on both the bulk soil (powder) 
and oriented clays using a PANalytical X’Pert Pro MPD X-ray Diffractometer (XRD) with Cu–
Kα radiation source for qualitative and quantitative identification of the soil minerals. Samples 
were pretreated for the organic matter removal by oxidation with sodium hypochlorite. For 
oriented clay slides, the soil was dispersed using sodium hexametaphosphate and allowed to settle 
overnight. The clay suspension was used for preparing the oriented aggregate for clay mineral 
identification. Minerals were identified based on the expansion and contraction of d-spacing of 
clay minerals with various treatments. The treatments include saturation with MgCl2, ethylene 
glycol, KCl at 25 °C, and subsequent heating at 300 and 550 °C. Quantitative phase analysis was 
performed using the Rietveld module in X’Pert High Score Plus software following the 
methodology described previously.97  
 
3.2.8. 14C - fractionation 
A protocol for 14C recovery from the gas, liquid, and solid phases of the biotransformation soil 
assays (Figure 3.2-1) was adapted from Dryzga et al.98 The headspace of the flask was trapped by 
purging with nitrogen gas through a series of two 20 mL traps: the first consisted of Opti-Fluor 
scintillation cocktail (Perkin Elmer, Waltham, MA, USA) to trap volatile organic compounds 
(VOCs), and the second was alkaline solution (0.1 M NaOH) to trap CO2. For Liquid Scintillation 
Counting (LSC) the entire contents of the VOC trap were transferred, while only 2 mL of the CO2 
trap were added to 18 mL of Opti-Fluor for the (LSC). For liquid and solid phase analyses, the 
anaerobic tubes were opened and the contents transferred to 15 mL centrifuge tubes. The samples 
were centrifuged (10 min, 4000 rpm). Two mL of the supernatant were mixed with Opti-Fluor for 
LSC. The remaining of the liquid was decanted before addition of 10 mL MeOH to the pellet, 
followed by sonication (15 min) and centrifugation. One mL of supernatant was sampled for LSC 
and mixed with 18 mL of Opti-Fluor for LSC. The procedure was repeated with ethyl-acetate and 
0.5 M NaOH (with 2 mL of extract mixed with 18 mL of Opti-Fluor). After these sequential liquid 
extractions, remaining solids were left to dry at 60 °C overnight. The dry solids (~50 mg) were 
weighed and combusted in a 400x Harvey Oxidizer (R.J. Harvey Instrument Corp., Tappan, NY, 
USA). The oven and the catalyst zones were set to 900 and 700 °C, respectively. N2 and O2 flows 
were 340 and 330 cc min-1, respectively. 20 mL of 0.1M NaOH was used to trap CO2. Two mL of 
the traps were added to 18 mL of Opti-Fluor for LSC. Soil hydrolyzable products with 0.5 M 
NaOH were operationally defined as fulvic and humic acid fraction in soils, whereas the remaining 
organic carbon combusted in the Harvey Oxidizer was operationally defined as humin. The Harvey 
Oxidizer efficiency was 60%, based on unlabeled mannitol combustion using a BaCl2 
phenolphtalein titration method to quantify CO2 trapped in the 0.1 M NaOH solution.99  
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14C in samples containing Opti-Fluor scintillation cocktail were measured using a Tricarb 1500 
Liquid Scintillation Counter (LSC) (Packard, Downers Grove, IL, USA). Measurements were 
performed in triplicate for 1 min counting intervals. LSC efficiency was above 85%. Unless 
otherwise noted, corrections for cpm signal quenching due to coloration was performed in all 
aqueous phases and 0.5 M NaOH samples by adding a known amount of 14C-DNAN after sampling 
to each individual sample and measuring the amount of radiolabel recorded by the LSC. 
 
 
3.3 Bioassays 
 
3.3.1. Inocula and basal medium 
3.3.1.1. Sludges and soil. 
Anaerobic methanogenic sludge (AGS), aerobic return activated sludge (RAS), and nitrifying 
sludge were used as inoculum. AGS was obtained from a full-scale upward-flow anaerobic sludge 
blanket reactor treating wastewater at a brewery (Mahou, Guadalajara, Spain). The sludge was 
washed and sieved to remove fine particles before use in the bioassays. RAS and the nitrifying 
inoculum were collected from local municipal wastewater treatment plants; Ina Road and 
Randolph Park Wastewater Reclamation Facilities (Tucson, AZ, USA), respectively. All sludge 
samples were stored at 4°C. The volatile suspended solid (VSS) content in the methanogenic, RAS, 
and nitrifying sludge was 7.92, 0.25, and 0.53% (wet wt), respectively. The aerobic inocula were 
centrifuged (20 min at 4,000 rpm) and the supernatant was discarded before use in bioassays. 

Seven different agricultural or military surface soils, characterized previously by Krzmarzick 
et al100 were used as inocula. Prior to use, soils were sieved using a 2 mm mesh, and stored in 
sealed plastic bags at 4°C. 

Figure 3.2-1. Schematic of 14C label 
recovery from different fractions after 
DNAN (bio)transformation: gaseous 
and volatile species (VOCs, CO2), 
aqueous (fulvic acids and water-
soluble products), loosely bound 
(sequential liquid extractions with 
methanol (MeOH) and ethyl acetate 
(EtOAc), 0.5 M NaOH extraction 
(humic acids), and combustion in 
Harvey Oxidizer (unextractable and 
humin-bound residues). 
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3.3.1.2. Basal medium. 
All experiments were performed with the basal mineral medium labeled “medium 1”, unless 
otherwise indicated. “Medium 1” was prepared with ultrapure water (NANOpure InfinityTM, 
Barnstead International, Dubuque, IA, USA) and was composed of (in mg L-1): K2HPO4 (250), 
CaCl2•2H2O (10), MgSO4•7H2O (100), MgCl2•6H2O (100), NH4Cl (280), and yeast extract (YE, 
varying concentrations depending on assay). Resazurin (200 mg L-1) was used as a redox indicator 
1 in some experiments. A bicarbonate (48 mM) based buffer was used (with 20% CO2 in 
headspace) for anaerobic assays, while a phosphate buffer (20 mM) was used for aerobic assays. 
Nitrification toxicity bioassays utilized “medium 2” which contained (in mg L-1): NaH2PO4 
(1,500), Na2HPO4 (894), NH4Cl (164), NaHCO3 (899). All media were supplemented with trace 
element solution 2, 0.2-1.0 mL L-1 depending on the assay. The final pH of the basal medium was 
adjusted to 7.0-7.2 with HCl, unless otherwise indicated. 
 
3.3.2. Biotransformation assays 
3.3.2.1. Conventional biotransformation assays with sludge/soil as inoculum. 
The biotransformation of DNAN, NTO and selected DNAN/NTO biotransformation products was 
investigated in aerobic, microaerophilic and/or anaerobic biotransformation assays. The liquid 
volume in all bioassays was 50 or 100 mL, depending on the assay. Aerobic biotransformation 
assays were conducted in glass Erlenmeyer flasks (200 mL) capped with cotton gauze and placed 
on an orbital shaker at 180 rpm. Microaerophilic biotransformation assays were performed in glass 
serum flasks (160 mL) capped with cotton gauze and placed on an orbital shaker at 115 rpm. Due 
to the lower shaking intensity and the higher depth of the liquid medium, the shaking was notably 
less aggressive compared to the fully aerobic treatment. Water was added to compensate 
evaporation during the incubation as assessed weekly by weight measurements. Anaerobic 
biotransformation assays were conducted in glass serum flasks (160 mL) sealed with butyl rubber 
stoppers and aluminum crimp caps. The culture medium and the headspace were flushed with 
N2/CO2 (80:20, v/v) for 5 min to create anaerobic conditions. 

All bioassays included inoculated treatments spiked with the target compound with or 
without cosubstrate; H2 or acetate depending on the experiment.  Abiotic and heat-killed sludge 
control experiments were included to account for the potential removal of the target compound by 
abiotic mechanisms. Inoculated aerobic and microaerophilic bioassays were supplied with RAS 
(0.5 g VSS L-1) or soil (50 g wet weight L-1 in assays with DNAN/MENA, 5-10 g wet weight L-1 
in assays with AT)/NTO). Prior to addition, RAS was centrifuged (20 min at 2,880 g) and the 
liquid medium was discarded. Anaerobic bioassays were inoculated with sieved AGS (1.5 g VSS 
L-1) or soil (50 g wet weight L-1 in assays with DNAN/MENA, 5-10 g wet weight L-1 in assays 
with ATO/NTO). Heat-killed sludge/soil was prepared by autoclaving the sludge (121°C) for three 
consecutive days for 50 min the first day and 20 min the next two days. In selected assays, the soil 
was sterilized with 6 mL of a solution of 6% formaldehyde (v/v) for 18 h 101. In one study, acetate 
(1.9 g L-1) was used as a cosubstrate in both aerobic and microaerophilic biotransformation assays 
with DNAN 85. H2 was used as an electron-donor  in the anaerobic biotransformation assay with 
DNAN 85,102, in selected anaerobic biotransformation assays with NTO/ATO 1, and was supplied 
by pressurizing the flask headspace to 1.0-1.5 atm with a gas mixture (H2/CO2, 80:20 v/v) after 
flushing with N2/CO2. Additional anaerobic NTO biodegradation experiments were conducted 
with various electron donors (20 mM), with and without YE, with Camp Butner soil and included 
the following: acetate, lactate, ethanol, methanol, glucose, pyruvate, citrate, lactose, butyrate, 
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propionate, and formate 1,101. The impact of pH and glucose amendment on NTO and ATO 
degradation was also investigated as described elsewhere1. The assays were incubated in the dark 
at 30°C. In the anaerobic biotransformation assays, the flasks were pre-incubated overnight to 
ensure that the sludge adapted to the medium conditions. The target compound was added to the 
flasks in the following morning. All assays were performed in duplicate. 

Liquid samples were collected periodically for analysis of the target compound (e.g. DNAN) 
and its transformation products. Liquid samples (0.5 mL) were centrifuged immediately (10 min 
at 9,600-13,000 g) and diluted (1:3 to 1:4) in 250-375 mg L-1 ascorbic acid (anaerobic assays) to 
prevent autoxidation of amine products upon air exposure 47,103, and stored at 4oC. Samples were 
analyzed by UHPLC-DAD to evaluate changes in the concentration of the parent compound and 
organic degradation products. UHPLC-QToF-MS analysis was used for structural elucidation and 
quantification of unknown organic degradation products. In selected assays, carbon dioxide (CO2), 
dinitrogen gas (N2) and inorganic nitrogen species (i.e., ammonium, nitrate and nitrite) were 
monitored to evaluate the conversion of the target compound to mineralized products. Samples 
were analyzed within three days, with the exception of some of the samples evaluated with 
UHPLC-QToF-MS. Samples requiring storage for over 3 days were frozen. Dissolved oxygen 
(DO) and oxidation-reduction potential (ORP) were monitored in experiments replicating the 
endogenous and cosubstrate conditions for aerobic, microaerophilic, and anaerobic conditions. 

 
3.3.2.2. Staggered soil/sludge (bio)transformation assays 
Anaerobic bioassays were performed to obtain mixtures of the metabolites formed during different 
stages of the (bio)transformation of DNAN and MENA in soil or sludge microcosms, and evaluate 
their chemical nature and toxicity. Anaerobic tubes (Bellco Glass Inc., Vineland, NJ, USA) were 
filled with 10 mL of mineral medium (pH 7.2, 18 mM phosphate buffer 85) and 500 μM DNAN or 
MENA. The solution was inoculated with 100 mg of fresh Camp Navajo soil, 100 mg of wet Camp 
Butner soil or 75 mg of wet anaerobic sludge. Assays supplemented with MENA were amended 
with 10 mM pyruvate as an exogenous electron donor. The tubes were flushed with He/CO2 (80/20 
%), closed with t-butyl caps and aluminum seals, and subsequently incubated in the dark at 30oC 
in an orbital shaker at 115 rpm. The tubes were incubated according to a staggered timeline to 
ensure that all liquid samples were collected on the same day to facilitate simultaneous toxicity 
testing of all samples and minimize test variability. 

Sampling was performed inside and anaerobic hood to minimize autoxidation from reactive 
products with oxygen. Samples were centrifuged (10 min, 9,600×g), sealed inside the anaerobic 
chamber, and kept at 4 °C before methanogenic and A. fischeri toxicity assays. Aliquots of the 
supernatant were collected for immediate analysis by UHPLC-Q-ToF-MS and for toxicity testing.  
The latter samples were sealed under N2 gas and then frozen (-20°C) for 2 weeks until the zebrafish 
embryo toxicity assays were performed. All experiments were performed in duplicate. 
 
3.3.3. Inhibition Bioassays 
3.3.3.1. Methanogenic toxicity assay. 
Assays were conducted in glass flasks (160 mL) with basal medium 1 (25 mL) supplemented with 
acetate (26 mM) and methanogenic sludge (1.5 g VSS L-1). All flasks were sealed with butyl rubber 
stoppers and then flushed with N2/CO2 (80:20, v/v) for 5 min to create anaerobic conditions. The 
flasks were pre-incubated overnight to ensure that the sludge was adapted to the assay conditions. 
The following day the toxicants were added from concentrated stock solutions. In addition to the 
individual inhibitory compounds, mixtures of biotransformation products in aqueous solutions at 
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a single dilution of 54-fold (with a starting DNAN concentration of 500 µM) were assayed with 
the methanogenic sludge. Separate samples of these aqueous solutions containing mixtures of 
biotransformation products were harvested at different stages of DNAN (bio)transformation in 
order to detect temporal changes in toxicity due to shifting mixture of intermediates and products 
during (bio)transformation. The methane content in the headspace of each flask was measured 
periodically until the production of methane became constant in the toxicant-free controls. The 
maximum specific methanogenic activity of the control was 0.16 g CH4-COD g VSS-1 d-1. 
 
3.3.3.2. Aerobic heterotrophic inhibition assay 
Assays were conducted in serum flasks (160 mL) with medium 1 (25 mL) supplemented with 
acetate (28 mM) and RAS (0.5 g VSS L-1). Flasks were spiked with different concentrations of the 
toxicant, sealed with butyl rubber stoppers, and flushed with He/CO2/O2 (60:20:20, v/v) for 5 min. 
The O2 content in the headspace of each flask was measured periodically until the O2 consumption 
rate resembled that of the endogenous control lacking acetate and toxicant addition. The maximum 
specific O2 consumption activity of the uninhibited control was 28 mg COD g VSS-1 d-1. 
 
3.3.3.3. Nitrification inhibition assays 
Assays were conducted in Erlenmeyer flasks (125 mL) containing basal medium 2 (50 mL) and 
nitrifying sludge (0.5 g VSS L-1). The flasks were spiked with different concentrations of the 
toxicant, and then capped with cotton gauzes to facilitate gas exchange. Liquid samples were 
collected periodically for ammonium analysis. The nitrifying activity of the uninhibited control 
was 19.3 mg NH4+-N g VSS-1 d-1. 
 
3.3.3.4. Microtox 
The Microtox assay was used to characterize the toxicity of the (bio)transformation products and 
surrogates. Exposure at 30 min was monitored for individual toxicants. Microtox was also used to 
evaluate aqueous mixtures biotransformation compounds recovered from different stages of 
DNAN (bio)transformation at a single dilution of 36-fold (with a starting DNAN concentration of 
500 µM).  A Microtox® Model 500 analyzer (Strategic Diagnostics, Inc. SDIX, Newark, DE, 
USA) was used to measured changes in the bioluminescence produced by the marine bacterium 
Aliivibrio fischeri (lyophilized culture of A. fischeri NRRL-B-11177, AZUR Environmental, 
Carlsbad, CA, USA) when exposed to increasing concentrations of the toxicant.  Microbial 
inhibition in Microtox was measured at 25ºC in triplicate experiments as previously described 104. 

All microbial toxicity experiments were conducted in duplicate, unless otherwise indicated. 
The bioassays using sludge were incubated at 30°C in an orbital shaker (115 rpm) in the dark. 
Flasks without toxicant were included in all the assays and served as uninhibited controls. The 
maximum specific O2 consumption, as well as the nitrifying and methanogenic activities were 
calculated from the slope of O2 consumption, ammonium concentration, and cumulative methane 
production; respectively. The activities were normalized with respect to the biomass concentration. 
The initial concentrations of toxicant causing 20, 50 and 80% reduction in activity compared to an 
uninhibited control were referred to as IC20, IC50 and IC80, respectively. 
 
3.3.3.5. Zebrafish embryo assays 
A previously reported protocol 105 was used with slight modifications.  Embryos with intact 
chorions were manually placed in 96-well plates containing embryo medium (EM) at 6 hours post 
fertilization (hpf) and exposed to individual toxicants (10 μL + 90 μL EM) or supernatant solutions 
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of different stages of MENA (bio)transformation (50 μL + 50 μL EM). 32 embryos were exposed 
per concentration and toxicant, and all controls and treatments included 0.64% dimethylsulfoxide 
(DMSO) to aid toxicant dissolution). This concentration of DMSO is known to not cause effects 
in zebrafish embryo assays. Zebrafish embryos were exposed to 0-64 μM concentrations of the 
test compounds, with the exception of MENA and DAAN which had a range 0-640 μM. In all 
cases the concentrations tested were chosen to span five orders of magnitude. The plates were 
incubated at 28oC in the dark. At 24 and 120 hpf, development abnormality and mortality 
assessments were performed (endpoints shown in Table 3.3-1.) 105. Endpoint scoring and statistical 
analyses were performed in R software as described previously 105. 

In addition, at 120 hpf a larval locomotor behavior assay was performed with alternating 
light/dark cycles in a Viewpoint Zebrabox (software version 3.0, Life Sciences, Lyon, France) 106. 
Briefly, at 120 hpf, plates were inserted into the Viewpoint Zebrabox where movement was 
recorded during the following light/dark cycle: initial light acclimation (10 min), light (10 min), 
dark (5 min). Long swimming distance (> 2.5 mm min-1) was averaged across all surviving 
replicates at 120 hpf for a single concentration. Malformed and dead zebrafish were not considered 
in the locomotor assay. Endpoint scoring and statistical analyses were performed according to the 
protocols described 105,106. 
 
 
Table 3.3-1. Zebrafish embryo toxicity endpoints assessed. 
Time Endpoints 

  24 hpf mortality, developmental delay, spontaneous movement, notochord 
120 hpf mortality, notochord, yolk sac edema, body axis, eye defect, snout, jaw, otic 

vesicle, pericardial edema, brain somite, pectoral fin, caudal fin, pigment, 
circulation, truncated body, touch response 
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3.4. NTO/ATO Column Experiments 
 
The degradation of ATO and NTO was studied in a continuous flow reactor using 54 g of soil as 
inoculum. The reactor was made of acrylic material, and its volume was 350 mL (diameter of 5 
cm and column height of 17.8 cm). Approximately 50% of this volume was filled with 1 cm3 
polyurethane sponge blocks (Figure 3.4-1.). The reactor was covered with aluminum foil to avoid 
exposure to light. Humid air was supplied by an air compressor at the bottom of the reactor at a 
flow rate of approximately 400 cm3 min-1 during all the operation periods. The influent was 
supplied at the top of the reactor using a peristaltic pump. The influent (pH 7.4) contained the 
following chemicals (in mg L-1): MgSO4∙7H2O (20), CaCl2∙2H2O (10), MgCl2∙6H2O (20), yeast 
extract (4), KH2PO4 (154), K2HPO4 (673), and 0.2 mL L-1 of a trace elements solution (previously 
described).  Initially, the medium did not contain ATO. On day 13, the medium was supplemented 
with ATO (0.6 mM). On day 76, the concentration of ATO was increased to 1.0 mM, and this 
concentrate on was maintained during the next 152 days. After day 228, ATO was replaced by 
NTO (1.0 mM) and sodium pyruvate (1.8 mM, as an electron donor to drive NTO reduction). The 
reactor was maintained at 22±2°C and it was operated at an empty bed hydraulic retention time 
(HRT) of 42 h during most part of the experiment. The reactor contained a recirculation system, 
and its flow rate was adjusted to 720 mL day-1. The operation of the reactor was divided in four 
periods (I, IIa, IIb and III), as described in Table 3.4-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.4-1. Scheme of 350 mL aerated bioreactor used for NTO and ATO degradation. Legend: 
bottle containing influent (a), peristaltic pump (b), polyurethane foam blocks (c), air compressor 
(d), humid air inlet (e), effluent sampling port (f), and bottle containing effluent (g). The arrow 
indicates the direction of the flow. Influent samples were collected from bottle (a) and effluent 
samples were collected from tube (f).  
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Table 3.4-1. Operational conditions and performance of a laboratory-scale continuous flow reactor treating water containing ATO or 
NTO during different periods. 

Period Compound 
Added 

Days Flow Rate  ATO influent  NTO influent  ATO removal  NTO removal  N-mineralization to 
ions (NH4

+, NO2
-, NO3

-) 

   (mL day-1) (µM) (µM) (%) (%) (%) 

I - 13 154.4±17.2 0±0 0±0 - - - 

IIa ATO 63 146.3±11.7 649.1±107.1 0±0 100±0 - 36.1±21.5 

IIb ATO 152 213.4±48.2 1024.4±54.5 0±0 99.7±1.1 - 37.8±4.5 

IIIa NTO 79 204.2±18.7 48.1±91.3 931±101 - 93.5±5.6b 41.5±5.1 
a Addition of 1.8 mM sodium pyruvate as electron donor 
b Removal efficiency after the reactor reached steady state (day 298 to 310) 
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3.5. Adsorption Studies 
 
The adsorption and desorption of DNAN, MENA, NTO and ATO on representative soil mineral 
sorbents including a 2:1 layer silicate (montmorillonite), an iron oxyhydroxide (goethite), and a 
manganese oxide (acid-birnessite) was quantified as described below.83 These specimen mineral 
constituents were chosen due to their ubiquitous occurrence in soils worldwide, and for their 
representative range of surface chemical properties. The effects of saturated interlayer cation type 
(K+, Na+) on IMC sorption was also investigated.  
 
3.5.1. Mineral synthesis and clay preparation. 
Wyoming montmorillonite (SWy-2) was acquired from the Source Clay Minerals Repository, 
University of Missouri, and added to ultrapure (18 mΩ cm-1) water (1:25 ratio) and dispersed for 
size fractionation by adjustment of the suspension pH value to 8.0 through the addition of 0.01 M 
NaOH. The < 2μm size fraction was collected by extraction of the supernatant suspension 
following centrifugation for five minutes at 1000 rpm. The suspension was then flocculated by 
addition of 0.001 M HCl in 1.0 M NaCl for 20 min, followed by centrifugation for 10 min at 7500 
rpm, and repeated until the pH values of the supernatant and wash solution were equivalent (pH 
3). Clays were then dispersed in 0.01 M NaCl for 20 min, followed by centrifugation for 10 min 
at 7500 rpm, and the process repeated until the pH value of the supernatant reached pH 5.5. The 
clays, suspended in 0.01 M NaCl, were then stored at 2.8°C. The same protocol was followed for 
K+ saturation of the montmorillonite.83 Goethite was synthesized from 2.5 M KOH and 0.15 M 
Fe(NO3)3·9H2O 18 mΩ cm-1 water (4:33 ratio) at 60°C for 24 h. Solids were decanted and washed 
with 0.1 mM HCl solution until the supernatant reached pH 5 and residual nitrate was removed.107 
Birnessite was synthesized by addition of 12 M HCl to boiling 0.4 M potassium permanganate 
solution (33:500 ratio). The precipitate was mixed with 1 mM HCl for 30 min, centrifuged at 
18,000 rpm for 10 min, and repeated until the supernatant reached pH 4, before freeze-drying.108 
Successful birnessite and goethite mineral synthesis was confirmed by synchrotron radiation X-
ray diffraction (SR-XRD) analysis at the Stanford Synchrotron Radiation Lightsource (SSRL) and 
by comparison to previously measured specimen minerals prepared the same methods.109  
 
3.5.2. Batch sorption-desorption method 
IMCs were dissolved in 0.01 M NaCl or 0.01 M KCl solutions at maximum solution phase 
concentrations of 1.0 mmol kg-1 (below aqueous solubility). IMC solution pH was adjusted to 7 
by addition of 0.01 M NaOH or 0.01 M HCl. Approximately 0.4 mL of clay suspension were added 
to perfluoroalkoxy microcentrifuge tubes (reaction vessels; Savillex Corporation, Eden Prairie, 
MN), resulting in a solid concentrations of 9.1 g L-1 and 7.5 g L-1 for Na+-saturated montmorillonite 
and K+-saturated montmorillonite, respectively. IMC solutions were diluted with 0.01 M NaCl or 
0.01 M KCl to achieve known initial concentrations.  

Solid birnessite, goethite and ferrihydrite were added to reaction vessels in solid form to 
prepare suspensions of approximately 15 g L-1. For ferrihydrite, desorption was carried out, also 
at pH 7, in two sequential steps, initially with 0.03 M CaCl2 and then with 0.03 M NaH2PO4. For 
birnessite and goethite experiments, IMC solutions were diluted with 0.01 M NaCl to achieve 
known initial concentrations. All reaction vessels were mixed at 10 rpm on a rotational (end-over-
end) mixer for three hours in the dark at room temperature. Following mixing, solids were 
separated via centrifugation at 12,000 rpm for 10 min using an Eppendorf 5417C bench top 
microcentrifuge. Sorbed concentrations of IMCs were determined by the difference between 
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aqueous initial and final equilibrium concentrations as measured by ultra-high performance liquid 
chromatography (describe above) with diode array detection (DAD) using: 

𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂 =  
𝑪𝑪𝒊𝒊−𝑪𝑪𝒆𝒆
𝑴𝑴𝑺𝑺𝑺𝑺𝑺𝑺

𝑴𝑴𝑺𝑺𝑺𝑺𝑺𝑺                                       [𝟏𝟏] 

where qads is the mass of sorbed IMC per unit mass of solid sorbent (mmol kg-1SLD) at equilibrium 
after the adsorption step, Ci and Ce are the initial and equilibrium IMC concentrations (mmol kg-

1SLN), MSLD is the total mass of solid (kg), and MSLN is the total mass of solution (kg).83  
Following the adsorption step, excess solution was decanted and sedimented pellets were 

suspended in the appropriate background electrolyte solution (0.01 M NaCl or 0.01 M KCl) to 
determine the extent of desorption. Adsorbed IMC concentrations after the desorption step were 
determined by:      

𝒒𝒒𝒂𝒂𝒆𝒆𝒂𝒂 =  𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂 − ��
𝑪𝑪𝒆𝒆,𝒂𝒂𝒆𝒆𝒂𝒂𝑴𝑴𝑺𝑺𝑺𝑺𝑺𝑺

𝑴𝑴𝑺𝑺𝑺𝑺𝑺𝑺
� −  �

𝑪𝑪𝒆𝒆,𝒂𝒂𝒂𝒂𝒂𝒂𝑴𝑴𝑬𝑬𝑺𝑺𝑬𝑬

𝑴𝑴𝑺𝑺𝑺𝑺𝑺𝑺
�  �                                      [𝟐𝟐] 

where qdes is the mass of sorbed IMC per unit mass of solid sorbent (mmol kg-1SLD) at equilibrium 
after the desorption step, Ce,des and Ce,ads are the measured equilibrium IMC concentrations in 
solution (mmol kg-1SLN) after the desorption and adsorption steps, respectively, and MENT is the 
mass of entrained solution remaining in the reaction vessel after decanting the supernatant solution 
(kg). Solid-solution partition coefficients (Kd) were calculated for linear isotherms. The Kd values 
were calculated by: 

𝑲𝑲𝒂𝒂 =  
𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂
𝑪𝑪𝒆𝒆,𝒂𝒂𝒂𝒂𝒂𝒂

                                    [𝟑𝟑] 

where qads is the mass of sorbed IMC per unit mass of solid sorbent (mmol kg-1SLD) and Ce,ads is the 
solution phase IMC concentration (mmol kg-1SLN), both measured at equilibrium. Hysteresis index 
(HI) values were also calculated for several isotherms. HI is determined by comparing the surface 
excess values, qads and qdes, for the sorption and desorption steps at a fixed value of aqueous analyte 
concentration24. The HI values were calculated by: 

𝑯𝑯𝑯𝑯 =  
𝒒𝒒𝒂𝒂𝒆𝒆𝒂𝒂 −  𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂

𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂
                           [𝟒𝟒] 

For non-linear adsorption the Freundlich isotherm equation provided a better fit to the data than a 
linear equation. The Freundlich fit was calculated using: 

𝒒𝒒𝒂𝒂𝒂𝒂𝒂𝒂 = 𝑲𝑲𝑪𝑪𝒆𝒆,𝒂𝒂𝒂𝒂𝒂𝒂
𝒏𝒏                                       [𝟓𝟓] 

where qads is the mass of sorbed of IMC per unit mass of solid sorbent (mmol kg-1SLD) at 
equilibrium, K is the Freundlich constant, Ce,ads is solution phase IMC concentration at equilibrium 
(mmol kg-1SLN), and n is the Freundlich exponent. K and n are both adjustable parameters 
calculated from a linearized log-log plot of surface excess versus aqueous analyte concentration. 
 
 
3.6. Oxidation of IMCs and IMC-Daughter Products by Minerals 
 
Time series experiments were conducted to quantify the abiotic transformation potential of IMCs 
by birnessite and ferrihydrite at solid to solution ratios (SSR) of 0.15, 1.5 and 15 g kg-1. Birnessite 
synthesis is described above. Six line ferrihydite was synthesized in the laboratory following the 
method described by Schwertmann and Cornell 110. Twenty grams of Fe(NO3)3•9H2O were added 
to 2 L of preheated distilled water at 75º C. The mixture was stirred rapidly for 12 mins and then 
rapidly cooled by plunging into ice water, transferred to dialysis bags and dialysed for at least 3 d, 
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with water changed several times each day, prior freeze drying. Both birnessite and ferrihydrite 
samples were tested for purity by x-ray diffraction (XRD). 

One hundred mL of 1 mM DNAN, MENA, DAAN, NTO or ATO solution (in 10 mM NaCl 
as background electrolyte) were placed in a reactor with a magnetic stirrer and the appropriate dry 
mass of birnessite or ferrihydrite was added with rapid mixing to initiate the reaction at the desired 
SSR ratios. The pH was controlled at 7.0 by titration addition of 10 mM HCl or NaOH throughout 
the reaction. Samples were taken at time intervals between 0 and 180 min. Solids were separated 
via centrifugation at 41,500 g for 5 min and the supernatant solution was analyzed for equilibrium 
concentration of IMCs using high performance liquid chromatography with photodiode array 
detection (UHPLC-DAD described above). All time series experiments were conducted under oxic 
conditions (in equilibrium with atmospheric air) at 25ºC. First order rate coefficients for oxidation 
kinetics were determined from the magnitude of the slope of the regression line resulting from 
plotting the log of normalized reactant concentration (Ct/C0) vs time (h), where Ct is the 
concentration of compound at time t, and C0 is the initial concentration of compound at time zero. 
To examine the role of O2, selected reactions were run with suspensions equilibrated with partial 
pressures of O2 in the headspace of 0, 0.05 and 0.2 atm. 

Additional experiments were conducted to identify and quantify products from birnessite-
ATO reaction. These experiments were carried out in closed serum bottles (Volume = 155.5 cm3) 
at initial pH of 7.0 in 10 mM NaCl background solution at room temperature. An aliquot of 40.0 
g of 1 mM ATO solution was added to 0.60 g birnessite in triplicate to give SSR values of 15 g 
kg-1 (1260 m2 kg-1). The samples were allowed to react for 3 h, and N2 and CO2 release to the 
headspace was measured following acidification of solution to pH 2.0 with 0.1 M HCl. Total CO2 

production was calculated from gas phase concentrations using Henry’s law. Samples were also 
analyzed for dissolved organic transformation products using liquid chromatography tandem mass 
spectrometry (LC–MS/MS) as follows. An Acquity UHPLC and a triple quadrupole Quattro 
Premier XE mass spectrometer, with a sample organizer from Waters Corporation (Milford, MA) 
were run with an XBridge BEH C18 column (2.1 x 50 mm, 2.5 µm) at 30 ºC (10 µL injection) and 
a mobile phase consisting of acetonitrile (ACN) and water (H2O) with 0.1% formic acid in both 
(0.35 mL min-1 for 5 min in a ACN/H2O gradient as follows: 0-3 min 75/25, 3.3 min 90/10, 4.5 
min 75/25). Mass spectra were obtained in positive ion mode with a capillary voltage of 2.95 kV. 
Urea (61.1 > 44) was quantified under multiple reaction monitoring (MRM) with 0.1 s per 
transition dwell time, 26 V cone voltage and 9 V cone energy. N2 was used as both cone gas and 
desolvation gas, and high purity argon was used as the collision gas (8.08 E-03 psi). Mass lynx 4.1 
software from Waters Corp. (Milford, MA) was used to for analyte identification and 
quantification. 

Closed serum bottles (10 mM NaCl background and initial pH 7.0, at 25 ºC) were used to 
measure the extent to which IMC and daughter product oxidation resulted in compound 
mineralization to CO2(g). Forty mL of 1 mM IMC solution were added to 0.6 g mineral in a serum 
bottle (Volume = 155.5 cm3) at SSR of 15 g kg-1. The samples were allowed to react for 3 h, and 
CO2 released to the headspace was measured as described above using gas chromatography after 
acidification (pH 2) of the solution with 0.1 M HCl. To measure production of inorganic nitrogen 
species from IMC oxidation, a separate set of experiments were conducted at 15 g kg-1 SSR in 
deionized water, in the absence of added background electrolyte to avoid analytical interference 
from Na+ and Cl- in quantification of inorganic N species. Samples were collected as a function of 
reaction time and analyzed for dissolved NH4+, NO2- and NO3- as described above. Total solution 
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phase manganese was measured using an Elan DRC-II inductively coupled plasma mass 
spectrometer (ICP-MS) (Perkin Elmer, Waltham, MA, USA).  

Bragg reflections from XRD were collected for freeze dried powders of the control- and and 
reacted-oxides in transmission mode on beamline 11-3 at the Stanford Synchrotron Radiation 
Lightsource (SSRL) at fixed X-ray energy of 12.7 keV (0.9765 Å) and calibrated to a LaB6 
standard. Analysis of the diffractograms for peak position (o2θ and d-spacing [Å]), height, full 
width at half maximum (FWHM), and peak area was performed using X’Pert HighScore Plus 
software (PANalytical).  

Selected reacted and unreacted birnessite samples were analyzed by X-ray photoelectron 
spectroscopy (XPS) to detect changes in Mn oxidation state using a Kratos Axis 165 Ultra X-ray 
photoelectron spectrometer (Kratos Analytical Ltd, UK). The XPS employed an Al 
monochromatic source and an array of eight channeltrons as detector. The sample chamber was 
continuously purged with He, and Mn 3s spectra were collected at high resolution to identify 
changes in Mn redox speciation induced by reaction. 
 
 
3.7. Clone Library Methods to Characterize an ATO-Biodegrading Enrichment Culture 
 
3.7.1. MR DNA primers and methods 
Amplicon diversity sequencing was performed by MR DNA (www.mrdnalab.com). The 16S 
rRNA gene V4 variable region was amplified with PCR using primers 515F (5'-GTG CCA GCM 
GCC GCG GTA A-3' ) and 806R (5'-GGA CTA CHV GGG TWT CTA AT-3') 111 with the 
HotStarTaq Plus Master Mix Kit (Qiagen, USA) under the following thermocycling conditions: 
94oC for 3 minutes, followed by 28 cycles of 94oC for 30 seconds, 53oC for 40 second, and 72 oC 
for 1 minute, with a final elongation step of 72oC for 5 minutes. Sequencing was performed on an 
Ion Torrent Personal Genome Machine (PGM) following manufacturer's guidelines and 
sequenceing data were processed using a propriety analysis pipeline (MR DNA, Shallowater, TX, 
USA) where sequences were depleted of barcodes and primers, poor quality sequences were 
removed, sequences were denoised, OTUs were generated, and chimeras were removed. OTUs 
were defined by clustering at 97% similarity and classified using BLASTn against a database 
derived from RDPII (http://rdp.cme.msu.edu) and NCBI (www.ncbi.nlm.nih.gov). The number of 
sequences in the data set was 112,788 (Contamination control culture without yeast), 96,318 
(Contamination control culture with yeast), 127,239 (Enrichment culture without yeast), and 
152,762 (Enrichment culture with yeast). 
 
3.7.2. Conventional clone library 
Nearly complete 16S rRNA genes were amplified from the ATO enrichment cultures (both with 
and without yeast extract) using primers Bac27F (5'-AGA GTT TGA TCM TGG CTC AG-3') and 
1522R (5'-AAG GAG GTG ATC CAN CCR CA-3') 112. PCR was performed in 50 µL reactions 
with 1 × GoTaq Reaction Buffer (Promega), 2.5 U GoTaq G2 Flexi DNA polymerase (Promega), 
1 mM MgCl2, 0.16 mM dNTPs (Promega), 0.5 mM each primer, and 1 µL of DNA extracted from 
1 mL of enrichment cultures with the PowerSoil DNA extraction kit (MoBio). The thermocycling 
procedure contained an initial denaturing step at 95oC for 5 min, 30 cycles of 95oC for 45 s, 55oC 
for 30 s, 72oC for 1 min, and final extension step of 72oC for 5 min. PCR amplification products 
were cleaned with a PowerClean DNA Clean-Up kit (MoBio). Electrophorosesis on a 1% agarose 
gel was performed on purified amplification products and visualized with a GelRed DNA stain 
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(Biotium) and a GelDoc XR+ with ImageLab software (BioRad) to ensure correct amplicon size 
(~1500 bp), using a DNA 100bp DNA ladder (Promega), and to ensure amplicon purity. 
Amplicons were ligated into pGEM-T Easy vectors and cloned into E. coli JM109 cells with the 
pGEM-T Easy Vector System II kit according to manufacturer's recommendations (Promega). 
Cells were plated on LB plates with 100 mg L-1 ampicillin and with ChromoMax IPTG/X-Gal 
solution for colony screening (Fisher Scientific). Colonies were picked with sterile pipette tips, 
placed into 10 µL of DNAse/RNAse-free water, and frozen and thawed three times to lyse cells. 
PCR using primers M13F (5'-GTT TTC CCA GTC ACG AC-3') and M13R (5'-CAG GAA ACA 
GCT ATG AC-3') were used to amplify the section of the vectors containing the 16S rRNA gene 
inserts. PCR was performed in 50 µL reactions as above but with M13 primers and 1 µL of a 1:10 
dilution of lysed cell contents for template. The thermocycling procedure contained an initial 
denaturing step at 95oC for 5 min, 30 cycles of 95oC for 45 s, 51oC for 1 min, 72oC for 1 min, and 
final extension step of 72oC for 5 min. PCR amplification products were cleaned with a 
PowerClean DNA Clean-Up kit (MoBio) and screened with electrophoresis on a 1% agarose gel 
for purity. The cleaned PCR amplification product was then sequenced at the Oklahoma State 
University DNA/Protein Core Facility using Sanger Sequencing on an Applied Biosystems 3730 
DNA analyzer. Sequencing was performed in each direction for each 16S rRNA gene target with 
the M13F (5'-GTT TTC CCA GTC ACG AC-3') and M13R (5'-CAG GAA ACA GCT ATG AC-
3') primers. Sequence reads were inputted into a DNA alignment with Mega 6.0 software 113 and 
the raw sequencing reads were reviewed to confirm quality. For each sequence, 1000-1200 bp of 
high quality sequence data was found. For each bidirectional sequencing pair, the bp between the 
beginning of the runs and the Bac27F or Bac1522R primers were deleted, the Bac1522R 
containing sequence was converted to its reverse-complement, and the two sequences were merged 
into a nearly complete 16S rRNA gene consensus sequence.  Consensus sequences were analyzed 
with BLASTn (NCBI, www.ncbi.nlm.nih.gov) to identify phylogeny. The number of consensus 
sequences analyzed was 26 for the culture with YE, and 25 for the culture without YE. 
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4. RESULTS AND DISCUSSION 
 
 
4.1. Adsorption of IMCs by Mineral Components of the Soil 
 
The objectives of the adsorption experiments were to (1) determine the adsorption affinity of the 
IMCs DNAN and NTO, as well as their microbial reduction products MENA and ATO, in abiotic 
aqueous suspensions of smectite, goethite and birnessite and (2) collect preliminary data to assess 
whether any abiotic transformation reactions may ensue as a result of sorbent-sorbate interaction. 
 
4.1.1. Results: SR-XRD: Synthesis products and clay characterization 
Goethite and birnessite mineral syntheses were verified by X-ray diffraction (XRD) analysis at the 
Stanford Synchrotron Radiation Laboratory (SSRL). Data for synthesis products were fitted to 
goethite and birnessite using a Rietveld simulation to the SR-XRD data. The synthesized 
manganese oxide appeared to have the closest fit to acid-birnessite114. 
 
4.1.2. Results: adsorption isotherms 
Adsorption-desorption isotherm experiments were conducted at pH 7.0 at 10 mM ionic strength 
for the IMCs DNAN and NTO, as well as their respective reduced daughter  products, MENA and 
ATO. Four distinct mineral adsorbents were employed including  (i) Na+- and (ii) K+- saturated 
montmorillonite, (iii) goethite, and (iv) birnessite (Figure 4.1-1., Table 4.1-1). The isotherms show 
IMC surface excess (q) values, calculated in accordance with equations shown in the Material and 
Methods section, as a function of equilibrium adsorptive species concentration in solution. 
Distribution coefficient (Kd) values (Table 4.1-1) are determined from a linear fit to the slope of 
each isotherm. 
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Figure 4.1-1. Adsorption and desorption isotherms at pH 7.0 showing the uptake and release 
of 2,4-dinitroanisole (DNAN) at each mineral surface. Background electrolytes were 0.01 M 
NaCl for Na+-montmorillonite, goethite, and birnessite and 0.01 M KCl for K+-
montmorillonite. 
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Figure 4.1-2. Adsorption and desorption isotherms at pH 7.0 showing the uptake and release 
of 2-methoxy-5-nitroaniline (MENA) from each mineral surface (plot d is ‘apparent’ 
adsorption on basis of loss from solution, later recognized to include oxidative transformation 
as discussed in Section 5.2). Background electrolytes were 0.01 M NaCl for Na+-
montmorillonite, goethite, and birnessite and 0.01 M KCl for K+-montmorillonite. 
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Figure 4.1-3.  Adsorption and desorption isotherms at pH 7.0 showing the uptake and release 
of 3-nitro-1,2,4-triazole-5-one (NTO) on each mineral surface. Background electrolytes were 
0.01 M NaCl for Na+-montmorillonite, goethite, and birnessite and 0.01 M KCl for K+-
montmorillonite. Freundlich (non-linear) fits are shown for adsorption isotherms along with 
linear fits used for distribution coefficient calculations. 



31 

 
 

0.0 0.2 0.4 0.6 0.8 1.0

0

10

20

 
 

 

 Adsorption only

q AT
O

,e
q (

m
m

ol
 k

g-1
)

[ATO]eq (mmol kg-1)

a) Na+-montmorillonite

0.0 0.2 0.4 0.6 0.8

0

10

20

 

 

 Adsorption only

q AT
O

,e
q (

m
m

ol
 k

g-1
)

[ATO]eq (mmol kg-1)

b) K+-montmorillonite

 

   

0.0 0.2 0.4 0.6 0.8 1.0

-4

-2

0

2

4

6

8

10
 

 

 Adsorption
 Desorption

q AT
O

,e
q (

m
m

ol
 k

g-1
)

[ATO]eq (mmol kg-1)

c) Goethite

 

 
 
 
 
 
 
 
 
 
  

Figure 4.1-4. Adsorption and desorption isotherms at pH 7.0 for 3-amino-1,2,4,triazol-5-one 
(ATO) on Na+-montmorillonite, K+-montmorillonite, and goethite. Background electrolytes were 
0.01 M NaCl for Na+-montmorillonite, goethite, and birnessite and 0.01 M KCl for K+-
montmorillonite.  Note that the higher surface excess values following desorption legs for 
montmorillonite are based on direct analytical application Equations shown in Section of and are 
therefore apparent. Surface exclusion of ATO gives a negative value for the difference within 
parentheses of eq. 2 in the Materials and Methods section (i.e., Ce,ads overestimates adsorptive 
concentration in the entrained solution, MENT).  



32 

 
Table 4.1-1.  Distribution coefficients (Kd) and hysteresis indices (HI) calculated from the 
isotherms.   

                                      Adsorption Kd / HI 
Mineral Sorbent DNAN MENA NTO ATO 

Na+-montmorillonite 
 

29.0 4.3 16.1 3.85 -3.0b 0c 1.6 NAa 

K+-montmorillonite 
 

517 5.1 11.6 6.0 -5.3b 0c -3.5b 0c 

Goethite  
 

-0.04b 0c 0.2 0c 11.1d 1.8 3.1 0.50 

Birnessite  -0.50b 0c 5940e 1.2a 18.5d 2.6 ORSe NAa 
aNA - not applicable 

bNegative slopes reported as Kd 
cHI not calculated for negative Kd values  
dBetter fit to Freundlich curve 
eORS - oxidative removal from solution  
 
 
 

The data indicate that the nitro-aromatic compounds (NACs), DNAN (Figure 4.1-1) and 
MENA (Figure 4.1-2), have a positive affinity for montmorillonite but not for goethite. Comparing 
the Na+-montmorillonite and K+-montmorillonite isotherms in Figure 4.1-2a demonstrates the 
large effect of exchangeable cation type on surface excess. For example, the Kd of DNAN is ca. 
18 times higher for K+- versus Na+-saturated montmorillonite.  

MENA showed sorptive affinity for montmorillonite, though to a lesser extent than did 
DNAN; MENA showed a Kd for adsorption that was ca. 50% of that for DNAN in the case of Na+-
montmorillonite and 2.2% in the case of K+-montmorillonite. In contrast to their affinity for the 
silicate clays, DNAN and MENA showed little adsorption affinity for the hydroxylated surface of 
goethite (Figures 4.1-1 and 4.1-2). Results from DNAN adsorption to birnessite also indicated near 
zero and negative adsorption, consistent with interfacial exclusion (Figure 4.1-1d).  This result is 
in stark contrast to that of MENA-birnessite reaction, which appears high (Figure 4.1-2d) when 
calculated on the basis of loss from solution (eqs. 1 and 2 in section 3.5.2), which prompted the 
follow on studies (Section 4.2).  

Isotherms and mineral-surface affinities for the NHCs (NTO and ATO, Figures 4.1.2-3 and 
4.1.2-4) are distinctly different from those of the NACs (DNAN and MENA) presented above. 
When reacted with montmorillonite, the NHCs give negative or near zero surface excess values 
irrespective of exchangeable cation type, consistent with charge repulsion and exclusion at the clay 
interface (Figures 4.1-3 and 4.1-4, a & b). Conversely, NTO shows positive uptake to both metal 
oxides. NTO affinity for the goethite surface (Kd  = 11.06, but better fit to a Freundlich isotherm 
equation, Figure 4.1.2-3c) greatly exceeds that of its metabolite ATO (Kd = 3.13, Figure 4.1-4c). 
NTO exhibited its highest affinity for the birnessite surface (Kd  = 18.48, but also better fit to a 
Freundlich isotherm equation, Figure 4.1-3d).  

Repulsion of anionic NTO and ATO from the negatively charged surfaces of montmorillonite 
(Figures 4.1-3a,b and 4.1-4a,b) results in a negative surface excess, where analyte concentration 
in the bulk supernatant solution is higher than that in the entrained solution because of organic 
anion exclusion from the mineral-water interface 115. The same effect has also been observed for 
other organic anions such as the glucosinolates 116, which are naturally sulfonated organic 
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compounds.  Because of anion exclusion, the measured surface excess (q) values are shown for 
montmorillonite in Figures 4.1-3 and 4.1-4 only for the adsorption step.  Calculation of surface 
excess following the desorption step leads to erroneous results as a result of a negative value for 
the difference within parentheses of eq. 2 (in section 3.5.2).  Specifically, the use of Ce,ads 

overestimates, in the case of anion exclusion, adsorptive concentration in the entrained solution 
(MENT). 

Hysteresis index (HI) values calculated from the differences in slope following the 
adsorption and desorption steps (Figures 4.1-1 through 4.1-4) provide a measure of kinetic 
reversibility of a positive adsorption reaction. The largest HI value (least kinetically reversible 
reaction) was obtained for MENA reacted with K+-montmorillonite (HI = 6.0).  Several of the HI 
values for DNAN and MENA were in a similar range (4.3, 5.1, 6.0), in contrast to the lower HI 
values of NTO and ATO (1.8, 2.6, 0.5).  
 
4.1.3. Results: Oxidation of MENA by acid birnessite 
Reaction of the DNAN bio-reduction product, MENA, with acid-birnessite resulted in near 
complete removal of MENA from solution, an assessment that is apparent from the equilibrium 
solution phase concentrations following the adsorption step (see the X axis scale values shown in 
Figure 4.1-2d). Average removal of MENA from solution was 98.4%. Organic degradation 
products were formed during MENA reaction with birnessite as evidenced by unknown (product) 
peak emergence during HPLC/DAD analysis. Pre- and post-reaction supernatant solutions were 
therefore analyzed by LC-QTOF-MS in an attempt to identify the degradation products. By 
differential analysis, mass spectral peaks with m/z values lower (160.9860) as well as higher 
(174.0166, 252.9588, 335.1346) than MENA were observed. Similarly, experiments with the NTO 
reduction product ATO also resulted in near complete ATO removal from solution. Upon analysis 
with both HPLC-DAD and QTOF-MS, no ATO was detectable in post-reaction supernatant.  
 
4.1.4. Discussion: Adsorption trends for Na+ and K+ smectite 
The DNAN and MENA adsorption trends for montmorillonite (Figures 4.1-1 and 4.1-2) show 
differential impact of exchangeable cations on NAC adsorption. Differences in affinity between 
Na+ and K+ exchanged forms of the clay suggest that the mechanisms of DNAN and MENA 
adsorption to montmorillonite are dominated by interaction of electronegative nitro groups on the 
NACs with the positive-charged exchangeable cations (Na+ or K+). DNAN adsorption to K+-
montmorillonite was much greater than that for Na+-montmorillonite, presumably due to the lower 
hydration enthalpy of K+ (-314 kJ mol-1) relative to Na+ (-397 kJ mol-1), which is known to enhance 
the formation of inner-sphere cation complexes with NAC nitro groups17.   

The observed high affinity adsorption of the DNAN and MENA to the cation-saturated 
silicate clays is likely driven, in part, by electron donor-acceptor (EDA) complexes. An EDA 
complex occurs when the electron deficient π-system of the NAC, caused by the electronegative 
nitro-groups extracting electron density from the ring, interacts with clay surface siloxane oxygen 
atoms. The siloxane oxygens serve as electron donors and the π-system of the NAC as the electron 
acceptor, giving rise to adsorption geometry of the ring structure that is parallel planar to the 
siloxane surrface. This mechanism was proposed by Haderlein et al.18 in a study where interlayer 
cation effects on adsorption were also examined. Consistent with the results for DNAN and MENA 
reported here, Haderlein et al.18 found that K+-montmorillonite had the largest adsorption capacity 
(per unit mass) for different NACs across a range of homoionic clay minerals (montmorillonite, 
illite, kaolinite), and that K+ had Kd values up to four orders of magnitude larger than other more 
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strongly hydrated exchangeable cations (Na+, Ca2+, Mg2+). Zhang et al. 117 explored 1,3-
dinitrobenzene adsorption to cation modified clays, and found again that adsorption was greatest 
with K+ relative to Na+ or Ca2+ saturated smectite.  Boyd et al. 17, using Fourier transform infrared 
(FTIR) spectroscopy to examine the adsorption mechanisms of NACs to smectite clays, showed, 
principally through shifts in the vibrational frequencies of the N-O bands, that adsorption was 
dominated by direct interaction of electronegative substituents with interlayer cations such as K+. 
These authors suggested that adsorption of NACs to smectite (including montmorillonite) is likely 
a cumulative effect of several factors, the dominant one being the relative stability of cation-
oxygen bonds formed between siloxane-adsorbed cations and nitro functional groups of the NACs.  

Differences in the magnitude of DNAN and MENA adsorption to montmorillonite (Figures. 
4.1-1 and 4.1-2) reflect the importance of nitro-cation bonding, since reduction of the ortho-nitro 
group to amine functionality results in significantly diminished montmorillonite affinity, 
particularly for adsorption to the K+-saturated clay (compare Figures. 4.1-1b and 4.1-2b). For 
example, in the case of K+-montmorillonite, the DNAN Kd is 517, whereas the MENA Kd is 11.6.  
The effect of ortho-nitro group reduction is much smaller, but still present, in the case of Na+-
saturation (Figures 4.1-1a and 4.1-2a), for which the DNAN Kd  = 29.04, and MENA Kd  = 16.05 
(Table 4.1-1). From the perspective of fate and transport of IMCs and their metabolites in soil 
systems, this effect is very important, because it suggests that bio-reduction of a nitro-functionality 
can significantly diminish contaminant sorptive affinity for layer silicate surfaces.  Thus, the bio-
reduced form of DNAN (MENA), expected to be formed in sub-oxic pore waters, may for this 
reason be more mobile in the subsurface environment. Haderlein et al.18 argued that nitro-to-amine 
reduction donates electron density back to the benzene ring π-system, reducing the tendency to 
form an EDA complex and, hence, results in less adsorption. This EDA effect is likely 
superimposed on the low affinity of the –NH2  group to complex even weakly hydrated cations 
such as K+. The reduction of DNAN (i.e., MENA formation) leads to less adsorption due to the 
loss of a substituent group capable of cation complexation.  

Despite these differences in magnitude, both the mono- and di-nitro aromatics showed 
significant adsorption to the montmorillonite surface under conditions of both K+ and Na+ 
exchangeable cation saturation, raising the question of the extent to which the IMC and its 
biotransformation product were adsorbed into the expansible interlayer versus solely on the 
external or basal surfaces. X-ray diffraction (XRD) measurements showed an increase in the d001 
interlayer spacing (indicated by a downward shift in position 2º Θ) upon DNAN and MENA 
adsorption, with the largest increase observed for K+-saturated clays (Figure 4.1-5).  This result 
signals interlayer (siloxane surface) adsorption of both DNAN and MENA. A model calculation 
also confirms that monolayer adsorption to external surfaces is insufficient to explain the moles of 
adsorbate of modeled molecular dimensions (Table 4.1-5), whereas co-planar orientation of the 
NAC adsorbate at interlayer surfaces, which is consistent with molecular modeling and prior 
spectroscopic studies17, can explain the mass balances measured in the isotherm experiments.  
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Table 4.1-2.  Maximum adsorption versus available surface area calculations. 

DNAN 
Surface 

area* (nm2) 

DNAN 
adsorption  
(mmol kg-1) 

Montmorillonite 
surface area  

(m2 g-1) 

DNAN surface 
density  

(molecules/nm2) 

Total surface 
area occupied 

(%) 
1.64 85.8 596 0.087 14 
1.64 85.8 36.4 1.42 232 

*Connolly molecular surface area (ChemBio 3D Ultra 13.0) 

 
 

Specifically, the surface area of the DNAN molecule was estimated using the Connolly 
molecular surface area calculation in ChemBio 3D Ultra 13.0. Given the calculated surface area 
of a planar DNAN molecule as 1.64 nm2, adsorption of the aromatic ring co-planar with the 
siloxane surface enables adsorption of a maximum of 0.61 DNAN molecules per nm2 of planar 
surface (i.e., in closest-packing mode). This DNAN surface density was compared with the 
maximum DNAN surface excess (maximum q) measured under the following assumed scenarios:  
(1) DNAN adsorption to both external and interlayer surfaces, and (2) DNAN adsorption only to 
external basal surfaces. Scenario (1) implies a DNAN surface density of approximately 0.09 
DNAN molecules per nm2, or 14% of available surfaces being occupied at maximum q. This 
DNAN surface density is less than the estimated maximum (0.09 DNAN molecules per nm2 < 0.61 

Figure 4.1-5. XRD patterns for K+-montmorillonite (a) and Na+-montmorillonite (b) clays 
after aqueous adsorption “ads” followed by desorption “des” of the nitro-aromatics DNAN and 
MENA for samples reacted at the highest adsorptive species concentrations shown in Figures 
4.1.2-1 and 4.1.2-2. Note the increase in d-001 spacing (indicated by a downward shift in 
position 2º Θ) with adsorption of MENA and DNAN. Greater relative expansion occurs in KCl 
solution and for DNAN relative to MENA, consistent with the surface excess results shown in 
Figures. 4.1-1 and 4.1-2. 
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DNAN molecules per nm2) and the low surface area occupation percentage is viable, given that 
the isotherm is still linear at the maximum q measured. In contrast, scenario (2) implies a DNAN 
surface density of 1.42 DNAN molecules per nm2, or occupation of approximately 232% of the 
available surface sites. This cannot be reconciled with the assumption of planar adsorption to the 
clay mineral particles. Hence, isotherm, XRD data and model calculations are all consistent with 
DNAN and MENA being adsorbed to interlayer siloxane sites in proportion to both their nitro 
functional group density and exchangeable cation composition of the clay.    

Interaction of NTO with montmorillonite resulted in negative surface excess. With a pKa of 
3.76, the NTO molecule is negatively charged at experimental pH (7). The negative charge of the 
sorbent evidently repels the sorptive solute, resulting in detectable levels of anion exclusion.  
Several authors, including, e.g., Polubesova and Borisover 118 have shown that electrostatic 
repulsion creates a region of anion free solution in the nanoporous domains that present close 
proximity to the solid surface. This causes an increase in adsorptive concentration in the 
supernatant solution relative to that measured in the bulk solution control without clay colloids 
(eq. 1 in Materials and Methods).  An increase in exclusion (i.e., negative surface excess) with 
increasing equilibrium concentration in bulk solution (Figure 4.1-2c), gives rise to the negative Kd 

values calculated with eq. 3 (in section 3.5.2) and reported in Table 4.1-1.  
 
4.1.5. Discussion: Adsorption to metal oxides 
NTO adsorption to the iron oxyhydroxide surface (Figure 4.1-3c) is consistent with electrostatic 
considerations. In an “indifferent” background electrolyte solution, such as the 0.01 M NaCl used 
here, goethite has a point of zero net charge (PZNC) of 7.5 119, and thus is slightly positively 
charged at our experimental pH. This positive charge creates an electrostatic attraction between 
the anionic NTO and the goethite surface, giving rise to positive adsorption values. Interestingly, 
NTO data also suggested a relatively high affinity for the Mn oxide, birnessite. This interaction 
cannot be rationalized through electrostatics alone since acid-birnessite (MnO2), has a PZNC of 
1.9 119, giving it a negative surface charge at the experimental pH. Nonetheless, we observed no 
new peak emergence in the HPLC-DAD chromatograms (despite extended run times) for the NTO-
birnessite system, which argues against chemical transformation as a potential fate.  It is plausible 
that NTO adsorption was localized at positively-charged surface sites and/or mediated by cation 
bridging interactions.  In addition, the Freundlich isotherm equation appeared to closely 
approximate the adsorption of NTO to both metal oxides (Figures 4.1-3c and 4.1-3d), with R2 

values of 0.97 and 0.99, for goethite and birnessite, respectively. 
 
4.1.6. Discussion: Adsorption reversibility 
Hysteresis indices were measured for all isotherms to assess the kinetic reversibility of adsorption-
desorption reactions 120.  During the desorption step of the isotherm experiments, release from the 
surface of adsorbate occurs following perturbation by replacement of the equilibrium solution 
condition. When the colloidal suspensions were modified by removal of equilibrium IMC solution 
and replaced with an IMC-free (otherwise equivalent) electrolyte solution, the reduction in IMC 
concentration in solution is expected to promote IMC desorption (for positive q values) with 
approach to a new equilibrium value following the 3 h equilibration step (equal to that for 
adsorption) at a lower solution phase IMC concentration.  A high HI value indicates high relative 
surface retention of adsorbate and, therefore, kinetic irreversibility, whereas a small or zero q value 
indicates adsorption-desorption that is kinetically reversible. DNAN adsorption-desorption on 
both the K+ and Na+ montmorillonite show significant hysteresis (Figures 4.1-1a and 4.1-1b). The 
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HI values are similar in scale, but HI is nonetheless 16% larger for K+- relative to Na+-exchanged 
clay.  This difference in HI values is again consistent with weaker NAC ternary interaction with a 
strongly hydrated cation adsorbate. That is, the ternary ligand-metal-siloxane surface complexes 
appear to dissociate more readily for Na+ than for K+ exchanged forms, consistent with the lower 
metal-ligand stability that occurs in outer-sphere versus inner-sphere complexes.  
 For consistency across data sets, the NTO HI values were calculated using linear isotherm 
fits to the data shown in Figures 4.1-3c and 4.1-3d for goethite and birnessite, despite the fact that 
isotherms were non-linear, as indicated by the non-linearity factor, n, of both Freundlich fits being 
< 1.0. The NTO/metal oxide HI values were ca. half as large as the DNAN/clays HI values, 
suggesting that even though similar surface excess values are achieved in the NAC-clay and NHC-
oxide systems, the electrostatic interactions leading to nitrogen heterocyclic compound adsorption 
(e.g., NTO to goethite) are more reversible kinetically than those for NAC/clay adsorption.  
 
4.1.7. Discussion: Preliminary Indications of Oxidation of MENA and ATO by Acid 
Birnessite 
The synthetic acid-birnessite [(Na0.3Ca0.1K0.1)(Mn4+,Mn 3+)2O4·1.5H2O] used in this study is a 
common secondary manganese oxide that is formed by bacteria and fungi in soils 121, and it is the 
most commonly observed secondary Mn(IV) solid phase. Importantly, results of our adsorption 
studies showed near complete removal of MENA and ATO, the bio-reduced (aminated) forms of 
the IMCs DNAN and NTO, respectively, during reaction with birnessite.  Birnessite has previously 
been shown to remove parent aromatic amines from solution via oxidative transformation, as well 
as by adsorption 26,122. Indeed, as discussed above, QToF-MS analysis indicated that birnessite 
induces oxidative transformation of MENA followed by potential fragment polymerization of 
oxidative transformation products, an observation supported also by prior work on other aromatic 
amines 26 and polyphenols 27.   

ATO was also removed from solution during reaction with birnessite, and a similar oxidative 
transformation mechanism is hypothesized. Aromatic amine transformation by Mn(IV) oxide was 
investigated by Laha and Luthy 25, who reported that azobenzene formed from the reaction of 
aniline with manganese dioxide. The formation of azobenzene, a larger polymer, resulted in the 
removal of the nitroaromatic from solution 25. 
 
4.1.8. Conclusions adsorption work 
The adsorption and reactivity of IMCs with clay mineral and Fe and Mn oxide mineral constituents 
was determined as a means to better assess contaminant mobility and bioavailability in soils and 
sediments. The experimental results highlight the importance of interactions between (i) IMC 
chemical structure and (ii) soil mineral surface composition in controlling contaminant adsorptive 
affinity. Adsorption of IMCs at mineral surfaces is governed not only by functional group 
composition and charge of the IMCs themselves, but also by the surface functional group 
chemistry and (in the case of montmorillonite) exchangeable cation composition of the mineral 
adsorbents.  For this reason, it was important to test adsorption reactions across a representative 
range of mineral surface chemistries characteristic of common soil mineral assemblages. While 
none of the minerals served as a high affinity adsorbent for all of the IMCs and metabolites studied, 
each of the compounds did exhibit a high adsorption affinity for at least one of the adsorbent types.  
This suggests that each of the compounds would be subjected to adsorptive retardation during 
subsurface transport, but likely as a result of accumulation at distinct mineral surfaces.  
Specifically, the NACs, DNAN and MENA, exhibited significant affinity for layer silicate clays, 
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whereas the NHCs showed greater affinity for metal oxide surfaces. NAC adsorption to layer 
silicate clays was apparently favored by inner-sphere complexation between nitro functional 
groups and exchangeable cations, whereas NHC adsorption was insignificant on the silicate clays 
because of charge repulsion.  Conversely, the NHC NTO exhibited strong affinity for adsorption 
to both goethite and birnessite surfaces.  

The microbially-catalyzed reduction of DNAN and NTO is expected to occur in sub-oxic 
soil pore waters and our results indicate that such bio-reduction to MENA and ATO, respectively, 
can alter subsequent contaminant reactivity with mineral surfaces. Specifically, reduction of nitro 
substituents to amine functionality diminishes NAC affinity for layer silicate surfaces, where they 
form ternary complexes with adsorbed metal cations. Nitro group reduction also decreases NHC 
sorptive affinity for goethite, but the amine functionality associated with both ATO and MENA 
appeared to increase their oxidative reactivity toward the mineral oxidant birnessite, supporting 
the assertion that a coupled biotic-abiotic degradation pathway that can lead to elimination of both 
parent and daughter compounds. This latter set of reactions was investigated in greater detail as 
described in the following section. 
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4.2. Reaction of DNAN and Daughter Products with Birnessite and Ferrihydritre  
 
The results of adsorption-desorption experiments described in Section 4.1 suggested significant 
reactivity of IMC reduced daughter product MENA with Mn(IV) oxide and also potentially with 
Fe(III) oxide.  Among the most common and reactive representatives of these oxide groups are 
birnessite and ferrihydrite, respectively.  Therefore, the objectives of this portion of the project 
were (i) to quantify the kinetics and extent of oxidative transformation of DNAN and reduced 
daughter products MENA and DAAN at birnessite and ferrihydrite surfaces and (ii) to assess any 
resulting transformations in the mineral solids that accompany redox reactions. 
 
4.2.1. Results: Reaction of DNA, MENA and DAAN with ferrihydrite 
The reactivity of DNAN, MENA and DAAN was tested with ferrihydite at a SSR of 15, 1.5 and 
0.15 g kg-1. There was no reaction of DNAN and MENA with ferrihydrite within the 3 h reaction 
time for all of the solid phase concentrations tested (Table 4.2-1). However, DAAN was reactive 
with ferrihydrite at 1.5 and 15 g kg-1 SSR (Table 4.2-1). There was initial decline in DAAN 
concentration; but the reaction seems to stall and the amount of DAAN in solution reaches a near-
steady value after 60 min for 1.5 g kg-1 SSR. Conversely, for 15 g kg-1 SSR, there was gradual 
decline in DAAN concentration up to a 3 hour reaction time.  
 
 
Table 4.2-1. First order rate constants (k) of IMC and daughter product oxidation by birnessite 
and and ferrihydrite supplied at various concentrations. 

  1st Order Rate Constants (k, h-1) 
Mineral Surface SSR‡ g kg-1 DNAN MENA DAAN 
Birnessite 

    

 0.15 0.00* 0.01 (0.21) † 0.11 (0.55) 
 1.50 0.00 0.22 (0.96) 1.18 (0.99) 
 15.0 0.00 1.36 (0.93) ≥ 90.5 ** (N/A) 
Ferrihydrite 

    

 0.15 0.00 0.00 - 
 1.50 0.00 0.00 0.20(0.53) 
 15.0 0.00 0.00 0.27(0.81) 

*0.00 means no measurable reaction in 3h, in the case of DNAN + birnessite and DNAN/MENA 
+ ferrihydrite, no reactions was observed. 
**value estimated by slope of first two data points only, as concentration reached zero at second 
sampling point (5min). The rate is even higher than estimated as actual reaction end point might 
be less than five minutes and is denoted by ≥ in the table. N/A Not applicable 
†Values in parentheses are R2 values for the regression fit. 
‡ SSR = solids solution ratio. 
  



40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2-1. Transformation of DNAN, MENA and DAAN by birnessite at (A) 15 g kg-1, (B) 1.5 
g kg-1and (C) 0.15 g kg-1 solid to solution ratio at pH 7.0, and (D) log plots for MENA and DAAN 
reaction with birnessite at 0.15, 1.5 and 15 g kg-1 solid to solution ratio. 

 
 
4.2.2. Results: Reaction of DNA, MENA and DAAN with birnessite 
There was no detectable reaction of DNAN with birnessite under the experimental conditions 
tested over a 3 h period (Table 4.2-1, Figure 4.2-1). However, DNAN daughter products were 
transformed by birnessite oxidation within 3 h for MENA and within 5 min for DAAN at a SSR 
of 15 g kg-1 (Figure 4.2-1A), corresponding to first order rate constants of 1.4 and ≥ 90 h-1, 
respectively (Table 4.2-1). At a lower SSR of 1.5 g kg-1 with birnessite (Figure 4.2-1B), the first 
order reaction produced rate constants of 0.22 and 1.18 h-1 for MENA and DAAN, respectively, 
(Table 4.2-1). 

A direct comparison for the oxidation of DAAN by birnessite and ferrihydrite at an SSR of 
1.5 g kg-1 (Figure 4.2-2) indicates a stark contrast in the ability of these minerals oxidize the 
daughter products of DNAN. Birnessite oxidized both MENA and DAAN; whereas only 
ferrihydrite only oxidized DAAN. Furthermore, the rate of DAAN oxidation was 6-fold faster 
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with birnessite compared to ferrihydrite when each was supplied at 1.5 g kg-1 mineral oxidant 
(Table 4.2-1).  

The number of nitro- and amino- groups on the molecule controlled oxidation rate by 
birnessite. The parent compound DNAN, with two nitro-groups was not oxidized. However, the 
reduced daughter products were oxidized and the rates increased as the number of amino-groups 
increased and nitro-groups decreased. DAAN with two amino-groups was oxidized 5.4-fold faster 
than MENA which has one-amino and one-nitro group (Table 4.2-1). Even at the lowest tested 
SSR of 0.15 g kg-1, the first order rate constant for DAAN oxidation by birnessite was 0.11 h-1 but 
the reaction then plateaued after 40 min (Figure 4.2-1C) indicating depletion of reactive oxidant. 
Conversely, there was no measurable MENA oxidation over a 3 h period at the lowest SSR value 
(Table 4.2-1). First order rate constants showed a strong log-log dependence on SSR (Figure 4.2-
1D) for MENA and DAAN. The error bars represent 95 % confidence interval. Figure 4.2-1D also 
illustrates the higher reactivity of DAAN at all oxidant concentrations compared to MENA. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.2-2. Comparative time course of DAAN loss from solution at birnessite and ferrihydrite 
SSR of 1.5 g kg-1. 
 
 
4.2.3. Results: Extent of mineralization 
For those conditions showing maximum MENA and DAAN removal (15 g kg-1 birnessite), 
companion experiments were conducted to assess CO2 evolution from the reaction. Data show that 
under oxic conditions (20% O2), 15% and 12% of the C was mineralized to CO2 for MENA and 
DAAN, respectively (Figure 4.2-3A). Furthermore, the data show that mineralization to CO2 was 
not limited by presence of O2, since the fraction of MENA mineralized following reaction with 
birnessite in a 0.01 M NaCl background was independent of O2(g) partial pressure (Figure 4.2-3A). 
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Figure 4.2-3. (A) The percent conversion of MENA/DAAN-C to CO2 during incubations with 
birnessite 15 g kg-1 solid to solution ratio over a 3 h incubation period with 0, 5 and 20% O2 in 
the headspace. DAAN CO2 emission was tested with 20 % O2 in the headspace only;(B) Nitrite 
recovery from MENA birnessite reaction at 15 g kg-1 solid to solution ratio at pH 7.0. *NT=not 
tested. 
 
 

In addition to partial mineralization of IMC daughter organic C to CO2, the release of organic 
N to inorganic forms was also observed for both MENA and DAAN reaction with birnessite, albeit 
to different extents. For MENA, results indicate nitrite (NO2-) as the dominant N degradation 
product, with ca. 95 % of MENA nitrogen recovered in this inorganic form following 3 h of 
oxidation by birnessite (Figure 4.3-3B).  A smaller yield of NO2- was observed for DAAN, 
equating to ca. 15 % of total DAAN-N (e.g., compare Figures A.2 and A.3). Much less NH4+-N 
(<2%) and NO3-N (<5%) and no N2-N were detected as a product of either MENA or DAAN 
oxidation).  

The yield of soluble Mn(II) was much less than that calculated based on stoichiometric 
conversion of birnessite Mn(IV) to soluble Mn(II) during reaction with IMC daughter products. 
For MENA and DAAN, only 34.5 µg kg-1 and 782.4 µg kg-1 of Mn(II) were recovered from 
solution respectively at the end of 3-hour reaction. These measured values are more than three 
orders of magnitude lower than the values of 935 and 988 mg kg-1 Mn(II) calculated for complete 
stoichiometric conversion of MENA and DAAN to CO2 and nitrite or N2, respectively.  
Calculations of Mn2+(aq) generated from 12% (MENA) and 15% (DAAN) conversion to 
mineralized products, as measured in the experiments, also give concentrations ca. 4000 and 152 
times higher for Mn(II) concentrations in solution than those measured, indicating a solid-phase 
fate for the reduced Mn. 
 
4.2.4. Transformation of birnessite based on X-ray diffraction (XRD) and X-ray 
photoelectron spectroscopy (XPS). 
The unreacted birnessite showed the expected Bragg reflections including (001) at 7.294 Å, (002) 
at 3.633 Å, and the strongly asymmetrical (220/110) and (310/020) peaks at 2.468 Å and 1.424 Å 
respectively (Figure 4.2-4A). The MENA- reacted birnessite showed no change in the (001) peak 
position, height or FWHM.  The (002) and (220/110) peak showed distortions with the (002) 
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reflection 0.017 Å closer, 11% lower in height, but at the same full width at half maximum 
(FWHM); the (220/110) reflection was 0.009 Å longer, no change in height, and a FWHM at 50% 
the value of the unreacted birnessite. The (020) showed no change in d-spacing, but a 20% decrease 
in the FWHM. 

High resolution Mn3s spectra for birnessite reveal detectable changes in Mn oxidation state 
following reaction of MENA (Figure 4.2-4B) with 15 g kg-1 SSR birnessite. The magnitude of 
peak splitting for Mn3s high resolution spectra is diagnostic for the oxidation state of Mn 123. 
Unreacted birnessite shows a binding energy difference between Mn3s splitting multiplex of 4.5 
eV, consistent with predominance of Mn(IV) oxidation state, whereas following 3 h reaction with 
MENA, the binding energy difference between Mn3s splitting multiplex shifts to 5.05, indicating 
reduction of a portion of birnessite Mn (IV) to a mixture of Mn (II and III). The Mn shift towards 
higher binding energy is consistent with the low aqueous recovery of Mn discussed above, and 
suggests that reductive transformation of birnessite upon reaction with IMC daughter products 
results in subsequent re-incorporation of reduced Mn into the solids. 
 
 

 
 
Figure 4.2-4. (A) XRD pattern of birnessite (MnO2) and its transformation product after treatment 
with 1 mM MENA at pH 7. Peaks are labeled with the assigned diffracting planes (hkl) and d-
spacing (Å).  Insets are the (002) and (220/110) peaks to show the offset of the MENA reacted 
birnessite. (B) High resolution Mn 3s scan for unreacted and post MENA reacted birnessite (15 g 
kg-1) at pH 7.0. The increase in binding energy difference indicates reductive dissolution of 
birnessite and incorporation of reduced Mn forms back to the solids. Background electrolyte = 10 
mM NaCl. 
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4.2.5. Discussion DNAN and daughter product reaction with birnessite and ferrihydrite. 
The metal oxides birnessite and ferrihydrite were tested for their reactivity with DNAN and its 
daughter products MENA and DAAN. The results indicate a strong dependence on mineral type 
and solid concentration. The parent compound DNAN was found to be stable and non-reactive 
with both birnessite and ferrihydrite. DNAN structure has two nitro groups in the ortho and para 
positions. The nitro groups in DNAN structure have a strong electronegativity resulting from the 
combined action of two electron withdrawing oxygen atoms bonded to the partially negative 
nitrogen atom 124. The nitro group strongly inhibits electrophilic substitution in the aromatic ring 
125. Under reducing conditions, DNAN is found to undergo regioselective reduction to MENA, 
which then gets further reduced further to DAAN 47,48,126,127. In MENA, the ortho nitro group is 
replaced by an amine (-NH2) (Table 4.2-1). The amine substituent acts as a nucleophile, where an 
active lone pair of electrons on the N atom are attracted to reaction with electrophilic Mn(IV) in 
birnessite 26,128. The presence of two amine groups in DAAN (Table 4.2-1) is, therefore, consistent 
with its faster oxidation rate by birnessite and even ferrihydrite. There have been some prior studies 
regarding oxidation of compounds like anilines and hydroquinone by ferrihydrite 39,129,130. So, 
DAAN may undergo abiotic oxidation by ferryhidrite. Both of the oxides (ferrihydrite and 
birnessite) are kinetically stable under oxic conditions. The reduction potential of ferrihydrite is 
approximately 0.0 eV, whereas birnessite has reduction potential of 0.6 eV 131,132, thus making 
birnessite a stronger oxidizing agent than ferrihydrite.  

In our previous study 83, wherein MENA was reacted with goethite and birnessite, near 
complete removal of MENA from solution was observed upon reaction with birnessite, whereas a 
much lower removal, and trends consistent with surface adsorption, was observed for goethite.  
Others have previously compared the efficacy Mn(IV) and Fe(III) oxides for oxidation of the 
anilines 4-chloroaniline (4-CA), 3,4-dichloroaniline (3,4-DCA) and 3,5-DCA 129. At pH 6-7, 
oxidation of only 4-CA was observed, and only with Mn oxide, with no oxidation by Fe oxide. At 
pH 5, both 3,4-DCA and 4-CA were 65% oxidized by Mn oxide, whereas less than 5% oxidation 
occurred with Fe oxide; and at pH 4, 3,4-DCA, 3,5-DCA and 4-CA were completely (or nearly 
completely) oxidized by Mn oxide, whereas 5-15% oxidation was observed with Fe oxide. 
Products of oxidation were only identified when birnessite was used. Electron withdrawing groups 
(EWG) such as the nitro groups in MENA and DNAN increase the standard reduction potential 
and make the anilines less susceptible to oxidation whereas electron donating groups such as a p-
methoxy group decrease the standard reduction potential and render the compounds more 
susceptible to oxidation 68,133. A kinetic rate study showed a ca. 1000-fold slower oxidation rate 
for p-nitroaniline as compared to aniline upon reaction with MnO2 at pH 4 133. In contrast, 
oxidation of p-methoxyaniline was 3000-fold faster than aniline. Therefore, the progressive (bio) 
reduction of DNAN is expected to increase the oxidizability of the molecule, and this was reflected 
in the present study in terms of logarithmic impacts on the rate of oxidation.  

Previous studies with non-phenolic aromatic amines such as aniline, p-methoxyaniline, 
nitroaniline and dichloroaniline indicate that the principal reaction with MnO2 is a one-electron 
oxidation to a cation radical, and subsequent coupling to form azo-dimers and diphenylamines and 
oligomers connected by N=N and C-N bonds 129,133. Eventually these intermediates become 
polymerized as evidenced from the formation of oligomers and irreversible bound residue due to 
reaction of anilines with Mn in soil 26. No evidence of polymerized products was sought in this 
study, but in a previous study 83, some higher molar mass products were obtained from mass 
spectrometry data by reacting MENA with birnessite. 



45 

A unique finding in this study was that nonphenolic aromatic amines can become partially 
mineralized to CO2, with yields of CO2 ranging from 12-15%. The extent of the yield would 
suggest that the CO2 was formed from one of seven C atoms in the MENA or DAAN molecule, 
possibly that of the methoxy group. The oxidation of methoxybenzenes by peroxidases via cation 
radical causes a quinone to form with the simultaneous releases of a methanol 134. A second unique 
finding is the high yield of nitrite formed from the oxidation of MENA by birnessite accounting 
for nearly all of the N in MENA. Release of N from aromatic amines has never been described 
previously in reactions involving metal oxides. Mineralization of the daughter products to CO2(g) 
and NO2-(aq) (the latter in the case of MENA) indicates partial mineralization. Mineralization of 
nonphenolic-aromatic amines during reaction with birnessite has never been described before. 
While it is well established that the carbon in phenolic compounds becomes partially mineralized 
during oxidation with birnessite, the major reaction is polymerization 27,135. We were able to 
recover only ca. 15 % CO2 from birnessite MENA/DAAN reactions. The oxidant demand in each 
case of coupling for MENA and DAAN is much lower than that required for the full mineralization 
reaction. The rapid loss of daughter products with birnessite thus could also be attributed to 
formation of coupling products. The mass spec data showed complete loss of MENA (m/z 169.15) 
after the reaction with birnessite at 15 g kg-1 SSR birnessite. The oxidative transformation of 
MENA could result in mineralization or oxidative coupling as observed by others for other 
nitroaromatic amines136. High resolution MS spectra collected from m/z 35-1000, Da show more 
transformation products below 200 Da. The most dominant masses were m/z 158.0059, 116.9783, 
130.0099. Relative abundance of higher mass peaks were very low. The peaks with various masses 
might be due to possible ring cleavage or release of substituents as observed by other researchers 
for contaminants reaction with birnessite 27,136-138. 

Incomplete mineralization leading to polymerization forming diphenylamine and related 
coupling products can be considered as the major route of transformation for MENA with 
birnessite. Alternatively, complete mineralization of MENA by birnessite to CO2 and NO2- could 
be minor pathway for the reaction, yielding Mn(II) or Mn(III). The equilibrium reaction for each 
scenario with MENA as model example can be written as: 

 
18 MnO2 (birnessite) +   C7H8N2O3 (MENA) + 34 H+  18 Mn2+ +  7CO2 + 2 NO2

- + 21H2O………..…(1) 
36 MnO2 (birnessite) +   C7H8N2O3 (MENA) + 106 H+ 36 Mn3+ +  7CO2 + 2 NO2

- +  57H2O……….…(2) 
 2 MnO2(birnessite) +  2 C7H8N2O3 (MENA) + 3 H+  2 Mn3+ +  C12H11N (diphenylamine) + 2CO2  

+ 3 NO2
- …                            ……………….....(3) 

2 MnO2(birnessite) + 2C7H8N2O3 (MENA) + 6 H+  2 Mn3+ + C14H14N4O6(diphenylamine)  
        +  4H2O………                                ……………(4) 
 

Although much lower aqueous Mn values are expected for the polymerization routes, measured 
values of Mn in solution were substantially lower than those predicted by these reactions.  Aqueous 
Mn was 0.31 % of that calculated for Eq. 3, 0.31 % of that calculated for Eq. 4, and 0.04 % of that 
calculated for Eq. 1. 

The XRD reflections in the control and reacted birnessite are broad, indicating poor 
crystallinity and/or nano-particulate crystallites. The asymmetry of the peaks is due to turbostratic 
stacking disorder. The ratio of the (220/110) to the (310/020) reflections is √𝟑𝟑, indicating 
hexagonal layer symmetry, which is maintained after reaction with MENA.  Additionally, the 
reflection at 1.42 Å is generally diagnostic of hexagonal layered birnessite139. The MENA reacted 
birnessite shows no change in the (001) peak size, position, or shape relative to the control, 
indicating no distortion of the 10 Å spacing of the layered octahedral sheets.  The change in the 
(002) and (220/110) peaks, -0.017 Å and +0.009 Å respectively, could be due to Jahn-Teller 
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distortion of the octahedrally coordinated Mn(IV)O6 groups140,141. The slight lengthening and 
sharpening of the (220/110) peak upon reaction with MENA indicates an increased ordering along 
the b-axis and lengthening along the a-axis of the unit cell 139. Hexagonal layered birnessite has 
about 0.25 cation vacancies per layer in the octahedral sheets that Mn(III) can fill either via 
comproportionation of Mn(II) and Mn(IV) following a two electron transfer from MENA or 
DAAN, or via a one electron transfer reaction. Either case results in Mn(III) occupying available 
vacant sites142. The affinity of hexagonal layered birnessite surface vacancies for Mn(II) adsorption 
and subsequent incorporation of Mn(III) into the sheets would result in the changes observed in 
the diffraction peaks and offers an explanation for the low recovery of aqueous phase Mn(II) after 
reaction with MENA.  

 This scenario is also consistent with the XPS data (Figure 4.2-4B), which shows a net 
reduction in Mn oxidation state at the birnessite surface 131. The comproportionation reaction 
between Mn(II) adsorbed on vacant sites and the surrounding octahedrally-coordinated Mn(IV) in 
the layer structure to form Mn(III) formation, and the subsequent migration of the Mn(III) into 
vacancies with an ordered distribution in the birnessite layers has been reported recently 143, and 
we postulate that a similar process is occurring in our experiments, progressively altering the 
reactivity of the Mn oxide over time.  
 
4.2.6. Conclusion DNAN and daughter product reaction with birnessite and ferrihydrite. 
The results of this study suggest that the replacement of electron withdrawing nitro groups by 
amino increases the susceptibility of IMC molecules to oxidation by naturally occurring metal 
oxides in soil. The parent compound, DNAN, was found resistant to oxidation by both birnessite 
and ferrihydrite. The first daughter product MENA, resulting from substitution of an amine group 
for one nitro group was found reactive with birnessite but not with ferrihydrite. The second 
daughter product DAAN formed as a result of substitution of both the nitro groups by amines was 
found reactive both with birnessite and ferrihydrite, but birnessite was 6-fold more reactive. These 
results indicate that metal oxides in soil play a very important role in remediation of IMC daughter 
products in the natural environment.  
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4.3. Reaction of NTO and Daughter Products with Birnessite and Ferrihydrite  
 
The results of adsorption-desorption experiments described in Section 4.1 suggested significant 
reactivity of IMC reduced daughter product ATO with Mn(IV) oxide.  Furthermore, large 
irreversible loss from solution was observed for NTO reacted with goethite suggesting that such 
transformations may be potentially occurring as well with Fe(III) oxide.  Among the most common 
and reactive representatives of these oxide groups are birnessite and ferrihydrite, respectively.  
Therefore, the objectives of this portion of the project were (i) to quantify the kinetics and extent 
of oxidative transformation of NTO and reduced daughter product ATO at birnessite and 
ferrihydrite surfaces, (ii) to distinguish such losses from strong surficial binding of the non-
transformed compound, and (iii) to assess any resulting transformations in the mineral solids that 
accompany redox reactions. 
 
4.3.1. Results: Oxidation assessment of NTO and ATO by birnessite 
The time course results of NTO and ATO reaction with birnessite at solid-to-solution ratios (SSRs) 
of 15, 1.5 and 0.15 g kg-1 are shown in Figure 4.3-1A, 4,3-1B and 4.3-1C, respectively. These data 
indicate that parent compound NTO was resistant to oxidation at all tested concentrations of 
birnessite for the full 3 h reaction time.  However, its reduced daughter product, ATO, was subject 
to oxidative transformation.  It was fully removed from solution after reaction with birnessite at 
15 g kg-1 SSR (pseudo-first order rate constant, k ≥ 90.2 h-1) (Figure 4.3-1) with a half-life (t1/2) of 
27.5 s (Table 4.3-1). At lower birnessite concentrations of 1.5 g kg-1 (k=3.03 h-1) and 0.15 g kg-1 
(k=0.04 h-1), reaction kinetics were slower for ATO (Panels B and C in Figure 4,3-1), and the 
reaction rate was pseudo-first order in ATO concentration at any given SSR (Table 4.3-1). The 
reaction rate was linearly dependent on birnessite concentration in log-log space (Figure 4.3-2). 
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Figure 4.3-1. Transformation of IMCs by birnessite at (A) 15 g kg-1, (B) 1.5 g kg-1and (C) 0.15 g 
kg-1 solid to solution ratio at pH 7.0.  
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Table 4.3-1. First order rate constants (k) of ATO oxidation by birnessite and NTO/ATO 
adsorptive removal by ferrihydrite supplied at various concentrations. 

0.00 means no measurable reaction in 3h. 
***value estimated by slope of first two data points only, as concentration reached zero at second 
sampling point (5min/15min). The rate is even higher than estimated as actual reaction end point 
might be less than five minutes and is denoted by ≥ in the table. N/A Not applicable 
†Values in parentheses are R2 values for the regression fit. 
t1/2 = half-life of reaction 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3-2. Log plots for ATO reaction with birnessite at 0.15, 1.5 and 15 g kg-1 solid to solution 
ratio. The error bars indicate 95 % confidence interval. 
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The birnessite experiment conducted to measure N2 and CO2 evolution under oxic conditions 
revealed mineralization of nearly half (47.8%) of ATO nitrogen to N2 and slightly more than half 
(51.5%) of ATO carbon to CO2 (Figure 4.3-3) at 15 g kg-1 SSR. Neither birnessite-free NTO 
controls nor compound-free birnessite controls produced N2 and/or CO2. After the reaction we 
were able to recover less than 8 % of total N in the form of total inorganic ionic N species (NH4+, 
NO3- and NO2-) at 15 g kg-1 SSR with IC. Further investigation on reaction products formed by 
LC- MS/MS revealed urea as a major transformation product that accounted for nearly 44 % of 
ATO lost from the solution (Figure 4.3-3). The transformation of ATO was also measured in the 
absence of dissolved oxygen (Figure 4.3-4) and the extent of ATO transformation was unaffected. 
Evidently, oxygenated conditions are not required for the oxidative transformation of ATO by 
birnessite. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.3-3. The fractional conversion of ATO carbon and nitrogen to detected products 
including total inorganic carbon (CO2(g) + dissolved carbonate species, indicated here by CO2-C), 
N2(g), and urea following incubation with birnessite at 15 g kg-1 solid to solution ratio over a 3 h 
period with 20% headspace O2. 
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Figure 4.3.4.ATO remaining in solution upon reaction with birnessite at 15 g kg-1 solid to solution 
ratio over a 3 h incubation period with 0, 5 and 20% O2 in the headspace with He. 
 
 
 
4.3.2. Results: Adsorption of IMCs to ferrihydrite: 
There was an initial decrease in solution phase NTO concentration upon reaction with ferrihydrite 
that occurred within the first 15 min, which raised the question of whether ferrihydrite was also an 
effective oxidant of NTO. At the two lower SSR values (0.15 and 1.5 g kg-1) the initial decrease 
was followed by a plateau in concentration after the first sampling time-point. At 15 g kg-1 SSR, 
there was complete loss of NTO from solution.  For ATO, the loss from the solution with 
ferrihydrite at 0.15, 1.5 and 15 g kg-1 SSR increased with reaction time. However, further 
investigation through desorption experiments indicated that both NTO and ATO were adsorbed to 
the surface of ferrihydrite (Figure 4.3-5). 

For NTO, at 15 g kg-1 SSR, there was complete loss from the solution during an initial 3 hour 
reaction step. An initial desorption step with CaCl2 brought no NTO into solution (Figure 4.3-5). 
However, a second desorption step with Na2HPO4 released 80 % of NTO back into solution, 
indicating strong adsorption to the surface. Similarly, for ATO there was about 40 % of ATO 
removed from solution upon 3 hour reaction, but subsequent desorption with CaCl2 and Na2HPO4 
was able to return nearly all of the ATO back to solution (Figure 4.3-5).   
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Figure 4.3-5. Adsorption/desorption and fractional plots of NTO and ATO to ferrihydrite surface. 
Left axis q shows the mass of sorbed IMC per unit mass of solid at equilibrium. Right axis shows 
fraction of IMC sorbed to ferrihydrite surface at various steps. 
 
 
 
4.3.3. Results: Reductive transformation of birnessite:  
High resolution Mn3s X-ray photoelectron (XPS) spectra for unreacted- and ATO-reacted 
birnessite are shown in Figure 4.3-6. As discussed in the previous section, the magnitude of peak 
splitting for Mn3s high resolution spectra is distinctive for Mn oxidation state. The unreacted 
birnessite has a binding energy difference between the Mn3s splitting multiplex of 4.5 eV, whereas 
for birnessite reacted with ATO, the binding energy difference between Mn3s splitting multiplex 
is 4.63 eV. This indicates reduction of birnessite Mn (IV) to a mixture of Mn (II, III and IV). The 
Mn shift towards higher binding energy indicates reductive transformation of birnessite with 
incorporation or retention of reduced Mn forms in the solid phase. The yield of soluble Mn(II) was 
much less than that calculated based on stoichiometric conversion of birnessite Mn(IV) to soluble 
Mn(II) during reaction with IMC daughter products. For ATO, only 19.27 µg kg-1 of Mn(II) was 
recovered from solution respectively at the end of 3 hour reaction. 
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Figure 4.3-6. High resolution Mn 3s scan for unreacted and post ATO reacted birnessite (15 g kg-

1) at pH 7.0. The increase in binding energy difference indicates reductive dissolution of birnessite 
and incorporation of reduced Mn forms back to the solids.  
 
 
 
4.3.4. Discussion: Oxidation assessment of NTO and ATO by birnessite 
The mineral-surface mediated oxidation of heterocyclic IMC compounds was dependent on the 
compound structure itself, mineral type, and the metal oxide solid concentration.  Reduction of the 
NTO nitro group is expected to enhance the tendency for organic compound oxidation by metal 
oxides because the presence of electron withdrawing nitro groups inhibits oxidation 144. This was 
observed in the current study as NTO was not oxidized by the metal oxides under any condition 
tested; however, ATO was rapidly oxidized by birnessite at all SSR tested.  

This was the first study showing oxidative transformation of ATO by birnessite. Electron 
withdrawing nitro groups increase the standard reduction potential and make the compounds less 
susceptible to oxidation whereas electron donating amine groups decrease the standard reduction 
potential and make the compounds more susceptible to oxidation 68,132,133,144. A kinetic rate study 
showed a ca. 1000-fold slower oxidation rate for p-nitroaniline as compared to aniline upon 
reaction with MnO2 at pH 4 133, whereas oxidation of p-methoxyaniline was 3000-fold faster than 
aniline. The nitroaromatic and aromatic amines can be easily oxidized either via mineralization or 
polymerization under aerobic conditions 145. 

Ferrihydite was not able to oxidize either NTO or ATO under the tested conditions; however, 
birnessite was capable of oxidation of ATO. The data from this study are consistent with the fact 
that birnessite is a stronger oxidizing agent than ferrihydrite; the standard reduction potential of 
ferrihydrite with Fe2+(aq) as a product is approximately 0.0 eV, whereas the standard reduction 
potential of birnessite with Mn2+(aq) as a product is 0.6 eV 132,146. The faster reaction rate with 
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birnessite can be attributed to its oxidation capacity that induced heterocyclic ring cleavage and 
mineralization of ATO to urea, N2 and CO2. First order rate constants showed strong log-log 
dependence with SSR (Figure 4.3-2) for ATO. Hence, even though the solid phase concentration 
of Mn oxides is lower than Fe oxides in soil environments, the former are such potent oxidants 
that their impact on oxidizing organic amines is likely greater than is the case for the more 
prevalent Fe oxides. 

While we are not aware of prior studies that compared directly the reactivity of Fe(III) and 
Mn(IV) oxides toward oxidation of N-heterocyclic compounds, there have been direct 
comparisons pertaining to aromatic amines. For example, prior work showed higher reactivity of 
birnessite relative to Fe(III) oxyhydroxide for oxidation of 4-chloroaniline (4-CA), 3,4-
dichloroaniline (3,4-DCA) and 3,5-DCA 129. At pH 6-7, Mn oxide was capable of oxidation of 4-
CA only but there was no oxidation by Fe oxide. At pH 5, both 3,4-DCA and 4-CA were 65% 
oxidized by Mn oxide, but less than 5% oxidation occurred with Fe oxide; and at pH 4, 3,4-DCA, 
3,5-DCA and 4-CA were near completely oxidized by Mn oxide, whereas 5-15% oxidation was 
observed with Fe oxide. Our results for NTO and ATO are comparable to those reported above for 
DNAN and MENA that indicated oxidative removal only of MENA (not of DNAN), and only in 
the presence of birnessite (not ferrihydrite) 83.  

The fact that measured values of Mn in solution were substantially lower than those predicted 
by the stoichiometry leading to Mn2+ as a product are consistent with the reincorporation of Mn 
into the solid phase.  Specifically, total aqueous Mn amounted to only 0.18 % of that predicted 
from reduction of birnessite to Mn2+. The low recovery of aqueous Mn(II) indicates resorption of 
reduced Mn at the surface and incorporation into birnessite. Indeed, as evident from the XPS data, 
the increase in binding energy for ATO-reacted birnessite indicates reduction of birnessite, 
dominated by Mn (IV), to a mixture of Mn redox states (II, III and IV).  Initial adsorption of Mn(II) 
or Mn(III) to the birnessite surface is promoted by its structural charge (resulting from Mn(IV) 
vacancy sites) and low pH of zero net proton charge.  

Further indications of birnessite transformation during ATO reaction derive from XRD data, 
but in this case, changes are more subtle. Reflections in the control and ATO-reacted birnessite 
are broad and asymmetric, indicating poor crystallinity and/or nano-particulate crystallites and 
turbostratic stacking disorder. The hexagonal layer symmetry of birnessite is maintained post 
reaction. The (001) reflection (along the c-axis) of the ATO-reacted birnessite shows a slight 
change in peak width and position indicating a small distortion of the 10 Å spacing of the layered 
octahedral sheets. If the change were due only to Jahn-Teller distortion of the octahedrally-
coordinated Mn(IV)O6 groups, a lengthening of the a-axis would have been noted by an increase in 
the d-spacing (220) reflection 140,141.  However, no change in the short range d-spacing reflections 
at 2.46 Å were observed.  The slight shift of the (001) peak can thus be attributed to a slight 
compression of the interlayer separation accompanied by a narrowing of the (001) peak, observed 
as a slight decrease in FWHM from 0.508 Å to 0.466 Å after reaction, and a small decrease in the 
ratio of the peak-height to peak-area from 1.17 to 1.29 after reaction with ATO.  The narrowing of 
the (001) peak indicates slightly larger crystallite sizes after reaction, estimated ca. 11 nm to 12 
nm using the Scherer equation147.  We postulate that this is due to re-adsorption of released Mn(II) 
and subsequent comproportionation with structural Mn(IV). During oxidative transformation of 
ATO, birnessite undergoes reduction to a Mn(III/II)-bearing phase as observed by XPS. Indeed, 
our results are consistent with a comproportionation reaction between Mn(II) adsorbed to vacancy 
sites and the surrounding layer Mn(IV) to form Mn(III), followed by migration of Mn(III) into 
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vacancies, accompanied by an ordered distribution in the birnessite layers, as has been reported 
recently 143. 
 
4.3.5. Discussion: Adsorptive loss from solution with ferrihydrite 
There was no adsorption of NTO to birnessite. Birnessite has a point of zero net charge of 1.9 and 
thus was negatively charged at all experimental pH values for this study 148. As a result of labile 
N-H bonds that undergo dissociation above the pKa (3.14) 149, the NTO molecule is anionic in 
bulk solution at the experimental pH (7.0). NTO has a nitro group in the structure, and the oxygen 
atoms in the nitro group are electron withdrawing and hence exhibit a negative polarity.  Charge 
repulsion between NTO and birnessite resulted in negligible adsorptive uptake to the surface.  

Conversely, there was adsorptive loss of NTO and ATO upon reaction with ferrihydrite. For 
NTO, at the two lower SSR values (0.15 and 1.5 g kg-1) the initial decrease was followed by a 
plateau in concentration after the first sampling time-point, and there was complete loss from the 
solution at 15 g kg-1 ferrihydrite, which is consistent with prior studies conducted with goethite 83.  
NTO was difficult to remove from the ferrihydrite surface with CaCl2 but it underwent nearly 
complete desorption upon reaction with Na2HPO4 indicating very strong affinity, likely retention 
via inner sphere complexation.  
 
4.3.6. Conclusion: Reaction of NTO and Daughter Products with Birnessite and Ferrihydrite 
This study aids in understanding the fate of parent compound NTO and its daughter product ATO 
on mineral surfaces. NTO was resistant to oxidation by both the birnessite and ferrihydrite at the 
tested concentrations. However, NTO was strongly adsorbed to the ferrihydrite surface, indicating 
an important potential mechanism for its attenuation in soils. ATO was also found to adsorbed to 
the ferrihydrite surface but more weakly than NTO. However, ATO, which is readily produced 
from NTO in suboxic soil microsites by reduction of the nitro group to amine, was found to be 
highly reactive with birnessite. The reaction of ATO with birnessite results in its transformation to 
urea, N2 and CO2, indicating complete breakdown to safe end products.  
 
 
  



56 

4.4. Reduction of IMCs with Green Rust 
 
4.4.1. Results and discussion: reduction with green rust 
Both the parent compounds NTO and DNAN were susceptible to reduction by green rust at 10 g 
kg-1 solid to solution ratio (SSR) (Figure 4.4-1). NTO was reductively transformed 
stoichiometrically to its corresponding amine daughter product, ATO, by green rust (Figure 4.4-
1A). The reaction of NTO with green rust was faster than DNAN, nearly complete in 10 min, and 
NTO was not detectable at 20 min after reaction initiation. To the best of our knowledge, this is 
the first report of NTO reduction by a naturally-occurring mineral. The presence of the nitro group 
on the heterocyclic structure causes strong electron deficiency in the ring and surplus electron 
density on the nitro group, making the latter a favorable site for reduction by structural Fe(II) of 
green rust, leading to transformation to ATO. Research conducted on NTO with bimetallic Fe/Cu 
and Fe/Ni (solid to solution ratio of 1%) at pH 3 suggested NTO loss from the solution in one hour 
but no reduction products were reported 150. The product ATO has been also observed to form 
from microbially-mediated reduction of NTO 16,82. In an anaerobic soil microcosm study with H2 
added as electron donor, a stoichiometrically proportionate amount of ATO (95.3 %) was 
recovered from NTO biodegradation 82.  

DNAN was also reductively transformed, initially forming both iMENA and MENA. The 
reduction occurred with a staggered regioselectivity. Over the first 10 min, the para-nitro group 
of DNAN was selectively reduced, generating iMENA. Thereafter the ortho nitro group was 
preferentially reduced, generating MENA. Both iMENA and MENA subsequently transformed to 
the final reduction product DAAN within 1 d (Figure 4.4-1B). Previous research reported initial 
biological reduction of DNAN was regioselective favoring the nitro group in the ortho position to 
yield MENA 48,126,127,151 before reduction of the second nitro-group to yield DAAN 126,127,151. 
Previous studies evaluated DNAN reduction with ZVI wherein it was converted to MENA 47,152-

154 , iMENA 153,154 and DAAN 47,152-154. Most of these studies report only a small fraction of 
iMENA products. The formation of MENA is favored 47,153. However in the PAX-101 study,  both 
MENA and iMENA are formed as important intermediates154, which suggests a non-regioselective 
reduction of both ortho- and para-nitro groups of DNAN. The staggered regioselectivity of para- 
and ortho nitro-groups observed with green rust is unique. The relative differences in reduction of 
nitro group might also be due to the methoxy group substituent effect. Methoxy groups are electron 
supplying groups and the initial substitution favoring to para position as compared to ortho 
position may be due to steric hindrance by methyl group. Like DNAN, other aromatic compounds 
with multiple nitro-groups cause a strong electron deficiency in the carbon skeleton and increased 
electron density in nitro groups favoring their reductive biotransformation 127,155-157. 

The initial abiotic reduction of nitro groups to amine is a major step in (bio) transformation of 
IMCs because of their inherent resistance to oxidation under oxic environment. The formation of 
aminated daughter compounds are found to show reactivity with soil minerals like birnessite and 
further transformed via polymerization or mineralization pathways 83,132. The daughter 
compounds MENA and ATO were found oxidatively removed from the solution by birnessite in 
our previous study 83 and also as discussed in the above sections. The oxidative removal of 
MENA from solution upon reaction with birnessite have been observed by other researchers as 
well 132. Mineralized safe end products like N2, CO2 , NO2- have been observed for these reduced 
IMCs upon reaction with birnessite. Also, biotransformation of reduced IMCs have been 
observed in incubation studies in sludge 127 and soils 82,126. So, initial reduction of the parent 
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IMCs by green rust is potentially very important from remediation point of view and this is the 
first study reporting reduction of new IMCs by green rust.  
 
 
 
 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.4-1. Transformation of IMCs (A) NTO and (B) DNAN by sulfate green rust at 10 g kg-

1 solid to solution ratio at pH 8.4.  
 
 

The normalized absorbance and first derivative Fe-XANES spectra collected from reacted 
samples indicate oxidation of green rust to a lepidocrocite ((γ -Fe(III)O(OH))-like species during 
reductive transformation of DNAN and NTO, which was more evident in the case of NTO as 
compared to DNAN (Figure 4.4-2). Fe-XANES results show a clear shift of oxidation state from 
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FeII/FeIII (green rust) to FeIII (lepidocrocite) upon reaction with IMCs. The LCF data suggested 
lepidocrocite-like mineralogy accounts for 94% of iron product with NTO and 62% with DNAN 
after reaction (Figure 4.4-2), consistent with the faster reductive transformation of NTO relative 
to DNAN (Figure 1). Green rust has been observed as a reactive intermediate in ZVI 158-163 
contaminant removal systems with the eventual formation of lepidocrocite as the final end product 
of green rust oxidation 158,164. Sulfate green rust is found to transform into lepidocrocite like form 
depending on pH and oxidation rate unlike the carbonate green rust which tends to from goethite 
like forms 164,165. Green rust is capable of reductive transformation of IMCs to their respective 
amines under anaerobic condition at the expense of being oxidized to lepidocrocite during the 
process.  
 
 

 
 

Figure 4.4-2. Normalized absorbance (A) and normalized first derivative (B) Fe Kα XANES 
spectra of pre- and post-reaction sulfate green rust (GR) with IMCs DNAN and NTO. Relative 
oxidation of GR and transformation to lepidocrocite (Lp) was examined by fractional convolution 
of reference spectra using linear combination fits (LCF) of reacted samples to reference 
compounds. Data are shown in black, fractional fits are shown in dots. Results show clear shift of 
oxidation state from mixed valent FeII/FeIII (green rust) to FeIII (lepidocrocite) upon reaction with 
IMCs.  
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4.4.2 Conclusion: reduction with green rust 
Green rust is capable of reductive transformation of IMCs to their respective amines and is 
oxidized in the process to lepidocrocite. The transformation of DNAN and NTO to reduced, 
aminated daughter products as mediated by the green rust mineral surface is of importance for the 
geochemical transformation of these compounds in soil. This study also adds insight into the 
mechanism of contaminant transformation by reaction with ZVI where green rust is a major 
intermediate product formed driving the reductive transformation. Treatment of IMCs with green 
rust could be a useful technique for abiotic transformation of munition compounds. 
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4.5. Pathways of Reductive 2,4- DNAN Biotransformation in Sludge 
 
Recent studies have begun to evaluate DNAN biotransformation under anaerobic 46 and aerobic 48 
conditions, and some biotransformation metabolites have been elucidated. In the present study, we 
assessed DNAN biotransformation using mixed microbial cultures (i.e., aerobic and anaerobic 
sludge) under aerobic, microaerophilic, and anaerobic conditions. Our aims were to compare 
DNAN biotransformation rates as a function of redox conditions, as well as to determine important 
biotransformation products. Our results confirmed that DNAN underwent biotransformation under 
all redox conditions investigated, and that conversion of the nitroaromatic compound was greatly 
enhanced under reducing conditions. A combination of ultra-high performance liquid 
chromatography coupled to triple quadrupole mass spectrometry (UHPLC-MS) and high-
resolution time of flight mass spectrometry (TOFMS) allowed identification of seven new 
metabolites which are described here for the first time, and enabled elucidation of new 
biotransformation pathways. 
 
4.5.2. Results: Aerobic conditions 
The DNAN biotransformation rate under fully aerobic conditions was very low (Figure 4.5-1). 
Under the best condition (with cosubstrate addition), almost 700 h was required to remove most 
(87%) of the added DNAN. In the endogenous treatment, only 40% of the nitroaromatic compound 
was converted in the same time period. In the control with heat-killed sludge, only very minor 
conversion of DNAN occurred. 

Based on HPLC-DAD analysis, MENA and DAAN were identified as products of DNAN 
biotransformation. In the killed sludge control and the endogenous treatments (no cosubstrate), an 
initial small decrease in DNAN occurred that may have been due to sludge adsorption. Thereafter, 
the mass balance indicates that further decreases in DNAN were accounted for by increases in the 
products; MENA and DAAN. After approximately 700 h, about 8% and 22% of DNAN was 
transformed to MENA and DAAN in the heat-killed sludge and endogenous treatments, 
respectively.  In the treatment amended with acetate, conversion of DNAN to MENA and DAAN 
occurred from the start of the experiment. After 700 h, about 35% and 17% of DNAN was 
transformed to MENA and DAAN, respectively. The mass balance was not complete in the 
cosubstrate-amended treatment, since 40% of the DNAN originally added could not be accounted 
for by the chemical species detected with the HPLC-DAD. 
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Figure 4.5-1. Aerobic biotransformation of DNAN (●) into MENA (□) and DAAN (▲). Panels: 
heat-killed sludge (A), live sludge (B), and live sludge supplemented with acetate as co-substrate 
(C). The dotted dashed line shows the molar sum of the three compounds. 
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4.5.3. Results: Microaerophilic aerobic conditions 
Under microaerophilic conditions, the biotransformation of DNAN was much faster in all 
treatments (Figure 4.5-2) compared to the fully aerobic condition. In this case, the endogenous and 
cosubstrate treatments behaved similarly with 80% removal of DNAN in 35 and 52 h, respectively. 
In the treatments with live sludge, DNAN conversion was notably faster than with heat-killed 
sludge where only 8% of DNAN was transformed to other compounds during the whole 
experimental period of 150 h. 

MENA and DAAN were also found with HPLC-DAD as the two main metabolites of 
DNAN biotransformation. MENA was the dominant product occurring in a 3:1 molar ratio 
compared to DAAN. After incubating for 20 h, the sum of the molar concentrations of DNAN (57 
μM), MENA (47 μM), and DAAN (21 μM) was stable and nearly equal to the initial added 
concentration of DNAN (130 μM). The gap between initial added DNAN and the sum of the final 
compounds could be due to sludge sorption or to biomineralization. Thus it can be said that DNAN 
is transformed almost stoichiometrically under microaerophiilic conditions to MENA and DAAN. 
In the treatment with heat-killed sludge, MENA was almost the only product formed. 

 
4.5.4. Results: Anaerobic conditions 
Under anaerobic conditions, the DNAN biotransformation occurred considerably faster and a 
higher conversion was observed compared to the aerobic and microaerophilic conditions (Figure 
4.5-3).  In the treatment with H2 as cosubstrate, DNAN was nearly fully converted within 12 h. In 
the endogenous treatment, an almost complete conversion required only 33 h. The heat-killed 
sludge treatment also retained reducing capacity, converting 88% of the added DNAN by the end 
of the experimental period of 48 h. 

According to the time course of biotransformation products (Figure 4.5-3), about 75% of 
DNAN was transformed to MENA in the heat-killed sludge. In the endogenous treatment, about 
70% of DNAN was transformed to MENA in 33 h. Afterwards, MENA started to decrease and 
was transformed into DAAN. In the H2 supplemented treatment, about 28% of DNAN was 
transformed to MENA during the first 12 h. Thereafter, MENA started to be transformed to DAAN 
as well. The mass balances in the endogenous and H2-supplemented treatments with live sludge 
were very poor. At the end of the experiment, the identified products only accounted for 
approximately 50% and 20% of the DNAN added at the start of the experiment, respectively, 
suggesting the formation of other biotransformation products that were not detected by HPLC-
DAD or reaction of the aromatic amines with the natural organic matter in the anaerobic sludge. 
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Figure 4.5-2. Microaerophilic biotransformation of DNAN (●) into MENA (□) and DAAN (▲). 
Panels: heat-killed sludge (A), live sludge (B), and live sludge supplemented with acetate as co-
substrate (C). The dotted dashed line shows the molar sum of the three compounds 
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Figure 4.5-3. Anaerobic biotransformation of DNAN (●) into MENA (□) and DAAN (▲). Panels: 
heat-killed sludge (A), live sludge (B), and live sludge supplemented with H2 as co-substrate (C). 
The dotted dashed line shows the molar sum of the three compounds 
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4.5.5. Results: Rates 
Zero-order DNAN conversion rates under the different redox conditions are shown in Figure 4.5-
4 and are representative of initial linear DNAN biotransformation during the first hours. Aerobic 
and microaerophilic conditions are directly comparable since both used the same inoculum, RAS. 
However, the anaerobic treatment had an anaerobic inoculum (AGS). The DNAN 
biotransformation rate increased as the redox conditions shifted from aerobic to anaerobic. The 
highest initial DNAN biotransformation rate of 16.4 µmol•L-1 h-1 was observed in the anaerobic 
bioassay with H2 as cosubstrate. It was approximately 4.2 and 9.4 times higher than those observed 
in the microaerophilic and aerobic conditions with acetate as cosubstrate.  The endogenous, 
anaerobic biotransformation rate was 8.8 µmol•L-1 h-1, which is 1.9 and 43.2 times higher than 
those observed in the endogenous microaerophilic and aerobic conditions, respectively. 
Considering specific biotransformation rates per unit of added volatile suspended solids (VSS), 
the rates in the live sludge had the same order of magnitude for the anaerobic and microaerophilic 
sludge (see data listed in caption of Figure 4.5-4). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.5-4. Comparison of the DNAN biotransformation rates in different redox conditions. 
Treatments: heat-killed sludge (■), endogenous (░), and cosubstrate (□). Expressed per unit of 
added biomass, the DNAN biotransformation rates in heat-killed sludge, endogenous and 
cosubstrate treatments were as follows (in µmol•h-1 g-1 VSS): anaerobic (0.16, 5.86 and 11.0), 
microaerophilic (0.10, 9.08 and 7.79), and aerobic assays (0.08, 0.41 and 3.49). 
 
4.5.6. Results: Identification of metabolites  
An additional experimental incubation was carried out to identify intermediates in the anaerobic 
culture using mass spectrometry. The anaerobic sludge supplemented with H2 was spiked several 
times with DNAN to generate enough products to facilitate their analysis. 

UHPLC-MS analysis of the products showed a protonated molecular mass [M+H]+ at m/z 
169 and 139 Da matching formulas of C7H8N2O3 and C7H10N2O. They were also identified with 
the precursor-transitions: 169>154 and 169>123 for MENA (2; Figure 4.5-5) and 139>107 for 
DAAN (5; Figure 4.5-5). In addition, MENA and DAAN were also confirmed with analytical 
standards using HPLC-DAD based on retention times.  Other compounds detected with UHPLC-
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MS and TOFMS included azo dimers (7, 10, 11, 12, and 13; Figure 4.5-5), hydrazine dimers (8 
and 14; Figure 4.5-5), as well as intermediates wherein a primary amine was alkylated with methyl 
(11; Figure 4.5-5), methylene (10 and 11; Figure 4.5-5) and acetyl (9; Figure 4.5-5) moieties. 
Dimers were also observed showing evidence of O-demethylation (12; Figure Sludge5) and 
subsequent dehydroxylation (13; Figure 4.5-5) of the methoxy group. Chemical structures were 
deduced from molecular formulae determined using Formula Finder 2.0.2.0 wherein monoisotopic 
masses were measured. The structures were determined based on high resolution molecular 
formulae in concert with interpretation of possible chemical reactions that nitroaromatics are 
known to undergo. MENA, DAAN, as well as other compounds found are reported in Table 4.5-
1. The chemical structures and mass spectra recorded for these metabolites can be found in the 
Supporting Data of the corresponding publication 166.  

The retention times and measured and predicted exact masses determined for the various 
compounds in the UHPLC-MS analysis are reported on Table 4.5-1.  

 
 

 
 
Figure 4.5-5. DNAN biotransformation pathways by anaerobic sludge amended with H2 as a 
cosubstrate. Dashed lines represent hypothetical routes. Compounds in brackets were not detected 
but are potential metabolites. Main pathways are shown inside the black box. Secondary routes are 
presented outside of the box. 
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Table 4.5-1. Molecular Formula, Retention Times Determined by UHPLC-MS, Calculated m/z Values, and m/z Values measured by 
TOFMS for the Various Identified Metabolites. 
Compound Molecular 

formula 
[M] 

Structure  
 in Figure 
3.6 

Retention 
time 
(min) 

Calculated‡ 
 [M+H]+ 

Measured  
 [M+H]+  

2-methoxy-5-nitroaniline (MENA) C7H8N2O3 2 1.5 169.0866 169.0864 
2,4-diaminoanisole (DAAN) C7H10N2O 5 0.86 139.0608 139.0579  
3,3’diamino-4,4’dimethoxy-azobenzene C14H16N4O2 7 3.7 273.1347 273.1315 
3,3’diamino-4,4’dimethoxy-hydrazobenzene C14H18N4O2 8 3.6 275.1503 275.1499 
N-(5-amino-2-methoxyphenyl) acetamide  C9H12N2O2 9 3.2 181.0972 181.0968 
5-((3-amino-4-methoxyphenyl)diazenyl)-2-methoxy-N-
methyleneaniline 

C15H16N4O2 10 4.3 285.1347 285.1346 

2-methoxy-5-((4-methoxy-3-
(methylamino)phenyl)diazenyl)-methyleneaniline 

C16H18N4O2 11 5.3 299.1503 299.1503 

3,3’diamino-4-hydroxy-4’-methoxy-azobenzene C13H14N4O2 12 4.4 259.1190 259.1159 
3,3’diamino-4-methoxy-azobenzene C13H14N4O 13 2.5 243.1241 243.1207 
3,3’diamino-4-methoxy-hydrazobenzene C13H16N4O 14 3.3 245.13 245.0* 

* m/z value measured by UHPLC-MS. The compound was not detected by TOFMS.  ‡ ChemBioDraw Ultra 12.0.2.1076 
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4.5.7. Discussion: Reductive biotransformation 
The multiple nitro functional groups of DNAN cause a strong electron deficiency in the carbon 
skeleton favoring reductive biotransformation as has been observed in many polynitroaromatic 
compounds in both aerobic and anaerobic conditions 35. We observed that the initial biological 
reduction of DNAN was regioselective favoring the nitro group in the ortho position to yield 
MENA, as other studies have shown for DNAN 46-48. MENA was then further reduced to DAAN 
which has also been observed previously only in cases where there are strict anaerobic conditions 
46,47. 

Nitroreductases responsible for nitro group reduction are readily found in bacteria, and they 
may account for the facile reduction of DNAN in sludge. There are two main types of 
nitroreductases, oxygen-sensitive and oxygen-insensitive nitroreductases. The latter may account 
for the reduction of DNAN under aerobic conditions. Oxygen-insensitive nitroreductases use a 
series of two electron transfer mechanisms and yield nitroso, hydroxylamine, and amino 
metabolites 35,167. The oxygen-insensitive reduction may be catalyzed by nitroreductases 
dependent on NAD(P)H as an electron donor, which often require flavin containing prosthetic 
groups 35,167. 

In this study, we observed reduction of DNAN in the anaerobic and microaerophilic 
bioassays that contained heat-killed sludge, albeit at a rate that was slower than in the bioassays 
with live sludge. Several authors have reported that reduced components present in sludge can still 
be active after biological inactivation and cause some reduction of NACs. Donlon et al 168 detected 
reduction of 2-nitrophenol by autoclaved methanogenic granular sludge. In addition, the reduction 
of NACs such as 4-chloronitrobenzene was also attributed to Fe2+ adsorbed to Fe-containing 
minerals containing minerals 36, as well as to sulfide when electron transfer is mediated by natural 
organic matter 169. 

 
4.5.8. Discussion: Biotransformation pathways 
A large array of DNAN metabolites were detected, including seven new products not previously 
reported. A plausible pathway for DNAN anaerobic biotransformation is proposed in Figure 4.5-
5 which accounts for the detected metabolites. Firstly, the nitro groups in DNAN were reduced 
leading to MENA and DAAN. Secondly, dimers were formed from reduced intermediates of 
DNAN. Azo compounds are known to be formed via nucleophilic reaction between aromatic 
amines and nitrosobenzenes according to scheme in Figure 4.5-6. The mechanism  involves a 
coupling between nitroso-intermediates and aromatic amines. The coupling reaction is initiated by a 
nucleophilic attack of the amine to the nitroso-group which produces an intermediate compound, N-
hydroxy-hydrazine 170,171. Upon loss of a water, this intermediate is directly converted to an azobenzene. 
The metabolites 7, 10, 11, 12 and 13 were azo dimers. 
 
 
 
 
 
Figure 4.5-6. Nucleophilic attack of aromatic amine with nitrobenzene to form azo dimer. A 
similar reaction can occur between nitrosobenzene and hydroxylamines to form an azoxy dimer 
172, which can account for previously observed formation of azoxy dimers as metabolites of DNAN 
reductive cometabolism in aerobic bacteria 48. Azoxy dimers can be reduced to azo dimers 173. 

Afterwards, azo compounds were reduced further to hydrazine metabolites (8, 11 and 14), 
which in turn were cleaved to form aryl amines (e.g 5 (DAAN)). Hydrazine compounds have been 
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reported as intermediates during the biological reduction of azo dyes 174-176. Anaerobic sludge is 
well known to completely reduce azo dyes to their corresponding aromatic amines 177,178. 
Both aromatic amines and azo dimer products become subject to secondary reactions, such as O-
demethylation (12), dihydroxylation (13 and 14), N-methylation (10 and 11) and N-acetylation 
(9). Of these processes, 2-N-acetyl-4-aminoanisole (9) detected as a metabolite in this study under 
strict anaerobic conditions was similar to a metabolite, 2-N-acetyl-4-nitroanisole, detected during 
aerobic DNAN cometabolism by a Bacillus strain 48. Acetylation has been reported for 2,4-
diamino-6-nitrotoluene by Pseudomonas fluorescens 179. N-arylamine acetyl transferases in 
bacteria and eukaryotes are responsible for transferring acetyl groups from acetyl coenzyme A to 
xenobiotic compounds containing amino and hydroxylamine groups 180. In this study evidence for 
the formation of N-methylene and N-methyl containing metabolites (10 and 11) is unique. 

The metabolite with a free hydroxyl group (12) indicates the occurrence of O-demethylation. 
Aerobic cometabolism of DNAN also resulted in the identification of an O-demethylated 
metabolite, 2-N-acetyl-4-nitrophenol 48. The aerobic bacteria, DNAN-biodegrading bacterium, 
Nocardioides sp JS1661, initiated the degradation of DNAN via an O-demethylation reaction 50. 
Rhodococcus strains have also been reported to O-demethylate 4-nitroanisole 181. Several 
metabolites detected in our study lacked the hydroxyl group (13 and 14) putatively formed after 
O-demethylation. This suggests the removal of the hydroxyl group. Reductive dehydroxylation is 
a well-known reaction of the intermediate 4-hydroxybenzoyl-coenzyme-A, yielding benzoyl-
coenzyme-A, during the anaerobic degradation of phenol 182. 
 
4.5.9. Conclusions: Reductive DNAN biotransformation in sludge 
DNAN was reduced by sludge to MENA and DAAN as the main metabolites, under all of the 
different conditions tested. The highest DNAN biotransformation rate was observed in anaerobic 
conditions enhanced by the addition of H2, as a cosubstrate. The nitro group in the ortho position 
was first reduced to an amine to yield MENA, then the para nitro group was reduced to an amine 
to produce DAAN. During the reductive biotransformation, coupling of DNAN intermediates 
occurred, yielding azo compounds. These products were further reduced to hydrazine dimers. In 
addition, a diversity of products was created by parallel pathways of N-methylation, and N-
acetylation of primary amines, as well as O-demethylation and dehydroxylation of methoxy 
groups. These insights on the fate and biotransformation of DNAN will help in understanding 
environmental health risks from DNAN and provide clues for the bioremediation of DNAN 
contamination. 
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4.6. (Bio)Transformation of 2,4-Dinitroanisole (DNAN) in Soils 
 
Previous studies have focused on enriched cultures or pure cultures of bacteria, whose 
biodegradation and biotransformation mechanisms might differ from those occurring in natural 
systems where processes are driven by natural mixed soil microbial populations, as well as abiotic 
soil components. In order to elucidate key soil parameters and conditions that influence the fate of 
DNAN in natural systems, we performed (bio)transformation assays with a diversity of soils 
provided as suspensions under anaerobic and aerobic conditions.  Our objectives were (1) to 
characterize the (bio)transformation potential for a diversity of soil types in aerobic and anaerobic 
conditions, (2) to assess inherent soil characteristics and culture conditions that enhance 
biotransformation, and (3) to resolve (bio)transformation pathways by identifying intermediates. 
 
4.6.2. Results: Aerobic soil survey for biotransformation 
The bioconversion of DNAN under aerobic conditions was investigated in seven different soils. 
(The soil properties are described in a previous publication 100. In some cases, heat-killed soil 
controls were included. Overall, there was slow conversion of DNAN in all of the soils surveyed 
(Figure 4.6-1). After rapid initial DNAN decrease (4-24 h), the removal rate was slow in the live 
treatments (0.42-2.28 µM d-1). The rates and extent of DNAN removal achieved were similar to 
those observed in the heat-killed soil.  

Initial DNAN removal was not associated with any significant HPLC resolvable 
transformation products except for minimal amounts of MENA (0-1.4% of DNAN). However, the 
removal was linearly correlated with the soil organic carbon (OC) (R2 = 0.9005, n= 5, two-sided 
t-test p=0.015). This initial loss of DNAN could potentially be attributed to adsorption. The initial 
adsorption was followed by slow DNAN transformation. The transformation rate decreased after 
4-8 d, suggesting that abiotic factors responsible for reducing DNAN became exhausted. By 15 
days of incubation, Catlin, Camp Navajo and Camp Butner soils had the most DNAN removed 
due to adsorption and transformation (Figure 4.6-1); accounting for 64, 42, and 37% of DNAN, 
respectively. The soils that were incubated for a longer period (43 d) Catlin, Camp Butner, and 
Camp Ripley; showed an overall removal of 45-80 %. 

 
4.6.3. Results: Anaerobic soil survey for biotransformation 
DNAN bioconversion was investigated under anaerobic conditions using H2 as an electron donor. 
Two main groups of soils can be distinguished by their respective fast and slow rates of DNAN 
(bio)transformation (Figure 4.6-2). Zero-order DNAN transformation rates for fast soils ranged 
between 38.9-73.1 µM DNAN d-1 (Figure 4.6-3, Table 4.6-1). Complete DNAN removal was 
achieved within 6 d in the fast soils (Catlin, Camp Butner, Camp Navajo, and Camp Ripley). These 
soils had lag phases ranging from 0.2-2.6 d. Soils with slow (bio)transformation rates (Florence, 
Maricopa, Roger Rd.) transformed DNAN at 4.51-11.6 µM d-1, providing ≤ 33% of total DNAN 
removal after 9 d. In Figure 4.6-2, only Florence soil is shown as the example for the slow soils; 
data for Maricopa and Roger Rd are not shown but Table 4.6-1 summarizes DNAN anaerobic 
(bio)transformation data for all soils.  
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Figure 4.6-1. Aerobic removal of DNAN in soils (50 g wet wt L-1) in mineral medium. Live 
treatments (continuous line): Camp Butner (■), Camp Ripley (●), Catlin (▲), Camp Navajo (♦), 
Florence (X). Heat-killed treatments (dashed line): Camp Butner (�), Camp Ripley (○), and Catlin 
(∆). No heat-killed treatment available for Florence and Camp Navajo. Averages with error bars 
are reported 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.6-2. Anaerobic transformation of DNAN in soils (50 wet g L-1) in mineral medium and 
amended with H2: Camp Butner (■), Camp Ripley (●), Catlin (▲), Camp Navajo (♦), and Florence 
(X). Averages with error bars are reported. 
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Table 4.6-1.  Rates of anaerobic biotransformation of DNAN with H2 for the seven soils surveyed.  

Soil Lag 
phase  

Conversion rate DNAN†  Max. yield products* 

(d) (µM d-1) (µmol g-1 
dwt soil d-1) 

(µM) (%)‡ 

Roger Rd. 7.8 11.6 0.24 10 6.67 
Maricopa 3.8 4.51 0.09 28 18.7 
Catlin 0.2 69.3 1.43 69 46.1 
Camp Ripley 1.1 38.9 0.78 107 71.3 
Camp Butner 1.5 68.7 1.66 101 67.7 
Camp Navajo 2.6 73.1 1.60 116 77.0 
Florence 4.9 9.5 0.20 29 19.3 

†conversion rate after lag phase. 
* MENA + DAAN (resolved with HPLC-DAD)   
‡100×(MENA+DAAN)/DNANadded (150 µM) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Figure 4.6-3. Correlations of zero-order rate 
constant with soil organic carbon (OC) 
content (Panel A) and soil bioavailable Fe 
(Panel B) during DNAN anaerobic soil 
biotransformation assays. Rate was 
calculated from the end of the lag phase 
(Table 4.6-1) until DNAN was no longer 
detected. The vertical dashed line indicates 
threshold of linear correlation of rate 
constant with OC. Linear regression for OC 
in Panel A valid for 0-2.07% OC. Two-sided 
t-test, n = 5, p ≤ 0.005. 
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Anaerobic DNAN (bio)transformation occurred faster and to a greater extent than in aerobic 
conditions. In the fast degrading soils, 50% of DNAN was removed within 2-4 d under anaerobic 
conditions (compared to ≥ 15 days for aerobic conditions). For fast (bio)transforming soils, all 
DNAN was removed within 6 d, whereas in aerobic conditions, there was residual DNAN after 43 
d for the same soils. 

Soil parameters (OC content, bioavailable Fe, and soil texture) were tested for correlations 
with DNAN conversion rate. Fast DNAN-(bio)transforming soils had OC contents above 2% 
(Figure 4.6-3), while slow soils had a low OC content (<1%). There was a strong relationship 
between transformation rate and OC (R2 = 0.9797, n=5, two-sided t-test p = 0.001). Each percent 
OC means an increment of 0.593 µmol DNAN g-1 dry weight (dwt) soil d-1 up to 2.07% OC 
(Figure 4.6-3). Above this value the rate did not increase. While bioavailable Fe did not show 
significant linear correlation at the 95% confidence level, one-way ANOVA showed that there was 
significant difference in the degradation rates based on its concentration (F test = 93.8, p = 6.87×10-

5). Furthermore, one-way ANOVA also showed significant differences in soil texture (F test = 102, 
p = 1.53×10-5). Based on these observations, 2.07% OC was a threshold range that distinguished 
fast from slow DNAN-converting soils. 

Three of the fast (bio)transforming soils were selected for further study by comparing full 
live treatment (containing H2) with endogenous (no H2 added) and heat-killed controls. DNAN 
conversion occurred in all cases (Figure 4.6-4). The H2 amendment enhanced DNAN conversion 
by 2 to 6 fold compared to endogenous treatments. Heat-killed and endogenous treatments had 
similar rates, 17.9 to 44.3 and 11.1 to 47.3 μM d-1, respectively, which suggest that without an 
electron donor amendment, abiotic transformation was dominant.  

The highest yields of UHPLC-DAD detectable monomer products (MENA, DAAN) for 
these three fast biotransforming soils generally occurred in the H2 amended (46.0 to 77.0% of 
DNAN) and the endogenous (56.8 to 68.2%) treatments. The lowest yields generally occurred in 
heat-killed controls (46.6 to 58.9%). In the H2 treatments DNAN was completely eliminated and 
MENA and  DAAN were no longer detected. This indicated the formation of transformation 
products that were either not amendable to UHPLC-DAD detection or the daughter products 
became bound to the soil. 
 
4.6.4. Results: Products identified in UHPLC and infusion Q-ToF-MS 
Ten chemical structures were detected in liquid samples using QToF-MS techniques. Table 4.6-2 
shows the compounds, retention times, mass to charge ratios (m/z values as [M+H]+), as well as 
fragments detected where available. 2,4’dimethoxy-4-nitro-3’nitroso-azobenzene was detected by 
infusion Q-ToF-MS and the rest of the compounds were detected using UHPLC-Q-ToF-MS. The 
high-resolution masses measured for all compounds detected were within 0.7 ppm of predicted 
monoisotopic masses. Mass spectral details and fragmentation patterns are provided in 
supplementary data of the associated publication 126. MENA and DAAN were confirmed in the 
samples analyzed, with [M+H]+ m/z values detected 0.7 and 0.1 ppm away from the calculated 
ones, respectively. An isomer of MENA, 4-methoxy-5-nitroaniline (iMENA) (J; Figure 4.6-6) was 
detected and exhibited a shorter retention time (2.2 min) than MENA (5.3 min), indicative of 
greater hydrophilicity. The assignment is further supported due by the stronger dipole moment and 
lower log Kow (0.80 versus 1.47) of iMENA compared to MENA 47. In addition, the fragmentation 
pattern was also different between the isomers (Table 4.6-2). Since iMENA was only detected by 
UHPLC-Q-ToF-MS, it could be inferred that it was produced at considerably smaller amounts 
than MENA. To date, iMENA has only been reported in abiotic reduction of DNAN with zero-
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valent iron 183 compared to the regioselective formation of MENA in biological systems 47. 
Therefore, its presence might indicate that abiotic processes contributed to in part to nitroreduction. 

Besides monomeric products, a total of seven dimers were identified. Three of them have 
been reported during DNAN incubations with anaerobic sludge: 3,3’diamino-4,4’dimethoxy-
azobenzene (E), 3,3’diamino-4-hydroxy-4’methoxy-azobenzene (F), and 4,4’dimethoxy-3-
methylamino-3’methyleneamino-azobenzene (G) (Table 4.6-2, Figure 4.6-6) 166. The other four 
were new dimers identified in this study. They included: 2,4’dimethoxy-4-nitro-3’nitroso-
azobenzene (C), 2,2’dimethoxy-5-hydroxylamino-azobenzene (D), 4’methoxy-3-methylamino-
3’methyleneamino-azobenzene (H), and 3-amino-3’nitro-4,4’dimethoxy-azobenzene (I) (See 
Table 4.6-2 and Figure 4.6-6). 
 
4.6.5. Discussion: Aerobic transformation 
Complete DNAN (bio)conversion was restricted to anaerobic conditions. Aerobically, initial 
partial adsorption and subsequent slow transformation was observed in live and heat-killed soils. 
Rapid conversion occurred in anaerobic conditions, at a rate that was highly correlated to soil OC 
content up 2.07%, after which the rates were apparently saturated. An important component of the 
transformation was due to chemical reactivity of the soil as evidenced by transformation in heat-
killed soil. However, rates in live soil were accelerated with the addition of H2. 
Aerobically, DNAN was removed initially due to putative sorption onto the soil. Hawari, et al. 47 
calculated soil OC to water partitioning coefficients for DNAN (Koc = 215-364 L kg-1) in two 
soils containing 2.5-34% total OC, indicative of the strong affinity of the compound to organic 
matter. The adsorption of nitroaromatics, such as 2,4-dintrotoluene, is known to be correlated with 
soil organic matter (SOM) 184 

Besides adsorption, a small fraction of DNAN underwent reduction to MENA under aerobic 
conditions but no further reduction to DAAN was detected. These results indicate that DNAN was 
also partially reduced under aerobic condition. Aerobic oxidation is problematic for compounds 
with electron withdrawing moieties, such as multiple nitro groups 30,185. Each additional nitro 
group shifts the electrons away from the carbon skeleton 186, making the oxidation of the carbon 
skeleton more difficult and the reduction to amines more likely 187. While a recent study has 
reported aerobic DNAN mineralization by a bacterium isolated from a munitions wastewater 
treatment plant 50, our findings do not show similar reactions in unacclimated soils, even after 
extended incubations (43 d). Therefore, reduction is the most likely pathway for DNAN 
biotransformation in soils, and this was clearly a much slower process in aerobic conditions. 
 
4.6.6. Discussion: Anaerobic transformation 
Under anaerobic conditions, DNAN was rapidly transformed to aromatic amines, MENA and 
DAAN. This is consistent with reports on anaerobic conversion of nitroaromatics with multiple 
nitro groups 42,188,189. Previous research has also demonstrated biological anaerobic conversion of 
DNAN to MENA and DAAN under anaerobic conditions 46,47,166.    
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Figure 4.6-4. Concentrations of DNAN (●), MENA (■), and DAAN (▲) and their sum (- - -) 
during the anaerobic (bio)transformation of DNAN with 50 wet g L-1 soil for Catlin (A), Camp 
Butner (B), and Camp Navajo (C) soils. H2 added as electron donor (1), live soil (endogenous) (2), 
and heat-killed soil (3). Averages with error bars are reported 
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Table 4.6-2. Molecular Formulae, Retention Times, Calculated and Measured m/z Values, and Spectral Data Determined by UHPLC 
and Infusion Q-ToF-MS for the Identified Transformation Products. Retention time (RT) 
Compound/ structure in Figure  4.6-6 (bold) Molecular 

formula 
[M] 

RT 
(min) 

Calculated 
[M+H]+ 

Measured 
[M+H]+  

Spectral data (*Int.) 

2,4-diaminoanisole (DAAN) (B) C7H10N2O 1.9 139.0866 139.0865 139.0865 (31), 124.0635 (100), 108.0687 
(28), 95.0604 (25), 80.0504 (19) 

2-methoxy-5-nitroaniline (MENA) (A) C7H8N2O3 5.3 169.0608 169.0615 169.0615 (52), 154.0377 (25), 123.0683 
(100), 108.0447 (49), 96.0449 (7), 
80.0505 (37) 

4-methoxy-5-nitroaniline (iMENA) (J) C7H8N2O3 2.2 169.0608 169.0602 169.0602 (72), 154.0366 (29), 123.0676 
(16), 122.0597 (100), 108.0444 (21), 
94.0649 (23), 77.0395 (18)  

3,3’diamino-4-hydroxy-4’methoxy-azobenzene (F) C13H14N4O2  2.6 259.1190 259.1191 259.1191 (87), 242.0919 (27), 228.1005 
(34), 227.0923 (100), 199.0977 (70) 

4’methoxy-3-methylamino-3’methyleneamino-
azobenzene (H) 

C15H16N4O 2.3 269.1397 269.1398 269.1398 (100), 254.1167 (38), 237.1132 
(57) 

3,3’diamino-4,4’dimethoxy-azobenzene (E) C14H16N4O2 1.6 273.1346 273.1351 273.1351 (54), 256.1079 (35),  242.1161 
(60), 227.0924 (100), 199.0978 (11), 
151.0860 (14) 

2,2’dimethoxy-5-hydroxylamino-azobenene (D) C14H15N3O3 4.9 274.1186 274.1180 274.1180 (24), 243.1010 (100), 228.0764 
(69), 200.0806 (34), 172.0863 (10), 
143.0591 (10) 

4,4’dimethoxy-3-methylamino-3’methyleneamino-
azobenzene (G) 

C16H18N4O2 3.0 299.1503 299.1509 299.1509 (100), 284.1277 (29), 267.1241 
(14) 

3-amino-3’nitro-4,4’dimethoxy-azobenzene (I) C14H14N4O4 3.4 303.1088 303.1088 303.1088 (100), 271.0810 (19), 257.0651 
(19), 225.0888 (6), 227.1042 (16), 
151.0856 (24) 

2,4’dimethoxy-4-nitro-3’nitroso-azobenzene (C) C14H12N4O5 N/A*

* 
317.0880 317.0879 N/A** 

*Int. = % intensity normalized to highest m/z for each compound 
** Compound detected in infusion-Q-ToF-MS. Fragmentation not available. 
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Figure 4.6-5. Possible mechanisms for coupling between reduced intermediates of nitroaromatic 
compounds: A) coupling of nitrosobenzenes with aromatic amines 170,171; B) coupling of 
nitrosobenzenes with phenylhydroxylamines 172.. 
 

In our soil assays, the transformation rates were well correlated with soil OC content. Firstly, 
natural decay of assimilable fractions of SOM can supply electron equivalents for reduction of 
nitro groups. Assimilable carbon in SOM has been demonstrated for soils 190, waters 191, as well 
as anaerobic sediments 192. The decomposition of the assimilable carbon could potentially 
contribute to electron donating equivalents needed for nitro-group reduction. Secondly, humic 
material can act as electron shuttles as has been demonstrated by quinones representing redox 
active moieties in natural SOM that stimulate the reduction of nitroaromatics by ferrous iron and 
sulfide 40,193. Lastly, high SOM also correlates with high bacterial counts 194, which may play a 
role in the catalysis of nitro-group reduction. 

Reduction of DNAN also occurred in heat-killed soils, particularly in Camp Navajo soil 
(which has the highest OC and bioavailable Fe). DNAN abiotic reduction has been reported to 
result from reaction with Fe(II) and with ferrous-ligand complexes 40,195. Fe(II)-sorbed to Fe 
containing minerals are very effective in reducing nitroaromatic compounds 36,37 In anaerobic 
sediments, SOM decomposition is known to be a major source of electron-donating substrate for 
Fe(III) reduction 196, providing for a pool of Fe(II). Furthermore, autoclaving soils has been 
reported to increase 6-fold Fe(II) content due to Fe(III) reduction during heating 197. Therefore, 
autoclaving could have reduced Fe(III) to Fe(II) coupled to SOM oxidation, which in turn could 
promote abiotic reduction of DNAN afterwards. 
 
4.6.7. Discussion: Products of anaerobic conversion and biotransformation pathway 
The initial reduction of DNAN occurred primarily in the ortho position, as reported previously 46-

48, yielding  MENA. In the endogenous and heat-killed treatments there was no further 
transformation (up to 9 d), except for Catlin soil. However, in the H2 treatments, the MENA formed 
was readily consumed and did not result in any accumulation of DAAN. The higher reducing 
conditions, due to the addition of an electron donor (H2), favored the conversion of MENA. DAAN 
was not detected, possibly due to binding with humic substances or coupling reactions with nitroso 
derivatives to form dimers, and, therefore, accounting for the lack any DAAN accumulation.  
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Figure 4.6-6. Metabolites detected with infusion and UHPLC Q-ToF-MS experiments and 
transformation pathway proposed. Compounds in parentheses were not detected in this work but 
are known intermediates in the literature. Double arrows indicate that reactions require multiple 
steps. 
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Q-ToF-MS indicated azo dimer formation. While these products have been regarded as 
artifacts formed during sample processing 47, strict anaerobic conditions were maintained in the 
incubations and ascorbic acid was used as antioxidant to prevent formation of artifacts. Azo dimers 
were also detected previously during incubations of DNAN with anaerobic sludge 46,166, as well as 
in similar treatments with TNT 198. Furthermore, there is a body of literature that uses reductive 
techniques to synthesize azo dyes from nitroaromatics 170,171,173,199. Therefore, we propose that azo 
dimers are formed as a product of (bio)transformation of nitroaromatics under anaerobic 
conditions. Two plausible mechanisms for azo product formation are shown in Figure 4.6-5. The 
most likely explanation for dimer formation under strict anaerobic conditions is a condensation 
reaction between a nitroso intermediate and an amino-containing compound since aromatic amines 
were demonstrated to accumulate. This mechanism has been proposed for azo dye synthesis by 
reduction of nitroaromatics with nano-iron 170 and also by a one-step reaction of aromatic amines 
with nitroaromatics under basic conditions and high temperature (10 mM, 105 °C). 171. This 
proposed reaction would form structures C, E, and I in Figure 4.6-6 due to the condensation 
between a nitroso-bearing compound and an amino group in MENA or DAAN. 2,4’-Dimethoxy-
4-nitro-3’nitroso-azobenzene (C, Figure 4.6-6), provides evidence of nitroso-bearing 
transformation products. Alternatively, azo dimers can be formed via the reaction of nitroso-
intermediates with hydroxylamine intermediates to azoxybenzenes, that can potentially be reduced 
to azo compounds 172,200. We detected a tentative azo compound bearing a hydroxylamino group, 
2,2’dimethoxy-5-hydroxylamino-azobenzene (D, Figure 4.6-6). Although we did not detect any 
hydroxylamino-bearing monomers, Perreault, et al. 48 detected 2-hydroxylamino-4-nitroanisole, 
during the reduction of DNAN in aerobic conditions. DNAN hydroxylamino intermediates might 
not accumulate in soil, as hydroxylamino products from TNT reduction have been reported to bind 
to soil irreversibly 201. 

The azo dimers can be subject to further metabolism. An additional plausible reaction is the 
reduction of the azo dimers to form aromatic amines again. This is a well-known reaction causing 
cleavage of azo dyes under reducing conditions 177,178,202. 

Besides the formation of dimers, other reactions are proposed based on metabolites observed 
with Q-ToF-MS, such as O-demethylation, two-step demethoxylation, and N-substitution. O-
demethylation of the methoxy group yields a hydroxyl group in the transformation of 3,3’diamino-
4,4’dimethoxy-azobenzene (E, Figure 4.6-6) to 3,3’diamino-4-hydroxy-4’methoxy-azobenzene 
(F, Figure 4.6-6). This reaction has been reported during anaerobic incubations of DNAN and 4-
nitroanisole 48,166,181. After O-demethylation, dehydroxylation could follow, together comprising a 
two-step demethoxylation. This series of reactions is suggested between 4,4’dimethoxy-3-
methylamino-3’methyleneamino-azobenzene (G, Figure 4.6-6) and 4’methoxy-3-methylamino-
3’methyleneamino-azobenzene (H, Figure 4.6-6). Two-step demethoxylation has been reported 
previously for the biotransformation of DNAN in anaerobic sludge 166. Another reaction proposed 
is N-substitution with alkyl groups, leading to observed N-methyl and N-methylene containing 
dimers (G, H; Figure 4.6-6), which has also been reported previously in anaerobic sludge 
biotransformation 166. It is possible that partially degraded labile components could be a source of 
alkylating amines. Finally, another compound was detected and tentatively assigned the structure 
2,2’dimethoxy-5-hydroxylamino-azobenzene (D, Figure 4.6-6). This dimer suggests nitrogen 
removal from the structure (azo dimers from DNAN have four N-bearing groups while structure 
D in Figure 4.6-6 has only three). Nitro group removal from an aromatic ring in reductive 
conditions can occur during nitroreduction to hydroxylamino followed by N removal as NH4+ 
yielding a diol 186. However, the diol product of this reaction scheme was not detected in 
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2,2’dimethoxy-5-hydroxylamino-azobenene (D). Overall, these reactions indicate that azo dimers 
formed from reduced products of DNAN bioconversion continue to undergo transformations in 
anaerobic soil environments. 
 
4.6.8. Conclusions: (Bio)Transformation of DNAN in soils 
DNAN underwent (bio)transformation in soils, particularly in anaerobic conditions, due to biotic 
and abiotic processes. The major reaction pathway involved nitro-group reduction to MENA, and 
to a minor extent, DAAN. The rate of DNAN reduction in anaerobic conditions is related to the 
OC content of a given soil, with higher rates occurring at high OC. Products from DNAN reduction 
coupled to form azo dimers that continued to be (bio)transformed with O-demethylation and N-
substitution reactions. Aromatic amines such as DAAN also reacts and becomes incorporated into 
soil organic matter. Taken together, our results indicate that DNAN is readily reductively 
(bio)transformed in natural soils, and a full suite of transformation products are formed such as 
aromatic amines and azo dimers, which can impact the fate of DNAN in the environment. 
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4.7. Environmental Fate of 14C-2,4-DNAN in Soil Microcosms 
 
4.7.1 Objectives: Fate 14C-DNAN in soil microcosms 
Under anaerobic conditions, the nitro groups of DNAN are progressively reduced in soils forming 
the aromatic amines 2-methoxy-5-nitroaniline (MENA) and 2,4-diaminoanisole (DAAN) 126.  The 
formation of aromatic amines can be attributed biological and abiotic factors. In support of the 
biological reduction mechanisms, the same pattern of DNAN reduction to MENA and DAAN was 
also observed when utilizing to pure strains of pure bacterial cultures (Shewanella oneidensis and 
Pseudomonas fluorescens) incubated under anaerobic conditions 47. However abiotic mechanisms 
may also play a role in forming these aromatic amines, since both MENA and DNAN were formed 
in heat sterilized soil samples albeit at slower rates compared to biologically active samples 126. 
This is consistent with nitro groups of nitroaromatic compounds being susceptible to abiotic 
reduction by Fe2+ adsorbed onto iron oxide minerals 36,37 or via redox mediators, transferring 
electrons from hydrogen sulfide (H2S) 40. 

Aromatic amines are reactive compounds. During the anaerobic reduction of DNAN to 
MENA and DAAN in soil, these aromatic amines occur as fleeting intermediates that are 
subsequently rapidly attenuated 126. Likewise when MENA and DAAN are spiked into sterile 
aerobic soil microcosms, they disappear rapidly. The disappearance is partly due to sorption but 
mostly due to irreversible covalent binding to soil natural organic matter (NOM) 47. 

There is also evidence of bound residue being formed between radiolabeled or isotope 
labeled TNT and soil humus during the anaerobic phase of soil bioremediation of conventional 
explosives. Under strictly anaerobic conditions, large percentages of 14C-trinitrotoluene (14C-TNT) 
are converted to non-extractable substances in humus (humin). After periods ranging from 35 to 
51 d of anaerobic incubation, anywhere from  47 to 65% of the radiolabelled TNT was associated 
with the insoluble humus fraction, humin 55,203. 15N-NMR spectra of soil incubated anaerobically 
with 15N-TNT reveals the presence of 15N in condensed moieties in the soil reminiscent of 
substructures expected for humus 54,57,203. 

The objective of the present study was to provide a quantitative characterization of the fate 
of DNAN and its (bio)transformation products in soil utilizing radiolabeled studies with uniformly 
ring labelled 14C-DNAN. One specific goal was to evaluate the distribution of 14C in the soil, 
liquid, and gas phases during biotransformation. A second goal was to evaluate different strategies 
(aerobic/anaerobic redox conditions and additions of electron donor, soil NOM, or horseradish 
peroxidase) on the fate of 14C, with a special focus on its irreversible covalent bonding with soil 
humus. 

 
4.7.2. Results and discussion: DNAN reductive biotransformation. 
The fate of DNAN was studied in Camp Navajo (CN) and Camp Butner (CB) soils. DNAN 
biotransformation assays inoculated with 10 g L-1 of soil lead to complete biotransformation of 
DNAN (Figure 4.7-1). However, complete conversion rate of DNAN in CN soil (56.7 μmol DNAN 
d-1 dwt g-1 soil) was four-fold higher than the rate in CB soil (14.3 μmol DNAN d-1 dwt g-1 soil). 
CN has a higher organic carbon content (52.4 mg g-1 soil) than CB (20.7 mg g-1 soil) 126. The higher 
organic carbon content may be related to improved electron donor supply as NOM is degraded and 
the soils with higher organic content are typically associated with higher microorganism 
abundance, thus providing a higher number of microorganisms capable of driving the 
nitroreduction with non-specific flavin containing nitroreductases 35. The HPLC-resolvable 
products expected from primary biotransformation, MENA and DAAN, only were detected 
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sporadically in the supernatant with the highest concentrations detected ranging from 80-135 μM, 
but by 50 d none of these simple aromatic amines could be detected anymore in the HPLC. Based 
on mass spectrometry analyses conducted in similar experiments with these soils, the secondary 
resolvable products found in the liquid phase are comprised by azo-dimers as assessed by the 
relative abundance of the ionizable products in mass spectrometry 126. Aromatic amines can also 
react with humic substances becoming irreversibly bound, either through substitution reactions 
61,62 or oxidative radical reactions 25. Thus a quantitative assessment can only be provided by 
analyses utilizing radiolabeled parent munitions compounds. 
 
4.7.3. Results and discussion: 14C label distribution during DNAN biotransformation  
The 14C distribution was monitored in aqueous, organic solvent and 0,5 M NaOH extractable and 
humin-bound fractions  during anaerobic incubations in aqueous suspension with two soils (CN 
and CB) and an anaerobic sludge supplied at 10 g L-1. During the time course of the incubation, 
the 14C label was predominantly associated with the aqueous phase of the assays. This fraction 
accounted for 65 to 84 % of the total final label for the various soil and sludge microcosms on day 
50 (Figure 4.7-1). A likely explanation is that the dominant products that remain soluble consist 
of azo-dimers based on our previous work characterizing the long-term species in DNAN 
biotransformation assays 126. Or the aromatic amines become substituted in water soluble humic 
materials such as the fulvic acids 61. On the other hand, the methanol extracts ranged from 3 to 6% 
of the 14C label for in the soil and sludge microcosms. The more hydrophobic 14C label in in the 
ethyl acetate remained below 1% in all microcosms. 

The humus-bound 14C associated with the insoluble humus (humin) of the soil and sludge 
significantly increased during the incubations. This is the non-extractable fraction which is 
combusted by the Harvey oxidizer. On d 50 this fraction accounts for 16 to 25% of the 14C label 
in the soil and sludge microcosms. The values were highest in the anaerobic sludge microcosm 
where 14C incorporation occurred rapidly at the start of the experiment in parallel with a rapid 
decrease in DNAN. To a minor extent there was also an increase in the 0.5 M NaOH extractable 
fraction associated with humic acid, accounting for 2 - 3% of the recovered label. The increase in 
14C label in the humin fraction coincided with the decrease in DNAN. Once the DNAN was 
depleted the 14C in the humin fraction remained relatively constant, suggesting that once the supply 
of aromatic amines was depleted, the incorporation of 14C ceased. Based on these observations, 
most of the 14C associated with DNAN remained associated with the aqueous phase and remained 
soluble. Nonetheless a sizeable fraction became irreversibly incorporated into as non-soluble 
bound residue in the soil humin. This coincides with similar findings in experiments with TNT in 
soil 204, where the humin fraction was associated with up to 52.4% of the total label. 
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Figure 4.7-1. Incorporation of 14C into soil components during DNAN (■) anaerobic 
(bio)transformation in soils and sludge amended with 10 mM pyruvate. Panel A: CN soil (10 g L-

1). Panel B: CB soil (10 g L-1). Panel C: anaerobic sludge. No detectable 14C label was obtained in 
the gas phase (volatile organic compounds (VOCs) and CO2). In this experiment, the aqueous 
samples were not corrected for scintillation quenching due to coloration. The upper line is the sum 
of all labeled fractions.  
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No radiolabel above background levels was recovered in the gas phase (i.e. 14C-VOCs or 
14C-CO2), suggesting that ring-cleavage of DNAN is very unlikely to have occurred in CN and 
CB soils, as well as in anaerobic sludge. This is consistent with findings on radiolabeled 14C with 
the chemical analog, TNT, in soils 204 and activated sludge 205. However, since the radiolabel only 
included the aromatic ring, it is possible that unlabeled CO2 might be released from O-
demethylation of the methoxy group in DNAN or its reduced products and therefore was not 
detected in the LSC. O-demethoxylation of DNAN bioconversion products has been detected in 
soils 48,126. 

Overall, the recovery of the 14C label was in general >95 % of the radiolabel added. However, 
at longer incubation times the recovery decreased, resulting in 76-78 % of recovered label in both 
soils. The aqueous phase had a stronger brown coloration at longer incubation times (>30 d), 
potentially attributed to fulvic and humic acids released from the soils and sludge. Coloration in 
LSC decreased the counting efficiency, quenching the scintillation signal. A similar phenomenon 
had also been observed in TNT soil radiolabeled studies 204. To address this issue, quenching 
correction was performed in subsequent experiments as described in the Methods section. 
 
4.7.4. Results and discussion: Aerobic vs. aerobic conditions 
The effect of anaerobic versus aerobic soil incubations conditions on the incorporation of 14C into 
humin from 14C labeled DNAN was evaluated with 25 g L-1 of CN soil. Incubations under 
anaerobic conditions resulted in the highest incorporation of DNAN biotransformation products 
into the soil humus (Figure 4.7-2A). All treatments had remarkably higher incorporation of 14C 
compared to the first experiment with just 10 g L-1 soil. With 10 g L-1, 14C incorporation was only 
23%; whereas under the same pyruvate amended conditions, the same soil enables more than twice 
that level of incorporation when supplied at 25 g L-1 soil.  These results clearly indicate that the 
quantity of soil (and perhaps its associated organic carbon) in relation to the quantity of DNAN  
has an important role on 14C incorporation. 

When comparing treatments at 25 g L-1 soil. The pyruvate amended anaerobic treatment had 
the highest incorporation of 14C to humin (53.4%) after 40 d of incubation, followed by the 
endogenous (without pyruvate) anaerobic treatment (41.2%); whereas the aerobic treatment 
(25.7%) resulted in less than half of the label incorporated compared to the anaerobic pyruvate 
amended treatment. Moreover, the rate of incorporation was also highest for the pyruvate amended 
treatment (0.16 nCi mg-1 OC d-1) (Figure 4.7-2B), which was 1.2 times the rate for the endogenous 
anaerobic treatment, and twice the rate compared to the aerobic treatment. In addition, 
incorporation into the 0.5 M NaOH extraction, operationally defined as humic acid associated 
fraction, ranged from 9.5-11.8% of the 14C label for the three treatments. However, in the methanol 
extractions of the aerobic treatment there was about 2.5 times more 14C- associated label than for 
the endogenous and pyruvate amended anaerobic treatments. No radiolabel associated with 
captured gas species were detected above background counts for any of the treatments. These 
results suggest as a whole that addition of an electron donor, such as pyruvate, could help increase 
the extent and rate of DNAN product-incorporation into the humin fraction in soils during 
biotransformation. Moreover, under aerobic conditions incorporation occurred, albeit at slower 
rates and lower extent. 
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Figure 4.7-2. Impact of redox conditions on extent and rate of 14C-ring DNAN labeled carbon 
incorporation into different extractable liquid and residual solid fractions during  
(bio)transformation in CN soil (25 g L-1). Treatments included 10 mM pyruvate amended 
anaerobic (Pyr-Anaer), endogenous anaerobic without pyruvate added (Anaer) and endogenous 
aerobic without pyruvate added (Aer) conditions.  Panel A: 14C label distribution at 40 days of 
incubation. Panel B: 14C-incorporation rate (0-40d, period of maximum slope) into the humin. 
Humin was measured with 14CO2 from the combustion of the residual soil in a Harvey Oxidizer 
after all the extractions.  
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4.7.5. Anaerobic-aerobic sequential experiments. 
A sequential combination of anaerobic-aerobic conditions was evaluated as strategy to increase 
the amount of 14C incorporation into the soil humin utilizing CB soil ay a concentration of 25 g L-

1 (Figure 4.7-3). Like in the previous experiments, the majority of the label incorporated occurred 
in the humin phase, and pyruvate amendment increased the initial rate and extent of the 14C 
incorporation. Upon switching to aerobic conditions, the treatment that was initially amended with 
pyruvate (panel B) remained relatively stable until the end of the experiment (104d), with no 
permanent large increase in the fraction of radioactivity incorporated into humin. On the other 
hand, the endogenous treatment, continued to have 14C become incorporated into the humin 
fraction during the aerobic phase, albeit at a rate that was three-times slower than during the 
anaerobic portion of the experiment. By 104 d, both of these treatments had a comparable fraction 
of the 14C label incorporated into soil humus, ranging between 63-65% of the total label. 

Sequential anaerobic-aerobic treatment has been proposed for nitroaromatic compounds 
either for mineralization or for composting in soils, the latter being a strategy used for TNT 206. 
However, in the findings here for DNAN, most of the incorporation occurred during the anaerobic 
phase. Although, there was continued incorporation during the aerobic regime, the rate of 
incorporation did not seem to be improved by switching from anaerobic to aerobic conditions.  On 
the other hand, during the aerobic phase, addition of HRP with H2O2, resulted in increasing the 
incorporation to the humin fraction almost instantaneously from 40 to 49.5% (Figure 4.7-3C). 
While the HRP was added as a single dose, humin incorporation continued to increase with time, 
reaching 58.8% by day 104.  HRP has been used as catalyst of condensation reactions with 
aromatic amines 207,208 and has been shown to catalyze incorporation reactions into soil with TNT 
metabolites 209,210. 
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Figure 4.7-3. Effect of pyruvate and horseradish perdoxidase addition on radiolabelled carbon soil 
incorporation during sequential anaerobic(0-40d)-aerobic(40-104d) biotransformation of 14C-ring 
DNAN in CN soil (25 g L-1). Panel A: endogenous. Panel B:amended with 10 mM pyruvate at day 
0. Panel C:  endogenous with horseradish peroxidase (HRP) and H2O2 added at day 40.  
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4.7.6. Humin and organic carbon addition for higher incorporation 
Throughout all the biotransformation assays, performed in the present work under different redox 
conditions and amendments, the incorporation of 14C to occurred to a great extent intot the humin 
fraction of the soil humus in CN and CB soils. Therefore, in order to analyze the role of the amount 
of humin available on 14C incorporation, a range of soil quantities were used and in another 
experiment, a purified humin was artificially added to a soil and incubated until 14C incorporation 
ceased (Figure 4.7-4). Increasing the amount of soil used in the biotransformation assays 
influenced greatly the amount of radiolabeled incorporated in the humin phase as determined by 
combustion in Harvey Oxidizer. The highest amount of label incorporated to the humin fraction 
(78.6%) was achieved with 50 g L-1 of CN as inoculant, which was 3.7× higher than the treatment 
with the lowest amount of CN soil, 5 g L-1. Similarly, addition of purified humin to CB soil, 
resulted in a higher incorporation of 14C label (Figure 4.7-4B). Adding 20 mg of purified humin 
resulted in incorporation of 66.8% of the label, while using the unamended soil resulted in only 
26.4 % 14C incorporation.  

Based on these observations, addition of soil OC (via soil or purified humin) increased the 
amount of irreversible binding of DNAN products into the soil. All the treatments in the present 
work and preliminary experiments with similar redox conditions and incubation time (anaerobic, 
40 d) were compiled in Figure 4.7-5. As seen, there is a strong positive linear correlation (R2= 
0.93) between the mass of OC to initial DNAN mass and the percentage of the 14C radiolabel 
incorporated into the humin fraction (as operationally defined by label recovery from Harvey 
Oxidizer combustion of exhaustively extracted samples). That relationship holds very well up to 
0.8 mg OC / mg DNAN, thereafter there is no longer any improvement in the incorporation of 14C 
at higher levels of OC per unit mass of DNAN. The saturation point may represent the saturation 
of the reaction of the two available aromatic amine groups expected to be formed from DNAN 
reduction to DAAN. A model in which these two groups are substituted into humic quinone 
moieties represented by 2-methoxy-1,4-hydroquinone is provided in Figure 4.7-6). Globally, these 
findings strongly suggest that organic carbon is a strong predictor of the level of incorporation of 
DNAN biotransformation products into the insoluble fraction of humus (humin).The OC of soil 
could potentially be used to estimate a maximum DNAN load a given soil can irreversibly 
attenuate. If the intrinsic OC levels are two low, the irreversible attenuation capacity can be 
improved by adding even more OC in the form of compost or peat tro the soil. 

Aromatic amine metabolites of TNT are known to react and become covalently bound with 
soil humus even under anaerobic conditions. For example, the addition of 2,4,6-triaminotoluene 
(TAT) to anaerobic soil cultures spiked with humus have resulted in rapid irreversible binding of 
of TAT to the humus 201. When 14C-TNT is incubated in soil anaerobically under conditions similar 
to our study (with addition of readily biodegradable electron donating substrates), a large fraction 
of the 14C-label is subsequently found associated with the humin fraction 55,203,204. The 
incorporation of reduced TNT metabolites into the humus has further been confirmed by 15N-NMR 
spectrometry 54,57,203.  
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The most likely explanation for the anaerobic irreversible binding of aromatic amines into 
soil humus is nucleophilic substitution of the amino group onto carbonyl structures or the double 
bonds of quinone subunits of humus 61,62. The evidence for nucleophilic substitution reactions of 
quinone structures with a broad variety of aromatic amines is well documented. While there is has 
never been a direct pairing experiment between DAAN and a quinone, we can predict the reaction 
shown in Figure 4.7-7. The predicted reaction shows that after the amine group substitutes into the 
double bond of the quinone structure, the quinone converts to a hydroquinone. In order to 
propagate an additional N-substitution, an additional quinone, which can be formed by the 
oxidation of hydroquinones. Under aerobic conditions, phenol oxidizing enzymes such as laccase 
are able to oxidize the hydroquinones to quinones 62,64. However under anaerobic conditions, 
alternative mechanisms of hydroquinone oxidation are required. Fe(III) containing mineral oxides 
can oxidize hydroquinones to quinones 211,212. The reduction of nitroaromatic compounds by 
reduced iron in anaerobic environments results in the formation of the Fe(III) mineral oxides 37, 
which later can oxidize hydroquinones to quinones. Thus the nitroaromatic reduction process 
supplies Fe(III) for hydroquinone oxidation to quinones. These quinones can subsequently become 
covalently linked via nucleophilic substitution reactions with the aromatic amines that are also 
generated from nitroaromatic compound reduction Figure 4.7-8. If present, Mn(IV) mineral oxides 
also known to oxidize hydroquinones to quinones 213. 

A second possible explanation of the covalent bonding of aromatic amines into the soil 
humus under anaerobic conditions is via radical reactions initiated by a one-electron oxidation 
caused by Mn(IV) oxide minerals, forming a cationic amine radical 25,68. These radicals can couple 
with each other or react with aromatic structures in the soil humus matrix. Figure 14C-9 provides 
a general scheme of these type of reaction based on literature data with several types of aromatic 
amines.  
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Figure 4.7-4. Increased incorporation of 14C into soil humus with increased organic carbon added 
as natural soil or by spiking soil with humin during the course of DNAN biotransformation 
amended with 10 mM pyruvate in anaerobic conditions. Panel A: Incubations with different CN 
amounts of soil extracted at day 40. Panel B: Incubations with CB soil (25 g L-1) and different 
amounts of purified humin added.  
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Figure 4.7-5. Correlation of organic carbon to DNAN ratio with 14C-ring labeled DNAN 
incorporation into humin extracted at 30-50d of anaerobic incubation amended with 10 mM 
pyruvate. CN soil (○), CB soil (□), CB soil amended with humin: experment 1 (■) and experiment 
2 () incubations. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7-6. A suggested conceptual structure of DAAN covalently bound to two quinone 
moieties in humus, using 2-methoxy-1,4-hydroquinone as a model of the OC in humus. This 
conceptual structure would correspond to OC:DNAN (mg:mg-1) ratio of 0.85. 
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Figure 4.7-7. Predicted reaction between DAAN and 2-methoxy-1,4-benzoquinone. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.7-8. Hypothesized formation of Fe(III) oxide minerals during Fe2+ mediated reduction of 
nitroaromatic compounds to aromatic amines that enables the oxidation of hydroquinones to 
quinones which in turn can form irreversible covalent bonds with aromatic amines via nucleophilic 
substitution reactions. A total of 6 mol Fe(III) can be formed by reduction of each nitro group 
which is sufficient to oxidize 3 hydroquinones to quinone and only one quinone is required to form 
a covalent bond. 
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Figure 4.7-9. Reaction of aromatic amines with MnO2 involving a cation radical mechanism, 
formation of dimeric intermediates and the ultimate irreversible covalent bonding of the aromatic 
amines and dimers with the soil humus (natural organic matter, NOM). R = rest of molecule.  
 
 
 
4.7.7. Conclusions: Fate 14C-DNAN in soil 
During incubations of ring labeled 14C-DNAN, a large fraction of water soluble radiolabel 
decreases and most of that decrease in radiolabel becomes incorporated into a fraction of the soil 
that is not extractable and is assumed to be part of the insoluble soil humus fraction known as 
humin. Only negligible to small recoveries of 14C label are found in the volatiles, organic 
extractable fractions; whereas only very modest recoveries of label are found in the NaOH 
extractable fraction (considered to be humic acid). 

The first and foremost conclusion of the study is that OC quantity as a ratio of the initial 
DNAN quantity is the single most important factor dictating what fraction of the 14C-DNAN 
becomes incorporated into the insoluble humin fraction. The mg:mg ratio of OC: DNANinitial 

provides a very strong prediction of the ultimate incorporation of DNAN molecules into humin. 
This correlation with the OC:DNANinitial ratio is strong irregardless of the source of the OC (either 
from one of two soil types or added humin). That correlation is valid up to a ratio of 0.8 mg OC 
mg-1 DNAN, which coincides with the two N groups in DNAN being substituted into quinone 
moieties of humus after DNAN is fully reduced to DAAN. Further increments in the 
OC:DNANinitial ratio do not increase incorporation of 14C into humin because the reactive amine 
groups are saturated. 

At a given OC:DNAN ratio, this study also evaluated the effect of different treatments on 
the incorporation of 14C-DNAN into humin. Globally, speaking the treatment effects were 
relatively small compared to the impact of the OC:DNAN ratio. Nonetheless, the more anaerobic 
the conditions, a greater rate and extent of 14C incorporation is observed compared to aerobic 
conditions. The findings are in stark contrast with the established paradigm in an important review 
of TNT bioremediation by Esteve-Nunez, et al. 214. The paradigm considered anaerobic conditions 
are solely involved in the formation of aromatic amines; whereas aerobic conditions are required 
to (co)polymerize and covalently link the aromatic amines into humus. The reason this paradigm 
can now be rejected is the compilation of evidence to the contrary showing that significant strong 
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sorption 201 and covalent incorporation 55,203,204 of reduced TNT intermediates into humin occurs 
under anaerobic conditions. The results of the current study demonstrate that the same is also true 
for reduced DNAN intermediates because large fractions of 14C-DNAN becoming irreversibly 
bound in humin under highly reducing conditions. 
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4.8. Biotransformation and Degradation of NTO by Soil Bacterial Communities 
 
Although there is initial evidence of NTO biotransformation and biodegradation, studies are 
needed to evaluate the biodegradability of NTO in soils where residues of unexploded ordnance 
may end up as contamination in military firing ranges. We report the biodegradation of NTO and 
its main metabolite ATO by microbial communities in diverse soils under aerobic and anaerobic 
conditions. Several different electron donors (e-donors) and the presence and absence of a 
nutritional amount of yeast extract (YE) were also tested. This constitutes the first study to 
determine if soil microbial communities can mineralize NTO nitrogen (N). 
 
4.8.1. Results: Anaerobic reduction of NTO to ATO 
In this study, microbial communities from a wide range of soils were tested in microcosms for 
their ability to degrade NTO. The seven soils used included five unique textural classes and 
covered a broad range of characteristics Table 4.8-1 (and additional supplementary data in 
Krzmarzick, et al. 100). In anaerobic microcosms with H2 added as an e-donor, NTO was fully 
biotransformed (Figure 4.8-1). No biotransformation was observed in killed- or non-inoculated 
controls. Endogenous controls (no external e-donor) displayed NTO bioconversions rates of 0.03 
mM d-1 and 0.006 mM d-1 in Camp Navajo soil and in Florence soil microcosms, respectively. 
Amendments with H2 as e-donor increased biotransformation rates, ranging from 0.23 (Roger 
Road) to 1.25 mM d-1 (Camp Navajo). No clear connection between biotransformation rates and 
TOC or total soil N was observed. There was a negative correlation with soils with alkaline pH 
that corresponded to slower biotransformation rates (Spearman’s ρ= -0.85, P= 0.016). 

ATO was the dominant product from NTO biotransformation under anaerobic conditions. 
ATO formation was concomitant to the removal of NTO, and the yield of ATO production as a 
fraction of NTO removed was stoichiometric. Conversion NTO to ATO was very low in 
endogenous microcosms indicating that NTO conversion was dependent on the presence of an 
external e-donor. The ability of Camp Butner soil microbial communities to use various e-donors 
to degrade NTO was tested, both with and without a nutritional amount of yeast extract (YE) 
(Figure 4.8-2). In most cases, the e-donors stimulated biotransformation of NTO compared to 
endogenous controls and decreased the lag phase for NTO reduction. 
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YE did not improve the rates of biotransformation if the e-donor could readily serve as carbon 

source, such as the cases with the citrate or pyruvate amended microcosms (Figure 4.8-2. and 
additional supplementary data published elsewhere 100). Conversely, YE was responsible for a 
major improvement in the rate for the e-donors that did not include carbon such as with the H2-
amended microcosms Figure 4.8-2, or with the microcosms with e-donors that readily yield H2 
upon anaerobic fermentation (e.g. lactate). 

With many of the electron donors, minor amounts of the intermediate HTO were observed 
(Figure 4.8-2). HTO did not accumulate, probably because it was quickly reduced to ATO. 
 
4.8.1. Results: Lack of aerobic degradation of NTO 
NTO was not degraded under fully aerobic conditions with any of the soils. In these microcosms, 
pH was maintained at 7.2 for at least 62 d (and up to 112 d). Two soils, Camp Butner and Camp 
Navajo, were also tested for their ability to aerobically degrade NTO with glucose addition, 
increased pH, and under N-limiting conditions (no exogenous N source). With these treatments, 
NTO was not degraded with either soil. 
 
4.8.2. Results: Degradation of ATO 
The degradation of ATO was tested under various conditions with Camp Butner and Camp Navajo 
soils under aerobic or anaerobic conditions, with and without glucose addition, and at pH 7.2 and 
8.5 (Figure 4.8-3). ATO did not degrade under any anaerobic condition with either soil. Under 
aerobic conditions, ATO degraded relatively slowly with both soils as evidenced by loss of parent 
compound and detection of inorganic N species. With Camp Butner soil, ATO was degraded in all 
aerobic microcosms and the fastest degradation occurred at pH 7.2 without glucose addition. With 
the Camp Navajo soil, the fastest degradation occurred at pH 8.5 without glucose addition. At pH 
7.2 and with glucose addition, the duplicate microcosms were dissimilar, with only one replicate 
degrading the ATO. Generally, nitrite was found to initially rise, followed by a permanent rise of 

Figure 4.8.1. The anaerobic degradation of NTO to ATO in microcosms inoculated with (A) 
Camp Navajo (AZ) soil, and (B) Florence (AZ) soil in H2 amended microcosms (squares) 
endogenous controls (triangles), and killed controls (circles). NTO concentrations are shown 
with solid symbols and solid lines and ATO concentrations are shown with open symbols, 
dotted lines). Error bars indicate standard deviation of duplicate microcosms. 
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nitrate, far above the background amount of inorganic N (0.5 mM). In controls without ATO 
amendment and with killed controls and non-inoculated media-only controls, inorganic N species 
remained very low and did not increase.  

 

  

Figure 4.8-2. Degradation of NTO to ATO in microcosms with H2 as an electron donor 
without YE (A) and with 10 mg L-1 YE (B), or with 20 mM of citrate without YE (C) and with 
10 mg L-1 YE (D), or with 20 mM pyruvate without YE (E) and with 10 mg L-1 YE (F). The 
concentration of NTO (black squares) and ATO (triangles) are shown on the primary axis; the 
concentration of the hydroxyl-amino intermediate (circles) is shown on the secondary axis. 
Error bars indicate standard deviations of duplicate microcosms. 
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Thus, this increase in inorganic N observed in live-soil inoculated treatments after the decrease in 
ATO concentration is indicative of the mineralization of the ATO in these microcosms. 

Figure 4.8.3. Degradation of ATO under aerobic conditions and release of N species: (A) Camp 
Butner soil, pH 7.2; (B) Camp Navajo soil, pH 7.2; (C) Camp Butner soil, pH 8.5; (D) Camp 
Navajo soil, pH 8.5; (E) Camp Butner soil, pH 7.2, with glucose; (F) Camp Navajo soil, pH 7.2, 
with glucose; (G) Camp Butner soil, pH 8.5, with glucose; (H) Camp Navajo soil, pH 8.5, with 
glucose. Solid triangles show ATO concentrations (as per mol of N), squares correspond to 
ammonia, circles to nitrite, diamonds to nitrate, and dashed line represents the sum of N species 
concentrations (both inorganic and ATO). Mineral medium used initially contained 0.5 mM of 
inorganic N (as ammonia). Results for autoclaved controls and non-inoculated controls are 
published elsewhere 1. 
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Intermediate(s) between ATO and inorganic N species must exist as is seen from a lack of a molar 
balance between the amount of degraded ATO and the production of inorganic N products. 
Samples from these microcosms were analyzed with QToF-MS but no organic intermediates were 
detected. 
 
4.8.3. Discussion: Lack of NTO biodegradation under aerobic conditions 
Nitro groups are electron withdrawing making direct oxidation of the molecule difficult. However, 
nitroaromatics (NACs) with two or less nitro-groups have been degraded by several oxidative 
pathways 215. In other cases, aerobic bacteria will reduce NACs to aromatics with hydroxylamino 
groups 215,216 or to amino- groups 217,218, which are then further metabolized. Less is known 
concerning the aerobic biodegradation of nitro-heterocyclic compounds that may also require a 
reduction of the nitro group, but may involve different mechanisms. The reduction of NTO to ATO 
in this study was only achieved under anaerobic conditions, suggesting the need of an anaerobic 
step for bioremediation. On the other hand, Le Campion et al. 219 and Richard and Weidhaas 220 
observed reduction of NTO in the presence of O2 using high amounts of cells and rich organic 
broths as medium (e.g. glucose). High levels of organic substrates in those experiments may have 
unknowingly produced O2-deficient conditions as the organic substrates were consumed. 

Nitro-group containing organic compounds are likely difficult to biodegrade aerobically in 
soils. Similar to our findings, the degradation of the heterocyclic compound RDX was not 
degraded by soil microbial communities under aerobic conditions 221. TNT is also not readily 
degraded aerobically except when co-amended with other substrates which cause nitro group 
reduction to occur 222. In our study, however, the addition of glucose did not aid in the 
biodegradation of NTO under aerobic conditions.  
 
4.8.4. Discussion: Anaerobic biotransformation 
The anaerobic reduction of NTO to ATO occurred in all seven soils tested, indicating that this 
pathway (Figure 4.8-4) should be ubiquitous in soil environments if subjected to anaerobic 
conditions. The facile anaerobic reduction of nitro groups is common 188,223,224. The complete 
reduction of the nitro- to the amino group in NTO occurred readily with nearly stoichiometric 
amounts of ATO produced in nearly all cases. Stoichiometric reduction of NTO to ATO was 
observed in previous literature with Bacillus licheniformis and mammalian liver microsomes 225 
and has been observed in soils for RDX 221. The results here indicate this reduction process is very 
ubiquitous. 
 
4.8.5. Discussion: Nitroreductases 
Specific nitroreductase enzymes have been implicated in some aerobic NAC-degrading bacteria 
215,223. Less specific oxygen-insensitive nitroreductases of enteric bacteria can reduce TNT and 
RDX 223,226,227. Hydrogenases and carbon monoxide dehydrogenase pyruvate:ferrodoxin 
oxidoreductase of Clostridia have been shown to reduce TNT 223,224. Bulk reducing agents 
generated in anaerobic environments such as sulfide together with redox mediating NOM and 
Fe(II) adsorbed to iron oxide minerals are also known to reduce nitro groups abiotically 169,228. 
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Though such a mechanism is theoretically possible in our experiments, the relatively low 
concentrations of sulfate (0.4 mM) amended in the mineral medium would need to be cycled many 
fold in order to provide the reducing electrons needed to transform the amount of NTO added (3.8 
mM). The IM compound, DNAN was transiently converted to both nitroso- and hydroxylamine 
intermediates as it was being reduced to 2-amino-4-nitroanisole by an aerobic soil bacteria, 
Bacillus sp. 13G 229. 
 
4.8.6. Discussion Physiology 
An external e-donor was required for rapid and complete biotransformation. In previous studies, 
the reduction of nitrated explosives also needed e-donors, and similar to this study, diverse sources 
of e-donors were found suitable 168,224,230,231. H2 or substrates that generate H2 during their 
conversion were the best e-donors in agreement with our findings. YE provided a critical 
nutritional requirement to the soil microflora that enabled them to reduce NTO with a decreased 
lag phase with nearly every e-donor tested and an increased degradation rate with many of the e-
donors. YE also increased reduction of the nitro groups in TNT by a Pseudomonas strain 232. 
 
4.8.7. Discussion: Degradation products 
The reduction of nitro groups occurs via three steps of two electron reductions of nitro- to nitroso-
, nitroso- to hydroxylamino-, and hydroxylamino- to amino groups 223. In this study, NTO was 
reduced to ATO with small amounts of the hydroxylamino intermediate (HTO) being observed 
temporally in some assays. The HTO as an intermediate of NTO biotransformation has not been 
reported previously. TNT is often observed to degrade to mixed amounts of hydroxylamino- and 
amino derivatives by bacteria 233-235 and RDX is most commonly associated with a reduction to 
nitroso intermediates 229,236,237. Hydroxylamino intermediates are known to be reactive 238,239. In 
studies with DNAN, the mixture of hydroxylamino- and nitroso intermediates may lead to 
dimerization products when degraded by bacteria 85,229. A similar high level of reactivity was not 
observed in this study, since there was not a major loss in the stoichiometric yield of ATO in 
biodegradation tests even under conditions with the highest HTO intermediate concentration or 
conditions with the most prolonged exposure to HTO. Additionally, coupling products were sought 
using MS-QToF yet these products were not found. 

Figure 4.8-4. The biotransformation and degradation pathway of NTO found in this study.  
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ATO was never degraded in any of the anaerobic experiments in this study but degradation 
was observed under aerobic conditions. The N balance was incomplete after the degradation of 
ATO and prior to the production of inorganic N products indicating that intermediates not 
measured nor detected in this study were produced. Heterocyclic explosives such as RDX and 
HMX become unstable after initial reduction of the nitro groups due to the weak energy of C–N 
bond leading to abiotic hydrolysis 240-242. In contrast, ATO was stable in anaerobic conditions and 
degradation in aerobic conditions occurred slowly. Previous research shows that ATO can be ring 
cleaved at mildly alkaline pH 219. A higher pH did accompany a faster degradation rate in the Camp 
Navajo soil without glucose addition, but otherwise an increase in pH was not accompanied with 
significantly better degradation of ATO. Le Campion et al. 219,225 found ring cleavage products 
such as CO2 and urea. Likewise they putatively identified hydroxyurea. Urea and hydroxyurea 
could potentially represent N-compounds that were missing in the N-balance of this study. 
Additionally, denitrification may have occurred if there were anaerobic niches in the aerobic 
assays, causing N to be released as N2 gas.  

A recent study 220 reported aerobic conversion of NTO using an enrichment culture exposed 
to the munitions formula IMX-101 as a N source and organic co-substrates. They indicated an 
NTO degradation product lacking the nitro group; however, the LC-MS evidence provided did not 
support the proposed structure. 
 
4.8.7. Conclusions: 
 
In soils, the degradation of NTO may be stimulated by promoting an initial anaerobic phase to 
form ATO followed by an aerobic phase for ATO biodegradation. In aerobic conditions, our 
research suggests that NTO will be non-biodegradable in soils. In anaerobic environments, it will 
most likely be readily converted to ATO, but ATO will then persist in anaerobic conditions. In 
aerobic conditions, ATO may be susceptible to mineralization depending on the soil microbial 
community and pH conditions. The addition of cosubstrates (e.g. glucose) was not observed in our 
study to necessarily enhance ATO degradation. 
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Table 4.8-1. Selected properties of the soils used in this study. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

†Brunauer, Emmett and Teller (BET) Surface area; § TN = Total nitrogen; ¶ TC = Total Carbon 
 ‡ TOC = Total Organic Carbon. 

      Soil Texture 

Soils pH BET 
SA† TN§ TC¶ TOC ‡ Sand Silt Clay Textural Class 

  m2 g-1 -----------------------g kg-1 -----------------
---- 

-----------------%--------
---- 

 

Camp Ripley (MN) 6.0±0.1  1.7±0.03 1.27±0.20 12.55 1.50 12.5 ± 1.50 78.2 14.0 7.8 Loamy Sand 
Camp Butner (NC) 6.4±0.0  4.9±0.07 1.33 ± 0.05 20.69±1.20 20.69 ± 1.20 68.7 19.8 11.5 Sandy Loam 
Florence (AZ) 7.0±0.1 32.5±1.7 0.81± 0.02  4.16±0.20  4.16 ± 0.20 44.2 28.5 27.3 Clay Loam 
Camp Navajo (AZ) 6.3± 0.0 21.5±0.6 3.65 ± 0.21 52.36±3.70 52.36 ± 3.70 21.5 38.1 40.4 Clay 
Maricopa (AZ) 7.8± 0.1 34.6±1.7 0.80 ± 0.05  7.07 ± 0.40  4.65 ± 0.40 37.5 22.0 40.6 Clay 
Roger Road (AZ) 7.8± 0.0 27.7± 0.8 1.54 ± 0.03 18.25 ± 0.10  7.07 ± 0.40 23.3 35.1 41.6 Clay 
Catlin Soil (IL) 6.4 ± 0.1  5.1± 0.4 2.81 ± 0.18 45.44 ± 1.10 44.08 ± 1.10 13.5 55.0 31.5 Silty Clay Loam 
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4.9. Sequential Anaerobic-Aerobic Biodegradation of NTO  
 
The objective of this study is to evaluate the microbial degradation of both 3-nitro-1,2,4-triazol-5-
one (NTO) and its reductive daughter product, 3-amino-1,2,4-triazol-5-one (ATO), in a sequential 
anaerobic-aerobic batch reactor and in a continuous-flow reactor using soil microorganisms as 
inoculum. 

 
4.9.1. Results: Batch bioassays 
NTO biodegradation was tested under 
different redox regimens. Full removal of 
NTO was only observed in the sequenced 
anaerobic-aerobic treatment (Figure 4.9.1B). 
Under anaerobic conditions, NTO was 
completely transformed to ATO within 14 d, 
and after switching from anaerobic to aerobic 
conditions, ATO was fully eliminated after a 
lag phase of ca. 10 d. Complete NTO removal 
was achieved in 37 d. In the completely 
anaerobic regimen, all NTO was 
stoichiometrically converted to ATO. 
However, ATO was not further metabolized 
(Figure 4.9-1B). Under aerobic conditions, 
the NTO concentration was stable during the 
entire incubation period (Figure 4.9-1C). 
Anaerobic controls without addition of e-
donor and yeast extract displayed a slower 
NTO transformation rate (0.58 mM g-1 SOC 
(soil organic C) d-1). After 37 days, 44% of 
NTO was biotransformed. NTO 
transformation was also observed in the 
anaerobic heat-killed control, but at a constant 
and slower rate (0.54 mM g-1 SOC d-1) when 
compared to the live culture (1.54 mM g-1 
SOC d-1). However, no transfor-mation was 
observed in the anaerobic control sterilized 
with formaldehyde. In the media only control, 
NTO transformation was not observed in any 
of the redox regimens. 
 
 
  

Figure 4.9-1. NTO bioconversion under various 
redox regimens in a soil suspension (Gortner soil 
10 g L-1) with pyruvate (2.7 mM). The aerobic 
incubation did not contain pyruvate and yeast 
extract. (A): Sequenced anaerobic-aerobic 
incubation. (B): Anaerobic incubation. (C): 
Aerobic incubation. Legend: NTO live culture 
(■), ATO live culture (□). 
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4.9.2. Results: Continuous flow reactor experiments 
Reactor operation with ATO. 
From day 0 to day 12, the reactor was operated with basal medium. During period IIa, the reactor 
was fed with 0.6 mM ATO as the only source of carbon and N. The analysis of the effluent 
indicates that all the ATO was removed during this period, since the compound was not detected 
in the effluent (Figure 4.9-2). During period IIb, the concentration of ATO in the influent was 
increased to 1.0 mM. During this period, ATO was also completely removed from the medium. 

 
The concentration of inorganic N in the influent and in the effluent was also monitored (Figure 
4.9-4A). Previously to ATO addition in the medium (Period I), very low levels of inorganic N 
were measured in the effluent (below 0.125 mM). During period IIa, a progressive increase in the 
concentration of inorganic N was observed, reaching values usually above 1000 µM, indicating 
that N was being released during ATO metabolism. For period IIb, the average concentration of 
inorganic N was about 1.50 mM. However, these values are below the expected concentration 
considering the complete mineralization of ATO, which would release approximately 4 mM 
inorganic-N. The average percent mineralization of N was 36.1% and 37.8% for periods IIa and 
IIb, respectively (Table 4.9.1). 
 
Reactor operation with NTO. 
In period III, the reactor was operated with 1.0 mM NTO and 1.8 mM sodium pyruvate. The 
concentration of NTO in the influent was relatively lower for certain samples. This variability can 
be explained by the partial reduction of NTO in the influent container due to the high concentration 
of pyruvate present in the medium, causing O2 depletion.  

Figure. 4.9-2. Disappearance of ATO in aerated continuous flow reactor during periods I (no 
ATO addition, average flow rate = 154 mL day-1), IIa (600 µM ATO, average flow rate = 146 
mL day-1), and IIb (1000 µM ATO, average flow rate = 213 mL day-1). Legend: ATO 
concentration measured in the influent (■), ATO concentration measured in the effluent (□).  



105 
 

 
Table 4.9-1. Operational conditions and performance of a laboratory-scale continuous flow reactor 
treating water containing ATO or NTO during different periods. 

Period Compound 
Added Days 

Flow 
rate  

[mL/d] 

ATO 
influent 

[µM] 

NTO 
influent 

[µM] 

ATO 
removal 

efficiency 
[%] 

NTO 
removal 

efficiency 
[%] 

Nitrogen 
mineralization 

[%] 

I - 13 154±172 0±0 0±0 - - - 
IIa ATO 63 146±12 649±107 0±0 100±0 - 36±22 

IIb ATO 152 213±48 1024±55 0±0 100±1 - 38±5 

IIIa NTO 79 204±19 48±91 931±101 - 94±6b 42±5 
a Addition of 1.8 mM sodium pyruvate as electron donor. 
b Removal efficiency after the reactor reached steady state (day 298 to 310). 

 
in the bottom of the container. The addition of pyruvate promoted the growth of heterotrophic 
bacteria, leading to the consumption of oxygen and, as a consequence, creating anaerobic zones in 
the reactor, while at the same time providing electron donor to drive the reductive transformation 
of NTO to ATO. The transformation of NTO was not very significant during the first days of 
period III (Figure 4.9-3). However, the NTO removal efficiency gradually increased with time, 
and it was close to 94% after 50 days of operation. ATO was not detected in the effluent at 
significant concentrations during the entire period. The lack of ATO in the effluent suggests that 
ATO yielded from reductive NTO transformation was immediately metabolized (as witnessed in 

Figure 4.9-3. Disappearance of NTO and ATO in an aerated continuous-flow reactor during 
period III (average flow rate = 204 mL day-1). NTO was added as the target substrate (1000 
µM) and sodium pyruvate was added as a cosubstrate (1800 µM). Legend: NTO (▲) and 
ATO (■) concentration measured in the influent, NTO (∆) and ATO (□) concentration 
measured in the effluent. 
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periods IIa and IIb) without any accumulation, which can be viewed as further evidence of ATO 
metabolism.  
The N mineralization during period III increased with time (Figure 4.9-.4A). When the reactor 
reached steady state (days 291-310), the average N mineralization was 41.5%, similarly to the 
results obtained for the periods in which the reactor was operated with ATO as the sole substrate. 

 
Unidentified metabolite. 
As previously stated, only around 40% of the N was recovered in the effluent, suggesting that 
while ATO was being removed, an N-containing-metabolite was being formed. HPLC analysis of 
the effluent showed the presence of a peak at a retention time of 2.9 to 3.5 min, which was analyzed 
at the wavelength of 216.5 nm. The metabolite was detected in the effluent consistently during the 
periods IIa, IIb and III, after NTO started to be metabolized (Figure 4.9-4B). During the first few 
weeks after initial ATO addition, ATO disappearance was complete, but N-mineralization was 
progressively increasing, and this was paralleled with increase in metabolite peak area. In the 
analysis of samples containing the metabolite in LC-MS/ToF, one compound was identified that 

Figure 4.9-4. Mineralization of N and formation of a metabolite through ATO degradation in an 
aerated continuous flow reactor. (A): Concentration of inorganic N ions in the effluent. (B): 
Metabolite peak area measured in the effluent. Legend: Ammonium (○), nitrite (□), and nitrate 
(∆) concentration, total N ions (˗˗) concentration, and metabolite peak area (■) in the effluent.  
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correlated with the peak seen in the UV-VIS from the HPLC. The unknown metabolite had a 
charged mass of 107.968 m/z, which was corresponded to the molecular formulas HN3S2 or 
C2H2NSCl. 

A batch experiment using 15N labeled nitrate was performed to evaluate the occurrence of 
denitrification in basal medium containing Gortner Garden soil and pyruvate. A detailed 
description of the experiment can be found elsewhere Madeira, et al. 101. The results indicate that 
denitrification under anaerobic conditions is very significant when compared to the control, 
especially when pyruvate is present as electron donor. 
 
4.9.3. Discussion: NTO reduction 
NTO was anaerobically biotransformed to ATO. However, NTO resisted transformation under 
aerobic conditions. These results suggest that in order to reach full removal, a combination of 
anaerobic and aerobic conditions must be achieved. This combination can occur as a temporal 
sequence of anaerobic-aerobic conditions, represented by the batch experiment (Liu et al., 2007; 
Franca et al., 2015), or simultaneously in a bioreactor which contains an anaerobic microbial 
population in a bulk aerobic environment 243-246. 

In this study, NTO biotransformation in soil occurred readily under anaerobic conditions. 
Nonetheless, no biotransformation occurred under aerobic conditions. Similar results were also 
observed by Krzmarzick et al. (2015) 1. The NTO reduction pathway is driven mainly by biological 
reactions. As evidence, it was observed in this study that the transformation of NTO did not occur 
under anaerobic conditions in a control containing soil sterilized with formaldehyde. However, 
heat killed controls were able to reduce NTO. The autoclaved soil is not necessarily completely 
comparable to the live soil, since heat treatment could cause changes in the redox active species in 
the soil (such as conversion FeIII to FeII). According to Tratnyek and Wolve (1993) 247, autoclaving 
the soil may have practical significance in the interpretation of environmental reduction reactions 
due to changes in soil properties. These changes were found to have an important effect in the 
reduction rate of NAC pesticides 248. However, NTO reduction was greatly stimulated by the 
addition of microbial substrate, suggesting a predominantly biological reaction during the 
reduction of NTO. In batch experiments conducted by Mark et al. (2016) 249, the contribution of 
biological transformation to the total attenuation of NTO in soils was assessed by comparing 
autoclaved to untreated soils. A significantly higher NTO mass loss was observed for the untreated 
soil, indicating that biodegradation plays an important role in NTO attenuation. 

 
4.9.4. Discussion: ATO degradation 
In this study, ATO was formed stoichiometrically as the main product from NTO reduction.  The 
ATO formed, however, was not further metabolized under anaerobic conditions. ATO elimination 
under strict anaerobic conditions was not witnessed by Krzmarzick et al. (2015) 1in incubations 
lasting 62 days. Nevertheless, evidence of ATO metabolism under aerobic conditions was 
observed in two soils, which is consistent with the results of the present study. 

In the bioreactor study, we demonstrated that N in ATO was converted to inorganic N species 
(ammonium, nitrate and nitrite), indicating the biodegradation of the compound. The incomplete 
conversion of ATO-nitrogen to inorganic N ions indicates that a metabolite may have accumulated. 
Indeed, an unknown peak with a UV spectrum similar to ATO was detected, and its area followed 
the concentration of N mineralized. Le Campion, et al. 219 detected urea as an ATO degradation 
product by B. licheniformis, which was further degraded to ammonia and carbon dioxide. We did 
not succeed in detecting urea in our experiments using both biochemical kits and LC-MS, so the 
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possibility of having urea as the unknown metabolite was discarded. However, two chemical 
structures were found through mass spectrometry as the possible metabolite: HN3S2 and 
C2H2NSCl. 

Part of the shortfall in the N mass balance can be attributed to the accumulation of biomass. 
In order to reduce NTO to ATO, 72 mg L-1 of the chemical oxygen demand (COD) of pyruvate 
was consumed (based on a requirement of 6 e- equivalents per mole NTO). The remaining COD 
of pyruvate (144 mg L-1) could be consumed in the aerobic phase, however, assuming a high cell 
yield of 50% (CODcells/CODpyruvate), the generic formula of a bacterial cell as C5H7O2N, and the 
ash content of the biomass as 5%, the N uptake by the cells would account for approximately 8% 
and 12% of all the N in batch experiments and in the bioreactor, respectively. The occurrence of 
denitrification in Gortner Garden soil amended with pyruvate under anaerobic conditions indicates 
that a fraction of the N from ATO mineralization could form N2 gas, since anaerobic zones are 
present in the reactor media. 

 
4.9.5. Discussion: Sequential anaerobic-aerobic approach 
The oxygen atoms of nitro groups are more electronegative than the nitrogen, leading the N atom 
to carry a partial positive charge, therefore serving as an electrophile 215,250. Due to this 
characteristic, compounds containing nitro groups are difficult to oxidize, being more prone to 
reduction in biological systems. In practice, NACs and other explosives persist for decades in 
aerobic subsurface environments 32,251. As evidenced by this study, NTO persisted in the soil under 
aerobic conditions for up to 37 days. Upon reduction of the nitro groups of explosive compounds 
to their amines, the molecules become more susceptible to oxidation. E-donating functional groups 
(e.g. amino group) facilitate the electrophilic attack by pushing electrons into the molecule 
skeleton, making the atoms in the ring less prone to biotransformation by reduction 185. Simple 
aromatic amines, such as aniline, are very recalcitrant under anaerobic conditions. On the other 
hand, aniline is readily degraded in the presence of oxygen. Wang, et al. 252 observed that the 
highest degradation levels of aniline by a Pseudomonas strain were detected for the highest 
aeration level tested (6 mg L-1 of dissolved oxygen).  

The anaerobic step is intended to biotransform the molecule to a compound that is readily 
oxidizable, and the subsequent oxidation step is expected to allow for extensive biodegradation of 
the compound. This approach has been demonstrated for a large variety of environmental 
contaminants with electron withdrawing functional groups. Several N-containing aromatic 
compounds, such as nitrobenzene, 4-nitrophenol, aniline and 2,4-dinitrophenol, are removed 
simultaneously due to oxic/anoxic cycles in a sequencing batch reactor 253. A sequencing 
anaerobic-aerobic batch reactor was also successful in the treatment of synthetic textile wastewater 
containing the azo dye Acid Red 14 254. Under anaerobic conditions, the azo bond was reduced, 
forming two aromatic amines, which were further degraded under aerobic conditions.  

 
4.9.6. Discussion: Concurrent aerobic and anaerobic reactions 
The simultaneous presence of anaerobic and aerobic zones is possible in a biofilm. The local O2 
concentration in the biofilm matrix is determined by the balance between consumption and 
diffusion of dissolved O2 255. With increasing depth, the O2 concentration decreases until it is 
completely depleted. Hooijmans 256 observed that the depth of O2 penetration in a highly active 
biofilm may be restricted to only 100 to 200 µm. This oxygen gradient allows for the presence of 
a diverse microbial community with distinct metabolisms. This is best illustrated by the 
degradation of ethanol by anaerobic microorganisms immobilized in anaerobic granular sludge 
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placed in an aerobic bulk environment 245. Both oxygen uptake and methanogenesis were reported 
to occur in parallel in the same biofilm. Furthermore, the presence of facultative substrates, such 
as ethanol and acetate, was found to enhance the oxygen tolerance. Beunink and Rehm 243 also 
observed the coupled reductive and oxidative degradation of 4-chloro-2-nitrophenol (CNP) in an 
aerobic bioreactor containing an immobilized mixed culture. The culture was able to reduce the 
nitro group of CNP in the interior of the biofilm and synchronously oxidize the intermediate, 4-
chloro-2-aminophenol (CAP), in the aerobic bulk environment. A very diverse bacterial 
community was found in a sponge-based trickling filter 246. Anoxic niches within the sponge were 
found to provide environmental conditions which supported the growth of denitrifying bacteria, 
while heterotrophic bacteria with high chemical oxygen demand were more abundant at the outer 
part of the sponge blocks. The likely explanation for NTO degradation in the bioreactor is similar. 
Pyruvate added in the medium not only serves as an electron donor, but its degradation led to the 
depletion of oxygen in the biofilm matrix, forming anaerobic micro zones in the sponge blocks, 
therefore enabling NTO reduction to ATO, which subsequently was degraded in the aerobic bulk 
environment of the bioreactor.  

 
4.9.7. Conclusions: Sequential biodegradation of NTO  
This study demonstrates that sequencing anaerobic-aerobic biodegradation can efficiently remove 
NTO from the aqueous phase. NTO was not biodegradable under ananerobic conditions and ATO 
was not degraded under aaerobic conditions. The reduction of NTO in an aerobic trickle filter 
bioreactor was plausible due to the presence of hypothesized anaerobic micro-zones, which were 
formed by addition of cosubstrate (consuming O2 inside biofilms) . The lack of NTO 
transformation in a sterilized control indicates that the process is driven mainly by biological 
reactions. The presence of inorganic N ions in the reactor effluent suggests partial NTO 
mineralization. However, the recovery of N as inorganic aqueous species was only ca. 40%. 
Denitrification, accumulation of an N-containing-metabolite formed from ATO degradation, and 
accumulation of N in the biomass could account for some of the missing N. 
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4.10. Aerobic ATO-Biodegrading Enrichment Culture Study 
 
4.10.1. Objectives:ATO enrichment culture study 
The objective of this study was to develop an aerobic 
enrichment culture (EC) for the biodegradation of ATO, 
which is the main biotransformation product of NTO 16,90,100. 
An enrichment culture was developed initially from a 10 g L-

1 suspension of Gortner Garden Soil, which is an organic rich 
soil collected from a garden on the campus of the University 
Minnesota. Bacterial inoculum in this sample was observed to 
support ATO biodegradation. The texture of the mineral 
matter of Gortner Garden soil was 9.8% clay, 38.9% silt and 51.3% sand the pH of the soil was 
6.92, and the water content was 6.2%. The soil total organic carbon (SOC) was 24.1% 90. 

The strategy of the EC is shown in Figure 4.10-2. Initially ATO was allowed to be degraded 
by the aqueous suspension of Gortner Garden Soil (10 g soil L-1 medium). Once ATO was 
degraded 10% vol/vol of the culture was transferred to new medium. The EC was developed in 
serum flasks with 100 mL of headspace containing 20:80% O2:N2 (vol:vol) and 54 mL of basal 
mineral medium containing 1 mM ATO as the sole C and nutrient N source except for yeast extract 
(YE) at a concentration of 1 mg L-1 (series A). After 12 transfers, a second EC was started without 
any YE (series B). After each transfer, the EC were incubated from 1 to 2 weeks until ATO was 
degraded (as determined by HPLC measurements) and subsequently 6 mL of the culture fluid was 
transferred to a new bottle with fresh medium (bringing the liquid volume to 60 mL) for the 
degradation of ATO in the subsequent EC step. In the studies reported here, the inoculum was 
taken after 27 to 37 transfers of the EC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10-2. Schematic of the aerobic ATO enrichment culture (EC) strategy.  

Figure 4.10-1. ATO as main 
daughter product of NTO. 
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4.10.2. Results and discussion: ATO-carbon-mineralization 
The ability of the EC to mineralize ATO to mineral forms of C and N were evaluated. First the 
mineralization of carbon was evaluated with 1.5 mM ATO in the medium. Using Henry’s law, 
ideal gas law and acid-base dissociation, the expected CO2 percentage in the headspace was 
calculated assuming the culture pH of and temperature of 6.8 and 30°C; respectively. ATO (1.5 
mmol L-1liq) was expected to yield a total of 3 mmol of CO2 L-1liq if the ATO carbon would be fully 
mineralized. The calculations indicated under the conditions of the experiment, a volumetric 
headspace CO2 gas composition of 1.367% would be expected if all ATO-C was mineralized to 
CO2. In the experiments, the measured CO2 content of the headspace was normalized to this 
theoretical CO2 concentration to provide % conversion of ATO-C to CO2-C. These data were 
plotted along-side the percent removal of ATO to determine if the ATO disappearance was 
occurring concomitantly with the formation of CO2. The results of the experiments using the series 
A (1 mg L-1 YE) and series B (without YE) EC as inoculum are shown in Figures 4.10-3 and 4.10-
4, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10-3. ATO concentration decrease in comparison with CO2 formation by the series A 
enrichment culture from the 27th transfer in basal medium containing 1 mg L-1 YE. The data are 
normalized to the C concentration of ATO at time zero. ATO was supplied at 1.5 mM.  
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Figure 4.10-4. ATO concentration decrease in comparison with CO2 formation by the series B 
enrichment culture from the 28th transfer in basal medium without YE. The data are normalized to 
the C concentration of ATO at time zero. ATO was supplied at 1.5 mM. 
 
 
The results of the ATO-C mineralization experiments clearly indicate an extensive mineralization 
of organic C in ATO. The timing of the formation of CO2 coincides well with the disappearance 
of ATO. In both ECs, the ATO disappearance started on day 3 or 4 which coincided with the start 
of the CO2 production. In both ECs the ATO completely disappeared on day 9 or 10, which 
coincided with approximately 80% of the ultimate production of CO2 and the moment in the CO2 
production when the rates began to taper off. This pattern suggests that a small pool of accumulated 
intermediates were still being converted to CO2 after ATO itself was completely consumed. Lastly 
the ultimate production of CO2 was consistent with the expected CO2 production. In the the series 
A EC (with YE), 89.0% of the CO2 expected was recovered, albeit the standard deviation was 
high. The series B EC (without YE) had a high recovery of 99.6 % of the theoretical CO2 
production expected from a fully mineralized ATO and the standard deviation was low. The CO2 
production in live control cultures lacking ATO or uninoculated cultures in medium and ATO was 
negligible. Collectively the data indicate that microorganisms in the ECs were fully mineralizing 
ATO-C. There are three lines of compelling evidence. Firstly, the CO2 production coincided with 
the disappearance of ATO. Secondly, the extent of the maximum CO2 production was consistent 
with the theoretically expected CO2 from ATO biodegradation. And thirdly, controls lacking ATO 
or inoculum did not significantly produce CO2. 
 
4.10.3. Results and discussion: ATO-N mineralization 
Similar to ATO-C mineralization studies, several attempts were made to study the mineralization 
of ATO-N to inorganic forms of nitrogen. Firstly, only the ionic N species (NH4+, NO2- and NO3-

) that could be measured in in the ion chromatograph were monitored. In those experiments, the 



113 
 

sum of the ionic species only resulted in an approximate 50% recovery of the N of the ATO-N 
supplied initially. In the early stages of the EC, the ionic species were initially predominantly NH4+ 
but later NH4+ was converted to NO2- and afterwards to NO3- by nitrifying bacteria. However after 
many transfers (> 20), the predominant species of inorganic ionic N ions was NH4+. In order to 
determine what N-species was responsible for the 50% gap in the N-balance, the set up and 
analytical methods were changed in order to enable measurement of N2 gas which was suspected 
of being responsible for th gap in the N-balance. Thus the headspace gas during culturing was 
changed from 20:80 % vol/vol O2:N2 to 20:80 % vol/vol O2:He to avoid interference from 
background N2. Also the gas chromatograph column used was change to a molecular sieve column 
in order to enable separation of N2 and O2 gases. 

In the new N-balance experiments, N2 mass of the headspace was measured and normalized 
to the initial mass of N supplied with ATO and expressed as % conversion of ATO-N to N2-N. In 
the same experiments the ionic species of N (NH4+, NO2- and NO3-) were measured as described 
above and expressed as % conversion of ATO-N to ionic N species. The conversion of ATO-N to 
N2-N and ionic N species were summed to provide the total conversion of N to inorganic N 
products. These data were plotted along-side the percent removal of ATO to determine if the ATO 
disappearance was occurring concomitantly with the formation of inorganic N products. The 
results of the experiments using the series A (1 mg L-1 YE) and series B (without YE) EC as 
inoculum are shown in Figures 4.10-5 and 4.10-6, respectively. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4.10-5. ATO concentration decrease in comparison with the formation of inorganic N 
species by the series A enrichment culture from the 37th transfer in basal medium containing 1 mg 
L-1 YE. The data are normalized to the N mass of ATO at time zero. ATO was supplied at 3.9 mM. 
The ionic species were composed almost exclusively of NH4+  
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Figure 4.10-6. ATO concentration decrease in comparison with the formation of inorganic N 
species by the series B enrichment culture from the 35th transfer in basal medium without YE. The 
data are normalized to the N mass of ATO at time zero. ATO was supplied at 3.5 mM. The ionic 
species were composed almost exclusively of NH4+  
 
 
 

The results of the N-mineralization experiments clearly indicate an extensive mineralization 
of the organic N in ATO. The formation of NH4+ and N2 occurred during and after the 
disappearance of ATO. In the A series EC (Figure 4.10-5), the start of ATO consumption coincided 
with the formation of inorganic N species after a lag phase of 6 days. Also the formation of 
inorganic stopped approximately at the same time as the ATO became completely consumed. In 
the B series EC (Figure 4.10-6), there was no lag phase and the inorganic N species were already 
forming on day 3 when ATO was completely consumed. However, the inorganic N species 
continued to increase up to day 6 after ATO was already eliminated, suggesting that transient 
intermediates were still degrading to the inorganic N species between days 3 and 6. The inorganic 
N species recovery (at the end of each incubation) was similar to the N in the ATO that was 
consumed. The recovery of ATO-N as the sum of N2-N and NH4+-N was 94 and 104% in the A 
and B series, respectively. The results taken as a whole indicate that the organic N in ATO was 
completely mineralized. 
 
4.10.3. Results and discussion: Stoichiometry 
The results from the N mineralization experiments indicate that NH4+-N and N2-N are produced 
in equal molar amounts. This is most evident in the B series EC shown in Figure 4.10-6. Thus two 
of the ATO-N atoms are converted to N2; whereas the other two ATO N atoms are released as 
NH4+. As was indicated previously in the ATO-C mineralization experiments, the two C atoms in 
ATO are released as CO2. The enrichment culture was tested on whether ATO could be degraded 
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anaerobically and the test revealed that no degradation of ATO occurred in the absence of O2. 
During aerobic ATO degradation 30% of the O2 supplied is consumed. Low levels of cell yield 
are observed as ATO is becoming mineralized, as evidenced by a net protein production of 3.3 mg 
L-1. Assuming a 1:2 ratio of protein to dry biomass, only 6.6 mg dwt cells are produced compared 
to approximately 390 mg L-1 ATO supplied corresponding to a dwt cell yield of 1.7%. 

The combined information indicates an approximate molar stoichiometry as follows: 
 
C2N4OH4 + O2 + H2O → 2CO2 + N2 + 2NH3 

 
The stoichiometry indicates each mol of ATO only donates 4 electron equivalents (eeq) as it is 
becoming oxidized. The low eeq value is due to the release of reduced N species as products of 
the reaction. The stoichiometry presented does not consider the cell yield. Although the cell yield 
is very low on a dwt basis, the cell yield on an eeq basis (assuming 1.4 g COD/g dwt cells) is much 
higher, corresponding to 7.4%. 

 
 

4.10.4. Results and discussion: ATO EC clone libraries 
Two types of clone libraries were performed, the first was a conventional clone library using host 
cells and dideoxy sequencing method which which used a primmer set for 1495 bp length of the 
16SrRNA gene. This method yielded 25-26 clones of high information content sequences. The 
second method utilized a second generation sequencing method utilizing an Ion Torrent Personal 
Genome Machine and was conducted by a service laboratory, MR DNA (Shallowater, TX), using 
their propriety analysis pipeline. The primer set for the high throughout method yielded much 
shorter sequences of 301 bp. However, the method generated high volume of sequences (from 
127,239 to 152,762, depending on sample). 

The results of the ATO-EC without YE and with YE are shown in Table 4.10-1 and Table 
4.10-2, respectively. In those clone libraries the dominant clone produced (25% of all clones) is 
closely related to Hydrogenophaga sp. PBC which is known for its ability to aerobically 
biodegraded 4-amino-benzenesulfonate either in coculture with Ralstonia or in pure culture if 
supplemented with vitamins, p-aminobenzoic acid and biotin 257,258. Ralstonia was present in the 
EC without YE but absent in the EC with YE which may be due to vitamins supplied by YE. 
However, a word of caution is mentioned here because in the MR DNA method, Ralstonia was an 
important clone in background controls (accounting for 6 to 18% of the clones in those controls), 
thus the veracity of the presence of Ralstonia in the sample is suspect). 

Eight percent of the clones were found with sequences very closely related to Nitrospira sp. 
which makes sense since in the early stages of the EC, nitrification of ammonia was observed, thus 
accounting for the presence of a nitrite oxidizing bacterium. Aside from Hydrogenophaga sp. PBC 
and Nitrospira, the only other clone detected worthy of mentioning is Mesorhizobium sp. which 
was 97% related to a clone from a clone library of an endocrine disrupting compounds degrading 
enrichment culture 259. 

In the ATO EC with YE, Hydrogenophaga sp. PBC was also shown to be predominant clone 
(27% of all clones). Two other clones were closely related to bacteria known to be involved in the 
degradation of pesticides with substructures related in structure to ATO. The first of these was 
Pseudomonas sp. R-41382 (7.7% of clones) implicated in the chloropropham degradation that has 
a side chain, R-N(H)-C(=O)-O-C(CH3)2, with structural similarities to ATO 260. The second of 
these, Hyphomicrobium sulfonivorans WDL6 (7.7% of clones), is responsible for the degradation 
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of N,O-dimethyl-hydroxylamine (H3C-N-OCH3) 261, which is, which is an intermediate during the 
degradation of the pesticide, linuron. Other clones of interest were Rhizobium sp. R-24658 (7.7% 
of the clones) which is a denitrifying bacterium, and Sphingopyxis macrogoltabida sp EY-1 (3.8% 
of the clones) implicated in polyethylene glycol and glycol degradation 262. 

The results of the high throughput MR DNA clone library are presented in Table 4.10-3. The 
results clearly indicate that the PCR biases are extremely different for two approaches to the clone 
library. In the classic method, Hydrogenophaga accounted for 24-27% of the clones while in the 
MR DNA method, Hydrogenophaga only accounted for 0.01 to 0.04% of the clones. On the other 
hand in MR DNA method Hyphomicrobium accounted for approximately 72% of the clones yet. 
However in the classic cloning approach, the genus Hyphomicrobium was responsible for only 
3.8% of the clones and that only in the ATC EC with YE. 

The high fraction of Hyphomicrobium clones in MR DNA and its detection by two 
independent methods does justify the question, why Hyphomicrobium? The genus 
Hyphomicrobium is well known for C1 metabolism, and members of this genus are known for 
metabolizing methylamines 263,264, or small molecules containing methylated amines 261. The 
structure of ATO is such that the two carbon molecules are not linked with each other, thus during 
degradation, one would expect the formation of C1 metabolites. The importance of C1 metabolism 
in the ATO EC is further manifested by the fact that the second most abundant clone in the MR 
DNA method is from the genus Alkalilimnicola known for its ability to degrade carbon monoxide 
265. 

Both methods identified Sphingopyxis as being members of the ATO EC. In MR DNA the 
percentage of Sphingopyxis clones ranged from 1 to 1.9%; whereas, in in the conventional cloning 
Sphingopyxis accounted for 3.8% of the clones in the YE containing EC. Sphingopyxis 
macrogoltabida sp EY-1, identified with the conventional cloning, is known for metabolizing 
glycol and polyethylene glycol 262. Additionally, both methods identified Mesorhizobium as part 
of the ATO ECs. Mesorhizobium is responsible for the biodegradation of a variety of pollutants 
and the clone with the highest match in the ATO EC without YE was closely related to a clone 
found in an endocrine disrupting compound degrading enrichment culture 262 as well as another 
bacterium responsible for N-methyl-2-pyrrolidone degradation266. N-methyl-2-pyrrolidone shares some 
structural features with ATO. 
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Table 4.10-1. Conventional clone library of ATO EC without YE after 17 transfer with primer set 
27F and 1522R of the 16SrRNA gene. Shown are selected clones with ≥97% sequence similarity. 
Match of clone Match  clones clones Functions inferred from 

literature 
 (%) # (%)  
Hydrogenophaga sp. PBC 99 6 24.0 In co-culture degrading 4-amino-

benzenesulfonate with Ralstonia 
(or as pure culture with the 
addition of p-aminobenzoate and 
biotin to the media) 

Polaromonas aquatica 97 4 16.0 Isolated from tap water 
Ralstonia sp. KN1 99 4 16.0 Phenol hydroxylase gene 

cometabolic TCE degradation 
Nitrospira sp. 99 2 8.00 Nitrite oxidizer 
Sphingomonadaceae 
bacterium SAP53 

97 1 4.00 Bacterium associated with potato 
rhizospere 

Pseudomonas sp. DSM 
29140 

99 1 4.00 Bacterium isolated from milk 

Mesorhizobium sp. clone 
DHy91 

97 1 4.00 In clone library of an endocrine 
disrupting compounds degrading 
enrichment culture.  

References: Hydrogenophaga 257,258; Ralstonia in coculture 257; Ralstonia phenol hydroxylase 259 and 
Mesorhizobium degradation endocrine disrupting compounds 267 or degradation N-methyl-2-
pyrrolidone266 
 
  



118 
 

Table 4.10-2. Conventional clone library of ATO EC with YE (1 mg L-1) after 17 transfers with 
primer set 27F and 1522R of the 16SrRNA gene. Shown are selected clones with ≥97% sequence 
similarity. 
Match of clone Match  clones clones Functions inferred from 

literature 
 (%) # (%)  
Hydrogenophaga sp. PBC 99 7 27.0 In co-culture degrading 4-amino-

benzenesulfonate with Ralstonia 
(or as pure culture with the addition 
of p-aminobenzoate and biotin to 
the media) 

Brevundimonas bullata 
IAM 13153 

99 5 19.2 Associated with rhizomes and fixes 
N2 

Thiorhodospira sp. clone 
2ABC-17 

99 2 7.7 Detected in soil in Korea 

Rhizobium sp. R-24658 98 2 7.7 A denitrifying bacterium 
Pseudomonas sp. R-41382 98 2 7.7 Present in a chloropropham 

degrading enrichment culture 
Hyphomicrobium 
sulfonivorans WDL6 

98 1 3.8 degrades N,O-dimethyl-
hydroxylamine in a linuron 
enrichment culture 

Sphingopyxis 
macrogoltabida sp EY-1 

99 1 3.8 Glycol and polyethylene glycol 
degrading bacterium 

References: Hydrogenophaga 257,258; Pseudomonas R-41382 chloropropham 260; Sphingopyxis 
macrogoltabida PEG degradation 262; Hyphomicrobium sulfonivorans WDL6 linuron degradation 
261. 
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Table 4.10-3. Clones with ≥ 97% sequence homology in the MR DNA clone library of ATO EC 
without and  with YE (1 mg L-1) after 34 transfers with primer set 515F and 806F for the 16SrRNA 
gene. Dominant clones and clones related to conventional clone library. The number of recovered 
sequences are 127,239 for ATO EC without YE and 152,762 for ATO SC with YE. 
Match of clone % clones Functions inferred from literature 
 EC no YE EC YE  
Hyphomicrobium sp. 71.7 71.4 C1 metabolism (methylamines ) and N,O-

dimethylhydroxylamine degradation 
Alkalilimnicola spp. 6.97 3.49 halophilic CO metabolism 
Leadbetterella sp. 4.55 3.00 isolated from cotton waste compost 
Pseudomonas spp. 3.90 5.08 degradation of a variety of pollutants 
Sphingopyxis sp. 1.85 0.95 PEG and glycol degradation 
Xanthobacter flavus 1.51 0.02 1,4-dioxane degradation 
Mesorhizobium spp. 1.35 0.70 degradation of a variety of pollutants 
Mycobacterium spp. 1.17 0.54 degradation of a variety of pollutants 
Agromyces mediolanus 0.34 0.04 contains epoxide hydrolase 
Pseudoxanthomonas 
mexicana 

0.30 1.34 isolated from aerobic granular sludge 

Sphingomonas sp. 0.28 0.50 degradation of a variety of pollutants 
Sphingopyxis sp. 0.06 0.01 PEG and glycol degradation 
Hydrogenophaga sp. 0.01 0.04 In co-culture degrading 4-amino-

benzenesulfonate with Ralstonia (or as pure 
culture with the addition of p-
aminobenzoate and biotin to the media) 

Hyphomicrobium 
nitrativorans 

0.01 0.01 Methanol denitrification 

References: Hyphomicrobium trimethylamine metabolism 263,264; Alkalilimnicola CO metabolism 
265; Mesorhizobium degradation endocrine disrupting compounds 267 or degradation N-methyl-2-
pyrrolidone266; Xanthobacter flavus 1,4-dioxane degradation 268; Agromyces mediolanus epoxide 
hydrolase 269; Ralstonia in coculture 257; Ralstonia phenol hydroxylase 259; Hyphomicrobium 
nitrativorans methanol denitrification 270  
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4.10.4. Conclusions: ATO Enrichment culture  
The results demonstrate that a sustainable EC can degrade ATO as the sole C and N source. The 
culture has been sustained for over 37 transfers of 10% v/v. We have demonstrated that the C in 
ATO is highly mineralized to CO2 and that the N is mineralized for approximately 50% to NH3 
and 50% to N2. The EC requires O2, indicating at least one O2- dependent step in the 
biodegradation pathway. Previously the mineralization of ATO to CO2 was demonstrated during 
cometabolism with other substrates with the bacterium Bacillus licheniformis in which urea was 
identified as an intermediate 16. The results here extend these findings to demonstrate that an EC 
can grow on ATO as the sole C and N source, and the growth is sustainable with demonstrable 
formation of bacterial biomass as evidenced by protein production. We also demonstrate for the 
first time the nitrogen products of the reaction are NH3 and N2.  

Low amounts of YE (supplied at 1 mg L-1) were found not to be essential for the EC, thus 
the culture has the capacity to produce all the essential vitamins and cofactors from the basal 
inorganic nutrients in the medium, YE did however modify to a small extent the microbial 
composition of the community.  

The results from two approaches to developing a clone library, conventional and MR DNA, 
indicate several members that may be playing a role in the ATO biodegradation. These include 
clones from the genus Hydrogenophaga previously implicated in oxidative 4-
aminobenzenesulfonate degradation 257,258. Clones from the genus Hyphomicrobium indicate a role 
of C1 metabolism in ATO biodegradation possibly including the metabolism of methylamines 
263,264. The importance of C1 metabolism was also strengthened by the presence of clones from 
Alkalilimnicola known for CO metabolism 265. The presence of Sphingopyxis and Mezorhizobium 
indicated other potential biodegradative mechanisms related to glycol metabolism 262 and 
degradation of N-methyl-2-pyrrolidone 266.  

In conclusion, ATO the major reductive biotransformation product of NTO was shown to be highly 
and reliably mineralized to CO2, NH3 and N2 by a highly enriched culture developed from garden soil. 
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4.11. Microbial toxicity of DNAN and Aromatic Amine Daughter Products 
 
4.11.1. Objectives 
The objective of this study was to evaluate the inhibitory effect of DNAN and its reduced 
intermediates MENA and DAAN to microorganisms commonly found in the environment under 
different redox conditions, namely anaerobic methanogens, aerobic heterotrophs and nitrifying 
bacteria. The inhibitory impact of these compounds was also evaluated using the Microtox assay, 
a method that relies on bioluminescence measurements in cultures of the bioluminescent marine 
bacterium Aliivibrio fischeri. The results obtained will contribute to a better understanding of the 
environmental impact of DNAN and will facilitate the development and optimization of efficient 
bioremediation technologies for the removal of this nitroaromatic compound (NAC). 
 
4.11.2. Results: Methanogenic 
Inhibition 
Figure 4.11-1A illustrates the time 
course of CH4 production in 
methanogenic activity assays amended 
with DNAN. The normalized 
methanogenic activity as a function of 
the initial DNAN concentration is 
shown in Figure 4.11-1A. The IC50 
values determined are summarized on 
Table 4.11-1. 

The rate of methane production in 
all the assays spiked with DNAN was 
lower relative to the control indicating 
methanogenic inhibition. In the 
treatments with the highest DNAN 
concentrations, no CH4 was initially 
produced. The onset of methane 
production coincided with the complete 
removal of DNAN due to the it’s 
reductive transformation to MENA 
(Figure 4.11-1B). 

Figure 4.11-2A shows the 
normalized methanogenic activity 
results determined in assays with 
DNAN, MENA and DAAN. DNAN 
was found to be more toxic than MENA 
and DAAN. The IC50 values determined 
for DNAN, MENA and DAAN were 
41, 175, and 176 μM, respectively 
(Table 4.11.1). 

 

Figure 4.11-1. (A) CH4 production by anaerobic 
sludge amended with acetate (26 mM) and DNAN 
(in μm): 0 (∆). 13 (♦), 26 (□), 52 (●), 78 (◊), 104 
(■), and 130 (○). (B) DNAN bio-transformation, 
and formation of DNAN metabolites, and CH4 
production by anaerobic sludge amended with 
acetate (26 mM) and DNAN (133 μM). Legends: 
DNAN (●), and MENA (□), DAAN (▲), and 
methane (◊). 
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4.11.3. Results: Inhibition of aerobic heterotrophic bacteria 
The inhibitory effect of DNAN on O2 consumption by heterotrophic bacteria in activated sludge 
is illustrated in Figure 4.11-3A. Figure 4.11.2B compares the normalized activity determined in 
these bioassays as a function of the DNAN and MENA concentration. Exposure to DNAN (390 
µM) for 10 h resulted in moderate inhibition of the O2 consumption rate by the aerobic 
microorganisms (39% inhibition), whereas MENA was only slightly inhibitory (14% inhibition) 
at concentrations as high as 1,500 µM. DAAN could not be evaluated in assays utilizing O2 as 
electron acceptor, i.e., aerobic heterotrophic and nitrifying bioassays, as the compound is unstable 
under the oxic conditions inherent of these tests. 

 
4.11.4. Results: Inhibition of nitrification 
The time course of ammonium consumption by nitrifying bacteria exposed to DNAN is shown in 
Figure 4.11-3B. Nitrification was completely inhibited at DNAN concentrations exceeding 260 
µM. At lower concentrations, nitrifying bacteria appeared to become acclimated to the presence 
of DNAN with time. For example, assays exposed to DNAN concentrations ranging from 65-130 
µM were completely inhibited during the first 60 h but their activity increased sharply thereafter, 
reaching levels close to those observed in the control without DNAN. The observed recovery may 
be due to transformation of DNAN to less toxic products. In this respect it is interesting to note 

Figure 4.11-2. DNAN, MENA and DAAN inhibition (expressed as percentage of the control 
activity) towards methanogenic (A), and aerobic microorganisms (B). Panel A- Methanogenic 
assays: DNAN (●), MENA (□), DAAN (▲). Panel B- Aerobic heterotrophic assays: DNAN 
(○), MENA (■); Nitrification assays: DNAN (●), MENA (□). 
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that chromatographic analysis of the culture samples obtained at the end of the experiment (145 h) 
indicated considerable removal of DNAN, ranging from 53 to 81% of the initial concentration 
depending on the assay. Only a small fraction of the DNAN removed was recovered as MENA 
and DAAN, suggesting the formation of other unidentified biodegradation products. DNAN and 
MENA exhibited comparable inhibition towards the nitrifying bacteria as indicated by their similar 
IC50 values (48-49 µM) (Table 4.11-1). 
 

  

Figure 4.11-3. (A) Time course of O2 consumption by aerobic activated sludge amended 
with acetate (28 mM) when exposed to DNAN (in μM): 0 (◊), 130 (●), 260 (▲), and 390 
(□). Endogenous control lacking acetate and DNAN (♦). (B) Time course of NH4+ 
consumption by nitrifiers in activated sludge in the presence of DNAN (in μM): 0 (♦), 65 (○), 
130 (▲), 260 (□), 520 (●). 
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Table 4.11-1. Summary of inhibitory concentrations determined for DNAN and its metabolites 
MENA and DAAN in various microbial toxicity bioassays.  

  

 
Compound Methanogens Aerobic 

heterotrophs Nitrifiers Microtox 

IC50  IC50   IC50  IC50 

DNAN (μM) 41  NT*,a   49  57 
MENA (μM) 175  NTb   48  48 
DAAN (μM) 176      NAc          NAc 155 
 

* NT= Not toxic at the highest concentration tested. 
a Inhibition at the highest DNAN concentration tested (390 µM) was 39%. 
b Inhibition at the highest MENA concentration tested (1,500 µM) was 13%. 
c N.A. = Not available. DAAN was not tested because the compound is very unstable (towards 
autoxidation) in the presence of O2. 
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4.11.5. Results: Inhibition towards Aliivibrio fischeri 
Figure 4.11-4 illustrates the impact of exposure to varying concentrations of DNAN, MENA, and 
DAAN on the bioluminescence activity of A. fischeri 271. DAAN was the least toxic of the 
compounds tested and its IC50 value (155 μM) was approximately 3-fold higher compared to those 
of the other NACs. DNAN and MENA showed very similar inhibitory potential as indicated by 
their close IC50 values, 57 and 48 μM, respectively. 

 
Figure 4.11-4. Toxicity of DNAN (●), MENA (□), and DAAN (▲) to A. fischeri after 30 min of 
exposure. Toxicity is expressed as percentage of toxicant-free activity. 
 
 
4.11.6. Discussion: Microbial toxicity of DNAN 
This study was undertaken to examine the microbial toxicity of DNAN and several of its reduction 
metabolites to ecologically relevant microbial activity. Only one previous study has attempted to 
characterize the toxicological profile of DNAN 272 and information on the microbial toxicity of 
DNAN is largely lacking. We are only aware of a previous study where DNAN was identified as 
an inhibitor of perchlorate-reducing bacteria 183. Complete inhibition of the perchlorate-reducing 
activity of activated sludge was observed in batch assays spiked with 126 µM DNAN. 

The results obtained demonstrated that the inhibitory impact of DNAN varied widely 
depending on the target microbial population. While respiration activity by aerobic heterotrophs 
was only partly impacted at the highest concentration tested (39% inhibition at 390 µM DNAN), 
all other microbial targets were severely inhibited at relatively low concentrations (Table 4.11-1). 
Previous studies have also demonstrated that NACs are highly toxic to methanogens 273-276 and A. 
fischeri 277-279. On the other hand, the sensitivity of aerobic heterotrophs to these pollutants appears 
to differ widely. Gram-negative organisms have been found to be more tolerant to NACs than 
Gram-positive bacteria 280,281. Fuller and Manning 280 observed that the growth of pure cultures of 
aerobic Gram-positive bacteria was severely inhibited by concentrations of TNT as low as 44 µM, 
whereas most Gram-negative organisms were unaffected by concentrations approaching the water 
solubility of TNT (440 µM). Similarly, growth of the Gram-negative bacterium, Pseudomonas 
putida, was not inhibited by TNT and 11 other NACs, including several TNT metabolites 277. 
DNAN might be somewhat less toxic to microorganisms. Most notably, the 30-min IC50 value (57 
µM) determined for DNAN in luminescence assays with A. fischeri is several times higher 
compared to those previously reported for TNT (2-16 μM) 277-279. 
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The mechanisms responsible for the inhibitory effects of DNAN have not been investigated 
to date, but they are likely to overlap to some degree with those of other NACs. Many nitrophenols 
are potent uncouplers of oxidative phosphorylation 282. DNAN was also reported recently to be a 
mitochondrial uncoupler 283. The inhibitory effect of NACs has also been related to their 
hydrophobic character. We have previously demonstrated that the methanogenic toxicity exerted 
by N-substituted phenols (aminophenols and nitrophenols) was closely correlated with compound 
apolarity (R2= 0.95) 273, suggesting that partitioning of NACs into the lipophilic microbial 
membranes may have a role in the toxicity.  
 
4.11.7. Discussion: Microbial toxicity of DNAN metabolites 
Results obtained for several DNAN metabolites and related N-substituted compounds indicate that 
the reduction of nitro to amino groups on the aromatic ring was generally associated with a 
decreased toxicity. The inhibitory impact of DNAN and MENA towards nitrifying bacteria and A. 
fischeri was very similar indicating that reduction of a single nitro group was not sufficient to 
alleviate the inhibitory effect of the parent compound (Table 4.11-1). In contrast, MENA was 
significantly less inhibitory towards methanogens than DNAN. Microbial reduction of the two 
nitro groups with formation of DAAN led to significant detoxification in bioassays with 
methanogens and A. fischeri. In agreement with these findings, aromatic amines have been 
reported to be generally less toxic than their corresponding NAC analogs in studies with several 
microorganisms, including methanogenic archaea 168,273, A. fischeri 277,284-286, and in studies with 
other aquatic (algae, fish) and terrestrial targets, including mammalian cells 277,284,286,287. 

Although the primary metabolites of DNAN reduction, particularly the diamino compound 
DAAN, were found to be generally less toxic than the parent compound, it is unclear whether 
microbial reduction of DNAN would lead ultimately to detoxification of the NAC. Anaerobic 
biotransformation of MENA and DAAN has been reported to result in an array of secondary 
metabolites including azo and hydrazine dimer derivatives 85,103. Azoxy- and azo-dimers have also 
been detected during aerobic biotransformation of DNAN 229. In soil environments, these reduction 
products are likely to bind to humic compounds, forming humus-bound residue, as reported for 
TNT and other NACs 288-290. The inhibitory impact of polymeric DNAN derivatives and soil 
conjugates is yet to be characterized. Previous studies comparing the toxicity of TNT and two of 
its dimeric azoxy metabolites (4,4’,6,6’-tetranitro-2,2’azoxytoluene and 2,2’,6,6’-tetranitro-
4,4’azoxytoluene) have shown that the three compounds were equally cytotoxic 286. However, 
dimeric metabolites detected in microbial transformation studies with DNAN lacked nitro groups. 
Based on the lower toxicity generally observed when nitro groups are reduced to amine moieties, 
DNAN dimers are likely to be less toxic than the nitrated TNT dimers. 
 
4.11.8. Conclusions: Microbial toxicity of DNAN and its daughter products 
Taken as a whole these results indicate that DNAN causes strong acute cytotoxicity in 
methanogenic and nitrification microbial populations. Preliminary results suggest that microbial 
reductive transformation may reduce the inhibitory impact of DNAN but doess not completely 
remove toxicity. Additional toxicity studies with secondary dimeric metabolites of DNAN and 
their soil conjugates are needed to better characterize the hazard associated with netabolites of this 
emerging energetic compound. In addition to cytoxicity, there is a need to understand the 
mutagenicity of aromatic amines formed during DNAN metabolism. 
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4.12. Microbial Toxicity of DNAN (Bio)Transformation Products and Mixtures 
characterized by LC-QTOF-MS  

 
4.12.1. Objectives: Microbial toxicity of DNAN biotransformation products/mixtures 
The objectives of this work were to assay microbial toxicity of individual transformation products 
and/or best available surrogate compounds to acetoclastic methanogens and the marine bacterium 
Allivibrio fischeri; and determine biotransformation product profiles for DNAN incubated 
anaerobically in soils and in sludge and link the profile mixture composition to toxicity changes 
during transformation using acetoclastic methanogens and A. fischeri, as microbial toxicity 
models. 
 
4.12.2. Results and Discussion: Toxicity of model compounds and surrogates. 
The chemical structure of the commercial transformation products and/or best available surrogate 
compounds tested for inhibition towards acetoclastic methanogens and the marine bacterium A. 
fischeri are shown on Figure 4.12-1. 
 

 

Figure 4.12-1. Panel A: (Bio)transformation pathways of DNAN in anaerobic incubations of 
soils and sludge. Microbial toxicity was evaluated for shown monomer compounds. Panel B: 
Azo-oligomer surrogate compounds used for microbial toxicity. Notation: OMe = methoxy; Ac = 
acetyl.  
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Monomeric biotransformation products as pure compounds 
Most monomeric metabolites from DNAN reduction had partially decreased microbial toxicity 
with the exception of the MENA isomers (Table 4.12-1, Figure 4.12-3). DAAN and especially Ac-
DAAN were many fold less toxic than DNAN, whereas one of the isomers, iMENA and MENA, 
was more toxic than DNAN in the case of methanogens and Microtox, respectively. Nitroaniline 
isomers from nitro reduction of 2,4-dinitrotoluene have been shown to be more toxic than the 
parent compound in A. fischeri 291. In addition, nitroanilines were also the most toxic compounds 
in an extensive evaluation of the methanogenic toxicity of 24 different amino- and nitro-substituted 
benzenes 273. During the course of (bio)transformation, regio-specificity in DNAN (bio)conversion 
could impact the overall toxicity. For instance, nitro reduction of DNAN has predominantly been 
reported in the ortho nitro group in biological systems 47,85,229, whereas evidence of para-NO2 
reduction has been found primarily in abiotic systems 241, with one account of biological 
production 292. Dominance of nitro reduction in the ortho group has been attributed to overall 
molecular stability due to H-bonding with the neighboring methoxy group 47. Given these 
considerations, the toxicity of the nitroaniline isomers formed from DNAN nitro reduction is 
expected to be driven by MENA. 
 
 
Table 4.12-1. Summary of inhibitory concentrations for DNAN, (bio)transformation products and 
best available surrogates to acetoclastic methanogens and A. fischeri (Microtox). 

 
a302 μM DAAN caused 75% inhibition to A. fischeri. 
b446 µM iMENA caused 62% inhibition to A. fischeri. 
c8000 µm Ac-DAAN caused 2% inhibition to acetoclastic methanogens. 

 
On the other hand, there are other reactions during (bio)transformation that could yield to 

less toxic products. Complete nitro reduction to aromatic amines has been considered as a 
detoxification mechanism 224, and aromatic amines were generally less cytotoxic than NACs to 
methanogens 273,294 and A. fischeri 277,294. In a previous study we reported DAAN as less toxic than 
DNAN or MENA in both microbial assays 294. In addition, other transformation pathways could 
further decrease the inhibition potential of aromatic amines. For instance, DAAN N-acetylation 
resulted in a considerable decrease in toxicity (Figure 4.12-2A1, 4.12-2B1 and Figure 4.12-3). Ac-
DAAN was the least toxic of all monomers, and did not cause inhibition up to 8 mM to acetoclastic 

Compound Methanogens  Microtox Source 
  IC50    IC50 0  

                            ---------------------------------μM--------------------   

DNAN   41    57  293
 

MENA   175    48  293
 

DAAN   176    155  293
 

iMENA  25    219  This study 
Ac-DAAN  >8000c    911  This study 
Dimer L  65    29.8  This study 
BBY  0.71    0.7  This study 
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methanogens and had a 50% inhibition concentration (IC50) of 911 µM in Microtox. N-acetylation 
has been reported as a detoxification mechanism for amine moieties in aromatic compounds 288,295. 
 

 
Figure 5.12-2.  Methanogenic inhibition (A1, A2) and A. fischeri bioluminescence (B1, B2) 
based on toxicant concentration. Column 1: iMENA (■), Ac-DAAN (▲), dimer L (●). Column 
2: BBY (▼). 

 
 

Surrogates of dimers and trimers 
The azo-oligomers tested, dimer L and BBY, were among the compounds causing the strongest 
toxicity. Dimer L was a potent toxicant to A. fischeri (IC50 = 30 µM) and methanogens (IC50 = 65 
µM). While there is limited information on toxicity of oligomers formed during the 
biotransformation of explosives, a study on the cytotoxicity of TNT and its degradation products 
to H4IIE cells and Chinese hamster ovary-K1 (CHO) cells found that the azoxy-dimers were as 
toxic as the parent compound 286. BBY was the most toxic of all compounds tested with an IC50 in 
each of the microbial systems of 0.7 µM. Even though both systems had the same IC50, A. fischeri 
were more sensitive than methanogens, since complete inhibition occurred at 1.4 µM (Figure 4.12-
2A2). 

Despite the severe inhibition posed by the oligomers, at very low concentrations, dimer L 
stimulated the methanogenic activity rate. Up to 188% of the test compound-free control activity 
at 4 µM of the dimer (Figure 4.12-2A1). A similar phenomenon was detected for BBY but at a 
lower concentration range (125% stimulation at 1.23 μM of trimer). Azo-oligomers are highly 
conjugated molecules that are reminiscent of phenazines, which are electron transport molecules 
in the respiratory chain of methanogens 296,297. Recently, the application of a phenazine, Neutral 
Red, was claimed in a patent application to increase the rate of methanogenesis 298.  
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Figure 4.12-3. Fifity-percent inhibition concentrations (IC50) for acetoclastic methanogens (■) 
and A. fischeri (●) for DNAN and its (bio)transformation products and azo-oligomer surrogates. 
Shaded area indicates DNAN IC50 range. Open symbols in dimer L show ajusted concentrations 
to monomer equivalents. Ac-DAAN did not cause inhibition to methanogens and the highest 
concentration tested (8000 µM) is shown instead with an asterisk above the symbol. The BBY 
IC50 for both models was 0.7 µM. 
 
 
4.12.3. Results and Discussion: Exposures to DNAN (bio)transformation mixtures 
Biotransformation product profiles. 
DNAN was incubated anaerobically in soil or sludge microcosms to obtain mixtures of products 
formed at different stages of (bio)transformation (See Materials and methods for details). Tubes 
were incubated at different times so that when liquid samples were collected at the same day, the 
overall (bio)transformation time elapsed would be 0, 1, 5, 10, 20, 30, 40, 50 days of anaerobic 
incubation. A diagram depicting the staggered (bio)transformation assays and overall workflow is 
shown in Figure 4.12-4. 
MENA, DAAN and oligomer transformation products present in the liquid phase were semi-
quantitated by LC-QToF-MS. Table4.12-2 provides a list of selected parent/daughter ions used for 
semi-quantitative LC-MS determination of soluble products formed during anaerobic MENA soil 
(bio)transformation. The individual profile of (bio)transformation product mixtures formed at 
different stages of DNAN (bio)transformation for the two soils, Camp Butner (Figure 4.12-5) and 
Camp Navajo (Figure 4.12-6A), as well as for the anaerobic sludge (Figure 4.12-7A), were 
determined using LC-QToF-MS to detect products that were below detection in HPLC-DAD. 
Overall, the rate of DNAN conversion affected the rate of production of monomer and oligomer 
products. MENA and DAAN were detected primarily between 10-30 d of incubation in Camp 
Navajo soil, but were detected only sporadically in the Camp Butner soil. Unlike the soils, in the 
anaerobic sludge a consistent amount of DAAN was detected throughout 0-50 d of incubation, 
accounting for slightly less than a third of the total product peak area (3×107 area units for DAAN). 
A higher amount of DAAN in the system might require more reducing conditions. For instance, 
2,4,6-triaminotoluene from TNT reduction has only been reported below -200 mV 299. In the 
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systems studied in this work, hydrazo compounds had a higher occurrence in the sludge (m/z 275 
in Figures 4.12-1 and 4.12-7), and as an intermediate formed during the reductive cleavage of azo-
dimers, its presence points to a source of DAAN.  
 

 
Figure 4.12-4. Workflow pictogram for DNAN staggered (bio)transformation assay, followed 
by product mixture semi-quantitative analysis and microbial toxicity assessment. Anaerobic 
incubations were set starting at different days so that when all the samples were taken the 
(bio)transformation product mixture would be a representative mixture for different stages of 
DNAN (bio)transformation (0, 1, 5, 10, 20, 30, 40, and 50 days of incubation). Samples were 
collected for (semi)-quantitation of the products formed, and subjected to methanogen and 
Microtox toxicity assays in order to reconstruct the changes in toxicity of the aqueous phase 
during the course of DNAN (bio)transformation. 

 
 
Other monomer products, such as iMENA and Ac-DAAN were detected in smaller quantities 

than MENA or DAAN. For iMENA, the highest amount detected was 2 ×106 area units in Camp 
Butner soil at 20 d of (bio)transformation, but overall MENA was at least twice as much more 
abundant than its isomer. For Ac-DAAN, the largest amount detected was in sludge (8 ×105 area 
units), but its signal was on average two orders of magnitude smaller than DAAN. Azo-dimer 
products were detected concomitantly with the formation of QToF-MS detectable MENA, 
iMENA, DAAN, and Ac-DAAN in all three systems studied, suggesting that dimerization occurs 
very rapidly during the period nitro groups are being reduced. However, at longer at longer 
incubation times (9-30 days), the major abundant species were comprised of products with ion m/z 
> 200, attributed to azo-dimers. Based on common dominant (bio)transformation products 
detected across all systems, dimers underwent other reactions, such as N-substitution and O-
demethoxylation.  

Besides common dominant products, the relative abundance of each product varied 
depending on the system. For example, in Camp Butner soil incubations, the most abundant ions 
included m/z 269 and 285, 4’methoxy-3-methylamino-3’methyleneamino-azobenzene and 4,4’-
dimethoxy-3-methylamino-3’methyleneamino-azobenzene. In Camp Navajo, the primary 
products were m/z 247 and 274 (putatively with molecular formulas C7H9N3O7- and C9H11N3O7, 
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respectively), followed by m/z 269 and 285, like in Camp Butner. The ions m/z 247 and 274 have 
not been characterized, but could be a product formed during incorporation of DNAN reduced 
(bio)transformation products with humic substances. Covalent binding between quinone-like and 
reduced TNT products, a chemical analog to DNAN, have been found in 15N studies with soil 
humic substances in aerobic conditions 290. Moreover, sediment-aromatic amine reactions have 
been detected and kinetically studied 300.  In the anaerobic sludge, the primary dimers detected 
included m/z 285 and 269, with significant contributions of m/z 273 and 275, 4,4’dimethoxy-
3,3’diamino-azobenzene and 4,4’dimethoxy-3,3’diamino-hydrazobenzene, respectively.  

The largest cumulative amount of products in the aqueous phase, as quantified by peak 
area, occurred in Camp Butner soil and in the anaerobic sludge (1.2×106 area units). On the other 
hand, Camp Navajo soil, had two orders of magnitude less products at longer incubation times 
(40-50 d). A higher abundance in Camp Navajo was also observed with compounds with the 
highest molecular weight in the list, such as m/z 325 and 327, which were detected in all systems 
more often after DNAN was depleted 87. Their concentration was in the range of ~105 area units 
for Camp Butner and sludge, but ~104 for Camp Navajo. The metabolite m/z 431, a potential trimer 
based on the molecular mass, was detected only in Camp Navajo soil at a 2.5-fold higher amount 
than m/z 325 and 327 87. Camp Navajo has more organic carbon than Camp Butner (5.24 versus 
2.07 % dwt soil) 1, and the difference in amount of products recovered may be due to irreversible 
adsorption and covalent incorporation into soil humus. In studies with 14C radiolabeled TNT 
incubated with soil, more than half of the label was incorporated into different soil humic fractions 
98. 
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Figure 4.12-5. DNAN anaerobic (bio)transformation in Camp Butner soil and their collective 
toxicity impact. Panel A: DNAN (□) formed transformation products (stacked area, from light to 
dark in ascending molecular mass): 139.0866, 165.0659, 169.0608, 181.0972, 185.0652, 
193.0607, 228.0768, 243.0877, 243.1241, 245.1300, 247.0425, 259.1190, 267.0975, 269.1397, 
273.1347, 274.0715, 275.1503, 285.1347, 299.1179, 301.1289, 313.1289, 325.1659, 327.1452, 
431.1569.  Predominant [M+H]+ values are shown. Panel B: Impact of mixtures of 
transformation products formed during (bio)transformation on A. fischeri bioluminescence (■) 
and acetoclastic methanogens (●). 
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Figure 4.12-6. DNAN anaerobic (bio)transformation in Camp Navajo soil and their collective 
toxicity impact. Panel A: DNAN (□) formed transformation products (stacked area, from light to 
dark in ascending molecular mass): 139.0866, 165.0659, 169.0608, 181.0972, 185.0652, 
193.0607, 228.0768, 243.0877, 243.1241, 245.1300, 247.0425, 259.1190, 267.0975, 269.1397, 
273.1347, 274.0715, 275.1503, 285.1347, 299.1179, 301.1289, 313.1289, 325.1659, 327.1452, 
431.1569.  Predominant [M+H]+ values are shown. Panel B: Impact of mixtures of 
transformation products formed during (bio)transformation on A. fischeri bioluminescence (■) 
and  acetoclastic methanogens (●). 
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Figure 4.12-7. DNAN anaerobic (bio)transformation in anaerobic sludge and their collective 
toxicity impact. Panel A: DNAN (□) formed transformation products (stacked area, from light to 
dark in ascending molecular mass): 139.0866, 165.0659, 169.0608, 181.0972, 185.0652, 
193.0607, 228.0768, 243.0877, 243.1241, 245.1300, 247.0425, 259.1190, 267.0975, 269.1397, 
273.1347, 274.0715, 275.1503, 285.1347, 299.1179, 301.1289, 313.1289, 325.1659, 327.1452, 
431.1569.  Predominant [M+H]+ values are shown. Panel B: Impact of  mixtures of 
transformation products formed during (bio)transformation on A. fischeri bioluminescence (■) 
and acetoclastic methanogens (●). 
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Table 4.12-2. Selected parent/daughter ion list for semi-quantitative LC-MS determination of soluble products formed during anaerobic MENA 
soil (bio)transformation. Daughter ions shown indicate they were used to determine the abundance of the products. A total tolerance of 10 ppm 
for the mass bias was allowed for peak integration of the measured [M+H]+ ions. 

 

Chemical compound (identifier); Molecular formula; CAS # Measured 
[M+H]+ 

Retention 
time 
(min) 

2,4-diaminoanisole (DAAN); C7H10N2O  615-05-4 139.0866 2.51 
2-methoxy-5-nitroaniline (MENA); C7H8N2O3  99-59-2 169.0608 6.23 
3-nitro-4-methoxyaniline (iMENA); C7H8N2O3  577-72-0 169.0608 2.99 
N-(5-amino-2-methoxyphenyl) acetamide (Ac-DAAN); C9H12N2O2 64353-88-4 181. 0972 2.14 
3-amino-3’-nitro-azobenzene (m/z 243); C12H10N4O2 61390-99-6 243.0877 1.87 
4’methoxy-3-methylamino-3’methyleneamino-azobenzene (m/z 269); C15H16N4O N/A 269.1397 5.09 
3,3’-diamino-4,4’dimethoxy-azobenzene (m/z 273); C14H16N4O2 N/A 273.1347 13.75 
3,3’-Diamino-4,4’dimethoxy-hydrazobenzene (m/z 275); C14H18N4O2 N/A 275.1503 3.48 
5-((3-Amino-4-methoxyphenyl)diazenyl)-2-methoxy-N-methyleneaniline (m/z 285) ; 
C15H16N4O2 

N/A 285.1347 10.61 
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Toxicity profile during (bio)transformation.  
Acetoclastic methanogenic and A. fischeri bioluminescent inhibition assays were used to assess 
the overall toxicity of the aqueous extracts of DNAN (bio)transformation product mixtures 
sampled from the biotransformation assays at different times of anaerobic incubation. Both 
microbial toxicity models were very susceptible to toxicity of the mixture of 
(bio)transformation. The samples mixtures had to be diluted significantly (1:54 for 
methanogens and 1:36 for A. fischeri) before exposure, since at lower dilutions, there was 
complete inhibition in both assays which did not allow to observe differences in inhibition 
potential across the (bio)transformation timeline.  

At early stages of DNAN (bio)conversion, methanogenic activity dropped sharply as the 
parent compound disappeared, across all systems assayed (Figures 4.12.5B through 4.12-7B), 
This period of increased inhibition lasted as long as DNAN was detectable in aqueous 
solutions. This period of enhanced toxicity was directly dependent on the rate of DNAN 
(bio)transformation. The dip in activity was the shortest in anaerobic sludge (1 d) (Figure 4.12-
7B), while for Camp Butner (with the slowest rate of DNAN (bio)conversion), lasted for 30 
days (Figure 4.12-5B). 

The increase in methanogenic inhibition could be attributed to putative reactive 
intermediates formed during nitro reduction of DNAN, such as nitroso- and hydroxylamino-
derivatives. Nitroso and hydroxylamino products have been identified as potentially 
responsible for methanogen cell lysis (and methanogenic inhibition) during nitro reduction 224.  
Cytotoxicity studies on TNT and its reduced (bio)transformation products, showed that 4-
hydroxylamino,2,6-dinitrotoluene could be as toxic or more toxic than TNT 286. DNAN nitroso- 
derivatives have been found in abiotic 47 and biotic102, as well as for other nitroaromatic 
compounds such as 2,4-dinitrotoluene 301. Hydroxylamino products have also been reported in 
DNAN 102,229 and TNT 302 reductive (bio)transformation studies. Furthermore, azo-dimers 
detected in this work could be indirect evidence of the occurrence of these intermediates since 
classic azo formation involves coupling of nitroso-bearing products with either hydoxylamino 
172 or amino derivatives 303,304.  

At longer incubation times (30-50 d), the diluted mixtures of metabolites present at this 
stage of (bio)transformation caused very low inhibition to methanogens. Compared to earlier 
incubation times, when the toxicity was maximum, there was clearly a decrease in toxicity 
associated with the formation of azo-dimers. This recovery of activity might be attributed to 
the disappearance of a steady supply of reactive intermediates from nitroreduction once DNAN 
is depleted from the system. An additional factor could be the stimulation of methanogenic 
activity by azo-dimers, such as the effect observed with dimer L exposure up to 17 μM to 
methanogens in this work. Since the mixtures were diluted 54-fold, this would imply a 
maximum azo-dimer concentration of 4.6 μM (or 9.2 μM monomer equivalents). The 
theoretical maximum azo-dimer concentration would be in the stimulatory region. In all cases, 
after the initial inhibition, there was a consistent recovery and detoxification compared to the 
initial portion of (bio)transformation, eventually achieving restoration 100% activity compared 
to the test-compound free controls. 

For A. fischeri, there was little inhibition during initial conversion DNAN in all 
systems, but inhibition started to increase when more than half of the DNAN had been 
converted (Figures 4.12-5B through 4.12-7B). Unlike methanogens, A. fischeri might not be 
affected by the reactive nitroso and hydroxylamino intermediates if coping mechanisms against 
radicals and N-reactive species are present. Recently, flamohaemoglobin Hmp in A. fischeri 
has been attributed to protect against NO and reactive oxygen produced by the host squid as an 
antimicrobial agent during colonization in A. fischeri-squid symbiosis 305. However, at the latter 
part of DNAN reduction and after DNAN was completely (bio)transformed, there was 
increased inhibition of bioluminescence. During these stages of (bio)transformation, there were 



138 
 

also significant detection of dimer products (m/z >200), which could be directly responsible 
for affecting bioluminescence. In Camp Navajo, the highest inhibition (88%) occurred at 50 
days. However, in Camp Butner soil and in the anaerobic sludge, the maximum inhibition was 
50%. In the anaerobic sludge there was a temporary decrease in inhibition from 20-40 d which 
occurred at the same time as the amount of detected dimers decreased, and by 50 d the 
inhibition increased again concomitantly with the dimers products. Based on the 1:36 dilution 
used in Microtox, the maximum theoretical concentration of azo-dimers would be 6.9 μM (or 
13.8 μM monomer equivalents), which would be in the inhibitory range based on surrogate L 
dimer toxicity test. 

 
4.12.3. Implications of microbial toxicity and (bio)transformation product profiles 
A workflow integrating transformation product semi-quantitation with microbial toxicity 
provided information about scenarios expected in soils and wastewater sludge systems polluted 
with DNAN. Two key events during (bio)transformation were identified as potential toxicity 
drivers. Methanogenic increased inhibition during nitro reduction of DNAN was attributed to 
reactive hydroxylamino and nitroso intermediates, while azo-dimers rich mixtures were 
severely toxic to A. fischeri. On the other hand, N-acetylation greatly reduced toxicity of 
DNAN. N-acetylation and azo-dimerization of amines are transformation pathways that have 
been reported to be in direct competition with each other 295. Both of these processes have been 
identified in microbial systems in presence of DNAN 85,229, although azo-dimerization seems 
to be the dominant route based on semi-quantitative analysis of this work. However, devising 
strategies to increase N-acetylation reactions could be exploited in bioremediation efforts to 
yield non-toxicant products in systems polluted with DNAN.  
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4.13. Zebrafish Embryo Toxicity of DNAN Anaerobic Biotransformation Products . 
 
4.13.1. Objectives: Zebrafish embryo toxicity 
The objective of this work was to evaluate developmental effects of DNAN (bio)transformation 
products (or best commercially-available surrogates) using zebrafish (Danio rerio) as a 
toxicology model. We also tested mixtures of the products formed at different stages of 
(bio)transformation during anaerobic incubations of soils using as a starting point the primary 
DNAN transformation product, MENA. Toxicological testing was supported by detailed mass 
spectrometry studies (using ultra-high performance liquid chromatography coupled to 
quadrupole time-of-flight mass spectrometry, UHPLC-Q-ToF-MS) to characterize 
transformation product mixture profiles. 

In the ecotoxicology field, zebrafish embryos have become widely used to monitor 
water quality and to aid in environmentally safe product development 306,307. The embryonic 
zebrafish model is amenable for high-throughput studies and allows evaluation of 
developmental and behavioral endpoints in addition to acute toxicity 308. Early development is 
very similar to higher order vertebrates and its transparency allows for non-invasive and 
specific developmental assessment endpoints 309. Moreover, a vast amount of transcriptomic 
information along an expanding library of toxicants tested can provide mechanistic insights of 
the toxicity effects in zebrafish 105,307,310,311. 
 
4.13.2. Results and Discussion: Toxicity of model biotransformation products 
The library of compounds tested included DNAN monomer (bio)transformation products 
85,103,229 and best available surrogates for azo dimers and trimers, since no dimer metabolites 
were commercially available (Table 4.13-1 and Figure 4.12-1). DNAN was not tested in this 
work due to the commercialization, transportation, and export control restrictions established 
by the International Traffic in Arms Regulations (ITAR) of the US Department of State 312. 
Instead MENA was used as the reference parent compound. 
 
Mortality. 
No statistically significant mortality at 24 and 120 hpf was detected for any of the pure 
compounds tested (0-640 μM for MENA and DAAN; 0-64 μM for iMENA, Ac-DAAN, dimer 
A, dimer L, and BBY). Mortality charts for each compound tested can be found elsewhere 94. 
In this study, which used zebrafish embryos with intact chorions, no adverse lethal effect were 
detected for MENA concentrations up to 640 μM.  However, in a previous study with 
dechorionated zebrafish embryos on compounds from the U.S. EPA ToxCast phase 1 and 2 
lists, which included MENA, the 120-hpf mortality lowest observable effect level (LOEL) was 
reported at 64 μM 105. Since the chorion is the primary exposure route before hatching 308, this 
discrepancy suggests that the presence of the chorion could be limiting the diffusion of 
aromatic amines like MENA. 

Similar to the monomeric compounds tested in this work, the azo-dimers and trimer 
(BBY) evaluated did not result in zebrafish mortality at concentrations up to 64 μM. Azo dye 
dimers and trimers have been tested in aquatic ecotoxicity models, including an extensive dye 
survey on fathead minnows (P. promelas) 313, and more recently on guppy fish (Poecilia 
reticulata) 314, and the Western clawed frog (Silurana tropicalis) 315.  In contrast with the lack 
of lethal effects detected in our study, the 96-h LC50 value reported in guppy fish for Methyl 
Red (CAS# 493-52-7), an azo-dimer with N-methyl, amino, and carboxylic acid substituents, 
was 89 μM 314, and for Basic Brown 4 (CAS# 5421-66-9), an azo trimer with amino and methyl 
substituents, in fathead minnows it was 12.1 μM. 

Overall, the low mortality counts obtained with the pure compounds tested suggest that 
the individual transformation products/surrogates evaluated in this study pose little acute 
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toxicity risk (≤ 64 µM). This argument is strengthened by the observed decrease in toxicity of 
TNT on fathead minnows, as TNT was reduced to dinitroaniline products 316. 

 

 

Figure 4.13-1. Main anaerobic DNAN (bio)transformation pathway (structures inside box): 
DNAN undergoes nitro reduction to MENA and DAAN 85. Reactive intermediates formed 
during nitro-group reduction enable coupling reactions that form dimers and other oligomers 
by reacting with aromatic amines 303,304. Chemical structures of individual compounds tested 
based on previously identified DNAN (bio)transformation products (‡) or best available 
surrogates (§). 

 
Developmental toxicity 
Detailed developmental endpoint scoring for all the chemicals tested in this work is provided 
elsewhere 94. While most of the compounds tested did not cause developmental abnormalities, 
dimer L and iMENA caused significant malformations in zebrafish embryos (Table 4.13-1). 
iMENA had a developmental LOEL of 6.4 μM based on yolk sac edema formation, but no 
other abnormalities were detected. The rest of monomer compounds did not show 
developmental activity. Developmental toxicity studies with the monomeric compounds tested 
here have not been previously reported. However, some aromatic amines, such as aniline have 
been shown to cause developmental toxicity in African clawed frog (Xenopus laevis) embryos, 
albeit at much higher concentrations, 3.9 mM 317. Of the dimers and trimer tested, only dimer 
L caused significant developmental abnormalities in the embryos 94. Dimer L caused a 
significant occurrence of yolk sac and pericardial edemas (LOEL = 6.4 μM), and several 
malformations in six other endpoints at 64 μM (Figure 4.13-2). A photograph illustrating some 
of these abnormalities is shown in Figure 4.13-3. While BBY and dimer A did not show any 
developmental toxicity in the tested range, BBY has been reported to cause malformations in 
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Western clawed frogs at 2.4 mM 315. 
 

 

 
 
  

Figure 4.13-2. Developmental endpoints that caused significant malformations in the 
zebrafish embryo assay for dimer L. White bars indicate hits above the statistically 
significant threshold (p ≤ 0.05). The rest of the endpoints did not show significant 
activity. 
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Figure 4.13-3. Representative visual comparison between 120 hpf zebrafish embryos: 
Control (A), 64 μM dimer L (B). The embryo exposed to dimer L showed developmental 
abnormalities and visible dimer L uptake (coloration).  
 
 
Locomotor behavior assat 
The impact of the various model compounds on zebrafish swimming locomotor behavior was 
also tested at 120 hpf. Zebrafish are more static in presence of light compared to dark periods, 
and comparing the difference in light/dark cycles can indicate changes in behavior due to 
exposure to toxicants 106. In this study, long distance swimming motion ranged from 18 to 30 
mm in the dark, while it was below 5 mm in light (Figure 4.13-4). There were no detectable 
effects in locomotion for any of the chemicals tested, except for DAAN. While there were some 
minor variations in the distance swum in the dark periods when considering most compounds, 
the average movement in zebrafish that had been exposed to 640 μM DAAN (4 mm), was 
eight-fold less than the toxicant–free control (32 mm). Since there were no developmental 
active endpoints for DAAN 94, the lack of response to light/dark periods is not associated with 
swimming impairment due to malformations. Therefore, this suggests that exposure to 640 μM 
DAAN could have neurotoxicity effects. To the best of our knowledge, this is the first work to 
study potential locomotor effects caused by a NAC, an aromatic amine, and an azo-dimer 
exposure in zebrafish during the developmental stage. 
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Figure 4.13-4. Average long distance swum recorded in locomotor response Viewpoint assay 
for 120 hpf zebrafish larvae exposed to DAAN (0-640 μM) in dark (A) and light (B) stages. 
 
 
 
4.13.3. Results and Discussion: Toxicity of MENA (bio)transformation products in 
anaerobic soil microcosms 

 
Product characterization and semi-quantitation 
Based on UHPLC-Q-ToF-MS analyses, six parent ions were selected for semi-quantitation 
according to their chromatogram peak area abundance (> 1000) (Table 4.13-2). From these 
compounds, three had been reported previously as monomer products formed during DNAN 
(bio)transformation in anaerobic conditions: DAAN and Ac-DAAN 85. In this work, we report 
a new transformation product, 3-amino-3’-nitro-azobenzene (m/z 243, as well as two parent 
ions that have not been assigned chemical structures [M+H]+ m/z 313.1343 (putative molecular 
formula C16H16N4O3) and 393.0836 (putative molecular formula C19H12N4O6). Based on these 
formulae, these ions could represent a dimer and a trimer, respectively. Transformation 
products were quantified using parent ions (m/z [M+H]+), or daughter ion (m/z [M+H-R]+) 
transitions when the daughter yielded a stronger ionization signal than the precursor (Table 
4.13-2). While standards were available for DAAN and Ac-DAAN, the rest of the analytes 
were not commercially available, difficult to synthesize, and potentially not stable in air. For 
consistency, all analytes are reported in peak area units based on UHPLC-Q-ToF-MS, which 
cannot be unequivocally translated to concentration because of potential variation in ionization 
efficiencies (Figure 4.13-5A). MENA was not added to the selected ion list since it ionized 
several orders of magnitude more strongly than the rest of the analytes. Therefore, its 
concentration during the (bio)transformation is reported in μM as quantified using UHPLC-
DAD (Figure 4.13-5B). 

From initial time to 6 days of (bio)transformation, trace amounts of all of the analytes 
were detected, but 23% of MENA had already been removed, indicating possible formation of 
transformation products not shown in Table 4.13-2. From day 6 to 9 the formation of oligomers 
(mainly m/z 243, 313, 393) was visible, followed by accumulation of DAAN and Ac-DAAN 
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after day 10. The concentration of all of the analytes increased until day 30, with exception of 
DAAN, which decreased by 40% from days 20-30.  

In order to consider transformation products that might be difficult to separate 
chromatographically or ionize in the Q-ToF-MS, UV-VIS spectra were also recorded along the 
course of the (bio)transformation of MENA. Since oligomers were detected in Q-ToF-MS, the 
spectral data are summarized as an oligomer index, based on the ratio of absorbance at 400 to 
254 nm (Figure 4.13-5B), the former wavelength being chosen to quantify polymers 95 that 
have visible absorbance (e.g. azo dyes), and the latter a common wavelength for aromaticity. 
The 400/254 nm ratio increased from days 1-6, reached a maximum at 9 days of incubation, 
and then decreased until day 30. The initial increase might be due to the onset of oligomer 
formation as evidenced by Q-ToF-MS data, whereas the subsequent decrease following day 9 
indicates precipitation of larger insoluble oligomers out of solution, even if soluble dimers such 
as m/z 243 continue being formed. 

 
Zebrafish mortality and absence of developmental abnormalities. 
Mortality assessed at 120 hpf was statistically significant only for the sample taken at 9 days 
of (bio)transformation (Figure 4.13-5A), coinciding with the maxima recorded for the 400/254 
nm absorbance oligomer index (Figure 4.13-5B) and slightly after the onset of oligomer 
formation. This suggests that the early formation of azo dimers is responsible for an increase 
in zebrafish embryo mortality. Oligomerization occurs when reactive nitroso-intermediates 
react with amines to cause coupling reactions 303,304. Thus, mortality is potentially associated 
with the reactive intermediates. 



145 
 

Table 4.13-1. Developmental Lowest Observable Effect Levels (LOELs) and endpoints with significant morbidity. 
 

Chemical compound (identifier) Surrogate for Developmental 
LOEL (μM) 

Active Endpoints (μM) 

2-methoxy-5-nitroaniline (MENA) N/A >640 N.D. 
3-nitro-4methoxyaniline (iMENA) N/A 6.4 yolk sac edema (6.4) 
2,4-diaminoanisole (DAAN) N/A >640 N.D. 
N-(5-amino-2-methoxyphenyl) acetamide (Ac-DAAN) N/A >64 N.D. 
4,4'-azodianiline (dimer A) azo dimer >64 N.D. 
2,2’-dimethoxy-4,4’-azodianiline (dimer L) azo dimer 6.4 yolk sac and pericardial edemas (6.4); axis, eye, 

snout, jaw, pectoral fin, touch response (64) 
Bismarck Brown Y (BBY) azo trimer >64 N.D. 

N/A = Not applicable;  N.D. = None detected 
 

Table 4.13-2. Selected parent/daughter ion list for semi-quantitative LC-MS determination of soluble products formed during anaerobic MENA 
soil (bio)transformation. Daughter ions shown indicate they were used to determine the abundance of the products. 

 

  Calculated Measured  
Chemical compound or identifier; Molecular formula CAS # Parent 

[M+H]+ 
Parent 

[M+H]+ 
Daughter 
[M+H-R]+ 

Retention 
time 
(min) 

2,4-diaminoanisole (DAAN); C7H10N2O 615-05-4 139.0866 139.0866 N/A 2.86 
N-(5-amino-2-methoxyphenyl) acetamide (Ac-DAAN); C9H12N2O2 64353-88-4 181.0972 181. 0972 N/A 2.36 
3-amino-3’-nitro-azobenzene (m/z 243)§; C12H10N4O2 61390-99-6 243.0877 243.0870 N/A 2.3 
(m/z 313)*§; C16H16N4O3 N/A 313.1295 313.1312 250.8794 1.60 
(m/z 393)*§; C19H12N4O6 N/A 393.0830 393.0836 276.0833 1.59 

N/A = Not applicable.  
* These ions detected have not been assigned a chemical structure.  
§ These compounds are reported for the first time as (bio)transformation products. 
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There were no active developmental endpoints in any of the samples collected during MENA 
biotransformation. The absence of developmental abnormalities in the assay could be due to 
several factors, which may contribute synergistically. Firstly, the compound mixtures were 
produced at very low concentrations and below any LOEL. Secondly, fewer oligomers may be 
bioavailable to the embryos if extensive polymerization occurs that result in oligomers 
precipitating from solution or oligomer incorporation into the soil humus 98. These mechanisms 
are supported by the overall decrease of aromaticity of the aqueous phase as evidenced by the 
decline in 254 nm absorbance during the course of the (bio)transformation 94. Aromatic amines 
and azo polymers from similar NACs, such as DNAN and TNT, bind irreversibly to soil humic 
substances 47,98. 

 

 
Figure 4.13-5. Characterization of products formed during MENA (bio)transformation coupled to 
zebrafish toxicity. Panel A:  Temporal semi-quantitation of transformation products ([M+H]+ m/z 
= 139, 181, 243, 313, 393) shown with stacked areas and increasing m/z shown with darker shades 
and zebrafish mortality assessed at 120 hpf (■). Mortality statistical significance (p < 0.05) is above 
4 hits (n= 32). Panel B: MENA concentration (●) and 400 nm/ 254 nm absorbance index (□) during 
MENA (bio)transformation.  
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4.13.4. Toxicity implications of DNAN biotransformation 
The results of this study demonstrate that intermediates of DNAN biotransformation can cause 
detectable developmental and behavioral toxicity endpoints in zebrafish embryos. Most 
concerning was the high level of developmental toxicity caused by a surrogate azo-dimer 
intermediate (dimer L) and iMENA (both at 6.4 µM) as well as evidence of locomotor toxicity 
caused by DAAN at higher concentrations. Our work approach coupled transformation product 
identification with toxicological testing to determine the environmental impact of organic 
pollutants as they undergo transformation in natural systems. These findings will help to advance 
understanding of the potential adverse impacts of DNAN biotransformation products in natural 
systems to aquatic species and vertebrates in general. 
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5. CONCLUSIONS 
 
 
5.1. Reactivity of IMCs and IMC Daughter Products with Soil Minerals 
 
5.1.1. Adsorption 
The adsorption and reactivity of IMCs with clay mineral and Fe and Mn oxide mineral constituents 
was determined as a means to better assess contaminant mobility and bioavailability in soils and 
sediments. Adsorption of IMCs at mineral surfaces is governed not only by functional group 
composition and charge of the IMCs themselves, but also by the surface functional group 
chemistry and  exchangeable cation (in the case of montmorillonite) composition of the mineral 
adsorbents. None of the minerals served as a high affinity adsorbent for all of the IMCs and 
daughter compounds tested. However, each of the compounds did exhibit a high adsorption affinity 
for at least one of the adsorbent types examined. This suggests that each of the compounds would 
be subjected to adsorptive retardation during subsurface transport, but likely as a result of 
accumulation at distinct mineral surfaces. NACs (DNAN and MENA) exhibited significant 
affinity for layer silicate clays; whereas, the nitroheterocyclic compounds (NHCs), NTO and ATO, 
showed greater affinity for the Fe(III) and Mn(IV) metal oxide minerals (goethite and birnessite, 
respectively). 

NAC adsorption to layer silicate clays was apparently favored by inner-sphere complexation 
between nitro functional groups and exchangeable cations. The strength of this adsorption 
adsorption can be greatly increased with K+ exchangeable cations versus other cations (e.g. Na+) 
due to the lower hydration of K+ enhancing the innersphere complexes. On the other hand, NHC 
adsorption was insignificant on the silicate clays because of charge repulsion. Conversely, NTO 
exhibited strong affinity for adsorption to both goethite and birnessite mineral surfaces. The 
reduction of DNAN and NTO is expected to occur in sub-oxic soil pore waters and our results 
indicate that such bio-reduction to MENA and ATO, respectively, can alter subsequent 
contaminant reactivity with mineral surfaces (more mobile). Specifically, reduction of nitro 
substituents to amine functionality diminishes NAC affinity for layer silicate surfaces, due to a a 
decrease in nitro-groups available for ternary complexes with adsorbed metal cations as well as 
weakening of electron-donor-acceptor complexes  of NAC π system with the clay’s siloxane 
oxygen. Nitro group reduction also decreases NHC sorptive affinity for goethite. 
 
5.1.2. Transformation 
DNAN Transformation by minerals 
The results of this study suggest that the progressive replacement of electron withdrawing nitro 
groups by amino groups, that occurs during reductive biotransformation of DNAN, increases the 
susceptibility of IMC molecules to oxidation by naturally occurring metal oxides in soil. The 
parent compound, DNAN, was completely resistant to oxidation by both birnessite (MnO2) and 
ferrihydrite. In contrast, the first daughter product DNAN reduction, MENA in which one of the 
nitro groups is replaced with an amine group, was reactive with birnessite but not with ferrihydrite. 
The second daughter product DAAN in which the two of the nitro groups of DNAN are  replaced 
with an amine groups, was reactive with both with birnessite and ferrihydrite, but birnessite was 
6-fold more reactive. Likewise DAAN was 5-fold more reactive compared to MENA, highlighting 
the large increases in reactivity afforded by the progressive conversion of nitro groups to amines. 
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These results indicate that metal oxides in soil play a very important role in remediation of reduced 
IMC daughter products in the natural environment.  
 
NTO transformation by minerals 
The study of parent compound NTO and daughter product ATO reactivity with birnessite and 
ferrihydrite improves the understanding of the fate of these compounds on mineral surfaces. NTO 
was resistant to oxidation by both the birnessite and ferrihydrite at the tested concentrations. 
However, NTO was strongly adsorbed to the ferrihydrite surface, indicating an important potential 
mechanism for its attenuation in soils.  Given the overwhelming consensus view that NTO does 
not adsorb to soils, an update on the view needs to include the possibility that NTO is effectively 
adsorbed by iron oxides. ATO was also found to be adsorbed to the ferrihydrite surface but more 
weakly than NTO. However, ATO, which is readily formed from NTO nitro-group 
biotransformation to an amine group in suboxic soil microniches, was found to be highly reactive 
with birnessite. By comparison, the parent compound was completely nonreactive with birnessite 
indicating the importance of converting the electron-withdrawing nitro-group to an amine to make 
the molecule highly susceptible to an oxidation reaction with the minerals. The reaction of ATO 
with birnessite resulted in its transformation to urea, N2 and CO2, indicating complete breakdown 
to safe end products. The results  
 
Reduction of DNAN and NTO by green rust 
Green rust in aqueous suspension (1% w/w) is capable of reductive transformation of IMCs (0.5 
mM) to their respective amines concomitantly as green rust is oxidized in the process to 
lepidocrocite. The reductive transformation of DNAN and NTO resulted in the formation of 
reduced, aminated daughter products. DNAN transformation displayed a highly unique staggered 
regioselectivity. First it was converted in by reduction of para nitro-group but after 10 minutes the 
regioselectivity rapidly changed to reducing the ortho nitro-group, and thereafter DAAN was 
gradually formed in the time-scale of a few days. On the other hand the conversion of NTO to 
ATO was almost complete converted in 10 minutes, indicating an extraordinary reactivity of green 
rust with NTO. The findings provide important clues on the fate and reactivity IMCs on green rust 
mineral surfaces highlighting the importance for the geochemical transformation of these 
compounds in soil. This study also adds insight into the mechanism of contaminant transformation 
by reaction with zero valent iron (ZVI) since green rust is a major intermediate during ZVI 
corrosion. The results taken as a whole indicate that green rust, either directly or indirectly as a 
product of ZVI, could be a useful approach for abiotic transformation of munitions compounds. 
 
5.2. Bioconversion DNAN 
 
5.2.1. DNAN transformation in anaerobic sludge 
DNAN was reduced by sludge to two MENA and DAAN as the main metabolites, under all of the 
different conditions tested. The highest DNAN biotransformation rate was observed in anaerobic 
conditions enhanced by the addition of H2, as an electron-donating cosubstrate. The nitro group in 
the ortho position was first reduced to an amine to yield MENA, then the para nitro group was 
reduced to an amine to produce DAAN. During the reductive biotransformation, covalent coupling 
of DNAN intermediates occurred, yielding azo-linked dimers. These products were further 
reduced to hydrazine dimers. In addition, a diversity of products was created by parallel pathways 
of N-methylation, and N-acetylation of primary amines, as well as O-demethylation and 
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susbsequent dehydroxylation of methoxy groups. The results provide insights on the fate and 
biotransformation of DNAN which will help in understanding environmental health risks from 
DNAN and provide clues for the bioremediation of DNAN contamination. 
 
5.2.2. DNAN transformation in soil 
DNAN underwent (bio)transformation in soils, particularly in anaerobic conditions. The reactions 
were catalyzed by both biotic and abiotic processes. The major reaction pathway involved nitro-
group reduction to MENA, and to a lesser extent, DAAN. The rate of DNAN biotransformation 
was highly correlated with soil organic carbon content up to 2% OC. Products from DNAN 
reduction coupled to form azo dimers that continued to be (bio)transformed with O-demethylation 
and N-substitution reactions. Aromatic amines such as DAAN also reacted and became 
incorporated into soil organic matter. Taken together, our results indicate that DNAN is readily 
reductively (bio)transformed in natural soils, and a full suite of transformation products such as 
aromatic amines and azo dimers that are further subjected to secondary metabolism which 
collectively impact the fate of DNAN in the environment. 
 
5.2.3. 14C-DNAN study 
During incubations of ring labeled 14C-DNAN, a large fraction of water soluble radiolabel 
becomes incorporated into a non-extractable fraction of the soil and assumed to be part of the 
insoluble soil humus fraction known as humin. Only negligible to small recoveries of 14C label are 
found in the volatiles, organic extractable fractions; and only a modest recovery of label is found 
in the NaOH extractable fraction (considered to be humic acid). The most important  conclusion 
of the study is that OC quantity as a ratio of the initial DNAN quantity is an important factor 
dictating what fraction of the 14C-DNAN becomes incorporated into the insoluble humin fraction. 
The mg:mg ratio of OC: DNANinitial provides a very strong prediction of the ultimate incorporation 
of DNAN product molecules into humin. This correlation is strong regardless of the source of the 
OC (either from one of two soil types or added purified humin). The correlation is valid up to a 
ratio of 0.8 mg OC mg-1 DNANinitial, which coincides with the two N groups in of fully reduced 
DNAN products being substituted into quinone moieties of humus Beyond 0.8 mg OC mg-1 
DNANinitial the reactive amine groups are saturated and there is no longer any increased 
incorporation of 14C into the humin fraction. The effect of different treatments on the incorporation 
of 14C-DNAN into humin were evaluated. Globally, speaking the treatment effects were relatively 
small compared to the impact of the OC:DNAN mass ratio. Nonetheless, the more anaerobic the 
conditions, a greater rate and extent of 14C incorporation was observed compared to aerobic 
conditions. The findings are in stark contrast with the established paradigm. The paradigm 
considers anaerobic conditions are solely involved in the formation of aromatic amines; whereas 
aerobic conditions are required to (co)polymerize and covalently link the aromatic amines into 
humus. The reason this paradigm can now be rejected is the compilation of evidence to the 
contrary, showing that significant strong sorption and covalent incorporation of reduced TNT 
intermediates into humin occurs under anaerobic conditions. The results of the current study 
demonstrate that the same is also true for reduced DNAN intermediates. 
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5.3. Bioconversion NTO 
 
5.3.1. Biotransformation of NTO in soil 
Reductive biotransformation of NTO can be stimulated by promoting an initial anaerobic phase 
by supplying electron donating substrates to form ATO. In aerobic conditions, our research 
suggests that NTO will persist in soils. In anaerobic environments, NTO was readily converted to 
ATO. However ATO was found to persist in anaerobic conditions. In aerobic conditions, ATO 
was susceptible to mineralization depending on the soil microbial community and pH conditions. 
The addition of cosubstrates (e.g. glucose) was not observed to enhance aerobic ATO degradation. 
 
5.3.2. Sequential anaerobic-aerobic biodegradation of NTO 
The sequencing of anaerobic-aerobic condition promotes the full biodegradation NTO. NTO 
reduction to ATO occurs under reducing conditions. ATO in turn is removed when conditions are 
switched to aerobic conditions. There is no biotransformation of NTO under aerobic conditions; 
likewise only the conversion of NTO to ATO without any removal of ATO occurs when conditions 
are only anaerobic. ATO and NTO degradation were observed in a continuously fed aerobic 
biotrickle reactor. The reduction of NTO in an aerobic bulk environment of the reactor was 
plausible due to the presence of hypothesized anaerobic micro-zones in biofilms, which were 
formed by addition of cosubstrate (pyruvate). The lack of NTO transformation in a sterilized 
control indicates that the process is driven mainly by biological reactions. The presence of 
inorganic N ions in the reactor effluent suggested that at least partial mineralization NTO was 
occurring. 
 
5.3.3. ATO-degrading enrichment culture 
ATO can be degraded as the sole C and N source by a sustainable enrichment culture (EC). The C 
in ATO is highly mineralized to CO2 and the N in ATO is mineralized for approximately 50% to 
NH3 and 50% to N2. The EC requires O2, indicating at least one O2- dependent step in the 
biodegradation pathway. Low amounts of yeast extract (YE) (1 mg L-1) were found not to be 
essential for the EC, thus the culture has the capacity to produce all the essential vitamins and 
cofactors from the basal inorganic nutrients in the medium. Two approaches to were used to obtain 
a clone library, one was a conventional approach, the other utilized MR DNA (based on ion torrent 
sequencing technology). These two approaches indicated that several members of the clone library 
may be playing a role in the ATO biodegradation. These include clones from the genus 
Hydrogenophaga previously implicated in oxidative 4-aminobenzenesulfonate degradation. 
Clones from the genus Hyphomicrobium indicate a role of C1 metabolism in ATO biodegradation 
possibly including the metabolism of methylamines. The importance of C1 metabolism was also 
strengthened by the presence of clones from Alkalilimnicola known for CO metabolism. The 
presence of Sphingopyxis and Mezorhizobium indicated other potential biodegradative 
mechanisms related to glycol metabolism and degradation of N-methyl-2-pyrrolidone, respectively. 
In conclusion, ATO the major reductive biotransformation product of NTO was shown to be highly reliably 
mineralized to CO2, NH3 and N2 by a highly enriched culture developed from soil. The EC can potentially 
be utilize to bioaugment NTO contaminated soil lacking ATO-degrading capacity to accelerate complete 
bioremediation of reductively biotransformed NTO 
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5.4. Toxicity  
 
5.4.1. Microbial toxicity of DNAN 
Taken as a whole microbial toxicity results indicate that DNAN causes strong acute cytotoxicity 
to methanogenic and nitrifying microbial populations as well as the marine bioluminescent 
bacterium, Aliivibrio fischeri, used in the Microtox test. The 50% inhibitory concentration for these 
impacted microorganisms ranges from 41 to 57 µM. Preliminary results suggest that microbial 
reductive transformation of DNAN to aromatic amines may reduce the inhibitory impact of DNAN 
to these microbial groups.  Aerobic heterotroph bacterial activity was not impacted by the presence 
of DNAN. Additional toxicity studies with secondary dimeric metabolites of DNAN and their soil 
con 
 
5.4.2. Microbial Toxicity of DNAN (bio)transformation products and product mixtures 
The goal of this work was to assess microbial toxicity of individual transformation products and/or 
best available surrogate compounds to acetoclastic methanogens and the marine bacterium 
Allivibrio fischeri; while in parallel determine biotransformation product profiles for DNAN 
incubated anaerobically in soils and anaerobic sludge and link the profile mixture composition to 
toxicity changes during transformation as measured by UHPLC-QToF-MS. The latter was 
performed with a staggered toxicity test in which toxicity of a given initial concentration of DNAN 
was evaluated as a function of biotransformation time in soil or sludge.  The staggered toxicity test 
demonstrated two key events during (bio)transformation as potential toxicity drivers. The 
inhibition of methanogens increased during nitro reduction of DNAN and this behavior was 
attributed to reactive hydroxylamino and nitroso intermediates. As soon as nitro-reduction ceased, 
the inhibition decreased again. In contrast, the inhibition to A. fischeri steadily increased as azo-
dimers rich mixtures were progressively being formed.  In the experiments with individual 
compounds, The heightened toxicity of azo dimers was also confirmed in in inhibition tests with 
azo-dimer and trimer surrogates. Additionally, an N-acetylated metabolite of DAAN was shown 
to have greatly reduced toxicity compared to DNAN and its primary daughter products. This 
indicates that N-acetylation reactions could be exploited in bioremediation efforts to yield non-
toxicant products in systems polluted with DNAN and prevent dimerization.  
 
5.4.3. Zebrafish Embryo Toxicity of Anaerobic DNAN Biotransformation Products  
The goal of zebrafish (Danio rerio) embryo study was to evaluate developmental effects of DNAN 
(bio)transformation products. Individual biotransformation products/surrogates  or mixtures of the 
products formed at different stages of DNAN (bio)transformation in soil the starting point the 
primary DNAN transformation product, MENA. The toxicological testing was supported by 
detailed mass spectrometry studies (UHPLC QToF-MS) to characterize transformation product 
mixture profiles. The results of the study demonstrated that intermediates of DNAN 
biotransformation can cause detectable developmental and behavioral toxicity endpoints in 
zebrafish embryos. Most concerning was the high level of developmental toxicity caused by a 
surrogate azo-dimer intermediate (dimer L) and 4-methoxy-5nitroaniline (iMENA) (both at 6.4 
µM) as well as evidence of locomotor toxicity caused by DAAN at higher concentrations. The 
linking of biotransformation product identification with toxicological testing indicated the there 
was a significant increase in acute cytotoxicity to zebrafish emvryo during the stage of 
biotranformation when azo-dimers start to form. The study demonstrates a methodology to study 
the ecotoxicity of organic pollutants as they undergo transformation in natural systems. These 
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findings will help to advance understanding of the potential adverse impacts of DNAN 
biotransformation products in natural systems to aquatic species and vertebrates in general. 
 
5.5. Overview and Benefits. 
 
The most important benefit of the project is the recognition that IMCs can be converted by a 
sequence of reduction and oxidation (or substitution) reactions to environmentally safe end points. 
DNAN and NTO have shared and divergent pathways as shown in Figure 5.5-1. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The nitro-groups of DNAN and NTO are readily reduced to yield amine intermediates. However 
the pathways diverge afterwards. The aromatic amines daughter products of DNAN become 
irreversibly covalently incorporated into the insoluble fraction of humus, known as humin. The 
proposed pathway involves either a nucleophilic substitution reaction in which aromatic amines 
react with quinone moieties of humus or an oxidation reaction of the aromatic amines by MnO2 or 
iron oxides to produce cation amine radicals that couple covalently with humus. The heterocyclic 
amine, ATO, which is the reduced product of NTO, is oxidatively mineralized by aerobic soil 
bacteria or extensively oxidized by reaction with MnO2 producing benign end-products: CO2, NH3, 
N2 and/or urea. The complete sequence of events is required since our study shows that primary 
daughter products are still quite toxic. The implication is that just removing IMCs by primary 
transformation does not necessarily remove toxicity. The sequence is also required because the 
reductive step converts IMC molecules to amines that are significantly more prone to oxidation or 
substitution reactions. The latter reactions are necessary to achieve environmentally safe end 

environmentally 
safe end products 

Figure 5.5-1. Shared and divergent pathways of IMC biotransformation 
to environmentally safe end products (NOM refers to natural organic 
matter or humus). 
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points. The project demonstrates the importance of both soil minerals and microbial activity in the 
transformation of IMCs. 

Other benefits of this project include the discovery that iron oxides in soil can significantly 
adsorb NTO dispelling a popular belief there is no sorption of NTO by soils. Adsorption of DNAN 
in clay soils can be significantly increased by an order of magnitude with the addition K+ to soil. 
This project has identified a parameter than can predict the extent of this incorporation based on 
the mass ratio of OC to DNAN. The addition of humic materials was shown to greatly enhance the 
irreversible covalent incorporation of DNAN metabolites into humus and such additions could 
potentially enhance the remediation of DNAN. And lastly, an enrichment culture was developed 
that reliably mineralizes ATO as sole C and N-source to simple non-toxic products: CO2, NH3 and 
N2. Several species identified in the clone libraries provided clues on possible degradation 
mechanisms and how to monitor for responsible bacteria. The enrichment culture could potentially 
be utilized through a bioaugmentation strategy to enhance the complete biodegradation of NTO in 
soils or subsurface sites lacking a natural population of ATO-degraders, 
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