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A B S T R A C T   

Series magnetic MgFe2O4/MIL-88A catalysts (MFxMy) were fabricated by a simple ball-milling method, which 
were applied to degrade sulfamethoxazole (SMX) antibiotic via photo-Fenton process under low power visible 
light. The influences of initial pH, H2O2 concentration, and co-existing inorganic anions on SMX degradation 
were explored. The results revealed that the optimal MgFe2O4/MIL-88A (MF140M60) demonstrated excellent 
photo-Fenton catalysis activity, in which ca. 99.8% of SMX could be degraded within 20.0 min. The outstanding 
catalytic activity of MgFe2O4/MIL-88A (MF140M60) can be ascribed to the effective transfer of charge carriers 
between MgFe2O4 and MIL-88A. As well, the optimal MgFe2O4/MIL-88A (MF140M60) catalyst possessed good 
stability and recyclability.   

1. Introduction 

The sulfamethoxazole (SMX), as emerging pharmaceutical, attracted 
increasing concerns considering their potential risk to the ecosystem and 
human beings [1–4]. Long term exposure to SMX in aquatic environ-
ment might induce the antibiotic resistant bacteria (ARBs) and even 
antibiotic resistance genes (ARGs), which exerted huge pressure to hu-
mankind [5]. In addition, the synergistic effect of sulfamethoxazole with 
other pharmaceuticals inhibited the growth of human embryonic cells 
[6]. Therefore, it is a necessity to develop treatment strategies for the 
removal of SMX. 

To date, a variety of technologies were used for SMX degradation, 
such as biodegradation [7], adsorption [8], membrane filtration [9] and 
advanced oxidation process (AOPs) [10]. Among these technologies, 
AOPs as efficient, rapid and simple technologies have been widely 
adopted to water treatment owing to its advantages over other tech-
nologies [11–13]. As one of the AOPs strategies, the heterogeneous 
photo-Fenton oxidation is an excellent technology to remove stable 
pollutants from polluted water because it can overcome the drawbacks 
of homogeneous Fenton oxidation, in which has attracted widespread 

attention [14–16]. 
In the past decades, metal–organic frameworks (MOFs) have been 

proved to be promising materials because of their ultra-high specific 
surface areas, tunable pore sizes, open crystalline frameworks [17–19]. 
MOFs can also be used as heterogeneous catalysts in photo-Fenton 
process [12,20]. Especially, Fe-based MOFs exhibit great potential as 
heterogeneous photocatalysts because of their Fe-O clusters, which can 
lead to a photo-Fenton reaction under light irradiation [21,22]. In 
addition, Fe element exhibited low toxicity and eco-friendly [23]. 
Among various Fe-based MOFs, MIL-88A has attracted increasing in-
terest in water treatment via photo-Fenton reactions due to facile syn-
thesis and high throughput production [24,25]. Fu et al. [24] prepared 
MIL-88A at room temperature, which was green and conductive to the 
large-scale synthesis. Chen et al. [26] constructed PANI/MIL-88A(Fe) by 
one-pot hydrothermal method to reduce Cr(Ⅵ) and achieved efficient 
photo-Fenton degradation of pollution. 

Combining MOFs with magnetic materials can not only improve 
degradation performance, but also facilitate recovery with the aid of 
external magnetic fields [27]. To date, several magnetic materials have 
been tested for wastewater treatment, such as magnetite (Fe3O4), 
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maghemite (γ-Fe2O3), spinel ferrite (MFe2O4), hexaferrite (MFe12O19) 
and orthoferrite (MFeO3) [28–31]. Gu et al. synthesized magnetic MIL- 
88A/BiOBr/SrFe12O19 to degrade Rhodamine B (RhB) and methylene 
blue (MB), in which the enhanced photocatalytic performance can be 
ascribed to the formation of dual Z-scheme heterojunction [32]. Among 
all magnetic materials, magnesium ferrite (MgFe2O4) as a spinel ferrite, 
has attracted considerable attentions because of moderate saturation 
magnetization, high chemical stability and contains no toxic heavy 
metal ions [33,34]. 

Within this paper, the magnetic MgFe2O4/MIL-88A composite cata-
lysts were prepared by ball-milling method to achieve the SMX degra-
dation via photo-Fenton reaction. Furthermore, investigation of the 
effects of key environmental factors and the degradation mechanism on 
SMX degradation were carried out. The results showed the as-obtained 
MgFe2O4/MIL-88A catalysts (MFxMy) exhibited excellent stability and 
reusability, which was easy to practically accomplish catalysts recovery 
in wastewater treatment. 

2. Experimental 

The chemicals, the characterization instruments and the corre-
sponding methods were described in the Supplementary Information 
(SI). 

2.1. Preparation of catalysts 

MIL-88A and MgFe2O4 were synthesized according to the previous 
literatures with slight modifications [26,35]. The information of prep-
aration details was provided in the Supplementary Information. 

MgFe2O4/MIL-88A (MFxMy) composites were fabricated by ball- 
milling treatment under 30 Hz for 20 min toward the mixture of as- 
prepared MgFe2O4 and MIL-88A with specific mass ratios (The letters 
“MF” and “M” represent MgFe2O4 and MIL-88A, respectively. The “x” 
and “y” are the mass fraction of MgFe2O4 and MIL-88A, respectively). 

2.2. Performance test 

All the SMX degradation experiments were carried out in an aqueous 
solution containing 50.0 mL of SMX (5.0 mg/L) at room temperature 
with a certain amount of catalyst. The pH values of the solution were 
adjusted by H2SO4 (0.1 mM) or NaOH (0.1 mM) solutions. After being 
stirred for 30.0 min in dark to accomplish adsorption–desorption equi-
librium, a certain amount of H2O2 was added to the solution under 
visible light (350 mW low power LED light, PCX50C, Beijing Perfectlight 
Technology Co., Ltd.) to initiate the degradation process. Additionally, 
1.0 mL of the reaction solution was collected and filtered by a 0.22 μm 
springe at 5.0 min intervals, in which 0.01 mL of isopropanol was added 
to quench the reaction immediately. The concentrations of residual SMX 

was determined by liquid chromatography (LC-20A, Shimadzu, Japan), 
which was equipped with a UV–Vis detector which was set as 270 nm 
and Eclipse Plus C18 column (250 mm × 2.1 mm，5 μm). The mobile 
phase is the matrix of acetonitrile and 0.1% phosphoric acid (45/55, v/v) 
with the flow rate of 0.80 mL min− 1. The other information was listed in 
Supplementary Information. 

3. Results and discussion 

3.1. Characterizations 

The crystalline phases of as-prepared MgFe2O4, MIL-88A, and 
MFxMy were ascertained by the powder X-rat diffraction (PXRD) as 
depicted in Fig. 1a. The typical peaks for MgFe2O4 could be observed at 
2θ of 30.1̊ (220), 35.4̊ (311), 43.0̊ (400), 53.4̊ (422), 56.9̊ (511), and 
62.5̊ (440), which complied with the standard one (PDF#97-000-9939). 
Additionally, the PXRD patterns of MIL-88A(Fe) matched perfectly with 
those reported literature [36] and the standard PXRD patterns (Fig. S1). 
As for MgFe2O4/MIL-88A composites, the main peaks accorded well 
with both pure MgFe2O4 and MIL-88A. With the increasing content of 
MgFe2O4, the characteristic peaks of MgFe2O4 strengthen, while the 
diffraction peaks of MIL-88A(Fe) weaken. It’s mainly due to the mask of 
MgFe2O4 and relatively low diffraction intensity of MIL-88A [37]. Ac-
cording to the results, the MgFe2O4/MIL-88A composites were suc-
cessfully prepared. 

The characteristic functional groups of as-prepared materials were 
proofed by fourier transform infrared (FTIR) study (Fig. 1b). For 
MgFe2O4/MIL-88A composites, the characteristic peaks at 1396.8 cm− 1 

and 1600.9 cm− 1 were ascribed to the symmetric and asymmetric vi-
bration of –COOH [38,39]. The bending vibration of C–H and the 
stretching vibration of C–C in MIL-88A were located at 980.4 cm− 1 and 
1218.7 cm− 1, respectively [39]. In addition, the absorption peaks at 442 
cm− 1 and 587.8 cm− 1 were assigned to Mg–O and Fe–O stretching in 
MgFe2O4, respectively [40]. Thus, the PXRD and FTIR confirmed the 
successful combination of MgFe2O4 and MIL-88A. 

The scanning electron microscopy (SEM) and transmission electron 
microscopy (TEM) images of the pure MgFe2O4, MIL-88A(Fe), and 
MF140M60 displayed the detailed morphological features (Fig. 2). It 
was observed that MgFe2O4 possess a typical spherical structure with 
diameters ranging from 100 nm to 200 nm (Fig. 2a and d). The as- 
prepared MIL-88A(Fe) displayed the well-crystallized fusiform 
morphology with a diameter of 200 nm and a length of 1.0–1.5 μm 
(Fig. 2b and e),which was comparable to that reported in previous 
literature [36]. The SEM and TEM images of MF140M60 in Fig. 2c and f 
revealed the edges and corners of the MIL-88A still maintained the 
original morphology, in which the MgFe2O4 particles were attached to 
the surface of MIL-88A tightly and evenly to form the heterostructures. 
The high-resolution transmission electron microscope (HRTEM) image 

Fig. 1. (a) The PXRD patterns and (b) FTIR spectra of the different as-synthesized materials.  
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Fig. 2. The SEM and TEM images of (a, d) MgFe2O4, (b, e) MIL-88A and (c, f) MF140M60 composite.  

Fig. 3. (a) The XPS survey spectra and the high-resolution XPS spectra of (b) Mg 1s, (c) C 1s, (d) Fe 2p and (e) O 1s for MgFe2O4, MIL-88A and MF140M60.  
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of MF140M60 (Fig. S2) showed that the interface between MgFe2O4 and 
MIL-88A was distinct and tight, in which the spacing of 0.21 nm could be 
ascribed to the (400) facets of MgFe2O4 (PDF#97-000-9939), indicating 
the successful combination between MgFe2O4 and MIL-88A. Further-
more, the EDS elements mappings of MF140M60 was displayed in 
Fig. S3, in which the Mg, O, Fe and C elements could be observed. These 
findings affirmed that MgFe2O4 was grown on the surface of MIL-88A, in 
which the formed contact interfaces might facilitate the transfer of the 
charges transferred [41]. 

To further verify the surface elemental compositions and detailed 
chemical states of the as-prepared catalysts, the X-ray photoelectron 
spectroscopy (XPS) analysis was conducted. The coexistence of Fe 2p, 
Mg 1s, O 1s and C 1s in MF140M60 composite (Fig. 3a) matched well 
with the EDS elements mappings results. After being composited with 
MgFe2O4 by ball-milling, it could be found that the Mg 1s peaks were 
shifted from 1302.7 eV in MgFe2O4 to 1303.2 eV in MF140M60 
(Fig. 3b). While the peaks of C 1 s at 284.7 eV, 286.1 eV and 288.5 eV in 
MIL-88A [42] were shifted to 284.4 eV, 285.7 eV and 288.1 eV in 
MF140M60, respectively (Fig. 3c). In the Fe 2p XPS spectrum of MIL- 
88A (Fig. 3d), the two peaks located at ca. 711.4 eV and 725.0 eV 
could be ascribed to the Fe 2p3/2 and Fe 2p1/2 [36]. For MgFe2O4, the Fe 
2p could be split into tetrahedral Fe3+ (717.4 eV and 725.6 eV) and 
octahedral Fe3+ (709.5 eV and 723.1 eV) [43]. In the XPS spectrum of O 
1 s (Fig. 3e), the peaks at 529.9 eV, 531.6 eV and 532.4 eV in MIL-88A 
were attributed to the carboxylate groups, lattice O2– and H–O–H 
bonds, respectively [44]. The peaks at 528.9 eV and 530.7 eV for 
MgFe2O4 were ascribed to the Fe–O and Mg–O in spinel structure, 
respectively [45]. The peaks of Fe and O for MF140M60 shifted towards 
the binding energy between MgFe2O4 and MIL-88A. The phenomenon 
implied that the electrons might be transferred from MgFe2O4 to MIL- 
88A [46]. 

To better understand the catalytic performance of photo-Fenton 
catalysts, the optical properties of catalysts were further investigated 
by the UV–Vis diffuse reflectance spectra (UV–Vis DRS). As illustrated in 
Fig. 4a, the absorption region of pure MgFe2O4 included ultraviolet and 
visible regions. The composites presented wider and stronger absorption 
intensity in the visible region than the pure MIL-88A, due to the 
contribution of black MgFe2O4. 

Furthermore, the optical bandgap energy of the as-prepared samples 
could be calculated. As illustrated in Fig. 4b, the Eg of pure MIL-88A and 
MgFe2O4 were ca. 2.75 eV and 1.72 eV, respectively, which were 
consistent with previous reports [36,47]. The reduction Eg value of 
MFxMy compared to pure materials can be attributed to the formed 
heterojunction between MgFe2O4 and MIL-88A, which could accomplish 
both the enhanced optical absorption capability and the reduced charge 
carriers recombination rate [48]. This phenomenon indicated that 
MgFe2O4 contributed greatly to the enhancement of visible light 

absorption. 

3.2. Photo-Fenton activity of MgFe2O4/MIL-88A composites 

Experimental results showed that the adsorbed SMX amounts on 
different catalysts could be neglected (<10%). In Fig. 5a, with the 
presence of H2O2, only 7.7% and 56.5% SMX were degraded in the 
presence of pure MgFe2O4 and MIL-88A, respectively. However, all the 
MFxMy composites showed quick and effective SMX degradation ac-
tivities, which can be contributed to the synergistic interaction between 
MgFe2O4 and MIL-88A. The similar synergistic effects between the two 
materials were widely reported in previous works [27,32,49]. It was 
noteworthy that the MgFe2O4 + MIL-88A referred to the physical 
mixture of MgFe2O4 and MIL-88A under the optimal proportion without 
ball-milling. The MgFe2O4 + MIL-88A exhibited weaker degradation 
efficiency of SMX than the MFxMy, further demonstrating that the for-
mation of heterojunction was formed in the MFxMy with the aid of the 
ball-milling treatment. Furthermore, when the mass proportion of the 
MgFe2O4/MIL-88A decreased from 170/30 to 140/60, a slight 
improvement in degradation performance occurred with SMX degra-
dation efficiencies from 92.7% of MF170M30 to 96.8% of MF140M60 in 
20 min. On the contrary, decline was observed for the SMX degradation 
efficiencies from 96.8% of MF140M60 to 81.2% of MF80M120 within 
20 min. The photo-Fenton SMX degradation performances could be 
quantitatively compared via the degradation rate constants obtained 
from the quasi-first-order kinetic Langmuir-Hinshelwood mode 
(Fig. 5b). Correspondingly, the apparent reaction rate (k) of the SMX 
degradation reaction for MF140M60 was found to be 0.1533 min− 1, 
which was 117.9-folds and 7.8-folds higher than those of MgFe2O4 
(0.0013 min− 1) and MIL-88A (0.0197 min− 1), respectively. Accordingly, 
the optimal MF140M60 for degrading SMX with the highest catalytic 
activity was selected to investigate the following experiments. 

The SMX removal efficiencies in different catalytic reaction systems 
were shown in Fig. 5c. The results showed that the individual existence 
of H2O2, light and catalyst cannot degrade SMX effectively. Also, the 
photo activated H2O2 process (H2O2/light), and photocatalysis process 
(MF140M60/light) exerted little effect on target degradation. The SMX 
decomposition efficiencies in MF140M60/H2O2 and MF140M60/H2O2/ 
light systems were 79.2% and 100% within 40 min, demonstrating that 
the light could accelerate the degradation efficiency of SMX. The syn-
ergistic effect of MF140M60, H2O2 and visible light was affirmed by 
reaction kinetic fitted by pseudo-first-order kinetic in different systems 
(Fig. 5d). 

Additionally, the MF140M60 exhibited apparent magnetic proper-
ties owing to the successful loading of MgFe2O4. The MF140M60 cata-
lysts could be separated from the solution under the action of applied 
magnetic field within 120 s (insert Fig. 5c). Thus, the excellent magnetic 

Fig. 4. (a) The UV–vis DRS spectra and (b) bandgap energies of MIL-88A (Fe), MgFe2O4 and MFxMy catalysts.  
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properties would make it possible to collect, recycle, and further reuse 
the MF140M60 catalyst. 

3.3. The influences of key environmental factors on SMX degradation 

3.3.1. Initial pH 
The solution pH plays a crucial role in SMX removal in MF140M60/ 

H2O2/light system as Fenton-like oxidation is dependent on acid-base 
conditions [50,51]. Fig. 6a displayed that 98.5% SMX decomposition 
efficiency could be achieved in 10.0 min at pH = 3, due to the acidic 
conditions could facilitate the formation of the •OH radicals for 
attacking the SMX [52–54] and produce more iron ions leaching to 
accelerate the reaction. At unadjusted pH (pH of 5.8), ca. 100% of SMX 

was degraded within 40 min. Though higher alkalinity would partly 
destroy the photo-Fenton system, 97.8% of SMX was degraded at pH = 9 
within 40.0 min. Based on the above analysis, the MF140M60 materials 
can be applied over a broad pH range for the catalytic degradation of 
SMX, in which the weak acidic and neutral conditions were more 
beneficial for the catalytic reaction. In our work, unadjusted pH was 
selected to the corresponding experiments. 

3.3.2. Catalyst dosage 
Noticeably, with the same dosage of H2O2, the influence of 

MF140M60 dosages on SMX degradation results was shown in Fig. 6b. 
With MF140M60 dosage ranging from 0.2 g/L to 0.4 g/L, the SMX 
removal efficiencies were increased from 88.8% to 99.8% in 20 min, 

Fig. 5. (a) The SMX degradation efficiencies of different catalysts via photo-Fenton reactions under visible light. (b) The SMX degradation rates (k values) of different 
catalysts via photo-Fenton reactions under visible light. (c) The SMX degradation efficiencies in different systems. (d) The SMX degradation rates (k values) in 
different systems. Reaction conditions: catalysts dosage = 0.3 g/L, SMX concentration = 5.0 mg L− 1, volume = 50.0 mL, H2O2 = 2.94 mM, unadjusted pH = 5.8. 

Fig. 6. Influences of (a) initial pH (b) catalyst dosage and (c) H2O2 concentration on the SMX degradation over MF140M60. Reaction conditions: catalysts dosage =
0.3 g/L for (a) and 0.4 g/L for (c), SMX concentration = 5.0 mg L− 1, volume = 50.0 mL, H2O2 = 2.94 mM (for a and b), unadjusted pH = 5.8 (for b and c). 
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confirming that the increasing catalyst dosage would provide more 
catalytic active sites for H2O2 activation to generate more hydroxyl 
radicals [54,55]. However, when the catalysts dosage further increased 
to 0.5 g/L, the SMX degradation efficiency decreased slightly, due to that 
the catalysts aggregation might reduce the available number of active 
sites and increase light scattering [56,57]. Given this, 0.4 g/L 
MF140M60 was used in the corresponding experiments. 

3.3.3. The H2O2 concentration 
Fig. 6c showed the effects of different dosages of H2O2 on SMX 

degradation results. With the increase of H2O2 concentration from 100 
μL/L (0.98 mM) to 300 μL/L (2.94 mM), the SMX removal efficiency 
increased. The higher H2O2 concentration could capture the photo- 
induced electrons to inhibit the quick electron-hole recombination and 
yield more •OH radicals [58]. With H2O2 concentration increasing to 
500 μL/L (4.90 mM), the degradation efficiency of SMX decreased 
slightly. The radicals at a higher H2O2 concentration might undergo a 
self-quenching. The degradation efficiency was not further improved 
and the degradation rate became slower, possibly resulting from the 
•OH consumption by surplus H2O2 to form less reactive species (Eq. (1)) 
[54]. Therefore, 2.94 mM H2O2 were used in the corresponding 
experiments.  

H2O2 + •OH → HOO• + H2O2 → H2O + O2                                     (1)  

3.3.4. The co-existing ions 
The co-existing ions might impact the SMX degradation during the 

photo-Fenton process, which was explored by the Box-Behnken experi-
mental design methodology [59]. The four independent variables such 
as (A) Cl-, (B) NO3

–, (c) HCO3
– and (D) SO4

2- were selected as experimental 
variables to clarify the influences on the SMX degradation efficiencies 
over MF140M60 under LED visible light (Fig. 7). The concentration of 
the four above-stated factors based on the wastewater samples from a 
wastewater treatment plant effluent: [Cl-] = 71.0 mg/L, [NO3

–] = 7.1 

mg/L, [HCO3
–] = 22.0 mg/L, [SO4

2-] = 32.0 mg/L [60,61]. As listed in 
Table. S1 and S2, 29 groups of experiments were taken out, in which the 
response (degradation efficiency %) and independent variables matched 
well with the quadratic polynomial model as listed in Eq. (2). 

Efficiency % = 53.94 − 3.23A + 1.18B − 35.26C − 2.70D + 2.18AB

− 4.85AC − 2.38AD + 12.10BC + 0.45BD − 6.96CD

+ 11.18A2 + 3.04B2 + 1.19C2 + 3.84D2 (2) 

The R2 reflected the variability of the dependent variable, which can 
be explained by its relationship with the independent process variables. 
Based on the ANOVA results of photo-Fenton efficiencies, the R2 and 
adjusted R2 were calculated as 0.9799 and 0.9598, respectively, 
demonstrating close agreement of the experimental and theoretical 
values of the response (Table. S3). As well, the influences of four vari-
ables on SMX degradation according to the F values of variables fol-
lowed the order of C (602.48) >A (5.05) > D (3.54) > B (0.67), implying 
that the HCO3

– was the most important variable, while other three ions 
exerted insignificant influence. It was deemed that the HCO3

– anions 
could act as buffer mediate [62] and as •OH scavenger [63]. Moreover, 
some magnetic materials applied in photo-Fenton wastewater treatment 
are listed (Table. S4), in which the as-prepared MF140M60 as catalyst 
displayed good performance. 

3.4. The possible degradation mechanisms 

In general, photoluminescence (PL) analysis was introduced to 
evaluate the recombination of photoinduced electrons and holes, in 
which a low PL intensity implied a slow recombination rate of charge 
carriers [64,65]. As shown in Fig. 8a, the PL emission of pure MgFe2O4 
and MIL-88A was strong, while the emission peaks of MF140M60 
decreased, implying that the formation of the MgFe2O4/MIL-88A het-
erostructure would boost the separation of the photoinduced carriers for 
the improved catalytic activity. 

The electrochemical impedance spectroscope (EIS) measurements 
could be performed to examine the interfacial charge transfer of various 

Fig. 7. Response surface graphs of different co-existing ions like Cl− , NO3
–, SO4

2− and HCO3
– on SMX degradation activities of MF140M60. Reaction conditions: 

catalysts dosage = 0.4 g/L, SMX concentration = 5.0 mg L-1, volume = 50.0 mL, H2O2 = 2.94 mM, unadjusted pH = 5.8. 
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photocatalysts. The MF140M60 displayed smaller charge transfer 
resistance [62], as its Nyquist arc radius was smaller than those of 
MgFe2O4, MIL-88A and other composites (Fig. 8b). The experimental 
result proved the ratio of MgFe2O4 and MIL-88A could change the 
charge carrier separation and catalytic activity, which agreed with the 
results of SMX degradation degree. Moreover, the synergistic effects of 
MF140M60, visible light and H2O2 resulted into decreasing resistance 
for the enhanced electron transfer (Fig. 8c). The photo current response 
of MF140M60/H2O2 increased significantly than that of MgFe2O4/H2O2 
and MIL-88A/H2O2 (Fig. S4), implying the combination of MgFe2O4 and 
MIL-88A could quicker the transfer rate of holes and electrons [63]. 

To further understand the active species that participated in the SMX 
degradation process, different radical scavengers were introduced to 
detect the existence of active species (Fig. 9a). The tert-butanol (TBA), 
N2, furfuryl alcohol (FFA) and D2O were selected to trap •OH, •O2

– and 
1O2, respectively [66–68]. As illustrated in Fig. 9a, the addition of 50 
mM TBA resulted in a dramatically decreased SMX removal to 11.5%, 

affirming that •OH would be primary active specie in the system. In the 
presence 50 mM furyl alcohol (FFA), the SMX degradation efficiency 
was decreased to 37.5%. The SMX degradation efficiency in D2O solu-
tion was superior to that in aqueous solution, due to that lifetime of the 
1O2 in D2O is longer than that in H2O [69]. It was implied that the 
formed 1O2 made contribution to the SMX degradation. Besides, the 
presence of 0.1 mM β-Carotene or 0.2 mM L-histidine also could severely 
hinder the degradation efficiency (Fig. S5), further implying the non-
radical 1O2 played a significant role in the system [70]. However, little 
degradation efficiency decrease was observed in the presence of N2 and 
1 mM oxalic acid (OA), respectively, indicating that •O2

– and h+ acted as 
minor role in this photo-Fenton system. 

The presence of •OH radicals also can be affirmed by a fluorescence 
method adopting terephthalic acid as probe [71]. The experiment pro-
cesses were like the photo-Fenton experiment except that a solution of 2 
mM NaOH and 0.5 mM terephthalic acid was used instead of the original 
SMX solution. As shown in Fig. 9b and c, the fluorescence intensity of 

Fig. 8. (a) The PL spectra of different catalysts. The EIS analysis of (b) different catalysts and (c) MF140M60 in different conditions.  

Fig. 9. (a) Effects of different scavengers on SMX degradation in the presence of MF140M60. (b) Different times and (c) systems of fluorescence emission spectra of 
•OH radicals generated at 315 nm. The ESR spectra of (d) DMPO-•OH (e) TEMP-1O2 and (f) DMPO-•O2

– over MF140M60 with the presence of H2O2. Reaction 
conditions of Fig. 9a: catalysts dosage = 0.4 g/L, SMX concentration = 5.0 mg L-1, volume = 50.0 mL, H2O2 = 2.94 mM, unadjusted pH = 5.8. 
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formed 2-hydroxy terephthalic acid MF140M60/H2O2/light system 
increased gradually, implying increasing •OH radicals can be continu-
ously generated with the reaction time and MF140M60/H2O2 could 
produce more •OH radicals. 

Compared to MgFe2O4 and MIL-88A, a relatively higher H2O2 con-
sumption efficiency was achieved over the MF140M60 (Fig. S6). The as- 
formed heterojunction could reduce the recombination of charge car-
riers, in which the photo-induced electrons are more easily trapped by 
H2O2 to boost the consumption of H2O2 [72]. Furthermore, the electron 
spin resonance (ESR) tests with 5, 5-dimethyl-1-pyrroline (DMPO) and 
2, 6, 6-tetramethyl-4-piperidone (TEMP) as a radical spin trapping agent 
were performed to identify the active species. As shown in Fig. 9d, e and 
f, it can be observed that the characteristic ESR signals of •OH, 1O2 and 
•O2

– at 5 min were stronger than those at 1 min under both dark and light 
systems, displaying that •OH, 1O2 and •O2

– could produce during the 
dark Fenton and photo-Fenton systems. As expected, the light irradia-
tion could promote the transfer of photogenerated electrons, thus pro-
ducing more •OH, 1O2 and •O2

– signals. 
The flat band potentials (EFB) of individual MIL-88A and MgFe2O4 

were determined by using Mott-Schottky plots. As shown in Fig. 10a and 
b, the positive correlations between the potentials and the C-2 of both 
MIL-88A and MgFe2O4 at different frequencies of 500, 1000 and 1500 
Hz indicated that both of them are typical n-type catalysts [73]. Besides, 
the flat-band potential for MIL-88A and MgFe2O4 were − 0.55 eV and 
− 0.72 eV versus Ag/AgCl, which are calculated as − 0.35 eV and − 0.52 
eV versus the normal hydrogen electrode (NHE) [74]. For n-type semi-
conductors, its EFB potential was more positive ca. 0.1 eV than the 
conduction band (ECB) potential [75]. Therefore, the ELUMO of MIL-88A 
and ECB of MgFe2O4 were − 0.45 eV and − 0.62 eV, which were consist 
with the previous reports [26,76]. In addition, the EVB potential of the 
semiconductor can be calculated based on the formula of Eg = EVB - ECB. 
Thus, the EVB potential of MIL-88A and MgFe2O4 was calculated as 2.30 
eV and 1.10 eV vs. NHE, respectively. 

The possible mechanism of SMX degradation by MF140M60 was 
proposed. As shown in Fig. 10c, upon the illumination of visible light, 
both MIL-88A and MgFe2O4 were excited to produce photogenerated 
electrons and holes (Eqs. 3 and 4). Due to the heterostructure between 
the MIL-88A and MgFe2O4, the electrons on the CB of MgFe2O4 could 
transfer to the LUMO of MIL-88A. The LUMO potential of the MIL-88A 
was determined as − 0.45 eV, indicating that the electrons could react 

with the dissolved oxygen (DO) to yield •O2
– (O2/•O2

– = − 0.33 eV) (Eq. 
5). Furthermore, h+ could oxidize SMX directly. H2O2 could capture e- to 
produce •OH for SMX degradation (Eq. 6). The •OH could further react 
with H2O2 to form 1O2 [77]. Finally, the transformation between Fe(III) 
and Fe(II) could also activate H2O2 to produce increasing •OH radicals 
(Eqs. 7 and 8), in which the existence of Fe(II) could be confirmed by 
XPS of used MF140M60 (Fig. S7). The h+, •O2

–, •OH and 1O2 could attack 
pollution directly (Eq. 9).  

MIL-88A + hv → h+ + e-                                                                (3)  

MgFe2O4 + hv → h+ + e-                                                                (4)  

O2 + e- → •O2
–                                                                                (5)  

H2O2 + e- → •OH                                                                           (6)  

Fe(III) + H2O2 → Fe(II) + •HOO/•O2
– + H+ (7)  

Fe(II) + H2O2 → Fe(III)+ •OH + OH–                                              (8)  

h+, •O2
–, •OH, 1O2 attack pollutant → degradation intermediate              (9)  

3.5. Reusability of catalyst 

Considering the capacity for the actual application of the catalyst, it 
was essential to evaluate its recycling performance. Using the recovered 
MF140M60 as the catalyst, 5 consecutive cycles of activating H2O2 to 
degrade SMX were conducted. Fig. 11a depicted the experimental out-
comes of the as-prepared catalyst MF140M60 under five times recycled 
degradation process. It was worth noting that the reaction rate of SMX 
dropped slightly, but the catalyst still showed high activity in SMX 
removal, implying its high efficiency and good stability in H2O2 oxida-
tion. The ICP-OES was used to determine the leaching Fe in different 
cycles of MF140M60 during the catalytic reaction (Fig. 11b). In our 
work, the leached Fe ion concentrations ranged from 0.58 mg/L to 0.80 
mg/L of each cycle, which were lower than the integrated discharge 
standard of water pollutants (2.0 mg/L) set by the Beijing local standard 
(DB11/307–2013). The stable structure and morphology of the catalyst 
after five-cycle experiments were affirmed by SEM and PXRD (Fig. 11c 
and d). 

Fig. 10. The Mott-Schottky plots of (a) MIL-88A and (b) MgFe2O4 at different frequencies. (c) Mechanistic scheme of photo-Fenton reaction over MgFe2O4/MIL-88A.  
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4. Conclusion 

Series of MgFe2O4/MIL-88A composites were synthesized by simple 
ball-milling method and their photo-Fenton SMX performances were 
tested. The performance of the composites was significantly improved 
compared to pure MgFe2O4 and MIL-88A, and the optimum ratio of 
MF140M60 degraded 99.8% of 5 ppm SMX within 20 min. The effects of 
initial pH, H2O2 dosing and coexisting inorganic anions on the degra-
dation of SMX by MF140M60 were investigated. 100% degradation ef-
ficiencies were maintained for 5 rounds of catalysis experiments, which 
demonstrated the stability of the as-prepared MF140M60. Finally, the 
reaction mechanism of photo-Fenton degradation of SMX over 
MF140M60 was clarified by electrochemical characterization, active 
material capture, ESR analysis. The MF140M60 catalyst might be 
potentially used to remove the organic pollutants in the real wastewater 
treatment. 
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