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ABSTRACT: Nitriding has been used for decades to improve the
corrosion resistance of iron and steel materials. Moreover, iron
nitrides (FexN) have been shown to give an outstanding catalytic
performance in a wide range of applications. We demonstrate that
nitriding also substantially enhances the reactivity of zerovalent iron
nanoparticles (nZVI) used for groundwater remediation, alongside
reducing particle corrosion. Two different types of FexN nano-
particles were synthesized by passing gaseous NH3/N2 mixtures over
pristine nZVI at elevated temperatures. The resulting particles were
composed mostly of face-centered cubic (γ′-Fe4N) and hexagonal
close-packed (ε-Fe2−3N) arrangements. Nitriding was found to
increase the particles’ water contact angle and surface availability of iron in reduced forms. The two types of FexN nanoparticles
showed a 20- and 5-fold increase in the trichloroethylene (TCE) dechlorination rate, compared to pristine nZVI, and about a 3-fold
reduction in the hydrogen evolution rate. This was related to a low energy barrier of 27.0 kJ mol−1 for the first dechlorination step of
TCE on the γ′-Fe4N(001) surface, as revealed by density functional theory calculations with an implicit solvation model. TCE
dechlorination experiments with aged particles showed that the γ′-Fe4N nanoparticles retained high reactivity even after three
months of aging. This combined theoretical-experimental study shows that FexN nanoparticles represent a new and potentially
important tool for TCE dechlorination.

KEYWORDS: Iron nitride, Nanoparticles, Zerovalent iron, Trichloroethylene, Dechlorination, Selectivity, Molecular modeling,
Groundwater remediation

1. INTRODUCTION

Chlorinated solvents (CSs) are one of the most frequent soil
and groundwater contaminants worldwide.1,2 Due to their high
density and high affinity for sorption, the remediation of CS-
contaminated sites is especially demanding and costly.2,3 The
injection of nanoscale zerovalent iron (nZVI) particles into
contaminated aquifers has been proposed as a promising
strategy for the in situ remediation of CSs.4−6 Remedial efforts
employing nZVI particles have been performed on more than
90 contaminated sites worldwide since 2000.7 Compared to
more conventional macro/microscale iron, nZVI exhibits
substantially increased contaminant removal rates and can be
injected into contaminated zones using conventional techni-
ques such as direct push. Laboratory tests and field trials have,
however, demonstrated that there are still some obstacles to
address in order to reach the full potential of the nZVI
technology. These include (i) low electron efficiency of
nZVI8−10 and (ii) rapid particle agglomeration and sedimenta-
tion.6,11−13 These limitations reduce the particle reactivity,
longevity, and mobility in the subsurface.14−16

Several strategies have been investigated to overcome these
limitations, such as17 (i) doping nZVI with a catalytic noble

metal (e.g., Pd, Pt, Ni), (ii) anchoring nZVI onto solid porous
materials or modifying its surface via coating with organic
polymers and surfactants, and (iii) emulsifying nZVI particles.
Recently, the sulfidation of nZVI has attracted great scientific
and technical interest due to its beneficial effect on both the
particle reactivity with target contaminants and the corrosion
resistance.18 Even though the above-mentioned strategies
largely improved the reactivity and mobility of nZVI particles,
they are often associated with some drawbacks. These include
the short-lived reactivity of the treated particles (especially if
catalytic metals are used), the leaching of the applied catalytic
heavy metals, and the increased contaminant sorption to the
detriment of chemical reduction in the case of stabilized/
supported nZVI.17,19,20 At the moment, the sulfidation of nZVI
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represents a promising approach to enhancing nZVI’s
performance, as it does not suffer from these drawbacks.
Nitriding has been known for decades as a useful means of

improving the wear, fatigue, and especially corrosion resistance
of iron and steel.21,22 The exceptional performance of nitrided
Fe-based materials spurred research efforts to deploy the
nitriding process also for improving nZVI’s properties in
groundwater remediation. Nitriding is a thermochemical
treatment that consists of the diffusion of nitrogen atoms
into interstitial positions of metal lattice, leading to the
formation of metal nitrides.23 The process typically produces
two different layers on the metal surface with different
properties.24 The outmost layer (compound or “white” layer)
in the case of iron contains iron nitrides such as γ′-Fe4N and
ε-Fe2-3N. The diffusion layer below the compound layer
contains a Fe lattice with interstitial N atoms. In contrast, the
nitriding of nanocrystalline iron typically results in the
formation of iron nitrides in the entire particle volume.25,26

The extent of nitriding is governed by the nitriding potential,
temperature, and time.25−28 Plasma, ammonia gas, or molten
salt can be used as sources of nitrogen. Although most
synthesis approaches require elevated temperatures, nitriding
can be also carried out employing less-energy demanding
processes such as cold plasma treatment.29,30 The corrosion
inhibition by iron nitrides can be attributed to the increase in
the corrosion potential resulting from the formation of an
anodic passivation layer.29,31 Compared to pristine iron, the
concurrent higher wear and fatigue resistance is a consequence
of the greater hardness of iron nitrides.32

Iron nitrides have also been studied as promising (electro)-
catalysts. In the 1950s, Anderson and co-workers developed
iron nitride hydrogenation catalysts for the Fischer−Tropsch
synthesis.33 Iron nitrides have been found to catalyze ammonia
and hydrazine decomposition,34,35 amine synthesis,36 and
oxidative reactions with persulfate.37 Various iron nitrides
materials were also recognized as promising electrochemical
catalysts for water splitting,38 oxygen reduction,39,40 and CO2
reduction.41 Moreover, one recent study incorporating
Fe−Nx(C) species on the surface of microscale ZVI, which
contained mainly pyridinic, pyrrolic, and graphitic N-moieties,
led to an increase in the TCE dechlorination rate.42

We hypothesized that the high corrosion resistance of iron
nitrides combined with their catalytic properties could
significantly improve the reactivity and selectivity of nZVI
technologies. Unlike catalytic metals used as nZVI amend-
ments, iron and nitrogen are both cheap, nontoxic, and
environmentally abundant elements.
To examine this hypothesis, we investigated the performance

of nitrided nZVI particles (hereafter referred to as FexN
nanoparticles) in the dechlorination of trichloroethylene
(TCE) as a model CS and compared it to that of commercially
available nZVI. We synthesized FexN nanoparticles by treating
commercially available nZVI with gaseous ammonia-nitrogen
mixtures at elevated temperatures, investigated the effect of the
nitriding extent on the reactivity and longevity of FexN
nanoparticles toward TCE dechlorination, and described the
dechlorination mechanism by combining theoretical (DFT-
based molecular modeling) and experimental approaches.

2. MATERIALS AND METHODS
The preparation of samples for particle characterization,
reactivity experiments, and aging was carried out in an Ar-
filled glovebox (O2 < 30 ppm) unless stated otherwise.

Commercially available nZVI particles (type NANOFER
25P43) were supplied by NANO IRON (Czech Republic).
Two slightly different batches of pristine nZVI were used
throughout this study: one for the nitriding procedure
(containing 87.2% of α-Fe) and the other one as reference
material in the aging and reactivity experiments (containing
93.8% of α-Fe), see Figure S1 and Table S1 in the Supporting
Information. All other chemicals were reagent grade and were
used as-received. Details on the chemicals used in this study
are provided in the Supporting Information (Text S1).
Synthetic, moderately hard water (hereafter MHW)44 was
used for the aging and reactivity experiments after being
sparged with N2 for 45 min to remove oxygen (dissolved O2
concentration < 0.5 mg L−1). The composition of
deoxygenated MHW with an ionic strength of 4.8 mmol L−1

and a pH of 8.2 is given in Table S2, Supporting Information.
Ultrapure water used to prepare MHW was obtained from a
water purification system (Milli-Q gradient A 10, Millipore,
Merck, Germany).

2.1. Synthesis of Iron Nitride Nanoparticles. Two types
of FexN nanoparticles, encompassing a low and high degree of
nitriding (further referred to as γ′-FexN and ε-FexN, based on
the predominant phase), were synthesized according to
Arabczyk et al.,26 with some minor modifications. Briefly,
anhydrous NH3/N2 gas mixtures (Messer Technogas, Czech
Republic) were passed over 50 g of nZVI particles at a pressure
of 0.5 bar and temperatures 500 and 300 °C in a fluid
laboratory furnace for 3 and 5.5 h, respectively. Further details
on nitriding experimental conditions are provided in Table S3,
Supporting Information. The flow of NH3/N2 gas mixtures was
maintained to prevent nitride decomposition until the furnace
temperature dropped below 250 °C. Subsequently, the furnace
was kept in inert conditions under nitrogen until it reached
ambient temperature. The particles were transferred into an
airtight container and stored under an inert atmosphere inside
an Ar-filled glovebox before use.

2.2. Particle Characterization. The phase composition
and morphology of the freshly synthesized and aged FexN
nanoparticles were characterized by X-ray diffraction (XRD),
57Fe Mössbauer spectrometry, scanning electron microscopy
(SEM), and transmission electron microscopy (TEM),
including high-resolution energy dispersive spectrometry
(EDS) used for elemental mapping. The hydrophobicity of
nanoparticles was determined by water contact angle measure-
ment. Chemical states of Fe and N on the nanoparticle surface
were investigated using X-ray photoelectron spectroscopy
(XPS). The total Fe and N particle contents were determined
by electrothermal atomic absorption spectrometry (AAS) and
elemental analysis, respectively. The Fe0 content was
determined by measuring the volume of hydrogen evolved
after the particle acidification. The Brunauer−Emmett−Teller
specific surface area (BET SSA), the size distribution of
particle agglomerates, and the leaching of inorganic N-
containing species after acidification and particle aging were
also determined. More details regarding the characterization
procedures and the used instruments are described in the
Supporting Information (Text S2).

2.3. Particle Aging Experiments. The longevity of
γ′-FexN and ε-FexN and their corrosion products in water
were determined in a 1 g L−1 particle suspension over 104
days. First, particle stock suspensions (20% w/w) were
prepared by adding 16 mL of deoxygenated ultrapure water
to 4 g of particles and by dispersing them at 11 000 rpm for 2
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min using a T25 ULTRA-TURRAX disperser (IKA,
Germany). Subsequently, 248 μL of particle stock suspension
was spiked into 120 mL serum bottles containing 60 mL of
deoxygenated MHW. The bottles were capped with FEB-faced
chlorobutyl-isoprene septa, taken out of the glovebox, and
placed on a horizontal shaker (125 rpm) at 22 ± 1 °C for the
whole duration of aging. Aging experiments were done in four
replicates, two of which were used for particle characterization
and two for consecutive reactivity experiments. At regular
intervals, overpressure was manually released and recorded
using a frictionless glass syringe (Poulten & Graf Ltd.,
Germany). Good reproducibility of a pressure buildup
among the replicates was observed, confirming no significant
gas losses. After approximately three months of aging, the
particle morphology and composition were investigated,
including the leaching of inorganic nitrogen compounds into

the MHW. Control experiments with pristine nZVI were
performed in parallel.

2.4. TCE Dechlorination Experiments. The ability of
fresh and aged FexN particles to dechlorinate TCE, as well as
the concentrations of ethane, ethene, acetylene, chloride, and
hydrogen, were determined using a previously established
method,45 with some minor modifications. A nontarget
headspace analysis was performed using a gas chromatograph
coupled to a high-resolution quadrupole time-of-flight mass
spectrometer at the end of the dechlorination experiment with
fresh γ′-FexN nanoparticles to investigate the full range of TCE
dechlorination products. A detailed description of the method
is provided in the Supporting Information (Text S3).

2.5. Molecular Modeling. Density functional theory
(DFT) calculations in periodic boundary conditions were
performed on a TCE molecule in a gas phase and on the

Figure 1.Material characterization of fresh FexN and pristine nZVI particles: (A) XRD patterns, (B) 57Fe Mössbauer spectrum of γ′-FexN recorded
at 150 K, (C) 57Fe Mössbauer spectrum of ε-FexN recorded at 150 K, (D) TEM image of a γ′-FexN agglomerate with inserted particle-size
distribution, (E) STEM EDS overlay of Fe−N−O mapping of a γ′-FexN particle, (F) STEM EDS overlay of Fe−N−O mapping of an ε-FexN
particle agglomerate, (G) Fe 2p XPS narrow region spectra, (H) N 1s XPS narrow region spectra, and (I) water contact angles on dry pellets of
γ′-FexN and ε-FexN particles in the air.
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γ′-Fe4N(001) and the α-Fe(110) surfaces to investigate the
role of the Fe4N and Fe surfaces in facilitating the
dechlorination reaction. To study the effect of N and S
atoms on the hydrophobicity of Fe-bearing minerals,
adsorption energies of water on the α-Fe(110), γ′-Fe4N(001),
and FeS(001) surfaces were calculated. The methods are
described in detail in the Supporting Information (Text S4).

3. RESULTS AND DISCUSSION
3.1. Nitriding Results in a Uniform Nitrogen Diffusion

into nZVI Particles, with Increased Surface Availability
of Reduced Iron. Pristine nZVI particles, before nitriding,
consisted of ∼90% α-Fe, with characteristic 2θ peaks at 52.5°
and 99.5° on the XRD pattern (Figure 1A and Table S4).
Magnetite (Fe2+Fe3+2O4) and wüstite (FeO) were detected as
minor nonreduced phases.43 The formation of FexN phases
during nitriding was controlled by nitriding temperature, time,
and nitriding potential.25,26,28 The XRD pattern of freshly
prepared iron nitride nanoparticles revealed γ′-Fe4N as the
dominant crystalline phase (>90%) in the particles nitrided at
500 °C for 3 h. Particles nitrided at 300 °C for 5.5 h contained
mostly nonstoichiometric ε-Fe2−3N (84.4%) (Figure 1A and
Table S4). These two particle types are hereafter referred to as
γ′-FexN and ε-FexN, respectively. The dominant FexN phases
obtained by nitriding at different temperatures and times are in
agreement with a previous study.26 Low amounts of other
FexN phases were detected in both particle types: ε-Fe2−3N
(9.3%) in γ′-FexN and γ′-Fe4N (4.1%) in ε-FexN. Iron oxide
impurities, identified in pristine nZVI particles, were
completely reduced during nitriding at 500 °C, while nitriding
at 300 °C led only to the reduction of wüstite, resulting in the
presence of magnetite (11.7%) in the ε-FexN particles.
The phase composition of two fresh FexN nanoparticle types

was further confirmed using low-temperature 57Fe Mössbauer
spectroscopy. The γ′-FexN spectrum contained four sextet
spectral components (Figure 1B, Table S5). Three sextet
components represent the nonequivalent Fe cation sites in
cubic γ′-Fe4N.46,47 The fourth sextet with a hyperfine magnetic
field of 23.4 T indicates the presence of ε-Fe3N,

23 which is in
full accordance with the result of XRD analysis (Figure 1A). In
contrast, the 57Fe Mössbauer spectrum of the ε-FexN particles
shows two distinct sextet components and one doublet
component (Figure 1C). Based on the values of the Mössbauer
hyperfine parameters (Table S5), the sextet with the higher
magnetic hyperfine field can be ascribed to the Fe3+ ions
located in the tetrahedral sites of magnetite, while the sextet
with the lower values of the hyperfine magnetic field belongs to
the Fe2+ and Fe3+ ions occupying the octahedral sites in a
magnetite spinel crystal structure.48 The doublet component
can be assigned to the nonstoichiometric ε-Fe2−3N in
superparamagnetic ordering49−51 (i.e., with low-temperature
superparamagnetic transition observed on magnetization data;
unpublished data of authors). This feature, different from the
γ′-FexN spectrum, could be explained by a domain structure of
the ε-FexN particles with a low degree of stoichiometry due to
nitriding at a lower temperature.
All particle types, including precursor nZVI, formed ca.

1−3 μm large particle agglomerates (Figures 1D, S2A−C, S3,
and S4 and Table S6). Individual particles were roughly
spherical with an average particle size of ∼75 nm (Table S7).
The size of the FexN particles was not significantly affected by
nitriding. High-resolution STEM-EDS elemental mapping
revealed a uniform nitrogen distribution within FexN particles

(Figures 1E and 1F). This is in agreement with XRD and 57Fe
Mössbauer spectroscopy characterizations, showing that nitro-
gen diffused throughout the entire volume of the nZVI
particles, thus forming distinct bulk FexN phases. In the
elemental mapping of the ε-FexN sample (Figure 1F), two
different types of particles can be observed−one with and one
without nitrogen. While the first particle type corresponds to
ε-FexN particles, the other type is likely magnetite, an artifact
from the nZVI synthesis identified by both XRD and
Mössbauer spectroscopy.43 Elemental mappings for individual
elements are provided in the Supporting Information (Figures
S5 and S6). STEM-EDS also revealed a thin oxygen-rich layer
on the particle surface (Figure 1E). FexN particles, especially
γ′-FexN, exhibited a thinner and more compact surface
(oxyhydr)oxide shell, compared to pristine nZVI (p < 0.005,
Figure S2D−F and Table S7). This is in line with previous
studies showing that upon nitriding, a thin stable Fe3+

(oxyhydr)oxide layer with very low oxygen and ion diffusion
coefficients is formed on the nitrided surface, thus inhibiting
further corrosion.29−31

To shed more light on the surface properties of FexN
particles, XPS survey scans and high-resolution spectra were
collected. Survey scans indicate that O, Fe, and N were the
most abundant elements on the surface of the particles (Figure
S7 and Table S8). The Fe 2p high-resolution spectra of all
particle types were deconvoluted into two components with
characteristic Fe 2p3/2 binding energies of 706.8 and 710.8 eV,
corresponding to FexN/Fe

0 and Fe3+ occurring in iron oxides
(Figures 1G and S8).52,53 It is worth noting that the spectral
shape and binding energy of elemental Fe are almost identical
to those of FexN, and therefore, they cannot be well
distinguished from each other.52−55 This can be explained by
only a small positive charge of Fe in γ′-Fe4N and ε-Fe2-3N
(0.2−0.5 |e|), which results in a character similar to zerovalent
iron.56 Most importantly, the nitriding of nZVI had a
considerable effect on the surface availability of iron in a
reduced form, as the relative intensity of the FexN/Fe

0 peaks
increased in order nZVI < ε-FexN < γ′-FexN (Table S9). This
is in line with the higher corrosion resistance of the FexN
phases, compared with Fe0 and a thinner (oxyhydr)oxide layer
on the FexN particle surface.29−31 The N 1s spectra of FexN
particles contained four components at 396.8, 397.9, 398.9,
and 399.7 eV (Figures 1H and S9). The first two correspond
to oxidized FexN and pristine FexN, respectively.

53,57,58 The
other two spectral lines can be attributed to adsorbed ammonia
and NO species.30,31,53,57 Both species are likely to be present
on the particle surface in small amounts given that ammonia
was used as the nitrogen source in the nitriding process and the
NO species are typically detected on the surface of nitrided
metals.30,31,53 The line attributed to oxidized FexN was more
pronounced in ε-FexN than in γ′-FexN, implying higher surface
oxidation of the ε-FexN particles (Table S9), which likely
stemmed from the incomplete reduction of magnetite
originally present in the precursor nZVI. This is in agreement
with a lower abundance of reduced iron on the ε-FexN particle
surface, compared with γ′-FexN.
Water contact angle measurements indicate that both FexN

particle types (contact angles 30−37°, Figure 1I) were less
hydrophilic than pristine nZVI (contact angle ∼18°).59 The
measured water contact angle of γ′-FexN particles was slightly
higher than that of ε-FexN particles, likely due to the higher
surface oxidation of the latter. A similar contact angle was
previously measured for sulfidated nZVI (S-nZVI) prepared
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using the postsulfidation approach (contact angle ∼36°), while
cosulfidated S-nZVI exhibited substantially higher hydro-
phobicity (contact angle ∼103°).59 This implies that
sulfidation of nZVI has a more profound effect on particles’
hydrophobicity than nitriding, as predicted from theoretical
calculations discussed below.
The BET SSA, another crucial surface parameter of reactive

nanoparticles, was not significantly affected by nitriding in the
case of the ε-FexN particles, whereas the γ′-FexN particles
exhibited about a 17% decrease in SSA, compared with pristine
nZVI (Table S10). This is probably a result of the
recrystallization of the γ′-FexN particle surface due to high
temperature during the synthesis (500 °C) and/or the
different surface properties of the predominant FexN phases
in the two FexN particle types.31

Depending on the nitriding protocol, the average N content
ranged from 5.3% in γ′-FexN to 7.6% in ε-FexN (Table S11),
which coincided with the higher relative amount of N-rich
phases (ε-Fe2N and ε-Fe3N) in the latter particle type,
according to the XRD and Mössbauer data (Figure 1A−C). As
expected, the nitriding of the nZVI particles resulted in a lower
Fe content in the nanoparticles (i.e., from 99.3% in pristine
nZVI to 96.2% and 91.2% in γ′-FexN and ε-FexN particles,
respectively). The increase in the nitrogen content was
accompanied by a drop in the particle reducing capacity
(Table S11). This might be a consequence of the redox
processes between iron and atomic nitrogen, in which nitrogen
is reduced to nitride.
3.2. Degree of Nitriding Controls the Longevity of

FexN Nanoparticles in Aqueous Environments. The
characterization of nanoparticles recovered from three-

month-aged suspensions revealed that the extent of nitriding
(and/or atomic structure of particular FexN phases) affected
the particle longevity. The observed corrosion in MHW was
slower for the γ′-FexN particles as compared with ε-FexN and
pristine nZVI (Figure 2A−C). Based on the XRD patterns, the
γ′-FexN particles still contained about 40% of a crystalline
γ′-Fe4N fraction after aging, whereas the ε-FexN and pristine
nZVI contained only 2.5% and 1.1% of reduced iron phases
(i.e., FexN and/or α-Fe), respectively (Table S4). This was
corroborated by the 57Fe Mössbauer spectroscopy. γ′-FexN
contained three clear sextets, assigned to three nonequivalent
Fe cation sites in cubic γ′-Fe4N,46 representing 28% of iron-
containing phases. A fraction of iron nitrides (ε-Fe3N) was also
preserved in aged ε-FexN particles, but their abundance (5%)
was much smaller than in aged γ′-FexN (Table S5).49−51 This
contradicts previous findings that corrosion resistance
increases with increased nitrogen content.29,31 It is important
to bear in mind that this trend was previously observed for
macroscopic nitrided metal surfaces and may not be directly
transferable to nanoparticles nitrided in their entire volume.
The most abundant corrosion product detected for all

particle types was the carbonate green rust mineral
treb́eurdenite [Fe2+2Fe

3+
4O2(OH)10][CO3]·3H2O, a common

iron corrosion product in anoxic carbonate-containing
waters.60 Based on the XRD patterns, tre ́beurdenite
represented 90.7%, 78.2%, and 59.9% crystalline phases in
aged nZVI, ε-FexN, and γ′-FexN samples, respectively (Table
S4). This is in line with the 57Fe Mössbauer spectra of both
aged FexN particle types containing a dominant wide doublet
corresponding to Fe2+ ions in the crystal structure of green rust
minerals61 accompanied by a narrow doublet, which can be

Figure 2. Material characterization of FexN and pristine nZVI particles aged three months in MHW: (A) XRD patterns, (B) 57Fe Mössbauer
spectrum of γ′-FexN recorded at 150 K, (C) 57Fe Mössbauer spectrum of ε-FexN recorded at 150 K, (D) TEM image of γ′-FexN, (E) SEM image
of γ′-FexN, and (F) hydrogen evolution during aging.
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attributed to the Fe3+ ions occupying the green rust octahedral
sites.61 Overall, these multiplets represent 84% and 72% of
iron-containing phases in ε-FexN and γ′-FexN samples,
respectively (Table S5).
The aging of all particle types resulted in similar

morphological changes. Flakes of iron (oxyhydr)oxides coating
primary nanoparticles were apparent in all TEM and SEM
images (Figures 2D, 2E, and S10). Distinct hexagonal platelets
of carbonate green rust62 were clearly visible in SEM images
(Figures 2E and S10), as well. Both microscopic techniques
evidenced an increase in the particle agglomerate size (Figures
S2, S3, and S10), which was corroborated with laser diffraction
analysis (Figure S4 and Table S6). The median of the particle
size distribution (d50) increased in the following order: γ′-FexN
< ε-FexN < nZVI, which is consistent with the agglomerate size
distribution of fresh particles. Apparently, nitriding has a
slightly inhibiting effect on particle agglomeration. Slower
FexN corrosion compared to pristine nZVI may have further
reduced the growth of particle agglomerates during aging.
The corrosion of all particle types was accompanied by the

hydrogen evolution reaction (HER). The rate of the HER of
both FexN particle types was considerably lower during aging
than that of pristine nZVI (Figure 2F), corroborating a higher
corrosion resistance of FexN. Interestingly, γ′-FexN particles
evolved H2 at a slower rate than ε-FexN, which contradicts
previous findings that corrosion resistance increases with
increased nitrogen content.29,31 At the end of the aging
experiments, an ongoing H2 evolution was observed for the
γ′-FexN particles, while the volume of evolved H2 did not
further increase for the ε-FexN and nZVI particles, indicating

the depletion of the particle reducing capacity and/or surface
passivation (Figure S11). As documented by the particle
reducing capacity measurements (Table S11), fresh ε-FexN
retained only about 25% of the reducing capacity compared to
precursor nZVI. Therefore, even though ε-FexN corroded
more slowly than nZVI, its reducing capacity was quickly
depleted. The evolved H2 volume in the ε-FexN samples
indeed reached levels similar to the amount of H2 evolved
during the HCl digestion of fresh ε-FexN particles, implying
complete particle oxidation. This is in line with the particle
characterization and complete leaching of nitrogen, as
described below. Apparently, there is a trade-off in nitriding
between the increased corrosion resistance and the lowered
particle reducing capacity. The composition of γ′-FexN may be
closer to the optimal nitriding extent (or structural form) as its
longevity was substantially higher. The detected H2 volume in
aged nZVI samples corresponded to depletion of only 2/3 of
the nZVI reducing capacity. The formation of a passivating
layer of iron corrosion products on the particle surface was
likely responsible for the observed nZVI passivation, rather
than the reducing capacity depletion.63

To further investigate the fate of nitrogen in the course of
the particle aging, the concentrations of dissolved NH3, NO2

−,
and NO3

− were determined in aged suspensions (Table S12).
Interstitial nitrogen atoms were found to leach into the
solution as ammonia. Ammonia levels in aged γ′-FexN and
ε-FexN suspensions reached 35.8 mg L−1 and 79.5 mg L−1,
accounting for about 68% and 100% of nitrogen initially
present in the particles, respectively. These findings are in
agreement with the abundance of FexN phases in aged

Figure 3. (A) TCE removal by fresh FexN and nZVI particles; (B) hydrogen production by fresh particles during the TCE degradation experiment;
(C) TCE removal by FexN and nZVI particles aged for three months; (D) and (E) chlorine balance for experiments with fresh and aged particles,
respectively. The reactions were carried out at an initial TCE concentration of 20 mg L−1 and particle concentration of 1 g L−1. Whiskers indicate
standard deviation (SD).
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nanoparticles, as documented by XRD and Mössbauer
spectroscopy (Figure 2A−C). The gradual release of ammonia
at low levels (<0.5 g L−1) in groundwater could increase the
efficiency of combined biotic-abiotic CE treatments as the
addition of the exogenous nitrogen source stimulates reductive
dechlorination by Dehalococcoides.64

3.3. Even after Three Months of Aging, FexN
Nanoparticles Dechlorinate TCE 20 Times Faster than
nZVI. Both types of fresh FexN nanoparticles showed
remarkably high rates of TCE reduction: the observed
pseudo-first-order reaction rate constants (kobs) of γ′-FexN
and ε-FexN were roughly 20- and 5-fold higher, respectively,
than those of conventional nZVI particles (Figure 3A and
Table S13). As the SSAs of all fresh particle types were
comparable (18.9−23.2 m2 g−1), a similar trend was apparent
also for the surface-area normalized rate constants (kSA). In
contrast, the rate of HER was substantially lower for both FexN
particle types (Figure 3B). The initial zero-order HER rate
constants of γ′-FexN and ε-FexN, calculated from the linear
portion of the curves (t < 9 days), were 3-fold lower than those
of unmodified nZVI (Table S13). The observed TCE removal
and HER rates show that the nitriding of nZVI particles
dramatically increases their reactivity and electron selectivity.
Thus, the effect of nitriding is comparable to that of sulfidation
(Figure S12). Particle longevity estimated from the particle
initial reducing capacity and the amount of hydrogen gas
evolved during the 3 weeks of reaction was three times higher
for γ′-FexN than for pristine nZVI (Table S13). Interestingly,
no significant decrease in the HER rate was observed when
microscale ZVI was ball-milled with melamine.42 Apparently,
crystalline FexNs are needed to inhibit the HER. The addition
of catalytic metals, as opposed to nitriding and sulfidation,
leads to the accelerated corrosion of nZVI, which results in
poor longevity and overall performance under particle excess
conditions.19,20,65,66

Particles aged for three months displayed a different
reactivity pattern (Figure 3C). The TCE dechlorination rate
of the γ′-FexN particles was almost unaffected by aging (Table
S13), reaching a complete TCE dechlorination in about 5 days.
Only 43% of the γ′-FexN reducing capacity was depleted over
104 days (Figure S11), which is remarkably similar to the
reported ∼50% drop in the reducing capacity of S-nZVI after
120 days of aging.67 It should be noted, however, that in the
cited study, S-nZVI was aged inside a glovebox under static
conditions, while our aging experiments were performed on a
shaker. It is reasonable to assume that the longevity of S-nZVI
under dynamic conditions would be lower. In contrast to the
high longevity of γ′-FexN, aged ε-FexN degraded TCE slower
by a factor of 20, compared to its fresh counterpart, at
approximately the same rate as aged nZVI particles. A decrease
in reactivity during aging can be explained by particle
corrosion, which depletes the particle reducing capacity and
forms a surface passivation layer.9,10,63,68 The notable decrease
in the reactivity of ε-FexN likely stems from the depletion of its
reducing capacity, as discussed above (Figure S11). Even
though both types of FexN particles exhibited a limited HER
(Figures 2F and 3B), the ε-FexN particles had a lower initial
reducing capacity (Table S11). Therefore, we assume that
there is an optimal extent of particle nitriding (and/or
structural arrangement of FexN on the particle surface) at
which the FexN reactivity and longevity can be maximized; the
composition of γ′-FexN particles may be close to such an

optimum. The low reactivity of aged nZVI was attributed to
surface passivation, as described above.
Chlorine balance was determined at the end of the reactivity

experiments to control whether a complete TCE dechlorina-
tion was achieved. For fresh particles, the amount of total
chlorine corresponded to the initial amount injected as TCE
for all tested particle types (Figure 3D). This implies that no
significant amounts of chlorinated byproducts were formed
during the TCE dechlorination by the FexN particles (see
below). It also indicates that TCE losses due to leakage and
sorption on the particles’ surface were negligible. In experi-
ments with aged particles, a complete TCE dechlorination to
chloride was observed only for the γ′-FexN particles, whereas
ε-FexN and nZVI reached a chlorine balance of only 85.3% and
75.7%, respectively (Figure 3E). As these two particle types
underwent passivation during aging, chlorine remained
predominantly bound as TCE, leading to an incomplete
chlorine balance due to increased TCE sorption to iron and its
corrosion products.63

3.4. TCE Was Reduced to Aliphatic Hydrocarbons.
Ethene and ethane were the major C2 dechlorination products
in the experiments with fresh FexN particles (Figure S13).
Trace amounts of cis-1,2-dichloroethene and 1,1-dichloroe-
thene were also detected for all particle types (<1% of the
original amount of TCE),69 while neither vinyl chloride nor
trans-1,2-dichloroethene was observed. This product pattern is
consistent with the reductive β-elimination pathway.69,70 While
the C2-carbon recovery at the end of the reactivity experiments
with fresh particles was 69.1% for pristine nZVI, only 16.2%
and 42.9% were achieved for the γ′-FexN and ε-FexN particles,
respectively. The decrease in the C2-carbon recovery for the
FexN particles is due to a more noticeable production of the
C−C coupling products, which are probably formed through
the Fischer−Tropsch-type reactions catalyzed by FexN
species.33,71 In a typical Fischer−Tropsch process, carbon in
CO is hydrogenated into CH2 species that polymerize into a
hydrocarbon chain.72 Nontarget headspace analysis conducted
at the end of the reactivity experiment with fresh γ′-FexN
nanoparticles tentatively identified several longer-chain hydro-
carbons (Table S14). Similarly, a more pronounced formation
of longer-chain hydrocarbons was observed when TCE was
dechlorinated by microscale ZVI amended with melamine.42

All degradation products identified using the nontargeted
approach were only aliphatic hydrocarbons, while neither
aromatic moieties nor organic nitrogen or chlorine was
observed. Although precise identification and quantification
of all products of TCE dechlorination by the FexN particles
was outside the scope of this study, it can be reasonably
anticipated that the reaction products are of much lower
environmental concern than TCE.
The aging of nanoparticles did not affect substantially the

product pattern of TCE dechlorination by the γ′-FexN
particles. However, aged ε-FexN and pristine nZVI (Figure
S13) evolved only small quantities of products, notably
acetylene. This shift in the product composition can be
attributed to particle passivation, which hindered the
generation of reactive hydrogen on the particle surface and,
consequently, led to a decreased reactivity and preference for
less-reduced products.73

3.5. FexN Surface Facilitates TCE Dechlorination, and
Its Slower Corrosion Is Decisive for Improved Perform-
ance. DFT calculations were employed to elucidate the
mechanism of TCE dechlorination by the FexN particles.
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These calculations were performed in the gas phase and in a
solvent (water), which was represented by an implicit solvation
model developed for solid−liquid interfaces74,75 (see Text S4
for details). Given that the γ′-Fe4N phase was dominant in the
γ′-FexN particles, we constructed a periodic slab model based
on known crystallographic data of the γ′-Fe4N structure76

(details given in the Text S4). In contrast, the exact
stoichiometry of the ε-Fe2−3N phase, this being the dominant
phase in the ε-FexN particles, was not known, and therefore, it
was not possible to create a realistic model. The DFT
calculations showed that TCE physisorbed on the
γ′-Fe4N(001) surface with its main molecular plane arranged
parallel to the surface. The calculated TCE adsorption energy,
Eads, was −63.0 kJ mol−1 with the inclusion of solvent, which
was only slightly different from the gas phase adsorption
energy of −62.4 kJ mol−1 (Figure 4). The small difference
illustrates that the solvent has only a negligible effect on TCE
adsorption. As the same trend was typically observed for
consecutive reaction steps, we discuss below only results of the
calculations with the implicit solvent. The only reaction step
with a significant solvent effect was the first TCE
dechlorination reaction as discussed below. In the adsorption
complex, the CC bond was localized above a Fe atom of the
top FeIIN layer at a perpendicular distance of ∼3.3 Å (Figure
S14). The atop site has been previously found to be the most
energetically favorable for TCE adsorption on the Fe(110)
surface.77

In the next step, TCE transitioned into a more stable
chemisorbed configuration (Eads = −114.4 kJ mol−1) after
surpassing a small energy barrier (E‡

TS1, Figure 4) of 13.4 kJ
mol−1. The CC bond approached the atop Fe atom to ∼2 Å
(Figure S14). The stabilization was reached mainly due to the
strong interaction of the π-bond with a surface Fe atom.77 As a
result, the geometry of the chemisorbed TCE molecule was
deformed. The Cl−C−C−Cl and Cl−C−C−H dihedral angles
decreased from 180.0° to 136.8° and 139.2°, respectively
(Table S15). The CC and C−Cl bonds were elongated by
0.06 to 0.10 Å (Table S15). Such a distorted geometry was
associated with a strong activation toward dechlorination
reactions on the Fe(110) surface.77,78

Only the dissociation of one chlorine atom from TCE
yielding cis-1,2-dichloroethene and Cl radicals (homolytic C−
Cl dissociation) was further considered since this C−Cl bond
has the lowest bond dissociation energy (BDE) in the gas
phase (Table S16). Moreover, this reaction was previously
identified as the TCE dechlorination rate-liming step on the Fe
surface.78 The virtual absence of less chlorinated degradation

products confirmed that the first C−Cl bond cleavage was the
rate-limiting step. While the C−Cl BDE of the isolated TCE
molecule was at least 380 kJ mol−1 (Table S16), the
γ′-Fe4N(001) surface was found to reduce the first step
dechlorination energy barrier (E‡

TS2, Figure 4) almost 15-fold,
to 27.0 kJ mol−1, with the inclusion of solvent. In this reaction
step, the solvation led to a stabilization of the transition state
(E‡

TS2 in the gas phase calculation reached 36.4 kJ mol−1). The
overall energy profile of the adsorption and dechlorination
steps obtained by the climbing image nudged elastic band
method is shown in Figure 4. As the rate of the dechlorination
reaction is directly proportional to exp(−E‡TS2/RT), lowering
the activation barrier ∼15-fold increases the reaction rate by
many orders of magnitude. After the first chlorine atom is
cleaved from the CCl2 group, several consecutive steps can
follow. In particular, a second C−Cl cleavage is supposed to
occur at the CHCl group (β-elimination), yielding chlor-
oacetylene.69,70,78 Chloroacetylene is very reactive and rapidly
undergoes further dechlorination via hydrogenolysis, hydro-
genation, and/or the rearrangement of C−C bonds (Figure
S15).69

Our efforts to calculate the energy profile of TCE
dechlorination on the pristine α-Fe surface led to a
spontaneous detachment of chlorine atoms and the formation
of chemisorbed chloroacetylene during the full geometry
relaxation (Figure S16), which did not allow the calculation of
energy barriers. Spontaneous TCE dechlorination on various
Fe surfaces has been reported previously.79,80 Energy barriers
of TCE sequential dechlorination reactions on the α-Fe(110)
surface were previously calculated only by using lax
convergence criteria to obtain a nondissociated adsorption
complex and by freezing all but one dissociating Cl atom in the
calculations.77,78 This may suggest that Fe should exhibit the
same or even higher reactivity with TCE than Fe4N. In realistic
scenarios, however, direct contact between the contaminant
molecule and the pristine nZVI surface is practically
unattainable because of the fast nZVI corrosion in water,
which results in the formation of a surface layer of iron
(oxyhydr)oxides.63,81 Thus, the driving factor of the higher
FexN reactivity with TCE is likely the character and thickness
of the particle passivation layer. It is known that upon
nitriding, a very thin but stable Fe3+ (oxyhydr)oxide layer is
formed on the nitrided surface, inhibiting further corro-
sion.29−31 This is in line with a thinner (oxyhydr)oxide shell
observed on the FexN particles (Table S7) and the increased
availability of iron in a reduced form, i.e., as FexN, on their
surface, compared with pristine nZVI (Figures 1G and S8 and

Figure 4. Energy profiles of TCE adsorption and the first C−Cl cleavage on the γ′-Fe4N(001) surface. TS denotes transition state. The reported
energy values were calculated with an implicit solvent model and in the gas phase (values in parentheses).
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Table S9). Additional factors contributing to improved FexN
performance over pristine nZVI include faster electron transfer
from reduced Fe species to adsorbed contaminants across the
thinner (oxyhydr)oxide surface layer63 and lower affinity to
water molecules as evidenced by water contact angle
measurements and DFT calculations (Figure S17 and ref
82). Similar to S-nZVI, FexN particles with an appropriate
extent of nitriding are more resistant to corrosion and reducing
capacity depletion than pristine nZVI, and they are expected to
provide extended availability of reactive (nonpassivated)
surfaces for a longer period. To completely understand how
the extent of nitriding affects the FexN reactivity, more realistic
surface models such as those involving oxidized FexN/Fe
surfaces and surfaces with various Fe/N stoichiometry are
needed. The findings presented here may serve as the first step
toward a mechanistic understanding of the TCE removal on
more complex FexN surfaces.

4. IMPLICATIONS FOR WATER TREATMENT

In this study, we demonstrated that FexN nanoparticles with an
appropriate extent of nitriding represent new and potentially
important agents for groundwater remediation with the
capability of overcoming many limitations of the current
nZVI-based technologies. Similar to S-nZVI, FexN nano-
particles dechlorinate TCE much faster and, at the same time,
are less prone to corrosion in water, compared to conventional
nZVI, which results in better contaminant selectivity and
higher particle longevity. These characteristics are crucial for
the field-scale application as a higher contaminant removal is
anticipated by a unit mass of particles, and consequently, fewer
particle injections will be needed on site to reach remediation
goals.
FexN nanoparticles degraded TCE to ethane, ethene, and a

mixture of longer-chain aliphatic hydrocarbons. The reaction
steps involved in TCE reductive dechlorination are analogous
to ZVI materials, i.e., β-elimination followed by hydrogenolysis
and hydrogenation. Although not all TCE dechlorination
products could have been identified and quantified in the
present study, the absence of halogen, nitrogen, and aromatic
moieties in their structure, as evidenced by the nontarget
analysis and complete chlorine balance, demonstrates a much
lower environmental concern compared to the carcinogenic
TCE. Moreover, the produced hydrocarbons and/or their
transformation products could be consumed in the subsurface
by dehalorespiring bacteria as a carbon source stimulating their
growth.83 Given the similarity between hydrocarbon products
of TCE dechlorination using FexN and products of the
Fischer−Tropsch process, the observed products could
eventually be recovered as precursors to value-added chemicals
such as fuels.72

To further improve the performance and applicability of
FexN nanoparticles in remediation, future studies should focus
on the careful optimization of the nitrogen content and
distribution within particles, as well as on the use of cost-
effective and environmentally friendly approaches to nZVI
nitriding, such as cold plasma treatments. Future research
should also critically compare the stability of nitrided and
sulfidated nZVI under various particle injection conditions and
groundwater composition.
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