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A B S T R A C T   

Amino-functionalized iron-based MOFs were successfully synthesized and used for the photo-Fenton-catalyzed 
degradation of Rhodamine B (RhB). The degradation efficiency of NH2-MIL-53(Fe) towards RhB (95.0%) 
exceeded that of NH2-MIL-88B(Fe) (87.0%) and NH2-MIL-101(Fe) (88.0%), which might be mainly because that 
NH2-MIL-53(Fe) had the most suitable specific surface area and pore volume, and the best light absorption 
properties. Additionally, NH2-MIL-53(Fe) exhibited higher degradation efficiency than MIL-53(Fe) (84.0%), 
possibly owing to the incorporation of amino functional groups that inhibited the recombination of photo
generated electron-hole pairs and enhanced visible light responsiveness. Remarkably, NH2-MIL-53(Fe) had a 
good degradation effect on RhB in a wide range of pH (3.0–7.0), and the degradation rate was still as high as 
90.0% after 5 consecutive degradation experiments. The degradation process was predominantly influenced by 
the involvement of ⋅OH and 1O2, as evidenced by the outcomes of free radical capture experiments. Possible 
degradation pathways of RhB were proposed by mass spectrometry.   

1. Introduction 

Water pollution is a worldwide problem, which has become more 
and more serious in the last decades and posed a threat to the ecosystem 
due to population growth as well as human activities [1]. The printing 
and dyeing, medical, and agricultural industries generate large amounts 
of organic wastewater. Most of the organic pollutants in these waste
waters, such as dyes, antibiotics, and pesticides, are toxic and difficult to 
degrade [2–4]. Rhodamine B (RhB) is a prevalent biological dye [5], 
which is extensively used in textile, leather, printing and dyeing, and 
paper-making industries [6]. RhB poses a carcinogenic and mutagenic 
risk to living species [7]. Therefore, the complete removal of RhB from 
industrial wastewater is of utmost importance. 

The most common methods for treating organic pollutants from 
wastewater include adsorption, biodegradation, and chemical reduction 
and oxidation [8,9]. Among them, adsorption is the most widely 
employed technology for removing organic pollutants from wastewater 
[10,11]. It can effectively remove pollutants, but it cannot degrade them 
[12–14]. Biodegradation method employs the metabolic capacity of 
microorganisms to transform organic compounds in wastewater into 

inorganic compounds, which is low efficiency and high cost [15]. 
Traditional chemical reduction and oxidation technology to degrade 
organic pollutants also has some limitations, such as the generation of a 
large amount of sludge in treatment [15–17], so how to develop a green, 
sustainable and efficient wastewater treatment method is still an 
important problem. 

Advanced oxidation processes (AOPs) are an efficient way to treat 
difficult-to-degrade organics, including photocatalysis, microwave 
catalysis and photo-Fenton process etc. [18–20]. Among them, the 
photo-Fenton process has shown significant advantages in wastewater 
treatment owing to simple operational procedures and low energy re
quirements. The traditional photo-Fenton process has limited applica
bility due to its extremely narrow pH operating range (2.0–3.5), the 
formation of substantial quantities of iron sludge, and low utilization of 
H2O2 [16,21]. Additionally, the unrecoverable iron ions may cause 
secondary pollution. The heterogeneous photo-Fenton process utilizes 
solid catalysts instead of soluble Fe(II) or Fe(III), with a wide reaction pH 
range and recyclable catalysts [22,23]. At present, the development of 
heterogeneous photocatalysts with green efficiency and excellent cata
lytic activity is still very important. 
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Metal-organic frameworks (MOFs) are a promising class of porous 
materials composed of metal ion clusters linked by organic linkers via 
strong covalent bonds to form extended networks [24,25]. Due to their 
high surface area, high porosity, potentially high density of active sites, 
controllable morphology and certain stability [19,26], MOFs have 
garnered significant attention in the field of adsorption and heteroge
neous catalysis [27–30]. Among the various types of MOFs, iron met
al–organic frameworks (Fe-MOFs) have garnered growing interest due 
to their environmental friendliness, chemical adjustability and cost 
effectiveness. Notably, several Fe-MOFs have been demonstrated to 
exhibit significant absorption capabilities within the visible region, 
thanks to the abundance of iron-oxygen (Fe-O) clusters present [31,32]. 
These clusters tend to produce holes and photogenerated electrons. 
Photogenerated electrons possess a pronounced ability for reduction and 
can in-situ reduce Fe(III) to Fe(II) on the surface of Fe-MOFs. Upon the 
addition of H2O2, Fe(II) reacts with it to generate a substantial quantity 
of ⋅OH, which can be capable of degrading organic pollutants. The uti
lization of Fe-MOFs as catalysts has been widely reported for photo
catalytic degradation [33] and oxygen evolution [34]. Therefore, Fe- 
MOFs can be applied to Fenton systems driven by visible light. Func
tional groups can be introduced into the organic linkers of Fe-MOFs to 
tune the separation and migration of photogenerated electron-hole [35]. 
The introduction of -Br and –NO2 into terephthalic acid favors the 
Fenton activity of MIL-88B(Fe) [36]. Amino-functionalized iron-based 
MOFs have good catalytic performance and the ability to regulate 
photogenerated electron-hole separation and migration. To our knowl
edge, there have been few systematic investigations by researchers into 
the photo-Fenton performance (PFP) of amino-functionalized Fe-MOFs 
as visible light-driven Fenton-like catalysts. 

Herein, amino-functionalized Fe-MOFs (NH2-MIL-53, NH2-MIL-88B 
and NH2-MIL-101) were successfully synthesized and used for the 
degradation of RhB. The surface properties and microstructures of cat
alysts were characterized, and the effects of pH, catalyst dosage, H2O2 
concentration, and inorganic anions on the catalytic degradation per
formance were systematically investigated. Reactive oxygen species 
(ROS) of the reaction were explored by free radical capture experiments. 
The intermediates of RhB were determined by mass spectrometry (MS), 
and the degradation pathways of RhB were proposed. NH2-MIL-53(Fe) is 
expected to be used in heterogeneous photo-Fenton treatment of com
plex actual wastewater. 

2. Materials and methods 

2.1. Chemicals and reagents 

Chemicals and reagents were described in Text S1. 

2.2. Synthesis of Fe-MOFs 

The synthesis of NH2-MIL-53(Fe) was conducted following the pro
cedures described in the previously published literature [37]. A solution 
was prepared by dissolving equimolar amounts of FeCl3⋅6H2O and 2- 
Aminoterephthalic acid (H2ATA) in 36 mL DMF, followed by stirring 
for 30 min. The mixed solution underwent hydrothermal treatment at 
150℃ for 24 h. Following the cooling process, the products was washed 
three times with DMF and methanol. The ultimate product was sub
jected to drying at 60℃. The synthesis of MIL-53(Fe) was used a com
parable approach. 

The synthesis of NH2-MIL-88B(Fe) and NH2-MIL-101(Fe) was 
described in Text S2. 

2.3. Characterization 

The detailed information about the characterization was shown in 
Text S3. 

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

The specific degrading procedures were described in Text S4. 

3. Results and discussion 

3.1. Characterization 

SEM images of MIL-53(Fe) and NH2-MIL-53(Fe) were shown in 
Fig. 1a and Fig. 1b. It could be shown that MIL-53(Fe) had a spindle 
octahedral structure. Meanwhile, the images of NH2-MIL-53(Fe) closely 
resembles that of MIL-53(Fe), indicating that the introduction of –NH2 
did not affect the lattice structure of NH2-MIL-53(Fe). 

The FT-IR spectra were shown in Fig. 1c. The wavelength at 
approximately 572 cm− 1 might be the Fe-O band stretching vibration 
caused by the interaction of Fe(III) with terephthalic acid or H2-ATA, 
indicating the presence of Fe-O clusters [38]. The peaks at approxi
mately 3460 and 3340 cm− 1 were attributed to the symmetrical and 
asymmetrical stretching vibration of –NH2, respectively [39]. This 
provided strong support for enhancing the adsorption capacity of NH2- 
MIL-53(Fe). The FT-IR spectra of NH2-MIL-88B(Fe) and NH2-MIL-101 
(Fe) exhibited similarities to NH2-MIL-53(Fe), in agreement with the 
findings reported in the literature [40,41]. 

The XRD patterns were employed for the purpose of determining the 
crystal phase of the materials that were prepared. As shown in Fig. 1d, 
the characteristic peaks of the prepared four materials were in accor
dance with those reported literature [38,41–45]. In addition, compared 
with NH2-MIL-88B(Fe), NH2-MIL-101(Fe) and MIL-53(Fe), NH2-MIL-53 
(Fe) exhibited intense and sharp peaks in its XRD spectrum, indicating a 
high degree of crystallinity [46–48]. 

The Fe 2p spectra of MIL-53(Fe) and NH2-MIL-53(Fe) were shown in 
Fig. S1b and Fig. 2b. The characteristic peaks observed at 711.8 and 
724.6 eV correspond to the Fe 2p3/2 and Fe 2p1/2, respectively. These 
two peaks usually indicated the presence of Fe(III) [42]. In Fig. S1c, the 
peaks of C 1 s in MIL-53(Fe) centered at 284.8, 286.6 and 288.7 eV, 
matching with C = C, C-O and C = O [49]. Amusingly, the characteristic 
peaks of C 1 s in NH2-MIL-53(Fe) were observed at 284.8, 286.3 and 
288.6 eV (Fig. 2c). In contrast to the peak at 286.6 eV, a peak centered at 
286.3 eV could be caused by the presence of C-N [50]. The spectra of N 1 
s in NH2-MIL-53(Fe) contained two peaks at 399.2 and 400.6 eV 
(Fig. 2d), corresponding to C-N or N-H [51,52]. 

3.2. Photo-Fenton degradation performance 

In order to evaluate the PFP of synthesized amino-functionalized Fe- 
MOFs, RhB degradation experiments were carried out under H2O2 and 
visible light. As shown in Fig. 3a, all amino-functionalized Fe-MOFs 
showed good degradation effects on RhB, suggesting their potential as 
catalysts for visible-light-driven Fenton-like reactions. The degradation 
efficiency of NH2-MIL-53(Fe) towards RhB (95.0%) exceeded that of 
NH2-MIL-88B(Fe) (87.0%) and NH2-MIL-101(Fe) (88.0%). The degra
dation process of pollutants was further analyzed using the pseudo-zero- 
order and pseudo-second-order kinetics model (Table S1) and pseudo- 
first-order kinetics model (Fig. 3b). 

By comparing the correlation coefficient (R2) value from the three 
models (zero order, first order, and second order), it was evident that the 
first-order kinetic model outperformed both the zero-order and second- 
order kinetic models in representing the photo-Fenton degradation of 
RhB. The degradation rate constants of NH2-MIL-53(Fe) (0.0225 min− 1) 
were higher than those of NH2-MIL-88B(Fe) (0.0123 min− 1) and NH2- 
MIL-101 (0.0176 min− 1). Thus, NH2-MIL-53(Fe) exhibited the most 
superior photo-Fenton activity when subjected to visible light irradia
tion. In comparison to other recently reported catalysts (Table S2), NH2- 
MIL-53(Fe) also exhibited notable advantages in the degradation of RhB, 
thereby underscoring its substantial potential as a photo-Fenton catalyst 
in practical applications. 
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To investigate potential reasons contributing to the differences in 
PFP among these amino-functionalized Fe-MOFs, several possible fac
tors were considered. It is widely acknowledged that a suitable specific 
surface area and pore volume facilitates the access of more guest 

molecules to active sites. The N2 adsorption–desorption isotherms were 
displayed in Fig. 4, all isotherms followed the typical type IV, suggesting 
the presence of mesoporous structures in amino-functionalized Fe- 
MOFs. The specific surface area and pore parameters were summarized 

Fig. 1. SEM images of (a) MIL-53(Fe) and (b) NH2-MIL-53(Fe). FT-IR spectra (c) and XRD patterns (d) of MIL-53(Fe), NH2-MIL-53(Fe), NH2-MIL-88(Fe) and NH2- 
MIL-101(Fe). 

Fig. 2. The XPS spectra of NH2-MIL-53(Fe): (a) survey, (b) Fe 2p, (c) C 1 s, (d) N 1 s.  
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in Table 1. NH2-MIL-53(Fe) had the largest specific surface area and 
pore volume, followed by NH2-MIL-101(Fe) and NH2-MIL-88B(Fe), in a 
sequence that corresponded well with their PFP. 

Fig. S2 showed the photo-absorption properties of amino- 
functionalized Fe-MOFs. Absorbance intensity was in the sequence of 
NH2-MIL-53(Fe) > NH2-MIL-88B(Fe) > NH2-MIL-101(Fe). It was 
consistent with the PFP. 

The photoluminescence (PL) spectrum was shown in Fig. S3. PL was 
employed to validate the separation of carriers within amino- 
functionalized Fe-MOFs. In general, high PL intensities indicated rapid 
complexation of photogenerated electron-hole pairs. The PL intensity of 
NH2-MIL-53(Fe) was the lowest. 

As mentioned above, NH2-MIL-53(Fe) exhibited enhanced respon
siveness to visible-light and improved efficiency in charge separation, 
These characteristics promoted the transformation of Fe(III)/Fe(II) and 
improved the potential of Fenton reaction. Therefore, NH2-MIL-53(Fe) 
could be one of the ideal materials for heterogeneous photo-Fenton 
reaction. 

Fig. 3. (a) Degradation of RhB by photocatalysts, (b) the corresponding kinetics curves of photocatalysts. (c) Degradation of RhB in different systems, (d) the 
corresponding kinetics curves of different systems. Reaction conditions: RhB = 40 mg/L, pH = 3.0, Catalyst dosage = 0.08 g/L, H2O2 = 14 mM. 

Fig. 4. N2 adsorption–desorption isotherms of amino functionalization 
Fe-MOFs. 

Table 1 
Summary BET data of the as-synthesized amino-functionalized Fe-MOFs.  

Fe-MOFs Surface area (m2/ 
g) 

Pore volume (cm3/ 
g) 

Pore size 
(nm) 

NH2-MIL-53(Fe)  348.87  0.26  3.10 
NH2-MIL-88B 

(Fe)  
210.16  0.15  2.43 

NH2-MIL-101 
(Fe)  

329.18  0.15  1.91  
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3.2.1. RhB degradation activity in different systems 
Fig. 3c showed the degradation of RhB under different reaction 

systems. In the context of a system consisting of NH2-MIL-53(Fe) and 
H2O2, a degradation rate of 28.2% was observed for RhB. Furthermore, 
NH2-MIL-53(Fe) exhibited an adsorption capacity of approximately 
20.9% for RhB, and when light and NH2-MIL-53(Fe) were present, the 
degradation rate was 34.5%. Remarkably, the presence of NH2-MIL-53 
(Fe), H2O2 and light significantly increased the degradation rate of RhB 
to 95.0%. This finding suggested that the catalysts, H2O2 and visible 
light, exhibited a synergistic effect [53,54]. The photo-Fenton reaction 
was triggered by visible light irradiation, which facilitated the cyclic 
conversion of Fe(III)/Fe(II) through photogenerated electron-hole 
transfer [55]. To assess the reaction rate constant of RhB degradation, 
the experimental data underwent fitting using the pseudo-first-order 
equation (-ln (Ct/C0) = kt) (Fig. 3d). The kinetic constant of the NH2- 
MIL-53(Fe) + H2O2 + Vis system (0.0225 min− 1) exhibited higher 
values compared to those of MIL-53(Fe) system (0.0158 min− 1). 

3.3. Influence factors on RhB degradation 

To elucidate the most favorable reaction conditions for NH2-MIL-53 
(Fe) photo-Fenton, an investigation was conducted to assess the impact 
of various parameters. The effect of pH on RhB degradation process was 
investigated by adjusting initial pH of solution using 0.1 M H2SO4 or 
NaOH. As shown in Fig. 5a and Fig. 5b, the degradation rate of RhB 
exhibited its maximum value at pH = 3.0 within 120 min. When the 
initial pH was increased to 9.0 and 11.0, the degradation rate decreased 
to 74.2% and 51.0%, respectively. This might be attributed to the co
ordination of excess ⋅OH with the iron sites of NH2-MIL-53(Fe), which 
are considered as Lewis bases [38]. Under alkaline conditions (pH =
9.0–11.0), the coordination and contact between H2O2 and the iron sites 
were impeded, resulting in a diminished generation of ⋅OH and causing a 
decline in the degradation rate of RhB. Additionally, it has been 
observed that iron precipitation can take place in environments with 
high alkalinity [56], leading to the deceleration of photo-Fenton reac
tion. Nevertheless, the degradation rate of RhB was above 82.0% within 

Fig. 5. (a) Effect of different initial pH. (b) the corresponding k values of pH. (c) Effect of different catalyst dosages. (d) the corresponding k values of catalyst 
dosages. (e) Effect of different H2O2 concentrations. (f) the corresponding k values of H2O2 concentrations. Final reaction conditions: RhB = 40 mg/L, pH = 3.0, 
catalyst dosage = 0.08 g/L, H2O2 = 14 mM. Note: only one factor was altered, and the other factors were fixed in the Fig. 5a, Fig. 5c and Fig. 5e. 
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the pH range of 3.0–7.0, highlighting the extensive pH adaptability of 
the reaction system. 

The impact of catalyst dosage was investigated so as to clarify the 
optimal dosage. The results were displayed in Fig. 5c and Fig. 5d. The 
degradation rate of RhB gradually increased from 91.0% (0.0185 min− 1) 
to 95.0% (0.0213 min− 1) as the dosage of NH2-MIL-53(Fe) was raised 
from 0.04 g/L to 0.08 g/L. This could be due to the increased catalyst 
providing more catalytic reaction sites [57]. However, the degradation 
rate constant decreased to 0.0200 min− 1 when the catalyst dosage was 
further increased from 0.08 g/L to 0.16 g/L. This could be attributed to 
three aspects: (1) excess catalyst tended to aggregate, resulting in a 
decrease in active sites [58]; (2) excess catalyst increased the turbidity of 
the solution and affects the absorption of visible light, thus limiting the 
degradation activity; (3) the excess catalyst produced a large number of 
Fe(III) active sites, which reacted with H2O2 to generate a significant 
amount of Fe(II) and consumed ⋅OH (Fe(II) + ⋅OH → Fe(III) + OH− ), 
resulting in weakening of the oxidizing ability. Through these compar
isons, it was determined that the optimal amount of catalyst to add for 
this photo-Fenton system was 0.08 g/L. In addition, compared with 
some literature reports [59,60], the usage of NH2-MIL-53(Fe) was 
reduced while maintaining higher resource efficiency. 

The impact of H2O2 concentration was investigated. The results were 
shown in Fig. 5e and Fig. 5f. With an increase in H2O2 concentration 
from 2 mM to 14 mM, the degradation rate of RhB exhibited a rapid 
enhancement (from 67.8% to 94.2%), and the related k value was 
increased from 0.0066 min− 1 to 0.0204 min− 1, which was attributed to 
the generation of more ⋅OH. However, when further increased to 18 mM, 
the degradation rate remained almost unchanged. The phenomenon 
could be attributed to the reaction of excess H2O2 with ⋅OH, resulting in 
the formation of less reactive HO2⋅ (Eq. (1)-(2)) [61]. This reaction led to 
the consumption of ⋅OH and subsequently weaker catalytic activity [62]. 
Therefore, determining the optimal dosing concentration of H2O2 was 
very important to ensure maximum economic benefits in practical ap
plications. The final concentration of H2O2 was selected as14 mM.  

H2O2 + ⋅OH → H2O + HO2(1)                                                                

HO2⋅ + ⋅OH → H2O + O2(2)                                                                  

Coexisting inorganic anions in real aqueous environments may have 
an effect on the degradation of organic pollutants [63]. To further 
investigate the potential of the photo-Fenton system in practical appli
cations, aqueous solution containing different inorganic anions (Cl-、 
SO4

2-、H2PO4
- ) was dissolved in RhB solution to prepare simulated 

wastewater samples. The results were shown in Fig. 6a, Cl- and SO4
2- had 

no significant effect on RhB degradation. However, the addition of 
H2PO4

- inhibited the degradation rate, amounting to approximately 
15.4%. This might be attributed to the fact that H2PO4

- can act as a 
scavenger for h+ and ⋅OH [64]. And the addition of H2PO4

- to the RhB 

solution resulted in a significant increase in pH from 3.0 to 8.0. This 
alteration in pH was found to be unfavorable for the generation of ⋅OH, 
consequently impeding the degradation process. 

The performance of the NH2-MIL-53(Fe) + H2O2 + Vis system was 
investigated for real water treatment by assessing the degradation of 
RhB in tap water and lake water. The lake water sample was obtained 
from Taihu River (Wuxi, China) and the tap water sample was acquired 
from the laboratory of Jiangnan University. According to the findings 
presented in Fig. 6b, when tap water and lake water were used, the 
degradation rate of RhB decreased by 15.3% and 5.8%, respectively. The 
decrease might be that these two water samples contained some organic 
carbon, which consumed certain free radicals for self-degradation [65]. 
Additionally, it was also possible that certain anions present in the water 
samples such as H2PO4

- and HCO3
– interfere with the degradation of RhB 

[64]. Overall, the degradation rate of RhB in actual water samples was 
still about 90.0% at most, indicating that the NH2-MIL-53(Fe) + H2O2 +

Vis system had great potential for practical wastewater treatment. 

3.4. Reusability and stability 

For practical applications, the stability and reusability of catalysts 
are crucial. The stability and reusability of NH2-MIL-53(Fe) were eval
uated by RhB degradation cycling experiments. The results were shown 
in Fig. 7a, indicating that the degradation rate remained notably high at 
90.1% even after undergoing five cycles. Catalyst loss was unavoidable 
during the recovery process. This was only 4.9% lower than the first 
experiment. This indicated that the used catalyst had good stability and 
reusability. Meanwhile, the levels of dissolved metal ions in experiment 
were analyzed using the inductively coupled plasma mass spectrometry 
technique. It was observed that the concentration of leached iron ions 
exhibited an upward trend with increasing reaction time. However, the 
measured concentration (0.57 mg/L (Fig. 7b)) was significantly below 
the EU environmental emission standard (2.0 mg/L). In Fig. S4, after 8 
h, the mineralization rate of RhB reached 78.0%. In Fig. 7c and Fig. 7d, 
the FT-IR and XRD spectra of before and after NH2-MIL-53(Fe) were 
similar, which further demonstrated the used catalyst had excellent 
stability. 

3.5. Degradation mechanism 

3.5.1. Identification of active species 
To gain insight into the reaction mechanism, the active species 

capture experiment was conducted. FFA, EDTA-2Na and TBA were used 
as the scavengers for the three reactive species of 1O2, h+ and ⋅OH, 
respectively [66]. As displayed in Fig. 8. The degradation rate exhibited 
different degrees of decreases after the introduction of scavengers. 
Among them, the degradation rate significantly decreased from 95.0% 
to 39.6% and 52.1% after the addition of FFA and TBA, respectively. 

Fig. 6. (a) Effect of different inorganic anions. (b) Degradation of RhB in actual water samples. Reaction conditions: RhB = 40 mg/L, pH = 3.0, catalyst dosage =
0.08 g/L, H2O2 = 14 mM. 
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This indicated that 1O2 and ⋅OH play a major role in photo-Fenton 
process. 

3.5.2. Degradation pathways and products of RhB 
The products were monitored to further assess the degradation 

pathway. According to the MS, ten products were identified. Ten prod
ucts were named P1 ~ P10, as shown in Table S3. The degradation 
occurred through a series of reactions, including N-demethylation, 
deamination, dealkylation, decarboxylation, chromophore splitting, 
ring opening and mineralization [67]. 

The possible degradation pathways in this experiment were shown in 
Fig. 9. Pathway I: RhB (m/z = 443) was converted to P1 (m/z = 415) by 

demethylation reaction, then P1 was further demethylated to generate 
P2 (m/z = 387). Subsequently, P2 was converted to P3 (m/z = 318) by 
–NH bond breaking and demethylation reaction, followed by the 
deamination of P3 to generate P4 (m/z = 302). P4 further generated 
small molecule organic compounds P8 (m/z = 166) and P9 (m/z = 102) 
through decarboxylation and ring-opening reaction, and finally miner
alized into CO2 and H2O. Pathway II: RhB (m/z = 443) was converted to 
P1 (m/z = 415) via demethylation reaction, and then the chromophore 
breakage of P1 produced P5 (m/z = 283) and P6 (m/z = 274). Subse
quently, P5 and P6 produced P7 (m/z = 221) by ring opening and 
deamination reaction, then P7 through the ring-opening reaction further 
produced small molecule organic compounds, P8, P9 and P10 (m/z =
73), and finally mineralized into CO2 and H2O [65,68–70]. 

3.5.3. RhB degradation mechanism in the NH2-MIL-53(Fe) + H2O2 + Vis 
system 

Based on the above analysis, the possible mechanism of RhB degra
dation was proposed (Fig. 10). Firstly, NH2-MIL-53(Fe) acted as a pho
tocatalyst to generate (e− and h+) under visible light irradiation (Eq. 
(3)). A portion of h+ migrated to the catalyst surface for direct degra
dation of RhB, while another fraction of h+ formed ⋅OH by oxidizing 
H2O (Eq. (4)) [71]. Photogenerated electrons (e− ) can directly react with 
H2O2 adsorbed on NH2-MIL-53(Fe) to form ⋅OH (Eq. (5)). Secondly, in 
the photo-Fenton reaction, photogenerated electrons (e− ) can reduce Fe 
(III) to Fe(II) (Eq. (6)). Fe(III)/Fe(II) active center from NH2-MIL-53(Fe) 
reacted with H2O2 to produce ⋅OH (Eq. (7)) and a slightly oxidizing 
⋅OOH (Eq. (8)). The cyclic generation of ⋅OH made NH2-MIL-53(Fe) 
catalyzed the photo-Fenton reaction with high reactivity. Additionally, 
⋅OH could further generate 1O2 (Eq. (9)), and RhB was degraded by ⋅OH, 
1O2 and h+ to small molecule organic compounds that were ultimately 
degraded to CO2 and H2O. (Eq. (10)) [60,66].  

NH2-MIL-53(Fe) + hv → e− + h+(3)                                                        

h+ + H2O →⋅OH + H+(4)                                                                       

e− + H2O2 →⋅OH + OH− (5)                                                                  

Fig. 7. (a) Cycle experiment of RhB degradation. (b) The dissolved metal ion concentration. (c) FT-IR spectrum and (d) XRD patterns of NH2-MIL-53(Fe) before and 
after recycling test. Reaction conditions: RhB = 40 mg/L, pH = 3.0, catalyst dosage = 0.08 g/L, H2O2 = 14 mM. 

Fig. 8. Impacts of various scavengers on photo-Fenton degradation of RhB.  
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Fe(III) + e− → Fe(II)(6)                                                                          

Fe(II) + H2O2 → Fe(III) + ⋅OH + OH− (7)                                                

Fe(III) + H2O2 → Fe(II) + ⋅OOH + H+(8)                                                

4⋅OH →1O2 + 2 H2O(9)                                                                          

⋅OH / 1O2 / h+ + RhB → Small molecule organic → CO2 + H2O(10)            

4. Conclusion 

In summary, NH2-MIL-53, NH2-MIL-88B and NH2-MIL-101 were 
synthesized and successfully used for photo-Fenton degradation RhB. 
NH2-MIL-53(Fe) showed the best photo-Fenton catalytic performance, 
primarily due to its most suitable specific surface area and pore volume, 
as well as its superior light absorption properties. NH2-MIL-53(Fe) could 
achieve efficient degradation of RhB (95.0%) in a wide pH (3.0–7.0) 
range and a short time (120 min). And after five consecutive cycling 
experiments, the degradation rate remained notably high at 90.1%. Free 

Fig. 9. The degradation pathway of RhB.  

Fig. 10. The mechanism for degradation of RhB.  
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radical capture experiments showed that both ⋅OH and 1O2 radicals were 
involved in the degradation of RhB. After 8 h, the mineralization rate of 
RhB reached 78.0%. More importantly, NH2-MIL-53(Fe) showed low 
metal leaching, suggesting the environment friendliness. This study is 
expected to provide guidance for the selection of amino-functionalized 
photo-Fenton catalysts and demonstrate the great potential of NH2- 
MIL-53(Fe) for practical applications. In future work, it will be necessary 
to continue to develop magnetic or hydrogel materials with stable cat
alytic performance in order to minimize the loss of catalyst during the 
recovery process. 
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