
Science of the Total Environment 598 (2017) 1140–1150

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Zero-valent iron-facilitated reduction of nitrate: Chemical kinetics and
reaction pathways
Yiping Zhang a, Grant B. Douglas b, Long Pu c, Quanlin Zhao a, Yan Tang c, Wei Xu c, Bihuan Luo c, Wei Hong c,
Lili Cui d, Zhengfang Ye a,⁎
a Department of Environmental Engineering, Peking University, The Key Laboratory of Water and Sediment Sciences, Ministry of Education, Beijing 100871, China
b CSIRO Land and Water, Centre for Environment and Life Sciences, Private Bag 5, Wembley, 6913, WA, Australia
c Sichuan Jinsha Nano Technology Co., Ltd., Panzhihua Vanadium and Titanium Industrial Park, Panzhihua, Sichuan Province 730900, China
d Zhangjiakou, Hebei Energy and Environmental Engineering, Hebei Institute of Architectural Engineering, Hebei 075000, China
H I G H L I G H T S G R A P H I C A L A B S T R A C T
• This study has focused on a simple,
low pH denitrification methodology
with a view to ready industrial-scale
application.

• The kinetics and mechanisms of the re-
duction of NO3

- in solution to NH3 by
ZVI1.5 particles has been examined.

• Denitrification by ZVI1.5 is primarily a pH-
dependent, surface-mediated process.

• The generation of Fe2+ and NO2
- inter-

mediates prior to formation of Fe3+

oxyhydroxide (goethite) and NH3.
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The kinetics and mechanisms of the reduction of NO3
− in solution to NH3 by 1.5 μm diameter zero-valent iron

(ZVI1.5) particles has been examined. The effects of initial pH, ZVI1.5 particle concentration and initial NO3
− con-

centrationwere also investigated. Results indicate that denitrification by ZVI1.5 is primarily a pH-dependent, sur-
face-mediated process. At an initial ZVI1.5 concentrations of 0.832 g/L, and an optimal initial pH of 1.62, the NO3

−

concentration was reduced by 95% from 12.50 mg/L-N to 0.65 mg/L-N, in 120 min. Several kinetic models were
used to describe the denitrification process based on the ZVI1.5:NO3

− ratio. Based on mineralogical and surface
analysis of the reacted ZVI1.5, and detailed solution chemical analysis, the denitrification reaction pathway in-
volves oxidation and partial dissolution of the ZVI1.5 with the generation of Fe2+ and NO2

− intermediates prior
to formation of Fe3+ oxyhydroxide (goethite) and NH3.

© 2017 Elsevier B.V. All rights reserved.
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1. Introduction

Zero-valent iron (ZVI) has been extensively investigated for treat-
ment of environmental contaminants in the biosphere (Fewtrell,
2004; Kapoor and Viraraghavan, 1997). Examples of the application of
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ZVI include the degradation of chlorinated organic compounds
(Audi-Miro et al., 2015; Waclawek et al., 2015; Zhang et al., 2015;
Belghit et al., 2015; Zhou et al., 2014a, 2014b), polychlorinated biphe-
nyls (PCBs, (Olson et al., 2014; Long et al., 2014; Jun et al., 2013)), re-
moval of heavy metals (Han et al., 2016; Simeonidis et al., 2016; Guo
et al., 2016; Li et al., 2015a, 2015b), and a range of inorganic compounds
(Simeonidis et al., 2016; Sismanoglu et al., 2015; Soleymanzadeh et al.,
2015; Liu et al., 2013) from both wastewaters and groundwater. The
utility of ZVI in contaminant degradation or absorption is principally re-
lated to its high specific surface area and surface reactivity (Zhou et al.,
2014a, 2014b; Schwindaman et al., 2014).

In Fe0-H2O system, zero-valent iron (ZVI) functions as an electron
donor, while corresponding pollutants function as electron acceptor.

Fe0→Fe2þ þ 2e− ð1Þ

Bothwater and dissolved oxygenmay also be involved in ZVI-medi-
ated transformation according to the following reactions.

2H2Oþ 2e−→2OH− þ H2 ð2Þ

2H2Oþ O2 þ 4e−→4OH− ð3Þ

Therefore, three possible reaction mechanisms may occur in Fe0-
H2O system with one or more of Fe0, Fe2+, H2 playing an important
role: (Luo et al., 2014; Ling et al., 2015) via

(1) electron transfer from Fe0 directly on the surface of the ZVI,
(2) electron transfer indirectly via Fe2+, or
(3) electron transfer by H2 with the ZVI (Fe0) surface acting as a cat-

alytic surface to promote the production of H2.

With the development of industry and intensive agriculture, consid-
erable quantities of nitrogen compounds have accumulated in the envi-
ronment including from the application of nitrogenous fertilizers, the
discharge of industrial wastewaters, animal manure, septic waste, and
atmospheric deposition from nitrogen oxide emission (Jung et al.,
2011). Consequently, nitrogen compounds may contaminate both sur-
face and groundwater in the form of NO3

−, in some cases resulting in
the contamination of drinking water sources (Fagan et al., 2016;
Zhang et al., 2016). Nitrate may be reduced to nitrite in blood and result
in methemoglobinemia or “blue-baby” syndrome in susceptible chil-
dren (Kapoor and Viraraghavan, 1997; Kay et al., 2004).

Conventionally, NO3
− in water can be removed by various technolo-

gies. Thesemay include biological denitrification, ion exchange, reverse
osmosis, and chemical reduction. (Schwindaman et al., 2014; Zhou et
al., 2014a, 2014b; Ren et al., 2015; An et al., 2014; Su et al., 2014a,
2014b). Considerable research related to chemical reduction of NO3

−

by zero-valent iron (ZVI) has been undertaken since the 1990s (Yang
and Lee, 2005), as this method often enables high denitrification rates
(Ren et al., 2015). While denitrification via nanoscale ZVI could occur
under a wide range of pH (i.e., 3–11), the pH of the water also increases
in the presence of nZVI because of the significant anaerobic corrosion of
Fe0 (Lin et al., 2008), millimeter-scale ZVI could only denitrify under
acidic conditions (pH b 4) (Yoshino and Kawase, 2013). However, it
has been reported that the addition of HEPES (4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid) buffer could expand the reaction pH of
ZVI to neutral pH (Luo et al., 2014).

When applied to denitrification, different types of ZVI may exhibit a
range of reaction kinetics under different reaction conditions. Many de-
nitrification experiments may be explained using a pseudo-first order
kinetic equation (Penon et al., 2016; Cho et al., 2015; Peng et al., 2015;
Siciliano, 2015; Jiang et al., 2015; Zhou et al., 2015; Ling et al., 2015). Al-
ternatively, a reaction order of 1.7 was found using 6–10 μm ZVI and a
ratio of 384 g ZVI to 1mol NO3

− (Huang et al., 1998). The observed kinet-
ics (kobs) value was determined to be 0.035 L0.7/mg0.7 ∙min1 when the
initial NO3
− concentration was 50 mg/L in the presence of 0.05 mol sul-

fate. (Yang and Lee, 2005) studied several aspects of chemical reduction
of nitrate by synthesized nanoscale iron particles, showing that a first-
or pseudo-first-order kinetic model may not be suitable to describe
the kinetics of the reaction. Ammonia is the principal denitrification re-
action product in the presence of ZVI in addition to N2 gas (Zhao et al.,
2015; Huang et al., 2015; Cho et al., 2015; Guo et al., 2015; Peng et al.,
2015; Ma et al., 2015; Jiang et al., 2015). According to (Devlin et al.,
2000), the Gibbs free energy of the two main reactions indicate that it
is more thermodynamically favorable to produce NH3 than N2:

4Fe0sð Þ þ NO−
3 aqð Þ þ 9Hþ

aqð Þ→4Fe2þaqð Þ þ NH3 aqð Þ
þ 3H2O lð Þ −942KJ=mol ð4Þ

5Fe0sð Þ þ 2NO−
3 aqð Þ þ 12Hþ

aqð Þ→5Fe2þaqð Þ þ N2 aqð Þ
þ 6H2O lð Þ −797KJ=mol ð5Þ

while as a consequence of hydrogen ion consumption, the solute pH
rises during the reaction (Shin and Cha, 2008; Choe et al., 2004).

While it is generally recognized that NO3
− adsorption and a subse-

quent redox reaction is the principal mechanism of ZVI denitrification
(Wang et al., 2014; Liu et al., 2014; Su et al., 2014a, 2014b), previous
studies have documented that a range of factors may influence the
mass transfer rate of surface reaction and hence, the efficiency of deni-
trification. These factors may include mixing intensity (Choe et al.,
2004), initial acidity (Zhang et al., 2011; Hwang et al., 2011), ZVI dose
(Fateminia and Falamaki, 2013; Hosseini et al., 2012), and the initial
NO3

− concentration (Zawaideh and Zhang, 1998).
Based on the studies reviewed above, the aim of this study was to

elucidate the chemical reduction of NO3
− by 1.5 μm diameter ZVI, here-

after referred to as ZVI1.5, and in particular, the transformation of the
ZVI1.5 and the surface reactions involved in a strongly acidic media. In
addition, the effects of varying pH, temperature, oxygen, ZVI1.5 dose,
and the initial NO3

− concentration on denitrification were also investi-
gated. A simple kinetic model was also developed to describe the deni-
trification process. Both X-ray diffraction (XRD) and X-ray
photoelectron spectroscopy (XPS) were used to determine the surface
reaction products of the ZVI1.5 produced during denitrification.

Significantly, direct denitrification of NO3
− to NH4

+ in acidic solutions
without prior pH neutralization as undertaken in this study offers an al-
ternative treatment pathway, particularly in effluents produced from
major industrial processes such as nitric acid-based mineral dissolution
(Cheng et al., 2014). Hence, this study has focused on a simple, low pH
denitrification methodology with a view to ready industrial-scale
application.

The ZVI particle size is also known to have significant effects on reac-
tivity and reaction kinetics (Dong et al., 2010). In this study, ZVI1.5 was
chosen due to its and ZVI materials with similar particle size distribu-
tions widespread commercial availability.

2. Materials and methods

2.1. Materials

The ZVI used in the experiments, as provided by Sichuan Jinshanami
Technology Co. Ltd., China, was approximately 1.5 μm in it smallest axis,
with a bulk density of 0.95 g/c, and with Brunauer–Emmett–Teller
(BET) surface area of 1.27 m2/g. Other chemicals (KNO3, HCl) were pur-
chased from the Beijing Chemical Plant, China and were of at least ana-
lytical grade.

2.2. Methods

Denitrification batch experiments were conducted in 1.5 L Erlen-
meyer flasks (Fig. 1). Each flask was filled with 1200 mL of reactant



Fig. 1. Schematics of the ZVI1.5 denitrification batch reactor.
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solution made by containing 25 mg/L NO3
−-N as KNO3 in distilled water

and the solution was purged with nitrogen gas before the addition of
the ZVI1.5. Anoxic conditions were maintained by continuous purging
of nitrogen gas (1 L/min) through the reactor. Different masses of
ZVI1.5 (0.104, 0.416, 0.832 g/L) were added to the reactor according to
the experiment undertaken. Solution samples were taken at 0, 2, 5, 10,
15, 30, 60, and 120 min and filtered through 0.22 μm syringe filters
prior to analysis. The ZVI1.5 suspension was continuously stirred by an
electric stirrer with the reaction temperature maintained at 20 °C. The
off-gas from the reactor was bubbled through 200 mL of an acidic solu-
tion throughout the entire reaction for the analysis of produced NH3.

The concentration of NO3
−, NO−

2, NH+
4, and Fe2+ were determined

colorimetrically byUV spectrophotometer (UV1800, Shimadzu) accord-
ing to Chinese Environment standards HJ/T 346-2007, GB 7493-87, HJ/T
535-2009, and HJ/T 345-2007. Control denitrification experiments con-
taining no ZVI1.5 particles were also prepared. pHwasmeasured using a
HANNA pH-201 m. The BET surface area was measured by N2 adsorp-
tion isotherms at 77Kusing an automated surface area and pore size an-
alyzer (ASAP 2010, Micromeritics, USA).

The surfacemorphologies of ZVI1.5 before and after reaction was ob-
served using a Quanta 200FEG environmental scanning electron micro-
scope (SEM, FEI Company, USA), with the accelerating voltage of 15 kV.

X-ray diffraction analysis (XRD), X'Pert Pro, PANalytical, was per-
formed on ZVI samples to detect post-reaction mineralogical changes
in the ZVI. The scan ranged from 10 to 90° 2θ with a scan speed of
1° min−1, an operating voltage of 40 kV, a current of 100 mA, and
k = 01541 nm.

X-ray photoelectron spectroscopy (XPS) was used to determine
changes in the chemical binding of iron species on the surface of ZVI1.5
and the surface chemical composition. The spent ZVI1.5 sample was
carefully packed on a XPS sampling template under anaerobic condi-
tions to avoid surface oxidation. The XPS analysis was undertaken
using an Axis Ultra (Kratos Analytical Ltd., JP) with an Al kα X-ray
(1486.7 eV) with a 200 W power source. Raw spectra were smoothed
before being fitted using a Shirley base line and a Gaussian–Lorentzian
shape peak. Narrow scanned spectra were used to obtain the chemical
state of the Fe.
2.3. Kinetic model

Nitrate reduction kinetics have generally been described by a
(pseudo) first order reaction, however, this model order is not relevant
Fig. 2. Concentrations of NO3
− (a), NO−

2 (b), NH+
3 (c), TN (d), Fe2+ (e), Fe3+ (f) and pH (g)

standard deviation (n = 3).
under ZVI- or nZVI-limiting conditions (Alidokht et al., 2011). Nitrate
removal and ammonia generation have been successfully described as
adsorption and heterogeneous catalytic reaction, respectively (Kim et
al., 2016). Several kinetic models, including the pseudo-first-order reac-
tion model, pseudo-first-order adsorption, the pseudo-second-order
adsorption, the double constant equation (Xu et al., 2017; Deliyanni et
al., 2007), and the intra-particle diffusion model were evaluated in
this study. The way they describe the behavior of nitrate is expressed
as follows:

dCn

dt
¼ −kk1Cn ð6Þ

dCn

dt
¼ −kmC

n
n ð7Þ

dqn
dt

¼ −ka1 qn;e−qn
� �

;−
dCn

dt
¼ −ka1 Cn−Cn;e

� � ð8Þ

dqn
dt

¼ −ka1 qn;e−qn
� �2

;−
dCn

dt
¼ −ka1 Cn−Cn;e

� �2 ð9Þ

R ¼ kid � tα ; ln
Cn;0−Cn

Cn;0

� �
¼ ln kidð Þ þ α ln tð Þ ð10Þ

lnqn ¼ lnβ þ Ks lnt ð11Þ

where, Cn(mg-N/L) is the nitrate concentration at time t (min),
kr1(min−1) is the pseudo-first-order reaction rate constant, km is the re-
action rate constant with the estimated reaction order n, qn (mg-N/g-
ZVI1.5) is the adsorbed nitrate amount at time t, qn,e (mg-N/g-ZVI1.5) is
the equilibrium adsorption t of nitrate, ka1 (min−1) is the pseudo-
first-order adsorption rate constant, ka2(g-ZVI1.5/mg-N·min) is the
pseudo-second-order adsorption rate constant, kid (min−1) is the con-
stant for the intra-particle diffusion model, while α is the constant for
the adsorption mechanism. KS is the constant of double constant
model and β is a constant.

3. Results and discussion

3.1. Changes in solution composition during denitrification

The reaction process as defined by changes in the solution composi-
tion are shown in Fig. 2. Over time, the concentration of NO3

−progressive-
ly decreased while that of both NH3-N and Fe2+ concurrently increased
with the reaction proceeding essentially to completion in the first
15 min, where the NO3

− concentration decreased from 25 mg/L to
2.2mg/L. Thereafter, the reaction rate declined andwas similar with little
denitrification occurring in the interval from 60min to 120min. The final
concentration of NO3

− was 1.5 mg/L after 120 min, with cumulative re-
moval rate of 93.9%. Correspondingly, the concentration of NH3 increased
antithetically to that of NO3

− over time with a maxima of 23.5 mg/L after
120min. A similar total nitrogen (TN) concentration (25.0mg/L initial) to
that after 120 min (24.8 mg/L) suggested that the NO3

− was efficiently
denitrified to NH3 in the experiment with an absence of alternative reac-
tions such as denitrification of NO3

− to N2, which would have invoked a
net loss of TN from the system. Of considerable interest, however, was
the presence of a short-lived NO2

− reactive intermediate most prominent
during the period of the highest rate of denitrification in the initial 10min
of the batch experiment (Fig. 2a, b).

Solute concentrations of Fe2+ and Fe3+ also increased over time.
Dissolved Fe2+ increased in a similar pattern to both pH and NH3

(Fig. 2) signifying the progressive dissolution of the ZVI1.5 in the acidic
solute. The final concentration of Fe2+ was 487 mg/L, while pH
during the denitrification experiment. (25 mg/L NO3
−, 1 g ZVI1.5 Error bars represent one
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Fig. 3. Impact of pH on NO3
− (a), NH3

+ (b), Fe2+ (c) concentrations and pH (d) (25 mg/L NO3
−, 0.416 g/L ZVI1.5). Error bars represent one standard deviation (n = 3).

Fig. 4. Impact of the ZVI1.5:N molar ratios on NO−
3 removal, (a), different ZVI1.5 dose (25 mg/L NO3

−, 0.832, 0.416, 0.104 g/L ZVI1.5), (b), different initial NO3
− concentration (12.5, 25,

100 mg/L NO3
−, 0.416 g/L ZVI1.5). Error bars represent one standard deviation (n = 3).
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increased to from ca. 1.6 to 5.5 at the end of the 120 min experiment.
Dissolved Fe3+ also increased during the reaction, initially slowly,
with a final concentration of 248 mg/L. The extent of the ZVI1.5 dissolu-
tion over 120 min based on the final Fe2+ concentration was approxi-
mately 65% of all dissolved Fe, with Fe3+ comprising approximately
35%. Dissolved Fe3+ continued to increase in the last 60mins. In this pe-
riod, little NO3

− had been reduced indicating that Fe3+was a by-product
of the reaction. It was noted that the solution turned pale yellow under
anaerobic conditions consistent with at least partial formation of
Fe(OH)2 from the Fe2+ suggesting an even higher extent of ZVI1.5 disso-
lutions than indicated by the final Fe2+ concentration. Furthermore,
upon exposure to the atmosphere the solution became yellow indicat-
ing likely oxygen ingress and oxidation of Fe(OH)2 to α-FeOOH
(Mukherjee et al., 2016).



Table 1
Kinetic parameters of nitrate removal by ZVI1.5 for different ZVI1.5:N molar ratios.

Kinetic model NO3
− ZVI Parameters R2 ZVI:N

ratios
NO3

− ZVI Parameters R2

(mg/L-N) (g/L) (mg/L-N) (g/L)

kr1(min−1) kr1(min−1)
Pseudo first order reaction 25 0.125 1.70 × 10−3 0.543 1.04 100 0.5 1.30 × 10−3 0.179

25 0.5 8.50 × 10−3 0.535 4.16 25 0.5 8.50 × 10−3 0.535
25 1 1.96 × 10−2 0.499 8.32 12.5 0.5 2.57 × 10−2 0.639

krn n krn n
nth
order reaction

25 0.125 2.00 × 10−31 22.49 0.951 1.04 100 0.5 4.50 × 10−32 16.62 0.84
25 0.5 1.02 × 10−5 4.19 0.970 4.16 25 0.5 1.02 × 10−5 4.19 0.970
25 1 3.80 × 10−2 1.54 0.990 8.32 12.5 0.5 7.61 × 10−1 2.53 0.990

ka1(min−1) qe(mgN/gZVI) ka1(min−1) qe(mgN/gZVI)
Pseudo first order adsorption 25 0.125 0.080 38.503 0.909 1.04 100 0.5 0.062 11.855 0.915

25 0.5 0.073 23.774 0.962 4.16 25 0.5 0.073 23.774 0.962
25 1 0.034 18.793 0.852 8.32 12.5 0.5 0.092 24.946 0.959

ka2
(gZVI/mgN ∙min)

qe(mgN/gZVI) ka2
(gZVI/mgN ∙min)

qe(mgN/gZVI)

Pseudo second order
adsorption

25 0.125 3.541 × 10−3 66.225 0.999 1.04 100 0.5 2.474 × 10−2 68.966 1.000
25 0.5 6.077 × 10−3 45.045 0.999 4.16 25 0.5 6.077 × 10−3 45.045 0.999
25 1 1.382 × 10−2 28.902 0.999 8.32 12.5 0.5 3.308 × 10−3 30.769 0.998

kid(min−1) α kid(min−1) α
Intra-particle diffusion 25 0.125 5.4669 19.61 0.716 1.04 100 0.5 0.8754 60.706 0.755

25 0.5 3.6183 13.665 0.707 4.16 25 0.5 3.6359 13.618 0.711
25 1 2.3036 10.018 0.623 8.32 12.5 0.5 2.711 4.1442 0.860

Ks β Ks β
double constants 25 0.125 0.264 3.092 0.874 1.04 100 0.5 0.0354 4.075 0.906

25 0.5 0.234 2.811 0.876 4.16 25 0.5 0.235 2.809 0.878
25 1 0.242 2.397 0.759 8.32 12.5 0.5 0.424 1.574 0.909

Fig. 5. Scanning Electron Microscopy (SEM) images of ZVI1.5 before (a) and after (b) reaction.
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Fig. 6.Mineralogy of ZVI1.5 before and after reaction.
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3.2. Effect of initial pH on the denitrification rate and extent

It is evident that the initial reaction pH may substantially influence
both the rate and extent of denitrification (Zawaideh and Zhang,
1998). The most common concept is that the lower pH the better for
ZVI-based denitrification (Huang et al., 1998; Li et al., 2007). In this
study, we focused on the influence of pH below 2 on denitrification.
Interestingly, however, the lowest initial experimental pH of 1.22
(60 mmol H+/L) was the least efficient for denitrification with both
the lowest maximum rates and also the least extent of conversion of
NO3

− to NH3 of approximately 60% (Fig. 3a). Hence, there may be a
lower pH threshold for efficient denitrification. In contrast, at both
pH 1.62 and 1.92 (24 and 12 mmol H+/L respectively) a similar extent
of denitrification of approximately 68 and 72%, respectively was
achieved (Fig. 3a). Some distinct differences were apparent, however,
between the efficiency of denitrification, particularly in the initial
20 min of the reaction. While more Fe2+ was generated at pH 1.62
(24 mmol H+/L, Fig. 3c), less NO3

− was denitrified and less NH3 pro-
duced (Fig. 3a, b). Most notable, however, was the substantial, transient
increase in solute pH for the highest initial pH (1.92) case (Fig. 3d) to
approximately 5.1 after 15min of reaction, as a result of OH– production
via the anaerobic corrosion of Fe0. It appeared that although the initial
rate of denitrification and NH3 production was greatest at the highest
initial pH of 1.92, with lowest hydrogen ion concentration of
12 mmol/L, there was a deficit in hydrogen ions to meet the immediate
requirements during the period of the highest rate of denitrification.
This hydrogen ion deficit led to the observed transient increase in pH,
and a concomitant reduction in denitrification efficiency. In light of
this behavior, and to assesswhether NO3

− reduction could be reinitiated,
an additional 12mmol of HCl was added to the solution after 15min re-
action time. Thereafter, the total acidity was the same as that of the
pH 1.62 experiment (24 mmol H+/L) while the adjusted pH after
20 min was the same as in the pH 1.22 (60 mmol H+/L) experiment.
At the end of the 120 min experiment, the rate of denitrification and
NH3 production were slightly less than that of the pH 1.62 experiment,
likely in part due to the low initial acidity, the subsequent pH adjust-
ment, and resultant perturbations to the experimental conditions.

3.3. Effect of ZVI1.5:N molar ratios on the denitrification rate and extent

Experimentswere conducted to study the effects of the stoichiomet-
ric ratio of ZVI1.5 to NO3

− (as N) at a range of Fe:Nmolar ratios (1.04, 4.16
and 8.33). It is evident that both the rate and extent of denitrification
were substantially enhanced by increasing the Fe:N molar ratios from
1.04 to 8.33 (Fig. 4). After 120 min residual NO3

− concentrations were
18.4, 7.0, and 1.69 mg/L, for the 1.04, 4.16 and 8.33 Fe:N molar ratios,
equating to 26%, 72% and 95% removal, respectively. In an alternative
approach to varying the ZVI1.5:N molar ratios by adjusting ZVI1.5 con-
centrations, NO3

− concentrations were also varied between 12.5 and
100 mg/L to yield the same set of ZVI1.5:N molar ratios of 1.04, 4.16
and 8.33. After 120 min residual NO3

− concentrations were 70.0, 7.0,
and 0.65 mg/L, for the 1.04, 4.16 and 8.33 Fe:N molar ratios, equating
to 29%, 72% and 94% removal, respectively. This phenomenon also was
observed by other researchers, (Wei et al., 2016; Liang et al., 2014)
where a higher Fe:N ratio could materially improve the rate of
denitrification.

3.4. Kinetics of nitrate reduction for different ZVI1.5:N molar ratios

The changes in the NO3
− concentration as described by the pseudo-

first-order reaction model, pseudo-first-order adsorption, the pseudo-
second-order adsorption, the double constant equation, and the intra-
particle diffusion model are illustrated in Table 1. The modelling results
suggest that the pseudo-first-order reaction kinetic model is unsuitable
for all conditions, since these models are not relevant under ZVI- or
nZVI-limiting conditions (Kim et al., 2016; Yang and Lee, 2005),
although the estimated pseudo-first-order rate constant correlates
well with the ZVI dose. For an nth order reaction, the reaction rate con-
stant increases and the reaction order decreases as the ZVI dose is in-
creased, also as the initial NO3

− concentration decreased. This is
consistent with the findings of other studies (Kim et al., 2016; Yang
and Lee, 2005). For the adsorption-based kinetic equations, the pseu-
do-second-order adsorption equation provides the best fit, especially
showing a similar qe to ZVI1.5:N molar ratios, suggesting that the
ZVI1.5:N molar ratios influence the adsorption capacity. Furthermore,
the NO3

− adsorption capacity of ZVI1.5, which was estimated on the
basis of pseudo-first-order adsorption or pseudo-second-order adsorp-
tion, was lower than nZVI (Kim et al., 2016), but higher than the corre-
sponding capacity of other adsorbents such as activated carbon or
activated sepiolite (Öztürk and Bektaş, 2004). This result confirms the
utility of ZVI1.5 as a NO3

− adsorbent. Alternatively, the double constant
model fits well and the intra-particle diffusion model is a poor fit to
the data, implying that intra-particle diffusion does not limit the rate
of NO3

− sorption on ZVI1.5. However, the mass transfer across the exter-
nal boundary layer of a solid or the boundary-layer diffusion of nitrate is
a dominant factor in NO3

− adsorption by ZVI, as mentioned above and is
reflected by the good fit of the experimental results to the pseudo-sec-
ond-order adsorption rate equation.

3.5. Morphological and mineralogical characterisation of ZVI1.5 pre- and
post-denitrification reaction

Scanning Electron Microscopy (SEM) images of ZVI1.5 before and
after reaction are shown in Fig. 5a, b.Most notable is the smooth surface
andmostly separate ZVI1.5 particles prior to the denitrification reaction.
Following the denitrification reaction, however, the ZVI1.5 particles had
an irregular surface and formed larger aggregates reflecting both partial
dissolution and loss of Fe2+ to solution but also possible adhesion of re-
active surfaces by reaction by-products.

X-ray diffraction patterns of fresh and reacted ZVI1.5 are shown in
Fig. 6. For fresh ZVI1.5, the three characteristic peaks occurred at 44.7°,
65.0° and 82.3° 2θ consistent with 110, 200, and 211 faces of crystalline
α-Fe (JCPDS No. 06-0696). These three peaks were still conserved after
the denitrification experiments indicating the presence of unreacted
Fe0. However, additional peaks occur at 35.4°, 36.1°, 57.1° and 62.7°2θ
consistent with the presence of goethite (α-FeOOH), a reaction product
also noted elsewhere (Li et al., 2015a, 2015b; Sun et al., 2006; Zhang,
2003).

X-ray photoelectron spectroscopy (XPS)was also used to investigate
the surface composition and chemical state of ZVI1.5 pre- and post- the
denitrification reaction (Fig. 7a–e, Tables 3 and 4). The fresh ZVI1.5



Fig. 7.X-ray photoelectron spectroscopy spectra before and after reaction, total element analysis, (a), Fe2p analysis before (b) and after reaction (c), and O1s analysis of before (d) and after
reaction (e).

Table 2
Relative concentrations of a range of elements in fresh and reacted ZVI1.5 determined by
X-ray photoelectron spectroscopy (XPS).

ZVI Fe(%) Cl(%) C(%) O (%) O/C

Fresh 14.43 – 26.27 59.30 2.257
Reacted 25.31 3.69 16.76 54.23 3.236
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consisted principally of Fe, O and C. It is likely that the Cwas present due
to contamination during sample preparation (Henderson and Demond,
2007). Following the denitrification experiment, Cl was present
reflecting the addition of HCl to adjust the initial reaction pH.

Detailed analysis of XPS Fe2p spectra in the region 705–740 eV, and
the peak position of Fe2p3/2 indicated that an oxide surface, principally



Table 3
The peak position of Fe2p3/2 and physical structure determined by X-ray photoelectron spectroscopy (XPS).

ZVI Peak A
(eV)

Structure Peak B
(eV)

Structure Peak C
(eV)

Structure

Fresh
(ratio)

710.251
(14.4%)

FeO – – 712.033
(22.4%)

Fe2O3

Reacted
(ratio)

710.099
(2.4%)

FeO 710.975
(18.4%)

FeOOH 713.237
(20.8%)

Fe2O3

Table 4
The peak position of O1s and physical structure determined by X-ray photoelectron spectroscopy (XPS).

ZVI Peak A
(eV)

Structure Peak B
(eV)

Structure Peak C
(eV)

Structure Peak D
(eV)

Structure

Fresh
(ratio)

529.646
(42.7%)

O2−

(Fe2O3)
530.866
(49.0%)

O2−

(FeO)
– – 532.442 (8.3%) H2O

Reacted
(ratio)

529.843
(41.1%)

O2−

(Fe2O3)
530.315
(6.4%)

O2−

(FeO)
531.293
(44.7%)

OH− 532.958 (7.8%) H2O
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of FeO at 710.25 eV and Fe2O3 at 712.03 eV was present on the fresh
ZVI1.5 (Fig. 7b–c, Table 4). The presence of Fe oxides armouring ZVI1.5
has also been noted by (Cai et al., 2014; Jiang et al., 2015; Ju et al.,
2015). Following the denitrification reaction, a new peak at 710.97 eV
corresponding to α-FeOOH was present in agreement with the XRD
analysis. (Ismail et al., 1996).

Detailed analysis of the XPS O1s spectra in the region 528–534 eV in
the fresh and reacted ZVI1.5 can be deconvoluted into a number of over-
lapping peaks corresponding to O2−, OH– and adsorbed H2O. Similar to
the results of the XPS Fe2p spectra, the XPS O1s spectra also indicated
major changes in the surface composition of the fresh and reacted
ZVI1.5. In particular, FeO substantially decreased (49.0% to 6.4%), Fe2O3

concentrations were similar (42.7% to 41.1%) while substantial α-
FeOOH (44.7%) was formed presumably due to the hydrous oxidation
of FeO (Fig. 7 (d–e)). The formation of the various oxides and hydroxyl
oxides gives some insight into the changes thatmay occur at the surface
of reacted ZVI, for instance in a permeable reactive barrier, subject to
varying redox conditions (Jeong et al., 2012; Cheng et al., 2014).
3.6. Proposed mechanism and reaction pathways

A combined solute and solids analysis of the denitrification of NO3
−

by ZVI1.5 has allowed detailed insights to be drawn regarding solute-
solid interaction. Based on the solution data analysis and detailed
Fig. 8. Proposed mechanism
mineralogical and surface analysis of the ZVI1.5, possible reaction path-
ways for NO3

− denitrification of ZVI1.5 were proposed (Fig. 8).
An important outcome of the solution analysis was the identification

of the presence of a short-livedNO2
− reactive intermediate thatwas only

apparent during the highest rate of denitrification (Fig. 2a, b). The pres-
ence of NO2

−, onlymeasureable in the initial stages of the reaction, high-
lights its importance during the stepwise denitrification of NO3

− to NH3

as outlined in Fig. 8 and reactions (9) and (10) below:

Fe0sð Þ þ NO−
3 aqð Þ þ 2Hþ

aqð Þ→Fe2þaqð Þ þ NO−
2 aqð Þ þ H2O lð Þ ð12Þ

3Fe0sð Þ þ NO−
2 aqð Þ þ 8Hþ

aqð Þ→3Fe2þaqð Þ þ NHþ
4 aqð Þ þ 2H2O lð Þ ð13Þ

yielding an overall stoichiometric reaction:

4Fe0sð Þ þ NO−
3 aqð Þ þ 10Hþ

aqð Þ→4Fe2þaqð Þ þ NHþ
4 aqð Þ þ 3H2O lð Þ ð14Þ

Analysis of the ZVI1.5 pre- and post-denitrification indicate that
while a pre-existing armour of FeO and Fe2O3 is present on its surface,
two reactions are likely to occur. The first is the dissolution of these ox-
ides under the prevailing acidic conditions of the denitrification exper-
iment while the second is the dissolution of continually exposed Fe0 at
the surface to liberate Fe2+ into solution. Contemporaneously, there is
a surface-mediated denitrification reaction occurring at the surface of
and reaction pathways.



1149Y. Zhang et al. / Science of the Total Environment 598 (2017) 1140–1150
the ZVI1.5 with a reactive NO2
− intermediate prominent in the reduction

of NO3
− toNH4

+ (reactions 12 to 14). This reaction pathwayhas also been
demonstrated elsewhere (Kim et al., 2016; Yang and Lee, 2005). In con-
trast, the development of reaction products such as goethite (α-FeOOH)
on the ZVI1.5 may also play a part in reducing the rate of denitrification
via surface passivation as the reaction proceeds, particularly where
progressive hydrogen ion consumption allows a substantial increase
in solute pH.

4. Conclusions

Several aspects regarding the chemical reduction of NO3
− by ZVI1.5

particles have been investigated in this work. Based on our findings,
the following conclusions can be drawn:

(1). Under the experimental conditions used here, denitrification is
rapid with the conversion of NO3

− to NH3 essentially complete
within 120 min with substantial Fe2+ released into solution. An
initial pH of 1.62 was the most suitable for denitrification.

(2). Nitrite forms an important reaction intermediate during denitri-
fication to NH3 with substantial Fe2+ released into solutions as a
result of ZVI1.5 oxidation and dissolution.

(3). Both pseudo-first-order and pseudo-second-order adsorption ki-
netic equations provided a good fit for the observed NO3

− remov-
al. Increasing the concentration of ZVI1.5 resulted in an increase in
reaction rate and denitrification efficiency. The same of ZVI1.5:
NO3

− ratio with different initial ZVI1.5 or NO3
− concentrations

had similar reaction rates and denitrification efficiency.
(4). Mineralogical analysis of the ZVI1.5 by XRD indicated the forma-

tion of α-FeOOH (goethite) after denitrification. Surface analysis
by XPS indicated the presence of Fe2O3 and FeO on the surface of
the fresh ZVI1.5, with the majority of the latter converted to goe-
thite following the denitrification process.
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