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A B S T R A C T

Surface and ground water contamination with NO2
−/NO3

− is one of the most serious environmental issues due
to their adverse effects on human health and ecosystem. Various technologies have been investigated for re-
moval of NO2

−/NO3
− from surface and ground water; nevertheless, the idea of utilizing NO2

−/NO3
− con-

taminated water and wastewater to produce value-added products has not yet been much explored to date. Here,
we have developed a novel method for utilizing NO2

−/NO3
−-contaminated water as a source of nitrogen for the

synthesis of benzaldoxime from benzaldehyde using ecofriendly nanoscale zero-valent iron (nZVI) as the re-
ductant. Control experiments with NH4

+ and NH2OH supported the proposed reaction mechanism that NH2OH
was generated in situ as a reactive intermediate from NO2

−/NO3
− reduction and reacted with benzaldehyde to

form benzaldoxime. The benzaldoxime yield was the largest at the highest temperature tested, 100 °C, and an
nZVI-to-N ratio of ∼7 was optimal for benzaldoxime synthesis. At 100 °C, O2 in the headspace did not have any
negative effect on the reaction. Benzaldoxime yields up to 0.70 ± 0.04 mmoles and 0.67 ± 0.05 mmoles were
observed from reaction of 1 mmole benzaldehyde with 2 mmoles NO2

− and NO3
−, respectively.

Meanwhile,> 95% of NO2
−/NO3

− were reduced to either benzaldoxime or NH4
+. This novel method suggests a

promising option for utilization of water contaminated with NO2
−/NO3

− for the production of a value-added
product.

1. Introduction

Recently, incidents of surface and groundwater contamination with
nitrite (NO2

−) or nitrate (NO3
−) are becoming increasingly frequent

due to various anthropogenic causes, e.g., intensive use of fertilizer in
agriculture, discharge of poorly treated industrial wastewater, and
massive release of waste from animal feeding operations (Lagerstedt
et al., 1994; Scanlon et al., 2007; Wakida and Lerner, 2005). NO2

−/
NO3

− contamination of freshwater systems poses serious threats to
human health, disrupt ecosystems and biogeochemical cycles, and di-
minish sources of safe drinking water (Knobeloch et al., 2000). Various
remediation techniques have been developed to remove NO2

−/NO3
−

from contaminated waters (Bergquist et al., 2016; Kapoor and
Viraraghavan, 1997). Catalytic NO2

−/NO3
− reduction using supported

bimetals with H2 gas as a reducing agent is a promising technique for
the reduction of NO2

−/NO3
− to N2 but formation and retention of

NH4
+ still remains an issue (Ding et al., 2017; Hamid et al., 2016;

Hamid et al., 2017; Soares et al., 2015). Recently, there is a great in-
terest in recovering energy and resource from treatment of waste and

wastewater; however, the utilization of NO2
−/NO3

− contaminated
water as a potential source of nitrogen for syntheses of value-added
organic nitrogen-containing compounds has not yet been explored.

Oximes, nitrogenous organic compounds with general formula
R1R2C]NOH, are valuable chemicals with diverse utility. Oximes are
used as anti-skinning agents, anti-inflammatory agents, antibiotics and
anti-oxidants (Chaudhuri, 2003; Ley and Bertram, 2002; Robertoson
et al., 1995; Tanase et al., 2003), and also as synthetic tools for che-
mical industry, as they can be dehydrated to nitriles, reduced to amines
or transformed to amides via acid-catalyzed Beckmann rearrangement
(Crochet and Cadierno, 2015; Henke et al., 2012; Yamaguchi et al.,
2007). Due to the high versatility of oximes for both industrial and
medical purposes, development of novel and sustainable methods for
the synthesis of oximes has recently garnered broad interests (Hyodo
et al., 2016). Traditionally, oximes are synthesized by reacting carbonyl
compounds with hydroxylamine hydrochloride in presence of stoi-
chiometric amounts of bases (Vogel, 1996). Despite its high reactivity,
use of hydroxylamine (NH2OH) in large-scale industrial processes is not
desirable due to its instability and intrinsic toxicity (Gross and Smith,
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1985). Thus, in situ syntheses of NH2OH from more stable and safe
chemical compounds have attracted immense interests from chemists
and chemical engineers alike (Pozzo et al., 2002; Raja et al., 2001;
Rozner and Neumann, 2006). Oxidation of ammonia with dioxygen or
hydrogen peroxide using titanium silicates or polyoxometalates as the
catalyst has been suggested as one possible strategy (Pozzo et al., 2002;
Raja et al., 2001; Rozner and Neumann, 2006). Until now, only oxi-
dative reaction pathways have been considered for synthesis of NH2OH,
limiting the source of nitrogen to ammonium. Utilization of in situ
generated NH2OH from reduction of NO2

−/NO3
− in contaminated

groundwater as the nitrogen source, if possible, would contribute to
development of a safe and cost-effective method for oxime production
that has an additional benefit of NO2

−/NO3
− removal from con-

taminated groundwater.
Nanoscale zero-valent iron (nZVI) is widely known as an ecofriendly

material with a large surface area-to-mass ratio and high reactivity (Lu
et al., 2016). Magnetic property of nZVI enables effortless separation
and recovery of the nanoparticle after its use (Lu et al., 2016). Because
of these beneficial properties, nZVI has been broadly used as an effec-
tive remediating agent for removal or reductive transformation of a
wide range of contaminants in surface water and groundwater (Lu
et al., 2016). Effective reduction of NO2

−/NO3
− using nZVI as a re-

ductant has been previously reported, and recent efforts have been
made to enhance its reactivity by adding other metals such as Cu and Pd
(Khalil et al., 2016; Ryu et al., 2011; Zhang et al., 2010). Recently, nZVI
has also gained attention as a cheap environmentally-friendly catalyst
for syntheses of valuable organic chemicals at industrial scale (Hudson
et al., 2012; Hudson et al., 2013; Welther and Wangelin, 2013). In this
study, we investigated the feasibility of a novel chemical reaction
pathway for production of a value-added product benzaldoxime from
benzaldehyde utilizing dissolved NO2

−/NO3
− as the nitrogen source

and nZVI as the reductant (Scheme 1), which we expect to further de-
velop into environmental technology for resource recovery from NO2

−/
NO3

−-contaminated waters in the future. No study has reported the
synthesis of benzaldoxime from NO2

−/NO3
− as a nitrogen source or

utilization of in contaminated water or wastewater for resource re-
covery. Specific objectives of this study are to 1) demonstrate the
production of benzaldoxime from reduction of NO2

−/NO3
− coupled

with nZVI oxidation in presence of benzaldehyde, 2) identify important
reaction pathways that lead to benzaldoxime production, and 3) eval-
uate the effects of reaction temperature, reaction atmosphere, and the
mass ratio of nZVI to N source on the yield of benzaldoxime.

2. Materials and methods

2.1. Chemicals

Ferric chloride (FeCl3,> 97%), sodium borohydride (NaBH4,
≥98%), sodium nitrate (NaNO3, ≥99%), sodium nitrite (NaNO2,

≥99%), hydroxylamine (NH2OH) solution (50 wt.% in water) and
benzaldehyde (≥99.5%) were purchased from Sigma-Aldrich (St.
Louis, MO). Ammonium chloride (NH4Cl, ≥99%), ethyl acetate
(≥99%), hexane (≥98.5%) and acetonitrile (≥99.9%) were obtained
from Samchun Pure Chemical Co. (Seoul, Korea). Deaerated deionized
water (DDIW) was prepared by purging deionized water (> 18 mΩ cm)
with N2 gas (> 99.999%, Choong-Ang Industrial Gas, Seoul, Korea) for
4 h and stored in an anaerobic chamber (Coy Laboratory Products Inc.,
Grass Lake, MI) filled with 95% N2 and 5% H2 until use.

2.2. Synthesis of nanoscale zero-valent iron

The nZVI particles used in this study were synthesized using a
modified version of an established protocol (He and Zhao, 2007). FeCl3
(14.5 g, 90 mmoles) was dissolved in 100 mL DDIW in a 250-mL
Schlenk flask equipped with tunable mechanical stirrer and connected
to a N2 gas supply line. The solution was mixed by stirring at 250 rpm
while the headspace was continuously flushed with N2. NaBH4 (13 g,
344 mmoles) was dissolved in 100 mL DDIW and then added to the
FeCl3 solution with a peristaltic pump at a constant flow rate of
10 mL min−1. The mixture was stirred for 30 min, the time length re-
garded as the end point of hydrogen gas generation (He and Zhao,
2007). The resulting black precipitate was vacuum-filtered through a
0.2-μm PTFE membrane filter (Advantec, Tokyo, Japan) in the anae-
robic chamber and the filter retentate was washed with DDIW three
times to remove residual dissolved chemicals. The washed filter re-
tentate (wet nZVI) was freeze-dried at−81 °C for 24 h and stored in the
anaerobic chamber until use.

2.3. Characterization of nZVI

The morphology of synthesized nZVI was observed with a JEM-3010
transmission electron microscopy (TEM) (JEOL, Peabody, MA). The
nZVI suspension was diluted with ethanol and sonicated for 10 min to
disperse aggregated particles. Several drops of the diluted sample were
dropped onto a 300-mesh gold TEM grid with a carbon film. The grid
was dried in the anaerobic chamber for one hour before it was analyzed
with TEM at 200 kV. X-ray diffraction (XRD) analysis was conducted to
identify the crystallinity of nZVI using a D/MAX-2500 automated dif-
fractometer with Cu-KN radiation (Rigaku, Tokyo, Japan). Samples
were scanned between 2° and 80° (2θ) with a scan speed of 2° min−1.

X-ray photoelectron spectroscopy (XPS) analysis was performed
with Sigma Probe® (Thermo Scientific, Waltham, MA) to investigate the
oxidation states of Fe on the nZVI surface. The nZVI suspension was
carefully transferred to an XPS sampling template in an anaerobic
chamber to protect the catalyst surface from exposure to oxygen. The
samples were transported to the XPS facility in a gas-tight container
with degassed ethanol. The C 1s peak at 285 eV was used as a reference
to adjust the results for surface charge effects.

Scheme 1. Synthesis of benzaldoxime.
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2.4. Synthesis of benzaldoxime from benzaldehyde

Unless stated otherwise, experiments were conducted with 200 mg
of nZVI reacting with 1 mmole (0.102 mL) of benzaldehyde and 2
mmoles of NO2

−/NO3
− in 10 mL of DDIW at room temperature under

N2 atmosphere. In the anaerobic chamber, nZVI powder and benzal-
dehyde were transferred to the double necked round-bottom flask
(25 mL) containing DDIW, and either NO2

− or NO3
− was added to this

mixture. The flask was taken out of the anaerobic chamber and mixed at
room temperature. After 24 h of mixing, a strong magnet was placed
below the flask to collect nZVI particles at the bottom of the flask and
the aqueous supernatant was transferred to a separating funnel
(250 mL). The nZVI remaining in the flask was washed three times with
30 mL of ethyl acetate to extract the remaining organic reaction mix-
ture present in the flask and ethyl acetate was collected into the same
separating funnel. The separating funnel was shaken vigorously with
hand to extract the organic reaction mixture in the aqueous phase into
ethyl acetate. Clear separation of two layers was observed after resting
the separating funnel for ∼2 min. The organic layer was collected in a
conical flask (100 mL) and anhydrous sodium sulfate (∼1 g) was added
to remove any residual water. The solvent was filtered into a round
bottomed flask (100 mL) through a cotton plug packed into a funnel
and the solvent was evaporated in a rotary evaporator under reduced
pressure (RE-2 Series, Labfreez, Beijing, China). The crude residue was
purified with silica gel column chromatography (100–200 mesh) using
ethyl acetate/hexane (10% v/v) as the eluent.

For the control experiment with NH4
+, 200 mg of nZVI powder and

1 mmole of benzaldehyde were added to the double necked round-
bottom flask (25 mL) containing 10 mL DDIW in anaerobic chamber. To
this mixture, 2 mmoles NH4Cl was added. The detection of transient
production of NH2OH was not possible, presumably due to its in-
stantaneous reduction. Thus, control experiments with NH2OH were
performed to provide an indirect experimental evidence to the hy-
pothesis that NH2OH generated in situ as the intermediate of NO2

−/
NO3

− reduction to NH4
+ reacted with benzaldehyde to form benzal-

doxime. For the control experiment with NH2OH, 1 mmole of benzal-
dehyde or 200 mg nZVI was added to the double necked round-bottom
flask (25 mL) containing 10 mL DDIW in an anaerobic chamber. To this
mixture, 1 mmole NH2OH was added. The flask was taken out of the
chamber and mixed with a magnetic stir plate at room temperature
with headspace flushed with stream of pressurized N2. In another
control experiment, 2 mmoles NH2OH was reacted with 200 mg nZVI in
the absence of benzaldehyde and the amount of NH4

+ was measured
after 10 min, to confirm that NH2OH reduction was instantaneous.

Batch experiments were conducted to investigate the effects of re-
action temperatures (25, 50, 75, and 100 °C), reaction atmospheres (N2

and open air) and nZVI-to-N mass to mass ratios (0, 1.78, 3.56, 5.34,
7.12, 8.90, and 10.68 with the amount of NO2 or NO3

−
fixed at 2

mmoles) on benzaldoxime synthesis. For the experiments performed at
elevated temperatures (50, 75, and 100 °C), the flask was taken out of
the anaerobic chamber, connected to a water-cooled condenser, and
heated in oil bath for the desired temperatures. The complete experi-
mental summary along with conditions is given in Supporting in-
formation (SI) Table S1. The benzaldoxime yields were calculated as the
amounts of benzaldoxime produced from 2 mmoles of NO3

−/NO2
−.

2.5. Characterization of the reaction products

Nuclear magnetic resonance spectroscopy (NMR) was performed
with 400 MHz NMR (Bruker Avance 400, Billerica, MA) to identify the
molecular structures of the products and to verify the production of
benzaldoxime. 1H NMR spectra of the samples were recorded at
400 MHz in CDCl3. The chemical shifts (δ) were reported in units of
ppm relative to TMS (Tetramethylsilane) as the internal standard.
Coupling constants (J) were reported in hertz (Hz) and multiplicities
were indicated as follows: s (singlet), bs (broad singlet), d (doublet), dd

(doublet of doublet), t (triplet), and m (multiplet). The concentration of
benzaldehyde and benzaldoxime were examined using Varian ProStar
high performance liquid chromatography (HPLC) system (Palo Alto,
CA) equipped with a C18 packed column (Shiseido, Tokyo, Japan) and
a UV detector set to a wavelength of 240 nm. The mobile phase used for
the HPLC analysis was a mixture of 30% deionized water and 70%
acetonitrile (Samchun Pure Chemical Co.). The concentration of NO2

−

and NO3
− were measured with the same HPLC with UV detector set to a

wavelength of 205 nm. Octylamine (0.01 M) adjusted to pH 6 with 10%
sulfuric acid was used as the mobile phase. The detection limit of the
HPLC method for measurements of NO2

− and NO3
− concentrations was

∼50 μM. The concentration of ammonium (NH4
+) was measured using

883 Basic IC Plus ion chromatograph (Metrohm, Herisau, Switzerland)
equipped with a Metrosep C4-150/4.0 cation-exchange column
(Metrohm). The detection limit of the IC method for measurements of
NH4

+ concentrations was ∼50 μM.

3. Results and discussion

3.1. nZVI characterization

The synthesized nZVI was verified using TEM, XRD and XPS ana-
lyses (Fig. 1 and SI Fig. S1-S2). The nanoparticles had spherical mor-
phology with the diameters ranging between 50 and 80 nm (Fig. 1). The
nZVI particles formed cross-linked aggregates, apparently due to the
van der Waals and magnetic forces (Hamid et al., 2015). XRD analysis
confirmed the crystalline phases of the synthesized nZVI (SI Fig. S1).
The sole distinctive peak at the 2θ value of ∼44.7° was consistent with
the signature peak for the zero valent iron, indicating that the nano-
particulate product consisted mainly of nZVI (Hamid et al., 2015). The
oxidation states of Fe on the surface of synthesized nZVI particles were
further investigated using XPS, a surface-sensitive analytical instrument
(SI Fig. S2). The narrow region spectra for Fe2p3/2 were composed of
three different peaks (i.e., 706.5, 709.6, and 711.4 eV), which were
assigned to the binding energies for Fe(0) (706.5 eV), Fe(II)-O
(709.6 eV), and Fe(III)-O (711.4 eV), respectively (Hamid et al., 2015).
These peaks suggested that the surface of the catalyst consisted of
mixed iron oxides (82%) and Fe(0) (18%) based on the relative peak
areas. The XRD results and the XPS spectra, together, suggested that the
synthesized particles have core-shell structures with Fe(0) cores and
shells consisting of multivalent iron.

Fig. 1. TEM image of nZVI synthesized for this study.
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3.2. Formation of benzaldoxime from NO2
−/NO3

− reduction

In the reaction where NO2
− or NO3

− was reduced in the absence or
presence of benzaldehyde with the nZVI particles as the reducing agent,
stoichiometric amounts of nitrogen were recovered as NH4

+ and ben-
zaldoxime (Table 1 and SI Fig. S3). The 1H NMR spectra of reaction
mixtures confirmed that benzaldoxime was the exclusive product from
benzaldehyde in all experiments (SI Fig. S4). No peak other than the
peak corresponding to benzaldoxime was observed, indicating that no
other potential byproduct, e.g., benzyl amine, benzonitrile or benza-
mide, was produced from benzaldoxime. When NO2

− was reduced in
the absence of benzaldehyde, 1.58 ± 0.04 mmoles of NO2

−

(79 ± 5% of initially added NO2
−) was stoichiometrically reduced to

NH4
+ (Table 1 and SI Fig. S3A). The near complete ammonification of

NO2
− suggested the absence of chemodenitrification activity in the

sample, confirming the previous findings that nZVI-mediated NO2
−/

NO3
− reduction is highly selective towards NH4

+ over N2 (Zhang et al.,
2010). In the presence of benzaldehyde, 1.48 ± 0.03 mmoles of NO2

−

(74 ± 5% of initial amount of NO2
−) was reduced and 1.06 ± 0.03

mmoles and 0.37 ± 0.01 mmoles of nitrogen was recovered as NH4
+

and benzaldoxime, respectively. (Table 1 and SI Fig. S3B). When NO3
−

was used as the source of nitrogen, the results were similar to when
NO2

− was used (Table 1 and SI Fig. S3). In absence of benzaldehyde,
1.38 ± 0.04 mmoles of NO3

− was stoichiometrically reduced to
0.39 ± 0.03 mmoles NO2

− and 0.99 ± 0.04 mmoles NH4
+. In the

presence of benzaldehyde, 1.20 ± 0.03 mmoles NO3
− was reduced to

0.12 ± 0.03 mmoles, 0.82 ± 0.04 mmoles, and 0.20 ± 0.04 mmoles
as NO2

−, NH4
+ and benzaldoxime, respectively. In the previously

studied reactions leading to the formation of oxime from aldehyde,
NH2OH served as the intermediate of the reaction without exception
(Meng et al., 2016). Although detection of transient production NH2OH
in nZVI-mediated NO3

−/NO2
− has not yet been reported, presumably

due to its instantaneous nature, NH2OH was detected in electro-
chemical reduction of NO2

−/NO3
− reduction to NH4

+, suggesting that
NH2OH may be a key intermediate in chemical reduction of NO2

−/
NO3

− (Nakata et al., 2010; Shimazu et al., 2007). We speculate that the
intermediate NH2OH formed during the reduction of NO2

−/NO3
−

using nZVI in presence of benzaldehyde can undergo two different re-
action pathways, which are 1) reacting with benzaldehyde to form
benzaldoxime and 2) reacting with nZVI for further reduction to NH4

+

Control experiments were performed to verify the hypothesized
reaction mechanism (Eqs. (1)–(7)). The control experiments confirmed
that NO2

−/NO3
−, benzaldehyde and nZVI were all needed for synthesis

of benzaldoxime, as reaction mixtures without benzaldehyde or NO2
−/

NO3
− or nZVI yielded no benzaldoxime (Eqs. (1)–(4)). Formation of

benzaldoxime was not observed when benzaldehyde was treated with
NH4

+, confirming that NH4
+, as the final product of NO2

−/NO3
− re-

duction, did not react with benzaldehyde for formation of benzal-
doxime (Eq. (5)). The formation of benzaldoxime from the reaction of
benzaldehyde with NH2OH (Eq. (6)) and reduction of NH2OH to NH4

+

with nZVI as catalysts (Eq. (7)) provided indirect evidences of the hy-
pothesized mechanism that NH2OH generated as intermediate of

NO2
−/NO3

− reduction to NH4
+ reacted with benzaldehyde to form

benzaldoxime. A complete reduction of 2 mmoles NH2OH to 2 mmoles
NH4

+ occurred within 10 min of NH2OH addition, indicating that the
reaction was instantaneous. However, it is also possible that other in-
termediates such as NO may form on the nZVI surface during NO2

−/
NO3

− reduction and react with benzaldehyde to form benzaldoxime.
With either reaction pathway, this study is the first to report benzal-
doxime formation from benzaldehyde and NO3

−/NO2
− as initial

sources.

3.3. The effects of temperature on benzaldoxime formation

The optimal condition for synthesis of benzaldoxime from benzal-
dehyde was sought for by examining the effects of reaction tempera-
ture, reaction atmosphere, and nZVI-to-N ratio on the reactivity and
product distribution of the benzaldoxime formation reactions. The re-
action temperature had a significant impact on the formation of ben-
zaldoxime and increased benzaldoxime yields were observed at ele-
vated temperatures from fixed amounts of benzaldehyde, nZVI
particles, and NO2

−/NO3
− (Fig. 2). When NO2

− was used as the source
of nitrogen, the benzaldoxime yield increased from 0.37 ± 0.01
mmoles at 25 °C to 0.72 ± 0.04 mmoles at 100 °C. The same trend was
observed when NO3

− was used as the source of nitrogen, as the ben-
zaldoxime yield increased from 0.20 ± 0.04 mmoles at 25 °C to
0.62 ± 0.03 mmoles at 100 °C. At 100 °C, NO2

−/NO3
− was com-

pletely consumed, which was consistent with previous results that
moderately elevated temperature significantly enhanced NO3

− reduc-
tion by zero-valent iron (Ahn et al., 2008). Also, the increase in the
solubility of benzaldehyde in water at elevated temperatures may also
have contributed to establishment of better contact between benzal-
dehyde molecules and NH2OH (Hertel et al., 2007).

3.4. The effects of atmosphere on benzaldoxime formation

Whether the headspace contained O2 or not did not have any sig-
nificant effect on benzaldoxime formation with NO2

−/NO3
− using

nZVI, as experiments performed with N2 and air in headspace yielded
insignificant difference (Fig. S5). When NO2

− was used as the source of
nitrogen, the yields of benzaldoxime was 0.72 ± 0.04 mmoles and
0.70 ± 0.04 mmoles with N2 and air in the headspace, respectively.
The yields of benzaldoxime were 0.62 ± 0.03 mmoles and
0.67 ± 0.05 mmoles with N2 headspace and air, respectively, when
NO3

− was used as the source of nitrogen. The solubility of O2 in water
is low, especially at the elevated temperatures (with the dimensionless

Table 1
Reduction of NO2

−/NO3
− in the absence or presence of benzaldehyde.a

N Source
(2 mmoles/
flask)

Benzaldehyde
(mmole/flask)

Amounts after reaction (mmoles/flask)

NO2
− NO3

− NH4
+ Benzaldoxime

NO2
− – 0.41 – 1.57 –

NO2
− 1 0.52 – 1.06 0.37

NO3
− – 0.39 0.61 0.99 –

NO3
− 1 0.12 0.81 0.82 0.20

a 200 mg nZVI.was added as the reductant. Reactions were performed in 10 mL DDIW
at room temperature under N2 atmosphere. The duration of the reactions was 24 h.

Fig. 2. Synthesis of benzaldoxime at different reaction temperatures. 2 mmoles NO2
−

(white bar)/NO3
− (hatched bar) was reacted with 1 mmole benzaldehyde and 200 mg

nZVI in 10 mL DDIW under N2 atmosphere.
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Henry’s constants of 53.4 and 108.1, respectively, at 50 °C and 100 °C)
(Sander, 1999) and O2 is stripped from boiling water with water vapors;
therefore, corrosion of nZVI due to the presence of dissolved O2 would
have been kept insignificant. The core-shell structure with an iron oxide
might also have contributed to the protection of nZVI from corrosion,
sustaining the reactivity of nZVI for duration of the reaction (Lee et al.,
2014). Enhancement of the reaction yield in presence of O2 was not
observed, either, suggesting that the production of reactive oxygen
species, e.g., H2O2, upon reduction of O2 coupled to nZVI oxidation did
not affect the production of benzaldoxime (Keenan and Sedlak, 2008).
This observation was also consistent with the proposed reductive me-
chanism for benzaldehyde production, as the reactive oxygen species
would have increased the yield in an oxidative reaction.

3.5. The effects of nZVI-to-N ratio on benzaldoxime formation

The nZVI-to-N (in NO2
− or NO3

−) mass to mass ratio had sig-
nificant impact on the formation of benzaldoxime. Increase in benzal-
doxime yields was observed with increase in the nZVI-to-N ratio below
7.12; however, increasing the nZVI-to-N ratio beyond 7.12 had negative
impact on the yields of benzaldoxime (Fig. 3). With NO2

− as the source
of nitrogen, the benzaldoxime yield increased from
0.31 ± 0.04 mmoles at an nZVI-to-N ratio of 1.78–0.70 ± 0.04
mmoles at an nZVI-to-N ratio of 7.12. The yield decreased precipitously
to 0.14 ± 0.05 mmoles at nZVI-to-N ratio of 10.7. The same trends
were observed when NO3

− was used as the source of nitrogen. The
increase in nZVI-to-N ratio facilitates reduction of NO2

−/NO3
− to

NH2OH as available reactive surface area of nZVI per NO2
−/NO3

−

increases (Yang and Lee, 2005). Therefore, there will likely be higher
concentrations of in situ generated NH2OH available for the reaction
with benzaldehyde, leading to increased yield of benzaldoxime. As
NH2OH is hypothesized as an unstable intermediate of NO2

− reduction
to NH4

+, ensuring limited access of NH2OH to the nZVI surface would
be the key to higher benzaldoxime yield. At higher nZVI-to-N ratios
(> 7.12), larger available reaction surface area of nZVI may result in
higher chance of NH2OH to react with nZVI instead of benzaldehyde,
leading to more NH4

+ formation and subsequently lower yield of
benzaldoxime. NO3

− reduction to NH4
+ and benzaldoxime requires 8

and 6 electrons, respectively, while NO2
− reduction requires two

electrons less for both reactions, and the electrons available from a
fixed amount of nZVI is limited. Thus, higher benzaldoxime yields with
NO2

− is expected from the reaction stoichiometry at same nZVI-to-N
ratio as was observed in most of the experimental conditions examined.

This is also supported with the results that at higher nZVI-to-N ratio
(> 8.90), benzaldoxime yields with NO3

− do not decrease as much as
those with NO2

−. While the higher nZVI-to-N ratio decreases the
chance of NH2OH to react with benzaldehyde, it may increase the
chance of more NO3

− to be reduced to form NH2OH (and NH4
+) in-

stead of stopping at NO2
− as the final product.

4. Conclusion

In this study, we have developed a novel method for utilization of
waste NO2

−/NO3
− for production of a value-added product, benzal-

doxime. Good yield of benzaldoxime (0.70 ± 0.04 mmoles and
0.67 ± 0.05 mmoles in reaction with NO2

− and NO3
−, respectively,

from 1.0 mmole of benzaldehyde) was achieved from reduction of
NO2

−/NO3
− in contaminated water using nZVI in presence of benzal-

dehyde. According to our proposed mechanism, NH2OH, generated in
situ as the intermediate of NO2

−/NO3
− reduction, reacted with ben-

zaldehyde to produce benzaldoxime. The performance of this method
was dependent on temperature and higher benzaldoxime yield was
achieved at 100 °C than at the room temperature. Although it is widely
known that nZVI requires anoxia to maintain its reactivity, the presence
or absence of oxygen in the headspace did not yield significantly dif-
ferent results under the reaction conditions tested in this study. The
nZVI-to-N ratio needs to be carefully tailored, as too high nZVI-to-N
ratio resulted in complete reduction of NO2

−/NO3
− to NH4

+ and de-
crease in benzaldoxime yield. The observations in this study demon-
strate that nZVI-mediated synthesis of oximes using dissolved NO2

−/
NO3

− is a feasible chemical reaction. Further investigations, e.g., the
reactivity with low concentrations of NO2

−/NO3
− in matrices with

complex chemical compositions, would be needed to develop these
promising findings to an attractive practical environmental technology
that recovers resources during the treatment of NO2

−/NO3
−-con-

taminated water.
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