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Abstract: Heterogeneous photo-Fenton reactions have been regarded as important technologies for
the treatment of textile dyeing wastewaters. In this work, an efficient core-shell magnetic anion
exchange resin (MAER) was prepared through in situ polymerization and used to remove reactive
brilliant red (X-3B) in a UV-Fenton system. The MAER exhibited satisfactory removal efficiency for
X-3B because of its highly effective catalytic activity. More than 99% of the X-3B (50 mg/L) was
removed within 20 min in the UV-Fenton reaction. This is because the uniformly dispersed core-
shell magnetic microsphere resin could suppress the aggregation of FesOs nanoparticles and, thus,
enhance the exposure of Fe reaction sites for catalytic reaction with H202. The good adsorption
capacity of MAER also played an important role in promoting contact between X-3B and reactive
radicals during the reaction. Mechanism research showed that hydroxyl radical ("“OH) was the main
reactive radicals for the removal of X-3B in the MAER UV-Fenton system. The MAER can be easily
separated by a magnet after catalytic reactions. Moreover, the matrix effects of different substrates
(CI, NOs, SO, and humic acid) were investigated. The results showed that SOs* could be
beneficial to improve the removal of X-3B but that the others decrease the removal. The MAER UV-
Fenton also removed significant amounts of total organic carbon (TOC) for the X-3B solution and
an actual textile dyeing industrial wastewater. The heterogeneous oxidation system established in
this work may suggest prospects for practical applications in the treatment of textile dyeing
wastewater.

Keywords: magnetic anion exchange resin (MAER); UV-Fenton; reactive brilliant red; textile
dyeing wastewater

1. Introduction

As a representative of industrial organic wastewater, textile dyeing wastewater
contains large numbers of refractory contaminants with high chroma and special smells,
which are difficult to degrade using conventional chemical and activated sludge methods
[1-3]. Advanced oxidation processes (AOPs) based on reactive oxidizing radicals are
widely used in the treatment of organic wastewater due to the high degradation
efficiencies of organic pollutants and their environmentally friendly nature [4,5]. The
performance of AOPs for the degradation of refractory organic pollutants has been
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evaluated by Fenton and Fenton-like processes [6], ozonation [7], photocatalysis [8],
photo-Fenton [9], and electrochemical oxidation [10].

Fenton technology has been widely studied in organic wastewater treatment. In a
Fenton process, hydrogen peroxide (H20:) is catalyzed by Fe?* to generate various reactive
oxidizing species in situ (e.g., hydroxyl radical (*OH) and superoxide anion radical (*OxY)).
The reactive radicals with a high redox potential can easily degrade various refractory
organic pollutants [11]. However, the valid pH range of the Fenton process is extremely
narrow (pH = 2.5-3.5) and the organic pollutants cannot be fully mineralized. Many
degradation products form complexes with Fe%, which inhibits the formation of *OH and
decreases the efficiency of the Fenton reaction [12-14]. By using photo-Fenton
technologies, better removal efficiency can be obtained. UV irradiation and Fe? have a
synergistic effect on the catalytic decomposition of H202. The production rate of *OH is
much greater than the simple addition of Fe* or UV photolysis alone. Moreover, the
intermediate products generated in this process are photoactive matters [15], which could
continue to be degraded under UV irradiation.

Homogeneous Fenton reactions also have other issues, such as the requirement for
acid conditions and the formation of iron-containing sludge [16]. These limitations could
be overcome by using heterogeneous solid catalyst-embedded inorganic magnetic
materials. In recent years, magnetite (FesOs) has attracted extensive attention as a
heterogeneous Fenton/photo-Fenton catalyst to degrade organic pollutants due to its low
cost, easy separation, nontoxicity, and good stability. It has been reported that different
types of FesOs-based catalysts, such as FesOs/reduced graphene oxide (FesOs/RGO)
nanosheets [17], inverse-spinel ferroferric oxide nanoparticles decorated multiwalled
carbon nanotubes (FesOs/MWCNTSs) [18], and FesO:@GO@MIL-100(Fe) core-shells [19],
are used in Fenton systems to improve the oxidation-activating ability and to accelerate
target pollutant degradation. In such catalytic processes, Fe(Ill) can be reversibly
transformed to Fe(1l) in the octahedron of FesOs. However, magnetic FesOs nanoparticles
suffer from aggregation and stack in water, leading to decease of their specific surface area
and catalytic activity. Therefore, FesOs-based catalysts combined with high adsorption
capacity materials are a research focus that could enhance the generation of reactive
radicals and the degradation of target pollutants.

Herein, an efficient catalyst using core-shell magnetic anion exchange resin (MAER)
is synthesized by in situ polymerization. The core-shell structure of resin-coated
magnetite could effectively alleviate the occurrence of agglomeration, thereby improving
its catalytic performance. As a typical organic azo dye, reactive brilliant red (X-3B) dye
was used as the target pollutant in this work (Table S1, Supplementary Material). The
magnetic resin catalyst showed enhanced photo-Fenton removal efficiency for the X-3B.
The objectives of this work were (1) to evaluate the catalytic reactivity of MAER, (2) to
investigate the reactive species and removal mechanism of X-3B, and (3) to explore the
practical application of MEAR in the treatment of actual textile dyeing wastewater.

2. Materials and Methods
2.1. Chemicals and Materials

Polyvinyl alcohol (PVA) and polyvinyl pyrrolidone (PVP) were purchased from
Sigma-Aldrich. Divinylbenzene, 4-chlorostyrene, dibenzoyl peroxide, 3-(trimethoxysilyl)
propyl methacrylate (y-MPS), tetraethyl orthosilicate (TEOS), fert-butanol, chloroform,
trimethylamine solution, and heptane were purchased from Aladdin. Reactive brilliant
red (X-3B) was purchased from Nanjing Dulai Biotechnology Co., Ltd. All other
chemicals used in this study were analytical grade and purchased from Guangzhou
Chemical Co. Ltd. Ultrapure water (=18 M() cm) was used to prepare the experimental
solutions. The actual textile dyeing wastewater was collected from a textile dyeing
industrial factory in Guangxi Province (Figure S1) filtered through 0.45-um
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polyethersulfone (PES) membranes and then stored at 4 °C until use. The properties of
textile dyeing wastewater are shown in Table S2.

2.2. Preparation of FesOs Nanoparticles

The FesOs nanoparticles were prepared by a chemical co-precipitation method: 12.4
g of FeCl3*6H20 and 6.2 g of FeCl2*4H>0O were dissolved in 200 mL of deionized water and
stirred at 60 °C under a nitrogen atmosphere. NH4OH was then added dropwise until the
pH value was adjusted to 10.0. Crystallization occurred and was maintained for 1 h. The
magnetic particles were collected by centrifugation, washed with deionized water until
neutral, and vacuum dried at 60 °C for 24 h.

2.3. Preparation of MAER

The magnetic anion exchange resin (MAER) was prepared by a modified
polymerization [20]. First, y-MPS-modified FesOs was prepared: 1.0 g of FesO4, 5.0 mL of
NH:4OH, and 1.0 mL of TEOS were dispersed by ultrasonic treatment in 100 mL of ethanol,
stirring at room temperature for 1 h; 2.0 mL y-MPS was added and heated to 40 °C for 2
h to continue the reaction under a nitrogen atmosphere. The y-MPS-modified FesOs
nanoparticles were washed with ethanol several times and dried. Second, the MAER was
prepared through suspension polymerization: 5.0 mL of 4-chlorostyrene, 1.0 mL of
divinylbenzene, 2.0 mL of heptanes, and 0.1 g of dibenzoyl peroxide were mixed, and
then, 1.0 g of y-MPS-modified FesOs nanoparticles were ultrasonically dispersed into the
above solution to obtain organic phase A. Fifty milliliters of deionized water, 0.4 g of
PVA/0.4 g of PVP, and 2.0 g of NaCl were mixed and heated until dissolved to form
aqueous phase B. Organic phase A and aqueous phase B were transferred to the reactor,
heated to 80 °C for 3 h with stirring while the reactor filled with nitrogen atmosphere, and
then heated to 90 °C for 3 h for further reaction to obtain a magnetic resin. After that, 10.0
mL of trimethylamine was added for aminolysis at 70 °C for 1 h. The resultant brown
microspheres were obtained, washed with deionized water and ethanol several times, and
vacuum dried at 60 °C for 24 h. A schematic illustration of the preparation of MAER is
shown in Figure 1.

Similarly, without adding magnetic nanoparticles, anion exchange resin (AER) was
synthesized by the above method.

Q . T
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Figure 1. Schematic illustration of the preparation of magnetic anion exchange resin (MAER).

2.4. Removal Experiments

Unless otherwise specified, all batch experiments were conducted in 50 mL
centrifuge tubes at room temperature. An X-3B stock solution with a concentration of 200
mg/L was prepared in advance. For adsorption experiments, 20 mL of the diluted X-3B
(50 mg/L) was transferred to the tube and 5.0 mg of material was added, stirring in a
rotating shaker with a speed of 180 rpm. At the predetermined adsorption time, 2 mL of
aliquots was extracted, filtered through 0.22 um PES membranes (the recovery was about
99.4%), and used for measurement of the residual concentration. For removal
experiments, a 300 W UV lamp was used as the light source with no filtering and the light
signal was recorded using an AvaSpec-ULS4096CL-EVO (Avantes, Apeldoorn,
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Netherlands) spectrophotometer equipped with an integrated sphere in the range of 200
800 nm [21], as shown in Figure S2. The light intensity was measured as 46.4 W/m?. Then,
5.0 mg of material and a certain amount of H2O:> were added into the 20 mL reaction
solutions of X-3B (50 mg/L) with magnetic stirring. Two milliliters of the aliquots were
extracted at the predetermined time, filtered through 0.22 um PES membranes, and
quenched immediately with methanol (50 uL). To investigate the potential matrix effects
on the UV-Fenton process, different types of coexisting constituents were added,
including Cl-, NOs, SO4?-, and humic acid (HA). To evaluate the potential contribution of
reactive radicals, tert-butanol and chloroform were employed as a quenching agent for
*OH and *Ox, respectively. For the actual textile dyeing wastewater, 2 mL of aliquots was
extracted at predetermined time intervals, filtered using 0.22 um PES membranes, and
used for the measurement of total organic carbon (TOC). Except for investigating the effect
of pH values, the pH of the reaction solution was not adjusted. All the batch experiments
were repeated at least in duplicate.

2.5. Material Characterizations and Chemical Analysis

The prepared materials were characterized as follows. Powder X-ray diffraction
(XRD, D8-ADVANCE, Bruker, Shanghai, China) was used to characterize the crystalline
structures. Fourier transform infrared spectroscopy (FT-IR, Nicolet 6700, ThermoFisher,
Guangzhou, China) was used to study the functional groups on the material surfaces. X-
ray photoelectron spectroscopy (XPS, ESCALab250, ThermoFisher, Guangzhou, China)
was used to research the surface chemical compositions. The magnetic hysteresis loop was
investigated using a vibrating sample magnetometer (VSM, MPMS3, Quantum, San Diego,
USA). Thermo gravimetric analysis (TGA, STA409PC, NETZSCH, Selb, Germany) was
used to measure the content of iron under air in the temperature range of 30-800 °C. The
microstructures and the distribution of FesOs into polymer were observed using a
scanning electron microscope (SEM, Ultra-55, ZEISS, Oberkochen, Germany). A surface
area analyzer (Micromeritics ASAP-2020, Shanghai, China) was used to measure the
Brunauer—-Emmett-Teller (BET)-specific surface area and pore size distribution under N2
adsorption/desorption.

The concentration of X-3B was measured by 756-type optic spectrophotometric
method at its maximum adsorption wave of 539 nm. The TOC was measured by a
Shimadzu TOC-L analyzer. Electron spin resonance (ESR, JES FA-200, JEOL, Kyoto,
Japan) was performed to detect the existence of reactive radicals using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) as the spin trapping reagent.

3. Results and Discussion
3.1. Characterization of the Prepared Materials

The crystalline structures of FesOs, AER, and MAER were characterized by XRD, as
shown in Figure 2a. Obvious sharp peaks of FesOs sample at 20 = 18.26° (111), 30.08° (220),
35.42° (311), 37.05° (222), 43.05° (400), 53.39° (422), 56.94° (511), and 62.51° (440) were
assigned to the standard face center cubic phase of FesOs (JCPDS no. 16-0629) [22]. These
diffraction peaks were also observed in the MAER sample, demonstrating that FesO
nanoparticles existed within the MAER. Meanwhile, a broad peak ranging from 18-23° in
the MAER appeared, which can be also tracked in the AER sample. This result means that
the resin was formed in an amorphous state. The FT-IR spectra of FesOs, AER, and MAER
are shown in Figure 2b. The bending vibration of the Fe-O bond (about 600 cm™) can be
observed in the FesOs sample [23]. The characteristic peaks of AER and MAER were quite
similar. A staggered adsorption peak was observed at 900-700 cm™ and a distinct peak at
1500 cm™. However, the MAER sample had a slight red-shift near the low frequency
region at 1200-1300 cm™". This may be due to the combination of certain functional groups
on the resin surface with Fe atom [24]. The XPS analysis was further performed to
understand the compositions of Fe(I) and Fe(IlI) in the MAER catalyst, as shown in Figure
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S3. Through the Fe 2p spectra result, the content of Fe(Ill) in MAER was calculated as
81.9% and that for Fe(Il) was 18.1% [25]. The magnetic properties of FesOsand MAER were
evaluated by the hysteresis loops curve recorded at room temperature (Figure 2c). All
these samples possessed typical paramagnetic behavior [26]. Although the saturation
magnetization (Ms) of MAER (17.6 emu/g) was lower than that of FesOs (69.6 emu/g), it
was sufficient for separation from the aqueous solution by an external magnet (Figure 2c
inset). The thermal stabilities of AER and MAER were measured to confirm the content of
iron by TGA (Figure 2d). Slight weight loss (below 5 wt%) was observed under 200 °C,
which was mainly ascribed to the evaporation of surface-adsorbed water. The two resins
lost weight rapidly when the temperature was in the range of 200450 °C, and the rate
slowed down when the temperature was higher than 450 °C, mainly due to the thermal
decomposition of the non-crosslinked and crosslinked areas of resin [27]. At about 600 °C,
the two resins no longer lost weight. The content of FesOs in the MAER was estimated to
be around 14.8% by comparing the residual mass percentages of these two resins.
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Figure 2. a) XRD patterns, b) FT-IR spectra, c) the magnetic hysteresis loops (the inset shows the
separation process), and d) thermo gravimetric analysis (TGA) curves of the prepared materials.

The surface morphology and microstructure of MAER were investigated. As can be
seen in Figure 3a, the MAER displayed spherical morphology with diameters in the range
of 40 um to 50 pm. Some pores and holes can be observed distributing on the MAER
microspheres according to the high-magnification image (Figure 3d). This is because the
magnetic nanoparticles and polymer precursors combine through small pieces during the
reaction, then extend outward, and assemble into new microspheres. It can effectively
alleviate the occurrence of agglomeration and introduce some active functional groups by
coating the FesOs outer layer with resinpolymer, compared with the SEM result of FesOs
(Figure S4). The BET surface area of MAER was estimated to be 18.7 m?/g, and the pore
size was mainly distributed in the range of 2-5 nm (Figure S5 and Table S3). By using EDS
element line-scanning (Figure 3b), a Fe signal was detected within the microsphere (Figure
3c), suggesting that the magnetic microspheres were coated with resins to form core-shell
structures [20].
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Figure 3. a) SEM image of MAER, b) EDS element line-scanning of MAER, c) the Fe element signal
of image b) along a line to b, and d) SEM image of MAER in high magnification.

3.2. Adsorption of X-3B

The adsorption behavior of X-3B on these three synthesized materials (FesOs, AER,
and MAER) was evaluated in the absence of H20z and a UV lamp at pH = 7.0 (Figure S6).
The adsorption capacity showed a rapid increase in the first 6 h and then increased slowly
before reaching equilibrium. The adsorption capacities of FesOs, AER, and MAER were
96.0 mg/g, 28.8 mg/g, and 185.6 mg/g, respectively, after adsorption for 24 h. About 92%
of X-3B (50 mg/L) was removed by the MAER. The adsorption performance of the resin
after magnetization showed an obvious improvement. The charge property of the
adsorbents is an important factor for adsorption. Therefore, the zeta potential of the
synthesized materials was measured (Figure S7). Compared with the electronegative
property of FesOs, the MAER after polymerization became electropositive at a wide pH
range from 3.0 to 11.0. The pseudo-first-order model (Equation (1)) and pseudo-second-
order model (Equation (2)) were used to investigate the adsorption kinetics:

Q:= Qe x (1-e7K1t) 1)
L 2
% Q% kQ2 @

where Q. (mg/g) is the adsorption capacity at the equilibrium state, t (h) is the
predetermined time, ki (h™) is the pseudo-first-order adsorption rate constant, and kz
(g/(mg h)) is the pseudo-second-order adsorption rate constant.

The obtained relevant adsorption parameters are shown in Table 1. All these
materials tended to fit better using the pseudo-second-order model than that of the
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pseudo-first-order model. The adsorption process may have both physical adsorption and
chemical adsorption [28,29]. It could be concluded that the MAER had better adsorption
capacity for the removal of X-3B from water.

Table 1. Kinetic parameters of adsorption process.

Pseudo-first-order Pseudo-second-order
Samples k1 Qe R? k2 Qe R?
(h) (mg/g) (g/mg/h) (mg/g)
Fe,O, 0.13 96.7 0.936 1.10x103 121.5 0.953
AER 1.06 25.0 0.772 4.92x102 27.3 0.788
MAER 0.53 182.6 0.983 3.11x10° 208.7 0.989

ki: the pseudo-first-order adsorption rate constant; k: the pseudo-second-order adsorption rate
constant; Q.: the adsorption capacity at the equilibrium state.

3.3. Removal of X-3B in a UV—-Fenton System

The removal of X-3B in different reaction systems was investigated (Figure 4a). When
bare UV was used in the absence of the Fenton reagent, X-3B could not be removed over
the 30 min irradiation time-scales. Through calculation, only 0.54% of X-3B was removed
in 30 min MAER adsorption alone (Figure S6). In the presence of H20: alone, only 22% of
the X-3B was removed. For the FesOs/H202 UV-Fenton system, 61% of the X-3B could be
removed within 30 min. When MAER instead of FesOs was used as the catalyst, more than
99% of X-3B was removed within 20 min. This observation suggests that the MAER had
great catalytic reactivity for the UV-Fenton reactions.

The effects of H202 dose, X-3B initial concentration, and initial pH value on the X-3B
removal efficiency were investigated in a MAER UV-Fenton system. In general, high
levels of H20: are beneficial for the generation of reactive radicals via chain reaction.
However, an obvious inhibitory effect was observed when the concentration of HO: was
increased from 250 mM to 1000 mM (Figure 4b). This effect was probably due to the
scavenging effect of H20O: toward reactive radicals [30]. The initial concentration of X-3B
also had an effect on the removal efficiency (Figure 4c). The rates of removal decreased
when increasing the initial concentration of X-3B from 20 mg/L to 100 mg/L. This result is
consistent with the existing adsorption-catalysis equilibrium at the solid-liquid interface
[31]. The pH value is an important parameter in wastewater treatment, and thus, the
reactivity of MAER under different pH values was explored (Figure 4d). Higher removal
efficiencies were observed at pH values of 3.0 and 5.0 than at 7.0 and 9.0, suggesting that
an acidic environment is beneficial for the UV-Fenton system [32,33].
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Figure 4. a) Removal of X-3B by different reaction systems, effects of b) H202 dosage, c) initial
concentration of X-3B, and d) initial pH value on removal efficiency of X-3B in a MAER UV-
Fenton system. Reaction conditions (unless otherwise specified): Co,x-38 = 50 mg/L, [Material] = 0.25
g/L, [H202] =150 mM, T = 25 °C, and pH with no adjustment.

The generation of reactive radicals in the UV-Fenton system was investigated by ESR
experiments. As shown in Figure 5a, four peaks with an intensity ratio of 1:2:2:1 were
recorded in the MAER UV-Fenton system after a reaction for 10 min, which suggests the
generation of *OH [34]. Typical peaks of the spin adduct DMPO/*Ox at the intensity ratio
of 1:1:1:1 was also detected (Figure 5b). Thus, *O2 was also generated in the catalytic
system in addition to *OH. Meanwhile, similar signals were observed with FesOs, but their
intensity was much weaker, which suggests that MAER was more efficient than FesOs for
the generation of reactive radicals [35,36].
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Figure 5. Electron spin resonance (ESR) spectra of different catalytic systems using 5,5-dimethyl-1-
pyrroline N-oxide (DMPO) spin-trapping: a) *OH and b) *O:z-. Reaction conditions: Co, x38 = 50

mg/L, [Material] = 0.25 g/L, [H202] = 150 mM, [DMPO] =100 mM, T =25 °C, and pH with no

adjustment.

UV-Vis spectroscopy was used to analysis the removal of X-3B (Figure 6a). The
absorption peak of X-3B near 539 nm gradually disappeared with the increase in reaction
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time, proving that the chromogenic group of the N=N bond in X-3B was decomposed [37].
Meanwhile, the solution of X-3B was obviously faded after the catalytic reaction.

To explore the contribution of radicals to the removal of X-3B, classical scavenging
experiments were also conducted. Tert-butanol and chloroform are usually used as the
quenching agents of *OH (k= 7.6x10% M s71) and *O2 (k = 3.0x10' M1 s71), respectively
[14,38-40]. As shown in Figure 6b, the removal of X-3B was inhibited by the presence of
either tert-butanol or chloroform, revealing the contribution of generated *OH and Oz to
the oxidative removal of X-3B in the MAER UV-Fenton system. After a reaction of 30 min,
the removal efficiencies of X-3B were decreased to 55% and 46% by adding 261 mM and
522 mM of tert-butanol, respectively. Chloroform had a relatively weaker quenching
effect; X-3B still had 79% and 71% removal efficiencies in the presence of 261 mM and 522
mM chloroform, respectively. Thus, the *OH radical should be the main reactive species
during the MAER UV-Fenton system and the *O2 radicals play a vital role in accelerating
the generation of *OH radicals.

a) — — Initial X-3B b) 1.0 4 *"\ —&— none
1o 1 min \3 # 261 mM tert-butanol
0.54 1 -2 5 mi-, \ \ 4522 mM tert-butanol
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8 0. 30 min \ 4 —
> : - —
S - Q081 1\ RN ——
S 03- Q \ 3 s b
2 3 \ . 3
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— = \\,,
- 0.0 I
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Figure 6. a) UV-Vis spectroscopy and color change (inset) in X-3B for different reaction periods; b)
quenching effects of tert-butanol and chloroform on the removal of X-3B in the MAER UV-Fenton
system. Reaction conditions: Co, x-38 = 50 mg/L, [Material] = 0.25 g/L, [H202] = 150 mM, T =25 °C,
and pH with no adjustment.

MAER could work as the heterogeneous UV-Fenton catalyst with higher catalytic
activity for the removal of X-3B. This might be explained as follows: First, uniformly
dispersed core-shell magnetic microsphere resin could suppress the aggregation of FesO4
nanoparticles and enhance the exposure of Fe sites for arousing catalytic reaction with
H202. Second, the good adsorption capacity of MAER with mesoporous structure played
an important role in improving contact between X-3B and reactive radicals in the Fenton
reaction. When the system was excited by UV irradiation, it generated photo electrons,
was quickly captured, stabilized on the MAER surface, and then was transferred to the
FesOs magnetic core to accelerate the Fe(Ill) transform to Fe(1I'), which is beneficial for the
generation of more reactive radicals. The removal of MAER for X-3B could be ascribed to
the synergistic effect of its catalytic activity and adsorption capacity in the UV-Fenton
system.

3.4. Practical Application for Removal of Textile Dyeing Wastewater

The effects of common water components including CI-, NOs-, SO, and HA on the
removal of X-3B were investigated to evaluate the potential practical application of the
MAER UV-Fenton system. The removal of X-3B was followed by pseudo-first-order
kinetics, and the results are shown in the inset of Figure S8. The kinetics mode was used:
In (Co/C) =kt, where t (min) is the reaction time and k (min-") is the apparent rate constant
for the MAER catalyst [41]. The results showed that CI- inhibited the removal of X-3B in a
low concentration. The Cl- may form a dichloride radical anion (*Clz) in the MAER UV-
Fenton system, which was less reactive with dyes. The excess CI- also could scavenge
reactive radicals and then reduce the X-3B removal efficiency [42]. The NOs~ could react
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with *OH to produce a nitrate radical (*NOs). However, the reactivity of *“NOs was also
less than *OH, resulting in decreased removal efficiency of X-3B [43]. The addition of SO
could be beneficial to improve the removal of X-3B. Generally, SO+~ reacted with *OH
could form °SOs radicals. The redox potential of *SOs was higher than *OH, further
improving the removal efficiency of X-3B [44]. Natural organic matter was represented by
HA in this work. It showed that the presence of HA reduced the X-3B removal efficiency
with an increasing concentration of HA. This is because the electron-rich moieties of HA
molecules are easily attacked by *OH and *O: radicals, leading to competition reaction
between HA and X-3B. The SEM of the MAER before and after the UV-Fenton reaction
were tested as shown in Figure S9. Overall, the MAER-mediated UV-Fenton system
maintains stable and efficient removal efficiency for X-3B dye under the influence of
different substrates in water environment.

The TOC removal of X-3B and the actual textile dyeing wastewater in a MAER-
mediated UV-Fenton system was investigated. As seen from Figure 7, 42.3% and 56.9%
TOC of the X-3B solution was removed after 30 min and 60 min of MAER UV-Fenton
reactions, respectively. This result is consistent with Figure 4a above, indicating that X-3B
can be mineralized by the MAER-mediated UV-Fenton process. The actual textile dyeing
wastewater was also used for testing, and the removal rate of TOC reached 17.4%,
decreasing from 78.0 mg/L to 64.3 mg/L. The TOC results confirmed that the established
MAER-mediated UV-Fenton system had better processing capacity for X-3B than that for
the actual textile dyeing wastewater. Meanwhile, the color of X-3B and actual textile
dyeing wastewater also obviously faded out after the UV-Fenton reaction, as shown in
Figure 510.

70
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Figure 7. The total organic carbon (TOC) removal of X-3B and actual textile dyeing wastewater in
a MAER UV-Fenton system. Reaction conditions: Co, x38 = 50 mg/L, TOCo, actuat = 78.0 mg/L, [H202]
=150 mM, [Material] = 0.25 g/L, T =25 °C, and pH with no adjustment.

4. Conclusions

An efficient core-shell MAER catalyst was prepared through in situ polymerization
and used to remove X-3B in the heterogeneous UV-Fenton system. The MAER exhibited
satisfactory removal efficiency for X-3B and could be easily separated by a magnet after
catalytic reactions. The mechanism research showed that *OH radical was the main
reactive species for the removal of X-3B. Moreover, common water components including
Cl5, NOs,, SO+, and HA had limited influence on the removal of X-3B. The MAER-
mediated UV-Fenton system had high TOC removal capability for X-3B and actual textile
dyeing wastewater. These results suggest that the catalytic oxidation system established
in the current study is promising for practical wastewater remediation applications.



Water 2021, 13, 968 11 of 13

Supplementary Materials: The following are available online at www.mdpi.com/2073-
4441/13/7/968/s1, Figure S1: The actual textile dyeing wastewater collected from a textile dyeing
industrial factory in Guangxi Province. Figure S2: The UV light signal in the range 200-800 nm.
Figure S3: XPS spectra of Fe 2p for the MAER catalyst. Figure S4: The SEM image of FesOs. Figure
S5: a) N2 adsorption/desorption isotherm of MAER; b) The BJH (Barrett, Joyner and Halenda) pore
size distribution of MAER. Figure S6: Adsorption behavior of X-3B on three synthesized materials.
Figure S7: Zeta potentials of FesOs and MAER in different solution pH values. Figure S8: Matrix
effects of a) CI, b) NOs, ¢) SO+, and d) HA on X-3B removal in a MAER UV-Fenton system.
Reaction conditions: Co,x-38=50mg/L, [Material] = 0.25 g/L, [H20:] = 150 mM, T = 25°C, and pH with
no adjustment. Figure S9: SEM images of MAER a) before and b) after a UV-Fenton reaction. Figure
S10: a) X-3B sample and b) actual wastewater sample collected at different reaction times, X-3B
sample c) before and d) after a UV—-Fenton reaction, and an actual wastewater sample e) before and
f) after a UV-Fenton reaction. Table S1: Properties of the selected dye. Table S2: Properties of an
actual textile dyeing wastewater sample. Table S3: Surface structural properties of MAER.
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