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ABSTRACT
Ferrous iron-bearing minerals are important reductants in the contaminated subsurface but their
availability for the reduction of anthropogenic pollutants is often limited by competition with other

electron acceptors including microorganisms and poor Fe(ll) accessibility in complex



hydrogeologic settings. The supply of external electron donors through in situ chemical reduction
(ISCR) has been proposed as one remediation approach but the quantification of pollutant
transformation is complicated by the perturbations introduced to the subsurface by ISCR. Here,
we evaluate the application of compound specific isotope analysis (CSIA) for monitoring the
reduction of 2,4-dinitroanisole (DNAN), a component of insensitive munitions formulations, by
mineral-bound Fe(11) generated through ISCR of subsurface material from two field sites. Electron
balances from laboratory experiments in batch and column reactors showed that 3.6% to 11% of
the total Fe in the sediments was available for the reduction of DNAN and its partially reduced
intermediates after dithionite treatment. The extent of DNAN reduction was successfully
quantified from its N isotope fractionation measured in the column effluent based on the derivation
of a N isotope enrichment factor, en, derived from a comprehensive series of isotope fractionation
experiments with numerous Fe(ll)-bearing minerals as well as dithionite-reduced subsurface
materials. Our observations illustrate the utility of CSIA as a robust analytical method to evaluate

the success of in situ remediation through abiotic contaminant reduction.

INTRODUCTION

Ferrous iron (Fe(Il)) associated with Fe-bearing minerals (e.g., iron (oxyhydr)oxides, clays,
sulfide minerals) is an important reductant of many subsurface pollutants.' " Despite an abundance
of Fe(Il) in the anoxic subsurface, pollutant reduction is often limited through competition with
other potential electron acceptors and restricted pollutant transport and accessibility to reactive
Fe(II)-bearing minerals in response to local hydrogeologic conditions. Several approaches have
been evaluated to enhance the availability of reactive Fe(Il) including biostimulation,”
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bioaugmentation,”'" additions of external electron donors (i.e., in situ chemical reduction; ISCR)



including dithionite, !'"!? polysulfides,'* and (sulfidized) ZV1,'*!> and combinations thereof.'® To

date, several of these strategies have been successfully applied to a number of environmental
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contaminants including heavy metals and chlorinated solvents.

One major challenge when applying an in situ (bio)remediation technique is providing a reliable
evaluation of performance; it is difficult to quantify the amount of transformed contaminants from
concentration measurements alone.?'® For example, the need to (repeatedly) inject aqueous
solutions containing electron donors into the subsurface introduces perturbations that may lead to
pollutant dilution without degradation. Moreover, reduction of Fe(IIl) induces partial reductive
dissolution and transformation of reactive Fe minerals and could mobilize solid-bound
contaminants. 72426

Compound specific isotope analysis (CSIA) is used to evaluate the extent of contaminant
remediation by quantifying isotope enrichment of one or more elements in the residual pollutant.?”
32 Because changes in stable isotope ratios (e.g., >N/!“N, 13C/!2C) reflect reactions in which bond-
cleavage occurs, isotope fractionation is minimally affected by non-degradative processes (e.g.,
sorption, dilution, phase transfer), thus circumventing many of the challenges associated with
monitoring pollutant removal by concentration measurements alone.**** Despite the incorporation
of CSIA into published monitored natural attenuation protocols, the majority of efforts have
focused on biodegradation,?!-?-28:35-37

The recent emergence of 2,4-dinitroanisole (DNAN) in insensitive munitions formulations has
caused concern because of its potential to contaminate large areas of land and water.’®3° We
previously provided the first assessment of C and N isotope fractionation during abiotic DNAN

reduction®® but did not consider reductants beyond synthetic Fe-minerals. The Fe(Il)-mediated

reduction of DNAN generated isotope fractionation patterns that were indicative of certain reaction



pathways yet independent of DNAN reaction rates and solution chemistry (e.g., organic matter).*
Given the heterogeneity of natural soils and sediments and the crystallographic diversity of Fe-
minerals, however, it remains to be understood if DNAN isotope fractionation during reduction by
Fe(Il) of natural minerals deviates from that observed with synthetic analogs. Because multiple
amendments of a given reductant are often required to achieve remediation targets with
ISCR,'>*#2 it is similarly unknown how multiple redox cycles will affect the interpretation of
CSIA results. Our findings suggest that because DNAN reduction by mineral-associated Fe(II)
follows a common reaction pathway (i.e., abiotic nitro-group reduction?®334043-4%) "the associated
isotope fractionation will not be affected despite the use of synthetic minerals or naturally collected
ferruginous soils and sediments. This understanding could allow for DNAN to be a surrogate for
other nitroaromatic compounds (NACs) including 2.,4,6-trinitrotoluene (TNT) and analogs of
nitrobenzene in the subsurface*® and is important given the continuing need for in situ remediation
techniques.*’” Numerous studies have indeed reported similar isotope enrichment factors from the
abiotic reduction of several NACs in a range of experimental laboratory systems.*

In this study, we explored the application of CSIA for monitoring DNAN reduction during
dithionite-based ISCR schemes. Sodium dithionite (Na2S>04) was chosen as the reductant because
of its previous success for pollutant remediation in contaminated aquifers.!!"!%4148 We tested the
reactivity of several Fe-bearing minerals and Fe-mineral containing sediments to promote DNAN
reduction in batch reactors receiving amendments of aqueous Fe(II) and those receiving ISCR and
used the distributions of reaction products to track the number of reduction equivalents transferred.
The N and C isotope fractionation was measured during batch experiments to determine the bulk
isotope enrichment factors (en and ec) and apparent kinetic isotope effects (:’N-AKIE and '3C-

AKIE) associated with DNAN reduction. To simulate reducing environmental conditions,



subsurface materials collected from two field sites were exposed to DNAN following ISCR in
continuous-flow column reactors. A modified Rayleigh fractionation equation was used to make
quantitative estimates of DNAN degradation from N isotope ratios (3'°N) measured during each
experiment. The accuracy of this approach was evaluated by conducting statistical comparisons of

predicted versus observed DNAN degradation.

MATERIALS AND METHODS

A complete list of chemicals used in this study is provided in the Supporting Information (SI).

Laboratory conditions. All syntheses and batch experiments were performed in an anaerobic
chamber (Coy Laboratory Products Inc.) with a 95% N»/5% H; atmosphere. Column experiments
were performed in a NexGen anaerobic glovebox (Vacuum Atmospheres Company) maintained
at <1 ppm O; with N> balance. Ultrapure water (>18.2 MQecm) was generated by a Milli-Q
Academic system (MilliporeSigma) and used to prepare all aqueous solutions. The ultrapure water
was purged with N> gas (99.99%, Matheson) for at least 2 h prior to transfer into the chamber.
Methanolic stock solutions were similarly prepared in deoxygenated methanol (ACS grade,
MilliporeSigma). Laboratory equipment and reagents were evacuated in the exchange chamber
and equilibrated overnight in the glovebag before use.

Material preparation and characterization. Subsurface materials were collected from the
Twin Cities Army Ammunition Plant (TCAAP; Arden Hills, MN) and the Tinker Air Force Base
(Tinker AFB; Oklahoma City, OK). Both sites have a history of contamination by organic
pollutants and have required remediation efforts.!*” Aquifer material from TCAAP was collected
from the saturated zone by sonic drilling to a depth of 41-45 m. The material was dried, purged

with N> gas, and stored inside the anaerobic chamber. Shallow sediment collected from Tinker



AFB was dried at 100 °C and stored in an amber jar under laboratory atmosphere. Both TCAAP
and Tinker AFB materials were sieved by particle size to 350—425 pum before use. Synthetic
magnetite nanoparticles were obtained from our previous work®® and a suspension of
rhombohedral hematite in deoxygenated, ultrapure water (~15 g/mL) was acquired from Voelz et
al.>®

Each material was characterized by X-ray diffraction (XRD; Figure S1) to evaluate the purity
(synthetic minerals) and bulk mineralogy (natural materials). No additional peaks were detected
in patterns collected from synthetic minerals. The primary Fe-bearing phase as detectable by XRD
in natural materials was magnetite (Fe;O4; TCAAP)!'! and hematite (Fe2O3; Tinker AFB). Quartz
(S102; PDF #46-1045) was detected in each collected material as expected for highly weathered
systems.

The total iron content (Fer) of TCAAP and Tinker AFB materials was quantified by inductively
coupled plasma optical emission spectroscopy (ICP-OES). The ratio of Fe(Il)/Fe(Ill) was
estimated by acid dissolution in 3 M HCI°>** and quantification by the ferrozine method>* (Section
S3). The amount of ion-exchangeable Fe(Il) was estimated by saturating each material in 1 M
CaCl, for 7 d and was below the limit of quantification in all samples (data not shown).>> The
magnetic portion of the TCAAP sediment (hereafter termed “TCAAP extract”) was separated from

the bulk material with a neodymium magnet as described by Strehlau et al.”!

and characterized by
the same analyses. A summary of the relevant chemical and physical properties of all materials is
provided in Table S1. Additional characterizations of hematite’® and magnetite’! are reported
elsewhere.

In situ chemical reduction. For batch experiments receiving ISCR treatment, Fe-bearing

materials were suspended in a solution of K,CO3/S204* (2:1 mol/mol) and rotated for 24 h, at



which point the suspension was separated via centrifugation and the supernatant discarded. The
dithionite concentrations were selected so that enough dithionite was added to theoretically reduce
one-tenth of the total Fe present (i.e., 1 mol S204%:20 mol Fer; see eq 1). The K2CO3/S204" ratio
was chosen to buffer the 4 moles of H' released per 1 mole of dithionite consumed during iron

reduction (eq 1).

S,0% +2Fe3t+2H,0 — 2Fe?*+2S03 +4H™* (1)

The treated materials were then washed three times with carbonate buffer (10 mM, pH 7) by
centrifugation to remove excess dithionite and its reaction products (e.g., sulfate, sulfite,
thiosulfate),!! suspended in carbonate buffer, and immediately used for DNAN reduction
experiments in batch reactors. The Fe(Il) content of each reduced material after ISCR was
determined by acid dissolution as described above.

For column experiments, the materials were conditioned before adding dithionite by passing
carbonate buffer (10 mM, pH 7.0) upwards through the column at 0.5 mL/min for 5 pore volumes.
An aqueous solution of 1.25 mM sodium dithionite and 2.50 mM K>COs3 (pH 8-9) was then fed
upward to the column at 0.25 mL/min for ~18-20 h. The low flow rate and long run (~30 pore
volumes) time were used to allow enough time for the reaction to occur. Columns were flushed
with ~10 pore volumes of carbonate buffer to remove unreacted dithionite and any oxidized sulfur
species. The exact amount of pore volumes were chosen so that the same total amount of
dithionite:Fe was introduced to each system (see eq 1). The total amount of iron in each column
was in 20-fold excess to the dithionite added (i.e., 1 mol S,04>:20 mol Fer) to target a reduction
of one-tenth of Fer. Anoxic dithionite-buffer solutions were prepared fresh before each experiment
to avoid loss of dithionite by aqueous disproportion; the rate of dithionite loss by aqueous

disproportionation, however, has shown to be slower than Fe(III) reduction by dithionite."”



Batch experiments. Batch reactors were prepared in 35 mL borosilicate serum bottles according
to previously described procedures.*° First, a suspension of an untreated or dithionite-reduced Fe-
bearing mineral in 10 mM carbonate buffer (pH 7.0) was added to each reactor. Solid loadings
were varied from 1.0 g/L (hematite) to 143 g/L (TCAAP) such that DNAN transformation occurred
in a similar time period. Aqueous Fe(Il) was added to a concentration of 1 mM in reactors
containing untreated materials. The dithionite-reduced materials did not receive amendments of
Fe(II). Reactors were equilibrated for 21-24 h on an end-over-end rotator (Glas-col) at 40 rpm at
which point the pH and aqueous Fe(II) concentration (via the Ferrozine assay;>* Section S3) were
measured. If necessary, the pH was adjusted back to 7.0 with 1 M HCI or 1 M NaOH and the
aqueous Fe(I) content was restored to 1 mM in the reactors to which Fe(II) was added. Reactions
were initiated by spiking DNAN from a methanolic stock solution to an initial concentration of
200 uM. Reactors were placed on the rotator (40 rpm) and sacrificed at appropriate time points for
concentration and stable isotope analyses. The pH (all reactors) and Fe(Il) concentrations (Fe(II)
amended reactors only) were closely monitored during reactions and maintained at 7.0 and 1 mM,
respectively. Reactions were quenched by filtration through a 0.2 um nylon syringe filter (Chrom
Tech) and stabilized with 1 M HCI (trace metals grade, MilliporeSigma) to pH<4 to prevent iron
precipitation; DNAN did not react with aqueous Fe(Il) under these conditions (data not shown). A
portion (~1 mL) of each sample was analyzed for DNAN and intermediate/product concentrations
by high pressure liquid chromatography (HPLC; method in SI) and the remaining sample (~18
mL) was stored at 4 °C for CSIA of DNAN.

The quantity of reduction equivalents transferred to DNAN from each reduced material was
calculated with the assumption that 6 moles of electrons are required to reduce one nitro-moiety

to the corresponding amine (see Scheme S1). The reduced products typically generated during



abiotic DNAN reduction are 2-amino-4-nitroanisole (2-ANAN), 4-amino-2-nitroanisole (4-
ANAN), and 2,4-diaminoanisole (DAAN). Thus, 6 and 12 electrons are required for each mole of
2/4-ANAN and DAAN formed during DNAN reduction, respectively (Section S4 and eq S1).

Reactions in sediment columns. Borosilicate glass columns (Kimble FLEX-COLUMNS®; 2.5
cm L.D., 10 cm length) were packed with each natural material to uniform bulk (p, = 1.66 + 0.04
g/cm®) and particle densities (pp = 2.68 + 0.05 g/cm®). The mean porosity of sediment columns
was 0.44 £ 0.05 (see Table S2). A flow adapter (Kimble) with fluorinated ethylene propylene
(FEP) tubing was secured to the column inlet to prevent sediment migration and facilitate accurate
bed height calculations. A polypropylene end cap was fixed at the column outlet. All feed solutions
were amended with 10 mM NacCl to prevent the precipitation of insoluble species which may cause
changes to flow characteristics. Pore volume and porosity were determined by saturating with 10
mM NaCl and a step input conservative tracer (100 mM NaBr) was used to characterize column
flow and estimate the dispersion coefficient (Table S2; fitting details in SI). Bromide
concentrations at the column outlet were measured with a conductivity probe (Oakton). Dispersion
coefficients prior to experiments were 2.38 + 0.24 and 2.53 + 0.12 cm?s™' for TCAAP and Tinker
AFB columns, respectively. All column materials were then reduced by sodium dithionite before
experiments using DNAN.

Columns were equilibrated prior to DNAN reduction experiments by upward flow (0.5 mL/min)
with 10 mM, pH 7.0 carbonate buffer including 10 mM NacCl for 5 pore volumes. Reactions were
initiated by adding DNAN (200 uM) to the feed solution and collecting effluent samples with an
automated fraction collector (Bio-Rad Laboratories Inc). Experiments were terminated once the
effluent concentration was equal to that of the feed solution. Columns were then flushed with

carbonate buffer for several pore volumes to remove residual DNAN and any reaction products.



The column materials were then reduced again by sodium dithionite according to the method
described above before further experiments using DNAN. The total number of reduction
equivalents transferred to DNAN were calculated by integrating the concentrations of 2/4-ANAN
and DAAN measured in the effluent (eq S2).

Compound specific isotope analysis. 3C/'?C and N/"N isotope ratios of DNAN were
measured following previously established procedures for gas chromatography / isotope ratio mass
spectrometry (GC/IRMS) and solid phase micro extraction (SPME arrow) and are detailed in the
Supporting Information.**>6-%° Isotope signatures were calculated from isotope ratios according to
eq S4 relative to Vienna PeeDee Belemnite (5°Cvppg) and air (8'°Nair) reference standards.®
Carbon and nitrogen isotope enrichment factors (ec, ex) were calculated by non-linear regression
of C and N isotope signatures (5'°C, §!°N) vs the fraction of remaining substrate (c/co) as shown

ineq2.%’

S8ME+1 ¢ \%E

s = (5) @
where 3"Eo is the initial isotope ratios of DNAN (8'3Co = -37.4 £ 0.1%o, 8'*No = -2.4 £ 0.1%o) as
evaluated by elemental analysis (EA)/IRMS. Apparent kinetic isotope effects (!*C-AKIE, ’N-

AKIE) were determined from eq 3 based on the methods outlined by Elsner et al.®!

hE_AKIE=

I+n*eg (3)
where n is a correction for isotopic dilution (n = 2 for primary "N-AKIEs and n = 1 for secondary
BC-AKIEs). A linear regression of N and C isotope signatures was used to evaluate two-
dimensional isotope fractionation trends. The slope of this regression (ANC) was calculated using
eq S5 and is approximately equal to the ratio of the bulk isotope enrichment factors (en/ec).

To estimate the extent of DNAN transformation during column experiments, measurements of

815N at the breakthrough front were applied to a modified form of the Rayleigh fractionation
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equation (eq 4)*’ using an ex that was calculated based on the results of multiple datasets. This

combined ex value (ex’) was obtained by plotting all §'°N measurements (n = 122) from batch

1. % and performing a non-linear

experiments of DNAN reduction in this study and in Berens et a
regression of the combined data according to eq 2. The extent of DNAN reduction was calculated
with eq 4 from the deviation of measured §'°N values from §'>No. using the combined ex” value.

We evaluated the accuracy of our estimates by performing a linear regression of the predicted vs

measured values of ¢/co and calculating the mean absolute error (MAE) of the predictions (eq 5).
1
c SN +1 /EE 0
co \8Ny+1

it |(C/CO, measured)i B (C/CO, predicted),|
MAE = . i (5)

RESULTS AND DISCUSSION
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Kinetic studies in batch reactors. Reduction of DNAN occurred in all reactors receiving

amendments of aqueous Fe(II) (
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Figurea, open symbols) or ISCR by sodium dithionite (
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Figurea, closed symbols). DNAN reduction was not observed in reactors containing only
untreated minerals or aqueous Fe(Il) alone (Figure S2). This supports the current understanding
that Fe(Il)-surface associations are required to mediate contaminant,>%> and in particular
DNAN,* reduction. The transformation products detected during DNAN reduction were 2-
ANAN, 4-ANAN, and DAAN (Figure 1b). X-ray diffraction (XRD) patterns collected before and

after ISCR showed no detectable changes in mineral composition following the treatments (Figure
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S1) which suggests that the primary effect of ISCR on the structures of hematite and magnetite

was the generation of surface-associated Fe(Il) from oxide-Fe(III).
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Figure 1. (a) Concentrations of DNAN during abiotic reduction by natural (TCAAP and Tinker
AFB) and synthetic Fe-bearing (magnetite and hematite) materials. Experiments were performed
with either untreated materials in the presence of 1 mM aqueous Fe(Il) (open symbols) or with
dithionite-reduced materials without additional Fe(II) (closed symbols). (b) Concentrations of
DNAN, 2-ANAN, 4-ANAN, DAAN, and the cumulative number of electrons transferred during
DNAN reduction by reduced TCAAP (left) and Tinker AFB (right) materials. All error bars
represent standard deviations of triplicate reactors. Note the difference in time scales.
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When aqueous Fe(Il) was maintained (1 mM) throughout the batch experiments, all of the added
DNAN was reduced to 2/4-ANAN or subsequently DAAN by each of the untreated minerals
(Figure la, open symbols). In reactors receiving ISCR, only a portion of the DNAN was removed
(Figure 1a, closed symbols), likely because of a limited supply of available electron equivalents
(i.e., mineral-associated Fe(Il)) generated during ISCR. To understand the extent of DNAN
reduction in systems receiving ISCR, an electron balance was computed for each set of reactions
(Figure 1b, dashed line). Accounting for the number of electrons transferred to DNAN as a
function of the mineral-associated Fe(II) (i.e., mol e/mol Fe(II)) allowed for an evaluation of the
efficiency of ISCR to generate reactive Fe(I).

Dithionite-reduced magnetite, TCAAP extract, and hematite promoted DNAN reduction with
extents of electron transfer ranging from 0.359—-0.603 mol e/mol Fe(Il) (Table 1). These results
suggest that not all available iron (Fer) was reduced to reaction-accessible Fe(I1)*” during ISCR.
The washing of materials following dithionite treatments may have caused the release of Fe(II)
that was not retained on mineral surfaces. It is also possible that potentially reducible oxide-Fe(III)
was inaccessible to dithionite.®37!

The lower standard reduction potential (En°) of hematite (+0.793 V) versus magnetite (+1.053
V)2 may further explain the difference in electron transfer between the two systems. The reactivity
of Fe-bearing minerals for pollutant reduction increases with lower En values as evidenced by
hematite experiments. Moreover, magnetite stoichiometry (x = Fe(II)/Fe(IIl)) directly correlates
with its intrinsic Eu values’ and reactivity towards NAC reduction.” The magnetite used in this
study ranged from partially oxidized (x = 0.1, TCAAP extract) to fully reduced, stoichiometric (x
= 0.5, synthetic magnetite) materials. Low stoichiometry magnetite is a better oxidant and was

thus more easily reduced by dithionite than the high stoichiometry magnetite (Table S1). These
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results emphasize the potential benefits of ISCR to magnetite-bearing soils and sediments in which

partially oxidized magnetite is common and may be amenable to ISCR leading to more

stoichiometric and thus reactive magnetite.”’®

Table 1. Total iron (Fer) and Fe(Il) content of materials after dithionite treatments, and the
cumulative number electrons transferred during DNAN reduction experiments.

system Fer Fe(II) total e transferred mol e¢/mol Fe(II)*
(rmol) (umol) (pmol)*
batch
TCAAP 3430¢ 170 393+1 2.31+0.01
TCAAP extract 865¢ 432 232+ 1 0.536 +0.003
magnetite 903? 451 162+0.3 0.359 £ 0.001
Tinker AFB 2180¢ 79.1 370+ 0.4 4.68+0.01
hematite 439° 219 132+1 0.603 + 0.006
column
TCAAP 258004 1280 183 £30 0.143 £ 0.022
Tinker AFB 170004 616 109+ 10 0.176 +0.020

“Determined by ICP-OES. ?Calculated from structural formulas of pure minerals. “Calculated by acid dissolution
and quantification by the ferrozine method.>* “Calculated using eqs S1-2. “Uncertainties represent standard
deviations of triplicate reactors.

The number of reduction equivalents transferred to DNAN from dithionite-reduced TCAAP
(2.31+0.01 mol e/mol Fe(Il)) and Tinker AFB (4.68 = 0.01 mol e/mol Fe(II)) materials exceeded
the initial amount of Fe(II) present after dithionite treatments (Table 1). Despite targeted dithionite
dosages to reduce one-tenth of the Fer, the calculated reduction efficiencies (i.e., Fe(Il)/Fer from
data in Table 1) of TCAAP and Tinker AFB materials during ISCR were only 4.95% and 3.62%,
respectively. The low reduction efficiencies suggest that other reducible moieties were present in
the natural materials which were reduced by dithionite and subsequently provided reducing
equivalents for DNAN reduction.””-”® For example, the reversible transfer of electrons in the
environment is often mediated by natural organic matter and humic substances, specifically those

containing quinone moeities” > and the TCAAP and Tinker materials contained 0.46% (w/w)
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and 0.88% (w/w) organic matter, respectively. The electron-carrying capacity of these species
plays a key role in both the reduction of substituted nitrobenzenes®® and ferric iron.’* Another
possibility is that acid digestion of the materials to determine Fe(II) was incomplete. This is
especially likely in materials with high Si content, such as phyllosilicates, because the Fe(IlI) is
easily reduced by dithionite but Fe(II) extraction requires a rigorous treatment with H>SO4 and
HF.7#586 This fraction of Fe(II) is a known strong reductant of NACs.>*” The prominence of SiO
(Figure S1) and low Fer content of TCAAP and Tinker AFB materials (Table S1) suggests that a
large share of Fer was associated with silicates.

Reactions in packed columns. To probe for the availability of reduction equivalents in flow-
through systems, DNAN (200 uM) was introduced to column reactors containing dithionite-
reduced TCAAP or Tinker AFB materials for five cycles of Fe(Ill) reduction by dithionite
followed by DNAN exposure (Figure 2a-b). As shown in Figures 2¢-d, ISCR in column reactors
generated reaction-accessible electron equivalents in natural materials and promoted the reductive
transformation of DNAN with a similar product distribution to the batch experiments (Figures 1c-
d, Figure S3). It should be noted that DAAN concentrations exceeded the input DNAN
concentration (up to 150%) during the early stages of experiments. To assess this phenomenon,
the cumulative amount of DAAN measured in the column effluent was compared to the total
amount of DNAN introduced. We found that the amount of DAAN in the peaks did not exceed the
total amount of DNAN introduced to the columns. This indicated that DAAN was either associated
with or retained on mineral surfaces and was then displaced by another solute, namely DNAN or
2/4-ANAN. The initial rapid production of DAAN leading to high concentration may have driven

this interaction, and as aqueous concentrations dropped, other components in
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Figure 2. Breakthrough curves for 200 pM DNAN in (a) TCAAP and (b) Tinker AFB packed
columns before (squares) and after (circles) receiving ISCR. Triangles denote measurements of
8N of DNAN in the column effluent. Error bars denote standard deviations from five sequential
breakthrough experiments. Aqueous concentrations of DNAN (circles), 2-ANAN (squares), 4-
ANAN (triangles), and DAAN (diamonds) during DNAN exposure to (¢) TCAAP and (d) Tinker
AFB columns. Dashed lines represent the cumulative number of reduction equivalents transferred
to DNAN during experiments. The data provided in panels ¢ and d are a representation of one of
the reduction-reaction cycles shown in panels a and b, respectively. Individual cycles are shown
in Figure S3.

the solution displaced DAAN from the surface. Such competition and effluent concentrations
exceeding influents has been observed for ion sorption on activated carbon.®® Another possible
explanation is that a reaction intermediate (e.g., a hydroxylamine) is more strongly retained by the
solid phase, as previously observed during the reduction of cyanonitrobenzene,® and the excess
DAAN observed occurs once this intermediate has been reduced and released.

Despite ISCR targets that were equivalent to batch experiments (i.e., 10% reduction of Fer), the
extent of electron transfer to DNAN from the reduced materials was markedly lower in columns

than in batch experiments (0.143 + 0.022 and 0.176 + 0.020 mol e/mol Fe(Il) for TCAAP and
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Tinker AFB columns, respectively; Table 1). This suggests that either (i) reactive Fe(Il) was
removed from the column, (ii) the transport of dithionite or DNAN to mineral surfaces was
restricted by conditions within the column, or (ii1) the extent of mineral reduction was affected by
the rate of dithionite decomposition.

Flow-through systems introduce the potential for newly generated Fe(Il) or other reducible
species to be removed from the column before association with mineral surfaces or pollutant
reduction occurs. Monitoring aqueous Fe(Il) in column effluents, however, negligible losses of
Fe(Il) from the column were observed during and after exposure to dithionite (Figure S4). Only
1.6 and 5.3 pmol Fe(II) in TCAAP columns and 2.6 and 4.0 pmol Fe(Il) in Tinker AFB columns
were removed during the first and fifth exposures to dithionite, respectively, corresponding to
0.06-0.20% (w/w) of Fer. This suggests that Fe(Il) generated during ISCR was mostly retained
within the column either because it was not released from the mineral surfaces or it was effectively
adsorbed by or bound within the materials within the column. The presence of silicates may also
indicate a portion of Fe(Il) that is not readily removed from natural soils and sediments. The
consistency of breakthrough curves during the five cycles of ISCR and DNAN exposure (Figures
S3) indicates that the removal of reduction equivalents by column flow likely did not affect the
potential for contaminant reduction.

It is also possible that the transport of reducing equivalents or pollutants to mineral surfaces is
restricted in confined systems composed of heterogenous media.”® Moreover, the iron content of
natural sediments can be distributed throughout the bulk mineral as opposed to being concentrated
at singly-coordinated oxygen atoms on mineral surfaces, leaving Fe(Ill) inaccessible to dithionite.
To account for these potential limitations, the columns in this study were packed to a uniform

porosity (0.44 + 0.05), bulk density (1.66 + 0.04 g cm™), and particle density (2.68 £ 0.05 g cm™)
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to resemble typical subsurface conditions in sandy soils similar to the TCAAP and Tinker AFB
(Table S1).%8 The dispersion coefficients in TCAAP (2.37 + 0.22 cm? s™') and Tinker AFB (2.53
12 cm™ s!) columns were also determined and indicated advection dominated regimes with
negligible effects from flow retardation.”! Column porosities and dispersion coefficients were
remeasured following all experiments and were not appreciably different from the initial values
(Table S1), indicating that ISCR did not affect the physical properties of columns or restrict
material transport.

Lastly, the rate of dithionite decomposition can unevenly distribute its reaction with iron in
columns. In batch reactors, the entire supply of dithionite was simultaneously exposed to all of the
solid material in a well-mixed heterogenous suspension, whereas, in columns only the materials
located immediately following the inlet were exposed to unreacted dithionite. Because dithionite
undergoes rapid disproportionation in aqueous media, the combination of Fe(Ill) reduction and
dithionite decomposition limits mineral reduction at locations away from the point of
application.!!*8 These differences explain the difference between the batch and column

experiments and provide an explanation for the lower extent of DNAN reduction in the column.

I5SN fractionation during DNAN reduction. DNAN reduction in batch reactors introduced
strong '°N enrichment in the remaining contaminant with minor variations in magnitude (Figure
3). I°N isotope enrichment factors, en, ranged from -10.5 + 0.7%o to -21.5 £ 1.0%o in response to
ISN-AKIEs of 1.021 + 0.002 to 1.045 + 0.001. Because no C atoms are involved during the
elementary steps of nitro-group reduction, C isotope fractionation was small and resulted in
secondary *C-AKIE values near unity (1.0005 = 0.0003). These results are typical for nitro-group

reduction on NACs by Fe(Il) species associated with minerals (>N-AKIE = 1.030-1.045).434>73
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Our previous report of DNAN reduction by iron (oxyhydr)oxides revealed ex values between -9 +
2%o and -19 £ 1%o corresponding to "'N-AKIEs of 1.018 = 0.002 and 1.039 + 0.001, respectively.
The agreement in AKIEs between this and other reports of abiotic NAC reduction®** suggests
that DNAN reduction followed the same reaction mechanism (i.e., nitro-group reduction) in the
presence of Fe(Il)-amended synthetic and natural materials and with the naturally collected
materials after ISCR. Dual-element isotope analysis (8'°N vs §'°C) was used to support this
interpretation by illustrating the distinction of our results from other known DNAN transformation
pathways (Figure S5).%7 For example, the correlation slope (AVC) calculated from this study was
43.8 + 28.6 which is in clear contrast with independent evidence from biodegradation (AN¢=0.87
+ 0.15) and alkaline hydrolysis (ANC = 0.46 + 0.04) experiments.’’” We previously reported a
similar ANV of 50.5 + 23.2 during Fe(ll)-mediated DNAN reduction by synthetic iron

(oxyhydr)oxides.*

[ Tinker AFB
gy =-10.5+0.2
£ =-0.7 0.1
A hematite
ey=-212x14
6 =-0.3204
@ TCAAP
ey=-100x44
£c=-08+1.0
’ magnetite
ey =-147£1.7
£ =-07+03

10 08 06 04 02 00
c/c,

Figure 3. Nitrogen (5'°N) and carbon (8'C) isotope signatures vs fraction of remaining substrate
(c/cp) during DNAN reduction by iron-bearing minerals. Solid lines represent fits from nonlinear
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regression with shaded portions indicating the 95% confidence intervals. Dashed lines designate
95% prediction intervals. N and C isotope enrichment factors (en, &c) were determined from non-
linear regression of the data points for each mineral type. Data are shown for untreated materials
in the presence of Fe(Il) and dithionite-treated materials.

Quantifying DNAN transformation from SN enrichment in the residual contaminant. As
shown in Figures 2a-b, '°N values of DNAN at the breakthrough front (~5 pore volumes) were
isotopically enriched in '°N corresponding to an increase of 8'°N by 15-20%o. Measured values
subsequently decreased and approached the value for unreacted DNAN (-2.4 £ 0.1%0) as the
effluent concentrations approached the input level. This trend of §'°N is consistent with the elution
of an increasing share of DNAN that has not been reduced by surface-associated Fe(II). While the
data provide evidence that ISCR promoted DNAN reduction, it should be noted that 8'°N values
were not fully restored to the input §!°N value suggesting the retention and slow release of enough
residual "N-enriched DNAN from the mineral surfaces to influence the 3'°N after the reaction
capacity was exhausted.”?

Taken together, all of our current data* for isotope fractionation during Fe(I)-catalyzed DNAN
reduction in batch experiments resulted in a combined ex” value of -14.9 + 1.3%o (Figure S6a).
This value was used to establish a relationship of c/cy vs A'°N (Figure S6b) to estimate the amount
of DNAN degradation from §'°N measurements made during column experiments (Figure 2a-b).
Values of en calculated from TCAAP (-8.6 £ 1.8%o) and Tinker AFB (-7.2 + 0.8%0) column
experiments were lower than batch experiments which could indicate longitudinal mixing with
unreacted DNAN in the feed solution. A linear regression of predicted versus measured quantities
was used to evaluate the accuracy of our estimates and showed a strong correlation (slope = 1.268
+ 0.176, r* = 0.958) with a mean absolute error (MAE) of 0.091 + 0.063 in c/cy indicating

reasonable accuracy in the estimated values (Figure 4).
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Figure 4. Predicted versus measured values of DNAN transformation by chemically reduced
TCAAP and Tinker AFB materials in column reactors. Predictions were made according to eq 2
using an ex’ value of -14.9 %o. Shaded portions indicate 95% confidence intervals of linear
regressions and dashed lines represent the 95% prediction intervals.

The linearity of the regression in Figure 4 and the low MAE highlight the consistency between
batch and column systems and underscore the ability for applying N isotope fractionation behavior
of DNAN from laboratory data as reliable proxies of pollutant transformation in the field. Despite
the specificity of our model to N isotopes, we also measured the accompanying §'*C values to the
8'°N data shown in Figure 2a-b and observed minimal C isotope fractionation of DNAN at the
breakthrough front (A'*C < ~3%o; data in Figure S7). Because this C isotope fractionation was not
observable after 6-7 pore volumes where N isotope fractionation continued, we consider it unlikely
that another reaction such as concurrent (bio)degradation processes contributed to our

observations. The distribution of §!°C against 6'°N from column experiments also reflected the
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batch systems (Figures 3 and S6) and supports that, in both cases, abiotic reduction was the primary
reactive pathway.

Our study represents laboratory conditions and future work should continue to address direct
applications of CSIA to contaminated field sites receiving ISCR. These analyses are also likely to
underestimate the extent of DNAN degradation because contaminant flow through heterogenous
aquifers is directed along one of many flow paths which each introduce a unique extent and rate
of (bio)degradation.?’” The flow paths that degrade the pollutant more quickly promote higher
levels of fractionation; thus, downgradient contributions to the contaminant pool favor the
unreacted (i.e., non-enriched) compound. To this end, the measured isotope ratios appear closer in
magnitude to the source and may lead to low estimates of remediation. An understanding of the
local hydrogeology is therefore necessary to accurately estimate the extent of contaminant

(bio)degradation with CSIA.

Environmental significance. As remediation strategies are implemented, the adaptation of
CSIA for pollutant monitoring in treated soil, sediment, and groundwater is critical for its
successful integration into protocols for monitored natural attenuation and active remediation. To
an extent, this has been accomplished but is limited to biodegradation®® and synthetic minerals.**
In this work, we reported CSIA as a robust technique to quantify abiotic DNAN reduction in
systems receiving repeated dithionite treatments, but future work should include a survey of other

3 sodium persulfate®). The

in situ abiotic remediation strategies (e.g., calcium polysulfides,'
observation that isotope fractionation is unaffected by natural subsurface materials and ISCR can

be leveraged to generate accurate estimates of contaminant removal strengthen our findings.

Moreover, it provides strong support for the compulsory lines of evidence set by the US
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Environmental Protection Agency for evaluating the progress of natural attenuation.?’ Considering
DNAN as a surrogate for other NACs allows for this approach to be applied to a wide range of

environmental pollutants.
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