
INTRODUCTION

Zero-valent iron has received much recent attention due

to their low cost, non-toxicity nature, high activity and abundant

in nature1. Nanoscale zero-valent iron (nZVI) with particle

size at the nano-scale exhibits superior activity because of their

larger surface area and great intrinsic reactivity of surface sites2.

Nanoscale zero valent iron technology has been widely investi-

gated for the reductive transformation of a wide range of chemical

pollutants, including: antibiotics3, azo dyes4, pesticides5, nitro-

amines6, nitroaromatics7, 2,4-dichlorophenol8, polychlorinated

biphenyls9, inorganic anions, including nitrate10, perchlorate11 and

metals, including chromium12, copper13, cadmium14 and arsenic15.

Nitrate pollution of groundwater and surface water has

become a serious environment problem in many parts of the

world16. The removal of nitrate from contaminated wastewater

frequently involves microbial denitrification, ion exchange,

reverse osmosis, electrocatalytic and high temperature and

chemical reduction process17.

Chemical reduction process on the basis of nZVI might

be relatively efficient for denitrification process. Several research

papers reported the reaction mechanisms and pathways in the

case of the adaptation of nZVI18-22. The reaction mechanism

of nitrate removals depending on pH, temperature, both in

buffered and unbuffered solutions were revealed in the former

reports18,23,24.
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A wide variety of kinetic models, including first order

kinetic model19,25, higher reaction order kinetic model26, for

nitrate reduction by nZVI have been published. The usage of

others models including Langmuir27 and Michaelis-Menten28

were investigated subsequently.

In the present study, we prepared nZVI particles in ethanol-

water solution. The present investigation aimed at gaining

mechanistic insight into the chemical reduction of nitrate in

aqueous solution by synthesized nZVI particles. Specifically,

we followed the kinetics of nitrate removal on the basis of the

first-order, the second-order kinetic and the Langmuir-

Hinshelwood kinetic models.

EXPERIMENTAL

All chemical reagents such as potassium borohydride

(KBH4), potassium nitrate (KNO3), ferrous sulfate heptahydrate

(FeSO4·7H2O), sodium hydroxide (NaOH) and sulfuric acid

(H2SO4) and anhydrous ethanol were purchased from

Sonipharm Chemical Reagent Co., Ltd (Shanghai, China). All

the chemicals obtained above were analytical grade and were

used as received without further purification.

Preparation of the nanoscale zero valent iron (nZVI):

Nanoscale zero valent iron was synthesized in terms of the

procedure outlined in previous literature16. In brief, 9 g of

FeSO4·7H2O was first dissolved in 400 mL of deionized water

and 100 mL of alcohol was then added. 2.44 g of NaBH4 was
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dissolved in 50 mL of deionized water and dropwise added to

the FeSO4·7H2O solution that was mixed by an impeller at

500 rpm.

The black precipitant was collected using a magnet and

washed three times with degassed deionized water and then

washed with anhydrous ethanol for at least three times. The

whole process was carried out under the protection of nitrogen

atmosphere. X-Ray powder diffraction (XRD) was performed

on a Bruker D8 diffractometer.

Batch experimental procedures: For the batch test, 200

mL of reactant solution containing nitrate was added into 500

mL flasks containing nZVI. The flask was bathed in a water

bath for keeping the reaction temperature at 25 ºC. The final

concentrations of nitrate were 50, 100 and 150 mg/L. The final

concentrations of nZVI were set as 0.5, 2.0 and 5.0 g/L.

The dispersion was continuously stirred with a magnetic

stirrer and samples were taken periodically at 2, 5, 10, 20, 40,

60, 90 and 120 min. The samples were filtered with 0.45 µm

syringe filters and analyzed immediately.

To analyze the nitrate and nitrite concentrations, an ion

chromatograph equipped with an AS-16 column was adopted.

The ammonium was determined by NESSLER's reagent

colorimetric method using a UV-9200N spectrophotometer

(Lengguang, China).

Kinetic models for reaction: The first-order and second-

order kinetic models were used to fit the experimental data. The

two models are described as follow eqns. 1 and 2, respectively.

kC
dt

dC
r =−= (1)

2kC
dt

dC
r =−= (2)

where r is the rate of dye degradation, min-1 mg/L; C is the

concentration at any time, mg/L; k is the rate constant, min-1.

The reactions were also expressed by a more complex kinetic

model, namely the Langmuir-Hinshelwood kinetic, which

captures the catalytic behavior of many metal catalysts29. It

takes into consideration the adsorption of both reactants over

the Fe surface and reaction between catalyst and nitrate. The

reaction rate is described as:

KC1

kKC

dt

dC
r

+
=−= (3)

where k and K are the limiting rate constants of reaction at

maximum coverage under the given experimental conditions

and equilibrium constant for adsorption of nitrate onto nZVI.

Integrating eqns. 1-3 with respect to the limits C = C0 at time

t = 0 and C = Ct at any time t, the formations of all expression

can be obtained as follow:
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The formations can be obtained and were edited into soft

of origin 7.5. Then the nitrate reducing reaction data could be

fitted automatically by computer on the basis of the 3 models.

RESULTS AND DISCUSSION

Characterization of nanoscale zero valent iron (nZVI):

The XRD pattern of nZVI is presented in Fig. 1. An obvious

diffraction peaks at 44.8º and at 65.2º can be observed, which

are in accordance with the (110) and (200) diffraction of body-

centered cubic α-Fe. The peak pattern of XRD spectra was

most close to that of elementary iron rather than other iron

oxides and hydroxides.

Fig. 1. XRD pattern of fresh nanoscale zero valent iron

Model estimation for nitration reduction: Kinetics studies

has significant role for the investigation of the profile of nitration

degradation in the presence of catalyst nZVI. The experimental

results are presented in Fig. 2. The removal rates of nitrate

after 1 h can reach more than 76.0, 64.6 and 44.7 % with the

initial nitrate concentration of 50, 100 and 150 mg/L, respec-

tively and then reached 88, 72.7 and 60 % after another 1 h.

Nitrate was declined fast in the beginning up to 2 h, but no

more than reduction has taken place after that, similar to the

result of Kuen-Song Lin17. The nitrate removal rates, which

published by Zhang et al.19, can reach 96.0 % after 1 h using

nZVI. Hwang et al.21 refer firstly that nitrate reduction rate

was very fast during the initial 15 min. Therefore, the reaction

constant k was differentiated at two reaction periods of 0-15

min and > 15 min21. As for the result of our experiments, it

was concluded that the nitrate reduction rate was fast at initial

periods as well as at low initial nitrate concentration from

Fig. 3. These different results could be explained by the diffe-

rent nZVI and different reaction conditions at different initial

nitrate concentration.

In order to investigate the mechanism of degradation, the

first-order (F-model), the second-order (S-model) and the

Langmuir-Hinshelwood (L-H model) kinetics models were

used to test the degradation of nitrate at various initial concen-

tration of 50, 100 and 150 mg/L during the reaction under

certain conditions (temperature 25 ºC, initial pH value 7.0,

dosage of nZVI 2 g/L). The model estimations for nitration

reduction in terms of models are shown in Fig. 2. The dash,
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Fig. 2. Kinetic model estimation for nitration reduction at the initial

nitration concentration of 50 mg/L (solid circle), 100 mg/L (semi-

solid circle) and 150 mg/L (hollow circle). The dash lines stand for

the model estimation of second-order kinetic. The dot lines stand

for the model estimation of L-H kinetic. And the solid lines stand

for the model estimation of first-order kinetic

dot and solid lines stand for the S-, L-H and F-kinetics models

estimates, respectively. The R2 values of S-model estimates

were 0.9771, 0.9365 and 0.9649 at initial nitrate concentration

of 50, 100 and 150 mg/L, respectively, which were higher

than those of F-model and L-H model estimates. Therefore, it

was clear that the S-model could be suit for fitting the denitri-

fication within the provided initial nitrate concentration range.

The observed F-, S- and L-H reaction rate constants k at

different initial nitrate concentration are shown in Fig. 3. The

constants k of F model were decreased from 0.0208, 0.0139

to 0.0078 and those of L-H model were decreased from 0.0210,

0.0123 to 0.0064, when the initial nitrate concentration increased

from 50, 100 to 150 mg/L, respectively. Nevertheless, the k

values of S-model apparent no difference between 3 initial

concentrations (Fig. 3). Several studies have been approved

that the k values of F model were closely at different initial

nitrate concentration. The conclusion of denitrification comp-

lying with the first-order reaction with respect to nitrate concen-

tration was also point out in these reports16-19,23-25. However,

Yang and Lee18 point out that the first- or pseudo-first-order

kinetic model might not be suitable to describe chemical

reduction of nitrate by nZVI. In our research, the k values of S

model were independent of the initial nitrate concentration

and the S model was more appropriate to fitting denitrification

and is recommended.

Effect of nanoscale zero valent iron Dosage on nitrate

reduction: nZVI dosage, as a significant role for denitrification,

would be vital to the removal of nitrate. The denitrification of

nitrate by nZVI occurs on the metal surface. And the total

metal surface would strongly influence the kinetics of nitrate

reduction. Thus, three different nZVI dosages (0.2, 2 and 5 g/L)

were employed to study the difference of kinetics of denitri-

fication and the removal efficiency of nitrate (Fig. 4).

Fig. 5 showed clearly that the final removal efficiency of

nitrate was higher when the nZVI dosage was higher. Never-

theless, when the dosage of nZVI was excess to 2 g/L, the

final removal efficiency would increase slightly. The denitri-

60 80 100 120 140
0.000

0.002

0.004

0.006

0.008

0.010

0.012

0.014

0.016

0.018

0.020

0.022

Initial Concentration on NO
3

-
 (mg/L)

T
h
e

ra
te

c
o

n
s
ta

n
t
(k

)

 k of C
t
=1/(kt+(1/C

0
))

 k
r
 of ln(C

0
/C

t
)+K(C

0
-C

t
)=kKt

 k of C
t
=C

0
*exp(-kt)

Fig. 3. Rate constants of the kinetic models estimation obtained at the at

the initial nitration concentration of 50, 100 and 150 mg/L
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Fig. 4. Kinetic model estimation for nitration (100 mg/L) reduction at the

Fe0 concentration of 0.2 g/L (hollow circle), 2 g/L (semi-solid circle)

and 5 g/L (solid circle). The dash lines stand for the model estimation

of second-order kinetic. The dot lines stand for the model estimation

of L-H kinetic. And the solid lines stand for the model estimation

of first-order kinetic
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Fig. 5. Rate constants of the kinetic models estimation obtained at the nZVI

concentration of 0.2, 2.0 and 5.0 g/L

fications at different nZVI dosage were also fit by F-, S- and

L-H models (Fig. 4). The S-model could be used to fit the
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denitrification very well. The R2 values of S- model were higher

than those of F- and L-H models (data were not shown). More-

over, when the dosage of nZVI was increased, the constant k

of 3 models were also increase comply with linearity except

for those of L-H models (Fig. 5).

Nitrogen mass balance during denitrification: The

reaction between nitrate and nZVI is a true redox reaction. It

is well known that nZVI would act as a reducing agent for

nitrate. Its mechanisms are proposed by various researchers18,30.

They have pointed out that the end-products could be nitrite,

nitrogen gas, or ammonia depending on the experimental

conditions.

In this study, it was founded that the concentration of

ammonia increased continuously during the experiment as the

decrease of nitrate. Nitrite concentration was increased obviously

within started reaction time and then fluctuated (Fig. 6). The

total N calculated as summation of remaining nitrate, nitrite

and ammonia in the solution decreased during the whole

reaction process. The loss of total N could reach 50 % at the

end of reaction (2 h). It implies that the part of the reaction

products could be nitrogen gas, which was not analyzed for

the open reaction system.
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Fig. 6. Amount of various nitrogen species over hydraulic retention time

during the nitrate reduction by nZVI

Conclusion

In this study, the preparation of nanoscale zero valent iron

(nZVI) and reactivity of nZVI reaction in terms of nitrate

reduction and the nitrogen mass balance during denitrification

were evaluated. The nZVI particle was successfully produced

in a co-solvent with water and ethanol, which were features of

44.8º and 65.2º diffraction peaks in the XRD pattern. The

experimental data of nitrate reduction on the basis of nZVI

were interpreted by F-, S- and L-H kinetic equations. The

kinetic of nitrate removal by nZVI fitted well with the S- model

in terms of R2 values and the constants of reaction. Ammonia

and nitrogen gas were identified as the primary end-products

from the reactions. Nitrite was produced rapidly during the

started reaction of nitrate reducing and then reached equilibrium

concentration.
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