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A B S T R A C T

In typical Fenton/Fenton-like reactions, H2O2 was usually used as an oxidant to degrade organic contaminants.
However, liquid H2O2 is unstable, easy to decompose and has high biological toxicity especially at high con-
centration. Herein, highly pure magnesium peroxide (MgO2) nanoparticles were first synthesized and used in-
stead of H2O2 to degrade organic dyes. The structure and morphology of as-prepared products were confirmed
by XRD, SEM, TEM and FTIR techniques. The active oxygen content of MgO2 nanoparticles reached up to
26.93 wt%, suggesting a high purity of the as-prepared sample. The degradation performance of MgO2 nano-
particles towards organic contaminants was systematically investigated in the terms of the molar ratio of Fe3+ to
MgO2, the dosage of MgO2, initial solution pH and different organic dyes. The results indicated the as-prepared
MgO2 exhibited excellent degradation ability to various types of organic dyes. 10mg of MgO2 nanoparticles
could almost completely degrade 200mL of 20mg/L methylene blue (MB) in 30min with a TOC removal rate of
70.2%. The efficient degradation performance was ascribed to the generation of hydroxyl radicals in the MgO2/
Fe3+ system. The pathways of MB degradation were also proposed based on the determination of the reaction
intermediates.
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1. Introduction

As one of alternative strategies for efficient removal of organic
contaminants, advanced oxidation processes (AOPs) have been widely
studied for water treatment and soil remediation due to high efficiency,
cost-effectiveness and easy handling [1–3]. Among various AOPs,
Fenton/Fenton-like reactions have been considered as effective
methods to degrade organic wastes, because of the efficient generation
of reactive oxygen species (ROS), such as hydroxyl radicals (%OH),
peroxides (O2

2−) and superoxide anions (%O2
¯), resulting from hy-

drogen peroxide (H2O2) [4–6].
However, H2O2 as oxidant is highly dependent on suitable reaction

environment with extremely acidic pH range (2–4) [7,8]. Furthermore,
H2O2 is unstable and easy to decompose, which creates problem for
transportation and storage. Additionally, the feature of easy decom-
position for liquid H2O2 will lead to a short lifespan in the oxidation
process [9]. Also, it has biological toxicity, causing biofouling in the
delivery system especially at high concentration [10]. As early as 1999,
H2O2 has been classified as a third type of carcinogens by the World
Health Organization (WHO) [11]. As a result, alternative oxidants with
oxidation capacity similar to H2O2 have been employed to overcome
these challenges. Solid oxidants [12–16] such as metal peroxides and
persulfates are potential substitutes for H2O2 in the application of de-
grading organic pollutions. In recent years, calcium peroxide (CaO2)
[17] and zinc peroxide (ZnO2) [18] have been widely reported as
convenient sources of hydrogen peroxide, oxygen and reactive oxygen
species in the field of environmental restoration. Compared with H2O2,
solid metal peroxides are much stable, convenient for transportation
and storage, and can be applied in a wide pH range. The metal per-
oxides react with water to produce H2O2, where M is a divalent metal
cation:

MO2+ 2H2O→M(OH)2+H2O2 (1)

Unfortunately, the active oxygen contents of CaO2 and ZnO2 are not
high, thus a high dosage is required in application. The active oxygen
content of commercial CaO2 is only 16.67 wt%, indicating a low purity.
Besides, the theoretical active oxygen contents of CaO2 and ZnO2 are
22.22 wt% and 16.49 wt%, respectively, which are much lower than
that of MgO2 (28.57 wt%). In addition, CaO2 and ZnO2 react with H2O
to produce Ca(OH)2 and Zn(OH)2, respectively (Eq. (1)). In contrast
with Mg(OH)2 (Ksp (Mg(OH)2= 1.8×10−11) generated from MgO2,
the solubility product of Ca(OH)2 (Ksp (Ca(OH)2= 5.5×10-6) is sev-
eral orders of magnitude higher, which inevitably cause a high leakage
of metal ions (Ca2+) and an increase of solution pH, requiring further
treatments prior to discharge. As for Zn(OH)2, the leakage of Zn2+, one
of heavy metal ions, will cause secondary heavy-metal pollution. Ob-
viously, MgO2 is better than CaO2 or ZnO2 for replacing H2O2 used in
Fenton/Fenton-like reactions, due to the advantages of non-toxicity,
high stability and active oxygen content. As early as 1988, MgO2 was
prepared and mainly used as an antimicrobial agent [19]. However, the
reported MgO2 samples contained the impurities including MgO and
Mg(OH)2, resulting in a low purity and active oxygen content [20].
Moreover, the size of prepared MgO2 particles was usually large,
reached several even hundreds of micrometers [21]. To our best
knowledge, MgO2 nanoparticles with high purity (more than 80wt%)
have not been synthesized and used for the degradation of organic
contaminants.

Herein, highly pure MgO2 nanoparticles (> 94wt%) were synthe-
sized for the first time and used as a substitute for H2O2 to degrade
organic contaminants (Fig. 1). The as-obtained MgO2 nanoparticles
were characterized by XRD, FTIR, SEM and TEM techniques. The de-
gradation efficiencies of MgO2 towards organic dyes catalyzed by Fe3+

under different conditions were evaluated. The electron spin resonance
(ESR) measurements and radical scavenger tests were also conducted to
clarify ROS generated in the MgO2/Fe3+ system. On the basis of HPLC-

MS analysis, the degradation pathways were also tracked to determine
the process of MB degradation.

2. Materials and methods

2.1. Materials

Hydrated ferric sulfate (Fe2(SO4)3·xH2O), ferric trichloride hexahy-
drate (FeCl3·6H2O) and isopropanol (IP) were obtained from Shanghai
Chemical Reagent Factory. Magnesium nitrate hexahydrate (Mg
(NO3)2·6H2O), ammonium hydroxide (NH3·H2O), absolute ethyl alcohol
(C2H5OH), hydrogen peroxide (H2O2, 30 wt%), sodium hydroxide
(NaOH), sulfuric acid (H2SO4, 95.0–98.0 wt%), methylene blue
(C16H18ClN3S, MB), methyl orange (C14H14N3NaO3S, MO) and mala-
chite green (C23H25N2Cl, MG) were purchased from Sinopharm
Chemical Reagent Co., Ltd. 5,5-dimethyl-1-pyrroline N-oxide (DMPO,
97 wt%) was provided by Aladdin Chemistry Reagent Chemistry Co.,
Ltd. All chemicals were of analytical grade and used without further
purification.

2.2. Synthesis of MgO2 nanoparticles

MgO2 nanoparticles with high purity were synthesized through the
reaction between MgO nanoparticles and H2O2 for the first time. Firstly,
25.6 g of Mg(NO3)2·6H2O was dissolved in 100mL of distilled water,
the solution containing 50mL of NH3·H2O and 30mL of absolute ethyl
alcohol was added dropwise to the above mixture under stirring. After
constant stirring for another 2 h, the obtained precipitate of Mg(OH)2
was separated by suction filtration from aqueous solution. After washed
with distilled water for three time, and then absolute ethyl alcohol for
three times, the filtered cake was dried at 80 °C for 12 h in an oven.
Then, the dried product was calcined at 450 °C for 2 h at the heating
rate of 5 °C/min to yield MgO nanoparticles. Finally, 1.2 g of as-pre-
pared MgO nanoparticles was dispersed in 20mL of absolute ethyl al-
cohol and then 20mL of H2O2 (30 wt%) was poured into the suspen-
sion. After stirring for 4 h, the solid was separated from the suspension.
Subsequently, MgO2 nanoparticles were obtained after drying at 70 °C
for 24 h.

2.3. Characterization of MgO2 nanoparticles

The X-ray diffraction (XRD) measurements were carried out by a
Philips X’Pert Pro X-ray powder diffractometer using Cu Kα radiation
(λ=1.5418 Å) at room temperature. The XRD patterns were recorded
in the 2θ range of 10–90°, with a scan speed of 2°/min. Fourier trans-
form infrared (FTIR) spectra were obtained using a Bruker VERTEX 70
spectrometer equipped with a KBr beam splitter (KBr, GR grade) in the
wavenumber range of 4000−400 cm−1. The background spectrum of
KBr was also recorded at the same conditions. The elemental compo-
sition of the solid residue after the degradation reaction was determined
by an Eagle III X-ray fluorescence spectrometer (XRF). The micro-
structure and morphology observations were conducted using a Nova
NanoSEM 450 scanning electron microscope (SEM, acceleration voltage
10 kV, working distance 5mm) and a Tecnai G2 F30 field emission
transmission electron microscope (FTEM, operated at 300 kV) equipped
with selected area electron diffraction (SAED) pattern.

2.4. Organic dye degradation experiments

The degradation properties of MgO2 nanoparticles were evaluated
by degradation of organic dyes in aqueous solution (20mg/L MB,
30mg/L MO, 80mg/L MG) at room temperature (Ca. 25 °C). For each
experiment, 200mL of organic dye solution was first added to a glass
beaker followed by the addition of 10mg of MgO2 nanoparticles under
magnetic stirring. After thorough mixing, a certain amount of
Fe2(SO4)3·xH2O or FeCl3·6H2O was added to the mixture to ignite the
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degradation reaction. The initial pH of each experiment was adjusted
using NaOH (0.1 M) and H2SO4 (0.1M) to the desired value. At given
time intervals, 3 mL of suspension was extracted from the reaction
system and filtered immediately by a 0.22 μm-nylon syringe filter to
remove any insoluble matter. Then, the concentration of residual dyes
in the filtrate was measured by a UV–visible spectrophotometer (UV-
670, Shanghai Meipuda Instruments Co., Ltd) to determine the de-
gradation performance of MgO2 nanoparticles towards organic dyes.
The degradation rate was calculated using the decrease in the absor-
bance of organic dyes at the maximum absorption wavelength, ac-
cording to Eq. (2).

= ×
C − C

C
Degradation rate (%) 1000 t

0 (2)

Where C0 is the initial concentration of organic dyes, Ct is the
concentration of organic dyes at time t.

2.5. Electron spin resonance (ESR) and radical scavenger tests

Electron spin resonance (ESR) spectroscopic experiments were car-
ried out on a JES-FA200 ESR spectrometer (JEOL, Tokyo, Japan) with
DMPO as a spin-trapping agent. At given time intervals, about 0.5 mL of
aliquot was taken out from the reaction system, and mixed with 10 μL
of DMPO immediately. After vibrating for 2min at room temperature
(Ca. 25 °C), a small amount of the mixture was introduced into a ca-
pillary for ESR analysis. The parameters for ESR measurements were as
follows: modulation frequency of 100 kHz, microwave frequency of
9.15 GHz, microwave power of 3mW, constant time of 30ms and
sweep time of 30 s. To further support the generation of hydroxyl ra-
dical in the MgO2/Fe3+ system, radical scavenger tests were conducted.
Isopropanol, a common %OH scavenger, was added in the MB de-
gradation system to confirm the significant role of %OH in organic dye
degradation.

2.6. HPLC-MS and TOC analysis

To investigate the pathways of organic dye degradation in the
MgO2/Fe3+ system, the intermediates originated from MB degradation
were characterized by a HPLC-MS (Agilent 1100 LC/MSD Trap XCT)
equipped with an Agilent Eclipse XDB-C18 column (150× 4.6mm, id,
5 μm particle). The ESI-MS spectra were acquired in a positive ioniza-
tion mode with an analytical scan range of m/z 50–400. The reaction
mixtures were injected into the ESI source with a syringe pump at a
flow rate of 1 μL/min. Drying gas temperature was set at 280 °C with a
flow rate of 10.00mL/min, and the nebulizing pressure was of
40.00 psi. HV capillary voltage was 3500 V. Total organic carbon (TOC)
values were obtained using an Analytic Jena Multi NIC 3100 total or-
ganic carbon analyzer. The removal rate of TOC was calculated as

follows:

=
−

×
C C

C
Removal rate of TOC (%) 1000 t

0 (3)

Where C0 is the initial concentration of TOC of organic dye solution,
Ct is the concentration of TOC at degradation time t.

3. Results and discussion

3.1. Structures and morphologies of MgO2 nanoparticles

Fig. 2a illustrated X-ray diffraction patterns of the as-prepared MgO
and MgO2 nanoparticles. In the XRD pattern of MgO nanoparticles, all
the peaks appearing at 2θ=36.9, 42.9, 62.2, 74.6, 78.5° could be in-
dexed to the (111), (200), (220), (311) and (222) facet of MgO with a
periclase structure (JCPDS 78-0430), respectively. No other peaks from
impurities were observed, suggesting that the obtained MgO sample did
not contain other impurity phases, such as Mg(OH)2, Mg(NO3)2. It was
obvious that the XRD pattern of MgO2 nanoparticles was far different
from that of MgO nanoparticles. There were three broad peaks at 37.1°,
53.5° and 63.7° in the XRD pattern of MgO2 nanoparticles, corre-
sponding to (200), (220) and (311) of MgO2 with a cubic structure
(JCPDS 76-1363), respectively. No extra diffraction peaks related to Mg
(OH)2 or MgO phase were detected, indicating that the prepared MgO2

sample was highly pure. To quantitatively evaluate the purity of MgO2

nanoparticles, a titration experiment with 0.02M KMnO4 were con-
ducted to determine the active oxygen content of MgO2 nanoparticles.
The result showed the active oxygen content was about 26.93 wt%,
close to the theoretical value of MgO2 (28.57 wt%), which was far
higher than that of other reported oxidants (Table 1). After calculation,
the purity of prepared MgO2 sample was more than 94wt%, further
manifesting that highly pure MgO2 was obtained in this work.

FTIR spectra were conducted to determine the functional groups in
the as-prepared MgO and MgO2 nanoparticles. As shown in Fig. 2b, the
characteristic absorption peaks of MgO2 can be observed at 692 cm−1

and 866 cm−1, related to the Mg-O [33] and OeO bridge [34] of MgO2,
respectively. Compared with MgO, the intensity of OeO bridge of MgO2

was stronger than that of MgO and the intensity of Mg-O bridge of
MgO2 was weaker than that of MgO, implying that MgO2 nanoparticles
were successfully synthesized from MgO nanoparticles in this work. As
for the peaks appearing at 3441 cm−1, 1637 cm−1 and the peak ap-
pearing at 1438 cm−1, they were assigned to the adsorbed water and
CO3

2- [35,36] on the surface of MgO2 nanoparticles, respectively.
SEM image of MgO2 nanoparticles (Fig. 2c) showed that the as-

prepared sample exhibited a spherical granular morphology with a
diameter of around 40 nm. There was agglomeration between particles,
due to a high surface energy of nanoparticles. The inset of magnified
image in the TEM image (the top-left inset of Fig. 2d) clearly

Fig. 1. Schematic illustration of highly pure MgO2 nanoparticles used instead of H2O2 for Fenton-like degradation of organics.
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demonstrated the lattice fringe with an interplanar spacing of
0.242 nm, related to the (200) plane of MgO2. The SAED pattern (the
top-right inset of Fig. 2d) showed several bright-circled rings, indicating
that the as-prepared MgO2 nanoparticles were in polycrystalline state.
Moreover, the most intensive three diffraction rings corresponded to
the (200), (220) and (311) planes of MgO2, respectively, which was in
accordance with the result of XRD analysis.

3.2. Organic dye degradation in the MgO2/Fe3+ system

In order to investigate the effect of Fe3+ dosage on the performance
of MB degradation in the MgO2/Fe3+ system, a batch of experiments
were conducted in the presence of MgO2 (10mg) and MB (200mL,
20mg/L) with different molar ratio of Fe3+ to MgO2 from 0:1 to 0.8:1.

As shown in Fig. 3a, Fe3+ played an effective catalytic role in the
MgO2/Fe3+ degradation system. If without Fe3+, MB could not be
nearly degraded by MgO2 nanoparticles alone. As the amount of Fe3+

increased, the degradation performance was significantly improved.
This improvement could be ascribed to the generation of more ROS
when more Fe3+ was added as a catalyst to this Fenton-like reaction
system. When the ratio of Fe3+ to MgO2 is 0.7:1, the MB solution could
be almost degraded completely in 30min. Since then, increasing the
amount of Fe3+ had slight effect on improving the degradation per-
formance of MB. It was noteworthy that MB was hardly degraded in the
first 5 min for each degradation reaction, which was different from the
conventional Fenton/Fenton-like reactions using H2O2 as an oxidant.
This phenomenon can be explained by the slow release of MgO2 rather
than the rapid decomposition like H2O2.

As an effective oxidant, the amount of MgO2 had also been explored
for its effect on the degradation of MB under the condition where the
ratio of Fe3+ to MgO2 was always kept at 0.7:1. In Fig. 3b, the de-
gradation rate of MB increased sharply as the dosage of MgO2 increased
from 0 to 12mg. If without any addition of MgO2 nanoparticles, no
significant change was observed in the concentration of MB, indicating
that MgO2 was an essential component in the MgO2/Fe3+ system for
MB degradation. When 5mg of MgO2 was used, the degradation rate of
MB was less than 60% in 60min. While the MB solution could be almost
degraded completely by 10mg of MgO2 in 30min. Thereafter, further
increasing the dosage of MgO2 could only slightly improve the rate of
MB degradation. The result presented above can be explained as fol-
lows. With increasing the dosage of MgO2, more H2O2 will be slowly
generated via Eq. (4) (Fig. S1a and S1b), resulting in the generation of
more ROS in a short time. Therefore, the degradation ability of the
MgO2/Fe3+ system can be highly enhanced with more addition of
MgO2.

MgO2+H2O→Mg(OH)2+H2O2 (4)

Solution pH has a significant impact on the degradation of organic

Fig. 2. XRD patterns (a), FTIR spectra (b) of MgO and MgO2 nanoparticles, SEM image (c), HRTEM and SAED image (inset) (d) of MgO2 nanoparticles.

Table 1
Comparison of the purities and active oxygen contents of various oxidants.

Oxidant Molecular formula Purity
(wt%)

Active oxygen
Content (wt
%)

Reference

Magnesium
peroxide

MgO2 94.26 26.93 This work
11.6 3.3 [22]
24–28 6.9-8 [23]
∼70 ∼20 [24]

Calcium peroxide CaO2 70 15.6 [25]
Zinc peroxide ZnO2 73-80 12-13 [24]

97 16 [26]
Barium peroxide BaO2 95 9 [27]
Hydrogen peroxide H2O2 30 14.1 [28]
Potassium

persulfate
K2S2O8 99.5 5.9 [29]

Sodium persulfate Na2S2O8 99 6.7 [30]
Ammonium

persulfate
(NH4)2S2O8 98 6.9 [31]

Sodium
percarbonate

Na2CO3·1.5H2O2 98 15.1 [32]
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dyes in Fenton/Fenton-like reactions. Hence, the oxidation degradation
of MB in the MgO2/Fe3+ system was evaluated at different initial so-
lution pH from 2 to 12. From Fig. 3c, the MgO2/Fe3+ system showed an
excellent performance for MB degradation in the pH range of 2 -10.
Even at a solution pH of 10, the removal rate of MB still reached up to
90% in 60min. However, the degradation efficiency of MB was only
16.4% when the solution pH reached up to 12. Clearly, the degradation
efficiency of MB increased with the decrease of initial pH except for pH
4. This is mainly attributed to the following three reasons: (i) the dis-
solution rate of MgO2 and the yield of H2O2 increased with decreasing
solution pH (Fig. S1c and S1d), (ii) the oxidation potential of ROS (%OH)
would increase with a decrease of solution pH [37,38], and (iii) hy-
droxyl anions (OH¯) existed in a high-pH solution would compete with
H2O2 for Fe3+ [39].

Fe3++3OH¯= Fe(OH)3↓ (5)

3.3. Kinetics and mechanism of MB degradation

The kinetics of MB degradation in the MgO2/Fe3+ system was in-
vestigated and the experimental data of MB degradation were fitted
using pseudo-first-order kinetic and pseudo-second-order kinetic model
[40,41], respectively. The fitting results of the experimental data for
MB degradation under different conditions were shown in Fig. 4, and
the corresponding regression coefficients (R2) and kinetic rate constants
obtained from these two kinetic models were listed in Table S1-S3.
Comparing R2 of the pseudo-first-order kinetic model with that of the
pseudo-second-order kinetic model, it clearly indicated that the pseudo-
first-order kinetic model is more applicable for explaining the de-
gradation of MB in the MgO2/Fe3+ system. As shown in Table S1–S3, an
apparent increase in reaction rate constant with increasing the ratio of
Fe3+ to MgO2, the dosage of MgO2 and decreasing solution pH apart
from pH 4.

The temporal evolution of the UV–vis spectra of MB solution was
investigated to analyze the process and mechanism of MB degradation.

It was observed in Fig. 5a that the intensities of the two main adsorp-
tion peaks of MB at 291 nm and 664 nm gradually decreased with time.
The peak located at 291 nm in the ultraviolet region was attributed to
the π→π* transition corresponding to unsaturated conjugate aromatic
rings [42]. In the visible region, the adsorption peak appearing at
664 nm was ascribed to the chromophores functional groups of MB and
its two dimers, namely eC]N, eC]S [43]. Here, the destruction of the
conjugate structure in MB molecule was confirmed by the quick decay
in the peak intensity of 664 nm. Moreover, the disappearance of the
peak at 291 nm indirectly indicated that the aromatic fragments of MB
and its intermediates were degraded. In addition to the decay of the
peaks at 291 nm and 664 nm, it was noteworthy that a new weak ab-
sorbance peak at 788 nm appeared during the process of MB degrada-
tion. The intensity of the peak at 788 nm gradually increased in the first
10–15 minutes after the reaction started, then slowly decreased and
finally disappeared in the following 15min. This interesting phenom-
enon can confirm the formation and degradation of some intermediates
during the process of MB degradation in the MgO2/Fe3+ system.

For the degradation of organic dyes in water, the mineralization of
organics also plays a significant role in the practical applications. The
TOC of MB solution at different reaction time (0min, 30min, 24 h) was
measured to evaluate the mineralization of MB. From Fig. 5b, 70.2% of
TOC was removed within 30min in the MgO2/Fe3+ system. When the
reaction time was prolonged to 24 h, the removal rate of TOC achieved
up to 83.1%. The residual TOC in the reaction system may be attributed
to the accumulation of some small molecular organic acids [44] from
the degradation of MB. The results presented above indicated the as-
prepared MgO2 nanoparticles can efficiently degrade and mineralize
MB in the presence of Fe3+. More importantly, compared with pre-
viously reported oxidants (Table 2), a small amount of MgO2 nano-
particles can rapidly degrade MB in solution.

As we all know, the degradation performance of Fenton/Fenton-like
reactions is highly dependent on the generation of ROS in the de-
gradation system. To identify the dominant ROS produced in the MgO2/
Fe3+ system, ESR spectroscopic experiments were performed using

Fig. 3. Influences of the ratio of Fe3+ to MgO2 (a), the dosage of MgO2 (b), initial solution pH (c) on MB degradation in the MgO2/Fe3+ system and color changes of
MB solution (d).
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DMPO as a spin trapping agent. The resulting ESR spectra of MgO2/
Fe3+–DMPO mixture and Fe3+–DMPO mixture were described in
Fig. 6a. The typical fourfold peaks consisted of a quartet with intensity
ratios 1:2:2:1 with hyperfine coupling of aH = aN=1.49m T that ap-
peared in the spectra of the MgO2/Fe3+–DMPO mixture, which was the
characteristic signal of the DMPO–∙OH adduct [51–54]. Moreover, the
intensities of the quartet peaks became stronger with time. In contrast,

the ESR spectrum of the Fe3+–DMPO mixture showed a very weak
signal of DMPO–∙OH adduct, resulted from Fe3+ aqua complexes [55],
which was not enough to trigger the degradation of MB. The above
results corresponded with the MB degradation process in which none of
the MB could be degraded without the MgO2 nanoparticles (Fig. 3b),
indicating the importance of MgO2 nanoparticles in generating ∙OH for
MB degradation.

Fig. 4. Kinetic curves of MB degradation under different conditions: different molar ratio of Fe3+ to MgO2 (a, d), different dosage of MgO2 (b, e), different initial
solution pH (c, f). (a–c fitted by Pseudo-first-order kinetic model; d–f fitted by pseudo-second-order kinetic model).

Fig. 5. Temporal evolution of the UV–vis spectra of MB degradation (a), removal rate of MB and TOC (b) in the MgO2/Fe3+ system.
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To further support the ∙OH production during the degradation
process of MB in the MgO2/Fe3+ system, isopropanol (IP), as a hydroxyl
radical scavenger [56–58], was added into the degradation reaction
system (Fig. 6b). It can be seen that IP could significantly inhibit MB
degradation in the MgO2/Fe3+ system. As the concentration of IP in-
creased, the inhibition of MB degradation became stronger. When the
concentration of IP increased to 0.5mM, almost no MB degradation was
observed in the degradation reaction process. Evidently, the generated
∙OH played a critical role in the degradation of MB [59,60]. Firstly,
MgO2 reacted slowly with H2O to produce H2O2 (Eq. (4)), and then the
decomposition of H2O2 catalyzed by Fe3+ gave strong oxidative ∙OH to
degrade organic dyes. Two other organic dyes, MG and MO, were
adopted to evaluate the oxidation degradation ability of MgO2 nano-
particles catalyzed by Fe3+. As shown in Fig. S2, MgO2 nanoparticles
also exhibited enhanced degradation performance towards other types
of organic dyes, suggesting a wide range of applications in the de-
gradation of diverse organic dyes.

Interestingly, a small amount of black precipitate generated after
the degradation of MB. To further investigate the components of the
precipitate, the black residue was characterized by XRF and XRD. The
XRF spectrum (Fig. 6c) showed the precipitate consisted of most Fe and
a small amount of S and Mg elements, and the black precipitation in an
amorphous form (Fig. S3) might result from the reaction and adsorption

between Fe3+/Fe2+ and the Mg(OH)2 generated from MgO2 via Eq. (4).
It is noteworthy that the black precipitate still has cyclic catalytic
performance for MB degradation in the presence of MgO2 (Fig. 6d). As
for the leakage of Mg2+ in the reaction system, the maximum con-
centration of Mg2+ in the reaction system was 21.33mg/L even if all
MgO2 dissolved in aqueous solution without any precipitation, which
was much lower than WHO and US EPA standards (50mg/L) for
drinking water [61]. As a result, the MgO2/Fe3+ degradation system
would not cause secondary pollution to water body, without further
post-treatments.

3.4. Possible pathways for MB degradation in the MgO2/Fe3+ system

The identification of intermediates generated from the degradation
of MB was conducted based on HPLC-MS technique in this study. The
HPLC spectra of MB degradation (Fig. 7) showed that the intensity of
the peak at 10.3min representing MB dramatically declined compared
with the spectrum of the initial MB solution after 10min of degradation
reaction performed, indicating the degradation of MB. In addition, the
relative intensity of three peaks at 1.2, 15.6 and 17.4min obviously
increased as time went on, further confirmed the degradation of MB and

Table 2
Comparison of the performances of several reported oxidants for MB degrada-
tion.

Oxidant Dosage
of
oxidant
(mM)

Concentration
of MB (mg/L)

pH Degradation
time (min)

Removal
rate (%)

Reference

MgO2 0.89 20 5.6 30 99.1 This work
CaO2 13.9 3.2 – 90 90 [45]
H2O2 90 20 3 240 98 [46]

40 100 5.4 30 <80 [47]
8.82 40 – 200 99 [48]
352.9 10 – 180 73 [49]

K2S2O8 5 4.8 6.4 60 >90 [29]
Na2S2O8 2.5 9.6 7 5 62.0 [50]

Fig. 6. ESR spectra for detecting DMPO–∙OH in
Fe3+ and MgO2/Fe3+ system (a), MB de-
gradation with addition of different amounts of
isopropanol (IP) (b), XRF spectrum of the black
residue after the degradation reaction (c), the
cyclic catalytic performance of the black re-
sidue towards MB degradation (d). Conditions:
200mL of MB solution (20mg/L), 10mg of
MgO2, 25mg of Fe2(SO4)3·xH2O.

Fig. 7. HPLC spectra of MB solution after different reaction time (a: 0min, b:
10min, c: 30min).
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the formation of intermediates. Moreover, when the reaction time
prolonged to 30min, the peak at 10.3 min disappeared, suggesting the
complete destruction of MB molecular. The result above revealed the
degradation of MB and the formation of intermediates in the MgO2/
Fe3+ system, which was in consistent with the result of UV–vis spectra
of MB degradation.

The ESI-MS spectra recorded for original MB solution and 10min-
degraded MB solution at different retention times were presented in Fig.
S4. From the MS spectrum of original MB solution (Fig. S4a), the signals
at m/z=284 and 270 were ascribed to MB and its demethylation form,
respectively [62,63]. As for the 10min-degraded solution, the MS
spectrum of intermediates at the retention time of 17.4 min (Fig. S4e)
displayed the signals at m/z=301 and 318, which can be assigned to
the hydroxylation of MB [64]. At the retention time of 8.1 min (Fig.
S4c), the MS peaks at m/z=302, 318, 336 and 350 were attributed to
the formation of sulfoxide and following consecutive hydroxylation
[65]. In addition, the relative intensity of the signal at m/z =270 from
the demethylated MB became stronger than that of original MB solution
(Fig. S4d), indicating the demethylation of MB was improved in the
MgO2/Fe3+ degradation system [66,67]. Here, it could be generalized
that the degradation process of MB occurred via three parallel reaction
pathways: (i) N-demethylation of MB, (ii) direct hydroxylation of MB by
∙OH radicals and (iii) sulfoxidation of MB and subsequent hydroxyla-
tion. Further, the fragment peaks at low m/z=69, 87, 201, 219, 233
were observed in the MS spectrum at the retention time of 1.2min (Fig.
S4b), which resulted from the opening of central aromatic-like ring and
two side aromatic rings of MB molecule [63,65,68–71]. The appearance
of low-molecular peaks confirmed successful breaking up of MB struc-
ture into smaller fragments. Based on the discussion and analysis above,
the proposed pathways for MB degradation in the MgO2/Fe3+ system

were presented in Fig. 8.

4. Conclusion

In summary, highly pure MgO2 nanoparticles (94.26 wt%) were
successfully synthesized and used as a Fenton-like oxidant to degrade
and mineralize organic dyes in this work. A small amount of as-ob-
tained MgO2 nanoparticles could effectively degrade diverse organic
dyes, indicating that MgO2 nanoparticles are an efficient Fenton-like
oxidant for enhanced dye degradation. The generation of ∙OH in the
MgO2/Fe3+ system was considered to be responsible for efficient de-
gradation performance towards organic dyes. The procedure of organics
degradation in the MgO2/Fe3+ system can be conducted in a wide
range of pH (2–10) at room temperature. Furthermore, three possible
pathways of MB degradation were proposed according to the HPLC-MS
analysis of degradation intermediates. Taking account of cost-effec-
tiveness, environmental friendliness, and easy preparation, as well as a
wide range of applications, MgO2 nanoparticles would be a promising
oxidant for Fenton-like reactions in remedying organic-polluted water
even soil.
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