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A B S T R A C T

Heterogeneous photo-Fenton catalysts play an important role in improving the efficiency of photo-Fenton re-
actions, but powder-form catalysts have caused pollution and difficulty in recovery to a certain extent. In this 
paper, NH2-MIL-53(Fe) (MIL, Materials of Institut Lavoisier) and TiO2, both possessing photocatalytic activity, 
were loaded onto polyvinylidene fluoride (PVDF) membranes with different compounding ratios by a simple 
vacuum filtration method to produce NH2-MIL-53(Fe)/TiO2/PVDF photocatalytic membranes. The prepared 
membranes were used to photo-Fenton degradation of organic pollutant tetracycline (TC) in wastewater. NH2- 
MIL-53(Fe)/TiO2/PVDF membrane demonstrated a highly efficient photo-Fenton degradation of TC (90.4 % 
within 60 min), and it can also achieve rapid recovery and good reusability (retained more than 80 % stable 
degradation efficiency after 5 consecutive uses). Active species trapping experiments confirmed the involvement 
of ⋅OH, h+ and 1O2 in the photo-Fenton degradation process, and ⋅OH radicals were the primary contributors. The 
degradation mechanism and possible reaction pathways were discussed. According to mass spectrometry results, 
TC formed eleven possible degradation intermediate products through three degradation pathways. The research 
provides an efficient and green method for treatment of antibiotic wastewater by designing environmental- 
friendly and rapid recovery of photocatalytic membranes, which is expected to be applied to the treatment of 
real wastewater samples.

1. Introduction

Antibiotics are a class of secondary metabolites that are synthesized 
by microorganisms, along with similar compounds that are chemically 
synthesized or semi-synthesized. They possess the capability to inhibit 
the development and existence of other microorganisms [1]. Over the 
past few decades, the application of antibiotics for the treatment of in-
fections in both human beings and animals has increased dramatically 
due to climate change, population expansion, pollution, and rapid eco-
nomic growth [2]. Tetracycline (TC) is considered a broad-spectrum 
antibiotic due to its low cost, low toxicity, and wide range of applica-
tions [3]. Due to the widespread use of TC, residues have been found in 
wastewater from both livestock and aquaculture [4]. It has been re-
ported that about 210,000 t of TC wastewater are released into the 
aquatic ecological system annually in recent decade [1]. The direct 
discharge of untreated wastewater containing antibiotics can be harmful 
to water and soil, and may also remain in agricultural products through 
the ecological chain, causing food safety problems and presenting a 
threat to human health [5]. People may consume water contaminated 

with antibiotics, resulting in antibiotic resistance, imbalance of the in-
testinal flora, and other complications [6,7]. TC may induce oxidative 
stress, resulting in liver cell damage and causing membrane damage 
[8,9]. However, the tetracycline molecule contains a benzene ring and 
hetero cyclic rings, which makes it exhibit specific absorption peaks in 
both infrared spectroscopy and ultraviolet-visible spectroscopy and 
presents a challenge for its elimination in natural environments [10]. 
Consequently, it is crucial to establish an effective and economical 
approach for the removal of TC.

Physical, biological, and chemical methods are the most commonly 
utilized methods for treating wastewater containing organic pollutants 
[11]. Among the physical methods for the removal of organic pollutants 
in wastewater, the adsorption method is the most extensively applied 
[12]. Adsorption is effective in removing pollutants but does not 
degrade them [13]. The biodegradation approach utilizes the metabolic 
capacity of microorganisms to transform organic compounds in waste-
water into inorganic materials, but cultivating these microorganisms can 
be complex and expensive [14]. Traditional chemical reduction and 
oxidation methods may produce large amounts of sludge during 
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treatment [15]. During the recent years, advanced oxidation processes 
(AOPs) to produce ⋅OH are a powerful approach for addressing re-
fractory organic contaminants [16]. The heterogeneous photo-Fenton 
procedure offers a series of advantages of high oxidizing capacity and 
simple operation, which is suitable for wastewater treatment [17–19]. 
The heterogeneous photo-Fenton process employs solid catalysts, rather 
than soluble Fe2+ or Fe3+, which offers a broad pH response range and 
recyclable catalysts [20,21]. The use of photocatalysts greatly enhances 
the efficiency of photocatalytic degradation of pollutants [22–25]. 
Currently, there is still significant importance in developing heteroge-
neous photocatalysts with outstanding catalytic activity.

Fe-based metal-organic frameworks (Fe-MOFs) possess the advan-
tages of high porosity, unoccupied metal sites, adjustable chemistry, 
easy synthesis, and environmental friendliness, while they are exten-
sively utilized in the area of separation, drug delivery, and catalytic 
degradation [26]. Among them, Materials Institute Lavoisier frame-
works (MILs) have gained widespread attention for their excellent sta-
bility and distinctive structural characteristics [27]. The NH2- 
functionalization of MOF has emerged as a promising strategy to 
significantly enhance both the stability of MOFs and visible light re-
sponses [28]. Based on this, NH2-MIL-53(Fe) has become an important 
component of composite photocatalysts in recent years and has been 
applied in the degradation of antibiotics such as TC [29], oxytetracy-
cline [30], and sulfamethoxazole [31]. TiO2 is one of the most promi-
nent photocatalysts in semiconductors due to its excellent photocatalytic 
ability, chemical stability and cost-effectiveness [12]. Generally, the 
improvement of photocatalytic activity through the synergistic combi-
nation of different materials has been reported as an effective strategy 
[32,33]. On this basis, the development of catalysts with synergistic 
effects, stable light absorption performance, easy recycling, high activity 
and sustainable use is highly important for the photo-Fenton reaction. 
Polyvinylidene fluoride (PVDF) membranes are polymeric materials 
with nano pore size, heat and chemical resistance [34]. In recent years, 
the construction of functional composite membranes by immobilizing 
MOFs onto polymer substrates has attracted attention [35], and this 
combination enables the concurrent acquisition of the advantages 
offered by functional MOFs and malleable polymers, and improve the 
practical application value of the corresponding composites.

In this work, NH2-MIL-53(Fe) served as a photocatalyst and com-
plexed with TiO2, which was deposited onto the surface of PVDF 
membranes through a simple vacuum filtration approach. A NH2-MIL-53 
(Fe)/TiO2/PVDF reaction membrane with different compounding ratios 
was prepared and utilized for photo-Fenton degradation of TC in 
wastewater. The practicability and stability of this membrane and the 
mechanism of TC degradation were explored, and a potential pathway 
for its degradation was further proposed. This research offers insights 
into designing green and rapidly recyclable photocatalytic membranes 
for the efficient degradation of TC.

2. Materials and methods

2.1. Chemicals and reagents

The specifics regarding the chemicals and reagents can be found in 
Text S1.

2.2. Preparation of NH2-MIL-53(Fe)/TiO2/PVDF membrane

Firstly, NH2-MIL-53(Fe) was synthesized using a solvothermal 
approach [36]. In short, equal molar amounts of FeCl3⋅6H2O and 2-ami-
noterephthalic acid (NH2-H2BDC) were dissolved in 36 mL of DMF and 
stirred for 30 min to prepare the solution. The mixed solution was 
subjected to solvothermal treatment at 150 ◦C for 24 h. After cooling, the 
product was washed three times with DMF and methanol. The final 
product was dried at 60 ◦C. Then, the complexed NH2-MIL-53(Fe)/TiO2 
materials were prepared. The mixtures of NH2-MIL-53(Fe) and TiO2 in 

different mass ratios (1:1; 1:2; 2:1) were dispersed in ultrapure water 
and sonicated for 60 min at room temperature to make them well mixed.

The procedure for preparing NH2-MIL-53(Fe)/TiO2/PVDF mem-
branes was as follows: (1) The pretreatment process of PVDF membranes 
followed previous report [37]. The pristine PVDF membranes were 
soaked in anhydrous ethanol for 2 h to remove the adherents located on 
the surface of the membrane, and then they were dipped into ultrapure 
water and soaked for 12 h to wash away the residual ethanol solution. At 
last, the treated PVDF membrane was dried at room temperature. (2) 
NH2-MIL-53(Fe)/TiO2/PVDF membranes were prepared by vacuum 
filtration method [38]. The aqueous solution of NH2-MIL-53(Fe)/TiO2 
was filtered on a PVDF membrane through a vacuum filtration device, 
the amount of NH2-MIL-53(Fe)/TiO2 (1:1, 1:2, 2:1) loaded on the PVDF 
membrane were 7.5 mg/7.5 mg, 5 mg/10 mg, 10 mg/5 mg, respectively. 
At the same time, 5 mL of PEG and 5 mL of GA (25 % aqueous solution) 
were successively pumped and filtered on the membrane to be used as a 
crosslinking agent. Finally, the prepared complex photocatalytic mem-
brane was dried at room temperature. Similarly, NH2-MIL-53(Fe)/PVDF 
and TiO2/PVDF membranes can be prepared using the similar way.

2.3. Characterization

Further details concerning the characterization can be found in Text 
S2.

2.4. Heterogeneous photo-Fenton degradation of TC in aqueous solution

The degradation performance of the photocatalytic membranes was 
assessed according to the efficiency of Fenton degradation of TC under 
visible light irradiation (500 W Xe-lamp). In a multi-position photo-
chemical reactor (HF-GHX-VII, Shanghai Hefan Co., China), the xenon 
lamp is located at the center of the reactor and is equipped with circu-
lating water to ensure room temperature. Meanwhile, the quartz test 
tubes are placed parallel to the xenon light source at a distance of 10 cm, 
the average intensity value measured using digital optical power and 
energy meter was 48.57 mW⋅cm− 2.

The prepared 1/2 photocatalytic membrane was added to a 30 mg/L 
TC solution and stirred under dark conditions for 30 min to achieve the 
adsorption-desorption equilibrium. Then a certain amount of H2O2 was 
added to the reaction system and a xenon lamp was turned on at the 
same time. During the photo-Fenton reaction, 1 mL of the solution was 
taken at regular intervals and subsequently filtered through a 0.22 μm 
filter tip. Finally, the concentration of TC was measured at 357 nm 
through UV spectrophotometry. The degradation efficiency of TC 
through photo-Fenton process was calculated according to Eq. (1). 

η (%) =
(C0 − Ct)

C0
×100% (1) 

In the above Eq. (1), C0 represents the initial concentration of TC, 
while Ct is the concentration of TC measured at the sampling time t 
(min).

In addition to investigating the impact of pH and real water samples 
on TC degradation, the initial pH of the TC solution in other degradation 
experiments was around 5.0. For the free radical capture experiment, 
the used trapping agents were tert-butanol (TBA, 10 mmol/L), furfuryl 
alcohol (FFA, 10 mmol/L) and formic acid (FA, 10 mmol/L).

The preparation process and photo-Fenton reaction process of NH2- 
MIL-53(Fe)/PVDF membrane are illustrated in Fig. 1.

3. Results and discussion

3.1. Characterization

The physical images of the prepared photo-Fenton reaction mem-
brane were illustrated in Fig. 2a-f. The blank PVDF membrane (a) 
appeared white. When TiO2 was loaded, the color became brighter milky 
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white (b); When NH2-MIL-53(Fe) material was loaded, the color of the 
membrane became brick red (c); When NH2-MIL-53(Fe) and TiO2 were 
loaded with different proportions, the color of the membrane gradually 
deepened along with the rise of the proportion of NH2-MIL-53(Fe)/TiO2. 
When NH2-MIL-53(Fe)/TiO2 (1:1) was loaded, the color of the mem-
brane was brick purple (d). At NH2-MIL-53(Fe)/TiO2 (1:2), the color of 
the membrane was mainly purple to white (e). At NH2-MIL-53(Fe)/TiO2 
(2:1), the color of the membrane appeared as brick red to purple (f). The 
morphology of the prepared membrane was smooth, and the loaded 
materials were uniformly distributed.

The SEM images of NH2-MIL-53(Fe)/TiO2 and NH2-MIL-53(Fe)/ 
TiO2/PVDF were presented in Fig. 2g-h. The powdered NH2-MIL-53 
(Fe)/TiO2 material appeared to have a mixed structure of spindle and 
sphere, with NH2-MIL-53(Fe) presenting a spindle type and TiO2 pre-
senting a sphere type, and TiO2 aggregated on the surface of NH2-MIL-53 
(Fe). The energy dispersive X-ray spectroscopy (EDX) elemental map-
pings of NH2-MIL-53(Fe)/TiO2 showed the uniform distribution of Ti 
element on the spindle (Fig. S1). The mixed materials compounded on 
the PVDF membrane exhibited a homogeneous distribution on the sur-
face of the membrane, and because of the large proportion of NH2-MIL- 
53(Fe), the overall appearance of the spindle configuration, and the 
spherical structure of TiO2 was dispersed in the surrounding area 
(Fig. 2i-j). The presence of C, O, N, F, Ti, and Fe in the NH2-MIL-53(Fe)/ 
TiO2/PVDF membrane was confirmed through the EDX elemental im-
ages in Fig. S2, and the uniform distribution of elements further con-
firms the uniform distribution of mixed materials on the membrane 
surface.

The XRD patterns for the material and membranes obtained are 
showed in Fig. 2k-l. The characteristic diffraction peaks of the PVDF 
membrane alone appeared at 17.9◦, 20.4◦, 23.0◦ and 26.2◦. When the 
material was loaded on the PVDF membrane, the diffraction peaks of 
NH2-MIL-53(Fe)/PVDF appeared at 9.4◦, 10.8◦, 18.2◦, which was in 
accordance with those reported in the literature [39]. The diffraction 
peaks of TiO2/PVDF at 25.8◦, 38.4◦, 48.5◦ are attributed to the (101), 
(004), and (200) planes, which was consistent with the previous report 
[40]. In addition, the characteristic diffraction peaks of NH2-MIL-53 
(Fe)/TiO2/PVDF (2:1) at 18.0◦, 20.1◦, 22.9◦, and 25.7◦ corresponded to 
the blank PVDF membrane, and the peaks at 9.1◦, 10.7◦, 38.2◦, and 
48.4◦ indicated the presence of NH2-MIL-53(Fe) and TiO2 (Fig. 2k). In 
Fig. 2l, the diffraction peaks of NH2-MIL-53(Fe)/TiO2/PVDF (2:1) at 
7.3◦, 9.1◦, 18.0◦, 20.1◦, 22.9◦, 25.7◦, 38.1◦, 48.4◦, 54.2◦, 55.5◦ and 63.2◦

corresponded to the powder material, and the XRD major diffraction 

peaks of the PVDF membranes loaded with the material were essentially 
in agreement with those of the powdered form, indicating successful 
loading of the material onto the PVDF membrane.

The elemental compositions and valence states of the surface of NH2- 
MIL-53(Fe)/TiO2/PVDF and NH2-MIL-53(Fe)/TiO2 were analyzed by X- 
ray photoelectron spectroscopy (XPS), and the results are presented in 
Fig. 3. NH2-MIL-53(Fe)/TiO2 and NH2-MIL-53(Fe)/TiO2/PVDF was 
mainly composed of C, N, O, Fe and Ti elements, and the XPS spectrum 
of NH2-MIL-53(Fe)/TiO2/PVDF was almost the same as that of NH2-MIL- 
53(Fe)/TiO2 (Fig. 3a), indicating the element composition and valence 
state of NH2-MIL-53(Fe)/TiO2 had not changed after being loaded on the 
PVDF membrane. The high-resolution C 1s spectrum demonstrated three 
characteristic peaks at 284.8, 286.0 and 288.2 eV (Fig. 3b), which cor-
responded to C–C, C–N and C–O. The peaks of N 1 s at 399.0, 400.4 eV 
can be attributed to C–N and N–H (Fig. 3c). The O 1 s peak can be 
divided into three peaks at 529.7, 531.5 and 532.6 eV (Fig. 3d), corre-
sponding to the Ti–O bonds of TiO2, the oxygen atoms on the H2BDC 
linkers (C=O) and the Fe–O bonds of NH2-MIL-53(Fe) [41], respec-
tively. In Fig. 3e, Fe 2p peaks at 714.2 and 726.8 eV corresponded to Fe 
2p3/2 and Fe 2p1/2, and peaks at 710.4 and 724.3 eV were attributed to 
Fe(III) and Fe–O bond, which also confirmed the existence of iron oxide 
clusters [42]. The Ti 2p peaks at 458.3 and 464 eV showed the presence 
of Ti 2p3/2 and Ti 2p1/2, corresponding to Ti4+ in TiO2 (Fig. 3f) [43]. 
These further proved the successful loading of composite material on the 
PVDF membrane.

3.2. Photo-Fenton degradation performance

3.2.1. TC degradation activity by different ratios of reaction membranes
Photo-Fenton-degradation performance studies of the prepared NH2- 

MIL-53(Fe)/TiO2/PVDF membranes were carried out under H2O2 and 
visible light with TC as a model target (Fig. 4). When five different ratios 
of membranes degraded TC, the degradation rate increased the most in 
the first 15 min, which may be imputed to the phenomenon that TC 
adsorbed on the surface of the material will react rapidly when it is just 
contacted with H2O2 and light, and as the reaction proceeds, TC in-
termediates are generated, and the active species react with TC on the 
one hand, and de-activate the intermediates generated by TC on the 
other hand, and thus the reaction will gradually slow down. As shown in 
Fig. 4a, both the NH2-MIL-53(Fe)/PVDF membrane and the TiO2/PVDF 
membrane had a certain degradation effect on TC within 60 min, with 
degradation rates of 58.4 % and 44.4 %, respectively. The degradation 

Fig. 1. Schematic illustrations of preparation process and photo-Fenton reaction process of NH2-MIL-53(Fe)/PVDF membrane.
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Fig. 2. Physical image of (a) PVDF, (b) TiO2/PVDF, (c) NH2-MIL-53(Fe)/PVDF membrane, NH2-MIL-53(Fe) and TiO2 composite membrane with different com-
pounding ratio of (d) (1:1), (e) (1:2), (f) (2:1); SEM images of powdered material (g) and (h), NH2-MIL-53(Fe)/TiO2/PVDF (i) and (j) in membrane form; XRD patterns 
of (k) NH2-MIL-53(Fe)/PVDF, TiO2/PVDF, NH2-MIL-53(Fe) and TiO2 composite membrane with different compounding ratio of (1:1), (1:2), (2:1) and (l) NH2-MIL-53 
(Fe)/TiO2/PVDF membrane (2:1), PVDF membrane and NH2-MIL-53(Fe)/TiO2 powder.
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rates of three different compounding ratios (1:1; 1:2; 2:1) of NH2-MIL-53 
(Fe)/TiO2/PVDF membranes were 86.4 %, 85.4 %, and 90.4 %, 
respectively. The degradation rates of TC were significantly improved 
when the materials were compounded, indicating a synergistic inter-
action between NH2-MIL-53(Fe) and TiO2.

In addition, the TC degradation process was subjected to further 
investigation by proposed zero-order, first-order and second-order ki-
netic models (Table 1 and Fig. 4b-d). Through the comparison of the 
correlation coefficient (R2) values of the proposed three kinetic models, 
the proposed second-order kinetic model is superior to the other two in 
terms of describing the TC photo-Fenton degradation process. Subse-
quent experimental investigations have used the proposed second-order 
kinetic model to represent the photo-Fenton degradation rate profile of 
TC. The constant for the degradation rate of NH2-MIL-53(Fe)/TiO2/ 

PVDF membrane at three different compounding ratios (2:1; 1:1; 1:2) 
were 0.0041 min− 1, 0.0036 min− 1 and 0.0033 min− 1. Among them, 
NH2-MIL-53(Fe)/TiO2/PVDF membrane (2:1) was the highest. Based on 
the above results, the subsequent experimental investigations were 
conducted using PVDF membranes with a blending ratio of 2:1.

3.2.2. TC degradation activity in different systems
Fig. 5 illustrates the degradation effect of NH2-MIL-53(Fe)/TiO2/ 

PVDF membranes on TC under different reaction systems. As is depicted 
in Fig. 5a, the degradation rate of TC in the system composed of NH2- 
MIL-53(Fe)/TiO2/PVDF and H2O2 was 42.6 % in 60 min, which indi-
cated that the photocatalytic membrane prepared under the condition of 
no light could also react with H2O2 to a certain extent. The pure 
adsorption of NH2-MIL-53(Fe)/TiO2/PVDF on TC could reach about 

Fig. 3. (a) XPS survey spectra of NH2-MIL-53(Fe)/TiO2 and NH2-MIL-53(Fe)/TiO2/PVDF, high-resolution XPS spectra of NH2-MIL-53(Fe)/TiO2/PVDF: (b) C 1 s, (c) N 
1 s, (d) O 1 s, (e) Fe 2p, (f) Ti 2p.
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11.3 %, and when both visible light and NH2-MIL-53(Fe)/TiO2/PVDF 
were concurrently present, the photocatalysis could degrade about 17.8 
% of the TC, and the degradation rate of the TC compared with that of 
other systems was significantly enhanced when NH2-MIL-53(Fe)/TiO2/ 
PVDF, H2O2 and visible light were present simultaneously, reaching 

88.2 %. This result indicated that H2O2, visible light and the catalyst 
exhibit a synergistic effect. Visible light irradiation triggered the photo- 
Fenton reaction, which improved the cyclic conversion of Fe(III)/Fe(II) 
via the transfer of photogenerated electron-hole, thus promoting the 
photo-Fenton reaction. Fig. 5b shows the proposed secondary kinetic 

Fig. 4. (a) The photo-Fenton degradation curves of TC by NH2-MIL-53(Fe)/TiO2/PVDF membranes with different complex ratios, (b) the corresponding zero-order 
kinetic fitting curves, (c) first-order kinetic fitting curves, (d) second-order kinetic fitting curves.

Table 1 
Kinetic rate constants for the degradation of TC by different catalysts.

Catalysts Reaction condition Zero-order 
C0-Ct = k0t

First-order 
-ln (Ct/C0) = k1t

Second-order 
1/Ct-1/C0 = k2t

K0 R2 K1 R2 K2 R2

NH2-MIL-53(Fe)/PVDF + H2O2 + light 0.2358 0.6972 0.0121 0.8032 0.0006 0.8952
TiO2/PVDF + H2O2 + light 0.2048 0.8803 0.0092 0.9315 0.0004 0.9690
NH2-MIL-53(Fe)/TiO2/PVDF (1:1) + H2O2 + light 0.3346 0.6745 0.0302 0.9097 0.0036 0.9924
NH2-MIL-53(Fe)/TiO2/PVDF (1:2) + H2O2 + light 0.3343 0.7341 0.0294 0.9416 0.0033 0.9916
NH2-MIL-53(Fe)/TiO2/PVDF (2:1) + H2O2 + light 0.3215 0.6095 0.0312 0.8660 0.0041 0.9870
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rate curves for the degradation of TC in different reaction systems, and 
the kinetic rate constant of the NH2-MIL-53(Fe)/TiO2/PVDF + H2O2 +

light system was 0.0041 min− 1, which was higher than that of NH2-MIL- 
53(Fe)/TiO2/PVDF + light (0.0006 min− 1), NH2-MIL-53(Fe)/TiO2/ 
PVDF + H2O2 (0.0003 min− 1) and H2O2 + light (0.0004 min− 1). This 
indicated that the best degradation rate of TC was achieved under the 

photo-Fenton reaction system.

3.2.3. Influence factors on TC degradation
To determine the optimal conditions for the photo-Fenton reaction of 

NH2-MIL-53(Fe)/TiO2/PVDF membranes, the influence of each param-
eter on the reaction was investigated.

Fig. 5. (a) The photo-Fenton degradation curves of TC under different reaction systems (b) the corresponding second-order kinetic fitting curves of different systems.

Fig. 6. (a) The photo-Fenton degradation curves of TC by NH2-MIL-53(Fe)/TiO2/PVDF membrane under different H2O2 concentrations and (b) the corresponding 
second-second kinetic fitting curves (c) The photo-Fenton degradation curves of TC by NH2-MIL-53(Fe)/TiO2/PVDF membrane under different pH conditions and (d) 
the corresponding second-order kinetic fitting curves.
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Firstly, the effect of H2O2 concentration on the photo-Fenton 
degradation of TC was explored to clarify the optimal concentration of 
H2O2. The results were illustrated in Fig. 6a-b. When the concentration 
of H2O2 was raised from 8 mmol/L to 24 mmol/L, the degradation rate 
of TC rose from 68.9 % to 88.7 %, and the associated secondary kinetic 
rate constant increased from 0.0012 min− 1 to 0.0043 min− 1 due to the 
fact that an increase in H2O2 concentration resulted in a higher pro-
duction of ⋅OH. However, when the H2O2 concentration was further 
increased to 40 mmol/L, the related secondary kinetic rate constant 
exhibited a pattern of initially increasing followed by a decrease, from 
0.0043 min− 1 to 0.0057 min− 1 and subsequently to 0.0042 min− 1, 
whereas the corresponding TC degradation rate remained basically 
invariant. This phenomenon may be accounted to the reaction of 
excessive H2O2 with ⋅OH, resulting in the formation of HO2⋅, which has 
low reactivity [44]. As a result, there was a reduction in the amount of 
⋅OH, and the degradation rate showed insignificant changes. The 
optimal concentration of H2O2 was very significant for cost control, and 
the concentration of H2O2 was finally selected to be 24 mmol/L in 
combination with the degradation effect and considering the subsequent 
application in practice.

The initial pH of the solution was modified through the utilization of 
0.1 mol/L H2SO4 or NaOH to investigate the effect of pH on the process 
of TC degradation, as illustrated in Fig. 6c-d. As the pH level rises, the 
degradation rate of TC initially rose, but then it decreased afterward. 
The degradation rate of TC was 76.1 % at pH = 3.0, and with the in-
crease of pH, it reached the maximum value within 60 min at pH =
5.0–7.0, and decreased to 38.7 % when the initial pH was elevated to 
9.0. The pH of the solution affected the surface charge of the catalyst, 
thereby impacting its interaction with the target [45].

Fig. S3 showed the zeta potential of NH2-MIL-53(Fe)/TiO2 com-
posite at pH = 3.0–9.0. It was observed that the zeta potential of the 
NH2-MIL-53(Fe)/TiO2 complex diminished as pH increased, and its 
zero-point charge was 4.3. When the pH of the solution was less than 
4.3, the NH2-MIL-53(Fe)/TiO2 complex was positively charged; and vice 
versa. TC molecules were usually present in three forms [45]: TC+ at pH 
levels below 3.3, TC0 between pH 3.3 and 7.7, and TC− or TC2− when the 
pH exceeds 7.7. When the pH of the solution was adjusted to 3, the TC 
predominantly existed as TC+, and the surface of the NH2-MIL-53(Fe)/ 
TiO2 composite material was positively charged. Due to the same kind of 
charge, repulsive forces between the target and the catalyst would 
obstruct the adsorption of TC onto the catalyst surface, resulting in a 
reduced rate of photo-Fenton degradation. When the initial pH of the 
solution ranged from 5.0 to 7.0, TC primarily existed as TC0, with a 
portion existing as TC− . At this time, the surface of the catalyst exhibited 
a negative charge, leading to weakened repulsion between TC and the 
catalyst. According to the above results, it could be inferred that the 
adsorption of TC onto the catalyst surface in the range of pH = 5.0–7.0 
may mainly depend on intermolecular van der Waals forces. Finally, 
upon attaining a pH value of 9.0 for the solution, TC existed mainly in 
the form of TC− and TC2− , and since both catalyst and target TC were 
negatively charged, mutual repulsion occurs, which likewise inhibited 
the adsorption of TC onto the catalyst surface, resulting in a more pro-
nounced reduction in the photo-Fenton degradation rate. Additionally, 
under alkaline conditions, the contact between H2O2 and the reactive 
active sites would also be hindered, leading to a decrease in ⋅OH gen-
eration and consequently lowering the degradation rate of TC. The 
degradation rates of TC were above 76.0 % in the pH range of 3.0–7.0, 
illustrating that the reaction system exhibited a broad pH response. 
Considering that the wastewater was generally acidic, pH = 5.0 was 
chosen for subsequent experiments to investigate.

In actual aqueous environments, the coexistence of inorganic anions 
may affect the degradation [46]. To investigate the capability of the 
photo-Fenton system dominated by NH2-MIL-53(Fe)/TiO2/PVDF mem-
branes for the degradation of organic pollutants in real-world applica-
tions, simulated wastewater samples were created by dissolving an 
aqueous solution containing various inorganic anions (Cl− , H2PO4

− , and 

HCO3
− ) in a TC solution. As shown in Fig. 7a, where Cl− , H2PO4

− and 
HCO3

− influenced the degradation of TC. The addition of Cl− , H2PO4
− and 

HCO3
− resulted in a decrease in the degradation rate of TC by 7.0 %, 7.1 

% and 3.8 %, respectively. This may be attributed to the capacity of Cl− , 
H2PO4

− and HCO3
− to capture h+ and ⋅OH, leading to the formation of 

weaker reactive radicals [47], which brought about a certain degree of 
reduction in the degradation rate of TC. However, in general, the 
degradation rate of TC could still exceed 80 % even with the addition of 
these inorganic anions, which indicates that the NH2-MIL-53(Fe)/TiO2/ 
PVDF membrane had the potential to be applied in actual wastewater 
treatment.

The capability of the NH2-MIL-53(Fe)/TiO2/PVDF + H2O2 + light 
system in practical water treatment was assessed by examining its 
degradation impact on TC in both tap water and lake water. Lake water 
samples were sourced from Taihu Lake in Wuxi, China, while tap water 
was taken from the laboratory at Jiangnan University. Fig. 7b shows that 
the degradation rate of TC was comparable to the control when both tap 
water and lake water were used. The degradation rates of TC in simu-
lated polluted water samples of both lake water and tap water were 
around 90.0 %, which indicated that the NH2-MIL-53(Fe)/TiO2/PVDF +
H2O2 + light system possesses prospective application potential in 
actual wastewater treatment.

3.2.4. Reusability and stability
The stability and recyclability of the NH2-MIL-53(Fe)/TiO2/PVDF 

membranes are of great importance in practical applications. Their 
stability and recyclability were assessed via TC degradation cycling as-
says. The degradation rate of the membrane was 90.4 %, the high cat-
alytic ability is due to the synergistic effect of NH2-MIL-53(Fe) and TiO2. 
After five cycles, the degradation rate still maintained over 80.0 % 
(Fig. 7c), indicating that the membrane used has excellent stability and 
recyclability. As depicted in Fig. 7d, the XRD spectra of NH2-MIL-53 
(Fe)/TiO2/PVDF membranes remain similar both prior to and following 
the photo-Fenton reaction, further proving that the catalyst used has 
good stability. In addition, Fig. S4 showed the leached iron concentra-
tion during the photo-Fenton reaction, with leaching concentrations of 
0.136 mg/L and 0.238 mg/L at 30 min and 60 min, respectively, which 
were much lower than the environmental standard of the European 
Union (2 mg/L) [48].

The catalyst loaded on the PVDF membrane did not show significant 
detachment after five cycles (Fig. S5). Compared with catalyst modified 
membranes reported in previous literature (Table S2), NH2-MIL-53(Fe)/ 
TiO2/PVDF membrane had higher TC removal efficiency and better 
stability and reusability, thereby making wastewater treatment more 
environmentally friendly.

3.3. Degradation mechanism

3.3.1. Identification of active species
For the purpose of attaining a deeper understanding of the photo- 

Fenton reaction mechanism, experiments for trapping active species 
were conducted. FFA, FA and TBA served as scavengers for three active 
species, namely 1O2, h+ and ⋅OH. As depicted in Fig. 8, the degradation 
rates of TC decreased to different degrees after introducing different 
scavengers, respectively. Among them, the introduction of the TBA 
scavenger led to the most significant decrease in the degradation rate of 
TC, from 90.4 % to 57.4 %. Following the addition of FFA and FA 
scavengers, the degradation rates of TC dropped to 83.2 % and 76.2 %, 
and the above results indicated that the role of ⋅OH is crucial in the 
photo-Fenton-degradation reaction system of TC by NH2-MIL-53(Fe)/ 
TiO2/PVDF + H2O2 + light, followed by h+ and 1O2.

3.3.2. The degradation pathway of TC
To further explore the degradation pathway of tetracycline, possible 

intermediates of TC were examined using mass spectrometry (MS) 
(Fig. S6 and Table S1), and Fig. 9 illustrates three potential degradation 
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Fig. 7. (a) The influence of different inorganic anions on the photo-Fenton degradation of TC in NH2-MIL-53(Fe)/TiO2/PVDF membrane (b) Photo-Fenton degra-
dation of TC in actual water samples (c) TC degradation cycle experiment (d) XRD patterns of NH2-MIL-53(Fe)/TiO2/PVDF membrane before and after recycling test.

Fig. 8. (a) Effect of different scavengers on photo-Fenton degradation of TC and (b) the corresponding second-order kinetic fitting curves.
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Fig. 9. The degradation pathway of TC.

Fig. 10. The mechanism for degradation of TC.
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pathways for TC. Pathway I: TC (m/z = 445) was firstly degraded by 
dehydration to P1 (m/z = 426), which was subsequently degraded to P2 
(m/z = 340) by hydroxylated amide, and P2 by further dihydroxylation, 
dealkylation and ring-opening reactions resulting in the formation of P3 
(m/z = 212). Pathway II: TC (m/z = 445) polymerized via double bond 
addition to form hydroxylated P4 (m/z = 461), P4 was converted by 
demethylation, deamidation, and dihydroxylation to form P5 (m/z =
374), P5 underwent ring-opening reaction and amino oxidation, leading 
to the further production of P6 (m/z = 267). Pathway III: TC (m/z =
445) was first degraded to P7 (m/z = 431) by dealkylation reaction, P7 
formed P8 (m/z = 359) by N-demethylation and deamidation, P8 
further generated P9 (m/z = 301) through dihydroxylation and ring- 
opening reactions. Subsequently, as a result of the continuous attack 
of the active species, some intermediate molecular products were further 
formed, including P10 (m/z = 139) and P11 (m/z = 114), which were 
ultimately mineralized into CO2 and H2O [49–54].

3.3.3. TC degradation mechanism in the NH2-MIL-53(Fe)/TiO2/PVDF +
H2O2 + light system

Following the aforementioned analyses, a potential mechanism for 
TC degradation was suggested (Fig. 10). Firstly, NH2-MIL-53(Fe)/TiO2/ 
PVDF membrane, serving as a photocatalyst, generated e− and h+ when 
exposed to visible light (Eq. 2). One part of h+ migrates to the surface of 
the catalyst for the direct degradation of TC, and the other part of h+

forms ⋅OH by oxidizing H2O (Eq. 3) [55]. Secondly, photogenerated 
electrons (e− ) within the photo-Fenton reaction are capable of reducing 
Fe(III) to Fe(II) (Eq. 4). The Fe(III)/Fe(II) active center within NH2-MIL- 
53(Fe)/TiO2/PVDF reacts with H2O2 to form ⋅OH (Eq. 5) and mildly 
oxidized ⋅OOH (Eq. 6). In addition, ⋅OH further generates 1O2 (Eq. 7), 
and TC is degraded into small-molecule organic compounds by ⋅OH, h+, 
and 1O2, and finally into CO2 and H2O (Eq. 8) [56,57]. 

NH2 − MIL − 53(Fe)/TiO2/PVDF+ hν→e− +h+ (2) 

h+
+H2O→⋅OH+H+ (3) 

Fe(III)+ e− →Fe(II) (4) 

Fe(II)+H2O2→Fe(III)+ ⋅OH+OH− (5) 

Fe(III)+H2O2→Fe(II)+ ⋅OOH+H+ (6) 

4⋅OH→1O2 +2H2O (7) 

⋅OH/
1O2

/
h+

+TC→Small molecule organic→CO2 +H2O (8) 

4. Conclusion

In summary, NH2-MIL-53(Fe)/TiO2/PVDF was prepared by vacuum 
filtration as a photocatalytic membrane for TC degradation. The 
simultaneous introduction of NH2-MIL-53(Fe) and TiO2 conferred upon 
the membrane a highly efficient photo-Fenton catalytic activity for the 
degradation of TC. Due to the synergistic effect of H2O2, visible light and 
catalyst, the best degradation performance of TC was achieved under the 
photo-Fenton reaction system. In addition, NH2-MIL-53(Fe)/TiO2/PVDF 
photocatalytic membrane exhibited satisfactory recyclability and sta-
bility after five cycles. Furthermore, loading the catalyst onto the 
membrane not only facilitated recycling of catalyst but also mitigated 
pollution resulting from direct addition. The free radical trapping ex-
periments showed that ⋅OH was the main active species in the degra-
dation of TC. According to MS results, TC formed eleven possible 
degradation intermediate products through three degradation path-
ways. This study provides valuable reference for the rapid recovery of 
catalysts in heterogeneous photo-Fenton systems.
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