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ABSTRACT: High-specific-surface-area magnetic porous carbon micro- magnetic porous
spheres (MPCMSs) were fabricated by annealing Fe’*-treated porous iRy e hemaanpherss
polystyrene (PS) microspheres, which were prepared using a two-step seed Y (U lended it T yf

W (2) anneaing ® /7

emulsion polymerization process. The resulting porous microspheres were
then sulfonated, and Fe** was loaded by ion exchange, followed by annealing
at 250 °C for 1 h under an ambient atmosphere to obtain the PS-250
composite. The MPCMS-500 and MPCMS-800 composites were obtained
by annealing PS-250 at 500 and 800 °C for 1 h, respectively. The iron oxide
in MPCMS-500 mainly existed in the form of Fe;O,, which was concluded = ==

by characterization. The MPCMS-500 carbon microspheres were used as (1) degradation R
catalysts in heterogeneous Fenton reactions to remove methylene blue (2) sepration =
(MB) from wastewater with the help of H,0, and NH,OH. The results

indicated that this catalytic system has a good performance in terms of

removal of MB; it could remove 40 mg L™ of MB within 40 min. After the

reaction, the catalyst was conveniently separated from the media within several seconds using an external magnetic field, and the
catalytic activity was still viable even after 10 removal cycles. The good catalytic performance of the composites could be
attributed to synergy between the functions of the porous carbon support and the Fe;O, nanoparticles embedded in the carrier.
This work indicates that porous carbon spheres provide good support for the development of a highly efficient heterogeneous
Fenton catalyst useful for environmental pollution cleanup.
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1. INTRODUCTION using an external magnetic field. Therefore, magnetite is
suitable as a heterogeneous Fenton catalyst.

However, Fe;O, nanoparticles usually form aggregates
during the reaction process, leading to reduced catalytic
activity.® So, significant effort has been made to improve this
situation.”””"! Tron oxides can be immobilized on organic or
inorganic supports to form novel heterogeneous Fenton
catalysts. Carbon materials such as multiwalled carbon

110 12,1 . 14,1
nanotubes,* graphene, 3 and activated carbon'*'® have

Advanced oxidation processes (AOPs) are potential alternative
treatments for industrial wastewater containing nonbiodegrad-
able organic pollutants. These involve the generation of a free
hydroxyl radical (*OH), which degrades most organic
pollutants quickly and nonselectively. The Fenton reaction is
a well-studied AOP that uses hydrogen peroxide as an oxidant
in the presence of a catalyst.' > The nonselective attack of

organic compounds by the hydroxyl radicals results in mineral attracted great attention because of their excellent properties,
end products. The classical Fenton reagent consists of a including high thermal stability and acid/base resistance.
homogeneous solution of iron ions and hydrogen peroxide. Supports that possess high specific surface area can improve
Catalysis is effective only within a low and narrow pH range. It the activity of iron oxide by preventing a§gregation of the
also produces iron sludge as a byproduct of the treatment, catalyst and improving its dispersibility.'® Porous carbon
which is an additional environmental contaminant. Therefore, microspheres not only have the advantages of the carbon
heterogeneous catalysts have been developed to overcome

these problems.4_7 The Fe* ion in Fe;O, makes this a very Received: January 26, 2014

efficient catalyst for the degradation of organic compounds and Accepted:  April 14, 2014
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materials mentioned above but also possess high specific
surface area, making them ideal candidates for heterogeneous
Fenton catalyst support. Annealing polymer spheres with an
iron source can fabricate magnetic porous carbon spheres.'” !
Margel et al. reported the use of FeCl,,"” ferrocene,'®*® and
Fe(CO);" as sources of iron, and porous poly(divinylbenzene)
(PDVB) spheres as a source of carbon, to fabricate magnetic
porous carbon spheres. The resulting hybrid particles possessed
good spherical morphology, but the use of toxic compounds
such as Fe(CO); was a drawback to this approach. However,
the high degree of cross-linking and stability allowed PDVB to
retain its complete skeleton, which led to reduced surface areas
in these hybrids after annealing, compared with the original
porous polymer spheres. Liu and Yan®' reported the
preparation of magnetic carbon spheres by annealing acrylic
acid and divinylbenzene (DVB) copolymer microspheres, with
uptake of the Fe® ions achieved through ion exchange.
However, the specific surface area of these magnetic hybrids
was low because of the spheres’ initial lack of pores.

In the present work, high-specific-surface-area magnetic
porous carbon microspheres (MPCMSs) were prepared by
annealing porous polystyrene (PS) microspheres that had been
sulfonated and loaded with Fe?* by ion exchange. The magnetic
porous microspheres were then characterized using scanning
electron microscopy (SEM), X-ray diffraction (XRD),
Mobssbauer spectroscopy (MS), Raman spectroscopy, Fourier
transform infrared (FT-IR) spectroscopy, vibrating sample
magnetometry, and Brunauer—Emmett—Teller (BET) analyses.
The ability of the particles to facilitate the Fenton oxidation of
methylene blue (MB) was tested under varying conditions of
initial pH, H,O, concentration, catalyst dosage, and NH,OH
concentration. The stability and reusability of the magnetic
porous carbon spheres were also tested.

2. EXPERIMENTAL SECTION

2.1. Materials. Styrene (Shantou Xilong Chemical Co. Ltd) was
initially washed with a 1 mol L™' NaOH solution to remove the
inhibitor and then purified by vacuum distillation. DVB (80%, Aldrich)
was purified by passing it through activated aluminum oxide to remove
any inhibitor. Poly(vinylpyrrolidone) (PVP K-30; M, = 40000 g
mol™") was obtained from Shanghai Sitong Reagent Co. Ltd. (China).
Sodium dodecyl sulfate (SDS), 2,2-azobis(isobutyronitrile) (AIBN),
benzoyl peroxide (BPO), hydrogen peroxide, and dibutyl phthalate
(DBP) were supplied by Tianjin Guangfu Fine Chemical Research
Institute. AIBN and BPO were purified by recrystallization.
Hydroxyethyl cellulose (HEC) was supplied by Xuanguang Chemical
Technology Co. Ltd. MB was obtained from Tianjin Tiantai Fine
Chemicals Co., Ltd. Hydroxylamine hydrochloride was supplied by
Sinopharm Chemical Reagent Co., Ltd. All other chemicals were of
analytical grade and were used without any further purification.

2.2. Preparation of Seed Particles by Dispersion Polymer-
ization. The monodisperse PS seed particles were fabricated by
dispersion polymerization methods in an ethanol medium with PVP
K-30 as a stabilizer and AIBN as an initiator. In a typical experiment,
100 mL of ethanol and 1 g of PVP were added into a four-necked
round-bottom flask, which was equipped with a mechanical stirrer,
followed by stirring into a homogeneous phase and purging with
nitrogen for 30 min. After the temperature was elevated to 74 °C, 25
mL of styrene and 0.2 g of AIBN were added into the reactor, and
polymerization was allowed to continue at 120 rpm for 24 h. The PS
spheres were obtained by centrifugation and repeatedly washed with
ethanol to remove residual styrene and PVP. Thereafter, the beads
were dried under a vacuum at ambient temperature.

2.3. Preparation of Porous Microspheres by a Two-Step
Seed Emulsion Polymerization. The seed particles (1 g) were
redispersed in 100 mL of a 0.25% SDS aqueous solution by magnetic
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stirring, followed by the addition of 1 mL of DBP into the flask. The
mixture was redispersed by sonication for 30 min, and then the
mixture was stirred for 10 h at 35 °C. The mixture of styrene (10 g),
DVB (1 g), toluene (15 mL), and BPO (0.1 g) was poured into the
reactor, which had been emulsified with 100 mL of a 0.25% SDS
solution by sonication for 30 min. The swelling stage of the monomer
was held for another 10 h at 35 °C. Finally, 50 mL of a 1 wt % HEC
aqueous solution was added into the reactor. Thereafter, polymer-
ization was carried out at 80 °C for 24 h. The beads were obtained by
repeated centrifugation, followed by washing three times with ethanol.
The cleaned beads were dried under a vacuum at 30 °C, followed by
extraction with toluene to remove linear PS and porogen. The
resulting microspheres were washed with acetone and dried under a
vacuum.

2.4. Sulfonation of Porous Microspheres. The porous PS
microspheres (1 g) were placed in a SO mL round-bottomed flask, then
96% H,SO, (4 g) and Ag,SO, (12.5 mg) were added, and the mixture
was refluxed at 80 °C for 2 h. After sulfonation, the microspheres were
washed five times with distilled water and vacuum-dried at 40 °C for
24 h. The sulfonated microspheres were labeled as PS-SO;H.

2.5. Preparation of Porous Magnetic Carbon Spheres. The
PS-SO;H microspheres (1 g) were transferred into a 250 mL three-
necked round-bottom flask, and then 100 mL of a 0.5 mol L™ FeCl,
solution was added into the flask and stirred overnight under a
nitrogen atmosphere. After that, the microspheres were separated by
centrifugation and washed with deionized water until no Fe?*
remained, as determined using a KSCN solution. The microspheres
were then dried under a vacuum at 40 °C, followed by annealing at
250 °C for 1 h under an ambient atmosphere to obtain the PS-250
composite. The PS-250 composite was then annealed at either 500 or
800 °C for 1 h under inert atmospheric conditions to synthesize
MPCMS-500 or MPCMS-800, respectively.

2.6. Dye Decoloration through a Heterogeneous Fenton
Reaction. A degradation experiment was carried out by which the
carbon sphere was added into 10 mL of a 40 mg L™' MB solution in
the presence of H,0, and NH,OH, and the suspension was shaken in
a thermostated shaker at 120 rpm at 30 °C. After the reaction, the
carbon spheres were separated using an external magnetic field, and
the concentration of MB was determined using a UV—vis
spectrometer, with a maximum absorbance wavelength for MB at
664 nm. Total organic carbon (TOC) was determined by a TOC
analyzer after filtration through a 0.45 ym membrane filter.

2.7. Characterization. FT-IR spectra were obtained in trans-
mission mode on a FT-IR spectrometer (American Nicolet Corp.
model 170-SX) using the KBr pellet technique. Thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) were
performed on a STA PT1600 system in a nitrogen atmosphere with a
heating rate of 20 °C min~" in the temperature range of 30—1000 °C.
XRD [Rigaku D/MAX-2400 X-ray diffractometer with Ni-filtered Cu
Ka radiation (4 = 1.54056)] was used to investigate the crystal
structure of the nanoparticles. MS studies were performed using a
conventional constant-acceleration drive and a 50 m Ci *’Co:Rh
source. The velocity calibration at room temperature (RT) was
performed using an a-Fe absorber, and the isomer shift (IS) values
reported are relative to a-Fe. Raman spectra were recorded on a Dilor
LABRAM-1B multichannel confocal microspectrometer. The surface
morphology was characterized with an FEI SEM model Inspect S. The
iron content of the sample obtained by microwave-digested samples
and the iron concentration were determined using inductively coupled
plasma (ICP). Magnetization measurements at RT were obtained
using a vibrating sample magnetometer (Lake Shore model 7304,
Westerville, OH) at RT. X-ray photoelectron spectroscopy (XPS)
spectra were obtained with an ESCALab220i-XL electron spectrom-
eter (VG Scientific) using 300 W Al Ka radiation The N, adsorption—
desorption isotherm was measured at liquid-nitrogen temperature (77
K) using a Micromeritics ASAP 2020 analyzer. The specific surface
area was calculated by the BET method. The pore-size distribution was
obtained using the Barrett—Joyner—Halenda (BJH) method. UV—vis
detection was carried out on a TU-1810PC UV-—vis spectropho-
tometer (Purkinje General, Beijing, China). All fluorescence spectra
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Figure 1. Schematic illustration of the synthesis process used to fabricate MPCMS:s.

Figure 2. SEM images of (a) PS seed spheres (X20000) and (b and c) porous PS microspheres (magnification: b, X10000; c, X90000).

were recorded using a F97Pro spectrofluorophotometer (LengGuang
Industrial Co., Ltd., Shanghai, China). TOC was determined using a
TOC analyzer (Elementar vario TOC cube, Hanau, Germany).

3. RESULTS AND DISCUSSION

3.1. Morphology and Structural Characterization. The
porous PS microspheres were fabricated by seed emulsion
polymerization.”> Figure 1 outlines the steps required for the
preparation of uniform MPCMS. First, uniform PS seed
spheres were swelled in DBP and an emulsion containing
monomeric styrene, the initiator BPO, and the cross-linker
monomer DVB. Then, polymerization of styrene was carried
out within the swollen PS seed spheres at 80 °C. Finally,
uniform porous PS microspheres were obtained after
dissolution of the PS seeds and toluene components of the
original composite particles. The porous PS microspheres were
then treated with concentrated sulfuric acid to form negative
charged groups on their surfaces. Fe** uptake on the spheres
was achieved through ion exchange. Subsequent annealing of
these microspheres at 250 °C under ambient atmospheres
resulted in the synthesis of PS-250. Samples MPCMS-500 and
MPCMS-800 were obtained by annealing PS-250 under an
inert atmosphere at 500 and 800 °C, respectively.

SEM images of the PS seed spheres (Figure 2a) and porous
PS microspheres (Figure 2b,c) revealed that both the PS seed
spheres and the porous PS microspheres were perfectly
spherical with a narrow range of size distribution (Figure S1
in the Supporting Information, SI). The size and size
distribution of these particles were 1.71 + 0.04 and 4.4 +
0.24 mm, respectively. The images also clearly illustrate the
differences between the surfaces of the porous PS microspheres
and the smooth original PS seed spheres.

FT-IR spectra of the porous PS microspheres and PS-SO;H
(Figure S2 in the SI) revealed styrene absorption bands at 700,
757, 1452, 1493, 1601, 2852, 2924, and 3026 cm™, as
expected.”> The peaks at 1176 cm™ corresponded to the
stretching vibration of the S=O in SO;H,** which
demonstrates successful sulfonation of the porous PS micro-
spheres.

The thermal stability of the porous PS microspheres was
studied by TGA and DSC under an inert atmosphere. Parts a
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Figure 3. TGA (a) and DSC (b) thermograms of the porous PS
microspheres.

and b of Figure 3 present typical TGA and DSC thermograms
of the porous PS microspheres. The TGA curve exhibits a steep
slope between 300 and 600 °C, indicating about 90% weight
loss due to decomposition of the porous PS microspheres,
leaving residual carbon. This observation is in good agreement
with the DSC curve that exhibits an endothermic peak at
approximately 420 °C, which was likely related to carbonization
of the porous PS microspheres. TGA demonstrated the
durability of the porous PS microspheres at an annealing
temperature of 250 °C.

Figure 4 shows the XRD patterns of the PS-250, MPCMS-
500, and MPCMS-800 composite microspheres. PS-250
exhibited formation of a-Fe,O; with a small fraction of a
maghemite phase. The diffraction peaks were in good
agreement with the standard values for a-Fe,O; (JCPDS 33-
0664).>% The diffraction peaks of the composite annealed at
500 °C indicated Fe;O, with a small fraction of a-Fe,O5, which
were also in agreement with reported values (JCPDS 65-
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Figure 4. XRD patterns of (a) PS-250 (b) MPCMS-500, and (c)
MPCMS-800.

3107).%° The XRD pattern of the composite obtained at 800 °C
indicated the formation of Fe;O, and the iron phase.

It should be noted that the XRD patterns of magnetite
(Fe;0,) and maghemite (y-Fe,O;) are similar. Thus, MS at RT
was employed to distinguish the components of these
composites, as described below. The RT MS spectra of the
PS-250, MPCMS-500, and MPCMS-800 composites can be
seen in Figure S. In Figure Sa, sextets with IS = 0.37 mm s™'
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Figure 5. MS spectra at RT of (a) PS-250 (b) MPCMS-500, and (c)
MPCMS-800.

and H,4 = 51.06 T are related to y-Fe,0; (29.7%)."” The one
doublet, which accounts for 55.6%, with IS = 0.39 mm s™! and
QS = 0.82 mm s™! may be attributed to a-Fe,0,.>” Another
doublet (14.7%) with the parameters of IS = 1.24 mm s™* and
QS = 2.74 mm s~ may be ascribed to Fe*', which did not
totally oxidize in the preparation process of PS-250. In Figure
Sb, the spectrum was interpreted by three sextets and one
doublet. The sextet that accounts for 13.3% of the spectral area
with IS = 0.38 mm s™' and H = 51.3 T is Fe,O;. The two
other sextets (H,; = 45.3 and 49.7 T and IS = 0.59 and 0.33
mm s~') belong to magnetite, which accounts for 70.5%. The
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doublet accounting for 16.2% with IS = 0.36 mm s~ and QS =
0.84 mm s~! may be nonmagnetic Fe,0;. The MS spectrum of
MPCMS-800 is seen in Figure Sc; one sextet (IS = 0.37 mm st
and H,; = 51.5 T), which accounts for 3.9%, can be ascribed to
Fe,0;. The two additional sextets that account for 33.5% are
related to Fe;0, as described above. The sextet that accounts
for 23% of the spectral area with Hyz = 33 T (IS =0 mm s™") is
the pure metallic iron. The extra doublet (IS = 0.59 mm s™' and
QS = 1.3 mm s™'), which accounts for 4.9%, may be attributed
to the nonmagnetic superparamagnetic nanoparticles of Fe;O,
above their blocking temperature. Another doublet, with IS =
0.3 mm s™' and QS = 0.62 mm s~ and accounting for 6.2%,
can be ascribed to Fe,O;.

The Raman spectra of these three composites are displayed
in Figure 6. Peaks at 225, 291, 408, 496, and 610 cm™! for PS-
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Figure 6. Raman spectra of (a) PS-250, (b) MPCMS-500, and (c)
MPCMS-800.

250 were found to match with previously reported data for
hematite.””*® The Raman spectra of both MPCMS-500 and
MPCMS-800 clearly revealed the characteristic peaks of Fe;O,
at 302, 504, and 670 cm', demonstrating the presence of
Fe;0, in these samples 2939 The D band at 1355 cm™" and the
G band at 1600 cm ™! exhibited similar 1nten51t1es, indicating the
amorphous carbon structure of these samples.>"

FT-IR spectra of PS-250, MPCMS-500, and MPCMS-800
are summarized in Figure S3 in the SI. PS-250 exhibited peaks
at 600 and 475 cm™!, which were a551gned to Fe—O
characteristic vibrations from a-Fe,0;>* The peak at 568
cm ™" was ascribed to the Fe—O stretching vibration in Fe;0,.*®
These results indicated that Fe;O, was present in both
MPCMS-500 and MPCMS-800.

SEM images of samples PS-250, MPCMS-500, and MPCMS-
800 (Figure 7) revealed that their constituent microspheres
retained their spherical shapes; however, their diameters
decreased gradually with increasing annealing temperature,
which was likely caused by contraction of the microspheres
during the hotter annealing step. The diameters observed in the
three samples were 4.0 + 0.12, 3.5 + 0.33, and 3.2 + 0.35 um,
respectively. High-magnification SEM micrographs of PS-250,
MPCMS-500, and MPCMS-800 (Figure 7c/fi) confirmed that
the microspheres remained porous after annealing.

N, adsorption—desorption isotherms (Figure 8a) and pore-
size-distribution curves (Figure 8b) of the three annealed
samples revealed that the BET surface areas of the PS-250,
MPCMS-500, and MPCMS-800 microspheres were 30.50,
362.52, and 386.69 m” g, respectively. Detailed data for this
are summarized in Table S1 in the SI. The specific surface area

dx.doi.org/10.1021/am500576p | ACS Appl. Mater. Interfaces 2014, 6, 7275—7285
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Figure 7. SEM images of (a—c) P$-250 (X7000), (d—f) MPCMS-500 (x15000), and (g—i) MPCMS-800 (X40000).
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Figure 8. (a) N, adsorption—desorption isotherms and (b) the pore-size-distribution curve obtained from the desorption data through the BJH

method.

appeared to increase with increasing annealing temperature.
Each of the annealed samples exhibited higher values than
those of the nonannealed porous PS microspheres. They also
exhibited higher specific surface areas than magnetic carbon
microspheres reported in previous studies using porous

olymer microspheres as carbon precursors (Table S2 in the
SI)."”72° The increased BET surface area may have been caused
by the decreased diameter and decomposition of some unstable
substances, such as linear PS, that were not completely
removed during the extraction process. Any residual linear PS
would have acted as a porogen during annealing. The pore-size-
distribution curves of the PS-250, MPCMS-500, and MPCMS-
800 microspheres were estimated from the desorption curves of
the isotherm using BJH analyses. The higher BET surface areas
of the catalyst supports should be useful for pollutant removal
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by increasing the contact frequency between the pollutants and
catalyst.

The magnetic properties of PS-250, MPCMS-500, and
MPCMS-800 are depicted in Figure 9. Their saturation
magnetizations are 3.2, 35.3, and 42.5 emu g, respectively.
Furthermore, PS-250 exhibits superparamagnetic behavior at
RT with no coercivity and remanence. MPCMS-500 and
MPCMS-800 indicated ferromagnetic-type curves, which show
a hysteresis loop. The values of coercivity and remanence are
summarized in Table 1. The content of iron for the three
samples was also tested, and it increased with the annealing
temperature (Table 1). The saturation magnetization values of
MPCMS-500 and MPCMS-800 suggested that they could be
easily separated by an external magnetic field (Figure S4 in the
SI). The combination of high BET surface areas and sensitive

dx.doi.org/10.1021/am500576p | ACS Appl. Mater. Interfaces 2014, 6, 7275—7285
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Figure 9. Magnetic hysteresis loops of PS-250, MPCMS-500, and
MPCMS-800. The inset is a magnified view of the magnetization
versus field curves.

Table 1. Magnetic Properties and Iron Content of PS-250,
MPCMS-500, and MPCMS-800

magnetic properties

sample Fe (wt %) M, (emu g™") H, (Oe)
PS-250 23.5 32
MPCMS-500 39.6 3583 1419
MPCMS-800 50.5 42.5 185.4

magnetic responses suggested that the obtained hybrid would
be suitable as a catalyst support and adsorbent.

3.2. Catalytic Properties of Magnetic Porous Carbon
Spheres. The formation of an iron phase in MPCMS-800
could lead to iron forming a primary battery with carbon, which
would result in leakage of the iron ions during the
heterogeneous Fenton reaction. Using ICP, MPCMS-800 was
seen to produce a maximum ion leakage concentration of 500
mg L™ during the heterogeneous Fenton reaction. Because of
this, MPCMS-800 was not considered the best catalyst, and
MPCMS-500 was subsequently selected for further analysis as a
catalyst for MB degradation.

The ability of MPCMS-500 to remove MB was tested in
different systems (Figure 10). Adding the carbon spheres to a
MB solution alone led to almost 30% MB removal, which was
likely due to adsorption only. Using MPCMS-500 in the
presence of H,O, and NH,OH led to the removal of nearly all
of the MB within 25 min. The degradation of MB was
compared using pristine Fe;O,, which was prepared by
traditional coprecipitation in an otherwise similar system with
H,0, and NH,OH. Using similar dosages of the catalyst,
MPCMS-500 performed much more efficiently than the
unmodified Fe;O, This suggests that the porous carbon
support aided the degradation of MB through adsorption and
thereby improved the reaction rate. Evidence from previous
studies has indicated that synergy results from the adsorptive
properties of the support, which increases the rate of substrate
degradation. Similar effects were reported by Hu,* who
observed that the degradation of pollutants, such as 17a-
methyltestosterone, can be accelerated via their adsorption
onto multiwalled carbon nanotubes and by Noorjahan,** who
reported that zeolite supports positively affected the degrada-
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Figure 10. Removal efficiency of MB under different conditions within
40 min. Reaction conditions: initial MB concentration, 40 mg L7
initial H,O, concentration, 16 mmol L™; NH,OH concentration, 4
mmol L7} catalyst load, 2 g L~Y; initial solution pH, 5.0; T = 303 K.

tion of phenol. In the case of MB, the substrate molecules
adsorbed near the immobilized iron oxide could be easily
attacked by the generated *OH.

Considering the efliciency of MB degradation, the
composites exhibited more effective removal of MB than
unmodified Fe;O, A negligible number of iron ions can
inevitably leach from the heterogeneous Fenton catalyst during
the reaction process. To rule out the possibility that the
observed catalytic activity was caused by the leached Fe*, the
catalysts were removed by a magnetic field after degradation of
MB to obtain a leaching solution. The concentration of leached
iron ions detected by ICP was 0.5 mg L™". An experiment in
the homogeneous Fenton process was carried out using the
same concentration of ferric ions that were leached from the
catalyst. Under identical operating conditions, the decoloriza-
tion efficiency of the homogeneous Fenton process after 40
min was significantly less than the 98% removal observed in the
heterogeneous system. Therefore, the catalytic activity was
primarily attributed to the MPCMS-500 catalyst and not the
dissolved iron ions. When only NH,OH and H,0, were added
into the MB solution, only a little MB was removed because of
the free radicals formed by H,O, in the presence of reduced
reagent NH,OH.>® The generation of *OH was mainly due to
heterogeneous catalysis by MPCMS-500. These results all
suggested that the porous carbon support played a positive role
during MB removal, protected Fe;O, nanoparticles from
oxidation, and contributed to a synergistic effect in MB
degradation due to its adsorption property.

The formation of *OH during decomposition of H,0, was
detected by a photoluminescence (PL) technique using
terephthalic acid (TA) as a probe molecule.’® Typically, 20
mg of a certain kind of as-synthesized catalyst was dispersed in
a 20 mL aqueous solution consisting of S X 107 mol L™' TA
and 2 X 107* mol L™ NaOH. Subsequently, certain amounts of
the H,0, and NH,OH solution were added. The reactions
were performed under continuous stirring at 30 °C. Samples (5
mL) were removed at S min intervals using a magnet and used
for fluorescence spectral measurements. PL spectra of
generated 2-hydroxyterephthalic acid were acquired at 446
nm, following excitation at 325 nm. As seen in Figure S$ in the
SI, the amount of *OH produced on the MPCMS-500
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Figure 11. (a) UV—vis spectral changes of the 40 mg L™' MB solution in the degradation process as a function of the reaction time in the presence
of 2 g L' MPCMS-500, 4 mmol L™' NH,OH, and 16 mmol L™ H,0, at T = 303 K and pH 5.0. (b) First-order linear relationship.
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Figure 12. Effect of the (a) pH, (b) dosage of the catalyst, (c) H,O, concentration, and (d) NH,OH concentration on the removal of MB. Reaction
conditions: (a) MB, 40 mg L™'; H,0,, 4 mmol L™!; NH,0H, 4 mmol L™'; MPCMS-500, 2 ¢ L™'; T = 303 K; (b) MB, 40 mg L™; H,0,, 16 mmol
L™'; NH,OH, 4 mmol L™'; pH 5.0; T = 303 K; (c) MB, 40 mg L™'; NH,OH, 4 mmol L™'; MPCMS-500, 2 g L™"; pH 5.0; T = 303 K; (d) MB, 40
mg L™; H,0,, 16 mmol L™'; MPCMS-500, 2 ¢ L™'; pH 5.0; T = 303 K.

composite was greater than that of bare Fe;O, at 5 min. These
results were consistent with the higher degree of MB
degradation for MPCMS-500 than for bare Fe;0, and indicated
that *OH had a positive relationship with the catalytic activity
for the degradation of MB in this study.

UV—vis spectra recorded during MB degradation (Figure
11a) exhibited bands at 465 and 292 nm that decreased rapidly
and disappeared after 40 min of reaction, without the
appearance of new adsorption bands in the visible or ultraviolet
regions. This indicated that the benzene ring and hetero-
polyaromatic linkages of MB were likely destroyed and MB was
almost completely degraded. Electrospray ionization mass
spectrometry (ESI-MS) was used to monitor the degradation
of MB in the heterogeneous Fenton process. The ESI-MS
spectrum obtained for the MB solution shows only a strong
signal at m/z 284, which is related to the MB ion (Figure S6a in
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the SI). After S min of reaction with MPCMS-500 and H,0,, a
new signal appears at m/z 300, as shown in Figure S6b in the
SI. Figure S6¢ in the SI shows the ESI-MS spectrum for the
reaction after 1 h. At this time, other m/z signals appear that are
likely related to intermediates of the MB oxidation, also
suggesting that the structural ring is somehow broken apart.
The accompanying digital photographs of the MB solution
revealed that the solution color gradually faded, consistent with
the UV—vis spectra. In some cases, new peaks may appear in
the UV—vis spectra, which indicate that MB is not totally
degraded,® " but no new peaks were observed in this current
study. To better understand the reaction kinetics of MB
degradation, the experimental data were fitted by a first-order
model as expressed by eq 1, where C; and C are the initial and
apparent concentrations of MB, respectively, and k is the
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kinetic rate constant, which can be calculated from the slope of
the straight line.

In(C,/C) = kt (1)

A first-order linear relationship was obtained, as seen in the
plots of In(C,/C) versus reaction time (Figure 11b). The rate
constant was calculated to be 0.1058 min~!, which is much
higher than the literature reported value of 0.1042 min™" using
Fe;0,@MIL-100(Fe) as the heterogeneous catalyst under
ultraviolet-light irradiation,*® and 2.35 X 107> min™" reported
using titanomagnetite as the catalyst at an H,O, concentration
of 300 mmol L'

3.3. Degradation under Different Conditions. 3.3.1. Ef-
fect of the Initial pH. The removal of MB by carbon spheres in
the presence of H,0, and NH,OH was investigated at pH
values of 3.12, 9.61, and 6.18 (Figure 12a). It was observed that
the degradation of MB was nearly 100% within 25 min at pH
3.12. The initial rate at pH 6.18 was relatively slow but later
followed a faster degradation rate, and the removal efficiency
then exceeded 90% within 40 min. At pH 9.61, the rate of
reaction was slow and the conversion of MB was 38.7% over a
period of 40 min. It is known that pH ~3.0 is optimal for
organic pollutant degradation by H,0O,/iron in homogenous
systems.*' The optimum pH value for the decolorization of MB
in this system was approximately 3, which can be seen in Figure
12a. This was in agreement with the classical Fenton reaction.
However, unlike the conventional Fenton process, the removal
efficiency achieved was 92.5% after 40 min of reaction, even
when the initial pH was as high as 6.0. The degradation of MB
is less efficient at higher pH because of the instability of H,O,
in an alkaline solution, and the production of *OH on the
surface of MPCMS-500 was gradually restricted with increasin§
pH, which also resulted in a slower degradation rate of MB.
The process of H,0, activation by MPCMS is believed to
involve the following steps. First, a complex is formed by ligand
displacement between the hydrous surface of =Fe'-H,0 and
H,0,, designated as =Fe"-H,0, (eq 2), where =Fe"H,0
represents the a-Fe sites on the hydrous catalyst surface.*~**
Then, the initially generated =Fe"-H,0, species produces
*OH by intramolecular electron transfer, leading to degradation
and mineralization of MB (egs 3 and 4).*

=Fe'H,0 + H,0, » =Fe'"H,0, )
=Fe'"H,0, —» =Fe"" + "OH + OH"~ (3)
*OH + MB — CO, + H,0 4)

3.3.2. Effect of the Catalyst Dosage. The influence of the
catalyst loading on the heterogeneous Fenton degradation of
MB by MPCMS-500 was investigated using the catalyst at 1.0,
2.0, and 3.0 g L' (Figure 12b). The degradation efficiency
increased from 85% to 98% as the catalyst concentration
increased over the tested range. The increased efficiency,
mainly due to increased catalyst loading, introduced more
active sites, which allowed for greater production of free-radical
species that promote the degradation reaction. A catalyst
loading of 2 g L™" led to MB being almost completely degraded
within 20 min.

3.3.3. Effect of the H,0, Concentration. Figure 12c
illustrates the influence of the H,0, concentration on the
removal of MB dye using carbon spheres. The removal
efficiency increased with increasing H,0O, concentration,
reaching 97% even at a relatively low H,0O, concentration of
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4 mmol L™". At lower concentrations, H,0, could not generate
a sufficient number of °*OH radicals, which slowed the
oxidation rate and reduced the removal efficiency. Higher
concentrations of H,0, led to faster reactions as more radicals
were formed. However, the advantages of higher concentrations
are not unlimited, and there are two significant disadvantages of
using high concentrations of H,0,. First, because of its
overabundance relative to the pollutant, most of H,O, would
not have any substrate to act upon and would therefore be
wasted. Second, higher H,0, concentrations can lead to the
scavenging of *OH radicals*® (eqs 5 and 6). Therefore,
increasing the concentration of H,O, beyond its optimal level
would actually reduce the efficiency of the process.

H,0, + *OH - H,0 + *OOH (s)

(6)

3.3.4. Effect of the NH,OH Concentration. NH,OH is a
common reducing agent that is used to eliminate problems
associated with a traditional homogenous Fenton system, such
as the accumulation of Fe'! and the narrow pH range limits.*’
Research indicates that the presence of NH,OH can accelerate
the redox cycles of Fe™ to Fe'l It can also alleviate Fe'
accumulation, enhance the reaction rates, and expand the
effective pH range. In view of the excellent effects of NH,OH
in a homogenous Fenton system, we added it into the
heterogeneous Fenton system to evaluate its synergistic effect
in the degradation of MB in the presence of MPCMS-500 and
H,0,. Data from the degradation of MB over a 2.0 g L™
catalyst at pH 5.0 with different NH,OH concentrations are
summarized in Figure 12d. It was observed that the degradation
percentage of MB increased from 36.8% to 98.5% when the
NH,OH concentration increased from 0 to 6 mmol L™, The
degradation efficiency increased with increasing NH,OH
concentration. Even at low concentrations, the removal
efficiency was above 90%. However, in a system with no
NH,OH, the degradation efficiency was low, and complete MB
removal would likely require more time or higher H,O,
concentrations. According to the discussion above, the
influence of NH,OH on the degradation efficiency of MB on
the surface of MPCMS was mainly attributed to the accelerated
cycles of Fe** and Fe®'. These results indicated that NH,OH
also produced a positive effect in the heterogeneous Fenton
system.

3.4. Stability and Reuse of the Catalyst. To evaluate the
stability of the catalysts, recycling reactions were carried out for
the degradation of MB over MPCMS-500 in the presence of
H,0, and NH,OH. In each test, the catalyst was separated
from the solution using an external magnetic field, washed with
ethanol, and vacuum-dried at 55 °C. As seen in Figure 13, the
catalyst retained its original activity after 10 repeated reuses.
Both of the MB and TOC concentrations were detected to
evaluate the catalytic activity in the repeated process. The initial
TOC concentration of a 40 mg L™' MB solution was 20.36 mg
L™". The results indicate that the efficiency of TOC removal
was lower than the MB removal efficiency with each repetition,
with a maximum for TOC removal at 68%, while that of MB
removal was nearly 100%. These results indicated that MB was
not totally mineralized, although the degraded products did not
exhibit UV—vis spectral absorbances, as illustrated in Figure
11a. The eventual decrease of the catalytic activity may have
been caused by the incomplete removal of byproducts during
washing.® This may also have been due to small amounts of

*00H + *OH — H,0 + O,
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iron leaching from the surface of the catalyst during the
degradation reactions.*’~* The results also indicate that the
stability of MPCMS-500 is very well compared with other
heterogeneous Fenton catalysts;**® there is almost no activity
decrease of the catalyst after 10 repeated uses.

XPS was used to investigate the structure of the catalyst
before and after the Fenton reaction. The details of the Fe 2p
peaks (Fe 2p;/, and Fe 2p;;,) of the MPCMS-500 samples
before and after use during MB degradation are presented in
Figure 14. The results indicate the presence of two oxidation
states for the surface iron species. The Fe 2p;,, peak of the
catalyst can be deconvoluted into two components defined by
peak positions at 710.0 and 711.6 eV, which correspond to the
Fe?* and Fe*' ions, respectively.”’ The major component is
found to be Fe¥', which contributes 67.5% of the total iron
surface atoms, while 32.5% of the total iron surface atoms are in
the Fe’" state. This result corresponds with the Fe;O, crystal
structure. The result also indicates the presence of a small
amount of Fe,O; in MPCMS-500, which is consistent with the
XRD and MS characterization. For the sample after MB
degradation, Fe>" was found to be 71.3%. This indicated that
part of Fe?* in the outermost layer of the catalyst was oxidized
into Fe** during the Fenton reaction. All of these results further
indicated that the catalyst exhibited excellent durability because
of the protective effects of the porous carbon support and the
presence of NH,OH.

4. CONCLUSIONS

Magnetic porous carbon spheres were fabricated by annealing,
at 250 °C, the porous PS microspheres that had been
sulfonated and loaded with Fe* by ion exchange. Subsequent
annealing at 500 °C under an inert atmosphere produced
particles that were used to catalyze the decolorization of the
MB solution in a heterogeneous Fenton process in the presence
of H,0, and NH,OH. The spheres were able to effectively
catalyze the decomposition of H,O, into radicals. The initial
pH, catalyst dosage, and H,0, and NH,OH concentrations
each greatly influenced the efficiency of MB degradation. The
catalyst was shown to be stable and reusable, indicating that it
could overcome the drawbacks of homogeneous catalysts. This
study may aid in the further development of effective
heterogeneous Fenton catalysts for the degradation of organic
pollutants.
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