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Abstract

Kinetic models for pollutants reduction by Nano-scale Zero Valent Iron (NZVI) were tested in this study to gain a better
understanding and description of the reaction. Adsorption kinetic models and a heterogeneous catalytic reaction kinetic equation
were proposed for nitrate removal and for ammonia generation, respectively. A widely used pseudo-first-order reaction model was a
poor fit for nitrate removal in an iron-limiting condition and for ammonia generation in an excess iron condition. However, in this
study, pseudo-first-order and pseudo-second-order adsorption kinetic equations were a good fit for nitrate removal; in addition, a
Langmuir-Hinshelwood kinetic equation was able to successfully describe ammonia generation, regardless of the NZVI dose, the
ionic strength, and the initial pH. These results strongly indicate that nitrate reduction by NZVI is a heterogeneous catalytic reaction,
and that that the kinetic models can be used in diverse conditions. The kinetic parameters correlate well with the reaction condition,
unless the NZVI dose was greatly increased or unless the NZVI surface was significantly changed at a very high initial pH.
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1. Introduction

Chemical reduction of water pollutants, such as nitrate, chlorinated
organic compounds, and heavy metals, by Nano-scale Zero
Valent Iron (NZVI), has gained attention (Hwang et al., 2012;
Lin et al., 2008b; Liu et al., 2012; Petala et al., 2013). However,
a proper reaction kinetic model has not been proposed. Until
recently, pseudo-homogeneous reaction kinetics has been used to
describe the NZVI-induced reduction of nitrate and other
pollutants. Satapanajaru et al. (2011) described Reactive Black 5
and Reactive Red 198 removal by NZVI with a specific surface
area normalized pseudo-first-order-reaction kinetics equation.
Petala et al. (2013) and Zhang et al. (2009) used pseudo-first-
order reaction kinetics equation to describe Cr(VI) removal by
MCM-41 immobilized NZVI and 2,4,6-Trinitrotoluene reduction
by NZVI, respectively. However, pseudo-first-order reaction
kinetics offers a poor description, especially in iron-limiting
conditions; that is, where the iron dose is insufficient to remove
all the pollutant in a system (Liu et al., 2005; Andreas et al.,
2009; Alidokht et al., 2011; Satapanajaru et al., 2011), although
the pseudo-first-order reaction kinetic model is the most widely
used and it describes well the pollutants reduction by microscale
iron powders (Andreas et al., 2009). Therefore, no kinetics

analysis was given in some studies using NZVI. Liu et al. (2012)
investigated the nitrate reduction according to reaction time by
NZVI prepared by hydrogen reduction of goethite, but they did
not provide kinetic analysis. In addition, Huang et al. (1998) and
Yang and Lee (2005) observed that the reaction order varied in
relation to the NZVI dose and the initial nitrate concentration.
Furthermore, heterogeneous catalytic reaction models have not

been proposed for NZVI, even though NZVI can be regarded as
a heterogeneous catalyst. In addition, the kinetics of product
generation from a chemical reduction by NZVI have seldom
been investigated. Recently, Zhang et al. (2013) investigated
nitrobenzene reduction and byproduct (aniline) generation by
NZVI immobilized in channels of ordered mesoporous silica.
However, they did not propose kinetic models neither for the
nitrobenzene removal nor for the aniline generation. For nitrate
reduction by NZVI, Ammonia is generally known as a major
product (Liu et al., 2005; Hwang et al., 2010). The amount of
ammonia generated is less than the stoichiometric amount of
nitrate removed when NZVI is used. In addition, in many studies
with NZVI, the total amount of nitrogen initially decreases and
then increases (Huan et al., 2006; Wang et al., 2006; Lin et al.,
2008b). It has been regarded that the decrease of the total
nitrogen is due to the generation of gaseous nitrogen species

TECHNICAL NOTE

*Research Professor, Dept. of Civil Engineering, Kyung Hee University, Yongin 446-701, Korea (E-mail: dogun.kim@khu.ac.kr)

**Researcher, Dept. of Environmental Engineering, Technical University of Denmark, Lyngby 2800, Denmark (E-mail: yuoh@env.dtu.dk)

***Member, Professor, Dept. of Civil and Environmental Engineering, Korea Advanced Institute of Science and Technology, Daejeon 305-338, Korea (E-

mail: hangshin@kaist.ac.kr)

****Member, Professor, Dept. of Civil Engineering, Kyung Hee University, Yongin 446-701, Korea (Corresponding Author, E-mail: soko@khu.ac.kr)



Do-Gun Kim, Yu-Hoon Hwang, Hang-Sik Shin, and Seok-Oh Ko

− 176 − KSCE Journal of Civil Engineering

(Liou et al., 2005; Yang and Lee, 2005; Huan et al., 2006; Wang
et al., 2006). However, this explanation does not fully account
for the decrease and subsequent increase of the total nitrogen
during the reaction with NZVI. In addition, the nitrate reduction
to gaseous nitrogen, i.e., N2, is not thermodynamically favorable
(Choe et al., 2000; Alowitz et al., 2002). The ammonia generation
rate is therefore slower than the nitrate removal (Li et al., 2008)
and the adsorbed and unreacted nitrate on the NZVI surface
undergoes a further surface reaction to the ammonia or nitrite
that is to be desorbed in the aqueous phase. The retardation of
ammonia generation is not generally observed for microscale
Zero Valent Iron (ZVI) or other catalysts which have a lower
nitrate reduction rate than NZVI, therefore, the nitrogen mass
balance was almost complete during whole reaction time when
they were used (Huang et al., 2003; Huang and Zhang, 2004; Su
and Puls, 2004; Luo et al., 2014).
In this study, the nitrate removal and ammonia generation were

described separately, based on the findings cited above. Adsorption
kinetic modes were proposed for nitrate removal, while ammonia
generation was described as a heterogeneous catalytic reaction.
In addition, the effects of the NZVI dose, initial pH, and ionic
strength were evaluated with the kinetic models. How ionic
strength affects the performance of a water treatment alternative is
one of the most important factors. Note, for example, that the
retentates from the membrane process have a high ion
concentration and a high level of conductivity (García-Figueruelo
et al., 2009). Most of the relevant literature confirms the
dependency on pH but only for acidic conditions because, iron
hydroxide precipitates, which have an adverse effect, tend to
form at a high pH level (Huang and Zhang, 2004; Wang et al.,
2006). However, the nitrate reduction at a pH range of 3 to 11
was investigated in this study for a better understanding of the
pH effect.

2. Materials and Methods

2.1 Preparation of NZVI

In this study, NZVI was prepared in an aqueous solution of
Deoxygenated Deionized Water (DDIW) via the reduction of
ferric ion (Fe3+) with sodium borohydride (Wang and Zhang,
1997). A 200 mL sodium borohydride solution (223.834 mM,
Kanto) was introduced dropwise at a flow rate of 5 mL/min to a
150 mL ferric ion solution (59.689 mM, Kanto) in a 1 L round
flask. The NZVI slurry was aged for 20 min and filtered with a
0.45 µm cellulose-acetate membrane filter to collect NZVI
particles. The NZVI was separated easily by filtration because
NZVI particles aggregate in an aqueous solution without a
stabilizing agent (Yang and Lee, 2005). The NZVI was washed
and centrifuged several times with a large volume of DDIW
before being injected into the reactor. A laser scattering device
(ZetaPlus, Brookhaven Instruments Corporation) showed that
the average particle diameter of NZVI was 16.7 nm and the BET
surface area was 17.623±0.042 m2/g (Sorptomatic 1990, Thermo
Electron Corporation).

2.2 Batch Experiment

Batch experiments were conducted in a 1 L Schlenk flask at
room temperature (20±2oC) with continuous stirring. A nitrate
solution was prepared with DDIW and purged again with N2 for
2 h before the start of a reaction. The openings of the Schlenk
flask were sealed with stoppers, and N2 gas was bubbled at 0.2 L/
min during the reaction to maintain an anoxic condition. The
NZVI was put into the reactor, and the mixture was agitated at
250 rpm. Samples were taken periodically and filtered with 0.45
ìm syringe filters for immediate analysis. The initial nitrate
concentration was 50 mg-N/L for all experiments. The time
course of the nitrate and ammonia concentration was investigated
at an NZVI dose of 0.2 to 2.0 g/L to test and evaluated the
reaction kinetic models for nitrate reduction. The effects of the
ionic strength (0.05-0.5 M NaCl) and initial pH (3-11) were
investigated in relation to 0.5 g/L NZVI. The initial pH was
adjusted with 0.05, 0.5, and 5 N NaOH and 0.01, 0.1, and 1 N
HCl. The nitrate stock solution (1000 mg-N/L) was prepared
with KNO3 (Duksan). All the batch tests were done in duplicate
or triplicate, and the average values are presented because the
errors are less than 5%. The nitrate and nitrite concentrations
were analyzed by means of ion chromatography (DX-120,
Dionex), and the ammonia was analyzed in accordance with the
20th edition of Standard Methods (AWWA-APHA-WPCF, 1998).

2.3 Kinetic Models

The stoichiometric relations used in this study involve nitrate,
iron metal, and proton as reactants and incorporated ammonium,
Fe(II), and water as products (Yang and Lee, 2005). Several
assumptions about kinetic equations were derived from the
literature and the findings of this study. 
The first assumption is that the nitrate reduction by NZVI is a

heterogeneous catalytic reaction. It seems that adsorption contributes
to the apparent removal of nitrate before the reduction of nitrate
to ammonium because the nitrate reduction induced by a
heterogeneous catalyst is a surface reaction. Li et al. (2008)
observed that ammonia generation was slower than nitrate
removal when NZVI was used; they subsequently proposed
some possible reaction pathways. One reaction pathway was
direct reduction to ammonia; another was the reduction that
occurs after the nitrate adsorption on NZVI, which results in a
decrease of the total nitrogen at the beginning of the reaction.
Furthermore, Liou et al. (2005) calculated the activation energy
of NZVI-induced nitrate reduction to 25.8 kJ/mol which
indicates that the dominant mass transport involves, rather than a
surface reaction, because the typical mass transfer-controlled
reactions in aqueous phase is 10-20 kJ/mol (Spiro, 1989). Note
also that nitrate adsorption reportedly occurs on many materials,
such as activated carbon and sepiolite (Öztürk and Bekta , 2004).
The above-mentioned results strongly indicate that unreacted
nitrate exists on the NZVI surface. The unreacted nitrate was
partially recovered by a separate experiment in this study with
0.5 g/L NZVI and 50 mg/L nitrate. Two samples were taken
from a reactor: one sample was filtered immediately for analysis;
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the other was diluted in Deionized Water (DIW) and purged with
air for 1 h to provide an oxic condition for nitrate desorption. The
results show that the nitrate concentration of the air-purged
samples was higher for the whole reaction period (3 h) than that
of the samples, which were immediately analyzed. After 15 min
of reaction, the T-N dropped to its minimum value of 40.727 mg-
N/L but recovered to 49.834 mg/L after the 1 h desorption of
nitrate. The above mentioned findings from the literature and this
study strongly indicate that nitrate reduction by NZVI is a
heterogeneous catalytic reaction, which can be expressed as
follows, assuming hydroxylation of NZVI surface:

(1a)

(1b)

(1c)

where, S is the surface of NZVI. The reaction in Eq. (1c) is
slower than the reaction in Eq. (1b). Therefore, nitrate adsorption
and ammonia generation were described separately. The second
assumption is that nitrate removal follows adsorption kinetics
rather than a pseudo-homogeneous reaction based on the first
assumption. The third assumption is that ammonium is the only
reaction product. The nitrite concentration was ignored because
it was very low. The fourth assumption is that the adsorption/
desorption of ammonium was ignored in the results of an earlier
study that showed no ammonium adsorption on NZVI (Hwang
et al., 2010). In the fitting procedure, the constants in the kinetic
equations were estimated with a nonlinear regression, minimizing
the sum of squares due to error (SSE), using MATLAB (MathWorks,
USA).

2.3.1 Kinetics of Nitrate Removal

Several models, including the pseudo-first-order reaction
model, were tested in this study; the way they describe the
behavior of nitrate is expressed below in Eqs. (2) to (7). The
study also applies the pseudo-first-order adsorption, the pseudo-
second-order adsorption, the Elovich equation, and the intraparticle
diffusion model (Câmara and Neto, 2008; Hameed et al., 2008;
Cáceres-Jensen et al., 2013). The following equations were
transformed so that they expressed in terms of the nitrate
concentration instead of the amount of adsorption:

(2)

(3)

, (4)

, (5)

, (6)

, (7)

where, Cn (mg-N/L) is the nitrate concentration at time t (min),
kr1 (min

−1) is the pseudo-first-order reaction rate constant, krn is
the reaction rate constant with the estimated reaction order n, qn
(mg-N/g-NZVI) is the adsorbed nitrate amount at time t, qn,e
(mg-N/g-NZVI) is the equilibrium adsorption amount of nitrate,
ka1 (min

−1) is the pseudo-first-order adsorption rate constant, ka2
(g-NZVI/mg-N·min) is the pseudo-second-order adsorption rate
constant, and Cc is the NZCI amount (g-NZVI/L). In the Elovich
equation, α (mg-N/g-NZVI·min) is the constant for the initial
sorption rate and β (g-NZVI/mg-N) is the constant for the
parameter related to the extent of surface coverage and the
activation energy of the chemisorption. In the intraparticle
diffusion model, kid (min

−1) is the constant for the intraparticle
diffusion rate and γ is the constant for the adsorption mechanism.

2.3.2 Kinetics of Ammonia Generation

The important phenomenon of ammonia generation has not
been considered as a product of catalytic nitrate reduction. For
this study, the first estimation of the ammonia concentration is
based on a subtraction of the nitrate concentration at each
reaction time from the initial nitrate concentration. The ammonia
concentration estimation was accurate when microscale ZVI was
used (Huang and Zhang, 2003; Huang and Zhang, 2004; Su and
Puls, 2004). Then the pseudo-first-order reaction kinetics and a
Langmuir-Hinshelwood-type kinetic formulation (Eq. (8)) were
tested. The Langmuir-Hinshelwood-type kinetic formulation is
based on the following assumptions: the nitrate and proton are
adsorbed on the same active site; the nitrate and hydrogen are
adsorbed in equilibrium; the reaction is irreversible; the desorption is
fast; and no reaction products are adsorbed. In a simplification of
the equation, the proton concentration and the equilibrium proton
adsorption constant are ignored because they are known to be
very small (Pintar et al., 1996), It is supported by the pH for all
experiments in this study: the pH increased rapidly at the
beginning to a range of 10 to 10.5 and then remained steady until
the end of reaction. Eq. (8) is expressed as follows:

(8)

where, Ca (mg-N/L) is the ammonia concentration, Cn (mg-N/L)
is the nitrate concentration, k (mg/L·min) is the reaction rate
constant, and K (L/mg) is the equilibrium adsorption constant. In
addition, the ammonia concentration was observed to increase
and then decrease at a range of 1.0-2.0 g/L NZVI because the
ammonia stripping occurred by the inert gas flow, which was
applied to prevents NZVI oxidation (Hwang et al., 2010). Therefore,
ammonia stripping was considered for a better description of
ammonia profiles. Quan et al. (2009) proposed a kinetic equation of
liquid ammonia volatilization, and Patoczka and Wilson (1984)
developed an equation for the liquid-gas mass transfer of ammonia.
These two equations are expressed respectively as follows: 

S H
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(9)

(10)

where, Ca,l,0 (mg/L) and Ca,l (mg/L) are the initial and liquid
phase ammonia concentration at time t (min), Qg (L/min) is the
gas flow rate, KH’ is the dimensionless Henry’s law constant, Vl

(L) is the liquid volume, Kl (m/min) is the overall liquid mass
transfer coefficient, A (m2/m3) is the interface area per unit
volume of liquid, α' is the fraction of ammonia (NH3) in the
solution, ka,l,A is the mass transfer coefficient of the free water
surface multiplied by the water surface area, ka,g,A is the mass
transfer coefficient based on the gas phase, f is the degree of
saturation of air entering the space above the liquid surface, and τ
is the retention time. Eqs. (9) and (10) can both be simplified to a
pseudo-first-order kinetic equation when no ammonia is present
in the inlet gas. In view of the ammonia stripping, Eq. (8) can
therefore be modified as follows:

(11)

where, ks is the ammonia removal rate constant (min
−1). The

value of ks was found to be 6.2 ± 0.04×10
−6 min−1 in separate

batch experiments with a solution of 12.5, 25, and 50 mg-NH4

+-
N/L prepared with NH4Cl (Sigma-Aldrich) at an N2 gas flow rate
of 0.2 L/min. Quan et al. (2009) reported that the initial ammonia
concentration had a negligible effect on ammonia stripping rate.
Therefore the value of ks was used in this study regardless of
ammonia concentration.

3. Results and Discussion

3.1 Kinetics of Nitrate Reduction for Different Doses of

NZVI 

Figure 1 shows the concentration of nitrate, ammonia, and T-N
for 0.2-2.0 g/L NZVI. The ammonia generation was retarded in
all experiments, and the T-N recovery was faster with a higher
dose of NZVI. The most significant decrease of T-N (due to the
slower ammonia generation) was observed at the highest NZVI
dose (2.0 g/L), indicating a faster rate of nitrate adsorption under
a condition of excess iron.
The nitrate concentration described by the pseudo-first-order

reaction kinetic model and pseudo-second-order adsorption
equation and was illustrated in Fig. 2(a). The correlations between
NZVI dose and the parameters of the pseudo-first-order reaction
kinetic model and pseudo-second-order adsorption equation are
provided in Fig. 2(b), (c). The nitrate concentration described by
an nth-order model, pseudo-first-order adsorption kinetics, the
Elovich equation, and an intraparticle diffusion model for different
NZVI doses, was illustrated in Fig. 6, while the correlations

ln
Ca l,

Ca l 0, ,
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⎛ ⎞ QgKH

′

Vl
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KlAVl

QgKH
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--------------⎝ ⎠
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′
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Fig. 1. Profiles of: (a) Nitrate, (b) Ammonia, and (c) T-N During Nitrate Reduction for Different NZVI Doses (CNZVI, The Dotted Lines in, (b)

Indicate the Removed Nitrate Nitrogen (NO3
−-N) Concentration at Each NZVI Dose)
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between the parameters of the kinetic models and NZVI dose are
given in Fig. 7. Table 1 lists the parameters obtained by the
various kinetic models. The results show that the pseudo-first-
order reaction kinetic model is unsuitable for an iron-limiting
condition but suitable for an excess iron condition (2.0 g/L
NZVI) (Fig. 2(a)). However, the estimated pseudo-first-order
rate constant correlates well with the NZVI dose (Fig. 2(b)). For
an nth order reaction, the reaction rate constant increases and the
reaction order decreases as the NZVI dose is increased (Figs.
6(a) and 7(a)). This is consistent with the findings of other
studies (Yang and Lee, 2005; Wang et al., 2006). Of the tested
adsorption kinetic equations, the pseudo-second-order adsorption
equation provides the best fit, especially for the iron-limiting
condition (Fig. 2(a), (c); Table 1). Good results were also obtained
with the pseudo-first-order adsorption kinetic equation but it
predicted that a plateau was reached, even though the nitrate
adsorption was still in progress at 0.2 to 0.4 g/L NZVI (Fig. 6(b);
Table 1). A pseudo-first-order adsorption process can be applied
when the mass of adsorbate on a solid surface is low; and
pseudo-second-order adsorption kinetics is suitable when the
surface concentration of adsorbates is high. A pseudo-second-
order adsorption rate equation has been used to demonstrate how
the rate depends on the sorption capacity of the solid phase (Ho
and Ofomaja, 2006; Cáceres-Jensen et al., 2013). That equation
is widely used for biosorption and for describing adsorption

kinetics under nonequilibrium conditions (Zhou et al., 2012).
This study therefore investigates how the pH and ionic strength
affect pseudo-second-order adsorption kinetics because all the
experimental data at various ionic strengths and pH values were
obtained with NZVI dose of 0.5 g/L, where the nitrate concentration
did not reach a state of equilibrium for all experiments.
Furthermore, the nitrate adsorption capacity of NZVI, which was
estimated on the basis of pseudo-first-order adsorption or pseudo-
second-order adsorption, was higher than the corresponding
capacity of other adsorbents such as activated carbon or activated
sepiolite (Öztürk and Bekta , 2004). This result confirms the
excellence of NZVI as a nitrate adsorbent. Meanwhile, the
intraparticle diffusion model is a poor fit, which implies that
intraparticle diffusion does not limit the rate of nitrate sorption
on NZVI (Figs. 6(d) and 7(d); Table 1); however, the mass
transfer across the external boundary layer of a solid or the
boundary-layer diffusion of nitrate is a dominant factor in nitrate
adsorption by NZVI (Cheung et al., 2007). This is also supported
by the good fit of the experimental results to the pseudo-second-
order adsorption rate equation (Cáceres-Jensen et al., 2013).
Figure 3(a) shows the results of the fit for the ammonia

concentration. The prediction of the ammonia concentration is
based on the adsorbed nitrate concentration, which was calculated
by subtracting the final nitrate concentration from the nitrate
concentration at each reaction time. The pseudo-first-order

sç

Fig. 2. (a) Predictions of Nitrate Concentration from: (a) Pseudo-first-order Kinetics (Dotted Lines) and Pseudo-second-order Adsorption

Kinetics (Continuous Lines) for Different NZVI Doses; the Correlation between the NZVI Dose (CNZVI) and Kinetic Parameters for,

(b) the Pseudo-first-order Kinetics and, (c) the Pseudo-second-order Adsorption Kinetics
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reaction kinetic equation provides a good fit for the iron-limiting
condition (0.2-1.0 g-NZVI/L) but offers a poor description for
the excess iron condition (2.0 g-NZVI/L). However, the rate
constant correlates well with the NZVI dose under the iron-
limiting condition (Fig. 3(b)). The Langmuir-Hinshelwood-type
equation provides a good fit regardless of NZVI dose (Fig. 3(c)).
The parameters of the Langmuir-Hinshelwood kinetic equation
correlate well with the NZVI dose at 0.2 to 1.0 g-NZVI/L (Fig.
3(c)). It indicates that the reduction of nitrate to ammonia is
clearly a heterogeneous catalytic reaction. In addition, when the
NZVI dose is increased the reaction rate constant decreases and
the adsorption constant increases, indicating that the nitrate
adsorption is promoted by the abundance of NZVI (Fig. 3(c)).
This behavior explains the significant T-N decrease at the
beginning of the reaction for a high NZVI dose (Fig. 1(c)); that
is, the fast nitrate adsorption leaves more unreacted nitrate on the
NZVI surface. These results also support the hypothesis that
adsorption is responsible for the apparent nitrate removal (Li et
al., 2008).

3.2 Effects of Ionic Strength

Nitrate removal and ammonia generation were notably inhibited
as the ionic strength increased (Fig. 4(a), (b)). The pseudo-
second-order adsorption equation and the Langmuir-Hinshelwood
kinetic formulation both gave good descriptions of nitrate and

ammonia. Furthermore, the parameters correlate well with the
NaCl concentration (Fig. 4(c), (d)). The description of the
experimental results with the pseudo-first-order kinetic equation
was poor for the nitrate but good for the ammonia because of the
iron-limiting condition (Tables 3 and 4).
At a high electrolyte concentration, the enhanced electron

transfer encourages Fe0 corrosion, especially in the presence of
Cl− (Ma, 2012). It increases the available active sites and
accelerates nitrate reduction (Ruangchainikom et al., 2006).
However, a reaction can be inhibited by either the preferential
sorption or the accumulation of Cl− over nitrate in the Helmholtz
layer. Chaplin et al. (2006) reported the acceleration of nitrate
reduction by Pd-Cu/γ-Al2O3 at 50 mg/L Cl and the complete
inhibition of nitrate reduction at 1000 mg/L Cl. In addition, the
accelerated Fe0 corrosion at high ionic strength enhances the
production of OH− (Gillham et al., 2010; Ahn et al., 2012).
However, the pH increase was slightly faster at low NaCl
concentration, in this study. The pH was 9.85, 9.59, and 9.36 at 5
min and 10.55, 10.30, and 10.12 at 45 min at 0.05, 0.1, and 0.5 M
NaCl, respectively. The pH was stabilized at 10.51±0.05 (10.42-
10.58) during 90-180 min, regardless of NaCl concentration. It
indicates that the OH− generated via Fe0 corrosion was consumed
to form iron (hydr)oxide precipitates and the amount of the
precipitates are higher at high NaCl concentration because more
OH− is generated at high NaCl concentration. Considering the

Table 1. Kinetic Parameters of Nitrate Removal by NZVI for Different NZVI Doses 

Kinetic model
NZVI
(g/L)

Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

0.2
0.4
1.0
2.0

6.692×10−3

1.720×10−2

3.667×10−2

1.428×10−1

386.114
330.066 
3.113 
 20.020

0.538
0.831
0.999
0.992

nth order reaction

krn n 

0.2
0.4
1.0
2.0

8.059×10−9

9.259×10−5

2.834×10−2

4.108×10−2

 4.857 
 2.560 
 1.078 
 1.396 

4.000
2.505
1.630
2.557 

0.995
0.999
1.000
0.999

Pseudo first order adsorption

ka1 (min−1) qe (mg-N/g-NZVI)

0.2
0.4
1.0
2.0

3.767×10−2

3.776×10−2

3.739×10−2

1.485×10−1

123.332
 94.180
 49.589
 24.672

10.309
17.664
 2.475
 16.601 

0.995
0.996
1.000
0.997

Pseudo second order adsorption

ka2 (g-NZVI/mg-N·min) qe (mg-N/g-NZVI)

0.2
0.4
1.0
2.0

2.890×10−4

3.815×10−4

7.059×10−4

1.026×10−2

146.780 
111.916 
 59.077 
 26.106

 0.702
 1.133
22.495
11.633

0.999
0.999
0.994
0.995

Elovich equation

α (mg-N/g-NZVI·min) β (g-NZVI/mg-N)

0.2
0.5
1.0
2.0

2.152
3.250
4.073

8.804×102

 2.987×10−2

 3.898×10−2

 7.293×10−1

 3.827×10−1

 6.477
20.960
99.627
2430.870

0.992
0.989
0.972
0.957

Intra-particle diffusion

kid (min−1) γ

0.2
0.4
1.0
2.0

2.391
2.914
3.235
6.428

 3.754×10−1

 7.300×10−1

 7.407×10−1

 6.528×10−1

 391.241
1268.631
1657.559
5873.491

0.872
0.845
0.842
0.604
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results in this study that both nitrate removal and ammonia
generation were inhibited at high NaCl concentration, it is regarded
that the inhibition of nitrate adsorption by Cl− adsorption and by
iron (hydr)oxide precipitation affect more significantly to nitrate
adsorption and reduction, than the promotion of electron transfer.
These phenomena are described well with the adsorption

kinetic model in this study, which showed the increased
adsorption rate and the decreased adsorption capacity for a high
NaCl concentration (Fig. 4(b); Table 3). The high level of fitness
of the Elovich equation (Table 3) at 0.05-0.5 M NaCl also
suggests that an extent of NZVI surface is occupied by Cl− and/
or iron (hydr)oxides because the equations, in the form of the
Elovich equation, consider the variation of chemisorption energetics

in relation to the extent of surface coverage and the decrease in
the sorption rate (Aharoni and Tompkins, 1970).
Meanwhile, adsorbate ions, which form relatively strong bonds

with an adsorbent, are insensitive to ionic strength changes,
whereas the adsorption of the adsorbates, which are weakly
bound to an adsorbent, is significantly affected by ionic strength
(Hayes et al., 1988). The effects of ionic strength also decrease
when the surface coverage is not significant. Therefore, the
significant suppression of nitrate adsorption at a high NaCl
concentration indicates that relatively weak interactions, i.e.,
electrostatic attraction or hydrogen bonding, are predominant for
nitrate adsorption on NZVI.
In addition, the surface charge of NZVI increased as ionic

Fig. 3. (a) Ammonia Concentrations Predicted by Pseudo-first-order Reaction Kinetics (Dotted Lines) and by Langmuir-Hinshelwood

Kinetics (Continuous Lines) for Different NZVI Doses (CNZVI); the Correlation between the NZVI Dose (CNZVI) and Kinetic Parame-

ters for, (b) the Pseudo-first-order Rate Constant and for, (c) Langmuir-Hinshelwood Kinetics

Table 2. Kinetic Parameters of Ammonia Generation by NZVI for Different NZVI Doses

Kinetic model NZVI (g/L) Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

0.2
0.4
1.0
2.0

 2.06×10−2

 2.463×10−2

 3.216×10−2

 1.231×10−1

 13.717
 31.162
161.805
335.388

0.923
0.994
0.983
0.989

Langmuir-Hinshelwood 
kinetics

k (L/mg-NH3-N·min) K (L/mg-NH3-N) 

0.2
0.4
1.0
2.0

47.909
14.999
 3.698
14.875

3.395×10−4

2.047×10−4

1.789×10−2

3.014×10−2

 18.265
 10.545
 56.443
 26.488

0.997
0.990
0.979
0.965
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strength increases. The proton sorption is known to be enhanced
at high ionic strength (Saleh et al., 2008). In this study, the pH
was over the point of zero charge of 7.3-7.7 (Lin et al., 2008;
Satapanajaru et al., 2011) after 5 min, regardless of reaction
conditions. Therefore, the negative charge of NZVI surface
could be more neutralized at high NaCl concentration. It was
partially proved, in this study, by the promoted aggregation of
NZVI particles as NaCl concentration increased. The size
distribution of NZVI after a 5 min of reaction was analyzed with
a particle size analyzer (PAMAS-2120, PAMAS). The mean size
of the NZVI aggregates (χ50, µm) and the NaCl concentration

(CNaCl, M) formed the following linear relationship:

(12)
The increased aggregate size indicates charge neutralization

and subsequent decrease in NZVI stability and available surface
area. Therefore, it seems reasonable that the overall charge of the
system of NZVI, nitrate, nitrite, and ammonium is neutralized by
the high electrolyte concentration.

3.3 Effects of the Initial pH

Confirming the observations of Wang et al. (2006) and Li et al.

χ50 61.53CNaCl 7.94+= r
2 0.992=( )

Fig. 4. (a) The Observed Nitrate Concentration and Prediction by Pseudo-second-order Adsorption Kinetics and, (b) the Correlation

between the Parameters and the NaCl Concentration (CNaCl), (c) the Observed Ammonia Concentration and Prediction by Lang-

muir-Hinshelwood Kinetics and, (d) the Correlation between the Parameters and CNaCl

Table 3. Kinetic Parameters of Nitrate Removal by NZVI for Different NaCl Concentrations

Kinetic model NaCl (M) Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

0.05
0.1
0.5

 2.771×10−2

 2.244×10−2

 1.299×10−2

403.18
617.991
811.838

0.794
0.615
0.263

Pseudo second order
 adsorption

ka2 (g-NZVI/mg-N·min) qe (mg-N/g-NZVI)

0.05
0.1
0.5

 8.565×10−4

 1.175×10−3

 1.593×10−3

 91.495
 83.251
 68.838

 28.5
 45.264
 16.587

0.985
0.972
0.985

Elovich equation

α (mg-N/g-NZVI·min) β (g-NZVI/mg-N)

0.05
0.1
0.5

19.395
27.60 
29.021

5.887×10−2

6.99×10−2

8.807×10−2

 7.864
 5.113
 8.853

0.996
0.997
0.992
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Table 4. Kinetic Parameters of Ammonia Generation by NZVI for Different NaCl Concentrations

Kinetic model NaCl (M) Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

0.05
0.1
0.5

3.165×10−2

3.009×10−2

2.663×10−2

23.65
26.625
20.158

0.994
0.992
0.993

Langmuir-Hinshelwood
kinetics

k (L/mg-NH3-N·min) K (L/mg-NH3-N) 

0.05
0.1
0.5

6.551
5.378
2.766

6.189×10−3

7.17×10−3

1.334×10−3

 8.207
 1.154
 7.162

0.996
0.999
0.992

Fig. 5. (a) Observed Nitrate Concentration and Prediction by pseudo-second-order Adsorption Kinetics and, (b) the Correlation between the

Parameters and the pH Value, (c) Observed Ammonia Concentration and Predictions by Langmuir-Hinshelwood Kinetics and, (d)

the Correlation between the Parameters and the pH Value (The Dotted Line in, (c) Indicates the Prediction by Pseudo-first-order

Reaction Kinetics for an Initial pH Value of 11)

Table 5. Kinetic Parameters of Nitrate Removal by NZVI for Different Initial pH Values

Kinetic model pH Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

3
5
7
9
11

7.492×10−2

6.035×10−2

4.727×10−2

3.469×10−2

6.704×10−3

165.52
182.453
239.178
322.932
130.775

0.929
0.922
0.896
0.849
0.939

Pseudo second order adsorption

ka2 (g-NZVI/mg-N·min) qe (mg-N/g-NZVI)

3
5
7
9
11

2.743×10−3

2.29×10−3

1.902×10−3

1.755×10−3

8.239×10−7

9.674×10+1

9.507×10+1

9.385×10+1

8.797×10+1

8.146×10+1

 10.838
 5.064
 27.627
 2.803
 30.7

0.995
0.998
0.988
0.999
0.986
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(2008), Fig. 5 shows a slight improvement in the nitrate removal
and ammonia generation when pH decreased from 7 to 3.
However, a notable inhibition was observed at a pH value of 9
and 11, and the profiles of nitrate and ammonia for a pH of 11
obviously differ from those of a pH range of 3 to 9. The pseudo-
second-order adsorption kinetic equation provided good descriptions
of the nitrate removal, and the parameters correlate well with the
initial pH (Fig. 5(a), (b); Table 5). For the ammonia generation,
the results of the Langmuir-Hinshelwood kinetic model and the
pseudo-first-order reaction model are a good fit because of the
iron-limiting condition. However, with more significant inhibition
for a very high initial pH (11), only the Langmuir-Hinshelwood
kinetic equation provided a good description of ammonia
concentration (Fig. 5(c), (d) and Table 6). Clearly, the Langmuir-
Hinshelwood kinetic model is more generally applicable.
Figure 5 illustrates that nitrate adsorption and ammonia

generation are strongly inhibited at an initial pH of 9-11 and the
kinetic parameters did not correlate well with initial pH, even
though the concentrations of nitrate and ammonia were described
well. It indicates a significant change in NZVI property. Note
also that the profile of nitrate for a pH 11 can be divided into two
stages which correspond to the reaction time of 0-15 min and 75-
180 min (Fig. 5(a)). They correspond to before and after the
reaction time when the pH level is stabilized at around 11. The
initial pH of 11 decreased to 10.84 in the first 15 min, probably
due to the consumption of OH− (Lin et al., 2008a) and then
increased gradually to 11.20±0.06 in the time frame of 75-180
min. It implies that the NZVI surface has been significantly
changed by the accumulation of OH− on NZVI and the formation
of iron (hydr)oxide precipitates, e.g., Fe(OH)2 (Gillham et al.,
2010). The nitrate is also in competition with the buffer compounds
and other anions, such as HEPES (Yang and Lee, 2005; Hwang et
al., 2010), phosphate buffer, and sodium sulfate (Zawaideh et al.,
1998). Meanwhile, a sudden decrease in the nitrate removal rate,
which was observed at initial pH of 9 in this study, has been
reported by others for a pH of 9 with NZVI (Li et al., 2008) for a
pH of 6.7 with NZVI immobilized on graphite (Huan et al., 2006),
and for a pH of 5 with an Ni-Cu/TiO2 catalyst (Gao et al., 2004).
NZVI reactivity can be enhanced at a low pH level by washing

the passivation film of iron (hydr)oxide on the NZVI surface, to

increase the availability of electrons from Fe0 core (Huan et al.,
2006; Wang et al., 2009). The removal of passivation film enhances
the reaction between iron and water (Eq. (13)) to enhance hydrogen
gas production (Liu et al., 2005). The abundance of H+ can also
lead to the acceleration of hydrogenation of nitrate (Pintar et al.,
1996).

(13)

However, In this study, the pH effect was not significant for the
initial pH of 3-7, because there was a rapid rise of the pH, as a
result of OH− production via the anaerobic corrosion of Fe0 (Lin
et al., 2008b). The pH level remained at 10.13 ± 0.11 after 15
min, regardless of the initial pH. The pH increase has also been
reported in studies with microscale iron particles. Huang et al.
(1998) observed that the pH was increased to 4, 4.5, and 7 when
the initial pH was 2, 3, and 4, respectively, during nitrate
reduction with 6-10 µm iron particles. They reported that all the
nitrate was removed before the rise in the pH, and the enhancement
of nitrate reduction at low pH was not significant. 

4. Conclusions 

In this study, adsorption kinetic equations and heterogeneous
catalytic reaction kinetic equations were proposed and tested for
nitrate reduction by NZVI. The kinetic models with the best fit
were used to investigate the effect of the initial pH and ionic
strength. The results have led to the following conclusions: 
1. The widely used pseudo first order reaction model provides
a poor fit for both the nitrate removal by NZVI in an iron-
limiting condition and the ammonia generation in an excess
iron condition. However, the reaction rate constant corre-
lates well with the NZVI dose, the initial pH, and the ionic
strength.

2. Regardless of the reaction conditions of this study, the
pseudo-first-order and pseudo-second-order adsorption kinetic
equations provided a good fit for the nitrate removal whereas
the Langmuir-Hinshelwood kinetic equation provided a
good fit for the ammonia generation. In addition, the kinetic
parameters correlate well with the reaction conditions, unless
the reactivity or property of NZVI was greatly changed by a

Fe
0 2H2O Fe

2+
H2   ( ) 2OH–+ +→+ ↑

Table 6. Kinetic Parameters of Ammonia Generation by NZVI for Different Initial pH Values

Kinetic model pH Parameters SSE r2

Pseudo first order reaction

kr1 (min−1)

3
5
7
9
11

 4.69×10−2

 4.718×10−2

 4.217×10−2

 3.864×10−2

 6.104×10−3

 71.715
 55.997
125.827
 13.763
242.656

0.964
0.972
0.935
0.991
0.797

Langmuir-Hinshelwood
kinetics

k (L/mg-NH3-N·min) K (L/mg-NH3-N) 

3
5
7
9
11

106.366
120.082
138.391
 38.658
1.216

4.705×10−4

4.42×10−4

3.02×10−4

1.09×10−3

2.121×10−1

 44.947
 15.276
125.425
 26.655
 11.738

0.977
0.992
0.935
0.983
0.990
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very high NZVI dose or by the enhanced iron (hydr)oxides
formation at a very high initial pH. This correlation strongly
indicates that the apparent nitrate removal is by adsorption,
that the nitrate reduction by NZVI is a heterogeneous cata-
lytic reaction, and that the kinetic models have great poten-
tial for describing and predicting nitrate reduction by NZVI
under a variety of reaction conditions. These models all help
to explain the initial T-N decrease during NZVI-induced
nitrate reduction, a phenomenon observed in this study and
in many other studies. In addition, the Elovich equation
offers a good description of the inhibition caused by an
increase in NaCl.

3. The nitrate adsorption and ammonia generation are both
faster with a high NZVI dose, a low ionic strength, and a
low initial pH. However, the inhibition that occurs with a
high initial pH is more significant than the promotion at a
low initial pH. The adsorption rate constant is highly depen-
dent on NaCl concentration and on pH, in the range of 7-11,
indicating that the electrostatic attraction or hydrogen bond-
ing is predominant for nitrate adsorption on NZVI. In addi-
tion, the NZVI aggregation promoted at a high NaCl
concentration and the competition of nitrate with hydroxyl
anions was observed at a high initial pH.
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Appendix.

Fig. 6. Predictions of Nitrate Concentration from: (a) an Nth-order Model, (b) Pseudo-first-order Adsorption Kinetics, (c) the Elovich Equa-

tion, (d) an Intraparticle Diffusion model for Different NZVI Doses (CNZVI)

Fig. 7. Correlations between the NZVI dose (CNZVI) and Parameters of: (a) an Nth-order Model, (b) Pseudo-first-order Adsorption Kinet-

ics, (c) the Elovich Equation, (d) an Intraparticle Diffusion Model


