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ABSTRACT

Heavy metal contamination in wastewater poses a severe threat to the environment and
public health. Magnetic iron-based materials are effective for heavy metal wastewater treat-
ment, resources conservation, and recycling of metal ions. In the present work, two kinds of
heavy metal wastewater were used to fabricate magnetically separable MnFe2O4 and
CuFe2O4 as catalysts. The obtained catalysts were characterized by scanning electron micro-
scopy, X-ray diffractometry, vibrating sample magnetometer, and X-ray photoelectron spec-
troscopy. Results showed that MnFe2O4 and CuFe2O4 MNPs could effectively activate
peroxymonosulfate (PMS) to generate powerful sulfate radicals (SO��

4 ) for Rhodamine B
(RhB) removal. More than 99% of RhB (10 mg/L) was degraded within 20 min using 0.4 g/L
MnFe2O4 MNPs and 0.2 g/L PMS. The most effective pH for RhB degradation by PMS/WB-
MnFe2O4 was 3. And under the condition of catalysts loading (0.40 g/L), dye concentration
(10 mg/L), PMS = 0.2 g/L and T = 25˚C, the stability and reusability of MnFe2O4 and
CuFe2O4 MNPs was investigated. Recycled WB-MnFe2O4 MNPs showed strong activity in
RhB degradation and its activity remained almost unchanged in eight cycles, while the
activity of WB-CuFe2O4 MNPs dropped down after three cycles.

Keywords: Heavy metal wastewater; Ferrite; Rhodamine B; Peroxymonosulfate activation;
Sulfate radical

1. Introduction

Over the last decade, with the rapid development
of industries, such as metal plating facilities, fertilizer
industries, mining operations, and paper industries

[1], heavy metal wastewater discharge into the envi-
ronment is becoming the special concern as a result of
the freshwater crisis. Therefore, the removal of heavy
metal ions from wastewater has become a crucial
issue. Various traditional technologies have been
adopted to remove the heavy metal ions from wastew-
ater [2–6]. Recently, in order to utilize those heavy
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metal ions, electrodialysis (ED), electrolysis (EL), and
electrodeionization (EDI), etc. [7–12], which could con-
centrate the low concentration of heavy metals (0.5–
1.5 g/L), a minimum of 30% of the nickel within the
spent pickling acid can be recovered, and the remain-
ing part of filter liquor can be diluted for reuse [13],
were applied to recover nickel from rinse water. How-
ever, during the process of removal, the potential
application value of the heavy metal of wastewater is
ignored. Another new method that could simultane-
ously remove iron from cyanide-containing heavy-
metal wastewaters (Ni, Zn, Cr, and Fe) and pickle acid
liquor (Fe) by fabricating layered double hydroxide
was reported in the literature [14,15]. The formation of
ferrite was early applied to remove heavy metals from
acid mine drainage treatment and industrial wastewa-
ters [16,17]. Recently, Chen et al. [18] also investigated
that heavy metal ions can form two kinds of materials,
ferrite and heavy metal-layered double hydroxide via
two-step microwave hydrothermal method. Because of
the relative stable structure of spinel ferrite, the syn-
thetic process with Fe3+ and other M2+ could remove
heavy metal ions from the effluent [19]. At the same
time, the synthesized solid phase can apparently
reduce the leaching of heavy metals [20]. The mag-
netic property of spinel ferrite has an advantage for its
separation from aqueous solution [21].

Based on the concept of resources reclamation, the
magnetic wastewater-based (WB) nanoparticles could
be reused in other circumstances (e.g. environmental
remediation, high-density magnetic storage, heteroge-
neous catalysts for organic degradation) [22–24]. In
order to comply with environmental regulations, it is
important to fabricate the WB materials in a proper
way. At present, the organics in wastewaters from
chemical and related industries have become a great
concern due to degradation of these contaminants
being very slow or ineffective and not environmen-
tally compatible with conventional processes [25].
Rhodamine B, a toxic and considerable damage
organic pollutant, is severely causing threat to the cir-
cumstance and the risk posed to the human health
even at low concentrations [26]. So, it is an imperative
appeal to degrade these POPs before its discharging
into the environment. As one of the most promising
methods, sulfate radicals activated from peroxymono-
sulfate (PMS) become a potential alternative, which
are more cost-effective and environmentally friendly.
Heterogeneous catalytic oxidizing material energizing
peroxymonosulfate (PMS) to produce sulfate radicals
for degradation of organic compounds systems have
recently attracted much interest due to easily recovery
and reuse of the catalysts [27–30]. Kanchi et al. [31,32]

reported a modified activated carbon as an
eco-friendly adsorbent (second stage waste) for the
removal of Cr(III) ions from aqueous solutions.

In this work, two kinds of wastewater laden, pick-
ling waste liquor (PWL) and electroplating wastewater
(EPW) were employed to fabricate magnetically
nanoscale ferrites MnFe2O4 and CuFe2O4. The as-pre-
pared WB-MnFe2O4 MNPs and WB-CuFe2O4 MNPs
were used as catalysts for activating peroxymonosul-
fate to generate sulfate radicals. Rhodamine B was
chosen as the target compound to evaluate its catalytic
activity. Some important affecting factors including
initial pH, catalyst, and oxone dosage were selected to
investigate the catalytic activity of WB-MnFe2O4

MNPs and WB-CuFe2O4 MNPs. In addition, the
stability, reusability, and degradation mechanism of
the catalysts were also evaluated.

2. Materials and methods

2.1. Materials

Two typical heavy metal wastewater (PWLs and
EPWs) were obtained from Shanghai Second Steel Co.,
Ltd and Shanghai Sheng Xing electroplating factory
(Shanghai, China), respectively. The main components
of two wastewaters were shown in Table 1. Rho-
damine B (>99.9%, Formula: C28H31ClN2O3, Formula
weight: 479.02) and Oxone (Formula: KHSO4·K2-
SO4·KHSO5, Formula weight: 614.7) were purchased
from Sigma–Aldrich, China. All the other chemicals
were analytically graded and were provided from
Shanghai Chemical Reagent Company, China, includ-
ing MnCl2·4H2O, Na2B4O7·10H2O, H3BO3, NaOH, and
ethanol. The water used in all experiments was puri-
fied by a Milli-Q system.

2.2. Preparation of CuFe2O4 and MnFe2O4 nanoparticles
from wastewater

The experimental procedure for the synthesis of
wastewater-based CuFe2O4 and MnFe2O4 was similar
to that described in the literature [33]. In this research,
the wastewater-based CuFe2O4 and MnFe2O4 have
been prepared by following the reported standard
protocol by co-precipitation of M2+ and M3+ in water
in the presence of sodium hydroxide. Typically, a mL
of PWL and b mL of EPW were mixed together in
molar ratio of M2+:M3+ = 1:2, which was then dropped
slowly into 100 ml 3 M NaOH solution at the tempera-
ture of 95˚C. After aging for 2 h with continuous stir-
ring, the mixture was filtered, washed, and dried at
60˚C for 12 h.
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2.3. Catalytic degradation experiment

In this investigation, the performance of the cata-
lyst refers to the catalytic activity and stability, with
the catalytic activity and stability represented by the
decolorization efficiency of dye RhB, and the leaching
of metal elements in aqueous solution, respectively.
The leaching was represented by leaching concentra-
tion (dissolved metal elements concentration in solu-
tion) and leaching percent (% loss of metal elements
in solution), respectively.

2.3.1. Batch reaction

The catalytic degradation of dye experiments were
carried out at ambient temperature (~25˚C) in a 500-
mL reactor with 200 mL of RhB solution (10.0 mg/L
unless otherwise stated) which were placed on a
mechanical rabbling plate. Tetra-borate rather than
phosphate was used as a buffer in most of the reac-
tions, because phosphate usually is a strong coordi-
nate for transition metals. A known amount of oxone
was added to the RhB solution, and then a given
amount of the catalyst was added into the reactor to
start the reaction with catalyst dosage ranging from
0.04 to 0.4 g/L. The reactor was covered to avoid
volatilization. At fixed reaction time intervals, reaction
mixture samples (about 5 mL for each) were drawn
from the suspension, quenched with excess sodium
nitrite to prevent further reaction, and then cen-
trifuged. At the end of reaction, samples were
quenched with excess sodium nitrite and filtered with
filter paper to analysis.

2.3.2. The recycle of the catalyst

After each run, the spent catalyst was filtered from
the reaction mixture with filter paper. Then, all the
materials were dried at 100˚C for 12 h and a recyclable
catalyst is produced. Several parallel reactions were
carried out, at the same time, the recovery amount of
catalyst should be enough for the next run. Generally,
the experiments were conducted in duplicate and the
errors of the experimental results were below 3%.

2.3.3. Analysis

The RhB concentrations in aqueous solution were
determined by means of UV–vis spectrophotometry
(UV-4802H) at 554 nm and the UV–vis absorption
spectra of the selected RhB aqueous solutions were
recorded. Morphological images of the samples were
taken by the scanning electron microscope (SEM,
Hitachi H-800). The metal elements in solution were
measured by an inductively coupled plasma (ICP-
AES, Shimadzu, ICPS-7510) emission spectrometer
(Prodigy). The magnetic properties of synthesized
materials were measured by the vibrating sample
magnetometer (VSM 7407 type, Lake Shore, America).
The total organic carbon (TOC multi N/C 2100,
Analytik Jena, Germany) of the selected samples was
measured by Shimadzu TOC-5000A analyzer.

2.4. Catalyst characterization

pHpzc (pH at which the surface is zero-charged) was
determined with acid−base titration. The field-depen-
dent magnetization (M−H) at room temperature was
measured with a superconductor quantum interference
magnetometer SQUID-VSM. The morphology of the
oxide particles was examined from SEM pictures taken
on a Quanta 200 (FEG) scanning electronic microscopy
(Fig. 1). XRD on a Rigaku D/max RBX X-ray diffrac-
tometer (Model XD-3A, Shimadzu Co., Japan) with Cu
K radiation (λ = 0.154 nm, 34 kV, 20 mA) at a scanning
rate of 4˚/min in the range of 5–80˚ was used to deter-
mine the modification of the crystalline structure of the
particles before and after the reaction. Metal oxidation
states of wastewater-based CuFe2O4 and MnFe2O4

particles before and after reaction were characterized
with X-ray photoelectron spectroscopy (XPS) (Kratos
AMICUS/ESCA 3400 spectrometer).

3. Results and discussion

3.1. Characterization of wastewater-based CuFe2O4 and
MnFe2O4 MNPs

The SEM observation (Fig. 1) showed that the
wastewater-based MnFe2O4 MNPs were composed of

Table 1
Components of main metals in two typical wastewaters

The heavy metal ions concentration (mg/L)

Fe2+ Fe3+ Cu2+ Mn2+ Cr3+ Zn2+ Ni2+

PWL 41,974.50 2,209.19 UDa 219.60 4,183.21 UD 518.53
EPW UD UD 174.67 UD UD UD 10.39

aUD related to undetected.
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sphere particles with particle sizes of about 30–50 nm
(Fig. 1(b)), being much smaller than the as-prepared
CuFe2O4 MNPs (100–150 nm) (Fig. 1(a)). XRD (Fig. 2)
was employed to analyze the crystalline phases of as-
prepared samples. It is obvious that wastewater-based
CuFe2O4 and MnFe2O4 exhibit similar XRD patterns.
The diffraction peaks for the wastewater-based
MnFe2O4 MNPs corresponded well with spinel-type
MnFe2O4 (JCPDS 73-1964) [34,35]. The XRD pattern of
CuFe2O4 MNPs presented three intense diffraction
peaks at 2θ angle of 34.718, 35.861, and 62.156, being
well matched with the published JCPDS data (JCPDS
File No. 34-0425) for the tetragonal CuFe2O4 spinel

[36], while no typical diffraction peak of CuO or Fe2O3

is observable in both particles, confirming the absolute
transformation of the crystalline phase of MNPs and
the structures of CuFe2O4 and MnFe2O4. The M–H
curves (Fig. 3) demonstrated that WB-MnFe2O4 and
WB-CuFe2O4 were paramagnetic with the saturation
moment per unit mass of about 17.85 and 4.10 emu/g,
respectively. Both of the particle sizes and M–H
curves were bigger compared to previous reports [37].
When the external magnetic field is added, ferrite par-
ticles can be found exhibiting a markedly magnetic
response.

Fig. 1. SEM of (a) wastewater-based CuFe2O4 MNPs and (b) wastewater-based MnFe2O4 MNPs.
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3.2. Catalytic activity comparison of wastewater-based
CuFe2O4 and MnFe2O4 MNPs

Fig. 4 gets an insight on the kinetic data of organic
pollutants degradation with high value of regressions
coefficient in different systems. Nearly no prominent
change of RhB concentration was noticed and the
degradation rate in the PMS system alone was extre-
mely slow. Less than 24% of RhB was degraded in the
absence of any catalyst in 30 min. It is observed that
the decolorization of the MnFe2O4/PMS is faster when
compared to CuFe2O4/PMS. The reaction carried out
with the simultaneous use of WB-MnFe2O4 MNPs and
PMS promoted the RhB degradation significantly,
yielding a 99% removal of RhB in 20 min, while
CuFe2O4 with a RhB showed removal of 99% in
30 min, which indicated that the catalytic activity of
WB-MnFe2O4 MNPs was better than WB-CuFe2O4

MNPs. It was interesting that the faster decrease in
organic pollutant concentration for the MnFe2O4/PMS
couple reversed the previous investigations, meaning
the materials obtained from wastewater may exist
other accessible active sites in the process of reaction.

Degradation of RhB fits first-order kinetic model as
listed below (Eq. (1)), which was successfully
employed to describe the relationship between the
degradation rate and the initial concentration of
organic pollutant [38]:

lnðC=C0Þ ¼ kt (1)

In the equation, C and C0 are the RhB concentrations
at time (t) and t = 0, respectively, and k is the reaction
rate constant. The reaction rate constants of RhB

degradation in WB-MnFe2O4/Oxone/RhB system and
WB-CuFe2O4/Oxone/RhB system were 0.12 and
0.04 min−1 when pH was 3, respectively, suggesting
that Mn(II) in the structure of WB-MnFe2O4 plays a
more significant role for the activation of PMS in the
heterogeneous catalytic system than Cu(II). Addition-
ally, the catalyst could be collected from the solution
after the reaction due to the magnetic properties of
ferrites.

The degradation rate of RhB was remarkably influ-
enced by the reaction pH. Kinetic curves (Fig. 5(c) and
(d)), an important operating parameter of dye removal
at different pH in the presence of MnFe2O4/PMS or
CuFe2O4/PMS system, showed that the organics dete-
rioration was inconsistent with the first-order kinetics.
RhB degradation was checked in the pH range 3–9. It
was obvious that the rate constants (k) of MnFe2O4

was higher than those of CuFe2O4 when pH was 3
(Table 2), the decrease of the rate constants mainly
could be attributed to the small fraction of SO2�

5

existed in the system [34].

3.3. Degradation of Rhodamine B under different pH

In order to reasonably investigate the effect of pH
on degradation, we studied the pH conditions of
experiment ranging from 3 to 9. When the initial pH
was governed to 5, as revealed in Fig. 5, it leaded to
generation of the most effective RhB degradation of
PMS/WB-CuFe2O4. This was because of the fact that
at acid pH (pH < pHpzc), the surface was positively
charged, which improved the formation of sulfate rad-
icals [39]. While in the case of PMS/WB-MnFe2O4 cou-
pled to pH 3, it may be assumed to the formation of
active sulfate radicals that were also favored at lower
pH in the complicated wastewater-based material sys-
tem. At alkaline solution, the degradations were hin-
dered significantly by inhibiting the electrostatic force
of attraction between the negative charged surface and
the PMS species [39], mainly resulting in the decreas-
ing proportion of SO2�

5 and the amount of negative
surface charge when the pH was above its pHpzc

[40,41].

3.4. Stability and reusability of the prepared catalysts

In order to achieve the purpose of practical imple-
mentation, it was crucial to evaluate reusability of the
catalysts. Under the condition of catalysts loading
(0.40 g/L), dye concentration (10 mg/L), PMS = 0.2 g/L
and T = 25˚C, the particles were reused to perform with
successive tests of RhB degradation in the PMS
oxidation system (Fig. 6). Recycled WB-MnFe2O4 MNPs
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Fig. 4. Catalytic activity of wastewater-based CuFe2O4 and
MnFe2O4 MNPs (reaction conditions: [RhB] = 10 mg/L,
[PMS] = 0.20 g/L, [catalyst] = 0.40 g/L, T = 25˚C).
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showed strong activity in RhB degradation and its
activity remained almost unchanged in eight cycles,
while the activity of WB-CuFe2O4 MNPs dropped down
after three cycles due to the rapid absence Cu2+ in this

heterogeneous catalytic reaction, which was supported
by its quick copper leaching in the third cycle reactions,
resulting in the decreasing of its degree of crystallinity.
The data indicated that Mn(II) sites attached on the
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Fig. 5. Degradation of RhB under different pH: (a) and (c) WB-CuFe2O4 and (b) and (d) WB-MnFe2O4 (reaction
conditions: [RhB] = 10 mg/L, [PMS] = 0.20 g/L, [catalyst] = 0.40 g/L, T = 25˚C).

Table 2
The apparent first-order rate constants at various pH levels

RhB degradation, k (min−1)

PMS PMS with WB-CuFe2O4 PMS with WB-MnFe2O4

pH 3 0.002 ± 0.0001 0.0416 ± 0.0020 0.1238 ± 0.002
pH 5 0.002 ± 0.0001 0.1422 ± 0.004 0.0603 ± 0.001
pH 6 0.001 ± 0.0001 0.0865 ± 0.002 0.0141 ± 0.0007
pH 7 0.001 ± 0.0001 0.0692 ± 0.002 0.0053 ± 0.0002
pH 9 0.001 ± 0.0001 0.0083 ± 0.0001 0.0057 ± 0.0002

Note: The reaction time was 30 min, and a standard deviation was used as an error of rate constant.
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surface of MnFe2O4 were more active and stable than
those of CuFe2O4. The lower leaching of Fe(III) of both
catalysts manifested that Fe(III) doesn’t participate in
the process of catalysis. After a series of reactions, there
was no apparent change of crystallinity of the MnFe2O4,
which was qualitatively characterized by XRD (Fig. 3).
By the way, magnetic separation showed no obvious
dissolution of WB-MnFe2O4 MNPs and WB-CuFe2O4

MNPs. It can be concluded that the RhB degradation in
PMS/MnFe2O4 are much more applicable for water
treatment than PMS/CuFe2O4.

3.5. Reaction mechanism

For the purpose of understanding the dominant
role of radical specie SO��

4 , quenching agents were
added into the reaction solution. Two types of reactive
radicals, sulfate and hydroxyl radicals [36] generated
in the PMS/MnFe2O4 system were responsible for the
degradation of organic pollutants. According to the
previous investigations [42], TBA and EtOH were
used as quenching agents to identify the major effec-
tive radicals in our experiment because of the high
and comparable rates of �OH or SO��

4 .
As shown in Fig. 7, TBA was used as scavenger

for �OH and EtOH was used as scavenger for �OH and
SO��

4 . More than 99% of RhB was degraded in 30 min
without the addition of quenching agents. As a com-
parison, when 0.5 mol/L TBA and 0.5 mol/L EtOH
were added, 80 and 72% RhB were removed in
30 min, respectively. The much higher inhibition rate
of the RhB degradation by EtOH than by TBA

suggests that sulfate radicals played the dominant role
during the activation of PMS by MnFe2O4.

It is believed that the oxidation may induce micro-
phase separation and deactivation of the catalysts and
the change of the surface chemical properties after the
reaction. The surface characteristics of WB-MnFe2O4

MNPs before and after catalytic reaction were
measured by XPS is necessary.

The reduction of M(n+1)+ to Mn+ by PMS was ther-
modynamically feasible during the catalytic PMS oxi-
dation with free metal ions (Mn+) [43]. Fig. 8 showed
the full-scale XPS spectrum (C 1s, O 1s, Mn 2p, and Fe
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2p) of the WB-MnFe2O4 MNPs. It was found that the
peaks at 642.2 and 653.2 eV are assigned to Mn 2p3/2
and Mn 2p1/2 in the high-resolution XPS spectra of
Mn 2p (Fig. 8(b)), respectively. All Fe 2p spectra
(Fig. 8(c)) show two main peaks at binding energies of
711.5 (Fe 2p3/2) and 725.1 eV (Fe 2p1/2), which sug-
gested that Mn and Fe species are present in a mixed
valence. From the deconvolution of Mn (2p) and Fe
(2p) envelops, Mn(III) and Fe(II) were found to
account for 29 and 38% of Mn and Fe species, respec-
tively. This suggests that Mn(II) and Fe(III) on surface
of the used catalyst were partially transformed to Mn
(III) and Fe(II), respectively [30,44]. Thus, it is proven
that ≡Mn(II)/≡Mn(III) and ≡Fe(II)/≡Fe(III) are redox
couples reacted with PMS to generate SO��

4 in
WB-MnFe2O4 MNPs resulting in high catalytic activ-
ity. So, according to the previous work, the activation
mechanism of PMS was assumed as follows [45–48]:

�Mn(II)–�OHþHSO�
5 !�Mn(III)–�OHþ SO��

4 (2)

�Mn(III)–�OHþHSO�
5 !�Mn(II)–�OHþ SO��

5 þHþ

(3)

�Fe(II)–�OHþHSO�
5 !�Fe(III)–�OHþ SO��

4 þOH�

(4)

�Fe(III)–�OHþHSO�
5 !�Fe(II)–�OHþ SO��

5 þHþ

(5)

4. Conclusion

In this study, MnFe2O4 MNPs and CuFe2O4 MNPs
have been synthesized from two types of industrial
wastewater. These catalysts showed potential capabil-
ity for catalytic degradation of organic contaminants
by PMS as an oxidant. The catalytic performance
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showed that MnFe2O4 MNPs presented higher
catalytic activity in RhB degradation than CuFe2O4

MNPs. The as-prepared MnFe2O4 MNPs compared
with CuFe2O4 MNPs also demonstrated highly stable
performance. Results showed that MnFe2O4 and
CuFe2O4 MNPs could effectively activate peroxymono-
sulfate (PMS) to generate powerful sulfate radicals
(SO��

4 ) for Rhodamine B (RhB) removal. More than
99% of RhB (10 mg/L) was degraded within 20 min
using 0.4 g/L MnFe2O4 MNPs and 0.2 g/L PMS. The
most effective pH for RhB degradation by PMS/WB-
MnFe2O4 was 3. And under the condition of catalysts
loading (0.40 g/L), dye concentration (10 mg/L),
PMS = 0.2 g/L and T = 25˚C, the stability and reusabil-
ity of MnFe2O4 and CuFe2O4 MNPs was investigated.
Recycled WB-MnFe2O4 MNPs showed strong activity
in RhB degradation and its activity remained almost
unchanged in eight cycles, while the activity of
WB-CuFe2O4 MNPs dropped down after three cycles.
Therefore, WB-MnFe2O4 MNPs is applicable for the
treatment of wastewater containing Rhodamine B and
environmental applications.
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