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ABSTRACT

The effects of weak magnetic field (WMF) on degrading Orange II by zero-valent iron (ZVI)
as functions of pHini, ZVI dosages, and Orange II concentrations were investigated. The
pseudo-first-order rate constants of Orange II removal by ZVI decreased progressively from
0.0057 to 0.0006 min−1 without WMF and from 0.0419 to 0.0039 min−1 with WMF, respec-
tively, as pHini increased from 3.3 to 5.5. The pseudo-first-order rate constants of Orange II
sequestration by ZVI were increased by 2.6- to 21-folds due to the application of WMF
under the reaction conditions investigated in this study. The WMF-induced improvement in
Orange II removal by ZVI was attributed to the accelerated corrosion of ZVI in the presence
of WMF. The application of WMF not only improved the decolorization efficiency, but also
enhanced TOC removal dramatically. The influence of radical scavenger and oxygen on
Orange II removal as well as the FTIR analysis revealed that Orange II was removed via
reduction by ZVI as well as adsorption/co-precipitation by the corrosion products. The
method of employing WMF to enhance contaminants removal by ZVI is considered to be a
promising technique in future water treatment since it does not need extra energy and
costly reagents.
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1. Introduction

Azo dyes, widely used in the textile and dyestuff
industries, account for almost half of all dye produc-
tions [1]. Orange II, one of the azo dyes, is widely
used as coloring agent in a variety of product, such as
paper, food stuffs, hair dye, and leather [2]. Orange II
is known to be toxic, carcinogenic, mutagenic, and ter-
atogenic, thus constitutes a significant burden on
environment since Orange II has been applied illegally

in a variety of industries, particularly in recent years
[3–6]. Traditional physical methods such as floccula-
tion, membrane, and adsorption only simply transfer
the dyes from the liquid phase to the solid phase
rather than destroying them [7,8]. Some chemical oxi-
dation processes such as UV/H2O2, UV/O3, UV/TiO2,
and the Fenton reaction have served to remove color
and achieve mineralization effectively, yet are limited
to the laboratory because of their rigorous operation
conditions [9–13].
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During the past two decades, ZVI, as a readily
available, inexpensive, nontoxic, and moderately
strong reducing agent has been shown to decolorize
the solution containing azo dyes and enhance its bio-
degradability [1,14]. Nam and Tratnyek [15] showed
that nine kinds of azo dyes were rapidly decolorized
by ZVI, which was due to the reduction of the azo
groups and the formation of aromatics amines as prod-
ucts. Despite effective decolorization was achieved by
ZVI alone, the mineralization rate was low due to the
generation of organic intermediates, which require fur-
ther treatment to meet the stringent effluent discharge
standards. Moreover, ZVI is found to be deactivated
over time due to the formation of iron oxides/hydrox-
ides on the iron surface, which will hinder the further
reaction of dyes with ZVI [16]. Therefore, many meth-
ods, including combing ultrasound with ZVI [17], UV/
ZVI [18], nanoscale ZVI [19], iron–nickel bimetallic
nanoparticle [20], ZVI/H2O2 [21], and ZVI-UV/H2O2

[22], have been developed to enhance the decoloriza-
tion and mineralization rate of dyes by ZVI. However,
the improvements induced by ultrasound or UV were
minor, and extra chemicals were necessary for ZVI/
H2O2 and ZVI-UV/H2O2 processes, which made the
operation complicated and increased the operation
cost. Although iron is inexpensive in bulk form, nano-
scale ZVI and iron–nickel bimetal are much more
expensive because the costly precursor reagents and
complicated processes are needed to synthesize them
[23]. Therefore, it is of urgent need to develop other
inexpensive and highly efficient methods to improve
dyes sequestration by ZVI.

Jiang et al. [24] reported that there was a 30–50%
improvement in SO2 absorption by cast iron scraps
due to the application of DC magnetic field
(10–20 mT), which may be associated with the
increased ZVI corrosion rate facilitated by the looser
corrosion products. Kim et al. [25] reported that the
application of magnetic field (≤ 40 mT) on the ZVI
slurry markedly enhanced 4-chlorophenol removal
from 26 to 54% under air-equilibrated condition,
ascribed to the production of more �OH radicals
resulted from the easier transport of oxygen to ZVI
surface in the presence of magnetic field. We observed
that Se(IV) removal by ZVI was significantly improved
by applying a weak magnetic field (WMF)
(Bmax < 20 mT) and showed that the external WMF
could remarkably accelerate the corrosion of ZVI and
lead to a faster release of Fe2+ [26]. According to the
enhancing effects of magnetic field on Se(IV) removal
by ZVI, it is expected that the dyes removal by ZVI
can also be accelerated in the presence of WMF. How-
ever, up to now, no report on the WMF effects on
dyes removal by ZVI is available. Therefore, this study

was performed to examine the WMF effect on Orange
II, one of the most widely used azo dyes in the textile
industry, removal by ZVI. The objectives of this study
were to (1) investigate the influence of WMF on the
degradation of Orange II by ZVI as functions of initial
solution pH levels, ZVI dosages, and Orange II
concentrations; (2) explore the effect of WMF on the
degradation mechanisms of Orange II; and (3) put a
preliminarily light on the remarkable enhancement of
WMF on Orange II removal by ZVI.

2. Materials and methods

2.1. Materials and chemicals

All chemicals were of analytical grade and used as
received without any further purification. The ZVI
powder with purity of >98% employed in our study
was purchased from Sinopharm Chemical Reagent
Co., Ltd. The median particle size and the specific sur-
face area measured of this ZVI were 40 μm and
0.15 m2/g, respectively. All the other chemicals
employed in this study including Orange II, HCl,
NaOH, and CH3OH were also purchased from
Sinopharm Chemical Reagent Co., Ltd. The chemical
structure of Orange II is shown in Fig. 1. The stock
solutions were prepared by dissolving the correspond-
ing salts in ultrapure water generated from a Milli-Q
water purification system.

2.2. Batch experiments

The experiments were carried out in a 1,000-mL
beaker, which was placed in a water bath to control
temperature constant at 25˚C. The experiments were
performed opened to the air, and the solution was
mixed with a propeller-type stirrer at 450 r/min. With
this stirring intensity, the aggregation of ZVI was
avoided so that the influence of WMF on aggregation of
ZVI could be excluded. Two pieces of neodymium–
iron–boron permanent magnets on an iron sheet, as
illustrated in Fig. 2(b), were employed to offer magnetic

N N

OH

NaO3S

Fig. 1. The chemical structure of Orange II.
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field. The experimental set-up was schematically in
Fig. 2(a), and the maximum magnetic field intensity
was to be ~20 mT at the bottom of the reactor. The
degradations of Orange II in coupled ZVI-WMF or ZVI
alone system were investigated as functions of solution
pHini levels (3.3–5.5), ZVI dosages (0.5–5 g/L), and
initial Orange II concentration (25–150 mg/L). The
pHini value of the solution was adjusted with 0.1 M HCl
or 0.1 M NaOH, and it was not controlled during the
reaction. The experiments were initiated by dosing ZVI
of proper amount to Orange II-bearing solution.

The variation in solution pH value and the change
in oxidation reduction potential (ORP) and the dis-
solved oxygen (DO) concentration were monitored
during the degradation of Orange II at different pHini

values with and without WMF. In addition, the effect
of WMF on ZVI corrosion at different pHini values
was also determined in the absence of Orange II. Fur-
thermore, the influences of hydroxyl radical scavenger
(CH3OH) and dissolved O2 on the removal of Orange
II by ZVI were investigated. UV–Vis and FTIR analy-
sis were employed to explore the degradation mecha-
nisms and pathways of Orange II degradation by ZVI
with and without WMF.

2.3. Chemical analyses

The concentration of Orange II was quantified by
UV–Vis spectrophotometry (Beijing Puxi) at the
λmax = 484 nm, and UV–Vis spectra were collected from
200 to 600 nm. The measurements should be carried out
as soon as possible after each sampling. Reaction solu-
tion was diluted five times before measurement to

record spectra in most absorbance region, and the stan-
dard curve was modified according to the pH value of
diluted reaction solution. FTIR spectra of pristine
Orange II or ZVI powder reacted with Orange II
solution were recorded as KBr pellets in the spectral
range 4,000–400 cm−1 on a Perkin-Elmer 1725X FTIR
spectrometer in air at room temperature. Total organic
carbon (TOC) was monitored using a Shimadzu
TOC analyzer (model TOC-V CPN, Japan) equipped
with an auto-sampler to identify the mineralization of
Orange II.

The solution pH value was detected by the pH
meter (pHS-3C, Shanghai, China). The ORP was moni-
tored with an ORP sensor connected to a pHS-3C pH
meter. The concentration of DO was determined with
a JPB-607A Portable Dissolved Oxygen Analyzer
(Shanghai Precision & Scientific Instrument Co., Ltd).
The intensity of magnetic field was determined by a
Teslameter (HT201, Shanghai Hengtong Magnetic &
Electric Technology Co., Ltd). Fe2+ concentration was
examined by the modified ferrozine method using a
TU-1901 UV/visible spectrophotometer at a wave-
length of 562 nm [27]. All experiments were run in
duplicates, all points in the figures are the mean of
the results, and error bars represent standard devia-
tion of the means.

3. Results and discussion

3.1. WMF effect on Orange II removal by ZVI at different
initial pH levels

Fig. 3 reveals that the application of WMF signifi-
cantly enhances the decolorization rate and efficiency

Fig. 2. (a) A laboratory-scale experimental set-up used in this experiment; (b) illustration of the size and layout of the
two permanent magnets employed in this study. The N pole of one permanent magnet faces the S pole of the other.
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compared to their counterpart without WMF under
the same reaction conditions. At pHini 3.3, the decolor-
ization efficiency reached approximately 100% within
60 min with WMF, while it took 7 h to obtain ~95%
decolorization efficiency without WMF. The removal
rates of Orange II by ZVI with and without WMF
dropped with increasing pHini, but WMF consistently
gives greater Orange II removal rate. The removal effi-
ciencies of Orange II were enhanced from 35 to 84%,
from 28 to 78%, and from 18 to 40%, respectively, at
pHini 3.7, 4, and 5.5, due to the application of WMF.

Pseudo-first-order kinetics was employed to simu-
late the kinetics of Orange II removal with and with-
out WMF. It should be notified that only the kinetics
data collected at the beginning of the reaction were
employed to obtain the pseudo-first-order rate con-
stants (kobs) in case, the whole data set cannot be well
described by pseudo-first-order kinetics. The fitting
results are shown with solid lines in Fig. 3, and the
obtained kobs are summarized in Table 1.

Obviously, the decolorization rate of Orange II by
ZVI was highly pH dependent regardless of the pres-
ence of WMF. Pseudo-first-order rate constants
decreased progressively from 0.0057 to 0.0006 min−1

without WMF and from 0.0419 to 0.0039 min−1 with
WMF, respectively, as pHini increased from 3.3 to 5.5,
indicating that the elevated pH was the primary cause
for the decrease in rate and efficiency. The degrada-
tion of Orange II by ZVI is a heterogeneous process
involving the oxidation and dissolution of iron in con-
junction with the consumption of H+ and release of
Fe2+. Thus, the favored degradation of Orange II by
ZVI at lower pH should be mainly ascribed to the fol-
lowing reasons: (1) iron corrosion consumed H+, as
revealed by Eq. (1); (2) the interaction of negatively
charged Orange II molecule with iron surface was
facilitated at lower pH since the iron surface carry
more positive charge at lower pH; (3) the lower pH
should benefit the removal of the iron surface oxida-
tion layer and then enhance the reaction on the sur-
face of iron powder [28]. It was found that the rate
constants of Orange II degradation by ZVI at different
pHini values were 7.4- to 21-folds greater with WMF
than without. These amazing results revealed the out-
standing advantage of WMF in improving ZVI reactiv-
ity toward Orange II removal and thus provided a
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Fig. 3. Kinetics of Orange II removal by ZVI with and
without WMF at different pHini values. All data from stir-
red, open batch reactors with 2 g/L ZVI, 100 mg/L Orange
II. Solid lines are fits to pseudo-first-order kinetics.

Table 1
Influence of WMF on the pseudo-first-order rate constants of Orange II removal by ZVI under different reaction
conditions

Orange II (mg/L) ZVI (g/L) pHini

w/WMF w/o WMF

k1/k2k1 ( × 10−3 min−1) r21 k2 ( × 10−3 min−1) r22

100 2 3.3 41.9 0.97 5.7 0.97 7.35
100 2 3.7 21.8 0.99 2.1 0.92 10.38
100 2 4 16.8 0.99 0.8 0.98 21
100 2 5.5 3.9 0.97 0.6 0.91 6.50
100 0.5 3.3 6.7 0.91 1.4 0.94 4.79
100 1 3.3 10.1 0.87 2.6 0.89 3.88
100 2 3.3 41.9 0.97 5.7 0.97 7.35
100 5 3.3 115.2 0.96 20.1 0.97 5.73
25 2 3.3 183.6 0.99 24.2 0.99 7.59
50 2 3.3 81.2 0.95 9.3 0.96 8.73
100 2 3.3 41.9 0.97 5.7 0.97 7.35
150 2 3.3 13.7 0.94 5.2 0.94 2.63
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new potential option to remove contaminants from
wastewater more effectively.

FeþO2 þ 2Hþ ! Fe2þ þH2O (1)

To further understand the influence of WMF on
removal of Orange II by ZVI, the variation in solution
pH value, the change in ORP and DO concentration at
different pHini values in ZVI alone and coupled ZVI-
WMF systems were monitored, and the results were
shown in Fig. 4. The pH values of solution in both
systems increased sharply after dosing ZVI into the
Orange II solution, and the elevations in pH with
WMF were always greater than that without WMF at
different pHini values, implying that H+ consumption
was accompanied with Orange II removal by ZVI and
thus increasing pH resulted in a decrease in Orange II
removal rate. Moreover, the removal of Orange II
resulted in a steep drop in DO concentration and ORP
value. The drop in ORP at pHini 3.3–5.5 after the addi-
tion of ZVI may be ascribed to the decrease in DO
and Orange II concentrations as well as the release of
Fe2+ and the more significant drop with WMF than
without should be mainly associated with the higher
removal rate of Orange II, larger Fe2+ release rate, and
oxygen consumption rate.

Due to the interference of color arising from
Orange II, the concentration of Fe2+ generated in
Orange II removal process was difficult to be detected
by colorimetric method. Thus, the influence of WMF
on ZVI corrosion at pHini 3.3 and 4 was investigated
without the presence of Orange II, and the results are
demonstrated in Fig. 5. Obviously, the application of
WMF induced a sharper pH increase and ORP drop
in the absence of Orange II, consistent with the trends
obtained with Orange II. It was also confirmed that
Fe2+ generation in the absence of Orange II was accel-
erated due to the application of WMF, implying that
the WMF application accelerated ZVI corrosion and
thus Orange II removal.

3.2. WMF effect on Orange II removal by ZVI as functions
of iron dosages and Orange II concentrations

It is well known that the degradation reaction of
organic compounds by ZVI is a kind of electrochemi-
cal reaction that occurs on the surface of iron metal,
so the surface area of iron, determined by the dosage,
should be of significance. Thus, the effect of WMF on
decolorization rate of Orange II as a function of ZVI
dosages was investigated, and the results are depicted
in Fig. 6. Obviously, the decolorization rate of Orange

II increased progressively with the increase in ZVI
dosage with and without WMF.

When ZVI dosage was 0.5 g/L, the decolorization
efficiencies with and without WMF were about 58%
and 20% in 7 h, respectively. However, when the ZVI
dosage was increased by 10-folds, almost complete
decolorization was achieved within 20 min and
100 min, respectively, with and without WMF. As the
ZVI dosage was elevated from 0.5 to 5 g/L, the
pseudo-first-order rate constants of Orange II removal
increased remarkably from 0.0014 to 0.0201 min−1

without WMF and from 0.0067 to 0.1152 min−1 with
WMF. The rate constants of Orange II removal with
WMF were 3.9- to 7.4-folds of those without WMF,
indicating that the application of WMF could dramati-
cally reduce the dosage of ZVI to achieve similar
removal efficiency of contaminants.

The WMF influence on Orange II degradation was
also investigated at different initial Orange II concen-
trations, and the results were illustrated in Fig. 7. The
time necessary to achieve almost complete Orange II
removal by ZVI without WMF was found to increase
progressively with increasing initial Orange II concen-
tration. Applying a WMF could considerably improve
the removal rate of Orange II by ZVI, regardless of the
initial Orange II concentration. When the initial con-
centration of Orange II was 50 mg/L, providing a
WMF shortened the duration necessary to achieve
almost complete decolorization from 240 to 30 min.

The reaction rate constant with and without WMF
decreased from 0.1836 to 0.0137 min−1 and from 0.0242
to 0.0052 min−1, respectively, when initial Orange II
concentration increased from 25 to 150 mg/L. The
drop in the rate constants of Orange II degradation
with peroxymonosulfate catalyzed the magnetic cobalt
nanoparticles anchored on graphene nanosheets and
the ZnFe2O4-reduced graphene oxide hybrid were also
reported [29,30]. Anyway, the removal rates of Orange
II were accelerated by 2.6–8.7 times due to the
presence of WMF at various initial Orange II
concentrations.

3.3. WMF effect on decolorization and TOC removal

UV–Vis spectroscopy was applied to determine the
formation of intermediates in the process of Orange II
removal with and without WMF at different pHini val-
ues. UV–Vis spectra of Orange II solution recorded at
given time intervals are presented in Fig. 8. The dura-
tion of collecting UV–Vis spectra lasted for 60 min at
pHini 3.3, while for 180 min at other pH levels, regard-
less of the application of WMF.
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Orange II shows a strong absorbance band at
484 nm due to the n–π* transition of –N=N– group.
Other characteristic bands observed at 308 and 228 nm
and the doublet at 261 and 254 nm can be assigned to
π–π* transition related to the aromatic rings of Orange
II. Discoloration reaction took place by the vanishing
of azo bond, evidenced by the decrease of the charac-
teristic band at 484 nm. Fig. 8 illustrates that the varia-
tion trends of the characteristic bands of Orange II are
very similar but with different rates except the case at
pHini 3.3 with WMF. The dropping rate of the charac-

teristic bands intensity decreased with increasing pHini

with and without WMF, in accordance with the obser-
vations shown in Fig. 3. Moreover, the application of
WMF resulted in a much stronger decrease in the
intensity of characteristic bands at various pH levels.
At pHini 3.3 with WMF, the disappearance of the char-
acteristic bands at 484, 308, 261, 254, and 228 nm was
accompanied with the appearance of a band at
250 nm, indicating the reduction of Orange II and the
formation of 1-amino-2-naphthol as the major interme-
diate [31]. At other pH levels, the band at 250 nm was
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not observed, which may be ascribed to the incom-
plete degradation of Orange II and the low content of
1-amino-2-naphthol formed in this process.

ZVI, as an electron donor, can lose electrons, and
the Orange II molecule, as an electron acceptor,

accepts electrons. Meanwhile, the dye molecule
combines with H+ and is transformed into the transi-
tional products. These intermediate products also
obtain electrons from ZVI and combine with H+ again,
after which they are transformed into terminal
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products such as sulfanilic acid and 1-amino-2-naph-
thol [15,31,32]. This process can be expressed with
Eqs. (2)–(4).

Fe ! Fe2þ þ 2e� (2)

NaO3SC6H4–N ¼ N–C10H6OHþ 2e� þ 2Hþ

! NaO3SC6H4–NH–NH–C10H6OH

(3)

NaO3SC6H4–NH–NH–C10H6OHþ 2e� þ 2Hþ

! NaO3SC6H4–NH2 þNH2–C10H6OH (4)

Decolorization and TOC removal are two major tasks
in dye wastewater treatment. Despite effective decol-
orization can be generally achieved by ZVI reduction,
the TOC removal is generally low, which limits the
application of ZVI in dyes wastewater treatment.
However, to our surprise, the application of WMF not
only remarkably improved the decolorization

efficiency, but also enhanced TOC removal dramati-
cally. The TOC removal of Orange II solution at differ-
ent pHini values, different ZVI dosages, and different
Orange II concentrations with and without WMF after
reaction for 3 h were investigated and shown in Fig. 9.
The TOC removal without WMF was only significant
at high ZVI dosage as well as low initial Orange II
concentrations. However, the TOC removal with WMF
was minor only when the pHini was 5.5 and the ZVI
dosage was as low as 0.5 g/L and was as higher as
52–83% under other conditions investigated in this
study. Thus, the application of WMF not only acceler-
ated the decolorization of Orange II by ZVI but also
remarkably enhanced the mineralization of Orange II.

3.4. The mechanisms of the WMF-induced enhancement in
Orange II removal

Although many studies have been carried out on
degrading Orange II by ZVI, there is still a debate on
the mechanism of Orange II removal by ZVI. Some
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argued that the removal of organic contaminants
by ZVI was ascribed to reduction by ZVI and
adsorption/co-precipitation by the corrosion products
[28,33]. The formed passive iron oxides layers (Fe3O4,
Fe2O3, Fe(OH)3, and FeOOH) could adsorb dyes mole-
cules via the sulfonic group and reduce the colority of
the dye wastewater through the formation of a
bridged bidentate complex [19]. However, other
researchers declared that Fenton reaction, arising from
the generation of Fe2+ and H2O2 in the process of ZVI
corrosion open to the air, is responsible for the
oxidative removal of dyes by ZVI [4].

In this study, all experiments were conducted open
to the air, and thus, the �OH scavenger was employed
to verify the role of �OH in Orange II removal by ZVI.
Fig. 10 shows that the dosing of �OH scavenger
(CH3OH) as high as 3.75 mol/L has little influence on
the kinetics of Orange II with and without WMF, sug-
gesting that the oxidation by �OH contributes little to
Orange II removal and Orange II may be mainly
removed by reduction with ZVI. Therefore, influence

of oxygen on Orange II degradation was examined
and shown in Fig. 11.

Obviously, the removal of Orange II by ZVI with
and without WMF was accelerated by purging the
solution with N2, implying that Orange II removal by
ZVI was favored under anoxic condition. Thus,
Orange II was most likely to be removed via reduction
by ZVI as well as adsorption/co-precipitation by the
corrosion products, which was further supported by
the FTIR data, as illustrated in Fig. 12.

The intense absorption at 1,507 cm−1 in the FTIR
spectrum of original Orange II is attributed to –N=N–
bond vibrations, and the peaks at 1,121 and 1,037 cm−1

are due to the coupling between the benzene mode and
νs(SO3) [34]. The bands at 1,560 cm−1 and 1,453 cm−1 are
linked to C=C aromatic skeletal vibrations and charac-
teristic band of phenyl ring vibrations, respectively.
The bands at 1,255 cm−1 and 1,205 cm−1 can be assigned
to ν(C–N) and ν(N–N) stretching vibrations,
respectively [35]. A strong peak at 1,023 cm−1, arising
from the generation of lepidocrocite, was observed in
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the FTIR spectra of ZVI samples reacted with Orange II
solution with and without WMF [31]. In addition, the
intensity of the peak at 1,023 cm−1 in the FTIR spectra
of ZVI samples with WMF was always stronger than its
counterpart without WMF, implying the more intensive
ZVI corrosion due to the application of WMF. The
peaks at 1,507 cm−1, 1,452 cm−1, 1,380 cm−1, and
1,121 cm−1, which arise from either the parent Orange
II compound or its degradation products, are observed
in FTIR spectra of Orange II-treated ZVI samples at
pHini 3.7–5.5 in the presence of WMF and those at
pHini 3.3–3.7 in the absence of WMF. Therefore, Orange
II and some intermediates are adsorbed or entrapped in
the corrosion products of ZVI under these conditions.
However, these bands are not observed in the ZVI
samples treated with Orange II without WMF when the
pHini is 4–5.5, which agrees with the non-removal of
TOC under these conditions.

3.5. Discussion on the role of WMF in enhancing Orange
II removal by ZVI

Based on the above results, it could be concluded
that Orange II was removed by ZVI via reduction by
ZVI and adsorption/co-precipitation by the corrosion
products. The application of WMF accelerated the cor-
rosion rate of ZVI and thus greatly improved Orange
II removal by ZVI. Superimposing an inhomogeneous
magnetic field to an electrochemical reaction intro-
duced two body forces in the solution [36]. Firstly, a
superposition of the dissolution current density (i) and
the magnetic flux (B) results in the Lorentz force FL

FL ¼ i� B (5)

It enhances the mass transfer by driving a macro-
scopic convection of the solution. As a result, the
Lorentz force FL induces a convective motion in the
electrolyte and transports Fe2+ ions away from and H+

toward the ZVI’s surface [26]. Hence, the application
of WMF facilitated the accumulation of H+ on the
ZVI’s surface.

Secondly, due to the ferromagnetic nature of Fe,
the metal becomes magnetized in the presence of mag-
netic fields which lead to an inhomogeneous flux den-
sity distribution in front of the Fe surface. In such an
inhomogeneous magnetic field, the magnetic field gra-
dient force FB is

FB ¼ vmC
BrB

l0
(6)

where χm is the molar magnetic susceptibility, μ0 is the
magnetic permeability of vacuum, and ∇B is the mag-
netic field gradient. FB act on paramagnetic ions by
pulling them into regions of high magnetic density
and high magnetic field gradient since Fe2+ is para-
magnetic, which result in uneven distribution of Fe2+

on the surface of Fe. Furthermore, the uneven distri-
bution of Fe2+ will result in an uneven distribution of
H+ to preserve charge neutrality, which will result in
extremely localized corrosion. Therefore, ZVI corro-
sion was accelerated by applying WMF, resulting in
greater removal of Orange II with WMF than that
without WMF.
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4. Conclusion

In this study, the effects of WMF on degradation
of Orange II by ZVI under different reaction condi-
tions including different pHini levels, ZVI dosages,
and Orange II concentrations were investigated. It was
demonstrated that the application of WMF signifi-
cantly improved the degradation efficiency and rate as
well as TOC removal of Orange II by ZVI. The degra-
dation kinetics of Orange II in the presence or absence
of WMF was revealed to follow pseudo-first-order
kinetics. The rate constants of Orange II removal by
ZVI with and without WMF increased with decreasing
pHini levels, increasing ZVI dosages, and decreasing
initial Orange II concentrations. In our experiment, the
degradation of Orange II by ZVI was demonstrated to
be a reductive process rather than an oxidative pro-
cess. UV–Vis spectra and FTIR spectra analysis indi-
cated that the 1-amino-2-naphthol and sulfanilic acid
were the major degradation products of Orange II. It
also revealed that the removal of TOC of Orange II
solution by ZVI was attributed to the adsorption/co-
precipitation of Orange II or its degradation products
by the ZVI corrosion products.
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