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A selective electrocatalytic system for the exhaustive conversion of inorganic nitrogen to nitrogen gas (N2) is
developed, whereby the total nitrogen (TN) removal and N2 selectivity achieve 96.8 % and 99.6 % in 120 min,
respectively. Cyclic voltammetry reveals the feasibility of electrooxidative chlorination of NH+
4 compared to
direct anodic oxidation. The TN removal is ranging from 96.2% to 99.7% under various inorganic nitrogen ratios.
Green rust (GR) of mixed Fe(II)-Fe(III) hydroxides is identified at cathode surface by in-situ Raman analysis,
donating electrons to NO−3 . Direct electron reduction, indirect atomic H* reduction, and GR induced reduction
are integrated for the rapid NO−3 conversion at cathode interface. Treatment of authentic wastewater of nickel
plating in continuous running further demonstrates the superiority and durability of the electrochemical system
for both NO−3 and TN abatement. The electrochemical system has potential for efficient and stable nitrogen
pollutants removal in the high-salinity wastewater.

1. Introduction
The contamination of wastewater containing nitrogenous com
pounds discharged from agriculture, animal farming, and industrial
production is of growing concern. Nitrate (NO−3 ) is the most oxidized
form of nitrogen which can be frequently found in natural waters and
many types of industrial wastewaters [1,2]. Excessive NO−3 may cause
potential threats to aquatic ecosystems (e.g., eutrophication) and
humans (e.g., methaemoglobinemia) [3,4]. Transforming nitrate to
harmless nitrogen gas or value-added ammonia are two main interests in
the nitrate reduction researches since 1990 [5]. For water treatment, the
desired end product is nitrogen gas because nitrite and ammonium pose
health, aesthetic and operational problems [6]. Various technologies
have been developed for NO−3 abatement, such as physical adsorption
[7], electrodialysis [8], ion exchange [9], biochemical treatments [10,
11], and photoelectrocatalysis [12]. Electrodialysis is a well-established
technology for water desalination and salt production, while its appli
cation in NO−3 removal generally requires pre-treatment and
re-mineralization [8]. The ion exchange only separates rather than
destroy NO−3 , requiring frequent regeneration of resins and further
treatment of secondary brine wastes [9]. Biological treatment is effec
tive for denitrification and has been widely used as a technologically

mature and economic process. However, for the industrial wastewaters
with high nitrogen load and salinity, the efficiency of biological treat
ment may be restricted [10,13].
In this context, the electrochemical approach has attracted
increasing attention and been proposed as an alternative technology for
NO−3 removal due to its high-efficiency catalysis, easy operation, mini
mal external chemical addition and sludge generation [14–16]. The
electrochemical reduction enables the conversion of NO−3 to nitrogen
species in low valence states, with the harmless nitrogen gas (N2) as the
most desired final product. However, the generation of detrimental
byproducts such as nitrite (NO−2 ) and ammonium (NH+
4 ) is inevitable,
thereby improving the selectivity for N2 has drawn remarkable atten
tion. Many efforts have been devoted to developing the highly effective
and selective cathodes, such as binary and ternary catalysts containing
Pd, Pt, Sn, In, Co, or Ag as promoters [17–22]. Although an improved
activity and N2 selectivity can be achieved, the precise design of the
catalysts (loading, size, shape, crystallization, and tunable electrical
properties) and the high costs restrict their field applications.
On the other hand, NH+
4 can be oxidized to N2 by anodic oxidation,
and NO−2 can be oxidized to NO−3 followed by further reduction at
cathode surface [23,24]. Especially in the presence of Cl− that is ubiq
uitous in most industrial wastewaters, the conversion of NH+
4 to N2 turns
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to be more efficient and complete due to its oxidation by active chlorine
produced from anodic Cl− oxidation [25,26]. Therefore, it is feasible to
realize the exhaustive conversion of inorganic nitrogen to N2 by
combining the electrocatalytic reduction and oxidation together in an
undivided electrochemical system. Several investigations have been
reported on such system, where different types of cathodes such as Cu
[27], Fe [28], Cu/Zn [29], Co3O4/Ti [25], Fe@N-C [2], and nZVI@OMC
[30] were developed for converting NO−3 to NH+
4 and further to N2 with
the aid of chlorine produced by anodic process. Among these cathodes,
low cost and nontoxic iron based electrocatalyst emerged as an effective
and economical option for denitrification. For example, Duan et al.
demonstrated the feasibility of NO−3 reduction via an electrocatalyst
consisting of iron nanoparticles encapsulated in graphitic carbon, which
could circumvent the problem of catalyst deactivation [2]. Chen et al.
reported a FeNi/graphitized mesoporous carbon cathode with a
long-term recycling stability for removing NO−3 [31]. The strategies to
adjust the structure of iron electrocatalyst for high stability are certainly
important, but the reaction activities in those systems need to be further
improved as the reaction time was generally around 24 h. Several
studies reported a markedly higher denitrification efficiency by the
combination of iron or copper cathode with stable anode [32–34],
however, these works were mainly focused on optimizing of operating
factors. Very limited studies are reported on the detailed mechanisms of
direct/indirect electrocatalytic reduction on iron cathode, and the sur
face reactive iron structure contributing to high catalytic NO−3 conver
sion was unknown.
Herein, a selective electrochemical system for the efficient treatment
of inorganic nitrogen was established, whereby the reduction of NO−3
was coupled with the oxidation of the produced NH+
4 into N2. The
nonprecious Fe foam with three-dimensional pore structure was used as
the cathode, and the mixed metal oxide (MMO) with high chlorine
evolution activity was used as anode. Although Fe has been considered
as an ideal cathode for electroreduction, the characteristics of reactive
Fe species during the electrocatalytic process and its actual role were
barely reported. The aims of the study are to investigate the activity and
selectivity of the coupled electrochemical process for denitrification, to
investigate the electrochemical characteristics for the reductive and
oxidative conversion of nitrogen species, and to identify the active Fe
species regarding the synergistic effects for NO−3 reduction at cathode
interface. The feasibility of the established technical process for dealing
with real rinse wastewater of nickel plating containing certain amount
−
of NO−3 , NH+
4 and Cl in continuous flow mode was also explored. The
findings showed the potential applicability of this efficient electro
chemical denitrification process for treating wastewaters laden with
inorganic nitrogen and Cl− .

2.2. Electrochemical denitrification experiments

2. Materials and methods

The concentrations of NO−3 , NO−2 , and NH+
4 were detected by the
standard colorimetric method using a UV–vis spectrophotometer (UV2550, Shimadzu) [36]. The effect of adsorption/absorption of inorganic
nitrogen during the electrochemical process on their determination was
evaluated (Fig. S1, Supporting Information). The amount of generated
N2 was measured in closed system by isotope ratio mass spectrometer
(IRMS, MAT253 with Gasbench II and autosampler [PAL], Thermo
Scientific, USA). Nitrous oxide (N2O) can be produced as gaseous
product for the nitrate reduction [31,37], and it was analyzed using a
7890A gas chromatograph (Agilent Technologies Inc., Santa Clara, CA)
with an electron capture detector. Additional details on gas sample
collection, handling, and processing are given in Supporting Informa
tion. The qualitative identification of gaseous nitrogen-based products
such as NOx, volatile chloramines and hydroxylamine was carried out
using a quadrupole mass spectrometer (QMS, HPR20, Hiden Analytical).
The chlorate (ClO−3 ) and perchlorate (ClO−4 ) were analyzed by an ion
chromatograph (IC, ICS-2000, Dionex). The free chlorine and total
chlorine were measured with the N,N-diethylp-phenylenediamine
(DPD) standard method [37]. The concentrations of chloramines were
determined by computing the difference between the concentrations of

An undivided three-electrode system batch reactor (100 mL) was
applied for the coupled electrochemical process, while a similar reactor
separated by proton exchange membrane (Nafion-117, Du Pont) was
used for the individual electroreduction or electrooxidation process. The
MMO electrode, Fe foam, and saturated calomel electrode (SCE) served
as the anode, cathode, and reference electrode, respectively. The elec
trochemical denitrification experiments in the divided and undivided
batch reactors, and electrochemical oxidation of NH+
4 in the divided
batch reactor were performed using a CHI 660E electrochemical work
station. 10 mM Na2SO4 was used as the supporting electrolyte. Unless
otherwise specified, 0.5 g/L NaCl was added for both coupled electro
chemical process and NH+
4 electrooxidation. Different volumes of the
NaNO3 stock solution were added into the reactor to get reaction solu
tion with various NO−3 -N concentrations (35− 200 mg/L) as they are in
the range of NO−3 concentrations in actual ground water and industry
effluents (varying from less than 1 mg/L to more than 100 mg/L). For
comparison, Cu foam, Ni foam, Ti foam, Fe plate, and graphite plate
were also used as the cathodes for electrochemical NO−3 reduction in the
divided electrochemical reactor. Effects of various cathode potentials
(-0.75 to -1.75 V) on the NO−3 reduction, effects of anode potentials
(0.5–2.0 V) and NaCl concentrations (0− 0.5 g/L) on NH+
4 oxidation, and
effects of cathode potentials (-0.75 to -1.75 V), NaCl concentrations
(0–2.0 g/L), initial NO−3 -N concentrations (35− 200 mg/L) and inorganic
nitrogen ratios on the coupled electrochemical denitrification were
performed. To ascertain the role of Fe foam for NO−3 reduction, the
experiment of periodical polarization of Fe foam in the NO−3 solution
with two different polarization sequences was conducted. Quenching
experiments were performed for electroreduction and electrooxidation
processes using Tert-butyl alcohol (TBA) nitrobenzene (NB) as the
radical scavengers, respectively.
To demonstrate the feasibility of electrochemical process for deni
trification in the real wastewater, the experiment was conducted with
the nickel plating rinse wastewater containing inorganic nitrogen (NO−3
−
and NH+
4 ) and Cl . The electrochemical wastewater treatment was
performed in a continuous electrolytic reactor (300 mL) with a DC
power supply, and the electroless nickel plating rinse wastewater
(collected from an electroplating factory located in Tianjin, China) after
Fenton oxidation pretreatment was used as influent. The immersed areas
of electrodes (both cathode and anode) were ca. 10 cm2 (2.5 cm × 4.0
cm) and 36 cm2 (4.5 cm × 8.0 cm) for the batch and continuous reactors,
respectively.
2.3. Analytical method

2.1. Chemicals and materials
NaNO3, NaNO2, (NH4)2SO4 and NaCl at analytic grade were obtained
from Sinopharm Chemical Reagent Co., China. The deionized water was
produced by a Milli-Q ultrapure water system (specific conductivity of
18.2 MΩ). The MMO electrode (RuO2-IrO2 coating on Ti mesh), Fe plate
(DT-3 type), graphite plate and titanium mesh with 1.5 mm thickness,
and stainless-steel plate (304 type) with 1.3 mm thickness were supplied
by Beijing Hengli Ti Co., China. Fe foam (pore density 110 ppi), Cu foam
(pore density 100 ppi), Ni foam (pore density 110 ppi), and Ti foam
(pore size 100 μm) with 1.5 mm thickness were obtained from Kunshan
Electronic Technology Co., China. The metal foams were ultrasonically
rinsed in acetone, ethanol, and 0.01 M hydrochloric acid solution for 5
min to thoroughly remove the surface impurities and native oxide prior
to use [35]. After that, it was repeatedly washed with deionized water to
remove the residuals.
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total chlorine and free chlorine [38,39].
The N2 selectivity (SN2 %) was calculated according to the following
equation：
S N2 % =

m(N2 )t
× 100%
(C(NO−3 -N)0 − C(NO−3 -N)t ) × V

(67.5 %), and the TN removal and N2 selectivity for the individual
electroreduction are calculated to be 32.5 % and 32.2 %, respectively. In
contrast, for the coupled electrochemical process, although the NO−3
destruction rate appears a little slower as the efficiency achieves 91.2 %
at 60 min (Fig. S2), the TN removal and N2 selectivity largely increase to
96.8 % and 99.6 % after 120 min, respectively (Fig. 1B). The quantity of
N2O reaches the maximum of 1.2 % and 0.5 % of the initial NO−3 -N
during the individual electroreduction and coupled electrochemical
process, respectively, and disappears at the end of both processes
(Fig. 2). The analysis of NO−3 -N, NO−2 -N, NH+
4 -N, N2 and N2O provided a
mass balance in the range of 96.09%–100.17% of initial NO−3 -N for the
two electrochemical processes. Furthermore, the gaseous products
during the coupled electrochemical system were qualitatively identified
by QMS. The mass spectra in Fig. S3 show a N2 peak at mass number 28
and a small N2O peak at mass number 44 at 30 min, and only N2 peak
after 120 min reaction. The above analysis indicates that N2O was
produced as intermediate gaseous product and was finally reduced to N2
with prolonged electrolysis. The other gaseous NOx, volatile chlora
mines and hydroxylamine were not detected. Previous studies reported
that gaseous NOx that potentially might evolve during electrolysis were
relatively unstable and could be rapidly transformed to N2 [2,28,40].
The obtained results assure that the conversion of NO−3 to N2 was pri
marily responsible for the significant TN removal and rule out the pos
sibility for nitrogen oxides (e.g., NO and NO2) and volatile chloramines
and hydroxylamine to form as the significant gaseous products.
In contrast to the individual electroreduction, the coupled electro
chemical process shows superiority for achieving almost complete
conversion of NO−3 to N2. The slight restriction of NO−3 elimination rate
during the coupled electrochemical process can be attributed to the
negative effect of anodic O2 evolution without proton membrane, and
plausible NO−3 regeneration resulting from oxidation of NO−2 at the
anode [27,36]. Nearly no NO−2 -N is detected after 120 min treatment
during the two processes.
The electrochemical characteristics of the main ions (NO−3 , NH+
4 , and
−
Cl ) are investigated by the voltammograms as presented in Fig. 3. The
LSV curves with increasing concentrations of NO−3 show two reduction
waves (Fig. 3A). It is generally recognized that the rate-determining step
in the electrocatalytic NO−3 reduction occurs during its conversion to
NO−2 , following which the NO−2 was rapidly converted into the in
termediates (NO, N2O) and then further converted to N2 or NH+
4 [21].
The first reduction peak at ca.− 0.82 V with relatively low current yield
is possibly due to the reduction of NO−3 to NO−2 , and the second peak near
-1.30 V with relatively high current yield is considered as the further
reduction of NO−2 to N2 or NH+
4 [31,41,42]. No obvious anodic peak
attributed to the direct NH+
4 oxidation appears in Fig. 3B. However,
increase of the solution pH from 7.0–12.0 significantly increases the
anodic peak current at around 1.20 V (Fig. 3B inset), in accordance with
the previous report showing that NH+
4 oxidation was accelerated at high

(1)

Where m(N2)t (mg) is the determined amount of N2 in the closed-batch
reactor at time t, C(NO−3 -N)0 and C(NO−3 -N)t (mg/L) are the initial NO−3 N concentration and its concentration at time t, respectively, and V (L) is
the volume of solution. The total nitrogen (TN) removal efficiency,
Faradaic efficiency, and energy consumption were calculated as pro
vided in Supporting Information.
2.4. Characterization
The morphology of the fresh MMO anode, fresh Fe foam cathode, and
Fe foam cathode after 9 cycles of coupled electrochemical denitrification
process was analyzed by a scanning electron microscope (SEM, Zeiss
SUPRA 55) equipped with an energy dispersive spectrometer (EDS). The
specific surface area measurement was performed by the BrunauerEmmett-Teller (BET) method. The active radicals generated in the
separated cathode and anode chambers for the electrochemical reduc
tion and oxidation processes were taken at a predetermined time near
the cathode and anode surface, and were detected by electron-spin
resonance (ESR) on a Bruker EMX using 5,5′ -dimethyl-1-pirroline-Noxide (DMPO) as the scavenger. The chemical composition of Fe foam
before and after 9 recycles was characterized by X-ray photoelectron
spectroscopy (XPS, AXIS UltraDLD). Linear sweep voltammetry (LSV)
and cyclic voltammetry (CV) measurements were conducted in a con
ventional three-electrode cell consisting of Fe foam, MMO electrode, and
a SCE reference electrode. Tafel diagrams were produced by polarizing
each Fe foam ±200 mV with respect to its open circuit potential at a scan
rate of 5 mV/s. Electrochemical impedance spectroscopy (EIS) was
performed in the frequency from 0.1 Hz to 100 kHz and measured at an
amplitude of 10 mV. In-situ Raman analysis was performed using Lab
RAM HR800 laser con-focal Raman spectrometer (HORIBA Jobin Yvon)
at 633 nm.
3. Results and discussion
3.1. Coupled electrochemical process for efficient denitrification
The distributions of nitrogen species, TN removal, and N2 selectivity
with elapsed time by the individual electroreduction and coupled elec
trochemical processes are compared. During the individual electro
reduction process, the NO−3 -N is rapidly reduced by 99.7 % within 60
min (Fig. 1A). After 120 min, the majority of NO−3 is converted to NH+
4

Fig. 1. The distribution of nitrogen species, TN removal, and N2 selectivity by (A) the individual electroreduction process (cathode potential of -1.5 V, 35 mg/L NO−3 N, 10 mM Na2SO4, dual chamber cell), and (B) the coupled electrochemical process (cathode potential of -1.5 V, 35 mg/L NO−3 -N, 10 mM Na2SO4, 0.5 g/L NaCl,
undivided cell).
3
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Fig. 2. The generation of N2 and N2O during (A) the individual electroreduction process (cathode potential of -1.5 V, 2.5 mM NO−3 -N, 10 mM Na2SO4), and (B) the
coupled electrochemical process in closed-batch reactors (cathode potential of -1.5 V, 2.5 mM NO−3 -N, 10 mM Na2SO4, 0.5 g/L NaCl).

Fig. 3. (A) Linear sweep voltammetries in the supporting electrolyte (support, 50 mM Na2SO4) with various concentrations of NO−3 and (B) NH+
4 (inset shows the
voltammograms of 0.01 M (NH4)2SO4 as a function of the solution pH). (C) Cyclic voltammograms in the supporting electrolyte (support, 50 mM Na2SO4), support
+30 mM (NH4)2SO4, and support +50 mM NaCl in the presence/absence of 30 mM (NH4)2SO4. (D) Cyclic voltammograms in the supporting electrolyte (support, 50
mM Na2SO4) with incremental addition of NaCl, and (E) support +40 mM NaCl with the addition of incremental (NH4)2SO4. The scan rate is 50 mV/s.

pH [43].
Fig. 3C illustrates that the anodic current of support with Cl− is much
higher than that with NH+
4 and starts at a less positive potential (the
overpotential of chlorine evolution on the MMO electrode is around 1.16
V), implying the easier anodic oxidation of adsorbed Cl− relative to
+
NH+
4 . Therefore, to enhance the NH4 oxidation at neutral pH, mediation
by the electrogenerated active chlorine is feasible. Moreover, a welldefined reduction peak is observed in the negative scan at 0.87 V,
which results from the reduction of active chlorine produced during the
anodic scan [27]. The peak current increases linearly with Cl− concen
tration and decreases obviously with incremental addition of NH+
4
(Fig. 3D and E), indicating the consumption of electrogenerated chlorine

for NH+
4 oxidation in the vicinity of the electrode surface.
3.2. NO−3 reduction and NH+
4 chlorination
The individual electroreduction of NO−3 -N with various cathodes
were compared in the separated cathode chamber to explore their
electrocatalytic reduction activities (the current densities for the Fe
foam, Cu foam, Ni foam, Ti foam, Fe plate, and graphite plate at -1.5 V
cathode potential were 7.01, 6.79, 16.9, 3.32, 3.29, and 2.18 mA/cm2,
respectively). The Fe foam cathode exhibits a substantially higher NO−3 N removal than the other cathodes (Fig. S4A). The generated NO−2 -N
decreases the fastest and disappears at 90 min for Fe foam, whereas the
4
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residual NO−2 -N at the other cathodes vary from 0.28 to 3.16 mg/L
(Fig. S4B). Fig. S4C and D illustrates that NH+
4 -N is the main product for
all cathodes, and Fe foam shows the highest activity toward conversion
−
of NO−3 -N to NH+
4 -N (67.5 %). The NO3 reduction can be well described
by pseudo-first-order kinetic model. The reduction rate obeys the order
of Fe foam (0.070 min− 1) > Fe plate (0.028 min− 1) > Cu foam (0.015
min− 1) > Ni foam (0.011 min− 1) > graphite plate (0.003 min− 1) = Ti
foam (0.003 min− 1). Previous investigations on the activity trends of
various transition metal electrocatalysts for NO−3 reduction have been
reported, and Fe was predicted to be the most active due to its high
surface coverage of NO−3 and weak adsorption of reduction in
termediates [44]. Here, the Fe foam outperforms those cathodes in terms
of both NO−3 -N reduction and NH+
4 -N generation. Additionally, the
NO−3 -N and TN removal efficiencies by the commonly used cathode
materials such as alloy, metallic oxide and carbon are also listed in
Table S2. The Fe foam cathode in this study showed the second highest
NO−3 -N and TN removal efficiencies, which are only slightly lower than
bimetallic Pd-Cu loaded cathode. Therefore, when the Fe foam cathode
is utilized in the coupled electrochemical system, NO−3 -N can be effi
ciently transformed into N2 due to its high selectivity for NO−3 -N
+
reduction to NH+
4 -N and the synergistic conversion of NH4 -N to N2 by
anodic chlorination, which will be discussed subsequently.
The electrochemical reduction of NO−3 by Fe foam cathode at
different cathode potentials is also investigated in the separated cathode
chamber (average current densities were 0.10, 0.89, 3.93, 7.01, and
21.73 mA/cm2 at -0.75, -1.0, -1.25, -1.5, and -1.75 V, respectively).
Decrease of the cathode potentials from -0.75 to -1.50 V markedly
improve the NO−3 -N removal from 3.8% to 100%, with the reduction rate
constants being increased from 0.001 to 0.070 min− 1 (Fig. S5A). Further
decrease in the potential to -1.75 V slightly improves the reduction rate
to 0.083 min− 1. The NO−2 generation first increases and then remarkably
decreases as the potential turns to be more negative, while NH+
4 -N is
increasingly generated at more negative potentials (Fig. S5B–D). The
Faradaic efficiency of NO−3 reduction ranges from 11.2% to 35.1% as the
cathodic potential changes from -0.75 to -1.25 V, and further decreases
at more negative potentials due to the enhanced water electrolysis
(Fig. S6). The pH increased rapidly in the first 5 min and kept nearly
constant afterwards in all the experiments (Fig. S7).
Fig. 4A shows the electrochemical oxidation of NH+
4 with various
anode potentials at the MMO anode. The SEM images and EDS analysis
of the MMO anode are provided in Fig. S8. The kinetic rate of NH+
4
oxidation was continuously enhanced from 0.5 to 1.5 V, and varies
insignificantly from 1.5 to 2.5 V. The NH+
4 degradation rate at 2.0 V with
Cl− is 2.77 times higher than that without Cl− , revealing the facile
decomposition of NH+
4 by electrochemical chlorination relative to pure
anodic oxidation. Furthermore, NH+
4 oxidation efficiency increases in
proportion to NaCl concentration up to 0.5 g/L, and final NO−3 -N yield
corresponds to only ca. 0.3%–3.6% of the initial NH+
4 -N concentration

(Fig. S9), which is in agreement with the previous results [39,45].
Fig. 4B shows that at 2.0 V, the combined chlorine concentration in
creases to a maximum of 31.1 mg/L at 15 min and decreases to 1.7 mg/L
at 60 min, whereas the free chlorine gradually increases to 32.8 mg/L
and levels off after 40 min. The inset demonstrates the effective con
sumption of free chlorine during the electrochemical chlorination of
NH+
4 . Chloramines would be first generated via the reactions between
NH+
4 and in situ generated active chlorine species, and further decom
pose mainly to N2.
The ESR spectra of radical species produced with the MMO anode in
the anode chamber are presented in Fig. 4C. No signals appeared in the
blank electrolyte or electrolysis without Cl− , precluding the possible
generation of significant oxidative radicals. A seven-line ESR spectra can
be detected during the anodic oxidation with Cl− , whose intensity first
increases and then decreases with the elapsed time. The spectra corre
spond to DMPOX derivatives, resulting from the oxidation of DMPO by
Cl⋅ [12,46]. The anode potential of MMO (2.0 VSCE) is more positive than
the onset potential for the production of chlorine species such as Cl⋅ and
Cl2 (+1.16 VSCE) [25,39]. The Cl⋅ radical would react with Cl− to form
Cl−2 ⋅, which is expected to be rapidly disproportionated to free chlorine
with the second-order rate constant > 109 M− 1 s− 1 [47]. These results
confirm that the oxidative conversion of NH+
4 to N2 is mediated by active
chlorine in the MMO anode system.
3.3. Major factors influencing nitrogen removal
The effect of cathode potential on the NO−3 reduction, intermediates
generation, and N2 selectivity in the coupled electrochemical process is
depicted in Fig. 5 (average current densities at -0.75, -1.0, -1.25, -1.5,
and -1.75 V were 0.35, 1.29, 4.96, 10.90, and 25.7 mA/cm2, respec
tively). The variation tendency of NO−3 -N and NO−2 -N with cathode po
tential is similar to the individual electroreduction (Fig. 5A and B). The
NH+
4 -N concentration reverses from increase to a rapid decline after 60
min and disappear after 120 min at -1.5 and -1.75 V (Fig. 5C). In the
presence of Cl− , NH+
4 -N would be removed by increasingly generated
active chlorine when the cathode potential decreased to -1.5 and -1.75 V
(as the anode potential increased to 2.05 and 2.75 V, Table S3). Fig. 5D
illustrates that N2 selectivity largely increases from 24.7% to 99.6% and
99.9 % (corresponding to NO−3 -N removal from 95.3% to 97.4% and 100
%) with decreasing the cathode potential from -1.25 to -1.5 and -1.75 V,
respectively. This can be attributed to the accelerated conversion of
+
NO−3 -N to NH+
4 -N at more negative cathode potentials and NH4 -N to N2
−
at more positive anode potentials. The NO3 reduction rate constant
achieves the highest value of 0.039 min− 1 at -1.5 V, thus the cathode
potential of -1.5 V was chosen in the subsequent electrolysis. The solu
tion pH increases after the electrochemical process, and a higher final
pH is achieved when applying a more negative cathode potential
(Fig. S7). The increased pH may help to alleviate the competition of H+

+
Fig. 4. (A) Electrochemical oxidation of NH+
4 -N in the anode chamber under variable anode potentials (30 mg/L NH4 -N, 10 mM Na2SO4, and 0.5 g/L NaCl), (B) timedependent concentration profiles of free and combined chlorines, and (C) ESR spectra of radicals trapped by DMPO in the separated anode chamber (30 mg/L NH+
4 -N,
10 mM Na2SO4, anode potential of 2.0 V, and 0.5 g/L NaCl). Inset in (B) is the comparison of free chlorine in the systems with and without 30 mg/L NH+
4 -N.
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−
Fig. 5. Effect of cathode potential on (A) NO−3 -N reduction, (B) NO−2 -N generation, (C) NH+
4 -N generation and (D) NO3 -N removal, N2 selectivity, and reduction rate
constant in the coupled electrochemical process. Conditions: 10 mM Na2SO4, 0.5 g/L NaCl.

with NO−3 for the active sites of cathode [48].
The NO−3 removal obviously increases when NaCl is increased from
0 to 0.5 g/L, and slightly decreases at higher Cl− concentrations
(Fig. S10A and B). Other researchers have also reported similar phe
nomenon and ascribed the slight decrease to the oxidation of NO−2 to
NO−3 by excessive active chlorine [2,25]. The yield of NO−2 is conspicu
ously suppressed with the increase of Cl− (Fig. S10C). NH+
4 generation is
accelerated with NaCl increasing from 0 to 0.2 g/L, and greatly de
creases with NaCl further increasing from 0.5 to 2 g/L (Fig. S10D). TN
removal increases drastically from 6.3% to 96.8% upon increasing NaCl
from 0 to 0.5 g/L (Fig. S10E). The ClO−3 produced during this process
increases with increasing Cl− concentration, and its final concentration
is less than 1% of the initial Cl− concentration (Fig. S11A). The ClO−4
generation is three orders of magnitude lower than ClO−3 (Fig. S11B). A
proposed reaction scheme for NH+
4 and chlorine conversion is illustrated
in Fig. S12. In addition, increasing Cl− yields increases in free chlorine
concentration, while the chloramine first increases and then decreases
until disappear after 120 min (Fig. S13). The chlorinated byproducts
could be diminished by reducing the NaCl dosage and optimizing the
applied potential or current density [49,50]. Further investigation is
needed to identify the matrix of byproducts and their toxicity in more
realistic situation.
Fig. S14 shows that the NO−3 -N removal efficiencies are all above
99.6 % within the initial NO−3 -N concentration range from 35 to 200 mg/
L. TN removal efficiencies maintain above 99.7 % from 35 to 150 mg/L
and decreases to 83.3 % at 200 mg/L due to the increased NH+
4 -N
accumulation. The effectiveness of the coupled electrochemical process
for the treatment of water with different proportions of inorganic ni
trogen is further explored and the results are given in Fig. 6. The pres
−
+
ence of NH+
4 has nearly no impact on the NO3 reduction, and NH4
degradation leads to negligible NO−3 generation (Fig. 6A–C). However,

+
with the increase in NO−3 -N to NH+
4 -N ratio, the decay of NH4 -N turns to
be slower (Fig. 6B–D), which is undoubtedly due to the accumulation of
−
NH+
4 -N from the reduction of high concentration NO3 -N. In addition,
NO−2 would first entirely transform to NO−3 within 15 min (Fig. 6E),
which was further reduced to NH+
4 and N2. It could be clearly seen that
the TN can be efficiently removed under various inorganic nitrogen
ratios, with the removal efficiencies ranging from 96.2%–99.7% in 120
min. The result proves the feasibility of the coupled electrochemical
system for dealing with complex inorganic nitrogen pollutants.

3.4. In-situ formed Fe(II)-Fe(III) hydroxides for NO−3 reduction
In order to ascertain the role of Fe foam for NO−3 reduction, a peri
odical polarization of the cathode was conducted and the results are
presented in Fig. 7A. Test 1 and 2 are in the opposite polarization
sequence for better comparing the NO−3 reduction rate under the two
conditions of cathodic polarization and open circuit. During the first 20
min (startup period) in both Test 1 and 2, no NO−3 -N in the solution is
removed, suggesting that no adsorption or reduction of NO−3 is occurred
on the Fe foam surface. In Test 1, NO−3 -N concentration decreases rapidly
with the rate constant k of 0.0353 min− 1 in the following 20 min under
-1.5 V electrolysis. However, in the next 20 min elapsed under open
circuit condition, NO−3 -N can still be reduced by 13.6 % (k =0.0064
min− 1), whose reduction rate can be regenerated when the cathodic
potential was reapplied from 60 to 80 min (k =0.0295 min− 1). In Test 2,
NO−3 -N reduction is negligible under the first open circuit condition from
20 to 40 min (k =0.0001 min− 1), then substantially increases when -1.5
V is applied from 40 to 60 min (k =0.0326 min− 1), and maintains at a
relatively slow rate (k =0.0073 min− 1) at open circuit from 60 to 80 min.
The addition of Fe2+ by adding FeSO4 in the solution without electrol
ysis nor Fe foam was carried to investigate the homogeneous reduction
6

R. Mao et al.

Applied Catalysis B: Environmental 298 (2021) 120552

−
+
−
+
Fig. 6. Removal of various nitrogen species during the coupled electrochemical processes with (A) NO−3 -N:NH+
4 -N = 0:1, (B) NO3 -N:NH4 -N = 1:3, (C) NO3 -N:NH4 -N
−
+
−
= 1:1, (D) NO−3 -N:NH+
4 -N = 3:1, and (E) NO3 -N:NH4 -N:NO2 -N = 1:1:1. The insets are the corresponding TN removal efficiencies during the electrochemical pro
cesses. Conditions: cathode potential of -1.5 V, 100 mg/L TN, 10 mM Na2SO4, and 2 g/L NaCl.

Fig. 7. (A) Electrolytic manipulation of NO−3
removal by periodically applying electrolysis
(conditions: 35 mg/L NO−3 -N, 10 mM Na2SO4,
0.5 g/L NaCl). Inset is variation in nitrogen
concentrations upon the addition of Fe2+ in the
solution containing 35 mg/L NO−3 -N without
electrolysis nor Fe foam. (B) in-situ Raman
analysis of the Fe foam surface at the time point
labelled in panel A. The startup period in (A)
means initially put the Fe foam in the solution
disconnected from any electric device, the
curves refer to the fittings by pseudo first-order
kinetics for the data points in the same color,
and k refers to the corresponding rate constant.

of NO−3 by aqueous Fe2+. The molar ratio of Fe2+ to NO−3 was 5:1. The
result (inset in Fig. 7A) shows that addition of Fe2+ leads to only 1.9 %
NO−3 -N removal within 3 h, thus excluding the role of dissolved Fe2+ for
the NO−3 reduction under open circuit condition.
To further identify the speciation of iron at the cathode surface, in-

situ Raman spectroscopy is carried out (Fig. 7B). For the pristine Fe
foam and that after the startup period of Test 1 (blank and a), no evident
signals can be detected. From b to d in the cathodic polarization process,
two peaks appear at 433 and 505 cm− 1, which are associated with the Fe
(II)-OH and Fe(III)-OH stretch of the green rust (GR), respectively [51].
7
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Meantime, a peak at 328 cm− 1 attributed to goethite (α-FeOOH) is
observed during the process. For e and f at open circuit conditions, the
characteristic peaks of GR diminish gradually, while the peaks for
magnetite (Fe3O4) at 667 cm− 1 and lepidocrocite (γ-FeOOH) at 380 cm-1
are observed. And after repeating the cathodic polarization (point g), GR
can be identified again.
It is well recognized that GRs are mixed Fe(II)-Fe(III) hydroxides
composed of positively charged hydroxide layers alternating with
−
2−
negatively charged interlayers of anions (e.g., CO2−
3 , SO4 , Cl ) and
water molecules [52,53]. The general formula of GR can be described as
{
}x+
FeII(1-x) FeIIIx (OH)2
∙{(x/n)An- mH2 O }x- . Previous investigations
have found that GR allows the reduction of many organic and inorganic
pollutants, such as Cr(VI), NO−3 /NO−2 , SeO2−
4 , and chloroorganics due to
its redox flexibility [54–57]. In this study, GR can be formed at the iron
cathode surface during the cathodic polarization process, which are
capable of reducing NO−3 or NO−2 even in the absence of electrolysis (e.g.,
point d to f in Test 1 of Fig. 7A). The following Eqs. (2) and (3) corre
spond to the chemical reduction of NO−3 and NO−2 to NH+
4 coupling with
the oxidation of GR into ferric oxyhydroxide [58].
−
2FeII4 FeIII
+ 2OH−
2 (OH)12 SO4 + NO3
III
+
= 12Fe OOH + NH4 + 2SO4 2- + 5H2 O

(2)

−
3FeII4 FeIII
+ 2OH−
2 (OH)12 SO4 + 2NO2
III
+
= 18Fe OOH + 2NH4 + 3SO4 2- + 6H2 O

(3)

electrochemical process. With the reaction progress, the peaks of
goethite, lepidocrocite, and magnetite were identified. The results
demonstrate the GR structure which is conducive to NO−3 reduction can
remain relatively stable with protection by cathodic current on the
cathode surface, boosting the conversion of NO−3 to NH+
4 in this system.
The highly active reduction of NO−3 benefits from the sustained synergy
of direct cathodic reduction, indirect atomic H* reduction and GR
induced chemical reduction at cathode surface.
Fig. 8A shows the three-dimensional interconnected macroporous
network structure of pristine Fe foam with smooth surface and pore
diameters between 300 and 500 μm. This fairly conductive network is
beneficial for the charge-transfer and mass-transfer for electrochemical
reactions. After the recycle use, the Fe foam surface become a bit rough,
which may due to the formation of iron oxides or oxyhydroxides
attached to the electrode surface (Fig. 8B). The EDS mapping and spectra
indicate that after reaction, the O content increases from 2.78 % to 6.82
%, which is uniformly distributed on the skeleton surface (Fig. 8C–J).
The XPS results show that the Fe 2p spectrum after reaction is similar in
peak shape to that of the pristine Fe foam, while a higher-binding-energy
shift in both Fe 2p1/2 and Fe 2p3/2 peaks (0.3− 0.7 eV) can be observed
(Fig. 9A). From the O 1s XPS spectra, the relative peak intensity of Fe-OH increases after reaction, and slight chemical shifts of Fe-O-H and Fe-OFe peaks are found (Fig. 9B). These results are consistent with the in-situ
Raman analysis revealing that GR, ferric oxyhydroxide, and magnetite
are formed at the Fe foam surface. It should be pointed out that those
oxide species didn’t cause a deterioration on electroreduction perfor
mance of Fe foam, as GR shows impressive potentials in NO−3 chemical
reduction. The Fe foam could also remain its conduction stability
because the magnetite which exists as the main surface species has an
electrical conductivity close to that of metals [70].
Tafel analysis was also performed to assess the Fe corrosion during
the application of a cathodic potential for the denitrification process.
Fig. S19 shows Tafel scans of the cathode after different cycling times for
electrochemical denitrification, and the values of the corrosion potential
(Ecorr) and corrosion current (icorr) were determined from the polariza
tion curves. The slight variation in Ecorr and icorr suggests that the
corrosion of Fe foam cathode was not significant due to the protection by
cathodic current and alkaline conditions around the cathode surface (pH
> 11.0).

Nevertheless, GR is stable only at low redox potentials, thus without
the cathodic protection, Fe(II) is easily oxidized to Fe(III) and GR is
transformed into more stable compounds (such as magnetite or ferric
oxyhydroxide) [59,60]. The generation of GR during the electro
chemical processes and its oxidation to other forms are also documented
in previous studies [51,61]. Although the aqueous Fe2+ in the homo
geneous solution is quite limited for NO−3 /NO−2 reduction, the Fe(II)
sorbed ( ≡ Fe2+) onto the GR or magnetite would also contribute to the
reduction of NO−3 /NO−2 as described by Eqs. (4) and (5) [58,62,63].
8 ≡ Fe2+ + NO3 − + 14OH−

= 8FeIII OOH + NH4 + + H2 O

(4)

6 ≡ Fe2+ + NO2 − + 10OH−

= 6FeIII OOH + NH4 +

(5)

3.6. Treatment of authentic wastewater by the electrochemical system

3.5. Mechanism of inorganic nitrogen removal

The established electrochemical process for the treatment of real
rinse wastewater of electroless nickel plating (the wastewater compo
sition is provided in Table S4) was tested. The Fe foam outperforms the
commercial titanium mesh and stainless steel plate which are commonly
used in engineering in terms of the TN removal (91.0 % vs 62.8 % and
26.4 % at 180 min, Fig. 10) and energy cost (0.048 vs 0.106 and 0.316
kW h g− 1 TN, Table S5) due to its high activity toward NO−3 reduction.
Fig. S20 indicates that the COD existing in wastewater restricts NO−3 -N
reduction, as the reduction rate decreases from 0.074 to 0.021 min− 1
when COD increases from 400 to 1800 mg/L. High COD may adsorb on
the cathode surface, resulting in the weakened affinity between cathode
and NO−3 . Hence, the pretreatment for removing COD would be bene
ficial to the electrocatalytic removal of NO−3 -N. Controlling the cathode/
anode ratio has been proved to favor the NO−3 reduction [27]. In this
study, the cathode/anode ratio is optimized at 2:1 with the lowest re
sidual NO−3 -N concentration of 0.9 mg/L and highest TN removal of 99.5
% (Fig. S21).
The optimal electrochemical reactor configuration for the contin
uous running is depicted in Fig. S22. Results in Fig. 11 and Table S4
showed that NO−3 -N concentration in the effluent decreases to 8.1 ± 0.8
mg/L, NH+
4 -N drops to 1.1 ± 0.5 mg/L, and TN decreases to 17.3 ± 0.5
mg/L over the long-term operation with the hydraulic retention time of
3 h (flow rate 1.67 mL/min). The TN removal maintains above 94.1 %
throughout the continuous running. The concentration of dissolved iron

Electrochemical reduction generally occurs through direct electron
transfer and/or atomic H* reduction [64–66]. TBA which can scavenge
the hydrogen atoms was used to identify the contribution of atomic H*
for NO−3 reduction [67]. As shown in Fig. S15, NO−3 reduction rate de
creases by 26.0 %–30.8 % with the addition of 2− 10 mM tert-butyl
alcohol, suggesting that direct electron transfer was the critical mech
anism for NO−3 reduction, while atomic H* plays a relatively minor role.
Furthermore, the EIS and ESR spectra of the pristine Fe foam and Fe
foam after different electrolysis times are investigated. In EIS, the size of
arc radius in the high frequency region of the Nyquist plot is very close
for each electrode (Fig. S16A). The ESR peaks of DMPO-H verify the
production of atomic H* at Fe foam cathodes [68], and the peak in
tensities for these electrodes are nearly identical (Fig. S16B). These re
sults reveal that the in-situ formed GR or other iron species would not
affect the electron transfer or atomic H* generation at the cathode sur
face, and the critical role of GR during the electrochemical process is its
chemical reduction of NO−3 . Fig. S17 shows that NH+
4 oxidation rate
decreases by 63.9 % in the absence of Cl− , and by only 10.3 % with 10
mM NB as a quenching reagent toward ⋅OH [69], indicating that the
electrochemical chlorination is mainly responsible for NH+
4 degradation.
The in-situ Raman analysis of the Fe foam surface during the coupled
electrochemical process (Fig. S18) reveals that GR was detected after
applying the cathodic potential and can be sustained during the
8
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Fig. 8. SEM images of (A) the pristine Fe foam and (B) Fe foam after 9 cycles; EDS mapping images of (C-E) the pristine Fe foam, and (F-H) Fe foam after 9 cycles;
EDS spectra of (I) the pristine Fe foam and (J) Fe foam after 9 cycles.

Fig. 9. XPS spectra of (A) Fe 2p, and (B) O 1s for the pristine and recycle used Fe foam cathodes.

ions in the effluent is determined to be 0.52 ± 0.21 mg/L. The efficient
removal of total phosphorus (Table S4) is attributed to the oxidation of
hypophosphite/phosphite to phosphate by the active chlorine and
anodic oxidation, and further precipitation in the electrochemical pro
cess [71]. In addition to the inorganic nitrogen, the organic nitrogen
accounting for 23.6 % of TN was also efficiently degraded during the
treatment. The active chlorine generated in the presence of Cl− enable
the destruction of organic nitrogen to NO−3 and NH+
4 , which can be
subsequently removed via the redox system.
For industrial application purposes, the modular reactors composed
of several electrode pairs are the most common approaches. The planar
electrodes in the form of parallel plates in this system is facile for largescale reactor design. The high salinity wastewater could provide a
source of natural electrolyte and favoring the formation of active

chlorine species with great decontamination potential. Before its prac
tical application in nitrogen control in the industrial wastewater treat
ment, further efforts should be made in terms of modeling mass
transport, charge transfer and hydrodynamics, reactor designs and en
ergy requirements.
4. Conclusions
The electrochemical denitrification system assisted by in-situ formed
GR exhibits an attractive activity and durability in the removal of
inorganic nitrogen. The rapid and selective reduction of NO−3 -N to NH+
4N by the Fe foam cathode is vital for the high N2 selectivity of the
electrochemical system. The critical role of the cathode results from the
synergism of direct cathodic reduction, indirect atomic H* reduction
9
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Fig. 10. Nitrogen species removal for the real rinse wastewater of nickel plating with (a) titanium mesh, (b) stainless steel plate, and (c) Fe foam cathodes (current
density of 15 mA/cm2).
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Fig. 11. NO−3 -N, NO−2 -N, NH+
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Appendix A. Supplementary data
Supplementary material related to this article can be found, in the
online version, at doi:https://doi.org/10.1016/j.apcatb.2021.120552.

and structural Fe(II)-Fe(III) hydroxides reduction occurred on the elec
trode interface. TN removal efficiency and NO−3 -N reduction rate ach
ieved in this electrochemical system are even close to the bimetallic PdCu cathode system, and the energy cost is more economic than the
processes employing commonly used titanium and stainless steel plate.
These features support that the electrochemical denitrification driven by
the iron foam-based cathode is promising as a reliable approach for
removing aqueous nitrogen pollutants in practice. Compared to other
processes for denitrification, the electrochemical process sustains a
rapid TN removal and high selectivity to N2 when dealing with a wide
concentration range of TN, without the constraints of high salinity and
toxic effect of heavy metal pollutants.
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