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Abstract: Elevated nitrate concentrations in groundwater and surface water supplies can negatively
impact the quality of the environment and human health. Recent studies have examined the use of
zero-valent iron technology to treat nitrate-contaminated groundwater. Mechanistic aspects of nitrate
reduction by zero-valent iron are unresolved. This project investigated the kinetics and mechanism
of nitrate reduction by zero-valent iron under anoxic conditions and under oxic conditions. Stirred-
batch reactions were studied over environmentally relevant ranges of reactant concentration, pH,
and temperature. A complex rate expression was derived with a 1.8 order dependence on nitrate,
a 1.4 order dependence on zero-valent iron, and a fractional order (0.8) dependence on proton
concentrations under anoxic conditions. An apparent activation energy of 35 kJ mol−1 was observed
indicating that nitrate reduction was diffusion controlled under our conditions. Furthermore, the
calculated entropy of activation value of −162 J mol−1K−1 indicates that this reaction occurred by
an associative mechanism. Under oxic conditions, there was a lag period in nitrate reduction where
oxygen was preferentially utilized, leading to a slower rate of nitrate reduction when compared
with anoxic conditions. These rate data can be used in predicting nitrate disappearance in nitrate-
contaminated groundwater and wastewater treated with zero-valent iron.
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1. Introduction

Nitrate is weakly retained and prone to leaching in most soil environments due to its
anionic character and the predominance of soil particle surfaces that bear a net negative
charge [1,2]. As a result, it can readily contaminate groundwater and surface water supplies.
There are multiple consequences of nitrate contamination in water. Cyanobacteria involved
in producing algal blooms have the potential to produce more toxic compounds when the
N:P ratio increases [3]. Consumption of water with elevated levels of nitrate can lead to
nitrite-induced methemoglobinemia in infants, which is potentially harmful [4,5]. Nitrite,
an intermediate of the denitrification of nitrate, figures prominently in atmospheric chem-
istry [6,7]. Thus, concern over the fate of nitrate has led to technologies being implemented
to remove it from groundwater and wastewater [8,9].

The use of metallic or zero-valent iron (Fe0) as a chemical removal strategy has received
attention. Early studies showed that zero-valent iron can effectively reduce nitrate [10–12]
because it is a good reductant under anoxic conditions. As a result, it has been used in
permeable reactive barriers for the passive reduction of nitrate-contaminated groundwa-
ter [9,13]. More recently, it has been added to filter media to remove pathogens from
drinking water and can remove several co-occurring chemical pollutants (along with
nitrate) from domestic sewage [14–16].

Despite the recognition that zero-valent iron can reduce nitrate, there has been some
discrepancies among cited rate expressions for this reaction. For example, the reduction
rate of nitrate was positively related to Fe0 levels [17,18], whereas others have noted a zero
order dependence [12], meaning that the nitrate reduction rate is independent of the Fe0

concentration under anoxic conditions. The reaction rate dependence on the initial nitrate
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concentration is uncertain as well. In some studies, the dependence on the initial nitrate
concentration was first order [10,19], while others have noted an apparent reaction order of
1.7 [11]. Alowitz and Scherer [12] reported first order dependence on nitrate at lower pH
values, which shifted to zero order at a higher pH.

Most of the studies involving nitrate reduction by Fe0 mentioned above have been
conducted at one temperature. Temperature studies are useful to shed light on the rate-
limiting step in a process by fitting time series data at various temperatures to the Arrhenius
expression, allowing one to estimate the activation energy [20,21]. The few temperature
studies that have been performed to understand nitrate reduction by Fe0 have yielded
contrasting results. In some cases, nitrate reduction by Fe0 was predicted to be diffusion
controlled based on activation energy values of 21.7, 22, and 28.2 kJ/mol [22–24]. In contrast,
Kim and Cha [25] recently reported an activation energy value of 50 kJ/mol, placing this
reaction under surface chemical control. Furthermore, the same set of temperature data
can be fitted to the Eyring expression to assess whether a dissociative or associative ligand
exchange mechanism is involved [26,27], but this has not been performed for nitrate
reduction by Fe0.

The impact of oxygen (O2) on nitrate reduction by Fe0 is unclear. As mentioned
above, Fe0 serves as a good reductant and can be coupled to nitrate reduction under anoxic
conditions with the concomitant production of ferrous iron (Fe2+

(aq)) [11]. The presence of
oxygen affects the corrosion of Fe0 [28], so under oxic conditions, one might expect O2 to
compete with nitrate as an oxidant and impact the amount of nitrate removed from water.
Indeed, Yang and Lee [29] reported that oxygen was preferentially used over nitrate at
early stages of the reaction, thus lowering the reducing capacity of Fe0 for nitrate. However,
Westerhoff and James [22] noted that increasing the initial O2 level led to an increase in the
percentage nitrate removal. There is a need to resolve some of this uncertainty regarding
the role of O2 in nitrate reduction by Fe0.

The objectives of this study are to: (1) characterize the kinetics of nitrate reduction by
zero-valent iron under anoxic conditions over a range in initial reactant concentrations and
pH; (2) follow the reactivity of nitrate with zero-valent iron over a range in temperatures;
(3) assess the kinetics of nitrate reduction by zero-valent iron under oxic conditions in
laboratory studies.

2. Materials and Methods
2.1. Chemicals and Materials

Zero-valent iron (Fe0) powder was purchased from Fisher, containing 99% Fe and
sieved with 100 mesh size. The specific surface area of the unreacted Fe0 powder was
0.12 m2g−1 as measured using the Brunauer-Emmett-Teller (BET) N2 gas adsorption
method. All reagents including sodium nitrate, sodium nitrite, biological pH buffers
(MES-[2-(N-morpholino) ethanesulfonic acid monohydrate]; PIPES-[1,4-Piperazine Di-
ethane Sulfonic Acid]), ferrozine [3-(2-pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4”-disulfonic
acid monosodium salt], and iron(II) salts were ACS grade and obtained from Sigma. All
solutions were prepared using deoxygenated MilliQ water (18 MΩ).

2.2. Stirred-Batch Anoxic and Oxic Reactions

The stirred-batch kinetic experiments were run in 250 mL Nalgene polycarbonate bot-
tles placed within water jacketed flasks connected to a VWR Scientific Products circulating
water bath for temperature control. In light of the challenges in stirring iron particles with
a magnetic stirrer [30], mixing was accomplished using an overhead motor-driven paddle
stirrer. Prior to the start of the reaction, and during all experiments, solutions were purged
with argon to establish anoxic conditions. The reaction was initiated by the addition of a
calculated aliquot of NaNO3 from a stock solution and two mL samples were pulled from
solution at increasing time intervals and filtered into anoxic test tubes using 10 mL syringes
and 25 mm filter holders loaded with 0.2 µm membrane Fisherbrand filter paper. The
experimental protocol was adjusted to derive a rate expression describing nitrate reduction
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by zero-valent iron as a function of four variables: changes in initial nitrate concentrations
(0.5, 1.0, 3.0, and 5.0 mM NO3

−), initial Fe0 levels (0.5, 1.0, 3.0, and 5.0 g L−1), pH (5.5, 6.0,
7.0, and 7.5), and the impact of temperature (10, 15, 25, 30, and 40 ◦C). Nitrite experiments
were also conducted with the addition of 1 mM NO2

− and 5.0 g L−1 Fe0 to 0.3 M MES
buffer at pH 5.5. Additional experiments referred to as ‘buffer free’ were conducted by
substituting the MES buffer for a Metrohm Model 716 automatic titrator, which controlled
the pH at 5.5 with the addition of 0.5 M HCl. The purpose of the ‘buffer-free’ runs was to
verify the stoichiometry of the zero-valent reaction with nitrate. Control bottles (no nitrate
added) were included as well under anoxic conditions. Reactions were run in duplicate or
triplicate bottles. The reaction solution was mixed with a motor-driven paddle stirrer and
constantly purged with argon gas to maintain anoxic conditions.

Oxic reaction solutions were compared with anoxic experiments to evaluate nitrate
reduction by Fe0 by inserting a Strathkelvin Instruments 782 Oxygen Meter probe to
monitor dissolved oxygen (DO) levels throughout the reaction. Reaction solutions were
purged with argon gas until an initial DO level of 5.7 ppm was reached. Afterwards, one
mM nitrate and 5 g L−1 Fe0 were added with 0.3 M MES buffered to pH 5.5. After the
initiation of the reaction no further action was taken to control DO levels. Suspensions
were removed at increasing time intervals as before, immediately filtered, and complexed
with ferrozine to quantify Fe(II) and N species (see below).

2.3. Analytical Techniques

One mL aliquots of the filtrate were immediately complexed with ferrozine [3-(2-
pyridyl)-5,6-diphenyl-1,2,4-triazine-4′,4”-disulfonic acid monosodium salt] and pH buffer
to complex dissolved Fe(II). Quantification of the Fe(II)-ferrozine complex was achieved by
recording absorbance spectra at 562 nm [31] in Suprasil quartz cuvettes with a 1 cm opti-
cal pathlength using a double-beam Shimadzu UV-3101PC spectrophotometer referenced
against appropriate Fe(II) standards. The estimated method detection limit is 0.5 mmol/L.
Total dissolved iron (Fe2+ plus Fe3+) was quantified with flame atomic adsorption spec-
trometry (Shimadzu AA-6800). The difference between total iron and Fe(II) concentrations
was used to estimate the Fe(III) concentration. Nitrate and nitrite concentrations (NO3

−,
NO2

−) were determined with use of an anion exchange column on a Metrohm 792 Basic
ion chromatograph with method detection limits of 4.7 and 2.5 µg/L. Ammonium was
measured with a cation exchange column (Dionex, ICS2500) to circumvent problems with
colorimetric quantification in high Fe(II) as mentioned elsewhere [23]. Mineralogy of
unreacted and reacted iron powder was characterized by X-ray diffraction (XRD) using
a PW 1840 Phillips diffractometer equipped with CoKα radiation on wet mounts dried
under argon. Scans were made from 0 to 60◦2θ. Reacted solids were observed by scanning
electron microscopy using a Hitachi S-3200 scanning electron microscope equipped with a
Noran Voyager energy dispersive X-ray system. Argon dried samples were deposited onto
carbon tape attached to Al holders in the glovebox, transported to the microscopy facility
in an anoxic desiccator, and immediately sputter coated with Au and Pd to reduce sample
charging in the beam.

3. Results
3.1. Stoichiometry of Nitrate Reduction by Zero-Valent Iron

Nitrate loss from a solution in the presence of metallic iron was rapid under anoxic
conditions. For example, there was, roughly, a 92% loss of 1 mM NO3

− after 60 min of
reaction time in the presence of 5 g L−1 Fe0 suspension at pH 5.5 and 25 ◦C (Figure 1A).
The appearance of dissolved ammonium in, roughly, a 1:1 ratio with nitrate consumed
during the initial part of the reaction (See Supplementary Materials, Figure S1) confirms
that the loss of nitrate was due to reduction. Dissolved nitrite as an intermediate product
was below detectable levels (data not shown). Separate experiments were performed using
1 mM of NO2

− and it was removed more rapidly than NO3
− (See Supplementary Materials,

Figure S2), suggesting that, if formed, nitrite would behave as a transient intermediate.
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Other investigators have reported ammonium as the end product of nitrate reduction and
heightened reactivity of nitrite in the presence of zero-valent iron [11,12,32].

Figure 1. Reactivity experiments showing anoxic NO3
− (0.001 M) removal from solution by Fe0

(5 g/L) at pH 5.5 and 25 ◦C concomitant with (A) Fe2+, FeT, and NH4
+ production. The stoichiometry

between NO3
− removal and (B) Fe2+ production.

Dissolved Fe(II) appeared in the solution concurrent with nitrate reduction (Figure 1A)
in much greater quantities than in the anoxic control bottles (no nitrate added) (See Supple-
mentary Materials, Figure S3A). Separate experiments showed minimal reactivity between
dissolved Fe2+ with nitrate after 60 min of reaction, requiring 7200 min (5 days) before
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nitrate levels declined (See Supplementary Materials, Figure S4), suggesting that Fe0 was
involved. During the initial stages of the reaction, the slope of the line of nitrate reduced by
Fe0 to Fe(II) produced translates to a molar ratio of 1:4 (Figure 1B). This ratio approached 1:1
at longer reaction times. Total dissolved Fe coincided with dissolved Fe(II), indicating that
any dissolved Fe(III) produced was below detectable levels (Figure 1A). The same trend
was observed for anoxic control bottles (no nitrate added) (See Supplementary Materials,
Figure S3A).

Protons were consumed during the reaction. The average acid addition in pH-stat
experiments (buffer free) indicated that 11 mM L−1 of H+ were consumed. Thus, the overall
reaction depicted in Equation (1) was verified in our experiments at the early stages of
the reaction.

NO3
− + 4Fe0 + 10H+ → 4Fe2+ + NH4

+ + 3H2O (1)

Unreacted and reacted samples of Fe0
(s) are depicted in Figure 2. Inspection of the

reacted Fe0 solids was performed using X-ray diffraction (XRD) and scanning electron
microscopy-energy dispersive x-rays (SEM-EDS). Residual Fe0 (labelled alpha iron) was
observed based on XRD peaks at 0.202 nm and 0.143 nm, respectively (Figure 2A). Zero-
valent (Fe0

(s)) samples from the control (no nitrate) were large particles typified by smooth
surfaces (Figure 2B). Small secondary mineral precipitates (~2 mm) were observed in close
association with larger and presumably residual Fe0 particles using SEM-EDS after 60 min
of reaction time (Figure 2C). These smaller precipitates are suggestive of the presence of
magnetite (Fe3O4(s)), a secondary mineral that has been reported in Fe0 systems under
anoxic conditions [32–34]. This could explain the nonstoichiometric behavior in Fe(II)
production at longer reaction times as mentioned above.

Figure 2. X-ray diffraction (XRD) analysis (A) and scanning electron micrograph (SEM) (B) of
unreacted Fe0 and XRD and SEM coupled with energy dispersive X-rays (SEM-EDS) (C,D) of reacted
Fe0 in anoxic reactivity experiments with 0.001 M NO3

− (5 g Fe0/L) at pH 5.5 and 25 ◦C. The inset of
the XRD in (C) is the EDS spectrum of the cube-shaped precipitates.

3.2. Kinetic Analysis

Based on THE previous literature and Equation (1), one can assume the removal of
NO3

− is dependent on reactant concentrations.

−d
[
NO−3

]
dt

= k
[
NO−3

]a[Fe0
]b[

H+
]c (2)
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where
−d[NO−3 ]

dt is the rate of nitrate reduction (mol L−1 min−1), k is the overall reaction rate
coefficient (L2 mol−1 min−1 g−1), and a, b, and c represent the reaction orders with respect
to NO3

− (M), Fe0 (g/L), and H+ (M), respectively. This assumes that the forward reaction
in Equation (1) predominates. The initial rate and isolation methods were employed to
evaluate the basic rate expression in Equation (2) [20,21]. The initial linear portion in NO3

−

concentration versus time plots, denoted as R (mol L−1 min−1), was plotted against the
concentration (M) of the reaction component (NO3

−, H+, or Fe0). Calculations were limited
to data from the initial portion of the reaction to minimize side reactions. This approach is
further justified based on the nonstoichiometry at longer times (Figure 1B).

Reaction rates increased with increasing initial nitrate concentrations (Figure 3A). The
apparent reaction order with respect to nitrate at 25 ◦C was determined from conditions
where Fe0 was in excess and H+ was held constant at pH 5.5 as shown in Equation (3).

R (mol L−1 min−1) = k′obs[NO3
−]a where k′obs = k[Fe0]b [H+]c (3)

Taking the log of both sides linearizes Equation (3), giving a slope (a) representative of
the reaction order for nitrate.

log R = log k′obs + a log [NO3
−] (4)

The reaction order with respect to nitrate was 1.8 (Figure 4A) indicating a strong
dependence on nitrate concentration. Huang et al. [11] reported a similar dependence on
nitrate (1.7), whereas others have reported a first order dependence of the reaction rate on
nitrate concentration based on fitting time series data describing the disappearance of one
nitrate concentration [10,19].

Reaction rates increased with increasing Fe0 concentrations under conditions of pH 5.5
and initial nitrate concentration of 0.001 M (Figure 3B). This translated to an apparent re-
action order of 1.4 based on the slope of the log-log plot (Figure 4B). This value slightly
exceeded the first order dependence on solid concentration typically observed in hetero-
geneous reactions [21,35]. Other studies have reported a positive linear dependence of
Fe0 concentration on nitrate reduction [11,17]. Our finding disagrees with Alowitz and
Scherer [12] who reported that nitrate reduction was independent of Fe0 concentration.
This could be due to the higher pH value employed by these authors (pH 7) where Fe0

dependence was studied.
There was a strong increase in the nitrate reduction rate with a decrease in pH

(Figure 3C) with an apparent reaction order with respect to a proton of 0.8 (Figure 4C).
Other studies have reported increasing nitrate reduction rates by zero-valent iron with a
decrease in pH [11,32], and in one case, a fractional order dependence (0.49) on pH was
observed [12]. This finding agrees with Equation (1) because nitrate reduction by metallic
iron is an acid-consuming reaction under anoxic conditions.

All of the experiments mentioned above were performed at ambient temperature
(25 ◦C). In order to determine activation parameters, additional experiments were per-
formed at 10 ◦C, 15 ◦C, 30 ◦C, and 40 ◦C. Reaction rates slightly increased with higher
temperatures (Figure 5). Reaction rates were fit to the Arrhenius equation

k = A exp−Ea/RT (5)

where Ea is the activation energy (kJ mol−1), R is the molar gas constant (0.008314 kJ mol−1K−1),
and T is absolute temperature (K). The linear form of this equation

ln k = ln A− Ea

RT
(6)

is plotted in Figure 6A as ln k versus 1/T. The slope value revealed a calculated Ea value of
35.1 kJ mole−1 indicating that nitrate reduction is diffusion controlled as opposed to surface
chemical-controlled. Sparks [20] and Luther [26] reported diffusion-controlled reactions



Water 2022, 14, 2796 7 of 15

have activation energies <42 kJ mol−1. This value is slightly greater than Ginner et al. [23]
and Ahn et al. [24], who reported Ea values of 21.7 kJ mol−1 and 28.2 kJ mol−1, respectively,
for nitrate reduction by Fe0.

Figure 3. Time series data of nitrate removal as a function of (A) initial nitrate concentration at 5 g/L
Fe0 level and pH 5.5, (B) initial Fe0 concentration at 0.001 M nitrate and pH 5.5, and (C) pH at 5 g/L
Fe0 and 0.001 M nitrate. All experiments were performed at 25 ◦C.
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Figure 4. Representative log-log plots of log R versus (A) log (nitrate), (B) log (Fe0), and (C) log (H+).
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The Eyring Equation (7) relates the rate constant found in the Arrhenius equation to the
free energy of activation (∆G‡) [27] where k is the rate constant at a given temperature T (K),
h is Planck’s constant (6.626 × 10−34 J s), k′ is Boltzmann’s constant (1.381 × 10−23 J K−1),
and R is the molar gas constant (0.008314 kJ mol−1 K−1).

k = (k′T/h)exp(−∆G‡/RT) (7)

Substituting the Gibbs free energy equation (∆G‡ = ∆H‡ − T∆S‡) into Equation (7)
yields ∆H‡ and ∆S‡ for the temperature data. The linear form of the equation is found by
taking the logarithm of both sides of Equation (7), as shown in Equation (8).

ln(k/T) = −∆H‡/RT + ln(k′/h) + ∆S‡/R (8)

A plot of ln(k/T) vs. T−1 produces a line with ∆H‡/R as the slope and ln(k′/h) + ∆S‡/R
as the y-intercept (Figure 6B). The calculated value of ∆S‡ is useful in determining the
reaction mechanism, whether it is a dissociative or associative mechanism [27]. The
∆S‡ value (∆Sact) derived from the y-intercept in Figure 6B under our conditions was
−162.1 J mol−1 K−1. A ∆S‡ value > 10 J mol−1 K−1 is indicative of a dissociative reaction
and a value < −10 J mol−1 K−1 indicates an associative reaction [26,27]. This indicates
that nitrate reduction by Fe0 in our experiments followed an associative mechanism. An
associative mechanism involves a step in which an intermediate product is formed with a
higher coordination number than the original complex [36]. The heightened reactivity of
nitrite when compared with nitrate (Figure S2) corroborates an associative mechanism since
this mechanism is sensitive to changes in the entering group [36]. The enthalpy of activation
(∆H‡ value or ∆Hact) was 32.7 kJ/mole, consistent with slight temperature dependence.

Figure 5. Reduction of nitrate as a function of temperature (10–40 ◦C, 283–313 K) at pH 5.5 and an
initial nitrate concentration of 0.001 M and 5 g Fe0 L−1.
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Figure 6. The Arrhenius (A) and Eyring (B) plots for the temperature data in Figure 5.

3.3. Nitrate Reduction under Oxic Conditions

Under oxic conditions, there was a lag period of approximately 30 min before nitrate
reduction began (Figure 7A). During this lag period, O2 concentrations dropped sharply
and this was accompanied by an increase in Fe2+ production (Figure 7A,B). This suggests
that O2 was used preferentially over NO3

− as an oxidant for Fe0 oxidation. In the ab-
sence of added nitrate (control), there was a greater drop in O2 levels and there was a
comparable increase in dissolved Fe2+ (Figure S3B) as in the experiments where nitrate
was added. The rate of nitrate reduction, measured after the lag period (30–90 min), was
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8.8 × 10−6 mole L−1 min−1, which is almost four-fold less than the reduction rate under
anoxic conditions (~ 3.48 × 10−5 mole L−1 min−1) at 25 ◦C (Figure 1A).

Figure 7. Reactivity experiments showing oxic NO3
− (0.001 M) removal from solution by Fe0

(5 g/L) at pH 5.5 and 25 ◦C concomitant with (A) Fe2+, FeT, and NH4
+ production and (B) dissolved

O2 removal.

Total dissolved iron (FeT) exceeded that of dissolved Fe2+ in both the control and
nitrate-added experiments at longer reaction times (Figures 7A and S3B). This indicates
the presence of dissolved Fe3+ in oxic experiments because total Fe is a sum of dis-
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solved Fe2+ and dissolved Fe3+. This contrasts with anoxic experiments, where FeT and
dissolved Fe2+ coincided with one another in both nitrate-treated and control reactors
(Figures 1A and S3A).

4. Discussion

When considering the standard reduction potentials of zero-valent iron oxidation to
Fe2+ coupled to nitrate reduction to ammonium [37], there is a strong thermodynamic
driving force for the overall reaction denoted by Equation (1) to proceed in the forward
direction. In our study, we evaluated the rate of nitrate reduction coupled to zero-valent
oxidation by collecting fundamental kinetic data over a range of experimental conditions
under anoxic conditions.

The experimental results indicate the following overall rate equation describing nitrate
reduction by zero-valent Fe0

(s):

−d
[
NO−3

]
dt

= k
[
NO−3

] 1.8
[
Fe0

(s)

]
1.4[H+

] 0.8 (9)

where the overall rate coefficient (k) was found to be 3.1 × 10−3 L2 mol−1min−1g−1. This
overall process can thus be conceptualized as occurring in five steps: (1) proton (H+)
adsorption on an active site of Fe0

(s) to form Fe0 −H+
(surface) [18], (2) diffusion of nitrate

to the Fe0 −H+
(surface) site, (3) formation of a precursor surface complex between nitrate

and Fe0 −H+
(surface), (4) reduction of adsorbed nitrate to form ammonium and Fe(II), and

(5) release of ammonium and Fe(II) to a solution. The slowest step that determines the rate
must include the terms in Equation (9) [20]. The activation energy (35 kJ mol−1) predicts
that nitrate reduction was diffusion controlled under our conditions. This suggests that
either steps 2 or 5 are rate-limiting.

The finding that an associative mechanism is involved to describe nitrate reduction
by Fe0 allows one to infer that an inner sphere redox process is operative [36]. In other
words, significant bond formation occurs from the nitrate to the Fe0

(s) surface site. To
our knowledge, there are no spectroscopic studies showing the binding environment
of NO3

− with Fe0
(s); however, there are some studies showing that nitrate adsorbs in a

mono- and bi-dentate configuration with platinum (Pt) surface sites (NO2-O-Pt, NO-(O)2-
Pt) [38] and in a bi-dentate configuration with elemental copper (Cu) surface sites [39].
Future work is needed to interrogate the nitrate-Fe0 interface to elucidate the nature of the
surface complex.

It is reasonable to assume that the 8-electron transfer from nitrate to ammonium in
Equation (1) consists of two elementary steps; the first being the reduction of nitrate to ni-
trite, a two electron transfer reaction, and the second, the reduction of nitrate to ammonium,
a six electron transfer reaction. Once formed, nitrite was immediately reduced. This finding
was further supported by observed nitrite concentrations remaining consistently below the
detection limit throughout the nitrate reduction reactions and experiments showing the
rapid reduction of nitrite with zero-valent iron (See Supplementary Materials, Figure S1).
Nitrite occurring as a transient intermediate in the nitrate reduction by Fe0

(s) agrees with
past studies [10,40].

One of the uncertainties in our study is the role of the proton (H+). The fractional order
dependence (0.8) based on our derived rate expression, in agreement with other studies
where fractional order dependence has been reported [12], could be a composite of both the
sorption of H+ on Fe0

(s) active sites [18] and, in a complex manner, the reduction of H+ to
form hydrogen gas (H2(g)) during anoxic oxidation of Fe0. The net reaction of the latter [28]
is shown in Equation (10)

Fe0
(s) + 2H+ ↔ Fe2+

(aq) + H2(g) (10)
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Siantar et al. [10] reported extremely rapid nitrate reduction by zero-valent iron when
performing the reaction in an H2 headspace. Further studies would be useful to tease out
the role of H+ and H2 in nitrate reduction by zero-valent iron.

Wastewater and groundwater with nitrate might contain dissolved oxygen (DO).
Therefore, we were interested in comparing rates of nitrate reduction by zero-valent iron
under anoxic and oxic conditions. There was a lag period of approximately 30 min be-
fore nitrate reduction began under oxic conditions. During this lag period, there was
an initial rapid decrease in DO concentration (Figure 7A,B). The initial decrease in O2
concentration in the early stages of the oxic treatment may be due to the rapid consumption
of O2 by hydrogen gas (H2) formed during the corrosion of water-derived protons as in
Equation (10).

O2 + 2H2 → 2H2O (11)

In addition, the initial decrease in dissolved O2 may be due to a reaction with Fe0
(s).

Fe0
(s) + 0.5O2 +2H+ → Fe2+

(aq) + H2O (12)

The nearly four-fold slower rate of nitrate reduction (after the lag period) when
compared with anoxic experiments might be due to the passivation of Fe0

(s) surfaces by
secondary mineral precipitates [33,34], leading to lower reactivity. Another possibility
is nitrate reduction by the dissolved Fe2+ and secondary minerals present, such as mag-
netite [32]. While we do not have direct evidence to support these explanations, dissolved
Fe3+ production becomes more pronounced in oxic experiments at longer reaction times
(>30 min), corresponding to where nitrate reduction is engaged (Figure 7A).

The results from this study add to the body of knowledge concerning the reactivity of
nitrate with zero-valent iron, which is important in light of the fact that iron represents the
most used metal to remove nitrate from water [41]. It would be useful in future experiments
to evaluate the reactivity of scrap iron, especially considering that these materials would be
more readily available as filters to remove contaminants. Nonetheless, the fundamental
kinetic data collected from this study describing nitrate reduction by zero-valent iron could
be used to predict nitrate removal rates where permeable reactive barriers are installed to
treat nitrate-contaminated groundwater. The groundwater flow rate is an important factor
to consider in these models given the diffusion-controlled nature of nitrate reduction. If
groundwater contains significant oxygen concentrations, our data show that the nitrate
reduction rates are curtailed. Future experiments could be designed to identify the nature
of the reactive species by including measurements of hydrogen gas throughout the nitrate
reduction process. It might also be useful to run the reaction while separating the solution
from the reacting solid and identify whether nitrate is directly reduced on the zero-valent
iron surface or in the solution using spectroscopic techniques. These data could potentially
provide a clearer explanation of the reaction mechanism.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14182796/s1, Figure S1: The stoichiometry of nitrate reduced
to ammonium produced during the reaction between nitrate (0.001 M) and Fe0 (5 g/L) at pH 5.5
and 25 ◦C under anoxic conditions; Figure S2: Reactivity of 0.001 M nitrite in the presence of 5 g/L
Fe0 at pH 5.5 and 25 ◦C under anoxic conditions; Figure S3: (A) Production of dissolved Fe2+ and
total Fe (FeT) in control (no nitrate) of the anoxic treatments with 5 g/L Fe0 at pH 5.5 and 25 ◦C;
(B) production of dissolved Fe2+ and total Fe (FeT) in control (no nitrate) of the oxic treatments with
5 g/L Fe0 at pH 5.5 and 25 ◦C. Figure S4: Reaction between dissolved Fe2+ and nitrate at pH 5.5 at
25 ◦C.
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