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Abstract- Nano Zero Valent Iron (NZVI) particles were synthesized using the sodium borohydride reduction method (B-
NZVI) and the Ethylene Di-amine Tetra Acetate (EDTA) supported method (E-NZVI). The synthesized particles were
characterized using X-Ray Diffraction (XRD), Scanning Electron Microscopy (SEM) and Transmission Electron
Microscopy (TEM). B-NZVI particles were aggregated and formed chain like structures in comparison to E-NZVI
particles which looked spherical. The synthesized B-NZVI and E-NZVI particles were used for the removal of Methyl
Orange (MO), a model contaminantin wastewater. Comparison was made between B-NZVI and E-NZVI particles in
terms of stability and efficiency in dye removal. Various parameters affecting the removal of MO were investigated such
as – the effect of nitrogen purging, particle concentration, initial solution concentration, pH of the solution, aging of the
particles etc. The minimum particle concentration required to completely (100%) remove MO from 100 ppm solution
was 10 mg E-NZVI, where 100% degradation efficiency was achieved at natural pH of 5.82 and at the end of 180
min.Only 30% MO removal efficiency was achieved using B-NZVI under the same set of experimental conditions. The
decreased MO degradation in case of B-NZVI could be related to the agglomeration of the particles, resulting in a
significant loss in reactivity. E-NZVI particles on the other hand were air stable and resulted in better degradation
efficiencies than B-NZVI. The findings of this present study are significant for the degradation of various organic
contaminants in wastewaters.
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1. INTRODUCTION

The most challenging and serious environmental
problems in the modern world iswater pollution.
Water quality generally gets deteriorated with the
introduction of various industrial pollutants in the
form of heavy metals, organic chemicals etc.[1].Of
these pollutants, the contamination of water by Azo-
dyes is an increasingly serious problem because
many of these are not readily degraded by
conventional effluent treatment methods and their
reduction by using conventional biological
treatments is usually ineffective. These commercial
dyes, besides causing pollution, are highly toxic and
non-biodegradable [2-3]. Among the textile azo-
dyes, Methyl Orangeis recognized as a potential
carcinogen [4]. The dye wastewaters are also
resistant to destruction by physico-chemical
treatments such as activated carbon sorption [5],
UV lightirradiation[6] and solar irradiation
treatments [7], if these are present in high
concentrations in the effluents.

Nanotechnologyis one of the key technologies
incurrent research and nanomaterials have paved a
way for applications in environmental remediation
[8]. Literature review of the possible technologies in
water treatment to date has provided us information
about the applications of nano zerovalent iron for
wastewater treatment.Over the last few years
researchers have focussed on the synthesis, stability
and application of these particles for the removal of
various organic and metal contaminants from waste
water and ground water respectively [9]. NZVI,
especially for groundwater remediation, has
emerged as one of the most innovative technologies
due to its smaller particle size and larger specific
surface area [10]. Due to its redox properties, it has
also been used for the removal of a wide variety of
pollutants including halogenated hydrocarbons [11],
polychlorinated biphenyls (PCBs) [12], chlorinated
phenols [13], pesticides [14], organic dyes [15],
inorganic compounds [16] and metal ions etc.
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Synthesis of nano zerovalent iron can be achieved
by a variety of physical and chemical synthesis
techniques. Li et al., in their review article, reported
a summary of all these techniques [17].The core
shell structure of NZVI was also proposed by few
authors [18, 19]. In spite of the efficiency of NZVI
particles to degrade severalcontaminants,there are
drawbacks associated with the use of these particles.
The major problem with the particles is that they get
oxidized rapidly when they come into contact with
airand this property makes it difficult to handle and
store under ambient conditions [20]. Though proper
precautions are taken to prevent oxidation, it is
observed that NZVI oxidizes rapidly due to its outer
oxide shell. The usage of NZVI in air is infact a
challenging task. Consequently, the stability of the
particles in aqueous media is also a major issue
sincethe particles tend to agglomerate, resulting in
loss of reactivity [21].Therefore, in previous
studies, synthesis of NZVI and the adsorption
experiments were performed under inert conditions
to keep iron in its zero-valent form [22].

A new method of synthesizing air stable NZVI
particles using several chelating agents was reported
by Allabaksh et al [23]. Among the chelating agents
screened, NZVI particles synthesized using EDTA
proved to be the best in terms of particle stability
under atmospheric conditions. However,to the best
of our knowledge, the application of these particles
towards the degradation of contaminants has not
been reported so far.The present work focuses
mainly on the stability and application of the
laboratory synthesized nano zerovalent iron
particles and its effectiveness in the remediation of
water contaminated with model contaminant methyl
orange usually present in the textile
wastewaters.This study also provides
comprehensive investigation of various parameters
affecting the degradation of methyl orange like- the
effect of nitrogen purging, particle concentration,
initial solution concentration, pH of the solution,
etc. The results were compared with NZVI particles
synthesized by the traditional sodium borohydride
reduction method in terms of stability and
efficiency in removal of MO.Different
characterization techniques were employed in this
study. These include XRD, SEM, TEM, BET
surface area analysis and UV/Vis
Spectrophotometer.

II. EXPERIMENTAL
Materials- Ferric Chloride (FeCl3.6H2O, Sigma-
Aldrich), Sodium borohydride (NaBH4, Aldrich),
Ethylene Di-amine Tetra Acetate (EDTA, Fluka),
Ferrous sulphate (FeSO4 .7H2O, Sigma- Aldrich),
Methyl orange (MO, S.d. Fine), Absolute Ethanol
(Riedel-de Haën), Sodium hydroxide (NaOH, S.d.
Fine) and Hydrochloric acid (HCl, S.d. Fine), were
used without further purification or process. All
standard solutions were prepared in highly pure
water (Millipore, 18.2 Ω). Stock solution of 100
ppm Methyl orange was prepared by dissolving
commercial Methyl orange dye in millipore water.
The experimental solutions were diluted from this
stock solution as and when required

NZVI Synthesis methods- Synthesis of NZVI was
carried out by two methods- the borohydride
reduction method for the preparation of Bare NZVI
(B-NZVI) particles and the EDTA supported
method with the addition of chelating agent, EDTA
(E-NZVI).

Synthesis of Bare Nano Zero Valent Iron
particles (B-NZVI)
In this case the synthesis of nano zero valent iron
particles was carried out using the traditional
sodium borohydride method reported by Wang et al
[22]. In this study, Iron(III) Chloride Hexahydrate
(FeCl3. 6H2O) was used as the iron(III) source and
sodium borohydride as the reductant respectively.
The synthesis of iron nanoparticles was conducted
in a flask reactor with three open necks and the
schematic of NZVI synthesis is reported by Sun et
al [9].

Briefly, for the synthesis of B-NZVI particles using
the sodium borohydride method, 0.018 M
FeCl3.6H2O was dissolved into 1 L 70 % Ethanol
aqueous solution in a 2 L flask reactor to which 2.5
gm of NaBH4 dissolved in 80 mL millipore water
was added. This solution was added drop wise into
the flask reactor at a rate of 10 mL/minand the
contents of the flask were stirred continuously with
a stirrer fixed to a tunable mechanical stirrer at 500
rpm. After the addition of NaBH4, the solution was
left for stirring for ten more minutes and allowed to
rest for sometime. Theblack solid particles
(NZVI)were collected by discarding the supernatant
and rinsing three times with ethanol. The particles
were finally separated using an external magnetic
field, freeze dried at -50 0Cfor 4 hours and stored
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under nitrogen atmosphere prior to use. These
particles were labelled as B-NZVI.

Synthesis of EDTA supported Nano Zero Valent
Iron particles (E-NZVI)
For the synthesis of EDTA supported NZVI, iron
(II) sulphate heptahydrate (FeSO4.7H2O) was used
as the iron(II) source and sodium borohydride was
used as reductant respectively. 0.1 M FeSO4.7H2O
was prepared in 150 mL of Millipore water and 0.05
M EDTA in 100 ml was mixed in the same
apparatus (three necked round bottom flask reactor).
The central neck was housed with a tunable
mechanical stirrer at 500 rpm. Throughout the
titration, 0.75 M NaBH4 prepared in 100 mL
milliporewater was added drop wise into the
mixture solution. Slowly the solution turned into
black colour. These black colored particles were
washed thrice with absolute ethanol, filtered, and
finally dried at 60 0C for 2-3 hours in an oven. The
synthesized particles were stable under atmospheric
conditions. These particles were labelled as E-
NZVI.

Characterization and measurements- X-ray
diffraction of powdered B-NZVI and E-NZVI
particles were performed using a
PANanalyticalX’Pert Pro MPD with a high-power
Cu-Kα radioactive source (λ =0.154) at 40 KV and
30 mA. The particles were placed in a glass holder
and scanned from 10° to 80°. This scan range
covered all major species of iron and iron oxides.
The scanning rate was set at 2.0°/min.The surface
morphology of the powdered samples was analyzed
using a SEM (FEI-SIRION Eindhoven, The
Netherlands). The powdered samples were spread
on silicon wafer supported on metallic disks.
Sample surfaces were observed at different
magnifications and the images were recorded.
Elemental EDX analysis was performed at
randomly selected areas on the solid surfaces. EDX
mapping was carried out with a voltage applied at
10 kV.

The TEM instrument used in this study was a
Tecnai F20 from FEI, Netherlands. The instrument
was operated at 200 kV acceleration voltage.
Samples were prepared for analysis by dispersing
some of the sample powder in ethanol using an
ultrasonic bath. Subsequently, a drop of the

dispersion was applied to a holey carbon TEM
support grid and excess solution was blotted by a
filter paper.The specific surface areas (SSA) of B-
NZVI and E-NZVI were measured with the BET-N2

adsorption method (the Brunauer-Emmett-Teller
isotherm) by Smart Sorb surface area analyser from
Smart Instrument Company, Dombivli.The
concentration of total Methyl Orange in solution
was determined using a UV/VIS-
Spectrophotometer.

Sorption experiments
The concentration of initial and final MO solution
was measured using a UV-Spectrophotometer at λ =
464 nm. To compare the efficiency of degradation
of MO in aqueous solution, experiments were
carried out using powders of B-NZVI & E-NZVI
under the same set of conditions. Blank experiments
(MO) were considered as parallel control. In order
to check the reproducibility of results, all the
degradation experiments were repeated at least 2
times and the experimental error was found to be
within 5%. The final concentration of MO was
calculated from the calibration curve of the
standards. The efficiency of B-NZVI and E-NZVI
in removing MO was calculated using the following
equation:

R (%) = [( C0 - Ct )/C0]*100%

Where R (%) was the MO removal efficiency, C0

(mg/L) was the initial concentration of MO in the
solution, Ct (mg/L) was the concentration of MO at
time t.

III. RESULTS AND DISCUSSION

Characterization of the synthesized particles-
The characterization of B-NZVI and E-NZVI
particles was performed using XRD, SEM and
TEM.

Figure 1. shows the X-ray diffraction patterns of B-
NZVI (Figure 1a) and E-NZVI (Figure 1b). It was
observed that the characteristic diffraction line at 2θ
= ~44.7 for B-NZVI and E-NZVI indicates zero-
valent iron existence and predominance in pure
form. These results are also in agreement with the
previous reports [Ref, Ref].It was observed that the
Fe0 peak intensity for E-NZVI is greater than B-
NZVI. This can also be related to the crystallite size
of the particles. This increase in peak intensity in
case of E-NZVI favoured better removal
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efficiencies of Methyl orange which is discussed in
the coming subsections.

Fig1. XRD of a) B-NZVI and b) E-NZVI

The surface morphology of the synthesized NZVI
powders was analyzed using SEM. The images of
freshly synthesized iron nanoparticles for B-NZVI
and E-NZVI are shown in Figure 2a and Figure 2b
respectively. The images were taken at 100000X
magnification at 10 kV. In case of B-NZVI, the
particles appear to be aggregated. It can be observed
that iron nanoparticles exist in contact with each
other and formed chains having diameters of 50-70
nm. This is due to the magnetic properties of iron
species as reported by Feng and Lim [24]. However,
the average particle size was observed to be 20-70
nm as inferred from TEM images and the BET
Surface area was calculated to be 46.28 m2/g. The
particle size and BET surface area of B-NZVI are
also in agreement with the data previously reported
by Li and Zhang [18]. On the other hand, the E-
NZVI particles were found to be poly-dispersed
with varying sizes from 200-500 nm and the BET
Surface area was calculated to be 1.95 m2/g.

Fig2. SEM images of a) B-NZVI and b) E-NZVI

Figure 3 shows theTEM images of B-NZVI (Figure
3a) and E-NZVI (Figure 3b).  The particle size of
B-NZVI was determined to be 20-40 nm and the
particle size of E-NZVI was in the range of 400-500
nm. These results are in consistent with the SEM
images of these particles. Moreover, the core shell
structure of these particles could be clearly
observed in the TEM images of B-NZVI and the

particles appear to be fused forming chain like
structures. On the other hand, the TEM images of
E-NZVI particles look completely spherical.

Fig 3. TEM images of a) B-NZVI and b) E-NZVI

Removal of Methyl Orange in aqueous solution
using B-NZVI and E-NZVI

The removal efficiency of methyl orange using
laboratory synthesized B-NZVI and E-NZVI
particles was studied at different operating
conditions.

Effect of nitrogen purging
NZVI particles can be easily oxidized by oxygen in
solution to form Fe2O3 and Fe3O4 as discussed
previously. Consequently, this will reduce the
removal of MO from the solution [4]. It is therefore
essential to study the influenceof dissolved oxygen
on theremoval efficiency of MO. Experiment was
performed with and without nitrogen purging in to
aqueous MO solution. 10 mg of B-NZVI (Figure
4a) & E-NZVI (Figure 4b) were added to 50 mL of
100 ppm MO solution at natural pH of 5.82.
Reactions proceeded for 120 min at room
temperature in an orbital shaker at 150 rpm. After
the reaction,the particles were gathered by using
external magnetic field and the supernatant solution
was filtered through a 0.45-µm membrane filter
with a disposable syringe.The MO concentration at
time t was measured using UV/Vis
Spectrophotometer.

It was observed that nitrogen purging during the
course of reaction had an effect on removal of MO.
The effect of nitrogen purging did not show any
significant increase on the removal of MO in case
of B-NZVI with time. On the other hand, with E-
NZVI, the removal rate of MO increased with time
and all MO has been completely removed (100%) at
the end of 120 min compared to B-NZVI (30%).
This can be attributed to the fact that; precipitation
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of iron oxides and hydroxides was rapidly formed at
a high concentration of MO in the presence of
oxygen in the solution which further reduced the
reactivity of NZVI [10].

Fig. 4. Effect of nitrogen purging on removal of
MO using (a) B-NZVI (b) E-NZVI

Effect of initial MO concentration- Based on the
results of the effect of nitrogen purging on removal
of MO, further experiments were carried out with
nitrogen purged MO solutions. The effect of MO
concentration on its removal was carried out with
50 mL of varying concentrations of MO solution at
10, 25, 50 and 100 ppm respectively at natural pH
of 5.82 for 120 min. 10 mg B-NZVI (Figure 5a) &
E-NZVI (Figure 5b) were used for this experiment.
Reactions proceeded at room temperature in an
orbital shaker at 150 rpm. After the reaction, the
particles were gathered by using external magnetic
field and the supernatant solution was filtered
through a 0.45-µm membrane filter with a
disposable syringe. The MO concentration at time t
was measured using UV/Vis Spectrophotometer.

Fig 5. Effect of initial MO concentration using (a)
B-NZVI (b) E-NZVI

It was observed that the removal efficiency of MO
decreased with increase in initial MO
concentrations from 10-100 ppm. Though there was
a decrease in MO removal efficiency in both cases,
it was very much predominant in case of B-NZVI.
The decrease inMO removal efficiency with E-
NZVI was negligible. This can be explained with
the fact that when the initial MO concentration was
increased from 10 ppm to 100 ppm, the

concentration of the particleswas held constant
andthe available reaction sites were also constant.
Similarly, as initial MO concentration increases at
some point it reaches a steady state. Therefore, the
number of reactant sites on the surface of NZVI
particles might not be sufficient enough to degrade
the pollutant molecules resulting in decreased MO
degradation efficiency with increase in initial
concentration.However complete removal of MO
was observed in each case at lower initial
concentrations of 10-50 ppm. It is also evident that
MO concentration up to 100 ppm could be easily
removed with minimum particle concentration in
case of E-NZVI.

Effect of particle concentration- The effect of
particle concentration is an important factor that
determines the performance and degradation ability
of the catalyst at a fixed concentration of the
pollutant. B-NZVI & E-NZVI concentration on MO
removal was carried out with 50 mL of varying
concentrations of MO solution at 10, 25, 50 and 100
ppm respectively at natural pH of 5.82 for 120 min.
10 mg of B-NZVI (Figure 6a) & E-NZVI (Figure
6b) were used for this experiment. Reactions
proceeded at room temperature in an orbital shaker
at 150 rpm. After the reaction the supernatant
solution was filtered through a 0.45-µm membrane
filter with a disposable syringe and MO
concentration at time t was measured using UV/Vis
Spectrophotometer.

Fig 6. (a)Effect of B-NZVI concentration (b) Effect
of E-NZVI concentration on MO removal

It can be interpreted that MO adsorption on E-NZVI
increased with increase in concentration from 10 to
100 mg. The extent of removal was higher in case
of E-NZVI as compared to B-NZVI. For example,
the removal of MO at the end of 30 min with 10 mg
E-NZVI was 100% and that of B-NZVI was 68%
respectively. The increase in MO degradation with
increase in the particle weight can be attributed
mainly to two reasons- the first being more amount
of catalyst, that means more the surface area and
more the number of activesites available for
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reaction promoting enhanced degradation
efficiency. The second one being the porous
structure of the particles [18] which allows the free
diffusion of MO molecules to react with the Fe0

particles in the core. However, the adsorption was
very fast with 100 mg E-NZVI and 100%
adsorption was achieved within 30 min.

Effect of pH - This experiment was conducted to
see the effect of pH on removal of MO. 10 mg of B-
NZVI (Figure 7a) & E-NZVI (Figure 7b) were
added to 50 mL of 100 ppm MO solutions of
varying pH from2.0-10.0. The reaction was carried
out for 120 min. Reactions proceeded at room
temperature in an orbital shaker at 150 rpm. After
the reaction the supernatant solution was filtered
through a 0.45-µm membrane filter with a
disposable syringe and MO concentration at time t
was measured using UV/Vis Spectrophotometer.

Fig 7. Effect of pH using (a) B-NZVI (b) E-NZVI
on MO removal

It was observed that the removal efficiency of MO
with B-NZVI and E-NZVI was pH dependant. With
B-NZVI at lower pH value of 2.0, there was 80%
degradation of MO. The increase in MO removal
efficiency became constant with further increase in
time. Whereas at higher pH values from 4.0 to 10.0,
the degradation pattern of MO was quite confusing,
since there wasan increase and decrease in MO
removal with pH.However, the maximum removal
was only ~25% with increase in time. The removal
efficiency of MO was higher at lower pH values
from 2.0 to 6.0. and all MO has completely
removed within 30 min. At pH values higher than
5.82, i.e., from 8.0 to 10.0, there was only 40%
removal efficiency.The observed degradation of
MO indicated faster degradation kinetics and the
final removal efficiency increased with a decrease
in pH.This can be explained based on the increase
in concentration of hydrogen ions that would have
enhanced the reduction in degradation rate of MO.
Lower aqueous pH might have helped to reactivate
the oxidized iron layer, and then enhance the
degradation reaction on the surface of NZVI

particles. The rate of removal of Methyl orange at
lower pH values might be due to the ionization of
the surface of NZVI and deprotonating of Methyl
orange [10].

Effect of aging- Figure 8 shows theXRD of E-
NZVI particles aged in theatmospheric environment
for eight months to observe the oxidation properties.
The result is consistent with the XRD image offresh
E-NZVI (Figure 1b).Physically there was no change
in colour after eight months which indicated that
nooxidation or negligible oxidation of outer surface
of E-NZVI occurred.

20 30 40 50 60 70 80
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200
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Fig 8. Effect of E-NZVI aging

IV. CONCLUSIONS
For the first time we reported the application of
EDTA supported Nano Zero Valent Iron
particlesfor the efficient degradation of MO from
wastewater. Synthesis of E-NZVI particles can be
carried out under ambient atmospheric conditions
and can be easily stored. B-NZVI on the other hand,
gets oxidized if proper care is not taken during
synthesis, storage and handling. It easily gets
converted in to oxide or hydroxide form. SEM and
TEM images revealed less agglomeration of E-
NZVI particles as compared to B-NZVI particles.
Though characterization studies have shown that the
particle size and specific surface area of E-NZVI
particles is more than B-NZVI, the stability
properties of these particles outweigh the
disadvantages. Studies on removal of MO showed
better degradation efficiencies with E-NZVI
particles as compared to B-NZVI particles in terms
of particle concentration, initial MO concentration
and pH of the solution. The degradation efficiency
of MO increased when the reactions were carried
out under nitrogen atmosphere with B-NZVI and E-
NZVI. Hydroxyl groups and nitrogen lone pair (s)
of EDTA bind oxidized iron on the surface of NZVI
that give a shield around NZVI thereby preventing
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the particles from oxidation. At lower pH, EDTA
forms chelating complex of Fe(ІІ)–dye, break the –
N=N- bond and gets transformed in to nontoxic
products.
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