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ABSTRACT

The recent development of insensitive munitions, such as 2.4-dinitroanisole (DNAN), as
components of military explosives has generated concern for potential subsurface contamination
and created a need to fully characterize their transformation processes. Compound specific isotope
analysis (CSIA) has proven to be a useful means of assessing transformation pathways according
to characteristic stable isotope fractionation patterns. The C and N isotope fractionation of DNAN

associated with abiotic and enzymatic hydrolysis was recently assessed. The extent to which
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DNAN isotope fractionation will be affected by other potentially competing transformation
pathways known for nitroaromatic compounds (e.g., reduction) and if previous knowledge can be
extrapolated to other environmental matrices remains to be understood. Here, we investigated the
C and N isotope fractionation and reaction rate constants of DNAN during abiotic reduction
mediated by mineral-associated Fe(II) species as a function of mineral type, natural organic matter
presence, and repeated exposures to DNAN. Though rate constants varied, N and C apparent
kinetic isotope effects (AKIEs) remained consistent across all experiments (averaged values of *N-
AKIE = 1.0317 + 0.0064 and "C-AKIE = 1.0008 + 0.0005) and revealed significant *N- and
minimal "C- enrichment in agreement with previous work on nitroaromatic compounds. Moreover,
the observed fractionation was clearly distinct from trends for abiotic and enzymatic hydrolysis.
This study provides a strengthened basis for the use of compound specific isotope analysis as a
robust tool for monitoring DNAN degradation in complex environmental matrices as a component

of future remediation efforts.
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INTRODUCTION

Insensitive munitions have emerged as safer alternatives to traditional explosives such as
2 4 ,6-trinitrotoluene (TNT) and hexahydro-1,3,5-trinitro-1,3,5-triazine (RDX). The U.S. military
has recently begun development of two insensitive munitions formulations (IMX-101 and IMX-
104) containing 2 4-dinitroanisole (DNAN).' These formulations exhibit a decreased sensitivity to
shock and high temperatures relative to traditional munitions and are designed to minimize the risk
of accidental detonations during handling and storage.* Previous contamination by traditional
munitions at military installations has caused concern for future contamination by insensitive
munitions, motivating considerable effort towards understanding their subsurface fate and
transport properties. Limited data, however, is available concerning the fate and transport of these
new energetic materials.»* Moreover, the toxicity and sediment-water partitioning behavior of
DNAN and its transformation products have shown to be similar to that of TNT.+ A better
understanding of the relevant natural attenuation processes for DNAN in subsurface environments
is therefore needed.

The degradation of DNAN in the environment occurs through several abiotic transformation
pathways including alkaline hydrolysis*, photolysis,”" and also reduction in systems containing
zero valent iron or other iron-bearing mineral species.”* Previous work has shown that ferrous iron
associated with iron oxides, iron (oxy)hydroxides, and sulfide-bearing minerals mediates the
abiotic transformation of nitroaromatic compounds (NACs) under anoxic conditions,*” reducing
NAC:s to the corresponding substituted anilines (e.g., Scheme 1).*» Such pathways have been
observed for DNAN and can be attributed to mineral-bound Fe(Il) species as well as electron-
donating functional groups of natural organic matter.* Substituted anilines may also form during

biotic processes facilitated by Fe(Ill)-reducing microorganisms and other concomitant suites of



59
60
61
62
63
64
65
66
67
68
69
70
71

72
73

74

75

76

77

78

79

80

81

82

83

aerobic and anaerobic microbiota.:»* Complete reduction of DNAN in subsurface environments is
often achieved through coupled abiotic-biotic transformation mechanisms. For example,
NiedZzwiecka et al.” observed rapid DNAN reduction in microcosms containing Fe(III) following
reduction of Fe(Ill) to Fe(Il) by Geobacter metallireducens, compared to microcosms without

ferric iron.

Scheme 1. Reductive transformation pathway of DNAN, with one N atom at which the
reduction reaction can occur highlighted. The pathway is initiated by the formation of a nitroso-
moiety (2) from a NO, group,*»> followed by formation of hydroxylamine (3) and subsequently an
amine derivative (e.g., 2-methoxy-5-nitroaniline (MENA) (4)). The mechanism of aromatic NO,
reduction is shown here arbitrarily for the ortho-substituent and does not imply preferential
formation of MENA. However, most current studies are in agreement that reduction is initiated at
the ortho substituent.»»~ In the presence of sufficient reductant, this process continues through
other intermediates before reducing the second NO.-group to generate 2.4-diaminoanisole
(DAAN) (5).

Oy O HO  H H.gH H
H,CO 3(:o H,CO H,CO H,CO
— —
NO, NO,
3 4

Assessing the transformation of NACs in the environment is complicated by the possibility
of several simultaneous (and potentially competing) transformation and transport processes (e.g.,
sorption, volatilization, (bio)degradation).: Likewise, NACs in the subsurface may be present in
different phases’» and exhibit high soil and sediment sorption, rendering the interpretation of
concentration dynamics difficult.»» Compound specific isotope analysis (CSIA) has proven useful
for assessing degradation processes of NACs in such complex environmental systems with
potentially competing attenuation processes.”* CSIA of NAC (bio)transformations is based on

characteristic changes in stable isotope ratios (e.g., “N/“N, *C/>C) that are indicative of a specific
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pathway.»* Thus, it is possible to use CSIA to determine the reaction process occurring without
the need to detect reaction products, which may be not be amenable to detection, further degraded,
bind to organic matter, or sorb to the matrix.*» These so-called isotope fractionation patterns arise
from apparent kinetic isotope effects (AKIEs) controlled by changes in the bonding environment
at the reactive position during the initial stages of NAC transformation.” Indeed, AKIEs have been
well-characterized for the abiotic reduction of several NACs including chloro- and methyl-
substituted nitrobenzenes, dinitrobenzene isomers, and 2.4,6-trinitrotoluene (*“N-AKIE ~ 1.03—
1.04, »C-AKIE ~ 1.001).»+

Abiotic reductions of NACs (Scheme 1) result in large primary “N-AKIEs, for which cleavage
of the first N—O bond to form a nitroso intermediate is the rate-limiting step and thus dictates
shifts in the isotope signature. In contrast, the corresponding "C-AKIEs are typically small because
C atoms are not directly involved in the rate-limiting step (i.e., secondary AKIEs).~ Whereas
Ulrich et al.» recently assessed "C and “N fractionation during the abiotic (i.e., alkaline) and
enzymatic hydrolysis of DNAN, the isotope fractionation that arises from reductive transformation
of DNAN remains to be assessed. Previous work on the abiotic reduction of NACs by Fe(Il)
associated with the surfaces of iron oxides and clay minerals suggests that DNAN will display
similar isotopic fractionation behavior.* Those studies, however, focused on isomers of chloro-
and methyl-substituted compounds and on a limited set of minerals (i.e., Fe(Il) associated with
goethite and structural Fe(II) in magnetite and ferruginous smectite). Showing that fractionation is
independent of environmental matrix conditions is imperative for accurately quantifying the extent
of pollutant degradation at contaminated field sites where the subsurface composition may be
complex, changing, or unknown. Potential matrix conditions could include the presence of

different minerals with different reactivity towards NACs, interferences of natural organic matter
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(NOM) through association with the mineral surface, and the transformation of Fe minerals after
repeated exposure to NACs. Previous work has revealed that transformation rates of NACs may
span orders of magnitude depending on the type of mineral involved owing to modulations in the
electrochemical potential (E,) of the oxide-associated Fe(Il) system.«++= The presence of NOM
may also impact reaction rates through the formation of Fe(II)-NOM complexes.» NOM may also
alter particle dispersion or change the availability of reactive sites.”* Repeated contaminant
exposure may induce evolution of the mineral structure, potentially interfering with Fe(Il) uptake
or developing a new surface oxide.»* Because the magnitude of isotope fractionation during the
reduction of NACs was proposed to be determined by changes of bonding in the aromatic NO,
substituent(s) regardless of the rate of transformation (i.e., reduction of a nitro-group to form a
nitroso-moiety), we hypothesize isotope fractionation associated with the reduction of new
potential contaminants such as DNAN in the environment will be consistent with previously
determined AKIE-values as well as independent of matrix conditions discussed above. =5

The goal of this study was to investigate the effects of matrix conditions that could be
encountered in environmental systems on the reaction kinetics and C and N isotope fractionation
associated with abiotic DNAN reduction, thereby evaluating the robustness of AKIEs and the
associated isotope enrichment factors for the application of CSIA for assessing reductive
transformations of DNAN. To this end, we characterized the pseudo-first-order kinetics and the
C and N isotope fractionation during abiotic DNAN reduction as a function of (1) the type of
mineral (goethite, magnetite, or mackinawite), (2) the presence of natural organic matter (NOM),
and (3) repeated exposures to DNAN. Measured C and N isotope signatures (6=C and 0-N) as a
function of reaction extent were used to derive the corresponding isotope enrichment factors (€.

and ¢,) and apparent kinetic isotope effects (*C-AKIE and “N-AKIE). These values were
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compared to previous evidence on isotope effects associated with NAC reduction as well as to
those recently established for alkaline and enzymatic hydrolysis“ to confirm the efficacy of CSIA
to distinguish between the most likely environmental DNAN degradation reactions. The findings
of this work provide a strengthened basis for identifying and assessing these processes in
subsurface environments by CSIA, a result that will be of particular significance to potential

future efforts to monitor and remediate DNAN-contaminated subsurface environments.

METHODS

Chemicals

Detailed chemical information is provided in the Electronic Supplementary Information
(ESI, Section S1.1). Fresh Fe(II) and DNAN stock solutions were prepared prior to each
reduction experiment. Aqueous Fe(II) stock solutions were prepared by adding 0.44 g
FeCl,»6H.O to 0.4 mL of 1 M HCI and enough deoxygenated ultrapure water to achieve a final
concentration of 175 mM. DNAN (Alfa Aesar, 98%, CAS# 119-27-7) stock solutions were
similarly prepared in deoxygenated methanol. It should be noted that DNAN was purchased in
2016 and is no longer available from Alfa Aesar in the United States. DNAN transformation
products 2-methoxy-5-nitroaniline (MENA, 98%, CAS# 99-59-2) and 2 ,4-diaminoanisole
(DAAN, =298% , CAS# 615-05-4) were purchased from Fisher Scientific. Elliot Soil humic acid
(ESHA) was purchased from the International Humic Substances Society (IHSS, St. Paul, MN).
With the exception of goethite synthesis and storage, all experiments were performed inside an

anaerobic chamber (Coy, 95% N./5% H.).



151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

171

172

Mineral Synthesis

Detailed mineral synthesis and analysis procedures are provided in Section S2. Mackinawite
was precipitated using the method of Butler and Hayes* and particles were stored in suspension
in the anaerobic chamber at room temperature and pH 7. Synthetic goethite was prepared
according to Anschutz and Penn» and stored in suspension outside the anaerobic chamber at pH 4
and 4 °C. Magnetite synthesis was adapted from Schwertmann and Cornell.* Synthetic magnetite
was dried and stored as a powder inside the chamber. Magnetite stoichiometry (x =
Fe(II)/Fe(Ill)) was determined by acid dissolution in 3 M HCI (Sigma, trace metals) as x = 0.50.
Total Fe(Il) and Fe(IIl) content was quantified using the ferrozine colorimetric assay (Section
S1.2).7 Each mineral was characterized by X-ray diffraction (XRD) and compared to reference
patterns to support the presence of each desired mineral phase (Figure S1). The XRD results for
synthetic magnetite and goethite indicated the presence of only the desired phases. The pattern
collected from mackinawite contained peaks consistent with mackinawite and greigite (Fe.S.,
PDF No. 16-0713). Previous work has reported rapid phase transformation of mackinawite to
greigite under oxic conditions at room temperature, which may suggest the presence of greigite
as an artifact of sample preparation.*

Mineral surface areas were determined by nitrogen adsorption analysis using the Brunauer-
Emmett-Teller (BET) adsorption model® as 103.8 m/g and 17.8 m¥/g for goethite and magnetite,
respectively. Mackinawite decomposed under high vacuum and temperature during outgassing
and an accurate surface area measurement could not be obtained. Mass loading experiments were
performed and the particle concentrations in goethite and mackinawite suspensions were

approximately 10 g/L and 33 g/L, respectively.
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Batch Reactions

Batch experiments to assess reaction kinetics were performed in triplicate in 50 mL
borosilicate serum bottles capped with Teflon-lined butyl rubber septa. All reactors contained a
mineral suspension in NaHCO, buffer (10 mM, pH 7.0). Mineral loadings were 2.0 g/L for
magnetite, 1.5 g/L for mackinawite, and 1.0 g/L for goethite. Aqueous Fe(Il) was added to
goethite and magnetite reactors at a concentration of 1 mM and equilibrated overnight by
rotating on an end-over-end rotator (Glas-Col, 40 rpm). No Fe(II) was added to mackinawite
reactors and only a 1 h equilibration was performed. For the subset of reactions containing
NOM, ESHA was added at 5 mg C/L prior to equilibration. The pH was then measured and
Fe(II) concentrations were determined using the ferrozine method.” If necessary, the pH was
adjusted back to 7.0 with 1 M HCI or 1 M NaOH (Fisher, ACS grade) and the Fe(Il) was
augmented to 1 mM in the magnetite and goethite reactors. Reactions were initiated by spiking
DNAN from the methanolic stock solution to a concentration of 0.20 mM and returning reactors
to the rotator. The DNAN concentration was selected to ensure that a sufficient concentration
remained in solution to allow detection by CSIA after achieving our target of 95% reduction.
Every hour, the pH and Fe(Il) in the reactors were determined and adjusted to pH 7 and 1 mM,
respectively. This was necessary because the initial 1 mM Fe(Il) is not sufficient to completely
reduce the 0.20 mM DNAN (a minimum of 2.4 mM e is needed to reduce both —-NO, moieties to
—NH.), and it allows for the assumption of pseudo-first-order kinetics by maintaining a high
Fe(II) concentration. At appropriate time points, an aliquot from each reactor was removed and
filtered with a 0.2 um PTFE syringe filter. Aqueous DNAN, MENA, and DAAN concentrations

were quantified at a wavelength of 230 nm using an Agilent 1200 series high pressure liquid
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chromatograph (HPLC, method in Section S1.3). Pseudo-first-order rate constants were
determined by regression using a log-linear relationship of In(c/c,) versus time.

To perform batch experiments for CSIA, eight replicate reactors were assembled as
described above for each set of reaction conditions. At each sampling point, the entire contents
of one reactor were removed, filtered, and stabilized by adjusting the pH to < 4 with 1 M HCl
(Sigma, trace metals). Approximately 14 mL of acidified filtrate were transferred to a clean 20
mL glass vial, fitted with a butyl rubber plug (Fisher, 20 mm) and crimp cap, and stored at 4 °C
until isotope analysis (method described below).

To assess the baseline reactivity of each mineral suspension for DNAN transformation,
reactors were assembled containing only mineral, buffer, Fe(II) (for iron oxides), and DNAN. A
control was performed with Fe(I) alone in NaHCO, buffer, in which no reaction was observed
over 21 days (Section S3). To perform repeated contaminant exposure experiments, batch
reactors were assembled in triplicate as described above. The first spike was initiated by
injecting DNAN to a concentration of 0.20 mM. The Fe(II) content was determined in goethite
and magnetite reactors after 1 h of reaction and adjusted accordingly to return each reactor to 1
mM Fe(II). A single aliquot (~0.20 mL) was removed for analysis by HPLC after approximately
8 h to confirm complete DNAN transformation (<0.001 mM). Subsequently, to avoid the
formation and accumulation of products over multiple reaction cycles, the aqueous solution from
each reactor was removed and replaced with fresh buffer solution at the end of each reduction
cycle. Suspensions were settled for at least 12 h or, in the case of magnetite, particles were
isolated by using a neodymium magnet and discarding the supernatant. Fresh Fe(II) (1 mM) was
added to goethite and magnetite reactors and the reactors were then equilibrated as described

above. The pH was adjusted back to 7.0 in all reactors and a second DNAN spike was initiated

10
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and the reaction performed as described above. This procedure was carried out for five cycles,
with concentrations measured as a function of time in triplicate during the desired cycle. For
CSIA, a reactor was sacrificed at each time point during the fifth cycle and prepared for isotope

analysis as described above.

Compound Specific Isotope Analysis

Isotopic analysis of DNAN was conducted by gas chromatography isotope ratio mass
spectrometry (GC/IRMS). DNAN was concentrated by solid phase micro extraction (SPME)
prior to isotopic analysis. A method was modified from established SPME procedures»« using
the PAL SPME Arrow (DVB/PDMS sorption phase, 120 um phase thickness, 1.1 mm diameter)
instead of a normal SPME fiber, such that improved sensitivity could be obtained with a larger
sorption phase.” Automated SPME was carried out using a PAL autosampler equipped with a
PAL SPME Arrow Tool and a Heatex Stirrer. All samples were initially diluted with 10 mM
phosphate buffer (pH 7, prepared with nanopure water) to obtain concentrations within a range
of linear response, and sodium chloride (100 g/L) was added to maximize extraction efficiency.
Following equilibration at 50 °C for 10 min, the SPME Arrow was immersed in the sample for
70 minutes at 50 °C (600 RPM stir rate), and then DNAN was thermally desorbed from the
arrow in an injector equipped with a deactivated liner (270 °C, 6 minutes).

DNAN »N/N and *C/"C ratios were determined using a Trace GC (Thermo Electron Corp.)
coupled to an IRMS (DeltaPLUS XL, Thermo Electron Corp.) via a combustion interface (GC
Combustion III, Thermo) equipped with a custom-made Ni/Pt reactor. The GC contained an Rtx-
SMS capillary column (0.32 mm ID, 1 gm film thickness, 30 m length) and was operated in
splitless mode (splitless time 6 minutes, purge flow 50 ml/min) with the following temperature

program: 50 °C for 1 minute, ramp 10 °C/min to 250 °C, hold for 5 minutes. During 8N

11
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analysis a liquid nitrogen trap was used to trap CO, produced from combustion. The oxidation
reactor was operated as described previously.= Method quantification limits (MQLs) for 6=C and
0°N according to the moving mean procedure were 0.2 uM and 1 uM, respectively .=

Isotope ratios were references against standard laboratory gases as well as DNAN of known
isotopic composition (0°C = 37.3 £ 0.1 %0 and 0"N =-2.4 + 0.1 %o as determined by an
elemental analyzer) using standard bracketing procedures.* Carbon and nitrogen isotope
enrichment factors (€. and €,) were derived according to methods described by Pati et al.* Linear
regression analyses of the isotope signature data were carried out using the log-linearized form of

eq. 1:

8"E+1 ( c >8E )

8"Eg+1  \Co
where O'E, is the C or N isotope signature of unreacted DNAN and c/c, is the fraction of

remaining substrate (detailed calculations in Section S4.1). Apparent kinetic isotope effects (*C-

AKIE and *N-AKIE) were then derived from the calculated €. values using eq. 2.»

1
h
E-AKIE=—— 2
1+2- £5/1000 2)

where z is the number of competing reactive sites (i.e., z =2 for N and z = 1 for C in DNAN).«
Combined AKIEs were calculated for all three sets of conditions for each mineral phase (i.e.,
mineral alone, presence of NOM, repeated contaminant exposures) according to the method of
Scott et al.” using the Pitman estimator. Additional details for isotope analysis are provided in

Section S4.
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RESULTS AND DISCUSSION

Kinetic Experiments.

Pseudo-first-order rate constants (k,.) from triplicate reactors were calculated for all
conditions tested (Table 1). The only reaction products observed were MENA and DAAN.
Aqueous concentrations of DNAN and its transformation products are highlighted in Figure 1.
Mass balances were ~80%, and given the high initial concentration, the incomplete mass balance
could be due to formation of coupling products between hydroxylamine and nitroso
intermediates.*# The limited accumulation of DAAN is likely due to lower reactivity of MENA
compared to DNAN, because Fe(II) was maintained at 1 mM throughout the experiments with
goethite and magnetite. The greater accumulation of MENA with mackinawite may be due to
changing mineralogy (see below). Because the focus of CSIA analysis was on DNAN,
monitoring the reaction to complete conversion to DAAN was not necessary. The highest
transformation rates were observed for the first contaminant exposure (i.e., Spike 1) in
Fe(II)/goethite suspensions followed by mackinawite and Fe(II)/magnetite, respectively.
Aqueous Fe(Il) was supplemented (and added throughout the experiment to maintain a 1 mM
concentration) into goethite and magnetite suspensions because these minerals contain little to no
inherent surface associated Fe(II) reactive sites. In contrast, mackinawite is an Fe(II)-bearing
mineral known to directly participate in reduction reactions.**” Mineral concentrations in batch
reactors decreased in the order of magnetite (2.0 g/L), mackinawite (1.5 g/L), and goethite (1.0
g/L), resulting in the same order of increasing k.. when normalized to mineral loadings. Mineral
concentrations were selected such that DNAN reduction experiments occurred within a similar
experimental time frame. Organic matter (5 mg C/L from ESHA) had no effect on k., in all

samples tested. Previous work has shown that organic matter decreases reduction rates of NACs,
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likely via competitive adsorption with Fe(II) or blocking of reactive sites at the mineral surface.”
One possible explanation for these differences is that our work uses higher mineral loadings and
a constant supply of Fe(Il), thus increasing the abundance of Fe(Il) and mineral reactive sites
while decreasing the competition for each. Alternatively, higher mineral loadings and Fe(II)
content may overcome any increases in E, imposed by NOM functional groups which have been
linked to decreased rates of contaminant reduction.*

Table 1. Pseudo-first-order rate constants, k,., for DNAN reduction.» Rate constants were calculated in
systems containing the mineral alone (Spike 1), the addition of NOM (ESHA), and during the fifth
sequential contaminant exposures (Spike 5).

System Mackinawite Goethite Magnetite
k..(h")

Spike 1 1.15+£0.12 2.55+0.14 0.79+0.05

ESHA 1.16 £ 0.09 249+0.18 0.82+0.04

Spike 5 0.19+£0.04 2.52+0.11 0.81+0.07

‘Rate constants obtained from linear regression of natural log of
concentration versus time data. ‘Uncertainties represent standard
deviations of triplicate reactors.

Rate constants calculated during repeated contaminant exposure experiments revealed that
reaction kinetics were independent of previous contaminant exposure in reactors containing
goethite and magnetite. This is consistent with previous work with iron oxides, confirming that
minimal variation in the rate constant can be expected if pH is carefully maintained over multiple
contaminant exposures.” Moreover, these results suggest that any mineral transformations that
may have occurred during repeated exposures did not significantly affect the reduction potential

of the oxide-bound Fe(II) in each system.=
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Figure 1. Aqueous concentrations of DNAN, MENA, and DAAN during DNAN kinetics experiments in
suspensions of (a) mackinawite (1.5 g/L), (b) magnetite (2 g/L.), and (c) goethite (1.0 g/L). Reactions were
performed at pH 7 with 1 mM Fe(II) and are for the first spike of DNAN. Error bars represent standard
deviations of triplicate reactors. Dotted lines represent mass balances (moles) of the three compounds.

In contrast to goethite and magnetite, the observed pseudo-first order reaction rate constant
for mackinawite decreased with each exposure to DNAN (Figure 2a). This observation could be
attributed to the development of lepidocrocite (y-FeOOH, PDF No. 44-1415) over the course of
five contaminant spikes (Figure 2b). While it is likely the rate constant was changing over the
course of each contaminant exposure, a pseudo-first order model adequately fits the data for each
spike and allows quantification of the loss of reactivity over time (Figure 2a). Lepidocrocite is a
polymorph of goethite and could be expected to exhibit similar reactive properties to goethite if

sufficient Fe(Il) was available,* which it likely is not in this system given that none was added.
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Figure 2. (a) Kinetic profiles and (b) XRD patterns of mackinawite reactions during repeated exposures to
DNAN. Error bars represent standard deviations of triplicate reactors, and lines are pseudo-first order fits
to the data.

Therefore, the observation that k,. decreases during lepidocrocite formation is supported by
the observation that lepidocrocite has a lower k., for NAC transformation and the requirement of
Fe(II) supplementation for reaction to occur on Fe(IlI)-oxides.* These results highlight the
importance of understanding the effects of phase evolution on reaction kinetics at highly
contaminated sites.

CSIA of DNAN reduction

The transformation of DNAN in suspensions of mackinawite, Fe(Il)/goethite, and
Fe(II)/magnetite was associated with strong enrichment of “N of up to 60%o in the remaining
substrate whereas enrichment of “C was minimal (below 2.4%o) in agreement with previous work
on the reductive transformation of other NACs.»»#=» The extent of DNAN degradation was
related to isotope fractionation by eq. 1. Average €.-values for the reduction of DNAN derived

after the first vs. fifth spike to the mineral suspension decreased by 1%o to 5%o as shown in Table
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2 (e.g., -19 = 1%o in mackinawite experiment spike 1 vs. -16 + 2%o for spike 5). All changes,
however, were within the uncertainty (95% confidence intervals). Variations of €. were much
smaller (with errors of the same magnitude as the measurements) and did not show a discernable
trend (Figure 3b). The minimum and maximum “N-AKIE-values derived from ¢, (eq. 2) ranged
from 1.018 + 0.002 (magnetite, spike 5) to 1.039 +£ 0.001 (mackinawite, spike 1) and fall within
the range of data reported for the abiotic reduction of substituted mono-, di-, and trinitroaromatic
compounds by mineral-bound Fe(II) reported previously.»»»++ Whereas large “N-AKIEs are due
to the rate-limiting cleavage of the first N-O bond of the aromatic NO., groups, “C-AKIE are
small (i.e., secondary) vary between 1.000 and 1.002 (Table 2) because no changes in bonds to C
occur. Identical observations were made with experiments where DNAN was reduced in mineral
suspension in the presence of ESHA in that *N- and "C-AKIE were identical within experimental

error to experiments without humic acids.
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Figure 3. Nitrogen and carbon isotope fractionation of DNAN during abiotic reduction. (a) 0N and (b)
0°C vs. fraction of remaining substrate (c¢/c,)with dotted lines provided to guide the eye along the data.
Detailed N and C enrichment values are provided in Table 2 (see Figures S3 for 8N and &-C vs. ¢/c,data
separated by reaction condition).

Table 2. N and C bulk isotope enrichment factors (&,, €.)»< and apparent kinetic isotope effects ("N-AKIE,

»C-AKIE) during the reduction of DNAN in different mineral systems.

System &, € *N-AKIE »C-AKIE
(%o0) (%o0) ) )
Mackinawite
Spike 1 -19+1 -0.8+0.6 1.039 +£0.001 1.0008 + 0.0008
ESHA -16£1 0714 1.034 +£0.001 1.0007 £ 0.0014
Spike 5 -16 £2 -15+£1.2 1.034 +0.002 1.0015 +0.0012
Average -19+2 -03+0.6 1.039 +0.004 1.0003 + 0.0006
Goethite
Spike 1 -17+3 -0.1+£0.3 1.035 +£0.003 1.0000 + 0.0003
ESHA -16 £5 -06+04 1.034 +0.005 1.0006 + 0.0004
Spike 5 -11+1 -1.2+09 1.022 +£0.001 1.0012 + 0.0009
Average -16 £3 -05+0.3 1.033 +£0.007 1.0005 £+ 0.0003
Magnetite
Spike 1 -15+3 -0.7+£0.6 1.031 +£0.003 1.0007 + 0.0006
ESHA -17+3 -13+£0.2 1.036 +£0.003 1.0013 +0.0005
Spike 5 9+2 -0.1+£0.2 1.018 £0.002 1.0000 + 0.0002
Average -17+3 -03+0.5 1.035 +0.006 1.0000 + 0.0005
Alkaline Hydrolysis' 27+04 -60+05 1.0027 + 0.0004 1.0445 +0.0028
Enzymatic hydrolysis by -32+0.1 -3.7+0.1 1.0032 + 0.0003 1.0269 + 0.0053

O-demethylase:

‘Values derived from log-linear regression analysis of eq. 1. ‘Uncertainties represent 95% confidence intervals.
Averaged values according to the methods of Scott et al. using the Pitman estimator. ‘Data from Ulrich et al.»
Obtained from previous work and references therein. =+«
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Slight decreases in fractionation were observed during repeated contaminant exposure in
Fe(Il)/goethite and Fe(II)/magnetite systems (Table 2). This suggests that morphological changes
(e.g., phase evolution and growth) occurring on the mineral structure during repeated surface
oxidation and Fe(II) exposure may have limited the accessibility of reactive Fe(II) and thus
slightly masked the isotope fractionation (Section S4.3, Figure S4). These changes were within
experimental error of the initial spike experiment (€, = -17 + 3%o to -11 + 1%o and -15 + 3%o to -9
+ 2%o between the single and multiple spike experiments for goethite and magnetite,
respectively).

The collective C and N isotope fractionation data from all DNAN reduction experiments is
plotted in Figure 3. Plots separated by mineral are in Figure S3. The values of &N follow the
general trend of €, values between -19 + 1%o to -9 + 2%o from individual DNAN reduction
experiments. The scatter of 0=N values illustrates that experimental and analytical uncertainties
are larger in experiments with ESHA and after repeated spikes of DNAN. We conclude that
those uncertainties are primarily responsible for the observed variations of €, values from the
individual experiments as well as for the large confidence intervals (typically <0.5%0).* Based on
this interpretation, we derived average *N-AKIE for DNAN reduction by each mineral, that is
1.039 + 0.004, 1.033 £ 0.007, and 1.035 + 0.005 for mackinawite, goethite, and magnetite,
respectively (Table 2) which are again identical within uncertainty.

An analysis of eqs. 1 and 2 illustrates that a variation of &€, for DNAN by + 2.8%o, that is
variations of *N-AKIE of + 0.006 as observed in the average uncertainty of “N-AKIEs in this
study, will introduce uncertainty in estimating the extent of transformation (i.e., 100 x (1-c/c,)).
This uncertainty will be higher when the observed N isotope fractionation is small (e.g., 15% for

AN of 5%0) and level off as the N isotope fractionation increases (e.g., <7.5% at A°N of 25%¢"
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394

see Figure 4). Given the large magnitude of “N-AKIEs observed here, the extent of DNAN
reduction has to exceed only approximately 12% to generate N isotope fractionation beyond the

typical total uncertainties of N isotope ratio measurements of +1%¢* based on an average €, value

Of—16%o.

100 <

Extent of Reaction (%)

AN (%o)

Figure 4. Changes in N isotope ratios (A*N = "N — 8*N,) vs the extent of DNAN reaction (100 x (1-c/c,)).
Equations 1 and 2 were used to illustrate variations in the extent of reaction given uncertainties in calculated
AKIEs. Isotope fractionation profiles were generated using €, values of -16.0%o (red) and -18.8%¢ (blue),
values typical for abiotic reductions of NACs but also within the range of isotope effects derived for the
reduction of other NACs by other minerals. These €, values represent the extrema observed in this work.
Dotted lines represent uncertainties in calculating the extent of reaction from uncertainties in s\N-AKIEs.

The N isotope fractionation data for DNAN reduction reveal two important findings. First,
abiotic reduction of DNAN will give rise to similar isotope enrichment factors across a variety of
reaction conditions (i.e., regardless of the presence of NOM and previous contaminant
exposures). Moreover, it is notable that *“N-AKIE and ¢, values calculated in this study closely
agree with those observed for the reduction of other model NACs by Fe-bearing mineral
phases.* This comparison confirms our hypothesis that previous N isotope fractionation data for

the abiotic reduction of NACs by Fe(Il) bearing minerals can be extrapolated to new
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417

contaminants such as DNAN. This observation also indicates that N isotope fractionation is a
robust indicator for monitoring the extent of reduction of DNAN and other NACs in complex
environmental matrices, even in the absence of knowledge relating to reaction kinetics and
product formation. Indeed, this technique has previously been employed to provide quantitative
estimates of the extent of organic contaminant transformations at contaminated field sites.” Our
work, therefore, serves to qualify the prospective use of CSIA to assess the abiotic reduction of
novel insensitive munitions in the environment."”

The combined C and N isotope analysis for DNAN reduction derived here is compared to
the data for alkaline hydrolysis and aerobic biodegradation from Ulrich et al. in Figure 5 and
confirms that the different transformation pathways can also be discerned by CSIA. These data
support the claim that N fractionation of DNAN during abiotic reduction is distinct from the
isotopic fractionation observed in alkaline hydrolysis (nucleophilic aromatic substitution) and
enzymatic hydrolysis (nucleophilic aliphatic substitution). Due to the vertical nature of the A~
for the abiotic reduction data, a standard linear regression failed. Thus, the slope was found by
plotting all of the A*C vs A*N data, finding the slope, and then taking the inverse of this value.
The A»< calculated via this method for abiotic reduction was 50.5 + 23.2 (shown as the dotted
line in Figure 5) in contrast to 0.46 + 0.04 and 0.87 + 0.18 for alkaline hydrolysis and
biodegradation, respectively.» These results therefore suggest that an identification of those
DNAN reaction pathways and their respective contributions in the environment would be
possible.* Abiotic and biotic transformations of NACs typically elicit variable degree of “N, *C,
and *H enrichment, *»» so that the observable isotope fractionation of processes occurring
simultaneously can, in principle, be described by linear combinations of the enrichment factors

pertinent to the individual, contributing processes.> Such dual or triple isotope analysis* can also
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418  circumvent masking interferences, which so far, have been reported primarily for oxidative NAC
419  degradation processes’.»»
@ Reduction, (AN© =50.5 +23.2)
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421  Figure 5. Two-dimensional isotope analysis for reductive and oxidative DNAN transformation pathways.
422  Changes in 0°C and 0*N values were monitored during abiotic reduction (circles), alkaline hydrolysis
423  (squares), and biodegradation (diamonds). Alkaline hydrolysis and biodegradation data were reproduced
424 with permission from Ulrich et al.» Reduction data separated by mineral type are provided in Figure S5.
425  The dotted line along the reduction data is provided simply to guide the eye. Moreover, any apparent inverse
426  fractionation is an artifact of uncertainties in “*C-AKIEs that are close to 1.

427

428  CONCLUSION

429 Knowledge of the stable isotope fractionation associated with DNAN reduction will allow
430  for stakeholders to make quantitative estimates of the extent of DNAN degradation from

431  measured 0N and 8-C values of DNAN at contaminated sites. Our findings revealed that N and
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C isotope fractionation during the mineral-mediated reduction of DNAN is consistent despite the
presence of different minerals, NOM, and repeated contaminant exposures while remaining
independent of reaction kinetics. The potential, changes of N isotope enrichment factors with
repetitive exposure merit further investigation, especially considering that surface modification
on natural minerals may be different than those for synthetic materials while those effects do not
affect the interpretation of dual isotope analysis. Moreover, we showed that isotope fractionation
during DNAN reduction will elicit A~values that are distinct from transformation pathways
initiated by oxidation and substitution reactions.* By showing that our data reflects previous
results for reductions of other NACs»»+*»_ this work illustrates how predictive comparisons can
be made to assess the extent of pollutant transformation from existing data. Such practices
provide a strengthened basis for CSIA to serve as a reliable tool for validating future remediation

efforts.
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