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Environmental Significance

Abiotic reduction of nitrite (NO2-) by Fe(Il) species (i.e., chemodenitrification) is a potentially
significant source of atmospheric nitrous oxide (N20) emissions. We compared nitrite reduction rates for
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a variety of Fe(Il) species under similar conditions and found that rates of reduction as well as

recovery as N20 varied significantly among a wide variety of Fe(Il) species. Our results suggest that

11 reducing environments can vary substantially in how much they contribute to N2O emissions depending
12 on what Fe(Il) species are present. Abiotic reduction of nitrite in agricultural watersheds and soils

13 experiencing fluctuating redox conditions may be significant sources of N2O emissions and can occur
14 simultaneously with biological denitrification.
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Abstract

Abiotic reduction of nitrite (NO,") by Fe(II) species (i.e., chemodenitrification) has been
demonstrated in a variety of natural environments and laboratory studies, and is a potentially significant
source of atmospheric nitrous oxide (N,O) emissions. It is, however, unclear how chemodenitrification
rates and N,O yields vary among heterogeneous Fe(II) species under similar conditions and whether
abiotic reduction competes with biological NO, reduction. Here, we measured rates of NO, reduction
and extents of N,O production by several Fe(Il) species under consistent, environmentally relevant
conditions (i.e., pH 7.0, bicarbonate buffer, and 0.1 mM NOy"). Nitrite reduction rates varied significantly
among the heterogeneous Fe(Il) species with half-lives (#,,) ranging from as low as an hour to over two
weeks following the trend of goethite/Fe(Il) ~ hematite/Fe(Il) ~ magnetites > maghemite/Fe(Il) >
sediment/Fe(Il). Interestingly, we observed no clear trend of increasing NO,™ reduction rates with higher
magnetite stoichiometry (x = Fe?* / Fe3*). Nitrogen recovery as N,O also varied significantly among the
Fe species ranging from 21% to 100% recovery. We further probed both chemodenitrification and
biological denitrification in the absence and presence of added aqueous Fe(Il) with a sediment collected
from the floodplain of an agricultural watershed. While abiotic NO,™ reduction by the sediment + Fe(II)
was much slower than the laboratory Fe(Il) species, we found near complete mass N balance during
chemodenitrification, as well as evidence for both abiotic and biological NO, reduction potentially
occurring in the sediment under anoxic conditions. Our results suggest that in redox active sediments and
soils both chemodenitrification and biological denitrification are likely to occur simultaneously, and that

agricultural watersheds may be significant sources of N,O emissions.
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Introduction

Abiotic reduction of nitrite (NO,") by Fe(Il) (i.e., chemodenitrification) has been demonstrated for
several Fe(Il) species including aqueous Fe(Il), Fe(Il) reacted with Fe oxides, Fe minerals such as green
rust, magnetite, and siderite, as well as in natural environments such as paddy soils, marine sediments and
tropical peat soils.!** 618 Some evidence suggests chemodenitrification rates may rival rates of biological
denitrification> !> 1 and chemodenitrification is of particular interest because nitrous oxide (N,O) is the
primary reduction product whereas biological denitrification more commonly results in a mixture of
nitrogen gases, including nitrogen (N,), nitric oxide (NO), and N,0O. %2%-2! Nitrous oxide is a potent
greenhouse gas (GHG) with a global warming potential (GWP) of nearly three hundred times that of
carbon dioxide and it is critical to accurately predict N,O emissions to better adapt for and mitigate
climate change.!>2>2> While large uncertainties exist in global N,O budgets, some estimates that suggest
estuarine and coastal sediments and soils contribute ~10% to global N,O emissions likely understate the
importance chemodenitrification may have on N,O emissions from sediments and soils.?3-2

There is increasing evidence that chemodenitrification can result in significant N,O fluxes from
sediments and soils.> % 16.17.23.29 Chemodenitrification has been shown to contribute ~ 25% of total N,O
emissions from a marine sediment® and up to almost 70% from a terrestrial sediment.?® In an intertidal
sediment it was even observed that abiotic and fungal pathways yielded more N,O than microbial
pathways.?* In Towa, high rates of N,O emission have been observed for corn fields, however, modelled
N,O emission estimates were lower than experimental results suggesting that another process, such as
chemodenitrification, may be transforming N to N,O that is not represented within the model.?* 3!
Attempts to further refine estimates of N,O emissions from chemodenitrification in soils and sediments
using N isotopic site preference have not yet been successful,” 2> however, recent evidence has shown that

the €'%0/ € PN ratio may adequately differentiate between biotic and abiotic NO,™ reduction.'3
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In addition to natural Fe containing solids, even more evidence is accumulating that
chemodenitrification occurs in the presence of Fe(Il) species that have been synthesized in the
laboratory.>% 10-12. 14. 18 Nijtrite reduction has been observed when Fe(II) was initially present only as
aqueous Fe(II) was (i.e., homogeneous conditions), as well in heterogeneous conditions where both
aqueous Fe and Fe minerals are initially present. For initially homogeneous conditions where aqueous
Fe(Il) was only present at the start, Fe oxides have been observed to rapidly precipitate and increase
reduction rates.>% 22> Overall, heterogeneous conditions seem to produce more rapid rates of
chemodenitrification than initially homogeneous conditions.> > 7-10-13.18.22 Beyond that overall trend, rates
of abiotic nitrite reduction by Fe(I) vary widely among these studies ranging from complete reduction
within days? 3 6 %-12.22.32 tg only partial reduction over weeks.* > 7-13.14.29 Some, however, have observed
more rapid chemodenitrification rates when aqueous Fe(Il) concentrations increase.> > For example, the
rate of nitrite reduction in the presence of goethite almost doubled with a doubling of aqueous Fe(II)
concentration which is likely influenced by the amount of Fe(II) that sorbed to the mineral surface as well
as the surface area of the mineral itself.? Faster reduction rates were also observed with higher Fe(II)
concentrations in the presence of kaolinite or goethite.> '° Interestingly, similar rates were observed for
goethite, lepidocrocite, and ferrihydrite that precipitated from initially homogenous conditions even after
adjusting for different experimental conditions which suggests that the underlying Fe oxide may not
influence chemodenitrification rates.?

In addition to significant variability in rates of NO, reduction, there is also a large variability in
the extent of nitrogen recovered, typically as N,O. Nitrous oxide recoveries vary widely and range from ~
7%% to 100%° recovery with most reporting 50% or less recovery.> 33 10.14.22 The missing nitrogen mass
is often attributed to other potential nitrogen transformation products such as nitric oxide, ammonium,
and dinitrogen gas. Few, however, have measured for any of the missing nitrogen products other than
N,0, and of these, only minimal to no nitrogen mass recoveries from these gases are observed.>* 6 10. 14,29
One exception is at high Fe and NO,™ concentrations, complete nitrogen mass recovery as nitric oxide
(NO) and N,O was observed which suggests the missing mass in other studies is likely to be nitric oxide.®
Further evidence for NO as the one of the missing N products comes from N isotope tracer results where
more “N was found in N,O suggesting there is a pool of heavier >N that is likely to be found as NO.> 2
Another potential pool for missing nitrogen could be surface bound Fe-nitrogen complexes such as an

HONO complex observed recently using ATR-FTIR'* or a previously suggested Fe-nitrosyl compound.?
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Despite the significant evidence for chemodenitrication as a potentially significant source of
atmospheric nitrous oxide (N,O) emission, it remains unclear how chemodenitrification rates and N,O
yields vary among heterogeneous Fe(II) species under similar conditions and whether abiotic reduction
competes with biological NO, reduction. Here, we measured rates of NO,™ reduction and the extents of
N,O production by a variety of Fe(Il) species under a consistent set of environmentally relevant
conditions (i.e., pH 7.0, bicarbonate buffer, and low NO, concentration) to simulate aerobic soils with Fe
oxides that have been exposed to fluctuating redox conditions. We further probed both
chemodenitrification and biological denitrification in the absence and presence of added aqueous Fe(II)

with a sediment collected from the floodplain of an agricultural watershed.

Materials and Methods

Mineral synthesis and characterization. The pure Fe minerals (magnetite, hematite and
goethite) used in this study were synthesized using previously developed methods adapted from Cornell
and Schwertmann.?3-3¢ Mineral purity was confirmed using powder X-ray diffraction (XRD) (Rigaku
MiniFlex II, Co K, radiation) and >’Fe Mdssbauer spectroscopy.

Magnetite was prepared under anoxic conditions in a glovebox (93% N,/7% H,) from iron
chloride salts (0.1 M FeCl,-4H,0 and 0.2 M FeCl;-6H,0) added in a 1:2 Fe?*/Fe?* ratio. The salts were
dissolved in deionized (DI) water and titrated with 10 M NaOH to above pH 10.0 to precipitate magnetite.
To synthesize lower stoichiometry magnetites, hydrogen peroxide (30% H,0,) was used to oxidize
magnetite particles after precipitation. After any stoichiometry adjustments, the suspension was vacuum
filtered and then freeze-dried. The freeze-dried particles were returned to the glovebox, ground in a
mortar and pestle, and then sieved through a 100 mesh sieve (150 um). Magnetite stoichiometry was
measured by dissolution in 5 M HCl and quantified using the 1,10-phenanthroline method and confirmed
using Mossbauer spectroscopy.’” Magnetite stoichiometry varied from an Fe*/Fe3* ratio (x) of 0.21 to
0.47.

Hematite was prepared from a solution of ferric nitrate (0.01 M Fe(NO3);-9H,0) heated to 90 °C.
Potassium hydroxide (1M KOH), sodium bicarbonate (1M NaHCQOj3) and DI water were heated to 90 °C
before their use in hematite synthesis. Ferric nitrate was added to the heated DI water, followed by the
KOH and NaHCO;, to create a reddish-brown suspension. The pH was adjusted to between pH 8.0 and
9.0 and heated at 90 °C for 48 hours. The synthesized hematite was washed, centrifuged, and freeze dried
before being ground with a mortar and pestle and sieved using a 100 mesh sieve (150 um).

Goethite was prepared from a 0.01 M ferric nitrate (Fe(NOs);-9H,0) solution that had the pH
raised by adding 5 M KOH. The resulting suspension was placed in an oven at 70 °C for 60 h. The
goethite was washed, centrifuged, freeze-dried, ground with a mortar and pestle, and sieved using a 100
mesh sieve (150 pm).

Mossbauer samples were prepared by filtering suspended minerals through 0.2 pm nitrocellulose
filters and then sealing the sample between two pieces of Kapton tape to avoid air oxidation. >’Fe
Mossbauer spectra were collected at 17 K in transmission mode using a constant acceleration drive
spectrometer (Web Research, Inc., Edina, MN) and equipped with a closed-cycle cryostat (CCS-850
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System, Janis Research Co., Wilmington, MA). The source was *’Co(Rh) source at room temperature.
Spectral calibration was performed using an a-Fe(0) foil which was then fit using Recoil software
(Ottawa, Canada).

Collection and Characterization of Walnut Creek Sediments. Sediment was collected from
floodplain alluvium in the Walnut Creek watershed located at the Neal Smith National Wildlife Refuge in
Jasper, lowa (41.557599, -93.266540) on August 1, 2019. The sediment was collected from the Gunder
Member of the Holocene-age DeForest Formation, a silt loam alluvial fill deposited between about 10,500

and 4,500 B.P.3® The floodplain area of the Walnut Creek watershed in central Iowa has been partially

restored from Phalaris arundinacea to native sedge meadow after previous use as row crop agriculture.?

Sediments were collected from the floodplain approximately 50 m from the current channel and at a depth
of 2 to 3 m (8ft + 1ft) using a soil sampling hand auger. At the time of collection, the water table was
approximately 1.8 m but the water table fluctuates on the order of 0.5 to 1 m during the year.* Sediment
was collected specifically from Walnut Creek because previous work has characterized the sediment
(particle size, Fe content, etc.) and researchers have observed nutrient transformation of nitrogen and
phosphorus by sediments collected at the site.*** Immediately after collection, the sediments were
vacuum sealed in plastic bags and stored in a cooler until final storage in a refrigerator at 35° F.
Sediments were characterized using the Munsell soil chart before homogenization, and the sediment was
characterized as a 10YR 7/1 (light gray), while the streaks of oxidation were characterized as a 7.5YR 5/8
(strong brown) before homogenization.

To determine the Fe(II) content of the collected sediment a chemical extraction with 5 M HCl
was performed which extracted 13.5 mg Fe(Il) g! sediment. As expected, HCI extracted more Fe than
what was previously extracted with dithionite-citrate-bicarbonate (DCB) (3.8 mg Fe(II) g-' sediment).*!
Quartz, kaolinite, and smectite clay minerals dominated the XRD pattern with no indication of Fe oxide

minerals such as goethite, hematite, or magnetite (Figure S1). Mdssbauer spectroscopy, however,

confirmed the presence of Fe in the sediment and indicates that most of the Fe is present as Fe(III)
(~96%) with Mossbauer parameters of the Fe(IIT) sextet consistent with goethite (Figure S2, Table S1).3
The remaining four percent of the spectral area has parameters that are not unique to one Fe(II) species
and could be indicative of several possible Fe-containing minerals including Fe(Il) in Fe-containing clay
minerals, green rust minerals, sorbed Fe(II), and primary rock-forming silicates.***° Note that we
collected Mossbauer spectra before and after autoclaving to confirm, at least for this sediment, that no
observable transformation occurred (Figure S2) as has been reported in some previous work3? >0,

Nitrite reduction experiments. All experiments were carried out in an anoxic glovebox and all
solutions except sodium bicarbonate stocks were purged for at least 2 hours with N, gas prior to transfer
into the glovebox. Sodium bicarbonate stock solutions were prepared by measuring out the sodium
bicarbonate into 250 mL plastic containers which were then brought into the glovebox where 200 mL of
degassed DI water was added to make the buffer. No significant difference was observed between initial
experiments with hematite in the presence of MOPS and bicarbonate buffers (Figure S3). Sacrificial
batch reactors were made in triplicate for each time point by first adding 75mg (5 g L!) for pure Fe oxide
experiments, and 150 mg (10 g L!) for Walnut Creek sediment experiments to a 20 mL borosilicate glass
vial. To begin the experiment, 15 mL of a buffer solution containing 1 mM FeCl,, 0.1 mM KNO,, and 10
mM NaHCO; at pH 7.0 £ 0.05 was added to the vials before they were crimp sealed and covered with
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aluminum foil. An NO, concentration of 0.1 mM was chosen to simulate the drinking water MCL for
NO, 3! Covered reactor bottles were rotated end over end until sampled. To sample, the aqueous phase
was filtered in the glovebox using a 0.22 pm nylon filter (Tisch Scientific, North Bend, OH) and aliquots
were analyzed for Fe(IT) using the 1,10 phenanthroline method.’?> Nitrite was quantified immediately
after filtration using a method modified from Ridnour et al. which uses the Griess reaction to form a
diazonium salt which can be quantified with UV-Vis colorimetry (Spectronic Genesys 5, Waltham, MA)
at 540 nm.>* For N,O measurements, reactors bottles were removed from the glovebox where 100 ul of
headspace was injected onto a GC-ECD equipped with a Supelco Carboxen 1010 PLOT fused silica
capillary column (0.32 mm x 30 m). A splitless injection was used. The GC oven temperature was 150 °C
and the flow rate for the carrier gas (He) was set at 4.7 mL min-'. Experimental runs were followed by a
post run where the oven temperature was increased to 200 °C

Select samples from NO," reduction experiments using goethite were also tested for ammonium

which has been reported as potential byproducts in other studies.?* !%2° Ammonium was quantified
using a sodium salicylate-hypochlorite method to form indophenol and was adapted from Willis et al.>*
The indophenol formed was quantified with UV-Vis spectrophotometry at 685 nm. Iron precipitation at
the elevated pH in the method was masked using 40 g L' sodium citrate (Na;CsHs0;). No ammonium
was observed with a detection limit of (0.026 mg L1).34 >3

Results and Discussion

Nitrite reduction by aqueous Fe(I). To compare rates of nitrite reduction and extents of N,O
formation by various Fe(II) species, we measured NO, reduction by aqueous Fe(II), Fe(Il) reacted with
goethite, hematite, and maghemite, and structural Fe(Il) in magnetites over a consistent set of
experimental conditions (0.1 mM NO,, 1 mM Fe(II), pH 7.0 and 10 mM bicarbonate) (Figure 1). We
observed no NO, reduction by aqueous Fe(II) after one week despite having excess Fe(Il) available to
fully reduce NO, to N,O (Figure 1A). After about ten days, however, reduction began with complete
reduction observed by three weeks with 76% of N recovered as N,O. Based on previous work, we
suspected that the onset of NO, reduction coincided with the precipitation of an Fe(IIl) phase resulting in
a transition to heterogeneous NO," reduction.? *22 To confirm the formation of a precipitate, we filtered
the suspension shortly after the onset of reduction (~14 days or 336 hours) and collected a Mossbauer
spectrum (Figure S4). The spectrum reveals two Fe sextets that are consistent with goethite and
lepidocrocite similar to what has been observed previously.*?? Note, that there was no evidence of
siderite formation despite our conditions being supersaturated for siderite (Q, the reaction quotient, for
our conditions is 10-%3 which is greater than the Ky, of siderite which ranges from 10-1%12to 10-12-57,56

resulting in a saturation index of 2.56).
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Our results are consistent with previous work that also observed slow or no reduction by aqueous
Fe(II) that then transitions to more rapid reduction once an Fe precipitate forms.> %22 Unlike previous
work, however, we observed a significant lag before NO,™ reduction began. The observed lag is most
likely a result of our low NO, (0.1 mM) and Fe(Il) concentrations (1 mM). At these low concentrations,
it is likely that some time is needed to form enough Fe(III) to result in measurable NO, reduction and to
observe a precipitate with Mossbauer spectroscopy. The lag with aqueous Fe(Il) under our low NO,", low
Fe(II) conditions is consistent with earlier observations at a similar pH (6.5 and 8) and Fe(II)
concentrations (0.8 and 0.6 mM) that observed little to no reduction over several hours.>> Increasing
either the Fe(Il) or pH resulted in significantly faster reduction. Comparing reported rates of NO,-
reduction by aqueous Fe(II) reveals that rates are highly variable with half-lives ranging from just a few
hours to almost six weeks (Table S2). The high variability has been noted before and may be because of
large differences in initial conditions, as well as, rate of mineral precipitation and the identity of
precipitated minerals.> > %22 Despite the variability with aqueous Fe(I), it is clear that reduction rates
become much more rapid once a mineral precipitate forms and the reduction process transitions from
homogenous to heterogeneous as we observed here.? 3> 622

Nitrite reduction by goethite and hematite with added Fe(I). To compare rates of NO,™ reduction
for Fe(Il) reacted with Fe(IIl) oxides, we measured the reduction of NO, by Fe(Il) added to goethite and
hematite (5 g L! oxide loading, 0.1 mM NO,-, 1 mM Fe(II), pH 7.0. and 10 mM bicarbonate). Nitrite was
rapidly reduced when Fe(Il) was added to the Fe oxides (Figure 1B). No reduction was observed by
goethite or hematite alone (data not shown). Nitrite was completely transformed within twelve hours and
~ 60% N was recovered as N,O. The kinetics of NO,™ loss and N,O production are remarkably similar for
both goethite and hematite and follow first order kinetics (In C vs t has R? = 0.96 and 0.97 respectively)
with first-order rate coefficients of kg, = 0.46 = 0.11 h'! and 4iem = 0.36 = 0.10 h'! and almost identical
N,O recoveries of 57% and 58% (Figure 2). The rate of NO,™ reduction by goethite and Fe(Il) is
significantly faster than what has been previously reported under similar pH and NO," conditions.? 14 2
For one study, the much slower rate is likely because they used a significantly lower goethite loading of
0.02 g L' compared to our 5 g L. Normalizing the first-order rate coefficients by surface area gives
surface-area normalized rate coefficients (ksa, m? L-' h'") that are much closer (within a factor of three)

(Table 1).2
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While NO, reduction rates by hematite reacted with Fe(II) have not been reported, there is a
strong similarity between both hematite/Fe(Il) and goethite/Fe(Il) NO, reduction rates and N,O recovery
that is interesting, but perhaps not all that surprising as the aqueous Fe(Il) concentrations over time in the
goethite and hematite experiments are quite similar (See Figure S5). Furthermore, Fe(III) in both oxides
has been shown to oxidize sorbed Fe(II) to result in homoepitaxial growth of the underlying oxide
(goethite forms on goethite and hematite forms on hematite*’->’ and measured redox potentials are also
quite similar (and consistent with calculated thermodynamic potentials).’”->° As expected with similar E°
values and aqueous Fe(II) concentrations, the estimated redox potentials for goethite/Fe(II) and
hematite/Fe(II) are nearly identical under our conditions (-456 and -451 mV vs SHE, respectively) (See SI
for calculations). Similar redox potentials suggest the rate of NO,™ reduction is most likely not limited by
thermodynamics. Others have also observed that the underlying oxide that formed did not significantly
influence the rate of NO, reduction in aqueous Fe(II) experiments.??

Nitrite reduction by magnetite and maghemite. To compare goethite/Fe(II) and hematite/Fe(II)
with reduction of NO,- by structural Fe(Il) in an Fe mineral, we measured NO,™ reduction by magnetite
and evaluated whether magnetite stoichiometry (x = Fe?* / Fe3*) influences NO, reduction rates. We
reacted three different magnetites with stoichiometries ranging from (x = 0.21 to 0.47) with NO, and
found that nearly stoichiometric magnetite (x = 0.47) reduced NO, the fastest with a half-life of 2.5 hours
which was similar to that of goethite and hematite reacted with Fe(Il) (Figure 1C). The lower
stoichiometry magnetites (x = 0.41 and 0.21) both reduced NO,™ slower than the more stoichiometric
magnetite but at rates quite similar to each other with half-lives of ~ 10 hours. While the more
stoichiometric magnetite reduced NO," faster, there is no clear trend of faster NO, reduction with
increasing magnetite stoichiometry (Figure 2). We found this somewhat surprising as we have observed
both faster rates and greater extents of reduction with higher stoichiometries for the reduction of uranium,
mercury, and nitroaromatic compounds.?* %962 Given the similar NO, reduction rates for magnetites of
varying stoichiometry as well as goethite and hematite reacted with Fe(Il) one possible explanation is that
the reduction of NO,™ by magnetites may not be thermodynamically limited, but, is instead limited by
mass transport (e.g., diffusion) or by complexation kinetics (such as formation of a nitroso-iron surface
complex).?3 A mass transport, or complexation Kinetic limitation on NO, reduction by varying
stoichiometric magnetites is supported by an almost ten-fold increase of the rate when the magnetite

loading is doubled (from 5 to 10 g L") (Figure 3A).
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Regardless of magnetite stoichiometry, it is notable that the rates of NO, reduction we measured
are markedly faster than those previously reported. Our first-order rate coefficients for magnetite (&magn)
ranged from 5.4 + 0.9 x 10?2 t02.8 = 0.3 x 10"! h'! which is two orders of magnitude faster than
previously observed (6.0 £ 0.06 x 10 to 1.1 + 0.4 x 10-* h'!) at reasonably similar pH values (6.5 and 7.5
compared to 7.0 for our data)*. We also observed ~ 25% N recovery as N,O whereas negligible recovery
was previously observed (0.004%).* The magnetites used in our experiments, however, had a surface area
~ 40 times higher (~ 62 + 8 m? g'')** than the surface area (1.54 + 0.18 m? g'!) used in the previous work.*
Normalizing for surface-area and solids loading results in surface-area normalized rate coefficients (&sa)
that are within an order of magnitude to previously reported rates (Table S2). There was also significantly
less N recovery as N,O with the magnetites (~ 25%) compared to goethite/Fe(Il) and hematite/Fe(Il) (~
60%). To test whether N,O would continue to form, we ran a longer duration experiment (two weeks)
with a ten-fold increase in NO, concentration (to 1 mM). The N mass balance immediately dropped and
continued to do so for about two days (to about 64%) after which it steadily increased as more N,O
formed until just over 90% of the N was accounted for by N,O (Figure 3B). The kinetic profile is
indicative of an intermediate species that is reduced more slowly than NO, and is consistent with
multiple other observations of a missing intermediate N pool, such as nitric oxide (NO).2 46

We were also interested in comparing maghemite reacted with Fe(II) with the magnetites, as
maghemite has the same spinel structure as magnetite but contains no Fe(Il) (i.e., x = 0). Maghemite
reacted with Fe(II) reduced NO,™ almost ten-fold slower (&paeh = 1.0 £ 0.2 x 102 h'!) compared to the
magnetites as well as goethite/Fe(Il) and hematite/Fe(Il) (Figure 1C). Earlier work has shown that Fe(II)
reacted with magnetite is oxidized at the surface and increases structural Fe(Il) in magnetite and increases
the stoichiometry.* We suspected something similar occurred when maghemite was reacted with Fe(II)
and confirmed this by reacting ~8 mM 3¢Fe(II) with maghemite and observing a distinct shift in the
Mossbauer spectra from maghemite (x = 0) to non-stoichiometric magnetite (x = 0.13) (Figure S6 see SI
for calculations). These findings suggest that maghemite and magnetite in soils may compete for electrons
from Fe(II) that could otherwise reduce NO,” which may explain the ten-fold slower reduction rate. A
similar competition for electrons from Fe(Il) was recently observed for hexachloroethane (HCA)
reduction by Fe(IIT)-bearing clay minerals.5* These results suggest that NO," reduction by Fe(Il) may be
influenced by the capacity of the underlying soils or sediments to accept and possibly compete for

electrons from Fe(II).
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Nitrite reduction by an Fe-containing sediment collected from an agricultural watershed. To
explore NO, reduction rates and the extent of N,O production by an Fe containing sediment that is
thought to act as a “hot spot” for denitrification, we collected sediment samples from the floodplain of a
restored native prairie after decades of being used for row crop agriculture.?-4% 46 We ran a series of
experiments to probe both chemodenitrification and biological denitrification in the absence and presence
of added aqueous Fe(Il) (Figure 4). To evaluate whether Fe(Il) in the sediment abiotically reduced NO,-,

we autoclaved the sediment and reacted it with 0.1 mM NO," for three weeks. Despite the presence of

enough Fe(Il) in the sediment to reduce almost half (~48% See SI for calculations) of the added NO," to
N,O, we observed negligible loss of NO,- or production of N,O (Figure 4A). A Mossbauer spectrum
collected of the sediment suggests Fe is present in clays in the sediments consistent with previous

characterization these clays.®3 Limited reduction of NO,™ by Fe(II) in the autoclaved sediment is

consistent with previous work that has observed chemodenitrification by structural Fe in Fe containing
clays only when the Fe content in the clay is much higher than what was measured for the Walnut Creek

sediment.> More specifically, NO, reduction was observed for a nontronite (approximately 37% Fe), but

no reduction was observed for either an illite clay (approximately 1.6% Fe), or a montmorillonite clay
(approximately 3.7% Fe) alone which suggests that the presence of aqueous Fe(II) may be required for

low Fe containing clays to reduce NO,.3

Addition of aqueous Fe(Il) to the autoclaved sediments resulted in a significant amount of NO,
reduction with 60% of the NO, reduced over three weeks, and near complete N recovery as N,O (99 +
2%) (Figure 4C). Substantial chemodenitrification by Walnut Creek sediment in the presence of Fe(Il) is
consistent with an increasing number of observations of chemodenitrification by sediments and soils after
the addition of, or in the presence of, Fe(Il).”- % 13-2% The rate of reduction by the autoclaved
sediment/Fe(Il) is notably slower (£, = 385 h) than what we observed for the Fe(IlI) oxides with Fe(Il) as
well as the magnetites (Figure 2). Interestingly however, the N mass balance throughout the experiment
was near complete with no indication of a missing N pool as is often observed by others,??? and we also
observed here for magnetite, goethite/Fe(Il), and hematite/Fe(II) (Figure 2). Near complete mass balance
throughout suggests that if there was an intermediate, such as NO, that reduction of the intermediate to
N,O was as fast or faster than reduction of NO, to the intermediate consistent with previous work that
suggested a complex network of competing pathways based on N and O isotope effects.?>7-13.22 [t also
suggests that at least one of the parallel pathways previously suggested (NO reduction to N,) is not
occurring here.? Observing chemodenitrification in a sediment with a history of agricultural activity

suggests that chemodenitrification can occur even in sediments that are likely to be strongly acclimated to
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biological denitrification because of the high nitrogen loading. Further, the high N loadings might be
expected to exceed the capacity of the Fe(Il) in the sediment to abiotically reduce nitrite. These
observations extend beyond agricultural soils and suggest that chemodenitrification may occur if there are
conditions that bring nitrite in contact with Fe(I), for example during a precipitation-induced flushing
event.

To compare chemodenitrification with biological denitrification, we reacted sediment that had not
been autoclaved with NO, under the same conditions. In the absence of Fe(II), we observed a kinetic
profile consistent with biological reduction where we saw a lag followed by rapid loss of NO, with
limited N recovery as N,O (Figure 4B). The kinetic profile as well as absence of N,O is consistent with
biological denitrification with N, gas as the likely final reduction product.® 2% 2! In the presence of Fe(II)
added to the sediment, it appears that a mix of chemodenitrification and biological denitrification occurs
as initial reduction kinetics seem similar to when autoclaved sediment and Fe(Il) were used. (Figure 4D).
Appreciable N,O (23% of N) is only detected for one time point in one of the reactors whose NO,-
concentrations dropped at a later time point. Additionally, it is important to note that biotic reduction of
N,O may contribute to the lack of measured N,O from these experiments as N,O produced by
chemodenitrification may potentially have been reduced by microbes present in the unsterilized
sediment.?* Evidence for both abiotic and biological processes occurring has also been observed in paddy

soils, intertidal sediments, and oceanic sediments.”> % 13.23.29

Our results suggest abiotic reduction of nitrite in agricultural watersheds and soils experiencing
fluctuating redox conditions may be a significant source of N,O emissions and can occur simultaneously
with biological denitrification. Abiotic nitrite reduction may predominate under conditions where the
concentration of organic electron donor for complete denitrification is limited or of low quality but ample
Fe(II) exists in groundwater (here, H, was present as a donor). Such abiotic reduction could be common
under fluctuating conditions where nitrate and nitrite containing waters mix with anoxic groundwater. In
other environments, abiotic denitrification may also occur at interfaces such as those that occur between
fine-grained and clayey sediments and coarser textured sediments or at the interface between high-
permeability joints or ped faces in soils and low permeability sediments supporting fully anoxic
conditions. Evidence suggests such reactions could occur in lowa (and other glaciated landscapes)
underlain by jointed till sediments.5 67
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Figure 1. Kinetics of nitrite reduction (closed markers) and nitrous oxide formation (open markers) in the presence of various Fe(ll) species. Left

panel (A) is 1 mM aqueous Fe(ll) in the absence of an initial Fe oxide. Middle panel (B) is goethite (Gt), and hematite (Hem) in the presence of 1
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Time (hr)
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mM Fe(ll). Right panel (C) is three different magnetites with varying stoichiometries (x = Fe(ll) / Fe(lll)) in the absence of Fe(ll), as well as,

maghemite (x = 0) alone and maghemite reacted with 1 mM Fe(ll). Error bars represent average and standard deviation from triplicate reactors.

Experimental conditions: 5 g L' Fe oxide, 1.0 mM FeCl,, 0.1 mM NO,", 10 mM NaHCOg, initial pH 7.0.
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Figure 2. Comparison between first-order reduction rate coefficients for nitrite reduction (4) by different Fe

containing oxides and sediments. The percent value after each bar represents the nitrogen mass

recovered as nitrous oxide. The calculated half-lives for each rate coefficients are reported within each

bar. Error bars represent the average and standard deviation from triplicate reactors. Note, aqueous

Fe(ll) is not included as it does not follow first order kinetics. For comparison, a half-life calculated using

zero order kinetics after the observed lag in the aqueous Fe(ll) data had a half-life of 169 h and 76% of

the nitrogen was recovered as nitrous oxide. Experimental conditions: 5 g L-' Fe oxide or 10 g L

sediment, 1.0 mM FeCl,, 0.1 mM NO,-, 10 mM NaHCOg, initial pH 7.0.
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Mass Balance B
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Time (h)
Figure 3. Kinetics of nitrite reduction (closed markers) and nitrous oxide formation (open markers) by 5
and 10 g L'* magnetite (x= 0.47) (top). The 5 g L' magnetite (x= 0.47) data has been copied and a
nitrogen mass balance and theoretical intermediate have been added (bottom). The intermediate (grey
dashed line) represents an estimated intermediate mass and was calculated as the inverse of the mass

balance (grey x markers) for the experiment. Error bars represent the average and standard deviation
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from triplicate reactors. Experimental conditions: 5 or 10 g L-' magnetite (x=0.47), 1 mM NO,", 20 mM

MOPS, initial pH 7.0
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Figure 4. Kinetics of nitrite reduction (closed markers) and nitrous oxide formation (open markers) by
autoclaved (left two panels A & C) and non-autoclaved (right two panels B & D) Walnut Creek sediment in
the absence (top two panels A & B) and presence (bottom two panels C & D) of aqueous Fe(ll). The
dashed grey line in panel D represents the average NO, reduction by autoclaved sediment in the
presence of Fe(ll) (panel C) to guide the eye. All conditions were conducted in triplicate (three colors)
with sacrificial reactors punctured for nitrite samples, and then punctured for a headspace extraction.

Experimental conditions: 10 g L-! sediment, 1.0 mM FeCl,, 0.1 mM NO,", 10 mM NaHCOg3, initial pH 7.0.
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ks is the first order rate coefficient determined by fitting n points of a In(Concentration) vs. time plot.

bk is the first order rate coefficient normalized to the solids loading.

ksa is the first order rate coefficient normalized to the surface area.

dSurface areas are estimates based on reported values for minerals previously synthesized in our lab

en is the number of data points used to determine the first order rate coefficient (kops)-

Nitrogen mass balance recovery at final time point.

9All experiments began at an initial pH of 7.0 + 0.2

hDashed line signifies not applicable

iHalf-life calculated using zero order kinetics starting after approximately 200 hours. All N recovered as N,O
Table 1. Rate constants for nitrite reduction by a variety of Fe minerals.
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