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1 Introduction

Printing and dyeing wastewater had the characteris-
tics of large amount of water, high content of organic 
toxicants, complex composition and difficult deg-
radation (Lu et al., 2023). Methylene blue, as a kind 
of azo dye, was widely used in printing and dyeing, 
manufacturing and other industries (Chavan et  al., 
2023; Li et  al., 2020). Because its aromatic struc-
ture was not easy to be destroyed, it was difficult to 
degrade by traditional methods such as biochemical 
and chemical oxidation (Li et al., 2018; Tayeb et al., 
2023). Therefore, modern enterprises urgently need 
an efficient and environmentally friendly technology 
to degrade printing and dyeing wastewater.

Advanced oxidation processes (AOPs) were the 
use of light, electricity, catalysis and other tech-
nologies, through physical and chemical processes 
to catalyze the production of a large number of 
strong oxidizing free radicals (such as hydroxyl 
radicals (·OH), superoxide radicals (·O2

−)) (Chen 
et al., 2022; Pestana et al., 2023). Due to its ability 
to degrade and mineralize such insoluble organic 
compounds had aroused great interest. Fenton sys-
tem was one of the most representative advanced 
oxidation technologies, which had the advantages 

Abstract In this study, the carbon-doped bimetal-
lic organic framework  C60/MIL-101(Fe,Cu) catalyst 
was prepared for the first time via solvothermal syn-
thesis method. The catalysts were characterized using 
X-ray diffraction (XRD), Fourier transform infrared 
spectroscopy (FT-IR), and a series of other instru-
ments. At the same time, methylene blue (MB) was 
used as the target degradation material to investigate 
the catalytic performance of  H2O2 for MB degrada-
tion under visible light. The degradation experiment 
showed that the removal rate of  C60/MIL-101(Fe,Cu) 
to MB reached 99.2% within 80  min. Furthermore, 
cyclic experiments demonstrated good stability and 
reusability of the catalyst. Finally, the degradation 
mechanism of the reaction was deduced by quench-
ing experiment, UV–vis diffuse reflection and mott-
Schottky plots. The results show that hydroxyl radi-
cal (·OH) and superoxide radical (·O2

−) play a major 
role in the degradation of MB during photo-Fenton 
process.

Z. Zhou · Y. Ji · Y. Wang · M. Liu · Y. Xu · R. Liu · 
M. Yang · C. Zou (*) 
School of Environmental Science and Engineering, Suzhou 
University of Science and Technology, Suzhou 215009, 
Jiangsu, China
e-mail: ericcongyang@126.com

Z. Zhou 
e-mail: zhouzhuyou2021@163.com

Y. Ji 
e-mail: 934579643@qq.com

http://crossmark.crossref.org/dialog/?doi=10.1007/s11270-024-07088-3&domain=pdf


 Water Air Soil Pollut (2024) 235:285

1 3

285 Page 2 of 17

Vol:. (1234567890)

of high treatment efficiency and relatively low 
cost. However, Fenton system had several seri-
ous disadvantages, such as a narrow operating 
pH range (2–4) and a large consumption of  H2O2 
during application (Lu et  al., 2022; Zhang et  al., 
2022). Photocatalytic technology was not prone 
to secondary pollution in the degradation pro-
cess. In order to better overcome Fenton process’s 
disadvantages, many studies had introduced pho-
tocatalysis technology into the collaborative deg-
radation of pollutants. For instance, Xu et  al. had 
synthesized  FeTiO3/g-C3N4 nanoparticle photo-
catalyst with much higher catalytic activity than 
pure  FeTiO3 and pure g-C3N4 in the degradation 
of TCH under visible light (Xu et  al., 2022). Gu 
et  al. had successfully prepared magnetic metal-
organogels (MMOG) by in-situ reaction of MOG 
and ferric oxide, and used this catalyst to degrade 
Rhb efficiently over a wide pH range (Gu et  al., 
2022). The  Ag2S/MIL-53(Fe) heterojunction com-
posites prepared by Deng et  al. showed stronger 
photocatalytic activity than pure MIL-53(Fe) and 
pure  Ag2S. In addition, due to the synergistic 
effect of photocatalysis and Fenton catalysis, the 
addition of  H2O2 can further improve the degrada-
tion efficiency (Deng et  al., 2020). Therefore, it 
was particularly important to prepare efficient iron 
matrix composites for photo-Fenton degradation 
of organic dyes.

Fe-based organic frame materials (Fe-MOFs) were 
porous materials composed of iron ions or iron clusters 
self-assembled with organic ligands (Wan et al., 2020). 
Fe-MOFs had the advantages of unique structure, excel-
lent performance, large specific surface area, abundant 
nanocavity, adjustable porosity and open pore, etc., 
which helped to fully expose the reaction site and accel-
erate electron transfer. In Fenton-like catalysts, the slow 
transition from  Fe3+ to  Fe2+ hinders their catalytic activ-
ity (Du et al., 2022; Tao et al., 2021; Yang et al., 2021). 
As a widely available metal, copper had been added to 
catalysts to enhance their activity as an accelerator. In 
addition, MOFs had good structural adjustability, and 
the conversion rate of  Fe3+ to  Fe2+ in MOFs can be 
accelerated by adding  Cu2+. Similar to the conversion 
of  Fe3+ to  Fe2+,  Cu2+ to  Cu+ cycling can also activate 
 H2O2 to produce ·OH. Thus, the heterogeneous cata-
lytic degradation efficiency of  H2O2 pollutants can be 
improved (Feng et al., 2023). Liang H et al. successfully 
synthesized CUMSs/MIL-101(Fe,Cu) by solvothermal 

method. Compared with conventional MIL-101(Fe), 
CUMSs/MIL-101(Fe,Cu) was 20 times more effective 
at neutral-pH degradation of ciprofloxacin (CIP). It had 
been proved that the thermodynamic favorable reac-
tion of  Cu+ with  Fe3+ and π-cation interactions accel-
erates the redox cycle of  Cu+/Cu2+ CUMSs and  Fe3+/
Fe2+ CUMSs. Therefore, MIL-101(Fe) was combined 
with other metals to construct coordination unsaturated 
metal sites, which promoted the conversion of  Fe3+ to 
 Fe2+, and was an important way to improve the Fenton 
reaction rate (Liang et al., 2021).

Semiconductor composite MOFs photocatalytic 
materials were also a research hotspot in recent years. 
At present, the most studied semiconductor mate-
rials mainly included  TiO2, Graphene (GO),  V2O5 
and g-C3N4 (Hui et  al., 2022; Hussain et  al., 2022; 
Shaheen et al., 2023). For example, Lin J et al. pre-
pared GO@MIL-101(Fe) composites by hydrother-
mal method. On this basis, a visible light/GO@MOF/
H2O2 photocatalytic system was developed for the 
degradation of tris (2-chloroethyl) phosphate (TCEP). 
Under visible light irradiation, 15%GO@MIL-
101(Fe) photo-Fenton degraded TCEP about twice as 
efficiently as MIL-101(Fe). This was due to the high 
electrical conductivity and good photoresponsiveness 
of graphene oxide, which enabled rapid activation 
and electron transfer (Lin et al., 2020). Zhu et al. had 
successfully fabricated E-spun g-C3N5/MIL-101(Fe)/
PANCMA NFs via the electrospinning of g-C3N5/
MIL-101(Fe) and PANCMA solution. The photo-
catalyst can effectively degrade drug contaminants 
such as carbamazepine, ciprofloxacin and tetracycline 
(Zhu et al., 2022). These results showed that carbon 
nanocomposites were suitable for photocatalytic deg-
radation of pollutants (Lin et al., 2023). According to 
literature search, we found that fullerenes  (C60) had 
better photocatalytic ability than GO, but there were 
few reports on the preparation of  C60-doped MOF 
composites and its application in dye degradation.

In this study, the synthesis process of MIL-101(Fe) 
was used as the template, and Cu and  C60 were doped 
successively. By doping Cu, the conversion of  Fe3+ 
and  Fe2+ can be promoted to produce more ·OH (Guo 
et  al., 2020). By doping  C60, the absorption of the 
material in the visible region can be improved, and the 
rapid recombination of photogenerated  e−/h+ can be 
inhibited (Watariguchi et al., 2014). Finally, the photo-
Fenton degradation ability of the composite mate-
rial was greatly improved. Based on this, the main 
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research contents of this paper included the following 
aspects: (1)C60/MIL-101(Fe,Cu) composite catalyst 
was prepared by one-step solvothermal method, and 
the corresponding material characterization was car-
ried out; (2)Using methylene blue (MB) as the model 
pollutant, the photo-Fenton degradability was ana-
lyzed under different initial pH,  H2O2 concentration 
and catalyst dosage, and the reusability and stability of 
the catalyst are evaluated. (3)The main possible reac-
tion mechanisms were proposed by optical, electro-
chemical and electron spin resonance techniques.

2  Materials and Methods

2.1  Materials

Crystalline fullerene powder (99.9% purity) was pur-
chased from Suzhou Dade Carbon Nanotechnology 
Co., Ltd. Copper nitrate trihydrate (Cu(NO3)2·3H2O), 
ferric chloride  (FeCl3·6H2O), terephthalic acid 
 (H2BDC), N, N-dimethylformamide (DMF), absolute 
ethyl alcohol  (CH3CH2OH),  H2O2 (30%, W/W), sul-
phuric acid  (H2SO4), sodium hydroxide (NaOH), iso-
propyl alcohol (IPA), trichloromethane  (CHCl3) and 
L-histidine were purchased from Aladdin Reagent 
Co., Ltd (Shanghai,China). Methylene blue (MB) was 
used as model dye pollutants without further purifica-
tion. Deionized (DI) water was used for all the solu-
tions configured in the experiments.

2.2  Catalyst Characterizations

Power X-ray diffraction (XRD) analysis on a D8 
Advance diffrac-tometer (Bruker, Germany) was 

performed to identify the structure and crystallinity 
of the as-prepared samples with monochromatic high-
intensity Cu Kα radiation (λ = 1.5406 Å). The specific 
surface area and pore size distribution of all samples 
were determined by using Brunauer–Emmett–Teller 
(BET) method, respectively, based on the adsorption 
data of  N2 adsorption–desorption isotherms collected 
at 77  K on a NOVA4000 analyzer. Scanning elec-
tronic microscopy (SEM; JEOL, Japan) images were 
acquired on Quanta FEG 250 field emission scanning 
electron microscope equipped with energy dispersive 
spectrometer (EDS). Fourier transform infrared (FT-
IR) spec-troscopy (Nicolet6700; Thermo Ltd., Japan) 
was carried out to detect the chemical bonds on the 
surface of the catalyst. UV–vis diffuse reflectance 
spectra (UV–vis DRS) were obtained by UV–vis 
spectrophotometer (UV-3600, Shimadzu Ltd., Japan). 
X-ray photoelectro spectroscopy (XPS; XSAM 800) 
was employed to characterize the elemental states. 
Zeta potentials and average particle size of materials 
were measured by a zeta potentiometer (Nano-ZS90, 
Malvern, UK). Electron paramagnetic resonance 
(EPR; Bruker, Germany) can be used to measure the 
free radicals produced by materials in different sys-
tems. The sample was analyzed by thermogravimetry 
(TG) on the NETZSCH TG 209 F1 instrument, and 
the temperature ranged from room temperature to 
800℃ with the rising rate of 20°·min−1.

2.3  Preparation of Catalyst

As shown in Fig.  1, 7.5 mmol  FeCl3·6H2O、2.5 
mmol Cu(NO3)2·3H2O and 5.0 mmol  H2BDC was 
respectively dispersed in 15 mL DMF and sonicated 
for 15 min, and then  FeCl3·6H2O solution was mixed 

Fig. 1  Preparation process of  C60/MIL-101(Fe,Cu) material
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with the  H2BDC solution under ultrasonic conditions, 
and  C60 were added at the same time to obtain the yel-
low precursor solution. The mixed solution was then 
transferred to a 100 mL Teflon-lined steel autoclave 
and reacted at 150℃ for 24 h. After the reaction, the 
precipitates were centrifuged and washed with water 
and ethanol for several times. Finally, the precipi-
tates were dried at 60℃ for 10 h to obtain brown  C60/
MIL-101(Fe,Cu) materials. For comparison, MIL-
101(Fe,Cu) material was synthesized without adding 
 C60 according to the above experimental procedure.

2.4  Photo-Fenton Degradation

In this work, a 300 W ultraviolet visible light lamp 
(OSRAM, Germany) with a 400  nm cut-off fil-
ter was used as the light source, and the distance 
between the lamp and the reactor was about 10 cm. 
In general, a certain amount of catalyst was dis-
persed in 50  mL contaminants aqueous solution 
(20 mg/L) in the reactor. Before illumination, the 
reactor wall was wrapped with tinfoil and stirred 
in darkness for 30 min to achieve adsorption equi-
librium. Then, a certain concentration of  H2O2 was 
added to the suspension. After that, 3 mL of sus-
pension was taken out with a syringe every 20 min 
and filtered with 0.22  μm filter membrane, and 
then the residual concentration of contaminant was 
determined by ultraviolet visible spectrophotom-
eter (Mapada P1, Shanghai,China).

According to the strong absorption peak of MB 
at 664 nm, the degradation effect of MB was meas-
ured, and the removal rate was calculated by the 
following equation:

where C0 and C represent the concentrations of con-
taminant in the initial solution and that at time t, 
respectively. The standard curve of MB was shown in 
Fig. S1.

The effects of catalyst dosage, initial pH (adjusted 
with 0.1 mol/L HCl and NaOH),  H2O2 concentration and 
different water samples on the photocatalytic degradation 
efficiency were evaluated under visible light irradiation. 
Meanwhile, the cyclability and stability were evaluated 
by six consecutive reuse experiments and infrared spec-
tral characterization.

(1)Removalrate(%) =
(

1 − C∕C0

)

× 100%

3  Results and Discussion

3.1  Surface Morphology

SEM images of MIL-101(Fe), MIL-101(Fe,Cu) and 
 C60/MIL-101(Fe,Cu) were shown in Fig.  2. MIL-
101(Fe) had a distinct angular octahedral structure, 
while MIL-101(Fe,Cu) had great differences in mor-
phology. Comparing Fig.  2a-b, it can be seen that 
the octahedral structure becomes spindle shaped 
after Cu doping. This was mainly due to the intro-
duction of the Cu ions interferes with the coordina-
tion of carboxyl groups in  Fe3+ and  H2BDC, which 
in turn affects the growth of grains (Wu et al., 2021). 
Table  1 showed the EDS mapping analysis results 
corresponding to MIL-101(Fe,Cu). Obviously, the Cu 
content of the catalyst was much lower than the pre-
set Cu doping amount, which may be because Fe and 
 H2BDC had a very strong coordination ability, so the 
coordination ability of Cu and  H2BDC was obviously 
weak (Cen et al., 2020; Khosravi et al., 2022). Com-
pared with MIL-101(Fe,Cu), the average particle size 
of  C60/MIL-101(Fe,Cu) was larger and still maintains 
the spindle morphology. As shown in Fig. 2c, the fine 
spherical particles on the surface of  C60/MIL-101(Fe) 
were  C60 clusters, while the mass ratio of C element 
in  C60/MIL-101(Fe,Cu) was higher than that of MIL-
101(Fe,Cu) due to  C60 doping. The results showed 
that the  C60/MIL-101(Fe,Cu) composites synthesized 
by one-step solvothermal synthesis had high purity 
and tight interfacial bonding.

The chemical composition and oxidation state 
of  C60/MIL-101(Fe,Cu) were investigated by XPS 
analysis (Fig.  3). The XPS survey (Fig.  3a) showed 
the expected characteristic peaks of Fe 2p, Cu 2p, C 
1 s and O 1 s (Ding et al., 2021). This phenomenon, 
together with EDS analysis, confirmed the surface 
elements composition of  C60/MIL-101(Fe,Cu). To 
further confirm the valence states of metallic ele-
ments, we analyzed the XPS spectrum of Fe 2p and 
Cu 2p. As shown in Fig.  3c, the binding energies 
of Fe 2p3/2 and Fe 2p1/2 were located at 710.92 and 
724.13  eV (Xiong et  al., 2021). In addition, there 
was an obvious characteristic satellite peak at about 
719.13 eV, which was considered to be the character-
istic peak of  Fe3+. In the Cu 2p region (Fig. 3b), Cu 
2p3/2 and Cu 2p1/2 showed two characteristic peaks at 
933.2 and 953.0  eV, respectively, corresponding to 
the characteristic peaks of  Cu2+ species. In addition, 
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three wobbly satellite peaks of Cu 2p appeared in the 
930 eV to 960 eV range, further indicating that cop-
per exists primarily on the surface of the composite in 
the form of  Cu2+ (Ansari et al., 2019). These analysis 
results would have great significance for the explana-
tion of degradation mechanism.

3.2  XRD and FT-IR Characterizations

The crystal compositions of  C60, MIL-101(Fe), 
MIL-101(Fe,Cu) and  C60/MIL-101(Fe,Cu) had 
been investigated, and the corresponding XRD pat-
terns were shown in Fig. 4a. The diffraction peaks of 

Fig. 2  SEM–EDS images of (a) MIL-101(Fe), (b) MIL-101(Fe,Cu); (c)  C60/MIL-101(Fe,Cu)

Table 1  EDS weight 
and mean particle size of 
different materials

Samples Fe Wt% Cu Wt% C Wt% O Wt% mean par-
ticle size 
(nm)

MIL-101(Fe) 26.6 0 43.2 30.2 716.4
MIL-101(Fe,Cu) 21.1 4.1 39.2 35.6 781.9
C60/MIL-101(Fe,Cu) 20.5 3.6 42.1 33.8 841.2
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Fig. 3  The XPS spectra of  C60/MIL-101(Fe,Cu); (a) survey spectra, (b) Cu 2p, (c) Fe 2p 

Fig. 4  XRD patterns (a) and FT-IR spectra (b) of different materials
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MIL-101(Fe) were located at 2θ = 9.58º, 18.8º and 
21.8º, corresponding to (311), (511) and (852) crys-
tal planes, respectively, which were consistent with 
those reported in the literature (Li et al., 2017). Com-
pared with MIL-101(Fe), the peak position of MIL-
101(Fe,Cu) did not change, but the peak intensity was 
slightly enhanced. The may be due to a small amount 
of  Cu2+ competing with  Fe3+ for coordination result-
ing in a change in peak intensity. The characteristic 
peak of (111) crystal facet of  C60 was found in  C60/
MIL-101(Fe,Cu) composites, which indicated its suc-
cessful doping into MIL-101(Fe,Cu) material (Chen 
et al., 2019). In addition, the positions of the charac-
teristic peaks belonging to MIL-101(Fe,Cu) did not 
change in the  C60/MIL-101(Fe,Cu) composites, sug-
gesting that the introduction of  C60 did not disrupt the 
crystalline structure of the MOFs during the synthesis 
process (Dhankhar et  al., 2016). The results showed 
that  C60/MIL-101(Fe,Cu) was successfully prepared 
by one-step solvothermal method.

The functional groups on the surface of materi-
als can be understood by infrared spectroscopy. It 
can be seen from Fig. 4b that the characteristic peaks 
of MIL-101(Fe), MIL-101(Fe,Cu) and  C60/MIL-
101(Fe,Cu) were very similar, appearing at 546, 
747.7, 1017.4, 1389.4 and 1601  cm−1, corresponding 
to the stretching vibration of the Fe–O bond, the out 
of plane bending vibration of C-H of benzene ring, 
the stretching vibration of C-O–O band and the sym-
metric and asymmetric vibrations of carboxyl group, 
which was basically consistent with literature reports. 
But there was also a slight difference at 1601   cm−1. 
Among them, 1601  cm−1 belonged to the asymmetric 
vibration of COO- in the organic ligand. This may be 
due to the difference caused by the small amount of 
 Cu2+ coordinating with  H2BDC (Shah et  al., 2023). 
At the same time, this study found that the organic 
skeleton of the composite did not collapse after add-
ing  C60. The characteristic peak of  C60 appeared in 
 C60/MIL-101(Fe,Cu) at 1430  cm−1 (Granados-Tavera 
et al., 2023).

3.3  Bet analysis

Figure  5a showed the results of nitrogen adsorp-
tion/desorption isotherms of different catalysts. As 
can be seen from Fig.  5a, the MIL-101(Fe) exhib-
ited a typical type IV desorption curve with a type 
H4 hysteresis ring, while MIL-101(Fe,Cu) and  C60/

MIL-101(Fe,Cu) exhibited typical type I desorption 
curves. This indicated that the mesoporous structure 
of the composite was changed after Cu atom doping. 
Table 2 also displayed the specific surface area, pore 
volume and pore size of the samples. MIL-101(Fe,Cu) 
had a lower specific surface area and smaller pore 
volume as compared to pure MIL-101(Fe), suggest-
ing that the addition of organomemetal atoms  (Cu2+) 
did indeed block the pores and changed the morphol-
ogy and structure of MIL-101(Fe). Conversely, the 
increase in pore size indicated that the surface of 
MIL-101(Fe) partially formed copper species (Duan 
et al., 2018).

3.4  Zeta Potential and Contact Angle Measurements

Figure 5b was the zeta potential diagram of the sam-
ples at different pH values. When the pH was low, the 
surface of the adsorbent was positively charged, and 
the adsorption performance of the adsorbent on MB 
was enhanced due to the electronegativity of meth-
ylene blue solution. Meanwhile, the adsorption effi-
ciency of MB decreased with increasing pH, which 
was attributed to the large amount of  OH− in the alka-
line solution competing with MB for adsorption sites 
and inhibiting the adsorption process (Aliannezhadi 
et  al., 2023). Water contact angle tests of differ-
ent materials were employed to further demonstrate 
the hydrophilic properties of the materials. It could 
be seen that  C60/MIL-101(Fe,Cu) had the strongest 
hydrophilic property, followed by MIL-101(Fe,Cu) 
and MIL-101(Fe). The water contact Angle of  C60/
MIL-101 (Fe,Cu) was 0º within 2 s, which indicated 
that the material had excellent hydrophilicity (Zhang 
et al., 2020). From the above analysis, it can be seen 
that  C60/MIL-101(Fe,Cu) had the most positive 
potential in different pH solutions. At the same time, 
 C60/MIL-101(Fe,Cu) had the strongest hydrophilic 
properties. Therefore,  C60/MIL-101(Fe,Cu) was more 
likely to adsorb pollutants to its surface for catalytic 
degradation.

3.5  Electrochemical Characterizations

In order to understand the photocatalytic ability of the 
materials, the photoelectric properties of the mate-
rials were characterized. The charge transfer effi-
ciency of the materia was investigated using EIS. It 
can be seen from Fig.  6a that the arc radius of  C60/
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MIL-101(Fe,Cu) was smaller than that of pure MIL-
101(Fe,Cu). As the radius of the EIS diagram was 
smaller, the resistance was also smaller. EIS results 
showed that  C60/MIL-101(Fe,Cu) had better charge 
transfer efficiency. Figure  6b demonstrated the tran-
sient photocurrent response of different materials 
under light. Compared with pure MIL-101(Fe,Cu), 
the doping of  C60 can make the MOFs material had 
a stronger photocurrent (Sharma et  al., 2023). The 

results showed that more photogenerated electrons 
can be produced and electrons can be effectively 
transferred on the composite material.  C60/MIL-
101(Fe,Cu) exhibited better photocatalytic activity 
than pure MIL-101(Fe,Cu) because of the efficient 
separation and transfer of charge on the material 
(Feizpoor et al., 2023).

3.6  Effects of Parameters on the Degradation of MB

3.6.1  Effect of Different Catalytic Systems

Figure  7a showed the photocatalytic degradation of 
MB by different material systems. Under the dark 
condition,  C60/MIL-101(Fe,Cu) adsorbed MB and 
reached the adsorption–desorption equilibrium after 
30  min. Meanwhile,  C60/MIL-101(Fe,Cu) showed 
higher photo-Fenton-degradation than MIL-101(Fe) 
and MIL-101(Fe,Cu) under visible light and  H2O2, 

Fig. 5  N2 adsorption–desorption isotherms (a), Zeta potential (b) and water contact Angle (c) of different materials

Table 2  Pore structure parameters of different materials

Sample SBET  (m2  g−1) Pore vol-
ume  (cm3 
 g−1)

Pore size (nm)

MIL-101(Fe) 225.7777 0.185502 3.2865
MIL-101(Fe,Cu) 95.6362 0.080944 3.3855
C60/MIL-

101(Fe,Cu)
144.7598 0.093849 2.5932
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and the degradation rate of MB was 99.2% after 
50 min of illumination. In order to test the photo-Fen-
ton degradation ability of MB by  C60/MIL-101 (Fe, 
Cu) materials in different systems, the experimental 
results of test (b, c, f) were obtained. According to the 
analysis of test b, the degradation efficiency of  C60/
MIL-101(Fe,Cu) reached 87.4% in a single Fenton 
system with only  H2O2 added. According to the anal-
ysis of test c, the efficiency of  C60/MIL-101(Fe,Cu) 
reached 87.5% in a single photocatalytic system. The 
composites showed good catalytic performance in 
either fenton or photocatalytic systems. The two sys-
tems were combined to form a heterogeneous photo-
Fenton catalytic system (test f), and the degradation 
efficiency of the composite system was improved by 
about 11.8% compared with the original single sys-
tem. These results indicated that  C60/MIL-101(Fe,Cu) 
had a remarkable effect on the degradation of dye 
wastewater in the photo-Fenton system.

3.6.2  Effect of Initial Concentration

The initial concentration had a significant effect on 
the MB degradation performance. Figure 7b showed 
that the increase in MB concentration had an unfa-
vourable effect on MB removal. At an initial con-
centration of 10 mg/L, MB was completely removed 
(100%) at 80  min. When the amount of MB was 
increased to 20  mg/L, 30  mg/L and 40  mg/L, the 

removal rate decreased to 99.2%, 90.4% and 85.8% 
within 80 min, respectively. The high concentration 
of pollutant solution may compete to occupy the 
catalytic active sites of  C60/MIL-101(Fe,Cu), reduc-
ing the amount of active substances in the reaction 
solution, which led to the reduction of the removal 
rate (Khajeh et  al., 2022). The univariate experi-
ments were continued in subsequent experiments 
with 20 mg/L MB solution.

3.6.3  Effect of Incorporation of  C60

The  C60/MIL-101(Fe,Cu) catalysts were synthe-
sized with different ratios by doping 0.02 g, 0.04 g, 
0.08 g and 0.1 g of  C60, respectively. The photodeg-
radation experiments were carried out by adding 
3  mmol/L  H2O2 under visible light irradiation. As 
shown in Fig.  7c, the photodegradation efficiency 
of  C60/MIL-101(Fe,Cu) catalyst increased with 
the increase of the doping ratio, and the degrada-
tion efficiency was not significantly improved when 
the doping ratio was increased to a certain extent. 
It indicated that the photocatalytic performance of 
 C60/MIL-101(Fe,Cu) composites was enhanced by 
the addition of  C60. Due to the expensive price of 
 C60, the optimum doping ratio of 0.08  g fullerene 
was used in the subsequent experiments considering 
the economy.

Fig. 6  Photocurrent response (a) and EIS Nyquist (b) of the MIL-101(Fe,Cu) and  C60/MIL-101(Fe,Cu)



 Water Air Soil Pollut (2024) 235:285

1 3

285 Page 10 of 17

Vol:. (1234567890)

Fig. 7  Effect of different catalytic systems (a), initial concentration (b), incorporation of  C60 (c), catalyst dosage (d),  H2O2 dosage 
(e), initial pH (f)
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3.6.4  Effect of Catalyst Dosage

In order to investigate the effect of catalyst dosage 
on the degradation performance, 0.2  g/L, 0.3  g/L, 
0.4 g/L and 0.6 g/L of  C60/MIL-101(Fe,Cu) catalysts 
were injected, respectively. The photocatalytic experi-
ment was carried out on 50 mL 20 mg/L MB solution 
under visible light irradiation. As shown in Fig.  7d, 
the degradation of  C60/MIL-101(Fe,Cu) gradually 
increased from 94.5% to 99.4%. This was attributed 
to the increase of the active sites on the catalyst sur-
face with the increase of catalytic dosage, which 
improves the absorption performance and promotes 
the generation of hydroxyl radicals (Roy et al., 2023). 
Considering the degradation efficiency and economy, 
0.3 g/L was used as the optimal catalytic dosage for 
subsequent experiments.

3.6.5  Effect of  H2O2 Dosage

The effect of the addition of  H2O2 on the degra-
dation performance of  C60/MIL-101(Fe,Cu) was 
investigated, and the photocatalytic reaction experi-
ments were carried out by adding 1–4  mmol/L 
 H2O2, respectively. As shown in Fig.  7e, the effi-
ciency of photo-degradation gradually increased 
with the increase of  H2O2 dosage. This was because 
more ·OH was produced to promote pollutant 

degradation with the increase of  H2O2 dosage. How-
ever, too high concentration of hydrogen peroxide 
will inhibit the degradation efficiency. The possible 
reason was that high concentration of hydrogen per-
oxide (4 mmol/L) becomed the quenching agent of 
·OH during the degradation process. According to 
the actual situation, 3  mmol/L hydrogen peroxide 
was the most suitable experimental condition.

3.6.6  Effect of Initial pH

The initial pH of the reaction system was adjusted 
to 3.36, 7.41 (irregular), 8.87 and 11.41 respectively 
with dilute hydrochloric acid, and the photo-Fenton 
degradation experiment was carried out under vis-
ible light irradiation. As shown in Fig. 7f, the pho-
todegradation effect of the composite catalyst was 
the highest when the pH was weakly alkaline (7.41). 
It can also be seen from the experiment that the 
catalyst  C60/MIL-101(Fe,Cu) had a good removal 
efficiency for MB at 3.36–11.41, which was attrib-
uted to the electronegativity of the catalyst surface 
and the presence of oxygen-containing functional 
groups. The  C60/MIL-101(Fe,Cu) photocatalyst 
had a wide range of pH applicability to meet the 
requirements of national environmental water sam-
ples (pH = 6–9).

Fig. 8  Recycle test for MB degradation (a), FT-IR spectra of MB, fresh and used catalyst (b)
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3.7  Reusability of  C60/MIL-101(Fe,Cu)

To investigate the stability of  C60/MIL-101(Fe,Cu) 
material, cyclic degradation experiments were car-
ried out. After six cycles, the experimental results 
of MB degradation rate were shown in Fig.  8a, 
and the catalytic degradation rate of MB decreased 
from 99.2% to 95.9%, still maintaining a high deg-
radation efficiency of MB, which indicates that the 
material has excellent recyclability (Moalej et  al., 
2023). At the same time, the FT-IR characteriza-
tion of  C60/MIL-101(Fe,Cu) material after cycles 
was carried out (Fig. 8b). The FT-IR characteristic 
diffraction peaks of the material before and after 
the reaction were consistent, indicating that the 
functional groups did not change significantly and 
the material had high stability. These experimental 
results showed that  C60/MIL-101(Fe,Cu) had high 
cyclic catalytic capacity and good stability.

The thermogravimetric analysis (TG) and deriv-
ative thermogravimetry (DTG) curves in Fig.  9 
showed that the weight loss ratio and weight loss 
rate of MIL-101(Fe,Cu) and  C60/MIL-101(Fe,Cu) 
materials change with temperature. Among them, 
between 350 ℃ and 420 ℃, the weight of the two 
materials droped sharply, which may be due to 
the high temperature carbonization of the organic 
ligand  (H2BDC) in the MOF, which caused the 
organic skeleton to collapse. The process of pyrol-
ysis of the material at high temperature revealed 

the weight change of the composite, but  C60/MIL-
101(Fe,Cu) still showed good thermal stability.

3.8  Possible Catalytic Mechanism

Figure  10a showed the capture experiment and the 
role of various active radicals in the degradation 
of MB. Active radical trapping experiments were 
mainly the addition of trapping agents, which were 
able to react with free radicals, thereby reducing or 
eliminating the number of Active radicals. This pro-
cess usually involved the transfer of  e− or hydrogen 
atoms between the free radical and the trapping agent. 
The degradation rate of MB decreased from 99.2% 
to 44.79% after adding IPA (·OH trapping agent) 
for 80  min. When  CHCl3 (·O2

− trapping agent) was 
added, the degradation rate of MB was reduced to 
53.6%. With the addition of EDTA-2Na  (h+ trap-
ping agent), the degradation rate of MB decreased 
to 76.92%. The addition of L-Histidine (1O2 trap-
ping agent) had no significant effect on MB degra-
dation. This indicated that the active species that 
played a major role in the degradation experiment 
were ·OH, ·O2

− and  h+ (Alikarami et al., 2023; Ang-
kaew et  al., 2021). Figure  10b further verified the 
free radicals in the catalytic system through EPR 
testing technology, and the characteristic signal 
peaks of ·OH and ·O2

− can be detected under the 
combined action of visible light and hydrogen per-
oxide. According to the above experimental results, 
·OH and ·O2

− were the main active free radicals for 

Fig. 9  TG and DTG curves of MIL-101(Fe,Cu) (a) and  C60/MIL-101(Fe,Cu) (b)
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photocatalytic degradation of MB in the  C60/MIL-
101(Fe,Cu) photo-Fenton degradation system, and 
 h+ also played an important role in the degradation 
process.

The light absorption degree of the material can be 
understood through the characterization of UV–vis 
diffuse reflection spectrum. As shown in Fig.  11a, 
C60/MIL-101(Fe,Cu) exhibited better absorption in 

the visible region than MIL-101(Fe,Cu). The opti-
cal band gap energy  (Eg) of materials was calcu-
lated on the basis of Kubelka–Munk equation as:

where α, h, v and A represent absorption coeffi-
cient, Planck constant, light frequency and propor-
tionality constant, respectively. The  Eg values of 

(2)�hv = A
(

hv − Eg

)n∕2

Fig. 10  Effects of radical scavengers for MB degradation in the photo-Fenton system (a), EPR spectra detected in photo-Fenton and 
Fenton systems for DMPO-·OH and DMPO-·O2

− (b)

Fig. 11  UV–vis DRS spectra of MIL-101(Fe,Cu) and  C60/MIL-101(Fe,Cu) (a), Mott-Schottky plot of  C60/MIL-101(Fe,Cu)
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MIL-101(Fe,Cu) and  C60/MIL-101(Fe,Cu) were 
2.792 eV and 2.756 eV respectively.

To determine the semiconductor type and photo-
Fenton mechanism, the mott-Schottky plot of  C60/
MIL-101(Fe,Cu) was measured electrochemi-
cally. The positive slope of the Mott-Schottky curve 
(Fig.  11b) indicated that the material was an n-type 
semiconductor. The flat-band potential of an n-type 
semiconductor was about 0.097  eV higher than the 
conduction-band potential  (ECB). Therefore, the  ECB 
values of  C60/MIL-101(Fe,Cu) was -0.411 eV (versus. 
NHE). Because  EVB =  Eg +  ECB  (Eg = 2.756  eV), the 
valence band  (EVB) potentials of  C60/MIL-101(Fe,Cu) 
was 2.345 eV (versus. NHE) (Yang et al., 2020).

According to UV–vis diffuse reflection spectrum 
and electrochemical calculation analysis, the reaction 
mechanism as follows was proposed (Fig.  12). The 
 C60/MIL-101(Fe,Cu) material absorbed light energy 
and generated photogenerated electron–hole pairs. 
Since the  EVB (2.345  eV) of  C60/MIL-101(Fe,Cu) 
material was positive than E(H2O/·OH) = 2.27  eV 
(vs NHE),  h+ can oxidize the  H2O to ·OH. Mean-
while,  C60/MIL-101(Fe,Cu) had a more negative  ECB 
(-0.411  eV) than E(O2/·O2

−) = -0.33  eV (vs NHE). 
Therefore, the electrons were able to reduce the  O2 
adsorbed on its surface to ·O2

−. At the same time, in 

the process of photocatalysis,  Fe3+  (Cu2+) on the sur-
face of  C60/MIL-101(Fe,Cu) absorbed electrons and 
generates  Fe2+  (Cu+) ions after the electron transition 
to the conduction band. The generated  Fe2+  (Cu+) 
ions can react with hydrogen peroxide to form ·OH, 
and  Fe2+  (Cu+) was oxidized to  Fe3+  (Cu2+), and the 
 Fe3+/Fe2+  (Cu2+/Cu+) cycle can be achieved. There-
fore, in the degradation process, the photocatalytic 
reaction and the Fenton-like reaction would occur 
at the same time to produce a large amount of ·OH 
to improve the photocatalytic efficiency. Thus, these 
active species can further directly oxidize MB to  CO2, 
 H2O, and other small molecule inorganic substances 
(Duan et al., 2022; Nadeem et al., 2022).

4  Conclusions

In this study,  C60/MIL-101(Fe,Cu) was prepared 
by one-step solvothermal method. Compared with 
MIL-101(Fe,Cu) and MIL-101(Fe,Cu),  C60/MIL-
101(Fe,Cu) had stronger adsorption, catalytic, elec-
trochemical and degradation properties. The single 
factor experiment on MB degradation of composite 
materials was carried out. The experimental results 
showed that the material had significant degradation 

Fig. 12  Possible photo‐
Fenton degradation 
mechanism upon the  C60/
MIL-101(Fe,Cu)
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ability under different systems, different initial con-
centration of pollutants, different incorporation of 
 C60, different catalytic dosage, different  H2O2 dos-
age and different initial ph. Through quenching 
experiment and EPR characterization, we found that 
⋅ OH and ·O2

− were active species that play a major 
role in oxidation. At the same time, after 6 cycles of 
experiments, the degradation efficiency of MB was 
not significantly reduced. By doping  C60 and Cu in 
MIL-101(Fe), the REDOX cycle of  Fe3+/Fe2+ was 
greatly promoted. This study was expected to provide 
new ideas for promoting  Fe3+/Fe2+ cycling, and ena-
bled  C60/MIL-101(Fe,Cu) to be applied to large-scale 
industrial wastewater treatment in the future.
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