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Sulfate radical anion (SO4
��) based Fenton-like reaction have recently received a large quantity of

attention owing to their strong oxidative capacity and high selectivity toward organic pollutants.
However, the development of a high-efficient catalyst for activation of peroxymonosulfate (PMS) with a
fast separation is still challengeable. Herein, magnetic mesoporous silica composites with a yolk-shell
structure (Fe@void@mSiO2) have been prepared via a successive coating strategy, followed by a high-
temperature in-situ treatment and demonstrated as a high-efficient and fast magnetic separable catalyst
for the activation of PMS. The resultant material possesses a well-defined yolk–shell structure with high
specific surface area (�495.0m2/g), uniform pore size (�6.9 nm) and super large magnetic susceptibility
(�105 emu/g). Owing to the unique properties, the material possesses an excellent degradation activity
for tetracyclines (TC), which is much higher than the commercialized Zero Valent Iron (ZVI)
nanoparticles. Additionally, the catalyst is able to work over a broad pH range and be quickly recycled
by using an external magnetic field. This research provides a promising strategy for the synthesis and
design of multifunctional catalyst for the Fenton-like process.
© 2020 Chinese Chemical Society and Institute of MateriaMedica, Chinese Academy ofMedical Sciences.

Published by Elsevier B.V. All rights reserved.
Tetracycline (TC), as a typical broad-spectrum antibiotic, has
been widely employed in veterinary, agricultural and humanic
therapeutics. However, only little amount of TC can bemetabolized
by humans and animals owing to its chemical structure and
recalcitrance to biological degradation, which results in the
massive release of its residues into the environment, affecting
the ecosystem. Therefore, the development of an alternative
technology to efficiently remove TC is urgent [1–3].

Based on hydrogenperoxide (H2O2) and ferrous ions, the Fenton
process has recently garnered tremendous attention as an efficient
approach to degrade organic pollutants via the hydroxyl radical
(
�
[22_TD$DIFF]OH) oxidation [4–9].Whereas, narrowwork pH range and the low

utilization rate of H2O2 significantly limit its applications in actual
water treatment [10,11]. As an alternative, through the activation of
peroxymonosulfate (PMS), the sulfate radical (SO4

��) based Fenton-
likesystem[12,13]hasrecentlybeenwidely investigateddueto itnot
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only showshigheroxidationpotentials (SO4
�� (2.5–3.1 V)>

�
OH(1.8–

2.7 V)) but also works in wide pH ranges [14,15]. Till now, various
strategies such as base, heat, ultrasound transition metals and
ultraviolet (UV) have been adopted to active PMS [16–18]. Among
them, the utilization of transition-metal ions such asMn2+, Co2+ and
Cu2+, are of great significance owing to its high efficiency and
abundant resources [19–21]. But during application such as in a
slurry operating system, they are especially arduous to be separated
andregenerated.Separationcanbeenhancedinthe formofparticles,
but the catalytic efficiency was reduced owing to the decrease of
active sites. Therefore, thedevelopment of a catalyst fordegradation
of TC and activation of PMSwith simultaneous facile separation and
high efficiency is desirable.

Recently, yolk-shell structured mesoporous materials have
shown great promise in diverse applications such as drug delivery
[22,23], sensors [24–26], energy storage [27], confined catalysis
[28–30] and adsorption [31,32] due to the unique structure of inner
active core, middle void spaces, and outer mesoporous shells.
Among them, the Fe3O4@void@mesoporous SiO2 (mSiO2) nano-
structures are of great interest due to their superior properties
such as strong magnetic separation ability, outstanding
Academy of Medical Sciences. Published by Elsevier B.V. All rights reserved.
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Fig. 1. Illustration of the formation of yolk-shell structured Fe@void@mSiO2

composites.

2004 B. Xu et al. / Chinese Chemical Letters 31 (2020) 2003–2006
biocompatibility, abundant catalytic sites, high specific surface
area and multi-functional interfaces [33–35]. However, the small
magnetization of the resultant materials still hinders their
practical applications. The utilization of Fe, Co, Ni or alloys metal
cores [36,37] may resolve this problem, but they are easy to suffer
from aggregation and the surface of them are hard to be
functionalized during the synthesis, which are undesirable for
the further coating. Consequently, the development of a facile
method to synthesize Fe@void@mesoporous SiO2 (mSiO2) is much
desired.

Herein, we have developed a facile strategy to preparemagnetic
yolk-shell structured mesoporous silica nanospheres
(Fe@void@mSiO2). The synthesis involved a successive coating
strategy, followed by a high-temperature in-situ transformof Fe3O4

to Fe nanoparticles. The introduction of a middle carbon layer
betweenmesoporous silica shell and Fe3O4 core is to in-situ reduce
Fe3O4 to Fe and generate void space during the carbonization
process. The resultant materials show a well-defined yolk–shell
structure with high specific surface area (495.0m2/g), uniform
pore size (6.9 nm) and super large magnetic susceptibility
(105 emu/g). Finally, dedicated to the activation of PMS, the
material used as a catalyst shows an excellent degradation activity
for TC in a wide pH range. Moreover, the catalyst is able to be fast
recycled via applying an external magnetic field, which holds a
great promise in the practical application.

All chemicals without further purification were used as
received. Millipore water was suitable for all experiments.
FeCl3�6H2O, PMS (KHSO5�0.5KHSO4�0.5K2SO4), tetraethyl orthosi-
licate (TEOS), ethanol, methanol, cyclohexane, trisodium citrate,
ammonia solution (28wt%), ethylene glycol, sodium acetate,
hexadecyl trimethyl ammonium bromide and TCL were purchased
from Shanghai Chemical Corp.

Referring to previous work, a solvothermal method is adopted
to the preparation of superparamagnetic Fe3O4 nanoparticles [38–
40]. In brief, sodium acetate (NaAc, 6.0 g), trisodium citrate (1.3 g)
and FeCl3�6H2O (3.25 g) were added to ethylene glycol (80 [25_TD$DIFF]mL)
with stirring and dissolve. The mixture stirred strongly at room
temperature for 1 h was poured into a stainless-steel autoclave
lined with Teflon and 100mL volume. The autoclave was kept for
10 h at 200 �C, and slowly cooled to room temperature follow. The
products obtained were washed for 3 times with EtOH and
deionized water, separately, and then dispersed in EtOH (45mL)
for the next step.

Fe3O4 ethanol dispersion (3mL) was sonicated and dissolved in
a mixed solution of deionized water (10mL) and EtOH (20mL).
Subsequently, formaldehyde (0.10 g, 37wt%), resorcinol (0.10 g,
0.09mmol/L) and ammonia solution (0.50 g, 28wt%) were
continuously added. Formaldehyde polymerization of formalde-
hyde and resorcinol on Fe3O4 particles occurred in the mixed
dispersion after mechanical stirring for 10 h at 45 �C. Via washed
with EtOH and deionized water as well as magnet for three times,
separately, the core-shell Fe3O4@RF microspheres were obtained.

A mixed solution containing concentrated aqueous ammonia
(0.80mL, 28wt%), deionized water (80mL) and CTAB [41,42]
(0.50 g, 1.3mmol) was prepared, and then the Fe3O4@RF nano-
particles obtained above were dispersed in them by sonication.
Subsequently, a two-phase system was formed with the supple-
ment of cyclohexane (20mL). Then, TEOS (0.5mL) was added into
the oil phase, and the reaction was maintained at 45 �C with slow
agitation (100 rpm) for 6 h [43]. The product collected by the
magnet was washed three times with EtOH and water, respective-
ly. Finally, the microspheres were obtained by calcination in N2

atmosphere at 850 �C.
Transmission electronmicroscopy (TEM) imageswas taken on a

JEOL 2011 microscope (Japan). Prior to TEM measurements, the
sample was dispersed in EtOH and dropped on a holey carbon film
on a Cu grid. Vibrating Sample Magnetometer (EV9, Microsense,
Japan) was used tomeasure the magnetization. XRD patterns were
obtained on a Bruker D8X-ray diffractometerwithNi-filtered Cu Kα
radiation (40 kV, 40mA). Nitrogen sorption isotherms were
measured with a Micromeritics Tristar 3020 analyzer (USA) at
77 K. Before the measurements, the samples were degassed in a
vacuum at 180 �C for 6 h. The specific surface areas (SBET) was
calculated using adsorption data in the relative pressure range
P/P0 = 0.05–0.3 based on Brunauer-Emmett-Teller (BET) method.
The Barrett-Joyner-Halenda (BJH) model was applied to estimate
the pore size distributions from the adsorption branches of the
isotherms. The total pore volumes were calculated from the
adsorbed amount at the relative pressure P/P0 = 0.995.

Catalyst (0.05 g) and aqueous suspensions (100mL) of TC
(10mg/L) were added into a double-layered cylindrical reactor
(100mL in capacity). The utilization of awater jacketmaintains the
temperature of the solution at 20 �C. The mixture was mechani-
cally stirred for 30min in dark before the addition of PMS (0.18 g)
to achieve an adsorption/desorption equilibrium between the
contaminants and the catalyst. Then, the suspension (0.5mL) was
removed through the utilization of a 1mL syringe at given time
intervals and was filtered via a membrane with a pore size of
0.45mm. Moreover, methanol (2mL) was added to the sample
above to terminate the reaction. The mixed solution was analyzed
by recording the variations in the maximum absorption band
(405 nm) using a Thermo Spectronic UV 500 UV–vis spectrometer.

Fig. 1 shows illustration of the formation of yolk-shell
structured Fe@void@mSiO2 composites by a facile and straightfor-
ward high temperature in-situ reduction process. First, uniform
Fe3O4 nanoparticles were prepared via a modified solvothermal
process and then encapsulated with a resorcinol formaldehyde
(RF) polymer layer through a sol-gel method, giving rise to core-
shell structured Fe3O4@RF composites. Then, a biphase stratifica-
tion method was adopted to coat CTAB/SiO2 composite layer onto
the surface of Fe3O4@C composites, which leads to Fe3O4@C@C-
TAB/SiO2 composites. Finally, uniform yolk-shell structured
Fe@void@mSiO2 composites were obtained after calcination in
N2 at 850 �C.

TEM image (Fig. 2a) possesses that the hydrothermally
synthesized Fe3O4 nanoparticles display well-dispersed morphol-
ogy with a uniform particle size of �120 nm. After the polymeri-
zation, a thin RF polymer layer of �30 nm was successfully
wrapped on the Fe3O4 nanoparticles (Fig. 2b). After deposition of a
layer of mesoporous silica through the oil-water biphase
stratification method, Fe3O4@C@CTAB/SiO2 composites with dis-
crete and regular spherical morphology can be formed (Fig. 2c).
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Fig. 2. TEM images of Fe3O4 (a), Fe3O4@C (b), Fe3O4@C@CTAB/SiO2 (c, d) and
Fe@void@mSiO2 (e, f).
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TEM images show that the Fe3O4@C@CTAB/SiO2 composites
possess a well-defined core-shell-shell structure with a layer of
mesoporous silica in 40 nm thickness (Fig. 2d). After the in-situ
high temperature reduction process, the well-defined core-shell
structure was transformed to yolk-shell structure ([26_TD$DIFF]Figs. 2e and f)
with a number of nanoparticles broken, which is probably due to
the recrystallization of Fe.
[(Fig._3)TD$FIG]

Fig. 3. (a) XRD patterns, (b) Raman spectra, (c) the magnetic hysteres

[(Fig._4)TD$FIG]

Fig. 4. (a) Degradation profile of different catalysts and (b) kinetic constants values at dif
PMS concentration: 0.18 g/L, T: 20 �C, initial TC concentration: 10mg/L. (c) Scavenging
The wide-angle X-ray diffraction (XRD) pattern of Fe@void@m-
SiO2 composites (Fig. 3a) displayed several sharp which can be
assigned to iron nanoparticles while they were not observed in
Fe3O4. The wide peaks at 2u = 22� and 26� can be assigned to
amorphous mesoporous silica and the graphitized carbon, respec-
tively. Twobroadpeaks locatedat1350and1590 cm�1 in theRaman
spectra are attributed to the D- and G- bands, respectively (Fig. 3b).
The hysteresis loop data suggests that our material possess a quite
high magnetization of 105 emu/g, which is much stronger than
Fe3O4 (56 emu/g, [27_TD$DIFF]Fig. 3c). Nitrogen adsorption-desorption isother-
mals show a typical type-IV curve with distinct hysteresis loops
within the relative pressure band of 0.45-0.80, indicating the
uniformmesoporous structure (Fig. 3d). The BETsurface area of the
Fe@void@mSiO2 compositesarecalculated tobe495m2/g. Thepore
size distribution derived from the adsorption branch using the BJH
method shows that the corresponding pore size is centered at
6.9 nm, making them an ideal candidate for the later applications.

The performance of the resultant magnetic mesoporous silica
on the activation of PMS for the degradation of TCwas examined at
pH of 7 (Fig. 4a). As a comparison, the degradation performances of
TC under PMS and ZVI were also examined, exhibiting the removal
efficiencies of [28_TD$DIFF]19% and 39%, respectively in 60min. When
Fe@void@mSiO2 nanospheres were used as the catalyst, the
removal efficiency reaches to [29_TD$DIFF]100% in 40min, clearly demonstrat-
ing the priority of Fe@void@mSiO2 nanospheres. The effect of pH
on the degradation performance of Fe@void@mSiO2 (Fig. 4b) was
is loops and (d) N2 Sorption isotherms of the resultant materials.

ferent pH. Experimental conditions: solution volume: 100mL, catalyst dose: 0.1 g/L,
test and (d) schematic illustration of the possible degradation mechanism.
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investigated. In order to estimate the kinetic constant, a pseudo-
first-order kinetic model was employed (Eq. 1).

lnð C
C0

Þ ¼ �kt ð1Þ

where C is the concentration of TC at time t, C0 is the initial TC
concentration and k is the pseudo-first-order reaction rate
constant. We caught sight of the kinetic constant at pH of 7 and
9 are calculated to be 0.15 and 0.14min�1, respectively, slightly
smaller than that atpHof3, suggesting that suchcatalysts are able to
workoverabroadpHrange.As illustrated inFig.4c, theproductionof
�
[30_TD$DIFF]OH/SO4

��asthedominatespecies inthissystemwasprovedthrough
the scavenging test. The addition of NaN3 (singlet oxygen (1O2)
scavenger) slightly reduced the reaction rate, indicating that 1O2 is
not themain specieswhile the addition of tert-butanol significantly
reducedthedegradationrate, suggestingthat

�
[31_TD$DIFF]OH/SO4

��arethemain
contributor. Note that by the addition of KI, which is a scavenger for
the surface bonded radicals, the reaction rate sharply reduced,
suggesting that surface radicals play the most important role in the
degradation process. Magnetic mesoporous silica exhibits extraor-
dinary performance, which can be ascribed to the synergistic effect
from its unique textual structures. Firstly, the ordered large
mesopores facilitates the mass transfer of both PMS and TC
molecules between solid and phases aqueous. Secondly, the
presence ofmesoporous silica shell greatly enhances the adsorption
of pollutants molecules and enrichs them in the void space of the
nanoreactor, which could be beneficial for surface reaction [44]. The
adsorption test obviously shows that the hollow structured
mesoporous silica shell possesses a high removal efficiency for TC [32_TD$DIFF]

(�40%). Finally, the surface iron species reacts with the adsorbed
PMS to produce large quantity of radicals such as

�
[33_TD$DIFF]OH/SO4

��, which
can directly in-situ oxidize the TC molecules confined in the void
space into small molecules or even CO2 and H2O (Fig. 4d).

In summary, a successive coating strategy followed by a
subsequent high-temperature in-situ treatment have been
employed for the preparation of yolk-shell structured Fe@void@m-
SiO2 composites. The obtained composites exhibit a uniform pore
size (�6.9 nm), a high specific surface area (�495.0 m2/g) and a
super large magnetic susceptibility (�105 emu/g), which is
suitable for the activation of PMS to degrade organic pollutants.
Compared with commercial ZVI nanoparticles, the composite
catalyst possesses much more excellent degradation activity for
tetracycline (TC) in awide pH range and rapid recovery via using an
external magnetic field. This study paves a new strategy to the
diversification of catalysts for the Fenton-like process.
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