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ABSTRACT: Nitrate and phosphate are major components of fertilizers, - | 55 - ‘

. . . xp Conditions: 25 mM NO;, 50 mM Fe(II)-Minerals
which upon runoff can lead to the eutrophication of aqueous systems. Iron || t=1 week
(oxy)hydroxides present a potential method for removing nutrients via -
denitrification/adsorption. However, the efficiency by which these contami-
nants are removed may be impacted by the competitive effects of compounds
present in the system. Herein, we conducted anoxic experiments testing the
interactions between nitrate (NO;™) and Fe minerals at different pH values, Fe
redox state, and with the presence of phosphate (HPO,*"). In our anoxic and . .
alkaline experiments containing 100% Fe?*, approximately 20% of the initial \ . \
NO;~ concentration was reduced, while ~60 to 80% of Fe(Il)-hydroxides were FC(H)>{ Fc(")>.{
oxidized. The reduction of NO;~ and the oxidation of Fe(II) precipitates R Mineras %4 B Minerals
formed NH;/NH," and magnetite (Fe;O,). Nitrate reduction was not [I8
observed under conditions with 100% Fe** at 6.5 or in experiments containing
either 1:1 Fe?*:Fe®" or 100% Fe* at any pH. Upon addition of HPO,*, nitrate reduction was inhibited, and no redox was observed.
Additionally, NO;~ inhibited HPO,>~ adsorption with ferrous iron-containing minerals, although HPO,>~ adsorption was observed
in 100% Fe** experiments. This work demonstrates the challenges with developing treatment mechanisms for nutrient-impacted sites
and elucidates how nutrients could further react with Fe (oxy)hydroxides in sediments, should they remain in the system.

KEYWORDS: iron hydroxides, nitrogen, phosphorus, magnetite, redox reaction, adsorption

B INTRODUCTION and/or Fe(Il)-bearing minerals has been shown at elevated
temperatures, at various pH levels, and/or in the presence of
catalysts (Cu®*, Ag?*, Fe(0)).”'°"® The products from these
NO;~ reduction reactions include N gases (e.g, N,O) and
reduced soluble N species (i.e.,, NH;/NH,") as well as oxidized
Fe in the form of magnetite.'""> Under ferric (Fe(III)-only)
mineral conditions, NO;~ and Fe(III)-(oxy)hydroxides do not
undergo redox chemistry; rather, the minerals provide binding
sites for the surface complexation of NO;~. Computational
studies have shown that NO;~ complexation can occur on
Fe(III)-(oxy)hydroxides under acidic, neutral, and alkaline
conditions, demonstrating that NO;~ adsorption occurs by
inner (chemical bonds) and outer (electrostatic) sphere
complexes depending on the pH.'®

However, more experimental study is needed to understand
how NO;™ interacts with Fe-mineral surfaces and how this is
affected by environmental factors such as pH, iron redox state,

Nitrogen and phosphorus are key biogenic elements that are
limiting nutrients for biological growth. Understanding the role
of iron (Fe) mineral systems in abiotic nitrogen (N) and
phosphorus (P) cycling is key to determining the fluxes
between N and P reservoirs. Nitrate (NO;~) and phosphate
are water-soluble and ubiquitous throughout the Earth’s
surface and groundwater systems; they are major components
of fertilizers, "> and they are considered pollutants of concern
from an environmental science perspective.” The interactions
between NO;~ and Fe have implications for environmental
science; for example, in the water treatment industry, NO;™ is
considered a contaminant with a maximum contaminant level
(MCL) of 10 mg/L of N, and denitrification catalyzed by Fe is
regarded as an attractive method of treatment.’

Compared to phosphate, nitrate cycling is more complex
given the various species to which nitrate can be converted,
including soluble nitrite, gases that remove N from the system
(N,, N,O), and soluble ammonia. Redox-active Fe minerals
present in the subsurface oxic/anoxic transition zone can affect
NO;™ reactivity and transport through redox reactions and
sorption (physical and chemical bonding, ion exchange, and
absorption) depending on geochemical and/or experimental
conditions.” ™" For example, abiotic NO;~ reduction by Fe?*
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or the presence of other competing anions (such as HPO,*")
in the system. In this work, we revisited the NO;~ — Fe®"
redox couple to understand the amount of NO;~ removed
from aqueous experiments by either redox reactions with or
adsorption onto Fe (oxy)hydroxide minerals. The objectives of
this study were to (1) quantify the magnitude of nitrate
reduction/adsorption on iron minerals under anoxic con-
ditions at circum-neutral (6.5) and alkaline (8.0 and 9.5) pH;
(2) quantify ammonia production by colorimetry; (3)
determine the effect of equimolar HPO,>~ concentration on
NO,;~ reduction and/or adsorption on Fe (oxy)hydroxides,
and (4) characterize mineralogical changes in Fe oxyhydr-
oxides due to interactions with NO;™ in mineral systems.

B METHODOLOGY

Nitrate and Phosphate Batch Experiments Using Fe
(Oxy)hydroxides. All experiments were performed at
ambient temperature and pressure; solutions were prepared
in 100 mL serum vials sealed with black rubber butyl stoppers,
crimped with aluminum crimp seals, and continuously stirred
(100 rpm) on a stir plate inside a N,-filled glovebox (Plas Labs
818 series). FeCl,4H,0 (Sigma-Aldrich) and FeCl;-6H,0
(Sigma-Aldrich) were dissolved in 85 mL of Milli-Q water
(18.2MQ-cm) sparged with N, gas for a total Fe concentration
of 250 mM. Our N, sparging technique is not exgected to be a
source of NH;/NH," via N, (g) reduction;'” in previous
experiments that employed a similar experimental procedure,
NH;/NH," was not detected in any experiments sparged with
N, (g).18 15 mL of S M NaOH was added to precipitate Fe
minerals. The mineral precipitate was immediately centrifuged,
and 40 mL of the supernatant was removed and replaced with
Milli-Q_water; this was done to remove excess Cl~ and Na*
ions from the supernatant. Depending on the experimental
condition, the pH of the Fe (oxy)hydroxide was titrated to 9.5,
8.0, or 6.5 using HCl. When the desired pH was reached, the
vial was agitated to evenly mix solid and liquid, and 20 mL of
the Fe (oxy)hydroxide slurry was transferred into another 100
mL serum vial and then mixed with 80 mL of a 31.25 mM
Na'*NO; (Sigma-Aldrich) solution (that had been titrated to
the same pH). This resulted in a final experimental
concentration of 25 mM NO;~ and S0 mM total Fe. A
detailed list of experimental conditions can be found in Table
SI.

Additional nitrate + phosphate experiments were performed
to determine whether phosphate competed with nitrate for
reactive sites on the Fe (oxy)hydroxide surface (Table S1).
The nitrate + phosphate experiments were prepared in the
same manner as above, except that 20 mL of Fe-mineral
suspension was mixed with 80 mL of solution containing both
nitrate (Na'*NO;) and phosphate (Na,HPO,-H,0, Mallinck-
rodt). Both NO;~ and HPO,*~ were added, such that the total
concentration of each was 25 mM in the 100 mL vial. The
nitrate + phosphate experiments were only performed at pH
9.5 because this was one of the two conditions where we
observed notable NO;™ reduction in the nitrate-only experi-
ments. In this work, we refer to hydrogen phosphate (HPO,*")
as phosphate, given that phosphoric acid speciation at pH 9.5
results in this dominant ionic form.

Control experiments were also performed using the same
procedure but without nitrate or phosphate added. The
controls were allowed to react for 1 week to ensure the
reactions were a result of the compounds added (e.g, NO;~
and HPO,*"). The controls were made using the same
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procedure as the nitrate-only experiments except with 80 mL
of pure Milli-Q water (e.g, no NO;~ and/or HPO,*” was
present in the control experiments).

Sampling. Experiments were sampled six times at each
time point (f = 0, 1 day, 7 days). Vials were stirred before
sampling (inside the glovebox) to ensure even distribution of
solid/liquid. Three of the six 1 mL samples were immediately
centrifuged to analyze the NO;~ and/or HPO,>” concen-
tration in the supernatant via ion chromatography (IC), while
the other three samples were treated with 0.5 mL of 2.5 mM
HCI to dissolve the solids for colorimetry. The post-treatment
of the samples was performed outside of the glovebox, and the
resulting samples for analysis were stored inside a —20 °C
freezer. After the final samples were taken at ¢t = 7 days, the
reaction mixture was allowed to settle and the supernatant was
removed, and the mineral precipitate was subjected to
lyophilization over 3 days (with a SP Scientific Virtis
AdVantage Benchtop Freeze-Dryer). The freeze-dried precip-
itates were stored in the N,-filled glovebox until analysis.

lon Chromatography. Three samples from each time
point were analyzed with IC. 0.75 mL of the supernatant was
transferred to a new tube and treated with 0.25 M of 1 M
NaOH to precipitate any remaining dissolved Fe**. The sample
was centrifuged, sampled, and treated again with the same
process (0.25 mL of NaOH + 0.75 mL of supernatant); this
process was done a total of three times to remove residual Fe?*.
Then, the samples were filtered with a 0.2 ym syringe filter,
diluted to S mL using deionized Milli-Q water, and dispensed
into polyvials that were loaded onto an automated sampler.
Concentrations of NO;~, HPO,*", and CI~ were measured
using an Interion HPLC System fitted with a Dionex IonPac
AG11-HC-4 ym column (4 mm X 250 mm). The instrument
used a EGC 500 KOH eluent generator set to 30 mM
concentration. Two instrument methods were created using an
isocratic flow of 1.25 mL/min for a retention time of 15 min
and constant current. The first IC method was used to measure
NO;7, NO,7, and CI” of the nitrate-only experiments; in this
method, the retention times of Cl”™ and nitrate were 3.64 +
0.03 and 6.78 + 0.09 min, respectively. The second IC method
was used to determine the concentrations of Cl7, NO;~, and
HPO,*” of the nitrate—phosphate experiments; in this method,
the retention times were 3.66 + 0.08, 6.62 + 0.12, and 9.82 +
0.12 min, respectively. Calibration curves were established for
each of the anions tested (Figure S1). Nitrite (NO,™) was not
measured because the CI™ peak appeared immediately before
NO,™ and interfered with quantification.

NH; and Fe Colorimetry. For experiments where we
observed significant NO; —Fe? reactivity (i.e,, 100% Fe at pH
> 8), two separate experiments (25 mM NO;~ + 50 mM
Fe(II) at pH 8.0 and 9.5) were preformed to investigate any
ammonia/ammonium (NH;/NH,") formation. We analyzed
NH;/NH," using a colorimetric technique'” that determines
concentrations of ammonia (NH;) in solutions at a pH of ~11.
The experiments performed for ammonium colorimetry were
sampled in 1 mL triplicates at t = 0, t = 1 day, and t = 7 days.
The samples for NH;/NH," analysis were centrifuged to
separate the supernatant and solids. The supernatant (0.75
mL) was treated with 0.25 mL of 1 mM NaOH to remove the
dissolved Fe** and centrifuged to ensure that there was no Fe
interference. 0.75 mL of the newly treated sample was treated
with 0.25 mL of 1.25 mM sulfuric acid. Absorbance at a
wavelength of 628 nm was used for quantification and was
measured using a UV—vis spectrophotometer (Thermo
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Figure 1. (A) Experimental vials containing 25 mM nitrate and 50 mM 100% Fe®" after 24 h at varying pH values (left: pH 6.5, middle: pH 8.0,
and right: pH 9.5). (B) Experiment with 25 mM nitrate and 50 mM 100% Fe** at pH 8.0 at 24 h. (C) Control containing only 50 mM 100% Fe*

after 24 h.

Scientific Nanodrop 2000c) and a 1 cm quartz cuvette (Range:
0.62—1.35 ug/mL). The calibration curve used for the analysis
can be found in Figure S2.

For Fe colorimetry, 0.5 mL of 2.5 mM HCI was added to the
1 mL sample to dissolve any solid Fe. The iron redox state was
determined by using a Genesis UV—vis Spectrophotometer at
a wavelength of 510 nm. The method employed measures Fe**
and is described by Aguirre et al,, 2020 with minor volume
modifications for this study.”” Each sample was split into two:
one part was analyzed for Fe?* content, while the other was
first subjected to ascorbic acid to reduce Fe’" into Fe to
enable the determination of the total Fe concentration. The %
of Fe(1I) was determined by dividing the measured Fe®* by the
total iron (FeT). The Fe colorimetry calibration curve can be
found in Figure S3.

Visible and Near-Infrared (VNIR) Spectroscopy.
Reflectance spectra were collected on the freeze-dried samples
by using an Analytical Spectral Devices (ASD) FieldSpec3
spectroradiometer spanning 0.35—2.5 ym. The samples were
illuminated with a fiber optic cable with a white light source
mounted on a hand-held contact probe and were collected
relative to a Spectralon white reference. The samples were
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placed on matte black Cinefoil paper to decrease background
noise, and the spectra were pressed flush against the contact
probe during data collection.

X-ray Diffraction (XRD). X-ray diffraction (XRD) was
performed on the freeze-dried mineral samples from the end of
experiments where we observed the occurrence of redox
reactions (100% Fe** at pH > 8.0). The dried mineral samples
were transferred from 15 mL falcon tubes to 10 mL glass vials
for storage. Spectra were collected on a Rigaku SmartLab X-ray
diffractometer from 5 to 80°.

B RESULTS AND DISCUSSION

pH-Dependent Fe-Mineral Precipitation. The addition
of NaOH to the dissolved Fe solution immediately formed Fe-
mineral precipitates, which varied in color, volume of
precipitates, and magnetism depending on the starting pH
and the Fe?*/Fe’" ratio. With 100% Fe®’, significant amounts
of precipitate only formed when pH > 8.0; at pH 6.5,
precipitation was not observed but the solution turned a green-
translucent hue upon the addition of NaOH (Figure 1A). The
colorimetry results of Fe(Il)-only solutions of each pH
remained consistent at nearly ~100% Fe?'/FeT throughout

https://doi.org/10.1021/acsearthspacechem.3c00218
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the experiment (Table S7). For experiments with 50% Fe®'/
50% Fe**, at all pH conditions, a black material precipitated
upon addition of NaOH that was attracted to the magnetic stir
bar. Fe colorimetric analysis of 50% Fe**/50% Fe** showed no
changes to the Fe redox state of the mineral for 1 week. For all
experiments with 100% Fe, an orange precipitate formed,
regardless of the pH.

The only visually observable changes in experiments
occurred at 24 h after the addition of NO;~ (Figure 1B—1C;
similar color changes observed by Buresh and Moraghan,
1976) for experiments with 100% Fe** at pH 8.0 and 9.5. The
100% Fe®* with NO;~ experiments (pH > 8) reached a final
color change (black magnetic particles) at 1 week where the
material formed magnetic rod-shaped fragments that were
attracted to the magnetic stir bar. The rods appeared similar in
nature to the magnetite structures synthesized by coprecipi-
tation methods.”’ The experiment with 100% Fe>" with NO,~
at pH 6.5 did not exhibit any color change after 1 week. For
experiments with 50% Fe?*/50% Fe** and 100% Fe** with
NO;™ at all pH values, no obvious changes in color or amount
of precipitates were observed.

Effect of Fe-Mineral Redox State and pH on Fe/
Nitrate Redox Reactions. 100% Fe’* Reactions with
Nitrate. Of the conditions tested in the NO; -only experi-
ments in this study, only experiments starting with 100% Fe>*
at alkaline pH exhibited evidence of Fe(II)-driven
NOj;reduction. The following results only consider changes
in NO;~ concentration and the production of NH;/NH,*;
detection of NO,™ was hindered by interference by Cl™ in our
IC analysis and we did not have the means to detect gaseous N
species (N, NO, and N,0). We do recognize the possibility of
NO,™, N,, NO, and N,O production that occurs in other
experimental systems that contain Fe?* and Fe(II) minerals at
various stochiometric and experimental conditions (a summary
of relevant reactions is listed in Table S2). We observed a
~20% decrease in NO;~ concentration (measured by IC) in
the liquid phase over a period of 1 week in 100% Fe**, pH 8.0
and 9.5, NO; -only experiments. More specifically, by 1 week,
nitrate-only experiments that started at pH 8 and 9.5
experienced a 5.32 + 0.95 and 5.66 + 1.32 mM decrease in
NO;, respectively. The decrease in NO;~ concentration
corresponds to a 20.96% = 3.71 (pH 8) and 20.84% =+ 3.89
(pH 9.5) removal percentage from experiments over 1 week
(Figure 2, Table S5). This NO;~ decrease was correlated with
an increase in the average concentration of NH; (observed by
colorimetry); specifically, the average concentrations of NH,
increased by 1.37 mM # 0.09 (pH 8.0) and 1.31 mM + 0.05
(pH 9.5) (Figure 3 and Table S6) (the + values in these
results correspond to the standard deviation of technical
triplicate samples of a single experiment). We also observed
Fe(II) oxidation that correlated with the decrease in NO;~ and
increase in NH; for both pH 8.0 and 9.5 experiments (Figure
3) after 1 week, the % of Fe(Il) minerals in these experiments
had decreased from 92.12% Fe®* to 37.84 + 8.23% (pH 8.0)
and from 91.14% Fe?* to 18.76 + 11.50% (pH 9.5) (Figure 4A
and Table S8). In pH 8.0 and 9.5 experiments, we observed a
drift in pH after the experiment began: for pH 8 reactions, the
pH decreased on average from 8.10 & 0.09 at t = 0 to 7.77 +
0.25 at 1 week; for pH 9.5 reactions, the pH increased on
average from 9.54 + 0.04 at £ = 0 to 11.07 + 0.15 (Table S9).
The increase and decrease in pH for the pH 8 and 9.5
reactions, respectively, despite both oxidizing Fe?* and
removing NO;™ at similar rates is noteworthy. We originally
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Figure 2. Average NO;~ concentrations measured in experiments
containing 25 mM NO;~ and 50 mM Fe. (A) Experiments with 100%
Fe**. (B) Experiments with 50% Fe?* and 50% Fe’*. (C) Experiments
containing 100% Fe**. The error bars are the standard deviation of
three experimental repeats.

hypothesized that the discrepancy could be due to different
minerals forming at different pH values; however, VNIR
showed that both reactions showed low reflectance consistent
with magnetite (Figure SA); this was further corroborated with
XRD (Figure 6) that suggested magnetite was formed in both
reactions (RRUFF ID: R061111.9°%). The additional XRD
peaks located at 32 and 46° likely correspond to highly
crystalline halite (NaCl);*® and in these samples, no other
crystalline material was observed to be present.

In contrast, 100% Fe(II) reactions at pH 6.5 showed neither
NO;~ decrease (Figure 2A and Table S5) nor Fe(1l) oxidation
(Figure 4A and Table S8) over 1 week. VNIR analysis of the
lyophilized solids from the pH 6.5 experiment showed
absorption bands located at 1.46 and 1.98 um that
corresponded to H,O within the mineral structure, and 0.35
and 0.85 ym absorption bands that corresponded to electronic
vibrations associated with iron; this likely indicates the
presence of hydrated chloride salts (Figure SA). Finally, for
the pH 6.5 reactions, the pH remained stable throughout the
experiment, only increasing from 6.59 + 0.08 (¢t = 0) to 6.63 +
0.20 (1 week) (Table S9).

The differences in NO;™ reactivity between the pH 6.5, 8.0,
and 9.5 NO; -only experiments at 100% Fe®" are likely related
to the amount of Fe-mineral precipitate that was present at
these conditions. The observed decrease in NO;~ was most
pronounced at high pH (8.0 and 9.5), which are also
conditions that generate the most Fe-mineral precipitate
mass; whereas at pH 6.5, very little mineral solid was produced
(Figure 1A). At pH > 8, Fe" precipitates as a mineral that
provides a reactive site for surface chemistry, ion exchange, and
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adsorption.”* A previous study testing NO,~/Fe(II)-mineral
reactions under slightly different conditions (pH 8.0, 10 mM
Fe’’, 1 mM NO;") also observed a decrease in NO;~ over 1
week."" The NO, -driven oxidation of Fe(Il) in these iron
mineral precipitates produces a black and magnetic solid likely
to be magnetite (Fe;0,), as suggested by our results and other
studies.' "' >'**>*° At pH 6.5, we observed neither NO,~
reduction by nor adsorption onto Fe minerals; this could be
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due to the overall lack of surface sites given that a precipitate
was not produced. It would seem from Figure 1A that the
decrease in NO;~ was not affected by the experimental pH,
until the pH falls below a point where Fe is not sufficiently
precipitated. Based on the Pourbaix diagrams by Génin et al.
2006, the precipitation of Fe® indicates E, values in the
negative range between approximately —0.55 and —0.65 V; to
this end, the type of Fe species can transition between phases
as a function of pH.”’

50% Fe** and 50% Fe** Reactions with Nitrate. Experi-
ments that started at 50% Fe®'/50% Fe’* experienced
negligible Fe and NO;~ reactivity. The experiments with
50% Fe®" showed an approximately less than 5% NO,~
decrease after 1 week at all pH values tested (Figure 2B and
Table S5). The most notable reactivity that we observed was
the slight oxidation of Fe(II) in the minerals. In a previous
study, a 10% NO;™ removal from solution was achieved using
magnetite at pH 5.5.” Our colorimetric results indicated that
the Fe(II) precipitates began to oxidize by t = 1 day and by 1
week the % Fe** decreased from 53.55% + 12.89 to 38.55% +
3.96 for pH 6.5, 45.50 + 3.59 to 34.05 + 9.83 for pH 8.0, and
44.76 + 4.21 to 29.02 + 5.02 for pH 9.5 (Figure SB and Table
S8). However, given that we observed no corresponding NO;~
reduction, this slight Fe oxidation could be a result of
atmospheric oxidation, while the sample was processed and
analyzed outside of the anaerobic glovebox. A second notable
result was that the pH of all three sets of experiments slightly
decreased over 1 week (Table S9); however, this could be a
result of the precipitates reaching equilibrium and not any
reactions related to NO;~ (this same pH decrease was also
observed in our control experiments where NO;~ was not
present). VNIR reflectance spectra for the 50% Fe®' nitrate-
only experiments exhibited flat features that correspond to
magnetite formation, similar to the results for 100% Fe?*
experiments at alkaline pH (Figure 4B).

100% Fe** Reactions with Nitrate. The NO; -only
experiments starting with 100% Fe®* showed no significant
decrease in NO;™ at any pH tested (Figure 1C); after 1 week,
the NO;™~ decreased by 3.24 + 2.21, 1.90 + 4.82, and —0.37%
+ 1.08 for the pH 6.5, 8.0, and 9.5 experiments, respectively
(Figure 2C and Table SS). Fe colorimetric results showed less
than ~4% of Fe’* present after 1 week which is within the
experimental error; thus, no Fe redox reaction occurred with
ferric minerals as expected. Lastly, the pH of the experiments
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remained relatively stable (Table S9). The reflectance spectra
for the Fe(IIl) precipitates after 1 week of reaction time with
NO;™ revealed reflectance bands similar to those of hematite
(Fe,05) (Figure 4C). The bands of the reflectance spectra
located at 0.35 and 0.94 ym correspond to Fe—O bonds, while
the bands located at 1.43 and 2.48 um correspond to H,O
vibrations adsorbed to salts.

We would not expect Fe(II)-driven NO;~ reduction to
occur in 100% Fe*" experiments; however, NO;~ might still be
removed from the liquid phase via surface adsorption to the
minerals. Indeed, DFT studies have shown that NO;™ can form
ligand exchange bonds with ferric minerals under acidic,
neutral, and basic conditions.'® In laboratory experiments by
Youngran et al, 2007, ~ 2% nitrate was adsorbed onto Fe
minerals at pH 6.0 in solutions containing As(V) that
competed for adsorption sites.”® The NO;~ values we report
here for experiments with 100% Fe®" coincide with previous
findings that imply that nitrate binds only weakly onto
hematite and goethite (both ferric oxides),**¥*” or that CI~
and NO;™ anions were the least favorable ions to be adsorbed
on the ferric (oxy)hydroxide minerals akageneite and
goethite.”” These results can be explained by the pK, value
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of NO;™ and the point zero charge (pzc) of hematite, the only
mineral phase detected in our 100% Fe(IIl) nitrate-only
experiments by VNIR (Figure SC). The pzc of hematite is
between pH 6.0 and 6.5;>'% thus, at pH 6.5, 50% of the
surface of our Fe(III) precipitate would be positively charged
and the other 50% would be negatively charged. For our pH
8.0 and 9.5, 100% Fe(III) precipitates, the mineral would
possess a fully negatively charged surface, and thus negatively
charged NO;™ would be repelled from adsorbing. In addition,
NO;~ is a conjugate base (i.e., nitric acid is a strong acid:
HNO; < NO;, pK, 1.5) and a poor electron donor;
consequently, NO;™ is not expected to readily form bonds
with electron-deficient species at the mineral surface (e.g., Fe
or H). Overall, the pH of our reactions favors a mineral surface
that is negatively charged, which repels the NO;™ anion, and
the few locales where the mineral is positively charged are
unlikely to facilitate adsorption because NO;™ does not readily
share electrons.

Effect of Phosphate on Nitrate Reactions with Fe
oxyhydroxides. Given that HPO,*~ and NO;™ are common
additives to fertilizers and are also critical nutrients for life, we
chose to investigate systems containing both. Previous work
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found that PO,*” readily adsorbed onto similar Fe oxy-
hydroxides and that the degree of adsorption was impacted by
pH, coexisting compounds (e.g, amino acids), and mineral
type.”>*® Although we found that NO,~ did not adsorb onto
the Fe minerals, we wanted to see whether it could promote or
inhibit HPO,*~ adsorption; simultaneously, we wanted to
investigate whether HPO,>” adsorption onto Fe oxyhydr-
oxides, which may stabilize the mineral and/or shield reaction
sites, could affect NO;~ reduction. All three iron oxidation
states (100% Fe?*, 50% Fe**/50% Fe**, 100% Fe®*) were
tested at pH 9.5 only; we tested 100% Fe?*, which is one
condition where we observed NO;™ reduction the most, and
50% Fe?*/50% Fe3™ and 100% Fe®* were the conditions under
which we wanted to investigate HPO,*~ adsorption capacity.
100% Fe** Reactions with Nitrate and Phosphate. In
contrast to the NO; -only experiments, in nitrate + phosphate
experiments at 100% Fe?* and pH 9.5, we observed little to no
NO;" removal (via adsorption or redox) and no corresponding
Fe-mineral oxidation (Figures 7 and 8 and Table SI1).
Colorimetric results showed that the %Fe** remained above
97.54% + 2.02 after 1 week (Figure 8 and Table S2); the Fe
precipitates also remained green, indicating that magnetite had
not formed (Figure 8). It is thus evident that the addition of
the HPO,>™ ion inhibited the NO,~ —Fe(II)-mineral redox
reaction by preventing the transformation of Fe(1I)-hydroxides
into magnetite. Yet, the mechanism for phosphate to inhibit
NO;~ reduction/Fe oxidation is unclear given that we also
observed no retention of the HPO,*~ ion onto the Fe-mineral
surface (which would be evidenced by a decrease of HPO,*;
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Figure 7A). The pH of these reactions, like the NO; -only
experiments, increased from 9.77 & 0.23 to 11.50 + 0.41 after
1 week (Table S13). Given that there is no evidence for either
NO;~ or HPO,*~ adsorption or redox reactions, it remains
unclear what is facilitating this pH increase. The increase must
be related to the presence of NO;~ given that in control
experiments (Fe?* without NO;~ or HPO,*™ at pH 9.5), only a
slight increase in pH from 9.51 at t = 0 to 9.65 at t = 7 days was
observed (Table S9).

50% Fe’*/50% Fe’* Reactions with Nitrate and
Phosphate. We did not observe any evidence for NO;~
reduction or Fe oxidation; however, we did observe minor
HPO,>” adsorption in the 50% Fe(I1)/50% Fe(IIl) nitrate +
phosphate experiments (Figures 7 and 8); this is again in
contrast to our results from the nitrate-only experiments under
similar conditions. We also observed a pH increase from 9.5 to
~11 in the 50% Fe(I) nitrate + phosphate experiments.
Similarly, in a previous study, it was observed that nano-
magnetite particles experienced less phosphate adsorption with
increasing pH; the increased pH was suggested to be a result of
OH™ release and phosphate uptake.’”

100% Fe** Reactions with Nitrate and Phosphate. Minor
HPO,>” adsorption was observed in the 100% Fe®" nitrate—
phosphate experiments at pH 9.5; HPO,’ adsorption was
~12% at t = 0 and increased to more than 20% at ¢ = 1 day and
~28% after t = 1 week (Figure 7A). From this data, it appears
that HPO,*~ was adsorbed onto the surface of the ferric
(oxy)hydroxides immediately and continued to adsorb more at
subsequent time points. Our colorimetric results of 100% Fe®*
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Figure 7. Degree to which (A) HPO,*™ and (B) NO,~ were removed
from solution in experiments containing 50 mM Fe, 25 mM nitrate,
and 25 mM phosphate at pH 9.5. Error bars represent the standard
deviation of three experimental repeats.

nitrate + phosphate experiments indicate that there were no
changes in the Fe redox state, and the precipitate remained as
Fe(III) throughout the experiment (Figure 8 and Table S12).

Together, our results show that Fe(II)-driven nitrate
oxidation can occur at ambient temperature and alkaline pH,
resulting in NH;/NH,* production in anoxic iron oxy-
hydroxide mineral systems and conversion to magnetite. Our
results taken in context with previous studies indicate that
nitrate reduction is highly sensitive to specific chemical
conditions such as pH, Fe redox state, concentration ratios
of reactants, and the presence of other competing ions. In
previous studies, the use of NO;™ as a mild oxidant has been
shown to produce magnetite Fe;O, at elevated temperatures
and via oxidation of aqueous Fe(II) bound to Fe minerals,
oxidation of zero-valent Fe and green rusts (GR), and other
Fe(Il) species with added catalysts.'"'>'*!525263% Ogtley et
al,, 1997 report an increase in pH will increase reduction rates
by Fe(II)-mineral + catalyst reactions, which is in contrast with
our results where the rate of reduction was the same despite an
increase in the pH."' In our redox experiments, the limiting
reagent is Fe: oxidation of Fe within metastable Fe-(oxy)-
hydroxides results in the formation of magnetite, which is a
stable material in wastewater, river water, and in NO; -
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containing solutions.””” Further reduction of NO;~ in our
experiments would likely require additional Fe?* (i.e., the case
with surface-bound Fe’* onto magnetite surfaces®). In
experiments with added Fe®* (50% Fe**/50% Fe® and 100%
Fe*"), NO;~ largely remained in solution, which indicates that
NO;™ may be difficult to remove (via adsorption or reduction)
in oxidizing systems.

The addition of HPO,>” into our experiments was to
understand if there was any competition between NO;~ and
HPO,*~ on the Fe-mineral surfaces. In a previous work by
Flores et al, 2021, we found that 29—45% of phosphate
readily adsorbed to ferric and ferrous (oxy)hydroxide
precipitates at pH 6.5—8 even in the absence of amino acids
that facilitate ads.orption.3'3 However, in this work, we found
that phosphate adsorption was inhibited by the presence of
nitrate: no phosphate adsorption was observed with ferrous
precipitates at pH 9.5 compared to 45% in ref 33 and only 28%
adsorption was observed with ferric precipitates at pH 9.5
(compared to 39% in ref 33). Notably, there was proportion-
ally less iron mineral and thus fewer surface sites available for
adsorption in our work that had a lower P:Fe 1:2 compared to
the 1:5 ratio used in ref 33. Furthermore, these adsorption
reactions were conducted at higher pH (9.5) compared to that
in ref 33 where the mineral was precipitated at pH 9, but the
adsorption reaction with phosphate was done at pH 6.5. At a
lower pH in ref 33, the hematite precipitate (with pzc 6.0—6.5)
would be ~50% positively and ~50% negatively charged, while
phosphate would be mostly in the form of H,PO, (H,PO, <
HPO,; pK, ~ 7.2). H,PO,, which is a singly charged anion, can
bind to either positive (via the O atom) or negative sites (via
the H atoms). However, at pH 9.5 in our work, the hematite
mineral is entirely negatively charged, and the phosphate anion
would exist as HPO,, which is a doubly charged anion, and
there would be significantly more electrostatic repulsions
between the mineral and phosphate ion. Thus, the conditions
in our work (even in the absence of nitrate) are less conducive
toward phosphate adsorption compared to that in ref 33.
Consequently, whether nitrate inhibits phosphate adsorption
to ferric oxyhydroxides remains uncertain.

Phosphate is a better nucleophile than NO;~ (evidenced by
phosphate’s higher pK,) and is thus more likely to form bonds
at electron-deficient sites on the mineral surface. In our
experiments, the mineral reactive sites were likely negatively
charged, which would cause electrostatic repulsions from the
additional anion species (NO;~, CI7). The lack of NO;~
reduction in our 100% Fe(II) nitrate + phosphate experiments
can potentially be explained by a mechanism similar to that
observed by Etique at al, 2014, where NO;™ was effectively
reduced by green rust (GR(CO;*7)) except under conditions
where phosphate was introduced into the experiments®®
because phosphate “quasi-saturates” the surface of the green
rust and prevented the transition of the green rusts to ferrous
hydroxides and magnetite.”*** In our experiments, HPO,*~
adsorption may have occurred via weak Lewis acid—base
interactions that can inhibit NO;~ from entering the inner-
sphere of the mineral surface; thus, HPO,*~ would have a
higher affinity than NO;™ to the mineral surface, which would
allow HPO,*™ to remain in the inner-sphere region of the
mineral matrix, while NO;~ would remain inert at the outer-
sphere region. The outer and inner-sphere mechanisms are
explained by the effects of ionic strength that render the
molecules inefficient at adsorbing onto the mineral surface in
the presence of other anions.”’ In a Mg—Mn layered double
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hydroxide experiment, for example, the adsorption of
phosphate (using seawater containing phosphate) occurred
via electrostatic forces and had a maximum adsorption capacity
near pH 8.5, which decreased with increasing pH."> Zhang et
al, 2019 performed similar experiments with a similarly
prepared ferric iron precipitate and determined that there was
significantly lower phosphate adsorption at pH > 9.0; however,
they did find a correlation between higher salinity (NaCl)
content and higher PO,*” adsorption on minerals at alkaline
pH.* They also evaluated how NaCl can form sodium-
phosphate species (e.g, NaHPO,”, Na2HPO, (aq)) to
provide a positively charged ionic complex to the negatively
charged mineral surface; likewise, they suggested that Na* can

43
In our

decrease electrostatic repulsions in the system.
experiments, Na® is abundant since we used NaNO;,
NaPO,?, and NaOH salts. The values we report here agree
with those found by Zhang et al, 2019, assuming Na*
facilitated phosphate adsorption onto the ferric (oxy)hydroxide
precipitates.

In an environmental science context, both NO;~ and
HPO,*~ would be mobile and can potentially contaminate
surface water and groundwater. Additionally, NO;™ reduced to
NH,;/NH," poses additional N contamination problems, as
NH,/NH," can exacerbate eutrophic conditions in surface
waters. Furthermore, variations in these and other conditions
likely to be encountered in the environment should be
considered as significant drivers affecting the likelihood of
NO;™~ reduction that would occur in natural systems and/or
should be considered as parameters that can be controlled to
predict nitrate reduction rates in a water treatment context.
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